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Abstract

Molecular communications in the gut—brain axis, between the central nervous system and the gastrointestinal tract, are critical
for maintaining healthy brain function, particularly in aging. Epidemiological analyses indicate type 2 diabetes mellitus (T2DM) is
a risk factor for neurodegenerative disorders including Alzheimer’s disease (AD) and Parkinson’s diseases (PD) for which aging
shows a major correlative association. Common pathophysiological features exist between T2DM, AD, and PD, including
oxidative stress, inflammation, insulin resistance, abnormal protein processing, and cognitive decline, and suggest that effective
drugs for T2DM that positively impact the gut—brain axis could provide an effective treatment option for neurodegenerative
diseases. Glucagon-like peptide-1 (GLP-1)-based antidiabetic drugs have drawn particular attention as an effectual new
strategy to not only regulate blood glucose but also decrease body weight by reducing appetite, which implies that GLP-I
could affect the gut—brain axis in normal and pathological conditions. The neurotrophic and neuroprotective effects of GLP-|
receptor (R) stimulation have been characterized in numerous in vitro and in vivo preclinical studies using GLP- IR agonists and
dipeptidyl peptidase-4 inhibitors. Recently, the first open label clinical study of exenatide, a long-acting GLP-1 agonist, in the
treatment of PD showed long-lasting improvements in motor and cognitive function. Several double-blind clinical trials of GLP-
IR agonists including exenatide in PD and other neurodegenerative diseases are already underway or are about to be initiated.
Herein, we review the physiological role of the GLP-IR pathway in the gut-brain axis and the therapeutic strategy of GLP-IR
stimulation for the treatment of neurodegenerative diseases focused on PD, for which age is the major risk factor.
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Introduction

Neurodegenerative disorders generally show a mixture of
abnormal motor and cognitive function and are characterized
by a selective type of neurological pathology, derived from
quite distinct areas of the brain.'* Although the exact causes
of the neurodegenerative diseases are generally unknown
and distinct from one another, common pathological features
between the diseases exist on multiple levels. A good exam-
ple is the accumulation of abnormal peptides and/or proteins
in the disease-specific areas of the brain. In Alzheimer’s
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disease (AD), there are 2 well-characterized abnormal
peptide/proteins that include extraneuronal deposition of the
amyloid B-protein (AB) in the form of plaques and intraneur-
onal deposition of the microtubule-associated protein t in the
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form of filaments.** In contrast, in Parkinson’s disease (PD),
neuronal deposits of a-synuclein are present and form the
primary structural component of Lewy body fibrils that are
characteristic of the disorder, whereas in Huntington’s dis-
ease (HD), cytoplasmic and nuclear deposition of the hun-
tingtin protein and fragments thereof are found.>® Such
neurotoxic aggregates appear critical in the disease progres-
sion of each of these disorders®® and can occur across them.
For example, Alzheimer’s-type AP plaques and t neurofibril-
lary tangles can coexist in PD,”” particularly in patients with
PD-related dementia. Indeed, a significant linear relationship
between cortical AP and a-synuclein has been described in a
subgroup of PD,”” in line with experimental studies demon-
strating that these proteins may promote and cross-seed one
another’s aggregation.'®

In addition, mitochondrial dysfunction and the resulting
energy failure have been repeatedly implicated as the cause
of death of dopaminergic (DAergic) neurons in PD as well
as major causes of age-related neural dysfunction.'''®
Toxins used to model DA loss in PD, such as 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone,
impair respiratory chain function by inhibiting complex
1'% In further support of this “mitochondrial genetics”
hypothesis for PD pathophysiology, Bender et al. reported
higher levels of mitochondrial DNA deletions in nigral
neurons from PD patients.”® Moreover, both Bender et al.*?
and Kraytsberg et al.>* reported higher levels of mitochondrial
DNA deletions in nigral neurons in aged humans with sharp
elevations starting shortly before age 70. This correlates with
the known risk factor of age in PD development.

Genetic variation and/or protein or peptide-mediated
neurotoxic signaling is also common in the neurodegenera-
tive process. Inflammation, oxidative stress, and deficits in
neurotransmitters are the common features of the biochem-
ical switch that ultimately results in the activation of the
apoptotic pathways that lead to neuronal cell dysfunction
and death and eventually to the neurological disorder.>*
Interestingly, these pathological events are also manifested
in the processes that lead to type 2 diabetes mellitus (T2DM)
that has commonalities with AD and other neurodegenera-
tive diseases.*%2¢ Indeed, AD is sometimes termed as a
“type 3 diabetes,” describing the similarity of the 2 diseases
in the metabolic and physiologic status of brain, particularly
in relation to the development of insulin resistance.?’®

The similarities between neurodegenerative diseases and
diabetes imply the homeostasis in the gut-brain axis is
crucially important for the maintenance of health in both the
central nervous system (CNS) and peripheral system, which
can closely influence each other in multiple pathways. Most
importantly, insulin-mediated glucose control is critical for
the gut-brain axis because glucose is the irreplaceable
source of energy in brain.>® Generally, insulin secretion is
regulated by blood glucose. When the blood glucose level
is high, pancreatic B cells secrete insulin to reduce blood
glucose levels, which is facilitated by incretins secreted by
the gastrointestinal tract.'~%?

