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Preface

Neurodegenerative diseases represent one of the most pressing health challenges of our time.
Their increasing prevalence, coupled with the absence of definitive therapies, shows the urgent need
for innovative scientific approaches that can address both the complexity of their pathophysiology
and the limitations of current treatments. This reprint presents a collection of recent contributions
that collectively aim to shed light on these challenges, offering new perspectives and strategies for
neurotherapeutic intervention. The subject of this reprint is broad: it encompasses the multifaceted
nature of neurodegeneration, ranging from molecular mechanisms to translational applications.
In particular, readers will explore therapeutic convergence through natural products, drug repurposing,
and biomolecular targets. These approaches are complemented by investigations into specific aspects
of disease pathology, such as the selective vulnerability of neuronal populations in Alzheimer’s disease
(AD), cholesterol metabolism in microglia, and innovative methods for prion inhibition. The aim and
purpose of this work are twofold: First, it seeks to highlight the breadth of strategies currently under
development in the fight against neurodegenerative diseases, emphasizing how molecular insights and
pharmacological innovation can converge to create new therapeutic opportunities. Second, it intends
to foster dialogue and collaboration among researchers and clinicians by presenting a curated set of
studies that illustrate both the challenges and the promise of ongoing research. In doing so, the reprint
aspires to serve as a resource that not only informs but also inspires further exploration and discovery.
The motivation for compiling this reprint arises from the recognition that neurodegeneration is not
a single disease entity but rather a spectrum of disorders, like AD, Parkinson’s disease (PD), prion
diseases, multiple sclerosis, spinocerebellar ataxia, and others, that share overlapping mechanisms yet
also exhibit unique features. Progress in understanding these conditions requires a multidisciplinary
approach that integrates biochemistry, pharmacology, molecular biology, and clinical science. Several
reasons further justify the creation of this collection, including the growing interest in natural products
and nutraceuticals as potential neuroprotective agents. Plant-derived molecules, such as those
investigated for their effects in PD models or their capacity to modulate adrenergic receptor signaling in
AD, represent promising avenues for therapy. Another reason is the recognition that drug repurposing,
i.e., finding new applications for existing compounds, can accelerate the development of effective
treatments by taking advantage of the known pharmacological profiles. This reprint is addressed
to a wide readership. For researchers, it offers a comprehensive overview of current advances and
emerging directions, providing both detailed data and conceptual frameworks that may inform future
investigations. For clinicians, it highlights translational aspects of research that could eventually
impact patient care, from novel therapeutic strategies to insights into disease mechanisms. For early
career scientists and students, it serves as an educational resource that illustrates the richness and
diversity of neurodegeneration research, while also demonstrating the importance of critical thinking

and interdisciplinary collaboration.

Giovanni N. Roviello and Caterina Vicidomini
Guest Editors
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Therapeutic Convergence in Neurodegeneration: Natural
Products, Drug Repurposing, and Biomolecular Targets

Caterina Vicidomini and Giovanni N. Roviello *

Institute of Biostructures and Bioimaging, Italian National Council for Research (IBB-CNR), Area di Ricerca Site
and Headquarters, Via Pietro Castellino 111, 80131 Naples, Italy; caterina.vicidomini@ibb.cnr.it
* Correspondence: giovanni.roviello@cnr.it

Neurodegenerative diseases pose an escalating global health burden, caused by their
intricate pathophysiological mechanisms, and consequently, a persistent lack of curative
therapies. A detailed exploration of these concepts, and of those presented below in this
work, can be found in the Special Issue “Biomolecular Approaches and Drugs for Neurode-
generation”, available at https:/ /www.mdpi.com/journal /biomolecules/special_issues/
O40SG4E9NS (accessed on 30 August 2025). Importantly, recent advances in molecular
neuroscience have elucidated key processes underlying disorders such as Alzheimer’s
disease, Parkinson’s disease, prion disorders, multiple sclerosis, and spinocerebellar ataxia
type 1 [1-3]. These conditions share common features including selective neuronal vul-
nerability, dysregulated lipid metabolism, mitochondrial dysfunction, neuroinflammation,
and protein misfolding. Emerging prophylactic [4] and therapeutic strategies increasingly
target these converging pathways, with the latter leveraging both natural compounds
and synthetic agents to restore cellular homeostasis and mitigate neurodegeneration [5-9].
Notably, neuropeptides play a multifaceted role in the pathophysiology of Alzheimer’s
disease [10]. Alterations in their expression and receptor activity have been observed in af-
fected brain regions, particularly the hippocampus and entorhinal cortex. These molecules
contribute to neuroprotection by modulating synaptic plasticity, reducing beta-amyloid
accumulation, enhancing glucose metabolism, and regulating stress responses such as
endoplasmic reticulum stress and autophagy. Their involvement in key signaling pathways
suggests that neuropeptides may serve not only as biomarkers of disease progression,
but also as promising therapeutic targets for intervention in Alzheimer’s disease [10,11].
Complementing these molecular insights, recent findings have highlighted the role of
microglial responses to myelin debris in aging brains, which contribute to cholesterol ester
accumulation, a process implicated in neurodegenerative progression. This accumulation
can be attenuated by ACAT1 inhibition, which promotes ABCA1l-mediated cholesterol
efflux via the LXR pathway [12,13]. Interestingly, these findings underscore the therapeutic
relevance of lipid regulation in neurodegenerative contexts. Technological innovations such
as protein misfolding cyclic amplification (PMCA) [14] have enabled cross-species screen-
ing of anti-prion compounds, identifying methylene blue as a potent inhibitor of prion
replication [14,15] and validating PMCA’s utility in drug selectivity and structure-activity
profiling. Moreover, in Parkinson’s disease models, high-throughput screening of marine
and plant-derived fractions has uncovered bioactive molecules capable of alleviating mito-
chondrial stress, highlighting the untapped potential of natural products [16-18]. Among
these, dehydrozingerone and its dimeric form have demonstrated notable neuroprotec-
tive effects in animal models, preserving dopaminergic neurons and motor function [19].

Biomolecules 2025, 15, 1333 1 https://doi.org/10.3390 /biom15091333
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Similarly, ladostigil (N-propargyl-(3R)-aminoindan-5-yl)-N-propylcarbamate) [20,21] has
shown promise in aging rats by modulating immune regulators such as TNFAIP3 and
EGR1, thereby reducing memory decline and neuroinflammation [22]. Within the expand-
ing realm of plant-derived therapeutics, Syzygium aromaticum (clove) [23,24] has emerged
as a compelling candidate for intervention in Alzheimer’s disease, with its phytochemicals
and amino acids contributing to antioxidant defense, anti-inflammatory activity, and neuro-
transmitter modulation [25,26]. Across various neurodegenerative conditions, research into
adrenergic receptors suggests that repurposing existing drugs may offer new therapeutic
avenues for Alzheimer’s disease [27], despite their incomplete mechanistic clarity. Other
drug repurposing studies have highlighted the potential of atomoxetine [28] as part of neu-
roprotective strategies, including in the context of Alzheimer’s disease. Notably, a phase II
clinical trial demonstrated excellent safety, tolerability, and target engagement in individu-
als with mild cognitive impairment, all advantages of repurposing a well-characterized
FDA-approved medication [29]. Remarkably, in multiple sclerosis, immunoglobulin G
and complement activation have been implicated in demyelination and neuronal damage,
reinforcing the role of immune dysregulation in disease progression [30,31]. In parallel,
spinocerebellar ataxia type 1 has inspired diverse therapeutic approaches, including ge-
netic, pharmacological, and cellular investigations, aimed at preserving Purkinje cells and
restoring motor coordination [32,33]. Meanwhile, nuclear medicine continues to refine
TSPO radiotracers [34] for dementia imaging [35-37], with newer compounds addressing
limitations in sensitivity and specificity (Table 1).

Table 1. Overview of the pathological features, therapeutic strategies, and technological innovations
herein discussed for some of the main neurodegenerative diseases.

Disease/Condition

Key Pathological Features

Therapeutic Strategies/Compounds

Alzheimer’s disease

Neuronal vulnerability, metabolic stress,

proteotoxicity, protein misfolding

Syzygium aromaticum (clove), adrenergic
receptor-targeting drugs, antioxidant
and neurotransmitter support

Parkinson’s disease

Mitochondrial dysfunction,
dopaminergic neuron loss

Dehydrozingerone and its dimer
(in Drosophila),
marine/plant-derived bioactives

Prion disorders

Protein misfolding,
cross-species infectivity

Methylene blue

Multiple sclerosis

Myelin debris, cholesterol ester
accumulation, immune dysregulation

ACAT1 inhibition, ABCAl-mediated
cholesterol efflux via LXR pathway

Spinocerebellar ataxia type 1

Purkinje cell degeneration, motor
coordination loss

Genetic, pharmacological, and
cellular therapies

Aging brain

Lipid metabolism dysregulation,
neuroinflammation, mitochondrial
stress, protein misfolding

Natural compounds, synthetic agents,
drug repurposing

Alzheimer’s disease

Cholesterol accumulation,
immune activation

Ladostigil (modulates TNFAIP3 and
EGR1), ACAT1 inhibition

Neuronal vulnerability, metabolic stress,
proteotoxicity, protein misfolding

Syzygium aromaticum, adrenergic
receptor-targeting drugs, antioxidant
and neurotransmitter support

For further details, readers are invited to consult the Special Issue “Biomolecular Approaches and Drugs for
Neurodegeneration”, available at https:/ /www.mdpi.com/journal /biomolecules/special_issues/O40SG4EIN5
(accessed on 30 August 2025).
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Altogether, these multidisciplinary efforts reflect a rapidly evolving landscape in
neurodegenerative disease research. By integrating molecular insights, pharmacological
innovation, and diagnostic precision, the field is advancing toward targeted interventions
that address both etiological mechanisms and clinical manifestations. The convergence of
natural product discovery, drug repurposing, and imaging technologies offers renewed
promise for reducing disease burden and improving patient outcomes.

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

Abbreviations

The following abbreviations are used in this manuscript:

AD Alzheimer’s disease

PD Parkinson’s disease

MS Multiple sclerosis

SCA1 Spinocerebellar ataxia type 1

ACAT1 Acyl-CoA:cholesterol acyltransferase 1
ABCA1 ATP-binding cassette transporter Al

LXR Liver X receptor

PMCA Protein misfolding cyclic amplification
TNFAIP3  Tumor necrosis factor alpha-induced protein 3

EGR1 Early growth response protein 1
TSPO Translocator protein
IgG Immunoglobulin G
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Abstract: Regarding Alzheimer’s disease (AD), specific neuronal populations and brain regions
exhibit selective vulnerability. Understanding the basis of this selective neuronal and regional vul-
nerability is essential to elucidate the molecular mechanisms underlying AD pathology. However,
progress in this area is currently hindered by the incomplete understanding of the intricate functional
and spatial diversity of neuronal subtypes in the human brain. Previous studies have demonstrated
that neuronal subpopulations with high neuropeptide (NP) co-expression are disproportionately
absent in the entorhinal cortex of AD brains at the single-cell level, and there is a significant de-
cline in hippocampal NP expression in naturally aging human brains. Given the role of NPs in
neuroprotection and the maintenance of microenvironments, we hypothesize that neurons express-
ing higher levels of NPs (HNP neurons) possess unique functional characteristics that predispose
them to cellular abnormalities, which can manifest as degeneration in AD with aging. To test this
hypothesis, multiscale and spatiotemporal transcriptome data from ~1900 human brain samples
were analyzed using publicly available datasets. The results indicate that HNP neurons experienced
greater metabolic burden and were more prone to protein misfolding. The observed decrease in
neuronal abundance during stages associated with a higher risk of AD, coupled with the age-related
decline in the expression of AD-associated neuropeptides (ADNPs), provides temporal evidence sup-
porting the role of NPs in the progression of AD. Additionally, the localization of ADNP-producing
HNP neurons in AD-associated brain regions provides neuroanatomical support for the concept that
cellular/neuronal composition is a key factor in regional AD vulnerability. This study offers novel
insights into the molecular and cellular basis of selective neuronal and regional vulnerability to AD
in human brains.

Keywords: single-cell gene expression analysis; RNA-seq; dementia; Alzheimer disease; neuropeptides;
neurons

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progres-
sive cognitive decline and memory loss [1]. The neuropathological features of AD encom-
pass both “positive”—Af plaques and tau tangles, glial responses, and cerebral amyloid
angiopathy—and “negative” lesions, such as the loss of neurons and synapses [2]. The
progression of AD pathology in the brain follows a stereotypical pattern (Braak stages): In
the early stages of AD, the transentorhinal regions are primarily affected, followed by the
spread of pathology to neocortical regions in later stages [3]. The majority of AD cases occur
sporadically, with no clear understanding of their cause or pathogenesis [1]. However,
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aging is the biggest risk factor for developing AD. The decline in cognitive function during
natural aging bears resemblance to that seen in the early stages of AD [4,5]. Mild cognitive
impairment (MCI) is defined as a stage between normal age-related cognitive changes and
pathological cognitive impairments, and early AD is frequently preceded by MCI [6].

“Epicenters” are described as the sites exhibiting the peak pathological changes or
atrophy within the brain, often considered to coincide with the initial site of disease onset by
the network-based degeneration/spread hypothesis for AD [7,8]. Such regions, including
the entorhinal cortex (EC), could also be interpreted as brain regions that are selectively
vulnerable to AD [9]. Despite extensive research, the mechanisms underlying the selective
vulnerability of neuronal subtypes and brain regions to cellular dysfunction and protein
misfolding are unknown [9,10]. Investigating “epicenters” from the perspectives of cellular
processes, the temporal progression of AD and aging, and the spatial vulnerability of brain
regions to AD could provide valuable insights into this enigma.

The susceptibility of a particular brain region to certain diseases may be influenced
by the inherent vulnerabilities of the specific cell types and states found within that re-
gion [9,11]. Single-cell sequencing technology has revolutionized our understanding of
neuronal diversity by revealing a large number of neuronal subtypes that extend beyond
the previously established categories [12], which were generally defined using molecular
markers in combination with morphology and other cellular characteristics [13-15]. The
expression of neuropeptides (NPs) has played a pivotal role in neuronal heterogeneity by
assisting single-cell transcriptomic neurotaxonomy—an approach first introduced by Tasic
and then applied by Smith et al. in their study of mouse brains as a proof of concept [16,17].
Subsequently, the comprehensive single-cell transcriptomic investigation of adult human
brains also found that neuronal subpopulations can have complex and combinatorial NP
co-expression networks, many of which are uniquely localized to specific brain regions [12].
Therefore, single-cell transcriptomic investigation of NPs offers a unique opportunity to elu-
cidate the vulnerability of brain regions based on the susceptibility of the specific neuronal
populations residing within them, particularly in the context of AD.

Beyond the role of neuronal identity, the neuroprotective and homeostatic functions of
NPs may be of even greater value in understanding and treating AD. Adding to previous
reports on NP dysfunction in AD [18], we recently reported a widespread disruption
of NP networks and a disproportionate absence of neurons with high NP expression in
the entorhinal cortex of AD brains [19]. These findings were further corroborated by
subsequent research, highlighting the involvement of NPs in AD neuropathology and
neurodegeneration during aging [20,21]. Given the crucial role of NPs in intercellular
communication and neuronal health [18], they could have a significant impact on the
earlier stages and potentially the etiology of AD. As NPs act through G protein-coupled
receptors (GPCRs), which are among the most druggable targets for treating diseases in the
central nervous system [22], investigating the role of NPs in the selective vulnerability of
AD could be fruitful for developing preventative strategies and targeted interventions for
AD, especially considering that GPCRs did not exhibit changes as significant as those of
NPs in AD brains [19].

Considering the metabolic alterations in early AD and the potential energetic burden
imposed on neurons with high levels of NP production (HNP neurons) [23,24], we hypoth-
esize that regional dysfunction in AD may originate from these specialized neurons serving
as focal points in the “epicenters” of cascading cellular dysfunction, including metabolic
stress and protein misfolding (Figure 1) [8-10]. Cells expressing Alzheimer’s-associated
NPs (ADNPs, Table S1) are expected to be particularly vulnerable. To test this hypothesis
from the perspectives of cellular mechanisms (function), the continuum of AD progression
and aging (time), and regional brain vulnerability to AD (space), we analyzed publicly
available single-cell and spatiotemporal RNA-seq datasets, encompassing ~1900 human
brain samples. We expect that: (1) HNP neurons will express enhanced functional net-
works, such as increased metabolic demands and protein misfolding vulnerability, that
can contribute to AD development; (2) the abundance of HNP neurons, especially those
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co-expressing ADNPs, will decrease with AD progression; (3) the decrease in ADNP expres-
sion with aging will be more pronounced in early AD-impacted brain regions compared
to regions affected later in the disease; and (4) HNP neurons co-expressing ADNPs will
be preferentially distributed in the “epicenters” of AD, and their spatial pattern will coin-
cide with the regional progression of AD pathology. If any of these expectations are not
observed, our hypothesis should be revised.

W, Misfolded tau
— Spread of misfolded tau
7~ Cellular stress

e HNP neurons

Selective degeneration Epicenters

Figure 1. Hypothetical model illustrating the potential mechanisms underlying the selective vul-
nerability of high-neuropeptide-producing (HNP) cells and their contribution to region-specific
emergence of Alzheimer’s disease (AD). The model proposes that the unique functions of HNP
neurons make them more prone to stress and protein misfolding, and this susceptibility becomes
more evident with advancing age. The regional vulnerability observed in Alzheimer’s disease can
be attributed to the distribution and density of these cells, as well as their excretory functions and
interactions with other brain networks. Specifically, it predicts that (1) temporal, limbic, and pre-
frontal cortical regions have a higher density of HNP neurons expressing ADNPs; (2) disruption
of cellular processes in HNP neurons leads to a decrease in ADNPs during aging and localized
formation of misfolded proteins in AD, causing various degrees of cognitive decline and selective
degeneration of these neurons; and (3) the dynamic paracrine and secretory activities of HNP cells
facilitate the propagation of misfolded proteins and transneuronal degeneration in closely connected
temporal, limbic, and prefrontal cortical regions, resulting in the widespread deposition of misfolded
tau proteins in AD.

2. Methods
2.1. Overview of Datasets and Analyses

A schematic overview of the analytical workflow is presented in Figure 2. Code for
the bioinformatic analyses included in this study can be found in Supplementary Materials.

Three publicly available single-cell RNA-sequencing datasets of the human EC were
included for analysis in this study: Grubman et al. (the Grubman dataset) included samples
from 6 control and 6 AD brains [25]. Leng et al. (the Leng dataset) focused on progression
of neuropathology in AD, sampling three donors from Braak stage 0, four donors from
Braak stage 2, and three donors from Braak stage 6 [26]. The EC dataset associated with
Mathys et al.—generated by the MIT ROSMAP Single-Nucleus Multiomics Study (the
MIT ROSMAP Multiomics dataset)—centered on the cognitive status of donors [21,27];
we included 8 control, 8 MCI, and 8 AD samples. To establish that a higher number of
co-expressed NPs can serve as a proxy marker for HNP neurons, based on the premise
that higher NP co-expression is indicative of greater NP transcript levels [19], correlational
analyses were performed using three single-cell RNA-sequencing datasets. The method
was motivated by the following reasons: (1) the dataset from the Siletti et al. study (detailed
below) represents a robust test of the hypothesis at the spatial level, providing insights
into the selective vulnerability of neuronal subpopulations and brain regions in AD based
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on “combinatorial neuropeptide co-expression” [12]; (2) the presence or absence of a gene
is likely more conserved across different studies than exact transcript counts; and (3) this
approach facilitates future empirical studies investigating HNP neurons.

RNA-Seq Brain Datasets Analysis Purpose Method
Scale Regions Details
Grubman et al F .
; unctional
( { characterization of 221
2. —— HNP neurons and 2.3
IR abnormalities in AD 24
Correlation between
MIT ROSMAP NP transcript level
Single-  Entorhinal Multiomics and co-expression 291
cell Cortex - . . 2.3
Disproportionate '
absence of AHNP
neurons
Leng et al
S\ L 2.2.1
S —[—, ADNPdysfunctionin 23
early AD
Bulk 11 Brain GTEx v8
Regions
| 222
2.5
Siletti et al
. ) ~100 Physiological
S'lele Microdissected —— distribution of 2.6
Brain Regions AHNP neurons

Figure 2. Schematic overview of datasets and analyses. Three single-cell RNA-sequencing datasets
of the human entorhinal cortex (Grubman [25], Leng [26], and MIT ROSMAP Multiomics) were
used to investigate the relationship between neuropeptide (NP) co-expression and Alzheimer’s
disease (AD) progression. The Grubman dataset was used for mechanistic analyses, while the MIT
ROSMAP Multiomics and Leng datasets were included in demonstrating the early involvement of
Alzheimer’s disease-associated neuropeptides (ADNPs) during AD development/progression over
time from the aspect of cognitive status and neuropathology. Bulk transcriptomic data from the GTEx
project were used to study the expression of ADNPs during aging. A comprehensive description of
neurons co-expressing high levels of ADNPs (AHNP neurons) across microdissected brain regions
was performed using the Siletti et al. [12] single-cell dataset. The method details indicate where the
analysis information can be found in the Methods section. Sing-cell, single-cell RNA-sequencing;
Bulk, bulk RNA-sequencing; HNP neurons, high NP-expressing neurons. The arrows and brackets
indicate the datasets used for each purpose.

The distribution of neurons based on neuropeptide (NP) co-expression was assessed
for each dataset. Only the Grubman et al. dataset exhibited a distribution similar to those
previously reported in high-quality mouse RNA-seq datasets [17], making it suitable for
the mechanistic portion of this study—see below for detailed methods for differential
gene expression, functional enrichment analysis, and regression analyses, as well as a
hypergeometric test. Both the Leng and MIT ROSMAP Multiomics datasets had over 70%
of neurons not expressing any NPs in the NP list compiled previously (Figure S1), which is
significantly lower than expected [12,17,19]. Therefore, the ADNP list previously identified
from the Grubman dataset was used throughout this manuscript [17,19].
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Despite the limitation of NP expression, the Leng and MIT ROSMAP Multiomics
datasets were included in the analysis of AD development and progression (time), as they
characterize changes of neuropathology and cognitive functions during AD pathogenesis.
The Genotype-Tissue Expression (GTEXx) project’s v8 data release included bulk transcrip-
tomic data derived from tissues sampled from donors aged 20 to 79 years [28], providing a
valuable resource for studying gene expression changes during aging [29-31]. All brain
regions from the GTEx v8 data were included for this study, subject to further exclusion
criteria applied to ensure data quality (See below).

A comprehensive analysis of ADNP occurrences and cell counts across microdissected
brain regions was performed using the single-cell transcriptomic dataset generated by
Siletti et al. [12]. The dataset comprised samples from 3 postmortem human brain donors,
encompassing approximately 100 microdissected regions, 2 million neurons, and 461 clus-
tered neuronal subpopulations. The dataset was accompanied by an annotated cell cluster
(cluster_annotation) file that tagged clustered neuronal subpopulations with co-expressed
NPs [12], which was used in this study.

2.2. Acquisition and Preprocessing of Transcriptome Data
2.2.1. Single-Cell RNA-Seq Data from the Human Entorhinal Cortex (EC)

Data generated by Grubman et al. from 6 control (CT) and 6 AD donors (12 total)
were obtained [25]. The detailed documentation of data acquisition, preprocessing steps,
and downstream analyses (dimension reduction and cell identification) can be found
in Li and Larsen (2023) [19]. Briefly, cells were filtered based on gene expression and
mitochondrial content, retaining those with 200-2500 expressed genes and less than 5%
mitochondrial reads. Data normalization followed Seurat’s (version 4.1.1; R 4.2.3 unless
specified) guidelines using a count per million (CPM) matrix [32]. Using cell identification
methods from BRETIGEA and Grubman et al., six primary cell types were identified:
astrocytes, microglia, neurons, oligodendrocytes, oligodendrocyte precursor cells, and
endothelial cells. Cells were labeled by their highest association score, but some were
categorized as unidentified or hybrid based on specific criteria described in detail by
Grubman et al. as well as Li and Larsen [19,25]. Only cells identified as neurons were used
in the downstream analyses.

Preprocessed and annotated single-cell expression matrices and metadata from the
Leng et al. study were obtained from CZ CELLxGENE [33]. Cells annotated as excitatory
and inhibitory neurons from the entorhinal cortex were included for downstream analyses.

Preprocessed and annotated single-cell expression matrices and metadata from the
MIT ROSMAP Multiomics study were downloaded from ADKnowledge portal [21,34].
Three diagnostic categories from the ROSMAP study were included in the presented study:
control (CT or NCI: no cognitive impairment), mild cognitive impairment (MCI: no other
condition contributing to CI), and AD (Alzheimer’s dementia: no other condition contribut-
ing to CI (NINCDS/ADRDA Probable AD)) [27]. The clinical study design and detailed
diagnostic criteria were described in the original ROSMAP manuscript and deposited on
the ADKnowledge portal [6,34]. Individuals with inconsistent clinical diagnosis, clinical
cognitive diagnosis summary, and final consensus cognitive diagnosis documented in the
ROSMAP study were excluded from the analysis. Methods for isolation of nuclei from
frozen post-mortem brain tissue, droplet-based snRNA-seq, and snRNA-seq data prepro-
cessing are available in detail on the ADKnowledge portal [27]. De-identified metadata
for individuals and experiments included in this study were detailed in supplementary
materials (Table S2). To provide equal representation of each condition, we randomly
selected eight AD and CT samples (set.seed = 123) to match the eight available MCI sam-
ples. Overall, 41,373 neurons (n_neuron = 41,373) from eight AD (n_neuron = 16,214),
MCI (n_neuron = 11,732), and CT (n_neuron = 13,427) EC regions were included in the
final analysis.

10



Biomolecules 2024, 14, 1518

2.2.2. Spatiotemporal Bulk RNA-Seq Data from Human Brains

RNA-seq transcript matrices (transcript per million (TPM)) of 11 human brain regions
from a cohort of individuals from the general population were obtained from the GTEx
portal (Table S3) [35]. Samples from individuals that lacked complete metadata regarding
age, sex, or death classification were excluded, as were those that scored 3 or 4 on the
Hardy scale that indicates intermediate or slow death. Only samples with an RNA integrity
number (RIN) larger than 6 were included in the analysis. The results were visualized with
cerebroViz (version 1.0; R 3.6.3) [36] and assembled in BioRender.

2.3. Single-Cell Correlational Analysis of NP Transcripts and NP Co-Expression

The Spearman rank correlation was utilized to assess the relationship between the
transcript level of NP and the number of co-expressed NPs for all human single-cell
transcriptome datasets (i.e., the Grubman, Leng, and MIT ROSMAP Multiomics datasets)
using cor.test in R [21,25,26,34]. The correlation coefficient (rho) and p-values were reported.
The significance cut-off was set at 0.05.

2.4. Downstream Analyses for Single-Cell Transcriptome Data from Human EC
2.4.1. Differential Gene Expression (DGE) Analysis

As such, DGE analysis was performed for the single-cell dataset generated by Grub-
man et al. [25]. The number of co-expressed NPs was used as a proxy for transcript levels
of NPs; neurons were divided into low (0-1), medium (2-5), and high (6+) NP-producing
groups (LNP, MNP, and HNP) based on the number of co-expressed NPs in both conditions.
DGE analysis was implemented between LNP and HNP in control neurons as well as MNP
groups in control and AD using the FindMarkers function in Seurat [32]. Default parameters
for DGE in Seurat were used (Wilcoxon rank sum test); the statistical cut-off was set at 0.05
for a false discovery rate (FDR) adjusted by the Benjamin-Hochberg (BH) method. Pseudo-
bulk methods were not applied, as they would lead to reduced statistical power [37];
given the relatively small sample size and number of cells in the Grubman dataset, us-
ing pseudo-bulk would limit our ability to detect biologically meaningful differences in
gene expression.

2.4.2. Functional Enrichment Analysis

The output of the DGE analysis from Seurat was used as input to the STRING database
(version 11.5) [38]. Key enrichment output from STRING analysis was visualized using the
Enrichplot package (version 1.18.4) [39]. STRING uses the Bonferroni method to correct for
multiple comparisons and provides adjusted p-values [38]. The significance cut-off was set
at 0.05 for FDR.

2.4.3. Regression Analysis of NP Transcripts and ADNPs Co-Expression

Regression analysis was used to discern the relationship between gene transcript
levels and the presence of NP. Utilizing the g/m function in R, general linear models were
constructed for each differentially expressed gene (DEG), with transcript levels as the
response variable and the number of co-expressed NPs as the explanatory variable. The BH
method was used to adjust for multiple comparisons for all p-values; 0.05 was used as the
significance cut-off for adjusted p-values. The goal was to identify genes whose expression
is notably influenced by the increased number of co-expressed NPs.

2.4.4. Hypergeometric Test of Cell Abundance and ADNP Co-Expression

The hypergeometric test was employed using the phyper function in R to assess the
overlap of genes with decreased expression in AD compared to those that are functionally
enriched in HNP neurons [40]. Specifically, the following were defined: (1) the number
of overlapped genes as “successes” in our sample (x = 25); (2) genes with significantly
decreased expression in AD MNP neurons as “successes” in the population (m = 91); (3) the
total number of unique genes expressed by AD MNP and control HNP neurons, minus

11
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those with decreased expression in AD MNP neurons, as “failures” in the population
(n =19,430); and (4) genes with significantly increased expression in HNP neurons as the
sample size (k = 307). Because phyper is a cumulative distribution function, the conduction
of a one-tailed such analysis (lower.tail = FALSE) would calculate a probability of observing
as extreme and more extreme results in the direction of higher values (p-value) [40]. The
significance cut-off was set at 0.05.

2.5. Spatiotemporal Correlation Analysis Between ADNP Gene Expression and Age in the
Human Brain

In this study, aging is proxied by pseudo-aging, defined as a cross-sectional approach
that simulates the effects of aging by analyzing samples from individuals of varying ages
at the time of death. This method enables the assessment of age-related changes at a single
point in time, addressing ethical concerns and the practical impossibility of longitudinally
collecting brain tissues from multiple regions in human subjects.

Gene lists of NPs and ADNPs were downloaded from existing publications [19,41].
The TPM count matrix of spatiotemporal RNA-seq data and metadata of human brains
were downloaded from GTEx [35]. All TPM counts were log-transformed. The following
exclusion criteria were applied to ensure data quality for the analysis. First, individuals
lacking complete metadata, including age, sex, and death classification, were removed
from the dataset. Second, to ensure only high-quality RNA samples were used, subjects
with Hardy scores of 3 or 4, indicating intermediate or slow death, and those with RNA
integrity numbers (RIN) lower than 6, were excluded from the analysis. Finally, as brain
development is known to continue throughout the early 20s [42], subjects aged 20 to
29 years were excluded to focus on age-related changes in the mature brain. The relationship
between the expression of individual ADNPs and their cumulative expression with respect
to age was investigated using the PResiduals package (megabot function; version 1.0-1) [43],
adjusting for RIN and Hardy scale. The significance cut-off was set at 0.05. Analyzing the
cumulative expression of ADNPs, in addition to individual NPs, provides a biologically
relevant (overall burden and decreased population of neurons/cells co-expressing them)
and robust measure (combined effect of multiple ADNPs) of their changes collectively
during aging, while also improving the signal-to-noise ratio.

2.6. Examination of ADNP-Co-Expressing HNP (AHNP) Neurons Across Microdissected
Brain Regions

The file used in this study was downloaded from the GitHub link provided by
Siletti et al. [12]. Firstly, the presence of ADNPs from the file was quantified, and counts for
NPs were generated further to calculate non-ADNPs. Based on these counts, we defined
ADNP-HNP (AHNP) neurons as those tagged with 6+ ADNPs and <3 non-ANDPs, ac-
counting for the difference in the input NPs [12,19]. Concurrently, we estimated the number
of cells in different brain regions and dissections based on percentage data extracted from
the cluster_annotation file. These estimates were summed across unique regions and dissec-
tions to provide a granular view of cell distribution. Additional analyses were conducted
on specific regions for MEC, where the dataset was grouped by various attributes such as
neurotransmitter, subtype, and MTG label [44], and the number of cells in each group was
summed and visualized.

3. Results
3.1. Alterations of HNP Neuronal Abundance and Functions in AD: Overlap of HNP Dysfunction
and Molecular Signature of AD

Analyzing the single-cell dataset by Grubman et al. [19,25,45], we showed a very
strong correlation (>96%) between transcript abundance and the number of co-expressed
NPs generally exists for neurons in both control and AD groups (Figure 3A). This effect was
also observed (>90%) in both the Leng and MIT ROSMAP Multiomics datasets (Figure S2).
Applying the number of co-expressed NPs as a proxy for transcript levels of NPs, we
stratified neurons into low (0-1), medium (2-5), and high (6+) NP groups. We observed a

12
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similar absence of HNP neurons in AD, which was also corroborated by the Leng and MIT
ROSMAP Multiomics datasets (Figure 3B; Table S4; Figure S3) [19]. As explained in the
Methods section, only the Grubman dataset was used for the following analyses.
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Figure 3. Changes in high-neuropeptide-producing (HNP) neuronal abundance and function: overlap

of dysfunction and AD molecular signatures. (A) The relationship between transcript abundance and
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13



Biomolecules 2024, 14, 1518

distribution of neurons based on the number of co-expressed NPs: low: 0-1; middle (mid): 2-5, and
high: 6+. Proportion = in-group neuron counts in the condition/total neuron count in the condition.
(C) Heat plot showing differentially expressed genes (increased) in HNP neurons (neurons in high
NP co-expression group). (D) Gene network plot showing results of functional enrichment for HNP
neurons. (E) Venn diagram showing the overlap between gene expressions higher in HNP neurons
(neurons in high NP co-expression group that express 6+ NPs) and significantly decreased in AD
neurons co-expressing 2-5 NPs (MNP neurons). The hypergeometric test was applied to evaluate the
overrepresentation of genes upregulated in control HNP neurons but notably reduced in AD MNP
neurons; p < 0.00001; o = 0.05. (F) Molecular signatures differentially increased and decreased in AD
MNP neurons. nCT, number of healthy donors; nAD, number of AD donors.

As we hypothesized that HNP neurons would experience greater energetic demands
and higher metabolic stress, we predicted that HNP neurons would show more metabolic
activity. To test this, differentially expressed genes (DEG) were examined between high
and low groups of control neurons followed by enrichment analysis [19,38]. We found
that all the NPs expressed at significantly higher levels in HNP neurons were ADNPs [19],
and genes required for NP transportation, translation, and metabolic processes were
significantly increased in HNP neurons in comparison to LNP neurons (Figure 3C,D;
Tables S1, S5 and S6). Although it is widely known that GABA is often co-expressed with
NPs [46], we observed that HNP neurons also participated in other chemical commu-
nications, such as using histamine and catecholamines, to regulate membrane potential
(Figure 3D; Table S5). In addition, ~36% of DEGs regulating membrane potentials were
functionally enriched for learning and memory (Figure 3D; Table S5). Surprisingly, the
regulation of innate immune response was increased in HNP cells (Figure 3C,D; Table S5).

To elucidate the increase observed across the LNP, MNP, and HNP groups, we sought
to identify genes whose expression was significantly influenced by the level of NP co-
expression, as a proxy for the abundance of NP transcripts. We utilized regression models
to examine the relationship between gene expression and NP co-expression and then ranked
the increased DEGs in HNP neurons by coefficients and R?. Excluding NP components,
genes ranked in the top 10 for coefficients or R? included sodium /potassium-transporting
ATPase [47] and intracellular transport vesicles [48], supporting the hypothesized func-
tional enhancement of HNP neurons (Table S7). Notably, ERBB4, the protein products
of which induce tau hyperphosphorylation [49], was among the top genes related to NP
co-expression (Table S7; Figure S4).

Because we discovered that HNP neurons exhibited higher performance in several ex-
pected cellular functions—including transportation, translation, and metabolic processes—
and participated more heavily in other chemical communications, regulation of innate
immune response, and circadian rhythm, we wondered whether dysregulation of processes
in these functions may lead to the loss of neuronal functions and the accumulation of tau
pathology, which are hallmarks of several neurodegenerative disorders including AD.

Speculating that disrupted functions of neurons expressing more NPs are associated
with protein misfolding, we examined the DEGs for neurons stratified by the number of
co-expressed NPs and analyzed the neurons in the medium group (as HNP neurons were
virtually absent in AD brains). Enrichment analysis revealed that these cells displayed
molecular characteristics related to both “positive” and “negative” neuropathology in
AD [2]. We note the decreased DEGs in AD cells were significantly enriched for those
functionally increased in HNP cells (p < 0.00001; Figure 3E; Tables S6 and S8), indicating
that loss of HNP functions participates in the molecular pathogenesis of AD. Genes with
protein products showing significantly decreased expression included those with functional
roles in axons, synapses, and dendrites (Figure 3F; Table S8). Increased molecular processes
included those known to be disturbed in AD, such as negative regulation of neurogenesis,
gliogenesis, and abnormal mitochondrial metabolism (Figure 3F; Table S9). Notably, genes
involved in forming aggresomes and unfolded protein binding were highlighted [50],
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indicating the active occurrence of protein misfolding in AD cells that co-express NPs
(Figure 3F; Table S9).

3.2. ADNP Dysfunction Observed in Early Pathogenesis of AD

To test the hypothesis that changes in the abundance of HNP neurons expressing AD-
NPs contribute to the selective vulnerability of brain regions and neuronal subpopulations
in AD, we systematically analyzed three distinct datasets encompassing different stages
and aspects of AD development. These datasets included: (1) the progression of cognitive
impairment from normal aging to mild cognitive impairment (MCI) and finally to AD (the
MIT ROSMAP Multiomics dataset) [21,51], (2) the advancement of AD neuropathology
through different Braak stages (the Leng dataset) [26,33], and (3) the effects of aging, a major
risk factor for AD, on ADNP expression in various brain regions (the GTEx v8 dataset)
(Figure 4A) [28]. By integrating findings from these diverse datasets, we aimed to provide
a comprehensive understanding of how changes in ADNP expression in HNP neurons
relate to the spatiotemporal progression of AD pathogenesis. Given the disproportionate
absence of neurons expressing ADNPs in the EC of AD brains and the higher level of
ADNPs physiologically expressed by HNP neurons, we specifically focused on ADNPs in
the following analyses.

Analysis of the MIT ROSMAP Multiomics dataset revealed that, despite the majority
of neurons not expressing any NPs (Figure S1), patterns of the ADNP expression by
neurons were similar to those observed in the Grubman dataset when considering cognitive
status and AD. Specifically, both the MCI and AD groups had significantly more neurons
co-expressing 0-1 ADNPs (CT vs. MCI p-value = 0.025; CT vs. AD p-value = 0.025)
and significantly fewer neurons expressing 6+ ADNPs compared to cognitively normal
individuals (CT vs. MCI p-value = 0.032; CT vs. AD p-value = 0.014) (Figure 4B). But they
were not statistically different from each other at any point (Low MCI vs. AD p-value = 0.36;
Mid MCI vs. AD p-value = 0.40; High MCI vs. AD p-value = 0.60) (Figure 4B). We note that
most of the MCI donors (6/8) had a Braak stage of 1-2 (Table S2). Similarly, although the
Leng dataset had even fewer neurons expressing NPs (Figure S2), results from visualizing
the ADNP co-expression and transcript levels were consistent with the observations from
the MIT ROSMAP Multiomics dataset, clearly demonstrating a depletion of HNP neurons
expressing ADNPs in donors with Braak stages 2 and 6 (Figure 4C). These results provided
further evidence that the loss of HNP neurons expressing ADNPs occurs early in the AD
neuropathological process. Overall, it was surprising to find that as early as Braak stage 2,
there was already a stark contrast between control and Braak 2 donors in ADNP expression
patterns similar to those observed late in AD.

To investigate even earlier in the disease process and study the spatiotemporal changes
of ADNPs in the context of aging, a major risk factor for AD, we analyzed bulk RNA-
sequencing data generated by the GTEx consortium [28]. We expected that if HNP neurons
expressing ADNPs diminish during the aging process, a corresponding decrease in ADNP
expression levels would be observed in this dataset, particularly in brain regions affected
early in AD. Our recent report indicated that ADNP expression decreased with age in the
hippocampus [19]; however, we do not yet know if the decline of NPs with aging is ADNP-
and brain region-specific. If our hypothesis were to hold, only brain regions affected by
early AD should show age-related changes in ADNP expression, and only the accumulative
expression of ADNPs, but not other NPs, should decrease with age in the human brain.
We first examined the expression of ADNPs during aging among 11 brain regions selected
from GTEXx (Table 1) [19,35]. As expected, we found that only the hippocampus, frontal
cortex, anterior cingulate gyrus, and amygdala—all of which are brain regions affected
by early AD [52-57]—showed a significant decrease of ADNP transcription during aging
among the 11 brain regions selected from GTEXx (Table 1; Figure 4D) [3,19,35].

We also examined the expression of NPs in these brain regions and whether the
expression of individual NPs was correlated with age. We found that NPs demonstrating a
significant decrease in expression with age in the aforementioned brain regions consisted
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mostly of ADNPs (Tables S1 and 510) [19]. To support the specificity of the observed change
in ADNP expression, we analyzed the transcript count of all non-ADNP NPs in the brain
regions and found no age-related changes specific to AD-related regions in their overall
levels (Table S11). We confirmed that the larger decrease of NP expression in these brain
regions with aging was not attributed to their intrinsic capacity to express NPs: (1) Using
this dataset and the NP list compiled previously, ~80 NPs were expressed by each brain
region (Table S12); (2) the differences in the total NP transcript count among the surveyed
brain regions do not explain the AD-specific patterns observed in Table 1 (Table S12). In
short, the spatiotemporal transcriptomic analysis presented here showed that the decrease
of NPs in the aging human brain was specific to brain regions and NPs implicated in AD,
supporting the idea that age-related cognitive decline shares mechanisms with AD and
may be mediated by loss of ADNP expression during aging.

(A) Datasets Events and Timeline (D) —
MIT Cogn!tlve
decline :
Leng EC :
NFT :
GTEX Aging ENG
Time AD diagnosis o
®) (C) ———————
-, n=3 4 “
075 .‘ :P o 150 ; :
050 i Braak 0 100 | ;
® : i
I
025 50 | ]
1
I
1
000 ‘g 0 S —— 4
1.00 8 G I O T I P e ey
%] = i \
é ors S | !
2 2 | ‘
S o0 - Braak 2 S 100 : :
S o o ! |
£ 4o . ; :
% ‘ . £ | /‘
s B er—r———
o CT (n=8) ) n=3 | )
15(
1 [& MCI (n=8) | !
050 . AD (n = 8) Braak 6 100 : :
| I
025 * = % %, : :
. o s oe 1
&aca o T )
0 2 4 6 8
Low Mid High Number of Co-expressed ADNPs

Figure 4. Decreased expression of Alzheimer’s disease-associated neuropeptides (ADNPs) across
brain regions during disease progression and aging. (A) Timeline of datasets relative to typical
diagnosis of AD. (B) Comparison of proportions of neurons from the entorhinal cortex (EC) of control
(CT), mild cognitive impairment (MCI), and AD donor brains (MIT, MIT ROSMAP Multiomics
dataset), stratified by the number of co-expressed ADNPs (Low: 0-1, Mid: 2-5, High, 6+). One-tailed
Wilcoxon rank sum test was used. a = 0.05. * p < 0.05. (C) Scatterplot showing the relationship
between transcript abundance and the number of ADNPs in neurons from donor brains classified as
Braak stages 0, 2, and 6. The reduced abundance of neurons co-expressing higher levels of ADNPs
during AD progression is lighted. (D) Brain regions (medial sagittal view) showing significant
decrease in ADNPs with aging. AMY, amygdala; CNG, anterior cingulate cortex; HIP, hippocampus;
BA9, Brodmann area 9; n, sample size.
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Table 1. Significantly decreased expression of ADNPs with aging only occurred in early AD-
impacted regions.

Brain Region Sample Size Correlation p-Value Significance

Hippocampus 103 —0.30 0.00 *

Frontal cortex (BA9) 116 —0.34 0.00 *

Anterior cingulate cortex (BA24) 88 —0.30 0.01 *

Amygdala 73 —0.30 0.02 *
Hypothalamus 109 0.02 0.85
Caudate basal ganglia 146 —0.08 0.28
Nucleus accumbens basal ganglia 143 0.00 0.96
Putamen basal ganglia 126 0.11 0.25
Substantia nigra 66 —0.23 0.08
Cerebellar hemisphere 141 —0.03 0.74
Cerebellum 156 —0.08 0.34

ADNP, Alzheimer’s disease (AD)-associated neuropeptides; BA, Brodmann area; *, p-value < 0.05. Conditional
test for association [43], & = 0.05.

3.3. Physiological Distribution of AHNP Neurons May Mediate Brain Region Vulnerability to AD

“Epicenters” have been described as brain regions showing the most significant
pathological alterations, hypothesized to be the initial site of disease onset [7,8]. Stressed
“nodes” are known as brain regions with high network traffic, also referred to as “hubs”,
that experience activity-induced deterioration that can lead to or exacerbate diseases [10,58].
While both concepts are instrumental in theories of AD etiology devised by connectome
and network-based studies [7,8,10,58], the cell types underlying these “epicenters” and
stressed “nodes” are unclear. Based on the regions that display reduced ADNP expression
with aging, we propose that AHNP neurons serve as one of the cellular components
of the “hubs” and “epicenters” leading to the onset and/or progression of AD. To test
this, we analyzed the distribution of AHNP neurons across various regions of the human
brain. Two potential observations and implications exist: (1) AHNP neurons ubiquitously
exist in all brain regions, but those in early-AD-impacted regions are, regardless of the
underlying cause, more susceptible to dysfunction than others, or (2) AHNP neurons are
preferentially distributed in early-AD-impacted brain regions to physiologically perform
cognitive functions, but they are more prone to dysfunction than other cell types, therefore
mediating the regional vulnerability to AD with aging-related cell dysfunctions. We predict
that a single-cell transcriptomic survey of brain regions would show that AHNP neurons
are more abundantly distributed in early-AD-affected brain regions that engage extensively
in memory and executive functions, such as the entorhinal cortex, hippocampus, and
basal forebrain [59-61]. However, if the first scenario were true, our hypothesis could be
negated altogether.

A recent study published single-cell transcriptome data from ~100 dissections across
the forebrain, midbrain, and hindbrain of human donors and classified brain cells into
461 clusters [12]. The authors also compared their cell clusters with previous publications
that used NP diversity to classify neurons [12,44]. We first investigated the top brain regions
where AHNP neurons existed using cluster annotations provided by Siletti et al. and calcu-
lated the number of neurons in each of the top three brain regions and microdissections (see
Section 2) [12]. As anticipated, the amygdala and hippocampus—where the age-associated
decrease of ADNP expressions was observed [19]—were among the top five brain regions
(Figure 5A; Table 2). While previous studies identified the hypothalamus as considerably
relevant in AD [62,63], the hypothalamus did not show an age-related decrease in ADNPs.
We also found that the cerebral cortex contained the most AHNDP neurons, but this was
likely due to the number of dissections assigned to the cerebral cortex. To overcome this
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issue, we set out to identify the distribution of AHNP neurons among cortical regions
separately by ranking the cortical dissections based on the number of AHNP neurons.
Again, we found that medial and lateral EC (MEC and LEC) ranked among the top five
cortical regions (Figure 5A; Table 3). In particular, the MEC harbored the highest number of
AHNP neurons among all micro-dissected regions (Table 513). In contrast, very few AHNP
cells were found in the cerebellum, spinal cord, and medulla, which are generally thought
to be spared by AD neuropathology (Table S14), further supporting our hypothesis that
dysfunction of AHNP cells mediates the brain region-specific vulnerability to AD.
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Figure 5. Local density of neurons co-expressing high levels of Alzheimer’s disease-associated
neuropeptides (AHNP neurons) may govern brain vulnerability to AD. (A) Top five brain and
cortical regions ranked by AHNP neuron abundance are visualized. n, sample size. Arrows indicate
the decrease of abundance. (B) Categorization of AHNP neurons predominantly found in EC by
neurotransmitter, subtype, and transferred MTG label (common cell type nomenclatures for the
medial temporal gyrus of the mammalian brain) [12].

Table 2. Top five brain regions ranked by AHNP neuron abundance.

Brain Regions AHNP Neuronal Count

Cerebral cortex 218,145
Amygdala 72,256

Basal forebrain 45,559

Hippocampus 40,870

Hypothalamus 23,217
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Table 3. Top five cortical regions ranked by AHNP neuron abundance.

Cortical Regions Full Cortical Description AHNP Neuronal Count

Anterior parahippocampal gyrus,
MEC posterior part (APH)—Medial 19,206
entorhinal cortex

Precentral gyrus (PrCG)—Primary

Mi1C 11,821
motor cortex
MTG Middle Temporal Gyrus 10,654
Anterior parahippocampal gyrus
LEC (AG)—Lateral entorhinal cortex 2625
A40 Supramarginal gyrus (SMG)—A40 1732

As the EC—the earliest and most heavily affected region in AD neuropathology—harbored
the most significant population of AHNP neurons, we sought to investigate the specific
cell types, as previous investigation has suggested that most ADNP co-expressing neurons
are GABA-ergic [19]. Specifically, we aimed to understand how they align with established
neuronal cell types. We selected neurons that had MEC in the top three dissections and
examined the proportions of neuron types, including based on the neurotransmitter, sub-
types, and transferred MTG labels (common cell type nomenclatures for the MTG regions
of the mammalian brain) [12]. We found that most of the AHNP neurons were indeed
GABA-ergic interneurons; however, about a quarter of the neurons have not been described
before (Figure 5B).

4. Discussion

Why some ubiquitously expressed proteins (e.g., tau and A ) exhibit selective accumu-
lation in particular regions of the brain and cells, yet spare their comparable neighbors, is a
fundamental question of AD research. Examining multiscale and spatiotemporal RNA-seq
data from 1890 human brain samples, we aimed to gain a comprehensive understanding
of the potential mechanistic roles that NP-intensive neurons that co-express high levels of
NPs (HNP neurons) play in mediating the selective vulnerability of brains to AD.

To address our previous hypothesis that HNP neurons, given their secretory and
peptidal signaling functions, would demand more translation and transportation, leading
to increased metabolic vulnerability [19], we investigated the specific characteristics of
HNP neurons and the link between HNP neuron dysfunction and the hallmark molecular
indicators of AD. We note that the criteria for HNP neurons in this study were primarily
based on the co-expression of AD-associated NPs (ADNPs), which may be subject to change
with advancements in sequencing technology, the availability of more datasets, and the
discovery of additional NPs. Due to the significant variability in the proportion of neurons
expressing NPs across different datasets (see Section 2), we utilized the NP list compiled
in our previous study to maintain consistency in the follow-up analysis on the Grubman
dataset [19,25]. To facilitate the incorporation of more NPs and additional datasets as more
data are generated and datasets with better NP characterization become available, we
have made the source code used in this study available for reanalysis. In addition, using
co-expressed ADNPs to label neuronal subpopulations was of timely value for AD research
because many neuronal subpopulations have complex combinatorial expression of NPs,
and many of them exist outside of characterized cell populations [12,64].

Acknowledging these complexities, we found that (1) HNP neurons were more
metabolically active and had gene expression profiles suggesting higher connectivity;
(2) MEC AD neurons co-expressing higher levels of NPs showed the molecular signature
of AD, including protein misfolding; and (3) the deficiency of AD cells was linked to loss
of function of HNP cells. While we anticipated a greater metabolic burden as a source of
neuronal vulnerability for HNP neurons, it was surprising to discover that HNP neurons
can be predisposed to tau hyperphosphorylation and misfolding [49,65]. In addition to
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ERBB4, recent research has revealed that the impairment of NMD, an elevated process
observed in HNP cells and suppressed by cellular stress, mediates tau-induced neurotox-
icity [66]. Therefore, we posit that the disruption of cellular processes elevated in HNP
neurons could occur more readily/earlier in these cells and contribute to the formation of
misfolded proteins within them, subsequently leading to their selective degeneration.

To test the idea that the loss of ADNPs expressed by HNP neurons could participate in
early AD development and/or progression, we considered the perspectives of neuropathol-
ogy, cognitive status, and spatial progression during aging. Although we anticipated a
decrease in ADNP expression with age and AD progression, it was surprising to observe
this phenomenon in donors with neuropathological changes as early as Braak stage 2.
While the majority of MCI donors in the MIT ROSMAP Multiomics dataset presented
neuropathology falling in Braak stages 1 and 2, deviating from the typical distribution
where most MCI patients fall between stages 3—4 [67,68], the significant decline in HNP
neuron abundance among MCI brains in this dataset further substantiates the early al-
teration of ADNP expressions associated with AD progression. Despite both datasets
being unsuitable for the functional characterization of HNP neurons (as detailed in the
Section 2), our findings indicate that the ADNPs identified in the Grubman dataset, when
analyzed alongside other single-cell sequencing datasets, highlight HNP neurons relevant
to Alzheimer’s disease (AD). This suggests that the loss of ADNPs may represent an early
molecular alteration in the brains of individuals at risk for developing AD. We note that
while the disproportionate absence of HNP/ADNP co-expressing HNP (AHNP) neurons
was described as selective degeneration in this manuscript, with the increased proportion
of cells not expressing any NPs observed in multiple datasets, the degeneration could be
interpreted as neuronal death and/or loss of functions. The definitive interpretation will
need longitudinal tracking of neurodegeneration at the single-neuron level.

If AHNP neurons were indeed important for early AD, their presence in physiological
conditions should help explain the regional vulnerability seen in AD. The preferential
localization of AHNP neurons in regions of the brain that are susceptible to AD, such
as the medial entorhinal cortex, amygdala, basal forebrain, and hippocampus, further
underscores their potential role as key cellular contributors to the disease’s pathology.
Two brain regions from the analyses were surprising to us—the hypothalamus and primary
cortex (M1). Firstly, while the hypothalamus was highlighted in the regional distribution
of AHNP neurons and demonstrated atrophy in AD [69], its expression of ADNPs did not
decrease significantly with age. This difference may be attributed to AD-specific changes in
hypothalamus being more disease-specific than age-related. The initial surprise at finding
AHNP neurons concentrated in the M1 stems from the fact that motor deficits typically
manifest later in AD [70]. However, the absence of overt motor symptoms in AD can be at-
tributed to compensatory neural rewiring and hyperexcitability in the motor regions, rather
than the non-existence of neuropathology [71,72]—this is not mutually exclusive with the
proposed selective degeneration, as the term could be interpreted as loss of function rather
than cell death, as discussed above. Notably, variant AD with abnormal tau accumulation
in the M1 has been reported [73]. As AHNP neurons likely play a role in maintaining M1
microenvironment homeostasis, their dysfunction could exacerbate regional vulnerabilities,
potentially contributing to upper motor neuron dysfunction and other neurodegenerative
diseases, such as amyotrophic lateral sclerosis (ALS). The presence of neurofibrillary tangles
in ALS [1,74] and the molecular signatures of AHNP neurons predisposing them to tau
misfolding suggest that these neurons may be relevant in understanding mixed pathologies,
common susceptibilities, and overlapping etiologies across neurodegenerative disorders.
Considering the changes of AHNP neurons in MCI donors and the alterations in expression
of ADNPs within cognitive regions during aging, an alternative to our hypothesis could be
that these neurons increase the risk of cognitive decline and tau-related neurodegenerative
diseases, rather than being AD-specific. While this perspective necessitates a re-evaluation
of our original hypothesis, it may be of greater importance, as it could potentially address
the prevention of a spectrum of neurodegenerative diseases, including AD.
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Our findings contribute to the broader framework of AD theories and our understand-
ing of the transition from brain function to dysfunction. Macroscopically, they support the
“nodal stress” hypothesis [9,10,58], which posits that brain regions with strong anatomical
connectivity are particularly vulnerable to damage due to their heightened susceptibility to
cytotoxic events. This hypothesis aligns with the understanding that certain brain regions,
which accumulate pathologically associated proteins, are also those that contain the most
vulnerable cell types and are often the earliest affected in the disease’s progression [7-9].
Microscopically, HNP neurons with enhanced connectivity and high metabolic activity
may be especially susceptible to the deleterious effects of cytotoxic events and the presence
of misfolded proteins [3,58]. The observed decline in ADNP expression with age, coupled
with the physiological distribution of HNP neurons in regions vulnerable to Alzheimer’s
disease, suggests a critical link between macroscopic brain vulnerability and specific micro-
scopic cellular components. This connection implies that while regional vulnerabilities can
be observed at a larger scale, they may be driven by the dysfunction of particular cell types,
such as HNP neurons. Furthermore, cellular dysfunctions, marked by distinct molecular
pathways and biochemical properties, play a crucial role in the onset and progression of
AD [9]. Extensive research over the past decade has illuminated the connectomic land-
scape of neurodegenerative diseases, enhancing our understanding of the brain regions
and neural circuits that are susceptible to AD [7,8,58,75]. However, the specific cell types
and cellular mechanisms that underpin these connectomic findings remain largely unex-
plored. Our findings potentially bridge this gap by highlighting the importance of HNP
neurons in the context of AD, emphasizing their potential role in both the physiological
and pathological processes that characterize the disease.

