
Citation: Scorziello, A.; Sirabella, R.;

Sisalli, M.J.; Tufano, M.; Giaccio, L.;

D’Apolito, E.; Castellano, L.;

Annunziato, L. Mitochondrial

Dysfunction in Parkinson’s Disease:

A Contribution to Cognitive

Impairment? Int. J. Mol. Sci. 2024, 25,

11490. https://doi.org/10.3390/

ijms252111490

Academic Editor: Luigi Casella

Received: 2 September 2024

Revised: 5 October 2024

Accepted: 21 October 2024

Published: 25 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Mitochondrial Dysfunction in Parkinson’s Disease:
A Contribution to Cognitive Impairment?
Antonella Scorziello 1,*, Rossana Sirabella 1, Maria Josè Sisalli 2, Michele Tufano 1, Lucia Giaccio 1, Elena D’Apolito 1,
Lorenzo Castellano 1 and Lucio Annunziato 3,*

1 Department of Neuroscience, Division of Pharmacology, Reproductive and Dentistry Sciences,
School of Medicine, Federico II University of Naples, Via Pansini 5, 80131 Naples, Italy;
rossana.sirabella@unina.it (R.S.); michele.tufano@unina.it (M.T.); lgiacciol@gmail.com (L.G.);
elena.dapolito@unina.it (E.D.); lorenzo.castellano@unina.it (L.C.)

2 Department of Translational Medicine, Federico II University of Naples, 80138 Napoli, Italy;
mariajose.sisalli@unina.it

3 IRCCS Synlab SDN S.p.A., Via Gianturco 113, 80143 Naples, Italy
* Correspondence: scorziel@unina.it (A.S.); lucio.annunziato@gmail.com (L.A.)

Abstract: Among the non-motor symptoms associated with Parkinson’s disease (PD), cognitive
impairment is one of the most common and disabling. It can occur either early or late during the
disease, and it is heterogeneous in terms of its clinical manifestations, such as Subjective Cognitive
Dysfunction (SCD), Mild Cognitive Impairment (MCI), and Parkinson’s Disease Dementia (PDD).
The aim of the present review is to delve deeper into the molecular mechanisms underlying cognitive
decline in PD. This is extremely important to delineate the guidelines for the differential diagnosis
and prognosis of the dysfunction, to identify the molecular and neuronal mechanisms involved,
and to plan therapeutic strategies that can halt cognitive impairment progression. Specifically, the
present review will discuss the pathogenetic mechanisms involved in the progression of cognitive
impairment in PD, with attention to mitochondria and their contribution to synaptic dysfunction and
neuronal deterioration in the brain regions responsible for non-motor manifestations of the disease.

Keywords: Parkinson’s disease; mitochondria; cognitive impairment; synaptic dysfunction;
α-synuclein neurons

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative condition in
the world after Alzheimer’s disease (AD), and its rapid global growth has taken on wor-
rying dimensions in recent years compared to the pandemic, except for its non-infectious
characteristics [1]. From a neuropathological point of view, PD is characterized by the
demise of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNc) and the
reduction in (DA) tone at the level of the striatum [2]. Specific neuropathological hallmarks
of disease are represented by the presence of intraneuronal protein aggregates called Lewy
bodies and Lewy neurites, which are eosinophilic cellular inclusions comprising a dense
core of filamentous material that mainly consists of α-synuclein [3]. The presence, number,
and specific anatomical localization of Lewy bodies as well as Lewy neurites are used for
the diagnosis of PD [4,5]. However, PD is characterized by more widespread pathology
in other brain regions and involves non-dopaminergic neurons as well. It is not yet clear
what causes are related to the disease onset. However, genetic and environmental factors
as well as their interactions have been claimed to be pathogenic in disease development
and progression [6]. Two forms of PD have been described: the sporadic form, which
occurs in approximately 95% of cases, and the familial form, which occurs in the remaining
5% of cases and recognizes a genetic link [7]. Although PD is age related and its incidence
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increases with age, it is wrong to think that it affects only the elderly, as there is a large
percentage of people whose age of onset is lower than 60 years or even 50 years [8].

Over the centuries, numerous scientists have contributed to the clinical and patholog-
ical description of this disease, although a complete understanding remains elusive. PD
poses a significant challenge because of its multifactorial nature and diverse spectrum of
molecular and cellular alterations coupled with clinical manifestations that affect disease
progression [6]. Moreover, the inaccessibility of the brain exacerbates the difficulty in
studying brain function during disease development and formulating a diagnosis in the
early stages [7]. As a result, the more we study PD, the more we recognize its intricate and
heterogeneous nature, which makes rigorous classification increasingly difficult, as seen in
many other degenerative diseases. In this regard, mitochondrial dysfunction, a mechanistic
condition related to prodromal symptoms that lead to early deficits in cognition in PD
patients, would represent a useful and novel approach to figure out how drugs that are
able to counteract mitochondrial dysfunction might be useful in slowing down neuronal
degeneration in the brain regions that are tightly related to neurotransmitter dysfunction.
This hypothesis is further supported by the emerging evidence associating mitochondria
with synucleinopathies [9]. Indeed, mitochondria, which are considered the powerhouse of
the neurons, provide the energy required for neuronal excitability, synaptic activity, and
plasticity through mitochondrial oxidative phosphorylation (OXPHOS) [10]. Moreover,
they are dynamic organelles that traverse long distances to meet spatiotemporal ATP re-
quirements in more demanding regions of the neuron. However, these mechanisms can
become defective in PD in many of the brain regions involved in the control of cognition,
attention, mood, memory, and executive functions [11–19], as reported in Table 1.

Table 1. Summary of the alterations in mitochondrial molecular mechanisms, brain regions, manifes-
tations of cognitive impairment in PD, and the respective models used.

Mitochondrial Dysfunction Brain Areas Cognitive Impairment Models Ref.

Reduced ATP production Hippocampus and
prefrontal cortex Memory deficits Preclinical

cellular models [11]

Increased oxidative stress Prefrontal cortex and
basal ganglia Executive dysfunction Clinical models

(observations in patients) [12]

Impairment in mitochondrial
dynamics (fission/fusion)

Parietal lobe and
occipital lobe Visuospatial impairments Preclinical

cellular models [13]

Altered mitochondrial
morphology

Cerebral cortex and basal
ganglia

Slowed cognitive
processing

Human post-mortem
tissues [14]

Impaired electron
transport chain

Temporal lobe, frontal
lobe Language difficulties Clinical models

(patients) [15]

Mutations in
mitochondrial DNA

Prefrontal cortex and
parietal lobe Attention deficits Preclinical

animal models [16]

Reduction in mitochondrial
membrane potential Frontal lobe Impaired

problem-solving abilities

Preclinical
cellular and

animal models
[17]

Accumulation of
mitochondrial DNA damage

Limbic system and
prefrontal cortex

Mood disorders
(depression and anxiety) [18]

Complex I deficiency of the
electron transport chain

Prefrontal cortex and
basal ganglia

Difficulties in
multitasking [19]

This review points to a thorough discussion of the intricate relationship between
cognitive decline and PD, focusing on the underlying factors that contribute to the disorder
and the brain regions involved, as well as including the role of mitochondria in synaptic
plasticity, which is instrumental in cognition and behavior. We believe that recognizing the
distinctive traits of cognitive impairment, which is one of the most frequently observed
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non-motor symptoms associated with the emergence of motor dysfunction in patients with
PD, is of significant importance, as it might become a key component in formulating an
early diagnosis. This is because identifying cognitive decline before extensive damage to
dopaminergic neurons occurs enables the implementation of therapeutic interventions at
an earlier stage, potentially slowing the progression of the disease.

2. Cognitive Impairment in PD
2.1. Clinical Symptoms of Cognitive Dysfunctions

The clinical manifestations of cognitive impairment associated with PD include a
wide spectrum of symptoms ranging from Social Cognitive (SC) impairment, which oc-
curs frequently in the early stage of the disease also in the absence of any other cognitive
disorder [20], and Mild Cognitive Impairment (MCI), which appears in the early stages of
the disease and is present in 10–20% of patients at the moment of PD diagnosis, to severe
dementia, such as Parkinson’s Disease Dementia (PDD), which affects up to 90% of patients
in the late stages [21]. Regarding the spectrum of symptoms accompanying cognitive
dysfunction in PD, SC impairment has been recently identified as an early prodromal symp-
tom in newly diagnosed PD patients, with features that make it different from MCI [20].
SC impairment represents the attitude of how to process, store, and apply information
regarding interpersonal relationships and complex social interactions [22,23]. It depends on
the consciousness of the other’s thoughts and intentions; social problem-solving abilities;
understanding metaphors, humor, and sarcasm; or making moral decisions [22].

To date, the link between the time of occurrence and the extent of impairment in
affective and cognitive manifestations of the SC domain in PD patients are under investiga-
tion [24,25]. Similarly, the relationship with other cognitive functions like mood [26–28],
behavior [29], pharmacological treatments [27,30,31], and motor severity [25–27,31,32]
remains to be clarified.

Boller and co-workers also found deficits in both visuoperceptive and visuomotor
tasks that were independent of intellectual deficit [33]. In addition, patients with the
greatest impairment of motor function display the greatest visuospatial deficit, suggesting
that shortages in perceptual motor tasks may be, in part, responsible for problems in the
sequential organization of behavior. Conversely, instrumental functions, such as language
and ordinary activities, are less impaired in PD patients, until dementia reaches its stage of
global cognitive decline, compared with the same symptoms occurring in AD patients, in
which they appear more pervasive during all stages of neurodegeneration [8,34,35].

