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Abstract
Several randomized controlled trials have demonstrated the benefits of glucagon-like peptide-1 receptor agonists
(GLP-1RAs) on ischemic stroke in patients with diabetes. In this review, we summarize and discuss the potential
mechanisms of stroke protection by GLP-1RAs. GLP-1RAs exert multiple anti-atherosclerotic effects contributing to
stroke prevention such as enhanced plaque stability, reduced vascular smooth muscle proliferation, increased nitric
oxide, and improved endothelial function. GLP-1RAs also lower the risk of stroke by reducing traditional stroke risk factors including hyperglycemia, hypertension, and dyslipidemia. Independently of these peripheral actions, GLP-1RAs
show direct cerebral effects in animal stroke models, such as reduction of infarct volume, apoptosis, oxidative stress,
neuroinflammation, excitotoxicity, blood–brain barrier permeability, and increased neurogenesis, neuroplasticity,
angiogenesis, and brain perfusion. Despite these encouraging findings, further research is still needed to understand
more thoroughly the mechanisms by which GLP-1RAs may mediate stroke protection specifically in the human diabetic brain.
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Introduction
Glucagon-like peptide-1 (GLP-1) receptor agonists
(GLP-1RAs) are becoming a common treatment option
for people with type 2 diabetes mellitus (T2DM) due to
their various benefits, such as their weight loss benefit
and glycemic-lowering efficacy, without increased risk
of hypoglycemia. Most notably, a series of large-scale
cardiovascular outcome trials (CVOTs) created robust
clinical evidence for the cardiovascular benefits of GLP1RAs in patients with T2DM and high cardiovascular
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risk or established atherosclerotic cardiovascular disease
(ASCVD) [1, 2]. Among those benefits, a protective effect
of GLP-1RAs against stroke has been consistently demonstrated [1]. In a 2020 meta-analysis of seven CVOTs,
the use of GLP-1RAs was associated with a 15% lower
risk of non-fatal stroke, a 19% lower risk of fatal stroke,
and a 16% lower risk of total stroke [2]. Consistently, in
a more recent, updated meta-analysis of eight CVOTs,
GLP-1RAs reduced the risk of fatal or non-fatal stroke
by 17% [3]. Likewise, in a large retrospective cohort
study of adults with T2DM, treatment with GLP-1RAs
(N = 4,460) was associated with a 29% reduction in the
risk of non-fatal ischemic stroke when compared to
treatment with dipeptidyl peptidase-4 inhibitors (DPP4i) (N = 13,380) [4]. In this paper, we aimed to summarize and discuss the potential extracerebral and cerebral
mechanisms of stroke protection by GLP-1RAs, based
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on a review of both non-clinical and clinical studies that
evaluated the mechanistic effects of GLP-1 and/or GLP1RAs in preventing ischemic stroke.

Glucagon‑like peptide‑1 receptor agonists
and glucagon‑like peptide‑1 receptors
GLP-1RAs are synthetic analogues or mimetics of human
GLP-1, which is an incretin glucoregulatory hormone
released from the gut in response to food ingestion [5].
GLP-1RAs have multiple pleiotropic actions, as they bind
to GLP-1 receptors expressed in many human tissues
including the pancreas, kidneys, lungs, heart, brain, and
gastrointestinal tract [5, 6]. GLP-1RAs reduce glycemia in
patients with T2DM by increasing glucose-induced insulin
secretion and inhibiting glucagon secretion via the stimulation of pancreatic GLP‐1 receptors in beta and alpha
cells and by increasing insulin sensitivity [5]. GLP-1 and its
analogues can also amplify insulin signaling in brain cells,
leading to increased insulin sensitivity in neurons [7, 8].
Within the cardiovascular system, GLP-1 receptors are
expressed on endothelial cells, monocytes, macrophages,
and vascular smooth muscle cells (VSMCs) [9]. GLP-1
receptors are also widely expressed in the central nervous system, including the brainstem, cerebellum, hippocampus, cortex, hypothalamus, and amygdala [7, 10,
11]. There, the cellular expression of GLP-1 receptors is
predominantly confined to neurons and dendrites [11].
GLP-1RAs are overall well-tolerated, with their most
common adverse effects being nausea, vomiting, and
diarrhea [7]. It has been recently shown that there
are cholecystokinin-expressing neurons in the caudal
brainstem, which are activated postprandially and are
responsive to GLP-1RAs, explaining in part the body
weight-lowering effects of GLP-1RAs but also their ability to induce nausea [12].
Based on similarities in their amino acid sequence,
GLP-1RAs are peptide derivatives of either exendin-4
(exenatide, lixisenatide, and efpeglenatide) or human
GLP-1 (albiglutide, dulaglutide, liraglutide, and semaglutide). Moreover, based on their pharmacokinetic/pharmacodynamic profile, GLP-1RAs can be classified into
short-acting (exenatide and lixisenatide) and long-acting
(albiglutide, dulaglutide, exenatide extended-release, liraglutide, semaglutide, and efpeglenatide) [5, 6].
The main pharmacokinetic difference between shortacting (half-life of 2–5 h) and long-acting (half-life > 12 h)
GLP-1RAs is that short-acting GLP-1RAs are subject
to wide fluctuations in the plasma concentration of the
active compound, while long-acting GLP-1RAs exert a
more constant effect on the GLP-1 receptor [13]. Furthermore, short-acting GLP-1RAs predominantly affect
postprandial glucose levels, mainly by reducing gastric emptying speed, while long-acting GLP-1RAs more

Page 2 of 11

strongly affect fasting glucose levels through a combination of increased fasting insulin and reduced hepatic gluconeogenesis [14].
There are currently no head-to-head clinical trials
comparing different GLP-1RAs. Nevertheless, in a network meta-analysis comparing short-acting and longacting GLP-1RAs when used in conjunction with basal
insulin, long-acting GLP-1RAs resulted in significantly
greater reductions in glycated hemoglobin (HbA1c),
fasting plasma glucose, and body weight compared
to short-acting GLP-1RAs, with better gastrointestinal tolerability [15]. Regarding their protective effect
against stroke, GLP-1RAs showed some heterogeneity in CVOTs, with the highest reduction in the risk of
ischemic stroke reported for the long-acting GLP1-RA
semaglutide at 28% [16] and no reduction for the shortacting lixisenatide [1].
All GLP-1RAs have been found to cross the blood–
brain barrier (BBB) and stimulate GLP-1 receptors in
the brain, thus offering neuroprotection [17]. However,
exenatide is considered the most efficient in crossing
the BBB based on its rate of brain influx, its percentage
reaching the brain that accumulates in the brain parenchyma, and the percentage of the systemic dose taken up
per gram of brain tissue [18].

Extracerebral effects of glucagon‑like peptide‑1
receptor agonists
Glycemic impact of GLP‑1RAs

Hyperglycemia has a causal impact on increased risk of
ischemic stroke [19]. In a meta-regression analysis of 18
CVOTs, including 8 with GLP-1RAs, a significant association between HbA1c reduction and major adverse
cardiovascular events (including cardiovascular mortality, non-fatal myocardial infarction [MI], heart failure,
and non-fatal stroke) was shown; this finding was almost
driven by the association between HbA1c reduction and
non-fatal stroke. For every 1% reduction in HbA1c (e.g.,
from 8 to 7%), the risk of non-fatal stroke decreased by
41% [20]. Similarly, in the REWIND (Researching cardiovascular Events with a Weekly INcretin in Diabetes)
CVOT, an exploratory mediation analysis suggested that
HbA1c reduction accounted for approximately 50% of the
beneficial effects of dulaglutide on stroke [21]. Despite
these findings, this association between HbA1c reduction
and stroke risk reduction does not necessarily indicate
that glycemic control is the sole actor in GLP-1RAmediated stroke protection. It is possible that HbA1c
reduction with GLP-1RAs could reflect other biological
changes such as reduced insulin resistance, reduced visceral adiposity, and reduced inflammation, which could
all be directly involved in GLP-1RA-mediated stroke
protection.
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Blood pressure‑lowering effects of GLP‑1RAs

