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Neurodegenerative diseases remain among the most pressing biomedical challenges of
the twenty-first century. Despite decades of research, disorders such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), progressive supranuclear palsy (PSP), multiple sclerosis
(MS), Huntington disease (HD) and related neurodegenerative conditions continue to
affect millions of individuals worldwide, while effective disease-modifying therapies remain
limited. Traditionally, these disorders have been defined by distinct pathological hallmarks,
including amyloid-p and tau aggregates in AD and a-synuclein inclusions in PD and related
synucleinopathies. However, growing evidence suggests that these pathological signatures
represent only one dimension of a far more complex biological landscape involving cellular
homeostasis, neuroimmune regulation, environmental exposures, and systemic biological
interactions [1-5].

There is a growing recognition that disruptions of intracellular homeostasis represent
common drivers of neurodegenerative disease. Increasing evidence implicates autophagy,
lysosomal degradation, protein trafficking, mitochondrial maintenance, and endoplasmic
reticulum (ER) function as central determinants of neuronal health [4,5]. The study by
Martin-Rico et al. (Contribution 1), investigating Herpes simplex virus type 1 (HSV-
1) infection in human 2D and 3D LUHMES in vitro neuronal models, exemplifies this
concept by demonstrating that viral infection induces intracellular amyloid accumulation,
tau hyperphosphorylation, and impairment of the autophagy-lysosome pathway. These
observations not only provide mechanistic support for environmental contributions to
neurodegeneration but also highlight the vulnerability of neuronal clearance mechanisms
to external biological stressors.

Equally important is the recognition that neurodegeneration is fundamentally a mul-
ticellular process. While early disease models focused primarily on neuronal dysfunc-
tion, contemporary research has increasingly demonstrated the participation of astrocytes,
microglia, oligodendrocytes, vascular cells, and peripheral immune systems in disease
progression [6-8]. The imaging-transcriptomic study by Brusini et al. (Contribution 2)
illustrates this paradigm by linking amyloid-p and tau-associated cortical remodelling to
gene-expression profiles enriched in immune pathways and glial cell signatures among AD
patients. The identification of astrocytes, microglia, and oligodendrocyte precursor cells as
key biological correlates of structural brain alterations further supports the concept that
neurodegeneration emerges from coordinated dysfunction across multiple cell populations
rather than neuronal pathology alone.

Complementing these findings, the analysis by Vos et al. (Contribution 3) of reduced
penetrance in Pinkl-mutant Drosophila identifies ER-associated proteins as modifiers
of disease expression, emphasizing that cellular stress-response pathways can actively
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influence disease outcomes. Collectively, these studies reinforce a growing consensus that
failures in proteostasis and intracellular quality-control networks constitute a common
biological foundation across seemingly distinct neurodegenerative disorders. Similarly,
Pietrafesa et al. (Contribution 4) reported the molecular dynamics investigation of the
Parkinson’s disease-associated genetic mutation in GBA1 E326K variant and demonstrates
how subtle alterations in lysosomal protein interactions may have consequences that extend
far beyond enzymatic activity alone. By affecting interactions with a-synuclein, saposin C,
and LIMP-2, this study highlights the importance of intracellular trafficking and lysosomal
organization in disease pathogenesis. This perspective is further strengthened by the
review examining the genetic background of inflammatory mechanisms in PSP (Alster and
Madetko-Alster (Contribution 5)). Although PSP has historically been considered primarily
a tauopathy, accumulating evidence suggests that microglial activation and immune-related
pathways may play central roles in disease susceptibility and progression.

Increasingly, neurodegenerative diseases are recognized as the product of complex
interactions between genetic susceptibility and environmental exposures. This concept
is exemplified by the HSV-1 study (Martin-Rico et al.), which highlights the potential
consequences of viral infection on neuronal homeostasis and modifying AD pathological
markers, and by the comprehensive review exploring the role of the gut microbiota in
atypical Parkinsonian syndromes (Przewodowska et al. (Contribution 6)). Through its
effects on immune regulation, metabolism, vitamin synthesis, and gut-brain communi-
cation, the intestinal microbiome has emerged as a potentially important modulator of
neurodegenerative processes. These observations are consistent with growing evidence that
the gut-brain axis contributes to neurological disease through bidirectional interactions
involving microbial metabolites, inflammatory signalling, and neural pathways [9,10].

The review by Manna et al. (Contribution 7) addressing epigenetic mechanisms in
MS further expands this framework by emphasizing the importance of gene—environment
interactions. Epigenetic regulation may provide a mechanistic bridge between inherited
susceptibility and environmental influences, contributing to disease heterogeneity and
progression. Together, these contributions suggest that future models of neurodegeneration
must account not only for central nervous system pathology but also for the cumulative
influence of infectious exposures, microbiome dynamics, immune responses, metabolism,
lifestyle, and aging. In this context, the concept of an individual’s neurological exposome
may offer a useful framework for understanding disease risk across the lifespan.

Historically, neurodegenerative disease research has focused on identifying mecha-
nisms that drive neuronal injury and death. However, an equally important question is
increasingly gaining prominence: why do certain individuals or neuronal populations
remain resistant despite substantial pathological burden? Understanding resilience may
ultimately prove as important as understanding disease itself.

The study by Palasz et al. (Contribution 8) demonstrating that moderate aerobic
exercise confers neuroprotection in an MPTP model of Parkinson’s disease provides an im-
portant example. By preserving dopaminergic neurons, enhancing BDNF and GDNF levels,
and suppressing inflammation, moderate exercise produced robust neuroprotective effects
comparable to those observed following more intense training paradigms. These findings
are particularly encouraging because they suggest that clinically feasible interventions can
meaningfully influence disease-relevant biological pathways. Likewise, the identification of
ER-associated modifiers that reduce phenotypic expression in Pink1-deficient flies illustrates
that endogenous protective mechanisms can substantially alter disease outcomes. Together,
these studies shift attention from pathology alone toward a more balanced understanding
of vulnerability and resilience. Another review by Olmedo-Saura et al. (Contribution 9)
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represents the current landscape of the various aspects of available treatments and clinical
considerations for HD, including physical interventions and pharmacological approaches.

Future therapeutic strategies may increasingly focus on enhancing resilience mecha-
nisms rather than exclusively attempting to eliminate pathological proteins. Neurotrophic
signalling, metabolic adaptation, immune homeostasis, stress resistance, and adaptive net-
work plasticity may emerge as critical therapeutic targets. In the coming years, biomarkers
of resilience may become as valuable as biomarkers of pathology, enabling earlier and more
individualized interventions aimed at preserving neuronal function before irreversible
degeneration occurs.

Beyond their biological insights, the studies in this Special Issue collectively highlight
the technological transformation currently reshaping neuroscience. Human-relevant 3D
neuronal cultures, imaging transcriptomics, computational modelling, molecular dynam-
ics simulations, and systems-level analyses are providing unprecedented opportunities
to investigate disease mechanisms across multiple scales of biological organization. The
3D LUHMES platform for studying virus-induced neurodegeneration, the integration of
neuroimaging and transcriptomics to characterize AD-related cortical remodelling, and the
computational interrogation of Parkinson’s disease-associated mutations all exemplify how
technological innovation is accelerating mechanistic discovery. Distinct diseases may ulti-
mately be stratified according to shared patterns of proteostatic dysfunction, neuroimmune
activation, environmental exposure, or resilience. Such a framework offers the potential
to transform diagnosis, improve patient stratification, and facilitate the development of
targeted disease-modifying therapies.

The contributions assembled in “Advances in Neurodegenerative Diseases Research
and Therapy—Third Edition” collectively illustrate a major conceptual shift occurring across
the field. Rather than viewing neurodegenerative diseases as isolated clinical entities, the
studies included in this Special Issue reveal convergence across multiple biological networks
that regulate neuronal vulnerability and resilience. Together, they support an emerging
systems-level framework in which neurodegeneration is understood as the consequence
of dynamic interactions among various processes. Simultaneously, growing recognition
of resilience mechanisms is shifting the focus from why neurons die toward how they can
be protected. The studies assembled in this Special Issue contribute meaningfully to this
evolution and underscore the exciting opportunities that lie ahead for neurodegenerative
disease research and therapy.
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Abstract: According to various research, the risk of multiple sclerosis (MS) is strongly influenced by
genetic variations. Population, familial, and molecular studies provide strong empirical support for
a polygenic pattern of inheritance, mainly due to relatively common allelic variants in the general
population. The strongest MS susceptibility locus, which was unmistakably identified in tested
populations, is the major histocompatibility complex on chromosome 6p21.3. However, the effect of a
given predisposing variant remains modest, so there is the possibility that multiple gene—gene and/or
gene—environment interactions could significantly increase the contribution of specific variants to
the overall genetic risk. Furthermore, as is known, susceptibility genes can be subject to epigenetic
modifications, which greatly increase the complexity of MS heritability. Investigating epigenetic
and environmental factors can provide new opportunities for the molecular basis of the MS, which
shows complicated pathogenesis. Although studies of epigenetic changes in MS only began in the
last decade, a growing body of literature suggests that these may be involved in the development of
MS. Here, we summarize recent studies regarding epigenetic changes related to MS initiation and
progression. Furthermore, we discuss how current studies address important clinical questions and
how future studies could be used in clinical practice.

Keywords: multiple sclerosis; epigenetic modifications; environmental factors; biomarkers

1. Introduction

Multiple sclerosis (MS) is a disorder of the central nervous system (CNS), character-
ized by both inflammatory and neurodegenerative features. Autoreactive CD4 T cells are
thought to be the primary cause of MS pathogenesis. Activated in the peripheral, these
cells cross the blood-brain barrier (BBB) to enter the CNS along with activated myeloid
cells and B lymphocytes [1]. Following their reactivation in the CNS, invading cells and
immune cells that spread in the brain create an inflammatory environment that causes
axon demyelination and neuronal death. Demyelinating lesions, which affects the myelin
sheath surrounding the axon, causing axonal degeneration and neuronal loss in the brain,
are a hallmark of MS [2]. By destroying the myelin sheath, this disease compromises the
transmission of nerve impulses which are followed by neurological episodes that com-
promise their function and cause disability [3]. MS can present in four different clinical
phenotypes which are important not only to predict the course of the disease, but also to
decide on the appropriate therapeutic approach: (1) relapsing-remitting multiple sclerosis
(RR-MS); (2) primary—progressive multiple sclerosis (PP-MS); (3) secondary—progressive
multiple sclerosis (SP-MS); and (4) progressive-relapsing multiple sclerosis (PR-MS). Each
form of MS has a different symptom pattern and course of the disease [4]. Neurological
dysfunctional episodes may occur in RR-MS patients with or without residual damage.
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Of the several patterns, RR-MS is the most common clinical type of the disease. It is char-
acterized by repeated episodes of remission brought on by the immune system shutting
down and relapse brought on by autoimmune aggressiveness [5,6]. In total, 15% to 30% of
patients with RRMS will proceed to secondary progressive MS, which causes progressive
disability. Last but not least, 15% of people have primary progressive MS, which impairs
neurologic function from the moment symptoms arise without relapses or remissions [7].
Several clinical investigations, including clinical examination, magnetic resonance imaging,
measurement of cerebrospinal fluid, and electrophysiology, are crucial for the diagnosis
and monitoring of MS. Although the precise etiology of MS is still unknown, it is thought
to be caused by an aberrant immune response to one or more myelin antigens that appear
in genetically vulnerable people following exposure to an as-yet-unidentified causative
agent. The genetic predisposition to MS is polygenic. The major histocompatibility complex
(MHCQ), also called the human leukocyte antigen (HLA) system, was the first to be linked to
the disease. More than 200 polymorphic variations associated with MS were found using
genome-wide association studies, with the haplotype HLA-DRB1*15:01 having the most
impact. Although MS risk loci confer only modest individual effects, they do converge
into pathways that are significant for T cell and adaptive immunity activities. In addi-
tion, cigarette smoking, mononucleosis, the pathogenic Epstein-Barr virus (EBV), and low
vitamin D levels were all repeatedly linked to an increased risk of MS [8]. Furthermore,
compared to the effects of each genetic risk factor alone, smoking was demonstrated to
interact with HLA-DRB1*15:01, HLA-A2, and NAT1, significantly increasing the probability
of developing MS [9]. Hypovitaminosis D was proposed as a potential risk factor for MS
based on study findings from the past few decades about the relationship between MS
and vitamin D status. MS susceptibility was linked to certain gene variations encoding
proteins involved in vitamin D metabolism, transport, and activity, which are responsible
for changes in vitamin D status [10]. The first study conducted to evaluate the possible
influence of different SNPs in vitamin D-related genes on the severity of MS did not high-
light any association between the SNPs investigated and the progression of MS [11]. Other
case-control studies did not show any association between selected SNPs and susceptibility
to MS [12-14]. Overall, these studies do not offer sufficient results to say whether vita-
min D-related genetic variants influence MS risk or not. However, several statistical data
suggest that the contribution of all MS-associated variations discovered to date may only
account for up to 48% of the heritability of the disease, highlighting the possible role of
interactions between environmental and genetic factors [15]. In addition to environmental
and genetic factors, epigenetic factors also influence the risk of onset and can mediate part
of the risk associated with environmental factors by altering gene expression. Epigenetics
also might be the link between environmental variables and MS susceptibility (Figure 1).

Epigenetics

Genetics

gender, disease-modifier genes, ® o
disease susceptibility genes, <:|
single nucleotide polymorphisms

MS risk factors

Environmental
smoking, vitamin D deficiency, organic solvents

|:> and pollutants exposure, diet style,
Epstein Barr infection, exercise, stress

Figure 1. Risk factors of multiple sclerosis.

To further understand the molecular mechanisms of MS, epigenetic modifications
should also be investigated. The field of epigenetics investigates how a person’s age and
exposure to environmental elements, such as chemicals and physical hazards, food, and
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physical exercise, can affect their lifetime and vary depending on the type of cell or tissue
they are in.

Epigenetic marks are heritable, independent of changes in DNA sequence, and mod-
ulate gene expression. Indeed, these changes can trigger or influence critical cellular
responses that may be crucial in determining disease phenotype. Various environmental
factors, including food, smoking, and stressful conditions, can impact the epigenome’s
plasticity and play a role in epigenetic regulation. A schematic diagram of the different
types of epigenetic mechanisms is illustrated in Figure 2.

Epigenetic
modification

DNA methylation < > Non-coding RNAs
Histone modifications
@ miRNAs

Methylation
Phosphorylation
Acetylation

DNMT1
DNMT3A
DNMT3B

@ Neuronal plasticity,
Cell apoptosis, cognitive function,
oxidative stress [ Cell autophagy ’ motor function

Figure 2. Epigenetic mechanisms.

Briefly, DNA methylation consists of the addition of a methyl group (-CH3) to a
base, such as methylation at the carbon-5 level of cytosine, which constitutes almost all
methylation of eukaryotic DNA. 5-methyl-cytosine (bmC) is found almost exclusively in
the cytosine-phosphate-guanine (CpG) dinucleotide in the coding region of genes [16].
The main function of DNA methylation is associated with the inactivation of gene ex-
pression and could also contribute to transcriptional regulation by influencing chromatin
remodeling [17], and alternative splicing [18]. The process is produced by a family of
enzymes called DNA-methyl-transferase (DNMT). In the genome, almost 80% of CpG
sequences are methylated [19]. The transfer of a methyl group is catalyzed by three DNA
methyltransferases: DNMT1, DNMT3A, and DNMT3B. While DNMT3a and DNMT3b,
together with their coactivator DNMT3L, are engaged in de novo DNA methylation and in
DNA methylation maintenance, DNMTT1 is in charge of methylating hemimethylated DNA
and thereby maintaining DNA methylation [20]. More recently, a fourth DNA methyl-
transferase enzyme, called DNMT3C, was discovered by Barau et al., in mouse germ
cells. This enzyme is responsible for methylating the promoters of evolutionarily young
retrotransposons and its activity is required for mouse fertility. In addition to expanding
knowledge of the mechanisms involved in the epigenetic regulation of retrotransposons,
the identification of DNMT3C highlights the plasticity of the DNA methylation system [21].
Methylation of cytosine residues causes gene silencing possibly by blocking the binding of
transcription factors to promoters; however, in some cases, methylated DNA motifs can
also be specifically recognized by transcription activators [22].

Another well-known fundamental epigenetic mechanism, which controls gene expres-
sion without altering the genetic material, is the modifications of the histone tails. When



Int. J. Mol. Sci. 2024, 25, 8921

we talk about histone modification we refer to the addition of chemical groups to histones,
the proteins around which the long strand of DNA wraps itself so that it is “packaged”
and contained in the nucleus of the cell [23]. There are five types of histones in eukaryotic
cells: H1, H2A, H2B, H3, and H4. Two copies of histones H2A, H2B, H3, and H4 form a
protein complex called a histone octamer, around which the double strand of DNA wraps.
The fifth type of histone, H1, stabilizes the binding of DNA to histones in chromatin. His-
tones can undergo various modifications, among which the most common are acetylation
(addition of an acetyl group) and methylation, which lead to variations in the structure of
chromatin, making it more or less accessible to RNA polymerase, resulting in activation
or repression of genes associated with the modified histone [24]. The best-understood
histone modification is acetylation and deacetylation at the lysine residues that are carried
out by histone acetyltransferases (HAT) and histone deacetylases (HDAC), respectively.
Acetylation of histones is usually associated with upregulated transcriptional activity of the
associated gene, whereas deacetylation of histones contributes to transcriptional silencing.
In fact, modifications such as acetylation and methylation of the tails, in specific amino
acid residues of specific histones, have the effect of activating or inhibiting transcription,
according to a real histone code [25]. Indeed, the functional consequences of these changes
on transcription depend on the type of change and the location of the targeted amino acid
residue within the histone tail.

An additional mechanism of epigenetic control can also be achieved at the post-
transcriptional level by small non-coding RNAs (ncRNAs). Among ncRNAs, microRNAs
(miRNAs) are small endogenous single-stranded molecules that modulate messenger RNA
activity. The role of miRNAs is to negatively regulate gene expression through binding to
the target mRINA to cause transcriptional repression and /or mRNA degradation without
modifying the gene sequence [26]. It is interesting to note that miRNAs typically change
the activity of pathways since they can regulate the synthesis of multiple downstream
targets not only a single mRNA [27]. miRNAs were shown to regulate more than 60%
of protein-coding genes. Since this complex “network” is normally very finely regulated,
alteration in microRNA expression can lead to the development of various diseases [28].
The abundance of miRNAs in the CNS can impact a variety of cellular activities, including
differentiation, growth, proliferation, plasticity, and development [29]. miRNAs can be
considered epigenetic components involved in immune regulation and MS pathogenesis
due to their ability to alter gene expression, and their role in physiology and numerous
pathological processes. Immune cells also exhibit high expression of miRNAs. Furthermore,
miRNAs are detectable in a wide variety of body fluids [30], and consequently, periph-
eral circulating miRNAs may be employed as biomarkers for MS diagnosis, MS subtype
differentiation, and MS prognosis prediction.

In the development of MS, the interaction between hereditary determinants and cell-
specific epigenetic alterations may be extremely important. Epigenome modifications
caused by environmental risk factors for MS create a connection between environmental
exposure and changes in gene expression [31]. An increasing amount of research points
to the importance of dietary nutrients in inducing epigenetic modifications for health
and disease prevention, particularly for neurodegenerative illnesses. Folic acid, vitamin
B12, and dietary polyphenols were demonstrated in numerous studies to interact with
epigenetic pathways and ultimately gene regulation [32]. Epigenetic changes were also
implicated in developmental myelination and remyelination [33]. The complex genetic
profile of MS and its epidemiological traits led us to hypothesize that the balance between
the genetic and epigenetic components may be crucial for disease susceptibility, onset, and
progression. Finally, studying the epigenome in MS provides valuable insights into the
pathophysiology of disease progression and repair. Although the mechanisms involved in
the development of MS are not yet fully defined, understanding the salient characteristics
of the evolution of lesions in the different areas and phases of the disease is the basis for the
development of increasingly targeted and effective therapies. For this purpose, considering
the cellular specificity of epigenetic changes, in this review, we discuss the most relevant
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findings to date in different tissues of MS patients. Finally, we examine their potential
implications for the future application of epigenetic advances in the field of MS.

2. DNA Methylation: Contribution in Patients with MS

DNA methylation is a crucial epigenetic process that controls gene expression in a
dynamic and reversible manner. The transcription of genes is typically activated or re-
pressed depending on whether a methyl group is present or absent on CpG dinucleotides.
DNA methylation is modulated by environmental variables, including nutrition, stress,
and exposure to the environment [34]. Recent studies connected neurological illnesses
to changes in DNA methylation [35]. These epigenetic modifications function as simple
tools for controlling the expression of the vital gene networks that mediate physiological
processes. The specific pathophysiological mechanisms mediating the relationship between
environmental risk factors and MS susceptibility remain unknown, and DNA methylation
may provide information on these mechanisms [36]. This epigenetic pathway contributes
to various MS pathophysiological processes, such as demyelination and remyelination,
inflammatory response, and the collapse of the BBB [37]. It is also linked to chronic inflam-
matory states. DNA methylation appears to play a major role in the epigenetics of MS, as
aberrant methylation in the promoter regions of the genome may be the cause of many
processes involved in the beginning and development of MS. Since DNA methylation is
involved in many neurodegenerative diseases, modifying DNA methylation may be a
useful therapeutic approach in treating these conditions. It was described that methylation
of CpG dinucleotides in gene promoter regions could be responsible for the immune prop-
erties of MS, with the dominance of T helper 1 cell immunity, associated with the cytokine
interferon-y, compared to T helper 2 cell immunity. The promoter region of IFN-y within T
helper cells showed aberrant patterns of DNA methylation, which could be associated with
the predominance of TH1 immunity over TH2 immunity in MS [38]. The BBB, which is
thought to be composed of endothelial cells and intercellular adhesion molecules, is known
to allow the passage of self-reactive proinflammatory cells, a pathogenic characteristic
of multiple sclerosis. It was demonstrated that in RR-MS patients, a hypermethylated
E-cadherin (CDH1) profile can increase blood-brain barrier permeability, allowing lympho-
cyte infiltration into the brain and, ultimately, the progression of the disease [39]. Referring
to the ICAM family, namely ICAM-1, which is essential for T cell proliferation, Ligget et al.,
note that cell-free plasma DNA of RR-MS patients have an ICAM1 hypermethylation pat-
tern in response to clinical remission, and the observed differences mostly correlated with
the disease process. Significant differences in concentration and the methylation patterns of
cell-free plasma DNA were detected in all three comparisons: RRMS patients in remission
versus healthy controls; RRMS patients in exacerbation versus healthy controls; and RRMS
patients in exacerbation versus those in remission [40]. These results may have important
therapeutic ramifications since methylation patterns that distinguish patients from healthy
individuals may serve as biomarkers for the identification and diagnosis of disease. More-
over, a predictive biomarker for exacerbation may result from variations in the methylation
patterns of patients in remission and/or exacerbation. Remyelination failure in the ad-
vanced stage of MS is ultimately caused by the impaired differentiation of oligodendrocyte
precursor cells (OPCs). Using postmortem brain tissue, genome-wide DNA methylation
and transcriptional patterns were examined between matched normal-appearing white
matter (NAWM) and chronically demyelinated MS lesions. Using pyrosequencing, it was
confirmed that DNA methylation variations in laser-captured OPCs were exclusive to cell
type and negatively linked with mRNA expression of the respective genes. Through the
application of epigenetic editing to alter the DNA methylation status of particular CpGs
within the promoter region of the myelin basic protein gene (MBP), it was demonstrated
that the CRISPR-dCas9-DNMT3a/TET1 system may be used to bidirectionally influence
myelination and cellular differentiation in vitro [41].

Recently, Tiane et al. [41,42] looked into the possibility that a blood-borne biomarker for
demyelination may be found in the blood methylomic profile of myelin-related genes, and
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that this profile might be systemically changed in advancing MS stages. Their preliminary
research showed that patients with progressive MS differed from controls in the blood
methylation state of key myelin-related genes: MBP, myelin-associated glycoprotein (MAG),
contactin 2 (CNTN2), brain-enriched myelin-associated protein 1 (BCAS1), partitioning
defective 3 homolog (PARD3). Among the five genes, three (MBP, MAG, and CNTN?2), in
particular, displayed a methylation pattern that differed significantly between the control
and MS samples. It is interesting to note that these genes” methylation profiles matched the
pattern found in the central nervous system, indicating systemic hypermethylation of these
genes in MS patients with progressing disease. This suggests that a panel of peripheral
markers, useful for assessing demyelination in the course of MS disease, could employ the
DNA methylation profile of these genes. Although, these findings were not confirmed in
further independent patient cohorts [42]. More longitudinal research on bigger cohorts of
diverse ethnic backgrounds, including both patient and control groups, would be necessary
to fully test the findings of these investigations.

Research on how DNA methylation affects MS in rodent models, especially in mice
with experimental autoimmune encephalomyelitis (EAE), demonstrated significant po-
tential for application to human MS patients [43]. The majority of attempts to identify
variations in DNA methylation throughout the genome fall into two categories: genome-
wide methylation investigations and candidate gene approaches, which involve selecting
specific genetic loci and examining their DNA methylation patterns.

Additionally, combinations of these methods can be used [44]. To date, several re-
searchers linked the methylation status of specific genes to MS. In particular, Kumagai
et al. observed of the promoter of tyrosine phosphatase (SHP-1) a negative regulator of
proinflammatory signaling in peripheral blood mononuclear cells (PBMCs) of MS patients
compared to healthy controls. Hypomethylation results in decreased SHP-1 expression and
thus increased lymphocyte-mediated inflammatory activity [45]. In another work, Janson
etal., analyzed CD4+ T cells in a cohort of RR-MS patients and observed that the regulatory
T cell transcription factor FOXP3 was demethylated in these patients. Demethylation of
FOXP3 stimulates regulatory T cells and Th17 cells while inhibiting the development of
Th1 and Th2 cells. The proper balance of these cells is linked to DNA methylation [46].
In addition, hypomethylation of the promoter of the gene encoding IL-17A, a proinflam-
matory cytokine, mainly secreted by activated T cells, was reported [47]. In the work of
Mastronardi et al., during white matter demyelination in MS patients, the authors observed
demethylation of the peptidyl arginine deiminase 2 (PAD-2) promoter and thus PAD-2
overexpression in the brain. PAD-2 leads to the loss of stability of MBP due to the enzy-
matic conversion of arginine to citrulline. This process leads the MBP protein to act as an
antigen for T cells. The authors observed a 25% reduction in white matter PAD-2 promoter
methylation in patients compared to healthy controls. Of note, these changes were not
seen in patients with other neurological diseases such as Alzheimer’s disease, Parkinson’s
disease, and Huntington’s disease [48].

Literature data report genome-wide DNA methylation profiling in MS patients, brain
tissues, whole blood, and immune cells. Because CD4+ and CD8+ immune cells are the
most prevalent cell populations, with a well-documented role in the genesis and progres-
sion of MS, they were examined more frequently than other immune cell types. Although
the precise role of DNA methylation in MS is not fully understood, several studies re-
ported differentially methylated regions in both immune cells and brain tissue collected
from both MS patients and healthy controls. The ability to identify the neurotoxic and
pro-inflammatory mechanisms causing neuronal vulnerability in MS progression made the
study of glial cell populations particularly interesting [49]. This could lead to the eventual
restoration of brain repair mechanisms that support neuroprotection and remyelination.
Oligodendrocytes, which are more prevalent in the white matter (WM) than the grey matter
(GM) due to their capacity to produce myelin, give neurons structural and trophic support
by regulating the myelination of axons [50]. Numerous minor differences between the
bulk NAWM of MS patients and controls were found by previous case-control methylome
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studies of brain tissue. In the work of Huynh et al., genome-wide RNA-sequencing analysis
helped to further identify the transcriptional effects of differential DNA methylation, and
it was confirmed in two separate cohorts of brain samples from patients with multiple
sclerosis and healthy controls. In brains affected by MS, genes controlling oligodendro-
cyte survival, such as BCL2L2 and NDRGI1, were expressed at lower levels and showed
hypermethylation compared to controls. Conversely, increased levels of hypomethylation
and expression were seen in genes associated with proteolytic processing, such as LGMN
and CTSZ. According to their findings, there may be a trend toward hypomethylation
in genes linked to immune-related activity and hypermethylation in genes involved in
oligodendrocyte function [51]. Chomyk et al. looked at whether demyelination in the MS
hippocampal region affected DNA methylation. When MS patients” demyelinated and
myelinated hippocampi were compared, abnormal epigenetic alterations linked to the
dysregulation of a few select genes were found. The demyelinated MS hippocampal region
exhibits hyper-methylation in 10 genes and hypo-methylation in 6 upstream sequences
according to comparative methylation profiling [52]. Recent research of Kular et al., using
DNA methylation analysis of neuronal nuclei, revealed functionally significant alterations,
such as decreased activity of the transcription factor CREB, linked to neuro-axonal dys-
function in MS patients relative to controls. The two cohorts” pathway studies revealed
dysregulation of genes related to synaptic plasticity and axonal guidance, and a meta-
analysis confirmed that the most significantly enriched route underlying these processes is
CREB signaling [53]. Recently, using the Illumina Infinium MethylationEPIC BeadChip,
Kular et al., profiled DNA methylation in the nuclei of non-neuronal cells isolated from
38 post-mortem NAWM specimens of MS patients (n = 8) in comparison to the white matter
of control individuals (n = 14) in order to capture relevant molecular changes underlying
MS neuropathology. They found 1226 significantly differentiably methylated sites (DMPs)
between MS patients and controls (genome-wide adjusted p-value < 0.05). The modified
DMP-genes’ functional annotation revealed changes in metabolic processes, cytoskeleton
dynamics, cellular motility, synaptic support, neuroinflammation, and signaling, including
Wnt and TGF-f3 pathways. Their results clearly imply that even in the absence of lesional
damage, NAWM glial cells are significantly changed, showing a multicellular response to
widespread inflammation [54].

Several studies showed an aberrant DNA methylation profile in RR and progressive
MS forms [55]. Kiselev et al., to identify differential methylation profiles of CpG sites in the
DNA of CD14+ monocytes from patients with primary progressive MS, a genome-wide
analysis of DNA methylation in patients compared to healthy subjects was conducted. The
study highlighted 169 differentially methylated positions (DMPs), 90.5% of which were
hypermethylated in PPMS patients [56]. In recent years, many research teams examined
the impact of aberrant DNA methylation on MS characteristics, and they reached a variety
of conclusions. However, to date, the results of published genome-wide DNA methylation
studies are not consistent and may be associated with the choice of non-uniform criteria,
such as heterogeneity of the groups studied, sample size, different methodologies, and
statistical strategies used. In addition, further research indicates that sample storage may
affect DNA methylation patterns selectively, which could make epigenetic analysis less
accurate. As a result, while choosing samples for biomarker research, sample storage period
should be taken into account. Indeed, regarding the selection of the group of patients with
MS, not only naive patients are included in the various studies, but also patients who
received various immunomodulatory drugs before and/or during blood sampling, when
it is well known that drug therapy affects the level of methylation in blood cells [57].
Comparing the DNA methylation profiles of other cell groups from the same individuals
may help to address some of these issues and provide more accurate information on the
pathophysiology of MS.
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About it, little research the literature conducted on DNA methylation analysis takes
into account various immune cell populations obtained from the same MS patients. Ewing
et al.,, investigated DNA methylation changes in four immune cell types, i.e., CD4+ and
CD8+ T cells, CD14+ monocytes, and CD19+ B cells, in a cohort of patients with RRMS
and SPMS and healthy controls. They found 1511, 666, and 30 significant differentially
methylated positions (DMPs) in CD19+, CD14+, and CD8+ cells, respectively, between
RRMS, SPMS, and HC individuals, with two significant DMRs mapping to HLA-DRB1
and SLFN12 genes [58]. Recently, Kiselev et al., considering cell populations key in trig-
gering pathological processes underlying the development of MS, performed pairwise
DNA methylation profiling in CD4+ T lymphocytes and CD14+ monocytes. They observed
significant changes in the DNA methylation profiles among these cell populations, and
they highlighted that in CD4+ cells of MS patients, most of the DMPs were hypomethy-
lated, while in CD14+ cells they were hypermethylated. However, they observed that
approximately 20% of the identified DMPs were shared between the two cell populations
from treatment-naive RR-MS patients and healthy subjects [59]. Although these findings
suggest that differential DNA methylation in immune cells could contribute to MS, further
studies are needed to validate these findings and especially to understand their functional
significance. In genome-wide association studies, the strongest association between MS
and differential DNA methylation occurs at the HLA-DRB locus. Despite the HLA genes
being among the highest genetic predictors of MS risk for more than 40 years, the precise
causative genes and the processes by which they affect MS susceptibility remain unknown.

Graves et al., provide the findings of a genome-wide link between CD4+ cell methyla-
tion levels and susceptibility to MS. The significant differential methylation signal at CpG
sites throughout the MHC complex, particularly the hypomethylation of eight closely clus-
tered sites in HLA-DRBI, was the study’s most notable observation. The hypomethylation
at DRB1 may be a key epigenetic locus for MS, and this is the first instance of aberrant
methylation at HLA being linked to MS [60]. Recently, to understand the biological effects
of inheritance of MS risk alleles and show that DNA methylation influences risk of devel-
oping MS, Kular et al. examined DNA methylation in MS patients in the context of genetic
diversity and gene expression. In particular, the protective HLA variant (rs9267649) and
the strongest MS risk variant (HLA-DRB1*1501) have an impact on HLA-DRB1 expression
and the risk of MS through DNA methylation. Their findings highlight that the region
containing exon 2 of DRB1*15:01 is regulated by DNA methylation, and hypomethylated
DRB1*15:01 has a capacity to promote increased gene expression. Therefore, DRB1*1501’s
hypomethylation and predominant expression may be a possible mechanism by which
MS risk is conferred [61]. More recently, Xavier et al., confirmed prior findings that DNA
methylation acts as a mediator of the HLA-DRB1*1501 allele and provided evidence that
this occurs early in disease pathology rather than as a result of treatment or long-standing
disease by using a large dataset of MS cases early in their diagnosis with age/sex/location-
matched controls. They examined the relationship between methylation and expression
levels of HLA-DRB1 in monocytes, CD19+ B cells, and CD4+ T cells, and found a strong
negative correlation between gene expression and methylation at DMR-2 located in exon
2 of HLA-DRBI. These data indicate that hypomethylation at this locus was associated
with increased gene expression in these immune cell subtypes [62]. Furthermore, in their
study they examined whole blood DNA methylation profiles of a large group of MS sub-
jects compared to those of healthy control subjects, thus highlighting that methylation
differences in patients occur independently of genetic risk loci, subsequently proving that
they differentiated the disease more strongly than known genetic risk loci. Table 1 lists the
studies discussed in the manuscript.
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Table 1. DNA methylation changes in MS patients.

Tissue Cohort Method Findings Reference
RS remision v G st e an A
cell-free plasma RRMS in exacerbation vs.  microarray-based ypermethy'ation p P Liggetetal.,
. clinical remission, the observed
DNA HC; and RRMS in assay . . 2010 [40]
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disease process.
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Brain tissue chronically demyelinated rosequencin: promoter region of MBP, may be used to Tiane etal,
y demy pyroseq & bidirectionally influence myelination =~ 2023 [41]
MS lesions . RO
and cellular differentiation in vitro.
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No difference in DNA methylation level
17 RRMS (10 MS tysabri, of FOX3P and IL-17A between MS
CD4+ T cells 3 glatiramer acetate, cloning tysabri-treated patients and HC. Janson et al.,
2 IFN-1b treated, BS-sequencing Demethylation of FOX3P and IL-17A 2011 [46]
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monocytes hypermethylated.
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Table 1. Cont.

Tissue Cohort Method Findings Reference
30 RRMS (interferons, Correlation of HLA-DRB1 DNA
latiramer acetate Mlumina 450 K methylation status and Graves et al
CD4+ T cells & . .’ HLA-DRB1*15:01 haplotype. Differently v
natalizumab or fingolimod array " .. 2014 [60]
treated), 28 HC methylated CpG sites (19) inside of
! MHC region and 55 outside.
Blood, MS vs. HC EWAS Negative correlation between gene Xavier et al.,

expression, and methylation at DMR-2

2023 [62].

HC, healthy controls; RRMS, relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclero-
sis; PPMS, primary progressive multiple sclerosis; NNC, nonneurological controls; EDSS, expanded disability
status scale; DC, discovery cohort; VC, validation cohort; IFN-1b, interferon beta-1b; NAWM, normal appearing
white matter; BS, bisulfite; MBP, myelin basic protein gene; DMRs, Differentially methylated regions; DMPs,
differentially methylated positions; and EWAS, epigenome-wide association study.

In conclusion, the genome-wide DNA methylation changes in whole blood and iso-
lated cell types were the subject of numerous studies. Even though results are inconsistent
and limited by heterogeneous cell populations, disease heterogeneity, the use of a wide
variety of disease-modifying therapies (DMTs), or small sample sizes, there is no doubt
that DNA methylation is influenced by genotype and environment, making it an important
molecular interface for researching disease etiology and progression.

3. Post-Translational Histone Modifications: Contribution to MS

Post-translational modifications (PTMs), which occur when proteins are translated
into the cytoplasm, are crucial for the folding and functionality of proteins [63]. Among
the most common histone changes are histone acetylation/deacetylation, and histone
methylation. Two opposing enzymatic activities regulate histone acetylation: histone acetyl
transferase o HAT, and histone deacetylase or HDAC. HATs add acetyl groups on lysine
residues, while HDACs remove them.

According to growing data, epigenetic changes may hold the key to understanding
the partial heredity of MS risk. Indeed, epigenetic pathways are thought to mediate the
response to a variety of environmental factors, including geographic location, Epstein—Barr
virus (EBV) infection, smoking, and vitamin D deficiency, which are known to affect the
development of the disease [64-67]. It is well known that HLA-DR expression was shown
to be suppressed from HDACI. The connection between inflammation and neurodegenera-
tion and HDAC/HAT imbalance may have an effect on MS mechanisms. HDAC mRNAs
were previously demonstrated to be higher in immune cells that were activated, indicating
their possible uses as therapeutic targets or activation markers [68]. This suggests that
the MS susceptibility loci are related to histone regulation. In the work of Pedre et al. the
authors observe increased levels of histone H3 acetylation in chronic lesions of MS patients
compared to healthy controls. Notably, they point out that in oligodentroglia cells, changes
were associated with higher transcript levels of inhibitors of oligodendrocyte differentiation.
Interestingly, deacetylation was evident in early MS lesions, unlike in chronic lesions. This
observation highlights the important role of the acetylation/deacetylation balance in the
demyelinating and remyelinating processes in the early stages of the disease [69]. Fur-
thermore, regarding changes in histone H3 methylation, the latter linked to mitochondrial
alterations in MS. Singhal et al., in a study, measured the concentrations of methionine
metabolites, histone H3 methylation patterns, and markers of mitochondrial respiration in
gray matter from postmortem MS and control cortical samples. They found decreases in
both respiratory markers and concentrations of methionine metabolites in the gray matter
of MS [70]. In another work, the study group of Singhal et al., demonstrated that methyl
donor betaine is reduced in MS and is linked to decreases in histone H3 trimethylation
(H3K4me3). They also observed that betaine increases histone methyltransferase activity
by activating chromatin-bound betaine homocysteine S-methyltransferase (BHMT) [71]. In
a recent study, Singhal et al. linked histone PTMs to communication between energetically

14



Int. J. Mol. Sci. 2024, 25, 8921

impaired neurons and oligodendrocytes to promote remyelination in MS. They observed
reduced levels of the metabolite N-acetylaspartate (NAA) in MS patients that correlated
with reduced levels of the myelin component in apparently NAWM [72]. This finding is
in agreement with previous work related to neuronal metabolic dysfunction, linked to a
marked decrease in NAA metabolite in postmortem multiple sclerosis cortex, that precedes
neuronal atrophy and can be reversed in disease remission conditions. Reduced NAA
and neuronal mitochondrial dysfunction in MS may influence the epigenetic changes of
histones, which in turn mediates regulatory signals in oligodendrocytes. In the end, altered
myelin lipid content and oligodendrocyte gene expression may make axons more suscepti-
ble to demyelination as a result of decreased NAA synthesis in neurons and catabolism in
oligodendrocytes [73].

In a more recent work, Sternbach et al. investigated the role of the BHMT-betaine
methylation in oligodendrocytes. They determined the presence of the BHMT enzyme
in oligodendrocytes and the role of the BHMT-betaine pathway in chromatin regulation
and HMT/DNMT activity in oligodendrocyte progenitor cells. This is the first work
involving the study of BHMT expression in oligodendrocytes and where the authors
suggest that BHMT is present in oligodendrocytes in both rats and humans, specifically
in human MS tissue. They found that oxidative stress increases BHMT expression and
showed that, in an oxidative environment, betaine can stimulate the expression of the
oligodendrocyte maturation genes SOX10 and NKX-2.2. Collectively, these data underscore
that regulation of transcription factors required for oligodendrocyte differentiation by
betaine could modulate oligodendrocyte maturation, likely impacting epigenetic changes
including histone PTMs [74].

Another PTM of histones is citrullination, which represents the hydrolytic conversion
from peptidyl-arginine to peptidyl-citrulline, catalyzed by enzymes belonging to the family
of peptidylarginine deiminases (PAD). Citrullination plays an essential role in physiological
processes, such as regulation of gene expression, apoptosis, and plasticity, while aber-
rant citrullination may be involved in the initiation and/or progression of autoimmune
disorders such as MS.

Mastronardi et al. looked at white matter from healthy subjects and NAWM tissue
from MS brains to identify metabolic alterations that would make these areas more prone
to eventual lesion development. To determine whether elevated nuclear PAD-4 was ac-
companied by citrullination of nuclear proteins, they used a citrulline-specific monoclonal
antibody (F95) to stain normal and MS white matter sections. They observed an increased
PAD4 with increased citrullination of histone H3 and TNF-o in MS NAWM and in the
brains of animal models of demyelination. The mechanism involves nuclear translocation
of PAD-4 [75]. This alteration may modify transcription and chromatin structure by altering
the degree of methylation on arginine residues [76]. It is noteworthy that enzymatic in-
hibitors of this post-translational alteration can improve disease progression in mice models
of demyelination, despite the fact that the functional relevance of histone citrullination has
to be better understood.

Recently, Faigle et al., to better understand whether citrullination is implicated in
distinct pathogenetic mechanisms in MS, i.e., whether structural proteins and/or those
involved in inflammatory processes are citrullinated, with a proteomic approach, studied
the role of citrullination in the brain tissue of patients affected by MS. However, based on
their findings, they concluded that citrullination could be a side effect of an immunological
or inflammatory response rather than having a key role in activating a T cell response [77].

Finally, there is emerging evidence that histone proteins post-translational modifi-
cations have roles in a number of fundamental MS-related processes (such as aging and
neurodegeneration) and are susceptible to environmental variables. PTMs were suggested
to be a mediator between oxidative stress, inflammation, and aging. Published data on
PTMs in many age-related disorders, such as neurodegenerative diseases, provide evidence
for a connection between histone PTMs and aging. Histone variations, DNA methylation,
PTMs of histones, positioning of histones on the DNA sequence, and non-coding RNAs are
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some of the elements that contribute to the complicated process known as epigenome dys-
regulation that occurs with aging [78]. Future research should focus on intricate interactions
between heritable and environmental factors that contribute to MS illness heterogeneity in
order to better understand how histone PTMs variations affect these processes.

In conclusion, it is important to consider that histone modifications could act sequen-
tially or in combination to form a recognizable “code” that increases the information of
the genetic code [79,80], and decoding the complexity of histone marks is a challenge.
Routinely antibody-based methods are used to investigate specific PTMs. However, these
methods present some important limitations; for example, they are limited to confirming
the existence of modifications and they are unable to identify unknown PTMs [81]. The
mass spectrometry (MS) is progressively becoming an effective tool for studying histones.
Recently, De Benedittis et al., using a top-down MS approach were able to quantify and
identify, at the same time, several histone PTMs in the human lymphoblastoid cell line [82].
In the future, the development of technologies useful for a more in-depth and global
screening of histone PTMs could have a profound impact on understanding their role in
physiological and pathological processes.

4. miRNAs: Contribution in Patients with MS

Small ncRNAs, which have a broad ability to influence gene expression in conjunction
with chromatin remodeling complexes, can also play a role in mediating epigenetic control.
The ability of miRNAs to regulate the expression of hundreds of genes and consequently
have an impact on a number of cellular processes makes them of particular interest among
ncRNAs [83]. miRNAs are important participants in many biological processes and dys-
function of these molecules can affect the immune system, cause the release of inflammatory
cytokines, and trigger the formation of autoantibodies, thus contributing to the pathogen-
esis of MS. It is becoming clear that miRNAs are essential regulators of both innate and
adaptive immune responses, and their altered expression and/or function was linked to a
variety of human diseases, including inflammatory conditions. The innate immune system
is activated through toll-like receptors (TLRs), which by recognizing pathogen-associated
molecular patterns, attract adapter proteins to the receptor and activate downstream sig-
naling pathways. By governing the growth and activation of T and B cells, miRNAs were
linked to adaptive immunity in addition to their function in innate immune system reg-
ulation [84]. It is well known that dysregulation or upregulation of proinflammatory/or
neurotoxic miRNAs and/or downregulation of anti-inflammatory and neuroprotective
miRNAs could contribute to MS onset and progression. An overview of the impact of
different miRNAs and mediators on the pathophysiology of MS is presented in the work of
Mohammed et al. [85].

Given that MS is the most prevalent chronic inflammatory and neurodegenerative
disease, many research teams are looking for miRNAs that can predict the occurrence
and course of the disease, and most of the studies examined miRNAs in immune tissues.
However, altered miRNA profiles within both the central nervous system and the immune
system were observed in the disease.

A comprehensive review examined the results of 61 papers investigating small non-
coding RNAs in immune compartments and CNS tissue of MS patients, highlighting
the most frequently dysregulated miRNAs across studies (dysregulated in at least four
independent studies). miR-142-3p, miR-146a/b, miR-145, miR-155, miR-22, miR223/-
3p, miR-326, and miR-584 were consistently found to be upregulated, while members
of the miR-103, miR-15, miR-548, and let-7 families and miR-140 showed predominant
downregulation in MS patients [86]. miRNAs dysregulation can result in altered levels of
gene expression in many cell types involved in this disease.

Most of the studies examined miRNAs in a case-control study, and used high-throughput
miRNA profiling to identify dysregulated miRNAs.

Furthermore, different RNA resources were used to study miRNAs expression, such as
whole blood, as well as serum and PBMC, including lymphocytes [87]. The investigation of
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miRNA expression performed in 59 naive MS patients (PPMS, SPMS, and RRMS) displayed
that miR-17 and miR-20a were the most significantly different, and down regulated, in all
MS groups vs. controls. Interestingly, gene expression analysis revealed that both miRNAs
may regulate genes involved in T cell activation [88]. Investigating the expression of
365 miRNAs in lymphocyte, Lindberg et al., evidenced different miRNA expression profiles
in CD4+, CD8+ T cells, and B cells of RRMS patients compared to controls. In particular,
miR-17-5p was up-regulated in CD4+ cells of MS patients. The subsequent pathway
analysis of potential miR-17 target genes further indicated that one of the most prevalent
pathways was that of PI3K/Akt [89], which is known to be involved in lymphocyte
development, activation, and survival [90,91]. In a subsequent study, a Tagman array of
667 miRNAs shed light on miRNA levels in subpopulations if not activated naive CD4+
and in memory CD4+ T cells.

Comparing naive T cells from MS patients to healthy controls, miR-128 and miR-27b
are significantly higher in patients, while memory T cells show an increase in miR-340.
Further, through the repression of their target genes, B lymphoma Mo-MLYV insertion region
1 homolog (BMI1) and interleukin-4 (IL4), these miRNAs could induce inhibition of Th2
cell development and promote pro-inflammatory Th1 responses [92]. As it is known, a
pro-inflammatory response is the main cause of the development of MS, where immune
cells, such as T helper and cytotoxic T cells, B cells, and macrophages, infiltrate the central
nervous system through the temporarily disrupted BBB. These cells, together with microglia
and activated astrocytes, damage oligodendrocytes and myelin through the secretion of
cytokines and chemokines that promote phagocytosis, ROS production, energetic crisis,
and cytotoxic T cell activity, which then may cause myelin loss and or axon loss [93]. In
the last ten years, several studies showed deregulated miRNA expression, both in blood
cells and in CNS lesions, lineage-specific in particular cell populations, or at particular
MS stages or subtypes. Further, during both relapse and remission periods, differential
expression of various miRNAs was observed in PBMC of MS patients [94].

A better knowledge of the aetiology of multiple sclerosis as well as new alternative
techniques for the diagnosis and treatment of the disease can be derived from the analysis
of miRNA dysregulation and associated changes at the level of the miRNA /protein inter-
action [95]. Neurotrophic variables influencing neuroplasticity and neuroprotection in the
CNS are known to be more important in neurodegenerative diseases such as MS.

When neuroprotective factors, such as nerve growth factor, brain-derived neurotrophic
factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4/5 (NT-4/5) are deficient in MS
patients, the influx of PBMC cells to the CNS can make up for this, slowing the rate of
cerebral atrophy. The protective impact on neuronal axons in the course of MS was linked
to the BDNF factor released by PBMCs [91]. Heat shock proteins (HSPs) were demonstrated
to have a neuroprotective effect by triggering anti-apoptotic pathways in addition to
inhibiting the aggregation of misfolded proteins. The inflammatory process seen in the
early stages of MS serves as a trigger for glial cells to express HSPs and release them into the
extracellular environment, protecting nerve cells in the disease’s later neurodegenerative
stages. Overexpression of most HSPs caused by inflammation and oxidative stress was
seen in lesions in the CNS of MS patients and in an animal model of MS disease [96]. A
class of histone deacetylases known as sirtuins (SIRTs) is controlled and dependent on the
nicotinamide adenine dinucleotide. They participate in numerous processes that improve
cell survival, while SIRT1 preferentially inhibits genes linked to apoptosis and inflammation.
In an animal model of MS, SIRT1 activation by SRT501 reduces brain dysfunction and stops
neuronal death [97].

There is no information, however, on the function of miRNAs in controlling the level
of expression of neuroprotective proteins, such as neurotrophies, heat shock proteins, and
sirtuins, during the onset of multiple sclerosis.

In a recent work, Piotrzkowska et al., studied the effect of miRNAs on the expression
levels of neuroprotective proteins, and some selected miRNAs. They specifically note a
decrease in the expression of the BDNF and SIRT1 genes, and an increase in the expression
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of miR-132-3p, miR-34a, and miR-132 in PBMCs, of MS patients, suggesting that the
investigated miRNAs may regulate the expression-level genes under study. This drives
the immune system towards the chronic inflammation seen in MS. The findings imply
that the levels of selected neurotrophins (BDNF and NT4/5), heat shock proteins (HSP70
and HSP27), SIRT1, and selected miRNAs in PBMC cells may function as biomarkers of
inflammation in the CNS and neurodegenerative processes in MS patients. Investigations
using animal models of neurodegenerative and demyelinating disorders demonstrated
that SIRT1 activation can slow the progression of the illness. SIRT1 is a prospective novel
target for MS treatment intervention as well as a potential biomarker of relapses. SIRT1
modulation might be a useful strategy for MS treatment or prevention [98].

Dysregulation of miRNA expression and function may be related to MS diagnosis and
pathogenesis, and miRNA-related pathways may also be used as a potential therapeutic
target for MS. In the recent work of Erkal et at., they identify miRNA biomarkers for
MS illness by in silico data analysis. They identify and analyze in detail four miRNAs
(mir-212-3p, mir-98-5p, mir-142-3p, and mir-629-5p), and their target genes and related
pathways were searched using different tools. For this investigation, immunological and
neurological system-related pathways were given priority. They found that miR-142-3p,
miR-98-5p, and miR-629-5p were upregulated and miR-212-3p was downregulated, and all
were statistically significant. Their results demonstrate that miR-212-3p pathways (such
as Toll-like receptor, neurotrophin signaling pathway, and cytokine—cytokine receptor
interaction) and their common target genes MAPK1, PIK3R3, and PIK3R1 have an effective
role in the regulation of immune- and nervous-related systems. Compared to controls, they
discovered that mir-98 has a greater expression level. According to their study, mir-98-5p
is crucial for the JAK-STAT, ErbB, TGF-beta, and MAPK signaling pathways. Target genes
of the mir-142-3p-associated pathways include PIK3R5, PIK3CD, RAC1, AKT2, and PIK3R?2.
Additionally, it was shown that these genes were connected to the PI3K-Akt signaling
pathway. This pathway is involved in T cell responses. mir-142-3p, mir-98-5p, mir-629-5p,
and mir-212-3p were shown to be statistically significant in the all-silico data analysis used
to identify miRNA biomarkers for MS disease. Their target pathways and genes may also
be useful in the pathophysiology of MS and aid in the diagnosis, prognosis, and therapy
procedures [99]. Table 2 lists the studies discussed in the manuscript.

Table 2. Studies that detailed alterations in miRNA expression levels associated with multiple

sclerosis.
Upregulated Downregulated
Sources Methodology Cohort miRNAs miRNAs Reference
miR-142-3p,
comprehensive miR-146a/b, miR-103, miR-15, Piket et al
N.A. literature review N.A. miR-145, miR-155, miR-548, 210% e[S o
(61 papers) miR-22, miR223/-3p, let-7, miR-140
miR-326, miR-584
59 treatment naive
microarray MS patients miR-17 and COXetal,,
Whole blood analysis (18 PPMS, 17 SPMS, 24 miR-20a 2010 [88]
RRMS) vs. 37 HC
8 RRMS patients vs. miR-485-3p,
10 HC (discovery cohort) miR-376a, miR-497, . Lindberg et al.,
. 3 -
Cb4 qRT-PCR 23 RRMS patients vs. miR-193a, miR-126, miRk-34a 2010 [89]
20 HC (validation cohort) miR-17-5p
naive CD4+ T 22 treatmept naive m}R—128, miR-27b Guerau-de-
MS patients (naive CD4+ T cells),
cells, memory qRT-PCR . Arellano et al.,
CD4+ T cells (5 PPMS, 5 SPMS, miR-340 (memory 2011 [92]
12 RRMS) vs. 16 HC CD4+ T cells)
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Table 2. Cont.

Upregulated Downregulated
Sources Methodology Cohort miRNAs miRNAs Reference
28 MS patients miR-132, miR-21-5p, Piotrzkowska
PBMC qRT-PCR (15 SPMS, 13 RRMS) miR-181b-5p, miR-134 etal,, 2021 [98]
vs. 33 HC miR-34a, miR-132-3p N
PBMC Datasets analysis 66 MS patients vs. 185 HC mir-142-3p, mir-98, hsa-mir-212 Erkal et al.,

(from GEO) mir-629 2022 [99]

N.A., not applicable; GEO, NCBI Gene Expression Omnibus; HC, healthy controls; RRMS, relapsing-
remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; and PPMS, primary progressive
multiple sclerosis.

In conclusion, research assessed the miRNAs present in blood, biological fluids, or
cells of MS patients, revealing specific miRNAs that differ between MS and healthy controls.
While there is a lack of replication in the literature regarding miRNAs as biomarkers and
conflicting results from various forms of research, several miRNAs were found with proven
roles in inflammatory signaling, including regulation of lymphocyte subsets. Finally, some
studies addressed the impact of therapy on miRNA expression by comparing naive to
treated patients [100]. However, collecting samples free from the effects of therapy is one
of the challenges in MS research and the impact of therapy on miRNA expression that has
to be take in account in biomarkers discovery.

5. Remarks on the Interaction of Epigenetic Changes

More and more evidence was given for epigenetic mechanisms being the bridge be-
tween genetics and environment in the pathogenesis of MS. The three epigenetic alterations
(DNA methylation, histone modification, and miRNA regulation) that are currently best
understood interact with one another. An increasing body of research demonstrates how
these systems all interact. For instance, miRNA expression is controlled by DNA methyla-
tion [101], histone modification [102], and miRNAs themselves [103]. The recruitment of
DNA methyltransferase 3A by histone modification, and connections between methylated
DNA and histone deacetylases are two other interactions [104]. In summary, the evidence
described here suggests that miRNAs and the epigenetic apparatus are both regulated
in a reciprocal manner. Epigenetic regulation is carried out by miRNAs as part of the
epigenetic machinery. The expression of miRNAs was epigenetically controlled by DNA
methylations, and histone modifications. At promoter CpG islands, DNA methylation is
frequently established, which limits the expression of miRNAs. Histone modification now
has the power to promote and suppress miRNA translation activation. Enzymes involved
in epigenetics can also be miRNA targets. By controlling the activity of epigenetics-related
enzymes, miRNAs control how DNA methylation and histone modification are expressed.
Additionally, it was discovered that some miRNAs are controlled by epigenetic regulators
and, as a result, have an impact on the epigenetic machinery. Finally, these interactions
imply that the epigenomic modifications are controlled not just by individual mechanisms,
but also by intricate and poorly understood interactions between these fundamental mech-
anisms. However, given the possible significance of epigenetic modifications in MS, a
deeper comprehension of these pathways and how they interact with other elements of the
illness will be essential to comprehending and ultimately treating MS.

Further research in this area should occur soon given the growing array of tools
available to manipulate and evaluate the effects of epigenetic modifications, such as
oligonucleotide-modified miRNA profiles, histone modification via histone deacetylase
inhibitors, and DNA methylation silencing via DNA methyltransferase inhibitors. Thus
far, research demonstrated that autoimmune disorders possess a noteworthy epigenetic
foundation, primarily attributable to the impact of environmental variables that modulate
the immune system. Understanding the specific epigenetic modifications that take place in
a patient’s genome can aid in determining which genes may require regulation and by what
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epigenetic regulatory pathways. Today, there is consensus that personalized epigenetics
has the potential to transform the diagnostic, prognostic, and therapeutic approach for the
treatment of autoimmune disorders such as MS. The interindividual differences in various
epigenetic signatures, such as DNA methylation, histone modifications, and microRNAs,
are the fundamental components of personalized epigenetics. Moreover, computational
epigenetics opened up new avenues to use complex epigenomic data in patient diagnosis,
prognosis, and treatment.

The potential application of epigenetic modifications and their regulation could defi-
nitely lead to the development of an entirely new field of methodology for the treatment
and probable cure of MS.

6. Conclusions and Future Prospective

MS is a chronic condition that is influenced by both environmental and genetic factors.
Despite the fact that the cause of the condition is unknown, epigenetic factors, such as DNA
methylation and miRNA-based gene expression regulation, as well as histone modification,
were linked to the pathogenesis of MS. Most MS-related genes are controlled by epigenetic
processes in both immunological and central nervous system cells. Analysis of epigenetic
modifications represents a useful strategy to decipher genome activity and its effect on
the cellular and tissue dysfunction underlying MS. We summarized here the results of
studies investigating epigenetic modifications. A large amount of research emphasized
the significance of epigenetic mechanisms in the pathogenesis of MS, and studies so far
made some progress in determining the involvement of epigenetics in MS. Several cellular
processes including apoptosis, differentiation, and evolution can be modified along with
epigenetic changes. Some alternations are associated with epigenetic mechanisms in MS
patients and these changes can become key points for MS therapy. Indeed, knowledge
of epigenetic modifications involved in the pathogenesis of MS opens a new avenue of
research for identification of potential biomarkers, as well as finding new therapeutic
targets. Although epigenetic therapy is still in its early stages, further research on the topic
can be expected to reveal a new approach to understanding the phenotypic variations
of MS. Drugs that can change abnormal histone modification, methylation, or miRNA
expression in MS patients are the basis of epigenetic therapy [105].

