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Abstract

Aims: To investigate in-hospital and long-term prognosis in T2DM patients presenting with 

acute myocardial infarction (AMI) treated with SGLT2-I versus other oral anti-diabetic agents 

(non-SGLT2-I users).

Methods: In this multicenter international registry all consecutive diabetic AMI patients 

undergoing percutaneous coronary intervention between 2018 and 2021 were enrolled and, based 

on the admission anti-diabetic therapy, divided into SGLT-I users versus non-SGLT2-I users. 

The primary endpoint was defined as a composite of cardiovascular death, recurrent AMI, and 

hospitalization for HF (MACE). Secondary outcomes included i) in-hospital cardiovascular death, 

recurrent AMI, occurrence of arrhythmias, and contrast-induced acute kidney injury (CI-AKI); ii) 

long-term cardiovascular mortality, recurrent AMI, heart failure (HF) hospitalization.

Results: The study population consisted of 646 AMI patients (with or without ST-segment 

elevation): 111 SGLT2-I users and 535 non-SGLT-I users. The use of SGLT2-I was associated 

with a significantly lower in-hospital cardiovascular death, arrhythmic burden, and occurrence of 

CI-AKI (all p < 0.05). During a median follow-up of 24 ± 13 months, the primaiy composite 

endpoint, as well as cardiovascular mortality and HF hospitalization were lower for SGLT2-I users 

compared to non-SGLT2-I patients (p < 0.04 for all). After adjusting for confounding factors, the 

use of SGLT2-I was identified as independent predictor of reduced MACE occurrence (HR=0.57; 

95%CI:0.33–0.99; p = 0.039) and HF hospitalization (HR=0.46; 95%CI:0.21–0.98; p = 0.041).

Conclusions: In T2DM AMI patients, the use of SGLT2-I was associated with a lower risk 

of adverse cardiovascular outcomes during index hospitalization and long-term follow-up. Our 

findings provide new insights into the cardioprotective effects of SGLT2-I in the setting of AMI.

Registration: Data are part of the observational international registry: SGLT2-I AMI PROTECT. 

ClinicalTrials.gov Identifier: NCT05261867.
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1 Introduction

Sodium-glucose cotransporter 2 inhibitors (SGLT2-I) are oral anti-diabetic (OAD) agents 

that exert beneficial effects on glycemic control in type 2 diabetes mellitus (T2DM). In 

large, randomized trials, SGLT2-I significantly improved cardiovascular and renal outcomes 

in diabetic patients, extending benefits to non-diabetic patients with heart failure (HF) 

[1–5]. Pre-clinical studies have also shown that SGLT2-I mitigates acute myocardial I/R 

injury, attenuating cardiac infarct size, increasing left ventricular function, and reducing 

arrhythmias [6,7]. There are some ongoing trials, compounded by the first published results 

of the EMMY Trial, which did not find any difference in acute troponin values between 

the SGLT2-I treated and untreated cohorts [8,9]. However, the EMMY trial included only 

a minority of diabetic patients, and all patients were randomized to the treatment at the 

time of the AMI admission. Thus, the actual efficacy and safety of SGLT2-I chronic therapy 

in diabetic patients with AMI remain an under-studied topic. On the clinical ground, we 

recently demonstrated that T2DM patients hospitalized for AMI and receiving SGLT2-I 

exhibited a significantly reduced inflammatory and arrhythmic burden and infarct size 

compared to non-SGLT2-I users, independently of glucose-metabolic control [10,11].

Based on these observations, we hypothesized that SGLT2-I might have acute and long-term 

cardioprotective effects with favorable prognostic impact, on top of their anti-hyperglycemic 

properties [12]. To test this hypothesis, we investigated the in-hospital and long-term 

prognosis in T2DM patients with AMI receiving SGLT2-I compared to other OAD agents 

(non-SGLT-I users).

