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Cardiovascular outcome trials revealed cardiovascular benefits for type 2 diabetes

mellitus patients when treated with long-acting glucagon-like peptide-1 (GLP-1)

receptor agonists. In the last decade, major advances were made characterising the

physiological effects of GLP-1 and its action on numerous targets including brain,

liver, kidney, heart and blood vessels. However, the effects of GLP-1 and receptor

agonists, and the GLP-1 receptor on the cardiovascular system have not been fully

elucidated. We compare results from cardiovascular outcome trials of GLP-1 receptor

agonists and review pleiotropic clinical and preclinical data concerning cardiovascular

protection beyond glycaemic control. We address current knowledge on GLP-1 and

receptor agonist actions on the heart, vasculature, inflammatory cells and platelets,

and discuss evidence for GLP-1 receptor-dependent versus independent effects sec-

ondary of GLP-1 metabolites. We conclude that the favourable cardiovascular profile

of GLP-1 receptor agonists might expand their therapeutic use for treating cardiovas-

cular disease even in non-diabetic populations.

LINKED ARTICLES: This article is part of a themed issue on GLP1 receptor ligands

(BJP 75th Anniversary). To view the other articles in this section visit http://

onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc

K E YWORD S

cardiovascular outcome trial, cardiovascular protection, diabetes mellitus, GLP-1 metabolites,
glucagon-like peptide-1 receptor

Abbreviations: AMPK, AMP-activated protein kinase; ANP, atrial natriuretic peptide; Apoe, apolipoprotein E; CANTOS, Canakinumab Anti-inflammatory Thrombosis Outcome Study; CCL20,

chemokine (C-C motif) ligand 20; CD4+, cluster of differentiation 4; CI, confidence interval; CM, cardiomyocyte; creatine kinase-MB, creatine kinase-muscle-brain type; CREB, cAMP response

element-binding protein; CRP, C-reactive protein; CV, cardiovascular; CVD, cardiovascular disease; EC, endothelial cell; ELIXA, Evaluation of Lixisenatide in Acute Coronary Syndrome; eNOS,

endothelial NOS; FDA, US Food and Drug Administration; FIGHT and LIVE, Functional Impact of GLP-1 for Heart Failure Treatment (FIGHT) Effect of Liraglutide on Left Ventricular Function in

Stable Chronic Heart Failure Patients with and without Diabetes (LIVE); GLP-1, glucagon-like peptide-1 [GLP-1(7–36)amide and GLP-1(7–37)]; ICAM-1, intercellular adhesion molecule 1;

LEADER, Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results; L-NAME, L-NG-nitroarginine methyl ester; L-NNA, L-NG-nitroarginine; LV, left ventricular;

LVDP, LV developed pressure; LVEF, LV ejection fraction; MACE, major adverse cardiovascular event; MI, myocardial infarction; MMP-9, matrix metallopeptidase 9; NO, nitric oxide; REWIND,

Researching Cardiovascular Events with a Weekly Incretin in Diabetes (dulaglutide trial); sAC, soluble adenylyl cyclase; SAVOR-TIMI 53, Saxagliptin Assessment of Vascular Outcomes Recorded

(SAVOR)–Thrombolysis in Myocardial Infarction (TIMI); sGC, soluble guanylate cyclase; SGLT2, sodium-glucose cotransporter 2; SUSTAIN-6, semaglutide trial; T2DM, type 2 diabetes mellitus;

TECOS, Trial Evaluating Cardiovascular Outcomes with Sitagliptin; tmAC, transmembrane adenylyl cyclase; TPM, transcripts per million; VCAM-1, vascular cell adhesion molecule 1.

Received: 10 January 2021 Revised: 12 March 2021 Accepted: 18 March 2021

DOI: 10.1111/bph.15462

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. British Journal of Pharmacology published by John Wiley & Sons Ltd on behalf of British Pharmacological Society.

Br J Pharmacol. 2022;179:659–676. wileyonlinelibrary.com/journal/bph 659

https://orcid.org/0000-0002-2769-0094
https://orcid.org/0000-0002-5332-9294
mailto:sesteven@uni-mainz.de
http://onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc
http://onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc
https://doi.org/10.1111/bph.15462
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/bph


1 | INTRODUCTION

Glucagon-like peptide-1 (GLP-1) is a gut hormone secreted from enter-

oendocrine cells in the intestine. It derives from posttranslational

processing of proglucagon and exerts various metabolic actions on mul-

tiple organs and tissues through a family B G-protein-coupled receptor

(GPCR), the GLP-1 receptor. In 1987, Jens Holst (Denmark) and Joel

Habener (USA) first described and identified the native peptides GLP-1

(7–36, amide extended and 7–37, glycine extended, collectively referred

as GLP-1) as secretory products from enteroendocrine cells in the gut of

mammals (Holst et al., 1987; Mojsov et al., 1987). Further preclinical

and clinical studies demonstrated that GLP-1 is a potent insulinotropic

agent in healthy rodents and humans with type 2 diabetes mellitus

(T2DM). Due to the fact that GLP-1 lowered plasma blood glucose in

subjects with persistent hyperglycaemia, it has become the most exten-

sively studied gut-derived hormone (Nauck, Kleine, et al., 1993). GLP-1

stimulates glucose-dependent insulin secretion from beta cells in the

pancreas, reduces glucagon secretion from alpha cells and slows down

gastric emptying, which prohibits postprandial hyperglycaemia (Nauck,

Heimesaat, et al., 1993; Wettergren et al., 1993). However, a pharma-

ceutical use of GLP-1 as a new treatment option in T2DM has been

complicated by the fact that it is rapidly proteolytically degraded by the

ubiquitous protease dipeptidyl peptidase-4 (DPP-4) (see Figure 1).

Therefore, GLP-1 receptor agonists resistant to the proteolytic inactiva-

tion by DPP-4 (e.g. exendin-4, liraglutide and semaglutide) or inhibitors

of DPP-4 (e.g. sitagliptin and linagliptin) were developed and are nowa-

days established guideline therapy of T2DM.

The treatment of T2DM is of utmost importance since diabetic

health complications are associated with 1.5 million global deaths per

year plus an additional 2.2 million deaths by an indirect increase of risk

factors that mostly comprise cardiovascular (CV) events such as myocar-

dial infarction (MI) or stroke (Disease et al., 2018). Accordingly, negative

CV side effects are a major risk for diabetic individuals, which is

supported by a meta-analysis reporting a hazard ratio of 3.42 (95% con-

fidence interval [CI]: 2.23–5.23) for CV mortality of diabetic individuals

(Nakagami et al., 2006). In order to obtain approval of GLP-1 receptor

agonists as a new treatment option of T2DM from the US Food and

Drug Administration (FDA), clinical studies had to be conducted to test

the CV safety compared with standard care and placebo in the target

population resulting in a number of prominent cardiovascular outcome

trials. The typical primary endpoint was the occurrence of a major

adverse cardiovascular event (MACE: time to the first event of either

CV death or non-fatal MI or stroke). Among all GLP-1receptor agonists

that underwent the approval process, four (albiglutide, dulaglutide,

semaglutide and liraglutide) overachieved the study goal. They were not

only safe, but they significantly reduced MACE in diabetic patients at

risk or with established cardiovascular disease (CVD) (Table 1). These

promising results from the cardiovascular outcome trials still challenge

the scientific field to better understand the mechanisms behind these

outstanding beneficial effects. One important point is certainly a modifi-

cation of CV risk factors by GLP-1 therapy. Blood pressure reduction,

weight loss and improved blood lipids are likely to contribute to the

observed favourable CV outcomes. However, the fact that GLP-1

receptor agonists have anti-inflammatory and anti-oxidant effects and

other direct effects on cells and tissues of the CV system

(e.g. epigenetic changes) should not be underestimated.

GLP-1 binds to the GLP-1 receptor, a GPCR that stimulates the

adenylyl cyclase pathway in pancreatic cells, resulting in insulin synthesis

and subsequent release to the bloodstream (Drucker et al., 1987).

