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Adrian Florian Bălas, a, Cristina Chircov and Alexandru Mihai Grumezescu

Body Fluid Biomarkers for Alzheimer’s Disease—An Up-To-Date Overview
Reprinted from: Biomedicines 2020, 8, 421, doi:10.3390/biomedicines8100421 . . . . . . . . . . . . 57

Laura Bordoni, Irene Petracci, Jean Calleja-Agius, Joan G. Lalor and Rosita Gabbianelli

NURR1 Alterations in Perinatal Stress: A First Step towards Late-Onset Diseases? A
Narrative Review
Reprinted from: Biomedicines 2020, 8, 584, doi:10.3390/biomedicines8120584 . . . . . . . . . . . . 79

Chung-Yao Chien, Szu-Wei Hsu, Tsung-Lin Lee, Pi-Shan Sung and Chou-Ching Lin

Using Artificial Neural Network to Discriminate Parkinson’s Disease from Other Parkinsonisms
by Focusing on Putamen of Dopamine Transporter SPECT Images
Reprinted from: Biomedicines , , 12, doi:10.3390/biomedicines9010012 . . . . . . . . . . . . . . . . 95

Seungil Paik, Rishi K. Somvanshi, Helen A. Oliveira, Shenglong Zou and Ujendra Kumar

Somatostatin Ameliorates β-Amyloid-Induced Cytotoxicity via the Regulation of CRMP2
Phosphorylation and Calcium Homeostasis in SH-SY5Y Cells
Reprinted from: Biomedicines 2021, 9, 27, doi:10.3390/biomedicines9010027 . . . . . . . . . . . . . 107

Sayed Ibrar Alam, Min Gi Jo, Tae Ju Park, Rahat Ullah, Sareer Ahmad, Shafiq Ur Rehman

and Myeong Ok Kim

Quinpirole-Mediated Regulation of Dopamine D2 Receptors Inhibits Glial Cell-Induced
Neuroinflammation in Cortex and Striatum after Brain Injury
Reprinted from: Biomedicines 2021, 9, 47, doi:10.3390/biomedicines9010047 . . . . . . . . . . . . . 125

v



Carlotta Giorgi, Esmaa Bouhamida, Alberto Danese, Maurizio Previati, Paolo Pinton and

Simone Patergnani

Relevance of Autophagy and Mitophagy Dynamics and Markers in Neurodegenerative
Diseases
Reprinted from: Biomedicines 2021, 9, 149, doi:10.3390/biomedicines9020149 . . . . . . . . . . . . 143

Jacopo Meldolesi

News about the Role of Fluid and Imaging Biomarkers in Neurodegenerative Diseases
Reprinted from: Biomedicines 2021, 9, 252, doi:10.3390/biomedicines9030252 . . . . . . . . . . . . 169

vi







Citation: Ghosh, A. Biomarkers in

Neurodegenerative Diseases.

Biomedicines 2022, 10, 215.

https://doi.org/10.3390/

biomedicines10020215

Received: 16 January 2022

Accepted: 18 January 2022

Published: 20 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Editorial

Biomarkers in Neurodegenerative Diseases

Arnab Ghosh

Center for Gene Regulation in Health and Disease, Department of Biological, Geological and Environmental
Sciences, Cleveland State University, Cleveland, OH 44115, USA; a.ghosh100@csuohio.edu

An increasing number of people are affected by various neurodegenerative diseases
each year, impacting the quality of life of millions of people worldwide. However, consider-
able knowledge gaps in the mechanistic understanding of these diseases present a challenge
to address this threat to human life successfully. Recent endeavors in basic research, clinical
trials, and other research areas have provided vital insights to discover novel biomarkers for
improved diagnosis and better treatment options for patients suffering from such diseases.
Articles published as part of the Special Issue “Biomarkers in Neurodegenerative Diseases”
highlight the recent advances in this field and emerging strategies to counter such diseases
in the future.

Three research articles published in the Special Issue focused on molecular mechanisms
involving Alzheimer’s disease (AD). First, Paik et al. used human SH-SY5Y neuroblastoma
cells to show the neuroprotective role of Somatostatin-14 (SST). The possible mechanism
involves the ability of SST to regulate the intracellular calcium levels and Collapsin Re-
sponse Mediator Protein 2 (CRMP2) phosphorylation [1]. Second, Akyuz and coworkers
measured the expression of neuronal inwardly rectifying potassium (Kir) channels in an
Aβ(1–42)-infused rat model of AD [2]. These findings open up newer possibilities to dis-
cover novel biomarkers or therapeutic targets against AD in the future. Finally, Ahmad
et al. showed that lupeol (a plant-based triterpenoid compound) could improve memory
function in the AD mouse model. Lupeol’s antioxidant and anti-inflammatory properties
were proposed to be responsible for this observation [3]. Naturally occurring biologically
active compounds present a promising target to evaluate as a potential therapy against
many pathological conditions, including neurodegenerative diseases.

Kessler and others show a correlation between dysregulation of Monopolar Spindle 1
Kinase (MPS1) and tumor aggressiveness in glioblastoma multiforme (GBM) patients [4].
The researchers performed qPCR on frozen tumor tissue samples of GBM patients and com-
pared them with non-pathological tissue samples. However, a more extensive study involv-
ing an increased number of patients is necessary to test whether MPS1 mRNA levels can be
a reliable indicator of tumor aggressiveness in cancer patients across different subgroups.

One key aspect of neurologic disorders includes complications arising from traumatic
brain injuries (TBIs). In this regard, Alam et al. investigated the role of quinpirole in
dopamine D2 receptor (D2R) activation using a mouse model simulating TBI [5]. This study
implicated quinpirole in D2R regulation and suggested a mechanism via the Akt/GSK3-β
signaling pathway, leading to brain function recovery by reducing inflammatory responses.
This observation opens up additional prospects to improve brain functions in patients
suffering neurologic ailments due to TBI. Nevertheless, further studies are necessary to test
the hypothesis definitively.

Fulgenzi et al. provide an excellent update in the investigation of chelation therapy
involving EDTA as a potential treatment for neurologic disorders. They studied more than
300 patients from a broad age group to monitor their toxic metal burdens before and after
receiving EDTA as part of the therapy [6]. Information obtained from the study provides
excellent guidance for more detailed analyses involving larger patient groups to investigate
the efficacy of chelation therapy in the future.
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One of the critical challenges for better treatment outcomes is correctly identifying
the causes behind indicators of different neurologic conditions. Chien and coworkers
used an artificial neural network to distinguish between dopamine transporter single-
photon emission computed tomography (DAT-SPECT) images obtained from patients with
Parkinson’s disease or parkinsonism resulting from other illnesses with high (more than
80%) accuracy [7].

Apart from these original research papers, the Special Issue also contains an excellent
collection of review articles highlighting recent progress, challenges, and future directions
in the field. For example, the review articles published by Jacopo Meldolesi and Bălas, a et al.
are excellent resources summarizing the significant advances made in fluid and imaging
biomarkers for the early detection of neurodegenerative disorders in recent times [8,9]. The
authors also make a great effort to outline the deficiencies of our present knowledge in the
field and potential ways to address these shortcomings. Giorgi et al. focused on recent
advancements in understanding the mechanisms of autophagy and mitophagy processes
and their relevance to neurodegenerative diseases [10]. Knowledge obtained from studying
these cellular processes could lead to better therapeutic strategies against such conditions
in the future. Finally, Bordoni and colleagues summarized the significance of dysregulation
of a transcription factor called Nuclear Receptor Related 1 (NURR1) protein for perinatal
stress [11]. Such stress is known to substantially increase the possibility of chronic diseases
(such as neurologic conditions) later in life.

I hope that these excellent research works and review articles published as part of
the Special Issue will provide an invaluable reference for further research to counter the
menaces posed by neurologic disorders in the future.
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Unraveling the Role of Inwardly Rectifying
Potassium Channels in the Hippocampus of an
Aβ(1–42)-Infused Rat Model of Alzheimer’s Disease
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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder with a complex
etiology and characterized by cognitive deficits and memory loss. The pathogenesis of AD is not
yet completely elucidated, and no curative treatment is currently available. Inwardly rectifying
potassium (Kir) channels are important for playing a key role in maintaining the resting membrane
potential and controlling cell excitability, being largely expressed in both excitable and non-excitable
tissues, including neurons. Accordingly, the aim of the study is to investigate the role of neuronal
Kir channels in AD pathophysiology. The mRNA and protein levels of neuronal Kir2.1, Kir3.1, and
Kir6.2 were evaluated by real-time PCR and Western blot analysis from the hippocampus of an
amyloid-β(Aβ)(1-42)-infused rat model of AD. Extracellular deposition of Aβ was confirmed by both
histological Congo red staining and immunofluorescence analysis. Significant decreased mRNA
and protein levels of Kir2.1 and Kir6.2 channels were observed in the rat model of AD, whereas
no differences were found in Kir3.1 channel levels as compared with controls. Our results provide
in vivo evidence that Aβ can modulate the expression of these channels, which may represent novel
potential therapeutic targets in the treatment of AD.

Keywords: Alzheimer’s disease; amyloid beta; hippocampus; Kir channels; K+ channels

1. Introduction

Alzheimer’s disease (AD; MIM#104300) is a chronic irreversible neurodegenerative disorder
and represents the most common form of dementia in elderly individuals [1]. AD is clinically
characterized by a progressive memory deterioration, thinking difficulty, confusion, and changes
in personality, behavior, and language, resulting in autonomy loss that finally requires full-time
medical care [2]. The neuropathological hallmarks of AD include the presence of extracellular senile
plaques constituted by the amyloid-β (Aβ) peptide and intracellular neurofibrillary tangles (NFTs)
composed of hyper-phosphorylated paired helical filaments of the microtubule-associated protein
tau (MAPT) [3]. Among Aβ species, Aβ(1–42), which is generated from Aβ precursor protein (APP)
sequentially cleaved by β-secretase and γ-secretase, is considered more toxic than Aβ(1–40) because of its
strong tendency to aggregate [4]. The Aβ deposition in the brain triggers a series of neurodegenerative
processes, including synaptic toxicity, microglia-mediated inflammation, mitochondrial dysfunction,
and oxidative stress, which in turn lead to cell death [5]. Furthermore, Aβ pathogenesis reduces the
synthesis of acetylcholine (ACh) and negatively affects the acetylcholinesterase (AChE) activity [6].
Despite its prevalence, the AD pathogenesis is not completely understood, and, currently, there are no
effective treatments to slow or halt the progression of its symptoms [7].

Biomedicines 2020, 8, 58; doi:10.3390/biomedicines8030058 www.mdpi.com/journal/biomedicines
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Emerging evidence points out a key role of ion channels in the progress and development of a
variety of neurological disorders, including epilepsy [8,9], autism spectrum disorders [10], multiple
sclerosis [11], and AD [12]. Among them, the inwardly rectifying potassium (K+) channels (Kir) are
essential for maintaining the resting membrane potential and controlling the cell excitability by the
regulation intracellular and extracellular flow of K+ ions in different types of cells, including neurons.
To date, seven subfamilies (Kir1-Kir7) have been identified according to their sequence similarity
and function properties [13]. An important involvement of Kir2.x, Kir3.x, and Kir6.x channels in the
pathogenesis of AD has been supported by both in vitro and in vivo models [11]. Evidence showed an
impaired activity or an altered expression of these channels, probably modulated by Aβ [12,14]. Given
the limitations of investigating AD in human subjects, current studies mostly rely on animal models
in order to understand the underlying molecular mechanisms of this disorder. Some experimental
in vivo models mimicking the major neuropathological hallmarks in AD have already been developed
for studying Kir channels in the disease pathogenesis [12,15], but no data are available regarding an
Aβ(1–42)-infused rat model of AD.

Herein, we aim to better elucidate the role of Kir2.1, Kir3.1, and Kir6.2 channels in AD
pathophysiology by analyzing their mRNA and protein levels in the hippocampus of an Aβ(1–42)-infused
rat model of AD. This represents a valuable tool that recapitulates some key features of human
AD, including Aβ plaque, cholinergic dysfunction, neuron loss, ventricular enlargement, and
behavior deficiencies.

2. Materials and Methods

2.1. Animals

Adult female Sprague–Dawley rats (6-month-old; n = 14) were housed in a quiet, temperature
and humidity-controlled room (21 ± 2 ◦C; 62% ± 7% relative humidity; 12-h cycles dark/light). Rats
were fed ad libitum with a standard dry rat diet and tap water. All procedures were carried out in
strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals
adopted by the National Institutes of Health (NIH, Bethesda, MD, USA) and the Declaration of Helsinki.
Experimental protocol of this study was approved by the local scientific ethical committee of Bezmialem
Vakif University, Istanbul, Turkey (2015/229). All efforts were made to minimize animal suffering.

2.2. Aβ(1–42)-Infused Rat Model

A solvent of 35% acetonitrile plus 0.1% trifluoroacetic acid was used to reconstitute the Aβ(1–42)

peptide (SCP0038, Sigma-Aldrich, St. Louis, MO, USA) and soluble peptide suspensions were incubated
at 37 ◦C for 72 h with gentle shaking for fibril formation. The rats were injected intra-cerebroventricularly
(ICV) with oligomeric Aβ(1–42) to induce AD. Briefly, after seven days of acclimation, rats were
anesthetized with an intraperitoneal injection of a ketamine and xylazine mixture (100 and 10 mg/kg
body weight, respectively) and then placed in a stereotaxic apparatus. A stainless steel cannula
was stereotaxically implanted into the right hippocampus of rats (coordinates from bregma: −3.60
mm anteroposterior; −2.00 mm lateral; −4.00 mm vertical) and fixed to the skull with dental cement.
A mini-osmotic pump (Alzet 2002, Durect, Cupertino, CA, USA) was attached and implanted
subcutaneously near the scapula for a continual infusion.

2.3. Experimental Design

Rats that underwent ICV infusion were randomly divided into two groups (n = 7 per group):
(i) sham control that received injections of 0.9% NaCl saline solution, and (ii) Aβ(1–42)-infused group
injected with Aβ(1–42) oligomers at the rate of 300 pmol/day for 14 days. Rats were sacrificed with
decapitation after a 14-day infusion. The brains were quickly removed, and their both right and left
hippocampi were dissected and then stored at −80 ◦C until molecular analysis.

6



Biomedicines 2020, 8, 58

2.4. Histological Congo Red Staining

Coronal sections from the hippocampus were prepared at 20 μm thickness using a cryostat and
fixed in ice-chilled 4% paraformaldehyde (PFA). For labeling Aβ deposits, slices were stained with 1%
Congo red solution (Sigma-Aldrich, St. Louis, MO, USA) in 80% of absolute ethanol and 1% of NaOH.
After being washed, sections were counterstained with cresyl violet, dehydrated in absolute ethanol,
and then cleared in xylene. Specimens were mounted on slides and evaluated under a light microscope
(Nikon Microscopy, Tokyo, Japan). For quantification, images were analyzed by color segmentation
plugin–ImageJ software (NIH, Bethesda, MD, USA). The entire area of deposits was considered.

2.5. Immunofluorescence Analysis

The PFA-fixed slices were blocked with 10% normal goat serum for 1 h. Sections were
immunostained with the application of 1:100 dilution of primary anti-Aβ rabbit polyclonal antibody
(8243, Cell Signaling Technology, Danvers, MA, USA) followed by goat anti-rabbit Alexa Fluor®

488 conjugated secondary antibody (A11034, Thermo Fisher Scientific, Waltham, MA, USA) at 1:200
dilution. Nuclei were marked blue with 40,6-diamidino-2-phenylindole (DAPI). The sections were
mounted on slides and evaluated under a fluorescence microscope (Axio, Zeiss, Germany).

2.6. cDNA Synthesis and Real-Time PCR

Total RNA was isolated from homogenized hippocampal tissue with TRIzol and PureLink RNA
mini kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions.
One microgram of the total extract amount of RNA was treated with DNase I and reverse-transcribed
using High Capacity cDNA Reverse Transcription Kit according to the manufacturer’s suggested
protocol (Applied Biosystems, Foster City, CA, USA). The first-strand cDNA was used as a template for
real-time PCR (RT–PCR) using rat specific primers for Kcnj2 (Kir2.1), Kcnj3 (Kir3.1), and Kcnj11 (Kir6.2),
as reported in Table 1. RT–PCR reaction was performed with the SYBR Green PCR kit (iTaq™Universal
SYBR® Green, Biorad, Hercules, CA, USA) using a CFX96 real-time system sequence detector (Biorad,
Hercules, CA, USA). Data, normalized to the housekeeping control gene (Gapdh), are expressed as
fold change values respect to the sham control group according to the 2-ΔΔCt algorithm, as previously
described [16].

Table 1. List of primers for RT–PCR.

Genes Forward Primer (5′–3′) Reverse Primer (5′–3′)
Kcnj2 GCAAACTCTGCTTGATGTGG TCATACAAAGGGCTGTCTTCG
Kcnj3 CTGACCGCTTCACATAGC CTCCAGACTGGGATAGAC

Kcnj11 CCTACACCAGGTGGACATCC CAGGCTGCGGTCCTCATCAA

2.7. Western blotting (WB)

Total protein extracts were obtained by lysing 0.25 g hippocampal tissue with 1 X RIPA lysis
buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1 % SDS) added with 1 mM DTT, 1
mM EDTA and EGTA, and 1.5% protease inhibitor cocktail and phosphatase inhibitor cocktail. Total
protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA) by a Multiskan™ GO Microplate spectrophotometer. Equal amounts of proteins
were boiled for 5 min and separated by SDS–PAGE followed by transfer to PVDF membrane. Then,
the membranes were blocked with 5% milk solution prepared in TBST (Tris-buffered saline, 0.1%
Tween 20) buffer and incubated with one of the following primary antibodies against Kir2.1 (rabbit
polyclonal, 1:200, Abcam, Cambridge, UK [ab65796]), Kir3.1 (mouse monoclonal, 1:200, Alomone
Labs, Jerusalem, Israel [APC-005]), Kir6.2 (rabbit polyclonal, 1:200, Alomone Labs, Jerusalem, Israel
[APC-020]), or β-actin (mouse monoclonal, 1:5000, Thermo Fisher Scientific, Waltham, MA, USA
[AC-15]). Membranes were washed three times in TBST and then incubated with ECL anti-mouse or
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anti-rabbit horseradish peroxidase-conjugated IgG secondary antibodies (1:5000, GE Healthcare Life
Sciences, Amersham, UK). The protein bands were developed with luminol-based substrate (Advansta,
San Jose, CA, USA) and chemiluminescent signal was digitally acquired by CCD camera with Fusion
FX7 (Vilber Lourmat, France) system. Densitometric analysis of Western blot bands was performed
using the “gel analyzer” function of ImageJ software (NIH, Bethesda, MD, USA).

2.8. Statistical Analysis

Data are generally given as mean values± standard error of the mean (SEM). Pairwise comparisons
were performed by Mann–Whitney U-test. The version 18 of Statistical Package for Social Science
(SPSS 18, IBM Corporation, Chicago, IL, USA) was used for statistical analysis of the data. Differences
were considered significant at * p < 0.05 and ** p < 0.01.

3. Results

3.1. Injection of Aβ(1–42) Oligomers Mimicked Alzheimer’s Disease in Rats

As a result of Aβ(1–42) infusion for 14 days, both Congo red histological staining and
immunofluorescence analysis confirmed the extracellular presence of oligomeric and aggregated
forms of Aβ in the hippocampus of rat model as compared with the sham control (2.73-fold change
over sham controls, * p < 0.05, Figure 1; 2.21-fold change over sham control, * p < 0.05, Figure 2,
respectively).

Figure 1. Representative images of hippocampus sections stained with Congo red in sham control
and Aβ(1–42)-infused rat model. Extracellular Aβ deposits were visualized in brownish color and
indicated by arrows; the nuclei were counterstained with cresyl violet (purple). Pictures were taken at
the magnification of ×20. Scale bar: 20 μm.

3.2. Aβ(1–42)-Infused Rats Exhibited Low mRNA Levels of Neuronal Kir2.1 and Kir6.2 Channels

With the purpose of investigating a possible role of neuronal Kir channels in AD pathogenesis, we
firstly analyzed mRNA levels of Kir2.1, Kir3.1, and Kir6.2 channels in both ipsilateral and contralateral
hippocampi from rats by RT–PCR.

Significantly decreased mRNA levels of Kir2.1 (Kcnj2) and Kir6.2 (Kcnj11) channels were observed
in both ipsilateral and contralateral hemispheres of Aβ(1–42)-infused rats as compared with sham
controls (Figure 3A: 4.85-fold change and 3.15-fold change over controls, ** p < 0.01; Figure 3C: 5.30-fold
change and 3.00-fold change over controls, ** p < 0.01 and * p < 0.05, respectively). However, no
significant differences were found in mRNA levels of the Kir3.1 (Kcnj3) channel in both hemispheres
(Figure 3B, p > 0.05).
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Figure 2. Representative images of hippocampus section stained with anti-Aβ antibody (green
fluorescence) in sham control and Aβ(1–42)-infused rat model. Cell nuclei were counterstained with
DAPI (blue fluorescence). Scale bar: 50 μm.

Figure 3. Relative mRNA levels of (A) Kcnj2 (Kir2.1), (B) Kcnj3 (Kir3.1), and (C) Kcnj11 (Kir6.2) in
ipsilateral and contralateral hippocampi from both sham control and Aβ(1–42)-infused rat model. Data
are expressed as fold change of mRNA levels normalized to the housekeeping control gene (Gapdh) and
represent the mean ± SEM obtained in 3 independent experiments, n = 7 for each group, * p < 0.05,
** p < 0.01.

3.3. Low mRNA Levels of Kir2.1 and Kir6.2 Channels Correlate with Decreased Protein Levels in
Aβ(1–42)-Infused Rat Model

In order to assess if changes in mRNA levels of Kir channels result in different protein levels, total
protein extract from both ipsilateral and contralateral hippocampus tissues were analyzed via WB
analysis by using specific anti-Kir antibodies and the relative protein abundance was quantified by
densitometric measurements.

Significantly decreased Kir2.1 protein levels were detected only in the ipsilateral hemisphere of
Aβ(1–42)-infused rats as compared with sham controls (Figure 4A: 0.41 ± 0.50 vs. 0.72 ± 0.25, ** p <
0.01). Decreased Kir6.2 protein levels were observed in both ipsilateral and contralateral hippocampus
tissues of Aβ(1–42)-infused rats as compared with sham controls (Figure 4C: 0.61 ± 0.35 vs. 0.82 ± 0.52, *
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p < 0.05, and 0.52 ± 0.25 vs. 0.71 ± 0.40, * p < 0.05, respectively). On the other hand, no significant
differences in Kir3.1 protein levels were found in Kir3.1 protein levels in both hemispheres (Figure 4B,
p > 0.05), confirming previous mRNA data (Figure 3B).

Figure 4. Protein expression levels of Kir2.1 (A), Kir3.1 (B), and Kir6.2 (C) channels in ipsilateral
and contralateral hippocampi from both sham control and Aβ(1–42)-infused rat model. Upper panel:
representative images of WB analysis on total protein extracts. β-actin was used as endogenous control
for equal protein load. Lower panel: densitometric analysis of Kir2.1 (A), Kir3.1 (B), and Kir6.2 (C)
protein levels. Data are expressed as fold change ratio on sham control and normalized to the β-actin
protein levels. Bars represent the mean ± SEM obtained in 3 independent experiments, n = 7 for each
group, * p < 0.05, ** p < 0.01.

4. Discussion

Functional and expression alterations of K+ channels cause disruptions in neuronal balance and
membrane excitability, contributing to the development and progress of several neurological diseases,
including AD [8–12]. Among them, Kir channels have the ability to mediate the inward flow of K+

ions at hyperpolarizing membrane voltages more readily than the outward flow of K+ at depolarizing
voltages [13]. They are involved in a number of essential physiological processes, such as the regulation
of hormone secretion, generation of electrical impulses, and control of vascular smooth muscle tone. It
is known that a variety of severe human disorders are directly related to a dysfunction of Kir channel
proteins [17]. Moreover, intracellular Na+ and K+ levels were found to be increased in brain regions
of AD patients, pointing out a cellular ion imbalance in AD pathophysiology [18]. So, given their
function in maintaining the resting membrane potential and K+ homeostasis of most cells [13], we aim
to highlight the role of neural Kir channels in AD by analyzing their mRNA and protein levels in the
hippocampus of Aβ(1–42)-infused rat model of the disease.

The classical Kir2 subfamily exhibits a strong inward rectifying property and it is the major
responsible for the IK1 current. Kir2.1 channels hyperpolarize the cells in response to an increase in
the external K+ concentration [19]. Our data showed a decrease in both mRNA and protein levels of
Kir2.1, suggesting a reduced Kir current in the hippocampus of AD model rats. We can speculate that
Aβ peptide may decrease the expression of this channel, affecting the hippocampal activity balance
underlying memory and learning processes damaged in AD [14]. However, other authors reported
no differences in Kir2.1 mRNA expression in the hippocampus of rats with cholinergic impairment,
probably because of the use of different models [15].

In addition to Kir2.1, a decrease in both transcript and protein levels of Kir6.2 channel has also been
observed. In contrast with IK1 channels, Kir6 (also known as adenosine triphosphate (ATP)-sensitive
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K+, KATP) subfamily are weakly inwardly rectifying and are inhibited by intracellular ATP levels [13].
They correlate the metabolic status of neurons to their excitability by detecting changes of intracellular
phosphate potential (e.g., ATP/ADP ratio) [20]. Functional channels consist of four pore-forming
Kir6 subunits (Kir6.1 and Kir6.2) and four sulfonylurea receptor (SUR) subunits (SUR1, SUR2 A, and
SUR2 B). In neurons, the KATP channels are mainly constituted by the coassembly of Kir6.2/SUR1
subunits [13]. They are also involved in the generation of the glucose-sensitive K+ current in neurons,
indicating that the increase in neuronal excitation observed when the concentration of external glucose
raises is due to the closure of KATP channels [21]. It is well-known that the Kir6 subfamily is involved
in AD pathogenesis and phenotype [12]. The first evidence has been addressed by a study in which
increased transcript levels of Kir6.1 were observed in the hippocampus of cholinergic impaired rats,
whereas mRNA expression of Kir6.2 was significantly increased in the cortex [15]. Consistent with
these findings, high Kir6.2 protein levels were also found in both hippocampal reactive astrocytes from
a triple transgenic mouse model of AD (3 xTg-AD) [22]. On the other hand, we found a decrease in
both mRNA and protein levels of Kir6.2 in the hippocampus of Aβ(1–42)-infused rats. These contrasting
results may be due to the use of different AD models. Interestingly, the transgenic overexpression of
the Kir6.2 channel in the forebrain protects mice from neuronal damage and hypoxic–ischemic injury
seen in stroke [23]. Moreover, it has been shown that Kir6.2 knock-out mice showed severe deficits in
long-term memory processes and learning [24,25]. Therefore, we can hypothesize that the impairment
of memory occurring in AD may be related to a downregulation of the Kir6.2 subunit.

Concerning Kir3.1 channels, no statistical differences were found. Also named as
G-protein-coupled Kir (GIRK) channels, they are activated by some neurotransmitters (e.g., acetylcholine
GABA, dopamine) through the stimulation of their G protein coupled receptors (GPCRs), resulting
in a reduced action potential firing and a cell membrane hyperpolarization. GIRK channels are
detected in the extra-synaptic membrane of CA1 hippocampal pyramidal neurons and play a role in
the production of slow inhibitory post-synaptic potential [13]. However, our data did not show any
significant differences in either transcript or protein levels of Kir3.1 channel in both hemispheres of
hippocampus from the Aβ(1–42)-infused rat model, in line with an already reported study [15]. We
can speculate that this evidence may be due to two contrasting effects of Aβ on these channels in a
more complex neuronal network. Indeed, it has been reported that this peptide led to a GIRK3 channel
upregulation, which resulted in K+ efflux from neurons triggering, thus, the Aβ-mediated apoptotic
pathway [26]. On the contrary, other authors reported an opposite effect of Aβ in which it modulated
GIRK3 expression by downregulating these channels [14].

In summary, our data support the evidence that Aβ can modulate the expression of neuronal Kir
channels in the AD pathogenesis. The fact that we reported some results that are contrasting with the
previous ones may be related to the use of different in vivo models that recapitulate distinct features of
the disorder. Indeed, due to the lack of complete understanding of AD etiology, the development of
adequate animal models resembling all stages of disease progression, as well as the merging convergent
pathways of neurodegeneration, still represents a need for AD research. However, the complementary
use of several models will help to understand molecular mechanisms underlying the disease and to
develop novel strategies based on the modulation of Kir channels or their accessory subunits for AD
prevention and therapy.

5. Conclusions

Overall, our data corroborate the working hypothesis that Kir channels play a causative role in
AD pathogenesis, as suggested by their altered mRNA and protein levels found in the Aβ(1–42)-infused
rat model. However, it cannot be excluded a complex mechanism of Aβ, which makes such reported
alterations the result of an impaired metabolic pathway involving related channels or other proteins.
We are aware that our study has several limitations, including the confirmation that differences
observed in protein amounts are translated into an altered channel function activity by patch-clamp
recordings and the lack of tests assessing learning and memory deficits. Moreover, it should be noted
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that, although cerebral infusion of Aβ in rats can recapitulate some hallmarks of human AD, it cannot
properly reproduce the progressive neurodegeneration occurring during the disease, so further studies
in different models are necessary to cover all aspects of the disease.
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Abstract: Inhibition of the protein kinase MPS1, a mitotic spindle-checkpoint regulator, reinforces
the effects of multiple therapies against glioblastoma multiforme (GBM) in experimental settings.
We analyzed MPS1 mRNA-expression in gliomas WHO grade II, III and in clinical subgroups of
GBM. Data were obtained by qPCR analysis of tumor and healthy brain specimens and correlated
with the patients’ clinical data. MPS1 was overexpressed in all gliomas on an mRNA level (ANOVA,
p < 0.01) and correlated with tumor aggressiveness. We explain previously published conflicting
results on survival: high MPS1 was associated with poorer long term survival when all gliomas were
analyzed combined in one group (Cox regression: t < 24 months, p = 0.009, Hazard ratio: 8.0, 95%
CI: 1.7–38.4), with poorer survival solely in low-grade gliomas (LogRank: p = 0.02, Cox regression:
p = 0.06, Hazard-Ratio: 8.0, 95% CI: 0.9–66.7), but not in GBM (LogRank: p > 0.05). This might be due
to their lower tumor volume at the therapy start. GBM patients with high MPS1 mRNA-expression
developed clinical symptoms at an earlier stage. This, however, did not benefit their overall survival,
most likely due to the more aggressive tumor growth. Since MPS1 mRNA-expression in gliomas was
enhanced with increasing tumor aggressiveness, patients with the worst outcome might benefit best
from a treatment directed against MPS1.

Keywords: glioblastoma multiforme; low-grade glioma; astrocytoma; recurrence; multifocal growth;
mRNA expression; MPS1; TTK; therapy

1. Introduction

Glial tumors encompass a group of primary brain tumors that are classified into different subgroups
by the World Health Organization (WHO) [1]. The natural history of these tumors varies greatly.
Pilocytic astrocytomas WHO grade I (PA) represent a benign form, mainly found in children, with a
10-year survival of over 90% [2–4]. In comparison, low-grade astrocytomas WHO grade II and III grow
faster and more infiltrative. Formerly, these tumors were mainly classified due to their histological
behavior. With the recent update of the WHO classification, however, molecular markers are now
considered as well [1]. For instance, the diagnosis ”gliomatosis cerebri” no longer exists, as those
widespread tumors with infiltration of three or more lobes show a methylation profile comparable to
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the other glial tumor entities [5]. Isocitrate dehydrogenase (IDH) mutant gliomas of WHO grade II or III
(IDHmut glioma) are a slowly growing subcategory, with a comparatively good prognosis.

In contrast, IDH-wildtype gliomas of WHO grade II and III (IDHwt glioma), show a growth pattern
and patients’ clinical course that resembles those of glioblastoma multiforme (GBM), and therefore
might even be an early form of a GBM [6–8]. GBM is not only the most common but also the most
aggressive form of primary brain tumor [9]. The current standard therapy, consisting of tumor
resection, irradiation, concomitant temozolomide (TMZ) chemotherapy, and adjuvant TMZ-treatment,
was established in 2005, with a median patient survival of only 14.6 months [10].

After 12 years with mainly negative clinical phase III trials, Tumor Treating Fields (TTFields)
raised new hopes for an improvement of the standard therapy [11–13]. Recently, we demonstrated that
the effects of TTFields are augmented and accelerated by mitotic checkpoint inhibition of the protein
kinase monopolar spindle 1 (MPS1, also known as TTK) in vitro [14], indicating the potential for a
combined treatment advantage. MPS1-inhibition reduces cell proliferation of GBM when combined
with the antimitotic agent vincristine in vitro and in vivo [15]. It is a dual-specificity protein kinase
that regulates the mitotic spindle checkpoint by monitoring proper chromosome alignment and
attachment to spindle microtubuli [16–21]. Dysregulation of MPS1 activity has been reported to
lead to chromosomal instability and cancerogenesis [19]. It is overexpressed in astrocytic tumors,
with overexpression correlating with tumor grade and patients’ survival [15]. However, to our
knowledge, there are no data published on astrocytic tumors of different growth patterns or on glioma
recurrence. Interestingly, aberrant MPS1 expression and its effects appear to be hugely influenced by
their dysregulation of MPS1 mRNA and its regulator miR-132 [22]. Therefore, it appears promising to
explore connections between MPS1 mRNA expression and patients’ clinical course, to lead the way
from experimental observations to a translational implementation into clinical research and hopefully,
ultimately, patient care. The purpose of this study was (1) to confirm and extend the qPCR-results
reported by us previously [15] and (2) to provide information on the expression of MPS1 in gliomas of
different biological behavior and clinical course on an mRNA level. We show that MPS1 mRNA was
indeed dysregulated and overexpressed in gliomas, associated with earlier development of patients’
clinical symptoms, correlated to tumor aggressiveness, and associated with the survival of patients
with low-grade gliomas.

2. Experimental Section

2.1. Tissue Samples and Clinical Data

All included patients were treated at the Department of Neurosurgery, University Hospital
Würzburg, University of Würzburg. All subjects gave their informed consent for inclusion before they
participated in the study. The study was conducted in accordance with the declaration of Helsinki,
and the protocol was approved on 16-July-2014 by the Institutional Review Board of the University of
Würzburg (#103/14). After gaining the tissue during surgery, equal shares were frozen in liquid nitrogen
for molecular analyses and embedded in paraffin for immunohistochemistry. The tumors were classified
by routine histology in accordance with WHO criteria [1]. Only tumor samples with a typical histological
appearance according to the evaluation by an experienced neuropathologist and originating from central,
viable tumor areas were included. In addition, GBM samples with an estimated tumor cell content of less
than 80% were excluded. The Brain Bank of the Department of Neuropathology, Institute of Pathology,
University of Würzburg, Germany was the source for autopsy/biopsy samples of non-pathological brain
tissue (normal brain, NB) (approval #78/99 from 09-July-1999 and 04-October-2016). Clinical information
of the patients such as tumor localization and growth (e.g., local or multifocal), treatment modalities,
recurrence, and outcome were collected retrospectively (Table 1). The tumor volume and extent
of surgical resection were measured by evaluating pre- and post-operative Magnetic Resonance
Imaging (MRI) images. The IDH mutation status was determined by immunohistochemistry and
pyrosequencing, the Ki67 status by immunohistochemistry and the MGMT promoter methylation status
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by high resolution melting real-time polymerase chain reaction. Since some of the specimens were
already analyzed for a previous project, the methodology has been described in detail elsewhere [23,24].

2.2. RNA Extraction and qPCR

mRNA was extracted from frozen tissue samples by the TRIzol® Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) and converted to DNA, as previously described [23]. qPCR (Quantitative Real-Time
Polymerase Chain Reaction) was performed on a StepOnePlus Real-time PCR System (Applied
Biosystems, Foster City, CA, USA) to determine the MPS1 mRNA expression in a duplex setting
utilizing the TaqMan Universal PCR Master Mix, TTK_FAM (Hs01009870_m1,) and GAPDH_VIC_PL
(Hs99999905_m1) (all from Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instruction. Each sample was tested in technical triplets with 20 ng cDNA each. The PCR’s cycling
started at 50◦C for 2 min, followed by enzyme activation at 95◦C for 10 min and 50 cycles of 15 s
at 95◦C and 1 min at 60◦C. If the technical replicates exceeded a standard deviation of 0.5 Cq,
the qPCR was repeated. Cq-values were adjusted to a relative standard curve following the
manufacturer’s instructions.

2.3. Statistics

The analyses were based on the ΔΔCq-values, which were directly obtained from the qPCR [25]
and normalized to the expression of the housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). As autopsy- and biopsy-derived NB specimens had a similar expression, they were combined
into one group. In addition, we analyzed MPS1 mRNA expression data available from the IVY-GAP
database [26] (https://glioblastoma.alleninstitute.org), accessed in March 2020. Statistical calculations
were performed with IBM SPSS Statistics 23 (IBM Corporation, Armonk, NY, USA). Boxplots show the
relative quantity calculated from the ΔΔCq-values. A comparison of expression and regression analysis
was performed with ANOVA (Levene’s test, Post-hoc: Scheffe-test or Dunnet-T3), correlation analysis
with Spearman’s Rho. The patients’ outcome was compared by Kaplan–Meier (LogRank), as well as
cox regression on time-dependent variables. We refrained from the survival analysis of IDHwt gliomas
due to low sample quantity.

Table 1. Clinical parameters of glioblastoma multiforme (GBM) patients (n = 27).

Patients’ characteristics

Sex female: 10/37.0% male: 17/63.0%
Age (median, quartiles) 56 years (49–65 years)
ECOG 0: 15/55.6% 1: 10/37.0% >1: 2/7.4%

Tumor characteristics

Volume (median, quartiles) 30.9 cm3 (16.0–54.6 cm3)

Localization
left hemisphere:

16/59.3%
right hemisphere:

9/33.3%
both hemispheres:

2/7.4%

Localization (lobe)
frontal:
5/18.5%

occipital:
5/18.5%

temporal:
6/22.2%

parietal:
4/14.8%

multiple:
6/22.2%

cerebellar:
1/3.7%

IDH mutation status 1 IDHwt: 21/87.5% IDHmut: 3/12.5%
MGMT promoter methylation 1 unmethylated: 7/30.4% methylated: 16/69.6%
Ki67 staining (median, quartiles) 25% (20–30)

Therapy

Time from diagnosis to therapy
0–7 days:
18/66.7%

8–14 days:
5/18.5%

>14 days:
4/14.8%

Surgical intervention 2 biopsy:
4/15.4%

complete resection:
4/15.4%

incomplete resection:
18/69.2%

Radiation therapy yes: 25/92.6% no: 2/7.4%
TMZ chemotherapy yes: 22/81.5% no: 5/18.5%
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Table 1. Cont.

Relapse and Outcome

PFS 3
8 months (6–13 months)

(median, quartiles)

Relapse
primarily multifocal:

4/14.8%
local:

15/55.6%
multifocal:

8/29.6%

Therapy in relapse 2

surgical resection
followed by radiationand

/or TMZ:
12/52.2%

radiation and/or
TMZ:

5/21.7%

best supportive care:
6/26.1%

OS 19 months (9–13 months)
(median, quartiles)

Absolute numbers and the respective percentages are shown. 1 Due to a lack of sufficient tissue samples,
the IDH mutation and the MGMT promoter methylation status could not be re-evaluated for some patients.
2 For some patients partly treated in external institutions, information about therapeutic interventions was limited.
3 Some patients did not match the criteria for tumor progression and, therefore, were excluded from the PFS
analysis. ECOG = Eastern Cooperative Oncology Group score [27]; IDH = isocitrate dehydrogenase; IDHmut
= IDH-mutated tumors; IDHwt = IDH wildtype tumors; MGMT = O6-methylguanine-DNA methyltransferase;
TMZ = Temozolomide; PFS = progression-free survival; OS = overall survival.

3. Results

3.1. Patient Cohort

We assessed the MPS1 mRNA expression of 7 normal brain (NB) (epilepsy surgery: n = 3, autopsy:
n= 4), 4 PA, 25 IDHmut glioma, 11 IDHwt glioma and 57 GBM specimens with different growth patterns
at first diagnosis and relapse. Additionally, we retrospectively collected clinical data of 58 of these
patients. Unfortunately, some patients were partly treated in external institutions, limiting access to
their clinical information. A low amount of tumor material prevented us from performing all analyses
with some samples. Therefore, information on the extent of tumor resection (n = 1), MGMT promoter
methylation (n= 14), and Ki67 staining (n= 3) is missing for some patients. The available characteristics,
molecular and prognostic parameters, outcome results, etc. are summarized in Table 1 (GBM) and
Table 2 (IDHmut and IDHwt glioma).

Table 2. Clinical parameters of IDHmut (n = 20) and IDHwt glioma (n = 11) patients.

Patients’ Characteristics IDHmut Glioma IDHwt Glioma

Sex
female: 6/30.0%
male: 14/70.0%

female: 2/18.2%
male: 9/81.8%

Age (median, quartiles) 37 years (33–45 years) 53 years (26–58 years)
OS (median, quartiles) 37.5 months (23.75–42.65 months) 32.0 months (14.0–48.0 months)

Growth pattern
local: 10/50.0%

highly diffuse: 10/50.0%
local: 6/54.5%

highly diffuse: 5/45.5%

Absolute numbers and the respective percentages are shown. The infiltration of fewer than three lobes was defined
as local and the infiltration of three or more lobes as highly diffuse growth. OS = overall survival; IDH = isocitrate
dehydrogenase; IDHmut glioma = IDH-mutated tumors with the histological appearance of WHO grade II and III
gliomas; IDHwt gliomas = IDH wildtype tumors with the histological appearance of WHO grade II and III gliomas.

3.2. MPS1 mRNA was Overexpressed in Gliomas and Correlated with Tumor Aggressiveness

In comparison to NB, MPS1 mRNA was significantly overexpressed in IDHmut glioma (p < 0.001,
median: 73-fold) IDHwt glioma (p < 0.001, median: 96-fold) as well as in GBM (p < 0.001, 91-fold).
However, there was no significant difference in the MPS1 mRNA expression between these three groups
(p > 0.05) (Figure 1a and Table 3). Benign PA displayed a statistically non-significant tendency towards
overexpression (Figure 1a). Nevertheless, by sorting these entities according to their malignancy,
a highly significant correlation of MPS1 mRNA expression and tumor aggressiveness was detectable
(p < 0.001, R2 = 0.263) (Figure 1b). When we analyzed the different GBM-subgroups distinguished by
their growth pattern (primary local tumors leading to local relapse, primary local tumors leading to
multifocal relapse and primary multifocal tumors) and compared primary tumors and relapses, we did
not observe any statistically significant difference in MPS1 mRNA expression (p > 0.05) (Figure 1c and
Table 3). Nevertheless, despite different growth and relapse patterns, all tumors displayed significant
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MPS1 overexpression compared to NB (p < 0.001). Only the local relapses of GBM, although displaying
a stronger expression, were not significantly different from NB (p = 0.06) (Figure 1c and Table 3).
Similarly, both IDHmut glioma with local growth and IDHmut gliomas with highly diffuse growth
(infiltration of three or more lobes, formerly classified as “gliomatosis cerebri”) had significantly
overexpressed MPS1 mRNA in comparison to NB (both p < 0.001), but not between each other (Table 3).
The IVY Glioblastoma Atlas Project (IVC-GAP) database allows the examination of regional differences
in mRNA expression within the tumor [26]. It revealed enhanced MPS1 expression in the cellular
tumor mass, hyperplastic blood vessels, and microvascular proliferation, but not in the leading edge,
infiltrating tumor, the perinecrotic zone, or pseudopalisading cells around necrosis (Figure 1d).

Table 3. Statistical data of the MPS1 mRNA expression analysis.

NB Compared to:
Difference in ΔΔCq-Values

(Median)
95%-CI p-Value

PA 2.5 −1.4–6.4 0.42
IDHmut glioma 4.4 1.7–7.0 <0.001

IDHmut glioma with local growth 4.4 1.7–7.2 0.001
IDHmut glioma with highly diffuse growth 4.8 2.1–7.5 <0.001

IDHwt glioma 5.1 2.1–8.1 <0.001
GBM 5.3 2.8–7.8 <0.001

GBM with local relapse 5.5 2.7–8.2 <0.001
Local relapse of GBM 3.4 −0.1–6.9 0.06

GBM with multifocal relapse 6.3 3.2–9.4 <0.001
Multifocal relapse of GBM 6.4 1.6–11.2 <0.001
Primary multifocal GBM 5.9 2.8–9.1 <0.001

Groups were compared by ANOVA with Levene’s test to assess the equality of variances and Scheffe procedure
or Dunnet-T3 as posthoc tests. P-values are based on differences of ΔΔCq-values. p-values below 0.05 are shown
in bold. Local growth was defined as the infiltration of fewer than three lobes and highly diffuse growth as the
infiltration of three or more lobes. NB = normal brain; CI = confidence interval; PA = pilocytic astrocytoma;
IDH = isocitrate dehydrogenase; IDHmut glioma = IDH-mutated tumors with the histological appearance of WHO
grade II and III gliomas; IDHwt gliomas = IDH wildtype tumors with the histological appearance of WHO grade II
and III gliomas; GBM = glioblastoma.

Figure 1. Cont.
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Figure 1. MPS1 mRNA expression in glioma specimens. (a) Box-plot comparing MPS1 mRNA
expression in NB (n = 7), PA (n = 4, median expression 12-fold), IDHmut glioma (n = 25,
median expression 73-fold), IDHwt glioma (n = 11, median expression 96-fold), and GBM (n = 57,
median expression 91-fold). The median is displayed by the middle line. The quartiles are represented
by the hinges, extreme values, up to 1.5 times the height of the box, are shown by whiskers and outliners
represented by points. NB was set as the reference. Groups were compared by ANOVA with Levene’s
test to assess the equality of variances and Scheffe procedure or Dunnet-T3 as post hoc tests. p-values
are based on differences of ΔΔCq-values. (b) Scatter diagram of tumor aggressiveness and MPS1 mRNA
expression, linear regression, p-values were calculated by ANOVA based on ΔΔCq-values. The global
effect size was determined by Cohen’s f. (c) Boxplot of MPS1 mRNA expression in GBM with local
relapse (n=14, median expression 112-fold), local relapse of GBM (n = 5, median expression 21-fold,
p = 0.06), GBM with multifocal relapse (n = 8, median expression 130-fold), multifocal relapse of GBM
(n = 2, median expression 84-fold), and primary multifocal GBM (n = 7, median expression 94-fold)
compared to NB (n = 7). The analysis was performed as described in (a). (d) IVY-GAP database [26]
analysis of MPS1 mRNA expression in different areas of GBM: leading edge (n = 16), infiltrating tumor
(n = 24), cellular tumor (n = 110), perinecrotic zone (n = 25), pseudopalisading cells around necrosis
(n = 40), hyperplastic blood vessels in cellular tumor (n = 22), and microvascular proliferation (n = 28).

3.3. MPS1 mRNA Expression Correlated with Earlier Development of Clinical Symptoms, Tumor Volume and
Long Term Survival of Patients

Having confirmed that MPS1 mRNA was generally overexpressed in gliomas and particularly
in conjunction with glioma aggressiveness, we wondered whether the clinical course of the patients
also reflected this. The median MPS1 expression was 49-fold. Interestingly, when looking at the initial
reasons for hospitalization (epileptic seizures, focal neurological symptoms, cognitive decline and/or
general symptoms, or incidental finding), GBM patients with MPS1 expression above this threshold
more often had focal neurological symptoms or epileptic seizures (11 of 14, 79%), compared to those
with MPS1 expression below the median (8 of 13, 62%) (Figure 2a). In addition, their tumors were
frequently localized solely in the left hemisphere (above median MPS1 expression: 10 of 14, 71%;
below median MPS1 expression: 6 of 13, 46%), especially in the temporal or parietal lobe (above
median MPS1 expression: 7 of 14, 50%; below median MPS1 expression: 3 of 13, 23%) (Figure 2a).
In addition, GBM patients with MPS1 mRNA expression below the median had a significantly higher
tumor volume at diagnosis (45 vs. 25 cm3, p = 0.043, unpaired two-tailed t-test). This observation
was confirmed by regression analysis. MPS1 mRNA expression correlated negatively with the tumor
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volume (p = 0.029, R2 = 0.199, f = 0.50) (Figure 2b). Other clinical parameters did not show any
correlation with MPS1 mRNA expression (Table 4).

Figure 2. Association of MPS1 mRNA expression with GBM-patients’ symptoms, tumor localization,
and tumor volume. (a) Pie charts of the reason for initial hospitalization and tumor localization of GBM
patients with MPS1 mRNA expression below and above the median expression (49-fold). Shown is
the percentage of patients belonging to each group. (b) Scatter diagram of MPS1 mRNA expression
compared to the GBM tumor volume. Linear regression, p-values were calculated by ANOVA based on
ΔΔCq-values. The global effect size was determined by Cohen’s f.

Table 4. Correlation of patient and tumor characteristics with MPS1 mRNA expression.