2. Methods

2.1. Study population

In this multicenter international observational registry (SGLT2-I AMI PROTECT, 

ClinicalTrials.gov Identifier: NCT05261867), we included consecutive diabetic patients 

admitted with AMI, both ST-segment elevation myocardial infarction (STEMI) and non-

ST-segment elevation myocardial infarction (NSTEMI), undergoing percutaneous coronary 

intervention (PCI), between January 2018 and November 2021 (Fig. 1). The definition of 

STEMI and NSTEMI and patient management followed current guidelines [13,14]. Based 

on admission antidiabetic therapy, patients were divided into SGLT2-I users, if they were 

admitted on chronic SGLT2-I therapy (started at least 3 months before hospitalization), and 

non-SGLT2-I users, if they received other OAD strategies. Patients on insulin therapy or 

with incomplete information on medical therapy were excluded. Further exclusion criteria 

were coronary artery bypass graft surgery (CABG) as revascularization treatment, severe 

valvular heart disease, prosthetic heart valves, severe anemia, history of bleeding, pulmonary 

embolism, glomerular filtration rate < 30 ml/min/1.73 m2, malignancies, and follow-up data 

shorter than 3 months. Patients with more than 20 % of missing values in the collected 
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data were excluded due to potential bias. The present study was conducted according to the 

principles of the Declaration of Helsinki; all patients were informed about their participation 

in the registry and provided informed consent for the anonymous publication of scientific 

data.

2.2. Clinical endpoints and follow-up

Patients were followed over time with outpatient visits and telephone contacts using 

a standard questionnaire. Clinical outcomes were defined according to the current 

standards [15]. The primary endpoint of our study was defined as a composite of 

cardiovascular death, recurrent AMI, and hospitalization for HF (MACE). Secondary 

in-hospital outcomes included length of hospital stay, in-hospital cardiovascular death, 

recurrent AMI, the occurrence of major arrhythmias, and contrast-induced acute kidney 

injury. Secondary long-term outcomes were cardiovascular mortality, recurrent AMI, any 

coronary revascularization, and hospitalization for HF. The definition of clinical endpoints is 

reported in the Supplementary File.

2.3. Statistical analysis

Normal distribution of continuous variables was assessed by histograms and q-plot; the 

Shapiro-Wilk test was used when required. Continuous variables with normal distribution 

were expressed as the mean ± standard deviation and non-normally distributed variables 

as median and interquartile range. Normal ranges were presented as the 5th and 95th 

percentiles. Categorical variables were expressed as counts and percentages. Differences 

between groups were analyzed using the t-test or the Mann–Whitney U-test for continuous 

variables and the chi-square test or the Fisher’s exact test for categorical variables, as 

appropriate. To compare paired data a Wilcoxon signed-test or a Paired sample T-test 

were performed as appropriate. Univariate analysis was performed to identify variables 

associated with cardiovascular death, hospitalization, and MACE. Significant variables were 

then entered into a multivariable analysis using the Cox regression model to determine the 

independent association of each risk factor with outcomes occurrence. The hazard ratio 

(HR) and the associated 95 % confidence interval (CI) for each variable were determined. 

The final list of covariates was also determined by removing variables that caused high 

collinearity, as accessed by variance inflation factors. Kaplan-Meier analysis and Logrank 

test were used to compare the cumulative incidence of clinical events between groups. 

In addition, linear and polynomial regression models were fit to evaluate the relationship 

between continuous variables. P-values < 0.05 is considered statistically significant. All 

analyses were performed using R statistical software version 3.5.2 (R Foundation for 

Statistical Computing, Vienna, Austria), Statistical Package for Social Sciences, version 25.0 

(SPSS, PC version, Chicago, IL, USA) and GraphPad Prism (GraphPad Software, Inc., CA, 

US).

3. Results

3.1. Study population

Out of 1118 diabetic patients with AMI screened, 322 were excluded due to insulin therapy, 

128 because they underwent CABG, 16 for all the other exclusion criteria. and 6 due to a 
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clinical follow-up either unavailable or shorter than 3 months. The final study population 

consisted of 646 diabetic patients with AMI treated with PCI, divided into SGLT2-I (n = 

111) or non-SGLT2-I users (n = 535) (Fig. 1).

