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ABSTRACT: Potentiation of glucagon-like peptide-1 (GLP-1) action 
through selective GLP-1 receptor (GLP-1R) agonism or by prevention of 
enzymatic degradation by inhibition of dipeptidyl peptidase-4 (DPP-4) 
promotes glycemic reduction for the treatment of type 2 diabetes mellitus 
by glucose-dependent control of insulin and glucagon secretion. GLP-
1R agonists also decelerate gastric emptying, reduce body weight by 
reduction of food intake and lower circulating lipoproteins, inflammation, 
and systolic blood pressure. Preclinical studies demonstrate that both GLP-
1R agonists and DPP-4 inhibitors exhibit cardioprotective actions in animal 
models of myocardial ischemia and ventricular dysfunction through 
incompletely characterized mechanisms. The results of cardiovascular 
outcome trials in human subjects with type 2 diabetes mellitus and 
increased cardiovascular risk have demonstrated a cardiovascular benefit 
(significant reduction in time to first major adverse cardiovascular event) 
with the GLP-1R agonists liraglutide (LEADER trial [Liraglutide Effect 
and Action in Diabetes: Evaluation of Cardiovascular Ourcome Results], 
‒13%) and semaglutide (SUSTAIN-6 trial [Trial to Evaluate Cardiovascular 
and Other Long-term Outcomes with Semaglutide], ‒24%). In contrast, 
cardiovascular outcome trials examining the safety of the shorter-acting 
GLP-1R agonist lixisenatide (ELIXA trial [Evaluation of Lixisenatide in 
Acute Coronary Syndrom]) and the DPP-4 inhibitors saxagliptin (SAVOR-
TIMI 53 trial [Saxagliptin Assessment of Vascular Outcomes Recorded in 
Patients With Diabetes Mellitus-Thrombolysis in Myocardial Infarction 
53]), alogliptin (EXAMINE trial [Examination of Cardiovascular Outcomes 
With Alogliptin Versus Standard of Care in Patients With Type 2 Diabetes 
Mellitus and Acute Coronary Syndrome]), and sitagliptin (TECOS [Trial 
Evaluating Cardiovascular Outcomes With Sitagliptin]) found that these 
agents neither increased nor decreased cardiovascular events. Here we 
review the cardiovascular actions of GLP-1R agonists and DPP-4 inhibitors, 
with a focus on the translation of mechanisms derived from preclinical 
studies to complementary findings in clinical studies. We highlight 
areas of uncertainty requiring more careful scrutiny in ongoing basic 
science and clinical studies. As newer more potent GLP-1R agonists and 
coagonists are being developed for the treatment of type 2 diabetes 
mellitus, obesity, and nonalcoholic steatohepatitis, the delineation of 
the potential mechanisms that underlie the cardiovascular benefit and 
safety of these agents have immediate relevance for the prevention and 
treatment of cardiovascular disease.
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Glucagon-like peptide-1 (GLP-1) was initially dis-
covered as an insulinotropic hormone produced 
in and secreted from the gut after food intake.1 

It has received attention because of its role in the physi-
ology of glucose metabolism (ie, its function as an in-
cretin2) but more so as a parent compound mediating 
the actions of 2 classes of glucose-lowering medica-
tions used in the treatment of type 2 diabetes mellitus 
(T2D), GLP-1 receptor (GLP-1R) agonists, and dipepti-
dyl peptidase-4 inhibitors (DPP-4Is).1 GLP-1R agonists, 
either small peptides or much larger peptidomimetics, 
mediate their glucoregulatory actions by a single GLP-
1R. In contrast, inhibitors of the protease DPP-4 prevent 
the degradation and inactivation of both GLP-1 and the 
incretin hormone glucose-dependent insulinotropic 
polypeptide.1

GLP-1R agonists and DPP-4Is are approved for the 
treatment of hyperglycemia in patients with T2D.2 Al-
though glycemic control reduces the microvascular 
complications of diabetes mellitus (neuropathy, ne-
phropathy, and retinopathy), the relationship between 
glucose control and reduction of macrovascular events 
is more challenging.3 It is notable that incretin-based 
therapies (GLP-1R agonists [GLP-1RAs] and DPP-4Is) 
exert multiple nonglycemic actions in the cardiovascu-
lar system, heightening the interest in their potential 
for cardiovascular benefit.4–6 The recent findings that 
2 GLP-1RAs, liraglutide7 and semaglutide,8 significantly 
reduced the combined primary outcome of 3 point ma-
jor adverse cardiovascular events in large cardiovascular 
outcome trials elevates the importance of understand-
ing how activation of the GLP-1R translates into clinical 
cardiovascular benefit. The purpose of the present re-
view is to summarize the literature on indirect (through 
lowering glucose and modifying known cardiovascular 
risk factors) and direct (through stimulating GLP-1Rs 
and inhibition of DPP-4) effects of (1) GLP-1, (2) GLP-
1RAs, and (3) DPP-4Is on the heart and blood vessels. 
Herein we discuss concepts of incretin action in the 
context of results of cardiovascular outcomes trials with 
DPP-4Is and GLP-1RAs and, wherever possible, link un-
derlying mechanisms to observed clinical benefits.

GLP-1RS IN THE CARDIOVASCULAR 
SYSTEM AND EFFECTS ELICITED BY 
STIMULATING WITH GLP-1, GLP-1RAS, 
OR DPP-4IS (PRECLINICAL STUDIES)
GLP-1Rs in the Cardiovascular System
GLP-1R expression has been detected in various cardio-
vascular tissues and cell types at the mRNA and pro-
tein levels. Although native GLP-1 improves endothelial 
function, augments ventricular contractility, enhances 
myocardial glucose uptake, and exerts cytoprotective 

and metabolic actions on blood vessels and cardiomyo-
cytes, the endogenous canonical GLP-1R is not highly 
expressed in many of the cell types responsive to GLP-1 
or GLP-1RAs. Hence, some of the well-described actions 
of GLP-1 in preclinical studies may reflect indirect mech-
anisms or the actions of ≥1 GLP-1 degradation prod-
ucts acting through GLP-1R-independent mechanisms. 
Details are summarized in Table I in the online-only Data 
Supplement, which highlights well-documented effects 
on the heart (contractile function, substrate supply, cor-
onary and myocardial blood flow, rate control), blood 
pressure, and platelet aggregation. Because the present 
review is focused on human studies, we refer to Table I 
and accompanying text in the online-only Data Supple-
ment and several recent reviews for details of preclinical 
studies.4–6,9,10

Potential Mechanisms Explaining 
Biological Effects of N-Terminal GLP-1 
Fragments GLP-1 [9–36] Amide, GLP-1 
[9–37], or GLP-1 [28–36] Amide
Considerable evidence supports biological activity for 
N-terminally truncated GLP-1 peptides, principally GLP-
1 [9–36] amide10,11 and GLP-1 [28–36] amide12 in the 
cardiovascular system. Although a distinct receptor 
for these peptides has not been identified, they suc-
cessfully target cytoplasmic and mitochondria-linked 
pathways, leading to a reduction of reactive oxygen 
species in hepatocytes, endothelial cells, and cardio-
myocytes.10,11 Moreover, GLP-1 [28–36] directly acti-
vates prosurvival kinases in the ischemic mouse heart 
or vascular cells through mechanisms linked to soluble 
adenylate cyclase and cAMP generation in isolated car-
diomyocytes ex vivo.12 Hence, studies using native GLP-
1 may be associated with activation of dual cardiovas-
cular pathways mediated through the classical GLP-1R 
and nonclassical cAMP-mediated pathways activated 
by truncated peptides converging on cardiomyocyte 
and vascular protection.10

DPP-4 in the Cardiovascular System
DPP-4 is widely expressed in most cells and tissues and 
exhibits enzymatic activity against dozens of chemo-
kines and peptide hormones with roles in inflamma-
tion, vascular function, stem cell homing, and cell sur-
vival.13 DPP-4 exhibits exopeptidase activity through its 
2 principal molecular forms, a membrane-tethered 766 
amino acid protein with a small intracellular tail and a 
soluble form that is 39 amino acids smaller, devoid of 
the short membrane spanning domain and intracellular 
tail, and yet otherwise structurally identical.13 Although 
soluble DPP-4 exerts vascular, immune, and proinflam-
matory actions independent of its catalytic activity, the 
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majority of the experimental literature has studied the 
importance of DPP-4-mediated peptide cleavage in the 
pathophysiology and treatment of cardiovascular dis-
ease.

Attribution of mechanism(s) linking reduction of 
DPP-4 activity to attenuation of cardiovascular injury 
or preservation of cardiovascular function is difficult 
for several reasons. First, DPP-4 cleaves dozens of sub-
strates simultaneously, initiating complex changes in 
multiple signaling pathways.4,5 Second, the majority of 
DPP-4 substrates circulate at low levels and are difficult 
to quantitate. Third, highly sensitive and specific as-
says distinguishing full length from DPP-4-cleaved pep-
tides are generally not commercially available. Hence, 
measurements of total immunoreactive peptide detect 
a mixture of cleaved versus intact substrates. Fourth, 
many of the DPP-4-cleaved peptide metabolites retain 
biological activity in the cardiovascular system, albeit 
through different receptors and signaling pathways. 
Hence, DPP-4 simultaneously inactivates and potenti-
ates the activity of numerous cardioactive substrates.5,13 
Last, only a few highly selective antagonists for DPP-
4 peptide substrates are available, and these reagents 
have not been widely used in cardiovascular studies.

Preclinical Effects in Myocardial Infarction 
Models and Cardiovascular Function
When myocardial infarction is experimentally induced 
by occluding (ligating) a coronary artery, the myocar-
dial area receiving blood supply through the vessel to 
be occluded can be defined as an area at risk, and the 
resulting area of necrosis can be identified by specific 
staining methods.14 Administration of GLP-1, GLP-
1RAs (eg, exenatide, liraglutide), and DPP-4Is (eg, si-
tagliptin, vildagliptin, alogliptin) reduces the resulting 
necrosis (relative to the area at risk), as summarized 
in Figure I in the online-only Data Supplement. Exam-
ples encompass in vivo and ex vivo (isolated perfused 
heart) studies, studies in rodents and larger mammals, 
and with various pharmacological agents (GLP-1 [7–36 
amide], DPP-4Is, and GLP-1RAs) (Figure I in the online-
only Data Supplement). Additional studies examining 
effects of the GLP-1RAs exenatide,15 lixisenatide,16 
and albiglutide17 and the DPP-4Is sitagliptin18 and lina-
gliptin19 have been published. Although occasional re-
ports do not replicate these findings (eg, with liraglu-
tide in a porcine model20), the majority of studies found 
a significant reduction in the necrotic area in hearts of 
animals treated with GLP-1 or GLP-1RAs (Figure I in 
the online-only Data Supplement). The cardioprotec-
tive effects of GLP-1 can be inhibited by the specific 
GLP-1RA exendin [9–39]. Thus, these effects seem to 
be mediated by an interaction with the canonical GLP-
1R.14 More details are described in the online-only Data 
Supplement.

CARDIOVASCULAR ACTIONS IN 
HUMANS
Table 1 summarizes human studies examining cardio-
vascular function or changes in renal function, lipopro-
tein metabolism, and hepatic fat accumulation.