Despite the lack of curative drugs capable of preventing the degeneration of nervous
tissue, current therapies for MS are based on immunomodulatory and anti-inflammatory
treatments. The goal of current MS treatments is to prevent further immune-mediated
myelin degradation. Patients may still have progressive disability despite the widespread
use of immunomodulatory treatments due to myelin regeneration failure and neuronal
loss. Although these drugs reduce relapse rates, they fail to slow long-term disease pro-
gression of the disease or prevent neurodegeneration, and the long-term effects of early
immunomodulatory intervention are not yet clear. Immunomodulatory drugs, such as
interferons beta and glatiramer acetate, are used to treat MS; in particular, they reduce
clinical attacks and the number of lesions [106]. However, these drugs can only be injected
and have dangerous adverse effects. Furthermore, humanized monoclonal antibodies and
oral drugs used to treat patients with MS exhibited several serious side effects, such as
progressive multifocal leukoencephalopathy [107].

Patients with MS who are receiving therapy showed a variety of reactions. In order
to direct these patients toward more efficacious treatments, predictive testing should be
performed on them within the context of personalized medicine. In addition to the progress
made in medication development, it is appropriate to select a therapy that considers each
patient’s distinct genetic background. Thus, the discovery of genetic markers that impact
the effectiveness of existing MS treatments can be viewed as a promising beginning that
may lead to other discoveries down the road.

As epigenetic abnormalities, especially those that contribute to the etiology of autoim-
mune diseases, are better defined, it will be possible to find new epigenetic markers for
early diagnosis and identification of new therapeutic targets. Importantly, epigenetic modi-
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fications are regulatory, stable, and reversible. Therefore, studying epigenetic mechanisms
could represent a promising approach to better understand the mechanisms underlying
MS and other diseases with similar complex etiology and improve therapeutic solutions.
In conclusion, numerous studies established the importance of epigenetics in the patho-
genesis of MS, and as a result, scientists are working to develop MS drugs with the fewest
possible side effects. This can be accomplished by figuring out the specific mechanisms of
epigenetics that contribute to MS pathogenesis. Further investigation into the epigenetic
pathways underlying MS will undoubtedly open the door to creating novel diagnostic
criteria, tracking disease activity, and designing epigenetically valid treatment strategies.
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Abstract: Heterozygous mutations or genetic variants in the GBA1 gene, which encodes for the
[-glucocerebrosidase (GCase), a lysosomal hydrolase enzyme, may increase the risk of Parkinson’s
disease (PD) onset. The heterozygous E326K form is one of the most common genetic risk factors
for PD worldwide, but, to date, the underlying molecular mechanisms remain unclear. Here, we
investigate the effect of the E326K on the structure, stability, dimerization process, and interaction
mode with some proteins of the interactome of GCase using multiple molecular dynamics (MD)
simulations at pH 5.5 and pH 7.0 to mimic the lysosomal and endoplasmic reticulum environments,
respectively. The analysis of the MD trajectories highlights that the E326K mutation did not signifi-
cantly alter the structural conformation of the catalytic dyad but significantly makes the structure of
the dimeric complexes unstable, especially at lysosomal pH, potentially impacting the organization of
the quaternary structure. Furthermore, the E326K mutation significantly impacts protein interactions
by altering the binding mode with the activator Saposin C (SapC), reducing the binding affinity with
the inhibitor a-Synuclein (x-Syn), and increasing the affinity for the Lysosomal integral membrane
protein-2 (LIMP-2) transporter.

Keywords: molecular dynamics simulation; Gaucher disease; GCase dimer structure; pH effect; Sap
C; o-Syn; LIMP-2

1. Introduction

The correlation between the risk of developing Parkinson’s disease (PD) and muta-
tions in the GBA1 gene has been known since the 1990s, when PD cases were first observed
in Ashkenazi Jewish (A]) patients with Gaucher’s disease (GD) and in their family mem-
bers [1,2]. GD is the most common autosomal recessive lysosomal storage disorder, in
which the glycolipid substrate accumulates in cells. GD is caused by the defective activity
of the GBAI-encoded (-glucocerebrosidase (GCase), a lysosomal enzyme. GCase is a
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glycoprotein synthesized in the endoplasmic reticulum (ER), where it interacts with the
lysosomal integral membrane protein 2 (LIMP-2) through hydrophobic interfaces, facilitat-
ing its transport to the lysosome. Here, GCase catalyzes the hydrolysis of glucosylceramide
(GlcCer) into ceramide and glucose with the help of the activator protein Saposin C (SapC).
SapC, a glycoprotein derived by proteolytic cleavage of Prosaposin [3], facilitates the in-
teraction of GCase with its natural substrates and induces a conformational change that
directly stimulates the enzyme’s activity [4,5]. The structure of the glycoprotein GCase
is characterized by three discontinuous domains (Figure 1A). Domain I is an antiparallel
(3-sheet flanked by a loop, while domain II forms an eight-stranded (3-barrel organized in
a manner reminiscent of the folding assumed by immunoglobulins [6]. Domain II plays
a regulatory and structural function, even though most of the mutations associated with
GD are situated in domain III, which is composed of a (3 / x)-8-barrel of triose phosphate
isomerase (TIM). This latter domain contains the catalytic dyad consisting of two glutamic
residues: E340, acting as the nucleophile, and E235, functioning as the acid/base catalyst.
At the entrance of the active catalytic site, there are five exposed loops [7-9]. The rear-
rangements of these loops, pH conditions, and specific residue interactions collectively
influence the accessibility of the catalytic site, determining the active and inactive states of
the GCase [10].

Figure 1. 3-glucocerebrosidase (GCase) structure. The 3D structure of the GCase (PDB-ID: 3GXI)
showing domain I (magenta), domain II (green), and domain III (cyan). The catalytic dyad is
highlighted by a squared box showing the E235 (red) and the E340 (blue) residues. The site of
mutation (E326) is also highlighted in yellow (A). The 3D structure of the wild-type CGase dimer.
The interaction’s interface between the two monomers is highlighted by a squared box that shows
the E235 (red), the E340 (blue), and the E326 (yellow) residues (B).

More than 490 GBA1 mutations are known to be associated with GD, but only a few of
them (20-30%) have been so far associated with PD [11]. Mutations linked to a pathological
outcome are spread throughout the GCase structure. Many are located far from the active
site but still ensure a certain degree of enzymatic activity. Other mutations are situated
close to the regions responsible for interaction with either the SapC activator or the LIMP-2
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transporter. Nevertheless, a clear correlation between the location of mutation and the
severity of the diseases has not been established yet. E326K, E388K, and T369M GBA1
mutations do not cause GD but have been specifically associated with an increased risk (i.e.,
“risk” variants) of developing aggressive a-synucleinopathies, such as PD and dementia
with Lewy bodies. Specifically, E326K is situated far from the catalytic site (Figure 1A)
and predisposes to PD onset in both homozygous and heterozygous forms [12-14], thus
increasing the risk by up to 10 times [11]. Some heterozygous GCase mutations promote
PD pathogenesis through a gain-of-function mechanism that may include ER stress [15].
This implies a multifactorial GBA /PD-based molecular mechanism that does not depend
solely on the deficient lysosomal activity. Recent in vitro findings demonstrated that the
E326K mutation in human fibroblasts does not significantly reduce enzymatic activity,
whereas it stimulates the aggregation of insoluble x-Synuclein (x-Syn) fibrils and lipid
droplet formation [16], a set of structural modifications typically characterizing human PD
neurons [17-19]. Moreover, the accumulation of a high amount of GlcCer may contribute to
a-Syn aggregation, leading to decreased GCase activity [11]. Despite in vitro experimental
evidence supporting the occurrence of a specific a-Syn-GCase complex, no data have
been provided in terms of identification of the molecular mechanism(s) underlying such
interaction. A direct interaction of the x-Syn’s C-terminus has been postulated to occur with
specific residues of the GCase in its monomeric form to promote lysosomal degradation of
a-Syn or inhibit its excessive accumulation [20,21]. The wild-type GCase displays a more
stable and functional structure as a dimer, where the active sites are partially buried [22].
The GCase dimer has a butterfly-shaped structure (Figure 1B), and the dimer interface
provides an allosteric binding pocket [22,23]. It was suggested that dimerization could
be an important process for GCase activation [23]. Considering the translocation of the
GCase from the ER to the lysosome, other studies highlighted the presence of dimers
at neutral and acidic pHs both in vitro [23] and in vivo [24]. The equilibrium is mainly
altered by interaction with SapC, shifting toward the monomeric form [24]. It is not clear
whether SapC acts by dissociating the GCase dimer or by binding the free monomer,
preventing self-association.

Despite efforts to find relationships between mutations, protein structure, GD man-
ifestation, and enzymatic activity in the literature, our understanding of how specific
mutations alter GCase’s tertiary and quaternary structure and its interaction with other
proteins and influence the risk of developing PD remains incomplete. To such an extent,
a computational approach based on molecular dynamics (MD) simulations can help in
understanding the differences in the structural and functional behavior of a protein due to
mutations. Here, to gain insight into the effect of the E326K mutation on the tertiary and
quaternary structure of GCase, we employed several classical MD simulations. They act as
a computational microscope able to capture the behavior of biomolecules and dynamically
map their interactions in full atomic detail [25]. Heterodimeric, wild-type, and mutated
homodimeric complexes of GCase were modeled and simulated at both pH 5.5 and 7.0,
mimicking the lysosomal and ER environments, respectively. The potential effects of E326K
mutation on the active site of the GCase, the stability of its dimerization, and its interac-
tion dynamics with LIMP-2, SapC, and «-Syn were investigated and evaluated through
interaction energy characterization. Our computational approach revealed that the E326K
mutation does not affect the structural integrity of the catalytic site but reduces binding
affinity with the inhibitor a-Syn and destabilizes dimeric complexes, particularly under
lysosomal pH conditions.

2. Results

Here, we report a comprehensive analysis of the structure stability and interactome
dynamics of wild-type and mutated GCase dimers by exploiting classical MD simulations,
which provide unique and useful insights into the structural stability and dynamics of
several biological systems [25-28].
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2.1. The E326K Mutation Does Not Affect the Catalytic Dyad’s Structure

The site of mutation is sufficiently far from the catalytic dyad (Figure 1), and this
might have no direct effect on it. To verify this hypothesis, we monitored throughout the
simulations at pH 5.5 (i) the distances between the mutation site (residue 326) and the two
catalytic residues (E340 and E235), as well as (ii) the distance between the two residues
that form the catalytic dyad; their averaged values are reported in Table 1. The average
distances between site 326 and residue E235 are comparable in wild-type and mutant
monomers; in the mutated one, a higher distance between K326 and E340 is observed
compared to the wild-type monomer. This may be attributed to the mutation, which
affects the accessibility of the catalytic site, potentially increasing its available surface area.
Nevertheless, the mutation does not significantly affect the average distance between the
two catalytic residues (E235 and E340). The preservation of this distance can be considered a
reliable indicator of the structural integrity and retention of catalytic competence in GCase.

Table 1. Time-averaged distances (nm) between specific residues. Notes: data are presented as mean
+ standard deviation. For comparison, the average values obtained when the enzyme is in its inactive
state at pH 7.0 are provided in Table S1 of the Supplementary Materials.

Simulation at pH 5.5 Wild-Type E326K
E/K326-E235 2.04 £ 0.08 2.13 £ 0.08
E/K326-E340 2.03 £ 0.06 2.38 £ 0.08

E235-E340 0.73 £0.06 0.77 £0.04

We further analyzed the effect of the E326K mutation on the catalytic dyad by mon-
itoring the side chain orientations of residues W348 and R395 relative to E340 and E235.
These residues are known to adopt different orientations depending on the activity state
of GCase [10]. In the inactive state at a neutral pH, W348 blocks the catalytic dyad by
pointing toward the active site, while R395 faces E340. At an acidic lysosomal pH, W348
shifts toward the active site, and R395 points outward. As shown in Figure 2, the side chain
orientations of W348 and R395, in both wild-type and mutated monomers (at acidic pH), are
in agreement with data reported in the literature [29], indicating that the E326K mutation
does not impair GCase functionality in the lysosome. Interestingly, in the inactive state
at pH 7.0 (Figure 3), R395 behaves as expected in the wild-type monomer, while in the
mutated one, its orientation deviates. This suggests that catalytic E340 residue may not be
properly blocked, potentially compromising the inactive form of GCase at a neutral pH.

We monitored specific hydrogen bonds that play crucial roles in GCase activation,
focusing on the Y313-E235 bond at pH 7.0 and the Y313-E340 bond at an acidic pH (Table 2,
Figure S1). At a neutral pH, the Y313-E235 bond acts as a gate, keeping the active site
closed [6,9]. As expected, such a bond is present in the wild-type GCase with over 47% per-
sistence, but it disappears in the mutated protein at pH 7.0. Upon GlcCer substrate binding
at lysosomal pH, Y313 shifts to bind with E340 in the active site, suggesting an induced-fit
mechanism for GCase near the active site [6,9]. In simulations at an acidic pH without
the substrate, the Y313-E340 bond is absent in the wild-type protein, as anticipated, but
unexpectedly, it is present in the mutated GCase, persisting for over 47% of the simulation
(Table 2, Figure S1).

Table 2. Hydrogen bonds between specific residues of the active site.

Pair Residues, pH Wild-Type E326K
Y313-E235, pH 7.0 67.702 -
Y313-E340, pH 5.5 - 47.80

@ The number indicates the percentage (%) of persistence of hydrogen bonds throughout the concatenated
simulation. The value was calculated as the average of the persistence percentages of individual replicas that are
reported in Table S2. Only the hydrogen bonds with a persistence of over 45% were considered. These hydrogen
bonds are depicted in Figure S1.
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Figure 2. Orientation of W348 and R395 residues in wild-type (WT) and mutated GCase at pH 5.5.
Arrows indicate the direction of the side chain. The images are representative snapshots from the
simulations. Color codes for the selected residues: carbon, cyan; hydrogen, white; nitrogen, blue;
oxygen, red.
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Figure 3. Orientation of residues W348 and R395 in WT and mutated GCase at pH 7.0. Arrows
indicate the direction of the side chain. The images are representative snapshots from the simulations.
Color codes for the selected residues: carbon, cyan; hydrogen, white; nitrogen, blue; oxygen, red.

At aneutral pH, the E326 residue forms three stable hydrogen bonds with a persistence
of over 70% during the simulation. The mutation from E to K triggers the loss of two of
them (Table 3, Figure S2). Despite this change, the total number of hydrogen bonds is
higher in the mutant than in the wild-type form at both pH 7.0 and pH 5.5 (Table 4).



Int. ]. Mol. Sci. 2024, 25, 11443

Table 3. Hydrogen bonds involving the mutation site, residue 326 at neutral pH.

pH 7.0 Wild-Type E326K
Residue/Residue E326 K326
H328 70.822 -
R329 82.43 -
1330 76.72 80.78

¢ The number indicates the percentage (%) of persistence of hydrogen bonds throughout the concatenated
simulation. The value was calculated as the average of the persistence percentages of individual replicas that are
reported in Table S3. Only the hydrogen bonds with a persistence of over 70% were considered. These hydrogen
bonds are depicted in Figure S2.

Table 4. Time-averaged number of intrachain hydrogen bonds.

pH Wild-Type E326K
pHb55 37£0.17°2 48 +£0.05
pH?7.0 46 £ 0.15 50 £0.10

@ Data are presented as mean =+ standard deviation. The number only considers the hydrogen bonds with more
than 85% persistence during the simulation.

2.2. GCase Dimerization Is Disfavoured by the E326K Mutation

It has been proposed that dimerization may play a crucial role in the functioning and
activation of GCase, with the dimeric form proving to be more stable and functional than
the monomeric one [22-24]. To assess the impact of the E326K mutation on dimer stability,
we monitored the interchain hydrogen bond pattern at an acidic (Table 5) and neutral pH
(Table 6). While residue 326 is located at the dimer interface (Figure 1), it does not directly
contribute to the intrachain hydrogen bond network in any of the simulations analyzed. At
an acidic pH (Table 5), notably, in the homodimer wild-type, residue R395 forms a hydrogen
bond with E349, part of loop 1 at the entrance of monomer B’s binding site. This bond is
absent in the mutated dimers. As reported in Table 5, the mutation significantly reduces the
number of hydrogen bonds, indicating destabilization of the mutated homodimer in the
lysosomal environment. At pH 7.0, however, the mutated homodimer shows an increase in
hydrogen bond interactions compared to the wild-type dimer (Table 6).

Table 5. Hydrogen bond pattern at the interface of the wild-type (WT-WT) and mutated (E326K-
E326K) homodimer and of the heterodimer (WT-E326K) at pH 5.5.

Residue of Residue of
Chain A Chain B WT-WT E326K-E326K WT-E326K
S12 5242 - 46.00 @ -
Y244 F347 36.63 - -
W348 Y244 37.84 - -
E349 5242 - - 60.02
E349 G243 - - 44.07
E349 Y244 46.97 - -
E350 G243 - - 64.75
E350 S345 - - 35.44
D358 5242 - 88.59 -
R395 E349 35.55 - -
F397 F347 38.85 - -
Number of total hydrogen bonds 5 2 4

2 The number indicates the percentage (%) of persistence of hydrogen bonds throughout the concatenated
simulation. The value was calculated as the average of the persistence percentages of individual replicas that are
reported in Table S4. Only the hydrogen bonds with a persistence of over 35% were considered. The residues
involved in these hydrogen bonds are depicted in Figure S3.
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Table 6. Hydrogen bond pattern at the dimer’s interface at pH 7.0.

Residue of Residue of
Chain A Chain B WT-WT E326K-E326K WT-E326K

N192 D358 - 36.402 -
5242 D358 44.20 43.20 43.94
Y244 Y313 - - 42.20
Y244 F347 -- -- 47.95
Y244 E349 42.25 -- --
E254 5464 -- 44.75 39.82
E254 5465 -- -- 37.25
E284 D315 - - 39.18
Y291 D445 - 35.40 -
K293 D443 -- 4476 --
V294 D443 - 41.63 -
V295 D443 - 42.15 -
D315 1240 45.32 -- --
D315 G243 - 45.57 -
L317 A320 -- - 37.18
D358 5242 55.15 - -

Number of total hydrogen bonds 4 8 7

¢ The number indicates the percentage (%) of persistence of hydrogen bonds throughout the concatenated
simulation. The value was calculated as the average of the persistence percentages of individual replicas that are
reported in Table S5. Only the hydrogen bonds with a persistence of over 35% were considered. The residues
involved in these hydrogen bonds are depicted in Figure S3.

The instability of the E326K homodimer at pH 5.5 is further supported by PCA-based
conformational analysis (Figure S4), which shows that, while the wild-type homodimer
predominantly occupies a single stable conformational state with minimal variability, the
E326K homodimer exhibits a broader spread along PC1. This suggests increased flexibility
and a potentially less stable state.

The strength of interaction between monomers in the complexes was estimated
by calculating the binding free energy (AG) for each system, with the results listed in
Table 7. At pH 5.5, the wild-type homodimer exhibits significantly lower binding energy
values (higher affinity) compared to those at pH 7.0, in line with the literature [23,24],
which suggests stronger monomer interactions at an acidic pH to support the protein’s
hydrolytic function. The E326K mutation has a destabilizing effect on the mutated ho-
modimer, particularly at pH 5.5, where the binding energy is substantially less favorable
(—14.55 + 0.43 kcal/mol) than that of the wild-type homodimer (—18.89 £ 0.43 kcal/mol)
and the heterodimer (—16.88 £ 0.22 kcal/mol). At pH 7.0, the wild-type homodimer
again shows the highest binding affinity (—15.70 £ 0.16 kcal/mol), followed by the WT-
E326K heterodimer (—14.99 4 0.24 kcal /mol) and the mutated E326K-E326K homodimer
(—14.72 £ 0.25 kcal/mol). This may have a negative effect on the trafficking of dimeric
GCase in neutral pH vesicles [23].

Table 7. Predicted binding free energies of GCase dimers at acidic and neutral pH, calculated using
the PRODIGY server. Data are presented as mean =+ standard deviation.

Dimers AG (kcal/mol) AG (kcal/mol)

at pH 5.5 atpH 7.0
WT-WT —18.89 +£0.43 —15.70 £ 0.16
E326K-E326K —14.55 + 0.18 —14.72 £ 0.25
E326K-WT —16.88 +£0.22 —14.99 +£0.24

2.3. The Effects of E326K on GCase Interactome

The potential impact of the E326K mutation on the dynamics of interaction between
GCase and its interactor proteins (LIMP-2, SapC, and x-Syn) was investigated. Evidence
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from both in vivo and in vitro studies suggests that GCase exists as a dimer in both the ER
and lysosome [24]. To date, it is unclear whether these interacting proteins bind GCase
in its monomeric or multimeric form. Experimental findings indicate that GCase binds to
LIMP-2 and SapC in a 1:1 stoichiometry [24,30] and that SapC may disrupt the multimer by
binding near the active site [24]. Additionally, therapeutic chaperones [22,23] act as dimer
stabilizers, which seems to enhance enzymatic activity, even in the presence of mutations.
A plausible hypothesis, therefore, is that interactome proteins might bind dimeric GCase
through a mechanism where the ligand competes with one of the monomers. In our
docking simulations, we used the monomer extracted from the dimeric structure, followed
by molecular dynamics, allowing the proteins to further refine their interaction interface. A
visual inspection of the molecular configurations sampled by the complexes is shown in
Figures 4-6 at different points of the concatenated trajectories.

Figure 4. Dynamics of interaction between GCase and Lysosomal integral membrane protein-2
(LIMP-2) at pH 7.0. Representative snapshots from the concatenated molecular dynamics (MD)
trajectories of the WI-LIMP-2 complex (A) and the E326K-LIMP-2 complex (B). GCase is shown in
cyan, and LIMP-2 is in red, both depicted in a New Cartoon representation. Key residues involved
in the interaction between the two proteins are displayed in the CPK model. The mutation site,
residue 326, is highlighted in blue for the wild-type GCase and green for the mutated GCase,
represented in the VDW model. For clarity, the water molecules are not shown, and only the LIMP-2
region interacting with GCase is shown here; the full complex can be viewed in Figure S5 of the
Supplementary Materials.

Figure 5. Dynamics of interaction between GCase and Saposin C (SapC) at pH 5.5. Representative
snapshots from the concatenated MD trajectories of the WT-SapC complex (A) and the E326K-SapC
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complex (B). GCase is shown in cyan and SapC-2 in orange, both depicted in a New Cartoon
representation. Key residues involved in the interaction between the two proteins are displayed in
the CPK model. The mutation site, residue 326, is highlighted in blue for the wild-type GCase and
green for the mutated GCase, represented in the VDW model. For clarity, the water molecules are
not shown.

Figure 6. Dynamics of interaction between GCase and «-Synuclein (x-Syn) at pH 5.5. Representative
snapshots from the concatenated MD trajectories of the WT-«-Syn complex (A) and the E326K-«-Syn
complex (B). GCase is shown in cyan, and x-Syn is in purple, both depicted in a New Cartoon
representation. Key residues involved in the interaction between the two proteins are displayed in
the CPK model. The mutation site, residue 326, is highlighted in blue for the wild-type GCase and
green for the mutated GCase, represented in the VDW model. For clarity, the water molecules are
not shown.

Figure 4A (and Figure S5A) shows the dynamic behavior of the interaction interface
between LIMP-2 and the wild-type GCase monomer at pH 7.0. As reported in the literature,
the interaction involves residues from 152 to 175 of LIMP-2 and several segments of GCase
(86-96, 99-110, and 150-168) [30], all located on the opposite side from the mutation site at
position 326. As shown in Figure 4B (and Figure S5B), the E326K monomer interacts with a
greater number of residues, indicating a stronger and more stable interaction with LIMP-2.

This observation is reinforced by the analysis of intermolecular interactions (hydrogen
bonds and salt bridges) shown in Table 8 and Figure S6. The data show an increased number
of hydrogen bonds between the mutant and LIMP-2, although a salt bridge between R163
of GCase and E149 of LIMP-2 is lost.

At the lysosomal level, GCase interacts with the activator SapC to catalyze the hydrol-
ysis of GlcCer [4,5]. Although the exact interaction interface between GCase and SapC is
not fully defined, experimental and computational studies suggest that residues 441-445,
463-466, and 487 of GCase are critical for binding SapC [29]. SapC has two key binding
domains: domain 1 (residues 6-34) and domain 2 (residues 41-70), with domain 2 known
to bind GCase with significantly higher affinity [31,32]. Figure 5A shows the potential
interaction interface between SapC and wild-type GCase, showing that most interactions
occur with domain 2 of SapC (residues 44 to 70). The E326K changes the interaction pattern,
leading to increased interactions with domain 1 (residues 6-27) of SapC. The hydrogen
bond patterns between chains, as detailed in Table 9 and Figure S7, support this finding
and suggest that the mutation may alter the mode of interaction with SapC.
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Table 8. Intermolecular interactions (hydrogen bonds and salt bridges) between GCase monomers at
pH 7.0 and Lysosomal integral membrane protein-2 (LIMP-2).

GCase Residue LIMP-2 Residue Wild-Type E326K
L94 K153 - 10.96 2
A95 K153 - 12.92

Q101 K153 - 27.79
Q101 Q156 - 41.23
N102 Q156 80.61
N102 E146 3297 -
K106 E146 23.19 -
R163 E149 64.37 P -
R163 A154 - 13.50
R163 Q156 - 17.80
Q166 E175 - 11.10
Number of total hydrogen bonds 3 8
Number of total salt bridges 1 0

@ The number indicates the percentage (%) of persistence of hydrogen bond throughout the concatenated sim-
ulation. The value was calculated as the average of the persistence percentages of individual replicas that are
reported in Table S6. Only the hydrogen bonds with a persistence of over 10% were considered. ° Bold text
highlights residue pairs that form stable salt bridges.

Table 9. Intermolecular interactions (hydrogen bonds and salt bridges) between GCase monomers at
pH 5.5 and Saposin C (SapC).

GCase Residue SapC Residue Wild-Type E326K
G10 Y53 - 17352
R44 E48 12.95 -
R44 D51 - 20.14
5237 E8? 19.86 -
K321 E13 - 11.12
R329 C77 - 38.05
K346 E24 - 53.65°¢
F347 L76 16.67 -

W348 S55 - 13.31
E 349 Y3 16.59 -
R353 D51 - 48.53
D358 K25 - 26.66
Q362 E24 - 24.62
D443 T15 - 10.90
D443 K16 20.31
D443 S55 28.89 -
D445 K16 - 12.32
D463 D19 - 88.08
D463 S59 11.18 -
5465 E63 18.55
K466 E8 - 15.00
Number of total hydrogen bonds 6 14
Number of total salt bridges 0 2

? The number indicates the percentage (%) of persistence of hydrogen bonds throughout the concatenated
simulation. The value was calculated as the average of the persistence percentages of individual replicas that
are reported in Table S7. Only the hydrogen bonds with a persistence of over 10% were considered. P Ttalic text
highlights residues belonging to domain 1 (residues 6-34) of SapC. © Bold text highlights residue pairs that form
stable salt bridges.

Three putative regions of GCase (223, 273-328, and 344-349) are thought to interact
with the C-terminus of «-Syn (residues 118 to 137). Although a direct interaction with
GCase has been proposed to promote lysosomal degradation of «-Syn or inhibit its ex-
cessive accumulation, it is still unclear which of these regions plays a predominant role
in the interaction or the specific mechanism through which GCase interacts with «-Syn.
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Figure 6A illustrates the potential interaction interface between wild-type GCase and o-Syn,
indicating that the 344-349 region is directly involved in the interaction. Interestingly, these
interactions become extremely weak in the mutant, suggesting that the mutation at position
326 severely affects GCase’s ability to stably bind o-Syn (Figure 6B). The significant loss of
affinity for «-Syn can be clearly attributed to the reduction of several hydrogen bonds and
two salt bridges, which are the driving forces behind intermolecular interactions, as shown
in Table 10 and Figure S8.

Table 10. Intermolecular interactions (hydrogen bonds and salt bridges) between GCase monomers
at pH 5.5 and «-Synuclein («-Syn).

GCase Residue «-Syn Residue Wild-Type E326K
Y11 P133 16402 -
Y11 E138 17.27 -
R48 E130 31.80 P -

Y313 E131 - 21.32

S345 K127 -- 12.06
K346 E131 31.07 -
W348 L121 21.50 -
S351 E138 18.81 -
R353 E138 2211 -
Number of total hydrogen bonds 7 2
Number of total salt bridges 2 0

@ The number indicates the percentage (%) of persistence of hydrogen bonds throughout the concatenated
simulation. The value was calculated as the average of the persistence percentages of individual replicas that

are reported in Table S8. Only the hydrogen bonds with a persistence of over 10% were considered. b Bold text
highlights residue pairs that form stable salt bridges.

To quantify the strength of the interaction between GCase and LIMP-2, SapC, and
a-Syn, the binding free energy (AG) for each system was predicted using the PRODIGY
server. The results, presented in Table 11, demonstrate that the GCase mutant significantly
decreases its binding affinity for a-Syn (—7.47 & 0.50 kcal/mol) compared to the wild-
type form (—9.21 £ 0.21 kcal/mol), while it appears to have lower binding energy values,
therefore higher affinity, with LIMP-2. In contrast, the AG values for the interaction with
SapC are comparable.

Table 11. Predicted binding free energies of the GCase monomer at neutral pH in complex with
LIMP-2 and at acidic pH in complex with SapC and x-Syn, calculated using the PRODIGY server.
Data are presented as mean =+ standard deviation.

AG (kcal/mol) AG (kcal/mol)
Wild-Type E326K
LIMP-2 —6.73 £0.14 —7.07 £0.12
SapC —7.60 = 0.21 —7.86 £0.14
x-Syn —9.31 £0.21 —7.47 £0.50

3. Discussion

GBA1 mutations are the leading genetic risk factor for the development of PD [11,33].
Here, we focused on the E326K mutation, which is recognized for increasing the suscep-
tibility to PD in affected individuals [33]. However, to date, the impact of such mutation
on the protein structure, as well as on physiological functions, remains unclear. MD simu-
lation is acknowledged for its ability to evaluate the stability, flexibility, and dynamics of
molecular systems at both temporal and spatial resolutions, making it a powerful inves-
tigative tool [25-28]. In this study, we employed classical MD simulations to identify the
pathological mechanism, at the structural level, of the E326K mutation of the GBAI gene.
We accounted for the heterozygous condition by simulating three distinct GCase dimers:
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a mutant heterodimer, as well as wild-type and mutant homodimers. To the best of our
knowledge, we present the first computational study addressing i) the characterization of
the structural, dynamical, and physicochemical features of these dimers at two different
pH levels—representing the lysosomal (acid pH) and ER (neutral pH) environments—as
well as ii) the interaction models between GCase and its interactome. Our findings demon-
strate that the proposed computational approach serves as a valuable tool for assessing
the structural features of the GCase in physiological aqueous solutions, along with their
conformational rearrangements at an atomic resolution.

The structural analysis of the GCase monomers shows that the E326K mutation does
not significantly affect the catalytic dyad (E235-E340), consistent with experimental in vitro
findings by Smith et al. (2022) [16], which showed that the E326K mutation in human
fibroblasts does not substantially reduce enzymatic activity. But, significantly, the E326K
mutation may compromise the inactive state of GCase at a neutral pH. It has been observed
that E326K does not affect the orientation of residues W348 and R395, which plays a crucial
role at specific pH levels during GCase function. Notably, the orientation of these two
residues at an acidic pH is not influenced. On the contrary, the side chain orientation of
R395 deviates from the observed orientation [8,9,29] under neutral pH conditions. Based
on this result, it could be hypothesized that the transition of GCase from an inactive to an
active form and vice versa, regulated by various cellular factors, does not occur, potentially
because the enzyme is in continuous activity. The lack of the Y313-E235 hydrogen bond,
which acts as a gate, in the mutated GCase does not allow the inactive form of the GCase to
be maintained at a neutral pH.

Given the uncertainty about whether the enzyme exists as a monomer or dimer in
the cellular context [23], we focused attention on the formation of dimers, observing the
mutation’s influence on the spatial arrangement of the systems. Overall, the results suggest
a potential mutation-induced destabilizing effect on dimeric structure. At the structural
level, the mutated homodimer appears disadvantaged compared with the wild-type one.
This effect becomes more pronounced with a decreasing pH from neutral to acidic, as
indicated by hydrogen bond analysis. This result suggests that the E326K mutation has a
major impact under lysosomal conditions, i.e., when GCase both explicates its enzymatic
activity and interacts with other proteins.

Since GCase interacts with various proteins during its journey from the ER to the
lysosome and within the lysosomal environment, in this study, we simulated the dynamics
of interaction between GCase and its interactome to reveal if the mutation causes gain-of-
function and loss-of-function effects. Taken together, our results suggest that the mutation
exerts a dual gain-of-function and loss-of-function mechanism. The LIMP-2 transporter
may retain the mutated form of GCase, which exhibits greater affinity than the wild type
(gain-of-function), potentially inducing endoplasmic reticulum stress. Simultaneously,
a loss-of-function mechanism is triggered due to the significantly reduced interaction
between mutant GCase and «-Syn, leading to «-Syn accumulation and the disruption
of its physiological competition with SapC. This loss of direct GCase-a-Syn interaction
may explain the aggregation of insoluble «-Syn fibrils caused by the E326K mutation, as
observed in in vitro experiments on human fibroblasts [16]. Additionally, the interaction
with its activator, SapC, also seems to be affected by the presence of the mutation. We would
like to stress that in this study, we focused on simulating interactions between interactome
proteins and the monomeric form of GCase. However, it is possible that interactome
proteins interact with dimeric GCase via a competitive mechanism, wherein proteins
like o-Syn, SapC, or LIMP-2 may compete with one of the monomers. This competition
suggests that interactome proteins might disrupt the dimer, effectively replacing one GCase
monomer, as has been reported in the literature for SapC [24]. Consequently, the complexes
we simulated represent a plausible state following the dissociation of one monomer. Further
research would be valuable to investigate whether interactome proteins stabilize this
dissociation or bind directly in a way that destabilizes the dimer, potentially shedding light
on a dynamic equilibrium between monomeric and dimeric forms in cellular environments.
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If experimentally validated, these findings provide the groundwork to explore molec-
ular mechanisms underlying the correlation between the E326 mutation and PD onset.

4. Materials and Methods
4.1. Structures’ Preparation

The 3D structure of the wild-type dimeric GCase (Uniprot ID P04062) was obtained
by selecting the A and B chains of the 3GXI crystal (X-ray resolution: 1.34 A) [6]. To model
the heterozygous condition, two additional dimeric complexes were prepared: the mutant
homodimer and the heterodimer, in which the E326K mutation was introduced, through
the CHARMM-GUI platform (https://www.charmm-gui.org/, accessed on 11 January
2024) [34-36]. The mutation was introduced in both the chains for the homodimer and
in only the A chain for the heterodimer. The protonation states of titratable amino acids
at pH 5.5 and pH 7.0 were predicted and determined with PROPKA 3.1 by means of the
Play Molecule tool (https://open.playmolecule.org/, accessed on 11 January 2024) [37]
and listed in Supplementary Table S9. The wild-type and mutated GCase monomers at
pH 5.5 were docked against the 3D structure of SapC (Uniprot ID P07602) in the open
conformation (PDB id: 2QYP, chain A) [38] and of «-Syn (Uniprot ID P37840) fused to the
maltose binding protein (PDB id: 3Q27) [39] to create complexes that simulate lysosomal
interactions. At neutral pH, the wild-type and mutated GCase monomers were docked
with the 3D structure of LIMP-2 (Uniprot ID Q14108, PDB id: 4F7B) [40] to model their
interaction in the endoplasmic reticulum. Docking calculations were performed using
the HADDOCK version 2.4 protein—protein docking algorithm [41], incorporating known
active residues as data restraints to guide simulations. Table 12 summarizes the prepared
systems: a total of twelve (12) complexes were set up as starting systems for the classical
MD simulations.

Table 12. Summary of simulations performed.

Simulation Name Description of the System Simulation Length
WT-WT_pH5 Wild-type GCase homodimer at pH 5.5 1000 ns, 2 replicas @
E326K-E326K_pH5 Mutated GCase homodimer at pH 5.5 1000 ns, 2 replicas
WT-E326K_pH5 GCase heterodimer at pH 5.5 1000 ns, 2 replicas
WT-WT_pH7 Wild-type GCase homodimer at pH 7.0 1000 ns, 2 replicas
E326K-E326K_pH7 Mutated GCase homodimer at pH 7.0 1000 ns, 2 replicas
WT-E326K_pH7 GCase heterodimer at pH 7.0 1000 ns, 2 replicas
Wild-type GCase monomer at pH 7.0 in complex . b
WI-LIMP2 with LIMP-2 (endoplasmic reticulum interaction) 200 ns, 3 replicas
Mutated GCase monomer at pH 7.0 in complex .
E326K-LIMP2 with LIMP-2 (endoplasmic reticulum interaction) 200 ns, 3 replicas
Wild-type GCase monomer at pH 5.5 in complex .
WI-SapC with Saposin C (lysosomal interaction) 200ns, 3 replicas
Mutated GCase monomer at pH 5.5 in complex .
E326K-5apC with Saposin C (lysosomal interaction) 200 ns, 3 replicas
WT-a-Syn Wlld—.type GCase monomer at pH.5.5 in CQmplex 200 ns, 3 replicas
with «—Synuclein (lysosomal interaction)
E326K-oc-Syn Muated GCase monomer at pH 5.5 in complex 200 ns, 3 replicas

with a-Synuclein (lysosomal interaction)

2 Replicas’ frames were concatenated to form a single continuous trajectory for each system after discharging the
first 400 ns of simulation (equilibration phase). ® Replicas’ frames were concatenated to form a single continuous
trajectory for each system after discharging the first 50 ns of simulation (equilibration phase).
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4.2. MD Simulations

All the MD simulations were performed by using Gromacs version 2019 [42,43] with
the GROMOS 53a6 united-atoms force field [44]. The systems were solvated by using TIP3P
model [45], neutralized with NaCl (0.15 M), and energy-minimized by using 5000 steps
of the steepest descent method [46]. Periodic boundary conditions (PBC) were applied
to avoid edge effects and to better describe the full hydration conditions. Systems were
equilibrated for the first 200 ps under the NVT ensemble at 100 K, followed by further 200 ps
under NPT ensemble at 310 K, following the protocol shown in Supplementary Table S10.
The time step was set to 2 fs. The V-rescale algorithm [47] with a time constant of 0.1 was
used to keep the temperature constant. The average pressure was kept constant to 1 bar
by using the Parrinello-Rahman barostat [48]. The LINCS algorithm [49] was used to
constrain all the bonds throughout the equilibration process. Unrestrained replica MD
simulations with a time step of 2 fs were carried out for each system (Table 12). The
replicates are simulations of identical structures with identical parameters where only the
initial velocities are created randomly according to a Maxwell-Boltzmann distribution.
Long-range electrostatic interactions were computed using the Particle Mesh Ewald (PME)
method [50]. A residue-based cutoff of 1 nm was used for the short-range electrostatic
and van der Waals interactions. All MD simulations were performed using High Parallel
Computing (HPC) provided by the computational infrastructure ENEAGRID/CRESCO
(Computational RESearch Center of COmplex systems) [51] site in the ENEA Research
Centre of Portici, Italy.

4.3. Analysis of the Trajectories

The first 400 ns of each dimer’s replica were excluded as equilibration phase. The
remaining frames were concatenated to form a continuous trajectory for each system.
Similarly, for the GCase-protein interactor complexes, the first 50 ns of each trajectory
were discarded before concatenation. The concatenated trajectories were analyzed using
modules included in the GROMACS suite to extract various structural, dynamic, and
energetic features. The mindist module was employed to monitor the minimum distance
between the center of mass of the A and B chains and between specific residues. Cluster
analysis was conducted using the cluster module and by using the gromos method [52]. A
matrix of atom positional RMSD was calculated for the Cx atoms of the proteins. Structural
similarity was assessed using a positional RMSD cutoff value determined from the RMSD
distribution curve for each system. The structures identified by the most populated clusters
were used as representative snapshots for the visualization analysis and for AGpinding
analysis using the PRODIGY (PROtein binDIng enerGY prediction) server (https:/ /rascar.
science.uu.nl/prodigy/, accessed on 19 June 2024) [53], which provides a quantitative
estimate of the binding affinity between the A and B chains of the complexes by analyzing
intermolecular contacts and desolvation effects. It specifically evaluates the number of
contacts between the binding partners within a defined distance threshold, factoring in
temperature as a correction. The free energy (AG) is then calculated based on the number
and type of intermolecular contacts (ICs) at the interface, classifying them into polar,
apolar, and charged interactions. This method relies on statistical models derived from
experimental data, offering a reliable prediction of binding affinities while acknowledging
the inherent approximations of empirical approaches [53]. Hydrogen bonds and the
salt bridges were identified with the H-bonds and Salt Bridge VMD version 1.9.3 plugins,
respectively [54]. A hydrogen bond was assumed to exist if the donor to acceptor distance
was shorter than 0.35 nm and the hydrogen donor—acceptor angle was lower than 30°.
The hydrogen bond persistence throughout a simulation was calculated for evaluating
the duration, or “lifetime”, of specific hydrogen bonds. In our analysis, we specifically
considered hydrogen bonds that persisted beyond a defined percentage of the simulation
time, as specified in the legend of tables. A salt bridge was assumed to exist if the distance
between the side-chain oxygen (O) of Asp or Glu and the side-chain nitrogen (N) of Lys,
Arg, or His was less than 0.50 nm. Principal component analysis (PCA) of the covariance
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matrix of the positional fluctuations of the Cx atoms [55] was performed by using the covar
module. The covariance matrix was built from each replica trajectory of the dimers, from
which the overall rotational and translational motions were removed. The anaeig module
was used to calculate the 2D projections with respect to the first two eigenvectors. All
graphical representations were generated using VMD version 1.9.3 [54].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms252111443 /s1.

Author Contributions: D.P.: Formal analysis, Investigation, Methodology, Visualization, Writing—
original draft, Writing—review and editing. A.C.: Investigation, Methodology. B.B.: Conceptu-
alization, Supervision, Writing—review and editing. M.S.: Investigation, Methodology. M.M.:
Investigation. C.C.: Conceptualization, Investigation, Methodology. J.R.: Conceptualization, Investi-
gation, Methodology, Supervision, Resources, Writing—original draft, Writing—review and editing.
C.A.: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Supervision,
Resources, Writing—original draft, Writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset is available on request from the authors.

Acknowledgments: The computing resources and the related technical support used for this work
have been provided by CRESCO/ENEAGRID high-performance computing infrastructure and his
staff. Specifically, we thank Guido Guarnieri and Simone Giusepponi for their technical support.
CRESCO/ENEAGRID high-performance computing infrastructure is funded by ENEA, the Italian
National Agency for New Technologies, Energy and Sustainable Economic Development and by
Italian and European research programmers (see http:/ /www.cresco.enea.it/english for information).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

S

10.

11.

12.

Neudorfer, O.; Giladi, N.; Elstein, D.; Abrahamov, A.; Turezkite, T.; Aghai, E.; Reches, A.; Bembi, B.; Zimran, A. Occurrence of
Parkinson’s Syndrome in Type 1 Gaucher Disease. Q/M 1996, 89, 691-694. [CrossRef] [PubMed]

Tayebi, N. Gaucher Disease with Parkinsonian Manifestations: Does Glucocerebrosidase Deficiency Contribute to a Vulnerability
to Parkinsonism? Mol. Genet. Metab. 2003, 79, 104-109. [CrossRef] [PubMed]

Kolter, T.; Sandhoff, K. Lysosomal Degradation of Membrane Lipids. FEBS Lett. 2010, 584, 1700-1712. [CrossRef]

Berent, S.L.; Radin, N.S. Mechanism of Activation of Glucocerebrosidase by CO-f3-Glucosidase (Glucosidase Activator Protein).
Biochim. Biophys. Acta (BBA)—Lipids Lipid Metab. 1981, 664, 572-582. [CrossRef]

Sun, Y,; Qi, X.; Grabowski, G.A. Saposin C Is Required for Normal Resistance of Acid 3-Glucosidase to Proteolytic Degradation. J.
Biol. Chem. 2003, 278, 31918-31923. [CrossRef]

Lieberman, R.L.; D’aquino, J.A.; Ringe, D.; Petsko, G.A. Effects of pH and Iminosugar Pharmacological Chaperones on Lysosomal
Glycosidase Structure and Stability. Biochemistry 2009, 48, 4816—4827. [CrossRef]

Dvir, H.; Harel, M.; McCarthy, A.A.; Toker, L.; Silman, I.; Futerman, A.H.; Sussman, J.L. X-ray Structure of Human Acid-f3-
glucosidase, the Defective Enzyme in Gaucher Disease. EMBO Rep. 2003, 4, 704-709. [CrossRef] [PubMed]

Lieberman, R.L.; Wustman, B.A.; Huertas, P.; Powe, A.C.; Pine, C.W,; Khanna, R.; Schlossmacher, M.G.; Ringe, D.; Petsko, G.A.
Structure of Acid -Glucosidase with Pharmacological Chaperone Provides Insight into Gaucher Disease. Nat. Chem. Biol. 2007,
3,101-107. [CrossRef]

Lieberman, R.L. A Guided Tour of the Structural Biology of Gaucher Disease: Acid- -Glucosidase and Saposin C. Enzym. Res.
2011, 2011, 973231. [CrossRef]

Smith, L.; Mullin, S.; Schapira, A.H.V. Insights into the Structural Biology of Gaucher Disease. Exp. Neurol. 2017,
298, 180-190. [CrossRef]

Behl, T.; Kaur, G.; Fratila, O.; Buhas, C.; Judea-Pusta, C.T.; Negrut, N.; Bustea, C.; Bungau, S. Cross-Talks among GBA Mutations,
Glucocerebrosidase, and x-Synuclein in GBA-Associated Parkinson’s Disease and Their Targeted Therapeutic Approaches: A
Comprehensive Review. Transl. Neurodegener. 2021, 10, 4. [CrossRef] [PubMed]

Duran, R.; Mencacci, N.E.; Angeli, A.V.; Shoai, M.; Deas, E.; Houlden, H.; Mehta, A.; Hughes, D.; Cox, TM.; Deegan, P; et al. The
Glucocerobrosidase E326K Variant Predisposes to Parkinson’s Disease, but Does Not Cause Gaucher’s Disease. Mov. Disord.
2013, 28, 232-236. [CrossRef] [PubMed]

40



Int. ]. Mol. Sci. 2024, 25, 11443

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Horowitz, M.; Pasmanik-Chor, M.; Ron, I.; Kolodny, E.H. The Enigma of the E326K Mutation in Acid 3-Glucocerebrosidase. Mol.
Genet. Metab. 2011, 104, 35-38. [CrossRef] [PubMed]

Marano, M.; Zizzo, C.; Malaguti, M.C.; Bacchin, R.; Cavallieri, F.; De Micco, R.; Spagnolo, E; Bentivoglio, A.R.; Schirinzi, T.;
Bovenzi, R.; et al. Increased Glucosylsphingosine Levels and Gaucher Disease in GBA1-Associated Parkinson’s Disease. Park.
Relat. Disord. 2024, 124, 107023. [CrossRef]

Gegg, MLE.; Burke, D.; Heales, S.J.R.; Cooper, ].M.; Hardy, J.; Wood, N.W.; Schapira, A.H.V. Glucocerebrosidase Deficiency in
Substantia Nigra of Parkinson Disease Brains. Ann. Neurol. 2012, 72, 455-463. [CrossRef]

Smith, L.].; Bolsinger, M.M.; Chau, K.-Y.; Gegg, M.E.; Schapira, A.H.V. The GBA Variant E326K Is Associated with Alpha-Synuclein
Aggregation and Lipid Droplet Accumulation in Human Cell Lines. Human Mol. Genet. 2022, 32, 773-789. [CrossRef]

Stefanis, L. x-Synuclein in Parkinson’s Disease. Cold Spring Harb. Perspect. Med. 2012, 2, a009399. [CrossRef]

Logan, T.; Bendor, J.; Toupin, C.; Thorn, K.; Edwards, R.H. «-Synuclein Promotes Dilation of the Exocytotic Fusion Pore. Nat.
Neurosci. 2017, 20, 681-689. [CrossRef]

Wakabayashi, K.; Tanji, K.; Mori, F; Takahashi, H. The Lewy Body in Parkinson’s Disease: Molecules Implicated in the Formation
and Degradation of A-synuclein Aggregates. Neuropathology 2007, 27, 494-506. [CrossRef]

Yap, T.L.; Velayati, A.; Sidransky, E.; Lee, ].C. Membrane-Bound a-Synuclein Interacts with Glucocerebrosidase and Inhibits
Enzyme Activity. Mol. Genet. Metab. 2013, 108, 56—64. [CrossRef]

Yap, T.L.; Jiang, Z.; Heinrich, F; Gruschus, ] M.; Pfefferkorn, C.M.; Barros, M.; Curtis, J.E.; Sidransky, E.; Lee, ].C. Structural Fea-
tures of Membrane-Bound Glucocerebrosidase and «-Synuclein Probed by Neutron Reflectometry and Fluorescence Spectroscopy.
J. Biol. Chem. 2015, 290, 744-754. [CrossRef]

Zheng, J.; Chen, L.; Skinner, O.S.; Ysselstein, D.; Remis, ]J.; Lansbury, P.; Skerlj, R.; Mrosek, M.; Heunisch, U.; Krapp, S.; et al.
[3-Glucocerebrosidase Modulators Promote Dimerization of 3-Glucocerebrosidase and Reveal an Allosteric Binding Site. J. Am.
Chem. Soc. 2018, 140, 5914-5924. [CrossRef] [PubMed]

Benz, J.; Rufer, A.C.; Huber, S.; Ehler, A.; Hug, M.; Topp, A.; Guba, W.; Hofmann, E.C.; Jagasia, R.; Rodriguez Sarmiento, R.M.
Novel 3-Glucocerebrosidase Activators That Bind to a New Pocket at a Dimer Interface and Induce Dimerization. Angew. Chem.
Int. Ed. 2021, 60, 5436-5442. [CrossRef] [PubMed]

Gruschus, ].M.; Jiang, Z.; Yap, T.L.; Hill, S.A.; Grishaev, A.; Piszczek, G.; Sidransky, E.; Lee, ].C. Dissociation of Glucocerebrosidase
Dimer in Solution by Its Co-Factor, Saposin C. Biochem. Biophys. Res. Commun. 2015, 457, 561-566. [CrossRef]

Hollingsworth, S.A.; Dror, R.O. Molecular Dynamics Simulation for All. Neuron 2018, 99, 1129-1143. [CrossRef] [PubMed]
Arcangeli, C.; Cantale, C.; Galeffi, P.; Rosato, V. Structure and Dynamics of the Anti-AMCV scFv(F8): Effects of Selected Mutations
on the Antigen Combining Site. J. Struct. Biol. 2008, 164, 119-133. [CrossRef]

Arcangeli, C.; Lico, C.; Baschieri, S.; Mancuso, M. Characterization Of Blood—Brain Barrier Crossing And Tumor Homing Peptides
By Molecular Dynamics Simulations. Int. . Nanomed. 2019, 14, 10123-10136. [CrossRef]

Innamorati, G.; Pierdomenico, M.; Benassi, B.; Arcangeli, C. The Interaction of DNMT1 and DNMT3A Epigenetic Enzymes with
Phthalates and Perfluoroalkyl Substances: An in Silico Approach. J. Biomol. Struct. Dyn. 2023, 41, 1586-1602. [CrossRef]
Romero, R.; Ramanathan, A.; Yuen, T.; Bhowmik, D.; Mathew, M.; Munshi, L.B.; Javaid, S.; Bloch, M.; Lizneva, D.; Rahimova, A.;
et al. Mechanism of Glucocerebrosidase Activation and Dysfunction in Gaucher Disease Unraveled by Molecular Dynamics and
Deep Learning. Proc. Natl. Acad. Sci. USA 2019, 116, 5086-5095. [CrossRef]

Zunke, F; Andresen, L.; Wesseler, S.; Groth, J.; Arnold, P; Rothaug, M.; Mazzulli, ].R.; Krainc, D.; Blanz, J.; Saftig, P; et al.
Characterization of the Complex Formed by 3-Glucocerebrosidase and the Lysosomal Integral Membrane Protein Type-2. Proc.
Natl. Acad. Sci. USA 2016, 113, 3791-3796. [CrossRef]

Qi, X,; Qin, W.; Sun, Y.; Kondoh, K.; Grabowski, G.A. Functional Organization of Saposin C: DEFINITION OF THE
NEUROTROPHIC AND ACID B-GLUCOSIDASE ACTIVATION REGIONS (x). . Biol. Chem. 1996, 271, 6874-6880.
[CrossRef] [PubMed]

Weiler, S.; Tomich, ].M.; Kishimoto, Y.; O’Brien, ].S.; Barranger, J.A. Identification of the Binding and Activating Sites of the
Sphingolipid Activator Protein, Saposin C, with Glucocerebrosidase. Protein Sci. 1995, 4, 756-764. [CrossRef] [PubMed]
Riboldi, G.M.; Di Fonzo, A.B. GBA, Gaucher Disease, and Parkinson’s Disease: From Genetic to Clinic to New Therapeutic
Approaches. Cells 2019, 8, 364. [CrossRef] [PubMed]

Jo, S.; Kim, T.; Iyer, V.G.; Im, W. CHARMM-GUI: A Web-Based Graphical User Interface for CHARMM. ]J. Comput. Chem. 2008,
29, 1859-1865. [CrossRef] [PubMed]

Brooks, B.R.; Bruccoleri, R.E.; Olafson, B.D,; States, D.].; Swaminathan, S.; Karplus, M. CHARMM: A Program for Macromolecular
Energy, Minimization, and Dynamics Calculations. J. Comput. Chem. 1983, 4, 187-217. [CrossRef]

Lee, J.; Cheng, X; Swails, ].M.; Yeom, M.S.; Eastman, PK.; Lemkul, J.A.; Wei, S.; Buckner, J.; Jeong, J.C.; Qi, Y.; et al. CHARMM-GUI
Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM /OpenMM Simulations Using the CHARMM36
Additive Force Field. |. Chem. Theory Comput. 2016, 12, 405-413. [CrossRef]

Martinez-Rosell, G.; Giorgino, T.; De Fabritiis, G. PlayMolecule ProteinPrepare: A Web Application for Protein Preparation for
Molecular Dynamics Simulations. J. Chem. Inf. Model. 2017, 57, 1511-1516. [CrossRef]

Rossmann, M.; Schultz-Heienbrok, R.; Behlke, J.; Remmel, N.; Alings, C.; Sandhoff, K.; Saenger, W.; Maier, T. Crystal Structures of
Human Saposins C and D: Implications for Lipid Recognition and Membrane Interactions. Structure 2008, 16, 809-817. [CrossRef]

41



Int. ]. Mol. Sci. 2024, 25, 11443

39.

40.

41.

42.

43.

44.

45.
46.
47.
48.
49.
50.

51.

52.

53.

54.
55.

Zhao, M.; Cascio, D.; Sawaya, M.R.; Eisenberg, D. Structures of Segments of a-Synuclein Fused to Maltose-Binding Protein
Suggest Intermediate States during Amyloid Formation. Protein Sci. 2011, 20, 996-1004. [CrossRef]

Neculai, D.; Schwake, M.; Ravichandran, M.; Zunke, F; Collins, R.F; Peters, J.; Neculai, M.; Plumb, J.; Loppnau, P.;
Pizarro, J.C.; et al. Structure of LIMP-2 Provides Functional Insights with Implications for SR-BI and CD36. Nature 2013,
504,172-176. [CrossRef]

Honorato, R.V,; Trellet, M.E.; Jiménez-Garcia, B.; Schaarschmidyt, ].J.; Giulini, M.; Reys, V.; Koukos, P.I.; Rodrigues, ]. P.G.L.M.;
Karaca, E.; Van Zundert, G.C.P; et al. The HADDOCK?2.4 Web Server for Integrative Modeling of Biomolecular Complexes. Nat.
Protoc. 2024. [CrossRef] [PubMed]

Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.].C. GROMACS: Fast, Flexible, and Free. .
Comput. Chem. 2005, 26, 1701-1718. [CrossRef] [PubMed]

Abraham, M.].; Murtola, T.; Schulz, R.; Pall, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations through Multi-Level Parallelism from Laptops to Supercomputers. SoftwareX 2015, 1-2, 19-25. [CrossRef]
Oostenbrink, C.; Villa, A.; Mark, A.E.; Van Gunsteren, W.E. A Biomolecular Force Field Based on the Free Enthalpy of Hy-
dration and Solvation: The GROMOS Force-field Parameter Sets 53A5 and 53A6. |. Comput. Chem. 2004, 25, 1656-1676.
[CrossRef] [PubMed]

Jorgensen, W.L.; Chandrasekhar, J.; Madura, ]J.D.; Impey, R.W.; Klein, M.L. Comparison of Simple Potential Functions for
Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926-935. [CrossRef]

Petrova, S.S.; Solov’ev, A.D. The Origin of the Method of Steepest Descent. Hist. Math. 1997, 24, 361-375. [CrossRef]

Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling through Velocity Rescaling. J. Chem. Phys. 2007, 126, 014101. [CrossRef]
Parrinello, M.; Rahman, A. Polymorphic Transitions in Single Crystals: A New Molecular Dynamics Method. J. Appl. Phys. 1981,
52,7182-7190. [CrossRef]

Hess, B.; Bekker, H.; Berendsen, H.; Fraaije, J. LINCS: A Linear Constraint Solver for Molecular Simulations. J. Comput. Chem.
1998, 18, 1463-1472. [CrossRef]

Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A Smooth Particle Mesh Ewald Method. . Chem.
Phys. 1995, 103, 8577-8593. [CrossRef]

Iannone, F.; Ambrosino, F,; Bracco, G.; De Rosa, M.; Funel, A.; Guarnieri, G.; Migliori, S.; Palombi, E; Ponti, G.; Santomauro, G.;
et al. CRESCO ENEA HPC Clusters: A Working Example of a Multifabric GPFS Spectrum Scale Layout. In Proceedings of the
2019 International Conference on High Performance Computing & Simulation (HPCS), Dublin, Ireland, 15-19 July 2019; IEEE:
Piscataway, NJ, USA, 2020; pp. 1051-1052.