ADNPs are known to play important roles in cellular processes crucial to the patho-
genesis of neurodegeneration, such as mitochondrial dysfunction, persistent neuroin-
flammation, and disrupted circadian rhythm (briefly summarized by Li and Larsen) [19].
Together with the mechanistic considerations, the alterations in the abundance and diver-
sity of ADNP-producing neurons during different aspects of AD progression as well as
the spatially specific reduced expression of ADNPs during aging identified in this study
indicate that decreased expression of ADNPs by neurons may accelerate, or even drive, the
progression of protein misfolding, cognitive decline, and neurodegeneration in AD.

Given the limited regenerative capacity of neurons, early detection and treatment
of AD are paramount. Our research highlights the relevance of ADNPs as combinatorial
and longitudinal biomarkers to evaluate the risk and progression of AD development.
For instance, an analysis of the CSF proteome identified that CHGA and VGF exhibited
significant differences in abundance among the CT, MCI, and AD groups [76]. As such, CSF
levels of ADNPs could serve as direct biomarkers for AD. As aging progresses, peripheral
tissues could also be valuable for tracking these changes. Specifically, monitoring ADNP
levels in more accessible tissues such as blood, skin, or saliva could provide a less invasive
method for longitudinal tracking of AD progression and response to treatments. Even
though ADNPs may be secreted by other tissue types, there could be proxy peripheral
blood biomarkers reflecting changes of ADNPs in the brain. This potential connection
can be explored through longitudinal studies correlating CSF ADNP levels with blood
biomarker identification, such as gene expression panels. Such an approach could lead
to the development of less invasive and more accessible diagnostic and monitoring tools
for AD. Additionally, further studies validating these findings and investigating the un-
derlying mechanisms responsible for the observed decline in AHNP neuron abundance
are needed. Evaluating whether interventions aimed at mimicking and/or preserving the
ADNP signaling network could impede the progression of AD is also valuable, especially
considering the subtle differences in GPCR expression observed between CT and AD [19].
Collectively, these observations suggest that deficiencies in ADNPs with aging contribute
to AD development and progression and that these deficits could be a consequence of
losing AHNP neurons during aging, which underlies the shared cognitive decline during
aging and in early AD.
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It is crucial to acknowledge that the interpretation and generalizability of these re-
sults may be limited by the lack of diversity in the dataset. The sole dataset available
for this analysis was derived exclusively from brain samples of white male individuals.
It is well-established that gene expression varies both within and between different eth-
nic groups [41,77] and sexes [78-80]; future research collecting more inclusive datasets is
needed to ensure that knowledge gained from data analysis benefits the wider popula-
tion. As NPs and their signaling activities are highly influenced by sex hormones [78-80],
such datasets could help understand the epidemiology of AD and the differential accu-
mulation of tau proteins between sexes during the aging process [1,81]. Other potential
confounding variables, such as transcription factors and epigenetic mechanisms, warrant
careful consideration. Recent research has made tremendous advancements on provid-
ing a comprehensive multiomic brain atlas for physiological conditions [12,82,83]. Our
findings underscore the importance of extending these efforts to investigate the molecular
landscapes of brains in various disease states. By understanding how dysfunction in HNP
neurons occurs with aging and its detrimental effects on interconnected behavioral do-
mains, we can gain valuable insights into the cell types and dysfunctions at the early stages
of AD to develop effective disease models as well as cell-type-specific targeting strategies
for prevention and therapy.

5. Conclusions

NPs play essential roles in cellular communication and homeostasis but can confer
metabolic burdens due to their synthesis. This study demonstrates that NP-intensive neu-
rons display multifaceted properties associated with AD vulnerability: (1) characterized by
heightened metabolic activity and susceptibility to tau hyperphosphorylation; (2) exhibiting
disproportionate and site-specific depletion during early AD progression, manifesting in
both cognitive and neuropathological alterations; and (3) showing spatial distribution that
correlates with AD-vulnerable brain regions under physiological conditions. We conclude
that NP-intensive neurons likely participate in AD development and early progression.
While causality studies are warranted to substantiate these findings, this avenue of research
is promising, as understanding the roles of NPs in neuronal and cellular vulnerability of
AD could facilitate earlier detection and intervention.
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Abstract: Aging is the major risk factor for Alzheimer’s disease (AD). In the aged brain, myelin
debris accumulates and is cleared by microglia. Phagocytosed myelin debris increases neutral lipid
droplet content in microglia. Neutral lipids include cholesteryl esters (CE) and triacylglycerol (TAG).
To examine the effects of myelin debris on neutral lipid content in microglia, we added myelin debris
to human HMC3 and mouse N9 cells. The results obtained when using *H-oleate as a precursor in
intact cells reveal that myelin debris significantly increases the biosynthesis of CE but not TAG. Mass
analyses have shown that myelin debris increases both CE and TAG. The increase in CE biosynthesis
was abolished using inhibitors of the cholesterol storage enzyme acyl-CoA:cholesterol acyltransferase
1 (ACAT1/SOAT1). ACAT1 inhibitors are promising drug candidates for AD treatment. In myelin
debris-loaded microglia, treatment with two different ACAT1 inhibitors, K604 and F12511, increased
the mRNA and protein content of ATP-binding cassette subfamily A1 (ABCAL1), a protein that is
located at the plasma membrane and which controls cellular cholesterol disposal. The effect of the
ACAT1 inhibitor on ABCA1 was abolished by preincubating cells with the liver X receptor (LXR)
antagonist GSK2033. We conclude that ACAT1 inhibitors prevent the accumulation of cholesterol and
CE in myelin debris-treated microglia by activating ABCA1 gene expression via the LXR pathway.

Keywords: Alzheimer’s disease; myelin debris; microglia; cholesterol; cholesteryl esters; acyl-CoA:
cholesterol acyltransferase; sterol O-acyltransferase; ACAT inhibitor; ATP-binding cassette subfamily
A member 1; aging; foam cell; liver X receptor

1. Introduction

Myelin is a cholesterol-rich material that forms the insulating sheath around nerve
cells [1]. Myelin contains up to 70-80% of the total brain cholesterol in the adult brain [2].
Proper myelination is crucial for synaptic transmission and metabolic support in neuronal
cells [1]. Myelin debris results from the breakdown of myelin [3] and accumulates in the
aging brain and in certain neurodegenerative diseases [4,5]. Under normal conditions,
microglia and other phagocytes clear myelin debris to enable proper remyelination [4].
However, in aging mouse models, myelin debris accumulates inside the microglia [4]. When
microglia become overloaded with myelin debris, the cells experience a pro-inflammatory
response, which may further contribute to cognitive decline in aging and neurodegenerative
diseases [4,6]. Myelin debris-overloaded microglia often exhibit a “foamy” phenotype,
characterized by the accumulation of neutral lipid droplets [7-9]. Neutral lipid droplets
consist mainly of cholesteryl esters (CE) and triacylglycerol (TAG) [10].

Aging is the major risk factor for Alzheimer’s disease (AD). While animal models
for aging are becoming available [11], cell models for aging are sparse. Microglia play
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important roles in the pathogenesis of AD [9,12-15]. Myelin debris-treated microglia have
been considered as cell models for mammalian cell aging. For example, a previous study
by Nugent et al. showed that treatment of myelin debris in human iPSC microglia and in
mouse primary microglia caused CE accumulation, while inhibition of the cholesterol stor-
age enzyme acyl-CoA:cholesterol acyltransferase, also known as sterol O-acyltransferase
1 (ACAT1/SOAT1), reduced CE accumulation, demonstrating that myelin debris stimulates
CE biosynthesis [7]. However, the downstream effects of inhibiting ACAT1/SOAT1 in
myelin debris-treated microglia have not been well examined. Altering ACAT1 activity in
these cells is likely to affect cholesterol homeostasis through its interacting with other key
players involved in regulating cellular lipid metabolism [16,17]. Liver X receptors (LXRs)
are nuclear receptors that regulate cholesterol homeostasis, lipid metabolism and membrane
phospholipid composition and they play important roles in immune responses [18-20]. The
natural ligands for LXR are oxysterols [21]. In a mouse model for tauopathy, Litvinchuk
et al. [22] have shown that a synthetic LXR agonist, GW3965, increases gene expression
of ABCA1, which is the major cholesterol efflux protein that controls cellular cholesterol
disposal [23]. Additional results by Litvinchuk et al. show that overexpression of the
ABCA1 gene also reduces CEs and suppresses tauopathy [22]. This study suggests that
interventions to stimulate cholesterol efflux from microglia via activating ABCA1 to defend
against AD warrant further investigation. Gouna et al. have also shown that treating wild-
type mouse microglia with myelin debris causes CE accumulation [24]. In these studies,
whether myelin debris also affects TAG biosynthesis is unclear. To address these issues, in
the current work, we use two cell lines, mouse N9 and human HMC3 microglia, as our cell
models. These cell lines have been used successfully by other investigators as microglia
cell models for AD research [25-31]. We prepared myelin debris from both mouse and
human brains, and then added them to these cells to monitor their effects on CE and TAG
biosynthesis. We also studied the downstream effects of the ACAT1 inhibitor in these cells.

2. Materials and Methods
2.1. Animals

Wild-type (WT) mice in C57B6/] background were obtained from Jackson Laboratory
(Bar Harbor, ME, USA). Mice that were 3—6 months old were used for myelin debris
isolation. All mouse procedures were approved by the Dartmouth Institutional Animal
Care and Use Committee.

2.2. Human Brain Samples

Human brain samples were donated by the Anatomy Gifts Registry (Hanover, MD, USA)
and the Department of Pathology and Laboratory Medicine at Dartmouth-Hitchcock Medical
Center (Lebanon, NH, USA). All brain samples were received frozen prior to their use.

2.3. Cell Culture

Both the N9 and HMC3 (ATCC®CRL-3304) cell lines were obtained from ATCC. All cells
were maintained at 37 °C with 5% CO, in a humidified incubator. Mouse N9 microglial cells
were maintained in RPMI-1640 with 10% heat-inactivated serum. Human HMC3 microglial
cells were maintained in MEM supplemented with 10% heat-inactivated serum and 1%
non-essential amino acids. HEK-293 cells were maintained in DMEM with 10% serum.

The ACAT1/SOAT1 inhibitors K604 and F12511 were first dissolved in DMSO at 5 mM
as stock solutions and then diluted into the culture medium such that the final concentration
was 0.5 uM, as previously described in [16,32-34]. For LXR agonist treatment, T0901317
was diluted to a final concentration of 10 pM in complete media as described above and
added to the cells for 24 h, as previously described in [32,35]. For LXR antagonist treatment,
GSK2033 was diluted to a final concentration of 5 uM in complete media and added to cells
for 24 h, as previously described in [36].
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2.4. Myelin Isolation and Characterization of Myelin Debris

Myelin debris were isolated from mouse and human frozen brain samples following a
protocol adapted from [37], with minor modifications. Briefly, brain samples were minced
and homogenized in 0.3M sucrose in Tris buffer (20 mM Tris-HCI, pH 7.45, ImM EDTA
with protease inhibitor cocktail), using an automatic Dounce chamber for 20 strokes. The
homogenates were layered on top of a 0.83M sucrose solution and spun at 75,000 x g
for 70 min with minimum acceleration and deceleration. Cloudy myelin layers at the
interface were collected and subjected to two rounds of osmotic shock by adding Tris
buffer, followed by centrifugation at 75,000 x g for 70 min with minimum acceleration and
deceleration. Myelin debris, post osmotic shock and pelleted at the bottom of the tube,
were resuspended in MilliQ water and spun at 15,000 x g for 20 min to obtain clean myelin
debris for cell treatment.

Myelin debris protein content was determined by Lowry protein assay, and cholesterol
content was measured following the manufacturer’s protocol using the Wako Free Choles-
terol Kit E. For both mouse and human myelin debris preparations, the ratio of total protein
to cholesterol was 2:1 (ug protein to pug cholesterol). This value is consistent with the value
reported by [3]. Protein content characterization of human and mice myelin debris was
analyzed by running a 15% SDS-PAGE gel and staining with colloidal Coomassie blue dye.

2.5. Intact Cell 3H-Oleate Pulse

3H-oleate pulse in intact cells was performed according to a procedure previously
described in [38,39]. 3H-oleate enters the cell interior and forms oleyl coenzyme A through
acyl coenzyme A synthetases [40]. Oleyl coenzyme A then serves as a common precursor for
CE biosynthesis via ACATs, and for TAG biosynthesis via diacylglycerol acyltransferases
(DGATs) [41,42].

Mouse N9 and human HMC3 microglia were treated for 24 h with various concen-
trations of either control (DMSO), myelin debris, or the ACAT1 inhibitors K604 or F12511.
Following treatment, cells were pulsed for 30 min (N9) or 2 h (HMC3) at 37 °C with SH-
oleate/fatty acid-free BSA. Cells were then washed 3 times with ice-cold PBS and lysed
with 0.2M NaOH, under orbital shaking for 30 min. Aliquots were withdrawn for protein
concentration determination using the Lowry assay. The solubilized cell slurries were
neutralized with 3M HCI and 1M KH,POy. Nonradioactive CE and TAG, of 40 ug each,
were added per sample to aid in identification after TLC analysis. Lipid extractions were
performed with CHCl3:MeOH (2:1) and water. Samples were vortexed and centrifuged
at 500 rpm for 10 min. The top-phase was removed, and the bottom phase was blow
dried by N, using an N-evap apparatus. Dried samples were vortexed vigorously with 50
uL of ethyl acetate and spotted on TLC plates. The solvent system used was petroleum
ether:ethyl ether:acetic acid (90:10:1). The CE bands (Rf = 0.9) and the TAG bands (Rf = 0.5)
were identified after TLC by iodine staining and scraped from the TLC. Radioactivity
readouts were measured by scintillation counter.

2.6. Nile Red Staining and Image Analysis

Nile Red was used to monitor lipid droplets in live cells according to procedures
previously described in [43,44]. Briefly, primary microglia were plated on MaTek (Ash-
land, MA, USA) 35 mm dishes pre-coated with poly-L-lysine at 2 x 10° cells per plate
overnight. Treatment was performed in serum-free DMEM, and cells were rinsed three
times with HBSS (Gibco by ThermoFisher, Waltham, MA, USA). Cells were treated with
100 ng/mL Nile Red and incubated for 10 min at 37 °C, 5% CO,, protected from light.
Cells were rinsed in HBSS and imaged in serum-free MEM, with no phenol red (Gibco by
ThermoFisher, Waltham, MA, USA), on the confocal fluorescence microscope. For image
analysis, data were collected and analyzed using Fiji-Image] software version 2.1.0/1.53c.
Briefly, all images were set to the same threshold, fluorescence intensities were measured
and normalized against total cell area to obtain a mean fluorescence intensity.
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2.7. TLC Analysis of Intracellular Cholesterol, CE and TAG Contents

For intracellular cholesterol, CE and TAG content analysis, cells were analyzed fol-
lowing the procedure described in [34,45]. Briefly, cells were treated as indicated in the
treatment scheme and lysed by scraping in distilled water. Lipids were then extracted
using CHCl3:MeOH (2:1) extraction and water, then dried in a similar manner as described
in Section 2.5. Dried samples were spotted on a TLC plate and separated using hexanes,
ethyl ether: acetic acid (65:35:2). Bands were visualized by iodine staining and quantified
on a standard curve produced in the same TLC plate.

2.8. Whole Cell Protein Isolation and Western Blot Analyses

For whole cell protein isolation, cells were harvested in 10% SDS for ACAT1 Western
blots, or in RIPA buffer for the other Western blots, containing protease inhibitor cocktail
(Sigma) and incubated at 4 °C for 30 min. Cell lysates were then centrifuged, and the
protein concentration of the supernatant was determined using the Lowry protein assay.
For mouse and human myelin debris Western blot, Laemmli sample buffer (supplemented
with 350mM dithiothreitol final concentration) was directly added to the isolated myelin
debris fraction. The lysates were run on a 6% and 10% SDS-PAGE gel and transferred to a
0.45 um nitrocellulose membrane for 4 h at 300 mA. After blocking in 5% milk in TBST buffer
overnight at 4 °C, the membranes were incubated overnight with anti-ABCA1 (Novus
NB400-105), anti-ACAT1 (DM102) produced in the Chang lab, anti-PLIN2 (Proteintech
15294-1-AP), anti-MBP (Novus NB600-717) and anti-vinculin (Millipore 05-386) as a protein
loading control. Blots were then washed and incubated with secondary antibodies from Li-
Cor appropriate for the species. Western blot images were captured on the Li-Cor Odyssey
CLx and analyzed on Li-Cor Image Studio. Analyzed protein bands were within the linear
range of detection.

2.9. RNA Extraction

For whole cell RNA extraction, cells were lysed in Trizol. Chloroform was added
(0.2 mL per ml of Trizol) and the samples were vortexed and spun at 10,000 g for 18 min.
The top aqueous phase was removed and transferred to a new tube. An equal volume of
100% EtOH was added and 700 pL aliquots were loaded onto a Qiagen RNeasy column.
The Qiagen RNeasy Plus Mini Kit was used for all subsequent steps according to the
manufacturer’s protocol.

2.10. NanoString nCounter Elements XT Assay and Analysis

These experiments were performed using facilities available at the Genomics and Molec-
ular Biology Shared Resources at the Dartmouth Cancer Center. NanoString-recommended
protocols were followed, as described in the nCounter Elements XT Assay user’s man-
ual (June 2018). Data collection was performed using an nCounter digital analyzer. An
nCounter reporter library file (RLF), specific to the reporter code sets used, was uploaded
prior to scanning on the digital analyzer. The nCounter cartridge was loaded into a car-
tridge carrier at the top of the digital analyzer, which can hold up to six cartridges at a
time. The digital analyzer uses epifluorescence microscopy and a CCD camera to yield
target molecule counts by imaging each of the 12 channels of the cartridges independently.
Digital images were processed within the nCounter instrument, and the reporter probe
counts were tabulated in comma-separated value (CSV) format for data analysis. After
sample imaging, data were downloaded and imported into NanoString nSolver analysis
software version 4.0.

2.11. Synthesis of ACAT1/SOAT1 Inhibitors

K604 and F12511 were custom synthesized by WuXi AppTec in China. Based on
HPLC-MS and NMR profiles, the purity of K604 was 98%. F12511 was 98% pure in terms of
stereospecificity. K604 is a high-affinity, selective ACAT1 with K; = 0.45 pmol/L for ACAT1
and K; = 102.9 umol/L for ACAT2 [46]. F12511 is another potent ACAT inhibitor that has
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an affinity for both ACAT1 (K = 0.039 umol/L) and ACAT?2 (K; = 0.110 umol/L) [46]. K604
is competitive against oleyl-CoA (K; = 0.378 umol/L), which is the preferred fatty acyl-CoA
substrate for ACAT1 [47]. F12511 is a fatty acid anilide derivative [48,49].

2.12. Statistical Analysis

All statistical analyses were performed using Prism10 software version 10.1.0 (Graph-
Pad). A one-way ANOVA test with Sidak correction for multiple comparisons between
treatment groups were used. Error bars indicate SEM. * p < 0.05; ** p < 0.01; *** p < 0.001;
% p < 0.0001.

3. Results
3.1. Characterization of Myelin Debris Isolated from Human and Mouse Brain Tissues

To establish a simple system by which to study myelin debris-loaded microglia,
we first isolated myelin debris from human and mouse brain samples, following the
procedure shown in Figure 1A. The myelin debris fraction was characterized using a 15%
SDS-PAGE gel, to identify proteins typically associated with myelin debris, including
proteolipid protein (PLP) and myelin basic protein (MBP). PLP provides structural stability
for myelin [50], while MBP is responsible for signaling and adhesion on the myelin cytosolic
surface [51]. Results in Figure 1B show a migration of dominated protein patterns that is
similar to PLP and MBP. These protein patterns are consistent with isolated myelin debris
in previously published literature [52]. Additionally, the protein components of myelin
debris remain consistent across different batches of isolated myelin (Figure 1B). When
comparing human myelin debris from the corpus callosum and mouse myelin debris from
whole brain tissue, their protein band patterns on SDS-PAGE are similar. In our isolated
myelin debris, PLP and MBP are the two most enriched proteins (Figure 1B). To ensure that
our isolated myelin debris is enriched in crucial myelin-associated protein such as MBP,
we performed Western blot analysis against MBP on our samples. The results in Figure 1C
confirm that MBP is present in our isolated myelin debris fraction.

3.2. Myelin Debris Loading in Mouse and Human Microglia Activates Cholesteryl Ester (CE)
Synthesis in Intact Cells

We next investigated whether myelin debris loading alters CE synthesis by incubating
two microglial cell lines with *H-oleate for a short time period (described in Section 2).
This method is used to measure the biosynthesis of CEs and TAGs (in addition to other
lipids derived from 3H-oleyl coenzyme A) in intact cells. >H-oleate uptake rate in cells is
cell-line dependent, thus we exposed N9 cells and HMCS3 cells to *H-oleate with different
incubation time to establish a comparable incorporation baseline between the two cell lines,
as well as ensuring that a raw radioactive count is within the linear detection range [34].
Raw radioactive counts for each lipid species and cell lines exposed to DMSO control
treatment are reported in the legend for Figure 2. For CE, the raw radioactive count for N9
cells was 119.8 dpm/min/mg and for HMC3 this was 68.78 dpm/min/mg. The equivalent
values for TAG, were 2088.08 dpm/min/mg for N9 cells and 3933.08 dpm/min/mg for
HMC3. We exposed N9 cells to mouse myelin debris and HMC3 cells to human myelin
debris at various dosages for 24 h and monitored the biosynthesis of CE and TAG. We
tested a range of 5-25 pg/mL of myelin cholesterol based on previous work by Nugent
etal., 2020 [7]. The experimental parameters are graphically demonstrated in Figure 2A.
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Figure 1. Characterization of mouse and human myelin debris. (A) Procedure for crude myelin debris
isolation from frozen brain tissue as described in Section 2. Images were created using BioRender.
(B) Representative colloidal Coomassie blue staining on a 15% SDS-PAGE gel for characterization
of the crude myelin debris fraction. Signature protein associated with myelin fraction, such as
proteolipid protein (PLP) or myelin basic protein (MBP) are labeled in blue and red, respectively.
N = 4. (C) Representative Western blot for MBP in isolated human and mouse myelin debris. BSA at
equal protein concentration was used as negative control. Western blot original images are in the

Supplementary Materials.
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Figure 2. Myelin debris treatment in mouse and human microglia activates the synthesis of cholesteryl
esters (CE), but not triacylglycerides (TAG), in a dose-dependent manner using oleic acid as substrate.
(A) Treatment scheme: The extracted lipids underwent thin-layer chromatography (TLC) to separate
individual lipids, which were identified by internal lipid standards (CEs and TAG) added during
lipid extraction and as described in Section 2. Images were creared using BioRender. (B) CE and
(C) TAG synthesis rates in intact (I) N9 cells and (IT) HMC3 cells were monitored using a 3H-oleate
pulse. Cells were grown to 80% confluency and treated with DMSO alone, with the ACAT1/SOAT1
inhibitor K604, or with myelin debris at 5, 10 and 25 pg/mL cholesterol for 24 h. Afterwards, CE and
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TAG biosynthesis rates in intact cells were monitored by providing 3H-oleate to intact N9 cells for
30 min and to HMCS3 cells for 2 h. Cholesterol content in myelin debris was measured using the
Cholesterol Wako kit. Raw radioactive counts were normalized to 119.8 dpm/min/mg (CE) and
2088.08 dpm/min/mg (TAG) for N9 cells, and 68.78 dpm/min/mg (CE) and 3933.08 dpm/min/mg
(TAG) for HMC3 cells. N = 3. Data are expressed as mean + SEM. * p < 0.05; *** p < 0.001.

After their exposure to myelin debris, we monitored the rate of CE synthesis in intact
cells as shown in Figure 2B.I,B.Il. Our analysis revealed that, in N9 cells, the relative
CE biosynthesis rate was upregulated by 9%, 39%, and 108% when exposed to 5, 10,
and 25 pg/mL of myelin cholesterol, respectively. In HMC3 cells, the CE biosynthesis
rate increased by 312%, 486%, and 806% at 5, 10, and 25 ng/mL of myelin cholesterol,
respectively. These results indicate that, in response to myelin debris loading, both N9
mouse and human HMC3 microglial cells upregulate CE synthesis in intact cells. Our
results show that the magnitude of CE synthesis in HMC3 cells in response to human
myelin debris is significantly higher than in N9 cells.

We also monitored the rate of TAG biosynthesis in N9 and HMC3 intact cells using
the *H-oleate pulse method, as reported in Figure 2C.I,C.IL. Our analysis showed that,
unlike the CE biosynthesis rate, no statistically significant increase in TAG biosynthesis was
observed under the same treatment conditions. However, the data suggest a trend towards
a small, dose-dependent increase in TAG biosynthesis in N9 cells, but not in HMC3 cells.

3.3. Pharmaceutical Inhibition of ACAT1/SOAT1 Reduces CE Accumulation and Intracellular
Cholesterol Content in HMC3 Treated Myelin Debris

Cholesterol from myelin debris can be converted to CE for storage by the cholesterol
storage enzyme ACAT1/SOAT1 [53]. To test this possibility, we treated cells with or
without myelin debris and the small molecule ACAT1 inhibitor K604 [47], followed by
monitoring the rate of CE biosynthesis in intact HMC3 cells. The experimental scheme is
illustrated in Figure 3A. The results in Figure 3B demonstrate that inhibition of ACAT1 in
myelin debris-loaded HMC3 microglia reduced CE biosynthesis by approximately 87%.

To further validate these data, we used Nile Red, a commonly used neutral lipid
stain for lipid droplets [54], to determine the effect of ACAT1 blockage in live HMC3 cells
(Figure 3C). Nile Red stains both components of lipid droplets (CE and TAG) [55]. In
cells with excess cholesterol loading, cholesterol is converted into CE in the form of lipid
droplets, and, when the storage process is blocked by inactivating ACAT1, CE droplets
disappear. These processes can be monitored quantitatively via Nile Red staining in living
cells [43,44]. Here, we switched to use F12511 instead of K604 as the small molecule
ACAT1 blocker for the following two reasons: Firstly, F12511 is a more potent ACAT1
inhibitor compared with K604 [43]. K604 has a K; = 0.45 pmol/L, while F12511 has a
K = 0.039 pmol/L for ACAT1 [46]. Secondly, F12511 has been widely studied [56-60], and
(2) our laboratory recently developed a drug delivery system using F12511 to treat a mouse
model for Alzheimer’s disease [59,60]. Thus, we moved forward with the use of F12511 in
later experiments as these results can help future studies in vivo. As shown in Figure 3C,
24 h of myelin debris treatment increased the Nile Red signal in HMC3 cells by 71%, while
ACATI inhibitor F12511 treatment largely reduced the Nile Red signal by 65%, These data
agree with the *H-oleate pulse data in the HMC3 cell line (Figures 2B.II and 3B). We also
found that, when comparing the cell population in the F12511-treated group (without
myelin) to that in the F12511-treated group (with myelin), the latter population showed
a higher level of Nile Red staining. (Figure 3C, comparing the second box to the fourth
box). This result suggests that myelin debris-loaded HMC3 cells may increase other neutral
lipids that are not CEs.
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Figure 3. ACAT1 inhibition by K604 or F12511 reduces cholesteryl ester accumulation in HMC3
microglia treated with myelin debris. (A) Treatment scheme for all experiments. (B) HMC3 cells
grown to 80% confluency were treated with DMSO, either with or without the ACAT1/SOAT1
inhibitor K604, or with myelin debris at 25 pg/mL cholesterol for 24 h as described in Section 2.
Cholesteryl ester biosynthesis rates in intact cells were monitored by providing *H-oleate to HMC3
for 2 h. Cholesterol content in myelin debris was measured using the Cholesterol Wako kit. Raw
radioactive counts were normalized to 1, yielding 464.9 or 723.4 dpm/min/mg. (C) Representative
image and quantification of neutral lipid staining by Nile Red staining, demonstrating lipid droplet
accumulation in HMC3 cells. (D) Representative perilipin 2 (PLIN2) Western blot and quantification in
HMC3 cells. (E) Quantification of TLC analysis for intracellular CE and free (unesterified cholesterol)
and TAG in HMCS3 cells. Values were calculated based on cells without myelin or ACAT1 inhibitors
(K604 or F12511) treatment, normalized to 1. N = 3-6 for all experiments. Data are expressed as
mean + SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001. Western blot original images are in
the Supplementary Materials.

To validate the Nile Red staining data, we used Perilipin 2 (PLIN2), a protein marker
of lipid droplets, to quantify lipid droplet levels in HMC3 cells under different treatment
conditions. PLIN2 has been widely used by different laboratories as a marker to monitor
lipid droplets [24,61,62]. As expected, PLIN2 Western blot data support our Nile Red
staining data (Figure 3D): The PLIN2 signal in myelin debris-treated cells increased by
80% compared with DMSO-treated cells with no myelin debris (Figure 3D, third bar vs.
first bar), and treatment with F12511 in myelin debris-treated cells reduced the PLIN2
signal by approximately 57% compared with myelin debris-treated cells alone (Figure 3D,
fourth bar vs. third bar). Our results, shown in Figure 3C,D, are consistent with previ-
ously published findings that myelin debris treatment increases not only CEs but also
other neutral lipids [7,24]. The identities of these non-CE neutral lipid species are largely
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unknown. As our *H-oleate pulse results for both N9 and HMCS3 cells (Figure 2C) show
that myelin debris does not increase biosynthesis of oleate-derived TAG, it is possible that
these non-CE, neutral lipid species may not use oleyl CoA as their precursor. In other
words, myelin debris may increase the biosynthesis of certain neutral lipid species that do
not contain oleate.

The results described above show that the HMC3 cell line is a good model by which
to study cholesterol homeostasis in myelin debris-loaded microglia. We next assessed
the effect of ACAT1 inhibition on intracellular cholesterol and cholesterol ester content
in HMC3 microglia. We used thin-layer chromatography (TLC) to separate and quantify
cellular free cholesterol (unesterified cholesterol), CE and TAG content, based on the
method described in Macala et al. [45] and Harned et al. [34]. Our data (Figure 3E, top
two panels) show that, while myelin debris increased both CE by 125% and free cholesterol
content by 180% in HMC3 cells, interestingly, F12511 treatment not only reduced CE content
by 50%, but also reduced free cholesterol content in myelin debris-treated cells by 51%.
We believe this result is likely due to ACAT1 inhibition leading to an increase in cellular
cholesterol efflux (to facilitate cellular cholesterol disposal). The action of ACAT inhibitors
on cellular cholesterol efflux has been previously documented in many cell lines, but not in
microglia [16,63].

The results in Figure 3E, left panel, show that a significant amount of CE is present in
HMCS3 cells without myelin debris treatment. Treating cells with F12511 for 24 h did not
cause a large reduction in this “ACAT inhibitor insensitive” CE content. The origin of these
CEs is unknown. We speculate that they might be derived from materials present in serum,
that they may reside in the endolysosome compartment, and that their metabolic fate is not
directly linked with ACATT.

TAG is mainly synthesized by diglyceride acyltransferase-1 and-2 (DGAT1 and DGAT?2).
Prakash and Manchada et al., of Chopra’s lab, have recently reported that DGAT?2 inhibitors
could reduce lipid droplets in microglia induced by amyloid beta (Af) peptides [64]. How-
ever, their study did not use myelin debris-treated microglia and did not include use of
ACAT inhibitors. Here, instead of testing the possible involvement of DGAT, we monitored
the total TAG content upon myelin debris treatment with or without ACAT inhibitor and
report the result in Figure 3E (bottom panel). The results show that myelin debris incuba-
tion did increase TAG content by 150%, and that treatment with F12511 did not impact
the TAG level. Overall, these data are consistent with the data from the study of Nugent
et al. in bone narrow-derived macrophages (BMDM) [7]. They have shown that both the
diacylglycerides (DAG) and TAG contents are upregulated in BMDM, when incubated with
myelin debris [7]. Myelin lipids contain a very high amount of saturated long chain fatty
acids [65,66]. We speculate that, upon entering the cell interior, the saturated long-chain
fatty acids become fatty acyl CoA to serve as a substrate for DGATs (or perhaps other
enzymes) to produce TAG [40]; this process may not be easily detectable using a H-oleate
pulse. Further investigations are needed to investigate the myelin debris-TAG connection.

3.4. Treatments with Myelin Debris and/or ACAT1 Inhibitor F12511 Do Not Change ACAT1
Protein Expression in HMC3 Cells

As myelin debris treatment increased CE synthesis and cellular CE content, while
F12511 reduced these levels in HMC3 cells, we next asked whether these treatments
affect ACAT1 protein expression. ACAT1 is a membrane-bound enzyme located in the
endoplasmic reticulum (ER) and ER-associated membrane [34]. Previous work has shown
that, in many cell types examined, the primary mode of ACAT1 regulation is attributed
to allosteric regulation by its substrates, cholesterol, and oxysterols (as reviewed in [67]).
F12511 is a potent inhibitor of ACAT1 [48], but F12511 may or may not alter ACAT1 protein
expression. We analyzed whole HMC3 cell lysates treated with and without myelin debris,
with and without F12511, with the experimental plan shown in Figure 4A, a representative
Western blot shown in Figure 4B, and the quantitative analysis shown in Figure 4C. Our
analysis demonstrated that ACAT1 protein content does not change under any experimental
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condition, with or without myelin debris, and with or without F12511. As myelin debris is
cholesterol-rich, the increase in CE biosynthesis, as demonstrated in Figure 2B.I,B.IIl and
Figure 3B, is likely due to the increased availability of cholesterol as substrate to ACAT1 in
the ER when cells are exposed to myelin debris.
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Figure 4. Treatment with myelin debris and/or the ACAT inhibitor K604 does not alter ACAT1
protein content in HMC3 cells. (A) Treatment scheme. HMCS3 cells grown to 80% confluency
were treated with DMSO, either with or without ACAT1 inhibitor F12511, or with myelin debris
at 25 ug/mL cholesterol for 24 h. (B) Representative western blot. Cells were then harvested for
Western blot analyses, with vinculin used as the loading control. (C) Quantification of western blot
analysis. Values were calculated using the untreated cells (no myelin or K604) as 1. N = 3. Data are
expressed as mean + SEM. NS, not significant. Western blot original images are in the Supplementary
Materials.

3.5. Pharmaceutical Inhibition of ACAT1 for 24 h in Myelin Debris-Loaded HMC3 Microglia
Upregulates the Protein Expression of the Cholesterol Efflux Transporter ABCA1

Cholesterol efflux is an important step to re-establishing cholesterol homeostasis
in microglia and restoring their proper function (reviewed in [28]). Removal of excess
cholesterol in cells occurs through various ABC transporters, most prominently through
ABCAT1 [23]. We used two different ACAT1 inhibitors, K604 and F12511, to monitor ABCA1
protein content in the whole cell lysate of HMC3 cells loaded with myelin debris for 24 h.
HEK-293 cells, which lack ABCA1, were used as a negative control [16]. ABCA1 is known
to be highly upregulated by LXR agonists [68]. We used the LXR agonist T0901317 to serve
as a positive control [35]. The results reported in Figure 5A,B indicate that total ABCA1
protein content is significantly upregulated with either K604 or F12511 when compared
with cells treated with myelin debris alone. Quantitative analyses revealed approximately
32% and 36% increases in ABCA1 protein content in myelin debris-loaded cells treated
with ACAT1 inhibitors K604 and F12511, respectively.

38



Biomolecules 2024, 14, 1301

. : With Myelin a4 B
A K604 Without Myelin ity ‘é’ S 'g _§
DMSO K604 DMSO keoa ¥ EXg 20
= Q.
x1.5
ABCA1‘===~=...... 250kD =
DS s @ o e u g1o
[11]
" ) . f, 0.5
inculin §6 88 .o..aooucouo oo Zool | | B
K] DMSO K604 DMSO K604
- Myelin debris 4+ Myelin debris
Without Myelin i i 2 r @
y With Myelin § o0 g F12511
B.F12511 DMSO Fizsn & S%9 8
3 & i ] 2
ABCA1 a P . M (250kD 5 2.
CEETTTITTITTT T el
<

Vinculin‘--------- - - .- -‘119kD <

e DMSO F12511 DMSO F12511

- Myelin debris  + Myelin debris

Figure 5. ABCA1 protein content increased after 24 h treatment with human myelin debris co-
incubated with either K604 or F12511. Human microglial HMC3 cells grown to 80% confluency and
treated with (A) 0.5uM K604 or (B) 0.5uM F12511, incubated with or without human myelin debris at
25 pg/mL cholesterol. Cells were then harvested for Western blot analyses. HEK293 cell lysate was
used as a negative control for ABCA1, and HMC3 treated with 10 uM LXR agonist T0901317 for 24 h
served as a positive control for ABCA1. Vinculin was the loading control. Values were calculated
based on the untreated condition (no myelin and without K604 or F12511), normalized to 1. N = 3-6.
Data are expressed as mean + SEM. ** p < 0.01; ** p < 0.001; **** p < 0.0001. Western blot original
images are in the Supplementary Materials.

We also observed that, while myelin debris loading in HMC3 cells increased ABCA1
protein content by 25-50% (Figure 5A,B), adding ACAT1 inhibitors further increased ABCA1
protein content. These results, along with the findings shown in Figure 3E, suggest that
ACAT1 inhibitors enhanced cholesterol efflux activity via ABCA1 upregulation, resulting in
a decrease in the intracellular cholesterol pool. We conclude that, in myelin debris-loaded
microglia, ACAT1 inhibitors not only ameliorate CE accumulation but also enhance cellular
cholesterol disposal through the upregulation of the ABCA1 protein content.

Previously, we had reported that, in mouse microglia N9 cells grown in medium-
containing serum, adding K604 for up to 8 h had no detectable effect on cellular ABCA1
protein levels [32]. A comparison of our current results (Figure 5A,B) with previous results
suggests that, in microglia, the effect of the ACAT inhibitor is dependent on cellular
cholesterol loading. The magnitude of this effect is greater and easier to detect when cells
are loaded with cholesterol-rich substances such as myelin debris.

3.6. F12511 Treatment in Myelin Debris-Loaded HMC3 Microglia Significantly Increases ABCA1
mRNA Expression

When ACAT1 is blocked, excess cholesterol released from the ACAT1 storage pool
in the ER can participate in cholesterol trafficking to other membrane compartments [69].
This excess cholesterol can either convert to oxysterols to activate LXR, the master regulator
that induces ABCA1 gene expression [68,70] or move to the plasma membrane to stabilize
ABCA1 protein and decrease its turnover rate, thereby increasing cellular ABCA1 protein
content [71]. Both events may occur. To determine whether ACAT1 inhibitor affects ABCA1
gene expression, we treated HMC3 cells with or without myelin debris and with or without
F12511 for 12 h, followed by RNA extraction and analysis using NanoString Elements
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technology (Figure 6A). NanoString Elements enables the quantification of a wide range
of genes in a single reaction via hybridization and individual barcoding, without the

amplification required by traditional qPCR.

Table 1. Primer sequence.

Gene Probe A (5'-3') Probe B (5'-3')
GGTCTGAGAG CGAAAGCC
CCGGTCATCAAT ATGACCTCCG
CTCATGAAAGA ATCACTCGAA
ABCAL GTTCCACAAA TATTTCTTCCA
GGCTCCACAAT GGGTCGTCTC
TCTGCGGGT TGAGATGCCA
TAGCAGGAAG TAACTAGAA
GTTAGGGAAC ATGCCCA
GTACTCTTGAAG
TTTCAGGTCAT 553&?:%%%%
ACTTGTAATCT ACTCTTCTCAG
GCAACCA AATAATAAGG
PPARY CTGGATCTGCA TN e
TCCTCTTCTTT TECASAICC
TCTTGGTGTT GO
GAGAAGAT Trealtc
GCTC
ATGTCGAAGA
AGCCCAAAG COAAAGCC
AAAACAGTT ATGACCTCCG
CCCAGACGCTC TN Tee
CH25H ATATACTGCGT e
CRRRSACES ACCCGAGCAGT
LU GTGACGTTCATC
GGAAACT
GATGGATCGC COAAAGCC
TGCAGGCAGC ATGACCTCCGA
CAATGCGTTTC TSRS
CYP27A1 TCGAACAGGAT GAACATTAACC
CG;TT%(G;CA%‘Z/T*% CGATGGATCTG
TTGAGCTTCAT ACGAAGGTCAC
GGTGTCCTCGGG
CATGACCAGAAG
AGGCAGCCACC
AGGCCTCAGCC CGAAAGCCAT
ATCCGGCCAAG GACCTCCGATC
XRec AAAACAGAAAA ACTCAGGAAT
TATGGGCCTCAA GTTTGCCCTTC
GACCTAAGCGA TCAGTCTGTT
CAGCGTGACC CCACTTCTAGG
TIGTTTCA
CCAGCTTGATG COAAAGCCATG
TCAGATGCATT ACCTCCGATCACTCG
TTCTAACATGGCT TCTGCATTGACGAAC
ABCF1 (housekeeping) TGGCGGGAGGA AGCTCCTTGCCATGA
CATCCTTTCGGG creiecal
TTATATCTATCATT COSnCATS
TACTTGACACCCT

In addition to ABCA1 gene expression, we also examined other related genes involved
in intracellular cholesterol and lipid processing pathways that are known to be upstream
of ABCA1, including peroxisome proliferator-activated receptor gamma (PPAR) (lipid
processing), liver X receptor alpha (LXRw) (a direct upstream regulator of ABCA1), choles-
terol 25-hydroxylase (CH25H), and sterol 27-hydroxylase (CYP27A1) (oxysterol-converting
enzymes). The data collected from this experiment were quantified and plotted in Figure 6B.

The results show that, firstly, and in agreement with our protein content analysis data
(Figure 5), ABCA1 gene expression is significantly upregulated in myelin debris-loaded
HMC3 microglia by about 80% and is further increased by another 43% in cells treated with
both myelin debris and F12511 (Figure 6B). This result suggests that ACAT1 inhibition can
upregulate ABCA1 gene expression in myelin debris-treated cells.
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Figure 6. F12511 treatment in myelin debris-loaded HMC3 microglia significantly increases ABCA1
mRNA expression. Myelin debris also activates PPARy gene expression in HMC3 microglia. (A) Treat-
ment scheme. (B) Treated HMCS3 cells were lysed in Trizol, and RNA was purified. RNA samples
were then analyzed using NanoString Elements. Bar graphs display the relative mRNA expression
for key genes (ABCA1, PPARy, CH25H, CYP27A1 and LXRa) after normalization to the housekeeping
gene (ABCF1). Gene expression in DMSO-treated cells (without myelin) was normalized to 1. N = 3.
Data are expressed as mean £ SEM. * p < 0.05; *** p < 0.001; and **** p < 0.0001. Primers sequence are
reported in Table 1.

Second, we observed an increase in PPARy gene expression when cells were exposed to
myelin debris. This result is consistent with previously published data in macrophages from a
multiple sclerosis model [72] (Figure 6B). Most likely, phosphatidylserine (PS), a component of
myelin debris, is responsible for the upregulation of PPAR7y gene expression [72]. Treatment
with F12511 did not alter PPARy expression in myelin debris-treated cells (Figure 6B).

Third, regarding the two oxysterol-converting enzymes (CH25H and CYP27A1), we
did not observe any significant changes across all treatment conditions, nor did we see
changes in the direct upstream regulator of ABCA1T gene expression (LXRa). We speculate
that, in order to observe upregulation of LXRa and other oxysterol-converting enzyme gene
expression, we may need to analyze treated cells at earlier time points, such as 4, 6, and
8 h. It is also possible that the activation of these genes is transient, and that they returned
to normal levels by 12 h, while ABCA1 gene expression remained upregulated at 12 h to
induce ABCA1 protein expression for efflux at 24 h (Figures 5 and 6B).

3.7. Liver X Receptors (LXR) Antagonist GSK2033 Treatment Blocks ABCA1 Protein Expression
in Myelin Debris and ACAT1 Inhibitor-Treated HMC3 Microglial Cells

As we were unable to observe LXRa gene upregulation at the 12 h treatment time point,
we took an alternative approach to validate that the effect of the ACAT1 inhibitor on ABCA1
expression is LXR-dependent. We employed a specific LXR antagonist, GSK2033 [36,73], in our
system (Figure 7A). Briefly, the LXR antagonist was added simultaneously with F12511 to these
cells, and we monitored ABCA1 protein expression via Western blot (Figure 7A,B). As reported
in Figure 7C, quantitative analysis of the Western blot results demonstrated that GSK2033
effectively diminished ABCA1 protein expression in both DMSO and F12511-treated cells with
myelin debris, supporting our conclusion that the effect of F12511 on ABCA1 protein expression
is LXR-dependent. To confirm whether diminishing ABCA1 content in myelin debris-loaded
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microglia treated with F12511 also abolishes its ability to reduce intracellular cholesterol, we
preincubated cells with myelin debris and treated them with or without F12511 or with or
without GSK2033 and followed this with TLC analysis. Our data in Figure 7D suggest that
GSK2033 blocked F12511 action on intracellular cholesterol efflux, indicating that F12511 action
in myelin debris-loaded HMC3 microglia is dependent on LXR.
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Figure 7. LXR antagonist GSK2033 treatment blocks ABCA1 protein expression in myelin debris
and ACAT1 inhibitor-treated HMC3 microglial cells. (A) Treatment scheme. (B) Representative
Western blot. (C) Quantification of the Western blot. Vinculin was used as the loading control. Values
were calculated based on the myelin-treated cells without LXR agonist and F12511, normalized to
1. (D) Quantification of TLC analysis for intracellular free unesterified cholesterol in HMC3 cells.
Values were calculated based on cells without LXR antagonist GSK2033 treatment, normalized to
1. N = 3 for all experiments. Data are expressed as mean £ SEM. * p < 0.05. Western blot original
images are in the Supplementary Materials.
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4. Discussion

Alzheimer’s disease (AD) is classified as early onset (EOAD) and late onset (LOAD),
with LOAD (affecting patients aged 65 or older) comprising more than 90% of all AD
cases [74]. While mouse models for LOAD are becoming available [11], no simple cell
culture model for LOAD is currently available. Myelin debris-loaded microglia have
been considered as a cell model for aging. In our current work, we used two established
microglia cell lines, mouse N9 and human HMCS3, to gain a better understanding of how
myelin debris-loaded microglia respond to the pharmaceutical inhibition of ACATTI.

Using *H-Oleate pulse-chase assay, we demonstrated that in both N9 and HMCS3 cells,
CE biosynthesis increases in a myelin debris dose-dependent manner (Figure 2). We then
showed that, in myelin debris-loaded HMC3 microglia, inhibition of ACAT1 alleviates CE
and cholesterol accumulation (Figure 3) without impacting the ACAT1 protein expression
(Figure 4). We monitored the downstream effects of ACAT1/SOAT1 inhibition and found
that treatment with two different ACAT1 inhibitors, K604 and F12511, upregulated ABCA1
protein expression (Figure 5) and ABCA1 gene expression (Figure 6). These results correlate
with a decrease in cellular cholesterol content (Figure 3), suggesting that increased choles-
terol efflux occurs in myelin debris-loaded HMC3 microglia upon ACAT1 inhibition. We
then showed that the effect of the ACAT1 inhibitor on ABCA1 expression and on cellular
cholesterol content are most likely LXR-dependent (Figure 7). We built a working model
(illustrated in Figure 8) to explain the action of ACAT1 inhibition in myelin debris-loaded
microglia. This model is elaborated in more detail below.
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Figure 8. A working model illustrating the mechanism of ACAT1/SOAT1 inhibition in HMC3
microglia. With aging, myelin debris accumulates and is phagocytosed by microglia via receptors
such as CD36, TREM2/DAP12, etc. Myelin debris is enriched in cholesterol, which can be stored as
cholesteryl esters droplets by ACAT1/SOAT1 at the ER. This leads to CE lipid droplet accumulation
in aging microglia. Pharmaceutical inhibition of ACAT1/SOAT1 by K604 or F12511 releases an
extra pool of cholesterol to participate in cholesterol turnover. The cholesterol can then (1) migrate

to the lipid-raft regions in the plasma membrane to serve as a substrate for the major lipid efflux
protein and participate in cholesterol efflux, or (2) be converted into oxysterols by CH250H, or other
enzymes such as CYP27A1, which activates LXR and leads to the upregulation of ABCA1 expression
for cholesterol efflux. Additionally, oxysterols can cross the blood—-brain barrier into the periphery,
restoring cholesterol homeostasis in the microglia and the brain.
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As illustrated in Figure 8, myelin debris enters the cell surface of microglia via phago-
cytic receptors and unloads its cholesterol to the ER, where ACAT1 is localized. ACAT1
converts cholesterol unloaded from myelin debris into CEs for storage. Blocking ACAT1
activity diverts the cholesterol storage pool, to participate in the cholesterol transloca-
tion and turnover process. The diverted cholesterol pool can (1) migrate to the plasma
membrane to serve as a substrate for efflux or (2) be converted into oxysterols, such as
27-OH cholesterol, 25-OH oxysterols, etc. Oxysterols can serve as ligands to activate LXR,
which then upregulates ABCA1 expression. ABCA1 protein is one of the most important
proteins involved in the cellular cholesterol efflux process and has been linked to beneficial
responses, including producing anti-inflammatory effects in various diseases (as reviewed
in [75-78]). In macrophages, ABCA1 functions as an anti-inflammatory receptor [79].

The scheme described above provides a rationale by which to explain why blocking
ACAT1 can restore cholesterol homeostasis in microglia. There are at least two possible
mechanisms to explain ABCA1 upregulation by ACAT1 inhibition: (1) an increase in
cholesterol availability at the plasma membrane as a substrate for ABCA1, and/or (2) an
increase in oxysterols, perhaps by providing more cholesterol as a substrate to the enzymes
such as CH25H, CYP27A1, or other oxysterol-converting enzymes. The increase in oxysterol
concentration then activates the LXR pathway, which upregulates the ABCA1 protein and
ABCA1 mRNA expression [16,80].

Upregulation of ABCA1 can also be achieved through the use of synthetic LXR ag-
onists. However, the difficulty of using synthetic LXR agonists is that they are known
to also stimulate the gene expression of SREBP1-c, which overproduces fatty acids and
leads to an increase in TG biosynthesis. LXR agonist is expected to lead to hypertriglyc-
eridemia [81]. Here, we show that feeding myelin debris-treated microglia with the potent
ACATT1 inhibitor F12511 inhibits CE synthesis and induces the ABCA1 gene expression. As
a result, F12511 led to reductions in cellular CE and cholesterol contents, without increasing
the TAG content in microglia. These results suggest that using ACAT1 inhibitor is an
alternative to using synthetic LXR agonists to increase ABCA1 protein expression.

5. Conclusions

In this work, we demonstrated that ACAT1 inhibition activates ABCA1 gene expres-
sion in a LXR dependent manner in myelin debris loaded microglia. ACAT1 inhibition
upregulates cholesterol efflux in cholesterol burden cells through ABCA1 activation. Our
study highlights the role of ACAT1 as a promising therapeutic target for treating AD.

Besides aging, apolipoprotein E4 (ApoE4) is the biggest genetic risk factor for develop-
ing AD and has been linked to disruption in cholesterol homeostasis [22,62,82,83]. APOE4
expression in microglia-phagocytosed myelin debris leads to the accumulation of neutral
lipids and lysosomal mass [61]. Additionally, APOE4 expression leads to aberrant choles-
terol trafficking and perturbed cholesterol metabolism across various different cell types in
the brain [22,62,82,83]. In APOE4 postmortem human brain tissue, CE is upregulated [82].
It remains unknown if ACAT1 inhibition would be beneficial in an aging APOE4 model, so
this should be carefully investigated.

For future studies, these proposed mechanisms (Figure 8) need to be elucidated in
microglia at the biochemical and cell biological levels. Additionally, oxysterols can be
cleared from the brain into the periphery, which has been proposed as one of the main
mechanisms for cholesterol disposal in the brain [84]. Previously, ACAT1 genetic ablation
and pharmaceutical inhibition have been reported to provide beneficial effects in various
AD mouse models [17,59,85-88]. Our current work, along with the work of Nugent et al. [7],
suggests that the pharmaceutical inhibition of ACAT1 may be a novel strategy by which
to remove excess CE and cholesterol from the brain and attenuate the pro-inflammatory
response in the brain. This possibility needs to be tested at the in vivo level.
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Abstract: Prion diseases are 100% fatal infectious neurodegenerative diseases affecting the brains
of humans and other mammals. The disease is caused by the formation and replication of prions,
composed exclusively of the misfolded prion protein (PrP%). We invented and developed the
protein misfolding cyclic amplification (PMCA) technology for in vitro prion replication, which allow
us to replicate the infectious agent and it is commonly used for ultra-sensitive prion detection in
biological fluids, tissues and environmental samples. In this article, we studied whether PMCA can
be used to screen for chemical compounds that block prion replication. A small set of compounds
previously shown to have anti-prion activity in various systems, mostly using cells infected with
murine prions, was evaluated for their ability to prevent the replication of prions. Studies were
conducted simultaneously with prions derived from 4 species, including human, cattle, cervid and
mouse. Our results show that only one of these compounds (methylene blue) was able to completely
inhibit prion replication in all species. Estimation of the IC50 for methylene blue inhibition of human
prions causing variant Creutzfeldt-Jakob disease (vCJD) was 7.7 uM. Finally, we showed that PMCA
can be used for structure-activity relationship studies of anti-prion compounds. Interestingly, some
of the less efficient prion inhibitors altered the replication of prions in some species and not others,
suggesting that PMCA is useful for studying the differential selectivity of potential drugs.