Other symptoms that coexist in PD patients with cognitive impairment include depres-
sion, hallucinations, and sleep disturbances [36–38]. Interestingly, depression associated
with PD is milder than the endogenous form, appears in 35% of patients affected by PD, and
is associated with changes in the activities of serotonin and norepinephrine neurons as well
as with the impairment of cholinergic fibers, apart from dopamine pathways. Moreover,
as reported for other non-motor symptoms, depression may precede the onset of motor
dysfunction, and it is correlated with disease duration, severity of motor symptoms, and
fluctuations in drug response. Unfortunately, depression associated with PD is a complex
pathological phenomenon in terms of diagnosis, since it may be a consequence of PD,
a reaction to the disability occurring in PD, a separate disease, or a combination of the
above-mentioned conditions. This aspect is further worsened by the fact that many of the
non-motor symptoms, including cognitive decline, sleep disorders, psychosis, and auto-
nomic symptoms, may contribute to the increased probability of developing depression
in PD [39–42]. Hallucination and sleep disorders are also included among the non-motor
symptoms that characterize psychosis and may accompany PD in the later stage of illness
in 40% of patients. In addition, the pharmacological treatments based on L-DOPA or
dopamine agonists in PD patients might be responsible for psychosis, thus explaining the
pathogenesis of these symptoms [43].

Conventionally, two types of dementia have been identified in patients with PD. The
first type, known as “Lewy body dementia” (LBD), is characterized by the appearance of
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both cognitive and motor decline occurring at the same time or within a year of disease diag-
nosis [44,45]. The other type, known as PDD, is characterized by the onset of dementia that
arises later in PD diagnosis. Despite the differences in the temporal sequence, the two forms
of dementia are similar in terms of neuropathological and clinical features [46]. In both
forms, the damage of dopaminergic neurons in the substantia nigra, which is characteristic
of PD, is associated with considerable cholinergic and noradrenergic neuronal depletion in
the pedunculopontine nucleus and in the locus coeruleus (LC), respectively [47,48]. In this
regard, it is worth mentioning that dopamine depletion in the canonical nigrostriatal path-
way is mainly responsible for impairments in working memory, planning and sequencing,
task switching, response inhibition, memory recall, verbal fluency, and psychomotor speed,
all of which are aspects related to the MCI condition [22,49].

On the other hand, impairments in acetylcholine, noradrenaline, and serotonin neu-
rons are implicated in amnestic memory, language, and visuospatial impairments, mainly
indicating a transition to the PDD phenotype [49,50]. These findings are in line with
the dual-syndrome hypothesis proposed to explain the differences observed in the cog-
nitive phenotype and progression of PD. Accordingly, two main neuropathological and
neurochemical correlates have been identified. The first is associated with a greater frontal–
striatal network dysfunction consequent to dopamine depletion and is responsible for
deficits in attention, working memory, planning, and response inhibition; the second is
associated with wide posterior cortical degeneration, which mainly involves cholinergic
depletion and is responsible for dementia. Interestingly, these two forms are also associated
with a difference in temporal appearance and evolution, since the first can be present early
in the course of disease or can be associated with a low risk of progression over time; the
second form appears later and is instead committed to evolve toward dementia [51]. From
a neuropathological point of view, these two forms are associated with abnormal protein
aggregates composed of Lewy bodies and neurites, beta-amyloid plaques, and neurofib-
rillary tangles, as confirmed by post-mortem studies in different brain regions of patients
with PD [52–54]. More interestingly, neuroimaging studies in PD patients with MCI or
dementia have revealed a good relationship between protein aggregates, anatomical alter-
ations in grey matter (GM) and white matter (WM), and impairment in distinct cognitive
domains, confirming that both frontal and posterior functional connectivity changes may
be considered as possible biomarkers of cognitive impairment progression. Specifically, the
analysis of structural brain alterations performed in patients with different levels of cogni-
tive impairment, although heterogeneous, reveals progressive temporo-parietal thinning
and frontal atrophy that might be considered as hallmarks of progression towards demen-
tia [52]. Conversely, by examining WM alterations across the full spectrum of cognitive
status detected in PD patients, a more consistent and unique pattern of modifications un-
derlying an impairment in distinct cognitive domains can be observed [55,56]. In line with
these results, it has been hypothesized that PD alterations primarily result from synaptic
dysfunction, mainly due to the presence of Lewy bodies and Lewy neurites, which subse-
quently evolve into neuronal cell death [54,57]. This hypothesis underlines the relevance
of neuroimaging in detecting cognitive correlates as biomarkers for PD-related cognitive
impairment diagnosis. However, considering the neuropathological, neurochemical, and
neuropsychological heterogeneities of cognitive profiles, studies combining neuroimaging
and sensitive cognitive tests are mandatory to clarify the interplay between the neurode-
generative processes and the structural disconnections in brain functional networks that
are responsible for the development of dementia. Indeed, although cognitive impairment
in PD represents a continuous process that affects almost all patients, attempts to create
a temporal classification of cognitive decline in SC domain, MCI, and PDD have been
unsuccessful due to the heterogeneity of symptoms described in each group of patients [58].
Moreover, patients with PD display transient cognitive disturbances that are probably
correlated with other pre-existing pathological conditions or pharmacological treatments,
which may contribute to the complexity of the diagnosis and should not to be confused
with dementia [35]. In this regard, it is also worth mentioning the impact of infections,
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since a variety of pathogens from viruses and bacteria to fungi and protozoa have been
detected in the CNS using histochemical and molecular biology methods [59]. On the
other hand, changes in the gut–brain axis can also affect the CNS via the secretion of
neurotransmitters, vitamins, important fatty acids such as butyrate, and misfolded proteins
like α-syn by gut microbes [60]. Interestingly, not all infections lead to neurodegeneration;
therefore, it is possible to speculate that genetic susceptibility factors may help to explain
why some people are more vulnerable to the detrimental effects of infections than others.
However, infections are only one possible cause for transient cognitive disturbance in PD
patients. Indeed, other factors, such as metabolic disease, and lifestyle aspects, including
diet, sleep, exercise, stress, and smoking, might also play a role. During recent years, it
also emerged that dehydration may contribute to mortality in PD [61]. Moreover, the
results of a meta-analysis published in 2020 demonstrated a significant association of both
hypothyroidism and hyperthyroidism with an increased risk of PD development. This
is largely related to the effect of thyroid hormones on the function of dopaminergic neu-
rons, and it is dependent on the induction of nuclear receptor-related 1 (nurr1) protein
expression [62], which is essential for the survival and function of mesencephalic dopamin-
ergic neurons. Indeed, the thyroid hormone modulates the expression of enzymes and
transporters that are important for dopamine synthesis and storage, including tyrosine
hydroxylase, dopamine transporter, vesicular monoamine transporter 2, and L-aromatic
amino acid decarboxylase [63]. Therefore, it is expected that thyroid hormone deficiency
may lead to a decrease in the number and function of mesencephalic dopaminergic neurons.
On the other hand, thyroid hormone excess can lead to increased cellular metabolism,
resulting in a high burden of oxidative stress from the mitochondria in multiple tissues,
including neurons [64,65]. In addition, a relationship between thyroid disease and the risk
of developing familial forms of PD have been described, suggesting that the two diseases
may share a common genetic predisposition [66].

Another interesting aspect that needs to be mentioned with the aim of identifying the
causes of transient cognitive decline in PD is related to nutrition and vitamin supports. The
deficiency of several macronutrients and micronutrients represents a common condition
in PD patients due to concomitants pathologies like depression, cognitive impairment,
gastrointestinal dysmotility, and dysphagia [67], which, in turn, cause reduced food intake.
Among them, pyridoxine (vitamin B 6) is an essential micronutrient available widely
through dietary intake and synthesis by gut microbiota. Functional deficiency of pyridoxine
in PD can be attributed to decreased intake, impaired absorption, and interaction with
dopaminergic medications [68]. Finally, we cannot overlook the growing bulk of evidence
related to the contribution of genetics to cognitive dysfunction in PD. It has been reported
that monogenic forms of genetic PD show distinct cognitive profiles and an increased rate
of cognitive decline progression [69]. Indeed, cognitive impairment is higher in GBA- and
SNCA-associated PD, lower in Parkin- and PINK1-PD, and possibly milder in LRRK2-PD.
Specifically, recently described data demonstrate the increasing risk of early dementia
in patients with a mutation in the SNCA gene, like SNCA triplications and the p.E46 K
mutation, whereas among LRRK2-PD patients, the frequency of cognitive impairment is
similar or lower than that observed in idiopathic PD. Similarly, recessive forms of familial
PD, including Parkin-PD and PINK1-PD, are generally characterized by a lower frequency
of cognitive impairment, while GBA gene mutations, another risk factors for PD, have
shown an increased probability of developing dementia [69]. These variabilities in the
genetic forms of PD further contribute to explain the different cognitive involvements in
each form of genetic PD.

All these potential pathogenetic conditions related to cognitive decline in PD further
contribute to the heterogeneity of the populations studied and make it difficult to formulate
a classification of progressive forms of dementia. Moreover, these limitations negatively
impact the design and interpretation of pharmacological trials both in terms of symptomatic
and pharmacological effects. Therefore, to overcame this gap is extremely important not
only for the diagnosis and prognosis of the disease but also for the treatment of symptoms
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related to PD-associated cognitive decline, since, till now, many of the treatments employed
were inefficacious [70].

