Cardiovascular Diabetology© The Author(s) 2019
https://doi.org/10.1186/s12933-019-0916-z

Original investigation

Cardiovascular outcomes in trials of new antidiabetic drug classes: a network meta-analysis

Yue Fei1, Man-Fung Tsoi1 and Bernard Man Yung Cheung1, 2, 3  
(1)Division of Clinical Pharmacology and Therapeutics, Department of Medicine, The University of Hong Kong, Queen Mary Hospital, 102 Pokfulam Road, Pokfulam, Hong Kong, China

(2)State Key Laboratory of Pharmaceutical Biotechnology, The University of Hong Kong, Pokfulam, Hong Kong, China

(3)Institute of Cardiovascular Science and Medicine, The University of Hong Kong, Pokfulam, Hong Kong, China

 

 
Bernard Man Yung Cheung
Email: mycheung@hku.hk



Received: 4 June 2019Accepted: 20 August 2019Published online: 28 August 2019
Abstract
Background
Recent trials suggested that glucagon-like peptide-1 receptor agonists (GLP-1 RAs) and sodium-glucose co-transporter-2 (SGLT-2) inhibitors reduced cardiovascular events. Comparative effectiveness of these new antidiabetic drug classes remains unclear. We therefore performed a network meta-analysis to compare the effect on cardiovascular outcomes among GLP-1 RAs, SGLT-2 and dipeptidyl peptidase-4 (DPP-4) inhibitors.

Methods
MEDLINE, EMBASE, Cochrane database, ClinicalTrials.gov, and congress proceedings from recent cardiology conferences were searched up to April 20, 2019. Cardiovascular outcome trials and renal outcome trials reporting cardiovascular outcomes on GLP-1 RAs, SGLT-2 and DPP-4 inhibitors in patients with type 2 diabetes mellitus were included. The primary outcome was major adverse cardiovascular events (MACE). Secondary outcomes were nonfatal myocardial infarction, nonfatal stroke, cardiovascular mortality, all-cause mortality, hospitalisation for heart failure (HF), and renal composite outcome. ORs and 95% CI were calculated using random-effects models.

Results
Fourteen trials enrolling 121,047 patients were included. SGLT-2 inhibitors reduced cardiovascular deaths and all-cause deaths compared to placebo (OR 0.82, 95% CI 0.73–0.93 and OR 0.84, 95% CI 0.77–0.92) and DPP-4 inhibitors (OR 0.83, 95% CI 0.70–0.99 and OR 0.83, 95% CI 0.73–0.94), respectively. SGLT-2 inhibitors and GLP-1 RAs significantly reduced MACE (OR 0.88, 95% CI 0.82–0.95 and OR 0.87, 95% CI 0.82–0.93), hospitalisation for HF (OR 0.68, 95% CI 0.61–0.77 and OR 0.87, 95% CI 0.82–0.93), and renal composite outcome (OR 0.59, 95% CI 0.52–0.67 and OR 0.86, 95% CI 0.78–0.94) compared to placebo, but SGLT-2 inhibitors reduced hospitalisation for HF (OR 0.79, 95% CI 0.69–0.90) and renal composite outcome (OR 0.69, 95% CI 0.59–0.80) more than GLP-1 RAs. Only GLP-1 RAs reduced nonfatal stroke (OR 0.88, 95% CI 0.77–0.99). DPP-4 inhibitors did not lower the risk of these outcomes when compared to placebo and were associated with higher risks of MACE, hospitalisation for HF, and renal composite outcome when compared to the other two drug classes.

Conclusions
SGLT-2 inhibitors show clear superiority in reducing cardiovascular and all-cause deaths, hospitalisation for HF, and renal events among new antidiabetic drug classes. GLP-1 RAs also have cardiovascular and renal protective effects. DPP-4 inhibitors have no beneficial cardiovascular effects and are therefore inferior to the other two drug classes. SGLT-2 inhibitors should now be the preferred treatment for type 2 diabetes mellitus.
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Background
Type 2 diabetes mellitus (T2DM) is rising in prevalence and is a major cause of morbidity and mortality worldwide [1]. Cardiovascular disease, especially myocardial infarction (MI) and stroke, is the primary cause of complications and deaths in patients with T2DM [2]. Prevention of cardiovascular disease is, therefore, a goal of treatment of T2DM as important as glycaemic control. Metformin is the first-line therapy according to the American Diabetes Association (ADA)/European Association for the Study of Diabetes (EASD) [3] and the International Diabetes Federation [4]. However, metformin is contraindicated or not tolerated in some patients [5]. Rosiglitazone, another class of antidiabetic drug, was withdrawn due to increased cardiovascular events, which prompted the US Food and Drug Administration and the European Medicines Agency to require all new antidiabetic drugs to undergo large cardiovascular outcome trials (CVOTs) to rule out excess cardiovascular risk [6, 7].
In recent years, new antidiabetic drug classes, such as glucagon-like peptide 1 (GLP-1) receptor agonists (RAs), sodium-glucose co-transporter-2 (SGLT-2) inhibitors, and dipeptidyl peptidase-4 (DPP-4) inhibitors, with low risk of hypoglycaemia and weight gain, have become available and are now widely used as add-on therapies after metformin [3, 4, 8]. Their cardiovascular benefits have been reported in a number of studies. In the Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results (LEADER) and the Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG OUTCOME) trials, liraglutide and empagliflozin were found to decrease cardiovascular events, cardiovascular mortality, and all-cause mortality, respectively [9, 10]. These benefits were confirmed in our previous meta-analysis that included these two CVOTs [11] and supported the guidelines recommending these two drug classes for T2DM patients with arteriosclerotic cardiovascular disease [3, 4, 8]. Recently, more CVOTs including Harmony Outcomes [12] and Exenatide Study of Cardiovascular Event Lowering (EXSCEL) [13] on GLP-1 RAs, Dapagliflozin Effect on Cardiovascular Events-Thrombolysis in Myocardial Infarction (DECLARE-TIMI) 58 [14], CANaglifozin cardioVascular Assessment Study (CANVAS) programs [15] on SGLT-2 inhibitors, and Cardiovascular and Renal Microvascular Outcome Study With Linagliptin (CARMELINA) [16] on a DPP-4 inhibitor have been completed. The findings of EXSCEL [13] and CANVAS programs [15] have not only confirmed the cardiovascular safety profiles of GLP-1 RAs and SGLT-2 inhibitors but also affected the recommendations on the personalised diabetes management in the ADA/EASD consensus statement [3]. The other CVOTs reported after the publication of the ADA/EASD consensus statement showed inconsistent results compared with previous evidence. The superiority of albiglutide, a GLP-1 RA in reducing major adverse cardiovascular events (MACE) was found in Harmony Outcomes (P = 0.006) [12]. However, there was no significant reduction in MACE with dapagliflozin, a SGLT-2 inhibitor (P = 0.17) in DECLARE-TIMI 58 [14]. A recent meta-analysis including these two latest CVOTs showed a similar protection of GLP-1 RAs and SGLT-2 inhibitors against MACE [17], although DPP-4 inhibitors, a widely-used antidiabetic drug class, were not evaluated.
Like cardiovascular disease, kidney disease is also a common complication in diabetic patients and is associated with increased morbidity and mortality. It has been suggested that GLP-1 RAs and SGLT-2 inhibitors might improve renal outcomes in patients with T2DM [17]. Recently, the first renal outcome trial on SGLT-2 inhibitors, Canagliflozin and Renal Endpoints in Diabetes with Established Nephropathy Clinical Evaluation (CREDENCE), has just been reported, showing promising renal and cardiovascular benefits [18].
Nevertheless, uncertainty remains as to whether a specific antidiabetic drug class is superior to others in reducing cardiovascular events, due to the lack of direct comparative CVOTs between the new antidiabetic drug classes with sufficient power. Moreover, it is uncertain whether these newly published trials necessitate an update of current guidelines. Therefore, we used network meta-analysis to simultaneously compare all the new antidiabetic drug classes with respect to mortality and cardiovascular outcomes.

Methods
This network meta-analysis was reported in accordance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) Statement. The protocol was registered with the PROSPERO registry (number CRD42016050146).
Search strategy
MEDLINE, EMBASE, the Cochrane database, ClinicalTrials.gov, and congress proceedings from recent cardiology conferences were searched up to April 20, 2019 without applying any language and publication status restrictions. Our search threads were limited to large outcome trials evaluating new antidiabetic drug classes, namely, GLP-1 RAs, SGLT-2 or DPP-4 inhibitors in patients with T2DM. The search keywords included “glucagon-like peptide-1 receptor agonist”, “sodium-glucose co-transporter 2 inhibitor”, “dipeptidyl peptidase-4 inhibitor”, “major adverse cardiovascular event (MACE)”, “cardiovascular risk”, “cardiovascular event”, “type 2 diabetes mellitus”, and their synonyms and related keywords.

