View metadata, citation and similar papers at core.ac.uk brought to you by ;i CORE

provided by UCL Discovery

Dilan Athauda' & Thomas Foltynie!

'Sobell Department of Motor Neuroscience, UCL Institute of Neurology & The National Hospital for

Neurology and Neurosurgery, Queen Square, London, WCIN 3BG

Corresponding author:

Professor Thomas Foltynie, Sobell Department of Motor Neuroscience, UCL Institute of Neurology &
The National Hospital for Neurology and Neurosurgery, Queen Square, London, WCIN 3BG

Email address: T.Foltynie@ucl.ac.uk

Telephone: +44 203 448 8726, Fax: +44 203 448 8642

Abstract

There is increasing interest in the potential role of glucagon-like peptide-1 (GLP-1) receptor agonists
as neuroprotective treatments in neurodegenerative diseases including Parkinson’s disease following
the publication of the results of the Exenatide-PD trial. Of the current GLP-1 receptor agonists already
licensed to treat Type 2 diabetes several including exenatide, liraglutide and lixisenatide are the subject
of ongoing clinical trials in PD. The underlying rationale for using drugs licensed and effective for
T2DM in PD patients therefore needs to be scrutinized, and the results obtained to date critically
reviewed. We review the relationship between insulin resistance and Parkinson’s disease, the
implications on pathogenesis and the efforts to reposition GLP-1 agonists as potential treatments for
Parkinson’s disease and give an overview of the pre-clinical and clinical data supporting the use of

exenatide in Parkinson’s disease with a discussion regarding possible mechanisms of action.
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Highlights
¢ Insulin resistance may be a feature of PD
e GLP-1 agonists have beneficial effects on cellular processes disrupted in PD
e Neuroprotective effects of GLP-1 agonists may be due to restoration of insulin
dysfunctional signaling

e Exenatide improved motor severity in a randomized, double-blind trial of PD

1. Introduction



There is increasing interest in the potential role of GLP-1 receptor agonists as neuroprotective
treatments in neurodegenerative diseases including Parkinson’s disease. Of the current GLP-1
receptor agonists already licensed to treat Type 2 diabetes several including exenatide, liraglutide and
lixisenatide are the subject of clinical trials in PD. The underlying rationale for using drugs licensed
and effective for T2DM in PD patients therefore needs to be scrutinized, and the results obtained to

date critically reviewed.

2. Parkinson’s disease and Type 2 diabetes

Epidemiological data studying the association between PD and T2DM have revealed inconsistent
results (Hu et al., 2007; Palacios et al., 2011; Schernhammer et al., 2011; Sun et al., 2012; Wahlqvist et
al., 2012) which may in part be due to the heterogeneity of published studies (case control vs. cohort),
the method of defining PD (individual examination vs. self-report), and the method of defining
diabetes (self-report, medical records or formal glucose/ insulin measurements). Also it seems that the
duration of the diagnosis of T2DM may be relevant (De Pablo-Fernandez et al., 2017; Xu et al., 2011)
as may the confounding associated with the choice of treatment given to T2DM patients. Patients who
use metformin or thiozolidinediones appear to have a lower risk of PD compared to those on
sulphonylureas (Brauer et al., 2015; Wahlqvist et al., 2012); while a recent study suggested patients on
dipeptidyl peptidase-1V (DPP-IV) inhibitors (which increase the circulating levels of endogenous
GLP-1) also have a lower risk of PD (Svenningsson et al., 2016). Furthermore, the presence of T2DM
has been associated with more severe PD symptoms and accelerated disease progression (Cereda et al.,

2012; Giuntini et al., 2014).

The pathophysiological changes that lead to the development of PD are broadly accepted to relate to
the toxicity associated with oligomeric forms of alpha synuclein, and their interaction with lysosomal
function and processes of autophagy, mitochondrial function and mitophagy, as well as
neuroinflammation and these pathways have been identified as possible targets for intervention for
putative disease modifying therapies (Athauda and Foltynie, 2014). However the importance of
metabolic dysfunction in PD is being increasingly recognized (De Pablo-Fernandez et al., 2016) and

dysfunctional insulin signaling or insulin resistance and its effects on the pathogenesis of PD is



particularly important. Studies show that neurons are especially vulnerable to stress in the presence of
dysfunctional insulin signaling (Choi et al., 2005), while conversely disrupted insulin signaling leads
to accumulation of oxidative stress and PD pathology (Morris et al., 2008; Wang et al., 2014), thus

linking PD and insulin signaling in a complicated positive feedback system.

