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Abstract: The field of epigenetics, which explores how heritable traits or stable alterations of cell
functions occur without changes to the DNA sequence and how environmental factors affect gene
expression, is rapidly advancing. Epigenetics plays a critical role in memory formation, learning,
and cognitive functioning, effectively bridging genetics with environmental influence. Maternal
behavior in rats, for instance, can modify the stress response of their offspring through epigenetic
mechanisms such as histone acetylation and DNA methylation. Understanding neurodegenerative
diseases like Parkinson’s disease (PD) depends on comprehending the mechanisms of epigenetic
regulation. Epigenetic modifications, which alter proteins and DNA structure without changing the
DNA sequence, can activate or suppress gene expression, assisting organisms in adapting to
environmental changes. These modifications may influence genes involved in inflammation,
synaptic plasticity, and neuroprotection, potentially contributing to cognitive deficits in PD patients.
MicroRNAs (miRNAs), histone modifications, and DNA methylation are the epigenetic
mechanisms that significantly influence cell differentiation and maintain normal cellular activity.
Understanding the intricate molecular processes of epigenetics could lead to more targeted and
effective therapies. Despite numerous findings on how epigenetics affects cognitive alterations in
PD patients, only some studies coordinate and integrate these results. Here, we summarize recent
findings on how epigenetic changes impact gene expression linked to cognitive impairments in PD.
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1. Introduction

Epigenetics, the study of how environmental factors influence gene expression and organismal
responses, is rapidly expanding. These intricate mechanisms are pivotal in the development and
maintenance of homeostasis. Epigenetic modifications enable organisms to adapt to environmental
changes [1]. They entail alterations in DNA structure and proteins without changing the DNA
sequence [2], and they are capable of activating or suppressing gene expression through feedback
mechanisms [3].

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder, second only to Alzheimer’s
disease (AD). It manifests with distinctive symptoms, including bradykinesia, muscular rigidity,
unstable posture and gait, hypokinetic movement disorder, and resting tremor [4-6]. Lewy bodies
(LB) containing a-Synuclein (a-Syn) and other factors may lead to progressive dopaminergic neuron
loss in the substantia nigra pars compacta (SNpc) in both sporadic and familial PD [7]. Understanding
a-Syn’s pathogenic role is challenging due to its complex interactions with genetic traits, molecular
components, and environmental factors contributing to its accumulation [8].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Exploring epigenetics and its intricate molecular mechanisms may elucidate the pathogenesis of
neurodegenerative disorders such as PD [9], potentially leading to more effective, targeted
treatments. Despite numerous investigations into the impact of epigenetics on cognitive changes in
PD patients, there is a need for more studies linking these findings. Here, we present our vision of
how epigenetic modifications affect gene expression related to neuroprotection, inflammation, and
synaptic plasticity, potentially contributing to PD’s cognitive deficits.

2. Synuclein and Tau: ‘Seeding and Spreading’

Alpha-synuclein (a-Syn), encoded by the SNCA gene, is a 14.5-kilodalton (kD) protein
comprising 140 amino acids [10,11]. It constitutes the major component of Lewy bodies (LBs) and
Lewy neurites (LNs), the pathological hallmarks of PD [12]. Initially identified as a genetic
susceptibility factor for familial autosomal dominant PD, the SNCA gene is associated with a higher
PD risk due to pathogenic alterations, including mutations, single nucleotide polymorphisms (SNPs),
and multiplications [13-15].

SNPs such as rs11931074, rs356165, rs356219, and rs7684318 have been linked to increased PD
risk among Caucasians and Asians [16-18]. The variants of SNPs in SNCA vary across populations,
with different risk variants observed in East Asians compared to European populations [19-22].
Genome-wide association studies (GWAS) have identified additional SNCA polymorphisms, such as
rs8180209, rs3756063, rs356165, and rs7681154, associated with PD age onset and progression [23-26].
A meta-analysis revealed eight SNPs in SNCA with significant differences among ethnicities affecting
PD risk [27]. Previous studies also highlighted the relevance of SNPs such as rs356186, rs356219,
rs894278, rs2583988, and rs2619363 in increasing PD risk [28]. These variants with different odds
ratios and allele frequencies may guide genetic screening strategies and predict the age of PD onset.
Polymorphisms in the SNCA promoter region, including REP1, rs2736990, rs894278, 1s356219, and
rs356165, are promising predictors of early PD onset [29-32].

The epigenetic regulation of SNCA among PD patients has been extensively studied [2,32-34].
SNPs within the promoter/regulatory regions may influence epigenetic effects and transcription
factor bindings [33]. The SNCA gene contains a large CpG island extending from the 5’ end to intron
1 [33]. In PD patients, hypomethylation of the intronl region of the SNCA CpG islands is more
pronounced in various brain regions than in controls [34,35]. Ten-eleven translocation
methylcytosine dioxygenase 1 (TET1) acts as a repressor of SNCA, targeting the CpG island binding
protein [36]. Postmortem studies on PD tissue samples revealed lower levels of TET1 compared to
controls, suggesting a potential therapeutic target [37]. Additionally, two significant linkage
disequilibrium (LD) blocks located in intron 4 to downstream of the 3'-untranslated region (3'-UTR)
area and the promoter region at the 5’ side of the gene harbor SNPs that play crucial roles in gene
processing [38].

Tau, a microtubule-associated protein (MAP) family member, is implicated in various
neurodegenerative diseases, including AD and Tauopathies [39,40]. Prion diseases, fatal
neurodegenerative disorders found in humans and animals, involve the self-propagation of prions
via templated conversion of endogenous prion molecules, leading to infectivity [41,42]. These
aggregates can transfer between cells, continuing propagation as new conversion units, thus
spreading infection [41-43]. a-Syn and Tau proteins exhibit prion-like behavior with a stable
spreading pattern, characteristic of prion diseases [44,45]. Table 1 summarizes the results of
experiments on a-Syn and Tau seeding and spreading conducted over the past decade.

Table 1. Synuclein and Tau ‘seeding and spreading’ experiments over the past decade.

Study Protein Findings Reference

AT8 immunoreactivity spans from the CA1 to the

cortex in rats receiving LV-hTau46WT injections,

while, in rats injected with LV-hTau46P301L, it is
restricted to the hippocampal formation.

Caillierez et al. 2013 a-Syn [53]
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Self-spreading of Tau inclusions in a manner like
Clavaguera et al. 2013 Tau prions, not influenced by other pathological [54]
mechanisms

Tau fibrils enter cells via macropinocytosis; HSPGs act
Tau and a- as receptors for binding and uptake of Tau, inhibition

Holmes et al. 2013 Syn of HSPG blocks aggregate propagations, HSPGs [53]
mediate a-Syn uptake
Diff t di iti f di -modified T
Levarska et al. 2013 Tau ifferent spreading capacities of disease-modified Tau [56]

strains as Spreading only of the SHR72 4R Tau variant

Intracerebral injection of insoluble a-Syn induces
Masuda-Suzukake et al. 2013 a-Syn  aggregation of endogenous mouse a-Syn through a [57]
prion-like spreading.

Following viral vector-mediated a-Syn
overexpression, dose-dependent dopaminergic neuron
Oliveras-Salva et al. 2013 a-Syn loss in SNpc 8 months post-injection occurred, also [58]
motor issues, and protein aggregates in remaining
surviving neurons.