Study selection
Studies were eligible to be included if they met the following inclusion criteria for this network meta-analysis: (1) phase III/IV CVOTs or renal outcome trials evaluating cardiovascular outcomes; (2) allocation of GLP-1 RAs, SGLT-2 or DPP-4 inhibitors; (3) patients with T2DM (≥ 18 years of age); (4) patients with established cardiovascular disease or cardiovascular risk factors; (5) report of the rate of MACE and deaths.

Data extraction
Two investigators (YF and MFT) independently performed literature search and selection. Discrepancies were resolved by consensus. For eligible studies, information about the year of publication, age, gender, sample size, body weight, ethnic group, smoking status, intervention, duration of follow-up, glycated haemoglobin, baseline comorbidities of cardiovascular disease or cardiovascular risk factors, duration of diabetes, and duration of follow-up were extracted. Quality of the included studies and risk of trial bias were assessed using the Cochrane risk of bias assessment tool.

Study outcomes
The primary outcome in our network meta-analysis was MACE, defined as the composite of cardiovascular mortality, nonfatal MI, and nonfatal stroke. Secondary outcomes included the individual components of the primary outcome, all-cause mortality, hospitalisation for heart failure (HF), and renal composite outcome, defined as a composite of adjudication-confirmed end-stage renal disease, death due to renal failure, or a sustained decrease of at least 40% in estimated glomerular filtration rate (eGFR) from baseline to less than 60 ml per minute per 1.73 m2 of body-surface area [19]. Definitions of the renal composite outcome in the included trials are listed in Additional file 1: Table S1. We followed the definitions of outcomes used in each trial.

Statistical analysis
We used both a frequentist approach [20] and a Bayesian framework [21] with non-informative priors to compare the effect of different antidiabetic drug classes on outcomes at the trial level. Count data were extracted to analyse study outcomes. Pooled random-effects odds ratios (ORs) and 95% confidence intervals (95% CIs) were used as the summary statistics. A 95% CI not including 1.00 or a two-tailed p value less than 0.05 was considered statistically significant. Forest plots comparing relative treatment effects were generated with a frequentist approach using the statistical package ‘netmeta’ (version 0.9–8, https://​cran.​r-project.​org/​web/​packages/​netmeta/​index.​html) in R (version 3.3.2).
Sensitivity analysis was performed using the fixed-effects model to avoid small-study effects and was conducted by assessing the effect of excluding individual trials. Inconsistency in the network was evaluated using loop-specific heterogeneity estimates; τ2 estimate of 0.04, 0.14, and 0.40 represented a low, moderate, and high degree of variance, respectively. Heterogeneity within each pairwise meta-analysis of the direct comparisons of antidiabetic drug classes was assessed by I2 statistic. I2 < 25%, 25% to 50%, and > 50% corresponded to mild, moderate, and severe heterogeneity, respectively. Potential publication bias was assessed using funnel plots, Begg’s, Egger’s, and trim-and-fill tests for direct comparisons with three or more studies.
We evaluated the consistency of inferential estimates from hierarchical modelling using Markov chain Monte Carlo simulations, which were performed with 1000 tuning iterations and 5000 simulation iterations within a Bayesian framework using R statistical package ‘gemtc’ (version 0.8–2, https://​cran.​r-project.​org/​web/​packages/​gemtc/​index.​html) and ‘rjags’ (version 4–6, https://​cran.​r-project.​org/​web/​packages/​rjags/​index.​html) to minimise Monte Carlo error. The relative probability of each antidiabetic drug class having the largest effect size on each outcome was generated using P-rank scores.


Results
The literature search and selection process are shown in the PRISMA flowchart (Additional file 1: Fig. S1). Twenty-four trials initially fulfilled the inclusion criteria [9, 10, 12–16, 18, 22–38]. However, data on MACE and mortality have not yet been reported for the following ongoing trials: CARdiovascular Outcome Trial of LINAgliptin Versus Glimepiride in Type 2 Diabetes (CAROLINA) [29], Vildagliptin in Ventricular Dysfunction Diabetes (VIVIDD) [30], FREEDOM-CVO [31], Researching cardiovascular Events with a Weekly INcretin in Diabetes (REWIND) [32], PIONEER 6 [33], eValuation of ERTugliflozin efficacy and Safety CardioVascular outcomes (VERTIS CV) [34], Dapagliflozin And Prevention of Adverse-outcomes in Heart Failure (Dapa-HF) [35], A Study to Evaluate the Effect of Dapagliflozin on Renal Outcomes and Cardiovascular Mortality in Patients With Chronic Kidney Disease (DAPA CKD) [36], EMPagliflozin outcomE tRial in Patients With chrOnic heaRt Failure With Preserved Ejection Fraction (EMPEROR-Preserved) [37], and EMPagliflozin outcomE tRial in Patients With chrOnic heaRt Failure With Reduced Ejection Fraction (EMPEROR-Reduced) [38], so they were all excluded. Finally, thirteen two-armed CVOTs [9, 10, 12–16, 22–28] and one renal outcome trial [18] with altogether 121,047 patients were eligible for this network meta-analysis.
There were five trials including Evaluation of Lixisenatide in Acute Coronary Syndrome (ELIXA), LEADER, Trial to Evaluate Cardiovascular and Other Long-term Outcomes with Semaglutide in Subjects with Type 2 Diabetes (SUSTAIN-6), Harmony Outcomes, and EXSCEL [9, 12, 13, 22, 24, 27] in the comparison between GLP-1 RAs vs. placebo, five trials including EMPA-REG OUTCOME, CANVAS, CANVAS-R, DECLARE-TIMI 58, and CREDENCE [10, 14, 15, 18, 28] in the comparison between SGLT-2 inhibitors vs. placebo, and four trials including Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes Mellitus (SAVOR)-Thrombolysis in Myocardial Infarction (TIMI) 53, Examination of Cardiovascular Outcomes with Alogliptin versus Standard of Care (EXAMINE), Trial Evaluating Cardiovascular Outcomes with Sitagliptin (TECOS), and CARMELINA [16, 23, 25, 26] in the comparisons between DPP-4 inhibitors vs. placebo. No direct comparative trials among the three new antidiabetic drug classes were found. Three antidiabetic drug classes and placebo resulted in six theoretical comparisons for each outcome of interest (Fig. 1). The main characteristics of the included trials are listed in Table 1. All the included trials were at low risk of bias (Additional file 1: Tables S2 and S3). Baseline patient characteristics in each trial are shown in Additional file 1: Table S4.[image: A12933_2019_916_Fig1_HTML.png]
Fig. 1Network profile for the included trials comparing different antidiabetic drug classes. Each line represents a pair of direct comparison between different antidiabetic drug classes while each dotted line represents the missing comparison. The width of the lines is proportional to the number of trials comparing every pair of treatments, and the size of every circle is proportional to the number of randomly assigned participants (sample size)




Table 1Major characteristics of the outcome trials included in the network meta-analysis


	Studies
	Year
	ClinicalTrials.gov Identifier
	Intervention
	Patients (Antidiabetic drug/placebo)
	Primary endpoints
	HRa (95% CI) of MACEb
	HR (95% CI) of all-cause mortality

	GLP-1 RA vs. placebo

	 ELIXA [24]
	2015
	NCT01147250
	Lixisenatide vs. placebo
	6068 (3034/3034)
	A composite of the first occurrence of any of the following: death from cardiovascular causes, nonfatal MI, nonfatal stroke, or hospitalisation for unstable angina
	1.02 (0.89–1.17)
	0.94 (0.78–1.13)

	 LEADER [9]
	2016
	NCT01179048
	Liraglutide vs. placebo
	9340 (4668/4672)
	A composite of the first occurrence of death from cardiovascular causes, nonfatal MI (including silent), or nonfatal stroke
	0.87 (0.78–0.97)
	0.85 (0.74–0.97)

	 SUSTAIN-6 [22]
	2016
	NCT01720446
	Semaglutide vs. placebo
	3297 (1648/1649)
	A composite of the first occurrence of death from cardiovascular causes, nonfatal MI (including silent), or nonfatal stroke
	0.74 (0.58–0.95)
	1.05 (0.74–1.50)