IDHmut Glioma GBM

Age
(years)

OS
(months)

Age
(years)

OS
(months)

PFS
(months)

Tumor Volume
(cm3)

Ki67 Staining
(%)

Correlation
coefficient

0.20 −0.01 0.37 −0.17 −0.27 0.43 −0.27

p-value 0.41 0.96 0.06 0.40 0.21 0.04 0.19

Non-parametric tests (Spearman’s Rho) were utilized to correlate MPS1 mRNA expression with the selected
patient and tumor characteristics. Significant results are highlighted in bold. IDH = isocitrate dehydrogenase;
IDHmut glioma = IDH-mutated tumors with the histological appearance of WHO grade II and III gliomas;
GBM = glioblastoma; OS = overall survival; PFS = progression-free survival.
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To assess patients’ survival, we combined all gliomas in one group independently of their WHO
grading, as performed in a previous publication by Tannous et al. [15]. After separating them according
to the median MPS1 mRNA expression, there was no significant difference in the overall survival
of patients exposed to Kaplan–Meier analysis (Figure 3a). However, closer examination revealed
that both curves ran close to parallel for two years, before significantly diverging when it came to
long-time survival (Cox regression: t < 24 months, p = 0.009, Hazard ratio = 8.0 (95% CI: 1.7–38.4))
(Figure 3a). The GBM subgroup analyses of the progression-free (Figure 3b) and overall survival
(Figure 3c) indicated a comparable clinical course of the groups with MPS1 mRNA expression above
or below the median. Interestingly, IDHmut gliomas did not mirror this course. The IDHmut glioma
patients with low MPS1 mRNA expression had a significantly longer survival (LogRank: p = 0.02,
Cox regression: p = 0.06, Hazard-Ratio: 8.0 (95% CI: 0.9–66.7) than those with high MPS1 mRNA
expression (Figure 3d).

Figure 3. Kaplan–Meier analyses of patients with high and low MPS1 mRNA expression in their
gliomas. Survival of patients with MPS1 mRNA expression below (blue) and above (red) the median
expression of 49-fold was compared. Hazard ratios and time-dependent effects were calculated by
applying the Cox proportional hazards model, p-values by the Log Rank test. (a) Overall survival of all
glioma patients combined independently of their WHO grade (MPS1 mRNA expression high n = 27,
low n = 29). The dashed line indicates a survival time of 24 months. (b) Progression-free and (c) overall
survival of GBM patients (MPS1 mRNA expression high n = 12 and n = 14, respectively, low n = 11 and
n = 13, respectively). (d) Overall survival of patients with IDHmut gliomas (MPS1 mRNA expression
high and low n = 9, each).

4. Discussion

MPS1 has been reported to be overexpressed in glioma tissue on an mRNA level, increasing
concomitantly with tumor malignancy [15,28,29], and shows potential as a therapeutic target for
the treatment of central nervous system tumors [14,30–32]. So far, there are only few publications
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providing information about MPS1 expression in patients’ tissue [15,22,28,29,32]. Therefore, it was
vital to confirm and extend those data to validate MPS1 as a future therapeutic target.

Bie et al. and Tannous et al. were the first to analyze MPS1 mRNA expression in gliomas of different
grades, revealing that MPS1 mRNA was dysregulated and overexpressed in glial tumors grade II-IV [15,28].
Further, the extent of overexpression rose with increasing tumor malignancy [15,29]. Their observations
are mirrored by Chen et al., who further suggest a dysregulation of the HLF/miR-132/MPS1 axis to be
causal for the malignancy-dependent expression differences [22]. Alimova et al. reported similar results
for 90 pediatric brain tumors [32]. MPS1 mRNA was weakly expressed in cerebellar tissue, as well as
cerebral and fetal brain tissue, while the malignant entities atypical teratoid rhabdoid tumors, GBM,
and medulloblastomas displayed a high level of MPS1 mRNA. Interestingly, the authors observed a
tendency towards overexpression in benign pediatric PA.

Our analyses confirm the previous observations. The malignant glial tumors strongly expressed
MPS1 mRNA, increasing concomitantly with tumor malignancy/aggressiveness, while the benign adult
PA only mildly overexpressed MPS1. In the GBM subgroups, we did not detect significant differences
between primary tumors and their respective relapses nor between tumors of different growth patterns.
The same was true for IDHwt glioma and IDHmut glioma. Therefore, we conclude that the MPS1
mRNA dysregulation in glial tumors is associated with tumor malignancy but occurs independently of
recurrence or growth pattern. Interestingly, the IVY-GAP database [26] revealed that its expression
was regionally enhanced in the cellular tumor mass, hyperplastic blood vessels, and microvascular
proliferation. These cells are highly proliferative [9,33], while the cells in tumor areas with low MPS1
expression, the leading edge, infiltrating tumor, the perinecrotic zone, and pseudopalisading cells are
mainly migrating [34,35]. This expression pattern is in accordance with the role of MPS1 as a spindle
assembly checkpoint regulator during the mitosis of cells [16–21].

Consequently, we wondered whether such association with proliferation and malignancy was also
reflected by the patients’ clinical characteristics. We divided our panel by the median MPS1 mRNA
expression and could subsequently observe that patients with high expression were numerically
more often hospitalized with epileptic seizures and focal neurological symptoms. In addition,
their tumors were frequently localized in the left hemisphere, as well as the temporal and parietal lobe.
In right-handed patients, who represent the majority in the population, the left hemisphere is dominant.
The temporal and parietal lobes are known for critical neurological pathways and, among other areas,
are responsible for the tactile sense and speech [36]. Therefore, lesions in these areas can lead to
earlier and more prominent symptoms. This misdistribution could be a further indication of MPS1
mRNA expression being associated with aggressive tumor growth. However, additional confirmation
is required to rule out the possibility of a statistical coincidence.

Interestingly, patients with high expression had less than half of the tumor volume at initial
diagnosis. As diagnosis predominantly occurs after symptoms of a certain severity (neurological
deficits, epileptic seizures, changes of personality, etc.) led to hospitalization, this raises the question of
whether MPS1 overexpression might lead to more dominant and severe clinical deficits at an earlier
stage. Since the tumor volume is a prognostic predictor, we investigated the patients’ survival.

Previous analyses on MPS1 correlation with patients’ survival resulted in contrasting conclusions.
Tannous et al. describe a significant difference in survival between a group of high and intermediate
MPS1 expression in gliomas of all WHO grades combined [15]. A similar observation was made
by Wang et al. for MPS1 mRNA and protein expression by analyzing the Rembrandt database and
immunohistochemically stained tissue slides, respectively [29]. In contrast, Alimova et al. did not
detect a difference in outcome in different pediatric high-grade tumor entities (GBM, medulloblastoma,
atypical teratoid rhabdoid tumor) [32], an observation confirmed by Bie et al. for GBM from adult
patients [28]. We aimed to evaluate these conflicting results.

To reproduce the Kaplan–Meier analysis performed by Tannous et al. [15], we combined all glioma
patients and divided them by their median MPS1 expression. Similarly to these authors, both curves
ran almost parallel for approximately two years before they significantly separated, as confirmed by
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time-dependent cox regression (p = 0.009). However, this effect seems to be primarily based on a
group of long-term survivors consisting of grade II/III glioma patients. While these low-grade glioma
patients benefitted from low MPS1 mRNA expression, there was no significant difference in the overall
or progression-free survival of GBM patients. This observation confirms the results of Bie et al. and
Alimova et al. and sheds light on the apparent contrast between these previous publications [15,28,32].
Remarkably, the survival time of the GBM patients was equal, although the group with low MPS1
expression at diagnosis had almost twice the tumor volume of the group with high expression. High
pretreatment tumor volume at diagnosis of the primary tumor and relapse is usually associated with
poorer survival [37–39]. This mismatch in tumor volume may provide another explanation for the
significant effect in outcome when all tumor entities are analyzed together, while subgroup analyses
provided negative results. All three previous reports did not consider the tumor volume as a prognostic
factor [15,28,32].

To correctly interpret our results, it should be noted that the number of specimens in some
subgroups is rather small (e.g., multifocal relapse of GBM), which restrained us from performing
multivariable analyses. However, samples of some of the examined tumor sub-entities and data on the
role of MPS1 in brain tumors in general, are scarce. Therefore, we consider our results highly valuable,
notably, as we observed distinct and statistically significant differences in mRNA expression regardless
of the limited number of samples.

Multiple sources have recently suggested MPS1-inhibition to be a viable treatment option for brain
tumors, either alone [31,32] or in combination with other therapeutics such as radiation therapy [30],
chemotherapy [15], or TTFields [14]. We report MPS1 overexpression in all analyzed tumor entities and
subgroups. Therefore, all patients with glial tumors might potentially benefit from such combination
therapies, independently of the growth pattern or patient characteristics. At least four different
MPS1-inhibitors (BOS-172722, CFI-402257, S81694, and BAY-1217389) are currently tested in Phase
I trials on various advanced malignancies [40]. Though the permeability of the blood–brain barrier
of these drugs has not been reported in detail, the first preliminary results of their application look
promising, and the authors declare good tolerability and manageable adverse effects [41]. Consequently,
the inhibition of MPS1 might soon be generally available as a treatment option.

MPS1 expression in gliomas is enhanced with increasing tumor aggressiveness. Therefore,
we hypothesize that patients with gliomas WHO grade II/III and high MPS1 expression and especially
glioma patients with the worst expected outcome might benefit most from a treatment directed against
MPS1. As the dysregulation of MPS1 expression begins at the mRNA level, qPCR-based tests might
help to further narrow the pre-selection of suitable patients.
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Abbreviations

GBM Glioblastoma
WHO World Health Organization
IDH Isocitrate dehydrogenase
IDHwt glioma IDH-wild-type gliomas of WHO grade II and III
IDHmut glioma IDH-mutated gliomas of WHO grade II and III
TMZ Temozolomide
TTFields Tumor Treating Fields
MPS1/TTK Protein kinase Monopolar spindle 1
qPCR Quantitative real-time polymerase chain reaction
mRNA Messenger ribonucleic acid
NB Normal brain
MGMT O6-methylguanine-DNA methyltransferase
ECOG Eastern Cooperative Oncology Group score
PFS Progression-free survival
OS Overall survival
ANOVA Analysis of variance
PCR Polymerase Chain reaction
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
MRI Magnetic Resonance Imaging
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Abstract: We have previously described the role played by toxic-metal burdens in the etiology
of neurodegenerative diseases (ND). We herein report an updated evaluation of toxic-metal
burdens in human subjects affected or not affected by ND or other chronic diseases. Each subject
underwent a chelation test with the chelating agent calcium disodium ethylenediaminetetraacetic
acid (CaNA2EDTA or EDTA) to identify the presence of 20 toxic metals in urine samples using
inductively coupled plasma mass spectrometry. Our results show the constant presence of toxic
metals, such as lead, cadmium, cesium, and aluminum, in all examined subjects but the absence
of beryllium and tellurium. Gadolinium was detected in patients undergoing diagnostic magnetic
resonance imaging. The presence of toxic metals was always significantly more elevated in ND
patients than in healthy controls. Treatment with EDTA chelation therapy removes toxic-metal
burdens and improves patient symptoms.

Keywords: EDTA chelation therapy; neurodegenerative diseases; metal detoxification

1. Introduction

Multiple mechanisms are involved in the pathogenesis of neurodegenerative diseases (ND),
and knowing how these mechanisms work is of paramount relevance to identify a proper therapeutic
strategy. The four most important ND, where both genetic predisposition and environmental factors
play important roles, are Parkinson’s disease (PD), Alzheimer’s disease (AD), multiple sclerosis (MS),
and amyotrophic lateral sclerosis (ALS). We have previously described the possible major causes
and the related mechanisms involved in direct (toxic metals, air pollution, air and electromagnetic
fields, pesticides, neurotoxins, and pathogens) and indirect (proinflammatory cytokines and free
oxygen radical productions) neurotoxicity associated to ND [1]. Accumulated evidence of toxic
metal cellular damage is now disposable. In particular, recent advances in understanding the role
of mitochondrial dysfunction in the pathophysiology of both sporadic and familial PD have already
been discussed [2]. More generally, mitochondrial dysfunction is present in ND due to an excessive
production of reactive nitric oxide-dependent species, which can trigger post-translational protein
modification [3]. Bioenergetic deficits related to mitochondrial dysfunction might be responsible for
neuron death and the clinical expression of dementia and are possibly associated to late-onset AD [4].
In addition, the function of some neurotrophic receptors, and their involvement in the pathogenesis,
diagnosis, and therapy of PD and AD, has been shown [5].

Moreover, the role of intestinal microbiota in ND has been discussed on more than one occasion [6].
Changes in intestinal microbiota, with consequent microorganism-induced modifications in both
intestinal and blood-brain barrier permeability, have been linked to an increased risk of developing
AD, PD, and ALS. Furthermore, there is evidence showing a correlation between obesity and the
development of AD and PD [7]. Indeed, obese patients frequently display type 2 diabetes mellitus
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(characterized by neuropathies); insulin resistance is related to dementia, while proinflammatory
cytokines in adipose tissue contribute to neuroinflammation [7]. The role played by the inflammatory
process in the pathogenesis of neurodegeneration, particularly in the elderly, can be explained by the
link between inflammation and mental-function impairment [8]. Alongside these important causes of
neuron damage or death, we have focused our studies on the role of toxic metals in the pathogenesis of
ND and have described the molecular mechanisms of each toxic metal leading to impaired biological
functions in multiple organs, which are cumulatively related to the excessive production of detrimental
free oxygen/nitrogen radicals [9].

Many epidemiological studies suggest a role of chronic exposure to toxic metals in the development
and propagation of cardiovascular disease [10] and in the generation of vascular complications,
especially in diabetic patients [11]. Moreover, it has been shown an association between PD and an
exposure to metals such as mercury, lead, manganese, copper, iron, aluminum, bismuth, thallium,
and zinc [12] and the potential role of mercury in AD [13]. Exposure to heavy metals such as cadmium
and arsenic correlates with glutathione-S-transferase polymorphism in Iranian MS patients, due to the
enzyme’s ability to remove toxic products [14]. Overall, these findings provide the rationale for the
management of ethylenediaminetetraacetic acid (EDTA) chelation therapy [9] as a successful option in
the treatment of ND and other diseases associated with metal burdens [1,9]. Notably, chelation therapy
has been recently demonstrated a well-tolerated and effective treatment method for post-myocardial
infarction patients [15]. The present report is an update and extension on the relationship between
toxic-metal burdens and ND, non-ND, and healthy controls [16], with particular focus on the profile
of toxic metals in ALS patients. Our study, aimed to investigate the potential and the efficacy of
chelation therapy in the cure of subjects affected by toxic metal burden, encouraging its employment in
removing toxic-metal poisoning and related symptoms, also through an extensive clinical description
of a representative case.

2. Materials and Methods

2.1. Patients

We studied 379 doctors’ office patients, age ranging from 13 to 87 years. They gave their consent
to undergo chelation therapy, with the chelating agent calcium disodium ethylenediaminetetraacetic
acid (EDTA) as unique therapy to treat the disease. Many patients were affected by ND, while others
were affected by non-ND (cardiovascular disease, fibromyalgia, rheumatoid arthritis, and peripheral
neuropathies); other subjects exposed to occupational or environmental toxic metals, but unaffected
by ND or non-ND, acted as healthy controls. The experimental protocol was approved by Milan
University’s Ethics Advisory Committee (number 64/14). All procedures were performed in accordance
with the ethical standard of the responsible committee of human experimentation and with the Helsinki
declaration revised in 2000. Informed consent was obtained from each patient included in the study.

2.2. Study Design

All of the patients carried out a “chelation test” (see below) to investigate their possible toxic-metal
burdens. Thereafter, they underwent chelation therapy for almost three months. The chelation test was
repeated after ten applications to assess the body-burden modifications. The patients were monitored
throughout therapy.

2.3. Chelation Test

This was performed as previously described [16]. Briefly, EDTA (2 g) diluted in 500-mL
physiological saline (Farmax srl, Brescia, Italy) was slowly (over 2 h) administered intravenously to
patients. They were invited to collect urine samples before and for 12 h after the initial intravenous EDTA
treatment. Urine samples accurately enveloped in sterile vials were sent to the Laboratory of Toxicology
(Doctor’s Data Inc., St. Charles, IL, USA) for analysis, as previously reported [16]. Samples were

30



Biomedicines 2020, 8, 269

acid-digested with certified metal-free acid, diluted with ultrapure water, and examined via inductively
coupled plasma mass spectrometry (ICP-MS), a reliable method to reduce interference. Urine standards,
both certified and in-house, were used for quality control and data validation. To avoid a potential
error due to fluid intake and sample volume, the results were reported in micrograms (μg) per g of
creatinine. Patients showing toxic-metal burdens at the chelation test underwent chelation therapy.

2.4. Chelation Therapy

Chelation therapy was performed by a weekly intravenous infusion of 2-g EDTA in physiological
saline. Each patient underwent almost 30 chelation therapy applications. After ten applications,
a further chelation test was carried out. Toxic-metal burden values in urine samples are referred to
as mineralograms.

2.5. Toxic-Metal Analysis

Twenty toxic metals were analyzed: aluminum (Al), antimony (Sb), arsenicum (As), barium (Ba),
beryllium (Be), bismuth (Bi), cadmium (Cd), cesium (Cs), gadolinium (Gd), lead (Pb), mercury (Hg),
nickel (Ni), palladium (Pd), platinum (Pt), tellurium (Te), thallium (Tl), thorium (Th), tin (Sn), titanium
(Ti), tungsten (W) and uranium (U). Gadolinium is frequently used as a contrast agent in magnetic
resonance imaging to diagnose ND.

2.6. Statistical Analysis

Results were expressed as standard error mean of mean (mean ± SEM). They were analyzed using
t-tests. Statistical tests were two-sided, and significance was assumed at p < 0.05. We used IBM SPSS
Statistics. We used also ANOVA to compare the groups (HC vs. ND, non-ND, and ALS).

3. Results

3.1. Patient Characteristics

The patient population was classified as ND, non-ND, and healthy controls (HC) (see Materials
and Methods section) (Figure 1). We examined 179 men (mean age = 50.61 years) and 200 women
(mean age = 50.82 years). The majority of ND patients were affected by MS.

Figure 1. Characteristics of enrolled subjects. ND: neurogenerative diseases, MS: multiple sclerosis,
AD: Alzheimer’s disease, and ALS: amyotrophic lateral sclerosis.

3.2. Percentage of Patients Affected by Each Toxic-Metal Burden vs. Total Poisoned Population

Figure 2 shows the percentage of ND and HC subjects within the total population: each of the
twenty metals known as toxic are analyzed: aluminum (Al), antimony (Sb), arsenicum (As), barium
(Ba), beryllium (Be), bismuth (Bi), cadmium (Cd), cesium (Cs), gadolinium (Gd), lead (Pb), mercury
(Hg), nickel (Ni), palladium (Pd), platinum (Pt), tellurium (Te), thallium (Tl), thorium (Th), tin (Sn),
tungsten (W), and uranium (U). With the exception of thorium, all ND patients presented a more
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elevated toxic-metal burden compared with HC. Of note, only one HC patient was intoxicated by
thorium, possibly due to accidental exposure.

Figure 2. Percentage of total patients (TP) affected by toxic-metal burdens (mean± SEM). ND = patients
affected by neurodegenerative diseases. HC = healthy controls. Aluminum (Al), antimony (Sb),
arsenicum (As), barium (Ba), beryllium (Be), bismuth (Bi), cadmium (Cd), cesium (Cs), gadolinium
(Gd), lead (Pb), mercury (Hg), nickel (Ni), palladium (Pd), platinum (Pt), tellurium (Te), thallium (Tl),
thorium (Th), tin (Sn), tungsten (W), and uranium (U).

3.3. Toxic-Metal Burdens in Patient Urine Samples Following Chelation Test

Patient urine samples collected before the chelation test did not reveal significant toxic-metal
contents (data not shown). Toxic-metal burden values assessed in the urine samples taken from patients
following the chelation test (e.g., after the first treatment with EDTA) are shown in Table 1. The cut-off
represents the limit values of toxic metals, as higher values indicate toxicity. Patients with toxic-metal
values above the cut-off are reported in column 3 of Table 1 and indicated as A for each toxic metal in
the total population (TP = all patients examined). The percentage of intoxication by each toxic metal
with respect to the TP is reported in column 4. Columns 5 and 6 respectively show the mean and
standard error of the mean (SEM) of the metal level values above the cut-off. Columns 7 and 8 show
the number of ND patients burdened with each toxic metal and the percentage of those patients vs. A.
Columns 9 and 10 show the mean values of toxic-metal levels above the cut-off and the SEM in ND
patients. Albeit MS is the most frequent ND, we here consider the ALS patients separately from the
others ND patients to assess whether they exhibit a different profile of toxic metals in both quality
and quantity. Columns 11 and 12 show the number of ALS patients affected by toxic-metal burdens
(i.e., levels of toxic metals above the cut-off) and their percentage vs. A. Columns 13 and 14 show the
mean values and SEM of toxic-metal levels above the cut-off in ALS patients. Columns 14 and 15 show
the number of patients affected by each toxic-metal burden and their percentage vs. A in non-ND
patients. Columns 16 and 17 show the mean values of toxic-metal levels above the cut-off and SEM in
non-ND patients. Columns 18 and 19 show the number of patients affected by toxic-metal burdens
relative to each toxic metal and their percentage vs. A in HC patients. Columns 20 and 21 show the
mean values and SEM of toxic-metal levels above the cut-off in HC patients.
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Aluminum. Patients affected by Al burdens totaled 135, representing the 36.4% of the TP. The cut-off
value for Al is 25 μg/g creatinine, measured in the urine samples, and the mean value of Al > cut-offwas
41.95 ± 1.74. Neurodegenerative disease patients affected by Al burdens totaled 47 (35% of A), with a
mean value of Al > cut-off = 46.70 ± 2.90. Of some ND patients affected by ALS presenting Al burdens:
they were 14 (10% of A), with a mean value of Al > cut-off = 56.86% ± 2.21. Non-ND patients affected
by Al burdens totaled 65 (48% of A), with a mean value of Al > cut-off = 47.67 ± 2.11. Patients classified
as HC affected by Al burdens totaled 14 (10% of A), with a mean value of Al > cut-off = 32.43% ± 0.53.

Antimony. Five patients were affected by Sb burdens, representing 1.6% of the TP. The cut-off
value for Sb was 0.30 μg/g creatinine in the urine samples, and the mean value of Sb > cut-off was
1.25 ± 0.27. Neurodegenerative patients affected by Sb burdens totaled four (80% of A), with a mean
value of Sb > cut-off = 1.53 ± 0.73. One patient affected by ALS presented a Sb burden (20% of A),
with a value of Sb > cut-off = 0.07. Only one non-ND patient was affected by a Sb burden (20% vs. A),
with the value of Sb > cut-off = 1.80. No HC patient was affected by a Sb burden.

Arsenic. Patients affected by As burdens totaled 55 (15.3% of TP). The cut-off value for As was
108.00 μg/g creatinine in the urine samples, with a mean value of As > cut-off = 252.07 ± 13.85. Nineteen
ND patients were affected by As burdens (35% of A), with a mean value of As > cut-off = 269.47 ± 18.34.
One ALS patient only was affected by an As burden, with a value> cut-off= 77.95%. Twenty-five non-ND
patients were affected by As burdens (45% vs. A), with a mean value of As > cut-off = 317.17 ± 21.35.
Patients classified as HC affected by As burdens were nine (15% vs. A), with a mean value of
As > cut-off = 288.89 ± 24.73.

Barium. Thirteen patients were affected by Ba burdens (3.7 of TP). The cut-off value for Ba was
7.00 μg/g creatinine, and the mean value of Ba > cut-off was = 76.43 ± 7.42. Four ND patients were
affected by Ba burdens (31% of A), with a mean value of Ba > cut-off of 52.83 ± 17.49. Two ALS patients
were affected by Ba burdens (25% of A), with a not statistically significant mean value of Ba > cut-off.
Six non-ND patients and two HC patients only were affected by Ba burdens.

Beryllium. No patients displayed Be intoxication.
Bismuth. One patient only was affected by a Bi burden and was an ALS patient.
Cadmium. Patients affected by Cd burdens totaled 346 (92.9% of TP). The cut-off value for Cd was

0.80 μg/g creatinine, and the mean value of Cd > cut-offwas = 3.49 ± 0.16. Neurodegenerative patients
affected by Cd burdens totaled 107 (31% of A), with a mean value of Cd > cut-off = 3.96 ± 0.21.
Patients affected by ALS and bearing Cd burdens were 24 (7% of A), with a mean value of
Cd > cut-off = 3.08 ± 0.16. Non-ND patients affected by Cd burdens totaled 179 (52% of A),
with a mean value of Cd > cut-off = 4.30 ± 0.14). Finally, HC totaled 46 (15% of A), with a mean value
of Cd > cut-off = 2.52 ± 0.08).

Cesium. Patients affected by Cs burdens totaled 177 (47.5% of TP). The cut-off value for Cs was
9.00 μg/g creatinine, and the mean value of Cs > cut-offwas = 14.63 ± 0.53. Neurodegenerative disease
patients affected by Cs burdens were 59 (33% of A), with a mean value of Cs > cut-off = 16.00 ± 0.82.
Patients affected by ALS with Cs burdens were 16 (9% of A), and the mean value of Cs > cut-off
was = 8.78 ± 0.64. Non-ND patients affected by Cs burdens totaled 86 (49% of A), with a mean value of
Cs > cut-off 16.78 ± 0.53. Healthy controls with Cs burdens totaled 22 (12% of A), with a mean value of
Cs > cut-off = 12.88 ± 0.25.

Gadolinium. Patients affected by Gd intoxication totaled 172 (45.9% of TP). The cut-off value for Gd
was 0.30μg/g creatinine, and the mean value of Gd> cut-offwas 31.19± 5.41. Neurodegenerative disease
patients affected by Gd burdens were 88 (51% of A), with a mean value of Gd > cut-off = 41.55 ± 6.96.
Seven patients affected by Gd intoxications were ALS patients (4% of A), with a mean value of
Gd > cut-off = 58.83 ± 0.81. Non-ND patients affected by Gd intoxications were 65 (38% of A), with a
mean value of Gd > cut-off = 8.48 ± 4.34. Healthy control patients affected by Gd intoxications were 11
(6% of A), with a mean value of Gd > cut-off = 2.62 ± 0.18.

Lead. Patients affected by Pb intoxications totaled 370 (99.7% of TP). The cut-off value for Pb was
2.0 μg/g creatinine, and the mean value of Pb > cut-off was 26.76 ± 1.56. Neurodegenerative disease patients
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affected by Pb burdens totaled 115 (31% of A), with a mean value of Pb> cut-off= 28.00± 1.91. Patients with
ALS affected by Pb burdens were 24 (6% of A), with a mean value of Pb > cut-off = 22.92 ± 1.75. Non-ND
patients affected by Pb burdens were 192 (52% of A), with a mean value of Pb > cut-off = 38.79 ± 1.53.
Healthy controls affected by Pb burdens totaled 50 (14% of A), with a Pb value > cut-off = 20.16 ± 0.77.

Mercury. Patients affected by Hg intoxications totaled 18 (5% of TP). The cut-off value for Hg was
3.00 μg/g creatinine, and the mean value of Hg > cut-offwas 7.58 ± 0.66. Neurodegenerative disease
patients affected by Hg burdens totaled six (33% of A), with a mean value of Hg > cut-off = 7.17 ± 1.78.
Of the ND patients, three ALS patients (17% of A) were intoxicated by Hg, with a mean value of
Hg > cut-off = 1.55 ± 0.12. Non-ND patients bearing Hg burdens were 11 (61% of A), with a mean
value of Hg > cut-off = 7.53 ± 2.57. Only one HC patient was affected by a Hg burden.

Nickel. Patients affected by Ni intoxications totaled 58 (16.1% of TP). The cut-off value for Ni was
10.00μg/g creatinine, and the mean value of Ni > cut-off was 16.84 ± 0.99. Patient with ND affected by
Ni burdens were 24 (41% of A), with a mean value of Ni > cut-off = 21.50 ± 3.07. Seven patients with
ALS were affected by Ni burdens (12% of A), with a mean value of Ni > cut-off = 8.80 ± 0.96. Non-ND
patients affected by Ni burdens were 29 (50% of A), with a mean value of Ni > cut-off = 21.93 ± 0.58.
Healthy controls bearing Ni burdens were five (9% of A), with a mean value of Ni> cut-off= 12.00± 0.16.

Palladium. Patients affected by Pd intoxications were 13 (3.4% of TP). The cut-off value for Pd
was 0.30 μg/g creatinine, and the mean value of Pd > cut-offwas 0.48 ± 0.04. Eight ND patients were
affected by Pd burdens (62% of A), with a mean value of Pd > cut-off = 0.48 ± 0.05. Only one ALS
patient was affected by a Pd burden. Five non-ND patients displayed Pd burdens (38% of A), with a
mean value of Pd > cut-off = 0.65 ± 0.03. Only one HC patient displayed a Pd burden.

Platinum. Only two patients were affected by Pt intoxications and were non-ND patients.
Tellurium. No patient was affected by a Te intoxication.
Thallium. Patients affected by Tl intoxications totaled 55 (14.8% of TP). The cut-off value for Tl

was 0.50 μg/g creatinine, with a mean value of Tl > cut-off = 1.20 ± 0.06. Patients affected ND and by
Tl burdens were 16 (29% of A), with a mean value of Tl > cut-off = 1.13 ± 0.12. Eight ALS patients (15%
of A) were affected by Tl burdens. Thirty-one non-ND patients were affected by Tl burdens (56% of A),
with a mean value of Tl > cut-off = 1.15 ± 0.12. Five HC patients were affected by Tl burdens (9% of A),
with a mean value of Tl > cut-off = 0.72 ± 0.02.

Thorium. Only one patient was affected by a Th intoxication and was a HC patient.
Tin. Patients affected by Sn burdens were four (11% of TP). The cut-off value for Sn was 9.00

μg/g creatinine, and the mean value of Sn > cut-off was 24.00 ± 1.47. No ND patients nor HC patients
were affected by Sn intoxications. Three non-ND patients were affected by Sn intoxications (75% of A),
with a mean value of Sn > cut-off = 48.00 ± 2.29.

Tungsten. Patients affected by W intoxications were 35 (9.5% of TP). The cut-off value for W was
0.40 μg/g creatinine, and the mean value of W > cut-offwas 1.18 ± 0.18. Neurodegenerative patients
affected by W burdens totaled 14 (40% of A), with a mean value of W > cut-off = 2.06 ± 0.82. Seven ALS
patients were affected by W intoxications. Nineteen non-ND patients were affected by W intoxications
(54% of A), with a mean value of W > cut-off = 2.88 ± 0.04. Finally, three HC patients were affected by
W intoxications (9% of A), with a mean value of W > cut-off = 0.60 ± 0.03.

Uranium. Patients affected by U intoxications were 23 (6.3% of A). The cut-off for U was 0.03 μg/g
creatinine, with a mean value of U > cut-off = 0.39 ± 0.24. Neurodegenerative disease patients affected
by U burdens were six (26% of A), with a mean value of U > cut-off = 0.25 ± 0.076. Only one ALS
patient was affected by a U burden. Non-ND patients affected by U burdens were 15 (65% of A), with a
mean value of U > cut-off = 0.31 ± 0.299. Two HC patients were affected by U burdens (9% of A),
with a mean value of U > cut-off = 0.09 ± 0.004.

The results obtained deserve consideration. Firstly, no one was affected by beryllium or tellurium
intoxications. Patients were mainly intoxicated by lead, cadmium, cesium, gadolinium, aluminum,
and, to a lesser extent, nickel, arsenic, thallium, and tungsten. Patients affected by ND were intoxicated
by lead, cadmium, gadolinium, cesium, and aluminum. In particular, those affected by ALS were
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intoxicated by lead, cadmium, cesium and aluminum. Gadolinium intoxications were related to the
elevated number of MRI examinations undergone by ND patients, especially by MS patients and also
by some non-ND patients. Patients affected by non-ND also showed elevated levels of lead, cadmium,
cesium, gadolinium, and aluminum. Healthy controls displayed elevated levels of lead, cadmium,
and cesium. All examined ALS patients were intoxicated by lead and cadmium and, to a lesser extent,
by gadolinium and aluminum. Maximum levels of lead and cadmium intoxications were reached by
non-ND patients. The levels of aluminum, cadmium, cesium, lead, and nickel were significantly more
elevated in ND patients than in HC. The levels of aluminum and lead were significantly higher in
non-ND patients than in HC. Obviously, the levels of gadolinium were significantly more elevated in
ND and non-ND patients than in HC due to many MRI performed. No ND patient was affected by a
Sn intoxication.

Interestingly, we found that non-ND patients displaying elevated levels of some toxic metals
were affected by the following diseases: cardiovascular diseases, fibromyalgia, rheumatoid arthritis,
and peripheral neuropathies.

We then compared the levels of toxic metals measured in urine samples following a chelation test
in ND, non-ND, and ALS vs. HC. With an ANOVA test, we could appreciate that Al was significantly
higher in ND, non-ND, and ALS, with respect to HC. Moreover, Pb was higher in ALS patients with
respect to HC.

3.4. Reduction of Poisoning Following Chelation Therapy

Poisoned patients who underwent chelation therapies exhibited a significant reduction of
toxic-metal levels (data not shown), as previously reported [16], accompanied by a consistent alleviation
of related symptoms (headache, paresthesia, tingling, difficulty to walking, memory and visus loss,
hypertension, and asthenia) [9]. In particular, ALS patients displayed improved weaknesses, as well as
upper and lower motor dysfunctions. The results here described are superimposable to the previous
ones [16]. ND patients displayed a reduction of toxic-metal levels following about 20–30 chelation
therapies and constantly ameliorated with repeated chelations. As an exemplification, we report the
case of a patient affected by MS. Figure 3 shows the toxic-metal levels following the chelation test.
High levels of gadolinium, owing to MRI, cadmium, and lead, are evident. The patient underwent
60 chelation therapy applications over a 20-month period. Figure 4 shows a dramatic reduction in
gadolinium levels (from 82 microg/g creatinine to 17 microg/g creatinine), as well as reduced lead and
cadmium levels. Of note, reductions over time of gadolinium levels permits the elimination of those
toxic metals present in minimal quantities unaffected by previous chelation therapy, such as mercury
and cesium.
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Figure 3. Toxic-metal levels measured by inductively coupled plasma mass spectrometry in patient
urine collected during the 12 h following the ethylenediaminetetraacetic acid (EDTA) challenge
(chelation test) reported in μg/g creatinine. The black lines indicate the levels of each toxic metal.
Whitin the green column the values are considered normal, while in the yellow and in the red columns
high and very high values are reported, respectively. The 42-year-old male patient was affected by
multiple sclerosis and was a smoker.

 

Figure 4. Toxic-metal levels measured by inductively coupled plasma mass spectrometry in the patient
urine collected over 12 h reported in μg/g creatinine. The black lines indicate the levels of each toxic
metal. Whitin the green column the values are considered normal, while in the yellow and in the red
columns high and very high values are reported, respectively. The patient was affected by multiple
sclerosis and underwent 60 chelation therapy applications over a 20-month period.
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4. Discussion

The involvement of toxic substances in the pathogenesis and progression of ND is widely debated.
The neuroinflammation hypothesis regarding the link between air pollution and ND supports the
concept that inhaled pollutants activate the microglial production of cytokines and reactive oxygen
species in the brain that can progressively damage the neurons [17]. The contributing role of miRNA
alterations in the pathogenesis of neurodegenerative processes in response to environmental stimuli,
such as metals and pesticides, has already been described [18]. Although genetic mutations are known
to be responsible for the onset of ND, new evidence suggests that ALS, AD, and PD are caused by
complex gene-environment interactions involving metal neurotoxicity [19]. Even excessive exposure
to essential metals, such as iron and manganese, might lead to pathological conditions, such as
neurodegeneration through impaired homeostasis, in essential metal metabolisms [20]. High levels of
copper, manganese, and iron, responsible for Wilson’s disease, manganism, and hemochromatosis,
respectively, exert an important role also in the pathogenesis of ND participating in the formation of
α-synuclein aggregates in intracellular inclusions in the central nervous system (CNS); in particular,
the accumulation of iron is responsible for PD and AD [21]. On the other hand, transition metals
act as catalysts in oxidative reactions, causing oxidative tissue damage. In particular, redox-active
metals, such as iron, copper, and chromium, undergo redox-cycling, whereas redox-inactive toxic
metals, like lead, cadmium, and mercury, deplete major cell antioxidants, such as thiol-containing
antioxidants and enzymes [22–24]. More recently, mercury and lead, in a concentration-dependent way,
have been shown to induce an increase in amyloid beta protein (Aβ42) misfolding and aggregation
with toxic properties, suggesting their implication in AD [25]. The potential relationship between
mercury exposure and AD has also been further described [16]. In a neuronal cell human model,
exposure to cadmium has highlighted gene deregulation, carcinogenicity, perturbations of essential
metals, interference with calcium regulation, and other effects involved in neurodegeneration [26].
Moreover, metal-induced neurotoxicity has been linked to autophagic dysfunction, as the deficient
elimination of abnormal or toxic protein aggregates can promote cellular stress, failure, and death [27].
Some heavy metals (e.g., lead, cadmium, and aluminum) used at subtoxic concentrations can lead
to oligodendrocyte dysfunction, especially when oligodendrocytes are cocultured with neurons.
The most important dysfunctions relate to imbalanced intracellular calcium ion regulation, altered
lipid formation, and imbalanced myelin formation [28]. Aluminum toxicity in humans due to chronic
inevitable exposure has already been described [29,30]. Furthermore, mercury neurotoxicity seems to
be potentiated by the presence of apolipoprotein E4 [31].

We previously demonstrated that, unlike in HC, high levels of toxic metals are present in ND
patients and in non-ND patients [16]. We extend this notion, showing that ND patients are affected
by higher levels of each considered toxic metal compared with HC (Figure 2), except for thorium,
which was found only in one HC. Moreover, here, we demonstrate that the profile of toxic metals is
similar in ND and non-ND groups, which both display high levels of lead, cadmium, gadolinium,
cesium, aluminum, and nickel, and that EDTA chelation therapy is effective in removing metal burdens.
Of note, all patients (24/24) in the group of ALS were intoxicated by lead and cadmium; moreover,
14/24 were intoxicated by Al and 16/24 by Cs. Of note, Pb was significantly higher in ALS patients with
respect to HC. Maximal levels of lead and cadmium intoxications were reached in non-ND patients,
which we have examined in a greater number than before [16]. This observation is not surprising,
because our cohort of non- ND patients was affected by either cardiovascular disease or by fibromyalgia,
both diseases whose pathogenic mechanisms might be related to toxic-metal burdens [10,32,33] and
whose detrimental effects we have shown to impact on and damage not only neurons but, also,
other cell types—in particular, endothelial cells [34] Patient intoxication is a chronic event and requires
several chelation therapy applications to reduce the toxic-metal burdens and improve symptoms
(Figures 3 and 4). The elevated levels of Gd in ND and, also, in non-ND patients are important to be
considered as responsible for neurotoxicity. Our therapeutic approach relies in the administration
of two grams once a week. After ten chelations, the therapy is able to reduce all toxic metals and
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to improve the patient symptoms, listed in the Results section; subsequent chelations progressively
improve their reductions, often reaching physiologic levels. In particular, we measured in patients
treated with EDTA chelation therapy the blood levels of Na, K, Mg, Cl, Ca, P, and Fe, which were not
affected (data not shown). The therapy is well-tolerated and not associated with side effects.

The beneficial effect exerted by EDTA therapy can be supported by our experimental evidences,
suggesting that EDTA may revert cellular endothelial damage induced in vitro by the cytokine
TNF-alpha [35]. Moreover, in patients treated with EDTA chelation therapy, the levels of ROS in blood
samples, as well as of oxLDL, were reduced and associated with an increase of the total antioxidant
capacity, overall suggesting the role of EDTA as an antioxidant compound [36,37]. Finally, in patients
affected by ND, the low levels of free glutathione (GSH) in erythrocytes were increased by EDTA
chelation therapy, reaching those of control patients [38].
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ND Neurodegenerative diseases
Non-ND Non neurodegenerative diseases
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EDTA calcium disodium ethylenediaminetetraacetic acid
AD Alzheimer’s disease
ALS Amyotrophic lateral sclerosis
MS Multiple sclerosis
PD Parkinson’s disease
ICP MS inductively coupled plasma mass spectrometry
Al aluminum
Sb antimony
As arsenicum
Ba barium
Be beryllium
Bi bismuth
Cd cadmium
Cs cesium
Gd gadolinium
Pb lead
Hg mercury
Ni nickel
Pd palladium
Pt platinum
Te tellurium
Tl thallium
Th thorium
Sn tin
W tungsten
U uranium
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35. Sabolić, I. Common mechanisms in nephropathy induced by toxic metals. Nephron-Physiol. 2006, 10,
p107–p114. [CrossRef] [PubMed]

36. Foglieni, C.; Fulgenzi, A.; Ticozzi, P.; Pellegatta, F.; Sciorati, C.; Belloni, D.; Ferrero, E.; Ferrero, M.E. Protective
effect of EDTA preadministration on renal ischemia. BMC Nephrol. 2006, 7, 1–12. [CrossRef]

37. Fulgenzi, A.; Giuseppe, R.D.; Bamonti, F.; Ferrero, M.E. Improvement of oxidative and metabolic parameters
by cellfood administration in patients affected by neurodegenerative diseases on chelation treatment.
Biomed Res. Int. 2014, 2014, 281510. [CrossRef]

38. Dellanoce, C.; Fulgenzi, A.; Ferrero, M.E. Glutathione Redox Status in Neurodegenerative Diseases. Austin J.
Clin. Neurol. 2019, 6, 6.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

41





biomedicines

Article

Lupeol, a Plant-Derived Triterpenoid, Protects Mice
Brains against Aβ-Induced Oxidative Stress
and Neurodegeneration

Riaz Ahmad, Amjad Khan, Hyeon Jin Lee, Inayat Ur Rehman, Ibrahim Khan, Sayed Ibrar Alam

and Myeong Ok Kim *

Division of Life Sciences and Applied Life Science (BK 21plus), College of Natural Science, Gyeongsang National
University, Jinju 52828, Korea; riazk0499@gnu.ac.kr (R.A.); amjadkhan@gnu.ac.kr (A.K.);
dlguswls363@naver.com (H.J.L.); inayaturrehman201516@gnu.ac.kr (I.U.R.); ibrahimbiotech11@gmail.com (I.K.);
ibrar@gnu.ac.kr (S.I.A.)
* Correspondence: mokim@gnu.ac.kr; Tel.: +82-55-772-1345; Fax: +82-55-772-2656

Received: 25 August 2020; Accepted: 25 September 2020; Published: 26 September 2020

Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that represents
60–70% of all dementia cases. AD is characterized by the formation and accumulation of amyloid-beta
(Aβ) plaques, neurofibrillary tangles, and neuronal cell loss. Further accumulation of Aβ in the brain
induces oxidative stress, neuroinflammation, and synaptic and memory dysfunction. In this study,
we investigated the antioxidant and neuroprotective effects of the natural triterpenoid lupeol in the
Aβ1–42 mouse model of AD. An Intracerebroventricular injection (i.c.v.) of Aβ (3 μL/5 min/mouse)
into the brain of a mouse increased the reactive oxygen species (ROS) levels, neuroinflammation, and
memory and cognitive dysfunction. The oral administration of lupeol at a dose of 50 mg/kg for two
weeks significantly decreased the oxidative stress, neuroinflammation, and memory impairments.
Lupeol decreased the oxidative stress via the activation of nuclear factor erythroid 2-related factor-2
(Nrf-2) and heme oxygenase-1 (HO-1) in the brain of adult mice. Moreover, lupeol treatment prevented
neuroinflammation by suppressing activated glial cells and inflammatory mediators. Additionally,
lupeol treatment significantly decreased the accumulation of Aβ and beta-secretase-1 (BACE-1)
expression and enhanced the memory and cognitive function in the Aβ-mouse model of AD. To the
best of our knowledge, this is the first study to investigate the anti-oxidative and neuroprotective
effects of lupeol against Aβ1–42-induced neurotoxicity. Our findings suggest that lupeol could serve
as a novel, promising, and accessible neuroprotective agent against progressive neurodegenerative
diseases such as AD.

Keywords: Alzheimer’s disease; reactive oxygen species (ROS); neuroinflammation; neurodegeneration;
cognitive dysfunction

1. Introduction

Neurodegenerative diseases are incurable conditions that result in the progressive loss of neuronal
cells. There are several neurodegenerative disorders including Alzheimer’s disease (AD), which
is the most common and represents approximately 60–70% of all dementia cases [1,2]. AD is a
chronic and progressive neurodegenerative disorder that affects synaptic and cognitive functions.
The pathophysiology of AD is the formation and accumulation of extracellular amyloid-beta (Aβ),
plaques, intracellular neurofibrillary tangles, and a loss of connection among the nerve cells in the
brain [3–5] Aβ-peptide is generated from a transmembrane protein called the amyloid precursor
protein (APP) by the action of a beta secretase-1 enzyme (BACE-1) [6,7]. The increased activity of these
enzymes is responsible for the sequential cleavage of APP, resulting in the formation and aggregation
of the Aβ-peptide [7,8].
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The accumulation of Aβ in the brain enhances oxidative stress and neuroinflammation and affects
the memory function of the brain [9]. The elevated level of reactive oxygen species (ROS) disrupts the
normal functioning of various biomolecules (lipid and DNA) in the brain [10,11]. The higher oxidative
stress is responsible for the progression of the pathophysiology of AD by several mechanisms such as
the activation of the innate immune system and the release of inflammatory mediators. Boosting the
antioxidant defense mechanisms may counteract the progression of AD and its consequences.

Aβ and oxidative stress in the brain are responsible for the activation of glial cells,
which are involved in the production of inflammatory cytokines and mediators, resulting in
neuroinflammation [12]. The activated glial cells are an important component of chronic
neuroinflammation, neuronal loss, and the progression of AD [13,14]. Increased levels of oxidative
stress and neuroinflammation disturb the proper structure and function of neurons as well as the
synaptic, memory, and cognitive function of the brain [15,16].

Natural products played important role in human disease therapy. Terpenoids, also known as
terpenes are the largest group belonging from natural compounds synthesized in plants [17,18]. Among
them, triterpenoids are a highly diverse group of natural products broadly distributed in plants [19].
The majority of the known triterpenoids arise from the dammarenyl cation [20] having broad range of
biological activities including anti-inflammatory, anti-tumour, anti-HIV antiviral, insecticidal activities
and for the treatment of metabolic diseases [21].

Lupeol is a pentacyclic triterpenoid and biologically active compound, naturally found in fruits,
vegetables, and several medicinal plants [22]. In vegetables, it is mainly found in white cabbage, pepper,
cucumber, and tomato, and in fruits, it is mainly found in mango, fig, strawberry, and red grapes [23].
Lupeol has a wide range of biological effects including anti-cancer, anti-microbial, anti-diabetic,
cardio, and hepatoprotective effects [24]. Lupeol has also been shown to exhibit anti-oxidant and
anti-inflammatory effects [25,26]. The purpose of the current study was to evaluate the effects of
lupeol against Aβ1–42-induced oxidative stress-mediated neuroinflammation, neurodegeneration,
and cognitive dysfunctions in mice. The amyloid-beta-induced AD mouse model is a known and
accepted model of Alzheimer’s disease, produced by an intracerebroventricular injection of the
amyloid-beta-peptide into the brain of mice [27]. The amyloid fibrils are formed from the Aβ peptide,
which occurs in different forms of varying sizes. The Aβ1–42 represents the most expressed form
in several types of AD cases. The Aβ1–42 accumulates to form mini dimers, oligomers, and other
insoluble fibrils. To show all amyloid-beta forms, we injected the Aβ1–42 peptides into the brains of
mice. For biochemical studies, we conducted western blot and immunofluorescence analysis for the
Aβ1–42-mediated oxidative stress and neuroinflammation. For the behavioral analysis, we performed
the Morris water maze (MWM) test and Y-maze tests.

2. Materials and Methods

2.1. Chemical

Aβ and lupeol (CAS Number*: 545-47-1) were purchased from Sigma Co. (St. Louis, MO, USA).

2.2. Animals

Wild-type male C57BL/12N mice (12 mice for western blot and immunofluorescence each) (n = 36)
that were eight weeks old and 25–30 g in weight were purchased from Samtako Bio Usan South Korea.
All mice were processed according to the protocol approved by the Animal Ethics Committee of the
Division of Applied Life Sciences, Gyeongsang National University, South Korea (Approval ID: 125,
3 Jun 2020). Mice were adapted for one week in the university animal house to a 12 h light/dark cycle
at 23–25 ◦C with 60 ± 10% humidity and were provided with standard food and water. We used male
mice in this study, according to the literature, male mice are more resistant to stress, hard environment,
and hormonal changes.
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2.3. Drug Treatment

The mice were randomly divided into three groups, and the mice received the treatment as
described in Figure 1. The Aβ1–42 peptide of human origin was reconstituted in sterile saline solution
as a stock solution at a concentration of 1 mg/mL, followed by incubation at 37 ◦C for four days.
Stereotaxically Aβ1–42 peptide aggregates or a vehicle (0.9%NaCl, 3 μL/5 min/mouse) were injected
into the ventricles (i.c.v.), by using a Hamilton micro-syringe, 2.4 mm dorsoventral (DV), 0.2 mm
anteroposterior (AP), and 1 mm mediolateral (ML) to the bregma. After 24 h of i.c.v. Aβ1–42 and the
vehicle, mice were divided into the following groups: (1) The control group, which received saline for
two weeks as a vehicle; (2) the Aβ1–42 group; and (3) and the Aβ1–42 + lupeol (50 mg/kg/day/mice/p.o.)
group. Dosages of lupeol were selected following previously published studies [28]. The lupeol alone
group was not considered in the current study, as previously no unwanted effects of lupeol have been
reported in the brain [29]. Lupeol was dissolved in dimethyl sulfoxide (DMSO) to prepare a stock
solution. Each day, fresh lupeol solution was prepared in normal saline, according to the required
volume of injection, and was employed to treat the mice.

