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GLP-1 receptor agonists in cardiometabolic disease: 
a meta-analysis of 102,486 patients

Zena Adel Alwaily¹, Obaid Ur Rahman², Aung Thet Swe³, Aya Abouayana4, Navdeep Singh Sodhi5, 
Mei Jia Goh6, Adeel Ahmad7, Tharun Adithya Natesan8, Shahzaib Shahzad9, Om Harsh Merchant¹0, 
Yumna Aziz Khan¹¹, Muhammad Farooq¹², Maryam Shahzad¹³, Gabriele Volucke14

A b s t r a c t

Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) may provide cardio-
vascular benefits beyond glycaemic control. This meta-analysis evaluated 
their effects on cardiovascular and related clinical outcomes. PubMed, Co-
chrane Library, and Google Scholar were searched up to March 20, 2026, for 
randomized controlled trials comparing GLP-1 RAs with placebo in adults 
with or without type 2 diabetes. Outcomes included mortality, major ad-
verse cardiovascular events (MACE), myocardial infarction, stroke, heart fail-
ure hospitalization (HHF), acute kidney injury (AKI), pancreatitis, and infec-
tions. Random-effects meta-analyses were conducted using RevMan 5.4.1. 
Twenty-eight randomized controlled trials (RCTs) involving 52,527 GLP-1 RA 
recipients and 49,959 placebo recipients were included. GLP-1 RAs were as-
sociated with significant reductions in all-cause mortality (RR = 0.86), car-
diovascular mortality (RR = 0.86), MACE (RR = 0.87), myocardial infarction 
(RR = 0.86), stroke (RR = 0.88), and infections (RR = 0.90). No significant ef-
fects were observed on AKI, pancreatitis, or HHF. GLP-1 RAs were associated 
with lower risks of cardiovascular outcomes and mortality.

Key words: GLP-1 receptor agonists, cardiovascular, diabetes, obesity, meta- 
analysis.
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Introduction

Cardiovascular diseases (CVDs) remain the 
leading cause of mortality worldwide, account-
ing for an estimated 18.6 million deaths annually, 
with age-standardized mortality rates remaining 
persistently elevated despite advances in preven-
tive and therapeutic strategies [1, 2]. Metabolic 
disorders, particularly type 2 diabetes mellitus 
(T2DM) and obesity, contribute substantially to 
this burden, affecting more than 460 million in-
dividuals globally and highlighting the close inter-
play between metabolic dysfunction and cardio-
vascular pathology [3–5].

Following the U.S. Food and Drug Administra-
tion (FDA) mandate in 2008 requiring cardiovas-
cular safety evaluation of new antidiabetic thera-
pies, large cardiovascular outcome trials (CVOTs) 
have been conducted for all novel glucose-lower-
ing agents [6, 7]. Among these, glucagon-like pep-
tide-1 receptor agonists (GLP-1 RAs) have demon-
strated significant reductions in major adverse 
cardiovascular events (MACE), with particularly 
pronounced effects in reducing ischemic events 
related to atherosclerotic cardiovascular disease 
(ASCVD) [6–9]. GLP-1 receptor agonists, including 
liraglutide, semaglutide, dulaglutide, and the dual 
GLP-1/GIP receptor agonist tirzepatide, were ini-
tially developed for the treatment of T2DM and act 
by mimicking the endogenous incretin hormone 
GLP-1, thereby enhancing glucose-dependent in-
sulin secretion, suppressing glucagon release, and 
delaying gastric emptying [10, 11]. 

Given their dual role in improving glycaemic 
control and promoting weight reduction, GLP-1 
RAs are currently recommended as second-line 
therapy following metformin, and as the preferred 
first injectable therapy in patients inadequate-
ly controlled with oral agents [12]. Several me-
ta-analyses have previously synthesized the car-
diovascular benefits of GLP-1 RAs; however, the 
publication of recent randomized controlled trials 
(RCTs) has expanded the available evidence base 
[13–17].

Therefore, we aimed to conduct an updated sys-
tematic review and meta-analysis to evaluate the 
cardiovascular outcomes associated with GLP-1  
RA therapy in individuals both with and without 
T2DM, thereby informing clinical decision-making 
and guideline development. 

Methods

This meta-analysis was conducted in accor-
dance with the guidelines outlined by the Preferred 
Reporting Items for Systematic Reviews and Me-
ta-Analyses (PRISMA) [18]. The protocol for this 
meta-analysis has been registered in PROSPERO 
(CRD420261383030). As this review did not involve 

any direct patient data collection or investigation 
by the authors, ethical approval was not needed.

Literature search

We conducted a comprehensive search of the 
Cochrane Library, PubMed, and Google Scholar 
databases from their inception to March 20, 2026. 
The search strategy used a  combination of tar-
geted keywords and Medical Subject Headings 
(MeSH) terms, including “GLP-1 agonist”, “sema-
glutide”, “exenatide”, “albiglutide”, “dulaglutide”, 
“liraglutide”, “tirzepatide”, “type 2 diabetes”, 
“obesity” and “RCT”. Boolean operators (AND, OR) 
were applied to optimize the search and ensure 
the inclusion of all relevant studies. Further details 
regarding the search terms and strategy are pro-
vided in Supplementary Table SI.

Eligibility criteria

The inclusion criteria for this review were as fol-
lows: (1) study design: randomized controlled tri-
als (RCTs); (2) population: patients aged 18 years 
and above with or without type 2 diabetes; (3) in- 
tervention: GLP-1 RA; (4) comparator: placebo;  
(5) outcome: reporting at least one relevant clini-
cal outcome of interest.

No restriction was imposed on the type of GLP-
1 RA. Studies were excluded if they were not RCTs, 
including case reports, case series, observational 
studies, or animal-based studies.

Study selection, data extraction and 
outcomes

Rayyan software was used to screen and re-
move duplicates from the studies identified in the 
online search. Following removal of duplicates, 
two authors (M.S. and M.F.) independently car-
ried out title and abstract screening. Afterwards, 
a  comprehensive full-text review was performed 
by the same authors. In instances of disagree-
ment, a third author (G.V.) facilitated resolution.

Study characteristics, such as authors and study 
locations, inclusion criteria, total population, drug 
and dosage, sample size, age, sex, BMI, and co-
morbidities (diabetes, hypertension, smoking etc.) 
were extracted. The primary outcomes included 
MACE and all-cause mortality. The secondary out-
comes included cardiovascular mortality, hospital-
ization due to HF (HHF), MI, stroke, acute kidney 
injury (AKI), risk of infections and pancreatitis.

Risk of bias and certainty of evidence 
assessment

For randomized controlled trials (RCTs), the 
Risk of Bias 2 (RoB 2) tool was used. Two review-
ers (M.A. and R.A.) independently assessed six do-
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mains: (1) randomization process, (2) deviations 
from intended interventions, (3) missing outcome 
data, (4) measurement of outcomes, (5) selection 
of reported results, and (6) overall risk of bias [19]. 
Discrepancies were resolved through discussion or 
consultation with a third reviewer (G.V.).

Statistical analysis

Meta-analysis was performed using Review 
Manager (RevMan) version 5.4.1. Pooled effect 
estimates were calculated using the Mantel–
Haenszel method, and a  random-effects model 
based on the DerSimonian–Laird approach was 
applied to account for between-study variability. 
A  p-value of < 0.05 was considered statistically 
significant [20].

Heterogeneity was assessed using the c2 test 
and quantified using the I² statistic in accordance 
with Cochrane recommendations [20]. I² values of 
0–40% were considered low, 30–60% moderate, 
and 50–90% substantial heterogeneity. A c2 p-val-
ue of < 0.1 indicated statistically significant het-
erogeneity. In cases of significant heterogeneity, 
a leave-one-out sensitivity analysis was conduct-
ed to evaluate the robustness of the findings. Pub-
lication bias was assessed using a funnel plot for 
outcomes reported by ≥ 10 studies. 

Results

Search results and study selection

A total of 1,398 records were identified through 
database searching, including PubMed, Google 
Scholar and the Cochrane Library. After removal 

of duplicates (n = 1,561), 689 records remained 
for screening. During title and abstract screen-
ing, 447 records were excluded, leaving 242 re-
ports for which full texts were sought. Of these, 
14 reports could not be retrieved. Consequently, 
228 full-text articles were assessed for eligibility. 
Following full-text review, 200 reports were ex-
cluded for the following reasons: wrong outcomes  
(n = 35), inappropriate study design (n = 136), 
and wrong publication type (n = 29). Ultimately,  
28 studies met the inclusion criteria and were in-
cluded in the qualitative and quantitative synthe-
sis (meta-analysis) [10, 11, 21–46] (Figure 1).

