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Abstract: Type 2 diabetes (T2D) and Parkinson’s disease (PD) are chronic disorders that have a signif-
icant health impact on a global scale. Epidemiological, preclinical, and clinical research underpins the
assumption that insulin resistance and chronic inflammation contribute to the overlapping aetiologies
of T2D and PD. This narrative review summarises the recent evidence on the contribution of T2D
to the initiation and progression of PD brain pathology. It also briefly discusses the rationale and
potential of alternative pharmacological interventions for PD treatment.
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1. Introduction

Type 2 diabetes (T2D) and Parkinson’s disease (PD) are chronic disorders that have a
significant health impact on a global scale [1,2]. This narrative review aims to summarise
the recent evidence on the contribution of T2D to PD aetiology. The introduction presents
the roles of α-syn in physiological and PD-related conditions and describes the crucial
PD-related changes in glucose metabolism. The following two chapters compare T2D
risk factors for patients with PD and the clinical signs and symptoms of PD and T2D. A
whole chapter is devoted to the overlap of PD and diabetes aetiologies and reviews the
contribution of insulin resistance to the initiation and progression of PD pathology. The
final chapter briefly discusses the rationale and potential of alternative pharmacological
interventions for PD.

PD is the second most common chronic neurodegenerative brain disorder (NDD),
with a progressive loss of sensory, locomotor, cognitive, and autonomic functions. It is
distinguished from other NDDs by the concomitant loss of dopamine neurons in pars
compacta of substanca nigra (SNpc) and the accumulation of aggregated α-syn containing
amyloid fibrils, i.e., Lewy Bodies, and inclusion bodies in the cytoplasm of surviving
neurons [3,4].

The α-syn protein monomer (α-syn), the precursor of aggregated α-syn forms, has
many physiological functions and is present in different brain cells (e.g., dopaminergic and
noradrenergic neurons, microglia, and astrocytes) and in several brain regions (e.g., the
frontal cortex, hippocampus, striatum, and olfactory bulb). However, only the dopamin-
ergic neurons of SNpc seem to have the increased vulnerability to oxidative stress that
contributes to α-syn-associated pathology [5,6]. The unique developmental conditions and
the morphological and electrophysiological properties of differentiated SNpc dopaminergic
neurons underpin their vulnerability to oxidative stress compared to other dopaminer-
gic cells. Ni and Ernst (2020) comprehensively reviewed these conditions and proper-
ties [7]. They can be summarised as (a) an increased vulnerability to electron transport
inhibitors [8–10], (b) many synaptic contacts per neuron with a high energy rate consump-
tion per nerve cell (estimated at 1 to 2.5 million synaptic connections per human SNpc
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neuron, about 10 times more than other subpopulations of dopaminergic neurons) [11], (c) a
higher adenosine triphosphate (ATP) consumption rate due to the autonomous pacemaker
action potential transmission [12–14], and (d) the high concentrations of transcription fac-
tors during embryogenesis, which program the undifferentiated, future prSNpc neurons to
a high energy state [15,16].

The lack of established diagnostic markers hinders the detection and monitoring of
PD progression since PD shares some features (e.g., neuroinflammation) with multiple
system atrophy (MSA), vascular Parkinsonism (VaP), and dementia with Lewy Bodies
(LBs) [17]. There are many monogenic types of familial PD, and some of them, for example,
deficiencies in gene expressions of E3 ubiquitin ligase (Parkin), protein deglycase DJ-1
(DJ-1), and protein kinase with a mitochondrial targeting domain (PINK1), have been
extensively studied [18–20]. However, most PD cases are sporadic, and their pathogenesis
is poorly understood [21]. Ageing is a primary risk factor and is sometimes described as
a pre-PD condition [22–24]. Also, epidemiological, preclinical, and clinical data support
the association of T2D with an increased risk or accelerated progression of PD signs and
symptoms [1,2,25–28].

1.1. Physiology and Pathophysiology of Alfa Synuclein

The hallmark of PD is the loss of dopaminergic neurons in the SNpc, accompanied
by LBs in surviving brain neurons [3,4]. A significant component of LBs is α-syn, and this
protein is also present in the blood, mainly in red blood cells (RBCs). Oligomeric α-syn
(α-synO)-enriched extracellular vesicles from RBCs cross the blood–brain barrier (BBB),
accumulate in astrocytes and microglia, and precipitate astrocytic death and microglial acti-
vation [29,30]. Therefore, PD is an α-syn proteinopathy associated with chronic systemic-
and neuroinflammation. This inflammation is associated with increased levels of inflamma-
tory cytokines with activated microglia in the central nervous system (CNS) and high levels
of activated monocytes in the periphery. The chronic CNS and peripheral inflammations in
PD are elicited and sustained by increased concentrations of toxic α-synO [31].

The propagation of α-syn proteinopathy in the CNS is facilitated by the protein’s
release and uptake through interconnected neural networks, thus enabling pathological,
oligomeric and fibrillar forms of α-syn aggregates to induce the endogenous, normal α-
syn to adopt a self-propagating conformation that precipitates the formation of insoluble,
phosphorylated, aggregates of LBs [32–38]. Therefore, the transmission of PD-associated
pathology within the brain is caused by the prion-like properties of pathological α-syn
forms that are not transmissible from one organism to another, in contrast to MSA α-syn
proteinopathy [5].

Formation of α-syn Oligomers, Fibrillar Conglomerates, and LBs

α-syn is a physiological, soluble form of the protein, with three domains: (a) the
C-terminal region, (b) the central—non-amyloid, hydrophobic—region enabling the pro-
tein’s oligomerisation, and (c) the alpha helix-forming N-terminal region that enables
lipid binding.

The protein is located in most brain neurons, in their cytoplasm and organelles. It
regulates the cells’ membrane and organelle-associated processes like (a) mitochondrial
(MT) fusion–fission and the prevention of reactive oxidative species (ROS)-induced MT
fragmentation, (b) limiting cytosolic protein import across the outer MT membrane to
the intermembrane MT space by blocking the Voltage-Dependent Anion Channel and the
translocase of the outer mitochondrial membrane (TOM), (c) promoting the protein with
SNARE motif (SNARE) complex formation to facilitate exocytosis, and (d) interacting with
clathrin to promote the formation of endocytotic vesicles [5,32].

The α-syn’s intraneuronal locations are the synaptic terminals, nucleus, MT, endoplas-
mic reticulum, and the endolysosomal system [5]. The overexpression of normal α-syn is
sufficient to promote the formation of toxic α-synO and fibrillar conglomerates [5]. α-synO
is assumed to form pores in the plasma membrane of cells [39,40], facilitating the diffusion
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of Ca2+, increasing its intracellular concentration, and triggering cell death [41–43]. Intra-
cellular, toxic α-synO is secreted by an exosomal, calcium-dependent mechanism and is
assumed to transmit PD pathology from cell to cell in the brain [44].

Toxic α-syn forms are associated with (a) increased oxidative stress [45,46], (b) impaired
axonal transport [47–49], (c) the disruption of ubiquitin-proteasome machinery [50,51], (d) im-
paired MT and synaptic function [52,53], (e) the disruption of normal deoxyribonucleic
acid (DNA) transcription by the inhibition of the histone deacetylase (HDAC) acetylation
of DNA and DNA methylation by methyltransferase 1 [54,55], and (f) Golgi apparatus
(GA) fragmentation associated with impaired GA Ca2+ transport and impaired GA protein
trafficking and maturation [56,57]. The accumulation of undigestible α-syn forms in the
endolysosomal system inhibits vesicular traffic between the endoplasmic reticulum (ER)
and the GA [58]. Also, sustained overactivation of the ER’s unfolded protein response
(UPR) precipitates apoptosis. Apoptosis is triggered by the release of ER’s Ca2+ stores into
the low-Ca2+-concentration cytosol [59].

The ER’s other essential functions are also perturbed by toxic α-syn forms (e.g., protein
and lipid synthesis, protein folding, post-translational modifications, ER-GA vesicular
protein transport, and ER-MT signalling). PD-associated GA malfunction has detrimental
cell-wide and transcellular effects since the GA processes and sorts proteins for multiple
cellular destinations, including lysosomes, plasma membranes, and secretory vesicles [5].
Also, α-syn binds to other proteins, e.g., tau protein and β-amyloid, thus forming LBs,
pathological, neuronal intracytoplasmic inclusions of over 70 proteins with core α-syn
protein fibrillar aggregates [60–62].

Brain insulin resistance (IR) attenuates the insulin-degrading enzyme’s (IDE) inhibition
of α-syn fibril formation from α-synO, thus increasing the probability of the development
of PD pathology [63–65].

1.2. Brain Glucose Metabolism

Normal brain nerves’ ATP needs depend on a continuous supply and oxidative
phosphorylation of glucose [66,67]. The regional brain ATP synthesis rate rapidly adapts to
meet local energy demands; the average time from uptake to complete glucose oxidation
is less than 1 ms. Nerve signal transduction-related activities account for 70% of the total
brain energy consumption, and 50% of the whole brain energy consumption is used by
the Na+-K+-ATPase activity [67,68]. Excitatory neurons have a significantly larger energy
consumption than inhibitory neurons, about 80% and 20%, respectively. In the brain,
glucose transporters (GLUT) GLUT3 and GLUT4 transport glucose into neurons; GLUT1
transports glucose into astrocytes and endothelial cells [69–71].

In contrast to neurons, astrocytes rely on glycolysis to meet their energy demands [67,68,72].
Brain nerve cells can utilise lactate to meet energy demands. The primary source of
lactate production is the high glycolysis rate in astrocytes, with lactate released into the
extracellular space, which nerve cells acquire and oxidise. Astrocytes also regulate local
cerebral blood flow to nerve cells by inducing vasoconstriction during low energy demands
(i.e., low oxygen consumption) and vasodilatation when the nerves’ energy demands and
oxygen consumption increase [73].

SNpc dopaminergic neurons have a very high energy consumption [7]. These neu-
rons are also very susceptible to oxidative stress since the dopamine transporter pumps
dopamine from the synaptic cleft back into the cytosol, and cytosolic dopamine generates
increased levels of ROS, including dopamine semiquinone radicals [9,74].

