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Glucagon-like peptide 1 receptor stimulation as a
means of neuroprotection
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Glucagon-like peptide 1 (GLP-1) is a relatively recently discovered molecule originating in the so-called L-cells of the intestine.
The peptide has insulinotrophic properties and it is this characteristic that has predominantly been investigated. This has led
to the use of the GLP-1-like peptide exendin-4 (EX-4), which has a much longer plasma half-life than GLP-1 itself, being used
in the treatment of type Il diabetes. The mode of action of this effect appears to be a reduction in pancreatic apoptosis, an
increase in beta cell proliferation or both. Thus, the effects of GLP-1 receptor stimulation are not based upon insulin
replacement but an apparent repair of the pancreas. Similar data suggest that the same effects may occur in other peripheral
tissues. More recently, the roles of GLP-1 and EX-4 have been studied in nervous tissue. As in the periphery, both peptides
appear to promote cellular growth and reduce apoptosis. In models of Alzheimer’s disease, Parkinson’s disease and peripheral
neuropathy, stimulation of the GLP-1 receptor has proved to be highly beneficial. In the case of Parkinson’s disease this effect
is evident after the neurotoxic lesion is established, suggesting real potential for therapeutic use. In the present review we

examine the current status of the GLP-1 receptor and its potential as a therapeutic target.
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Introduction

Glucagon-like peptide 1 (GLP-1) was first described in 1985
(Schmidt et al., 1985) following cloning of the preprogluca-
gon gene by the same authors. GLP-1 is classically associated
with having insulinotropic actions and is linked with a sub-
stantial proportion of the so-called ‘incretin’ response to
nutrient ingestion (Orskov et al., 1986). GLP-1 in the gas-
trointestinal tract is stored in enteroendocrine L cells in the
intestine, but can also be found in the pancreas (Holst, 2007)
and plasma levels rise by approximately threefold in response
to a meal (Vilsboll et al., 2001). GLP-1 acts at a specific trans-
membrane G-protein linked receptor, the GLP-1 receptor
(GLP-1R), stimulating adenylate cyclase and the formation of
cyclic adenosine monophosphate (cAMP) (Yada et al., 1993)
with downstream effects on gene expression (Figure 1). GLP-
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1Rs are found in the pancreas, adipose tissue, muscle, heart,
the gastrointestinal tract and the liver where a predominant
action is promotion of glucose uptake (De Leon et al., 2006,
and see Holst, 2007 for review). As well as the periphery,
GLP-1Rs are found throughout the central nervous system
(CNS). Binding sites for GLP-1Rs have been found in the
hypothalamus, striatum, brain stem, substantia nigra (SN)
and subventricular zone (SVZ) among other structures
(Campos et al., 1994; Merchenthaler et al., 1999). GLP-1Rs are
present on glia as well as neuronal cell types (Chowen et al.,
1999; Iwai et al., 2006).

An important therapeutic substance with regard to manipu-
lation of GLP-1Rs is the peptide exendin-4 (EX-4). EX-4 is a 39
amino acid peptide isolated from the saliva or venom of the
lizard Heloderma suspectum, native to the southern desert
regions of the USA. EX-4 shows an almost identical pharma-
codynamic profile to GLP-1 but has a substantially longer
plasma half-life since it is not metabolized by dipeptidyl pep-
tidase IV, which metabolizes GLP-1 rapidly (Thum etal.,
2002). It is now accepted that there is also a GLP-2 peptide
and GLP-2 receptor (Drucker, 2001), but this will not be
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Intracellular events associated with stimulation of glucagon-like peptide 1 receptors (GLP-1Rs). The receptor is G-protein coupled

with a consequent rise in cyclic adenosine monophosphate (cAMP). Further intracellular events lead to nuclear changes and alterations in
transcription. EX-4, exendin-4; GLP-1R, GLP-1 receptor; PLC, phospholipase C; IPs, inositol triphosphate; DAG, diacylglycerol; PKC, protein
kinase C; NF-kB, nuclear factor kappa B; PI3 kinase, phosphoinositide 3 kinase; PKB, protein kinase B; PKC{, protein kinase C-zeta; AC, adenylate
cylase; Epac, exchange proteins directly activated by cAMP; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase;
PKA, protein kinase A; PDX-1, pancreatic duodenal homeobox-1; CREB, cyclic AMP response element binding protein.

considered in the current review as there is little evidence for
a cellular or neuroprotective role for agonism mediated via
this site.