GLP-1R in Human Cardiovascular Tissues
The atrial expression of the GLP-1R protein was identi-
fied in nonhuman primate and human hearts using a 
highly specific monoclonal antibody, localizing an im-
munoreactive GLP-1R protein to cells within the sino-
atrial node.21 Nevertheless, some studies have detected 
partial GLP-1R mRNA transcripts by reverse transcrip-
tion polymerase chain reaction techniques using RNA 
isolated from human ventricles, although GLP-1RAs 
such as exenatide failed to augment contractility in 
the majority of isolated strips from human ventricles 
in the same experiments.27 RNASeq analyses have de-
tected the presence of GLP-1R mRNA transcripts in RNA 
from human left ventricles (http://www.gtexportal.org/
home/gene/GLP1R). Hence, these findings imply that 
under some circumstances, transcriptional or transla-
tional control may dictate whether a ventricular GLP-1R 
mRNA transcript is expressed and gives rise to func-
tional GLP-1R protein in the human heart (including 
the working myocardium in atria and ventricles). The 
presence or absence of a functional GLP-1R in human 
coronary arteries is not clearly established.6

Cardiac Output
Intravenous GLP-1 at a pharmacological dose improved 
left ventricular function, maximum oxygen uptake, and 
physical performance in subjects with congestive heart 
failure.25 Likewise, intravenous exenatide (GLP-1RA) im-
proved cardiac index and pulmonary capillary wedge 
pressure and reduced atrial natriuretic peptide.28 How-
ever, in vitro, exenatide increased contractility in human 
atrial but not ventricular myocardium.27 Larger random-
ized controlled clinical trials with albiglutide or liraglutide 
failed to demonstrate any beneficial effect of sustained 
GLP-1RA treatment in human subjects with moderate 
to severe heart failure and reduced ejection fraction,29,30 
independent of the presence or absence of diabetes 
mellitus. In patients with advanced heart failure, lira-
glutide did not improve a composite end point of car-
diovascular events that included changes in N-terminal 
pro-brain natriuretic peptide. A numeric but statistically 
nonsignificant increase in mortality and hospitalization 
for heart failure was detected (hazard ratio [HR], 1.30; 
95% confidence interval [CI], 0.92–1.83; P=0.14), in-
dicating a potential for harm in patients with reduced 
ejection fraction and a prior history of hospitalization 
for heart failure. It is possible that this may be related to 
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Table 1. Effects of Stimulating GLP-1 Receptors With GLP-1, GLP-1 Receptor Agonists, or DPP-4 Inhibitors in 
Human Studies, Which Lead to a Modified Cardiovascular Function (Directly or Indirectly)

Organ Effect(s) on
GLP-1 [7–36 Amide] or 

[7–37] GLP-1 Receptor Agonists DPP-4 Inhibitors

Heart Myocardial glucose 
uptake

•   Intravenous GLP-1 
(pharmacological dose): ≈22

•  Exenatide (intravenous, 
pharmacological dose, type 2 
diabetes mellitus, no CAD): ≈23

•  Sitagliptin (subjects without diabetes 
mellitus, subjects with nonischemic 
cardiomyopathy): ↑24

Left ventricular function •  Intravenous GLP-1 
(pharmacological dose, 5 
wk): LVEF ↑, VO2 max. ↑, 
6-min walk, distance ↑25

•  Improved LVEF not 
confirmed at lower dose of 
GLP-126

•  Exenatide: In vitro contractility of 
atrial, but not ventricular human 
myocardium ↑27; intravenous: cardiac 
index ↑, PCWP ↑, and ANP ↓28

•  Albiglutide: no significant effects29

•  Liraglutide: trend for reduced rate of 
hospitalization for congestive heart 
failure (LEADER)7; however, trends 
for worse outcomes (not significant) 
in dedicated heart failure trials30,31

•  Sitagliptin (chronic congestive heart 
failure): left ventricular diastolic 
function ↑32

•  Rate of hospitalization for congestive 
heart failure ≈ (TECOS)33

•  Saxagliptin: rate of hospitalization for 
congestive heart failure ↑ (significant) 
SAVOR-TIMI 5334,35

•  Alogliptin: rate of hospitalization 
for congestive heart failure ↑ 
(nonsignificant) EXAMINE36,37

•  Vildagliptin: trend to reduced left 
venticular function (VIVIDD trial, 
unpublished)

Cardioprotection 
against ischemia/
myocardial stunning

•  Intravenous GLP-1 
(pharmacological dose, 
dobutamine-induced 
stress) LVEF ↑, regional 
contractility ↑38,39

•  Coronary balloon 
occlusion: preserved left 
ventricular function38,40

•  72 h after acute myocardial 
infarction: LVEF ↑, regional 
wall motility ↑41

•  ST-segment elevation myocardial 
infarction: intravenous exenatide: 
salvage index (non-necrosed 
proportion of area at risk) ↑42

•  Subcutaneous exenatide: infarct 
size ↓43

•  Liraglutide preserved LVEF after PCI44

•  Non–ST-segment elevation myocardial 
infarction: liraglutide-preserved LVEF 
after PCI45

•  Sitagliptin (dobutamine-induced 
stress): LVEF ↑, regional contractility 
↑. Preferential effect in ischemic 
segments46,47

Heart rate •  Intravenous GLP-1: ↑ 
(small), no decrease in 
vagal control48

•  ↑ by 2–3 beats per min49,50

•  Sympathetic activation with 
exenatide?51

•  Not reported in a study demonstrating 
lowering in systolic blood pressure by 
≈ 2 mm Hg52

Peripheral 
arteries

Angiogenesis, 
endothelial cell 
proliferation

•  New vessel formation from 
human endothelial cells 
improved by high doses of 
GLP-153

•  Exenatide-stimulated proliferation of 
human coronary artery endothelial 
cells54

•  Not reported

Endothelium-derived 
vasodilation (NO 
production)

•  Endothelial nitric oxide 
synthase ↑ in HUVECs55

•  Intravenous GLP-1 
(pharmacological dose): 
acetyl choline–induced 
vasodilation ↑ in healthy 
subjects56 and in type 2 
diabetes mellitus with 
stable CAD57

•  Exenatide: endothelial nitric oxide 
synthase in HUVECs ↑58; postprandial 
endothelial function ↑59

•  Liraglutide: endoplasmic reticulum 
stress (induced by hyperglycemia) ↓60 
and TNFα-induced oxidative stress ↓ and 
inflammation ↓ in HUVECs61; eNOS ↑, 
endothelin-1 expression ↓62

•  Liraglutide: Acetyl choline–mediated 
forearm blood flow (↑) (n.s.)63

•  Sitagliptin: reactive hyperemia 
peripheral artery tonometry index ↑64, 
flow- mediated vasodilation (type 2 
diabetes mellitus) ↑65

•  Effect of DPP-4 inhibition on 
endothelial function not confirmed by 
other studies66,67

Endothelium-
independent 
vasodilation

•  Nitroprusside-induced 
forearm vasodilation not 
augmented by intravenous 
GLP-1 (pharmacological 
dose)56

• Not reported •  Nitroglycerin-mediated dilatation not 
changed by sitagliptin65

Anti-atherosclerotic 
effects

•  No immediate effects •  Liraglutide: intimamedia thickness ↓ 
over 8 months68

•  Sitagliptin,69 linagliptin70: intimamedia 
thickness progression ↓

Blood 
pressure

Systolic •  Transient increase with 
GLP-1 (intravenous; 
pharmacological dose: 
transient ↑71; physiological 
dose: ≈72)

•  ↓ by 2–3 mmHg49,50 •  Occasional reports of lowering 
systolic blood pressure in hypertensive 
subjects52

Natriuretic peptides •  ANP ≈ (n.s.)71,73 •  Liaglutide: pro-ANP ↓,74 but ANP and 
pro-BNP ≈75,76; ANP ↑ and BNP ↑ also 
reported77

•  Not reported

(Continued )
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Renal 
function

Glomerular filtration •  Acutely ↑78 •  Exenatide. ≈79

•  Lixisenatide: ≈80

•  Liraglutide: ≈7

•  Generally no significant effect36

•  Sitagliptin: minor ↓ in the TECOS 
trial33

Albumin excretion •  No immediate effects 
known

•  Liraglutide: ↓7,74

•  Lixisenatide: ↓ (P=0.004)80

•  Saxagliptin ↓,34 linagliptin ↓81

Metabolic 
milieu

Hyperglycemia •  Plasma glucose ↓82 •  See Figure 2 •  See Figure 2

Fasting lipoproteins/lipid 
concentrations

•  No immediate effect, 
nonesterified fatty acids ↓ 
(transient)82

•  See Figure 2 •  See Figure 2

Postprandial lipid 
concentrations

•  Postprandial triglycerides 
↓ (deceleration of gastric 
emptying)83

•  Exenatide,84 liraglutide85: triglycerides 
↓, apolipoprotein B-48 ↓,85 and in 
chylomicron remnant lipids ↓84

•  Sitagliptin,86 vildagliptin,87 and 
alogliptin88: triglycerides ↓, 
apolipoprotein B-48 ↓

Liver Hepatic fat deposition 
(hepatic steatosis, 
NAFLD)

•  No effects reported •  Mechanistic study describes the 
role of exenatide and liraglutide 
in stimulating lipoautophagy 
(macroautophagy and chaperone-
mediated autophagy) in preventing 
apoptiosis, fat-induced hepatocyte 
death, and progression to hepatic 
fibrosis and cirrhosis89

•  Exenatide: better reversal of fatty 
liver (ultrasonography) than with 
insulin90

•  Liraglutide: resolution of definite 
nonalcoholic steatohepatitis 
(histology) vs placebo ↑91

•  Vildagliptin: hepatic triglyceride 
content ↓ vs placebo92 

•  Sitagliptin: ≈ vs placebo93

Inflammatory 
responses

Reactive oxygen species/
oxidative stress

HUVECs: ROS ↓94 •  Exenatide: ROS generation ↓95, 
anti-oxidative potential in human 
monocytes/ macrophages ↑96

•  No effects reported

NF-κB binding/activation No immediate effects 
reported

•  Exenatide: nuclear factor-κB binding 
(mononuclear blood cells) ↓95

•  Sitagliptin: nuclear factor-κB binding 
(mononuclear blood cells) ↓97

Expression of 
inflammatory cytokines 
in mononuclear cells

IL-6 ↓98 •  Exenatide: TNFα ↓, IL-1ß ↓, etc.95

•  Liraglutide: TNFα ↓, IL-1ß ↓, IL-6 ↓, 
etc.99

•  Sitagliptin: significant reduction in 
IL-6, IL-18, sICAM-1, E-selectin100; 
significant reduction in TNFα, TLR-4, 
TLR-2, CCR-297

C-reactive protein No immediate effects 
reported

•  Exenatide: ↓ by 61%101

•  Liraglutide ↓ by 23%102

•  Sitagliptin: ↓ by 44%100

Adiponectin •  No immediate effects 
reported

•  Exenatide: ↑ by 12%101 
•  Liraglutide: ↑ by 40%99

•  Increase more substantial with 
vildaglptin than with sitagliptin103

Platelet 
function

Platelet aggregation •  No immediate effects 
reported

•  Exenatide: platelet aggregation ↓104 •  Potential for reduced platelet 
aggregation(?)105

Stem cell 
homing

SDF-1 stabilization •  No immediate effects 
reported

•  No immediate effects reported •  Circulating endothelial progenitor 
cells (reduced in subjects with type 2 
diabetes) enhanced after 4 weeks of 
treatment with sitagliptin106 

•  Benefits of improved stem cell 
homing not supported by results 
of the SITAGRAMI study (sitagliptin 
for 28 days and granulocyte-colony 
stimulating factor for 5 days after 
acute myocardial infarction)107

Ach indicates acetyl choline; ANP, atrial natriuretuc peptide; BNP, brain-type natriuretic peptide; CAD, coronary artery disease; CCR-2, chemokine receptor type 2; 
DPP-4, dipeptidyl peptidase-4; eNOS, endothelial nitric oxide synthase; EXAMINE, Examination of Cardiovascular Outcomes with Alogliptin versus Standard of Care; 
GLP-1, glucagon-like peptide-1; HUVECs, human umbilical vein endothelial cells; IL-1ß, interleukin 1ß; IL-6, interleukin 6; IL-18, interleukin-18; LEADER, Liraglutide 
Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results; LVEF, left ventricular ejection fraction; NAFLD, nonalcoholic fatty liver disease; NF-κB, 
nuclear factor κB; n.s., not significant; PCI, percutaneous coronary intervention; PCWP, pulmonary capillary wedge pressure; ROS, reactive oxygen species; SAVOR-
TIMI 53, Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes Mellitus-Thrombolysis in Myocardial Infarction; SDF-1, stromal-derived 
factor-1; sICAM, soluble intercellular adhesion molecule; SITAGRAMI, Sitagliptin Plus Granulocyte-colony Stimulating Factor in Acute Myocardial Infarction; TECOS, 
Trial to Evaluate Cardiovascular Outcomes after Treatment with Sitagliptin; TLR-2, toll-like receptor-2; TLR-4, toll-like receptor-4; TNFα, tumor necrosis factor α; 
VIVIDD, Vildagliptin in Ventricular Dysfunction Diabetes; VO2, velocity of opxygen uptake; ↑, improved, enhanced; ↓, reduced, worsened; and ≈, no significant change.

Table 1. Continued

Organ Effect(s) on
GLP-1 [7–36 Amide]  

or [7–37] GLP-1 Receptor Agonists DPP-4 Inhibitors
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increases in heart rate or development of arrhythmias.30 
Coronary blood flow was not changed by liraglutide 
treatment (Table  1). In contrast, in a small pilot study 
of 18 subjects with T2D treated with sitagliptin for 24 
weeks, an improvement in diastolic but not systolic ven-
tricular function was shown.32 Intravenous GLP-1 and 
exenatide (GLP-1RA) did not affect myocardial glucose 
uptake22,23 (Table 1), whereas treatment with the DPP-4I 
sitagliptin increased myocardial glucose uptake (in sub-
jects without diabetes mellitus with nonischemic cardio-
myopathy24; Table  1). Overall, GLP-1RA use in human 
subjects with or without diabetes mellitus does not ap-
pear detrimental to cardiac function, except for patients 
with advanced heart failure. The effects of DPP-4Is in 
short-term mechanistic studies have to be reconciled 
with the observation that the DPP-4 I saxagliptin signifi-
cantly increased the risk for hospitalization for conges-
tive heart failure in the SAVOR TIMI 53 trial35 (vide infra 
in the section on clinical trial results).