Baseline characteristics of the included 
studies

A total of 28 RCTs involving 52,527 participants 
in the GLP-1 RA group and 49,959 participants in 
the placebo group were included. The mean age of 
participants ranged from 53 to 70 years, with fe-
males representing approximately 30% to 83% of 
the study populations. The majority of trials enrolled 
patients with type 2 diabetes mellitus (T2DM), es-
tablished cardiovascular disease, obesity, heart fail-
ure with reduced ejection fraction (HFrEF) or heart 
failure with preserved ejection fraction (HFpEF). 
Baseline body mass index (BMI) ranged from 24.8 
to 38.3 kg/m². The concomitant antiplatelet and an-
ti-T2DM therapy mainly consisted of aspirin, clopi-
dogrel, ADP receptor inhibitors, P2Y12 inhibitors, 
metformin, insulin sulfonylureas, SGLT2 inhibitors, 
DPP-4 inhibitors, thiazolidinediones, ACE inhibitors 
and α‑glucosidase inhibitors. The duration of fol-
low-up varied substantially across studies, ranging 

Figure 1. PRISMA flow diagram depicting the study selection process
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from short-term trials of 52 weeks extending up to 
5.4 years in long-term trials (Table I) [10, 11, 21–46]. 

Outcomes

All-cause mortality

A  total of 27 randomized controlled trials in-
cluding 50,380 participants in the GLP-1 RA group 
and 47,805 in the control group were analysed 
for all-cause mortality. GLP-1 receptor agonists 
were associated with a statistically significant re-
duction in all-cause mortality (RR = 0.86; 95% CI: 
0.80–0.92; I² = 0%; p < 0.0001).

In subgroup analyses, liraglutide demonstrated 
a modest but statistically significant reduction in 
all-cause mortality across four trials (RR = 0.86; 
95% CI: 0.76–0.98; I² = 0%; p = 0.03). Similarly, 
semaglutide, evaluated across ten trials, was as-
sociated with a significant reduction in mortality 
(RR = 0.86; 95% CI: 0.80–0.92; I² = 0%; p < 0.0001).

In contrast, albiglutide, assessed across five 
trials, showed no significant effect on all-cause 
mortality (RR = 0.94; 95% CI: 0.78–1.14; I² = 0%; 
p = 0.52). Likewise, exenatide, evaluated in two 
trials, did not demonstrate a  significant effect  
(RR = 1.06; 95% CI: 0.63–1.77; I² = 68%; p = 0.83) 
(Figure 2). All of the included studies for this par-
ticular outcome were reported to have a low risk 
of publication bias (Supplementary Figure S2).

Cardiovascular mortality 

A  total of 20 randomized controlled trials in-
cluding 43,704 participants in the GLP-1 RA group 
and 41,916 in the control group were analysed. 
GIP/GLP-1 receptor agonists were associated with 
a statistically significant reduction in cardiovascu-
lar mortality (RR = 0.86; 95% CI: 0.81–0.92; I² = 
0%; p < 0.00001).

In subgroup analyses, liraglutide, evaluated 
across five trials, demonstrated a  significant re-
duction in cardiovascular mortality (RR = 0.75; 
95% CI: 0.63–0.89; I² = 0%; p = 0.001). Similarly, 
semaglutide, assessed in seven trials, was also 
associated with a significant reduction in cardio-
vascular mortality (RR = 0.83; 95% CI: 0.73–0.95;  
I² = 27%; p = 0.008).

In contrast, exenatide, evaluated in two trials, 
did not show a statistically significant association 
with cardiovascular mortality (RR = 0.89; 95% CI: 
0.78–1.02; I² = 0%; p = 0.10) (Figure 3). All of the 
included studies for this particular outcome were 
reported to have a  low risk of publication bias 
(Supplementary Figure S3).

Major adverse cardiovascular events

A  total of 18 randomized controlled trials in-
cluding 48,280 participants in the GLP-1 RA group 

and 46,168 in the control group were analysed for 
MACE. GLP-1 receptor agonists were associated 
with a statistically significant reduction in MACE (RR 
= 0.87; 95% CI: 0.83–0.90; I² = 11%; p < 0.00001).

In subgroup analyses, semaglutide, evaluated 
across eight trials, demonstrated a significant re-
duction in MACE (RR = 0.83; 95% CI: 0.78–0.88;  
I² = 0%; p < 0.00001). Similarly, liraglutide, as-
sessed in three trials, showed a significant asso-
ciation with lower MACE risk (RR = 0.87; 95% CI: 
0.79–0.97; I² = 0%; p = 0.008).

In contrast, exenatide, evaluated in two trials, 
did not show a statistically significant association 
with MACE (RR = 0.93; 95% CI: 0.85–1.01; I² = 0%; 
p = 0.10). Likewise, albiglutide, assessed in two tri-
als, showed a statistically significant reduction in 
MACE (RR = 0.74; 95% CI: 0.55–0.99; I² = 28%; p = 
0.04) (Figure 4). No evidence of substantial publi-
cation bias was identified for the included studies 
reporting this outcome (Supplementary Figure S4).

Heart failure hospitalizations

A  total of 15 randomized controlled trials in-
cluding 34,519 participants in the GLP-1 RA group 
and 33,762 in the control group were analysed for 
HHF. GLP-1 receptor agonists were not associated 
with a statistically significant reduction in HHF (RR 
= 0.89; 95% CI: 0.78–1.00; I² = 38%; p = 0.05).

In subgroup analyses, semaglutide, evaluated 
across six trials, did not demonstrate a  statisti-
cally significant association with HHF (RR = 0.77; 
95% CI: 0.53–1.12; I² = 54%; p = 0.17). Similar-
ly, liraglutide, assessed across four trials, showed 
no significant association with HHF (RR = 0.97; 
95% CI: 0.80–1.18; I² = 12%; p = 0.76). Exenatide, 
evaluated in two trials, also did not demonstrate 
a  significant association with HHF (RR = 0.80;  
95% CI: 0.50–1.26; I² = 67%; p = 0.33) (Figure 5). 
All included studies reporting this outcome were 
reported to have a  moderate risk of publication 
bias (Supplementary Figure S5).

Risk of stroke

A  total of 13 randomized controlled trials in-
cluding 39,956 participants in the GLP-1 RA group 
and 37,823 in the control group were analysed for 
risk of stroke. GIP/GLP-1 receptor agonists were 
associated with a  statistically significant reduc-
tion in the risk of stroke (RR = 0.88; 95% CI: 0.81–
0.97; I² = 0%; p = 0.008).

In subgroup analyses, liraglutide, evaluated 
across three trials, did not show a  statistically 
significant association with stroke (RR = 0.90;  
95% CI: 0.73–1.11; I² = 0%; p = 0.33). Similarly, 
semaglutide, assessed across six trials, did not 
show a significant association with stroke (RR = 
0.91; 95% CI: 0.78–1.06; I² = 15%; p = 0.24) (Fig-
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Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.1.1 Lixisenatide 
ELIXA TRIAL (2015) 	 211 	 3034 	 223 	 3034 	 6.3% 	 0.95 [0.79, 1.13] �
Subtotal (95% CI) 		  3034 		  3034 	 6.3% 	 0.95 [0.79, 1.13] �
Total events 	 211 		  223 �
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.60 (p = 0.55) 

1.1.2 Liraglutide 
FIGHT STUDY (2016) 	 19 	 154 	 16 	 146 	 0.5% 	 1.13 [0.60, 2.10] �
LEADER TRIAL (2016) 	 381 	 4668 	 447 	 4672 	 12.1% 	 0.85 [0.75, 0.97] �
LIVE JORSAL (2016) 	 1 	 122 	 0 	 119 	 0.0% 	 2.93 [0.12, 71.14] �
SCALE (2015) 	 1 	 632 	 0 	 212 	 0.0% 	 1.01 [0.04, 24.69] �
Subtotal (95% CI) 		  5576 		  5149 	 12.7% 	 0.86 [0.76, 0.98] �
Total events 	 402 		  463 �
Heterogeneity: t2 = 0.00; c2 = 1.30, df = 3 (p = 0.73); I2 = 0% 
Test for overall effect: Z = 2.23 (p = 0.03) 

1.1.3 Semaglutide 
FLOW (2024) 	 227 	 1767 	 279 	 1766 	 7.8% 	 0.81 [0.69, 0.96] �
PIONEER - 6 (2019) 	 23 	 1591 	 45 	 1592 	 0.8% 	 0.51 [0.31, 0.84] �
PIONEER 8 (2019) 	 3 	 546 	 0 	 184 	 0.0% 	 2.37 [0.12, 45.62] �
SELECT (2023) 	 375 	 8803 	 458 	 8803 	 11.6% 	 0.82 [0.72, 0.94] �
SOUL (2025) 	 528 	 4825 	 577 	 4825 	 16.7% 	 0.92 [0.82, 1.02] �
STEP 2 (2021) 	 2 	 403 	 3 	 402 	 0.1% 	 0.67 [0.11, 3.96] �
STEP-HFpEF DM (2024) 	 6 	 310 	 10 	 306 	 0.2% 	 0.59 [0.22, 1.61] �
STEP-HFpEF Trial (2023) 	 3 	 263 	 4 	 266 	 0.1% 	 0.76 [0.17, 3.36] �
STRIDE (2025) 	 4 	 396 	 4 	 396 	 0.1% 	 1.00 [0.25, 3.97] �
SUSTAIN - 6 (2016) 	 62 	 1648 	 60 	 1649 	 1.7% 	 1.03 [0.73, 1.46] �
Subtotal (95% CI) 		  20552 		  20189 	 39.2% 	 0.86 [0.80, 0.92] �
Total events 	 1233 		  1440 �
Heterogeneity: t2 = 0.00; c2 = 8.57, df = 9 (p = 0.48); I2 = 0% 
Test for overall effect: Z = 4.18 (p < 0.0001) 

