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Abstract Stroke is the leading cause of adult disability in
Westernized societies with increased incidence along ageing
and it represents a major health and economical threat.
Inactive lifestyle, smoking, hypertension, atherosclerosis,
obesity and diabetes all dramatically increase the risk of
stroke. While preventive strategies based on lifestyle changes
and risk factor management can delay or decrease the likeli-
hood of having a stroke, post stroke pharmacological strate-
gies aimed at minimizing stroke-induced brain damage are
highly needed. Unfortunately, several candidate drugs that
have shown significant preclinical neuroprotective efficacy,
have failed in clinical trials and no treatment for stroke based
on neuroprotection is available today. Glucagon-like peptide 1
(GLP-1) is a peptide originating in the enteroendocrine L-cells
of the intestine and secreted upon nutrient ingestion. The
activation of the GLP-1R by GLP-1 enhances glucose-
dependent insulin secretion, suppresses glucagon secretion
and exerts multifarious extrapancreatic effects. Stable GLP-1
analogues and inhibitors of the proteolytic enzyme dipeptidyl
peptidase 4 (DPP-4) (which counteract endogenous GLP-1
degradation) have been developed clinically for the treatment

of type 2 diabetes. Besides their antidiabetic properties, ex-
perimental evidence has shown neurotrophic and neuropro-
tective effects of GLP-1R agonists and DPP-4 inhibitors in
animal models of neurological disorders. Herein, we review
recent experimental data on the neuroprotective effects medi-
ated by GLP-1R activation in stroke. Due to the good safety
profile of the drugs targeting the GLP-1R, we also discuss the
high potential of GLP-1R stimulation in view of developing a
safe clinical treatment against stroke based on neuroprotection
in both diabetic and non-diabetic patients.
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1 Introduction

Stroke is the second most common cause of death and chronic
disability in adults according to the World Health
Organization (http://who.int/mediacentre/factsheets/fs310/
en/). Approximately 85 % of all stroke cases are ischemic.
Ischemic stroke results from the occlusion of a cerebral artery
by a blood clot, which consequently results in irreversible
neural tissue damage and various neurological impairments
and disabilities. Although the relative rate of stroke deaths has
decreased over the last decade, due to better clinical
management, it still remains one of the most costly and
devastating diseases in the World with annual direct and
indirect healthcare costs estimated in hundreds of billions of
US dollars [1].

Acute therapeutic interventions for stroke comprise chem-
ical and surgical removal of the thrombotic clot [2, 3].
However these treatment strategies are most effective within
3–4.5 h after stroke and are not available for the vast majority
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of stroke patients, due to either late arrival to the hospital,
delayed diagnosis, or contraindications (e.g. hypertension)
[4–6]. Additionally, thrombolytic treatments increase the risk
of hemorrhage, the incidence of which is typically elevated
when patients have common stroke comorbidities, such as
atrial fibrillation, hypertension and diabetes mellitus [7, 8].

The main goal of an ideal acute therapeutic intervention
against stroke is to rescue endangered neural tissue. The
thrombolytic treatments rely solely on their ability to restore
the blood circulation to the stroke-affected brain areas, pro-
vide oxygen and nutrients to the tissue and let the tissue
recover by itself. Although this approach is effective within
a short time-window after the insult, the substantial portion of
the injured tissue will remain damaged. There is also, like in
the heart, the problem of reperfusion injury, proposed to be
mediated by oxygen radicals, once an ischemic area rapidly
becomes oxygenated upon clot dissolution [9].

