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Abstract: Parkinson’s disease (PD) is a degenerative condition resulting from the loss of dopamin-
ergic neurons. This neuronal loss leads to motor and non-motor neurological symptoms. Most PD
cases are idiopathic, and no cure is available. Recently, it has been proposed that insulin resistance
(IR) could be a central factor in PD development. IR has been associated with PD neuropathological
features like α-synuclein aggregation, dopaminergic neuronal loss, neuroinflammation, mitochon-
drial dysfunction, and autophagy. These features are related to impaired neurological metabolism,
neuronal death, and the aggravation of PD symptoms. Moreover, pharmacological options that
involve insulin signaling improvement and dopaminergic and non-dopaminergic strategies have
been under development. These drugs could prevent the metabolic pathways involved in neuronal
damage. All these approaches could improve PD outcomes. Also, new biomarker identification may
allow for an earlier PD diagnosis in high-risk individuals. This review describes the main pathways
implicated in PD development involving IR. Also, it presents several therapeutic options that are
directed at insulin signaling improvement and could be used in PD treatment. The understanding of
IR molecular mechanisms involved in neurodegenerative development could enhance PD therapeutic
options and diagnosis.

Keywords: Parkinson’s disease; insulin resistance; dopaminergic neurons; insulin signaling

1. Introduction

The role of insulin resistance (IR) in Parkinson’s disease (PD) pathogenesis is unclear.
This relationship has been previously reviewed [1–8]. The current review integrates and
amplifies the eight previous ones and reinterprets observational and review studies at the
molecular level. Our review provides evidence supporting the hypothesis of shared dys-
regulated molecular mechanisms between IR and PD, common to type 2 diabetes mellitus
(T2DM) and PD individuals. PD is one of the most common motor and neurodegenerative
disorders [9]. PD causes disability, and its prevalence is increasing worldwide [10]. This
rise in PD cases has also been observed in Latin America [11] and highlights the importance
of health policies to improve diagnosis, prevention, and treatment [12].

Nutrients 2023, 15, 3585. https://doi.org/10.3390/nu15163585 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu15163585
https://doi.org/10.3390/nu15163585
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0001-9301-2614
https://orcid.org/0000-0001-9059-3281
https://orcid.org/0000-0001-8463-6046
https://orcid.org/0000-0002-2228-0141
https://orcid.org/0000-0002-4829-3653
https://orcid.org/0000-0003-4102-3965
https://doi.org/10.3390/nu15163585
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu15163585?type=check_update&version=2


Nutrients 2023, 15, 3585 2 of 18

PD neurological features include the loss of dopaminergic neurons in the substantia
nigra, and the presence of protein clumps called Lewy Bodies (LBs) in neurons. Movement
disorders of PD include resting tremors, slowness, postural instability, and stiff neck [13].
Moreover, it has been reported that PD involves non-motor disorders like constipation,
fatigue, insomnia, olfactory dysfunction, panic, lightheadedness, anxiety, and depressive
symptoms [14–16], which could be detected several decades before motor disorders develop
in PD individuals [17–19]. Early detection is a developing research field that could improve
the diagnosis and treatment of PD [17].

Approximately 20% of PD cases have been associated with genetic inheritance, while
the remaining cases are sporadic or idiopathic [13,20]. Genetic studies of PD have been
performed using Next Generation Sequencing (NGS), which has allowed for the identi-
fication of several new loci that could explain PD development [21]. For instance, SNCA
gene mutations are involved in LB production [22] and are the first genetic cause of PD
in an autosomal dominant way [22–25]. These LBs are protein clumps of α-synuclein
located in the cytoplasm of neurons [23]. Moreover, mutations in the LRRK2, VSP35, and
CHCHD2 genes have also been described as PD autosomal dominant causes, while mu-
tations in PRKN, PINK1, DJ-1, ATP13A2, FBXO7, and PLA2G6 genes as PD autosomal
recessive [24,25]. Moreover, the role of the immune system in PD development is currently
under research since it has been observed that there are shared gene mutations between PD
and autoimmune disease [26,27].

IR has been associated with PD development and progression through mitochondrial
dysfunction, reactive oxygen species (ROS) overproduction, and upregulated α-synuclein
(SNCA) production [2]. Insulin is involved in the maintenance of brain homeostasis and
its physiological functions. Hence, defective insulin signaling could contribute to PD
development [5,28]. Also, α-synuclein aggregation in the nigrostriatal system has been
observed in hyperglycemic mice models, suggesting an association between hyperglycemia
and PD development [29].

As mentioned earlier, most PD cases have an idiopathic cause; however, a complex
interaction between the genetic, immune system, age, and environmental factors has been
suggested to contribute to developing PD clinical features [13]. For instance, it has been
described that mutations in the major histocompatibility complex class II (MHC-II) locus,
caused by insecticide exposure, could trigger a proinflammatory cell response and an
increased PD susceptibility [30]. Similarly, heavy metals (lead, copper, and mercury) and
illicit substances have also been associated as possible PD risk factors [20]. The molecular
characterization involved in neuronal dysfunction after risk factor exposure could elucidate
possible pathways implicated in neuronal pathogenesis and guide the development of new
drugs for high-risk individuals.

Studies revealed that patients with IR and severe diabetes symptoms (chronic kidney
disease, diabetic retinopathy, cardiovascular disease, hypoglycemic agents, and insulin use)
have an increased PD risk [31]. Moreover, reports have associated Parkinson-like disorders
with the overexpression of PED/PEA-15 in transgenic mice. PED/PEA-15 is a protein
expressed in the brain and increased in T2DM patients [32]. Thus, the knowledge of the IR
and T2DM molecular mechanisms involved in PD pathogenesis could contribute to the
identification of new biomarkers for PD diagnosis.

Despite PD remaining uncurable, the treatment has been mainly focused on dopamine
pharmacological substitution with levodopa (L-DOPA), an amino acid precursor, which re-
duces side effects and improves motor dysfunctions [32]. However, with long-term L-DOPA
treatment, motor complications (dyskinesia, motor response oscillation) are observed [33].
These side effects boosted the development of several new dopaminergic drugs, which in-
creases the half-life of L-DOPA and improves motor dysfunctions [33,34]. Moreover, several
treatments have been developed in recent decades to improve PD symptoms. Some thera-
pies modulate the neurotransmitters’ and neuromodulators’ non-dopaminergic signaling.
These strategies include afferent, efferent, and intrinsic basal ganglia targets and pharmaco-
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logical targets in the autonomic nervous system. These non-dopaminergic options focus on
improving the non-motor and autonomic dysfunction in late-stage PD [33,34].

Furthermore, immunological treatment against α-synuclein protein aggregation, and
anti-insulin resistance therapy, have been proposed to prevent neurodegenerative processes
in PD patients by reducing α-synuclein aggregation [35]. Moreover, studies involving
novel pharmacological approaches targeting insulin signaling have shown improvements
in motor and cognitive dysfunctions; since these pathways are altered in PD and T2DM
patients [36]. Hence, understanding the molecular mechanisms involved in IR or glucose
metabolism dysfunction could allow new drug development to improve PD or type 2
diabetes mellitus outcomes.

