Have We Overlooked Statins? An Exploratory Meta-Regression Analysis on Their Impact on SGLT2-Inhibitor Effects on Major Adverse Cardiovascular Events (MACE) in Type 2 Diabetes (T2DM)

Abstract
Background: Sodium-glucose cotransporter-2 inhibitors (SGLT2i) reduce major adverse cardiovascular events (MACE) in type 2 diabetes mellitus (T2DM), but whether baseline statin use modifies these benefits remains unclear. We explored whether trial-level statin use modifies SGLT2 inhibitor effects on MACE and components in T2DM. Methods: We performed a systematic review, random-effects meta-analysis, and exploratory meta-regression of placebo-controlled phase III CVOTs of SGLT2 inhibitors reporting MACE and baseline statin use. Databases were searched from inception to January 5, 2026. Hazard ratios (HRs) were pooled using inverse-variance methods, and univariable meta-regression assessed associations between statin prevalence and treatment effects. Results: Three pooled analyses (EMPA-REG OUTCOME, CANVAS Program [two trials], VERTIS CV) of 25,408 participants were included. MACE showed non-significant reduction (HR 0.90, 95% CI 0.75-1.07; p=0.113), with marginal attenuation at higher statin use (coefficient 0.0197, p=0.071). Non-fatal myocardial infarction showed no overall effect (HR 0.92, 95% CI 0.70-1.22; p=0.343) but significant statin-treatment interaction (coefficient 0.0316, p=0.006). Non-fatal stroke (HR 1.02, 95% CI 0.68-1.52; p=0.848) and cardiovascular death (HR 0.80, 95% CI 0.47-1.35; p=0.204) were neutral without statin interaction. Conclusions: Higher baseline statin use may attenuate SGLT2 inhibitor effects on non-fatal myocardial infarction, while overall MACE and mortality benefits appear preserved. These exploratory findings warrant confirmation in patient-level analyses.
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Introduction
Type 2 diabetes mellitus (T2DM) represents a major and escalating global health challenge affecting an estimate of 589 million adults in 2024 (11.11% of the global adult population) based on the International Diabetes Federation's Diabetes Atlas 11th edition [1]. Among patients with T2DM, cardiovascular disease (CVD) has been the leading cause of morbidity and mortality, with a 1.5- to 2-fold incremental increase in risk relative to individuals without diabetes, contributing to 50% mortality due to diabetes [2]. T2DM imposes a substantial CVD burden worldwide. Diabetes-linked CVD has been reported to account for 11% of all cardiovascular deaths [3]. Despite advances in risk factor management residual cardiovascular risk persists [4].
Cardiovascular outcome trials (CVOTs) proved sodium-glucose cotransporter-2 (SGLT2) inhibitors to be a transformative class of anti-diabetic agents, due to their robust cardiovascular safety profiles among trials in addition to their glucose-lowering effect. Key CVOTs such as EMPA-REG OUTCOME (empagliflozin), CANVAS Program (canagliflozin), and VERTIS CV (ertugliflozin) have reported SGLT2i to be associated with reductions in major adverse cardiovascular events (MACE) with hazard ratio (HRs) of 0.86 to 0.97 compared to placebo [5–7]. Meta-analyses of COVTs confirm a cumulative risk reduction in MACE ranging from 10% to 14% in favor of SGLT2 inhibitors compared to placebo, and an even greater reduction in cardiovascular hospitalizations due to heart failure (overall 35% to 38%), independent of baseline glycemic control [8–10].
Statins are considered the cornerstone of ASCVD prevention in T2DM due to their lipid-lowering and pleiotropic effects [11]. In addition, biologically plausible interactions with SGLT2 inhibitors may exist, as statins could potentially attenuate or enhance SGLT2 inhibitors mechanisms involving hemodynamic improvements, metabolic shifts, or inflammation [5–7]. Across major COVTs, Baseline statin use was notably high ranging from approximately 75.2% in the CANVAS Program to 81.6% in VERTIS CV [5–7]. However, these trials were not powered to detect effect modification by concomitant therapies. 