	 HARMONY OUTCOMES [12]
	2018
	NCT02465515
	Albiglutide vs. placebo
	9463 (4731/4732)
	A composite of death from cardiovascular causes, MI, and stroke
	0.78 (0.68–0.90)
	0.95 (0.79–1.16)

	 EXSCEL [13, 27]
	2018
	NCT01144338
	Exenatide vs. placebo
	10,782 (5394/5388)
	A composite of death from cardiovascular causes, nonfatal MI, and nonfatal stroke
	0.90 (0.82–1.00)
	0.88 (0.77–1.00)

	DPP-4 inhibitor vs. placebo

	 SAVOR-TIMI 53 [26]
	2013
	NCT01107886
	Saxagliptin vs. placebo
	16,492 (8280/8212)
	A composite of cardiovascular death, nonfatal MI, or nonfatal ischaemic stroke
	1.00 (0.89–1.12)
	1.11 (0.96–1.27)

	 EXAMINE [25]
	2013
	NCT00968708
	Alogliptin vs. placebo
	5380 (2701/2679)
	A composite of death from cardiovascular causes, nonfatal MI, or nonfatal stroke
	0.96 (≤ 1.16)c
	0.98 (0.86–1.12)

	 TECOS [23]
	2015
	NCT00790205
	Sitagliptin vs. placebo
	14,523 (7257/7266)
	A composite of the first confirmed event of cardiovascular death, nonfatal MI, nonfatal stroke, or hospitalisation for unstable angina
	0.99 (0.89–1.10)
	1.01 (0.90–1.14)

	 CARMELINA [16]
	2018
	NCT01897532
	Linagliptin vs. placebo
	6979 (3494/3485)
	A composite of the first occurrence of cardiovascular death, nonfatal MI, or nonfatal stroke
	1.02 (0.89–1.17)
	0.98 (0.84–1.13)

	SGLT-2 inhibitor vs. placebo

	 EMPA-REG OUTCOME [10, 28]
	2015
	NCT01131676
	Empagliflozin vs. placebo
	7020 (4687/2333)
	A composite of death from cardiovascular causes, nonfatal MI (excluding silent MI), or nonfatal stroke
	0.86 (0.74–0.99)
	0.68 (0.57–0.82)

	 CANVAS [15]
	2017
	NCT01032629
	Canagliflozin vs. placebo
	4330 (2888/1442)
	A composite of death from cardiovascular causes, nonfatal MI, or nonfatal stroke
	0.88 (0.75–1.03)
	0.84 (0.70–1.01)

	 CANVAS-R [15]
	2017
	NCT01989754
	Canagliflozin vs. placebo
	5812 (2907/2905)
	A composite of death from cardiovascular causes, nonfatal MI, or nonfatal stroke
	0.82 (0.66–1.01)
	0.92 (0.70–1.21)

	 DECLARE-TIMI 58 [14]
	2018
	NCT01730534
	Dapagliflozin vs. placebo
	17,160 (8582/8578)
	A composite of cardiovascular death, MI, or ischaemic stroke
	0.93 (0.84–1.03)
	0.93 (0.82–1.04)

	 CREDENCE [18]
	2019
	NCT02065791
	Canagliflozin vs. placebo
	4401 (2202/2199)
	A composite of cardiovascular death, MI, or stroke
	0.80 (0.67–0.95)
	0.83 (0.68–1.02)


DPP-4: dipeptidyl peptidase-4; GLP-1: glucagon-like peptide-1; HR: hazard ratio; MACE: major adverse cardiovascular events; MI: myocardial infarction; RA: receptor agonist; SGLT-2: sodium-glucose co-transporter 2; 95% CI: 95% confidence interval
aHR (antidiabetic drug vs. placebo) of the outcomes evaluated in each trial
bMACE was defined as the composite of nonfatal myocardial infarction, nonfatal stroke, and cardiovascular mortality
cOnly upper bound of the one-sided 95% CI was reported (α: 0.01)




SGLT-2 inhibitors and GLP-1 RAs both significantly lowered the risk of MACE, hospitalisation for HF, and renal composite outcome when compared to placebo and DPP-4 inhibitors, respectively (Table 2 and Fig. 2). SGLT-2 inhibitors reduced hospitalisation for HF and the renal composite outcome more than GLP-1 RAs. Both SGLT-2 inhibitors and GLP-1 RAs reduced all-cause mortality compared to placebo. SGLT-2 inhibitors, moreover, reduced all-cause mortality compared to DPP-4 inhibitors. SGLT-2 inhibitors also resulted in lower cardiovascular mortality than both placebo and DPP-4 inhibitors (Table 2). In addition, GLP-1 RAs recipients had fewer nonfatal strokes than those receiving placebo. There was a trend towards a lower risk of nonfatal MI with GLP-1 RAs when compared to placebo, although the significance of result was marginal (p = 0.044). In contrast, DPP-4 inhibitors showed a similar risk profile to placebo in all the outcomes (Fig. 2).Table 2Network meta-analysis of efficacy and safety outcomes of new antidiabetic drug classes using random-effects model


	MACE

	 GLP-1 RA
	1.01 (0.92–1.12)
	
                            1.14 (1.04–1.26)
                          
	
                            1.14 (1.07–1.22)
                          

	 0.99 (0.89–1.09)
	SGLT-2 inhibitor
	
                            1.13 (1.02–1.25)
                          
	
                            1.13 (1.05–1.22)
                          

	 0.88 (0.80–0.96)
	
                            0.89 (0.80–0.98)
                          
	DPP-4 inhibitor
	1.00 (0.94–1.07)

	 0.87 (0.82–0.93)
	
                            0.88 (0.82–0.95)
                          
	1.00 (0.93–1.07)
	Placebo

	Nonfatal myocardial infarction

	 GLP-1 RA
	1.04 (0.88–1.23)
	1.13 (0.97–1.32)
	
                            1.11 (1.00–1.24)
                          

	 0.96 (0.81–1.13)
	SGLT-2 inhibitor
	1.08 (0.91–1.29)
	1.07 (0.94–1.22)

	 0.88 (0.78–1.04)
	0.92 (0.77–1.10)
	DPP-4 inhibitor
	0.98 (0.88–1.11)

	 0.90 (0.81–1.00)
	0.94 (0.82–1.07)
	1.02 (0.90–1.14)
	Placebo

	Nonfatal stroke

	 GLP-1 RA
	1.17 (0.98–1.41)
	1.12 (0.93–1.35)
	
                            1.14 (1.01–1.29)
                          

	 0.85 (0.71–1.02)
	SGLT-2 inhibitor
	0.95 (0.79–1.16)
	0.97 (0.85–1.11)

	 0.89 (0.74–1.08)
	1.05 (0.87–1.27)
	DPP-4 inhibitor
	1.02 (0.89–1.18)

	 0.88 (0.77–0.99)
	1.03 (0.90–1.17)
	0.98 (0.85–1.13)
	Placebo

	Cardiovascular mortality

	 GLP-1 RA
	0.93 (0.78–1.11)
	1.11 (0.93–1.33)
	1.13 (0.99–1.28)

	 1.08 (0.90–1.29)
	SGLT-2 inhibitor
	
                            1.20 (1.01–1.42)
                          
	
                            1.22 (1.08–1.38)
                          

	 0.90 (0.75–1.07)
	
                            0.83 (0.70–0.99)
                          
	DPP-4 inhibitor
	1.02 (0.90–1.15)

	 0.89 (0.78–1.01)
	
                            0.82 (0.73–0.93)
                          
	0.98 (0.87–1.11)
	Placebo

	All-cause mortality

	 GLP-1 RA
	0.93 (0.82–1.06)
	1.13 (0.99–1.28)
	
                            1.11 (1.02–1.22)
                          

	 1.07 (0.94–1.22)
	SGLT-2 inhibitor
	
                            1.20 (1.06–1.37)
                          
	
                            1.19 (1.09–1.30)
                          

	 0.89 (0.78–1.01)
	
                            0.83 (0.73–0.94)
                          
	DPP-4 inhibitor
	0.99 (0.91–1.08)

	 0.90 (0.82–0.99)
	
                            0.84 (0.77–0.92)
                          
	1.01 (0.93–1.10)
	Placebo

	Hospitalisation for heart failure

	 GLP-1 RA
	
                            0.79 (0.69–0.90)
                          
	
                            1.22 (1.08–1.37)
                          
	
                            1.15 (1.08–1.22)
                          

	 1.27 (1.11–1.45)
	SGLT-2 inhibitor
	
                            1.55 (1.33–1.81)
                          
	
                            1.46 (1.30–1.64)
                          

	 0.82 (0.73–0.92)
	