2.2. Limits in Clinical Studies Dealing with Cognitive Impairment in PD

Until a few years ago, studies on PD have mainly focused on the mechanisms underly-
ing motor disorders, whereas less attention has been paid to non-motor features, which are
widely recognized as important factors in disease-related disabilities. This was due to a lack
of attention to the anatomical and functional connections between the basal ganglia and
prefrontal cortex, which is a neuronal pathway that is responsible for its involvement in
cognition and memory. Therefore, the decrease in information flow through these circuits
leads to cognitive dysfunctions, which, among the non-motor symptoms, are the most
common in PD (Figure 1). Moreover, considering that dopaminergic neurons influence
both the meso–cortico-limbic and sensory–motor systems, patients with PD may experience
cognitive dysfunctions in addition to frontal lobe executive dysfunctions [71].
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Figure 1. Dopaminergic pathways involved in motor and non-motor symptoms in Parkinson’s
Disease. (A) Dopaminergic cerebral connections and their involvement in the regulation of brain
function in physiological and pathological conditions; (B) dopaminergic brain regions affected in
motor and non-motor disorders associated with PD.

Although cognitive impairment affects a significant percentage of individuals, even in
the early stages of the disease, its mechanistic aspects are still under investigation. This
is mainly due to the heterogeneity of symptoms, ranging from executive dysfunction
to difficulties in attention, mental processing in learning new information, and memory
impairments that include working memory, long-term memory, visuospatial memory, and
procedural learning [72], which may also occur during all stages of disease.

Therefore, clinical trials aimed at understanding the molecular mechanisms leading
to cognitive impairment in PD at different stages of disease present some limitations
mainly due to variability in patient responses and the lack of standardized methodological
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approaches [73]. Another important obstacle emerging from the analysis of clinical trials
performed till now is also related to the differences in targeting a single or multiple domains
of cognitive functions that accompany PD [74]. Therefore, a systematic revision of trials
describing cognitive-based interventions in people with PDD and PD-MCI has been recently
proposed with the aim of unifying the terminology and the methods of investigation applied
in the studies to set up some sort of useful guidelines to properly approach the study of
cognitive dysfunctions in PD both in terms of diagnosis and treatment [74].

This is extremely important, as the cognitive deficits observed in PD patients are
different to those observed in other dementias, and therefore, interventions may need
to be tailored to the cognitive domains commonly affected in PD. The main feature of
dementia observed in PD is the impairment of executive functions, consisting in the ability
to process and recall information from memory, as well as to plan, organize, and regulate
goal-directed behaviors [75–77]. Therefore, these aspects need to be considered when a
clinical trial has to be planned in order to use the appropriate tests to assess the type and
the severity of deficits, thus minimizing the variations in study designs, outcome measures,
and intervention protocols, which still present a difficulty in directly comparing the efficacy
of these trials.

2.3. Cognitive Impairment in Animal Models of PD

In the light of the above considerations, animal models mimicking the pathophysio-
logical features occurring in PD represent a valuable tool for studying the mechanisms of
disease development in humans [78]. These include genetic (transgenic) and non-genetic
(neurotoxic) models, which reproduce familial and sporadic diseases, respectively [79,80].
Among these, the most common were (1) rodents and primates intracerebrally adminis-
tered MPTP, 6OH-DA, or preformed α-syn fibrils [47,81–83] as a model of dopaminergic
impairment in the nigrostriatal pathway and (2) transgenic mice bearing human muta-
tions [80,84–86].

The two toxins MPTP and 6OH-DA are introduced directly into the brain, with differ-
ent effects on dopaminergic neuronal depletion depending on the region of administration.
Indeed, a significant and sudden loss of TH-positive neurons can be detected in mice in
which the toxins are administered into the SNc, whereas a slow neuronal impairment, also
occurring after a few weeks, can be observed if the toxins are intracerebrally injected into
the striatum [85]. This is extremely advantageous because it mirrors the slower develop-
ment of motor impairment that is typical of PD and provides the opportunity to effectively
analyze cognitive deficits as well as other non-motor disorders that occur earlier in PD. In
this regard, Tadaiesky et al. demonstrated that PD reproduced in rats via bilateral infusions
of 6-OHDA into the striatum is associated with reduced sucrose consumption and increased
performance time in the water maze test [87]. These alterations reflect the clinical profiles
of depression, anxiety, and impaired cognitive function. Similarly, the introduction of
6-OHDA or MPTP into the SNcs of rats causes a spatial memory deficit in the water maze
test [88,89]. In addition, new animal models of PD have been developed by inoculating
preformed α-syn fibrils (PFF) in the substantia nigra or the striatums of rodents [90]. These
models, mimicking the ectopic expression or overexpression of the protein α-syn, allow for
the replication of the pathological hallmarks of PD (Figure 2). Indeed, the use of these mod-
els importantly contributed to study the roles of toxic forms of α-syn in neurodegeneration
and their influence in the processes occurring before cell death, such as changes in synaptic
transmission, basal ganglia plasticity, and mechanisms underlying motor learning [91,92].

Although animal models of toxin-induced PD have been widely validated, they still
produce highly variable results depending on the area into which the toxin is injected.
Therefore, the discovery of familial mutations in 10% of patients with PD prompted neu-
roscientists to generate several genetic models for studying the disease with the aim of
addressing the current disadvantages of using neurotoxins. The main advantage of trans-
genic models over neurotoxins is that they cause a mild and progressive onset of the disease,
which is more congruent with PD development, providing advantages for mapping the
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etiology of possible deficits through cognitive function tests in the early stages of PD [93].
In this scenario, mice bearing α-syn mutations are commonly used to investigate the role of
fibril-forming mutant α-syn in the pathogenesis of cerebral damage, such as in the spinal
cord throughout the brainstem, the deep cerebellar nuclei, deep cerebellar white matter,
and some regions of the thalamus, such as the medioventral, ventromedial, and paracentral
nuclei [84]. Interestingly, all of these animal models have shown that α-synucleinopathy
and mitochondrial dysfunction are detectable in the different brain regions involved in
cognition depending on the age, further confirming that the aggregation of toxic α-syn
forms may cause mitochondrial dysfunction and vice versa. Moreover, other genes have
been identified as causative or contributory factors in PD development, including leucine-
rich repeat kinase 2 (LRRK2) and parkin (PRKN) [86]. Common variants in these genes are
also associated with the development of cognitive decline [94]

 
Figure 2. Relationship between α-syn aggregation and mitochondrial dysfunction as pathogenetic
mechanism of neuroplasticity rearrangement. (A) The increased deposition of misfolded α-syn within
the Lewy bodies (B) induces mitochondrial dysfunction in the soma and neurites of dopaminergic
neurons, with (C) consequent alterations in synaptic communication and plasticity.

To date, a multitude of tests has been used to study cognitive function, memory and
learning in PD models, as well as the impairment of mitochondrial function. They can be
applied in vivo as the Morris water maze test, passive and active avoidance tests, episodic
memory and object recognition tests, and social recognition tests [95,96] or ex vivo for
mitochondrial oxygen consumption, ATP production, free radical generation, and loss of
antioxidant defenses [97].

In addition to its value in determining the pathogenetic mechanisms leading to neu-
ronal degeneration in PD as well as the assessment of cognitive impairment as a prodromal
symptom of motor dysfunction, which is the only clinical feature for PD diagnosis at the
moment, the availability of animal models that better resemble the early stage of clinical
PD is very promising for investigating new therapeutic strategies focused on counteracting
mitochondrial dysfunction and synucleinopathy in dementia associated with PD. In this
regard, the development of preclinical models that can accurately reflect the neurobiol-
ogy of PD and PDD in humans is of paramount importance for preventing dopaminergic
neuronal death and halting PD progression [98–102].
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3. α-Synuclein and Mitochondrial Involvement in the Pathogenetic Mechanisms
Related to Cognitive Decline in PD

The cellular and molecular mechanisms implicated in the cognitive impairment associ-
ated with PD embrace a series of pathological features, including changes in the conforma-
tional structure of synaptic proteins, mitochondrial dysfunction and oxidative stress, and
metabolic disturbances [11,22–24]. These effects are involved in the complex dynamics of
neuroplasticity rearrangements in the framework of ongoing neurodegenerative processes
(Figure 2), which strongly reflects the state of cognitive reserve of PD patients in the early
and advanced stages [103,104]. In this scenario, the pathological deposition of α-syn and
mitochondrial dysfunction appear to play a key role in cognitive impairment occurring
in PD due to the causative relationships among bioenergetic demand, axonal arbor size,
and the vulnerability of highly branched dopaminergic nigro-striatal axons [105] Indeed,
experimental conditions that can impair mitochondrial complex I activity and increase
α-syn deposition within mitochondria by modifying the synaptic activity may contribute
to cognitive dysfunction [106–108]. Moreover, α-syn accumulation in the hippocampus
and cortex receiving dopaminergic projections from the midbrain further contributes to the
development of early manifesting cognitive and neuropsychiatric deficits [75]. Finally, the
idea that abnormalities in mitochondrial function are a critical step in initiating dopaminer-
gic neuronal dysfunction, leading to parkinsonian phenotypes and, ultimately, to dementia
associated with Lewy bodies (LBD), is also supported by the pathophysiological features
displayed by genetic forms of PD, such as those associated with LRRK2, PRKN [86], and
α-synuclein (SNCA) gene mutations, in which cognitive impairment is also described [109].