Hypertension is a leading risk factor for stroke. Accordingly, in patients with high blood pressure including
those with T2DM, protection from stroke increases
with the magnitude of blood pressure reduction [22]. An
exploratory mediation analysis of stroke outcomes in the
REWIND CVOT, in which dulaglutide reduced systolic
blood pressure (SBP) by a mean of 1.7 mmHg compared
to placebo, found that the blood pressure reduction
caused by dulaglutide accounts for around 14% of its
effect on stroke risk [21].
Although the mechanisms linking GLP-1 receptor activation to blood pressure control require further investigation in humans, GLP-1RAs have been shown to lower
blood pressure by augmenting natriuresis and diuresis,
which are mainly mediated by their inhibition of the
Na+/H+ exchanger isoform 3, located at the brush border
of the renal proximal tubule [23]. The natriuretic effect
of GLP-1RAs may also be partially attributed to a reduction of the activity of the renin–angiotensin–aldosterone system, as in clinical studies, GLP-1 and GLP-1RAs
have been found to lower circulating angiotensin II levels
by approximately 20% [24, 25]. Additionally, in patients
with T2DM, a 12-month GLP-1RA treatment was associated with increased endothelial glycocalyx thickness
and reduced arterial stiffness, which could contribute
to blood pressure reduction and stroke prevention [26].
Using a C57BL/6 mouse model, Kim and colleagues have
further identified a gut-heart GLP-1 receptor-dependent and atrial natriuretic peptide-dependent axis that
regulates blood pressure [27]. It remains however to be
proven to which extent these described mechanisms are
related to the modest blood pressure decrease observed
in humans and whether they contribute to stroke
prevention.
Direct effects of GLP‑1RAs on the heart

Diabetes mellitus is an established risk factor for atrial
fibrillation (AF) [28]. Since dysrhythmia may cause contractile dysfunction and atrial blood stasis, patients with
AF in turn face an elevated risk of stroke [29]. GLP1RAs have been found to significantly reduce AF risk in
patients with diabetes compared with placebo [30] and
other glucose-lowering agents including metformin, sulfonylureas, and insulin [31]. The AF risk reduction by
GLP-1RAs may be attributed to their protective effects
on atrial electrical remodeling [28]. Indeed, in a canine
AF model, liraglutide was found to suppress atrial electrophysiological changes such as AF inducibility and
conduction velocity decrease [32]. Consistently, in a rat
model of MI‑induced heart failure, exendin-4 decreased
susceptibility to atrial arrhythmogenesis, improved

Page 3 of 11

conduction properties, and attenuated atrial fibrosis [33].
GLP-1RAs might also protect diabetic hearts from AF
development through modulating calcium homeostasis.
This was highlighted in an experimental study performed
on GLP-1-treated HL-1 cardiomyocytes, in which GLP‑1
increased calcium transients and sarcoplasmic reticular
calcium contents by regulating the expression of calcium
handling proteins, leading to a reduced calcium leak and
thus preventing AF development [34].
Anti‑hyperlipidemic effects of GLP‑1RAs

In individuals with T2DM, lipid abnormalities are vital
contributors to the risk of ASCVD, including the risk
of ischemic stroke [35]. GLP-1RAs have shown modest
beneficial effects on fasting plasma lipid levels in patients
with T2DM [36, 37]. However, GLP-1RAs markedly
reduced postprandial increases in triglycerides, apolipoprotein (Apo)B48 (major structural protein of chylomicrons), and ApoC-III (key regulator of triglyceride-rich
lipoprotein metabolism), independently of gastric emptying [38–40]. Liraglutide has also been shown to significantly modify lipoprotein metabolism, with a reduction
of chylomicron production [40, 41] and an increase in
chylomicron and low-density lipoprotein (LDL) catabolism [40, 42]. In vitro studies further showed that liraglutide directly reduced the expression of several genes
involved in chylomicron production and of the proprotein convertase subtilisin/kexin type 9 (PCSK9) gene
[40, 42]. In a prospective, real-world, 4-month study
performed in 62 patients with T2DM, liraglutide also
reduced the number of small dense LDL (sdLDL) particles, known to be highly atherogenic [43]. sdLDL particles are more susceptible to oxidation than larger, more
buoyant LDL particles. Hence, by reducing sdLDL, there
is less substrate available to be oxidized, and thus liraglutide may help slow down or prevent the atherosclerotic
processes at an early stage and prevent ischemic stroke
[43].
Anti‑atherosclerotic effects of GLP‑1RAs

Most ischemic strokes are caused by atherosclerosis.
Vinué et al. showed in atherosclerosis-prone apolipoprotein E-deficient (ApoE−/−) and insulin-resistant mice
that lixisenatide can diminish the atherosclerosis burden by reducing the size of atheroma plaques, increasing
plaque stability, and reprogramming macrophages to the
anti-inflammatory M2 phenotype by enhanced activation of signal transducer and activator of transcription
(STAT)3, which is a determinant for M2 macrophage
differentiation. On the other hand, STAT1 activation,
which is essential for the M1 macrophage phenotype,
was diminished [44]. Consistently, in another study of
ApoE−/− mice, anti-atherosclerotic effects of a liraglutide

Vergès et al. Cardiovascular Diabetology

(2022) 21:242

infusion included blocking uptake of oxidized LDL particles (potentially caused by a downregulation of the
scavenger receptor CD36) and suppressing foam cell formation by reducing monocyte/macrophage infiltration in
the aortic wall [45].
Besides the effects of GLP-1RAs on macrophage polarization into the M2 phenotype and on foam cell formation, GLP-1RAs may act directly on endothelial cells
and limit endothelial dysfunction, which is primarily
characterized by a reduction in nitric oxide (NO) bioavailability [46, 47]. In vitro/ex vivo studies conducted
on endothelial cells showed that GLP-1RAs such as
exenatide and liraglutide stimulate endothelial NO production and endothelial nitric oxide synthase (eNOS)
activation, eliciting vasodilatation through activation of
the GLP-1 receptor-dependent AMP-activated protein
kinase (AMPK)/protein kinase B (Akt)/eNOS signaling
pathway [48–50]. Moreover, GLP-1RAs also have antiadhesive and anti-inflammatory properties in the vascular endothelium [47]. Under high glucose conditions,
endothelial cells can acquire the characteristics of fibroblasts, via endothelial-mesenchymal transition (EndMT),
which can contribute to neointimal hyperplasia [47]. In
streptozotocin-induced diabetic mice, liraglutide treatment for 28 days was found to inhibit high glucose and
interleukin (IL)-1β-induced EndMT in endothelial cells
and consequently attenuate neointima formation via activation of the AMPK pathway, which was evidenced by
a reduction of the expression of mesenchymal markers
such as smooth muscle 22α (SM22α), vimentin, and Snail
[51].
In addition to their endothelial protective properties, GLP-1RAs have been shown to delay atherogenesis by improving VSMC dysfunction. In an in vitro/ex
vivo study, treatment of ApoE−/− mice with liraglutide
for 4 weeks dose-dependently inhibited angiotensin IIinduced VSMC proliferation by activating AMPK signaling and inducing cell cycle arrest, thus delaying the
progression of atherosclerosis, independently of its glucose-lowering effect [52]. VSMC senescence is another
important aspect of VSMC dysfunction, being a feature
of both atherosclerosis and plaque vulnerability [47]. In
this regard, in an in vitro study by Zhou et al., exendin-4
suppressed angiotensin II-induced premature senescence
of VSMCs by inhibiting superoxide production through
activation of nuclear factor-erythroid-2–related factor 2
(Nrf2) [53]. VSMC phenotype transition is also involved
in diabetes-associated ASCVDs such as stroke [47]. In rat
coronary artery smooth muscle cells, treatment with liraglutide inhibited VSMC phenotypic transition induced by
advanced glycation end products (AGEs), through blocking the nuclear factor-κB (NF-κB) signaling pathway and
activating the protein kinase A (PKA) signaling pathway.
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Liraglutide also increased the expression of VSMC contractile markers such as α-smooth muscle actin (α-SMA),
smooth muscle myosin heavy chain 11 (MYH11), and
myocardin [54].
Studies in humans have mostly confirmed the antiatherosclerotic actions of GLP-1RAs. For instance, in
an 18-month prospective, real-world study conducted
in 121 patients with T2DM and metabolic syndrome,
liraglutide treatment was associated with a significant
reduction in carotid intima-media thickness, a surrogate marker of subclinical atherosclerosis, from a mean
of 0.97 mm at baseline to 0.78 mm at 18 months [55].
There are also some clinical studies indicating that GLP1RA therapy might attenuate the inflammatory cascade
leading to the development of atherosclerosis [56]. For
example, in a small trial of 10 patients with T2DM, liraglutide therapy for 8 weeks reduced the expression of the
inflammatory macrophage activation molecule, soluble
CD163, a biomarker for accelerated atherosclerosis, by
22% (p < 0.001 versus baseline), independently of its glucose-lowering effect [57]. Balestrieri et al. also evaluated
the effect of incretin-based therapy (either GLP-1RAs
or DPP-4i) on atherosclerotic plaques obtained from
52 patients with T2DM (of whom 24 were treated with
GLP-1RAs or DPP-4i for a mean duration of 26 months)
and 30 non-diabetic patients undergoing carotid endarterectomy [58]. Compared with non-diabetic plaques,
diabetic plaques had more inflammation and oxidative
stress, along with a lower sirtuin (SIRT)6 expression and
less interstitial collagen content. More importantly, compared with non-GLP-1RA/DPP-4i-treated plaques, GLP1RA/DPP-4i-treated plaques presented greater SIRT6
expression and collagen content, with less inflammation
and oxidative stress, indicating a more stable plaque phenotype and suggesting that GLP-1RAs can reduce plaque
vulnerability [58].