1.1.4 Efpeglinatide 
AMPLITUDE-0 (2021) 	 111 	 2717 	 69 	 1359 	 2.4% 	 0.80 [0.60, 1.08] �
Subtotal (95% CI) 		  2717 		  1359 	 2.4% 	 0.80 [0.60, 1.08] 
Total events 	 111 		  69 �
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.45 (p = 0.15) 

1.1.5 Dulaglutide 
REWIND (2019) 	 536 	 4949 	 591 	 4952 	 17.0% 	 0.91 [0.81, 1.01] �
Subtotal (95% CI) 		  4949 		  4952 	 17.0% 	 0.91 [0.81, 1.01]�
Total events 	 536 		  591 �
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.73 (p = 0.08) 

1.1.6 Albliglunde 
HARMONY 1 (2014) 	 0 	 150 	 3 	 151 	 0.0% 	 0.14 [0.01, 2.76] �
HARMONY 2 (2016) 	 2 	 200 	 0 	 101 	 0.0% 	 2.54 [0.12, 52.36] �
HARMONY 3 (2014) 	 3 	 302 	 2 	 101 	 0.1% 	 0.50 [0.09, 2.96] �
HARMONY 5 (2015) 	 0 	 271 	 1 	 115 	 0.0% 	 0.14 [0.01, 3.46] �
HARMONY OUTCOMES (2018) 	 196 	 4731 	 205 	 4732 	 5.6% 	 0.96 [0.79, 1.16] �
Subtotal (95% CI) 		  5654 		  5200 	 5.7% 	 0.94 [0.78, 1.14] �
Total events 	 201 		  211 �
Heterogeneity: t2 = 0.00; c2 = 3.82, df = 4 (p = 0.43); I2 = 0% 
Test for overall effect: Z = 0.65 (p = 0.52) 

1.1.7 Tirzepatide 
SUMMIT (2025) 	 19 	 364 	 15 	 367 	 0.5% 	 1.28 [0.66, 2.47] �
Subtotal (95% CI) 		  364 		  367 	 0.5% 	 1.28 [0.66. 2.47] �
Total events 	 19 		  15 �
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.72 (p = 0.47) 

1.1.8 Exenatide 
EXSCEL (2017) 	 507 	 7359 	 584 	 7396 	 15.7% 	 0.87 [0.78, 0.98] �
KYHL (2015) 	 25 	 175 	 15 	 159 	 0.6% 	 1.51 [0.83, 2.77] �
Subtotal (95% CI) 		  7534 		  7555 	 16.3% 	 1.06 [0.63. 1.77] �
Total events 	 532 		  599 �
Heterogeneity: t2 = 0.10; c2 = 3.10, df = 1 (p = 0.08); I2 = 68% 
Test for overall effect: Z = 0.21 (p = 0.83) 

Total (95% CI) 		  50380 		  47805 	 100.0% 	 0.88 [0.84, 0.92]�
Total events 	 3245 		  3611 �
Heterogeneity: t2 = 0.00; c2 = 20.36, df = 24 (p = 0.68); I2 = 0%
Test for overall effect: Z = 5.43 (p < 0.00001) 
Test for subgroup differences: c2 = 4.03, df = 7 (p = 0.78); I2 = 0% 

Figure 2. Forest plot for the outcome all-cause mortality. Risk ratios (RR) with 95% confidence intervals (CI) are 
shown for individual studies and the pooled estimate
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Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.2.1 Lixisenatide 
ELIXA TRIAL (2015) 	 88 	 3034 	 93 	 3034 	 4.4%	 0.95 [0.71, 1.26] 
Subtotal (95% CI) 		  3034 		  3034 	 4.4% 	 0.95 [0.71, 1.26] 
Total events 	 88 		  93 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.38 (p = 0.71) 

1.2.2 Liraglutide
CHEN (2016) 	 0 	 45 	 1 	 45 	 0.0% 	 0.33 [0.01, 7.97] 
LEADER TRIAL (2016) 	 210 	 4668 	 278 	 4672 	 11.9% 	 0.76 [0.63, 0.90] 
LIVE JORSAL (2016) 	 1 	 122 	 0 	 119 	 0.0% 	 2.93 [0.12, 71.14] 
SCALE (2015) 	 0 	 632 	 1 	 212 	 0.0% 	 0.11 [0.00, 2.74] 
ZHANG (2017) 	 0 	 26 	 1 	 26 	 0.0% 	 0.33 [0.01, 7.82] 
Subtotal (95% CI) 		  5493 		  5074 	 12.0% 	 0.75 [0.63, 0.89] 
Total events 	 211 		  281 
Heterogeneity: t2 = 0.00; c2 = 2.57, df = 4 (p = 0.63); I2 = 0% 
Test for overall effect: Z = 3.23 (p = 0.001) 

1.2.3 Semaglutide 
FLOW (2024) 	 123 	 1767 	 169 	 1766 	 7.3% 	 0.73 [0.58, 0.91] 
PIONEER - 6 (2019) 	 15 	 1591 	 30 	 1592 	 1.0% 	 0.50 [0.27, 0.93] 
SELECT (2023) 	 223 	 8803 	 262 	 8801 	 11.7% 	 0.85 [0.71, 1.01] 
SOUL (2025) 	 301 	 4825 	 320 	 4825 	 15.6% 	 0.94 [0.81, 1.10] 
STEP-HFpEF DM (2024) 	 0 	 310 	 1 	 306 	 0.0% 	 0.33 [0.01, 8.05] 
STEP-HFpEF Trial (2023) 	 1 	 263 	 4 	 266 	 0.1% 	 0.25 [0.03, 2.25] 
SUSTAIN - 6 (2016) 	 44 	 1648 	 46 	 1649 	 2.2% 	 0.96 [0.64, 1.44] 
Subtotal (95% CI) 		  19207 		  19205 	 37.9% 	 0.83 [0.73, 0.95] 
Total events 	 707 		  832 
Heterogeneity: t2 = 0.01; c2 = 8.27, df = 6 (p = 0.22); I2 = 27% 
Test for overall effect: Z = 2.64 (p = 0.008) 

1.2.4 Efpeglinatide 
AMPLITUDE-0 (2021) 	 75 	 2717 	 50 	 1359 	 2.9% 	 0.75 [0.53, 1.07] 
Subtotal (95% CI) 		  2717 		  1359 	 2.9% 	 0.75 [0.53, 1.07] 
Total events 	 75 		  50 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.60 (p = 0.11) 

1.2.5 Dulaglutide 
REWIND (2019) 	 317 	 4949 	 346 	 4952 	 16.7% 	 0.92 [0.79, 1.06] 
Subtotal (95% CI) 		  4949 		  4952 	 16.7% 	 0.92 (0.79, 1.06) 
Total events 	 317 		  346 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.16 (p = 0.25) 

1.2.6 Albliglutide 
HARMONY OUTCOMES (2018) 	 122 	 4731 	 130 	 4732 	 6.1% 	 0.94 [0.74, 1.20] 
Subtotal (95% CI) 		  4731 		  4732 	 6.1% 	 0.94 [0.74, 1.20] 
Total events 	 122 		  130 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.51 (p = 0.61) 

1.2.7 Tirzepatide 
SUMMIT (2025) 	 8 	 364 	 5 	 367 	 0.3% 	 1.61 [0.53, 4.88] 
Subtotal (95% CI) 		  364 		  367 	 0.3% 	 1.61 [0.53, 4.88] 
Total events 	 8 		  5 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.85 (p = 0.40) 

1.2.8 Exenatide 
EXSCEL (2017) 	 340 	 3034 	 383 	 3034 	 19.3% 	 0.89 [0.77, 1.02] 
KYHL (2015) 	 9 	 175 	 7 	 159 	 0.4% 	 1.17 [0.45, 3.06] 
Subtotal (95% CI) 		  3209 		  3193 	 19.7% 	 0.89 [0.78, 1.02] 
Total events 	 349 		  390 
Heterogeneity: t2 = 0.00; c2 = 0.31, df = 1 (p = 0.58); I2 = 0% 
Test for overall effect: Z = 1.64 (p = 0.10) 