Diet has also been linked with neurodegenerative symptoms, since malnutrition and
insulin resistance have been described as risk factors and could trigger PD [37]. More-
over, the Mediterranean diet has been linked as a neuroprotective factor, due to the high
consumption of fruits, vegetables, and fish, and low fat and refined carbohydrates in-
take [37,38]. Meat has been described as an external source of α-synuclein, which could
act as prion-like particles and promote endogenous α-synuclein aggregation [38]. The
regulation of oxidative stress is related to dietary macronutrient intake. The proportion
of macronutrients ingested could deregulate the production of ROS and ATP in the mito-
chondria. Studies mention that protein intake increases oxidative stress and ROS levels,
while carbohydrates produce less ROS than proteins and fatty acids [38]. Hence, a balanced
diet rich in omega-3 fatty acids, antioxidants, and essential nutrients may have protective
effects against both IR and PD.

This review will describe the common molecular mechanisms involved in both IR and
PD pathogenesis, and the role of IR as a possible risk factor for PD development. Lastly,
possible therapeutic targets in insulin signaling for PD will also be discussed (Figure 1).
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Figure 1. Common pathological process in PD and IR. (A) α-synuclein aggregates and cognitive loss.
(B) Dopaminergic neuronal death. (C) Neuroinflammatory response. (D) Mitochondrial dysfunction.
(E) Autophagy.

2. The Role of IR in PD Pathology

Insulin can be synthesized de novo in neurons and glial cells. Its primary function is to
regulate glucose homeostasis in the whole organism, and its receptors are found in adipose
tissue, skeletal muscle, liver, and other organs [39]. Furthermore, these receptors can also
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be found in the brain, explaining the role of insulin in brain activities such as cognitive
function, appetite control, and homeostasis [6].

Dysregulation in insulin signaling and its side effects occur in patients with PD [39].
For instance, Bosco D. et al. 2012 mentioned that 60% of patients with PD and dementia
presented IR [40], resulting in a decreased insulin action in specific tissues [41], which is a
feature of the early stages of T2DM [31]. Hence, individuals with T2DM may have a higher
risk of developing PD or worsening its symptoms [29,42].

Moreover, Kyungdo Han et al. 2023 evaluated the association between diabetes
progression and PD risk. They found that, in a database of 2,362,072 T2DM patients with
medical evaluations from 2009 to 2018, 0.72% (17,046) individuals were found to have PD.
The severity of T2DM was determined by the characteristics presented by the patients, such
as duration of diabetes, renal pathologies, and cardiovascular diseases. An analysis of these
data led the authors to conclude that severe diabetes could be a risk factor for developing
PD [31].

The relationship between elevated blood glucose and frequent dopaminergic neuronal
loss in PD has been evaluated. In animal models overexpressing human α-synuclein
protein and with streptozotocin (STZ)-induced T2DM, severe nigrostriatal degeneration
and neuroinflammation were observed, suggesting that insulin resistance in T2DM affects
the central nervous system [29].

Therefore, PD and IR share dysregulated biological processes and metabolic pathways,
which include α-synuclein aggregation, dopaminergic neuronal loss, neuroinflammation,
mitochondrial dysfunction, and autophagy [5] (Supplementary Table S1).

2.1. The Role of IR in α-Synuclein Aggregates

α-synuclein aggregation, a common feature of PD, may interfere with insulin signaling
pathways, potentially promoting IR. Conversely, studies have shown that IR could also
contribute to α-synuclein aggregation, neurodegeneration, and PD progression [2,43]. The
α-synuclein is a small protein composed of 140 amino acids in length, encoded by the SNCA
gene. This protein contains a positive N-terminal and an amphipathic region, which allows
for the formation of an alpha-helical structure and the interaction with the lipids in the cell
membrane. α-synuclein is highly present in the neurons, and possibly binding to synaptic
vesicles of the pre-synaptic terminal [3,44]. Missense mutations in the N-terminal region of
α-synuclein have been related to its dysfunction [3], which could promote the early onset
of PD symptoms [45]. Furthermore, an SNCA locus triplication has been identified in PD
individuals [46]. However, the specific cause for α-synuclein aggregation remains unclear.
Several factors like environmental conditions, toxic substance interaction, gene expression
levels, cellular membrane fatty acid concentration, and post-transcriptional modifications,
among others, have been associated as triggering factors of α-synuclein aggregations [3].

Furthermore, α-synuclein monomers can aggregate into oligomers, which could form
protofibrils that mature into fibrils with a β-sheet conformation that have been detected
in LB of PD individuals [3,44,47]. The β-sheet-rich structure promotes α-synuclein aggre-
gation, which could be caused by serine phosphorylation, ubiquitination, and C-terminal
truncation [48,49]. Hence, oligomeric forms of α-synuclein have been associated with
enhanced neurotoxicity [50] and abnormal α-synuclein aggregation, which could be a
pathogenic factor in the development of PD [51].

Moreover, similar amyloid aggregates are observed in pancreatic β cells of DM2
patients [52], which could lead to the death and dysfunction of these types of cells [1].
Similarly, neuronal amyloid aggregates (α-synuclein) have been correlated with cell damage
and death [53,54]. For instance, Hong, Chien-Tai et al. 2020 showed, in mice models,
that IR-associated diabetes could promote PD progression via mitochondrial dysfunction,
ROS overproduction, and enhanced SNCA signaling, leading to an increased α-synuclein
production and subsequent aggregation [2].

Amyloidogenic pathway deregulation has been described in Alzheimer’s disease (AD)
and PD. In this pathway, amyloid β precursor protein (type I transmembrane receptor-like
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protein) is cleaved by β-secretase and γ-secretase to produce amyloid β (Aβ) insoluble
monomers. Then, these Aβ become Aβ plaques, which could alter insulin signaling and
disrupt the PI3K/Akt pathway [55]. Moreover, this process could also occur in early PD
stages, preventing insulin and IGF-1 from binding to their receptors (Ir, IGF-1r), leading
to increased GSK3β activity by disrupting the PI3K/Akt pathway. The formation of LB
and amyloid plaques trigger cognitive impairment (CI), a common PD characteristic [56].
Furthermore, CI has been associated with an increased risk of dementia in patients with
T2DM and PD [57].

Likewise, it has been reported that polo-like kinase-2 (PLK2) is responsible for the
phosphorylation of α-synuclein, potentially leading to α-synuclein aggregation [58]. Thus,
the disruption of the PI3K/Akt pathway and the increased phosphorylation of α-synuclein
by PLK2 promotes LB formation [59,60]. Therefore, PLK2 may be an important target for
developing new pharmacological strategies.

2.2. PI3K/Akt/GSK-3 and Ubiquitin Proteasome Pathways in Dopaminergic Neuronal Death

Brain tissue consumes high amounts of oxygen and glucose to preserve cellular
integrity [61]. The main component accountable for neuron integrity is the blood–brain
barrier (BBB), which allows for the molecular exchange that maintains neuronal metabolism
in the brain tissue [62]. Furthermore, insulin is responsible for glucose transport through
BBB and ensures the energy supply for neurons [63]. In brain tissue, the PI3K/Akt/GSK-3
pathway and the Ubiquitin Proteasome Pathway are pivotal in regulating neuronal cell
survival and apoptosis. IR promotes PI3K/Akt/GSK-3 pathway dysregulation, which has
been implicated in neurodegenerative disorders, including PD [64,65].