Cerebral effects of glucagon‑like peptide‑1
receptor agonists
Independently of the aforementioned peripheral actions,
GLP-1RAs also have direct cerebral effects that may
contribute to reducing the risk of stroke in patients
with T2DM. A recent proteomic analysis revealed that
GLP-1RAs exert various effects on the cerebral expression of proteins in mice subjected to middle cerebral
artery occlusion (MCAO), with 17 upregulated and 10
downregulated proteins [59]. Specifically, GLP-1RA
administration downregulated the protein expression
of haptoglobin, upregulated levels of PRKC apoptosis
WT1 regulator (PAWR) and of synapsis-related proteins
including synapsin-1, phosphodiesterase-2A (PDE2A),
dihydropyrimidinase-like 2 (DPYSL2), neurofibromin-1,
and microtubule-associated protein 1B (MAP1B), and
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increased neuronal and synaptic densities [59]. Several
animal studies have further shown that administration
of GLP-1RAs, before or shortly after experimentallyinduced stroke, increased angiogenesis, neurogenesis and
cerebral blood flow (CBF), reduced neuroinflammation,
oxidative stress, excitotoxicity, BBB leakage and apoptosis, and induced dose-dependent decreases in infarct volume [60–62]. In addition, administration of GLP-1RAs in
experimental stroke was found to activate several intracellular signaling pathways involved in neuroprotection,
including cyclic adenosine monophosphate (cAMP)/
PKA/cAMP-response element binding protein (CREB);
phosphatidylinositol-3 kinase (PI3K)/Akt; mitogenactivated protein kinase (MAPK)/extracellular signalregulated kinase (ERK); Wnt/β-catenin; and Nrf2/heme
oxygenase-1 (HO-1) [60, 62–64].
Effects of GLP‑1RAs on angiogenesis, CBF, and infarct
volume

In mice with focal cerebral cortical ischemia induced
by MCAO, intraperitoneal administration of once-daily
liraglutide (for 14 days), 24 h following stroke induction,
promoted angiogenesis through significantly increasing the expression of vascular endothelial growth factor
(VEGF) in cerebral ischemic areas as compared to normal saline treatment [65]. Similarly, Sato et al. [66] demonstrated upregulation of VEGF in the cerebral cortex
of liraglutide-treated rats subjected to MCAO; however,
this was not seen within the striatum [66]. In another rat
model of ischemic stroke, liraglutide treatment promoted
neurovascular remodeling in cerebral ischemic areas,
through induction of angiogenesis and an increase in
neural cell activity [67]. GLP-1RA-induced angiogenesis
appears to be mediated through the PI3K/Akt, PKA, and
Src pathways [68].
GLP-1RAs may also offer neuroprotection by improving/maintaining CBF in the regions surrounding the
affected brain area [69]. In a recent in vivo/ex vivo study
using a rat model of ischemic stroke induced by MCAO,
systemic administration of exendin-4 was found to be
neuroprotective via its vasodilatory action on cortical
arterioles and improved CBF [69]. Data accumulated
from animal experiments conducted in acute ischemic
stroke models with and without diabetes have also demonstrated a dose-dependent reduction of infarct volume
in the brain by GLP-1RAs, when administered before or
during the acute phase of ischemia at reperfusion or with
some delay after the onset of reperfusion [60–62, 70].
Anti‑neuroinflammatory effects of GLP‑1RAs

GLP-1RAs, administered following stroke induction
in animal studies, have been associated with an antiinflammatory effect [62]. In rodent models, lixisenatide,
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liraglutide, and exenatide have been reported to significantly reduce brain levels of the pro-inflammatory
cytokine, tumor necrosis factor α (TNF-α) [71–73].
Reduction of other inflammatory biomarkers has also
been reported following GLP-1RA treatment in rodent
models of cerebral ischemia, namely myeloperoxidase,
IL-1β, IL-6, IL-18, and cyclooxygenase-2 (COX-2), the
latter through increasing expression of islet-brain-1 (IB1)
[72–74]. Exendin-4 has been further found to decrease
the expression of hypoxia-inducible factor-1α (HIF-1α) in
the gerbil hippocampus after global brain ischemia [75],
which stimulates inflammatory cytokines’ expression
[60]. Moreover, in both young and aged diabetic mice
subjected to MCAO, exendin-4 treatment was shown to
significantly polarize microglia/macrophages towards an
anti-inflammatory M2 phenotype in the injured hemisphere compared to the non-injured hemisphere [76].
Hence, GLP-1RAs can attenuate neuroinflammation
through microglial M2 polarization [76].
Another pro-inflammatory target of GLP-1RAs is
matrix metalloproteinase-9 (MMP-9), an enzyme that
increases BBB permeability and promotes BBB breakdown through proteolytic activity [77]. In mice with transient hyperglycemic and acute focal ischemia induced by
MCAO, exendin-4, but not insulin, reduced the expression of MMP-9 and consequently BBB permeability.
Exendin-4 also reduced vascular immunoglobulin G
extravasation, indicating reduced endothelial leakage in
the late inflammatory response to ischemia [71]. Consistently, in another in vivo/in vitro study using a rat
transient MCAO model, exendin-4 reduced BBB tightjunction protein degradation by inhibiting MMP-9 activation and reactive oxygen species (ROS) production
via activation of the Wnt/β-catenin signaling pathway
[64]. Exendin-4 also appears to preserve the integrity of
the BBB after cerebral ischemia by inactivating glycogen
synthase kinase-3β (GSK-3β), a serine/threonine protein
kinase, through the PI3K/Akt pathway [78].
These animal data are in line with findings from human
studies [57, 79–81]. For instance, in a placebo-controlled
study of 24 obese patients with T2DM, exenatide treatment for 12 weeks exerted an anti-inflammatory effect
independent of body weight reduction, as illustrated by
reduced circulating levels of various pro-inflammatory
mediators such as TNF-α, IL-1β, IL-6, serum amyloid
A, and MMP-9 [79]. In another study of patients with
T2DM and obesity, 8-week liraglutide therapy was associated with a decrease in levels of the pro-inflammatory
cytokines TNF-α, IL-1β, and IL-6, together with an
increase in levels of the anti-inflammatory adipokine, adiponectin, in peripheral blood mononuclear cells. These
changes were independent of reductions in body weight
and in glycemic control markers, such as fructosamine
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and HbA1c [57]. Consistently, in a more recent metaanalysis of 40 randomized controlled trials performed in
patients with T2DM, compared with standard diabetes
therapies (i.e., metformin, sulfonylureas, insulin, DPP4i, thiazolidinediones) and placebo, GLP-1RA therapy
was associated with significant reductions in inflammatory markers such as serum C-reactive protein (CRP) and
TNF-α, and a significant increase in adiponectin [80].
Given that brain inflammation is an immune response
mediated by microglia and astrocytes, it has been postulated that the anti-neuroinflammatory effect of GLP1RAs could be in part due to their inhibitory action on
astrocytes and microglia via the activation of cAMP/PKA
signaling [82]. Activation of the GLP-1 receptor-mediated cAMP/PKA pathway is also involved in the protection of astrocytes from AGE-induced inflammatory
response and from inflammatory cytokine secretion [83,
84].
Effects of GLP‑1RAs on oxidative stress and mitochondrial
function