The four significant pathways that metabolise glucose in brain cells are (a) glycolysis
(metabolises glucose to pyruvic acid and generates 2 ATP molecules per one glucose),
(b) glycogenesis (for glucose storage in astrocytes), (c) tricarboxylic acid cycle and oxidative
phosphorylation (metabolises pyruvic acid to acetyl-CoA; acetyl-CoA is metabolised to
carbon dioxide and water, and generates 30 or 32 molecules of ATP per one glucose), and
(d) the pentose phosphate shunt pathway (metabolises glucose to ribose-5-phosphate and
generates reduced nicotinamide adenine dinucleotide phosphate (NADPH) [67].
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Brain glucose metabolism is impaired from the early stages of PD by many mech-
anisms, including insulin resistance, oxidative stress, abnormal glycated modifications,
blood–brain barrier dysfunction, and hyperglycemia-induced damages. Over time, the
combined effects of these pathological processes lead to excessive methylglyoxal (MGO)
and ROS production, neuroinflammation, MT dysfunction with decreased energy availabil-
ity, decreased dopamine neurotransmitter availability, brain neurotransmitter dysregula-
tion, the aggregation and phosphorylation of α-synuclein, and dopaminergic neuron cell
death [28].

Hyperglycemia is a non-motor symptom in more than 50% of patients with PD [75,76].
Hyperglycemia or diabetes (T2D and T1D) increases the risk of PD [77–83].

Patients in the early stages of PD have regional brain glucose hypometabolism, in-
cluding the posterior temporoparietal, occipital, frontal, prefrontal, sensorimotor cortex
and cerebellum putamen, pallidum, SNpc, and caudate [28,84–88]. The treatment of PD
patients modifies brain glucose consumption. Levodopa decreases overall brain glucose
consumption [89]. Deep brain stimulation of the subthalamus nuclei has diverse regional
effects; it increases glucose metabolism in the pallidum, dorsolateral prefrontal cortex, and
posterior parieto-occipital cortex and decreases glucose metabolism in the orbitofrontal
cortex and parahippocampal gyrus [90]. Compared to PD patients without cognitive de-
cline, who have a widespread cortical glucose hypometabolism, PD patients with mild
cognitive impairment have reduced glucose metabolism in the temporoparietal region, and
PD patients with dementia have a brain pattern of reduced glucose metabolism similar to
demented patients with Alzheimer’s disease [91–93].

1.2.1. Glycolysis

During glycolysis, each glucose molecule is converted to two pyruvate molecules and
one nicotinamide adenine dinucleotide phosphate (NADPH) and four ATP molecules are
generated. Enzymes regulate some glycolysis reactions, and some PD forms are associated
with the dysregulation of glycolysis enzymes (e.g., phosphoglycerate kinase 1 (PGK1),
pyruvate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)).

For example, (a) mutation of the PGK1 gene (with reduced expression of the PGK1
protein) will attenuate the production of glycolysis ATP [28,94–98], and (b) reduced expres-
sions of the DJ1 or PINK1 genes impair respiratory complex (RC) III function, stimulate
MT depolarisation and ROS production, and increase levels of hypoxia-inducible factor 1
(HIF1). Increased HIF1 increases pyruvate dehydrogenase kinase 1 concentration, which
inhibits pyruvate dehydrogenase, reduces TCA activity and ATP production, and causes
lactic acidosis due to the accumulation of pyruvate and lactate [28,99,100]. Long-term
increased HIF1 activity sustains chronically increased GAPDH levels, thus increasing
oxidised and aggregated GAPDH. Aggregated GAPDH molecules promote α-syn aggre-
gation. Also, oxidised GAPDH has an increased binding affinity with monomeric and
oligomeric forms of α-syn, leading to GAPDH aggregation and inactivation and the inhi-
bition of glycolysis [28,101,102]. T2D accentuates the PD-related detrimental changes in
nerve cell glycolysis since glycated α-syn has an increased binding affinity with GAPDH;
thus, the PD-related deficiency of functional α-syn and GAPDH molecules in nerve brain
cells is further accentuated [103]. Examples of PD-associated changes in the activity of
glycolysis-associated enzymes are presented in Figure 1.

1.2.2. The Tricarboxylic Acid Cycle in the MT Matrix

In mammalian cells’ MT, pyruvate molecules, the end product of glycolysis, are
transported from the cytosol to the MT matrix. One pyruvate molecule is converted
to one molecule of CO2, and a two-carbon acetyl group is attached to the coenzyme A
(CoA), collectively called acetyl CoA. Acetyl CoA is the first and last step in the three citric
acid closed-loop cycle. The eight-step TCA cycle produces two CO2 molecules, one ATP
molecule (or an equivalent GTP molecule), and reduced forms of nicotinamide adenine
dinucleotide (NAD+) and flavin adenine dinucleotide (FAD+) (i.e., NADH and FADH2).
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In the presence of oxygen, NADH and FADH2 transfer their electrons to the oxidative
phosphorylation pathway. In PD, the activity of the α-ketoglutarate dehydrogenase enzyme
complex (a compound of the TCA cycle) is attenuated in SNpc [104]; see Figure 2 for details.
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1.2.3. Oxidative Phosphorylation

Oxidative phosphorylation is implemented by respiratory complex proteins of the
electron transport chain (RCI-IV) embedded in the inner MT membrane. PD animal
models and human studies agree that inhibiting oxidative phosphorylation in nerve cells
precipitates the degeneration of dopaminergic neurons and PD-associated symptoms. For
example, the activity of RCC-I in idiopathic PD is reduced, and the accumulation of α-
syn contributes to RCC-I inhibition, associated increased free radical production, and MT
autophagy in SNpc [45,105–109].
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In genetic forms of PD, oxidative phosphorylation in dopaminergic neurons is also
degraded. For example, (a) reduced RC-I and RC-IV activity in Parkin mutations [110];
(b) attenuated MT ATP production associated with mutations of the α-syn protein express-
ing gene (SNCA) and oxidative inactivation of carbonic anhydrase, which interacts with
MT amino acids [111,112]; and (c) attenuated RC II activity due to alpha–ketoglutarate
dehydrogenase complex (KGDHC) deficiency with a lack of succinylation, an MT signalling
pathway [104,107]. PINK1 mutations are associated with attenuated RC I activity due to an
increased open state of the MT permeability transition pore (MTPTP). Long-term opening of
the MTPTP leads to the detrimental efflux of Ca2+ ions, antioxidant molecules (glutathione),
and cytochrome c from the MT into the cytosol and the influx of small osmotically active
molecules and water molecules promoting MT swelling. The loss of electron transport
chain components (cytochrome c) stops electron transport and ATP production and, to-
gether with the loss of antioxidant molecules, reduces ROS MT buffering capacity and
promotes ROS-elicited MT damage. Sustained MT cytochrome c leakage into the cytosol
triggers apoptosis by activating pro-apoptotic signalling pathways. The sustained increase
in the cytosolic Ca2+ concentration released from the MT also contributes to activating
pro-apoptotic signalling pathways [113–117].

1.2.4. The Pentose Phosphate Pathway

The cytosolic pentose phosphate pathway (PPP) is initiated after the first step of
glycolysis, which converts glucose to glucose 6-phosphate in the presence of ATP and
catalyses it with hexokinase. The PPP provides the cell with two metabolites that are vital
for cell survival: ribose 5-phosphate (for nucleic acid synthesis) and NADPH. NADPH is
essential for (a) the synthesis of fatty acids, sterols, nucleotides, and non-essential amino
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acids and (b) replenishing cellular antioxidant defences by reducing oxidised glutathione
(GSSG) to reduced glutathione (GSH) [118].

The basal ganglia of patients in the early stages of PD have decreased levels of the PPP
rate-limiting enzyme glucose-6-phosphate dehydrogenase (G6PD), which is responsible
for regenerating NADPH from NADP to sustain cellular antioxidant defences [85]. On
the other hand, in preclinical experiments, high glucose stimulation of the PPP leads to
excessive NADPH, and increased NADPH levels could stimulate the unsaturated fatty acid
production associated with α-syn aggregation in dopaminergic neurons. [85,119–122].

1.3. Insulin Resistance-Associated PD Pathology in Patients Comorbid with T2D

IR was investigated in two subgroups of PD patients (with and without dementia).
Even after adjustment for disease duration and motor disability, the percentage of IR
patients was significantly higher in PD patients with dementia; PD patients with dementia
were two times more likely to have IR than patients with PD only [123].

A recent cohort study evaluated PD and T2D comorbidity for PD progression, neu-
ropathological markers (α-syn quantification in key brain regions and the staging of vas-
cular, Lewy, and Alzheimer’s pathologies), time to disability milestones (recurrent falls,
wheelchair use, dementia, and care home placement), and survival. The researchers con-
cluded that pre-existing T2D contributed to faster disease progression and reduced survival
in PD patients, which was not associated with increased vascular, Lewy, or Alzheimer’s
pathologies [124].

The potential of blood constituents and brain imaging for brain neuropathological
markers in patients with PD and T2D comorbidity was evaluated by comparing the markers’
values in patients with PD only, with PD and T2D, and with T2D. The study’s conclusion
was that the most significant risk markers for PD and T2D comorbidity were reduced
low-density lipoprotein cholesterol (a measure of cerebral atrophy and increased dementia
risk) and an increased fibrinogen concentration (a measure of CNS inflammation and lesion
in the microcirculation, BBB, and neurovascular units) [125].

A paired comparison study evaluated the changes in neuropathology markers and
clinical progression between (a) patients with PD only and PD patients with T2D comorbid-
ity and (b) T2D-only patients and patients without PD or T2D over a 36-month follow-up
period. Patients with PD and T2D comorbidity had worse motor disability signs, lower
striatal dopamine transporter binding, and higher tau cerebrospinal fluid (CSF) levels than
patients with PD only. Patients with T2D only had lower striatal dopamine transporter
binding and higher tau and α-syn CSF levels than healthy controls. The overall conclusion
was that T2D predisposes patients to PD pathology and that T2D and PD comorbidity
accelerate PD progression [126].

2. Diabetes Risk Factors for PD

PD and T2D are age-associated chronic disorders; in the age group of 65 and above,
about 25% of adults have T2D [127,128] and 1–2% have PD [129,130].

A recent retrospective study compared two cohorts, with prediabetes and T2D patients
(without antidiabetic drugs or previous T2D diagnosis), to a reference cohort. The T2D
and prediabetes cohorts were associated with a higher risk of PD. Stratification analysis
by sex suggested prediabetes association with PD risk in women only. In stratification
analysis below 65 years of age, T2D and prediabetes were associated with a greater PD risk
in women and men [77].

