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1 | INTRODUCTION

Type 2 diabetes mellitus and the associated desensitisation of insulin signalling has
been identified as a risk factor for progressive neurodegenerative disorders such as
Alzheimer's disease, Parkinson's disease and others. Glucagon-like peptide 1
(GLP-1) is a hormone that has growth factor-like and neuroprotective properties.
Several clinical trials have been conducted, testing GLP-1 receptor agonists in
patients with Alzheimer's disease, Parkinson's disease or diabetes-induced memory
impairments. The trials showed clear improvements in Alzheimer's disease,
Parkinson's disease and diabetic patients. Glucose-dependent insulinotropic
polypeptide/gastric inhibitory peptide (GIP) is the ‘sister’ incretin hormone of
GLP-1. GIP analogues have shown neuroprotective effects in animal models of
disease and can improve on the effects of GLP-1. Novel dual GLP-1/GIP receptor
agonists have been developed that can enter the brain at an enhanced rate. The
improved neuroprotective effects of these drugs suggest that they are superior to
single GLP-1 receptor agonists and could provide disease-modifying care for
Alzheimer's disease and Parkinson's disease patients.

LINKED ARTICLES: This article is part of a themed issue on GLP1 receptor ligands
(BJP 75th Anniversary). To view the other articles in this section visit http://
onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc
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this observation, impaired insulin signalling in the brains of people with
Alzheimer's disease or Parkinson's disease had been identified (Athauda

Type 2 diabetes mellitus is one of the risk factors for neurodegenerative
disorders such as Alzheimer's disease and Parkinson's disease. Numerous
patient cohort studies have demonstrated that people with type 2 diabe-
tes mellitus are at a much higher risk of developing Alzheimer's disease
(Akimoto et al, 2020; An et al, 2018; Kellar & Craft, 2020; Liu, Hu,
et al, 2015) or Parkinson's disease (Athauda & Foltynie, 2016; Hu
et al, 2007; Kuan et al, 2017; Rhee et al, 2020; Sergi et al., 2019;

Svenningsson et al., 2016) later on in life. As one of the drivers behind

& Foltynie, 2016; Cheong et al., 2020; Craft, 2005; Freiherr et al., 2013;
Holscher, 2011; Moroo et al, 1994; Steen et al, 2005; Talbot
et al, 2012). As early as the 1970s, Hoyer and colleagues described
impaired glucose metabolism and energy turnover as a key feature of
Alzheimer's disease, but it had been ignored as the finding did not fit in
with the amyloid hypothesis that dominated Alzheimer's disease research
until recently (Hoyer, 1998, 2004; Hoyer et al., 1988). Importantly, insulin

signalling impairments in the brain has also been described in people who
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do not have type 2 diabetes mellitus (Craft, 2005; Steen et al., 2005;
Talbot, 2014). An important driver of insulin desensitisation in these cases
is most likely the chronic inflammation response that is always present in
the brains of people with Alzheimer's disease (Akiyama et al., 2000; Clark
& Vissel, 2014), Parkinson's disease (Hirsch & Hunot, 2009;
Tansey & Goldberg, 2010), stroke (Endres et al., 2008), epilepsy (Varvel
et al., 2016), Huntington chorea (Ghasemi, Dargahi, et al., 2013) and
others. During the chronic inflammation response, microglia will release
pro-inflammatory cytokines, which downregulate growth factor signalling
(Clark et al., 2012; Holscher, 2020b; Santos & Ferreira, 2018).

In the brain, insulin acts as a growth factor and is critical for energy
metabolism, gene expression, cell growth, cell repair, synaptic activity,
inhibition of apoptosis and other key processes that keep neurons
healthy and functional (Frolich et al., 1999; Ghasemi, Haeri, et al., 2013;
Holscher, 2014; Schubert et al., 2003; Talbot et al., 2012). It is therefore
easy to see why continuous impairment of insulin signalling in the brain

will increase the risk for developing neurodegenerative disorders.

2 | NASAL APPLICATION OF INSULIN
IMPROVES SYMPTOMS IN ALZHEIMER'S
DISEASE

In order to test the hypothesis that normalising insulin signalling in
the brain has beneficial effects in the brain in Alzheimer's disease,
Craft and colleagues conducted a series of clinical trials in which
patients were given insulin via a nasal spray (Kellar & Craft, 2020).
The rationale behind this is that it is not possible to give insulin
i.v. or subcutaneously (s.c.) to non-diabetic people, which would
reduce peripheral glucose levels and cause a hypoglycaemic shock.
To avoid this, the insulin is applied by a nasal spray and enters the
brain via nasal epithelia with little reaching the peripheral blood-
stream (Freiherr et al., 2013). A range of pilot studies consistently
showed that insulin or long-acting insulin analogues improve mem-
ory, cognition and uptake of glucose in the brain as shown by
8EDG-PET imaging, reduced Alzheimer's disease biomarkers in the
system and more (Freiherr et al, 2013;
Hélscher, 2020a; Kellar & Craft, 2020). For example, in a 4-month-

long placebo-controlled trial of 104 patients with mild to moderate

central nervous

Alzheimer's disease patients, intra-nasal treatment with 20 IU of insu-
lin daily improved memory and both doses of insulin (20 and 40 IU)
preserved general cognition as assessed by the Alzheimer's Disease
Assessment Scale-Cognitive Subscale (ADAS-Cog) score and func-
tional abilities as assessed by the Alzheimer's Disease Cooperative
Study-Activities of Daily Living (ADCS-ADL) scale. The decrease in
18EDG-PET uptake in brain scans seen in placebo-treated patients
over time was not visible in the drug-treated patients. Two months
after drug treatment had stopped, the improvements in memory
were still present (Craft et al, 2012). Biochemical analyses of
exosomes that originate from the brain showed that in patients
treated with 201U insulin, biomarkers of insulin resistance
(pS312-IRS-1, pY-IRS-1) were improved and showed strong positive
correlations with ADAS-Cog changes (Mustapic et al., 2019). This

result is a proof of concept that overcoming insulin resistance in the
brain does indeed reduce disease progression in Alzheimer's disease

and that this is a viable target for research.

3 | INSULIN SIGNALLING IS IMPAIRED IN
THE BRAINS OF PARKINSON'S DISEASE
PATIENTS

Type 2 diabetes has been identified as a risk factor for Parkinson's dis-
ease, too. A large-scale cohort analysis of patient databases showed
that the presence of diabetes increased the risk of Parkinson's disease
regardless of co-morbidities such as cardiovascular, cerebrovascular
and chronic kidney diseases (Rhee et al., 2020). In a meta-analysis of
available studies, it was found that type 2 diabetes mellitus can
increase progression and likelihood of developing motor and cognitive
impairments (Chohan et al., 2021) (see also Cheong et al., 2020; Sergi
et al., 2019). The analysis of exosomes derived from the brain demon-
strated impaired insulin signalling and treatment with exendin-4
improved this (Athauda et al., 2019). Measurements of insulin
desensitisation in brain tissue showed that in the striatum of
Parkinson's disease brains, insulin signalling was found to be impaired
(Talbot, 2021). Importantly, a pilot study testing the effects of nasally
applied insulin in Parkinson's disease patients showed improvement
of Parkinson's disease severity as measured by the modified Hoehn
and Yahr scale and Unified Parkinson's Disease Rating Scale (UPDRS)-
Motor (Part Il1) tests (Novak et al., 2019).

4 | ARE ALLDRUGS THAT RESENSITISE
INSULIN SIGNALLING NEUROPROTECTIVE?