Thereby, GLP-1 and GLP-1 receptor agonists primarily exert their effects

on blood glucose control of T2DM patients. Today, plenty of studies

have shown that GLP-1 acts on several organs and tissues. In some

cases, it is not clear whether these effects are directly mediated via the

GLP-1 receptor, but the GLP-1 receptor has been shown to be expressed

F IGURE 1 Glucagon like-peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP) release after food uptake and degradation by
dipeptidyl peptidase-4 (DPP-4). From (Herman et al., 2007) with permission. © 2007 American Society for Clinical Pharmacology and Therapeutics
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on many cell types, also in the CV system. Figure 2 provides information

on the transcripts per million (TPM) for GLP-1 receptor gene (GLP1R)

expression in human tissues located in the CV system (blood, heart and

vessels). As a reference, the highest expression can be found in the pan-

creas with 4.7 TPM, whereas 1.7 TPM have been detected in the atrial

appendage of the heart and no transcripts in aortic tissue.

Besides the various expression patterns in rodent models and

humans, the mechanistic exploration of direct/indirect CV effects of

GLP-1 is complicated by the fact that many GLP-1 receptor antibodies

and antisera exhibit suboptimal sensitivity and a lack of specificity

(Panjwani et al., 2013).

In the present review, we will summarise the recent mechanistic

evidence for CV protective effects of GLP-1 receptor agonists,

beyond glycaemic control. Special focus will be laid on pathways acti-

vated by direct GLP-1 receptor interaction and the evidence given for

predominant cell types within the CV system susceptible to GLP-1

receptor activation.

2 | CLINICAL EVIDENCE FOR CV
PROTECTIVE EFFECTS OF GLP-1 RECEPTOR
AGONISTS

In the past, several glucose-lowering drugs were approved by

the FDA based on relatively short trials, which focused on

glucose-lowering effects in a healthy study population. The latter

TABLE 1 Major safety endpoints of selected GLP-1 agonists tested in cardiovascular outcome trials

Cardiovascular outcome trials of selected GLP-1 agonists

Trial
ELIXA LEADER SUSTAIN-6 EXSCEL REWIND HARMONY
Lixisenatide Liraglutide Semaglutide Exenatide Dulaglutide Albiglutide

Primary outcome 1.02 (0.89–1.17)
P < .001 for

noninferiority

P = .81 for

superiority CV

death, MI,

stroke

0.87 (0.78–0.97)
P < .001 for

noninferiority

P = .01 for

superiority CV

death, MI,

stroke

0.74 (0.58–0.95)
P < .001 for

noninferiority

P = .02 for

superiority CV

death, MI,

stroke

0.91 (0.83–1.00)
P < .001 for

noninferiority

P = .06 for

superiority CV

death, MI,

stroke

0.88 (0.79–0.99)
P = .026 for

superiority CV

death, MI,

stroke, UA

0.78 (0.68–0.90)
P < .0001 for

noninferiority

P = .0006 for

superiority CV

death, MI,

stroke

Secondary outcome 1.0 (0.90–1.11)
P = .96 CV

death, MI,

stroke, UA,

HF hosp.,

revascul.

0.88 (0.81–0.96)
P = .005 CV

death, MI,

stroke, UA or

HF hosp.,

revascul.

0.74 (0.62–0.89)
P = .002 CV

death, MI,

stroke, UA or

HF hosp.,

revascul.

n/a n/a 0.78 (0.69–0.90)
P = .0005 CV

death, MI,

stroke, urgent

revascul. For

UA, individual

components of

the primary

endpoint, CV

death/hospital

admission

because of

heart failure

CV death 0.98 (0.78–1.22)
P = .85

0.78 (0.66–0.93)
P = .007

0.98 (0.65–1.48)
P = .92

0.88 (0.76–1.02) 0.91 (0.78–1.06)
P = .21

0.93 (0.73–1.19)
P = .578

All cause-death 0.94 (0.78–1.13)
P = .5

0.85 (0.74–0.97)
P = .02

1.05 (0.74–1.50)
P = .79

0.86 (0.77–0.97) 0.90 (0.80–1.01)
P = .067

0.95 (0.79–1.16)
P = .644

HF hospitalisation 0.96 (0.75–1.23)
P = .75

0.87 (0.73–1.05)
P = .14

1.11 (0.77–1.61)
P = .57

0.94 (0.78–1.13) 0.93 (0.77–1.12)a

P = .46

0.85 (0.70–1.04)b

P = .113

Reduction of

glycated

haemoglobin

−0.27 pps (−0.31
to −0.22)
P < .001

−0.40 pps (−0.45
to −0.34)

0.5 mg

semaglutide:

−0.7 pps 1 mg

semaglutide:

−1.0 pps

−0.53% (−0.57 to

−0.50)
P < .001

−0.61% (−0.65 to

−0.58)
P < .0001

Difference at

8 months:

−0.63% (−0.69
to −0.58)
difference at

16 months:

−0.52% (−0.58
to −0.45)

Note: GLP-1 receptor agonists revealing a CV benefit relative to standard care are marked in bold.

Abbreviations: CV death, cardiovascular death; HF, heart failure; hosp., hospitalisation; MI, myocardial infarction; n/a, not available; pps, percentage points;

revascul., revisualisation; UA, unstable angina.
aHospital admission for heart failure or urgent visit.
bComposite of death from cardiovascular causes or hospital admission for heart failure, ELIXA trial (Pfeffer et al., 2015), LEADER trial (Marso, Daniels, et al., 2016),

SUSTAIN-6 trial (Marso, Bain, et al., 2016), EXSCEL trial (Holman et al., 2017), REWIND trial (Gerstein et al., 2019), HARMONY trial (Hernandez et al., 2018).
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circumstances and the fact that many human subjects suffering from

T2DM are at increased risk for CVD or even accumulate several CV

risk factors, raised the suspicion of several approved glucose-

lowering drugs, such as the insulin-sensitiser rosiglitazone, to

increase the risk for adverse CV events (Nissen et al., 2005; Nissen

& Wolski, 2007). Thus, since 2008, the approval of new anti-

diabetic drugs by the FDA requires evidence for CV safety. There-

fore, several clinical trials are now available for DPP-4 inhibitors,

sodium-glucose cotransporter 2 (SGLT2) inhibitors and GLP-1

receptor agonists, all of which were designed to test CV safety but

not superiority to standard care therapy of T2DM. Inhibition of

DPP-4 by saxagliptin, alogliptin, or sitagliptin in the clinical trials

SAVOR-TIMI 53 (Scirica et al., 2013), EXAMINE (alogliptin trial

White et al., 2013) and TECOS (J. B. Green et al., 2015), respec-

tively, did not increase the risk of CV death, MI or stroke in patients

suffering from T2DM and at high risk for CV events. The studies

were able to confirm the CV safety of DPP-4 inhibition, but no

additional or even beneficial effect on the CV outcome of T2DM

patients was found. Unlike DPP-4 inhibitors, SGLT2-inhibitors and

some of the investigated GLP-1 receptor agonists did demonstrate

an additive effect on top of standard care in human subjects with

T2DM and reduced the onset of MACE in these patients. This body

of evidence led to the recommendation of the European Society of

Cardiology (ESC) to treat T2DM patients with CVD with an

SGLT2-inhibitor or a GLP-1 receptor agonist on class 1, level A in

their recent guidelines for the treatment of chronic coronary syn-

drome (Knuuti et al., 2020). Other societies such as the American

Diabetes Association (ADA) recommend treatment of patients at

high-risk for CVD with a GLP-1 receptor agonist (American Diabetes

Association, 2020). According to this guideline, patients suffering

from heart failure or chronic kidney disease should be treated with

an SGLT2 inhibitor. Since the latter have a diuretic effect, heart fail-

ure seems to be a reasonable indication, but it remains questionable

whether ischemic-cardiomyopathy can always be clearly differenti-

ated from heart failure by other reasons. In many cases, there might

be an overlap of CVD and heart failure. On the other hand, there

are still more conservative societies such as the National Institute

for Health and Care Excellence (NICE, UK), which still recommend

initial treatment with classical diabetic therapy such as metformin

independent of the patient's CV risk.