                            0.64 (0.55–0.75)
                          
	DPP-4 inhibitor
	0.94 (0.85–1.04)

	 0.87 (0.82–0.93)
	
                            0.68 (0.61–0.77)
                          
	1.06 (0.96–1.18)
	Placebo

	Renal composite outcome

	 GLP-1 RA
	
                            0.69 (0.59–0.80)
                          
	
                            1.16 (1.03–1.31)
                          
	
                            1.16 (1.06–1.27)
                          

	 1.46 (1.25–1.70)
	SGLT-2 inhibitor
	
                            1.69 (1.46–1.96)
                          
	
                            1.70 (1.50–1.91)
                          

	 0.86 (0.76–0.98)
	
                            0.59 (0.51–0.69)
                          
	DPP-4 inhibitor
	1.00 (0.92–1.09)

	 0.86 (0.78–0.94)
	
                            0.59 (0.52–0.67)
                          
	1.00 (0.92–1.08)
	Placebo


DPP-4: dipeptidyl peptidase-4; GLP-1: glucagon-like peptide-1; MACE: major adverse cardiovascular events (defined as the composite of cardiovascular mortality, nonfatal myocardial infarction and nonfatal stroke); RA: receptor agonist; SGLT-2: sodium-glucose co-transporter 2
Comparisons should be read from left to right. Results are the odds ratios (95% confidence interval) in the column-defining therapy compared with the odds ratios in the row-defining therapy. For efficacy and safety, odds ratio < 1 favours the column-defining therapy. Significant results are shown in italic
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Fig. 2Risk of outcomes with different antidiabetic drug classes compared to placebo. a MACE (major adverse cardiovascular events). b Nonfatal myocardial infarction. c Nonfatal stroke. d Cardiovascular mortality. e All-cause mortality. f Hospitalisation for heart failure. g Renal composite outcome




P-rank scores confirmed the results of network meta-analysis. SGLT-2 inhibitors were ranked the best in reducing MACE (P = 50.20%), cardiovascular mortality (77.20%), all-cause mortality (82.30%), hospitalisation for HF (99.80%), and renal composite outcome (100.00%). GLP-1 RAs were ranked the second-highest for protecting against these five outcomes while they had the highest likelihood to reduce the risk of nonfatal stroke (80.55%) (Additional file 1: Table S5).
The ELIXA [24] and EXAMINE [25] recruited diabetic patients with acute coronary syndrome within 180 days, which was different from the inclusion criteria in other CVOTs. Sensitivity analysis excluding these two trials increased the significance of the reduction in nonfatal MI with GLP-1 RAs (OR 0.86, 95% CI 0.77–0.97) when compared to placebo. GLP-1 RAs also reduced all-cause deaths more than DPP-4 inhibitors (OR 0.86, 95% CI 0.75–0.98) (Additional file 1: Table S6).
The degree of heterogeneity in this network was not high (Additional file 1: Table S7). In the pairwise meta-analysis, significant heterogeneity was found for MACE (I2 = 58%, p = 0.05) in the comparison between GLP-1 RAs vs. placebo, for cardiovascular mortality (I2 = 64%, p = 0.03) and all-cause mortality (I2 = 50%, p = 0.09) in the comparison between SGLT-2 inhibitors vs. placebo, and for hospitalisation for HF (I2 = 54%, p = 0.09) in the comparison between DPP-4 inhibitors vs. placebo. Sensitivity analysis showed that the heterogeneity in the comparison between GLP-1 RAs and placebo was due to the ELIXA trial [24]. Excluding it could reduce I2 to 31% (p = 0.23) (Additional file 1: Table S8). The heterogeneity in the comparison between SGLT-2 inhibitors and placebo was due to the EMPA-REG OUTCOME trial [10]. I2 could be reduced to 0% after excluding it for cardiovascular mortality (p = 0.51) (Additional file 1: Table S9) and all-cause mortality (p = 0.73) (Additional file 1: Table S10). The heterogeneity in the comparison between DPP-4 inhibitors and placebo was due to the SAVOR-TIMI 53 trial [26]. I2 could be reduced to 0% (p = 0.68) after excluding it (Additional file 1: Table S11).
Using fixed-effects instead of random-effects models, or Bayesian instead of frequentist analysis yielded consistent results (Additional file 1: Tables S12 and S13). Inspection of the funnel plots suggested no significant publication bias (Additional file 1: Fig. S2–S8 and Table S14).

Discussion
Although both GLP-1 RAs and SGLT-2 inhibitors have been reported to reduce cardiovascular events in several trials, which of them yield more cardiovascular benefits has been unclear. Our network meta-analysis including the latest evidence from the CVOTs and renal outcome trial allowed greater statistical power to compare different new antidiabetic drug classes and established their cardiovascular safety profiles. Our findings can be summarised as follows. First, SGLT-2 inhibitors and GLP-1 RAs both lowered the risk of MACE, hospitalisation for HF, and renal events. Second, SGLT-2 inhibitors reduced cardiovascular and all-cause mortality, hospitalisation for HF, and renal events the most among the three antidiabetic drug classes. Third, GLP-1 RA was the only drug class that reduced nonfatal stroke. Finally, DPP-4 inhibitors showed a similar safety profile to placebo and were inferior to GLP-1 RAs and SGLT-2 inhibitors with respect to cardiovascular events and deaths.
Superiority of SGLT-2 inhibitors
What is new in this network meta-analysis is the confirmation that SGLT-2 inhibitors are now superior to the other antidiabetic drug classes in terms of cardiovascular and renal endpoints, especially deaths, making it arguably the drug class of choice. Our findings on SGLT-2 inhibitors are consistent with recent meta-analyses of CVOTs on this drug class [17, 39], in which SGLT-2 inhibitors were found to reduce MACE, cardiovascular mortality, hospitalisation for HF, and progression of renal disease in patients with atherosclerotic cardiovascular disease. However, through network meta-analysis, we could draw comparisons with other drug classes. By including all the relevant trials completed recently, we extended the findings of previous meta-analyses by ourselves and other researchers [11, 17, 39–45]. The significant benefits of SGLT-2 inhibitors in reducing MACE, hospitalisation for HF, and renal events were not only confirmed when compared to placebo but also identified when compared to the other new antidiabetic drug classes. There are several possible mechanisms behind these benefits. The natriuretic response through SGLT2 inhibition in the proximal tubule and the inhibition of the tubuloglomerular feedback may play an important role in the reduction in hospitalisation for HF and the progression of diabetic kidney disease [46]. The weight loss and reduction in blood pressure may contribute to the cardiovascular protection of SGLT-2 inhibitors [47]. Left ventricular (LV) diastolic dysfunction is strongly associated with HF in T2DM patients. The improved LV diastolic function [48] and reduced tissue sodium content [49] with dapagliflozin lend support to these possible mechanisms. In addition, SGLT-2 inhibitors inhibit the Na +/H + exchanger (NHE) 1 in the myocardium results and NHE3 in the proximal tubule, resulting in decreased cytoplasmic sodium and calcium levels while increasing mitochondrial calcium level and inhibiting sodium reabsorption, all of which help to explain the reduction in HF with this drug class [46, 50]. The cardiac antifibrotic effects of SGLT-2 inhibitors found in rat models with dapagliflozin [51] and in human cardiac fibroblasts with empagliflozin [52] may also explain the protective effect of SGLT-2 inhibitors on HF.
DECLARE-TIMI 58 [14] confirmed the benefit of reduction in HF hospitalisation with SGLT-2 inhibitors, but did not show a significantly lower rate of MACE which contrasted with the findings from the EMPA-REG OUTCOME [10], CANVAS [15] and CANVAS-R [15] trials (Table 1, Additional file 1: Table S15). The differences in patient characteristics and drug used across trials could be possible explanations. More than half of the T2DM patients enrolled in DECLARE-TIMI 58 did not have cardiovascular disease but only had risk factors. On the contrary, almost all the patients included in EMPA-REG OUTCOME and more than half of the patients included in CANVAS and CANVAS-R were T2DM patients with established cardiovascular disease. It was more difficult to demonstrate a reduction in MACE in patients without pre-existing cardiovascular disease in DECLARE-TIMI 58. It is possible that dapagliflozin used in this trial has less protection against MACE compared to empagliflozin and canagliflozin. Nevertheless, the reduction in HF hospitalisation with dapagliflozin was consistent across multiple subgroups regardless of history of atherosclerotic cardiovascular disease, HF and CKD. This was also found in other studies of dapagliflozin in humans [48, 49], in animals [51], and in vitro [52]. These diverse pieces of evidence point to the specific protection of HF by dapagliflozin.
All the CVOTs on SGLT-2 inhibitors except EMPA-REG OUTCOME [28] showed robust reductions in renal composite outcomes regardless of baseline factors. The renal benefits of SGLT-2 inhibitors were further confirmed in our network meta-analysis after including CREDENCE [18], the first renal outcome trial. Now the application of SGLT-2 inhibitors can be expanded to T2DM populations with CKD in addition to cardiovascular diseases. The renal protection of SGLT-2 inhibitors needs to be further confirmed in the ongoing renal outcome trial DAPA CKD [36], which recruited CKD patients with or without diabetes. This trial together with CREDENCE will answer whether SGLT-2 inhibitors could be considered a promising option for renal protection in either T2DM or nondiabetic patients.
Most importantly, SGLT-2 inhibitors were found to be significantly better in reducing cardiovascular and all-cause mortality regardless of existing cardiovascular disease or CKD in patients with T2DM. The superiority of SGLT-2 inhibitors over GLP-1 RAs and DPP-4 inhibitors in reducing deaths can, therefore, be considered a class effect. However, the difference in overall mortality did not reach statistical significance (OR 0.83, 95% CI 0.68–1.02) in the CREDENCE trial [18], as with other trials on SGLT-2 inhibitors [14, 15], which differed from the findings in the EMPA-REG OUTCOME trial [10] and this network meta-analysis. Despite the high rate of drug discontinuation (27% of participants), the CREDENCE trial was stopped early because of the overwhelming benefits in lowering the risk of kidney failure and cardiovascular events. As a result of the shortened follow-up period, the study lacked power to demonstrate any mortality reduction. In contrast, EMPA-REG OUTCOME showed a reduction in mortality, so there was heterogeneity in this outcome, although the indirect evidence also supported a reduction in mortality. The protection against deaths observed with empagliflozin but not the other SGLT-2 inhibitors needs to be further explored in future trials to understand whether it is a specific effect of empagliflozin.