Protective effects of GLP-1R stimulation
in the periphery

While the primary aim of this review is to consider the pro-
tective effects of GLP-1R stimulation in the CNS, the relative
volume of work done in this respect on peripheral tissues, in
particular the pancreas, necessitate some description. GLP-1
receptor stimulation exerts a number of effects on pancreatic
cells, primarily B-cells. These effects include regulation of the
differentiation of pancreatic progenitor cells (Urusova et al.,
2004), stimulation of B-cell mass (Park et al., 2008) and a
reduction in B-cell apoptosis (Egan et al., 2003; Li et al., 2003).
In particular, the GLP-1R appears effective in protecting
B-cells against cytokine-mediated apoptosis. Thus, EX-4
shows clear protection of B-cells incubated with either
interleukin-1-beta (IL-1f), tumour necrosis factor alpha
(TNF-a) or interferon gamma (IFN-y) as well as combinations
of these cytokines (Li et al., 2003). Subsequently these authors
determined that the anti-apoptotic effect of GLP-1R stimula-
tion against cytokines is mediated in a protein Kkinase
B-dependent manner (Li et al., 2005).

While not directly protective at a cellular level the trophic
effects of GLP-1R activation will be considered, as such effects
may confer a greater integrity to an organ as a whole and
potentially render its cells a greater facility to withstand cyto-
toxic and other stresses. Exogenous GLP-1 and EX-4 both
increase B-cell mass by increasing both cellular differentiation
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as well as replication (Drucker, 2003; Stoffers, 2004). These
effects are augmented by the anti-apoptotic actions of these
agonists that preserve existing cells and probably help to
protect young or otherwise vulnerable cells. Both chronic and
even acute treatment with GLP-1R agonists increases p-cell
mass in both normal and diabetic mice (Rolin et al., 2002;
Kim et al., 2003). These effects can be also clearly demon-
strated in models of type II diabetes such as the Goto-Kakizaki
rat (Tourrel et al., 2002). Whether endogenous GLP-1R stimu-
lation exerts an effect on B-cell mass is less clear. However,
since GLP-1R knockout mice appear to have normal B-cell
mass this would appear to not be the case (Ling et al., 2001).
The fact that De Leon et al. (2006) reported a role for endog-
enous GLP-1 after a partial pancreatectomy in adult mice
would concur with this.

GLP-1Rs have become well accepted as having anti-
apoptotic properties. Both GLP-1 and EX-4 augment cellular
integrity and overall cell survival following exposure to a
range of pro-apoptotic agents. These include peroxides, cytok-
ines and fatty acids (Hui ef al., 2003; Li ef al., 2003; Buteau
et al., 2004). These observations appear to hold true in both
rodents and humans (Delaney et al., 1997; Eizirik and Dar-
ville, 2001). Additionally, B-cell damage induced by exposure
to reactive oxygen species (ROS), such as peroxynitrite, is
reduced in the presence of GLP-1 (Tews et al., 2009). In addi-
tion GLP-1 appears to increase expression of anti-apoptotic
genes Bcl2 and Bclxl (Buteau et al., 2004). This may be the
result of nuclear factor kappa B (NF-kB)-dependent transcrip-
tion of Bcl12 as well as lap2 (Li etal., 2005). Interestingly,
GLP-1 also appears to reduce endoplasmic reticulum stress as
indicated by the overproduction of misfolded protein aggre-
gates (Yusta et al., 2006; Tsunekawa et al., 2007). Such an



action in peripheral cells could have a clear relevance to
neurodegenerative disorders such as Parkinson’s disease (PD),
where protein misfolding may be a significant aetiological
factor. In addition to EX-4, other molecules that are GLP-1R
agonists appear to exert a similar profile include liraglutide
(NN2211) (Knudsen et al., 2000) and albugon (Baggio et al.,
2004). The major difference between these molecules and
GLP-1 appears to be pharmacokinetic rather than pharmaco-
dynamic (De Leon et al., 2006). As well as having protective
actions towards pancreatic B-cells, GLP-1R agonists appear to
confer protection to other peripheral tissues. Thus, both EX-4
and GLP-1(9,36) amide, the primary endogenous metabolite
of GLP-1, show protective effects against reperfusion injury in
rat heart (Sonne et al., 2008), although possibly via a GLP-1R
subtype as these effects were not reversed by the selective
GLP-1R antagonist exendin-(9,39) [EX-(9,39)]. These actions
were expressed as both a reduction in infarct size by EX-4 [but
not GLP-1(9,36)], as well as an overall improvement in myo-
cardial performance following both agonists. Additionally, a
loss of GLP-1 signalling enhances hepatocyte susceptibility to
experimental liver damage induced by FasL activation, or a
methionine and choline deficient diet in mice (Sinclair et al.,
2008). These effects appear to be cAMP-dependent with a
secondary activation of cAMP response element binding
protein. It may therefore be that GLP-1R signalling can
mediate a relatively generic type of cellular protection in a
range of peripheral cell types.