Figure 1. Schematic diagram of experimental design showing duration of lupeol treatment to Aβ

mouse model of Alzheimer’s disease and their behavioral analysis.

2.4. Behavior Studies

To analyze the effect of lupeol on memory function, we performed the Morris water maze (MWM)
test and the Y-maze test. The MWM equipment consisted of a round tank (100 cm in diameter, 40 cm
high, and 15.5 cm deep) filled with water, which was made opaque with white ink. A transparent
platform with a diameter of 10 cm and a height of 20 cm was hidden 1 cm below the surface of the
water in one quadrant of the apparatus during the experiment. The MWM test was carried out for
four days, with each mouse being trained by using a hidden platform in one quadrant with three
quadrants starting to rotate. After the training session, a probe test was conducted by removing the
hidden platform and the mice were allowed to swim freely for 60 s in the water tank. In the probe trial,
the number of crossings over the hidden platform and the time spent in the area where the hidden
platform was present were calculated. All of the data were recorded using video-tracking software
(SMART, Panlab Harvard Apparatus Bioscience Company, MA, USA).

For the evaluation of spatial working memory, we performed the Y-maze test, which was built
of black painted plastic. Each arm of the maze was 50 cm long, 20 cm high, and 10 cm wide at
both the bottom and top. The mouse was placed at the center of the apparatus and allowed to
explore the apparatus for 8 min. The number of arm entries was observed visually. A spontaneous
alteration was defined as the successive entry of the mice in three arms in an overlapping set of
triplets. The percentage (%) of spontaneous alternation behavior was calculated as [successive triplet
sets (entries in three different arms consecutively)/total number of arm entries − 2] × 100. A higher
percentage of spontaneous alternation behavior was considered for showing the improved spatial
working memory and vice versa.
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2.5. Protein Extraction and Homogenization of the Brain of Mice

After the behavioral study, all mice were anesthetized with ketamine/xylazine and the brain tissues were
immediately removed and the cortex and hippocampus were separated. The tissues were homogenized in
a PRO-PREPTM extraction solution (iNtRON Biotechnology, Dallas Texas MA USA) and centrifuged at a
speed of 13,000 rpm for 25 min at 4 ◦C. The supernatant was collected and stored at −80 ◦C.

2.6. Western Blot Analysis

Western blotting was performed as described previously, with some modification [30,31].
The protein concentrations were quantified by using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
CA, USA). Equal amounts of protein samples (15–30 mg) were electrophoresed on a 12–15% SDS
PAGE gel and transferred to a polyvinylidene difluoride (PVDF) membrane. A protein marker
(GangNam-STAIN, iNtRON Biotechnology, CA USA) was loaded in parallel for the determination
of the molecular weights of the proteins. To reduce the nonspecific bindings, the membranes were
blocked in skim milk (5% w/v skim milk in 1X Tris-Buffered Saline, 0.1% Tween®20 Detergent (1xTBST),
and the membranes were then incubated with the required primary antibodies at 4 ◦C (1:1000 dilutions,
as optimized) for 16 h. After the primary antibody treatment, the membranes were washed with
1× TBST and blocked with horseradish peroxidase-conjugated secondary antibodies, as appropriate.
After washing, the bands were detected using an Enhanced chemiluminescent (ECL) detection reagent
(EzWestLumiOne, ATTO, Tokyo, Japan). The optical densities of the bands were evaluated with ImageJ
(v. 1.50, NIH, Bethesda, MD, USA).

2.7. Immunofluorescence

Immunofluorescence staining was performed as described previously [32,33]. After washing
with 1% 1x Phosphate-Buffered Saline (PBS), the slides were treated with proteinase K for 5 min
and incubated with a blocking solution (2% normal serum, 0.3% Triton X-100). After blocking,
the slides were incubated with primary antibodies (1:100) for 24 h. After incubation with primary
antibodies, slides were treated with fluorescein isothiocyanate (FITC) labeled secondary antibodies
for 2 h. After the completion of the secondary antibody treatment, the slides were treated with
4,6-diamidino-2-phenylindole (DAPI), for visualizing the nucleus. The slides were then rinsed and
mounted with coverslips by using a DAKO fluorescent mounting medium. The images were captured
using FluoView 1000 (FV 1000 MPE). Through ImageJ, the relative integrated densities were evaluated
among the different experimental groups, which sums all of the pixels within a region and gives a total
value and the obtained values were compared among the different experimental groups.

2.8. Antibodies

The antibodies used in this study are given in Table 1.

Table 1. Information on the primary antibodies.

Name Source Application Manufacturer Catalog Number Concentration

Aβ Mouse WB/IF Santa Cruz Biotechnology, United States SC: 28365 1:1000/1:100

Bace-1 Mouse WB = SC: 33711 1:1000

Nrf-2 Mouse WB/IF = SC: 365949 1:1000/1:100

HO-1 Mouse WB = SC: 136961 1:1000

GFAP Mouse WB/IF = SC: 33673 1:1000/1:100

Iba-1 Rabbit WB abcam Ab: 178846 1:1000

P-NF-kB Mouse WB Santa Cruz Biotechnology, United States SC: 136548 1:1000

TNF-α Mouse WB = SC: 52746 1:1000

NOS-2 Rabbit WB = SC: 651 1:1000

IL-1β Mouse IF = SC: 32294 1:100
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2.9. Reactive Oxygen Species (ROS) ssay

The assay was performed to analyze the levels of Reactive Oxygen Species (ROS) in the brains of
the experimental groups (n = 6 mice/group). The ROS assay was based on the oxidation of DCFH-DA)
to 2′7′-dichlorofluorescein (DCF) [27]. The conversion of 2’-7’dichlorofluorescin diacetate (DCFH-DA
to DCF was assessed by a spectrofluorometer at an excitation wavelength of 484 nm and an emission
wavelength of 530 nm. To measure the conversion of DCFH-DA to DCF in the absence of homogenate
(background fluorescence), parallel blanks were used. The ROS levels were quantified from a DCF
standard curve and expressed as relative pmol DCF/mg protein.

2.10. Statistical Analysis

For the analysis of the intensities of the bands, the X-ray films were scanned, and through the
ImageJ software (v. 1.50, NIH, Bethesda, MD, USA), the densities were measured. Similarly, for the
immunofluorescence analysis, the integrated density was analyzed through ImageJ. The data were
been presented as the mean ± standard error of the mean (SEM). For statistical analysis, one-way
analysis of variance (ANOVA) followed by the Student’s “t” test was used for comparisons of the
different groups. The graphs were generated via GraphPad Prism6 (GraphPad Software, San Diego,
CA, USA). P values of less than 0.05 were considered to indicate a significant difference between the
groups; * indicates a significant difference from the vehicle-treated control group, while # indicates a
significant difference from the Aβ1–42 treated groups.

3. Results

3.1. Administration of Lupeol Reduced the Aβ and BACE-1 Expression

To analyze the effects of lupeol against the elevated amyloidogenic process, we analyzed the
expression of Amyloid beta (Aβ) and beta amyloid cleaving enzyme-1) BACE-1 in the experimental
groups. According to our findings, a single intracerebroventricular injection of Aβ1–42 increased the
expression of Aβ and BACE-1 in the cortex and hippocampus of the mice brains, compared to the
saline-treated control group, as shown by the western blot results. Treatment with lupeol significantly
reduced the expression of Aβ and BACE-1 compared to Aβ1–42 injected mice (Figure 2a). We also
analyzed the expression of Aβ through immunofluorescence, and the findings showed an increased
immunoreactivity of Aβ in the cortex and hippocampus of Aβ1–42-treated mice compared to the control
mice. The expression of Aβ was markedly reduced with the administration of lupeol compared to the
Aβ1–42-injected mice (Figure 2b).

3.2. Oral Administration of Lupeol Decreased Oxidative Stress via the Nrf2/HO1 Signaling Pathway

Oxidative stress is a key factor of AD, and several studies have indicated that Aβ deposition in
AD is associated with the generation of reactive oxygen species and oxidative stress [34,35]. Nuclear
factor erythroid 2-related factor 2 (Nrf2) is a cytoprotective factor with a protective role against
oxidative stress. Nrf2 also regulates the expression of heme oxygenase (HO1), which removes the
toxic heme from the cell and plays a protective role against oxidative stress [36,37]. To analyze the
effects of lupeol on Nrf2 and HO1, we performed western blot analysis, which showed a reduced
expression of Nrf2/HO1 in Aβ1–42-induced AD mice brains (cortex and hippocampus) compared to the
saline-treated control mice. Treatment with lupeol significantly increased the expression of Nrf2/HO1
(Figure 3a). Similarly, the immunofluorescence analysis also suggested a reduced expression of Nrf2
in Aβ1–42-injected mice, which was significantly upregulated with the administration of lupeol, as
shown in Figure 3b. To further strengthen our findings, we performed the ROS assay, which showed
that the injection of Aβ1–42 significantly increased the level of ROS compared to the saline-treated
control group. Additionally, this effect was significantly reduced with the administration of lupeol to
the treated group (Figure 3c).
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Figure 2. Administration of lupeol reduced the Aβ and BACE-1expression. (a) Western blot analysis
and representative histogram of Aβ, and BACE-1 in the cortex and hippocampus of experimental
mice. (n = 6 mice/group) the bands were quantified using ImageJ software, and the differences were
represented by histograms. β-actin was used as a loading control. (b) Confocal microscopy of Aβ

(n = 6/mice/group), red, with their representative histogram and stained with DAPI, blue in cortex
and hippocampus (CA1 region), in the experimental mice, and are presented relative to the control.
Magnification 10×. Scale bar = 50 μm. The expressed data are relative to the control. * significantly
different from saline-injected; # significantly different from Aβ-injected. Significance = * p < 0.05,
# p < 0.05. Aβ: Amyloid beta, BACE-1: beta-site amyloid precursor protein cleaving enzyme-1, Lup:
Lupeol, DAPI: 4’, 6-Diamidino-2-Phenylindole, Dihydrochloride.

3.3. Lupeol Treatment Attenuated Aβ-Induced Glial Cells in the Brains of Mice

Aβ deposition and oxidative stress in the brain are responsible for the activation of astrocytes and
microglial cells [38]. Activated astrocytes and microglia are the main players in neuroinflammation
and neurodegeneration [39]. Ionized calcium-binding adaptor molecule-1 (Iba-1) and the glial
fibrillary acidic protein (GFAP) are specific markers of activated microglia and astrocytes, respectively.
Therefore, we analyzed the expression of Iba-1 and GFAP in the cortex and hippocampus of the
experimental mice. Our results showed an elevated expression of Iba-1 and GFAP in the Aβ1–42-injected
mice brains (cortex and hippocampus) compared to the saline-treated control mice. Interestingly,
lupeol treatment significantly decreased the expression of activated Iba-1 and GFAP in the cortex
and hippocampus of experimental mice (Figure 4a). We also evaluated the expression of GFAP
through immunofluorescence, which showed that Aβ1–42 administration increased the expression of
GFAP in the cortex and hippocampus compared to the saline-treated control mice. Treatment with
lupeol significantly decreased the immunoreactivity of GFAP compared to the Aβ1–42-injected mice
(Figure 4b).
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Figure 3. Oral administration of lupeol decreased oxidative stress via Nrf2/HO1 signaling pathway.
(a) Western blot analysis of Nrf2/HO1, in the cortex and hippocampus of experimental mice (n = 6
mice/group). Western blot bands were quantified by ImageJ software, and the differences were
represented by a histogram. β-actin was used as a loading control. (b) Immunofluorescence analysis of
Nrf2 (green) along with their respective histogram stained with DAPI (blue) in cortex and hippocampus
(CA1), in the adult mice (n = 6 mice/group). The data are presented relative to control. Magnification
10×. Scale bar = 50 μm. (c) is a representative histogram of the ROS level in the homogenates of the
cortex and hippocampus of the adult mice. Aβ1–42 increased the levels of ROS, while treatment with
lupeol decreased the level of ROS in the adult mice brain. The expressed data are relative to the control.
* significantly different from saline-injected; # significantly different from Aβ-injected. Significance = *
p < 0.05, #, p < 0.05. ROS: Reactive Oxygen Species, Nrf-2: nuclear factor erythroid 2–related factor
2,HO-1: Heme Oxygenase-1, DAPI: 4’, 6-Diamidino-2-Phenylindole, Dihydrochloride.

3.4. Oral Administration of Lupeol Reduced the Release of Inflammatory Cytokines in Aβ1–42-Injected Mice

It has been reported that activated glial cells and Aβ deposition in the brain are responsible for the
release of several inflammatory markers and mediators [40,41]. Therefore, in this study, we evaluated
the expressions of p-NF-κB, TNF-α, and NOS-2 in the cortex and hippocampus of adult mice of
the experimental groups, which showed an upregulation of p-NF-κB, TNF-α, and NOS-2 in the
Aβ1–42-induced mice compared to the vehicle-treated control mice. Interestingly, the expressions of
these activated cytokines were significantly downregulated with the treatment of lupeol (Figure 5a). We
also examined the expression of IL-1β through confocal microscopy. Our result indicated an increased
immunoreactivity of IL-1β in the cortex and hippocampus of the Aβ-mouse model of AD compared to
the control mice. Interestingly, the expression of IL-1β was markedly reduced with the administration
of lupeol (Figure 5b). These results showed that lupeol plays an important role against inflammation
by suppressing these inflammatory mediators and cytokines in the Aβ1–42-mouse model of AD.
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Figure 4. Lupeol treatment attenuated Aβ-induced glial cell in mice brain. (a) Western blot analysis
shows the increased expression of Iba1 and GFAP in the Aβ-injected mice whereas lupeol treatment,
reduced the expression of these markers (n = 6 mice/group). The bands were quantified using ImageJ
software, and the differences are represented by a histogram. β-actin was used as a loading control. The
density values are expressed in arbitrary units (A.U) as the means ± SEM for the respective indicated
cortex and hippocampus proteins (n = 6 mice/group). (b) Immunofluorescence analysis GFAP (green)
along with their respective histogram stained with DAPI (blue) in cortex and hippocampus (CA1
region) in the adult mice (n = 6 mice/group). The data are presented relative to control. Magnification
10×. Scale bar = 50 μm. The expressed data are relative to the control. * significantly different from
saline-injected; # significantly different from Aβ-injected. Significance = * p < 0.05, #, p < 0.05.

3.5. Lupeol Treatment Enhanced Memory Impairments in Aβ1–42-Induced AD Mice

To examine the effects of lupeol on learning and memory dysfunctions in Aβ1–42-injected mice,
we performed the Morris water maze and Y-maze tests. In MWM, after the initial training, the animals
were allowed to find the hidden platform and the latency time was recorded in the MWM task. In the
training session, the Aβ1–42-induced mice showed memory impairments, as it took them longer to
find the hidden platform compared to the saline-treated control mice (Figure 6a). After the training
session, a probe test was performed, in which the hidden platform was removed, which showed that
the Aβ1–42-injected mice spent less time in the target quadrant, while lupeol-treated mice improved
in terms of the time in the target quadrant as well as the number of crossings in the area where the
previously hidden platform was present (Figure 6b,c). The Y-maze result showed that Aβ1–42-injected
mice exhibited short-term spatial memory impairments, while treatment with lupeol enhanced the
percentage of spontaneous alteration behavior, which resulted in an increased function of the spatial
working memory (Figure 6d). All of these results showed that lupeol treatment improved learning and
memory in the Aβ-mouse model of AD.
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Figure 5. Oral administration of lupeol reduced the release of inflammatory cytokines. (a) Western blot
analysis of inflammatory cytokines (p-NF-KB, TNF-α, and NOS2), in the cortex and hippocampus of
experimental mice (n = 6 mice/group). Western blot bands were quantified by ImageJ software,
and the differences were represented by a histogram. β-actin was used as a loading control.
(b) Immunofluorescence analysis of IL-1β (green) along with their respective histogram stained
with DAPI (blue) in cortex and hippocampus (CA-1 region) in the adult mice (n = 6 mice/group). The
data are presented relative to the control. Magnification 10×. Scale bar = 50 μm. The expressed data
are relative to the control. * Significantly different from saline-injected; # significantly different from
Aβ-injected. Significance = * p < 0.05, # p < 0.05. NF-kB: Nuclear Factor kappa-light-chain- B, TNF-α:
Tumor necrosis factor alpha, NOS-2: Nitric oxide synthase 2, IL-1β: Interleukin 1 beta.

Figure 6. Lupeol treatment enhanced memory impairments in the Aβ-mouse model of AD. To examine
the memory function of the experimental mice, the MWM and Y-maze were performed (n = 15
mice/group). (a) Average escape latency time for experimental mice to reach the hidden platform.
(From day 1 to 4 days). (b) The average number of crossing in the MWM in the hidden platform during
the probe test. (c) Time in the quadrant was previously the hidden platform was placed during the
training session. (d) Spontaneous alteration behavior % of the mice during the Y-maze test. The data are
shown as a mean ± S.E.M. * Significantly different from normal saline-treated mice and # significantly
different from Aβ-injected mice, respectively; * p < 0.05, # p < 0.05. Cont: Control, Aβ: Amyloid beta,
Lup: Lupeol.
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4. Discussion

In the present study, we investigated the neuroprotective mechanism of lupeol in the Aβ-mouse
model of AD, which suggested that lupeol suppressed the elevated oxidative stress, neuroinflammation,
and memory and cognitive dysfunctions. The pathogenesis of AD occurred due to the accumulation of
toxic Aβ-peptide in the central nervous system, causing synaptic dysfunction, neuronal cell death,
and memory and cognitive impairments [42,43]. The amyloid precursor protein (APP) can be cleaved
by the beta-amyloid cleaving enzyme (BACE-1), which accelerates the production of Aβ-peptide in the
brain. BACE-1 is a potential target for the prevention and treatment of AD [44,45]. In our findings,
the level of Aβ and BACE-1 in the Aβ1–42-mouse model of AD was significantly reduced with the
administration of lupeol, as shown by the western blot and immunofluorescence analysis (Figure 2a,b).
Inhibition of the amyloidogenic process may be achieved by different mechanisms, one of which is
rescuing the brains against elevated oxidative stress [46]. Oxidative stress is a key factor of AD, and
several studies have indicated that Aβ deposition in AD is associated with the generation of reactive
oxygen species and oxidative stress [47]. Nuclear factor erythroid 2-related factor2 (Nrf2) is a member
of the cap ‘n’ colon family, which is a master regulator of oxidative stress. It plays a protective role
against oxidative stress, and also regulates several other signaling pathways and important anti-oxidant
genes [48,49]. Heme oxygenase (HO1) is the target gene of Nrf2, which removes toxic heme, carbon
oxide, and iron, and plays a protective role against oxidative injury [48]. The effects of lupeol against the
elevated oxidative stress indicates that lupeol may reduce the amyloidogenic process by reducing the
oxidative stress, as indicated previously [50]. To unveil this, we examined the oxidative stress-related
parameters in the experimental groups, which suggested that lupeol markedly reduced the elevated
oxidative stress compared to the Aβ1–42-injected mice (Figure 3a–c). To analyze the effects of lupeol
against the amyloid-beta-induced activated astrocytes and microglia, we checked the expression of
Iba-1 and GFAP in the experimental groups, which showed the reduced expression of these markers
with the administration of lupeol (Figure 4a,b). The activated microglial cells further aggravated
the phosphorylation and nuclear translocation of p-NF-κB, which further facilitated the release of
inflammatory cytokines and mediators [51]. The p-NF-κB is a large family of innate immunity and a
major regulator in the initiation of inflammation [52]. Tumor necrosis factor-alpha (TNF-α) is a potent
pro-inflammatory cytokine that ameliorates neuroinflammation in neurodegenerative diseases [53].
Nitric oxide 2 (NOS-2) plays an important role in neuroinflammation by generating nitric oxide (NO),
and the excessive NO production is one of the major causative reagents of neuroinflammation and
neurodegeneration [54]. Therefore, we checked, through western bolt analysis, the expression of
p-NF-κB, TNF-α, and NOS-2 in the experimental groups. The result showed the elevated expression of
these inflammatory cytokines in the cortex and hippocampus of Aβ1–42-injected mice, while treatment
with lupeol decreased the expression of these inflammatory mediators (Figure 5a). Furthermore,
confocal microscopy showed the increased immunoreactivity of IL-1β in the Aβ-mouse model of
AD; however, treatment with lupeol reduced the expression of IL-1β in the experimental animals
(Figure 5b). The overall findings suggested that lupeol suppressed the activated microglial cells
and inflammatory mediators, and thereby conferred neuroprotection to the brains of mice against
Aβ1–42-induced neuroinflammation. Aβ accumulation, oxidative stress, and inflammation in the brain
accelerate the cognitive and spatial working memory [55]. Therefore, we performed the MWM and
Y-maze tests, which suggested that with the inhibition of oxidative stress and neuroinflammation,
there was a significant improvement in the cognitive functions of the mice (Figure 6a–c). Similarly,
in the Y-maze test, the Aβ1–42-injected mice exhibited a lower percentage of spontaneous alternation
behaviors, while lupeol enhanced the spontaneous alteration behavior and reduced the spatial working
memory (Figure 6d). The overall findings are in accordance with our previous study conducted on
lupeol, where we demonstrated that lupeol suppresses neuroinflammation [28].

52



Biomedicines 2020, 8, 380

5. Conclusions

In conclusion, we suggest that lupeol has strong anti-oxidant, anti-neuroinflammatory, and
anti-amyloidogenic effects. Moreover, this study also indicated that lupeol reverses the memory deficits
in the Aβ-mouse model of AD. Based on current and previous studies, lupeol may protect the brains
of mice against Aβ-induced oxidative stress-mediated neuroinflammation and cognitive dysfunctions.
Our findings may be fruitful for the advancement of new therapeutic approaches for the management
of AD-like conditions.

Author Contributions: R.A. designed, and conducted the experiments, wrote the manuscript, and performed
the statistical analysis; A.K., H.J.L., I.U.R., I.K., and S.I.A. conducted experiments, reviewed, and edited the
manuscript; M.O.K. supplied all of the chemicals reagents, supervised, and approved the final version of the
manuscript. All authors have read and agreed to publish the manuscript.

Funding: This research was supported by the Neurological Disorder Research Program of the National Research
Foundation (NRF) funded by the Korean Government (MSIT) (2020M3E5D9080660).

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, or in the decision to publish the results.

References

1. Ikram, M.; Park, T.J.; Ali, T.; Kim, M.O. Antioxidant and Neuroprotective Effects of Caffeine against
Alzheimer’s and Parkinson’s Disease: Insight into the Role of Nrf-2 and A2AR Signaling. Antioxidants (Basel)
2020, 9, 902. [CrossRef]

2. Niu, X.; Chen, J.; Gao, J. Nanocarriers as a powerful vehicle to overcome blood-brain barrier in treating
neurodegenerative diseases: Focus on recent advances. Asian J. Pharm. Sci. 2019, 14, 480–496. [CrossRef]

3. Singh, S.K.; Srivastav, S.; Yadav, A.K.; Srikrishna, S.; Perry, G. Overview of Alzheimer’s Disease and Some
Therapeutic Approaches Targeting Abeta by Using Several Synthetic and Herbal Compounds. Oxidative Med.
Cell. Longev. 2016, 2016, 7361613. [CrossRef] [PubMed]

4. Serrano-Pozo, A.; Frosch, M.P.; Masliah, E.; Hyman, B.T. Neuropathological alterations in Alzheimer disease.
Cold Spring Harb. Perspect. Med. 2011, 1, a006189. [CrossRef]

5. Cho, J.E.; Kim, J.R. Recent approaches targeting beta-amyloid for therapeutic intervention of Alzheimer’s
disease. Recent Pat. CNS Drug Discov. 2011, 6, 222–233. [CrossRef] [PubMed]

6. Costa, L.G.; Garrick, J.M.; Roque, P.J.; Pellacani, C. Mechanisms of Neuroprotection by Quercetin:
Counteracting Oxidative Stress and More. Oxid. Med. Cell Longev. 2016, 2016, 2986796. [CrossRef]

7. Hosen, S.M.Z.; Rubayed, M.; Dash, R.; Junaid, M.; Mitra, S.; Alam, M.S.; Dey, R. Prospecting and
Structural Insight into the Binding of Novel Plant-Derived Molecules of Leea indica as Inhibitors of
BACE1. Curr. Pharm. Des. 2018, 24, 3972–3979. [CrossRef] [PubMed]

8. Vassar, R.; Bennett, B.D.; Babu-Khan, S.; Kahn, S.; Mendiaz, E.A.; Denis, P.; Teplow, D.B.; Ross, S.; Amarante, P.;
Loeloff, R.; et al. Beta-secretase cleavage of Alzheimer’s amyloid precursor protein by the transmembrane
aspartic protease BACE. Science 1999, 286, 735–741. [CrossRef] [PubMed]

9. Rosales-Corral, S.; Acuna-Castroviejo, D.; Tan, D.X.; Lopez-Armas, G.; Cruz-Ramos, J.; Munoz, R.;
Melnikov, V.G.; Manchester, L.C.; Reiter, R.J. Accumulation of exogenous amyloid-beta peptide in
hippocampal mitochondria causes their dysfunction: A protective role for melatonin. Oxid. Med. Cell Longev.
2012, 2012, 843649. [CrossRef] [PubMed]

10. Enogieru, A.B.; Haylett, W.; Hiss, D.C.; Bardien, S.; Ekpo, O.E. Rutin as a Potent Antioxidant: Implications
for Neurodegenerative Disorders. Oxid. Med. Cell Longev. 2018, 2018, 6241017. [CrossRef]

11. Fischer, R.; Maier, O. Interrelation of oxidative stress and inflammation in neurodegenerative disease: Role
of TNF. Oxid. Med. Cell Longev. 2015, 2015, 610813. [CrossRef] [PubMed]

12. Ahmad, A.; Ali, T.; Park, H.Y.; Badshah, H.; Rehman, S.U.; Kim, M.O. Neuroprotective Effect of Fisetin Against
Amyloid-Beta-Induced Cognitive/Synaptic Dysfunction, Neuroinflammation, and Neurodegeneration in
Adult Mice. Mol. Neurobiol. 2017, 54, 2269–2285. [CrossRef] [PubMed]

13. Refolo, V.; Stefanova, N. Neuroinflammation and Glial Phenotypic Changes in Alpha-Synucleinopathies.
Front. Cell. Neurosci. 2019, 13, 263. [CrossRef] [PubMed]

53



Biomedicines 2020, 8, 380

14. Panaro, M.A.; Benameur, T.; Porro, C. Extracellular Vesicles miRNA Cargo for Microglia Polarization in
Traumatic Brain Injury. Biomolecules 2020, 10, 901. [CrossRef] [PubMed]

15. Kim, Y.E.; Hwang, C.J.; Lee, H.P.; Kim, C.S.; Son, D.J.; Ham, Y.W.; Hellstrom, M.; Han, S.B.; Kim, H.S.;
Park, E.K.; et al. Inhibitory effect of punicalagin on lipopolysaccharide-induced neuroinflammation, oxidative
stress and memory impairment via inhibition of nuclear factor-kappaB. Neuropharmacology 2017, 117, 21–32.
[CrossRef]

16. Baierle, M.; Nascimento, S.N.; Moro, A.M.; Brucker, N.; Freitas, F.; Gauer, B.; Durgante, J.; Bordignon, S.;
Zibetti, M.; Trentini, C.M.; et al. Relationship between inflammation and oxidative stress and cognitive
decline in the institutionalized elderly. Oxidative Med. Cell. Longev. 2015, 2015, 804198. [CrossRef]

17. Perveen, S. Introductory Chapter: Terpenes and Terpenoids; IntechOpen Limited: London, UK, 2018.
18. Wang, G.; Tang, W.; Bidigare, R.R. Terpenoids as Therapeutic Drugs and Pharmaceutical Agents; Humana Press:

Totowa, NJ, USA, 2005.
19. Vincken, J. P.; Heng, L.; de Groot, A.; Gruppen, H. Saponins, classification and occurrence in the plant

kingdom. Phytochemistry 2007, 68, 275–297.
20. Stephenson, M. J.; Field, R. A.; Osbourn, A. The protosteryl and dammarenyl cation dichotomy in polycyclic

triterpene biosynthesis revisited: Has this ’rule’ finally been broken? Nat. Prod. Rep. 2019, 36, 1044–1052.
21. Hill, R. A.; Connolly, J. D. Triterpenoids. Nat. Prod. Rep. 2012, 29, 780–818.
22. Beserra, F.P.; Vieira, A.J.; Gushiken, L.F.S.; de Souza, E.O.; Hussni, M.F.; Hussni, C.A.; Nobrega, R.H.;

Martinez, E.R.M.; Jackson, C.J.; de Azevedo Maia, G.L.; et al. Lupeol, a Dietary Triterpene, Enhances Wound
Healing in Streptozotocin-Induced Hyperglycemic Rats with Modulatory Effects on Inflammation, Oxidative
Stress, and Angiogenesis. Oxid. Med. Cell Longev. 2019, 2019, 3182627. [CrossRef] [PubMed]

23. Hajialyani, M.; Hosein Farzaei, M.; Echeverria, J.; Nabavi, S.M.; Uriarte, E.; Sobarzo-Sanchez, E. Hesperidin
as a Neuroprotective Agent: A Review of Animal and Clinical Evidence. Molecules 2019, 24, 648. [CrossRef]

24. Lee, C.; Lee, J.W.; Seo, J.Y.; Hwang, S.W.; Im, J.P.; Kim, J.S. Lupeol inhibits LPS-induced NF-kappa B signaling
in intestinal epithelial cells and macrophages, and attenuates acute and chronic murine colitis. Life Sci. 2016,
146, 100–108. [CrossRef] [PubMed]

25. Saleem, M. Lupeol, a novel anti-inflammatory and anti-cancer dietary triterpene. Cancer Lett. 2009, 285,
109–115. [CrossRef]

26. Fernandez, M.A.; de las Heras, B.; Garcia, M.D.; Saenz, M.T.; Villar, A. New insights into the mechanism
of action of the anti-inflammatory triterpene lupeol. J. Pharm. Pharmacol. 2001, 53, 1533–1539. [CrossRef]
[PubMed]

27. Ikram, M.; Muhammad, T.; Rehman, S.U.; Khan, A.; Jo, M.G.; Ali, T.; Kim, M.O. Hesperetin Confers
Neuroprotection by Regulating Nrf2/TLR4/NF-κB Signaling in an Aβ Mouse Model. Mol. Neurobiol. 2019,
56, 6293–6309. [CrossRef]

28. Badshah, H.; Ali, T.; Shafiq-ur, R.; Faiz-ul, A.; Ullah, F.; Kim, T.H.; Kim, M.O. Protective Effect of Lupeol
Against Lipopolysaccharide-Induced Neuroinflammation via the p38/c-Jun N-Terminal Kinase Pathway in
the Adult Mouse Brain. J. Neuroimmune Pharmacol. 2016, 11, 48–60. [CrossRef]

29. Zhang, Z.; Xu, C.; Hao, J.; Zhang, M.; Wang, Z.; Yin, T.; Lin, K.; Liu, W.; Jiang, Q.; Li, Z.; et al. Beneficial
consequences of Lupeol on middle cerebral artery-induced cerebral ischemia in the rat involves Nrf2 and
P38 MAPK modulation. Metab. Brain Dis. 2020, 35, 841–848. [CrossRef]

30. Ahmad, A.; Ali, T.; Kim, M.W.; Khan, A.; Jo, M.H.; Rehman, S.U.; Khan, M.S.; Abid, N.B.; Khan, M.;
Ullah, R.; et al. Adiponectin homolog novel osmotin protects obesity/diabetes-induced NAFLD by
upregulating AdipoRs/PPARalpha signaling in ob/ob and db/db transgenic mouse models. Metabolism 2019,
90, 31–43. [CrossRef]

31. Idrees, M.; Xu, L.; Song, S.H.; Joo, M.D.; Lee, K.L.; Muhammad, T.; El Sheikh, M.; Sidrat, T.; Kong, I.K.
PTPN11 (SHP2) Is Indispensable for Growth Factors and Cytokine Signal Transduction During Bovine
Oocyte Maturation and Blastocyst Development. Cells 2019, 8, 1272. [CrossRef] [PubMed]

32. Rehman, S.U.; Ahmad, A.; Yoon, G.H.; Khan, M.; Abid, M.N.; Kim, M.O. Inhibition of c-Jun N-Terminal
Kinase Protects Against Brain Damage and Improves Learning and Memory After Traumatic Brain Injury in
Adult Mice. Cereb. Cortex 2018, 28, 2854–2872. [CrossRef] [PubMed]

33. Ikram, M.; Saeed, K.; Khan, A.; Muhammad, T.; Khan, M.S.; Jo, M.G.; Rehman, S.U.; Kim, M.O. Natural Dietary
Supplementation of Curcumin Protects Mice Brains against Ethanol-Induced Oxidative Stress-Mediated

54



Biomedicines 2020, 8, 380

Neurodegeneration and Memory Impairment via Nrf2/TLR4/RAGE Signaling. Nutrients 2019, 11, 1082.
[CrossRef] [PubMed]

34. Smith, M.A.; Hirai, K.; Hsiao, K.; Pappolla, M.A.; Harris, P.L.; Siedlak, S.L.; Tabaton, M.; Perry, G. Amyloid-beta
deposition in Alzheimer transgenic mice is associated with oxidative stress. J. Neurochem. 1998, 70, 2212–2215.
[CrossRef] [PubMed]

35. Matsuoka, Y.; Picciano, M.; La Francois, J.; Duff, K. Fibrillar beta-amyloid evokes oxidative damage in a
transgenic mouse model of Alzheimer’s disease. Neuroscience 2001, 104, 609–613. [CrossRef]

36. Araujo, J.A.; Zhang, M.; Yin, F. Heme oxygenase-1, oxidation, inflammation, and atherosclerosis.
Front. Pharmacol. 2012, 3, 119. [CrossRef]

37. Cores, A.; Piquero, M.; Villacampa, M.; Leon, R.; Menendez, J.C. NRF2 Regulation Processes as a Source of
Potential Drug Targets against Neurodegenerative Diseases. Biomolecules 2020, 10, 904. [CrossRef]

38. Palpagama, T.H.; Waldvogel, H.J.; Faull, R.L.M.; Kwakowsky, A. The Role of Microglia and Astrocytes in
Huntington’s Disease. Front. Mol. Neurosci. 2019, 12, 258. [CrossRef]

39. Block, M.L.; Zecca, L.; Hong, J.S. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms.
Nat. Rev. Neurosci. 2007, 8, 57–69. [CrossRef]

40. Turner, M.D.; Nedjai, B.; Hurst, T.; Pennington, D.J. Cytokines and chemokines: At the crossroads of cell
signalling and inflammatory disease. Biochimica et biophysica acta 2014, 1843, 2563–2582. [CrossRef]

41. Kinney, J.W.; Bemiller, S.M.; Murtishaw, A.S.; Leisgang, A.M.; Salazar, A.M.; Lamb, B.T. Inflammation as a
central mechanism in Alzheimer’s disease. Alzheimer’s Dement. 2018, 4, 575–590. [CrossRef]

42. Kim, H.Y.; Lee, D.K.; Chung, B.R.; Kim, H.V.; Kim, Y. Intracerebroventricular Injection of Amyloid-beta
Peptides in Normal Mice to Acutely Induce Alzheimer-like Cognitive Deficits. J. Vis. Exp. 2016. [CrossRef]

43. Souza, L.C.; Jesse, C.R.; Antunes, M.S.; Ruff, J.R.; de Oliveira Espinosa, D.; Gomes, N.S.; Donato, F.;
Giacomeli, R.; Boeira, S.P. Indoleamine-2,3-dioxygenase mediates neurobehavioral alterations induced by an
intracerebroventricular injection of amyloid-beta1-42 peptide in mice. Brain Behav. Immun. 2016, 56, 363–377.
[CrossRef] [PubMed]

44. Ali, T.; Yoon, G.H.; Shah, S.A.; Lee, H.Y.; Kim, M.O. Osmotin attenuates amyloid beta-induced memory
impairment, tau phosphorylation and neurodegeneration in the mouse hippocampus. Sci. Rep. 2015, 5,
11708. [CrossRef] [PubMed]

45. Wagle, A.; Seong, S.H.; Castro, M.J.; Faraoni, M.B.; Murray, A.P.; Jung, H.A.; Choi, J.S. Influence of functional
moiety in lupane-type triterpenoids in BACE1 inhibition. Comput. Biol. Chem. 2019, 83, 107101. [CrossRef]

46. Badshah, H.; Ikram, M.; Ali, W.; Ahmad, S.; Hahm, J.R.; Kim, M.O. Caffeine May Abrogate LPS-Induced
Oxidative Stress and Neuroinflammation by Regulating Nrf2/TLR4 in Adult Mouse Brains. Biomolecules
2019, 9, 719. [CrossRef]

47. Tonnies, E.; Trushina, E. Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s Disease. J. Alzheimers Dis.
2017, 57, 1105–1121. [CrossRef]

48. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development,
oxidative stress response and diseases: An evolutionarily conserved mechanism. Cell. Mol. Life Sci. 2016, 73,
3221–3247. [CrossRef]

49. Le, W.D.; Xie, W.J.; Appel, S.H. Protective role of heme oxygenase-1 in oxidative stress-induced neuronal
injury. J. Neurosci. Res. 1999, 56, 652–658. [CrossRef]

50. Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F. Oxidative stress and the
amyloid beta peptide in Alzheimer’s disease. Redox. Biol. 2018, 14, 450–464. [CrossRef]

51. Mussbacher, M.; Salzmann, M.; Brostjan, C.; Hoesel, B.; Schoergenhofer, C.; Datler, H.; Hohensinner, P.;
Basilio, J.; Petzelbauer, P.; Assinger, A.; et al. Cell Type-Specific Roles of NF-kappaB Linking Inflammation
and Thrombosis. Front. Immunol. 2019, 10, 85. [CrossRef]

52. Taniguchi, K.; Karin, M. NF-kappaB, inflammation, immunity and cancer: Coming of age. Nat. Rev. Immunol.
2018, 18, 309–324. [CrossRef] [PubMed]

53. Frankola, K.A.; Greig, N.H.; Luo, W.; Tweedie, D. Targeting TNF-alpha to elucidate and ameliorate
neuroinflammation in neurodegenerative diseases. CNS Neurol. Disord. Drug Targets 2011, 10, 391–403.
[CrossRef] [PubMed]

54. Yuste, J.E.; Tarragon, E.; Campuzano, C.M.; Ros-Bernal, F. Implications of glial nitric oxide in
neurodegenerative diseases. Front. Cell Neurosci. 2015, 9, 322. [CrossRef] [PubMed]

55



Biomedicines 2020, 8, 380

55. Cai, Z.; Hussain, M.D.; Yan, L.J. Microglia, neuroinflammation, and beta-amyloid protein in Alzheimer’s
disease. Int. J. Neurosci. 2014, 124, 307–321. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

56



biomedicines

Review

Body Fluid Biomarkers for Alzheimer’s
Disease—An Up-To-Date Overview

Adrian Florian Bălas, a
1, Cristina Chircov 2and Alexandru Mihai Grumezescu 2,*

1 Târgu Mures, Emergency Clinical Hospital, “George Emil Palade” University of Medicine, Pharmacy,
Science and Technology of Târgu Mures, RO-540142 Târgu Mures, Romania; adrian.balasa@yahoo.fr

2 Faculty of Applied Chemistry and Materials Science, University Politehnica of Bucharest,
RO-060042 Bucharest, Romania; cristina.chircov@yahoo.com

* Correspondence: grumezescu@yahoo.com; Tel.: +40-21-402-39-97

Received: 26 August 2020; Accepted: 13 October 2020; Published: 15 October 2020

Abstract: Neurodegeneration is a highly complex process which is associated with a variety of
molecular mechanisms related to ageing. Among neurodegenerative disorders, Alzheimer’s disease
(AD) is the most common, affecting more than 45 million individuals. The underlying mechanisms
involve amyloid plaques and neurofibrillary tangles (NFTs) deposition, which will subsequently
lead to oxidative stress, chronic neuroinflammation, neuron dysfunction, and neurodegeneration.
The current diagnosis methods are still limited in regard to the possibility of the accurate and
early detection of the diseases. Therefore, research has shifted towards the identification of novel
biomarkers and matrices as biomarker sources, beyond amyloid-β and tau protein levels within the
cerebrospinal fluid (CSF), that could improve AD diagnosis. In this context, the aim of this paper is to
provide an overview of both conventional and novel biomarkers for AD found within body fluids,
including CSF, blood, saliva, urine, tears, and olfactory fluids.

Keywords: neurodegeneration; Alzheimer’s disease; neurofibrillary tangles; diagnosis methods;
biomarkers

1. Introduction

Neurodegeneration is a complex process that encompasses several different molecular pathways
and a multifaceted interplay between a variety of regulatory factors [1,2]. It is characterized by a
progressive and irreversible neuronal loss from the specific brain and spinal cord regions, mainly the
nuclei of the base within the subcortical areas and the cerebral cortex, consequently leading to
damage and dysfunction manifested through cognitive and motor dysfunctions [2–4]. Generally,
the causal factors include the following: oxidative stress and free radical formation; protein misfolding,
oligomerization and aggregation; mitochondrial dysfunction, axonal transport deficits and abnormal
neuron–glial interactions; calcium deregulation, phosphorylation impairment; neuroinflammation;
DNA damage and aberrant RNA processing [2,5,6].

Neurodegeneration is the underlying factor for many debilitating and incurable age-dependent
disorders [3,7,8]. The prevalence of neurodegenerative disorders is continuously increasing as a
consequence of the dramatic rise in life expectancy due to scientific achievements and progress,
thus posing a significant threat to human health [5,7,9,10]. Moreover, neurodegeneration is associated
with various neurodegenerative, neurotraumatic, and neuropsychiatric disorders, with considerably
diverse pathophysiology, including memory and cognitive impairments, muscle weakness and/or
paralysis, abnormal control of the voluntary movement, seizures, confusion, and pain [2,4,7,11–13].
Specifically, such diseases vary from progressive degenerative disorders, including Alzheimer’s
disease (AD), Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis and multiple
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sclerosis [4,5,10,14,15], to acute traumatic injuries, such as traumatic brain injury, stroke or spinal cord
injury [15,16].

Among them, AD is the most common neurodegenerative disorder, affecting more than 45 million
individuals worldwide and is expected to reach 60 million by 2030 due to the increase in the elderly
population [17,18]. AD is characterized by the progressive death of cholinergic neurons within the
hippocampal and cortical regions, the consequent atrophy, abnormal neurotransmission and loss
of synapses, and neurodegeneration [4,18–21]. At molecular levels, the underlying mechanisms of
AD involve the extracellular deposition of amyloid-β (Aβ) peptides, known as amyloid plaques,
and the intracellular formation of hyperphosphorylated tau (Tubulin Associated Unit) protein
aggregates, known as neurofibrillary tangles (NFTs), which subsequently induce oxidative stress,
chronic neuroinflammation, neuron dysfunction, and neurodegeneration [4,10,17,19,22,23].

In addition to cognitive tests, the current diagnostic methods rely on imaging techniques [24–27]
and cerebrospinal fluid (CSF) assays. On one hand, the purpose of the neuroimaging methods is
assessing the hippocampal atrophy through magnetic resonance imaging and the cortical Aβ deposition
through positron emission tomography. On the other hand, CSF analyses aim to provide quantitative
measurements of Aβ and tau protein levels as AD biomarkers [18]. However, the available methods are
expensive, relatively invasive [18,28], and have low sensitivity and specificity, which result in the risks
of either overdiagnosis or undiagnosed, misattributed, or dismissed and ignored symptoms [29,30].
Additionally, as there is a serious lack of AD diagnosis assays at all illness stages, patients are generally
diagnosed late, which places a great burden on the health systems [17,18]. Therefore, the development
of novel methods of AD early detection and accurate diagnosis is essential [17,29].

Detection strategies based on novel biomarkers beyond Aβ and tau protein could represent
a promising solution for the early diagnosis of AD [18]. However, as no single biomarker can be
used to accurately diagnose AD, a combination of biomarkers could significantly increase diagnostic
accuracy [30,31]. Moreover, such biomarkers should ideally be easy to sample and should be measurable
through simple and cost-efficient methods and at all stages of the disease, allowing for standardization
processes [30,32]. In this context, the aim of this manuscript is to provide an up-to-date overview of
both conventional and novel AD biomarkers, which could play fundamental roles in its accurate and
timely diagnosis.

2. Cerebrospinal Fluid Biomarkers

Biomarkers can be described as molecules that can be detected and quantified within body fluids,
such as blood, CSF, urine or saliva, and changes in their levels or activity are generally associated with
different pathologies. Offering the possibility of early disease diagnosis, most biomarkers involve the
measurement of structural, metabolic or enzymatic proteins and should be non-invasive, easy to use,
and cost-efficient [33,34].

Residing in the subarachnoid space and ventricular system of the brain and spinal cord, the CSF is
a fundamental neuropathology indicator as it carries the brain’s interstitial fluid across the ventricular
ependymal lining, and thus it reflects any biochemical change within the brain [35,36]. Moreover,
as the blood–CSF barrier restricts the transport of molecules and proteins, the CSF is isolated from
the peripheral system. Thus, it is a useful matrix for the detection of neurodegenerative disorder
markers, providing the tools for disease screening, prognosis and monitoring [37–39]. Among them,
AD biomarkers have received a great deal of clinical interest, allowing for the depiction of AD
pathology [35,39,40]. Furthermore, such biomarkers could also be applied for the diagnosis of mild
cognitive impairment (MCI), the transitional phase from normal cognition to dementia, that generally
manifests as a silent pre-clinical phase in 6–15% of AD patients [40–42].

The CSF biomarkers most indicative of AD are associated with the main pathological changes
in the brain, namely the deposition of extracellular Aβ plaques, the formation of NFTs, and the loss
of neurons [37]. Thus, the biomarkers that have received clinical attention for AD diagnosis are Aβ,
total-tau (T-tau) and phosphorylated-tau (P-tau), as they are recognized by the International Working
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Group (IWG) 2 Criteria for AD and the National Institute on Aging-Alzheimer’s Association (NIA-AA)
Criteria for AD and MCI associated with AD [35,39].

Generally, the transmembrane protein amyloid precursor protein (APP) predominantly expressed
in the brain is enzymatically processed via two routes. Thus, it can be cleaved either by the α-secretase
followed by γ-secretase, resulting in the release of soluble APPα through the non-amyloidogenic
pathway or by β-secretase followed by γ-secretase, leading to the formation of the highly insoluble
Aβ1-42 (composed of 42 amino acids) peptide through the amyloidogenic pathway [34,37] (Figure 1).
Among the various Aβ isoforms found in the CSF, the levels of Aβ40 and Aβ42 are the most reliable in
terms of assessment for AD diagnosis. Specifically, as Aβ42 aggregates into fibrils and plaques within
the brain, its concentration in the CSF is considerably reduced, thus serving as an AD indicator [43,44].
However, while Aβ40 is the most abundant isoform, there are no significant changes in its levels
in AD patients. In this case, its levels are analyzed by the Aβ42/Aβ40 ratio, which is more reliable
than only assessing Aβ42 concentrations due to individual fluctuation compensations [35,42,45].
Specifically, the Aβ42 values are normalized, as Aβ40 is used as a proxy for the total Aβ values [46].
Moreover, other truncated forms of the Aβ42 amyloidogenic peptide, including Aβ37, Aβ38 and Aβ39,
could provide additional diagnostic information. Among them, the accuracy of the Aβ42/Aβ38 ratio is
comparable to that of Aβ42/Aβ40 in terms of predicting AD [35,46]. Evidence for these findings relies on
autopsy studies, antemortem lumbar CSF analyses, and functional imaging studies based on positron
emission tomography using Aβ ligands, e.g., 11c-labelled Pittsburgh Compound [42]. Nonetheless,
the use of these biomarkers in routine clinical practice is still in its infancy [40], as there are still some
limitations that must be overcome, such as the interindividual differences in the production of Aβ or the
overlapping between CSF and Aβ1-42 between neurodegenerative disorders, as in Creutzfeldt–Jakob
disease, dementia with Lewy bodies, frontotemporal lobar degeneration, and prodromal and manifest
(subcortical) vascular dementia [47,48]. As such, most studies analyze Aβ levels in comparison
with T-tau and P-tau values in order to increase accuracy [35]. Furthermore, several studies have
investigated the levels of APP cleavage metabolites, including soluble APPα, soluble APPβ and total
soluble APP, as biomarkers for AD. However, the results are generally inconsistent due to several
reasons, including disease heterogeneity, co-morbidities, assay specificity and sensitivity, antibody
cross-reactivity, sampling differences, and CSF processing and storage [49,50]. In this context, one study
suggested higher levels of soluble APPα in MCI-AD patients compared with non-AD and control
groups, and higher levels of APPβ in both AD and MCI-AD patients [50]. Moreover, soluble APPα
and soluble APPβ levels have been associated with biomarkers of BACE1 activity.