Daura, X.; Gademann, K.; Jaun, B.; Seebach, D.; Van Gunsteren, W.F.; Mark, A.E. Peptide Folding: When Simulation Meets
Experiment. Angew. Chem. Int. Ed. 1999, 38, 236-240. [CrossRef]

Honorato, R.V.; Koukos, P.I; Jiménez-Garcia, B.; Tsaregorodtsev, A.; Verlato, M.; Giachetti, A.; Rosato, A.; Bonvin, A.M.]J.
Structural Biology in the Clouds: The WeNMR-EOSC Ecosystem. Front. Mol. Biosci. 2021, 8, 729513. [CrossRef] [PubMed]
Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 1996, 14, 33-38. [CrossRef]

Amadei, A.; Linssen, A.B.; Berendsen, H.]J. Essential dynamics of proteins. Proteins 1993, 17, 412-425. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

42



&

International Journal of

Molecular Sciences

Article

Morphometric Similarity Patterning of Amyloid-f and Tau
Proteins Correlates with Transcriptomics in the Alzheimer’s
Disease Continuum

Lorenza Brusini 1%, Giorgio Dolci 12 Lorenzo Pini 3, Federica Cruciani 4, Fabrizio Pizzagalli 5
Paolo Provero %, Gloria Menegaz ! and Ilaria Boscolo Galazzo 1! for the Alzheimer’s Disease
Neuroimaging Initiative

Department of Engineering for Innovation Medicine, University of Verona, 37134 Verona, Italy

Department of Computer Science, University of Verona, 37134 Verona, Italy

Department of Neuroscience, University of Padova, 35121 Padova, Italy

Istituto Fondazione Oncologia Molecolare Ente del Terzo Settore (IFOM ETS)-The Associazione Italiana per la
Ricerca sul Cancro (AIRC) Institute of Molecular Oncology, 20139 Milano, Italy

Department of Neurosciences “Rita Levi Montalcini”, University of Turin, 10126 Turin, Italy

*  Correspondence: lorenza.brusini@univr.it

Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design
and implementation of ADNI and/or provided data but did not participate in analysis or writing of this
report. A complete listing of ADNI investigators can be found at:

http:/ /adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf

N

Abstract: Bridging the gap between cortical morphometric remodeling and gene expression can help
to clarify the effects of the selective brain accumulation of Amyloid-3 (Ap) and tau proteins occurring
in the Alzheimer’s disease (AD). To this aim, we derived morphometric similarity (MS) networks
from 126 AB- and tau-positive (AB+/tau+) and 172 AB—/tau— subjects, and we investigated the
association between group-wise regional MS differences and transcriptional correlates thanks to an
imaging transcriptomics approach grounded in the Allen Human Brain Atlas (AHBA). The expressed
gene with the highest correlation with MS alterations was BCHE, a gene related to A homeostasis.
In addition, notably, among the most promising results derived from the enrichment analysis, we
found the immune response to be a biological process and astrocytes, microglia, and oligodendrocyte
precursors for the cell types. In summary, by relating cortical MS and AHBA-derived transcriptomics,
we were able to retrieve findings suggesting the biological mechanisms underlying the Ap- and tau-
induced cortical MS alterations in the AD continuum.

Keywords: T1-weighted MRI; diffusion MRI; ADNI; partial least squares; gene expression; enrichment
analysis

1. Introduction

Imaging techniques enabling the possibility to observe, in vivo, the prints of the biolog-
ical processes acting on the brain are of extreme importance. In particular, finding imaging
markers able to reflect specific pathological mechanisms is valuable especially in clinics.
Positron emission tomography (PET) has enabled the detection of Amyloid-f (Af) and tau
protein accumulation, the molecular hallmarks of Alzheimer’s disease (AD), demonstrating
that AB plaques and neurofibrillary tangles formed from phosphorylated tau protein can
be detected several years before the onset of clinical symptoms [1]. Consequently, the risk
of developing AD or an early diagnosis can potentially be identified during pre-clinical
stages, allowing for timely intervention through therapies aimed at preventing, slowing, or
even halting disease progression.

In addition to being valuable in aiding clinical practice and drug development, in vivo
imaging markers sensitive enough to detect changes in the AD continuum would also be
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relevant in understanding its pathophysiology. Indeed, a comprehensive picture of alter-
ations in AD is essential to understand the complexity of modifications occurring during
the disease. Vilkaite et al. [2] illustrated the potential of linking omics data (genomics,
proteomics, and transcriptomics) to molecular imaging to uncover the mechanisms relating
Ap and tau in AD. Omics information can be related to different scales of imaging and
not ultimately standard non-invasive in vivo magnetic resonance imaging (MRI) of the
whole brain. By taking advantage of the Allen Human Brain Atlas (AHBA) and PET-MRI
with different tracers to distinctively capture Af and tau, Yu and colleagues [3] were able
to confirm the existence of a specific sensibility to these two AD hallmarks depending on
the spatial location on the brain. In fact, AHBA provides the gene expression profiles for
20,736 genes encoding proteins for each brain region, thus enabling the discovery of the pos-
sible relationships between genetics and imaging at a higher spatial resolution. Studying
the imaging transcriptomics of these pathological mechanisms with other MRI modalities
may bring to light novel insights for the understanding of AD.

To the best of our knowledge, works attempting to investigate the imaging transcriptomics
relationship to explain the role and behaviour of Af and tau in AD mainly rely on PET [2-6].
On top of this, no work exists on imaging transcriptomics for studying Af and tau in the AD
continuum based on cortical morphometric similarity (MS). Typically, in vivo morphometric
features of the brain tissue are derived from the conventional T1-weighted (T1w) MRI. Cortical
volume, surface area, and thickness are the most known, and they have been extensively
used in the literature for characterizing brain variations in both healthy and pathological
individuals. TIw-MRI in AD is proven to be able to show signs of the atrophy encountered by
patients along with the disease’s progression [7], generally in the late stage. While T1w-MRI
captures macroscopic characteristics of the brain tissue, diffusion (d)MRI, instead targeting
the diffusion of water molecules, can indirectly reveal microscopic insights about geometry,
architecture, and topology [8]. Recent studies have shown that microstructural abnormalities
in gray matter can be detected in cognitively unimpaired (CN) or mild cognitively impaired
(MCI) individuals depending on the AB and/or tau positivity [9,10]. Moreover, Spotorno
et al. [9] demonstrated that the dMRI-derived microscopic alterations occurred before brain
atrophy arises, evidenced by T1w-MRI. Thus, relying on features derived from both T1w-MRI
and dMRI, an MS network (MSN) representing patterns of similarity between regions can
be constructed at a single subject’s level. The biological meaning of the MSN is grounded in
evidence that cortical areas showing a similar cytoarchitecture are probably more anatomically
connected [11,12].

Linking MSN and transcriptomics has already been proven to be able to boost research
in several fields. Through such an approach, Morgan et al. [13] shed light on the biological
mechanisms underlying schizophrenia, showing that MS was reduced in patients compared
to controls and highlighting that the pattern was associated with the expression of genes
enriched for processes including the development of the nervous system and synaptic
signaling. In [14], Li et al. studied the biological mechanisms relating genetics with MS
alterations in generalized epilepsy, while Lei and colleagues [15] and Martins et al. [16]
studied those in pediatric bipolar disorder and in chronic pain. Generally, the method also
proved to be effective in contributing to knowledge on the advancement of post-traumatic
stress disorder [17], Parkinson’s disease [18], and COVID-19 [19]. Notably, only one work
attempted to do such an investigation in AD [20]. In detail, Zhang et al. compared MS
between advanced AD patients and healthy subjects. The differences found included an
increased MS in the frontal cortex and occipital cortex and a decreased MS in the temporal
and parietal cortex. The authors also found an association between these alterations and
memory function, and among the biological processes enriched, the most significant term
was related to synaptic transmission.

To summarize, for the first time, with the present work, we aim at characterizing corti-
cal MS on the AD continuum by developing MSNs relying on both macro- and microscopic
features of the brain tissue of individuals from the pre-clinical to the MClI stage, categorized
as AB-positive/tau-positive (Ap+/tau+) and ApB-negative/tau-negative (Ap—/tau—). Fur-
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thermore, by establishing the link with transcriptomics, we will reach our second aim of
finding the viable biological mechanisms underlying these two processes (i.e., Af and tau).

The categorizations Ap+/tau+ and AB—/tau— do not consider more complex cases
(AB+/tau— and AB—/tau+), but they maximize the effects due to the presence of the AD
hallmarks. Moreover, such a strategy will also maximize the probability of investigating
cortical MS patterning due to the effects of Af and tau in the specific pre-clinical condition
of AD.

2. Results
2.1. Regional Morphometric Similarity Group-Wise Differences

Figure 1 shows the differences in regional MS between Ap+/tau+ and Af—/tau—
groups. More precisely, eight out of thirty-four brain regions had a significant regional MS
difference (p < 0.05, uncorrected for multiple comparisons). Regional MS was increased
in Ap+/tau+ compared to Af—/tau— in the caudal anterior cingulate and in the lateral
occipital cortex, suggesting an increased similarity with the other brain areas in terms
of morphometric and microstructural features. Conversely, MS decreased in Af+/tau+
compared to Af—/tau— in the caudal middle frontal cortex, in the cuneus, in the pars
triangularis, in the pericalcarine, in the posterior cingulate, and in the supramarginal
cortex. No region was retained after multiple comparisons correction with false discovery
rate (FDR), although prpr was close to significance (prpr = 0.07) in the caudal anterior
cingulate, in the lateral occipital cortex, in the cuneus, and in the pars triangularis.
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Figure 1. Differences in regional morphometric similarity between Ap+/tau+ and AB—/tau—
represented on cortical maps and quantified as t-statistics. Only brain regions with a p-value < 0.05
are highlighted. Note: No region was retained after false discovery rate correction.

2.2. Regional Morphometric Similarity and Transcriptomics Relationship

The association between regional MS changes in AB+/tau+ versus Af—/tau— and
brain transcriptomics profiles as investigated with partial least squares (PLS) was deemed
significant by the permutation test (p = 0.039). The PLS scores related to the weighted gene
expression values were positively correlated with the differences in regional MS expressed
as t-statistics (r = 0.474, p = 0.005) (Figure 2, panel A). Such a relationship translates for a
high expression of genes with a positive PLS weight in regions where MS was increased,
and conversely, genes with a negative PLS weight were highly expressed in regions where
MS decreased.

The gene ranking was based on significant z-scores derived from bootstrapping (prpr < 0.05),
and the subsequent selection obtained with threshold values of £3 ended in a PLS+ set
including 1474 genes and a PLS— set with 1223 genes. A complete list of the significant
genes is provided in Supplementary Materials, Table S1. The highest positive and sig-
nificant z-score was associated with the butyrylcholinesterase (BCHE) gene, while the
microtubule-associated serine/threonine-protein kinase 4 (MAST4) gene represented the
opposite extreme. The first gene encodes for an enzyme involved in Af binding, while the
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second gene encodes for proteins with a domain giving the kinase the capacity to shape its
own scaffold for controlling its activities (Figure 2, panel B).

A) r=0.474 p=0.005 B) r=0512_p=0.002

2 BCHE
2 Zz-score: 7.311

) Gene z-score Ut ) PRI o . ~
. .« * /' % . 7 N
& 1% . BCHE 7.31 8T = 7)
* i) £ .

PLS+ SMOC1 6.830

t-statisti

t-statistic

h
5 Gene expression g

-
g
8

TMC8 6.754 iy e

Y | 0 L] =004 _p=0002

~Too 160 2w
MAST4
PLSscore | zscore :-6.998

HNRNPUL2 -6.661

e
3
k]
~

PLS score

PLS- NCEH1 -6.699

t-statistic

-
o
8

\
g 3
% Gene expression &

MAST4 -6.999

_—
R

Figure 2. Transcriptomic profiles related to differences in morphometric similarity between Ap+/tau+
and AB—/tau—. (A) Weighted gene expression profiles calculated as partial least squares (PLS)
regression-derived scores shown (i) in association with the regional MS group-wise differences in the
scatter plot on the upper part of the panel and (ii) on cortical maps on the lower one. (B) The left
part of the panel shows the table summarizing the top three genes and related z-scores positively
and negatively impacting the PLS regression, respectively; the right part of the panel, instead,
shows the scatter plot with gene expression profiles versus regional MS group-wise differences and
gene expression-related cortical maps for both the most positively (BCHE, at the top) and the most
negatively (MAST4, at the bottom) impactful genes.

2.3. Enrichment Analysis

Figure 3 shows the gene set enrichment analyses and summarizes the significant
Gene Ontology biological processes (GO BP) terms and Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathways (prpr < 0.05). In general, 363 GO BP terms and 18 KEGG
pathways were found for PLS+, whereas 17 GO BP terms and 5 KEGG pathways were
found for PLS—. Note that, for ease of visualization, only the top 20 GO BP terms based
on the adjusted p-value are shown for PLS+ in Figure 3 (a complete list is provided in
Supplementary Materials, Table S2). Concerning PLS+, the highest enrichment term based
on prpr was the immune response GO BP (prpr = 5.94 x 10719, which was also the third
term overall based on the number of overlapping genes with the input set (=172). Regarding
PLS—, the top enrichment term based on the adjusted p-value was the transmembrane
transport GO BP (prpr = 1.86 x 10~°), which was also the second term overall based on
the number of overlapping genes with the input set (=149).

The protein—protein interaction (PPI) network based on the PLS+ gene set resulted in
1360 nodes and 4011 edges, which is 726 interactions more than what would be expected
by chance (PPI enrichment p < 1.0 x 10~1¢). Similarly, the PPI network based on the PLS—
gene set resulted in a number of edges significantly higher than the number of interac-
tions expected by chance (PPI enrichment p < 1.62 x 10~!4). Indeed, the network had
1176 nodes and 1556 edges, whereas 1275 were expected by chance. A representation of
the two networks is provided in Figure 4. The greater presence of clusters is immediately
evident in the PLS+-derived PPI network compared to the PLS—-derived PPI network.
This was also supported by the higher average node degree and the average local clus-
tering coefficient reached by the first gene set compared to the second one (i.e., 5.90 and
0.413 for PLS+ and 2.65 and 0.356 for PLS—). Additional evidence of the higher level of
clusterization of the PPI network built upon the PLS+ gene set was also provided via the
detection of significant local clusters, whereas none was found for the PPI network based
on the PLS— gene set. In detail, for the PLS+ gene set, the local network cluster with the
highest significance was the cluster of the cytoplasmic ribosomal proteins (FDR-corrected
p-value = 1.43 x 10~19).
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Figure 3. Gene set enrichment analysis of the top genes positively (PLS+, upper part) and negatively
(PLS—, bottom part) associated with regional morphometric similarity differences in AB+/tau+ and
ApB—/tau— conditions. Overall, only terms with p-values surviving the correction for multiple
comparisons are shown, and a further selection of the top 20 Gene Ontology biological processes (GO
BP) terms is made for PLS+ for the purposes of clearer visualization. The triangles indicate the Kyoto
Encyclopaedia of Genes and Genomes (KEGG) pathways, while the circles indicate GO BP terms.
The color scale indicates the number of input genes overlapping with the tested gene sets.

Figure 5 shows the results of the enrichment analysis for gene expression in different
brain cell types. Statistically significant enrichment (prpr < 0.05) was found for genes be-
longing to the PLS+ set, typically expressed in astrocytes, microglia, and oligodendrocytes
precursors, while the significantly enriched genes of the PLS— set were those typically
expressed in excitatory and inhibitory neurons.
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PLS+ PLS-

Figure 4. Protein—protein networks from STRING. Maps of interactions between proteins derived
from PLS+ (left) and PLS— (right) sets of genes.
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Figure 5. Cell-type enrichment analysis of the top genes positively (PLS+) and negatively (PLS—)
associated with regional morphometric similarity differences in AB+/tau+and Af—/tau— conditions.
The color scale represents the enrichment quantified via odds ratios (ORs), where a high OR indicates
high enrichment in genes of a specific cell class. Asterisks denote cell classes for which significant
enrichment has been found (prpr < 0.05). FDR = false discovery rate. OPC = Oligodendrocyte
precursors.

Finally, the enrichment analysis for genes related to AD was found to be significant
for the PLS+ gene set (odds ratio, OR = 1.84, p = 8.0 x 10~*) but not for the PLS— one
(OR =0.99, p = 0.5). Notably, one of the most common AD-related genes is the Apolipopro-
tein E (APOE) gene, and this was included in the PLS+ gene set.

3. Discussion

In this study, we aimed at characterizing the regional MS alterations possibly driven
by the brain’s accumulation of AS and tau proteins along the AD continuum. Moreover,
we showed that such a remodeling is associated with the brain’s expression of genes, which
can be related to AD and to A homeostasis. We also highlighted their relationships with
cell classes and biological pathways, suggesting possible targets for the assessment of
future treatments. To the best of our knowledge, this has not yet been investigated in the
current literature, as previous studies on imaging transcriptomics in AD have not focused
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on biologically defined subtypes nor on assessing the association of brain morphometric
changes induced by A and tau accumulation with gene expression.

Despite not surviving the correction for multiple comparisons, the brain regions show-
ing a significant regional MS difference in AB+/tau+ compared to AB—/tau— revealed a
trend of alteration resembling the late stages of amyloid and tau depositions [21]. Braak
and Braak [21] examined eighty-three ex vivo brains from dementia and non-dementia
subjects and established the neocortex modification as the last two steps of the six indicated
for AD neuropathological degeneration. In a more recent work, Grothe et al. [22] confirmed
the neuropathological findings by conducting an in vivo staging of the regional amy-
loid deposition through a multiregional analysis of florbetapir (18F-AV45)-PET data from
667 subjects in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database. They
proposed a four-stage model, according to which, again, the neocortex starts to be involved
in the last stages of amyloid progression. Interestingly, by following such a staging model,
the caudal anterior cingulate region here found as having a significantly increased MS in
ApB+/tau+ compared to AS—/tau— should be the region exposed for the longest time to
amyloid deposition. Our work also evidenced significantly increased MS of the lateral
occipital cortex in Ap+/tau+ compared to Af—/tau—. Notably, in a very different context
from pathology staging, Hwang and colleagues [23] developed an accurate deep generative
model to predict the amyloid positivity of CN individuals from structural MR images and
other demographic and cognitive information, and the lateral occipital cortex was among
the three most relevant regions for the success of the task as disclosed by the integrated
gradient explainability method.

The regional MS group-wise differences were correlated, through a PLS fitting, with
brain gene expressions as provided by AHBA, resulting in a significant association between
the cortical remodeling and the transcription of genes documented to be involved in the
late onset of AD [24]. To date, such a phenotype of AD is supposed to be due to many
factors, and their precise genetic relationship is still to be fully uncovered [24]. Attempting
this goal, genome-wide association studies have identified many susceptibility genes/loci
for late-onset AD risk related to A homeostasis [24]. Some of these genes are reported
in [24] and are deemed as significant in our work (refer to Supplementary Materials,
Table S1). More specifically, in addition to APOE and SORL1, which are linked to Ap traf-
ficking, we found CD33 and RIN3, known to be transcripted in the endosomal-lysosomal
system for A degradation. Excepting SORLI, these genes were significantly expressed
in regions with increased MS in Af+/tau+ versus AB—/tau— individuals. Some of our
significantly expressed genes can also be found in studies that specifically focus on phos-
phorylated tau interactomes (phosphorylated tau is the abnormal state of the protein
preceding the neurofibrillary tangles in AD) [25]. Among genes with a positive z-score,
Drummond et al. [25] showed that UBA52 encodes for a form of ubiquitin that is one of the
most relevant phosphorylated tau interactors. As further confirmation, phosphorylated
tau is well known to be ubiquitinated [25]. On the other hand, HSPA12A and PSMD11
highlighted a negative z-score in our analysis, and the same genes were found to have
highly significant interactions with phosphorylated tau too [25]. The first is considered
a novel interactor and is a neuron-specific protein, while the second is related through
enrichment to the ubiquitin-proteasome system [25].

Our results show that BCHE was the highest expressed gene in regions where MS
increased in AB+/tau+ compared to Ap—/tau— (i.e., caudal anterior cingulate, lateral
occipital cortex), and it is related to A binding. BCHE translates for an enzyme found to be
associated to A protein in the final steps of the neuritic plaque maturation process in AD
brain tissues [26]. However, in 1997, it was still not known how BCHE participates in the
process. It was in 2001 that Darvesh et al. [27] demonstrated the interaction of BCHE with
trypsin, consisting of the enhancement of trypsin catalytic activity depending on BCHE
concentration. The opposite was not true. This is of interest because serine peptidases
similar to trypsin are present in the brain, and the finding suggests that altered BCHE may
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not be able to regulate such catalytic activity anymore, leading to the formation of neuritic
plaques.

On the contrary, MAST4 was the most expressed gene in the regions showing a de-
creased MS in the AB+/tau+ subjects with respect to the AB—/tau— individuals (e.g., pars
triangularis, posterior cingulate, and pericalcarine). Interestingly, the protein encoded from
MAST4 is a microtubule-associated kinase, whereas tau (from which the neurofibrillary
tangles typical in AD originate) is a microtubule-binding protein [20]. Moreover, MAST4
has been found among the 107 differentially expressed genes in atypical cases of frontotem-
poral lobar degeneration with fused sarcoma inclusions [28]. Some of the 107 proteins were
also associated with other proteomic studies in AD, but MAST4, in particular, was shown
to be expressed in the prefrontal cortex without knowing the biological pathway to which
it belongs. Further comparisons of these proteomic studies with similar ones on AD would
be needed to identify proteins and the ways they are related to dementia.

Based on our enrichment analysis, the immune response was the biological process
most impacting the regional MS changes shown between Ap+/tau+ and Af—/tau—. In-
deed, by focusing on the results obtained for the PLS+ set that was found to be significantly
enriched for genes related to AD, many of the processes discovered were associated with
the immune response. The immune response has been already documented as being influ-
enced by several genes involved in late-onset AD [24]. For example, the innate immune
response was also included among our findings, and it can induce the death of the cells
in many different modalities that may lead, in AD, to chronic neuroinflammation linked
to the neurodegenerative disease [29]. Strengthening this outcome, our results for the
PLS+ set comprised the inflammation response as well. Moreover, microglia and astrocytes
are the brain’s immunological cells [30,31], and we observed that they were significantly
enriched when looking for PLS+ genes expression in different brain cell types. Single-cell
studies have revealed that alterations in inflammatory responses in microglia and astrocytes
returned from a complex neuroimmune interplay related to AD pathophysiology [32-34].

An additional result from the PLS+ gene enrichment analysis was the involvement
of the cytoplasmic ribosomal proteins constituting the most significant cluster found in
the corresponding PPI network. Notably, Evans et al. [35] demonstrated the alteration
of ribosomal function due to the expression of tau, and particularly in the case of tau
mutations due to frontotemporal dementia, as an example of neurodegenerative disease.

The analysis conducted on PLS+ genes further ended in significant enrichment of the
oligodendrocyte precursor cell type. Concerning this cell, recently, Zeng and colleagues [36]
reported the results from their brain tissue analysis of an AD mouse model exhibiting amy-
loidosis, tauopathy, and neurodegeneration. These findings were obtained through a new
method, namely, STARmap PLUS, combining high-resolution spatial transcriptomics and
protein detection. In their work, Zeng et al. unexpectedly observed that oligodendrocyte
precursors were enriched at an intermediate spatio-temporal distance from the appearance
of the Ap plaques. Such an enrichment potentially subtends localized proliferation and
differentiation of the oligodendrocyte precursors to mature oligodendrocytes. The authors
of [36] suggested that many layers arise and surround the plaques, and oligodendrocyte
precursors and oligodendrocytes may constitute one of the last layers after those composed
of reactive microglia.

On the other hand, the PLS— set did not show any significant local clusters in the
derived PPI network, and it was not significantly enriched for genes related to AD, even
though we found significant enrichment for biological processes related to transmembrane
transport and for both excitatory and inhibitory neuron cell types. This may be linked to
the main limitation of our work, consisting in the low number of subjects retained in our
cohort. Indeed, a higher number of individuals would probably give greater statistical
power to the cortical MS patterns captured in this study, also representing a cascade of
benefits for the imaging transcriptomics associations disclosed. In addition, we included
MCI patients in the control cohort to increase the sample size and better match the clinical
severity of the AB+/tau+ group. However, a subset of MCI patients with Af—/tau— status
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may exhibit different pathophysiological mechanisms. Further research is needed to assess
the influence of these individuals on the imaging transcriptomics relationship. However,
in an attempt to control these issues, we maintained a balanced numerosity of the two
groups under investigation, and we used the Mini-Mental State Examination (MMSE) as
the covariate. Future works will increase the resolution of the investigation by including
ApB+/tau— and AB—/tau+ groups. This will entail the uncovering of distinct mechanisms
underlying the two pathways, perhaps providing support for understanding the different
theories underlying AD [1].

4. Materials and Methods
4.1. Data Cohort

The data used in the preparation of this article were obtained from the ADNI database
(adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led
by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to
test whether serial MRI, PET, other biological markers, and clinical and neuropsychological
assessment can be combined to measure the progression of MCI and early AD.

A total of 298 subjects from ADNI-3 were selected among those diagnosed as CN,
significant memory concern (SMC), and MCI (Stages I-11I), excluding patients with dementia
(Stages IV-VI) [37], in order to selectively capture A and tau transcriptomic signatures in
AD pre-clinical conditions. Of note, when the present study was initiated, ADNI-4 was just
starting to enroll participants, and their number was negligible for this investigation. ADNI
is IRB-approved, and all participants signed their informed consent. For every subject, we
collected a 3D T1w-MR image and single-shell dMRI volumes along with information on
age, gender, years of education, MMSE score, and concentrations of Af and tau protein in
the cerebrospinal fluid. All these participants had their MRI taken and their A and tau
concentrations collected within 12 months from each other.

Concerning MR, the following acquisition parameters were used: (i) 3D T1w-MRI:
sagittal accelerated MPRAGE, TR/TE = shortest, TI = 900 ms, FOV =208 x 240 x 256 mm?,
flip angle = 9°, resolution=1 x 1 x 1 mm?; (ii) AMRI: TR/TE = 7200/56 ms, FOV = 232
x 232 x 160 mm?, resolution =2 x 2 x 2 mm?, b = 0 and 1000 s/mm?Z. Note that, while
the dMRI protocol of ADNI-3 includes both single- and multi-shell acquisitions, only the
former was considered here [38].

The subjects were categorized as Af—/tau— if [AB] > 980 pg/mL and [tau] < 24 pg/mL
and vice versa for AB+/tau+ [39].

Table 1 summarizes the main sociodemographic and clinical information about the
cohort under investigation.

Table 1. Demographic, social, and clinical details of the study cohort. The mean value and the
standard deviation [mean (SD)] are reported for age and education years (Y) and mini-mental state
examination (MMSE) score. Gender is reported as count of males over females (M/F). The p-value
was retrieved from the Mann—-Whitney non-parametric U-test for age, education, and MMSE, and
from the x? test for gender.

Covariate AB—/tau— ApB+/tau+ p-Value

Age Y] 71.05 (7.10) 77.18 (7.92) 4x10711
Gender [M/F] 71/101 60/66 0.148
Education [Y] 16.70 (2.38) 16.01 (2.54) 0.016

MMSE 28.85 (1.47) 26.06 (4.62) 2x 10711

4.2. Magnetic Resonance Imaging Data Processing

The T1w-MR images were minimally preprocessed by using fsI_anat tool (FSL, version
6.0, https:/ /fsl.fmrib.ox.ac.uk/fsl/fslwiki/ (accessed on 25 November 2024)) [40] to correct
for bias field artifacts and to linearly register them to the 2 mm MNI space. FreeSurfer
(version 7.0, https:/ /surfernmr.mgh.harvard.edu/ (accessed on 25 November 2024)) [41]
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was then employed to extract 84 regions of interest (ROISs) for each subject by referring to
the Desikan—Killiany atlas. Subcortical ROIs were discarded together with ROIs belonging
to the right hemisphere for coherence of analysis, with the data coming from AHBA
(http:/ /human.brain-map.org/ (accessed on 25 November 2024)) [42]. Please refer to
Section 4.4 for details. Then, 7 different morphometric descriptors were considered for the
34 cortical ROIs in the left hemisphere. These included area, fold index, curvature index,
Gaussian curvature, mean curvature, thickness, and volume.

FSL [43] was used to extract the brain and to correct for Eddy current artifacts in
the dMRI data. The Python dipy library (https://dipy.org/ (accessed on 25 November
2024)) [44] was subsequently employed to denoise data by performing a principal com-
ponent analysis and by automatically classifying the partial components relying on the
Marcenko-Pastur distribution (3D sliding window radius set to 2) [45]. For each subject, the
dMRI volumes corresponding to b = 0 were averaged, the resulting image was registered to
the T1w volume of the subject by taking advantage of the epi_reg routine in FSL [46], and it
followed a linear alignment to the MNI space thanks to the fsI_anat-derived transformation.
Then, all the dMRI volumes were linearly transformed by applying the transformations
obtained from the average b0 processing. Finally, the result obtained for each subject
was corrected for EPl-induced currents through a non-linear registration to the MNI
space [47] with ANTs software (version 2.3, http:/ /stnava.github.io/ANTs/ (accessed on
25 November 2024)) [48], and the direction of the gradients was rotated accordingly. The
diffusion tensor model [49] in the dipy library was used to derive the standard mean diffu-
sivity, radial diffusivity, fractional anisotropy, and the three diffusion tensor’s eigenvalue
microstructural maps [49]. Finally, the indices” mean value for each of the aforementioned
34 ROIs was calculated.

4.3. Regional Morphometric Similarity Group-Wise Differences

For each subject, the 13 features calculated for each of the 34 ROls, including both
morphometric measures from Tlw images and microstructural descriptors from dMRI
data, were used to construct the individual MSN. More specifically, all the features were
separately normalized by subtracting the mean and dividing by the standard deviation
across all ROIs. Pearson’s correlation coefficient was then calculated for each pair of ROlIs,
leading to a subject-specific MSN (i.e., a 34 x 34 symmetric matrix). Each regional MS was
thus computed by calculating the sum of the absolute value of all the correlation coefficients
obtained for the considered ROI with all the other ROIs and dividing by the number of all
the ROIs except for the one considered.

The differences in regional MS between the Af+/tau+ and AB—/tau— groups were
assessed by fitting, for each ROI, a linear model considering the sociodemographic and
clinical information described in Table 1 as covariates. t-statistics were used as variables for
the analysis detailed in Section 4.5, while p-values were adjusted for multiple comparisons
through a FDR threshold (<0.05). The analyses were performed in Python, taking advantage
of the statsmodels (https:/ /www.statsmodels.org/stable/ (accessed on 25 November 2024))
and SciPy packages (https://docs.scipy.org/doc/scipy-1.14.0/ (accessed on 25 November
2024)).

4.4. Gene Expression: Allen Human Brain Atlas

The AHBA dataset includes post-mortem brain-wide gene expression data from
6 donors [age = 42.5 (13.38) years, male/female = 5/1] [42]. The data were processed and
mapped to 84 parcellated brain regions from the Desikan—Killiany atlas by employing
the abagen toolbox (https://github.com/netneurolab/abagen (accessed on 25 November
2024)) [50], but only the left hemisphere (i.e., 34 ROIs) was considered in the current work
due to the fact that only two of the six donors effectively presented the right hemisphere
[51]. The reannotation of the microarray probes was performed by using data from [51] and
discarding those not matching a valid Entrez ID. The probes were subsequently filtered
based on the intensity value of their expression relative to the background noise. When
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more than one probe was related to the expression of the same gene, the probe’s selection
was based on the differential stability criterion, which points at the probe showing a pattern
of regional variation mostly consistent across the 6 subjects. These steps led to 15633 probes,
each one corresponding to a single gene. Then, based on the tissue sample MNI coordinates,
the brain region corresponding to each sample was identified as the nearest within a 2 mm
radius. In the event that no match was found, the nearest sample to the centroid of the
region was chosen. The average value for each sample assigned to the same brain region
was calculated for every donor. Then, the values of the gene expression were normalized
separately for each of the 6 subjects over the regions by relying on a robust sigmoid function
and rescaling to the unit. Finally, the gene expression values were averaged across donors
ending in a resultant matrix of dimensions 34 x 15633 (i.e., ROIs x genes).

4.5. Regional Morphometric Similarity and Transcriptomics Relationship

The AB+/tau+ and ABS— /tau— differences in regional MS, represented by the t-statistics
previously calculated, were associated with the transcriptomics data through a PLS regres-
sion [13]. More specifically, the regional MS differences represented the response variables
predicted by the measurements of the gene expression (i.e., the predictors). PLS regres-
sion allows us to find the best linear combination of gene expression values based on the
maximum covariance they present with the regional MS variations induced by Af/tau
conditions. The PLS regression was performed by using the Python scikit-learn package
(https:/ /scikit-learn.org/stable/ (accessed on 25 November 2024)) and specifying one
latent component to search for after the standardization of the predictors. The PLS model’s
significance was then assessed through a permutation test performed by permuting the
response variables 10* times [52].

The contribution of each gene in the PLS model was calculated by bootstrapping [13].
In detail, such a contribution was quantified based on the z-score, calculated for every
gene as the ratio of the corresponding PLS weight and the standard error obtained by
resampling the 34 ROIs with replacements. Highly positive z-scores correspond to genes
with a great positive contribution to PLS, meaning that they are overexpressed in ROIs with
increased MS. Conversely, highly negative z-scores identify the genes with a great negative
contribution to PLS that translates to an overexpression in ROIs with decreased MS. The
genes were then ranked according to their z-score and selected after the FDR correction
based on the p-value (prpr < 0.05). A further selection was made by deriving the list of
genes with z > 3 (PLS+) and the list of genes with z < -3 (PLS—). Both lists underwent an
enrichment analysis as described in the following section.

4.6. Enrichment Analysis

The GENE2FUNC tool of the Functional Mapping and Annotation of Genome-Wide
Association Studies (FUMA GWAS, https:/ /fuma.ctglab.nl/ (accessed on 25 November
2024)) platform [53] was used to investigate the GO and KEGG databases to find the
pathways and the BP involving PLS+ and PLS— genes, respectively. The background genes
used were those belonging to the final list coming from the processing described in Section 4.4
(i.e., 15633 genes), and the results of the gene set enrichments were FDR-corrected.

STRING (version 12.0, https:/ /string-db.org/ (accessed on 25 November 2024)) [54]
was employed to build the PLS+ and the PLS— protein—protein functional interaction
networks. We did not include text mining among the possible active interaction sources,
and we set the minimum required interaction score to the default (i.e., 0.400).

To investigate the enrichment of PLS+ and PLS— genes for specific types of brain cells,
as in [55], we compiled the data coming from 5 single-cell studies employing postmortem
cortical samples in human postnatal subjects [56-60]. All the 5 study-specific gene lists
were merged by cell type, and we avoided duplicates and removed genes not present in the
AHBA dataset. In detail, the neuron-related gene sets from [56,60] were discarded because
the authors did not provide any specific distinction between the excitatory and inhibitory
neurons as the others did, while the gene set related to pericyte was excluded because such a
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cell type was considered only in [58]. The whole process ended in 7 gene sets corresponding
to genes specifically expressed in microglia, endothelial cells, oligodendrocyte precursors,
oligodendrocytes, astrocytes, excitatory and inhibitory neurons. The cell-class enrichment
analyses were performed in R, using the GeneOverlap package (version 1.40.0) [61]. The
same background used in the enrichment analysis and consisting of the 15633 AHBA genes
was kept unaltered for this analysis. The overlap between the individual PLS+ and PLS—
gene sets and each of the 7 cell-specific gene sets was tested through Fisher’s exact test. The
FDR correction for the number of cell types was applied to identify significant overlaps
(prpr < 0.05). Finding a significant overlap means that the overlap between the two sets of
genes is greater than the overlap that can be obtained with a random selection of a set of
the same number of genes from the background.

Finally, GeneOverlap was also used to inspect the enrichment of PLS+ and PLS— genes
for AD-related genes. The sources for defining such an AD-related genes list were (i) all
the genes having loci with genetic evidence and all the AD risk/protective causal genes
as compiled by the AD sequencing project gene verification committee and cleaned of
duplicates (https:/ /adsp.niagads.org/gvc-top-hits-list/ (accessed on 25 November 2024));
(ii) all the AD-associated genes retrieved in [62] through the employment of HETIONET
(https:/ /het.io/ (accessed on 25 November 2024)); (iii) and the genes involved in AD
collected in DisGeNET (https:/ /disgenet.com/ (accessed on 25 November 2024)) [63]. The
three lists were merged, duplicates were avoided, and those genes that were not present
among the 15633 AHBA genes used in this study were discarded, leading to a total number
of 245 AD-related genes. PLS+ and PLS— gene sets were individually tested for overlapping
with such a gene set by specifying the 15633 AHBA genes as the background.

5. Conclusions

Regional MS differences between AB+/tau+ and Af— /tau— along the AD continuum
were assessed in this work for the first time. The alterations correlating with gene expression
in the brain as provided by AHBA, resulting in BCHE, a gene involved in Ap binding, had
the most impact. Moreover, the enrichment analysis suggested that the immune response,
astrocytes, microglia, and oligodendrocyte precursors are the biological process and cell
types possibly leading to the cortical MS remodeling experienced by individuals before
AD diagnosis when the Af/tau status changes from negative to positive.
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Abstract: Parkinson’s disease (PD) is a neurodegenerative disorder with a high variability
of age at onset, disease severity, and progression. This suggests that other factors, including
genetic, environmental, or biological factors, are at play in PD. The loss of PINK1 causes
a recessive form of PD and is typically fully penetrant; however, it features a wide range
in disease onset, further supporting the existence of protective factors, endogenous or
exogenous, to play a role. The loss of Pink1 in Drosophila melanogaster results in locomotion
deficits, also observed in PINK1-related PD in humans. In flies, Pink1 deficiency induces
defects in the ability to fly; nonetheless, around ten percent of the mutant flies are still
capable of flying, indicating that advantageous factors affecting penetrance also exist in
flies. Here, we aimed to identify the mechanisms underlying this reduced penetrance in
Pink1-deficient flies. We performed genetic screening in pinkl-mutant flies to identify RNA
expression alterations affecting the flying ability. The most important biological processes
involved were transcriptional and translational activities, endoplasmic reticulum (ER)
regulation, and flagellated movement and microtubule organization. We validated two
ER-related proteins, zonda and windbeutel, to positively affect the flying ability of Pink1-
deficient flies. Thus, our data suggest that these processes are involved in the reduced
penetrance and that influencing them may be beneficial for Pink1 deficiency.

Keywords: Parkinson’s disease; reduced penetrance; Pink1; Drosophila melanogaster; endo-
plasmic reticulum

1. Introduction

Parkinson’s disease (PD) features a wide variability in disease signs and symptoms,
severity, progression, and age at onset [1], suggesting elements exist that alter disease
development. Furthermore, the identification of a surprisingly large number of carriers of
allegedly pathogenic variants remaining free of disease or developing a mild form indicates
the existence of reduced penetrance [2]. The best-studied example in the field of PD is
LRRK2-linked PD: the autosomal dominant PD-causing mutation G2019S in LRRK2 is
the most commonly known genetic cause of PD; however, it has a low penetrance that
is affected by environmental and genetic factors [3-7]. In this manuscript, we focus on
the mechanisms of Pinkl-related penetrance on the basis of unique findings in a Pink1
Drosophila model [8]. The recessively inherited forms of PD, caused by mutations in pink1
and Parkin, are typically highly (to fully) penetrant, yet they come with an extensive range
of ages at onset, supporting external factors to be pivotal [3,9]. For instance, studies show
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that smoking or caffeine intake reduces the risk of PD [10,11]. Furthermore, the progression
of PD can be delayed with a protective diet, such as the Mediterranean diet, combined
with physical exercise [12,13], further underscoring the importance of external factors in
the progression of PD.

Several mechanisms were found to be linked to PD. One of the more recent findings
is the impact of the ‘gut-brain” axis on PD [14] (cite a review article here?). In PD pa-
tients, gut bacteria appear to be pro-inflammatory via modulation of lipid metabolism that,
in turn, may induce neuroinflammation [14,15]. Interestingly, infection of the intestines
exacerbates PD-like signs in Pink1-deficient mice [16], reinforcing the importance of the
gut-brain axis. Of further note, PINKI is a mitochondrial protein that also localizes to
the ER-mitochondrial contact sites [17-19]. These ER-mitochondrial contact sites play an
important role in calcium homeostasis, mitophagy, and lipid metabolism, i.e., processes
that are defective in PD [17,18,20,21]. Notably, in this context, PINK1 plays a direct role
in mitophagy [17,22]. In addition, the ER is responsible for properly folding newly syn-
thesized proteins. When these proteins are folded incorrectly, they accumulate in the ER,
leading to ER stress and activating the unfolded protein response (UPR), both of which
are related to PD [23,24]. Finally, mitochondrial dysfunction and a defective sphingolipid
metabolism have been identified to play a role in the pathogenesis of PD [25-27]. Thus,
elements affecting the penetrance of PD are most likely involved in these cellular pro-
cesses. For example, a recent study on homozygous twins discordant for idiopathic PD
links mitochondrial integrity to altered disease penetrance [28]. However, the underlying
mechanisms remain elusive. Hence, additional studies are required to understand the
mechanisms that result in reduced penetrance.

Studies in Drosophila melanogaster have significantly contributed to our current knowl-
edge of the mechanisms implicated in PD [29]. Research using the fruit fly was the first
to highlight a common pathway between Pink1 and Parkin [30,31]. This finding was con-
firmed in human cellular systems [32,33]. Interestingly, in Drosophila melanogaster, reduced
penetrance is observed concerning the flying phenotype in pinkI-mutant flies. Previous
studies show that the loss of Pink1 in flies results in a variable flying ability with a mean
of around 10% [8,27,34], even though all these flies carry the same loss of function dele-
tion in Pinkl. Thus, the fruit fly is a suitable model to study mechanisms underlying
altered penetrance.

Here, we performed a transcriptome analysis in pinkl-mutant flies to identify al-
terations in RNA expression levels that affect the flying ability. The most significant
upregulation of biological processes was observed primarily in pathways associated with
transcriptional and translational activities and endoplasmic reticulum (ER) regulation. Con-
versely, downregulated pathways were linked to flagellated movement and microtubule
organization. In addition, four genes were tested for validation, of which two, zonda (Zda)
and windbeutel (wbl), were confirmed to be beneficial and involved in autophagy and ER
stress, supporting a role of reduced penetrance for these cellular mechanisms.

2. Results

2.1. Lack of Flying Ability of Pink1-Deficient Flies Shows a Pattern of Reduced Penetrance

The average flying ability of general pink15?-mutant fly stock is around ten percent [8],
suggesting that a protective mechanism allows these ten percent of flies to fly. To analyze
genetic factors that play a role in this reduced penetrance, we set up a group of 200 parent
pairs consisting of one male and one virgin female fly to reduce the genetic variability of the
offspring. One hundred and twenty-five parent pairs resulted in Pink1-deficient offspring
and were tested for their flying ability. The offspring showed substantial variability in the

ability to fly, ranging from a complete inability to fly to a flying ability of 60% (Figure 1A).
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Although we reduced the genetic variability by combining only one male and one female,
the offspring of these parent pairs are not genetically identical, explaining that not all
offspring of a specific parent pair display the same flying ability. This provides a direct tool
to analyze the existing reduced penetrance, and our screen allows for the identification of
genetic factors impacting the penetrance of the flying phenotype.
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Figure 1. Reduced penetrance of the lack of flying ability of Pink1-deficient flies. (A) The flying
ability of the offspring of 125 parent pairs of pinkl-mutant flies. (B) Scheme to identify the different
groups on which RNA sequencing analyses were performed. Data are percentages with sem; n > 5.

2.2. RNA Sequencing Analysis Identifies Genes Involved in Reduced Penetrance

To identify genes that play a role in reduced penetrance, we performed RNA sequenc-
ing analyses on four different groups (Figure 1B): 1. control flies (pink1RV); 2. pink18-mutant
flies, of which none of the offspring could fly; 3. pink1??-mutant flies that could not fly;
4. ’siblings’ of group 3 that could fly (group 4). Thus, groups 3 and 4 were offspring of the
same parent pair and had the lowest genetic variability; hence, differential RNA expression
between those two groups may be the most relevant in the context of reduced penetrance.

In our group analysis, genes were designated differentially expressed with an absolute
effect size (beta-value) > 1 and an adjusted p-value < 0.05. Notably, we identified 350, 611,
and 650 differentially expressed genes (DEGs) when comparing the control group against
groups two, three, and four, respectively (cf. volcano plots in Figure 2). When considering
genes with human orthologs only, the gene count was substantially reduced, resulting in
144, 226, and 261 DEGs for the control comparison against groups two, three, and four.
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Figure 2. Volcano plots showing groupwise differentially regulated genes. The x- and y-axes denote
the effect size (beta-value) and negative log;( values of the p-value corrected for multiple testing,
respectively. Values are based on the likelihood-ratio test using sleuth. Significantly regulated genes
(adj. p-value < 0.05; | effect size| > 1.0) are shown in red and annotated with their gene symbol.

While we found many differentially regulated genes when comparing groups 2—4 to
group 1, few significant DEGs were identified when comparing groups 2—4 to each other. A
principal component analysis (PCA) further confirms gene expression similarity among
these groups (Figure 3). Using the 2000 most variable transcripts based on transcripts
per million (TPM) values across all samples, the three mutated groups clustered closely,
as depicted by the ellipses encircling each group. Only the samples from group 1 are
positioned further apart (red dots, Figure 3). Overall, we identified 12 genes that displayed
significant RNA expression differences between groups 3 and 4, i.e., Pink1-deficient flies
that cannot fly vs. those that can fly coming from the same parent pair.

To assess the penetrance of the loss of Pink1, we examined genes differentially reg-
ulated in controls and mutants that retained their flying ability compared to non-flying
mutants. The comparison of the established groups (Flying, MutatedFlying, and Mutant)
with the multiple regression model from limma revealed 3396 genes that were significantly
reduced to 1692 genes when filtered for human orthologs. Additionally, we refined our
gene selection criteria to include only those that exhibited either up- or down-regulation in
both groups when compared to mutated, non-flying fruit flies. To enhance specificity and
eliminate non-penetrance-related noise, we restricted the magnitude of expression changes
between these groups to a factor of 3. Consequently, we successfully identified 124 genes,
as detailed in Table S2.

2.3. Validation of the Protective Effects of Single Hits

Pathway analyses revealed a significant enrichment of transcriptional and transla-
tional activities and regulation of (endo)membranes and ER, as well as a decrease in
pathways related to flagellated movement and microtubule organization. The ER is known
to be linked to neurodegeneration [35]; however, the underlying processes are not fully
understood. Hence, we selected four ER-linked genes, which were also significant in the
ANOVA test and that were readily available for testing: Torsin, KdelR, and winbeutel (wbl),
which showed increased differential expression levels, and zonda (Zda), which displayed
lower differential expression levels (Figure 4A), approaching control expression levels. The
overexpression of KdelR and Torsin in Pink1-deficient flies failed to elicit an effect on the
flying ability of pinkl-mutant flies (Figure 4B,D), while the overexpression of wbl and two
independent alleles of heterozygous loss of Zda improved the flying ability (Figure 4C,E).
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Figure 3. Principal component analysis showing the first two principal components (PC1/2) using
TPM values of the 2000 most variable genes. Colors represent the different groups, as shown in the
legend, while the ellipses encapsulating the groups assume a multivariate t-distribution of the data.
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Figure 4. Validation of the protective effects of selected positive hits. (A) Gene expression of relevant
hits from the multiple regression analysis. Normalized gene expression is plotted for the different
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groups, where the points for control and the mutated flyable offspring are colored in pink, while
the data points of parents and non-flyable offspring are colored in blue. The genes selected showed
annealing of mean gene expression for flyable offspring to the control level, while the mutated group
remained higher/lower than the expression of the controls. (B-E) Flying ability of over-expression
using the ubiquitous driver Daughterless Gal4 (DaGal4) of Torsin (B), KdelR (D), and wbl (E) or
heterozygous loss of Zda (C) in a pink]l-mutant background to validate the identified hits. Data are
single data points of percentages with sem; n > 3. *: p < 0.05; **: p < 0.01.

3. Discussion

In this work, we showed the presence of reduced penetrance in Pink1-deficient flies
and performed RNA expression analyses to elucidate possible mechanisms underlying this
observation. Via gene ontology and pathway analyses, we identified several molecular
mechanisms that appear to be involved in the penetrance of loss of Pink1, including ER-
related activity. Finally, we confirmed a beneficial effect of lower Zda and higher wbl
levels on the flying phenotype of pinkl-mutant flies, suggesting that ER-linked autophagy
and ER stress play an essential role in the penetrance of a PD-like phenotype in our
Drosophila model.

The low genetic variability between the parents and offspring groups is to be expected
since we assume that the genetic background should still be relatively close to its progenitor
individuals. Additionally, the offspring groups were sampled from the same time point,
resulting in an even higher genetic resemblance. In an attempt to circumvent this, we
decided that a multiple linear regression would be the most fitting model, only focusing on
the flying ability of the different sample groups. This also enabled us to work with a rather
small control group of two sequencing samples since limma is fit for handling small sample
sizes, and the multiple linear regression grouped the controls with the flying mutants,
allowing us to pinpoint potential genetic variables that could affect the penetrance of the
flying phenotype. By applying our set criteria for candidate genes (relevant pathways,
significant ANOVA hits, same direction of logFC, human ortholog), we identified 124 genes
that approach control expression levels in our mutants. Most genes in Table S2 still need to
be identified, which makes them potential candidates for the modulation of penetrance
that is challenging to evaluate experimentally.

The comparison of DEGs between groups 3 (pinkl-mutant flies that cannot fly) and
4 (pink1l-mutant flies that can fly and are ‘siblings’ of group 3) revealed twelve candidate
genes to be altered, suggesting that these genes affect the reduced penetrance of the flying
ability. Nonetheless, we did not validate these genes due to the assumption that it is
unlikely that one gene can regulate penetrance. Instead, (minor) alterations in biological
processes or cellular mechanisms are more likely to affect the penetrance. One of the
identified pathways entails transcriptional and translational activities. Previously, PARIS,
a Parkin-interacting substrate, was found to be accumulating following a loss of Parkin,
exerting a detrimental effect on rRNA transcription [36].

Furthermore, the structure and function of mitochondrial ribosomes play a crucial role
in determining oxidative phosphorylation efficiency. This feature is commonly affected
in PD [37], providing possible explanations of how these biological processes impact
the penetrance. Microtubule organization, another identified pathway, is key for the
structural support of the cytoskeleton, facilitates intracellular transport, and contributes
to the organization of cellular organelles. The dysfunction of microtubules is strongly
associated with PD; however, it remains unclear whether this dysfunction is a cause or a
consequence of PD [38]. Our data support that these pathways are involved in the reduced
penetrance of the Pinkl1-deficient flying phenotype; however, how and to what extent
remain elusive.
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The ER is another biological process that plays a role in the reduced penetrance of
the ability of pinkl-mutant flies to fly. The ER has apparent links to neurodegeneration via
its function in protein quality control and folding, mitophagy, and lipid homeostasis [21,
23,24]. Poor function or dysregulation of one of these processes induces ER stress and
can lead to neuronal cell death and, thus, neurodegeneration, such as Alzheimer’s disease
and PD [35]. Therefore, we tested four genes, each showing significant transcriptional
alterations separately, and will discuss these candidates in more detail below.

One of the proteins involved in ER stress is KDELR. KDELR plays key roles in main-
taining ER homeostasis, protein trafficking, ER stress regulation, and autophagy [39,40].
Interestingly, KDELR is upregulated upon ER stress, which is also observed in PD [35,39,41],
resulting in autophagy induction [39]. Furthermore, autophagy is a process that is affected
in (Pinkl-related) PD [25,27,42], suggesting that KDELR upregulation can be beneficial
to overcome defective autophagy upon PD. This is in line with the findings of our initial
screen, in which higher expression levels improve the flying ability. However, we were not
able to reproduce these findings by overexpressing KDELR. One possible explanation could
lie in the limitations of the applied GAL4/UAS system. This system overexpresses a protein
beyond physiological levels [43] and is temperature-sensitive [44]. In our experimental
setup, we grew the flies at 25 °C, which supports an efficient activation of the GAL4/UAS
system, while the increased expression levels identified are only tenfold higher. These data
suggest that too much KDELR abolishes the positive effect in pinkI-mutant flies and that
there is a small therapeutic window.

Interestingly, wbl is linked to KDELR, further supporting the involvement of KDELR
and its processes in the penetrance of PD symptoms. Wbl is a protein disulfide isomerase
(PDI)-related chaperone [45,46] that contains a C-terminal ER retention motif KDEL [47].
This motif interacts with KDELR to retrieve these ER chaperones from the Golgi [48,49]. The
human ortholog for wbl is the endoplasmic reticulum protein of 29 kDA (ERp29), which is
ubiquitously expressed [49]. ERp29 binds to misfolded proteins to facilitate proper folding
or target them for degradation. Similar to the KDELR, ERp29 is upregulated upon ER stress
to mitigate the accumulation of misfolded proteins and reduce cellular damage. Dysregula-
tion of ERp29 is linked to several cancers and may serve as a biomarker for the progression
of the tumor [50]. Furthermore, ERp29 is elevated following a dopamine exposure-related
PD model, suggesting that ER stress occurs in the early stages of PD [51]. Our data show
that increased ERp29 levels benefit the Pink1-deficient flying phenotype, supporting the
notion that ER stress and its associated elevated ER proteins are a compensatory mechanism
in this Pink1-related PD model.

TorsinA, the human ortholog for Torsin, is an AAA ATPase localized to the ER and
the nuclear envelope. TorsinA maintains proteostasis and lipid metabolism and regulates
intracellular vesicle trafficking [52-54]. TorsinA is encoded by the TORIA gene, a mutation
that causes early-onset dystonia [55]. Furthermore, impaired protein folding and increased
ER stress due to TorsinA dysfunction [56] may contribute to neurodegeneration. Previously,
Torsin has been linked to PD via its presence in the Lewy bodies [57,58]. Furthermore, in
C. elegans, increased Torsin exerts a protective effect in a 6-hydroxydopamine (6-OHDA)
PD model [59], supporting the findings from our screen where higher Torsin expression is
beneficial for the flying phenotype in Pink1-deficient flies. However, via the GAL4/UAS
system, we were unable to confirm these results, while overexpression in C. elegans did lead
to a rescue. Unfortunately, these data are difficult to directly compare due to the unknown
expression efficiency and the difference in the human disease and phenotypes observed in
animal models. Hence, while increased Torsin levels have the potential to be protective,
further investigations are required to determine the exact effect of Torsin, its relationship to
the ER function, and its effect on PD.
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Zda is an immunophilin localized at the ER. Zda is required for starvation-induced
autophagy and interacts with the autophagy genes Atgl, Atg6, and Vps34 (vacuolar sorting
protein) to activate the autophagy-specific activation of Vps34 and thus the initial stages of
autophagy [60]. The human ortholog of Zda is FKBPS8, an anti-apoptotic protein that assists
in protein folding and the stabilization of proteins. FKBPS is implicated in cardiovascular
diseases, and studies in mammals suggest developmental abnormalities [61,62]. Further-
more, FKBP8 contains a microtubule-associated protein 1 light chain 3 (LC3)-interacting
region (LIR) motif. It recruits LC3 to the mitochondria to induce Parkin-independent mi-
tophagy while escaping degradation [63]. Autophagy or mitochondrial-specific mitophagy
are processes that are affected in PD. Namely, PINK1 functions in mitophagy [25,27,32,64],
suggesting that the beneficial effect of Zda lies in its mitophagy function. Previous studies
showed that lowering mitophagy activity is beneficial for PINK1-dependent PD [27,42].
Thus, decreased Zda expression provokes lower mitophagy levels in an attempt to im-
prove the pinkl-mutant flying phenotype. In addition, under stress conditions, FKBP8
equally plays a role in mitochondrial fragmentation. Via its LIR-motif-like sequence (LIRL),
FKBP8 binds to OPA1, mediating fragmentation and enabling mitophagy [65]. Reversely,
the knockdown of FKBP8 enlarges the mitochondria to form its natural tubular network.
Interestingly, the loss of Pink1 induces mitochondrial accumulation and loss of the tubular
network [8,31]. Thus, decreased Zda levels could induce a more tubular mitochondrial
network, allowing the mitochondria to function more efficiently. Therefore, the benefi-
cial role of reducing Zda levels may extend to a dual role in inhibiting mitophagy and
mitochondrial dynamics.

This study is the first to identify possible cellular mechanisms involved in the pene-
trance of the flying ability in a PD model. The fly model proved to be of excellent value
for investigating and identifying biological processes involved in reduced penetrance.
Nonetheless, we were not able to validate all the selected candidates, possibly due to the
limitations of the applied genetic tools. Lowering the incubation temperature ensures a
less efficient UAS-Gal4 system and, hence, lowers the UAS lines” overexpression. However,
as the alterations in RNA expression are rather minor, the reduced overexpression would
still be too high to mimic the results of RNA expression. Alternatively, a genomic construct
could be created to overcome this.

Furthermore, with this setup, we could not validate if these biological processes
equally affect other phenotypes in pinkI-mutant flies, nor did we test their relevance to
patients. For this validation in a clinical context, our data should first be tested in a
higher species model, such as patient-derived dopaminergic neurons. In these cells, the
effect of manipulation of the ER to influence ER stress can be assessed for its evolutionary
conservation and to test if reducing ER stress is a valid therapeutic target to affect the
penetrance of PD in as yet unaffected pathogenic variant carriers. In conclusion, our data
further point to the ER implicated in PD and its penetrance in a genetic PD fly model that
needs further validation in a patient-relevant context. In addition, further investigation
into the exact underlying mechanism is necessary so that this pathway can be modulated
to alter the penetrance for PD.

4. Materials and Methods
4.1. Fly Genetics

w pink1B? null mutants and controls (w pink1R") were kindly provided by Jeehye Park
and Jongkyeong Chung (Korea Advanced Institute of Science and Technology) [30]. y[1]
w[*]; M{RFP[3xP3.PB] w[+mC]=UAS-KDELR-RFP}ZH-22A (UASKdelR) were generously
shared by the Katanaev laboratory (Department of Pharmacology and Toxicology, Univer-
sity of Lausanne) [66]. Two independent lines of Zda (w1118; PBac{IT.GAL4}zda0818-G4
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(Zda') and y1 w67c23; P{EPgy2}zdaEY08359 (Zda?)) and daughterless Gal4 (DaGald) were
purchased from the Bloomington Stock Center (Indianapolis, United States of America).
M[UAS-Torsin.ORE.3xHA.GW]ZH-86Fb (UASTorsin) and M[UAS-Wbl.ORE.3xHA.GW]
(UASWDI) were purchased from the FlyORF stock center (Zurich, Switzerland).

4.2. Flight Assay

One-day-old male flies were collected and tested for their flying ability. Flies were
placed in an empty vial that was gently tapped. Flies able or unable to fly were scored one
and zero, respectively [8]. For the sequencing analyses, the offspring of each parent pair
that was able to fly (group 4) was separately collected from those that were not able to fly

(group 3).

4.3. RNA Sequencing and Analyses

RNA sequencing was performed on four different groups. Group 1 is control flies
(pink1RV), group 2 is pink15%-mutant flies of which none of the offspring were able to fly, and

groups 3 and 4 are pink15?