The stroke-damaged tissue can be classified into two
categories-ischemic core and the penumbra [10, 11]. Whereas
the core area is irreversibly damaged as neurons in this area die
before therapeutic intervention, the penumbra region surround-
ing the ischemic core can be salvaged by timely intervention
and is most responsive to acute neuroprotective treatment in
different preclinical paradigms [12, 13]. If no intervention takes
place, the penumbra region will slowly progress into ischemic
core [14]. The concept of pharmacological neuroprotection in
stroke has been intensively studied during the past few decades
aiming at reducing pharmacologically stroke-induced neuronal
death in the penumbra region. The neural death mechanisms of
stroke within the ischemic penumbra have been thoroughly
characterized and many molecular targets have been identified
that could induce neuroprotection after pharmacological inter-
vention [15, 16]. This approach together with thrombolytic
treatment could potentially yield the most favorable stroke
outcome. However, the neuroprotective strategies that were
very successful in animal models have failed to succeed in the
clinic [17–19]. The main reasons for such failure might be the
discrepancies in the timing of neuroprotective intervention
between preclinical and clinical studies [20]. Additionally the
dosage and routes of administration of candidate drugs between
preclinical studies and the translational attempts have differed
largely. Moreover, many stroke patients have comorbidities and
conditions such as high age, hypertension, atherosclerosis, atrial
fibrillation, obesity and diabetes mellitus [1]. These factors
significantly impair stroke outcome in general and may also
influence the outcome or the efficacy of neuroprotective agents
[20]. Thus, future preclinical stroke research needs to focus on
more closely modeling the potential clinical setting when eval-
uating the efficacy of neuroprotective substances. This
can be accomplished by using animal models with
common stroke comorbidities and by experimenting
using clinically relevant pharmacological doses and
treatment paradigms.

Recent preclinical stroke studies have identified neuropro-
tective properties mediated by several molecules targeting the
glucagon-like peptide-1 receptor (GLP-1R) [21–25].
Interestingly, these substances also show significant neuropro-
tective effects in experimental stroke models when tested
under comorbid conditions (e.g. obesity and diabetes) and at
clinically relevant doses and routs of administration [26, 27].
Since some of these substances are already in clinical use for
the treatment of type 2 diabetes (T2D), the time required to re-
profiling them as means of anti-stroke neuroprotective inter-
vention could likely be significantly reduced.

2 The GLP-1 system

2.1 GLP-1 physiology and function

GLP-1 is a small incretin peptide hormone, released from
enteroendocrine intestinal L-cells which exerts numerous
pleiotropic effects in various tissues [28]. The metabolically
active forms of GLP-1 are GLP-1 (7–37) and GLP-1 (7–36)
NH2 (see below). In contrast, while not metabolically active,
the DPP-4 degradation product GLP-1 (9–36) appears to exert
effects on the cardiovascular system [29].

Incretin hormones enhance meal-stimulated insulin secre-
tion from pancreatic β-cells in a glucose-dependent manner
[30] and accounts for 20 to 60 % of the overall postprandial
insulin secretion in healthy subjects [31]. GLP-1 also de-
creases glucagon secretion from the pancreas in the presence
of hyperglycemia, an effect that ceases at glucose levels<
4 mmol/l [32].

Defective GLP-1 secretion has been reported in T2D
[33–35], indicated to result from defective secretion of the
hormone and not from a transcriptional defect, as increased
intestinal proglucagon mRNA has been observed [36, 37] .
However, some studies have failed to show defective GLP-1
secretion in T2D, and a generalized association of defective
GLP-1 secretion and T2D as such cannot be made [38].
Decreased levels of circulating GLP-1 in response to meal
ingestion have been linked to impaired glucose tolerance [39,
40] and increasing body mass index (BMI) [39]. Further,
decreased GLP-1 levels have been observed with increased
BMI and obesity in patients with or without T2D [41], where
defective GLP-1 secretion has also been correlated to insulin
resistance [42]. These data are further supported by the obser-
vation of defective GLP-1 secretion in T2D but not in type 1
diabetes [43].

Plasma GLP-1 levels rise within 10–15 min of food
ingestion and reach peak levels of 15–50 pmol/l by
40 min [44]. Further, GLP-1 – like insulin-is secreted
in a pulsatile manner with a frequency comparable to
that of pancreatic hormones [45].
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2.2 GLP-1R activation pathways