2.2.1. PI3K/Akt/GSK-3 Pathway

Dysregulated PI3K/Akt/GSK3β signaling is associated with neuronal oxidative stress
and IR, which could promote cell apoptosis, α-synuclein aggregation, and early PD on-
set [66–68]. The PI3K/Akt/GSK3β signaling begins with the phosphorylation of insulin
receptor (Ir) and insulin-like growth factor-1 receptor (IGF-1r) through the binding of
insulin and insulin-like growth factor-1 (IGF-1), respectively. Phosphorylated Ir and IGF-1r
activate insulin receptor substrate-1 and 2 (IRS-1/2), and subsequently the downstream
phosphatidylinositol 3-kinase (PI3k) pathway. PI3k activates phosphatidylinositol 3, 4,
5-triphosphate (PIP3), which triggers phosphoinositide-dependent protein kinase (PDK),
promoting protein kinase B (Akt) phosphorylation in threonine 308 and serine 473 residues.
Phosphorylated Akt stimulates the phosphorylation of the serine 9 residue of the Glycogen
synthase kinase β (GSK3β) to inactivate it. Phosphorylated GSK3β is a neuroprotective
factor in the normal PI3K/Akt/GSK3β signaling pathway. However, when insulin and
IGF-1 do not bind to their receptors (Ir, IGF-1r), it produces an under-phosphorylation of
Ir and IGF-1r that triggers IRS-1 and IRS-2 hyperphosphorylation. Then, hyperphospho-
rylated IRS-1 and IRS-2 inhibit Akt, which activates GSK3β through dephosphorylation.
Hyperphosphorylated IRS-1 and IRS-2 and activated GSK3β have been observed in the
neurological loss of PD individuals [60]. Biochemical mechanisms have revealed that the
IRS hyperphosphorylation process triggers PI3K inhibition. Neurotoxicity decreases by acti-
vating the PI3K/Akt metabolic pathway in normal conditions; however, these mechanisms
related to Parkinson’s pathogenesis remain unclear and are still under investigation [60].

2.2.2. Ubiquitin Proteasome Pathway

The ubiquitin-proteasome system (UPS) catalyzes the degradation of unfolded cytoso-
lic proteins and allows for cellular homeostasis. Moreover, IR, by increasing the oxidative
stress in the cell, could promote dysregulations in the UPS, which could lead to an α-
synucleins aggregation, a hallmark of PD [69,70]. This enzymatic complex catalyzes the
degradation of unfolded cytosolic proteins and allows for neuronal homeostasis. The
UPS function begins with the ubiquitination in the N-terminal residues of the (misfolded)
proteins. This process starts with the ubiquitin activation by binding to the E1 (ubiquitin ac-
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tivation enzymes). After that, activated ubiquitin joins the ubiquitin-conjugating enzymes
(E2). Then, the activated ubiquitin-E2 conjugated is recognized by the ubiquitin ligase
enzymes (E3), which transfer the ubiquitin to a protein substrate. At this point, E3 catalyzes
the binding of several ubiquitin monomers at the first attached ubiquitin, promoting polyu-
biquitination. The complex polyubiquitin-protein is recognized by the proteasome, which
lyses the protein (proteolysis) while ubiquitin is recycled. E3 dysfunction was reported
to cause neuronal death in PD individuals. Dysregulated E3 promotes the proteolysis of
neuronal pro-survival proteins, and the inhibition of the lysis of neuronal pro-apoptotic
caspases [70,71]. Hence, the role of IR in the inhibition of UPS and its implication in PD
development could be assessed. The mechanism of IR could be induced by the degradation
of the insulin receptor, and other insulin signaling molecules via the UPS complex. In
addition, proinflammatory molecules such as tumor necrosis factor-α, interleukins, and
hypoxia-inducible factor 1α are regulated by ubiquitin E3, which regulates insulin signaling
indirectly [72]. Another factor implicated in neuronal death is the depleted lysosomal func-
tion. Given that this organelle is implicated in the clearance of autophagosomes, a decline
of lysosome function results in the accumulation of autophagosomes, which has been
observed in the neurological tissues of post-mortem PD individuals [73]. Moreover, further
research is needed to assess if IR is involved in lysosomal depletion through the inhibition
of transcriptomic regulation of the structural proteins of the lysosomal membrane.

2.3. NF-κB Pathway in IR and the Neuroinflammatory Response

Chronic activation of the NF-κB pathway due to α-synuclein aggregates and inflam-
matory cytokines leads to neuronal inflammation in patients with PD. Moreover, this
inflammatory process also impairs insulin signaling, disrupts glucose homeostasis, and
promotes the development of IR [74]. PD neuroinflammation is associated with neuronal
death, activated microglia, and peripheral immune cell aggregation [75,76], suggesting a
relationship between the immune system and PD development [77,78]. Microglia play an
important role in toxin protein removal, preventing neurodegeneration, activation against
viruses or bacteria, and programmed neuronal cell death [77,79,80]. When microglia are
activated, it releases several proinflammatory cytokines, interleukins, tumoral necrosis
factor, pro-apoptotic proteins, reactive nitrogen, and reactive oxygen species, which are
found in the neurons of the substantia nigra of postmortem PD patients [81,82]. These
proinflammatory factors indicate a pivotal role of the innate immune system in the develop-
ment of PD [83]. Moreover, the adaptive immune system is also involved in PD, since CD8+

and CD4+ T cell infiltration is found in the neurodegenerative tissue of postmortem PD
individuals [83,84]. In conclusion, the microglia have an essential part in the maintenance
of neurological homeostasis [13].

Neuronal death and proinflammatory microglia activation have been observed after
treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in dopaminergic
neuronal cell culture and animal models. MPTP acts as an inhibitor of mitochondrial
complex 1, and triggers ATP deficit and oxidative stress [85,86]. Hence, exposure to
environmental toxins could lead to neuroinflammation and neuronal death.

Likewise, nuclear factor-κB (NF-κB) pathway is involved in the neuroinflammatory
process. The gene expression of nitric oxide synthase, proinflammatory cytokines, and
chemokines are regulated by transcription factors like NF-κB. NF-κB is activated after
oxidative stress, which could be triggered by the inhibition of mitochondrial complexes I
and III, by α-synuclein oligomers, or by the response to inflammatory molecules. NF-κB
subunits are phosphorylated and then translocated from the cytosol to the nucleus. Then,
NF-κB subunits bind to the κB site promoter and produce proinflammatory molecules that
promote neuroinflammation [74].

The overactivity of the NF-κB pathway is a consequence of the increased binding
of α-synuclein to immune receptors of the microglia [87]. These α-synuclein aggregates
and LBs in neurons result from the insulin signaling disruption caused by high levels
of the activated GSK3β kinase [60]. Hence, IR could promote neuroinflammation by
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overproducing proinflammatory cytokines inducing neuronal death and PD progression.
GSK3β inhibitory molecules have been tested as PD therapeutic options [88]. However, due
to GSK3β having an important physiological role in glycogen metabolism, its inhibition in
neuroinflammatory processes must be fully evaluated.