Specifically, in this last case, dysfunctional mitochondrial bioenergetics were followed
by a decrease in the number of DA terminals and morphological and ultrastructural
alterations that occurred early in the course of the disease [110,111]. In the following
Sections 3.1 and 3.2, the pathogenetic involvement of abnormal α-syn accumulation and
mitochondrial dysfunction in cognitive decline associated with PD will be discussed in
more detail.

3.1. Role of α-Syn

α-syn is an acidic protein of 140 amino acids whose normal function within neurons is
not fully understood. However, it appears to be involved in synaptic vesicle trafficking and
mitochondrial function [47,99,112–116]. It is concentrated at the presynaptic level, where it
is thought to mediate neurotransmitter release, especially in cells with pacemaker activity,
such as dopaminergic neurons of the substantia nigra pars compacta (SNpc), the neuronal
population that is most severely affected in PD [117]. On the other hand, in vivo and
in vitro studies also demonstrated that α-syn may likewise be involved in the alteration of
synaptic homeostasis by inducing detrimental effects at the postsynaptic level [118]. This
last finding is dependent on the interference of α-syn with glutamatergic neurotransmission
not only at the level of dopaminergic striatal terminals, where it reduces dopamine release,
but also at level of postsynaptic density of medium spiny neurons by interfering with
different subunits of NMDA receptors, respectively [119–124]. Moreover, α-syn may also
interact with the NMDA receptors expressed by cholinergic interneurons in the striatum.
Through these mechanisms, α-syn modifies the synaptic structure and blocks long-term
potentiation in both dopaminergic and cholinergic neurons, causing either motor or be-
havioral alterations [91,122]. Hallam and collaborators demonstrated that the impairment
in NMDAR activity, which is caused by aberrant insoluble and phosphorylated α-syn
deposits at synaptic terminals, temporally correlates with increased nitric oxide synthe-
sis and S-nitrosylation of the dendritic scaffold protein, microtubule-associated protein
1A [125]. These data suggest that the loss of synaptic function in Lewy body demen-
tia may result from synucleinopathy-evoked nitrosative stress and subsequent NMDAR
dysfunction [125].

Structurally, α-syn has three modular regions: (a) the N-terminal region, characterized
by amphipathic repeats that tend to form an α-helix structure, which is responsible for
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membrane interactions; (b) the central hydrophobic region (NAC), which represents the
non-amyloid β-component that displays aggregation domains; and (c) the acidic C-terminal
region involved in Ca2+ binding and chaperone-like activity [126]. Through its N-terminal
region, α-syn is stably anchored to the lipid surface in the presence of low Ca2+ concentra-
tions, whereas at higher Ca2+ concentrations, the NAC and C-terminal regions also exhibit
lipid-binding properties [126]. Under physiological conditions, α-syn exists in different
conformations in equilibrium between unstructured soluble monomeric and tetrameric
forms. Under pathological conditions, α-syn aggregates into oligomers, protofibrils, and
fibrils, leading to the formation of protein inclusions known as Lewy bodies [3]. In this
regard, it is important to underline the role of cellular environments in influencing the
hydrophobic and electrostatic intermolecular interactions that control the solubility of the
monomeric form of α-syn, with consequent alterations responsible for the change in its
conformation [127,128]. Therefore, the destabilization of the monomeric α-syn conforma-
tion promotes aggregation and generates toxic species [129]. Moreover, post-translational
modifications such as phosphorylation, O-GlcNAcylation, nitration, acetylation, ubiquiti-
nation, SUMOylation, and glycation in α-syn play a key role in its structure, function, and
aggregation. Proteins with these modifications have been shown at the periphery of the
Lewy body, and their levels have been found to be increased in the brains of PD patients.
Interestingly, these modifications can alter glutamatergic signaling and exacerbate motor
coordination and cognitive and olfactory dysfunction [130].

Another aspect of α-syn pathogenicity is related to the ability to spread, in its misfolded
form, to different cell types and in different brain regions through anatomically connected
networks. These effects, although not yet completely characterized in terms of factors and
mechanisms involved, are also responsible for the appearance of disease-related clinical
signs. Interestingly, it has been demonstrated that α-syn accumulation is correlated with
more severe cognitive dysfunction [111,131]. Indeed, experiments performed in mice
bearing mutations in α-syn display a reduction in cognitive performance time before the
appearance of motor symptoms, thus confirming the relevance of identifying cognitive
impairment as a prodromal hallmark of PD [132].

3.2. Mitochondrial Dysfunction

Mitochondria have multiple roles in cellular homeostasis. The main function of these
organelles is to produce energy in the form of ATP, which is essential for cell proliferation
and differentiation. However, mitochondria play a key role in intracellular calcium signal-
ing because they finely tune the calcium cycle from the mitochondria to the cytosol and
from the cytosol to the mitochondria [133,134]. This function is extremely important not
only for regulating cytosolic calcium homeostasis but also for preserving the electrochemi-
cal gradient at the level of the inner mitochondrial membrane, thus ensuring mitochondrial
energy production. Indeed, maintaining the Ca2+ concentration within a physiological
range is an important requirement for ensuring mitochondrial function, since mitochondrial
dehydrogenases, which are mainly involved in the regulation of oxidative phosphorylation
and ATP synthesis [135], are dependent on calcium for their activities. Neurons in the brain
have a high metabolic demand and, therefore, are tremendously dependent on mitochon-
drial efficiency. Indeed, in neurons, mitochondrial distribution is mainly dictated by the
ATP consumption that occurs at the synaptic level or in correspondence with Ranvier’s
nodes [136,137].

Over the last decade, alterations in mitochondrial function have been considered cen-
tral to the pathogenesis of sporadic and familial forms of PD and have been included among
the most common cell autonomic mechanisms leading to neuronal degeneration [138–140].
This hypothesis is also supported by the functional properties of dopaminergic neurons,
which playing a pace-making role and are more prone to intracellular calcium transients.
Consequently, mitochondria are exposed to calcium overload to improve mitochondrial
dehydrogenase activity and free radical production. These events accelerate early dopamin-
ergic neuronal aging [117].
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Observations from experimental models of PD and human samples from patients with
PD provide strong evidence that the disturbance of mitochondrial dynamics, bioenergetic
defects, inhibition of the electron transport chain (ETC), complex I activity, and increased
reactive oxygen species (ROS) production might be included among the pathogenetic
factors underlying disease progression [141,142].

Interestingly, the impairment of mitochondrial function occurs with a complex spec-
trum of mechanisms, which, depending on the brain region involved, is associated with
different patterns of cognitive damage [11,19] (Table 1). In this regard, reduced ATP produc-
tion that is detected in the hippocampus and prefrontal cortex is associated with memory
deficits [11]. On the other hand, impairments in mitochondrial dynamics and morphology,
which occur in the parietal and occipital cerebral cortex and basal ganglia, may cause visual
spatial impairments and slowed cognitive processing [13,14]. In addition, mutations in
mt-DNA and the accumulation of damaged mt-DNA in neurons under oxidative stress
conditions in different brain regions, like the prefrontal cortex, medial frontal gyrus, pari-
etal lobe, and limbic system, cause attention deficits, depression, anxiety, and motor and
cognitive impairments [16,143,144]. Interestingly, mutated mt-DNA may be subsequently
released outside the neurons, thus contributing to the spread of PDD in an “infectious-like”
manner [144].

Other types of mitochondrial dysfunctions, which occur within the cerebral cortex and
basal ganglia, are (a) the impairment of complex I function, (b) the reduction in the electron
transport activity, (c) the decrease in membrane potential, and (d) oxidative stress. All these
events are associated with executive dysfunctions, impairments in problem solving abilities,
and multitasking difficulties [12,143,145]. Moreover, α-syn binding to the inner mitochon-
drial membrane interferes with complex I activity, leading to mitochondrial dysfunction
and increased mitophagy [146–148]. Therefore, α-syn overexpression/oligomerization at
the level of mitochondrial complex I exerts a causative role in the onset of PD [149,150].
In addition, it has been found that α-syn accumulation within mitochondria causes an
increase in intra-mitochondrial Ca2+ levels [115,116], which, in turn, leads to the increase in
NO levels, oxidative damage, and cytochrome C release [146], all of which are intracellular
events that contribute to the promotion of apoptotic neuronal death [151]. Therefore, a
vicious circle arises in which α-syn aggregation and mitochondrial dysfunction exacerbate
each other. This explains why both these cellular events are detectable and relevant in the
degenerating dopaminergic and non-dopaminergic neurons in PD patients [108,152]. It
is worth pointing out that α-syn accumulation and mitochondrial functional impairment
mainly occurring at presynaptic terminals represent neuropathological features that are
detectable not only at the nigrostriatal level but also in other brain regions involved in
cerebral cognition, such as the prefrontal cortex, locus coeruleus, and the central nucleus of
the amygdala [78,153].

Finally, α-syn has been found to have a non-canonical mitochondrial-targeting se-
quence and has been shown to influence mitochondrial structure and function [154].