Incretins are small hormonal peptides that can stimulate
pancreatic B cells and/or gastric cells to regulate insulin
release and gastric emptying after eating. They additionally
have important roles in the interplaying of the gut-brain axis
to modulate the needs of energy, food uptake, and blood
glucose.>*** In this regard, glucagon-like peptide-1 (GLP-1)
is one of the incretins with a pivotal role in many aspects of
glucose regulation in the gut—brain axis because its receptor,
the GLP-1 receptor (GLP-1R), is expressed not only in the
pancreas but also widely in the periphery (such as in the
lung, stomach, intestine, kidney, and heart) as well as most
regions of the brain.>>* Several GLP-1R agonists are
already developed as therapeutics for diabetes and have
demonstrated various beneficial effects in the clinic in addi-
tion to action on blood glucose control, such as weight loss
and even cardiovascular benefits.**!

Additional roles for GLP-1 agonists in the brain have
recently been evaluated in numerous preclinical and clinical
studies from a basic biochemical approach to their repurpos-
ing as therapeutics for neurodegenerative diseases.'=%424°
In an open label trial led by Prof. Thomas Foltynie and
colleagues at the Institute of Neurology, University College
London, a GLP-1R agonist, exenatide, showed clinical
benefits in the treatment of moderate PD.****® This trial
appraised key motor functions, as assessed by blinded
ratings of the Movement Disorders Society Unified Parkin-
son’s Disease Rating Scale (MDS-UPDRS) part 3, together
with several nonmotor tests using the Mattis dementia rat-
ing scale—2 (DRS-2) at baseline, 6 mo, and 12 mo and
following a further 2-mo washout period to compare
exenatide-treated subjects on conventional PD medication
to those on conventional PD medication alone.*® A succes-
sive randomized, double-blind, placebo controlled clinical
trial following largely the same format has just been com-
pleted with once weekly formulation of exenatide in
patients with PD (NCT01971242), and the results largely
cross-validated the former open label study.*’

In this review, we will discuss the role of GLP-1 agonists
in PD model systems, the mechanism of action, and future
perspectives of GLP-1 agonists in the treatment of neurolo-
gical disorders, chiefly focused on PD.

PD, Diabetes, and the Gut-Brain Axis

PD and AD are associated with a higher incidence rate in
patients with T2DM, suggesting that shared pathological
processes in the gut-brain axis, such as insulin dysregulation,
may underlie these conditions.***” Although associated with
diverse cell types in different tissues (e.g., the involvement of
DAergic neurons within the substantia nigra and midbrain
DAergic neurons in PD, vs. pancreatic B cells in T2DM),
parallel biochemical signaling leads to the cellular dysfunc-
tion and death characteristic of both disorders. For example,
increased apoptosis induced by cellular stress leads to a loss
of function and mass of pancreatic B cells in T2DM.***
The key factors increasing B cell death include endoplasmic
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Table I. GLP-1 Agonists Approved by the US FDA.

Drug Generic Dosing Regimen Dosing FDA Approval Indication
Byetta Exenatide BID 5, 10 mcg 2005 T2DM
Bydureon Exenatide Qw 2 mg 2012 T2DM

Victoza (Saxenda) Liraglutide Daily 0.6, 1.2, 1.8 mg 2010 (2014) T2DM (obesity)
Adlyxin Lixisenatide Daily 10, 20 mcg 2016 T2DM
Tanzeum Albiglutide Qw 30, 50 mg 2014 T2DM

Trulicity Dulaglutide Qw 0.75, 1.5 mg 2014 T2DM

Abbreviations: FDA, Food and Drug Administration; BID, twice a day; QW, once weekly; T2DM, type 2 diabetes mellitus; GLP-1, glucagon-like peptide-1I.

reticulum stress (leading to accumulation of unfolded and
misfolded proteins within this key subcellular compartment
critical in the biosynthesis of secretory and structural pro-
teins as well as steroids, cholesterol, and other lipids), oxi-
dative stress, mitochondrial dysfunction, inflammatory
stress, and inclusions of aggregated peptides that reside
within a similar intracellular milieu as do neuronal cells in
PD.**4° Consequently, 1 effective treatment strategy for
both diseases would be ameliorating the common toxic
factors in the gut-brain axis to protect the mass and function
of B cells and/or neurons. GLP-1R agonists have been
thought to be an excellent candidate due to their pleiotropic
effects on the gut-—brain axis.