Keywords: prions; PMCA; Creutzfeldt-Jakob disease; therapeutic compounds; prion replication

1. Introduction

Prion diseases (PrDs) are fatal neurodegenerative disorders (NDs) affecting humans
and various mammals, including sheep, goats, mink, cervids, cattle, felines and ungu-
lates [1]. The underlying mechanism in PrDs involves the accumulation of the pathological
form of the prion protein (PrP*¢) leading to brain damage in the form of spongiform en-
cephalopathy, neuronal loss, synaptic dysfunction and brain inflammation [1]. PrP5¢ forms
by autocatalytic conversion of the host’s normal prion protein (PrP®) and this process can
be spread infectiously between individuals [2]. Creutzfeldt-Jakob disease (CJD) is the most
common PrD in humans, and it can appear in sporadic (sCJD), familial or infectious forms.
Animal PrDs include bovine spongiform encephalopathy (BSE) in cattle, chronic wasting
disease (CWD) in deer and elk, and scrapie in sheep. CJD is a rare disease; however, the
heretical nature of the prion infectious agent, the reported transmission of the disease
between cattle and humans generating variant CJD (vCJD), and the recent expansion of the
number of cases and geographical location of CWD made it important to develop strategies
for efficient treatment [1]. The concept that PrP*¢ is the only component of the infectious
material and that cerebral accumulation of PrP5¢ leads to neurodegeneration and disease is
almost universally accepted in the field [3]. The atomic resolution structures for both PrP¢
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and PrP5¢ are known [4] (at least for some species) and animal models fully recapitulate all
characteristics of human prion diseases [5].

Despite impressive knowledge about the molecular and cellular basis of PrDs, cur-
rently, there is not any approved treatment for inhibiting prion replication in CJD or any
other prion disease [6,7]. Part of the difficulty in the development of therapeutic interven-
tions is the lack of biologically relevant screening assays to identify candidate hit molecules.
Our strategy was to use the Protein Misfolding Cyclic Amplification (PMCA) technol-
ogy we previously invented and developed for in vitro prion replication [8,9] to screen
for compounds capable of preventing prion formation and propagation. Over the past
decade, PMCA has proven to be a great tool for studying replication of infectious prions,
understanding the complex prion biology, and detecting with extremely high sensitivity
tiny amounts of infectious prions [10]. The PMCA technology has enabled researchers, for
the first time, to cyclically amplify the folding and biochemical properties of a protein in
a manner conceptually analogous to the amplification of DNA by PCR [8,9,11]. PMCA
allowed the generation of infectious prions in vitro, providing the strongest proof in favor
of the prion hypothesis [10,12]. The technique has also permitted detection, for the first
time, of infectious prions in the blood and urine of animals and humans, offering a great
possibility for early diagnosis [13,14]. Indeed, PMCA (and a variation called RT-QuIC)
are now routinely used for the diagnosis of CJD worldwide. With PMCA, it has been
possible to address critical issues in the prion field, including prion strains, species barriers,
and de novo generation of infectious particles [10,15-17]. The efficiency of PMCA and
the faithfulness with which it reproduces prion biology (e.g., infectivity, strain diversity,
species barriers) suggest that compounds interfering with PMCA amplification may rep-
resent good hits for therapeutic development [18]. On the contrary, in vitro, misfolded
PrP particles generated de novo from recombinant proteins have been shown to adopt a
different structure and it is not infectious [19-21]. Indeed, a study evaluating the infectiv-
ity of recPrP produced in 20,000 experiments showed that recPrPS amyloid was readily
formed in a test tube but generated no infectivity [21]. The difference in our study is that
we used the PMCA technology to faithfully direct the templated conversion of PrP® into
PrPS¢. Furthermore, PMCA offers the possibility to test the effect of the compounds on
multiple PrP*¢ strains and species, which may overcome the problem identified in previous
reports that compounds can inhibit replication of prions from certain strains/species, but
not others [22-24]. The main goal of this study was to provide proof-of-concept data that
PMCA can be used as a rapid and biologically relevant in vitro screening assay to identify
compounds able to block prion replication. The compounds tested were selected based on
previously published results suggesting they can have anti-prion activity.

In this article, we used PMCA to test a small set of molecules which have been reported
to have anti-prion activities in diverse experiments, including Congo red, quinacrine,
curcumin, tannic acid, methylene blue, rhodanine, chlorpromazine and minocycline. Congo
red is perhaps one of the oldest reported prion inhibitors. Congo red is the sodium salt of
3,3'~([1,1"-biphenyl]-4,4'-diyl)bis(4-aminonaphthalene-1-sulfonic acid) and is often used
to stain for amyloid deposits. The first report of Congo red as a prion inhibitor was
published in 1992 by Caughey and Race [25] and confirmed later in various studies using
diverse model systems [26-29]. Quinacrine, an acridine derivative formerly used as an
antimalarial drug, was shown in cellular models of prion replication to inhibit prion
formation [30,31]. However, studies using models of human prion replication did not show
significant activity [32] and clinical trials with this drug in CJD did not produce beneficial
results [33,34]. Curcumin, a natural compound and a major component of the spice turmeric,
was shown to inhibit the in vitro formation of protease-resistance PrP [35]. Tannic acid is
a large polyphenolic compound, which is a specific form of tannin. Tannic acid is found
in the nutgalls formed by insects on twigs of certain oak trees. Using cellular models and
RT-QulIC, tannic acid was shown to prevent PrPS¢ formation [36,37]. Methylthioninium
chloride, usually called methylene blue (MB), is a salt used as a dye and as a medication
approved for the treatment of methemoglobinemia. MB is an inhibitor of nitric oxide
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synthase and guanylate cyclase. Experiments using prion-infected cells showed that MB
efficiently blocked prion replication [31]. It was also shown by NMR that MB binds PrP
at a surface cleft of a fibrillogenic region of the protein and prevents its aggregation [38].
Rhodanine is a 5-membered heterocyclic organic compound possessing a thiazolidine core
and a derivative was shown to inhibit prion-induced neuroinflammation [39] as well as be
able to inhibit Tau protein aggregation [40]. Chlorpromazine is an antipsychotic drug used
to treat psychiatric disorders such as schizophrenia, which was shown to have a potent
anti-prion activity in prion-infected cells [31,41]. Minocycline and other tetracyclines have
been shown to interact with and reverse protease-resistant prion protein and intraperitoneal
injection of the drug in a hamster model of prion disease showed an 81% increased survival
time [42].

2. Materials and Methods

Prion-infected brain samples. As inocula to trigger prion replication we used brain
homogenates from: (i) a wild-type mouse experimentally infected with the RML prion
strain; (ii) a human affected by vCJD; (iii) a cow affected by BSE; and (iv) a white-tailed
deer naturally infected by CWD. Ten percent weight/volume (w/v) brain homogenates
were prepared in PBS and large debris were removed by centrifugation at 810x g at 4 °C
for 1 min. The supernatants were aliquoted, snap-frozen in liquid nitrogen, and stored at
—80 °C until use.

Preparation of PMCA substrates. 10% w/v brain homogenates were prepared in
conversion buffer (PBS supplemented with 1% Triton X-100, 150 mM NaCl, and Complete,
EDTA-free protease inhibitor). Large debris were removed by centrifugation at 810x g
at 4 °C for 1 min. The supernatants were aliquoted, snap-frozen in liquid nitrogen, and
stored at —80 °C until use. For RML prion replication, we used wild-type mouse brains.
For vC]D, we used transgenic mice expressing human PRNP with 129M polymorphism
(Tg 6815 line) kindly provided by Dr. Glenn Telling (Colorado State University). For CWD
amplification, we used gene-targeted transgenic mice expressing deer PRNP (Tg Gt226Q)),
provided by Dr. Glenn Telling. For BSE prion replication, we used as substrate transgenic
mice expressing bovine PRNP (TgBoPrP) which was also provided by Dr. Glenn Telling.

Prion replication by PMCA and screening of prion inhibitors. PMCA was performed
as described previously [9]. Briefly, thin PCR tubes (Eppendorf, Cat. No. 951010022) were
used to perform the experiments. A 220-250 mL volume of water was poured into the
sonicator holder in every experiment. Each sonication cycle comprised 20 s of sonication at
an amplitude of 13 and 29 min 40 s of incubation. The horn and converter of the sonicator
were placed inside a 32 °C incubator. A total of 48 PMCA cycles (24 h) were performed.
To trigger prion replication, different dilutions of prion-infected brain homogenate were
added to the reaction including the respective PMCA substrate (see above). The final
volume of the reaction was 100 pL. At the same time, potentially inhibitory compounds
(Congo red, rhodanine, quinacrine, tannic acid, methylene blue, curcumin, chlorpromazine,
minocycline, azure A and thionine acetate) were added at a final concentration of 100 pM.
Stock solutions of the compounds were dissolved in DMSO at 10 mM, and diluted into the
reaction to reach a 1% DMSO concentration in the tube.

Proteinase K (PK) digestion and western blotting. PMCA products and standard
prion-laden brain homogenates were incubated with PK (100 pg/mL) for 1 h at 37 °C
with agitation, using the conditions previously described in detail [9]. PK digestions were
stopped by the addition of loading sample buffer and boiling for 10 min at 100 °C. Proteins
were separated by SDS-PAGE and then transferred to 0.45 pm nitrocellulose membranes,
which were blocked with 10% w/v dry milk for 1 h at RT and then probed with monoclonal
antibody 6D11 unless stated otherwise.
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3. Results
3.1. Screening of a Small Selection of Anti-Prion Compounds

To assess whether PMCA can be used for identifying compounds able to prevent
prion replication, we tested the activity of eight compounds previously reported to inhibit
prion propagation in diverse systems, mostly cells [7]. The compounds tested were rho-
danine, Congo red, quinacrine, tannic acid, methylene blue, curcumin, chlorpromazine
and minocycline. All compounds were dissolved in DMSO and diluted to reach a 1% v/v
concentration of DMSO in the reaction. Before testing the compounds, we first studied
whether the presence of 1% DMSO might interfere with PMCA efficiency. For this purpose,
serial dilutions of vCJD, CWD and BSE were tested by PMCA in the presence or absence
of 1% DMSO (Figure 1). The results showed that regardless of whether the reaction was
conducted with or without DMSO, PMCA was successful in amplifying up to a 1077
dilution of each brain-infected material, indicating that 1% DMSO does not interfere with

PMCA.
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Figure 1. Effect of DMSO on the efficiency of prion replication. Since molecules to be tested are
generally dissolved in DMSO, we tested whether addition of 1% DMSO (final concentration in the
tube) produced any effect on prion replication. For this purpose, we incubated a series of dilutions
of brain homogenate infected with vCJD, CWD and BSE with 1% DMSO and proceed to perform
PMCA amplification in the presence of the respective substrate. After one round of 48 PMCA cycles

(24 h), samples were analyzed by western blot after proteinase K digestion. Negative control (NC)
consists of samples containing all materials except for PrPSc seeds. NBH correspond to the normal
brain homogenate used for each amplification (i.e., wild type brain for rodent prions, transgenic mice
expressing human PrP for vCJD prions, etc.). This is used as a migration control. Lanes on the left of
each blot represent molecular weight standards (34 KDa, 26 KDa and 17 KDa). Please see the original
Western blot image in the Supplementary Material.

Each compound was tested at a concentration of 100 M using one round of PMCA
and utilizing prions from 4 different species, including mouse RML, white-tailed deer CWD,
cattle classical BSE, and human vCJD. Different dilutions of infected brain homogenate
(from 1073 to 10~7) were used to seed prion replication. As positive controls, we used the
same dilutions in the absence of any compound but included 1% DMSO (the vehicle used

53



Biomolecules 2024, 14, 1113

to dissolve the compounds), which did not change in any way prion replication in any of
the species studied (Figures 1 and 2, left panels). The results show that only methylene
blue (MB) was able to completely block prion replication in all species at this concentration
(Figure 2). Interestingly, some molecules were able to inhibit prion replication in some
species, but not others. For example, Congo red, tannic acid, quinacrine and curcumin
partially inhibited mouse RML prion replication, but did not have any detectable effect
with non-experimental prions in relevant species (Figure 2). The ability to study anti-prion
compounds in various species at the same time represents one of the great advantages of
using PMCA for screening.

Control (1% DMSO) Rhodanine Congo Red Quinacrine Tannicacid Methylene blue Curcumin Chlorpromazine Minocycline
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Figure 2. Using PMCA to evaluate anti-prion activity. Eight molecules previously reported as able
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to prevent prion replication in various models were tested at 100 pM concentration for their activity
to prevent PrPC to PrPS¢ conversion by PMCA of RML, CWD, BSE and vC]D prions. For testing
inhibition we added 3 different quantities of PrP5 equivalent to a 10~3, 1075 and 10~7 dilution of
infected brain homogenate. Control consists on PMCA in the absence of any compound but the
vehicle used to solubilize the molecules (1% DMSO). Negative control (NC) consists of samples
without addition of PrP%. Samples were subjected to one round of 48 PMCA cycles (24 h) and
analyzed by western blot after proteinase K digestion. NBH correspond to transgenic mice normal
brain homogenate, used as a migration control. Lanes on the left of each blot represent molecular
weight standards (34 KDa, 26 KDa and 17 KDa). Please see the original Western blot image in the
Supplementary Material.

3.2. Estimation of IC50 for Compounds’ Activity

Using PMCA, we can also estimate the half-maximal inhibitory concentration (IC50).
For this purpose, we tested the inhibitory activity in prion replication of different dilutions
of vCJD brain homogenate in the presence of distinct concentrations of MB (Figure 3A).
The data shows that high concentrations of MB (>25 uM) completely block prion replica-
tion even when using high amounts of vCJD PrPS¢ (low dilutions of brain homogenate),
whereas low MB concentrations (<2 uM) produced no significant effect on prion replication
(Figure 3A). To calculate IC50 we plotted the inhibitory activity (expressed as the last dilu-
tion in which the signal is observed) versus the logarithm of MB concentration (Figure 3B).
For MB, we estimated an IC50 of 7.7 uM against vCJD prions.
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Figure 3. Estimation of IC50 for methylene blue anti-prion activity. (A), The effect of different
concentrations of methylene blue (MB) on vCJD prion replication was evaluated at different dilutions
of vCJD brain homogenate. Samples were incubated with the compound and 48 PMCA cycles
(24 h) were done to asses prion replication by western blot. (B), The IC50 can be estimated from the
experiment in panel A, by plotting the inhibitory activity (expressed as a last dilution in which signal
is observed) versus the logarithm of the compound concentration. Negative control (Neg) consists
of samples without addition of PrP>. Samples were subjected to one round of 48 PMCA cycles
(24 h) and analyzed by western blot after PK digestion. NBH correspond to transgenic mice normal
brain homogenate, used as a migration control. Lanes on the left of each blot represent molecular
weight standards. Please see the original Western blot image in the Supplementary Material.

3.3. Initial Structure-Activity Relationship Studies

To begin structure-activity relationship studies of the best inhibitor in this set, we
searched for chemical derivatives of MB (3,7-bis(dimethylamino)-phenothiazin-5-ium chlo-
ride) and identified two compounds: azure A (N’,N’-dimethylphenothiazin-5-ium-3,7-
diamine chloride) and thionine acetate (3,7-Diamino-5-phenothiazinium acetate) (Figure 4A)
with similar chemical structure. We tested the effect of these derivatives in inhibiting prion
replication of RML, CWD, BSE and vC]D PrP5¢. The results show that while azure A
retains activity, thionine acetate has a lower activity for CWD and vC]D (Figure 4B). Inter-
estingly, all three compounds completely inhibited RML and BSE prions at a concentration
of 100 uM.
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Figure 4. Preliminary structure-activity relationship studies. (A), Two close derivatives of MB,
including azure A and thionine acetate were used to study the effect of chemical groups substitutions
on MB activity. (B), Activity of the MB’s derivatives was studied as in Figure 2. Negative control (NC)
consists of samples without addition of PrP%. Samples were subjected to one round of 48 PMCA
cycles (24 h) and analyzed by western blot after PK digestion. NBH correspond to transgenic mice
normal brain homogenate, used as a migration control. Lanes on the left of each blot represent
molecular weight standards (34 KDa, 26 KDa and 17 KDa). Please see the original Western blot image
in the Supplementary Material.

4. Discussion

PrDs remain 100% fatal and, hence, one of the largest unmet needs in the field is to
identify drugs capable of stopping or slowing down the progression of these devastating
diseases. The main obstacles to the development of effective anti-prion drugs are the
rapidly progressing nature of the disease, the unorthodox nature of the prion infectious
agent, the exponential increase in the quantity of prions during the disease because of self-
propagating prion replication, the need for compounds to effectively cross the blood-brain
barrier, and the rare and heterogeneous clinical presentation of the disease [6,7,43,44]. The
key hallmark of PrDs is the misfolding and aggregation of the prion protein (PrP5¢), which
can self-propagate its misfolding at the expense of the cellular prion protein (PrP®). Many
studies have been conducted to identify and evaluate potential drug candidates [6,7,43,44].
A diversity of compounds and strategies have been studied, including various chemical and
natural compounds targeting either PrPC,PrPS¢ or other putative players in the pathogenic
mechanism [7,44-46]. Other proposed anti-prion treatments include passive and active
immunization strategies, peptides, aptamers, and PrPC-directed RNA interference tech-
niques. A recent article by Zattoni and Legname [7], described a complete overview of
the different reported strategies, including the list of compounds and the patents filed.
Despite many publications and patents, only 6 clinical trials have been conducted so far
to assess the therapeutic utility of diverse compounds, including flupirtine, quinacrine,
doxycycline, pentosane polysulfate, the prion protein monoclonal antibody PRN100 and
an anti-sense oligonucleotide [43]. Unfortunately, none of these trials produced significant
therapeutic benefits.

In this study, we tested the effect of eight chemical compounds that have been shown
previously to alter prion replication in different model systems. Prion replication was
measured by PMCA, using simultaneously prions from four different species: mouse
RML, human vCJD, cattle BSE and cervid CWD. Our results showed that five out of eight
compounds tested (Congo red, tannic acid, curcumin, quinacrine and MB) produced some
anti-prion activity (Figure 2). Interestingly, some of these molecules inhibited differentially
some prions and not others. Of note, four of the five compounds only inhibited replication
of experimental RML prions. These results suggest that searching for molecules using
exclusively experimental prions in rodent models may not be translatable to human prions.
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Out of the compounds tested, only MB produced a complete inhibition at the concentration
tested in all prion species (Figure 2). However, since we measured prion replication at
24 h, it is not possible to rule out whether prion replication would still occur at longer
times of the PMCA reaction. To study in more detail the inhibitory activity of MB, we
used different concentrations of the molecule against vC]JD prion replication (Figure 3).
The results indicated that while concentrations of MB higher than 25 tM completely block
prion replication, MB concentrations lower than 2 uM produced no significant effect on
prion replication. We estimated the IC50 for MB as 7.7 uM (Figure 3). Finally, to begin
attempting to understand the key chemical groups for activity, we tested the effect of two
close derivatives of MB, azure A and thionine acetate (Figure 4). Thionine acetate only
partially inhibited vCJD and CWD, while showing complete inhibition of RML and BSE
prions (Figure 4). On the other hand, azure A showed an activity comparable to MB, except
perhaps lower inhibitory capacity for CWD prions.

The results of this study suggest that PMCA is a powerful tool to identify and evaluate
anti-prion compounds. The main advantage of PMCA is that it reproduces faithfully the
process of prion replication while conserving the infectious and strain properties of prions.
Furthermore, PMCA enables testing simultaneously various species and strains of prions,
which is important since several molecules that were effective in murine prion models
showed no activity in human studies. The main limitation of PMCA for drug screening is
the low throughput of the assay. However, we believe this could be overcome by changing
the format of the assay to ELISA plates, utilizing an easier readout (e.g., ELISA) and/or
robotizing the assay. Another limitation is that PMCA can only test for inhibitors of prion
replication and will miss molecules acting at other targets, such as prion neurotoxicity,
clearance or expression.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom14091113/s1, The original Western blot image western
blot image.
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Abstract: Mitochondria, the energy hubs of the cell, are progressively becoming attractive targets
in the search for potent therapeutics against neurodegenerative diseases. The pivotal role of mito-
chondrial dysfunction in the pathogenesis of various diseases, including Parkinson’s disease (PD),
underscores the urgency of discovering novel therapeutic strategies. Given the limitations associated
with available treatments for mitochondrial dysfunction-associated diseases, the search for new
potent alternatives has become imperative. In this report, we embarked on an extensive screening of
4224 fractions from 384 Australian marine organisms and plant samples to identify natural products
with protective effects on mitochondria. Our initial screening using PD patient-sourced olfactory
neurosphere-derived (hONS) cells with rotenone as a mitochondria stressor resulted in 108 promising
fractions from 11 different biota. To further assess the potency and efficacy of these hits, the 11 biotas
were subjected to a subsequent round of screening on human neuroblastoma (SH-SY5Y) cells, using
6-hydroxydopamine to induce mitochondrial stress, complemented by a mitochondrial membrane
potential assay. This rigorous process yielded 35 active fractions from eight biotas. Advanced analysis
using an orbit trap mass spectrophotometer facilitated the identification of the molecular constituents
of the most active fraction from each of the eight biotas. This meticulous approach led to the discov-
ery of 57 unique compounds, among which 12 were previously recognized for their mitoprotective
effects. Our findings highlight the vast potential of natural products derived from Australian marine
organisms and plants in the quest for innovative treatments targeting mitochondrial dysfunction in
neurodegenerative diseases.

Keywords: mitochondria modulators; high-throughput screening; natural products

1. Introduction

The mitochondrion, often referred to as the cell’s “powerhouse” is pivotal for the
functioning of eukaryotic cells, as it is responsible for most of the chemical energy supply
needed to fuel cellular activities. This energy is mainly produced through oxidative
phosphorylation (OXPHOS), a process that generates chemical energy stored as adenosine
triphosphate (ATP), which is used to power complex biochemical processes in the cell [1,2].
In addition to their central role as the site of chemical energy generation, mitochondria are
also crucial in regulating healthy cellular apoptosis, calcium homeostasis, biosynthesis of
lipids and amino acids, and generating reactive oxygen species (ROS).

Neurons, with their high energy demands, contain hundreds of thousands of mito-
chondria, which are responsible for meeting most of their ATP needs for the functioning
of the CNS [3-5]. The quality of these mitochondria is critical, as they must be highly
functional to support the complex activities of neurons in the CNS [3]. Dysfunction in
mitochondria, particularly in the OXPHOS system, has been linked to various diseases,
notably neurodegenerative disorders like Parkinson’s disease (PD), Huntington’s disease,
and Alzheimer’s disease [2,3,6-9]. The mechanisms behind these links are multifaceted.
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Firstly, diminished ATP production due to impaired mitochondrial function plays
a significant role in the energy deficits observed in neurons affected by these diseases.
Such deficits can compromise neuronal function and survival, potentially leading to cell
death [3,5,10]. Secondly, about 90% of ROS are generated as by-products of the OXPHOS
process [1,6,11,12]. Although ROS serve as signaling molecules under normal conditions,
their overproduction or the failure of antioxidant defenses can induce oxidative stress,
harming DNA, proteins, and lipids. This oxidative damage, a common feature of neurode-
generative diseases, likely drives further neuronal damage [3,5]. Thirdly, mitochondria
play a key role in regulating intracellular calcium levels, which are crucial for various
cellular processes, including neurotransmitter release, synaptic plasticity, and cell survival.
Mitochondrial dysfunction can lead to dysregulated calcium homeostasis, exacerbating
neuronal injury and death [1,6]. Fourthly, impaired mitophagy, a specific form of autophagy
that removes damaged mitochondria from the cell, has been linked to neurodegenerative
diseases such as PD [13,14]. Mutations in genes like PINK1 and Parkin, which are in-
volved in mitophagy, can cause genetic PD, underscoring the importance of mitochondrial
quality control in neurodegeneration [15,16]. Lastly, mitochondria play a crucial role in
the intrinsic apoptosis pathway by releasing pro-apoptotic factors such as cytochrome
C. Dysregulation of apoptotic signaling pathways due to mitochondrial dysfunction can
trigger inappropriate neuronal cell death, contributing to neurodegeneration [12,17,18].

Recognizing the pivotal role of mitochondrial function in various diseases, extensive
research has focused on identifying compounds that can modify mitochondrial functions.
Compounds such as berberine, resveratrol, and epigallocatechin-3-gallate are known to
trigger mitochondrial biogenesis and influence mitochondrial dynamics by promoting
both fusion and fission [19-25]. Curcumin and its derivatives have been demonstrated to
regulate mitochondrial dynamics to remedy dysfunction, and flavonoids like quercetin
have shown potential in ameliorating memory impairment through mitochondrial regula-
tion [26-31]. Additionally, compounds such as polydatin and acacetin have been found
to induce mitophagy, enhancing mitochondrial function and offering protective effects in
disease models [32,33]. Although these products show promise in enhancing mitochon-
drial function and offering disease model protection, the variability in the effectiveness of
these compounds across different cell types and disease models highlights the need for
more targeted approaches in their application and calls for novel, safe, and more potent
mitochondrial modifiers.

Throughout history, natural products have served as the foundation of modern drug
discovery. Notably, about half of FDA-approved drugs are either unmodified natural
products or their synthetic derivatives [34,35]. Interest in natural product drug discovery
seems to have waned over time; however, there has been a resurgence of interest in and
commitment to natural product drug discovery in recent years [36,37]. This, in part, is due
to technological advancement that has made it possible to screen thousands to hundreds of
thousands of molecules against disease targets in a very short timeframe [36-38].

In our search for mitochondrial modulators with protective effects, we have estab-
lished high-throughput screening assays and tested fractions sourced from a wide variety
of Australian plants and marine sponges. These fractions have been obtained using a
customized lead-like fractionation protocol developed in our laboratory [36]. To target
lead-like natural products more efficiently, we diverged from the conventional approach
of testing crude extracts. Instead, we directly examined 4224 fractions from 384 biota
samples employing the CyQuant assay, a highly sensitive, quick, and robust cell viability
assay [39]. Twenty fractions, representing 11 biota samples, were identified to protect the
cells from rotenone, a mitochondrial complex I inhibitor [40]. Subsequently, the fractions
from 11 active biota were further evaluated for their mitochondria modulatory activities
using an MTT assay targeting mitochondrial nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent dehydrogenases [41,42], as well as a mitochondrial membrane po-
tential (MMP) assay for protection against neurotoxins. Finally, the most active fractions
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were subjected to LC-Orbitrap MS analysis to identify natural products that can defend the

mitochondria from toxic assaults (Figure 1).

CyQuant Assay

l

Orbit trap LCMS

384 Biotas
(4224 Fractions : MTT Assay ﬂ»
45 new and 12 known
ﬂ mt modulators
MMP Assay

Figure 1. Flow chart of the study.

A common approach utilized to search for mitoprotective metabolites is to test com-
pounds largely based on previously reported antioxidant or neuroprotective activity [43—45].
This work diverges from that by screening a large library of natural products to boost
the chances of finding novel mitoprotective compounds. Overall, we have successfully
established and implemented a robust process for the identification of mitoprotective com-
pounds from natural products using a stepwise combination of three different assays, two
cell lines, and two mitochondrial toxins. We have also described how each assay seamlessly
dovetails with the next, leading to the identification of 57 metabolites, including 45 new
mitoprotective compounds.

2. Materials and Methods
2.1. Ethics Statement

This work uses patient-derived cells which were collected under the ethical approval
of the Griffith University ethics committee. Human olfactory neurosphere-derived cells
were derived from nasal biopsies following approved ethical standards, as previously
reported by Cook et al. [46]. The human neuroblastoma cell line SH-SY5Y was obtained
from the ATCC (CRL-2266), Manassas, VA, USA.

2.2. Cell Culture

Human olfactory neurosphere-derived (hONS) cells were obtained from biopsies of
the olfactory mucosa of PD patients and healthy controls [47,48]. The hONS cell line was
cultured in DMEM/F-12 medium (Gibco, Invitrogen, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (Gibco, Invitrogen) and incubated at 37 °C with 5% COs,.

The SH-SY5Y cells were cultured in DMEM/F-12 (Sigma Aldrich, St. Louis, MI, USA)
medium supplemented with 10% fetal calf serum, 5% non-essential amino acids, and 5%
glutamax (Gibco, Invitrogen) and incubated at 37 °C with 5% COs.

2.3. Plant Material

Biota samples were obtained from NatureBank, Vancouver, BC, Canada, a unique
drug discovery platform that focuses on extracts and fractions of a diverse range of natural
products sourced from Australian plants, fungi, and marine organisms [49]. The 384 biota
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samples screened in this project were Australian plants and marine sponges sourced from
Queensland and were selected based on availability at the request time.

2.4. Extraction and Fractionation

The 384 biotas obtained from NatureBank were extracted using a modified lead-like
extraction protocol previously established by NatureBank [36,50]. Briefly, plant material
(600 mg) was washed in a solid-phase extraction cartridge with 4 mL of hexane to remove
fatty components, followed by extraction with 4 mL of dichloromethane and methanol,
successively. The hexane phase was discarded, while the dichloromethane and methanol
extracts were combined and dried. The dried extracts were reconstituted in methanol and
passed through polyamide gel to remove tannins, and the extracts were dried and stored.
Marine sponges were extracted in a similar way with 4 mL dichloromethane/methanol
(80:20 v/v) followed by 4 mL methanol.

Extracts were fractionated using the lead-like fractionation protocol developed by
NatureBank [50]. Briefly, the lead-like extracts dissolved in DMSO were subjected to HPLC
separations using a Phenomenex Onyx Monolithic C;g column (4.6 mm x 100 mm) with a
gradient solvent system of MeOH:H,O (0.1% TFA), as shown in Table 1. Fractions were
collected every 60 s over 11 min. A total of 4224 fractions were collected for testing.

Table 1. HPLC solvent gradient.

Time MeOH (%) H,0 (%) Flow Rate (mL)
0.01 10 90 4
3.00 50 50 4
3.01 50 50 3
6.50 100 0 3
7.00 100 0 3
7.00 100 0 4
8.00 100 0 4
9.00 10 90 4
11.00 10 90 4

2.5. Cell Viability Assays

CyQuant assay

A CyQUANT Cell Proliferation Assay Kit (Life Technologies, Carlsbad, CA, USA) was
used to evaluate the cellular response of hONS cells to rotenone, as described by Murtaza
et al. [47]. Cells were seeded at 625 cells per well in a 384-well plate and treated with
200 nm rotenone for 96 h. The fluorescence intensity of each sample was measured using
the Synergy?2 plate reader (Biotek Instruments, Winooski, VT, USA) set with an excitation
of 485 nm and emission detection at 530 nm.

MTT assay

To enhance cell adhesion, all plates were pre-treated with 0.01% w/v poly-D-lysine
(Sigma Aldrich, St. Louis, MI, USA) at least 3 h before the assay. Cells were seeded at an
optimized density of 5 x 10% cells/well in a 96-well plate, leaving 3 empty wells as controls.
The MTT assay was performed as previously described [51], the cells were incubated at 37
°C for 24 h, and then treated with 100 pg/mL of DMSO-solved fractions for 2 h at a final
DMSO concentration of 0.5%. After pretreatment with fractions, cells were subjected to
6-OHDA challenge at the working concentration of 60 uM in FBS-free media, followed by
incubation for another 24 h. To quantify cell viability based on mitochondrial function,
the cells were incubated with 0.5 mg/mL MTT and incubated for 4 h at 37 °C. To dissolve
insoluble formazan crystals produced from reducing MTT by the cells, 80 uL of 20% SDS
was added, and plates were wrapped with foil and placed on an orbital shaker at 100 rpm
for 4 h at room temperature. The absorbance of solubilized formazan products was then
measured at 570 nm.
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2.6. Mitochondrial Membrane Potential (MMP) Assay

A Codex Homogeneous Mitochondrial Membrane Potential Assay Kit (Codex BioSolu-
tions, Inc., Gaithersburg, MD, USA) was used for the MMP assay; the assay was performed
in line with the manufacturer’s protocol and as described by Sakamuru et al. [52] with some
modifications. To determine the appropriate toxin dose, cells were seeded at an optimized
density of 5 x 10% cells/well in a 96-well plate. After 24 h, culture media were replaced
with 100 pL media containing 6-OHDA concentrations ranging from 1.56 pM to 200 uM
and incubated for 6 h at 37 °C. When fractions were tested, fractions solved in DMSO were
added to the wells at 100 pg/mL 30 min after the addition of 6-OHDA at the optimized
concentration. After incubation, the cells were loaded with the mitochondrial membrane
potential indicator (m-MPI) and incubated at 37 °C for 30 min. The plate was subsequently
washed once with 1X m-MPI assay buffer, after which 80 uL of 1X m-MPI assay buffer was
added to each well for reading of the plate with a Spectramax iD5 Multi-Mode Microplate
reader. The mitochondrial membrane potential was quantified by the ratio between the
J-aggregate form of the mitochondrial MPI indicator (m-MPI) with green fluorescence
(485 nm excitation and 535 nm emission) and the monomer form of the m-MPI with red
fluorescence (540 nm excitation and 590 nm emission).

2.7. Untargeted Phytochemical Characterization of Active Fractions by HRMS

Acquisition of the phytochemical profile of fractions was carried out on a Vanquish™
Flex UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA) connected to an
Orbitrap Exploris 120 mass spectrometer (Thermo Scientific, Waltham, MA, USA). Separa-
tion of fractions was achieved on a Phenomenex Luna C18 column, (2.1 mm x 100 mm,
1.7 um) using a mobile phase of A: 0.1% formic acid in water and B: methanol at a flow rate
of 0.6 mL/min. The gradient program was as follows: 0 min, 10% B; 5 min, 10% B; 15 min,
100% B; 20 min, 10% B. The injection volume was 5 pL, and the column temperature was
set at 35 °C.

Mass spectrometry data were recorded on an Orbitrap Exploris 140 mass spectrometer
equipped with a heated ESI source and operated in the positive-ion mode with the following
settings: ion spray voltage: 2.5 kV, sheath gas: 5.08 L min~!, auxiliary gas: 9.37 L min—!,
ion transfer tube temperature: 320 °C, vaporizer temperature: 350 °C, scan range (m/z):
150-2000, and collision-energy voltage: 35 V. The full scan was operated at a mass resolution
of 60,000 and MS? scan at 15,000. Data were acquired using Thermo Xcalibur software and
analyzed with Compound Discoverer 3.3.

2.8. Data Analysis

Data analysis was performed using Graph Pad Prism version 10.1 for Microsoft
windows (GraphPad Software, San Diego, CA, USA) using two-way analysis of variance,
followed by Dunnett’s multiple comparison test. Statistical significance was defined as
*p <0.05and ** p < 0.01. All determinations were performed in triplicate (at least), and
results are presented as means =+ SDs.

3. Results and Discussion
3.1. Extraction and Fractionation

A total of 384 biota were randomly chosen from NatureBank, and the extracts and
fractions were obtained using a modified lead-like extraction and fractionation proto-
col previously established by NatureBank [36,50]. This protocol has been optimized to
prioritize molecules with drug-like physiochemical properties by frontloading extracts
and subsequent fractions while excluding molecules that lack drug-like or lead-like char-
acteristics [36,50]. Generally, the lead-like extraction and fractionation protocol retains
components with a log P < 5 [36,50]. Extracts were then fractionated using HPLC, with
fractions collected at 60 s intervals for 11 min (Figure 2), resulting in 4224 fractions for
screening.
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Figure 2. A schematic chromatogram illustrating the HPLC fractionation of a representative positive
biota. Dotted lines indicate the time periods for each fraction.

3.2. Effect of Fractions on Cell Proliferation Using High-Throughput CyQuant Assay

The effect of fractions used in this study on cell proliferation was evaluated by ex-
posing PD-sourced hONS cells to rotenone in the presence of test fractions. There is a
well-established link between PD and mitochondrial dysfunction, as extensive research evi-
dence has linked PD to features of mitochondrial dysfunction, such as oxidative stress, poor
calcium homeostasis, disruption to the MMP, abnormal mitochondrial morphology, disrup-
tions to the OXPHOS process as a result of reduced complex enzyme activity, imbalanced
apoptosis, impaired mitophagy, and mitochondrial dynamics [3,14,53-56].

PD-patient derived hONS cells have been reported to show disease-specific alterations
such as mitochondrial dysfunction and oxidative damage even in the absence of mitochon-
drial toxins [48]. Hence, it was possible to aggravate mitochondrial dysfunction in these
cells and cause apoptosis using very low doses of neurotoxins, such as the 200 nm rotenone
applied in this study. Rotenone is a well-known neurotoxin that induces mitochondrial
dysfunction in cellular and animal disease models [40,47,57]. Its primary mechanism of
action involves causing mitochondrial dysfunction by inhibiting mitochondrial complex
I, an enzyme critical to the oxidative phosphorylation process [40]. Numerous studies
have shown that the inhibition of mitochondrial complex I activity is accompanied by
deleterious effects, such as impaired mitochondrial biogenesis and dynamics, oxidative
stress, decreased ATP production, and apoptosis [40,57]. To identify modulators within the
4224 selected fractions affecting rotenone-induced toxicity in hONS cells, we first employed
the CyQuant assay, a fluorescence-based method for quantifying and assessing cell prolifer-
ation and cytotoxicity [39]. We calculated Z-scores for all vehicle control-treated samples
and set a threshold of a Z-score in the range of —2.5-2.5. The CyQuant values for all
extract-treated samples were normalized to control-treated samples, and a relative Z-score
was calculated based on the means and standard deviations of all control-treated samples.
Figure 3 shows the relative Z-scores for all samples together with the threshold values as
indicated by the two red lines. There were 108 fractions with relative Z-scores outside the
threshold range; these constituted the initial hits. The 108 fractions were subsequently
subjected to a confirmatory round (in triplicate) of the assay using the same parameters as
the first. This resulted in 20 hit fractions with relative Z-scores ranging from —2.5 to 2.5.
The 20 fractions were from 11 biotas (Table 2), which included eight Australian plants and
three marine sponges (Figure 4).
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Figure 3. High-throughput screening of 4224 fractions obtained from NatureBank generating 108
hits. The two red lines indicate a relative Z-score of —2.5-2.5. Grey dots: fractions, blue dots: cells
treated with vehicle only.

Table 2. List of eleven biotas from which hits were obtained during the second round of screening.

Genus Species Source
1 Balanops <None> Plant
2 Alnus trabeculosa h-m. Plant
3 Anredera <None> Plant
4 Furcraea <None> Plant
5 Cestrum <None> Plant
6 Tlex <None> Plant
7 Balanophora <None> Plant
8 Rhaphoxya 3249 Marine
9 Aaptos aaptos Marine
10 Dendrilla 3106 Marine
11 Ternstroemia <None> Plant

3.3. Evaluating the Mitoprotective Effects of Hit Fractions by MTT Assay

To further validate the hits from the high-throughput CyQuant assay and assess their
efficacy and potency, different cell models and assays were employed. Mitochondria exhibit
tissue-specific properties and are known to show differences across tissues and cell lines [58].
Furthermore, PD patient-sourced hONS cells are primary cells, presenting diverse genetic
and morphological characteristics among individual PD patients, which further complicates
the validation process [48]. Given these considerations, we opted to confirm our findings
from the CyQuant high-throughput screening using the human neuroblastoma cell line
SH-SY5Y. SH-SY5Y cells resemble human dopaminergic neurons in many aspects and are
widely used as model cells for studying mitochondrial dysfunction [59]. A recent review
highlighted that approximately 41% of studies focusing on mitochondrial dysfunction used
the SH-SY5Y cell line [1]. This is unsurprising, given that neuronal cells have high energy
demands. Mitochondria play a crucial role in their health and functionality, catering to
their high metabolic needs [1-3]. To establish a robust assay, we optimized conditions
such as cell seeding density, the choice of neurotoxin and toxin concentration, and the
DMSO tolerability of the cells. An optimized seeding density of 5.0 x 10* cells/well
in a 96-well plate was established for SH-SY5Y cells, and three mitochondrial complex
I inhibitory neurotoxins, namely, 6-hydroxydopamine (6-OHDA) [60,61], rotenone [40],
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and 1-methyl-4-phenylpyridinium (MPP*), were tested [59]. DMSO was used as a carrier
control.
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Figure 4. High-throughput screening of 108 fractions, leading to 20 fractions from 11 biotas. Grey
dots: fractions, blue dots: cells treated with vehicle only. The two red lines indicate a relative Z-score
of —2.5-2.5.

As shown in Figure 5, rotenone showed a relatively low apparent ICsy of 0.59 uM.
However, it presented minimal efficacy of ~30% due to a significant solubility challenge, as
it forms precipitates in culture media. MPP* has no solubility issues. However, it exhibited
very low potency towards the SH-SY5Y cells. In contrast, 6-OHDA showed almost 100%
efficacy and a moderate potency. Therefore, 6-OHDA was selected as the most suitable
toxin to induce mitochondrial dysfunction, and a working concentration of 60 pM was
used to maintain a cell viability range of 50-70%, allowing for scalability in the following
large-scale experiments.

120+ -+ DMSO (|C50= 371.1 nM)

100+ — B6-OHDA (ICso= 54.03 pM)
80- -= Rotenone (IC5o= 0.59 uM)
60- -~ MPP* (ICs0= 3.93 nM)
40+
20+
0_

Cell Viability (%)

Log Concentration (M)

Figure 5. Dose-response curves for rotenone, MPP*, 6-OHDA, and DMSO in SH-SY5Y cells. Assays
were performed in three biological repeats, with two technical repeats for each biological repeat.
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SH-SY5Y cells can tolerate a DMSO concentration of up to 1% v/v in culture media,
maintaining at least 91% cell viability. To keep the DMSO concentration minimal without
affecting the solubility of the fractions, the DMSO concentration was kept at 0.5% in the
media containing tested fractions in the following studies.

For all 11 biotas, fractions 1-7 were tested for their protective effect on the mitochondria
at concentrations of 100, 50, and 25 pg/mlL, using the optimized MTT assay conditions
(Figure 6). We excluded fractions 8-11 due to their minimal mass, which rendered them
unsuitable for functional tests. The controls encompassed untreated cells, cells treated
with DMSO, cells treated with 6-OHDA, and cells treated with 6-OHDA + DMSOQO. Treated
groups were cells incubated with fractions in the presence of 6-OHDA and DMSO. Any
fraction with statistically significant cell viability above that of cells treated with 6-OHDA
and DMSO, which was 38.98%, was considered protective. Due to the number of data, only
fractions showing significant protection against 6-OHDA-induced toxicity are shown in
Figure 6. However, the full data sets for all 11 biotas, including inactive fractions, have
been included in the Supplementary Materials. A total of 77 fractions were tested, and 40
(51.94%) fractions showed statistically significant protection (p < 0.05) against 6-OHDA-
induced toxicity at a treatment concentration of 100 pug/mL (Figure 6A). Furthermore,
28 (36.36%) and 31 (40.26%) fractions showed statistically significant protection at lower
concentrations of 50 and 25 ug/mL, respectively (Figure 6B,C).
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= ®
:; 80 | [ I :‘; 80
S 60~ s 601 ]
> >
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Fractions (100 pg/ml) Fractions (50 pg/ml)

C 120-
__ 1004 &
= Bl Untreated cells B Dendrilla sp.
Zz 801 mu Cells + DMSO B Cestrum sp.
:c': 60 ] Cells + 6-OHDA Rhaphoxya sp.
> o Cells + DMSO + mm Aaptos sp.
3 6-OHDA B Balanophora sp.

20- Bl Temstroemia sp. mm Anredera sp.

0 Bl Alnus sp. B Balanops sp.

Ctrl 1 2 3 4 5 6 7
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Figure 6. MTT assay of fractions at (A) 100 pg/mL, (B) 50 pg/mL, and (C) 25 pg/mL. * p < 0.05 when
fractions are compared to cells + DMSO + 6-OHDA.

To a very large extent, the data from the MTT assay corroborate the results from the
CyQuant assay, with 18 of the initial 20 hits from the CyQuant assay returning as positive
despite the different cell model and assay. This, essentially, is a strong indicator that these
fractions potentially contain protective mitochondrial modulators.

It is also noteworthy that fraction F7 of Ternstroemia sp. (Figure S12), F1-F7 of Ilex
sp. (Figure S12), and F1-F7 of Furcraea sp. (Figure 513) showed significant toxicity to the
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mitochondria at both 50 and 25 pg/mlL, resulting in lower cell viability when compared
to the control group. These results suggest that these fractions could potentially contain
mitochondrial modulators with toxic effects on the mitochondria. This is remarkable, and
compounds responsible for this effect are potentially relevant in the treatment of diseases
like cancer, with the mitochondrion strongly emerging as a target for cancer therapy, as
there is increasing research evidence showing that inducing mitochondrial toxicity by
targeting OXPHOS could be a potent way to destroy cancer cells [62-64].

3.4. Evaluating the Mitoprotective Effects of Fractions by Mitochondrial Membrane Potential
(MMP) Assay

To further ascertain that the active fractions identified from the MTT assay were indeed
acting on mitochondria, it was essential to use an assay with greater mitochondrial speci-
ficity. Hence, the active fractions were further tested using the mitochondrial membrane
potential (MMP) assay:.

ATP is generated in the mitochondria through the electron transport chain by creating
an electrochemical gradient through a series of redox reactions [52,65]. This electrochemical
gradient generates MMP, which is a direct measure of ATP production ability and a key
metric for evaluating mitochondrial function and overall cellular health [65,66]. A decrease
in MMP is one of the main features of mitochondrial dysfunction, and this decrease has
been linked to apoptosis [52,66,67].

MMP was evaluated using the water-soluble mitochondrial membrane potential indi-
cator (m-MPI), a dye that aggregates in healthy mitochondria as red fluorescent monomers
emitting light at 590 nm [52]. When the MMP is depolarized, the m-MPI dye transitions
to green fluorescent monomers with emission at 535 nm. The ratio between these two
fluorescence values can then serve as a measure of MMP [52,67]. A total of 34 fractions with
at least 60% efficacy at 100 ug/mL from the MTT assay were subjected to the MMP assay.
We found that 6-OHDA induced mitochondrial dysfunction in SH-SY5Y cells by reducing
MMP, with a mere 1.56 pM concentration decreasing MMP by more than 56% (Figure 7A).
All the tested fractions, except for fraction F7 of Dendrilla sp. (11.42%), restored MMP to
levels ranging between 36% and 134% when compared to cells treated with 6-OHDA and
DMSO, where the level was 20.56% (Figure 7B). Notably, fraction F2 of Balanophora sp. fully
restored MMP, followed by fractions F3 of Dendrilla sp. and F6 of Aaptos sp., which restored
MMP to levels above 80%.

These findings corroborate the data from the MTT assay and further confirm that the
selected fractions potentially contain components capable of rescuing mitochondria from
toxic attacks.

3.5. Chemical Constituents of Selected Active Fractions

In Table 3, we present the top eight most active fractions, which exhibit MMP activities
ranging from 60% to 133%. Additionally, we detail their CyQuant, MTT, and MMP activities,
along with the corresponding mitoprotective compounds identified from these fractions.

These fractions were selected for orbitrap LCMS chemical profiling, and the data
were analyzed using compound discoverer 3.3 with a native untargeted natural products
identification workflow. Mass data were searched in the Chemspider database, while
a spectral similarity search was performed in mZcloud for MS? fragmentation data of
detected compounds. Compounds with at least 70% mZcloud match confidence and a
mass error between —2 ppm and +2 ppm were selected, resulting in the identification of
57 compounds across eight fractions. Table 4 shows a list of identified compounds from all
the positive biota fractions with their retention times, molecular formulae, and molecular
weights. The extracted ion chromatogram and mass spectra of analyzed fractions are
included in the Supplementary Materials (Figure S14-520).
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Figure 7. (A) Dose-response curve for SH-SY5Y cells exposed to 6-OHDA using the mitochondrial
membrane potential (MMP) assay. (B) Analysis of selected active fractions identified in the MTT
assay through the MMP assay. All the analyzed fractions, except for fraction 7 from Dendrilla sp.,
showed significant mitochondrial protective effects compared to the control group of cells treated
with DMSO and 6-OHDA (** p < 0.01).

Table 3. Summary data for all eight fractions and identified mitoprotective compounds.

CyQuant MTT (%) MMP (%) Compound(s)
Cell + 6-OHDA + DMSO X 38.98 20.58 -
Ternstroemia sp._F4 \/ 67.70 75.04 1,4,6,7,9,10, 12
Cestrum sp._F1 4 63.39 65.69 45,8,
Alnus sp._F4 v 59.24 79.15 1,3,10,11
Balanophora sp._F2 v 68.27 133.39 2
Anredera sp._F1 v 65.82 68.76 10
Aaptos sp._F6 Vv 72.83 84.52 -
Dendrilla sp._F3 Vv 74.82 83.90 8,10
Rhaphoxya sp._F3 v 75.44 60.78 -

Table 4. Identified compounds from UHPLC-Orbitrap Ms.

Name RT (min) MF MW

Ternstroemia sp._F4
1 NP-019811 0.56 CgH7NO, 125.04765
5,7-Dihydroxy-2-(4-hydroxyphenyl)-6,8-bis [3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl]-4H-chromen-4-one
(25S,3R 4S,55,6R)-2-[4-(2-hydroxyethyl)phenoxy]-6-
(hydroxymethyl)oxane-3,4,5-triol

0.97 CpyHz0015 594.15819

1.06 C14H00;7 300.12041
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Table 4. Cont.

Name RT (min) MF MW
4 Esculin 1.07 C15H1609 340.07921
5 7-hydroxy-6-methoxy-2H-chromen-2-one 1.15 Cy0HgOx4 192.04201
6 Taxifolin 1.37 C15H1207 304.05798
7 Fraxetin 1.38 C10HgOsg 208.03696
8 3,4-Dihydroxybenzaldehyde 1.42 CyHgO3 138.03163
9 5-(6-hydroxy-6-methyloctyl)-2,5-dihydrofuran-2-one 2.26 Cy3H203 226.15672
10 Vanillin 2.45 CgHgO3 152.04727
1 (2R,3S,4S,5R,6R)—2—(hydroz}j?;’ct};i)l()ll)—6—(2—phenyleth0xy)oxane— 296 CraHngOg 284.12577
12 Scopoletin 2.96 C10HgO4 192.04216
13 4-Coumaric acid 3.00 CyoHgO3 164.04738
14 Isoliquiritigenin 3.30 Ci5H1204 256.07338
15 Quercetin 3.88 C15H190y 302.04265
5-hydroxy-3-(4-methoxyphenyl)-7-[(3,4,5-trihydroxy-6-{[(3 4,5
16 trihydroxy-6-methyloxan-2-yl)oxy]methyljoxan-2-6-methyloxan-2- 4.03 CrgH3,014 592.17931
yl)oxy]methyl}joxan-2-yl)oxy]-4H-chromen-4-one
17 3-amino-2-phenyl-2H-pyrazolo [4,3-c]pyridine-4,6-diol 5.48 C12H19gN4O» 242.08023
(3aR,7aS5,85,9aR)-5,8-dimethyl-3-methylidene-
18 2H,3H,3aH ,4H,6H,7H,7aH,8H,9H,9aH-azuleno 7.16 Cq15H1503 246.12546
[6,5-b]furan-2,6-dione
19 12-Aminododecanoic acid 8.90 C12Hp5NO, 215.18846
Cestrum sp._F1
1 Agmatine 0.45 CsHy4Ny 130.12168
2 Nicotinic acid 0.83 C¢HsNO, 123.03203
3 N,N’-Diphenylguanidine 0.92 Cy13H13N3 211.11072
4 Vanillin 2.44 CgHgO3 152.04753
5 NP-007065 4.04 CgH190O3 154.06290
6 4-Phenylbutyric acid 4.27 C1oH120, 164.08365
7 Cantharidin 9.05 C10H1204 196.07384
8 NP-000925 9.87 C17H1605 300.09947
9 Pinocembrin 10.06 Ci5H1204 256.07314
Alnus sp._F4
1 NP-019811 0.55 C¢HyNO, 125.04747
2 Nicotinic acid 0.87 CeHs5NO, 123.03188
3 2,3,4,9-Tetrahydro-1H-f-carboline-3-carboxylic acid 1.35 C1pH12N>,O, 216.08965
4 Fraxetin 2.15 C19oHgOs5 208.03697
5 Syringic acid 3.13 CoH1905 198.05271
6 Isovanillic acid 3.33 CgHgOy4 168.04217
7 Isoferulic acid 3.33 C10H1904 194.05776
8 Naringenin 7.06 C15H1705 272.06819
9 Vanillin 8.01 CgHs05 152.04720
Balanophora sp._F2
1 Nicotinamide 0.78 C¢HgN,O 122.04791
2 3/-Adenosine monophosphate (3'-AMP) 0.98 C1oH14N5O,P 347.06261
3 3-(2-methylpropyl)-octahydropyrrolo [1,2-a]pyrazine-1,4-dione 3.03 C11H1sN, O, 210.13658
4 NP-007065 4.00 CgH1903 154.06297
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Table 4. Cont.

Name RT (min) MF MW
Anredera sp._F1
1 L-Aspartic acid 0.66 C4H7NOy 133.03739
2 Nicotinic acid 0.86 Ce¢HsNO, 123.03193
3 L-Phenylalanine 0.88 C9H11NO, 165.07886
4 Vanillin 243 CgHgO3 152.04729
5 4-Phenylbutyric acid 3.13 C10H120; 164.08362
Aaptos sp._F6
1 Pulegone 7.95 C10H160 152.12012
2 NP-022512 8.67 C13H19NO 205.14656
3 NP-019636 15.25 CoHgOy4 180.04219
4 Palmitoleic acid 16.69 C16H3007 254.22444
5 4-Methoxycinnamic acid 17.15 C10H1003 178.06291
6 87,117,14Z-Eicosatrienoic acid 17.66 CyoH340; 306.25477
Dendrilla sp._F3
1 Agmatine 0.49 CsHy4Ny 130.12166
2 Trigonelline 0.82 CyH7NO, 137.04752
3 Nicotinic acid 0.82 Ce¢HsNO, 123.03189
4 Vanillin 2.41 CgHgO3 152.04744
5 NP-011220 2.77 C11H15N, O, 210.13654
6 4-Phenylbutyric acid 4.24 C10H120; 164.08368
7 Cantharidin 9.04 C1oH1204 196.07358
8 (-)-Caryophyllene oxide 11.31 C15Hp40 220.18263
9 4-Phenylbutyric acid 11.76 C10H120, 164.08377
Rhaphoxya sp._F3
1 Nicotinic acid 0.82 Ce¢HsNO, 123.03196
3-[(4-hydroxyphenyl)methyl]-octahydropyrrolo
2 €y [K Iz’_a]pirzzme_};’]él_ dionZ Py 1.24 CiuHigN,O3  260.11604
3 NP-016455 2.39 C11H1sN,Oy4 242.12662
4 NP-011220 2.77 C11H1sN, O, 210.13680
5 Cyclo(leucylprolyl) 3.01 C11H1gsN>O, 210.13684
6 DL-2-(acetylamino)-3-phenylpropanoic acid 3.37 C11H13NO3 207.08954
7 4-Phenylbutyric acid 3.38 C10H120, 164.08382
8 Cyclo(phenylalanyl-prolyl) 3.70 C14H15N> Oy 244.12128
9 4-Methylumbelliferone hydrate 448 C10HgO3 176.04732
10 2-Hydroxybenzothiazole 5.03 C;H5NOS 151.00932
11 4-Methoxycinnamaldehyde 7.03 C10H1007 162.06818
12 Bis(2-ethylhexyl) amine 8.66 Ci6H3zsN 241.27669
(IR 4aS)-7-(2-Hydroxypropan-2-yl)-1,4a-dimethyl-9-oxo-3,4,10,10a-
13 carboxylic 10.63 CpoH604 330.18295
acid
14 (-)-Caryophyllene oxide 12.54 C15Hp4O 220.18265

It is noteworthy that 12 compounds identified by LC-MS have been reported to protect
against mitochondrial dysfunction, underscoring the robustness of our screening method-
ology (Figure 8). Research has shown that the majority of these compounds protect the
mitochondria by reducing oxidative stress and modulating antioxidant defense systems,
oxidative stress, and apoptotic markers [45,68,69]. In the SH-SY5Y model, fraxetin (1) pro-
tected against rotenone-induced apoptosis via the induction of the chaperone HSP70, crucial
for maintaining mitochondprial functions [70]. Fraxetin also protects mitochondria by re-
ducing ROS and apoptotic proteins, such as cytochrome ¢, Bax, and caspase-3 and -9, while
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upregulating the expression of antioxidant defense enzymes, such as SOD, GPX, and cata-
lase [69,70]. Nicotinamide (2), a precursor to nicotinamide adenine dinucleotide (NAD), has
been reported to prevent neurodegeneration in glaucoma by defending against mitochon-
drial dysfunction, boosting OXPHOS, and increasing mitochondrial size [68]. In addition to
reducing ROS, regulating oxidative enzymes, and increasing the expression of complexes I
and V, naringenin (3) upregulates ATP production, activates the PI3K/Akt/GSK-3f path-
way, improves nuclear E2-related factor 2 (Nrf2) expression, and stabilizes MMP [45,71-73].
Isoliquiritigenin (4) inhibits apoptosis by promoting increased phosphorylation of glycogen
synthase kinase-3f3 (GSK3f3) and also enhances mitochondrial biogenesis by activation of
AMP-activated protein kinase (AMPK) [74,75]. Reports have shown that pinocembrin (5)
protects brain mitochondria structure and function by decreasing ROS, restoring MMP, and
improving mitochondrial morphology [76]. This compound also exhibits antiapoptotic
effects, restores the electron transport chain, and upregulates ATP and Nrf2 [77,78]. Other
compounds like quercetin (6) [30,31,79], taxifolin (7) [80-82], agmatine (8) [83], esculin
(9) [84], vanillin (10) [85], syringic acid (11) [86-88], and 4-coumaric acid (12) [43,89] have
also been documented for their protective effects against mitochondrial dysfunction.
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Figure 8. Structure of compounds with known mitoprotective activity.