3. Insulin signaling

Dysregulated insulin signaling due to the development of insulin resistance may underlie shared
pathological processes between T2DM and PD and furthermore can influence neurodegeneration. The
majority of insulin in the brain is primarily produced peripherally, however it has also synthesized by
pyramidal neurons in the cortex, hippocampus and olfactory bulb (Devaskar et al., 1994; Kuwabara et
al., 2011), where densities of the insulin receptor are high (Baskin et al., 1988; Havrankova et al.,
1978; Hill et al., 1986). In the brain, insulin modulates many biological processes including energy
homeostasis and neuronal survival. The effects of insulin are mediated by insulin-receptor substrate-1
(IRS-1) which acts a hub for transmitting the insulin signal through subsequent downstream
intracellular pathways. These pathways can be simplified into two main branches and involve the
PI3K-Akt pathway and the consequent expression of effectors including mechanistic target of
rapamycin (mTOR), glycogen synthase kinase 3 beta (GSK-3b), and forkhead box protein 01 (FOXO01)
among others which have profound effects on autophagy, apoptosis, mitochondrial function and
mediators of neuroinflammation (Greene et al., 2011); and the MAPK/ERK pathway which has a

major role in synaptic plasticity.

Of its many functions of relevance in regards to promoting cellular survival with particular relevance
to PD, insulin signalling has been shown to be involved in the appropriate degradation of alpha
synuclein (Gao et al., 2015; Sandeep K Sharma et al., 2015), enhancing amyloid beta clearance from
the brain, preventing extracellular accumulation and eventual fibril and plaque formation (Ashpole et
al., 2015; Carro et al., 2002; Watson et al., 2003), and inhibiting hyperphosphorylation of tau,
enhancing binding to microtubules, limiting its toxic gain of function (Tokutake et al., 2012). Via its
downstream effects on SIRT1 and PCG1la (both master regulators of mitochondrial function), insulin

signalling is also involved in regulating mitochondrial biogenesis (Cheng et al., 2010) and limiting



oxidative stress and modulating inflammatory pathways (Jha et al., 2015). In addition, primarily via
activation of the MAPK pathway, insulin has been shown to play a key role in learning and memory
and has been shown to regulate hippocampal synaptic and structural plasticity (Chiu et al., 2008; Lee

et al., 2005; Yao et al., 2004).

3.1 Insulin resistance in animal models

Despite a paucity of experimental models that combine both PD and T2DM pathology in a single
model, rodent models of insulin resistance and T2DM have been developed which display not only
common metabolic abnormalities including peripheral insulin resistance but also neuronal insulin
resistance — allowing them to be utilised to explore the interactions between insulin resistance and PD
(Reagan, 2012). Rodents models of insulin resistance demonstrate accelerated dopaminergic cell loss
when exposed to MPTP, enhanced microglial activation and deposition of alpha synuclein and display
more severe motor, anxiety-like behaviours than controls (Arnold et al., 2014; Choi et al., 2005;
Kleinridders et al., 2015; Morris et al., 2011, 2010; Wang et al., 2014). Also rodents fed a high-fat
diet to induce neuronal insulin resistance show decreased expression of PSD-95, a scaffolding
protein enriched in post-synaptic densities, and synaptopodin, an actin-associated protein
enriched in spine apparatuses, resulting in impaired spatial working memory (Arnold et al.,
2014). Furthermore, rats depleted of dopamine using the toxin 6-hydroxydopamine (6-OHDA)

develop impaired insulin signaling in the basal ganglia (Morris et al., 2008).

In addition the relationship between dopamine depletion and insulin resistance has further been
explored. Insulin resistance in rodents is associated with decreased expression of surface dopamine
transporter in the striatum (Jones et al., 2017) and rodents demonstrate reduced dopamine turnover
(and interestingly also have more nigral iron deposition on MR imaging) (Baladi et al., 2015; Morris et
al., 2011); and demonstrate reduced insulin-evoked striatal dopamine release (Stouffer et al., 2015).
Similarly, in an novel insulin-resistant transgenic PED/PEA-15 mouse model, there was reduction in
striatal tyrosine hydroxylase and dopamine concentrations in association with the development of

parkinsonism (Perruolo et al., 2016).



3.2 Neuronal insulin resistance

Measuring and quantifying central insulin resistance is now increasingly possible through our
understanding of the methods of normal insulin signaling via the insulin receptor and phosphorylation
of IRS-1, which is required to effect its downstream pathways and has numerous phosphorylation sites,
including both serine and tyrosine residues. While tyrosine residues are needed for activation of IRS
proteins, phosphorylation of IRS-1 at serine residues occurs as part of negative feedback mechanisms
and acts to “deactivate” IRS proteins and thus attenuate insulin signaling (Herschkovitz et al., 2007).
Serine phosphorylation of IRS-1 can occur through a variety of pathways including mTORC/S6K
(Gao et al., 2015; Tremblay et al., 2007), IxB kinase (IKK) (Herschkovitz et al., 2007), c-Jun N-
terminal kinase (JNK) ((Lee et al., 2003) and protein kinase C (PKC) (Miissig et al., 2005).
Interestingly, a recent study has also identified a new function of tau protein as a negative regulator of
insulin signaling, via interaction with PTEN, a phosphatase known to inhibit insulin signaling through

the PI3K-Akt pathway (Marciniak et al., 2017), suggesting additional mechanisms.