Recently, several GLP-1R agonists (Table 1) have been
approved by the US Food and Drug Administration for the
treatment of T2DM and studied extensively to elucidate the
exact mechanisms of action not only for their insulin-
mediated glucose regulation but also for their beneficial
effect on B cell function. GLP-1R agonists can stimulate
B cell proliferation in vitro by activation of the phosphoi-
nositide 3-kinase (PI3K)/protein kinase B (Akt) and 5’
adenosine monophosphate—activated protein kinase/
mechanistic target of rapamycin signaling pathways and
the inactivation of Forkhead box protein O1 (FOXOI) in
pancreatic cell lines as well as in B cells in human islets of
Langerhans.*>*° GLP-1R agonists are also able to increase B
cell mass in several diabetic animal models by increasing
proliferation and decreasing apoptosis in pancreatic
cells.’' Antiapoptotic effects of GLP-1R agonists are asso-
ciated with activation of PI3K/Akt signaling pathways and
downregulation of apoptotic pathways including caspase-3
(CASP3) and poly(adenosine diphosphate ribose) polymer-
ase.> GLP-1R agonists also regulate gene expression related
to B cell maturation (pancreatic and duodenal homeobox 1,
MAF bZIP transcription factor A, and neuronal differentiation
1, upregulated) and to apoptosis (thioredoxin interacting pro-
tein, CASP3, and B-cell lymphoma 2 (Bcl-2) associated X,
apoptosis regulator, downregulated).>

As the described GLP-1R agonist protective actions on
B cell mass from a variety of toxic insults are relevant to the
actions of GLP-1R agonists in the CNS, the other partner of
the gut-brain axis, the therapeutic potential of this drug class
is an area of intense current research in neurodegenerative
diseases.

GLP-IR Activation in the Brain:
Neurotrophic Effects, Neuroprotection,
Anti-Inflammation, Neurogenesis, and
Synaptic Plasticity

As expected with the similar mechanisms of disease progres-
sion in the gut—brain axis and the broad expression profile of
GLP-1Rs in this region, GLP-1R agonists are able to show
neuroprotective and neurotrophic effects in various in vitro
and in vivo model systems."*****>* In primary mouse
hypothalamic cultures, exenatide induced ciliary neuro-
trophic factor (CNTF)-mediated cell proliferation. GLP-
1R-dependent signaling is essential for the CNTF-induced
cell proliferation, evidenced by the increased expression of
GLP-1 in the hypothalamus of mice and the lack of efficacy
in GLP-1R knockout mice.'"*

Chronic treatment with exenatide induced cell prolifera-
tion in the rat dentate gyrus of the hippocampus with ele-
vated Ki-67 gene expression (a cellular marker of
proliferation used to determine the growth fraction of a cell
population, as it is present during all active phases of the cell
cycle [Gy, S, G,, and mitosis] but is absent from resting cells
[Go]). Long-term administration (21 d) of exenatide in mice
also increased proliferation in the subgranular zone of the
dentate gyrus. Additionally, in mouse models of diabetes,
chronic treatment with GLP-1R agonists for 4 to 10 wk
significantly increased the number of progenitor cells or
doublecortin (DCX)-positive young neurons in the dentate
gyrus.'® (DCX is a microtubule-associated protein that is
expressed by neuronal precursor cells and immature neurons
in embryonic and adult cortical structures while actively
dividing, with neuronal daughter cells continuing to express
DCX for 2-3 wk as the cells mature into neurons.)