We also identified 45 new mitoprotective compounds spanning diverse structural
classes, such as alkaloids, coumarins, carboxylic acids, cinnamic acids, lipopeptides, ter-
penes, benzothiazoles, amines, amino acids, and fatty acids. While there are no reports
in the literature on the mitoprotective activity of these metabolites, some of them have
been reported to show activity in mitochondrial dysfunction-linked diseases. For exam-
ple, trigonelline, an alkaloid previously isolated from plants such as fenugreek, Japanese
radish, and coffee beans stands out for its potential to attenuate oxidative stress and show
activity in mitochondrial dysfunction-linked conditions, such as diabetes, PD, AD, stroke,
dementia, and depression [90]. Trigonelline improved memory function in AD and showed
neuroprotective and antiapoptotic effects in a 6-OHDA-induced model of PD in rats [91-93].
Our work demonstrated that these beneficial effects may at least partially be attributed to
its mitoprotective functions. Isoferulic acid and scopoletin exert their neuroprotective prop-
erties by decreasing ROS, activating the Nrf2 pathway, and suppressing apoptosis [94-97].
In this study, they were found to be promising candidates for the mitoprotective effects of
Alnus sp. and Ternstroemia sp., respectively (Table 4).
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4. Conclusions, Limitations, and Future Directions

In this study, we screened 4224 fractions derived from 384 biotas belonging to Aus-
tralia’s diverse flora and fauna for their protective effects against mitochondrial dysfunction.
We were able to identify 20 hit fractions from 11 biota in the initial round of screening using
assays based on rotenone-induced mitochondrial dysfunction in PD patient-derived hONS
cell models. These initial findings were successfully validated by MTT and MMP assays in
a 6-OHDA /SH-SY5Y model. Additionally, we identified 57 metabolites that are potentially
responsible for the activity of the eight most active hits using HRMS. Twelve metabolites
(1-12) have been previously reported to show protective effects against mitochondrial
dysfunction.

These findings strongly indicate that the described methodologies provide a robust,
effective, and rather quick approach to the screening of mitochondrial modulators, espe-
cially on a large scale. With the use of robotics, the screening approach described in this
work can be easily scaled to screen tens of thousands of compounds. Also, this method can
be readily adapted to screen for toxic mitochondrial modulators as a strategy for cancer
therapy, rather than for mitoprotective compounds, which was the focus of this work.

However, a significant limitation of this work is the reliance on databases for identify-
ing compounds, the results being inherently dependent on the contents of these databases.
Consequently, there is a considerable risk that both known and new natural products
have been overlooked. This challenge underscores the importance of further isolation
and characterization of active compounds from these biotas to precisely determine the
metabolites responsible for their mitoprotective properties and further testing of these
metabolites to understand their mechanisms of actions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /biom14040440/s1, Figure S1: HPLC Chromatogram of Ternstroemia
sp., Figure S2: HPLC Chromatogram of Alnus sp., Figure S3: HPLC Chromatogram of Balanops
sp., Figure S4: HPLC Chromatogram of Anredera sp., Figure S5: HPLC Chromatogram of Cestrum
sp., Figure S6: HPLC Chromatogram of Ilex sp., Figure S7: HPLC Chromatogram of Dendrilla sp.,
Figure S8: HPLC Chromatogram of Balanophora sp., Figure S9: HPLC Chromatogram of Aaptos sp.,
Figure S10: HPLC Chromatogram of Rhaphoxya sp., Figure S11: HPLC Chromatogram of Fucraea sp.,
Figure S12: MTT assay of fractions at 100, 50, and 25 ug/mL, Figure S13: Base peak ion chromatogram
and full mass spectra of Ternstroemia sp., fraction 4, Figure S14: Base peak ion chromatogram and
full mass spectra of Alnus sp., fraction 4, Figure S15: Base peak ion chromatogram and full mass
spectra of Anredera sp., fraction 1, Figure S16: Base peak ion chromatogram and full mass spectra of
Cestrum sp., fraction 1, Figure S17: Base peak ion chromatogram and full mass spectra of Dendrilla sp.,
fraction, Figure S18: Base peak ion chromatogram and full mass spectra of Balanophora sp., fraction 2,
Figure S19: Base peak ion chromatogram and full mass spectra of Aaptos sp., fraction 6, Figure S20:
Base peak ion chromatogram and full mass spectra of Rhaphoxya sp., fraction 3.
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Abstract: Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the loss of
dopaminergic neurons responsible for unintended or uncontrollable movements. Mutations in
the leucine-rich repeat kinase 2 locus contribute to genetic forms of PD. The fruit fly Drosophila
melanogaster carrying this mutation (LRRK2-Dm) is an in vivo model of PD that develops motor
impairment and stands for an eligible non-mammalian paradigm to test novel therapeutic approaches.
Dehydrozingerone (DHZ) is a natural phenolic compound isolated from ginger and presents anti-
inflammatory, antioxidant and neuroprotective properties, making it a potential therapeutic target
for PD. We administered DHZ and its Cy-symmetric dimer (DHZ-DIM) at 0.5 and 1 mM for 14
and 21 days in the LRRK2-Dm, with the aim of assessing changes in rescuing motor behavior,
brain dopaminergic neurons, mitochondria and synapses (T-bars). The shorter treatment with both
molecules revealed efficacy at the higher dose, improving climbing behavior with a prevention of
dopaminergic neuronal demise. After 21 days, a recovery of the motor disability, dopaminergic
neuron loss, mitochondrial damage and T-bars failure was observed with the DHZ-DIM. Our data
indicate that the DHZ-DIM exerts a more potent neuroprotective effect with respect to the monomer
in LRRK2-Dm, prompting further investigation of these compounds in rodent models of PD.

Keywords: Parkinson’s disease; nutraceutical compounds; dehydrozingerone; hydroxylated biphenyls;
natural compounds; Drosophila melanogaster; LRRK2; neuroprotection

1. Introduction

Parkinson’s disease (PD) is an age-related neurodegenerative disorder with typical
manifestation of motor symptoms that includes bradykinesia, rigidity, postural instability,
and tremor associated with several non-motor symptoms, namely, cognitive impairment,
depression, sleep disturbance and olfactory deficits [1-5]. A pathological hallmark of
the disease is the loss of dopaminergic neurons in the substantia nigra, though the pro-
cesses underlying dopaminergic cell death remain unclear, as well as the exact etiology.
However, some biochemical mechanisms are recognized as contributors to the neuropathol-
ogy: first of all, an abnormal and toxic intracellular accumulation and aggregation of
misfolded proteins, such as x-synuclein and parkin, which converge into the core of Lewy
bodies. Moreover, neuroinflammation characterized by reactive microgliosis, oxidative
stress caused by overproduction of reactive oxygen species, in combination with reactive
metabolites of dopamine, and mitochondrial dysfunction are significantly present [6-8].
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With regard to available therapies for PD, an effective preventive neuroprotective or
disease-modifying cure is currently lacking, highlighting the urgent need for novel drugs or
alternative strategies at least to halt the progression of the disease. In recent decades, many
studies have adopted a more holistic approach based on metabolic amelioration achieved
by specific dietetic programs, such as possible preventive therapy for neurodegenerative
diseases. As a matter of fact, many nutraceuticals and food-derived bioactive compounds,
by virtue of their intrinsic properties, could have a dramatic role in reducing the risk factors
for the arising of chronic neurodegenerative diseases. Focused emphasis has been given
to the use of polyphenols, present in most vegetables, e.g., flavonoids, phenolic acids or
curcuminoids, as therapeutic natural compounds against inflammation, neurodegeneration,
and oxidative stress [9-11].

Curcumin (Figure 1a), also known as diferuloylmethane, is the active component of
the Curcuma longa (Zingiberaceae family) rhizome. This rhizome meets large appreciation
as a spice in Indian curries and has garnered specific attention for its wide range of
pharmacological activities [12-14]. Many studies in vitro and in vivo showed that curcumin
possesses neuroprotection properties [15,16]. Moreover, it has been reported that curcumin
is able to suppress PD-like phenotypes in flies [17-19].

O OH
O XN N ONG
(a)
HO c : OH
urcumin

R = /\)I\OH Ferulic acid
0 R o

(b)
HO R = )J\H Vanillin

R = MCH Dehydrozingerone (DHZ)
3

Figure 1. Chemical structures of (a) curcumin; (b) ferulic acid, vanillin and dehydrozingerone (DHZ).

Unfortunately, the pharmacological potential of curcumin is widely restricted because
of its poor bioavailability, due to its chemical instability and rapid metabolic degradation
into ferulic acid, vanillin and dehydrozingerone (DHZ) at physiological pH (Figure 1b) [17].
Therefore, it makes sense to explore the development of curcumin derivatives with en-
hanced bioavailability with consequent translational benefits to hinder PD by identification
and production of more potent compounds in the context of phytotherapeutic options.

As mentioned above, DHZ, a structural half analogue of curcumin (CUR), is a nat-
ural phenolic compound extracted from ginger (Zingiber officinale) thizome that exhibits
enhanced solubility and stability in water compared to CUR. This property gives DHZ a
tremendous advantage for biomedical applications where water solubility and stability are
crucial factors.

It has been demonstrated that DHZ exhibits many biological activities and pharma-
cological properties, including anti-inflammatory, antioxidant, anti-obesity, anti-cancer,
tyrosinase-inhibitory, neuroprotective, antidepressant and anti-fungal effects [18-28].

Often, hydroxylated biphenyls, have higher biological activities with respect to the
corresponding monomer. Hydroxylated biphenyls are widely distributed in the plant
kingdom and play an important role in biosystems due to their unique pharmacophore
structure that is made up of two aromatic rings bridged by a single C—C bond. The high level
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of specificity of the hydroxylated biphenyls scaffolds with the catalytic domain of different
proteins suggests that this moiety could be an effective scaffold for the discovery and design
of new protein targets [29-31]. Consequently, the hydroxylated biphenyl framework offers
an ideal molecular structure for structural modifications in the development of potential
drug candidates [32].

In prior studies, we established that both DHZ and its symmetric dimer (DHZ-DIM)
exhibit protective effects against lipid autoxidation [33], which is an important factor in the
development of neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease.
Furthermore, DHZ-DIM exerted a potent anti-inflammatory, antioxidant, and antithrom-
botic activity on endothelial cells in combination with antiaggregating and cytoprotective
properties, as demonstrated by its ability to partially inhibit the aggregation process of
alpha-synuclein [34,35]. For these reasons, DHZ and DHZ-DIM could represent interesting
candidates to reverse the symptoms of PD.

Although most PD cases seem sporadic, genetic factors may play a role in favoring
the disease, and mutations in several specific genes have been related to familiar forms of
PD. Among them, mutations in the leucine-rich repeat kinase 2 (LRRK2) gene have been
correlated with late-onset autosomal dominant PD. Pathological mutations of LRRK2 have
been found not only in 13% of familial forms but also in approximately 1-2% of idiopathic
PD cases [36,37]. Furthermore, familial forms related to mutations in the LRRK2 gene show
clinical symptoms indistinguishable from idiopathic forms of PD [38].

LRRK?2 is a protein widely expressed within different brain areas, such as the cortex,
striatum, hippocampus, cerebellum, and substantia nigra [39,40]. It is involved in GTPase
and kinase activities associated with signal transduction cascades for synaptic vesicle
trafficking, mitochondrial metabolism, and autophagy [41,42]. LRRK2 holds a double
enzymatic core in the N-terminal and the C-terminal WD40 domain [43]. In particular,
the coding variants G2019S, diffuse in Caucasian individuals [44], and G2385R, present in
Asian population [45], in the WD40 domain, resulted in about 50% loss of kinase activity
leading to a partial loss of function of LRRK2 [46]. These missense substitutions double the
risk of developing PD [47—49].

Regarding the PD genetic approach, Drosophila melanogaster (Dm), commonly known
as the fruit fly, is a powerful translational animal model for studying neurodegenerative
diseases, as it carries nearly 75% homology with human disease genes [50]. Moreover, Dm
has several advantages compared to mammalian models, from expandable population,
quick life cycles, and easy genetic manipulation to low maintenance costs and less rigid
ethical concerns. Notably, most of the genes implicated in familial forms of PD have an
evolutionary counterpart in Dm [51,52]. Therefore, Dm carrying the LRRK2 loss-of-function
mutation in the WD40 domain [53] develops the essential traits of the pathology, such as mo-
tor impairment, dopaminergic neuronal cell loss and mitochondrial abnormalities [54-56],
providing precious information regarding PD pathophysiology mechanisms and a bona
fide tool to firstly test novel therapeutic approaches to the disease.

Thus, the aim of this paper was to investigate the neuroprotective potential of DHZ
and DHZ-DIM, prepared following new sustainable procedures, carrying out the reactions
under microwave irradiation. These two compounds were tested on the Drosophila PD
strain LRRK2 loss of function (LRRK) compared to wild type (w1118) in terms of physi-
ological and brain morphological parameters that are severely compromised in mutant
flies, such as longevity, motor activity, integrity of brain dopaminergic neurons, brain
mitochondria and synapse abnormalities. After treatment with both molecules at doses of
0.5 and 1 mM and vehicle for 14 and 21 days after eclosion, there was a significant amelio-
ration of motor performance, and prevention of dopaminergic neuron loss, mitochondrial
damage, and synapse (T-bar) failure in LRRK mutants. Specifically, our data indicate that
the DHZ-DIM exerts a more potent neuroprotective effect with respect to the monomer
in this fruit fly PD model suggesting that these curcumin-related compounds could be
promising medicaments for novel therapeutic scenarios toward LRRK2-linked PD.
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2. Materials and Methods
2.1. General

Reagents were obtained from Sigma Aldrich (Munich, Germany) and were used
without further purification. Microwave reactions were carried out on the MW instru-
ment CEM-Discover SP MW (Matthews, NC, USA). IH-NMR and 13C-NMR spectra were
recorded in CDCI3 at 600 and 150 MHz, respectively, with a 600 MHz NMR spectrometer
Bruker Avance III HD (Palo Alto, CA, USA). Chemical shifts are given in ppm (6); multi-
plicities are indicated by s (singlet), d (doublet), or dd (doublet of doublets). Elemental
analysis was performed using an elemental analyzer model 240 C Perkin Elmer (Waltham,
MA, USA). Flash chromatography was carried out with silica gel 60 (230-400 mesh) VWR
(Radnor, AF, USA) eluting with the appropriate solution in the stated v:v proportions. Re-
action was monitored by analytical thin-layer chromatography (TLC) with 0.25 mm-thick
silica gel plates 60 F 254 Sigma Aldrich (Munich, Germany). Melting point was determined
on a 530 apparatus Biichi (Flawil, Switzerland) and is uncorrected. The purity of new
compounds was judged to be >98% by 1H-NMR spectral determination.

2.2. Fly Stocks

Adult wild-type (WT; w1118) and LRRKWD40 (LRRK)-mutant (LRRKex1, #34750,
from Bloomington Stock Center) Dm males were used. After emergence from pupae, WT or
LRRK-mutant males were separated from females. WT and mutant flies were reared on a
standard cornmeal-yeast—-agar medium in controlled environmental conditions (24-25 °C;
60% relative humidity; light/dark = 12/12 h). For the treatment, groups of mutant and WT
flies were reared on a standard medium supplemented with two concentrations of DHZ
and DHZ-DIM (0.5 and 1 mM) for 14 and 21 days. The confirmation of DHZ and its dimer
ingestion was assessed by the visualization of red (DHZ) and blue (DHZ-DIM) abdomen
due to color-marked enriched medium (Figure S1).

2.3. Drugs

DHZ and DHZ-DIM were dissolved in DMSO (final concentration 0.5%) and added to
the diet at the concentrations reported.

2.4. Climbing Assay

The climbing assay (negative geotaxis assay) was used to assess locomotor ability [57]
in WT and LRRK mutants treated for 14 or 21 days with DHZ, DHZ-DIM or vehicle.
Cohorts of at least 30 flies from each group, in three independent experiments, were
subjected to the assay. Flies were placed individually in a vertically positioned plastic tube
(length 10 cm; diameter 1.5 cm) and tapped to the bottom. Climbing time (s) was recorded
upon crossing a line drawn at 6 cm from the bottom. The number of flies that could climb
unto or above this line within 10 s was recorded and expressed as a percentage of the total
flies tested. Data are expressed as the average + standard error of the mean (SEM) from
three experiment replications.

2.5. Survival Curves

In accordance with previous reports [58], WT and LRRK male flies were separated
from females after emergence from pupae under CO, anesthesia. Cohorts of 60 flies from
each group were collected in groups of 10-15 in vials containing a standard diet with
drugs at 1 mM or VEH, monitored daily at 25 °C and changed with frequency throughout
adult life. Data were collected from eclosion to death. For mortality analysis, Kaplan—
Meier survival curves and statistical comparisons using the log-rank (Mantel-Cox) test and
Gehan—Breslow—-Wilcoxon test were utilized.

2.6. Immunohistochemistry

Six to ten flies from each experimental group were selected to perform free-floating
fluorescent immunostaining for tyrosine hydroxylase (TH). Animals were anesthetized on
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ice, and brains were rapidly dissected and fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 2 h. Brains were then incubated with the TH rabbit primary
antibody (1:100; AB 152 Millipore Corporation, Billerica, MA, USA) and 10% normal donkey
serum in PBS + 0.3% Tween 20 (PBST), at 4 °C for 72 h. After rinsing, the brains were
incubated with a donkey anti-rabbit Alexa Fluor 594 secondary antibody (1: 200 Jackson
ImmunoResearch Europe, Newmarket, UK) and 10% normal donkey serum in PBST at
4 °C for another 72 h. Subsequently, the brains were mounted on glass slides, coverslipped
with Vectashield and analyzed under a fluorescence-spinning disk confocal microscope
(Crisel Instruments Rome, Italy). The brains were scanned through Z-stacks (63X objective,
stack thickness 0.5 um), and the number of TH-positive neurons of different clusters (PPL1,
PPL2, PPM1/2, PPM3) in both hemispheres was counted via Image]J software Fiji 1.46r
(National Institutes of Health, Bethesda, MD, USA).

2.7. Electron Microscopy Analysis

The electron microscopy studies were performed in strict accordance with the general
methodological procedures indicated by Casu et al. (2020) [56].

Briefly, flies from each experimental group (n = 5), were anesthetized on ice, and
brains were rapidly dissected and fixed in a mixture of 1% paraformaldehyde and 1.25%
glutaraldehyde in 0.15 M cacodylate buffer for 2 h. Brains were then post-fixed with 1%
osmium tetroxide for 1 h and stained overnight with 0.5% uranyl acetate at 4 °C. After
dehydration in a graded acetone series, brains were embedded in EPON resin. To identify
the protocerebrum, where the dopaminergic posterior clusters reside, 1 pm semi-thin
coronal sections of the whole brain were stained with toluidine blue. Ultrathin sections
(90 nm) cut with a Reichert Supernova ultramicrotome were counterstained with uranyl
acetate and lead citrate and observed under a JEOL JEM 1400 Plus electron microscope
equipped with a CCD camera at an acceleration voltage of 80 kV.

For morphometric analysis, the mitochondria (total number), the percentage of mi-
tochondria with swollen cristae (percentage of mitochondria displaying swollen cristae
versus total mitochondria with discernible cristae) and the T-bar density were analyzed in
the unitary area (25 um?) in the protocerebrum. Thirty to forty unitary fields were evaluated
for each brain. In total, about 17,500 mitochondria and 4000 T-bars were randomly sampled
on 792 non-overlapping micrographs at a magnification of 8000 x. Swollen cristae were
considered when the distance between two contiguous membranes of one crista doubled
the average crista size. T-bars were unambiguously identified at presynaptic active zones
by the presence of T-shaped electron-dense projections.

2.8. Statistics

Data are presented as means + SEM. Two group comparisons have been analyzed
by factorial two-way ANOVA with the strain and treatment as between-group factors.
Before performing the analyses, datasets were checked for normal distribution using the
Shapiro-Wilk test and for homogeneity of variances between the experimental groups with
Bartlett’s test. When the normal distribution of data and homogeneous variances across
the experimental groups were obtained in all datasets, the factorial ANOVA was applied.

In all the other cases, when the transformation data did not reveal homogeneity of
variances, non-parametric analysis by the Kruskal-Wallis comparisons test was performed.
When parametric two-way ANOVA revealed statistically significant interactions, sources
of significance were ascertained by pairwise post hoc analyses using the HSD Tukey’s test.
For mortality analysis, Kaplan-Meier survival and statistical comparisons with Gehan-
Breslow—Wilcoxon tests were used. Statistical analyses were all carried out with PRISM,
GraphPad 8.0.1 Software (2018), with the significance level set at p < 0.05.
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3. Results
3.1. Chemistry

DHZ and DHZ-DIM were synthesized with comparable yields and purity, employing
a method previously outlined by our group [34]. Notably, we followed more sustainable
procedures, utilizing microwave irradiation to significantly reduce the reaction time from
12 h to just 30 min. DHZ was prepared by Claisen—-Schmidt condensation reaction of
vanillin and acetone in the presence of 1 N NaOH as base (90% yield). DHZ-DIM was
prepared under the same conditions, starting from vanillin dimer [35] and acetone in the
presence of 1 N LiOH as base (83% yield) (Scheme 1).

O O

O O A

~ H NaOH 1 M, acetone ~

HO MW, 100°C 30 min. HO
vanillin DHZ

@] O

Sy 7
HO LiOH 1 M, acetone HO

HO ‘ MW, 100°C 30 min. HO O
\O H \O =

Vanillin dimer DHZ-DIM

Scheme 1. Synthesis of dehydrozingerone (DHZ) and its dimer (DHZ-DIM).

3.1.1. Synthetic Procedures
[(E)-4-(4-Hydroxy-3-methoxyphenyl) but-3-en-2-one] (DHZ)

An aqueous solution of NaOH 1 N (5.2 mL, 5.2 mmol) was added to a vanillin solution
(0.2 g, 1.3 mmol) in acetone (7 mL). The reaction mixture was stirred under MW irradiation
at 100 °C for 30 min. The solvent was then roto-evaporated and 10% HCI was cautiously
added. The obtained heterogeneous solution was extracted with ether, and the organic
phase dried over Nay;SO4 and evaporated to afford a brown solid compound. The crude
material was finally purified by flash chromatography using CH,Cl, as eluent to give DHZ
as yellow solid (0.23 g, 90%): mp 126-127 °C; 1TH NMR & 2.39 (s, 3H), 3.85 (s, 3H), 5.99 (bs,
1H), 6.52 (d, ] =16.0 Hz, 1H), 6.90 (d, ] = 8.0 Hz, Ar, 1H), 7.00 (d, ] = 1.6 Hz, Ar, 1H), 7.06
(dd,J =1.6,8.0 Hz, Ar, 1H), 7.40 (d, ] = 16.0 Hz, 1H); 13C NMR 6 27.29, 56.93, 109.30, 114.80,
123.94, 124.99, 126.95, 143.76, 146.84, 148.26, 198.46; Anal. Calcd for C11H1203: C, 68.74; H,
6.29; Found: C, 68.93; H, 6.41.

[(3E,3'E)-4,4'-(6,6'-Dihydroxy-5,5'-dimethoxy-[1,1’-biphenyl]-3,3'-diyl)
bis(but-3-en-2-one)] (DHZ-DIM)

An aqueous solution of LIOH 1 N (4.0 mL, 4.0 mmol) was added to vanillin dimer
(0.2 g, 0.66 mmol) in acetone (5 mL). The reaction mixture was stirred under MW irradiation
at 100 °C for 30 min. The solvent was then roto-evaporated and 10% HCl was cautiously
added. The obtained precipitate was filtered, washed with water and dried to afford a
DHZ-DIM as yellow solid compound (0.18 g, 83%): mp 242-243 °C; 1H NMR 6 2.35 (s,
6H), 3.99 (s, 6H), 5.28 (bs, 2H), 6.61 (d, ] = 16.0 Hz, 2H), 7.1 (d, ] =2.0 Hz, Ar, 2H), 7.15 (d,
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J=2.0Hz, Ar, 2H), 7.47 (d, ] = 16.0 Hz, 2H); 13C NMR $ 27.35, 56.20, 108.67, 123.59, 125.28,
125.44, 126.60, 143.52, 145.45, 147.36, 198.28; Anal. Calcd for CyyH»,O¢: C, 69.10; H, 5.80;
Found: C, 69.47; H, 5.70.

3.2. DHZ and DHZ-DIM Prevent Motor Impairment in LRRK: Climbing Test

Groups of LRRK and WT flies received both DHZ or DHZ-DIM at the two doses of
0.5 and 1 mM in their diet for 14 and 21 days to evaluate the effect of both molecules on
locomotor ability. The climbing activity and the percentage of flies reaching the target
within 10 s were measured. Remarkably, after 14 days of both molecules’ treatment, a
significant improvement in the climbing behavior of LRRK flies was observed only with
the highest dose of 1 mM if compared to the LRRK vehicle (p < 0.0001 Figure 2a,b). On the
other hand, at the same dose (1 mM), only DHZ-DIM was able to induce a recovery of the
motor disability after 21 days of treatment (p < 0.0001). The administration of the same
drugs at both concentrations did not significantly affect in the w1118 flies (Figure 2a—d).
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Figure 2. Effect of DHZ and DHZ-DIM at 0.5 mM and 1 mM on the climbing behavior parameters in
both LRRK and w1118 WT flies and their respective control groups at 14 (a,b) and 21 days (c,d) of
treatment. S and **** p < 0.0001 vs. LRRK vehicle; ** p < 0.01 vs. LRRK vehicle.

In the search for an additional parameter of motor ability, we counted the percentage of
WT and LRRK flies completing the climbing test within 10 s (Figure 3). The resulting relative
percentages confirmed the improvement in mutants treated for 14-21 days, regardless of
DHZ and DHZ-DIM at the concentrations of 0.5 and 1 mM. In addition, the DHZ-DIM was
more effective at the higher 1 mM dose on both treatment timelines.
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Figure 3. Percentage of w1118 and LRRK individuals reaching the target within 10 s.

3.3. DHZ and DHZ-DIM Extended Longevity

Assessment of fly life span using survival curves allowed monitoring of the effect of
drugs on Dm survival throughout adulthood. LRRK displayed a shorter life span compared
to WT w1118 (p < 0.0001, Figure 4a) flies, since mutant flies encountered a dramatic decay
in their survival rate (about 50%) at 35-40 days after enclosure (with median survival at
47 days). In an attempt to prolong the LRRK life span, aimed at verifying to what extent
the studied molecules were ad hoc effective, mutant flies were supplied with DHZ and
DHZ-DIM at the higher concentration of 1 mM and compared with vehicle-treated flies.
Both compounds significatively extended longevity of LRRK (p < 0.0001, Figure 4b) flies,
although flies treated with DHZ-DIM showed a lower decay in the survival rate with the
median survival about 70 days with respect to DHZ (around 54 days). Moreover, a small
group of LRRK flies (about 20%) treated with the dimer achieved a survival rate at 80 days

like w1118 flies.
—— w1118 Vehicle
—— LRRK Vehicle
a b
—— LRRKDHZ 1 mM
—— LRRK DHZ-DIM 1 mM
100
2 g0 2
s s
E 60 *kk E
3 =5
» 2]
2 40 €
8 8
s 20 o
o o
0 30 60 90
Days Days

Figure 4. Life span. (a): reduced life span in LRRK compared to w1118 flies, both treated with
vehicle; (b): survival rate observed in DHZ- and DHZ-DIM-treated LRRK flies at 1 mM compared to
WT vehicle. Cumulative survival curve data are expressed as means + SEM. *** p < 0.001 indicates
significant difference between LRRK vehicle and WT vehicle. **** p < 0.0001 LRRK vehicle vs. LRRK
treated with DHZ-DIM (Gehan-Breslow—Wilcoxon test).
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3.4. DHZ and DHZ-DIM Prevent the Loss of Dopaminergic Neurons

After the climbing behavioral test, flies were euthanized to evaluate the effect of DHZ
and DHZ-DIM treatment on TH-positive neurons in the brain posterior dopaminergic
clusters (PPL1, PPL2, PPM1/2 and PPM3 (Figure 5)). Since both compounds displayed a
maximal behavioral effect at 1 mM concentration, only brains from flies exposed for 14
and 21 days to the above concentration of DHZ and DHZ-DIM were processed for TH
immunohistochemistry.

a b

PPL1 PPM1/2

PPM3 PPL2

PPM1/2

POSTERIOR

Figure 5. Representative image stacks showing the entire brain ((a): 10 scale bar: 100 um) and the
dopaminergic brain neurons in all posterior clusters ((b): 63, scale bar: 10 pm).

The quantitative analysis of TH immunofluorescent neurons showed that both com-
pounds at 1 mM significantly prevented the loss of dopaminergic neurons in all four pos-
terior clusters after 14 days of treatment (p < 0.0001). However, at 21 days, a significant
prevention of dopaminergic neuronal demise was surprisingly detected only with the
DHZ-DIM treatment (p < 0.0001) (Figure 6).
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Figure 6. DHZ and DHZ-DIM prevent the loss of dopaminergic neurons. Both compounds at
1 mM significantly prevented the loss of dopaminergic neurons in all posterior clusters at 14 days of
treatment, whereas at 21 days, a significant prevention of dopaminergic neuron loss was observed
only with the DHZ-DIM treatment. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 indicate
significant differences between LRRK2 vehicle and LRRK2 treated with DHZ, DHZ-DIM or vehicle
and treated WT groups. S p < 0.0001 LRRK treated with DHZ-DIM vs. LRRK treated with DHZ.
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3.5. DHZ-DIM Is More Effective Than Monomer in Preventing the Mitochondrial Damage and the
Loss of T-Bars in LRRK2 Drosophila

Transmission electron microscopy (TEM) analysis was conducted on LRRK and WT
brain flies treated with vehicle, DHZ or DHZ-DIM at the dose of 1 mM for 21 days,
since immunohistochemical results showed that both compounds elicited the maximal
effects at 1 mM concentration, with particular reference to the latest time point treatment.
As previously described, ultrastructural brain morphology showed axons and terminal
boutons, mitochondria and T-bar presynaptic densities (Figure 7a—d). In particular, in
vehicle-treated LRRK brain flies, several mitochondria displaying swollen cristae were
present (Figure 7a).

Figure 7. Representative images of mitochondria (8000X) acquired from the protocerebrum of LRRK
and w1118 flies treated with vehicle (a—d), LRRK treated with DHZ (b) and DHZ-DIM (c) for 21 days.
Red arrows: mitochondria with swollen cristae; black arrows: mitochondria with normal cristae;
white arrows: T-bars.

The morphometric analysis did not reveal any difference in the number of total
mitochondria between control and LRRK treated with DHZ or DHZ-DIM (Figure 8). The
administration of both substances clearly decreased the occurrence of mitochondria with
swollen cristae compared with vehicle administration, (p < 0.0001) and more relevantly, in
accordance with other morphological and functional parameters, the treatment with DHZ-
DIM was more worthwhile than DHZ in avoiding the formation of swollen mitochondria
(Figure 8). Similarly, using both compounds, a significant increase in the number of T-bar in
the presynaptic bouton active zones compared to vehicle treatment was observed (p < 0.01;
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Figure 8), but the contribution of the dimer was definitely more impactful. By contrast, the
exposure of WT flies to both monomer and dimer changed neither mitochondria number,
morphology, nor the number of T-bars.
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Figure 8. DHZ and DHZ-DIM effect on the number of total mitochondria, percentage of cristae and
T-bars in the protocerebrum of LRRK after 21 days of treatment. * p < 0.05 and *** p < 0.0001 indicate
significant differences between LRRK vehicle and LRRK treated with DHZ, DHZ-DIM or vehicle and
treated WT groups. & p < 0.0001 LRRK treated with DHZ-DIM vs. LRRK treated with DHZ.

4. Discussion

In the present study, we investigated the neuroprotective activity of the two curcumin
derivatives DHZ and its C, dimer in a transgenic Drosophila model of PD. We improved
the process sustainability of DHZ and DHZ-DIM synthesis by carrying out the reactions
under microwave (MW) irradiation. As matter of fact, MW technology presents numerous
advantages in various chemical synthesis processes. This efficiency is attributed to the
ability of MW in heating the reaction mixture both rapidly and uniformly, promoting
faster and more complete chemical transformations compared to conventional methods.
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Moreover, this technology minimizes the risk of hazardous reactions or the release of
volatile substances, contributing to a safer working environment. The utilization of MW
aligns with the broader goals of sustainability, promoting energy efficiency and reducing
overall environmental impact. To our knowledge, this is the first study evaluating DHZ and
DHZ-DIM as neuroprotective agents using an in vivo model of PD. Our data demonstrate
that exposure to both compounds prevented motor deficits and protected against the
progressive loss of dopaminergic neurons. The neuroprotective efficacy of the DHZ and
DHZ-DIM could be related to their antioxidant action, since in previous studies, we found
that both DHZ and its symmetric dimer (DHZ-DIM) exhibit protective effects against
lipid autoxidation when used in combination with conventional antioxidants [33]. The
antioxidant activity of DHZ-DIM is also associated with antiaggregating and cytoprotective
properties, ascertained by its ability to partially inhibit the aggregation process of x-
synuclein [35].

The methodological approach to the morphological study has taken into account that
in the Drosophila brain, DA neurons are organized in distinct bilateral symmetric clusters
with projections onto specific brain areas [59,60]. These dopaminergic neurons of posterior
clusters analyzed in this study, such as PPL1, PPM1/2 and PPL2, innervate distinct regions
of the mushroom bodies that are implicated with learning and memory [61]. Moreover,
PPM3 neurons innervate the central complex, which is the area related to the control of
motor activity.

Therefore, the neuronal rescue of the above anatomical circuits upon DHZ and DHZ-
DIM directly correlates with the protective role for contrasting those brain areas dramat-
ically affected by the progression of PD. In this context, DA neurons’ degeneration in
PD is further boosted by oxidative stress mechanisms also involving DA facing rapid
oxidation. The dopamine autoxidation produced dopamine quinones and free radicals.
Moreover, the cyclization of dopamine quinones forms aminochrome, which generates
superoxide and down-regulates antioxidative nicotinamide adenine dinucleotide phos-
phate (NADPH) [59,60]. The susceptibility of the brain to oxidative stress is augmented by
various factors, such as high oxygen demand, higher rates of oxidative metabolism and
lower levels of protective antioxidants.

This critical scenario is further worsened in the PD genetic models, where LRRK2
mutation caused increased generation of ROS and cell toxicity. A proof of concept has
been offered by a recent in vitro work showing that LRRK2 knockout provides resistance to
oxidative stress and apoptosis, suggesting LRRK2 as a proapoptotic kinase [62]. Moreover,
previous studies demonstrated that deletion of the WD40 domain prevents autophospho-
rylation [63,64], and on the other hand, the G2385R polymorphism in the WD40 domain,
expressed in our drosophila PD model, increases the sensitivity of cells to hydrogen perox-
ide, suggesting a pro-apoptotic mechanism [65].

Moreover, since recent literature data presume the association of LRRK mutation with
autophagy and lysosomal dysregulations [66], this appealing and convincing hypothesis
deserves future deeper investigation, especially due to the neuroprotective role of DHZ
and DHZ-DIM through modulation of these biological activities.

Considering that our compounds act as antioxidants, the observed neuroprotective
ability on dopaminergic neurons matched well with the prevention of motor impairment
in mutant flies.

It is important to note that after 14 days of treatment, DHZ and its dimer both ef-
fectively hindered the symptoms of Parkinson’s diseases in LRRK flies, but only after a
longer treatment of 21 days. The DHZ dimer is superior to the monomer in avoiding motor
impairment and loss of dopaminergic neurons. These results are reasonably related to the
aging progression that—by wide scientific consensus—is one of the major risk factors for
developing PD. This is also suggested by the fact that there are many common features
between PD and normal aging [67], including protein aggregation [47], increased oxidative
stress [68], decreased mitochondrial function [69], dysfunction of the proteasome [70],
and impairment of autophagy [71]. Therefore, in aged parkinsonian flies, the DHZ-DIM
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demonstrates greater efficacy compared to the monomer. This enhanced DHZ-DIM activity
could be ascribed to the differences in the chemical structure and lipophilicity between the
two molecules, and it makes sense to draw the hypothesis that the DHZ-DIM has a higher
ability to cross the cell membrane and to interact with cell components more efficiently
than the corresponding monomer. The superior ability of DHZ-DIM in protecting lipids
from autoxidation has also been demonstrated, and additionally, its higher antioxidant
properties and reactivity when compared to its corresponding monomer [33,72].

In our study, DHZ-DIM has been proven to be more decisive than monomer also in
extending longevity of parkinsonian flies. This finding replicates the conclusion of several
studies showing that dietary supplementation with compounds rich in polyphenols such as
Avocado Persea americana, grape and grape seed extracts, gallic acid and very high doses
of curcumin enhanced the life span of Drosophila models of Parkinson disease [73-75].
Polyphenols can delay oxidative reactions in cells by rapidly donating protons to radicals
or by forming complexes with pro-oxidant metals. Furthermore, polyphenols can interact
with receptors or enzymes in signal translation, promoting an antioxidant condition [10,76].

The neuroprotective effect on motor improvement and brain dopaminergic neurons
of our compounds fits very well with the reduced mitochondrial damage in LRRK brain
flies detected in our investigation, confirming previous findings related to the presence of
damaged mitochondria in LRRK mutant flies, as indicated by multiple dilated cristae [56].
In that regard, oxidative phosphorylation within the mitochondria accounts for the majority
of ATP production in neurons required for the transmission of nerve impulse. Various
studies have suggested that mitochondrial dysfunction can contribute to increased levels of
oxidative stress and can affect neuronal degeneration [77-79]. In postmortem studies, high
oxidation of proteins and DNA stimulated parallel levels of lipid peroxidation such that
reduction in glutathione was found in the substantia nigra in PD patients [80]. Moreover,
mitochondrial complex I inhibition has been observed in PD patients, suggesting that the
increased presence of ROS through complex I inhibition is one of the major contributors
to DAergic neuronal cell death in PD, reinforcing the concept that this type of stress is
dramatically involved in the pathology [1]. On top of such considerations, it cannot be
overlooked that several genetic mutations, including LRRK?2, are linked to mitochondrial
dysfunction in PD pathogenesis. For example, LRRK2 interacts with the mitochondrial
fusion proteins and mitochondrial outer membrane proteins [81,82]. LRRK2 mutations
determined alterations in mitochondrial fusion and fission mechanisms, mitophagy and in
mitochondrial DNA damage [6,83], all elements that increase ROS production, inhibition
of peroxidase activity, and a consequent increment in oxidative stress [84].

The association of mitochondrial dysfunction and production of ROS represents a
potential target for treating PD. Mitochondria-targeted antioxidants and flavonoids such
as alpha-lipoic acid, hesperidin (flavanone rich in citrus), the flavonoid baicalein, the
carotenoid lycopene and CUR have produced positive outcomes in in vitro and in vivo
studies. Indeed, it has been demonstrated that these compounds can act on mitochon-
drial integrity, ATP production, mitochondrial membrane potentials, and GSH levels,
halting increased ROS production and apoptosis and mitigating altered mitochondrial
mechanisms [85-91].

In our study, after 21 days of treatment, DHZ-DIM proved to be more effective than
monomer in reducing mitochondrial damage in LRRK brain flies, suggesting that DHZ-
DIM can suppress mitochondrial dysfunction, as already demonstrated for the above
antioxidants.

Although numerous studies in cell and animal models support the potential of antiox-
idants in treating PD, many of these results cannot be reproduced in humans.

As a matter of fact, clinical trials have not demonstrated any efficacy of creatine or
coenzyme Q10 in patients with PD [92,93]. A possible explanation for these negative clinical
results is that oxidative stress could be a downstream effect of mitochondrial dysfunction
rather than a direct cause of PD neurodegeneration. Otherwise, of novel drug-delivery
approaches may be required.
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Finally, we noticed a recovery in the loss of T-bars in the mutant flies after the chronic
treatment with DHZ, which was more significatively pronounced with DHZ-DIM. T-bars
are the presynaptic active zones involved in neurotransmitter release in Drosophila [94].
LRRK?2 binds synaptic vesicles through specific protein—protein interactions in the WD40
domain [95]. Remarkably, synaptic proteomic analysis showed that the G2385R variant
impairs LRRK2 binding to key synaptic proteins, including synapsin, which may explain
the loss of T-bars in the LRRK2 WD40 Drosophila model [49]. Moreover, evidence supports
the role of mitochondria in synaptic plasticity by maintaining cytosolic calcium within
physiological ranges [96]. Therefore, a reduced mitochondrial antioxidant function could
also be linked to synaptic loss. The neuroprotective effect of DHZ-DIM could be related to
its capacity to prevent mitochondrial damage and synaptic loss by its antioxidant activity.

5. Conclusions

In summary, the overall findings from this study indicated that DHZ-DIM, more than
its monomer, possessed a strong neuroprotective effect through its ability to ameliorate the
PD-like phenotypes in our Drosophila PD model. If validated in mammalian models of PD,
it could be considered a promising compound for the design and development of novel
nutraceutical agents with neuroprotective properties to be evaluated in humans. However,
it should be also considered both that the additional demands to counteract pathological
conditions and the practical inability to provide dietary intake with the necessary “over-
dose” of nutraceuticals present only in traces in available aliments is possibly decisive for a
real impact against neurodegenerative diseases.

Although there is strong evidence that suggests to what extent dietary intake of natural
compounds with antioxidant and anti-inflammatory properties may inhibit neurodegen-
eration in PD, more detailed studies are needed exploiting alternative neurodegenerative
disease models in both mammals and Drosophila in combination with clinical trials. These
further experiments will contribute to providing hope for future effective therapies against
PD with natural compounds.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/biom14030273/s1. Figure S1: Arrows indicate (a) red abdomen (DHZ)
and (b) blue abdomen (DHZ-DIM) of LRRK Drosophila reared on medium food dye compared with
an LRRK on standard food (c).
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Abstract: Treatment of aging rats for 6 months with ladostigil (1 mg/kg/day) prevented a de-
cline in recognition and spatial memory and suppressed the overexpression of gene-encoding pro-
inflammatory cytokines, TNFe, IL1§3, and IL6 in the brain and microglial cultures. Primary cultures
of mouse microglia stimulated by lipopolysaccharides (LPS, 0.75 ug/mL) and benzoyl ATPs (BzATP)
were used to determine the concentration of ladostigil that reduces the secretion of these cytokine pro-
teins. Ladostigil (1 x 1071 M), a concentration compatible with the blood of aging rats in, prevented
memory decline and reduced secretion of IL13 and IL6 by ~50%. RNA sequencing analysis showed
that BZATP/LPS upregulated 25 genes, including early-growth response protein 1, (Egrl) which
increased in the brain of subjects with neurodegenerative diseases. Ladostigil significantly decreased
Egrl gene expression and levels of the protein in the nucleus and increased TNF alpha-induced
protein 3 (TNFalIP3), which suppresses cytokine release, in the microglial cytoplasm. Restoration of
the aberrant signaling of these proteins in ATP/LPS-activated microglia in vivo might explain the
prevention by ladostigil of the morphological and inflammatory changes in the brain of aging rats.

Keywords: aging rats; NFkB; NLRP3 inflammasome; P2x7 receptor; primary murine microglia;
RNA-seq

1. Introduction

Microglia are the resident immune cells in the brain. In a healthy adult brain, microglia
have a ramified morphology and long processes [1]. They are involved in the integration
of new neurons into neuronal circuits, which is important for learning, memory, and
cognition [2]. In response to injury, microglia contract their processes, assume an amoeboid
shape, and proliferate and migrate toward the site of injury. ATP, released from injured
neurons, stimulates purinergic receptors on the microglial membrane, triggering an efflux
of K* that activates the nucleotide-binding oligomerization domain-(NOD)-LRR and pyrin
domain inflammasome (NLRP3) and converts procaspase-1 to caspase-1 [3]. This enables
the processing and secretion of IL13 and other pro-inflammatory cytokines [4].

Microglia have retracted processes in the aging brain [5] in which cell damage results
from a decline in mitochondrial activity and antioxidant defense mechanisms [6,7]. They
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also have higher levels of pro-inflammatory cytokines and express cytokine receptors,
which could contribute to neurodegeneration and memory impairment [8,9].

Basal levels of TNF« are necessary for regulating synaptic transmission and plastic-
ity [10], while IL1 levels are needed to regulate long-term potentiation (LTP) that underlies
learning and memory [11]. However, excess amounts of these cytokines can impair these
cellular processes [12], as demonstrated by the direct injection of IL1f3 into the brain, which
inhibits hippocampal LTP [13,14]. Also, greater levels of brain IL6 are linked to synapse
loss and deficits in avoidance learning in mice [15].

Oxidative stress and cytokines activate signaling pathways, such as the mitogen-
activated protein kinase (MAPK) family of proteins in immune cells [16]. MAPKSs consist
of three main families: extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38 [17]. IL1p activates MAPK p38 and JNK and increases the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF«B) [18], which is strongly associated
with age in mice and humans [19]. NF«kB is increased in the brains of subjects with
neurodegenerative diseases [20]. This finding prompted a search for novel therapies to
slow age-related memory impairment by inhibiting the nuclear translocation of NF«B [21].

For this purpose, we developed ladostigil (6-(N-ethyl, N-methyl carbamyloxy)-N
propargyl-1(R)-aminoindan hemitartrate), which significantly reduced the mitochondrial
potential in cells subjected to oxidative-nitrative stress and decreased malonaldehyde, a
measure of oxidative stress, in the cerebral hemispheres of mice, induced by the injection
of a lipopolysaccharide (LPS) [22] (Panarsky, 2012). In primary mouse microglial cultures
activated by LPS, ladostigil reduced the nuclear translocation of NFkB and phosphorylation
of ERK1/2 and p38 and downregulated the gene expression of TNF«, IL6, and IL1f [23].
In addition, when ladostigil was administered at a dose of 1 mg/kg/day for 6 months to
16-month-old rats, it prevented a decline in recognition and spatial memory [24]. It also
suppressed the increase in mRNA of TNF«, IL6, and IL1§3 induced by aging [23] (Panarsky
et al., 2012) and genes adversely affected by synaptic function in brain regions associated
with learning and memory [25].

The aim of the current study was to obtain a better understanding of the mechanism
through which ladostigil reduces cytokine release from microglia. The preparation of such
primary microglial cultures causes the loss of some membrane receptors that are activated in
the intact brain [26]. However, they still retain purinergic receptors for adenosine and ATP,
released in response to neuronal injury [27]. The activation of the (P2x7R) subtype results
in the processing and secretion of TNFx and IL1f in response to LPS [28]. The secretion
of IL1p can be achieved by adding 2'-3'-O-(4-benzoyl benzoyl) adenosine 5'-triphosphate
(BzATP), an agonist of P2x7R [29].

We first looked for the concentrations of ladostigil that would maximally inhibit the
secretion of IL1§3, IL6, and TNFoa proteins from microglia activated by a combination of
BzATP and LPS. Then, we measured the levels of ladostigil in the blood of the aging rats in
which a dose of 1 mg/kg/day had prevented memory decline to ascertain whether there
was enough of the drug in vivo to have affected cytokine release from microglia. Lastly,
we sought additional information about the cellular processes involved in these actions of
ladostigil, using RNA sequencing (RNA-seq) to perform a detailed analysis of its effect on
gene expression in the microglia.

2. Materials and Methods
2.1. Animals

Male Balb/C mice and Wistar rats purchased from Harlan Laboratories (Jerusalem,
Israel) were used in accordance with the National Research Council’s guide for the care and

use of laboratory animals. The Animal Care and Use Committee of the Hebrew University
approval #MD-19-15710-4 was for the mice, #MD-08-11537-3 was for the rats.
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2.2. Compounds and Reagents

Ladostigil was a gift from Spero Biopharma (Jerusalem, Israel). Dulbecco’s Modified
Eagle Medium /Nutrient Mixture F-12 (DMEM/F12) was used. Gentamycin sulfate and
L-Glutamine were obtained from Biological Industries (Beit-Haemek, Israel) and BzATP,
bovine serum albumin (BSA), and LPS were from Escherichia coli 055:B5, purified by
trichloracetic acid extraction from Sigma-Aldrich Israel Ltd. (Rechovot, Israel).

2.3. Preparation of Microglia

Primary microglia were isolated from the brains of neonatal Balb/C mice, as previously
described [30]. The brains were stripped of their meninges and enzymatically dissociated.
Cells were plated on Poly-L-lysine-coated flasks for one week, re-plated for 1 to 2 h
on bacteriological plates, and non-adherent cells were washed away. Microglia were
propagated by incubation in 20% of the medium, and conditioned by the L-cell line that
produces mouse-CSE. They were identified by morphology and positive immune reactivity
to P2y12, F4/80, complement receptor-3, and Galectin-3/MAC-2 [30].

2.4. Measurement of Cytokines

Cytokines were measured as previously described [31] using ELISA Max deluxe sets
(Biolegend, San Diego, CA, USA) for secreted TNFo and IL6 proteins and ELISA DuoSet
(R&D Systems, Minneapolis, MN, USA) for secreted and cell-associated IL1(3, according
to the manufacturer’s instructions. BSA (0.1%) was used to provide the necessary protein
in place of the fetal calf serum used in our previous experiments [23], which was shown
to contain substances that can inhibit cytokine release [32]. We also ascertained that the
concentration of LPS (0.75 pg/mL) given together with BzATP did not affect cell viability
after 3 and 24 h using the MTT assay described by Denizot and Lang [33].

The effect of ladostigil on the secretion of cytokine proteins was measured at concen-
trations of 1 x 1073 M to 1 x 10~° M by adding it with BSA to microglia for 2 h before
LPS (0.75 pg/mL) and BzATP (400 pM). Other microglia were treated similarly with the
steroid budesonide as a reference standard at concentrations of 1 x 10713-1 x 10~'! M.
Measurements of cytokine secretion were made 8 h after the addition of LPS and BzATP.
Since the levels of secreted IL13TNF were still low, samples were concentrated 2- to 4-fold
by an Amicon ultra-centrifugal filter device (Merck-Millipore, Tullagreen, Carrigtwohill,
Co Cork, Ireland). ELISA was used to quantify the levels of cytokine proteins. Protein
content in the microglia lysate was measured by Bradford, and levels of cytokines were
calculated and presented as pg/ug of microglial protein. Each concentration of ladostigil
was tested in 18-30 replicates for TNF« and IL6 and 13-18 replicates for IL1{3.

2.5. Measurement of Ladostigil in Rat Plasma

Measurements were made in 6 male Wistar rats aged 22 months weighing 720-790 gm
in which ladostigil (1 mg/kg/day) had been administered for 6 months in the drinking
water, which prevented the development of learning and memory deficits [24]. The rats
were lightly restrained while blood samples (0.2 uL) were taken from the tail vein between
09:00 and 12:00 into heparinized Eppendorf tubes. At the end of the experiment, blood
samples were also taken by cardiac puncture from some of the rats after terminal anesthesia.
They were centrifuged at 4 °C and 20,800 g for 10 min, and the plasma was stored at —80 °C
until analysis by liquid chromatography—mass spectroscopy analysis. After precipitating
plasma proteins with methanol, ladostigil was detected by an AB Sciex (Framingham,
MA, USA) Triple Quad™ 5500 mass spectrometer in positive ion mode by electrospray
ionization and a multiple reaction monitoring mode of acquisition using rivastigmine
hemitartarate as an internal standard, as described in Moradov et al. [34].

2.6. RNA-Seq of Microglia
Ladostigil (1 x 10719 M) was added to microglia for 2 h before BzZATP/LPS, as
described above. Cells were harvested before and 8 h after the addition of BZATP/LPS.
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Total RNA was extracted using the RNeasy Plus Universal Mini Kit (QIAGEN), according
to the manufacturer’s protocol. Total RNA samples (1 g RNA) were enriched for mRNAs
by pull-down of poly (A). Libraries were prepared using a KAPA Stranded mRNA-Seq Kit,
according to the manufacturer’s protocol, and sequenced using Illumina NextSeq 500 to
generate 85 bp single-end reads (a total of 25-30 million reads per sample).

2.6.1. Bioinformatic Analysis

Next-generation sequencing data underwent quality control using FastQC, version
0.11.9 (accessed on 15 March 2021). They were then preprocessed using Trimmomatic [35]
and aligned to the reference genome GRCm38 with the STAR aligner [36] using default
parameters. Genomic loci were annotated using GENCODE version M25 [37]. Genes with
low expression were filtered out of the dataset by setting a threshold of a minimum of two
counts per million in three samples.

2.6.2. Gene Module Classification

Pair-wise differential analyses were performed on all three BZATP /LPS time points,
and genes with an FDR < 0.01 were considered. Only the genes with an absolute log
fold-change of >0.5 across two consecutive time points were labeled up- or downregulated.

2.7. Immunocytochemistry

For immunocytochemistry, microglia cells were plated on 12 mm round glass cover-
slips in 24-well sterile plates (NUNC A/S, Roskilde, Denmark) in DMEM and low glu/10%
FCS-HI. Non-adherent cells were washed out after 3—4 h. Adherent microglia were incu-
bated overnight in 0.1% BSA/DMEM/F12 and then used in experiments identical to those
carried out for testing cytokine secretion. To study the expression of TNF alpha-induced
protein 3 (TNFalP3, A20) protein, ladostigil (1 x 10710 M) was added to the microglia for
2 h before BZATP/LPS, and measurements were made after 8 h. TNFalP3 was visualized
by immunofluorescence confocal microscopy (Zeiss Confocal LSM 980) using an antibody
against TNFalP3 (A20; Abcam # 92324). Microglia were fixed for 15 min in 4% methanol-
free formaldehyde, permeabilized for 10 min in 0.1% Triton X100, and blocked for 1 h in
10% FCS in PBS. Anti-TNFalP3 Ab (diluted 1/200 in PBS/FCS) was added to the microglia
in wet chambers overnight at 4 °C. Cy3-labeled secondary Ab goat and anti-rabbit (in
PBS/FCS) were applied for 1 h followed by Alexa Fluor 488phalloidin and Dapi staining.
Randomly sampled microglia were scanned by a confocal microscope at one plane that
ran through the middle of their nuclei. Immunofluorescence levels in the cytoplasm of
Cy3-labeled TNFalIP3 were determined by IMARIS software, Version 10.1. Optical slices
of cells, 1 um thick, were scanned sequentially and used to produce the shown maximal
intensity projection images (Zeiss Zen 3.3 software). We estimated the concentration of
TNFalP3 by determining the intensity/unit area to take into account any differences among
the microglia in the volume of their cytoplasm. By sampling all the cells in the same plane
that runs through the center of the cell nucleus, we neutralized any preferential localization
of TNFalP3 within the cell.

