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Abstract

The global burden of chronic disorders such as Parkinson’s disease (PD) has rapidly increased over recent decades. Despite
an increasing understanding of PD pathophysiology, there are no effective therapies capable of stopping or slowing the pro-
gression of this neurological condition. It has been suggested that type 2 diabetes mellitus (T2DM) may be a risk factor for
PD and comorbid T2DM may worsen PD symptoms, as well as accelerate neurodegeneration. In fact, the similar pathologi-
cal mechanisms shared by PD and T2DM have inspired several studies on the therapeutic potential of T2DM drugs against
PD, among which glucagon-like peptide-1 receptor (GLP-1R) agonists are promising candidates. Here, we highlight the
mechanisms linking T2DM and PD, as well as the links between insulin resistance (IR) and PD patients’ risk of developing
cognitive deficits. We also briefly review the effects of GLP-1R agonists on PD and discuss how the successful use of these
substances in preclinical models of PD has paved the way for PD clinical trials. We further discuss how recent evidence on
the beneficial effects of dulaglutide on cognitive function of T2DM patients may have important implications for PD drug
repurposing.

Type 2 diabetes mellitus and Parkinson’s disease share
similar pathological mechanisms, such as insulin resist-

1 Introduction

Parkinson’s disease (PD) is the fastest growing neuro-
logical disorder with regard to prevalence, disability, and
death [1]. In fact, the prevalence of PD has more than dou-

aueE bled over recent decades and more than 12 million people
Insulin resistance may increase the risk of a PD patient are expected to suffer from PD by 2040 [1]. This neuro-
developing cognitive impairment and dementia logical disorder results from the progressive and selective

degeneration of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) [2, 3]. The degeneration of
SNpc dopamine neurons is likely caused by the formation
of cytoplasmic inclusions known as Lewy bodies (LBs),

Preclinical and clinical data have shown that glucagon-
like peptide-1 receptor agonists may provide promising
therapy for Parkinson’s disease

Emerging evidence suggests that dulaglutide may which in turn results from the aggregation of misfolded
represent an attractive resource for drug repurposing in a-synuclein (aSyn) protein into fibrils [4]. PD is typically
Parkinson’s disease diagnosed on the basis of motor signs, but it may also

manifest with a wide spectrum of nonmotor symptoms [2].

Type 2 diabetes mellitus (T2DM) is a chronic meta-
bolic disease characterized by consistently elevated levels
of blood glucose, which result from a reduced whole-body
sensitivity to the action of insulin known as insulin resist-
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[6]. Insulin signal dysregulation may lead to the down-
regulation of phosphatidylinositol 3-kinase (PI3K)-protein
kinase B (AKT) pathway, which targets several substrates
that are essential for neuronal survival. The disruption of
these signaling downstream events may contribute to the
hyperphosphorylation and accumulation of aSyn, and con-
sequently to PD [7-9]. Mitochondrial dysfunction, oxida-
tive stress, and chronic inflammation are also common fea-
tures in the pathophysiology of both T2DM and PD [7-9].

2 The Relationship Between Parkinson’s
Disease and Type 2 Diabetes Mellitus

Epidemiological studies have suggested that T2DM may
be a risk factor for PD. Findings from population-based
studies showed that diabetes may increase PD risk by up
to 38% [10, 11]. A recent record-linkage cohort study
showed a significantly increased rate of PD in a cohort of
2,017,115 patients with T2DM compared to a cohort of
6,173,208 individuals without T2DM [12]. In addition,
comorbid T2DM was associated with more severe motor
and cognitive impairment [13-15], as well as with faster
motor and cognitive decline [13].

Several studies have proposed that disruptions in shared
pathogenic pathways may lead to IR and, ultimately, to
T2DM and PD [7]. Impaired insulin signaling decreases
PI3K-AKT activity, which in turn impairs the modulation
of downstream targets, such as forkhead box protein O
(FoxO), mechanistic target of rapamycin (mTOR), and
glycogen synthase kinase 3 (GSK3f) [16]. These sub-
strates control a variety of cellular processes involved
in PD pathogenesis, including the degradation of aSyn,
mitochondrial biogenesis, and the modulation of inflam-
matory signaling and oxidative stress [9, 16]. For exam-
ple, findings from PD preclinical studies revealed that the
inhibition of mTOR signaling led to neuronal cell death by
suppressing AKT [17, 18], while an anti-aggregation gene
therapy approach protected against the neurotoxic effects
of aSyn aggregation by activating AKT [19]. In addition,
abnormal activated GSK3p has been found to increase
aSyn phosphorylation, and postmortem analysis of brain
tissue from PD patients showed an increased expression
of GSK3p within the halo of LBs in nigral neurons, which
suggests that GSK3 may interact with substrates in LBs
to play a role in PD pathogenesis [20]. Conversely, GSK3p
inhibition was found to decrease aSyn phosphorylation
and aggregation in an in vitro rotenone-model of PD [21].