GLP-1 RAs and DPP-4 inhibitors
The favourable cardiovascular safety of GLP-1 RAs, especially their positive effects in reducing MACE, nonfatal stroke, and nonfatal MI, were revealed in our network meta-analysis after including the latest evidence. The reported significant decrease in cardiovascular and all-cause mortality in GLP-1 RA recipients in the LEADER trial [9] was not found in our network meta-analysis or other CVOTs on GLP-1 RAs. Although the improvement in cardiovascular mortality was reported in a recent meta-analysis of the CVOTs on GLP-1 RAs, Harmony Outcomes trial was not included while the results were largely driven by the LEADER trial [53]. The shorter duration of CVOTs besides LEADER reduced their power to show an effect on cardiovascular deaths. Moreover, trial results are also affected by patient characteristics and the different GLP-1 RAs used across the trials.
Liraglutide reduces postprandial glucose without increasing insulin concentration and improves beta-cell function in T2DM patients [54]. Its cardiovascular protective effects have been studied. Reduction in arterial stiffness, LV myocardial strain, twisting and untwisting, N-terminal pro-brain natriuretic peptide, and oxidative stress with liraglutide could offer myocardial protection and prevention of diabetic heart disease [55]. Moreover, liraglutide reduces postprandial non-esterified free fatty acids and suppresses soluble vascular cell adhesion molecule-1 compared to metformin [56]. It protects against acute liver injury in the mouse [57]. However, cardiovascular benefits have not been observed in studies of exenatide [13, 58]. In low-risk patients undergoing scheduled coronary artery bypass grafting surgery, postoperative intravenous exenatide provided no additional cardio-protective effect compared to intravenous insulin [58]. Therefore, it is still necessary to study the cardiovascular efficacy and safety profile of GLP-1 RAs so as to confirm their place in clinical practice.
There are several ongoing CVOTs evaluating the efficacy and safety of GLP-1 RAs in different patient populations with different drug formulations. The FREEDOM-CVO trial is the first trial studying ITCA 650, the first injection-free GLP-1 RA with a full year of treatment delivery from a single placement of an osmotic mini-pump [31]. In the REWIND study on dulaglutide, 70% of patients did not have established cardiovascular disease at baseline [32]. The PIONEER 6 trial investigating oral semaglutide recently announced an insignificant reduction in MACE but a significantly lower risk of cardiovascular and all-cause deaths [33]. These trials will add to the evidence on the cardiovascular effects of GLP-1 RAs, and clarify their effects on mortality.
The cardiovascular benefits observed in GLP-1 RAs were not found in another incretin-based drug class, namely DPP-4 inhibitors. Our network meta-analysis including the latest evidence from CARMELINA [16] still failed to demonstrate cardiovascular benefits with DPP-4 inhibitors, like previous meta-analyses [11, 41, 59–61]. Although a few meta-analyses reported substantial reductions in MACE with DPP-4 inhibitors [62, 63], their conclusions were based on studies with small sample sizes and limited numbers of cardiovascular events, which might be underpowered.
Although no increase in the risk of cardiovascular events was found with DPP-4 inhibitors, a red flag was raised in terms of increased HF. Saxagliptin was observed to result in a significant increase in hospitalisations for HF in the SAVOR-TIMI 53 trial [26]. Alogliptin in the EXAMINE trial [25] showed a trend toward an increased risk for HF hospitalisation while sitagliptin in the TECOS trial showed no increased risk [23]. In the latest CARMELINA, no increase in HF hospitalisation and renal composite outcome, and a significant reduction in microvascular events driven primarily by the reduction in albuminuria progression (p = 0.003) were found with linagliptin. It established the cardiovascular safety profile of linagliptin in diabetic patients at high risk of cardiovascular and kidney disease, those most vulnerable to developing HF. The conflicting effects of DPP-4 inhibitors on hospitalisation for HF need to be reconciled when more evidence becomes available.
In our study, GLP-1 RAs were better than DPP-4 inhibitors in reducing hospitalisation for HF. A retrospective cohort study of T2DM patients reported a significant reduction in HF with DPP-4 inhibitors compared to GLP-1 RAs. The association was consistent in patients with or without prior cardiovascular disease, but not statistically significant in those with prior HF [64]. The DPP-4 inhibitors used in this study were saxagliptin and sitagliptin, while the GLP-1 RAs compared were not specified. Whether the association was due to different effects within the same drug class remained unclear. Besides, the superiority of GLP-1 RAs to DPP-4 inhibitors found in our network meta-analysis was driven largely by indirect evidence due to the absence of head-to-head trials between these two classes. Until such evidence is available, observational studies provide real-world evidence of efficacy.
The two incretin-based drug classes, DPP-4 inhibitors and GLP-1 RAs have different effects on cardiovascular outcomes. GLP-1 RAs directly activate GLP-1 receptors in the arteries and kidneys. The improved endothelial function through nitric oxide-induced vasodilation and the reduced oxidative stress and natriuretic effect by inhibiting the renin–angiotensin–aldosterone system all confer their effects on blood pressure lowering. Also, GLP-1 RAs could protect against endothelial dysfunction and have direct effects on the myocardium, which might also account for their beneficial effects in reducing vascular disease [65].

Clinical implications
A retrospective cohort study on second-line antidiabetic drugs showing similar efficacy and safety profiles of GLP-1 RAs, SGLT-2 and DPP-4 inhibitors on cardiovascular events has been published [66]. However, observational studies may be prone to selection bias. The imbalance of the patient numbers in each drug class, in which DPP-4 inhibitors recipients (28,898) were five times more than SGLT-2 inhibitors recipients (5677) and twice more than GLP-1 RAs recipients (11,351) limited its statistical power without using propensity score matching. In addition, death was not assessed in this study. Although those findings differed from our network meta-analysis, real-world data from observational studies are still valuable.
Previous meta-analyses on each drug class showed conflicting results of their effects on death [43, 44, 53, 63, 67, 68], in which, the neutral effects of GLP-1 RAs and DPP-4 inhibitors identified in our study were contradicted by their protection in all-cause deaths [63, 67]. We therefore performed a sensitivity analysis to analyse the risk of all-cause mortality by including small trials excluded in our analysis but had been included in these meta-analyses. The overall conclusions did not change, albeit that GLP-1 RAs became significantly better than DPP-4 inhibitors in reducing all-cause mortality (Additional file 1: Table S16 and Online-only reference).
Choosing an antidiabetic drug class with proven benefit in reducing cardiovascular risk and mortality in patients with T2DM is now advocated in guidelines. The newly published CVOTs and renal outcome trials reinforced the confidence in SGLT-2 inhibitors, and to a lesser extent, GLP-1 RAs, as effective treatments. Ongoing trials will provide further evidence on cardiovascular safety and efficacy and potential renal benefits of these drug classes, the validity of the concept of a class effect, and help to refine future guidelines. Head-to-head CVOTs are difficult and expensive to conduct. Therefore, observational studies based on real-world data with sufficient length of follow-up and statistical power compared these new antidiabetic drug classes could be useful to demonstrate benefits at the population level.
Our network meta-analysis including the latest, powerful, and many more CVOTs than previous network meta-analyses has profound and unequivocal clinical implications. They support the new decision pathways of the American College of Cardiology (ACC) [69], which were announced before the release of the results of DECLARE-TIMI 58, Harmony Outcomes, and CARMELINA. Our analysis including all these latest trials is consistent with the ACC report. SGLT-2 inhibitors and GLP-1 RAs should, therefore, be considered evidence-based treatments for T2DM after metformin. SGLT-2 inhibitors can be considered before GLP-1 RAs because of the reduction in mortality. However, whether to choose an SGLT-2 inhibitor or a GLP-1 RA should still be tailored for different patients. The former is oral while the latter is mostly injected. The route of administration may, therefore, influence physician and patient preference. They also have different side effects, such that a patient intolerant of one can be switched to the other. Indeed, the two drug classes can both be given if the glycaemic target is not attained.