2.4. Parkin/PINK1/PGC-1α Pathway in Mitochondrial Dysfunction

Mutations in the Parkin and PINK1 genes disrupt mitochondrial quality control and
mitophagy processes, resulting in the accumulation of damaged mitochondria and in-
creased oxidative stress in dopaminergic neurons. This cellular dysfunction is correlated
to PD development. Additionally, IR has been associated with dysregulations in the
Parkin/PINK1 pathway and contributes to mitochondrial metabolic dysfunction by reduc-
ing the activity of the PGC-1α coactivator [5]. Mitochondria generate most chemical energy
(ATP) by oxidative phosphorylation; this energy is required for the normal functioning
of all body tissues including heart, muscles, and brain [89]. Moreover, the brain is the
organ with the highest energy consumption rate, either in an active or resting state [90].
In addition, the mitochondria are involved in processes such as Ca2+ ion homeostasis,
which is necessary to activate signaling pathways and synapses [91]. The mechanisms of
mitochondrial regulation, such as mitochondrial biogenesis, protein-complex formation,
and mitochondrial protein post-translational processes, are dysregulated in individuals
with IR and T2DM [92]. Furthermore, α-synuclein aggregates are related to the dysfunction
of Ca2+ homeostasis, which triggers the impairment of the mitochondrial membrane. This
mitochondrial Ca2+ stress leads to oxidative stress and cytochrome C release, which have
been related to PD [93].

Studies suggest that in the skeletal muscle of insulin-resistant individuals, or those
with T2DM, the mitochondrial density is 38% lower than in control individuals, which could
trigger a decrease in mitochondrial function and dysregulation of metabolic pathways [94].
Moreover, cells affected by PD would have mitochondrial deregulation, which could
promote the loss of dopaminergic neurons. The mechanisms that would be related to this
pathology are genetic mutations, oxidative stress, environmental factors, mitochondrial
DNA mutations, and epigenetic modifications [95].

Several mutations in the Parkin and PINK1 proteins are implicated in the development
of familial PD [96]. Studies in animal models suggest that the Parkin/PINK1 pathway reg-
ulates mitochondrial quality control. Under normal conditions, Parkin and PINK1 proteins
interact to eliminate nonfunctional mitochondria [97]. In addition, Parkin ubiquitinates the
PARIS protein and promotes its proteasomal degradation. This degradation process allows
for the activation of transcriptional peroxisome proliferator-activated receptor gamma coac-
tivator 1 alpha (PGC-1α), which induces the gene expression involved in mitochondrial
metabolism and biogenesis [96].

PGC-1α interacts with transcription factors such as NRF1 and NRF2 that regulate the
transcription of mitochondrial respiratory chain proteins. Furthermore, the mitochondrial
transcription factor (TFAM) is related to the oxidative stress response. Thus, dysregulations
in PGC-1α could decrease the neuronal mRNA of transcription factors in neurons and be
associated with PD and IR pathogenesis [98].

α-synuclein aggregates have been associated with mitochondrial integrity [99,100]. The
high α-synuclein levels after insulin signaling dysregulation could trigger oxidative stress via
mitochondrial fragmentation or mitochondrial membrane depolarization [101,102]. Therefore,
oxidative stress contributes to the dysregulation of the Parkin/PINK1 pathway, related to
mitochondrial dysfunction [98].

Thus, the loss of Parkin function triggers an accumulation of dysfunctional mitochon-
dria, dysregulated mitophagy, oxidative stress, and dopaminergic neuronal loss in PD.
Furthermore, Parkin dysfunction leads to the accumulation of PARIS and the inhibition of
PGC-1α. The disruption of the Parkin/PINK1/PGC-1α pathway inhibits mitochondrial
biogenesis and has been described in PD and IR individuals [103,104].
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2.5. PI3K/AKT/mTOR and AMPK/mTOR Pathways in Autophagy

The PI3K/AKT/mTOR and AMPK/mTOR signaling pathways are regulators of au-
tophagy. The hyperactivation of the PI3K/AKT/mTOR pathway, which has been observed
in IR states, could inhibit autophagy, contribute to cellular dysfunction, and promote early
PD onset. Conversely, a decrease in the AMPK/mTOR pathway activity due to IR could
lead to an impaired autophagosome formation, inhibiting the degradation of unfolded
proteins, and potentially promoting PD [42,105]. Autophagy and apoptosis are funda-
mental processes in the control of cellular homeostasis, and their dysregulation could be
associated with some pathological conditions. In the case of insulin resistance and PD,
autophagy processes have been correlated with the PI3K/AKT/mTOR metabolic path-
way, which regulates synaptic survival and plasticity during aging and neurodegenerative
diseases [67].

The PI3K/Akt metabolic pathway is activated by some IGF-1 and IGF-2 substrates,
and the activated IGF-2 signaling is involved in neurite outgrowth and the regulation of
autophagy. Furthermore, it was shown that the IGF-2 level was decreased in blood samples
from patients with PD compared to healthy controls [106]. Additionally, the association of
PI3K/Akt with the activation or inhibition of the mammalian target of rapamycin (mTOR)
is another autophagy signaling pathway [107]. mTORC1 is an autophagy inhibitor, and
mTORC1inhibition is associated with the elimination of misfolded proteins and dysfunc-
tional organelles to avoid the accumulation of proteins related to the aging processes or
neurodegenerative diseases [108,109]. Furthermore, some proteins involved in the au-
tophagy process, such as LRRK2, PINK1, and Parkin, are present in mitophagy to destroy
the impaired mitochondria [110].

Protein kinase AMPK regulates energy homeostasis through different metabolic path-
ways. The AMPK/mTOR metabolic pathway promotes autophagy through the activation
of Unc-51-like autophagy activating kinase 1 (ULK1). ULK1 protein promotes phagosome
formation by phosphorylating Beclin-1 to activate autophagy under starvation condi-
tions [105,111]. In addition, AMPK is an antagonist of mTORC1 and inhibits the phospho-
rylation of target substrates affecting autophagy. The dysregulation of the AMPK pathway
is involved with the development of neurodegeneration in diseases such as PD [112]. In pa-
tients with insulin resistance and T2DM, AMPK affects blood glucose and lipid metabolism.
The alteration of energetic mechanisms can produce an altered synapse and cognitive im-
pairment associated with PD [113]. Therefore, AMPK dysregulation promotes autophagy
through ULK1 activation, the indirect mTORC1 inhibition pathway, and autophagosome
and lysosome formation [105]. Furthermore, mitophagy is a defense mechanism for neu-
rons, and studies have revealed that the activation of the AMPK/mTOR signaling pathway
promotes: mitophagy, mitochondrial biogenesis, and the reduction of IR [112].

3. Potential Therapeutic Strategy for Insulin Resistance in PD

As previously described, PD is a chronic, neurodegenerative disorder with no cure [114,115].
The National Institute of Health recommends the use of levodopa for alleviating PD symp-
toms [116]. Levodopa (L-DOPA or L-3,4-dihydroxyphenylalanine) is a dopamine precursor,
which, through the action of the aromatic amino acid decarboxylases within the glia and neu-
rons, is converted into dopamine [117]. However, this type of treatment causes several side
effects, including low blood pressure, nausea, vomiting, and neurotoxicity due to the formation
of ROS [117]. PD patients usually take carbidopa to prevent the side effects of L-DOPA [116].
Therefore, it is vital to develop new alternatives to alleviate PD symptoms.