Oxidative stress, a common feature in several neurode-
generative conditions, plays a key contributory role in the
progressive nature of diseases like PD and AD as well as in
acute disorders such as stroke and traumatic brain injury
(TBI).>”*° Principal sources of reactive factors responsible
for oxidative cell damage are mitochondria that generate
reactive oxygen species (ROS) as a function of normal
cellular processes; however, problems can occur due to an
imbalance between the processes that generate and those that
eliminate ROS.>® A further source of oxidative damage can
originate from activated peripheral macrophages or brain
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resident glial cells in response to microenvironmental
activators, such as AP and o-synuclein protein as well as
circulating cytokines, all of which are observed in the setting
of neurodegenerative disease.”>°® GLP-1R stimulation
has been shown to attenuate the synthesis of the pro-
inflammatory cytokine interleukin-1f (IL-1P) in activated
astrocytes.®' A classic in vitro model of oxidative stress
involves the use of hydrogen peroxide (H,0O,) added to culture
media. It has been shown that GLP-1R stimulation is able to
ameliorate the detrimental cellular changes induced by this
form of oxidative stress. In this regard, GLP-1 and exenatide
dose-dependently protected SH-SY5Y cells from H,O, induced
cell death.*>®% It is likewise known that the DAergic cell toxin
6-hydroxydopamine (6-OHDA) exerts its toxicity through oxi-
dative stress, as do AP and iron (Fe*>"). As mentioned before,
GLP-1R stimulation is able to reduce 6-OHDA-induced cell
death in SH-SY5Y cells® as well as primary ventral mesence-
phalic (DAergic) neurons.>> GLP-1 and exendin-4 protect cul-
tured hippocampal neurons against death induced by AB and
Fe*™.% Likewise, the incretin mimetic geniposide has been
reported to mitigate H,O,-mediated death in PC12 cells.®*%°

Similar to measurement of levels of cell division, assess-
ments of cell differentiation can be chiefly determined by
immunohistochemistry methods. These methods allow the
identification of the different maturation stages of neuronal
cells and can also be used to determine the phenotype of any
given cell. As indicated above, GLP-1R activators can induce
the differentiation of neural stem cells into neurons. Treat-
ment of adult mice with exenatide showed a 1.7-fold increase
in DCX-positive cells in the medial striatum and doubled the
number of bromodeoxyuridine (BrdU)-positive cells in the
subventricular zone, a known pool of neuronal precursor
cells.®® Isacson et al.’® demonstrated that the administration
of exenatide (2 wk) to adult rodents induced an elevation in
DCX and mammalian achaete scute homolog-1 (Mash-1)
gene transcripts, both markers of neurogenesis in the hippo-
campus. Li et al.’s®’ study also showed an enhanced level of
neurogenesis and neuroblast differentiation in the mouse den-
tate gyrus, as indicated by double staining with BrdU and
DCX. It is important to note that such processes can occur
in the adult and even aging mammalian brain.*%

Another beneficial feature of the incretin signaling path-
way lies in neurite outgrowth. Neurites are essential compo-
nents in the formation of functional synapses between
neurons and their surrounding microenvironment. The treat-
ment of human SH-SYS5Y cells with exenatide has been
shown to increase the numbers of neurite-bearing cells, in
addition to the actual number of neurites per cell.”’ Notably,
when the morphology of exenatide-induced neurites was
evaluated alongside neurites generated by exposure to reti-
noic acid (RA), a well-characterized promoter of neurite
outgrowth known to induce nuclear factor erythroid-
derived 2 (Nrf2) upregulation, the overall morphology was
similar to that of RA neurites; although the exenatide-
stimulated neurites were shorter in length.”® Interestingly,
GLP-1 agonists have been shown to augment the expression

of Nrf2 when providing cytoprotective actions in cardiomyo-
cytes’' as well as pancreatic B cells.”” These SH-SY5Y
studies cross-validate another widely used model of neuronal
differentiation using PC12 cells, in which GLP-1R stimula-
tion elicited neurite outgrowth in a manner similar to nerve
growth factor (NGF).”® As with the findings in SH-SY5Y
cells, exenatide-induced PC12 cell neurites displayed com-
parable morphology, although they were slightly shorter in
length and smaller in number, with less branching when
compared with NGF untreated cells.”

Therapeutic Potential of GLP-1R Agonists
in Various Animal PD Models

PD is characterized by a loss of DAergic neurons and degen-
eration of the DAergic pathway to the striatum. It is associ-
ated with deficits in motor function, which are often the
primary indicators of the disease in humans. It should be
noted, however, that there are peripheral autonomic dysfunc-
tions in the gastrointestinal and cardiovascular system that
often predate motor deficits.”*”> To study PD and possible
therapeutics that may ameliorate the disease symptoms and
progression, investigators typically utilize toxins that selec-
tively kill DAergic cells or use transgenic animal models that
possess mutations in genes associated with the human
disease.”®”’