Ischemic Conditioning
Intravenous GLP-1 improved left ventricular ejection frac-
tion and regional contractility during dobutamine-induced 
stress and preserved left ventricular function during coro-
nary balloon occlusion.38,39 Perioperative intravenous in-
fusions of GLP-1 during and after aortocoronary bypass 
grafting did not result in changes in left ventricular ejection 
fraction or cardiac index but reduced the need for inotro-
pic medications.108 In a pilot study with a small number of 
patients with and without diabetes mellitus, 72 hours of 
intravenous GLP-1 infusion to patients with acute myocar-
dial ischemia undergoing percutaneous revascularization 
improved left ventricular ejection fraction and regional 
wall motility.41 Similar evidence with GLP-1RAs suggests 
an improved salvage of myocardium at risk for necrosis 
with intravenous exenatide42 and a reduced infarct size 
with subcutaneous exenatide.43 Liraglutide treatment re-
duced the resulting necrotic area109 and improved left ven-
tricular ejection fraction after percutaneous intervention 
for ST-segment elevation44 and non-ST-segment elevation 
myocardial infarction.45 The DPP-4I sitagliptin improved 
left ventricular ejection fraction and regional contractility 
during dobutamine-induced stress,46 with a preferential 
effect in ischemic segments of the heart.

Heart Rate
Changes in heart rate have not been consistently de-
scribed with intravenous infusions of GLP-1, at both 
physiological and pharmacological concentrations. How-
ever, a small rise in heart rate (usually by 2–3 beats per 
minute) has been described in short-term controlled 
studies with a GLP-1RA (Figure 1). Studies using ambu-
latory 24-hour monitoring have found larger average 
changes in heart rate of up to 9 beats per minute.110 

Also, 24-hour monitoring shows that variation in dura-
tion of heart rate changes may exist depending on the 
exposure to the GLP-1RA. Thus, long-acting GLP-1RAs 
elevate heart rate for 24 hours, whereas short-acting 
compounds only lead to a transient rise in heart rate for 
the period characterized by effective drug levels.110 The 
relative contributions of the autonomic nervous system 
(as suggested by a study of exenatide51), versus the direct 
actions of GLP-1RAs on the GLP-1R located in the sino-
atrial node,21 on heart rate (Figure 1) is difficult to ascer-
tain in human subjects (Table 1). The functional conse-
quences, if any, of longer term increases in heart rate in 
subjects treated with GLP-1RAs are not entirely known. 
Although such an increment in heart rate does not seem 
to prevent overall beneficial results in terms of clinical 
end points in the LEADER trial (Liraglutide Effect and Ac-
tion in Diabetes: Evaluation of Cardiovascular Outcome 
Results)7 and SUSTAIN-6 trial (Trial to Evaluate Cardio-
vascular and Other Long-term Outcomes with Semaglu-
tide in Subjects with Type 2 Diabetes),8 we do not know 
whether patients with more marked increments in heart 
rate exhibit different outcomes compared with those 
with no or less marked increments. Additional analyses 
will be required to clarify the clinical consequences of 
changes in heart rate with GLP-1RA treatment.

Effects on the Endothelium
GLP-1 and the GLP-1RA exenatide stimulate prolifera-
tion of human endothelial cells in ex vivo studies (Ta-
ble 1). This finding suggests a possible effect of GLP-1 
on new vessel formation, but similar results have not 
been reported for DPP-4Is. GLP-1 and the GLP-1RAs 
exenatide and liraglutide increased nitric oxide syn-
thase activity in human endothelial cells58,62 (Table 1). 
Furthermore, intravenous GLP-1 improves endothelial 
function,56,57 and the GLP-1RA liraglutide augmented 
acetyl choline-induced vasodilation.63 The effect of lira-
glutide alone on endothelial function, which is relatively 
resistant to degradation by DPP-4 and thus does not 
form significant amounts of the DPP-4 metabolite, was 
not significant65 (Table 1). This finding could mean that 
peptides structurally related to GLP-1 [9–36] amide or 
GLP-1 [9–37] are needed for this effect (vide supra). In-
travenous exenatide increased myocardial blood flow.23 
Exenatide improved endothelial function after a lipid-
rich meal84, and a single subcutaneous dose of exena-
tide reduced peripheral vascular resistance. The DPP-4I 
sitagliptin improved flow-mediated vasodilation in sub-
jects with T2D.65 However, other studies did not confirm 
beneficial effects of DPP-4Is on endothelial function66,67 
(Table 1). In contrast to endothelium-dependent vasodi-
lation, endothelium-independent vasodilation (induced 
by nitroglycerin or nitroprusside) has not been changed 
with either GLP-156 or DPP-4Is.65 Liraglutide reduced en-
dothelin-1, a peptide able to induce vasoconstriction, in 
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human umbilical vein endothelial cells62 (Table 1). Evi-
dence suggests that with both GLP-1RAs (liraglutide)68 
and DPP-4Is (sitagliptin69 and linagliptin70), treatment 
may reduce intimamedia thickness or slow the progres-
sive increment in intimamedia thickness, indicating in-
terference with the progression of atherosclerosis. Col-

lectively, although native GLP-1 consistently improves 
endothelial function independent of changes in insulin 
or glucose in human studies, insufficient evidence sup-
ports a similar benefit on endothelial function in human 
subjects  with diabetes mellitus treated with degrada-
tion-resistant GLP-1RAs or DPP-4Is.10

A B

DC

E

G

F

Figure 1. Effects of treatment with glucagon-like peptide-1 (GLP-1) receptor agonists and dipeptidyl peptidase-4 
(DPP-4) inhibitors on cardiovascular risk factors as described in placebo-controlled clinical trials using incretin-
based medications as monotherapy.  
The placebo-subtracted differences to baseline (± standard error of the mean) are shown for glycohemoglobin (A), body 
weight (B), systolic blood pressure (C), pulse rate (D), serum triglycerides (E), low-density lipoprotein (LDL) cholesterol (F), and 
high-density lipoprotein (HDL) cholesterol (G). BID indicates twice daily; q.w., once weekly. *Significant difference (P<0.05). 
†Median instead of mean value reported. ‡Based on 24-hour monitoring. §Reported as no relevant change in vital param-
eters or lipid levels. Data displayed in Figure 2 are from Moretto et al122 and Simó et al123 (exenatide BID); Rosenstock et al124,125 
and Meier et al110 (lixisenatide); Nauck et al,126 Buse et al,127 and Dungan et al128 (liraglutide); Drucker et al129 and Diamant et 
al130 (exenatide q.w.); Nauck et al131 and Dungan et al128 (dulaglutide); Pratley et al132 and Nauck et al133 (albiglutide); Nauck et 
al134 (semaglutide, 0.8 mg/wk, dose initially slowly escalated; semaglutide has not been approved for the treatment of type 2 
diabetes; in phase 3, doses of 0.5 and 1.0 mg/wk have been used); Hanefeld et al,135 Pratley et al136 and Charbonnel et al137 
(sitagliptin); Dejager et al138 and Evans et al139 (vildagliptin); Jadzinsky et al140 and Rosenstock et al141 (saxagliptin); Zinman et 
al142 (linagliptin); and DeFronzo et al143 (alogliptin).
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Figure 2. Hazard ratios (±95% confidence intervals [CIs]) for the time to first major adverse cardiovascular events 
versus placebo/comparator treatment.  
A, Major cardiovascular adverse events (MACE) from meta-analyses of phase 2 and 3 clinical trials programs with dipeptidyl 
peptidase-4 inhibitors (DPP-4Is) (sitagliptin,154 vildagliptin,155 saxagliptin,156 alogliptin,157 and linagliptin158) and (Continued )
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Blood Pressure
Systolic blood pressure (BP) may transiently rise with acute 
exposure to pharmacological but not physiological con-
centrations of (intravenous) GLP-1 or GLP-1RAs (Table 1). 
More sustained treatment with GLP-1RAs consistently 
leads to a reduction in systolic BP by 2 to 3 mm Hg in sub-
jects with hypertension (Figure 2). Diastolic BP is less con-
sistently affected. DPP-4Is have no uniform BP-lowering 
effect, but in patients with arterial hypertension, lower-
ing of systolic BP has been reported.52 Although a role for 
atrial natriuretic peptide leading to vasodilation and renal 
sodium excretion has been delineated in rodents,111 the 
existence of a GLP-1R-ANF axis has not been uniformly 
replicated in human subjects with hypertension and T2D 
(Table 1),73,76 suggesting that atrial natriuretic peptide se-
cretion does not mediate the GLP-1-mediated reduction 
of BP in obese subjects or those with diabetes mellitus. 
A rise in atrial natriuretic peptide or brain natriuretic pep-
tide levels has not been consistently reported with lira-
glutide74,75 (Table 1), but a rise in atrial natriuretic peptide 
has been observed with exenatide treatment.112 Never-
theless, acute or chronic GLP-1RAs promote natriuresis in 
healthy patients, obese patients, or those with diabetes 
mellitus.6,76 Whether the magnitude of the natriuresis is 
sufficient to contribute to the reduction of BP and car-
diovascular events is not clear. These decreases in BP may 
potentially be mediated by reductions in angiotensin II 
concentrations113 or the local release of nitric oxide, which 
results in vasodilatation (Table 1).

Renal Function
Intravenous GLP-1 may acutely raise glomerular filtration 
rates,78 whereas exenatide did not change glomerular fil-
tration79 (Table 1). Liraglutide significantly reduced albu-
minuria in short-term studies and in the LEADER trial.7,74 
Small reductions in albuminuria or favorable changes be-
tween the categories of micro- and microalbuminuria have 
also been described for the DPP-4Is saxagliptin34,114and lin-
agliptin.115 There have been no clinically significant chang-
es in GFR or other renal events in randomized controlled 
trials of DPP-4 inhibition.

Metabolism
Apart from the well-known effects of GLP-1 and the 
incretin-based glucose-lowering medications on plasma 

glucose and HbA1c levels (Figure  1), GLP-1 may tran-
siently reduce the concentrations of nonesterified fatty 
acids.82 Effects of incretin-based medications on fasting 
lipids and lipoproteins, most evident after weight loss, 
are shown in Figure 1. The most compelling effect of 
GLP-1, GLP-1RAs (exenatide, liraglutide), and DPP-4Is 
(sitagliptin, vildagliptin, alogliptin) has been a reduction 
in the postprandial rise in triglycerides and apolipopro-
tein-B 48, constituents of intestinally derived chylomi-
crons (Table 1). Tracer studies in healthy humans with-
out diabetes mellitus treated acutely with sitagliptin 
confirm that the predominant mechanism linking DPP-
4 inhibition to reduction of circulating chylomicrons is 
by attenuation of intestinal lipoprotein production.116 
Although acute administration of GLP-1 delays gastric 
emptying and slows intestinal nutrient delivery, exena-
tide still inhibited intestinal lipoprotein production and 
secretion after intraduodenal nutrient delivery in hu-
man subjects84 (Table 1). Because DPP-4Is do not slow 
gastric emptying, the major effect of these agents is on 
the synthesis and secretion of chylomicrons.116 Proath-
erosclerotic chylomicron remnant particles were also re-
duced with exenatide treatment.84 Levels of postprandi-
al triglycerides may contribute to atherosclerotic risk.117

Hepatic Triglyceride Deposition 
(Steatosis, Nonalcoholic Fatty Liver 
Disease)
Excessive hepatic triglyceride deposition has been linked 
to increased cardiovascular risk in subjects with T2D.118 
Exenatide90 and liraglutide91 may reverse fatty liver dis-
ease (by ultrasonography criteria) or steatohepatitis 
(based on histological criteria), respectively (for details 
and references, see Table 1). It is difficult to conclude 
whether the main mechanism reflects body weight loss 
or changes in glucose, lipids, or mediators of inflamma-
tion. Studies with DPP-4Is have shown a reduction in 
hepatic triglyceride content with vildagliptin92 and no 
significant effects with sitagliptin.93 The mechanisms 
are unknown because most studies do not support the 
expression of GLP-1R in human hepatocytes.