2.1 | Cardiovascular outcome trials of GLP-1
receptor agonists

Today, several GLP-receptor agonists are approved for the treatment

of T2DM (exenatide since 2005, liraglutide since 2010, lixisenatide

since 2016, albiglutide since 2014 but withdrawn from the market for

economic reasons, dulaglutide since 2014 and semaglutide since

2017). CV benefits are proven for dulaglutide (REWIND), albiglutide

(HARMONY OUTCOMES), semaglutide (SUSTAIN-6) and liraglutide

(LEADER) (see Table 1).

In the LEADER trial, 9340 patients underwent randomisation and

the mean follow-up was 3.8 years. Treatment of T2DM with

liraglutide additionally to standard care reduced the risk for CV death,

MI or stroke by 13% (hazard ratio, 0.87; 95% CI, 0.78–0.97; P < .001

for noninferiority; P = .01 for superiority). All-cause mortality and

death from CV causes were both significantly reduced by treatment

F IGURE 2 Transcripts per million (TPM) of the GLP1R gene in selected tissues related to the cardiovascular system (from GTEx Portal
https://gtexportal.org/home/gene/GLP1R on 04/01/2021). The Genotype-Tissue Expression (GTEx) project was supported by the Common
Fund of the Office of the Director of the National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH and NINDS). ©2020 The Broad

Institute of MIT and Harvard
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with liraglutide. The study demonstrated that treatment with

liraglutide directly reduces the rates of CV death (4.7% vs. 6.0%;

hazard ratio, 0.78; 95% CI, 0.66–0.93), MI (hazard ratio, 0.86; 95% CI,

0.73–1.00; P = .046) and stroke (hazard ratio, 0.86; 95% CI,

0.71–1.06). The study included patients with an increased risk for

CVD, as subjects were older than 50 years with at least one CV

coexisting condition (coronary heart disease, cerebrovascular disease,

peripheral vascular disease, chronic kidney disease of stage 3 or

greater, or chronic heart failure of New York Heart Association class II

or III). Besides, a majority of the patients (81.3%) already had an

established CVD and the average duration of diabetes was 12.8 years

with a mean glycated haemoglobin level of 8.7% (Marso, Daniels,

et al., 2016). The results on CV events in the study are promising;

however, no beneficial effects on hospitalisation for heart failure were

found (Marso, Daniels, et al., 2016).

Unlike liraglutide, which has to be administered subcutaneously

daily, weekly subcutaneously or even oral administration (Husain

et al., 2019) in the future is sufficient for the GLP-1 receptor agonist

semaglutide. A clinical study to ensure CV safety was also carried out

for this GLP-1 receptor agonist. The SUSTAIN-6 trial exceeded expec-

tations as the investigation of 3297 T2DM patients at increased risk

for CVD (83% with established CVD) revealed that semaglutide is

superior to standard therapy with regard to the CV endpoint. Similar

to liraglutide, semaglutide decreased the combined primary composite

outcome (CV death, nonfatal MI or stroke) (6.6% vs. 8.9%; hazard

ratio, 0.74; 95% CI, 0.58–0.95). Semaglutide did not reduce death by

CV causes and reduction of the primary endpoint was therefore

driven by the reduction of nonfatal MI (2.9% vs 3.9%) and stroke

(1.6% vs 2.7%). As well as semaglutide, dulaglutide has to be adminis-

tered once weekly. The REWIND study demonstrated dulaglutide to

reduce the primary composite outcome by 12% (hazard ratio 0.88;

95% CI, 0.79–0.99; P = .026) compared to standard care (Gerstein

et al., 2019). All-cause mortality did not differ between groups.

Another GLP-1 receptor agonist with demonstrated CV superiority is

albiglutide. The HARMONY trial enrolled 9436 patients and compared

standard care therapy with additional albiglutide application in T2DM

patients. In line with the other mentioned trials, it has been shown

that albiglutide reduces CV events (Hernandez et al., 2018). However,

in 2018, albiglutide was withdrawn from the market due to economic

reasons.

CV safety was demonstrated for all approved GLP-1 receptor ago-

nists (Table 1), but the reason why only the mentioned four GLP-1

receptor agonists (liraglutide, semaglutide, dulaglutide and albiglutide)

showed CV protective effects are not fully understood. One explana-

tion might be the differences in the pharmacology of the drugs.

Liraglutide and semaglutide significantly reduced CV events by 13%

(Marso, Daniels, et al., 2016) and 26% (Marso, Bain, et al., 2016),

respectively, but lixisenatide (ELIXA) did not have any effect on the CV

outcome (hazard ratio, 1.02; 95% CI, 0.89–1.17) (Pfeffer et al., 2015).

Contrary to liraglutide and semaglutide, the half-life of lixisenatide is

shorter (t1/2 = 3 h) (Andersen et al., 2018), which could explain why this

GLP-1 receptor agonist is not in favour compared to long-acting GLP-1

receptor agonists regarding the CV outcome (Meier et al., 2015).

Besides, it could also be that differences in study design contribute to

the different study results, for example, the ELIXA trial only included

patients with a recent acute coronary syndrome. It should be men-

tioned that there are also differences between the GLP-1 receptor ago-

nists that have demonstrated an improved CV outcome. In the clinical

trials investigating liraglutide and albiglutide, reduction of MACE was

mainly driven by a reduction of MI, whereas dulaglutide and

semaglutide predominantly reduced stroke (for review, see

Drucker, 2018b). Table 1 summarises the results of cardiovascular out-

come trials for selected GLP-1 receptor agonists and highlights the

ones that demonstrated superiority relative to standard care therapy.

The mechanisms of CV protection can not only be explained by

improved glycaemic control since the achieved HbA1c reduction was

relatively small (mostly <0.7%; see Table 1) and optimisation of hyper-

glycaemia usually takes a time to benefit the primary CV outcome as

demonstrated in UKPDS trial (a 15% reduction in MI emerged over

10 years) (Holman et al., 2008). Furthermore, GLP-1 recetor receptor

agonists also improve CV risk factors such as blood pressure

(Andreadis et al., 2018), body weight (Andreadis et al., 2018) and

hyperlipoproteinaemia (Hermansen et al., 2013), which might explain

the protective effects on the CV system. Direct and indirect effects of

GLP-1 receptor agonists on different organs and tissues involved in

the pathogenesis of CVD have been described, that might explain the

superiority of incretin mimetics in treatment of T2DM as a CV risk

factor. In the following, we will discuss these “nondiabetic” effects

from a clinical and preclinical perspective.

2.2 | GLP-1 receptor agonists in CVD and arterial
hypertension

RNAseq analyses of human tissue have revealed the presence of

GLP1R mRNA in atrial, left ventricular (LV), arterial (coronary and tib-

ial) but not aortic tissue (Figure 2; https://www.gtexportal.org/home/

gene/GLP1R#gene-transcript-browser-block). However, the presence

of a functional GLP-1 receptor in human coronary arteries is not

clearly established (Drucker, 2016). The cardiovascular outcome trials

investigated T2DM patients with either MI in their medical history or

at high risk for MI and showed that they can reduce the onset of such

events. In the acute setting of MI, it has been observed that 72-h infu-

sion of GLP-1 peptide improves post-MI left ventricular ejection frac-

tion (LVEF) and global wall motion indices, independently of diabetes

in the medical history of the patients (Nikolaidis et al., 2004). A larger

trial with more than 170 patients with acute MI investigated the

effect of the GLP-1 receptor agonist exenatide. Patients received

standard care including percutaneous coronary intervention and an

exenatide infusion 15 min before and maintained for 6 h after inter-

vention. In this study, acute infusion of exenatide reduced infarct size

after MI (Lonborg et al., 2012). In another study, it has been reported

that, besides infarction size and improved LVEF, also the releases of

creatine kinase-MB and troponin I were significantly reduced after

exenatide application (Woo et al., 2013). Furthermore, also liraglutide

treatment reduced the infarction size and improved LVEF fraction
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after percutaneous intervention in ST-segment elevation and non-ST-

segment elevation MI (Chen et al., 2015; Chen, Chen, et al., 2016;

Chen, Shen, et al., 2016). One explanation for these findings might be

a protective effect of GLP-1 on ischaemia-induced LV dysfunction. In

a small study, it has been shown that GLP-1 peptide (GLP-1(7–36)

amide) improves stunning and LV dysfunction after balloon occlusion

of the left anterior descending artery, without any change in myocar-

dial glucose extraction (McCormick et al., 2015). On the other hand,

exenatide was shown to improve glucose uptake by the myocardium

in T2DM patients (Gejl et al., 2012). Endothelial dysfunction correlates

with the risk for CV events and can also be found in acute

MI. Intravenous GLP-1 augmented endothelial function and the

GLP-1 receptor agonist liraglutide improved acetylcholine-induced

vasodilation (Nandy et al., 2014; Nystrom et al., 2004). The potential

mechanisms for the improved endothelial function will be discussed in

more detail in Section 3.