Treating Alzheimer's disease patients with insulin is not a sensible
approach as it can enhance insulin desensitisation and eventually acceler-
ate Alzheimer's disease disease progression. A clinical trial using nasal
insulin did show worsening of disease progression in a subgroup, indicat-
ing that there is a threshold after which insulin no longer improves dis-
ease progression (Claxton et al., 2015). In addition, studies of cohorts of
patients taking different medications for treating type 2 diabetes mellitus
showed that prolonged use of insulin actually increased the risk of devel-
oping Alzheimer's disease (Bohlken et al., 2018). This effect mirrors the
observations made in type 2 diabetes mellitus patients that are treated
with insulin. Prolonged treatment will eventually lead to insulin
desensitisation (Dailey, 2007). Different drugs to treat type 2 diabetes
mellitus that can improve insulin sensitivity are on the market.
Metformin is a widely prescribed drug that has been tested for its poten-
tial to reduce the risk for developing Alzheimer's disease. The results
from preclinical studies are mixed (Holscher, 2020b) and a Phase Il clini-
cal trial that tested metformin in Alzheimer's disease patients showed no
improvement (Luchsinger et al., 2016). Another very popular and effec-
tive drug class is the glucagon-like peptide 1 (GLP-1) receptor agonist
group that currently has several different drugs on the market for the
treatment of type 2 diabetes mellitus (Dhillon, 2018; Midiller et al., 2019;


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4779
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=249

HOLSCHER

BRITISH
PHARMACOLOGICAL 697
SOCIETY

Schmidt et al., 2014). Activating the GLP-1 receptor can resensitise insu-
lin signalling (Campbell & Drucker, 2013; Holscher, 2019; Long-Smith
et al., 2013; Madsbad et al., 2011; Zhou et al., 2019). In addition, GLP-1
analogues do not affect blood glucose levels in normoglycaemic people
(Wadden et al., 2013) and therefore can be safely given to non-diabetic
patients with chronic neurodegenerative disorders.

5 | GLUCAGON-LIKE PROTEIN 1

GLP-1 is a peptide hormone containing 30-31 amino acids. It plays
important physiological signalling roles to control cell metabolism and
energy utilisation (Baggio & Drucker, 2007). The G-protein-coupled
GLP-1 receptor belongs to the Class B receptor family. The other
receptors for glucagon, the GLP-2 receptor and the glucose-
dependent insulinotropic polypeptide/gastric inhibitory polypeptide
(GIP) receptor belong to the same group. Agonist binding to the
receptor activates an adenylyl cyclase, increases IP3 levels and acti-
vates the associated classic growth factor second messenger signalling
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pathways (see Figure 1) (Baggio & Drucker, 2007; Doyle & Egan, 2007
Holscher, 2020a). The GLP-1 receptor is expressed on neurons and
found in most areas of the brain, indicating that GLP-1 plays a key sig-
nalling role (Cork et al.,, 2015; Darsalia et al., 2012, 2013; During
et al, 2003; Graham et al, 2020; Hamilton & Holscher, 2009;
Lee et al, 2011; Li et al, 2009; Merchenthaler et al., 1999; Mora
et al., 1992; Teramoto et al, 2011). The receptor is normally not
expressed in glial cells at a high level, but receptor densities increase
after an inflammation response is triggered in the brain, indicating that
it plays a role in controlling inflammation (Chowen et al., 1999; Lee
et al,, 2011; Ohshima et al., 2015). GLP-1 is expressed in glial cells and
has anti-inflammatory properties. In fact, GLP-1 is considered to be an
anti-inflammatory cytokine and reduces release of pro-inflammatory
cytokines (lwai et al., 2006; Kappe et al., 2012). In patients with type
2 diabetes mellitus, the GLP-1 mimetic exendin-4 (exenatide)
reduced levels of reactive oxygen species (ROS) and nuclear factor-xB

(NF-xkB) and the mRNA expression of the pro-inflammatory

cytokines TNF-oc and IL-18 in mononuclear cells in the blood
(Chaudhuri et al., 2012).
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GLP-1 and GIP induced second messenger cell signalling pathways, which control energy utilisation, mitogenesis, mitophagy, gene

expression, autophagy, inhibition of apoptosis, modulation of ion channels, cell growth and repair and the cellular response to oxidative stress.
Neuronal function and synaptic activity as well as the inflammation response by microglia is influenced by these processes. Adapted from
(Holscher, 2018). Abbreviations: GLP-1R, glucagon like peptide 1 receptor; GIPR, glucose-dependent insulinotropic polypeptide/gastric inhibitory
peptide receptor; PKA, protein kinase A; PLC, phospholipase C; PISK, phosphoinositide 3 kinase; PKB, protein kinase B; AC, adenylate cyclase;
EPAC, exchange proteins directly activated by cAMP; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin;

ERK, extracellular signal-regulated kinase; CREB, cyclic AMP response element binding protein; P9ORSK, ribosomal Sé kinase; PPAR, peroxisome
proliferator-activated receptor family; MEK1/2, MAPK or ERK kinases; PGC-1a , peroxisome proliferator-activated receptor y coactivator 1-o;
c-Raf, rapidly accelerated fibrosarcoma (Raf) proto-oncogene serine/threonine-protein kinase Mcl1, myeloid cell leukaemia protein-1;

Casp-9, caspase 9; Casp-3, caspase 3; Bax, Bik, Bcl2-interacting killer
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6 | GLP-1MIMETICS HAVE ANTI-
INFLAMMATORY PROPERTIES

Progressive neurodegenerative diseases as well as stroke induce a
chronic inflammation response in the brain (Clark & Vissel, 2018; de
Oliveira Manoel & Macdonald, 2018; Ferrari & Tarelli, 2011; Lukiw &
Bazan, 2000). This secondary downstream process causes further
neurodegenerative effects via the activation of immune cells such as
microglia in the brain. These cells release pro-inflammatory cytokines
and free radicals such as nitric oxide (NO), which is neurotoxic
(Ayasolla et al., 2004). The neurodegenerative effects of chronic
inflammation play a major role in disease progression (Arnon &
Aharoni, 2009) and research for anti-inflammatory drugs for such con-
ditions is ongoing (Aisen, 2002; Cole et al., 2004; Griffin, 2008; Lee
et al, 2010). It is therefore of great interest to note that GLP-1
mimetics have anti-inflammatory properties. Several studies demon-
strated that both activated microglia and activated astrocytes, which
take part in the immune/inflammation response, induce GLP-1 recep-
tor expression. GLP-1 treatment prevented an endotoxin-induced
release of IL-1p by these cells (Chowen et al., 1999; Iwai et al., 2006;
Ohshima et al., 2015). IL-1R is pro-inflammatory and reduces neuronal
transmission while increasing apoptosis-related signalling (Rothwell &
Hopkins, 1995). Furthermore, exendin-4 can reduce monocyte adhe-
sion to the aortic endothelium in an inflammation response in athero-
sclerosis and also prevents lipopolysaccharide (LPS)-induced cytokine
and chemokine release (Arakawa et al., 2010) and can prevent an
increase in microvascular permeability (Dozier et al., 2009). We tested
the effects of the GLP-1 analogue liraglutide in the APP/PS1 mouse
model of Alzheimer's disease, which develops a chronic inflammation
response in the brain. The liraglutide reduced the numbers of acti-
vated microglia and astroglia (McClean et al., 2011; McClean &
Holscher, 2014b). As this may be an indirect effect due to the reduc-
tion of amyloid in the brain that can reduce the inflammation
response, we followed up this study with a second study that mea-
sured the effects of liraglutide on inflammation only. X-ray exposure
is known to induce an inflammation response. The expression of
pro-inflammatory cytokines and nitric oxide synthase after x-ray
exposure to the brains of mice was significantly reduced by liraglutide
(Parthsarathy & Holscher, 2013b). Furthermore, liraglutide reduced
the level of activated micro- and astroglia and the levels of the
pro-inflammatory cytokines in an inflammation study induced by
intracerebroventricular (i.c.v.) injection of palmitate (Barreto-Vianna
et al., 2017). Another study testing liraglutide in the 5xFAD mouse
model of Alzheimer's disease showed clear anti-inflammatory effects
by reducing activated glia levels (Paladugu et al., 2021). Importantly,
liraglutide showed clear anti-inflammatory properties in a primate
study where amyloid oligomers had been injected into the cerebral
ventricle to induce an inflammatory response. Treatment with
liraglutide reduced the inflammation, reduced loss of synapses,
improved cognition and re-sensitised insulin signalling (Batista
et al., 2018; Lourenco et al., 2013). In animal models of Parkinson's
disease, GLP-1 receptor agonists show the same anti-inflammatory