Mounting evidence indicates that the expression of vari-
ous transcription factors involved in glucose metabolism and
insulin regulation is also altered in both PD and T2DM [16].
A recent proof-of-concept study showed that IR-associated
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diabetes promotes the development and progression of PD
through aberrant expression of aSyn, impairment of mito-
chondrial function, upregulation of mitochondrial oxidative
stress, and deregulation of the polo-like kinase-2 (PLK?2)
signaling [22]. It was also demonstrated that the upregula-
tion of peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PGC-1a) expression suppressed IR-
induced mitochondrial dysfunction and PLK2 hyperactiv-
ity, as well as downregulated aSyn overexpression [22]. In
addition, a genome-wide meta-analysis identified that gene
sets regulated by PGC-1a are downregulated in postmortem
tissue from PD patients [23].

Increased inflammation has also been recognized as a
link between PD and T2DM. Postmortem analysis revealed
higher activated microglia levels in the SNpc, putamen, hip-
pocampus, and cortex of brains from subjects with PD than
those from healthy subjects [24], as well as higher inflam-
matory cytokine levels, such as interleukin (IL)-1f, tumor
necrosis factor (TNF), and IL-6 [25, 26]. Increased periph-
eral concentrations of IL-1p, TNF, IL-6, and IL-2 were also
found in patients with PD [27]. In fact, increased plasma
concentration of IL-6 was prospectively associated with an
increased risk of developing PD [28]. In addition, increased
expression of the transcription factor nuclear factor kappa
beta (NF-kB), which is known to modulate several genes
involved in multiple aspects of inflammatory responses, has
been found in dopaminergic neurons of PD brains [29, 30].
Conversely, the inhibition of this factor was shown to protect
dopaminergic neurons against neurotoxin-induced cell death
in PD animal models [31, 32].

3 The Role of Insulin Signaling
in Parkinson’s Disease Cognitive
Impairment

Up to 60% of PD patients with dementia were found to have
IR [33], and a reduced glucose metabolism in multiple brain
areas was found in PD patients with cognitive decline com-
pared with those without cognitive impairment [34, 35].
PD patients with diabetes also had lower global cognitive z
scores compared to those without diabetes, which suggests
that comorbid T2DM may also be associated with a more
severe cognitive dysfunction in PD [14].

The effects of insulin on cognition have been linked to
the activation of PI3K-AKT pathway, and the dysfunctional
PI3K-AKT signaling to downstream targets such as GSK3p
appears to contribute to the development of cognitive
impairment and dementia in PD patients [36, 37]. The acti-
vation of GSK3p increases tau protein phosphorylation, and
the abnormal activation of GSK-3p by phosphorylated aSyn
contributes to the hyperphosphorylation of tau; therefore,
aSyn and tau have synergistic effects on neurodegeneration
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and cognitive decline. A longitudinal follow-up study sug-
gested that a variation in the tau gene (MAPT) is a genetic
risk factor for the early development of cognitive impair-
ment and dementia in PD [38]. In addition, postmortem find-
ings revealed the presence of tau pathology in brains of PD
patients with dementia [39]. A similar interplay between
phosphorylated aSyn and p-amyloid peptides (AP) has also
been suggested to play a role in the development of cognitive
impairment and dementia in PD [7-9]. For example, trans-
genic mice expressing both human aSyn and Af performed
poorly on hippocampal-dependent learning and memory
tasks, while transgenic mice expressing only human aSyn
had a normal performance [40]. Additionally, decreased cer-
ebrospinal fluid (CSF) concentration of the isoform Ap42,
which may reflect increased accumulation levels of A in
the cortex, has been associated with cognitive impairment
in PD, and it has also been considered a risk factor for PD
dementia [41-44].

Chronic inflammation has also been associated with cog-
nitive decline in PD [16]. HLA-DR-positive microglia was
found in the hippocampus of PD patients with dementia
[45]. Cortical microglial activation is higher in PD patients
with and without dementia than in healthy controls, although
the spatial extent of the microglial activation is greater in
PD patients with dementia [46]. The majority of PD patients
with dementia also showed a reduction in glucose metabo-
lism in the hippocampus [46]. The activation of the per-
oxisome proliferator-activated receptor gamma (PPAR-y),
which is known to increase insulin sensitization, pro-
tected a rat model of PD against 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced memory impairment
[47]. The neuroprotective effects of PPAR-y activation was
associated with the inhibition of NF-kB activation, suppres-
sion of inducible nitric oxide synthase (iNOS) induction, and
decrease in microglial activation [48].