Inflammation is an important driver and part of the pathophysiol-

ogy of CVD and atherosclerosis. The Canakinumab Anti-inflammatory

Thrombosis Outcome Study (CANTOS) trial demonstrated that sup-

pression of the IL-1β pathway by a specific antibody can reduce the

onset of CV events in a similar observational period as GLP-1 receptor

agonists in their trials (SUSTAIN-6, LEADER) (Ridker et al., 2017).

However, in the CANTOS trial, the suppression of the inflammatory

system led to an increase of infections, which abrogated the beneficial

effect of reduced CV events on the all-cause mortality. GLP-1 and

GLP-1 receptor agonists also have anti-inflammatory effects, that

might explain their protective effects on the CV system. Exenatide

and liraglutide reduced C-reactive protein (CRP) levels in humans by

61% and 23%, respectively (Bunck et al., 2010; Plutzky et al., 2009).

Furthermore, reduction of TNF-α, IL-6 and IL-1β levels have been

observed, reflecting the anti-inflammatory effects of this class of

drugs (Chaudhuri et al., 2012; Hogan et al., 2014).

Arterial hypertension is one of the most important risk factors

for CVD. Clinical trials for almost all GLP- receptor agonists, except

lixisenatide, demonstrated a systolic blood pressure lowering

effect with an average of 2–3 mm Hg (Robinson et al., 2013; Sun

et al., 2015), whereas the diastolic blood pressure is less affected. In

experimental animal studies, a link between GLP-1 receptor

signalling, atrial natriuretic peptide (ANP) and renal sodium

excretion has been proposed. This interaction has not been clearly

shown for humans. In the FIGHT and LIVE study, which investigated

the effect of liraglutide in patients with heart failure, no difference

in ANP levels were found. Furthermore, liraglutide did not lead to

greater post-hospitalisation clinical stability in patients recently

hospitalised with heart failure and reduced LVEF, which might be

driven by GLP-1 receptor agonist-mediated heart rate increase

(Liang & Gu, 2020; Margulies et al., 2016). Nevertheless, in healthy,

obese and T2DM patients, treatment with GLP-1 receptor agonists

induces natriuresis, which might contribute to blood pressure

reduction (Lovshin et al., 2015). On the other hand, elevated

nitric oxide (NO) bioavailability by reduced oxidative stress and

induction of endothelial NOS (eNOS) could also explain the blood

pressure reduction.

3 | THE GLP-1 RECEPTOR AND ITS
MECHANISTIC ROLE IN CV PROTECTION

The GLP-receptor was first isolated by expression cloning from a rat

pancreatic islet cDNA library and belongs to the class B family of

GPCR (Thorens, 1992). Accordingly, GLP-1 receptor predominantly

signals through the Gs alpha subunit (Gsα), activating the transmem-

brane adenylyl cyclase (tmAC), thereby upregulating intracellular cyclic

AMP (cAMP) that subsequently targets protein kinase A (PKA) or

Epac (exchange protein activated by cAMP) (Donnelly, 2012; Graaf

et al., 2016).

An important and still not completely answered question is

whether all of the actions attributed to native GLP-1 and GLP-1

receptor agonists depend on GLP-1 receptor activity or possibly

involve GLP-1 receptor-independent actions (see Section 4). Hence,

precise tissue and cell type localisation of the GLP-1 receptor is

important for mechanistic interpretations of the CV actions of GLP-1

and GLP-1 receptor agonists, which can be almost exclusively investi-

gated in preclinical models (Figure 3).

3.1 | GLP-1 receptor and the heart

Current evidence from several species restricts GLP-1 receptor

expression to the cardiac atrium. In mice, reporter gene expression

using GLP1R fluorescent labelling localised the GLP-1 receptor to

atrial cardiomyocytes (CMs) (Richards et al., 2014), whereas a study in

primates and humans limited cardiac GLP-1 receptor expression to

the sinoatrial node (Pyke et al., 2014). Though, (low level) GLP-1

receptor expression remains possible in non-CM cell types within the

ventricles (nerves, fibroblasts and immune cells) and was reported in

vascular smooth muscle cells (VSMCs) within ventricular blood vessels

(see Section 3.2). Furthermore, context-dependent translational con-

trol of ventricular GLP-1 receptor activity cannot be ruled out (Nauck

et al., 2017; Ussher & Drucker, 2014).

GLP-1 and GLP-1 receptor agonists potently reduce blood pres-

sure, as shown in several experimental models of hypertension

(Hirata et al., 2009; Laugero et al., 2009; Yu et al., 2003). One mech-

anism responsible for the anti-hypertensive effect of GLP-1 receptor

agonists in rodents was revealed by M. Kim et al. (2013), who

demonstrated lowered systolic and diastolic blood pressure in

angiotensin II-treated male C57BL/6J mice with liraglutide, actions

that were dependent on direct GLP-1 receptor activation on atrial

CMs mediating ANP secretion. In addition to that, we recently identi-

fied a vascular target, specifically the endothelial GLP-1 receptor, to

control NO bioavailability, contributing to the anti-hypertensive

effects in murine arterial hypertension (see Section 3.2). It can be

speculated that this mechanism might be also relevant in humans

since GLP-1 receptor agonists robustly lower blood pressure in dia-

betic individuals (see Section 2.2), yet consistent reports of ANP

release upon treatment in humans are lacking (Li et al., 2014; Lovshin

et al., 2015). Together with the fact that GLP-1 receptor expression

in the human heart is restricted to the sinoatrial node, growing
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evidence links reductions in blood pressure to cardiac-independent

GLP-1 receptor activation.

Preclinical studies in mice, rats, pigs and dogs uniformly demon-

strated that GLP-1, GLP-1 receptor agonists and DPP-4 inhibitors

exert salutary effects in experimental models of acute MI by reducing

the area of necrosis (Bose et al., 2005; Ihara et al., 2015; Noyan-

Ashraf et al., 2009; Sauve et al., 2010; Timmers et al., 2009)

(extensively reviewed in Drucker, 2016; Ussher & Drucker, 2014).

Furthermore, therapeutic benefits of native GLP-1 and GLP-1 recep-

tor agonists were described in experimental models of ventricular dys-

function and heart failure (Liu et al., 2010; Poornima et al., 2008; Vyas

et al., 2011; Withaar et al., 2020). Of note, even though

cardioprotection is unquestioned with GLP-1 receptor agonist treat-

ment starting prior to induction of ischaemia, the beneficial effects of

GLP-1 receptor agonism after cardiac ischaemia are disputed, with

preclinical studies describing different outcomes (Ussher et al., 2014;

Wohlfart et al., 2013). This contrasts human studies that mainly report

positive results with GLP-1 receptor agonist therapy concomitant or

following ischemic injury (see Section 2.2). Treatment in both models

was associated with sustained or improved LV performance. As ven-

tricular CMs do not express the GLP-1 receptor, direct (GLP-1

receptor-dependent) cardiac protection would involve atrial GLP-1

receptor activity. However, Ussher et al. demonstrated that the

endogenous CM GLP-1 receptor is dispensable for GLP-1 receptor-

mediated cardioprotection. Mice with a selective knockdown of the

atrial GLP-1 receptor (Glp1rCM−/−) were neither prone to enhanced

mortality or adverse LV remodelling nor were the cardioprotective

actions of liraglutide abolished in Glp1rCM−/− mice following left ante-

rior descending (left anterior descending) coronary artery occlusion

(Ussher et al., 2014). Thus, current data suggests that GLP-1 receptor-

dependent cardioprotection in vivo results from indirect mechanisms.