Inflammation
GLP-194 and the GLP-1RA exenatide95 reduce the 
generation of reactive oxygen species in endothelial 

Figure 2 (Continued). glucagon-like peptide-1 (GLP-1) receptor agonists (exenatide BID,159 liraglutide,160 dulaglutide,161 and 
albiglutide162). (B through G concern results reported for CVOTs). B, MACE. C, Acute myocardial infarction. D, Stroke. E, Car-
diovascular death. F, All-cause death. G, Hospitalization for congestive heart failure (CHF) from cardiovascular outcomes trials. 
CVOT results have been published for saxgliptin,34 alogliptin,36 and sitagliptin33 (DPP-4Is); and for lixisenatide,80 liraglutide,7 
and semaglutide8 (GLP-1 receptor agonists). MACE analysis in CVOTs may include hospitalization for unstable angina; acute 
myocardial infarction has variably been reported as all (fatal and nonfatal) or only nonfatal cases; stroke has been reported 
as ischemic or all stroke. See definition of end points for individual outcomes trials in Table 2. BID indicates twice daily; CHF, 
congestive heart failure; CV, cardiovascular; and CVOT, cardiovascular outcome trial.
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cells and monocytes/macrophages. Although less well 
studied, acute and chronic administration of sitagliptin 
also reduced molecular markers of inflammation in 
circulating mononuclear cells from human subjects 
with T2D.97 Specifically, nuclear factor κB binding in 
mononucleocytes was reduced by the exenatide95 and 
sitagliptin.97 GLP-1, GLP-1RAs (exenatide, liraglutide), 
and a DPP-4I (sitagliptin) reduced the production of 
inflammatory cytokines such as tumor necrosis factor-
α, interleukins 1ß and 6, and intercellular adhesion 
molecules (Table 1). Liraglutide reduced the expression 
of the inflammatory macrophage activation molecule 
sCD163 by 22%.99 GLP-1RAs (exenatide, liraglutide) 
and a DPP-4Is (sitagliptin) also reduced levels of C-
reactive protein (Table 1). Adiponectin, an adipocyto-
kine that reduces insulin resistance, was increased by 
GLP-1RAs (exenatide and liraglutide) and DPP-4Is (si-
tagliptin and vildagliptin) (Table 1). Nevertheless, many 
of these studies are not controlled for changes in in-
sulin or reductions in glycemia or body weight, and 
ascertainment of the underlying mechanisms coupling 
incretin therapy to reduced inflammation in humans is 
challenging.

Platelet Aggregation/Thrombosis
GLP-1r mRNA transcripts were detected in the human 
megakaryocyte MEG-1 cell line, which also exhibited 
functional cAMP accumulation in a dose-dependent 
manner in response to increasing concentrations of na-
tive GLP-1 and exenatide.104 Whether isolated human 
platelets express a functional canonical GLP-1R has not 
yet been definitively demonstrated, although Steven 
and colleagues119 reported immunoreactive GLP-1R 
protein in murine and human platelets by Western blot 
analysis using a commercial antibody. In contrast, stud-
ies examining the human platelet transcriptome have 
failed to consistently detect GLP-1R expression.120 Al-
though GLP-1 receptor stimulation may have the po-
tential to reduce platelet aggregation, only preliminary 
studies in humans have addressed potential effects on 
the stability of atherosclerotic plaques in general and in 
coronary vessels in particular.121

Taken together, a large body of work demonstrates 
the effects of native GLP-1 and its degradation prod-
ucts, GLP-1RAs and DPP-4Is, in the cardiovascular sys-
tem. These studies highlight potential mechanisms by 
which clinically meaningful modifications occur in the 
pathophysiology of coronary heart disease, acute myo-
cardial infarction, congestive heart failure, and periph-
eral artery disease. The effects shown for GLP-1RAs 
and DPP-4Is appear to be qualitatively similar, whereas 
differences in effect sizes may occur. Comparative hu-
man studies characterizing quantitative differences 
between effects of GLP-1RAs and DPP-4Is are mostly 
lacking.

INFLUENCE OF GLP-1RAS AND DPP-4IS 
ON CARDIOVASCULAR RISK FACTORS
GLP-1RAs and DPP-4Is have been approved as glucose-
lowering agents for subjects with T2D. GLP-1RAs re-
duce fasting glucose concentrations substantially (by on 
average, up to 50 mg/dL) and HbA1c by 0.5 to 1.3%, 
whereas DPP-4Is typically reduce fasting glucose con-
centrations by on average, up to 25 mg/dL and HbA1c 
by 0.6% to 0.9% (Figure 1). It is notable that GLP-1RAs 
with a short duration of action (achieving effective drug 
concentrations for less than a full 24-hour period) have 
smaller effects on fasting glucose and HbA1c concentra-
tions. Nevertheless, short-acting agents have more pro-
nounced effects on gastric emptying and glycemic in-
crements after a meal because they evade tachyphylaxis 
(for gastric emptying) typically induced by sustained ex-
posure to high doses.110 Because of the short-acting na-
ture of lixisenatide leading to transient exposure to the 
drug after once-daily injection, effects on postprandial 
glycaemia are mainly present after the first meal follow-
ing the subcutaneous injection of lixisenatide.

The glucose-dependent mechanism of modulating 
insulin and glucagon secretion confers incretin-based 
glucose-lowering medications with a low risk of hypo-
glycemia.1 However, incretin therapies do not prevent 
hypoglycemic episodes prompted by other diabetes 
mellitus medications, especially when combined with 
sulfonylureas or insulin.1,2 Nevertheless, DPP-4Is and 
GLP-1RAs have a lower risk for hypoglycemia when 
combined with sulfonylureas than is seen with insulin 
therapy.144 Hypoglycemic episodes, especially severe 
hypoglycemic episodes (requiring third-party assistance 
for management) in population with T2D, are associ-
ated with increased risk of cardiovascular events and 
mortality.145

GLP-1RAs typically lead to reductions in appetite and 
food intake resulting in a loss in body weight (Figure 1). 
The reduction in body weight achieved is usually be-
tween 2 and 4 kg on average146 but may be highly vari-
able.146 DPP-4Is may lead to minor reduction in body 
weight but usually by <1 kg.1,2

GLP-1 can acutely lower nonesterified fatty acid con-
centrations through the stimulation of insulin and sup-
pression of glucagon secretion, especially in patients 
with T2D and hyperglycemia.82 In clinical trials, GLP-
1RAs have been shown to lower triglyceride concentra-
tions and increase high-density lipoprotein cholesterol 
(ie, to ameliorate the dyslipidemia typically associated 
with insulin resistance) (Figure 1). Improvements in fast-
ing triglycerides and high-density lipoprotein cholesterol 
may vary with the individual degree of weight reduction 
and glycemic control achieved but also between GLP-
1RAs. In addition, a small but consistent reduction in 
low-density lipoprotein cholesterol concentrations has 
been observed with GLP-1RAs, especially when com-
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paring this treatment modality to insulin regimens.144 
DPP-4Is do not have major effects on fasting lipoprotein 
patterns (Figure 1), although they do prevent or delay 
postprandial chylomicron formation, similar to findings 
with GLP-1RAs (Table 1).

CARDIOVASCULAR OUTCOMES TRIALS 
WITH INCRETIN-DERIVED GLUCOSE-
LOWERING MEDICATIONS
Before 2008, the US Food and Drug Administration ap-
proved drugs used in the treatment of patients with di-
abetes mellitus based on their effectiveness in reducing 
blood glucose. Trials designed to demonstrate glucose-
lowering efficacy were typically short (<1 year) trials in 
a relatively healthy population with few cardiovascular 
events and used HbA1c as a surrogate end point. After 
results from trials with several glucose-lowering drugs 
were shown to possibly increase the risk of cardiovas-
cular events,147,148 the US Food and Drug Administration 
issued guidance in 2008 requiring new diabetes mellitus 
therapies to demonstrate cardiovascular safety (http://
www.fda.gov/downloads/drugs/guidancecomplian-
ceregulatoryinformation/guidances/ucm071627.pdf). 
Henceforth, randomized clinical trials were designed 
to demonstrate that therapies did not significantly in-
crease the risk of cardiovascular events. Following this 
guidance, trial results are now available for studies of 
numerous glucose-lowering therapies, including DPP-
4Is (saxagliptin,34 alogliptin,36 sitagliptin33), GLP-1RAs 
(lixisenatide,80 liraglutide,7 semaglutide8), and sodium-
glucose cotransporter-2 inhibitors (empagliflozin142).

The cardiovascular safety trials performed to date 
have included human subjects with T2D at increased 
risk of cardiovascular events. Thus, subjects enrolled in 
these trials had prior cardiovascular events or presented 
with risk factors for cardiovascular events. Although 
this was not an explicit inclusion criterion, typically they 
had longstanding T2D, and a substantial proportion 
was treated with insulin (Table 2). To maintain glycemic 
equipoise, patients have been typically randomized to 
the therapy of interest or matching placebo, and inves-
tigators have been encouraged to monitor the hemo-
globin A1c in all patients and adjust glucose-lowering 
therapies accordingly. As a result of standard care al-
lowing or even requiring changes in the glucose-lower-
ing treatment in line with applicable guidelines, cardio-
vascular outcome studies are not useful for comparing 
glucose-lowering effects of different medications.

Cardiovascular Outcomes Trials 
With DPP-4Is
Saxagliptin,34 alogliptin,36 and sitagliptin33 have been 
studied in appropriately powered cardiovascular out-

comes trials (SAVOR-TIMI 53, EXAMINE, TECOS). 
 Although all cardiovascular outcomes trials listed in 
Table 2 describe patients at high risk for cardiovascular 
events, the inclusion criteria varied substantially from 
individuals with a recent acute coronary syndrome to 
those with a previous history of cardiovascular events 
to subjects with only risk factors present at baseline. 
Nevertheless, the results of these studies of DPP-4Is on 
major adverse cardiovascular events have been similar. 
Inhibition of DPP-4 neither increased nor decreased 
the risk of the combined major adverse cardiovascular 
event outcome (Figure 2B), which includes cardiovascu-
lar death (Figure 2E), myocardial infarction (Figure 2C), 
or stroke (Figure 2D), including or not including hos-
pitalization for unstable angina in the composite end 
point. Thus, the cardiovascular safety of these agents 
has been confirmed (Figure 2B).

In the SAVOR-TIMI 53 trial, patients randomized to 
saxagliptin had a 0.7% absolute increase in the risk of 
hospitalization for heart failure (3.5% versus 2.8%; 
HR, 1.27; 95% CI, 1.07–1.51).35 In the EXAMINE trial, 
a greater number of patients treated with alogliptin 
were hospitalized for heart failure, but this difference 
was not statistically significant (3.1% versus 2.9%; HR, 
1.07; 95% CI, 0.79–1.46).37 However, in the TECOS tri-
al, no difference occurred in the rates of hospitalization 
for heart failure (3.1% versus 3.1%; HR, 1.00; 95% CI, 
0.84–1.20)163 (Figure 2G). Subsequently, a large obser-
vational study did not find evidence that DPP-4 inhibi-
tion with either saxagliptin or sitagliptin was associated 
with hospitalization for heart failure.164 A meta-analysis 
summarizing the risk for hospitalization because of 
congestive heart failure in cardiovascular outcomes tri-
als indicated a nonsignificant elevation in risk (HR, 1.14; 
95% CI, 0.97–1.34; P=0.10),163 with substantial hetero-
geneity between trials with saxagliptin,34 alogliptin,36 
and sitagliptin.33 The lack of evidence for an effect of 
sitagliptin on heart failure, relative to the findings with 
saxagliptin and possibly alogliptin, may reflect differ-
ences in trial design or unique attributes of each drug 
and remains unexplained.

Cardiovascular Outcomes Trials With  
GLP-1RAs
The cardiovascular safety of GLP-1RAs has been evalu-
ated in several randomized clinical trials. Lixisenatide 
was studied in 6068 patients with recent hospitalization 
for acute coronary syndrome. Neither an increase nor a 
decrease occurred in the risk of cardiovascular events 
with lixisenatide therapy (Figure 2B).80 However, in sep-
arate studies, the longer-acting GLP-1RAs liraglutide 
and semaglutide reduced numbers of cardiovascular 
events. In the LEADER trial, 9340 patients at high risk of 
cardiovascular events (81% with established cardiovas-
cular disease) were randomized to either liraglutide or 
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Table 2. Patient Baseline Characteristics and Essential Protocol Details for Cardiovascular Outcomes Trials With 
Incretin-Based Therapies

 
Characteristic 

Medication Class

DPP-4Is GLP-1 Receptor Agonists

SAVOR-TIMI 5334,149

/saxagliptin
EXAMINE36,150/

alogliptin
TECOS33,151

/sitagliptin
ELIXA80,152

/lixisenatide
LEADER7,153

/liraglutide
SUSTAIN-68

/semaglutide

Active 
Drug Placebo

Active 
Drug Placebo

Active 
Drug Placebo Active Drug Placebo Active Drug Placebo Active Drug Placebo

Administration Oral Oral Oral Oral Oral Oral Subcutaneous Subcutaneous Subcutaneous Subcutaneous Subcutaneous Subcutaneous

Dose, mg 5* n.a. 25* n.a. 100† n.a. 20 µg n.a. 1.78 n.a. 0.5/1.0 n.a.