In patients with diabetes, chronic hyperglycemia can lead
to excessive production of ROS and consequent imbalance in redox status in brain tissues, which may play an
important role in the pathogenesis of ischemic stroke
[85]. Several animal studies conducted in diabetic and
non-diabetic rodent models of focal cerebral ischemia
reported an improvement in redox status parameters
following administration of exenatide, liraglutide, or
lixisenatide, with reduced levels of cerebral malondialdehyde (MDA) and increased cerebral concentrations of
glutathione and superoxide dismutase (SOD) [73, 85–87].
GLP-1RAs also reduced several other markers of oxidative stress in rodent stroke models, such as blood and
brain ROS counts, blood levels of derivatives of reactive oxygen metabolites (d-ROMs), and brain levels of
dihydroethidium, a marker of ROS production [66, 87].
Similarly, in the clinical setting, GLP-1RA treatment was
associated with reduced oxidative stress markers such
as 8-iso-prostaglandine-F2α (8-iso-PGF2α), d-ROMs,
superoxide, MDA, and lipid peroxides [80, 88, 89].
The mechanisms by which GLP-1RAs reduce oxidative
stress in the brain have not been well-elucidated. However, in an in vivo study performed in diabetic rats with
brain ischemia, the anti-oxidant effects of liraglutide
treatment (i.e., increased SOD and reduced myeloperoxidase levels) were mediated by activation of the mitochondrial ATP-sensitive potassium channel composed
of sulfonylurea receptor 1 (SUR1) and the K+-selective
inward rectifier Kir6.2 [90]. Consistently, in an in vivo/in
vitro study using a focal cerebral cortical ischemic mouse
model and cultures of cortical neurons under oxidative
stress, liraglutide promoted brain repair after cerebral
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ischemic injury and reduced oxidative stress, through
SIRT1‐mediated mitochondrial improvement [91].
Anti‑apoptotic effects of GLP‑1RAs

In both diabetic and non-diabetic rodent models of cerebral ischemia, exenatide, lixisenatide, semaglutide, and
liraglutide increased the expression of the anti-apoptotic
factor B-cell lymphoma 2 (Bcl-2) and decreased the
expression of the pro-apoptotic factor Bcl-2-associated
X protein (Bax), consequently leading to a reduced Bax/
Bcl-2 ratio and reduced apoptosis, possibly through
ROS reduction and activation of the PI3K/Akt and
MAPK pathways [73, 86, 87, 92, 93]. Expression of cerebral caspase-3, involved in apoptosis, was also consistently reduced by exenatide, liraglutide, lixisenatide, and
semaglutide in stroke animal models [73, 85, 87, 92, 93].
Exenatide and liraglutide additionally lowered the expression of other apoptosis-related proteins, including poly
(ADP-ribose) polymerase (PARP), caspase-8, caspase-9,
and Bcl-2-associated death promoter (Bad) [87, 92]. More
recently, an in vivo/in vitro study using a mouse model of
focal cerebral cortical ischemia revealed that the neuroprotective effects of liraglutide (i.e., reduced brain infarct
volume, improved neurological recovery, and anti-neuroinflammatory effects) may be achieved through the inhibition of pyroptosis, which is special form of apoptosis
associated with inflammation and mediated by inflammasome and caspase-1 activation [94]. More specifically,
the primary target of the anti-pyroptotic effect of liraglutide was identified as the NOD-like receptor protein 3
(NLRP3) inflammasome [94].
Effects of GLP‑1RAs on excitotoxicity

Excitotoxicity is a primary mechanism of neuronal
injury following stroke, which can be attributed to the
excessive activation of glutamate receptors. This in turn
can lead to intracellular calcium overload that is particularly neurotoxic, ultimately resulting in the degradation of proteins, membranes, and nucleic acids [95].
When examining the neurotrophic properties of GLP-1
and exenatide on cultured hippocampal neurons and
in a rodent model of neurodegeneration, treatment
with GLP-1 and exendin-4 was found to prevent and
reverse excitotoxic neuronal damage, as measured by
increased cholinergic marker activity [96]. The production of brain-derived neurotrophic factor (BDNF) in a
CREB-dependent manner, which can prevent excitotoxic neuronal death by reducing the neurotoxic release
of glutamate [60], has also been found to be increased
following exenatide treatment in adult wild-type mice
[97]. On that same note, it was recently demonstrated
that a generalized reversal of functionally relevant
transcriptomic changes at the genome-wide level in
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multiple glial and vascular cell types of the brain is
pharmacologically achievable with GLP-1RA treatment
[98]. Hence, GLP-1RAs may offer the possibility for
rescue of damaged neurons in the brain associated with
both neurodegeneration and ischemic stroke.
Effects of GLP‑1RAs on neurogenesis and neuroplasticity

Neurogenesis, consisting in the formation of new neurons from neural stem and progenitor cells located in
various brain regions, such as the subgranular zone
of the dentate gyrus in the hippocampus and the subventricular zone of lateral ventricles, has the potential
to reduce neuronal damage and restore neurological
function after a stroke [93]. In a rat model of MCAOinduced stroke, neurogenesis was increased by semaglutide treatment, as evidenced by significantly
increased levels of neurogenesis-specific biomarkers
including nestin (intermediate filament protein that is a
known marker of neuronal progenitor cells), doublecortin (microtubule-associated protein considered to be a
reliable marker of neurogenesis), stromal cell-derived
factor-1α (SDF-1α) (chemokine promoting endogenous
regeneration in the ischemic brain), and its receptor
CXCR4. The number of doublecortin-positive cells in
the dentate gyrus was also increased with semaglutide
treatment [93]. It has been postulated that the restoration of insulin signaling sensitivity by GLP-1RA treatment and improved growth factor signaling, as shown
by increased levels of activated ERK1 and insulin receptor substrate-1 (IRS1) following semaglutide treatment,
is responsible for the normalization of stem cell proliferation and neurogenesis in the brain [93].
GLP-1RAs have been further found to be effective in
improving neuroplasticity, which may also promote functional recovery post-stroke [8, 99, 100]. This was highlighted in a recent study performed in a mouse model of
obesity-induced T2DM, in which an 8-week exendin-4
treatment, starting 3 days post-stroke, improved neurological recovery by reversing T2DM-induced atrophy of
parvalbumin-positive GABAergic interneurons, which
play a key role in neuroplasticity [8]. The improved neuroplasticity resulting from GLP-1RA therapy appears to
be mediated by GLP-1 receptors in the hippocampus.
More specifically, an in vivo study, based on chronic
40-day peripheral administration of lixisenatide to highfat fed mice with established obesity, insulin resistance
and impaired cognition, found that lixisenatide significantly upregulated expression of the neurotrophic
tyrosine kinase receptor type 2 (NTRK2) gene and of
the mammalian target of rapamycin (mTOR) gene in the
hippocampus, which are involved in regulating synaptic
plasticity [100].
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Conclusions
A series of mechanisms can potentially explain how GLP1RAs may contribute to reduce the risk of stroke and
promote brain protection in patients with T2DM (Fig. 1).
In animal stroke models, GLP-1RAs have been associated
with various beneficial direct cerebral effects, such as
reduced infarct volume, apoptosis, oxidative stress, mitochondrial dysfunction, neuroinflammation, excitotoxicity
and BBB permeability, and increased neurogenesis, neuroplasticity, angiogenesis and CBF. GLP-1RAs have also
demonstrated several direct anti-atherosclerotic effects
such as reduced VSMC dysfunction, increased NO,
reduced vascular inflammation, and improved endothelial function. GLP-1RAs further lower the risk of stroke
indirectly by reducing traditional stroke risk factors
such as HbA1c, SBP, body weight, and dyslipidemia. The
available evidence remains however insufficient to confirm whether other effects of GLP-1RAs such as direct
cardioprotective actions (i.e., effects on atrial electrical
remodeling, increased left ventricular ejection fraction,
increased myocardial salvage, effects on cardiac oxidative
metabolism) and effects on the microvascular function
may mechanistically contribute to GLP-1RA-mediated
protection against stroke.
Although our review highlights several promising
effects of GLP-1RAs in the brain, there are some limitations that should be acknowledged. Only very limited studies reported negative results on the anti-stroke
effects of GLP-1 and GLP-1RAs, which, along publication bias, favor positive outcomes. Moreover, the nonclinical studies were mainly conducted in homogeneous
rodent models, limiting their representation of human
stroke, which is a highly heterogeneous, multifactorial
disorder [101]. Infarct progression in the human brain is
also presumed to be 2–3 times slower than in the rodent
brain [70]. In addition, given that most non-clinical studies evaluating the anti-stroke effects of GLP-1RAs were
performed in animal models of acute ischemic stroke, in
which GLP-1 or its analogues were administered before,
during, or after stroke induction, the mechanistic effects
of GLP-1RAs in preventing stroke on the long-term need
further investigation. To date, most clinical studies investigating the anti-stroke effects of GLP-1RAs estimated
the risk of an ischemic stroke event, without focusing
on mechanistic or functional outcomes. Hence, further
research is still needed to understand the most important mechanisms involved in GLP-1RA-mediated stroke
protection specifically in the human diabetic brain and
to connect the described experimental studies to clinical stroke. There are currently two ongoing randomized,
phase II studies (NCT02829502; NCT03287076) performed in patients with ischemic stroke to evaluate the
impact of exenatide therapy on various mechanistic
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Fig. 1 Potential mechanisms of stroke protection mediated by glucagon-like peptide-1 receptor agonists, with a focus on their intracerebral effects