Indeed, several animal studies report an effect on cardiac fuel metabo-

lism. Ban et al. (2008) showed GLP-1 administration to increase car-

diac glucose uptake in a myocardial ischaemia–reperfusion injury

model in mice. In rodent models of ischaemia–reperfusion injury and

diabetic cardiomyopathy, native GLP-1 and GLP-1 receptor agonists

(albiglutide and liraglutide, respectively) enhanced glucose uptake and

utilisation in the heart, which was associated with an energetic shift

from fatty acid to enhanced glucose oxidation (Almutairi et al., 2021;

Aravindhan et al., 2015; Bao et al., 2011). These metabolic profiles

were accompanied by augmented coronary blood flow and improved

contractile function. Although it is intuitive to attribute these regional

changes in metabolism to indirect GLP-1 receptor-mediated effects

on glycaemic control, other studies showed that the insulinotropic

effects of GLP-1 do not solely account for the observed effects. In

dogs with dilated cardiomyopathy, GLP-1(7–36)amide increased myo-

cardial glucose uptake and improved LV performance, effects that

were mimicked by the DPP-4-degradation product GLP-1(9–36)amide

(Nikolaidis et al., 2005). Numerous publications since then confirmed

CV effects of truncated GLP-1 peptides, likely by targeting CMs

and/or endothelial cells (ECs) (see Section 4). However, there is also

evidence for a vascular target in the heart depending on GLP-1 recep-

tor signalling, as studies demonstrated increased myocardial blood

flow in diabetic patients with DPP-4-resistant GLP-1 receptor

F IGURE 3 Proposed cellular targets and protective effects of GLP-1 receptor agonists (GLP-1RAs) and GLP-1 split products in the
vasculature. The benefits are likely mediated by a combination of GLP-1 receptor-dependent mechanisms on endothelial and smooth muscle cells
(ECs, SMCs) and GLP-1 receptor-independent actions of GLP-1 metabolites. The existence of a second, yet not discovered, GLP-1 receptor has
been proposed. The figure was created with BioRender (https://biorender.com) and by using elements from Servier Medical Art (https://smart.
servier.com), which is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/)
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receptor agonist exenatide (Gejl et al., 2012) and immediate cardi-

oprotective action of GLP-1 receptor agonist lixisenatide in isolated

perfused hearts subjected to ischaemia–reperfusion injury (Wohlfart

et al., 2013).

GLP-1 receptor agonists exert a positive chronotropic effect in

both rodents and humans, independently of metabolic parameters

(Drucker, 2018a). The relative increase in heart rate has been corre-

lated to the magnitude and duration of GLP-1 receptor engagement

(Baggio et al., 2017; Lorenz et al., 2017). Mechanistic studies in

Glp1rCM−/− mice showed reductions in basal heart rate (Ussher

et al., 2014) and attenuated chronotropic responses to liraglutide

in vivo, but neither native GLP-1 nor lixisenatide increased heart rate

in perfused hearts ex vivo (Baggio et al., 2017). Hence, atrial GLP-1

receptor activation on CMs contributes to the control of heart rate in

mice but does not function in a heart-autonomous manner, relying on

inputs from the sympathetic and parasympathetic nervous system.

This is also confirmed by the fact that GLP-1 receptor activation

effectively opposed the effects of β-adrenoceptor stimulation on car-

diac ventricular excitability and reduced ventricular arrhythmic poten-

tial. These actions on the ventricular myocardium were indirect

(mediated by acetylcholine and nitric oxide), which might be also

explained by stimulation of GLP-1receptor bearing cardiac parasym-

pathetic neurons (Ang et al., 2018). The indirect or remote mechanism

of cardioprotection by GLP-1 receptor activation is also evident in

ischemic preconditioning. Herein, vagal nerves are required and medi-

ated cardioprotection by a mechanism involving M3 muscarinic

receptors (Basalay et al., 2016). The latter mechanism has also partly

been demonstrated in humans, since remote ischemic conditioning

protected against endothelial ischaemia–reperfusion injury in healthy

males. The protective effect of remote ischemic conditioning was

abolished by infusion of exendin(9–39), which might indicate an

involvement of the GLP-1 receptor (Verouhis et al., 2019). It seems

likely that the GLP-1 receptor-dependent increase in heart rate in

humans can be attributed to GLP-1 receptor activity in the sinoatrial

node in a similar way, even though it has not been causally studied.

The possible functional consequences and risks (e.g. enhanced coro-

nary blood flow and tachyarrhythmia) of prolonged increases in heart

rate with GLP-1 receptor agonist treatment are still uncertain (Nauck

et al., 2017; Ussher & Drucker, 2014) and need further clarification,

particularly in patients with manifest heart failure (Khan et al., 2020)

(see also Section 2).

3.2 | GLP-1 receptor and the vessel

Several studies reported positive GLP-1 receptor protein expression

in human endothelial cell (EC) lines, including human umbilical vein

ECs (HUVECs) and human aortic ECs (HAECs), though the detection

of the authentic endogenous GLP-1 receptor remains uncertain given

the lack of specificity of many of the used GLP-1 receptor antibodies

(Pujadas & Drucker, 2016). Additionally, conclusive evidence of GLP-1

receptor expression in ECs within intact blood vessels from specific

vascular beds is to date missing (Drucker, 2018a; Nauck et al., 2017).

With regard to vascular smooth muscle cells in the CV system, GLP-1

receptor expression was demonstrated in vascular smooth muscle

cells within ventricular blood vessels (Richards et al., 2014) and the

thoracic artery (Kimura et al., 2017) from mice, whereas no GLP1R

mRNA transcripts were detected in coronary artery vascular smooth

muscle cells (and ECs) from human heart samples (Baggio et al., 2018).

Conversely, GLP-1 receptor expression was found in some vascular

smooth muscle cells of renal arterioles in rodents and humans

(Drucker, 2018a).

A number of in vitro studies demonstrated beneficial actions of

native GLP-1 and GLP-1 receptor agonists on human umbilical vein

ECs and human aortic ECs, effects that were associated with reduc-

tions of endothelial inflammation and oxidative stress as well as acti-

vation of the AMPK/Akt/eNOS pathway increasing NO production

(Pujadas & Drucker, 2016). In preclinical studies, first indications of a

vascular target by GLP-1 receptor signalling emerged from reports of

direct cardioprotective actions of GLP-1 receptor agonists in

ischaemia–reperfusion injury experiments ex vivo (Wohlfart

et al., 2013; see Section 3.1) and increased myocardial, mesenteric or

muscle microvascular blood flow by GLP-1 treatment (Ban

et al., 2008; Chai et al., 2012; Dokken et al., 2010). However, a direct

vascular mechanism for the latter changes has not been fully

unravelled yet since the improved blood flow might also result from

increases in heart rate with GLP-1 receptor activation (see Section 3.1)

or involve a neural target (Cabou et al., 2011). In studies with native

GLP-1, the effect on blood vessels may be partially ascribed to GLP-1

metabolites. In line with that, a direct vasodilatory effect was shown

for GLP-1(9–36)amide (see Section 4) but not for GLP-1 receptor ago-

nists, both ex vivo (M. Kim et al., 2013) and in vivo (Moberly

et al., 2012).

Nevertheless, we recently identified the endothelial GLP-1 recep-

tor to mediate CV protection by GLP-1 receptor agonist liraglutide in

experimental arterial hypertension, independently of glycaemic con-

trol (Helmstadter et al., 2020). In a mechanistic study using male

C57BL/6J mice treated with angiotensin II, we showed that liraglutide

suppressed the angiotensin II-induced inflammatory cascade in the

vascular wall by downregulating NF-κB signalling, leading to reduced

expression of adhesion molecules (VCAM-1, ICAM-1, P-selectin)

on the surface of ECs. Consequently, fewer inflammatory cells

(particularly inflammatory monocytes and neutrophils) infiltrated into

the vascular wall, diminishing vascular oxidative stress. As a result, the

redox-sensitive enzyme eNOS was prevented from uncoupling, a

known complication in hypertension, thus restoring NO bioavailability

(Helmstadter et al., 2020). Given the importance of NO in maintaining

a healthy vascular tone and reactivity, liraglutide-treated mice were

protected from an angiotensin II-induced endothelial dysfunction and

high blood pressure (see Figure 3). Importantly, the vascular protec-

tive effects were abolished in global Glp1r−/− and mice with selective

disruption of GLP-1 receptor expression in (pan-) ECs (GLP1R ec−/−).

