
Nature Medicine

nature medicine

https://doi.org/10.1038/s41591-024-03412-wArticle

Mapping the effectiveness and risks of GLP-1 
receptor agonists
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Glucagon-like peptide 1 receptor agonists (GLP-1RAs) are increasingly 
being used to treat diabetes and obesity. However, their effectiveness and 
risks have not yet been systematically evaluated in a comprehensive set of 
possible health outcomes. Here, we used the US Department of Veterans 
Affairs databases to build a cohort of people with diabetes who initiated GLP-
1RA (n = 215,970) and compared them to those who initiated sulfonylureas 
(n = 159,465), dipeptidyl peptidase 4 (DPP4) inhibitors (n = 117,989) or 
sodium−glucose cotransporter-2 (SGLT2) inhibitors (n = 258,614), a 
control group composed of an equal proportion of individuals initiating 
sulfonylureas, DPP4 inhibitors and SGLT2 inhibitors (n = 536,068), and 
a control group of 1,203,097 individuals who continued use of non-GLP-
1RA antihyperglycemics (usual care). We used a discovery approach to 
systematically map an atlas of the associations of GLP-1RA use versus each 
comparator with 175 health outcomes. Compared to usual care, GLP-1RA use 
was associated with a reduced risk of substance use and psychotic disorders, 
seizures, neurocognitive disorders (including Alzheimer’s disease and 
dementia), coagulation disorders, cardiometabolic disorders, infectious 
illnesses and several respiratory conditions. There was an increased risk 
of gastrointestinal disorders, hypotension, syncope, arthritic disorders, 
nephrolithiasis, interstitial nephritis and drug-induced pancreatitis 
associated with GLP-1RA use compared to usual care. The results provide 
insights into the benefits and risks of GLP-1RAs and may be useful for 
informing clinical care and guiding research agendas.

Glucagon-like peptide 1 receptor agonists (GLP-1RAs), a new class of 
antihyperglycemic agents, have gained substantial popularity in the past 
decade owing to their protective cardiovascular and renal properties 
and profound effects on weight loss1–20. Along with the increased utiliza-
tion of these drugs, reports from observational studies and randomized 
controlled trials are also emerging that suggest increased risks of several 
gastrointestinal side effects21,22 and decreased risks of substance use 
disorders and possibly Alzheimer’s disease and Parkinson’s disease23–27.

However, despite the seemingly wide pleiotropic effects of 
GLP-1RAs28,29, their effectiveness and risks have not yet been system-
atically evaluated in a comprehensive set of possible outcomes. A sys-
tematic approach to evaluate the effectiveness and risks of GLP-1RAs in 
a comprehensive set of outcomes may generate previously unreported 
associations with health outcomes (both harmful and protective), which 
will inform clinical practice and guide future mechanistic and clinical 
research, including the design of trials to further evaluate these signals.
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each of the three commonly used antihyperglycemic drug classes with 
respect to 175 outcomes. An atlas mapping the associations for each 
pair (GLP-1RAs versus an antihyperglycemic class) and all 175 outcomes 
is provided in Figs. 2 and 3 and Supplementary Tables 5 and 6.

The results varied according to the comparator group, but con-
sistently showed effectiveness and risks that extended beyond those 
currently recognized. Below, we report the proportion of outcomes 
with decreased and increased risk and the top five outcomes with the 
strongest associations (quantified based on P value) for each compari-
son. Compared to use of sulfonylureas, GLP-1RA use was associated 
with a decreased risk of 23 (13.14%) outcomes, including pneumonia, 
bronchitis, chronic obstructive pulmonary disease (COPD), suicidal 
ideation, and coagulopathy and clotting disorders, and an increased 
risk of 14 (8.00%) outcomes, including nausea and vomiting, gastroe-
sophageal reflux disease (GERD), sleep disturbances, bone pain and 
abdominal pain. Compared to DPP4 inhibitor use, GLP-1RA use was 
associated with a decreased risk of 30 (17.14%) outcomes, including 
respiratory failure, post-thrombotic sequelae, pneumonia, anemia 
and bacterial infections, and an increased risk of 13 (7.43%) outcomes, 
including nausea and vomiting, sleep disturbances, hypotension, head-
aches and nephrolithiasis. Compared to SGLT2 inhibitor use, GLP-1RA 
use was associated with a decreased risk of 20 (11.43%) outcomes, 
including inflammatory conditions of male genital organs, alcohol use 
disorders, inflammatory diseases of female pelvic organs, fungal infec-
tions and deep vein thrombosis, and an increased risk of 29 (16.57%) 
outcomes, including anemia, nausea and vomiting, nephrolithiasis, 
GERD and abdominal pain.

We also present the results of GLP-1RA versus a composite con-
trol that included an equal distribution of the three classes of anti-
hyperglycemics. Compared to the composite control, GLP-1RA use was 
associated with a decreased risk of 34 (19.43%) outcomes, including 
pneumonia, alcohol use disorders, respiratory failure, COPD and sui-
cidal ideation, and an increased risk of 17 (9.71%) outcomes, including 
nausea and vomiting, GERD, abdominal pain, nephrolithiasis and sleep 
disturbances.

In this study, we used a discovery approach30 to systematically 
evaluate the effectiveness and risks of incident GLP-1RA use on a com-
prehensive set of 175 health outcomes. We compared GLP-1RA use 
to incident use of each of three commonly used antihyperglycemics 
(sulfonylureas, dipeptidyl peptidase 4 (DPP4) inhibitors and sodium−
glucose cotransporter-2 (SGLT2) inhibitors), a composite control group 
that included an equal proportion of individuals with incident use of 
these three antihyperglycemics, as well as a control group of individuals 
who continued their prior non-GLP-1RA antihyperglycemic regimen 
without additional new therapy (usual care).

Results
We used the US Department of Veterans Affairs healthcare databases  
to identify individuals with diabetes who were incident users of 
GLP-1RAs (n = 215,970), sulfonylureas (n = 159,465), DPP4 inhibitors 
(n = 117,989), SGLT2 inhibitors (n = 258,614) or a composite of the lat-
ter three anti hyperglycemics (n = 536,068) and 1,203,097 individuals 
who continued usual care (Fig. 1). Participants were enrolled between 
1 October 2017 and 31 December 2023.