outcomes such as CBF velocity, endothelial function,
inflammation, and post-stroke hyperglycemia. When
available, the results of these two clinical studies may
enhance our understanding of the mechanisms of stroke
protection by GLP-1RAs in humans.
Abbreviations
8-iso-PGF2α: 8-Iso-prostaglandine-F2α; α-SMA: α-Smooth muscle actin; AF:
Atrial fibrillation; AGE: Advanced glycation end product; Akt: Protein kinase B;
AMPK: AMP-activated protein kinase; Apo: Apolipoprotein; ApoE−/−: Apolipoprotein E-deficient; ASCVD: Atherosclerotic cardiovascular disease; Bad:
Bcl-2-associated death promoter; Bax: Bcl-2-associated X protein; BBB: Blood–
brain barrier; Bcl-2: B-cell lymphoma 2; BDNF: Brain-derived neurotrophic
factor; cAMP: Cyclic adenosine monophosphate; CBF: Cerebral blood flow;
COX-2: Cyclooxygenase-2; CREB: CAMP-response element binding protein;
CRP: C-reactive protein; CVOT: Cardiovascular outcome trial; DPP-4: Dipeptidyl
peptidase-4; DPYSL2: Dihydropyrimidinase-like 2; d-ROMs: Derivatives of
reactive oxygen metabolites; EndMT: Endothelial-mesenchymal transition;
eNOS: Endothelial nitric oxide synthase; ERK: Extracellular signal-regulated
kinase; GLP-1RA: Glucagon-like peptide-1 receptor agonist; GSK-3β: Glycogen
synthase kinase-3β; HbA1c: Glycated hemoglobin; HIF-1α: Hypoxia-inducible
factor-1α; HO-1: Heme oxygenase-1; IB1: Islet-brain-1; IL: Interleukin; IRS1:
Insulin receptor substrate-1; LDL: Low-density lipoprotein; MAP1B: Microtubule-associated protein 1B; MAPK: Mitogen-activated protein kinase; MCAO:
Middle cerebral artery occlusion; MDA: Malondialdehyde; MI: Myocardial
infarction; MMP-9: Matrix metalloproteinase-9; mTOR: Mammalian target of
rapamycin; MYH11: Smooth muscle myosin heavy chain 11; NF-κB: Nuclear
factor-κB; NLRP3: NOD-like receptor protein 3; NO: Nitric oxide; Nrf2: Nuclear
factor-erythroid-2–related factor 2; NTRK2: Neurotrophic tyrosine kinase

receptor type 2; PARP: Poly (ADP-ribose) polymerase; PAWR: PRKC apoptosis
WT1 regulator; PCSK9: Proprotein convertase subtilisin/kexin type 9; PDE2A:
Phosphodiesterase-2A; PI3K: Phosphatidylinositol-3 kinase; PKA: Protein
kinase A; REWIND: Researching cardiovascular Events with a Weekly INcretin in
Diabetes; ROS: Reactive oxygen species; SBP: Systolic blood pressure; SDF-1α:
Stromal cell-derived factor-1α; sdLDL: Small dense LDL; SIRT: Sirtuin; SM22α:
Smooth muscle 22α; SOD: Superoxide dismutase; STAT: Signal transducer and
activator of transcription; SUR1: Sulfonylurea receptor 1; T2DM: Type 2 diabetes
mellitus; TNF-α: Tumor necrosis factor α; VEGF: Vascular endothelial growth
factor; VSMC: Vascular smooth muscle cell.
Acknowledgements
The authors would like to thank Thomas Rohban, MD, Julie Nassif, PharmD,
and Magalie El Hajj, PharmD, from Partner 4 Health (Paris, France), for providing
medical writing support in accordance with Good Publication Practice (GPP3)
guidelines.
Author contributions
All authors contributed to the conception, drafting and revision of the manuscript. All authors read and approved the final manuscript.
Funding
This work was supported by Novo Nordisk SAS, Paris.
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.

Vergès et al. Cardiovascular Diabetology

(2022) 21:242

Consent for publication
Not applicable.
Competing interests
BV reports grants and institutional fundings from Amgen, AstraZeneca, Bayer,
Boehringer-Ingelheim, LifeScan, Lilly, MSD, NovoNordisk, and Recordati. VA
reports honoraria and institutional funding from Amarin, Amgen, AstraZeneca,
Boehringer-Ingelheim, NovoNordisk, and Vifor. DA reports consulting fees
from Amgen, Alnylam, AstraZeneca, Bayer, Boehringer, Bristol-Myers-Squibb,
Bouchara-Recordati, Novartis, NovoNordisk, Pfizer, Sanofi, Servier, and Vifor. PB
reports personal fees for participating in a scientific board organized by NovoNordisk. BC reports grants and personal fees from Amgen, Regeneron, Sanofi,
AstraZeneca, Bristol-Myers-Squibb, Gilead, Eli Lilly, Novartis, and NovoNordisk.
FH reports personal fees from NovoNordisk and Pfizer. KM reports personal
fees and non-financial support from NovoNordisk, Sanofi, AstraZeneca, Eli
Lilly, Abbott, Boehringer-Ingelheim, and LifeScan. PA reports research grant
support, consulting, and lecture fees from Pfizer, Sanofi, Amgen, Bristol-MyersSquibb, Merck, AstraZeneca, Bayer, Jansen, Kowa, Portola, Boston Scientific,
Althera Pharmaceuticals, and from the French government.
Author details
1
Department of Endocrinology, Diabetes and Metabolic Disorders, Dijon
University Hospital, INSERM Unit, LNC‑UMR 1231, University of Burgundy,
Dijon, France. 2 Department of Cardiology, EpiMaCT ‑ INSERM UMR, Dupuytren
University Hospital, Limoges University, 1094 & IRD 270, Limoges, France.
3
EA4245 Transplantation, Immunity & Inflammation, Department of Cardiology, University of Tours, Tours University Hospital, Tours, France. 4 Paris Cardiovascular Research CenterUMR‑970Department of Pharmacology, INSERM,
Georges-Pompidou European Hospital, Paris City University, Paris, France.
5
University of Nantes, Nantes University Hospital Centre, CNRS, INSERM,
L’institut du Thorax, Nantes, France. 6 Department of Nuclear Medicine, DMU
IMAGINA, Georges-Pompidou European Hospital, APHP, Paris City University,
Paris, France. 7 Department of Endocrinology, Diabetes, and Nutrition, University of Bordeaux, INSERM U1034, Pessac, France. 8 Neurology and Stroke Center,
SOS‑TIA Clinic, Bichat Hospital, University of Paris, Paris, France.
Received: 5 September 2022 Accepted: 18 October 2022

References
1. Goldenberg RM, Cheng AYY, Fitzpatrick T, Gilbert JD, Verma S, Hopyan
JJ. Benefits of GLP-1 (glucagon-like peptide 1) receptor agonists for
stroke reduction in type 2 diabetes: a call to action for neurologists.
Stroke. 2022;53:1813–22.
2. Bellastella G, Maiorino MI, Longo M, Scappaticcio L, Chiodini P, Esposito
K, et al. Glucagon-like peptide-1 receptor agonists and prevention of
stroke systematic review of cardiovascular outcome trials with metaanalysis. Stroke. 2020;51(2):666–9.
3. Sattar N, Lee MMY, Kristensen SL, Branch KRH, Del Prato S, Khurmi
NS, et al. Cardiovascular, mortality, and kidney outcomes with GLP-1
receptor agonists in patients with type 2 diabetes: a systematic review
and meta-analysis of randomised trials. Lancet Diabetes Endocrinol.
2021;9(10):653–62.
4. Lin DS, Lee JK, Chen WJ. Major adverse cardiovascular and limb events
in patients with diabetes treated with GLP-1 receptor agonists vs DPP-4
inhibitors. Diabetologia. 2021;64(9):1949–62.
5. Cornell S. A review of GLP-1 receptor agonists in type 2 diabetes: a
focus on the mechanism of action of once-weekly agents. J Clin Pharm
Ther. 2020;45(Suppl 1):17–27.
6. Zhao X, Wang M, Wen Z, Lu Z, Cui L, Fu C, et al. GLP-1 receptor agonists:
beyond their pancreatic effects. Front Endocrinol (Lausanne). 2021;12:
721135.
7. Laurindo LF, Barbalho SM, Guiguer EL, da Silva Soares de Souza M, de
Souza GA, Fidalgo TM, et al. GLP-1a: Going beyond traditional use. Int J
Mol Sci. 2022;23(2):739.
8. Augestad IL, Dekens D, Karampatsi D, Elabi O, Zabala A, Pintana H, et al.
Normalisation of glucose metabolism by exendin-4 in the chronic
phase after stroke promotes functional recovery in male diabetic mice.
Br J Pharmacol. 2022;179(4):677–94.