The anti-inflammatory and anti-oxidant properties of liraglutide also

strongly mitigated vascular fibrosis and cardiac hypertrophy in angio-

tensin II-treated wild type mice (Helmstadter et al., 2020), indicating

that an endothelial target of GLP-1 receptor activation indirectly
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contributes to GLP-1 receptor-dependent protection of the

heart. Furthermore, in vitro studies demonstrated anti-oxidant and

anti-proliferative actions of GLP-1 receptor agonists on vascular

smooth muscle cells (Pujadas & Drucker, 2016). In accordance with

that, Jojima et al. (2017) reported suppressed atherosclerotic lesions

by liraglutide treatment in high-fat diet fed Apoe−/− mice, actions that

were assigned to liraglutide-induced AMPK signalling in vascular

smooth muscle cells, thus inhibiting their proliferation (see Figure 3).

The above-mentioned mechanisms are relevant not only for protec-

tion of the heart from ischemic events by GLP-1 signalling but also for

the brain. Augmented blood flow and/or vascular anti-inflammatory

actions also reduce infarct volume and improve functional outcome

(for review, see (Basalay et al., 2020; Maskery et al., 2021).

In conclusion, even though GLP-1 receptor expression in ECs and

vascular smooth muscle cells within major blood vessels is still

debated, numerous studies demonstrated protective actions of GLP-1

receptor agonists on vascular cells in vitro, ex vivo and in vivo. We

recently identified the GLP-1 receptor expressed on ECs to play an

indispensable role in CV protection by liraglutide in angiotensin II-

induced murine hypertension, by conveying anti-inflammatory and

anti-oxidant actions, thereby controlling NO bioavailability

(Helmstadter et al., 2020) Thus, growing evidence suggests that the

anti-hypertensive and anti-atherogenic effects of GLP-1 receptor ago-

nists reported in preclinical and cardiovascular outcome trials studies

may be attributed to their actions on vascular/ECs.

3.3 | GLP-1 receptor and inflammatory cells

The CV benefits of liraglutide and semaglutide reported in the

LEADER and SUSTAIN-6 trial have been attributed to the reduction

of atherosclerosis-driven events by anti-inflammatory mechanisms

(Kaul, 2017; Marso, Bain, et al., 2016; Marso, Daniels, et al., 2016)

(see also Section 2).

Reduced cardiac and vascular inflammation has been well docu-

mented for GLP-1 and pharmacological GLP-1 receptor agonists in

several rodent and human studies (for detailed review, see

Drucker, 2016). In preclinical studies, native GLP-1, exendin-4 and

liraglutide attenuated the development of atherosclerosis and

cardiac dysfunction in mice, actions that were associated with

reduced vascular monocyte adhesion and/or macrophage

infiltration within blood vessels (Arakawa et al., 2010; Nagashima

et al., 2011; Noyan-Ashraf et al., 2013). Our group demonstrated that

the GLP-1 receptor agonist liraglutide lowers vascular and systemic

inflammation in a lipopolysaccharide-induced sepsis model which

improves survival, effects that were absent in septic Glp1r−/− mice

(Steven et al., 2015, 2017). Besides, GLP-1 and GLP-1 receptor ago-

nist exenatide exert anti-oxidant actions, as shown by reduced forma-

tion of ROS in human umbilical vein ECs (R. Wang et al., 2015) and

human monocytes/macrophages (Chaudhuri et al., 2012). Additionally,

GLP-1 receptor agonists (exenatide, liraglutide) and DPP-4 inhibitor

(sitagliptin) were reported to decrease the production of

proinflammatory cytokines such as TNFα, IL-1β and IL-6 in human

mononuclear cells (Chaudhuri et al., 2012; Hogan et al., 2014;

Makdissi et al., 2012) and to significantly reduce plasma levels of the

inflammatory biomarker CRP (Nauck et al., 2017). The endogenous

anti-inflammatory role of GLP-1 is furthermore underlined by the fact

that inflammatory signals regulate its synthesis, secretion and action

(Drucker, 2016).

Whether direct GLP-1 receptor signalling on immune cells or

other cell types and/or GLP-1 receptor-independent actions (see

Section 4) are responsible for the anti-inflammatory effects of GLP-1

is to date not fully elucidated. Even though the GLP-1 receptor has

been detected in circulating lymphocytes from thymus, spleen and

bone marrow in mice (Hadjiyanni et al., 2010), the expression is lim-

ited to very low levels and is even more debated for murine mono-

cytes and macrophages where GLP1R mRNA has been inconsistently

reported (Kodera et al., 2011; Panjwani et al., 2013). In contrast,

GLP-1 receptor expression is assured and enriched on duodenal

Brunner glands and intestinal intraepithelial lymphocytes (IELs) of the

gastrointestinal system (Drucker, 2018b). In the former, liraglutide

was shown to upregulate genes encoding barrier protective molecules

such as IL-33, mucin 5b and CCL20, thereby attenuating inflammatory

bowel disease in mice (Bang-Berthelsen et al., 2016). The activation of

the GLP-1 receptor on intestinal intraepithelial lymphocytes within

the immune system has been related to local modulation of the intes-

tinal inflammatory responses (Yusta et al., 2015). GLP-1 receptor ago-

nist exendin-4 stimulated cAMP accumulation in intraepithelial

lymphocytes, which suppressed the production of proinflammatory

cytokines and led to an improved gut barrier function, an effect

absent in Glp1r−/− mice. Although intestinal inflammation and

alterations in intestinal integrity are associated with CVD

(Witkowski et al., 2020), direct activation of the GLP-1 receptor on

gut immune cells has not been linked to reductions of cardiac or

vascular inflammation (Drucker, 2018b). However, intraepithelial

lymphocytes (integrin β7+) were recently shown to act as gatekeeper

that limit the bioavailability of GLP-1 (He et al., 2019). Due to their

Glp1rhigh expression, intraepithelial lymphocytes residing in the small

intestine bind thus capture secreted GLP-1 from neighbouring

enteroendocrine L cells and regulate systemically available GLP-1.

Consequently, integrin β7−/− mice that lack natural intraepithelial

lymphocytes had increased GLP-1 plasma levels that were responsible

for the protection from diet high in fat, sugar and salt-induced CVD

(He et al., 2019).

Elevated GLP-1 plasma levels were also found in critically ill septic

patients but, in this case, shown to correlate with the severity of ill-

ness and mortality of patients (Lebherz et al., 2017). The authors

hypothesise that the GLP-1 elevation is not causal for the increase of

mortality but rather reflects a counterbalancing response of the mas-

sively activated the immune system. Hence, the ‘rectifying’ actions of
GLP-1 seem to depend on the severity of the inflammatory state. It

cannot be excluded though that GLP-1 receptor expression is

upregulated in immune cells during inflammatory or atherosclerotic

conditions (Drucker, 2018b). Yet, we recently demonstrated that the

GLP-1 receptor on myeloid cells is not needed for the anti-

inflammatory properties of GLP-1 receptor agonist liraglutide in a
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murine model of arterial hypertension, as the beneficial CV effects of

liraglutide persisted in mice with a myelomonocytic cell-specific dele-

tion of the GLP-1 receptor (GLP1R my−/−) (Helmstadter et al., 2020).

Instead, we could highlight the importance of the endothelial GLP-1

receptor for conveying vascular anti-inflammatory actions leading to

cardioprotection (see Section 3.2).