While previous meta-analyses have explored heterogeneity by baseline CVD status, heart failure, or renal function, no meta-analysis have systematically examined trial-level statin prevalence as a covariate [8–10], representing an important underexplored source of heterogeneity. To address this gap, we conducted an exploratory meta-regression analysis to estimate whether trial-level prevalence of statin therapy modifies the relative risk reduction of MACE with SGLT2 inhibitors versus placebo in patients with T2DM from the major placebo-controlled phase III CVOTs. Secondary objectives include repeating analyses for individual MACE components (cardiovascular death, non-fatal myocardial infarction, non-fatal stroke). This approach leverages between-trial heterogeneity in statin use to reassess the cardiovascular effects of SGLT2 inhibitors.

Methods
We conducted a systematic review and random-effects meta-analysis of randomized, placebo-controlled trials that examines the effect of sodium-glucose cotransporter-2 (SGLT2) inhibitors on major adverse cardiovascular events (MACE) in adults with type 2 diabetes mellitus (T2DM), with an exploratory meta-regression to assess potential modifying effect of trial-level baseline statin use. The protocol was registered in the International Prospective Register of Systematic Reviews (PROSPERO; CRD420261285616) [12], and the study was reported according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines [13].
Information Sources and Search Strategy
We carried out a comprehensive electronic search of the literature using PubMed (MEDLINE), Scopus, Web of Science, and Cochrane Central Register of Controlled Trials (CENTRAL) databases from their inception up to January 5th, 2026. The search strategy was composed of keywords across four areas: (1) T2DM, (2) SGLT2 inhibitors (empagliflozin, canagliflozin, dapagliflozin, ertugliflozin), (3) MACE (cardiovascular death, myocardial infarction, stroke), and (4) randomized controlled trial. PubMed search strategy incorporated MeSH terms with field tags [tiab]; Scopus used field tags for TITLE-ABS-KEY; Web of Science used TS= topic field restrictions; and CENTRAL used simplified keyword search without field tags, maximizing sensitivity. The search strategy strings are available in Supplementary Appendix 1.
Eligibility Criteria
We established inclusion and exclusion criteria using the PICOS framework [14]:
Population: Adults (≥18 years) with type 2 diabetes mellitus (T2DM) and either established atherosclerotic cardiovascular disease (ASCVD) or at high cardiovascular risk.
Intervention: SGLT2 inhibitors (empagliflozin, canagliflozin, dapagliflozin, ertugliflozin) administered at any dose.
Comparator: Matching placebo.
Outcomes: Primary outcome, 3-point composite MACE (cardiovascular death, non-fatal myocardial infarction, or non-fatal stroke). Secondary outcomes, individual MACE components.
Study Design: Randomized, double-blind, placebo-controlled, phase III cardiovascular outcome trials.
Non-randomized studies, active-comparator trials, phase I/II studies, trials without placebo control, trials not reporting MACE outcomes, trials without baseline statin use data, duplicate publications, and conference abstracts without sufficient data for extraction were all excluded.
Study Selection Process
All retrieved citations were imported into the rayyan.ai software, where they were automatically deduplicated. Dual independent screening of titles/abstracts against eligibility criteria, followed by dual independent full-text review of potentially eligible studies. At each stage, discrepancies were resolved through discussion and consensus or adjudication by a third reviewer. The study selection process was summarized in a PRISMA 2020 flow diagram [13].
Data Extraction
Two investigators independently extracted trial-level data using a standardized electronic form, with discrepancies resolved by consensus. We extracted: (1) trial characteristics (first author, year, drug and dose, sample size, mean follow-up duration); (2) population characteristics (mean age, proportion female, baseline HbA1c, estimated glomerular filtration rate [eGFR], percentage with established ASCVD, percentage with prior heart failure); (3) medication prevalence (proportion of participants receiving statins at randomization in each treatment arm); and (4) effect estimates (hazard ratios [HRs] with 95% confidence intervals [CIs] for MACE and individual components).
Risk of Bias (Quality) Assessment
Methodological quality was evaluated using the Cochrane Risk of Bias tool for randomized trials (RoB 2.0) [15], which assesses bias across five domains: the randomization process, deviations from intended interventions, missing outcome data, outcome measurement, and selective reporting. Two reviewers independently assessed each domain, with disagreements adjudicated by a third investigator.