-mutant flies that are offspring from the same parent; however, in
group 3, none of the flies were able to fly, while in group 4, all the flies were able to fly. RNA
was isolated from five flies via a standard procedure (Qiagen, Venlo, The Netherlands),
and RNA sequencing was performed by the genomics core UZ Leuven (Belgium) using an
Illumina Hiseq system.

The fastq files underwent preprocessing using fastp (version 0.23.4) [67], wherein reads
with less than 30% of bases possessing a quality PHRED score under 15 were selectively
retained. Subsequently, reads were pseudoaligned to the Drosophila melanogaster genome
assembly BDGP6.46 through kallisto (version 0.44.0). The alignment metrics are detailed in
Table S1.

Differential expression and pathway analyses were executed in R (version 4.2.2), pri-
marily employing sleuth (version 0.30.1) [68] or limma (version 3.54.2) [69]. Sleuth was
utilized for straightforward group comparisons, while limma and its extension of ANOVA
tests were applied for more intricate model computations. Gene annotation was derived
from the genome-wide annotation for Drosophila melanogaster package org.Dm.eg.db (ver-
sion 3.16.0), encompassing entries for HGNC and flybase nomenclature, GO terms, and
Homo sapiens gene homology.

Expression data analysis with limma was performed on kallisto’s abundance levels,
which were transformed into length-scaled count values using tximport (version 1.26.1) [70].
Pathway analysis was conducted using GAGE (version 2.48.0) [71], incorporating either
the log, fold changes from differential expression or sleuth’s beta values. We corrected
differential gene expression and pathway significance for multiple testing using the BH
correction. The cutoff for the adjusted p-value was set to 0.05 in all our analyses.

To investigate penetrance, we combined the sample groups into flying, mutated, and
non-flying and looked for co-regulation between the two flying groups when compared to
the mutated non-flying group with multiple comparison testing. Specifically, the Flying
group consisted of samples from the controls (group 1) and the offspring with flying ability
(group 4). The MutatedFlying group only encapsulated the flying offspring (group 4),
while the Mutated group combined the samples from offspring that were unable to fly
(group 2 and 3). Using this design, we calculated the DEGs between Flying versus Mutated
and MutatedFlying versus Mutated and subsequently called the limma equivalent of an
ANOVA and these multiple comparisons.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms26030979/s1.

67



Int. J. Mol. Sci. 2025, 26, 979

Author Contributions: Conceptualization: M.V., H.B., and C.K.; methodology: M.V,, FO., H.G,,
G.C., and S.M,; software: FO. and H.B,; validation: M.V, H.B., and C.K,; formal analysis: M.V. and
F.O.; data curation: H.B.; writing—original draft preparation: M.V. and F.O.; writing—review and
editing: H.G., G.C., S.M., H.B., and C.K.; visualization: M.V. and F.O.; supervision: M.V., H.B., and
C.K.; project administration: M.V. All authors have read and agreed to the published version of the
manuscript.

Funding: F.O. and H.B. acknowledge funding through the German Reseearch Foundation (BU
2487/6-2) and Germany’s Excellence Strategy (EXC 2167-390884018).

Institutional Review Board Statement: Not Applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data has been uploaded to Gene Expression Omnibus (GEO) and
is available under the accession ID GSE287758.

Conflicts of Interest: CK has served as a consultant for Centogene, Retromer Therapeutics, and
Lundbeck and received speakers” honoraria from Desitin and Bial and research funding from DFG,

MJFF, and ASAP.

References

1.  Bloem, B.R.; Okun, M.S.; Klein, C. Parkinson’s disease. Lancet 2021, 397, 2284-2303. [CrossRef]

2. Hoglinger, G.U.; Adler, C.H.; Berg, D.; Klein, C.; Outeiro, T.F.; Poewe, W.; Postuma, R.; Stoessl, A.].; Lang, A.E. A biological
classification of Parkinson’s disease: The SynNeurGe research diagnostic criteria. Lancet Neurol. 2024, 23, 191-204. [CrossRef]

3. Morais, V.A.; Vos, M. Reduced penetrance of Parkinson’s disease models. Med. Genet. 2022, 34, 117-124. [CrossRef]

4. Healy, D.G,; Falchi, M.; O’Sullivan, S.S.; Bonifati, V.; Durr, A.; Bressman, S.; Brice, A.; Aasly, ].; Zabetian, C.P.; Goldwurm, S.; et al.
Phenotype, genotype, and worldwide genetic penetrance of LRRK2-associated Parkinson’s disease: A case-control study. Lancet
Neurol. 2008, 7, 583-590. [CrossRef]

5. Luciano, M.S.; Tanner, C.M.; Meng, C.; Marras, C.; Goldman, S.M.; Lang, A.E.; Tolosa, E.; Schiile, B.; Langston, ].W.; Brice, A.; et al.
Nonsteroidal Anti-inflammatory Use and LRRK?2 Parkinson’s Disease Penetrance. Mov. Disord. 2020, 35, 1755-1764. [CrossRef]

6. Lee, AJ; Wang, Y.; Alcalay, R.N.; Mejia-Santana, H.; Saunders-Pullman, R.; Bressman, S.; Corvol, ].C.; Brice, A.; Lesage, S.;
Mangone, G.; et al. Penetrance estimate of LRRK2 p.G2019S mutation in individuals of non-Ashkenazi Jewish ancestry. Mov.
Disord. 2017, 32, 1432-1438. [CrossRef]

7. Chittoor-Vinod, V.G.; Nichols, R.J.; Schiile, B. Genetic and Environmental Factors Influence the Pleomorphy of LRRK2 Parkinson-
ism. Int. J. Mol. Sci. 2021, 22, 1045. [CrossRef]

8. Vos, M.; Esposito, G.; Edirisinghe, J.N.; Vilain, S.; Haddad, D.M.; Slabbaert, J.R.; Van Meensel, S.; Schaap, O.; De Strooper, B.;
Meganathan, R.; et al. Vitamin K2 is a mitochondrial electron carrier that rescues pink1 deficiency. Science 2012, 336, 1306-1310.
[CrossRef]

9. Kasten, M.; Hartmann, C.; Hampf, J.; Schaake, S.; Westenberger, A.; Vollstedt, E.J.; Balck, A.; Domingo, A.; Vulinovic, E; Dulovic,
M.; et al. Genotype-Phenotype Relations for the Parkinson’s Disease Genes Parkin, PINK1, DJ1: MDSGene Systematic Review.
Mov. Disord. 2018, 33, 730-741. [CrossRef]

10. Gabbert, C.; Konig, LR.; Liith, T.; Kolms, B.; Kasten, M.; Vollstedt, E.J.; Balck, A.; Griinewald, A.; Klein, C.; Trinh, J. Coffee,
smoking and aspirin are associated with age at onset in idiopathic Parkinson’s disease. J. Neurol. 2022, 269, 4195-4203. [CrossRef]

11. Liith, T.; Konig, I.R.; Griinewald, A.; Kasten, M.; Klein, C.; Hentati, F.; Farrer, M.; Trinh, J. Age at Onset of LRRK2 p.Gly2019Ser Is
Related to Environmental and Lifestyle Factors. Mov. Disord. 2020, 35, 1854-1858. [CrossRef]

12.  Zhen, K,; Zhang, S.; Tao, X,; Li, G.; Lv, Y; Yu, L. A systematic review and meta-analysis on effects of aerobic exercise in people
with Parkinson’s disease. Npj Park. Dis. 2022, 8, 146. [CrossRef]

13.  Chromiec, P.A ; Urbas, Z.K.; Jacko, M.; Kaczor, ].]. The Proper Diet and Regular Physical Activity Slow Down the Development of
Parkinson Disease. Aging Dis. 2021, 12, 1605. [CrossRef]

14. Menozzi, E.; Macnaughtan, J.; Schapira, A.H.V. The gut-brain axis and Parkinson disease: Clinical and pathogenetic relevance.
Ann. Med. 2021, 53, 611. [CrossRef]

15. Pereira, P.A.B.; Trivedi, D.K,; Silverman, J.; Duru, L.C.; Paulin, L.; Auvinen, P.; Scheperjans, F. Multiomics implicate gut microbiota
in altered lipid and energy metabolism in Parkinson’s disease. Npj Park. Dis. 2022, 8, 39. [CrossRef]

16. Matheoud, D.; Cannon, T.; Voisin, A.; Penttinen, A.M.; Ramet, L.; Fahmy, A.M.; Ducrot, C.; Laplante, A.; Bourque, M.J.; Zhu, L.;

et al. Intestinal infection triggers Parkinson’s disease-like symptoms in Pink1~/~ mice. Nature 2019, 571, 565-569. [CrossRef]

68



Int. J. Mol. Sci. 2025, 26, 979

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Barazzuol, L.; Giamogante, F.; Brini, M.; Cali, T. PINK1/Parkin Mediated Mitophagy, CaZ* Signalling, and ER-Mitochondria
Contacts in Parkinson’s Disease. Int. . Mol. Sci. 2020, 21, 1772. [CrossRef]

Chidambaram, R.; Kumar, K.; Parashar, S.; Ramachandran, G.; Chen, S.; Ferro-Novick, S. PINK1 controls RTN3L-mediated ER
autophagy by regulating peripheral tubule junctions. J. Cell Biol. 2024, 223, €202407193. [CrossRef]

Gelmetti, V.; De Rosa, P,; Torosantucci, L.; Marini, E.S.; Romagnoli, A.; Di Rienzo, M.; Arena, G.; Vignone, D.; Fimia, G.M.; Valente,
E.M. PINK1 and BECNT1 relocalize at mitochondria-associated membranes during mitophagy and promote ER-mitochondria
tethering and autophagosome formation. Autophagy 2017, 13, 654-669. [CrossRef]

Vance, J.E. MAM (mitochondria-associated membranes) in mammalian cells: Lipids and beyond. Biochim. Biophys. Acta
(BBA)-Mol. Cell Biol. Lipids 2014, 1841, 595-609. [CrossRef]

Geisler, S.; Holmstrom, K.M.; Skujat, D.; Fiesel, F.C.; Rothfuss, O.C.; Kahle, PJ.; Springer, W. PINK1/Parkin-mediated mitophagy
is dependent on VDAC1 and p62/SQSTM1. Nat. Cell Biol. 2010, 12, 119-131. [CrossRef]

Narendra, D.P; Youle, R.J. Targeting mitochondrial dysfunction: Role for PINK1 and Parkin in mitochondrial quality control.
Antioxid. Redox Signal. 2011, 14, 1929-1938. [CrossRef]

Colla, E.; Coune, P; Liu, Y.; Pletnikova, O.; Troncoso, J.C.; Iwatsubo, T.; Schneider, B.L.; Lee, M.K. Endoplasmic reticulum stress is
important for the manifestations of a-synucleinopathy in vivo. J. Neurosci. 2012, 32, 3306-3320. [CrossRef] [PubMed]

Wang, D.; Qu, S.; Zhang, Z.; Tan, L.; Chen, X.; Zhong, H.].; Chong, C.M. Strategies targeting endoplasmic reticulum stress to
improve Parkinson’s disease. Front. Pharmacol. 2023, 14, 1288894. [CrossRef]

Vos, M.; Klein, C.; Hicks, A.A. Role of Ceramides and Sphingolipids in Parkinson’s Disease. J. Mol. Biol. 2023, 435, 168000.
[CrossRef]

Mandik, E; Vos, M. Neurodegenerative Disorders: Spotlight on Sphingolipids. Int. ]. Mol. Sci. 2021, 22, 11998. [CrossRef]

Vos, M.; Dulovic-Mahlow, M.; Mandik, F; Frese, L.; Kanana, Y.; Diaw, S.H.; Depperschmidt, J.; Bshm, C.; Rohr, J.; Lohnau, T.; et al.
Ceramide accumulation induces mitophagy and impairs 3-oxidation in PINK1 deficiency. Proc. Natl. Acad. Sci. USA 2021, 118,
€2025347118. [CrossRef]

Dulovic-Mahlow, M.; Konig, LR.; Trinh, J.; Diaw, S.H.; Urban, PP; Knappe, E.; Kuhnke, N.; Ingwersen, L.C.; Hinrichs, F.; Weber,
J.; et al. Discordant Monozygotic Parkinson Disease Twins: Role of Mitochondrial Integrity. Ann. Neurol. 2021, 89, 158-164.
[CrossRef]

Vos, M.; Klein, C. The Importance of Drosophila melanogaster Research to UnCover Cellular Pathways Underlying Parkinson’s
Disease. Cells 2021, 10, 579. [CrossRef]

Park, J.; Lee, S.B.; Lee, S.; Kim, Y.; Song, S.; Kim, S.; Bae, E.; Kim, J.; Shong, M.; Kim, ].-M.; et al. Mitochondrial dysfunction in
Drosophila PINK1 mutants is complemented by parkin. Nature 2006, 441, 1157-1161. [CrossRef]

Clark, LE.; Dodson, M.W,; Jiang, C.; Cao, ].H.; Huh, J.R.; Seol, ].H.; Yoo, S.J.; Hay, B.A.; Guo, M. Drosophila pink1 is required for
mitochondrial function and interacts genetically with parkin. Nature 2006, 441, 1162-1166. [CrossRef]

Narendra, D.; Tanaka, A.; Suen, D.F; Youle, R.J. Parkin-induced mitophagy in the pathogenesis of Parkinson disease. Autophagy
2009, 5, 706-708. [CrossRef]

Narendra, D.P; Jin, S.M.; Tanaka, A.; Suen, D.F.; Gautier, C.A.; Shen, ].; Cookson, M.R.; Youle, R.]. PINKT1 is selectively stabilized
on impaired mitochondria to activate Parkin. PLoS Biol. 2010, 8, e1000298. [CrossRef] [PubMed]

Vos, M.; Geens, A.; Bohm, C.; Deaulmerie, L.; Swerts, J.; Rossi, M.; Craessaerts, K.; Leites, E.P,; Seibler, P.; Rakovic, A.; et al.
Cardiolipin promotes electron transport between ubiquinone and complex I to rescue PINK1 deficiency. J. Cell Biol. 2017, 216,
695-708. [CrossRef]

Lindholm, D.; Wootz, H.; Korhonen, L. ER stress and neurodegenerative diseases. Cell Death Differ. 2006, 13, 385-392. [CrossRef]
Kang, H.; Shin, J.H. Repression of rRNA transcription by PARIS contributes to Parkinson’s disease. Neurobiol. Dis. 2015, 73,
220-228. [CrossRef]

Gongalves, A.M.; Pereira-Santos, A.R.; Esteves, A.R.; Cardoso, S.M.; Empadinhas, N. The Mitochondrial Ribosome: A World of
Opportunities for Mitochondrial Dysfunction Toward Parkinson’s Disease. Antioxid. Redox Signal. 2021, 34, 694-711. [CrossRef]
Bhardwaj, K.; Roy, A.; Guha, L.; Kumar, H. Evaluating the Role of Lin-11, Isl-1, and Mec-3 Kinases in Dopaminergic Neurodegen-
eration in a Subacute 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine Model of Parkinson’s Disease. ACS Pharmacol. Transl. Sci.
2024, 7, 3879-3888. [CrossRef]

Wang, P.; Li, B.; Zhou, L.; Fei, E.; Wang, G. The KDEL receptor induces autophagy to promote the clearance of neurodegenerative
disease-related proteins. Neuroscience 2011, 190, 43-55. [CrossRef]

Yamamoto, K.; Hamada, H.; Shinkai, H.; Kohno, Y.; Koseki, H.; Aoe, T. The KDEL receptor modulates the endoplasmic reticulum
stress response through mitogen-activated protein kinase signaling cascades. J. Biol. Chem. 2003, 278, 34525-34532. [CrossRef]
Wires, E.S.; Trychta, K.A.; Kennedy, L.M.; Harvey, B.K. The Function of KDEL Receptors as UPR Genes in Disease. Int. |. Mol. Sci.
2021, 22, 5436. [CrossRef]

Vos, M.; Klein, C. Ceramide-induced mitophagy impairs $-oxidation-linked energy production in PINK1 deficiency. Autophagy
2022, 18, 703-704. [CrossRef]

69



Int. J. Mol. Sci. 2025, 26, 979

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Her, Y,; Pascual, D.M.; Goldstone-Joubert, Z.; Marcogliese, P.C. Variant functional assessment in Drosophila by overexpression:
What can we learn? Genome 2024, 67, 158-167. [CrossRef]

Nagarkar-Jaiswal, S.; Lee, PT.; Campbell, M.E.; Chen, K.; Anguiano-Zarate, S.; Gutierrez, M.C.; Busby, T.; Lin, WW.; He, Y.;
Schulze, K.L.; et al. A library of MiMICs allows tagging of genes and reversible, spatial and temporal knockdown of proteins in
Drosophila. eLife 2015, 4, e05338. [CrossRef] [PubMed]

Sen, ].; Goltz, ].S.; Konsolaki, M.; Schiipbach, T.; Stein, D. Windbeutel is required for function and correct subcellular localization
of the Drosophila patterning protein Pipe. Development 2000, 127, 5541-5550. [CrossRef]

Konsolaki, M.; Schiipbach, T. windbeutel, a gene required for dorsoventral patterning in Drosophila, encodes a protein that has
homologies to vertebrate proteins of the endoplasmic reticulum. Genes Dev. 1998, 12, 120-131. [CrossRef]

Pelham, H.R.B. The retention signal for soluble proteins of the endoplasmic reticulum. Trends Biochem. Sci. 1990, 15, 483-486.
[CrossRef]

Yamamoto, K.; Fujii, R.; Toyofuku, Y.; Saito, T.; Koseki, H.; Hsu, VW.; Aoe, T. The KDEL receptor mediates a retrieval mechanism
that contributes to quality control at the endoplasmic reticulum. EMBO ]. 2001, 20, 3082-3091. [CrossRef]

Brecker, M.; Khakhina, S.; Schubert, T.].; Thompson, Z.; Rubenstein, R.C. The Probable, Possible, and Novel Functions of ERp29.
Front. Physiol. 2020, 11, 574339. [CrossRef]

Zhang, D.; Richardson, D.R. Endoplasmic reticulum protein 29 (ERp29): An emerging role in cancer. Int. . Biochem. Cell Biol.
2011, 43, 33-36. [CrossRef]

Dukes, A.A.; Van Laar, V.S.; Cascio, M.; Hastings, T.G. Changes in endoplasmic reticulum stress proteins and aldolase A in cells
exposed to dopamine. J. Neurochem. 2008, 106, 333-346. [CrossRef]

Granata, A.; Watson, R.; Collinson, L.M.; Schiavo, G.; Warner, T.T. The Dystonia-associated Protein TorsinA Modulates Synaptic
Vesicle Recycling. J. Biol. Chem. 2008, 283, 7568-7579. [CrossRef]

Kakazu, Y.; Koh, ].Y.; Ho, KW.D.; Gonzalez-Alegre, P.; Harata, N.C. Synaptic vesicle recycling is enhanced by torsinA that harbors
the DYT1 dystonia mutation. Synapse 2012, 66, 453-464. [CrossRef]

Grillet, M.; Gonzalez, B.D.; Sicart, A.; Pottler, M.; Cascalho, A.; Billion, K.; Diaz, S.H.; Swerts, J.; Naismith, T.V.; Gounko, N.V.;
et al. Torsins Are Essential Regulators of Cellular Lipid Metabolism. Dev. Cell 2016, 38, 235-247. [CrossRef]

Slominsky, P.A.; Markova, E.D.; Shadrina, M.I; lllarioshkin, S.N.; Miklina, N.I; Limborska, S.A.; Ivanova-Smolenskaya, L. A.
A common 3-bp deletion in the DYT1 gene in Russian families with early-onset torsion dystonia. Hum. Mutat. 1999, 3, 269.
[CrossRef]

Beauvais, G.; Rodriguez-Losada, N.; Ying, L.; Zakirova, Z.; Watson, J.L.; Readhead, B.; Gadue, P.; French, D.L.; Ehrlich, M.E,;
Gonzalez-Alegre, P. Exploring the Interaction Between elF2« Dysregulation, Acute Endoplasmic Reticulum Stress and DYT1
Dystonia in the Mammalian Brain. Neuroscience 2018, 371, 455-468. [CrossRef] [PubMed]

Shashidharan, P.; Good, PF,; Hsu, A.; Perl, D.P; Brin, M.F,; Olanow, C.W. TorsinA accumulation in Lewy bodies in sporadic
Parkinson’s disease. Brain Res. 2000, 877, 379-381. [CrossRef]

Sharma, N.; Hewett, J.; Ozelius, L.J.; Ramesh, V.; McLean, P]J.; Breakefield, X.O.; Hyman, B.T. A close association of torsinA and
alpha-synuclein in Lewy bodies: A fluorescence resonance energy transfer study. Am. J. Pathol. 2001, 159, 339-344. [CrossRef]
Cao, S.; Gelwix, C.C.; Caldwell, K.A.; Caldwell, G.A. Torsin-Mediated Protection from Cellular Stress in the Dopaminergic
Neurons of Caenorhabditis elegans. |. Neurosci. 2005, 25, 3801-3812. [CrossRef]

Melani, M.; Valko, A.; Romero, N.M.; Aguilera, M.O.; Acevedo, ].M.; Bhujabal, Z.; Perez-Perri, J.; De La Riva-Carrasco, R.V.; Katz,
M.].; Sorianello, E.; et al. Zonda is a novel early component of the autophagy pathway in Drosophila. Mol. Biol. Cell 2017, 28,
3070. [CrossRef]

Misaka, T.; Murakawa, T.; Nishida, K.; Omori, Y.; Taneike, M.; Omiya, S.; Molenaar, C.; Uno, Y.; Yamaguchi, O.; Takeda, J.; et al.
FKBPS8 protects the heart from hemodynamic stress by preventing the accumulation of misfolded proteins and endoplasmic
reticulum-associated apoptosis in mice. J. Mol. Cell. Cardiol. 2018, 114, 93-104. [CrossRef] [PubMed]

Bulgakov, O.V.; Eggenschwiler, ].T.; Hong, D.H.; Anderson, K.V.; Li, T. FKBPS is a negative regulator of mouse sonic hedgehog
signaling in neural tissues. Development 2004, 131, 2149-2159. [CrossRef]

Bhujabal, Z.; Birgisdottir, AB,; Sjettem, E.; Brenne, H.B.; @vervatn, A.; Habisov, S.; Kirkin, V.; Lamark, T.; Johansen, T. FKBP8
recruits LC3A to mediate Parkin-independent mitophagy. EMBO Rep. 2017, 18, 947-961. [CrossRef]

Narendra, D.; Tanaka, A.; Suen, D.-F; Youle, R.J. Parkin is recruited selectively to impaired mitochondria and promotes their
autophagy. J. Cell Biol. 2008, 183, 795-803. [CrossRef]

Yoo, S.M.; Yamashita, S.I.; Kim, H.; Na, D.H.; Lee, H.; Kim, S.J.; Cho, D.H.; Kanki, T.; Jung, Y.K. FKBP8 LIRL-dependent
mitochondrial fragmentation facilitates mitophagy under stress conditions. FASEB ]. 2020, 34, 2944-2957. [CrossRef] [PubMed]
Solis, G.P.; Bilousov, O.; Koval, A.; Liichtenborg, A.M.; Lin, C.; Katanaev, V.L. Golgi-Resident Gaxo Promotes Protrusive Membrane
Dynamics. Cell 2017, 170, 939-955.e24. [CrossRef]

Chen, S; Zhou, Y.; Chen, Y,; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884-i890. [CrossRef]

70



Int. J. Mol. Sci. 2025, 26, 979

68.

69.

70.

71.

Pimentel, H.; Bray, N.L.; Puente, S.; Melsted, P.; Pachter, L. Differential analysis of RNA-seq incorporating quantification
uncertainty. Nat. Methods 2017, 14, 687-690. [CrossRef]

Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

Soneson, C.; Love, M.L; Robinson, M.D. Differential analyses for RNA-seq: Transcript-level estimates improve gene-level
inferences. F1000Research 2016, 4, 1521. [CrossRef]

Luo, W.; Friedman, M.S.; Shedden, K.; Hankenson, K.D.; Woolf, PJ. GAGE: Generally applicable gene set enrichment for pathway
analysis. BMC Bioinform. 2009, 10, 161. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

71



International Journal of

S Molecular Sciences

Article

Steady Moderate Exercise Confers Resilience Against
Neurodegeneration and Neuroinflammation in a Mouse Model
of Parkinson’s Disease

Ewelina Palasz ', Anna Gasiorowska-Bien ¥, Patrycja Drapich 2, Wiktor Niewiadomski >

and Grazyna Niewiadomska

2,3,%

Department of Cellular Signalling, Mossakowski Medical Research Institute, Polish Academy of Sciences,
02-106 Warsaw, Poland; epalasz@imdik.pan.pl

Clinical and Research Department of Applied Physiology, Mossakowski Medical Research Institute, Polish
Academy of Sciences, 02-106 Warsaw, Poland; agasiorowska@imdik.pan.pl (A.G.-B.);
pdrapich@imdik.pan.pl (P.D.); wniewiadomski@imdik.pan.pl (W.N.)

Nencki Institute of Experimental Biology, Polish Academy of Sciences, 02-093 Warsaw, Poland

*  Correspondence: g.niewiadomska@nencki.edu.pl; Tel.: +48-22-608-6612

These authors contributed equally to this work.

Abstract: Intensive aerobic exercise slows the progression of movement disorders in Parkin-
son’s disease (PD) and is therefore recommended as an important component of treatment
for PD patients. Studies in animal models of PD have shown that vigorous exercise has
neuroprotective effects, and emerging evidence suggests that it may be a disease-modifying
treatment in humans. However, many people with PD may not be able to participate in
vigorous exercise because of multiple medical conditions that severely limit their physical
activity. In this study, we have shown that chronic MPTP treatment in sedentary mice
resulted in loss of dopaminergic neurons in the SNpc, decreased levels of neurotrophins,
BDNF and GDNF, and increased levels of inflammatory markers and pro-inflammatory
changes in immunocompetent cells. Moderate exercise, initiated both before and after
chronic MPTP treatment, significantly attenuated the loss of dopaminergic neurons and
increased BDNF and GDNF levels even above those in sedentary control mice. No signs of
inflammation were observed in MPTP-treated mice, either when training began before or
after MPTP treatment. Training induced beneficial changes in the dopaminergic system,
increased levels of neurotrophins and suppression of inflammation were similar for both
steady moderate (present data) and intense training (our previously published data). This
suggests that there is a kind of saturation when the percentage of rescued dopaminergic
neurons reaches the highest possible value, and therefore further increases in exercise
intensity do not enhance neuroprotection. In conclusion, our present results compared
with the previous data show that increasing exercise intensity beyond the level used in this
study does not increase the neuroprotective effect of aerobic training in a mouse model of
Parkinson’s disease.

Keywords: Parkinson’s disease; exercise intensity; MPTP animal model; inflammation;
neuroprotection; neurotrophins; PD therapy

1. Introduction

Parkinson’s disease (PD) is a degenerative disorder of the central nervous system
whose primary symptom is movement disorders resulting from the degeneration of
dopaminergic neurons in the nigrostriatal pathway. The etiology of the disease is not
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fully understood due to the complex underlying mechanisms. Existing therapies only alle-
viate the symptoms of the disease and become less effective as the disease progresses [1].
Therefore, it is extremely important to search for new therapies to support drug treatment.
Increasing attention is being paid to the effects of exercise on improving or maintaining
normal brain function. Studies in healthy elderly populations without central nervous
system disorders have shown that regular aerobic activity induces changes related to
neuroplasticity, including synaptogenesis, increased glucose consumption, angiogenesis,
and neurogenesis. Exercise improves brain function by inhibiting inflammation, reducing
oxidative stress, stabilizing calcium homeostasis, and stimulating the release of endoge-
nous neurotrophins [2]. The importance of training and exercise is currently being studied
extensively in animal models of PD. Many of these studies suggest that exercise may
have a neuroprotective effect, slowing or even stopping neurodegenerative processes and
restoring disrupted signaling pathways [3]. Based on the findings in humans and animal
models of PD, physical activity has been found to improve motor behavior patterns and
enhance angiogenesis, synaptogenesis, and neurogenesis in the brain. It also increases
levels of neurotrophic factors and reduces the severity of inflammatory processes [4].

Physical activity has been shown to have beneficial effects on both motor and non-
motor symptoms in PD. The mechanisms involved in these effects are neuroendocrine
and neurotransmitter regulation, enhancement of neuronal insulin signaling, upregulation
of neurotrophins and the myokine irisin, attenuation of inflammatory and oxidative re-
sponses, enhancement of pro-survival and anti-apoptosis effects, and optimization of the
autophagy process. Exercise has also been shown to have beneficial effects on a number of
intracellular signaling pathways involving Ca?*, cyclic AMP-responsive element-binding
protein (CREB), nuclear factor kappa B (NF-kB) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1«), protein chaperones, neurotrophic factors,
DNA repair proteins, mitochondrial biogenesis (for a review of this, see [5,6]). Therefore,
the question of whether exercise, particularly vigorous exercise, can be used as a disease-
modifying therapy in people with PD remains central to clinical management. Uhrbrand
et al. [7] and Gamborg et al. [8] reviewed randomized controlled trials assessing the func-
tional effects of different types of vigorous exercise in PD patients. All types of exercise
were found to be safe and feasible, did not worsen PD symptoms, and were recognized
as beneficial adjunctive rehabilitation strategies for this disease. Schenkman et al. [9] com-
pared the functional effects of intensive treadmill exercise to those of moderate-intensity
treadmill exercise and found that only the former significantly slowed the time-dependent
decline in motor function observed in PD. Based on data from a number of studies, Alberts
and Rosenfeldt [10] published an article recommending the inclusion of vigorous regular
aerobic exercise in the treatment of patients with PD. However, Parkinson’s disease may
discourage or even prevent participation in intensive training due to muscle weakness,
which is a primary symptom in PD [11], sympathetic denervation of the heart, which
reduces cardiac contractility [12], debilitating and persistent fatigue, apathy, which is often
reported in PD, and increased fatigability, which may be caused by reduced cardiorespira-
tory fitness [13]. In light of the above, it is important to consider the following questions:
What is the role of exercise intensity in the mechanism that modifies the effect of exercise
on the course of PD?

It is clear that one of the most useful, if imperfect, ways of investigating these questions
at present is in animal models of PD. A considerable number of studies have shown that
exercise has neuroprotective effects on dopaminergic neurons in rodent models of PD [14],
and the results have been summarized in several reviews [15,16]. However, the effects
of the type of exercise and its dose, in terms of either intensity or volume, have not been
systematically investigated. An example of such a study is the work of Gerecke et al. [17],
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who investigated the neuroprotection against 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) intoxication provided by exercise performed prior to neurotoxin administration.
The authors found that there is a certain distance of daily running in mice on a running
wheel that completely prevents neuronal loss. However, 2/3 of this distance provides only
partial protection, and 1/3 of the distance run has no neuroprotective effect. We are not
aware of similar studies of exercise-induced neuroprotection when exercise was performed
during or after MPTP application.

Our previous study [18] looked at the time of the onset of exercise (before or after
intoxication) required for the induction of neuroprotection in a mouse model of PD induced
by MPTP. A clear effect of exercise on neuronal survival, neuroinflammation, and the
expression of a number of growth factors was observed after high-intensity training. As the
role of exercise intensity as a variable that may be relevant to the disease-modifying effects
of exercise in PD has been highlighted in human studies, we decided to present our results
of what exercise intensity is necessary to induce neuroprotection in an environmental
model of PD. The current study analyzes the neuroprotective effect of less intense exercise.
To address the question of whether the neuroprotective effect of physical exercise depends
on the intensity of the training, the current study was conducted using exercise of mod-
erate intensity. The results of moderately trained mice are compared to an untreated and
untrained control group and an MPTP-treated and untreated group, which are the same as
those in both previous and current studies. As a result, the only difference between the
previously published data and those of the present study was the intensity of the exercise.
By comparing the results of this and the previous experiment, it is possible to assess the
effect of changing just one variable—exercise intensity.

2. Results

2.1. Treadmill Exercise Neuroprotects the Nigrostriatal Dopaminergic System in a Chronic MPTP
Mouse Model of Parkinson’s Disease

MPTP is a well-known neurotoxin responsible for the extensive and relatively selective
destruction of dopaminergic neurons in the nigrostriatal pathway [19,20]. To assess changes
in dopaminergic projections in the nigrostriatal pathway in a mouse model of Parkinsonism,
immunohistochemical staining against tyrosine hydroxylase (or tyrosine 3-monooxygenase;
EC 1.14.16.2; TH) and a computer-assisted densitometric analysis of TH-ir neurons in the
SNpc and the target dopaminergic projection in the striatum were performed. TH is an
enzyme of the hydroxylase group, responsible for converting the amino acid L-tyrosine to
dihydroxyphenylalanine (DOPA). This is an important step in the biosynthesis of dopamine
in neuronal cells. This enzyme is highly substrate-specific, and TH is therefore considered
a useful marker for dopaminergic neurons.

A significant decrease in staining intensity was observed in the SNpc as well as in the
ST, which receives dopaminergic projections from the SNpc, after MPTP administration in
untrained mice (MPTP group) (Figure 1, microphotographs on the left and right vertical
panels). There was a significant reduction of 66% in the number of TH-ir neurons in the
SNpc in untrained MPTP mice compared to control mice not receiving neurotoxin (group C).
The application of moderate-intensity treadmill training in MPTP-treated mice resulted in a
lower loss of TH-positive neurons in the SNpc. The reduction in TH-ir neurons reached 27%
in the MPTP-TE group and 18% in the MPTP-TL group compared to the untrained control
group (group C). It should be emphasized that this difference in the number of TH-ir
neurons was not statistically significant, which may indicate a beneficial neuroprotective
effect of exercise. Unexpectedly, the number of TH-ir neurons was lower (by 13%) in the
trained control group (C-T) compared to the non-exercise group C, but this difference was
not statistically significant. Therefore, the differences in the number of TH-ir neurons in
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the MPTP-TE and MPTP-TL groups were less pronounced compared to the C-T group, by
16% and 6%, respectively. Again, these differences were not statistically significant. The
analysis also showed that the time of training onset did not significantly affect the number
of TH-ir cells in the SNpc in the MPTP-TE and MPTP-TL groups (Figure 1A).

SNpc ~ TH-immunoreactivity
A E * % % *
y
C §1ooo kbt ki
3
@
< 800
£ s00 .
5 400
(o3} g
E 200
3
c
5 0
'] < R & &
g "\§l\ lsgqus,
P $
MPTP |~ N
B bk '2| * Kk ok * ok ¥k
* %k * %
150
e .
- LA
100
= ]
L 2
s = <
a
5 R
0
C AR & R
c& I
S &
N

Figure 1. Tyrosine hydroxylase (TH) immunohistochemistry in the substantia nigra pars compacta
(SNpc) and striatum (ST) of control mice (C, n =5 in SNpc and n = 7 in ST), trained control mice
(C-T,n=3 in SNpc and n = 4 in ST), untrained mice with induced Parkinsonism (MPTP, n = 5
in SNpc and n = 7 in ST), mice with induced Parkinsonism that underwent early-onset training
(MPTP-TE, n = 5 in SNpc and n = 5 in ST), and mice with induced Parkinsonism that underwent
late-onset training (MPTP-TL, n = 3 in SNpc and n = 4 in ST). Representative images of the TH
immunohistochemical staining in SNpc (SNpc left panel) and in the striatum (ST right panel).
Magnification of microphotographs by 100 times for SNpc and 40 times for the striatum. (A) Mean
number of TH-immunoreactive neurons in SNpc, (B) optical density (OD) of TH-immunoreactivity,
and (C) % of immunoreactive area (%Area) in the dorsal striatum. Values are presented as the mean
+ SD with scatter plots of individual data. (A) For TH-immunoreactive neurons in the SNpc, a
one-way ANOVA confirmed a significant main effect of Group (F (4, 16) = 7.623; p = 0.0012). MPTP
mice presented strongly reduced TH labeling relative to both control groups. While the mean number
of the TH-ir neurons was reduced in MPTP relative to control groups, this reduction was restrained
when physical exercise was administered. Both early-onset and late-onset treadmill training favorably
affected the preservation of the dopaminergic phenotype of neurons in the SNpc. (B) For TH labeling
in the striatum, statistical analysis yielded the main effect of Group for OD (F (4, 22) = 8.225; p = 0.0003)
and (C) for %Area (F (4, 22) = 31.93; p < 0.0001). Neurotoxin administration reduced the density of
dopaminergic afferents in the striatum, while exercise counteracted this reduction, regardless of when
it was applied. Statistical significance between the groups was calculated using the Newman-Keuls
test (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). Scale bars: 100 pm for SNpc and 500 pm
for ST.

In the striatum, TH expression was assessed by the OD and %Area. A significant
reduction of 53% in OD and 73% in %Area was observed in the group of untrained MPTP-
treated mice (MPTP) compared to untreated and untrained control mice (C). Treadmill
training applied to untreated control mice (C-T) increased OD (by 18%) and %Area (by 8%)
compared to untreated controls (C), but the difference was not significant. The application
of training to MPTP-treated mice resulted in the preservation of TH staining intensity.
Early-onset training (MPTP-TE) resulted in a 6% increase in OD and a 3% increase in
%Area, while late-onset training (MPTP-TL) resulted in a 1% decrease in OD and a 2%
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decrease in %Area compared to group C. These differences were not statistically significant.
There were also no significant differences between the MPTP groups treated with early-
or late-onset training. Thus, in the striatum, similar to the SNpc, training prevented the
decrease in TH staining induced by MPTP (Figure 1B,C).

DRD2 dopamine receptors play a key role in the function of direct and indirect path-
ways in the striatum, which connect to peripheral output systems to influence motor
behavior. The direct pathway is associated with movement activation, while the indi-
rect pathway is associated with movement inhibition. The presence of only one type of
dopamine receptor in a single brain region is rare, and one such structure is the dorsal stria-
tum in mice, which has only DRD2 dopamine receptors [21]. Therefore, the assessment of
DRD2 receptor expression levels may be a good marker for abnormalities in the projection
of dopaminergic neurons in the nigrostriatal pathway.

In our study, DRD2 immunohistochemical staining in the striatum showed the
strongest intensity in untrained MPTP-treated mice (MPTP group) and was significantly
stronger than in all other groups (Figure 2A). In the MPTP group, DRD2 immunoreactivity
was statistically significantly higher by 64% in OD and 37% in %Area compared to group
C. Training alone did not significantly affect the intensity of DRD2 immunoreactivity;
there were slight decreases in OD and %Area (3% and 2%, respectively) in the C-T group
compared to group C. Training in MPTP mice prevented the increase in DRD2-ir staining
intensity. There were no significant differences between untreated control groups (C and
C-T) and trained MPTP groups (MPTP-TE and MPTP-TL). There was only a 2% increase
in OD and a 2% increase in %Area in the MPTP-TE group compared to group C, and
there was a 5% increase in OD and a 4% increase in %Area compared to the C-T group.
Late-onset training (MPTP-TL group) resulted in a 15% increase in OD and a 13% increase
in %Area compared to group C as well as a 19% increase in OD and a 14% increase in
%Area compared to the C-T group (Figure 2B,C).
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Figure 2. Dopamine receptor D2 (DRD2) immunohistochemistry in the striatum of control mice
(C, n =4), trained control mice (C-T, n = 3), untrained mice with induced Parkinsonism (MPTP, n = 5),
mice with induced Parkinsonism that underwent early-onset training (MPTP-TE, n = 3), and mice
with induced Parkinsonism that underwent late-onset training (MPTP-TL, n = 4). (A) Representative
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images of the DRD2 immunohistochemical staining in the striatum. Magnification of micropho-
tographs by 40 times. (B) Optical density (OD) of DRD2-immunoreactivity and (C) % of the im-
munoreactive area (%Area) in the dorsal striatum. Values are presented as the mean + SD with
scatter plots of individual data. (B) For DRD2 labeling in the striatum, statistical analysis yielded
the main effects of Group for OD (F (4, 14) = 28.25; p < 0.0001) and (C) for %Area (F (4, 14) = 7.409;
p = 0.0020). Neurotoxin administration increased striatal DRD2 expression in MPTP mice (relative
to C and to C-T), while physical training normalized DRD2 levels, as measured by OD and %Area.
Statistical significance between the groups was calculated using the Newman-Keuls test (* p < 0.05,
** p < 0.01, and **** p < 0.0001). Scale bar: 500 pm.

2.2. Effect of Treadmill Exercise and the Administration of MPTP on the Levels of Endogenous
Neurotrophic Factors

Studies suggest the involvement of trophic factors such as BDNF and GDNEF, which
have a protective effect on dopaminergic neurons. It is noteworthy that physical activ-
ity may influence neuroplasticity mechanisms in PD related to neurotransmission in the
dopaminergic and glutamatergic systems [22-24]. Therefore, the effects of physical training
and MPTP administration on BDNF and GDNF levels were investigated by immunohisto-
chemistry in the SNpc and striatum and by an ELISA assay in the midbrain and striatum.

Anti-BDNF staining in the SNpc showed the strongest intensity in the MPTP-trained
groups, while the weakest intensity was present in the MPTP-untrained group (Figure 3, left
vertical panel). The ELISA assay showed that in the midbrain, BDNF levels were 14% lower
in untrained MPTP-treated mice compared to untreated mice (group C), but this difference
was not significant. Exercise alone (C-T vs. group C) resulted in a 22% increase in the
BDNF concentration, which was not significant. Physical training combined with MPTP
administration significantly increased the upregulation of BDNF by 81% in MPTP-TE and
74% in MPTP-TL compared to the untrained control (group C) and by 49% in MPTP-TE
and 43% in MPTP-TL compared to the C-T group. However, the timing of training did
not matter as both early- and late-onset training resulted in similar increases in BDNF
concentrations in the MPTP-TE and MPTP-TL groups (Figure 3B).
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Figure 3. Brain-derived neurotrophic factor (BDNF) immunohistochemistry in the substantia nigra
pars compacta (SNpc) and striatum (ST) of control mice (C, n = 4), trained control mice (C-T, n = 4),
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untrained mice with induced Parkinsonism (MPTP, n = 4), mice with induced Parkinsonism that un-
derwent early-onset training (MPTP-TE, n = 4), and mice with induced Parkinsonism that underwent
late-onset training (MPTP-TL, n = 4). Representative images of the BDNF immunohistochemical stain-
ing in SNpc (SNpc left panel) and the striatum (ST right panel). Magnification of microphotographs
by 100 times for SNpc and 40 times for the striatum. Quantitative analysis of the levels of BDNF by
ELISA in the midbrain (A) and the striatum (B). Values are presented as the mean + SD with scatter
plots of individual data. (A) Quantitative analysis of the BDNF level in the midbrain with one-way
ANOVA confirmed a significant main effect of Group (F (4, 15) = 31.49; p < 0.0001). Untrained MPTP
mice did not show a strongly reduced BDNF level compared to the control group (group C), whereas
BDNF levels were elevated when physical exercise was administered in the control (C-T) and reached
even higher levels when training was combined with MPTP treatment (MPTP-TE and MPTP-TL).
(B) Quantitative analysis of the BDNF level in the striatum with one-way ANOVA yielded the main
effects of Group (F (4, 15) = 7.357; p = 0.0017). Similarly, as observed in the midbrain, untrained
MPTP mice did not show a strongly reduced BDNF level compared to control group (group C),
whereas BDNF levels were similarly elevated when physical exercise was administered in the control
(C-T) and when training was combined with MPTP treatment (MPTP-TE and MPTP-TL). Statistical
significance between the groups was calculated using the Newman—Keuls test (* p < 0.05, ** p < 0.01,
*** p <0.001, and **** p < 0.0001). Scale bars: 100 pm for SNpc and 500 um for ST.

Similar to the SNpc, anti-BDNF staining in the striatum was strongest in the trained
MPTP groups and weakest in the untrained MPTP group (Figure 3, right vertical panel).
The ELISA assay showed that BDNF levels in the striatum of untrained MPTP mice (MPTM
group) were similar to those observed in untreated mice (group C). When training was
applied to animals not treated with neurotoxin (C-T group), the concentration of BDNF
increased significantly by 27% compared to the untrained group (group C). The application
of training to MPTP groups also caused a significant increase in BDNF concentration,
reaching 24% and 27% in MPTP-TE and MPTP-TL, respectively, compared to untrained
control mice (group C). In contrast to the midbrain, MPTP treatment did not potentiate the
training-induced upregulation of BDNF levels in the striatum. BDNF levels were similar in
the C-T, MPTP-TE, and MPTP-TL groups (Figure 3B).

Anti-GDNF staining in the midbrain was strongest in the MPTP-TE and MPTP-TL
groups and weakest in the untrained MPTP group (Figure 4, left vertical panel). The ELISA
test showed that the midbrain GDNF level was 4% lower in the untrained MPTP group
compared to untreated mice (group C). This difference was not statistically significant.
However, when training was applied to the control group (C-T group), the GDNF level
was significantly higher than in the untrained MPTP group. MPTP treatment combined
with training increased the GDNF level, which was similar to the level in the C-T group
and significantly higher than that in the MPTP group without training. The timing of
training application (early- vs. late-onset of training) did not result in differences between
the MPTP-TE and MPTP-TL groups with regard to GDNF levels (Figure 4A).

As in the midbrain, anti-GDNF staining in the striatum was most intense in the MPTP-
TE and MPTP-TL groups and weakest in untrained MPTP mice (group C) (Figure 4, right
vertical panel). Compared to the midbrain, MPTP administration caused a significantly
greater decrease in GDNF levels in the striatum in untrained MPTP mice (by 4% in the
midbrain vs. 13% in the striatum) (Figure 4A,B), and the decrease in GDNF levels was
significant compared to group C. The pro-trophic effect of exercise was enhanced in mice
receiving MPTP. Training significantly increased GDNF levels by 9% in C-T groups, 28% in
MPTP-TE, and 22% in MPTP-TL compared to untrained control mice (C). Consequently,
GDNF levels were also significantly higher in the MPTP-TE group and the MPTP-TL group,
by 17% and 12%, respectively, compared to treadmill-exercising control mice (C-T). Similar
to the midbrain, the timing of training application did not result in differences between the
MPTP-TE and MPTP-TL groups with regard to GDNF levels (Figure 4B).
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Figure 4. Glial-derived neurotrophic factor (GDNF) immunohistochemistry in the substantia nigra
pars compacta (SNpc) and striatum (ST) of control mice (C, n = 4), trained control mice (C-T, n = 4),
untrained mice with induced Parkinsonism (MPTP, n = 4), mice with induced Parkinsonism that un-
derwent early-onset training (MPTP-TE, n = 4), and mice with induced Parkinsonism that underwent
late-onset training (MPTP-TL, n = 4). Representative images of the GDNF immunohistochemical
staining in SNpc (SNpc left panel) and the striatum (ST right panel). Magnification of micropho-
tographs by 100 times for SNpc and 40 times for the striatum. Quantitative analysis of the levels of
GDNF by ELISA in the midbrain (A) and the striatum (B). Values are presented as the mean + SD
with scatter plots of individual data. (A) Quantitative analysis of the GDNF level in the midbrain
with one-way ANOVA showed a significant main effect of Group (F (4, 15) = 3.976; p = 0.0215). MPTP
mice showed a non-significantly decreased GDNF level compared to the control group (group C).
GDNF levels were not reduced in trained MPTP mice when compared to control groups (C, C-T).
(B) Quantitative analysis of the GDNF level in the striatum with one-way ANOVA yielded the main
effects of Group (F (4, 15) = 31.76; p < 0.0001). Unlike in the SNpc, untrained MPTP mice showed
significantly decreased GDNF levels compared to control groups, whereas GDNF levels were elevated
when physical exercise was administered in both control and MPTP-treated mice. The pro-trophic
effect of exercise was particularly pronounced in mice receiving MPTP, both in the early-onset and
late-onset training groups. Statistical significance between the groups was calculated using the
Newman—Keuls test (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). Scale bars: 100 pm for
SNpc and 500 pum for ST.

2.3. Pro-Inflammatory Activation of Glial Cells After the Administration of MPTP Is Attenuated
After Physical Training

Chronic inflammation plays an important role in the development of PD. On the other
hand, it is not yet clear whether inflammation is a primary or secondary phenomenon,
i.e., a consequence of neuronal death [25]. Characteristic features of neuroinflammation
include activated microglia and reactive astrocytes, which are known to produce cytokines,
chemokines, prostaglandins, protein complement cascades, and reactive oxygen and ni-
trogen species [26]. Our present study involved an immunohistochemical analysis of
GFAP, Iba-1b, and integrin CD11b in the SNpc and striatum to assess the neuroinflamma-
tion evoked by MPTP and the potential neuroprotective influence of applied training on
astrocytes and microglia.

Significant staining intensity for GFAP, Iba-1b, and integrin CD11b in the SNpc and
ST was observed in sedentary MPTP mice (Figure 5A,B). Inmunofluorescence staining
for GFAP showed increased recruitment of astrocytes in the SNpc and ST of the seden-
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tary MPTP mice compared to all other groups. In addition, microglial recruitment was
observed in mice with induced Parkinsonism. Immunofluorescence for CD11b and Iba-1b,
markers of microglia, also showed higher intensity in the SNpc and ST in MPTP-untrained
mice compared to results obtained in controls (C and C-T groups) and both MPTP-treated
and treadmill-trained groups (MPTP-TE and MPTP-TL groups) (Figure 5A,B). In addi-
tion, in the MPTP-treated group, higher magnification of anti-Iba-1b and anti-CD11b
staining in both the SNpc and ST indicated the morphological transformation of resting
microglia into activated cells resembling pro-inflammatory amoeboid phagocytic cells
(Figure 5A,B insertions).

SNpc

Anti-GFAP Anti-lba-1b Anti-CD11b

MPTP

MPTP-TE

MPTP-TL

Striatum

Anti-GFAP Anti-lba-1b ATHEDLTH

Figure 5. Inmunohistochemical staining against glial fibrillary acid protein (GFAP), ionized calcium-
binding adaptor molecule 1 (Iba-1b), and integrin CD 11b in the (A) substantia nigra pars compacta
(SNpc) and (B) striatum (ST) of control mice (C), trained control mice (C-T), untrained mice with
induced Parkinsonism (MPTP), mice with induced Parkinsonism that underwent early-onset training
(MPTP-TE), and mice with induced Parkinsonism that underwent late-onset training (MPTP-TL).
Representative images of GFAP, Iba-1b, and CD11b immunohistochemical staining in SNpc and ST.
Scale bars: 100 um for SNpc, 500 um for ST, and 10 um for insertions.

In contrast, we found that exercise appeared to prevent the development of inflam-
matory processes mediated by astrocytes and microglia cells, despite MPTP intoxication.
Microscopic analysis revealed a significantly lower intensity of staining against GFAP in
the SNpc and ST in the MPTP-TE and MPTP-TL treadmill-trained groups of mice compared
to the untrained MPTP group, comparable to the staining in the control groups, especially
when compared to the C-T group (Figure 5A,B). Iba-1b-ir and CD11b-ir in the SNpc and
ST of the MPTP-TE and MPTP-TL groups were similar to those observed in the C and
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C-T groups, and the morphology of the microglial cells resembled that of non-activated
microglial cells (Figure 5A,B, insertions in the anti-Iba-1b and anti-CD11b panels).

High levels of inflammatory markers and pro-inflammatory changes in the morphol-
ogy of immunocompetent cells were observed only in MPTP-treated sedentary mice. No
signs of inflammation were seen in MPTP-treated mice when training started either before
or after MPTP administration. Thus, the persistent inflammation induced by MPTP was
abolished by physical exercise.

3. Discussion

The results presented above confirm observations that physical activity counteracts
damage to midbrain dopaminergic neurons in an animal model of PD [17,18,27] and that
this effect is accompanied by an increase in GDNF and BDNF levels in the substantia nigra
pars compacta and striatum [28-30] and a reduction in the development of inflammation
in dopaminergic structures [31-35]. Our data are of clinical relevance as they provide
important evidence that exercise training may be a beneficial form of therapy in patients
with Parkinson’s syndrome, even if it is not characterized by high exercise intensity.

3.1. Steady Moderate Physical Training Attenuates the Loss of Dopaminergic Neurons Induced by
the Chronic Administration of MPTP

Our study showed that a steady moderate 10-week exercise regimen applied immedi-
ately after chronic 5-week MPTP treatment significantly attenuated the loss of dopaminergic
neurons in the SNpc and normalized DRD2 receptor levels and the density of dopaminergic
innervation in the striatum, similar to the same 10-week exercise regimen initiated 1 week
prior to such MPTP treatment in mice.

The neuroprotective effects of exercise on the nigrostriatal system have been demon-
strated in animal models of PD [36]. Numerous studies in these models have confirmed
that high physical activity attenuates the damaging effects of the dopaminergic neurotoxins
6-OHDA and MPTP, has neuroprotective effects on dopaminergic neurons in the SNpc,
and normalizes the integrity of dopaminergic terminals in the striatum. An analysis of the
number of dopaminergic neurons in the midbrain confirmed the neuroprotective effect
of exercise in most [17,37,38], but not all, studies [39,40]. The neuroprotective effect was
found to be dose-, duration-, and intensity-dependent, with each of these elements having
an effect on neurochemical measures, neuronal counts, and motor symptoms of Parkin-
sonism [17,37]. In contrast, our previously published results [18] demonstrated that the
training, which began before the administration of the neurotoxin and was applied after
the end of the intoxication, (1) almost completely preserved the number of dopaminergic
neurons in the SNpc and ventral tegmental area (VTA), (2) increased the BDNF level in the
midbrain and the GDNF level in the striatum to a similar degree, and (3) entirely prevented
inflammatory responses evoked by chronic MPTP treatment.

3.2. Neurotrophins Are Involved in the Neuroprotective Effects of Steady Moderate Exercise in a
Mouse Model of Parkinson’s Disease

Steady moderate physical training for 10 weeks increased BDNF in the midbrain
and striatum in trained non-MPTP-treated mice. Chronic MPTP treatment in sedentary
mice decreased the levels of this neurotrophin. Training that started both before and
after chronic MPTP treatment increased BDNF levels not only above those of non-MPTP-
treated sedentary mice but also above those found in the midbrain of trained non-MPTP-
treated mice.

For GDNEF levels, the greatest differences induced by training were observed in the
striatum. Training increased the level of GDNF in non-MPTP-treated mice above the level
observed in sedentary non-MPTP-treated mice. Chronic MPTP treatment in sedentary mice
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decreased the levels of this neurotrophin. Surprisingly, in the striatum, MPTP treatment
potentiated the effect of training as GDNF levels in trained MPTP-treated mice increased
even above those observed in trained non-MPTP-treated mice. However, in the midbrain,
MPTP treatment did not potentiate the effect of training on GDNF levels, but training in
MPTP groups maintained midbrain GDNF levels similar to those observed in the trained
non-MPTP-treated group.

The available literature supports the central role of the neurotrophic factors BDNF
and GDNF in exercise-induced neuroprotection. In addition to the fact that exercise
increases the levels of neurotrophic factors, it is also known that supplementation with
exogenous BDNF or GDNF alone is sufficient to prevent the loss of dopaminergic neurons
following the damaging effects of toxins, as demonstrated both in vitro and in animal
model studies [41-43].

In contrast, the reduced synthesis of GDNF or BDNF after the knock-out of their genes
or silencing of their expression by antisense oligonucleotides results in a progressive loss
of TH-positive neurons in the SNpc of mice and increases their sensitivity to MPTP [44,45].
Exercise also fails to protect against MPTP-induced neurotoxicity in mice heterozygous for
the BDNF gene (BDNF*/~) [17,24]. It has also been shown that the application of a TrkB
receptor antagonist causes physical activity to lose its protective effect on dopaminergic
neurons [43]. These results suggest that physical activity may reduce the sensitivity of
dopaminergic neurons to toxins via the activation of signaling cascades triggered by the in-
creased availability of BDNF and GDNF. The increased number of immunohistochemically
labeled GDNF cells observed in exercising mice may indicate exercise-induced mobilization
of glial cells and the activation of anti-inflammatory processes.

3.3. Anti-Inflammatory Effect of Steady Moderate Exercise in a Mouse Model of
Parkinson’s Disease

Immunohistochemical detection of increased levels of GFAP, Iba-1b, and CD11b may
indicate that both astroglia and microglia are involved in the inflammatory response or
pathological changes in nigrostriatal structures in mice receiving MPTP. High levels of
inflammatory markers and pro-inflammatory changes in immunocompetent cells were
observed only in MPTP-treated sedentary mice. The signs of inflammation were still
present four weeks after the end of MPTP treatment, but they were absent in the early-onset
training group examined at the same time point, i.e., also four weeks after the end of
neurotoxin treatment. Thus, the persistent inflammation induced by MPTP was abolished
by exercise.

Iba-1b and CD11b proteins are among the markers of immune cells and, in the context
of microglia, are specific markers for these cells [46]. Increased expression of Iba-1b and
CD11b indicates that microglia may be activated in a given tissue area, which may be
indicative of inflammation, immune response, or neuroinflammatory processes, as both
proteins are associated with phagocytic functions and inflammatory cell activity [47].

CD11b, together with other transmembrane and surface proteins, is the first line
of defense against pathogens. It is involved in adhesion processes and the uptake of
complement-coated molecules [48]. It has been reported that increased CD11b expression in
various neuroinflammatory diseases corresponds to the severity of microglial activation [49].
Morphologically, microglial activation is associated with intense branching and cytoskeletal
rearrangement, with changes in shape and motility correlating with an increased expression
of CD11b [50]. During this activation process, the cytoplasmic domain of CD11b is thought
to interact increasingly with cytoskeletal proteins [51].

The most commonly used protein marker of microglial activation is also an elevated
level of Ibal. This is a member of the calcium-binding protein group. Ibal is an intracellular
protein, and its functions are related to the reorganization of the microglial cytoskeleton
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and the support of the phagocytosis process. The latter is possible thanks to its ability to
bind actin molecules [52]. This protein is one of the most widely studied in inflammatory
processes due to its conservative amino acid sequence and stability of antigenic epitopes
across species, including humans [53].

Current knowledge of the mechanisms involved in the anti-inflammatory effects of
exercise training in PD is based on data obtained in animal models [54], and these studies
are not very numerous. The results obtained by Sconce et al. [55] show that animals
treated with increasing doses of MPTP for 4 weeks had significantly increased levels of
GFAP in the SNpc, suggesting that astrocytosis processes were activated. Interestingly,
the MPTP-treated and exercising groups also had elevated GFAP levels compared to the
control group, but this was significantly lower than the group of mice treated with MPTP
but not exercising. This suggests that exercise may suppress the inflammatory response
in the brain, including the attenuation of astrocytosis. Another study, also in a mouse
model using the neurotoxin 6-OHDA [32], showed that both aerobic treadmill training and
resistance training have neuroprotective effects, probably by stimulating sirtuin 1 activity.
This can regulate both mitochondrial function and neuroinflammatory processes through
the deacetylation of NF-«B. Both forms of training also reduced levels of nitric oxide (NO),
TNEF-o (tumor necrosis factor alfa), IFN-y (interferon gamma, a type 2 interferon produced
by leukocytes), IL-1f3 (interleukin beta 1), and TGF-f31 (transforming growth factor beta
1) in mice receiving 6-OHDA. The regulation of NO levels may also be the mechanism by
which exercise training affects the magnitude of the inflammatory response induced by
6-OHDA administration.