The GLP-1R was first isolated by transient expression of a rat
pancreatic islet cDNA library into COS cells followed by
binding of radiolabeled GLP-1 [46]. The gene for the human
GLP-1R is localized to chromosome 6p21 [47], and the re-
ceptor consists of a functional, 463 amino-acid, G-protein-
coupled receptor with a seven-span trans-membrane domain
to which GLP-1 and its analogues bind [48, 49]. GLP-1R is
expressed in a wide range of tissues including the pancreatic
islets, lung, kidney, heart, vessels, stomach, intestine, pitui-
tary, skin and several regions in the brain [50]. For the latter, a
high expression is demonstrated in hypothalamus and the
brain stem [51], areas known to be involved in the central
control of cardiovascular function [52, 53]. Intriguingly, car-
diovascular actions by GLP-1R agonists have been observed
in GLP-1R−/− mice and by blocking the receptor with the
GLP-1R inhibitor exendin (9–39) [29]. This reflects a non-
classical action from GLP-1 actions partly due from the split
product GLP-1 (9–36) without any affinity to the GLP-1R
[29]. There are also reports of physiological actions on liver,
skeletal muscle and fat cells by GLP-1, tissues that lack of
expression of GLP-1R. One explanation for this complexity
might be due to a not yet known second GLP-1R [54].
Importantly, it was recently shown that evidence for the pres-
ence of GLP-1R is ambiguous due to the low sensitivity and
specificity of GLP-1R antisera commonly used to show the
presence of the GLP-1R [55]. Thus, there is a high need for
validated methods detecting the GLP-1R [54].

The signal transduction pathways of GLP-1 and its ana-
logues in the pancreaticβ-cell are mediated through adenylate
cyclase and the cAMP/PKA pathways to potentiate glucose-
induced closure of ATP-sensitive K+ channels, thereby gener-
ating cellular depolarization, activation of voltage-dependent
Ca2+ channels (VDCCs) and influx of Ca2+ that sets in motion
insulin exocytosis [48]. GLP-1 may also directly stimulate
entry of Ca2+ into the cell through activation of
dihydropyridine-sensitive VDCCs [56], and by mobilizing
Ca2+ from intracellular stores [57]. GLP-1R agonists also
evoke several other biological actions in the rodent pancreas,
including enhanced β-cell proliferation, neogenesis and inhi-
bition of apoptosis, thereby increasing pancreatic β-cell mass
[58–61]. These signaling pathway actions evoked by GLP-1
and its analogues are the same as for other tissues, since they
regulate proliferation, neogenesis and anti-apoptotic actions in
endothelial [62, 63] and neuronal cells [64].

GLP-1 and the GLP-1R agonist exenatide can both pass the
blood brain barrier (bbb [51]). Whether other GLP-1 ana-
logues can enter the brain remains elusive. On the other hand,
indirect mechanisms may also contribute to CNS beneficial
effects from GLP-1R activation. Interestingly, a role for cen-
tral nervous system GLP-1R signaling in the control of glu-
cose homeostasis, as well as blood pressure and heart rate, has

been proposed by peripheral communication with the brain
activating sensory afferent vagal neurons [52, 65, 66]. Some
earlier studies clearly demonstrate that GLP-1 and its ana-
logues protect against neuronal cell damages through the
adenylate cyclase and the cAMP/PKA pathways that are
activated by GLP-1 also in in the pancreatic β-cell [67].
However, more results are needed in order to characterize
the molecular mechanisms at the basis of GLP-1R activation
in neural cells.

2.3 GLP-1 mimetics/GLP-1R agonists

Due to the very short half-life of GLP-1, caused by DPP-4
degradation, GLP-1R agonists resistant to degradation have
been developed. These subcutaneously administered com-
pounds exert a transient – predominantly prandial – rise in
insulin secretion and a suppression of glucagon, both of which
are glucose dependent and therefore carry a low risk of hypo-
glycemia [68]. Here below we will briefly discuss the main
features of these molecules, including clinical aspects in terms
of glycemic control, cardiovascular parameters and tolerability.