Patient number, 
n

8280 8212 2701 2679 7332 7339 3034 3034 4668 4672 1648 1649

Sex, % female 33.4 32.7 32.3 32.0 29.1 29.5 30.4 30.9 35.5 36.0 38.5 40.0

Age, y 65±9 65±9 61† 61† 65±8 66±8 60±10 61±10 64±7 64±7 65±7 65±8

Body mass 
index, kg/m2 31.1±5.5 31.2±5.7 28.7† 28.7† 30.2±5.6 30.2±5.7 30.1±5.6 30.2±5.8 32.5±6.3 32.5±6.3 32.8±6.3 32.8±6.1

Diabetes 
mellitus 
duration, y

10† 10† 7† 7† 12±8 12±8 9±8 9±8 13±8 13±8 14±8 14±8

HbA1c, % 8.0±1.4 8.0±1.4 8.0±1.1 8.0±1.1 7.2±0.5 7.2±0.5 7.7±1.2 7.6±1.3 8.7±1.6 8.7±1.5 8.7±1.5 8.7±1.5

Insulin 
treatment, %

41.6 41.2 29.4 30.3 23.5 22.9 39.2 39.0 43.6 45.5 58.0 58.1

Median follow-
up, y

2.1 1.5 3.0 2.1 3.8 2.1

Premature drug 
discontinuation, 
%/y

8.8 9.9 13.9 15.1 8.7 9.2 13.1 11.4 n.r. n.r. 10.1 9.0

eGFR 73±23 73±23 71.1† 71.2† 75±21 75±21 77±21 75±21 n.r. n.r. n.r. n.r.

eGFR <60 mL/
min, % 15.7‡ 15.6‡ 28.6 29.6 9.5‡ 9.4‡ 21.7 24.7 23.9 22.3 28.5 28.5

Prior 
cardiovascular 
disease, %

78.4 78.7 99.7 99.8 100.0 100.0 100.0 100.0 82.1 80.6 87.0‡‡ 

Congestive 
heart failure, %

12.8 12.8 28.0 27.8 17.8 18.3 22.5 22.3 17.9 17.8 23.1 24.0

Statin use, % 78.3 78.4 90.6 90.3 79.8 80.0 93.3 92.2 72.7 71.4 72.8 72.8

Aspirin use, % 75.5 75.0 90.6¶ 90.8¶ 78.6 78.4 97.6¶ 97.4¶ 63.7 62.1 63.8 64.1

Patient selection 
criteria

Established 
cardiovascular 

disease or multiple 
risk factors||

Recent ACS 
(within 15–90 

days)**

Established 
cardiovascular 

disease||

Recent acute coronary 
syndrome**

Age ≥50 y and established 
cardiovascular disease or age 

≥60 y and risk factors

Age ≥50 y and established 
cardiovascular disease or age 

≥60 y and risk factors

Primary end 
point Composite: 

cardiovascular 
death, myocardial 

infarction, ischemic 
stroke

Composite: 
cardiovascular 

death, nonfatal 
myocardial 

infarction, nonfatal 
stroke

Composite: 
cardiovascular death, 
nonfatal myocardial 

infarction, 
nonfatal stroke, 

hospitalization for 
unstable angina

Composite: cardiovascular 
death, myocardial infarction 
stroke, hospitalization for 

unstable angina

Composite: cardiovascular 
death, nonfatal myocardial 
infarction, nonfatal stroke

Composite: cardiovascular 
death, nonfatal myocardial 
infarction, nonfatal stroke

Cardiovascular 
events, n††

613 609 305 316 839 851 406 399 608 694 108 146

Values represent mean±standard deviation or proportion (%) displaying the characteristic in question. ACS indicates acute coronary syndrome; DPP-4Is, dipeptidyl peptidase-4; eGFR, 
estimated glomerular filtration rate; ELIXA, Evaluation of Lixisenatide in Acute Coronary Syndrome; EXAMINE, Examination of Cardiovascular Outcomes with Alogliptin versus Standard of 
Care; GLP-1, glucagon-like peptide-1; LEADER, Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results; n.a., not applicable; n.r., not reported; SAVOR-TIMI 53, 
Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes Mellitus-Thrombolysis in Myocardial Infarction; SUSTAIN-6, Trial to Evaluate Cardiovascular and Other Long-
term Outcomes With Semaglutide in Subjects With Type 2 Diabetes; and TECOS, Trial to Evaluate Cardiovascular Outcomes after Treatment with Sitagliptin. 

*Reduced dose in patients with chronic kidney disease.
†Median.
‡<50 mL/min.
¶Including other platelet aggregation inhibitors.

||Major coronary artery disease, ischemic cerebrovascular disease, or atherosclerotic peripheral arterial disease.
**Acute myocardial infarction or unstable angina.
††As defined by the respective primary end point.
‡‡Only stated for the whole cohort.
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placebo. Liraglutide reduced the risk for the combined 
primary outcome of cardiovascular death, myocardial 
infarction, or stroke by 13% (13.0% versus 14.9%; 
HR, 0.87; 95% CI, 0.78–0.97). There were directionally 
consistent effects on cardiovascular death (4.7% versus 
6.0%; HR, 0.78; 95% CI, 0.66–0.93), myocardial in-
farction (HR, 0.86; 95% CI, 0.73–1.00; P=0.046), and 
stroke (HR, 0.86; 95% CI, 0.71–1.06) (Figure 2).

No significant difference in rates of hospitaliza-
tion for heart failure occurred with liraglutide versus 
placebo in the LEADER trial (4.7% versus 5.3%; HR, 
0.87; 95% CI, 0.73–1.05). These results are consistent 
with findings from a study in patients with more severe 
heart failure (baseline left ventricular ejection fraction 
≤40%), which showed treatment with liraglutide over 
180 days did not significantly change a mean global 
rank score evaluating time to death or hospitalization 
because of heart failure and changes in N-terminal pro-
brain natriuretic peptide.30,165 However, the rates of 
hospitalization for heart failure in the patients treated 
with liraglutide in this study were numerically greater 
but not statistically different (41% [liraglutide] versus 
34% [placebo]; HR, 1.30; 95% CI, 0.89–1.88).

Evidence for the cardiovascular benefit of GLP-1RAs 
was also seen with semaglutide, an investigational long-
acting, once-weekly GLP-1RA, in the SUSTAIN-6 trial.8 
This trial was designed as a noninferiority safety study 
and randomized 3297 patients with diabetes mellitus 
at high risk of cardiovascular disease (61% with estab-
lished coronary artery disease). Treatment with sema-
glutide decreased the combined primary outcome of 
time to cardiovascular disease death, nonfatal myocar-
dial infarction, or nonfatal stroke (6.6% versus 8.9%; 
HR, 0.74; 95% CI, 0.58–0.95). There was no difference 
in cardiovascular disease death (2.7% versus 2.8%; HR, 
0.98; 95% CI, 0.65–1.48), and the reduction in the pri-
mary end point was driven by differences in myocardial 
infarction (2.9% versus 3.9%; HR, 0.74; 95% CI, 0.51–
1.08) and stroke (1.6% versus 2.7%; HR, 0.61; 95% 
CI, 0.38–0.99). No statistically significant differences 
occurred in hospitalization for heart failure with sema-
glutide (3.6% [semaglutide] versus 3.3% [placebo]; HR, 
1.11; 95% CI, 0.77–1.61) (Figure 2).

Thus, these trials have demonstrated cardiovascular 
safety for GLP-1RAs. Two studies have shown significant 
reductions in cardiovascular events with liraglutide7 and 
semaglutide8 of 13% and 26%, respectively, whereas 
treatment with lixisenatide did not reduce cardiovascu-
lar events. The different results of these studies may re-
flect the unique pharmacology of the respective agents. 
For example, lixisenatide has a shorter duration of ac-
tion than liraglutide and semaglutide.110 Alternatively, 
differences in study design may be contributing. The 
ELIXA trial included only patients with a recent acute 
coronary syndrome, a condition associated with a par-
ticularly high risk for subsequent cardiovascular events. 

Differences in study duration, patient risk profile, and 
study size may also influence trial-specific findings. Fur-
ther studies, ideally head-to-head studies of GLP-1RAs, 
are needed to determine whether meaningful differ-
ences might explain these disparate findings.

WHAT MEDIATES BENEFICIAL 
CARDIOVASCULAR EFFECTS OF 
THE GLP-1RAS LIRAGLUTIDE AND 
SEMAGLUTIDE?
Metabolic Results From Trials With GLP-
1RAs
Liraglutide and semaglutide were developed as glucose-
lowering medications for the treatment of patients with 
T2D. Semaglutide has not yet been approved. However, 
these agents also reduce body weight, systolic blood 
pressure, and, in some patients, triglyceride and low-
density lipoprotein cholesterol.1,2 Thus, although some 
have assumed that the cardiovascular effects found in 
the LEADER trial7 and the SUSTAIN-6 trial8 reflect differ-
ences in glucose/HbA1c, it seems more likely that the re-
ductions in cardiovascular events with these agents are 
driven by nonglycemic effects of these drugs. Liraglutide7 
and semaglutide8 displayed the largest difference, rela-
tive to patients treated with placebos, in glycohemoglo-
bin. The difference amounted to 0.40% (95% CI, 0.34–
0.45) at 36 months but was larger (7.2% versus 8.2% 
with placebo) at 3 months with liraglutide.7 With sema-
glutide, glycohemoglobin was lower by 0.66% (95% CI, 
0.52–0.88) with the 0.5 mg dose and by 1.05% (95% 
CI, 0.91–1.19) with 1 mg per week.8 This finding con-
trasts with the much smaller reduction in HbA1c with lix-
isenatide (‒0.27% [95% CI, –0.31 to ‒0.22]), although 
after 12 weeks this difference was larger (0.4%).80 Small 
but significant weight loss occurred with lixisenatide 
(‒0.7 [95% CI, ‒0.9 to ‒0.5] kg),80 and more substan-
tial weight loss occurred with liraglutide (‒2.3 [95% 
CI, ‒2.5 to ‒2.0] kg)7 and semaglutide (0.5 mg: ‒2.9 
[‒3.5 to ‒2.3] kg; 1.0 mg: ‒4.4 [‒4.1 to ‒3.8] kg).8 
Along the same lines, systolic BP was slightly reduced 
by lixisenatide (‒0.8 [95% CI, –1.3 to ‒0.3] mm Hg)80 
but more substantially so by liraglutide (Δ ‒1.2 [95% 
CI, ‒1.9 to ‒0.5] mm Hg)7 and semaglutide (0.5 mg: Δ 
1.3 [95% CI,  ‒2.8 to 1.2] mm Hg; 1.0 mg: ‒2.6 [‒4.1 
to ‒1.1] mm Hg).8 Thus, significant reductions in cardio-
vascular events occurred with those treatments that in-
duced the largest reductions in HbA1c, body weight, and 
systolic BP. In addition, with liraglutide, a reduced risk 
for hypoglycemic episodes occurred, including severe 
hypoglycemic episodes.7 This trend was observed with 
lixisenatide80 but not with semaglutide.8 Severe hypogly-
cemic episodes in patients with T2D have been linked to 
adverse cardiovascular and mortality outcomes.145
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Metabolic Results From Trials With  
DPP-4Is
In cardiovascular outcomes trials with the DPP-4Is saxa-
gliptin,34 alogliptin,36 and sitagliptin,33 differences in 
HbA1c of <0.4% were uniformly observed because of 
the addition of glucose-lowering medications added as 
part of standard care in all patients. Furthermore, there 
was little difference in body weight, BP, and heart rate 
between patients treated with DPP-4Is and placebos.

Other Glucose-Lowering Medications 
Introduced as Part of Standard Care
Because liraglutide and semaglutide are potent glucose-
lowering agents and baseline HbA1c concentrations in 
the LEADER7 and SUSTAIN-68 trials were higher than 
common glycemic targets, additional glucose-lowering 
medications were added, more so in patients treated 
with placebo than in those treated with GLP-1RAs. 
Among those additional glucose-lowering medications 
were sulfonylureas and insulin. Observational studies 
have raised questions regarding the cardiovascular safe-
ty of sulfonylureas and insulin in patients at substantial 
risk for cardiovascular events. The propensity for these 
classes of glucose-lowering drugs to elicit (severe) hy-
poglycemic episodes is an additional concern. Further 
analyses of these outcomes trials may help indicate 
whether these added drugs may play a role in explain-
ing the cardiovascular results.