Strategy for Data Synthesis
All analyses were performed in R 4.3.2 using the meta package [16]. The primary model was a random-effects meta-analysis using the inverse-variance method (metagen) [17], with log(HR) as the effect size and standard errors derived from reported 95% confidence intervals. Meta-regression (metareg) examined statin prevalence; bubble plots visualized results [18]. Leave-one-out sensitivity analyses were done. Meta-regression outputs included regression coefficients, residual heterogeneity (QE, QEp), the moderation test (QM, QMp), and R² representing the proportion of heterogeneity explained. Exploratory evidence of an association was defined as a slope β ≠ 0 with p < .10 and at least a 50% reduction in τ² [19]. The limited number of trials (k < 10) rendered formal assessment of publication bias impossible [20].
Certainty of Evidence
We evaluated the certainty of evidence using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) framework [21], considering risk of bias, consistency, directness, precision, and publication bias. The certainty of evidence was rated as high, moderate, low, or very low.

Results
Study Selection
The systematic searches across 4 major databases yielded 192 records (MEDLINE/PubMed [24 articles], Scopus [72 articles], Web of Science [35 articles], and Cochrane CENTRAL [61 articles]). After removing 87 duplicates, 105 unique titles and abstracts were screened for eligibility. Of them, 100 records were excluded (wrong study design, wrong intervention, or lack of MACE data). Five full-text articles were assessed; two were excluded, and only three articles were included for the quantitative synthesis (Figure 1).
Study Characteristics
The three included trial programs (encompassing four individual trials: EMPA-REG OUTCOME, VERTIS CV, and the CANVAS Program [which pooled CANVAS and CANVAS-R]) were multicenter, double-blind, placebo-controlled randomized trials that enrolled a total of 25,408 participants with type 2 diabetes mellitus (range: 7,020–10,142 participants per program). All programs included patients with established atherosclerotic cardiovascular disease or at high cardiovascular risk. The mean age across programs ranged from 63.1 to 64.4 years, with female representation between 28.5% and 35.8%. The mean duration of diabetes ranged from 13.0 to 13.5 years, and mean baseline HbA1c was consistently between 8.2% and 8.3% across studies. Follow-up duration ranged from 3.1 to 3.6 years (Table 1).
Risk of Bias Assessment
All three programs demonstrated low risk of bias across domains of randomization process, deviations from intended interventions, missing outcome data, and outcome measurement. Two programs (CANVAS Program and VERTIS CV) raised some concerns for selective reporting due to prespecified hierarchical testing sequences that were discontinued after the first nonsignificant result, potentially constraining statistical power for secondary outcomes. Overall, two programs were rated as low risk of bias and one trial as having some concerns (Table 2).
Primary Outcome
Major Adverse Cardiovascular Events
Across the three programs, 1,704 MACE events were recorded (1,102 in SGLT2-inhibitor arms vs 602 in placebo arms). The pooled hazard ratio was 0.90 (95 % CI 0.75-1.07; p = 0.113) with a random-effects inverse-variance model, indicating a non-significant 10 % relative-risk reduction. Heterogeneity was essentially absent (I² = 0 %, τ² = 0.0002).
Leave-one-out sensitivity analyses were stable: omission of VERTIS CV yielded the most favourable estimate (HR 0.86, 95 % CI 0.78-0.95), whereas removal of CANVAS Program or EMPA-REG OUTCOME gave similar, borderline-non-significant HRs of 0.92 (95 % CI 0.83-1.01) and 0.91 (95 % CI 0.83-1.00), respectively. Meta-regression showed a positive association between baseline statin-use prevalence and treatment effect (coefficient 0.0197, SE 0.0022; p = 0.071); the model explained 100 % of between-study heterogeneity (R² = 100 %), with each 1-percentage-point increase in statin use associated with a 2.0 % increase in the hazard ratio (95 % CI -0.2 % to 4.1 %).
Secondary Outcomes
Nonfatal Myocardial Infarction
Seven hundred and ninety-seven events were analysed. There was no significant effect of SGLT2 inhibitors (HR 0.92, 95 % CI 0.70-1.22; p = 0.343) and negligible heterogeneity (I² = 0.1 %, τ² = 0.0023). Meta-regression revealed a highly significant positive association with baseline statin use (coefficient 0.0316, SE 0.0003; p = 0.006); the model explained 100 % of heterogeneity (R² = 100 %), with each 1-percentage-point increase in statin prevalence corresponding to a 3.2 % increase in the hazard ratio (95 % CI 2.8 %-3.5 %).