3.2. Baseline and procedure characteristics

Baseline characteristics, cardiovascular risk factors, and comorbidities are reported in Table 

1. The mean age of the overall study population was 70 [61–79] years, and more than 

77% were males. The mean T2DM duration was similar for both groups (6.9±2.9 years 

for SGLT2-I users and 7.1±1.5 years for non-SGLT2-I users, p = 0.123). SGLT2-I patients 

were younger and with better renal function at admission compared to non-SGLT2-I users. 

The mean time of SGLT2-I therapy duration was 7.3 ± 3 months. At variance, gender, 

body mass index/surface area, main cardiovascular risk factors, glucose-metabolic control, 

and comorbidities were similar in the two groups. Regarding admission medical therapy, no 

differences were found, except for a lower intake of sulfonylureas in SGLT2-I users (Table 

2).

The two study groups exhibited similar admission characteristics, including Killip Class, 

the occurrence of angina, AF, and VT/VF presentation (Table 1). The rate of STEMI was 

similar between the two study groups and the median times from symptoms to diagnostic 

coronary angiography did not differ between groups for both STEMI and NSTEMI (Table 

1). The main angiographic characteristics were also similar between the two study groups 

(Supplementary Table 1), except for the higher number of stents implanted in the SGLT2-

I group (p = 0.041). Vascular access and contrast dosage did not differ between the 2 

cohorts. Finally, a similar rate of complete revascularization, staged procedure and complex 

PCI was observed between the study groups. On admission and after 24 h, non-SGLT2-I 

users exhibited a higher inflammatory burden compared to the SGLT2-I group. Stress 

hyperglycemia was significantly lower in SGLT2-I patients compared to the non-SGLT2-I 

group (p = 0.007), even though HbA1c did not differ between groups (Supplementary 

Table 2). Discharge medical therapy, as well as in-hospital glucose-lowering strategies, are 

provided in Table 2. Due to the lower stress admission hyperglycemia, insulin therapy (both 

s.c. and i.v.) and hypoglycemic episodes were significantly lower in SGLT2-I users (p < 

0.01 for all). In the latter cohort, no patient had to discontinue SGLT2-I for hypoglycemic 

episodes that occurred during hospitalization.

3.3. Impact of SGLT2-I on left ventricular function

Troponin values were significantly lower in SGLT2-I users than in non-SGLT2-I patients (p 

≥ 0.003 for all, Table 3). Consistently, ST-segment resolution post-PCI was more frequently 

observed in the SGLT2-I group (p = 0.001). On admission, left ventricular volume, ejection 

fraction (LVEF) and regional wall motion abnormalities (RWMA) were similar between 

the two study groups. In both study cohorts, the LVEF increased significantly after the 

revascularization, between admission and discharge (p < 0.001 in both cohorts). However, 

the increase was significantly higher in the SGLT2-I users compared to non-SGLT2-I users 

(p < 0.001, Table 3 and Fig. 2). In addition, at discharge, RWMA were significantly reduced 

in the SGLT2-I users (81.1 % versus 62.2 %, p = 0.003), but not in the non-SGLT2-I 

cohort (83.6 % versus 79.8 %, p = 0.133). As a result, a lower rate of discharge moderate-to-
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severe mitral regurgitation was detected in SGLT2-I users than in the non-SGLT2-I cohort, 

compared to hospital admission (Table 3 and Fig. 2).

3.4. Impact of SGLT2-I on in-hospital endpoints

Overall, 19 patients died during hospitalization due to cardiovascular causes. The in-hospital 

mortality was significantly higher in non-SGLT2-I users (3.6 % vs 0 %, p = 0.041). SGLT2-

I users patients exhibited a lower arrhythmic burden during hospitalization - ventricular 

arrhythmias and atrial fibrillation - compared to non-SGLT2-I patients (p = 0.010, Table 

4). No significant differences were noticed for mechanical circulatory support with an 

intra-aortic balloon pump, re-AMI, and days of hospital stay between the 2 study groups 

(Table 4). Interestingly, SGLT2-I users experienced a lower occurrence of contrast-induced 

acute kidney injury (p = 0.022).