Neuroprotective effects of GLP-1Rs

Evidence for CNS effects of GLP-1Rs was shown by reports
that intracerebroventricular (I.C.V.) injection of GLP-1
reduces food intake (Gunn et al., 1996) and that this effect is
GLP-1R-mediated since it is blocked by the GLP-1R antagonist
EX-(9,39) (Turton et al., 1996). Similarly, I.C.V. injection of
GLP-1 or EX-4 leads to a reduction in body weight in rats
(Donahey et al., 1998; Meeran et al., 1999). Perry et al. (2002a)
observed that GLP-1 and EX-4 stimulated neurite outgrowth
in rat phaechromocytoma (PC12) cultured cells in a manner
similar to nerve growth factor (NGF). This gave a clear indi-
cation of the potential that GLP-1Rs could be stimulants for
neuronal growth. These authors also reported that EX-4 was
able to augment NGF-induced neuronal differentiation and
apparently attenuate neural degeneration following NGF
withdrawal, giving further support to this possibility (Perry
et al., 2002a) and indicating a potential neuroprotective role
for GLP-1Rs. These findings led to the suggestion that stimu-
lation of GLP-1Rs could be of value in neurodegenerative
disorders such as Alzheimer’s or PD as well as other neuropa-
thies. Interestingly, at least with regard to PD, many neurons
in the area postrema have been found to express tyrosine
hydroxylase (TH), the rate-limiting enzyme in dopamine (DA)
synthesis, as well as surface receptors for GLP-1 (Yamamoto
et al., 2003). It was subsequently reported that both GLP-1
and EX-4 protected cultured hippocampal neurons from
glutamate-induced excitotoxic cell death in a concentration
and cAMP-dependent manner (Perry et al., 2002b). Addition-
ally, it was observed that both GLP-1R agonists reduced
choline acetyl transferase loss following an ibotenic acid
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lesion in the rat in vivo (Perry et al., 2002b). The seemingly
general ability of GLP-1 and EX-4 to provide neuroprotection
to different neuronal phenotypes led these authors to suggest
that this may be generic to any neurons expressing the GLP-
1R. Thus, GLP-1R deficient mice have been observed to have
both a lower seizure threshold and increased susceptibility to
kainate-induced neuronal damage (During et al., 2003). Con-
versely, rats over-expressing GLP-1Rs show enhancement of
learning and memory in behavioural tests of these parameters
(During et al., 2003). Overall these findings strengthened the
belief that positive modulation of the GLP-1R could have
therapeutic utility in neurodegenerative disorders such as
Alzheimer’s disease (Perry and Greig, 2004). This will be con-
sidered more fully below. More recently, Perry et al. (2007)
reported that GLP-1 mediates neuroprotection in a rat model
of peripheral sensory neuropathy induced by pyridoxine.
Both GLP-1 and EX-4, when delivered via osmotic
minipumps, were able to arrest or prevent axonal degenera-
tion of the sciatic nerve. The functional consequence of this
was a clear improvement by rats in the rotarod test, although
animals were still significantly impaired compared with
sham-treated rats (Perry etal.,, 2007). The mechanism by
which these effects occurred was not described but the effects
were reversed by EX-(9,39), and importantly, Nakagawa et al.
(2004) detected GLP-1 gene expression in a peripheral nerve
structure (the nodose ganglion). These observations are col-
lectively likely to be relevant to diabetic patients, in which
peripheral neuropathy naturally progresses, particularly if the
condition is poorly controlled. Moreover, the findings of
Perry et al. (2007) may have wider implications since these
observations, to our knowledge, are the first description of a
neuroprotective effect of GLP-1R activation in a condition
simulating a human neuropathology. Relatively soon after
this, evidence was reported to support the contention that
GLP1-Rs may be potential therapeutic targets in PD by the
findings of Bertilsson et al. (2008) and Harkavyi et al. (2008),
who both described beneficial effects of EX-4 in preclinical
models of PD. Bertilsson et al. (2008) examined the effects of
the drug in 6-hydroxydopamine (6-OHDA)-lesioned rats.
These authors allowed the lesion to develop for 5 weeks prior
to administering EX-4 at a dose of 0.1 pug-kg™ twice daily and
within 2 weeks observed clear decreases in amphetamine-
induced circling behaviour, which continued to decline until
the end of the experiment. In vitro these authors found that
EX-4 stimulates neurogenesis using adenosine triphosphate
generation and BrdU incorporation assays in cultured stem/
progenitor cells. Ex vivo tissue analysis indicated that GLP-1Rs
can mediate an increase in neurogenesis in the SVZ, where
stem and progenitor cells are found. This was causally linked
to an EX-4-mediated increase in neuronal precursor cells seen
in the medial striatum (Bertilsson et al., 2008) and thus asso-
ciated with the improvement seen in the PD-like features of
6-OHDA-treated rats. These also included increased TH+ stain-
ing neurons in the SN as well as an increase in numbers of
vesicular monoamine transporter 2 (VMAT2)-positive cells in
the same region. VMAT2 is the vesilcular transporter for
monoamines and is generally indicative of the presence of
monoaminergic neurons, which in the case of the SN are
likely to be dopaminergic. These findings therefore suggest
that there is an increase in monoaminergic neuronal numbers
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Figure 2 Neuroprotection by exendin-4 (EX-4) in the 6-hydroxydopamine (6-OHDA) rat model of Parkinson’s disease. (A) EX-4 shows clear
restoration of motor behaviour; (B) tissue dopamine (DA) content; (C) striatal tyrosine hydroxylase (TH) activity; (D) nigral TH immunoreactivity
shown as a qualitative index of TH staining. In all groups, EX-4 or vehicle was given twice daily for 7 days after the initial 6-OHDA insult. In
each case groups are made up of six rats per group and were subjected to one-way analysis of variance (ANOVA) followed by a post hoc
Bonferonni’s Multiple Comparison Test (A-C). One-way ANOVA revealed significant differences between treatments in for all of the parameters
studied (A-C; P < 0.001). Bonferonni’s Multiple Comparison Test revealed significant differences (*) from all other groups (A) and from sham
or EX-4 treated groups (B and C). Data adapted from (Harkavyi et al., 2008). L-DOPA, L-3,4-dihydroxyphenylalanine; EX-9-39, exendin-(9,39).