3.4 | GLP-1 receptor and thrombocytes

Current evidence associates GLP-1 receptor stimulation with an inhibi-

tory effect on platelets. Several preclinical studies demonstrated anti-

aggregatory effects on murine and human platelets ex vivo (Barale

et al., 2017; Cameron-Vendrig et al., 2016; Sternkopf et al., 2020;

Steven et al., 2017) and reduced clot formation in rodents in vivo

(Cameron-Vendrig et al., 2016). However, the expression of the GLP-1

receptor on platelets is debated, including its direct relevance for anti-

thrombotic events. Murine platelets were shown to express GLP1R

mRNA (Sternkopf et al., 2020), albeit with low abundance, whereas

data on GLP-1 receptor expression on human platelets is inconsistent,

with some studies confirming it on mRNA level (BLUEPRINT Consor-

tium. BLUEPRINT progenitors, 2014; Cameron-Vendrig et al., 2016)

and some not (Burkhart et al., 2012; Schmidt et al., 2018; Sternkopf

et al., 2020). Nonetheless, positive GLP-1 receptor protein expression

was demonstrated for both murine and human platelets (Barale

et al., 2017; Steven et al., 2017), though the validity of theGLP- 1 recep-

tor antibodies used in these studies remains uncertain.

The first indication of a direct/platelet GLP--mediated inhibition

of platelet aggregation was given by Cameron et al., who reported a

dose-dependent intracellular cAMP response to native GLP-1 and

GLP-1 receptor agonist exenatide in the human megakaryocyte cell

line MEG-01 (Cameron-Vendrig et al., 2016). Our group showed an

increase of vasodilator-stimulated phosphoprotein (VASP-Ser157)

phosphorylation in murine and human platelets when treated with the

GLP-1 receptor agonist exenatide (Steven et al., 2017). This effect

was accompanied with increased cAMP levels and phosphorylation of

PKA substrate (human platelets), whereas the effect was abolished in

platelets from Glp1r−/− mice.

Furthermore, exenatide did not inhibit ex vivo thrombus formation

in eNOS−/− mice (Cameron-Vendrig et al., 2016). Even though the

platelet-inhibitory effect of NO (by activating the sGC/cGMP/PKG

pathway) is undisputed (G. R. Wang et al., 1998), a GLP-1 receptor-

dependent increase in NO has been shown in vascular cells (Ding &

Zhang, 2012) but not in platelets and platelet eNOS expression is to

date controversial (Gambaryan & Tsikas, 2015; Jia et al., 2016). Never-

theless, one proposed mechanism for the anti-aggregatory effects of

GLP-1 receptor agonists includes GLP-1 receptor activation on plate-

lets, thereby inducing platelet eNOS (via cAMP/PKA/phospho-eNOS

at Ser1177) and platelet-derived NO conveying the anti-thrombotic

effects (Jia et al., 2016).

Platelets of patients with CVD exhibit impaired responsiveness to

NO (“platelet NO resistance”), induced by oxidative stress. Contribut-

ing factors involve enhanced clearance of NO by superoxide,

oxidation thus inactivation of the soluble GC and uncoupling of the

redox-sensitive eNOS enzyme (Rajendran & Chirkov, 2008). Hence,

the anti-oxidant actions of GLP-1 and GLP-1 receptor agonists repre-

sent another possible platelet inhibitory mechanism. Indeed, GLP-1

and GLP-1 receptor agonist liraglutide reduced arachidonic acid-

induced oxidative stress within platelets, which was associated with

increased NO-anti-aggregatory effects (Barale et al., 2017). As GLP-1

(9–36)amide produced the same effects, the authors attribute this

mechanism to be GLP-1 receptor independent, though. We recently

identified GLP-1 receptor activation on ECs to directly reduce oxida-

tive stress and control NO bioavailability in the vasculature of hyper-

tensive mice treated with liraglutide (see Section 3.2) (Helmstadter

et al., 2020). The contribution of non-bone-marrow-derived cell types,

such as the endothelium, to the anti-aggregatory and anti-thrombotic

effects of GLP-1 was already suggested by Cameron-Vendrig

et al. (2016), as the anti-thrombotic effects of exenatide were attenu-

ated but not completely abrogated in mice transplanted with GLP-1

receptor-deficient bone marrow. Of note, in a recent study from Ste-

rnkopf et al. (2020), the authors identified native GLP-1 to suppress

thrombus formation under physiological flow conditions, yet without

a main relevance of a platelet GLP-1 receptor. As this study was per-

formed ex vivo, this does not exclude the involvement of the GLP-1

receptor on other cell types (e.g., the endothelial GLP-1 receptor).

4 | EVIDENCE FOR GLP-1 RECEPTOR
INDEPENDENT EFFECTS ON THE CV SYSTEM

Increasing evidence collected from in vivo, ex vivo and in vitro studies

indicates that the degradation products of GLP-1(7–36)amide may

exert their own CV protective effects independent of the known

GLP-1 receptor. On the one hand, this might explain effects on cells

and tissues in which the expression of a functional GLP-1 receptor is

questionable; on the other hand, it raises the question whether a sec-

ond, yet not explored, GLP-1 receptor exists (see Figure 3). However,

the importance of GLP-1 degradation products for the beneficial

effects of GLP-1 receptor agonists in clinical studies is questionable

and needs further research since they are only minimal degradable.

GLP-1(1–37) derives from the tissue-specific posttranslational

processing of proglucagon and is itself post-translationally cleaved of

six amino acids at the N-terminus to native GLP-1(7–37). In humans,

in approximately 80% of GLP-1(7–37) the C-terminal glycine is

removed and the penultimate arginine is then amidated by the

peptidyl-glycine alpha-amidating monooxygenase, whereas in rodents

the glycine-extended form is predominant (50–60%) (Deacon, 2004;

Orskov et al., 1994), leading to two insulinotropic forms of GLP-1s

that are able to bind to the GLP-1 receptor (GLP-1(7–37) and GLP-1

(7–36)amide, both referred as GLP-1, if not specified). The circulation

time of active GLP-1 with a plasma half-life of 1–2 min is very short

since both peptides are quickly N-terminally degraded by ubiquitous

DPP-4 to the truncated forms GLP-1(9–37) and GLP-1(9–36)amide

(Kieffer et al., 1995). The latter are unable to activate or even partly

antagonise the GLP-1 receptor and therefore have no (or low)
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insulinotropic properties. Neutral endopeptidases (NEP 24.11, also

neprilysin) further enzymatically cleave the peptides at internal C-

terminal sites producing GLP-1(28–37), GLP-1(28–36)amide, GLP-1

(32–37) and GLP-1(32–36)amide (Guglielmi & Sbraccia, 2017).

The pharmacological approach to make use of the insulinotropic

effects of GLP-1 was to prevent the rapid degradation by engineering

peptides, which are more stable or even resistant to enzymatic cleavage.

Liraglutide is an acylated GLP-1 receptor agonist derived from human

GLP-1(7–37) with a plasma half-life of 13 h and is metabolised by

DPP-4 producing a N-truncated form, which could take an active part in

GLP-1 receptor-independent pathways mediated by GLP-1 metabolites

(Malm-Erjefalt et al., 2010). On the other hand, exendin-4 discovered

from Gila monster venom has a nine-residue C-terminal extension

unlike human GLP-1 and shares only 53% structural homology with it,

leading to degradation resistance against DPP-4 (Yap & Misuan, 2019).

Semaglutide shares 94% structural homology with native GLP-1 but has

reduced susceptibility to DPP-4 degradation due to its modifications

leading to a plasma half-life of approximately 1 week (Jensen

et al., 2017). Therefore, exendin-4 and semaglutide should not exert the

same GLP-1-independent effects as liraglutide if those are mediated by

GLP-1 metabolites binding to a still unknown receptor.