Drugs that target oxidative stress, inflammation, and insulin resistance, all of which
lead to neurodegeneration, could also be a successful plan of action for PD [118]. For
instance, exenatide, a manufactured version of exendin-4, can bind to the GLP-1 receptor
and act as a peptide agonist, increasing the secretion of glucose-dependent insulin from
pancreatic beta cells [118,119]. Research has shown that exenatide improves glycemic
control in patients with T2DM and received FDA (Food and Drug Administration) approval
in 2005 [119]. Furthermore, it has been demonstrated that exendin-4 at high doses can
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cross the BBB, induce neurite outgrowth, promote neuronal differentiation, reduce the loss
of dopaminergic neurons, rescue degenerating cells, and may improve motor functions
without causing cell toxicity [5,120–124]. Hence, the use of exenatide in PD treatment is
currently being investigated.

Likewise, lixisenatide is another GLP-1 agonist based on the exendin-4 structure has
received FDA approval for type 2 diabetes. Lixisenatide can cross the BBB, has neuropro-
tective properties, reduces motor function deterioration surpassing the effects of exenatide,
and has anti-apoptotic properties [125]. Currently, there are Phase 2 clinical trials determin-
ing the use of lixisenatide for PD treatment. Liraglutide and semaglutide are two more
examples of GLP-1 agonists studied as a possible treatment for PD [118,126].

Similarly, dipeptidyl peptidase-4 inhibitors (DPP4i) are used as hypoglycemic agents
in type 2 diabetes treatment [127]. DPP4i has been correlated with improvements in glucose
metabolism by inhibiting GLP-1 degradation, increasing its availability [128]. Furthermore,
it has been demonstrated that DPP4i have neuroprotective properties, including anti-
apoptotic signaling and the inhibition of neuroinflammation, and could decrease the risk
of developing PD [7,129–131]. For instance, Badawi et al. 2017 showed that sitagliptin
had a neuroprotective effect against nigrostriatal degeneration in rodents [8]. The DPP4i
mechanisms of action are unclear regarding PD, since DPP4i cannot cross the BBB; it has
been hypothesized that DPP4i could alleviate PD symptoms by increasing the blood levels
of GLP-1 and GLP-2 [128].

Ghrelin has also been associated with the improvement of insulin signaling. Ghrelin is
a hormone that is expressed in peripheral tissues and the central nervous system. Ghrelin
has been reported to increase insulin sensitivity in neurons and decrease IR. Therefore, ghre-
lin could be a neuroprotective factor in neurodegenerative diseases such as PD [132,133].
Moreover, ghrelin can enhance several energy metabolic pathways like beta oxidation [133]
and alleviate neuronal inflammation by reducing proinflammatory cytokines [134]. These
characteristics open the possibility of studying the ghrelin pathway as a potential target in
neurodegenerative diseases [132–134].

Additionally, increased vitamin E and omega-3 fatty acids in PD patients could im-
prove the symptoms associated with PD, including the reduction of ROS production and
dopaminergic cell death. Dietary restriction and exercise have also been shown to be benefi-
cial for alleviating PD symptoms because of their effects on increasing dopamine levels and
reducing glucose levels, and damage to neurons and associated motor dysfunction [36].

4. Discussion

Until now, PD has been one of the most prevalent neurological disorders with no
cure. It is characterized by a reduced quality of life and a high cost of treatment [9]. In
addition, the global burden of PD increases yearly due to aging and life expectancy im-
provement [135]. Thus, studies about infrastructure, medical care, and pharmacological
and physical rehabilitation treatment costs could be performed to prevent the overburden-
ing in neurological disorders management. For instance, a United States projection study
estimates a PD prevalence of 1.6 million individuals produces more than USD 79 billion in
economic burden [136].

By providing molecular analyses of the metabolic pathways common to IR and PD, we
suggest possible pharmacological interventions that could ameliorate both. The evidence
that incretin and insulin treatment improves insulin signaling and protects against neurode-
generative processes could be clinically tested as a neuroprotective application to subjects
with PD [118]. Therefore, the evidence that insulin treatment can be neuroprotective in
neuronal trauma [43] would support testing this approach against neurodegeneration and
loss of insulin receptors and their function [137,138] in PD patients.

Aggregation and hyperphosphorylation of α-synuclein, which leads to LB formation,
are key pathological features of PD, and both are associated with IR. IR promotes the
expression of the SNCA gene which facilitates α-synuclein hyperphosphorylation and LB
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formation [2], contributing to PD motor and cognitive impairments [6]. So, targeting IR in
PD could reduce insulin signaling disruption and ameliorate these key PD pathologies.

α-synuclein aggregation, a component of PD pathology, is linked to the UPS. Dysfunc-
tional UPS and PI3K/Akt/GSK-3 pathways are associated with α-synuclein aggregation.
Neurodegeneration in PD could be ameliorated by enhancing the E3 enzymatic complex
of UPS or inhibiting deubiquitinase UPS14, an approach that is still currently under in-
vestigation [70]. Therefore, the specific characterization of the molecular mechanisms
involved in PD pathogenesis through the impairment of insulin signaling, UPS, and the
PI3K/Akt/GSK-3 pathway could help to develop new therapeutic options and improve
the diagnosis.

Neurodegeneration in the form of reduced dopamine and other transmitter signaling
in the hippocampus, cerebral cortex, and amygdala is a serious PD pathology, which is
connected to IR in multiple ways [64]. It is triggered and enhanced by defective insulin
signaling and improved with the correction of this defect. Evidence for the role of defective
insulin signaling in PD pathology is fourfold. First, Glycatome, excessive hyperglycemia
that results from IR, facilitates α-synuclein aggregation [29] and neuroinflammation that
may promote PD development [139]. Glycatome reflects the protein glycation and dis-
ruption of several neuronal pathways in type 2 diabetes [139] and, thus, potentially in
PD as well. Second, intestinal microbiota may mediate neuroinflammation in the brain,
as the injection of α-synuclein aggregates into intestinal mucosa produces lesions in the
neural enteric system [140–143], and the effect might be transmitted to the central nervous
system through α-synuclein overproduction. Third, IR is associated with the malfunction
of the PI3K/Akt pathway [144,145] and with impaired fatty acid metabolism, which may
facilitate the emergence of α-synuclein [146], LBs [146–148], and neuronal death. Finally,
a truncated insulin receptor promotes mitochondrial dysfunction, high ROS production,
and the suppression of the PI3K/Akt pathway. The consequence is reduced dopamine
signaling and the development of depression and anxiety in PD patients [149]. Other
consequences are the reduced production of PGC1α and the associated depolarization of
the mitochondrial membrane with the production of neurodegenerative ROS [2].