A toxin widely used as a basic research tool for PD in
humans and other mammals is MPTP. This agent, following
its metabolism to l-methyl-4-phenylpyridinium, is then
selectively transported into the DAergic neurons causing cell
death by inhibiting mitochondrial complex I.7%*! Complex I
is the largest and most complicated enzyme of the respiratory
chain; catalyzing the first step of the mitochondrial electron
transport chain, it oxidizes nicotinamide adenine dinucleo-
tide transferring electrons to ubiquinone (Coenzyme Q), a
lipid soluble electron carrier embedded in the lipid bilayer of
the inner mitochondrial membrane. MPTP/rotenone-
mediated toxicity is thought to be a consequence of forma-
tion of ROS.®**2 When MPTP was administered to rats or
mice, substantial losses of DAergic neurons occurred, which
were associated with a heightened inflammatory response.
The use of GLP-1R agonists has been shown to protect ani-
mals against MPTP toxic insults. The MPTP toxicity was
fully reversed by exenatide, which increased the numbers
of viable DAergic neurons and modulated the level of
inflammation.**>*? Tyrosine hydroxylase (TH) is a key
enzyme that is important for the production of DA; it
converts tyrosine into L-dihydroxyphenylalanine (L-DOPA),
a direct precursor of DA. Cell culture studies have demon-
strated that exenatide elevates endogenous TH levels in
primary DAergic neurons,*® leading to the augmentation of
the phenotype under resting conditions. Studies in TH
expressing catecholamine neurons in the area postrema have,
likewise, demonstrated that exenatide significantly elevates
TH levels and suggest this is mediated by exenatide induc-
tion of TH gene expression through the TH promoter.** In
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contrast, MPTP treatment reduces TH-positive neurons,
decreases concentrations of dopamine as well as its metabo-
lites 3,4-dihydroxyphenylacetic acid and homovanillic acid,
and increases the ratio of dopamine metabolites to dopamine.
These effects were fully prevented by treatment with exena-
tide.>> Similarly, MPTP administration in mice resulted in
severe impairments in motor function, yet treatment with
exenatide restored the observed deficits.*”

6-OHDA is a neurotoxin that, similar to MPTP, kills
DAergic neurons; likewise, GLP-1R stimulation has been
shown to protect neurons from exposure to 6-OHDA. GLP-1
and exenatide dose-dependently protected SH-SYS5Y cells
against 6-OHDA-induced cell death.>>*** In ventral mesen-
cephalic neuronal cultures that are rich in DAergic neurons,
6-OHDA lowered the number of TH-positive cells, indicat-
ing DAergic neuronal toxicity. Treatment with exenatide
was not only shown to rescue DAergic neurons but induced
a 60% increase in TH-positive cells over control values,>
additionally, lowering levels of proapoptotic proteins. In rats
injected with 6-OHDA or lipopolysaccharide (LPS), nigros-
triatal dopamine levels and the L-DOPA synthesizing capabil-
ities of these cells were markedly diminished, in line with
reduced levels of TH-positive neurons. These deficits were
reversed by exenatide treatment.® Similarly, in 6-OHDA
brain-lesioned rats, lower levels of TH-positive and vesicular
monoamine transporter 2 (VMAT2)-positive cells were
observed, and these changes were halted by exenatide treat-
ment.*® VMAT2 has regulatory functions involved in the stor-
age and processing of dopamine into axonal storage vesicles.

PD is associated with neuronal DAergic cell degeneration
and consequently disturbances in motor function. Apomor-
phine, a DAergic drug, has been used to induce circling
behavior in PD animals (often involving rodents adminis-
tered 6-OHDA unilaterally into the left medial forebrain
bundle to induce a hemi-Parkinsonian state); the degree of
circling behavior correlates with the severity of PD-like
damage in the striatum.®® In 6-OHDA/LPS-challenged
rodents, the apomorphine circling behavior was alleviated
by exenatide in a dose-dependent manner.®> Additional
experiments using 6-OHDA to induce lesions and abnormal
behavior have supported these findings. The measurement of
an animal’s circling behavior before and after exenatide treat-
ment indicated a near complete normalization in behavior.®®
Taken together, these data illustrate GLP-1R stimulation
benefits in the setting of neurotoxin-derived models of PD
in terms of dopamine cell survival, cell functionality, and the
resolution of abnormal behavior. Furthermore, these findings
strengthen the hypothesis that GLP-1R stimulation may have
therapeutic value in the setting of human PD (Fig. 1).

Molecular Mechanism: The GLP-IR
Signaling Pathway
The expression of GLP-1R in the brain is not limited to

neurons in specific brain regions including the frontal cortex,
hypothalamus, thalamus, hippocampus, cerebellum, and

substantia nigra but also includes microglial cells involved
in neuroinflammation. This suggests multiple mechanisms
of action for the therapeutic effects of GLP-1R agonists for
the treatment of PD.