4 Therapeutic Potential of Glucagon-like
Peptide-1 Receptor Agonists Against
Parkinson’s Disease

GLP-1R agonists are among the most promising T2DM
drugs against PD (Fig. 1) [7-9, 49]. The GLP-1R ago-
nist exenatide has been found to protect neurons against
6-hydroxydopamine (6-OHDA)- and MPTP-induced tox-
icity, and to improve motor function in mouse models of
PD [50-52]. The treatment with exenatide also increased
striatal dopamine level and improved motor performance
in diabetic rats with MPTP-induced PD [50]. These neu-
roprotective effects were associated with exenatide’s abil-
ity to increase the activity of antioxidant enzymes such
as superoxide dismutase (SOD), catalase (CAT) and glu-
tathione (GSH), as well as to suppress the expression of

inflammatory cytokines, such as IL-1a and TNF-a [50].
An initial single-blind trial demonstrated that exenatide
improved both motor and cognitive function in patients
with PD [53]. These effects persisted over a year following
exenatide exposure [54]. A further double-blind, placebo-
controlled trial showed that individuals with PD receiving
exenatide exhibited better motor function than PD individ-
uals receiving placebo, and this beneficial effect was still
detectable following a 12-week washout period [55]. A post
hoc analysis also suggested that PD patients with IR or obe-
sity might have better cognitive response to exenatide than
other subgroups of PD patients [56].

Recently, it was found that PD subjects treated with
exenatide had enhanced tyrosine phosphorylation of insulin
receptor substrate 1 (IRS-1) compared with placebo-treated
subjects (tyrosine phosphorylation of IRS-1 is needed for
insulin-evoked responses) [57]. It was also found that neu-
ronal-derived exosomes from exenatide-treated PD patients
showed higher expression levels of PI3K-AKT and phos-
phorylated mTOR than those from placebo-treated patients.
The activation of PI3K-AKT and mTOR cascades has been
shown to regenerate nigrostriatal axons and prevent neuro-
degeneration in toxin-based models of PD [58, 59]. In addi-
tion, recent evidence suggests that the highly brain-penetrant
NLYOI, a pegylated form of exenatide, protected against
dopaminergic neurodegeneration, ameliorated behavioral
deficits, and decreased Lewy-like pathology in mouse mod-
els of PD [60]. These effects were associated with the inhibi-
tion of astrocyte conversion to the neurotoxic A1 phenotype
by microglia as NLYOI inhibited the NF-kB pathway, as
well as decreased the release of IL-1p, TNF-a and comple-
ment component 1, subcomponent q (C1q) from the aSyn-
activated microglia [60]. These findings inspired the design
of a double-blinded, placebo-controlled trial that will assess
the safety, tolerability, and efficacy of NLYO1 on motor signs
and symptoms in individuals with early-untreated PD (clini-
cal trial identifier NCT04154072).

Other GLP-1R agonists such as liraglutide, lixisenatide,
and semaglutide have also demonstrated neuroprotective
effects in animal models of PD [51, 61]. Both liraglutide
and lixisenatide were found to be more effective than exena-
tide in preventing MPTP-induced decrease in nigral tyros-
ine hydroxylase (TH) levels and motor impairment in PD
mice [51]. Conversely, once-weekly semaglutide was more
effective than once-daily liraglutide in rescuing reduced TH
levels in the SNpc and striatum of MPTP-treated mice [61].
An ongoing double-blinded, placebo-controlled trial will
address the efficacy of once-daily liraglutide on motor, non-
motor, and cognitive symptoms of PD (clinical trial identifier
NCT02953665). In addition, a current double-blinded, pla-
cebo-controlled trial will evaluate the efficacy of once-daily
lixisenatide on the progression of motor disability in patients
with early PD (clinical trial identifier NCT03439943). A
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Fig. 1 Potential mechanisms underlying the neuroprotective effects of
glucagon-like peptide-1 receptor (GLP-1R) agonists on Parkinson’s
disease (PD). Chronic insulin resistance (IR) may lead to the down-
regulation of phosphatidylinositol 3-kinase (PI3K)-protein kinase
B (AKT) pathway, which may contribute to the pathogenesis of PD.
GLP-1R agonists have been found to exert neuroprotective effects
against PD by modulating PI3K-AKT signaling and its major down-
stream targets, such as forkhead box protein O (FoxO), mechanistic
target of rapamycin (mTOR), glycogen synthase kinase 33 (GSK3p),

double-blinded, placebo-controlled study is also underway
to evaluate the efficacy of semaglutide administered once
weekly on motor function of newly diagnosed patents with
PD (clinical trial identifier NCT03659682 study).