Nonfatal Stroke
Pooling 581 events showed no significant effect (HR 1.02, 95 % CI 0.68-1.52; p = 0.848) with minimal heterogeneity (I² = 0.3 %, τ² = 0.0064). Meta-regression demonstrated no association with statin use (coefficient -0.0017, SE 0.0464; p = 0.976) and explained 0 % of heterogeneity (R² = 0 %).
Cardiovascular Death
Seven hundred and fifty-five events were included. The pooled hazard ratio was 0.80 (95 % CI 0.47-1.35; p = 0.204) with low heterogeneity (I² = 0.7 %, τ² = 0.0325). Meta-regression showed no significant relation between statin-use prevalence and treatment effect (coefficient 0.0309, SE 0.0516; p = 0.657) and explained 0 % of heterogeneity (R² = 0 %).
GRADE Assessment
We evaluated the certainty of the findings from each meta-regression using the GRADE approach. The certainty of the evidence that baseline statin prevalence modifies the effect of SGLT-2 inhibitors across all four outcomes is very low. Some concerns exist for all of the three programs due to “early stopping”, “hierarchical-testing”, and the narrow range of statin exposure of 75-82% across all regressions models had only three studies. Extreme levels of imprecision exist, dropping any study leaves zero residual degrees of freedom, and confidence intervals are compatible with both clinically important moderation and null effects. Inconsistency was judged moderate for stroke and substantial for cardiovascular death. Therefore, we downgraded each domain twice for imprecision and once for study limitations, with no upgrade factors applicable.

Discussion
Summary of the Main Findings
In this exploratory meta-regression analysis of the three key placebo-controlled cardiovascular outcome trial (CVOT) programs of sodium-glucose cotransporter-2 inhibitors (SGLT2i) in type 2 diabetes mellitus (T2DM), we observed a marginally significant risk reduction for major adverse cardiovascular events (MACE). However, trial-level data for baseline statin use accounted for 100% of the observed between-study variance. With each 1-percentage-point increase in statin use, a 2.0% decrease in the relative risk reduction was observed. This was mainly driven by non-fatal myocardial infarction (MI), in which a highly significant interaction was observed for non-fatal MI endpoints. No significant interaction was observed for non-fatal stroke or cardiovascular death (CVD). GRADE certainty for interaction effect was very low due to imprecision, indirectness, and limited number of trials.
Interpretation of the Main Findings in the Context of Existing Literature
The new observation that the between-trial variance can entirely be accounted for by a single covariate, baseline statin use, implies that concurrent lipid-lowering therapy may blunt the incremental anti-ischaemic effect of SGLT2i. This interaction being specific to nonfatal MI, rather than stroke or CVD death, favours a biological rationale centred on atherothrombosis rather than heart failure or arrhythmogenesis. By lowering LDL-cholesterol and stabilizing coronary plaques, statins may reduce the residual ischaemic risk amenable to modulation by SGLT2is through haemodynamic, metabolic, or anti-inflammatory mechanisms [5,6,11]. Thus, if the ‘background’ plaque-stabilising effect is near-saturated by high statin uptake, the incremental effect of SGLT2is on nonfatal MI may become marginal. The continuous, linear shape of the meta-regression further suggests that the interaction is not confined to extreme statin exposure levels but operates across the 75-82% range observed in modern CVOTs.
Biological plausibility is supported by preclinical evidence that statins can reduce SGLT2-mediated ketogenesis and potentially attenuate the ischaemic preconditioning effects attributed to SGLT2 inhibitors [22]. Statins also reduce C-reactive protein by 30-50%, potentially overlapping with the modest anti-inflammatory effects attributed to SGLT2 inhibitors [23]. Whether this overlap translates into loss of incremental clinical benefit deserves further scrutiny.
Prior meta-analyses either controlled for baseline cardiovascular risk or analyzed subgroups according to previous atherosclerotic cardiovascular disease (ASCVD), but not concomitant medications aside from antidiabetic agents [8]. However, a 2021 patient-level pooled analysis by McGuire et al. reported a consistent MACE benefit irrespective of baseline LDL-cholesterol, but neither analyzed statin intensity nor adherence [9]. Conversely, observational studies utilizing claims data have suggested heterogeneous SGLT2i benefits across patient subgroups. A Danish nationwide target trial emulation (n = 13,524) demonstrated that SGLT2 inhibitors reduced major adverse cardiovascular events by 2.8 percentage points compared with DPP4 inhibitors over three years, with notably larger absolute benefits observed in patients aged ≥65 years (risk difference 3.8 percentage points) compared with younger patients (0.2 percentage points) [24]. Similar findings emerged in the US Veterans Affairs database, wherein the hazard ratio for MI was 0.80 (95% CI 0.68-0.94) for statin-naïve users versus 0.93 (95% CI 0.81-1.07) for statin-experienced users. However, these studies are subject to risks of bias related to indication and time-varying adherence. Our trial-level model mitigates these risks, albeit with reduced ecological inference.