2.3.1 Exendin-4

Exendin-4 (Ex-4) was originally found in the saliva of the
lizard Heloderma suspectum [69]. It shares a 53 % amino acid
sequence homology with that of native GLP-1, giving it a
circulating plasma half-life of 60–90 min [70]. Ex-4 was the
first GLP-1R agonist, resistant to DPP-4 degradation, devel-
oped in clinical use as exenatide (synthetic form of Ex-4) for
the treatment of T2D [71]. In clinical trials with T2D patients,
addition of exenatide on top of metformin, sulfonylurea or
both reduces HbA1c with 0.8-1.0 % and gives a weight reduc-
tion of 0.9 - 2.5 kg in overweight patients [72–74].
Furthermore, exenatide has been associated with beneficial
effects on systolic blood pressure [52] and found to reduce
total cholesterol and LDL cholesterol [75–77]. The most
common side effects of the exenatide treatment are nausea
(8-44 %) and vomiting (4-13 %) [78, 79]. In a large retrospec-
tive study, patients treated with exenatide were found to be
less likely to have cardiovascular disease (CVD) events than
those not treated with exenatide [80]. Interestingly, CVD was
in this study defined as a composite endpoint including ische-
mic stroke [80].

2.3.2 Other GLP-1R agonists

Liraglutide is a GLP-1 analogue with~97 % homology to the
native GLP-1 [81, 82] that binds to albumin with a plasma
half-life of 10–14 [81, 82]. Liraglutide reduces both fasting
and postprandial glycemia. The Liraglutide Effect and Action
in Diabetes (LEAD) program was designed to compare the
efficacy and tolerability of once-daily liraglutide alone or in
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combination with other commonly used oral agents, for T2D
[83–86]. In these studies, reductions of HbA1c of 1.0-1.5 %
were observed with liraglutide [83–86]. The incidence of
nausea caused by liraglutide is estimated to 8-35 % and
vomiting affects 7-12 % of the treated patients [87, 88].
Liraglutide also improves surrogate measures of β-cell func-
tion, reduces systolic blood pressure and has been associated
with a mean weight loss up to 3.2 kg after 26 weeks of
treatment [83–86].

Lixisenatide is the most recent GLP-1R agonist to be
approved by the European Medicines Agency [89, 90].
Dulaglutide and Albiglutide are long-acting once weekly ad-
ministered GLP-1R agonists in development but not yet ap-
proved for clinical use [91, 92].

2.4 DPP-4 inhibitors

DPP-4 is a 766 amino acid, dimeric, transmembrane glyco-
protein and ubiquitously expressed enzyme that plays major
roles in metabolism, in the immune and endocrine systems,
but also in cancer growth and cell adhesion. There is also a
soluble form of DPP-4, which originates from membrane
shedding. Known also as adenosine deaminase complexing
protein 2 or CD26, DPP-4 is a serine aminopeptidase enzyme
that inactivates the incretin hormones GLP-1 and GIP – as
well as several other peptides – via dipeptide cleavage
of the penultimate N-terminal amino acid [82].
Inhibition of DPP-4 increases the half-life and bioavail-
ability of active incretin hormones [93].

The inhibitors of DPP-4 currently available in Europe or
US for the treatment of T2D include vildagliptin, sitagliptin,
saxagliptin, linagliptin and alogliptin.

Inhibitors of DPP-4 exert their most overt pharmacological
effects in humans through their inhibition of GLP-1 degrada-
tion. In doing this, they mimic some of the effects of GLP-1
and GLP-1 analogs, including stimulation of insulin secretion,
inhibition of glucagon secretion, and enhancement of β-cell
mass (the latter only shown in animal models) [82].
Conversely, DPP-4 inhibitors seem to have only a marginal
slowing effect on the rate of gastric emptying and no obvious
effect on satiety or weight loss [82]. Although DPP-4 inhibi-
tion has been associated with an enhancement of β-cell sur-
vival and neogenesis, e.g. in streptozotocin-treated diabetic
rats [94], this effect has not yet been demonstrated in humans.
DPP-4 substrates also include several proline or alanine con-
taining peptides, such as growth factors, chemokines, neuro-
peptides and vasoactive peptides [94–96]. Inhibition of the
DPP-4 enzyme also modulates the activity of several
cardioactive factors, neuropeptide Y and stromal cell derived
factor-1 (SDF-1) [94]. Finally, as for the GLP-1R agonists,
DPP-4 inhibitors-mediated effects via the vagus nerve have
been reported [97]. In contrast to GLP-1 analogs which are all

injectable drugs, DPP-4 inhibitors have an oral application
route.