In another recent, combined retrospective and prospective study, the effect of T2D and
antidiabetic treatment was evaluated on the age at PD onset and the all-cause mortality.
The calculated T2D standardised ratio for PD patients was 3.8% compared to a 5,3% overall
prevalence in the general population. The study reported that (a) when T2D is treated
with any antidiabetic therapy before PD diagnosis, the onset of PD is delayed, and (b) the
duration of T2D increases mortality in patients who developed T2D before PD onset but
not in patients who developed T2D after PD onset [131].
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There are no known familial mutations in PD-associated genes in patients with co-
morbid T2D. However, PED/PEA-15 protein overexpression in animal models leads to
concomitant T2D and PD pathology [132].

About 60% of PD patients have IR [133]. Phosphorylated α-synuclein deposits
were detected in the cytoplasm of pancreatic β cells in most subjects with PD or PD-
free patients with T2D [133]. Several large-scale cohort studies concluded that T2D pa-
tients have an increased causal risk of developing PD [1,82]. Diabetes-free patients with
PD have an increased risk for IR [134]. Increased glycated haemoglobin concentration
(HbA1c ≥ 42 mmol/mol) is an independent predictor for the rapid progression of motor
symptoms in patients with PD [135–137]. Hyperglycemia promotes the formation of ad-
vanced glycated end products (AGEs), and these products accelerate α-syn aggregation
by enabling the crosslinking of misfolded α-syn from monomers to dimers, α-synO, and
β-sheets with fibril formation [1,138].

On the other hand, antidiabetic medication for patients with diabetes reduces the risk
of developing Parkinson’s disease motor symptoms [1,83,139,140]. A recent observational
cross-sectional study of 111 participants reported a positive association between IR and
non-motor disability scores in patients with PD [141]. Prediabetes or midlife glycemic
variability also increases the risk for PD [77,80,142,143].

The risk of PD is the highest for T2D patient subgroups between the ages of 24 and
44 and patients with a low body mass index with diabetes longer than five years [81,83].
Compared to patients with PD only, patients with T2D and PD had a more rapid progression
of motor signs, such as postural instability, gait impairment, or wheelchair use, and a more
rapid progression of cognitive symptoms, such as depression, mild cognitive impairment,
dementia or memory loss, and a further reduced survival [124,135,136,144–150]. In patients
with PD, the motor and non-motor PD markers were accelerated by concomitant T2D even
after adjustment for age, sex, and baseline PD disease severity [126].

A recent study [151] analysed the effect of combined T2D and PD disorders on motor
and non-motor signs. It concluded that motor and non-motor signs progress in patients
with PD and T2D comorbidity. The study’s results are summarised in Table 1.

Table 1. Comparison of motor and cognitive signs between patients with PD only and healthy older
adults (HOAs) and with patients with PD and T2D. Symbols: + (change in motor or cognitive signs
when comparing PD patients to HOAs); ++ (increased change in motor or cognitive sign when
comparing PD patients to patients with PD + T2D); = (no additional change in motor or cognitive
sign when comparing PD to PD + T2D patients).

Change in Clinical Sign PD vs. HOA PD vs. PD + T2D

slower gait + ++

worse balance + ++

reduced muscle strength + ++

reduced motor endurance + ++

reduced motor–cognitive function + =

impaired attention + ++

3. Clinical Signs and Symptoms of PD and Diabetes Are Either Similar or Distinct
3.1. The Order of Appearance of Gastrointestinal, Cognitive, and Motor Symptoms in PD

Cognitive and gastrointestinal (GI) PD symptoms often precede the motor symptoms.
For example, delayed gastric emptying, constipation, or bowel incontinence precede the
appearance of motor symptoms by years [1,152,153]. A recent analysis of the longitudinal
relationship between the severity of GI (e.g., oropharyngeal dysphagia, delayed gastric
emptying, constipation or bowel incontinence) and cognitive impairment symptoms (e.g.,
forgetfulness, slowed mental processing, decreased ability to multitask, and limited work-
ing memory) concluded that cognitive outcomes could be predicted by the severity of GI
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symptoms in newly diagnosed PD patients [154]. The time of appearance of cognitive
impairment in PD is variable. However, about 80% of PD patients develop these symptoms
between 5 and 20 years after diagnosis. Also, the pattern of cognitive impairment in PD
patients ranges from posterior-cortical or frontal-executive to a mixed pattern of cognitive
impairment [154–158].

The mammalian GI system is part of the gut–brain bidirectional communication
system between the central and the enteric nervous system, connecting brain emotional
and cognitive networks with peripheral intestinal function. This communication system
(by vagal nerve signalling, the modulation of neuroimmune responses, and the release of
neuroactive products from gut bacteria or enteroendocrine cells into the blood) enables
the brain to influence intestinal activities, including the activity of immune cells and the
gut, to affect human cognition and emotional activity [159–161]. Animal and human
studies reported that changes in gut microbiome composition, associated with markers of
chronic GI inflammation (e.g., tumour necrosis factor-α, interferon-gamma, interleukin-6,
and interleukin-1β), accelerate the pathogenesis of PD by promoting neuroinflammation
leading to neurodegeneration [152,162–169]. In humans, GI α-syn aggregates precede the
onset of motor symptoms by years [152].

Animal and human studies support the hypothesis that α-syn aggregates initially
develop in the enteric nervous system and are transported via the vagus nerve to the
brain, where α-syn aggregates spread in a prion-like fashion by inducing the normal α-
syn to adopt a self-propagating conformation that precipitates the formation of insoluble,
phosphorylated aggregates [152,153].

3.2. Symptoms of PD and Diabetes

GI symptoms in PD and T2D overlap; for example, delayed gastric emptying is
prevalent in 70% of patients with PD and 50% of patients with T2D. Constipation is also
a frequent symptom in patients with PD and T2D [1]. Patients with T2D develop more
severe motor (i.e., postural instability, gait disturbance) and non-motor symptoms (i.e.,
depression, cognitive impairment) than T2D-free PD patients [144,150,170].

3.3. Brain Pathology

Diabetes, in patients with PD, accelerates white matter atrophy in the parietal and occipi-
tal regions, frontal grey matter loss, and the progression of cognitive impairment [171,172].
Although diabetes increases the risk for cerebrovascular disease, neither postmortem stud-
ies nor brain magnetic resonance imaging studies have found any evidence for an increased
burden of cerebrovascular disease among PD patients with concomitant T2D, compared
to PD patients without T2D [2,124,144]. The BBB’s physiological permeability is compro-
mised in patients with PD. The BBB’s pathological permeability is reflected in the presence
of erythrocytes and serum proteins in the CSF, a reduced CSF/plasma albumin ratio,
hemosiderin deposits around the brain capillaries, and capillary endothelial degeneration
and dysfunction [173,174]. PD-associated pathological BBB changes are further accentuated
by hyperglycemia (associated with BBB glycation, oxidative stress, and inflammation)
that (a) decreases the density of pericytes, (b) prevents physiological interactions between
astrocyte projections and endothelial cells, (c) disrupts tight junctions between endothelial
cells and pericyte function, and increases the transport of extracellular vesicles with α-syn
from the blood to the brain, thus further stimulating microglia inflammation [30,175–183].

3.4. Selective Loss of High-Metabolism Cells in T2D and PD

There is a selective loss of high-metabolic-rate cells in PD and T2D, i.e., insulin-
releasing pancreatic islets’ β-cells in patients with diabetes and SNpc dopaminergic neurons
with well-branched unmyelinated axons with tonic action potential activity, that releases
neurotransmitters across a large number of brain synapses in PD patients. Clinical signs
and symptoms (i.e., hyperglycemia in T2D and motor symptoms in PD) are preceded by at
least a 50% loss of the respective high-metabolic cells [184–189].
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4. Overlap of PD and Diabetes Aetiologies
4.1. T2D Does Not Accelerate Lewy Body Formation in PD

Although patients with concomitant T2D and PD have a consistently more rapid
progression of motor signs and non-motor, cognitive symptoms [124,135,136,144–150],
this accelerated PD progression is not reflected in an increased burden of LBs or a high
global/regional vascular pathology compared to T2D-free PD patients [2,124,190]. There
are at least two non-exclusive explanations for this contradiction: T2D degrades motor
and non-motor brain functions by PD-independent mechanisms, and/or T2D increases the
fraction of toxic α-synO that is not routinely measured on human histopathological brain
sections [191]. α-synO is also localised to PD-affected brain regions free of LBs [191].

4.2. Amylin Neuropathology

PD and T2D are chronic disorders with systemic and CNS deposition of a misfolded
protein, namely α-syn in PD and amyloid deposits in T2D [192]. T2D amyloid deposition
is concentrated in the pancreatic islets (amylin is co-secreted with insulin in the pancreatic
β-cells). However, amylin is also present in the blood and crosses the BBB into the brain’s
intracellular and extracellular space, where amylin seems to accelerate α-syn aggrega-
tion [141,193–201]. Patients with PD have higher fasting plasma amylin/insulin ratios
than healthy controls. The increased fasting plasma amylin/insulin ratios in PD patients
could promote the accelerated deposition of the misfolded α-syn protein in the presence of
amylin observed in vitro in these patients [196].

4.3. Hyperglycemia

Animal studies reported that hyperglycemia attenuates the action potential frequency
of dopaminergic neurons and basal dopamine concentrations in the mesocorticolimbic and
nigrostriatal motor pathways [202–205]. These results are consistent with the clinically ob-
served, more severe PD phenotypes and higher L-Dopa doses in patients with concomitant
PD and T2D [146,150].

As reviewed by Dai et al. [28], hyperglycemia contributes to PD pathophysiology by
the following mechanisms: (a) dopamine synthesis, release, and uptake are inhibited in
SNpc; (b) microglial stimulation promotes intense neuroinflammation; (c) autophagy, mi-
tophagy, and the modulation of lysosomal function by late endosomal/lysosomal P5-type
transport ATPase (ATP13A2) are inhibited; (d) there is a reduction in Parkin/PINK1 expres-
sion that inhibits MT function; and (e) the increased production of MGO (a very reactive
dicarbonyl by-product of glucose metabolism) promotes glutamatergic hyperactivity and
glycated modifications of proteins, DNA, RNA, and lipids.

The overall effects of hyperglycemia-related changes are as follows: (a) increased
oxidative stress [206–208], (b) the accelerated aggregation of α-syn [209,210], (c) MT fail-
ure [207,211], (d) proteostasis failure, [209,210,212–214], and (e) dopaminergic neurons’ cell
death that precipitates PD clinical non-motor and motor symptoms [28,182,183,215–218].