Tau is a highly important microtubule-regulating protein abundantly expressed in the cytosol
of axons. Its activity mainly focuses on microtubule-related functions, namely tubulin assembly
promotion, dynamic instability regulation, a spatial organization in a parallel network, and axonal
transport of kinesins and dyneins, which contribute to microtubule stabilization [37,51,52]. The kinase
and phosphatase imbalances in AD lead to the hyperphosphorylation of tau and its consequent
detachment from microtubules and accumulation into NFTs (Figure 2). Subsequently, tau and P-tau
proteins are released into the extracellular space of the CSF, resulting in increased levels characteristic
for neurodegeneration [37]. On one hand, tau proteins are assessed by using monoclonal antibodies,
which detect all isoforms independently of their phosphorylation state. In AD patients, T-tau
concentrations increase by 200–300%, which is further associated with the severity of neuronal/axonal
damage and neurodegeneration. However, increased levels of T-tau have also been observed in
other neurological disorders, including stroke, brain trauma, or Creutzfeldt–Jakob disease [53–55],
which makes it less specific for AD. On the other hand, moderately increased levels of P-tau proteins
are more accurately associated with AD, as they indicate both the brain phosphorylation state and the
NFTs’ formation and load [35,42].
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Figure 1. The non-amyloidogenic and amyloidogenic pathways involved in the enzymatic processing
of APP.

While the deposition of Aβ plaques occurs years or even decades before the onset of the symptoms,
and could be used for early diagnosis, tau biomarkers change later as the disease progresses, and are
strongly correlated with local degeneration and cognitive decline [37,56]. The most effective strategy
for developing a biomarker-based diagnostic tool is to combine both disease-specific and non-specific
biomarkers. In this context, the decrease in Aβ42, and concomitant increase in Aβ42/Aβ40 and
Aβ42/Aβ38 ratios and T-tau and P-tau levels is commonly referred to as the Alzheimer profile or
signature, as it offers the possibility of detecting AD in its early stages [35,42,57,58]. Additionally,
their combined use for AD diagnosis is characterized by sensitivity and specificity of approximately
85–95% [59]. Similarly, by increasing the palette of biomarkers, the discrimination between AD and
other differential diagnoses, such as MCI, dementia or depression, could be possible.
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Figure 2. The formation of neurofibrillary tangles through the process of tau protein hyperphosphorylation.

In this context, recent years have witnessed the rise of a new generation of biomarkers related
to AD pathological mechanisms, such as neurofilament light (NFL) for neuronal injury, neurogranin,
BACE1, SNAP-25 and synaptotagmin for synaptic dysfunction and/or loss, and sTREM2 and YKL-40
for neuroinflammation, due to the activation of microglia and astrocytes [38,60,61].

The neurofilament heteropolymers are the primary cytoskeleton proteins predominantly found
in axons. Among the four subunits, namely the three isoforms NFL, neurofilament medium and
neurofilament heavy, and alpha-internexin, NFL is the most abundant [59,62]. Forming the core of the
neurofilament, NFL is a triplet protein essential to the structure of the myelin that surrounds the axons
within the central nervous system [62,63]. As their presence within the CSF is specific for axonal injury,
elevated NFL concentrations have been widely reported in neurodegenerative disorders, especially
in AD patients [59,62–64]. While the mechanisms of NFL aggregation are still unelucidated, they are
thought to be similar to the hyperphosphorylation process of tau proteins [65].
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Neurogranin is a small neuron-specific and post-synaptic protein abundantly expressed in the
brain, especially in the hippocampal and cerebrocortical dendritic spine [66–68]. Neurogranin has been
found to play key roles in synaptic plasticity and long-term potentiation as a major regulator of the
calcium-binding protein calmodulin and of calcium-signal transduction and memory formation [66–69].
Autopsy studies revealed a possible correlation between neurogranin and AD, as analyses showed
reduced levels of neurogranin in brains and increased levels in the CSF of AD patients [68]. In this
regard, there is accumulated evidence confirming the potential of neurogranin as an AD biomarker,
both as a full-length molecule and as fragments from the C-terminal half [66,70]. Moreover, it has been
shown to be able to detect early-stage pathological changes, even in the MCI stage, and predict and
monitor AD-related cognitive decline, thus serving as a promising pre-symptomatic biomarker [67,68].
BACE1 (β-site APP cleaving enzyme-1) is an aspartyl protease discovered in 1999, which, by contrast
to other peptidases of the pepsin family, such as cathepsin D and E, is a type I transmembrane
protein [69,71]. Commonly expressed in neurons, oligodendrocytes and astrocytes, BACE1 is more
abundantly found within certain neuronal cell types [69]. The generation of Aβ monomeric forms is
dependent upon the activity of BACE1, this being directly related to synaptic functions, plasticity and
homeostasis [69,72]. Studies have shown the significantly increased concentrations and activity rates of
BACE1 in AD brains and CSF, which is thought to cause a vicious cycle by producing Aβ peptides near
synapses [69,72–75]. Other synaptic dysfunction-associated biomarkers for AD include synaptotagmin,
a calcium sensor protein, SNAP-25, a component of the soluble N-ethylmaleimide sensitive factor
attachment protein receptor complex, GAP-43, a pre-synaptic membrane protein, and synaptophysin,
which has exhibited increased levels in the CSF of AD patients [69,76].

On one hand, TREM2, the triggering receptor expressed on myeloid cells 2, is a type I
transmembrane receptor protein of the innate immune system, selectively expressed on the plasma
membrane of microglia and dendrocytes within the central nervous system [77–81]. TREM2 plays
fundamental roles in microglial functions, including in the phagocytosis of apoptotic neurons, damaged
myelin and amyloid plaques, biosynthetic metabolism, proliferation, migration, survival, cytokine
release, lipid sensing, and inflammatory signaling inhibition, and it has been proven to be essential
in synapse pruning during early development [79–81]. Furthermore, its ectodomain is cleaved in
the cell surface and shed at the plasma membrane, thus releasing a soluble fragment (sTREM2)
which can be measured in the CSF as an indicator of microglial activity [78–80]. As it is involved in
the regulation of microglia dynamics, and the subsequent amyloid plaque formation and synaptic
plasticity, increased levels of sTREM2 within the CSF have been related to a protective response
against AD pathology, thus serving as a potential biomarker [80–83]. On the other hand, YKL-40,
the inflammation-related glycoprotein known as chitinase-3-like protein 1, breast regression protein
39, human cartilage glycoprotein 39 or chondrex, belongs to the family of chitinase-like proteins,
but lacks the enzymatic activity of chitinases [84,85]. Normally expressed in the fibrillar astrocytes
within the white matter, YKL-40 plays key roles in inflammation, proliferation, angiogenesis and tissue
remodeling [84–86], and CSF YKL-40 is a biomarker for astroglial activity [80]. Furthermore, elevated
levels of YKL-40 in the brain and CSF are generally associated with neurodegeneration, appearing as a
pre-clinical sign of AD pathology [80,86,87].

Another important group of AD biomarkers is the microRNAs (miRNAs), which are small
non-coding RNAs with an average length of 22 nucleotides, involved in gene expression at
the post-transcriptional level, regulation through binding to mRNA targets, and the subsequent
translational repression or degradation of the target by the RNA-induced silencing complex [88–90].
Although recent studies have been intensively focusing on miRNA deregulation associated with AD,
the lack of standardization in the quantification methods and protocols used is considerably challenging
for establishing the discrimination power of miRNAs as biomarkers for AD [91]. Thus, the available
results are generally not comparable since they target different miRNA molecules, which further
increases the complexity of the subject [91–96].
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The previously described CSF biomarkers for AD and the associated mechanisms of pathology
are summarized in Table 1.

Table 1. The major changes of the identified CSF biomarkers for AD and the associated mechanisms
of pathology.

Mechanism of AD
Pathology

CSF
Biomarker

Change in AD
Pathology

Sensitivity Specificity References

Aβ plaque
deposition

Aβ42 ↓ 0.69–0.81 0.44–0.89 [43,97–100]

Aβ40 - 0.72 0.39 [98,101]

Aβ38 - 0.63 0.56 [98,101]

Aβ42/Aβ40 ↑ 0.81–0.93 0.60–1 [45,97–99]

Aβ42/Aβ38 ↑ 0.92 0.89 [101]

tau pathology
T-tau ↑↑ 0.74–0.77 0.70–0.75 [97,100]

P-tau ↑ 0.66–0.73 0.63–0.82 [97,100]

neuronal injury NFL ↑ 0.81 0.79 [100]

synaptic
dysfunction and/or

loss

neurogranin ↑ 0.73 0.84 [102]

BACE1 ↑ 0.87 0.63 [103]

synaptotagmin ↑ n.r. n.r. [69,76]

SNAP-25 ↑ n.r. n.r. [69,76]

GAP-43 ↑ n.r. n.r. [69,76]

synaptophysin ↑ n.r. n.r. [69,76]

neuroinflammation
sTREM2 ↑ n.r. n.r. [82,83]

YKL-40 ↑ 0.77–0.85 0.81–0.84 [80,86,87,104]

n.r.—not reported; ↓—decrease; ↑—increase; ↑↑—high increase.

3. Blood Biomarkers

Although CSF biomarkers provide significantly more accurate diagnostics of AD and/or MCI,
their clinical application is generally limited due to their invasive nature, which is traumatic to
patients, and their high costs. Therefore, the scientific focus has shifted towards more accessible
biomarkers that could increase their application for clinical practice. In this context, the use of
peripheral blood biomarkers for AD diagnosis possesses a series of advantages, namely minimal
invasiveness, facile sampling, cost- and time-efficiency, and widespread adoption [67,105].

Nonetheless, although blood communicates with the brain through the blood–brain barrier,
the lymph vessels and the glymphatic system, the interchange is indirect. Therefore, the applicability
of blood biomarkers in clinical practice is still not possible due to a series of challenges, in terms of both
biological and technical issues [60,105–107]. First, the central nervous system is an isolated environment
and the concentration of the potential biomarkers might be relatively low, as they must cross the
blood–brain barrier as intact molecules [106]. Additionally, the volume ratio between the blood and
the CSF will cause a significant analyte dilution [60]. However, there is strong evidence of barrier
dysfunction in AD patients, which leads to increased protein and other molecule exchanges [105,106].
Second, as blood is a highly complex fluid comprising various molecules and cells, non-specific
biomarkers, such as inflammatory or acute phase proteins, could be expressed by sources other than
the central nervous system, which further introduces and increases variability within analyses [60,106].
Additionally, the variety of proteins and heterophilic antibodies present in the blood might potentially
cause interference in the analysis [60]. Third, blood biomarkers might undergo liver or plasma
proteolytic degradation, matrix effects due to plasma protein or blood cell adhesion, or kidney
excretion, which will further substantially lower their concentration [60,106]. Fourth, the sensitivity
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and specificity of blood biomarkers are still considerably low, as there is a high risk of the overlapping
of neurodegenerative disorders and other co-morbidities of AD patients that could also change plasma
protein profiles [67,106]. Therefore, blood biomarker assays for AD diagnosis still lack standardization
between instruments and laboratories, and the complexity of the blood is associated with a series of
variables that are challenging in terms of result replication [60,105].

Among the conventional biomarkers for AD, Aβ42, Aβ40 and Aβ42/Aβ40 have been recognized
as potential screening molecules [108]. However, early studies led to inconsistency between results
and a lack of correlation between CSF and blood Aβ [46,106,109–111]. Such results were probably
due to low Aβ concentrations in blood and the influences of matrix effects, as plasma proteins have a
tendency of binding to Aβ, and the analytical sensitivity of the assay did not allow for diluting these
effects [46,109], as measurements were performed using enzyme-linked immunosorbent assay (ELISA)
methods [106,110,112]. However, more recent studies are considerably more promising, as they use
ultrasensitive immunoassay techniques, such as single-molecule array or SIMOA, immunoprecipitation
coupled with mass spectrometry, and stable isotope labeling kinetics followed by immunoprecipitation
coupled with mass spectrometry [46,105,106,109–111]. As such, the results showed the expected
decrease in blood Aβ42, Aβ40 and Aβ42/Aβ40 levels in AD and MCI patients [106,109–111,113].
However, the presence of various factors that introduce variability to the results limits the applicability
of Aβ as a blood biomarker for AD [105].

Similarly, the introduction of ultrasensitive immunoassay techniques, including SIMOA, mesoscale
discovery or MSD, label-free real-time surface plasmon resonance technology, and immunomagnetic
reduction, has led to more promising results in terms of T-tau and P-tau blood levels. In this regard,
results have shown that increased levels of blood T-tau and P-tau are generally associated with
AD [46,106,109]. However, more accurate results have been obtained by using enzymes involved
in tau protein hyperphosphorylation processes, such as glycogen synthase kinase 3β (GSK-3β) and
dual-specificity tyrosine-phosphorylation regulated kinase A (DYRK1A) [105]. On one hand, GSK-3β
is a GSK-3 isoform, part of the serine/threonine kinase family, known for its important roles in
neuron polarity and synapse plasticity. Consequently, there is strong evidence of its implications
in the pathological mechanisms of neurodegeneration disease development and the progression of
tauopathies associated with AD [114–117]. In this context, blood levels of GSK-3β are considerably
elevated in AD and MCI patients, which proves its potential as a blood-based AD biomarker [105,118].
On the other hand, DYRK1A, a member of the proline-directed serine/threonine kinases, is widely
known for its implications for cell proliferation, as well as various signaling pathways fundamental for
brain development and function, namely neuron survival, synaptic plasticity, and actin cytoskeleton
and microtubule regulation [119–121]. As AD patients present considerably reduced blood levels,
DYRK1A could be used as a potential biomarker [105,122].

The emergence of the ultrasensitive techniques has also allowed for the accurate quantification
of blood NFL, which has been shown to closely correlate with CSF results, thus reflecting brain
pathology [46,106,110]. Both plasma and serum levels of NFL are elevated in AD and MCI
patients years before symptom onset [46,105,109–111,123,124]. Additionally, as NFL levels could
also serve as biomarkers for disease severity, namely brain atrophy, cognitive impairment or glucose
hypometabolism, it can also be used as a biomarker for disease staging [46]. Although it is among the
most consistent blood biomarkers [111,123,125], increased concentrations of NFL are not specific for
AD, as they have been observed in other neurodegenerative disorders [105,109].

Moreover, several studies have demonstrated that sustained chronic inflammation is directly
related to AD development, as postmortem tissues of AD models exhibited inflammatory
responses [126]. Among the mediators involved in the systemic immune response regulation,
including transcriptional factors, cytokines, chemokines, complements, coagulation factors, enzymes,
various peptides and lipids [127], interleukins (IL-1, IL-4, IL-6 and IL-10), cytokine I-309, interferon-γ,
and tumor necrosis factor α (TNF-α) are particularly important biomarkers for the early diagnosis of
AD [105].
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Furthermore, clusterin, also termed as apolipoprotein J, is a highly sialylated multifunctional
glycoprotein that is highly expressed in the brain, liver, testicles and ovaries [128–130]. Studies show
that clusterin is involved in a series of pathophysiological states, including cell death, oxidative stress,
proteotoxic stress and neurodegenerative processes [130]. As its main function is to act as a chaperone
for various extracellular proteins, it has been demonstrated that clusterin is capable of binding Aβ

peptides, thus decreasing Aβ toxicity and the associated apoptosis and oxidative stress [105,130,131].
In this context, as it is found in higher concentrations in the blood of AD patients, clusterin could be a
promising AD biomarker [105].

The previously described blood biomarkers for AD and the associated mechanisms of pathology
are summarized in Table 2.

Table 2. The major changes of the identified blood biomarkers for AD and the associated mechanisms
of pathology.

Mechanism of AD
Pathology

Blood
Biomarker

Change in AD
Pathology

Sensitivity Specificity References

Aβ plaque
deposition

Aβ42 ↓ 0.82 0.77 [35,132,133]

Aβ40 ↓ n.r. n.r. [133]

Aβ42/Aβ40 ↓ 0.75 0.77 [35,132,133]

tau pathology

T-tau ↑ 0.62 0.54 [134]

P-tau ↑ n.r. n.r. [135]

GSK-3β ↑ n.r. n.r. [105,118]

DYRK1A ↓ n.r. n.r. [105,122]

neuronal injury NFL ↑ 0.86 0.76 [136]

inflammation

IL-1, IL-4, IL-6,
and IL-10 ↑ n.r. n.r. [105]

cytokine I-309 ↑ n.r. n.r. [105]

interferon-γ ↑ n.r. n.r. [105]

TNF-α ↑ n.r. n.r. [105]

apoptosis clusterin ↑ 0.76 0.63 [105,137]

n.r.—not reported; ↓—decrease; ↑—increase.

4. Saliva Biomarkers

Saliva is a complex biological fluid secreted in the mouth by three main pairs of salivary
glands, namely the parotid, the submandibular, and the sublingual, which generate 0.75–1.5 L daily.
The compositions of their secretions depend on the sympathetic and parasympathetic stimulation,
circadian rhythm, health status, eating habits and drug intake [138,139]. Considering the direct relation
between the salivary gland and the nervous system, as the facial nerve innervates the sublingual
and submandibular glands through the submandibular ganglion and the glossopharyngeal nerve
innervates the parotid gland through the otic ganglion, saliva could represent an important source
of biomarkers for nervous system disorders [139,140]. In contrast to blood, saliva is a matrix that
can be collected easily and non-invasively, at all ages and many times per day, and assessed through
different assays [139,141–144], which is promising for its future clinical application in the timely
detection, diagnosis, prognosis and monitoring of neurological disorders [142,145]. In this regard,
a novel term has been introduced, salivaomics, which encompasses all biomarkers discovered within
the genome, microbiome, epigenome, transcriptome, proteome and metabolome for the development
of translational and clinical tools for diagnosis [145,146].

Therefore, due to the capacity of molecules to pass from the blood to the saliva through passive
diffusion, active transport or microfiltration, saliva is a promising AD-related biomarker pool that
could be used for its early and accurate diagnosis [147,148]. The most important AD biomarkers found
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within the saliva are Aβ peptides, T-tau and P-tau, acetylcholine, lactoferrin, and trehalose, each related
to different AD pathophysiological mechanism.

Owing to the saliva–blood interactions and the buccal cell degradation, Aβ peptides should also
be present in the saliva, as APP is a widely expressed protein in the peripheral tissues. Although the
number of studies on the matter is still considerably limited, recent results have shown that salivary
Aβ42 is increased in AD patients, while Aβ40 does not change [148–150]. However, there are no studies
regarding the Aβ42/Aβ40 ratio in the saliva, which should also be validated considering its significant
relevance in the CSF [151].

Similarly, studies on salivary T-tau and P-tau are still limited, with preliminary results
demonstrating elevated levels of T-tau and P-tau, and also an elevated P-tau/T-tau ratio [152,153].
However, the results are not conclusive, as tau proteins are also expressed and secreted by acinar
epithelial cells, the subunits of salivary glands, and released from the cranial nerves [151,154].

Furthermore, as salivary glands are under cholinergic innervation, acetylcholinesterase, a type-B
carboxylesterase enzyme mainly found in the synaptic cleft at the post-synaptic neuromuscular
junctions, further diffuses into the saliva [151,155,156]. Its primary function is the termination of
neuron transmission and signaling, but recent studies have demonstrated its role in the development
of AD by promoting Aβ fibril formation [156–158]. In this context, the available studies reported
reduced levels of salivary acetylcholinesterase associated with aging and even lower levels for
AD patients [139,148,151]. However, while they proved its potential as a salivary AD biomarker,
the conclusiveness of the results is still limited due to a lack of standardization [151].

Antimicrobial peptides have been previously proposed as biomarkers for brain infections
involved in the AD developmental processes [151]. An example of such biomarkers is lactoferrin,
a globular non-hemic iron-binding glycoprotein that belongs to the family of serum transferrin proteins,
and it is mostly synthesized by glandular epithelial cells and neutrophils [159–162]. Owing to its
iron-binding activity, lactoferrin is a multifunctional protein that exhibits antibacterial, antiviral,
antifungal, antioxidant, immunomodulatory, anti-cancer, anti-inflammatory and anti-allergenic
properties [160,162–164]. Moreover, while there is evidence of lactoferrin presence within the human
brain, its levels are substantially increased in AD patients and those with related neurodegenerative
disorders, which could be attributed to its Aβ-binding ability [165–167]. Therefore, lactoferrin has been
associated with AD pathogenesis, as it has been detected in the amyloid plaques, NFTs and microglia
of AD brains [164,165]. Studies on AD patients are still limited, but there is strong evidence that the
salivary levels of lactoferrin significantly decrease when compared to healthy controls and elderly
subjects [139,148,164,168]. Moreover, lactoferrin has also demonstrated its potential for early disease
detection, as the accuracy of AD diagnosis using it was greater than with CSF T-tau and Aβ42 [139,151].

The previously described saliva biomarkers for AD and the associated mechanisms of pathology
are summarized in Table 3.

Table 3. The major changes of the identified saliva biomarkers for AD and the associated mechanisms
of pathology.

Mechanism of
AD Pathology

Saliva Biomarker
Change in AD

Pathology
Sensitivity Specificity References

Aβ plaque
deposition

Aβ42 ↑ 0.16 0.93 [148–150,169]

Aβ40 - n.r. n.r. [148,149]

acetylcholinesterase ↓ n.r. n.r. [139,148,151,170]

tau pathology

T-tau ↑ n.r. n.r. [152,153,171]

P-tau ↑ n.r. n.r. [152,153]

P-tau/T-tau ↑ 0.73–0.83 0.30–0.50 [152,153]

inflammation lactoferrin ↓ 1 0.98 [168]

n.r.—not reported; ↓—decrease; ↑—increase.
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5. Emerging Body Fluid Biomarkers

Recent years have witnessed significant advancements in the profiling technologies, which have
improved the detection sensitivity and allowed for the quantification of minute samples. In this
manner, previously difficult-to-assess body fluids, such as urine, tears or olfactory fluids, have become
a rich source of biocompounds that could reflect the pathological state of an individual [171].

Urine has become a highly desirable source of disease biomarkers, as it can easily and
non-invasively be collected in relatively large volumes. Additionally, it contains cellular components,
biochemical compounds, and proteins originating from plasma glomerular filtration, renal tubule
excretion or urogenital tract secretion, thus reflecting the metabolic and pathophysiological condition
of an individual. In this context, recent works have focused on the plethora of biomarkers present
within the urinary proteins, glycoproteins and exosomes that could allow for the early diagnosis,
prognosis, prevention or treatment of various diseases [172,173]. Furthermore, urine can also reflect
AD pathology signs, generally associated with modifications in protein and lipid metabolism caused
by oxidative stress [174,175]. Moreover, since the concentration of the creatinine waste product is
physiologically stable, it can be used for normalizing urine biomarker concentrations [174]. In this
context, the most promising urinary biomarkers include isoprostane [176], glycine and total free amino
acids [177], and 8-hydroxy-2‘-deoxyguanosine [178], which have achieved over 90% accuracy [174,175].

While tears are available in considerably reduced volumes for sampling, they are a neglected
key reservoir of biomarkers, with great potential in medical diagnostics [179,180]. Tears are complex
protein, lipid, mucin, water and salt mixtures, and the development of novel proteomic, lipidomic and
glycomic techniques has allowed for a complete understanding of these components and their changes
associated with ocular or non-ocular disorders [171,181,182]. For example, proteomic techniques have
revealed the presence of AD-related peptides within aqueous humor samples [183], while tear fluid has
proven to be clinically relevant through the discovery of a combination of four tear proteins, namely
lipocalin-1, dermicidin, lysozyme C and lactritin, with a sensitivity of 81% and a specificity of 77% for
AD [184,185]. Another study suggested the discriminatory power of tear T-tau and Aβ42, as their levels
increased in AD patients [186]. Additionally, total microRNA abundance was also found at increased
levels in AD patients, with microRNA-200b-5p as the most promising AD biomarker [183,187].

Moreover, several studies have reported the isolation of NFTs and identified increased levels of
T-tau and P-tau in AD patients’ nasal secretions [35], thus proving the potential of olfactory fluids as
non-invasive AD biomarkers.

6. Conclusions and Future Perspectives

AD is the most common neurodegenerative disorder that predominantly affects the elderly
population. Thus, it is expected that the number of AD patients worldwide will reach 60 million by
2030, which will have a significant impact on the global health system. The current diagnosis methods
involve cognitive tests, neuroimaging techniques and CSF assays. However, there is still no clinical
strategy available for the accurate and early detection of AD. Recent trends have focused on identifying
novel biomarkers beyond Aβ and tau proteins, as well as new matrices as biomarker sources, such as
the blood, saliva, urine, tear or olfactory fluids. While there have been considerable advancements
in the field, the lack of standardized sampling and assays poses significant challenges for the use
of such biomarkers in the clinical practice. In this context, recent trends have been focusing on the
identification of protein or lipid panels, which could better reflect the complete mechanisms of AD.

Furthermore, research should also focus on the development of advanced platforms and biosensor
devices that could provide real-time information regarding the health status of AD patients [188].
In this context, biosensor-on-chip devices could represent a promising strategy for accurately assessing
a great pallet of AD biomarkers.
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Abstract: Perinatal life represents a delicate phase of development where stimuli of all sorts, coming
to or from the mother, can influence the programming of the future baby’s health. These stimuli may
have consequences that persist throughout adulthood. Nuclear receptor related 1 protein (NURR1),
a transcription factor with a critical role in the development of the dopaminergic neurons in the
midbrain, mediates the response to stressful environmental stimuli in the perinatal period. During
pregnancy, low-grade inflammation triggered by maternal obesity, hyperinsulinemia or vaginal
infections alters NURR1 expression in human gestational tissues. A similar scenario is triggered by
exposure to neurotoxic compounds, which are associated with NURR1 epigenetic deregulation in the
offspring, with potential intergenerational effects. Since these alterations have been associated with
an increased risk of developing late-onset diseases in children, NURR1, alone, or in combination with
other molecular markers, has been proposed as a new prognostic tool and a potential therapeutic
target for several pathological conditions. This narrative review describes perinatal stress associated
with NURR1 gene deregulation, which is proposed here as a mediator of late-onset consequences of
early life events.
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1. Introduction

Perinatal stress due to various environmental stimuli can have an impact on early fetal development,
leading to long-term effects on cellular homeostasis [1–4]. Both prenatal and postnatal factors such as
maternal nutrition, environmental pesticide exposure, stress, suboptimal antenatal care and neonatal
trauma can cause epigenetic changes and impaired gene expression, especially at the neuronal level,
with a consequent impact on fetal brain development and function [5].

According to the Barker hypothesis, in utero and postnatal stressors permanently program the
structure and the physiology of the offspring, as a manifestation of the developmental plasticity to
specific environmental stimuli [6]. This plasticity appears advantageous since it creates phenotypes
that, once outside of the womb, are better matched to the environment that they are expected to
enter into [6]. However, if in utero conditions do not match those following childbirth, this adaptive
response could turn into a harmful mechanism. For instance, if the imprint left by a limited availability
of nutrients during the prenatal stage is followed by overnutrition later in childhood, the risk of
developing metabolic disorders increases, with consequent permanent changes in the metabolism of
glucose-insulin established in the prenatal period [7]. The duration and timescale of exposure to various
stimuli in early life are of key importance due to perinatal epigenetic plasticity. The interplay between
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environmental stimuli and genetic susceptibility in response to environmental stress is of a crucial
importance in determining the final phenotype. Several genes play key roles in counterbalancing stress
and maintaining cellular homeostasis. In the brain, the nuclear receptor related 1 protein (NURR1), a
transcription factor able to modulate differentiation, survival and function of dopaminergic neurons,
has been demonstrated to exert a neuroprotective role against neuropathological stress or insults.
NURR1, as a glucocorticoid-responsive transcription factor, has an important endocrine regulatory role.
It is a key factor in modulating the adaptive responses to stress by influencing the transcription of target
genes in the hypothalamus-pituitary-adrenal axis (HPA), the major stress-responsive neuroendocrine
system [8,9]. Changes in NURR1 expression have been observed in neurodegenerative conditions
such as Parkinson’s disease (PD) and Alzheimer’s disease (AD), as well as in stroke and in multiple
sclerosis [10,11]. NURR1 deregulation is also a causative factor for the onset of schizophrenia, through
the modulation of genes associated with this pathology, particularly the dopamine D2 receptor
co-expression gene set [12,13]. Considering epidemiological data on human cohorts [14–16] as well as
the outcomes observed in PD animal models [17–21], it has been demonstrated that environmental
stress during early life influences the programming of adult neuronal health. Thus, neonatal life
represents the starting point during which the control of environmental stimuli can significantly drive
the onset of neurodegeneration and other late-onset diseases.

This narrative review aims to describe the long-term effects of major environmental stressors
occurring during the perinatal period and that affect NURR1 gene regulation. PubMed database was
used for the search of peer-reviewed original research articles in English, published up to October 2020,
without including electronic early-release publications. Search terms included “Nurr1” or “Nr4a2”and
“disease” or “early-life” or “perinatal or prenatal” or “stress” or “trauma” or “inflammation” or
“epigenetics” or “environmental exposure”. The abstracts of retrieved citations were reviewed and
prioritized by relevant content. Full articles were collected and secondary references from these articles
were screened for inclusion.

This manuscript discusses how early determinants and maternal stress in perinatal life can
modulate dopaminergic neuron homeostasis, as well as inflammatory and metabolic pathways, and
affect health status later in life. The value of the early identification of risk factors lies in the fact
that it may assist the introduction of prevention strategies aimed at reducing the burden of chronic
diseases later in life. Consequently, it will assist policymakers to adopt appropriate clinical guidelines
to prevent neuronal damage and inflammation-related diseases.

2. Early Determinants of Human Health

Increasing rates of prevalence of noncommunicable diseases (NCDs) (i.e., heart disease, diabetes,
chronic respiratory diseases, cancer, PD, AD, mental illness, etc.) over recent decades, have been
well-documented on a global scale. It is of particular concerning that the age of onset is reducing [22,23].
Major risk factors associated with the onset of NCDs are unhealthy diet, physical inactivity, alcohol
consumption, smoking, air pollution and food xenobiotic exposure [24,25]. Considering the experimental,
clinical and epidemiological evidence on the impact of early life on a wide range of NCDs, epigenetic
processes occurring during the perinatal period have been identified as major mechanisms in the
regulation of health later in life [26]. Human health can be programmed during prenatal and postnatal
life as nutrition, life style, environment and genetics regulate gene expression and shape the phenotype.
Starting from early prenatal life, parental exposure to healthy and unhealthy factors influence the child’s
epigenome, driving long-term effects on the adult health [27]. Paternal body weight, maternal caloric
overload, junk food consumption and malnutrition exert their impact not only on child body weight at
birth, but also on his/her inflammatory responses. A correlation between prenatal maternal depression
and cytokine levels has been observed in postmortem fetal brains in response to the maternal condition,
suggesting that proinflammatory cytokine genes can be expressed in specific fetal brain regions and
may influence their development [28–30].

Furthermore, maternal education can influence the duration of breastfeeding, which impacts
the infant’s oral tolerance through immune modulation, the epithelial barrier function, the intestinal
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microbiome and body weight [31,32]. Shorter lengths of breastfeeding have been associated with
increased proinflammatory responses, such as the production of interleukin 6 (IL-6) and C-reactive
protein in the mother and in her offspring when reaching adulthood [33].

Social determinants of health, such as local neighborhood, social environment, exposure to chronic
stress, education levels, socioeconomic status and access to health care, can cause epigenetic perturbations
that influence disease susceptibility throughout life [34]. Social inequalities such as lower parental
income/wealth, educational attainment, occupational social class, parental unemployment and lack of
housing have been linked to unfavorable child health and development [35]. Poor housing conditions
impact indoor air quality, leading, for example, to worsening asthma by epigenetic modulation [34].
Furthermore, in disadvantaged areas, the intake of healthy food is limited, with an excess of regular
consumption of ultra-processed food, alcohol and tobacco, which contribute to the development of
unhealthy phenotypes [34]. A low socioeconomical status, increased maternal weight and physical
inactivity have been found to be related to children’s weight and height [36,37]. A direct correlation
between family income and child health also exists. In the United States of America, children aged
<17 years living in poor families are at an increased risk of suffering from poor health [38]. All in all, the
social determinants of health have been defined by the World Health Organization as “the conditions in
which people are born, grow, live, work and age” and “the fundamental drivers of these conditions” can
affect health-related behaviors. Levels of family income and education are strongly associated with a
wide range of health outcomes. Life expectancy in men and women and infant mortality rate are directly
related to educational attainment. Parental education has an impact on children’s health because it
influences dietary choices and exercise options early in life [38]. Finally, in addition to lifestyle-related
determinants of health, traumatic events occurring in the perinatal life can also have a major impact on
the child’s future health.

3. Stressful Events that Might Occur in Perinatal Life

Several stressful events might occur during the perinatal life, thus impacting on the health status
of children both in early and later life, in particular as they are related to the development of the
central nervous system (CNS). Prenatal exposure to inflammatory insults has been shown to lead
to neurodevelopmental disorders [39]. In particular, maternal infection has been associated with
long-term neurological and neuro-psychiatric morbidity in the offspring [40]. Maternal immune
activation in animal models induces transgenerational effects on the brain and behavior [41]. Maternal
chorioamnionitis is associated with cerebral palsy in the offspring, independently of other factors such
as preterm delivery and birthweight [42]. Prematurity is associated with perinatal neuroinflammation
and injury [43], and maternal inflammation has been identified as a major risk factor for premature
birth. After birth, premature infants often require supplemental oxygen for survival, and this exposure
can lead to additional inflammatory responses. Adults born preterm are at an increased risk of suffering
from long-term conditions as a consequence of the severe disruption of the normal developmental
maturation of organ systems. These adverse health problems, which tend to appear earlier in the
pre-term-born population, include neurological and mental health problems, hypertension, diabetes,
cardiac dysfunction and obstructive lung disease [44]. Instead, the risk of developing asthma and allergic
diseases in adult life is higher in babies born by caesarean section [45,46]. Babies born by caesarean section
have a reduced diversity of gut microflora when compared to babies delivered vaginally, and this seems
to be the most likely explanation for the increase in allergic diseases, given the impact of gastrointestinal
flora on the neonate’s immune system [47,48]. Maternal thyroid hormones are essential for normal
neurodevelopment in the offspring, even after the onset of fetal thyroid function. This is particularly
relevant for preterm infants who are deprived of maternal thyroid hormones following birth, who are
at risk of suffering from hypothyroidism, and more likely to develop attention-deficit/hyperactivity
disorder [49]. Rat models show that hypothyroid lactating females have a persistent low-quality milk,
and both male and female hypothyroid offspring born of hypothyroid mothers gain less body mass with
lower total adipose reserves and higher visceral reserves. The hypothyroid offspring also have higher
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levels of blood glucose, insulin and leptin, as well as dyslipidemia [50]. These long-term anthropometric
effects have also been observed in humans [49]. Maternal diet has both short-term and long-term
implications on fetal and child health. Maternal malnutrition can lead to micronutrient inadequacies
and a suboptimal macronutrient balance [51–53]. For example, vitamin D deficiency together with
maternal immune activation during development can induce schizophrenia-relevant dopaminergic
abnormalities in the adult offspring of animal models [54]. Treating mothers with vitamin D could
possibly lead to early neuroprotection to the fetus, since it has been shown to increase the number
and the expression of mature Nurr1 mesencephalic dopaminergic neurons. Similar findings were
observed in mothers with vitamin B deficiencies [55]. Bad eating habits can lead to maternal obesity
with undesirable metabolism, which in turn influence the maternal health and, in the infant, lead
to longer-term metabolic, neuropsychiatric and cognitive health consequences [56–58]. For instance,
altered levels of plasma ceramides in the offspring of obese mothers have been implicated as early
predictors of metabolic disease [59]. Maternal obesity has been implicated as being an independent risk
factor of short- and long-term neuropsychiatric disorders in the offspring [60]. Low-grade inflammation
is a central feature of pregnancies complicated by maternal obesity. This has also been observed in
maternal type 2 diabetes, including gestational diabetes mellitus (GDM) [61]. Exposure in utero to
maternal hyperglycemia, and consequent fetal hyperinsulinemia, carries not only several short-term
consequences in the offspring, but also prompts metabolic imprinting that results in a greater risk
of adverse long-term metabolic outcomes later in life. In particular, exposure in utero to maternal
diabetes seems to influence long-term metabolic outcomes. The offspring of obese and/or mothers
with diabetes carry a higher risk of obesity and type 2 diabetes, thus leading to a vicious cycle for
future generations [62]. Exposure to toxins, including maternal smoking, is detrimental to the offspring.
Animal models confirm that prenatal exposure to gestational nicotine before neurulation has a negative
impact on the offspring’s neurodevelopment [63]. Epidemiological studies show that in utero exposure
to maternal active and passive smoking has long-term neurological effects on the children [64,65]. This
has also been demonstrated for other environmental toxins, such as perchlorate [66]. Similarly, the
safety of anesthetic agents has been questioned due to the occurrence of apoptotic neurodegeneration
and permanent cognitive deficiencies in immature animals after exposure to anesthetic agents [67].

4. NURR1: An Orphan Nuclear Receptor at the Interface between Neural Development,
Inflammation and the Environment

NURR1, also called NR4A2, is a nuclear receptor and a transcription factor that belongs to the
NR4A subfamily of nuclear receptors, which also includes NOR-1 and NUR77. NURR1 shares structural
similarities with the other NR4A family members. It consists of a modulator domain at the N-terminus,
referred to as the activation function (AF)-1, a central double zinc finger DNA-binding domain (DBD), a
ligand-binding domain (LBD) composed of 12 α-helices and its transactivation-dependent AF-2 at the
C-terminus [68]. Similar to the other two members of this subfamily, NOR-1 and NUR77, NURR1 falls
within the category of orphan receptors, since no specific ligand has yet been identified [69]. Because
of the steric bulk of several hydrophobic residues, NURR1 (as well as other NR4A family members)
does not have a LBD cavity, which explains the difficulty in finding proper ligands that can directly
activate NURR1 through its LBD [70]. Instead, NURR1 transcriptional activity seems to rely on the AF-1
domain [71]. However, residues 592, 593, and 577 in the NURR1 LBD can be the site of interaction with
some regulatory compounds [72,73]. For example, omega-3 docosahexaenoic acid has recently been
shown to have high affinity for the NURR1 LBD, modulating NURR1 transactivation [74]. NURR1 exists
as an active transcription factor in both its monomeric and homodimeric forms. As a monomer, NURR1
binds the nerve growth factor-inducible-β-binding response element (NBRE; 5′-AAAGGTCA-3′),
while as a homodimer, it binds the nur-response element (NurRE; 5′-TGACCTTT-n6-AAAGGTCA-3′),
resulting in the activation of several genes, including the tyrosine hydroxylase (TH) and the dopamine
active transporter (DAT) genes [75]. Indeed, NURR1 is widely expressed in the CNS where it has a crucial
role in the differentiation of midbrain dopaminergic (DA) neurons. NURR1 is expressed during DA
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neuron differentiation in limbic areas and in the ventral midbrain where it regulates dopamine synthesis
through proteins such as TH, DAT, vesicular monoamine transporter 2 (VMAT2) and RET receptor
tyrosine kinase. Deficient expression of NURR1 in developing mesencephalic dopaminergic cells impairs
them with regard to expressing TH [76,77]. NURR1 deficiency in embryonic ventral midbrain cells
impairs their migration and their ability to innervate striatal target areas [78]. Given its well-established
role in the CNS, altered functionality of NURR1 has been also associated with neurodegeneration
(PD in particular), but also with attention-deficit/hyperactivity disorder [79], schizophrenia and
manic-depressive disorders [80]. Moreover, a de novo deletion-induced haploinsufficiency of NR4A2
receptors is implicated in neurodevelopmental alterations, in particular language impairment [81]. The
role of NURR1 at the interface with environmental stimuli in the management of stressful events has
been demonstrated [82,83]. There is evidence that NURR1 transcription factor plays a prominent role in
adaptive responses to stress, regulating the transcription of target genes in the HPA axis [71]. Moreover,
NURR1 activity seems to be enhanced upon the interaction with the glucocorticoid receptor (GR) [84].
Rapid increase in NURR1 mRNA expression has been measured in limbic and cortical brain structures
related to coping with depression-like behavior in mice [85,86], suggesting that an increase in NURR1
expression might be a compensatory mechanism to counteract the changes in forebrain dopamine
transmission while coping with acute stress. The direct relationship of NURR1 with the environment is
also suggested by its association with circadian rhythms and catecholamine production [87]. Prenatal
stress modulates NURR1 inducing different outcomes along the life span of the male offspring, leading
to changes in the reproductive system and spermatogenesis after puberty [8]. Beyond its well-known
role in the development, function and maintenance of midbrain dopaminergic neurons [88], NURR1
can also be found in non-neuronal tissues such as synovial tissues, bone, endothelial cells, adrenal
gland, hepatocytes and macrophages [83,89], where it mediates essential physiological processes,
including adaptive and innate immune cell differentiation, metabolism and inflammation [90]. Thus,
the nuclear receptor superfamily has been proposed as key transcription factors capable of modulating
both immune and metabolic pathways. Since the discovery that NURR1 is not only involved in
neurodegenerative disorders but also in inflammatory processes, growing attention has been directed
to explore the potential role of NURR1 alterations in several inflammation-related diseases (including
obesity and diabetes, atherosclerosis, cancer) [91–95]. In fact, the NURR1 receptor can be rapidly induced
by a range of cytokines, suggesting that this receptor acts as a potential transcriptional mediator of
inflammatory signals [83,96]. It has shown an anti-inflammatory function [97], but the exact molecular
mechanisms have not been clearly elucidated yet. Recently, NURR1 has been shown to be responsive
to nonsteroidal anti-inflammatory drugs [98]. The pleiotropic effects of NURR1 and its interaction
with environmental factors have contributed to the proposal of this transcription factor as a mediator
of late-onset consequences of early life events [83,99–101]. Next, we review the current knowledge
on NURR1 alterations in early life, especially in association with the previously mentioned perinatal
stressful events, and the potential implications in premature prevention of late-onset diseases.

5. Perinatal Stress Modulates NURR1 Expression: From Early-Life Stress to Late-Onset Diseases

Differential regulations of NURR1 expression have been demonstrated in association with several
environmental exposures, especially in early life. In relation to metabolic health, it must be considered
that in human fetal membranes and myometrium, as well as other cells and tissues, NURR1 expression
is rapidly and transiently induced by a wide range of stimuli, including hormones, cellular stress and
inflammatory signals. Among these, obesity and GDM are of particular concern during pregnancy
as they trigger low-grade systemic inflammation [102,103]. High levels of activated macrophages
in the intestinal stroma of the placenta and circulating proinflammatory cytokines, such as TNF-α,
IL-1β and IL-6, are observed in overweight women or women with GDM. In particular, TNF-α is
considered a predictor of insulin resistance during pregnancy and has been correlated with fetal
adiposity [104]. Interestingly, it was found that proinflammatory stimuli from IL-1β and TNF-α
upregulate NURR1 expression (as well as NUR77) in the placenta of women with GDM compared to
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body mass index-matched normal glucose tolerant pregnant women, even though the exact mechanism
has not been elucidated yet [105,106].

Upregulated levels of cytokines are also observed in case of maternal depression [28]. Depressive
disorders, anxiety and post-traumatic stress disorders are associated with significantly elevated
levels of circulating proinflammatory cytokines, such as IL-6, TNF-α and IL-1RA [29,107–109]. This
may be due to the activation of central and peripheral immune cells releasing cytokines, and to the
activation of the stress response system of the HPA axis by proinflammatory cytokines [110]. The
directionality of the related cytokine-depressive behavior is still under investigation. Inflammation,
which is accompanied by cytokine signaling, may play a role in the pathophysiology of psychiatric
disorders [111]. Nevertheless, changes in cytokines levels could also follow as a consequence of the
psychiatric disorder, for example, being induced by treatments with psychopharmacological agents or
by weight changes that accompany acute episodes of the disorder [112].

No association was found between pre-existing maternal obesity and placental NURR1 expression.
However, a positive correlation was found previously in adipose tissue, suggesting a tissue-dependent
modulation of obesity-induced NR4A receptor expression [113]. Moreover, Veum and co-workers
measured a strong upregulation of the NR4As in extreme obesity and normalization after fat loss, showing
an altered adipose tissue expression of the NR4As in obesity [92]. Therefore, these stress-responsive
nuclear receptors may modulate pathogenic potential in humans, and early-life trauma might stimulate
their deregulation. In addition, human gestational tissues express NR4A receptors, which regulate
the processes of parturition at term through the modulation of cytokines and growth factors [114–116].
NURR1 (and NUR77) knockdown on primary human trophoblast cells resulted in decreased TNF-α
induced IL-6 and IL-8 expression and secretion, revealing a possible proinflammatory effect of NURR1
in human placenta [105]. Inflammation has a central role during labor and delivery, because cytokines
stimulate uterine activation via the NF-kB pathway inducing the release of prostaglandins [117].
NURR1 (and NUR77) expression is upregulated in human fetal membranes and myometrium as a
consequence of spontaneous labor at term, which can explain the expression of proinflammatory and
prolabor genes associated with fetal membrane rupture and myometrial contractions [118]. However,
a similar effect is driven by bacterial infections, which are responsible for most spontaneous preterm
births (before 32 weeks gestational age) [119] due to the inflammatory response triggered by bacterial
products in human gestational tissues. In fetal membranes, NURR1 expression was upregulated by
bacterial lipopolysaccharide, fibroblast-stimulating lipopeptide and peptidoglycan muramyl dipeptide,
whereas flagellin also increased NURR1 expression in the myometrium. The upstream mechanisms
behind NURR1 upregulation are not clear yet; however, NF-kB activation seems to be involved [118].
By disrupting the normal developmental maturation of organ systems, preterm birth may result in long
lasting adverse effects in adult age. Increased blood pressure, reduced insulin sensitivity, impaired
vascular growth, chronic kidney disease (especially in the case of intrauterine growth restriction or
neonatal acute kidney injury) and significant chronic airway obstruction are the most common adverse
consequences connected to preterm birth that persist through adulthood [43]. Concerning CNS health,
prenatal or early postnatal stress are considered risk factors for the development of psychiatric disorders,
addiction and the ability to cope with stress. Prenatal stress strongly impacts fetal brain development
in rats. Rats exposed to different types of stress during the last week of pregnancy give birth to
offspring with anomalies in neuronal development and brain morphology which persist through
adulthood [120,121]. The underlying mechanism has been thought to be most likely due to changes
in D2-type dopamine (DA) neurotransmission induced by prenatal stress [122]. NURR1 expression in
dopaminergic neurons starts at embryonic day 10.5 before the appearance of the dopaminergic marker
enzyme, TH (at embryonic day 11.5) and continues during adulthood [123]. A homeostatic function has
been attributed to NURR1 in the case of stress. Levels of NURR1 were found to be increased in the
ventral tegmental area of prenatally stressed adult offspring, most likely as a compensatory mechanism
to counteract the reduction in dopamine levels observed as a consequence of prenatal stress [8,124].
A similar NURR1 increase was observed in cortical brain regions and the limbic system, including
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cornu ammonis-3 (CA3) of the hippocampus in mice, as a compensatory response to acute stress [85].
Montes et al. has shown that even if the hippocampus may be vulnerable to stress, it may also have
enough plasticity to cope with stress. To test the resilience to stress of the hippocampus, NURR1 was
downregulated in prenatally stressed (PS) and nonprenatally stressed (NPS) male rats, through the
bilateral administration of NURR1 anti-sense oligodeoxynucleotide (ODN) into their hippocampal
CA3 region. Then rats were exposed to an acute stressor (forced swimming test, FST) to analyze
their behavioral responses. After the ODN treatment, NPS rats showed a depressive-like behavior
manifested through immobility, while PS rats showed active behaviors (resilience). These findings
suggest that prenatal stress might induce brain modifications that promote resilience to acute stress in
adulthood [125]. Given the central role of NURR1 in the development of dopaminergic neurons, prenatal
exposure to neurotoxic compounds, such as pesticides, could be implicated in its deregulation leading
to the onset, later in life, of neurological disorders, such as PD. Exposure to atrazine (ATR), a volatile
and water-soluble compound used as a herbicide worldwide, during pregnancy and lactation has been
associated with decreased expression of NURR1 in offspring, together with changes in the expression of
VMAT2, which controls the transport and reuptake of DA. The consequent decrease in DA levels in the
striatum confirm that early-life exposure to ATR alters the dopaminergic system by modulating NURR1
expression [126]. Additionally, early-life exposure to permethrin (PERM), a pyrethroid compound
largely used for outdoor/indoor pest control and as anti-woodworm agent, induces dopaminergic
neuronal disorders in adult life, through the alteration of Nurr1 expression levels [100,101,127]. Of note,
early-life exposure to PERM seems to have intergenerational effects, most likely due to epigenetic
mechanisms [128]. An increased DNA methylation at the promoter region of the dopamine-specifying
factor, Nurr1, has been observed in the sperm of first-generation offspring of these mothers. In the
ventral midbrain of second-generation offspring, the effect is further associated with reduced mRNA
levels of Nurr1 [41]. The effects in the later life of early NURR1 perturbation are endorsed by a body of
evidence. Remarkably, it has been demonstrated that maternal smoking and early postnatal exposure to
nicotine alter children’s behaviors and increase their propensity for drug abuse later in life, by altering the
dopamine-mediated reward system [129]. This most likely occurs due to the nicotine-mediated circuit
activation during development. In fact, studies on mice show that neonatal exposure to nicotine primes
midbrain neurons to express NURR1; subsequent nicotine re-exposures in adulthood induce primed
neurons to acquire the dopaminergic phenotype responsible for nicotine-mediated neurotransmitter
plasticity [129]. In addition, prenatal exposure to infections is a known risk factor for the development
of neuropsychiatric disorders, especially schizophrenia and autism [130,131]. However, it seems that
other risk factors, in particular genetic factors, should be concomitant to developing severe neuronal
disorders. Brain and behavioral consequences of prenatal infection-induced immune activation are
exacerbated (synergistic effects) in offspring with genetic predisposition to dopaminergic abnormalities,
in particular NURR1 deficiency [132]. NURR1 polymorphisms may also be implicated in the etiology
of disorders characterized by altered dopaminergic signaling, such as attention-deficit/hyperactivity
disorder, schizophrenia and PD. Thus, NURR1 may represent a future candidate gene to study the
genetic predispositions to several neuropsychiatric disorders [79,130]. Furthermore, preclinical studies
on rodents and nonhuman primates have questioned the safety of anesthetic agents used to relieve pain
in the process of childbirth or surgical procedures. It emerged that under common clinical conditions,
these chemical agents have a neurotoxic effect on the developing brain and can also induce long-term
neurobehavioral abnormalities [133]. In particular, the use of sevoflurane in pregnant women seems
to strongly impact fetal brain development. Sevoflurane impairs hippocampal CNS proliferation and
differentiation through the upregulation of miR-183 and the downregulation of NURR1. The result
is the progressive degeneration of the fetal brain, with long-term deficits in hippocampal-dependent
learning and memory [133]. Finally, several studies also support the hypothesis of the intermediary
role of inflammation and perinatal trauma underpinning the link between early-life exposure, NURR1
alterations, and CNS impairment later in life. Indeed, NURR1 expression may play a significant
role in the modulation of brain development, especially in the case of a combination of maternal
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inflammation and premature birth. Premature infants often rely on supplemental oxygen for survival,
which may represent an additional source of inflammation leading to neurodevelopmental impairment.
Lallier et al. [134] found decreased numbers of oligodendrocytes and increased numbers of microglia in
mice exposed to both maternal inflammation and neonatal hyperoxia. They hypothesized that alteration
of NURR1 expression in the perinatal period could be responsible for the detrimental effects of the two
combined sources of inflammation, bacterial infections and hypoxia [134]. Table 1 summarizes the main
targets and modulators of NURR1.