Neurodegeneration is prevented or mitigated by several molecular mechanisms that
should be explored in clinical trials for the amelioration of PD symptoms. The first one is
the neuroprotective action of IGF-1 by way of reducing α-synuclein aggregates [106,150].
IGF-1 concentrations may also mark the development of PD [150,151]. The second approach
is to stimulate the insulin-degrading enzyme (IDE), which prevents α-synuclein and islet
amyloid formation [152]. Conversely, the inhibition of IDE leads to the aggregation of
α-synuclein in pancreatic α cells [153]. The third approach benefits from the similarities
of PD and T2DM pathology of glucose intolerance. Increasing the glucagon-like peptide
1 (GLP-1) receptor decreases cognitive impairment in both metabolic disturbances and
motor impairments in PD [154,155]. GLP-1 increases insulin secretion from pancreatic ß
cells and suppresses glucagon secretion from this organ’s α cells [156]. The fourth approach
derives from the effects of the GLP-1 receptor. It activates Akt signaling that regulates
GSK-3B and mTOR proteins associated with inflammation, mitochondrial biogenesis, and
autophagy [156]. Exenatide drug that activates GLP-1 receptors corrects deficiencies in
dopaminergic and noradrenergic neurotransmitters in mice. Longer-acting agonists li-
raglutide and lixisenatide improve motor function and are neuroprotective [155]. The fifth
approach to potentially ameliorate PD focuses on PPARγ (peroxisome proliferator-activated
receptor), which reduces glucose levels and regulates the PARIS/PGC-1 α pathway. The ac-
tivation of this pathway produces neuroprotective effects, modulates late inflammation, and
enhances mitochondrial function [157]. Pioglitazone, a PPARγ agonist, inhibits dopamin-
ergic neurodegeneration in rodents [158]. The inhibition of PARIS, and overexpression of
PGC-1 α, could produce neuroprotective effects in PD patients [98].

The sixth potential therapeutic agent for PD is the enzyme protein kinase AMPK
activated under the conditions of energy deficiency. Metformin activates the AMPK/mTOR
pathway to improve PD motor symptoms [159], enhances autophagy, and delivers a neuro-



Nutrients 2023, 15, 3585 11 of 18

protective effect [160]. Finally, exposure of PD subjects to a very low-calorie ketogenic diet
suggests that this dietary approach may be neuroprotective and suppress neurodegenera-
tion [161].

The limitations of the present review are mainly due to the heterogeneity of the results
and the lack of conclusive studies; hence, more research is needed to clearly identify the
association between insulin resistance and Parkinson’s disease.

5. Conclusions

PD is a neurodegenerative disorder that involves the interaction of environmental,
genetic, immune, aging, and metabolic factors. Several neurological features like neuronal
death, amyloid aggregation, neuroinflammation, autophagy, and mitochondrial dysfunc-
tion have been associated with both IR and different stages of PD development. Although
the immune system has also been implicated in PD development; its association with
IR remains under research. Currently, there is no cure for this pathology, and the avail-
able treatments are focused on attenuating PD symptoms that could generate side effects.
Hence, the continuous research on the association between IR and the molecular and cellu-
lar mechanisms involved in neuropathogenesis is fundamental for the development of new
pharmacological targets that improve PD outcomes and the identification of biomarkers
that could help in PD diagnosis.
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PD Parkinson’s disease
IR Insulin resistance
IGF-1 Insulin-like growth factor-1
AD Alzheimer’s disease
LB Lewy Bodies
NGS Next Generation Sequencing
ROS Reactive oxygen species
ENS Enteric nervous system
IGF-1r Insulin-like growth factor-1 receptor
IDE Insulin-degrading enzyme
GSK3β Glycogen synthase kinase β

GLP-1 Glucagon-like receptor
PLK2 Polo-like kinase-2
UPS Ubiquitin proteasome system
PGC-1 α Peroxisome proliferator-activated receptor gamma coactivator 1 alpha
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mTOR Mammalian target of rapamycin
PED/PEA-15 Phosphoprotein enriched in diabetes/phosphoprotein enriched in astrocytes-15
L-DOPA Levodopa
STZ Streptozotocin
Aβ Amyloid β

CI Cognitive impairment
BBB Blood–brain barrier
IRS-1/2 Insulin receptor substrate-1 and 2
PI3k Phosphatidylinositol 3-kinase
PIP3 3, 4, 5-triphosphate
PDK Phosphoinositide-dependent protein kinase
Akt Protein kinase B
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
T2DM Type 2 diabetes mellitus
ULK1 Unc-51-like autophagy activating kinase 1
FDA Food and Drug Administration
DPP4i Dipeptidyl peptidase-4 inhibitors
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44. Vidović, M.; Rikalovic, M.G. Alpha-Synuclein Aggregation Pathway in Parkinson’s Disease: Current Status and Novel Therapeutic
Approaches. Cells 2022, 11, 1732. [CrossRef] [PubMed]

45. Magistrelli, L.; Contaldi, E.; Comi, C. The impact of snca variations and its product alpha-synuclein on non-motor features of
parkinson’s disease. Life 2021, 11, 804. [CrossRef] [PubMed]

46. Singleton, A.B.; Farrer, M.; Johnson, J.; Singleton, A.; Hague, S.; Kachergus, J.; Hulihan, M.; Peuralinna, T.; Dutra, A.; Nussbaum,
R.; et al. α-Synuclein Locus Triplication Causes Parkinson’s Disease. Science 2003, 302, 841. [CrossRef] [PubMed]

https://doi.org/10.1038/s41582-019-0215-z
https://doi.org/10.3389/fneur.2019.00218
https://doi.org/10.3389/fgene.2022.781816
https://www.ncbi.nlm.nih.gov/pubmed/35299952
https://doi.org/10.1016/j.cger.2019.08.002
https://www.ncbi.nlm.nih.gov/pubmed/31733690
https://doi.org/10.1126/science.276.5321.2045
https://www.ncbi.nlm.nih.gov/pubmed/9197268
https://doi.org/10.1186/s40035-019-0165-9
https://doi.org/10.1001/jamaneurol.2017.0469
https://www.ncbi.nlm.nih.gov/pubmed/28586827
https://doi.org/10.1038/s41582-020-0344-4
https://doi.org/10.3389/fnins.2021.730378
https://doi.org/10.1186/s40035-022-00288-z
https://doi.org/10.1038/npjparkd.2015.2
https://doi.org/10.1038/s41531-023-00462-8
https://doi.org/10.1038/srep29967
https://www.ncbi.nlm.nih.gov/pubmed/27426254
https://doi.org/10.1038/nrd.2018.136
https://www.ncbi.nlm.nih.gov/pubmed/30262889
https://doi.org/10.1038/nrdp.2017.13
https://www.ncbi.nlm.nih.gov/pubmed/28332488
https://doi.org/10.1038/s41531-016-0001-1
https://www.ncbi.nlm.nih.gov/pubmed/28649604
https://doi.org/10.1016/j.neulet.2021.135754
https://www.ncbi.nlm.nih.gov/pubmed/33610666
https://doi.org/10.1080/1028415X.2019.1681088
https://www.ncbi.nlm.nih.gov/pubmed/31684843
https://doi.org/10.3390/nu14214472
https://www.ncbi.nlm.nih.gov/pubmed/36364733
https://doi.org/10.1080/13543784.2020.1738383
https://doi.org/10.1016/j.jns.2011.12.008
https://doi.org/10.1186/s13195-021-00784-w
https://doi.org/10.3233/JPD-191900
https://www.ncbi.nlm.nih.gov/pubmed/32333549
https://doi.org/10.3389/fnins.2020.547175
https://www.ncbi.nlm.nih.gov/pubmed/33100956
https://doi.org/10.3390/cells11111732
https://www.ncbi.nlm.nih.gov/pubmed/35681426
https://doi.org/10.3390/life11080804
https://www.ncbi.nlm.nih.gov/pubmed/34440548
https://doi.org/10.1126/science.1090278
https://www.ncbi.nlm.nih.gov/pubmed/14593171