properties. In the MPTP mouse model of Parkinson's disease, we and

others found that the activation of microglia and the increase of pro-
inflammatory cytokines in the brain were much reduced by GLP-1
receptor agonists (Feng et al., 2018; Liu, Jalewa, et al., 2015; Zhang
et al., 2015, 2018, 2019). In the 6-hydroxydopamine (6-OHDA) rat
model of Parkinson's disease, we furthermore found a reduction of
the inflammation response induced by the toxin (Jalewa et al., 2017;
Zhang et al., 2020).

7 | GLP-1 MIMETICS ARE
NEUROPROTECTIVE IN ANIMAL MODELS OF
ALZHEIMER'S DISEASE

In several rodent models of Alzheimer's disease, GLP-1 receptor ago-
nists were found to be neuroprotective. The GLP-1 receptor agonist
exendin-4 (exenatide) showed protective effects in a triple transgenic
mouse model that expresses human mutated amyloid beta precursor
protein (APP), presenilin-1 (PSEN1) and microtubule associated
protein tau (MAPT) genes that are related to early-onset Alzheimer's
disease and frontotemporal dementia (FTD) (Li et al., 2010).
Liraglutide (Victoza) (Courréges et al., 2008) displayed neuroprotective
effects in the tgAPP/PS1 mouse model of Alzheimer's disease. Mem-
ory loss, impaired synaptic transmission (long-term poterntiastion;
LTP) in the hippocampus, synapse loss, chronic inflammation in the
brain, the amyloid plaque load in the cortex and total amyloid levels in
the cortex were much reduced (McClean et al., 2011). In a triple
tgAPP/PS1/tau mouse model, liraglutide improved learning and mem-
ory, decreased levels of hyperphosphorylated tau and tangles,
increased ERK phosphorylation and decreased JNK phosphorylation,
both kinases that are involved in inflammation. Liraglutide further-
more decreased the number of degenerative neurons in the hippo-
campus and cortex (Chen et al., 2017). In other studies, liraglutide had
neuroprotective effects in 14- to 16-month-old APP/PS1 mice, indi-
cating that treatment even at more progressed stages of Alzheimer's
disease may still have benefits (McClean & Holscher, 2014a). In a
chronic 8-month-long study, liraglutide reduced key pathological
markers of Alzheimer's disease such as memory impairment, synaptic
loss, reduced load of amyloid plaques and chronic inflammation in the
brain and therefore has the potential to be used as a prophylactic
treatment (McClean et al., 2015). Other studies were able to repro-
duce the protective effects of liraglutide in mouse models of
Alzheimer's disease (Holubova et al, 2018; Parthsarathy &
Holscher, 2013a; Qi et al., 2016; Salles et al., 2020). The GLP-1 recep-
tor agonist lixisenatide (Lyxumia®) has comparable protective effects
in the APP/PS1 model (McClean & Holscher, 2014b). Liraglutide fur-
thermore showed protective effects in the APP/PS1/tau Alzheimer's
disease model and in a rat model where amyloid is injected into the
brain (Cai et al., 2014). One study failed to find neuroprotective
effects of liraglutide in two Alzheimer's disease mouse models. The
reason for this may be that the study contained a number of flaws.
For instance, a transgenic mouse model that expresses the London
which
intracellular amyloid aggregates and very few extracellular plaques

APP  mutation was used, develops predominately
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(Dewachter et al., 2000). Unfortunately, the authors measured only
amyloid plaques and no biomarkers for inflammation or for growth
factor signalling in this model and found that liraglutide had no effects
on the plaque load (Hansen et al., 2016). Liraglutide showed protec-
tive effects in the human P301L mutated tau gene-expressing mouse,
a model of frontotemporal lobe dementia. Liraglutide reduced motor
impairments and the amount of tangles and hyperphosphorylated tau
in the brain (Hansen, Fabricius, et al., 2015). In the accelerated senes-
cence SAMP8 mouse model, liraglutide improved memory formation
and reduced neuronal loss in the hippocampus (Hansen, Barkholt,
et al., 2015). Liraglutide furthermore improved insulin desensitisation
and chronic inflammation in the brain induced by the injection of amy-
loid oligomers into the cortex of cynomolgus monkeys. The level of
synaptic markers was also protected from the effects of amyloid in
the brain, indicating that synaptic loss was prevented (Batista
et al., 2018; Lourenco et al., 2013). Importantly, GLP-1 receptor
agonists are able to normalise neuronal progenitor cell proliferation
and neurogenesis in the hippocampus of mice (During et al., 2003;
Hamilton et al, 2011; Hunter & Holscher, 2012; Li et al., 2010;
McClean et al., 2011; Parthsarathy & Holscher, 2013a; Porter, Irwin,
et al., 2010; Porter, Kerr, et al., 2010). Another important physiological
role of GLP-1 mimetics is that it protects cells against endoplasmic
reticulum stress toxicity and autophagy impairments (Panagaki
et al,, 2017; Sharma et al., 2013).

8 | GLP-1MIMETICS SHOW PROTECTIVE
EFFECTS IN ANIMAL MODELS OF
PARKINSON'S DISEASE

The GLP-1 mimetic exendin-4 showed good protective effects in sev-
eral animal models of Parkinson's disease. In the 6-OHDA lesion
model in the rat, the drug protected dopamine neurons and improved
motor activity (Bertilsson et al, 2008; Harkavyi et al., 2008).
Exendin-4 had similar protective effects in the MPTP mouse model of
Parkinson's disease (Kim et al., 2009; Li et al., 2009). In a separate
study, exendin-4 had good protective effects in the rotenone rat
model of Parkinson's disease. Rotenone is a pesticide that can induce
Parkinson's disease in humans (Aksoy et al., 2017). Both liraglutide
and lixisenatide are protective in the MPTP mouse model of
Parkinson's disease. Motor co-ordination was improved and neurons
in the substantia nigra (SN) were protected by both drugs. Pro-
apoptotic mitochondrial BAX/BAD levels were reduced, whereas
insulin-related second messenger signalling was normalised (Liu,
Jalewa, et al., 2015). Recently, the long-acting protease-resistant
GLP-1 analogue semaglutide (Ozempic®) has been brought to the
market as a treatment for type 2 diabetes mellitus (Dhillon, 2018). In
the MPTP mouse model of Parkinson's disease, semaglutide was
found to have good neuroprotective properties on motor activity,
dopamine levels, dopamine neurons in the SN and reducing inflamma-
tion as well as the levels of a-synuclein (Zhang et al., 2018; Zhang
et al., 2019). These encouraging preclinical results suggest that GLP-1
analogues are a viable strategy to treat Parkinson's disease (Bae &
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Song, 2017; Candeias et al, 2015; Holscher, 2018; Wicinski
et al., 2019).