Individuals were followed for a median of 3.68 (interquartile range 
(IQR) 2.05−5.37) years, resulting in 7,239,854 person-years of follow-up. 
The baseline characteristics of GLP-1RA users and each of the compara-
tor groups before and after inverse probability weighting are presented 
in Supplementary Tables 1−4 and Extended Data Fig. 1. Standardized 
mean differences for all covariates between the GLP-1RA group and 
each of the control groups were less than 0.1 after weighting, suggest-
ing that a good balance was achieved.

We then investigated the association between incident GLP-1RA 
use and the risk of 175 outcomes. Benjamini−Hochberg correction was 
applied to account for multiple comparisons.

Atlas of GLP-1RA effectiveness and risks
To understand the performance of GLP-1RAs relative to a specific 
antihyperglycemic drug class, we used our discovery approach to 
systematically evaluate the effectiveness and risks of GLP-1RAs versus 
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Fig. 1 | Cohort construction flow chart. The equal-proportion control group 
was composed of an equal proportion of incident users of sulfonylureas, DPP4 
inhibitors and SGLT2 inhibitors. The usual care control group represents 

individuals who continued the use of non-GLP-1RA antihyperglycemics. GLP-1RA,  
glucagon-like peptide-1 receptor agonists; DPP4i, dipeptidyl peptidase 4 
inhibitors; SGLT2i, sodium−glucose cotransporter-2 inhibitors.
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Fig. 2 | Systematic evaluation of the effectiveness and risks of incident use 
of GLP-1RAs compared to incident use of sulfonylureas, DPP4 inhibitors 
SGLT2 inhibitors and a control group composed of equal proportions of 
sulfonylureas, DPP4 inhibitors and SGLT2 inhibitors. a−d, Comparisons 
between GLP-1RAs (n = 215,970) and sulfonylureas (a, n = 159,465), DPP4 
inhibitors (b, n = 117,989), SGLT2 inhibitors (c, n = 258,614) and an equal 
proportion of the three antihyperglycemics (d, n = 536,068). The outermost 
ring represents the 12 diagnostic categories of health outcomes that could 
be affected by exposure to GLP-1RAs in the adult population. The second ring 
from the outermost ring, consisting of shaded blocks, represents a heatmap 
displaying HRs for the 175 outcomes. Red, significant HRs >1 (increased risk); 
blue, significant HRs <1 (reduced risk); gray, nonsignificant HRs. The intensity 
of color shading represents the magnitude of the HR. The third ring from the 

outermost ring represents a histogram of HRs that are <1. The height of each bar 
corresponds to the inverse magnitude of HR: blue, statistically significant; gray, 
nonsignificant. The intensity of color shading corresponds to the magnitude of 
the HR. The fourth ring from the outermost ring represents a histogram of HRs 
>1. The height of each bar corresponds to the HR magnitude: red, statistically 
significant; gray, nonsignificant. The intensity of color shading corresponds 
to the magnitude of the HR. The innermost ring represents a histogram of the 
negative log-transformed P values for the HRs, where the height represents the 
magnitude of the negative log-transformed P value: yellow, significant P values; 
gray, nonsignificant P values. All HRs were fully weighted for predefined and 
high-dimensional variables selected algorithmically. P values were based on 
two-sided Wald chi-squared tests. Benjamini−Hochberg correction for multiple 
tests was applied.
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Fig. 3 | Manhattan plot for systematic evaluation of the effectiveness and 
risks of incident GLP-1RA use. a−e, Comparisons between the GLP-1RA group 
(n = 215,970) and the sulfonylurea group (a, n = 159,465), the DPP4 inhibitor 
group (b, n = 117,989), the SGLT2 inhibitor group (c, n = 258,614), the group  
with an equal proportion of sulfonylureas, DPP4 inhibitors and SGLT2 inhibitors 
(d, n = 536,068) and the usual care control group who continued use of non-
GLP-1RA antihyperglycemics (e, n = 1,203,097). The negative log-transformed 
P value was plotted for 175 outcomes. Orange dots, outcomes with higher risk 
that reached statistical significance; blue dots, outcomes with reduced risks 

that reached statistical significance. P values were based on two-sided Wald chi-
squared tests. Benjamini−Hochberg correction for multiple tests was applied. 
The threshold of statistical significance after Benjamini-Hochberg correction 
is indicated by the horizonal red line. BLD, blood and blood-forming organs; 
CIR, circulatory system; DIG, digestive system; END, endocrine, nutritional and 
metabolic; GEN, genitourinary system; INF, infectious and parasitic diseases; 
MBD, mental; MUS, musculoskeletal system; NEO, neoplasms; NVS, nervous 
system; RSP, respiratory system; SYM, symptoms.
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GLP-1RA versus usual care
We then compared GLP-1RA use to usual care (control group, repre-
senting standard care). This approach evaluated the effects of adding 
GLP-1RA to a treatment plan versus continuation of an existing treat-
ment plan without the addition of GLP-1RA. Compared to usual care, 
GLP-1RA addition was associated with a decreased risk of 42 (24.00%) 
outcomes and an increased risk of 19 (10.86%) outcomes, while no statis-
tically significant association was found for 114 (65.14%) outcomes. The 
numbers of statistically significant associations representing increased 
or decreased risk according to diagnostic category are provided in 
Figs. 3–5 and Supplementary Tables 7 and 8.