To study the expression of early growth response (EGR) 1 protein, the same protocol was
used as TNFAIP3 protein with some modifications. Ladostigil (1 x 1071 M) was added to
microglia for 2 h before BZATP/LPS, and measurements were made after 3 h. EGR1 protein
(red) was visualized by immunofluorescence microscopy using a monoclonal antibody against
Egrl (cell signaling, #4153). Randomly selected low-power fields that were scanned in the
same plane that runs through the center of cell nuclei were used to determine the percentage
of microglia that displayed positive EGR1 protein immunoreactivity in their nuclei.

2.8. Statistics

The cytokine quantification data were analyzed in samples of at least 24 replicates
using one-way analysis of variance (ANOVA) by IBM SPSS Statistics Version 25 followed by
Duncan’s post hoc test. The assumption of the homogeneity of variances was verified using
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the Brown-Forsythe test for equality of group variances. Comparing two experimental
groups, a two-sample t-test was performed. Results from experiments on cell viability,
cytokine secretion from microglia, and TNFalP3 in microglial cytoplasm are presented as
mean £ SEM. Plasma levels of ladostigil are presented as mean & SD. p-values of < 0.05
were considered statistically significant. Measures of TNFAIP3 in microglia were analyzed
by a Kruskal-Wallis non-parametric test, and Egrl in microglial nuclei was analyzed by
Dunnett’s multiple comparison test. Principal component analysis (PCA) was performed
using the R-base function “prcomp”. EdgeR was used to perform RNA read counts by the
trimmed mean of the M-values normalization of RNA (TMM) and differential expression
analysis [38]. Gene-set and KEGG pathway enrichment analyses were performed using the
“goana” and “kegga” functions (respectively) in the “limma” R package [39]. Figures were
generated using the ggplot2 R package.

3. Results
3.1. Ladostigil Concentration in the Plasma of Old Rats

The mean (£SD) plasma concentration of ladostigil in samples taken from six rats
after they had been given ladostigil (1 mg/kg/day) in the drinking fluid for six months
was 2.39 £ 1.08 ng/mL (8.75 = 3.95 nM).

3.2. Effect of Ladostigil on Cytokine Release from Activated Microglia

The effect of BSA (0.1%) with LPS 0.75 ng/mL and BzATP (400 uM) on cell viability
in arbitrary units after 3 h was 0.026 = 0.002 and 0.029 £ 0.004 after 24 h. It did not
differ from BSA, which was 0.025 + 0.002 at both time points. The lowest concentration
of ladostigil tested in microglia that significantly decreased cytokine secretion induced
by BZATP/LPS was 1 x 10713 M for TNFa and IL6, and 1 x 10712 M for IL13. Maximal
reductions of ~50% for IL6 and IL1{ were obtained by ladostigil (1 x 10~~1 x 109 M).
At all concentrations of ladostigil and budesonide tested, the reductions of IL6 were greater
than TNFa, (p < 0.001). Reductions of IL1p by ladostigil (1 x 10~? M) and budesonide
(1 x 10~ M) were also greater than TNFo (Figure 1). The greater effect of ladostigil on the
release of IL6 than TNF«, which is also seen after budesonide, may be due to the differential
regulation of these cytokines by EGR1 [40].

120
mm TNFo == IL6 Emm |L1p
100 s B
- N
2 80N
= N #
o N ]
< 60|\ N "

5 N \ N B B
g M ] "KRRRE
N N # # N N N
N R E KR Vil N

“NRR KR RR K
N N N N\ N N NJE:
0 E = > h b ) E b = E E b £ o
o (10" 102 10" 10" 102 10" 107 10°®
\— Budesonide (M) I \— Ladostigil (M) 4
l BzATP/LPS |

Figure 1. A dose-related reduction in the release of TNF«, IL6, and IL1 from microglia activated by
BzATP/LPS. Ladostigil or budesonide was added 2 h before BZATP and LPS in the presence of 0.1%
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BSA. ANOVA for TNFo; Fs 575 = 85.4, p < 0.0001; IL6; Fs5 28p = 141.7, p < 0.0001; IL13; F4 73 = 18.14,
p <0.0001. All concentrations of ladostigil and budesonide tested reduced the three cytokines;
** p < 0.01. This was significantly different from the value for TNFu; # p < 0.05.

3.3. Effect of Ladostigil on Genes in Microglia Assessed by RNA-seq

The reproducibility of the normalized RNA-seq read counts was assessed by perform-
ing PCA analysis for each biological sample. The biological replicates clustered tightly
together, confirming the low variability within each experimental group. The sample
variability (within and between groups) is illustrated by the first two principal components
that comprise >83% of the variation. Only four DE genes were affected by ladostigil treat-
ment in resting, unstimulated microglia (Figure 2A), but the expression of 25 genes was
significantly altered 8 h after their activation by BzATP/LPS (Figure 2B) when ladostigil
produced its inhibitory effect on cytokine secretion.

Figure 2. Ladostigil treatment alters gene expression in BzZATP /LPS-activated microglia. (A) Volcano
plots showing the log-fold change vs. —logl0 (p-value), as calculated by edgeR, and differential
expression analysis in ladostigil-treated microglia compared to untreated cells. (B) Volcano plots
showing the log-fold change vs. —log10 (p-value) of ladostigil-treated microglia 8 h after the addition
of BzZATP/LPS. Blue dots indicate genes that are downregulated and red dots indicate genes that are
upregulated by ladostigil. Cut-off value, +0.5.

Among these were early-growth response proteins 1 and 2 (Egrl and Egr2), matrix
metalloproteinase (Mmp), Mmp 12, the tissue inhibitor of metalloprotease 1 (Timp1), and
platelet-derived growth factor p (Pdgf-f) which were all downregulated by ladostigil.
TNFalP3 was upregulated (Figure 3A,B).

The connected genes with a STRING score of >0.6 are shown in Figure 4. The network
connectivity is highly significant (p-value: 2.2 x 10~4).
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Figure 3. Genes altered by ladostigil treatment. (A) Bars show the change caused by ladostigil in
gene expression in microglia after BZATP /LPS-induced activation. Bars on the right show genes that
were upregulated and bars on the left show genes that were downregulated. Cut-off value, 0.5.
(B) Selected, differentially expressed genes after BZATP /LPS treatment, with or without ladostigil.
Significantly different from the unstimulated control, ** p < 0.01, *** p < 0.001; significant effect of
ladostigil, # p < 0.05; ## p < 0.01 ##H# p < 0.001.
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Figure 4. STRING protein—protein interaction network. Differentially expressed genes 8 h after
BzATP/LPS activation with and without ladostigil. All clusters are labeled by their main cellular
functions, and the larger connected network (red color) is partitioned into sub-clusters for functional
annotation. The letter U in the node indicates upregulated genes. The other nodes are downregulated
genes. STRING protein—protein interaction enrichment, p = 2.2 x 10~%.
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3.4. Ladostigil Treatment Increases TNFalP3 Protein in BzZATP/LPS-Activated Microglia
The addition of BZATP/LPS to microglia caused a small but significant increase in

TNFalP3 protein in the cytoplasm (p < 0.05). This was increased further (p < 0.001) by the
addition of ladostigil (1 x 10-10 M) (Figure 5 and Table 1).

Figure 5. Ladostigil increases levels of TNFAIP3 protein immunoreactivity in microglial cytoplasm
in the presence of BZATP/LPS. Three representative high-power immunofluorescence confocal
microscopy images of single microglia are displayed: (A,a), medium with 0.1% BSA; (B,b) medium
plus BZATP/LPS; and (C,c) medium plus ladostigil + BZATP/LPS. TNFAIP3 protein was visualized
(red) by immunocytochemistry using an antibody against TNFAIP3 protein, F-actin (green) by Alexa
488-labeled phalloidin, and nuclei (blue) by DAPI staining. Optical slices of phagocytes, 1 um thick,
were scanned sequentially and used to produce the shown maximal intensity projection images
(Zeiss Zen 3.3 software). TNFAIP3 protein immunoreactivity is detected in the cytoplasm but not
the nuclei (a—c). In fields (A—C), TNFAIP3 protein-positive immunoreactivity, F-actin and nuclei are
displayed. In fields (a—c), only TNFAIP3 protein-positive immunoreactivity and nuclei are displayed.
Calibration bars: 10 pm.

Table 1. Quantification of TNFAIP3 protein in the microglial cytoplasm.

Mean Fluorescence Intensity - SEM

Treatment N (AU/um?)

Medium 32 19.8 £ 0.6

BzATP/LPS 53 233+1.0%
Ladostigil + BzZATP/LPS 58 28.8 4 0.9 **+#i

Randomly selected fields (as those shown in Figure 5) were used. N = number of fields sampled. Significance of
difference by ANOVA, p < 0.0001, and Bonferroni’s multiple comparison test; medium vs. BZATP/LPS * p < 0.05
and medium vs. ladostigil + BZATP/LPS, *** p < 0.001; BZATP/LPS vs. ladostigil + BzATP/LPS, ## p < 0.001.

3.5. Ladostigil Treatment Decreases EGR1 Protein in the Nucleus of BzZATP/LPS-Activated Microglia

The addition of BZATP/LPS to microglia significantly increased the number of mi-
croglia containing EGR1 protein in their nuclei (p < 0.001). This was decreased significantly
(p < 0.001) by ladostigil (Figure 6 and Table 2).
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Figure 6. Ladostigil decreases the number of microglia displaying positive EGR1 protein immunoreac-

tivity in their nuclei induced by BzATP /LPS treatment. Three representative low-power immunofluo-
rescence confocal microscopy fields are displayed: (A,a) medium with 0.1% BSA; (B,b) medium plus
BzATP/LPS; (C,c) ladostigil + BzZATP/LPS. Egrl was visualized using immunocytochemistry and a
monoclonal antibody against EGR1; nuclei (blue) were visualized using DAPI staining, and EGR1
(red), overlaying nuclei appear pink. In fields (A—C), both EGR1 protein-positive immunoreactivity
and nuclei are displayed. In fields (a—c), only EGR1 protein-positive immunoreactivity is displayed.
Calibration bars: 20 pm.

Table 2. Quantification of EGR1 protein immunoreactivity in microglial nuclei.

Mean Percent of Nuclei with Positive EGR1

Treatment N Protein Immunoreactivity = SEM
Medium 32 19.0 £ 4.2
BzATP/LPS 53 82.3 £ 3.7 %
Ladostigil + BZATP/LPS 58 56.0 - 3.9 it

Randomly selected fields (as those shown in Figure 5) were used. N = number of fields sampled. Significance
of difference by ANOVA, p < 0.0001, and Bonferroni’s multiple comparison test; medium vs. BZATP/LPS and
medium vs. ladostigil + BzZATP/LPS, *** p < 0.001; BZATP/LPS vs. ladostigil + BzZATP/LPS, ## p < 0.001.

4. Discussion

The dysfunction of mitochondria and the generation of reactive oxygen species (ROS)
occur in the aging brain and are early contributory events to neurodegeneration and
Alzheimer’s disease (AD) [6,7]. ROS releases ATP [41], which activates purinergic Aja
receptors (AyaR) on the microglia membrane, causing them to retract their processes [42].
AR and P2x7 receptors (P2x7R) are upregulated in the brains of patients with AD [43]
and in the hippocampus of aging rats with memory impairment. The stimulation of ApaR
in the brain by ATP further increases neurodegeneration [44], while the activation of P2x7R
on microglia releases several pro-inflammatory cytokines [28]. In the current study, the
addition of BzATP to activate P2x7R in microglial cultures in addition to LPS enabled
the measurement of IL1p protein secretion. Both IL1f3 and IL6 decreased by ~50% at
concentrations of ladostigil of 0.01-1 nM.
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Chronic treatment with ladostigil (1 mg/kg/day) in aging rats prevented the upregu-
lation of AyAR and memory decline [25]. The mean plasma concentration of ladostigil in
these rats was found to be 2.39 & 1.08 ng/mL or 8.75 4= 3.95 nM. However, ladostigil was
not measured in the brain of the aging rats, and peak concentrations in the cerebral cortex in
young adult rats after acute oral administration of 5 mg/kg were ~25% of those in plasma
(unpublished observations). Assuming a similar plasma-cortical ratio after the chronic
administration of 1 mg/kg/day in aged rats, a concentration of ~2.2 nM is obtained. After
s.c. injection of 5 mg/kg in mice, the concentration of ladostigil in the brain was also 25-50%
of that in plasma [34]. Since a dose of 1 mg/kg/day also decreased the gene expression of
TNF«, IL6, and IL1f3 in the brain [23], it is reasonable to assume that there could have been
enough ladostigil in the brain of the aging rats to have reduced cytokine release.

Cytokine secretion from microglia activated by LPS and BzATP was accompanied
by a significant upregulation of transcription factors, Egrl, Egr2, and PDGEF-3. Egrl and
Egr2 are downstream signaling targets of P2x7R [40] that increase in LPS-activated mixed
astrocyte-microglial cultures [45]. Egrl is rapidly and transiently induced in different cell
types in response to a variety of stimuli, including oxidative stress, radiation injury, elec-
trical stimulation, and neurotransmitter activity. It is activated by intracellular pathways,
including MAPKs, ERK, and p38. Egrl/Krox24 gene expression in the hippocampus was
shown to be related to the severity of AD in human subjects [46]. Egrl also accelerates tau
phosphorylation and the processing of amyloid precursor protein to 3-amyloid in a mouse
model of AD [47]. Much less is known about the role of Egr2 as a mediator of inflammation.

PDGEF-§ is released in the cerebral spinal fluid (CSF) from pericytes and is a specific
marker for pericyte injury associated with a loss of integrity in the blood—brain barrier [48],
which declines in normal aging and more rapidly in AD. A correlation was found between
age and PDGF-f in CSF, with the highest levels found in subjects with mild cognitive
impairment (MCI) and AD [49].

Ladostigil decreased the expression of Egrl and Egr2 transcripts in BzATP/LPS-
activated microglia and Mmps 12, all of which regulate cytokine release [50], and it also
reduced the expression of PDGEF-f3. It significantly reduced the amount of EGR1 protein
in the nucleus three h after it had been elevated by BzATP/LPS. On the other hand,
ladostigil upregulated the gene expression of the ubiquitin-modifying enzyme, TNFalP3,
and increased the levels of this protein in the microglial cytoplasm. TNFalP3 terminates
the activation of NFkB in response to stimulation by LPS, IL1(3, TNFe, IL6, or CD40 [51].
TNFalP3 prevents the NFkB-dependent upregulation of NLRP3 and conversion of pro-
IL1B to mature IL13 through the binding of its A20-like zinc finger domain to ubiquitin
chains [52]. It also blocks IKK«x/ 3 activation by the upstream kinase, Tak1 [53]. Moreover,
the brains of mice lacking TNFaIP3 have a larger number of microglia with shorter and
fewer processes, resembling those after chronic infection or aging [54]. Together, these
observations suggest that the elevation of TNFalP3 could protect the organism against
inflammatory conditions occurring in the aged brain [19].

An increase in cytosolic TNFalP3 by ladostigil via the alteration of various feedback-
controlling mechanisms [55] could be responsible for the reduction in the phosphorylation
of ERK and/or p38 and the decrease in nuclear EGR1. This, in turn, explains how ladostigil
reduced the formation and secretion of cytokines in BZATP /LPS-activated microglia in
the current study. Restoring the aberrant signaling of these genes and their proteins by
ladostigil to normal enables us to explain how they prevented the morphological and
inflammatory changes in the brain regions of aging rats [25] and the attenuation of the
decline in memory in the whole brain and hippocampal volumes in elderly subjects with
MCI [56].
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Abstract: This study explores the neuropharmacological potential of various molecular and
amino acid components derived from Syzygium aromaticum (clove), an aromatic spice with
a long history of culinary and medicinal use. Key bioactive compounds such as eugenol,
a-humulene, 3-caryophyllene, gallic acid, quercetin, and luteolin demonstrate antioxidant,
anti-inflammatory, and neuroprotective properties by scavenging free radicals, modulat-
ing calcium channels, and reducing neuroinflammation and oxidative stress. Moreover,
gallic acid and asiatic acid may exhibit protective effects, including neuronal apoptosis
inhibition, while other useful properties of clove phytocompounds include NF-«B path-
way inhibition, membrane stabilization, and suppression of pro-inflammatory pathways,
possibly in neurons or other relevant cell types, further contributing to neuroprotection
and cognitive enhancement. Amino acid analysis revealed essential and non-essential
amino acids such as aspartic acid, serine, glutamic acid, glycine, histidine, and arginine in
various clove parts (buds, fruits, branches, and leaves). These amino acids play crucial roles
in neurotransmitter synthesis, immune modulation, antioxidant defense, and metabolic
regulation. Collectively, these bioactive molecules and amino acids contribute to clove’s
antioxidant, anti-inflammatory, neurotrophic, and neurotransmitter-modulating effects,
highlighting its potential as a preventive and therapeutic candidate for neurodegenerative
disorders. While preliminary preclinical studies support these neuroprotective properties,
further research, including clinical trials, is needed to validate the efficacy and safety of
clove-based interventions in neuroprotection.

eywords: cloves; herbal medicine; nutrition; Alzheimer’s disease; neurodegeneration
Key ds: cl herbal med trit Alzh 'sd d t

1. Introduction

Neurodegenerative diseases are a global health challenge, affecting millions and
imposing significant burdens on healthcare systems, families, and economies. They are
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particularly prevalent in Western societies, where factors like aging populations may con-
tribute to their high incidence [1]. These disorders, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis
(ALS), progressively deteriorate nerve cells in the brain and spinal cord, leading to cognitive
decline, motor impairments, and often fatal consequences. The economic implications of
neurodegenerative disorders are substantial, with immense costs associated with patient
care, medication, long-term assistance, and loss of productivity [2]. These expenses strain
healthcare systems and exert financial pressure on families, significantly affecting their
quality of life [3-6]. While advancements in research and healthcare have significantly
improved the diagnosis and management of neurodegenerative diseases, the absence of
effective disease-modifying treatments remains a critical challenge. This dichotomy re-
flects the progress made in understanding the pathology of neurodegenerative diseases
and the ongoing difficulties in translating this knowledge into therapies that alter their
trajectory. The complex nature of these diseases demands better therapeutic strategies,
emphasizing the urgency for innovative interventions, as AD is a progressive neurode-
generative disorder that represents one of the most pressing healthcare challenges of our
time. It is believed to be a disorder characterized by the aggregation of amyloid-beta
(Ap) plaques and neurofibrillary tangles, which are associated with synaptic dysfunction,
neuronal loss, and cognitive impairment [7]. Genetic factors, such as mutations in the
amyloid precursor protein (APP) and presenilin genes, play a role in early-onset AD, while
aging, environmental factors, and lifestyle contribute to late-onset AD [8,9]. Current AD
therapies face significant limitations. Cholinesterase inhibitors (donepezil, rivastigmine,
galantamine) and the N-methyl-D-aspartate (NMDA) receptor antagonist (memantine [10])
are approved drugs for AD symptomatic treatment [1]. However, these medications do
not modify the underlying disease pathology. Recently, drugs such as aducanumab and
lecanemab have been approved, although their benefits appear to be modest, primarily
slowing cognitive decline rather than reversing or halting the progression of Alzheimer’s
disease [11,12]. These therapies target amyloid plaques, a hallmark of Alzheimer’s, but
their impact on long-term disease progression remains uncertain. Additionally, the most
of therapies are often invasive (e.g., intravenous administration) and can have severe side
effects, such as brain swelling and bleeding [13]. Symptomatic treatments for memory loss
and neuropsychiatric symptoms provide temporary relief, but do not address underlying
neurodegeneration. Donanemab, an amyloid (3-directed antibody, received approval in
the USA for the treatment of adults with early symptomatic Alzheimer’s disease, but the
National Institute for Health and Care Excellence has recently not recommended it for use
in the National Health Service (NHS) in the United Kingdom due to its relatively small
benefits and high rollout costs, including regular infusions and side effect monitoring [14].
Advances in disease-modifying therapies remain critical to improving outcomes [15,16]. In
this context, nature-inspired and plant-based therapies [17-20] are gaining attention for
their potential in treating AD, offering a natural and holistic approach to a condition with
limited pharmaceutical solutions [21,22]. Addressing socially relevant diseases drives the
search for new therapeutic strategies, which are based on molecular systems that include
not only natural, but also synthetic compounds, such as peptidic and oligonucleotidic
molecules, as well as hybrid structures like nucleopeptides [23-33]. However, plants like
Ginkgo biloba, Huperzine A, ginseng, and turmeric contain bioactive compounds that
address several key aspects of AD’s pathology, including oxidative stress, neuroinflam-
mation, and Af plaque formation [34]. Ginkgo biloba, one of the most studied herbs
for AD, is known for its flavonoids and terpenoids that act as powerful antioxidants and
anti-inflammatory agents. Clinical trials have shown that extracts like EGb 761 can im-
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prove cognitive functions in mild-to-moderate dementia and alleviate neuropsychiatric
symptoms, though results vary, highlighting the need for more rigorous studies [35,36].
Similarly, Huperzine A, derived from the Chinese club moss, shows promise as it enhances
cholinergic signaling in the brain by inhibiting acetylcholinesterase, though long-term
efficacy remains to be fully understood [37]. Ginseng, which is rich in ginsenosides, has
demonstrated the ability to reduce A accumulation and oxidative damage both critical in
AD progression [38,39]. Meanwhile, curcumin, the active compound in turmeric, has been
noted for its anti-inflammatory properties and potential to reduce plaque burden although
its poor bioavailability poses a challenge [40-42]. Sage (Salvia officinalis) is another herb
that has shown benefits in improving memory and cognitive performance in clinical trials
alone and in addiction with Hypericum perforatum, also known as St. John’s Wort [43,44].
The strength of herbal therapies lies in their ability to target multiple pathways involved in
AD’s complex mechanisms. Among the various underlying mechanisms of AD, mitochon-
drial dysfunction plays a crucial role. This includes factors such as increased production
of reactive oxygen species (ROS) [45,46], disrupted calcium balance, and disturbances in
mitochondrial dynamics [47]. In this context, the clove (Syzygium aromaticum) [48] and
its primary bioactive compound, eugenol [49], provided very interesting results for their
potential therapeutic effects on AD. These effects are primarily linked to clove’s antioxidant
and anti-inflammatory properties, which address two critical pathological processes in
AD: oxidative stress and neuroinflammation [50]. Eugenol has been shown to neutralize
free radicals and reduce inflammatory cytokines, thereby protecting neurons from damage
associated with Af3 plaques and tau protein aggregation, hallmarks of AD [51]. Preclin-
ical studies suggest that clove essential oil can attenuate cognitive decline and improve
memory functions in animal models of AD [52]. It achieves this by modulating oxida-
tive pathways and preventing neurodegeneration. Additionally, the anti-inflammatory
effects of eugenol help suppress microglial activation, which plays a crucial role in the
progression of neurodegenerative disorders [53]. Clove is widely used in both culinary
and traditional medicinal practices across the world. In cooking, clove is a staple spice
in many cuisines, particularly in Asia, the Middle East, and Africa, where it is used to
flavor dishes, teas, and desserts [54]. Its aromatic and slightly sweet, yet pungent, taste
enhances a variety of foods, including curries, baked goods, and beverages like chai tea.
Medically, clove has been an integral part of traditional systems like Ayurveda, Unani,
and Chinese medicine. It is used for its antiseptic, analgesic, and digestive properties.
Clove oil is applied to relieve toothache and oral infections, while clove teas are consumed
to soothe digestive discomfort and boost immunity [55]. In Armenia, clove oil is a key
ingredient in an ointment called Yubivaks, which is believed to heal burns. The ointment
is currently undergoing preclinical testing for its anti-burn activity [56]. Epidemiological
studies on the use of clove and its association with AD incidence in the area where the
spice was extensively used are limited but promising. While clinical data in humans are
sparse, preliminary findings suggest that clove has potential neuroprotective effects that
could lower the risk or progression of AD in populations where clove is a dietary staple or
traditional medicine [57]. Furthermore, traditional usage of clove in regions like Southeast
Asia, where its consumption is common, aligns with its observed health benefits in experi-
mental studies. Although direct epidemiological evidence linking clove consumption to
lower AD incidence is not yet well-established, ongoing pharmacological and biochemical
research supports its potential for inclusion in therapeutic strategies against neurodegen-
erative disease. Owing to its molecular composition, clove contains numerous bioactive
compounds with significant neuropharmacological potential (Table 1). These molecules
demonstrate antioxidant, anti-inflammatory, and neuroprotective properties. The amounts
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of molecular components in clove can vary depending on factors, such as the part of the
plant used (buds, leaves, or stems) and the method of extraction. For instance, thirty-six
constituents were identified from the essential oil of clove buds, and twenty-nine from the
essential oil of clove leaves using gas chromatography—mass spectrometry. Major classes
of compounds include sesquiterpenes, phenyl propanoids, oxygenated sesquiterpenes,
and esters. The composition of major constituents varied between the two oils, with the
clove bud essential oil containing eugenol (65.29%), trans-caryophyllene (20.06%), and
a-humulene (3.38%), while the clove leaf essential oil contained eugenol (64.47%), trans-
caryophyllene (27.19%), and o-humulene (3.62%) [58]. Remarkably, clove components, like
eugenol and p-caryophyllene, have been found to be able to cross the blood-brain barrier
and have been subjected to studies against glioblastoma [59]. The already mentioned
eugenol exhibits neuroprotective, antioxidant, and anti-inflammatory effects by scavenging
free radicals, inhibiting neuroinflammation, and modulating calcium channels (Table 1).
-Caryophyllene functions as a CB2 receptor agonist, reducing oxidative stress and neu-
roinflammation, while gallic acid and quercetin enhance memory and cognitive function by
reducing oxidative stress and inhibiting acetylcholinesterase. Luteolin and kaempferol offer
neuroprotection through anti-inflammatory pathways, while tannic acid and paeoniflorin
mitigate oxidative stress and stabilize cell membranes. Compounds such as isorhamnetin,
ellagic acid, and rhamnocitrin demonstrate free radical scavenging and anti-inflammatory
properties. Eugenin, oleanolic acid, and asiatic acid contribute to antioxidant defenses
and modulate inflammatory pathways, protecting against neurodegenerative diseases.
Arjunolic acid also protects against oxidative stress. Together, these phytocompounds
highlight clove’s potential as a neuroprotective agent.

Table 1. Key molecular components of clove, their potential neuropharmacological effects, mecha-
nisms of action, and supporting references.

Potential Neuropharmacological

Molecular Component Mechanism of Action Reference
Effects
. .. Scavenges free radicals, inhibits
Neuroprotective, antioxidant, . .
Eugenol .. neuroinflammation, modulates [60-62]
anti-inflammatory :
calcium channels
NF-«B inhibition, ROS
o-Humulen Antioxidant, anti-inflammatory neutralization, COX-2 suppression, [55,63-65]
membrane disruption.
. . CB2 receptor agonist, modulates
Neuroprotective, anti-inflammatory, . .
-Caryophyllene . . neuroinflammation, reduces [66-68]
anti-anxiety P
oxidative stress
Gallic Acid Antioxidant, anti-apoptotic, memory  Reduces oxidative stress, .prevents [69-71]
enhancer neuronal apoptosis
. .\ Inhibi Icholi ,
. Neuroprotectwe, cognitive enhancer, ibits acety .C Olnesterase
Quercetin . . reduces pro-inflammatory [66,72-74]
anti-neuroinflammatory .
mediators
Inhibits inflammation, promotes
Luteolin Neuroprotective neuroprotection, and reduces [75-77]
oxidative stress
Free radical scavenging, metal
L . chelation, lipid protection, NF-«xB
L Antioxidant, anti-infl tory, . -
Tannic acid nioxadant, antrintiammatory, inhibition, cytokine reduction, [61,78,79]

anti-neuroinflammatory

modulates cytokines, inhibits
microglial activation
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Table 1. Cont.

Molecular Component

Potential Neuropharmacological
Effects

Mechanism of Action

Reference

Casuarinin

Antioxidant

Scavenges free radicals, reducing
oxidative stress

(80]

Paeoniflorin

Antioxidant, anti-inflammatory;,
neuroprotective

Inhibits pro-inflammatory
cytokines, reduces ROS, stabilizes
cell membranes

(81]

Kaempferol

Neuroprotective, anti-inflammatory

Suppresses pro-inflammatory
pathways, protects against neuronal
degeneration

[69,82]

Ellagic Acid

Antioxidant, neuroprotective

Scavenges free radicals, inhibits
inflammation, regulates cell cycle

[69,83]

Rhamnocitrin

Antioxidant, neuroprotective

Free radical scavenging, reduction
in neuroinflammation

[69,84,85]

Isorhamnetin

Antioxidant, anti-inflammatory

Free radical scavenging, inhibition
of pro-inflammatory cytokines

[86,87]

Eugenin

Anti-inflammatory, antioxidant,
neuroprotective

Neutralizes reactive oxygen species
and reactive nitrogen species (RNS),
inhibits the production of
pro-inflammatory mediators,
interferes with neuroinflammatory

pathways

[87-90]

Oleanolic Acid

Antioxidant, anti-inflammatory

Scavenges free radicals and boosts
cellular antioxidant defenses,
inhibits the NF-«B pathway and
reduces pro-inflammatory
cytokines, modulates oxidative
stress and inflammation

[87,91,92]

Asiatic Acid

Neuroprotective,
anti-inflammatory

Protects neurons from oxidative
stress and apoptosis, potentially
benefiting neurodegenerative
diseases like Alzheimer’s and
Parkinson’s, suppresses
pro-inflammatory mediators like
IL-6 and TNF-a.

[87,91,92]

Arjunolic Acid

antioxidant, anti-inflammatory

Reduces oxidative stress, chelates
metal ions and scavenges reactive
oxygen species,
reduces inflammation in various
disease models.

[87,91,92]

Overall, clove contains a range of bioactive compounds with significant neuropharma-
cological potential and structural diversity (Figure 1).
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Figure 1. Chemical representations of the phytocompounds found in clove discussed in this section
for their neuroprotective properties.

2. Cloves and Mechanisms of Neuroprotection
2.1. Clove Antioxidant Effects

Alzheimer’s disease is a neurodegenerative disease that causes a gradual loss of nor-
mal motor and cognitive function. The complex AD pathophysiology involves various
factors such as oxidative stress, neuroinflammation, Ap aggregation, disturbed neurotrans-
mission, and apoptosis. and are not able to cover different aspects of the disease [93]. Clove
extracts were evaluated for their effects on hydrogen peroxide-induced oxidative stress
in human neuroblastoma SH-SY5Y cell lines, which served as the experimental model.
The results demonstrated that both the extracts and key bioactive compounds of Syzygium
aromaticum effectively reduced ROS, restored mitochondrial membrane potential (MMP),
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and provided neuroprotection against HO,-induced oxidative damage. This protective
effect was attributed to the antioxidant properties of the extracts. Additionally, clove
extracts significantly diminished lipid peroxidation and restored glutathione levels. The
extracts also exhibited anti-acetylcholinesterase activity, anti-glycation effects, and the
ability to inhibit A aggregation and fibril formation. The multifaceted neuroprotective
mechanisms of clove suggested its potential as a promising candidate for drug develop-
ment in Alzheimer’s disease [94]. Other studies have indicated that Syzygium aromaticum
oil may minimize the neurotoxicity caused by acrylamide by reducing oxidative brain
damage [95]. As previously mentioned in this work, clove contains bioactive compounds
such as phenolic acids, flavonoids, and volatile oils, including eugenol, which demonstrate
potent antioxidant properties. These antioxidants play a pivotal role in neuroprotection
by scavenging free radicals and mitigating oxidative stress-induced damage in neuronal
cells, a key factor in the pathogenesis of AD [96]. Several studies have reinforced the
notion that clove extracts exhibit significant antioxidant activity, which may offer neu-
roprotection by mitigating oxidative damage in the brain, thereby reducing the risk of
neurodegenerative diseases [97,98]. Eugenol has been reported to alleviate neuropathic
pain [99] and demonstrate anti-amnestic activity in animal models of Alzheimer’s disease,
potentially through its antioxidant mechanism [100]. An interesting study demonstrated
that chronic administration of clove essential oil improved memory and learning in rats,
suggesting its potential role in cognitive enhancement [101]. Another study demonstrated
the safety and antidepressant-like effects of Syzygium aromaticum essential oil after both
acute and long-term treatment. Pronounced antidepressant effects were observed when the
oil was administered intragastrically at a dose of 200 mg/kg. The toxicological profile was
evaluated through prolonged administration at doses of 100, 200, and 400 mg/kg. Notably,
only the highest dose (400 mg/kg) resulted in a significant reduction in body weight, while
no significant changes were detected in organ weight ratios or cellular-level markers at any
dose. These findings suggest that clove essential oil is a highly effective antidepressant
with low toxicity when administered intragastrically [102]. As previously discussed, ox-
idative stress plays a central role in the pathogenesis of Alzheimer’s disease, contributing
to cellular damage through the accumulation of reactive oxygen species. Aging results
from the accumulation of damage to cellular proteins and membranes, with ROS-induced
oxidative stress being a significant factor in geriatric syndromes and various neurode-
generative diseases. In this context, Sirtuin 1 (SIRT1), an NAD"-dependent deacetylase,
emerged as a critical mediator in mitigating oxidative damage. SIRT1 is a pivotal regulator
of cellular functions associated with aging and neurodegenerative disorders, influencing
key signaling pathways related to autophagy, oxidative stress response, and mitochon-
drial activity—processes central to the development and progression of neurodegenerative
diseases, like AD [103]. Expanding on this understanding, Shekhar et al. explored the neu-
roprotective properties of clove in addressing A [3,5-35-induced neurotoxicity in neuronal
cells. Their key findings confirmed that Syzygium aromaticum demonstrates substantial
antioxidative capacity, as indicated by its ability to scavenge ROS and enhance the activity
of key antioxidant enzymes, including superoxide dismutase, catalase, and glutathione
peroxidase. Furthermore, the compound was found to upregulate both recombinant and
endogenous SIRT1 activity while simultaneously downregulating y-secretase, a protein
complex involved in amyloid plaque formation. This activation of SIRT1 and reduction
in y-secretase suggested a holistic approach for addressing neurodegenerative diseases
with Syzygium aromaticum. Clove inhibited the fibrillation and oligomerization of Ap with
high efficacy, and exhibited significant antioxidant activity to protect nerve cells. These
findings highlighted its potential use in the treatment of neurodegenerative diseases, par-
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ticularly AD. In fact, clove, as an ayurvedic product, promises healthy aging with minimal
side effects and cost-effectiveness, offering a potential solution to current unmet medical
needs [100]. Supporting these observations, other studies have further emphasized the
multifaceted neuroprotective properties of Syzygium aromaticum. For example, research
has shown that clove extract possesses anti-acetylcholinesterase activity, anti-glycation
potential, and inhibits amyloid-beta aggregation, all of which contribute to its potential
therapeutic benefits in Alzheimer’s disease [104].

Additionally, the activation of SIRT1 by Syzygium aromaticum is consistent with find-
ings that SIRT1 plays a crucial protective role against neurodegeneration, enhancing mi-
tochondrial function and reducing oxidative stress [105]. Another study demonstrated
that the compounds in Syzygium aromaticum effectively inhibited both acetylcholinesterase
and butyrylcholinesterase, with stronger inhibition observed for the former enzyme. This
suggests the potential of clove oils as an early therapeutic approach for brain dysfunction,
particularly in neurodegenerative conditions such as Alzheimer’s disease [106]. A gas
chromatography—mass spectrometry analysis identified 58 volatile compounds in clove
essential oil. To investigate its antioxidant and anti-aging effects, researchers employed
the nematode Caenorhabditis elegans as a model organism. Chronic treatment with clove
essential oil significantly extended the lifespan and improved the reproductive health of
these nematodes. The oil demonstrated antioxidant activity by reducing levels of ROS
and by upregulating key antioxidant enzymes, including superoxide dismutase 3 and
glutathione S-transferase 4. Additionally, clove essential oil induced the translocation of
the DAF-16/FOXO transcription factor from the cytoplasm to the nucleus. DAF-16, the
Caenorhabditis elegans homolog of the FOXO transcription factor, plays a central role in the
insulin/insulin-like growth factor 1 signaling pathway, which regulates longevity, stress
resistance, and metabolism. Upon activation, DAF-16 moves into the nucleus and binds
specific DNA sequences to promote the expression of genes involved in stress response
and lifespan extension [107]. The treatment with clove essential oil leads to germ cell
apoptosis in an acep-1- and daf-16-dependent manner, underscoring the intricate regulatory
mechanisms that govern cell death in Caenorhabditis elegans. Although the precise role of
acep-1 in this context requires further elucidation, the involvement of DAF-16 suggested
that clove essential oil may modulate apoptotic pathways through its influence on this
transcription factor. Overall, these findings indicate that clove essential oil possesses an-
tioxidant and anti-aging properties, with DAF-16 playing a central role in mediating these
effects [108]. The study demonstrated that combining endurance training with clove oil
supplementation improved spatial memory in a rat model of Alzheimer’s disease. This
combined intervention increased the expression of the o7 nicotinic acetylcholine receptor in
the hippocampus—an important receptor involved in cognitive function—while reducing
levels of NLRP1 (NOD-like receptor protein 1), a key component of the inflammasome that
mediates inflammatory responses. Additionally, the number of dark cells, which indicate
cellular damage, decreased. These molecular and cellular changes are likely to contribute
to enhanced spatial learning and memory [109].

2.2. Clove Anti-Inflammatory Effects

Inflammation plays a critical role in Alzheimer’s disease, contributing significantly to
the progression of the condition. Alzheimer’s disease, like other proteinopathic neurode-
generative disorders, is characterized by the accumulation of amyloidogenic proteins. A
neuroinflammatory component in Alzheimer’s disease has been known for more than a
decade, and although inflammation’s contribution to the disease was initially underappre-
ciated, recent genetic, bioinformatic, and preclinical data now confirm its importance in
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exacerbating the pathology of the disease. Neuroinflammation in Alzheimer’s disease is
primarily driven by the brain’s intrinsic myeloid cells, known as microglia, and this inflam-
mation intensifies as the disease progresses [110]. The effectiveness of some antidementia
drugs in animal models of Alzheimer’s disease has been linked to their anti-inflammatory
properties. One such example is ellagic acid, a compound found in clove, which has demon-
strated an ability to mitigate Alzheimer’s-like behavior in 5xFAD mice. This antidementia
effect is attributed to ellagic acid’s ability to reduce inflammatory responses in the brain,
decrease oxidative stress, lower amyloid beta deposition, reduce apoptosis, and promote
neurogenesis, all of which contribute to the compound’s potential as a therapeutic agent
in Alzheimer’s disease [111]. In the context of Alzheimer’s disease, the anti-inflammatory
effects of various molecular components found in clove further highlight the potential ther-
apeutic benefits of this natural substance. As mentioned, ellagic acid has shown promise in
mitigating Alzheimer’s-like behavior in animal models by reducing inflammation, oxida-
tive stress, and amyloid beta deposition. This anti-inflammatory property is not unique
to ellagic acid, as clove is also known for its other molecular components that contribute
to such effects. For example, clove essential oil, with its main component, eugenol, is
renowned for its analgesic and anti-inflammatory properties. Eugenol has demonstrated
significant anti-inflammatory effects [56], which may play a role in protecting the brain
from the inflammatory processes that exacerbate Alzheimer’s disease. Helicobacter pylori
has been associated with an increased risk for various neurological diseases, including
Alzheimer’s disease, as well as other conditions like Parkinson’s and multiple sclerosis.
This link is primarily through mechanisms of chronic inflammation, systemic inflamma-
tion, and neuroinflammation. Given its role in promoting these inflammatory pathways,
Helicobacter pylori is recognized as a contributing factor to the pathogenesis of neurological
disorders. A growing body of evidence suggests that Helicobacter pylori infection plays a
significant role in the development and progression of Alzheimer’s disease through its
impact on chronic inflammation and neuroinflammation. In particular, the presence of
H. pylori has been associated with increased levels of specific anti-H. pylori antibodies in
the cerebrospinal fluid and serum of Alzheimer’s patients, which correlates with disease
severity. Studies have also revealed that individuals carrying the ApoE4 polymorphism,
the strongest genetic risk factor for Alzheimer’s, are more susceptible to H. pylori infection,
suggesting that this genetic variant may facilitate the entry of H. pylori into the brain. Fur-
thermore, H. pylori infection induces systemic inflammation by releasing pro-inflammatory
cytokines and toxins, which can cross the blood-brain barrier and disrupt its integrity.
This breakdown of the blood-brain barrier, combined with the inflammatory responses
triggered by the infection, likely contributes to the neurodegenerative processes observed in
Alzheimer’s disease. Thus, eradicating Helicobacter pylori can decrease systemic inflamma-
tion and improve endothelial function, potentially lowering the risk and severity of these
conditions [112]. In this context, a report on the anti-inflammatory activity of clove essential
oil in a Helicobacter pylori model fits seamlessly within the broader discussion of clove’s
potential in combating Alzheimer’s disease [113] studied the anti-inflammatory effects
of eugenol clove essential o0il, specifically against Helicobacter pylori. Their results demon-
strated that the essential oil inhibited human erythrocyte hemolysis at concentrations of 4, 8,
16, and 32 pg/L, with inhibition rates ranging from 53.04% to 63.64% (Table 2). Interestingly,
sodium diclofenac, a well-established anti-inflammatory drug, showed similar inhibition
rates; [114] evaluated the anti-inflammatory effect of nanoemulsion-based gels containing
clove and cinnamon essential oils. Even if moderately, a nanogel based on clove showed
activity in reducing paw edema, which is a model for inflammation; [115] found that clove
essential oil reduced paw swelling by 40-60% in rats, highlighting its anti-inflammatory
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potential. The gel demonstrated comparable effectiveness to both diclofenac and neomycin,
emphasizing the role of clove essential 0il in inflammation reduction.

Table 2. Anti-inflammatory effects of clove essential oil with potential neuroprotective properties.

Model Effect Rate Reference

Inhibited human erythrocyte

In vitro (human erythrocyte) hemolysis

Inhibition by 53.04-63.64% [113]

In vivo (rat model) Reduced paw swelling Reduction by 40-60% [115]

2.3. Neurotrophic and Neuropharmacological Effects

Some studies have highlighted the potential of clove extracts in promoting nerve cell
growth and survival. Components within clove, particularly eugenol, have shown the
ability to induce neurotrophic factors such as brain-derived neurotrophic factor (BDNF)
and nerve growth factor (NGF). These neurotrophic factors support neuronal health, aiding
in neurogenesis and neuronal regeneration [116,117]. Clove extracts have been suggested
to modulate neurotransmitter levels in the brain. In particular, eugenol may influence
neurotransmitter systems, including acetylcholine and dopamine pathways, potentially
impacting cognitive function and mood regulation. This modulation could contribute
to neuroprotective effects [118-120]. Several preclinical studies have explored the neu-
ropharmacological effects of clove extracts in animal models. These investigations have
reported improvements in cognitive function, memory enhancement, and neurobehavioral
outcomes upon administration of clove extract or its constituents. Such effects imply a
potential for clove-based interventions in neurodegenerative conditions [121-123]. Eugenol
has been shown to protect against neuronal death in PC12 cells treated with A{3. It also
mitigated the transcriptional upregulation of the pro-apoptotic protein Bax and the down-
regulation of the anti-apoptotic protein B-cell lymphoma (Bcl), which are typically induced
by Af in these cells [124]. Furthermore, eugenol has demonstrated its potential therapeutic
effects by improving memory impairment and reducing the number of amyloid plaques,
indicating its potential to influence and alter the underlying processes of Alzheimer’s
disease [125]. However, the exact mechanisms by which eugenol exerts these effects re-
main unclear. To further explore these mechanisms, Jung et al. investigated the impact
of eugenol on Alzheimer’s disease pathologies and its therapeutic action using a 5xFAD
mouse model. Eugenol was found to improve cognitive function, reduce necroptotic cell
death, and decrease A3 accumulation in the 5xFAD mouse model. The therapeutic effects
of eugenol may vary depending on the specific brain region targeted. In particular, eugenol
exhibited anti-inflammatory properties in the cortex and facilitated microglia-mediated
phagocytosis of A in the hippocampus. These findings suggest that eugenol could offer
therapeutic benefits for Alzheimer’s disease by modulating the inflammatory response and
addressing amyloid-related pathologies [126]. Overall, the effects reported to date in the
scientific literature of the different clove extracts and oils, which are due to their molecular
components, in in vitro and in vivo models are summarized in the following Table 3.

Table 3. Clove extract and oil effects in in vitro and in vivo models.

In Vitro/In Vivo Model Biological Activity Plant Part Extract/Oil Reference
Ant10x1dant(it;cls$?t§](?)PPH, FRAP) Antioxidant Buds Supercritical extract [94]

Antioxidant analysis (ABTS,

DPPH) (in vitro) Antioxidant Buds Essential oil [95]
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Table 3. Cont.

In Vitro/In Vivo Model Biological Activity Plant Part Extract/Oil Reference
Neuron culture, AfB-induced Neuroprotection
damage rop .. Buds Ethanol extract [97]
L. (Alzheimer’s disease)
(in vitro)
Primary neuronal cells,
scopolamine-induced memory Memory enhancement, .
. . . Buds Oil [98]
impairment model neuroprotection
(in vitro)
Neuronal cell line PC12, NeUrogenesis. memor Eugenol (oil
stress-induced damage Urogenesis, me y Buds ugenot o [118]
S improvement component)
(in vitro)
Neuropathic pain model, eugenol . s .
injection in cerebrospinal fluid Pain relief 1I;i1r11europathlc Buds Eugenol [96]
(in vivo; rats) P
Alzheimer’s disease model, .
Ap-induced memory impairment Neuroprotection (SIRTI Buds Extract [101]
S pathway)
(in vivo; mice)
Acrylamlde—m(.iuce.d neurotoxicity Neuroprgtectlon in toxic Buds oil [92]
model (in vivo; rats) brain damage
Alzheimer’s disease model, effect Memmjy er}hancement, .
. AP reduction in damaged Buds Oil [106]
of physical exercise (in vivo; rats) cells
Alzheimer’s disease model, Memory restoration,
mitochondrial function analysis apoptosis reduction, Buds Extract [49]

(in vivo; rats)

improved mitochondria

3. Amino Acid and Peptide Components in Cloves with

Neuroprotective Potential

Clove is highly valued for its diverse bioactive compounds, including those found in
clove essential oil, flavonoids, and phenolic compounds. While plant oils and extracts are
commonly used in neuropharmacological studies, the consumption of whole plant material
in the case of clove is believed to be linked to neuroprotective effects. In this context, recent
studies have highlighted the significant amino acid content across various parts of the
plant, such as the buds, fruits, branches, and leaves, which contribute to its nutritional and
medicinal properties as summarized in Table 4. Remarkably, amino acids play a crucial
role in metabolic processes, immune function, and antioxidant activity, making clove an

essential resource for health and wellness applications.
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Table 4. Amino acid composition of clove in its different parts like buds, fruits, and branches [127,128],
as well as their biological activities connected to their neuroprotective role [87].

Buds Buds Fruits Branches Leaves

Amino Acid (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Biological Properties

Reference

Aspefrtlc 1116 48 105.4 ) Supports metabc?hs'm
Acid and neurotransmission

[129]

Supports protein
synthesis and acts as a
precursor for
neurotransmitters

Serine 69.8 80.5 41.5 57.9 37.9

[130]

Functions as an
Glutamic excitatory
Acid 938 913 741 642 664 neurotransmitter and

antioxidant

[131]

Neurotransmitter,
anti-inflammatory,
Glycine 61.2 - 42.3 40.5 41.4 cytoprotective,
immunomodulatory,
metabolic precursor

[132-134]

Encompasses
neurotransmitter
synthesis, enzymatic
catalysis, metal ion
chelation, and plays a
role in the modulation of
immune responses and
growth

Histidine 121.6 - 118.8 121.2 120.6

[135,136]

Encompasses nitric
oxide production,
Arginine 133.1 113.7 9.1 250.1 89.9 immune enhancement,
antimicrobial action, and
metabolic regulation

[137,138]

Plays a critical role in
protein synthesis,
Threonine * 38.4 260.4 40.1 - 34.8 immune function, and
various metabolic
pathways

[139]

Supports
gluconeogenesis, insulin
secretion, immune
function, and longevity

Alanine 94.5 - 93.8 52.3 55.2

[140]

Precursor for hormones
like dopamine and
adrenaline. Affects

cognition,
thermoregulation,
neurotransmission, and
may influence lifespan
at varying doses

Tyrosine 77.5 40.0 69.3 64.1 66.7

[141]
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Table 4. Cont.

Amino Acid

Buds
(mg/kg)

Buds
(mg/kg)

(mg/kg)

Fruits Branches
(mg/kg)

Leaves

(mg/kg)

Biological Properties

Reference

Valine *

65.9

106.1

50.2 45.7

449

Contributes to muscle
growth, tissue repair,
has antioxidant
properties, and activates
NRF2 to improve
cellular health and
growth

[142,143]

Methionine *

63.3

14.1

62.8 -

Acts as an antioxidant
and supports liver
detoxification

[144,145]

Lysine *

68.9

68.5 68.2

66.8

Essential for protein
synthesis, longevity,
metabolism, and tissue
repair; plays a
significant role in
antioxidant and
anti-inflammatory
activities

[146,147]

Isoleucine *

59.8

16.8

53.1 -

Branched-chain amino
acid, affects glucose
metabolism, insulin

resistance, and may play
arole in aging

[143,148]

Leucine *

61.8

27.7

56.8 -

Influences lifespan,
metabolism, muscle
function, and longevity
regulation pathways

[143,149]

Phenylalanine *

75.0

21.1

74.8 -

83.3

Precursor for
neurotransmitters like
dopamine and
norepinephrine,
antioxidant.

[150]

Proline

154.9

203.7 97.6

63.7

Enhances collagen
synthesis and cellular
repair, supports
antioxidant activity, and
contributes to metabolic
regulation.

[151]

Tryptophan *

12.1

Recursor to melatonin,
serotonin, and vitamin
B3. It influences aging,
neurotransmitter
synthesis, mood
regulation, and sleep
cycles.

[152,153]
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Table 4. Cont.

Amino

Acid

Buds Buds Fruits Branches Leaves

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) Biological Properties

Reference

Total
Amino
Acids
(TAA)

1351.1 830.2 1251.2 861.8 771.6

Essential

Amino
Acids
(EAA)

433.1 461.9 406.9 113.9 229.8

* The asterisk denotes essential amino acids.

As observed from the data in Table 4, clove is a significant source of both essential
and non-essential amino acids, which contribute to its remarkable biological activities. The
plant’s various parts, including the buds, fruits, branches, and leaves, contain an array of
amino acids that play key roles in human health. Amino acids in clove contribute to energy
metabolism, immune system support, tissue repair, neurotransmission, and antioxidant
properties, making it a valuable resource for nutritional and pharmacological applications.
The buds and fruits of Syzygium aromaticum exhibit similar levels of essential amino acids,
with total contents of 433.1 and 406.2 mg/kg, respectively. These values are higher than
those found in the branches (113.9 mg/kg) and leaves (229.8 mg/kg). The essential amino
acids found in clove are of particular interest, as they cannot be synthesized by the human
body and must be obtained through diet. These essential amino acids, such as histidine,
threonine, valine, and methionine, are critical for various physiological functions including
immune modulation, muscle growth, collagen production, and neurotransmitter synthesis.
Their presence in clove enhances its potential as a health-promoting ingredient in functional
foods and medicinal products. On the other hand, non-essential amino acids like glutamic
acid, proline, and alanine also contribute to the plant’s bioactivity. For instance, glutamic
acid, a key neurotransmitter, plays an important role in brain function [154]. Similarly,
proline supports collagen synthesis, contributing to tissue repair and skin health. These
amino acids, though not required through the diet, provide significant benefits to the
body, especially in terms of maintaining homeostasis and overall well-being. The presence
of these amino acids underscores clove’s therapeutic potential in managing a variety of
conditions, from wound healing to inflammation and oxidative stress reduction. The
amino acid profile of clove also highlights its versatility as a natural source of bioactive
compounds. In addition to these amino acids, clove contains numerous other secondary
metabolites, such as flavonoids, phenolic compounds, and essential oils, which further
enhance its biological activities, as mentioned in the previous sections of this work. These
properties collectively contribute to clove’s reputation as a multifunctional medicinal plant,
ideal for both preventive health and therapeutic purposes, including neuroprotection. It is
clear that the inclusion of clove in various health and wellness products, particularly in
nutritional supplements, could significantly contribute to improving human health.

The peptide composition of clove is also noteworthy, particularly the identification of
ghrelin, an endogenous ligand of the growth hormone secretagogue receptor (Figure 2). In
clove, ghrelin was found to have concentrations of 4070.75 & 664.67 pg/mg in the flower
bud [155].
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Figure 2. Three-dimensional structure of human ghrelin within its precursor protein, as accessed
from https://www.modelarchive.org/doi/10.5452 /ma-cfzyt (accessed on 15 February 2025) [156].

Known for its roles in regulating food intake, energy homeostasis, and insulin release,
ghrelin has recently drawn attention for its potential therapeutic effects in neurological
disorders, particularly AD. In AD, ghrelin or its receptor agonists have shown promise in
attenuating pathology related to amyloid-beta accumulation, tau hyperphosphorylation,
neuroinflammation, and cognitive decline [157].