Table 1. Main targets and modulators of Nuclear receptor related 1 protein (NURR1).

NURR1 Targets (T) and Modulators (M) References

Hypothalamus-pituitary-adrenal axis (T) [8,9,71]

Dopamine D2 receptor, tyrosine hydroxylase,
dopamine active transporter, glucocorticoid receptor (T) [12,13,75–77,84,85,122–126]

Environmental stress during early life (M) [8,14–21,82,83,99–101,129–134]

Circadian rhythm and catecholamine production (T) [87]

Micronutrient intake (M) [55–58]

Omega-3 docosahexaenoic acid (M) [74]

Adaptive and innate immune cell differentiation,
metabolism and inflammation in various cells (T) [83,90–98,105,135]

IL-1β and TNF-α (M) [29,104–110]

Obesity (M) [92,113]

Human gestational tissues (T) [114–116,118]

Permethrin (M) [41,100,101,127,128]

6. NURR1: An Early Biomarker and Novel Target for Prevention of Chronic Diseases?

Given the expression of NURR1 not only in the CNS but also in other tissues, such as adipose
tissue, liver, skeletal muscles and heart tissues, a perturbation of its functionality can have a broad
spectrum of consequences for human health, from neurological and psychiatric disorders to metabolic
diseases. NURR1 is mainly known for its primary role in the development of dopaminergic neurons;
however, it has been shown to be a significant dual actor in the inflammation process. While there is
evidence of the anti-inflammatory behavior of NURR1 [135], other findings have associated NURR1
expression levels with increased proinflammatory cytokines, in particular in pathologies such as
PD and type 2 diabetes, suggesting a potential of NURR1 in the etiology of these conditions [11,93].
Even though further research to clarify the mechanistic effects of NURR1 is needed, the usage of
NURR1 expression as a biomarker has been proposed, at least for those conditions in which NURR1
deregulation has been established. The assessment of NURR1 levels in blood gave good results in
aiding in the diagnosis of PD and monitoring disease progression when measured in association
with mir-132 or cytokines [136,137]. Other findings also suggest NURR1 as a biomarker for early
diagnosis or diseases’ progression [93,138]. Additional studies investigating the role of NURR1 in
predicting long-term effects of perinatal stress are warranted in order to extend the usage of NURR1 as
a biomarker for other relevant clinical conditions.

In addition, NURR1 has been suggested as a potential pharmacological target for diseases
characterized by its deregulation [139,140]. As an example, it has been demonstrated that the GR can
act as a transcriptional regulator of NURR1, suggesting that glucocorticoids might be used to regulate
NURR1 expression [87]. At present, a significant number of research projects aimed at identifying new
NURR1 ligands for drug development are underway [141–143].

Moreover, knowledge that NURR1 expression can be regulated by modifiable factors (i.e.,
nutritional status) might pave the way for potential applications of nutrigenomics [144] in the early
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prevention of the previously mentioned conditions through strategies aimed to improve nutrition in
the perinatal period and in early childhood.

7. Conclusions

The interactions between NURR1 and environmental factors, especially during early fetal
development, are well-documented and are implicated in a variety of late-onset consequences for
human health [99]. When considering that an intergenerational transmission of NURR1-mediated
effects has been hypothesized [41,128], the ability of external stressors to control of NURR1 expression
gains even more importance. This is of particular significance in the context of the prenatal and early
neonatal periods. Further investigations to explore the role of NURR1 either alone or in combination
with other molecular markers as a noninvasive biomarker, aiding in the prevention, diagnosis and
evaluation of disease severity or response to treatments for several pathological conditions, should
be considered.
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Abstract: Background: The challenge of differentiating, at an early stage, Parkinson’s disease from
parkinsonism caused by other disorders remains unsolved. We proposed using an artificial neural
network (ANN) to process images of dopamine transporter single-photon emission computed
tomography (DAT-SPECT). Methods: Abnormal DAT-SPECT images of subjects with Parkinson’s
disease and parkinsonism caused by other disorders were divided into training and test sets. Striatal
regions of the images were segmented by using an active contour model and were used as the
data to perform transfer learning on a pre-trained ANN to discriminate Parkinson’s disease from
parkinsonism caused by other disorders. A support vector machine trained using parameters of
semi-quantitative measurements including specific binding ratio and asymmetry index was used for
comparison. Results: The predictive accuracy of the ANN classifier (86%) was higher than that of
the support vector machine classifier (68%). The sensitivity and specificity of the ANN classifier in
predicting Parkinson’s disease were 81.8% and 88.6%, respectively. Conclusions: The ANN classifier
outperformed classical biomarkers in differentiating Parkinson’s disease from parkinsonism caused
by other disorders. This classifier can be readily included into standalone computer software for
clinical application.

Keywords: artificial neural network; deep learning; Parkinson’s disease; atypical parkinsonian
syndrome; dopamine transporter SPECT

1. Introduction

Disease-modifying therapies including target therapy are under development to treat
Parkinson’s disease (PD). According to the targeted pathogenesis, some treatment strate-
gies focus on the very initial phase of the disease [1,2]. However, early in the disease
progress, PD and parkinsonism caused by other disorders, including atypical parkinsonian
syndromes share similar clinical features because the hallmarks of PD or other parkinson-
ism may not have emerged [3,4]. To date, the diagnosis of PD is solely based on clinical
diagnostic criteria and gene tests. However, it takes time to fulfil these clinical diagnostic
criteria, and only less than 5% of all PD patients have known causative genes [1,5]. There-
fore, new diagnostic tools aiding efficient screening are required to address this unmet
need.

Clinicopathological studies based on brain bank material have shown that clinicians
diagnose PD incorrectly in about 25% of patients. One of the most common reasons
for misdiagnosis was atypical parkinsonian syndromes [6]. To differentiate PD from
other forms of parkinsonism, the guidelines of the European Federation of Neurological
Societies suggest transcranial sonography of the mesencephalic brainstem. In clinical
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practice, proper evaluation of the substantial nigra depends on experienced technicians and
investigators, and also on the quality of the temporal bone window. Structural magnetic
resonance imaging (MRI) reveals typical signs of Parkinson-plus syndromes only in the
middle or later course of the diseases. Many types of advanced MRI techniques such
as voxel-wise analysis [7], diffusion [8,9], susceptibility [10,11], neuromelanin [12], and
functional imaging have been evaluated, however their overall sensitivity and specificity
have been insufficient to meet the clinical demand. 18F-fluorodeoxyglucose positron
emission tomography (FDG-PET) is an imaging modality that has a prediction accuracy
above 90% [13,14]. Due to the long procedure time, the influence of the subject’s blood
glucose status, cost-effectiveness, and usage of diagnostic template images, to date, FDG-
PET has not been recommended in clinical practice. Moreover, other clinical diagnostic
modalities such as 123I-metaiodobenzylguanidine (MIBG) myocardial scintigraphy and
olfactory testing have been reported to achieve a higher specificity of up to 80% when
compared with gold-standard clinical or clinicopathologic diagnoses in differentiating PD
from other parkinsonisms [3]. However, several olfactory test studies have reported a
sensitivity ranging from 61–77% [3,5,15,16], and when MIBG myocardial scintigraphy was
used prospectively in general parkinsonian cases, the accuracy was somewhat limited [17].

An abnormal dopamine transporter single-photon emission computed tomography
(DAT-SPECT) image reflects the dysfunction of striatal neurons, and its discrimination
of PD or not PD relies on clinical information and other structural images. However, in
daily clinical scenarios discriminative information is not always obtainable. To classify
parkinsonism based on DAT-SPECT images, advanced engineering techniques with semi-
quantitative analysis have been applied [18]. In addition, images or signals from striatal
regions (SRs) alone can provide adequate differentiating information [19]. One research
group differentiated degenerative parkinsonism using a computer-aided automatic al-
gorithm and SR and whole-brain uptake patterns. Both were shown to have adequate
specificity (84–90%), however the whole-brain uptake pattern demonstrated lower sensi-
tivity [20]. Another study group discovered that in voxel-based analysis of DAT-SPECT
images, SR alone could differentiate PD from dementia with Lewy bodies (DLB), while
regions outside SRs were not contributory [21].

Machine learning and artificial neural networks (ANNs) have developed rapidly and
been applied in clinical settings [22]. Recently, Vaccaro et al. demonstrated that a careful
analysis of neuropsychological deficits through a machine-learning approach successfully
discriminated PD and progressive supranuclear palsy [23]. An ANN application on DAT-
SPECT images reported a classification accuracy of up to 90% in identifying PD with a
mean Hoehn and Yahr (H&Y) stage of 1.6 from healthy controls [24], a great leap from
the 80% achieved with conventional or semi-quantitative analysis [24,25]. Thus, in this
study, we combined appropriate segmentation of SR images derived from DAT-SPECT
with a widely-used pre-trained neural network for computer-vision to investigate the
efficiency of this integrated method in identification of PD from parkinsonism caused by
other disorders.

2. Material and Methods

2.1. Subjects

Ethical review and approval were waived for this study, due to collection, analysis and
publication of the retrospectively obtained and anonymized data for this non-interventional
study. As a retrospective study evaluating SPECT images performed in the diagnostic
setting without disclosing any personal information of the patients, the need for written
consent was waived.

2.1.1. First Set of Images for ANN Training and Validation

Medical charts of subjects with parkinsonian syndromes (ICD-9 coded 332.0 and 332.1)
who received DAT-SPECT imaging (99mTc-TRODAT-1-SPECT) from 2017 to 2019 at the
outpatient clinic performed by three neurologists specializing in movement disorders were
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retrospectively reviewed. The initial number of collected subjects was 518. The images
reported as normal or aging-related were firstly excluded. The remaining 379 patients
(234 subjects with clinically-favored idiopathic PD and 145 subjects with clinically-favored
non-PD) were then assigned into two groups: those with PD and those with parkinsonism
caused by other disorders (non-PDs), according to the following criteria. In the PD group,
in order to establish higher sensitivity and specificity (>90%) of “ground truth” images,
we followed the Queen Square Brain Bank (QSBB) criteria to exclude those with a history
of stroke or exposure to neuroleptic agents. Finally, 105 cases who had been regularly
followed up for more than three years were classified into the PD group. In the non-
PD group, cases with drug-induced parkinsonism were excluded, and 100 cases with a
diagnosis of possible or probable Parkinson-plus syndromes (such as multiple system
atrophy or progressive supranuclear palsy), DLB, vascular parkinsonism, or other causes
of parkinsonism characterized by parkinsonian syndromes with symmetrical features and
unresponsive to L-dopa treatment were selected (Figure 1). Finally, a total of 205 images
were used to train the ANN as a classifier through randomly splitting these images into
90% for training and 10% for validation.

 

Figure 1. The flow chart of subject selection for artificial neural network (ANN)-classifier
training. The cases with drug-induced parkinsonism which reported as normal DAT-
SPECT were excluded. ICD, international classification diagnosis; DAT-SPECT, dopamine
transporter single-photon emission computed tomography; PD, Parkinson’s disease; APS,
atypical parkinsonian syndrome; QSBB, Queen Square Brain Bank; MDS, movement disor-
der society; H&Y, Hoehn and Yahr stage; MSA, multiple system atrophy; PSP, progressive
supranuclear palsy; DLB, dementia with Lewy bodies; VaP, vascular parkinsonism; SCA,
spinocerebellar ataxia.

2.1.2. Second Set of Images for Testing the ANN Classifier

To test the performance of the trained ANN classifier, a second dataset of DAT-SPECT
images performed from January to March 2020 of cases with a diagnosis of parkinsonian
syndrome (n = 57) was obtained. Cases with a history of unilateral onset of parkinsonian
symptoms and adequate responsiveness to levodopa treatment, but who did not meet
the QSBB exclusion criteria were defined as having PD. Those with prominent red flags
such as bilateral onset of symptoms and unresponsive to levodopa treatment, or who met
the QSBB exclusion criteria such as early cognitive impairment, cerebellar signs, or with
structural imaging suggesting vascular parkinsonism or hydrocephalus were defined as
having parkinsonism caused by other disorders (non-PDs).

2.2. Image Processing
2.2.1. Image Pre-Processing

First, a mask to remove scalp uptake was applied to all images. The intensity of
images was then normalized by contrast stretching. To select the region of interest (ROI),
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i.e., the SR, an active contour model was applied [26]. The physician first selected an ROI
using the same procedure as in the conventional method for calculating striatal/occipital
ratio, and the active contour model automatically adjusted the outline of the ROI [27] to
minimize the summarized values contributed by both inside and outside of the ROI, and a
fitted ROI was then segmented out for the next step. This method also minimized selection
bias and physician inconsistency. We also kept the images before segmentation for further
comparison.

2.2.2. Binary Classification by ANN

The segmented SR images were fed into the ANN training process for classification.
We applied the method of transfer learning to a pretrained network from an open source.
AlexNet is a standard model for image classification through deep learning that has been
widely applied to medical images. It is composed of five convolutional layers and three
fully-connected layers. We froze the parameters of convolutional layers for basic feature
extraction. In the last three fully-connected layers, we replaced the label space with our
image categories. This trained ANN classifier was first validated using the validation data
targeting an accuracy > 90%, and then re-confirmed using the independent test dataset. The
results of training/validation and test dataset were presented by calculating the area under
the receiver operating characteristic curve (AUROC). For comparison, we also trained
another ANN classifier using images of the whole brain without segmentation (Figure 2).

 

Figure 2. Workflow of image preprocessing, SR segmentation, and ANN classifier training.
The ANN classifier was trained by different types of images (original, whole brain, and
segmented SR). The SR segmentation demonstrated higher accuracy than the other two
types of images.

2.2.3. Semi-Quantitative Measurements and Machine-Learning Classification

Two indicators were evaluated—specific binding ratio (SBR), which was calculated as
((SR-occipital)/occipital) and asymmetry index (ASI), which was calculated as ((2 |SRleft −
SRright|)/(SRleft + SRright)). Classification of the PD and non-PD groups was attempted
using SBR and ASI with machine-learning approaches including linear discrimination,
support vector machine (SVM) with quadratic, cubic, and Gaussian kernel methods, with
or without primary component analysis (PCA) from the classification learner toolbox of
Matlab 2018b (MathWorks, Natick, Massachusetts). The SVM handled both linear and
nonlinear classification. In linear models, the SVM attempted to define the largest margin
between the points on either side of the decision line, whereas in non-linear models, a
hyperplane approach was applied for binary classification of the dataset.

Details of the DAT-SPECT scanning protocol and imaging data acquisition are de-
scribed in Appendix A. Statistical analyses were performed using SPSS software (SPSS
Statistics for Windows, version 17.0, SPSS Inc., Chicago, IL, USA).
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2.2.4. Class-Activation Mapping to Visually Explain the ANN Classifier

Computer-vision examines images in matrices using a matrix method and convolutes
them into complicated features which are usually meaningless to the human eye. These
features are not regarded as being biomarkers and are hardly correlated to clinical facts.
One way to visualize computer-vision is through class-activation mapping (CAM), which
produces “visual explanations” from an ANN using parts of the image that weigh most
while performing classification. CAM has been widely applied in deep learning methods
of medical imaging [28], and we used it in this study to visually explain the results from
the ANN classifier.

All image processing and ANN procedures were implemented in Matlab 2018b (Math-
Works, Natick, MA, USA).

3. Results

3.1. Demographic Characteristics

The clinical characteristics of the patient groups are summarized in Table 1. There
were no significant differences in age or gender (for training/validation set, p = 0.44 and
for test set, p = 0.91). For the training/validation dataset, there were 105 subjects in the PD
group with an average H&Y stage of 1.93 (median H&Y stage 2). The non-PD group (100
subjects) included 23 cases with Parkinson-plus syndrome, 8 cases with DLB, 8 cases with
vascular parkinsonism, 1 case with spinocerebellar ataxia, and 60 cases with other forms of
parkinsonism. For the test dataset, there were 22 subjects in the PD group, with an average
H&Y stage of 1.95 (median H&Y stage 2), and 35 subjects in the non-PD group, including 6
cases with Parkinson-plus syndrome, 8 cases with DLB and 21 cases with other forms of
parkinsonism.

Table 1. Demographic characteristics of the subjects.

Data
Training/Validation Set

(n = 205)
Test Set
(n = 57)

Group PD Non-PD p Value PD Non-PD p Value

Age (years)
(mean ± SD) 65.4 ± 10.2 66.6 ± 12.8 0.44 70.3 ± 9.8 70.6 ± 13.4 0.93

Gender
(F/M) 52/53 45/55 0.51 8/14 12/23 0.87

Mean disease
duration

(years) (IQR)
2.32 (2) 1.89 (1) 0.27 2.57 (2.5) 3.56 (3) 0.34

PD, Parkinson’s disease; SD, standard deviation; IQR, interquartile range.

3.2. Comparisons of Semi-Quantitative Measurements and ANN Classifier

The performances of classifying the test dataset using semi-quantitative measurements
and ANN classifier were compared. The distributions of both SBR and ASI of the test
dataset were found to be normal according to the Shapiro–Wilk test. The unpaired t tests
between the PD and non-PD groups were p = 0.003 for SBR and p = 0.083 for ASI. The
test datasets were classified using SBR and ASI, respectively. According to the boxplot,
the distributions of SBR and ASI values between groups greatly overlapped (Figure 3A,B).
Classification by SVM using features from the combination of SBR and ASI revealed that
moderate Gaussian kernel through PCA feature extraction resulted in the best result among
the methods of machine learning (Figure 3C). There were still several remarkable errors
within each classification region. The classification accuracy was 68.4% with sensitivity and
specificity of 31.8% and 91.4%, respectively, in predicting PD. For the ANN classifier, an
accuracy of 92% was obtained through repetitively fine-tuning and validating the training
dataset. Classification of the test dataset through best parameters (feature maps) from
computer-vision with ANN revealed an accuracy of 86% with sensitivity and specificity
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of 81.8% and 88.6%, respectively, in predicting PD (Table 2). The performance of this
classifier was favorable (Table 3). The AUROC was 0.94 for the training/validation dataset
and 0.76 for the test dataset (Figure 4A). Another ANN classifier trained and tested using
whole-brain images (without segmentation) from the same groups of subjects had lower
accuracy, sensitivity, and specificity (Table 2).

Figure 3. Distribution of indicators derived from semi-quantitative methods (SBR and ASI)
in the test dataset (n = 57). (A) Dot diagram overlaid whisker-boxplot of SBR showed a
wider range of distribution in the non-PD group. The range of the PD group almost totally
overlapped with that of the non-PD group. (B) Dot diagram overlaid whisker-boxplot
of ASI showed a wider range of distribution in the PD group. The range of the non-PD
group almost totally overlapped with that of the PD group. (C) Scatterplot of SBR and ASI
of both groups showing the classification results of median Gaussian kernel SVM with
PCA. In the PD (lighter) region only one non-PD point was included, while there were
12 PD points in the non-PD’s (darker) region. The overall accuracy was 68.4% using this
machine-learning method.

Table 2. Comparisons of the prediction accuracy of the test dataset with different classifiers.

Classifier SVM ANN

Learning Method Machine Learning Deep Learning

Input data SBR & ASI Whole-brain image SR image
Accuracy 68.4% 68.4% 86.0%

Sensitivity 31.8% 81.8% 81.8%
Specificity 91.4% 60.0% 88.6%

SVM, support vector machine; ANN, artificial neural network; SBR, specific binding ratio; ASI,
asymmetry index; SR, striatal region.

3.3. Visualization of Computer-Vision through CAM

Class-activation mapping revealed the most discriminative parts of the images, and
the results showed that computer-vision focused on the most informative regions of both
sides of the putamen (tail of comma) (Figure 4B) to classify PD and non-PD. However,
which of the intensity, shape, curvature, or convexity of contour was the most characteristic
feature was not available for further analysis.
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Table 3. Confusion matrix of ANN classifier for predicting PD.

Predicted Positive
(Classified as PD)

Predicted Negative
(Classified as non-PD)

Actual positive
(PDs = 22)

TP
18

FN
4

Sensitivity (recall)
0.818

Actual negative
(non-PDs = 35)

FP
4

TN
31

Specificity
0.886

Precision
0.818

Negative Predictive value
0.886

Accuracy
0.860

F1 score: 2 × (precision × recall)/(precision + recall) = 0.818

PD, Parkinson’s disease; TP, true positive; FP, false positive; FN, false negative; TN, true positive.

 

Figure 4. Classification of the test dataset using the ANN classifier. (A) The area under
the receiver operating characteristic curve (AUROC) was 0.94 in the training/validation
dataset (blue line) and 0.76 in the test dataset (red line). (B) Examples of classification using
the ANN classifier for each group. Upper row is an example of PD and the lower row
non-PDs. Left column: the images before scalp-mask and segmentation. Middle column:
the images of segmented SR using the active contour model. Right column: the CAM
represented with a heat map. The computer-vision weighted more on areas with a warmer
color when examining the images. Overlaying on SR images showed that the computer
focused most on the putamen. This PD subject was a 58-year-old male with symptoms
of resting tremors in his right hand for 2 years and H&Y stage 2 when DAT-SPECT was
obtained. Another example case of multiple system atrophy was a 69-year-old male who
had symptoms of urinary incontinence, orthostatic hypotension, and cerebellar features of
dysmetria and parkinsonism. The disease duration before DAT-SPECT was obtained was
2 years. Prob., probability of class.

4. Discussion

The accuracy of differentiating parkinsonian syndromes through visually rating DAT-
SPECT images has been reported to be quite low [29]. Although the semi-quantitative
measurements revealed statistical differences between the PD and non-PD groups in testing
data in this study, the individual values overlapped greatly between groups (Figure 3). The
ANN classifier provided a higher specificity in prediction using “computer-vision parame-
ters”. Our results showed acceptable accuracy in differentiating PD from parkinsonism
caused by other disorders using only DAT-SPECT images without additional information.
The performance of the ANN classifier, with sensitivity and specificity both above 80%,
was comparable to that of quantitative olfactory examinations and MIBG myocardiac
scintigraphy suggested by diagnostic guidelines. Furthermore, this method is promising
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because of several advantages: (1) as the sample size of the dataset increases, training
results can be further improved; (2) with an adequate number of images taken during the
earlier phase of disease (PD or atypical parkinsonian syndromes), the ANN classifier may
be trained to identify PD at an early phase [24] or even possibly at a preclinical phase;
(3) medical centers and hospitals can train a site-specific ANN classifier using SPECT
images based on their own existing dataset without developing new diagnostic modalities
or purchasing expensive machines, especially for places where MIBG is not available;
(4) SPECT is more widely available, so that when the diagnosis is not straightforward,
physicians tend to order SPECT imaging first to confirm striatal neuron loss, such as to
differentiate essential tremors from PD, but not MIBG myocardial scintigraphy before
proving a neurodegenerative disease in the early phase; and (5) PD can be differentiated
from many disease types of parkinsonism, not just a few Parkinson-plus syndromes or
other Lewy body diseases [19,30]. Therefore, this classifier is more applicable when facing
uncertain types of parkinsonism in clinical practice. In addition, we chose easily-accessible
methods and basic application programs, including an active contour model for segmenta-
tion and AlexNet for learning and classification. These two tools are widely utilized and
can be obtain from online resources. All the processing in this paper were done by a PhD
student with entry-level graphics processing unit (GPU, NVIDIA GeForce GTX 1060) in a
personal computer. This avoided the need for complicated image processing procedures,
experienced engineers, or high-performance computer equipment.

For a feasible classifier, the discriminative parameters do not necessarily need to be
clinically correlated, such as extracted features from component analysis [25] or shape/
morphological fitting characteristics [18]. Even though SPECT is an imaging technique
with a lower resolution than MRI, ANN analyzes an image by decomposing hundreds of
thousands of pixels into hundreds of pixeled “matrices” to extract local features. Computer-
vision sees patterns of relationships between decomposed pixels of matrices, even if the
images do not represent actual anatomical structure in fine detail. However, the excessive
number of parameters is also a pitfall of ANN. When training the neural network with
SPECT images of whole-brain uptake, the accuracy was lower. This might be because the
ANN automatically counted differences in intra- and extra-striatal uptake or background
noise equally. Unlike computer-vision, when humans examine DAT-SPECT images they
spontaneously focus on the uptake in the SR much more than in extra-striatal regions. This
has been shown in previous studies in which better classification accuracy was achieved
by looking only at the SR rather than at the whole brain [20]. It could be argued that
comparing only the SR may result in the loss of too much information. For example, PD,
multiple system atrophy, and DLB are all associated with the same fibrillar α-synuclein
protein, but the differences are the sites in which it accumulates in the brain. Although
it may be reasonable to compare different patterns of the whole brain, according to prior
studies, only the SR was sufficient to differentiate PD from multiple-system atrophy or
DLB [21,31].

In order to feed the ANN with segmented images, an active contour model is not
only a feasible tool to select the ROI of the SR as with human vision, but also a highly-
reproducible method to diminish inter-individual errors in ROI contour outlining. The
successful classification using a combination of active contour method and ANN was
supported by CAM. The most informative area to differentiate PD from parkinsonism
caused by other disorders was the putamen. The region on which computer-vision focused
most in this study has also been reported in previous studies using semi-quantitative
measurements and other imaging modalities such as diffusion MRI.

We proposed a feasible method to develop a diagnostic tool capable of differentiating
PD from parkinsonism caused by other disorders at an early stage through DAT-SPECT
images. However, there are some limitations: (1) As a general rule, a bigger dataset is better
for training an ANN. A test dataset with more cases with a confirmed diagnosis or even a
prospective study is needed to prove and improve the accuracy. Unfortunately, the number
of medical images is usually limited. In this study, we used learning from a well-pretrained
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network to address this limitation. To develop customized and appropriate layers of a
neural network is another solution [24,28] to avoiding overfitting during training. (2) Using
images from multi-centers to recruit a larger amount of data may result in compatibility
problems among different reconstruction algorithms and different machines. Although
ANNs may accommodate discrepancies resulting from different reconstruction algorithms
by using more parameters, the accuracy may be lower. To consider raw image information
such as a “probability map” before reconstruction, appropriate normalization protocols
may also be able to solve this issue [25]. (3) In the clinical scenario, the really difficult cases
are those that did not fit any diagnostic criteria, the so called gray cases. Although this
ANN classifier was trained by images from subjects with discriminative features, it had the
potential to study the diagnostic accuracy in gray cases. However, the exact diagnosis of
these gray cases is the main obstacle and may depend on pathology. (4) The basis for the
diagnosis in this study was purely clinical without underlying pathology. (5) AlexNet is
not the most up-to-date tool. To further explore the methodology of applying a pretrained
neural network, advanced ANN with more convincing validation algorithms should be
considered. (6) Differential diagnosis based only on images could be limited. To promote
diagnostic accuracy, a combination of clinical, neuroimaging, and neuropsychology may
provide better discrimination between parkinsonisms [23].

5. Conclusions

In this study, an ANN classifier focusing on the putamen region of DAT-SPECT images
outperformed the classical biomarkers to differentiate PD from parkinsonism caused by
other disorders, with an accuracy of 86% (sensitivity of 81.8% and sensitivity of 88.6%). This
method is easily accessible and clinically applicable and provides opportunities to develop
an early diagnostic tool to allow for the appropriate application of disease-modifying
therapies, in clinical trials and even possibly for bedside treatment in the future.
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Appendix A

DAT-SPECT Scan and Reconstruction Protocol

Subjects were intravenously administered with 740 MBq (20 mCi) (99mTc) TRODAT-1
(a radiolabeled form of a tropan derivative for the selective labeling of DAT) in a quiet
environment about 10 min after insertion of an intravenous line. The SPECT data were
obtained using an energy window of 15% centered on 140 keV for (99mTc). Imaging of
(99mTc) TRODAT-1 was initiated approximately 240 min after injection, and SPECT images
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were acquired over a circular 360◦ rotation in 120 steps, 50 s per step, in a 128 × 128
× 16 matrix. The images were then reconstructed using Butterworth and Ramp filters
(cutoff frequency = 0.3 Nyquist, and power factor = 7) with attenuations according to
Chang’s method [1], and the reconstructed transverse images were realigned parallel to the
canthomeatal line. The slice thickness of each transverse image was 2.89 mm [1]. Chang LT.
A method for attenuation correction in radionuclide computed tomography. IEEE Trans
Nucl Sci. (25) (1978) 638-43.
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Abstract: Somatostatin is involved in the regulation of multiple signaling pathways and affords neuro-
protection in response to neurotoxins. In the present study, we investigated the role of Somatostatin-14
(SST) in cell viability and the regulation of phosphorylation of Collapsin Response Mediator Protein
2 (CRMP2) (Ser522) via the blockade of Ca2+ accumulation, along with the inhibition of cyclin-
dependent kinase 5 (CDK5) and Calpain activation in differentiated SH-SY5Y cells. Cell Viability
and Caspase 3/7 assays suggest that the presence of SST ameliorates mitochondrial stability and
cell survival pathways while augmenting pro-apoptotic pathways activated by Aβ. SST inhibits
the phosphorylation of CRMP2 at Ser522 site, which is primarily activated by CDK5. Furthermore,
SST effectively regulates Ca2+ influx in the presence of Aβ, directly affecting the activity of calpain in
differentiated SH-SY5Y cells. We also demonstrated that SSTR2 mediates the protective effects of
SST. In conclusion, our results highlight the regulatory role of SST in intracellular Ca2+ homeosta-
sis. The neuroprotective role of SST via axonal regeneration and synaptic integrity is corroborated
by regulating changes in CRMP2; however, SST-mediated changes in the blockade of Ca2+ influx,
calpain expression, and toxicity did not correlate with CDK5 expression and p35/25 accumulation.
To summarize, our findings suggest two independent mechanisms by which SST mediates neuropro-
tection and confirms the therapeutic implications of SST in AD as well as in other neurodegenerative
diseases where the effective regulation of calcium homeostasis is required for a better prognosis.

Keywords: β-Amyloid; calpain; Collapsin Response Mediator Protein-2; human-neuroblastoma
SH-SY5Y cells; Somatostatin-14; somatostatin receptor

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most
common form of dementia in the elderly population. Standard clinical features of the
disease include memory loss, abnormal social behavior, and deterioration of cognitive
function [1–3]. AD is characterized by the formation of amyloid plaques, composed of
abnormally truncated fragments of the amyloid precursor protein called β-amyloid (Aβ),
and intracellular neurofibrillary tangles (NFT), consisting of hyperphosphorylated Tau
protein [4,5]. The complex pathophysiology observed in AD is associated with the accu-
mulation of plaques and the formation of NFTs, along with other pathological changes,
resulting in synaptic dysfunction, excitotoxicity, dendritic spine loss and overall desta-
bilization of the neural network [6,7]. The overaccumulation of Aβ is considered as the
prominent cause of disease severity and neuronal cell death; however, the precise mech-
anism of interconnecting AD onset and progression is not fully understood, despite the
identification of signaling pathways that exert determinant roles [8,9]. One such crucial
signaling molecule that may represent a critical determinant is collapse response mediator
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2 (CRMP2). Initially identified as a signaling molecule of a repulsive axon growth and
guidance molecule Semaphorin3A, CRMP2 has since been identified as a critical marker
of synapse formation, the establishment of neuronal cell polarity, dendritic patterning,
learning, and memory [10,11]. In particular, CRMP2 regulates neuronal microtubule dy-
namics by binding to the tubulin heterodimers, leading to polymerization, in addition
to colocalization and binding to actin [12–15]. Furthermore, CRMP2 also plays a critical
role in the transportation of soluble tubulin and vesicles by acting as a cargo adaptor
protein [16,17].

Like many other microtubule-binding proteins, such as Tau or microtubule-associated
proteins (MAP), CRMP2 is phosphorylated by cyclin-dependent kinase (CDK5) and glyco-
gen synthase kinase-3β (GSK-3β) near its C-terminus. Specifically, CDK5-mediated phos-
phorylation of CRMP2 at Ser522 primes the subsequent phosphorylation by GSK-3β at sites
Ser518, Thr514 and Thr509 [18–21]. In addition to Cdk5 and GSK-3β, Rho/Rho-associated
protein kinase has also been identified to phosphorylate CRMP2 at Thr555 [11]. Taken to-
gether, the phosphorylation of CRMP2 at these sites is associated with the regulation of
neurite outgrowth, possibly due to the modifications of microtubule dynamics [19,21]. Sev-
eral previous studies have reported hyperphosphorylation of CRMP2 in AD patients when
compared to the age-matched control [2,19,20]. However, the exact mechanism of CRMP2
phosphorylation during the progression of AD remains elusive. Although controversy
exists, it is well established that the hyperphosphorylation of CRMP2 occurs before the
onset of pathology in the AD mouse model, implicating CRMP2 hyperphosphorylation as
an early indicator of AD [2].

CDK5 is the primary kinase responsible for the CRMP2 phosphorylation at Ser522 [22,23].
CDK5 plays a critical role in the CNS, including neuronal migration, synapse formation,
plasticity, and neurogenesis [24–29]. In contrast to other members of the CDK family that
are regulated by p21 and p27, CDK5 activity is mainly regulated by p35 [30,31]. Moreover,
while the activation of CDK5 by p35 in the physiological condition is essential for normal
neuronal development, synaptic activity, and axonal transport, the abnormal activation
of CDK5 leads to cell death and neurodegeneration [24,26,32–37]. In AD, the abnormal
increase in CDK5 activation leading to hyperphosphorylation of various tubulin-associated
proteins, including Tau and CRMP2, is associated with the accumulation of truncated
fragments of p35 called p25, which induces the constitutive activation and mislocalization
of CDK5 in vivo [37]. In this regard, the same study has also determined that calpain
mediates the cleavage of p35 into p25 [37]. Calpain is a crucial enzyme involved in
calcium-mediated neurodegeneration [38]. In AD, the accumulation of Aβ leads to the
increase in intracellular Ca2+ levels, mitochondrial Ca2+ overload, production of pro-
apoptotic proteins such as cytochrome c, and generation of superoxide radicals, eventually
resulting in cell death and neurodegeneration [39]. We have previously demonstrated
the effect of SST in promoting the retinoic acid (RA)-induced differentiation of SH-SY5Y
cells [40]. We hypothesize that the identification of a molecule capable of downregulating
the hyperphosphorylation of CRMP2 via the blockade of Ca2+ accumulation in AD may
serve as a novel therapeutic agent.

We recently demonstrated that Somatostatin-14 (SST) mediates the promotion of
the overall neurite length in RA-differentiated SH-SY5Y cells, with specific effects on
microtubule-associated proteins such as MAP2 and Tau [40]. CRMP2 is a microtubule-
associated protein and exhibits a close resemblance with MAP2 and Tau, with significant
changes during the progression of AD. Taking this into consideration, we hypothesize that
SST might be involved in the regulation of CRMP2 during the differentiation of SH-SY5Y
cells. Among the various phosphorylation sites of CRMP2, we have focused on the Ser522
site due to its dual role, first as a phosphorylation site and second as the requirement in
phosphorylation of a subsequent site, Thr514. Accordingly, in the present study, we sought
to determine the role of SST and a possible mechanism involving the phosphorylation of
Ser522 in the presence of Aβ1-42-induced toxicity in SH-SY5Y cells as an in-vitro model of
AD. Our results revealed SST as a novel molecule capable of inhibiting the Aβ-induced
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hyper-influx of Ca2+, leading to the inhibition of calpain activity. Furthermore, SST inhibits
the p35/p25-induced hyper-activation of CDK5 and the subsequent hyper-phosphorylation
of CRMP2.

2. Experimental Section

2.1. SH-SY5Y Cell Culture

Human SH-SY5Y neuroblastoma cells were kindly obtained from Dr. Neil Cashman,
University of British Columbia, BC, Canada, and grown as described earlier [40]. Briefly,
the cells were grown on a 75 cm2 culture flask coated with Matrigel (10 mg/mL, BD Bio-
science, San Jose, CA, USA). The culture medium comprised Dulbecco’s Modified Eagles
Medium (DMEM; Invitrogen, Burlington, ON, Canada) supplemented with 10% fetal
bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100 μg/mL) in a 5% CO2
humidified incubator at 37 ◦C. For neuronal differentiation, the cells were treated with
all-trans-retinoic acid (RA, 10 μM, Sigma, St. Louis, MO, USA) for 5–7 days as previously
described [41]. All experiments were performed on cells differentiated for 5–7 days unless
otherwise stated. Treatments with Aβ1-42 (Anaspec, Fremont, CA, USA) or SST-14 (Bachem,
Torrance, CA, USA) were performed as described in the methods.

2.2. MTT Cell Viability Assay

To determine cell viability in response to Aβ, SH-SY5Y cells were processed for the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay, as previously
described [42]. Briefly, differentiated SH-SY5Y cells were treated with increasing concen-
trations of Aβ1-42 (0, 1, 5, 10 and 20 μM) or SST (0.4, 2 and 10 μM) alone, and with the
combination of Aβ1-42 (5 and 20 μM) and SST (10 μM) for 24 h. Post-treatment, the cells
were washed with phosphate-buffered saline (PBS) and incubated for 2 h at 37 ◦C in the
presence of 300 μg/mL of methyl-thiazolyl diphenyl-tetrazolium bromide solution (Sigma)
prepared in serum-free DMEM. The cells were subsequently washed in PBS, and the re-
sulting formazan formed in the cells was dissolved in 200 μL of isopropanol for 15 min
on a rotating shaker. The changes in color were analyzed using a spectrophotometer at a
wavelength of 570 nm, with the background absorbance measured at 650 nm. The results
are presented as percentage changes between the treated versus the control group.

2.3. Caspase/Apoptosis Activity Assay

The Aβ1-42 induced apoptosis in differentiated SH-SY5Y cells was analyzed using the
Caspase-3/7 Green Apoptosis Assay kit (Essen Bioscience, Ann Arbor, MI, USA) following
the manufacturer’s instructions. Briefly, SH-SY5Y cells were treated with Aβ1-42 (5 μM)
alone or in combination with an increasing concentration of SST (0.4, 2, 10 μM) in the
presence of a DNA intercalating dye NucViewTM 488 (Essen Bioscience). The resulting
fluorescence was analyzed in the IncuCyteTM live-cell imaging system (Essen Bioscience),
and the Caspase-3/7 activity was assessed as an index of cells undergoing apoptosis using
an IncuCyte basic analyzer (Essen Bioscience).

2.4. Live/Dead Cell Assay

The Aβ1-42-induced toxicity in the presence or absence of SST was also analyzed
using a LIVE/DEAD Cell Vitality Assay (Thermo Fisher Scientific, Waltham, MA, USA),
following the manufacturer’s instructions. The differentiated SH-SY5Y cells were treated
with Aβ1-42 (5 μM) or SST (10 μM) alone or in combination for 24 h. Post-treatment,
the cells were washed with PBS and collected in 0.05% trypsin-EDTA (Thermo Fisher
Scientific). The cells were then re-suspended in 100 μL of PBS in the presence of C12-
resazurin (20 ng/μL) and SYTOX dye (1 μM) and incubated for 15 min at 37 ◦C. Following
incubation, the cells were immediately assessed on LSR II (BD Bioscience, San Jose, CA,
USA) with excitation at 488 nm and emission at 530 and 570 nm, and analyzed using
FlowJo workstation (BD Bioscience).
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2.5. Western Blot Analysis

For the Western blot analysis, post-differentiation, control and treated SH-SY5Y cells
were harvested using a lysis buffer (Cat# 9803; Cell Signaling) [40]. The total protein
content of the cell lysate was determined using a Bradford assay, and whole-cell lysates
(15 μg protein) were subjected to 10% SDS-polyacrylamide gel electrophoresis followed
by transfer to nitrocellulose membrane. The membranes were blocked with 5% skim milk
in TBS-T (Tris-buffered saline with 0.05% Tween-20) for 1 h at room temperature (RT)
and immunoblotted overnight in the presence of respective rabbit polyclonal primary
antibodies: C-terminal CRMP2 (1:1000; Cat # CP2161; ECM Bioscience, Versailles, KY,
USA), Thr514-CRMP2 (1:1000, Cat# ab62478; Abcam, Cambridge, UK), Ser522-CRMP2
(1:1000, Cat# CP2191; ECM Bioscience), Thr555-CRMP2 (1:1000, Cat# CP2251; ECM Bio-
science), SSTR2 (1:500, Cat# sc-25676; Santa Cruz Biotechnologies, Santa Cruz, CA, USA),
SSTR4 (1:500, Cat# sc-25678; Santa Cruz Biotechnologies), Calpain I (1:500; Cat# 2556;
Cell Signaling). Other antibodies used were mouse monoclonal CDK5 (1:2000; Cat# 05-364;
Millipore) and rabbit monoclonal p35/25 (1:250; Cat# 64310; Cell Signaling). After incu-
bation with the primary antibodies overnight, the membranes were washed in TBST and
incubated for 1 h at RT with either horseradish peroxidase (HRP)-conjugated goat anti-
mouse (1:2000) or goat anti-rabbit secondary antibodies (1:2000) (Jackson Lab). The mem-
branes were washed in TBST and developed using a chemiluminescence detection kit
(Millipore, Billerica, MA, USA) on Alpha Innotech FluorChem 8800. β-actin was used as a
loading control. A densitometric analysis of protein expression levels was performed using
ImageJ software.

2.6. Immunofluorescence Immunocytochemistry

The control and treated cells were fixed with 4% paraformaldehyde for 20 min and
permeabilized with 0.1% Triton-X100 in PBS for 15 min at RT. Following three washes in
PBS, the cells were blocked with 5% Normal Goat Serum (NGS) for 1 h at RT. The cells
were then incubated with rabbit polyclonal primary antibody Ser522-CRMP2 (Cat# CP2191;
ECM Bioscience) and mouse monoclonal βIII Tubulin (Cat# 801202; BioLegend) in 5% NGS
overnight at 4 ◦C. Following the overnight incubation with the primary antibodies, the cells
were washed with PBS and incubated with Alexa-conjugated secondary antibodies for 1 h
at RT (1:200; Invitrogen). For nucleus visualization, the cells were incubated with Hoechst
dye 33258 (0.5 μg/mL, Calbiochem, La Jolla, CA, USA) for 10 min at RT. The coverslips
were then mounted onto the slides and photographed using a Zeiss LSM700 confocal
microscope (Carl Zeiss, Oberkochen, Germany). Image panels were constructed using Carl
Zeiss Zen software.

2.7. Agonist Treatment

SSTR2 and 4 specific non-peptide agonists (L-779976 and L-803087) were kindly
provided by Dr S.P. Rohrer, Merck. Briefly, the differentiated SH-SY5Y cells were treated
with SSTR specific agonists (3, 10, 30 nM) with or without Aβ for 24 h. Following treatment,
the whole cell lysate prepared was processed to determine the expression levels and the
activity of proteins of interest using Western blot analysis.

2.8. Fluo-4 Calcium Assay

The intracellular calcium levels were assessed using the Fluo-4 DirectTM calcium assay
kit (Invitrogen) following the manufacturer’s instructions. Briefly, the SH-SY5Y cells were
plated onto a 96-well plate coated with Matrigel and differentiated with RA for up to
5 days. Following differentiation, the cells were incubated with an equal volume of 2 X
Fluo-4 DirectTM calcium reagents (including probenecid) at 37 ◦C for 60 min. Following the
loading of the dye, the cells were treated with Aβ1-42 (5 or 20 μM) or SST (10 μM) alone and
in a combination. The changes in the fluorescence intensity were measured (excitation at
494 nm and emission at 516 nm) in a spectrophotometer in a time-dependent manner
for 50 cycles (20 s each). Untreated cells were used as internal control. The changes in
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absorbance are presented as a fold-difference between the treatment versus control (n = 3;
each experiment represents an average of 3–6 independent readings).

2.9. Statistical Analysis

All results are presented as mean ± SD of a minimum of three independent exper-
iments, as indicated. All statistical analyses have been performed in Graph Prism5.0.
Student’s t-test, or one-way analysis of variance (ANOVA) was used as indicated. * p < 0.05
against control or Aβ1-42 treatment was taken into consideration as significant.

3. Results

3.1. SST Inhibits Aβ1-42-Induced Toxicity in Differentiated SH-SY5Y Cells

To determine the cell viability of SH-SY5Y cells in response to Aβ1-42-induced toxicity,
multiple approaches were applied. Initially, the overall cell metabolism was assessed using
MTT assay as recently described [43]. As shown in Figure 1A, in response to increasing
the concentration of Aβ1-42 (1, 5, 10 and 20 μM), differentiated SH-SY5Y cells exhibited
dose-dependent toxicity in comparison to controls. At lower doses, SST displayed no
significant effect on cell viability, whereas, at the higher dose (10 μM), SST produced a
cytotoxic effect post 24 hr treatment (Figure 1B). However, differentiated cells treated with
Aβ1-42 (5 and 20 μM) in combination with SST (10 μM) display enhanced cell viability
when compared to Aβ1-42 alone (Figure 1C).

Figure 1. SST inhibits Aβ-induced cytotoxicity. Changes in cell survival following treatment with
increasing concentrations of Aβ and SST alone or in combination were assessed by the MTT assay.
(A) Aβ1-42 induced dose-dependent toxicity in differentiated SH-SY5Y cells with maximal toxicity
observed at 20 μM of Aβ1-42. In contrast, SST displayed a marginal cytotoxic effect at higher doses
only, without any significant effect at the lower concentrations (B). Cells treated with Aβ1-42 (5 and
20 μM) in combination with SST (10 μM) displayed enhanced cell viability when compared to Aβ1-42

alone (C). The data represent the mean ± SD of three independent experiments. * p < 0.05 against
control; # against Aβ1-42 (20 μM).
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Next, we assessed the effect of Aβ1-42 on cell viability by evaluating the activity level of
caspase-3/7 as an index of apoptosis. As shown in Figure 2A, the SH-SY5Y cells treated with
Aβ1-42 displayed an increase in basal caspase-3/7 activity that was significantly different
when compared to the control. In contrast, the cells treated with SST alone displayed
inhibition of caspase-3/7 activity. As shown in Figure 2A, SST in combination with Aβ1-42
displayed time- and concentration-dependent inhibition of caspase-3/7 activity when
compared to the cells treated with Aβ1-42 alone. These results suggest that SST mediates
the inhibition of Aβ-induced apoptosis in differentiated SH-SY5Y cells.

Figure 2. SST inhibits the Aβ-induced activation of apoptosis. (A) Apoptosis induction was assessed by measuring
caspase-3/7 activity. Cells treated with Aβ (5 μM) alone displayed an elevation of caspase-3/7 activity, while cells treated
with SST alone (10 μM) exhibited the lowest caspase-3/7 activity. Co-treatment of Aβ1-42 (5 μM) and SST resulted in reduced
caspase-3/7 activity compared to the cells treated with Aβ1-42 alone. Data are shown as a fold-change against 0 h time
point. (B) Cell viability assessed by a live/dead assay using metabolic activity and cell permeability as an index following
treatment with Aβ (5 μM) and SST (10 μM) alone or in combination (C). Representative FACS data of C12-resazurin and
SYTOX fluorescence intensity (dot plot) and FITC intensity distribution (histogram) displaying the distribution of cells
based on viability. The cells were treated with Aβ (5 μM) and SST (10 μM) alone or in combination. The data represent the
mean ± SD of three independent experiments.

To determine the changes in metabolism as well as cell membrane integrity in response
to the Aβ1-42-induced toxicity, a Live/Dead cell assay was performed in SH-SY5Y cells.
Interestingly, the Live/Dead assay did not show significant changes in metabolic activity,
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which may be due to the metabolic demand of cells undergoing apoptosis (Figure 2B,C).
However, when assessed strictly for the cell membrane integrity, the Live/Dead cell
assay showed an increasing trend in cell permeability upon treatment with Aβ1-42 alone,
albeit insignificantly, indicative of the toxic effect of Aβ (Figure 2B).