It is reasonable to suggest that the exercise-induced reduction in the inflammatory
response may be the result of a direct effect on systemic immune processes. Contracting
skeletal muscles secrete cytokines (myokines), in particular interleukin-6 (IL-6), which
mediates the metabolic changes that occur during exercise [56,57]. IL-6 release from
muscles increases up to 100-fold during exercise contraction, resulting in an increased
systemic production of anti-inflammatory cytokines, including interleukin-10 (IL-10) and
interleukin-1 (IL-1) receptor antagonists, and decreased production of TNF-« and IL-
133 [58,59]. Exercise-induced improvements in the inflammatory profile may also result
from the modulation of intracellular signaling pathways and cellular functions mediated
by NO and reactive oxygen species (ROS). The induction of anti-inflammatory defense
mechanisms involves an increase in the expression levels of genes encoding antioxidant
enzymes and heat shock proteins [60,61].

Although physical activity is effective in reducing the risk of many chronic dis-
eases [62], acute training that is inappropriate in terms of intensity and duration for the
capacity of the trainee can cause damage to muscle and connective tissue, typically mani-
fested by the infiltration of inflammatory cells into the damaged tissue and the presence of
pro-inflammatory cytokines in the peripheral blood [56]. The inflammatory response to
exercise is attenuated when exercise is repeated at moderate intensity as the body adapts to
the overload that occurs. Regular moderate exercise leads to a reduction in the baseline
levels of circulating inflammatory markers as well as a reduction in the inflammatory
response to intense exercise [61].

3.4. Equipotent Neuroprotective Effect of Steady Moderate and Intensive Physical Training

We compared the currently presented results, in which we used steady moderate
exercise, to our previously published data [18], in which mice with induced Parkinsonism
were subjected to high-intensity exercise. When subjected to steady moderate exercise,
mice ran 360 m/day, whereas mice subjected to intensive exercise [18] ran 450 m daily.
Importantly, the run velocity was constant (15 cm/s) during moderate exercise, while
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during intensive exercise [18], the velocity was variable (10-25 cm/s) and its mean value
was 18.75 cm/s. There was a 25% difference between constant speed during moderate-
intensity training and average speed during high-intensity training. Given the same
daily training time (40 min), this also means a 25% difference in the distance run. Such a
difference approximately corresponds to the difference between moderate and intensive
exercise in human studies.

Comparing the results of the moderate-intensity training groups to those of the high-
intensity training groups shows that the neuroprotection provided by the former type of
training was at least as effective as that provided by the latter type of training. MPTP
treatment in sedentary mice reduced the number of TH-ir neurons in the SNpc by 66%.
Interestingly, the loss of dopaminergic neurons was less in the moderate-intensity training
groups than in the high-intensity training mice (27 vs. 31% after early-onset training
and 18 vs. 26% after late-onset training), although these differences were not significant
(Figure S1).

BDNF levels in the midbrain, as well as the striatum, were non-significantly lower in
untrained MPTP-treated mice compared to untrained and untreated control mice. Both
moderate- and high-intensity training elevated the BDNF level in MPTP-untreated mice. In
the midbrain, treatment with MPTP significantly potentiated the effects of both moderate-
and high-intensity training as the BDNF level was significantly higher in MPTP-trained
groups than in non-treated trained groups (Figure S2).

MPTP-treated sedentary mice had non-significantly reduced GDNF levels in the
midbrain and significantly reduced GDNF levels in the striatum compared to untrained
and trained controls. The effect of training and its intensity on GDNF levels was more
pronounced in the striatum than in the midbrain. In the striatum, high-intensity training
caused a significantly greater increase in GDNF in trained MPTP-untreated mice than
moderate-intensity training. Similarly, high-intensity exercise caused a greater increase in
GDNF levels than moderate exercise in MPTP-treated mice, but the difference was only
present between the early-onset training groups (Figure S3).

It is also reasonable to suggest that the exercise-induced reduction in the inflamma-
tory response may be the result of the activation of trophic factor-dependent signaling
pathways triggered by an increased availability of neurotrophins [43]. For example, the
anti-inflammatory activated microglia show increased expression of cytokines recognized
as anti-inflammatory, such as IL-10, TGFf3, IGF-1, NGF, and BDNF [63,64]. Astrocytes,
like microglia, also secrete anti-inflammatory agents into the environment, including neu-
rotrophic factors (e.g.,, GDNF, BDNF, and mesencephalic astrocyte-derived neurotrophic
factor (MANF)), which stimulate the survival and resuscitation of damaged dopamin-
ergic neurons [65,66]. In addition, endogenous IL-1(3 has been shown to induce GDNF
gene expression, synthesis, and secretion under in vitro conditions [67,68]. It is possible
that exercise training in Parkinsonian MPTP mice induces an alternative neuroprotective
activation of microglia rather than reducing pro-inflammatory glial activation.

On the other hand, it can be assumed that there is no increased pro-inflammatory pro-
liferation and activation of glial cells as a result of prolonged exercise because neurotrophin-
protected dopaminergic neurons do not degenerate and thus do not send signals that
mobilize the inflammatory response system [7].

3.5. Importance of Exercise Intensity in Exercise-Induced Neuroprotection

The conclusion of a number of human studies is that only intensive exercise per-
formed by PD patients slows motor deterioration [7,8], whereas there are not many publi-
cations confirming the beneficial effects of intensive exercise on the functionality of rescued
dopaminergic neurons in the substantia nigra and the protection of nigrostriatal terminals
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in the putamen. Zigmond et al. [69] presented results obtained in three rhesus monkeys
injected unilaterally with MPTP, with the other side of the brain serving as a control. One
monkey was sedentary, the second performed treadmill running at 60% of the maximum
heart rate (HRmax), and the third performed running at 80% HRmax. Running lasted
12 weeks before MPTP and 5 weeks after MPTP. The levels of TH, vesicular monoamine
transporter 2 [VMAT?2], and dopamine transporter (DAT) were undetectable in the caudate
and putamen of the MPTP-treated hemisphere in the sedentary monkey; in the monkey
running at 60% HRmax, only TH was barely detectable in this hemisphere. Running at
80% HRmax maintained TH, VMAT2, and DAT at levels similar to the control hemisphere.

The results of the study by de Laat et al. [70] bear some resemblance to the results
described above in rhesus monkeys, in that the intensive exercise performed by PD patients
improved the functionality of the remaining dopaminergic neurons in the substantia nigra
and protected the nigrostriatal terminals in the putamen. Ten patients with mild and early
PD exercised above the moderate intensity level, i.e., their heart rate was above 60-65%
of their individual HRmax, often reaching 80% HRmax. This type of exercise increased
DAT levels in the substantia nigra and putamen, as measured by PET imaging. This
increase was found to be statistically significant when compared to the expected decrease
previously measured by Delva et al. [71]. The authors also found that intense exercise
reversed the expected decrease in neuromelanin concentration in the substantia nigra,
as assessed by MRI. Neuromelanin is produced in the cytosol from dopamine and other
catecholamines, and its concentration in dopaminergic neurons increases linearly with age
in healthy subjects [72]. In PD patients, neuromelanin concentration decreases significantly
in the early years of the disease; so, an increase, rather than a decrease, in neuromelanin
concentration can be interpreted as a renormalization of dopaminergic neuron activity.

The study cited above only looked at the effects of vigorous exercise; so, the ques-
tion arises as to whether only vigorous exercise can reverse the progression of PD in
sedentary PD patients. An indirect answer to this question is provided by the study by
Schenkman et al. [9]. The authors compared the change in Unified Parkinson’s Disease
Rating Scale (UPDRS) motor score caused by intensive treadmill exercise (80-85% HRmax)
and moderate-intensity treadmill exercise (60-65% HRmax) for six months, 3 days per week.
The mean change in UPDRS motor score was 0.3 (slight deterioration) in the high-intensity
group, 2.0 in the moderate-intensity group, and 3.2 in the control group. Based on these re-
sults, the authors accepted the hypothesis that high-intensity exercise was associated with a
significant attenuation of motor decline and rejected the hypothesis that moderate-intensity
exercise could produce such a result.

If, in fact, very intensive exercises have to be used to positively modify the course
of PD, this type of intervention will remain restricted to a limited number of Parkinson’s
patients. It may become increasingly difficult to recruit truly sedentary people with PD
and those in more advanced stages of the disease to systematically participate in intensive
exercise. It should also be borne in mind that, according to current knowledge, intensive
exercise can only slow the progression of the disease such that even people who exercise
intensively will progress to a more advanced stage of PD.

As mentioned in the Introduction section, people with PD may find it difficult or
impossible to participate in vigorous exercise. Muscle weakness in PD is a primary symp-
tom [11] and exacerbates the normal age-related loss of maximal isometric strength, making
people with PD weaker than healthy people of similar age [73]. Both maximal voluntary
contraction and the rate of force development are reduced in PD, which may lead to a
decrease in force production [74]. Sympathetic denervation reduces cardiac contractility,
which may affect exercise capacity in patients with PD [70]. Fatigue is a debilitating and
persistent symptom commonly reported in PD. Physical activity is also impaired in PD due
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to increased fatigability. This increase may be caused by reduced cardiorespiratory fitness,
resulting in reduced oxygen delivery and utilization and leading to increased reliance on
anaerobic metabolism [13].

It is also important to remember that exercise puts a strain on the body, especially the
cardiovascular system. For example, exercise increases blood pressure. The extent to which
blood pressure rises during exercise is determined by the brain’s pressure-regulating center.
The increase in blood pressure in response to the same exercise is specific to each individual,
and a certain percentage of exercisers, including patients with PD, will experience an above-
average increase in arterial pressure [75]. A high increase in arterial pressure during exercise
has been shown to be associated with a higher risk of cardiac events [76]. Although a cause-
and-effect relationship between an exaggerated pressor response to exercise and cardiac
events has not been established, individuals who experience particularly large increases in
arterial pressure during exercise are systematically exposed to high cardiovascular stress.

It should be also taken into consideration that acute training that is inappropriate
in terms of intensity and duration for the capacity of the trainee can cause damage to
muscle and connective tissue, typically manifested by the infiltration of inflammatory cells
into the damaged tissue and the presence of pro-inflammatory cytokines in the peripheral
blood [56]. The inflammatory response to exercise is attenuated when exercise is repeated
at moderate intensity as the body adapts to the overload that occurs. Regular moderate
exercise leads to a reduction in the baseline levels of circulating inflammatory markers, as
well as a reduction in the inflammatory response to intense exercise [61]. However, it should
also be considered that very intense exercise may increase the risk of common infections and
the anti-inflammatory response due to a downregulation of pro-inflammatory cytokines,
together with the stimulation of anti-inflammatory cytokines [77].

The currently presented results obtained with steady moderate training and previously
presented results from high-intensity training [18] show that increasing the intensity of
exercise above the level applied in this study did not enhance the neuroprotective effect
of aerobic training in this particular mouse model of PD induced by a series of MPTP
injections. This suggests that there is a kind of saturation where the effect (% of neurons
saved) has reached its highest possible value and further increases in exercise intensity
do not produce a further increase in neuroprotection. Translating this finding into clinical
practice means that it may not be rational to strive for maximum intensity of exercise as
this may not enhance neuroprotection but may be detrimental and lead to the exclusion of
many, if not the majority of, PD patients.

We think it is likely that the relationship between the intensity of exercise and neuro-
protection could be a sigmoidal one. In such a case, in addition to saturation, which occurs
when exercise intensity is high, there is also a sub-threshold range where this intensity is
low and its change within this range has no effect on neuroprotection. The range between
threshold and saturation is the range in which a change in exercise intensity will produce a
change in neuroprotection. This range can be quite narrow, i.e., if the intensity of exercise
falls below the level that still confers maximum neuroprotection, one would observe a dis-
proportionate increase in neuronal loss. This seems to be the case in the study by Gerecke
et al. [17]. Bearing in mind that they studied the neuroprotective effect of exercise applied
before MPTP intoxication, the loss of dopaminergic neurons in the SNpc was 9.2% after a
full distance run, while a 2/3 full distance run resulted in a loss of 30.7%, and a 1/3 full
distance run resulted in a loss of 35.6% of neurons, which is close to the 41.5% loss in
sedentary mice.
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4. Materials and Methods
4.1. Experimental Groups: Drugs and Treatments

In the present study, we compared changes in the dopaminergic system, expression
levels of trophic factors, and inflammatory processes under moderate-intensity training
to those observed in a previous study in which mice with induced Parkinsonism were
subjected to high-intensity training. The experiments were performed on cohorts of mice
from the same generations of the breeding program, under the same conditions, by the
same experimenter, and using the same methods of tissue processing and evaluation.

All procedures used in this study were approved by the First Local Ethics Committee
for Animal Experiments in Warsaw and were performed in accordance with the Polish
Law on the Protection of Animals and the National Institute of Health’s Guide for the
Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985) and the Eu-
ropean Union Council Directive (63/2010/EU). Studies were performed in 12-week-old
male C57BL/6] mice, purchased from the Medical University of Bialystok (Poland) and
delivered to the Nencki Institute of Experimental Biology 1 month before the experiments.
In this study, 35 control (vehicle-treated) and 52 mice treated with MPTP were used. Mice
were kept on a 12:12 h light/dark cycle, with temperature and humidity maintained at
23 £ 1 °C and 55 & 5%, respectively; food and water were freely available. With re-
gards to the chronic MPTP administration protocol, mice were given 10 subcutaneous
doses of MPTP 12.5 mg/kg dissolved in saline (Santa Cruz Biotechnology, San Diego, CA,
USA, Cat No sc-206178; Axon Medchem, Groningen, The Netherlands, Cat No 1075) in
combination with the intraperitoneal application of probenecid (250 mg/kg dissolved in
dimethyl sulfoxide (DMSO); Sigma-Aldrich, St. Louis, MO, USA, Cat No P8761) injections
for 5 weeks. The purpose of probenecid administration was to inhibit the rapid excretion
and disintegration of MPTP and its metabolites from the brain and kidney; probenecid
alone has no significant neurotoxic effect, but in combination, it potentiates the neuro-
toxicity of MPTP [78]. Control mice received saline and DMSO injections only. The mice
were thus divided as follows: 19 mice in a control group (group C), 16 mice in a control
treadmill training group (C-T), 19 mice in an MPTP-injected group (MPTP), 17 mice in an
MPTP-injected trained group that started treadmill training 1 week before the induction
of Parkinsonism (MPTP-TE, i.e., MPTP + early-onset treadmill training), and 16 mice in
an MPTP-injected trained group that started treadmill training immediately after the in-
duction of Parkinsonism (MPTP-TL, i.e., MPTP + late-onset treadmill training) (Figure 6).
The treadmill training lasted 40 min/day at 15 cm/s (360 m/day) and was performed
5 days/week for 10 weeks.

4.2. Animal Sacrifice and Brain Tissue Collection

Animals were initially induced into a sedative state with a mixture of ketamine
(75 mg/kg; i.p.) and medetomidine (0.5 mg/kg; i.p.) and then deeply anesthetized (loss of
corneal reflexes) by the intraperitoneal administration of Vetbutal at a dose of 1 mL/kg body
weight. Intra-aortic perfusion was started when there was no reflex to skin stimulation. The
tissues were rinsed with cold (4 °C) 0.1 M phosphate-buffered saline (PBS) containing 5 IU
of heparin per 1 mL of buffer (50 mL within 5 min) and fixed with 4% paraformaldehyde
in 0.1 M PBS (50 mL within 5 min). Tissues were cryoprotected with 5% glycerol and
2% DMSO in 0.1M PBS (50 mL within 5 min). Fluids were administered through a cannula
connected to a peristaltic pump. After perfusion, the brains were removed, placed in
fixative for 1 h, and then immersed in 10% glycerol and 2% DMSO (24 h) for cryoprotection,
followed by 20% glycerol and 2% DMSO (24 h). The brains were kept at —80 °C until used
for staining. Mouse brains were delivered on dry ice and cooled in a cryostat (Leica CM1850,
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Leica Bioststems, Deer Park, IL, USA) at —27 °C for 45 min. Frozen brains were fixed to the
cryostat stage with a tissue freezing medium and sectioned coronally at 40 um thickness.

—
A Control Saline and DMSO
injections
L 1 1 1 )
rrrrrrrririri
0 2 4 6 8 10 weeks
B Control+ treadmilltraining
Saline and DMSO
injections
| Treadmill training |
0 z 4 6 8 10 weeks
C MPTP
MPTP and
probenecid injections
p : post mortem
oa—— .
0 2 4 6 8 10 weeks analysis
D MPTP + early-onset treadmill training
MPTP and
probenecid injections
' Treadmill training !
0 2 4 6 8 10 weeks
E MPTP + late-onset treadmill training
MPTP and
probenecid injections Treadmill training
r T rrrrriri )
0 ; | B 6 8 10 12 14 16 weeks
—

Figure 6. Schematic diagram of the study design. A detailed description of the research protocol
can be found in the Methods section. MPTP—1-N-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine,
a precursor to the neurotoxin 1-Methyl-4-phenylpyridinium (MPP") and DMSO—dimethyl sulfoxide.

4.3. Staining
4.3.1. Nissl Staining

Sections were mounted in 0.03 M PB on gelled slides and dried at room temperature
(RT) for several days. Sections were dewaxed by incubation for 3 min in the following
ethanol solutions: 96%, 80%, and 70% acidified with acetic acid. This was followed by
rinsing with distilled water and staining with 0.1% cresyl violet in acetate buffer for 15 min.
After rinsing with distilled water, differentiation was carried out in a 70% ethanol solution
with 10% acetic acid until no excess dye was present. The sections were then dehydrated in
increasing concentrations of alcohol (one change of 80%, two changes of 96%, two changes
of absolute alcohol). Next, the sections were incubated twice in the mixture of absolute
alcohol and xylene (mixture I: 2 parts of absolute alcohol for 2 parts of xylene and mixture
II: 1 part of absolute alcohol for 2 parts of xylene) and in 3 xylene solutions (3 min in each
solution). The sections were finally mounted in a DePeX medium. Nissel-stained sections
were used as reference labels for the identification of the brain structures that were to
be analyzed.

4.3.2. Immunohistochemistry for TH, DRD2, BDNF, and GDNF

For each individual antibody, all brain sections were processed simultaneously in
the same reagents during the same labeling reaction. The sections were rinsed three
times for 5 min with 0.1 M PBS. The sections were then incubated with 1% H,O, solution
in 0.1 M PBS to block the activity of endogenous peroxidases. The tissue material was
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then rinsed three times with 0.1 M PBS and incubated with 5% normal goat serum (NGS;
Vector Laboratories, Inc., Newark, CA, USA) in 0.1 M PBS containing 0.3% TritonX-100 for
one hour at RT. This was followed by incubation with primary antibodies in a solution
containing 5% NGS, 1% bovine serum albumin (BSA), and 0.3% TritonX100 in 0.1 M PBS for
one hour at RT and then overnight at 4 °C with continuous shaking. The following primary
antibodies were used: anti-dopamine D2 receptor (DRD2, Invitrogen, Waltham, MA, USA;
Cat #PA5-115142) at a dilution of 1:200, anti-glial cell line-derived neurotrophic factor
(GDNEF, Santa Cruz Biotechnology, Cat No sc-328) at a dilution of 1:500, anti-brain-derived
neurotrophic factor (BDNF, Santa Cruz Biotechnology, Cat No sc-20981) at a dilution of
1:500, and anti-tyrosine hydroxylase (TH, MERCK, Darmstadt, Germany: Cat No AB152) at
a dilution of 1:1000. After three washes with 0.1 M PBS, brain sections were incubated for
1 h at RT with secondary antibody solution (Biotinylated Goat Anti-Rabbit IgG Antibody,
Vector Laboratories, Cat No BA-1000) (5% NGS, 1% BSA, and 0.3% TritonX100 in 0.1 M PBS)
at a dilution of 1:200. The formulations were rinsed three times with 0.1 M PBS and then
incubated with the Vectastain ABC Kit (Vector Laboratories, Inc., Newark, CA, USA) for 1 h
at RT. To visualize primary—secondary antibody complexes, sections were incubated in PBS
containing 3,3'-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany), HyO,, and NiSOy at concentrations of 0.025%, 0.0125%, and 0.04%,
respectively. Stained sections were mounted, air-dried, and cover-slipped. The specificity
of the immunostaining was checked by running some slides through the entire procedure
without the primary antibody (first control) or secondary antibody (second control). No
specific staining was observed in any of the control slides.

4.3.3. Immunohistochemistry for Iba-1b

Brain sections were rinsed in 0.1 M PBS for 3 x 5 min, incubated with 1% H,O, solution
in 0.1 M PBS, and blocked with 5% normal rabbit serum (NRS; Vector Laboratories Inc.,
Newark, CA, USA) in 0.1 M PBS containing 0.3% TritonX100 for one hour at RT. The
sections were then incubated with primary antibody against ionized calcium-binding
adaptor molecule 1 (Iba-1b, Abcam Limited, Cambridge, UK; Cat No ab5076) diluted
(1:500) in 0.1 M PBS containing 5% NRS, 1% BSA, and 0.3% TritonX100 for 1 h at RT and
then overnight at 4 °C with continuous shaking. This was followed by 3 x 5 min PBS
washes and one hour of incubation at RT with the solution of rabbit anti-goat IgG and
horseradish peroxidase (HRP) conjugate. The secondary antibody was diluted (1:500)
in 0.1 M PBS containing 5% NRS, 1% BSA, and 0.3% TritonX100. DAB was used as a
chromogen to visualize the reaction. The stained sections were mounted, air-dried, and
cover-slipped. Controls for immunohistochemistry were performed as described above.

4.3.4. Immunofluorescence Staining for GFAP and CD11b

Free-floating sections were rinsed three times in 0.1 M PBS, incubated in 1% HyO;
solution in 0.1 M PBS for 30 min, and in 5% NGS solution (Vector Laboratories) in 0.1
M PBS with 0.3% TritonX-100 for 60 min. The next step was overnight incubation with
anti-glial fibrillary acidic protein (GFAP, dilution 1:1000, Dako, Glostrup, Denmark) and
anti-integrin subunit alpha M (CD11b, dilution 1:200, Bio-Rad Laboratories, Inc., Hercules,
CA, USA) antibody solution in 0.1 M PBS with 0.3% TritonX100, 5% NGS, and 1% BSA. The
next day, the sections were rinsed with 0.1 M PBS and transferred to a mixture of secondary
antibodies (1:1000, ThermoFisher Scientific Inc., Waltham, MA USA for both GFAP and
CD11b). Incubation with fluorescent antibodies was performed in the dark to prevent
photobleaching. The sections were mounted on slides and cover-slipped using UltraCruz®
Aqueous Mounting Medium with DAPI (Santa Cruz Biotechnology, Inc., Dallas, TX, USA).
The details for primary and secondary antibodies used are given in Table S1.
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4.3.5. Enzyme-Linked Immunosorbent Assay for BDNF, GDNF, and GFAP

Five mice from each experimental group were decapitated, the brains were quickly
removed, and the striatum (ST) and midbrain, including the substantia nigra (SN), were
collected and stored at —80 °C until further use. Tissue samples were weighed and homog-
enized in 20 volumes of ice-cold homogenization buffer against wet tissue weight. After
centrifugation, the resulting supernatants were used in an enzyme-linked immunosor-
bent assay (ELISA) to quantify striatal and midbrain levels of BDNF (ChemiKine Brain
Derived Neurotrophic Factor, Sandwich ELISA Kit Cat. No. CYT306, Merck, Darmstadt,
Germany), GDNF (Mouse GDNF/Glial Cell Line-Derived Neurotrophic Factor ELISA
Kit, Cat No EIAab/e0043m, Filgen Inc., Nagoja, Japan), and GFAP (NS830, Merck Mil-
lipore, Darmstadt, Germany). All steps of the assay were performed according to the
manufacturer’s recommendations.

4.4. Data Analyses
4.4.1. Quantification of the Number of Dopaminergic Neurons in SNpc

The anterior to posterior extent of the SN was determined using the Paxinos and
Franklin [79] mouse brain atlas. TH-immunoreactive neurons in the substantia nigra pars
compacta (SNpc) (—3.15 to —3.51 posterior to Bregma) were imaged using a Nikon Eclipse
Ni-E microscope (Nikon Instruments, Inc., Tokyo, Japan). Brain sections were selected for
analysis so that the coronal cross-section through the substantia nigra corresponded to the
level of the greatest dopaminergic cell distribution (i.e., between 400 and 700 microns from
the rostral to caudal development of the SNpc) [80]. The boundaries of the region of interest
(ROI), in this case, the area of the TH-ir neurons and their dendrites, were delineated using
the X-Y plotting system of the NIS software (Nikon Instruments, Inc., Tokyo, Japan, https://
www.microscope.healthcare.nikon.com/en_EU/products/software /nis-elements), which
also measured the square area (in mm?) of the ROI. TH-immunoreactive neurons were
counted under 100 x magnification. We only counted neurons in which the neuronal bodies
were immunoreactive for TH and the nucleus and proximal segment of one or two dendrites
were clearly visible. Afterward, the mean packing density (mPD) of dopaminergic neurons
was calculated as a function of the rostrocaudal level and location within the SNpc by using
the determined number of cells and the square area of the ROI in each section analyzed.
The following equation was used:

mPD = 5=
where mPD—mean packing density [mm ~2]; N;—number of neurons counted in the i-TH
section (positively stained against tyrosine hydroxylase); and SA;—square area of the i-TH
analyzed ROI [mm?]. The mean number of TH-ir neurons found in each experimental group
was expressed as the mean packing density [number of cells per one square millimeter].

4.4.2. Densitometric Analysis of the Inmunostaining of TH and DRD2 in the Striatum

DAB-stained sections were analyzed using a brightfield microscope (Zeiss, AXIO
IMAGER.M1, Carl Zeiss Industrielle Messtechnik GmbH, Oberkochen, Germany). Fiji-
Image]J (v. 1.53t, https:/ /fiji.sc/) software was used for quantitative analysis. Relative
optical density (OD) was measured in RO], i.e., the striatum. The digitization of the
SNpc microscope images was carried out in a single microscopy session, and the OD
measurements were carried out at the same time. In the first step, the observer delineated
the ROL In the second step, OD, i.e., the average level of greyness in the ROI, was calculated
using Image] software. Mathematically, OD was the sum of the grey values of all pixels
within the ROI divided by the number of these pixels. The threshold of OD was then
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determined by the observer. Image] allows all pixels with an OD below the threshold
to be marked in red. In fact, it is possible to find a threshold value such that only the
immunospecifically stained tissue is marked red. In order to find a suitable threshold value,
the observer had to gradually change its value until all immunolabelled elements within
the ROI became red. This procedure was performed once for the selected reference image.
This threshold was then used to analyze all the other images. Using the threshold, a new
measure was calculated: %Area. Specific OD was calculated as the mean OD of all pixels
within the ROI with an OD below the threshold. %Area was calculated as the ratio of the
number of pixels within the ROI with an OD below the threshold to the number of all
pixels within that area.

4.4.3. Quantification of the Levels of BDNF, GDNF, and GFAP in the Striatum
and Midbrain

The optical density of the standards and samples processed in the ELISA test was
determined using a microplate reader (ThermoLabsystem, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) set at a wavelength of 450 nm, and the concentration of the tested
samples was read from the standard curve and expressed as pg/mL for BDNF and GDNF
and ng/mL for GFAP.

4.4.4. Statistical Analysis

All datasets are expressed as group mean =+ SD. A comparison between experimental
groups was carried out with the use of a one-way analysis of variance (ANOVA) followed
by a post hoc comparison with the Newman-Keuls test using STATISTICA 12 software
(StatSoft Polska, Krakow, Poland, https://www.statsoft.pl/). The differences between
groups were considered statistically significant for p < 0.05.

5. Conclusions

Our previously published results [18] and those presented in this article show that
there is a threshold of exercise intensity above which increasing exercise intensity no longer
results in increased neuroprotection. Consistent with this finding, the increases in the
neurotrophins BDNF and GDNF and the attenuation of inflammatory processes induced by
steady moderate-intensity exercise were similar to those induced by high-intensity exercise.
Future research should use a wide range of exercise intensities to determine how changes
in exercise intensity affect neuroprotective efficacy. By examining changes in different
processes and phenomena in relation to changes in exercise intensity, key determinants of
exercise-induced neuroprotection may be identified.
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Abbreviations

The following abbreviations are used in this manuscript:

BDNF Brain-derived neurotrophic factor

BSA Bovine serum albumin

C Control

CD11b Integrin subunit alpha M

CREB Cyclic AMP-responsive element-binding protein
C-T Control treadmill training

CTT High-intensity trained control mice

DAB 3,3/-diaminobenzidine tetrahydrochloride

DAT Dopamine transporter

DMSO Dimethyl sulfoxide
DOPA Dihydroxyphenylalanine
DOPAC Dihydroxyphenylacetic acid

DRD2 Dopamine D2 receptor

ELISA Enzyme-linked immunosorbent assay

GDNF Glial cell line-derived neurotrophic factor
GFAP Glial fibrillary acidic protein

HRmax Maximum heart rate

HRP Horseradish peroxidase

HVA Homovanillic acid

Iba-1b Ionized calcium-binding adaptor molecule 1
IFN-y Interferon gamma

IL-1 Interleukin-1

IL-10 Interleukin-10

IL-1B3 Interleukin beta 1

IL-6 Interleukin-6

MANF Mesencephalic astrocyte-derived neurotrophic factor
METT Early-onset high-intensity training

MLIT Late-onset high-intensity training

mPD Mean packing density

MPP+ 1-Methyl-4-phenylpyridinium

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MPTP-LE ~ MPTP + late-onset treadmill training
MPTP-TE ~ MPTP + early-onset treadmill training
NF-«B Nuclear factor kappa B

NGS Normal goat serum
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Ni Number of neurons counted in the i-TH section
NO Nitric oxide
NRS Normal rabbit serum
OD Optical density
PB Phosphate-buffered
PBS Phosphate-buffered saline
PD Parkinson’s disease
PGC-1«x Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
ROI Region of interest
ROS Reactive oxygen species
RT Room temperature
SAi Square area of the i-TH analyzed ROI
SN Substantia nigra
SNpc Substantia nigra pars compacta
ST Striatum
TGER Transforming growth factor beta
TGF-p1 Transforming growth factor beta 1
TH Tyrosine hydroxylase or tyrosine 3-monooxygenase, EC 1.14.16.2
TNF-« Tumor necrosis factor alfa
UPDRS Unified Parkinson’s Disease Rating Scale
VMAT2 Vesicular monoamine transporter 2
VTA Ventral tegmental area
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Abstract: Progressive supranuclear palsy (PSP) is a neurodegenerative disease, classified as
an atypical Parkinsonian syndrome, that has been pathologically and clinically defined. The
histopathological aspects of the disease include tufted astrocytes, while the clinical features
involve oculomotor dysfunction, postural instability, akinesia, cognitive impairment, and
language difficulties. Although PSP is generally considered a sporadic disease, interest is
growing in its genetics, with contemporary research focusing on familial backgrounds and
neuroinflammation. Indeed, microglial activation and other inflammatory mechanisms of
PSP pathogenesis have been extensively analyzed using genetic examinations to identify
the factors impacting neurodegeneration. As such, this review aims to elaborate on recent
findings in this field.

Keywords: PSP; MAPT; microglia; genetics; atypical parkinsonism

1. Introduction

Progressive supranuclear palsy (PSP) is a rare neurodegenerative disease character-
ized by four-repeat tauopathy [1]. Among its crucial pathological elements are tufted
astrocytes, with clinical manifestations, including akinesia, postural instability, oculomotor
dysfunction, cognitive impairment, and language difficulties [2]. The disease, which has a
prevalence of 5.8 to 6.5 per 100,000 [3], is defined within specific domains that distinguish
multiple clinical phenotypes. PSP-Richardson’s syndrome (PSP-RS) is the most common
subtype and features pronounced oculomotor dysfunction, an early presence of falls, and a
lack of responsiveness to levodopa. PSP—parkinsonism-predominant (PSP-P) is an entity
that, due to its clinical overlap with Parkinson’s disease (PD), may be indistinguishable in
the early stages [4]. Among the less common PSP subtypes are PSP—pure akinesia with gait
freezing (PSP-PAGF), PSP—corticobasal syndrome (PSP-CBS), PSP-behavioral variant of
frontotemporal dementia (PSP-bvFTD), PSP—progressive non-fluent aphasia (PSP-PNFA),
PSP-frontal-dominant, PSP with predominant cerebellar ataxia, and PSP with oculomotor
dysfunction [2].

PSP is characterized by pronounced clinical deterioration; inefficient diagnosis through
in vivo diagnostic tools such as magnetic resonance imaging (MRI), positron emission to-
mography (PET), and single-photon emission computed tomography (SPECT); and a lack
of evidence-based treatments. Indeed, in vivo examination only enables a possible or proba-
ble diagnosis, with a definite diagnosis dependent on neuropathological evaluation [2]. PSP
is generally considered a sporadic disease, although research into a link between familial
genetics and increased risk of the disease is evolving alongside investigations into genetic
aspects of PSP and inflammation-induced neurodegeneration. Despite multiple studies
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on the pathogenesis of PSP indicating a possible impact of glial activation, it is unclear
whether inflammation is the cause or consequence of neurodegenerative mechanisms [5,6].
In PSP, the issue of autoimmune mechanisms was brought up based on HLA phenotyping
in neuropathologically verified PSP cases [7]. Wang et al., in a preliminary study, showed
that epitopes within the tau peptide may have affinity to HLA alleles, which could be
detected in a subset of PSP patients. Anti-IGLONS, a disease that clinically partially over-
laps with PSP, is associated with the presence of HLA-DRB1*10:01 and HLA-DQB1*05:01
alleles [8]. Certain features of microglial activation and cytokines derived therefrom may
be linked with a potentially beneficial impact on clinical impairments, contrary to their role
in atrophic changes [5,6,9,10]. Additionally, different clinical subtypes are associated with
diverse interleukin and inflammatory factor profiles that, considering the impact of tau
loading and its distribution, may be determined by genetics [11-14]. Therefore, the current
review provides a perspective on the features linking the genetic and inflammatory aspects
of PSP.

2. The Genetic Background of Progressive Supranuclear Palsy—A
General Overview

A genome-wide association study (GWAS) by Farrell et al. revealed that factors such
as cortical expression of syntaxin 6 (STX6), RUNX family transcription factor 2 (RUNX2),
and myelin-associated oligodendrocyte basic protein (MOBP) are linked with increased
PSP risk [15]. A transcriptome-wide association analysis in the same study stressed the
significance of multiple genes in the 6p21.32 and 17421.32 loci, including complement C4A
(C4A), complement C4B (C4B), and the microtubule-associated protein tau gene (MAPT).
As such, the research indicates the existence of cell-specific effects on gene expression
in oligodendrocytes.

The PSP tau pathology is linked to ubiquitin-fold modifier-1 (UFM1) substrate modi-
fication (UFMylation) through cascade disruption in neurofibrillary-tangle-bearing neu-
rons [16]. Fujioka et al. analyzed 19 descriptions of familial PSP and identified Parkinson-
ism and oculomotor dysfunction as the most common clinical aspects of familial PSP [17].
Mutations in MAPT are considered the most frequent factor associated with familial PSP,
while deviations linked with PSP are observed in the 17421.31 locus and are associated
with low copy number repeats accompanied by genomic inversion [18] (Table 1).

Table 1. Crucial features of MAPT in progressive supranuclear palsy (PSP).

Pathogenesis of PSP

. . =  more frequently linked to the early onset of PSP than leucine-rich
Comparison to other genetic factors repeat kinase 2 (LRRK2) or dynactin subunit 1 (DCTN1)

early onset of PSP

detected in patients with PSP-Richardson’s syndrome who
developed features commonly associated with synucleinopathies,
including autonomic failure and dream enactment behavior

434

Clinical implications

the MAPT H1 haplotype is considered to be a risk factor for PSP

=
Other features = impact on astrocyte tau distribution

Patients with MAPT mutations are affected by the earlier initiation of PSP symptoms
than carriers of less common genetic features such as leucine-rich repeat kinase 2 (LRRK2)
or dynactin subunit 1 (DCTN1) [19]. MAPT variants are also linked with frontotemporal de-
mentia (FTD). In particular, the mutation N279K associated with region Ex10 is associated
with FTDP-17. Furthermore, whole-exome sequencing in a 61-year-old female patient with
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a clinical manifestation of PSP revealed the E342K variant of MAPT [20], while the homozy-
gosity linked with the MAPT H1 haplotype is considered to be a risk factor for PSP and
corticobasal degeneration (CBD) [21]. As such, multiple theories exist around the overlap-
ping of neurodegeneration in both tauopathies [22]. MAPT mutations (MAPT c.1024G>A,
p. Glu342Lys, and MAPT c.1217 G>A, p. Arg406GIn) were detected among patients with
PSP-RS who developed features commonly associated with synucleinopathies, including
autonomic failure and dream enactment behavior [23]. Similarly, as in Alzheimer’s disease
(AD), PSP pathogenesis involves the joint expression of specific N- and C-terminal MAPT
isoforms [24].

Recent studies indicated the possible significance of PSP genetic risk factors. An
examination of the 17321.31 chromosome region and extended evaluations of «, 3, and vy
whole-genome duplications found an association between y duplications and PSP risk [25].

The characteristic classical PSP phenotype symptoms may be due to entirely different
entities mimicking a PSP clinical manifestation. In a case using SPECT to examine a
patient with clinical features of the disease, investigators observed pronounced atrophic
changes within the midbrain combined with dopamine transporter uptake deficiencies [26].
Meanwhile, a genetic evaluation revealed a novel in-frame deletion/insertion mutation in
exon 3 of glial acidic fibrillary protein (GFAP).

PSP may be linked with pathogenic sphingomyelin phosphodiesterase 1 (SMPD1)
variants associated with Niemann-Pick disease types A and B as its recessive cause. A
study by Lim et al. presented three unrelated patients affected by the heterogenous form of
the gene and a clinical manifestation of PSP-RS [27].

An evaluation of bassoon presynaptic cytomatrix protein (BSN) in Japanese patients
with neuropathologically verified PSP highlighted two mutations at p.Thr2542Met and
p.Glu2759Gly, with the former associated with cognitive impairment, Parkinsonism, and
behavioral changes. On the other hand, the p.GIu2759Gly mutation was linked with cog-
nitive impairment, right-dominant motor impairment, right limping gait, and postural
instability [28]. The mutations differed in the context of atrophic changes, as p.Thr2542Met
was associated with hippocampal atrophy and p.Glu2759Gly with left-dominant parietal
atrophy. Nonetheless, atrophic changes in the midbrain tegmentum were observed in both
cases. Interestingly, an analysis of neurofibrillary tangle occurrence revealed different dis-
seminations, with tangles observed in the globus pallidus, subthalamic nucleus, substantia
nigra, and CA1 in the first case and the globus pallidus, subthalamic nucleus, substantia
nigra, thalamus, putamen, and brainstem tegmentum in the second mutation. However,
any interpretation of the general significance of these mutations is limited since the study
involved only two cases.

Whole-genome sequencing by Wang et al. found—alongside the genetic loci com-
monly linked with PSP pathophysiology, such as MAPT, MOBP, STX6, solute carrier
organic anion transporter family member 1A2 (SLCO1A2), dual-specificity phosphatase 10
(DUSP10), and SP1 transcription factor (SP1)—signals for apolipoprotein E (APOE), FCH
and mu domain-containing endocytic adapter 1 (FCHO1)/MAP1S, kinesin family member
13A (KIF13A), tripartite motif-containing 24 (TRIM24), tenascin XB (TNXB), and ELVOL fatty
acid elongase 1 (ELOVLI). Interestingly, APOE €2, an allele with a protective role in AD
pathogenesis, was linked with increased PSP risk [29-31]. Such discrepancies may be cru-
cial in the context of recently described differences between the tau-mediated inflammatory
processes of APOEe2 and APOEe4 astrocytes in these two diseases [30-32]. Other studies
indicate that the association between APOE and PSP risk factors is more ambiguous in the
non-Caucasian population [33].
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3. Immune Molecular Pathogenesis in Progressive Supranuclear Palsy

Although the PSP pathomechanism pathways remain unclear, hypotheses focusing on
immune activation [34] are supported by evidence of the tufted astrocyte pathology being
significantly enriched in microglial genes [35] and abnormal microglial transcript upreg-
ulation associated with enhanced astrocytic tau. In this context, the outcome of a GWAS
by Farrell et al. on the colocalization of abnormal tau species in oligodendrocytes with
C4A protein, using a novel pattern in deoxyribonucleic acid in PSP analysis, highlights the
potential significance of internal immune functioning [15]. Neurodegeneration pathways
leading to tauopathies are linked by factors that, contrarily, activate and suppress microglial
activation [34]. Rexach et al. employed a weighted gene co-expression analysis to evaluate
transgenic models with human mutant MAPT and identify co-expressed gene modules
in microglia and brain tissue [34]. Their study found 13 co-expressed modules, with
7 containing microglial genes. The modules were sorted according to distinct trajectories
with respect to disease progression, including (1) the earliest stages before neuronal loss and
present through later stages (M_UP1, M_DOWN1, and M_DOWN?2), (2) early periods of
neuronal loss (M_UP2 and M_DOWNB3), and (3) late-stage neurodegeneration (M_UP3) [34].
The disease periods differed in the context of genes impacting pro-inflammatory (M_UP1)
and anti-inflammatory (M_DOWN1) mechanisms, leading to homeostasis deviations. In-
terestingly, the microglial activation patterns differed between PSP and other tauopathies,
such as AD and FTD-Pick’s disease. In this context, the evaluation of modules in the area
of microglial activation could explain abnormalities in the levels of microglial-derived
factors such as interleukin 1-beta, interleukin 6, and interferon gamma [12]. For genetic
risk, PSP was matched with EARLY_DOWN]1, FTD-Pick’s disease with EARLY-DOWN1
and EARLY-UP1, and AD with M_UP3. The study’s authors demonstrated a dual-element
process involving primary suppression through type Il interferon with subsequent pro-
inflammatory mechanisms [34]. Follow-up research by Rexach et al. based on the use of
snRNAseq and snATACseq showed that PSP astrocytes have high chromatin accessibility
in normally hypermethylated regions, indicating de-repressed gene expression [36].

An analysis of module eigengenes showed their varying impact on PSP’s patho-
physiology, with higher expression of M4, M6, and M12 linked to the disease [37]. Cell
enrichment in module M4 was linked with astrocyte genes, and M6 was linked to mi-
croglial/endothelial genes. Meanwhile, M3 was associated with oligodendroglia and lower
expression in PSP, and M6 coincided with differentially expressed chemokine ligand 3
(CL3). An issue with microglial genes was also raised in a study evaluating ABI family
member 3 (ABI3) and phospholipase C gamma 2 (PLCG2) missense variants as neurode-
generative disease risk factors among Caucasians and African Americans. Although the
study was primarily based on AD assessment, it included 231 PSP patients [38] and found
that microglial gene-enriched co-expression networks increased significantly in AD but not
in PSP. Another study showed an association between amyloid beta, but not tau, and mi-
crogliosis, microglial activation, and increased PLCG2 levels in the brain [39]. However, the
study showed a link between PLCG2_rs72824905-G and tau neuropathology suppression
in PSP. Furthermore, rs72824905-G was associated with longevity and indicated as a factor
in reducing the risk of AD, dementia with Lewy bodies, and FTD but not that of PD [40].

Triggering receptor expressed in myeloid cells 2 (TREM?2) is generally connected to
the microglial-driven phagocytosis of apoptotic neuronal cells, though abnormalities in
this gene can be associated with the pathogenesis of neurodegenerative disorders [41].
Indeed, an assessment of microglia-related TREM?2 revealed upregulation in the sub-
stantia nigra when 24 neuropathologically confirmed cases of PSP were compared with
14 controls [42]. Additionally, TREM2 messenger ribonucleic acid (mRNA) corresponded
with hyperphosphorylated neuronal tau in the substantia nigra. However, an analysis of
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TREM?2 in tauopathic mouse models showed an ambiguous role of this gene, with abnormal
tau enhancement and accumulation found [43]. TREM?2 variants were also linked with
atypical Parkinsonism in multiple pathologies, including synucleinopathies in the context
of multiple system atrophy [44]. TREM2 was also evaluated in PD and FTD, with further
assessment revealing that TREM?2 p.R47H substitution can be interpreted as a risk factor
for AD, PD, and FTD [41]. On the other hand, an analysis of the frequency of the TREM?2
p-R47H variant using a large cohort comprising AD, FTD, mild cognitive impairment,
PSP, CBS, and amyotrophic lateral sclerosis (ALS) cases and controls did not find any
significant links between the variant and neurodegenerative diseases other than AD [45].
Carrying p.R47H in the TREM2 gene was associated with mild cognitive impairment,
amyloid deposition, and microglial activation in a study on influenza vaccine immune
challenge [46]. This variant was found to show ambiguous results in the context of the
risk of neurodegenerative diseases. It was indicated as a possible risk factor of sporadic
amyotrophic lateral sclerosis (ALS) and essential tremor [47,48]. Contrary studies based
on the examination of FTD, PD, and ALS did not show results indicating p.R47H as a
definitive risk factor of these diseases [49,50]. In AD, TREM?2 mutations were linked with
phosphorylated tau (p-tau)181 and soluble TREM2 and were interpreted as being related
to an unfavorable clinical course. Such an analysis has yet to be undertaken for PSP [51].

PSP and CBD involve early/immediate inflammatory responses that result in a p-tau
signature [52]. Briel et al. showed that, apart from those for transcription factor EB (TFEB)
and nuclear factor IC (NFIC)/T-cell leukemia homeobox 1 (TLX1), the transcription factor
site accessibilities are similar in both diseases. The crucial discrepancies are associated
with the extent of accessibility alterations, with Jun proto-oncogene (JUN) (B, D)niGH,
Fos proto-oncogene (FOS) (L1, L2)yicH, double homeobox 4 (DUX4), KLF transcription
factor 5 (KLF5), MYC-associated factor X (MAX)/MYC proto-oncogene (MYC), paired
box 6 (PAX6), and peroxisome proliferator-activated receptor gamma (PPARG) suggesting
CBD astrocytes, and decreased TFEB and cAMP responsive element-binding protein 1
(CREB1) accessibilities indicative of PSP astrocytes [52]. The genetic risk variants of PSP
and FTD were mapped to astrocytic chromatin accessibility profiles, suggesting a complex
(epi-)genetic link to astrocytic pathology, with, notably, no enrichments in microglial
profiles [44].

The shared features of PSP, CBD, PD, and FTD pathogenesis have been described in
the context of C-X-C chemokine receptor type 4 (CXCR4) [53-55], which is involved in
microglial activation and increases the likelihood of developing these diseases. Increased
CXCR4 expression was detected in the ventral thalamus, subthalamus, pontine tegmen-
tum, and cerebellar nuclei, which are partially linked with the structures identified in
PSP staging [52-56]. Further analyses highlighted the significance of CXCR4 in astroglial
signaling abnormalities in neurodegenerative processes [55]. Additionally, CXCR4 inter-
acts with microglia-related cysteine-X-cysteine chemokine ligand 12 (CXCL12), toll-like
receptor 2 (I'LR2), RAS-like proto-oncogene B (RALB), and C-C motif chemokine receptor 5
(CCRb) [55]. Moreover, CCR5 is associated with blood-brain barrier integrity [55], while
CXCR4 is indicated as impacting cognitive deterioration in neurodegenerative disease
within an axis including CXCL12 and CXCR?7. Another study highlighted the possible
impact of this axis on dopaminergic neuron survival, though it did not focus on PSP [57].

MAPT dysregulation is thought to affect the astrocyte tau distribution in PSP [11],
with astrocytic tau buildup found prior to its accumulation in neurons. Experiments
using a p-tau antibody (AT8) revealed that AT8+ astrocytes had significantly more MAPT
transcripts and that deviations in endogenous astrocyte mRNA resulted in increased
astrocytic tau accumulation in PSP. Furthermore, this process was not associated with AD.
Other genetic variants linked with neuropathologically verified PSP include STX6 and
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eukaryotic translation initiation factor 2 alpha kinase 3 (EIF2AK3) [57,58], with upregulated
STX6 expression found in the cerebellum [17].

4. Discussion

The associations between microglial activation and astrocytic tau in PSP and the
evaluation of their molecular background raise questions about the causes of the different
disease subtypes. To the best of our knowledge, no studies have been performed to
genetically examine PSP in the context of its clinical subtypes. Based on the features of
genes related to microglial activation, such as deviations in TREM2 and their impact on
cognitive deterioration and differences in cognition between PSP subtypes, it may be
assumed that the diversity of these abnormalities plays a role in the clinical evolution of
the disease [2,9,55]. However, the mechanism presented does not provide sufficient data
to explain the pace of neurodegeneration in PSP compared to other neurodegenerative
disorders. Moreover, the variability of immune processes leading to neurodegeneration in
PSP raises concern over the repeatability of such mechanisms. Furthermore, the relatively
low number of cases evaluated in genetic studies of immune processes in PSP limits
an extended analysis of this issue. Nonetheless, some studies highlighting the genetic
background in related conditions may be applicable to PSP due to the extent of overlap
between such disorders.

5. Conclusions

The inflammatory mechanisms in PSP are an understudied issue in the analysis of the
pathomechanisms of this disease (Figure 1). The diversity of paths leading to neurodegener-
ation in this process has been studied in terms of their causes and consequences. Inevitably,
the genetic background of inflammation may partly explain the wider picture of clinical
manifestations of PSP. It is not clear why certain cases develop into PSP-RS associated
with pronounced clinical deterioration, while others are linked to more gradual evolution.
Understanding PSP’s pathomechanisms may help to progress research on the treatment
of this currently incurable disease, and it seems inevitable that evaluations of the genetic
aspects of PSP will be crucial in furthering our understanding.

CXCR4-astroglial

signaling

MAPT dysregulation—
astrocyte tau
distribution in PSP

TREM?2
microglial

upregulation

PLCG2 microglial
gene-enriched co-

expression

Figure 1. Aspects of immune molecular pathogenesis of progressive supranuclear palsy (PSP).
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Abstract: The role of the intestinal microbiota and its influence on neurodegenerative
disorders has recently been extensively explored, especially in the context of Parkinson’s
disease (PD). In particular, its role in immunomodulation, impact on inflammation, and
participation in the gut-brain axis are under ongoing investigations. Recent studies have
revealed new data that could be important for exploring the neurodegeneration mech-
anisms connected with the gut microbiota, potentially leading to the development of
new methods of treatment. In this review, the potential roles of the gut microbiota in
future disease-modifying therapies were discussed and the properties of the intestinal
microbiota—including its impacts on metabolism and short-chain fatty acids and vitamins—
were summarized, with a particular focus on atypical Parkinsonian syndromes. This review
focused on a detailed description of the numerous mechanisms through which the micro-
biota influences neurodegenerative processes. This review explored potentially important
connections between the gut microbiota and the evolution and progression of atypical
Parkinsonian syndromes. Finally, a description of recently derived results regarding the
microbiota alterations in atypical Parkinsonian syndromes in comparison with results
previously described in PD was also included.

Keywords: atypical Parkinsonian syndromes; Parkinson disease; neurodegeneration;
intestinal microbiota; systemic inflammation; gut-brain axis; x-synuclein; tau; short-chain
fatty acids; vitamin B12

1. Introduction

Atypical Parkinsonian syndromes (APSs) comprise various neurodegenerative disor-
ders characterized by rapid progression, poor levodopa responsiveness and shorter life
expectancy when compared to Parkinson’s disease (PD) [1]. Among them, Progressive
Supranuclear Palsy (PSP), Multiple System Atrophy (MSA), Corticobasal Syndrome (CBS)
and Frontotemporal Dementia (FTD) can be distinguished. Although all of the above
entities are classified as neurodegenerative diseases caused by the accumulation of abnor-
mal proteins, the compositions of these deposits differ. PSP and CBS are grouped with
the FTD-related disorders due to their underlying tau pathology, while MSA and PD are
described as «-synucleinopathies [2].

Frontotemporal dementia (FTD), first described by Pick in 1892, is a clinical manifesta-
tion of neuronal degeneration in the frontal and temporal lobes. As these structures are
mainly responsible for speech and behavior control, loss of neurons leads to progressive
aphasia and cognitive and behavioral dysfunction [3]. Pathologically, it is recognized by a
tau- and TDP-43-based pathology [4]. In some cases, patients initially diagnosed with FTD
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develop additional symptoms, such as gait disturbance, increased falls and supranuclear
palsy [4]. In this case, the behavioral FTD variant of PSP should be diagnosed (PSP-bvFID).
It is worth mentioning that, among the various PSP subtypes, PSP-Parkinsonism predomi-
nant (PSP-P) and PSP-Richardson Syndrome (PSP-RS) are the most common. Pseudobulbar
and horizontal gaze palsy concomitant with axial rigidity and postural instability are
described as the core clinical features of PSP. In PSP-P, tremor, rigidity and bradykinesia
are typical symptoms, while a reduction in horizontal eye movement, gait instability, falls
and profoundly progressing cognitive decline is described in the context of PSP-RS [4].

The main symptom of MSA is dysautonomia (dysfunction of the autonomic system)
concomitant with cerebellar signs (MSA-C) or Parkinsonism (MSA-P) [5]. The chronic pro-
gression of clinical symptoms with transient, poor or no levodopa response and relatively
rare cognitive decline are characteristic of the disease.

Neurocognitive dysfunction—often misdiagnosed as AD—is a common sign of CBS.
Coincidentally, it is also characterized by alien limb phenomena, described as asymmetric
rigidity, hypokinesia and dystonia with numerous uncontrolled limb movements [2]. At
present, there are no data concerning dysbiosis in corticobasal degeneration (CBD), which
could be (at least partially) explained by the rarity of the disease and the need for neu-
ropathological examination in order to obtain a diagnosis. CBS, which can be diagnosed
based on the clinical syndrome, is very diverse in the context of neuropathology, which
could explain the lack of studies concerning the gut microbiota with respect to this disease.

The criteria for diagnosing particular forms of atypical Parkinsonism are constantly
being modified in response to the results of new studies. The final and only certain way
to make the right diagnosis is a post-mortem examination of the brain. Making the most
probable diagnosis as soon as possible is crucial, as standard methods of therapy are not
satisfactory in patients with APSs. Modern researchers are trying to find as many potential
factors as possible that contribute to neurodegeneration in patients with APSs in the hope
of determining possible drug targets for use in future therapies. The data from APS studies
have indicated differences in the type of protein accumulated in the CNS, the levels of
individual inflammatory markers, the degree of reaction to pain, and the expression levels
of genes leading to the development of pathology in the brain [3,4,6,7].

While the prevalence of Parkinson’s disease is expected to increase from 76 (in 2021)
to 267 cases per 100,000 in 2050, the prevalence of APS tends to remain stable over time and
has been estimated as less than 10 per 10,000 [8,9]. At present, the exact pathomechanism
of neurodegeneration in APS remains unknown, although there is likely a multitudinous
combination of endo- and exogenic factors generally affecting the pace of neurodegenera-
tion [10]. The genetic background of neuronal deterioration, as well as its correlation with
toxin exposure or brain injury, have been broadly described in the literature, although an
“enriched environment” due to anti-oxidative properties seems to act as another factor
impacting the number of neuronal cell deaths [10,11]. Among multiple theories explain-
ing the mechanisms of neurodegeneration, the involvement of inflammatory processes
is certain, although it has still not been definitively established whether it this a cause or
result of the disease. Recognizing the human body as a combination of interconnected
systems, the search for factors influencing the exacerbation of inflammation is one of the
most widespread topics in the contemporary literature.

Although Braak’s dual-hit hypothesis of sporadic PD development has been widely
recognized for nearly 20 years, its accuracy remains a subject of debate. According to
Braak’s idea, the process of neurodegeneration within the central nervous system (CNS)
remains strictly dependent on the conditions of the digestive tract, being the expanded
system connecting the external environment with the brain. When potential pathogens
(virus, bacteria) achieve access to the olfactory bulb, they can also pass through the nasal
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cavity and into the digestive tract after being swallowed. Through the promotion of
regional inflammation and intestinal barrier disruption, these pathogens stimulate local
a-synuclein accumulation, which then could be transported by the vagal nerve into the
CNS [12]. Braak’s theory remains only partially in line with that of Horsager, who has
proposed another mechanism of PD development and highlighted its two phenotypes [13].
While Braak’s theory applies to PD and «-synuclein, it is not known whether and to
what extent it can be extended to tauopathies. The previously mentioned model of x-
synuclein accumulation starts with non-specific inflammation in the gastrointestinal tract
and assumes its further dispersion into the CNS. According to Horsager, this is described as
a body-first phenotype, linked with an increased risk of motor/dysautonomic symptoms,
clinically distinguished from the second, brain-first phenotype by the presence of rapid eye
movement (REM) sleep behavior disorder (RBD). According to this theory, the disease can
start initially in the CNS—on the level of the substantia nigra pars compacta dopaminergic
neurons—and then spread within the cortex. This model is more common in patients with
LRRK?2 mutations [14]. Due to clinical similarities, it could be assumed that the mechanisms
underlying APSs might resemble one another. Beside the fact that inflammation is present
even before protein accumulation, the number of involved immunological pathways is so
wide that it seems to be impossible to choose only one factor strictly related to the initiation
of inflammatory processes and eventual progression. While diet, aging, infections and
gut dysbiosis (imbalance in the gut microflora), among other factors, seem to represent
environmental modulators, the roles of genetics and endogenic mediators have also been
strictly discussed.

According to McGeers’ hypothesis, a local inflammatory reaction within the brain
can promote microglial activation, resulting in enhanced oxidative stress reactions. In-
creased expression levels of IL-1, IL-6 and TNF-alpha in cerebral tissue concurrent with
increased complement system activity provides evidence for the possible role of regional
inflammation when explaining the pathogenesis of PD [15]. The exact role of inflamma-
tion in initiating neurodegeneration or its potential reactive character still requires more
extensive evaluation.

The existence of neuro-inflammatory processes in neurodegenerative disorders is not
in doubt and has been observed in in vivo trials [16]. Furthermore, multiple studies have
provided data supporting the potential role of inflammation in the course of the disease;
for example, Madetko-Alster et al. described differences between the cytokine profiles in
blood and CSF among patients with PSP-P and PSP-RS. Significant differences between
IL-1 and IL-6 concentrations with respect to PSP-P and PSP-RS patients could be explained
by microglial activity and IL release, with a potential impact on the progression of the
disease [17].