4.4. Increased Protein, Lipid, and Nucleic Acid Glycation

MGO levels are increased in PD and lead to enhanced glycated modifications of proteins,
including α-syn crosslinking and phosphorylation in SNpc and locus coeruleus [219,220].
Also, MGO attenuates the removal of glycated α-syn forms by degrading the efficiency of
the ubiquitin–proteasome system, the autophagy–lysosome pathway, and heat-shock pro-
teins’ responses, thus promoting α-syn oligomerisation and aggregation, increased α-syn
insolubility, and inclusion formation [209,210,212–214]. Patients with PD are more suscepti-
ble to the detrimental effects of glycation due to reduced nigral neuronal glutathione levels
and age-associated decline in the glyoxalase [221,222].

Glycated and aggregated α-syn cannot bind to small unilamellar vesicles involved
in synaptic exocytosis. Therefore, normal exocytosis of dopamine-rich vesicles at the
presynaptic membrane is blocked with a concomitant presynaptic accumulation of ubiq-
uitination and proteasomal degradation-resistant α-syn pathologic forms. This accu-
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mulation enhances ROS production and increases oxidative stress, accompanied by
dopaminergic neurons’ cell death and the development of motor and non-motor PD
symptoms [209,210,215,216,219,220,223].

As with PD, the nonenzymatic reactions (i.e., glycations) between MGO or glucose on
the one hand and proteins, lipids, or nucleic acids on the other are accelerated in T2D due
to hyperglycemia and increased levels of MGO. The glycation process generates a wide
variety of AGEs identified in human SNpc and locus coeruleus tissue and is associated
with accelerated cognitive ageing [209,219,220,224–227]. AGEs bind with receptors for
advanced glycation end products (RAGEs). This activates the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) signalling pathway and promotes inflammation
and neuronal death [228].

It has been suggested that T2D generates increased quantities of glycated α-syn
species that (a) have a reduced ability to bind to intracellular membranes, (b) are resistant
to ubiquitination and proteasomal degradation, and (c) are prone to aggregation into
proteasomal and lysosomal degradation-resistant toxic α-synO forms [210,229]. Glycated
α-synuclein species can be extracted from red blood cells and are potentially a biomarker
to monitor the progression of PD [2,135].

4.5. Insulin Resistance

Insulin sustains the normal cell function of brain cells. The hormone binds to the cells’
insulin receptors, activating four signalling pathways via the insulin receptor substrates
(IRS1) or IRS2 subtypes. These IRS-associated signalling pathways are (a) the Ca2+ channel
and NMDA glutamate receptor activation pathway [1,192], (b) the GABA receptor recruit-
ment promoting pathway [1,192,230], (c) the cell proliferation and synapse maintenance
supporting MAPK signalling pathway [1,231,232], and (d) the PI3K (phosphatidylinositol
3-kinase)-AKT (protein kinase B) signalling pathway that regulates neurotransmitter release
and promotes cell survival. Cell survival effects of the PI3K-AKT signalling pathway are
promoted by (a) inhibiting excessive apoptosis and (b) attenuating the pro-inflammatory
NF.κB-dependent signalling pathways, (c) attenuating FOXO1-mediated MT oxidative
stress, (d) reducing α-syn aggregation by preventing the GSK3β inhibition of IDEs that
break down the α-syn protein, and (e) promoting synapse regeneration by mTORC1/2
activation [1,233,234]. All four signalling pathways support neuronal growth and sur-
vival [2,192,235–237].

IR develops when insulin receptor-rich target cells develop a reduced response to high
physiological insulin levels. The most reliable marker of systemic IR is the combination of
elevated plasma glucose and insulin levels, reflecting the inability of pancreatic β cells to
sustain plasma glucose within physiological levels. However, insulin regulates many cell
functions in various cells, such as neuronal growth and survival. Therefore, the impact of IR
on a specific function in a particular cell type cannot be measured by hyperglycemia alone.

Animal and human studies of IR in the skeletal muscle, liver, adipose, and brain tissue
reported several causes of IR, including the downregulation of insulin receptors, ER stress,
increased intracellular ROS, and chronic inflammation. These can modulate the insulin
signalling pathways [28,192,238].

The current consensus is that the T2D-linked systemic IR and the brain IR—expressed
together with systemic IR or existing independently—contribute to the initiation and
progression of PD-associated α-syn brain pathology. Systemic IR effects that underpin PD-
associated α-syn pathology are hyperglycemia and hyperglycemia-associated brain patholo-
gies (e.g., small arteries; arteriole, venule, and capillary dysfunction; chronic neuroinflam-
mation; and BBB dysfunction) [28,192]. Brain IR contributes to α-syn brain pathology by
promoting α-syn aggregation and deposition and attenuating α-syn species clearance by
IDEs, autophagy, and unfolded protein response [2,192].

Animal models of PD—elicited with environmental toxins (e.g., 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxydopamine (6-OHDA)), nutrient excess, or
a high-fat diet—were associated with central and peripheral IR and inflammation in
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combination with the accelerated loss of brain dopaminergic neurons [26]. More than
half of PD patients have IR, and these patients have a more rapid progression of non-motor
(i.e., dementia) and motor PD symptoms [28]. Chronic IR contributes to neuronal cell death
by downregulating insulin receptor expression in (a) dopaminergic neurons of the basal
ganglia and tegmental brain stem and (b) in the blood–brain barrier, thus reducing insulin
transport to brain cells [28].

The metabolic effects of insulin on brain cells are mediated by the insulin receptor
substrate 1 (IRS-1)–AKT and MAPK pathways [2,231,239–241]. Insulin indirectly affects
glucose transport into brain cells by stimulating GLUT3 translocation to the brain cell’s
membrane. Glucose uptake follows N-methyl-D aspartate receptor depolarisation, which
mediates the sugar’s uptake by GLUT 3 [242–244].

Insufficient insulin actions on brain cells (i.e., brain IR) have profound metabolic
changes in neurons, astrocytes, and microglia [245]. In astrocytes, insulin promotes glyco-
gen storage and neurotrophic changes. Insulin modulates the release of cytokines from
microglia and astrocytes [2,246–248]. Studies of brain IR in animal models and post-
mortem human tissue linked brain IR with increased IRS-1 phosphorylation at serine
residues [249–252]. Brain IR in PD can develop without T2D and is assumed to be due to
an exceptional, excessive age-related loss of insulin receptors in these patients [2,253–255].
Research on PD animal models concluded that IR attenuates MT biogenesis (i.e., the capac-
ity of enzymes for glycolysis and oxidative phosphorylation), concomitantly preventing
the MT metabolic capacity to meet the cells’ need for ATP and increasing intracellular ROS
content and oxidative stress [256–258].

The joint effects of the PD and T2D pathological signalling pathways are as follows:
(a) increased levels of pro-inflammatory cytokines, TNF-α, IL-1β, and IL-6, that enhance
oxidative stress and MT dysfunction [1,259–271], (b) impaired neuroplasticity and memory
formation [1,272–274], and (c) the development and acceleration of neurodegenerative
disorders [1,147,272–274].

Pro-inflammatory cytokines (e.g., TNF-α) downregulate IRS-1 expression, thus form-
ing a positive feedback mechanism for accelerating IR by attenuating the intracellular
insulin signalling [275]. Figure 3 summarises the combined effects of IR and PD-associated
metabolic changes on neuron proteostasis.

4.6. Oxidative Stress and Inflammation

Dopaminergic neurons have a high metabolic rate that increases their susceptibility
to oxidative stress-related cell structural and functional disruption [180]. For example,
oxidative stress (a) oxidates dopamine into toxic quinone and semiquinone and (b) at-
tenuates glucocerebrosidase activity; both changes further increase ROS levels [276,277].
Increased oxidative stress promotes α-syn oxidation, aggregation, and prion-like spread in
the brain [277–279].

Long-term hyperglycemia modulates oxidative stress-related signalling pathways
in brain cells in the following ways: (a) it upregulates the oxidative stress-enhancing
transcription factors nuclear factor erythroid 2-related factor (Nrf 2) and FOXO1 and
downregulates an Nrf 2 inhibitor, Keap1, in the SN [206]; (b) it downregulates the level
and antioxidant catalase activity in the caudate putamen [206] and increases the level
of thioredoxin-binding protein (TXNIP), an endogenous inhibitor of intracellular ROS
elimination in dopaminergic neurons [207].

Chronic inflammation, with increasing intensity over time, correlates with the pro-
gression of motor and non-motor PD symptoms [259–262]. C-reactive protein (CRP) has
been recently suggested as a primary marker to predict the risk of and monitor PD progres-
sion due to its use in widespread, standardised assays with a wide detection range [25].
However, human studies did not causally associate CRP levels with the pathogenesis of
PD [280].
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PD and T2D share chronic, low-grade inflammation as a common pathophysiological
mechanism with increased levels of serum CRP, TNF-α, interferon-γ, interleukin-1β (IL-1β),
IL-2, and IL-6, [83,263,267]. In brain IR, insulin receptors on astrocytes and microglia are
downregulated, and the lack of insulin signalling promotes the increased secretion of in-
flammatory cytokines IL-6 and IL-8 from these cells [269,281]. Animal studies reported that
increased microglial activation promotes (a) the excessive synaptic pruning of hippocampal
nerve cells with associated memory impairment and (b) a reduced microglial clearance
of extracellular α-synuclein, which promotes the formation of toxic α-synO forms and
fibrils [270,271].
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4.7. Mitochondrial Dysfunction

In PD, the high metabolic rate of brain dopaminergic neurons increases their vulner-
ability to the combined detrimental effects of increased MT oxidant stress and the MT
accumulation of toxic α-synO. Brain IR further compounds the damaging impact of MT
oxidant stress and toxic α-synO forms [2,28,235,237]. Insulin signalling supports normal
MT biogenesis (i.e., oxidative function) via the modulation of the mTORC and FOXO1
signalling pathways, which converge and adjust the activity of peroxisome proliferator-
activated receptor-γ coactivator 1-α (PGC1α). In summary, insulin stimulates MT ATP
production in neurons and glial cells, and IR inhibition has the opposite effect [282–284].