4. Conclusions

Clove has been traditionally valued not only for its culinary uses, but also for its
medicinal properties. Recent studies have drawn attention to its potential role in managing
neurodegenerative diseases like Alzheimer’s disease, with evidence suggesting that its
bioactive compounds, particularly eugenol, may offer neuroprotective effects. Although
epidemiological studies directly linking clove consumption to AD prevention are still
limited, preclinical research demonstrates significant promise. Clove contains a range
of bioactive compounds, including flavonoids, phenolic compounds, and amino acids,
all of which contribute to its health benefits. Clove is a rich source of both essential and
non-essential amino acids, which support numerous biological activities such as energy
metabolism, neurotransmission, immune function, and antioxidant action. These amino
acids play a crucial role in maintaining metabolic processes and immune function, which
are essential for brain health. The amino acid profile and the presence of peptides, like
ghrelin, in clove support the role of this spice in brain health and cognitive function. Clove
also contains significant levels of eugenol, which is the main compound responsible for its
neuroprotective properties. Eugenol has demonstrated antioxidant, anti-inflammatory, and
neuroprotective effects in several studies. Eugenol’s ability to modulate inflammation and
oxidative stress makes it a promising candidate for AD therapy. Overall, clove’s amino acid
content enhances its versatility in supporting cognitive health, alongside its other bioactive
compounds, such as flavonoids and phenolic compounds, all of which work synergistically
to improve cognitive function, support antioxidant defenses, and reduce neuroinflamma-
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tion. The presence of essential amino acids, particularly in the buds and fruits of clove,
make it a valuable ingredient for both traditional and modern medicinal applications.
The combination of antioxidant and anti-inflammatory properties, along with the amino
acids’ role in neurotransmission and tissue repair, position clove as a potentially valuable
adjunct to AD management, while some of clove’s molecular constituents can contribute to
managing other conditions related to oxidative stress, such as cardiovascular disease, by
supporting vascular health and reducing inflammation. In conclusion, eugenol and other
clove phytocompounds, along with the peptide ghrelin and the specific amino acid compo-
sition of clove—particularly its high levels of neuroprotective compounds like glutamic
acid—enhance its potential as a therapeutic agent for Alzheimer’s disease. Further clinical
research is necessary to fully understand the therapeutic potential of clove, particularly in
combination with other neuroprotective agents, and to optimize its use for neurodegenera-
tive diseases. With its diverse bioactive profile, clove holds significant promise as a natural
remedy in managing cognitive decline and other neurodegenerative conditions.
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Abstract: Neurodegenerative diseases are currently among the most devastating diseases
with no effective disease-modifying drugs in the market, with Alzheimer’s disease (AD)
being the most prevalent. AD is a complex multifactorial neurodegenerative disorder
characterized by progressive and severe cognitive impairment and memory loss. It is the
most common cause of progressive memory loss (dementia) in the elderly, and to date,
there is no effective treatment to cure or slow disease progression substantially. The role
of adrenergic receptors in the pathogenesis of Alzheimer’s disease and other tauopathies
is poorly understood or investigated. Recently, some studies indicated a potential benefit
of drugs acting on the adrenergic receptors for AD and dementias, although due to the
heterogeneity of the drug classes used, the results on the whole remain inconclusive. The
scope of this review article is to comprehensively review the literature on the possible role
of adrenergic receptors in neurodegenerative diseases, stemming from the use of agonists
and antagonists including antihypertensive and asthma drugs acting on the adrenergic
receptors, but also from animal models and in vitro models where these receptors have
been studied. Ultimately, we hope to obtain a better understanding of the role of these
receptors, identify the gaps in knowledge, and explore the possibility of repurposing such
drugs for AD, given their long history of use and safety.

Keywords: adrenergic receptors; Alzheimer’s disease; neurodegeneration; neuroinflammation;
tauopathies; beta amyloid; adrenergic agonists; adrenergic antagonists

1. Introduction

The most widespread and common type of dementia is Alzheimer’s disease (AD),
which poses a significant challenge to global health and inflicts devastating consequences
on patients, caregivers, and health systems. It is a progressive illness that leads to cognitive
impairment, loss of memory, and inability to perform even simple daily living tasks in the
end stages [1,2]. AD affects millions, and that number is expected to increase substantially
owing to the aging population [3]. Despite the heavy research on AD, no disease-modifying
treatments are available that could alter the course of AD. Current treatment options are
largely symptomatic in nature and result in slight and short-lived benefits in cognitive
function without modifying the mechanisms responsible for neurodegeneration [4].

AD is a complex disorder that is associated with multiple pathological features such as
amyloid-beta (Af) accumulation, hyperphosphorylation of tau protein, neuroinflammation,
loss of synapse connectivity and cardio-vascular abnormalities [5-7]. All of these processes
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are interrelated, which eventually result in a loss of neurons. Recently, research has started
focusing on the noradrenergic system, more specifically on adrenergic receptors (ARs),
and their role in the development of Alzheimer’s disease as a significant contributing
factor [8-14]. Adrenergic receptors are GPCRs whose primary function is to respond
to norepinephrine (NE) or epinephrine in the brain where such cognitive, vasculature
and inflammatory activities are regulated. Such dysregulation, with subsequent loss of
the non adrenergic system and innervation, is caused by the early degeneration of the
locus coeruleus (LC), which is one of the few regions that produces NE and is affected in
AD [11,15-17].

Adrenergic receptors, divided into o and (3, each have a different function and sig-
naling pathways. Such receptors are present in most parts of the Central Nervous System
(CNS) and are important in the control of synaptic plasticity, neuroinflammation, neurovas-
cular coupling and various metabolic activities. Degeneration of the LC also occurs in
AD, leading to a dramatic hypofunction of NE signaling, whose neural effects are likely
to potentiate the toxicity of Af3, promote the accumulation of tau, and damage neurons.
What is more, adrenergic receptors can both protect from AD and increase its risk, which
is dependent on the subtype of the receptor, its activated form, and the place where it is
situated [18,19]. This presents opportunities for drug design but also points to problems
associated with using them effectively in practice.

Given the extensive expression of adrenergic receptors and their multifunctional roles,
they are considered promising targets for drug development for AD. There are many
drugs targeting adrenergic receptors that are currently being used in clinical practice for
hypertension, bronchial asthma, and some psychiatric disorders. This is advantageous
since it allows for the repurposing of such drugs for the treatment of AD without extensive
clinical trials. However, whether they can be beneficial is still under debate, as in some
cases they seem to be beneficial, but not always. Thus, potential modulation of these
receptors should be carried out in a very specific manner based on receptor subtypes, brain
regions, and disease stage.

However, whether activation or blockade of the adrenergic receptors is beneficial is not
clear. This review evaluates the evidence regarding the role of adrenergic receptors in AD
in a consolidated and comprehensive manner, drawing on insights from preclinical models,
genetic studies, and clinical trials. An overview of the role of the dual role of adrenergic
receptors is found in Figure 1. By synthesizing these findings, the review aims to elucidate
the critical importance of adrenergic receptor modulation in the pathophysiology of AD
and its potential as a therapeutic target. In particular, it aims to delineate whether evidence
points to whether activation or inhibition of adrenergic receptors is likely protective, and
the possibility that such drugs can be designed or existing ones repurposed. In doing so, it
will explore how adrenergic signaling influences key pathological processes, including Af3
accumulation, tau hyperphosphorylation, neuroinflammation, and synaptic dysfunction,
while also addressing the dual protective and pathological roles of these receptors. The
overarching goal is to pave the way for innovative, mechanism-driven therapies that can
harness the therapeutic potential of adrenergic receptor modulation, while mitigating its
detrimental effects, to provide transformative solutions for patients suffering from AD and
related neurodegenerative disorders.

1.1. a-Adrenergic Receptors

Among the adrenergic receptor subtypes, x-ARs stand out for their nuanced roles
in neurodegeneration, particularly in AD and related tauopathies. This is a group of G-
protein-coupled receptors which are classified into «1 and «2 adrenergic receptors. They
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are naturally activated by norepinephrine (NE) and are important for synaptic plasticity,
neurovascular activities, and inflammation [20]. Due to their presence in dense innervation
and modulating effect on Af3 processing and tau pathology, they are positioned at the
center of neurodegeneration associated with Alzheimer’s disease pathology.

Protective Roles Pathological Roles
Improves synaptic plasticity, Agonistic autoantibodies increase vascular
reduces neuroinflammation \ dysfunction and amyloid deposition

Enhances AB clearance,
protects synapses

Reduced in number, loss of
presynaptic receptors

Promotes social recognition and cognitive Polymorphisms leading to altered
function, reduces amyloid/tau burden \ response and increase in APP

production

X
L
Enhances lysosomal function, supports 5 Altered B2 signal.ling may increase ;
neurogenesis, and clears amyloid amyloid production and tau aggregation

Adrenergic Receptor Subtypes

AB clearance and neuroinflammation modulation
- DUAL ROLE €<

Figure 1. A visual summary of the dual roles of adrenergic receptors in Alzheimer’s disease.

The a-ARs therapeutic efficacy is complicated by their dualism. «1-ARs have the
most pronounced effect and have shown to be neuroprotective in preclinical studies,
where activation has been associated with enhancement of synaptic function, reduced
neuroinflammation, and enhanced cognitive outcomes [9]. Likewise, selective «2-AR
agonists decrease the amyloidogenic processes while increasing the neurogenic processes,
both very useful in terms of treatment. Still, those receptors pose some issues. In some
patients with AD, there are circulating agonistic «1-AR autoantibodies that cause chronic
overstimulation of those receptors, which leads to neurotoxic and vasculotoxic effects [21].
With respect to «2-ARs, however, the side effects may include the promotion of amyloid
production and pathological amyloid precursor protein (APP) activation upon receptor
stimulation [22].

In recent years, studies on genetic, molecular, and pharmacological aspects of x-ARs
advances have greatly enhanced understanding of their roles in the pathophysiology of
AD. This section examines x-ARs in AD and discusses their positive and negative effects,
addressing how they can mediate the control of dementia.

1.2. Positive Roles of a-Adrenergic Receptors in Alzheimer’s Disease and Other
Neurodegenerative Disorders

1.2.1. «1-Adrenergic Receptors

The ol adrenergic receptors (x1-ARs) have emerged as a focal point of interest in the
context of AD and other neurodegenerative disorders due to their potential to influence
key mechanisms underlying neuronal function and pathology. The therapeutic potential of
these receptors is underscored by studies demonstrating both the protective effects of their
activation and the benefits of selective inhibition. These seemingly contradictory findings
emphasize the complexity of x1-AR signaling and its role in neurodegeneration.
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One promising development in this area is the discovery of positive allosteric mod-
ulators (PAMs) for «1A-ARs. Notably, Compound 3 (Cmpd-3), a PAM for x1A-ARs, has
been shown to rescue LTP defects and normalize amyloid 3 (Ap)-40 and —42 levels in AD
mouse models. These effects were achieved without impacting blood pressure, which is
a common concern in adrenergic receptor-targeted therapies. Furthermore, oral adminis-
tration of Cmpd-3 at doses ranging from 3 to 9 mg/kg once daily for three months led to
significant cognitive improvements that outperformed donepezil, which is the standard
acetyl cholinesterase inhibitor treatment for AD. These findings highlight the potential
for PAM like Cmpd-3 as a disease-modifying agent with robust therapeutic efficacy [23].
Furthermore, mice with constitutively active &; o AR showed enhancements in learning and
memory compared to o;p AR knockout. WT mice treated with the «; 5 AR-selective agonist
cirazoline also showed enhanced cognitive functions, suggesting that long-term o;5 AR
stimulation improves synaptic plasticity, cognitive function, mood, and longevity [24].
Further supporting the neuroprotective role of x1-ARs, avenanthramide-C, a compound
derived from oats, has demonstrated the ability to reverse memory impairments in AD
models Th2529 and 5XFAD. This compound improves recognition and spatial memory
and reduces neuroinflammation, effects that are mediated by its interaction with oc1A-ARs.
The beneficial effects of avenanthramide-C were abolished by prazosin, a specific x1A-AR
inhibitor, confirming the critical role of these receptors in protecting [25]. Interestingly,
studies on a1B-AR knockout mice have highlighted the critical role of this receptor subtype
in cognitive processes. Mice deficient in a1B-ARs exhibited significant impairments in
memory consolidation and exploratory behavior, indicating that x1B-ARs may support
cognitive function when activated [26]. These findings suggest that modulation of specific
a1-AR subtypes could yield differential therapeutic outcomes depending on the context of
receptor activity and the disease state.

Despite these data, pharmacological inhibition of x1-ARs has also revealed neuropro-
tective effects in certain contexts. Doxazosin, an al-adrenergic blocker, has been shown
to protect hippocampal slices from amyloid-f3 toxicity by preventing glycogen synthase
kinase-33 (GSK-33) activation and tau hyperphosphorylation [27]. Similarly, prazosin
reduced Af generation, induced anti-inflammatory responses, and prevented memory
deficits in transgenic APP23 mice despite not affecting amyloid plaque load. These findings
underscore the anti-inflammatory and neuroprotective benefits of «1-AR antagonists in
AD [28]. Another x1-AR antagonist, terazosin, has demonstrated a novel mechanism
for mitigating neurodegenerative pathology. By increasing ATP levels and enhancing
autophagy, terazosin reduced pathological protein aggregates in AD and other neurode-
generative disease models, highlighting its potential as a treatment strategy [29]. Terazosin
was also shown to reduce amyloid plaque burden, tau hyperphosphorylation, and glial
activation. Behavioral deficits in AD models were also significantly improved with tera-
zosin treatment. These findings suggest that selective inhibition of x1-ARs may counteract
pathological processes underlying AD, offering a potential therapeutic pathway [30].

1.2.2. x2-Adrenergic Receptors

The o2 adrenergic receptors (x2-ARs) have also been implicated in neuroprotection
and cognitive enhancement in AD and other neurodegenerative disorders with mixed
results, as both activating and blockading have been shown to be neuroprotective, with
most studies favoring blockade rather than activation for protection. Genetic studies have
provided further evidence for the protective role of a2-ARs. A deletion variant of the «2b-
adrenergic receptor has been associated with enhanced memory formation and a reduced
risk of developing AD in 311 Greek subjects. This variant was more prevalent in control
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subjects compared to individuals with AD or mild cognitive impairment, suggesting its
potential as a protective genetic factor [31].

Pharmacological modulation of a2C-ARs («2 subtype C) has shown promise. ORM-
10921, a selective «2C-AR antagonist, improved cognitive function (measured by water
maze) and alleviated symptoms in CNS disorders, including AD. Its high selectivity for
the 02C-AR subtype supports its potential as a targeted therapeutic for neurodegenerative
diseases [32]. In addition to these pharmacological findings, the «2-adrenoceptor antago-
nist dexefaroxan has been found to enhance neuron survival, offering a novel approach
for preserving cognitive function in neurodegenerative conditions. Dexefaroxan also re-
duced cholinergic degeneration and improved memory performance in rodent models,
further supporting its therapeutic potential [33-35]. Another x2-adrenoblocker, mesedin,
has demonstrated multiple neuroprotective effects in vivo, including anti-amyloidogenic
action, increasing choline acetyltransferase levels, enhancing A3 degradation, and reducing
neuroinflammation. These findings highlight the multifaceted role of «2-AR modulation in
mitigating AD pathology [36].

However, the «2A adrenergic receptor has also been implicated in the enhancement
of Ap generation, linking noradrenergic dysregulation to AD progression. Activation
of a2A-ARs disrupts the interaction between APP and sorting-related receptors with
A repeat (SorLA), a critical regulator of APP trafficking. This disruption facilitates the
redistribution of APP to endosomes, where it is cleaved by (3-secretase, leading to increased
Ap production. Blockade of the x2AR with Idazoxan reduced AD-related pathology and
ameliorated cognitive deficits in an AD transgenic mode [37].

Agonists such as brimonidine and clonidine have demonstrated substantial neuro-
protective effects, particularly by reducing retinal ganglion cell apoptosis. This effect is
achieved via reduction in Af3 and APP processing, emphasizing the therapeutic relevance
of «2-ARs in conditions characterized by amyloid pathology [38].

1.3. Negative Roles of a-Adrenergic Receptors in Alzheimer’s Disease and Other
Neurodegenerative Disorders

1.3.1. «1-Adrenergic Receptors

Despite the above evidence, the x1 adrenergic receptors (x1-ARs) have also been
associated with several adverse outcomes in AD and other neurodegenerative disorders,
underscoring their complex role in disease pathology. Research indicates that their per-
sistent activation and the presence of autoantibodies targeting these receptors contribute
significantly to vascular and neuronal dysfunctions.

Agonistic autoantibodies (agAABs) against «1-ARs have been identified in approxi-
mately 50% of AD patients. These autoantibodies mimic natural agonists, binding persis-
tently to the receptors and causing prolonged activation. This aberrant signaling leads to
non-physiological intracellular calcium elevations, triggering macrovascular and microvas-
cular impairments. In animal models, the presence of these autoantibodies has been linked
to significant reductions in blood flow and vessel density, impairing cerebral perfusion
and contributing to neurodegeneration. Immunoadsorption has emerged as a potential
strategy to mitigate these effects. In a study involving AD patients, the removal of «1-AR
autoantibodies through immunoadsorption stabilized cognitive function over a follow-up
period of 12-18 months, highlighting the therapeutic potential of this approach [39,40].
Further investigations revealed that 59% of patients with mild to moderate AD and vascular
dementia harbor autoantibodies targeting both «1- and f2-adrenergic receptors. These
autoantibodies preferentially bind to the extracellular loop of x1-ARs, mobilizing intracel-
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lular calcium and exacerbating vascular lesions. Such processes are believed to facilitate
amyloid plaque formation and vascular lesions [21].

In addition, the detrimental effects of x1-AR activation extend to cerebral vasculature.
Neuroimaging studies on rats demonstrated significant reductions in relative cerebral blood
volume (rCBV) within the cerebrum, cortex, and hippocampus due to «1-AR autoantibody
activity. These findings correlate with impaired neurovascular function, a hallmark of
AD pathology [41]. The IMAD pilot trial (efficacy of immunoadsorption for treatment of
Alzheimer’s disease and agonistic autoantibodies against «1-AR) investigates the potential
of immunoadsorption to remove «1-AR autoantibodies and mitigate their harmful effects
as suggested by previously mentioned studies on autoantibodies [42].

Furthermore, AR peptides have been found to directly activate 1-ARs, contributing
to vascular dysfunction. This interaction induces a positive chronotropic effect in cardiac
assays and triggers intracellular calcium release in vascular smooth muscle cells. Such
effects are attenuated by «1-AR blockers, including prazosin, emphasizing the receptor’s
involvement in AB-induced vascular pathology [43]. This highlights the detrimental role
of «1-AR activation in AD-associated cardiovascular and cerebrovascular abnormalities.

The pathological effects of x1-ARs are not limited to vascular changes but extend
to behavioral outcomes. Aggressive behavior in AD patients has been associated with
upregulation of x1-ARs. Postmortem studies revealed that increased «1 receptors were
correlated with aggressiveness in AD patients, implicating heightened «1-AR activity in
behavioral dysregulation [44].

In conclusion, «1-ARs play a multifaceted role in AD and other neurodegenerative
disorders, with their pathological activation contributing to vascular dysfunction, amy-
loid pathology, neuroinflammation, and behavioral changes. The presence of agonistic
autoantibodies further exacerbates these effects, while receptor inhibition or immunoad-
sorption offers potential therapeutic benefits. Continued research into oc1-AR modulation
and the development of targeted interventions are crucial for addressing the complex
pathophysiology of AD and improving patient outcomes.

1.3.2. «2-Adrenergic Receptors

The negative roles of ®2AR in neurodegenerative diseases are much less implicated
and not widely supported by the literature. In AD brains, a significant reduction in 02-AR
density has been observed in the prefrontal cortex, with decreases of approximately 50%
compared to age-matched controls. This reduction is attributed to a loss of presynaptic
receptors on noradrenergic synapses rather than changes in ligand affinity, highlighting
the degeneration of neurons. These findings suggest that «2-AR deficits may contribute to
the cognitive and behavioral impairments associated with AD [45,46].

1.4. B-Adrenergic Receptors

[3-ARs represent a distinct and significant component of the adrenergic receptor family,
with notable roles in AD pathophysiology. 3-ARs are primarily associated with their ability
to regulate intracellular signaling pathways that influence neuroinflammation, synaptic
plasticity, and energy metabolism. Comprised of three subtypes—f1, 32, and 33—these G-
protein-coupled receptors are activated by NE and epinephrine and are broadly distributed
in the brain. They interact with cAMP-mediated pathways, making them key modulators
of cellular functions that are directly implicated in AD pathology [47].

This section examines the multifaceted roles of 3-ARs in AD, delineating their contri-
butions to both disease progression and potential therapeutic interventions. By exploring
the intricate mechanisms by which 3-ARs influence AD pathology, this discussion aims
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to clarify their distinct functions relative to a-adrenergic receptors and highlight their
potential as targets for precision medicine in neurodegenerative disorders.

1.5. Positive Roles of B-Adrenergic Receptors in Alzheimer’s Disease and Other
Neurodegenerative Disorders

1.5.1. 1 Adrenergic Receptors

The 31-ARs have emerged as a promising therapeutic target in AD and other neurode-
generative disorders due to their role in modulating cognitive functions, including memory
and social learning. Importantly all studies indicate that the protective effects are mediated
by activating the 31 receptor. One critical area of 31-AR activity is in the medial amygdala,
where these receptors facilitate the learning and processing of social cues. Dysfunction in
social recognition has been effectively addressed in preclinical studies through selective
activation of 31-ARs. Xamoterol, a selective partial 31-AR agonist, was shown to rescue
social recognition deficits in an AD mouse model (APP) by activating the protein kinase
A (PKA)/phosphorylated cAMP-response element-binding protein (phospho-CREB) sig-
naling cascade. This pathway is essential for synaptic plasticity and memory formation,
highlighting the potential of $1-AR modulation to restore cognitive abilities specifically
related to social interaction in AD [48]. Chronic administration of xamoterol has demon-
strated significant reductions in key pathological features of AD, including A{3 and tau
pathology. In the 5XFAD mouse model, a widely used AD model characterized by robust
Ap and tau accumulation, xamoterol treatment reduced neuroinflammation markers. It
also lowered mRNA expression levels of inflammatory mediators, indicating its potential to
modulate both systemic and localized neuroinflammatory processes. The impact of 31-AR
activation on AD pathology is further underscored by xamoterol’s ability to attenuate
Ap plaque deposition and tau hyperphosphorylation in vivo [49]. Additionally, chronic
nebivolol treatment (a selective 31 adrenergic receptor antagonist) on Tg2576 mice with
established amyloid neuropathology and cognitive impairments significantly reduced brain
amyloid content but failed to improve cognitive function [50]. These outcomes suggest
that 31-AR modulation not only protects against neuronal loss and cognitive decline but
also addresses the underlying pathological mechanisms driving AD progression. The
therapeutic potential of 31-ARs has also been studied with another selective partial agonist,
STD-101-D1. This compound demonstrates selective partial agonistic activity on G-protein
signaling with an EC50 value in the low nanomolar range, indicating high efficacy and
potency. Functionally selective agonists like STD-101-D1 allow for targeted modulation of
B1-AR activity, minimizing side effects associated with full receptor activation. STD-101-D1
has shown dual benefits in neuroprotection and inflammation reduction, both of which are
critical in addressing AD pathology. In vitro and in vivo studies have demonstrated that
this compound effectively inhibits the tumor necrosis factor-oc (TNF-«) response triggered
by lipopolysaccharide (LPS), a known inducer of neuroinflammation. Neuroinflamma-
tion, a significant contributor to synaptic dysfunction and neuronal loss in AD, is thus
effectively mitigated by STD-101-D1, making it a strong candidate for further therapeutic
development [51]. The ability of 31-AR-targeted therapies to modulate neuroinflammatory
pathways positions these receptors as key targets not only for AD but also for other neu-
rodegenerative and neuroinflammatory disorders. The neuroprotective effects of f1-AR
modulation are closely tied to their influence on intracellular signaling cascades. Activation
of 31-ARs leads to increased cAMP production, which activates PKA and downstream sig-
naling molecules such as CREB. This cascade promotes the transcription of neuroprotective
genes, including those involved in synaptic repair and neuronal survival. Furthermore,
1-ARs appear to regulate neuroinflammation through inhibition of pro-inflammatory
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cytokines like TNF-«, providing a dual mechanism of action that addresses both neuronal
and immune components of neurodegeneration.

1.5.2. p2-Adrenergic Receptors

The 2-ARs have emerged as crucial modulators in the context of AD and other neu-
rodegenerative conditions. By influencing cellular, immune, and synaptic processes, 32-AR
activation offers a multifaceted approach to mitigating AD pathology and preserving cog-
nitive function. Their ability to influence cellular clearance processes, immune regulation,
and synaptic function positions them as promising therapeutic targets. Central to this
is their role in restoring lysosomal function and autophagy, both of which are crucial in
mitigating AD pathology. In particular, 32-AR agonists such as isoproterenol have been
shown to reacidify lysosomes in presenilin-1 (PSEN1) KO fibroblasts from PEN1 famil-
ial AD patients, which restores lysosomal proteolysis, calcium homeostasis and normal
autophagy flux [52]. Building on these cellular benefits, 32-ARs also play a significant
role in modulating the brain’s immune response. Microglia, the brain’s immune cells, are
highly responsive to 32-AR signaling, which protects them from Ap-induced inflammation.
This anti-inflammatory effect has been observed in both pharmacological treatments using
-adrenergic agonists and lifestyle interventions like environmental enrichment. Mice
exposed to these interventions showed reduced microglial activation and a decline in
pro-inflammatory cytokine levels, highlighting the ability of 32-AR signaling to mitigate
harmful neuroinflammatory responses that exacerbate AD pathology [53].

Activation of 32-ARs significantly contributes to preserving synaptic health by pre-
venting LTP inhibition by A{3 protein. Through the cAMP/PKA signaling pathway, ac-
tivation of 32-ARs prevents A oligomer-induced inhibition of LTP, a key mechanism
underlying learning and memory. This synaptic protection underscores the potential of
[32-AR-targeted therapies in maintaining cognitive function and lessening the effects of A3
accumulation during aging [54]. 32-ARs are particularly significant in the context of AD.
These receptors regulate lysosomal function and autophagy, which are essential for the
clearance of A, a hallmark of AD. Studies demonstrate that 32-AR activation enhances
autophagy by restoring lysosomal acidity and promoting the degradation of A3 aggre-
gates. Furthermore, 32-AR stimulation protects against Ap-induced synaptotoxicity by
supporting synaptic integrity and plasticity through downstream signaling pathways, such
as the cAMP/PKA pathway. 31-ARs are also critical in AD, with their activation enhancing
learning and memory processes via modulation of LTP and synaptic plasticity [55].

These neuroprotective effects extend beyond synaptic plasticity to include reductions
in amyloid pathology and neuritic damage. Chronic stimulation of 32-ARs in preclinical
models, such as the 5xFAD mouse model of AD, has resulted in lower amyloid plaque
burdens and improved neuritic integrity, suggesting that microglial 32-AR signaling not
only limits amyloid deposition but also preserves neurons [10]. The evidence supporting
32-ARs’ protective role is further strengthened by epidemiological studies. Retrospective
analyses have suggested that individuals exposed to 32-AR agonists have a reduced risk
of developing AD, with hazard ratios indicating a protective effect, while an increased risk
was observed with patients receiving non selective 32 AR agonists. These findings align
with preclinical data, supporting the idea that 32-AR activation can delay or prevent the
onset of neurodegeneration [56]. Moreover, 32-ARs contribute to promoting neurogenesis
and synaptic health, key factors in cognitive resilience. In APP/PS] transgenic mice, 32-AR
agonists such as clenbuterol enhanced neurogenesis, increased dendritic branching, and
upregulated synaptic protein expression. These structural and functional improvements
were accompanied by reductions in amyloid plaques, reduced APP phosphorylation, and
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amelioration of memory deficits, reinforcing the therapeutic promise of 32-AR-targeted
treatments [57,58]. In addition to its effects on amyloid pathology, adrenergic signaling
offers promise in targeting tau pathology. 3-AR agonists such as salbutamol have been
identified as potential inhibitors of tau aggregation. Salbutamol reduces tau filament
formation and prevents the structural transition of tau into 3-sheet-rich aggregates. This
novel approach suggests that adrenergic signaling could address both major pathological
pathways in AD, amyloid and tau, through distinct mechanisms [59].

All these positive effects of the 32 adrenergic receptor are corroborated by the fact
that deletion of the 32-AR gene ameliorates pathological effects in senile PS1/APP mice,
indicating that 2AR may represent a potential therapeutic target for preventing the
progression of AD [60].

Adding to the therapeutic potential, non-pharmacological interventions such as aer-
obic exercise also leverage 32-AR activation to deliver benefits in AD. Aerobic exercise
has been shown to reverse autophagy-lysosomal deficits and attenuate amyloid pathol-
ogy through the upregulation of the AMPK-MTOR signaling pathway and VMAZ21 levels.
These molecular changes enhance the clearance of A and improve cognitive outcomes,
illustrating the synergy between lifestyle interventions and (32-AR activation in managing
AD [61].

1.6. Adrenergic Signaling, Beyond the Activity of Specific Receptor Subtypes

Adrenergic signaling, beyond the activity of specific receptor subtypes, has been in-
creasingly associated with beneficial outcomes in neurodegenerative diseases, particularly
AD. Activation of adrenergic pathways plays a critical role in preserving synaptic function
and enhancing neuroprotective mechanisms, making it a promising area for therapeutic
intervention. One key aspect of adrenergic signaling is its impact on synaptic plasticity,
a process that is often impaired in AD. 3-AR activation has been shown to enhance LTP,
a mechanism underlying memory and learning. In the TgF344-AD rat model, the loss
of LC-NA axons is compensated by increased 3-AR, and this heightened (3-AR function
resulted in increased LTP magnitude and preserved learning and memory abilities. These
findings suggest that 3-AR activation could serve as a compensatory mechanism to coun-
teract the synaptic dysfunction characteristic of AD [62]. Adding to this, vagus nerve
stimulation, which indirectly activates 3-ARs, has been found to modulate hippocampal
synaptic transmission, offering potential cognitive benefits. This stimulation enhances
noradrenaline release, leading to increased 3-AR activation and improved synaptic trans-
mission in the CA3 region of the hippocampus as the excitatory effect was diminished
by the 3-AR antagonist timolol. The ability to modulate hippocampal activity highlights
the therapeutic potential of interventions that engage adrenergic pathways in addressing
memory and learning deficits in AD [63]. Furthermore, 3-adrenergic receptor activation
plays a crucial role in mitigating Af3-mediated synaptic impairment. Activation of both
1 and 32 adrenergic receptors by isoproterenol has been shown to prevent the inhibition
of mossy fiber (axons) LTP caused by Af3 oligomers in mice. This neuroprotective effect
underscores the potential of targeting specific 3-AR subtypes to preserve synaptic function
and combat Ap-mediated damage in AD models [63].

Adrenergic signaling also extends its protective influence on microglial activity and
amyloid clearance. Noradrenaline, acting through 31 and 32-ARs, has been demonstrated
to prevent A toxicity by stimulating NGF and BDNF in human neuronal cultures and
primary rat hippocampal neurons [64,65]. Specific microglial 32-AR deletion worsened
AD pathology in the 5xFAD mouse model, while chronic 32-AR stimulation resulted in
attenuation of amyloid pathology and associated neuritic damage, suggesting microglial
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2-AR might be used as a potential therapeutic target to modify AD pathology [10,66].
Additionally, NE can enhance amyloid clearance in murine microglia cell line N9 by
involving upregulation of amyloid receptor expression and increased degradation of
Ap, driven by (2-AR activation. These findings highlight the dual role of adrenergic
signaling in both protecting neurons from Af toxicity and reducing amyloid burden,
addressing two critical aspects of AD pathology [64]. The anti-inflammatory properties
of adrenergic signaling further strengthen its therapeutic potential. Studies on human
THP-1 macrophages revealed that norepinephrine reduces Af3-induced cytotoxicity and
modulates cytokine secretion. This effect is mediated through -AR activation, as the
effects of NE were replicated by isoproterenol and blocked by propranolol. The effect is
triggered by the cAMP/PKA signaling pathway and promotes CREB phosphorylation. By
modulating immune responses, adrenergic signaling reduces inflammation and supports a
more neuroprotective environment, further contributing to its benefits in AD [67].
Adrenergic signaling also plays a critical role in maintaining energy homeostasis in the
brain, an often-overlooked aspect of neurodegenerative disease pathology. Noradrenaline,
acting via 31-ARs, has been shown to regulate glycogen synthesis in astrocytes. This
involves increased expression of protein targeting to glycogen (PTG) mRNA and enhanced
glycogen synthesis, suggesting a role for adrenergic signaling in supporting metabolic
demands and protecting neuronal health in energy-deficient states such as AD [68].

1.7. Negative Roles of B-Adrenergic Receptors in Alzheimer’s Disease and Other
Neurodegenerative Disorders

1.7.1. p1-Adrenergic Receptors

The 31-ARs, while often associated with therapeutic potential, have also been impli-
cated in negative outcomes related to AD and other neurodegenerative disorders; however,
with much less evidence stemming mainly from genetic studies. Polymorphisms in the (31-
AR gene (ADRB1) and the G protein beta3 subunit (GNB3) gene have been identified as risk
factors for AD. These genetic variations alter cell responsiveness to adrenergic stimulation,
as evidenced by cAMP levels and mitogen-activated protein kinase (MAPK) activation
and increased APP production in transfected human cell lines. These signaling alterations
in specific polymorphisms may amplify pathological processes in AD, highlighting the
genetic interplay between adrenergic receptor signaling and AD risk [69].

1.7.2. p2-Adrenergic Receptors

The (32-ARs, while often linked to protective roles, have also been associated with
several negative effects in AD. These receptors are deeply involved in synaptic function
and neuronal signaling, but their dysregulation can contribute to the progression of AD
through multiple mechanisms, including A and tau pathology, synaptic dysfunction, and
genetic predispositions. One key negative effect of 32-ARs in AD is their vulnerability
to Ap-induced internalization and degradation. A peptides bind directly to 32-ARs,
triggering their internalization and subsequent desensitization. This leads to impaired
adrenergic and glutamatergic signaling, both of which are critical for synaptic function and
plasticity. By attenuating responses to subsequent adrenergic stimulation, A3 disrupts the
homeostasis of neurotransmitter systems vital for learning and memory [70].

In addition to their interaction with A3, 32-ARs play a role in exacerbating tau pathol-
ogy. In tauopathy models, deletion of the 32-AR gene has been shown to reduce tau pathol-
ogy and improve motor deficits. Mechanistically, this is associated with reduced activity
of tau kinases such as glycogen synthase kinase-3f3 (GSK3f3) and cyclin-dependent kinase
5 (CDKS5), which are known to phosphorylate tau and drive its pathological aggregation.
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These findings suggest that 32-AR signaling may contribute to tau hyperphosphorylation
and accumulation, further linking 32-AR activity to neurodegeneration. This of course
indicated that blockade of the receptors may be beneficial [71]. Altered 32-AR signaling
also disrupts calcium homeostasis and APP processing, leading to additional synaptic dys-
function. Post-translational modifications of ryanodine receptors are regulated by 32-AR
activity, resulting in abnormal calcium release that exacerbates 3 APP processing. Blocking
32-AR signaling in cells has been shown to mitigate these effects, by reducing APP process-
ing and A production, indicating that 32-AR dysregulation may drive pathological APP
cleavage and subsequent A3 production, and 32 blockade could prove beneficial [72].

Further compounding its role in synaptic dysfunction, 32-AR activation contributes to
Ap-induced hyperactivity of AMPA receptors. This involves PKA-dependent phosphoryla-
tion of AMPA receptor subunits, which disrupts normal synaptic activity and exacerbates
neuronal excitotoxicity. This effect is mediated by the binding of AB to 32-ARs [73]. The
genetic component of 32-AR signaling dysfunction has also been implicated in AD. Poly-
morphisms in the 32-AR gene (Specifically Gly16Arg GIn27Glu) are associated with an
increased risk of late-onset AD, particularly in conjunction with the APOE ¢4 allele. These
genetic interactions suggest that specific $2-AR variants may predispose individuals to
AD by altering receptor function or adrenergic responsiveness [74].

The presence of agonistic autoantibodies targeting 32-ARs in AD patients further
emphasizes their role in disease progression. These autoantibodies activate 32-ARs, mim-
icking adrenergic stimulation and potentially causing adrenergic overstimulation. Similar
autoantibodies have been identified in other neurodegenerative disorders, such as glau-
coma, suggesting a broader pathological mechanism linked to adrenergic overdrive. In
addition, long-chain Afi-[Pyr]3-43, representing a major neurogenic plaque component,
exerted an activation of the $82-AR that could be blocked by antagonist ICI118.551 [75].

Another significant mechanism through which 32-ARs contribute to AD pathology
is their interaction with the angiotensin II type 1 receptor in the production of A3, which
seems to be more important than the 31-AR [76]. Activation of 32-ARs has been shown
to enhance gamma-secretase activity, a key enzyme in A production, thereby promoting
amyloid plaque formation. This was also corroborated in vivo as chronic treatment with
2-AR agonist increased amyloid plaques in a mouse model of AD [77]. Stress-induced acti-
vation of 32-ARs further exacerbates this process, as evidenced by increased A3 production
in response to 32-AR agonists. Conversely, 32-AR antagonists have been shown to reduce
Ap production, highlighting a potential therapeutic approach for AD prevention [78,79].
However, 32-AR antagonism is not without risks. Inhibition of 32-ARs with ICI 118,551
has been linked to exacerbated cognitive deficits, tau hyperphosphorylation and amyloid
pathology in 3XTg-AD mouse models. Specifically, 32-AR antagonism has been associated
with increased Af levels and tau phosphorylation, suggesting that the timing and context
of 32-AR modulation are critical in determining its therapeutic viability [80].

1.8. Negative Impacts of Adrenergic Signaling on Neurodegeneration

Neuroinflammation is another area where adrenergic signaling may have detrimen-
tal effects. While adrenergic pathways often exhibit anti-inflammatory properties, the
chronic use of 3-blockers in AD models has demonstrated pro-inflammatory effects in
certain contexts. In APP mouse models, prolonged (-blocker administration was asso-
ciated with increased markers of phagocytosis and heightened CNS inflammation. This
was accompanied by impaired cognitive behavior, as evidenced by deficits in learning and
memory tasks. These findings suggest that inappropriate modulation of adrenergic signal-
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ing can potentiate inflammatory processes, complicating efforts to target these pathways in
neurodegenerative diseases [81].

The interaction between adrenergic and cholinergic systems also contributes to cogni-
tive decline, particularly in aging and AD. Studies have shown that the combined blockade
of muscarinic cholinergic and (3-adrenergic receptors exacerbates learning and memory
deficits in rodents. For instance, co-administration of scopolamine, a muscarinic cholinergic
antagonist, and propranolol, a 3-adrenergic antagonist, significantly impaired performance
in learning tasks in rat models, while either scopolamine or propranolol alone had no effect.
These findings underscore the interdependence of adrenergic and cholinergic systems in
maintaining cognitive function and suggest that disruptions in either or both systems can
synergistically exacerbate cognitive impairments [82].

2. Discussion

The role of adrenergic receptors in AD has emerged as a crucial yet complex area of in-
vestigation. The findings of this review highlight the duality of the adrenergic receptor role,
showcasing both their therapeutic potential and their contributions to disease pathology.
This nuanced understanding lays the groundwork for innovative therapeutic strategies,
but also underscores the challenges inherent in targeting such a multifaceted system.

Adrenergic receptors, a1, x2, and 31 and (32 subtypes, are integral to various neural
processes including synaptic plasticity, neurovascular regulation, and inflammation. Dys-
regulation of adrenergic signaling, often due to early degeneration of the locus coeruleus, is
increasingly recognized as a driver of key AD pathologies such as A3 accumulation, tau hy-
perphosphorylation, and chronic neuroinflammation. These findings align with the under-
standing that adrenergic receptors act at the intersection of cognitive, vascular, and immune
pathways, making them critical modulators of both protective and pathological processes.

The evidence from the above in vitro and in vivo studies indicates that their role is
naturally important; however, pharmacological modulation has not been always consistent
as activation or blockade can have the same effect, making selective modulation difficult.
Despite this, the evidence summarized in Tables 1 and 2 indicates that the positive effects
of adrenergic receptors are derived by pharmacological modulation, highlighting the
possibility of being used in the clinic, and Table 3 shows the negative roles. Interestingly,
from the in vivo and in vitro models, it seems that (3 receptor activation is protective
(Table 2), while for «1- AR, the results are inconsistent, as studies show that both activation
and blockade can have beneficial effects (Table 1). The protective role of 32 AR is more
evident a notion that is also supported by others [11].

While trying to delineate whether activation or blockade is beneficial, evidence is
hampered by the lack of clinical data. In fact, strong evidence from clinical studies for
the benefit of adrenoreceptors in AD is lacking. A number of studies have explored the
potential protective effects of antihypertensive drugs acting on 3 receptors in AD, but
the results have been mostly inconclusive. For instance, a study analyzing 849,378 anti-
hypertensive users found that 3-adrenoceptor blockers conferred small protective effects
against dementia compared to other antihypertensives [83]. Another study involving
69,081 individuals suggested that highly blood-brain barrier (BBB)-permeable 3 blockers
were associated with a reduced risk of AD compared to low BBB permeability 3 block-
ers [84]. However, the protective effect may not be solely due to blood pressure reduction,
and the role of 31 receptors remains speculative. The role of asthma drugs acting on (32
adrenergic receptors (32AR) has been studied a lot less. A recent cohort study suggested
that selective 32AR agonists are associated with a decreased risk of developing AD, while
non-selective AR antagonists are associated with an increased risk [56]. With regard to

145



Biomolecules 2025, 15, 128

the «-AR, in a double-blind placebo-controlled parallel-group study, Prazosin improved

behavioral symptoms in patients with agitation and aggression in AD [85]. In a randomized
double-blind placebo-controlled exploratory phase 2a trial with 100 subjects with AD and
neuropsychiatric symptoms, ORM-12741 (a selective antagonist of alpha-2C adrenoceptors,
dosed at 30-60 mg or 100-200 mg, b.i.d for 12 weeks) administered in addition to standard
therapy with cholinesterase inhibitors showed a statistically significant effect in Quality of
Episodic Memory [86].

Table 1. Protective roles of « adrenergic receptors by pharmacological modulation.

Receptor Action

Modulator

Effects

References

Positive Allosteric
Modulator

«1-AR

Cmpd-3

Improves cognitive functions without affecting
blood pressure in AD mouse models.
Enhances LTP, normalizes A levels in AD models

[23]

Agonists/Activators

Cirazoline, °

Avenanthramide-C

Enhances cognitive functions, synaptic plasticity
Improves memory, reduces, neuroinflammation in
AD models (effects blocked by prazosin -a1-AR
inhibitor).

[24,25]

Antagonists

Doxazosin, Prazosin,

Terazosin

Reduce AP generation and induces
anti-inflammatory responses, prevent memory
deficits

Improve cognitive functions reduce protein
aggregates, and amyloid plaque burden.

Protect against amyloid-f3 toxicity, prevent GSK-33
activation and tau hyperphosphorylation.

[27-30]

a2-AR Agonists

Brimonidine, Clonidine

Offer neuroprotective effects by reducing apoptosis
of retinal ganglion cells
Reduce A and APP processing in vitro

[38]

Antagonists

ORM-10921, Dexefaroxan,
Mesedin, Idazoxan °

Improve cognitive functions, enhance neuron
survival, reduces cholinergic degeneration,
Exhibits anti-amyloidogenic effects and ameliorate
cognitive deficits.

[32,33,35-37]

Table 2. Protective roles of 3 adrenergic receptors by pharmacological modulation.

Receptor Action Modulator Effects References
. Neuroprotection, reduction inflammation,
and synaptic dysfunction.
B1-AR Agonist Xamoterol, STD-101-D1 . Enhance cognitive functions, memory, and [48,49,51]
social learning
° Reduce AP and tau pathology
. Restore lysosomal function and autophagy,
promote degradation of Af3.
° Enhance neurogenesis, synaptic health,
. Isoproterenol (via 32), and cognitive function
2-AR A 2|
B gonist Clenbuterol, Salbutamol o Reduce amyloid plaques, mitigates [52-59]
ApB-induced inflammation and
synaptotoxicity, decrease
neuroinflammatory responses.
° Reverses autophagy-lysosomal deficits;
Non-pharmacological Leverage p2 AR Aerobic exercise attenuates amyloid pathology, improves [61]

Activation

cognitive outcomes
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Table 3. Negative roles of « and 3 adrenergic receptors by pharmacological and non-modulation.

Receptor Modulator/Action Effects/Implications References
Agonistic autoantibodies ° Non-physiological calcium rise, reduced blood flow, [21,39,41]
(agAABs)-Prolonged Activation neurodegeneration, amyloid plaques, vascular lesions T
o1-AR AB peptides—Activation ° Vascular dysfunction, intracellular calcium release in smooth [43]
pep muscle cells

«1-AR-Upregulation in AD ° Aggressive behavior in AD patients [44]

«2-AR «2-AR-Reduced density in AD brains ° Loss of presynaptic receptors, cognitive & behavioral [45,46]

Y impairments !
1-AR ADRBI) and G protein beta3
B1-AR B subur%ietrzzg\lB 3) ger)lilPolerr)lrc?r;iﬁsne\sa ° Altered adrenergic response, amplifies AD pathology [69]
. Impaired neurotransmitter signaling, disrupting learning and
memory
B2-AR Activation-Ap peptides or other o Enhances gamma-secretase, promoting amyloid plaques [70,71,77]
° Contributes to tau hyperphosphorylation and
neurodegeneration
B2-AR B2-AR-Altered signallin ° Disrupts calcium homeostasis, APP processing, synaptic [72]
& J dysfunction
Gly16Arg, GIn27Glu-Polymorphisms o Increased late-onset AD risk (APOE ¢4 synergy) [74]
Inhibition—ICI 118 551 ° Cognitive deficits, tau hyperphosphorylation, amyloid [80]
’ pathology

Therefore, it still remains uncertain if and which adrenergic receptor modulation may
be protective. However, we do believe that with the available dataset from patients and
big data analysis using artificial intelligence and machine learning, it will be possible to
make a comprehensive analysis using clinical data to determine if modulating the AR is
beneficial and under what circumstances. It will indeed be important to make such studies
as there are many AR drugs that can easily be repurposed for AD, other dementias or
neurodegenerative diseases [87-90], while repurposing for other antihypertensive drugs
is also possible [91,92] A number of properties makes this class of drugs an attractive
novel therapy for AD: their proven safety and their multi target drug ligand property,
which is thought to be a very promising method for targeting complex neurodegenerative
diseases [93]. Given the failures observed with current clinical trials [94], even a small
indication that these drugs may have efficacy will be a giant leap forward. Importantly,
since some of these drugs cross the blood-brain barrier (BBB) fairly easily they can prove
to be more efficacious than the current drugs in clinical trials [84,95,96].

While the review underscores the potential of adrenergic receptors as therapeutic
targets, several challenges remain. One significant hurdle is the dual nature of receptor
activity, where the same pathway can yield both beneficial and harmful outcomes de-
pending on the context. This necessitates the development of highly selective modulators
capable of fine-tuning receptor activity in a disease- and region-specific manner. Genetic
studies further complicate this landscape, revealing polymorphisms in adrenergic receptor
genes that interact with AD risk factors such as APOE ¢4 [97]. These findings suggest that
patient-specific factors [98-100], including genetic background and disease stage, must
be considered when designing adrenergic-based interventions [69,74]. Additionally, the
review highlights the need for more comprehensive models that accurately reflect the
complexities of adrenergic dysfunction in AD. Current preclinical models often fail to
capture the interplay between adrenergic, cholinergic, and serotonergic systems, which
collectively shape the neurochemical environment in AD [101,102].

The findings of this review reaffirm the central role of adrenergic signaling in the
pathophysiology of AD and other tauopathies. Adrenergic receptors offer a promising yet
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challenging target for therapeutic development, capable of modulating processes as diverse
as neuroinflammation, synaptic plasticity, and amyloid clearance. Future research should
focus on developing receptor subtype-specific drugs, exploring combination therapies
that integrate adrenergic modulation with other neuroprotective strategies, and tailoring
interventions to individual patient profiles. By addressing these challenges, adrenergic
receptor modulation could pave the way for transformative therapies in the treatment of
neurodegenerative diseases.

3. Conclusions

The review emphasizes the intricate role of adrenergic receptors in AD, highlighting
both their therapeutic potential and their contribution to disease pathology. Adrener-
gic receptors are physiologically integral to neural processes such as synaptic plasticity,
neurovascular regulation, and inflammation. Despite promising preclinical evidence sug-
gesting that these receptors could be viable therapeutic targets, some preclinical studies
point to their negative effects. What is more, strong clinical evidence is lacking, and the
limited clinical studies thus far have yielded inconclusive results regarding the benefits
of drugs acting on the 31 or 32 receptors. The dual nature of receptor activity, where
both activation and blockade can potentially produce similar effects, presents a significant
challenge in developing selective modulators. Additionally, genetic factors, patient-specific
variables, the complexity of the disease itself, and the lack of good animal models, fur-
ther complicate research in this area and therapeutic approaches. Future research should
prioritize the development of subtype-specific drugs, combination therapies, and more
controlled clinical trials with appropriate covariate selection, while also leveraging big data
and advanced analytical techniques to refine strategies for adrenergic modulation in AD.
This could potentially lead to innovative treatments not only for AD but also for other
neurodegenerative diseases.
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Abstract: Multiple Sclerosis (MS) is an inflammatory, demyelinating, and neurodegenerative disease
of the central nervous system (CNS) and is termed as one of the most common causes of neurological
disability in young adults. Axonal loss and neuronal cell damage are the primary causes of disease
progression and disability. Yet, little is known about the mechanism of neurodegeneration in the
disease, a limitation that impairs the development of more effective treatments for progressive MS.
MS is characterized by the presence of oligoclonal bands and raised levels of immunoglobulins in the
CNS. The role of complement in the demyelinating process has been detected in both experimental
animal models of MS and within the CNS of affected MS patients. Furthermore, both IgG antibodies
and complement activation can be detected in the demyelinating plaques and cortical gray matter
lesions. We propose here that both immunoglobulins and complement play an active role in the
neurodegenerative process of MS. We hypothesize that the increased CNS IgG antibodies form IgG
aggregates and bind complement C1q with high affinity, activating the classical complement pathway.
This results in neuronal cell damage, which leads to neurodegeneration and demyelination in MS.

Keywords: multiple sclerosis; neurodegeneration; IgG; complement; neurons; disease progression

1. Introduction

Multiple sclerosis (MS) is the most common inflammatory demyelinating disease of
the central nervous system (CNS), affecting young adults in Northern temperate zones
with profound demyelination and neurodegeneration leading to long-term disability. More
than 2.8 million people worldwide live with MS with no definitive cure in sight [1]. Axonal
loss is a key pathological feature of MS [2], and it is well established that irreversible loss
of axons and neurons is the primary cause of most MS patients’ progressive neurological
disability [3-5]. While it is clear that immunological abnormalities such as cerebrospinal
fluid (CSF) oligoclonal bands and raised immunoglobulins are characteristic of MS, a key
question is how the neurodegeneration typical of the disease is caused. We argue here
that both immunoglobulins and complement play a significant role in the pathophysiology
of MS [6] causing neurodegeneration, as the principal effector of an antibody-mediated
immunological response is complement activation, and IgG in MS CSF is complement-
fixing. We hypothesize that the increased CNS IgG antibodies form IgG aggregates and
bind complement C1q with high affinity, causing neuronal cell damage, which leads to
neurodegeneration (Figure 1). When referring to MS, we include all phenotypes of the
disease, including primary progressive MS (PPMS), secondary progressive MS (SPMS),
and relapsing and remitting MS (RRMS).
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Figure 1. Clq exhibits increased binding to aggregated IgGs, which attach to the myelin and soma,
leading to the C5b-9 membrane attack complex to form and lyse host-originating cells. Created with
BioRender.com.

2. Neuron Damage and Neuronal Cell Loss Are the Primary Causes of MS Disease
Progression and Disability

2.1. Grey Matter Pathology Correlates with Physical Disabilities and Cognitive Impairment in MS

MS has several destructive hallmarks, including acute damage to the neuroaxonal unit,
progressive neuroaxonal degeneration, and brain atrophy, resulting in long-term disability.
Pathological changes in the CNS gray matter, including the cortex, are central to the
progression of MS [7]. Axonal injury correlates with demyelination [8], whereas gray matter
pathology correlates with physical disabilities and cognitive impairment in MS [9-12]. We
recently reported that plasma IgG aggregates in SPMS are elevated compared to both RRMS
and PPMS [13], which caused significantly higher levels of neuronal apoptosis than in
RRMS [14], supporting that neural cell apoptosis plays a vital role in MS pathogenesis [5].
The current hypothesis is predicated on the view that neurodegeneration is a leading cause
of the disability seen in MS patients.

2.2. Demyelination and Neuron Loss May Occur Simultaneously in MS CNS

Demyelination of cerebral white matter is the pathological hallmark of MS. The
classical notion is that demyelination is the consequence of inflammation, contributed
by proinflammatory cytokines, CD8+ T cells, anti-myeline antibodies, and activated
macrophages [14]. The disease process in MS causes the destruction of oligodendrocytes,
which make myelin in the CNS, and this leads to demyelination [15]. Oligodendrocyte
apoptosis was found in the new lesions of MS [16]. The pathological mechanism resulting
in oligodendrocyte damage or death is not completely understood. Still, it seems highly

155



Biomolecules 2024, 14, 1210

likely there is a form of immune-mediated attack on these cells. Multiple factors have been
shown to cause damage to oligodendrocytes, such as anti-myelin autoantibodies, cytotoxic
T cells, and reactive oxygen species [17]. Demyelination is thought to drive neuronal
degeneration and permanent neurological disability in individuals with MS [18]. However,
oligodendrocyte and neuron damage resulting in neuronal cell loss may co-occur, with
neuron loss being the leading event in the disease. Arguably, axonal damage may play a
pivotal pathological role in MS, leading to secondary rather than primary demyelination.
Recent studies suggest that cerebral white-matter demyelination and cortical neuronal
degeneration can be independent events in the disease [18]. MS is conceptualized as a neu-
rodegenerative rather than a pure neuroinflammatory disease with early involvement of
axonal loss [2]. A recent study reported an inverse relationship between axon degeneration
and demyelination [19].

2.3. Role of Complement in Animal Models of MS Neurodegeneration

Animal models of MS have yielded helpful information and insights into possi-
ble mechanisms of demyelination and neurodegeneration. An experimental allergic en-
cephalomyelitis (EAE) model of MS showed that serum IgG antibodies from EAE rabbits
cause demyelination [20]. Another earlier study showed that autoantibody depletion ame-
liorates disease in EAE [21]. An important finding in this area of complement-induced
neurodegeneration was recently reported by Linzey et al. [22]. They studied two dis-
tinct murine models of MS, namely the proteolipid protein (PLP)-induced autoimmune
EAE model (mimicking RRMS) and Theiler’s murine encephalomyelitis virus-induced
demyelinating disease (mimicking progressive MS). Interestingly, it was found that the
chronic-progressive disease form was more dependent on the classical complement path-
way and protected the mice from acute relapses, whereas, by contrast, the relapsing model
was more dependent on the alternative complement pathway. These results show that
complement may play distinct roles at the various stages of MS.

3. Lack of Understanding of the Disease Mechanism Is a Critical Barrier to Effective
Treatments in Progressive MS

Irreversible loss of axons and neurons is the primary cause of the progressive neuro-
logical decline that most MS patients endure [5]. Although current therapeutic strategies
(>20 disease-modifying therapies) are beneficial during RRMS by modulating or suppress-
ing immune function, treatment options for progressive MS are limited [9], and no effective
therapies are available to prevent neuronal damage and slow disease disability. Therefore,
a better understanding of the underlying mechanisms of neuroaxonal damage leading to
neurodegeneration is a critical step toward finding improved treatment options.