The GLP-1R is a 7-transmembrane spanning class B
G-protein-coupled receptor, and when stimulated on neuro-
nal, cellist elevates intracellular adenosine monophosphate
(cAMP) levels leading to activation of protein kinase
A (PKA). It also activates the PI3K/AKT signaling pathway.
These signaling pathways regulate many downstream targets
such as glycogen synthase kinase 3 B (GSK3-B) and
FOXO1, which are involved in pathological processes of
PD, promoting an antiapoptotic cell survival pathway.®*

In a neuroinflammatory environment, PI3K/AKT signal-
ing upon GLP-1R activation can regulate nuclear factor-xB
(NFxB) which, in turn, controls microglial cell activation
and the expression of proinflammatory cytokines including
tumor necrosis factor-o (TNF-o) except change the a to the
alpha symbol and IL-1pB. This results in reduced neuroin-
flammation, and as neuroinflammation is a hallmark in the
pathogenesis of PD, such a GLP-1R-mediated action is
potentially beneficial.

Whereas the GLP-1R has been broadly found across most
types of neuronal cells within the brain, spinal cord, and
ganglion and peripheral nerve'*°!, with GLP-1 agonsits
enhancing neuronal phenotypic markers (e.g., augmenting
choline acetyltransferase levels in cholinergic cells and TH
levels in DAergic neurons >>°1), there is increasing evidence
that astrocytes likewise express GLP-1Rs and that injury and
neuroinflammation elevate their expression.®"*** Similarly,
microglia, CNS-resident myeloid cells of embryonic origin
that comprise ~15% of all cells in brain, express GLP-
1Rs.*"%* These cells are known to actively survey the CNS
environment to orchestrate changes to maintain brain home-
ostasis, meet changing physiological needs, and respond to
pathological events by serving as brain immune cells to
coordinate innate immune responses.”> The physical associ-
ation of microglia with neuronal cell synapses implicates
microglia with synaptic refinement, which is achieved by
continuous sampling of specific signals derived from neuro-
nal and astrocyte-derived factors that are sensed by the pres-
ence of numerous microglial surface receptors/ion channels.
Signaling via these induces changes in membrane potential,
intracellular Ca*", cellular motility, and cytokine release,
which are accompanied by potential changes in microglial
phenotype from a relatively quiescent (surveillance) state to
an activated (reactive) one. Microglia are adept at exhibiting
an activated proinflammatory phenotype, as arises after sti-
mulation with LPS, or an anti-inflammatory phenotype can
be induced by IL-4, typified by the release of trophic factors
such as insulin like growth factor-1 (IGF-1), anti-inflamma-
tory IL-lO,96 and, notably, the incretin GLP-1.%%%* These
micoglial states have been termed “M1 and M2 phenotypes”
(adapted from T-helper cell 1 and 2), although these 2 polar-
ized states are too constricting in relation to micoglia, as they
have the plasticity to heterogeniously change phenotype to
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Fig. |. Proposed mechanisms underpinning the beneficial neurological action of glucagon-like peptide-1 (GLP-1) receptor (R) agonists. The
GLP-IR, a class Bl G-protein-coupled receptor, is present on numerous cells within the nervous system—including throughout the brain on
multiple types of neurons as well as on astrocytes and microglia. GLP-1, chiefly generated by L cells within the gastrointestinal tract, is also
produced by select preproglucagon neurons that are primarily localized to the nucleus of the solitary tract within the hind brain®—
providing projections to extensive brain areas. Notably, GLP-1 appears also be generated by M2 microglia88 to potentially provide
reparative/anti-inflammatory actions. Endogenous GLP-1 and/or long-acting GLP-| agonists gaining access to the brain can provide neuro-
trophic/protective actions that are mediated via GLP-IR binding and activation (as such actions are lost in the presence of GLP-IR
antagonists and in GLP-1R knockout studies®*%*?). Stimulation of the GLP-IR results to a rapid rise in intracellular cAMP levels, which
then activates protein kinase A and phosphoinositide 3-kinase (PI3K); phosphorylating and activating a variety of downstream signalling
pathways. These can be broadly subdivided into 2 divisons: the mitogen-associated protein kinase/extracellular signal-regulated kinase and
PI3K/protein kinase B pathways. These modulate multiple intracellular events including augmenting protein synthesis, cellular proliferation
(neurogenesis), mitochondrial biogenesis and inhibiting apoptosis, inflammation, and protein aggregation. Both singly and in combination
these pathways can lead to improved cell survival and a more robust cellular phenoype. cAMP, cyclic AMP; CREB, cAMP response element-
binding protein; FoxO /03, forkhead box O1/03; GSK-3p, glycogen synthase 3 3; mTOR, mammalian target of rapamycin; NF-xB, nuclear
factor kappa-light-chain-enhancer of activated B cells.

optimize function in response to an almost endless variety
of envioronmental challenges.”>” Hence, GLP-1 and its