Immediate Cardiovascular Effects of 
Stimulating GLP-1Rs
In meta-analyses of glucose-lowering trials, a signifi-
cant reduction (by ≈15%) in the risk for acute myocar-
dial infarction was shown when comparing intensive 
versus standard strategies for lowering glucose (repre-
senting an ≈0.9% difference in HbA1c maintained over 
several years).3,166 There was no effect on stroke or 
(cardiovascular) death within the core duration of such 
trials.3,167 In some studies, a longer period of observa-
tion (>8 years) extending beyond the core trial period 
was necessary to show improvements in mortality,168,169 
whereas in the LEADER trial, there was a significantly 
reduced cardiovascular and all-cause mortality within 
a shorter period of time.7 When analyzing the com-
bined results of glucose-lowering trials, there was 
more significant benefit for subjects with shorter dia-
betes mellitus duration, better glycemic control, and 
no cardiovascular diagnosis at baseline.167 In contrast, 
in the LEADER and SUSTAIN-6 trials, patients with pre-
existing cardiovascular disease displayed trends toward 
a greater benefit from liraglutide7 and semaglutide8 
treatment, compared with those patients with only 
baseline risk factors, although these differences were 

not significant. In addition, the magnitude of changes 
in glycohemoglobin, body weight, and systolic BP elic-
ited by liraglutide and semaglutide were smaller and 
maintained for shorter periods of time than would be 
predicted to be sufficient to elicit cardiovascular ben-
efits based on previous analyses of glucose-lowering 
strategies.3,167 The beneficial effects seen with liraglu-
tide7 and semaglutide8 are consistent with diminishing 
atherogenic risk over time. The favorable within-trial 
changes seen in multiple cardiovascular risk factors 
(glycemia, body weight, systolic BP, lipids) (see Figure 1) 
may provide a conventional explanation for the results 
observed. However, previous analyses of glucose-low-
ering trials showed only a moderate reduction in myo-
cardial infarction events with no change in (cardiovas-
cular) mortality,3 and even multifactorial interventions 
addressing BP (intensive management with antihyper-
tensive medications), cholesterol (statins), and triglyc-
erides (fibrates) reduced cardiovascular events, but not 
mortality169 within a time frame similar to the duration 
of the cardiovascular outcomes trials with liraglutide 
(3.5 to 5 years)7 and semaglutide (2 years).8 Thus, it 
appears likely that traditional risk factor modification 
alone cannot explain the overall benefits observed, but 
rather additional mechanisms may be operative, most 
likely including direct effects in the cardiovascular sys-
tem (Table 1). The reductions in nonfatal acute myocar-
dial infarction and nonfatal stroke with both liraglutide 
and semaglutide (Figure 2) suggest a reduction of dia-
betes mellitus-related atherosclerotic disease, perhaps 
by reducing the plaque burden or increasing plaque 
stability. To date, however, no convincing evidence 
points to a single possible mechanism listed in Table 1 
as playing a dominant role in the reduction of major ad-
verse cardiovascular outcomes. Other potential mech-
anisms, such as reduced infarction-related myocardial 
necrosis (Figure I in the online-only Data Supplement) 
with liraglutide or semaglutide treatment remain to be 
demonstrated. More careful characterization of the ex-
pression and function of GLP-1Rs in the cardiovascular 
system in patients with diabetes mellitus, coronary ar-
tery disease, or congestive heart failure seems prudent. 
Potential influences of GLP-1RAs on cardiovascular risk 
and function are depicted in Figure 3.

Based on mechanistic findings in animals (Table I in 
the online-only Data Supplement) and human subjects 
with and without diabetes mellitus (Table 1), a benefi-
cial effect of incretin-based medications on congestive 
heart failure was predicted, whereas only a (nonsig-
nificant) trend for a reduction in the rate of hospital-
ization for congestive heart failure was observed in 
the LEADER trial,7 with no similar observations from 
the other GLP-1RA trials, and some adverse outcomes 
from dedicated congestive heart failure trials with li-
raglutide30 and detrimental findings with saxagliptin 
(DPP-4 I).34,35 No widely accepted explanation for this 
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discrepancy exists. Changes in the pattern of GLP-1R 
expression accompanying the development of cardiac 
ischemia or left ventricular failure or enhanced sus-
ceptibility to tachyarrhythmias might offer potential 
explanations. More studies addressing these possibili-
ties are needed.

In contrast, the multitude of beneficial effects attrib-
uted to DPP-4 inhibition in mechanistic studies (Table 1) 
cannot easily be reconciled with the neutral results of 
large-scale clinical trials (Table 2, Figure 2). At this mo-
ment, no convincing explanation for this discrepancy 
exists. One possible explanation may reside in a differ-
ent profile of potential DPP-4 substrates regulated by 
DPP-4Is in older humans with diabetes mellitus versus 
young animals with cardiovascular disease. A similar 
reasoning might explain potential mechanisms lead-
ing to worsening of congestive heart failure in some 
humans with DPP-4 inhibition.34,35 However, no specific 
candidate or differential profile of DPP-4 peptide(s) sub-
strates has been identified that would provide a satis-

factory explanation. Furthermore, it is similarly difficult 
to explain why some specific agents belonging to the 
DPP-4I class display an increased risk for hospitalization 
for congestive heart failure, whereas others seem to be 
free of such a risk.

CLINICAL PERSPECTIVE
The clinical implications dictate that long-acting GLP-
1RAs such as liraglutide (approved) and semaglutide 
(not yet approved) with demonstrated cardiovascular 
benefit should be used preferentially in human subjects 
matching the inclusion criteria of these cardiovascular 
outcomes trials. Their prescriptions should be weighed 
against that of empagliflozin (sodium-glucose cotrans-
porter-1 inhibitor), which has shown benefits in terms 
of reducing (cardiovascular) mortality and hospitaliza-
tion for congestive heart failure in similar populations 
of patients with T2D at high risk for cardiovascular 

Figure 3. Potential mechanisms mediating a beneficial effect of glucagon-like peptide-1 (GLP-1) receptor agonists 
on reducing cardiovascular events.  
Effects of diabetes mellitus-related parameters (glycemic control, avoidance of [severe] hypoglycemia), cardiovascular risk 
factors (body weight, blood pressure, lipoproteins/lipids), and interactions with GLP-1 receptors in the cardiovascular system 
(potentially leading to improved endothelial function/vasodilation, improved cardiac function under conditions of coronary 
ischemia, and anti-inflammatory/ anti-atherosclerotic effects) have to be considered. CV indicates cardiovascular.
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events.170 Information on cardiovascular outcomes with 
a combination treatment of GLP-1RAs and sodium-glu-
cose cotransporter-2 inhibitors is not available.

In contrast, the cardiovascular safety of DPP-4Is has 
uniformly been underscored by neutral findings in car-
diovascular outcomes trials with saxagliptin, alogliptin, 
and sitagliptin. Findings of an increased risk for hospi-
talization because of congestive heart failure with the 
DPP-4Is saxagliptin (significant) and alogliptin (nonsig-
nificant trend) in the absence of clear benefits regard-
ing overall cardiovascular risk require further mecha-
nistic clarification and caution in using these drugs in 
individuals at risk for congestive heart failure.

OUTLOOK
Evidence that 2 GLP-1RAs, liraglutide and semaglutide, 
reduce major adverse cardiovascular events in subjects 
with T2D at high risk for such complications (Figure 2) 
represents a major therapeutic advance. With these and 
additional glucose-lowering medications such as empa-
gliflozin having a major impact on the risks for cardiovas-
cular events and mortality, individualized treatment can 
be offered to patients with diabetes mellitus at risk for 
cardiovascular events. Whether there is a similar benefit 
for individuals at earlier stages of T2D with lower car-
diovascular risk is not yet known. Continued research is 
needed to better define the mechanisms leading to the 
benefits seen to date (Table 3). It remains possible that the 
reductions in cardiovascular events seen in these trials are 
a direct result of GLP-1R signaling, given the numerous 

actions within the heart, blood vessels, and other tissues 
that impact risk factors (Table 1, Figure 1). Irrespective of 
the underlying mechanisms, the neutral (in the case of 
DPP-4Is) and even beneficial (in the case of long-acting 
GLP-1RAs), cardiovascular actions of the incretin-based 
glucose-lowering medications have broadened our arma-
mentarium, enabling application of personalized medi-
cine to reduce the detrimental complications of T2D.
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10 Why and how do some but not all DPP-4Is increase the risk of hospitalization for heart failure?
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 Supplementary table 1: GLP-1 receptors in the cardiovascular system and effects of GLP-1, GLP-1 receptor agonists and DPP-4 inhibitors (animal studies) 

Organ Effect(s) on Description of effects Commentary Negative findings, commentary 

Heart GLP-1 receptors   Canonical GLP-1 R protein (immunocytochemistry) present in the ventricle of 
rodents 1,2 and non-human primates 3 

 GLP-1r mRNA transcripts not detectable or expressed at very low level in the 
(right and left) ventricles, but primarily are found in atria 4,5 

 GLP-1R protein (immunocytochemistry) in porcine and dog coronary arteries6,7 

 Some published results have to be judged with caution because of low sensitivity and 
specificity of GLP-1 R antisera 8,9 

 Some effects seem to be mediated by GLP-1 metabolites (GLP-1 [9-36 amide] or GLP-1 
[28-36 amide] 10 

 The exact mechanism how GLP-1 metabolites exert biological effects are not known. A 

second GLP-1 receptor with different ligand specificity has been looked for, but has not 
been detected or characterized 11,12 

 GLP-1 metabolites appear to successfully target cytoplasmic and mitochondrial pathways 
leading to a reduction in reactive oxygen species in hepatocytes, endothelial cells, and 

cardiomyocytes11,13 

 GLP-1 (28-36) activates soluble adenylate cyclase and cAMP generation in isolated 
cardiomyocytes ex vivo14 

 Studies employing native GLP-1 may be associated with activation of dual cardiovascular 
pathways mediated through the classical GLP-1R and non-classical cAMP-mediated 

pathways activated by truncated peptides converging on cardiomyocyte and vascular 

protection11. 
Myocardial 

glucose uptake 
 GLP-1 (7-36 amide) or (7-37): Increased myocardial glucose uptake in dogs 

with cardiomyopathies and congestive heart failure15,16 

 GLP-1 receptor agonists: Not studied 

 DPP-4 inhibitors: Not studied 

 Effects mimicked by GLP-1 [9-36 amide], the metabolite generated by DPP-4 action 

(which itself does not activate the canonical GLP-1 receptor) 11,15 

Left-ventricular 

function 
 GLP-1 (7-36 amide) or (7-37): Increased left-ventricular contractility 15 

 GLP-1 receptor agonists: Liraglutide reduced myocardial tissue fibrosis 
induced by angiotensin II in rats17 

 DPP-4 inhibitors: Linagliptin was without effect on myocardial tissue fibrosis 
induced by angiotensin II in rats17 

 Effects mimicked by GLP-1 [9-36 amide], the metabolite generated by DPP-4 action 

(which itself does not activate the canonical GLP-1 receptor) 15 

 Experimental or clinical heart failure is associated with increased plasma DPP-4 activity2 

 Genetic disruption of DPP-4 (Fisher rats) or DPP-4 inhibition (vildagliptin) improves 
diastolic function in rats18. Pharmacological inhibition of DPP-4 (sitagliptin) attenuates 

heart failure in pigs19 
Myocardial/corona

ry blood flow 
 GLP-1 (7-36 amide) or (7-37): Intracoronary GLP-1 did not change coronary 

flow in dogs (but increased myocardial glucose uptake)6. 

 Intravenous GLP-1 did not change coronary flow in swine 7 

 Also see table 1 (mostly studied in human subjects) 

 Effect of exogenous GLP-1 attenuated in obese animals7 

Cardioprotection 

against ischemia/ 
myocardial 

stunning 

 GLP-1 (7-36 amide) or (7-37):See supplementary Figure 1 

 GLP-1 receptor agonists: See supplementary Figure 1 

 DPP-4 inhibitors: See supplementary Figure 1 

 Uniformly, GLP-1, GLP-1 RAs and DPP-4Is reduce the area of necrosis (size of ultimate 
ischemic damage) after experimentally induced acute myocardial infarction 

(occlusion/ligation of a main coronary vessel) in mice, rats, pigs or dogs 20-29. 

 Where studied, effects were antagonized by the GLP-1 receptor antagonist exendin [9-39] 
30,31, indicating a major involvement of stimulated GLP-1 receptors 

Protection from 

stroke 
 DPP-4 inhibitor: Linagliptin protects from stroke in non-diabetic and diabetic 

mice 32 
 It is unclear whether and how these findings are related to changes in GLP-1 

concentrations induced by DPP-4 inhibition. Other mediators may be involved 

Heart rate  GLP-1 (7-36 amide) or (7-37): Heart rate rapidly increased12 

 GLP-1 receptor agonists: Heart rate rapidly increased12; Exenatide reduced 

parasympathetic tone33 

 DPP-4 inhibitors: No change12 

 Central and peripheral catecholaminergic pathways activated by GLP-1 in rodents34 

 The reduction in parasympathetic tone by GLP-1 R stimulation was not confirmed in 

human studies35 

 Mice with selective inactivation of GLP-1R in atrial cardiomyocytes exhibit a reduction in 
heart rate2 

Supplementary table 1 continued on the next page 
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Supplementary table 1 (continued from previous page) 

Organ Effect(s) on Description of effects Commentary Negative findings, commentary 

Peripheral 

arteries 

GLP-1 

receptors 
 GLP-1 r mRNA transcripts have been detected within blood vessels11, specifically 

to vascular smooth muscle cells in rodent and primate arterioles3.  