5 Glucagon-like Peptide-1 Receptor Agonist
Dulaglutide as a Potential Candidate
for Drug Repurposing in Parkinson’s
Disease

A recent exploratory analysis of the REWIND trial showed
that long-term treatment with the GLP-1R agonist dulaglu-
tide reduced cognitive impairment in persons with T2DM
[62]. This outcome persisted after accounting for incident
clinical stroke, which was also previously demonstrated to
be reduced by dulaglutide treatment [63]. Given that cogni-
tive impairment is a common complication following stroke,
the observed cognitive improvement may reflect a neuropro-
tective effect of dulaglutide rather than a simple manifesta-
tion of the beneficial effect of this drug on the incidence
of clinically relevant strokes [62, 63]. In addition, a recent
study demonstrated that dulaglutide improved cognitive
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and nuclear factor kappa beta (NF-kB). Activated AKT phospho-
rylates GSK3, which decreases the levels of hyperphosphorylation
of tau, as well as a-synuclein (aSyn) and p-amyloid peptides (Af)
aggregation. AKT-mediated phosphorylation of FoxO inhibits apop-
tosis-related factors and enhances mitochondrial function. Activation
of mTORC signaling by AKT is important for synaptic plasticity and
neuronal survival. Finally, AKT-mediated inhibition of NF-xB signal-
ing downregulates pro-inflammatory cytokine release and microglial
activation

function and memory in the streptozotocin-induced mouse
model of Alzheimer’s disease (AD) by enhancing PI3K-
AKT-GSK3p signaling pathways, and thereby decreasing
tau and neurofilament phosphorylation [64]. It was also
found that intraperitoneally injected dulaglutide significantly
increased the expression of GLP-1 and GLP-1R in the brain
of AD mice [22].

In view of the emerging evidence that dulaglutide might
have beneficial effects on cognitive function [62], the mecha-
nistic assessment of dulaglutide efficacy in preclinical ani-
mal models of PD (and the potential translation of preclini-
cal findings into clinical practice) is highly encouraged. In
addition, dulaglutide may offer some advantages compared
to other GLP-1R agonists. First, dulaglutide is a GLP-1/Fc
fusion protein with a substantially prolonged circulation
half-life, which supports convenient, once-weekly dosing
[65]. This long half-life mainly results from a reduced renal
clearance, in addition to being resistant to dipeptidyl pepti-
dase 4 (DPP-4) degradation [65]. Although lixisenatide and
liraglutide are also degradation-resistant, these peptides
have shorter half-life than dulaglutide, and thus require daily
injections [65]. Other once-weekly GLP-1 agonists such as
exenatide once weekly, albiglutide, and semaglutide have
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also been approved for the treatment of T2DM, but sev-
eral studies have shown that such analogs vary in efficacy
and tolerability. For example, dulaglutide 1.5 mg showed
a greater decrease in glycated hemoglobin (HbAlc) levels
than albiglutide [66]. Dulaglutide also showed a favorable
safety profile in patients with T2DM and moderate-to-severe
chronic kidney disease [67]. In addition, the production of
anti-drug antibodies was markedly higher in patients treated
with once-weekly exenatide than those treated with dulaglu-
tide [68, 69]. A head-to-head trial showed that nausea was
reported by 23% of patients receiving semaglutide 0.5 mg
and 13% of patients receiving dulaglutide 0.75 mg. These
events contributed to a higher proportion of premature treat-
ment discontinuation in semaglutide-treated groups than in
dulaglutide-treated groups [70]. Second, clinical findings
suggest that adherence to GLP-1R agonist therapy sig-
nificantly improves with once-weekly products compared
to once- or twice-daily formulations [71, 72]. In addition,
a higher proportion of dulaglutide users were adherent to
and persistent with their treatment, compared to subjects
treated with either once-weekly exenatide or semaglutide
[73]. GLP-1R agonist users have higher preference for
dulaglutide than other once-weekly formulations because
it is a single-dose, easy-to-use injectable pen device; while
albiglutide and once-weekly exenatide need to be reconsti-
tuted before use, dulaglutide needs no reconstitution [74].
Given that polypharmacy and regimen complexity have been
associated with medication non-adherence in PD, simpler
regimens may lead to better treatment adherence, particu-
larly in PD patients with cognitive impairment [75]. Third,
dulaglutide has been found to prevent major adverse cardio-
vascular events in T2DM patients with and without previ-
ous cardiovascular disease [76]. This finding led FDA to
approve for the first time a T2DM drug for reducing primary
and secondary cardiovascular outcomes in T2DM patients.
Therefore, PD patients, who are at a higher risk of develop-
ing cardiovascular diseases [77], would greatly benefit from
the cardioprotective potential of dulaglutide therapy.
Although there is no evidence that dulaglutide is capable
of crossing the blood—brain barrier (BBB) and thus play-
ing a direct role in central GLP-1R modulation, peripher-
ally administered dulaglutide could exert neuroprotective
effects by several other mechanisms. First, dulaglutide may
alter blood levels of other substances, which can then cross
the BBB. For example, dulaglutide was found to decrease
serum levels of TNF-a, IL-6, and C-reactive protein in
T2DM patients [78, 79]. Given that these substances can get
through the BBB to stimulate neuroinflammation, and that
chronic neuroinflammation is one of the hallmarks of PD
pathophysiology [80], it is possible to suggest that the bene-
ficial effects of dulaglutide on peripheral inflammation might
play a protective role in central neuroinflammation. Second,
circulating dulaglutide may access the brain via leaky sites