Animal studies of T2D’s effects on brain cells reported a decreased ATP-to-adenosine
diphosphate ratio, reduced MT membrane potential and coenzyme Q9 levels, increased
Ca2+ accumulation in MT, and increased oxidative stress. The PD-related changes in MT
biogenesis, including (a) a reduction in MT complex I content in the SN and (b) reduced
levels of Parkin associated with the accumulation of a Parkin-interacting substrate that
downregulates PGC1, are also present in animal models of advanced T2D stages [27,285–291].

PD and T2D share increased intracellular levels of MGO, a reactive dicarbonyl by-
product of glucose metabolism (derived from glyceraldehyde 3-phosphate) that forms
glycation products with proteins, lipids, and nucleic acids. Under physiological conditions,
low levels of MGO are sustained by its conversion to D-lactate in the presence of the
glyoxalase-1 enzyme. The enzyme’s efficiency is reduced by sustained hypoxia, inflam-
mation, and oxidative stress, leading to increased toxic levels of MGO. Toxic MGO levels
accelerate the production of glycation products that promote IR, increased inflammation,
increased oxidative stress, the disruption of MT biogenesis, and cell death [218,292]. In
animal models and human studies of PD, as well as in animal models of T2D, increased
levels of MGO were associated with increased levels of the toxic dopamine-derived tetrahy-
droisoquinoline (ADTIQ), which promotes MT apoptosis and cell death [218,292].

4.8. Reduced Efficiency of Autophagy and Proteasome Degradation

PD inhibits autolysosome cargo degradation and retrograde trafficking, and T2D-
associated IR and hyperglycemia inhibit autophagosome synthesis; both disorders reduce
the efficiency of autophagy. Therefore, T2D in patients with PD further degrades the pro-
teostasis of these patients [28,237,293–299]. Regular insulin signalling balances autophagy
activity within physiological limits by (a) AKT-mediated activation of the mTOR and the in-
hibition of the FOXO1/3 signalling pathways and (b) preventing α-syn fibril formation from
α-synO with the phosphatidylinositol 3-kinase (PI3K)-signalling pathway-activated IDEs.
Normal IDE activity prevents α-syn fibril formation, thus enabling optimal autolysosome
cargo degradation [63,64]. The physiological activity of the insulin-PI3K-AKT-(mTORC1)
signalling pathway inhibits excessive autophagy and promotes nerve cell growth and
survival [300–302]; therefore, early hyperinsulinemia associated with excessive insulin
signalling will attenuate cell growth and reduce survival.

PD and T2D are associated with chronic inflammation in the brain that, via enhanced
activation of the TNFα-IFNy signalling pathways, interferes with the Parkin function in
proteasome degradation. Parkin (an E3 ubiquitin ligase) recognises and labels proteins
located on the outer membrane of MT with ubiquitin (i.e., protein ubiquitination), thus
directing them towards proteasomal or autophagy degradation. Regular Parkin activity is
essential for cell survival; this protein promotes autophagy and proteasomal-associated
removal of damaged MT and regulates MT-dependent and MT-independent apoptosis.
PARK2 gene mutations are associated with reduced Parkin activity and familial PD [18–20].
Human studies and animal models of PD reported high expression levels of TNFα/IFNy in
brain tissue, associated with increased expression levels of FAT10 (ubiquitin-like modifier
HLA-F adjacent transcript 10 or ubiquitin D) [17,18].

In a recent experiment on TNFα/IFNγ-IFN-stimulated cells, FAT10 bound to Parkin
to a degree that (a) overstimulated Parkin proteasome degradation, (b) inhibited Parkin-
associated ubiquitination of the outer membrane of MT proteins, (c) delayed mitophagy,



Int. J. Mol. Sci. 2024, 25, 4358 15 of 44

and (d) promoted cell death due to enhanced sensitivity to MT damage [18]. The study
supports the hypothesis that chronic inflammation in PD, associated with high expression
levels of TNFα/IFNγ from microglial cells in SNpc, stimulates excessively high expression
levels of FAT10 and causally relates the inhibition of Parkin-regulated proteostasis and
autophagy in dopaminergic brain nerve cells [18].

The expression of the Midnolin (MIDN) gene is reduced in some cases of sporadic,
monogenic PD. In a cell model, the inhibition of MIDN expression reduced neurite
outgrowth and the expression of Parkin. On the other hand, insulin promoted MIDN
expression by the kinase1/2 and phosphoinositide 3-kinase-dependent signalling path-
ways [21]. Therefore, IR alone can attenuate MIDN expression and reduce proteasomal or
autophagy degradation.

4.9. T2D Hyperglycemia Accelerates or Induces the Onset of PD Pathology

Hyperglycemia leads to degenerating PD-related brain pathways, especially the ni-
grostriatal motor pathway [205]. Several hyperglycemia-associated pathophysiology mech-
anisms in PD affect dopamine turnover, neuroinflammation, autophagy, lysosomal function
and MT function, MGO production, and oxidative stress.

Dopamine synthesis, release, and uptake in dopaminergic neurons [303] is inhibited
due to reduced activities of the dopamine transporter (DAT), G-protein-activated inward
rectifier potassium channel 2, and vesicular monoamine transporter 2 (VMAT2) [206].

Hyperglycemia induces and sustains severe neuroinflammation by activating the
microglia [304].

Normal autophagy and lysosomal cycling are inhibited by (a) increased levels of
TXNIP [207,305] that activates ER stress-mediated nucleotide-binding oligomerisation
domain (NOD)-like receptor protein-3 inflammasome complex formation and (b) by atten-
uated Parkin/PINK1 expression that inhibits normal MT function [207].

Hyperglycemia stimulates MGO production (a biologically reactive by-product of
glycolysis), and increased MGO levels promote α-syn glycation, crosslinking, and phos-
phorylation in SNpc. Also, high MGO levels suppress the ubiquitin–proteasome system,
the autophagy and lysosome pathways, and heat-shock proteins’ responses, thus inhibit-
ing α-syn clearance and promoting α-syn oligomerisation, aggregation, and inclusion
formation [209,210,214]. Glycated and aggregated α-syn cannot bind to small unilamellar
vesicles, thus disrupting normal neurotransmission and eliciting dopaminergic neuron loss,
ROS production, and the development or stimulated progression of motor and non-motor
PD symptoms [209,210,215,216,223]. Methylglyoxal reacts with dopamine to produce the
neurotoxin 1-acetyl-6, 7-dihydroxy-1,2,3,4-tetrahydro-isoquinoline, which promotes the
apoptosis of dopaminergic neurons [218].

Hyperglycemia directly increases oxidative stress in the basal ganglia. It does this by
first upregulating nuclear factor erythroid 2-related factor (Nrf 2) and forkhead box O1
(FOX O1) and downregulating Keap1 (Nrf 2 inhibitor) [206]. Second, it decreases the antiox-
idant activity of catalase [206] and increases the levels of the endogenous inhibitor for ROS
elimination in dopaminergic neurons (TXNIP) [207]. Hyperglycemia also promotes oxida-
tive stress in dopaminergic neurons indirectly by stimulating neuroinflammation [276,304],
mitochondrial dysfunction [207], lysosomal dysfunction-related protein degradation im-
pairment [207,276,305], VMAT2 reduction-related dopamine oxidation, and quinone pro-
duction [206,208,276,306].

The aggregate effect of hyperglycemia-related impairments promotes the aggregation
of α-syn and the apoptosis of the dopaminergic neurons field [217,304], reflected in motor
deficits [304].

5. Pharmacological Interventions for PD

At present, no treatment reverses or stops the progression of PD. The lack of established
diagnostic PD markers, such as distinguishing PD from other synucleinopathies, hinders
drug development [17]. Current pharmacological treatment delays the progression of PD



Int. J. Mol. Sci. 2024, 25, 4358 16 of 44

signs and symptoms. It is focused on enhancing dopaminergic transmission with three
classes of drugs: (a) dopamine precursors (levodopa), (b) inhibitors (e.g., MAO B inhibitors)
of enzymes that oxidise dopamine, and (c) agonists of dopamine receptors (e.g., ropinirole
and pramipexole) [2,245,307,308].

5.1. Conventional Pharmacological Interventions for PD

The absence of disease-modifying treatments for PD was attributed to suboptimal
preclinical testing and clinical trial protocols. Current animal models of PD focus on the late
stage of the disease, i.e., the loss of dopaminergic neurons and motor dysfunction. These
models are not optimal for studying the preclinical and early clinical signs and symptoms of
PD (e.g., extra-dopaminergic and non-motor dysfunction) nor PD’s diverse aetiology. Also,
current clinical trial protocols are not focused on drug development for the aetiology of
diverse PD subgroups. Targeted preclinical testing of pharmacological treatment candidates
is proposed to address individual derangements of PD pathology (e.g., iron and calcium
overload, dysfunctions of the MT, organelles, mutant β-glucocerebrosidase and α-synuclein,
chronic neuroinflammation, and disrupted autophagy) [309–316]. Protocols for washout,
delayed, randomised withdrawal, and long-term trial designs were proposed to improve
the detection of disease modification effects [317].

Conventional pharmacological PD treatment focuses on sustaining dopamine’s effects
in the dopaminergic nerves’ depleted striatum by drugs that either (a) cross the BBB and
metabolise to dopamine (levodopa), (b) bind to and activate dopamine receptors (dopamine
agonists), (b) attenuate the breakdown of endogenous dopamine (monoamine oxidase B
and catechol-O-methyl transferase inhibitors), and (d) attempt to correct the imbalance
between dopamine and acetylcholine activity in the brain (anticholinergics) [318–324].

5.1.1. Levodopa

Levodopa (L-DOPA) is metabolised in the brain to dopamine by DOPA decarboxy-
lase [323]. It is most effective in reducing bradykinesia and enables PD patients to perform
daily activities like dressing, walking, and handling utensils. Disease progression necessi-
tates increasing the frequency of dosing and also increases the risk of significant adverse
effects (i.e., dyskinesias and severe on–off motor fluctuations). Adverse effects due to the
conversion of levodopa to dopamine outside the CNS can be attenuated by the concomitant
use of carbidopa or benserazide peripheral inhibitors of DOPA decarboxylase that do not
cross the BBB [323,325–327]. An alternative to oral levodopa is the intestinal infusion of
levodopa gel [328].