Page 9 of 11

9. Arakawa M, Mita T, Azuma K, Ebato C, Goto H, Nomiyama T, et al.
Inhibition of monocyte adhesion to endothelial cells and attenuation
of atherosclerotic lesion by a glucagon-like peptide-1 receptor agonist,
exendin-4. Diabetes. 2010;59(4):1030–7.
10. Cork SC, Richards JE, Holt MK, Gribble FM, Reimann F, Trapp S. Distribution and characterisation of Glucagon-like peptide-1 receptor expressing cells in the mouse brain. Mol Metab. 2015;4(10):718–31.
11. Hamilton A, Hölscher C. Receptors for the incretin glucagon-like
peptide-1 are expressed on neurons in the central nervous system.
NeuroReport. 2009;20(13):1161–6.
12. Costa A, Ai M, Nunn N, Culotta I, Hunter J, Boudjadja MB, et al. Anorectic
and aversive effects of GLP-1 receptor agonism are mediated by
brainstem cholecystokinin neurons, and modulated by GIP receptor
activation. Mol Metab. 2022;55: 101407.
13. Miñambres I, Pérez A. Is there a justification for classifying GLP-1 receptor agonists as basal and prandial? Diabetol Metab Syndr. 2017;9:6.
14. Heuvelman VD, Van Raalte DH, Smits MM. Cardiovascular effects of
glucagon-like peptide 1 receptor agonists: from mechanistic studies in
humans to clinical outcomes. Cardiovasc Res. 2020;116(5):916–30.
15. Huthmacher JA, Meier JJ, Nauck MA. Efficacy and safety of short- and
long-acting glucagon-like peptide 1 receptor agonists on a background of basal insulin in type 2 diabetes: a meta-analysis. Diabetes
Care. 2020;43(9):2303–12.
16. Strain WD, Frenkel O, James MA, Leiter LA, Rasmussen S, Rothwell PM,
et al. Effects of semaglutide on stroke subtypes in type 2 diabetes:
Post hoc analysis of the randomized SUSTAIN 6 and PIONEER 6. Stroke.
2022;53(9):2749–57.
17. Cheng D, Yang S, Zhao X, Wang G. The role of glucagon-like peptide-1
receptor agonists (GLP-1 RA) in diabetes-related neurodegenerative
diseases. Drug Des Devel Ther. 2022;16:665–84.
18. Salameh TS, Rhea EM, Talbot K, Banks WA. Brain uptake pharmacokinetics of incretin receptor agonists showing promise as Alzheimer’s
and Parkinson’s disease therapeutics. Biochem Pharmacol. 2020;180:
114187.
19. Benn M, Emanuelsson F, Tybjærg-Hansen A, Nordestgaard BG. Impact
of high glucose levels and glucose lowering on risk of ischaemic stroke:
a Mendelian randomisation study and meta-analysis. Diabetologia.
2021;64(7):1492–503.
20. Maiorino MI, Longo M, Scappaticcio L, Bellastella G, Chiodini P, Esposito
K, et al. Improvement of glycemic control and reduction of major
cardiovascular events in 18 cardiovascular outcome trials: an updated
meta-regression. Cardiovasc Diabetol. 2021;20(1):210.
21. Gerstein HC, Hart R, Colhoun HM, Diaz R, Lakshmanan M, Botros FT,
et al. The effect of dulaglutide on stroke: an exploratory analysis of the
REWIND trial. Lancet Diabetes Endocrinol. 2020;8(2):106–14.
22. Ettehad D, Emdin CA, Kiran A, Anderson SG, Callender T, Emberson
J, et al. Blood pressure lowering for prevention of cardiovascular
disease and death: a systematic review and meta-analysis. Lancet.
2016;387(10022):957–67.
23. Kawanami D, Takashi Y. GLP-1 receptor agonists in diabetic kidney
disease: from clinical outcomes to mechanisms. Front Pharmacol.
2020;11:967.
24. Skov J, Dejgaard A, Frøkiær J, Holst JJ, Jonassen T, Rittig S, et al.
Glucagon-like peptide-1 (GLP-1): effect on kidney hemodynamics and
renin-angiotensin-aldosterone system in healthy men. J Clin Endocrinol
Metab. 2013;98(4):E664–71.
25. Skov J, Pedersen M, Holst JJ, Madsen B, Goetze JP, Rittig S, et al. Shortterm effects of liraglutide on kidney function and vasoactive hormones
in type 2 diabetes: a randomized clinical trial. Diabetes Obes Metab.
2016;18(6):581–9.
26. Ikonomidis I, Pavlidis G, Thymis J, Birba D, Kalogeris A, Kousathana F,
et al. Effects of glucagon-like peptide-1 receptor agonists, sodium-glucose cotransporter-2 inhibitors, and their combination on endothelial
glycocalyx, arterial function, and myocardial work index in patients with
type 2 diabetes mellitus after 12-month treatment. J Am Heart Assoc.
2020;9(9): e015716.
27. Kim M, Platt MJ, Shibasaki T, Quaggin SE, Backx PH, Seino S, et al. GLP-1
receptor activation and Epac2 link atrial natriuretic peptide secretion to
control of blood pressure. Nat Med. 2013;19(5):567–75.

Vergès et al. Cardiovascular Diabetology

(2022) 21:242

28. Lee TW, Lee TI, Lin YK, Chen YC, Kao YH, Chen YJ. Effect of antidiabetic
drugs on the risk of atrial fibrillation: mechanistic insights from clinical
evidence and translational studies. Cell Mol Life Sci. 2021;78(3):923–34.
29. Kamel H, Okin PM, Elkind MS, Iadecola C. Atrial fibrillation and mechanisms of stroke: time for a new model. Stroke. 2016;47(3):895–900.
30. Li W, Chen X, Xie X, Xu M, Xu L, Liu P, et al. Comparison of sodiumglucose cotransporter 2 inhibitors and glucagon-like peptide receptor
agonists for atrial fibrillation in type 2 diabetes mellitus: systematic
review with network meta-analysis of randomized controlled trials. J
Cardiovasc Pharmacol. 2022;79(3):281–8.
31. Shi W, Zhang W, Zhang D, Ren G, Wang P, Gao L, et al. Comparison of
the effect of glucose-lowering agents on the risk of atrial fibrillation: a
network meta-analysis. Heart Rhythm. 2021;18(7):1090–6.
32. Nakamura H, Niwano S, Niwano H, Fukaya H, Murakami M, Kishihara J,
et al. Liraglutide suppresses atrial electrophysiological changes. Heart
Vessels. 2019;34(8):1389–93.
33. Chen J, Xu S, Wang L, Zhou W, Li P, Deng N, et al. Exendin-4 inhibits
atrial arrhythmogenesis in a model of myocardial infarction-induced
heart failure via the GLP-1 receptor signaling pathway. Exp Ther Med.
2020;20(4):3669–78.
34. Huang JH, Chen YC, Lee TI, Kao YH, Chazo TF, Chen SA, et al. Glucagonlike peptide-1 regulates calcium homeostasis and electrophysiological
activities of HL-1 cardiomyocytes. Peptides. 2016;78:91–8.
35. Yaghi S, Elkind MS. Lipids and cerebrovascular disease: research and
practice. Stroke. 2015;46(11):3322–8.
36. Nauck M, Weinstock RS, Umpierrez GE, Guerci B, Skrivanek Z, Milicevic
Z. Efficacy and safety of dulaglutide versus sitagliptin after 52 weeks in
type 2 diabetes in a randomized controlled trial (AWARD-5). Diabetes
Care. 2014;37(8):2149–58.
37. Plutzky J, Garber A, Falahati A, Toft AD, Poulter NR. Reductions in lipids
and CV risk markers in patients with type 2 diabetes treated with
liraglutide: a meta-analysis. Can J Diabetes. 2009;33(3):209–10.
38. Schwartz EA, Koska J, Mullin MP, Syoufi I, Schwenke DC, Reaven PD.
Exenatide suppresses postprandial elevations in lipids and lipoproteins
in individuals with impaired glucose tolerance and recent onset type 2
diabetes mellitus. Atherosclerosis. 2010;212(1):217–22.
39. Hermansen K, Bækdal TA, Düring M, Pietraszek A, Mortensen LS,
Jørgensen H, et al. Liraglutide suppresses postprandial triglyceride and
apolipoprotein B48 elevations after a fat-rich meal in patients with type
2 diabetes: a randomized, double-blind, placebo-controlled, cross-over
trial. Diabetes Obes Metab. 2013;15(11):1040–8.
40. Vergès B, Duvillard L, Pais de Barros JP, Bouillet B, Baillot-Rudoni S,
Rouland A, et al. Liraglutide reduces postprandial hyperlipidemia by
increasing ApoB48 (apolipoprotein B48) catabolism and by reducing
ApoB48 production in patients with type 2 diabetes mellitus. Arterioscler Thromb Vasc Biol. 2018;38(9):2198–206.
41. Taskinen MR, Björnson E, Matikainen N, Söderlund S, Pietiläinen KH,
Ainola M, et al. Effects of liraglutide on the metabolism of triglyceride-rich lipoproteins in type 2 diabetes. Diabetes Obes Metab.
2021;23(5):1191–201.
42. Vergès B, Duvillard L, Pais de Barros JP, Bouillet B, Baillot-Rudoni S,
Rouland A, et al. Liraglutide increases the catabolism of apolipoprotein
B100-containing lipoproteins in patients with type 2 diabetes and
reduces proprotein convertase subtilisin/kexin type 9 expression.
Diabetes Care. 2021;44(4):1027–37.
43. Nikolic D, Giglio RV, Rizvi AA, Patti AM, Montalto G, Maranta F, et al.
Liraglutide reduces carotid intima-media thickness by reducing small
dense low-density lipoproteins in a real-world setting of patients
with type 2 diabetes: a novel anti-atherogenic effect. Diabetes Ther.
2021;12(1):261–74.
44. Vinué Á, Navarro J, Herrero-Cervera A, García-Cubas M, Andrés-Blasco
I, Martínez-Hervás S, et al. The GLP-1 analogue lixisenatide decreases
atherosclerosis in insulin-resistant mice by modulating macrophage
phenotype. Diabetologia. 2017;60(9):1801–12.
45. Tashiro Y, Sato K, Watanabe T, Nohtomi K, Terasaki M, Nagashima
M, et al. A glucagon-like peptide-1 analog liraglutide suppresses
macrophage foam cell formation and atherosclerosis. Peptides.
2014;54:19–26.
46. Sposito AC, Berwanger O, de Carvalho LSF, Saraiva JFK. GLP-1RAs in
type 2 diabetes: mechanisms that underlie cardiovascular effects