Total (95% CI) 		  43704 		  41916 	 100.0% 	 0.86 [0.81, 0.92] 
Total events 	 1877 		  2127 
Heterogeneity: t2 = 0.00; c2 = 17.24, df = 18 (p = 0.51); I2 = 0% 
Test for overall effect: Z = 4.73 (P < 0.00001) 
Test for subgroup differences: c2 = 6.29, df = 7 (p = 0.51); I2 = 0% 

Figure 3. Forest plot for the outcome cardiovascular mortality. Risk ratios (RR) with 95% confidence intervals (CI) 
are shown for individual studies and the pooled estimate
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Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.3.1 Lixisenatide 
ELIXA TRIAL (2015) 	 406 	 3034 	 399 	 3034 	 9.0%	 1.02 [0.89, 1.16] 
Subtotal (95% CI) 		  3034 		  3034 	 9.0%	 1.02 [0.89. 1.16] 
Total events 	 406 		  399 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.26 (p = 0.79) 

1.3.2 Semaglutide 
FLOW (2024) 	 212 	 1767 	 254 	 1766 	 5.6%	 0.83 [0.70, 0.99] 
PIONEER - 6 (2019) 	 61 	 1591 	 76 	 1592 	 1.6%	 0.80 [0.58, 1.12] 
PIONEER 8 (2019) 	 14 	 546 	 5 	 184 	 0.2%	 0.94 [0.34, 2.58] 
SELECT (2023) 	 569 	 8803 	 701 	 8801 	 12.2%	 0.81 [0.73, 0.90] 
SOUL (2025) 	 579 	 4825 	 668 	 4825 	 12.7%	 0.87 [0.78, 0.96] 
STEP 2 (2021)	 6 	 403 	 7 	 402 	 0.2%	 0.86 [0.29, 2.52] 
STEP-HFpEF DM (2024) 	 2 	 310 	 4 	 306 	 0.1%	 0.49 [0.09, 2.67] 
SUSTAIN - 6 (2016) 	 108 	 1648 	 146 	 1649 	 3.0%	 0.74 [0.58, 0.94] 
Subtotal (95% CI) 		  19893 		  19525 	 35.4%	 0.83 [0.78, 0.88] 
Total events 	 1551 		  1861 
Heterogeneity: t2 = 0.00; c2 = 2.19, df = 7 (p = 0.95); I2 = 0%	
Test for overall effect: Z = 5.72 (p < 0.00001) 

1.3.3 Liraglutide 
LEADER TRIAL (2016) 	 608 	 4668 	 694 	 4672 	 13.2%	 0.88 [0.79, 0.97] 
SCALE (2015) 	 5 	 632 	 3 	 212 	 0.1%	 0.56 [0.13, 2.32] 
ZHANG (2017) 	 3 	 26 	 5 	 26 	 0.1%	 0.60 [0.16, 2.26] 
Subtotal (95% CI) 		  5326 		  4910 	 13.4%	 0.87 [0.79, 0.97] 
Total events 	 616 		  702 
Heterogeneity: t2 = 0.00; c2 = 0.69, df = 2 (p = 0.71); I2 = 0%	
Test for overall effect: Z = 2.65 (p = 0.008) 

1.3.4 Exenatide 
EXSCEL (2017) 	 839 	 7356 	 905 	 7396 	 16.0%	 0.93 [0.85, 1.02] 
KYHL (2015) 	 42 	 175 	 43 	 159 	 1.3%	 0.89 [0.61, 1.28] 
Subtotal (95% CI) 		  7531 		  7555 	 17.3%	 0.93 [0.85, 1.01] 
Total events 	 881 		  948 
Heterogeneity: t2 = 0.00; c2 = 0.07, df = 1 (p = 0.80); I2 = 0%	
Test for overall effect: Z = 1.67 (p = 0.10) 

1.3.5 Efpeglinatide 
AMPLITUDE-0 (2021) 	 189 	 2717 	 125 	 1359 	 3.6%	 0.76 [0.61, 0.94] 
Subtotal (95% CI) 		  2717 		  1359 	 3.6%	 0.76 [0.61, 0.94] 
Total events 	 189 		  125 
Heterogeneity: Not applicable 
Test for overall effect: Z = 2.53 (p = 0.01) 

1.3.6 Dulaglutide 
REWIND (2019) 	 594 	 4949 	 663 	 4952 	 12.7%	 0.90 [0.81, 0.99] 
Subtotal (95% CI) 		  4949 		  4952 	 12.7%	 0.90 [0.81, 0.99] 
Total events 	 594 		  663 
Heterogeneity: Not applicable 
Test for overall effect: Z = 2.07 (p = 0.04)

1.3.7 Albliglutide 
HARMONY 2 (2016) 	 12 	 99 	 23 	 101 	 0.4%	 0.53 [0.28, 1.01] 
HARMONY OUTCOMES (2018) 	 338 	 4731 	 428 	 4732 	 8.1%	 0.79 [0.69, 0.91] 
Subtotal (95% CI) 		  4830 		  4833 	 8.6%	 0.74 [0.55, 0.99] 
Total events 	 350 		  451 
Heterogeneity: t2 = 0.02; c2 = 1.40, df = 1 (p = 0.24); I2 = 28%	
Test for overall effect: Z = 2.04 (p = 0.04) 

Total (95% CI) 		  48280 		  46168 	 100.0%	 0.87 (0.83. 0.90] 
Total events 	 4587 		  5149 
Heterogeneity: t2 = 0.00; c2 = 19.18, df = 17 (p = 0.32); I2 = 11%	
Test for overall effect: Z = 6.57 (p < 0.00001) 
Test for subgroup differences: c2 = 13.12, df = 6 (p = 0.04); I2 = 54.3%	

Figure 4. Forest plot for the outcome major adverse cardiovascular events (MACE). Risk ratios (RR) with 95% con-
fidence intervals (CI) are shown for individual studies and the pooled estimate
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ure 6). All included studies reporting this outcome 
were reported to have a  low risk of publication 
bias (Supplementary Figure S6).

Risk of myocardial infarction

A  total of 15 randomized controlled trials in-
cluding 47,702 participants in the GLP-1 RA group 
and 45,612 in the control group were analysed for 

risk of myocardial infarction (MI). GIP/GLP-1 re-
ceptor agonists were associated with a statistical-
ly significant reduction in the risk of MI (RR = 0.86; 
95% CI: 0.78–0.94; I² = 44%; p = 0.001).

In subgroup analyses, semaglutide, evaluated 
across six trials, was significantly associated with 
lower MI risk (RR = 0.77; 95% CI: 0.69–0.85; I² = 
0%; p < 0.00001). In contrast, liraglutide, assessed 
across four trials, did not show a  statistically 
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Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.4.1 Lixisenatide 
ELIXA TRIAL (2015) 	 122 	 3034 	 127 	 3034 	 12.0%	 0.96 [0.75, 1.23] 
Subtotal (95% CI) 		  3034 		  3034 	 12.0%	 0.96 [0.75, 1.23] 
Total events 	 122 		  127 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.32 (p = 0.75) 

1.4.2 Semaglutide 
PIONEER - 6 (2019) 	 21 	 1591 	 24 	 1592 	 3.7%	 0.88 [0.49, 1.57] 
PIONEER 8 (2019) 	 3 	 546 	 0 	 184 	 0.2%	 2.37 [0.12, 45.62] 
SELECT (2023) 	 97 	 8803 	 122 	 8801 	 11.0%	 0.79 [0.61, 1.04] 
STEP-HFpEF DM (2024) 	 7 	 310 	 18 	 306 	 1.9%	 0.38 [0.16, 0.91] 
STEP-HFpEF Trial (2023) 	 1 	 263 	 12 	 266 	 0.4%	 0.08 [0.01, 0.64] 
SUSTAIN - 6 (2016) 	 59 	 1648 	 54 	 1649 	 7.6%	 1.09 [0.76, 1.57] 
Subtotal (95% CI) 		  13161 		  12798 	 24.7%	 0.77 [0.53, 1.12] 
Total events 	 188 		  230 
Heterogeneity: t2 = 0.09; c2 = 10.89, df = 5 (p = 0.05); I2 = 54%	
Test for overall effect: Z = 1.38 (p = 0.17) 

1.4.3 Liraglutide 
FIGHT STUDY (2016) 	 63 	 154 	 50 	 146 	 9.8%	 1.19 [0.89, 1.60] 
LEADER TRIAL (2016) 	 218 	 4668 	 248 	 4672 	 15.4%	 0.88 [0.74, 1.05] 
SCALE (2015) 	 1 	 632 	 0 	 212 	 0.1%	 1.01 [0.04, 24.69] 
ZHANG (2017) 	 1 	 26 	 2 	 26 	 0.3%	 0.50 [0.05, 5.18] 
Subtotal (95% CI) 		  5480 		  5056 	 25.7%	 0.97 [0.80, 1.18] 
Total events 	 283 		  300 
Heterogeneity: t2 = 0.01; c2 = 3.42, df = 3 (p = 0.33); I2 = 12%	
Test for overall effect: Z = 0.31 (p = 0.76) 