3.5. Impact of SGLT2-I on endpoints at the follow-up

The median follow-up duration after discharge was 24 ± 13 months. Over this period, 76 

(12.2 %) deaths were recorded, 8.6 % related to cardiovascular causes. Thirty-nine (6.2 

%) patients had re-AMI, 53 (8.5 %) any revascularization, 104 patients (16.6 %) were 

hospitalized for HF, while 160 (25.6 %) experienced the composite endpoint. Kaplan-Meier 

estimates along with 3 years are shown in Fig. 3. The composite endpoint (MACE) was 

higher for the non-SGLT2-I patients compared to SGLT2-I users (p < 0.001, Table 4 and 

Fig. 3), without any gender difference in both cohorts (11.1 % vs 19.4%, p = 0.753 % 

and 28.4% vs 23.8 % p = 0.368). Among SGLT2-I users, cardiovascular mortality and 

HF hospitalization occurred less frequently than in no-SGLT2-I patients (p < 0.04 for 

both, Table 4 and Fig. 3). During the follow-up, the 2 study groups exhibited a similar 

rate of re-AMI, any coronary revascularization, and implantable-cardioverter-defibrillator 

(ICD) implantation. In the multivariable Cox regression model, after adjusting for all 

confounding factors, the use of SGLT2-I was identified as an independent predictor of 

reduced MACE occurrence (HR=0.57; 95 %CI 0.33–0.99; p = 0.039), together with 

complete revascularization, lower discharge moderate-to-severe mitral regurgitation, and 

lower creatine values. Similarly, SGLT2-I therapy appeared to be an independent predictor 

of reduced HF hospitalization (HR=0.46; 95 %CI 0.21–0.98; p = 0.041), together with 

complete revascularization (Table 5).

4. Discussion

Our study is the first report investigating the in-hospital and longterm outcomes in a 

cohort of T2DM patients admitted with AMI, comparing chronic SGLT2-I therapy versus 

non-SGLT2-I users. The main findings include: i) a mitigated negative LV remodeling 

was detected in patients receiving SGLT2-I compared to non-SGLT2-I ones; ii) the use 

of SGLT2-I was associated with a lower in-hospital cardiovascular death, arrhythmic 

burden and occurrence of contrast-induced acute kidney injury; iii) in SGLT2-I users the 

composite endpoint (MACE), as well as, cardiovascular mortality and HF-hospitalization 

were significantly lower compared to no-SGLT2-I patients; iv) after adjusting for all 

confounding factors, the use of SGLT2-I was identified as an independent predictor of 

reduced MACE occurrence and HF-hospitalization.
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In the last years, SGLT2-I gained an intense interest in searching for the mechanisms 

responsible for their beneficial effects in patients with and without DM [3,16,17]. More 

recently, SGLT2-I revealed cardioprotective effects in HF patients, independently of their 

diabetic status [2,5]. Since the expression of SGLT2 in human cardiomyocytes is still 

doubtful, it is intriguing how SGLT2-I might display beneficial off-target effects on the 

cardiovascular system [18]. SGLT2-I might reduce ischemia/reperfusion injury and affect 

cell ionic homeostasis, resulting in mitigation of the infarct size, LV remodeling, and 

arrhythmic burden. The attenuated myocardial necrosis and arrhythmic burden point out 

a novel mechanism underlying the significant reduction of cardiovascular mortality found 

in our study [4,19]. In addition, a reduction of myocardial necrosis might improve both the 

AMI-related in-hospital and long-term outcomes and reduce the progression to HF. SGLT2-

I also directly affect the arrhythmic burden, particularly acting on sodium and calcium 

homeostasis. Taken together, these cardioprotective properties might favorably impact the 

in-hospital and long-term outcomes in AMI T2DM patients treated with SGLT2-I.