Insulin resistance is not specific to PD and there are links to other neurodegenerative diseases. Studies
in patients with AD have demonstrated that IRS-1 phosphorylated at serine residue positions 312, 616
or 636 in hippocampal tissues is associated with attenuated insulin signaling and thus have been
widely accepted as measures of neuronal insulin resistance (Moloney et al., 2010; Talbot et al., 2012;
Yarchoan et al., 2014). Furthermore, these markers of neuronal insulin resistance have been found in
other alpha synucleinopathies and tauopathies. Increased expression of IRS-1 Ser312 has been
demonstrated in neurons and oligodendrocytes in the putamen of patients with multiple systems
atrophy (MSA) (Bassil et al., 2017), and elevated levels of IRS-1 Ser616 seen in hippocampal tissue in
patients with corticobasal syndrome and progressive supranuclear palsy (Yarchoan et al., 2014).
However, perhaps highlighting the importance of variation between cell models and experimental
conditions are conflicting data from mice models that Ser307 phosphorylation (equivalent to human

Ser312) actually enhances insulin signaling in vivo (Copps et al., 2010).

Parallel studies have provided indications that dysfunctional phosphorylation of IRS-1 also occurs in

PD. It has long since been shown that there is a loss of insulin receptor mRNA in the substantia nigra



pars compacta in post mortem brains from patients with PD compared with age-matched controls
(Moroo 1994). More convincing is a study demonstrating elevated levels of IRS-1 Ser312 found in
putaminal neurons in PD patients compared to controls (Bassil et al., 2015) and elevated levels of IRS-
1 Ser616 has also been found in the hippocampal tissue of PD and PDD patients (Yarchoan et al.,

2014).

3.3 Insulin resistance and alpha synuclein

The oligomerisation of alpha synuclein and formation of intracellular and extracellular Lewy bodies
and Lewy neurites is the key pathological hallmark of PD (Martin et al., 2004) and increasing studies
have suggested possible mechanistic links between the development of insulin resistance and alpha
synuclein. It is well recognized that overexpression of alpha synuclein is in itself sufficient to cause
PD (Ibanez et al., 2004; Singleton et al., 2003) and modeling this process using alpha synuclein
overexpressing transgenic mice showed that alpha-synuclein overexpression led to increased IRS-1
Ser636 in the cortex, striatum and midbrain (and subsequent reduction in insulin-induced Akt pathway
signaling) (Gao et al., 2015), suggesting alpha synuclein may act as a negative regulator of insulin
resistance. These effects were mediated by alpha synuclein induced hyperactivation of
mTORCI1/S6K1, and inhibition of protein phosphatase (PP) 2A — causing sustained negative feedback
of the insulin signaling pathway. In addition, alpha synuclein has been shown to increase activation of
c-Jun N-terminal kinase (JNK) (Rannikko et al., 2015), which leads to increased IRS-1 Ser312 and
also acts as a negative regulator of the insulin signaling pathway (Lee et al., 2003). Furthermore, alpha
synuclein also induces dephosphorylation (and activation) of GSK-3B (Duka et al., 2009), a kinase
involved in promoting alpha synuclein expression (and tau phosphorylation) and found in elevated
levels in PD patients and experimental models of PD (Hernandez-Baltazar et al., 2013; Wills et al.,
2010). More recently it has been shown that insulin resistance reduces expression of insulin degrading
enzyme (IDE) (Sun et al., 2016), a zinc-metalloendopeptidase that can degrade insulin (and amyloid
beta) and can inhibit alpha-synuclein fibril formation by binding to alpha-synuclein oligomers,
blocking them from forming fibres (Sandeep K Sharma et al., 2015; Sandeep K. Sharma et al., 2015),
thus providing a further link between insulin resistance and PD pathology. Thus a damaging feed

forward loop, whereby alpha-synuclein exacerbates neuronal insulin resistance, via serine



phosphorylation of IRS-1, leading to a reduction in downstream insulin signalling and subsequent Akt
activation, (and thus reduced inactivation of GSK-3B), which in turn leads to reduced alpha synuclein

clearance is possible.

Although it remains to be conclusively shown whether dysregulated insulin signaling is a primary
contribution to PD or a secondary consequence of the neurodegenerative process, defective insulin
signaling is increasingly recognized in its association with PD and overcoming this with interventions
that aim to reverse brain insulin resistance are increasingly being recognized as possible novel
therapeutics (D. Athauda and Foltynie, 2016; Aviles-Olmos et al., 2013b; Bassil et al., 2017; Diehl et

al., 2017).