AMPA-stimulated Tau release is dependent on pre-
Pooler et al. 2013 Tau . . . .
synaptic vesicle secretion instead of exosome extrusion

Injection of amyloidogenic and non-amyloidogenic
human a-Syn induced limited a-Syn inclusions.
Delayed Strong induction of neuroinflammation with
or without a-Syn inclusions

Sacino et al. 2013 a-Syn

Propagation from medulla oblongata to rostral brain

Ulusoy et al. 2013 a-Syn .
regions

Lethality upon transmission to animals resembles how
Watts et al. 2013 o-Syn  kuru, CJD, and similar diseases spread in nonhuman [62]
primates

Transferring through the cell via anterograde and

Wuetal. 2013 Tau retrograde endocytosis of Small Misfolded Tau species

Ahmed et al. 2014 Tau Spreading relied on synaptic connectivity [64]
Seeded Tau aggregates can spread to the CNS,
peripherally

Clavaguera et al. 2014 Tau

Indication of trans-synaptic protein transfer due to
Wild-type human Tau protein could transferred via
Dujardin et al. 2014 Tau the axons from ventral hippocampus neurons to [66]
connected secondary neurons e.g., olfactory and limbic
systems

The seeding activity of mutant mice rises with age,

Holmes et al. 2014 Tau . . . .
interaction with synuclein

Spreading of a-Syn from intestine to the brain via the
vagal nerve

Regardless of whether it was injected into the striatum

or the SNpc. LB-induced degeneration manifested

Recasens and Dehay 2014 a-Syn earlier and more extensively in the striatal [69]

dopaminergic axon terminals rather than the cell
bodies in the SNpc,

Reuptake of a-Syn monomers, oligomers, and fibrils
by oligodendrocytes, internalization of a-Syn by in
vivo Oligodendrocyte, Transfer of a-Syn from host

brain to grafted oligodendroglial cells

Holmgqvist et al. 2014 a-Syn

Reyes et al. 2014 a-Syn [70]

Nutritional factors can have a significant impact on a-
Rotermund et al. 2014 a-Syn  Synucleinopathy. Possibility of diet-induced obesity as  [71]
a risk factor for a-Synucleinopathy

Fibrillar a-Syn intramuscular injection led to CNS

Sacino et al. 2014 a-Syn inclusion pathology
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Spreading of inclusion pathology only in M83 mice

Sacino et al. 2014 a-Syn after 4 months [73]
Spreading to the ipsilateral and contralateral
Sanders et al. 2014 Tau entorhin'fll cortex, retrosplenial cortgx, and [74]
contralateral hippocampus from the left hippocampus
after 5 weeks
Asai et al. 2015 Tau Microglia’s significant role in T.aju protein spreading 75]
and neurotoxicity
Bernis et al. 2015 a-Syn Spreading of a-Syn after intrast?'iatal injection to the [76]
contralateral side
Spreading into the striatal area and throughout the
Bourdenx et al. 2015 a-Syn whole mesencephalon in ran 16 weeks after surgery. 7]
Absence of phosphorylation levels of a-Syn and
neurodegeneration in rats and marmosets
Dabher et al. 2015 a-Syn Neurodegeneration in the contralateral side [78]
Abounit et al. 2016 Tau Tau fibrils Capablhty. to enter cells and induce TNT [79]
(tunneling nano tubules)
d’Abramo et al. 2016 Tau Tau detection in serum [80]
Cell-to-cell transfer in of a-Syn between neuron-like
Domert et al. 2016 a-Syn cell model [81]
ding f th dulla obl tat tral brai
Helwig et al. 2016 a-Syn Spreading from the medu a oblongata to rostral brain [82]
regions
Accumulation of A53T shows an age-related
Koprich et al. 2016 a-Syn  progressive rise, higher levels, and a broader extent of  [83]
degeneration with A53T
di d the ent f o loid in N2
Aulié et al. 2017 a-Syn Spreading .an : .e entrance of a-Syn ar.ny oid in N2a [84]
cells is facilitated by cells expressing PrP¢
Cavaliere et al. 2017 a-Syn Quantification of a-Syn uptake in neurons and (5]
astrocytes
DeVos et al. 2017 Tau Reduction and prevention of Tau seeding capability [86]
by human Tau
Transfer of a- i ical
Loria et al. 2017 a-Syn ransfer of a-Syn between primary cortical astrocytes [87]
and neurons
I 1lul i f a-Syn i 1 ith
Ngolab et al. 2017 a-Syn ntra}ce u ar. aggregatlon of Syn. is corre ated. wit [88]
internalization of exosomes via endocytosis
Retrograde spreading of abnormal a-Syn and
toxicity following int l injecti f
Shimozawa et al. 2017 a-Syn neuro oxicity ollowing in racerebra injection o (89]
synthetic a-Syn fibrils, Clearance of a-Syn inclusions
by microglial cells
The V. t duit for a-Syn t h
Ulusoy et al. 2017 a-Syn e Vagus nerve acts as a conduit for Syn to reac [90]
from the brain to peripheral tissues e.g., stomach
E f F h h ility of stimulati
Wang et al. 2017 Tau xomes from CS al.ve t ? Ci.ipabl ity of stimulating [91]
Tau aggregation within cultured cells
Polanco et al. 2018 Tau When interconnected axons extend in proximity, they [92]
exchange exomes
Sustained overexpression of a-Syn is crucial for
i ion. I ing of a-
Rusconi et al. 2018 a-Syn continuous propagétlon nc'reas'ed spreading of « (93]
Syn through the brain following increased level a-Syn
in the medulla oblongata
Vitale et al. 2018 Tau Diffusion to distant areas [94]
T thology induction following bilateral
Smolek et al. 2019 Tau au pathio ogy Incuction Toriowing bliatera [95]
hippocampus injection
Potential role of oligodendropathy and neuronopathy
Ferrer et al. 2020 Tau in Tauopathies progression. 3RTau and 4RTau [96]

production and deposition and activation specific Tau
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kinases following injection of human Tau inoculations
leads to modification of Tau metabolism

Ferrer et al. 2019

Role of oligodendrocytes in seeding and spreading of

Tau Lo .
Tauopathies in white matter

Masuda-Suzukake et al. 2020

Tau spreading after dextran sulphate-induced Tau
assemblies, propagation of Tau-assemblies does not
depend on Tau to be either mutated or overexpressed.

Tau

[98]

Mezias et al. 2020

After injection of protein fibrils, the a-Syn spreading

a-Syn follows neural networks

[99]

Veys et al. 2020

a-Syn PFFs similar to the Tau K18 PFFs fail to enter

Tau, a-Syn the retina after IVT injection

[100]

Courte et al. 2020

The ability of exogenous a-Syn seeding is dependent
a-Syn  on the level of a-Syn expression within the regional

neurons

[101]

Jimenez-Ferrer et al. 2021

The significant role of Mhc2a as the key regulator of
MHCII expression for regulation of seeding,
spreading, and toxicity of a-Syn in vivo

a-Syn

[102]

Thomsen et al. 2021)

Striatal injection of a-Syn fibrils causes gradual
impairment of synaptic function before cell death,
detectable by PET scan, a-Syn striatal injection creates
progressive a-Syn pathology as found in human PD

a-Syn

[103]

Dutta et al. 2021

Decrease in a-Syn spreading by Intranasal
administration of wtTIDM peptide, NEMO-binding
domain (WtNBD) peptide, or genetic deletion of TLR2

a-Syn

[104]

Bassil et al. 2021

Tau spreading is reduced by endogenous a-Syn in
mice while a-Syn seeding and spreading are not
affected by endogenous Tau

Tau, a-Syn

[105]

Matsuo et al. 2021

Deletion of Fabp3 results in the prevention of

a-5yn exogenous a-Syn spreading into SNpc

[106]

Pan et al. 2022

Striatal injection of Tau-modified a-Syn fibrils results
in more severe a-Syn pathology and motor and
cognitive symptoms comparing pure a-Syn injection

a-Syn

[107]

Dutta et al. 2022

a-Syn Treadmill exercise reduces a-Syn spreading

[108]

Garcia et al. 2022

Microgliosis occurs as a part of response independent
from a-Syn inclusion formation, neurodegeneration
could occur even if a-Syn inclusion is not present.

a-Syn

[109]

Vasili et al. 2022

Seeding and accumulation of pS129A-Syn is induced
by adding a-Syn PFFs, endogenous a-Syn aggregates
are dependent on a-Syn levels

a-Syn

[110]

Sun et al. 2022

Pathological mechanisms induced by the spreading of
misfolded a-Syn throughout the nigrostriatal pathway
vary based on the age of the dopamine network,
resulting in a striatal dopamine release decline
specifically observed in adult mice.

a-Syn

[111]

Rahayel et al. 2022

Differentially targeted seeding of pathological a-Syn
led to distinct spreading patterns observed over 24
months indicating most brain regions were susceptible
to this pathology

a-Syn

[112]

Lloyd et al. 2022

The phenotypic and pathological progression of the

a-Syn
Y disease.is significantly influenced by initial inoculation

[113]

Jain et al. 2023

Chronic administration of activatingTREM2 antibody
enhances the activation of microglia around plaques.
This amplification correlates with an increase in peri-
plaque NP-Tau pathology and neuritic dystrophy,
while the presence of Af3 plaques remains unaffected.