The inflammatory processes present during neurodegeneration are generalized
and can be reflected by unspecific peripheral parameters. Investigations of the serum
lymphocyte-to-monocyte ratio (LMR), neutrophil-to-lymphocyte ratio (NLR) and neutrophil-
to-high density lipoprotein ratio (NHR) revealed higher parameters of NLR and NHR
concurrently with lower LMR in patients with PD in comparison with HC, in correspon-
dence with the severity of the disease [18]. Madetko-Alster et al. reported increased levels
of NLR as well as another parameter—the platelet-to-lymphocyte ratio (PLR)—in PD (in
comparison with HC), with no statistically significant differences in NLR and PLR between
patients with PD and MSA-P. In MSA-P patients, only NLR was significantly higher when
compared with HC [19]. Although no explanation for this observation has been fully estab-
lished, the intestinal microbiota and its bacterial composition could act as potential factors
triggering inflammation, thus resulting in different levels of inflammatory enhancement.
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This paper provides a narrative review concerning the potential roles of the gut micro-
biota in the pathogenesis of atypical Parkinsonian syndromes. The PubMed and Google
Scholar databases were searched for papers related to the molecular mechanisms of bac-
terial activity in the context of atypical Parkinsonian syndromes. The following medical
subject headings were used: “atypical parkinsonian syndromes—role of intestinal micro-

7 v

biota”, “molecular mechanisms of neurodegeneration”, “microbiota activity”, “gut-brain
axis activity”, “gut-brain axis modulation” and “role of bacteria in neuroinflammation”.
All search results were manually reviewed prior to inclusion in this review. This review
focuses mostly on original papers published within the past 5 years and/or studies that are
highly relevant to the topic of the gut microbiota in Parkinsonian syndromes. Pilot studies

and case reports were excluded from the analysis.

2. Role of the Intestinal Microbiota in Inflammation and
PD Pathogenesis

The human digestive tract is a commonly known area of existence for about 100 trillion
micro-organisms, including more than 160 bacterial species. The term “microbiota” refers
to the group of living organisms existing in a certain environment, comprising bacteria,
archaea, fungi, protists and algae, while not including phages, viruses, plasmids, prions,
viroids, and free DNA [2]. Regarding bacteria, Firmicutes, Bacteroidetes, Actinobacteria,
Fusobacteria, Proteobacteria and Verrucomicrobia make up the majority (i.e., up to 90%) of
the intestinal microenvironment, with their concentration, composition and proportion
differing among individuals, depending, i.e., on their localization in the gastrointestinal
(GI) tract. The highest bacterial concentration is observed in the distal region (colon) [20].
At least 30% of the microbiota composition remains as a constant core group, while the
remaining part is related to numerous factors such as lifestyle (stress, diet) and environment,
as mentioned before [20,21].

The microbiota participates in crosstalk with the human body, forming an overarching
system called a holobiont: the human digestive tract serves as a suitable environment for the
sustainable development of bacteria and the production of numerous substances enabling
the maintenance of homeostasis [22]. Interestingly, specific changes in the composition of
microflora has been associated with the precise exacerbation of the clinical symptoms of
PD—both cognitive and motor [23].

The availability of oxygen in the singular sections of the digestive tract strictly defines
the type of bacteria living in that space. While Lactobacillus strains constitute the majority
in the duodenum, anaerobic Ruminococcaceae and Lachnospiraceae predominate in the large
intestine. Moreover, due to the presence of the intestinal barrier, bacteria that multiply and
live in the intestinal lumen (LM) or in the mucous membrane (MAM) can be distinguished.
Luminal bacteria in the duodenum are responsible for carbohydrate metabolism, while
mucosal bacteria play a major role in endocrine system coordination. Large intestine
luminal bacteria are focused mainly on lipid metabolism, while mucosal bacteria focus on
general interactions with the host [24].

Inflammation—in addition to its undeniable impact in terms of increasing the perme-
ability of the intestinal barrier—influences the selection of bacteria that are able to grow
in the non-physiological conditions of this environment. Similarly to the blood-brain
barrier, the integrity of the intestinal layer seems to act as a crucial factor protecting against
pathogens and limiting the risk of toxic molecule absorption. The intestinal microbiota
remains a key factor engaged with gut-brain axis activity. At present, numerous products
of bacterial metabolic paths are being researched as factors that may reduce the risk of
systemic inflammation and additional neurodegeneration [25].
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Although the results of studies based on Akkermansia species remain contradictory,
they are known as mucin-degrading bacteria, provoking a loss of intestinal barrier func-
tion while promoting gut inflammation and endotoxemia [26]. Nevertheless, in animal
models, Akkermansia muciniphila has been shown to regulate the activity of T regulatory
cells, short-chain fatty acid (SCFA) production and intestinal passage prolongation, as
well as improving cognitive function by inhibiting the pro-inflammatory IL-6-dependent
pathway [26,27]. Furthermore, the concentration of Actinobacterin—comprising, i.e., Bifi-
dobacterium species—has been proven to be positively correlated with pro-inflammatory
parameters, including white blood cells (WBCs) or the percentage of neutrophils and
monocytes in the blood [28]. As these bacteria participate in histidine degradation and
proline synthesis, they lead to increased glutamate levels in both pathways—thus promot-
ing neuronal excitation—and increase the risk of excitotoxicity and neuronal cell death.
Proline metabolism imbalance has been mentioned as a cause of alterations in neuronal
activity and is linked with CNS diseases [29]. Arginine synthesis is strictly correlated with
proline and glutamate acid concentrations. Its increased metabolism leads to the formation
of putrescine and spermidine—molecules related to the degree of gut barrier permeabil-
ity. Metagenomic studies have indicated that norspermidine enhances the aggregation of
a-synuclein, while increased allantoin degradation could be a result of the inflammatory-
based uric acid production, suggesting an increased risk of oxidative stress among PD
patients [30]. Furthermore, some Bifidobacteria species contain succinate-semialdehyde
dehydrogenase or glutamate decarboxylase, both resulting in an increased concentration of
GABA, which is known as a promoter of PD motor symptoms [31].

The additional breakdown of connections between epithelial cells leads to increased
exposure to lipopolysaccharides (LPS); that is, elements of the cellular wall of bacteria
from the Proteobacteria group. This leads to a systemic pro-inflammatory reaction and the
progression of neurodegeneration [32]. The excessive release of LPS and other bacterial
metabolic products into the bloodstream could result in systemic inflammation progres-
sion, leading to disruption of the blood-brain barrier (BBB) and increasing the risk of
enhanced transfer of inflammatory cells to the CNS, resulting in an increased risk of neu-
roinflammation and degeneration [16]. Recent data showed that LPS also increases the
risk of vascular wall integrity disruption, leading to renal insufficiency and cardiovascular
disease [33]. Escherichia coli and Salmonella are equipped with special fibers called Curli,
which are the main proteinaceous component of their extracellular matrix (ECM) [34].
By binding with laminin and fibronectin, they provide contact with the host; however,
they also bind t-PA, which activates plasminogen and leads to destruction of local tissue
according to its protease property [35,36]. It is suspected that the Curli subunit CsgA
(extracellular bacterial amyloid protein) interacts with mammalian proteins in so-called
cross-seeding, promoting x-synuclein accumulation [37]. Interestingly, Curli belongs to
the biofilm-associated proteins (BAPs) group, described as molecules that are responsible
not only for the maintenance of biofilm integrity but also amyloid-like fibril accumulation,
relentlessly leading to neurodegeneration [38].

Cells damaged by inflammation act as a great source of the host-derived immune-
activating damage-associated molecular patterns (DAMPs), which are present in the blood
and stimulate epithelial repair processes [39]. DAMPs show affinity with several types of
receptors, such as toll-like receptors (TLRs), RIG-1-like receptors (RLS) and the Nod-like
receptor family, triggering mechanisms of innate immunity. By stimulating myeloid-
differentiation factor-88 and the NLRP3 inflammasome, they contribute to the activation
of caspases and the release of pro-inflammatory interleukins, such as TNF-«, IL-1, IL-6,
IL-8, and IL-12 via myeloid-differentiation factor-88 stimulation and IL-1{3 and IL-18 in the
NLRP3 inflammasome [40].
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Blood samples from PD patients have revealed increased levels of, i.e., IL-1f3, IL-6
and TNF-«, while dysbiosis was also suspected to cause higher IFN-y concentrations [41].
Comparing APS and idiopathic Parkinson’s disease (iPD) patients, the former revealed
higher serum concentrations of IL-2, IL-4, IL-6, TNF-«, and IFN-y, while the level of IL-10
was the lowest in APS patients [42].

Animal model-based research has revealed that a stress environment (water avoidance
stress) leading to the inhibition of the NOD-like receptor and pyrin domain containing
(NLRP)-6 inflammasome resulted in not only inflammatory enhancement, but also funda-
mental dysbiosis in mice [43].

A few articles have underlined the health-promoting role of inhalation of hydrogen
sulfide (H2S), a substance produced mainly by Prevotellaceae (part of the Proteobacteria
family) [44]. It is supposed to cause such a positive effect through the indirect expression
of heme oxygenase-1 and glutamate-cysteine ligase, as well as anti-inflammatory prop-
erties [44]. However, trials in PD patients have shown that H2S enhances x-synuclein
accumulation and could be triggered by Desulfovibrionaceae, as well as other bacteria, expos-
ing PD patients to increased concentrations of this substance [45]. Prevotellaceae has been
reported to decrease toxic polyglutamine (polyQ) aggregation and promote intestinal motil-
ity [46]. Some such species can also produce magnetite (Fe304), which collectively leads to
excessive cytochrome c release in mitochondria, promotes iron accumulation and increases
the level of reactive oxygen species production [47]. It has been postulated that rhamno-
lipid (RL)—an active element of the cellular surface produced by Pseudomonas aeruginosa
(included in the Proteobacteria family)—could interact with x-synuclein molecules and indi-
rectly modulate the risk of neurodegeneration in PD models [48]. Pseudomonas species also
express genes for esterase PA2949, sharing a similar structure with the human membrane-
bound o/ 3-hydrolase domain 6 (ABHDS) protein, leading to 2-arachidonylglycerol (2-AG)
hydrolysis and endocannabinoid signaling impairment. As endocannabinoid receptors are
mostly expressed on the surface of basal ganglia, their inhibition can result in impaired in-
teractions with other pathways (including GABAergic and dopaminergic paths), increasing
the risk of occurrence of neurodegeneration symptoms [49,50].

By reducing access to oxygen, anaerobic bacteria obtain optimal conditions to live and
develop. The presence of Actinobacteria and Enterococcus species (e.g., Olsenella, E. faecalis)
is associated with an increased level of the tyrosine metabolite p-cresol [51]. In a mouse
model, p-cresol sulphate caused not only a decrease in circulating BDNF but also increased
corticosterone and repressor element-1 silencing transcription factor (REST), leading to
the development of depression-like, anxiety-like and cognitive impairment symptoms,
including memory and learning difficulties [52]. Tyrosine decarboxylase (TyrDC) leads to
premature synthesis of dopamine in the intestine, which is unable to cross the BBB and,
thus, cannot have a beneficial effect in terms of alleviating the clinical symptoms of PD.
Decreased levels of tyrosine, increased levels of a-synuclein, impaired sodium transport
and higher succinate levels in feces and serum have been described in a mouse model of
PD, notably revealing an increased concentration of Alistipes species [53].

Accordingly, isopropanol can have toxic effects on neuronal cells, being an alcohol
that penetrates the CNS more effectively than ethanol and acting as a nervous system
depressant [54]. Inhibition of its production concomitantly with alleviation of pyruvate
fermentation to propanoate I have been shown to be facilitated by Lactobacillus (from
phylum Firmicutes) [28]. As vitamin B12 is responsible for, i.e., propanoate breakdown, its
potential protective role against inflammation and cell death, concomitantly with synaptic
hippocampal support, has been shown in a rat model of AD [55].

A limited concentration of propanoate, caused by the mitochondrial unfolded protein
response (mitoUPR) due to x-synuclein accumulation, has been shown to impede lipid and
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protein metabolism and impair energy production, which is crucial for effective gut-brain
communication [56].

Ruminococcaceae bacteria (included in phylum Firmicutes) also exhibit numerous
activities related to metabolic alterations [57]. They are predominantly responsible for
a-linolenic acid (ALA) production, stimulating the Wnt/ 3-catenin signaling pathway and
resulting in enhanced proliferation of intestinal stem cells [58]. Ruminococcaceae CPB6 have
been found to express the LDH gene and promote apoptosis of microglial cells [59,60].
Apart from lactate modifications, CPB6 is also engaged in n-caproic acid (CA) production,
involving other molecules, including acyl carrier protein (ACP) and coenzyme A (CoA) [61].

Toxins produced by particular Clostridium species (part of Firmicutes)—namely,
through the inhibition of potassium channels—have been shown to lead to mitochondrial
hyperpolarization, cellular death and increased intestinal permeability [62]. In a murine
model, Clostridium orbiscindens has been shown to produce desaminotyrosine (DAT), which
is also responsible for mucosal barrier maintenance and inflammatory attenuation. It is
derived from tyrosine and flavonoid metabolism, and exhibits antiviral activity due to
enhancement of the type I interferon signal-dependent pathway [63]. Reported data have
indicated no significant change in microbiota diversity after levodopa treatment, although a
reduced number of group IV Clostridioides bacteria has been described in patients showing
significant motor improvement after levodopa initiation [64]. Similarly, regarding Bifidobac-
teria, participation in numerous metabolic paths related to amino acids allows Lactobacillus
species to act as an important immunomodulatory element. The presence of Lactobacillus
(belonging to Firmicutes) has been shown to correspond to the intensity of pyruvate fer-
mentation to propanoate I and is negatively associated with isopropanol synthesis [28].
The ability of L. plantarum CCFM405 to promote the production of branched-chain amino
acids (BCAAs)—including valine, leucine and isoleucine—has been proven to modify the
composition of the intestinal microbiota, reduce inflammation (by decreasing IL-1f3, IL-6
and TNF-« concentrations) and attenuate neuronal death [65]. Furthermore, it has been
shown that another Lactobacillus representative (L. plantarum PS128) regulates improper
microRNA (miR155-5p) expression and promotes the activity of a cytokine signaling in-
hibitor (SOCS1), exhibiting anti-inflammatory properties. While the gut microflora seems
to be associated with the expression of numerous PD-related genes regulated by miRNAs,
it is suspected that its diversity could act as a potential factor influencing the course of this
disease [66].

The number of activities in which intestinal bacteria are involved emphasizes the
importance of maintaining their proper composition, avoidance of dysbiosis and the
provision of essential nutrients. Bacteria are involved in the formation of microbe-microbe
and host-microbe interactions, indirectly contributing to the exacerbation or inhibition
of neurodegeneration processes [67]. Through their local action, bacteria contribute to
maintenance of the continuity of the intestinal barrier. Moreover, both direct molecules
included in the bacterial cell membrane, as well as products of their metabolism, participate
in numerous processes that are responsible for sustaining the energy balance—for example,
lipid and carbohydrate metabolism, as well as immunomodulation and protection of the
body against pathogens. SCFAs are synthesized through the fermentation processes carried
out by bacteria; among these, acetate is involved in lipogenesis and gluconeogenesis, while
butyrate and propionate are associated with the maintenance of physiological processes
and regulation of the immune system [68].

Bacterial activity that is potentially important in the context of parkinsonian syndrome
neurodegeneration is summarized in Table 1.
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Table 1. Bacterial activity potentially influencing neurodegeneration.

Bacteria Activity Effect
degrades mucin
Akkermansia regulates T regulatory cell activity intestinal passage prolongation

regulates SCFA production
inhibits IL-6 dependent pathway

cognitive function improvement

Actinobacteria

increases glutamate level, promoting
neuronal excitation
forms putrescine and spermidine

enhancement of aggregation of a-synuclein
risk of increased oxidative stress

excessive cytochrome c release in mitochondria

Desulfovibrionaceae produces magnetite (Fe3Oy4) iron accumulation and increase in the level of
reactive oxygen species production
rhamnolipid (RL) interacts with
Proteobacteria a-synuclein molecules risk of neurodegeneration symptoms occurrence
disables endocannabinoid receptors
Prevotellaceae decreases toxic polyglutamine (polyQ) aggregation decreased constipation

Firmicutes (type)
Bacilli (class)
Lactobacillus
Enterococcus

Streptococcaceae

Clostridium (class)

Lachnospiraceae

Ruminococcaceae

inhibits isopropanol production
ferments pyruvate to propanoate I
promotes BCAAs production
produces p-cresol
decreases circulating BDNF
disrupts intercellular connections
inhibits potassium channels
produces SCFAs
produces secondary bile acids
produces «-linolenic acid (ALA)

potential protective role against inflammation and
cell death (in AD)
intestinal microbiota composition modification
inflammation reduction
depression-like, anxiety-like and cognitive
impairment symptoms development
increased intestinal permeability

increased cellular death and intestinal permeability

enteric pathogen inhibition
mucosal immunity regulation

apoptosis of microglial cells

Legend: AD—Alzheimer’s Disease, ALA—«-Linolenic Acid, BCAAs—Branched-Chain Amino Acids,
BDNF—Brain-Derived Neurotrophic Factor, IL-6—Interleukin-6, p-cresol—Para-Cresol, polyQ—Polyglutamine,
RL—Rhamnolipid, SCFAs—Short-Chain Fatty Acids.

3. Role of the Intestinal Microbiota in Metabolism
3.1. SCFAs

Acetic acid (C2), propionic acid (C3) and butyric acid (C4) are the most abundant SC-
FAs in the human GI tract, with their concentrations being higher in its proximal part [51].
They occur in a ratio of 60:20:20 (C2:C3:C4), with C3 and C4 requiring the additional pres-
ence of the Firmicutes and Bacteroides family members within the intestine [69]. SCFAs

serve as a crucial component regulating the microbiota—gut-brain axis, due to their numer-

ous properties [70]. Butyrate’s beta-oxidation in mitochondria of intestinal epithelial cells

ensures the continuity of intestinal barrier maintenance, providing, i.e., protection against

pathogens [71,72]. SCFAs regulate the expression of genes encoding proteins (zonulin,

occludin, claudin) that are part of tight junctions between enterocytes and stimulate the pro-

duction of glycoproteins of the mucous layer [71]. They act as crucial factors coordinating

processes involved in energy production and oxygen exploitation, regulating the level of
hypoxia-inducible factor (HIF) and decreasing the risks of ROS synthesis, oxidative stress
and intestinal barrier disruption [71]. Through regulation of the activities of enzymes such

as tyrosine hydroxylase and tryptophan 5-hydroxylase 1, they take part in intermediate

stages of the synthesis of tyrosine-related neurotransmitters—in particular, dopamine,

adrenaline and noradrenaline—and are responsible for the conversion of tryptophan to
serotonin [73]. In the available literature, 5-HT is known to impact lipid metabolism, regu-
late mitochondrial biogenesis and modulate the diversity of the intestinal microbiota [62].

The involvement of tyrosine metabolites, such as p-cresol and 4-ethylphenyl sulfate, in
the gut-brain pathway has been described in the literature [74,75]. Tryptophan is mostly
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converted along the kynurenine pathway, which limits the extent to which it is metabolized
into 5-HT. Once kynurenine has formed, it can act as a predictor of neuroprotection or
neurotoxicity, as kynurenine’s metabolites—quinolinic and kynurenic acid—are NMDA
receptor ligands reflecting opposite effects [76]. Tryptophan can also be metabolized into
substances that stimulate Pregnane X receptors (PXRs), which participate in glucose and
lipid metabolism processes and are indirectly activated by macrophages during inflamma-
tion [77-79]. Another tryptophan-derived substance is melatonin, which is responsible for
coordination of the circadian rhythm and NF-kB-mediated immunomodulation [80,81].

SCFAs inhibit the accumulation of lipids in adipose tissue and participate in the regu-
lation of carbohydrate metabolism, improving glucose tolerance [82]. They also possess
neuroactive properties, and research in animal models has indicated the involvement
of these acids in the maturation of microglial cells and maintaining the integrity of the
BBB [73]. Through the regulation of neurotrophic factor levels, SCFAs have an impact on
neurogenesis [83]. The concentration of brain-derived neurotrophic factor (BDNF) is pro-
portionally related to the level of lactates, which are produced mainly by Lactobacillus and
Bifidobacterium bacteria [83,84]. As LA increases the excitability of glutamatergic (NMDA)
receptors, it contributes to an increase in intracellular calcium concentration and promotes
the synthesis of BDNF [84]. Quinolinic acid, which participates in immune reactions, seems
to modulate the astrocytic glutamate—glutamine cycle, simultaneously stimulating NMDA
receptors and inhibiting glutamine synthetase [69]. It has been reported that neuronal
activity enhanced by kainic acid (KA) receptors can be attenuated by melatonin in animal
models, which could potentially become a future therapeutic approach in human trials [85].

SCFAs promote the differentiation of naive T lymphocytes into anti-inflammatory
Tr1l and macrophage polarization into the M2 phenotype, sharing similar properties [86].
Through free fatty acid receptors (FFARs), they facilitate the reduction in pro-inflammatory
iNOS and TNF-alpha [72]. They regulate gene expression, having the ability to inhibit
histone deacetylases (HDACs), and are responsible for cellular signal transduction when
attached to G protein-coupled receptors. It is suspected that they act as ligands of the
aryl-hydrocarbon receptor—in animal models, AhR has been shown to be expressed on
the surface of intraepithelial lymphocytes and is required to localize them to the skin and
gut [71,72,87].

In terms of pathologic protein accumulation, another molecule called nerve growth
factor (NGF) has been found to inhibit the hyperphosphorylation of tau protein in both
in vitro and in vivo investigations, whereas glial cell line-derived neurotrophic factor
(GDNF) is suspected to provide a therapeutic impact in PD patients, based on animal
trials [73,88,89]. Notably, both of these factors are modulated by SCFAs [73].

Previous studies have shown that both the composition of the intestinal microbiota and
the distribution of specific SCFAs differ depending on the biological age of the subjects [90].
This is undoubtedly influenced by the type of food consumed; for example, the composition
of the intestinal microflora of breastfed infants differs significantly from that of humans
on an adult diet mainly consisting of solid products [90,91]. With the end of the milk diet,
the concentration of bacteria in the Firmicutes and Bacteroidetes phyla gradually increases,
contributing to increases in the concentrations of propionate and butyrate [92]. Species
of the genera Roseburia and Blautia—included in the Lachnospiraceae family (part of
Firmicutes)—have been reported to participate in the process of intestinal maturation and
exhibit immunomodulatory properties [41,93-95]. Lachnospiraceae are also responsible for
secondary bile acid production and enteric pathogen inhibition [96].
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3.2. Glucose and Lipid Metabolism

Existing data suggest that bacteria could influence both glucose and lipid metabolism.
Interestingly, it is suspected that processes related to the transformation of carbohydrates
are not always only a consequence of the implementation of overweight or anti-obesity
treatments. Indirect intestinal bacterial activities mediated by SCFAs and succinate produc-
tion could exhibit numerous metabolic effects [97].

A decreased level of insulin receptor phosphorylation, similar to the insulin receptor
substrate (IRS) and Akt, could result in impaired insulin signaling, while some bacteria ex-
hibit enzymatic activity including, i.e., glycoside hydrolases and carbohydrate esterases [98].
As SCFAs have been previously described to be molecules responsible for proper glucose
metabolism, they also play a significant role in the regulation of lipid concentrations in the
blood. Propionic acid, similar to commonly known statins, is known to inhibit 3-hydroxy-
3-methyl glutaryl-coenzyme A synthase activity. Furthermore, a decreased concentration
of reabsorbed bile salts in the liver resulting from the enzymatic activity of Lactobacilli
species could impact the increased demand for bile salts and lead to enhanced cholesterol
transformation, concurrently providing decreased blood cholesterol levels [98]. Data from
ALS and AD revealed that the microbiota is also involved in polyunsaturated fatty acids
(PUFAs), exhibiting both pro- and anti-inflammatory activity [99].

3.3. Vitamins

The intestinal microbiota creates a network exhibiting cross-feeding properties [100].
Available data suggest that at least 40% of gut species produce one of eight B-vitamins
and are able to exchange vitamins among each other by complementary matching [101]. B
vitamins are crucial not only for the production of ATP but also one-carbon (1C) metabolism,
supporting the synthesis of purines (elements of nucleic acids) and the formation of amino
acids (e.g., glycine, serine and methionine) [102].

As vitamin B1 (thiamine) participates in processes connected with ATP production
and modulation of the immune system, there is a strong suspicion of its potential role
in immunometabolism [103]. Research using a mouse model has revealed that thiamine
deficiency—mostly produced by Prevotella, Desulfovibrio and Bacteroides—results in a
significant reduction in Peyer’s patches and the number of B cells [102].

According to the significant number of vitamin B6 (pyridoxin) transporters in the large
intestine, it is one of the few vitamins that is largely absorbed only in the distal part of the di-
gestive tract [104]. It is responsible for the coordination of mucus production in the intestine,
and acts as an antioxidant and cofactor in the production of neurotransmitters [105].

Vitamin B12 (VB12) is produced by only 20% of the intestinal microbiota [102]. It
modulates the activity of epithelial cells and microbial functions in the intestines, exhibiting
anti-inflammatory properties. It activates the HIF-lalpha pathway and, by enhancing
mitochondrial processes, decreases the concentration of free oxygen within the intestines,
creating a suitable environment for anaerobic bacteria and limiting the intensity of ep-
ithelial oxygenation [106]. VB12 also controls cellular proliferation, and its deficiency
results in reduced villus height and a disruption of intestinal barrier maintenance [107].
A lack of VB12 leads to increases in kynurenine and homocysteine, resulting in increased
inflammatory parameters [107,108].

Although there is no direct relationship between specific bacterial flora and the con-
centration of produced vitamin K, some studies have indicated a correlation between
specific enterotypes (Prevotella and Bacteroides) and an increased amount of menaquinone
in the stool [109]. Vitamin K and its active metabolites have been shown to reduce the
concentrations of cytokines such as IL-1, IL-6 and TNF-alpha in both in vitro and in vivo
investigations, indicating their potential anti-inflammatory properties [110]. The activa-
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tion of Gla proteins affected the NF-kB/Nrf2 pathway (nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB)/nuclear factor erythroid 2-related factor 2) and
decreased the risk of vascular inflammation in DM2 patients [111,112]. Additionally, it en-
abled carboxylation of the Gas6 protein (growth arrest-specific gene product 6), inhibiting
neurodegeneration-related processes and limiting the cellular accumulation of free radicals.
It indirectly inhibited certain aging processes (inflammaging) and epigenetic dysregulation,
thus protecting against genomic instability [113,114].

The intestinal microbiota can also convert dietary vitamin A precursors into retinoic
acid (RA), exhibiting immunomodulatory properties and acting as a regulator of gene
expression [100,115]. The yt-orphan receptor related to the RA-receptor (RAR)—ROR—is
expressed concurrently with AhR on the surface of lymphoid tissue-inducer cells, which
are responsible for lymphoid development [116].

Impacts of bacterial metabolites on neurotransmitter production, microglial activation
and blood-brain barrier integrity is summarized in Figure 1.

myeloid-differentiation factor-88 and the NLRP3 inflammasome

DAMPs stimulation, proinflammatory TNF-a, IL-1, IL-6, IL-8 and IL-18
|:: > release

vitamin B12 I:> decreases the concentration of free oxygen, controls cellular proliferation

tite (Fe304) |:> excessive cytochrome c release in mitochondria, iron
IIEFIEILS (1S accumulation, reactive oxygen species production

decrease of circulating BDNF, increase REST - depression-

p-cresol like, anxiety-like and cognitive impairment symptoms
> development

’ isopropanol ‘ ’—> ’ alleviation of pyruvate fermentation to propanoate I

‘ a-linolenic acid (ALA) ‘ |:> increased leukotriene B4, prostaglandin E2, and 12-
hydroxyheptadecatrienoic acid; neuroprotective effects
maintenance of physiological processes and regulation of the immune
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modify the composition of the intestinal microbiota, reduce inflammation (by
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Figure 1. Impact of bacterial metabolites on neurotransmitter production, microglial activation and
blood-brain barrier integrity. ALA—o-Linolenic Acid, BCAAs—Branched-Chain Amino Acids,
BDNF—Brain-Derived Neurotrophic Factor, DAMPs—Damage-Associated Molecular Patterns, IL-
1—Interleukin-1, IL-6—Interleukin-6, IL-8—Interleukin-8, IL-18—Interleukin-18, NLRP3—NOD-
like Receptor Protein 3, NMDA—N-Methyl-D-Aspartate, p-cresol—Para-Cresol, REST—Repressor
Element-1 Silencing Transcription Factor, SCFAs—Short-Chain Fatty Acids, TNF-c—Tumor Necrosis
Factor Alpha.

4. Role of the Intestinal Microbiota in Atypical Parkinsonian
Syndromes

As mentioned before, limited data on divergence in the microbiota of APS patients
has been described so far. According to the undoubted similarity when it comes to the
clinical profiles of PD and APSs, comparisons of the microbiota profiles between these
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populations and those of HCs have been conducted. While the majority of these results
overlapped, subtle differences were also found. Following Barichella et al., in the context
of PD, Lachnospiraceae (in MSA) and Lactobacillaceae (in PSP) concentrations remained
similar to those in HC, while Prevotellaceae (in MSA) and Streptococcaceae (in PSP) were
decreased [23].

Results obtained in animal models have underlined the undeniable connection be-
tween immune system activity and neurodegeneration. Enhanced microgliosis and as-
trogliosis concurrent with the influx of T cells have been confirmed to play a role in
tau-related neurodegeneration [117]. N6-carboxymethyllysine (CML)—one of the numer-
ous microbial metabolites—is suspected to promote the enhancement of oxidative stress
in microglia, resulting in mitochondrial impairment and the progression of intestinal
permeability [118].

In vitro studies have revealed that the Gram-negative bacterium Erwinia carotovora
15 (Ecc15) could lead to regional inflammation, resulting in the release of numerous cy-
tokines, activation of Janus kinase (JAK) receptors and subsequent promotion of the signal
transducer and activator of transcription (STAT) signaling pathway. This leads to increased
claudin-2 expression, which is involved in cellular tight junction regulation and increasing
intestinal permeability via pore promotion [119,120].

Inhibition of Programmed Death protein 1 (PD-1), encoded by Pdcd1, has been re-
ported to support long-term potentiation (LTP) and memory in hippocampal neurons [121].
Recent data have suggested that the suppression of PDCD1 could limit tauopathy-related
neurodegeneration, while recent in vivo trials have revealed that the microbiota plays a
role in the PD-1/PD-L1 pathway and exhibits immunomodulatory properties mediated by
anti-PD1 molecules [122,123].

The Streptococcaceae concentration in PSP was found to be reduced, while there was no
significant change in Lactobacillaceae [23]. Although the broad evaluation of fecal microbiota
transplantation (FMT) treatments in PD patients has demonstrated the undeniable impact
of the intestinal flora in immunomodulation and inflammatory alleviation, there has only
been one published clinical trial suggesting a similar effect in PSP cases.

Existing studies point to the lack of a clear answer to the question regarding the
mechanism of action of bacteria contributing to neuroprotection and inhibition of the
accumulation of abnormal proteins. Studies in animal models have reported promising
results, emphasizing the low risk of including human patients in similar studies. The results
obtained to date have indicated a variety of results depending on the form of administration
of the bacteria, which can be both oral and enteral [124].

After oral FMT in eight patients, a stool investigation revealed increased Lactobacil-
laceae, Limnochordaceae and Peptostreptococcaceae concentrations one week after therapy. One
month after FMT, the patients reported improvements in areas such as motor performance,
sleep quality and constipation; however, these improvements did not persist in later ob-
servations, which most likely indicates the need for regular FMTs in order to maintain the
expected effects [124,125].

The results of FMT in the form of an oral capsule administered weekly for 3 weeks
divided patients into responders and non-responders, according to the results described in
terms of clinical scores. As a novel observation, the responders revealed increased concen-
trations of Eubacterium, Clostridia and Roseburia genera, similar to the donor’s microbiota
diversity. The authors suggested that the response to FMT and engraftment success could
be linked with (so far) unknown factors and underlined the importance of potential future
biomarkers for the assessment of therapeutic effectiveness [126]. Intraintestinal microbiota
administration indicated that FMT could also result in a decreased levodopa equivalent
daily dose (LEDD) [127].
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Restoring the healthy microbiota in PSP patients contributed to the alleviation of both
motor and non-motor symptoms. While increased concentrations of Escherichia-Shigella,
Lactobacillus and Klebsiella (in comparison with healthy controls, HC) were associated with
a higher score in the PSPRS evaluation, PSP-RS patients also revealed decreased levels of
Faecalibacterium, Blautia, Agathobacter (Lachnospiraceae), Romboutsia (Peptostreptococcus) and
Roseburia species in comparison with HCs [128]. Nonetheless, the correlations between tau
alterations and environmental factors such as dysbiosis still remain limited and further
investigations in this context are required [117]. The precise link between microbiota and
tauopathies can be described as misunderstood at present.

Under normal conditions, a-synuclein (x-Syn) is a presynaptically based unfolded
protein divided into three regions, of which its central part presents hydrophobic properties
and remains strictly fibrillogenic [129]. It is now known that improper forms of molecules,
especially their aggregates, have a strong influence on microglial activation and could
impede microglial autophagy [99]. The cyclic GMP-AMP synthase (cGAS)-stimulator
of interferon genes (STING) signaling pathway, Toll-like receptor 4 (TLR4)-dependent
p38 mitogen-activated protein kinase (MAPK) and AKT-mTOR cascade, tyrosine kinase-
binding protein (I'YROBP), triggering receptor expressed on myeloid cells 2-apolipoprotein
E (TREM2-APOE) pathway, spleen tyrosine kinase (SYK), classical complement system,
purinergic system, sialic acid binding immunoglobin-like lectins (Siglecs; CD22 and CD33),
TAM system, and mechanosensor Piezol are only some of the potential mechanisms
responsible for the regulation of microglial activity [99,129]. An increased concentration
of isoamylamine (IAA)—related, i.e., with an increased abundance of Ruminococcaceae—
consequently leads to deconfiguration of S100A8’s protein hairpin structure, enabling
enhanced p53 activity [99]. Based on research in an animal model, the nucleotide-binding
oligomerization domain leucine-rich repeat and pyrin domain-containing protein 3 (NLRP3)
inflammasome also could potentially act as a molecule modulating the inflammatory
response [99]. Decreased inflammasome-related caspase-1 concentration, concomitantly
with decreased x-Syn, were found in all investigated PD cases, while their levels were
positively correlated with monocyte activities [130].

x-Syn remains one of multiple factors responsible for monocyte activation. While it
has not been profoundly explored, it exhibits a pro-inflammatory effect and differentiated
cellular responses, possibly due to unexplored mechanisms [131]. Its level seems to be
linked with the concentration of bacterial endotoxins and, although LPS can activate
microglia and the pro-inflammatory M1 response, it can also induce the cellular death of
astrocytes [130,132]. Monocyte Human Leukocyte Antigen (HLA)-DR expression has been
found to be negatively correlated with motor and cognitive outcomes in PD patients [130].

The role of x-synuclein accumulation in MSA has been deeply investigated. As its
strains are believed to cause disease-specific neurodegeneration, researchers have suggested
the existence of a potential oligodendrocyte—neuron—-«-Syn interplay, contributing to the
development of MSA [133]. It is suspected that oligodendroglia cytoplasmic inclusions
(GClIs) exhibit a distinct level of toxicity and their varied placement could serve as evidence
of multiple symptoms. Interestingly, the amplification profile of «-synuclein derived from
CSF in PD and MSA patients revealed different secondary structures, while its strains in
DLB reflected traits of the ‘fibrils” strain—in opposition to the ‘ribbons’ strain described
previously in x-synucleinopathies.

Interestingly, recent studies have revealed that the E46K mutation in the «-synuclein
gene inhibits neuropropagation of its self-templating prion conformation [134]. Animal
studies have also shown that tau protein forms connections with «-synuclein, intensifying
the process of their accumulation in PD [135].

119



Int. J. Mol. Sci. 2025, 26, 3928

MSA patients were found to have higher concentrations of Prevotellaceae concurrently
with unchanged Lachnospiraceae levels [23]. A study in American MSA patients revealed
higher Clostridiaceae and Rikenellaceae concentrations, while Lachnospiraceae (genera Ru-
minococcus, Roseburia and Coprococcus) and Ruminococcaceae (genus Faecalibacterium) were
reduced [136]. An MSA patient in an ethnic Chinese population of Malaysia presented an
increased level of Bacteroides and less-abundant Paraprevotella [137].

The described results seem to be inconclusive, due to the limited available patient
groups as a result of their high morbidity and the rarity of the considered diseases [138].
Potential connections between gut microbiota and neurodegeneration are summarized in
Figure 2.
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Figure 2. Potential connections between gut microbiota and neurodegeneration. BBB—Blood—
Brain Barrier, CVD—Cardiovascular Disease, HPA—Hypothalamic-Pituitary—Adrenal axis,
IAA—Isoamylamine, IL-s—Interleukins, PUFAs—Polyunsaturated Fatty Acids, SCFAs—Short-Chain
Fatty Acids.

5. Role of the Intestinal Microbiota in Future Diagnostic Processes
and Treatments

In the context of the innovative idea of personalized medicine, there is still a need to
identify readily available biological materials and highly specific markers with the aim
of providing effective diagnostic approaches and successful treatments. Fecal investiga-
tions assessing abnormal concentrations of metabolites linked with riboflavin and biotin
synthesis or carbohydrate-active enzymes (CAZymes) activity, which are responsible for
carbohydrate degradation, or detecting a set of 11 genera with significant indications in
PD using qPCR or 165 rRNA sequencing, could serve as examples of the abovementioned
personalized approaches [139-141]. Metabolic alterations involving butyrate production,
lipoic or alpha-linolenic acids, and glycerophospholipid metabolism are also linked with
precise modifications in concrete bacterial species concentrations, which is considered to
act as a potential determinant of more personal approaches for the diagnosis and treatment
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of PD [141]. Measurement of aSyn aggregation in the terminal ileum in combination with
peripheral inflammation markers has also been underlined as a potential novel strategy for
the identification of PD in its prodromal phase [142].

Elevated levels of peripheral aSyn could result in mitochondrial disruption, acting
as a trigger for microglial activation and neuronal loss. Furthermore, the role of bacterial
infection leading to an autoimmune mitochondria-specific response has also been under-
lined as a potential factor contributing to the development of PD, and it is considered that
the mitochondrial lipid cardiolipin could induce enhanced oligomerization of pathological
aSyn and intensify neuronal cell death. As different subtypes of Th17 cells are involved in
inflammatory processes, it is supposed that bacteria could induce the specific switching
between homeostatic Th17 and an inflammatory Th17 cell phenotype. Recent data have
underlined the potential role of Bifidobacteria localized in the gut-associated mucosa;
furthermore, animal studies have confirmed that an increased level of Enterobacteriacea
crossing the intestinal barrier induces chronic inflammation via inflammatory Th17 cell
phenotype activation.

Prebiotic/probiotic/synbiotic supplementation and fecal microbiome transplantations
have been the most commonly investigated methods of microbial modification in PD
trials [124]. Although the effects of FMT in PD have been deeply investigated, there is only
one published study concerning its use in APS. So far, FMT in PSP has revealed promising
results [126], contributing not only to improved physical activity but also attenuating
gastrointestinal and psychiatric symptoms [128].

Prebiotics are molecules that act as substrates for the metabolic processes in which
bacteria are directly involved. The most frequently studied prebiotics include dietary
fiber (e.g., resistant starch). Most data have suggested PD-related dysbiosis, which led
contemporary researchers to assess the effects of bacterial supplementation (in the form of
probiotics) on the condition of patients suffering from PD. Recent results have indicated
that three months of supplementation with Lactobacillus acidophilus, Bifidobacterium bifidum,
L. reuteri, and L. fermentum contributed not only to the reduction in pro-inflammatory
cytokines in the blood, but also influenced the motor symptoms of PD, as assessed according
to the UPDRS scale [143,144]. The results obtained to date indicate that this therapy not
only alleviates mild non-motor PD symptoms, but also acts as an immunomodulator,
contributing to increased synthesis of SCFAs and reducing the intensity of inflammation—
determined, for example, according to the concentration of calprotectin in stool [145,146].

To date, several studies taking into account the effects of probiotics on the clinical
condition of patients with PD have been conducted. The mixtures administered most often
consisted of Lactobacillus and /or Bifidobacterium strains; although their concentrations have
been described in the literature as being increased in PD, the mechanism that leads to
their expansion is not yet fully known [124]. In most cases, probiotic therapy significantly
contributed to improved gastrointestinal function, while an improvement in motor skills
(determined via UPDRS) was observed in only two of five studies [124]. Unfortunately,
not all studies checked the final composition of the microbiota after the end of probiotic
therapy. However, it is known that there is an increase in the number of fiber-fermentative
bacteria, such as Ruminococcaceae and Lachnospira, and decreases in Lactobacillus fermentum
and Klebsiella oxytoca [147,148].

Postbiotics are enzymes and substances that are the product of metabolic processes
carried out by bacteria, as well as fragments of their cell membranes (e.g., polysaccharides,
peptidoglycans, lipoic acid, phosphonic acid, cell surface proteins, cell membrane proteins
and extracellular polysaccharides). Interestingly, an animal model study indicated that
bacteria-derived lipids could cross the BBB and provide enhanced neurogenesis and in-
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flammatory modulation [149]; furthermore, applying postbiotics alone did not reveal the
same therapeutic effect as that observed after postbiotic injection [150].

Although there are many postbiotic molecules, most of them possess similar func-
tions, such as reducing the level of oxidative stress, promoting the expression of anti-
inflammatory cytokines and promoting neurogenesis [151].

It is worth mentioning that the term “Live Bacteriotherapeutic Products” (LBPs) seems
to play a significant role when it comes to descriptions of potential innovative methods for
the future treatment of PD [124]. As the field of personalized medicine is still dynamically
developing, this term appears to be more appropriate.

The correlation between clinical PD symptoms and concentrations of inflammatory
markers under an altered intestinal microbiota due to rifaximin usage has also been in-
vestigated [152]. Antibiotic treatment is being investigated in a clinical trial including
patients with Parkinson’s disease dementia (PDD), who are planned to be treated with cef-
triaxone [153]. Research based on animal models has shown that bacteriophage-delivered
CRISPR/Cas9 endonuclease could promote the depletion of specific bacterial species and
modify the microbiota profile [154].

Supplementation of anti-inflammatory molecules such as biotin or riboflavin, similarly
to the insertion of butyrate producers (B. producta, inhibiting RAS-related pathways strictly
correlated with inflammatory parameters in an animal model), has also been considered as
an innovative method for the treatment of PD [139,155]. Interestingly, a mechanism of «Syn
accumulation inhibition after Lactobacillus plantarum, Clostridium butyricum and Bacillus
subtilis supplementation in an animal model was also underlined, which has not yet been
certainly defined [124]. With an increased dietary intake of fiber concurrent with probiotic
supplementation (called “synbiotics”), significant clinical changes have been described,
such as, i.e., increased gut mobility [124]. Furthermore, intake of maltodextrin—a starch
prescribed for the placebo group in one of the PD studies—was related to decreased
UPDRS-III and increased MMSE scores [121].

6. Conclusions and Future Directions

APSs are a group of rare diseases with an etiology that has not been fully under-
stood, and for which the methods of treatment developed so far have been ineffective. At
present, researchers are still discovering new connections between neurodegeneration and
numerous factors, the modification of which could affect the degree of severity of brain
tissue damage. Some of the key elements of this complex system are inflammation and the
diversity of intestinal microbiota, whose properties and connection with the brain via the
bidirectional axis have been studied in the context of many other diseases.

It seems that the intensification of pro-inflammatory reactions, resulting from (among
others) intestinal dysbiosis in patients with APSs, may affect the effectiveness of their
treatment and constitute a factor that is potentially capable of modifying the course of
the disease.

It cannot be absolutely excluded that future microbiome analyses may influence the
selection of a proper treatment, or—if a cause—effect relationship was confirmed—that
the modification of microbiota species may influence the course of the disease. Although
APS and PD share certain similarities, the hypothesis suggesting a link between the gut
microbiota and Parkinsonian syndromes is based on the x-synuclein pathology present
in the enteric nervous system; therefore, the potential contribution of dysbiosis to tau
pathology remains ambiguous.

In the authors’ opinion, future studies should focus on potential differences in the gut
microbiota among distinct phenotypes of APSs and the exploration of potential connections
between dysbiosis, inflammatory patterns and the course of the disease. Potential relation-
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ships between the course of the disease and the gut microbiota could initiate a new area
of therapeutic approaches focused on non-invasive long-term interventions concerning
the diet, probiotics and FMT, among others. Detailed analysis of the potential impacts of
dysbiosis on neurodegeneration could lead to individualized treatments focused on the
modification of the disease’s course; such a therapy could even be tailored to the individual
patient, in the case of the importance of specific bacterial strains having been confirmed.

Although promising, all of the above-described hypotheses still require in-depth
research for confirmation.
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Abstract: Huntington’s disease (HD) is the most common autosomal dominant neurodegen-
erative disorder, characterized by a triad of motor dysfunction, cognitive decline, and psy-
chiatric disturbances. While recent efforts have focused on developing disease-modifying
therapies, no treatment has yet demonstrated clinical efficacy. As a result, symptomatic
treatment remains the cornerstone of care. However, high-quality evidence from large
randomized trials is limited, and therapeutic decisions must rely on clinical expertise and
extrapolation from other neurological or psychiatric conditions. This narrative review
provides a comprehensive and practical overview of symptomatic treatment strategies for
HD with emphasis on the pathophysiological underpinnings of each symptom and the
molecular mechanisms of available and emerging therapies, aiming to support rational,
individualized management. Finally, we highlight the critical role of non-pharmacological
interventions and the need for multidisciplinary approaches to optimize patient outcomes
and quality of life.

Keywords: Huntington disease; chorea; movement disorders; cognitive dysfunction;
psychiatric symptoms; pathophysiology

1. Introduction

Huntington’s disease (HD) is the most common autosomal dominant neurodegen-
erative disorder, with an estimated prevalence of 10-12 cases per 100,000 individuals of
European ancestry [1-3]. It is caused by an expansion of >36 CAG repeats (>39 for full
penetrance) in the HTT gene [4], which encodes the huntingtin protein (HTT) [5,6]. The
typical age at onset ranges from 30 to 60 years, with earlier onset and greater disease
severity associated with longer expansions [7]. In addition to its well-characterized genetic
basis, the clinical diagnosis and staging of HD have evolved from traditional motor-based
criteria to a more biologically grounded framework. Classically, diagnosis is established in
individuals with a pathogenic HTT expansion or positive family history who develop un-
equivocal motor signs, corresponding to a score of 4 (>99% confidence) on the Diagnostic
Confidence Level (DCL) of the Unified Huntington’s Disease Rating Scale (UHDRS) [5].
More recently, the Huntington’s Disease Integrated Staging System (HD-ISS) has been pro-
posed for individuals with >40 CAG repeats. It defines four stages: stage 0 (gene expansion
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carriers without detectable disease-related changes), stage 1 (evidence of neurodegenera-
tion, typically caudate and /or putaminal atrophy), stage 2 (emergence of motor and/or
cognitive signs based on UHDRS-Total Motor Score (TMS) and Symbol Digit Modalities
Test thresholds), and stage 3 (functional decline).

Although the pathophysiology of HD is not fully elucidated, it is established that the
expanded CAG repeat results in the production of abnormal and unstable HTT species,
including full-length mutant HTT (mHTT), exon 1 fragments, and products of repeat-
associated non-ATG (RAN) translation [8,9]. These species promote neurodegeneration
through toxic gain-of-function mechanisms, including protein misfolding, aggregation,
RNA-mediated toxicity, and dysregulation of other cellular processes [10-12]. A key
modulator of disease onset and progression is somatic instability of the CAG repeat ex-
pansion [13-15], particularly within vulnerable cell populations as the striatal medium
spiny neurons (MSNs). This process is modulated by several DNA repair pathways, with
strong evidence implicating mismatch repair genes as PMS1, MLH1, MSH3, PMS2, FAN1,
LIG1 [6,14-16].

Clinically, HD is characterized by a triad of motor, cognitive, and psychiatric mani-
festations that reflect the progressive disruption of cortico-striato-thalamo-cortical circuits
including the motor, associative, and limbic loops [17].

While numerous disease-modifying therapies are under development—with several
already being evaluated in ongoing phase 1 and 2 clinical trials, and some projected to soon
enter phase 3 [10,18]—the treatment of HD remains entirely symptomatic. The general
guiding principle is to prioritize the most disruptive symptoms reported by patients and
caregivers, while carefully accounting for comorbidities and the side effects (especially
considering the heightened sensitivity of HD patients to medication side effects). Notably,
most pharmacological interventions have not been evaluated in large-scale randomized
clinical trials (RCTs), limiting the robustness of the evidence supporting their use. Con-
sequently, an optimal therapeutic approach requires a careful balance between clinical
expertise and evidence-based medicine [19].

The aim of this review is to provide an updated, comprehensive and practical overview
of symptomatic treatment strategies for HD. Emphasis is placed on the pathophysiological
rationale, mechanisms of action, and real-world applicability of pharmacological and non-
pharmacological interventions across the motor, cognitive, and psychiatric domains of the
disease. Disease-modifying therapies are beyond the scope of this review.

2. Search Strategy

For this narrative review, we conducted a non-systematic literature search of peer-
reviewed articles published in English up to March 2025. The search was performed using
the PubMed database. The following search strategy was used: (“Huntington Disease”
[Title] OR “Huntington’s Disease” [Title] OR “Huntington*” [Title]) AND (“treatment”
[Title/ Abstract] OR “therapy” [Title/Abstract] OR “management” [Title/Abstract] OR
“pharmacological” [Title/Abstract] OR “non-pharmacological” [Title/Abstract]) AND
Humans [Mesh]. Additional references were identified by manually screening the reference
lists of included articles and relevant reviews. Studies considered pertinent to the scope of

this review were selected for inclusion.

3. Symptomatic Treatment of Huntington’s Disease
3.1. Motor Symptoms

HD was first described by George Huntington in 1872 as “hereditary chorea” [20].
However, the motor phenotype is more complex and evolves with disease progression,
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encompassing dystonia, gait abnormalities, motor impersistence, myoclonus, oculomotor
disturbances and in advanced stages bradykinesia and rigidity.

These motor manifestations reflect the progressive disruption of basal ganglia circuits:

In early stages, there is preferential degeneration of D2-expressing GABAergic MSNss
of the indirect pathway. These neurons, which contain enkephalin and project to the
external globus pallidus (GPe), normally inhibit thalamocortical drive. Their loss leads to
disinhibition of thalamic output and increased cortical excitability, resulting in hyperkinetic
features such as chorea [17,21-23].

As neurodegeneration progresses to involve Dl-expressing MSNs of the direct
pathway and those that contain substance P and project to the internal globus pal-
lidus (GPi), parkinsonian symptoms including bradykinesia and rigidity become more
prominent [17,21-23].

Juvenile-onset HD or juvenile-HD (defined as onset before 21 years) accounts for
4-10% of cases [24] and typically presents with parkinsonism and dystonia as the initial
motor symptoms, rather than chorea. This distinct phenotype, with more rapid progression,
requires adapted symptomatic approaches [25-27].

This section will review the most clinically relevant motor symptoms of adult-onset
HD individually, highlighting their pathophysiological basis and therapeutic management.
Brief comments on juvenile HD are included where appropriate.

3.1.1. Chorea

Chorea is the hallmark motor feature of HD and often the earliest observed manifesta-
tion. It is also the symptom for which the greatest number of targeted interventions have
been studied and are currently available. It refers to involuntary, irregular, purposeless,
nonrhythmic, abrupt, rapid, unsustained movements that seem to flow from one part of
the body to another [28,29]. The key for differentiating from other hyperkinetic movements
is its randomness in timing, direction, and distribution [28,30].

In early stages, chorea typically begins in the facial muscles, especially the forehead,
later spreads to the distal extremities and progressively involves more proximal areas such
as the trunk. Other hyperkinetic phenomena may co-occur, including athetosis (irregular
writhing movements predominantly involving distal extremities), choreo-dystonia, and
ballism (large, proximal choreatic movements) [29,31]. Nocturnal choreatic movements may
represent one of the earliest motor manifestations [32,33]. Despite being visibly evident,
patients frequently lack awareness of their movements, with anosognosia being common
and clinically significant [34,35].

As previously described, chorea in HD results from underactivation of the indirect
basal ganglia pathway due to early degeneration of D2-expressing MSNs [36,37]. Al-
though simplified, a useful framework for understanding treatment strategies is that
activation of D2 receptors (e.g., by endogenous dopamine) exacerbates chorea by suppress-
ing the indirect pathway, whereas D2 antagonism can restore inhibitory tone and reduce
hyperkinetic symptoms.

Clinical Management

Chorea does not always require treatment. In mild or non-disabling cases, sup-
portive interventions such as patient and caregiver education, environmental modifica-
tions and adaptive tools may be enough. Pharmacologic therapy is generally reserved
for cases causing functional impairment, loss of balance, discomfort, or leads to social
stigma [30,38,39]. The goal of treatment is to reduce the severity of chorea—mnot to eliminate
it completely—while minimizing side effects and improving quality of life.
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Several therapeutic options are available; however, monotherapy should be prior-
itized, with combination therapy reserved for refractory cases, given the lack of robust
evidence [38] and the increased risk of additive adverse events (e.g., QTc prolongation,
neuroleptic malignant syndrome, sedation, cognitive worsening). A therapeutic decision-
making algorithm for the treatment of chorea in HD is presented in Figure 1.
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Figure 1. Flowchart illustrating the decision tree for recommended treatments in Huntington’s disease
(HD). * If available. Abbreviations: NPS, neuropsychiatric symptoms; TBZ, tetrabenazine; DEU,
Deutetrabenazine; VBZ, Valbenazine; VMAT2, vesicular monoamine transporter type 2 inhibitors;
APD, antipsychotic drugs; DBS, deep brain stimulation.

A.  Vesicular Monoamine Transporter type 2 (VMAT?2) inhibitors

The first pharmacological approach for chorea was reserpine [40], which reduced invol-
untary movements through irreversible VMAT inhibition but caused significant peripheral
(VMAT type 1) and central (VMAT type 2) side effects due to non-selective blockade [41].
VMATs load monoamines—dopamine, serotonin, noradrenaline, and histamine—into
synaptic vesicles and its inhibition reduces vesicular storage, diminished synaptic release,
and increased cytosolic degradation.

This led to the development of tetrabenazine (TBZ), a reversible and selective VMAT?2
inhibitor, which preferentially reduces dopaminergic signaling [42,43] and became the
first drug specifically approved for HD chorea following its demonstrated efficacy in the
TETRA-HD pivotal trial [44]. Evidence from open-label studies supports its long-term ben-
efit and tolerability [45—47]. Potential side effects, often idiosyncratic and dose-dependent,
include sedation, parkinsonism, akathisia, insomnia and particularly depression and suici-
dal ideation, with one complete suicide reported in the TETRA-HD study. TBZ is therefore
contraindicated in individuals with poorly controlled depression or active suicidal ideation,
and close psychiatric monitoring is advised [48]. Due to its short half-life (5-8 h), TBZ
requires three daily doses, starting low (e.g., 12.5 mg/day) and titrating every 1-2 weeks
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to a maximum of 75 mg/day [49,50]; in carefully selected patients, higher doses up to
200 mg/day may be used [51]. Once clinical improvement is achieved, periodic reassess-
ment is recommended to determine the need for ongoing therapy and gradual dose re-
duction should be considered [29]. The posology, including recommended starting and
maximal doses of the most commonly used drugs for the treatment of chorea in HD, is
presented in Table 1.

Table 1. Summary of pharmacological treatments commonly used for chorea in Huntington’s disease,
including recommended starting dose, maximal dose, availability, and estimated cost. * Maximum
dose of VMAT?2 inhibitors may vary depending on CYP2D6 metabolizer status and tolerability. T In
very selected clinical cases, TBZ doses until 200 mg/day could be considered with close monitoring.
Cost classification: low—generic medication widely available; estimated cost < EUR 20/month;
low-moderate—estimated cost EUR 20-100/month; high—specialty drugs with limited access or
requiring prior authorization; estimated cost >EUR 500/month. Abbreviations: VMAT?2 inhibitors,
vesicular monoamine transporter 2 inhibitors; APDs, antipsychotic drugs; NMDA, N-methyl-D-
aspartate; QD, once daily; BID, twice daily; TID, three times daily.

. Recommended Recommended L opats Estimated
Mechanism Drug Name Starting Dose Maximal Dose Availability Price
_ *,T
Tetrabenazine (TBZ) (gDS OZI,SBI?S) Z’?IIS?/ d Worldwide Low-moderate
USA, Canada
VMAT 2 . 12mg *48 mg/d /. / .
INHIBITORS Deutetrabenazine (DEU) (BID) (BID) ﬁﬁg’gg?ﬁ,&f&ﬁﬁﬁs High
*

Valbenazine (VBZ) 4(%%‘;5 8(()5]5%/ d USA High

Olanzapine (QZDS;“F; %11%) 2%;?%; d Worldwide Low-moderate

ATZ{;]I)CSAL Aripiprazole (Qzlglc?rrlr%llgD) 3(1];?%4 d Worldwide Low-moderate
Risperidone (Qoggzr 1113[11%)) 16(];?%4 d Worldwide Low

N 50-200 m,
Tiapride (QD or BII%) 900 mg/d (TID) Europe Low
. . 2-4mg/d Worldwide (limited
TYPICAL APDs Pimozide 1 mg (QD) QD) availability) Low
Haloperidol (é’gfr ) 10 mg/d (BID) Worldwide Low
NMDA
ANTAGONIST Amantadine op 200 me 400 mg (BID) Worldwide Low
RECEPTOR (QD or BID)

TBZ and all VMAT? inhibitors are metabolized via the cytochrome P450 2D6 (CYP2D6).
Polymorphisms and co-administration of strong CYP2D6 inhibitors (e.g., paroxetine, flu-
oxetine, fluvoxamine) can raise plasma levels, increasing the risk of adverse events [52].
Genotyping is not routinely necessary [48].

Deutetrabenazine (DEU) is a deuterated analogue of TBZ, in which key hydrogen
atoms are replaced by deuterium (a heavy hydrogen isotype). This modification slows
CYP2D6 metabolism, prolongs the half-life of active metabolites, and results in more
stable plasma concentrations, allowing for twice-daily dosing and potentially improved
tolerability [49,53]. DEU demonstrated efficacy and safety in the FIRST-HD trial, showing
significant chorea reduction and improved quality of life with no increase in depression or
suicidality compared to a placebo [54]. Long-term benefit was confirmed in the ARC-HD
open-label extension [55]. The recommended maximum dose is 48 mg/day, or 36 mg/day
in poor CYP2D6 metabolizers, or when using strong CYP2D6 inhibitors [56].
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Valbenazine (VBZ), a valine-ester prodrug of an active DEU metabolite, offers once-
daily dosing due to extended half-life. In the KINECT-HD trial, VBZ was efficacious
in reducing HD chorea severity and was well tolerated, with somnolence as the most
common side effect [57]. The recommended dose is 80 mg/day, and although VBZ is not
yet widely available, it is considered a promising agent for patients requiring simplified
regimens [49,58].

There are no head-to-head studies comparing VMAT?2 inhibitors. The main differences
are expected to be pharmacokinetic, with DEU and VBZ offering more practical dosing [58].
An indirect comparison of TBZ and DEU suggested that DEU may be associated with a
lower incidence of depressive symptoms and somnolence, although these findings require
confirmation [59]. Additionally, a small open-label study reported that switching from TBZ
to DEU led to improved chorea control [55].