 Expression of GLP-1 R (protein level) in intact arterial or venous blood vessels is less 

certain 11 
Angiogenesis, 

endothelial cell 
proliferation 

 See table 1 (mostly studied in endothelial cells of human origin)  Effects on endothelial cell proliferation and angiogenesis appear likely 

Endothelium-

derived 
vasodilation 

(NO 

production) 

 GLP-1 (7-36 amide) or (7-37) and GLP-1 receptor agonists: No sufficient 

evidence of direct vasodilatory action as an explanation for blood pressure-
reducing effects 12 

 The role of direct vasodilation as a result of stimulating GLP-1 Rs remains unclear 

Anti-

atherosclerotic 

effects 

 GLP-1 (7-36 amide) or (7-37): GLP-1 attenuated the development of 

atherosclerosis in genetically susceptible rodent strains (ApoE-/-)36 

 GLP-1 receptor agonists: Exendin-4 attenuated the development of 
atherosclerosis in genetically susceptible rodent strains (ApoE-/-)37 

Liraglutide was effective in younger ApoE-/- mice with a low atherosclerotic 
burden, but not in older mice with more progressed atherosclerosis38 

 DPP-4 inhibitors: Alogliptin attenuated the development of atherosclerosis in 
genetically susceptible rodent strains (Ldlr-/-) 39 

 Glucose-dependent insulinotropic polypeptide (GIP) also effective; DPP-4-degraded 

metabolites (GLP-1 [9-36 amide] or GIP [3-42]) were ineffective in this system.36 

 GLP-1 receptor agonist taspoglutide treatment was without effect on the development of 
atherosclerosis or plaque formation in older mice with more progressed atherosclerosis8 

 It is not known whether the effects reflect direct actions on blood vessels and plaque 
formation, or reductions in postprandial lipemia, weight loss, decreased vascular 

inflammation and/or attenuation of macrophage infiltration, or other mechanisms yet to be 
identified 

Systolic  GLP-1 (7-36 amide) or (7-37): Acute increase in pulse rate and blood pressure34 

 GLP-1 receptor agonists: Reduction (independent from weight loss); role of 
vasodilation unclear11,12 

 DPP-4 inhibitors: 

 GLP-1R expression in renal vasculature reduced in a rodent model of arterial hypertension 
40 

Blood pressure Natriuretic 

peptides 
 GLP-1 receptor agonists: Liraglutide increases ANP and induces natroiuresis4 

 DPP-4 inhibitors: Little consistent effects on blood pressure 

 Human studies do not uniformly support ANP as the relevant mediator of blood-pressure-

lowering effects of GLP-1R stimulation (see table 1) 

Renal function GLP-1 

receptors 
 GLP-1 receptor found in porcine proximal tubular cells 41  Some evidence for GLP-1 R expression in the renal macula densa (involved in local renin 

production?)3 

Glomerular 
filtration 

 GLP-1 receptor agonists: : Exendin prevented increase in creatinine clearance 
(hyperfiltration) and glomerular hypertrophy in streptozotocin-induced diabetes in 

rats (model of type 1 diabetes)42 

 DPP-4 inhibitors: No obvious effects described 

 No long-term studies in animal models of type 2 diabetes available 

Albumin 
excretion 

 GLP-1 receptor agonists: Exendin ameliorated albuminuria, mesangial expansion 
in streptozotocin-induced diabetes in rats (model of type 1 diabetes) 42  

 No long-term studies in animal models of type 2 diabetes available 

Natriuretic 

effects 
 GLP-1 receptor agonists: Exendin increased natriuresis in obese mice43; effects on 

Na+/H+ exchange in renal proximal tubular cells 44 

 DPP-4 inhibitors: Alogliptin increased natriuresis in obese mice43 

 Effect of GLP-1 receptor agonist exenatide was(effects absent in GLP-1 R knock-out 
mice), but effect of DPP-4 inhibitor alogliptin was not mediated by the GLP-1 receptor 43 

Metabolic 
milieu 

Postprandial 
lipid 

concentrations 

 GLP-1 receptor agonists: Exendin-4 reduced chylomicron production reduced in 
hamsters and mice 45 

 DPP-4 inhibitors: Sitagliptin reduced chylomicron production reduced in 
hamsters and mice 45 

 Chylomicron production increased in GLP-1R knock-out mice and with the receptor 
antagonist exendin [9-39]; sitagliptin effects antagonized by exendin [9-39] 45 

Supplementary table 1 continued on the next page 
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Supplementary table 1 (continued from previous page) 

Organ Effect(s) on Description of effects Commentary Negative findings, commentary 

Liver GLP-1 receptors  Although binding sites for labeled GLP-1 have been described in hepatocytes, the 
expression of the canonical GLP-1 receptor in hepatocytes is unproven46 

 GLP-1, nevertheless, has been shown to influence hepatic metabolism47. The mechanism 
may be indirect (through changes in hormonal levels or autonomic neural activity). 

Hepatic fat 

deposition 

(hepatic steatosis, 

NAFLD) 

 GLP-1 receptor agonists: Beneficial effects shown48-50 

 DPP-4 inhibitors: Mainly studied in human subjects (see table 1) 

 It is unclear as to whether improvements in glycemic control and weight loss contribute to 
beneficial effects on hepatic steatois/steatohepatitis 

Inflammatory 

responses 

GLP-1 receptors  GLP-1 Rs are expressed at very low levels in circulating immune cells or 

lymphocytes isolated from thymus, spleen, or bone marrow (mice)51 

 Intestinal epithelial lymphocytes express higher levels of the canonical GLP-1 R52. 

 GLP-1r mRNA transcripts and immune-reactive GLP-1 R protein in macrophages 42 

 Peritoneal and multiple tissue-derived macrophages without full-length GLP-1r 
mRNA8 

 Invariant natural killer T cells with questionable GLP-1R expression53 

 GLP-1 R in intestinal epithelial lymphocytes coupled to classical cAMP-dependent anti-

inflammatory signalling52 

 No obvious link between intestinal epithelial lymphocytes and cardiovascular functions of 
risks 

 Macrophage GLP-1 R not reproduced by Immunological Genome Project collaborative 
network (immgen.org)12 

Tissue 

inflammatory 

responses 

 DPP-4 inhibitors: Sitagliptin reduced cardiac and systemic inflammation in rats with 

experimental heart failure54 
Alogliptin reduced arterial inflammation after femoral artery injury in ldlr-/- mice39 

 Treatment of atherosclerosis-prone mice with DPP-4 inhibitors attenuates lesion 

formation, reduces plaque area, and decreases both systemic and vascular inflammation2,55-

57 

 Young normoglycemic Dpp4-/- mice exhibit increased expression of proinflammatory 
genes in the heart58 

 Older diabetic high fat-fed mice with experimental heart failure exhibited increased 

cardiac inflammation following treatment with MK-062658 

 The impact of reduced DPP-4 activity on cardiac inflammation may vary according to the 

experimental model under analysis. 

Stem cell 

homing 

SDF-1  The CXCR4 antagonist AMD3100 attenuates beneficial effect attributed to DPP-4 
inhibition in preclinical models of acute myocardial infarction59 

 Also studied in human subjects (see table 1) 

 In the context of vascular and cardiac injury, DPP-4 controls stem cell homing, mediated 
through stabilization of SDF-1 (which mobilizes stem cells from bone marrow through a 

CXCR4-dependent mechanism. 

Platelet 

function 

Platelet 

aggregation 

 GLP-1 receptor agonists: Mouse blood clot formation reduced by exenatide60.  

 DPP-4 inhibitors: Not studied in detail 

 GLP-1R knock out increased blood clot formation60 

 This has mainly been studied in human subjects (see table 1) 

ANP: Atrial natriuretic factor; ApoE: Apolipoprotein; cAMP: cyclic adenosine monophosphate; CXCR4: C-X-C chemokine receptor type 4, also known as fusin or stromal-derived factor-1 receptor; ldlr: Low-density 

lipoprotein (LDL) receptor; information presented in supplementary Table 1 is described in supplementary text (pages 6-8). 
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Supplementary Figure 1. Effects of 

native GLP-1 ([7-36 amide]; A-E), DPP-4 

inhibitors (sitagliptin, vildagliptin, 

alogliptin; G-N) and GLP-1 receptor 

agonists (liragutide, exenatide; O-T) in the 

size of the resulting necrotic area (relative 

to the area at risk) after standardized 

occlusion of a coronary artery in rats (A-F; 

J, K), mice (G-I, O-Q), pigs (L, R-T) and 

dogs (M, N). Essential experimental 

conditions (species studied; agent tested; 

route of administration; dose; duration of 

exposure; ischemia time; occluded 

coronary vessel; and reperfusion time) are 

provided in figure legends. In addition, 

parameters describing left-venticular 

function (D, E, K, S, T), the frequency of 

complications (P) and the proportion of 

animals surviving experimental acute 

myocardial infarction (I, N, Q) are 

depicted. The percentage reduction in 

infarct size (relative to the area at risk) is 

shown in white in the column representing 

treatment with GLP-1, DPP-4 inhibitor, or 

GLP-1 receptor agonist. LAD: Left 

anterior descendent (coronary artery); 

LCx: Left circumflex coronary artery; n.s.: 

not significant. Data have been taken from 

Bose et al. 2005 a
20

 (A, B), Bose et al. 

2005 b
61

 (C-E), Ku et al. 2010 
24

 (F), Ye te 

al.2010
25

 (G-I), Chinda et al. 2014
27

 (J,K), 

Chinda et al. 2013
26

 (L), Ihara et al. 2015
28

 

(M, N), Noyan-Ashraf et al. 2009
21

 (O-Q), 

and Timmers et al. 2009
22

 (R-T). Details 

are described in the text (page 9). 
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3. Supplemental Text 

 

GLP-1 Receptors in the Cardiovascular System (Including Central Nervous System Mechanisms 

Modifying Functions of the Cardiovascular System), see supplementary Table 1 

GLP-1 Receptors in the Cardiovascular System. Mechanistic interpretation of the cardiovascular 

actions of GLP-1 requires ascertainment of the precise cells and tissues which express the canonical 

GLP-1R. Furthermore, some of the cardiovascular actions ascribed to native GLP-1, notably 

improvement of endothelial function, and reduction of oxidative stress, may reflect the activity of 

GLP-1 metabolites such as GLP-1 (9-36) and GLP-1 (28-36) which exert their actions independent of 

the known GLP-1 receptor 
10,14

. Full length Glp1r mRNA transcripts have been detected in heart, 

blood vessels, cells of the immune system and in regions of the central nervous system that control 

autonomic function
12

. Some actions ascribed to GLP-1, such as reduction of natriuresis and attenuation 

of postprandial lipemia, likely arise through indirect GLP-1R-dependent mechanisms. Although GLP-

1R-dependent activation of natriuresis and reduction of chylomicron secretion are mediated through 

the canonical GLP-1R 
43,45

, GLP-1 receptor mRNA transcripts are not detected within renal epithelium 

or intestinal enterocytes, respectively. 

Several preclinical studies detected an immunoreactive GLP-1R protein by immunocytochemistry or 

western blot analysis within the ventricle of mice and rats}
2,62

, however subsequent analyses have 

identified serious problems with the sensitivity and specificity of many GLP-1R antisera used in these 

experiments 
8
. More recent studies have localized Glp1r mRNA transcripts predominantly to the 

atrium in rodents and primates. In contrast, Glp1r mRNA transcripts are expressed at very low levels 

or are not detectable in RNA isolated from the right and left cardiac ventricles in rodents
4,5

. The atrial 

expression of the GLP-1R protein was identified in non-human primate and human heart using a new 

highly specific monoclonal antibody, localizing an immunoreactive GLP-1R protein to cells within the 

sinoatrial node. Nevertheless, some studies have detected partial GLP1R mRNA transcripts by reverse 

transcription polymerase chain reaction techniques using  RNA isolated from human ventricle, 

although GLP-1R agonists such as exenatide failed to augment contractility in the majority of isolated 

strips from human ventricle in the same experiments
63

. Nevertheless, RNASeq analyses have detected 

the presence of GLP1R mRNA transcripts in RNA from human left ventricle 

(http://www.gtexportal.org/home/gene/GLP1R). Hence, these findings raise the possibility that under 

some circumstances, translational control may dictate whether ventricular GLP-1R mRNA transcripts 

give rise to functional GLP-1R protein in the human heart.  