1.4.4 Exenatide 
EXSCEL (2017) 	 219 	 7356 	 231 	 7396 	 15.2%	 0.95 [0.79, 1.14] 
KYHL (2015) 	 20 	 175 	 31 	 159 	 4.5%	 0.59 [0.35, 0.99] 
Subtotal (95% CI) 		  7531 		  7555 	 19.6%	 0.80 [0.50, 1.26] 
Total events 	 239 		  262 
Heterogeneity: t2 = 0.08; c2 = 3.00, df = 1 (p = 0.08); I2 = 67%	
Test for overall effect: Z = 0.97 (p = 0.33) 

1.4.5 Dulaglutide 
REWIND (2019) 	 213 	 4949 	 226 	 4952 	 15.1%	 0.94 [0.79, 1.13] 
Subtotal (95% CI) 		  4949 		  4952 	 15.1%	 0.94 [0.79, 1.13] 
Total events 	 213 		  226 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.63 (p = 0.53) 

1.4.6 Tirzepatide 
SUMMIT (2025) 	 12 	 364 	 26 	 367 	 2.9%	 0.47 [0.24, 0.91] 
Subtotal (95% CI) 		  364 		  367 	 2.9%	 0.47 (0.24. 0.91) 
Total events 	 12 		  26 
Heterogeneity: Not applicable 
Test for overall effect: Z = 2.24 (p = 0.02) 

Total (95% CI) 		  34519 		  33762 	 100.0%	 0.89 [0.78, 1.00] 
Total events 	 1057 		  1171 
Heterogeneity: t2 = 0.02; c2 = 22.54, df = 14 (p = 0.07); I2 = 38%	
Test for overall effect: Z = 1.92 (p = 0.05) 
Test for subgroup differences: c2 = 5.75, df = 5 (p = 0.33); I2 = 13.0%	

Figure 5. Forest plot for the outcome heart failure hospitalizations (HHF). Risk ratios (RR) with 95% confidence 
intervals (CI) are shown for individual studies and the pooled estimate
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significant association with MI risk (RR = 0.88;  
95% CI: 0.75–1.02; I² = 0%; p = 0.09) (Figure 7).  
All included studies reporting this outcome were 
reported to have a  low risk of publication bias 
(Supplementary Figure S7).

Risk of pancreatitis

A  total of 12 randomized controlled trials in-
cluding 39,351 participants in the GLP-1 RA group 
and 37,999 in the control group were analysed for 
pancreatitis. GLP-1 receptor agonists were not sig-
nificantly associated with pancreatitis (RR = 0.92; 
95% CI: 0.71–1.19; I² = 0%; p = 0.53).

In subgroup analyses, semaglutide, evaluated 
across seven trials, was not significantly associ-
ated with pancreatitis (RR = 0.81; 95% CI: 0.56–
1.17; I² = 0%; p = 0.26) (Figure 8). All included 
studies reporting this outcome were reported to 
have a low risk of publication bias (Supplementary 
Figure S8).

Acute kidney injury

A  total of 9 randomized controlled trials in-
cluding 30,723 participants in the GLP-1 RA group 
and 29,368 in the control group were analysed for 
AKI. GLP-1 receptor agonists were not significant-
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Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.5.1 Lixisenatide 
ELIXA TRIAL (2015) 	 54 	 3034 	 49 	 3034 	 5.6%	 1.10 [0.75, 1.62] 
Subtotal (95% CI) 		  3034 		  3034 	 5.6%	 1.10 [0.75. 1.62] 
Total events 	 54 		  49 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.50 (p = 0.62) 

1.5.2 Liraglutide 
CHEN (2016) 	 1 	 45 	 1 	 45 	 0.1%	 1.00 [0.06, 15.50] 
LEADER TRIAL (2016) 	 159 	 4668 	 177 	 4672 	 18.7%	 0.90 [0.73, 1.11] 
SCALE (2015) 	 3 	 632 	 1 	 212 	 0.2%	 1.01 [0.11, 9.62] 
Subtotal (95% CI) 		  5345 		  4929 	 18.9%	 0.90 [0.73, 1.11] 
Total events 	 163 		  179 
Heterogeneity: t2 = 0.00; c2 = 0.02, df = 2 (p = 0.99); I2 = 0%	
Test for overall effect: Z = 0.98 (p = 0.33) 

1.5.3 Semaglutide 
FLOW (2024) 	 63 	 1767 	 51 	 1766 	 6.3%	 1.23 [0.86, 1.78] 
PIONEER - 6 (2019) 	 12 	 1591 	 16 	 1592 	 1.5%	 0.75 [0.36, 1.58] 
PIONEER 8 (2019) 	 6 	 546 	 3 	 184 	 0.4%	 0.67 [0.17, 2.67] 
SELECT (2023) 	 154 	 8803 	 165 	 8801 	 17.4%	 0.93 [0.75, 1.16] 
SOUL (2025) 	 144 	 4825 	 161 	 4825 	 16.9%	 0.89 [0.72, 1.12] 
SUSTAIN - 6 (2016) 	 27 	 1648 	 44 	 1649 	 3.7%	 0.61 [0.38, 0.99] 
Subtotal (95% CI) 		  19180 		  18817 	 46.1%	 0.91 [0.78, 1.06] 
Total events 	 406 		  440 
Heterogeneity: t2 = 0.01; c2 = 5.86, df = 5 (p = 0.32); I2 = 15%	
Test for overall effect: Z = 1.18 (p = 0.24) 

1.5.4 Efpeglenatide 
AMPLITUDE-0 (2021) 	 41 	 2717 	 25 	 1359 	 3.4%	 0.82 [0.50, 1.34] 
Subtotal (95% CI) 		  2717 		  1359 	 3.4%	 0.82 [0.50, 1.34] 
Total events 	 41 		  25 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.79 (p = 0.43) 

1.5.5 Dulaglutide 
REWIND (2019) 	 135 	 4949 	 175 	 4952 	 16.9%	 0.77 [0.62, 0.96] 
Subtotal (95% CI) 		  4949 		  4952 	 16.9%	 0.77 [0.62, 0.96] 
Total events 	 135 		  175 
Heterogeneity: Not applicable 
Test for overall effect: Z = 2.30 (p = 0.02) 

1.5.6 Albliglutide 
HARMONY OUTCOMES (2018) 	 76 	 4731 	 91 	 4732 	 9.1%	 0.84 [0.62, 1.13] 
Subtotal (95% CI) 		  4731 		  4732 	 9.1%	 0.84 [0.62. 1.13] 
Total events 	 76 		  91 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.17 (p = 0.24) 

Total (95% CI) 		  39956 		  37823 	 100.0%	 0.88 [0.81, 0.97] 
Total events 	 875 		  959 
Heterogeneity: t2 = 0.00; c2 = 9.08, df = 12 (p = 0.70); I2 = 0%	
Test for overall effect: Z = 2.65 (p = 0.008) 
Test for subgroup differences: c2 = 3.09, df = 5 (p = 0.69); I2 = 0%	

Figure 6. Forest plot for the outcome of risk of stroke. Risk ratios (RR) with 95% confidence intervals (CI) are shown 
for individual studies and the pooled estimate
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ly associated with acute kidney injury (RR = 0.91;  
95% CI: 0.83–1.00; I² = 0%; p = 0.06).

In subgroup analyses, semaglutide, evaluated 
across multiple trials, did not demonstrate a sta-
tistically significant association with acute kidney 
injury (RR = 0.90; 95% CI: 0.79–1.02; I² = 10%; p = 
0.09) (Figure 9). 

Risk of infections

A  total of 13 randomized controlled trials in-
cluding 42,386 participants in the GLP-1 RA group 
and 41,067 in the control group were analysed for 
risk of infections. GLP-1 RAs were associated with 
a  statistically significant reduction in the risk of 
infections (RR = 0.90; 95% CI: 0.85–0.95; I² = 43%; 
p = 0.0004).

In subgroup analyses, semaglutide, evaluated 
across seven trials, demonstrated a  statistical-
ly significant reduction in the risk of infections  
(RR = 0.85; 95% CI: 0.77–0.93; I² = 47%; p = 
0.0009) (Figure 10). All included studies reporting 
this outcome were reported to have a low risk of 
publication bias (Supplementary Figure S9).