B.  Antipsychotic Drugs (APDs)/Neuroleptics

APDs are the most prescribed drugs in HD clinical practice [60]. Although data from
RCTs are limited, in expert surveys they are often selected as the first-line treatment for
chorea, especially when accompanied by psychiatric symptoms such as irritability, aggres-
sion, or psychosis [38,61]. Neuroleptics vary considerably in their pharmacodynamics,
particularly between typical (first-generation) and atypical (second-generation) agents.
Their anti-choreic effect is mainly attributed to D2 receptor antagonism, which enhances
the indirect pathway. However, D2 receptor antagonism carries the risk of extrapyramidal
side effects, including parkinsonism, tardive dyskinesia and akathisia, as well as apathy
and cognitive dysfunction, which are particularly concerning in HD [48].

First-generation (typical) APDs, such as haloperidol, pimozide and benzamides (e.g.,
tiapride, amisulpride, and sulpiride), exhibit strong D2 antagonism relative to 5-HT2A
binding. It offers higher potency but also a higher risk of tardive dyskinesia, parkinsonism,
sedation, and akathisia [62], which limits their use in modern practice.

Their use is based on limited evidence from small open-label studies and small tri-
als [63-68]; moreover, methodological limitations preclude strong conclusions [69]. Tiapride
remains in use in several European countries due to its relatively benign profile and is
included as a first-line recommendation in recent German guidelines [70], despite its un-
availability in North America. Pimozide may be reserved for refractory cases, though its
evidence is largely anecdotal and its primary indication remains Tourette syndrome [68].
Haloperidol, although it has important side effects, is a practical option specially in resource-
limited settings due to low cost [71].

Their use is supported by limited evidence from small open-label studies and under-
powered clinical trials [63—-68]; however, significant methodological limitations preclude
definitive conclusions [69]. Tiapride remains in clinical use in several European countries
due to its relatively favorable tolerability profile and is endorsed as a first-line treatment in
recent German guidelines [70], although it is not available in North America. Pimozide
may be considered in refractory cases, although supporting evidence is largely anecdotal
and its primary indication remains Tourette syndrome [68]. Despite its adverse effect
profile, haloperidol continues to be a practical choice in resource-limited settings due to its
low cost [71].

Second-generation (atypical) antipsychotics offer a more favorable tolerability pro-
file due to the fact that they combine moderate D2 antagonism with 5-HT2A and
histaminergic modulation.

Risperidone is considered one of the most effective, likely due to its higher affinity
for D2/D3 receptors. However, it is more frequently associated with extrapyramidal
symptoms [72-75]. Olanzapine showed a favorable effect in two out of three small open
studies [76], and is known to induce weight gain and sedation—mainly through H1 receptor
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antagonism. Interestingly, both effects can be beneficial in HD [77-81]. Aripiprazole is a
partial agonist at D2 and 5HT1A, and antagonist at 5SHT2A receptors [82] with preferential
mesolimbic activity, and stabilizing effect on dopaminergic tone. Small clinical studies
and case reports support its efficacy in chorea reduction, with additional potential benefits
for apathy, sedation, and sleepiness [69,83-85]. An analysis from the Enroll-HD database
suggests that risperidone and olanzapine may be at least as effective as TBZ in controlling
chorea [74].

Other agents such as quetiapine [86,87] and clozapine [88,89] have also been used, but
are less effective for chorea due to their low D2 receptor affinity.

C. Amantadine

Amantadine is a weak, noncompetitive N-methyl-D-aspartate (NMDA) receptor an-
tagonist, originally developed as an antiviral agent, and later serendipitously found to
improve dyskinesias in Parkinson’s disease. It modulates glutamatergic transmission in the
basal ganglia and interacts with sigma-1, nicotinic, and 5-HT3 serotonin receptors, which
may further influence dopaminergic tone and cortical excitability [90].

Clinical data are conflicting. One trial using oral amantadine up to 300 mg over two
weeks found no significant changes in objective chorea scores, though some participants
reported subjective benefit [91]. In contrast, a trial with doses up to 400 mg showed a
36% reduction in UHDRS chorea scores [92] without evidence of cognitive side effects,
and another crossover study demonstrated benefit following both intravenous and oral
administration [93]. Additionally, a small open-label study reported sustained efficacy
with oral amantadine over one year of follow-up [94]. However, a Cochrane meta-analysis
concluded that existing trials were underpowered and heterogeneous, and do not support
consistent efficacy [76]. Nonetheless, some clinicians consider it a reasonable alternative
when first-line options are not tolerated or contraindicated [38]. Common adverse ef-
fects include agitation, insomnia, peripheral edema, and livedo reticularis, particularly at
higher doses.

D. Other Agents with Limited Evidence

Memantine, a low-affinity, non-competitive NMDA receptor antagonist that modulates
glutamatergic excitotoxicity, showed potential benefits in a small open-label study [95],
though this finding requires replication.

Riluzole is a glutamatergic modulator that inhibits presynaptic glutamate release.
Initial small studies yielded inconsistent results [96,97]. However, a three-year RCT failed
to demonstrate significant benefit on motor symptoms [98], and based on available evidence,
it is not currently recommended for HD chorea.

Pridopidine is a small molecule with a complex mechanism of action. Initially devel-
oped as a dopamine stabilizer, it primarily acts as a highly selective sigma-1 receptor (S1R)
agonist [99], a mechanism believed to underlie its proposed neuroprotective and home-
ostatic effects on intracellular signaling and mitochondrial function. Despite promising
previous data [100-102], the PRIDE-HD and PROOF-HD trials did not meet primary motor
endpoints [103]. Post hoc analyses, however, suggested possible motor benefit in patients
not receiving concurrent dopamine-blocking agents [104]. As a strong CYP2D6 inhibitor, it
may interact with VMAT?2 inhibitors [105].

Other agents such as levetiracetam, valproate and clonazepam have been described in
case series or case reports, though their use remains anecdotal [106-108].

E.  Deep Brain Stimulation (DBS)

DBS targeting the pallidum has been explored as an option for patients with severe
and medically refractory HD chorea. Available data from case reports, open-label studies,
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and small trials suggest that DBS can lead to a sustained reduction in chorea severity
in carefully selected individuals, without significant deterioration in cognition or mood.
However, its uncertain impact on the overall HD motor symptoms, variability in outcomes,
and the progressive nature of HD remain important limitations [109-119]. A large inter-
national, multicenter RCT (NCT02535884) has recently been completed, and results are
pending publication.

Alternative pallidal targets have been explored. One study reported greater chorea
reduction with ventral GPi stimulation compared to the classical dorsal GPi target [120],
while other small studies have evaluated GPe stimulation with promising results [37,119].
Further research is needed to clarify optimal targeting and patient selection criteria.

F.  Non-Pharmacological Interventions

Motor rehabilitation, including physical and occupational therapy, may help reduce
the functional impact of chorea through safety-focused strategies and environmental adap-
tations (e.g., grab bars, weighted utensils). These interventions can support daily function
and mitigate the psychosocial burden of involuntary movements [121-123].

Ongoing Research

Bevantolol, a non-selective 3-adrenergic antagonist initially developed as an anti-
hypertensive, has recently gained attention as a potential anti-choreic therapy following
the discovery of its VMAT2 inhibitory properties. In a recent proof-of-concept study,
Bevantolol demonstrated a modest but consistent reduction in chorea severity, with a
favorable tolerability profile [124]. Two phase IIb clinical trials—SOM3355 (NCT03575676
and NCT05475483)—have been completed, and results are pending publication.

Authors Recommendations

Pharmacological treatment should only be considered when chorea significantly inter-
feres with function or causes social distress and therapy must be individualized based on
severity and comorbidities.

TBZ remains the first-line treatment unless contraindicated by active depression
or suicidality. DEU and VBZ are emerging alternatives with at least more favorable
pharmacokinetic profile. Second-generation antipsychotics, especially aripiprazole or
olanzapine, are appropriate when neuropsychiatric symptoms (NPSs) such as irritability
or psychosis coexist, or when VMAT?2 inhibitors are poorly tolerated. In patients with
mild chorea or intolerance to first-line therapies, amantadine may be considered, though
evidence is limited. Importantly, the clinical impact of anti-choreic therapy may become
evident after 4 to 8 weeks of treatment. In severe, refractory cases, typical antipsychotics
such as pimozide, tiapride or haloperidol should be considered or even pallidal DBS may
be used as a palliative strategy in selected patients.

3.1.2. Motor Impersistence

Motor impersistence is a core motor feature of HD, defined as the inability to maintain
a voluntary muscle contraction at a constant level [17] resulting in a difficulty to sustain
postures or continuous movements [125,126]. This leads to frequent compensatory reposi-
tioning or postural collapse that may affect oculomotor, facial, axial or limb musculature. It
may be highly disabling, contributing to manipulation difficulties, impaired autonomous
gait, and even dysphagia [17,127].

Unlike chorea, motor impersistence progresses steadily over the course of the disease,
making it a possible surrogate marker of disease severity [17,128]. In addition to its
functional consequences, it underlies characteristic exploratory signs, including tongue
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impersistence, the “milkmaid’s grip” in the hands [28,125], or the “rubbery gait” caused by
loss of postural tone in the trunk and lower extremities [129].

It was firstly described in patients with right hemispheric stroke [130], and it has
also been reported in PSP [131] and in moderate or severe dementia stages of Alzheimer’s
Disease [132]. Although often described clinically as a form of “negative chorea”, it reflects
a distinct and incompletely understood pathophysiological substrate: impaired sustained
output from basal ganglia—thalamocortical circuits driven by progressive degeneration of
D1- and D2-receptor-expressing MSNs, and further exacerbated by altered skeletal muscle
excitability [133,134].

Clinical Management and Author’s Recommendations

There are no approved or specifically targeted pharmacological treatments for motor
impersistence. The symptom is understudied, in part due to the lack of standardized,
sensitive clinical tools to quantify its severity and monitor treatment response. A small,
randomized, crossover study evaluated the effect of apomorphine in five patients and
demonstrated transient improvement in motor persistence as assessed by the tongue
protrusion subitem of the UHDRS-TMS. However, the absence of a clear pathophysiological
rationale to explain this effect, the limited sample size and short-lasting effect do not
preclude any therapeutic recommendation [135].

In clinical practice, it is often empirically managed with the same agents used for
chorea, especially when both symptoms coexist. VMAT?2 inhibitors, APD, or amantadine
may offer indirect benefits, although specific efficacy for motor impersistence has not been
systematically studied.

3.1.3. Dystonia

Dystonia is reported in over 90% of HD patients, with its severity correlating positively
with disease progression, and overall motor and cognitive impairment [136-138]. It may
also be exacerbated by antidopaminergic medications.

It is defined as sustained or intermittent involuntary muscle contractions that result
in twisting, repetitive movements (so called-dystonic movements, when lasting several
seconds) or abnormal postures (so called-dystonic postures, when they last minutes to
hours). Unlike chorea, dystonic movements are patterned and repeatedly involve the same
group of muscles [28,29].

In adult-onset HD, dystonia is typically mild, generalized, and often coexists with
chorea. It becomes evident during voluntary motor tasks such as tandem gait. Common
manifestations include sustained fist clenching, excessive trunk or knee flexion, and ab-
normal arm posturing (e.g., “handbagging”). As the disease progresses, dystonia tends to
become more persistent and functionally limiting [17]. Segmental and focal fixed dystonia
forms are less frequent but may occur. In juvenile-onset HD, dystonia is often an early and
prominent symptom.

The pathophysiology of dystonia in HD is multifactorial. Progressive degeneration
of striatal MSNs, affecting both the direct and indirect pathways, leads to dysregulated
output from the GPi and GPe reducing tonic inhibition of the thalamus and resulting in
excessive activation of premotor areas. This is accompanied by abnormal cortical mo-
tor processing, including impaired movement preparation, hyperexcitability in premotor
and supplementary motor areas, disorganized sensorimotor integration, and loss of in-
hibitory mechanisms. Emerging evidence also suggests the involvement of cerebellar and
cortico-striato-thalamo-cortical loops, which may further impair motor program execution.
Together, these alterations disrupt agonist-antagonist coordination and promote persistent
dystonic motor patterns [28].
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Clinical Management

There are no approved pharmacological treatments specifically developed for dystonia
in HD. In most adult-onset cases, dystonia is mild and does not require targeted treatment.
As a first step, medications that may aggravate dystonia should be reduced or discontinued.
When treatment is needed, management generally follows the same principles as for
isolated generalized or segmental dystonia.

Oral anticholinergics such as trihexyphenidyl have shown efficacy [139], but in HD,
their use is generally discouraged due to poor tolerability and cognitive adverse effects.
Baclofen, a GABA-B receptor agonist, may offer modest benefit orally, but stronger evidence
supports intrathecal or intraventricular infusion in severe, refractory cases—particularly in
juvenile-onset HD [140]. Long-acting benzodiazepines, such as clonazepam and diazepam,
can offer symptomatic relief owing to their central muscle relaxant and anxiolytic properties,
but sedation frequently limits their use. Tizanidine, an x2-adrenergic agonist, has been
reported to confer modest benefits [141].

Focal dystonias, particularly those causing pain or interfering with hygiene and
function in advanced stages (e.g., hand closure, cervical posturing), may respond well to
botulinum toxin A injections [142,143].

Non-pharmacological interventions including active and passive physiotherapy,
stretching exercises, and postural re-education are essential to maintain range of motion
and prevent contractures in advanced stages or juvenile-onset HD [30,141]

DBS targeting the GPi and, more recently, the subthalamic nucleus (STN), has shown
potential benefits in reducing dystonia severity and improving quality of life in small
case series of juvenile-onset HD with severe, generalized, refractory dystonia. However,
responses are variable, and the procedure carries non-negligible risks, particularly in the
context of cognitive decline and progressive neurodegeneration [144,145].

Ongoing Research

Post hoc FIRST-HD trial analyses suggested that DEU may contribute to dystonia
improvement, although this was not a primary endpoint [54]. Supporting this possibility, a
recent open-label pilot study reported good tolerability, and potential symptomatic benefit
in patients with isolated dystonia, particularly with blepharospasm [146].

Author’s Recommendations

In adult-onset HD, dystonia is frequent but often non-disabling during the early and
mid-stages and no targeted intervention is required. In advanced or juvenile-onset HD
cases, systemic agents such as benzodiazepines or baclofen may be used empirically, with
caution regarding sedation and cognitive effects. In juvenile-onset HD, severe, refractory
cases, intrathecal baclofen or DBS may be considered, although patient selection must
account for overall disease progression and cognitive status.

3.1.4. Parkinsonism

Parkinsonism is a near-universal motor feature in advanced stages of HD, manifesting
with rigidity, bradykinesia, and postural instability [147]. It is worth noting that impair-
ments in finger-tapping rhythm and speed can appear early in the disease course, reflecting
deficits in fine motor control rather than true bradykinesia.

In juvenile-onset HD, as previously mentioned, parkinsonism, often accompanied
by dystonia, is usually the predominant motor phenotype [25,26]. A similar phenotype,
though rare, can also appear in very-late-onset HD.

The development of parkinsonism result from the progressive spread of neurodegen-
eration to D1-expressing MSNs, particularly those projecting to the GPi and substantia
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nigra pars reticulata (SNr), leading to underactivation of the direct pathway and excessive
thalamic inhibition.

Clinical Management

When parkinsonian features emerge, it is essential to review the patient’s current
medications, as commonly used drugs—including neuroleptics and VMAT?2 inhibitors—
can contribute to bradykinesia and rigidity.

In patients with functionally limiting symptoms, especially in juvenile-onset HD,
levodopa may offer partial and transient benefits [30,148] although chorea or NPS may
worsen or re-emerge. Case reports support the use of dopamine agonists [149], amanta-
dine [150] and MAO-B inhibitors, which may also positively affect mood and apathy [151].
Importantly, MAO-B inhibitors should be avoided in patients receiving VMAT-2 due to the
risk of hypertensive crisis and serotonin syndrome.

As in dystonia physiotherapy focused on joint mobility, stretching, postural train-
ing, and relaxation techniques can help mitigate stiffness, improve mobility, and prevent
contractures [30].

Author’s Recommendations

In adult-onset HD, parkinsonism typically appears in advanced stages or is secondary
to medication. In such cases, the priority is to reduce or discontinue contributing drugs,
and dopaminergic therapy is rarely needed.

In contrast, parkinsonism is often a core and early manifestation of juvenile-onset
HD, frequently accompanied by disabling dystonia. In these patients, levodopa or aman-
tadine may be considered. In highly selected patients with severe treatment-refractory
parkinsonism, DBS as for dystonia has been explored as a palliative strategy.

3.1.5. Gait and Balance Disorders

Gait disorders in HD are complex and multifactorial, with heterogeneous clinical
presentations, arising from dysfunction across striatal, cortical, cerebellar, and postural
control circuits [152-154].

They are not solely attributable to chorea [67], but may also reflect motor impersistence,
dystonia, impaired motor planning, loss of dual-tasking ability, bradykinesia, and postural
instability [129].

Clinical Management

There are no approved pharmacological treatments specifically targeting gait dysfunc-
tion. While anti-choreic therapies may lead to modest improvements in selected patients,
they may also worsen gait when used at higher doses by inducing parkinsonism or freezing
of gait.

Therefore, management is primarily based on non-pharmacological strategies. Special-
ized physiotherapy programs [155,156], including proprioceptive training, postural transi-
tions, and coordination exercises, combined with home-based exercise regimens [157,158]
and early introduction of assistive devices—such as walkers or wheelchairs—have shown
benefit in maintaining ambulation and reducing fall risk [159].

Ongoing Research

Although, as previously mentioned, the PRIDE-HD and PROOF-HD trials did not
meet primary motor endpoints, some exploratory analyses have suggested a possible
benefit of pridopidine on gait and balance subitems in early HD stages [160].
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Author’s Recommendations

Early, sustained specialized physiotherapy, and the early use of assistive devices is the
cornerstone of gait management. Control of chorea may help in some cases, but caution is
advised with high-dose anti-choreic therapy, as it may paradoxically impair gait.

3.1.6. Other Motor Manifestations

Akathisia is characterized by a subjective feeling of inner restlessness combined with
involuntary, purposeless movements and an inability to remain still [29]. While it can
be mistaken for chorea, it is typically iatrogenic, most often induced by TBZ, APD, or
selective serotonin reuptake inhibitors (SSRIs) [51]. Management involves withdrawing
the causative agent. Benzodiazepines or beta-blockers may help in refractory cases [30].

Myoclonus is more frequently observed in juvenile-onset HD where it may coexist
with epilepsy. It typically presents as sudden, jerky, stimulus-sensitive movements, re-
flecting their cortical origin in HD [161]. When prominent, it may interfere with motor
function and contribute to gait instability and falls. First-line treatment options include
levetiracetam, clonazepam, and valproic acid [70,162].

Motor and phonic tics, including grunting, snorting, or guttural sounds, may be
present in HD and can be difficult to differentiate from chorea [163]. Specific treatment is
rarely required; when necessary, individualized management should generally follow an
approach similar to that used for chorea.

Dysphagia is a common and clinically significant symptom in advanced stages. It
increases the risk of aspiration pneumonia (the leading cause of death) and contributes
to malnutrition and cachexia [164]. Management should include regular evaluation of
swallowing function by a speech-language pathologist or swallowing therapist [30] and
caregivers should be trained to recognize early signs of aspiration, such as coughing
during meals or voice changes [30]. Management includes dietary texture modifications
(e.g., pureed foods, thickened liquids) and compensatory swallowing techniques [165].
When oral intake becomes unsafe or insufficient, percutaneous endoscopic gastrostomy
(PEG) feeding should be considered. Early discussion of this topic with the patient and
caregivers is essential to align decisions with patient preferences [30]. Although no medi-
cations directly improve dysphagia, reducing pharyngeal chorea may indirectly facilitate
safer swallowing.

Weight loss is multifactorial and highly prevalent in HD, resulting from hyperkinetic
movements, reduced intake (due to psychiatric symptoms or dysphagia), and increased
basal metabolic rate (linked to hypothalamic or mitochondrial dysfunction). A multi-
disciplinary approach with regular nutritional assessment and high-calorie, high-protein
supplementation (if necessary) is essential [166]. H1 antagonist agents should be consid-
ered, particularly when weight loss is associated with chorea (e.g., olanzapine) or with
depression or insomnia (e.g., mirtazapine).

A summary of current recommendations for the clinical management of motor symp-
toms other than chorea is provided in Table 2.
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Table 2. Treatment recommendations for motor symptoms (other than chorea) in Huntington’s

disease: insights from published literature, expert consensus, and clinical experience. Abbrevia-

tions: TBZ, tetrabenazine; APDs, antipsychotic drugs; JHD, juvenile-onset Huntington’s disease;

GPi/STN-DBS, internal globus pallidus or subthalamic nucleus deep brain stimulation; SSRIs, selec-

tive serotonin reuptake inhibitors; BZDs, benzodiazepines; LEV, levetiracetam; CZP, clonazepam;

VPA, valproic acid; TS, Tourette syndrome; CBT, cognitive behavioral therapy; PEG, percutaneous

endoscopic gastrostomy; H1 antagonist agents, histamine H1 receptor antagonist agents.

Special . . Non-Pharmacological
Motor Symptom Considerations Pharmacological Interventions Interventions
No approved therapies. P . .
MOTOR . 1 Empirical use of TBZ, amantadine, or No SPEleIC evidence avaﬂab.le.,
IMPERSISTENCE May be highly disabling. APD (especially when coexists physiotherapy and task-specific
with chorea) motor training may help.
Often mild and action-induced; First step: rgdu;e aptldopamlnerglc
specific pharmacological medication if present. Active/ i hysioth
treatment is rarely needed Second step: Same management as for ctive/p assn}/f physiotherapy,
DYSTONIA y . idiopathic dystonias. stretching, and.
Severe or fixed forms are postural re-education.
frequent in JHD. e JHD: Intrathecal baclofen or
GPi/STN-DBS in refractory cases.
Typically emerges in late-stage . . . .
};Pr) as d};u g-ingu ced; spe cifi;g First step: rgdu_ce apt1d0pammerg1c
pharmacological treatment is medication if present.
PARKINSONISM rarely needed Step step: consider levodopa or Same as for dystonia.
y ' amantadine (especially if
Prominent and disabling in chorea coexists).
JHD.
No approved therapies. Specialized physiotherapy, postural
GAIT Multifactorial origin; not solely ~ Treat contributing factors (e.g., chorea,  training, proprioceptive strategies,
DISTURBANCES attributable to chorea. dystonia, motor impersistence) if and early use of assistive devices
present and functionally impairing. (e.g., walker, wheelchair).
. . First step: identify and reduce or No specific evidence available;
AKATHISIA Mostly latf)cr)gsegﬁis()TBZ’ APD withdraw causative agent. management is primarily
Alternatives: Beta-blockers, BZD. pharmacological.
Treatment only required if . ) No specific evidence available;
MYOCLONUS functionally disabling. FXIS ttei’feil\}e}z\/,\/%ip management is primarily
Common in JHD. ’ pharmacological.
If intervention is required, follow TS
Specific treatment is .. management principles: behavioral
TICS rarely needed. Usually managed similarly to chorea. therapy (CBT/habit reversal),
education, reassurance.
Clinically significant in Reeul lowi luati b
advanced stages . . - egular swallowing evaluations by
. . ) Consider treating contributing factors specialists; caregiver training to
DYSPHAGIA Early discussions about PEG . . .
- . (e.g., pharyngeal chorea or tics). detect early signs; dietary texture
placement are essential to align e e
. . modifications; PEG when indicated.
care with patient preferences.
High-calorie, high-protein nutritional
supplementation. Consider H1
WEIGHT LOSS Highly prevalent antagonist agents particularly when R .
egular nutritional assessment.

and multifactorial.

weight loss is associated with chorea
(e.g., olanzapine), or with depression
or insomnia (e.g., mirtazapine).

3.2. Cognitive Symptoms

Cognitive impairment is a core feature of HD, often emerging years before motor onset,

and progressing steadily throughout the disease course [17]. The predominant pattern is a

dysexecutive syndrome, reflecting early degeneration of fronto-striatal circuits—especially
the caudate nucleus and its projections to the dorsolateral prefrontal cortex [167-170]. Clini-
cally, this manifests as slowed information processing, reduced working memory, impaired

planning, cognitive inflexibility, and deficits in social cognition [167-170]. Importantly, as

previously mentioned, anosognosia is frequent and clinically significant, often impairing
engagement with care and compromising safety [171,172].
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As the disease advances, posterior cortical involvement becomes more prominent
leading to a progressive, predominantly non-amnestic dementia [168], with early visu-
ospatial impairment (such as impaired mental rotation) [173], and language disintegration
including syntactic errors, anomia, and poor discourse cohesion [174,175]. Some cognitive
alterations, such as perseverative ideation, are discussed in the neuropsychiatric section
due to their overlap with behavioral symptoms.

3.2.1. Clinical Management

No pharmacological agent has convincingly demonstrated efficacy in reversing, de-
laying or improving cognitive decline in HD. It is essential to minimize medications with
potential cognitive side effects. Recent Enroll-HD data indicate that VMAT?2 inhibitors and
APD are associated with worsening cognitive performance, particularly processing speed,
and accelerated functional decline [176].

Although degeneration of cortical cholinergic transmission has been proposed, clinical
trials with cholinesterase inhibitors have yielded inconclusive or negative results. Early
open-label studies with rivastigmine suggested modest benefit [177-179], but later trials
failed to replicate these findings [180]. Galantamine [181] and donepezil [182] showed either
no benefit or worsened symptoms—donepezil, in particular, was associated with increased
chorea, falls, irritability, and anxiety [183]. Memantine also failed to show Efficacy [95]. A
systematic review concluded that the current evidence does not support the routine use of
cholinesterase inhibitors or memantine in HD [76]. Still, up to 3.2% of patients—mainly in
North America—receive these agents in clinical practice [60].

Psychostimulants such as modafinil or methylphenidate have been used off-label to
enhance alertness, motivation, or processing speed, but evidence remains limited [184] and
caution is required due to potential side effects.

Though, the cornerstone of cognitive management remains non-pharmacological.
Cognitive stimulation strategies—including computerized executive training, group-based
cognitive therapy, and external memory aids (e.g., agendas, reminder apps)—may offer
temporary benefits and possibly slow decline [185,186]. A recent RCT demonstrated
that both computerized cognitive training and music therapy improved global cognition,
functional outcomes, and fronto-striatal connectivity [187]. In advanced stages, care should
focus on structured, low-stimulus environments with clear routines, as HD patients are
especially vulnerable to sensory overload and disorganization [30].

3.2.2. Ongoing Research

Several compounds targeting glutamatergic or dopaminergic transmission have been
evaluated with limited success. Amantadine showed modest benefits in small studies [92],
while cariprazine, a dopamine D3/D2 partial agonist, was associated with cognitive
improvement in a small controlled study using the Addenbrooke’s Cognitive Exami-
nation [188]. Conversely, ketamine proved to be harmful in HD [189], and dalzanemdor
(SAGE-718), a novel NMDA positive allosteric modulator, failed to meet its primary end-
points in a phase 2 trial despite initial safety and tolerability signals [190]. Other agents
such as latrepirdine, a multi-target molecule (mitochondrial pore blockade, NMDA /AMPA
modulation, and calcium channel inhibition) initially developed for Alzheimer’s disease
and pridopidine, failed to improve cognition in HD clinical trials [99,103,160,191-193].
Similarly, SSRIs failed to improve cognition in non-depressed HD patients [194,195].

3.2.3. Author’s Recommendations

It is essential to avoid, whenever possible, medications that may worsen cognitive function,
such as VMAT?2 inhibitors or APD particularly in advanced stages. In cases where comorbid
depression may further impair cognition, the use of vortioxetine—given its favorable cognitive
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profile—should be considered. In very selected cases, psychostimulants may also be explored,
particularly in patients with prominent apathy or slowed processing speed.

3.3. Behavioral and Neuropsychiatric Symptoms (NPS)

NPS are nearly universal in HD, often emerging years before motor onset and sig-
nificantly contributing to impair functional independence, cause emotional distress, and
reduce quality of life for both patients and caregivers [196-199]. Their expression is hetero-
geneous, fluctuating, and poorly correlated with disease stage, which contributed to their
exclusion from the HD-ISS biological staging system [200].

These symptoms arise from progressive neurodegeneration—particularly of frontos-
triatal and limbic circuits—but also reflect psychological responses to disease awareness,
functional loss, or the burden of being a gene expansion carrier. Moreover, certain HD
medications, particularly those targeting motor symptoms, may exacerbate psychiatric
features such as apathy or depression [201].

Importantly, no pharmacological treatment has been approved for any psychiatric
symptom in HD. Current management strategies are largely extrapolated from other
conditions, with limited supporting evidence from case reports, or small open-label
studies in HD [19,70,201]. Nonetheless, the need for targeted, symptom-specific, and
individualized approaches are essential, combining pharmacological strategies with
non-pharmacological interventions.

This section reviews the most clinically relevant NPS in HD (Table 3), many of which
are captured by the Problem Behaviors Assessment—short version (PBA-s). Less frequent
symptoms such as hallucinations or disorientation, although included in the PBA-s, are
not addressed in dedicated sections due to the lack of HD-specific treatment strategies and
their frequent overlap with broader cognitive or psychiatric syndromes.

Table 3. Treatment recommendations for behavioral and neuropsychiatric symptoms in Hunting-
ton’s disease (HD), based on published literature, expert consensus, and clinical experience. When
applicable, the first-line treatment recommended by the authors is indicated in parentheses. Abbre-
viations: NPS, neuropsychiatric symptoms; SSRIs, selective serotonin reuptake inhibitors; SNRIs,
serotonin—norepinephrine reuptake inhibitors; VPA, valproic acid; CBZ, carbamazepine; LTG, lam-
otrigine; ECT, electroconvulsive therapy; BZDs, benzodiazepines; APDs, antipsychotic drugs; CBT,
cognitive behavioral therapy; TBZ, tetrabenazine.

Special

NPS Considerations Pharmacological Interventions Non-Pharmacological Interventions
First step: SSRIs (sertraline,
Treatment should be citalopram) or SNRIs (venlafaxine, Psychotherapy and/or CBT.
tailored to coexisting ¢ - .
DEPRESSION symptoms (e.g., irritability, duloxetine). Consider ECT in selected
ay a tﬁ insong 1 a) ! In severe or recurrent cases: consider treatment-resistant cases.
pathy, : mood stabilizers (VPA, CBZ, LTG).
First step: address comorbid
ditions.
May be exacerbated by g(;gorlléosrtlzp. SSRIs or SNRIs Structured routines, relaxation
ANXIETY comorbidities v . techniques, psychoeducation (for
or medications. ° ansu:ler BZD fgr acute anxiety patients and caregivers).
episodes or during SSRI/SNRI
titration.
No approved therapies.
First step: review and reduce Structured dail i d tailored
APATHY One of the most disabling potentially aggravating medications. ructured darly routines, and tariore

and underrecognized NPS. Second step: Consider SSRIs (if
depression is present), or activating
agents (methylphenidate, modafinil).

enhance motivation.
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Table 3. Cont.

NPS CongiIZie:ri:tlions Pharmacological Interventions Non-Pharmacological Interventions
First step: High-dose SSRIs (sertraline
Treatment should be guided ~ and escitalopram). . . .
IRRITABILITY AND by symptom severity and Second step: APD (aripiprazole or Beﬁgwr?g atll s;ractle%les. ii \101d v sien
AGGRESSIVENESS coexisting olanzapine). co B ° 3. ‘: / t.e estcaﬁ € early signs,
psychiatric features. Consider adjunctive mood stabilizers and use distraction techiuques.
in refractory cases.
Perseveration: SSRIs or APD
PERSEVERATIVE Perseveration is much (olanzapine or risperidone). CBT and psychoeducation (for

IDEATION AND OCD

more common.

OCD: High-dose SSRIs
or clomipramine.

patients and caregivers).

Important to rule out and
treat comorbid medical

First step: APD (olanzapine,
risperidone or aripiprazole). If no

Consider ECT in severe

PSYCHOSIS conditions that may trigger response, consider other APDs such treatment-resistant cases.
or worsen psychosis. as clozapine.
First step: Prompt identification and
Suicide risk should be zgznieg;riintig Cli)lrsl f{/lllt)uz?g factors Ensure caregiver involvement,
SUICIDAL systematically assessed. P i s mpuist th dy bl prevent social isolation.
IDEATION May occur independently of perse'xllgera' fon) Og.w readraw pos;]gze Consider psychiatric hospitalization if
major depression. contributing medications (e.g., ) safety is compromised.
Second step: Consider
APD (olanzapine)
p
If comorbid depression or irritability:
Treat t should b SSRIs. Psychoeducation (for patients and
IMPULSIVITY reatment shou'd be If impulsive aggressivity: caregivers) to provide insight and

tailored to symptom profile.

atypical APD.
Consider adjunctive mood stabilizers.

reduce triggers.

3.3.1. Depression

Depression affects up to 50% of individuals with HD across all the disease course [202].
The pathophysiology involves degeneration of fronto-limbic circuits, basal ganglia, and
prefrontal cortex, alongside serotonergic dysregulation [203].

Clinical Management

As with other NPS in HD, available evidence is scarce, mostly based on case reports,

open-label studies, or post hoc analyses, and lacks high-quality randomized trials [204].
SSRIs and serotonin-norepinephrine reuptake inhibitors (SNRIs) are the most commonly
used pharmacological options in clinical practice [19,205] with small studies supporting
the use of venlafaxine [206] and citalopram [195]. Treatment selection is often guided
by the associated symptom profile: sertraline or escitalopram in cases with prominent
irritability [207] or obsessive—compulsive symptoms [208]; mirtazapine (a noradrenergic
and specific serotoninergic molecule) when insomnia or weight loss is present [209], and
duloxetine in cases with concurrent neuropathic pain.

In patients with severe or recurrent depression, adjunctive use of mood stabilizers
such as valproate, lamotrigine [210], lithium [211], or carbamazepine may be considered to
reduce relapse risk [30]. Electroconvulsive therapy (ECT) has shown efficacy in treatment-
resistant cases but should be reserved for exceptional situations due to the risk of short-term
memory impairment [212-215].

Non-pharmacological interventions such as cognitive behavioral therapy (CBT), and
supervised physical activity may improve depressive symptoms [201].

Author’s Recommendations

Antidepressant selection should be symptom-driven. We recommend avoiding tri-
cyclic antidepressants, paroxetine, and fluvoxamine due to their higher anticholinergic
burden and potential for cognitive side effects.
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3.3.2. Anxiety

Anxiety is common in HD but often underrecognized or misattributed to other be-
havioral changes. It frequently coexists with depression and may manifest as generalized
worry, somatic tension, panic attacks, or anticipatory anxiety. It is frequently reactive to
disease awareness, functional decline, and social or economic stressors [201].

Neurobiologically, it has been associated with dysregulation in fronto-limbic circuits,
including the amygdala, insula, and anterior cingulate cortex, with serotonergic dysfunction
likely contributing to symptom expression.

Clinical Management and Author’s Recommendations

Initial steps include identifying and treating psychiatric or medical comorbidities that
may worsen anxiety [201]. SSRIs or SNRIs are first-line treatments, which offer anxiolytic
effects while addressing concurrent depressive symptoms, with some evidence supporting
fluoxetine [195]. Benzodiazepines may be considered for short-term or situational relief,
particularly during SSRI/SNRI initiation, but their long-term use should be avoided due to
the risk of sedation, falls, and cognitive impairment.

Non-pharmacological interventions are essential and should include structured daily
routines, relaxation techniques, caregiver education, and—when cognitively feasible—CBT.

3.3.3. Apathy

Apathy affects up to 90% of HD patients, is among the most disabling NPS, and the
NPS most consistently associated with disease progression in large cohort studies such
as TRACK-HD [196,216,217]. While insight into this symptom may be preserved in early
stages, it often diminishes as the disease progresses [218].

It is defined as a state of decreased motivation resulting in reduced goal-directed activ-
ities, not explained by cognitive impairment, emotional distress, or reduced consciousness,
although it often overlaps with depression and cognitive impairment [218-220]. Neural
correlates include dysfunction in the dorsolateral, orbitofrontal and ventromedial prefrontal
cortices, as well as the anterior cingulum, amygdala and ventral tegmental area [221-223].

Clinical Management

No pharmacological treatment has proven effective for apathy in the general popula-
tion or HD population. Initial steps include reviewing and reducing potentially aggravating
medications and addressing comorbid depression if present [201].

Non-pharmacological interventions—such as structured daily routines, caregiver
coaching, and personalized social or physical engagement—are the cornerstone of manage-
ment, and should be adapted to the patient’s cognitive status [201].

Ongoing Research

Bupropion (a norepinephrine-dopamine reuptake inhibitor) [224], aripiprazole [225],
modafinil [184], and cariprazine [188] have shown signals of potential benefit in small
studies, although none demonstrated clear efficacy in larger trials. SRX246 (a vasopressin
V1a receptor antagonist) failed to meet endpoints in a phase 2 trial.

Author’s Recommendations

Based on clinical experience, if depressive symptoms are present, an SSRI should
be trialed. In non-depressed but severely apathetic individuals, activating agents like
modafinil or methylphenidate may be considered. Medications that may worsen apathy
should be reduced or replaced by agents with a more activating profile, such as aripiprazole.
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3.3.4. Irritability and Aggressiveness

Irritability is defined as a proneness to anger, which can unfortunately lead to an
outburst of rage and even verbal or physical aggression. Its significantly contributes to
social isolation, caregiver burden and, in advanced stages, institutionalization.

It has been associated with dysfunction in fronto-limbic circuitry, including the stria-
tum, amygdala, pulvinar and prefrontal cortex, with impaired serotonergic signaling and
reduced structural integrity affecting emotional regulation and inhibitory control [226-228].

Clinical Management

SSRIs—particularly sertraline, escitalopram, and fluoxetine—are considered first-line
treatments, even in non-depressed patients, as they have shown to reduce irritability
and aggression, and are generally well tolerated [195,207,229-231]. Their efficacy may
depend on reaching moderate-to-high doses, which downregulate presynaptic 5-HT1A
autoreceptors and enhance serotonergic transmission in fronto-limbic circuits involved in
affect regulation [231]. High-dose paroxetine and fluvoxamine should be avoided due to
unfavorable adverse effects [229].

Atypical neuroleptics should be considered in severe cases that result in aggres-
sive behavior or when chorea coexists [78,232,233]. Aripiprazole, in particular, may
offer additional benefit due to its dopaminergic modulation and relatively favorable
side effect profile [225,234]. In cases with emotional lability or poor behavioral control,
mood stabilizers such as valproate or carbamazepine should be considered as adjunctive
therapy [19,210,235].

Non-pharmacological strategies should be prioritized, even before pharmacological
treatment. Behavioral interventions include avoiding confrontations, de-escalating early
signs of irritability, using distraction techniques, and ensuring a structured, low-stimulus
environment to reduce emotional reactivity. Measures must also ensure the safety and
well-being of family members, especially when children are involved.

Ongoing Research

SRX246 showed good tolerability in the STAIR phase 2a trial [236], with ex-
ploratory analyses suggesting possible benefit in aggressive behavior [237]. Dextromethor-
phan/quinidine, used to treat pseudobulbar affect in ALS, failed to show improvement in
irritability in a proof-of-concept study on 20 HD patients [238].

Author’s Recommendations

For mild to moderate irritability, SSRIs remain the preferred first-line treatment, of-
ten requiring doses at the higher end of the therapeutic range. In partial responders,
adjunctive therapy with agents such as mirtazapine may be helpful, particularly when
comorbid insomnia or weight loss is present. For severe irritability or overt aggression,
atypical APDs are indicated. Treatment must always be guided by a careful risk-benefit
analysis, as these symptoms may endanger the safety of the patient or others, occasionally
requiring hospitalization.

3.3.5. Perseverative Ideation and Obsessive-Compulsive Disorder (OCD)

Perseverative ideation and conduct are very common in HD, tend to increase as
functional capacity declines, correlating with lower Total Functional Capacity (TFC)
scores [196]. Perseverative cognition has been linked to increased risk of suicidal ideation,
especially when combined with other NPS. This symptomatology is thought to arise from
frontal-striatal circuit degeneration, particularly affecting cognitive flexibility [239].
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Classic OCD is less frequent, though still more common than in the general popula-
tion [196]. A key clinical distinction lies in the lack of intrusive distress: whereas OCD
typically involves ego-dystonic, anxiety-provoking thoughts, perseverative patterns in HD
tend to be ego-syntonic and reflect cognitive rigidity rather than true compulsivity.

Clinical Management and Author’s Recommendations

When pharmacological intervention is needed, SSRIs are generally considered the first-
line treatment, particularly when symptoms coexist with anxiety or depression. Sertraline
has shown benefit in case reports for obsessive symptoms [208]. In more severe cases,
especially when symptoms are accompanied by strong irritability or poor behavioral
control, adjunctive treatment with atypical antipsychotics such as olanzapine or risperidone
may be useful [240].

In patients meeting criteria for classical OCD, high-dose SSRIs may be necessary. If
inadequate response, clomipramine—a tricyclic antidepressant with strong serotonergic
activity—may be cautiously trialed, although its anticholinergic burden and potential
interactions with VMAT? inhibitors warrant careful monitoring [241].

Non-pharmacological approaches, though also understudied, are crucial. CBT, when
cognitive capacity allows, may help manage intrusive thoughts or compulsive behaviors.
Psychoeducation for caregivers is essential to differentiate between behavioral rigidity and
psychiatric compulsions, promoting more appropriate management strategies [30].

3.3.6. Psychosis

Psychotic symptoms are relatively uncommon in HD, yet recent findings from large
cohorts such as ENROLL-HD suggest a higher prevalence than classically reported [242].
Surprisingly, it has been associated with lower CAG repeat counts but younger age at
diagnosis [243], and is often present in the context of prominent cognitive impairment [244].

Clinical Management

First-line treatment consists of atypical APD, though data supporting their use in
HD are limited to small case series, observational studies and small
trials [69,77-79,81,83,84,232,233]. To date, there is no evidence that favors one drug over
another, although risperidone [75], olanzapine and aripiprazole [84] are the most com-
monly prescribed. Clozapine may be considered in pharmacoresistant cases or in patients
who develop disabling parkinsonism or dystonia given its more favorable extrapyramidal
side-effect profile.

ECT has been shown to be effective in selected cases, particularly when psy-
chotic symptoms are severe, treatment-resistant, or coexist with mood disturbances or
suicidality [212,213].

Author’s Recommendations

Firstly, it is essential to identify and treat comorbid medical conditions that may pre-
cipitate acute psychotic episodes, including infections, metabolic disturbances, substance
use, or medication effects. In patients with established psychosis, we recommend initiating
atypical antipsychotics, selecting the agent based on comorbid features, titrating slowly
with close monitoring of psychiatric and motor status.

3.3.7. Suicidal Ideation

Suicidality represents a major concern in HD, with suicide rates 2—6 times higher
than in the general population [245-247]. Risk is elevated throughout the disease course
but is especially high around genetic diagnosis, the initial appearance of symptoms, and
when functional dependency begins [248,249]. Contributing factors include psychiatric
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comorbidities (e.g., depression, anxiety, impulsivity), reduced insight, social stressors, and
existential distress [48]. Importantly, suicidal ideation may occur independently of major
depression, often driven by impulsivity and perseverative cognition.

Clinical Management and Author’s Recommendations

Suicide risk should be systematically assessed in all patients with HD, regardless of
disease stage. Prevention involves prompt identification and treating risk factors such as
underlying depression, impulsivity, and social isolation [30]. As previously noted, some
drugs such as TBZ may worsen mood or induce suicidality in vulnerable individuals [250],
warranting close monitoring during dose titration.

Although evidence is limited, one open-label study suggested a reduction in suicidal
ideation following treatment with olanzapine [240]. In high-risk scenarios, caregivers’
involvement in safety planning is essential, and hospitalization should be considered when
safety cannot be assured.

3.3.8. Impulsivity

Impulsivity refers to the tendency to act prematurely without adequate forethought, of-
ten leading to socially inappropriate comments, emotional outbursts, compulsive shopping,
disinhibited sexual behavior, or other high-risk actions. When combined with irritability,
perseveration or depression, impulsivity may increase the risk of harmful behaviors, includ-
ing suicide attempts. This symptom is thought to reflect orbitofrontal cortex dysfunction
and its connections with the ventral striatum and limbic structures, leading to a loss of
cortical inhibitory control.

Clinical Management and Author’s Recommendations

Impulsivity is often addressed indirectly by treating comorbid conditions. SSRIs are
used when impulsivity occurs in the context of depression or irritability, while atypical
APDs are indicated in cases of impulsive aggressivity. Mood stabilizers such as valproate
or carbamazepine may also be helpful in flattening affective instability and reducing
emotionally driven impulsive episodes [30].

Psychoeducation is essential to help caregivers understand that impulsive behavior is
a neuropsychiatric symptom—not simply inappropriate conduct—and to provide them
with strategies to reduce environmental triggers.

3.3.9. Other NPSs

Sleep disorders affect two-thirds of HD patients and may include insomnia, circa-
dian rhythm disruption, fragmented sleep, or hypersomnia [251,252]. They result from
a combination of neurodegenerative changes, psychiatric comorbidities (e.g., depression,
anxiety), or side effects of medications. Management should begin with identifying and ad-
dressing the underlying cause (e.g., mood disorder, nighttime movements, pain), followed
by implementation of sleep hygiene measures. When necessary, short-acting hypnotics
or sedative antidepressants such as mirtazapine or trazodone may be used, always with
caution in patients at risk of falls or cognitive impairment. Melatonin is a pharmacologic
option particularly when there is pattern of circadian rhythm disordered sleep [201].

Sexual disorders range from reduced libido (often associated with depression or
SSRIs) to disinhibited or hypersexual behavior, which may be part of a broader impulse
control disturbance. As in other symptoms, treatment should be individualized and
consider psychiatric comorbidities, family distress, and the patient’s safety and dignity.
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4. Conclusions

Symptomatic management remains the cornerstone of care in HD, despite recent
advances in disease-modifying therapies. A deeper understanding of HD’s phenotypic
heterogeneity and underlying pathophysiology is essential to develop effective, patient-
centered treatments. Chorea is the only symptom with specifically approved pharmacolog-
ical options—VMAT?2 inhibitors—though their use is limited by psychiatric adverse effects.
Neuroleptics are commonly prescribed, especially when psychiatric symptoms coexist,
but may exacerbate cognitive and motor dysfunction. In contrast, other disabling motor
features, such as motor impersistence, remain underexplored and lack targeted therapies.
No pharmacological intervention has demonstrated clear efficacy in treating cognitive
impairment, and psychiatric symptoms are managed based on extrapolation from other
disorders, primarily using SSRIs and atypical antipsychotics. Special attention must be
given to the emergence of suicidal ideation, and psychological support should be provided
to both patients and their families. Overall, given the modest efficacy and frequent side
effects of available medications, non-pharmacological and multidisciplinary approaches
are essential to preserve function and enhance quality of life. Symptomatic care in HD must
remain proactive, person-centered, and responsive to the complex and evolving needs of
each individual and their families.
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Abstract

Herpes simplex virus type 1 (HSV-1) has been proposed as an environmental risk factor
for Alzheimer’s disease (AD). Viral infection of neuronal cells can reproduce hallmark
pathological features of AD, including intracellular beta-amyloid (Af) accumulation, tau
hyperphosphorylation, and lysosomal dysfunction. However, the molecular mechanisms
underlying these alterations remain unclear, partly due to limitations of existing experi-
mental models. Here, we established both two-dimensional (2D) and three-dimensional
(3D) LUHMES neuronal cultures—a human mesencephalic-derived neural cell line that
differentiates rapidly into mature neurons—to investigate HSV-1-induced AD-associated
markers. Our results demonstrate that HSV-1 infection induces key features of AD, includ-
ing intracellular accumulation of A peptides and hyperphosphorylation of tau protein.
Moreover, we observed disruptions in the autophagy-lysosome pathway, characterized
by increased LC3-II levels, reduced cathepsin activity, and impaired lysosomal burden.
Notably, these AD-like alterations were reproduced in 3D LUHMES neuronal aggregates,
confirming their susceptibility to productive HSV-1 infection. Collectively, these findings
indicate that HSV-1 not only triggers AD-like neuropathological markers but also disrupts
cellular clearance mechanisms that may contribute to neuronal dysfunction and degenera-
tion. This study validates the 3D LUHMES system as a useful human neuronal model to
study virus-induced neurodegeneration and its mechanistic links to AD pathology.

Keywords: HSV-1; Alzheimer’s disease; LUHMES cells; 3D neuronal cultures;
beta-amyloid; phosphorylated tau; neurodegeneration; lysosomal alterations

1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia, characterized by
progressive neurodegeneration and cognitive impairment [1]. Despite extensive research
efforts, its exact etiology remains elusive, and current therapeutic strategies only pro-
vide limited symptomatic relief [2]. Although senile plaques—primarily composed of
beta-amyloid (Af3) peptides—and neurofibrillary tangles (NFTs)—formed by hyperphos-
phorylated tau protein—have been recognized as key features of AD for over a century [3],
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the molecular mechanisms driving the progression of the disorder are still not fully under-
stood. Historically, the amyloid cascade hypothesis has dominated AD research, proposing
that accumulation of Af3 peptides initiates a cascade of pathological events culminating
in neuronal death [4]. However, accumulating evidence suggests that multiple factors,
including infectious agents, significantly contribute to the complexity and progression of
AD pathology [5].

Herpes simplex virus type 1 (HSV-1) is a highly prevalent human pathogen that infects
a large proportion of the global population, typically during early life [6]. It is primarily
associated with orolabial lesions but has the capacity to infect neurons and establish lifelong
latency within the peripheral nervous system, particularly in sensory ganglia. Periodic
reactivation of the virus can lead to recurrent symptoms and viral shedding [7]. Beyond
its classical clinical presentations, growing evidence suggests that HSV-1 may exert long-
term effects on the central nervous system (CNS). The virus is neurotropic and capable
of invading the brain, where it may persist in a latent or low-grade replicative state [8].
Reactivation or chronic infection in the CNS has been implicated in various neurological
disorders, including encephalitis, and more recently, neurodegenerative diseases such as
AD [9,10]. In this context, understanding HSV-1’s mechanisms of neuroinvasion, latency,
reactivation, and the cellular pathways it disrupts—particularly in neuronal cells—is
essential for elucidating its potential role in neurodegeneration.

A growing number of studies suggest a possible association between chronic HSV-1
infection and an increased risk of developing AD. Epidemiological studies have consis-
tently identified associations between HSV-1 and a higher risk of AD, particularly among
individuals carrying the APOE-¢4 allele [11-14]. Neuropathological analyses have revealed
that HSV-1 DNA is frequently detected in the brains of AD patients, especially in brain
regions severely affected by the disease, i.e., the hippocampus/limbic system [15]. Further-
more, experimental studies demonstrate that HSV-1 infection can directly induce hallmark
AD features, such as Af3 accumulation [16], tau hyperphosphorylation [17], neuroinflam-
mation [18] and synaptic dysfunction [19]. However, the detailed molecular and cellular
mechanisms linking HSV-1 infection to AD pathology remain to be fully elucidated.

Emerging evidence also highlights the critical involvement of the autophagy-lysosomal
system in both AD pathology and viral infections [20,21]. In AD, impaired autophagic flux and
lysosomal dysfunction lead to the accumulation of toxic protein aggregates, including A3 and
phosphorylated tau, thereby contributing to neuronal stress and degeneration [20,22]. Like-
wise, several neurotropic viruses—including HSV-1—are known to interfere with autophagy
and lysosomal pathways to favor their replication and persistence within host cells [21,23].
Thus, disruption of the autophagy-lysosomal system represents a convergent mechanism
linking HSV-1 infection to AD-like neurodegenerative processes.

Advanced cellular models capable of recapitulating key aspects of human brain physi-
ology offer invaluable tools for investigating virus-induced neurodegenerative processes.
LUHMES (Lund human mesencephalic) is a human dopaminergic neuronal progenitor cell
line derived from embryonic mesencephalic precursor cells, conditionally immortalized
through the integration of the v-myc oncogene controlled by a tetracycline-regulated system.
These cells exhibit a remarkable capacity for proliferation and, upon controlled suppression
of the oncogene, differentiate rapidly into mature neurons that display physiological and
morphological properties characteristic of the human nervous system [24]. Importantly,
LUHMES cells differentiate exclusively into post-mitotic neurons under these conditions.
Numerous foundational studies have demonstrated that differentiated LUHMES cultures
form highly homogeneous neuronal populations, and do not give rise to glial cells of any
lineage, including astrocytes, oligodendrocytes or microglia [24-26]. A key advantage of
the LUHMES cellular model is its ability to maintain homogeneous and stable neuronal

164 https://doi.org/10.3390/ijms27020642



Int. J. Mol. Sci. 2026, 27, 642

differentiation in long-term cultures, providing consistent cell lines for reproducible studies.
This makes them particularly valuable for large-scale pharmacological screening assays
and investigations into genetic and environmental factors involved in neurodegenerative
diseases. Additionally, LUHMES cells are suitable for modeling neurological disorders in
both two-dimensional (2D) and three-dimensional (3D) culture systems [25,27,28], enabling
the generation of models that more closely replicate the spatial and cellular complexity
of the human brain environment. Furthermore, these cells have been successfully used
to study the effects of infectious and toxic agents on neuronal physiology [29,30], thereby
facilitating an understanding of the mechanisms underlying the onset and progression of
CNS pathologies. To date, only a few studies have explored HSV-1 infection in LUHMES
cultures, and most have focused on the establishment and maintenance of viral latency in
2D cultures [30-32]. The effects of productive lytic infection on AD-related markers have
not been characterized in this model.

Considering the above-mentioned advantages of LUHMES cells, mainly their growing
capacity and ability to differentiate into a homogeneous neuronal phenotype, the present
study aimed to develop and characterize a 3D LUHMES-based model of HSV-1 infection to
investigate the molecular mechanisms leading to virus-induced neurodegeneration. We
demonstrate that HSV-1 infection in this system reproduces AD-like alterations, including
intracellular A accumulation, tau hyperphosphorylation, and lysosomal dysfunction.
Collectively, these findings provide new insights into the potential role of HSV-1 in AD
pathogenesis and establish a human neuronal platform suitable for mechanistic studies to
dissect the interplay between viral infection and neurodegeneration.

2. Results
2.1. LUHMES Cells Efficiently Differentiate into a Homogeneous Neuronal Population

LUHMES cells are a human neuronal precursor cell line derived from embryonic
mesencephalon that can be terminally differentiated into post-mitotic dopaminergic-like
neurons under defined culture conditions. In their proliferative state, LUHMES cells exhibit
a compact and rounded morphology. As reported in earlier studies, withdrawal of growth
factors combined with tetracycline exposure induces rapid neuronal differentiation, with
neurite outgrowth visible within 2-3 days and a pronounced neuronal morphology by day
5. By this time, cells form dense neuronal networks clearly observable under phase-contrast
microscopy (Figure 1A).

Immunocytochemical analysis revealed that proliferating LUHMES cells express
neural progenitor and proliferation markers, including nestin—a neuroepithelial stem cell
marker involved in cytoskeletal organization—and Ki-67, a proliferation marker associated
with DNA replication (Figure 1B). Upon differentiation, these markers were downregulated,
whereas the expression of mature neuronal markers such as BIlI-tubulin, microtubule-
associated protein 2 (MAP2) and neuronal nuclei antigen (NeuN) was strongly upregulated
(Figure 1C). Unlike other neural stem cell models, LUHMES cells do not give rise to glial
lineages such as astrocytes or oligodendrocytes, highlighting their suitability for studies
focused exclusively on neuronal biology.

Protein and gene expression analysis by Western blot and reverse transcription fol-
lowed by quantitative PCR (RT-qPCR) further confirmed the transition from a progenitor to
a neuronal phenotype. A marked decrease in nestin, SOX2—a transcription factor essential
for embryonic development—and Ki-67 (MKI67) was accompanied by strong upregulation
of neuronal markers including BIII-tubulin, MAP2, synapsin 1 (SYN1), synaptophysin
(SYP), and D2 dopamine receptor (DRD?2) (Figure 1D, E). Overall, these findings demon-
strate the rapid and efficient neuronal differentiation of LUHMES cells into a homogeneous
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population of post-mitotic human neurons, providing a robust in vitro system to investigate

cellular and molecular mechanisms underlying neurodegeneration.
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Figure 1. Differentiation of LUHMES cells into post-mitotic neurons in 2D cultures. (A) Repre-
sentative phase-contrast images of LUHMES cells at different days of differentiation. Scale bar:
50 um. (B) Immunofluorescence staining of the proliferation marker Ki-67 and the neural progen-
itor marker nestin in undifferentiated and 7-day-differentiated LUHMES cells. Scale bar: 10 pm.
(C) Immunofluorescence images of neuronal markers (BIII-tubulin (BIII-tub), microtubule-associated
protein 2 (MAP2) and neuronal nuclei antigen (NeulN) in undifferentiated and 7-day-differentiated
LUHMES cells. DAPI-stained nuclei are also shown. Scale bar: 10 um. (D) Western blot analysis of
neural progenitor (nestin and SOX2) and neuronal (BIII-tub and MAP2 isoforms) marker levels in
undifferentiated (D0) and 7-day-differentiated (D7) LUHMES cells. (E) Analysis of gene expression
of proliferation (MKI67) and neuronal (synapsin I (SYN1), synaptophysin (SYP) and D2 dopamine
receptor (DRD2)) markers by reverse transcription followed by quantitative PCR (RT-qPCR) in un-
differentiated (DO0) and 7-day differentiated cells (D7). Graph data show the mean =+ standard error
of the mean (SEM) of 5 independent experiments (1 = 5) (one-sample t-test; * p < 0.05; ** p < 0.01;
5% p < 0.0001).