4. Glucagon-like peptide-1

Glucagon-like peptide-1 (GLP-1) is one of two endogenously secreted incretin hormones known for
mediating glucose homeostasis and activates similar pathways to insulin. Secreted by enteroendocrine
cells of the small intestine in response to food, GLP-1 stimulates insulin secretion from the pancreas
and reduces hepatic gluconeogenesis (Baggio and Drucker, 2007). In vitro, GLP-1 also exerts trophic
effects, enhancing islet beta cell proliferation and differentiation, inhibiting apoptosis, and enhancing
cell survival (Drucker et al., 2010; Lovshin and Drucker, 2009). These effects are primarily mediated
by activation of PI3K/Akt and AMPK/mTOR pathways (Alismail and Jin, 2014; Wang et al., 2004)
and down regulation of various apoptotic pathways including caspase-9 and -3 (L1 et al., 2013; Tews et
al., 2009). GLP-1’s actions are mediated via the GLP-1 receptor (GLP-1R), a 7-transmembrane
spanning G-protein coupled receptor. Following activation of the alpha subunit of the GLP-1R, adenyl
cyclase is activated leading to an increase of intracellular cAMP, which then activates protein kinase A
(PKA), and phosphoinositide 3-kinase (PI3K), which phosphorylates and activates a variety of
downstream signalling pathways. The GLP-1R widely expressed in pancreatic islet cells (as well as
other peripheral tissues such as the lungs, heart and kidneys) but also selectively expressed in neurons
throughout the brain, with high densities in the frontal cortex, hypothalamus, thalamus, hippocampus,
cerebellum and substantia nigra (Alvarez et al., 2005; Trapp et al., 2015) and also found in astrocytes

and glial cells (Kappe et al., 2012; Reiner et al., 2016; Spielman et al., 2017). The majority of GLP-1



in the CNS is produced peripherally and can freely cross the blood-brain-barrier by diffusion, but is
also produced locally by neuronal and glial cells (Heppner et al., 2015; Kappe et al., 2012). In the
brain, in addition to its effects on autonomic and neuroendocrine function (reviewed (Seufert and
Gallwitz, 2014)), GLP-1 is involved in promoting neuronal growth and proliferation, reducing
oxidative stress, inhibiting apoptosis and modulating inflammatory pathways (Bassil et al., 2014;
Hamilton et al., 2011; Spielman et al., 2017; Teramoto et al., 2011). However, due to its rapid cleavage
and degradation by circulating enzyme DPP-1V, a variety of synthetic GLP-1 agonists have been
formulated to overcome its short duration of action and are now used in the treatment of T2DM
(Madsbad, 2016), and are also being explored in regards to effects on weight loss and cardiovascular

function (Manigault and Thurston, 2016; Mora and Johnson, 2017).

5. Exenatide

Exenatide was the first synthetic GLP-1 agonist to be developed and licensed for use in T2DM, based
on a peptide (exendin-4) - discovered in the saliva of the Gila monster (Heloderma suspectum) that
shares 53% homology to human GLP-1 and importantly, is naturally resistant to the action of DPP-IV
(Parkes et al., 2013). Peripherally administered exenatide can cross the blood brain barrier in rodents
(Hunter and Holscher, 2012) and humans (Athauda et al., 2017a) and can influence a number of
cellular processes. Over the years numerous in vitro and in vivo studies have evaluated the
neuroprotective and neurotrophic effects of exenatide in a variety of models of neurodegenerative

diseases (Dilan Athauda and Foltynie, 2016).

5.1 Exenatide and neuroprotection

The continued integrity of mitochondria within cells is critical to its sustained health and mitochondrial
dysfunction causing imbalance between processes that generate reactive oxygen species (ROS) and
those that eliminate ROS have been identified as playing a key role in the selective vulnerability of
dopaminergic neurons in the pathogenesis of PD (Schapira, 2008). Exendin-4 has been shown to
protect rodent insulinoma cells from human islet amyloid polypeptide (hIAPP)-induced apoptosis via
improved mitochondrial function and Akt-induced inactivation of FOX01 (Fan et al., 2010), while in

rodents treated with mitochondrial toxins, GLP-1 stimulation was shown to preserve mitochondrial



function in dopaminergic neurons by increasing expression of complex I and anti-apoptotic proteins
Bcl-2, while reducing caspase-3 activation, leading to attenuation of cell death (Chen et al., 2015;

Nassar et al., 2015).

Additional sources of oxidative damage and inflammation in PD can occur from inappropriate and
sustained activation of peripheral macrophages and glial cells due to a variety of stressors including
alpha synuclein, inflammatory cytokines and neighboring cell death (Béraud et al., 2013; Blandini,
2013; Gallegos et al., 2015). Cell death associated with oxidative stress can be modelled by a variety
of stressors in vitro. Exenatide and GLP-1 stimulation has been shown to protect SH-SYS5Y and
primary ventral mesencephalic cells from hydrogen peroxide- and 6-OHDA-induced cell death (Li et

al., 2010, 2009).

Dysfunction of lyososomal systems and disruption of normal processes through which cells degrade
abnormal proteins/cellular constituents (autophagy) and the aggregation of alpha-synuclein into toxic
fibrils, are thought to be critical steps in the process leading to degeneration of dopaminergic neurons
in PD. The co-existence of amyloid beta and tau pathology in PD is well known and interactions can
often lead to a deleterious feed-forward loop responsible for the development and spreading of
neurodegeneration (Irwin et al., 2013; Moussaud et al., 2014). In various rodent models, GLP-1
stimulation has demonstrated beneficial effects of monomeric alpha synuclein load in the striatum
(Bassil et al., 2017), reduce soluble amyloid beta levels and plaque load, and reduce tau

hyperphosphorylation (Xu et al., 2015)(Chen et al., 2012).