5.1.2. Dopamine Agonists

Dopamine agonists (e.g., ropinirole, rotigotine, and apomorphine) are prescribed as
(a) initial therapy in younger PD patients, (b) to patients who cannot tolerate levodopa,
or (c) as an adjunct to levodopa therapy to reduce the incidence and severity of dystonia,
motor fluctuations, and dyskinesia in comparison to levodopa therapy alone [319,323,329].
The most significant adverse effects of treatment with dopamine agonists are (a) compulsive
and impulsive behaviours (i.e., impulse control disorders) [330–336] and (b) withdrawal
syndrome secondary to drug withdrawal or reduced dosage in patients with impulse
control disorders [336].

5.1.3. Monoamine Oxidase B (MAO-B) Inhibitors

MAO-B inhibitors (e.g., selegiline, rasagiline, and safinamide) are used for the initial
treatment of PD patients to delay levodopa therapy with the inevitable levodopa-induced
motor complications [329]. They sustain dopamine availability in the striatum by reducing
dopamine’s monoamine oxidase B breakdown. The most common adverse effects of these
drugs are gastrointestinal [323,329].
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5.1.4. Catechol-O-methyl Transferase (COMT) Inhibitors

COMT inhibitors (e.g., entacapone, tolcapone, opicapone) reduce the catechol-O-
methyl transferase enzyme’s activity, thus reducing dopamine degradation in the brain.
The drugs are used in combination with levodopa and may lead to the amplification of
levodopa-induced adverse effects [323,324,329].

5.1.5. Anticholinergics

Trihexyphenidyl, benztropine, orphenadrine, procyclidine, and biperiden are antago-
nists of cholinergic receptors that reduce acetylcholine neurotransmitter activity. Reduced
brain acetylcholine neurotransmitter activity is assumed to compensate for the reduced
PD-associated loss of dopaminergic brain activity [329]. Anticholinergics contribute to a
modest reduction in rigidity and tremors and are prescribed to young PD patients at early
stages of the disease. The drugs’ important adverse effect is confusion in elderly patients or
patients with cognition disabilities [324].

5.1.6. Amantadine

Amantadine is a weak antagonist of the NMDA-type glutamate receptor (has an
anti-dyskinetic effect) that also increases dopamine release and blocks dopamine reuptake
(has an antiparkinsonian effect) [337]. The drug is beneficial for attenuating the severity of
levodopa-induced dyskinesias [338]. The drug’s side effects are hallucinations, confusion
and impaired concentration, insomnia, nightmares, and agitation [324].

Physical activity reduces nigrostriatal LB formation and dopaminergic neuron death
and increases brain-derived neurotrophic factor (BDNF) expression in animal models of
PD [339–341]. The beneficial effects of moderate-to-vigorous physical activity, such as
reduced PD risk and a slower decline in locomotor function, were reproduced in human
studies [342–346]. Since T2D is a risk factor for PD, it is essential to note that sustaining a
healthy diet, a normal BMI, and regular exercise reduces the risk for T2D [184,347–349].

5.2. Potential Alternative Pharmacological Interventions for PD

Preclinical, epidemiological, and post-mortem studies support the suggestions that
T2D and PD have overlapping aetiologies, that T2D is a risk factor for PD, and that T2D
accelerates the severity and progression of PD [2,28,235,350]. The shared disruptions of
brain cells’ signalling pathways in T2D and PD are due to attenuated PI3K-AKT signalling
pathway activity, which is the result of impaired insulin signalling, leading to (a) the FOXO1-
promoted activation of pro-apoptosis factors and reduced MT function [2,235,237,351];
(b) GSK3-increased α-syn aggregation, NF-κB-enhanced NLRP3 inflammasome activation,
pro-inflammatory cytokine signalling ((IL)-1β, -6; TNFα), and pro-inflammatory microglial
activation [2,235,237]; and (c) reduced neural growth and synaptic plasticity or cell death
due to mTOR inhibition [2,235,237].

Several drivers contributed to the development of alternative pharmacological PD
treatments: (a) the overlap between PD and T2D aetiologies stimulated the evaluation of
antidiabetic drugs for the treatment of PD [237,248,350,352,353], (b) the destructive effects
of chronic, low-grade neuroinflammation in PD [245,354], (c) the overproduction of sol-
uble α-syn promotes the formation of toxic α-synO–fibrillar conglomerates that increase
the risk for PD [5,355], and (d) the high cholesterol and cholesterol metabolites acceler-
ate α-syn aggregation, inhibit tyrosine hydroxylase expression, and reduce dopamine
synthesis [356–362].

5.2.1. Anti-Alfa Synuclein Vaccination and Humanised α-Synuclein Antibodies (Arbo et al.
2022) [245]

Neuroinflammation in PD can be attenuated by the injection of humanised α-synuclein
antibodies or vaccination with peptides that elicit an Ab response against α-synuclein. Both
approaches could be suitable for early-stage PD patients and populations at a high risk for
PD [245]. The advantage of vaccination against α-synuclein over the injection of antibodies
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is the ability to treat a large population in a shorter time since frequent injections are not
required [363]. The proof of principle for vaccination against PD was demonstrated in
animal models and early clinical trials [363].

An example of a vaccine candidate for PD treatment is PD01A, a short peptide that in-
duces a specific antibody response to α-syn O. Phase 1 clinical trials with PD01A confirmed
tolerance, substantial immune response, and dose-dependent effects [364]. In July 2023, a
Phase 2 trial began testing an optimised vaccine formulation named ACI-7104.056 (Clinical-
Trials.gov Identifier: NCT06015841).

Examples of α-synuclein antibodies are 9E4 antibody prasinezumab (PRX002) and
BIIB054. Prasinezumab is a humanised IgG1 monoclonal antibody directed against aggre-
gated α-synuclein. A Phase 2 clinical trial with prasinezumab concluded that the treatment
had no meaningful effect on global or imaging measures of PD progression compared
to placebo and was associated with infusion reactions [365]. BIIB054 (also known as cin-
panemab) is a human-derived monoclonal α-syn antibody. A multicenter, double-blind,
Phase 2 trial (SPARK) concluded that in participants with early PD, over 52 weeks, cin-
panemab did not delay or reduce clinical measures of PD progression nor PD-related
changes in DaT-SPECT imaging compared to the placebo, control group [366]. A follow-up
data analysis of the SPARK study concluded that 52 weeks of treatment with cinpanemab
had no effect on the selected biomarkers of patients with early PD and that more suitable
biomarkers for disease severity and progression in early PD are necessary [367].

5.2.2. Biguanides

Metformin, a biguanide, is the most prescribed oral antidiabetic drug worldwide
for treating T2D. The drug reduces blood glucose by (a) inhibiting MT complex I, which
stimulates AMPK and inhibits hepatic glucose production and (b) increasing skeletal muscle
glucose uptake by increased GLUT4 incorporation into the cell membrane. Preclinical
studies reported that metformin attenuated ROS production [368,369] and the activity of
inflammatory cytokines [369–371] by attenuating NF-κB activity [372]. Epidemiological
studies reported diverse effects of metformin on modifying the risk of PD in T2D patients,
ranging from a reduced risk [373] and no change in risk [374] to an increased risk [375,376]
of PD in T2D patients.

5.2.3. Dipeptidyl Peptidase-4 Inhibitors

Dipeptidyl peptidase-4 inhibitors (DPP4 inhibitors), also known as gliptins, slow the
degradation of their substrate incretin GLP1, thus prolonging GLP1 signalling, which
stimulates insulin secretion by pancreatic β cells [377,378] and supports neuroprotective,
antiapoptotic, and anti-inflammatory effects in the CNS [379–381]. Animal model studies
of PD using DPP4 inhibitors (sitagliptin and liraglutide) reported their beneficial effects,
including improved motor function, reduced memory deficits, reduced dopaminergic de-
generation, reduced oxidative stress and neuroinflammatory markers, attenuated apoptosis,
and increased neurogenesis [382–387]. Population-based studies, either case–control [388]
or longitudinal cohort [140] studies, reported a reduced risk for PD in patients using DPP4
inhibitors. PD patients with diabetes who were treated with DPP4 inhibitors had (a) an
increased baseline dopamine transporter availability in the anterior, posterior, and ventral
putamen; (b) a slower increase in the required L-DOPA doses; and (c) a reduced rate of
L-DOPA-induced dyskinesia [389]. Also, treatment with DPP4 inhibitors attenuated cogni-
tive decline in older T2D patients with or without mild cognitive impairment [390–392].
Randomised, controlled clinical trials are necessary to prove the effectiveness of treatment
with DPP4 inhibitors in PD patients [245].

5.2.4. Flavonoids

A recent review summarised the potential beneficial effects of flavonoids in plant-
based food in preventing and managing synucleinopathies, including PD. Baicalein, lu-
teolin, quercetin, myricitrin, epigallocatechin-3-gallate, and genistein are reported as the
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most effective flavonoids against synucleinopathies. The PD-preventive effect of flavonoids
is attributed to the reduced α-syn production and aggregation, enhanced degradation of
α-syn aggregates with autophagy, and modulation of antioxidant enzyme activity, thus
protecting dopaminergic neurons from oxidative damage and cell death. The authors con-
cluded that clinical trials to evaluate the long-term safety, optimal dosage, and efficacy of
flavonoids in humans are necessary to validate the reported beneficial effects of flavonoids
in animal models of PD [393].

5.2.5. Glucagon-like Peptide-1 Receptor Agonists

Glucagon-like Peptide-1 (GLP-1) is an incretin hormone. The ingestion of nutrients
stimulates its release from the gut enteroendocrine cells [394]. GLP1 increases insulin
secretion by pancreatic β cells and reduces glucagon secretion by pancreatic α cells. In
addition, GLP1 has anti-inflammatory, antiapoptotic, and neuroprotective effects [395].
In the CNS, GLP1 regulates thermogenesis, blood pressure control, neural development,
growth and regeneration, energy homeostasis, satiety control, water intake, and stress
reaction [396].

GLP1 receptor agonists (e.g., exenatide, liraglutide, and semaglutide), with a longer
half-life than GLP1, were developed for treating patients with T2D [394,397]. These ag-
onists are candidates for PD treatment since they can cross the BBB and affect brain
cells’ metabolism [398,399]. Animal model studies of PD with GLP-1 receptor agonists
(exenatide, liraglutide, and semaglutide) reported reduced dopaminergic degeneration, re-
stored dopamine levels, improved motor function [316,400–403] and attenuated α-synuclein
accumulation, reduced oxidative stress and neuroinflammation, improved MT function,
stimulated autophagy, and increased glial cell line-derived neurotrophic factor expression
and neurogenesis [316,403–405]. Clinical trials on PD patients with the GLP1 receptor
agonist exenatide reported consistent improvement in motor and cognitive functions. A
single-blind trial reported persistent improvement in motor and cognitive functions even
12 months after treatment interruption [406]. These results were confirmed with a follow-
up randomised, double-anonymized placebo control study on patients with moderate
PD [143,407]. The efficacy of the GLP1 receptor agonists exenatide, liraglutide, lixisenatide,
and semaglutide for PD treatment is being evaluated in clinical trials (ClinicalTrials.gov
Identifiers: NCT04305002; NCT02953665; NCT03439943; NCT03659682).