9 | GLP-1MIMETICS ARE PROTECTIVE IN
ANIMAL MODELS OF EPILEPSY

We tested the GLP-1 analogue liraglutide in the lithium-pilocarpine
animal model of epilepsy. Treatment once daily for 7 days after the
induction of epilepsy reduced the chronic inflammation response in
the brain as shown by reduced numbers of activated microglia and
astrocytes and reduced levels of TNF-a and IL-18 in the hippocampus.
The marker for mitochondrial apoptosis BAX (Bcl-2-like protein 4)
was reduced and the mitochondrial survival factor anti-apoptotic
protein (Bcl-2) was enhanced by liraglutide (Wang et al., 2018).
Another study tested liraglutide in two different animal models of epi-
lepsy, the mouse intrahippocampal kainic acid (KA) model of temporal
lobe epilepsy and the WAG/Rij rat model of absence epileptogenesis.
Liraglutide reduced the development of spontaneous seizures in the
kainate-induced epilepsy. Memory impairment and anxiety-like
behaviour in the open field were improved. In the forced swim test,
liraglutide displayed antidepressant effects. Liraglutide did not modify
the epileptogenic process underlying the development of absence
seizures in WAG/RIj rats but showed antidepressant in the forced
swim test (Citraro et al., 2019).

Another study compared the antiepileptic drug levetiracetam
with the effects of liraglutide, either in separate groups or in combina-
tion. In the pentylenetetrazol (PTZ) kindling model, levetiracetam had
anti-epileptic properties as expected, but enhanced depressive-like
behaviour in rats. Levetiracetam furthermore induced a pro-
depressant effect and impaired avoidance-memory retention in non-
pentylenetetrazol-treated controls. Liraglutide delayed but did not
prevent full epilepsy. The liraglutide prevented the depressive-like
behaviour induced by pentylenetetrazol kindling and by pen-
tylenetetrazol + levetiracetam  treatment. The  levetiracetam
+ liraglutide combination protected against pentylenetetrazol-induced
impairments in  locomotion and

anxiety and cognition.

The levetiracetam + liraglutide combination furthermore had
anti-oxidative and anti-inflammatory effects and reduced nitrite levels
and lipid peroxidation in the brain, while increasing levels of reduced
glutathione. Liraglutide on its own or levetiracetam + liraglutide as a
combination increased hippocampal brain-derived neurotrophic
factor (BDNF) levels (de Souza et al., 2019). In a separate study test-
ing the effects of liraglutide in the pentylenetetrazol kindling mouse
model, pretreatment with liraglutide prevented the seizure severity,
normalised behavioural activity and cognition, reduced oxidative
stress and altered levels of neurotransmitters such as glutamate,
dopamine/noradrenaline and serotonin in mouse brains. The expres-
sion of the GLP-1 receptor in the brain was upregulated, too (Koshal
& Kumar, 2016b). The same group tested liraglutide in a different
model of epilepsy, the corneal mouse model, where kindling was
induced by electrical stimulation. Measuring the same parameters as

in their first study, they found the same profile of improvements and
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neuroprotective effects in the brain (Koshal & Kumar, 2016a). In a
Dravet syndrome mouse model, which is a refractory form of epilepsy
typically caused by heterozygous mutations of the Scnila gene for the
voltage-gated sodium channel Nav1.1, liraglutide significantly allevi-
ated seizures recorded in the electroencephalogram (EEG). Cognitive
impairments were improved and the number of necrotic neurons in
the hippocampus was reduced by the drug. The apoptosis kinase
caspase-3 was downregulated and mTOR activity improved. This
demonstrates that apoptosis was reduced and growth factor signalling
improved. In addition, mitochondria were protected by lowering BAX
levels and enhancing Bcl-2 levels (Liu et al, 2020). See Koshal
et al. (2018) for a review on this subject.

10 | GLP-1EFFECTSIN STROKE AND
REPERFUSION INJURY

A good body of evidence exists in the literature that GLP-1 receptor
agonists have protective effects on the cardiovascular system and on
stroke and ischaemia. The anti-inflammatory properties and the neu-
roprotective effects of these drugs indicate that these drugs may be
Exendin-4
neuroprotection in a transient middle cerebral artery occlusion
(MCAOQ) stroke model in rats. It was found that exendin-4 reduced the
brain area that degenerated after the stroke had been induced. In a

useful in treating stroke victims. showed good

functional score of motor activity, the drug-treated group performed
better (Li et al., 2009). In a transient cerebral ischaemia model in ger-
bils, the effect of exendin-4 treatment was measured in the hippo-
campal CA1 region. It was found that GLP-1 receptor expression was
1day and GLP-1
was found not only in pyramidal neurons but also in astrocytes and

increased after receptor immunoreactivity
GABA interneurons. Exendin-4 reversed the ischaemia-induced
hyperactivity, reduced neuronal loss and also reduced microglial
inflammatory activation in a dose-dependent manner (Lee
et al, 2011). In a rat MCAO stroke reperfusion study, both
semaglutide and liraglutide were tested. Liraglutide injected as a bolus
reduced brain infarct size by up to 90% and improved neurological
scores in a dose-dependent manner. Semaglutide and liraglutide when
administered s.c. reduced the brain infarct size by 63% and 48%,
respectively and improved motor scores at 72-h post-surgery (Basalay
et al, 2019). In diabetic rats, an upregulation of protein level of
inducible nitric oxide synthase (iNOS) and NADPH oxidase and a
suppression of endothelial nitric oxide synthase (eNOS) expression
were found in carotid arteries of diabetic stroke model rats.
Lixisenatide was able to reduce the inflammation response and
upregulate eNOS expression. The expression of iINOS and NADPH
oxidase was reduced and neurological tests showed an improvement
in motor skills (Abdel-Latif et al., 2018). A further study tested the
neuroprotective effect of exendin-4 after focal cerebral ischaemia
induction. The drug reduced infarct volume and improved the motor
impairment. It also reduced oxidative stress, induction of an inflamma-
tion response and neuronal death after reperfusion (Teramoto
et al., 2011). In a MCAO stroke study testing the effects of exendin-4

in diabetic rats, neuronal death in the cortex was much reduced by
the drug. Additionally, there were a reduction in microglial infiltration
and an increase of stroke-induced neural stem cell proliferation and
neuroblast formation (Darsalia et al., 2012). A separate study con-
firmed these results (Li et al., 2009). Exendin-4 furthermore was pro-
tective when applied post-MCAO stroke even in healthy and in
diabetic mice. The inflammation response in the brain was reduced,
too (Darsalia et al., 2014). Human recombinant GLP-1 had been tested
in the same model and showed similar protective effects (Jiang
et al,, 2016). A study testing exendin-4 and liraglutide in a MCAO
stroke model in diabetic db/db mice also showed good neuro-
protective effects (Li, Liu, Jou, & Wang, 2016). In a study testing the
effects of exendin-4 in a MCAO stroke mouse model, animals were
treated in addition with the coagulation inhibitor warfarin. Neu-
rodegeneration by MCAO induce stroke was much reduced and
warfarin-associated haemorrhagic transformation was reduced in the
mice, too. Activation of microglia and levels of pro-inflammatory cyto-
kines in the brain was much reduced by the drug. In addition, the
PI3K/Akt/GSK-3f second messenger signalling cascade that is acti-
vated by insulin was functionally improved (Chen et al, 2016).
Liraglutide had comparable protective properties in a MCAO stroke
rat model. Apoptosis and oxidative stress was reduced in the brain,
liraglutide normalised Akt and extracellular signal-regulated kinases
(ERK) activity and kinases associated with inflammation c-jun-
NH2-terminal kinase (JNK) and p38 were reduced in activity (Zhu
et al., 2016). We tested semaglutide in the MCAO rat model.
Semaglutide-treated animals showed reduced scores of neurological
impairments in several motor and grip strength tasks. The cerebral
infarction size was reduced and the loss of neurons in the hippocam-
pal areas CA1 and CA3 and the dentate gyrus was much reduced.
Chronic inflammation as seen in levels of activated microglia and in
the activity of the p38 MAPK/MKK/c-Jun/NF-xB p6é5 inflammation
signalling pathway was reduced. In addition, improved growth factor
signalling as shown in levels of activated ERK1 and IRS-1 and a reduc-
tion in the apoptosis signalling pathway C-raf, ERK2, Bcl-2/BAX and
caspase-3 were observed. Neurogenesis had also been normalised in
the dentate gyrus (Yang et al., 2019). Importantly, the effects of
GLP-1 on cardiovascular parameters were found to be independent
of blood glucose levels. In a study testing liraglutide along a metformin
group in diabetic rats, it was found that metformin did not show com-
parable neuroprotective properties as liraglutide did, even though
both drugs effectively controlled blood glucose levels (Filchenko
etal, 2018).