All these findings further support the tight relationship between mitochondrial dys-
function and α-syn as a pathogenetic mechanism in the cellular dysfunction that character-
izes PD and may help us understand the cellular and molecular mechanisms leading to
the motor and non-motor symptoms related to the disease. Moreover, these considerations
further underline the importance of studying the relationship between the molecular mech-
anisms involved in mitochondrial functional impairment and deficit in brain cognition as a
prodromal marker of early neuronal damage. This would be useful to delineate a common
intervention strategy to halt PD progression. This aim became extremely important to have
consistent models to validate these parameters as diagnostic and prognostic markers of dis-
ease evolution, as well as to identify new druggable targets. This would help to overcome
the gap existing, sometimes, in the translatability from preclinical to clinical studies. In this
regard, to identify reliable biomarkers for the early detection and monitoring of cognitive
impairment, it might be extremely useful.
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On the other hand, it is important to emphasize that mitochondrial dysfunction rep-
resents a detrimental condition not only for neurons but also for glial cells, considering
the role of astrocytes in the regulation of synaptic plasticity, as well as their trophic sup-
port on neuronal populations in the cerebral parenchyma. Specifically, microglial cells
play a crucial role in the dynamic homeostasis of the brain microenvironment, and neu-
roinflammation caused by microglial activation has received increasing attention as an
additional pathogenetic determinant in PD. Notably, activated microglia display two differ-
ent phenotypes, one with pro-inflammatory features and the other with anti-inflammatory
features. Both phenotypes have different metabolic patterns that help the cells to adapt to
their functional characteristics [155]. Interestingly, mitochondria may play a role in this
phenomenon because of their ability to continuously change their morphology according to
cellular demands. Indeed, mitochondrial fission removes dysfunctional mitochondria and
is responsible for the transition of microglia from OXPHOS to glycolysis; whereas mitochon-
drial fusion increases the number of mitochondrial cristae and promotes OXPHOS [156].
These effects are responsible for the polarization of microglial cells and, consequently, for
the switch from a beneficial to a detrimental phenotype. In addition, mitophagy has been
reported to contribute to the elimination of dysfunctional mitochondria, prompting the
transformation of cells to a pro-inflammatory and glycolysis-dependent beneficial pheno-
type [157], whereas enhanced mitochondrial biogenesis and mitochondrial cellular content
can induce cell polarization towards the detrimental phenotype [158,159]. These findings
assume an important relevance considering that neuroinflammation may contribute to the
development of different patterns of cognitive dysfunction depending on the brain regions
involved, as recently reported [160–162].

4. Treatment Strategies in PD: Unsatisfied Medical Needs

Currently, the treatment of Parkinson’s disease is focused on reducing the severity of
motor and non-motor symptoms, but there are no drugs that can cure or slow down the
progression of PD (i.e., Disease-Modifying Drugs, DMDs) and the accompanying cognitive
impairment, which still represents an unmet medical need [70].

Treatment with levodopa or dopamine receptor agonists helps to alleviate motor
symptoms, whereas treatments for cognitive and neuropsychiatric symptoms are under-
developed and provide poor results. The treatment of non-motor symptoms requires the
use of non-dopaminergic drugs, such as cholinesterase inhibitors for cognitive decline and
selective serotonin reuptake inhibitors for mental deterioration, but other pharmacological
and non-pharmacological strategies need to be tested. Moreover, trihexyphenidyl, an
anticholinergic drug, and amantadine, an antiglutamatergic drug, are used in patients with
PD [163], and different formulations of ropinirole, pramipexole, and rotigotine are used
during the initial phase or along with levodopa or carbidopa during the later phase of
therapy.

Most of these drugs are administered orally; however, few can be administered
through other routes of administration, such as transdermal, as occurs for rotigotine,
or through intraduodenal infusion, as reported for levodopa [164], in order to allow their
continuous delivery [163]. On the other hand, adenosine receptor antagonists, coenzyme
Q10, creatine, isradipine, protein aggregation inhibitors, stem cells, and gene therapy
represent alternative strategies to treat PD in preclinical and clinical investigations [163].
Unfortunately, none of the current therapies approved for PD treatment can significantly
improve cognitive symptoms without causing any adverse effects. Levodopa, for example,
is reported to benefit spatial working memory but its chronic use causes abnormal move-
ments, visual hallucinations, psychosis, and fluctuations in motor performance [165,166].
Similarly, rivastigmine, the only drug approved by the FDA for the treatment of cogni-
tive decline associated with PD, causes nausea, vomiting, tremor, diarrhea, anorexia, and
dizziness [167,168]. Conversely, donepezil, a well-known cholinesterase inhibitor, and
memantine, an NMDA receptor antagonist, both of which are used in AD patients, have
not yet been recommended for the treatment of dementia associated with PD [169]. In this
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scenario, the results of preclinical studies showing that mitochondria might play a key
role in this pathological condition accompanying PD in approximately 60–80% of patients
represents a new promising avenue to follow in order to identify selective therapeutic
strategies to prevent cognitive decline in PD. This hypothesis is supported by the recent
finding that mitochondrial dysfunction is emerging as a prominent element triggering
cognitive deterioration in most PD patients, since mitochondrial dysfunction may influence
cognitive progression over the time [170,171].

Therefore, mitochondria represent a highly promising target for the development
of both PD biomarkers and neuroprotective compounds that are able to modulate mito-
chondrial function. In this regard, various strategies have been developed to improve
mitochondrial function in PD [172]. Among them, antioxidant therapies, due to their ability
to regulate different metabolic pathways, ameliorate mitochondrial function in a timely and
effective manner and represent a promising strategy for treating PD. On the other hand,
gene therapy pointing to key strategic targets in the mitochondrial pathway might be able
to correct gene mutations that result in focal disease and prevent dopaminergic neuronal
degeneration. More importantly, novel gene editing technologies like CRISPR-CAS9 are
being implemented in this regard to alter the DNA of germ cells to protect offspring from
familial PD [173]. Moreover, therapeutic approaches targeting mitochondrial biogenesis are
emerging as potential novel neuroprotective strategies in PD. Interestingly, recent research
demonstrated that dopamine D1 receptor agonists can ameliorate mitochondrial biogenesis
in a rat model of PD [174]. It is worth mentioning that mitochondrial transplantation has
been revealed as a promising strategy in PD also. Finally, pharmacological strategies aimed
at enhancing mitophagy in dopaminergic neurons represent a meaningful therapeutic
approach in PD [175]. Indeed, experimental models from iPSCs collected from PD patients
with parkin or PINK1 mutations allowed researchers to identify at least four candidate
compounds that are able to improve the clearance of damaged mitochondria [176]. Re-
cently, the demonstration that damaged mtDNA plays a key role in neurotoxicity and in
the spread of an infectious PDD-like pathology paves the way for innovative treatment
strategies and monitoring approaches for PD [144]. Worth mentioning are also the results
of preclinical studies demonstrating the beneficial effects of insulin-like growth factor 1
(IGF-1) on synaptic plasticity and cognitive functions in animal models reproducing the
sporadic form of PD [177]. Moreover, among the novel strategies to modulate cognitive
dysfunctions in PD, subthalamic nucleus stimulation (STN) has attracted considerable
attention due to its ability to affect both cognitive and affective components of behavior in
human beings, thus improving the social interaction deficits observed in PD [178].

5. Conclusions

In conclusion, cognitive impairment accompanying PD is a complex and multifaceted
issue that significantly impacts patients and their families in a high percentage of PD cases.
Although our understanding of the causes and mechanisms underlying cognitive impair-
ment in PD has greatly advanced, much remains to be addressed. An important finding
is related to its appearance before the manifestation of motor dysfunction. Moreover, the
discovery that mitochondria play a key role in the pathogenesis of the cerebral damage
responsible for cognitive impairment in PD that is associated with synucleinopathy has
become extremely relevant in terms of diagnosis, prognosis, and therapy [179,180]. Identi-
fying biomarkers to better predict cognitive decline, recognizing patients at a high risk of
early and rapid cognitive deterioration, and developing disease-modifying therapies based
on the improvement of mitochondrial function and activity of synaptic proteins involved
in neurotransmitter release represent important achievements in the diagnosis and treat-
ment of cognitive impairment associated with PD, as well as in predicting the fate of the
patients affected by this detrimental pathology. In this regard, alongside clinical studies, it
is essential to develop animal models that are highly predictive of PD progression.
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10. Silver, I.; Erecińska, M. Oxygen and Ion Concentrations in Normoxic and Hypoxic Brain Cells. In Advances in Experimental

Medicine and Biology; Springer: Boston, MA, USA, 1998; Volume 454. [CrossRef]
11. Goyal, S.; Chaturvedi, R.K. Mitochondrial Protein Import Dysfunction in Pathogenesis of Neurodegenerative Diseases. Mol.