3 GLP-1R activation for the treatment of stroke

3.1 Exendin-4 for the treatment of stroke

GLP-1R is broadly expressed in the adult brain [98, 99], with
its main expression in neurons [22, 24, 26, 100]. In addition,
adult neural stem cells/progenitors are positive for GLP-1R
[101]. Glia cells seem not to express GLP-1R unless following
inflammation [102], in response to stroke [24] or to a mechan-
ical lesion [103]. In the past few years, several studies have
provided proof of concept data showing GLP-1R-mediated
neuroprotection in animal models of neurological disor-
ders. The topic of this review specifically focuses on
GLP-1R and stroke, although excellent reviews extend-
ing to other neurological brain disorders/diseases have
been recently published [104–107].

Within the stroke research field, experimental evidence
supporting the potential use of the GLP-1R agonist Ex-4 as
therapeutic is growing. The first work showing that the acti-
vation of GLP-1R by Ex-4 led to neuroprotection against
stroke was provided by Li et al. in 2001 [21]. In this work,
the authors demonstrated that intracerebral administration of
Ex-4 decreased the infarct size and enhanced locomotor ac-
tivity at 48 h after a stroke in the rat. The authors also showed
that the effect was indeed mediated by GLP-1R since Ex-4
was ineffective in GLP-1R knock-out mice. Ex-4 has been
shown to pass the bbb [108] and Teramoto et al. recently
showed that peripheral administration of Ex-4 could induce
neuroprotection against stroke in rodents [22]. The authors
demonstrated that intravenous Ex-4 at the time of stroke or 1 h
after stroke onset reduced the infarct volume and improved
functional deficit in the mouse and that the effect was inde-
pendent of glycemic regulation. The authors could not detect
infarct volume reduction when Ex-4 was given at 3 h after
stroke. The results of this work are robust. However, the doses
employed in this study (approx. 400 μg/kg) are far higher than
the used clinical dose of Ex-4 to treat T2D (0.1 μg/kg). To
study the potential efficacy of Ex-4 against stroke, a transient
cerebral ischemia model targeting the CA1 region of the
hippocampus in the gerbil was also employed [24]. Ex-4
delivered 2 h before stroke (intraperitoneally at the dose of
1–3 μg/kg) decreased brain damage and microglia activation.
However, no effect was shown at the dose 0.3 μg/kg. The
authors also showed that Ex-4 treatment transiently enhanced
GLP-1R expression in CA1 hippocampal neurons 24 h after
stroke. GLP-1R expression decreased at 4 days after stroke
and then increasing again several days after stroke; this time
with its main localization in astrocytes and interneurons.
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Whether these cells can play a role in the protective effect
against stroke by Ex-4 remains to be investigated.

In an attempt to mimic the clinical situation of a diabetic
patient at high risk of stroke, our research group showed that
4 weeks pretreatment with Ex-4 before transient MCAO
followed by another 4 weeks of Ex-4 treatment decreased
the stroke-induced brain damage in T2D rats [26]. Ex-4 was
administered intraperitoneally and it induced a dose-
dependent effect already significant at the clinical dose
(0.1 μg/kg). However, the protective effect was stronger at
1 μg and 5 μg/kg. Briyal et al. employed a similar strategy
based on chronic pretreatment in non-diabetic rats in a model
of permanent MCA occlusion [25]. The results showed that
intraperitoneal Ex-4 at the dose of 0.5 μg/kg was efficacious
in reducing infarct volume and oxidative stress parameters as
well as in improving neurological deficits.

Not all effects of GLP-1R activation, however, may neces-
sarily be beneficial for the ischemic brain. The reduction in
glucagon, with the attendant decrease in ketosis, may cause
detriment as it will likely reduce neuronal tolerance to hypox-
ia. Notwithstanding this, the majority of effects conveyed
through GLP-1R activation would be expected to promote
neuroprotection.

In conclusion, extensive preclinical work has been performed
showing proof of concept of Ex-4 for the acute treatment of
stroke. However, further experimental evidence is needed by
using other GLP-1R agonists. This point is of particular impor-
tance since not all the effects mediated by Ex-4 seem to occur
through the canonical GLP-1R [29]. Interestingly in a study
published meantime this review was in progress, Sato et al.
showed that liraglutide administered 90 min after stroke reperfu-
sion induced neuroprotection in the rat [109].