in the SN, which are logically likely to be dopaminergic. We
have also observed clear and dose-dependent effects of EX-4
in reducing PD-like pathology in rodent preclinical models of
the illness (Harkavyi et al., 2008). EX-4 (0.1 or 0.5 pg-kg™
twice daily for 7 days) was given 7 days after either 6-OHDA
or Lipopolysaccharide (LPS)-induced hemiparkinsonian
lesions. This time point for commencing EX-4 treatment was
chosen since we have observed the lesion to be established
but still progressing (Abuirmeileh etal., 2007), in theory
much as is the case in a PD patient. EX-4 reversed numerous
behavioural, neurochemical and histological (Figure 2)
indices of PD-like pathology in both rodent models used
(Harkavyi et al., 2008). These observations were very recently
given strong support by the observations of Li et al. (2009).
These authors reported that EX-4 protected ventral mesen-
cephalic (dopaminergic) cells in culture exposed to 6-OHDA.
This effect was also seen in SH-SYSY cells, a cultured human
neuroblastoma cell line, which can be differentiated into
neurons with a dopaminergic phenotype. GLP-1 itself was
also effective in protecting both cells types against 6-OHDA
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toxicity but these effects of GLP-1R activation were not seen
in cells grown from GLP-1R knockout mice (Li et al., 2009).
These authors also found that 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated mice were protected by
EX-4 against nigrostriatal damage as indicated by TH+ stain-
ing and a decrease in tissue DA loss. We have also observed, by
injecting the marker fluorogold into the striatum at the end
of the EX-4 treatment period, clear evidence of neuronal
regrowth or restoration of function in the SN (Figure 3, our
unpublished data). It is logical that these cell bodies are
dopaminergic, since the dopamine pathway is the only one of
significance linking these two brain regions. Whether this
represents de novo neurogenesis and the creation of new con-
nections is as yet unclear but would be remarkable. It may be
more likely that EX-4 is ‘rescuing’ neurons unable to take
fluorogold into their striatal terminals. A possible explanation
for this may lie in the anti-inflammatory properties of EX-4.
GLP-1 has been found to inhibit LPS-induced production of
IL-1B by cultured rat astrocytes, an effect which was cAMP-
dependent (Iwai ef al., 2006). GLP-1 also decreased expression
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Figure 3 Photomicrographs of selected nigral sections from rats
treated with fluorogold and visualized under UV light. Rats were
lesioned with 6-hydroxydopamine (6-OHDA) as indicated in the text
and either treated with vehicle (upper panel; twice daily for 7 days)
starting 7 days post toxin or 0.5 ug-kg™' exendin-4 (EX-4) (lower
panel). Massive loss of retrograde staining by 6-OHDA and retention
or reversal of this is apparent. The extent of cell loss in the 6-OHDA
only group suggests that treatment with EX-4 effects a restoration of
nigrostriatal neurons. Bar is 100 um.