5.2.6. Hydroxy-3-methyl-glutaryl-coenzyme A Reductase Inhibitors

3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, also known
as statins, inhibit the conversion of HMG-CoA to mevalonate, the rate-limiting step in
cholesterol biosynthesis. They are widely used for treating dyslipidemia. The justification
for considering HMG-CoA inhibitors for treating PD is underpinned by preclinical studies
reporting the involvement of cholesterol and its metabolites in PD-associated pathology. For
example, (a) LBs contain isoforms of isopentenyl diphosphate isomerase (IDI), an enzyme
related to cholesterol biosynthesis [408]; (b) cholesterol and its metabolites accelerate α-syn
aggregation by proteasomes inhibition and activation of the liver X receptors [356,357];
(c) cholesterol preferentially facilitates α-synO interactions [358–360]; and (d) cholesterol
metabolites inhibit the expression of tyrosine hydroxylase (TH) and dopamine synthesis
and promote oxidative stress, cell death, and inflammation [361]. Epidemiological studies
and clinical trials have not consistently reported a positive association between high levels
of cholesterol and PD [123,409–414].

5.2.7. IL-1β Inhibitors

IL-1β is a microglia-activating pro-inflammatory cytokine [415,416]. In animal models
of PD, α-synuclein species increased IL-1β release [417,418] that was associated with
PD pathology and cognitive impairment [419–421]. A potential IL-1β inhibitor for PD
treatment is canakinumab, a human monoclonal IL-1β antibody (also known as ACZ885)
that attenuates inflammation and is approved for treating auto-inflammatory diseases [422].
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There are no registered clinical trials at ClinicalTrials.gov to evaluate the safety and efficacy
of IL-1β inhibitors.

5.2.8. Insulin

With or without concomitant T2D, PD patients have impaired brain insulin sig-
nalling [245,423]. Normal brain insulin signalling is vital for brain cells; it enables cell
growth and repair, long-term potentiation, regulates apoptosis, attenuates oxidative stress,
and reduces dopaminergic cell death. Therefore, insulin resistance accelerates dopaminergic
degeneration and the progression of motor and cognitive symptoms [256,424,425]. Studies
of PD animal models reported beneficial effects of insulin treatment, including reduced
motor impairment and attenuated neuronal loss [426] and improved MT function [427]. A
randomised, double-blinded, placebo-controlled trial with 4 weeks of intranasal insulin
(INI) application in PD patients improved verbal fluency and Hoehn–Yahr and unified
Parkinson’s disease rating scale-part 3 motor scores. Additional, controlled clinical trials
are necessary to prove the effectiveness and safety of long-term treatment with INI appli-
cation in PD patients [423]. Potential drawbacks of long-term INI treatment are (a) the
desensitisation of the PI3K pathway, necessitating an increase in INI dosage [423], and
(b) an excessive stimulation of NMDA receptors with increased excitotoxicity and cell
death [240]. Concerns about the development of adverse effects of chronic INI treatment
stimulated research on alternative PD treatment approaches with Glucagon-like Peptide-1
receptor agonists and dipeptidyl peptidase-4 inhibitors.

5.2.9. Lenalidomide

Lenalidomide, a thalidomide analogue, is currently used for treating multiple myeloma
and myelodysplastic syndromes [428]. The drug has anti-inflammatory and immune cell-
modulating effects, including the inhibition of TNF-α, IL-1, IL-6, and IL-12 expression;
the stimulation of T-cell proliferation; and increased IL-2 and IFNγ production [429]. In
animal PD models, the drug reduced microgliosis, the expression of pro-inflammatory
cytokines, NF-κB activation, and dopaminergic fibre loss in the striatum and improved
locomotion [430]. Additional beneficial effects of lenalidomide treatment on animal models
of PD include increased BDNF expression in the substantia nigra with improved neuronal
survival and normal dopamine levels associated with improved locomotion [431]. To date,
there are no registered clinical trials at ClinicalTrials.gov to evaluate the safety and efficacy
of the drug.

5.2.10. Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

Neuroinflammation contributes to the development and progression of NDDs, includ-
ing PD. Cytokines mediate the neuroinflammation [351]; therefore, NSAIDs could attenuate
the development and progression of NDDs. NSAIDs inhibit cyclooxygenase (COX) en-
zymes; this attenuates the conversion of arachidonic acid to bioactive prostaglandins. COX
enzymes exist in two forms: COX1 and COX2. COX1-regulated prostaglandins are involved
in various homeostatic functions throughout the body. COX2-regulated prostaglandins
mediate pain and inflammation [432]. Reduced levels of COX 2-regulated prostaglandins
are associated with reduced inflammatory cytokine levels and attenuated PD neuroin-
flammation [433]. Preclinical studies on animal models of PD reported that the NSAIDs
acetylsalicylic acid, ibuprofen, and indomethacin reduced neuroinflammation, reduced the
loss of nigral neurons, restored dopamine levels, and improved locomotor activity [434,435].
Epidemiologic studies of the long-term effects of NSAID do not consistently report a de-
creased risk of developing PD [436–438]. Clinical trials are necessary to determine whether
NSAIDs reduce the risk of PD.

5.2.11. Sulfonylureas

Sulfonylureas (e.g., chlorpropamide, glibenclamide, glimepiride, glipizide, tolaza-
mide, and tolbutamide) stimulate pancreatic β-cell insulin secretion and are used for the



Int. J. Mol. Sci. 2024, 25, 4358 21 of 44

treatment of T2D [245]. These drugs also attenuate inflammation [439]. Preclinical studies
on animal models of PD reported that glibenclamide, by inhibiting microglial ATP-sensitive
potassium channels and and sulfonylurea receptor1—Ca2+ activated nonselective cation
channels, attenuates neuroinflammation and improves spatial learning and memory [440–
443]. A systematic review and meta-analysis did not identify any association between
using sulfonylureas and PD risk in T2D patients [374].

5.2.12. Thiazolidinediones

Thiazolidinediones (also known as glitazones) are used for the treatment of T2D. These
drugs are PPAR-γ agonists that (a) increase adipokine-elicited insulin sensitivity [245] and
(b) attenuate inflammation by inhibition of NF-κB and NLRP3 and activation of MAPK
signalling pathways [444,445]. In animal models of PD, the aggregate effects of pioglita-
zone and rosiglitazone were improved motor cognitive functions, reduced dopaminergic
neurodegeneration with improved dopamine levels, improved MT function, and attenu-
ated microglial and astroglial cytokine inflammatory responses [446–454]. A randomised,
multicenter placebo-controlled study testing pioglitazone reported (a) no effect on disease
progression and (b) no change in peripheral biomarkers in patients with PD [455]. A
recent meta-analysis of four observational studies concluded that T2D patients treated with
thiazolidinediones have a reduced risk for PD [456].

A summary of potential alternative pharmacological treatments for PD is presented
in Table 2. The most promising drugs for alternative pharmacological PD treatments
are Glucagon-like Peptide-1 (GLP1) agonists or dipeptidyl peptidase-4 enzyme (DPP4)
inhibitors (also known as gliptins).

Table 2. Summary of potential alternative drugs for pharmacological treatment of PD.

Substance Mechanism of Action Observed Effects in Preclinical, PD
Animal Model and Cell Studies

Results of PD Epidemiological or
Clinical Trial Studies

anti α-synuclein protein
monomer (α-syn)
vaccination and humanised
α-synuclein antibodies

Peptides that elicit an antibody
response to oligomeric
α-synuclein (e.g., PD01A) or
humanised antibody
(e.g., PRX002).

The effectiveness of active immunization
against Parkinson’s disease (PD)
(improved locomotor activity, memory
and learning, reduced death of pars
compacta of substanca nigra (SNpc)
nerve cells) was demonstrated in mouse
and rat models [363].

Phase 1 clinical trials confirmed
tolerance, substantial immune
response, and dose-dependent
effects [364,457,458]. BIIB054
development terminated after
Phase 2 clinical trial [245].

biguanides (i.e., metformin)

(1) Inhibit mitochondrial (MT)
complex I, which stimulates
AMP-activated protein kinase
(AMPK) that inhibits
(a) gluconeogenesis and hepatic
glucose production and increases
skeletal muscle glucose uptake by
increased glucose transporter
(GLUT)4 incorporation into the cell
membrane (b). (2) Inhibit nuclear
factor kappa-light-chain-enhancer
of activated B cells (NF-κB) and
reduce reactive oxidative species
(ROS) production.

Overall consistent, positive effects.
Improved locomotor activity and motor
coordination, reduced degeneration of
dopaminergic neurons, reversed
dopamine depletion, inhibited α-syn
phosphorylation and aggregation,
decreased MT dysfunction and oxidative
stress, inhibited neuroinflammation,
increased the production of neurotrophic
factors [459–464].

Diverse results of epidemiological
studies; either no effect, a
decreased risk, or an increased risk
of developing PD in type 2
diabetes (T2D) patients [373–376].

dipeptidyl peptidase-4
(DPP4) inhibitors

Prolong glucagon-like peptide-1
(GLP-1) signalling by inhibiting
its degradation.

Improved motor performance; reduced
memory deficits, oxidative stress, and
dopaminergic degeneration; increased
GLP-1 expression in the brain; and
reduced neuroinflammation [382–386].
The combination of a DPP4 inhibitor with
levodopa was more effective than
levodopa alone [384,387].

Epidemiological studies reported a
reduced incidence of PD associated
with a record of DPP4-inhibitor
intake [140,388].
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Table 2. Cont.

Substance Mechanism of Action Observed Effects in Preclinical, PD
Animal Model and Cell Studies

Results of PD Epidemiological or
Clinical Trial Studies

flavonoids

Multiple actions: (a) modulate the
activity/expression of the
antioxidant enzymes superoxide
dismutase, glutathione peroxidase,
and endothelial nitric oxide
synthase; (b) reduce ROS damage;
and (c) promote tautophagy.