Effectiveness of GLP-1RAs by outcome. Our approach revealed evi-
dence of the effectiveness of GLP-1RA on the nervous system. GLP-1RA 
use was associated with a reduced risk of several substance-related 
disorders, including alcohol use disorders (hazard ratio (HR) 0.89, 95% 
confidence interval (CI) (0.86−0.92)), cannabis use disorders (0.88 
(0.83−0.93)), stimulant use disorders (0.84 (0.78−0.91)) and opioid 
use disorders (0.87 (0.82−0.92)). GLP-1RA use was associated with a 
reduced risk of suicidal ideation, attempt or intentional self-harm (0.90 
(0.86−0.94)), bulimia (0.81 (0.77−0.84)) and schizophrenia and other 
psychotic disorders (0.82 (0.76−0.89)). GLP-1RA use was associated 
with a reduced risk of seizures (0.90 (0.85−0.95)) and neurocognitive 
disorders (0.95 (0.93−0.97))—the latter is driven by a decreased risk of 
dementia (0.92 (0.88−0.97)) and Alzheimer’s disease (0.88 (0.78−0.99)) 
(Fig. 6 and Supplementary Table 9).

GLP-1RAs exhibited a decreased risk of coagulopathy and  
clotting disorders (0.92 (0.89−0.95)), thromboembolic disorders  
(0.86 (0.82−0.89)), acute pulmonary embolism (0.88 (0.83−0.94)), 
deep vein thrombosis (0.92 (0.87−0.97)), chronic phlebitis (0.86 
(0.81−0.92)) and post-thrombotic sequelae (0.89 (0.87−0.92)), includ-
ing pulmonary hypertension (0.82 (0.78−0.85)).

GLP-1RA use was associated with a reduced risk of myocardial 
infarction (0.91 (0.87−0.94)), cardiac arrest (0.78 (0.71−0.85)), incident 
heart failure (0.89 (0.87−0.91)), ischemic stroke (0.93 (0.90−0.96)) and 
hemorrhagic stroke (0.86 (0.78−0.95)). We also observed a reduced risk 
of acute kidney injury (0.88 (0.86−0.90)) and chronic kidney disease 
(0.97 (0.96−0.99)).

GLP-1RA use was associated with a reduced risk of infections, 
including bacterial infections (0.88 (0.86−0.90))—primarily driven 
by a reduced risk of bacterial pneumonia (0.89 (0.85−0.93)). There 
was also a reduced risk of septicemia (0.83 (0.80−0.86)), pneumonia 
(0.84 (0.82−0.86)), pneumonitis (0.89 (0.86−0.92)), aspiration pneu-
monitis (0.75 (0.69−0.81)), postprocedural respiratory complications 
(0.82 (0.74−0.91)), pleural effusion (0.86 (0.83−0.89)), COPD (0.9 
(0.87−0.92)) and respiratory failure (0.77 (0.75−0.79)).

Our results also showed a reduced risk of anemia (0.97 (0.95−0.99)) 
and muscle pain (0.92 (0.90−0.94)). We also observed a reduced risk 
of hepatic failure (0.76 (0.69−0.84)), inflammatory bowel disease 
(0.88 (0.82−0.94)) and liver cancer (0.82 (0.75−0.89)) (Fig. 6 and  
Supplementary Table 9).

Risks of GLP-1RA by outcome. GLP-1RA use was associated with an 
increased risk of abdominal pain (1.12 (1.10,−1.13)), nausea and vomiting 
(1.30 (1.26−1.33)), GERD (1.14 (1.12−1.16)) and gastritis (1.10 (1.06−1.14)). 
GLP-1RA use was also associated with an increased risk of noninfectious 
gastroenteritis (1.12 (1.08−1.18)), gastroparesis (1.07 (1.02−1.13)) and 
diverticulosis and diverticulitis (1.08 (1.06−1.11)) (Fig. 6 and Supple-
mentary Table 9).

There was also an increased risk of hypotension (1.06 (1.04−1.09)), 
syncope (1.06 (1.03−1.1)), sleep disturbances (1.12 (1.10−1.14)), head-
aches (1.10 (1.08−1.13)), arthritis (1.11 (1.09−1.13)), arthralgia (1.11 
(1.09−1.13)), tendinitis and synovitis (1.10 (1.07−1.12)), interstitial 
nephritis (1.06 (1.03−1.09)) and nephrolithiasis (1.15 (1.12−1.19)). A 
targeted analysis of pancreatic disorders revealed an increased risk 

of drug-induced acute pancreatitis (2.46 (2.05−2.96)) (Fig. 6 and  
Supplementary Table 9).

Additional analyses
We further evaluated the signals detected in the main analyses (both 
increased risk and reduced risk) in a per-protocol analysis in which 
the treatment protocol required continued use of GLP-1RA through-
out the follow-up period. The direction and magnitude of the asso-
ciations were consistent with the main analysis; 56 of 61 (91.80%) 
significant associations in the main analyses were also statistically 
significant and in the same direction of risk in the per-protocol analyses.  
(Supplementary Table 10).

Sensitivity analyses
We conducted several sensitivity analyses. We restricted cohort enroll-
ment to a subgroup of individuals who initiated GLP-1RA (and other 
antihyperglycemics) between 1 October 2017 and 2 June 2021 (the day 
before the US Food and Drug Administration granted approval for use of 
the GLP-1RA semaglutide for weight loss). We also conducted analyses 
to estimate the risk using cumulative incidence function and restricted 
mean survival time models. The results were consistent with the main 
findings (Supplementary Tables 11−13).

Positive and negative outcome controls
Positive and negative outcome controls were used to assess the pres-
ence of potential spurious biases from study design, variable specifica-
tions, covariate selection and adjustment approaches, and statistical 
analyses. We examined the association between GLP-1RA use and the 
positive outcome of control of weight loss, including a body mass 
index (BMI) decrease of 5 kg m−2 to 10 kg m−2, and 10−30% weight loss 
from baseline, major adverse cardiovascular events (MACE) and major 
adverse kidney events (MAKE). Consistent with pretest expectations, 
GLP-1RAs were associated with decreased BMI and reduced risk of 
MACE and MAKE. We then examined the association between GLP-1RA 
use and the negative outcome control of accidental traffic injury. No 
associations were found between GLP-1RA use and the negative out-
come control (Supplementary Table 14).