11 | CLINICAL TRIALS TESTING
CARDIOVASCULAR RISK FACTORS

In a double-blind, placebo-controlled clinical trial testing liraglutide in
people with type 2 diabetes mellitus and cardiovascular risks (LEADER
trial), the effects on cardiovascular events were tested. A total of
9340 patients were observed for 3.8 years. Fewer patients died from

cardiovascular causes in the liraglutide group (Marso et al., 2016). In a
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separate double-blind, placebo-controlled clinical trial testing the
GLP-1 receptor agonist dulaglutide (REWIND trial), 9900 people with
type 2 diabetes mellitus and cardiovascular risk factors were moni-
tored for 2 years and tested every 6 months for the composite pri-
mary outcome of stroke, myocardial infarction or death from
cardiovascular or unknown causes. The trial showed reduced risk for
developing cardiovascular impairments and as a secondary outcome,
the risk of developing cognitive impairment was reduced by 14% by
dulaglutide (Cukierman-Yaffe et al., 2020). For further details on this
topic, please consult the reviews (Darsalia et al., 2018; Erbil
et al.,, 2019; Groeneveld et al., 2016; Maskery et al., 2021).

In conclusion, when considering the detailed information on
molecular changes induced by GLP-1 receptor agonists observed in
animal studies and the range of neuroprotective properties in stroke
and ischaemia found in clinical studies, the evidence is strong that
such drugs may be helpful in reducing the cytotoxic effects that evo-

Ive in the brain after stroke.

12 | CLINICAL TRIALS IN ALZHEIMER'S
DISEASE AND PARKINSON'S DISEASE
PATIENTS

As there are several GLP-1 receptor agonists on the market to treat
type 2 diabetes mellitus, it is relatively straightforward to test these
drugs in the clinic in patients with Alzheimer's disease or Parkinson's
disease. Based on the encouraging results of preclinical studies, clini-
cal trials have been conducted or are on the way to investigate the
neuroprotective effects of exendin-4, liraglutide, semaglutide or other
GLP-1 mimetics in Parkinson's disease or Alzheimer's disease patients.
First results from clinical trials demonstrate that the preclinical results
translate to the clinic.

13 | PARKINSON'S DISEASE

A pilot trial testing exendin-4 (exenatide, Byetta, Bydureon) in
Parkinson's disease patients had been conducted. This clinical trial
tested exenatide in an open-label trial in 45 non-diabetic patients. The
average time since diagnosis was 10 years, which means that
Parkinson's disease had already progressed. Exendin-4 was adminis-
tered for 12 months and patients were retested 2 months after the
trial had stopped. Drug-treated patients showed an improvement of
2.7 points on the Movement Disorder Society (MDS)-UPDRS test bat-
tery of motor activity, whereas control patients declined 2.2 points. In
addition, patients were assessed in the Mattis DRS-2 cognitive test
battery, as late-stage Parkinson's disease patients often develop cog-
nitive impairments, too. There was a clear improvement in the
exendin-4 group, whereas the control group deteriorated rapidly
(Aviles-Olmos et al., 2013). After the trial had finished, patients were
tested again 12 months later. The drug group had not deteriorated in
motor skill tests or in the cognitive assessment since the beginning of

the trial 24 months ago, whereas the control group had deteriorated
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continuously as expected for Parkinson's disease patients. This dem-
onstrates that the exendin-4 effect was not short lived as it is with L-
DOPA treatment, but stopped disease progression in particular in
cognitive measures (Aviles-Olmos et al., 2014). However, the pilot
study did not incorporate a placebo control group, questioning the
validity of the results. Hence, a follow-up Phase Il double-blind,
placebo-controlled trial had been conducted. These patients were not
as progressed in Parkinson's disease and the period since diagnosis
was around 6 years. In the MDS-UPDRS Part 3 test battery, the drug
group improved after 48 weeks compared with the placebo group.
Twelve weeks after the trial had stopped, patients were retested and
the difference between groups was still statistically significant. The
outcome confirmed the first pilot study. It showed disease modifica-
tion by exendin-4 treatment, as improvements were still visible even
when the drug was no longer present in the body. Tests of cerebrospi-
nal fluid (CSF) samples demonstrated that the drug is able to enter the
brain and that when people were retested after the trial had finished,
no drug had remained in the CSF (Athauda et al., 2017). In order to
investigate the underlying mechanism of action, exosomes were
analysed from blood plasma. These exosomes originate from the
brain. The content of the exosomes showed that drug treatment
normalised insulin signalling in neurons, as predicted from preclinical
studies. When analysing the levels of the insulin receptor-activated
second messenger cascade by measuring phosphorylated IRS-1, Akt
and mTOR, it was shown that the insulin desensitisation was much
reduced by the drug (Athauda et al., 2019). This is a proof of concept
that GLP-1 mimetics can normalise insulin signalling in the brain and
modify disease progression.

Several other clinical trials are currently ongoing, testing the drugs
lixisenatide (clinical trials identifier NCT03439943), liraglutide
(NCT02953665), semaglutide (NCT03659682) and the PEGylated
version of exendin-4 (NLYO1) in Parkinson's disease patients
(NCT04154072). Further clinical trials are in planning. The group that
tested exendin-4 in a pilot study and a Phase Il trial will test
exendin-4 in a larger Phase Il trial, testing 200 patients over 2 years
and extending the range of biomarkers to be measured
(NCT04232969). The company Peptron developed a novel formula-
tion for administering exendin-4 and plans a clinical trial, testing their
product (NCT04269642). The trial will recruit 99 patients and will
continue for 60 weeks.

The range of different trial in Parkinson's disease demonstrates
that the strategy of activating GLP-1 receptor in the brain has evolved

into a fully-fledged research and drug development area.

14 | ALZHEIMER'S DISEASE

A pilot study testing the effects of liraglutide had been conducted in
Alzheimer's disease patients. This double-blind, randomised, placebo-
controlled trial included memory tests and *®FDG-PET brain imaging
and PIB-PET imaging to estimate amyloid plaque load (Egefjord
et al., 2012). The low number of 38 patients in this trial meant that
the trial was underpowered for the cognition tests, which require
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much higher numbers to reach the statistical power to show a drug
effect. Additionally, drug treatment only lasted for 6 months, which is
too short for the placebo control group to deteriorate sufficiently to
allow a drug effect on disease progression to become visible. How-
ever, there was a clear drug effect in the *®FDG-PET brain scans.
Whereas the placebo control group showed a up to 20% of reduced
18EDG-PET activity, the drug group showed a stable ®FDG-PET sig-
nal over time, with some brain regions even showing higher signals.
This demonstrates that glucose utilisation and neuronal activity in the
cortex did not deteriorate in the drug group (Gejl et al., 2016). This
result is what one would expect from a drug that re-sensitises insulin
signalling in the brain. Another double-blind placebo-controlled pilot
study testing liraglutide in cognitively impaired patients showed a
drug effect in fMRI brain scans after 1 year of treatment. Brain activ-
ity and the connection between different active brain areas were
reduced in placebo-treated subjects, but not in the drug-treated
patients, suggesting that the drug prevented disease progression
(Watson et al., 2019).