Limitations
Our network meta-analysis has certain limitations. Firstly, there was no head-to-head CVOT directly comparing new antidiabetic drug classes. The comparative effects were generated with indirect evidence. Different drugs were used within each drug class, and there could be within-class differences. Secondly, we did not have patient-level data, limiting the scope for adjustments and subgroup analysis. Finally, there were differences in trial designs, patient characteristics, background therapy, and endpoint definitions.
In conclusion, our network meta-analysis shows that although none of the three new antidiabetic drug classes increases cardiovascular risks, there are clinically significant differences among them. SGLT-2 inhibitors are clearly superior in reducing cardiovascular and all-cause mortality, hospitalisation for HF, and renal events among the new antidiabetic drug classes. Both SGLT-2 inhibitors and GLP-1 RAs can reduce MACE. In terms of cardiovascular and renal outcome, DPP-4 inhibitors are comparable to placebo and are inferior to the other two drug classes. Our findings support SGLT-2 inhibitors as the preferred treatment for patients with T2DM after metformin. Based on the original trial results and meta-analyses including ours, clinical guidelines should advocate the use of antidiabetic drugs that have been proven to reduce cardiovascular events and mortality.

Supplementary information
Supplementary information accompanies this paper at https://​doi.​org/​10.​1186/​s12933-019-0916-z.

Acknowledgements
Not applicable.

Authors’ contributions
YF designed the study, performed statistical analysis, interpreted the data, and wrote the first draft. MFT and BMYC contributed to the data interpretation and writing of the final version of the manuscript. The corresponding author had full access to the data and had final responsibility for the decision to submit for publication. All authors read and approved the final manuscript.

Funding
None.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


[image: Creative Commons]Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

References
1.
WHO. Global report on diabetes. http://​www.​who.​int/​diabetes/​global-report/​en. Accessed 20 Nov 2018.

2.
Morrish NJ, Wang SL, Stevens LK, Fulloer JH, Keen H. Mortality and causes of death in the WHO multinational study of vascular disease in diabetes. Diabetologia. 2001;44:S14–21.Crossref

3.
Davies MJ, D’Alessio DA, Fradkin J, Kernan WN, Mathieu C, Mingrone G, et al. Management of Hyperglycemia in Type 2 Diabetes, 2018. A Consensus Report by the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care. 2018;41(12):2669–701.Crossref

4.
International Diabetes Federation. IDF Clinical Practice Recommendations for managing Type 2 Diabetes in Primary Care. 2017. https://​d-net.​idf.​org/​en/​library/​466-managing-type-2-diabetes-in-primary-care.​html. Accessed 20 Nov 2018.

5.
Griffin SJ, Leaver JK, Irving GJ. Impact of metformin on cardiovascular disease: a meta-analysis of randomised trials among people with type 2 diabetes. Diabetologia. 2017;60(9):1620–9.Crossref

6.
Nissen SE, Wolski K. Effect of rosiglitazone on the risk of myocardial infarction and death from cardiovascular causes. N Engl J Med. 2007;356(24):2457–71.Crossref

7.
Cheung BM. Behind the rosiglitazone controversy. Expert Rev Clin Pharmacol. 2010;3(6):723–5.Crossref

8.
Standards of medical care in diabetes—2017: summary of revisions. Diabetes Care. 2017;40(Suppl 1):S4–5.

9.
Marso SP, Daniels GH, Brown-Frandsen K, Kristensen P, Mann JF, Nauck MA, et al. Liraglutide and cardiovascular outcomes in type 2 diabetes. N Engl J Med. 2016;375(4):311–22.Crossref

10.
Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al. Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. N Engl J Med. 2015;373(22):2117–28.Crossref

11.
Fei Y, Tsoi MF, Kumana CR, Cheung TT, Cheung BMY. Network meta-analysis of cardiovascular outcomes in randomized controlled trials of new antidiabetic drugs. Int J Cardiol. 2018;254:291–6.Crossref

12.
Hernandez AF, Green JB, Janmohamed S, D’Agostino RB Sr, Granger CB, Jones NP, et al. Albiglutide and cardiovascular outcomes in patients with type 2 diabetes and cardiovascular disease (harmony outcomes): a double-blind, randomised placebo-controlled trial. Lancet. 2018;392(10157):1519–29.Crossref

13.
Mentz RJ, Thompson VP, Aguilar D, Lokhnygina Y, Buse JB, Chan JC, et al. Effects of once-weekly exenatide on clinical outcomes in patients with preexisting cardiovascular disease. Prespecified analysis from EXSCEL. Circulation. 2018;138:2576–8.Crossref

14.
Wiviott SD, Raz I, Bonaca MP, Mosenzon O, Kato ET, Cahn A, et al. Dapagliflozin and cardiovascular outcomes in type 2 diabetes. N Engl J Med. 2019;380(4):347–57.Crossref

15.
Neal B, Perkovic V, Mahaffey KW, de Zeeuw D, Fulcher G, Erondu N, et al. Canagliflozin and cardiovascular and renal events in type 2 diabetes. N Engl J Med. 2017;377(7):644–57.Crossref

16.
Rosenstock J, Perkovic V, Johansen OE, Cooper ME, Kahn SE, Marx N, et al. Effect of Linagliptin vs placebo on major cardiovascular events in adults with type 2 diabetes and high cardiovascular and renal risk: the CARMELINA Randomized Clinical Trial. JAMA. 2019;321(1):69–79.Crossref

17.
Zelniker TA, Wiviott SD, Raz I, Im K, Goodrich EL, Furtado RHM, et al. Comparison of the effects of glucagon-like peptide receptor agonists and sodium-glucose Cotransporter 2 inhibitors for prevention of major adverse cardiovascular and renal outcomes in type 2 diabetes mellitus. Circulation. 2019;139(17):2022–31.Crossref

18.
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. https://​doi.​org/​10.​1056/​NEJMoa1811744.​j.CrossrefPubMed

19.
Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomerular filtration rate. Ann Intern Med. 2009;150:604–12.Crossref

20.
Rucker G. Network meta-analysis, electrical networks and graph theory. Res Synth Methods. 2012;3(4):312–24.Crossref

21.
Salanti G, Higgins JP, Ades AE, Ioannidis JP. Evaluation of networks of randomized trials. Stat Methods Med Res. 2008;17:279–301.Crossref

22.
Marso SP, Bain SC, Consoli A, Eliaschewitz FG, Jódar E, Leiter LA, et al. Semaglutide and cardiovascular outcomes in patients with type 2 diabetes. N Engl J Med. 2016;375(19):1834–44.Crossref

23.
Green JB, Bethel MA, Armstrong PW, Buse JB, Engel SS, Garg J, et al. Effect of sitagliptin on cardiovascular outcomes in type 2 diabetes. N Engl J Med. 2015;373(3):232–42.Crossref

24.
Pfeffer MA, Claggett B, Diaz R, Dickstein K, Gerstein HC, Køber LV, et al. Lixisenatide in patients with type 2 diabetes and acute coronary syndrome. N Engl J Med. 2015;373(23):2247–57.Crossref

25.
Zannad F, Cannon CP, Cushman WC, Bakris GL, Menon V, Perez AT, et al. Heart failure and mortality outcomes in patients with type 2 diabetes taking alogliptin versus placebo in EXAMINE: a multicentre, randomised, double-blind trial. Lancet. 2015;385(9982):2067–76.Crossref