at the circumventricular organs (CVOs). Although intrave-
nously administrated liraglutide and semaglutide have not
been found to measurably cross the BBB in mice [81], previ-
ous studies suggested that these drugs interact with the brain
by accumulating in CVOs and GLP-1R-expressing areas
adjacent to the ventricles [82, 83]. In addition, specialized
structures in the blood-CSF barrier of the ventricular wall
have been found to control the transport of macromolecules
between the blood and CSF compartments. For example,
blood-borne leptin is transported from the periphery into
the CSF by tanycytes, which are specialized ependymal
cells located in the median eminence of the hypothalamus,
a circumventricular organ at the bottom of the mediobasal
hypothalamus. From the CSF, leptin can freely gain access
to other leptin-sensitive areas, such as the hippocampus [84].
Third, peripherally acting GLP-1R agonists may communi-
cate with the brain by interacting with vagal afferent nerves
at the nodose ganglion or hepatic portal region [85]. Infu-
sion of GLP-1 into the hepatic portal vein facilitates the
release of insulin, whereas GLP-1-induced insulin secretion
is greatly reduced in rats with selective hepatic vagotomy
[86]. It was also found that the control of food intake and
the regulation of glucose homeostasis were impaired in rats
with a specific knockdown of GLP-1R expression in vagal
afferents [87]. The effects of peripherally injected GLP-1
on food intake, gastric emptying, and insulin secretion were
also impaired in truncally vagotomized subjects with pylo-
roplasty [88]. These findings highlight an important role for
vagal afferent neurons in mediating GLP-1 function, and
thus supporting the crosstalk between the periphery and
CNS [85]. In addition, recent evidence suggests that dif-
ferent GLP-1R-positive neuronal circuits play distinct roles
in controlling physiological versus pharmacological effects
on food intake, glucose homeostasis, and gastric emptying
[89]. The finding that key neuronal populations have central
relevance to the transduction of gut-derived GLP-1R signals
provides further evidence supporting the importance of the
gut-brain axis for gut-brain GLP-1R signaling [89]. Given
the pleiotropic effects of GLP-1R agonists on the gut—brain
axis, and that the gut-brain axis has been found to play a
synergistic role in the pathogenesis of PD [90], therapeutic
strategies targeting this pathway could potentially provide
an effective treatment option for PD.

6 Conclusion

IR is among the multiple pathogenic mechanisms shared by
PD and T2DM. Several animal model and clinical studies
agree on the effectiveness of T2DM drugs such as GLP-1R
agonists against PD. In addition, the evidence of protective
effects of dulaglutide against cognitive decline in T2DM
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patients potentially opens up a new opportunity for drug
repurposing in PD, especially because disease-modifying
therapy for this neurological disorder is currently unavail-
able. Dulaglutide is currently commercially exploited as a
therapy for T2DM, thereby allowing fast-track assessment of
its safety and efficacy in PD clinical trials. The exact mecha-
nisms by which T2DM may contribute to PD risk remain
unclear, and further efforts to determine how GLP-1R ago-
nists exert benefits for PD might help to identify novel drug
targets for PD and related disorders.
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