Neurobiol. 2021, 58, 1418–1437. [CrossRef]
12. Gonzalez-Latapi, P.; Bayram, E.; Litvan, I.; Marras, C. Cognitive Impairment in Parkinson’s Disease: Epidemiology, Clinical

Profile, Protective and Risk Factors. Behav. Sci. 2021, 11, 74. [CrossRef] [PubMed]
13. Buneeva, O.; Fedchenko, V.; Kopylov, A.; Medvedev, A. Mitochondrial Dysfunction in Parkinson’s Disease: Focus on Mitochon-

drial DNA. Biomedicines 2020, 8, 591. [CrossRef] [PubMed]
14. Mizuno, Y.; Ikebe, S.-i.; Hattori, N.; Nakagawa-Hattori, Y.; Mochizuki, H.; Tanaka, M.; Ozawa, T. Role of Mitochondria in the

Etiology and Pathogenesis of Parkinson’s Disease. BBA-Mol. Basis Dis. 1995, 1271, 265–274. [CrossRef] [PubMed]
15. Henrich, M.T.; Oertel, W.H.; Surmeier, D.J.; Geibl, F.F. Mitochondrial Dysfunction in Parkinson’s Disease—A Key Disease

Hallmark with Therapeutic Potential. Mol. Neurodegener. 2023, 18, 83. [CrossRef]
16. Qi, R.; Sammler, E.; Gonzalez-Hunt, C.P.; Barraza, I.; Pena, N.; Rouanet, J.P.; Naaldijk, Y.; Goodson, S.; Fuzzati, M.;

Blandini, F.; et al. A Blood-Based Marker of Mitochondrial DNA Damage in Parkinson’s Disease. Sci. Transl. Med. 2023, 15,
eabo1557. [CrossRef]

17. Wang, R.; Sun, H.; Ren, H.; Wang, G. α-Synuclein Aggregation and Transmission in Parkinson’s Disease: A Link to Mitochondria
and Lysosome. Sci. China Life Sci. 2020, 63, 1850–1859. [CrossRef]

18. Gureev, A.P.; Khorolskaya, V.G.; Sadovnikova, I.S.; Shaforostova, E.A.; Cherednichenko, V.R.; Burakova, I.Y.; Plotnikov, E.Y.;
Popov, V.N. Age-Related Decline in Nrf2/ARE Signaling Is Associated with the Mitochondrial DNA Damage and Cognitive
Impairments. Int. J. Mol. Sci. 2022, 23, 15197. [CrossRef]

19. Flønes, I.H.; Fernandez-Vizarra, E.; Lykouri, M.; Brakedal, B.; Skeie, G.O.; Miletic, H.; Lilleng, P.K.; Alves, G.; Tysnes, O.B.;
Haugarvoll, K.; et al. Neuronal Complex I Deficiency Occurs throughout the Parkinson’s Disease Brain, but Is Not Associated
with Neurodegeneration or Mitochondrial DNA Damage. Acta Neuropathol. 2018, 135, 409–425. [CrossRef]

20. Czernecki, V.; Benchetrit, E.; Houot, M.; Pineau, F.; Mangone, G.; Corvol, J.C.; Vidailhet, M.; Levy, R. Social Cognitive Impairment
in Early Parkinson’s Disease: A Novel “Mild Impairment”? Park. Relat. Disord. 2021, 85, 117–121. [CrossRef]

https://doi.org/10.3233/JPD-181474
https://www.ncbi.nlm.nih.gov/pubmed/30584159
https://doi.org/10.1002/mds.27115
https://doi.org/10.1038/42166
https://doi.org/10.1016/S0197-4580(02)00065-9
https://www.ncbi.nlm.nih.gov/pubmed/12498954
https://doi.org/10.1007/s00441-004-0956-9
https://doi.org/10.3389/fnana.2018.00113
https://www.ncbi.nlm.nih.gov/pubmed/30618654
https://doi.org/10.3174/ajnr.A4092
https://doi.org/10.1016/j.amjmed.2019.03.001
https://doi.org/10.1042/BST20180025
https://doi.org/10.1007/978-1-4615-4863-8_2
https://doi.org/10.1007/s12035-020-02200-0
https://doi.org/10.3390/bs11050074
https://www.ncbi.nlm.nih.gov/pubmed/34068064
https://doi.org/10.3390/biomedicines8120591
https://www.ncbi.nlm.nih.gov/pubmed/33321831
https://doi.org/10.1016/0925-4439(95)00038-6
https://www.ncbi.nlm.nih.gov/pubmed/7599219
https://doi.org/10.1186/s13024-023-00676-7
https://doi.org/10.1126/scitranslmed.abo1557
https://doi.org/10.1007/s11427-020-1756-9
https://doi.org/10.3390/ijms232315197
https://doi.org/10.1007/s00401-017-1794-7
https://doi.org/10.1016/j.parkreldis.2021.02.023


Int. J. Mol. Sci. 2024, 25, 11490 15 of 21

21. Liepelt-Scarfone, I.; Ophey, A.; Kalbe, E. Cognition in Prodromal Parkinson’s Disease. Prog. Brain Res. 2022, 269, 93–111.
[CrossRef]

22. Adolphs, R. The Social Brain: Neural Basis of Social Knowledge. Annu. Rev. Psychol. 2009, 60, 693–716. [CrossRef] [PubMed]
23. Christidi, F.; Migliaccio, R.; Santamaría-García, H.; Santangelo, G.; Trojsi, F. Social Cognition Dysfunctions in Neurodegenerative

Diseases: Neuroanatomical Correlates and Clinical Implications. Behav. Neurol. 2018, 2018, 1849794. [CrossRef] [PubMed]
24. Bora, E.; Walterfang, M.; Velakoulis, D. Theory of Mind in Parkinson’s Disease: A Meta-Analysis. Behav. Brain Res. 2015, 292,

515–520. [CrossRef] [PubMed]
25. Bodden, M.E.; Mollenhauer, B.; Trenkwalder, C.; Cabanel, N.; Eggert, K.M.; Unger, M.M.; Oertel, W.H.; Kessler, J.; Dodel, R.;

Kalbe, E. Affective and Cognitive Theory of Mind in Patients with Parkinson’s Disease. Park. Relat. Disord. 2010, 16, 466–470.
[CrossRef]

26. Poletti, M.; Vergallo, A.; Ulivi, M.; Sonnoli, A.; Bonuccelli, U. Affective Theory of Mind in Patients with Parkinson’s Disease.
Psychiatry Clin. Neurosci. 2013, 67, 273–276. [CrossRef]

27. Enrici, I.; Adenzato, M.; Ardito, R.B.; Mitkova, A.; Cavallo, M.; Zibetti, M.; Lopiano, L.; Castelli, L. Emotion Processing in
Parkinson’s Disease: A Three-Level Study on Recognition, Representation, and Regulation. PLoS ONE 2015, 10, e0131470.
[CrossRef]

28. Gray, H.M.; Tickle-Degnen, L. A Meta-Analysis of Performance on Emotion Recognition Tasks in Parkinson’s Disease. Neuropsy-
chology 2010, 24, 176. [CrossRef]

29. Santangelo, G.; Vitale, C.; Trojano, L.; Errico, D.; Amboni, M.; Barbarulo, A.M.; Grossi, D.; Barone, P. Neuropsychological
Correlates of Theory of Mind in Patients with Early Parkinson’s Disease. Mov. Disord. 2012, 27, 98–105. [CrossRef]

30. Roca, M.; Torralva, T.; Gleichgerrcht, E.; Chade, A.; Arévalo, G.G.; Gershanik, O.; Manes, F. Impairments in Social Cognition in
Early Medicated and Unmedicated Parkinson Disease. Cogn. Behav. Neurol. 2010, 23, 152–158. [CrossRef]

31. Péron, J.; Vicente, S.; Leray, E.; Drapier, S.; Drapier, D.; Cohen, R.; Biseul, I.; Rouaud, T.; Le Jeune, F.; Sauleau, P.; et al. Are
Dopaminergic Pathways Involved in Theory of Mind? A Study in Parkinson’s Disease. Neuropsychologia 2009, 47, 406–414.
[CrossRef]

32. Thaler, A.; Posen, J.; Giladi, N.; Manor, Y.; Mayanz, C.; Mirelman, A.; Gurevich, T. Appreciation of Humor Is Decreased among
Patients with Parkinson’s Disease. Park. Relat. Disord. 2012, 18, 144–148. [CrossRef] [PubMed]

33. Boller, F.; Passafiume, D.; Keefe, N.C.; Rogers, K.; Morrow, L.; Kim, Y. Visuospatial Impairment in Parkinson’s Disease. Role of
Perceptual and Motor Factors. Arch. Neurol. 1984, 41, 485–490. [CrossRef] [PubMed]

34. Emre, M. Dementia Associated with Parkinson’s Disease. Lancet Neurol. 2003, 2, 229–237. [CrossRef] [PubMed]
35. Huang, J.; Yuan, X.; Chen, L.; Hu, B.; Jiang, L.; Shi, T.; Wang, H.; Huang, W. Subjective Cognitive Decline in Patients with

Parkinson’s Disease: An Updated Review. Front. Aging Neurosci. 2023, 15, 1117068. [CrossRef] [PubMed]
36. Pfeiffer, R.F. Non-Motor Symptoms in Parkinson’s Disease. Park. Relat. Disord. 2016, 22, S119–S122. [CrossRef]
37. Burton, E.J.; McKeith, I.G.; Burn, D.J.; Williams, E.D.; O’Brien, J.T. Cerebral Atrophy in Parkinson’s Disease with and without

Dementia: A Comparison with Alzheimer’s Disease, Dementia with Lewy Bodies and Controls. Brain 2004, 127 Pt 4, 791–800.
[CrossRef] [PubMed]

38. Schapira, A.H.V.; Chaudhuri, K.R.; Jenner, P. Non-Motor Features of Parkinson Disease. Nat. Rev. Neurosci. 2017, 18, 435–450.
[CrossRef]