2.2. LUHMES Cells Are Permissive to HSV-1 Infection in Both Proliferative and
Differentiated States

To evaluate HSV-1 permissiveness in LUHMES cells, we first analyzed infection dy-
namics in proliferative cultures. In this undifferentiated state, LUHMES cells displayed a
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rounded morphology and exhibited a rapid lytic response upon HSV-1 exposure, charac-
terized by progressive cell detachment and cytopathic effects visible at 18 h post-infection
(hpi) (Supplementary Figure S1A). Western blot analysis confirmed the expression of HSV-1
proteins representative of distinct kinetic classes, including the immediate early protein
ICP4, the early protein ICP8, and the true-late glycoprotein gC, all of which increased in a
viral dose-dependent manner (Figure 2A). To assess the extent of infection, immunofluo-
rescence analysis using an anti-gC antibody was performed, revealing a dose-dependent
increase in the proportion of infected cells. At a multiplicity of infection (MOI) of 3 for
18 h, nearly all cells (>90%) displayed strong gC immunoreactivity (Figure 2B). qPCR
further demonstrated a dose-dependent increase in HSV-1 DNA copy number (Figure 2C),
consistent with active viral genome replication. Finally, viral titer assays confirmed the
release of infectious viral particles into the culture supernatants, indicating that LUHMES
progenitor cells efficiently support productive lytic replication of HSV-1 (Figure 2D).
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Figure 2. Characterization of Herpes simplex virus type 1 (HSV-1) infection in proliferative LUHMES
cells in 2D cultures. (A-D) Proliferative LUHMES cells were uninfected (mock) or infected with
HSV-1 at different multiplicities of infection (MOI) for 18 h (hpi), and the infection efficiency was
monitored. (A) Analysis of ICP4, ICP8 and gC viral protein levels by Western blot. A GAPDH blot
to ensure equal loading is also shown. The ratio of viral proteins to GAPDH of a representative
experiment, obtained by densitometry analysis, is shown below the blots. (B) Immunofluorescence
images of gC viral protein. Cell nuclei were stained with DAPI. Scale bar: 10 um. (C) Viral DNA
levels were determined by qPCR. The graph shows the data of a representative experiment (mean
+ standard deviation (SD) of technical replicates). (D) Extracellular viral titers were determined by
plaque assays. The graph shows the data of a representative experiment (PFU: plaque-forming units).
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To characterize HSV-1 infection in LUHMES neurons, cultures were differentiated
for 7 days prior to viral exposure. At 24 hpi, neurons began to exhibit cytopathic effects,
including initial signs of neurite fragmentation. By 48 hpi, neurons had lost their charac-
teristic branched morphology, appeared rounded, and started to detach from the culture
surface (Supplementary Figure S1B). Western blot analysis demonstrated the expression of
HSV-1 proteins corresponding to distinct kinetic phases—ICP4 (immediate-early) and gC
(late)—in differentiated neurons at 24 hpi and 48 hpi, showing a clear dependence on viral
dose and infection time (Figure 3A). Consistently, immunofluorescence revealed nuclear
localization of ICP4 and prominent staining of viral glycoproteins gB and gD at 24 and
48 hpi. At MOI 1, about 50% of cells expressed viral proteins, increasing to over 90% at
MOI 3 (Figure 3B). qPCR confirmed active viral genome replication (Figure 3C), and titer
assays detected the release of infectious particles into the culture supernatant (Figure 3D).
Notably, viral yields were lower, and the appearance of extracellular virus was delayed
compared with proliferative LUHMES cultures.
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Figure 3. Characterization of HSV-1 infection in differentiated LUHMES neurons in 2D cultures.
(A-D) LUHMES neurons differentiated for 7 days were infected with HSV-1 at different MOI for
24 and 48 h, and the infection efficiency was evaluated. (A) Western blot analysis of ICP4 and gC
levels. A GAPDH blot to ensure equal loading is also shown. The ratio of viral proteins to GAPDH
of a representative experiment is shown below the blots. (B) Immunofluorescence analysis using
antibodies that recognize ICP4 and glycoproteins B and D. Cell nuclei were stained with DAPI. Scale
bar: 10 pm. (C) Quantification of viral DNA levels using qPCR. The graph shows the data of a
representative experiment. (D) Extracellular viral titers were quantified by plaque assays. The graph
shows the data of a representative experiment.

Together, these findings demonstrate that LUHMES cells are permissive to HSV-1
infection in both proliferative and post-mitotic neuronal states. In addition, we selected
18 hpi for proliferative LUHMES cells and 24 hpi for differentiated neurons, as these time
points yielded robust and reproducible detection of viral DNA and proteins while still
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preserving sufficient cellular integrity for quantitative analyses. Likewise, a MOI of 3 was
chosen because it provided homogeneous infection in both proliferative and differentiated
cultures without inducing excessive cytotoxicity. Overall, these parameters were identified
as the optimal conditions for reliably assessing HSV-1-induced AD-related molecular
alterations (A accumulation, tau phosphorylation and autophagy-lysosome dysfunction)
in the LUHMES model.

2.3. HSV-1 Induces AD-Related Molecular Markers in LUHMES Cells

Accumulation of Af3 peptides, which aggregate to form senile plaques, represents a
major hallmark of AD. HSV-1 infection has been shown to promote intracellular A3 accu-
mulation by disrupting the non-amyloidogenic amyloid precursor protein (APP) processing
pathway and reducing the secretion of A3 peptides [16]. LUHMES cells have been reported
to express endogenous APP [33,34]. We confirmed APP expression in LUHMES cells by
Western blot analysis (Supplementary Figure S2A). To evaluate whether HSV-1 infection
modulates A levels in proliferative LUHMES cells, immunofluorescence analysis was
performed. In uninfected cultures (mock), no intracellular A was detected with any of the
anti-Af antibodies tested. In contrast, following HSV-1 exposure, a pronounced accumula-
tion of A3 was observed, as revealed by immunolabeling with A(340- and A 342-specific
antibodies (Figure 4A). The extracellular A content in the conditioned media of LUHMES
cells was subsequently quantified by ELISA assays. A viral dose-dependent reduction
in secreted APR40 and Ap42 levels was observed in HSV-1-infected cultures relative to
mock-infected cultures (Figure 4B). In mock-infected cultures, Ap40 and Ap42 peptides are
efficiently secreted, which may explain why their intracellular levels remain below the de-
tection threshold of our immunofluorescence settings. Overall, these findings suggest that
HSV-1 infection impairs A secretion, thereby promoting intracellular A3 accumulation in
proliferative LUHMES cells.

Tau, a microtubule-associated protein, undergoes hyperphosphorylation in AD, lead-
ing to the formation of NFTs, another defining neuropathological feature of the disease.
To assess whether HSV-1 infection affects tau phosphorylation in proliferative LUHMES
cells, immunofluorescence assays were carried out using antibodies recognizing tau phos-
phorylated at residues Thr205 and Ser422, both of which are typically associated with
NFTs. In non-infected cells, no phosphorylated tau was detected. Upon HSV-1 infection,
strong accumulation of phosphorylated tau was evident at 18 hpi (Figure 4C). Western blot
analysis further confirmed a significant increase in tau phosphorylation at epitopes Ser202
and Thr231, which are also present in NFTs (Figure 4D).

To determine whether the effects of HSV-1 observed in proliferative LUHMES cells
were also present in mature neuronal cultures, LUHMES cells were differentiated to obtain
post-mitotic neurons and subsequently infected with HSV-1. Similar to what was observed
in proliferative LUHMES cells, HSV-1 infection induced a marked intracellular accumu-
lation of Ap in differentiated neurons. In mock-infected cultures, A immunoreactivity
was virtually absent, whereas HSV-1-infected neurons displayed a strong intracellular A3
signal detected with antibodies specific to both A340 and AR42 (Figure 5A). Consistent
with these observations, ELISA quantification of conditioned media revealed a significant,
dose-dependent reduction in secreted A(40 levels in HSV-1-infected neuronal cultures
compared with non-infected controls. Although the decrease in secreted A{342 levels did
not reach statistical significance, a clear downward trend was observed (Figure 5B). These
results indicate that viral infection compromises A secretion, leading to its intracellular
retention in LUHMES neurons.
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Figure 4. HSV-1 infection induces Alzheimer’s disease (AD)-like markers in proliferative LUHMES
cells. (A-D) Proliferative LUHMES cells were infected with HSV-1 at MOI 1 or 3 for 18 h, and the
beta-amyloid (Af3) and phosphorylated tau levels were assessed. (A) Immunofluorescence analysis
of AB40 and Ap42 in HSV-1-infected and control cultures. Infection was monitored by gC staining.
DAPI-stained nuclei are also shown. Scale bar: 10 um. (B) Quantification of extracellular A40 and
AB42 by ELISA. The graph data represent the mean + SEM of 4 independent experiments (1 = 4;
One-way ANOVA and Dunnett’s test; * p < 0.05; ** p < 0.01). (C) Immunostaining of phosphorylated
tau using the phosphorylation-sensitive antibodies Thr205 and Ser422. Infection was monitored
by gC staining. DAPI-stained nuclei are also shown. Scale bar: 10 um. (D) Western blot analysis
of phosphorylated tau (Ser202 and Thr231) levels. «-Tubulin was used as a loading control. The
graph data represent the mean + SEM of ratios of phosphorylated tau to «-tubulin obtained by
densitometry analysis (n = 4; one-sample t-test; * p < 0.05).

We next examined whether HSV-1 infection alters tau phosphorylation in these neu-
ronal cultures. Immunofluorescence analysis revealed that, in control neurons, phosphory-
lated tau (Thr205 and Ser422) was barely detectable. In contrast, infected neurons exhibited
widespread phospho-tau staining throughout the soma and neuritic processes at 24 hpi
(Figure 5C). Western blot analysis further confirmed a significant increase in tau phospho-
rylation at the Ser202 and Thr231 epitopes in HSV-1-infected neuronal cultures (Figure 5D).
In contrast to the increase in phospho-tau levels, HSV-1 infection induced a reduction in
total tau protein levels in both undifferentiated cells and differentiated LUHMES neurons
(Supplementary Figure S2B). This decrease is consistent with the global host protein shutoff
associated with lytic HSV-1 infection and indicates that the increase in phospho-tau signal is
not merely a consequence of elevated total tau levels, but rather reflects a genuine increase
in tau phosphorylation. Finally, to exclude the possibility that the detected phospho-tau
signals corresponded to viral proteins, we performed a control Western blot in which only
the viral preparation was loaded (Supplementary Figure S2C). Under these conditions, no
bands corresponding to phospho-tau epitopes (Ser202 or Thr231) were detected, confirming
the specificity of the antibodies used.
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Figure 5. HSV-1 infection induces AD-like markers in LUHMES neurons. (A-D) 7-day-differentiated
LUHMES cells were infected with HSV-1 at MOI 1 or 3 for 24 h, and the A and phosphorylated tau
levels were monitored. (A) Immunofluorescence staining of A340 and A[342. Infection was monitored
by gC staining. DAPI-stained nuclei are also shown. Scale bar: 10 um. (B) Quantitative analysis of
secreted AP40 and A342 levels in conditioned medium by ELISA assays. The graph data represent the
mean + SEM of 5 (A40) or 6 (Ap42) independent experiments (1 = 5 or n = 6; Mixed-effects model
and Dunnett’s test; ** p < 0.01). (C) Tau phosphorylated levels were assessed by immunofluorescence
using the phosphorylation-sensitive antibodies Thr205 and Ser422. Infected cells were stained with a
gC antibody. DAPI-stained nuclei are also shown. Scale bar: 10 um. (D) Analysis of phosphorylated
tau levels by Western blot using antibodies specific for the phosphorylated epitopes Ser202 and
Thr231. «-Tubulin was used as a loading control. The graph data represent the mean + SEM of
ratios of phosphorylated tau to x-tubulin obtained by densitometry analysis (1 = 5; one-sample t-test;
*p <0.05 *p<0.01).

Collectively, these results demonstrate that HSV-1 infection recapitulates hallmark AD-
like pathological features—intracellular A3 accumulation and tau hyperphosphorylation—
not only in proliferative LUHMES cells but also in differentiated LUHMES-derived neurons.
These findings underscore the capacity of HSV-1 to alter the metabolism of amyloid pep-
tides and the phosphorylation of tau protein across different stages of neuronal maturation,
thereby strengthening the potential of this human neuronal model for investigating the
pathogenic link between viral infection and AD-related alterations.

2.4. HSV-1 Alters Markers of the Autophagy—Lysosome Pathway in LUHMES Cells

Another neuropathological mechanism associated with AD and reported to be affected
by HSV-1 infection involves the dysfunction of the autophagy-lysosome pathway. Among
numerous lines of evidence supporting this relationship, we have reported alterations in
this axis in human neuroblastoma cells [35]. During autophagy activation, the cytosolic
form of LC3 (LC3-I) undergoes lipidation to form LC3-II, which binds to autophagic
membranes and remains associated with autophagosomes throughout their maturation.
To determine whether HSV-1 alters this pathway in LUHMES cells, we first analyzed LC3
expression levels and distribution in proliferative cultures. Immunofluorescence analysis
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revealed a marked accumulation of LC3 in HSV-1-infected cells, whereas LC3 staining
was nearly undetectable in mock-infected cultures (Figure 6A). The punctate LC3 staining
pattern was consistent with the accumulation of autophagosomes. Western blot analysis
corroborated these observations, showing a viral dose-dependent increase in LC3-II levels

(Figure 6B).
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Figure 6. Lysosomal alterations induced by HSV-1 in proliferative and differentiated LUHMES cells.
(A-D) LUHMES proliferative cells were infected with HSV-1 at different MOI for 18 h. (A) Im-
munofluorescence images of intracellular LC3 accumulation in infected cells (MOI 3) are shown.
Infection was monitored by gC staining. DAPI-stained nuclei are also shown. Scale bar: 10 pm.
(B) Western blot analysis of LC3 in LUHMES cell lysates after HSV-1 infection at different viral
doses. An a-tubulin blot to ensure equal loading is also shown. The ratio of LC3-II to tubulin of a
representative experiment, obtained by densitometric analysis, is shown below the blots. (C) Analysis
of lysosomal load by quantification of the LysoTracker Red (LTR) fluorescence in LUHMES cells
infected with HSV-1 at MOI 3. The graph data show the mean + SEM of 5 independent experiments
(n = 5; one-sample t-test; *** p < 0.001). (D) The relative enzymatic activities of cathepsins D/E and S
were quantified in LUHMES cells after HSV-1 infection (MOI 3). Graph data show the mean + SEM
of 3 (Cat S) or 5 (Cat D/E) independent experiments (1 = 3 or n = 5; one-sample t-test; ** p < 0.01).
(E-G) LUHMES neurons, differentiated for 7 days, were infected with HSV-1 at an MOI of 3 for
24 h, and lysosomal alterations were analyzed. (E) Immunofluorescence images of intracellular LC3.
Infection was monitored with an antibody specific for gC. Cell nuclei were stained with DAPI. Scale
bar: 10 um. (F) Lysosomal load was determined by quantifying LTR fluorescence. The graph data
show the mean + SEM of 4 independent experiments (1 = 4; one-sample f-test; ** p < 0.01). (G) Lyso-
somal activity of cathepsins D/E and S was measured. The graph data show the mean + SEM of 6
independent experiments (1 = 6; one-sample t-test; * p < 0.05, ** p < 0.01).

To further explore the effects of HSV-1 on lysosomal integrity and function, we eval-
uated the lysosomal load using the lysosomotropic dye LysoTracker Red (LTR), as well
as the enzymatic activity of several lysosomal hydrolases (cathepsins D/E and S). LTR
fluorescence intensity was significantly higher in HSV-1-infected LUHMES cultures than in
non-infected controls, reflecting an increased lysosomal burden upon infection (Figure 6C).
Moreover, while cathepsin D/E activity was not affected by infection, the activity of lysoso-
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mal cathepsin S was significantly reduced in HSV-1-infected LUHMES cells (Figure 6D),
suggesting a defect in lysosomal proteolytic function. Together, these data indicate that
HSV-1 disrupts the autophagy-lysosome pathway in proliferative LUHMES cells, sug-
gesting altered autophagic processing and lysosomal degradation, although additional
flux-specific assays would be required to definitively distinguish enhanced autophagy
induction from impaired clearance.

We next investigated whether similar alterations occurred in LUHMES cells differ-
entiated into mature neurons. Immunofluorescence analysis revealed an accumulation
of LC3 in HSV-1-infected neurons (Figure 6E), consistent with an accumulation of au-
tophagosomes as observed in proliferative LUHMES cells. In contrast to mock-infected
controls, differentiated neurons exposed to HSV-1 exhibited a pronounced increase in LTR
fluorescence intensity (Figure 6F), indicating that viral infection also enhances lysosomal
content in mature neuronal cultures. Furthermore, lysosomal enzymatic activity measured
using fluorogenic substrates for cathepsins D, E, and S showed a significant decrease in all
tested enzymes in infected neuronal cultures (Figure 6G). These results indicate that HSV-1
infection compromises both the autophagic process and lysosomal proteolytic activity in
LUHMES-derived neurons.

Together, these findings suggest that HSV-1-induced alterations of the autophagy and
lysosome machineries may represent a relevant mechanism underlying the appearance of
AD-related markers in the infected neurons.

2.5. Development of a 3D Neuronal Model Using Differentiated LUHMES Cells

Building on these findings, we next sought to determine whether HSV-1 infection
induces similar AD-like alterations within a more structured 3D neuronal environment. To
this end, we first generated and optimized LUHMES-based 3D neuronal cultures. Following
a previously described protocol for the establishment of 3D LUHMES neuronal cultures [26],
we adapted and refined the procedure to fit our experimental conditions (Figure 7A).
Briefly, LUHMES cells were seeded in low-adhesion plates containing differentiation
medium and maintained under constant orbital agitation. Under these conditions, the
cells spontaneously aggregated into free-floating spherical structures (Figure 7B). To ensure
appropriate oxygen and nutrient diffusion and to prevent the formation of necrotic cores,
the aggregate diameter was kept below 350 pm. Continuous monitoring of cultures up to
day 14 of differentiation revealed stable aggregate morphology, with an average diameter
of approximately 300 um (Figure 7C).

To assess the proliferation rate within 3D LUHMES cultures, we analyzed the expres-
sion of Ki-67, a well-established proliferation marker, in undifferentiated cells and at 4,
7,10, and 14 days of differentiation. Immunofluorescence analysis revealed a clear Ki-67
signal at day 4, with Ki-67—positive cells distributed throughout the aggregates, indicating
the presence of actively dividing cells. As differentiation progressed, the number of Ki-67-
positive cells markedly decreased and became nearly undetectable by day 10 (Figure 7D),
consistent with a progressive inhibition of proliferation during neuronal maturation.

To further characterize the differentiation status of the 3D LUHMES cultures, RT-qPCR
analysis was performed to quantify the expression of neuronal and progenitor markers
throughout the differentiation process. The expression levels of the proliferation marker
gene MKI67 and the neuronal genes DRD2, SYN1, and SYP were analyzed relative to those
in undifferentiated cells. Consistent with the immunofluorescence data, Ki-67 mRNA levels
progressively declined during differentiation, indicating the loss of proliferative and pro-
genitor features. In contrast, neuronal markers were upregulated, reflecting the acquisition
of a mature neuronal phenotype. By day 14 of differentiation, expression of neuronal genes
reached maximal levels, while MKI67 expression was strongly downregulated (Figure 7E).
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Figure 7. Characterization of three-dimensional (3D) LUHMES neuronal cultures. (A) The two-
dimensional (2D) differentiation protocol was adapted for 3D culture by maintaining the single-cell
suspension under continuous gyratory shaking. The infection with HSV-1-UL46-GFP was added at
day 14 of differentiation, and 3D aggregates were processed at 96 hpi. (B) Phase-contrast microscopy
images of 3D LUHMES neuronal cultures at different days of differentiation. Scale bar: 200 pum.
(C) Quantification of the diameter of 3D aggregates at days 4, 7, 10 and 14 of differentiation. The
graph shows the mean + SD of the diameter of at least 50 3D aggregates per condition. (D) Im-
munofluorescence analysis of 3D neuronal cultures showing Ki-67-positive cells at differentiation
days 4, 7, 10, and 14. DAPI-stained nuclei are also shown. Scale bar: 100 um. (E) Analysis of
gene expression of progenitor (MKI67) and neuronal (DRD2, SYN1 and SYP) genes by RT-qPCR
in undifferentiated (day 0) and 7 and 14-day LUHMES differentiated cells. Graph data show the
mean + SD of a representative experiment. (F) Immunofluorescence images of 3D LUHMES cultures
at differentiation days 4, 7, 10 and 14, stained with an antibody against the neural progenitor cell
marker nestin. Scale bar: 100 um. (G) Immunofluorescence images showing neuronal markers
(MAP2, neurofilament heavy chain (NF200), and BIII-tub) in 14-day differentiated 3D LUHMES
cultures. Higher-magnification micrographs are also shown. Cell nuclei were stained with DAPIL.
Scale bars: 100 pm (20x) and 10 um (63 x).
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Consistent with these transcriptional data, immunofluorescence analysis further con-
firmed neuronal differentiation within 3D aggregates. Staining for the neural progenitor
marker nestin revealed a marked reduction in its expression as differentiation progressed,
indicating the loss of precursor characteristics (Figure 7F). In contrast, mature neuronal
markers such as MAP2, neurofilament heavy chain (NF200), and BIII-tubulin showed
strong and widespread expression throughout the aggregates, consistent with a well-
established neuronal phenotype. High-magnification images highlighted extensive neuritic
arborization and the presence of long, branching neurites characteristic of mature neurons,
confirming the proper neuronal maturation achieved in the 3D cultures (Figure 7G).

These findings demonstrate that by day 14, LUHMES cells within 3D aggregates
acquire a mature neuronal phenotype characterized by increased neuronal gene expression,
extensive neurite formation, and an almost complete loss of proliferative markers.

2.6. Development of a 3D LUHMES-Based Model of HSV-1 Infection

One of the main objectives of this study was to establish a model of HSV-1 infection in
3D LUHMES neuronal cultures. To optimize infection conditions, we used a fluorescent
HSV-1 strain expressing the tegument protein VP11/12—encoded by the UL46 gene—
as a GFP fusion protein (UL46-GFP). 3D LUHMES cultures were initially infected with
increasing doses of the UL46-GFP strain for 24 h, and infection efficiency was assessed
by fluorescence microscopy. A dose-dependent increase in both the extent and intensity
of GFP fluorescence within the 3D aggregates was observed, indicating the progressive
spread of infection throughout the cultures (Figure 8A).

Subsequently, the expression of viral proteins representative of different stages of the
viral replication cycle was quantified: ICP4 (an immediate-early gene), UL42 (a leaky late
gene), and gC (a true late gene). Western blot analysis showed a dose-dependent increase
in all three viral proteins, reaching a plateau at a viral dose of 5 x 10° plaque-forming units
(PFU) (Figure 8B). To further confirm active viral replication, viral DNA levels were quanti-
fied by qPCR, demonstrating that the UL46-GFP strain replicates efficiently in 3D LUHMES
neuronal cultures (Figure 8C). Taken together, these results confirm the susceptibility of
3D LUHMES cultures to HSV-1 infection and allowed the optimization of experimental
parameters, establishing 5 x 10° PFU as the optimal viral dose for subsequent assays.

To further assess the ability of the virus to penetrate the 3D aggregates, confocal
optical sections corresponding to the central regions of the spheroids were analyzed at
different post-infection time points. Confocal microscopy images revealed that the viral
signal became detectable in the inner layers of the aggregates at 18 hpi and progressively
increased over time (Figure 8D). These observations confirm that HSV-1 efficiently spreads
throughout the entire 3D structure, resulting in a homogeneous infection across the aggre-
gates.

Finally, immunofluorescence assays were performed to confirm the expression and
localization of viral proteins within 3D LUHMES aggregates after 96 h of infection. Confo-
cal microscopy images showed the presence of ICP4 and the glycoproteins gB, gC and gD
distributed throughout the aggregates. High-magnification images revealed the character-
istic nuclear localization of ICP4 within viral replication compartments, while gB, gC, and
gD were detected predominantly in the cytoplasm (Figure 8E). These observations confirm
that HSV-1 undergoes a complete and efficient infection in 3D LUHMES neuronal cultures.

Altogether, we determined that infection of 3D LUHMES aggregates with 5 x 10° PFU
and analysis at 96 hpi provided the most consistent and homogeneous viral infection while
preserving sufficient aggregate integrity to evaluate HSV-1-induced neurodegeneration-
related markers. These parameters were therefore selected as the optimal conditions for
the 3D model.
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Figure 8. Analysis of HSV-1 infection in LUHMES neuronal aggregates. (A) Fluorescence microscopy
images of LUHMES 3D cultures infected for 24 h with increasing doses of the fluorescent HSV-1
strain UL46-GFP. Scale bar: 200 um. (B,C) LUHMES 3D neuronal cultures differentiated for 14 days
were infected for 96 h with increasing doses of UL46-GFP strain. (B) Analysis of ICP4, UL42, and
gC viral protein levels by Western blot. An «-tubulin blot to ensure equal loading is also shown.
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(C) Viral DNA levels were quantified by qPCR. Data represent the mean + SD of a representative
experiment. (D) 14 day-differentiated 3D LUHMES cultures were infected with 5 x 10® PFU of
UL46-GFP strain for different time periods. Confocal microscopy images corresponding to the center
of the 3D aggregates illustrate the time-dependent penetration of HSV-1 infection. Cell nuclei were
stained with DAPI Scale bar: 100 um. (E) Immunofluorescence analysis using antibodies against
ICP4 and viral glycoproteins B, D and C in 14-day-differentiated 3D LUHMES cultures infected with
5 x 10° PFU for 96 h. Higher-magnification images show the nuclear localization of ICP4 and the
cytosolic distribution of viral glycoproteins. Cell nuclei were stained with DAPI. Scale bars: 100 pm
(20x) and 10 um (63 x). In all panels, spheroids were optically cleared and imaged using confocal
z-stacks. Panels show central optical sections.
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2.7. HSV-1 Triggers AD-like Alterations in 3D LUHMES Neuronal Cultures

Our next aim was to determine whether the pathological effects of HSV-1 observed in
proliferative and differentiated 2D LUHMES cultures were recapitulated in 3D neuronal
aggregates. To this end, we analyzed the accumulation and secretion of A3 peptides, as
well as the phosphorylation state of tau.

In non-infected 3D cultures, no detectable signal for A or phosphorylated tau was
observed. In contrast, HSV-1-infected cultures exhibited clear intracellular A accumu-
lation, as revealed by immunofluorescence using antibodies specific for A340 and Ap42.
Higher magnification images showed that A3 accumulation occurred in ICP4-positive cells,
indicating its association with active viral infection (Figure 9A). ELISA quantification of
extracellular Af3 confirmed a strong reduction in secreted A340 and A {342 levels, which
was statistically significant in the case of Af340 (Figure 9B). Furthermore, immunostaining
with phospho-tau-specific antibodies revealed a robust accumulation of phosphorylated
tau at Thr205 and Ser422 epitopes in infected neurons, forming a punctate cytoplasmic
pattern similar to that previously described in 2D LUHMES cultures (Figure 9C). Consis-
tently, Western blot analysis revealed a significant increase in tau phosphorylation at the
Ser202 and Thr231 epitopes in HSV-1-infected 3D neuronal cultures (Figure 9D), further
supporting the induction of AD-like pathological features by the virus.

To investigate whether the lysosomal dysfunction previously detected in 2D LUHMES
neurons also occurs under 3D conditions, we examined markers of the autophagy-lysosome
pathway in infected aggregates. Inmunofluorescence analysis showed a pronounced ac-
cumulation of LC3 in infected neurons, suggesting altered autophagosome dynamics
(Figure 9E). In parallel, a significant decrease in LTR fluorescence was detected, suggesting
a loss of lysosomal acidity and/or reduced lysosomal quantity (Figure 9F). Consistent with
these observations, the enzymatic activity of lysosomal cathepsins D, E and S was markedly
decreased in infected 3D cultures compared with controls, indicating impaired proteolytic
capacity (Figure 9G). Collectively, these findings demonstrate that HSV-1 infection disrupts
lysosomal function in differentiated 3D LUHMES neurons, mirroring the alterations previ-
ously identified in 2D models and supporting a conserved mechanism of virus-induced
lysosomal dysfunction.

In summary, the 3D LUHMES neuronal model faithfully recapitulates the AD-like
neuropathological alterations induced by HSV-1, providing a useful human neuronal
system to study HSV-1-induced AD-related molecular mechanisms. These data further
strengthen the hypothesis that HSV-1 may act as an environmental factor contributing to
AD pathogenesis by disrupting neuronal homeostasis and protein clearance mechanisms.
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Figure 9. HSV-1 infection triggers A accumulation, tau hyperphosphorylation, and lysosomal
dysfunction in 3D LUHMES neuronal cultures. LUHMES 3D neuronal cultures were infected with
5 x 10° PFU of HSV-1 for 96 h, and AR levels, tau phosphorylation, and lysosomal alterations were
assessed. (A) Immunofluorescence analysis of AB40 and Ap42 accumulation in HSV-1-infected and
control cultures. Infection was monitored by ICP4 staining. Higher-magnification images show Af3
staining in infected cells. Nuclei were counterstained with DAPI. Scale bar: 10 um. (B) Quantification
of extracellular AB340 and A{342 levels by ELISA. Data represent the mean + SEM of 4 (A42) or
5 (AP40) independent experiments (1 = 4 or n = 5; Student’s t-test; ** p < 0.01). (C) Immunostaining
of phosphorylated tau using phosphorylation-sensitive antibodies Thr205 and Ser422. Infection was
monitored by ICP4 staining. Higher-magnification images show phosphorylated tau staining in
infected cells. Nuclei were counterstained with DAPI. Scale bar: 10 um. (D) Western blot analysis
of phosphorylated tau (Ser202 and Thr231) levels. An «-tubulin blot is shown as a loading control.
The graph data represent the mean & SEM of ratios of phosphorylated tau to a-tubulin obtained
by densitometry analysis (n = 3 for Ser202 and n = 5 for Thr231; one-sample t-test; * p < 0.05).
(E) Immunofluorescence images of intracellular LC3 accumulation. Infection was monitored with
an antibody specific for ICP4. Cell nuclei were stained with DAPI. Scale bar: 10 um. (F) Lysosomal
load was determined by quantifying LTR fluorescence. The graph data show the mean + SEM
of 4 independent experiments (n = 4; one-sample t-test; * p < 0.05). (G) Enzymatic activity of
cathepsins D/E and S was measured. The graph data show the mean & SEM of 4 (Cat S) or 5 (Cat
D/E) independent experiments (1 = 4 or n = 5; one-sample t-test; ** p < 0.01; ** p < 0.001). In all
immunofluorescence panels, spheroids were optically cleared and imaged using confocal z-stacks.
Panels show central optical sections.
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3. Discussion

AD is the most common cause of dementia and represents an increasing global health
challenge. Despite extensive research, the precise mechanisms underlying AD pathogen-
esis remain incompletely understood, and effective disease-modifying therapies are still
lacking. The growing prevalence of AD highlights the urgent need for experimental models
that more faithfully reproduce the complexity of the human disease and overcome the
limitations of current research systems. The present study provides significant insights
into the potential link between HSV-1 infection and AD-related molecular alterations,
specifically emphasizing the value of LUHMES-derived neuronal models in understanding
this relationship. Our results reinforce the growing body of evidence positioning HSV-1 as
a meaningful environmental risk factor contributing to AD pathogenesis.

The LUHMES cell line, derived from human embryonic mesencephalic precursor cells,
offers critical advantages for studying infection-associated neurodegeneration. These cells
exhibit both proliferative and neuronal differentiation states [24], enabling the examination
of infection from initial viral entry to mature neuronal dysfunction. Their stable and ho-
mogeneous differentiation into neuron-like cells under defined conditions provides high
reproducibility—an essential feature for mechanistic dissection and pharmacological screen-
ing.

Despite dopaminergic neurons have been extensively studied in the context of other
neurodegenerative diseases, such as Parkinson’s disease, alterations in dopaminergic
midbrain have recently gained interest for AD research [36]. Moreover, the trigeminal
ganglia—one of the entry paths to the CNS proposed for HSV-1—is also connected to the
brainstem, suggesting a plausible way for the virus to access and impair the dopaminergic
system. In fact, a recent study investigated the spatial pattern of HSV-1 infection in mice,
and reported the presence of viral antigens in different brain regions, including brainstem’s
neuromodulatory centers [37]. Thus, dopaminergic nature of LUHMES neurons seems also
adequate to assess the role of HSV-1 in AD.

Another major strength of the LUHMES model is its adaptability to both 2D and
3D culture systems [26]. While 2D cultures facilitate high-throughput exploration of
viral and host responses, 3D cultures more closely reproduce the spatial organization,
cell-cell communication, and cell-matrix interactions that take place in the human brain.
Nevertheless, these platforms still lack other components that are essential for modelling
brain pathophysiology, such as glial cells, which are involved in neuroinflammation. In
this regard, we are currently working with neuro-glial models of HSV-1 infection and
neurodegeneration [38], which could provide a complementary view to the tools presented
in this work.

The LUHMES neuronal model also provides an effective human platform for studying
how neurotropic viruses disrupt neuronal homeostasis. Previous studies have demon-
strated that LUHMES neurons can be efficiently infected by HSV-1, supporting both lytic
and latent infection modes in 2D systems [31,39]. Beyond HSV-1, LUHMES progenitors
and differentiated neurons are also permissive to other neurotropic viruses, including
hemorrhagic fever and Zika viruses [30], further validating the model’s versatility for
studying virus-neuron interactions.

One of the main goals of this study was to establish a model of lytic HSV-1 infection
in 3D LUHMES neuronal cultures. Using an orbital shaking-based method originally
developed for human induced pluripotent stem cells (iPSCs)-derived neurons [26,40], we
generated uniform spheroidal aggregates that mimic key features of neuronal architecture.
The results obtained from the evaluation of various viral parameters demonstrated the
ability of HSV-1 to efficiently infect different types of LUHMES cultures, including both
2D proliferative and differentiated cells, as well as 3D neuronal aggregates. First, a dose-

179 https://doi.org/10.3390/ijms27020642



Int. J. Mol. Sci. 2026, 27, 642

dependent increase in the expression of viral proteins was observed. Since these proteins
are expressed at distinct stages of the viral replication cycle (ICP4 is an « gene expressed at
the immediate-early stage; gB is a 3 gene expressed during the early phase; and gC and
gD are “true late” y2 genes whose expression strictly depends on viral DNA replication),
these findings suggest that the virus is capable of completing its full replication cycle in 3D
aggregates. Second, qPCR analysis revealed the presence of HSV-1 DNA in the 3D neuronal
cultures, confirming the replicative capacity of the virus. Finally, immunofluorescence
assays detected the expression of ICP4 and the viral glycoproteins gC and gB/gD through-
out the entire 3D aggregates. Collectively, these data demonstrate the ability of HSV-1 to
efficiently infect and replicate in 3D cultures of LUHMES-derived neurons, underscoring
the model’s potential for studying virus-induced neurodegeneration.

We further show that HSV-1 infection elicits hallmark AD-like alterations in prolifera-
tive and differentiated LUHMES cells across both 2D and 3D culture systems, including
intracellular Af3 accumulation and robust tau hyperphosphorylation. These findings extend
our previous observations in other neuronal cell systems [16,17,38,41], and strengthen the
concept that HSV-1 can simultaneously disrupt A metabolism and tau regulation—two
central drivers of AD pathology. These observations are consistent with epidemiolog-
ical studies and neuropathological analyses identifying HSV-1 DNA in brain regions
significantly affected by AD [15,42]. The accumulation of A3 peptides accompanied by a
reduction in their extracellular secretion, suggests that HSV-1 interferes with the proteolytic
processing of APP, potentially through the modulation of «-, 3- and y-secretase activity.
The inhibition of A secretion could underlie the intracellular accumulation of A induced
by HSV-1, as observed in other cellular models of infection [16]. Given the proposed antimi-
crobial function of A [43], this buildup may initially reflect an innate antiviral response
that, if chronically activated, could contribute to neurotoxicity and plaque formation.

In parallel, the marked increase in tau phosphorylation at multiple AD-related epitopes
(Ser202, Thr205, Thr231, and Ser422) highlights the ability of HSV-1 to disturb tau homeosta-
sis. This extensive pattern of hyperphosphorylation suggests broad dysregulation of kinase
activity, and is compatible with the involvement of several tau-related kinases described in
the literature (e.g., GSK3[3, CDKS5, p38 MAPK) [44]. However, because kinase activation was
not directly assessed in this study, the contribution of specific signaling pathways remains
hypothetical and will require further investigation. Notably, our group previously demon-
strated that inhibitors of several CDKs were able to reverse tau phosphorylation at Ser396,
Ser404, and Ser409 epitopes in an HSV-1 infection model using the human neuroblastoma
cell line SK-N-MC [17], further supporting the involvement of CDK-related pathways in
HSV-1-induced tau dysregulation. Similar phosphorylation profiles in both proliferative and
differentiated LUHMES cells indicate that this disruption is independent of maturation stage,
reflecting a generalized perturbation of tau regulation by HSV-1.

Beyond classical neuropathological markers, our results reveal HSV-1-induced im-
pairment of autophagy-lysosome function, evidenced by LC3-1I accumulation, impaired
lysosomal burden, and reduced cathepsin activity. These data are consistent with a possi-
ble alteration in autophagosome maturation and/or lysosomal acidification/enzymatic
function, although LC3-II accumulation alone cannot distinguish impaired clearance from
enhanced initiation of autophagy. Because autophagic flux was not directly measured in
this study, interpretations regarding impaired autophagosome clearance must be made
with caution. The combination of LC3-1I accumulation, reduced cathepsin activity and
altered lysosomal markers suggests lysosomal dysfunction, but does not by itself establish
a definitive block in autophagic flux. Consistent with this, our group previously reported
that HSV-1 infection in human neuroblastoma cells leads to inhibition of late stages of the
autophagic process and profound dysfunction of the lysosomal pathway, reinforcing the
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notion that this virus profoundly interferes with cellular degradative systems [35,41]. Such
alterations are known to occur early in AD and provide a mechanistic link between defec-
tive proteostasis, A} accumulation, and tau dysregulation [20]. Thus, HSV-1 may not only
mimic but also accelerate the neurodegenerative cascade through sustained impairment of
cellular clearance pathways.

Taken together, our findings demonstrate that HSV-1 can reproduce core AD-like
pathological signatures across different stages of neuronal differentiation. The ability of the
virus to modulate both APP processing and tau phosphorylation highlights its potential
role as a multifactorial driver of neurodegeneration. These data support the growing body
of evidence linking latent or recurrent HSV-1 infection to the molecular events underlying
sporadic AD [45-47]. Further investigation using 3D LUHMES-based cultures and single-
cell transcriptomic approaches will help elucidate the cellular pathways and signaling
networks through which HSV-1 contributes to neurodegenerative processes in the human
brain. It is important to note that this study is based on an acute, high-dose lytic infection
paradigm, which does not replicate the chronic, latent, or intermittently reactivating HSV-1
infection scenario proposed to contribute to AD over decades. Therefore, the alterations
described here should be interpreted as acute neuronal responses to lytic infection, and their
long-term relevance to latent or recurrent HSV-1 infection will require further investigation.

To date, only a few studies have employed LUHMES cells to investigate HSV-1 infection,
and most of these have focused on establishing and characterizing latent infection in conven-
tional 2D cultures [31,32,39]. Consequently, the effects of productive HSV-1 infection and its
impact on neuronal integrity, protein homeostasis, and AD-like pathological hallmarks have
not been explored. Although several 3D models of HSV-1 infection have been previously
reported in different human neuronal systems [48-50], to our knowledge, this work reports
for the first time the establishment of a 3D LUHMES model of HSV-1 infection, which recapit-
ulates major AD-related features in a human neuronal context. This represents a step forward
in modelling HSV-1-induced neurodegenerative mechanisms in a controlled human neuronal
system. A priority for future work in our group is to expand this system to model HSV-1
latency and reactivation. HSV-1 latency has been successfully established in 2D LUHMES
neuronal cultures [31]. Although a few studies have described latent HSV-1 infection in 3D
brain organoids derived from human iPSCs [49,51], these models often display high com-
plexity and heterogeneity, which may limit mechanistic analyses. To our knowledge, no 3D
model of latent HSV-1 infection has yet been developed using LUHMES-derived neurons, to
investigate the latent state or to evaluate how reactivation contributes to neuronal dysfunction
and neurodegeneration. The implementation of such a 3D latency model would represent a
valuable tool for elucidating the molecular mechanisms by which HSV-1 persistence leads to
progressive neuronal damage and AD-related pathology.

In conclusion, our study underscores the potential of LUHMES-derived neuronal mod-
els as a translational platform to elucidate the interplay between HSV-1 infection and AD
pathology. The ability to simulate key neuropathological features of AD in response to HSV-
1 infection within these human-derived neuronal cells provides a powerful framework for
future research. Ultimately, insights derived from these models may significantly advance
our understanding of virus-induced neurodegeneration, uncover potential therapeutic
targets, and guide the development of effective interventions to mitigate HSV-1-associated
neurodegenerative processes.

Limitations of the Study

While this study establishes LUHMES cells as a robust human neuronal platform to
investigate HSV-1-induced AD-related molecular alterations, several limitations should
be acknowledged.
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First, although LUHMES cells differentiate into homogeneous populations of post-
mitotic human neurons, they are of mesencephalic dopaminergic origin and therefore do
not fully recapitulate the cortical or hippocampal neuronal subtypes primarily affected
in AD. Nevertheless, increasing evidence supports a role for dopaminergic midbrain
alterations in disease development, and the trigeminal ganglia—one of the proposed
HSV-1 entry routes into the central nervous system—are connected to the brainstem,
providing a plausible pathway for viral access to dopaminergic circuits. In addition,
the LUHMES model lacks other central nervous system cell types, including astrocytes,
microglia, oligodendrocytes, vascular and immune cells, which are known to modulate
neurodegenerative processes in vivo. Consequently, this system does not aim to reproduce
full brain complexity but rather offers a reductionist neuronal framework to study virus-
induced molecular alterations under controlled conditions.

Second, the experimental paradigm employed relies on acute lytic HSV-1 infection,
whereas the epidemiological association between HSV-1 and Alzheimer’s disease is more
plausibly linked to lifelong latent infection with intermittent reactivation. Although acute
infection is a widely used and informative approach to uncover virus-driven molecular
pathways, the present study does not address latency, reactivation cycles or chronic low-
grade infection, which represent important directions for future research.

Third, while multiple AD-related markers were analyzed—including intracellular A3
accumulation, tau phosphorylation and autophagy-lysosome pathway alterations—the
study focuses primarily on molecular and cellular readouts. Functional neuronal outcomes,
such as electrophysiological activity, synaptic integrity or network connectivity, were not
assessed and therefore neurodegeneration is inferred at the molecular level rather than
demonstrated through functional impairment.

Finally, although the LUHMES system offers practical advantages in terms of repro-
ducibility, scalability and suitability for both 2D and 3D cultures, the findings presented
here should be interpreted as mechanistic and exploratory, rather than directly translat-
able to clinical settings. Further validation in more complex human-based models—such
as brain organoids, co-culture systems including glial cells, or in vivo models—will be
required to assess the broader physiological and clinical relevance of HSV-1-induced
alterations described in this study.

Despite these limitations, the LUHMES-based platform described here provides a
valuable and accessible human neuronal model to dissect virus-induced molecular mech-
anisms relevant to neurodegenerative processes and to support future mechanistic and
translational studies.

4. Materials and Methods
4.1. Cell Culture and Differentiation

LUHMES human neuronal precursor cells (BioCat GmbH, Heidelberg, Germany)
were cultured as previously described [24]. Briefly, cells were maintained in Nunclon
Delta-treated culture plates (ThermoFisher Scientific, Waltham, MA, USA) pre-coated
with 50 ug/mL poly-L-ornithine (Sigma-Aldrich, St. Louis, MO, USA) and 1 pg/mL
fibronectin (Sigma-Aldrich). Cells were cultured in proliferation medium composed of
Advanced DMEM /F12 supplemented with GlutaMAX™ (Gibco, Waltham, MA, USA), 1%
N2 supplement (Gibco), 50 ug/mL gentamicin and 40 ng/mL recombinant basic fibroblast
growth factor (bFGF; R&D Systems, Minneapolis, MN, USA). Cell passages were performed
every 3—4 days.

Neuronal differentiation of LUHMES cultures was performed following previously estab-
lished protocols [25,26]. For 2D differentiation, cells were switched to differentiation medium
containing Advanced DMEM /F12 supplemented with GlutaMAX™, 1% N2 supplement, 50
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pg/mL gentamicin and 2 pug/mL tetracycline (Sigma-Aldrich), and maintained for 7 days with
medium changes every 2-3 days. For 3D differentiations, 5 x 10° LUHMES cells were seeded
in 6-well non-treated plates (ThermoFisher Scientific) containing differentiation medium and
cultured under orbital agitation at 90 rpm (Celltron shaker system; INFORS HT, Bottmingen,
Switzerland). The medium was renewed every 2-3 days. To inhibit residual proliferation,
taxol (10 nM; paclitaxel, Sigma-Aldrich) was added on day 3 of differentiation and removed
two days later. 3D neuronal aggregates were maintained in differentiation medium for 14
days. After 7 days in 2D cultures and 14 days in 3D cultures, neuronal maturation was
assessed by phase-contrast microscopy and by evaluating marker expression using RT-qPCR,
Western blot, and immunofluorescence assays.

All LUHMES cultures were incubated at 37 °C in a humidified atmosphere containing
5% CO,.

4.2. HSV-1 Infection

2D LUHMES cultures were infected with the wild-type HSV-1 strain KOS 1.1 (kindly
provided by Dr. L. Carrasco) at different MOI and for various time points as indicated in
each experiment. Cells were incubated in a viral solution for 1 h at 37 °C. Then, the unbound
virus was removed and replaced with fresh culture medium. Cells were maintained at 37 °C
until their collection. Differentiated 2D cultures were infected after 7 days of differentiation.

3D LUHMES aggregates were infected after 14 days of differentiation using different
viral doses and incubation times, as specified in each experiment. A fluorescent HSV-
1 strain expressing GFP fused to the UL46 tegument protein (UL46-GFP) [52] was also
used in selected assays. At 18 hpi, the culture medium was replaced to remove residual
extracellular virus, and samples were collected at 4 days post-infection.

Control cultures (mock) were incubated with virus-free suspensions and processed
using identical procedures. Both HSV-1 strains were propagated and purified from Vero
cells, as previously described [53]. Viral titers in cell culture supernatants were determined
by plaque assays as previously described [54].

4.3. Viral DNA Quantification

Total DNA was purified using the NZY Tissue gDNA Isolation kit (NZYtech, Lisbon,
Portugal) following the manufacturer’s instructions. HSV-1 DNA levels were quantified
by real-time qPCR using a CFX-384 Real-Time PCR System (Bio-Rad, Hercules, CA, USA)
and a custom-designed TagMan assay targeting the US12 viral gene (forward primer: 5'-
CGTACGCGATGAGATCAATAAAAGG-3'; reverse primer: 5-GCTCCGGGTCGTGCA-3';
TagMan probe: 5'-AGGCGGCCAGAACC-3'). Viral DNA content was normalized to the
amount of human genomic DNA using a predesigned TagMan assay for the 185 rRNA
gene (Hs9999991_s1; Applied Biosystems, Waltham, MA, USA). Data were analyzed using
Bio-Rad CFX maestro 2.2. software. Quantification results are expressed as the number of
HSV-1 DNA copies per ng of genomic DNA.

4.4. Immunofluorescence Analysis
4.4.1. 2D Cultures

Cells grown on glass coverslips were fixed in 4% paraformaldehyde (PFA) and per-
meabilized with blocking solution containing 2% foetal calf serum and 0.2% Triton X-100
in phosphate buffer saline (PBS). Coverslips were then incubated with the corresponding
primary antibodies, followed by Alexa Fluor-coupled secondary antibodies, both diluted
in blocking solution (Table 1). Finally, nuclei were counterstained with 4,6-diamino-2-
phenylindole (DAPI; Merck, Rahway, NJ, USA) in PBS and mounted on glass slides using
Mowiol mounting medium (Sigma-Aldrich). All procedures were carried out at room
temperature (RT) with samples protected from light.
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Table 1. List of antibodies used in Western blot (WB) and immunofluorescence (IF) analysis.

Dilution
Target WB IF Reference Manufacturer
2D 3D
NF200 1:1000 N4142 Sigma (St. Louis, MO, USA)
BII-Tub 1:10,000 1:1000 1:1000 ab18207 Abcam (Cambridge, UK)
MAP2 (2A+2B) 1:250 1:250 1:500 M 1406 Sigma
MAP2 (2A+2B+2C) 1:250 sc-74421 Santa Cruz (Dallas, TX, USA)
NeulN 1:250 ab104224 Abcam
Nestin 1:1000 1:250 1:500 656801 BioLegend (San Diego, CA, USA)
APP 1:4000 MAB348 Millipore (Burlington, MA, USA)
Total Tau 1:1000 NB100-82247 Bio-Techne (Abingdon, UK)
P-Tau Thr205 1:100 1:250 44-738G ThermOFiShﬁgf’i[efs‘%iC (Waltham,
P-Tau Ser422 1:100 1:250 44-764G ThermoFisher Scientific
P-Tau Ser202 1:250 ab9674 Sigma
amary P-Tau Thr231 1:250 44-746G ThermoFisher Scientific
AR40 1:250 1:500 44-348A ThermoFisher Scientific
AR42 1:250 1:500 44-344 ThermoFisher Scientific
ICPr4 1:1000 1:1000 ab6514 Abcam
ICP8 1:1000 sc-51906 Santa Cruz
UL42 1:1000 sc-53329 Santa Cruz
gC 1:3000 1:1000 1:1000 ab6509 Abcam
gB/gD 1:1000 Provided by Dr. Tabares -
LC3/LC3-1I 1:1000 1:250 1:500 L7543 Sigma
Ki-67 1:500 1:500 ab16667 Abcam
SOX2 1:1000 ab79351 Abcam
GAPDH 1:1000 sc-51906 Santa Cruz
o-tubulin 1:10,000 T5168 Sigma
Anti-Mouse-POD 1:25,000 PI-2000 Vector (Newark, CA, USA)
Anti-Rabbit-POD 1:25,000 GAR/IgG (H+L)/PO Nordic (Susteren, The Netherlands
Alexa-488 anti-mouse 1:1000 1:500 A-21202 ThermoFisher Scientific
Secondary Alexa-555 anti-mouse 1:1000 1:500 A-31570 ThermoFisher Scientific
antibodies Alexa-647 anti-mouse 1:1000 1:500 A-31571 ThermoFisher Scientific
Alexa-488 anti-rabbit 1:1000 1:500 A-21206 ThermoFisher Scientific
Alexa-555 anti-rabbit 1:1000 1:500 A-31572 ThermoFisher Scientific
Alexa-647 anti-rabbit 1:1000 1:500 A-31573 ThermoFisher Scientific

4.4.2. 3D Cultures

LUHMES 3D aggregates were collected in 1.5 mL tubes, and immunofluorescence
analysis was performed as previously described [26]. Briefly, aggregates were washed
once with cold PBS and fixed with 2% PFA for 1 h at 4 °C. After fixation, samples were
permeabilized with blocking buffer containing 10% foetal calf serum, 1% bovine serum
albumin (BSA) and 0.15% saponin in PBS for 1 h at 4 °C under gentle agitation. Primary
antibody incubation was performed in 4-well or 24-well plates for 96 h at 4 °C under agita-
tion, using antibodies diluted in blocking buffer. Then, samples were incubated with Alexa
Fluor-coupled secondary antibodies for 72 h at 4 °C under the same conditions. Nuclei
were counterstained with DAPI for 1 h at RT with agitation. Finally, after immunostaining,
3D LUHMES aggregates were cleared using RapiClear™ 1.49 (Sunjin Lab, Hsinchu City,
Taiwan) to ensure uniform antibody penetration and optical transparency. Aggregates
were mounted using 0.25 mm iSpacers (Sunjin Lab) adhered to microscope slides. Aggre-
gates were placed within the iSpacers with minimal PBS, and the chamber was filled with

184 https://doi.org/10.3390/ijms27020642



Int. J. Mol. Sci. 2026, 27, 642

RapiClear 1.49 before sealing with a coverslip. Slides were left to dry overnight at RT and
stored at 4 °C in the dark until imaging.

4.4.3. Fluorescence and Confocal Microscopy

Sample visualization was carried out using an inverted Axiovert 200M widefield mi-
croscope (ZEISS, Jena, Germany) coupled to a PCO edge 4.2 bi camera and a laser scanning
ZEISS LSM900 confocal vertical system coupled to an Axio Imager 2 upright microscope
(ZEISS). Images were acquired using 40x or 63x oil immersion objectives for cellular
visualization and a 20x objective to capture complete 3D aggregates. For 3D cultures,
images at 20 x magnification were obtained from the central optical plane after acquiring
a complete z-stack through the aggregate. In each experiment, 3-5 fields per condition
(30-50 cells/field) were imaged, resulting in 150-400 cells analysed per experiment, and
all experiments were repeated at least three times independently. Immunofluorescence
images were acquired using Metamorph 7.10.5.476 or ZEN Blue 3.4 imaging software and
subsequently processed with Fiji/Image] v1.54r and Adobe Photoshop 22.1.1.

4.5. Cell Lysates and Western Blot Analysis

Cell lysates were prepared by incubating samples in the radioimmunoprecipitation
assay (RIPA) buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1% Nonidet P-40, 0.2% sodium
deoxycholate, 0.1% sodium dodecyl sulphate (SDS), and 1 mM EDTA) supplemented with
protease (CompleteTM Mini, EDTA-free Protease Inhibitor Cocktail, Roche, Basel, Switzer-
land) and phosphatase (PhosSTOPTM, Roche) inhibitors. Protein concentrations in the cell
lysates were determined by bicinchoninic acid assay (BCA, ThermoFisher Scientific) accord-
ing to the manufacturer’s instructions. Equal amounts of protein were resolved by Laemmli
discontinuous SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes. Membranes were blocked with either 3% BSA and 0.2% Tween
20 in PBS or 5% non-fat milk and 0.2% Tween 20 in PBS. Incubations with primary and
peroxidase-coupled secondary antibodies (Table 1) were performed for 1 h at RT. Finally,
protein bands were detected using enhanced chemiluminescence reagents (ECL, Amersham
Biosciences, Amersham, UK) according to the manufacturer’s instructions. Densitometric
quantification of protein bands was performed using Image Lab 6.0.1 software (Bio-Rad).

4.6. Quantification of mRNA Levels

mRNA expression levels were determined by RT-qPCR. Total RNA was isolated using
the NZY Total RNA Isolation kit (NZYtech). Complementary DNA (cDNA) was synthe-
sized from total RNA using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems).
c¢DNAs were amplified by PCR using primers specific for neural progenitor and neuronal
genes (Table 2). Gene expression values were normalized to 3-actin, used as a reference
gene due to its stable expression across experimental conditions. Real-time qPCR assays
were performed in a CFX-384 Real-Time PCR System (Bio-Rad), and data were analyzed
using BioRad CFX maestro 2.2. software.

Table 2. List of primers used in RT-qPCR analysis of LUHMES cells differentiation.

Genes * Forward Primer Reverse Primer
Proliferation MKI67 5/-ATCGTCCCAGGTGGAAGAGTT-3/ 5'-ATAGTAACCAGGCGTCTCGTGG-3
SYN1 5-TCAGACCTTCTACCCCAATCA-3’ 5-GTCCTGGAAGTCATGCTGGT-3'
Neuronal differentiation SYP 5-CGAGGTCGAGTTCGAGTA CC-3/ 5-AATTCGGCTGACGAGGAGTA-3’
DRD?2 5-GCCGGGTTGGCAATGATGCA-3’ 5-ACGGCGAGCATCCTGAACTT-3'

5'-ATCCACATCTGCTGGAAGGTGGAC-3'
5-GTCCACCTTCCAGCAGATGTGGAT-3

* MKI67 (Ki-67); SYN1 (synapsin I); SYP (synaptophysin); DRD2 (D2 dopamine receptor); ACTB (-actin).

Reference ACTB 5-AGTGTGACGTGGACATCCGCAAAG-3
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4.7. Secreted AP Measurements

Conditioned media from control and HSV-1-infected samples were assayed for human
AP40 and AR42 levels using commercial sandwich enzyme-linked immunosorbent assay
(ELISA) kits (Wako, Tokyo, Japan), following the manufacturer’s instructions. Culture media
were first collected and inactivated by ultraviolet exposure. After centrifugation, supernatants
were stored at —70 °C until use. Prior to analysis, samples were concentrated by lyophilization
and resuspended in PBS. An 8-fold concentration was applied for LUHMES 2D cultures and a
4-fold concentration for 3D LUHMES aggregate media. Detection was based on a colorimetric
reaction generated by the anti-A3 detection antibody, and absorbance was measured at 450 nm
using a Model 680 microplate reader (Bio-Rad). Final concentrations of A(340 and A (342 were
expressed as picomoles per liter (pM) of culture medium.

4.8. Quantification of Lysosome Load

Lysosomal load was assessed using the acidotropic probe LTR (ThermoFisher Scien-
tific), which freely diffuses across cell membranes and accumulates in acidic organelles.
One hour before the end of the treatment period, cells were incubated with 0.5 uM LTR
in culture medium for 1 h at 37 °C and subsequently washed with PBS. Cells were then
lysed in RIPA buffer and centrifuged at 13,000 x g for 10 min. Protein concentration in the
lysates was determined using the BCA assay. LTR fluorescence intensity in the cell lysates
was measured using a FLUOstar OPTIMA microplate reader (BMG LABTECH, Saitama,
Japan) with excitation and emission wavelengths of 560 nm and 590 nm, respectively.

4.9. Cathepsin Activity Assays

The enzymatic activity of cathepsins was determined as previously described, with minor
modifications [55]. Briefly, cells were lysed under gentle shaking in 50 mM sodium acetate
buffer (pH 5.5) containing 0.1 M NaCl, 1 mM EDTA, and 0.2% Triton X-100. Lysates were
clarified by centrifugation, and the supernatants were immediately used for the determination
of proteolytic activity. A total of 25 pg (cathepsin D/E assay) or 100 pug (cathepsin S assay) of
protein from each lysate was incubated for 30 min at 37 °C with the following fluorogenic
substrates (Enzo Life Sciences, Farmingdale, NY, USA): Z-VVR-7-amino-4-methylcoumarin
(Z-VVR-AMC; 20 uM), a specific substrate for cathepsin S, and Mca-GKPILFFRLK (Dnp)-
D-Arg-NH,; (10 uM), a fluorogenic substrate for cathepsins D and E. Fluorescence resulting
from substrate cleavage was measured using a Spark® multimode microplate reader (Tecan,
Miénnedorf, Switzerland) with excitation/emission wavelengths of 360/430 nm for cathepsin
S substrate and 320/400 nm for the cathepsin D/E substrate.

4.10. Statistical Analysis

Statistical differences between groups were analyzed pairwise using a two-tailed Stu-
dent’s t-test, or a One-sample t-test when data were expressed as relative values. ANOVA
and multiple comparisons (Dunnet’s test) were applied to quantitative data obtained from
ELISA. When needed, mixed-effects model was used instead of ANOVA. Statistical signifi-
cance was set at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). The statistical
analyses were performed using Microsoft Excel and GraphPad software 10.5.0.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms27020642 /s1.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

AD Alzheimer’s disease

APP Amyloid precursor protein

ApB Beta-amyloid

BCA Bicinchoninic acid assay

BSA Bovine serum albumin

cDNA Complementary DNA

CNS Central nervous system

DAPI 4,6-diamino-2-phenylindole
ELISA Sandwich enzyme-linked immunosorbent assay
hpi Hours post-infection

iPSCs Induced pluripotent stem cells
HSV-1 Herpes simplex virus type 1

LTR LysoTracker Red

MAP2 Microtubule-associated protein 2
MOI Multiplicities of infection

NeuN Neuronal nuclei antigen

NF200 Neurofilament heavy chain
NFTs Neurofibrillary tangles

PBS Phosphate buffer saline

PFA Paraformaldehyde

PFU Plaque forming units

RIPA Radioimmunoprecipitation assay
RT Room temperature

SD Standard deviation

SDS Sodium dodecyl sulphate

SEM Standard error of the mean

UL46-GFP  HSV-1 strain expressing GFP fused to the UL46 tegument protein
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