4.1. Impact of SGLT2-I on left ventricle remodeling

Infarct size and left ventricular remodeling following AMI increase the risk for HF 

and significantly decrease survival [20,21]. Earlier treatment strategies sought to reverse 

mechanical changes after AMI, reducing pre, after, and volume load. Current therapeutic 

strategies mostly improve cardiovascular mortality but occasionally fail to prevent the 

progression toward HF [22,23]. This aspect suggests that current therapeutic approaches 

miss further key pathophysiological mechanisms like inflammation, cardiac energy 

metabolism, and myocardial fibrosis, which also contribute to the extent of infarct size and 

adverse LV remodeling. Interestingly, many of the proposed actions of SGLT2-I coincide 

with known mechanisms recognized to mitigate infarct size extension and LV remodeling 

after AMI [3,24]. Clinical and in vitro data demonstrated that SGLT2-I exhibit favorable 

properties against inflammation, ischemia/reperfusion injury, and generation of reactive 

oxygen species, thereby improving cardiac energy metabolism and metabolic flexibility, 

myocardial hypertrophy and fibrosis, myocardial regeneration and proliferation, as well 

as neurohormonal activation and cardio-renal interplay [3,25,26]. The SGLT2-I-related 

lower inflammatory burden might be pivotal in explaining infarct size attenuation [10, 

27]. Inflammation is an essential contributor of infarct size severity, and pro-inflammatory 

biomarkers correlate with the prognosis of AMI [28–30]. In our recent study, inflammatory 

indices on admission and after 24 h were significantly higher in non-SGLT2-I users, with 

a significant increase in neutrophil levels at 24 h observed in non-SGLT2-I patients but 

not in the SGLT2-I group [10]. The in vitro evidence that SGLT2-I might inhibit the 

nucleotide-binding domain-like receptor protein-3 (NLRP3) inflammasome, thus reducing 

the secretion of inflammatory markers, further strengthens our hypothesis [31]. Alternative 

explanations for the smaller infarct size in diabetic patients receiving SGLT2-I include 

improving cardiomyocyte energy metabolism and metabolic flexibility with a shift towards 

ketone bodies as the metabolic substrate for the cardiomyocytes, with a larger cardiac ATP 

production [3,32,33]. Finally, stress admission hyperglycemia was more frequently observed 

in non-SGLT2-I users than in those receiving SGLT2-I, confirming the effect of ameliorating 

glycemic parameters when used alone or in combination in T2DM patients [34].
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In pre-clinical studies, SGLT2-I provided evidence for a reduction in acute myocardial I/R 

injury, infarct size, and arrhythmias, decreasing myofibroblast infiltration and myocardial 

fibrosis, both key pathophysiological mechanisms related to LV remodeling, with a parallel 

increase in the left ventricular function, independent of diabetic status [6,7,35–39]. On the 

clinical ground, in line with these studies, our results showed significantly lower troponin 

values, with a concomitant higher rate of post-PCI ST-resolution, a higher increase of LVEF 

with a lower rate of RWMA after the revascularization in patients treated with SGLT2-I. 

As a result, a lower rate of discharge moderate-to-severe mitral regurgitation was detected 

in SGLT2-I users than in the non-SGLT2-I cohort, compared to hospital admission. The 

latter finding becomes even more important considering that ischemic MR, as a consequence 

of LV remodeling, has been recognized as an important predictor of an adverse prognosis 

after AMI and is known to worsen patients’ prognoses even if its degree is moderate [40]. 

Interestingly, lower troponin peak levels were documented as an independent predictor of 

improvement in ischemic MR after primary PCI in the chronic phase, further emphasizing 

the lower troponin values found in SGLT2-I users in our study [41]. Although troponin 

values, LVEF, and RWMAs do not represent the current gold standard for assessing infarct 

size, our results provide new insights into the possible cardioprotective properties of chronic 

SGLT2-I therapy in type 2 diabetic patients hospitalized for AMI, exhibiting a significantly 

mitigated LV adverse remodeling with reduced moderate-to-severe MR, compared to non-

SGLT2-I users.