Cardiovascular Effects of Stimulating GLP-1 Receptors with GLP-1 or GLP-1R Agonists – 

Animal studies 

Heart Failure. Small short term exploratory studies with native GLP-1 have reported augmentation of 

ventricular function in animals with heart failure or ischemia-induced ventricular dysfunction
10

. 

Animal studies report increases in myocardial glucose uptake in dogs with experimental 

cardiomyopathy and congestive heart failure
15,16

. Critically, the therapeutic benefits of native GLP-1 

were mimicked by independent administration of the truncated peptide, GLP-1 [9-36 amide], which 

does not meaningfully activate the canonical GLP-1R
15

. It seems likely that some of the cardiovascular 

benefits observed in preclinical and human studies with native GLP-1 reflect the bioactivity of one or 

more GLP-1 metabolites, such as GLP-1 [9-36] amide
11,12,15

. 

Blood vessels, endothelial function, atherosclerosis. Glp1r mRNA transcripts have been detected 

within blood vessels and infusion of native GLP-1 improves endothelial function in animals and 

human subjects, with and without diabetes (summarized in Pujadas & Drucker 2016
11

). Although the 

GLP-1R is expressed and functional in human endothelial cell lines, it remains uncertain whether the 

canonical GLP-1R is expressed in endothelial cells within intact blood vessels from specific arterial or 

venous beds. A functional GLP-1R has also been localized to vascular smooth muscle cells within 

rodent and primate renal arterioles
3
. Several preclinical studies report attenuation of experimental 

atherosclerosis in genetically sensitized rodent models, such as apoE-/- and Ldlr-/- mice treated with 

GLP-1R agonists
36,37

. In contrast, sustained GLP-1R agonism in older mice with more established 

http://www.gtexportal.org/home/gene/GLP1R
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disease failed to attenuate the development or progression of atherosclerosis or plaque formation 

8,38
. 

Whether the putative anti-atherogenic actions of GLP-1R agonists reflect direct actions on blood 

vessels, reduction of postprandial lipemia, weight loss, decreased vascular inflammation and /or 

attenuation of macrophage infiltration and plaque development, is difficult to ascertain. 

Immune System and Inflammation. GLP-1 receptors are expressed at very low levels in circulating 

immune cells or in lymphocyte populations isolated from thymus, spleen, or bone marrow from male 

and female mice
51

. Moreover, whether peripheral circulating immune cells express a functional GLP-

1R remains uncertain. In contrast, intestinal epithelial lymphocytes (IEL) express much higher levels 

of the canonical GLP-1R coupled to classical cyclic AMP-dependent anti-inflammatory signaling 

pathways
52

. However, there is no evidence linking signaling through the IEL GLP-1R to 

cardiovascular inflammation and the development of cardiovascular disease. Although some groups 

have reported expression of Glp1r mRNA transcripts and immunoreactive GLP-1R protein in 

macrophages
42,64

, these findings were not reproduced in analyses of immune cell populations carried 

out by the Immunological Genome Project collaborative network (immgen.org)
12

. Similarly, analysis 

of multiple tissue and peritoneal mouse macrophage populations, analyzed in the basal state or 

following stimulation with thyoglycolate in vivo or phorbol 12-myristate 13-acetate ex vivo failed to 

detect expression of a full length Glp1r mRNA transcript in macrophage populations from wildtype, 

Il10
-/-

 or ApoE
-/-

 mice
8
. Although invariant natural killer T (iNKT) cells transduce some of the 

metabolic actions of GLP-1R agonists leading to weight loss in mice, whether iNKT cells express a 

functional GLP-1R remains uncertain
53

. Hence, the importance of macrophages and other immune cell 

types for anti-inflammatory actions of GLP-1R agonists requires more careful assessment. 

Cardiac Function, Blood and Substrate Supply, Heart Rate. Infusion of native GLP-1 or GLP-1R 

agonists augments myocardial or coronary artery blood flow in some but not all
6,65

 preclinical studies; 

whether these findings are secondary to increases in heart rate, or are mediated through hormonal, 

neural or vascular mechanisms independent of the classical GLP-1 receptor remains uncertain. 

Although GLP-1R expression has been detected by immunocytochemistry in coronary arteries from 

dogs and swine
6,7

, a direct vasodilatory effect of GLP-1R agonists in the coronary vascular bed has not 

been described in vivo
6
, or in isolated coronary artery preparations; hence the presence or absence of a 

functional GLP-1R in human coronary arteries remains uncertain
12

. Heart rate increases rapidly 

following administration of native GLP-1 or degradation-resistant GLP-1R agonists. In rodents, GLP-

1R signaling activates central and peripheral catecholaminergic pathways
34

, and reduces 

parasympathetic tone in some
33

 but not all studies
35

. Notably, mice with selective inactivation of the 

GLP-1R in atrial cardiomyocytes exhibit a reduction in heart rate, underlining the physiological 

importance of basal cardiac GLP-1R signaling for rate control in rodents
2
. 

Blood Pressure. GLP-1R agonists also reduce blood pressure (BP) in animals with hypertension, 

independent of weight loss, through incompletely understood mechanisms
12

. Although native GLP-1 

promotes vasorelaxation likely via GLP-1 [9-36 amide], there is insufficient evidence to support a 

direct vasodilatory action of GLP-1R agonists as a possible mechanism leading to lower blood 

pressure
11

. GLP-1R agonists increase secretion of atrial natriuretic factor (ANF) and indirectly 

promote natriuresis and vasodilation in hypertensive mice and rats, leading to lowering of blood 

pressure
4
. Nevertheless, human hypertensive subjects with T2D do not exhibit a significant increase in 

ANF following administration of GLP-1R agonists 
66

, hence the mechanisms linking GLP-1R 

signaling to reduction of blood pressure require additional scrutiny. 

Platelet Aggregation. GLP-1R agonists also directly inhibit mouse platelet aggregation ex vivo, and 

reduces clot formation in vivo in rodents, findings mediated by the canonical GLP-1R
60

. Nevertheless, 

there is insufficient information to conclude whether this effect is direct, via a platelet GLP-1R, or 

indirect, and greater scrutiny of the mechanisms appears warranted. 

Dipeptidyl Peptidase-4 (DPP-4) in the Cardiovascular System – Preclinical Studies 

Heart failure. Experimental or clinical heart failure is associated with increased plasma DPP-4 

activity
67

 and genetic disruption or pharmacological inhibition of DPP-4 activity ameliorates multiple 

cardiovascular disorders in preclinical studies
68

, including myocardial infarction
23,59

, heart failure
18,19

, 

aneurysm formation
69

 and stroke
32

. Some of these therapeutic activities evident with DPP-4 inhibition 
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have been associated with increased levels of intact GLP-1, however most preclinical studies of DPP-4 

inhibition invoke potential mechanisms through association, and comparatively few reports have used 

genetics or highly selective antagonists to probe the role of one or more cardioactive DPP4 

substrates
68

. The beneficial effects of treatment (improved exercise capacity, enhanced mitochondrial 

biogenesis) with a DPP-4 inhibitor, MK-0626, in mice with myocardial infarction-associated heart 

failure were attenuated by co-administration of the GLP-1R antagonist exendin [9-39]
30

. Similarly, 

treatment of mice with transaortic constriction (TAC)-induced heart failure for 4 weeks with alogliptin 

improved ventricular function, remodeling and decreased apoptosis, findings sensitive to co-

administration of exendin [9-39]
31

. Hence, some, but not all, of the benefits attributed to DPP-4 

inhibition in preclinical studies of cardiovascular injury are secondary to enhanced GLP-1R signaling. 

Stem cell homing. Compelling preclinical data supports a role for DPP-4 in the control of stem cell 

homing in the context of vascular and cardiac injury, mediated through stabilization of SDF-1, which 

in turn enhances bone marrow mobilization of stem cells through a CXCR4-dependent mechanism. 

Indeed, blockade of CXCR4 using the antagonist AMD3100 attenuates the beneficial effects attributed 

to DPP-4 inhibition in preclinical models of myocardial infarction
59

. Intriguingly, levels of circulating 

endothelial progenitor cells are reduced in subjects with type 2 diabetes, and increased following four 

weeks of treatment with a DPP-4 inhibitor
70

. Collectively these preclinical and clinical studies fostered 

the hypothesis that DPP-4 inhibitors might enhance stem cell homing to injured myocardium and 

attenuate myocardial injury in human subjects with acute coronary syndrome and myocardial 

infarction. The SITAgliptin plus GRanulocyte-colony-stimulating factor in patients suffering from 

Acute Myocardial Infarction (SITAGRAMI) study administered sitagliptin for 28 days and 

Granluocyte-Colony Stimulating Factor (G-CSF) for 5 days to human subjects after acute myocardial 

infarction, with a pre-specified primary endpoint of change in ventricular ejection fraction assessed by 

cardiac MRI (Table 1). After a mean follow-up period of 4.5 years, no difference in clinical outcomes 

or ejection fraction was detected in subjects assigned to placebo or sitagliptin-G-CSF combination 

therapy
71

.  

Inflammation. DPP-4 inhibition also produces robust attenuation of experimental inflammation in 

animal models. Reduction of cardiac and systemic inflammation has been observed in sitagliptin-

treated rats with experimental heart failure
54

, and two weeks of alogliptin administration reduced 

arterial inflammation following femoral artery injury in low-density lipoprotein receptor-deficient 

mice
39

. Treatment of atherosclerosis-prone mice with DPP-4 inhibitors attenuates lesion formation, 

reduces plaque area, and decreases both systemic and vascular inflammation
55-57,68

. Unexpectedly 

however, young normoglycemic Dpp4
-/- 

mice exhibit increased expression of proinflammatory genes 

in the heart
58

, and older diabetic high fat-fed mice with experimental heart failure exhibited increased 

cardiac inflammation following treatment with MK-0626
58

. Hence the impact of reduced DPP-4 

activity on cardiac inflammation may vary according to the experimental model under analysis. 

Other cardiovascular effects. Although neuropeptide Y is a physiological substrate for DPP-4, 

reduction of DPP-4 activity has little consistent effect on control of blood pressure in the majority of 

normotensive or hypertensive individuals. In contrast, reduction of DPP-4 activity acutely reduces 

postprandial lipemia through attenuation of Apo B-48-rich chylomicron secretion in normoglycemic 

or diabetic rodents 
45

. These actions are mediated through potentiation of GLP-1R signaling in rodents 

and diminished by co-administration of exendin [9-39]
45

. Hence, taken together, the available 

preclinical literature supports a mechanistic link between reduction of DPP-4 activity, and 

modification of cardiovascular risk factors as well as direct DPP-4substrate-mediated attenuation of 

cardiovascular injury in normoglycemic and diabetic animals. 
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Further details on effects of GLP-1, GLP-1RA and DPP-4I in experimental acute myocardial 

infarction (see supplemental Figure 1) 

GLP-1 exerts cardioprotective properties when administered as a preconditioning mimetic or at the 

time of reperfusion
20

. In some studies, better left-ventricular performance (significantly higher 

maximum-developed left-ventricular pressure) was observed after exposure to either GLP-1 

(supplementary Fig. 1 D)
20

 or vildagliptin (supplementary Fig. 1 K)
27

, consistent with a greater 

systolic wall thickening observed in pigs (supplementary Fig. 1 S)
22

. A significantly higher myocardial 

glucose uptake was described in rats exposed to GLP-1 prior to inducing ischemia (supplementary Fig. 

1 E)
29

 and this finding has been replicated in other studies
72

. A few studies reported endpoints 

encompassing i) complications and ii) survival after experimentally-induced myocardial infarction: 

Survival was not changed in two studies with DPP-4 inhibitors (sitagliptin in mice, supplementary Fig. 

1 I
25

; alogliptin in dogs, supplementary Fig. 1 N
28

), but was improved in other studies involving DPP-4 

inhibitor treatment with sitagliptin 
23

 or vildagliptin
73

, and in mice treated with liraglutide for 4 days 

prior to a permanent ligation of the left anterior descending (LAD) coronary artery (supplementary 

Fig. 1 Q)
21

. Along the same lines, ventricular rupture was a common finding in placebo-treated 

animals, but was significantly reduced in animals treated with the GLP-1R agonist liraglutide 

(supplementary Fig. 1 P)
21

. Furthermore, Fisher rats with a genetic deficiency in DPP-4 exhibit higher 

concentrations of GLP-1 and exhibit reduced myocardial necrosis following induction of experimental 

ischemia (supplementary Fig. 1 F)
74

; exenatide [9-39] administration partially attenuated this 

cardioprotection
74

. Similar results were obtained by Sauvé et al. 2010, who demonstrated resistance to 

ischemic cardiac injury in Dpp4
-/-

 mice, findings mimicked in wild-type diabetic mice treated with 

sitagliptin
23

.  
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