Tau

[114]

Mate De Gerando et al. 2023

Soluble HMW Tau has similar seeding potential

Tau comparing fibrillar sarkosyl-insoluble Tau but could

[115]
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be more bioactive in terms of spreading across neural
systems

3. Importance of Epigenetics

Epigenetic mechanisms are particularly significant in cell differentiation, where cells of the same
species develop distinct traits and functions despite sharing identical DNA [46]. Epigenetics
encompasses three primary categories: 1) DNA methylation, 2) Histone modifications, and 3)
microRNAs (miRNAs). Precisely regulating these processes is crucial for maintaining normal cellular
function. Conversely, dysregulation or disruption of these mechanisms can contribute to the
development of various diseases [47].

Epigenetics in Cognition

Epigenetics plays a pivotal role in memory formation, learning, and cognitive functions by
bridging genetics with environmental factors. Weaver et al. found that maternal behavior in rats
alters the HPA axis and hippocampal glucocorticoid receptor expression in offspring. This impact on
stress response persists into adulthood through epigenetic mechanisms such as histone acetylation
and DNA methylation [46].

Cognitive behavioral therapy for anxiety disorders relies on epigenetic mechanisms like histone
4 acetylation to regulate gene expression during conditioned fear extinction. These mechanisms
enhance BDNF expression and the elimination of conditioned fear by promoting synaptic plasticity
and long-term memory formation [47].

Miller and colleagues’ study demonstrated how epigenetic processes are implicated in memory
formation in rats. Their findings revealed that exposure to fear-inducing stimuli increased DNMT
expression, resulting in elevated methylation levels that suppressed the memory suppressor gene
PP1. Additionally, the same stimuli triggered demethylation and enhanced reelin gene expression,
which plays a vital role in facilitating synaptic plasticity [48].

In addition to normal cellular functioning and well-being, epigenetic mechanisms have been
linked to cognitive disorders. Rett syndrome, AD, drug addiction, autism spectrum disorders, and
schizophrenia are examples [49].

4. Epigenetics in PD

In 2019, global estimates indicated a prevalence of over 8.5 million individuals affected by PD
[50]. According to a meta-analysis, there is an age-related increase in the incidence of PD in both
genders. However, the rise in incidence is more pronounced in males aged 60-69 and 70-79 [51]. The
typical clinical manifestations encompass a movement disorder characterized by bradykinesia,
resting tremor, and rigidity, while postural instability tends to manifest at a later phase [52].

Various risk factors, such as smoking, caffeine consumption, and exposure to pesticides,
hypothetically influence the development of PD, but their precise impact remains uncertain [52].

PD is primarily an idiopathic disorder, but approximately 10-15% of cases have a family history,
and 5% have Mendelian inheritance patterns [116]. There are 23 PARK genes connected to PD, some
demonstrating autosomal dominant and others autosomal recessive inheritance [117]. The most
significant genetic risk factors for PD are mutations in the GBA1l gene, which codes for f3-
glucocerebrosidase and is associated with Gaucher disease [118]. Additional genetic risk factors for
PD comprise the major histocompatibility complex, class II (HLA-DQB1) [119], and the MAPT gene,
which encodes the protein Tau, among various others [120]. Numerous studies have been dedicated
to exploring the involvement of epigenetics in PD.

Numerous investigations have explored the involvement of epigenetics in PD. Song et al. found
that chromatin remodeling, RN A-based processes, DNA methylation, and post-translational histone
modifications contribute to PD [121]. In another study, Goers et al. found that dopaminergic neurons
from PD patients had higher H2A, H3, and H4 histone acetylation than controls. These histone
modifications suggest chromatin remodeling is essential in PD development [122].
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MiRNAs also play a significant role in epigenetic regulation in PD pathogenesis [123]. Examples
include miR-7 and miR-153 downregulating the SNCA gene. Deregulation of the a-Syn gene
expression may be linked to a-Syn accumulation and neuronal cell death in PD patients. Reduced
levels of these miRNAs may be diagnostic biomarkers for PD, especially in brain regions associated
with disease neuropathology, such as the SNpc [124,125].

PD patients’ peripheral blood leukocytes had lower methylation levels in specific CpG-2 sites of
the SNCA gene promoter than in controls, suggesting they could be used as biomarkers. In addition,
methylation-mediated inhibition of a CpG island in intron 1 of the SNCA gene upregulated SNCA
expression in the putamen and cortex of PD patients, indicating hypo-methylation in these regions.
These findings suggest that DNA methylation is crucial to PD pathogenesis and may serve as a
biomarker in PD [34,126,127].

The epigenetic aspects implicated in PD pathogenesis may also contribute to cognitive
impairment. This rapidly evolving field of epigenetics is important in cognitive and memory
impairments in PD and offers many unexplored therapeutic avenues.

4.1. DNA Methylation in PD Cognitive Dysfunction

DNA methyltransferases (DNMTs) add methyl groups to cytosine to make 5-methylcytosine (5-
mC) on CpG islands [121]. Feng et al. investigated the association between DNMTs and cognition.
They examined how DNMT1 and DNMT3a enzymes affect hippocampal neuroplasticity. These
authors showed that genetic mutations in these enzymes exclusively in forebrain excitatory neurons
reduced plasticity. Consequently, this impairment in plasticity resulted in deficits in learning and
memory [128].

While hypermethylation of some genes leads to gene suppression, DNA hypomethylation can
increase gene expression. Masliah et al. found methylation patterns in genes previously linked to PD
in brain and blood samples from PD patients, supporting the important role of epigenetic alterations
as a significant molecular mechanism in PD pathogenesis [129]. Chuang et al. conducted an
epigenome-wide association study (EWAS) on PD patients to analyze methylation markers. These
researchers found that 7 CpGs were correlated with cognitive deterioration by losing > 4 MMSE
points located in KCNB1, DLEU2, and SATB1 genes [129]. Ohlei et al. found that impairments of
DNA methylation may cause AD and PD; they identified disease loci potentially acting via SNP-CpG
associations and differential DNA methylation. Thus, this study revealed a likely causal role of
differential DNA methylation in AD and PD development in several genomic regions associated with
disease risk by GWAS [70].

Our literature review suggests three hypotheses that, despite limited data, may link DNA
methylation to cognitive impairment in PD patients.

4.1.1. Brain-Derived Neurotrophic Factor (BDNF)

Our first hypothesis is based on the aberrant expression of the brain-derived neurotrophic factor
(BDNF). BDNF is recognized for having a significant role in the neuron’s growth, survival,
maintenance, and synaptic plasticity. It also plays a crucial role in activity-dependent neuroplasticity,
forming the basis of learning and memory in the hippocampus [130]. Depletion of BDNF levels is
reported in various neurodegenerative diseases, including AD, Huntington’s disease, and PD [131].
Expression of BDNF is regulated by epigenetic modifications, including DNA methylation [132]. In
a study by Howells et al., in situ hybridization revealed a robust expression of BDNF mRNA in SNpc,
which is reduced by 70% in clinically and neuropathologically typical PD. This decline is regarded
partially due to the depletion of dopaminergic neurons.

Nevertheless, there was a 20% decrease in BDNF mRNA expression in the remaining
dopaminergic PD SNpc compared with their normal counterparts [133]. In 2010, Mufoz et al.
demonstrated a link between performance in the novel object recognition task and elevated BDNF
expression, along with changes in methylation state at the BDNF promoter I site within the
hippocampus of mice [134]. Another study has demonstrated a link between the strengthening of
fear-based learning and an upregulation in the activity of BDNF exon IV at the genetic level. In
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contrast, exposure to the context alone resulted in higher quantities of BDNF exons I and VI. These
findings propose varying utilization of genetic segments in the hippocampus as a response to
different cognitive activities, like acquiring knowledge about a new environment versus associating
an emotion with that same environment. Interestingly, the elevated levels of transcripts containing
BDNF exon IV were found to align with a decrease in DNA methylation at the corresponding initiator
of gene expression. This reduction was directly associated with an overall rise in total BDNF mRNA
(specifically, exon IX) in the hippocampus while consolidating fear-based memories [135].