A placebo-controlled double-blind Phase Il clinical trial has been
conducted, testing liraglutide in over 200 MCI/Alzheimer's disease
patients for 1 year (ELAD study). It analysed the effects on cognition
(ADAScog and ADASexec tests), *®FDG-PET activity, brain volume
changes as measured by MRI brain scans, content of exosomes that
originate from the brain and microRNA harvested from blood plasma
(Femminella et al., 2019). First results have been published at the
CTAD conference in 2020. It was found that liraglutide reduces cogni-
tive impairment in ADASexec tests (P < .001) and that brain temporal
lobe volumes shrank less than in the placebo group (P < .001) and
total grey matter cortical volume shrank a lot less, too (P = .002), indi-
cating that neuronal loss has been reduced by the drug. Other bio-
chemical marker results have not been published yet (Edison
et al.,, 2020). The result is a proof of concept for the use of GLP-1
mimetics to treat Alzheimer's disease and clearly demonstrates that
liraglutide is neuroprotective in the brain and can reduce disease
progression.

In addition, the company Novo Nordisk announced in
December 2020 that a Phase Il clinical trial in Alzheimer's disease
GLP-1

semaglutide in its oral formulation (Rybelsus), which is currently on

patients will be conducted, testing their analogue
the market to treat type 2 diabetes mellitus. The trial will recruit
3700 patients and drug treatment will go on for 2 years (https://
www.globenewswire.com/news-release/2020/12/16/2146164/0/
en/Novo-Nordisk-to-enter-phase-3-development-in-Alzheimer-s-

disease-with-oral-semaglutide.html).

15 | GLUCOSE-DEPENDENT
INSULINOTROPIC POLYPEPTIDE/GASTRIC
INHIBITORY POLYPEPTIDE (GIP)

GIP is the ‘sister’ incretin hormone of GLP-1 and their physiologi-
cal roles are closely related (see Figure 1) (Baggio & Drucker, 2007;
Finan et al., 2016). It is a 42-amino acid long peptide hormone that

is expressed in a range of cells, including neurons (Nyberg
et al., 2007). The GIP receptor is a seven membrane-spanning G-
protein-coupled receptor of the glucagon-type family that enhances
cAMP levels when activated (Park et al., 2013). GIP receptor
expression has been observed on large neurons such as the pyra-
midal neurons in the cortex and hippocampus, granule neurons in
the dentate gyrus, Purkinje cells in the cerebellum and basal brain
areas (Kaplan & Vigna, 1994; Nyberg et al, 2005; Usdin
et al., 1993).

16 | GIP ANALOGUES ARE PROTECTIVE IN
ANIMAL MODELS OF ALZHEIMER'S DISEASE

We have tested protease-resistant long-acting GIP analogues in the
APP/PS1 mouse model of Alzheimer's disease. D-Ala®GIP protected
learning and memory in 12-month-old APP/PS1 mice. Synapse loss
was reduced and synaptic plasticity in the hippocampus was protec-
ted in electrophysiology studies, whereas saline-treated mice
showed extensive loss of synapses and impaired synaptic plasticity.
The amyloid plaque load was reduced by the GIP analogue, too. The
activation of microglia and astrocytes in the chronic inflammation
response in the brain was diminished by drug treatment, as were
oxidative stress and DNA damage (Duffy & Holscher, 2013; Faivre
& Holscher, 2013b). In 19-month-old APP/PS1 mice, D-Ala®GIP was
still able to reduce synaptic loss and inflammation in APP/PS1 mice
and even in wild-type control animals. Furthermore, the drug was
able to enhance synaptic plasticity in the hippocampus of aged
APP/PS1 and wild-type mice, suggesting that loss of synapses can
be reversed by the drug (Faivre & Holscher, 2013a). In addition, oxi-
dative stress and DNA damage were reduced also (Duffy &
Holscher, 2013). Direct infusion of native GIP into the brain was
found to be effective to prevent memory impairments induced by
i.c.v. injection of amyloid (Figueiredo et al., 2010). These and other
results demonstrate that GIP receptor agonists have similar protec-
tive properties as GLP-1 receptor agonists and that improving GIP
signalling in the brain may be protective in Alzheimer's disease, too
(Ji, Xue, Li, et al., 2016).

17 | GIP ANALOGUES SHOW
NEUROPROTECTIVE EFFECTS IN ANIMAL
MODELS OF PARKINSON'S DISEASE

Because GLP-1 and GIP analogues showed good effects in
Alzheimer's disease models and GLP-1 receptor agonists showed pro-
tective effects in Parkinson's disease also, we tested long-acting GIP
analogues in animal models of Parkinson's disease. D-Ala2-GIP-glu-
PAL showed good neuroprotective effects in the MPTP mouse model
of Parkinson's disease. Motor coordination and grip strength were
normalised by the drug, as was tyrosine hydroxylase expression in
dopamine neurons in the SN. Synapse numbers were protected from

MPTP toxicity, too. MPTP treatment induced a chronic inflammation
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response and activated microglia and astrocytes and increased levels
of pro-inflammatory cytokines in the brain. Drug treatment reduced
the inflammation response and normalised cAMP/PKA/CREB second
messenger signalling in the SN, indicating that growth factor signalling
had been restored (Li, Liu, Li, & Holscher, 2016). After chronic MPTP
treatment, a model of Parkinson's disease that is considered to be
more realistic, D-Ala2-GIP-glu-PAL, was able to improve motor activ-
ity, protected dopamine neurons and additionally reduced the
increased a-synuclein levels in the brain. MPTP treatment leads to a
much increased expression of this protein. Moreover, drug treatment
reduced the chronic inflammation response in the brain, lowered oxi-
dative stress and lipid peroxidation and increased the levels of BDNF
(Li et al., 2017). BDNF can protect synapses in a range of neurodegen-
erative disorders (Allen et al., 2013; Blurton-Jones et al., 2009;
Nagahara & Tuszynski, 2011). Other research groups found very simi-
lar effects of D-Ala2-GIP in this mouse model of Parkinson's disease.
Again, motor activity and dopamine neurons were protected from
MPTP toxicity. The drug effect was blocked by the GIP receptor par-
tial antagonist (Pro®)GIP. D-Ala2GIP furthermore reduced the levels
of oxidative stress in the brain. D-Ala2-GIP was able to normalise
dopamine levels in the striatum (Verma et al., 2017). Another animal
model of Parkinson's disease is the 6-OHDA lesion rat model. Contin-
uous infusion of GIP by an osmotic minipump reduced the 6-OHDA
toxicity and motor impairments were brought back to normal levels
(Yu et al., 2018). These findings show that GIP has similar neuro-
protective properties as GLP-1 has and is a promising research area
for developing novel treatments of Parkinson's disease (Ji, Xue, Li,
et al.,, 2016; Verma et al., 2018; Zhang & Holscher, 2020).