of interleukin-6 and inducible nitric oxide synthase, but not
interleukin-10 mRNA (Iwai et al., 2006). Inhibition of IL-1
activity as observed by Li ef al. (2005) with EX-4, dramatically
reduces cell death (Rothwell etal.,, 1996). These findings
therefore are in general agreement with those of Li et al.
(2005), who reported a protective effect of EX-4 against
cytokine-induced apoptosis, probably by reducing cytokine-
evoked inhibition of protein kinase B phosphorylation. Thus,
functionally, EX-4 appears to have ‘anti-inflammatory’
properties.

We have previously found the corticotrophin releasing
factor (CRF)-like peptide urocortin to display very similar
properties to EX-4 in the 6-OHDA and lipopolysaccharide
models of PD (Abuirmeileh et al., 2007), although unfortu-
nately, unlike EX-4, urocortin does not cross the blood brain
barrier. This effect is almost certainly mediated by CRF; recep-
tors (Abuirmeileh et al., 2008). Interestingly, therefore, the
selective CRF, antagonist NBI 27914 attenuates the neuropro-
tective effects of EX-4 (our unpublished data) suggesting a
link between the two systems. This idea is supported by obser-
vations that the anorexic effect of GLP-1 in chicks requires the
involvement of CRF receptor activation (Tachibana et al.,
2006).

As well as PD there is evidence that activation of GLP-1Rs
could be beneficial in Alzheimer’s disease also. GLP-1 has
been found to protect SH-SYSY cells from apoptosis induced
by amyloid-B peptide (1-42) (Qin et al., 2008). This effect was
apparently mediated by preventing a deleterious rise in cyto-
solic calcium levels. These authors also observed that GLP-1
decreased the expression of Bax, a molecule primarily found
in the cytosol of normal tissues but which translocates to the
mitochondria to regulate apoptosis and cell death (Qin et al.,
2008). Amyloid-f peptide (1-42) mediated upregulation of
Bax mRNA was potently reduced by GLP-1 treatment which
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in turn promoted cell growth. It would be of considerable
interest to see if these effects could translate into a reduction
in cognitive deficits in rodent models of Alzheimer’s disease in
vivo. Finally, the apparently generic nature of the GLP-1R as a
mediator of neuroprotection is emphasized by the finding
that EX-4 reduces infarct size as well as behavioural deficits in
the middle cerebral artery occlusion model of stroke in the rat
where the initial insult (hypoxia) is quite non-specific (Li
et al., 2009).

Conclusions

The potential utility of stimulating the GLP-1R in a number of
neuropathologies is beginning to emerge. While the native
peptide would have very limited value, having a half-life of
only minutes, EX-4 opens the way to therapeutic treatment
with a half-life of several hours. This is apparent from its use
in type II diabetes, where it is effective at remarkably low
doses at helping regulate plasma glucose. Its effectiveness at
reducing nerve damage in a model of sensory neuropathy
would dovetail well with its use in diabetes if this is repro-
duced in humans. Of the serious neurodegenerative disorders
the potential of EX-4 in Alzheimer’s disease is far from the
clinic. In contrast, in the case of PD the preclinical data are
robust and demonstrable at doses near identical to those
currently used in diabetic patients. Indeed, plans to put EX-4
into clinical trials in the PD patient population are currently
underway (R. Wyse, pers. comm.). It may be that EX-4 will
prove to deliver the promise of glial cell-derived neurotrophic
factor but without the issues of delivery that have dogged that
peptide. The range of peripheral tissues in which GLP-1 shows
a protective effect is highly encouraging. If this indicates
some form of generic cellular repair system, and should this
extend to the nervous system then the future for individuals
currently suffering from incurable neurological disorders may
be considerably brighter.
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