Page 10 of 11

47.
48.

49.

50.

51.

52.

53.

54.
55.

56.
57.

58.

59.
60.

61.
62.

63.

64.

65.

and overview of cardiovascular outcome data. Cardiovasc Diabetol.
2018;17(1):157.
Ma X, Liu Z, Ilyas I, Little PJ, Kamato D, Sahebka A, et al. GLP-1 receptor
agonists (GLP-1RAs): cardiovascular actions and therapeutic potential.
Int J Biol Sci. 2021;17(8):2050–68.
Koska J, Sands M, Burciu C, D’Souza KM, Raravikar K, Liu J, et al. Exenatide protects against glucose- and lipid-induced endothelial dysfunction: evidence for direct vasodilation effect of GLP-1 receptor agonists
in humans. Diabetes. 2015;64(7):2624–35.
Wei R, Ma S, Wang C, Ke J, Yang J, Li W, et al. Exenatide exerts direct
protective effects on endothelial cells through the AMPK/Akt/eNOS
pathway in a GLP-1 receptor-dependent manner. Am J Physiol Endocrinol Metab. 2016;310(11):E947–57.
Kushima H, Mori Y, Koshibu M, Hiromura M, Kohashi K, Terasaki M,
et al. The role of endothelial nitric oxide in the anti-restenotic effects
of liraglutide in a mouse model of restenosis. Cardiovasc Diabetol.
2017;16(1):122.
Tsai TH, Lee CH, Cheng CI, Fang YN, Chung SY, Chen SM, et al. Liraglutide inhibits endothelial-to-mesenchymal transition and attenuates
neointima formation after endovascular injury in streptozotocininduced diabetic mice. Cells. 2019;8(6):589.
Jojima T, Uchida K, Akimoto K, Tomotsune T, Yanagi K, Iijima T, et al.
Liraglutide, a GLP-1 receptor agonist, inhibits vascular smooth muscle
cell proliferation by enhancing AMP-activated protein kinase and cell
cycle regulation, and delays atherosclerosis in ApoE deficient mice.
Atherosclerosis. 2017;261:44–51.
Zhou T, Zhang M, Zhao L, Li A, Qin X. Activation of Nrf2 contributes
to the protective effect of Exendin-4 against angiotensin II-induced
vascular smooth muscle cell senescence. Am J Physiol Cell Physiol.
2016;311(4):C572–82.
Di B, Li HW, Li W, Hua B. Liraglutide inhibited AGEs induced coronary
smooth muscle cell phenotypic transition through inhibiting the NF-κB
signal pathway. Peptides. 2019;112:125–32.
Rizzo M, Rizvi AA, Patti AM, Nikolic D, Giglio RV, Castellino G, et al.
Liraglutide improves metabolic parameters and carotid intima-media
thickness in diabetic patients with the metabolic syndrome: an
18-month prospective study. Cardiovasc Diabetol. 2016;15(1):162.
Kang YM, Jung CH. Cardiovascular effects of glucagon-like peptide-1
receptor agonists. Endocrinol Metab (Seoul). 2016;31(2):258–74.
Hogan AE, Gaoatswe G, Lynch L, Corrigan MA, Woods C, O’Connell J,
et al. Glucagon-like peptide 1 analogue therapy directly modulates
innate immune-mediated inflammation in individuals with type 2
diabetes mellitus. Diabetologia. 2014;57(4):781–4.
Balestrieri ML, Rizzo MR, Barbieri M, Paolisso P, D’Onofrio N, Giovane
A, et al. Sirtuin 6 expression and inflammatory activity in diabetic
atherosclerotic plaques: effects of incretin treatment. Diabetes.
2015;64(4):1395–406.
Li Y, Gong M. Analysis of the neuroprotective effect of GLP-1 receptor
agonist peptide on cerebral ischemia-reperfusion injury by Quantitative Proteomics Mass Spectrometry. Brain Behav. 2021;11(6): e02190.
Marlet IR, Ölmestig JNE, Vilsbøll T, Rungby J, Kruuse C. Neuroprotective
mechanisms of glucagon-like peptide-1-based therapies in ischaemic
stroke: a systematic review based on pre-clinical studies. Basic Clin
Pharmacol Toxicol. 2018;122(6):559–69.
Basalay MV, Davidson SM, Yellon DM. Can glucagon-like peptide-1
(GLP-1) analogues make neuroprotection a reality? Neural Regen Res.
2020;15(10):1852–3.
Maskery MP, Holscher C, Jones SP, Price CI, Strain WD, Watkins CL, et al.
Glucagon-like peptide-1 receptor agonists as neuroprotective agents
for ischemic stroke: a systematic scoping review. J Cereb Blood Flow
Metab. 2021;41(1):14–30.
Deng C, Cao J, Han J, Li J, Li Z, Shi N, et al. Liraglutide activates the
Nrf2/HO-1 antioxidant pathway and protects brain nerve cells
against cerebral ischemia in diabetic rats. Comput Intell Neurosci.
2018;2018:3094504.
Liu C, Sun S, Xie J, Li H, Li T, Wu Q, et al. GLP-1R agonist exendin-4
protects against hemorrhagic transformation induced by rtPA after
ischemic stroke via the Wnt/β-catenin signaling pathway. Mol Neurobiol. 2022;59(6):3649–64.
Chen Y, Zhang X, He J, Xie Y, Yang Y. Delayed administration of the
glucagon-like peptide 1 analog liraglutide promoting angiogenesis

Vergès et al. Cardiovascular Diabetology

66.
67.

68.
69.

70.
71.

72.

73.

74.

75.
76.

77.
78.

79.
80.

81.

82.
83.