Strengths and limitations
The strengths of this study include the comprehensive search strategy (four databases), adherence to PRISMA 2020 guidelines, combining random-effects models with influence diagnostics, and application of GRADE to appraise certainty [13]. The meta-regression explained 100% of heterogeneity with a single covariate, an uncommon finding that increases internal validity.
Several limitations deserve to be mentioned. First, the limited number of studies, only three programs met eligibility criteria, precluding multivariable meta-regression or formal publication bias assessment. Second, statin prevalence was trial-level extracted only at the baseline; overlooking statin intensity, adherence, or temporal changes during follow-up. Third, the narrow range of statin exposure (75-82%) restricts extrapolation to populations with lower uptake; this could have been avoided if we included DECLARE-TIMI 58 (59% baseline statin use), but it did not fully meet our inclusion criteria [25]. Fourth, patient-level covariates could not be adjusted for, raising the possibility of ecological fallacy. Finally, the interaction signal for MI, although statistically significant, is based on fewer than 800 events and should be considered hypothesis-generating.
Implications for research, practice and policy
Our findings require patient-level pooled analyses to confirm the statin-SGLT2i interaction in MI. These analyses should include covariates for baseline LDL-cholesterol levels, type and dose of statins taken before study initiation, on-treatment LDL levels achieved, and time-varying adherence. Future CVOTs for SGLT2i (or dual SGLT1/2 inhibitors) should be stratified by the intensity of concomitant lipid-lowering therapies administered during trials and pre-specify subgroup analyses for MI. In addition to confirmatory trials, mechanistic studies evaluating potential SGLT2i-induced attenuation of ketone body synthesis or vascular endothelial function in response to statins would provide additional insightful information. Lastly, emulation trials using large electronic health records with marginal structural models should investigate this interaction within real-world populations in which the uptake of statins is more heterogeneous.
Current guidelines recommend SGLT2i with established cardiovascular benefit as part of comprehensive care for patients with T2DM and ASCVD, regardless of concomitant medication use [26]. Our exploratory findings do not challenge these recommendations, however, these findings argue that relative MI benefit may not be substantial in patients already receiving optimal statin therapy and that absolute risk reduction, and not relative risk, should guide decision-making. For a patient with baseline 10-year risk of ASCVD at 20%, a 10% relative composite MACE risk reduction would still provide 2% absolute risk reduction, comparable to, or superior to, that achieved by intensifying statin therapy from moderate to high dose [27]. Therefore, SGLT2i should continue to be offered, but additional lipid-lowering therapies rather than further SGLT2i dose escalation be prioritised if residual ischaemic risk persists.
Policymakers need to encourage individual participant data sharing to enable the optimal analysis of the effect modifiers, thereby refining budget-impact projections and value-based reimbursement thresholds. The payers and health-technology assessment bodies are increasingly calling for cost-effectiveness analyses conditioned on baseline risk and concomitant therapies. The findings of our analysis indicate that economic models assuming uniform relative risk reduction may overestimate the MI-specific benefit of SGLT2i in populations with high statin penetration.
Conclusion
In this exploratory meta-regression of placebo-controlled SGLT2i CVOTs, higher trial-level baseline statin use was found to be associated with a blunting of relative risk reduction benefit in terms of MACE composite driven only by non-fatal myocardial infarction, while effect on non-fatal stroke and cardiovascular death remained directionally consistent. This interaction is biologically plausible, though statistically fragile, relying only on three programs with limited numbers of events. Prior to being proven or debunked by patient-level data, it seems that trials of these life-saving drugs should remain a cornerstone of cardiovascular risk factor management in patients with type 2 diabetes, with the caveat that the incremental anti-ischaemic benefit may be modest among patients already receiving intensive statin therapy. Dedicated research is urgently needed to personalise the deployment of these life-saving drugs.
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