26.
Scirica BM, Bhatt DL, Braunwald E, Steg PG, Davidson J, Hirshberg B, et al. Saxagliptin and cardiovascular outcomes in patients with type 2 diabetes mellitus. N Engl J Med. 2013;369(14):1317–26.Crossref

27.
Bethel MA, Mentz RJ, Merrill P, Buse JB, Chan JC, et al. Renal outcomes in the EXenatide study of cardiovascular event lowering (EXSCEL). Diabetes. 2018;67(Supplement 1):522-P.Crossref

28.
Wanner Ch, Inzucchi SE, Zinman B. Empagliflozin and progression of kidney disease in type 2 diabetes. N Engl J Med. 2016;375(18):1801–2.PubMed

29.
Marx N, Rosenstock J, Kahn SE, Zinman B, Kastelein JJ, Lachin JM, et al. Design and baseline characteristics of the CARdiovascular Outcome Trial of LINAgliptin versus glimepiride in type 2 diabetes (CAROLINA®). Diab Vasc Dis Res. 2015;12(3):164–74.Crossref

30.
Novartis Pharmaceuticals. Effect of vildagliptin on left ventricular function in patients with type 2 diabetes and congestive heart failure. https://​clinicaltrials.​gov/​ct2/​show/​NCT00894868. Accessed 20 Nov 2018.

31.
Intarcia Therapeutics. A study to evaluate cardiovascular outcomes in patients with type 2 diabetes treated with ITCA 650. https://​www.​intarcia.​com/​media/​media-archive/​press-releases/​intarcia-announces-successful-cardiovascular-safety-results-in-p.​html. Accessed 20 Nov 2018.

32.
Gerstein HC, Colhoun HM, Dagenais GR, Diaz R, Lakshmanan M, Pais P, et al. Design and baseline characteristics of participants in the Researching cardiovascular Events with a Weekly INcretin in Diabetes (REWIND) trial on the cardiovascular effects of dulaglutide. Diabetes Obes Metab. 2018;20(1):42–9.Crossref

33.
Novo Nordisk A/S. A trial investigating the cardiovascular safety of oral semaglutide in subjects with type 2 diabetes (PIONEER 6). https://​clinicaltrials.​gov/​ct2/​show/​NCT02692716. Accessed 20 Nov 2018.

34.
Merck Sharp & Dohme Corp. Cardiovascular outcomes following ertugliflozin treatment in type 2 diabetes mellitus participants with vascular disease, The VERTIS CV Study (MK-8835-004). https://​clinicaltrials.​gov/​ct2/​show/​NCT01986881. Accessed 20 Nov 2018.

35.
AstraZeneca. Study to evaluate the effect of dapagliflozin on the incidence of worsening heart failure or cardiovascular death in patients with chronic heart failure (Dapa-HF). https://​clinicaltrials.​gov/​ct2/​show/​NCT03036124. Accessed 20 Nov 2018.

36.
AstraZeneca. A study to evaluate the effect of dapagliflozin on renal outcomes and cardiovascular mortality in patients with chronic kidney disease (Dapa-CKD). https://​clinicaltrials.​gov/​ct2/​show/​NCT03036150. Accessed 20 Nov 2018.

37.
Boehringer Ingelheim. EMPagliflozin Outcome tRial in Patients With chrOnic heaRt Failure with Preserved Ejection Fraction (EMPEROR-Preserved). https://​clinicaltrials.​gov/​ct2/​show/​NCT03057951. Accessed 20 Nov 2018.

38.
Boehringer Ingelheim. EMPagliflozin Outcome tRial in Patients With chrOnic heaRt Failure with Reduced Ejection Fraction (EMPEROR-Reduced). https://​clinicaltrials.​gov/​ct2/​show/​NCT03057977. Accessed 20 Nov 2018.

39.
Zelniker TA, Wiviott SD, Raz I, Im K, Goodrich EL, Bonaca MP, 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(10166):31–9.Crossref

40.
Palmer SC, Mavridis D, Nicolucci A, Johnson DW, Tonelli M, Craig JC, et al. Comparison of clinical outcomes and adverse events associated with glucose-lowering drugs in patients with type 2 diabetes: a meta-analysis. JAMA. 2016;316:313–24.Crossref

41.
Lee G, Oh SW, Hwang SS, Yoon JW, Kang S, Joh HK, et al. Comparative effectiveness of oral antidiabetic drugs in preventing cardiovascular mortality and morbidity: a network meta-analysis. PLoS ONE. 2017;12(5):e0177646.Crossref

42.
Wu JH, Foote C, Blomster J, Toyama T, Perkovic V, Sundström J, Neal B. Effects of sodium-glucose cotransporter-2 inhibitors on cardiovascular events, death, and major safety outcomes in adults with type 2 diabetes: a systematic review and meta-analysis. Lancet Diabetes Endocrinol. 2016;4(5):411–9.Crossref

43.
Saad M, Mahmoud AN, Elgendy IY, Abuzaid A, Barakat AF, Elgendy AY, et al. Cardiovascular outcomes with sodium-glucose cotransporter-2 inhibitors in patients with type II diabetes mellitus: a meta-analysis of placebo-controlled randomized trials. Int J Cardiol. 2017;228:352–8.Crossref

44.
Tang H, Fang Z, Wang T, Cui W, Zhai S, Song Y. Meta-analysis of effects of sodium-glucose cotransporter 2 inhibitors on cardiovascular outcomes and all-cause mortality among patients with type 2 diabetes mellitus. Am J Cardiol. 2016;118(11):1774–80.Crossref

45.
Zhuang XD, He X, Yang DY, Guo Y, He JG, Xiao HP, Liao XX. Comparative cardiovascular outcomes in the era of novel anti-diabetic agents: a comprehensive network meta-analysis of 166,371 participants from 170 randomized controlled trials. Cardiovasc Diabetol. 2018;17(1):79.Crossref

46.
Verma S, McMurray JJV. SGLT2 inhibitors and mechanisms of cardiovascular benefit: a state-of-the-art review. Diabetologia. 2018;61(10):2108–17.Crossref

47.
Kaplan A, Abidi E, El-Yazbi A, Eid A, Booz GW, Zouein FA. Direct cardiovascular impact of SGLT2 inhibitors: mechanisms and effects. Heart Fail Rev. 2018;23(3):419–37.Crossref

48.
Soga F, Tanaka H, Tatsumi K, Mochizuki Y, Sano H, Toki H, et al. Impact of dapagliflozin on left ventricular diastolic function of patients with type 2 diabetic mellitus with chronic heart failure. Cardiovasc Diabetol. 2018;17(1):132.Crossref

49.
Karg MV, Bosch A, Kannenkeril D, Striepe K, Ott C, Schneider MP, et al. SGLT-2-inhibition with dapagliflozin reduces tissue sodium content: a randomised controlled trial. Cardiovasc Diabetol. 2018;17(1):5.Crossref

50.
Packer M, Anker SD, Butler J, Filippatos G, Zannad F. Effects of sodium-glucose cotransporter 2 inhibitors for the treatment of patients with heart failure: proposal of a novel mechanism of action. JAMA Cardiol. 2017;2(9):1025–9.Crossref

51.
Lee TM, Chang NC, Lin SZ. Dapagliflozin, a selective SGLT2 Inhibitor, attenuated cardiac fibrosis by regulating the macrophage polarization via STAT3 signalling in infarcted rat hearts. Free Radic Biol Med. 2017;104:298–310.Crossref

52.
Kang S, Verma S, Teng G, Belke D, Svystonyuk D, Guzzardi D, et al. Direct effects of empagliflozin on extracellular matrix remodeling in human cardiac fibroblasts: novel translational clues to EMPA-REG outcome. Can J Cardiol. 2017;33(10):S169.Crossref

53.
Bethel MA, Patel RA, Merrill P, Lokhnygina Y, Buse JB, Mentz RJ, et al. Cardiovascular outcomes with glucagon-like peptide-1 receptor agonists in patients with type 2 diabetes: a meta-analysis. Lancet Diabetes Endocrinol. 2018;6(2):105–13.Crossref

54.
Anholm C, Kumarathurai P, Jürs A, Pedersen LR, Nielsen OW, Kristiansen OP, et al. Liraglutide improves the beta-cell function without increasing insulin secretion during a mixed meal in patients, who exhibit well-controlled type 2 diabetes and coronary artery disease. Diabetol Metab Syndr. 2019;11:42.Crossref