Nutrients 2023, 15, 3585 14 of 18

47. Giorgetti, S.; Greco, C.; Tortora, P.; Aprile, F.A. Targeting amyloid aggregation: An overview of strategies and mechanisms. Int. J.
Mol. Sci. 2018, 19, 2677. [CrossRef] [PubMed]

48. Fujiwara, H.; Hasegawa, M.; Dohmae, N.; Kawashima, A.; Masliah, E.; Goldberg, M.S.; Shen, J.; Takio, K.; Iwatsubo, T. α-synuclein
is phosphorylated in synucleinopathy lesions. Nat. Cell Biol. 2002, 4, 160–164. [CrossRef]

49. Barrett, P.J.; Timothy Greenamyre, J. Post-translational modification of α-synuclein in Parkinson’s disease. Brain Res. 2015, 1628,
247–253. [CrossRef]

50. Du, X.; Xie, X.; Liu, R. The Role of α-Synuclein Oligomers in Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 8645. [CrossRef]
51. Danzer, K.M.; Krebs, S.K.; Wolff, M.; Birk, G.; Hengerer, B. Seeding induced by α-synuclein oligomers provides evidence for

spreading of α-synuclein pathology. J. Neurochem. 2009, 111, 192–203. [CrossRef]
52. Jaikaran, E.T.A.S.; Nilsson, M.R.; Clark, A. Pancreatic β-cell granule peptides form heteromolecular complexes which inhibit islet

amyloid polypeptide fibril formation. Biochem. J. 2004, 377, 709–716. [CrossRef] [PubMed]
53. Gómez-Benito, M.; Granado, N.; García-Sanz, P.; Michel, A.; Dumoulin, M.; Moratalla, R. Modeling Parkinson’s Disease With the

Alpha-Synuclein Protein. Front. Pharmacol. 2020, 11, 356. [CrossRef] [PubMed]
54. Zhang, G.; Xia, Y.; Wan, F.; Ma, K.; Guo, X.; Kou, L.; Yin, S.; Han, C.; Liu, L.; Huang, J.; et al. New Perspectives on Roles of

Alpha-Synuclein in Parkinson’s Disease. Front. Aging Neurosci. 2018, 10, 370. [CrossRef] [PubMed]
55. Shieh, J.C.C.; Huang, P.T.; Lin, Y.F. Alzheimer’s Disease and Diabetes: Insulin Signaling as the Bridge Linking Two Pathologies.

Mol. Neurobiol. 2020, 57, 1966–1977. [CrossRef] [PubMed]
56. Watson, G.S.; Leverenz, J.B. Profile of cognitive impairment in parkinson’s disease. Brain Pathol. 2010, 20, 640–645. [CrossRef]

[PubMed]
57. Green, H.; Tsitsi, P.; Markaki, I.; Aarsland, D.; Svenningsson, P. Novel Treatment Opportunities Against Cognitive Impairment in

Parkinson’s Disease with an Emphasis on Diabetes-Related Pathways. CNS Drugs 2019, 33, 143–160. [CrossRef] [PubMed]
58. Bergeron, M.; Motter, R.; Tanaka, P.; Fauss, D.; Babcock, M.; Chiou, S.S.; Nelson, S.; San Pablo, F.; Anderson, J.P. In vivo modulation

of polo-like kinases supports a key role for PLK2 in Ser129 α-synuclein phosphorylation in mouse brain. Neuroscience 2014, 256,
72–82. [CrossRef] [PubMed]

59. Zhang, C.; Ni, C.; Lu, H. Polo-Like Kinase 2: From Principle to Practice. Front. Oncol. 2022, 12, 956225. [CrossRef]
60. Yang, L.; Wang, H.; Liu, L.; Xie, A. The role of insulin/IGF-1/PI3K/Akt/GSK3β signaling in parkinson’s disease dementia. Front.

Neurosci. 2018, 12, 73. [CrossRef]
61. Zlokovic, B.V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders. Nat. Rev. Neurosci.

2011, 12, 723–738. [CrossRef]
62. Zlokovic, B.V. The Blood-Brain Barrier in Health and Chronic Neurodegenerative Disorders. Neuron 2008, 57, 178–201. [CrossRef]

[PubMed]
63. Bingham, E.M.; Hopkins, D.; Smith, D.; Pernet, A.; Hallett, W.; Reed, L.; Marsden, P.K.; Amiel, S.A. The role of insulin in

human brain glucose metabolism: An 18fluoro-deoxyglucose positron emission tomography study. Diabetes 2002, 51, 3384–3390.
[CrossRef] [PubMed]

64. Fiory, F.; Perruolo, G.; Cimmino, I.; Cabaro, S.; Pignalosa, F.C.; Miele, C.; Beguinot, F.; Formisano, P.; Oriente, F. The Relevance of
Insulin Action in the Dopaminergic System. Front. Neurosci. 2019, 13, 868. [CrossRef] [PubMed]

65. Ramalingam, M.; Kim, S.J. The Neuroprotective Role of Insulin Against MPP+-Induced Parkinson’s Disease in Differentiated
SH-SY5Y Cells. J. Cell. Biochem. 2016, 117, 917–926. [CrossRef] [PubMed]

66. Chong, Z.Z.; Shang, Y.C.; Wang, S.; Maiese, K. A critical kinase cascade in neurological disorders: PI3K, Akt and mTOR. Future
Neurol. 2012, 7, 733–748. [CrossRef] [PubMed]

67. Long, H.Z.; Cheng, Y.; Zhou, Z.W.; Luo, H.Y.; Wen, D.D.; Gao, L.C. PI3K/AKT Signal Pathway: A Target of Natural Products in
the Prevention and Treatment of Alzheimer’s Disease and Parkinson’s Disease. Front. Pharmacol. 2021, 12, 648636. [CrossRef]

68. Wang, Y.; Liu, W.; He, X.; Zhou, F. Parkinson’s disease-associated Dj-1 mutations increase abnormal phosphorylation of tau
protein through Akt/Gsk-3β pathways. J. Mol. Neurosci. 2013, 51, 911–918. [CrossRef] [PubMed]

69. Costes, S.; Huang, C.J.; Gurlo, T.; Daval, M.; Matveyenko, A.V.; Rizza, R.A.; Butler, A.E.; Butler, P.C. β-cell dysfunctional
ERAD/ubiquitin/proteasome system in type 2 diabetes mediated by islet amyloid polypeptide-induced UCH-L1 deficiency.
Diabetes 2011, 60, 227–238. [CrossRef]