Moreover, a study in 2016 indicated that low BDNF is associated with cognitive impairments in
patients with PD [130]. Therefore, exploring epigenetic modifications on BDNF may help to find a
mutual pathology. Figure 1 summarizes the probable role of DNA methylation in PD.

@@ Pl%xitﬂl'y

—=o Tuberoinfundibular pathway
——e Mesocortical pathway

——e Nigrostriatal pathway Y
——=e Mesolimbic pathway ; BT
Dopaminergic pathways . g

Cognitive flexibility e BDNE
Spatial working memory ot )
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Planning e B nie BN Me | Ry
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Impaired picture recognition memory

CpG island 5' BDNF
‘ BDNF expression «—— Promoter hypomethylation

Figure 1. The probable role of DNA methylation in PD-related cognition impairment. The Figure was
created with BioRender.com.

4.1.2. Peroxisome Proliferator-Activated Receptor Gamma Coactivator-1 o (PGC-1ax)

Our other hypothesis involves Peroxisome proliferator-activated receptor gamma coactivator-1
a (PGC-1a). There has been a correlation between mitochondrial dysfunction and PD for a long time.
This gene Functions as a transcriptional coactivator for nuclear receptors, playing a crucial role in the
transcriptional regulation of cellular energy metabolism, the plasticity of microglial cells, and the
functioning of mitochondria [136].

Xiaomin et al. investigated methylation changes in the PGC-1a gene in SNpc of PD patients and
found hypermethylation and suppression of PGC-1a [137].

On the other hand, several studies demonstrated the potential role of PGC-1a and cognitive
impairment [138-140]. For instance, in 2020, Han et al. demonstrated the amelioration of cognitive
deficits through PGC-1a overexpression, which reduced the production of reactive oxygen species
(ROS) [140]. Although limited data support the relationship between DNA methylation of the PGC-
la gene and cognition, the role of PGC-1a overexpression and its effect on cognitive impairment is
worth further studies.

4.1.3. Peroxisome Proliferator-Activated Receptor Gamma Coactivator-1 o (PGC-1ax)

Our last hypothesis concerns the microtubule-associated protein Tau (MAPT) gene. Numerous
neurodegenerative conditions, including PD, are characterized by the abnormal aggregation and
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formation of inclusions by the MAPT. This pathological correlation has led to the common
categorization of these disorders as tauopathies [140]. In a study conducted by Coupland et al., they
found that hypermethylation of MAPT in different parts of the brain could be a neuroprotective
compensatory mechanism during the initiation of progression of the disease [141].

Furthermore, many studies demonstrated the robust influences of MAPT on cognition and risk
of developing dementia [142,143] as Tunold et al. discovered significant associations between the
onset of dementia and the presence of APOE &4 and MAPT H1-haplotype among PD patients [144].
Also, in a study conducted by Jiskoot et al. during the 4-year follow-up of presymptomatic MAPT
and GRN mutation carriers and a healthy control group, notable declines in cognitive aspects,
including language skills, attention, executive functioning, and social cognition, were observed in
MAPT converters [145]. In a study by Winder-Rhodes et al. MAPT homozygosity was linked to
impaired picture recognition memory in PD patients [143].

However, we need new studies targeting the relationship between DNA methylation of the
MAPT gene and cognition.

4.2. Histone Modification in PD Cognitive Dysfunction

Histones, essential proteins closely associated with DNA, play a vital role in the formation of
nucleosomes, the basic units of chromatin [146,147]. The N-terminal ends of histones undergo
methylation, acetylation, phosphorylation, ubiquitylation, and SUMOylation. These modifications
affect chromatin structure and nucleus genomic information accessibility, which has epigenetic
implications [147,148]. Figure 2 shows the organization of nucleosomes and potential epigenetic
pathways implicated in cognition processes in PD.

° Acerylation e Methylation

o Ubiquinitation Phosphorylation

BDNF
Memory

Figure 2. The organization of nucleosomes and potential epigenetic pathways implicated in cognition
processes in PD. Created with BioRender.com.

Histone acetylation has been extensively studied in animal models regarding its involvement in
learning, memory, and synaptic plasticity. Lubin et al. found increased H3 acetylation at the BDNF
promoter region in adult mice undergoing contextual fear conditioning, which impairs learning and
memory. This study emphasizes histone acetylation’s role in cognition and memory formation [135].
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Histone acetylation also increases in NF-«kB-targeted gene regions linked to memory consolidation
[149,150].

Dopaminergic neurons in the SNpc are lost in PD. The control of the SNCA gene has been
specifically linked to histone modification, including methylation of histone H3 at lysine 4
(H3K4me3) and lysine 27 (H3K27me3). Studies have demonstrated that postmortem brain tissues
from PD patients had higher levels of H3K4me3 at the SNCA promoter. However, PD cell culture
models treated with a neurotoxic agent have lower levels of H3K4me3 and H3K27me3. These
findings suggest that abnormal histone modification in PD neurons may impact gene expression,
including «-Syn. Further research is needed to understand how histone methylation controls gene
expression and PD pathogenesis [151,152].

Below are some of the most significant histone modifications and their target genes and
pathways for treating neurodegenerative diseases, especially PD and cognition impairment.

4.2.1. H3K9me2

H3K9me2 suppresses genes associated with memory processes. Consequently, any disturbance
in this epigenetic mechanism can impair memory function [153]. Gupta-Agarwal et al.’s study reveals
that boosting H3K9me?2 levels in the lateral amygdala enhances memory formation [154]. In another
study by Gupta-Agarwal, higher H3K9me2 levels were noted in the CA1 of the hippocampus and
entorhinal cortex (EC) in rats during memory consolidation [155].

In the context of PD, the effects of a-Syn on chromatin and histone modifications were
investigated by Riddle et al. [156]. Overexpression of a-Syn in transgenic Drosophila and inducible
SH-SY5Y neuroblastoma cells led to increased histone H3K9 methylations, specifically mono-
(H3K9mel) and di- (H3K9me2) methylation. This increase in H3K9me2 was associated with changes
in the expression of genes encoding the L1ICAM cell adhesion molecule [156]. Histone H3K9me?2,
known for its involvement in repressed gene transcription, is implicated in memory consolidation
and neuronal plasticity [157]. Furthermore, the study revealed the role of euchromatic histone-lysine
N-methyltransferase 2 (EHMT?2) in catalyzing the formation of H3K9me2, emphasizing its potential
significance in PD-associated mechanisms. These findings point to the impact of H3K9 dimethylation
in the epigenetic regulation underlying PD pathogenesis.

On the other hand, some studies have shown the possible role of H3K9me2 in cognition. The
Gupta et al. study [158], discovered that contextual fear conditioning leads to both H3K4
trimethylation and H3K9 dimethylation in the hippocampus, indicating active gene expression and
repression during memory formation. Surprisingly, enhancing histone acetylation through histone
deacetylases (HDACs) inhibition with NaB reduces H3K9 dimethylation, suggesting a potential
mechanism for memory enhancement. Furthermore, Gupta et al. showed that H3K9 dimethylation
increases in the CA1 area of the hippocampus following both fear conditioning and exposure to a
novel context, highlighting its role in associative and novel context learning-triggered memory
processes [158].

4.2.2. H3K4me3 and H3K27me3

Methylation of histones can alter gene expression, with trimethylation of H3K4 causing
transcriptional activation and H3K27 causing transcriptional inhibition. H3K4me3 has a potential
role in iron metabolism regulation. Epigenetic modifications, such as 6-OHDA, have been suggested
to play a role in PD pathogenesis. Sodersten et al. study found that 6-OHDA caused a significant
decrease in H3K4me3 and H3K27me3 levels in the striatum. Local changes in H3K27me3 and
H3K4me3 have not been established, possibly due to different expression patterns between brain
regions. These findings suggest that histone methylation may play a role in the pathogenesis of PD
[159,160].