Remarkably, most of these effects discussed previously could be related to persistent 

molecular and metabolic changes since all patients had been treated with SGLT2-I for at 

least 3 months before the AMI. Indeed, the recently published EMMY trial did not find 

any difference in acute troponin values between the SGLT2-I treated and untreated cohorts 

[9]. However, the EMMY trial included only a minority of diabetic patients, and all patients 

were randomized to the treatment at the time of the AMI admission, for only 3 days, rather 

than receiving SGLT2-I some months earlier as in our study.

4.2. Impact of SGLT2-I on the arrhythmic burden

Our study demonstrated that in diabetic AMI patients, SGLT2-I significantly reduced the 

AF and ventricular arrhythmias episodes that occur in the acute phase of AMI. The anti-

arrhythmic effects of SGLT2-I remain to be better explored. It might be partly related to 

the reduction in inflammatory burden, admission stress hyperglycemia, and LV infarct size. 

Previous reports hypothesized that SGLT2-I might induce changes in calcium ion currents, 

reducing calcium-related arrhythmogenesis. [42–44]. Another beneficial effect of SGLT2-I 

is the protection against hyperglycemia-induced sympathetic overstimulation slowing the 

action potential duration [45]. Accordingly, our patients treated with SGLT2-I exhibited a 

lower heart rate and admission blood glucose level than patients treated with other OAD 

agents. Moreover, the lower number of hypoglycemic episodes associated with reduced 

insulin therapy (both s. c. and i.v.), resulting from minor stress admission hyperglycemia, 

further corroborates the reduced in-hospital occurrence of arrhythmias in SGLT2-I users 

[46].

Paolisso et al. Page 8

Pharmacol Res. Author manuscript; available in PMC 2023 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.3. Study limitations

Our results should be interpreted considering some limitations. First, the sample size 

was powered to evaluate only a “class effect” but not the “doses effect.” However, a 

recent analysis of a nationwide real-world dataset suggested that the risk of cardiovascular 

events including HF, MI, stroke, and AF would be comparable between individual SGLT2 

inhibitors, supporting our hypothesis of “class effects”[47]. Second, the observational study 

design represents a methodological limitation concerning the applicability of the study 

results that should be considered as hypothesis-generating. Third, our results could not be 

extended to patients revascularized with CABG strategy, on insulin therapy, with GFR < 30 

ml/min and severe VHD.

5. Conclusions

In T2DM patients with AMI, the use of SGLT2 inhibitors was associated with a lower risk 

of adverse cardiovascular outcomes during index hospitalization and long-term follow-up. 

Our findings are hypothesis-generating and provide new insights into the cardioprotective 

role of SGLT2-I in the setting of CAD pointing out the potential clinical impact of these 

drugs in improving cardiovascular outcomes after AMI.
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Abbreviations:

AMI acute myocardial infarction

SGLT2-I Sodium-glucose cotransporter 2 inhibitors

OAD oral antidiabetic

T2DM type 2 diabetes mellitus

HF heart failure

STEMI ST-segment elevation myocardial infarction

NSTEMI non-ST-segment elevation myocardial infarction

PCI percutaneous coronary intervention
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CABG coronary artery bypass graft surgery

RWMA regional wall motion abnormalities
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Fig. 1. 
Study flow chart. Abbreviations: T2DM = type 2 diabetes mellitus; AMI = acute myocardial 

infarction; CABG = coronary artery bypass graft; PCI = Percutaneous coronary intervention; 

SGLT2-I = Sodium-glucose co-transporter 2 inhibitors.
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Fig. 2. 
Comparison of the LVEF values (panel A) and mitral regurgitation degree (panel B) in 

SGLT2-I users versus non-SGLT2-I users at hospital admission versus hospital discharge. 

Abbreviations: LVEF = left ventricular ejection fraction; MR = mitral regurgitation; SGLT2-

I = Sodium-glucose co-transporter 2 inhibitors.
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Fig. 3. 
Kaplan-Meier survival curves in SGLT2-I users (red curve) versus non-SGLT2-I users (blue 

curve). Panel A: cardiovascular mortality. Panel B: heart failure hospitalization. Panel C: 

MACE. Abbreviations: SGLT2-I = Sodium-glucose co-transporter 2 inhibitors; MACE = 

major adverse cardiovascular events.
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