Risk of bias

Using the ROB 2 tool, the majority of includ-
ed RCTs were assessed as having low risk of bias, 
including ELIXA, EXSCEL, PIONEER 6, STEP-HF-
pEF, STEP-HFpEF DM, SUSTAIN-6, SELECT, AMPLI-
TUDE-O, REWIND, HARMONY OUTCOME, FLOW, 
SUMMIT, SOUL, PIONEER 8, SCALE Diabetes, HAR-
MONY 1, FIGHT and HARMONY 5. Ten studies were 
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rated as having some concerns (LEADER, Zhang  
et al., Chen et al., LIVE, Kyhl et al., STRIDE, Ruff 
2022, STEP 2, HARMONY 2, and HARMONY 3), 
most commonly due to concerns in deviations 
from intended interventions (D2) and in outcome 

measurement (D4), while the randomization 
process (D1), missing outcome data (D3), and 
selection of reported results (D5) were generally 
reported as low risk across all included trials (Sup-
plementary Figure S1).

Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.6.1 Lixisenatide 
ELIXA TRIAL (2015) 	 255 	 3034 	 247 	 3034 	 11.5%	 1.03 [0.87, 1.22]
Subtotal (95% CI) 		  3034 		  3034 	 11.5%	 1.03 [0.87, 1.22] 
Total events 	 255 		  247 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.37 (p = 0.71) 

1.6.2 Liraglutide 
CHEN (2016) 	 2 	 45 	 4 	 45 	 0.3%	 0.50 [0.10, 2.59] 
LEADER TRIAL (2016) 	 281 	 4668 	 317 	 4672 	 12.2%	 0.89 [0.76, 1.04] 
SCALE (2015) 	 3 	 632 	 2 	 212 	 0.3%	 0.50 [0.08, 2.99] 
ZHANG (2017) 	 1 	 26 	 2 	 26 	 0.2%	 0.50 [0.05, 5.18] 
Subtotal (95% CI) 		  5371 		  4955 	 12.9%	 0.88 [0.75, 1.02] 
Total events 	 287 		  325 
Heterogeneity: t2 = 0.00; c2 = 1.06, df = 3 (p = 0.79); I2 = 0%	
Test for overall effect: Z = 1.67 (p = 0.09) 

1.6.3 Exenatide 
EXSCEL (2017) 	 466 	 7356 	 480 	 7396 	 14.0%	 0.98 [0.86, 1.10] 
Subtotal (95% CI) 		  7356 		  7396 	 14.0%	 0.98 [0.86, 1.10] 
Total events 	 466 		  480 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.38 (p = 0.70) 

1.6.4 Semaglutide 
FLOW (2024) 	 52 	 1767 	 64 	 1766 	 4.8%	 0.81 [0.57, 1.16] 
PIONEER - 6 (2019) 	 37 	 1591 	 31 	 1592 	 3.2%	 1.19 [0.74, 1.91] 
PIONEER 8 (2019) 	 4 	 546 	 1 	 184 	 0.2%	 1.35 [0.15, 11.98] 
SELECT (2023) 	 234 	 8803 	 322 	 8801 	 11.6%	 0.73 [0.62, 0.86] 
SOUL (2025) 	 191 	 4825 	 253 	 4825 	 10.7%	 0.75 [0.63, 0.91] 
SUSTAIN - 6 (2016) 	 47 	 1648 	 64 	 1649 	 4.6%	 0.73 [0.51, 1.06] 
Subtotal (95% CI) 		  19180 		  18817 	 35.1%	 0.77 [0.69, 0.85] 
Total events 	 565 		  735 
Heterogeneity: t2 = 0.00; c2 = 4.22, df = 5 (p = 0.52); I2 = 0%	
Test for overall effect: Z = 4.86 (p < 0.00001) 

1.6.5 Efpeglinatide 
AMPLITUDE-0 (2021) 	 91 	 2717 	 58 	 1359 	 5.7%	 0.78 [0.57, 1.08] 
Subtotal (95% CI) 		  2717 		  1359 	 5.7%	 0.78 [0.57. 1.08] 
Total events 	 91 		  58 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.47 (p = 0.14) 

1.6.6 Dulaglutide 
REWIND (2019) 	 205 	 4949 	 212 	 4952 	 10.5%	 0.97 [0.80, 1.17] 
Subtotal (95% CI) 		  4949 		  4952 	 10.5%	 0.97 [0.80, 1.17] 
Total events 	 205 		  212 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.34 (p = 0.73) 

1.6.7 Albliglutide 
HARMONY OUTCOMES (2018) 	 160 	 4731 	 228 	 4732 	 10.0%	 0.70 [0.58, 0.86] 
Subtotal (95% CI) 		  4731 		  4732 	 10.0%	 0.70 [0.58, 0.86] 
Total events 	 160 		  228 
Heterogeneity: Not applicable 
Test for overall effect: Z = 3.50 (p = 0.0005) 

1.6.8 Tirzepatide 
SUMMIT (2025) 	 6 	 364 	 2 	 367 	 0.3%	 3.02 [0.61, 14.89] 
Subtotal (95% CI) 		  364 		  367 	 0.3%	 3.02 [0.61, 14.89] 
Total events 	 6 		  2 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.36 (p = 0.17) 

Total (95% CI) 		  47702 		  45612 	 100.0%	 0.86 [0.78, 0.94] 
Total events 	 2035 		  2287 
Heterogeneity: t2 = 0.01; c2 = 26.57, df = 15 (p = 0.03); I2 = 44%	
Test for overall effect: Z = 3.27 (p = 0.001) 
Test for subgroup differences: c2  = 21.28, df = 7 (p = 0.003); I2 = 67.1%	

Figure 7. Forest plot for the outcome risk of myocardial infarction. Risk ratios (RR) with 95% confidence intervals 
(CI) are shown for individual studies and the pooled estimate
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Discussion

In this comprehensive meta-analysis of 28 
randomized controlled trials including a  large 
population of patients with obesity, type 2 dia-
betes mellitus, and/or elevated cardiovascular 
risk, treatment with GLP-1 receptor agonists and 
dual GIP/GLP-1 receptor agonists was associated 
with significant improvements in major clinical 
outcomes. Compared with control therapy, these 
agents were associated with lower all-cause mor-
tality, cardiovascular mortality, and MACE, while 

also being associated with lower risks of stroke 
and myocardial infarction. No statistically signifi-
cant reduction was observed for HHF. In addition 
to these cardiometabolic benefits, these therapies 
were associated with a  lower risk of infections, 
whereas the risks of acute kidney injury and pan-
creatitis were comparable between treatment and 
control groups. 

With regard to previous meta-analyses, our 
findings are consistent with earlier evidence 
supporting the associations of GLP-1 receptor 
agonists with cardiovascular and mortality out-

Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.8.1 Lixisenatide 
ELIXA TRIAL (2015) 	 173 	 3304 	 186 	 3304 	 6.4%	 0.93 [0.76, 1.14] 
Subtotal (95% CI) 		  3304 		  3304 	 6.4%	 0.93 [0.76, 1.14] 
Total events 	 173 		  186 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.71 (p = 0.48) 

1.8.2 Liraglutide 
LIVE JORSAL (2016) 	 5 	 122 	 4 	 119 	 0.2%	 1.22 [0.34, 4.43] 
Subtotal (95% CI) 		  122 		  119 	 0.2%	 1.22 [0.34, 4.43] �
Total events 	 5 		  4 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.30 (p = 0.76) 

1.8.3 Exenatide 
EXSCEL (2017) 	 1795 	 7356 	 1869 	 7396 	 19.2%	 0.97 [0.91, 1.02] 
Subtotal (95% CI) 		  7356 		  7396 	 19.2%	 0.97 [0.91, 1.02] �
Total events 	 1795 		  1869 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.22 (p = 0.22) 

1.8.4 Semaglutide 
FLOW (2024) 	 317 	 1767 	 376 	 1766 	 10.7%	 0.84 [0.74, 0.96] 
PIONEER - 6 (2019) 	 67 	 1591 	 73 	 1592 	 3.0%	 0.92 [0.66, 1.27] 
SELECT (2023) 	 624 	 8803 	 738 	 8801 	 13.8%	 0.85 [0.76, 0.94] 
SOUL (2025) 	 726 	 4825 	 797 	 4825 	 14.9%	 0.91 [0.83, 1.00] 
STEP-HFpEF DM (2024) 	 4 	 310 	 17 	 306 	 0.3%	 0.23 [0.08, 0.68] 
STEP-HFpEF Trial (2023) 	 12 	 263 	 27 	 266 	 0.8%	 0.45 [0.23, 0.87] 
SUSTAIN - 6 (2016) 	 124 	 1648 	 148 	 1649 	 5.3%	 0.84 [0.67, 1.05] 
Subtotal (95% CI) 		  19207 		  19205 	 48.7%	 0.85 [0.77, 0.93] �
Total events 	 1874 		  2176 
Heterogeneity: t2 = 0.01; c2 = 11.28, df = 6 (p = 0.08); I2 = 47%	
Test for overall effect: Z = 3.33 (p = 0.0009) 

1.8.5 Efpeglenatide 
AMPLITUDE-0 (2021) 	 158 	 2717 	 99 	 1359 	 4.8%	 0.80 [0.63, 1.02] 
Subtotal (95% CI) 		  2717 		  1359 	 4.8%	 0.80 [0.63, 1.02] �
Total events 	 158 		  99 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.82 (p = 0.07) 