GSK-J4, a histone demethylase inhibitor with cross-blood-brain barrier ability, has been
identified as a potent iron suppressor for PD. This compound selectively reduced intracellular labile
iron in dopaminergic neurons and suppressed H202 and 6-OHDA-induced cell death in vitro. The
iron-suppressive effect was mediated by increasing the expression of ferroportin-1, and it rescued
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dopaminergic neuron loss and motor defects in 6-OHDA-induced PD rats. GSK-J4 also rescued
abnormal changes of histone methylation, H3K4me3, and H3K27me3 during 6-OHDA treatment,
with the iron-suppressive and neuroprotective effects sensitive to H3K4me3 inhibition only. This
compound has a more substantial PD therapeutic potential than conventional iron chelators [161].

4.2.3. Kdme3

Histone’s post-translational modifications in the regulatory region of the SNCA gene were
studied by Guhathakurta et al. [37]. Notably, the SNCA promoter exhibited elevated histone H3
lysine 4 trimethylation (H3K4me3) in postmortem PD samples. This elevation persisted in neuronal
and PD-derived induced pluripotent stem cell lines while lowering H3K4me3 levels decreased a-
Syn. These results point to a potential therapeutic avenue to mitigate a-Syn levels. The study explored
recruiting JARID1A to the SNCA promoter to modulate expression, resulting in reduced H3K4me3
and lowered a-Syn expression. While global H3K4me3 levels remained unchanged, these findings
emphasize the critical role of H3K4me3 in PD pathogenesis and its potential for therapeutic targeting
[162-164]. However, several studies suggest that H3K4me3 regulates BDNF expression, aiding
learning and memory. BDNF affects learning and memory by influencing synaptic plasticity [165].

In the Morse et al. study [153], the link between histone lysine methylation and learning as well
as memory formation was explored. The findings demonstrated that learning was associated with an
increase in BDNF gene transcription and H3K4me3 level at BDNF promoter 4 in the hippocampus.

A compelling outcome emerged: aged hippocamp exhibited memory reversal after learning.
Intriguingly, higher baseline methylated histone lysine levels (H3K9me2 and H3K4me3) were
observed in older hippocampi. Manipulating this baseline methylated histone level in young
individuals with initially intact memory disrupted the balance between histone acetylation and
methylation, leading to memory dysfunction. The study further revealed that the gene Zif265 (Egr1),
linked with memory, correlated with changes in methylated histone lysines in aged adults compared
to their younger counterparts, marked by significantly increased Zif265 mRNA levels in the aged
hippocampus (C1) relative to young rats. An attractive hypothesis suggests that alterations in
H3K4me3 could contribute to memory impairment in individuals with PD [166].

4.2.4. H3K27me3

The effects of H3K27me3 on SNCA, a gene associated with PD, were investigated. In the adult
human brain, the SNpc region, H3K27me3, H3K4me3, and H3K27ac, were found to be preferentially
enriched in the regulatory regions of SNCA. H3K4me3 and H3K27ac are associated with
transcription initiation and active enhancer activity, respectively, while H3K27me3 is associated with
gene repression. These results suggest that H3K27me3 may play a role in regulating the expression
of SNCA. Elevated levels of a-Syn could be a key factor in developing PD and other
synucleinopathies [33,164].

Histone H3 lysine 27 trimethylation (H3K27me3) creates a repressive chromatin environment
that suppresses gene expression. The demethylase UTX, on the other hand, functions by eliminating
H3K27me2/3, effectively triggering a mechanistic shift that activates extensive gene clusters. A study
by Tang et al. demonstrated that the deficiency of the H3K27 demethylase enzyme Utx leads to
disruptions in neuronal development and synaptic plasticity, leading to mood and cognitive deficits
in Utx cKO mice [167].

4.2.5. H3K9ac

Tang et al. examined protein extracts from the SNpc of control, early PD, and late PD patients,
determining the amount of acetylation of the histone residue AcH3-Lys9. The findings revealed an
increase in AcH3-Lys9 acetylation in PD subjects’ SNpcs compared to controls, with a rise in early
PD cases that were barely detectable and an increase in late PD cases that were detectable. Histone
acetylation and the progression of PD are associated, as shown by the correlation between the degree
of acetylation and the Braak stage of PD patients.


https://doi.org/10.20944/preprints202406.0981.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2024 d0i:10.20944/preprints202406.0981.v1

12

Harrison and coauthors examined the expression of several proteins, including tyrosine
hydroxylase (TH), human leukocyte antigen DP-1 (HLA-DP-1), as well as HDACs, and SIRTs. In PD
patients, HLA-DP1 expression increased, while TH expression decreased. However, the expression
levels of HDACs and SIRTs did not show significant variations over time. The research suggests that
histone acetylation and the production of specific proteins may play a role in the initiation and
advancement of PD [168].

Another mouse study found that enhancing histone lysine acetylation can effectively regulate
memory and learning, specifically in fear extinction tests. The administration of HDAC inhibitors
improved memory, increased synaptic plasticity, and facilitated fear extinction. These findings offer
promising prospects for developing therapies aimed at addressing anxiety disorders [169].

Peixoto et al.’s results have also indicated elevated histone acetylation, including H3K9 and
H4KS5, in healthy young mice after contextual fear conditioning. These findings suggest a potential
involvement of acetylation in memory function. The enzyme accountable for this acetylation process,
HDAC, was investigated to pinpoint the primary contributor. HDAC consists of two highly related
proteins, HDAC1 and HDAC2, that form the catalytic core. Interestingly, HDAC2 negatively impacts
memory formation and neuronal plasticity, unlike HDACI1 [170].

In a recent study, Huang et al. investigated trained immunity in microglial cells, including innate
immune cells’” capacity to store memories of inflammatory environmental stimuli. The memory-
priming trigger was lipopolysaccharide (LPS), and the subsequent environmental insult used was
manganese (Mn). The authors demonstrated that microglia that had been exposed to LPS had an
excessive inflammatory response. They proposed that the persistence of this heightened immune
response is mediated by epigenetic reprogramming, especially the accumulation of histone 3 lysine
27 acetylation (H3K27ac) marks. The researchers validated these results in postmortem human PD
brains and a mouse model of PD. Inhibiting H3K27ac deposition was also reported to increase
mitochondrial performance and minimize inflammatory response. Overall, the research indicates
that the memory of microglia and the following inflammatory response are regulated by H3K27ac-
driven epigenetic reprogramming [171].

4.3. MicroRNAs in PD Cognitive Dysfunction

MiRNAs are non-coding RNAs that play a pivotal role in modulating biological processes by
regulating mRNA expression at the posttranscriptional level [172]. These molecules hold immense
significance in biological phenomena, including neuronal differentiation, synaptic plasticity, and the
consolidation of memories [173,174].

Ongoing research suggests that miRNAs hold promise as peripheral biomarkers for different
types of dementia, such as vascular dementia, AD, and PD [175,176]. These miRNAs also play critical
roles in cognitive functions and the regulation of neurodegenerative disease-associated proteins
[177,178]. The exact mechanisms that cause cognitive impairment in PD are not fully understood
[179]. Table 2 provides an overview of selected relevant studies, which we further examined for a
comprehensive understanding.

Table 2. Commonly involved microRNAs in both cognitive impairment and PD.