Often, drugs prescribed for the treatment of MS act as disease-modifying therapies
(DMTs), which function to reduce relapse frequencies during RRMS and lessen symp-
toms [23]. However, options for treating PPMS and SPMS remain limited due to an
incomplete understanding of their pathologies. As the pathogenesis of MS continues to
be elucidated, treatments increase in efficacy, with more recent treatments targeting the
sphingosine 1-phosphate (S1P) signaling pathway or acting as monoclonal antibodies
against B-lymphocyte antigen CD20 or interleukin-2 receptor alpha protein CD25 [24].
S1P DMTs, such as Siponimod, enter the central nervous system via the blood-brain bar-
rier (BBB), binding to S1P receptors and functioning to slow disability and promote the
regeneration of myelin [24]. Conversely, monoclonal antibodies such as Ocrelizumab in-
duce complement-dependent cytotoxicity (CDC) and antibody-dependent cellular toxicity
(ADCC) onto CD20-positive B cells. However limited, current treatments show short-term
improvement in easing the progression of the disease, with a recent clinical trial finding dis-
ease progression to be 9.1% lower in Beta-1a interferon versus 13.6% lower in Ocrelizumab
after 12 weeks [25]. Despite their short-term efficacies, current DMTs only act to postpone
disease progression, reaching eventual plateaus where further treatments hold little value
when compared to their risk of adverse events [26].
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4. IgG Antibodies and Complement Activation Are Consistently Found in
Demyelinating Plaques and Cortical Grey Matter Lesions

4.1. Increased Intrathecal Synthesis of IgG and Oligoclonal Bands Are the Most Characteristic
Features of MS, and Evidence Supports the Pathological Role of IgG in MS

A consistent observation in MS is the presence of CSF oligoclonal bands, which occur
in over 90% of cases [24]. Once present, the intrathecal IgG, mainly consisting of I[gG1 and
IgG3 [27], remains stable over time. Accumulating evidence supports the pathological
role of CSF immunoglobulins. CSF OCBs were associated with increased levels of disease
activity and disability, with the conversion from a clinically isolated syndrome (CIS) to early
RRMS, along with more significant brain atrophy and increased disease activity [28-35].
Further, CSF in MS patients induced inflammatory demyelination and axonal damage in
mice [36]. It has also been shown that some myelin-specific antibodies derived from MS CSF
can cause both demyelination and complement-dependent cytotoxicity in mouse cerebellar
oligodendrocytes [36]. Alcazar et al. reported that the soluble factors in primary progressive
MS (PPMS) CSF can induce axonal damage and neuronal apoptosis [37]. Additionally,
caspase inhibitors are shown to be protective against neuronal apoptosis induced by MS
CSF [38]. Most recent studies demonstrated that CSF IgG in PPMS is pathogenic and
causes motor disability and spinal cord pathology, including demyelination, impaired
remyelination, reactive astrogliosis, and axonal damage [39]. These studies support the
pathogenic effects of CSF IgG in MS.

4.2. Evidence Supports the Pathological Role of Blood IgG Antibodies in MS

Lisak et al. reported that MS plasma B cells secreted a factor or factors that induced
apoptosis in cultured rat neurons [40]. Our recent report confirms the presence of IgG
aggregate-mediated complement activation and cytotoxicity in astrocytes and neurons [41].
The extensive evidence for the role of complement in MS has recently been reviewed
in detail by Saez-Calveras and Stuve [42]. These results support the early studies that
most MS sera (>80%) caused demyelination (with natural complement) in newborn rat
cerebellum [43]. It is also of relevance that we have recently shown that MS plasma contains
IgG aggregates that induce complement-dependent neuronal cytotoxicity [41]. These MS
plasma IgG aggregates may also function as biomarkers for the disease [41].

4.3. IgG Effector Functions

While extensive research has failed to identify the antigen specificity of the IgG anti-
bodies in MS, there is nevertheless evidence to support IgG effector functions and their role
in disease pathogenesis. The IgG Fc domain mediates a wide range of effector functions,
including anti-body-dependent cellular cytotoxicity (ADCC) and complement-dependent
cytotoxicity (CDC). For CDC, binding of complement component 1q (Clq) triggers the
activation of the complement cascade and leads to the formation of the membrane at-
tack complex (MAC), creating pores in the cell membrane and causing the lysis of target
cells [44].

4.4. A Brief Introduction of Complement Activation

The complement system is a unique bridge between innate and adaptive immunity. It
contributes to the removal of invading pathogens and dead or dying cells [45]. Complement
activation plays a critical role in synaptic pruning during brain development [46]. It hails
from three unique methods of activation: the classical pathway, the alternative pathway,
and the lectin pathway. The classical pathway starts with complement C1, which consists
of serine proteases Clr and Cls and the hexameric molecule Clq. C1q binds to the Fc
regions of IgGs, and IgM is bound to antigens, which triggers the serine proteases to cleave
C2 and C4 into fragments, resulting in the formation of C3 convertase [47,48]. The lectin
pathway involves soluble pattern-recognition molecules, most notably mannose-binding
lectin (MBL), which binds to carbohydrate signatures on bacteria or fungi, activating MASP-
2, and forming C3 convertase [49]. Finally, the alternative pathway involves the hydrolysis
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of C3 into an initial form of C3 convertase, C3 (H,O) Bb, by Factor D. Further cleavage in
the alternate pathway involving Factor B leads to the formation of C3 convertase and C5
convertase [47]. Though originating from different means of activation, the complement
system always results in the production of anaphylatoxins such as C3a, opsonins such as
C3b, and the C5b-9 membrane attack complex (MAC) [47]. The insertion of MAC causes
necrosis of the cells, resulting in ruptures of the membrane and cell death. Ninomiya and
Sims reported that inhibitor CD59 binds complement proteins C8 and C9 at the membrane
to prevent insertion and polymerization of MAC pores [50].

4.5. 19G and Complement in MS Brain Lesions

Excessive amounts of IgG antibodies were reported in early studies of MS autopsy
active lesions in both free/soluble and tissue-bound /particulate forms [51-53]. The IgG
antibodies purified from corresponding soluble and particulate samples showed OCBs [53].
Over 20 times more IgG was extracted from MS plaques than control brain [54]. In the land-
mark paper by Lucchinetti et al., antibodies and complements were found extensively in
pattern I, whereas patterns Il and IV were suggestive of oligodendrocyte damage/loss [55].
The lack of detection of IgG antibodies in the latter patterns may indicate the limitation of
the detection method, as only immunohistochemistry was used.

The co-localization of IgG antibodies, complement, and Fc gamma receptors (FcyR)
in the active lesions was reported, suggesting the pathological role of these antibodies in
the early stages of MS [56]. Furthermore, complement activation in cortical gray matter
lesions of brain tissues in patients with progressive MS [57] implies that antibodies and
complements may contribute to the pathological mechanism underlying the disease’s
irreversible progression. The dual roles of the C5b-9 complement complex in demyelination
have been discussed extensively in early studies [58]. The activation of C5b-9 promotes
demyelination, and the sublytic C5b-9 can protect oligodendrocytes from programmed
cell death.

4.6. Complement Activation in MS CSF

Early studies reported a highly significant reduction of the terminal component of
complement (C9) concentration in MS CSF [59]. Reduced level of CSF C9 in MS implies
complement activation resulting in C9 consumption for the formation of membrane attack
complexes, leading to myelin damage and neuronal cell membrane damage and causing
a more widespread but reversible loss of function. More recently, it was shown that
complement activation in the CSF in clinically isolated syndrome and early stages of
relapsing-remitting MS [60]. Significantly, they found that CSF C1q and CSF C3a correlated
with neuroinflammatory markers and neurofilament light chain levels; CSF C3a correlated
with disease activity and progression. A very recent study reported that complement
activation is associated with disease severity in MS [61]. They measured complement
components and complement activation products in the CSF and plasma in 112 patients
with clinically isolated syndrome (CIS), 127 patients with MS, and 75 CNS controls. They
showed that C3a and C4a in MS CSF were associated with increased EDSS scores. The CNS
compartmentalized activation of the classical and alternative pathways of complement
support that complement activation contributes to MS pathology and disease severity.

5. Complement and IgG in Other Autoimmune and Neurodegenerative Diseases
5.1. Complement and 1gG in Other Autoimmune Diseases

Complement activation is also a feature of other autoimmune diseases. For exam-
ple, in systemic lupus erythematosus (SLE) with vasculitis, the levels of serum comple-
ment (C3, C4) were reduced [62], with complement levels being known to be lowered in
SLE [63]. Complement activation was also reported in patients with nephrotic glomerular
diseases [64]. In Myasthenia gravis, which is a prototype autoimmune disease, comple-
ment activation can be detected on the muscle membrane surface [63]. Given the known
involvement of complement pathways in autoimmune diseases, anti-complement therapies
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have been considered and developed as therapeutic measures. Whether such therapies
may be given to MS patients is a more controversial issue.

Myelin oligodendrocyte glycoprotein (MOG) antibody immunoglobulin G (IgG)-
associated disease (MOGAD) has clinical and pathophysiological features-like but distinct
from those of aquaporin-4 antibody (AQP4-IgG)-positive neuromyelitis optica spectrum
disorders (AQP4-NMOSD). Both MOG-IgG and AQP4-IgG can activate the complement
system [65,66]. A recent study showed higher complement activation and C3 degradation
in MOGAD sera compared to NMOSD; in contrast, higher levels of soluble C5b-9 (sC5b-9)
in NMOSD [67]. These studies further support the complement and IgG in the pathological
roles of these disorders.

5.2. Complement and 1gG in Other Neurodegenerative Diseases

The complement system is integral for protection against pathogens and for normal
development of the CNS [68]. Several cell types in the brain have been implicated in
the complement system, such as microglia and astrocytes [69]. Astrocytes are critical for
many functions in the brain, such as clearance of cellular debris and aberrant proteins,
maintaining the blood-brain barrier, and recycling of neurotransmitters [70]. Microglia
are the resident immune cells in the brain. They continuously monitor for damaged cells
and pathogenic invaders. When they locate something potentially harmful, they become
activated, breaking down and engulfing foreign substances. They are also critical in many
homeostatic functions, such as neurogenesis, astrogenesis, and maintaining synapses [71].
Astrocytes and microglia work in a concerted effort to maintain homeostasis in the brain
and mediate inflammation [69]. Both microglia and astrocytes are known to play a role in
cytokine production as well as secretion of both cytokines and complement proteins [72].

The complement pathway has been implicated in several neurodegenerative diseases
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Amyotrophic lateral
sclerosis (ALS). Complement has a vital role in eliminating pathogens, clearing debris,
and maintaining synaptic function in the central nervous system (CNS) [73]. However,
when this highly regulated system begins to fail, it may exacerbate the progression of
neurodegenerative diseases [69]. Several glial cell types have been implicated in neurode-
generation. Astrocytes and microglia are all necessary for normal functioning of the CNS,
but when they become overactive in a diseased or aging state this may result in an increase
of neuropathology in a degenerative state [73].

When astrocytes become reactive, they release C3. This results in the cleavage of
C3 into its subunits, C3a and C3b. Microglia expresses the C3a receptor (C3aR). When
bound by this ligand, microglia become activated, initiating the inflammatory response
and phagocytosis, which is a potential mechanism of early synaptic loss in AD, resulting
in memory impairments in mouse models [74]. Complement proteins in the CSF of AD
patients have shown increased levels of C1q, C3d, and C4d [75,76]. Similarly, it has been
shown in PD there is an increase of complement factors C3d, C4d, C7, and C9 in proximity
to Lewy Bodies [77]. In mice, it was also shown that a C3 receptor (C3R) knockout was
protected from the loss of dopaminergic neurons and motor impairments, which suggests
that complement may contribute to the worsening of symptoms in PD [78].

5.3. The Involvement of Complement in Astrocytes and Microglia in MS

Complement C3 on microglial clusters in MS was found in the chronic stage of MS [79].
MS microglia nodules are associated with IgG transcription, complement activation, and
MAC formation [80]. These studies provide evidence that complement activation in
microglia may provide novel mechanisms of MS pathology.

6. Virus Infection and Complement Activation

Since a virus is thought by many to be involved in MS pathogenesis [27,81], it is
relevant to consider whether complement activation occurs during viral infection. The
role of complement in various viral infections has been reviewed extensively by Stoermer
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and Morrison [82]. Some viruses, such as Human Immunodeficiency virus (HIV) and
cytomegalovirus (CMV), have developed strategies to evade the complement system by re-
cruiting host complement regulatory proteins into their virions [82], thereby indicating that
complement plays a role in virus-induced pathology. On the other hand, complement path-
ways can also protect the host against viral infection by mediating a degree of protection
from damage and pathology induced by the virus. This protection against virus-induced
disease can also occur via complement-mediated enhancement of B lymphocyte responses.
This complement can either produce or protect against viral infection.

7. Hypothesis: IgG and Complement as Critical Players in Neurodegeneration in MS
7.1. Demyelination by Autoantibodies Requires Complement Activation without Fc
Receptor Activation

Complement activation was found in both the early and later progressive phases of
MS [83,84]. The ubiquitous occurrence of IgG and C1q staining in MS lesions indicates the
dominant role of IgG antibodies and the classical complement pathway [56,85]. Antibody-
antigen immunocomplexes were detected in foamy macrophages in the active lesion areas
of MS [86]; demyelination by autoantibodies was found to be dependent on complement
activation without Fc receptor activation [87]. A recent study demonstrated a strong
association between neurodegeneration and local complement activation in progressive
MS [88]. These studies provide further support for IgG-mediated complement activation in
MS disease pathophysiology.

7.2. MS 1gG and IgG Complexes Bind to the Surface of Neurons and Myelin

The specific antigens of the IgG within OCB in MS have remained to be identified [27].
Prominent antigen candidates include myelin proteins and viruses [81]. OCB antibodies
were shown to be directed against ubiquitous intracellular antigens [89]. We previously
reported MS OCB target patient-specific peptide antigens [81], and EBV epitopes were
shown to be reactive to OCB [90]. It was reported that most MS serum antibodies are
reactive to brain components [91].

Our study that MS plasma IgG aggregates/immune complexes induced apoptosis in
neurons [41] suggests that the IgG aggregates may bind to the surfaces of neurons, which
is consistent with the finding that MS had significantly higher levels of serum IgG bindings
to the cell surfaces of neurons and oligodendrocytes [92]. Furthermore, IgG aggregates and
immune complexes have been shown to bind myelin in MS [93]. Recent studies showed
that MS CSF IgG binds to the human oligodendroglioma cell line, discriminating MS from
controls with 96% specificity [92].

7.3. C1q Has a Low Affinity to Monomeric IgG but Binds to IgG Hexamers with High Avidity for
Efficient Complement Activation

Complement activation is one of the most important biological functions of IgG. IgG
immune complexes can activate all three pathways of the complement system, resulting in
the generation of C3 and C5 cleavage products, activating a panel of different complement
receptors on innate and adaptive immune cells [47]. The interaction of antibodies with
specific antigens forms immune complexes/IgG aggregates. Clq has a very low affinity for
monomeric IgG but avidity for IgG hexamers, which promotes complement activation [94],
resulting in tissue damage and dynamic systemic activation of complement [57]. Indeed,
our recent study demonstrated that MS IgG aggregate-induced neuronal cytotoxicity is
complement-dependent; a co-localization of IgG and C3b was detected in neurons after
incubation with MS plasma IgG aggregates [41]. We showed the staining of C5b-9 in the
neurons, but we do not know whether C5b-9 is lytic or sublytic. Further investigations are
needed to elucidate the mechanism.

7.4. Evidence Supporting the Presence of IgG Aggregates in MS CNS

Both IgG1 and IgG3 subclasses were reported to be present in the same OCB band,
suggesting OCB consisted of heterogeneous antibodies [95]. We reported previously that
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there is no correlation between CSF IgG concentrations and the number of OCBs, suggesting
the presence of IgG aggregates in the CSF [96]. In addition, significantly higher amounts
of bound IgG were eluted from the MS brain using high- or low-pH bulffers [51]. The
antibody-antigen immune complexes were detected in foamy macrophages in the active
lesion areas [97]. Furthermore, Mehta et al. [51] reported the presence of IgG immune
complexes in MS brain tissues of white and gray matter. These studies support the presence
of IgG aggregates in MS.

7.5. Potential Mechanism of IgG-Mediated, Complement-Dependent Neurodegeneration in MS

Neuron-specific activation of necroptosis was found in the cortical gray matter of
MS [98]. Neuronal and axonal degeneration in MS was thought to be initiated by acute
inflammation and subsequently driven by chronically smoldering, diffuse parenchymal
myeloid, and meningeal lymphocytic inflammation. Oxidative stress, mitochondrial injury,
and subsequent ion channel dysfunction secondary to chronic inflammation seem to have a
constant impact on neurons and axons, leading to their demise during progressive MS [99].

It should be appreciated, however, that several distinct factors, in addition to comple-
ment and IgGs, may lead to the neurodegeneration seen in MS, and they are certainly not
mutually exclusive. This issue has recently been discussed in detail by Morgan et al. [100]
who pointed out that complement-induced MS pathology may be different in white versus
gray matter in MS, that it is not known how important serum-derived as opposed to
CNS-derived complement is, and that the specific complement pathways of importance
remain unknown. However, both C1q and C3 may play a role, and different pathogenic
mechanisms may operate at the various stages of MS, e.g., RRMS and SPMS. Morgan
et al. [100] provided evidence for two fundamental neurodegenerations induced by com-
plement pathways in MS brains. The first was called “outside-in”, and the other was called
the “inside-out” paradigm. In the former case, complement components enter the CNS via
a breached Blood-brain barrier (BBB). They are activated either by the local presence of
antigen/antibody complexes or else by “altered self” myelin epitopes. Local phagocytes
and microglia then engulf myelin, which is attached to complement, resulting in demyeli-
nation and neurodegeneration. There is abundant experimental evidence to support this
mechanism. By contrast, in the “inside-out” model, a so-far unknown key cellular degener-
ative event triggers myelin alterations and degeneration, which then allows very antigenic
myelin epitopes to be exposed, with the complement pathways then acting as a secondary
mechanism whereby they contribute to inflammatory responses followed by the tagging
and phagocytosis of myelin [100]. Both scenarios are highly imaginative and creative,
but it is yet unknown which, if either, operates in MS neurodegenerative processes. We
hypothesize that both IgG and complement are key drivers of the neurodegeneration seen
in MS. However, the actual mechanism(s) involved remains speculative if this is the case.

MS CNS is the target of the pathological immune responses affecting every part of
the brain [101,102], characterized by the loss of neurons and oligodendrocytes, resulting in
demyelination and neurodegeneration [103,104]. Gray matter pathology plays a central
role in disease progression [105]. Meningeal B-cell follicles in SPMS are associated with the
early onset of disease and severe cortical pathology [106], suggesting that soluble factors
(IgG aggregates?) diffusing from these structures has a pathogenic role in neurons. We
hypothesize that in MS CNS, the compartmentalized IgG antibodies form aggregates and
produce complement-dependent cytotoxicity in neural cells.

8. Conclusions

The pathogenesis of demyelination and neurodegeneration in MS is not well under-
stood. It is established that MS is characterized by the presence of oligoclonal bands and
raised IgG. In addition, there is good evidence that complement activation is present in
MS, both in histopathology of the MS brain lesions, in CSE, and in experimental studies in
animal models of the disease. A key pathological feature of the MS lesion is axonal loss,
which not only correlates with demyelination but is also likely to be the cause of the neu-
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rodegeneration seen as the disease progresses. It is hypothesized here that a combination
of IgG and complement plays a significant role in the neurodegenerative process of MS.
If this proves to be the case, then consideration should be given to developing effective
therapies based on antagonists or antibodies to complement and its biochemical pathways.
It is pertinent to consider future perspectives and directions. Further research is required
to confirm and delineate a pathogenic role for IgG and complement in demyelination
and neuronal cytotoxicity rather than just being epiphenomena. At this stage, it would
be premature to consider the therapeutic options for blocking the actions of these two
components in some way; nevertheless, this remains a potential treatment possibility in the
future. It is also possible that clinical trials with other drugs or agents may add weight, or
otherwise, to this notion.
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Abstract: Spinocerebellar ataxia type 1 (SCA1) is an autosomal dominant neurodegenerative disorder
that affects one or two individuals per 100,000. The disease is caused by an extended CAG repeat
in exon 8 of the ATXN1 gene and is characterized mostly by a profound loss of cerebellar Purkinje
cells, leading to disturbances in coordination, balance, and gait. At present, no curative treatment
is available for SCA1. However, increasing knowledge on the cellular and molecular mechanisms
of SCA1 has led the way towards several therapeutic strategies that can potentially slow disease
progression. SCA1 therapeutics can be classified as genetic, pharmacological, and cell replacement
therapies. These different therapeutic strategies target either the (mutant) ATXNT RNA or the ataxin-1
protein, pathways that play an important role in downstream SCA1 disease mechanisms or which
help restore cells that are lost due to SCA1 pathology. In this review, we will provide a summary of
the different therapeutic strategies that are currently being investigated for SCA1.

Keywords: Spinocerebellar ataxia type 1; neurodegenerative disorder; therapeutic strategies; preclinical
research; clinical trials; gain-of-function mechanism; ataxinl; ATXN1; polyQ disorders

1. Introduction

Spinocerebellar ataxia type 1 (SCA1) is a progressive, autosomal dominant neurode-
generative disorder characterized by ataxia, speech, and swallowing difficulties, spasticity,
and abnormal control of eye movements. At later stages of the disease, patients show
signs of muscular atrophy and cognitive defects [1-4]. Eventually, patients show bulbar
dysfunction that leads to respiratory failure, which is the main cause of death [5]. In
SCAL, the first clinical signs may develop between 4 and 74 years of age, but they typically
manifest in the third or fourth decade of life [6]. The time span from onset of the disease
to death varies from 10 to 30 years, with an average of 15 years. Individuals with a more
juvenile onset show a more rapid disease progression [7]. Epidemiological information
about the prevalence of SCA1 is limited to only a few studies but is thought to be one to
two cases per 100,000 people [6,8-10].

SCA1 is caused by an expanded CAG repeat in the coding region of the human ATXN1
gene [2]. Normal alleles range from 6 to 38 CAG repeats, with 1 to 3 CAT interruptions
that are thought to be involved in the stability of the trinucleotide stretch during DNA
replication. Disease-causing alleles have 39 to 44 CAG repeats without stabilizing CAT
interruptions or larger expansions with CAT interruptions [11-14]. There is an inverse
correlation between the number of uninterrupted CAG repeats and the age of disease
onset [13,15]. The ATXN1 gene is organized in nine exons of which the first seven fall in the
5’ untranslated region (UTR). The 5'UTR exons can undergo alternative splicing, suggesting
that transcriptional and translational regulation of the SCA1 encoded protein, ataxin-1, may
be complex [16,17]. The protein is expressed throughout the brain and is present mainly in
the nucleus of neuronal cells, where it is thought to play a role in transcriptional regulation.
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However, in Purkinje Cells (PC) in the cerebellum, the ataxin-1 protein is localized in both
the cytoplasm and the nucleus [16]. Expansion of the ATXN1 gene results in an expanded
polyglutamine tract in the ataxin-1 protein, thereby inducing a polyglutamine-induced,
toxic gain-of-function mechanism leading to SCA1 disease pathology [18].

Currently, there is no disease-modifying treatment available for SCA1 patients, but
several therapies, including physiotherapy, occupational therapy, and speech therapy are
offered which provide some symptomatic relief and help in improving the quality of life [19].
Multiple disease-modifying treatments are currently being developed. In this review, we
will discuss SCA1 pathophysiology, followed by an outline of the therapeutic strategies
that are being investigated, limiting our review to studies that have been tested in animal
models of SCA1 or have already progressed to clinical trials. We have divided the strategies
into the following three categories: (1) modulation of ataxin-1 levels, (2) pharmacological
targets, and (3) cell replacement therapies. Lastly, we discuss some of the limitations
that hamper drug development for SCA1 and outline our future perspectives on SCA1
drug development.

2. SCA1 Pathophysiology

SCA1 pathophysiology is characterized mainly by degeneration of the cerebellar
cortex, deep cerebellar nuclei, and brainstem [3]. Loss of PCs from the cerebellar cortex and
the inferior olivary nucleus is most prominent, but a loss of neurons in cortical, subcortical,
and spinal structures is also observed [20]. SCA1 patients also show degeneration of the
peripheral nervous system (PNS), with a loss of motor neurons in the lumbosacral spinal
cord and the thin anterior spinal roots [21]. Additionally, a loss of myelin as well as an
early activation of astrocytes and microglia have been observed [22,23].

In the last decades, research has been conducted to study the molecular mechanisms
behind SCA1 pathogenesis. However, the disease mechanisms are still not fully under-
stood [24,25]. Genetic studies have shown that Scal knock-out mice do not display any
signs of ataxia, motor incoordination, or cerebellar degeneration [26]. However, Scal
knock-out mice do demonstrate deficits in several learning and memory behavioral tests
and neurophysiological studies. These results show that SCA1 is not caused by a loss-
of-function mechanism and indicate a role for ataxin-1 in learning and memory [26]. On
the other hand, expression of mutant ataxin-1 in mouse and Drosophila models leads to
relevant disease phenotypes and pathology, suggesting that SCA1 is caused by a toxic
gain-of-function mechanism [27-29].

The polyglutamine repeat expansion is thought to exert its toxicity by altering the in-
teractions of several factors with key domains, including the C-terminus and AXH domain
in ataxin-1 (Figure 1, [30,31]). The ataxin-1 C-terminus contains a highly conserved region,
with a nuclear localization signal (NLS) and domains for binding of the 14-3-3 protein,
which is a multifunctional regulatory molecule, as well as RBM17, which is a transcription
factor (Figure 1, [30-32]). The NLS shuttles the ataxin-1 protein from the cytoplasm to the
nucleus. Mice expressing mutant ataxin-1 without NLS did not show any SCA1 disease
signatures, while mice expressing mutant ataxin-1 containing a deletion within the self-
association region spanning amino acids 495-605 developed ataxia and PC pathology in
the absence of nuclear ataxin-1 aggregates [33-35]. This demonstrates that nuclear ataxin-1
localization is critical to develop pathology [30]. Other research suggests that aggregation is
important in SCA1 pathology, as several genetic modifiers identified in a Drosophila screen
highlight the role of protein folding and clearance in SCA1 [29]. Furthermore, it is hypothe-
sized that phosphorylation of ataxin-1 at S776 facilitates 14-3-3 protein binding, thereby
stabilizing the ataxin-1 protein, causing accumulation and subsequent neurodegeneration
in SCA1 [31,36-38]. The expanded CAG repeat in ataxin-1 has also been shown to enhance
the formation of the protein-complex-containing transcription factor RBM17 [39].
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Ataxin-1 additionally contains an AXH domain of 120 amino acids, which mediates
many protein—protein interactions and RNA-binding activity [24,25]. The AXH domain
forms a complex with the transcriptional repressor capicua (CIC), and mutant ataxin-1 re-
duces complex formation and repressor function of CIC in both Drosophila and cell models.
This contributes to SCA1 pathogenesis through a partial loss-of-function mechanism [39,40].
By inhibiting this repressor activity, gene expression of glutamatergic receptor genes and
synaptic long-term depression in the PCs is altered, which contributes to disease patho-
physiology [40]. Indeed, alterations in PC firing output are observed in SCA1, which
are thought to be caused by alterations in the PC synaptic input as well as changes in
the intrinsic PC firing [41]. Mutations in the binding site of CIC with the AXH domain
in SCA11%4Q/2Q mjce normalized genome-wide CIC binding. However, transcriptional
and behavioral phenotypes were only partially rescued, suggesting the involvement of
additional factors in SCA1 disease pathogenesis [34,42]. The AXH domain is also known
to bind to several other transcriptional regulators, including RORo and Tip60, the RoRoex
co-activator, thereby mediating the expression of a group of genes that play a role in PC
development and function [43,44]. Additionally, AXH acts as a dimerization domain for
ataxin-1-like (ATXN1L). ATXNIL, or Boat (brother-of-ataxin-1), shares 33% homology with
ATXN1, including the conserved AXH domain, where both ATXN1 and ATXNIL interact
with the transcriptional repressor CIC [24,25,45]. The AXH domain also binds to RNA,
and binding is dependent on the size of the CAG repeat expansion in such a way that the
ability of ATXN1 binding to RNA decreases when the repeat expansion increases, possibly
altering its role in RNA metabolism [46].

S776 phosphorylation

P
|
PolyQ .
N y AXH domain | C
region
Capicua 14-3-3
RORa RBM17
Tip60
ATXNIL

Figure 1. Ataxin-1 protein and its functional domains. The ataxin-1 protein with the polyglutamine
(polyQ) region, the AXH domain, and the C-terminal domain containing the NLS and the S776
phosphorylation site. Binding partners of these domains are depicted under their respective domains.

3. Therapeutic Strategies

SCAL1 therapeutics can be tested in several disease model systems, including cell
culture and animal models. Here, we provide a short overview of the most important
mouse models used for the development of SCA1 therapeutics. Subsequently, a summary of
treatment strategies targeting ataxin-1 levels, SCA1 relevant pathways, or cell replacement
studies for SCA1, which have been tested in preclinical animal models or are in clinical
studies, will be discussed. SCA1 is modeled in different animals, including fly, zebrafish,
and mouse models [27-29,47]. The most frequently used SCA1 mouse models are the SCA1
transgenic (B05) and the knock-in SCA1 mouse model, SCA1154Q/2Q (Table 1, [27,28]).

The BO5 transgenic mouse model uses the Purkinje cell protein 2 (Pcp2) promoter to
ensure overexpression of human ATXN1 cDNA in the cerebellar PCs specifically [27]. The
human transgene was modified to contain 82 uninterrupted CAG repeats. Overexpression
of this transgene in mice resulted in an ataxic phenotype as well as neuropathological
changes [27,48]. Mice showed a significant loss of PCs in the cerebellum and accumulation
of nuclear inclusions in the PCs [27,48]. However, the transgenic mouse model does
not reflect the full disease pathology, which also involves a dysfunction in a variety of
other neurons next to PCs, leading to, for instance, the cognitive dysfunction observed in
humans [3,49].
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The SCA1154Q/2Q knock-in mice expresses mutant Atxnl, with 154 CAG repeats under
the control of endogenous regulators, thereby expressing mutant Atxnl throughout the
brain and spinal cord. SCA1'%*Q/2Q mice display motor incoordination and muscle wasting,
as well as premature lethality, reduced adult hippocampal neurogenesis, and kyphosis
(exaggerated, forward rounding of the upper back due to weakness in the spinal bones) [28].
Furthermore, the mice display cognitive deficits, such as reduced memory and cognitive
flexibility [50,51].

In addition to mouse models to study SCA1, a fly model was developed [29,47]. The
Drosophila melanogaster fly model expresses human 82Q ATXN1 in the eye retina using the
GAL4/UAS system. This leads to nuclear inclusion formation in the eye photoreceptor
cells and neurons of the CNS, subsequently resulting in degeneration of the retina and
neurodegeneration [29]. However, the fly model lacks a cerebellum, making it difficult to

model the cerebellar neurodegeneration of SCA1 [47].

Table 1. Animal models used in the pre-clinical development of SCA1 therapeutics.

SCA1 Animal Model

Genetic Background

Advantages

Disadvantages

SCAL1 transgenic B05 mice

Human ATXN1 gene containing
82 CAG repeats under control of a
pcp2 promoter

Mimics cerebellar component of
SCAL, including ataxia and classical
neuropathological changes.
Contains human ATXNI.

Expression only in the PCs of the
cerebellum. Has 50 to 100 times
overexpression of ATXN1 compared
with endogenous levels [27,48].

SCA1 knock-in mice
(SCA1154Q/2Q)

154 CAG repeats in the mouse
Scal locus under control of
endogenous promoters

Expresses endogenous Atxn1 levels.
Shows development of slow
progressive neurodegeneration, ataxia,
and deficits in memory (reflecting
extra-cerebellar pathology).

Nuclear inclusions were found in
more brain regions in the mice than
were found in humans. Model
contains very long CAG repeats, not
in the range of SCA1 patients [28].

SCAI1 Drosophila melanogaster
(fly) model

Expresses human ATXN1 gene
containing 82Q in the eye retina
using the GAL4/UAS system

Shows nuclear inclusion formation
in the eye photoreceptor cells and
CNS neurons as well as
degeneration of the retina

The model lacks a cerebellum [29].

and neurodegeneration.

3.1. Modulating Ataxin-1 Levels

As discussed before, the cellular pathological mechanisms underlying SCA1 are
driven mainly by the presence of the mutant ataxin-1 protein. Presently, many intervention
strategies focus on the development of therapies that can reduce the levels of mutant
ataxin-1, which will have an effect on all downstream pathological processes. The ataxin-
1-lowering strategies that are currently in development target ATXN1 RNA act by either
modulating RNA levels or by blocking translation. Here, we will provide an overview
of the different ataxin-1 modulating therapies that are currently being explored for SCA1
(Figure 2).

3.1.1. RNA Interference

RNA interference (RNAIi), or post-transcriptional gene silencing, is a conserved bi-
ological process in which noncoding double-stranded RNA molecules are involved in
suppression of gene expression through translational or transcriptional repression. [52,53].
The process can be induced by tailor-made genetic sequences, thus providing a method
for deliberately silencing a gene of interest in model systems [53]. The RNAi process is
mediated by three functionally different noncoding dsRNA molecules, namely microRNA
(miRNA), short hairpin RNA (shRNA), and small interfering RNA (siRNA), which con-
verge into the same RNAi pathway. In general, RNAi strategies cleave the ds-RNA with
an endonuclease called Dicer into single RNA fragments. The guide strands of these RNA
fragments are then subsequently loaded into an RNA-induced silencing complex (RISC) to
promote endonucleolytic cleavage of the homologous mRNA by the RNase Argonaute 2
(Figure 2, [54]).

170



Biomolecules 2023, 13, 788

ATXN1 pre-mRNA ATXNT mRNA ':[;2 2&
laWae Wal I\ I\ /\ Translation
7 NS WS N < <

p||b|llg
# Ataxin-1 protein Polyglutamine
M/\ Nuclear /VV\ pleteln
export
A 1 1 [ 1
.I-Transcrip’tion ‘ ‘ ‘ PKA ‘ d) Phosphorylation
TR phosphorylation sites
NZ7,\Y7,\/\ a) RNAi b) Antisense oligonucleotides

(M120A)

Tn-n- 14-3-3 protein
? m l binding l l
ATXNIL : . .
}@/ 1 .@ g Delayed onset
e oy o ?0¥) ataxia
1 c) ATXN1L l 1
auEIoXpIESSIoNn RNaseH- medlated lStab"iZ""“O"

degradation

Translation Accumulation
(o] inhibition
Ataxm 1 like

AAV ATXNTL

Figure 2. Ataxin-1 modulating therapies. Ataxin-1 modulating therapies that are currently being
investigated as possible therapeutics for SCA1. These strategies include (a) RNAI strategies, which
involve binding to the RISC, (b) ASOs, including ASOs that mediate RNaseH-mediated degradation
and translation inhibition, (c) ATXN1L, which can be overexpressed to preserve wildtype protein
function, or (d) the S776 phosphorylation site, which can be targeted to reduce ataxin-1 levels.

A first proof-of-concept study for SCA1 in 2004 showed the ability of RNAI to inhibit
neurodegeneration in the SCA1 B05 transgenic mouse model. Upon intracerebellar in-
jection, recombinant adeno-associated virus (AAV) vectors expressing shRNAs targeting
human ATXN1 sequences improved motor coordination, restored cerebellar morphology,
and resolved ataxin-1 inclusions in PCs of these mice (Table 2, [55]). RNAIi therapies can be
delivered using lentiviruses and AAVs, as they are minimally immunogenic and result in
the stable expression in the brain regions of interest [56]. Keiser, Davidson, and colleagues
delivered improved viral vectors expressing miRNAs targeting human ataxin-1 (miS1
vectors) to the cerebellum of pre-symptomatic SCA1 B05 transgenic mice. This resulted
in widespread cerebellar PC transduction and improved behavioral and histological phe-
notypes [57]. Next, to assess the extra-cerebellar therapeutic effects, the miS1 vector was
injected into the deep cerebellar nuclei of pre-symptomatic SCA1'%4Q/2Q knock-in mice,
where the mutant ataxin-1 is expressed throughout the brain. This approach reduced ataxin-
1 expression in the cerebellar cortex and brainstem. Cerebellar lobule integrity, rotarod
performance, and histological phenotypes were preserved, and disease-related transcrip-
tional changes were prevented for over a year, suggesting that delivery to deep cerebellar
nuclei is sufficient for widespread therapeutic benefit [58]. Importantly, as treatment in
humans is started after symptom onset, a follow-up study in symptomatic transgenic B05
mice was performed. Results of this study showed that the SCA1 phenotypes could be
reversed when the miS1 vector was delivered after symptom onset [59]. To study biodis-
tribution and tolerability, the compound was subsequently administered into the deep
cerebellar nuclei of adult rhesus macaques. Eight weeks after injection, transduction was
seen in SCA1 relevant brain regions, including the deep cerebellar nuclei, cerebellar PCs,
and the brainstem, where a significant reduction of endogenous ATXN1 mRNA levels of
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more than 30% compared with the uninjected hemisphere was found [60]. There were
no clinical complications as assessed by behavioral abnormalities or neuropathological
findings [60]. Altogether, these data are supportive of a clinical application of an AAV-based
RNA:I therapy for SCA1 [57-60]. To advance this technology to patients, investigational
new drug (IND)-enabling studies were performed. However, 3 months after AAV-based
delivery into the deep cerebellar nuclei of rhesus macaques, cerebellar toxicity was ob-
served [61]. RNA-sequencing studies showed that, despite limited amounts of vector, there
was substantial 3’ inverted terminal repeat promoter activity showing neurotoxic effects in
the rhesus macaques [61]. By altering the miS1 expression context, the promoter activity
was reduced. These findings stress the importance of extended safety studies in multiple
species when assessing new therapeutics for human application [61].

3.1.2. Antisense Oligonucleotides

A second RNA-based therapy approach to reduce gene or protein expression is the
use of antisense oligonucleotides (ASOs). ASOs are chemically modified, single-stranded
oligonucleotides of generally 12 to 30 bases, which bind to RNA through Watson-Crick—
Franklin base pairing. Depending on the sequence and modifications, ASOs can alter RNA
functions through several mechanisms. They can be used to reduce expression of a toxic
protein, to modify mutant proteins, to reduce their toxicity, or to restore protein expression
(Figure 2, [66]).

ASO therapies can be delivered through intravenous administration or directly into
the CSF via intrathecal (IT) or intracerebroventricular (ICV) injections [54,56,67]. Although
systemic administration is less invasive and, therefore, favorable for clinical applications, it
requires doses that are approximately 100 times higher compared with ICV, which increases
the risk of toxicity [68]. To minimize toxicity, transporters or drug carriers can be used,
which allow the ASOs to cross the blood-brain barrier (BBB) [68-72]. To avoid the BBB,
ASOs can also be delivered directly in the CSF through IT or ICV injections [54,56,67,68].
Local delivery into the CSF is preferred, as this allows for direct and local targeting, thereby
reducing the required doses and reducing systemic exposure and toxicity as well as renal
and hepatic elimination [67,68]. It has been shown that after IT and ICV injections, ASOs are
widely distributed in the brain, although the delivery into deeper cerebellar brain structures
seems to be less efficient [68]. IT injections have already been successfully used in human
clinical trials for amyotrophic lateral sclerosis and spinal muscular atrophy, without major
side effects [73,74]. However, as these injections are quite invasive and treatment with
ASOs are transient, re-administration of the ASOs every 3 to 4 months limits its clinical
use [66-68].

Gapmers are chimeric ASOs that contain a central block of DNA nucleotides flanked
by modified RNA sequences, usually containing 2’-O-modified chemistries. The modified
sequences improve target affinity and stability, while the central DNA sequence forms a
DNA /RNA hybrid, which stimulates RNA cleavage through the recruitment of RNase H
(Figure 2). Following a single ICV injection of an Atxn1 gapmer ASO353 in pre-symptomatic
SCA1154Q/2Q mjce, a reduction of Atxn1 levels at 6 and 24 weeks after ASO administration
was shown. Furthermore, a rescue of disease-associated phenotypes was demonstrated,
including motor performance, survival, analysis of neurochemicals, and transcriptional
disease signatures (Table 2, [62]).
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Steric or RNA blocking ASOs can inhibit (or activate) protein translation through
binding to regulatory elements, including the upstream open reading frame (Figure 2, [66]).
Using a 2/-O-methyl-modified (CUG)” ASO with a phosphorothioate backbone that specif-
ically targets expanded CAG stretches and does not activate RNase H-dependent RNA
degradation, a lowering of polyglutamine protein levels was seen in polyglutamine patient
cell lines and mouse models [64,75]. By administering 75 or 150 pug of (CUG)” by ICV
infusion into the right lateral ventricle of SCA1154Q/2Q mjce weekly for a total of 8 weeks, a
reduction of Atxnl levels was seen in all SCAl-relevant brain regions, including cerebellum,
brainstem, and spinal cord. Quantification of ASO levels showed a widespread distribution
of (CUG)” in all brain regions. Most importantly, ASO levels in the different brain regions
and the spinal cord were similar, despite the differences in distance from the injection
site [64].

In addition to delivery of the ASO to the brain, targeting ATXN1 using RNA therapy
faces another challenge, as a complete loss of ATXN1 may contribute to Alzheimer’s disease
by increasing the transcription of BACE1, which encodes for the §3-secretase enzyme [25,76].
In addition to these possible adverse effects after a loss of ataxin-1, another study in-
vestigated the change in BACE1 levels after downregulating ataxin-1 with the gapmer
ASQO353 [63]. Results from this study showed that ASO-mediated reduction of Atxn1 did
not lead to an unwanted increase in BACET levels in SCA1'%4Q/2Q mijce after 3 ASO353
ICV injections [63]. This suggests that a partial loss of ataxin-1 function later in life due
to an ASO or other RNA therapy is safe and can be used in clinical applications [63].
However, to preserve the expression and function of ataxin-1, specific silencing of the
expanded CAG repeat allele can also be achieved. This can be accomplished by either tar-
geting single nucleotide polymorphisms (SNPs) or by specifically restoring the unexpanded
protein [77-79].

3.1.3. ATXNIL Overexpression

A different therapeutic strategy to treat SCA1 is overexpression of the ATXN1 paralog,
ATXNIL (Figure 2). Gene duplication of Atxn1l in SCA1'%4Q/2Q mice reduced neuropathol-
ogy and behavioral deficits through displacement of mutant ataxin-1 from its native com-
plex with CIC, an interaction that is involved in SCA1 cerebellar pathology [45]. Two
studies have shown that treatment of AAVs expressing human ATXN1L improves motor
coordination and pathology in pre-symptomatic SCA1 B05 mice [57,65]. Given the fact that
the toxic gain-of-function mechanism can be treated with the previously described RNAi
or ASO-mediated knockdown of ataxin-1, overexpression of ATXN1L might help by also
treating the loss-of-function caused by these ataxin-1 lowering therapies. When combining
upregulation of ATXN1L with RNAi-induced downregulation of ATXN1, the improvement
of gene expression changes and motor behavior impairments for the combined treatment
were greater than for the individual treatments [65]. However, as overexpression of wild-
type ataxin-1 (30Q) in Drosophila results in neurodegenerative phenotypes similar to those
caused by the expanded protein, it is essential to monitor possible side effects of increased
ATXNIL [29].

3.1.4. S776 Phosphorylation

Since phosphorylation of ataxin-1 at the serine 776 residue (ATXN1-pS776) was shown
to play a significant role in protein toxicity (Figure 2, [38], inhibition of S776 phosphorylation
could be a promising therapeutic target for SCA1. In SCA1 cell models, pharmacological
inhibition of S776 phosphorylation led to a decrease in ataxin-1 [38]. Depending on the
brain region, phosphorylation of ataxin-1 at S776 is regulated by different factors. In the
brainstem, phosphorylation is modulated mainly by Rsk3, whereas in the cerebellum, it is
modulated via Msk1 [80]. Furthermore, protein kinase A (PKA) can mediate phosphoryla-
tion of S776. BO5 mice with a mutation in PKA, generated via a Cre-lox system, showed
a reduced PKA-mediated phosphorylation of ATXN1-5776 in PCs as well as enhanced
degradation of ataxin-1 and improved cerebellar-dependent motor performance [38]. In the
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SCA1'%4Q/2Q mouse model, where the S776 phosphorylation site was mutated to an Ala776
(S776A) on either the wildtype allele or the mutant allele, it was shown that targeting
5776 phosphorylation could ameliorate SCA1 pathology [36,81]. Only disruption of the
S776 phosphorylation site on the mutant allele, but not the wildtype allele, reduced ataxin-
1 protein levels and ameliorated pathological disease hallmarks, including the reduced
thickness of the cerebellar molecular layer and nuclear inclusion formation. Furthermore,
there was a partial rescue of motor function and an expanded life span, but learning and
memory deficits were not rescued [36]. As therapeutic approaches are likely to decrease
S776 phosphorylation on both alleles, these studies show the importance of developing
allele-specific intervention strategies for SCA1. Furthermore, the region-specific modula-
tion of ataxin-1 5776 phosphorylation, by Rsk3 and Msk1 in the brainstem and cerebellum,
respectively, underlines the need for combinatorial treatment targeting both kinases, which
could improve therapeutic efficacy for SCA1 [80].

3.2. Pharmacological Targets

There are several mediators that are known to play a role in SCA1 pathology that could
be potential pharmacological targets. For instance, activity of the PCs can be influenced
by several drugs that target synaptic and non-synaptic receptors (Figure 3, [82-84]). PCs
receive excitatory synaptic input from climbing fibers (CF) and parallel fibers (PF), whereas
it receives inhibitory inputs from the molecular interneurons, the basket cells and stellate
cells (Figure 4, [41]). Alterations in the glutamatergic input of climbing fibers onto PCs have
shown to be altered in SCA1 mice [85,86]. Deficits in CF-PC synaptic transmission have
been observed in B05 transgenic mice at 6 weeks of age [87]. Furthermore, mutant ataxin-1
markedly increases inhibitory inputs from basket cells onto the PCs during cerebellar
development, thereby disrupting cerebellar PC function [88]. In addition to alterations
in synaptic input, the intrinsic activity of PCs can determine the PC output, which has
been shown to be altered in several SCAs [41]. PCs are able to produce spontaneous
electrical activity in the absence of synaptic input. This autonomous spiking is dependent
on the proper function of a number of potassium channels that are highly expressed in the
dendritic membrane of PCs [83,84,89]. For instance, voltage-gated potassium channels can
modulate intrinsic firing, and the calcium-dependent potassium channels are involved in
maintaining the autonomous spiking of PCs [41]. Alterations in PC intrinsic firing have
been observed in several SCAs, including SCA1, where a loss of spontaneous cerebel-
lar PC spiking is observed [41]. This is caused by a disruption of calcium homeostasis,
leading to reduced function of the large conductance calcium-activated potassium (BK)
channels. Additionally, a dysfunction in other potassium channels, such as voltage-gated
potassium channels, can lead to higher A-type potassium currents (Ika) [82-84,89,90]. This
dysfunction may contribute to dendritic hyperexcitability, thereby eventually contributing
to neurodegeneration [84,90].

Next to the potassium channel dysfunction, contributing to alterations in the PC in-
trinsic activity, altered excitatory glutamatergic inputs, linked to the type-1 metabotropic
glutamate receptors (mGluR1), also contribute to the altered PC activity observed in SCA1
(Figure 3, [91-93]). Reductions in mGluR1 mRNA levels as well protein levels have been ob-
served in symptomatic elderly SCA1'%4Q/2Q mice [91,94]. Furthermore, in pre-symptomatic
BO05 transgenic mice, reduced mGluR-excitatory postsynaptic current (EPSC) amplitudes
were observed, leading to altered PC activity and eventually to PC death [93]. These results
suggest that a loss of mGIuR1 in PCs is associated with the pathological phenotype of
SCA1 [91,93]. Contradictorily, another study showed prolonged mGIuR1 currents, despite
reduced EPSC amplitudes, in cerebellar parallel fiber synapses in symptomatic BO5 mice,
which are thought to be caused by a loss of glutamate transporter activity [95]. However,
the majority of studies indicate a reduction in mGluR1 activity. Additionally, it has been
shown that genes encoding for mGluR1 signaling proteins, such as Homer-3, are downregu-
lated in BO5 mice cerebellar PCs, which can lead to neuronal dysfunction in SCA1 [86,91,96].
As PC firing dysfunction is a common pathologic phenomenon in multiple SCAs, therapies
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restoring this dysfunction by targeting changes in the synaptic input as well as the intrinsic
firing of PCs might be applicable to treat multiple ataxias [41]. The SCA-induced alterations
in both potassium and glutamate receptors could be targeted by several drugs [97].
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Figure 3. Receptor-mediated therapies. Cerebellar PC activity is mediated through several receptors
and ion channels. In SCA1, cerebellar PC activity is dysregulated and can be restored through
several drugs targeting either the potassium channels (Kv4.1/Kv4.3 and BK channels) or the mGluR1,
NMDARex, or GABADb receptors. Green arrows indicate the effect of the therapies on the receptor
and ion channel function.

3.2.1. Potassium Channels

To restore PC spiking in several SCAs, BK channel function could be restored, and IKa
currents could be reduced. BK channel function can be restored either by enhancing BK
channel expression or by activating the BK channels that are present (Figure 3, [83,84,90]).
Dual administration of both stereotactically injected BK-AAV and intraperitoneally in-
jected baclofen, a GABAD receptor agonist that potentiates a sub-threshold-activated
potassium channel current in PCs, was performed. Treatment effectively normalized
the dendritic excitability in the PCs, rescued neuropathology, and, moreover, significantly
improved motor coordination two weeks after initiation of therapy in BO5 transgenic mice
(Table 3, [83,84,90]). BK channels can also be activated through pharmacological targeting
with chlorzoxazone, which is a known activator of calcium-activated potassium channels.
Dual treatment with chlorzoxazone and baclofen, dissolved in drinking water, normal-
ized dendritic excitability in the PCs and significantly improved motor performance of
BO5 as well as in SCA1!%#Q/2Q mice in a stage where motor impairment is cerebellar in
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origin [84,90]. On the other hand, at 20 weeks of age, when motor dysfunction is caused by
motor neuron rather than cerebellar dysfunction, dual treatment with chlorzoxazone and
baclofen did not rescue motor dysfunction in the SCA1 154Q/2Q mjce [90]. As chlorzoxazone
and baclofen are both muscle relaxants, they have tolerability concerns in patients with
neurological disorders and older adults [90,98]. However, retrospective SCA patient data
show that co-administration is tolerated and may improve SCA symptoms, suggesting that

this treatment might be promising for use in clinical trials [90].
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Figure 4. Overview of the cerebellar structure. The cerebellum consists of three layers, namely the
granular cell layer, the purkinje cell layer, and the molecular cell layer. The PCs receive excitatory
synaptic input from the CF and PF as well as inhibitory input from the basket and stellate cells.
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Another therapeutic strategy that targets voltage-gated potassium channels reduces
the observed enhanced IKa currents in SCA1 pathology. Aminopyridines (APs) are potas-
sium channel blockers with a high affinity for A-type potassium channels. Subcutaneous
injection of APs has been shown to normalize the firing frequency of PCs and the motor
dysfunction of early symptomatic BO5 mice [82]. However, no effects were observed when
treating BO5 mice with an advanced SCA1 phenotype, suggesting that motor dysfunction
at later stages is caused primarily by PC atrophy and death and not by electrophysiological
dysfunction [82]. Surprisingly, starting subcutaneous injections with 3,4-diaminopyridine
in an early stage of SCA1 delay the onset of motor dysfunction and partially prevent
neurodegeneration in BO5 mice [82]. This emphasizes the importance of starting treatment
early in the disease process or even before the onset of disease symptoms.

3.2.2. Glutamatergic Signaling

The observed reduction in mGluR1-mediated EPSC amplitude can be modulated
by so-called positive allosteric modulators (PAMs), which amplify the mGluR1 receptor
function [91,94,95]. Subcutaneous injection of SCA11%4Q/2Q mjce with the Ro0711401 PAM
led to a significant increase in motor performance after 30 min [91]. Surprisingly, this effect
on motor performance lasted for 6 days, which was well beyond the time of drug clearance
from the cerebellar tissue. This could be explained by the induction of cerebellar long-term
depression during the repeated execution of the rotarod assay, which could possibly induce
a form of procedural memory [91]. Additionally, defects in learning and memory were
improved [94]. On the other hand, intraperitoneal injection of the JNJ16259685 negative
allosteric modulator (NAM) in SCA11%4Q/2Q mjce resulted in markedly reduced motor
function [91]. Contradictorily, one study found an improvement in motor performance
after subcutaneous injections in conditional B05 transgenic mice with the same NAM [95].

Furthermore, the modulatory effects of baclofen on mGIluR1 have been tested [93].
Subarachnoid injections of baclofen enhanced cerebellar mGluR1 signaling and improved
the motor performance in BO5 mice for approximately 1 week [93]. It is suggested that
baclofen can improve motor functions in the transgenic mice either through interact-
ing with the mGluR1 and enhancing mGluR1 signaling through the secretion of brain-
derived neurotrophic factor (BDNF) or through activation of insulin growth factor 1 (IGF-1)
receptors [93]. However, as previously mentioned, baclofen could additionally exert its
effects through potentiation of sub-threshold-activated potassium channel currents in
PCs [90].

In addition to targeting mGluR1 directly, mGluR1-related signaling molecules can
be targeted to ameliorate SCA1 pathology. For instance, a reduction in Homer-3, which
is an adaptor protein of mGluR1, has been observed in early symptomatic SCA1154Q/2Q
mice [85,93]. This reduction is likely mediated through reduced RORo-mediated tran-
scriptional activity caused by mutant ATXN1 [93]. Homer-3 binds to mGluRs, and its
reduction leads to altered PC activation responses [85,93]. To improve these altered PC
activation responses, Ruegsegger and colleagues enhanced Homer-3 expression using an
AAV [85]. AAV-Homer-3 treatment in SCA1%4Q/2Q mice ameliorated PC climbing fiber
deficits, rescued dendritic spine loss, and improved behavioral outcomes [85].

3.2.3. NMDA Receptor

Although there is no convincing evidence that the extra-synaptic N-methyl-D-aspartate
receptor (NMDAR) is involved in SCA1, administration of memantine, which is a NMDAR
antagonist that preferentially inhibits the extra-synaptic NMDAR, had beneficial effects
(Figure 3, Table 3, [99]). Oral treatment with memantine attenuated body weight loss and
extended the life span of treated SCA1'%*Q/2Q, possibly though preventing neuronal cell
death in the brainstem or PC death in the cerebellum [99]. This suggests that extra-synaptic
NMDAR contributes to the pathogenesis of SCA1 and that treatment with memantine
could ameliorate this [99].
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3.2.4. Protection of PC Survival and Function

Next to restoration of the PC electrical activity, several other pharmacological thera-
peutics have been developed that aim to protect PC survival and PC function. For SCA1,
IGF-1, vascular endothelial growth factor (VEGF), BDNF, and lithium carbonate have been
tested in mouse models (Figure 5, Table 3). IGF-1 is a trophic factor for both glia and
neurons in the cerebellum, and it promotes PC survival and dendritic growth. IGF-1 and its
receptors are also present in the climbing afferents of the inferior olive nucleus, where it is
involved in motor learning processes, thereby influencing PC synaptic activity [100]. It has
been found that impairments in the IGF-1 pathway are involved in neurodegenerative pro-
cesses [112]. Intranasal administration of IGF-1 in BO5 mice resulted in a dose-dependent
improvement in motor performance as well as the restoration of the calcium buffer protein
calbindin-D28K and protein kinase C-y (PKC-y) expression, which are both reduced in
SCA1[100]. Itis suggested that restoration of these proteins could lead to improved calcium
homeostasis and PKC-y-mediated signaling in SCA1 PCs [100].

[ Y Microglia
TNFa | < nerogt
Lithium
carbonate
_\\ PLX3397 —
PanPAK Purkinje
—~ inhibitor \yoac CUIon
\ AT —
TOXPHOS
J
Transcription . Proteasome ,
(CIC, RBM17, ROR-a) s 1

mutant Ataxin-1
cle;

IGF-1
l VEGF
DNA damage BDNE Purkinje neuron 1
activity

AAV-
/ HMGB1
Molecular layer
. 4 thickness 2.

||0|‘p||GIOgy Va AAV-
™ Dendritic RpA1
arborization
I

Figure 5. Other pharmacological targets for SCA1: These aim to restore PC survival and function,
improve mitochondrial function, increase DNA damage repair, and enhance mutant ataxin-1 clearance
by the proteasome or lower inflammation. Green arrows indicate the effect of the therapies on the
different cell functions that are targeted.