1.8.6 Dulaglutide 
REWIND (2019) 	 487 	 4949 	 516 	 4952 	 12.2%	 0.94 [0.84, 1.06]
Subtotal (95% CI) 		  4949 		  4952 	 12.2%	 0.94 [0.84, 1.06] 
Total events 	 487 		  516 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.96 (p = 0.34) 

1.8.7 Albiglutide 
HARMONY OUTCOMES (2018) 	 266 	 4731 	 268 	 4732 	 8.4%	 0.99 [0.84, 1.17] 
Subtotal (95% CI) 		  4731 		  4732 	 8.4%	 0.99 [0.84, 1.17] 
Total events 	 266 		  268 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.09 (p = 0.93) 

Total (95% CI) 		  42386 		  41067 	 100.0%	 0.90 [0.85, 0.95] 
Total events 	 4758 		  5118 
Heterogeneity: t2 = 0.00; c2 = 21.19, df = 12 (p = 0.05); I2 = 43%	
Test for overall effect: Z = 3.52 (p = 0.0004) 
Test for subgroup differences: c2 = 7.53, df = 6 (p = 0.27); I2 = 20.3%	

Figure 8. Forest plot for the outcome risk of pancreatitis. Risk ratios (RR) with 95% confidence intervals (CI) are 
shown for individual studies and the pooled estimate
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comes. Shuja et al. reported that GLP-1 receptor 
agonists were significantly associated with low-
er all-cause mortality (p = 0.04) and MACE (p = 
0.02), while also being associated with improve-
ments in HbA1c levels (p = 0.02). However, no 
significant associations were observed for body 
weight, major adverse limb events, cardiovascu-
lar mortality, myocardial infarction, or stroke [47]. 
Similarly, Badve et al. observed significant asso-
ciations between GLP-1 receptor agonists and 
renal and cardiovascular outcomes. Compared 
with placebo, these agents reduced the composite 
kidney outcome (HR = 0.82), kidney failure (HR = 
0.84), MACE (HR = 0.87), and all-cause mortality 
(HR = 0.88). Similar findings were also observed 
in analyses restricted to patients with T2DM, with 
reductions in the composite kidney outcome (HR 
= 0.81), kidney failure (HR = 0.84), MACE (HR = 
0.86), and all-cause mortality (HR = 0.87) [48]. 
Likewise, Galli et al. found that GLP-1 receptor 
agonists were associated with lower rates of all-
cause mortality (IRR = 0.88), cardiovascular mor-

tality (IRR = 0.86), MACE (IRR = 0.87), and serious 
adverse events (IRR = 0.92) compared with pla-
cebo. Additional benefits included reductions in 
myocardial infarction, stroke, and heart failure, 
although increased risks of gallbladder disorders 
and pancreatitis were also reported [49].

With regard to cardiovascular and mortality 
outcomes, our analysis demonstrated significant 
reductions in all-cause mortality, cardiovascular 
mortality, and MACE, along with significantly 
lower risks of stroke and myocardial infarction. 
These findings are consistent with those report-
ed by Kristensen et al., who found that GLP-1 
receptor agonist therapy was associated with 
a  12% reduction in MACE by (p < 0.0001). In 
their analysis, significant reductions were also 
observed for cardiovascular death (p = 0.003), 
fatal or non-fatal stroke (p < 0.0001), and fatal 
or non-fatal myocardial infarction (p = 0.043). 
Additionally, GLP-1 receptor agonist treatment 
was associated with a 12% reduction in all-cause 
mortality (p = 0.001) [13]. 

Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.9.1 Tirzepatide 
SUMMIT (2025) 	 5 	 364 	 3 	 367 	 0.5%	 1.68 [0.40, 6.98] 
Subtotal (95% CI) 		  364 		  367 	 0.5%	 1.68 [0.40, 6.98] �
Total events 	 5 		  3
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.71 (p = 0.47) 

1.9.4 Semaglutide 
FLOW (2024) 	 172 	 1767 	 182 	 1766 	 24.1%	 0.94 [0.78, 1.15] 
PIONEER - 6 (2019) 	 32 	 1591 	 37 	 1592 	 4.3%	 0.87 [0.54, 1.38] 
SELECT (2023) 	 171 	 8803 	 200 	 8801 	 23.1%	 0.85 [0.70, 1.05] 
SOUL (2025) 	 148 	 4825 	 168 	 4825 	 19.9%	 0.88 [0.71, 1.09] 
STEP 2 (2021) 	 5 	 403 	 2 	 402 	 0.4%	 2.49 [0.49, 12.78] 
STEP-HFpEF DM (2024) 	 2 	 310 	 7 	 306 	 0.4%	 0.28 [0.06, 1.35] 
STEP-HFpEF Trial (2023) 	 5 	 263 	 1 	 266 	 0.2%	 5.06 [0.59, 42.99] 
Subtotal (95% CI) 		  17962 		  17958 	 72.4%	 0.90 [0.79, 1.02] �
Total events 	 535 		  597 
Heterogeneity: t2 = 0.00; c2 = 6.65, df = 6 (p = 0.35); I2 = 10%	
Test for overall effect: Z = 1.68 (p = 0.09) 

1.9.5 Efpeglenatide 
AMPLITUDE-0 (2021) 	 88 	 2717 	 39 	 1359 	 6.8%	 1.13 [0.78, 1.64] 
Subtotal (95% CI) 		  2717 		  1359 	 6.8%	 1.13 [0.78. 1.64] �
Total events 	 88 		  39 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.64 (p = 0.52) 

1.9.6 Dulaglutide 
REWIND (2019) 	 84 	 4949 	 93 	 4952 	 11.0%	 0.90 [0.67, 1.21] 
Subtotal (95% CI) 		  4949 		  4952 	 11.0%	 0.90 [0.67, 1.21] �
Total events 	 84 		  93 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.68 (p = 0.50) 

1.9.7 Albiglutide 
HARMONY OUTCOMES (2018) 	 70 	 4731 	 80 	 4732 	 9.3%	 0.88 [0.64, 1.20] 
Subtotal (95% CI) 		  4731 		  4732 	 9.3%	 0.88 [0.64, 1.20] �
Total events 	 70 		  80 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.82 (p = 0.41) 

Total (95% CI) 		  30723 		  29368 	 100.0%	 0.91 [0.83, 1.00]�
Total events 	 782 		  812 
Heterogeneity: t2 = 0.00; c2 = 8.78, df = 10 (p = 0.55); I2 = 0%	
Test for overall effect: Z = 1.87 (p = 0.06) 
Test for subgroup differences: c2 = 2.11, df = 4 (p = 0.72); I2 = 0%	

Figure 9. Forest plot for the outcome risk of acute kidney injury (AKI). Risk ratios (RR) with 95% confidence inter-
vals (CI) are shown for individual studies and the pooled estimate
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The cardiovascular protective effects of GLP-1 
receptor agonists are supported by multiple clini-
cal and preclinical studies. A meta-analysis by Sun 
et al. showed improvements in lipid profiles, in-
cluding reductions in LDL-C, triglycerides, and apo-
lipoprotein B, along with increases in HDL-C [50]. 
Consistently, an RCT by Rizzo et al. reported that 
semaglutide was associated with a 5–10% reduc-
tion in LDL-C level, while liraglutide semaglutide 
was associated with a reduction in apolipoprotein 
B level by about 8%, indicating a reduction in ath-
erogenic lipids [51].