18 | NOVEL DUAL GLP-1/GIP RECEPTOR
AGONISTS THAT CAN CROSS THE BLOOD-
BRAIN BARRIER

As GIP and GLP-1 both have protective effects and work together on
a cell signalling level and on physiological levels in a synergistic fash-
ion, novel GLP-1 and GIP receptor dual agonists have been developed
as drug treatment for type 2 diabetes mellitus (Finan et al., 2013). GIP
and GLP-1 receptors are expressed on the same cells and, when acti-
vated, can form receptor dimers that show enhanced second messen-
ger signalling or even activate different second messenger cascades
(see Figure 1) (Finan et al., 2016; Wellman & Abizaid, 2015). Studies in
animals with type 2 diabetes mellitus have shown an added benefit of
GIP analogues when added to GLP-1 analogues to control blood glu-
cose levels (Gault et al., 2011). Several novel dual agonists have been
tested in clinical trials in patients with type 2 diabetes mellitus and
some show better effects when compared with single GLP-1 receptor
agonists (Finan et al., 2013; Frias et al., 2017, 2018). We previously
tested five different GLP-1/GIP dual agonists that we have named
DA1-DAS5 (Holscher, 2018, 2020a). DA1-JC (NNC0090-2746) is a
dual agonist that has been acetylated with a C16 fatty acid to
enhance the biological half-life in the blood (Finan et al., 2013;
Frias et al, 2017). DA2 is the same peptide that has been

PEGylated with a 40-kDa PEGylation added to increase the biological
half-life (Finan et al., 2013). DA3-CH is the peptide without any
modifications (Panagaki et al., 2018). In addition, we have developed
two dual agonist peptides with a CPP modification to enhance
blood-brain barrier (BBB) penetration (DA4-JC and DAS5-CH)
(Holscher, 2018, 2020a).

19 | IMPORTANCE OF THE BBB IN
TREATING CNS DISEASES

The neuroprotective effects of these peptide drugs correlate
directly with their ability to cross the BBB. The basis of the neuro-
protective activity of these drugs is that they activate GLP-1 and
GIP receptors on neurons and glia of the CNS. We tested the abil-
ity of these drugs to cross the BBB by using fluorescent-labelled
peptides in rodents. When comparing all five dual agonists,
DA4-JC and DA5-CH were the most effective, followed by
DA3-CH, DA1-JC and DA2, the PEGylated version, hardly crossed
the BBB at all. Lipidated peptides such as liraglutide and DA1-JC
showed lower penetration, whereas exendin-4 showed better BBB
penetration that was on the level of DA3-CH, the unmodified dual
agonist peptide (Li et al., 2020; Zhang et al., 2020). A recent study
testing 125 radiolabelled peptides confirmed these results and dem-
onstrated that lipidated peptides such as liraglutide, semaglutide
and DA1-JC crossed the BBB only in limited amounts, just like the
PEGylated DA2 peptide. DA3-CH showed better BBB penetration,
but DA4-JC with a poly-Lys modification crossed the BBB at the
highest level (Salameh et al., 2020). The ability of drugs to protect
mice from the effects of MPTP was directly correlated with
their ability to cross the BBB. In a direct comparison, DA4-JC
and DA5-CH were superior to DA3-CH and DA1-JC, which in
turn were superior to liraglutide (Feng et al, 2018; Zhang
et al., 2020).

Unfortunately, there are few studies that measure levels of such
drugs in the CSF in humans to estimate the BBB penetrations. In the
Phase Il trial of Bydureon (exendin-4), CSF analysis showed that
the drug does enter the brain readily (Athauda et al., 2017), confirming
the rodent studies. In a study measuring liraglutide levels in the CSF
of diabetic patients, only low levels were found, which matches the
findings in rodent studies (Christensen et al., 2015). More studies will
be needed to be able to make firm statements of how such peptide
drugs can cross the BBB.

20 | DUAL GLP-1/GIP RECEPTOR
AGONISTS ARE PROTECTIVE IN ANIMAL
MODELS OF PARKINSON'S DISEASE

In a direct comparison between GLP-1 analogues, GIP analogues,
oxyntomodulin and DA1-JC, we found that DA1-JC was best in
protecting SH-SY5Y cells from rotenone stress (Jalewa et al., 2016).
The outcome confirms previous studies that demonstrated that GIP
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can synergistically add to the protective effects of GLP-1 receptor
activation. DA1-JC showed protective effects in the MPTP mouse
model of Parkinson's disease. The motor impairments were reduced
and synapses were protected from stress. Dopamine neurons were
protected from MPTP toxicity, too. The chronic inflammation in the
brain induced by MPTP and BDNF levels in the brain was improved
(Cao et al., 2016; Ji, Xue, Lijun, et al., 2016). However, in a direct com-
parison with single GIP and GLP-1 receptor agonists, DA1-JC did not
show improved effects (Li, Liu, Li, & Holscher, 2016; Liu, Jalewa,
et al.,, 2015). We then tested DA1-JC in the 6-OHDA rat model of
Parkinson's disease. DA1-JC did improve motor activity, however
dopamine neurons in the SN were protected from toxicity to some
extent. Dopamine levels in the basal ganglia were found to be
improved after 6-OHDA treatment, but did not reach the levels seen
in non-lesioned rats. The levels of glial-derived neurotrophic factor
(GDNF), a protective growth factor for dopamine neurons (Airaksinen
& Saarma, 2002), were improved by DA1-JC, too. Furthermore, Akt
and CREB second messenger cell signalling that is associated with
growth factor activity had been improved. Autophagy was also

A direct ison of dual and liraglutide in the MPTP mouse model of PD
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normalised by the DA1-JC (Jalewa et al., 2017). In a direct compari-
son, DA3-CH was more effective than liraglutide in the MPTP mouse
model of Parkinson's disease. DA3-CH was superior in motor tests
and in protecting dopamine neurons (Yuan et al., 2017). In a follow-up
experiment, liraglutide, DA1-JC, DA4-JC and DA5-CH had been com-
pared at equal doses in the MPTP model. Importantly, the dual ago-
nists DA4-JC and DA5-CH that show enhanced crossing of the BBB
offered the best neuroprotection. In rotarod motor tests and grip
strength tests, DA5-CH was best in improving motor impairments.
Dopamine neurons in the SN were better protected by DA5-CH and
DA4-JC than by the other peptide drugs. The levels of pro-
inflammatory cytokines were lowest in the animals treated by
DA5-CH,and the levels of GDNF in the brain were increased the most
by DA4-JC. Synapse protection was highest by DA4-JC and DA5-CH
treatment, whereas DA1-JC and liraglutide were not very effective
(Figure 2) (Feng et al., 2018). In a follow-up study, in a direct compari-
son between DA5-CH and exendin-4, DA5 was more effective in the
MPTP mouse model. When testing different doses, DA5-CH was
effective in protecting the brain at much lower doses compared with
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FIGURE 2 A direct comparison between three dual agonists and liraglutide in the MPTP mouse model of Parkinson's disease (PD). (a) Motor
performance in the rotarod test. The dual agonists DA4-JC and DA5-CH that can penetrate the BBB best were most effective. *P < .05 compared
with controls; #P < .05 compared with the MPTP group; $p < 05 compared with liraglutide + MPTP group. #P < .05 compared with DA-JC1

+ MPTP group, #P < .05 compared with DA1-JC + MPTP group. (b): The grip strength test showed the same outcome. *P < .05 compared with
controls; *P < .05 compared with MPTP group; $p < 05 compared to the liraglutide + MPTP group. *P < .05 compared with DA1-JC + MPTP
group. (c) Protection of dopamine neurons in the substantria nigra (SN). Quantification of TH-positive neurons in the SN shows that the dual
agonists DA4-JC and DA5-CH were again the most effective. *P < .05 compared with control group; *P < .05 compared to MPTP group; $p< .05
compared with the Liraglutide group; $p < .05 compared to the liraglutide group; *P < .05 compared with the DA-JC1 group; *P < .05 compared
with the DA-JC1 group. Shown are representative images, scale bar = 200 pm. (d) Western blot quantification of pro-inflammatory cytokines and
of the growth factor glial cell derived neurotrophic factor (GDNF) in the brain. (a,b) All peptides tested reduced the pro-inflammatory cytokines.
(c) DA4-JC was best in normalising GDNF expression in the brain. Adapted from (Feng et al., 2018)
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exendin-4 (Zhang et al, 2020). When comparing DA5-CH
with liraglutide at equal doses in the same Parkinson's disease animal
model, DA5-CH was more effective in reducing lipid peroxidation, in
in the SN and

in normalising autophagy in the SN and striatum. Importantly, mito-

reducing the number of apoptotic neurons
chondria were protected from mitophagy by reducing the Bax/Bcl-2
2020). In a follow-up study, testing DA5-CH in

direct comparison with exendin-4 in the 6-OHDA rat model of

ratio (Zhang et al.,

Parkinson's disease, Da5-CH was more potent in normalising motor
activity, increasing dopamine levels in the striatum, reducing the loss
of dopamine neurons in the SN pars compacta, reducing the chronic
inflammation response and levels of pro-inflammatory cytokines in
the brain, improving mitogenesis and autophagy, normalising insulin
signalling and reducing the amount of a-synuclein (Zhang et al., 2021).
As exendin-4 has already shown good neuroprotective effects in
patients with Parkinson's disease (Cheong et al., 2020), the results are
most encouraging and suggest that DA5-CH may be more effective in
the clinic.