Clinical Studies in PD

agonists cannot only bind to glial cells to modify them into
a more quiescent state, but microglial cells additionally
generate GLP-1 in their M2 anti-inflammatory state both
as a potential trophic and as a anti-inflammatory factor. The
administration of exogenous sources of GLP-1R agonists,
such as exenatide or liraglutide, can be considered to aug-
ment such endogenous actions and appears to be mediated
via the same signaling pathways present for the endogenous
ligand mediated by the activation of the cAMP/PKA/cAMP
responsive element binding protein.®*%®

In a proof of concept open label clinical trial, 45 patients
with moderate PD, on convential PD therapy, were randomly
assigned to receive subcutaneous exenatide injection (in the
form Byetta: 5 pg administered subcutaneously twice daily
for the first month followed by a 10 pg dose twice daily
thereafter) or were controls for 12 mo, followed by a 2-mo
washout period to allow comparison between the exenatide
and control groups in the absence of drug (to potentially avoid
any potential symptomatic effects of exenatide). After 14 mo,
the results showed significant and clinically meaningful
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Table 2. GLP-I Agonists Examined in Preclinical Animal Models of Parkinson Diseases.

Animal PD models Glp-1 agonists Treatment

Dosing Regimen Neuroprotection References

6-OHDA (rats) Exenatide 7-d postlesion

LPS (rats) Exenatide 7-d postlesion
6-OHDA (rats) Exenatide 5-wk postlesion
MPTP (mice) Exenatide 2-h pretreatment
MPTP (mice) Exenatide 30-min pretreatment
MPTP (mice) Exenatide Posttreatment
MPTP (mice) Liraglutide Posttreatment
MPTP (mice) Lixisenatide Posttreatment

62
62
43
23
60
75
75
75

BID for 7 d
BID for 7 d
BID for 21 d
7d

4 times in a day
QD for7d
QD for7d
QD for7d

COx O]

Abbreviations: 6-OHDA, 6-hydroxydopamine; LPS, lipopolysaccharide; MPTP,

daily; GLP-1, glucagon-like peptide-1.

differences in both motor and cognitive symptoms: improve-
ments in both the MDS-UPDRS Part 3 (7.2 points difference
in exenatide vs. control group; 95% CI, P = 0.006) and the
Mattis DRS (6.3 points difference in exenatide vs. control
group; 95% CI, P = 0.001).*® Exenatide proved to be well
tolerated in PD patients, with weight loss being the most
common noted adverse effect—which did not impact study
outcome. Despite the limitations of the single-blind design in
this clinical study, the advantages in exenatide-treated group
in both cognitive and motor functions persisted in the
follow-up study after a 12-mo “wash-out period.”®® This
suggests disease-modifying effects of exenatide, and the
results are encouraging enough that a subsequent double-
blind clinical study (NCT01971242) was initiated by the
same investigators using a sustained release formulation of
exenatide (Bydureon: 2 mg administered subcutaneously
once weekly) to evaluate in a similar group of PD subjects
over a similar duration of time.*’

In this recent double-blind clinical trial,*’” 60 “mid-stage”
PD subjects who were already on dopaminergic replacement
therapy were randomized to self-administer exenatide (2 mg
Bydureon - slow release exenatide) or a matching placebo
once weekly for a duration of 48 weeks. The primary out-
come of the study, as in the prior open clinical trial,*® was the
severity of PD motor symptoms by using the MDS-UPDRS
part 3 in the “Practically defined OFF medication state” at
the 60-week time-point; specifically, following a 12-week
washout period (occurring directly after the 48 weeks of
Bydureon/placebo dosing). This primary outcome was met,
as patients using exenatide displayed better motor function
compared to the placebo group. The difference in the MDS-
UPDRS part 3 scale, following adjustment for base-line
scores, was 4.3 points following 48 weeks of exenatide treat-
ment. Notably, this advantage remained (3.5 points (statisti-
cally significant)) following the 12-week washout period,
when concentrations of exenatide were no longer detectable
in serum.*” In this regard at 60 weeks, those on exenatide
presented with a 1.0 point improvement in their off-medica-
tion scores on part 3 of the MDS-UPDRS as compared to
those on placebo that worsened by 2.1 points over the same
duration (to provide an adjusted mean difference of —3.5
points). A broad spectrum of secondary measures was

I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; BID, twice a day; QD, once

additionally evaluated in this double-blind exenatide PD
clinical trial,*’ and although none demonstrated statistical
significance following correction for multiple comparisons,
the majority were in the direction favoring an exenatide
advantage. In synopsis, although small studies, the results
of the open and double-blind exenatide PD trials cross-vali-
date one another and are suggestive that exenatide provides
more than just acute symptomatic effects; as the typical rate
of progression in PD is approximately 3 UPDRS points per
year — which was not evident in the exenatide exposed group
(albeit a longer duration and larger patient number clinical
trial is needed). Hence, initial clinical studies of exenatide in
PD can be viewed as highly encouraging, supportive of fur-
ther larger studies, and the analysis of available biomarkers
in the time-dependently collected serum and CSF samples
obtained from the double-blind study could well provide
insight into the molecular mechanisms that underpin exena-
tide’s positive actions in PD.