In view of the influence GLP-1R stimulation has on diverse cellular processes involved in PD
pathogenesis, exenatide has also been used in a variety of animal toxin models of PD. These widely
used models rely on the use of locally or systemically administered neurotoxins (commonly 6-OHDA,
MPTP or LPS) to induce dopaminergic cell loss and the development of a parkinsonian-like
phenotype. Administration of MPTP to rodents resulted in dopaminergic cell loss in the substantia
nigra (as measured by a reduction in TH-immunoreactive cells), dopamine and dopamine metabolites

and subsequent motor function deficits as assessed by performance on the pole test, beam traverse,



open-field activity, and rotarod (Li et al., 2009), while a separate study showed MPTP-treated rodents
had increases in Macl and MMP-3 (markers of microglia activation) and elevated levels of pro-
inflammatory cytokines TNF-a and IL-1B (Kim et al., 2009) in association with dopaminergic cell
loss. Both studies showed that pre-treatment with exenatide provided complete protection against
dopaminergic cell loss, suppressed MPTP-induced activation of microglia and attenuated expression of
pro-inflammatory molecules leading to improved performed on motor assessments that were
essentially no different to controls. Similarly, rats unilaterally administered 6-OHDA or LPS into the
median forebrain bundle led to significant reductions in striatal TH+ activity and dopamine
concentration (Harkavyi et al., 2008), with the animals exhibiting marked apomorphine and
amphetamine-induced rotational behavior (indicative of the severity of nigrostriatal lesion) (Bertilsson
et al., 2008). In these studies, exenatide was administered well after the nigrostriatal lesion had been
allowed to establish and still resulted in normalization of apomorphine- and amphetamine-induced
circling in a dose dependent manner. Furthermore, immunostaining of the striatum demonstrated
exendin-4 significantly increased the number of both tyrosine hydroxylase- and vesicular monoamine
transporter 2-positive neurons in the substantia nigra above the control values, suggesting exenatide
may be able to halt and reverse established nigrostrial lesions, with obvious encouraging implications

for treating established PD.

Taken together, GLP-1 stimulation has a remarkable array of protective effects on cellular
proliferation, differentiation, inflammatory pathways, mitochondrial function and dopaminergic
survival that is associated with restoration and reversal of motor deficits in animal toxin models of PD

that may have therapeutic benefits in patients.

6. Unravelling the mechanism of action

The distribution of tissues that are receptive to GLP-1 suggest a multi-modal mechanism of action to
explain the potential therapeutic effects of GLP-1 stimulation (Figure 1). Activation of the GLP-1R
leads to an increase of intracellular cAMP, which then activates protein kinase A (PKA), and
phosphoinositide 3-kinase (PI3K) which and activates a variety of downstream signalling pathways

including protein Akt, and this pathway has been identified of being of potential relevance to the



actions of GLP-1. As a master regulator of cellular function, Akt can influence important downstream
effectors such as GSK-3B, mTOR, caspase-9 and FOXO1 (which have themselves been identified as
novel targets for halting neurodegeneration in PD) and ultimately promote a cell survival pathway
(Greene et al., 2011). Alterations in Akt signalling may be a key component of PD pathogenesis and
influence alpha-synuclein aggregation (Kim et al., 2011) and in vivo studies which utilise selective Akt
inhibitors suggest the Akt activation is at least partially responsible for the effects of GLP-1R
stimulation on cellular proliferation (Wang et al., 2004), trophic effects (Zhou et al., 2015) and anti-
apoptotic effects (Wang et al., 2012; H. Zhang et al., 2015). Akt activation inactivates GSK-3B, a
major kinase typically involved in promotion of alpha synuclein induced neurodegeneration (and also
tau phosphorylation and amyloid beta aggregation), and seen hyperactivated in animal models of PD
(Hernandez-Baltazar et al., 2013), and found in elevated levels co-localised with alpha nuclein in post-
mortem striata of patients with PD (Nagao and Hayashi, 2009; Wills et al., 2010). Thus the beneficial
effects of GLP-1 stimulation on protein aggregation may be partially mediated through PI3K/Akt-
induced inactivation of GSK-3B (Chen et al., 2014; Ma et al., 2015; Yang et al., 2013). In addition, a
recent study showed that geniposide, a novel GLP-1 agonist, can up-regulate expression of IDE
(known to inhibit amyloid beta and alpha synuclein fibril formation), effects which were attenuated in

the presence of PI3K inhibitors (Y. Zhang et al., 2015).