Comparison of DA4-JC and liraglutide in the APP/PS1 mouse model of AD
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21 | DUAL GLP-1/GIP RECEPTOR
AGONISTS ARE PROTECTIVE IN
ALZHEIMER'S DISEASE ANIMAL MODELS

In preclinical studies, DA3-CH showed neuroprotective effects in the
APP/PS1 mouse model of Alzheimer's disease. DA3-CH improved
learning and memory of water maze tasks and reduced the amyloid
plague load in the brain. Endoplasmic reticulum stress and autophagy
improved by DA3-CH,
et al., 2018). In a direct comparison between liraglutide and DA4-JC,

biomarker levels were too (Panagaki
the dual agonist was superior in improving memory formation and
long-term potentiation of synaptic plasticity in the hippocampus of
APP/PS1 mice. Furthermore, DA4-JC was more potent in reducing
amyloid plaque levels. Chronic inflammation as shown in microglia
activation and levels of pro-inflammatory cytokines was more
potently reduced by DA4-JC (Figure 3) (Maskery et al, 2020).
DA5-CH also showed good protective effects in the APP/PS1 mouse

model. DA5-CH improved working and spatial memory and lowered
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FIGURE 3 Comparing the effects of the dual agonist DA4-JC with those of liraglutide side by side in the APP/PS1 model of Alzheimer's
disease (AD). (a) Acquisition times for water maze training. The dual agonist improved learning times better than liraglutide. (b) Probe test
percentage of target quadrant swim times. In this recall test, DA4-JC was superior in memory consolidation and recall than liraglutide. Sample
swimming tracks are shown below. (c) Quantification of beta-amyloid plaque loads in the neocortex. DA4-JC was more effective in reducing the
amyloid load compared with liraglutide sample micrographs are shown: A = WT; B = APP/PS1 Sal; C = APP/PS1 lira; D = APP/PS1 DA4-JC.
Scale bar = 50 pm. (d) Quantification of pro-inflammatory cytokines in the brain. DA4-JC was more effective in reducing the chronic
inflammation response. *P < .05; Sample bands are shown. Adapted from (Maskery et al., 2020)
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the amyloid plaque and phosphorylated tau protein levels in the brain.
In electrophysiology recordings, DA5-CH was able to reverse the
impairment of synaptic plasticity (LTP) in the hippocampus. Addition-
ally, DA5-CH normalised insulin signalling and PI3K and AKT second
messenger signalling (Cao et al., 2018). The i.c.v. streptozotocin (STZ)
rat model of insulin desensitisation in the brain is considered to be a
model of sporadic Alzheimer's disease (Lester-Coll et al., 2006;
Moloney et al., 2010; Steen et al., 2005; Talbot et al., 2012). Enhanc-
ing levels of GLP-1 was effective in reversing insulin desensitisation in
this model (Knezovic et al, 2018). When testing DA4-JC in the
streptozotocin model, drug treatment improved memory formation
and decreased the levels of phosphorylated tau in the brain. DA4-JC
also reduced the chronic inflammation response. Apoptosis and
mitophagy were reduced by DA4-JC and insulin signalling was re-
sensitised as shown by reduced levels of phospho-IRS1%¢1101 |evels
and elevated phospho-Akt>™7° |evels in the brain (Shi et al., 2017). In
a separate study, DA5-CH showed good neuroprotective effects
in the streptozotocin rat model. Tau phosphorylation in the brain was
reduced, insulin signalling normalised and inflammation markers were
reduced. In EEG recordings, streptozotocin i.c.v. injection reduced
theta rhythm and treatment with DA5-CH reversed this impairment
(Li et al., 2020).

As liraglutide has already shown protective effects in a Phase Il
clinical trial in Alzheimer's disease patients, the results reported here
suggest that DA4-JC and DAS5-CH may have superior effects in

slowing down disease progression.

22 | DUALGLP-1/GIP RECEPTOR
AGONISTS ARE PROTECTIVE IN STROKE
AND EPILEPSY ANIMAL MODELS

We tested the dual DA1-JC in the MCAO rat

reperfusion model and compared it with the GLP-1 analogue Val

agonist

(8)-GLP-1(glu-PAL). Drug-treated groups showed reduced scores of
neurological dysfunction, cerebral infarction size and percentage of
apoptotic neurons in the brain. In addition, levels of mitophagy
marker Bax and the inflammation marker iINOS were reduced,
whereas levels of the mitogenesis marker Bcl-2 was significantly
increased. DA1-JC was more effective in protecting against
neurodegeneration than Val(8)-GLP-1(glu-PAL), as measures of
neurological dysfunction, cerebral infarction size and expression of
Bcl-2 were improved, whereas the percentage of apoptotic neurons
and the levels of Bax and iNOS were lower in the DA1-JC group
(Han et al., 2016).

In the pilocarpine-induced epileptogenesis rat model, DA3-CH
reduced the activation of microglia and astrocytes and the
associated release of the pro-inflammatory cytokines in the brain.
Furthermore, DA3-CH reduced the levels of the mitochondrial
pro-apoptotic protein Bax while increasing the levels of the
anti-apoptotic protein Bcl-2. DA3-CH protected neurons from
neurotoxicity in the hippocampus area CA1 as evaluated by quanti-

fication of neuronal numbers. These findings in two different

models of neurodegenerative disorders demonstrate the dual
GLP-1/GIP agonists have generic neuroprotective properties that
suggest that these drugs may be protective in treating these

conditions.

23 | CONCLUSION

There is good preclinical evidence that GLP-1 and GIP receptor
agonists are neuroprotective in a range of neurodegenerative
disorders. The observation that they reduce the chronic inflamma-
tion response, normalise insulin and other growth factor signalling,
enhance energy utilisation and protect mitochondria can explain
why these drugs have protective effects in a diverse range of neuro-
degenerative disorders that all share these pathological features.
Dual GLP-1/GIP receptor agonists can be more effective than the
single receptor agonists and the ability of crossing the BBB is a key
parameter that determines their potency. First results from clinical
trials in patients with Alzheimer's disease or Parkinson's disease
testing GLP-1 receptor agonists show clear protective effects and
are a proof of concept that this research strategy is viable. Improved
drugs that are designed to treat CNS diseases and can cross the
BBB at a better rate than GLP-1 receptor agonists that have been
developed to remain in the bloodstream for longer times to treat
type 2 diabetes mellitus hold promise to be more effective in
treating Alzheimer's disease or Parkinson's disease. Dual receptor
agonists that are designed to cross the BBB are currently the best
available candidates for novel treatments for such neurodegenera-

tive disorders.

23.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander, Christopoulos, et al., 2019; Alexander, Fabbro, et al.,
2019; Alexander, Mathie, et al., 2019).
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