70. Schmidt, M.F.; Gan, Z.Y.; Komander, D.; Dewson, G. Ubiquitin signalling in neurodegeneration: Mechanisms and therapeutic
opportunities. Cell Death Differ. 2021, 28, 570–590. [CrossRef]

71. McNaught, K.S.P.; Jenner, P. Proteasomal function is impaired in substantia nigra in Parkinson’s disease. Neurosci. Lett. 2001, 297,
191–194. [CrossRef]

72. Yang, X.D.; Xiang, D.X.; Yang, Y.Y. Role of E3 ubiquitin ligases in insulin resistance. Diabetes Obes. Metab. 2016, 18, 747–754.
[CrossRef] [PubMed]

73. Dehay, B.; Bové, J.; Rodríguez-Muela, N.; Perier, C.; Recasens, A.; Boya, P.; Vila, M. Pathogenic lysosomal depletion in Parkinson’s
disease. J. Neurosci. 2010, 30, 12535–12544. [CrossRef]

74. Singh, S.S.; Rai, S.N.; Birla, H.; Zahra, W.; Rathore, A.S.; Singh, S.P. NF-κB-Mediated Neuroinflammation in Parkinson’s Disease
and Potential Therapeutic Effect of Polyphenols. Neurotox. Res. 2020, 37, 491–507. [CrossRef] [PubMed]

75. Perry, V.H. Innate inflammation in Parkinson’s disease. Cold Spring Harb. Perspect. Med. 2012, 2, a009373. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms19092677
https://www.ncbi.nlm.nih.gov/pubmed/30205618
https://doi.org/10.1038/ncb748
https://doi.org/10.1016/j.brainres.2015.06.002
https://doi.org/10.3390/ijms21228645
https://doi.org/10.1111/j.1471-4159.2009.06324.x
https://doi.org/10.1042/bj20030852
https://www.ncbi.nlm.nih.gov/pubmed/14565847
https://doi.org/10.3389/fphar.2020.00356
https://www.ncbi.nlm.nih.gov/pubmed/32390826
https://doi.org/10.3389/fnagi.2018.00370
https://www.ncbi.nlm.nih.gov/pubmed/30524265
https://doi.org/10.1007/s12035-019-01858-5
https://www.ncbi.nlm.nih.gov/pubmed/31900863
https://doi.org/10.1111/j.1750-3639.2010.00373.x
https://www.ncbi.nlm.nih.gov/pubmed/20522089
https://doi.org/10.1007/s40263-018-0601-x
https://www.ncbi.nlm.nih.gov/pubmed/30687888
https://doi.org/10.1016/j.neuroscience.2013.09.061
https://www.ncbi.nlm.nih.gov/pubmed/24128992
https://doi.org/10.3389/fonc.2022.956225
https://doi.org/10.3389/fnins.2018.00073
https://doi.org/10.1038/nrn3114
https://doi.org/10.1016/j.neuron.2008.01.003
https://www.ncbi.nlm.nih.gov/pubmed/18215617
https://doi.org/10.2337/diabetes.51.12.3384
https://www.ncbi.nlm.nih.gov/pubmed/12453890
https://doi.org/10.3389/fnins.2019.00868
https://www.ncbi.nlm.nih.gov/pubmed/31474827
https://doi.org/10.1002/jcb.25376
https://www.ncbi.nlm.nih.gov/pubmed/26364587
https://doi.org/10.2217/fnl.12.72
https://www.ncbi.nlm.nih.gov/pubmed/23144589
https://doi.org/10.3389/fphar.2021.648636
https://doi.org/10.1007/s12031-013-0099-0
https://www.ncbi.nlm.nih.gov/pubmed/23979838
https://doi.org/10.2337/db10-0522
https://doi.org/10.1038/s41418-020-00706-7
https://doi.org/10.1016/S0304-3940(00)01701-8
https://doi.org/10.1111/dom.12677
https://www.ncbi.nlm.nih.gov/pubmed/27097743
https://doi.org/10.1523/JNEUROSCI.1920-10.2010
https://doi.org/10.1007/s12640-019-00147-2
https://www.ncbi.nlm.nih.gov/pubmed/31823227
https://doi.org/10.1101/cshperspect.a009373
https://www.ncbi.nlm.nih.gov/pubmed/22951445


Nutrients 2023, 15, 3585 15 of 18

76. Kam, T.; Hinkle, J.T.; Dawson, T.M.; Dawson, V.L. Microglia and Astrocyte Dysfunction in Parkinson’s Disease Tae-In. Neurobiol.
Dis. 2020, 144, 105028. [CrossRef] [PubMed]

77. Araújo, B.; Caridade-Silva, R.; Soares-Guedes, C.; Martins-Macedo, J.; Gomes, E.D.; Monteiro, S.; Teixeira, F.G. Neuroinflammation
and Parkinson’s Disease—From Neurodegeneration to Therapeutic Opportunities. Cells 2022, 11, 2908. [CrossRef]

78. Grotemeyer, A.; McFleder, R.L.; Wu, J.; Wischhusen, J.; Ip, C.W. Neuroinflammation in Parkinson’s Disease—Putative Pathomech-
anisms and Targets for Disease-Modification. Front. Immunol. 2022, 13, 878771. [CrossRef] [PubMed]

79. Glezer, I.; Simard, A.R.; Rivest, S. Neuroprotective role of the innate immune system by microglia. Neuroscience 2007, 147, 867–883.
[CrossRef]

80. Salter, M.W.; Stevens, B. Microglia emerge as central players in brain disease. Nat. Med. 2017, 23, 1018–1027. [CrossRef]
81. Nagatsu, T.; Mogi, M.; Ichinose, H.; Togari, A. Cytokines in Parkinson’s disease. J. Neural Transm. Suppl. 2000, 58, 143–151.
82. Harms, A.S.; Ferreira, S.A.; Romero-Ramos, M. Periphery and brain, innate and adaptive immunity in Parkinson’s disease. Acta

Neuropathol. 2021, 141, 527–545. [CrossRef] [PubMed]
83. Schonhoff, A.M.; Williams, G.P.; Wallen, Z.D.; Standaert, D.G.; Harms, A.S. Innate and adaptive immune responses in Parkinson’s

disease. Prog. Brain Res. 2020, 252, 169–216. [CrossRef] [PubMed]
84. Brochard, V.; Combadière, B.; Prigent, A.; Laouar, Y.; Perrin, A.; Beray-Berthat, V.; Bonduelle, O.; Alvarez-Fischer, D.; Callebert,

J.; Launay, J.M.; et al. Infiltration of CD4+ lymphocytes into the brain contributes to neurodegeneration in a mouse model of
Parkinson disease. J. Clin. Investig. 2009, 119, 182–192. [CrossRef] [PubMed]

85. Cuadrado, A.; Pajares, M.; Rojo, A.I.; Manda, G.; Boscá, L. Inflammation in Parkinson’s Disease: Mechanisms and Therapeutic
Implications. Cells 2020, 9, 1687.

86. Yoon, S.; Oh, Y.J. Glucose Levels in Culture Medium Determine Cell Death Mode in MPP+-treated Dopaminergic Neuronal Cells.
Exp. Neurobiol. 2015, 24, 197–205. [CrossRef] [PubMed]
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