55.
Lambadiari V, Pavlidis G, Kousathana F, Varoudi M, Vlastos D, Maratou EDA, et al. Effects of 6-month treatment with the glucagon like peptide-1 analogue liraglutide on arterial stiffness, left ventricular myocardial deformation and oxidative stress in subjects with newly diagnosed type 2 diabetes. Cardiovasc Diabetol. 2018;17(1):8.Crossref

56.
Chen XM, Zhang WQ, Tian Y, Wang LF, Chen CC, Qiu CM. Liraglutide suppresses non-esterified free fatty acids and soluble vascular cell adhesion molecule-1 compared with metformin in patients with recent-onset type 2 diabetes. Cardiovasc Diabetol. 2018;17(1):53.Crossref

57.
Milani L, Galindo CM, Turin de Oliveira NM, Corso CR, Adami ER, Stipp MC, et al. The GLP-1 analog liraglutide attenuates acute liver injury in mice. Ann Hepatol. 2019. https://​doi.​org/​10.​1016/​j.​aohep.​2019.​04.​011 (Epub ahead of print).CrossrefPubMed

58.
Besch G, Perrotti A, Salomon du Mont L, Puyraveau M, Ben-Said X, Baltres M, et al. Impact of intravenous exenatide infusion for perioperative blood glucose control on myocardial ischemia-reperfusion injuries after coronary artery bypass graft surgery: sub study of the phase II/III ExSTRESS randomized trial. Cardiovasc Diabetol. 2018;17(1):140.Crossref

59.
Rehman MB, Tudrej BV, Soustre J, Buisson M, Archambault P, Pouchain D, et al. Efficacy and safety of DPP-4 inhibitors in patients with type 2 diabetes: meta-analysis of placebo-controlled randomized clinical trials. Diabetes Metab. 2017;43(1):48–58.Crossref

60.
Savarese G, D’Amore C, Federici M, De Martino F, Dellegrottaglie S, Marciano C, et al. Effects of dipeptidyl peptidase 4 inhibitors and sodium-glucose linked cotransporter-2 inhibitors on cardiovascular events in patients with type 2 diabetes mellitus: a meta-analysis. Int J Cardiol. 2016;220:595–601.Crossref

61.
Zheng SL, Roddick AJ, Aghar-Jaffar R, Shun-Shin MJ, Francis D, Oliver N, Meeran K. Association between use of sodium-glucose cotransporter 2 inhibitors, glucagon-like peptide 1 agonists, and dipeptidyl peptidase 4 inhibitors with all-cause mortality in patients with type 2 diabetes: a systematic review and meta-analysis. JAMA. 2018;319(15):1580–91.Crossref

62.
Patil HR, Al Badarin FJ, Al Shami HA, Bhatti SK, Lavie CJ, Bell DS, O’Keefe JH. Meta-analysis of effect of dipeptidyl peptidase-4 inhibitors on cardiovascular risk in type 2 diabetes mellitus. Am J Cardiol. 2012;110(6):826–33.Crossref

63.
Monami M, Ahrén B, Dicembrini I, Mannucci E. Dipeptidyl peptidase-4 inhibitors and cardiovascular risk: a meta-analysis of randomized clinical trials. Diabetes Obes Metab. 2013;15(2):112–20.Crossref

64.
Dawwas GK, Smith SM, Park H. Risk of heart failure hospitalization among users of dipeptidyl peptidase-4 inhibitors compared to glucagon-like peptide-1 receptor agonists. Cardiovasc Diabetol. 2018;17(1):102.Crossref

65.
Del Olmo-Garcia MI, Merino-Torres JF. GLP-1 receptor agonists and cardiovascular disease in patients with type 2 diabetes. J Diabetes Res. 2018;2018:4020492.Crossref

66.
O’Brien MJ, Karam SL, Wallia A, Kang RH, Cooper AJ, Lancki N, et al. Association of second-line antidiabetic medications with cardiovascular events among insured adults with type 2 diabetes. JAMA Netw Open. 2018;1(8):e186125.Crossref

67.
Monami M, Zannoni S, Pala L, Silverii A, Andreozzi F, Sesti G, Mannucci E. Effects of glucagon-like peptide-1 receptor agonists on mortality and cardiovascular events: a comprehensive meta-analysis of randomized controlled trials. Int J Cardiol. 2017;240:414–21.Crossref

68.
Monami M, Dicembrini I, Nardini C, Fiordelli I, Mannucci E. Effects of glucagon-like peptide-1 receptor agonists on cardiovascular risk: a meta-analysis of randomized clinical trials. Diabetes Obes Metab. 2014;16:38–47.Crossref

69.
Das SR, Everett BM, Birtcher KK, Brown JM, Cefalu WT, Januzzi JL Jr, et al. 2018 ACC expert consensus decision pathway on novel therapies for cardiovascular risk reduction in patients with type 2 diabetes and atherosclerotic cardiovascular disease: a report of the American College of Cardiology Task Force on Expert Consensus Decision Pathways. J Am Coll Cardiol. 2018;72(24):3200–23.Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/sidebar.gif





OEBPS/cc-by.png
() _®





OEBPS/A12933_2019_916_Fig2_HTML.png
a Comparison: other vs ’Placebo’

Compared to Placebo (Random Effects Model) OR 95%-Cl
0.87 [0.82; 0.93]
0.88 [0.82; 0.95]

1.00 [0.98; 1.07]

SGLT-2 inhibitor
DPP-4 inhibitor

GLP-1 receptor agonist ——+——
T

— B @

Placebo 1.00
0.9 1 1.1
Favours experimental Favours reference
QOdds ratio for frequencies of MACE
c

Comparison: other vs 'Placebo’

Compared to Placebo (Random Effects Model) OR 95%-Cl

GLP-1 receptor agonist ———+—— 0.88 [0.77; 0.99]
SGLT-2 inhibitor —_— 1.03 [0.90; 1.17]
DPP-4 inhibitor —_— 0.98 [0.85; 1.13]
Placebo 1.00
T 1
0.8 1 1.25

Favours experiemental Favours reference
QOdds ratio for frequencies of nonfatal stroke

e
Comparison: other vs 'Placebo’
(Random Effects Model) OR

Compared to Placebo 95%~Cl

GLP-1 receptor agonist — 0.90 [0.82; 0.98]
SGLT-2 inhibitor — 0.84 [0.77; 0.92]
DPP-4 inhibitor o 1.01 [0.93; 1.10]
Placebo 1.00
0.8 1 1.25
Favours experimental Favours reference
Odds ratio for all-cause mortality rates
9

Comparison: other vs ’Placebo’

Compared to Placebo (Random Effects Model) OR 95%-Cl

GLP-1 receptor agonist E 0.86 [0.78; 0.94]
SGLT-2 inhibitor —=— 0.59 [0.52; 0.67]
DPP-4 inhibitor - 1.00 [0.92; 1.08]
Placebo 1.00

0.75 1 1.5

Favours experimental Favours reference
QOdds ratio for frequencies of renal composite outcome

b

Compared to Placebo

Comparison: other vs 'Placebo’
(Random Effects Model) OR 95%-Cl
GLP-1 receptor agonist ————+——
SGLT-2 inhibitor
DPP-4 inhibitor

0.90 [0.81; 1.00]
0.94 [0.82; 1.07]
1.02 [0.90; 1.14]

PR —

— =

Placebo 1.00
0.9 1 11
Favours experimental Favours reference
Odds ratio for frequencies of nonfatal myocardial infarction
d

Comparison: other vs 'Placebo’
(Random Effects Model) OR

GLP-1 receptor agonist
SGLT-2 inhibitor —

Compared to Placebo 95%~-Cl

0.89 [0.78; 1.01]
0.82 [0.73; 0.93]

DPP-4 inhibitor — . 0.98 [0.87; 1.11]
Placebo 1.00
0.8 1 1.25
Favours experimental Favours reference
Odds ratio for cardiovascular mortality rates
f

Comparison: other vs 'Placebo’

Compared to Placebo (Random Effects Model) OR 95%-Cl

GLP-1 receptor agonist E & 0.87 [0.82; 0.93]
SGLT-2 inhibitor —=— 0.68 [0.61;0.77]
DPP-4 inhibitor 1.06 [0.96; 1.18]
Placebo 1.00

0.75 1 15

Favours experimental Favours reference
QOdds ratio for frequencies of hospitalisation for heart failure





OEBPS/contact.gif





OEBPS/A12933_2019_916_Fig1_HTML.png
GLP-1 receptor agonist

e
SGLT-2 inhibitor"

DPP-4 inhibitor