39. Shiba, M.; Bower, J.H.; Maraganore, D.M.; McDonnell, S.K.; Peterson, B.J.; Ahlskog, J.E.; Schaid, D.J.; Rocca, W.A. Anxiety
Disorders and Depressive Disorders Preceding Parkinson’s Disease: A Case-Control Study. Mov. Disord. 2000, 15, 669–677.
[CrossRef]

40. Dissanayaka, N.N.W.; Sellbach, A.; Silburn, P.A.; O’Sullivan, J.D.; Marsh, R.; Mellick, G.D. Factors Associated with Depression in
Parkinson’s Disease. J. Affect. Disord. 2011, 132, 82–88. [CrossRef]

41. Santangelo, G.; Vitale, C.; Trojano, L.; Angrisano, M.G.; Picillo, M.; Errico, D.; Agosti, V.; Grossi, D.; Barone, P. Subthreshold
Depression and Subjective Cognitive Complaints in Parkinson’s Disease. Eur. J. Neurol. 2014, 21, 541–544. [CrossRef]

42. Even, C.; Weintraub, D. Is Depression in Parkinson’s Disease (PD) a Specific Entity? J. Affect. Disord. 2012, 139, 103–112. [CrossRef]
[PubMed]

43. Seppi, K.; Weintraub, D.; Coelho, M.; Perez-Lloret, S.; Fox, S.H.; Katzenschlager, R.; Hametner, E.M.; Poewe, W.; Rascol, O.; Goetz,
C.G.; et al. The Movement Disorder Society Evidence-Based Medicine Review Update: Treatments for the Non-Motor Symptoms
of Parkinson’s Disease. Mov. Disord. 2011, 26 (Suppl. S3), S42–S80. [CrossRef] [PubMed]

44. Taylor, J.P.; McKeith, I.G.; Burn, D.J.; Boeve, B.F.; Weintraub, D.; Bamford, C.; Allan, L.M.; Thomas, A.J.; O’Brien, J.T. New
Evidence on the Management of Lewy Body Dementia. Lancet Neurol. 2020, 19, 157–169. [CrossRef]

45. Prasad, S.; Katta, M.R.; Abhishek, S.; Sridhar, R.; Valisekka, S.S.; Hameed, M.; Kaur, J.; Walia, N. Recent Advances in Lewy Body
Dementia: A Comprehensive Review. Dis.-Mon. 2023, 69, 101441. [CrossRef]

46. Sezgin, M.; Bilgic, B.; Tinaz, S.; Emre, M. Parkinson’s Disease Dementia and Lewy Body Disease. Semin. Neurol. 2019, 39, 274–282.
[CrossRef]

47. Calabresi, P.; Di Lazzaro, G.; Marino, G.; Campanelli, F.; Ghiglieri, V. Advances in Understanding the Function of Alpha-Synuclein:
Implications for Parkinson’s Disease. Brain 2023, 146, 3587–3597. [CrossRef]

48. Pastukhov, R.; Korshunov, A.; Turdakov, D.; Kuznetsov, S. Improving Quality of Graph Partitioning Using Multilevel Optimization.
Proc. Inst. Syst. Program. RAS 2014, 26, 302–306. [CrossRef]

https://doi.org/10.1016/BS.PBR.2022.01.003
https://doi.org/10.1146/annurev.psych.60.110707.163514
https://www.ncbi.nlm.nih.gov/pubmed/18771388
https://doi.org/10.1155/2018/1849794
https://www.ncbi.nlm.nih.gov/pubmed/29854017
https://doi.org/10.1016/j.bbr.2015.07.012
https://www.ncbi.nlm.nih.gov/pubmed/26166188
https://doi.org/10.1016/j.parkreldis.2010.04.014
https://doi.org/10.1111/pcn.12045
https://doi.org/10.1371/journal.pone.0131470
https://doi.org/10.1037/a0018104
https://doi.org/10.1002/mds.23949
https://doi.org/10.1097/WNN.0b013e3181e078de
https://doi.org/10.1016/j.neuropsychologia.2008.09.008
https://doi.org/10.1016/j.parkreldis.2011.09.004
https://www.ncbi.nlm.nih.gov/pubmed/22000944
https://doi.org/10.1001/archneur.1984.04050170031011
https://www.ncbi.nlm.nih.gov/pubmed/6721713
https://doi.org/10.1016/S1474-4422(03)00351-X
https://www.ncbi.nlm.nih.gov/pubmed/12849211
https://doi.org/10.3389/fnagi.2023.1117068
https://www.ncbi.nlm.nih.gov/pubmed/37304074
https://doi.org/10.1016/j.parkreldis.2015.09.004
https://doi.org/10.1093/brain/awh088
https://www.ncbi.nlm.nih.gov/pubmed/14749292
https://doi.org/10.1038/nrn.2017.62
https://doi.org/10.1002/1531-8257(200007)15:4%3C669::AID-MDS1011%3E3.0.CO;2-5
https://doi.org/10.1016/j.jad.2011.01.021
https://doi.org/10.1111/ene.12219
https://doi.org/10.1016/j.jad.2011.07.002
https://www.ncbi.nlm.nih.gov/pubmed/21794923
https://doi.org/10.1002/mds.23884
https://www.ncbi.nlm.nih.gov/pubmed/22021174
https://doi.org/10.1016/S1474-4422(19)30153-X
https://doi.org/10.1016/j.disamonth.2022.101441
https://doi.org/10.1055/s-0039-1678579
https://doi.org/10.1093/brain/awad150
https://doi.org/10.15514/ISPRAS-2014-26(4)-2


Int. J. Mol. Sci. 2024, 25, 11490 16 of 21

49. Biundo, R.; Weis, L.; Facchini, S.; Formento-Dojot, P.; Vallelunga, A.; Pilleri, M.; Antonini, A. Cognitive Profiling of Parkinson
Disease Patients with Mild Cognitive Impairment and Dementia. Park. Relat. Disord. 2014, 20, 394–399. [CrossRef] [PubMed]

50. Hobson, P.; Meara, J. Mild Cognitive Impairment in Parkinson’s Disease and Its Progression onto Dementia: A 16-Year Outcome
Evaluation of the Denbighshire Cohort. Int. J. Geriatr. Psychiatry 2015, 30, 1048–1055. [CrossRef]

51. Kehagia, A.A.; Barker, R.A.; Robbins, T.W. Cognitive Impairment in Parkinson’s Disease: The Dual Syndrome Hypothesis.
Neurodegener. Dis. 2012, 11, 79–92. [CrossRef]

52. Biundo, R.; Weis, L.; Antonini, A. Cognitive Decline in Parkinson’s Disease: The Complex Picture. NPJ Park. Dis. 2016, 2, 16018.
[CrossRef] [PubMed]

53. Kotzbauer, P.T.; Cairns, N.J.; Campbell, M.C.; Willis, A.W.; Racette, B.A.; Tabbal, S.D.; Perlmutter, J.S. Pathologic Accumulation of
α-Synuclein and Aβ in Parkinson Disease Patients with Dementia. Arch. Neurol. 2012, 69, 1326–1331. [CrossRef] [PubMed]

54. Petrou, M.; Dwamena, B.A.; Foerster, B.R.; Maceachern, M.P.; Bohnen, N.I.; Müller, M.L.; Albin, R.L.; Frey, K.A. Amyloid
Deposition in Parkinson’s Disease and Cognitive Impairment: A Systematic Review. Mov. Disord. 2015, 30, 928–935. [CrossRef]

55. Theilmann, R.J.; Reed, J.D.; Song, D.D.; Huang, M.X.; Lee, R.R.; Litvan, I.; Harrington, D.L. White-Matter Changes Correlate with
Cognitive Functioning in Parkinson’s Disease. Front. Neurol. 2013, 4, 37. [CrossRef]

56. Zheng, Z.; Shemmassian, S.; Wijekoon, C.; Kim, W.; Bookheimer, S.Y.; Pouratian, N. DTI Correlates of Distinct Cognitive
Impairments in Parkinson’s Disease. Hum. Brain Mapp. 2014, 35, 1325–1333. [CrossRef]

57. Picconi, B.; Piccoli, G.; Calabresi, P. Synaptic Dysfunction in Parkinson’s Disease. Adv. Exp. Med. Biol. 2012, 970, 553–572.
[CrossRef]

58. Williams-Gray, C.H.; Foltynie, T.; Lewis, S.J.G.; Barker, R.A. Cognitive Deficits and Psychosis in Parkinson’s Disease: A Review of
Pathophysiology and Therapeutic Options. CNS Drugs. 2006, 20, 477–505. [CrossRef] [PubMed]

59. Le Govic, Y.; Demey, B.; Cassereau, J.; Bahn, Y.-S.; Papon, N. Pathogens Infecting the Central Nervous System. PLoS Pathog. 2022,
18, e1010234. [CrossRef]

60. Peterson, C.T. Dysfunction of the Microbiota-Gut-Brain Axis in Neurodegenerative Disease: The Promise of Therapeutic
Modulation with Prebiotics, Medicinal Herbs, Probiotics, and Synbiotics. J. Evid.-Based Integr. Med. 2020, 25, 2515690X20957225.
[CrossRef]

61. Menezes-Rodrigues, F.S.; Scorza, C.S.; Fiorini, A.C.; Caricati-Neto, A.; Scorza, C.A.; Finsterer, J.; Scorza, F.A. Sudden Unexpected
Death in Parkinson’s Disease: Why Is Drinking Water Important? Neurodegener. Dis. Manag. 2019, 9, 241–246. [CrossRef]