3.2. Somatostatin Downregulates the Phosphorylation of CRMP2 at the Ser522 Site

Previous studies have demonstrated that SST, when used in combination with neurite-
promoting drugs, including nerve growth factor (NGF), brain-derived nerve growth factor
(BDNF), or RA, increases the neurite outgrowth and promotes the differentiation of various
cells, including SH-SY5Y cells [40,44]. It is well known that CRMP2 plays a critical role in
mediating tubulin stability and neurite outgrowth [45]. However, whether SST-mediated
neurite growth and elongation is directly associated with the suppression of CRMP2
phosphorylation in Aβ1-42-induced toxicity model is not well understood. Accordingly,
we sought to examine whether SST attenuates the Aβ1-42-induced hyperphosphorylation
of CRMP2 using Western blot analysis. Differentiated SH-SY5Y cells were treated with
increasing concentrations of SST (0.4, 2 and 10 μM) in the presence of Aβ1-42 (5 μM).
Vehicle treated cells or the cells treated with scrambled Aβ42-1 were considered as controls.

Furthermore, to determine changes in site-specific phosphorylation, three phospho-
rylation sites of CRMP2 that have been previously reported to be hyperphosphorylated
in AD patients were selected (Thr514, Ser522 and Thr555) [46]. As shown in Figure 3,
the phosphorylation levels of Thr514- or Thr555-CRMP2 did not show a dose-dependent
response to any of the concentrations of SST in combination with Aβ1-42 (Figure 3, pan-
els A, B, and D). Although the level of CRMP2 phosphorylation at site Ser522 was not
relatively altered by Aβ1-42 alone, it was significantly downregulated in the presence of SST
in a dose-dependent manner, with a maximal reduction in the presence of SST at 10 μM
(Figure 3, panels A and C). Therefore, based on the cell viability assay and site-specific
Thr522-CRMP2 phosphorylation, all subsequent experiments were performed using 10 μM
of SST.

Figure 3. SST-mediated regulation of CRMP2 (Ser522) phosphorylation. (A). Representative Western
blot showing the decreased phosphorylation level of Ser522-CRMP2 with increasing concentration of
SST. Total CRMP2 was used as a loading control. B-D. Graphs represent the densitometry analysis of
Western blot data shown in A for Thr514-CRMP2 (B), Ser522-CRMP2 (C), and Thr555-CRMP2 (D).
Note that the Ser522-phosphorylation level is inhibited in a dose-dependent manner with increasing
concentration of SST in the presence of Aβ. The data represent the mean ± SD of three independent
experiments. * p < 0.05 against Aβ1-42 treated alone.
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3.3. Somatostatin Inhibits the Activation of CRMP2 in the Presence of Aβ

To determine whether increased CRMP2 phosphorylation at Ser522 is associated
with neurite formation, the subcellular distribution and colocalization of phosphorylated
CRMP2 at Ser522 and neuronal tubulin marker βIII-tubulin was determined. In differ-
entiated cells treated with scramble Aβ42-1, CRMP2-like immunoreactivity was confined
primarily to the cell body, along with some punctuated staining in neurites (Figure 4A).
The cells were mostly devoid of any colocalization and displayed no detectable changes in
the presence of SST. Conversely, treatment with Aβ1-42 induced CRMP2 phosphorylation in
neurites and showed colocalization with βIII-tubulin. However, following treatment with
Aβ1-42 in combination with SST, CRMP2-like immunoreactivity was decreased, while the
cells exhibited an increase in the expression of βIII-tubulin.

Figure 4. SST inhibits S522-CRMP2 phosphorylation. (A). Immunofluorescence staining image of Ser522-CRMP2 (red)
co-stained with neuronal tubulin marker βIII-tubulin (green). The colocalization of Ser522-CRMP2 on neurites with
βIII-tubulin is indicated (arrowhead; inset), and the average fluorescence intensity of S522-CRMP2 (in red) is shown on
the bar graph. (B). Representative Western blot showing reduced phosphorylation at Ser522-CRMP2 in the presence of
SST (bottom panel). The densitometry analysis of the Western blot is corroborated with a significant reduction in the
phosphorylation level in the presence of SST in both Aβ42-1 and Aβ1-42 treated cells (upper panel). The data represent the
mean ± SD of three independent experiments. * p < 0.05 against respective control; Scale bar = 20 μm.

To further validate whether CRMP2 phosphorylation at Ser522 in the presence of
Aβ is abolished by SST, differentiated SH-SY5Y cells were treated with SST alone or
in combination with Aβ42-1 or Aβ1-42, and the cell lysate prepared was processed for
immunoblot analysis. As shown in Figure 4B, cells treated with SST displayed significant
inhibition on Aβ1-42-mediated CRMP2 phosphorylation at Ser522 in comparison to cells
treated with Aβ42-1. A quantitative analysis of the changes in CRMP2 phosphorylation
(Ser522) was determined by a densitometric analysis (Figure 4B). These results suggest that
SST suppresses the subcellular distribution of CRMP2 in SH-SY5Y cells and prompt the
dissociation from βIII-tubulin in neurite formation.

3.4. SST Inhibits the Aβ1-42-Induced Over-Expression of SSTR4

The biological effects of SST are mediated by binding to five different receptor sub-
types (SSTR1-5). We recently reported the role of SSTR2 and 4 in promoting the RA-induced
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neuronal differentiation of SH-SY5Y cells [40]. Here, accordingly, we monitored the changes
in the expression of SSTR2 and 4 following treatment with either Aβ1-42 alone or in com-
bination with SST. Scrambled Aβ42-1 was used as a control. SH-SY5Y cells were treated
with Aβ42-1 (5 μM) and Aβ1-42 (5 μM) in the presence and absence of SST (10 μM) for
24 h. Post-treatment, cell lysates were collected and processed for immunoblot analyses for
the expression of SSTR2 and 4. As shown in Figure 5, the cells treated with Aβ42-1 in the
presence of SST exhibited an increase in SSTR2 expression without any discernible changes
in SSTR4 expression. In contrast, the SH-SY5Y cells treated with Aβ1-42 displayed an
increased expression of both SSTR2 and 4 when compared to the cells treated with Aβ42-1.
In the cells treated with SST in combination with Aβ1-42, SSTR2 expression remained higher
than Aβ42-1-treated cells but was comparable to the cells treated with Aβ1-42 alone. Interest-
ingly, the cells treated with Aβ1-42 in combination with SST showed a significant reduction
of SSTR4 expression when compared to cells treated with Aβ1-42 alone. These results
indicate SST-induced changes in subtype-specific receptor internalization, desensitization,
and degradation.

Figure 5. SST-induced changes in SSTR2 and SSTR4 expressions. (A). Representative Western blot showing the effect of
SST in the expression of SSTR2 and 4. (B). The densitometry analysis of the Western blot shows that the treatment of cells
with SST resulted in a significant increase in SSTR2 expression in the presence of either Aβ42-1 or Aβ1-42. SSTR4 expression
increased following the treatment with Aβ1-42. In contrast, the co-treatment of cells with Aβ1-42 and SST resulted in the
inhibition of Aβ1-42-induced upregulation of SSTR4. The data represent the mean ± SD of three independent experiments.
* p < 0.05 against respective control.

3.5. SSTR-Subtypes-Mediated Changes in CRMP2 Phosphorylation

To determine which receptor subtype is involved in the SST-mediated inhibition of
CRMP2 activation, differentiated SH-SY5Y cells were treated with SSTR2 and 4 specific
agonists alone or in the presence of Aβ for 24 hr. Post-treatment, cell lysates collected
from controls and treated cells were processed for Western blot analysis to assess CRMP2
phosphorylation. As shown in Figure 6A, in comparison to the control, CRMP2 phospho-
rylation increased significantly in cells treated with Aβ1-42. Receptor agonists induced
concentration-dependent changes on CRMP2 phosphorylation in a receptor-specific man-
ner. As shown in Figure 6A, in the absence of Aβ1-42, at the lowest concentration (3 nM),
SSTR2-specific agonist (L-779976) inhibits CRMP2 phosphorylation at Ser522, whereas
at higher concentrations (10, 30 nM), a moderate increase in CRMP2 phosphorylation
was observed. The differentiated SH-SY5Y cells treated with SSTR2 agonist (3 nM) in the
presence of Aβ1-42 displayed inhibition of CRMP2 phosphorylation when compared to the
cells treated with Aβ1-42 alone. However, in the presence of Aβ1-42 and SSTR2 agonist at
higher concentrations (10 and 30 nM), no significant change in CRMP2 phosphorylation
was observed when compared to Aβ1-42 treatment alone. Notably, a higher concentration
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of SSTR2 agonist displayed no apparent difference in the levels of CRMP2 phosphorylation
with or without Aβ1-42.

Figure 6. SSTR specific agonist effect on Ser522-CRMP2 phosphorylation. (A). Representative Western
blot showing changes in the level of S522-CRMP2 phosphorylation in cells, following treatment
with increasing concentrations of SSTR2 and SSTR4-specific agonist (3, 10, 30 nM) in the presence or
absence of Aβ1-42 (5 μM). (B). The densitometry analysis of Western blot shows a significant inhibition
of Ser522 phosphorylation upon treatment with L-779976 (3 nM) in the absence or presence of Aβ1-42.
L-779976 (10 and 30 nM) alone, which resulted in the moderate elevation of phosphorylation at the
Ser522 site compared to the untreated control. In the presence of Aβ1-42, L-779976 (10 and 30 nM)
displayed moderate changes when compared to the cells treated with Aβ1-42. In the presence of
Aβ1-42, L-803087 induced a dose-dependent increase of Ser522 phosphorylation, resulting in the
highest level of expression at 30 nM treatment of L-803087. The data represent the mean ± SD of
three independent experiments. * p < 0.05 against respective control.

As shown in Figure 6A, differentiated SH-SY5Y cells treated with SSTR4 agonist (L-
803087) displayed significantly higher CRMP2 phosphorylation in comparison to controls.
However, such enhanced status of CRMP2 phosphorylation was relatively higher at a lower
concentration (3 nM), in contrast to a higher concentration, without any distinguishable
difference between 10 and 30 nM. Next, we determined whether Aβ1-42 activated CRMP2
phosphorylation is suppressed in the presence of SSTR4 agonist. As shown in Figure 6B,
the status of CRMP2 phosphorylation in cells treated with SSTR4 agonist in combination
with Aβ1-42 exhibited a concentration-dependent increase that was significantly higher
than both controls and cells treated with Aβ1-42 alone.

3.6. Somatostatin-Mediated Inhibition of Ser522-CRMP2 Is Regulated Through the
Calcium Pathway

Increased intracellular Ca2+ accumulation is a well-documented mechanism of Aβ-
mediated toxicity via inducing calpain activity, over-activation of CDK5, and hyper-
phosphorylation of CRMP2 at Ser522, leading to the disassembly of the CRMP2 complex.
Previous studies have suggested that SST inhibits Ca2+ by binding to SSTR2 [47–49]. To as-
sess whether SST inhibits Aβ induced an increase in the Ca2+ influx, and the intracellular
Ca2+ content was monitored using Fluo-4 in RA differentiated SH-SY5Y cells. In the cells

116



Biomedicines 2021, 9, 27

treated with SST alone (10 μM), the intracellular Ca2+ level was comparable to the control.
The cells treated with Aβ1-42 alone (5 μM) had no significant effect on intracellular Ca2+

levels at early time points (data not shown), whereas treatment with Aβ1-42 alone at a
higher concentration of 20 μM induced a time-dependent increase in intracellular Ca2+ level
within a short treatment duration (Figure 7A). The intracellular Ca2+ influx was suppressed
and maintained at a lower level in cells treated with Aβ1-42 (20 μM) in combination with
SST (10 μM) when compared to Aβ1-42 alone (Figure 7A). These results indicate that SST
potentially inhibits an Aβ1-42-induced increase in the Ca2+ influx and supports possible
mechanisms of SST-mediated neuroprotection in Aβ-induced toxicity.

Figure 7. SST-mediated effects on calcium signaling and downstream mediators. (A). The intracellular
level of Ca2+ was assessed using the Fluo-4 calcium indicator. Cells treated with Aβ1-42 resulted
in an increased Ca2+ influx compared to the SST or untreated control. Cells treated with Aβ1-42

in the presence of SST resulted in a noticeable inhibition of the Ca2+ influx compared to the cells
treated with Aβ1-42 alone. B. Representative Western blot displaying the changes in the expression
of calpain, CDK5, and p35/25 expression in cells treated with Aβ1-42 in the presence or absence
of SST. (C–E). Histograms represent the densitometry analysis of the Western blot shown in (B).
Data represent the mean ± SD of three independent experiments. * p < 0.05 against respective control,
Two-way ANOVA with Bonferroni post-hoc tests.

Whether SST-mediated changes in the intracellular Ca2+ affected resulted in changes
in calpain expression and CDK5 activity and their downstream p35/25 expression is not
known. As shown in Figure 7B–E, differentiated SH-SY5Y cells treated with Aβ42-1 in
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combination with SST showed a significant increase in calpain expression in comparison
to Aβ42-1 alone. The calpain expression in differentiated SH-SY5Y cells upon treatment
with Aβ1-42 alone was not changed as compared to scramble. However, cells treated with
Aβ1-42 in combination with SST displayed a significant inhibition of calpain expression in
comparison to the cells treated with Aβ1-42 alone (Figure 7C). The CDK5 expression was
also increased in the presence of SST and Aβ42-1 in combination when compared to the cells
treated with Aβ42-1 (Figure 7D). In particular, the cells treated with Aβ1-42 and SST together
also resulted in a significant increase in CDK5 expression compared to the cells treated
with Aβ1-42 alone. Interestingly, such changes in calpain expression did not translate into
changes in p35 expression. Instead, p35 expression increased significantly in the presence
of SST in combination with Aβ42-1 as well as with Aβ1-42 alone or in combination with SST
(Figure 7E). Taken together, in differentiated SH-SY5Y cells, these events are supposed to
be interconnected but function independently.

4. Discussion

We recently described the role of SST in RA-induced neurite growth in SH-SY5Y
cells and established a possible interaction with the changes in MAP2/Tau and TUJ1,
as well as an ERK1/2 signaling pathway. We also uncovered that the cells displaying
colocalization between SST and TUJ1 exhibited a more extended neurite growth than cells
devoid of colocalization [40]. The intact neurite formation is essential for a normal neuronal
function. In contrast, disrupted neurite organizations are often observed in neurological
diseases, including AD, and are associated with impaired cognitive function and memory
loss. Whether SST is involved in improving neurite outgrowth and maintaining neuronal
integrity in Aβ-induced neurotoxicity is not known. In the present study, using differenti-
ated SH-SY5Y cells, we describe the role of SST in Aβ-induced toxicity and the molecular
determinants, including CRMP2, Ca2+ influx, CDK5, calpain, and P35/25, that might be
associated with neurite outgrowth and cell viability. We demonstrate that SST improves
cell viability and inhibits Aβ activated caspase 3/7 activity. We did not observe significant
changes in metabolic activity as a proxy for Aβ-induced toxicity, and this might require
higher concentrations of Aβ [50,51]. Furthermore, SST downregulates the influx of calcium
level, which plays a pivotal role in the CDK5 activity. Our data suggest that SST mediates
changes in CRMP2 phosphorylation and Aβ1-42-induced toxicity via the regulation of cal-
cium in differentiated SH-SY5Y cells. This newly discovered mechanism might be involved
in improving microtubules’ organization and neurite outgrowth in AD pathogenesis.

Amongst the neuropeptides studied to date, SST is one of the most significant pep-
tides that changes during the onset and progression of AD, with a consistent reduction
in both the cerebrospinal fluid and brain tissues of AD patients [52–59]. We have previ-
ously reported the neuroprotective role of SST against various neurotoxic insults, such as
pro-inflammatory lipopolysaccharide and Aβ1-42 in a human cerebral micro-vessel cell line
(hCMEC/D3), cultured cortical neurons, and cultured striatal neurons, as well as QUIN-
and NMDA-induced excitotoxicity and cell death [43,60–63]. An intracerebroventricu-
lar (i.c.v) infusion of Aβ in rats led to the significant reduction of SST-positive neurons
in various brain regions, including the hippocampus and the temporal and frontopari-
etal cortex [64–67]. Furthermore, studies have also shown colocalization between the
somatostatinergic-neurons and Aβ plaques in brain regions, including the amygdala, cor-
tex, and hippocampus, of AD patients [68,69]. Saito et al. reported that the activity of
a potent inhibitor of Aβ accumulation, neprilysin, was elevated following the introduc-
tion of SST, resulting in a subsequent reduction of Aβ aggregation [70]. Consistent with
these observations, in the present study, the SST-induced amelioration of the toxic effect
of Aβ was corroborated via various toxicity assays, including MTT, caspase-3/7 activity
assay, and LIVE/DEAD toxicity assay. Collectively, these findings suggest a significant
neuroprotective role of SST against Aβ-induced toxicity.

The impaired CRMP2 expression or activity may lead to a significant disruption in
the overall neurite structure and a decline in cognitive function. CRMP2 is associated with
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various characteristics of neurite homeostasis, such as formation, outgrowth, and guidance,
as well as maintaining the proper microtubule assembly by binding to the microtubule
heterodimers and inducing polymerization while directly regulating tubulin GTPase activ-
ity [13,21,71–73]. The hyperphosphorylation of CRMP2 has been observed in NFTs as well
as in the soluble fragments of the brain tissues derived from AD patients [2,74]. Further-
more, transgenic mouse models of AD, including (PSEN1 (M146V) KI, Thy1.2-AβPP (swe)
and triple (PSEN1 (M146V) KI, Thy1.2- AβPP (swe), and Thy1.2-tau (P301L), exhibit a
significant increase in CRMP2 phosphorylation in the hippocampus and cortex [2]. On the
other hand, other transgenic mouse models of AD, such as Tg2576, P301L, or P301s tau, fail
to show an increase in CRMP2 phosphorylation, suggesting that the combination of AβPP
and PSEN1 mutation may be a prerequisite for dysfunctional CRMP2 phosphorylation.
Consistent with these studies and in support of SST-mediated neuroprotective and neurite
outgrowth promoting effects, we observed here that SST downregulated CRMP2 hyper-
phosphorylation in the presence of Aβ1-42. Reduced CRMP2 phosphorylation, along with
the increased expression of βIII-tubulin and its dissociation from CRMP2 in neurites upon
treatment with SST, is an indication that tubulin is a prerequisite in the neurite elongation.
It was not surprising to note that no significant elevation in CRMP2- Ser522 phosphoryla-
tion levels in SH-SY5Y cells was observed following treatment with Aβ1-42 in our study.
A previous study has reported that the phosphorylation of CRMP2 at the T555 site was sig-
nificantly elevated in the presence of Aβ1-40 in SH-SY5Y cells. The study reported no such
changes at Thr514 and Ser522 sites and linked such variations to the Aβ species-dependent
mechanism [75]. However, despite the differences in the CRMP2 phosphorylation lev-
els, both Aβ1-40 and Aβ1-42 potentially impacted neurite length and elicit similar cellular
outcomes [75]. Therefore, the role of Aβ1-42, Aβ1-40, or Aβ25-35 on the phosphorylation of
various CRMP2 sites could be potentially explored in future studies.

Increased activation of CRMP2 in the presence of SSTR2 and 4 specific agonists is
surprising and warrants future research. We have previously shown that both SSTR2 and 4
internalize in response to ligand binding [76,77]. Our past studies have shown that SSTR2
exists predominantly as homodimers on the cell surface, whereas SSTR4 exists as both
monomers and homodimers [76,77]. The inhibition of CRMP2 phosphorylation at this
lower dose of SSTR2 agonist suggests that SSTR2 internalization is not prompted at this
concentration, but triggered at a higher concentration. Moreover, in the presence of SSTR4
agonist, the receptor internalization is expected at all the concentrations used and followed
by degradation, which may account for CRMP2 phosphorylation, which may be even
higher in the presence of Aβ. We have previously demonstrated that SSTR2 and SSTR4
exist as homo- and heterodimers on the cell surface, whereas agonist treatment leads to
changes in the receptor dimerization and enhanced internalization [76,77]. Consistent with
these observations, it is highly possible that the dissociation of SSTR2 and 4 homo- and
heteromeric complexes at the cell surface in response to receptor activation resulted in
enhanced CRMP2 phosphorylation.

Previous studies have shown increased phosphorylation of CRMP2 by CDK5 and
GSK3β in AD patients when compared to the age-matched controls [2]. CDK5 is a ser-
ine/threonine kinase that is activated upon association with its substrate p35 or p39.
The abnormal CDK5 expression or activity has been closely associated with neurotoxicity
in various neurodegenerative diseases, including AD, HIV neurotoxicity, and prion-related
encephalopathies [37,78,79]. Furthermore, the disruptions in intracellular calcium home-
ostasis have also been associated with the onset and progression of AD and other amy-
loidogenic diseases, such as Parkinson’s disease [80–82]. Various mechanisms have been
suggested for the Aβ-mediated increase in calcium influx, including the disruption of lipid
integrity [83], the formation of cation-selective channels by Aβ [81,84], or the activation
of selective cell surface receptors to calcium [80,85,86]. These studies further emphasize
that the Aβ-induced increase in calcium influx is not solely dependent on one particular
pathway, but mediated through a complex network. In particular, the excess Ca2+ influx in
the presence of Aβ leads to the calpain-mediated truncation of CDK5 substrate p35 into the
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much more stable form of p25, leading to the prolonged activation of CDK5, followed by
the hyper-phosphorylation of downstream mediators such as CRMP2 [35,87,88].

SST through SSTR2 is known to inhibit the Ca2+ influx [47–49]. In agreement with
previous studies, we found an increased expression of SSTR2 upon treatment with SST in
the presence or absence of Aβ, supporting SSTR2 as the essential receptor involved in the
SST-mediated inhibition of Ca2+ influx. Although the observed inhibitory changes in Ca2+

influx were not significantly different between Aβ1-42 alone or in combination with SST-14
due to higher deviations, a similar trend was observed in all the experiments performed.
We predict that the assay’s high sensitivity and changes in the baseline due to experimental
variability might be the reason for such observation. Furthermore, we have also observed a
significant inhibition of calpain expression in cells co-treated with Aβ and SST compared to
the cells treated with Aβ alone. This inhibition of calpain expression by SST did not result
in the inhibition of CDK5 expression. Still, it resulted in a significant decrease of CRMP2
phosphorylation at Ser522, suggesting that SST might inhibit the hyperphosphorylation
of CRMP2 by interfering with Ca2+ homeostasis. Furthermore, as the CDK5-mediated
phosphorylation of downstream targets such as CRMP2 depends on the activity rather
than the expression level of CDK5, a significant change in CDK5 activity mediated by SST
is conceivable, and future studies are warranted in this direction.

The activation of CRMP2 (Ser522) upon treatment with SSTR2 and 4 specific agonists,
in contrast to SST-mediated attenuation, is intriguing. However, the molecular mecha-
nism associated with such contradicting results is not known. Whether the SST-mediated
suppression of CRMP2 (Ser522) phosphorylation is due to the direct or indirect activation
of multiple SSTR subtypes warrants further research. Furthermore, it is possible that
unlike SST, which is highly associated with the Ca2+ uptake, specific SSTRs may work
independently of the calcium pathway and via the modulation of downstream signal-
ing pathways. Importantly, the role of other CRMP phosphorylation sites and isoforms,
specifically CRMP5, cannot be avoided from the discussion. Previous studies have shown
that CRMP5 inhibits neurite outgrowth and antagonizes CRMP2-mediated axonal and
dendrite growth [89]. It is highly possible that SSTR2 and 4 agonists might inhibit CRMP5,
resulting in enhanced CRMP2 phosphorylation.

5. Conclusions

In conclusion, the findings from the current study elucidate the mechanistic regulatory
role of SST in intracellular calcium homeostasis, CRMP2 phosphorylation, and neurite
formation and integrity. These observations corroborate the neuroprotective role of SST
in neurotoxicity and neurodegenerative diseases by suggesting a novel mode of action.
Furthermore, as disrupted calcium homeostasis is restricted to the neurodegenerative
disease, the effective regulation of calcium levels by SST may have significant therapeutic
applicability.
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Abstract: Brain injury is a significant risk factor for chronic gliosis and neurodegenerative diseases.
Currently, no treatment is available for neuroinflammation caused by the action of glial cells follow-
ing brain injury. In this study, we investigated the quinpirole-mediated activation of dopamine D2
receptors (D2R) in a mouse model of traumatic brain injury (TBI). We also investigated the neuropro-
tective effects of quinpirole (a D2R agonist) against glial cell-induced neuroinflammation secondary
to TBI in adult mice. After the brain injury, we injected quinpirole into the TBI mice at a dose of
1 mg/kg daily intraperitoneally for 7 days. Our results showed suppression of D2R expression and
deregulation of downstream signaling molecules in ipsilateral cortex and striatum after TBI on day
7. Quinpirole administration regulated D2R expression and significantly reduced glial cell-induced
neuroinflammation via the D2R/Akt/glycogen synthase kinase 3 beta (GSK3-β) signaling pathway
after TBI. Quinpirole treatment concomitantly attenuated increase in glial cells, neuronal apoptosis,
synaptic dysfunction, and regulated proteins associated with the blood–brain barrier, together with
the recovery of lesion volume in the TBI mouse model. Additionally, our in vitro results confirmed
that quinpirole reversed the microglial condition media complex-mediated deleterious effects and
regulated D2R levels in HT22 cells. This study showed that quinpirole administration after TBI
reduced secondary brain injury-induced glial cell activation and neuroinflammation via regulation
of the D2R/Akt/GSK3-β signaling pathways. Our study suggests that quinpirole may be a safe
therapeutic agent against TBI-induced neurodegeneration.

Keywords: brain injury; quinpirole; dopamine D2 receptors; glial cell; neuroinflammation; neurode-
generation

1. Introduction

Traumatic brain injury (TBI) is a global risk factor and the leading cause of neurological
disability. Recent studies have reported that TBI is associated with several neurodegenera-
tive diseases, such as Alzheimer’s and Parkinson’s disease [1–3]. TBI leads to a primary
injury, which is followed by a secondary brain injury. Primary brain injury refers to the
direct mechanical force applied at the time of the initial impact on the brain. Secondary
brain injury occurs as a consequence of the initial traumatic events. It refers to the involve-
ment of the brain vasculature as well as the blood–brain barrier (BBB) disruption, which
results in significant complications in the brain [4]. Neuroinflammation is the principal
hallmark of brain injury, followed by astrocyte and microglia activation and release of
pro-inflammatory cytokines and chemokines, which impair the endogenous self-repair
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ability of the brain and eventually cause neuronal apoptosis and neurodegenerative con-
ditions [5,6]. Several studies have proved that brain injuries precipitate an inflammatory
response with activation of neuroinflammatory mediators [7]. Therefore, it is important
to develop neuroprotective and neurorestorative agents to treat TBI. Notably, this subject
offers much scope for extensive research to treat the TBI-induced neuroinflammatory re-
sponse and inflammatory cytokine release. Restoration of BBB integrity and treatment
of neuroinflammation is the key therapeutic goals in patients with brain injury-induced
pathological events.

Dopamine (DA) is a major neurotransmitter that controls abnormal neuronal excitotox-
icity and regulates the function of the dopaminergic system in the brain [6,8,9]. Dopamine
D2 receptors (D2R) belong to the class of G protein-coupled receptors that are activated by
DA and participate in essential functions, including innate immunity and neuroinflamma-
tory responses [10,11]. However, previous studies have reported a significantly increased
inflammatory response in D2R-knockout (D2R–/–) mice [12]. D2R is expressed in several
regions of the brain, including the cerebral cortex, hippocampus, and striatum [13]. A
previous study has shown that DA receptors are expressed on glial and immune cells [14].
Several studies have reported that DA plays a vital role in humans and animals and that
cortical dopaminergic dysfunction is associated with attention deficit hyperactivity dis-
order [15,16]. A recent study has reported that cortical D2R is involved in psychotic and
mood disorders and regulates neuronal circuits [17]. Deregulation of the DA system could
be a significant contributor to behavioral and cognitive deficits that are observed after TBI.
A growing body of evidence suggests that D2R agonists protect against neuroinflammation
and immune reactions, perhaps by inhibiting cytokine release [18,19]. An earlier study
reported that quinpirole-activated D2R positively affects neuronal activity in the cingulate
cortex and striatum [20]. However, limited studies have reported the role of D2R activation
in the inhibition of glial cell-induced neuroinflammatory responses following brain injury.

Akt, a serine-threonine kinase, is known to play an essential role in the cell death/survival
pathway. Akt phosphorylates and inhibits several substrates, including glycogen synthase
kinase 3 beta (GSK3-β) [21]. A previous study investigated the regulation of the Akt
pathway by stimulation of DA receptors and reported possible regulation of the Akt/GSK3-
β pathway via regulation of D2R [22].

In this study, we investigated the possible regulation of D2R in the cortical region
of the brain, which is the primary target of brain injury, and also explored the striatal
region in a TBI mouse model. Furthermore, we investigated the therapeutic potential of
post-TBI administration of quinpirole hydrochloride [19,23]. We observed that quinpirole
administration at a dose of 1 mg/kg could potentially protect against brain injury-induced
gliosis, neuroinflammation, neurodegeneration, lesion volume, synaptic dysfunction and
and regulated proteins associated with the BBB via stimulation of D2R, particularly in the
ipsilateral cortex of TBI mice. We could also confirm microglial involvement in D2R deregu-
lation and that quinpirole at a dose of 20 μM is sufficient to stimulate D2R and regulate Akt
levels in neuronal cell lines. This study highlights that quinpirole administration ipsilateral
side of TBI mouse brain stimulated D2R and lead to the recovery of brain function via
regulation of the Akt/GSK3-β signaling pathway and inhibition of a glial cell-induced
neuroinflammatory response.

2. Materials and Methods

2.1. Animals

Male wild-type C57BL/6N mice, 7 weeks of age with 25–30 g weight, were obtained
from Samtako Bio Korea. The animals were acclimatized in the animal care center at
Gyeongsang National University, South Korea. The animal were maintained in the control
environment with 12/12 h light/dark cycle at 23 ◦C, and 60 ± 10% humidity with free
access to food and water. The mice were randomly divided into following different groups;
control, TBI, and TBI + quinpirole after a week of acclimatization. The animals were
handled carefully according to the guidelines of the Institutional Animal Care and Use

126



Biomedicines 2021, 9, 47

committee (IACUC) (5 March 2019. Approval ID: 125), Division of Life Science and Applied
Life Science, Gyeongsang National University, Republic of South Korea.

2.2. Quinpirole Treatment for Mice

The treated animals were divided into the following groups:
Saline treated control group, Stab Wound Cortical Injury, Stab Wound Cortical Injury

+ quinpirole.
Quinpirole was dissolved in distilled water and administered daily intraperitoneally

(i.p) at a dose of 1 mg/kg body weight for 7 days. For western blot (n = 5) and for confocal
experiments (n = 6) mice per group were used. The chemical quinpirole was purchased
from Tocris-Cookson (Bristol, UK).

2.3. Stab Wound Cortical Injury

The stab wound cortical brain injury mouse model was established as previously
described with modification [24]. Briefly, the mice were anesthetized with Rompun
(0.05 mL/100 g body weight) and Zoletil (0.1 mL/100 g body weight). The mice were placed
on stereotaxic apparatus and the skull was exposed the by making a mid-longitudinal
incision. The dental drill was used to make a circular craniotomy 4 mm in diameter (2 mm
lateral to the midline and 1 mm posterior to the bregma) in the skull. For stab wound injury,
a sharp edge scalpel blade was inserted (3 mm; right hemisphere) in the mouse brain and
kept for 1 min in the brain and then removed slowly. The bone wax was applied to cover
the rupture skull followed by stitching with a silk suture to close the wound area. Next,
the animals were placed carefully by providing continuous heating with a heating lamp
until fully recovered from anesthesia and proceeded for further experiments.

2.4. Protein Extraction

After the completion of the mice treatment, all the animals were first anesthetized
and then sacrificed carefully. After the surgery brain were immediately collected and
froze on dry ice. The ipsilateral cortex of TBI brain tissue was homogenized using PRO-
PREP protein extract solution (iNtRON Biotechnology, Burlington, NJ, USA). to extract
protein from tissues followed by centrifugation and stored at −80 ◦C. The samples were
centrifuged at speed of 13,000× g rpm at 4 ◦C for 25 min. The supernatants were collected
and stored at −80 ◦C for immunoblotting.

2.5. Western Blot Analysis

The western blot analysis was assessed as previously described with minor changes [25–27].
In brief, an equal volume of 20–30 μg of proteins (extracted from the ipsilateral cortex) was
mixed with 2× Sample Buffer (Invitrogen). To separate the proteins, an equal volume of
the proteins were run on 10% of SDS polyacrylamide gel electrophoresis and transferred
to the PVDF membrane followed by blocking in 5% skim milk. The membranes were
slightly washed to clear the skim milk. The primary antibody was incubated overnight at
4 ◦C 1:1000, anti-(D2R), anti-Glycogen synthase kinase 3 (p-GSK3-β) (Ser9), p-Akt (Ser473),
anti-Glial fibrillary acidic protein beta (Anti-GFAP), anti-ionized calcium-binding adapter
molecule 1 (anti-Iba-1), anti-phospho-c-Jun N-terminal kinase (p-JNK), anti-interleukin-
1β (IL-1β), anti-caspase-3, anti-poly (ADP-ribose) polymerase-1 (Anti-PARP-1), anti-Bax,
anti-Bcl-2 and anti-β-actin from Santa Cruz Biotechnology. Anti-beta actin was used
as a loading control. The next day, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies diluted in 1×TBST for 1–2 h as appropriate;
the immunoblots were developed using an ECL chemiluminescence system, according to
the manufacturer’s instructions (Amersham Pharmacia Biotech, Uppsala, Sweden).

2.6. Brain Tissue Collection and Sample Preparation

For brain tissue collection, the mice were anesthetized and transcardially perfused with
saline followed by (4%) paraformaldehyde and then fixed with (4%) paraformaldehyde for
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48 h. Further, the brain tissues were immersed in a 20% sucrose solution for 48 h. Next,
the Brain were fixed vertically in the OCT compound medium, Sakura Finetek USA, Inc.,
Torrance, CA, USA). For the brain cross-section (14 μm in size) using a vibratome (Leica,
Nussloch, Germany) and stored at −80 ◦C.

2.7. Immunofluorescence Staining

The tissue slides were proceeded for immunofluorescence staining as described previ-
ously with minor modification [27,28]. Initially, the slides were dried at room temperature
and washed twice with PBS 0.01 M solution for 8–10 min. The tissue slides were incubated
in proteinase-K (5 min) and then washed twice for 5 min in PBS solution. Next, the pro-
tein was blocked for 1 h with 5% normal serum (goat/rabbit) D2R and 0.1% Triton X-100
in 0.01 M PBS solution. The tissue slides were then incubated with primary antibodies
(1:100) ratio in 0.01 M PBS solution overnight at 4 ◦C. The following antibodies were
used for the immunofluorescence detection; anti-p-GSK3-β (ser9), anti-p-Akta, anti-D2R,
anti-IL1-β, anti-Caspase-3, anti-PSD-95, anti-SNAP-23, anti-ZO-1 anti-CD31. The tissue
slides were then incubated for 2 h in the secondary antibody (1:100) fluorescein isothio-
cyanate (FITC), and tetramethylrhodamine isothiocyanates (TRITC) labeled secondary
antibodies (anti-goat, anti-rabbit, and anti-mouse) from Santa Cruz Biotechnology. The
4′,6-diamidino-2-phenylindole (DAPI) was used for nucleus detection (8–10 min). The
slides were covered with coverslips using with fluorescent mounting medium. Confocal
laser scanning microscopy FluoViewer MPE-1000 (Olympus, Tokyo, Japan) was used to
take the images and the maximum fluorescent intensity in the representative field was
taken. The images were converted into Tiff format and the fluorescent intensity of the
ipsilateral cortex and striatum region was measured and calculated via ImageJ win32
software (version 1.50, NIH, https://imagej.nih.gov/ij/, USA).

2.8. Assessment of Brain Lesion Volume

To measure lesion volume of the cortical area of TBI and TBI + quinpirole groups, the
tissue slides were stained with cresyl violet and the images were taken with a simple light
microscope and analyzed with ImageJ software. The injured areas of the TBI and TBI plus
quinpirole groups were first outlined and then carefully calculated. The lesion volume was
attained by multiplying the sum of the ipsilateral hemisphere area by the distance between
the sections [24].

2.9. Nissl Staining

To analyze the neuronal cell death and lesion after brain injury, the Nissl staining was
performed as described previously [24]. In brief, the slides were washed twice with 0.01 M
PBS for 15 min followed by treatment with cresyl violet solution for another 1–15 min.
The slides were washed with distilled water and dehydrated with ethanol (70%, 95%,
and 100%). The tissue slides were cleared in xylene solution for 3 min and the mounting
medium was added to the slides and coverslip was applied. A simple light microscope
was used to examine the slides and taken images.

2.10. Cell Culture and Treatment

The Mouse hippocampal cell line HT22 and Microglial cell line BV2 were grown and
maintained in Dulbecco’s modified Eagle medium (DMEM) medium (Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island,
NY, USA). The final formulation comprises an additional 1% penicillin/streptomycin
sulfate (Gibco, Grand Island, NY, USA). Cells were cultured in a humidified cell culture
incubator equipped with a 5% carbon dioxide supply. Cell media was regularly replaced
after every 2 days passaged. The cells were subjected to experimental procedures after
confirmation of above 80% confluency.

Cell viability assay of mouse hippocampal neuronal HT22 cells was evaluated as
described previously [29]. In brief, to know the effect of quinpirole the cells were cultured
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in 96 well plates (density of 1 × 104 cells) containing Dulbecco’s modified Eagle’s medium
(DMEM) 100 μL. After 24 h, the attached cells were subjected to microglial conditioned
media (MCM). The cells were co-treated with three different concentrations of quinpirole
(10 μM, 20 μM, and 40 μM) while the control cells were cultured only in DMEM (0.01%).

2.11. Microglial Conditioned Media

Mouse microglial cell line BV-2 was cultured to above 80% confluency were treated
with Lipopolysaccharide (1 μg/mL) (Sigma-Aldrich, St. Louis, MO, USA) dissolved in
Cell culturing media. After 24 h, media was aspirated and centrifuged to remove cells and
debris. The clear supernatant was collected for further biochemical analysis.

2.12. Statistical Analysis

The western blot band’s results were scanned and analyzed by densitometry using
sigma gel software (SPSS Inc., Chicago, IL, USA). ImageJ software (National Institutes of
Health, Bethesda, MD, USA) was used for immunohistological analysis, and the obtained
values were calculated as the mean ± S.E.M. The data analysis was performed by using
one-way ANOVA followed by a post-hoc analysis of variance for control, TBI, and treated
groups comparison. The data calculation and graphs were determined by using Prism
5 software (Graph Pad Software, Inc., San Diego, CA, USA). The statistical significance
values were considered as p < 0.05. Note: * significantly different between control and
brain injury, # significantly different between brain injury and quinpirole treated group.

3. Results

3.1. Quinpirole Regulated the D2R Expression Level in the Injured Brain and HT22 Cells

Many studies have reported that D2R agonist increases glial and neuronal cell D2R
levels and suppresses the release of various inflammatory cytokines [30,31]. Studies have
shown that quinpirole (a D2R agonist) activated D2R and suppressed neuroinflamma-
tion following brain injury in a mouse model of intracerebral hemorrhage (ICH) with
Parkinson’s disease [19]. Based on this evidence, we performed Western blot and confocal
microscopy analysis to investigate the effects of quinpirole on D2R expression levels es-
pecially in the ipsilateral cortex and striatum of brain-injured mice. Our results showed
decreased D2R expression levels in the TBI experimental mice group. Notably, quinpirole
treatment (1 mg/kg) significantly increased D2R expression in the quinpirole-treated group
compared with the non-quinpirole-treated group of TBI mice (Figure 1a).

Deregulation of GSK3β is a critical step in the development and progression of neu-
rodegenerative diseases via activation of neuroinflammatory processes [32]. Accumulating
evidence suggests that the regulation of Akt and GSK3-β attenuates neurodegeneration
and neuroinflamation [33]. Research has shown that D2R activation regulates the Akt and
GSK3β protein levels [22]. Therefore, we performed Western blot analysis to determine
the post-TBI expression levels of p-Akt and p-GSK3β and interleukin (IL)-1β. Our results
showed increased expression levels of p-GSK3-β at (Ser 9) and IL-1β and decreased expres-
sion levels of p-Akt at (Ser 473) in the ipsilateral cortex of injured mouse brains. However,
quinpirole treatment significantly regulated Akt/GSK3-β phosphorylation and reduced
the IL-1β expression level in ipsilateral cortex of a damaged mouse brain (Figure 1a).

Furthermore, we investigated the protective role of quinpirole in vivo by in vitro
studies. We subjected the HT22 cell line to Microglial conditioned media (MCM) treatment,
and the cells were collected 24 h after MCM treatment. The HT22 cells were co-treated
with three different concentrations of quinpirole (10 μM, 20 μM and 40 μM). Western blot
analysis revealed that MCM-induced inflammatory mediators are associated with neuronal
D2R deterioration. We observed that the administration of 10 μM or 20 μM reduced the
toxic effect of MCM and significantly regulated D2R, which might be associated with the
regulatory activity of p-Akt (Figure 1b).
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Figure 1. Quinpirole regulates the D2R/Akt/GSK3-β signaling pathway after brain injury. (a) Representative Western
blot and histogram analysis of D2R, p-Akt, p-GSK3-β, and IL1-β in the ipsilateral cortex of an injured mouse brain. (b)
Representing the Western blot analysis of D2R in HT22 cells. The β-actin was used as a loading control (n = 5). Western blot
bands were quantified using the SigmaGel software. (c) Image showing results of immunofluorescence testing for D2R
expression in the ipsilateral cortex of the control, brain injury, and quinpirole-treated mice groups. (d) D2R expression
level and p-Akt co-localization in HT22 cells. (e) Image showing results of immunofluorescence testing for D2R expression
in the ipsilateral straitum of the control, brain injury, and quinpirole-treated mice groups, with respective bar graphs
(magnification ×10, n = 6). Data were obtained following three independent experiments. The ImageJ software was used
for quantitative analysis of the confocal microscopy images and the maximum fluorescent intensity in the representative
field was taken(green, FITC; red, TRITC; blue, DAPI). Values are represented as mean ± SEM. We performed the one-way
ANOVA test followed by post-hoc analysis. A p value < 0.05 was considered statistically significant. * significantly different
between control and brain injury groups, # significantly different between the brain injury and quinpirole-treated groups.
ANOVA: analysis of variance, D2R: dopamine D2 receptors, GSK3-β: glycogen synthase kinase 3 beta, IL: interleukin, SEM:
standard error of mean.

These results were validated by confocal microscopy. Our results also showed that
the immunoreactivity of D2R was lower in the TBI group than in the control group. In
contrast, quinpirole treatment improved D2R expression levels in the ipsilateral cortex
and striatum after TBI (Figure 1c,e). Co-localization analysis of Akt and D2R revealed
that their expression was significantly lesser in the MCM-treated HT22 cells. In contrast,
quinpirole at a dose of 20 μM activated D2R and significantly increased Akt expression
in HT22 cells (Figure 1d). Next, The p-Akt expression level was analyzed with iba-1, the
double Immunofluorescence test result indicated the significantly reduced expression level
of p-Akt and significantly increased expression of Iba-1 in the ipsilateral cortex of TBI
mouse brain. However, post-TBI quinpirole treatment reversed this effect and significantly
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regulated the expression level of these markers in the ipsilateral cortex as compared to
the TBI group of mice on day 7 (Figure 2a). We also evaluated Akt and IL1-β expression
levels, particularly in the ipsilateral cortex, and confocal microscopy analysis revealed that
post-TBI quinpirole treatment significantly regulated the expression level of these markers
(Figure 2b,c). Moreover, co-localization analysis of p-GSK3β (Ser 9) and IL1-β showed
increased expression levels in the ipsilateral striatum of TBI mice and also confirmed that
post-TBI quinpirole treatment significantly reduced p-GSK3β and IL1-β expression levels
(Figure 2d). Overall, these results confirm that post-TBI quinpirole administration may
protects against neurodegenerative conditions via regulation of the D2R/Akt/GSK3β and
IL-1β signaling pathways.

Figure 2. Quinpirole treatment reduces neuroinflammation via activation of the iba-1/p-Akt/p-GSK3-β and IL1-β signaling
pathways after brain injury. (a) Double IF images of iba-1 and p-Akt in the ipsilateral cortex of brain-injured and quinpirole-
treated mice. (b,c) Images showing results of immunofluorescence testing p-Akt (ser9) and IL1-β in the ipsilateral cortex after
brain injury. (d) Images showing double immunofluorescence of p-GSK3-β (ser9) (FITC-label, green) and IL1-β (TRITC-label,
red) (DAPI-label, blue) in the ipsilateral striatum with respective bar graphs, (magnification ×10, n = 6). Data were obtained
after following three independent experiments. The ImageJ software was used for quantitative analysis of the confocal
microscopy images and the maximum fluorescent intensity in the representative field was taken. Values are expressed as
mean ± SEM. We performed the one-way ANOVA test followed by post-hoc analysis. A p value < 0.05 was considered
statistically significant. * significantly different between control and brain injury groups, # significantly different between
the brain injury and quinpirole-treated groups. ANOVA: analysis of variance, FITC: fluorescein isothiocyanate, GSK3-β:
glycogen synthase kinase 3 beta, IL: interleukin, SEM: standard error of mean, TRITC: tetramethylrhodamine-isothiocyanate.
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3.2. Quinpirole Reduced Gloisis and Atttenates D2R/Akt Level after Brain Injury

Gliosis plays an important role in the release of pro-inflammatory cytokines, such as
IL-1β and tumor necrosis factor (TNF)-α and is a prominent feature of neurodegenerative
conditions. Studies have reported that brain injury results in astrocyte and microglial
activation, which precipitates further deleterious effects through the release of neuroin-
flammatory mediators [34–36]. Reportedly, D2R agonists are shown to significantly reduce
the activation of astrocytes and the release of TNF-α in the spinal cord of a mouse model of
amyotrophic lateral sclerosis and also prevent motor neuron loss (or death). Previously,
studies reported the suppression of microglia following D2R activation [37]. While an-
other study was also well suggested that Akt and GSK3β plays an essential role in glial
response [38]. Based on these reports, we investigated whether quinpirole treatment could
inhibit neuroinflammatory responses in our mouse model of TBI. Therefore, we evaluate
glial fibrillary acidic protein (GFAP); a marker of active astrocytes, ionized calcium-binding
adaptor molecule 1 (Iba-1); a marker of active microglia together with D2R and p-AKT
expression level in ipsilateral or striatum after brain injury. Our double Immunofluo-
rescence test results showed significantly increased immunoreactivity of GFAP and the
expression level of D2R and p-AKT was significantly decreased in the ipsilateral cortex
of TBI group as compared to saline treated group of mice. However, post-TBI quinpirole
treatment reversed this effect, and significantly regulated the expression level of these
markers on day 7 (Figure 3a,b). Moreover, we also checked the expression level of iba-1 in
the ipsilateral striatum of TBI group of mice. Confocal microscopy result for iba-1 showed
the significantly increased expression level of iba-1 in the TBI group of mice. However, the
expression level of iba-1 was significantly decreased in quinpirole-treated TBI mice on day
7 (Figure 3c). Interestingly, the results of the Western blot analysis also showed increased
Iba-1 and GFAP expression levels, indicating that the number of activated microglia and
astrocytes was higher in TBI mice than in mice treated with saline (Figure 3d). Moreover,
glial cell activation was significantly lower in the quinpirole-treated group than in the TBI
group. Our results show that quinpirole treatment potentially ameliorates TBI-induced
glial cell activation on day 7. This condensation of glial cells may be associated with
astrocyte and microglial D2R and p-Akt modulation following quinpirole treatment.

3.3. Quinpirole Reduced Neuronal Apoptosis after Brain Injury

Many studies performed in a TBI mouse model have reported neuronal apoptosis
after brain injury, particularly in the perilesional areas and striatum [39,40]. Using Western
blot analysis, we investigated apoptotic markers, including Bax, Bcl-2, and PARP1 in
the ipsilateral cortex (Figure 4a). We observed that compared with saline-treated mice,
brain-injured mice showed a marked increase in neuronal apoptosis. Interestingly, we
found significantly lower levels of p-JNK and apoptotic markers in the ipsilateral cortex
in the quinpirole-treated group than in the non-quinpirole-treated group. These results
were further validated by confocal microscopy. Immunofluorescence test results revealed
increased expression of caspase-3 ipsilateral cortex and striatum in brain-injured mice.