Discussion
In this study, we followed 1,955,135 individuals for a median of 3.68 
(2.05−5.37) years—altogether corresponding to 7,239,854 person-years—
to systematically map an atlas of the associations between GLP-1RA 
use and 175 health outcomes. We showed that, compared to several 
controls, GLP-1RA use was associated with broad pleiotropic effects, 
encompassing effectiveness and risks that extend beyond those cur-
rently recognized. Compared to the main control of usual care, GLP-1RA 
use was associated with a reduced risk of several substance use disor-
ders, seizures, neurocognitive disorders (including Alzheimer’s disease 
and dementia), coagulation and clotting disorders, cardiorenal and 
metabolic disorders, infectious illnesses, several respiratory condi-
tions (for example, COPD), hepatic failure and inflammatory bowel dis-
ease. There was an increased risk of several gastrointestinal disorders, 
hypotension, syncope, arthritic disorders, nephrolithiasis, interstitial 
nephritis and drug-induced pancreatitis. Altogether, the data revealed 
broad pleiotropic effects, which may help guide clinical practice and 
inform future clinical and mechanistic research directions.

The findings showed that GLP-1RA use was associated with sig-
nificant effects across a broad range of neuropsychiatric outcomes, 
including reduced risk of several substance use disorders (alcohol, 
cannabis, opioid and stimulant use disorders). Our results supple-
ment previous evidence showing that GLP-1RA use is associated with a 
reduced risk of alcohol use disorders26 and tobacco use disorders27, as 
well as animal studies showing that GLP-1RAs may reduce the rewarding 
properties of alcohol and other addictive drugs24,31–35. The reduction in 
the risk of schizophrenia and other psychotic disorders complements 
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Fig. 4 | Systematic evaluation of the effectiveness and risks of incident GLP-
1RA use compared to usual care. Comparisons between the GLP-1RA use group 
(n = 215,970) and the usual care control group of individuals with continued 
use of non-GLP-1RA antihyperglycemics (n = 1,203,097). The outermost ring 
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GLP-1RA exposure in the adult population. The second ring from the outermost 
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outcomes with a nonsignificant HR. The intensity of color shading represents 
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magnitude of the HR. Statistically significant HRs are shown as blue bars and  
the intensity of color shading corresponds to the magnitude of the HR; gray bars, 
nonsignificant HRs. The fifth ring from the outermost ring is a histogram  
of HRs >1. The height of each bar corresponds to the magnitude of the HR. 
Statistical significant HRs are shown as red bars and the intensity of color  
shading corresponds to the magnitude of the HR; gray bars, nonsignificant HRs. 
The innermost ring represents a histogram of the negative log-transformed  
P values for the HRs, where height represents the magnitude of the negative log-
transformed P value: yellow bars, significant P values; gray bars, nonsignificant 
P values. All HRs were fully weighted for predefined and high-dimensional 
variables selected algorithmically. P values were based on two-sided Wald chi-
squared tests. Benjamini−Hochberg correction for multiple tests was applied. 
COPD, chronic obstructive pulmonary disease; GERD, gastroesophageal reflux 
disease; Postop, postprocedural; Schizophrenia, schizophrenia/other-psychotic-
disorders; Suicidal ideation, suicidal ideation, attempt or intentional self-harm.
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Fig. 5 | Forest plots for systematic evaluation of the effectiveness and risks 
of incident GLP-1RA use compared to usual care. a,b, Comparisons between 
the GLP-1RA use group (n = 215,970) and the usual care group who continued 
use of non-GLP-1RA antihyperglycemics (n = 1,203,097). a, Outcomes with HR 
<1 ranked by HR from low to high. b, Outcomes with HR ≥1 ranked by HR from 
high to low. Dots, HRs; 95% CIs of the HRs. Outcomes with statistically significant 

associations are shown in blue (reduced risk) or red (increased risk). P values were 
based on two-sided Wald chi-squared tests. Benjamini−Hochberg correction for 
multiple tests was applied. ID, inflammatory disease; Postop, postprocedural; 
schizophrenia, schizophrenia and other psychotic disorders; suicidal ideation, 
suicidal ideation, attempt or intentional self-harm.
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experimental data showing antipsychotic36 effects in a mouse model  
of psychosis37–39. Our findings showed that GLP-1RA use reduced  
the risk of suicidal ideation, attempt or intentional self-harm. Initial 
reports raised concerns about suicidal thoughts and self-injury among 
GLP-1RA users, which prompted a 2023 review of GLP-1RA use by the 

European Medicines Agency; however, the review ultimately found no 
evidence of a causal link40. Our results are aligned with the European 
Medicines Agency’s conclusions and are also consistent with studies by 
Wang and colleagues23 supporting potentially reduced risk of suicidal 
ideation and potential antidepressive properties among GLP-1RA users. 
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Fig. 6 | Outcomes with reduced or increased risks with incident GLP-1RA use 
compared to usual care. a,b, Comparisons between the GLP-1RA use group 
(n = 215,970) and the usual care group who continued use of non-GLP-1RA 
antihyperglycemics (n = 1,203,097). Shown are outcomes with reduced risk (a) 
and increased risk (b). Outcomes within each diagnostic category are ordered 

based on P value from lowest to highest. P values were based on two-sided 
Wald chi-squared tests. Benjamini−Hochberg correction for multiple tests was 
applied. Dots, HRs; 95% CIs of the HRs. COPD, chronic obstructive pulmonary 
disease; Schizophrenia, schizophrenia/other psychotic disorders; Suicidal 
ideation, suicidal ideation, attempt or intentional self-harm.
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Overall, our results extended the body of evidence on the potential utility  
of GLP-1RAs in neuropsychiatric disorders and suggest the need to 
further evaluate the biology and effectiveness of GLP-1RAs as either a 
primary or adjuvant therapeutic for use in the management of various 
substance use disorders, psychotic disorders and depressive disorders.