R :
miRNA ™ . Studied population Cognition impaired .Studled. References
expression species/specimen
PD patients/
R7 1 MPTP mice model/ Acute ischemic stroke Human/blood [180]/ [182]
m MPP+-SH-SY5Y cell model
1 MPTP mouse model Neuroprotection Human/brain [181]/ [183]
l MPP+-SH-SY5Y cell model [184]
miR-124- Ease cognitive
3 ;
p T function, Rat/ brain [185]

inflammation and
apoptosis in PND



https://doi.org/10.20944/preprints202406.0981.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2024 d0i:10.20944/preprints202406.0981.v1

13
AD/suppress memory Mouse /brain
LPS-BV-2 cell models MPTP and /hepatopancreas, [186]/ [189
! mice model, learning; Suppress muscle, heart, 193]
MPP+-SH-SY5Y cell model CREB and ovotestis, and central
R-124 GluA2 nervous system
i Impaired LTP and
! prefrontal corte)f of the left learn%ng and memory, Mouse/brain [187]/ [194]
cerebral hemisphere spatial learning, and
social interactions
1 amygdala FTD Mouse/ [188]/ [195]
. l LPS-BV-2 cell model Impaired spatial Rat/brain [196)/[197]
miR-195 memory
l AD Rat/brain [198-200]
LPS-BV-2 cell model, MPTP ~ Upreg.ameliorates . . [201] /[202]
miR190 mice model POCD Mice/brain
1 Neuroprotective Rat [203]
human,
. . mouse/archived [204]/ [205]
1 human glial cell lines AD tissue, or total RNA
miR-146a extract sources
1 AD human/CSF & ECF [206]
human/plasma and
AD 17
t CSF [173]
- i
’ microglia and astrocytes ' . [207]/ [208]
miR-155 1 cultured from DJ-1-knockout neuroprotective effect mouse/brain
mouse brain
aphakia mice
t 60HDA-treated mice (2091
protects against
. isoflurane-induced .
miR-133b i . rat/brain [210]
learning and memory
impairment
1 neuroprotective in AD  AD vs. HC /serum [211]
| midbrain [209,212,213]
o putamen / FC / amygdala /
miR-34b t SN / cerebellum (214]
improved
hemorrhagic lesion 188,215,216}/
T DA neurons / amygdala and the number of rat/brain '[ N 17']
. apoptotic cortical
miR-126 neurons
induces cognitive
l impairment and mice/serum [218]
neuroinflammation
. 1 putamen 7]
R-204
o | amygdala [188]
promoted cognitive
impairments induced
by B-amyloid
+ the 'pref.rontal cortex accu.mulatlon pqst—TBI human, rat/brain [219,220]/
iR-144 anterior cingulate gyrus via suppres- sing [221]
mt ADAMI0 expression
(spatial learning and
memory).
| the prefrontal cortex of the (187]

left cerebral hemisphere
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! the prefrontal [188,219]
cortex/amygdala
miR-148b attenuated .
neuroprotection by
! inhibiting Wnt/ - rat [222]
catenin signaling
increased viability and . [188,216] /
1 DA neurons and amygdala reduced apopt(i,sis human, rat/brain [223]
miR-184 | worse learning ;.and MDD vs. HC/blood [224]
memory capacity
| Neuroprotective mice/brain [225]
putamen / anterior cingulate
miR-221 ! gyrus, and amygdala [7,188,220]
| neuroprotection human/plasma [226]
spatial memory ability
began to decrease at 4
i amygdala months and was mice/brain [188]/ [227]
miR-199a significantly
decreased at 7 months
| iPSC-derived. DNs from PD [228]
patients
prefrontal cortex, and in a
l meta-analysis of different PD [212,219]
brain specimens
MS human/ [229]
regulates the process
of cognitive
impairngwnt after rat/ [230]
stress
reduces the cognition-
miR-132 damaging effect of rat/brain [231,232]
' sevoflurane
spatial memory Ibrain (233]
mission
significantly damage
the cognition of spatial mice/brain [234]
memory
axon growth, neural mice/dorsal root
midbrain migration, and . [235]/ [236]
. ganglion
plasticity
4.3.1. miR-7

miR-7, predominantly expressed in neurons, plays a crucial role in PD by suppressing a-Syn
level through the 3'-UTR of its mRNA. This suppression leads to reduced aggregation in affected
brain regions, particularly dopaminergic neurons. This finding suggests that miR-7 could be a
potential therapeutic target for PD and other alpha-synucleinopathies by protecting cells against
oxidative stress [180]. Yan Zhou et al. identified miR-7 targets Nlrp3, inhibiting inflammasome
activation in microglia and showing therapeutic potential for PD. NLRP3 inflammasomes were
activated in PD patients and model mice due to a-Syn’s role in microglial endocytosis and cathepsin
B release. Caspase-1 deficiency reduced microglia activation and interleukin-13 production,
protecting dopaminergic neurons. These findings suggest miR-7 and NLRP3 inflammasomes as
potential targets for novel PD therapies [181].

MiR-7 contributes to neuroprotection by downregulating VDAC1 and VDAC3 after ischemic
events. Its higher expression in acute ischemic stroke patients suggests its potential as a therapeutic
target for stroke, as inhibiting miR-7 preserves neurons and improves neurological outcomes in both
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global and focal ischemia [182]. MiR-7 suppresses apoptosis in the human DA neuroblastoma cell
line SH-SY5Y used as a PD model by directly targeting Bax and Sirt2 [183]. miR-7’s role in PD and
neuroprotection may share a common mechanism involving the inhibition of apoptosis-related
targets such as Bax and Sirt2. Figure 3 illustrates the mir-7 role in PD.

A

NLRP3
inflammasome

Nate 1718
00 0 o
: H-1p "% °
e 3
’ﬁ# 4__/ \/

Y ‘Apop(osis ! ROS

Caspase 1

Figure 3. Role of mir-7 in the pathogenesis of PD. Created with BioRender.com.

4.3.2. miR-124-3p

Geng et al. demonstrated that miR-124-3p contributes to neuroprotection in an in vitro PD model
by targeting STAT3. Ectopic expression of miR-124-3p reduced neuronal injury, apoptosis,
neuroinflammation, and oxidative stress induced by MPP+ treatment, suggesting its potential
therapeutic significance in PD [184].

In another study, miR-124-3p was found to be reduced in the perioperative neurocognitive
disorder (PND) rat model after a cardiopulmonary bypass (CPB) procedure, and its overexpression
showed a protective effect against PND by alleviating cognitive decline, inflammation, and cell
apoptosis. Additionally, miR-124-3p was predicted to directly target LPIN1, suggesting a potential
therapeutic strategy for preventing and treating PND [185].

Pooling the data together, miR-124-3p appears to play a dual role in both PD and PND since its
reduced expression may contribute to neurodegeneration and cognitive impairment. At the same
time, its overexpression shows a neuroprotective effect and potential therapeutic significance in both
conditions.

4.3.3. miR-124

miR-124 downregulation in PD prompted the development of miR-124-loaded nanoparticles to
improve neuroinflammation. The study demonstrated that elevated miR-124 levels reduced pro-
inflammatory signaling and mRNA levels of cytokines such as inducible nitric oxide synthase (iNOS),
TNF-a, and interleukin 6 (IL-6). Simultaneously, it enhanced neuroprotection and decreased
apoptosis, indicating its potential therapeutic utility for PD [186]. In PD, the downregulation of miR-
124 in the prefrontal cortex of the left cerebral hemisphere has been identified as a factor related to
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the activation of the NF-kB signaling pathway, suggesting their potential role in the pathogenesis of
PD and offering new targets for PD treatment [187].

Pantano et al. discovered the downregulation of miR-124 in the amygdala in PD patients. Their
pipeline for small-RNA (sRNA) quantification identified altered sSRNA patterns in premotor stages
of PD, suggesting early pathogenic changes. The study emphasizes the tool’s utility in exploring
sRNA expression patterns associated with various biological conditions [188].

On the other hand, mir-124 is downregulated in hippocampal neurons due to the Dicerl gene
mutation, leading to enhanced memory strength in mutant mice. The mutant mice exhibited higher
efficacy at CA3-to-CAl synapses, indicating increased synaptic plasticity. These findings suggest that
miR-124 plays a significant role in mammals’ learning and memory process in mammals [130].

miR-124 plays a crucial role in memory-related synaptic plasticity by controlling CREB and
CREB-mediated signaling during plasticity. It is abundantly present in the brain and constrains
serotonin-induced synaptic facilitation, contributing to long-term plasticity in the mature nervous
system [189].

Downregulation of miR-124 and abnormal regulation of Zif268 translation due to an EPAC null
mutation led to impaired learning and social interactions. EPAC proteins are essential for regulating
miR-124 transcription in the brain, impacting spatial learning and social interactions [194].

miR-124 downregulation in the frontal cortex of behavioral variant frontotemporal dementia
(FTD) leads to an imbalance in AMPA receptor composition, affecting social behavior. Ectopic miR-
124 expression reduces AMPAR levels and partially rescues behavioral deficits, suggesting a
potential therapeutic approach for addressing social impairments in FTD [237].

miR-124 downregulation may play a common role in PD and cognition impairment, as it affects
neuroinflammation, synaptic plasticity, and social behavior. This suggests its potential as a
therapeutic target for these conditions.