Additionally, compared with the TBI group, the quinpirole-treated group showed
a significant reduction in the high expression of caspase-3 in the ipsilateral cortex and
striatum (Figure 4b,c). We performed Nissl staining to further assess neuronal cell death;
compared with the control group, the brain-injured mice group showed a reduced number
of surviving neurons in the ipsilateral cortex. Notably, quinpirole treatment reversed this
effect and significantly increased the number of surviving neurons in the ipsilateral cortex
of quinpirole-treated TBI mice (Figure 4d). These results suggest that the impact of brain
injury extend to the ipsilateral cortex and striatum, and quinpirole treatment is known to
inhibit neuronal apoptosis possibly via D2R activation in ipsilateral side of injured mouse
brain.
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Figure 3. Quinpirole reduces astrocyte and microglia activation after brain injury. (a) Representative confocal microscopy
images showing double immunoreactivity of GFAP and D2R expression level in ipsilateral cortex of TBI mouse model. (b)
Images of double immunoreactivity of GFAP and p-Akt expression level in ipsilateral cortex of TBI mouse model (green,
FITC; red, TRITC; blue, DAPI). (c) Confocal images of Iba-1 in ipsilateral striatum of brain-injured and quinpirole-treated
mice, with respective bar graphs, (magnification ×10, n = 6). (d) Images of Western blot and histogram analysis showing
GFAP and Iba-1 expression levels in ipsilateral cortex of brain-injured and quinpirole-treated mice. The β-actin was used as
a loading control (n = 5). The ImageJ software was used for immunohistological analysis and the number of GFAP and
iba-1 cells were quantified that containing D2R and p-Akt in the representative field. Data were obtained following three
independent experiments. The ImageJ software was used for quantitative analysis of the confocal microscopy images. Values
are expressed as mean ± SEM. We performed the one-way ANOVA test followed by post-hoc analysis. A p value < 0.05
was considered statistically significant. * significantly different between the control and brain injury groups, # significantly
different between the brain injury and quinpirole-treated groups. ANOVA: analysis of variance, GFAP: glial fibrillary acidic
protein, Iba-1: ionized calcium binding adaptor molecule 1, SEM: standard error of mean.
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Figure 4. Quinpirole inhibits brain injury-induced neuronal apoptosis in mice brain. (a) Representative images showing
results of immunoblot and histogram analysis of p-JNK, Bax, Bcl-2, and PARP-1 proteins in the ipsilateral cortex of
injured mouse brain. The β-actin was used as a loading control (n = 5). (b,c) Immunofluorescence test images showing
cl-caspase-3 immunoreactivity in the ipsilateral cortex and striatum of injured mouse brain, (green, FITC; blue, DAPI) with
respective bar graphs, (magnification ×10, n = 6). (d) Nissl stain images of the ipsilateral cortex. ImageJ software was
used for immunohistological analysis. Data were obtained following three independent experiments. The ImageJ software
was used for quantitative analysis of the nissl images and confocal microscopy images. The integrative density of the
number of caspase3 positive cells were quantified in the representative field. Values are expressed as mean ± SEM. We
performed the one-way ANOVA test followed by post-hoc analysis. A p value < 0.05 was considered statistically significant.
* significantly different between the control and brain injury groups, # significantly different between the brain injury and
quinpirole-treated groups. ANOVA: analysis of variance, SEM: standard error of mean.

3.4. Quinpirole-Induced Restoration of Blood–Brain Barrier Disruption and Lesion Volume after
Brain Injury

Previous research has shown that TBI results in severe BBB disruption, which in-
variably leads to severe complications in the affected areas [41]. Activation of astrocytic
signaling causes BBB injury through the release of cytokines or chemokines and immune
cell recruitment. Therefore, we evaluated the BBB breakdown and the possible role of
quinpirole in the restoration of the disrupted BBB in our TBI mouse model. On confocal
microscopy, co-localization of zonula occludens-1 (ZO-1) and a cluster of differentiation
31 (CD31) proteins showed that compared with the saline-treated control mice, the brain-
injured mice showed significantly decreased ZO-1 expression levels in endothelial cells,
and compared with brain-injured mice, the quinpirole-treated mice showed elevation of
the reduced ZO-1 protein levels and a significant increase in its expression on post-TBI day
7 (Figure 5a). It is well known that brain injury immediately causes gross tissue disruption
at the site of injury. Therefore, we also assessed the lesion volume on post-TBI day 7.
Histopathological examination of specimens obtained from brain-injured mice showed a
marked increase in the contusion and lesion volume in this group, which was significantly
reduced following quinpirole treatment (Figure 5b).
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Figure 5. Quinpirole regulates the BBB-associated ZO-1 and CD31 expression levels and lesion volume after brain injury. (a)
Representative confocal microscopy images for ZO-1 (TRITC-label, red) and CD31 (FITC-label, green) immunofluorescence
reactivity in the ipsilateral cortex in injured mouse brain (green, FITC; red, TRITC; blue, DAPI). (b) Representative images
showing TBI mouse brain after surgery, and Nissl-stained images showing the lesion volume in the brain injury and
quinpirole-treated groups, with respective bar graphs, (magnification ×10, n = 6). Data were obtained following three
independent experiments. The ImageJ software was used for quantitative analysis of the confocal microscopy images
and the percentage of vessels were quantified that containing ZO-1 in the representative field. Values are expressed as
mean ± SEM. We performed the one-way ANOVA test followed by post-hoc analysis. A p value < 0.05 was considered
statistically significant. * significantly different between the control and brain injury groups, # significantly different
between the brain injury and quinpirole-treated groups. ANOVA: analysis of variance, BBB: blood–brain barrier, CD31:
cluster of differentiation 31, FITC: fluorescein isothiocyanate, SEM: standard error of mean, TRITC: tetramethylrhodamine-
isothiocyanate, ZO-1: zonula occludens-1.

3.5. Quinpirole Attenuated Synaptic Dysfunction after Brain Injury

Previous studies have reported that brain injury causes synaptic protein loss, which
leads to memory impairment [35,42]. Therefore, we evaluated the expression levels of
synaptic proteins, including synaptosomal-associated protein 23 (SNAP-23) and post-
synaptic density protein 95 (PSD-95) in our TBI mouse model. We performed confocal
microscopy for PSD-95 and SNAP-23 in ipsilateral cortex and striatum respectively. We
observed that brain injury significantly decreases synaptic protein expression, whereas
quinpirole treatment significantly increased synaptic protein loss in an injured mouse
brain (Figure 6a,b). Western blot analysis revealed that compared with saline-treated mice,
brain-injured mice showed reduced PSD-95 and SNAP-23 expression in the ipsilateral
cortex (Figure 6c). However, quinpirole treatment significantly restored synaptic proteins
following brain injury.
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Figure 6. Quinpirole regulates synaptic protein loss after brain injury. (a,b) Confocal microscopy images for PSD-95 and
SNAP-23 expression in the ipsilateral cortex and striatum of an injured mouse brain (green, FITC; blue, DAPI), with
respective bar graphs, the red dotted lines showing the striatum region, (magnification ×10, n = 6). The protein band
levels were quantified using the SigmaGel software. (c) Images showing results of Western blot and histogram analysis for
PSD-95 and sanp-23 in ipsilateral cortex of injured mouse brain. The β-actin was used as a loading control (n = 5). Data
were obtained following three independent experiments. The ImageJ software was used for quantitative analysis of the
confocal microscopy images. Values are expressed as mean ± SEM. We performed the one-way ANOVA test followed by
post-hoc analysis. A p value < 0.05 was considered statistically significant. * significantly different between the control and
brain injury groups, # significantly different between the brain injury and quinpirole-treated groups. ANOVA: analysis
of variance, PSD-95: post-synaptic density protein 95, SEM: standard error of mean, SNAP-23: synaptosomal-associated
protein 23, TBI: traumatic brain injury.

4. Discussion

An optimal therapeutic approach to brain injuries is unavailable owing to the multifac-
torial pathogenesis of brain trauma. Brain injuries lead to cognitive dysfunction that can be
prevented by DA therapies targeted at the restoration of cognitive impairment [43,44]. The
most important neurotransmitters in the central nervous system: glutamate is released from
multiple stores after a TBI and the activation of D2Rs could contribute in the modulation of
the glutamate release both from neurons than from astrocytes. Hence, activation of D2Rs
may play essential role after TBI-induce disturbance in neurotransmitters. In this study, we
observed that quinpirole (a D2R agonist) plays a significant role in brain injury-induced
neuroinflammation, neurodegeneration, and synaptic dysfunction. We focused on the
neuroprotective effect of quinpirole following brain injury in mice. This report shows that
post-TBI quinpirole administration attenuates several neuropathological events, such as
glial cell activation, neuroinflammation, neuronal apoptosis, and synaptic dysfunction
via the D2R/Akt GSK3β/IL-1β signaling pathways. Since the TBI-induced striatal glial
activation and expression of pro-inflammatory cytokines and therapeutic potential of D2R
activation in the ipsilateral striatum is mostly known previously as compared to the ipsilat-
eral cortex; thus, still it is essential to investigate the therapeutic potential of D2R in the
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cortex of TBI mouse brain [45]. Therefore, we investigated the neuroprotective effect of
D2R activation mainly in the ipsilateral cortex, while we checked slightly the ipsilateral
striatum of the injured mouse brain. Our results suggest that quinpirole activates D2R,
which plays a crucial role in several neuropathological events particularly in ipsilateral
cortex after brain injury.

Brain injury leads to neuroinflammation, which contributes to severe neurodegen-
eration. Studies have reported chronic neuroinflammatory responses in the cortex and
hippocampus of an injured mouse brain [46,47]. In our TBI mouse model, we observed
increased neuroinflammation indicated by microglial and astrocyte activation in the ipsilat-
eral cortex and striatum. Interestingly, post-TBI quinpirole treatment significantly reduced
the increased gliosis and release of pro-inflammatory markers. Our results are consistent
with those reported by previous studies [12]. It is known that the regulation of p-GSK3-β
via p-Akt is involved in the cell survival pathway [48]. A previous study showed that
injury-induced disruption of Akt and GSK3β expression in glial cells is a major contributor
to the mechanistic of glial cell adaptation as well as protection in response to cell damage.
Thus Akt and GSK3β play an essential role in glial response and excitotoxic lesion outcome
of injury [38]. Another study investigated the role of Akt/GSK3β pathway in acute brain
injury after subarachnoid hemorrhage [49,50]. The regulation of GSK3-β and Akt via
D2R could be a novel therapeutic approach following brain injury. In the present study,
we investigated the protective effect of quinpirole mediated via the D2R/GSK3β/Akt
signaling pathway. We found decreased expression of D2R/Akt and increased expression
of p-GSK3-β and IL-1β after TBI, based on Western blot and immunofluorescence analysis.
However, these levels normalized to the baseline levels in quinpirole-treated mice. A previ-
ous study also reported the anti-neuroinflammatory effect of quinpirole via D2R activation
in an ICH injury model [19]. The BBB plays a central role in brain homeostasis. However,
BBB disruption leads to enhanced cytokine infiltration and neuronal susceptibility.

Several tight junction proteins, including claudin, occludin, and ZO-1, are essential for
the maintenance of BBB integrity [51]. BBB breakdown following brain injury is attributable
to significant histopathological alterations and tissue loss in the affected areas [52]. Double
immunofluorescence staining performed for ZO-1 and CD31 showed significantly low
levels of these proteins in the ipsilateral cortex of an injured mouse brain. Notably, quinpi-
role treatment restored ZO-1 and CD31 levels in the ipsilateral cortex of an injured mouse
brain. Quinpirole-regulated restoration of the disrupted BBB is attributable to reduced
neuroinflammation and active gliosis. A previous study has reported that brain injury is
strongly associated with deregulated tight junction proteins [53]. Brain injury is known to
cause marked tissue disruption [34]. We observed increased lesion volume in an injured
mouse brain, and that quinpirole treatment significantly reduced the lesion volume, which
suggests that quinpirole aids in the repair of the brain after injury and restores tight junc-
tion proteins to inhibit infiltration of cytokines and other blood-borne biochemical agents.
Moreover, we observed a significant increase in the contusion volume after brain injury,
indicating that severe damage is associated with tissue disruption in the ipsilateral cortex
of injured mouse brain. Notably, all these effects were ameliorated in brain-injured mice
that received quinpirole treatment.

Increasing evidence has shown neuronal apoptosis after brain injury [54]. Our re-
sults showed increased expression of neuronal apoptotic markers, including Bax and
PARP1, and decreased expression of Bcl-2, an anti-apoptotic protein. Quinpirole treat-
ment significantly reduced the increased levels of pro-apoptotic and increase the reduced
level of anti-apoptotic markers in the ipsilateral cortex of brain-injured mice. A previous
study supports the protective role of D2/D3 receptor agonist ropinirole protects against
apoptosis-induced neurodegeneration via a JNK-dependent pathway [11]. Our results are
consistent with those of a previous study in which D2R agonists were shown to reduce
neuronal apoptosis [55]. In accordance with the caspase3 result, the nissl staining results
also showed the significantly increase number of apoptotic and degenerated neurons in
the ipsilateral side of TBI mouse brain as compared to saline- treated control group of
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mice. However, the number of damage and degenerated neuronal cells were significantly
reduced in quinpirole-treated group of mice after TBI on day 7.

Synaptic protein loss is associated with brain injury and leads to cognitive deficits
and impaired neurotransmission. A study has reported that DR activation protects against
amyloid-β oligomer-mediated synaptic dysfunction. Therefore, we evaluated synaptic
protein markers after brain injury. The results of Western blot and immunofluorescence
testing showed that quinpirole treatment reversed the deregulated levels of synaptic protein
markers, including PSD-95 and SNAP-23 in TBI mice. Moreover, other studies have also
reported that D2R is vital for several brain functions, including learning and working
memory. We concluded that quinpirole could be a potentially useful therapeutic agent to
restore synaptic function after brain injury and to improve the cognitive performance of
brain-injured mice.

These results suggest that brain injury may cause D2R suppression, which conse-
quently activates deleterious signaling pathways at a later stage after brain injury, and that
quinpirole-mediated D2R activation produces a neuroprotective effect in the ipsilateral
cortex and striatum of injured brains.

5. Conclusions

This study highlights the significant role of D2R in neurodegenerative conditions af-
fecting the ipsilateral cortex after brain injury and that D2R regulation might be an effective
therapeutic strategy to inhibit glial cell-induced neuroinflammation in a mouse model of
brain injury (Figure 7). In this study, we discuss the role of quinpirole (a D2R agonist), that
can potentially attenuate several neuropathological processes via D2R/Akt/GSK3-β/IL-1β
signaling in the ipsilateral cortex and striatum of an injured mouse brain. Further studies
are warranted to gain a deeper understanding of the molecular mechanisms contributing
to the neuroprotective effects of quinpirole via D2R activation in neuropathological events
associated with brain injury.

Figure 7. Schematic representation of the proposed mechanism of neuroprotection of quinpirole
against brain injury-induced neuroinflammation, BBB disruption and neurodegeneration via D2R
and Akt/GSK3-β/IL-1β signaling in the injured mouse brains.
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Abstract: During the past few decades, considerable efforts have been made to discover and validate
new molecular mechanisms and biomarkers of neurodegenerative diseases. Recent discoveries
have demonstrated how autophagy and its specialized form mitophagy are extensively associated
with the development, maintenance, and progression of several neurodegenerative diseases. These
mechanisms play a pivotal role in the homeostasis of neural cells and are responsible for the clearance
of intracellular aggregates and misfolded proteins and the turnover of organelles, in particular,
mitochondria. In this review, we summarize recent advances describing the importance of autophagy
and mitophagy in neurodegenerative diseases, with particular attention given to multiple sclerosis,
Parkinson’s disease, and Alzheimer’s disease. We also review how elements involved in autophagy
and mitophagy may represent potential biomarkers for these common neurodegenerative diseases.
Finally, we examine the possibility that the modulation of autophagic and mitophagic mechanisms
may be an innovative strategy for overcoming neurodegenerative conditions. A deeper knowledge
of autophagic and mitophagic mechanisms could facilitate diagnosis and prognostication as well as
accelerate the development of therapeutic strategies for neurodegenerative diseases.

Keywords: autophagy; mitophagy; neurodegeneration; multiple sclerosis; Alzheimer’s disease;
Parkinson’s disease; biomarker; therapy

1. Introduction

Neurodegenerative disorders refer to a large group of pathological conditions in
which components of the nervous system lose their structure and function. These diseases
are primarily classified according to the clinical features (dementia, tremor, rigidity, and
bradykinesia) but especially according to the anatomic distribution of the neurodegenera-
tive lesions [1]. The aggregation of misfolded brain proteins represents the main cause of
neuronal damage in hereditary and sporadic neurodegenerative disorders (Figure 1) [2].
Alzheimer’s disease (AD) is a late-onset form of dementia and is considered the most
frequent type of neurodegeneration worldwide: nearly 50 million people live with AD
and related dementia. AD is characterized by a progressive loss of neurons determined
by the aberrant accumulation of tau protein and beta-amyloid protein (Aβ protein) [3].
Human brains express six isoforms of tau, whose cellular function is to stabilize the in-
teractions of microtubules with other proteins. To exert this function, tau protein must
be phosphorylated. However, in AD, tau is hyperphosphorylated, a condition that in-
duces conformational changes and the aggregation of the tau protein [3]. The second
most common neurodegenerative disease is Parkinson’s disease (PD). Persons affected by
this disease present some common symptoms (such as anxiety, depression, rigidity, and
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tremor) that worsen over time [4]. PD belongs to a class of neurodegenerative diseases
named “synucleinopathies”, since the protein aggregations typical of the disease, Lewy
bodies (LBs), are formed by different types of proteins, and α-synuclein (α-syn) is the major
constituent. Several studies have demonstrated that the aggregation and oligomerization
of α-syn are determined by alternative splicing events and by post-translation modifi-
cations, such as ubiquitination, oxidative nitration, truncation, and phosphorylation [5].
Furthermore, genetic studies on the familial form of PD have unveiled that specific mu-
tations in the encoding gene, SNCA, accelerate the production of insoluble aggregates
and oligomers [4]. Neuronal damage, neuronal loss, and a reduction in brain volume
are also important factors inducing long-term disability in patients affected by multiple
sclerosis (MS), a complex and multifactorial disorder leading to severe physical or cog-
nitive disabilities and neurological defects [6]. Unlike other types of neurodegenerative
disorders, MS is not due to the excessive accumulation of misfolded proteins but is the
result of a state of persistent inflammation and adverse immune-mediated processes that
activates a cascade of molecular events that provoke demyelination in the white as well
as gray matter and subsequent axonal and neuronal damage [7]. Despite the existence
of fundamental differences among these neurodegenerative conditions, a growing body
of evidence demonstrates that they share important pathogenic mechanisms, of which
mitochondrial (dys)function, inflammation, infection, and immune responses are the most
frequent [8–10]. In addition, in recent years, the autophagy process has also been found to
be particularly associated with neurodegeneration [11]. Autophagy is a cellular catabolic
pathway in which cytosolic components, bacteria, viruses, macromolecules, and whole
organelles are transported to lysosomes for degradation. To exert these multiple func-
tions, specialized forms of autophagy also exist, the most studied being mitophagy (the
selective removal of damaged mitochondria) [12]. Autophagy itself and its specialized
forms play important roles in physiological as well as pathological conditions. Under
normal conditions, autophagy removes unnecessary material, regulates the physiological
turnover of organelles, and meets energetic demand. In pathological conditions, autophagy
may have both favorable and deleterious roles. As demonstrated, a loss/gain of function
in the autophagic process and increase/decrease in the expression of crucial autophagic
mediators have been associated with diverse human disorders, particularly cancer [13,14]
and neurodegeneration [15]. Most importantly, different studies have not only confirmed
the importance of autophagic dynamics during neurodegeneration but also suggested that
several proteins involved in this catabolic process may be considered potential markers for
predicting neurodegenerative conditions [16,17]. Analysis of the distribution of autophagy
partners and regulators along the different pathologic steps of neurodegenerative disorders
may improve the knowledge of the contribution of autophagic processes to neurodegen-
erative conditions. In addition, we may develop innovative neuroprotective therapies
and unveil new potential biomarkers for the early diagnosis and clinical management
of these diseases. In this review, we discuss the roles of autophagy and its specialized
form mitophagy in different neurological disorders. We explore the possibility of using
molecular partners of autophagy and mitophagy as biomarkers for neurodegenerative
disease status. Finally, the pharmacological modulation of these processes is discussed as a
potential strategy for building new therapeutic approaches against neurodegeneration.
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Figure 1. Causes and risk factors of Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS). AD
and PD are the most common neurodegenerative diseases, characterized by an abnormal aggregation of protein inclusions
in the brain. While in AD, the progressive loss of neurons is caused by an aberrant accumulation of beta-amyloid and
tau protein, PD displays inclusions named Lewy bodies, where α-synuclein (α-syn) is the major constituent. MS is the
most frequent cause of disability among young adults after traumatic brain injury. The neurodegenerative condition of
MS is not due to an excessive accumulation of misfolded protein but to adverse immune-mediated processes and chronic
inflammation that provoke demyelinating and neurodegenerative processes during the entire life of the patient. Among the
different molecular mechanisms and risk factors involved in these neurodegenerative conditions, it has been demonstrated
that autophagy and mitophagy play an important role.

2. A General Overview of Autophagy

The word autophagy was introduced in late 1963 by the biochemist Christian de
Duve [18] and defines a self-degradative cellular pathway whose intent is to degrade
and recycle cellular contents. Autophagy exists in three forms that are classified accord-
ing to their mechanisms and cellular functions: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA). During microautophagy, the cytosolic material
is wrapped and transported directly into the lumen of lysosomes. The main function of
microautophagy (mA) is to control cell survival and organellar turnover upon nitrogen
restriction. Unfortunately, due to the lack of specific methods for measuring mA (apart
from electron microscopy), the effective contributions of mA in mammalian cells remain
little studied, and most studies about mA molecular processes are carried out in yeast [19].
Despite this, different investigations suggest that the molecular dynamics of mA exist-
ing in yeast may be conserved in mammalian mA. Consistently with this, it has been
demonstrated that the endosomal sorting complex required for transport (ESCRT) system
is involved in mammalian [20] and yeast mA [21]. Furthermore, a prolonged starvation
condition [22,23] as well as cellular treatments with the macrolide compound rapamycin
activates mA in both mammalian and yeast cells [21,24,25].

CMA has an important role in protein quality control (QC) and is responsible for
degrading a specific subset of oxidized and damaged proteins. The selectivity of CMA is
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conferred by the existence of a specific pentapeptide motif (KFERQ), which is present in
the amino acid sequences of all CMA substrates. This motif is identified by the cytosolic
chaperone heat shock-cognate protein of 70 kDa (hSC70), which brings the protein target
directly to the lysosome surface [26]. In the last decade, several advances have been made
in understanding the molecular mechanisms of CMA. These findings suggest an important
contribution of CMA to diverse human diseases, including neurodegeneration [26]. Un-
doubtedly, the best-characterized and most prevalent form of autophagy in mammalian
cells is macroautophagy (hereafter referred to as autophagy), whose multistep process
and contribution to the pathophysiology of diverse neurodegenerative conditions will be
discussed throughout this review.

Autophagy, a complex intracellular process that is very ancient and has been strongly
conserved during evolution, exists to identify and capture a wide group of intracellular
components, ranging from low-dimensional biological macromolecules to whole organelles,
and bring them to the lysosomal compartment. Its physiological value rests on two
main activities. On the one hand, autophagy acts as a QC mechanism that reshapes the
cell, ensuring the removal of damaged proteins and organelles [27]. Selective forms of
autophagy can specifically target mitochondria (mitophagy), the endoplasmic reticulum
(ER; reticulophagy), peroxisomes (pexophagy), and lipid droplets (lipophagy). In addition,
autophagy participates in the struggle against invading pathogens (xenophagy), inducing
cell defense [12].

On the other hand, lysosomal degradation represents an important source of amino
acids and lipids for the de novo synthesis of proteins and lipids. This is of particular
importance during starvation, which limits amino acid availability. The limited availability
of amino acids affects protein synthesis, which can be performed only in the presence
of all the necessary building blocks, in particular, essential amino acids. Under shortage
conditions, amino acid pool completeness can be fulfilled only through the degradation of
cellular proteins. In such a way, autophagy represents a fundamental survival mechanism,
particularly during stress conditions originating from hypoxia or pathogen invasion [27].

Thus, it is not surprising that energy availability can regulate or trigger autophagy and,
in particular, that a large number of stimuli converge on metabolic energy sensors, such
as mammalian target of rapamycin (mTOR) and 5′ adenosine monophosphate-activated
protein kinase (AMPK), which, in turn, regulate autophagy [28].

In cells, mTOR exists in two complexes, mTORC1 and mTORC2, which not only
are composed of different protein-binding partners but also regulate different pathways.
The primary role of mTORC2 is to regulate cell survival and cytoskeletal organization,
while its role in autophagy remains poorly understood. Recent work has shed light on
this obscure point. Indeed, the transforming growth factor beta (TGFB)/INHB/activin
signaling pathway has been recently identified as an upstream regulator of mTORC2.
TGFB-INHB/activin mediates mTORC2 inhibition and regulates the autophagic flux and
the cardiac functions in a Drosophila cardiac-specific knockdown of TGFB-INHB/activin
model [29]. Another investigation recently confirmed the importance of mTORC2 for
autophagy. In this case, it has been demonstrated that mTORC2 exists on a molecular axis
with the serum- and glucocorticoid-inducible kinase 1 (SGK-1) and, in this state, controls
autophagy and mitophagy induction. Consistently, mTORC2- or SGK-1 deficient C. elegans
models present a perturbed mitochondrial homeostasis and aberrant ROS production,
which trigger autophagy and mitophagy. Excessive autophagic and mitophagic fluxes, in
turn, result in developmental and reproductive deficits in mTORC2- or SGK-1-deficient
animals [30]. Oppositely, the primary role of mTORC1 is to play a pivotal role in cellular
catabolic pathways, particularly autophagy [31]. To exert its function, mTORC1 integrates
different stimuli, including hormonal stimulation, nutrient availability, and the oxygen
level. In the presence of normal levels of energy and amino acids, mTOR inhibits autophagy
through specific unc-51-like autophagy-activating kinase 1 (ULK1) serine phosphorylation
at the phosphorylation site Ser 757. By contrast, in response to nutritional deprivation,
oxygen unavailability, and mitochondrial dysfunction, AMPK activates autophagy through
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the phosphorylation of ULK1 at Ser 317 and Ser 777 [32]. Interestingly, another research
group demonstrated that AMPK may phosphorylate ULK in additional sites. Indeed,
by employing a bioinformatic approach, it has been found that ULK1 contains a further
four potential AMPK sites [33]. Three of them (Ser 555, Ser 637, and Thr 574) were
also identified by mass spectrometry in cells pretreated with an AMPK activator, while
the site Ser 467 was confirmed by immunoblotting with phosphospecific antibodies [33].
Unfortunately, this work lacks an analysis of the effect of the different phosphorylations on
autophagy. By using SILAC (stable isotope labeling with amino acids) technology, other
work mapped 13 new phosphorylation sites of ULK1 [34]. All of them were dependent on
nutrient availability, but only Ser 638 and Ser 758 displayed the most significant changes.
In addition, time course experiments investigating the response to nutrient availability
demonstrated that these phosphorylations were differentially regulated and that mTOR
mediated both phosphorylations. Intriguingly, the authors also demonstrated that the
phosphorylation at Ser 638 was also mediated by AMPK [34]. Altogether, these findings
demonstrate that ULK1 is the key regulator of autophagy, and the occurrence of different
protein phosphorylation events is crucial for regulating its activity. Furthermore, the
concurrent existence of at least two opposite regulatory pathways that converge on ULK1
signaling (mediated by MTOR and AMPK) allows the cell to better adapt to extracellular
and intracellular variations but also affects several pathological conditions.

In the cells, ULK1 forms a complex with autophagy-related (ATG) 13/200-kDa fo-
cal adhesion kinase family-interacting protein (FIP200) and ATG101. As reported above,
ULK1 activity is mainly regulated by phosphorylation/desphosphorylation events me-
diated by AMPK and mTOR. In addition, it has been demonstrated that ULK1 is able
to phosphorylate itself at Thr 180 [35] and FIP200, ATG13, and ATG101 [36,37] and that
the phosphorylation events are regulated by protein phosphatase. Protein phosphatase
2A (PP2A) and protein phosphatase 1D magnesium-dependent delta isoform (PPM1D)
regulate the ULK1 phosphorylation [38,39]. PP2C phosphatases (Ptc2 and Ptc3) mediate
the dephosphorylation of ATG13 30655342. The ULK1/ATG13/FIP200/ATG101 molecular
axis represents the most upstream regulatory complex related to double-membrane vacuole
(autophagosome) formation [28]. Autophagosomes symbolize the starting moment of the
whole autophagic process, which begins with the formation of double-membrane lined vesi-
cles that fuse together to engulf portions of the cytoplasm. The resulting double-membrane
vacuoles are autophagosomes, which can fuse with vesicles of the endocytic pathway at
different stages of maturation or directly with lysosomes, becoming autolysosomes. In
autolysosomes, acidic hydrolases break down macromolecules into smaller constituents
that are released back to the cytosol by lysosomal transporters and permeases. Once
activated, the ULK1/ATG13/FIP200/ATG101 molecular axis also phosphorylates and
activates coiled-coil, moesin-like BCL2 interacting protein (BECN1) [40,41]. BECN1 can be
part of a complex including class III phosphatidylinositol 3-kinase (PI3K) and its regulatory
proteins vacuolar protein sorting 34 (Vsp34), p150, and ATG14L. Upon activation, this
complex is involved in the nucleation and elongation of autophagosomes. The first step oc-
curs on the surface of the membranes of the ER, mitochondria, Golgi complex, endosomes,
or plasma membrane [42] and consists of the phosphorylation of phosphatidylinositol to
form phosphatidylinositol-3-phosphate (PI3P). This phosphoinositide behaves as a positive
regulator of autophagy. In fact, the presence of PI3P at the source membrane triggers the
docking of several adaptor proteins, which, in turn, induce and sustain the elongation of
the sack-like, omega-shaped structure, which grows, binds, and surrounds the material
intended to be digested.

Another interaction of BECN1 can exert an inhibitory effect on autophagy [43]. BECN1
has been reported to bind B-cell lymphoma (BCL)-2, BCL-XL, and other members of the
BCL-2 family through the BCL-2-homology-3 (BH3) domain. The consequence of this
interaction is a diminution of the interaction between BECN1 and the class III PI3K complex,
which prevents the formation of phagophores [43]. Accordingly, BCL-2 phosphorylation
can reverse BECN1 sequestration and restore autophagy stimulation [43].
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The other two systems, ATG12–ATG5–ATG16L1 and microtubule-associated protein
1A/1B-light chain 3 (LC3)–phosphatidylethanolamine (PE) complexes, seem to play an
important role in the elongation and closure of autophagosomes, although the underlying
mechanism has not yet been clarified. A key process during autophagosome elongation
and closure is the lipidation of the LC3 protein, which is joined to the membrane PE. Once
inserted into the autophagosomal membrane, the lipidated complex can further recruit
other adaptor proteins. This allows autophagosomes to recognize cargo material, and
elongate and close the vesicle. The fusion of the autophagosomes with the lysosome is
the subsequent step, which, in a normally operating lysosome, is followed by lysosomal
compartment acidification, the degradation of macromolecules by hydrolases and lipases,
and the recycling of the base constituents (Figure 2).

Figure 2. Molecular mechanisms of autophagy and mitophagy. The mammalian target of rapamycin (mTOR) and the 5′

adenosine monophosphate-activated protein kinase (AMPK) are the main negative and positive regulators of autophagy,
respectively. One of the primary targets of the action of mTOR and AMPK is the unc-51-like autophagy-activating kinase 1
(ULK1)/autophagy-related (ATG) 13/FIP200 (200-kDa focal adhesion kinase family-interacting protein) complex, which
is the main regulator of autophagosomal formation. Other important proteins that participate in this molecular process
are the coiled-coil, moesin-like BCL-2 interacting protein (BECN1), class III phosphatidylinositol 3-kinase (PI3K), vacuolar
protein sorting 34 (Vsp34), ATG14L, p150, and IMPase. The activity of BECN1 in regulating the autophagy process
is also mediated by the interaction with BCL-2. During the elongation of the autophagosome, a series of autophagy-
related (ATG) proteins are involved. In particular, two specific complexes were found to be essential for completing
autophagosomal formation: (ATG)12–ATG5–ATG16L1 and microtubule-associated protein 1A/1B-light chain 3 (LC3)–
phosphatidylethanolamine (PE) complexes. Mitochondria are particularly vulnerable to stress signals, such as ROS, which,
in turn, can cause severe mitochondrial dysfunction and activate the mitophagic process. PINK1 senses this mitochondrial
damage and phosphorylates and recruits Parkin to the outer mitochondrial membrane of the mitochondria. Phosphorylation
converts Parkin to an active ubiquitin (Ub)-dependent enzyme and mediates the phosphorylation of different mitochondrial
proteins. During this process intervene different Ub-binding autophagy receptors such as p6, NBR1, NDP52, and optineurin
(OPTN), which connect the damaged mitochondria to the forming autophagosomes. Mitophagy may also be executed in a
Parkin-independent manner. In this case, different proteins (FUNDC1, AMBRA1, NIX, and BNIP3) intervene to signal the
mitochondria that should be degraded.
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3. Mitophagy: The Master Regulator of the Mitochondrial Population

Mitochondria are essential intracellular organelles that supply substrates and energy
to execute numerous cell functions, such as metabolism, differentiation, apoptosis, cell
movement, and differentiation. In contrast to other intracellular components, mitochondria
are constituted by two membranes, the outer mitochondrial membrane (OMM) and the
inner mitochondrial membrane (IMM), which fully surround the mitochondrial matrix.
Between the OMM and IMM, another mitochondrial subcompartment exists, the inter-
membrane space (IMS) [44]. Another unique feature of mitochondria is that they have
their own genome (mitochondrial DNA, mtDNA), which encodes 13 proteins that are
essential components of the oxidative phosphorylation (OXPHOS) system, the process by
which ATP is formed [45]. A series of members (complexes I-V, C-I-V) of the mitochondrial
electron chain (mETC) found in the IMM permit the transfer of electrons from NADH or
FADH2 to O2 [46]. The energy produced during this movement creates a proton gradient
that is used by the last component of the mETC (C-V, ATP synthase) to synthesize ATP [46].
The impairment of electron transfer or stress conditions affect the production of reactive
oxygen species (ROS), of which C-I and C-III are the main producers [47]. Mitochondria
are also central hubs for calcium (Ca2+) signaling [48]. At rest, mitochondria have low Ca2+

concentrations [Ca2+] (~100 nM range or lower). However, upon stimulation, mitochon-
drial [Ca2+] can increase to the range of hundreds in micromolar concentration [49]. This
happens due to the highly specialized contact sites (mitochondria-associated membranes,
MAMs) that exist between mitochondria and the main intracellular Ca2+ store of cells, the
ER [50]. These interaction sites represent critical hubs for the regulation of diverse cellular
processes (such as energy metabolism, inflammation, redox regulation, and lipid and
protein transfer), and recently, MAMs have been described to play an important role in the
onset and progression of several human diseases by regulating Ca2+ transmission between
the ER and mitochondria [51]. Once released from the ER, Ca2+ can enter mitochondria
owing to the close proximity of the ER to mitochondria, the electrochemical driving force
(mitochondrial membrane potential) that is created by electron transfer, and the activity
of the components of the mitochondrial Ca2+ uniporter (MCU) [52,53]. Mitochondria are
normally present in cells in the form of a dynamic network, where the mitochondrial mass
increases as a consequence of mitochondrial biogenesis. The control and reshaping of the
mitochondrial population can occur through different mechanisms [54]. These mechanisms
include (i) the control of protein quality through mitochondrial proteases, the mitochon-
drial unfolded protein response, or proteasome-dependent degradation; (ii) the budding
of mitochondrion-derived vesicles; and (iii) the targeting of some or all mitochondria to
lysosomes through mitophagy.

Mitophagy regulation is not yet a completely understood process. During short-
term starvation, the mitochondrial pool is not depleted, so as to not further reduce the
cellular production of energy, while oxidative metabolism is mainly sustained by general
autophagy [28]. This fact necessarily implies a difference in regulation between autophagy
and mitophagy that allows the cautious sparing of mitochondria, which are among the
principal end-users of the material provided by autophagy. A role in this sense seems to be
played by fission restriction. In fact, fragmented mitochondria appear to be a preferred
target for mitophagy: when their number is reduced, mitophagy itself is restricted.

When the ultimate goal is to eliminate mitochondria, there are different physiological
mechanisms that can be activated. The first example is programmed mitophagy. There
are several situations in the cell that can require the activation of programmed mitophagy,
independent of the wellness of mitochondria. An example is the mitochondrial depletion
that occurs in reticulocytes during differentiation through the activity of NIP3-like protein
X (NIX/BNIP3L). Other examples include the elimination of male-derived mitochondria
after egg fertilization [55] and the reshaping of the mitochondrial population during car-
diomyocyte [56] or muscle cell differentiation, which induces a change from carbohydrate-
to fatty acid-driven OXPHOS [57]. Stimulations that can normally trigger mitophagy can
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be affected by mitochondrial defects, such as a decline in transmembrane potential and
excessive ROS production.

Mitophagy involves some fundamental steps. First, as stated above, mitochondria
must assume the dimensions necessary to easily enter autophagosome vesicles. Therefore,
they are normally resized through fission processes. In addition, they need to be properly
displayed on the surface to trigger the formation of vesicles, which will engulf them.
Typically, “eat-me signals” can be ubiquitin-dependent or not. The best-known example
of a ubiquitin-dependent mechanism is the PTEN-induced kinase 1 (PINK1)/Parkin axis.
PINK1 and Parkin belong to a series of genes referred to as PARK genes, which include
α-syn (PARK1/4), Parkin (PARK2), PINK1 (PARK6), protein deglycase-1 (DJ-1, PARK7),
leucine-rich repeat kinase 2 (LRRK2, PARK8), and ATP13A2 (PARK9). The name of this
group of genes (Parkin genes) comes from the finding that mutations in these genes have
been linked to familiar forms of PD. In particular, approximately 100 mutations in the
Parkin gene have been identified as causing autosomal recessive Parkinsonism [58].

PINK1 is a mitochondrial serine/threonine-protein kinase, and Parkin is an E3 ubiqui-
tin ligase; these proteins induce different functions at the cellular level but act in a common
pathway to regulate mitophagy.

PINK1 is a ubiquitous protein characterized by a mitochondrial targeting sequence
(MTS), a transmembrane domain, and a highly conserved serine/threonine kinase domain.
At present, approximately 30 pathogenic PINK1 mutations that impair its kinase activity
and provoke loss of function have been identified [59–62].

Normally, PINK1 is imported into mitochondria via the activity of the translocase
of the inner membrane (TIM)–translocase of the outer membrane (TOM) complex. Once
PINK1 arrives in the IMM, it is subjected to a series of proteolytic cleavages that reduce
the full-length form of PINK1 into fragments, which are then degraded by the protea-
some [63–65]. In the presence of alterations in mitochondrial membrane potential, the
activity of the TIM/TOM complex is reduced, and PINK1 begins to accumulate on the
OMM. Here, after being stabilized by a molecular complex including TOM proteins [66,67],
PINK1 phosphorylates Parkin. The phosphorylation converts Parkin from an autoinhibited
enzyme to an active ubiquitin (Ub)-dependent enzyme [68,69]. In this state, Parkin ac-
tively ubiquitinates several mitochondrial proteins at the OMM. The ubiquitination events
promote the recruitment of the Ub-binding autophagy receptors p62/Sequestome, NBR1,
NDP52, optineurin (OPTN), and TAX1BP1 (TBK1), which connect damaged mitochondria
to phagosomes for clearance in lysosomes [70–72]. In recent years, different studies have
identified pathways regulating mitophagy that are PINK1–Parkin-independent. These
mechanisms may act in parallel or in addition to PINK1–Parkin-dependent mitophagy
and involve a series of OMM mitophagy receptors that bind LC3 and recruit mitochondria
to autophagic vesicles. Among them, the most studied are the proapoptotic members
of the BCL2 family, NIX and BNIP3 [73,74] and FUNDC1 [75], which regulate the mi-
tophagy process during ischemic/hypoxic conditions, and the BECN1 regulator AMBRA1.
Interestingly, it has been proven that AMBRA1 regulates both Parkin-dependent and
Parkin-independent mitophagy [76] (Figure 2).

4. Relationship between Autophagy and Mitophagy in MS

Multiple sclerosis (MS) is a progressive and chronic disease that affects approximately
3 million persons worldwide. MS is an inflammatory condition in which activated immune
cells enter the central nervous system (CNS) and cause progressive demyelination, gliosis,
and neuronal loss. The symptoms vary from individual to individual [77]. The most
common symptoms are walking difficulties, sensory disturbances, vision problems, and
cognitive and emotional impairments. Typically, MS starts with an unexpected onset of
neurological impairments, and the majority of individuals display a relapsing–remitting
(RR) course of the disease in which recurrent periods alternate with relapse phases. This
course may be followed by a secondary progressive phase in which inflammatory attacks
are more frequent and cause irreversible neurological impairments. A small percentage
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of individuals may present with the primary progressive form of the disease, which is
characterized by the absence of remission periods and a progressive worsening of symp-
toms [78]. Currently, the pathogenesis and etiology of MS are unclear. MS is considered
a multifactorial disease, and genetic predisposition and environmental factors may play
important roles in disease progression. Furthermore, mitochondrial dysfunction as well
as the impairment of the QC systems of mitochondria have been identified in different
MS samples and represent evidence that the mitochondrial compartment has a major role
in MS [9]. In addition, recent investigations have described an important contribution of
autophagic processes. The first evidence that autophagy could be involved in MS was
reported in 2009, when a strong correlation was found between the expression of the au-
tophagic marker ATG5 and the clinical disability observed in the experimental autoimmune
encephalomyelitis (EAE) MS animal model. Moreover, in this work, the authors found
increased expression of ATG5 in T cells obtained from RR-MS patients and in postmortem
brain tissue from individuals with secondary progressive MS [79]. Unfortunately, the
authors did not address the role of autophagy in T cells and MS. They only speculated that
autophagy may help to increase the survival of T cells and help to propagate the immune
response. Similarly, other work detected ATG5 increases in terms of both mRNA levels
and protein amounts in T cells obtained from MS patients who were treatment naïve [80].
Increases in ATG5 also correlated with the presence of proinflammatory cytokines, thus
displaying a possible relationship between the inflammatory status and ATG5 expression
in MS. However, they did not perform a detailed analysis of the clinical activity state [80].
T cells present different subpopulations. Among them, T regulatory cells (Treg) are particu-
larly relevant in autoimmune disease because they prevent inflammation and preserve the
tolerance to self-antigens. Recently, it has been demonstrated that the autophagic mediator
AMBRA1 associates with the protein phosphatase PP2A to sustain Treg differentiation by
increasing the expression of Forkhead box P 3 (FOXP3), an essential transcription factor for
the differentiation of Treg cells [81]. In addition, the AMBRA1–PP2A–FOXP3 molecular
axis was found to be essential for regulating the optimal autophagic levels necessary for
T-cell stimulation and differentiation. Consistently, AMBRA1 conditional KO mice display
reductions in FOXP3 levels with consequent impairments in Treg differentiation and activ-
ity. Most importantly, AMBRA1 deficiency worsens the disease pathogenesis in an EAE MS
animal model [81]. Finally, work of Akatsuka et al. not only demonstrates the important
role of AMBRA1 in the regulation of T cells, but also highlights decreased mitochondrial
functioning and metabolism in these cells [82]. All these findings demonstrate that AM-
BRA1 is an essential factor that regulates both autophagic and mitochondrial behaviors
and, probably, also the mitophagic process in T cells.

In MS, T-cell activities may be modulated by the complement-regulating molecule
CD46 [83]. This factor is also described as an autophagic inducer [84], and its levels are
documented to be increased in the serum and cerebrospinal fluid (CSF) of MS patients [85].
The increased T-cell autoreactivity in MS may also be promoted by IRGM1, a GTPase that
regulates the survival of immune cells through autophagy. Consistent with this finding,
IRGM1 deletion increases the apoptosis of T cells, reduces their proliferative capacity, and
ameliorates the clinical score of the EAE mouse model [86]. Considering that subsequent
studies have demonstrated that IRGM1 is localized to the mitochondrial compartment
and regulates the mitochondrial metabolism and mitochondrial fission induced by mi-
tophagy [87,88], the increased T-cell autoreactivity observed in MS may be due to an
impairment in the mitophagic process. In addition to its effects on T cells, autophagy
plays a role in dendritic cells (DCs), the most potent antigen-presenting cells (APCs) in the
immune system. In particular, autophagy starts in response to bacterial and viral infection.
By generating transgenic mice with silencing of ATG7 in DCs, Bhattacharya and colleagues
demonstrated the importance of DCs and autophagy in MS. Indeed, they showed that the
specific loss of autophagy in DCs significantly delayed disease progression and reduced
disease severity in EAE mice [89]. As reported above, AMPK is the main positive regulator
of autophagy. This kinase works by sensing the AMP/ATP ratio and activates autophagy
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to combat energetic imbalance. It has been demonstrated that following exposure to
proinflammatory cytokines, AMPK activates and triggers autophagy in oligodendrocyte
precursor cells (OPCs) [90]. This change is due to a metabolic switch from OXPHOS to
glycolysis and impairment of mitochondrial dynamics, leading to increased oxidative stress
and reduced mitochondrial Ca2+ uptake and ATP production. As a consequence, OPCs
fail to differentiate into mature and myelinating oligodendrocytes [90]. In support of these
in vitro findings, recent work demonstrated that metabolic stress-induced autophagy is a
key element in an in vivo MS model. Indeed, MCU-deficient (MCU-def) mice subjected to
EAE displayed elevated clinical scores, excessive inflammation, and demyelination [91].
Morphological and functional analyses performed with the spinal cords of MCU-def mice
revealed important mitochondrial damage, accompanied by an elevated presence of au-
tophagosomal markers and a decrease in ATP synthesis and mitochondrial gene expression.
Overall, these data confirm that the presence of mitochondrial dysfunction provokes the
inhibition of Ca2+ buffering, ATP synthesis, and mitochondrial gene expression, causing
a metabolic collapse that prompts autophagy and worsens MS-like conditions. Further-
more, since autophagic activation accompanied by the downregulation of PGC1α (a master
regulator of mitochondrial biogenesis) has been observed, it is possible to speculate that
the mitochondrial QC system is also affected. However, studies have not verified whether
autophagy activities lead to autophagic mitochondrial removal.

Markers of autophagic processes may represent reliable potential biomarkers for mon-
itoring the progression of disease. Increased amounts of Parkin, ATG5, and inflammatory
cytokines are present in both the serum and CSF obtained from MS patients. Analyses
comparing MS patients to healthy individuals and patients affected by other neurodegener-
ative conditions have been conducted [16]. Moreover, subsequent work demonstrated that
increases in both autophagic and mitophagic markers correlated with the active phases of
the disease and with circulating lactate levels, demonstrating the presence of an impaired
metabolic status in MS patients [92]. Notably, several studies have associated lactate lev-
els with MS progression [93]. Other independent research groups have confirmed that
circulating autophagy and mitophagy markers are increased in MS biofluids [94,95]. In
addition, the circulating levels of mitochondrial adenine nucleotide translocase 1 (ANT1)
and oxidative stress markers have also been investigated. Interestingly, MS patients display
increased oxidative stress, accompanied by reduced levels of the mitochondrial marker
ANT1, suggesting that the mitochondrial QC systems are activated to promote the removal
of nonfunctioning mitochondria. Consistent with this, reduced circulating levels of the
OMM protein translocator protein 18 kDa (TSPO) and increased amounts of the mitochon-
drial disease marker growth/differentiation factor 15 (GDF-15) have been found in MS
individuals and correlate with the severity of the disease [96,97] (Table 1).

It is clear that autophagy and mitophagy as well as the mitochondrial quality control
system are important contributors in MS. In the last few years, an increasing number of
studies have correlated the activities of such molecular mechanisms with the progression
of the disease. Furthermore, circulating elements of autophagy and mitophagy may be
detected in human samples from MS individuals, thus suggesting the possibility of using
them as novel biomarkers. However, MS shows a great heterogeneity with regard to the
clinical symptoms as well as therapy response. In addition, MS manifests in different
forms (clinically isolated syndrome, RR MS, secondary progressive MS, and primary
progressive MS), where the relapse rate and disability progression differentiate one from
the other. Only when the dynamics and response of autophagy and mitophagy are well
characterized in regard to all these conditions will we be able to claim to have identified the
real contributions of them in MS, and we could use autophagic and mitophagic elements
as innovative markers for MS disease progression.
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Table 1. Summary of autophagy- and mitophagy-related markers in biofluids of MS-, AD-, and PD-affected persons.

Neurodegenerative
Condition

Marker Role
Type of Human

Biofluid

MS

Parkin Mitophagy regulator Serum, CSF
ATG5 Autophagy regulator Serum, CSF

Mitochondrial adenine nucleotide
translocase 1 (ANT1) Mitochondrial ADP/ATP translocase Serum, CSF

Translocator protein 18 kDa (TSPO) Regulator of mPTP opening Blood PBMCs
Growth/differentiation factor 15

(GDF-15) Mitochondrial disease marker Serum

TNFα Proinflammatory cytokine Serum, CSF
Lactate Mitochondrial dysfunction marker Serum, CSF

AD

BECN1 Autophagy regulator Blood PBMCs, serum
p62 Autophagy regulator Blood PBMCs
LC3 Autophagy regulator Blood PBMCs

ATG5 Autophagy regulator Plasma, serum
Parkin Mitophagy regulator Serum

EEA1, LAMP1, LAMP2, RAB3, and RAB7 Lysosomal regulators CSF

PD

LC3B Autophagy regulator CSF
BECN1 Autophagy regulator CSF, blood PBMCs
ATG5 Autophagy regulator CSF

LAMP2 Lysosomal regulator CSF
ULK1 Autophagy regulator Blood PBMCs
ATG5 Autophagy regulator Blood PBMCs

ATG4B Autophagy regulator Blood PBMCs
ATG16L1 Autophagy regulator Blood PBMCs

5. Involvement of Autophagy Mechanisms in AD Progression

AD was first described in the early 20th century and is characterized by a progressive
deterioration of cognitive function. Memory loss and dementia represent the most common
symptoms. The cardinal pathological hallmarks of AD are extracellular (amyloid) plaques
and intracellular and extracellular neurofibrillary tangles (NFTs). Amyloid plaques are
composed of deposits of Aβ, α-syn, Ub, and apolipoprotein E. NFTs are characterized by
hyperphosphorylated tau protein and apolipoprotein E. These aggregates induce neuronal
toxicity by impeding neural communication and provoking cell death either directly or by
preventing the delivery of an optimal nutrient supply to brain cells [3].