The results revealed evidence of the effectiveness of GLP-1RAs in 
neurocognitive disorders, including a reduced risk of dementia and 
Alzheimer’s disease. GLP-1RA use was shown to reduce neuroinflam-
mation, oxidative stress, amyloid β deposition and tau hyperphos-
phorylation in animal models of Alzheimer’s disease41–44. Analyses of 
data from three randomized trials of GLP-1RA use in patients with type 
2 diabetes and a nationwide Danish registry showed that the risk of 
dementia was lower in patients treated with GLP-1RAs45. The reduced 
risk of dementia was also evident in a recent analysis of health records 
that assessed several neuropsychiatric outcomes 12 months after use of 
GLP-1RA46. The neuroprotective effects of GLP-1RA are currently being 
evaluated in multiple randomized trials including evoke and evoke+, 
and the results are expected in 2025 (refs. 25,47).

The results also showed a reduced risk of seizures; these findings 
add to an emerging body of knowledge, both mechanistic and early clin-
ical data, indicative of the anticonvulsant properties of GLP-1RA use48. 
GLP-1RAs should be further evaluated in future studies as potential 
adjuvant therapeutics for epilepsy and its associated comorbidities49–51.

Consistent with evidence from randomized controlled trials, 
our results showed that GLP-1RAs reduced the risk of cardiovascular 
and renal outcomes, including heart failure10, stroke3,7, acute kidney  
injury52, chronic kidney disease8,52 and the composite outcomes of 
MACE2–4,6–8,52 and MAKE8,52. The findings also revealed consistent 
associations between GLP-1RAs and the coagulation system, with 
a reduced risk of deep vein thrombosis, pulmonary embolism and 
post-thrombotic sequelae, including pulmonary hypertension. This is 
likely due to the effects of GLP-1RAs on endothelial function, platelet 
aggregation and thrombus formation demonstrated in vitro, ex vivo 
and in mouse models, as well as self-controlled clinical studies53–58. 
Because obesity is a major risk factor for thromboembolic disease, 
the anti-thromboembolic effect of GLP-1RA may also be partially (or 
wholly) mediated by their effect on weight59.

However, our results also showed a hemodynamic effect of 
GLP-1RAs with an increased risk of hypotension and syncope. These 
results extend recent findings on the effectiveness of GLP-1RAs in reduc-
ing ambulatory blood pressure60 and suggest that careful monitoring 
of blood pressure (and adjustment of antihypertensive medications) 
in individuals on GLP-1RA may be needed to avoid hypotension, which 
may be responsible for the increased risk of syncopal episodes60–63.

There was also a reduced risk of sepsis, extending experimental 
evidence in mice of reduced oxidative stress, endotoxemia-induced 
microvascular thrombosis and reduced intravascular coagulation with 
GLP-1RAs64–66. These data also complement the analysis of the SELECT 
trial (Semaglutide Effects on Heart Disease and Stroke in Patients with 
Overweight or Obesity), which showed that the GLP-1RA semaglu-
tide reduced the risk of death due to infection and resulted in fewer 
COVID-19-related deaths than placebo67.

Our results also revealed a reduced risk of hepatic failure, inflam-
matory bowel disease and diverticulitis associated with GLP-1RAs. This 
finding is likely attributable to the metabolic and anti-inflammatory 
properties of GLP-1RAs and the reduced risk of obesity-related cancers, 
including liver malignancies68.

The results showed that GLP-1RAs were associated with a reduced 
risk of several respiratory illnesses, including pneumonia, COPD and 
respiratory failure. A previous meta-analysis of 28 randomized trials 
showed that GLP-1RA use was associated with a lower risk of respiratory 
diseases69. Emerging evidence also suggests a decreased risk of COPD 
with GLP-1RA use70–72. Furthermore, contrary to an earlier report sug-
gesting an increased risk of postprocedural (endoscopy) aspiration 
pneumonia73, our study and other reported data74 do not corroborate 

this finding—the risk of postprocedural respiratory complications was 
0.82 (0.74−0.91). The effects of GLP-1RAs on the respiratory system 
may be driven by reduced airway inflammation and oxidative stress 
and improved immunity and protease and antiprotease balance75; 
some of the effect may also be related to improved metabolic health 
and weight loss69.

We reported that GLP-1RA use was associated with several 
adverse events, including in the gastrointestinal system21, hypoten-
sion and syncopal episodes (discussed earlier in the context of hemo-
dynamic effects of GLP-1RAs), sleep disturbances, headaches, joint 
pain and arthritic disorders, nephrolithiasis, interstitial nephritis and 
drug-induced pancreatitis. These adverse events should be further 
evaluated in future pharmacovigilance studies and should be moni-
tored among patients taking GLP-1RAs.

Future investigations should leverage the pleiotropy of GLP-1RAs 
to evaluate their effectiveness in treating multimorbidities, rather than 
focusing on a single health condition, particularly where obesity or 
other mechanistic pathways affected by GLP-1RAs are leading drivers76. 
Furthermore, because of the substantial overlap between the biologic 
pathways activated by SARS-CoV-2 infection (leading to acute and 
postacute sequelae) and those influenced by GLP-1RAs, studies should 
also examine whether and to what extent GLP-1RAs may be useful in the 
prevention and treatment of sequelae (for example, cardiovascular and 
neurological) triggered by SARS-CoV-2 infection77–84.

This study has several strengths. We used data from the US Depart-
ment of Veterans Affairs, which integrates information from multiple 
data streams, including healthcare encounters (both inpatient and 
outpatient), diagnostic codes, laboratory test results, vital signs, medi-
cation use, sociodemographic data and data on the use of supportive 
and rehabilitative services. The US Department of Veterans Affairs 
offers comprehensive medical coverage, including prescription drug 
benefits, to all US veterans, so this approach reduced the likelihood 
that the choice of antihyperglycemic medication was influenced by the 
financial status of the patient. We conducted a systematic evaluation 
of the effectiveness and risks of GLP-1RA use in 175 health outcomes 
that could be plausibly impacted by GLP-1RA use in adults. We used 
an incident-user design and provide an atlas of head-to-head pairwise 
comparisons of GLP-1RAs versus three commonly used active com-
parators, a control composite of the three active comparators and a 
control representing usual care. We tested both positive and negative 
outcome controls to assess the presence of potential spurious biases.