4.3.4. miR-195

miR-195 is a potential biomarker that is dysregulated during PD. Downregulation of miR-195 in
LPS-stimulated BV2 cells induces microglia activation and the release of pro-inflammatory cytokines.
Conversely, miR-195 overexpression inhibits pro-inflammatory cytokines and promotes anti-
inflammatory cytokines, indicating its potential as a therapeutic target for PD to modulate
neuroinflammation [196].

miR-195 downregulation in rats induced by chronic brain hypoperfusion (CBH) leads to
increased expression of amyloid precursor protein (APP) and {3-site APP cleaving enzyme 1 (BACEL1)
proteins, causing memory impairment. Specifically, miR-195 overexpression reduces dementia
vulnerability triggered by CBH, suggesting its potential as an anti-dementia approach by regulating
APP and BACE1 expression [197].

miR-195 downregulation in CBH promotes A aggregation and Tau hyperphosphorylation,
potentially contributing to increased vulnerability to dementia in CBH rats [198].

Pan et al. demonstrated that miR-195 is upregulated in schizophrenia patients and negatively
correlates with reduced BDNF protein levels, leading to cognitive impairments in the domains of
speed of processing, working memory, and attention/vigilance. Targeting miR-195 as a potential
therapeutic approach could enhance cognitive functions in schizophrenia [238].

4.3.5. miR-190

miR-190 downregulation in PD contributes to neuroinflammation and neuronal damage by
activating Nlrp3, while miR-190 overexpression inhibits inflammation and protects against neuronal
injury, suggesting its potential therapeutic role in PD [201].

MiR-190a-3p is implicated in postoperative cognitive dysfunction (POCD). It may act as a novel
predictive indicator for this neurocognitive disorder, with potential roles in pathways related to brain
development and psychiatric disorders [202]. miR-190 plays a neuroprotective role by reducing brain
ischemia-reperfusion (I/R) injury in rats, suppressing neuronal apoptosis, and modulating the
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Rho/Rho-kinase signaling pathway, suggesting its potential therapeutic value for ischemic stroke
[203].

miR-190 may play a dual role in PD-related cognition, with potential therapeutic implications
for neuroinflammation, neuronal damage, and POCD.

4.3.6. miR-146a

miR-146a has been identified as a regulator of GDNF, potentially impacting glia activation and
contributing to the progression of PD [239]. PD patients exhibited reduced levels of miRNA-146a
compared to healthy controls [240]. A study conducted by Chen et al. showed that miRNA-146a
protected against cognitive decline caused by surgical trauma by suppressing hippocampal
neuroinflammation [241]. However, miR-146a appears to aggravate cognitive impairment and AD-
like pathology by triggering oxidative stress through the mitogen-activated protein kinase (MAPK)
signaling pathway [242].

4.3.7. miR-155

The regulation of miR-155 was investigated in PD using mouse models lacking the DJ-1 gene.
The study revealed that DJ-1 plays a crucial role in controlling the expression of suppressor of
cytokine signaling 1 (SOCS1) through miR-155 levels. In DJ-1 knockout cells, increased miR-155 levels
led to decreased stability of SOCS1 mRNA, resulting in altered inflammatory responses [207].

The rat model of AD showed increased levels of miR-155 and inflammatory cytokines IL-1§3, IL-
6, and TNF-a in the hippocampus. An intracerebroventricular infusion of miR-155 inhibitor reduced
the inflammatory response and improved learning performance in AD rats, suggesting that miR-155
regulates memory impairment in AD through neuroinflammatory mechanisms and may be a target
for preventing or improving cognitive deficits in AD [243]. Another study found that LPS exposure
upregulated microglia miR-155 expression, decreasing SOCS-1, an important inflammation inhibitor,
and predicted miR-155 target. The study suggests that miR-155 is pro-inflammatory in microglia, and
inhibiting it may protect neurons in chronic inflammation [208]. Based on the published data, we
hypothesize that miR-155 may serve as a pivotal link connecting cognitive impairments and PD
disease.

4.3.8. miR-133b

mir-133b exhibits high levels in the midbrain of healthy controls HC, while it is diminished in
PD samples compared to the cerebellum, midbrain, and cerebral cortex [209]. A meta-analysis
revealed significant downregulation of miR-133b in both brain and blood specimens of individuals
with PD compared to control subjects, indicating a consistent reduction in miR-133b levels across
different studies [212]. Schlaudraff and colleagues found that miR-133b was decreased in the
midbrain tissue of individuals with PD compared to controls. They suggest that miR-133b may play
a role in reducing the expression of TH and, subsequently, dopamine synthesis in PD [213].

miR-133b plays a role in memory, attenuating isoflurane-induced learning and memory
impairment in rats. The overexpression of miR-133b promoted the viability of hippocampal neurons
and protected them from apoptosis when exposed to isoflurane. These findings points to a potential
protective effect of miR-133b against anesthesia-induced cognitive impairment [210]. These results
about miR-133b could serve as a critical link connecting cognitive impairments and PD.

4.3.9. miR-126

miR-126 plays a role in PD by disrupting insulin/IGF-1/PI3K signaling in dopamine neurons. Its
overexpression impairs IGF-1 signaling, making the neurons more vulnerable to neurotoxins.
Enhancing IGF-1 neuroprotection can be achieved by inhibiting miR-126 function, suggesting that
elevated miR-126 levels may contribute to PD pathogenesis, and its suppression could serve as a
neuroprotective mechanism [215]. miR-126 is dysregulated in PD, particularly in SNpc dopamine
neurons. This dysregulation affects gene expression networks and signaling pathways relevant to PD
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pathogenesis. Interestingly, there are sex-specific differences in miR-126 expression, with more up-
regulation in males and more down-regulation in females. These findings suggest that miR-126 may
play a functional role in the development of PD, and its impact could vary based on gender [216].

miR-126 plays a significant role in cognition by mediating cognitive impairment in a vascular
dementia (VaD) mouse model. Reduction of endothelial miR-126 expression in the model leads to
cognitive deficits, decreased cerebral blood flow, white matter damage, inflammation, and
glymphatic dysfunction, indicating its involvement in cognitive function and memory [218]. miR-126
exerts neuroprotection in intracerebral hemorrhage by promoting angiogenesis, reducing lesion size,
and inhibiting neuronal apoptosis. Overexpression of miR-126 in a rat model of ICH improved
behavioral outcomes [217]. Elevated miR-126 levels in PD may impair dopamine neuron signaling,
increase neurotoxin vulnerability, and contribute to cognitive impairment.

4.3.10. miR-144

miR-144-3p is consistently down-regulated in early PD and appears to be involved in the
regulation of coagulation, suggesting its potential relevance as a biomarker and a key player in PD
pathogenesis within the aging framework [244]. The overexpression of miR-144 is implicated in the
etiology of PD by potentially modifying the expression of key genes, including PARK2, SNCA, and
LRRK?2, which are associated with the disease pathology and normal cellular functions [220].
Furthermore, another study by Li et al. showed significant downregulation of miR-144-3p in PD. Its
overexpression enhances mitochondrial function by targeting [3-amyloid precursor protein (APP).
Upregulation of miR-144-3p increases the expression of key genes involved in maintaining
mitochondrial function, leading to improved cellular ATP, viability, and mtDNA copy number, while
APP overexpression counteracts these effects. This data highlights the crucial role of miR-144-3p in
regulating mitochondrial function in PD [245].

MiR-144-3p plays a pivotal role in rescuing impaired fear extinction memory in mice. Murphy
et al. suggest that enhancing miR-144-3p expression in the basolateral amygdala can improve fear
extinction acquisition and protect against fear renewal, making it a promising target for developing
novel treatments for anxiety- and trauma-related disorders that involve cognitive impairment and
memory deficits [246]. Another study shows that miR-144 plays a role in cognition by influencing
cognitive function and neurological outcomes after traumatic brain injury (TBI). Inhibition of miR-
144 improves cognitive deficits, protects neurons against injury, and reduces [-amyloid
accumulation through upregulating ADAM10 expression, suggesting a potential therapeutic target
for TBI-induced cognitive impairments [221]. Combining the existing data, we hypothesize that miR-
144-3p may play a common role in cognition and PD.