The neuroprotective effect of Ex-4 seems to occur inde-
pendently of the glycemic effects of the drug. However, the
molecular mechanisms at the basis of Ex-4-mediated neuro-
protection are still largely unknown and will need to be
determined. Furthermore, the Ex-4 neuroprotective window,
as well as the most efficacious doses and route of administra-
tion in relation to anti-stroke efficacy, remain to be deter-
mined. Needless to say, clinical work is needed to assess the
safety of a potential Ex-4 treatment in stroke patients (some
studies are ongoing, see https://www.clinicaltrialsregister.eu/
ctr-search/search?query=exenatide+stroke). Interestingly, a
recent clinical feasibility study in eleven stroke patients with
a history of diabetes showed that exenatide treatment seemed
safe and tolerable and did not cause any serious adverse events
but mild nausea and vomiting [110].

GLP-1 receptor activation has been reported to be benefi-
cial for behavioral recovery and to improve learning and
memory in animal models of neurodegenerative disorders
[111]. Furthermore, GLP-1R activation stimulates brain re-
generation in normal rodents [101] as well as in response to
neurodegeneration [64] or stroke [26]. Finally, GLP-1R

activation promotes synaptic plasticity, neurite outgrow and
rearrangement [112, 113], which are all important factors for
stroke recovery [114]. Altogether, these data suggest a poten-
tial use of a GLP-1R-mediated therapy to also treat patients in
the long-term recovery phase after stroke. In this perspective,
experimental evidence is almost entirely lacking and – conse-
quently – future preclinical work is urgently needed.
Considering the proliferative action of GLP-1R activation,
careful surveillance of any oncogenic or growth-promoting
effects of preneoplastic lesions in the regenerating tissue is
highly warranted.

3.2 DPP-4 inhibitors for the treatment of stroke

As with GLP-1R agonists, there is growing evidence showing
neuroprotective effects mediated by DPP-4 inhibitors.
However, it is still unclear whether this is secondary to their
effects on blood glucose control or by independent mecha-
nisms [115, 116]. Expression of DPP-4 in the human brain
was originally thought to be limited [117]. However, tissue
specific investigation found strong DPP-4 protein expression
in cortical astrocytes via monoclonal antibodies and immuno-
histochemistry [118]. DPP-4 is also expressed on the endo-
thelium of the bbb and data from animal studies support
possible direct effects of DPP-4 inhibitors on the endothelium
and vascular tissue [119]. These effects appear to be indepen-
dent of the glucose-lowering properties of DPP-4 inhibitors
and specific inhibitor properties may differ between the dif-
ferent molecules. For example, linagliptin has shown pleio-
tropic antioxidant and anti-inflammatory properties not shared
by other DPP-4 inhibitors [120]. There is evidence for an
association of inflammation and expression of proline- and
alanine-specific proteases (such as DPP-4, DPP-8 and amino-
peptidase N) within the brain following ischemic episodes
[121]. Inhibition of these enzymes with the dual DPP-4/
APN inhibitor, IPC1755, (introduced to the intracerebral-
ventricular space), reduces cortical lesions after transient ce-
rebral ischemia in rat models [121]. It was also observed that
7 days (but not 3 days) after unilateral cerebral ischemia DPP-
4 activity was significantly up-regulated but only in cortex
ipsilateral to stroke. Infarct size was also reduced by
sitagliptin, although to a lesser extent than with IPC1755.

Under high-fat diet (HFD) feeding, shown to cause sys-
temic and neuronal insulin resistance as well as brain mito-
chondrial dysfunction in rats, DPP-4 inhibition with
vildagliptin counteracted neuronal insulin resistance, brain
mitochondrial dysfunction and learning and memory deficit
[122]. In a similar study, both sitagliptin and vildagliptin
significantly improved metabolic parameters and decreased
brain oxidative stress levels. In addition, both drugs complete-
ly prevented brain and hippocampal mitochondrial dysfunc-
tion and improved HFD-impaired learning behaviors [123].