Limitations of this study included using US veterans who are older, 
mostly white males, which may not represent the general population 
and could limit the generalizability of the results. This may be particu-
larly true because the health effects of GLP-1RA use may vary across age, 
race, ethnicity and sex. However, due to the large size of our cohort, 
the study included 1,032,192 (5.28%) women; 30,846 (1.58%), 135,090 
(6.91%) and 419,728 (21.47%) people aged less than 40, 50 and 60 years, 
respectively; and 357,228 (18.46%) and 201,123 (10.40%) individuals 
who identified as being of Black race or a race other than Black or 
white, respectively.

Although we used an active comparator design (to lessen dif-
ferences between exposure and control groups) and adjusted using 
inverse weighting for a comprehensive set of covariates, including 
prespecified and algorithmically selected variables from multiple 
data domains, we cannot completely rule out the possibility of residual 
confounding or misclassification bias. We examined effect sizes by 
drug class; we did not examine within-class effects (that is, whether 
different GLP-1RAs have different effects). Our discovery approach 
tested 175 outcomes and we used Benjamini−Hochberg correction to 
correct for multiple testing. As a result, our approach will necessarily 
miss weaker signals that may not achieve statistical significance after 
correction. These signals might be detected in studies with a similar 
sample size but focus on a single outcome or a few prespecified out-
comes where correction for multiple testing is not needed. In several 
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analyses, we evaluated the effects of GLP-1RAs compared to other 
active agents; the risk difference between GLP-1RAs and active agents 
may arise not only from the effects of GLP-1RAs but also from those of 
the active comparator.

Altogether, our discovery approach confirms previous studies 
and clinical trials and also uncovers previously unreported benefits 
and risks of GLP-1RAs. The results may be useful for informing clinical 
care, enhancing pharmacovigilance and guiding the development of 
mechanistic and clinical research to evaluate the broad pleiotropic 
effects of GLP-1RAs.
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Methods
Ethics statement
This study was approved by the institutional review board of the VA  
St. Louis Health Care System, which granted a waiver of informed 
consent (protocol number 1606333).

Setting
We used the US Department of Veterans Affairs databases, which 
maintain the electronic health records of all enrollees in the system 
since 1 October 1999 (refs. 85–88). The VA operates an integrated 
healthcare system comprising 143 hospitals and 1,241 outpatient 
clinics. All veterans enrolled in the system have access to a comprehen-
sive package of medical benefits, including inpatient and outpatient 
services, preventative and primary care, specialty care, geriatric care, 
mental care, home care, extended care and rehabilitation services, 
prescription medication coverage and medical equipment and pros-
thetics coverage.

Data sources
The study was conducted using data from electronic health records 
stored in the VA Corporate Data Warehouse. Data domains included 
the Outpatient Encounters domain and Inpatient Encounters domain, 
Outpatient Pharmacy domain, Laboratory Results domain, Vital 
Signs domain, Patient domain, and VA Vital Status and Health Factors 
domain89. Medicare data from the VA Information Resource Center 
were used to collect information on care that occurred outside the 
VA health system90. The Area Deprivation Index based on individuals’ 
residential location was also collected.

Cohort construction
The cohort flow is presented in Fig. 1. We first identified 252,766 individ-
uals with type 2 diabetes who used a GLP-1RA between 1 October 2017 
and 31 December 2023. During this time there were 232,210 incident 
GLP-1RA users. We then removed individuals with contraindications 
for any of the antihyperglycemics, including those with a history of 
medullary thyroid carcinoma, multiple endocrine neoplasia type II, 
gastroparesis, estimated glomerular filtration rate (eGFR) < 30 ml 
min−1 1.73 m−2, dialysis or kidney transplant, hypoglycemia with coma 
and hypoglycemia requiring hospitalization, resulting in 215,970 indi-
viduals in the GLP-1RA group.

We then constructed the control groups of sulfonylureas, DPP4 
inhibitors and SGLT2 inhibitors from the 826,407 individuals with 
type 2 diabetes who used sulfonylureas, DPP4 inhibitors or SGLT2 
inhibitors between 1 October 2017 and 31 December 2023. Within this 
group, there were 247,146 incident sulfonylurea users, 225,116 incident 
DPP4 inhibitor users and 429,172 incident SGLT2 inhibitor users. T0 for 
each participant was defined as the date of their incident prescription. 
Individuals who were in more than one of the three control groups were 
randomly selected into one of the control groups based on randomly 
generated numbers from uniform distributions. The random selection 
process resulted in 173,478 individuals in the sulfonylureas control 
group, 129,546 individuals in the DPP4 inhibitors control group and 
301,670 individuals in the SGLT2 inhibitors control group. To remove 
the potential lag effect from historical use of GLP-1RA in the sulfony-
lureas, DPP4 inhibitors and SGLT2 inhibitors control groups, we then 
removed those who had used a GLP-1RA within 1 year before T0, result-
ing in 168,483 individuals in the sulfonylureas control group, 126,097 
individuals in the DPP4 inhibitors control group and 273,672 individuals 
in the SGLT2 inhibitors control group. After removing individuals with 
contraindications, a total of 159,465 were included in the sulfonylureas 
control group, 117,989 were included in the DPP4 inhibitors control 
group and 258,614 were included in the SGLT2 inhibitors control group. 
We also combined the sulfonylureas, DPP4 inhibitors and SGLT2 inhibi-
tors control groups (n = 536,068) and applied inverse weighting based 
on the proportion of each medication class in the combined group to 

construct a control group with equal proportions of incident sulfonyl-
ureas, DPP4 inhibitors and SGLT2 inhibitors use.

Separately, we also constructed a usual care control group 
of those who continued their prior non-GLP-1RA antihyperglyce-
mic regimen without additional new antihyperglycemic therapy, 
which included 1,513,896 individuals with a refill prescription of any 
non-GLP-1RA antihyperglycemics between 1 October 2017 and 31 
December 2023. T0 for each individual was randomly selected from 
one of the qualified dates of refills during the enrollment period. 
Removing individuals who had used GLP-1RA within 1 year before T0 
resulted in 1,409,950 individuals remaining in the usual care control 
group. We then removed individuals with contraindications, resulting 
in 1,203,097 individuals in the usual care control group. Individuals 
from all groups were followed until death or 31 July 2024, whichever 
came first.