4.3.11. miR-148b

MiR-148b is downregulated in PD, a phenomenon linked to its involvement in neurological
development and apoptosis [247]. Overexpression of miR-148b in the ischemic brain’s subventricular
zone (SVZ) of the ischemic brain has been shown to promote neuroprotection by inhibiting Wnt/j3-
catenin signaling. This inhibition enhances neural stem cell proliferation and differentiation,
indicating its potential as a novel therapeutic strategy for stroke recovery [222].

4.3.12. miR-221

MiR-221 plays a significant role in PD, protecting against oxidative stress and inhibiting
Bax/caspase-3 signaling. Moreover, it controls cell viability and apoptosis through the Akt pathway,
making it a potential therapeutic target and biomarker for PD [248]. Additionally, miR-221 exhibits
promise as a potential biomarker for PD. Its downregulation in serum has been linked to the disease
and is correlated with disease severity as assessed by UPDRS scores [249]. Li et al. showed that miR-
221 plays a protective role in PD by promoting cell viability and inhibiting apoptosis in 6-OHDA-
treated PC12 cells through targeting PTEN and activating the AKT pathway. This data suggests its
potential role as a therapeutic target for PD treatment [250].


https://doi.org/10.20944/preprints202406.0981.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2024 d0i:10.20944/preprints202406.0981.v1

19

miR-221 has been implicated in cognitive decline, and its serum levels are associated with the
development of dementia. In a prospective study, individuals with higher serum miR-221 levels were
found to have significantly increased odds of cognitive decline, suggesting that miR-221 may be a
potential biomarker for predicting cognitive impairment and dementia at an early stage [251]. miR-
221-3p appears to play a role in cognitive function and may serve as a prognostic marker for
cerebrovascular disease, which is known to impact cognitive performance. Elevated levels of miR-
221-3p have been observed in stroke patients and individuals with hypertension, hyperlipidemia,
and diabetes, suggesting its potential involvement in cognitive impairment related to cerebrovascular
conditions [252]. miR-221 may play a dual role in PD-related cognitive decline, acting as a protective
factor in PD and a potential biomarker for cognitive impairment.

4.3.13. miR-199a

The role of miR-199a in PD revolves around the regulation of autophagy. In an in vitro model of
PD induced by MPP+, increasing miR-199a expression resulted in reduced autophagy, enhanced
cellular viability, increased survival rate, and improved cellular pathologies. This effect was achieved
by targeting pro-autophagic pathways and GSK3{ to activate PTEN/AKT/mTOR signaling. These
findings imply that miR-199a might play a neuroprotective role in PD by modulating autophagy-
related processes [253]. MiR-199a negatively regulates Neuritin expression, which may cause
synaptic damage and cognitive impairment, particularly spatial memory deficits, in AD [227].
According to Nakashima et al, miR-199a plays a role in cognition by regulating neural
stem/progenitor cell differentiation. Increased expression of miR-199a ameliorates impaired
differentiation of MeCP2-deficient NS/PCs, which is critical for brain development and plasticity.

Furthermore, miR-199a reduces the protein abundance of Smad1, a downstream transcription
factor of the BMP signaling pathway. Dysregulation of BMP signaling has been associated with
cognitive delay and developmental disorders. The study’s findings indicate that miR-199a may
impact cognition by influencing neural cell differentiation and the BMP signaling pathway, which
are crucial processes in brain development and function [254]. Our hypothesis is that mir-199a
contributes to cognitive impairment in PD.

4.3.14. miR-132

PD patients and PD cell models exhibited increased levels of miR-132-3p and reduced levels of
GLRX. The upregulation of miR-132-3p activated microglial cells, but this effect could be reversed by
overexpressing GLRX [235].

miR-132 is crucial for temporal memory formation; its increased expression after trace fear
conditioning and impaired memory acquisition upon its knockdown in mice emphasize its role in
hippocampal-based temporal memory [255]. As a critical activity-dependent regulator of cognition,
miR-132 demonstrates its significance by influencing neuronal maturation, dendritic arborization,
and spinogenesis within the central nervous system [233]. Upregulation of miR-132 inhibits FOXA1
to mitigate sevoflurane-induced cognitive damage in AD rats [231]. MiR-132 enhances dendrite
morphogenesis and plays a crucial role in activity-dependent plasticity by inhibiting p250GAP and
activating Rac signaling [230].

5. Therapeutics Perspective of Epigenetics in PD Cognitive Dysfunction

Harvey and colleagues proposed that the distinct neuropsychiatric and cognitive symptoms
seen in PD may have a unique epigenetic signature in the brain, allowing for differentiation between
individuals with these symptoms and those without [256]. Epigenetic methylation markers linked to
accelerated cognitive decline or PD motor progression were found by Chuang et al. They could be
useful as biomarkers for PD progression, identifying high-risk patients for early treatment, or drug
development targets. Recently, attention has centered on ubiquitin-specific proteases (USPs) in
neurodegenerative diseases. USP5 and USP13 degrade ubiquitin chains inside stress granules,
clumps of protein or RNA created when cells are stressed. Since Lewy body alpha-synuclein
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ubiquitination is the pathological hallmark of PD, the possibility of targeting them for treatment has
been suggested [257]. Some epigenetic regulation drugs being studied for PD include HDAC
inhibitors, DNMT inhibitors, and bromodomain and extra-terminal domain inhibitors.

Histone Deacetylases as Potential Epigenetic Targets

HDACs, an important epigenetic target, have garnered attention in drug discovery for two
decades. PD treatment may involve a potent SIRT2 inhibitor, a member of the HDAC family.
Inhibition of SIRT2 successfully reduced a-Syn toxicity and altered inclusion morphology in a cellular
PD model. Inhibiting SIRT2 with small interfering RNAs has been shown to protect against a-Syn
toxicity. The inhibitors also prevented dopaminergic cell death in in vitro and Drosophila PD models.
These findings suggest that neurodegeneration and aging are linked, and SIRT2 inhibitors may
improve PD-related cognitive and motor symptoms [258].

Sodium butyrate, an HDAC inhibitor, improved cognitive function in PD rats. Like PD patients,
the rat model had executive function deficits, particularly in attentional set-shifting. However,
sodium butyrate improved attentional set formation and showed promise for treating PD cognitive
impairments [259].

Song et al. indicated that dieldrin, a neurotoxic pesticide associated with PD, induced
hyperacetylation of core histones in dopaminergic neuronal cells due to proteasomal dysfunction.
The inhibition of histone acetyltransferase with anacardic acid attenuated dieldrin-induced histone
acetylation, protected dopaminergic cells from degeneration, and induced histone hyperacetylation
in relevant brain regions in mouse models. These findings suggest the potential of HDAC-targeted
drugs in PD therapy [260].

A signaling cascade is activated during normal learning events, involving Histone
Acetyltransferases (HATS) activation and inactivation/removal of HDACs.HATs attach acetyl groups
to histone tails, relaxing the nucleosome structure and allowing the binding of DNA-binding
transcription factors. However, under usual circumstances, the conditioned response may not persist.
By administering an HDAC inhibitor (HDACi), histone tails become hyperacetylated, promoting
memory consolidation and strengthening the response. Although this simplified schematic mainly
emphasizes the concept of histone acetylation, it is important to acknowledge the involvement of
other epigenetic mechanisms that cooperate with HATs and HDACs in this process.

These findings suggest that targeting HDACs, particularly SIRT2, may improve PD-related
cognitive and motor symptoms. Potent HDAC inhibitors may be a future target for histone
acetylation in PD treatment to improve memory impairment.

6. Conclusions

Treatment of PD patients with cognitive issues is urgent since its progression is disabling.
Evidence suggesting reliable methods to control cognitive decline is lacking. Therefore, we reviewed
the literature on the role of epigenetics in cognition in PD. The available studies are sometimes
contradictory. Hence, we have provided hypotheses about the probable epigenetic mechanisms that
may cause cognitive impairment in PD patients in light of the available literature, which is confined
and consists of many gaps. To resolve these limitations, researchers need to conduct more
comprehensive clinical and trial studies to test these hypotheses. A better understanding of
epigenetics will help find new cellular and molecular-based therapies to treat cognitive impairments
in PD patients.
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