The selected formulations and doses of exenatide used in
the PD clinical studies are licensed and widely used for the
treatment of T2DM. 6479219 Data available from the open
label clinical trial in PD involving exenatide in the form of
Byetta’'%" and Bydureon in the double-blind trial*’ sug-
gests that the agent proved to be well tolerated in PD sub-
jects. Weight loss proved to be the most common concern,
preventing the trial completion of 1 patient, and proved fully
reversible on cessation of the drug in the open trial.”®!*
Likewise, weight loss was noted in the double-blind trial.*’
Importantly, a direct comparison was made between the
degree of weight loss and change in MDS UPDRS part 3
OFF scores and revealed no correlation between these two
parameters, and the primary analysis result remained statis-
tically significant when adjusted for the degree of weight
loss. Gastrointestinal symptoms represent a not uncommon
side effect of exenatide use in T2DM and also were evident
in the PD cohorts of both open and double-blind clinical
studies but, importantly, did not impact trial participation
of the subjects. Indeed, the frequency of the adverse events
in the exenatide group appeared to be analogous to that
reported in prior clinical trials of exenatide in T2DM.*¢47-1%0

Although the effects of GLP-1R agonists in PD have been
cross validated in many preclinical studies (Table 2), data to
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compare each GLP-1R agonist under the same conditions are
still limited. In relation to the clinical use of GLP-1R
agonists for the treatment of PD, pharmacokinetic—pharma-
codynamic correlations of each GLP-1R agonist, from rela-
tively short acting exenatide (in the form of Byetta [twice
daily] and sustained release Bydureon [once weekly]) to
longer acting dulaglutide, should be closely examined as to
their potency, selectivity, blood—brain barrier (BBB) pene-
tration, and tolerability, which may be very different from
one another and ultimately impact their efficacy in PD.
There are only few studies trying to answer these questions.
In a recent study comparing exenatide, lixisenatide, and lir-
aglutide in a mouse model of PD, exenatide failed to mitigate
the MPTP-induced neuronal defects, in contrast to the pro-
tective effect of lixisenatide, and liraglutide.'”' However,
considering the previous positive findings with exenatide
in the same PD model, differences in dosing regimen could
be the main cause of failure rather than the drug character-
istic itself. In many of these studies, drug doses selected for
evaluation are not necessarily related to clinical studies and
plasma drug levels (a useful measure to compare whether
preclinical studies have direct clinical relevance) are not
reported and thus cannot be compared to those achievable
in humans. BBB penetration of GLP-1 agonsits has also been
tested in several studies using mice. In separate studies, exe-
natide, liraglutide, and lixisenatide were all able to cross the
BBB.'%%!%* A recent study showed that lixisenatide was able
to cross the BBB and increase cAMP more than liraglutide
with a low dose (2.5 nmol/kg body weight).'** However, it is
still difficult to interpret these results, as chemical or phar-
macokinetic properties of the drugs could not be unequivo-
cally determined with the methods described. Nevertheless,
these initial studies have provided valuable information.
Albeit, in this regard, further quantitative studies determin-
ing drug concentrations in plasma and brain are required, and
evaluation of plasma and cerebrospinal fluid levels in human
studies from ongoing clinical trials would prove valuable.

Future Perspectives

A combination of activating the GLP-1R with other receptor
agonists (or antagonists) should be considered if there are
additional benefits or superior efficacy compared to the indi-
vidual use of each drug. Dual or triple agonists, for example,
GLP-1/GIP/glucagon, have great potential as they have
already shown a better therapeutic window in T2DM, as
compared to a GLP-1 agonist alone.'®'%” Some of these
agents are already being evaluated in preclinical models of
neurodegenerative disorders.'?'%!12 Ag an example, a nat-
ural dual agonist, oxyntomodulin could be a good lead com-
pound for this class of molecules targeting the gut-brain
axis.'*119719 1mproving drug delivery across the BBB can
be another important direction, other than comparing
potency of the various GLP-1 agonists to differentiate within
this drug class. Regardless of their characteristics, it might
be reasonable to employ long-acting, sustained release

formulations to maintain optimal steady-state therapeutic
drug levels in light of difficulties in cognitive and motor
function of patients with PD and other neurodegenerative
diseases to best achieve compliance and efficacy.
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