Exposures
Exposures for the study, including incident use of GLP-1RAs, sulfonyl-
ureas, DPP4 inhibitors and SGLT2 inhibitors, were defined based on 
outpatient pharmacy records. The GLP-1RA class included liraglutide, 
exenatide, semaglutide, dulaglutide, tirzepatide and albiglutide; the 
sulfonylurea class included glyburide, glipizide and glimepiride; the 
DPP4 inhibitor class included alogliptin, saxagliptin, sitagliptin and 
linagliptin; and the SGLT2 inhibitor class included canagliflozin, dapa-
gliflozin, empagliflozin and ertugliflozin (Supplementary Table 15). 
Historical use of medication was defined as the use of any medica-
tion within the medication class within 1 year before T0. Comparisons 
between GLP-1RA and active exposure controls were conducted sepa-
rately in populations without a history of GLP-1RA use and the control 
medications. For example, the GLP-1RA arm used in the comparison 
between GLP-1RAs and sulfonylureas was a subset of incident GLP-1RA 
users without a history of sulfonylurea use. The control group con-
sisting of an equal distribution of sulfonylureas, DPP4 inhibitors and 
SGLT2 inhibitors, was also constructed by combining the three groups 
and assigning inverse weighting based on the proportion of each anti-
hyperglycemic class in the combined group to form an equal distribu-
tion of the three medications. Usual care was defined as a continued 
prior non-GLP-1RA antihyperglycemic regimen without additional new 
therapy at the time of cohort enrollment.

Outcomes
We evaluated health outcomes in 12 diagnostic categories that could 
be affected by exposure in the adult population. The outcome defini-
tions were adapted from the Clinical Classifications Software Refined 
classification version 2024.1 (https://hcup-us.ahrq.gov/toolssoftware/ 
ccsr/ccs_refined.jsp). Outcome categories included blood and blood- 
forming organs, circulatory system, digestive system, endocrine, 
nutritional and metabolic system, genitourinary system, infectious and 
parasitic diseases, mental health, musculoskeletal system, neoplasms, 
nervous system, respiratory system and symptoms. We did not examine  
outcomes with an event number less than 250 during follow-up (equiva-
lent to an event rate less than 0.08 per 100 person-years) in any arm. 
The final set included 175 outcomes. In the analyses for each outcome, 
we examined the risk of an incident outcome in individuals without a 
history of that outcome within 2 years before T0.

Covariates
We prespecified a set of covariates based on prior knowledge91–95; we 
also used a set of algorithmically selected covariates96–99. The covariates 
were measured within 2 years before T0, unless otherwise specified. For 
variables with repeated measurements, the measurements before and 
closest to T0 were selected.

The prespecified covariates included sociodemographic variables, 
including age, race (white, Black and other), sex and Area Depriva-
tion Index; vital measurements, including blood pressure and BMI; 
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laboratory measurements, including glycated hemoglobin (HbA1c) 
at baseline, average HbA1c within 1 year and separately within 5 years 
before T0, eGFR, albuminuria and low-density lipoprotein; and comor-
bidities, including duration of diabetes from October 1999 until T0, 
acute kidney injury, cancer, HIV, hyperlipidemia, urinary tract infec-
tions, nonalcoholic fatty liver disease, thyroid disorders, nutritional 
deficiencies, bulimia, fluid and electrolyte disorders, pituitary disor-
ders, postprocedural endometabolic complications, chronic rheu-
matic heart disease, nonrheumatic valve disorders, endocarditis, 
myocarditis and cardiomyopathy, pericarditis, myocardial infarction, 
coronary atherosclerosis, chest pain, acute pulmonary embolism, 
pulmonary hypertension, conduction disorders, cardiac dysrhythmias, 
cardiac arrest, heart failure, hemorrhagic stroke, cerebral artery steno-
sis, ischemic stroke, peripheral vascular disease, gangrene, aortic aneu-
rysm, arterial thrombosis, hypotension, thromboembolic disorders, 
chronic phlebitis, deep vein thrombosis, post-thrombotic sequelae, 
postprocedural circulatory complications, gastroparesis, disorders 
of teeth and gingiva, diseases of the mouth, GERD, abdominal hernia, 
ulcerative colitis, intestinal obstruction and ileus, diverticulosis and 
diverticulitis, hemorrhoids, anal and rectal conditions, peritonitis and 
intra-abdominal abscess, biliary tract disease, hepatic failure, gastro-
intestinal hemorrhage, noninfectious gastroenteritis, noninfectious 
hepatitis and postprocedural digestive system complications.

We also adjusted for health behavior, including smoking  
status, influenza vaccination status, colonoscopy and esophagoscopy, 
and history of medication use, including history of use of statins, 
angiotensin-converting enzyme inhibitors, angiotensin receptor 
blockers (ACE/ARB), β-blockers, diuretics, calcium channel blockers, 
proton pump inhibitors, H2 blockers, bupropion, naltrexone, orlistat, 
phentermine, topiramate, metformin, sulfonylureas, thiazolidinedi-
ones, DPP4 inhibitors, SGLT2 inhibitors and insulin. We also adjusted 
for the duration of metformin, sulfonylureas, thiazolidinediones, 
DPP4 inhibitors, SGLT2 inhibitors, and insulin use within 5 years before 
T0. We also adjusted for healthcare utilization, including the number 
of outpatient encounters, number of hospitalizations, number of 
prescriptions, number of blood panel tests, number of HbA1c meas-
urements and number of outpatient encounters and hospitaliza-
tions using Medicare. We additionally adjusted for the calendar week 
of treatment assignment and the health system where the incident 
prescription was issued to account for temporal and geographical 
variations in medication preferences and treatment guidelines. Covari-
ates were also collected and accounted for during follow-up for the 
per-protocol analysis. Values were missing for HbA1c in 2.78%, eGFR 
in 4.94%, low-density lipoprotein in 4.39%, blood pressure in 1.90% 
and BMI data in 6.90% of individuals. We applied multivariate imputa-
tion using chained equations to assign values based on the predictive 
mean matching method100. Continuous variables were adjusted in the 
form of restricted cubic splines with knots at the 5th, 35th, 65th and 
95th percentiles101.