In parallel, some of the neurotrophic effects seen following GLP-1 stimulation such as upregulation of
BDNF are mediated by activation of the Akt pathway and increases in intracellular cAMP — BDNF is
itself a transcriptional target of cAMP response element-binding protein (CREB). Similarly, GLP-1R-
induced activation of Akt leading to inhibition of FOXO01 and reduced production of pro-apoptotic
proteins (BiM, FAS) while concurrent GLP-1R-induced elevation of cAMP enhances upregulation of
anti-apoptotic proteins (Bcl-2, Bcl-XL). Together, these actions contribute to preserve mitochondrial
function by helping stabilise the outer mitochondrial membrane, preventing efflux of cytochrome ¢
into the cytoplasm, reducing activation of caspase-9 and -3, subsequently resulting in reduced
apoptosis and oxidative stress (Li et al., 2013; Tews et al., 2009; Zhan et al., 2012). With regards to
effects on neuroinflammation, one proposed mechanism involves Akt-induced down regulation of toll-

like receptor-4 (which plays a critical roles in the recognition of oligomeric alpha-synuclein and



subsequent microglial activation) (Park et al., 2014) and modulation of transcription factor nuclear-
factor kB (NF-kB), an important downstream target of the GLP-1R/PI3K/Akt pathway which regulates
inflammatory gene expression and mediates the pro-inflammatory response of microglial cells

(Khasnavis et al., 2012).

In regards to further actions of GLP-1 stimulation on inflammation, it was recently demonstrated that
microglia not only express GLP-1R but are also able to secrete and alter expression of GLP-1
depending on inflammatory stimuli (Kappe et al., 2012). As the resident immune cells of the CNS,
microglia constantly survey the microenvironment and can shift phenotype from a “quiescent” state to
an “activated” state, leading to the secretion of a range inflammatory mediators, growth factors and
cytokines that can either initiate/exacerbate oxidative stress and trigger cell death pathways or exert
neurotropic properties and anti-inflammatory mediators and aid brain repair pathways (Cherry et al.,
2014). A recent study showed that exenatide was able to induce macrophages to the alternative
activated M2 “protective” phenotype through activation of the transcription 3 (STAT3) which was
associated with increased production of IL-10 (Shiraishi et al., 2012). Therefore, as well as GLP-1
stimulation directly influencing the phenotypic shift to microglial “anti-inflammatory” states
(Spielman et al., 2017), exogenous GLP-1 may be able to amplify endogenous secretion of GLP-1,
thus providing another link between GLP-1 stimulation and inflammation (Bao et al., 2015; Li et al.,
2010).

Insulin signalling has been shown to be important to neuronal survival and as GLP-1R stimulation
activates similar pathways “de-activated” as a consequence of insulin resistance, the ability to restore
brain insulin sensitivity may be responsible for the diverse range of its pleotrophic effects Recently, in
PLP-SYN mice (a model of MSA) exendin-4 treatment decreased expression of IRS-1 Ser307 (human
Ser312) and IRS-1 Ser612 in the striatum and this was accompanied by lower levels of monomeric
oligomeric alpha synuclein in oligodendrocytes and preservation of dopaminergic neurons in the
substantia pars compacta (Bassil et al., 2017).

Similarly, GLP-1 stimulation via activation of the MAPK pathway may underlie its effects on
hippocampal synaptic plasticity and structural plasticity (Mainardi et al.). Neurite outgrowth -

essential for formation of synapses - induced by GLP-1 stimulation, was partially inhibited by MAPK



inhibitors (Perry et al., 2002), while activation of the PI3K/MAPK/ERK pathway also mediates
glutamate and g-aminobutyric acid receptors, enhances protein synthesis and maintains dendritic spine
stabilisation, shown to be essential for hippocampal long term potentiation (LTP) and memory

consolidation (Goldin M, 2003; Zhao and Townsend, 2009).

As described above pre-clinical data suggests exenatide can normalise dopaminergic function in
rodents with nigrostriatal lesions induced by neurotoxins, through apparent improvements in
dopaminergic function or restoration / improved survival of dopaminergic neurons; however some
studies also suggest exenatide may affect striatal dopamine metabolism, which may underlie some of
its clinical effects. In a 6-OHDA rodent model of PD, in which rats were given levodopa after
administration of 6-OHDA, exendin-4 dose-dependently increased the amount of extracellular
dopamine in response to a given dose of levodopa, with a progressive reduction in levodopa-induced
dyskinesia (Abuirmeileh et al., 2012). Similarly, a recent study demonstrated that exendin-4 prevented
LPS-induced behavioural decline in rats (as assessed by the forced swim test) and that these changes
occurred independently of central or peripheral inflammatory changes, but were associated with
alterations in dopamine metabolism (Ventorp et al., 2017). GLP-1 stimulation is known to increase
intracellular cAMP (Drucker et al., 1987), while increased cAMP expression upregulates the
expression and activity of tyrosine hydroxylase (Kim et al., 1993), the rate limiting enzyme in the
synthesis of dopamine. Also, exendin-4 was shown to inhibit the ability of cocaine to increase
extracellular dopamine in rats, by increasing expression of surface dopamine transporter (Reddy et al.,

2016), thus offering further possible mechanisms for its underlying effects.

7. Clinical data - open label trial

Based on the encouraging data from preclinical models of PD, as well as the reassuring safety data
from patients treated with exenatide for their Type 2 diabetes (Prasad-Reddy and Isaacs, 2015), it was
decided to perform a trial of exenatide in patients with PD (Aviles-Olmos et al., 2013a). These plans
were initially discussed between TF and the Cure Parkinson’s trust and subsequently with Amylin
Pharmaceuticals and the Michael J Fox Foundation. While there was an initial desire to proceed

immediately to a double blind, placebo controlled trial, the commercial partner felt that the preclinical



data required further replication before it would be prepared to provide drug or placebo to enable a
double blind trial to proceed. In this context, the Cure Parkinson’s trust agreed to provide sufficient
funding for TF to perform an Investigator initiated open label trial of exenatide (as Byetta 10mcg
subcutaneous injection twice daily) to gain preliminary proof of concept data regarding whether any of

the laboratory data could be replicated in patients with PD.