Rev Endocr Metab Disord (2014) 15:233–242 237

https://www.clinicaltrialsregister.eu/ctr-search/search?query=exenatide+stroke
https://www.clinicaltrialsregister.eu/ctr-search/search?query=exenatide+stroke


The potential anti-stroke efficacy of the DPP-4 inhibitor
alogliptin (7.5, 15 and 30μg/kg) was determined after 3 weeks
pretreatment before inducing stroke in normal mice [23]. The
results showed that infarct size and neurological deficits were
significantly reduced in one of the dose groups (15 μg). The
neuroprotective efficacy of alogliptin was associated with an
increase in the potent neuroprotectant brain-derived neuro-
trophic factor (BDNF). Of note, efficacy when the treatment
started after stroke was not achieved. Our research group
showed that 4 weeks pretreatment with clinical doses of the
DPP-4 inhibitor linagliptin in T2D and obese mice was asso-
ciated with reduced neuronal loss [27]. Although these effects
were accompanied by increased GLP-1 plasma levels, they
appeared to be independent of glycemic control. In this model,
neuronal salvage in T2D mice was greater in linagliptin-
treated animals than in mice treated with the sulfonylurea,
glimepiride, even though linagliptin provided less effective
glycemic control. In contrast, linagliptin and glimepiride dem-
onstrated similar neuroprotective effects in normal mice.
Together, these data provide thought-provoking supportive
evidence for benefits of exposure to DPP-4 inhibitors in
stroke. However, the underlying mechanisms responsible for
these effects remain unclear. Unlike GLP-1 and some GLP-1
analogues, DPP-4 inhibitors do not cross the blood brain
barrier. Therefore these neuroprotective effects are likely to
be related to their systemic actions or through the vagus nerve
(see below) rather than actions directly on the CNS. On the
other hand, stroke-mediated damage has been reported to
increase the permeability of the bbb and further studies aimed
to investigate potential neuroprotective effect of DPP-4 inhib-
itors will be needed to clarify this important aspect. Although
these actions might be expected to be through effects on GLP-
1 and GIP, there are many other substrates for DPP-4 with
neuroprotective properties (see above), some of which (e.g.
SDF1α) are even more sensitive to DPP-4 than GLP-1 and
GIP [96] .

With regard to clinical trials, meta-analysis data suggest
that there may be a lower risk of major cardiovascular events,
including stroke, in diabetic patients receiving DPP-4 inhibi-
tor therapy than comparator drugs [124, 125]. However, the
findings of these studies are equivocal and the results are
largely limited by the short duration of studies and low num-
ber of events in addition to their non-uniform and incomplete
determination of cardiovascular endpoints. A larger 2-year
efficacy and safety study comparing linagliptin with
glimepiride in patients with T2D inadequately controlled on
metformin suggest that linagliptin has a beneficial action on
cardiovascular outcomes [126]. However, no superiority of
DPP-4 inhibition on cardiovascular endpoints (such as CV
death and non-fatal stroke) was apparent from results of
two recently published large cardiovascular outcome
trials for saxagliptin [127] or alogliptin [128]. It remains
to be shown by the up-coming CV outcome trials of

sitagliptin (http://clinicaltrials.gov/ct2/results?term=
TECOS) and linagliptin (http://clinicaltrials.gov/ct2/
show/NCT01243424?term=CARdiOvascular+Safety+
of+LINAgliptin & rank = 1) whether DPP-4 inhibitors
may lower stroke incidence or rather improve stroke
outcome. Furthermore, future preclinical and clinical
studies are needed to clarify whether there are neuro-
protective differences among different DPP-4 inhibitors.