Reduced excessive α-syn production,
oligomerisation, and aggregation;
enhanced α-syn autophagy; reduced
oxidative damage and apoptosis of
dopaminergic neurons [393,465].

None.

Glucagon-like Peptide-1
receptor (GLP-1) agonists

Promote insulin secretion by
pancreatic β cells; in the central
nervous system (CNS), they have
neuroprotective, antiapoptotic, and
anti-inflammatory effects.

Reduced dopaminergic degeneration,
α-syn accumulation, and
neuroinflammation; restored dopamine
levels; attenuated motor dysfunction;
improved MT function [316,402,403,405].

Consistent improvement in motor
and cognitive functions in clinical
trials [143,406,466,467].

Hydroxymethylglutaryl-
CoA (HMG-CoA)
reductase inhibitors

Inhibit the conversion of
HMG-CoA to mevalonate, the
rate-limiting step in
cholesterol synthesis.

Consistent reports of a positive
association between high levels of
cholesterol and PD cholesterol and
cholesterol metabolites accelerated α-syn
aggregation, inhibited tyrosine
hydroxylase expression, and reduced
dopamine synthesis; promoted oxidative
stress, cell death, synaptic loss, and
neuroinflammation in the CNS [356–362].

Clinical trials and observational
studies report diverse results from
a positive association between
high cholesterol levels and an
increased risk of PD to a reduced
risk of PD associated with high
cholesterol [410–414,468,469].

interleukin (IL)-1β
inhibitors inhibitors

Inhibit α-syn-elicited release of
IL-1 β that stimulates additional
release of pro-inflammatory
cytokines from astrocytes and
microglia [415,416,470].

None. None.

insulin (intranasal insulin
(INI) application)

Promotes cell growth and repair,
long-term potentiation;
reduces apoptosis, oxidative stress,
and dopaminergic cell death.

Low-dose, INI application improved
motor and MT function and reduced
dopaminergic cell death [427,471].

Randomised, double-blinded,
placebo-controlled trial improved
verbal fluency and Hoehn-Yahr
and unified Parkinson’s disease
rating scale-part 3 motor scores
with 4 weeks of INI [472].

lenalidomide

Inhibits tumour necrosis factor α
(TNF-α), IL-1, IL-6, and IL-12
expression; stimulates T-cell
proliferation; and increases
production of IL-2 and IFNγ.

Reduced microgliosis, attenuated
pro-inflammatory cytokine expression
and NF-κB activation, attenuated
dopaminergic fibre loss, improved
locomotor activity, increased SNpc
brain-derived neurotrophic factor
expression, and improved neuronal
survival [430,431].

None.

nonsteroidal
anti-inflammatory
drugs (NSAIDs)

Inhibit cyclooxygenase enzymes,
thus reducing the conversion of
arachidonic acid to prostaglandins,
which stimulate the release of
inflammatory cytokines.

Reduced loss of nigral neurons, restored
dopamine levels, improved locomotor
activity, reduced neuroinflammation
[434,435,473,474].

A limited number of
epidemiological studies have
concluded that NSAIDs may
decrease the risk of PD [436,475].

sulfonylureas

Stimulate pancreatic β-cell insulin
secretion by closing sulfonylurea
receptor (Sur1)-regulated channels
that elicit membrane
depolarization, the influx of Ca2+,
and insulin release from vesicles.
Sur1-regulated channels are also
expressed in neurons, astrocytes,
microglial cells, oligodendrocytes,
and endothelial cells.

Attenuated motor and memory
impairment; decreased oxidative stress,
the inhibition of NF-κB, and NLR family
pyrin domain-containing protein 3
(NLRP3) inflammasome activation;
attenuated neuroinflammation; reduced
α-syn expression, dopaminergic
neuronal damage, and apoptosis
[441–443,476].

A systematic review and
meta-analysis did not identify any
association between the use of
sulfonylureas and PD risk in T2D
patients [374].

thiazolidinediones (TZD)

PPAR-γ agonists that (a) increase
adipokine-elicited insulin
sensitivity and (b) attenuate
inflammation by the inhibition of
NF-κB and NLRP3 and the
activation of mitogen-activated
protein kinase (MAPK)
signalling pathways.

Improved motor cognitive functions,
reduced dopaminergic
neurodegeneration with improved
dopamine levels, improved MT function,
attenuated microglial and astroglial
cytokine inflammatory response
[446,448,449,451–454,477,478].

A meta-analysis of four
observational studies concluded
that T2D patients treated with TZD
have a reduced risk for PD
(Hussain et al., 2020 [456]). A
randomized, multicenter,
placebo-controlled study reported
(a) no effect on disease progression
and (b) no change in peripheral
biomarkers in patients with
PD [455].
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6. Conclusions

The view of PD etiopathology has shifted from a brain-centered disease, characterised
by motor symptoms, to a multiorgan disease with multisystemic etiopathology and pro-
dromal non-motor symptoms caused by the interactions of several genetic risk factors,
environmental factors, and ageing [479].

The clinical diversity of PD signs and symptoms, combined with the incomplete
understanding of PD aetiology, necessitate the use of suboptimal combined biomarkers for
diagnosis, treatment monitoring, and prognosis and justify the research and development
of combined biomarkers better tailored to specific clinical phenotypes [480,481].

Lactate and MGO are possible biomarker candidates for PD-associated dementia. Both
were measured in human samples, lactate in CSL [482] and MGO in serum [483], and are
associated with brain pathology and reduced cognition.

Epidemiological, preclinical, and clinical research underpins the assumption of over-
lapping T2D and PD aetiologies due to insulin resistance (IR). T2D-linked systemic IR and
the brain IR—expressed together or existing independently—contribute to the initiation
and progression of PD-associated α-syn brain pathology.

Systemic IR effects sustaining PD-associated α-syn pathology are hyperglycemia and
hyperglycemia-associated brain pathologies (e.g., small blood vessel dysfunction, chronic
neuroinflammation, and BBB dysfunction). Brain IR contributes to α-syn brain pathology
by promoting α-syn aggregation and deposition and attenuating α-syn species clearance
by IDEs, autophagy, and unfolded protein response. PD and T2D pathologies are also
associated with chronic inflammation in the brain that interferes with normal MT function
and proteasome degradation in brain neurons.

The current lack of treatment interventions that either stop or reverse the progression
of PD, combined with the understanding of signalling pathways that underpin the overlap-
ping PD and T2D aetiologies, has encouraged the evaluation of repurposing antidiabetic
drugs for PD treatment.

7. Study Limitations

This study has the limitations of a narrative review and provides a comprehensive,
non-exhaustive overview of the current knowledge of the contribution of diabetes to
Parkinson’s disease aetiology.
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Abbreviations

6-OHDA 6-hydroxydopamine
ADTIQ tetrahydroisoquinoline (ADTIQ)
AGE advanced glycation end product
AKT protein kinase B
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
AMPK AMP-activated protein kinase
ATP adenosine triphosphate
ATP13A2 late endosomal/lysosomal P5-type transport ATPase
BBB blood–brain barrier
BDNF brain-derived neurotrophic factor
CNS central nervous system
CoA coenzyme A
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COMT catechol-O-methyl transferase
CRP C-reactive protein
CSF cerebrospinal fluid
COX cyclooxygenase
DAT dopamine transporter
DJ1 protein deglycase DJ1
DLB dementia with Lewy Bodies
DNA deoxyribonucleic acid
DPP4s dipeptidyl peptidase-4 enzyme inhibitors, also known as gliptins
ER endoplasmic reticulum
FAD flavin adenine dinucleotide
FADH2 dihydroflavine-adenine dinucleotide
FAT10 ubiquitin-like modifier HLA-F adjacent transcript 10, or ubiquitin D
FOXO1 forkhead box protein O1
G3P glycerol-3-phosphate
G6PD glucose-6-phosphate dehydrogenase
GA Golgi apparatus
GABA gamma-aminobutyric acid
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GI gastrointestinal
GLP1 Glucagon-like Peptide-1
GLUT glucose transporter
GSH reduced glutathione
GSK3β glycogen synthase kinase 3β
GSSG glutathione disulfide, oxidised glutathione
GTP guanosine-5′-triphosphate
HDAC histone deacetylase
HIF1 hypoxia-inducible factor 1
HMG-CoA 3-Hydroxy-3-methylglutaryl-coenzyme A
IDE insulin-degrading enzyme
IFNγ interferon gamma
IL interleukin
INI intranasal insulin
IR insulin resistance
IRS-1 insulin receptor substrate 1
KGDHC alpha-ketoglutarate dehydrogenase complex
L-DOPA levodopa
LBs Lewy Bodies
MAPK mitogen-activated protein kinase
MGO methylglyoxal
MIDN Midnolin
MOA-B monoamine oxidase B
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MSA multiple system atrophy
MT mitochondria, mitochondrial
mTORC1 mTOR Complex 1
MTPTP mitochondrial permeability transition pore
NAD nicotinamide adenine dinucleotide
NADH reduced nicotinamide adenine dinucleotide
NADPH reduced nicotinamide adenine dinucleotide phosphate
NDD neurodegenerative brain disorder
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NLR family pyrin domain-containing protein 3
NMDA N-methyl-D-aspartate
Nrf 2 nuclear factor erythroid 2-related factor
NSAIDs nonsteroidal anti-inflammatory drugs
PARK2 encodes cytosolic ubiquitin-E3- ligase, the Parkin protein FAT10
Parkin 465-amino acid residue E3 ubiquitin ligase
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PD Parkinson’s disease
PGC1α peroxisome proliferator-activated receptor-γ coactivator 1-α
PGK1 phosphoglycerate kinase 1
PI3K phosphatidylinositol 3-kinase
PINK1 protein kinase with a mitochondrial targeting domain
PPP pentose phosphate pathway
RAGEs receptors for advanced glycation end products
RBCs red blood cells
RC respiratory complex of the electron transport chain
RNA ribonucleic acid
ROS reactive oxidative species
SNARE protein containing a characteristic 60–70 residue domain, the SNARE motif
SNCA Synuclein Alpha gene
SNpc pars compacta of substanca nigra
T2D Type 2 diabetes
TCA tricarboxylic acid
TNFα tumour necrosis factor α
TXNIP thioredoxin-binding protein
UPR unfolded protein response
VaP vascular Parkinsonism
VMAT2 vesicular monoamine transporter 2
α-syn α-synuclein protein monomer
α-synO α-synuclein oligomer
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