44 patients were recruited into this trial. They were deliberately chosen according to criteria that they
would all already be treated with dopaminergic therapies. This was to provide reassurance regarding
the certainty of the diagnosis, and minimize the risk of dropout due to the need for the introduction of
L-dopa during the period of trial follow up. This also enabled rapid recruitment of patients from a
single centre thus keeping the costs of performing the trial to a very modest level. To try and most
accurately gauge the motor severity of PD despite dopaminergic replacement, it was decided that
patients should be periodically assessed after an overnight period without dopaminergic treatment.
Furthermore, to try and distinguish between unanticipated symptomatic effects and possible disease
modifying effects, a washout design was chosen such that patients randomized to have supplementary
treatment with exenatide continued the drug for 12 months, but then had a further evaluation of the
severity of their PD at 14 months, then again at 24 months.

Given the absence of placebo injections, the trial was inevitably susceptible to placebo effects in
addition to observer bias. To minimize the impact of the latter bias, all patient assessments were video
recorded and scores of the MDS UPDRS part 3 were rated by individuals blinded to treatment
allocation.

Patients were approximately 60 years old, had a mean duration of PD of about 10 years and were using
a mean of 975mg of L-dopa equivalents. The group randomized to Byetta, had a 1.7 point
improvement at the 14 month point, while the group maintained on conventional medication alone, had
deteriorated by 2.8 points by this same point. Of additional interest, among the secondary outcomes,
patients on Byetta had improved by 2.8 points on the Mattis dementia rating scale at the 14 month
timepoint, while the control group had deteriorated by 3.5 points (Aviles-Olmos et al., 2013a).

After extended follow up in the absence of any further treatment with exenatide, assessments were

repeated at the 24 month timepoint (Aviles-Olmos et al., 2014). What was striking was that the



exenatide treated patients were still 1.1 better than their baseline scores on the MDS UPDRS part 3,
whereas control patients had declined further and were now 4.6 points worse off than their baseline
scores. Given that the scores again had to be rated on video by blinded observers to minimize the risk
of observer bias, none of these scores could include any effect on rigidity. Despite this limitation, the
consistent marked differences between the 2 groups even a year after stopping the exenatide injections

made it harder to believe that these effects could be entirely explained by a placebo effect.

7.1 Clinical data - double blind trial

The positive data from the open label trial provided sufficient reassurance for charitable funders to
make a larger investment to support a double blind placebo controlled trial of exenatide in PD
(Athauda et al., 2017a). This also required the support of the commercial sector to provide GMP drug
and GMP matched placebo injections to enable the trial to be conducted in accordance with trial
regulations. This was initially agreed with Bristol Myers Squibb and subsequently agreed with Astra
Zeneca when the Exenatide product (Bydureon) was transferred between these commercial entities
during the setup of the trial. The quantities of drug and placebo agreed was sufficient for 60 patients
(30 active drug and 30 placebo) for 1 year and this dictated the size of the trial.

In view of the previous successful use of the MDS-UPDRS part 3 in the practically defined off
medication state, the decision was taken to use this measure again as a window into disease severity in
patients already treated with dopaminergic replacement. This also had the advantage of keeping the
inclusion and exclusion criteria sufficiently broad such that large numbers of prevalent PD patients
would be eligible for the trial and could thus be recruited and assessed through a single large PD centre
in London, UK. A washout design was again chosen to help distinguish between treatment differences
emerging as a result of a symptomatic effect of exenatide and any differences due to a disease
modifying effect. Patients were therefore allocated to self-inject either active drug or placebo on a
weekly basis for 48 weeks followed by a 12 week washout period.

In addition to a standard range of clinical assessments, patients had serial collection of blood and urine
samples as well as 2 lumbar punctures to measure exenatide levels in the CSF. DaTscan imaging was

performed at baseline and at the end of the study after exenatide washout. Relevant permissions were



obtained and recruitment for the trial was completed between June 2014 and March 2015. Sixty weeks

later the final data were collected and analyses of the clinical and imaging data were performed.

The trial met its primary outcome of demonstrating a significant difference between groups according
to treatment allocation in the MDS UPDRS part 3 in the practically defined off medication state at the
60 week timepoint. The analysis was pre-planned to adjust for any differences between the 2 groups at
baseline that occurred by chance despite randomization. The exenatide treated group had an advantage
of 3.5 points (95%CI -6.7 to -0.3, p=0.0318) compared to the placebo group. There were no other
statistically significant differences between the 2 groups on other outcome measures although the

direction of effect favoured exenatide for almost all measures including DaTscan imaging.