It has been shown that 48 h of continuous intravenous infusion

of dogs with either GLP-1(7–36)amide or GLP-1(9–36)amide exhibit

similar improvement of LV performance and myocardial glucose

uptake after pacing-induced dilated cardiomyopathy (Nikolaidis

et al., 2005). Sonne et al. (2008) demonstrated in an isolated rat

hearts ischaemia–reperfusion injury model improved LV perfor-

mance after 45-min global no-flow ischaemia, followed by 120-min

reperfusion, whereby exendin-4 or GLP-1(9–36)amide were added

in the first 15 min. Interestingly, this effect was not reflected by the

infarct size; only exendin-4 showed infarct-size limiting effects. Ban

et al. used an ischaemia–reperfusion injury model with isolated wild

type (WT) and Glp1r−/− mouse hearts administered with GLP-1 or

GLP-1(9–36)amide, either 20 min before or after 30-min global no-

flow ischaemia. Pretreatment with GLP-1 in both WT and Glp1r−/−

significantly improved recovery of LV developed pressure (LVDP)

and CM survival, indicated by reduced lactate dehydrogenase (LDH)

release. Paradoxically, pretreatment in WT with GLP-1(9–36)amide

showed no improvement of LVDP recovery or CM viability. But

post-treatment with GLP-1(9–36)amide again showed the men-

tioned cardioprotective effects to a lesser extent (Ban et al., 2008).

On the contrary, Ossum et al. (2009) observed no infarct-size limit-

ing effects and no improved recovery of LVDP of GLP-1(9–36)

amide in contrast to GLP-1 in an ischaemia–reperfusion injury

model with isolated rat hearts. Additionally, in vitro experiments

GLP-1(9–36)amide and exendin-4 showed direct cytoprotective

effects in mouse neonatal ventricular CMs exposed to stimulated

ischaemia–reperfusion injury models, decreased LDH release and

caspase-3 activity. In normoxic CM cultures, treatment with GLP-1

(9–36)amide and exendin-4 increased phosphorylation of prosurvival

kinases PKB/Akt, ERK1/2 and CREB (cAMP response element-

binding protein) as well as cAMP formation in a dose-dependent

manner.

Permanent ligation of the left anterior descending artery follow-

ing 14 days of s.c. infusion of either GLP-1(28–36)amide, a scrambled

amino acid sequence of GLP-1(28–36)amide or GLP-1 showed that

GLP-1(28–36)amide and GLP-1 equally and significantly reduced

infarct size compared to scrambled control. Additionally, using an

ischaemia–reperfusion injury model with 20-min GLP-1(28–36)amide

pretreatment showed concentration-dependent LVDP recovery

improvement and reduced infarct size in isolated WT and Glp1−/−

mouse hearts. In this study, it has been revealed that in primary coro-

nary artery smooth muscle cells and coronary artery ECs cyto-

protective effects of GLP-1(28–36) are sAC dependent, following

intracellular cAMP accumulation. In affinity pull-down experiments

biotinylated, but still functional, GLP-1(28–36)amide bound mitochon-

drial trifunctional protein subunit α which is involved in fatty acid

beta-oxidation was used. GLP-1(28–36)amide is involved in bioener-

getic pathways and probably shifts the substrate preference from

fatty acid to glycolysis by inhibiting mitochondrial trifunctional protein

subunit α (Siraj et al., 2020) (see Figure 3). Cardiac effects of GLP-1

metabolites in ischaemia–reperfusion injury- and MI-models are not

completely consistent throughout the literature but still strongly sug-

gest that the protective effects of GLP-1 are at least partly mediated

by an unknown GLP-1 receptor-independent effect of GLP-1(9–36)

amide and GLP-1(28–36)amide possibly involving pro-survival signal-

ling via Akt and ERK1/2.

Apart from cardioprotective effects, a number of ex vivo and

in vitro studies also demonstrated vascular actions of GLP-1 metabo-

lites. B. D. Green et al. (2008) showed in vascular reactivity studies

a concentration-dependent relaxation of isolated rat aortas treated

with either GLP-1(7–36)amide, GLP-1(9–36)amide, exendin-4 and,

surprisingly, exendin(9–39). Vascular action of GLP-1 metabolites

was also under investigation in the already mentioned studies from

Ban et al. They observed an increased cGMP release into coronary

venous effluent of ex vivo normoxic hearts treated with GLP-1 or

GLP-1(9–36)amide, indicating NO/cGMP-dependent vasodilatory

effects. GLP-1 and GLP-1(9–36)amide, but not exendin-4 showed

equivalent vasodilatory response on mesenteric artery from WT and

Glp1r−/−. Addition of the DPP-4 inhibitor sitagliptin, which prevents

degradation to GLP-1(9–36)amide, reduced the vasodilatory effects

of GLP-1. To assess the participation of the L-arginine-NO pathway,

mesenteric arteries were preincubated with the NOS Inhibitor L-

NNA (L-NG-nitroarginine). Vasodilatory actions of GLP-1 and GLP-1

(9–36)amide were completely abolished (Ban et al., 2008). Addition-

ally, in human aortic ECs, GLP-1(9–36)amide, but not exendin-4,

showed cytoprotective effects in ischaemia–reperfusion injury

models (hypoxia-reoxygenation or H2O2), which were again

abolished by pretreatment with NOS inhibitor L-NAME (L-NG-

nitroarginine methyl ester) (Ban et al., 2010). In addition to the

vasodilatory effects, the studies imply that GLP-1 metabolites also

seem to reduce vascular inflammation and oxidative stress. First of

all, in vitro pretreatment with GLP-1(9–36)amide significantly

reduced chemokine-induced migration of isolated human CD4+ lym-

phocytes. GLP-1(9–36)amide inhibits this early step of atherogenesis

by inhibition of the PI3-kinase pathway independent of cAMP and
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GLP-1 receptor signalling (Liberman et al., 2013). Burgmaier et al.

demonstrated that overexpression of GLP-1(9–37) or GLP-1(28–37)

stabilises atherosclerotic lesions in Apoe−/− mice but do not reduce

the formation. Increased plaque stability in the aortic root is medi-

ated by significantly reduced macrophage infiltration, MMP-9 con-

tent and a subsequent increase in collagen I + II and fibrous cap

thickness (Burgmaier et al., 2013). Finally, it was also shown that

GLP-1(9–36)amide is able to disrupt the ROS-generating feedback

loop, therefore normalising persistent overproduction of ROS in

human aortic ECs and in mice induced by transient exposure to high

glucose (Giacco et al., 2015).

5 | CONCLUSION

Overnutrition, lack of exercise and the consumption of highly

processed food all contribute to an increasing prevalence of T2DM,

which severely restricts not only life expectancy but also the quality

of life (GBD 2013 Mortality and Causes of Death

Collaborators, 2015). Worldwide the prevalence of diabetes mellitus

was 9.3% (463 million people) in 2019, rising to 10.2% (578 million)

by 2030 and 10.9% (700 million) by 2045 (Saeedi et al., 2019). Dia-

betes mellitus is associated with a high global mortality burden

mostly comprising CV events such as MI or stroke (Disease

et al., 2018). Accordingly, new treatment options are urgently

needed. GLP-1 receptor agonists represent a relatively new class of

drugs used for the treatment of T2DM. They are not only able to

improve hyperglycaemia of diabetic patients but also directly influ-

ence in addition other significant risk factors for CVD such as high

blood pressure, dyslipidaemia or obesity. These properties explain at

least in part the positive results of the CV outcome studies for

liraglutide, semaglutide, dulaglutide and albiglutide, all of which

showed not only CV safety but also an improvement in CV prognosis.

Although the GLP-1 receptor-dependent effects of these compounds

were well characterised, GLP-1 receptor-independent, pleiotropic

effects on the CV system need much more investigation, especially

regarding their signalling pathways (Nauck et al., 2017). GLP-1 recep-

tor-independent pathways obviously include anti-inflammatory and

anti-oxidant effects as well as direct vasodilatory and thus cardi-

oprotective effects. The protective properties of GLP-1 and GLP-1

receptor agonists should be investigated in detail using modern omics

techniques, for example, to reveal epigenetic, metabolomics and pro-

teomic changes to explain the observed beneficial effects, especially

as the knowledge of GLP-1 receptor expression levels in different

cell types is hampered by the limited specificity of commercially

available antibodies.

GLP-1 receptor agonists represent indeed a milestone in the

treatment of diabetic patients with CVD and it is very likely that with

the detection of additional GLP-1 signalling pathways (independent of

glucose lowering effects), this class of drug becomes relevant for the

treatment of nonalcoholic steatohepatitis (Newsome et al., 2020),

neuroinflammatory diseases (Y. K. Kim et al., 2020) or even prevention

of CVD independent of T2DM.

5.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).
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