Beyond lipid effects, GLP-1 receptor agonists 
may have direct vascular benefits. They have been 
reported to reduce foam cell formation and down-
regulate endothelial adhesion molecules such as 
VCAM-1 and ICAM-1, thereby potentially reducing 
monocyte adhesion and early atherogenesis, as 
shown by Gaspari et al. [52]. They also may en-
hance eNOS activation and increase nitric oxide 
production, which may promote vasodilation, re-
duce vascular stiffness, and improve endothelial 
function [53]. This is supported clinically by Irace 
et al., who found that exenatide was associated 

Study or subgroup               	GLP-1/GIP-1 RA’s 	         Control 		 Weight 	 Risk ratio 	 Risk ratio
	 Events 	 Total 	 Events 	 Total 		  M-H, random, 95% CI	 M-H, random, 95% CI
1.8.1 Lixisenatide 
ELIXA TRIAL (2015) 	 173 	 6371 	 186 	 6371 	 6.5%	 0.93 [0.76, 1.14] 
Subtotal (95% CI) 		  6371 		  6371 	 6.5%	 0.93 [0.76, 1.14] �
Total events 	 173 		  186 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.70 (p = 0.49) 

1.8.2 Liraglutide 
LIVE JORSAL (2016) 	 5 	 61 	 4 	 60 	 0.2%	 1.23 [0.35, 4.36] 
Subtotal (95% CI) 		  61 		  60 	 0.2%	 1.23 [0.35, 4.36] �
Total events 	 5 		  4 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.32 (p = 0.75) 

1.8.3 Exenatide 
EXSCEL (2017) 	 1795 	 23539 	 1869 	 23667 	 19.3%	 0.97 [0.91, 1.03] 
Subtotal (95% CI) 		  23539 		  23667 	 19.3%	 0.97 [0.91, 1.03] �
Total events 	 1795 		  1869 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.10 (p = 0.27) 

1.8.4 Semaglutide 
FLOW (2024) 	 317 	 6008 	 376 	 6004 	 10.2%	 0.84 [0.73, 0.97] 
PIONEER - 6 (2019) 	 67 	 2068 	 73 	 2070 	 3.0%	 0.92 [0.66, 1.27] 
SELECT (2023) 	 624 	 29050 	 738 	 29043 	 14.0%	 0.85 [0.76, 0.94]
SOUL (2025) 	 726 	 18818 	 797 	 18818 	 14.8%	 0.91 [0.83, 1.01] 
STEP-HFpEF DM (2024) 	 4 	 289 	 17 	 293 	 0.3%	 0.24 [0.08, 0.70] 
STEP-HFpEF Trial (2023) 	 12 	 341 	 27	 337 	 0.8%	 0.44 [0.23, 0.85] 
SUSTAIN - 6 (2016) 	 124 	 3461 	 148 	 3463 	 5.3%	 0.84 [0.66, 1.06] 
Subtotal (95% CI) 		  60035 		  60028 	 48.4%	 0.85 [0.76, 0.94] �
Total events 	 1874 		  2176 
Heterogeneity: t2 = 0.01; c2 = 11.08, df = 6 (p = 0.09); I2 = 46%	
Test for overall effect: Z = 3.26 (p = 0.001) 

1.8.5 Efpeglenatide 
AMPLITUDE-0 (2021) 	 158 	 4891 	 99 	 2446 	 4.9%	 0.80 [0.62, 1.02] 
Subtotal (95% CI) 		  4891 		  2446 	 4.9%	 0.80 [0.62, 1.02] �
Total events 	 158 		  99 
Heterogeneity: Not applicable 
Test for overall effect: Z = 1.79 (p = 0.07) 

1.8.6 Dulaglutide 
REWIND (2019) 	 487 	 26725 	 516 	 26741 	 12.2%	 0.94 [0.84, 1.07] 
Subtotal (95% CI) 		  26725 		  26741 	 12.2%	 0.94 [0.84, 1.07] �
Total events 	 487 		  516 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.91 (p = 0.36) 

1.8.7 Albiglutide 
HARMONY OUTCOMES (2018) 	 266 	 7570 	 268 	 7571 	 8.6%	 0.99 [0.84, 1.17] 
Subtotal (95% CI) 		  7570 		  7571 	 8.6%	 0.99 [0.84. 1.17] �
Total events 	 266 		  268 
Heterogeneity: Not applicable 
Test for overall effect: Z = 0.09 (p = 0.93) 

Total (95% CI) 		  129192 		  126884 	 100.0%	 0.90 [0.85, 0.95] �
Total events 	 4758 		  5118 
Heterogeneity: t2 = 0.00; c2 = 20.11, df = 12 (p = 0.06); I2 = 40%
Test for overall effect: Z = 3.46 (p = 0.0005) 
Test for subgroup differences: c2 = 7.10, df = 6 (p = 0.31); I2 = 15.5%	

Figure 10. Forest plot for the outcome risk of infections. Risk ratios (RR) with 95% confidence intervals (CI) are 
shown for individual studies and the pooled estimate
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with improved flow-mediated dilation in patients 
with type 2 diabetes as compared to glimepiride 
[53]. GLP-1 receptor agonists may also provide 
neurovascular protection by preserving blood–
brain barrier integrity through the upregulation of 
tight junction proteins and reduced MMP-9 activ-
ity, as demonstrated in rodent models by Salcedo 
et al. [54]. Furthermore, according to a meta-anal-
ysis by Michaelsen et al., GLP-1 RAs were associ-
ated with reduced infarct volume reduction com-
pared with vehicle (placebo) in preclinical animal 
stroke models [55]. In addition, they may reduce 
infarct size via activation of pro-survival signalling 
pathways, including PI3K/Akt and PKA, suggesting 
a direct cardiomyocyte protective effect indepen-
dent of glycaemic control [56].

Second, our analysis demonstrated that GLP-1  
receptor agonists were not associated with sig-
nificant reductions in HHF. A  meta-analysis by 
Villaschi et al. found that GLP-1 receptor ago-
nists were associated with lower rates of HHF, 
cardiovascular death, and the composite of HHF 
plus cardiovascular death only in patients with-
out a  prior history of heart failure. In contrast, 
no significant associations were observed among 
patients with established heart failure, although 
a significant interaction according to heart failure 
history was detected only for the composite out-
come [57]. Furthermore, Waqas et al. reported that 
in patients with heart failure with mildly reduced 
or preserved ejection fraction, GLP-1 receptor ago-
nists were associated with lower rates of the com-
posite of cardiovascular death or worsening heart 
failure events, as well as worsening heart failure 
events alone, while no significant reduction was 
observed for cardiovascular death alone [58]. 

These findings suggest that although GLP-1 
receptor agonists may not consistently be associ-
ated with lower rates of HHF across broader pop-
ulations, they may have greater effects on heart 
failure outcomes in selected phenotypes. Recent 
evidence has primarily evaluated their use in pa-
tients with the metabolic phenotype of heart fail-
ure with preserved ejection fraction (HFpEF) and 
NYHA class II–IV symptoms, particularly among 
patients with obesity (BMI ≥ 30 kg/m²) with or 
without type 2 diabetes. In these populations, the 
STEP-HFpEF, STEP-HFpEF DM, and SUMMIT trials 
reported improvements in several clinical out-
comes. Agents studied in these trials, including 
higher-dose semaglutide (2.4 mg) and the dual 
GLP-1/GIP receptor agonist tirzepatide, have been 
associated with improvements in heart failure-re-
lated outcomes [29, 36, 59]. The reduction in HHF 
may partly reflect the expression of GLP-1 recep-
tors in the proximal convoluted tubule, where 
their activation has been proposed to promote 
natriuresis and diuresis via the inhibition of so-

dium-hydrogen exchanger 3. This may influence 
RAAS activity, thereby contributing to a reduction 
in blood pressure, afterload and the overall myo-
cardial oxygen demand [60–62]. 

Lastly, regarding safety outcomes, GLP-1 recep-
tor agonists were associated with a  significant 
reduction in the incidence of infections, while no 
statistically significant associations with pancre-
atitis or acute kidney injury were observed. In ac-
cordance with a meta-analysis by Han et al., GLP-1 
RA use was associated with a lower risk of serious 
infections, particularly involving the respiratory, 
skin, musculoskeletal, and vascular systems, as 
well as COVID-19, which may be partly explained 
by weight loss and improved glycaemic control 
[63]. Similarly, in a  retrospective study by Ayoub 
et al. in a comorbidity-free U.S.-based population 
with type 2 diabetes, GLP-1 RA use was not asso-
ciated with an increased risk of pancreatitis and 
was, in that study, associated with a lower lifetime 
risk [64]. The absence of statistically significant 
associations with pancreatitis and acute kidney 
injury observed in our analysis may reflect several 
factors. First, limited statistical power may have 
reduced the ability to detect small between-group 
differences. Second, most included trials were not 
primarily designed or adequately powered to as-
sess these safety endpoints, which were typically 
reported as secondary outcomes.

This meta-analysis, though comprehensive, has 
several limitations. First, considerable heterogene-
ity existed among included trials regarding design, 
follow-up duration, participant characteristics, 
and types/doses of GLP-1 RAs, which may impact 
the generalizability of findings. Second, while sub-
group and sensitivity analyses were conducted, 
some residual heterogeneity likely remains. Third, 
a  key limitation was the variability in follow-up 
durations as well as dosing regimens, which may 
have potentially influenced the pooled estimates. 
Lastly, the lack of individual patient data (IPD) lim-
ited detailed subgroup analyses (e.g., by age, sex, 
cardiovascular risk, renal function, or HF pheno-
type) and adjustment for confounders influencing 
treatment response. 

In conclusion, this meta-analysis of random-
ized controlled trials found that GLP-1 receptor 
agonists and dual GIP/GLP-1 receptor agonists are 
associated with lower risks of mortality, MACE, 
myocardial infarction, and stroke. However, no 
significant association with HHF was observed. 
Safety outcomes were generally favourable, with 
a lower risk of infections and no statistically sig-
nificant associations with pancreatitis or acute 
kidney injury. Overall, these findings support an 
association between GLP-1-based therapies and 
improved cardiovascular outcomes in high-risk 
populations.
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