VEGEF is another trophic factor, which additionally functions as an angiogenic factor. VEGF
is widely expressed in PCs in the cerebellum and is downregulated in SCA1!*Q/2Q mice as
well as human patients, possibly through a repressive effect of the mutant ataxin-1 [101,102].
Reduced levels of cerebellar VEGF in SCAL1 lead to a decrease in microvessel density
and hypoxia as well as a decrease in the growth and survival of PCs [101]. To increase
VEGF expression, pharmacological delivery of recombinant VEGF (rVEGF) and a synthetic
VEGF mimetic peptide (nano-VEGF) were tested in SCA1'%#Q/2Q mice models [101,102].
ICV administration of rVEGF and nano-VEGF improved motor performance and resulted
in a reduction in neuropathology in SCA1'%4Q/2Q mice [101,102]. However, nano-VEGF
administration outperformed rVEGF therapy in improving the levels of capillary proteins
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and amelioration of microvascular health [102]. These improved outcomes of nano-VEGF
delivery could possibly be assigned to its increased biological stability compared with
rVEGF amongst others [102].

Brain-derived neurotrophic factor (BDNF) is an important trophic factor for cognitive
and motor function and plays key roles in both survival signaling and neuroplasticity.
BDNEF levels are reduced in the cerebellum and medulla of SCA1 patients [103]. Fur-
thermore, BDNF levels have shown to be decreased in the cerebellum of transgenic B05
mice, and treatment with BDNF improved cerebellar pathology and motor impairments in
these mice [103,113,114]. Subcutaneous BDNF treatment in SCA1'%4Q/2Q mjce additionally
showed amelioration of motor and cognitive deficits as well as improved cerebellar and
hippocampal pathology [103].

Lithium carbonate has an effect on several cellular functions, and it has shown to exert
neuroprotective effects, possibly by affecting gene transcription or by reducing oxidative
stress (Figure 5, [104,105,115,116]). Furthermore, lithium carbonate has been shown to
suppress neurodegeneration by partially rescuing cell death in SCA11%4Q/2Q mice [104].
Administration of 0.2% lithium carbonate in the chow of SCA1'#Q/2Q mice resulted in
a rescue of motor function as well as spatial learning and memory impairment [104].
Treatment also partially rescued dendritic pathology and reduced the GSK3-f activity,
thereby possibly inhibiting apoptosis [104]. Moreover, lithium carbonate was shown
to regulate purine, oxidative stress, and energy production metabolic pathways [105].
Although is not clear how lithium carbonate exerts neuroprotective effects, this could be
mediated through apoptosis inhibition, restored purine metabolite levels, improvement in
transcriptional dysregulation, or by affecting neurotransmission or neurogenesis [104,105].

3.2.5. Mitochondrial Functioning

PCs have a high metabolic demand due to their synaptic trafficking of several proteins
and vesicles as well as for the maintenance of the resting membrane potential [106,107].
Because neurons have limited glycolytic capacity, they are highly dependent on oxidative
phosphorylation (OXPHOS) in the mitochondria, which is a major producer of reactive
oxygen species (ROS) [106]. OXPHOS dysfunction and oxidative damage has been observed
in the PCs in SCA1'%4Q/2Q mice [106,107]. Therefore, targeting the OXPHOS dysfunction
or ROS could ameliorate SCA1 disease pathology (Figure 5, Table 3).

Treatment with MitoQ, a mitochondria-targeted anti-oxidant, restored mitochon-
drial functioning and ameliorated disease symptoms by reducing oxidative stress in
SCA1'%4Q/2Q mice [106]. Furthermore, in B05 transgenic mice, OXPHOS complex I deficits
were observed [107]. Targeting this dysfunction with succinic acid boosts cerebellar func-
tion in these animals. Succinic acid is thought to bypass the dysfunctional complex I
without disrupting complex II or downstream oxygen consumption in the OXPHOS [107].
It additionally restores complex III inhibition and prevents damage of the outer mitochon-
drial membranes. In addition to amelioration of mitochondrial function, succinic acid
treatment reduced PC dendritic atrophy and the loss of PCs accompanied by a less severe
cerebellar ataxia phenotype [107].

3.2.6. DNA Damage Repair, Transcription, and Replication

Through the altered interaction of mutant ATXN1 with several transcription and
splicing factors, transcriptional dysregulation occurs [39,40]. Furthermore, it is thought
that DNA damage repair might also be impaired in SCA1 pathology [108,109]. Several
studies have tried to target the transcriptional dysregulation as well as the DNA damage
repair pathway, which are involved in SCA1 pathology (Figure 5).

In SCA1, the expression of mutant ATXN1 was shown to reduce high-mobility group
box 1 (HMGB1), thereby inhibiting damage repair [108]. HMGBL is a chromatin protein
which regulates the higher structure of genomic DNA, thereby facilitating the binding
of other proteins and influencing transcription and DNA damage repair [106,108]. To
rescue the imbalance of gene expression observed in SCA1, HMGBI1 was used as a ther-
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apeutic strategy [108]. Restoring HMGBI1 expression in SCA1'%4Q/2Q mice with an AAV-
based method (AAV1-HMGB1) showed an increase in lifespan and improvement in motor
activity [108]. However, the SCA1 phenotype could not be completely normalized after
HMGBI treatment, suggesting that there was insufficient upregulation of HMGB1 or that
other mechanisms also contribute to SCA1 pathology [108]. Furthermore, there are several
concerns for the therapeutic usage of HMGB], including inflammation induction and the
broad effect of HMGB1 on general gene expression, which might induce unwanted side
effects in cells [108].

RpAl is another molecule that is involved in multiple DNA damage repair pathways,
including homologous recombination and non-homologous end joining (Figure 5). Genetic
screens in Drosophila as well as in silico models have shown that RpAl might be involved
in DNA damage repair in SCA1 pathology [109,117]. Therefore, a gene therapy with AAV-
RpA1 was tested in SCA11%4Q/2Q mice. Treatment with AAV-RpA1 showed a recovery of
motor function, DNA damage, dendritic shrinkage, and spine abnormalities [109]. It is
suggested that these abnormalities are resolved through decreasing the DNA damage in the
affected neurons and PCs [109]. However, RpAl might also ameliorate disease symptoms
by affecting RNA splicing, transcription, and the cell cycle [109].

3.2.7. The Proteostatic Machinery

As SCA1 is a protein aggregation disease, therapeutics that target the proteostatic ma-
chinery to promote protein breakdown and prevent aggregation have also been tested. P21-
activated kinases (PAKs) are a family of serine/threonine kinases (Figure 5, Table 3, [110]).
A genetic screen in a fly SCA1 model has shown that PAK1 might be a potential modulator
of ATXNT [110]. It was suggested that PAK1 can regulate ATXN1 clearance through inter-
fering with the proteasome-mediated degradation, possibly by inhibiting a ubiquitin E3
ligase or other factors in the proteasome pathway that normally promote ubiquitination
and degradation of ATXN1. Indeed, pharmacological inhibition of all PAKSs resulted in
a reduction in Atxn1 levels in SCA11%4Q/2Q mjce, suggesting that PAK1 regulates ATXN1
stability and toxicity [110].

3.2.8. Inflammation

As gliosis correlates with disease severity in SCA1 patients, and microglia are activated
in several mouse models of SCA1, therapeutic strategies targeting microglia are also
studied for SCA1 [23,118]. Colony-stimulating factor 1 receptor (CSF1R) signaling is
essential for microglial survival [111]. Therefore, pharmacological inhibition of the CSFIR
signaling through administration of PLX3397 can be used to cause microglial depletion
after several days of administration (Figure 5, Table 3, [111]). Administering PLX3397
in in pre-symptomatic BO5 mice resulted in a 69% decrease in microglial density and
improved motor function, although no significant alterations in PC atrophy, synaptic loss,
or altered astrogliosis were observed [111]. It is suggested that the improved motor function
after treatment could be caused by an increased expression of post-synaptic density 95
(PSD95) and wildtype ATXN1 as well as the reduction of the pro-inflammatory cytokine
TNF-« [111]. Increased PSD95 expression may preserve the functions of the remaining
synapses, whereas increased levels of wild-type ATXNI1 promote the function of PCs,
thereby possibly being protective in SCA1.

3.3. Stem Cell Replacement Therapies

Instead of targeting either ATXN1 or other molecules involved in disease pathology,
another therapeutic strategy aims to replace the cells that undergo neurodegeneration in
SCA1 using stem cell replacement [119]. Several stem cell types can be used for replacement
therapies, including pluripotent stem cells (PSCs) and multipotent stem cells, such as neural
progenitor cells (NPCs) and mesenchymal stem cells (MSCs) (Table 4, [21,119-125]).
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MSCs are multipotent and reside in several tissues but mainly in the bone marrow
and fat, where they support hematopoiesis and produce cells of the mesodermal lineage.
Additionally, they also have immunomodulatory and neurotrophic properties [119]. The
underlying mechanism of the therapeutic effects of MSCs is not yet fully understood, but
it is thought to occur through cellular replacement, fusion with degenerating neurons, or
neuronal trophic support [119,120]. Pre-clinical studies using MSCs have been tested in
both the B05 SCAL1 transgenic as well as the SCA1154Q/2Q mouse model [119]. Results from
different pre-clinical studies using B05 transgenic mice show similar results [120-122]. IT
administration of MSCs in pre-symptomatic BO5 mice results in a thicker granular layer,
rescue of dendritic pathology, and improvements in motor coordination [121]. Another
study found that transplantation of MSCs isolated from the Wharton’s jelly of the umbilical
cord directly into the left and right cerebellar cortex of pre-symptomatic transgenic B05
mice improved cerebellar atrophy as well as motor and behavioral deficits [122]. These
ameliorating effects of MSC therapy were not caused by a direct differentiation of the MSCs
into neurons or astrocytes after transplantation [122]. This suggests that the neuroprotective
effects observed are possibly attributed through neurotrophic factors [121,122]. On the
other hand, a study injecting human fetal MSCs into the cerebellum of symptomatic
transgenic BO5 mice showed fusion of the MSCs with PCs and molecular layer interneurons,
thereby rescuing cerebellar degeneration [120]. However, this fusion was not observed in
non-symptomatic SCA1 mice or wildtype mice, suggesting that fusion occurs only when
degeneration is ongoing [120].

In addition to transgenic BO5 mice, MSC therapies were also tested in SCA11%4Q/2Q
mice to assess the effects of these therapies on the PNS, as motor neuron degeneration
in this area is observed in SCA1 patients. IT administration of GFP-labeled MSCs into
the subarachnoid space in pre-symptomatic SCA11%#Q/2Q mice showed distribution of
the MSCs into the ventral root of the spinal cord, which resulted in larger axons and
bigger myelin sheaths compared with non-treated SCA1'%4Q/2Q mice [21]. In this study,
administration of MSCs was already efficient in a dose 10 to 100 times lower than the dose
used in human studies, suggesting that lower doses might be sufficient to reach therapeutic
effects in SCA1 patients, although this will need to be confirmed in human clinical trials [21].
These results might also suggest that the neuronal degeneration is more likely rescued due
to trophic factors released from MSCs and not due to the direct differentiation of MSCs
into neurons [21]. In another study, administration of MSC-conditioned medium, was
tested in SCA1'54Q/2Q mice [123]. Mice either received a single IT injection at 4 weeks of
age or they received intravenous injections every 2 weeks from 4-12 weeks of age. Both
IT and intravenous injections from the pre-symptomatic stage onwards improved the
progressive degeneration of both axon and myelin in the spinal neurons, supporting the
notion that therapy is effective mainly through the secretion of neurotrophic factors [123].
Both administration routes resulted in improved motor coordination, although repetitive
intravenous injections resulted in reduced rotarod performance, suggesting that a single IT
injection might be safer than multiple intravenous injections [123].

Next to MSCs, NPCs can also be used as a cell source for stem cell therapy [124,125].
NPCs derive from the ectoderm and can give rise to neuronal and glial cell populations of
the CNS. NPCs either can be directly isolated from primary CNS tissue or can be differ-
entiated in vitro from ESCs or iPSCs using specific growth factors [119]. The therapeutic
effect of NPCs could be due to cell replacement or differentiation into oligodendrocyte
progenitor cells, thereby allowing remyelination or through trophic support [119]. As
the transplantation of NPCs has proven to be safe and effective in Parkinson’s disease
patients, its translation into the clinic seems feasible [119,126]. In a pre-clinical study, em-
bryonic 13-15 day primordium NPCs were isolated from mice and subsequently injected
into the deep cerebellar nuclei of 6- to 9-week-old, early symptomatic, transgenic B05
SCA1 mice [125]. Transplantation led to improved motor performance and amelioration
of PC dendritic morphology [125]. Despite the ongoing neurodegeneration in the SCA1
mice brains, the donor cells survived and elicited a beneficial effect in the mice up to 20
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weeks [125]. Another pre-clinical study transplanted mouse NPC derived from the adult
subventricular zone into the cerebellar white matter of transgenic symptomatic B05 SCA1
mice [124]. Transplantation in the symptomatic SCA1 mice improved motor coordina-
tion and improved PC survival, function, and morphology [124]. However, treatment
in pre-symptomatic SCA1 mice, when PC degeneration was minimal, did not show any
improvements, suggesting that the time of treatment is crucial [124].

Pre-clinical studies have shown that replacement therapies using MSCs and NPCs can
improve neuropathology and motor coordination in SCA1 mice [121,122,124,125]. Because
MSCs can be more rapidly expanded ex vivo compared with NPCs, it is easier to obtain
sufficient MSC numbers to treat a large number of patients [119,120,122]. Additionally, the
self-renewal capacity and differentiation of MSCs give them great therapeutic potential, al-
though caution should be taken, as passaging the MSCs for 20 times or more might acquire
a similar profile to Ewing’s sarcoma [120,127]. Furthermore, through the immunomod-
ulatory actions of MSCs, they have low immunogenicity and can avoid host immune
responses, thereby allowing for allogenic engraftments [119,127]. Therefore, several phase
I/1I clinical trials using MSCs have been performed on SCA1 patients, which are discussed
below [127,128].

4. Clinical Trials

As outlined in this review, several therapeutics for SCA1 have been tested in pre-
clinical animal models. Therapies focus either on modulating the levels of ataxin-1, restor-
ing the normal function of several targets involved in SCA1 pathophysiology, or replacing
the cells that have been lost due to neurodegeneration. Pre-clinical studies have shown
promising results for these strategies, and some therapies were additionally tested in
clinical trials [127,128].

Most clinical trials in SCA1 have focused on restoring the PC activity by targeting
the potassium channels and the glutamatergic channels. A clinical, open label trial with
the slow-release form of 4-AP (Dalfampiridine) was performed in 16 patients with chronic
cerebellar ataxia, including 3 patients with SCA1 [129,130]. Treatment induced modest,
short-term improvements in ataxia [129]. A long-term clinical, placebo-controlled cross-
over trial (NCT01811706) with Dalfampiridine was additionally performed in 20 patients
with SCA types 1, 2, 3, or 6 [131]. However, results showed no significant improvement of
ataxia or other measures of gait [131].

Other clinical studies have been performed to improve the electrical function of PCs
by using Riluzole, Troriluzole, or CAD-1883, which all act by promoting the opening of
small-conductance calcium-activated potassium channels and by enhancing glutamate
transporters [132]. A randomized, double-blind, placebo-controlled pilot trial with Riluzole
was performed in 40 patients with cerebellar ataxias, including two SCA1 patients [133].
Results showed that treatment with Riluzole improved the ICARS score in patients [133].
These results were confirmed in a 1-year randomized, double-blind, placebo-controlled
trial with Riluzole in patients with several types of genetic ataxia, including SCAs, showing
a higher proportion of improved SARA scores in the Riluzole-treated group [134]. How-
ever, a recent similar trial in SCA2 patients showed neutral results (NCT03347344) [135].
Troriluzole, a pro-drug of Riluzole, was studied in a clinical trial in a cohort of SCA pa-
tients, including 35 SCA1 patients (NCT02960893). Subsequently, a phase 3 clinical trial
using this drug in SCA has been performed, although results have not yet been published
(NCT03701399). On the basis of these trial results, it is not clear whether Riluzole, and
variants thereof, could possibly be a treatment option for patients with SCA [136]. Fur-
thermore, CAD-1883, an allosteric modulator of the small-conductance calcium-activated
potassium channels, has been investigated [132]. An open-label phase 2 clinical trial with
CAD-1883 has begun for patients with SCA, although results still need to be published
(NCTO03688685).

Additionally, oral lithium has been investigated in an open-label, non-randomized
phase I trial (NCT00683943), but results have never been published [7]. Moreover, in
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collaboration with VICO therapeutics, the (CUG)” ASO (VO659) has recently entered a
phase I/1I open-label clinical trial, including 95 SCA1, SCA3, and Huntington’s disease
patients to investigate the safety, tolerability, pharmacokinetics, and pharmacodynamics of
ascending doses of intrathecally administered V0659 (Clinical Trials Register).

In one open label clinical study, 14 SCA patients were IT injected with umbilical cord
MSCs for 4 weeks [127]. Treatment resulted in significantly improved ataxia severity and
quality of life, as assessed by the ICARS and ADL scores, respectively, without any serious
adverse effects [127]. In another open-label, uncontrolled phase I/1I clinical study, a com-
bination of umbilical cord MSC intravenous injections and IT injections were tested [128].
Treatment resulted in significantly better improvements in the Berg Balance Scale compared
with baseline [128]. Additionally, ICARS scores improved in the 3rd and 6th month after
treatment, suggesting that the MSC therapy had an effect on ataxia severity.

Although results from these clinical studies on MSC transplants seem efficient and
safe, a meta-analysis of these studies showed no significant differences in the ICARS scores
before and after treatment, low certainty in estimates of quality, and a high risk of bias,
as both studies were uncontrolled clinical trials [137]. Furthermore, in general, a lack of
standardization in the used protocols, dosage, and type of administration in pre-clinical
studies might slow down the translation of SCA1 therapies into the clinic [119]. To be able
to assess the efficiency of the different therapies in SCA patients, more clinical studies with
a larger sample size and robust design should be performed [137].

5. Future Perspectives on SCA1 Therapeutics

Although several human clinical trials have been performed, no therapies for SCA1
have reached market authorization yet. For future SCA1 therapeutics to reach the clinic,
several challenges, mainly in the translation of preclinical findings into clinical trials and
in clinical trial design, need to be overcome [138,139]. Mouse models are essential to
study biodistribution and bioavailability as well as the effect of a potential treatment on
the ataxia phenotype. However, they either overexpress the mutant ataxin-1 protein, or
the mutant protein is expressed only in a subset of brain cells. Furthermore, there are
considerable differences between the mouse and human genomes, making translation
of findings from animal models to patients often difficult [27,28,48]. Including models
from patient-derived induced pluripotent stem cells (iPSCs) into the pre-clinical drug-
development pipeline might improve translation into clinical research, as these reflect
endogenous protein expression levels as well as the patient’s genetic background [138,140].

Because of the BBB, delivery of drugs to the brain is a major challenge. Finding the
right administration route and dose of a drug in order to reach a therapeutic dose in the
brain without inducing toxicity, remains challenging and should be assessed for each
therapeutic strategy [54]. Another issue is determining the stage of the disease process
at which treatment should commence. As SCA1 is a monogenetic disorder, the cause
of the disease is present from birth, whereas symptom onset usually occurs later in life,
when neurodegeneration already occurred. It will be critical to determine at what stage of
the disease progression pathology is irreversible and at what stage it can still be slowed
down or maybe even halted [141-143]. Currently, the presence of symptoms is an inclusion
criteria for clinical trials, and maybe neurodegeneration at this stage of the disease is
already too far advanced, reducing the chances of showing a treatment effect within the
relatively short duration of a trial. However, the inclusion of non-symptomatic patients
in clinical trials might raise ethical concerns. Future research into biomarkers that can
accurately detect changes in SCA1 patients well before onset of clinical symptoms will be
crucial to starting clinical trials at earlier disease stages when neurodegeneration is less
advanced and the likelihood of beneficial effects of the treatment are higher [141,144].

Drug development is a long and expensive process, and as SCA1 is a relatively
rare disease, it is less attractive for industry to invest in SCA1 drug development [54].
Therefore, it is important to evaluate the costs and benefits of SCA1 therapeutics [145].
Therapy costs can be reduced by slowing progression of SCA1 in early disease stages

187



Biomolecules 2023, 13, 788

and avoiding treating disease in later, more severe stages [145]. Moreover, it is difficult
to recruit sufficient patients into clinical trials and to show significant treatment effects
with small group sizes [144,146]. To overcome this problem, improvements in clinical trial
designs could allow for the inclusion of smaller numbers of patients. For instance, multiple
drugs could be tested against a single placebo arm, or a cross-over design could be used,
thereby reducing the number of patients that need to be included in the clinical trial [144].
Moreover, drugs that target common pathogenic mechanisms observed in multiple SCAs,
such as the altered PC activity, could be beneficial [41]. There is a world-wide increase in
awareness that new and innovative solutions are needed for the development of treatments
for rare diseases [147].

In SCAL, disease progression is slow, and clinical rating scales might not be sensitive to
measure effects in trials that run for one year [4,146]. Improving and unifying these clinical
rating scales will reduce variability in clinical trial outcome measures. The variability in
disease severity, age of onset, and symptom progression among SCA1 patients further
complicates the accurate measurement of the response to potential therapies [4]. An
integrated staging system, such as recently proposed for Huntington’s disease, would
reduce variability in clinical data acquisition but could also facilitate the inclusion of
patients before the onset of clinical signs and symptoms of ataxia [148]. Additionally,
natural history data are crucial to better understand SCA1 disease progression and to
identify biomarkers and factors that influence the disease course [144,149,150]. Several
natural history consortia have been set up, including the READISCA and the Dutch SCA1
study [151].

SCA1 is a devastating disease, and to date only symptomatic treatment is available.
With the advancements made in understanding SCA1 pathology and the progression of
different intervention strategies, there is great promise that a therapy to treat SCA1 patients
will become available in the coming years. There are some pharmacological treatments tar-
geting dysregulated pathways in SCA1 as well as promising strategies modulating ataxin-1
levels, with several RNA targeting therapies for SCA1 in advanced stages of preclinical
development. Another promising strategy for SCA1 is gene editing using CRISPR/Cas9,
which has already successfully been tested in a pre-clinical study in hiPSCs [62,152]. How-
ever, before CRISPR/Cas9-based gene editing can be evaluated in human clinical trials,
limitations regarding off-target effects and the use of viral vectors for delivery to the brain
will first have to be resolved [152,153]. Additionally, future treatment strategies might
involve a combination of treatments both targeting the polyglutamine ataxin-1 as well as
other dysregulated pathways that are further downstream in the SCA1 disease pathol-
ogy. Additionally, combinatorial treatments might be necessary to target region-specific
regulators of ataxin-1. For a rare disease such as SCA1, worldwide collaborations are
essential to move forward to gather, standardize, and share data towards successful clinical
development of a therapy for SCAL.
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Abstract: Background: Translocator protein (TSPO) is a neuroinflammation hallmark. Different TSPO
affinity compounds have been produced and over time, the techniques of radiolabeling have been
refined. The aim of this systematic review is to summarize the development of new radiotracers
for dementia and neuroinflammation imaging. Methods: An online search of the literature was
conducted in the PubMed, Scopus, Medline, Cochrane Library, and Web of Science databases,
selecting published studies from January 2004 to December 2022. The accepted studies considered
the synthesis of TSPO tracers for nuclear medicine imaging in dementia and neuroinflammation.
Results: A total of 50 articles was identified. Twelve papers were selected from the included studies’
bibliographies and 34 were excluded. Thus, 28 articles were ultimately selected for quality assessment.
Conclusion: Huge efforts in developing specific and stable tracers for PET/SPECT imaging have been
made. The long half-life of '8F makes this isotope a preferable choice to ''C. An emerging limitation
to this however is that neuroinflammation involves all of the brain which inhibits the possibility
of detecting a slight inflammation status change in patients. A partial solution to this is using the
cerebellum as a reference region and developing higher TSPO affinity tracers. Moreover, it is necessary
to consider the presence of distomers and racemic compounds interfering with pharmacological
tracers’ effects and increasing the noise ratio in images.

Keywords: TSPO; PBR; neuroinflammation; SPECT; PET; dementia

1. Introduction

Translocator protein (TSPO), previously designated as peripheral benzodiazepine
receptor (PBR), is a protein on the outer mitochondrial membrane with five transmembrane
helical domains combined with a voltage-dependent anion channel and a nucleoside carrier.
It has been well conserved throughout evolution and is expressed both by prokaryotes and
eukaryotes. TSPO binds benzodiazepines, namely RO5-4864 and derivates of isoquinoline
carboxamide including PK11195 [1]. In fact, this protein belongs to the family of benzodi-
azepine receptors which can be classically distinguished into two types of receptors: the
central benzodiazepine receptor (CBR) localized in the central nervous system, through
which benzodiazepines exert their pharmacological effects [2], and the peripheral benzo-
diazepine receptor (PBR), or peripheral benzodiazepine binding site (PBBS) (Schoemaker
et al. 1981), the object of this systematic review. TSPO can be found in steroid cells as well
as in the central nervous system. It is ubiquitous in cerebral phagocytic cells (microglia),
which are the primary immune cells in the central nervous system, but it can also be found
in the heart, lungs, kidneys, and liver as well [3-6]. The primary function of TSPO is its
involvement in cholesterol transportation through the inner mitochondrial membrane for
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steroid synthesis. TSPO seems to be involved in the regulation of mitochondrial membrane
potential and metabolism, apoptosis and proliferation, inflammation, immunomodulation,
the transport of porphyrin, heme synthesis, calcium signaling, and in the regulation of
oxidative stress [1]. Regarding its regulation, in a normal brain, density expression is
modest [7]. On the contrary, TSPO expression is upregulated in activated microglia, which
occurs after an injury, in the choroid plexus and, though in lower amounts, in reactive
astrocytes and the olfactory bulb’s neurons. Upregulation can also be observed in two
brain malignancies: neuroblastoma and glioblastoma [8]. TSPO is therefore considered a
sensitive hallmark for microglial activation and glial response. Since inflammation is tightly
linked to neuronal dysfunction and loss in Alzheimer’s disease (AD), TSPO could represent
a promising tool for neuroinflammation detection and in particular, in conditions such as
AD [9]. In fact, inflammation seems to be a phenomenon that predates amyloid deposition
while the microglial response holds off A3 plaque formation [10]. As glial function lowers
with aging, microglia become more sensitive to stimuli and less efficient in removing
damaged cells which themselves are a potent inflammatory trigger. This phenomenon is a
vicious circle that leads to ulterior neuronal damage [11]. A variety of radiolabeled ligands
has been produced for PET and SPECT imaging [12,13]. Their low affinity, low binding
specificity, and high lipophilicity which is reflected in high background noise [14] have led
to the development of novel second- and third-generation radiotracers. To name a few, the
most famous TSPO PET tracer is 11C-PK11195, while the newest tracers are 11C-SSR180575,
1C-PBR28, 8F-FEDAA1106, '*F-PBR06, '8F-FEPPA, 'C-DPA713, '®F-PBR111, ' C-DAC,
HC-AC-5216, 18BF-DPA-714, and 2I-CLINDE [15]. However, newer generation tracers are
affected by variability in binding affinity due to human genetic polymorphism (rs6971)
in exon 4 of the TSPO gene, which determines the substitution of alanine for threonine
at position 147 (A147T) [16]. To give an example, Owen et al. discovered that ' C-PBR28
did not bind in a cohort of non-binding patients; however, this was not detected using
1 C-PK11195 [17]. Based on this premise, tracers can be divided into high-affinity binders
(HABs), low-affinity binders (LABs), and mixed-affinity binders (MABs). The predomi-
nant polymorphism Ala/Ala is responsible for high affinity, while the forms Ala/Thr and
Thr/Thr are involved in mixed and low affinity, respectively [15]. Since in low-affinity
binders, the quality of the image is degraded, a feasible genetic leukocyte analysis could
be conducted to determine the TSPO polymorphism. Difficulties in establishing a refer-
ence region remain in patients with huge widespread inflammation, in which a slight
neuroinflammation status change could be challenging to detect. A partial solution has
been found using the cerebellum as a reference region for !!C-PBR28-TSPO binding in AD
even if further studies for the other tracers are needed [18]. In addition, a pivotal aspect to
contemplate in pharmacology is the presence of enantiomers of a considered molecule and
thus the racemic form of a mixture. For instance, GE180 is a chiral molecule synthesized as
a racemate and its S-enantiomer has the highest affinity for TSPO and better brain uptake
specificity and good clearance than the R- one [19]. Enantiomers have different pharma-
cokinetic and pharmacodynamic properties compared to the racemic form and distomers
(less active enantiomers) can be present. Racemic drugs have differences between each
other since they can have a single bioactive enantiomer or equally active enantiomers or,
again, chiral inversion. All these features influence the safety, toxicity, and efficacy of a
molecule. Thus, it is vital to separate the different enantiomers and to radiolabel the useful
and effective ones [20,21]. For example, GE180 vibrational circular dichroism spectroscopy
was used to separate S- and R-isomers in a study by Freedman et al. in 2003 [22]. This
systematic review aims to summarize the novel available radiopharmaceuticals used for
TSPO detection and explore the steps forward that scientific research has made in TSPO
detection in dementia and neuroinflammation.
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2. Materials and Methods
2.1. Search Strategy and Study Selection

This systematic review was written in line with PRISMA guidelines [23]. An online
search of the literature was conducted in the PubMed, Scopus, Medline, Central (Cochrane
Library), and Web Of Science databases. Papers published from January 2004 to December
2022 were searched. The following keywords were used in each database: “radiolabeled”
AND “TSPO” AND “brain”. Eligible studies had considered the radiopharmaceutical
synthesis of radiolabeled TSPO to develop new radiopharmaceuticals for nuclear medicine
imaging in dementia and neuroinflammation. Reviews, studies not related to dementia,
studies on brain injury, and studies not related to the subject of the research were excluded.
Studies being written in the English language was mandatory.

2.2. Quality of the Selected Studies

General data such as the author(s), journal, year of publication, country, and study
design were retrieved for each article. The selected studies were analyzed through the
Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS?2) tool. Data extraction
and quality assessment were separately conducted by two reviewers. Any disagreements
were resolved through discussion among researchers.

3. Results
3.1. Search Results

The research produced a total of 50 articles. A total of 36 articles was identified from
PubMed and 14 from Scopus, while no studies were detected in the Cochrane Library,
Medline, or Web of Science. Five duplicate records were removed. The references of the
selected studies were examined to check for any additional relevant articles and 12 papers
were identified. A total of 57 articles was screened by examining each abstract to identify
studies with potential relevance. From the overall group of 57, 29 articles were excluded
because they did not satisfy the inclusion criteria. Among them, 15 were reviews, two
articles were related only to traumatic injury and 12 studies were not related. The remaining
28 articles were included and selected for quality assessment. The search strategy and
selection criteria applied are represented in a flowchart (see Figure 1).

3.2. Study Characteristics

The main thematic areas of the selected studies can be summarized as follows:
(1) studies of new radiopharmaceuticals with an animal model; (2) biodistribution studies
conducted on animals and humans; and (3) studies performed only on humans. The
majority of the selected articles were conducted by European researchers, followed by
Asian, American, and Australian. Among the selected studies, 15 experiments on tracer
biodistribution were performed on animals, six both on humans and animals, and seven
on humans only.

3.3. Methodological Quality Assessment

The methodological quality of the papers included studies of a very high quality. Of
the 28 selected studies, only two did not satisfy all the QUADAS-2 domains (see Table 1).
From analyzing the results within each bias assessment domain independently (see Table 2),
almost all studies obtained a low concern of bias and no more than one study showed
high risk in one domain. Considering all four bias assessment domains, three studies
reported unclear results, while one study had high-risk results. Regarding patient selection,
only two studies reported unclear results, inflow, and timing: one study had unclear
results, while in the references and standards used, only one study was high-risk, due to
an insufficient number of details. A low concern of applicability of was found for all the
studies (See Figure 2).
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Figure 1. PRISMA workflow for the selection of articles.

Table 1. Quality assessment results.

Risk of Bias Applicability Concerns
Study P 1 R FT P I R
Donat et al., 2018 [9] ? v v v v v v
Chauveau et al., 2011 [24] v v v v v v v
Chauveau et al., 2009 [25] v v v v v v v
Vignal et al., 2018 [26] v v v v v v v
Solingapuram et al., 2015 [27] v v v v v v v
Mattner et al., 2015 [28] v v v v v v v
Tran et al., 2019 [29] v v v v v v v
Quiao et al., 2019 [16] v v v v v v v
Pike et al., 2011 [30] v v v v v v v
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Table 1. Cont.

Risk of Bias Applicability Concerns

Study

—
=
e
—

P I R

Kumata et al., 2018 [31]
Zhang et al., 2007
Tredwell et al., 2016 [32]
Zischler et al., 2016 [33]
Zischler et al., 2017 [34]
Wadsworth et al., 2012 [35]
Arlicot et al., 2011 [36]
Wadsworth et al., 2012 [37]
Chau et al., 2015 [19]
Nag et al., 2019 [38]
Damont et al., 2015 [39]
Okello et al., 2009 [40]
Cagnin et al., 2001 [41]
Cagnin et al., 2004
Feneey et al., 2016 [42]
Zanotti-Fregonara et al., 2018 [43]
Gulyas et al., 2009 [44]
Fan et al., 2016 [45]
Preshlock et al., 2016 [46]
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P = patient selection; I = index test; R = reference standard; FT = flow and timing. v'indicates low risk; X indicates

high risk; ? indicates unclear risk.

Table 2. QUADAS-2—Number of studies at low, high, or unclear risk of bias and concerns regarding

applicability.
Risk of Bias Concerns Regarding Applicability
Patient Index Test Reference Flow and Patient Index Test Reference
Selection Standard Timing Selection Standard
Low 26 28 27 27 28 28 28
High 0 0 0 0 0
Unclear 2 0 1 0 0 0
Total 28 28 28 28 28 28 28
RISK of BIAS CONCERNS regarding APPLICABILITY
PATIENT SELECTION
INDEX TEST @Low OUnclear @ High
REFERENCE STANDARD
FLOW AND TIMING
0% 0% 40% B0% 80% 1000 0% 20% A0% 60% 80%  100%

Figure 2. Bias risk results assessed through QUADAS-2.

4. Discussion

4.1. Studies of New Radiopharmaceuticals Using an Animal Model

In 2004, TSPO “cold” ligands were developed by Okubo et al. from FIGN-1-27 (com-
pound 3) [47]. Their binding affinity was proven on crude mitochondrial fractions derived
from a rat cerebral cortex using a competitive assay with [3H]PK11195. The compound
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12a [(£)-6,11-Dihydro-5-thia-11-aza-benzo[a]fluorene-6-carboxylic acid dihexylamide] had
a high affinity for the translocator protein with an IC5y = 3.8 nM, while compounds 12e
[(£)-6,11-Dihydro-5-thia-11-aza-benzo [a]fluorene-6-carboxylic acid diethylamide] and 12f
[(£)-6,11-Dihydro-5-thia-11-aza-benzo[a]fluorene-6-carboxylic acid dipropylamide] had val-
ues of 0.44 and 0.97 nM for ICs, respectively, resulting in being deemed more efficient ligands.
The compounds 34a [(£)-5,6-Dihydrobenzo [4,5]imidazo|[2,1-a]isoquinoline-6-carboxylic acid
dihexylamide] and 34c [ (£)-5,6-Dihydrobenzo[4,5]imidazo[2,1-a]isoquinoline-6-carboxylic
acid dipropylamide], meanwhile, exhibited a moderate affinity for TSPO with their ICs5y equal
to 42 and 74 nM, respectively.

Chauveau et al. radiolabeled SSR180575 with 1'C (Figure 3) and performed in vivo and
in vitro imaging using a model of rodent acute neuroinflammation comparing with [''C](R)-
PK11195 [24]. They injected 0.5 pL of (R,S)-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
(AMPA) into the right striatum of anaesthetized rats. Higher uptake of ['!C]SSR180575 in
the AMPA-lesioned striatum was observed. In the right striatum, the uptake was higher for
[''C]SSR18057 than ['!C](R)-PK11195 while the uptake in the contralateral striatum was lower
for [M'C]SSR18057 than [''C](R)-PK11195. This result demonstrated that ['!C]SSR18057 had a
better capacity for the discrimination of healthy tissue compared to [''C](R)-PK11195.
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Figure 3. (A) "'C-PK11195 (or [M'C]1), a component of the isoquinoline family; (B) indoleacetamide-
derived 7-chloro-N,N,5-trimethyl-4-oxo-3-phenyl-3,5-dihydro-4H-pyridazino [4,5-b]indole-1-acetamide
labeled with 1C; (C) 1C-labeled N,N-diethyl-2- [2-(4-methoxyphenyl)-5,7-dimethylpyrazolo [1,5-
alpyrimidin-3-yl] acetamide ["'C-DPA-713]; (D) 18FJabeled N,N-diethyl-2-(2-(4-(2-fluoroethoxy)phenyl)-
5,7-dimethylpyrazolo [1,5-a]pyrimidin-3-yl) acetamide (‘*F-DPA-714 or '8F [2]). DPA-713 and DPA-714
belong to the pyrazolopyrimidine acetamide family.

Another study by Chauveau et al. [25], compared ''C-labeled N,N-diethyl-2- [2-(4-
methoxyphenyl)-5,7-dimethylpyrazolo [1,5-a]pyrimidin-3-yl] acetamide (}!C-DPA-713)
and '8F-labeled N,N-diethyl-2-(2-(4-(2-fluoroethoxy)phenyl)-5,7-dimethylpyrazolo [1,5-
a]pyrimidin-3-yl) acetamide (‘¥F-DPA-714), two molecules that belong to the pyrazolopy-
rimidine class (see Figure 3). The study was conducted in vivo and in vitro with a murine
model of neuroinflammation. In vitro, !C-DPA-713 and 18F-DPA-714 had a similar capabil-
ity in the detection of neuroinflammatory areas and a similar signal-to-noise ratio. In vivo,
the fluorinated compound had the highest ratio of ipsilateral to contralateral uptake and a
grated greater binding affinity compared to !'!C-DPA-713 and 'C-PK11195.

Another intriguing study is the research of Vignal et al. [26]. They applied the opti-
mized ['®F]JFEPPA (see Figure 4) in a mouse model of cerebral inflammation elicited by the
intraperitoneal injection of Salmonella enterica serovar typhimurium lipopolysaccharides
preceding a 24 h PET scan. The tracer was synthesized through nucleophilic substitution
with a tosylated precursor. The tracer distribution was dependent on TSPO mouse expres-
sion as well as in the heart and kidneys, as observed during small animal PET acquisition.
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Western blotting showed a 2.2-fold greater expression of TSPO in the brain of treated mice
than in the control.

Figure 4. Chemical structure of (2-(2-((N-4-phenoxypyridin-3-yl)acetamido)methyl)phenoxy)ethyl
4-methylbenzenesulfonate) radiolabeled with F-18 (['®F]JFEPPA) which belongs to the family of
phenoxypyridinylacetamides.

Solingapuram et al. undertook a biodistribution study of [!!C]PBR28 (Figure 5) in the
male rhesus monkey [27]. A dynamic PET scan of 100 min was executed. After 10 min,
cerebellum and basal ganglia uptake were evaluated with a complete washout in 2 h.
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Figure 5. Chemical structure of the aryloxyanilide-based tracer N-(2-[ 11C]methoxybenzyl)-N-(4-
phenoxypyridin-3-yl)acetamide, ([11C]PBR28) belonging to the phenoxypyridinylacetamides family.

Another fascinating tracer with possible applications in SPECT imaging is ['?*I]-
CLINME. Mattener et al. studied the biodistribution of ['?*I]-CLINME (Figure 6) in an
AMPA-induced excitotoxic murine model through SPECT imaging [28]. After 30 min to 6 h
post-injection, a plateau in the adrenal glands was seen. Maximal activity was reached in
the heart, lungs, liver, spleen, and kidneys at 5-15 min post tracer administration, while
blood concentration was very low during the exam. Higher activity was detected in the
olfactory bulbs compared to the rest of the brain. Thyroid uptake rose from 5 min to 1 h
post-injection, then diminished at 3 h to 4%, remaining steady until 6 h post-injection.
Competition studies conducted of PK11195 and Ro 5-4854 confirmed the specificity of
CLINME binding to TSPO linking sites.
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Figure 6. Chemical structure of 6-chloro-2-(4'-iodophenyl)-3-(N,N-methylethyl)imidazo[1,2-
a]pyridine-3-acetamide (CLINME) radiolabeled with iodine-123, a compound of the 2-
arylimidazo[1,2-a]pyridine-3-acetamide family.

Tran et al. tested a variety of TSPO ligands (11a— and 13a—d) with a 2-phenylpyrazolo[1,5-
aJpyrimidin-3-yl acetamide structure by conducting an in vitro binding assay [29]. A major part
of the compound had a better affinity than DPA-714, with particular affinity and lipophilicity in
compound 11a. It was radiolabeled with '8F and PET imaging was conducted in an LPS-induced
neuroinflammatory murine model. ['®F]11a demonstrated a high affinity for inflammation sites,
confirmed by an immunohistochemical exam conducted on the dissected brain, which showed
how the PET uptake was in correspondence with areas of activated microglia.

Qiao et al. conducted a synthesis study on compound 6 (GE387) radiolabeled with
18F [16]. The racemic [!8F]6 was studied in male Wistar rats: the tracer showed low
sensitivity to the polymorphism rs6971 in human embryonic kidney cell lines and modest
affinity in murine brains because the animals were healthy.

Pike et al. synthesized a library of new 2-phenylindol-3-ylglyoxylamide derivatives of
the general formula II (compounds 19-31), attributing a methyl group on the indole nitro-
gen. Then, they tested ligand 31 (Figure 7) which, thanks to its methyl group, was feasible
to label with carbon-11 for positron emission tomography (PET) imaging in monkeys [30].
Peak radioactivity was observed in a region rich in TSPO 40 min after tracer injection,
with a maximal accumulation in putamen between 12 and 32 min. After the pre-blocked
administration of [''C]JPK 1119519 ([''C]1, the rapid uptake in all the examined regions
and rapid washout demonstrated the specific binding of ['!C]31. PET images at 4-100 min
post-injection demonstrated a high uptake in the putamen and cerebellum and intermediate
levels of accumulation in the cortical regions. Ligand 31 exhibited high-affinity binding in
HABs and MABs, which was lower for low-affinity binders even if the authors suggested
that further studies in the larger group were needed to establish if differences between
binding toward MABs and HABs could be revealed.

DAA1106 (Figure 8), a molecule with high binding selectivity for cerebral rat and monkey
mitochondria with a weak affinity for CBR, GABA, and Kappal receptors, was tested by
Kumata et al. [31]. They labeled DAA1106 with fluorine-18 in a previous study in 2007 through
the fluorination of diphenyliodonium salt used as a precursor, but, due to the instability of the
diphenyl iodonium precursor, the clinical use of the compound was not feasible. This was until
the possibility of adding nucleophilic '8F into an electron-rich benzene ring, Cu-mediated
radiofluorination of pinacol arylboronic ester, or the use of arylstannane precursors with
['8F]F— and high radiochemical yields were introduced [33-35,46]. In thetir later paper, Kappal
et al. ventured into the synthesis of ['8F]DAA1106 via the ['8F]fluorination of a spirocyclic
iodonium ylide (SCIDY), compound (1), used as a precursor with ['®F]JF—. The SCIDY
precursor was demonstrated to be stable at room temperature for 60 days. DAA1106 was
stable after radiolabeling with ['8F] for the duration of at least one PET scan. Biodistribution
studies executed on rats al 30 and 60 min after tracer injection showed high uptake in the
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heart, lungs, spleen, and kidneys and, interestingly, a low uptake in bone, which indicated
that no defluorination had occurred thanks to the direct introduction of fluorine-18 in the
benzene ring. The polar metabolite generated in rats did not pass the blood-brain barrier or,
if penetrated, did not remain in brain tissue due to its hydrophilicity. For the PET study, an
ischemic rat brain model was used and demonstrated that ['*FJDAA1106 had a high binding
specificity for TSPO-expressing ischemic areas.
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Figure 7. Chemical structure of N1-methylated derivative N,N-di-n-propyl-(N1-methyl-2-(4'-
nitrophenyl)indol-3-yl)glyoxylamide (ligand 31).
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Figure 8. Chemical structure of N-(2,5-Dimethoxybenzyl)-N-(5-fluoro-2-phenoxyphenyl)acetamide
(DAA1106) labeled with 18F belonging to the phenoxyphenylacetamide family.

In 2012, in another study by Wadsworth et al., fluorine-18 analogues of DAA1106
were developed [35]. DAA1106 had a high affinity and less lipophilicity with better brain
biodistribution. They valued the structure-activity relationships of the analogues by
varying their aromatic rings. The reduction of their nitro groups was performed, followed
by the reduction of their alanine. Acetylation or fluoroacetylation allowed them to obtain
the desired molecule which was tested for affinity screening. Less lipophilicity was obtained
by the substitution of phenyl groups with aliphatic groups. The aromatic rings, instead,
gave rise to compounds with a higher affinity. The biodistribution of the compounds was
studied in naive Wistar rats. They had a higher whole brain uptake when compared to
PK11195 but had a good capacity in discriminating high TSPO-expressing areas and lower
ones. In vivo metabolic stability studies stated that compounds 27 and 30 reached the
target. In a platelet binding assay however, the question of the affinity of the two binding
sites (high affinity, low affinity) of TSPO ligands was not answered.
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4.2. Studies Conducted on Animals and Humans

Some of the selected studies were performed on animals but also on humans for
in vitro examination, in vivo biodistribution, and metabolism studies or post-mortem
binding examination.

11C-PBR28 was demonstrated to be a valid radiopharmaceutical for the detection of
glial response in a study by Donat et al. [9]. A transgenic mouse model of AD was used. The
tracer was injected in the tail vein through a cannula and 60 min of dynamic PET scanning
was executed. The activity of 370 MBq was also administered to AD patients and then
90 min PET images were acquired. CT scans were obtained for attenuation, scatter correc-
tion, and to add morphostructural information to the PET images. To improve the spatial
resolution of the PET results, autoradiography with 3H-PBR28 and immunochemistry
were executed to provide a tracer density of PBR28 binding sites in mouse brains. During
the in vivo characterization of TSPO density through autoradiography, higher microglial
representation was associated with higher 3H-PBR28 binding, with major representation in
the cortical and hippocampal regions in the AD mouse model.

Arlicot et al. conducted a 90 min dynamic PET scan in seven healthy patients post
245 + 45 MBq injection of [(18)F]DPA-714 [36]. Arterial and venous samples were taken
while two volunteers underwent whole-body acquisition 1 h after the tracer’s administra-
tion. PET imaging post-processing showed a maximum cerebral uptake in the pons and
cerebral radioactive peak within 5 min with a rapid clearance between 5 and 30 min. In
whole-body scans, high uptake was seen in the vertebral bodies, gallbladder, heart wall,
spleen, intestinal wall, kidneys, and adrenal gland. They also conducted biodistribution
studies on mice highlighting similar results.

Starting with the tetracyclic indole-based pharmacophore described in the previously
reported by Okubo et al., Wadsworth et al. developed a new tracer, the tricyclic derivative
['8F]GE180 (['8F]5, flutriciclamide) [37]. It demonstrated in rats a high specific binding, a
relevant brain uptake with significant uptake and retention in the olfactory bulb, a region
rich in TSPO expression, and a good clearance from the region with low TSPO density, that
is, the striatum.

Chau et al. tested the higher affinity of the S-enantiomeric tricyclic indole compound,
['8F]GE-180, a third-generation tracer for the detection of TSPO [19]. In the Wistar rat
heart, the S-enantiomer was demonstrated as having a higher affinity with a Ki of 0.87
nM, while the R-GE180 enantiomer had a Ki equal to 3.87 nM. Analogous results were
demonstrated in humans (human colonic cell membranes). S-enantiomer radiolabeled
with !8F had a rapid clearance from blood followed by racemate and R-['®F]GE-180. Brain
retention in rats was higher in S- radiolabeled enantiomers than R-enantiomers at 10 and
30 min post-injection. S-['®F]GE-180 also had a greater lung uptake than the R-enantiomer
and racemate and was demonstrated to be stable in vivo without conversion to a distomer.

Nag et al. reported the radiosynthesis of ['®F]fluorovinpocetine, the fluorinate ana-
logue of ['!C]vinpocetine [38]. During the autoradiography assay, homogeneous binding
between the cortical and subcortical regions was seen in whole hemisphere human brain
slices of healthy subjects. Two cynomolgus monkeys underwent a PET scan and a rapid
tracer accumulation was observed in the first 4 min with a decrease in around 20 min.
['8F]fluorovinpocetine had a good brain penetration and similar brain distribution pattern
to [HC]Vinpocetine (high values in the thalamus and striatum, low in the cerebellum), but
smaller regional differences.

Damont et al. synthesized a group of pyrazolo[1,5-a]pyrimidines, related to 2, DPA-
714 (compound 2 in Figure 3 is represented labeled with 8F) to test the in vitro binding
affinity of TSPO [39]. Fluroalakyl- and fluoroalakynyl- analogues were created via Sono-
gashira coupling reactions. In competition experiments against [3H]1 ([3H]-PK11195) in a
membrane rat heart, all compounds had a subnanomolar affinity compared to compound
2, but compound 12 of the fluoroalkyl series and compound 23 from the alkynyl series
had the lowest Ki. The specificity of linking was exquisite in all compounds except for 29
and 30, which showed a modest affinity for central benzodiazepine receptor (CBR). New
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compounds (12, 21-24, and 28-30) have undergone oxidative metabolism investigation
in humans, rats, and mouse hepatic microsome assays. In murine microsomes, 90% of
biotransformation occurred in 20 min, while in human microsomes, the process was vari-
able in different molecules (31% in 2, 91% in 29). In general, alkynyl derivatives were
less metabolized than alkyl compounds. Oxidation did not generate fluoroacetate and so
non-brain penetrant species could degrade PET image quality. On the basis of these results,
compounds 12 and 23 were chosen for fluorine-18 radiolabeling. Wistar rats underwent
PET scans with ['8F]12 and ['8F]23 7 days after AMPA-induced brain inflammation in the
right striatum. Selective tracer uptake in the right striatum was seen 2 min post tracer
injection and maintained for 60 min even though it became slightly lower. A better contrast
was obtained with [!8F]23 due to the rapid washout in the non-lesioned striatum.

4.3. Studies Conducted on Humans

In this paragraph, studies conducted on humans are reported, including an in vivo
biodistribution evaluation and post-mortem examination. Okello et al. conducted different
studies on microglial activation and PET imaging. In their study in 2009, they used the fib-
rillar amyloid tracer !'C-PIB (Pittsburgh compound B) and the peripheral benzodiazepine
binding site ligand ' C-(R)-PK11195 to explore the possible correlation between microglial
activation and A plaque in amnestic mild cognitive impairment (MCI) [40]. A total of 50%
of the included 14 subjects with amnestic MCI had increased amyloid deposition but no
correlation between the regional C-11-labeled PK-11195 binding and PIB uptake was seen
in this group. The authors interpreted this result as due to the multifactorial activation of
microglia as a response to amyloid deposition.

1C-(R)-PK11195 was used also by Cagnin et al. for Alzheimer’s type dementia
(AD), including mild and early forms [41]. The in vivo detection demonstrated high
levels of tracer binding in these patients, hinting that the microglial response is an event
that could happen in the precocious phase of pathogenesis. In 2004, the same group of
researchers demonstrated the presence of higher levels of ''C-(R)-PK11195 in people with
frontotemporal lobar degeneration, suggesting microglial activation that went hand-in-
hand with neuronal loss. Both in AD and frontotemporal dementia, the tracer uptake was
independent of the augmented formation of amyloid plaque [41].

Interesting estimations of (['8F]5 were conducted in human brains by Feeney et al. [42]
and previously, by Zanotti-Fregonara et al. [43], which stated '®F-GE180 as an unfavorable
tracer for TSPO brain imaging compared with 'C-PBR28 because of ¥F-GE180’s lower
brain penetration.

Gulyas et al. [44] performed an in vitro autoradiography on human post-mortem brains
of patients who suffered from Alzheimer’s disease by evaluating the binding on TSPO of N-(5-
[125I]Iodo-2-phenoxyphenyl)-N-(2,5-dimethoxybenzyl) acetamide (['*1]desfluoro-DAA1106) and
N-(5-["*T]Fluoro-2-phenoxyphenyl)-N-(2-[1®TJlodo-5-methoxybenzyl)acetamide (['*I] desmethoxy-
DAA1106). Their research demonstrated effective binding for both tracers with higher uptake in the
hippocampus, temporal and parietal cortex, basal ganglia, and thalamus. Through a comparison
with healthy age-matched controls, the tracer had high specificity in microglia-activated areas in the
Alzheimer’s brain, confirmed by immunohistochemical examination.

['FIGE180 was also studied in a pharmacokinetics study by Fan et al. in older healthy
adults, which stated the two-tissue compartment model was the better model to describe
brain kinetics and that 90 min was the ideal scan length for a good assessment [45].

5. Conclusions

TSPO represents a hallmark of neuroinflammation. The data from our systematic
review demonstrate the huge effort in developing more and more specific tracers. The
long half-life of '®F (110 min) makes this isotope a preferable choice compared to the
shorter life of 'C (20 min). Moreover, new chemical synthesis technologies have permitted
researchers to improve radiotracer production and allowed research to increase the use of
radiolabeling procedures. However, an observed limitation to this research was the huge
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widespread neuroinflammation involvement that hampers the possibility of detecting a
slight inflammation status change in patients. This issue finds a partial solution using the
cerebellum as a reference region, as observed in the mentioned studies on 11 C_PBR28-TSPO.
Improvement in the radiosynthesis and detection of molecules with higher TSPO affinity
has permitted research to overcome this issue. To cite some results, [M'C]SSR18057 has a
better capacity in discriminating healthy tissue compared to ['!C](R)-PK11195, while the
choice of fluorinated compounds such as '8F-DPA-714 has made it possible to obtain a
greater binding affinity compared to ''C-DPA-713 and 'C-PK11195, as demonstrated by
Chauveau et al.

Different synthesis strategies have been also exploited to ensure a better stability
of the compound: the fluorination of diphenyliodonium salt used as a precursor was
demonstrated to not be a feasible approach while the synthesis of [18F][DAA1106 via
[18F]fluorination of the SCIDY precursor compound 1 was demonstrated to guarantee a
more stable compound for a considerable time. Moreover, [18F]DAA1106 could be used to
detect ischemic areas due to its high binding specificity for TSPO. DAA1106 also has a better
brain distribution. In particular, the substitution of its phenyl groups with aliphatic groups
permits obtaining compounds with less lipophilicity while its aromatic ring, instead, is
responsible for higher affinity. Similar consideration could be directed at ®F-GE180, which
is an unfavorable tracer for TSPO brain imaging for lower brain penetration compared
with 1'C-PBR28.

The introduction of [123I]-CLINME has been interesting in opening the possibility of
conducting TSPO-SPECT imaging. The competition studies conducted with PK11195 and
Ro 5-4854 have confirmed the specificity of TSPO binding even if thyroid uptake represents
a relevant aspect to consider for dosimetry in humans.

Finally, the necessity to consider the presence of distomers or racemic compounds
in the synthesis process should be emphasized, which could interfere with the pharma-
codynamic and pharmacokinetic effects of the tracer, generating metabolites incapable of
overcoming the blood-brain barrier and/or that could increase the noise ratio in PET or
SPECT images. The complexity of these subjects was not evaluated in this review and
requires further efforts.
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