In addition to prespecified covariates, we used a high-dimensional 
variable selection approach to algorithmically select potential con-
founders or proxies of unmeasured confounders102,103. Variables were 
algorithmically selected from the data domains, including diagnos-
tic codes, medication records, and laboratory test results and were 
assessed 1 year before T0. The 100 variables with the strongest uni-
variate bias scores in the relationship between exposure and outcome 
were selected102,103. The selection process was conducted indepen-
dently for each control arm and for each outcome. Algorithmically 
selected variables were used along with prespecified variables in 
logistic regression.

Statistical analyses
Baseline characteristics for the GLP-1RA group, the sulfonyl ureas,  
DPP4 inhibitors and SGLT2 inhibitors control groups, the equal- 
proportion control group and the usual care control group were 

presented as means and standard deviations or frequencies and pro-
portions as appropriate. Balances between the GLP-1RA group and 
each of the control groups were evaluated through absolute standard-
ized differences, where a value less than 0.1 was considered evidence 
of good balance104.

Inverse probability weighting was used to balance baseline char-
acteristics between the GLP-1RA arm and each of the control arms 
independently. For each of the two-arm active exposure comparisons, 
we first selected a subset of individuals in the GLP-1RA arm without 
a history of use of the control medication, along with the control 
medication arm, to build the analytic cohort. We then estimated 
the probability of individuals being assigned to the GLP-1RA arm 
(the propensity score) given covariates based on logistic regression. 
The individuals with limited overlap in covariate distribution deter-
mined by a propensity score of less than 0.1 or larger than 0.9, were 
removed105. The propensity score was then recomputed in a separate 
logistic regression for the remaining individuals. Inverse probability 
weights were constructed as the propensity score/(1−propensity 
score) for the control arm and 1 for the GLP-1RA arm. The weights were 
then applied to the Cox survival model to estimate the adjusted HR. 
Death was considered a competing risk and individuals were censored 
at the time of death.

To provide a more comprehensive evaluation of the health effects 
of GLP-1RAs, we conducted head-to-head analyses to compare the 
risks of GLP-1RAs versus each of the three antihyperglycemics inde-
pendently. We also compared GLP-1RAs with a control comprising an 
equal distribution of the sulfonylureas, DPP4 inhibitors and SGLT2 
inhibitors control groups and also compared the GLP-1RA group with 
the usual care control group.

We further examined the per-protocol effect on outcomes that dis-
played significant associations with GLP-1RA use in the main analyses.  
The treatment protocol was defined as continued use of GLP-1RA  
during follow-up. Time-updated inverse probability of treatment 
weights was applied when individuals in the GLP-1RA group did not 
refill their GLP-1RA prescription more than 90 days after the last date 
of supply. Time-updated inverse probability of censoring weights 
was applied to both the GLP-1RA and control groups when death 
occurred106.

We conducted several sensitivity analyses. We restricted cohort 
enrollment to a subgroup of individuals who initiated GLP-1RAs (and 
other antihyperglycemics) between 1 October 2017 and 2 June 2021 
(the day before the US FDA granted approval for use of the GLP-1RA 
semaglutide for weight loss), compared to the main analyses,  
which enrolled individuals between 1 October 2017 and 31 December 
2023; we also conducted analyses to estimate risk based on cumula-
tive incidence function and restricted mean survival time models 
compared to the main analyses, which were based on Cox survival 
models107,108.

We tested positive and negative outcome controls to assess the 
presence of potential spurious biases from study design, variable 
specification, cohort construction, covariate adjustment and statisti-
cal analyses92–95. Because of the well-established association between 
GLP-1RAs and weight loss, we examined the association between 
GLP-1RA use and BMI decreases of 5 to 10 kg m−2, 10−30% weight loss 
from baseline as a positive outcome control. We also examined the 
association between GLP-1RA use and MACE—a composite of myocar-
dial infarction, stroke and all-cause mortality, and MAKE—a composite 
of incident macroalbuminuria, doubling of serum creatinine, >50% 
decline in eGFR, end-stage kidney disease and all-cause mortality, as 
positive outcome controls. Because of the lack of prior evidence or 
biological mechanism of a plausible association between GLP-1RA use 
and accidental traffic injury, we examined the risk of accidental traffic 
injury as a negative outcome control.

We reported point estimates and 95% CIs for estimated results. 
Benjamini−Hochberg correction for multiple tests was applied when 
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systematic examinations were conducted for each exposure−control 
pair comparison109. Analyses were conducted using the Statistical 
Analysis System enterprise guide 8.3, and data visualizations were 
produced using R v4.3.3.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
US Department of Veterans Affairs. VA data are made freely available to 
researchers behind the VA firewall with an approved VA study protocol. 
For more information, please visit https://www.virec.research.va.gov or 
contact the VA Information Resource Center (VIReC) at VIReC@va.gov.

Code availability
The analytic code is available at https://github.com/yxie618/GLP1.
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Extended Data Fig. 1 | Standardized mean differences of covariates in incident 
GLP-1RA compared to sulfonylureas, DPP4i, SGLT2i, a control composited 
of equal proportion of incident sulfonylureas, DPP4i, SGLT2i use and a 
control of participants who received usual care before and after weighting. 
X-axis: absolute standardized mean difference from 0 to 0.5 where a value 
larger than 0.5 was plotted as 0.5. A value of less than 0.1 indicates balance was 

achieved. eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; 
ACE/ARB, angiotensin converting enzyme inhibitors/angiotensin-receptor 
blockers Postop, Postprocedural; GLP-1RA, glucagon-like peptide-1 receptor 
agonist; DPP4i, dipeptidyl peptidase-4 inhibitor; SGLT2i, sodium-glucose co-
transporter-2 inhibitor.
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