8. Next steps

The results of the 2 small trials provide hugely encouraging data that exenatide and/or other related
drugs may eventually play a role in the treatment of Parkinson’s disease (Athauda et al., 2017b;
Foltynie and Aviles-Olmos, 2014). There are 2 complementary priorities in taking this science forward

through further clinical trials;

1). Clarifying the long term safety and efficacy of exenatide on motor, non motor function and quality
of life. The published trial data have shown an encouraging signal of effect in a small population of
patients from a single centre treated for 1 year only. As such it is vital that these data are replicated in a
larger population of patients using a multi-centre design and with exposure over a longer period. This
will also enable outcome measures to be compared that are of greater relevance to patients than the
“Practically defined Off medication assessment”. These could include “On medication scores from
each section of the MDS UPDRS as well as Non Motor symptoms, detailed cognitive assessments and
quality of life measures. In addition, although exenatide was well tolerated in patient group, common
adverse effects of exenatide and GLP-1 agonists include gastrointestinal related effects such as nausea,
vomiting, loss of appetite and weight loss(Mann and Raskin, 2014), which need to be considered when
evaluating the use of this class of drugs in patients with PD as it may interfere with the efficacy of

orally administered dopaminergic therapy.



2). Understanding the mechanism of action of GLP-1 agonists in relationship to PD. This is of major
scientific importance and will discriminate whether the effects we have seen to date are related to
novel symptomatic effects or are disease modifying. This distinction will also greatly inform on how
best to deliver this class of agent in the future and how better agents might be developed with greater
efficacy and/or improved side effect profiles. The optimal trial design to try and confirm whether a
novel agent has a neuroprotective effect in PD depends greatly on whether the same agent might also
have symptomatic benefits. This was the case in the evaluation of Rasagiline in the TEMPO and
ADAGIO trials and therefore the decision was made to adopt a delayed start design in which patients
are randomized to either active drug or placebo during period 1, but then all patients have active drug
at the end of period 2. This design means that by the time of the final outcome comparison at the end
of period 2, any difference between the 2 groups would not relate to a symptomatic effect but must be
the result of a disease modifying advantage resulting from earlier initiation of the treatment. Delayed
start designs have however been criticized because of the potential for bias caused by differential
dropout during period 1, and also the inevitable loss of blinding during period 2 which can lead to
assessment bias.

An alternative approach that has yet to be used in patients with Parkinson’s disease is the randomized
withdrawal design. Patients are initially randomized to placebo or active treatment for period 1,
however a proportion of those on active treatment will switch to placebo for period 2. Therefore any
difference between the 2 groups on placebo at the end of period 2 would be an estimate of the disease
modifying effect, while any difference between those still on active treatment and those that switched

to placebo would be an estimate of the symptomatic effect of the drug.

Furthermore, in addition to exenatide (the first of the GLP-1 agonists to be developed) a number of
newer GLP-1 agonists (based either on the structure of exendin-4 (lixisenatide) or human GLP-1
(liraglutide)) have also demonstrated similar neuroprotective properties across a range of pre-clinical
models of PD and other neurodegenerative diseases (Li et al., 2016). In view of differences regarding
their pharmacodynamic and pharmacokinetic properties and efficacy in glycaemic control in diabetes

(Bergenstal et al., 2010; Buse et al., 2009), it is reasonable to assume similar difference may exist in



their respective potential efficacy in PD. Comparative studies in models of PD are sparse (Liu et al.,
2015) but due to differences in experimental methodology and dosing, firm conclusions as to
translational efficacy in humans are difficult to interpret. Similarly, comparable data regarding their
ability to penetrate the blood-brain-barrier in humans have obvious implications for potential
therapeutic benefits, but again data is scarce. Although exenatide, liraglutide and lixisenatide have all
been shown to cross the blood-brain-barrier in rodents (Hunter and Holscher, 2012; Kastin and
Akerstrom, 2003), there are apparent marked differences in the ratio of CSF:serum concentrations in
humans; exenatide 2.7% (Athauda et al., 2017a) versus liraglutide 0.02% (Christensen et al., 2015)
which may have implications for potential therapeutic application. Nevertheless, this class of drugs

should be further explored for their potential in treating PD.
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Figure 1:

Overview of main pathways involved in GLP-1R activation in neurons (left) and consequences of
dysfunctional insulin signalling (right). The phosphorylation of IRS protein at tyrosine or serine
residues ultimately activates, or inhibits, respectively insulin signalling. PI3K enables
phosphorylation of PIP2 to PIP3, which then activates PDK1, which then activate Akt. Tau
binding to a fraction of PTEN is necessary to induce formation of PIP3 over PIP2. In models of
insulin resistance, accumulation of alpha-synuclein may ultimately exacerbate activation of the
mTORC1 pathway and induce microglia activation, raising levels of TNF-alpha, leading to
activation of stress kinases such as JNK, both of which lead to IRS phosphorylation at serine
residues, exacerbating insulin resistance. Loss of the insulin signalling pathway reduces
activation of the AKT pathway, promoting mitochondrial dysfunction, inflammation, oxidative

stress and accumulation of alpha-synuclein. * Denotes actions typically seen in microglia.
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