(2022) 21:242

after focal cerebral ischemia in mice. J Stroke Cerebrovasc Dis.
2018;27(5):1318–25.
Sato K, Kameda M, Yasuhara T, Agari T, Baba T, Wang F, et al. Neuroprotective effects of liraglutide for stroke model of rats. Int J Mol Sci.
2013;14(11):21513–24.
Dong W, Miao Y, Chen A, Cheng M, Ye X, Song F, et al. Delayed administration of the GLP-1 receptor agonist liraglutide improves metabolic
and functional recovery after cerebral ischemia in rats. Neurosci Lett.
2017;641:1–7.
Aronis KN, Chamberland JP, Mantzoros CS. GLP-1 promotes angiogenesis in human endothelial cells in a dose-dependent manner, through
the Akt, Src and PKC pathways. Metabolism. 2013;62(9):1279–86.
Nizari S, Basalay M, Chapman P, Korte N, Korsak A, Christie IN, et al.
Glucagon-like peptide-1 (GLP-1) receptor activation dilates cerebral
arterioles, increases cerebral blood flow, and mediates remote (pre)conditioning neuroprotection against ischaemic stroke. Basic Res Cardiol.
2021;116(1):32.
Basalay MV, Davidson SM, Yellon DM. Neuroprotection in rats following
ischaemia-reperfusion injury by GLP-1 analogues-liraglutide and semaglutide. Cardiovasc Drugs Ther. 2019;33(6):661–7.
Kuroki T, Tanaka R, Shimada Y, Yamashiro K, Ueno Y, Shimura H, et al.
Exendin-4 inhibits matrix metalloproteinase-9 activation and reduces
infarct growth after focal cerebral ischemia in hyperglycemic mice.
Stroke. 2016;47(5):1328–35.
Zeng SS, Bai JJ, Jiang H, Zhu JJ, Fu CC, He MZ, et al. Treatment with
liraglutide exerts neuroprotection after hypoxic-ischemic brain injury
in neonatal rats via the PI3K/AKT/GSK3β pathway. Front Cell Neurosci.
2020;13:585.
Gad SN, Nofal S, Raafat EM, Ahmed AAE. Lixisenatide reduced damage
in hippocampus CA1 neurons in a rat model of cerebral ischemiareperfusion possibly via the ERK/P38 signaling pathway. J Mol Neurosci.
2020;70(7):1026–37.
Kim S, Jeong J, Jung HS, Kim B, Kim YE, Lim DS, et al. Anti-inflammatory
effect of glucagon like peptide-1 receptor agonist, exendin-4, through
modulation of IB1/JIP1 expression and JNK signaling in stroke. Exp
Neurobiol. 2017;26(4):227–39.
Jin J, Kang HM, Jung J, Jeong JW, Park C. Related expressional change of
HIF-1α to the neuroprotective activity of exendin-4 in transient global
ischemia. NeuroReport. 2014;25(1):65–70.
Darsalia V, Hua S, Larsson M, Mallard C, Nathanson D, Nyström T, et al.
Exendin-4 reduces ischemic brain injury in normal and aged type 2
diabetic mice and promotes microglial M2 polarization. PLoS ONE.
2014;9(8): e103114.
Yang C, Hawkins KE, Doré S, Candelario-Jalil E. Neuroinflammatory
mechanisms of blood-brain barrier damage in ischemic stroke. Am J
Physiol Cell Physiol. 2019;316(2):C135–53.
Chen F, Wang W, Ding H, Yang Q, Dong Q, Cui M. The glucagon-like
peptide-1 receptor agonist exendin-4 ameliorates warfarin-associated
hemorrhagic transformation after cerebral ischemia. J Neuroinflammation. 2016;13(1):204.
Chaudhuri A, Ghanim H, Vora M, Sia CL, Korzeniewski K, Dhindsa S, et al.
Exenatide exerts a potent antiinflammatory effect. J Clin Endocrinol
Metab. 2012;97(1):198–207.
Bray JJH, Foster-Davies H, Salem A, Hoole AL, Obaid DR, Halcox JPJ,
et al. Glucagon-like peptide-1 receptor agonists improve biomarkers of inflammation and oxidative stress: a systematic review and
meta-analysis of randomised controlled trials. Diabetes Obes Metab.
2021;23(8):1806–22.
Mosenzon O, Capehorn MS, De Remigis A, Rasmussen S, Weimers P,
Rosenstock J. Impact of semaglutide on high-sensitivity C-reactive
protein: exploratory patient-level analyses of SUSTAIN and PIONEER
randomized clinical trials. Cardiovasc Diabetol. 2022;21(1):172.
Parthsarathy V, Hölscher C. The type 2 diabetes drug liraglutide reduces
chronic inflammation induced by irradiation in the mouse brain. Eur J
Pharmacol. 2013;700(1–3):42–50.
Bao Y, Jiang L, Chen H, Zou J, Liu Z, Shi Y. The neuroprotective effect
of liraglutide is mediated by glucagon-like peptide 1 receptor-mediated activation of cAMP/PKA/CREB pathway. Cell Physiol Biochem.
2015;36(6):2366–78.

Page 11 of 11

84. Iwai T, Ito S, Tanimitsu K, Udagawa S, Oka J. Glucagon-like peptide-1
inhibits LPS-induced IL-1beta production in cultured rat astrocytes.
Neurosci Res. 2006;55(4):352–60.
85. Abdel-Latif RG, Heeba GH, Taye A, Khalifa MMA. Lixisenatide, a
novel GLP-1 analog, protects against cerebral ischemia/reperfusion injury in diabetic rats. Naunyn Schmiedebergs Arch Pharmacol.
2018;391(7):705–17.
86. Briyal S, Shah S, Gulati A. Neuroprotective and anti-apoptotic effects of
liraglutide in the rat brain following focal cerebral ischemia. Neuroscience. 2014;281:269–81.
87. Li PC, Liu LF, Jou MJ, Wang HK. The GLP-1 receptor agonists exendin-4
and liraglutide alleviate oxidative stress and cognitive and micturition
deficits induced by middle cerebral artery occlusion in diabetic mice.
BMC Neurosci. 2016;17(1):37.
88. Okada K, Kotani K, Yagyu H, Ando A, Osuga J, Ishibashi S. Effects of
treatment with liraglutide on oxidative stress and cardiac natriuretic
peptide levels in patients with type 2 diabetes mellitus. Endocrine.
2014;47(3):962–4.
89. Rizzo M, Abate N, Chandalia M, Rizvi AA, Giglio RV, Nikolic D, et al. Liraglutide reduces oxidative stress and restores heme oxygenase-1 and
ghrelin levels in patients with type 2 diabetes: a prospective pilot study.
J Clin Endocrinol Metab. 2015;100(2):603–6.
90. Shi N, He J, Guo Q, Liu T, Han J. Liraglutide protects against diabetes
mellitus complicated with focal cerebral ischemic injury by activating mitochondrial ATP-sensitive potassium channels. NeuroReport.
2019;30(7):479–84.
91. He W, Wang H, Zhao C, Tian X, Li L, Wang H. Role of liraglutide in brain
repair promotion through Sirt1-mediated mitochondrial improvement
in stroke. J Cell Physiol. 2020;235(3):2986–3001.
92. Zhu H, Zhang Y, Shi Z, Lu D, Li T, Ding Y, et al. The neuroprotection of
liraglutide against ischaemia-induced apoptosis through the activation
of the PI3K/AKT and MAPK pathways. Sci Rep. 2016;6:26859.
93. Yang X, Feng P, Zhang X, Li D, Wang R, Ji C, et al. The diabetes drug
semaglutide reduces infarct size, inflammation, and apoptosis, and
normalizes neurogenesis in a rat model of stroke. Neuropharmacology.
2019;158: 107748.
94. Yang L, Cheng J, Shi G, Zhang C, Du Y, Chen L, et al. Liraglutide
ameliorates cerebral ischemia in mice via antipyroptotic pathways.
Neurochem Res. 2022;47(7):1904–16.
95. Lai TW, Zhang S, Wang YT. Excitotoxicity and stroke: identifying novel
targets for neuroprotection. Prog Neurobiol. 2014;115:157–88.
96. Perry T, Haughey NJ, Mattson MP, Egan JM, Greig NH. Protection and
reversal of excitotoxic neuronal damage by glucagon-like peptide-1
and exendin-4. J Pharmacol Exp Ther. 2002;302(3):881–8.
97. Bomba M, Granzotto A, Castelli V, Massetti N, Silvestri E, Canzoniero
LMT, et al. Exenatide exerts cognitive effects by modulating the BDNFTrkB neurotrophic axis in adult mice. Neurobiol Aging. 2018;64:33–43.
98. Li Z, Chen X, Vong JSL, Zhao L, Huang J, Yan LYC, et al. Systemic GLP-1R
agonist treatment reverses mouse glial and neurovascular cell transcriptomic aging signatures in a genome-wide manner. Commun Biol.
2021;4(1):656.
99. McClean PL, Gault VA, Harriott P, Hölscher C. Glucagon-like peptide-1
analogues enhance synaptic plasticity in the brain: a link between diabetes and Alzheimer’s disease. Eur J Pharmacol. 2010;630(1–3):158–62.
100. Lennox R, Flatt PR, Gault VA. Lixisenatide improves recognition memory
and exerts neuroprotective actions in high-fat fed mice. Peptides.
2014;61:38–47.
101. Fluri F, Schuhmann MK, Kleinschnitz C. Animal models of ischemic
stroke and their application in clinical research. Drug Des Devel Ther.
2015;9:3445–54.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