62. Jankovic, J.; Chen, S.; Le, W.D. The Role of Nurr1 in the Development of Dopaminergic Neurons and Parkinson’s Disease. Prog.
Neurobiol. 2005, 77, 128–138. [CrossRef] [PubMed]

63. Lee, E.H.; Kim, S.M.; Kim, C.H.; Pagire, S.H.; Pagire, H.S.; Chung, H.Y.; Ahn, J.H.; Park, C.H. Dopamine Neuron Induction and
the Neuroprotective Effects of Thyroid Hormone Derivatives. Sci. Rep. 2019, 9, 13659. [CrossRef] [PubMed]

64. Venditti, P.; Di Meo, S. Thyroid Hormone-Induced Oxidative Stress. Cell. Mol. Life Sci. 2006, 63, 414–434. [CrossRef]
65. Villanueva, I.; Alva-Sánchez, C.; Pacheco-Rosado, J. The Role of Thyroid Hormones as Inductors of Oxidative Stress and

Neurodegeneration. Oxidative Med. Cell. Longev. 2013, 2013, 218145. [CrossRef] [PubMed]
66. Mohammadi, S.; Dolatshahi, M.; Rahmani, F. Shedding Light on Thyroid Hormone Disorders and Parkinson Disease Pathology:

Mechanisms and Risk Factors. J. Endocrinol. Investig. 2021, 44, 1–13. [CrossRef]
67. Tenison, E.; James, A.; Ebenezer, L.; Henderson, E.J. A Narrative Review of Specialist Parkinson’s Nurses: Evolution, Evidence

and Expectation. Geriatrics 2022, 7, 46. [CrossRef]
68. Rojo-Sebastián, A.; González-Robles, C.; Garciá De Yébenes, J. Vitamin B6 Deficiency in Patients with Parkinson Disease Treated

with Levodopa/Carbidopa. Clin. Neuropharmacol. 2020, 43, 151–157. [CrossRef]
69. Planas-Ballvé, A.; Vilas, D. Cognitive Impairment in Genetic Parkinson’s Disease. Parkinsons. Dis. 2021, 2021, 8610285. [CrossRef]
70. Degirmenci, Y.; Angelopoulou, E.; Georgakopoulou, V.E.; Bougea, A. Cognitive Impairment in Parkinson’s Disease: An Updated

Overview Focusing on Emerging Pharmaceutical Treatment Approaches. Medicina 2023, 59, 1756. [CrossRef]
71. Lee, E.Y. Memory Deficits in Parkinson’s Disease Are Associated with Impaired Attentional Filtering and Memory Consolidation

Processes. J. Clin. Med. 2023, 12, 4594. [CrossRef]
72. Aarsland, D.; Batzu, L.; Halliday, G.M.; Geurtsen, G.J.; Ballard, C.; Ray Chaudhuri, K.; Weintraub, D. Parkinson Disease-Associated

Cognitive Impairment. Nat. Rev. Dis. Prim. 2021, 7, 47. [CrossRef] [PubMed]
73. Okada, Y.; Ohtsuka, H.; Kamata, N.; Yamamoto, S.; Sawada, M.; Nakamura, J.; Okamoto, M.; Narita, M.; Nikaido, Y.;

Urakami, H.; et al. Effectiveness of Long-Term Physiotherapy in Parkinson’s Disease: A Systematic Review and Meta-Analysis.
J. Park. Dis. 2021, 11, 1619–1630. [CrossRef]

74. Orgeta, V.; McDonald, K.R.; Poliakoff, E.; Hindle, J.V.; Clare, L.; Leroi, I. Cognitive Training Interventions for Dementia and Mild
Cognitive Impairment in Parkinson’s Disease. Cochrane Database Syst. Rev. 2020, 2, CD011961. [CrossRef]

75. Costa, C.; Sgobio, C.; Siliquini, S.; Tozzi, A.; Tantucci, M.; Ghiglieri, V.; Di Filippo, M.; Pendolino, V.; De Iure, A.; Marti, M.; et al.
Mechanisms Underlying the Impairment of Hippocampal Long-Term Potentiation and Memory in Experimental Parkinson’s
Disease. Brain 2012, 135 Pt 6, 1884–1899. [CrossRef] [PubMed]

76. Aarsland, D.; Creese, B.; Politis, M.; Chaudhuri, K.R.; Ffytche, D.H.; Weintraub, D.; Ballard, C. Cognitive Decline in Parkinson
Disease. Nat. Rev. Neurol. 2017, 13, 217–231. [CrossRef]

77. Goldman, J.G.; Sieg, E. Cognitive Impairment and Dementia in Parkinson Disease. Clin. Geriatr. Med. 2020, 36, 365–377. [CrossRef]

https://doi.org/10.1016/j.parkreldis.2014.01.009
https://www.ncbi.nlm.nih.gov/pubmed/24495708
https://doi.org/10.1002/gps.4261
https://doi.org/10.1159/000341998
https://doi.org/10.1038/npjparkd.2016.18
https://www.ncbi.nlm.nih.gov/pubmed/28725699
https://doi.org/10.1001/archneurol.2012.1608
https://www.ncbi.nlm.nih.gov/pubmed/22825369
https://doi.org/10.1002/mds.26191
https://doi.org/10.3389/fneur.2013.00037
https://doi.org/10.1002/hbm.22256
https://doi.org/10.1007/978-3-7091-0932-8_24
https://doi.org/10.2165/00023210-200620060-00004
https://www.ncbi.nlm.nih.gov/pubmed/16734499
https://doi.org/10.1371/journal.ppat.1010234
https://doi.org/10.1177/2515690X20957225
https://doi.org/10.2217/nmt-2019-0010
https://doi.org/10.1016/j.pneurobio.2005.09.001
https://www.ncbi.nlm.nih.gov/pubmed/16243425
https://doi.org/10.1038/s41598-019-49876-6
https://www.ncbi.nlm.nih.gov/pubmed/31541140
https://doi.org/10.1007/s00018-005-5457-9
https://doi.org/10.1155/2013/218145
https://www.ncbi.nlm.nih.gov/pubmed/24386502
https://doi.org/10.1007/s40618-020-01314-5
https://doi.org/10.3390/geriatrics7020046
https://doi.org/10.1097/WNF.0000000000000408
https://doi.org/10.1155/2021/8610285
https://doi.org/10.3390/medicina59101756
https://doi.org/10.3390/jcm12144594
https://doi.org/10.1038/s41572-021-00280-3
https://www.ncbi.nlm.nih.gov/pubmed/34210995
https://doi.org/10.3233/JPD-212782
https://doi.org/10.1002/14651858.CD011961.pub2
https://doi.org/10.1093/brain/aws101
https://www.ncbi.nlm.nih.gov/pubmed/22561640
https://doi.org/10.1038/nrneurol.2017.27
https://doi.org/10.1016/j.cger.2020.01.001


Int. J. Mol. Sci. 2024, 25, 11490 17 of 21

78. Novikov, N.I.; Brazhnik, E.S.; Kitchigina, V.F. Pathological Correlates of Cognitive Decline in Parkinson’s Disease: From Molecules
to Neural Networks. Biochemistry 2023, 88, 1890–1904. [CrossRef] [PubMed]

79. Chia, S.J.; Tan, E.K.; Chao, Y.X. Historical Perspective: Models of Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 2464. [CrossRef]
80. Dovonou, A.; Bolduc, C.; Soto Linan, V.; Gora, C.; Peralta, M.R.; Lévesque, M. Animal Models of Parkinson’s Disease: Bridging

the Gap between Disease Hallmarks and Research Questions. Transl. Neurodegener. 2023, 12, 36. [CrossRef]
81. Luk, K.C.; Kehm, V.; Carroll, J.; Zhang, B.; O’Brien, P.; Trojanowski, J.Q.; Lee, V.M.Y. Pathological α-Synuclein Transmission

Initiates Parkinson-like Neurodegeneration in Nontransgenic Mice. Science 2012, 338, 949–953. [CrossRef]
82. Przedborski, S.; Vila, M. The 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Mouse Model: A Tool to Explore the Pathogenesis of

Parkinson’s Disease. In Annals of the New York Academy of Sciences; The New York Academy of Sciences: New York, NY, USA,
2003; Volume 991. [CrossRef]

83. Blandini, F.; Armentero, M.T.; Martignoni, E. The 6-Hydroxydopamine Model: News from the Past. Park. Relat. Disord. 2008, 14
(Suppl. S2), S124–S129. [CrossRef] [PubMed]

84. Giasson, B.I.; Duda, J.E.; Quinn, S.M.; Zhang, B.; Trojanowski, J.Q.; Lee, V.M.Y. Neuronal α-Synucleinopathy with Severe
Movement Disorder in Mice Expressing A53T Human α-Synuclein. Neuron 2002, 34, 521–533. [CrossRef] [PubMed]

85. Costa, G.; Sisalli, M.J.; Simola, N.; Della Notte, S.; Casu, M.A.; Serra, M.; Pinna, A.; Feliciello, A.; Annunziato, L.; Scorziello, A.;
et al. Gender Differences in Neurodegeneration, Neuroinflammation and Na+-Ca2+ Exchangers in the Female A53T Transgenic
Mouse Model of Parkinson’s Disease. Front. Aging Neurosci. 2020, 12, 118. [CrossRef] [PubMed]
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