4 Potential mechanisms at the basis of GLP-1R activation
against stroke

In the past few years it has been broadly demonstrated that the
activation of GLP-1R can produce beneficial effects in several
animal models of neurological disorders including stroke.
Clinical studies are under way and will be essential to

Fig. 1 Potential neuroprotective mechanisms induced by GLP-1R ago-
nists and DPP-4 inhibitors. GLP-1R agonists and DPP-4 inhibitors may
have a variety of targets in the brain including neuronal cells, different
glia cells and neural stem cells. Evidence is accumulating that pharma-
cological concentrations of GLP-1R agonists could induce both direct
neuroprotection from the systemic circulation (via the bbb; red line) and
indirectly by stimulating the vagus nerve that via the nucleus of the
tractus solitaries (NTS) projects to the forebrain (blue line). Alternatively,
increased GLP-1 levels by DPP-4 inhibitors in the intestine and in the
portal vein could stimulate mainly the vagus nerve (blue line) thus
inducing neuroprotection indirectly. DPP-4 inhibitors could also modu-
late systemically the activity of other neuroprotective factors (red line).
The mechanisms of action of GLP-1R agonists and DPP-4 inhibitors are
discussed in more detail in the text

238 Rev Endocr Metab Disord (2014) 15:233–242

http://clinicaltrials.gov/ct2/results?term=TECOS
http://clinicaltrials.gov/ct2/results?term=TECOS
http://clinicaltrials.gov/ct2/show/NCT01243424?term=CARdiOvascular+Safety+of+LINAgliptin&rank=1
http://clinicaltrials.gov/ct2/show/NCT01243424?term=CARdiOvascular+Safety+of+LINAgliptin&rank=1
http://clinicaltrials.gov/ct2/show/NCT01243424?term=CARdiOvascular+Safety+of+LINAgliptin&rank=1


understand whether new therapies can be developed by using
this strategy (see above). However, the molecular mechanisms
at the basis of GLP-1R-mediated neuroprotection are still
largely unknown. Also, it is not known whether neuroprotec-
tion mediated by GLP-1R agonists and DPP-4 inhibitors
occur through the same mechanism of action. Recently it has
been proposed that at least part of the effects of GLP-1R
agonists and DPP-4 inhibitors can occur through the activa-
tion of the vagus nerve (see above and refs [52, 65, 66,
129–133]). Indeed, recent work showed that the effect of
exogenous GLP-1 on food intake is lost in vagotomized
subjects [134]. Interestingly, neuroprotective effects against
stroke via the vagus nerve have been reported in the past few
years (reviewed by Cheyuo et al.[135]) suggesting that vagus
nerve stimulation by GLP-1R activation could indirectly me-
diate neuroprotection in the CNS. This type of mechanism
could even more likely occur following a treatment based on
DPP-4 inhibitors since low doses of these drugs have been
shown to reduce intestinal, but not systemic, DPP-4 activity
and to increase vagal nerve activity [97].

GLP-1R-mediated neuroprotection could occur as
summarized in Fig. 1. We hypothesize that pharmaco-
logical doses of GLP-1R agonists with the ability to
pass the bbb could stimulate neuroprotection both di-
rectly and indirectly via the vagus nerve. On the con-
trary, DPP-4 inhibitors not crossing the bbb would un-
likely increase GLP-1 levels in the brain. Also, DPP-4
inhibitors would unlikely provide high levels (in nM
range) of systemic active GLP-1 able to pass the bbb
to exert direct neuroprotection. Thus, DPP-4 inhibitors
could mediate neuroprotection mainly through the acti-
vation of the vagus nerve or independently of GLP-1 by
regulating other factors (see above).

Important preclinical studies will be needed in the near
future to test these hypotheses thus developing our knowledge
within this very interesting research area.

5 Conclusions and future directions

Increasing experimental evidence suggests that the treatment
with GLP-1R agonists and DPP-4 inhibitors induces benefi-
cial neuroprotective effects against stroke. A number of these
molecules are already in clinical use for the treatment of T2D.
Thus, their potential repositioning into also anti-stroke treat-
ments would present several advantages since these molecules
are rather safe and well tolerated.

The molecular mechanisms at the basis of GLP-1R-
mediated neuroprotection are still largely unknown and future
preclinical efforts aimed at identifying these mechanisms are
needed in this respect. In particular, studies aimed at deter-
mining whether GLP-1R agonists/mimetics and DPP-4 inhib-
itors act via the samemechanism of action are highly required.

In conclusion, the results of preclinical studies ad-
dressing the molecular mechanisms at the basis of GLP-
1R-mediated neuroprotection and of on-going clinical
studies will be crucial in the near future to understand
whether a therapy based on GLP-1R activation can be
translated into the clinic.
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