At present, the origin of AD and the mechanisms occurring in the pathogenesis of
AD are not well defined. Inflammation seems to play an important role: mediators of
inflammation, such as cytokines, adhesion molecules, and prostaglandins, drive degenera-
tion in different neural AD models [98]. Consistent with this finding, aggregated peptides
increase proinflammatory agent production, and inflammatory molecules are detected
in the CSF, serum, and plaques obtained from AD patients. Oxidative and nitrosylative
damage provoked by ROS and reactive nitrogen species (RNS) are determinants of the
initiation and progression of AD [99]. Oxidatively damaged membrane phospholipids
and increased oxidative stress in neurons are frequently present in neurons exposed to
Aβ [100]. Furthermore, AD brains extracted at autopsy have decreased amounts of vita-
mins A and E and β-carotene [101] and display a higher production of free radicals and
increased expression of neuronal nitric oxide synthase (nNOS) [102]. This increased nNOS
correlates with an increased apoptosis of hippocampal neurons. In the last 10 years, an
increasing number of studies have demonstrated the critical contributions of autophagy
and mitophagy to AD pathogenesis [103]. Several studies have reported an increased
presence of Aβ in autophagosomes [104]. Interestingly, autophagosomes also contain
amyloid precursor protein (APP) and its processing enzymes, in particular, a component of
the γ-secretase complex, suggesting an additional source of Aβ. Consistent with this find-
ing, the induction of autophagy correlates with Aβ production, and autophagy-deficient
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animals (with ATG7 knockdown) display reduced Aβ secretion [105]. Additionally, the hy-
perphosphorylation of tau correlates with increased autophagic levels. Indeed, postmortem
AD brain samples are characterized by LC3- and p62-positive autophagosomes, and the
hyperphosphorylation of tau has been recognized in autophagy-deficient mice [106,107].
Although these observations highlight a dangerous correlation between autophagy and
AD, other studies suggest that autophagy and mitophagy may exert beneficial effects
against AD [103]. The abnormal accumulation of autophagosome vesicles is present in AD
neurons [104]. This accumulation is related to compromised lysosomal function, which re-
sults in lysosomes that are no longer able to degrade autophagosomes. The overexpression
of Parkin and PINK activates mitophagy, restores mitochondrial function, and reduces Aβ

production [108,109]. Similar results have been obtained from another independent experi-
ments that demonstrated that mitophagy is essential for reducing Aβ levels, abolishing
tau hyperphosphorylation, preventing cognitive impairments in an AD mouse model, and
suppressing neuroinflammation [110].

To confirm the crucial role of autophagic and mitophagic dynamics in AD, different
studies have evaluated the presence of elements belonging to these processes in biofluids
from persons with AD. The first investigation was performed in 1995, in which ventricular
CSF from postmortem AD patients was analyzed. In this study, the authors detected
increased levels of the lysosomal protein cathepsin D [111]. However, a subsequent report
performed with lumbar CSF samples from living AD patients found no change in the
levels of cathepsin B [112]. This finding was confirmed in other work that investigated a
broad range of lysosomal proteins in CSF samples from living AD patients and found no
variations in diverse cathepsin forms (A, B, D, and L); however, the study did find altered
expression for five other lysosomal proteins in the AD samples: early endosomal antigen
1 (EEA1), LAMP1, LAMP2, RAB3, and RAB7 [113]. By contrast, a recent study analyzed
the levels of proteins associated with lysosomal function in the CSF of AD persons by
conducting solid-phase extraction and parallel reaction monitoring mass spectrometry
and found only minor or absent changes in their levels [114]. Unfortunately, the levels of
proteins directly related to autophagy and mitophagy processes were not investigated in
that study. A follow-up study at 12 and 24 months identified autophagic elements (BECN1,
p62, and LC3) in peripheral blood mononuclear cells (PBMCs) obtained from the blood of
AD patients and demonstrated that their levels varied during the course of the disease and
correlated with the inflammatory environment [115]. Recently, autophagic elements have
also been assessed directly in AD blood samples. Indeed, increased levels of the autophagic
marker ATG5 are present in the plasma of patients with dementia who meet the criteria
for probable AD. Unfortunately, the authors did not identify the subtype of dementia or
confirm the AD status. These limitations were overcome in a recent investigation assessing
the circulation of autophagic and mitophagic markers in the serum of patients affected by
mild–moderate late-onset AD, mild cognitive impairment (MCI), vascular dementia (VAD),
and mixed dementia (MD). In this work, the authors found decreased levels of ATG5 and
Parkin in patients affected by AD, MCI, and MD. By contrast, they detected increased levels
of these markers in VAD patients [17]. This investigation suggests that autophagy and
mitophagy markers are possible biomarkers for AD and that they are differentially affected
in different dementia types, which may help to discriminate AD-type dementias from VAD.
Additionally, the fact that AD samples have decreased levels of autophagy and mitophagy
markers confirms the presence of an impaired degradative system in AD persons (Table 1).

Summing up, autophagy and mitophagy represent well-established mechanisms in
AD and may exert a protective role. Accordingly, most research highlights the reduced
recruitment of both autophagy and mitophagic factors in cell cultures, in vivo AD models,
and human samples obtained from AD-affected patients, including in the body fluids of
the CSF and blood. Here, autophagic and mitophagic partners also correlate with the
inflammatory status and change during the course of the disease, thus opening up the
possibility of using autophagic and mitophagic elements as markers for the progression of
AD. However, before ascribing merit to these molecules as potential screening, prognostic,
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diagnostic, or disease-monitoring markers for AD, it is important to consider different
aspects. The diagnosis of AD cannot be achieved until the patient displays dementia
symptoms. In addition, different dementia types exist and vary between individuals.
Very few studies have monitored the variation of circulating markers of autophagy and
mitophagy during the different dementia types. Furthermore, these studies lack validation
of the investigated markers with accepted methods for diagnosing AD, such as amyloid PET
imaging. Again, all the investigations performed did not provide follow-up studies and
did not analyze the effects of the disease-modifying drugs commonly used for AD therapy
on autophagy and mitophagy circulating markers. Undoubtedly, more detailed analyses
and larger cohort studies are necessary to verify whether autophagic and mitophagic
circulating elements may represent promising biomarkers for AD.

6. Current Knowledge of the Relationship between PD and Autophagy Dynamics

Resting tremor, bradykinesia, rigidity, and postural instability represent the four cardi-
nal signs of PD, the most common neurological movement disease, and PD is characterized
by a progressive loss of dopaminergic neurons in the substantia nigra pars compacta. PD
is considered a multifactorial disease since both genetic and environmental factors play
important roles. Approximately 90% of the cases are sporadic, while the remaining 10%
are caused by monogenic mutations in at least 23 genes. Similarly, a number of cellular
mechanisms are involved in PD pathogenesis. Among them, the uncontrolled intracellular
aggregation of α-syn, in the form of LBs and Lewy neurites, represents the main hallmark
of the disease. It is not surprising that the first evidence of the genetic mechanisms of PD
was a mutation in the α-syn gene, and different forms of the α-syn protein (oligomers,
protofibrils, and unfolded monomers) have been found in human PD brain samples. α-syn
is a presynaptic neuron protein abundantly expressed in the nervous system; it is present
in proximity to synaptic vesicles and folds into α-helical structures. The primary role of
this protein is to attenuate neurotransmitter release and synaptic vesicle recycling. In PD,
α-syn generates β-sheet structures that are prone to aggregation, which leads to pathologic
conditions with toxic gain-of-function effects. Mitochondrial dysfunction is another crucial
element during PD pathogenesis in both sporadic PD and familial Parkinsonism. Different
postmortem studies have highlighted the existence of deficiencies in components of the
mETC, and compounds (toxins and pesticides) were found to promote the Parkinsonian
phenotype and neuron loss by impairing complex I of the mETC. Furthermore, α-syn alone
induces effects by interacting with the mitochondrial membrane, accumulating inside the
organelle, and leading to mitochondrial dysfunction and oxidative stress by damaging
C-I [116]; alternatively, α-syn can interact with the mitochondrial transporter TOM20 [117].
Another gene causing autosomal dominant PD is LRRK2, a protein involved in diverse
signaling pathways, including vesicular trafficking, protein translation, and the control of
mitochondrial dynamics. Mutations in this member of the leucine-rich kinase family have
been found in approximately 1–2% of sporadic and 5% of familial PD cases. The most fre-
quent mutation of LRRK2 (G2019S) induces an increase in LRRK2 activity. G2019S-LRRK2
PD postmortem human tissues, animal models, and cellular models are characterized
by important mitochondrial dysfunction, with impaired ATP production, mitochondrial
fragmentation, mtDNA damage, and oxidative stress representing the main features. Re-
cently, it has been demonstrated that this mutation induces impairment in mitophagic
clearance [118]. In addition, the loss of function, mutation, and overexpression of the mi-
tophagic regulatory members PINK1 and Parkin provoke impaired mitochondrial turnover
and cause autosomal recessive PD. To mediate mitophagy, PINK1 and Parkin cooperate
to recognize and label damaged mitochondria with polyubiquitin (p-Ub) chains [119].
Postmortem brains from LB disease patients are characterized by p-Ub chain structures
that colocalize with markers of mitochondria and autophagy [120]. Mutant forms of PINK1
are unable to move to mitochondria upon stress signaling, thereby avoiding mitophagic in-
duction. Similarly, Parkin mutations (such as S65N, G12R, and R33Q) decrease the capacity
of PINK1 to phosphorylate and activate Parkin itself. Correct mitochondrial turnover is
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not guaranteed by only the mitophagic process; it is also regulated by fission and fusion
events. Among the mitochondrial fusion proteins, the best characterized are mitofusins
(MFNs). It has been demonstrated that MFN-1 and MFN-2 are substrates for PINK1 and
Parkin and that they can be ubiquitinated by both PINK1 and Parkin [121,122]. Consistent
with this, mutations in and the loss of PINK1 and Parkin impair MFN-1/2 ubiquitination
in PD patient cells [123]. MFNs also work as bridges between mitochondria and the ER to
preserve the appropriate functioning of MAMs. These contact sites between the ER and mi-
tochondria act as primary signaling hubs for cells and regulate lipid homeostasis, calcium
dynamics, apoptosis, the stress response, and autophagosome vesicle formation. Diverse re-
cent studies have highlighted a contribution of these contact subdomains in the progression
of PD [124]. Several proteins encoded by genes involved in PD (α-syn, Parkin, and PINK1)
are located in MAMs and have been found to regulate correct ER–mitochondrion tethering.
For example, Parkin deletion increases MFN2 amounts and increases Ca2+ transfer from
the ER to mitochondria [125]. Notably, this event is a crucial mediator of the regulation
of autophagy [126]. In addition, DJ-1, which provokes a rare form of autosomal recessive
PD [127], increases ER–mitochondrion communication and preserves the optimal Ca2+

transfer between the ER and mitochondria, thereby having a cytoprotective role that is
essential for maintaining mitochondrial functioning [128] and, probably, autophagy levels.
As reported above, alterations in tau protein are highly related to AD disease. In truth,
pathogenic mutations in tau protein are present in different neurodegenerative disorders,
defined as tauopathies. Interestingly, different studies suggest that tau mutations are also
present in PD. By comparing characterized tau mutations related to tau toxicity and ag-
gregation in PD (P301L and A152T) [129–131], a recent investigation explored, for the first
time, the concomitant activity of the three different forms of autophagy (autophagy, CMA,
and mA) [132]. Here, the authors found different activity levels for the three autophagic
forms and demonstrated that the pathogenic tau mutation A152T resulted in a blockage
of both CMA and mA, but caused a compensatory activation of autophagy. Oppositely,
the P301L mutation provoked an inhibition of the degradation of tau aggregates by any of
the three catabolic pathways [132]. A deeper understanding of the different recruitment
of the diverse autophagic forms may help to increase our knowledge of the molecular
mechanisms existing in PD as well as in the other tauopathies.

Detecting autophagy- and mitophagy-related proteins in peripheral human biospeci-
mens may represent a promising method for identifying PD statuses and controlling the
progression of the disease. Significant decreases in LC3B, BECN1, ATG5, and lysosomal as-
sociated membrane protein (LAMP) 2 are present in CSF samples obtained from early-stage
PD patients. Interestingly, among these autophagic partners, only LC3B shows a significant
correlation with α-syn, total tau levels, and the clinical severity of patients [133]. Notably,
recent studies have demonstrated that tau protein also participates in the pathology of
PD [134]. A reduction in LAMP2 levels in the CSF of PD patients was found in another
study. In this study, the authors found a decrease in LAMP1 levels, but they did not identify
variations in LC3 levels [135]. An important difference exists between these two studies. In
the first, circulating proteins were detected by using ELISA technology, while the second
employed an immunoblotting technique. LAMP2 levels were also analyzed in a study com-
paring PD patients, PD patients harboring LRRK2 mutations, and healthy control subjects
with or without LRRK2 mutations. The main finding of that investigation was that LAMP2
protein levels were reduced in the PD patients harboring LRRK2 mutations. Similar to the
study mentioned above, LAMP2 levels were not related to the clinical states of the patients.
However, a positive correlation between LAMP2 and oxidative stress has been shown [136].
Autophagic markers and related proteins were analyzed in circulating PBMCs obtained
from PD patients. The results demonstrated that the steady-state autophagy in PD patients
was profoundly different from that observed in healthy individuals and correlated with
augmented expression of α-syn [137]. Unfortunately, investigations aimed at detecting
mitophagic elements in human biofluids are lacking. The existing literature can inform
us about the “mitochondrial signature” that exists in PD patients. Significant decreases
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in mtDNA copy number have been observed in patient blood cells and in CSF samples
from early-stage PD [138,139]. Increased mtDNA levels were present in the CSF of PD
patients carrying LRRK2 mutations [140] and in the sera of PD persons with mutations in
Parkin or PINK1. This study demonstrated an association between mitophagy impairment
(represented by a Parkin- or PINK1-mutant genotype) and mtDNA in circulating biofluids
from PD patients for the first time. Finally, an interesting study found reduced methylated
mtDNA in PD patients, suggesting that affected patients may have disrupted mtDNA gene
expression and replication [141] (Table 1).

Undoubtedly, the discovery that many genes involved in both autophagy and (in
particular) mitophagy are mutated in familial Parkinsonism and in sporadic PD makes
these molecular processes fundamental for this neurodegenerative disease. The fact that
markers of these catabolic systems may be detected in human samples also opens up the
possibility of creating new real-time monitoring approaches for the progression of the
disease. However, today, these studies’ results are still incomplete, and some of them
report controversial results, probably due to the limited sizes of the cohorts analyzed, the
different types of samples analyzed, and, most importantly, not always accounting for
the clinical history of each single patient. It is thus clear that more detailed and larger
longitudinal, stratified, and standardized analyses are needed.

7. Principles and Current Strategies for Targeting Autophagy in Neurodegeneration

Several therapeutic approaches ameliorate the consequences and symptoms of neu-
rodegenerative disorders. Unfortunately, current treatments become less effective as the
neurodegenerative status advances, and most importantly, none of them prevents the onset
or progression of the disease. The evidence reported in the previous sections demonstrates
that autophagy processes have an important role during the development of the most
common neurodegenerative diseases. Hence, these findings suggest that the modulation of
autophagic and mitophagic processes may be a possible innovative therapeutic approach
for combating neurodegeneration (Figure 3).

 

Figure 3. Strategies for targeting autophagy in neurodegeneration.
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Autophagy upregulation has been demonstrated to be an effective strategy for in-
creasing the clearance of neurodegenerative disease-causing proteins in different cellular
and mouse models, thereby reducing toxicity. Autophagic activation may be induced by
blocking mTOR activities. Rapamycin is the best known mTOR inhibitor, and it has been
demonstrated that this compound increases the clearance of tau protein and decreases tau
toxicity [142,143]. In addition, rapamycin activates autophagy to remove other protein
aggregates, such as long polyglutamines and polyalanine-expanded proteins [143]. Unfor-
tunately, one limit of rapamycin is its limited absorption. Different analogs of rapamycin
(rapalogs) have been developed in recent years. Among them, temsirolimus has been
found to increase the autophagy clearance of hyperphosphorylated tau and ameliorate
learning and memory impairments [144]. Another compound mediating mTOR inhibition
is the proneurogenic and antihistaminic compound latrepirdine. It has been demonstrated
that latrepirdine also improves learning behaviors and reduces Aβ and α-syn aggregates in
an AD mouse model [145]. Autophagy can also be activated by mTOR-independent phar-
macological agents. For example, resveratrol exerts neuroprotective effects in PD models
by increasing autophagy through an AMPK-dependent mechanism [146]. The same effects
on AMPK activity are induced by the recently identified small molecules A769662, GSK621,
RSVA314, and RSVA405. A769662 and GSK621 promote the autophagic clearance of α-syn
aggregates by inducing the phosphorylation of AMPK and ULK1 [147]. RSVA314 and
RSVA405 activate AMPK by a CaMKKβ-dependent mechanism to activate autophagy and
promote the degradation of Aβ 20852062. The molecule AUTEN-67, which antagonizes the
autophagic inhibitor phosphatase MTMR14, increases autophagic flux, promotes neuron
longevity, and prevents neurodegenerative symptoms in AD models [148]. Interestingly,
the same research group also demonstrated that another molecule, AUTEN-99, is capable
of improving autophagy and exerting neuroprotective effects in PD models [149]. Lithium
is widely used to treat bipolar disorders and depression. In addition, recent investigations
have demonstrated that lithium administration activates autophagy by inhibiting inositol
monophosphatase in an mTOR-independent manner [150] and exerts neuroprotection in
AD [151]. Consistent with this, a clinical trial evaluating long-term treatment with lithium
in AD patients revealed the amelioration of multiple cognitive parameters in the lithium
group. Furthermore, analyses conducted with CSF samples revealed a significant reduction
in phosphorylated tau [152]. It is clear that an improvement in autophagic machinery
should permit an increase in the clearance of protein aggregates. Despite this understand-
ing, studies have also demonstrated that pharmacological interventions aimed at blocking
the autophagic process may be useful for counteracting a neurodegenerative status. In
an α-syn transgenic mouse model, the overexpression of α-syn reduced dendritic and
synaptic markers, which were reduced after exposure to the anti-autophagic compounds
bafilomycin-A1 (Baf-A1) and chloroquine (CQ). Interestingly, the authors also found a
reduction in α-syn inclusions after treatment with rapamycin. This finding suggests that
the aggregation of α-syn is not exclusively mediated by the mTOR-dependent regulation
of autophagy. Considering that mTOR is involved in multiple cellular processes, it is
possible that other mechanisms are involved in α-syn metabolism [153]. Of note, it is
important to specify that both CQ and Baf-A1 have a broad spectrum of biological activities.
Similar to what was observed for α-syn aggregates, the inhibition of autophagy promoted
by CQ induced a reduction in total tau levels in rat hippocampal extracts. Increase and
decreases in tau levels have been observed after rapamycin administration [154]. The
inhibition of autophagy also seems to exert beneficial effects in MS. Indeed, by suppressing
the inflammatory process in EAE, CQ administration ameliorates the clinical signs of the
disease [155]. A subsequent study unveiled that the effect of CQ in reducing the severity of
the clinical course of EAE is mediated by a direct effect on DCs. In this work, the authors
demonstrated that CQ-treated cells displayed reduced expression of molecules involved in
antigen presentation, which resulted in reduced T-cell activation and proliferation [156].
The deleterious role of autophagy in MS has also been demonstrated in the cuprizone
(CPZ) demyelination model, which permits us to determine the contribution of other
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elements independent of the immune system during demyelination/remyelination. The
administration of CPZ with rapamycin resulted in increased demyelination compared
with treatment with CPZ alone [157]. Furthermore, rapamycin increases axonal damage
and leukocyte infiltration when administered together with CPZ [158], suggesting that
by administrating agents blocking the autophagic process, it may be possible to reduce
demyelination. Despite this finding, other studies have demonstrated that rapamycin
ameliorates histological and clinical signs in MS models, particularly EAE models [159].
In addition, a clinical trial in which RR-MS patients received rapamycin for 6 months
highlighted some degree of reduction in the volumes of sclerotic plaques, accompanied by
a significant decrease in T-responder cells [160]. To the best of our knowledge, there is no
specific agent that can modulate the selective autophagic removal of mitochondria during
neurodegeneration. Several efforts are ongoing to try to overcome this shortcoming. For
example, mitophagy may be improved by small molecules activating the PINK1–Parkin
pathway. The ATP analog kinetin triphosphate has been identified as a potent PINK1
activator. Indeed, this neosubstrate accelerates PINK1-dependent Parkin recruitment to
damaged mitochondria and prevents the apoptosis induced by oxidative stress in neuronal
cells [161]. Unfortunately, long-term oral kinetin administration does not prevent the neu-
rodegeneration induced by α-syn in a PD model [162]. A recent high-throughput screening
identified two other small molecules (T0466 and T0467) that affect the PINK1–Parkin axis.
These compounds successfully promote Parkin translocation to mitochondria, suppress
mitochondrial aggregation in dopaminergic neurons, and improve locomotor defects in the
Drosophila PINK1 model [163]. Finally, it has been suggested that Rho-associated protein
kinase (ROCK) inhibitors may exert a neuroprotective effect by increasing the activity of
the Parkin-mediated mitophagy pathway. In one investigation, the authors performed a
screen of ~3000 compounds with the aim of identifying compounds that promote Parkin
translocation to mitochondria. As a result, they found that several ROCK inhibitors in-
creased the recruitment of Parkin to damaged mitochondria and found compound SR3677
to be the most efficacious. In addition, SR3677 also exerted neuroprotective effects and
restored locomotor abilities in a Drosophila PD model [164].

The activation of autophagy seems to be efficacious in increasing the clearance of pro-
tein aggregates. Autophagic activation may be obtained by using rapamycinRAPAMYCIN
and its analogs, such as TEMSIROLIMUS. These compounds permit inhibiting the mam-
malian target of rapamycin (mTOR). A similar effect was obtained by using the pro-
neurogenic and antihistaminic compound LATREPIRIDINE. Autophagy may also be
activated by potentiating the activity of 5′ adenosine monophosphate-activated protein
kinase (AMPK) with RESVERATROL and a series of small molecules (A769662, GSK621,
RSVA314, and RSVA405) recently identified. Autophagy activation may also be obtained in
an mTOR/AMPK-independent manner. LITHIUM was found to block the pro-autophagic
function of inositol monophosphatase (IMPase), and two molecules (AUTEN-69 and -99)
antagonize the autophagic inhibitor phosphatase MTMR14. Oppositely, autophagy in-
hibition represents a possible therapeutic approach against multiple sclerosis (MS). In
particular, diverse studies suggest that the anti-autophagic compound chloroquine (CQ)
suppresses inflammation and reduces the clinical score of an MS mouse model.

8. Conclusions and Future Perspectives

In this review, we summarize studies showing how autophagy and mitophagy have
crucial roles in neurodegenerative disorders. It is clear that compromised autophagy and
mitophagy dynamics mediate the pathogenesis and progression of diseases characterized
by the uncontrolled accumulation of protein aggregates, such as AD and PD. These mecha-
nisms are in contrast with those in MS, in which the neurodegenerative condition is not
due to aberrant protein inclusions and autophagy and mitophagy appear to be excessively
activated and to provoke deleterious conditions causing cell death or the impairment of
normal cellular functions.
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Interestingly, these scenarios are present when autophagy markers or any biochemical
or molecular markers are analyzed in body fluids from persons affected by specific neurode-
generative conditions. Indeed, most of the investigations performed highlight a reduced
activity of the autophagy processes in AD and PD; however, these processes are increased
in human MS samples. Furthermore, autophagy levels correlate with clinical outcomes.
Overall, these findings clearly show that changes in autophagy and mitophagy elements
may be reliable markers for predicting/controlling disease progression and helping to
monitor clinical status. It is, thus, necessary to point out that most of the investigations
performed have utilized serum. This biofluid is more accessible and safer and has fewer
contraindications than CSF, and it would certainly facilitate the continuous tracking of
disease progression. Another point should be highlighted: the findings presented herein
also suggest that the modulation of autophagy dynamics with pharmacological strategies
may be an effective method for slowing down the progression of some neurodegenerative
diseases. Different studies performed in cellular and animal models support this possibility.
For instance, the inhibition of autophagy appears to reduce inflammation and clinical signs
in MS models, while its activation reduces protein aggregation and consequent motor and
learning behavior defects in AD and PD models. Consistent with these findings, long-term
treatment with the autophagy inducer lithium in a clinical trial restored multiple cognitive
parameters in AD patients.

However, it should be noted that several caveats exist in the studies mentioned above.
Currently, there are no good methods for accurately quantifying autophagy and mitophagy
levels in samples obtained from human patients. For this reason, it is difficult to understand
whether increases or decreases in autophagy levels are not due to the impairment of the
correct autophagic flux. Experiments with inhibitors of the autophagosomal fusion with
the lysosomal membrane may help to overcome this limitation and may be performed in
human tissues, such as skin and muscle biopsies and postmortem brain tissues. However,
their application in more accessible human samples, such as sera and CSF, seems very hard
to achieve. Similarly, today, it remains difficult to perform real-time monitoring of all the
autophagic dynamics, from autophagosomal vesicle formation to degradation, in a patient.

Additionally, it is difficult to ensure that pharmacological agents modulating au-
tophagy in cultured cells and animal models also do so in vivo in patients affected by a
neurodegenerative condition. Furthermore, drugs activating/inhibiting autophagy may
exert several other effects and modulate gene expression and protein, lipid, and nucleotide
synthesis. In addition, to date, no effective treatment aimed at selectively modulating only
the mitophagic pathway has been tested. Finally, at first glance, serum may represent a
valid alternative to CSF for monitoring clinical status. However, outside of the CSF, the
concentrations of markers related to the CNS are often low, and circulating antibodies and
proteases may alter the effective concentrations of proteins in peripheral tissues [165].

In summary, more work is required to fully clarify all the connections that exist
between autophagy processes and neurodegenerative status. Despite this limitation, the
current literature demonstrates that the recent decades have been characterized by a great
improvement in the understanding of the connection between autophagic dynamics and
neurodegeneration. Currently, autophagy is accepted worldwide to be a fundamental
aspect of the onset and progression of almost all neurodegenerative diseases. A better
understanding of the molecular partners participating in this cellular process may help to
identify susceptible patients, control disease progression, and perform active monitoring of
treatment responses. Finally, the pharmacological modulation of autophagy may represent
an attractive tool for identifying new disease-modifying therapies to combat different types
of neurodegenerative diseases.
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Abstract: Biomarkers are molecules that are variable in their origin, nature, and mechanism of action;
they are of great relevance in biology and also in medicine because of their specific connection
with a single or several diseases. Biomarkers are of two types, which in some cases are operative
with each other. Fluid biomarkers, started around 2000, are generated in fluid from specific pro-
teins/peptides and miRNAs accumulated within two extracellular fluids, either the central spinal
fluid or blood plasma. The switch of these proteins/peptides and miRNAs, from free to segregated
within extracellular vesicles, has induced certain advantages including higher levels within fluids
and lower operative expenses. Imaging biomarkers, started around 2004, are identified in vivo upon
their binding by radiolabeled molecules subsequently revealed in the brain by positron emission
tomography and/or other imaging techniques. A positive point for the latter approach is the quan-
titation of results, but expenses are much higher. At present, both types of biomarker are being
extensively employed to study Alzheimer’s and other neurodegenerative diseases, investigated from
the presymptomatic to mature stages. In conclusion, biomarkers have revolutionized scientific and
medical research and practice. Diagnosis, which is often inadequate when based on medical criteria
only, has been recently improved by the multiplicity and specificity of biomarkers. Analogous results
have been obtained for prognosis. In contrast, improvement of therapy has been limited or fully
absent, especially for Alzheimer’s in which progress has been inadequate. An urgent need at hand
is therefore the progress of a new drug trial design together with patient management in clinical
practice.

Keywords: neurons; astrocytes; Alzheimer’s and Parkinson’s diseases; fluid and imaging biomarkers;
amyloid-β and tau; miRNA; extracellular vesicles; exosomes and ectosomes; PET; radiotracers;
radiolabeled molecules

1. Introduction

Biomarkers are molecules that are highly variable in their origin, nature, and mech-
anism of action, and they are connected to or are directly involved to single or various
peculiar diseases. At present, biomarkers, which are addressed to cells, organs, or struc-
tures, exist for almost all diseases, including cancers. Among them, neurodegenerative
diseases are receiving the greatest attention. During the last 20 years, articles about
their biomarkers published in known journals have totaled over 20,000, including about
4000 reviews. Investigations of their properties, going from specificity to the mechanisms
of their action, are often used to clarify various aspects of pathogenesis. Such results often
play roles in processes of medical relevance, such as diagnosis, prognosis, and also therapy,
and they are useful for patients and also for clinical practice. However, the relevance
of biomarkers in clinical practice is variable. Some of them are well known and widely
used; for others, however, knowledge is still questioned due to, for example, their limited
specificity. In this review such limitations are not further illustrated. The properties of
biomarkers presented here are those of general significance, identified in the last few years.
Information about additional aspects can be found in other publications [1,2].
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Compared to biomarkers of other organs, biomarkers of the brain exhibit distinct
properties [3,4]. Initial studies about two types, the fluid and the imaging biomarkers,
were developed separately. Biomarkers of the first type appeared around 2000. They
are collected not in vivo but in fluid, within either of two fluids taken from patients, the
central spinal fluid (CSF) and the blood plasma [5,6]. Biomarkers of the second type were
developed by the use of radiolabeled molecules. Upon penetration into the living brain,
these molecules are bound with high specificity as revealed by positron emission tomogra-
phy (PET) imaging. A biomarker study by the latter approach, addressed to amyloid-β
(Aβ) plaques of Alzheimer’s disease (AD), was published in 2004 [7]. Since then, the
in vivo studies of the imaging type have continued with growing success (see Section 5).
Since the beginning of the two types of biomarker studies, the state of neurodegenerative
diseases changed profoundly. In particular, biomarkers did recently revolutionize scien-
tific and medical research by transforming drug trial design and also improving patient
management in clinical practice [8].

So far, I have introduced the two types, i.e., fluid and imaging biomarkers. The in vivo
imaging of the latter takes place upon their high affinity binding by radiolabeled specific
molecules introduced in the brain. In contrast, fluid biomarkers are collected within (CSF)
or away (blood) from the central nervous system. Yet, all fluid biomarkers are adequate
to identify central molecules/processes, critical for patients suffering neurodegenerative
diseases, not only AD but also Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), and other diseases. Initially, the disease identification was searched by the recovery
in the fluids of free specific molecules. These molecules, however, are largely digested
during their traffic, from the cells affected by the disease to the accumulation in the fluids.
Thus, their identification was often difficult. The problem has been solved recently by
changing the study from free molecules to cargo molecules segregated within extracellular
vesicles (EVs). This change will be presented in detail in Section 3.

Initially, each neurodegenerative disease was considered dependent on a single spe-
cific biomarker, such as Aβ for AD and α-synuclein for PD. Now it is clear that these two, as
well as many other biomarkers, are not fully specific but expressed also by patients of other
neurodegenerative diseases [9]. Multispecificity of biomarkers requires caution in their
operation. Caution is necessary also with another type of problem. Initially considered
specific and efficient, some biomarkers have been found to be hardly reproducible, thus
inappropriate for research and clinical practice [8]. A final important consideration refers
to the age dependence of disease investigation/treatment. Specific biomarkers have been
applied not only to mature patients, but also to patients at early stages of disease. By
novel and innovated methods, it could be established whether patients at risk of long-term
diseases, such as AD or dementia, can be treated only upon full development of their
symptoms, or also when symptoms are absent or still at an early stage [10,11].

Summing up, I anticipate the two types of biomarker generation, and the anticipation
of their properties confirms their relevance, which is demonstrated for many of them. The
others, in contrast, are weak, characterized by poor specificity and limited employment.
The review here includes the most important properties of the two types of biomarkers
that have been identified during the last years. Following this introduction, Section 2 deals
with the fluids, the environment of type one biomarker generation, followed by Section 3
about the role of EVs, and Section 4 about fluid biomarkers. Finally, Section 5 deals with
the second type of biomarkers, i.e., the imaging biomarkers.

2. Fluids

In the Introduction, I already mentioned the two ways leading to the generation
of neural biomarkers, i.e., the first based on the analysis of peripheral fluids containing
appropriate molecules, the second in vivo, based on the imaging by PET labeling of specific
brain molecules. How is it that fluids are essential for the first, very important approach?
Two of their properties need to be emphasized. First, molecules of interest for their
recognition as biomarkers need to be present in the biological fluids of human body;
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second, the analysis of fluids, with ensuing isolation of molecules, is less expensive, much
easier, and does not disrupt the body compared to the in vivo analysis of tissues. In other
words, the fluids are advantageous in the development of biomarkers.

In the body of mammal animals, including humans, there are 8 types of external
fluids. For our purposes, however, only two are relevant: the CSF and the blood plasma.
Molecules and the small organelles EVs, released from brain cells such as neurons and
astrocytes, navigate in the extracellular fluid space from which they are easily transferred
to the CSF [3] (step 2 in Figure 1). At the arachnoid villi, the EVs of the CSF can move to
venous blood within large vacuoles (step 4 in Figure 1). In addition, the molecules and EVs
have been shown to traffic through the blood–brain barrier [12,13] (step 3 in Figure 1). The
latter is the structure known to reduce/exclude the traffic of many other molecules and
organelles to and from the brain.

Figure 1. Traffic of extracellular vesicles (EVs) released by a neural cell. The neural cell at the top (cytoplasm of grain color,
marked 1) releases the two types of EVs, the small exosomes by exocytosis of multivesicular bodies (MVB), and the larger
ectosomes by shedding of plasma membrane rafts. Upon release, the vesicles navigate in the extracellular fluid (light blue).
Their targeting relevant for fluid biomarker generation can be accumulate either to the central spinal fluid (CSF) of the
ventricular system (left, peach color, marked 2) or as shown by the arrows to the blood (right, red-pink color, marked 3).
Additional CSF-to-blood EV transfer occurs by large vacuoles operative at the arachnoid villi (bottom, marked 4). Thus,
molecules and EVs can move from the extracellular space and the CSF to the blood plasma. In the case of neurodegenerative
diseases, the molecules and EVs of such origin account for significant fractions of the total transferred to the fluids.

Recent studies have shown that biomarkers of the two fluids, CSF and blood plasma,
are employed approximately with the same frequency. The choice of one fluid, however,
is not due to a negative evaluation of the other. In recent reviews, both are reported as
valid [12,14]. Rather, the choice appears to depend on advantages existing in either fluid.
High levels of molecules and EVs are present in CSF (Figure 1), which is more invasive
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and requires more expenses than the blood for biomarker generation. Yet, the CSF fluid
has made it possible to have processes of low concentrated proteins, for example, those
of the COVID-19 disease reported this year in patients exhibiting neurological symptoms,
evident of cerebral infection [15]. In the blood, plasma withdrawal can be large, frequently
repeated, and not expensive. However the levels of molecules/EVs in this fluid are lower
than in the CSF. The transfer of various EVs across the blood–brain barrier (BBB) has been
shown to be different, with ensuing variability of the plasma levels [16]. In many cases,
however, they have emerged in the study of neurodegenerative diseases, with enormous
potential as a diagnostic, evaluation of therapeutics, and treatment tool.

Summing up, both fluids are employed for biomarker generation. However, the
choices depend on their distinct properties. The processes of biomarker generation, pre-
viously defined of liquid biopsy [13], have been shown to identify not only the fluid
molecules but also the brain pathologic EVs inaccessible in vivo. In addition, fluids have
offered unique opportunities, as seen from recent clinical trials, to improve the quality and
applicability of results. The processes involved will be developed by approaches presented
in the subsequent Section 4 of this review.

3. From Molecules to Extracellular Vesicles

Neurodegenerative diseases are heterogeneous disorders characterized by a progres-
sive and severe cognitive and functional decline leading to the progressive loss of function
and death of neuronal cells. Due to the complexity of their diagnosis, early detection and
treatments are difficult to recognize, and this is critical for the development of successful
therapies. In addition, current diagnostic approaches are often poorly effective. Thus, their
therapeutic effects are limited [16]. For several years, progress in diagnosis and therapy
has been searched by molecules, such as proteins and nucleotides, via the generation of
biomarkers, specific in the diagnosis and possibly in the therapy of the diseases investi-
gated. However, during their traffic and maintenance within the fluids, the molecules were
extensively digested by proteases and ribonucleases. Thus, the attempts based on free
proteins and nucleotides remained with limited success. The attempt changed consider-
ably when the search for biomarkers started to be made by the use of EVs containing the
molecules of interest within their lumen (Figure 1). Now it is clear that when segregated
within EVs, the molecules are protected, making them suitable candidates for noninvasive
biomarkers [16–18].

EVs are small vesicles of two types released by all cells. The first, widely called
exosomes, are produced and accumulated within a vacuole of endosomal nature, the
multivesicular body (MVB); the second, the ectosomes, are released by shedding of rafts,
directly from the plasma membrane (Figure 1). Interestingly, the two EV types share
similar properties. Their membranes are different from the two membranes of origin;
their cargoes, segregated within their lumen, contain peculiar molecules, namely many
proteins, many nucleotides, most often the noncoding miRNAs, lipids, and others. EVs
of neuronal and astrocytic origin, when harvested from blood, can be used to interrogate
brain pathologic processes. Moreover, in the case of proteins involved in the development
of neurodegeneration, their segregation within EVs and even more their transfer to the
fluids decrease the levels within the cells and can thus alter the disease progression [17].

Isolation from CSF or blood plasma of specific brain-cell-derived EVs, confirmed
by neural markers [12], is theoretically simple. Thus, the approach has been successful
recently and offers great promises for the near future [17,18]. The EVs, released by neurons
and astrocytes of patients affected by neurodegenerative disease, can be identified by
specific biomarkers found in their cargoes, such as Aβ and phosphorylated tau in AD,
α-synuclein in PD, and the transactive response DNA/RNA binding protein of 43 kDa
(TDP-43) in ALS [13,19–22] (Table 1). Other biomarkers investigate the subclinical declines
of the diseases, for example, the decline of middle age in AD. This can be done with
tau and insulin signaling biomarkers [23,24]. A problem considered is that of multiple
dementias, only some are connected to neurodegenerative diseases such as AD and PD.
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Among the proteins of EVs from specific neurodegenerative diseases, some have been
recently shown to concern synaptic and axon injury, inflammations, stress responses and
other defects [14,25–28]. Other dementias that are independent of neurodegenerative
diseases still need identification of their specific biomarkers [29].

Table 1. Gene expression and disease specificity of proteins/biomarkers.

Genes Proteins/Biomarkers Diseases

APP amyloid precursor protein/Aβ * AD

PSEN1 presenilin1 * AD

PSEN2 presenilin2 AD

MAPT tau * AD, PD, DLB, FTD

C9orf72 C9orf72 * FTD, ALS

GRN progranulin * FTD, ALS

VCP valosin-containing protein * ALS, FTD, PD

TARDBP TDP-43 * ALS

FUS fused in sarcoma (FUS) ALS

HTT huntingtin * HD

SNCA α-synuclein * PD, DLB, AD

GBA β-glucocerebrosidase PD, DLB

ApoE apolipoprotein-E AD (risk factor)

TREM2 TREM2 AD (risk factor)
Well-known fluid biomarkers related to the mentioned proteins are marked by an asterisk (*). The dependence of
several diseases may explain the low specificity of some fluid biomarkers. Abbreviations not used elsewhere
in this Review: C9orf72, chromosome9 open reading frame 72 gene; DLB, dementia with Lewy’s bodies; FTD,
frontotemporal dementia; FUS, fused in sarcoma gene; HD, Huntington disease; MAPT, gene of the microtubule-
associated protein tau; SNCA, synuclein alpha gene; TARDPB, TAR DNA binding protein gene; TREM2, triggering
receptor expressed on myeloid cells 2.

In addition to many proteins, EVs include in their cargo various types of nucleotides,
with predominance of miRNAs. The latter are members of a noncoding family involved
in various functions, the best known being translational gene expression. Within fluids,
miRNAs investigated have been numerous. Whether or not they play the role of biomark-
ers has been discussed. Positive evidence, analogous to that of proteins, has been recently
reported but without precise identification of many miRNAs involved [30–33]. Interest-
ingly, biomarkers of miRNA origin were shown active in the ALS disease [31]. Another
positive conclusion has been found, but it concerns children, healthy and patients of their
diseases [33]. Additional studies have focused on a new form of noncoding RNA, namely
circular RNA (circRNA), known to traffic within EVs. At present, however, the function
of these RNAs is unknown. CircRNAs might be involved in age-related diseases [34,35].
RNAs of this type may also operate in neuropsychiatric disorders [35]. The next section,
focused exclusively on AD, intends to reconsider in more detail the origin, the multi-
plicity, and the role of its biomarkers, with special attention on their heterogeneity with
perspectives of innovative therapies.

4. AD and Its Multiple Fluid Biomarkers

AD is the neurodegenerative disease of greatest importance for two reasons, namely
its much larger number of patients (at least 50 million worldwide) and the many scientists
committed to its investigation. The choice of this disease has been made to illustrate its gen-
eral properties. The task is to provide a current landscape, largely common to PD [21,29,36]
but not always to other neurodegenerative diseases (see, for example, [9,17,28,31,32]).
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A property common to many neurodegenerative diseases is heterogeneity. Various
factors are considered as possible con-causes of its starting. Among these are oxidative
stress, neural network dysfunctions, and defects in protein regulation and degradation. In
the case of AD, two additional factors need to be considered, i.e., inflammation and immune
dysregulation [37]. Such defects are expected to induce alterations in neurons, synapses,
axons, and possibly also on glial cells. As already assumed in Section 3, some of these
factors have been recognized by the identification of the corresponding biomarkers. For
other defects, however, biomarkers are not available yet. Although incomplete, the present
knowledge appears of interest to establish the properties of some AD heterogeneous forms,
such as responses to treatments. The study of multiple biomarkers, identified during the
last months, might be sufficient to characterize at clinical level various aspects of AD,
including diagnosis and prognosis [38–40]. Heterogeneity exists also for tau. The fraction
inducing tau biomarkers in the CSF was found to stage Alzheimer’s disease, and this is
potentially useful for tau-directed therapeutics [41]. Other proteins, such as mesenchymal
stem cells and exosomes, appear of considerable potential for therapy. The role of some
other properties, including heterogeneity, remains to be established [42,43].

An additional approach relevant for AD diagnosis and therapy has been recently
reported based on two different miRNAs that are active as EV biomarkers in the blood
plasma. Although not identical, the evaluation of the two miRNAs could be considered
in parallel. Effects in AD patients, induced by increased miRNA levels in the blood,
were revealed by neuronal viability and neuroinflammation followed by a mini-mental
state examination. Additional effects were investigated also in fluid, using well-known
neural cells such as SH-SY5Y cells, affected by Aβ treatment and evaluated in terms of
proliferation, apoptosis, and neuroinflammation. Interestingly, significant upregulation
of the first miRNA, miR-485-3p, was shown in patients and cell models, accompanied
by severity of DA in vivo and in fluid [44]. The response induced by the second miRNA,
miR-331-3p, appears the opposite. Both in vivo and in fluid, the increased miRNA induced
significant and persistent attenuation of AD [45]. The two types of results induced by these
miRNA opened the possibility of new, promising therapies based on the two biomarkers
investigated [44,45].

In conclusion, the actions by EV biomarkers based on multiple properties of proteins
and miRNAs have recently offered ample chances of both nature and specificity, showing
enormous potential as diagnostic, evaluation and treatment tools. Their new results allow
researchers to test hypotheses by proof of concept studies at the preclinical phase, with
further opportunities to develop therapeutic discoveries in neurodegenerative diseases [46].

5. Imaging Biomarkers from AD and PD

As already reported in Section 1, the identification of Aβ as the key factor of AD,
which was already demonstrated in fluid, was confirmed in vivo by the development and
investigation of an appropriate radiolabeled molecule. Upon its penetration into the living
brain, such a molecule made it possible to have a clear Aβ imaging by PET [7]. By now,
such an approach of investigation plays roles much more important than its historical
role. Advanced technologies of the near future are expected to further improve the present
success of such studies. The biomarkers obtained by this approach are usually named
imaging biomarkers.

The advantages offered by such biomarkers include properties that are different
and integrative with respect to the fluid biomarkers illustrated in the previous sections.
Among the results of imaging biomarkers are their demonstrations occurring in the living
brain, distinct from the peripheral demonstrations of fluid biomarkers; their data obtained
from larger numbers (hundreds) of patients; and the quantitation of their measurements,
necessary for many assays. The relevance of these properties emerges from a recent
group of papers based on the comparison between the results obtained with fluid and
imaging biomarkers. In these reports, the relevance of the results obtained by the imaging
techniques is emphasized [36,47,48]. Another difference between the two approaches has
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emerged with respect to the amyloid cascade, a concept activated by elevated levels of
Aβ and tau, which is completed by severe cognition and functional impairments [49]. In
this case, the data by CSF biomarkers were found to emerge before those by PET imaging,
demonstrating a high sensitivity that is relevant for the study of early AD stages [50].
Further studies with CSF biomarkers, compared with those obtained by PET and resonance
(MRI) imaging, confirmed the relevance of the latter approach in many preclinical AD
investigations [51,52].

Among additional problems adequately investigated by brain imaging is the hetero-
geneity of neurodegenerative diseases. Detailed recent studies have focused not only on
the various forms of AD but also on PD and its atypical syndromes. In an initial study,
several PDs that were hindered by substantial clinical and pathological heterogeneities
were investigated by numerous imaging techniques including PET and MRI [53]. More
recently, combinations with new techniques have been established to investigate, in distinct
areas and pathways of the brain, the various molecules and processes, i.e., the molecu-
lar imaging of Aβ, tau and α-synuclein, as well as neuroinflammation. This integrative
“multimodal approach” was found to be superior to single modality-based methods, with
expected future advancements in the field [54]. Other innovative combinations of imaging
biomarkers, revealed by MRI and PET, have been employed to investigate subtypes of
AD. At the level of previously established groups of patients, the average and clinical
characteristics appeared similar. In subtype assignments, however, disagreements were
considerable. The subtypes therefore need to be further investigated, with an establishment
of their harmonization by appropriate methods [55].

Additional new studies have expanded the investigation of in vivo biomarker-driven
profiles by the reinforcement of the techniques employed. In a first example, a versatile
form of PET imaging was found able to quantify the molecular targets of interest. By such
approach, age-related neurodegenerative diseases, inducing dysregulation of synapses,
neuroinflammation, protein misfolding, and other dysfunctions, were appropriately identi-
fied. Discussion of these processes has led to the identification of novel biomarkers [56].
A second approach was based on the development of optical imaging (OPI) probes and
devices, which are affordable by imaging studies but are limited by their low depth of
penetration. The combination of the OPI technique with PET, which is characterized by
high depth penetration, resulted in the elimination of each limitation. The affording of new
radiolabeled fluorophores made the activation of the dual PET/OPI mode possible, with
excellent preclinical imaging results in various pathological conditions [57].

Summing up, the imaging biomarkers presented in this section are profoundly dif-
ferent from the biomarkers of the fluid type. Being recognized from the analysis of brain
tissue, they do not fit strictly the definition of biomarkers as distinct molecules related to
pathology, given in the first lines of the Introduction. Yet, a growing class of radiotrac-
ers, addressed to specific proteins such as Aβ and tau, have recently contributed to the
growing knowledge about AD. In other words, the targets of the imaging processes can
now be identified as molecules based on which the identification of imaging biomarkers is
established [58,59].

6. Conclusions

This review focused on the new developments of two types of biomarkers, i.e., fluid
and imagining biomarkers, generated via two distinct operative pathways originated in
the brain. As emphasized in Section 5, even if the structure and the mechanisms of action
of the two types are largely different, at least some of their effects are similar, to the point
that their results, when considered together, give rise to positive integrations [36,47,48].

How relevant is the medical work of biomarkers? The experience accumulated during
the last decade appears positive and encouraging. Many of their properties, such as
specificity, multiplicity, and affinity, have strengthened their use in the course of AD, PD,
and other neurodegenerative diseases. The present investigation about the pathogenesis of
AD and the other neurodegenerative diseases is largely due to biomarker-based data. To
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understand the issues underlying complex symptoms such as dementia, biomarkers often
operate combined with other disciplines [60].

In basic and applied research, the impact of biomarkers has increased, sustained by
the improvement of their technologies. In the fluid field, the recent experience with EVs
as tools for biomarker generation has improved their success considerably. An additional
development is the recent recognition of increased number of proteins and peptides in
the CSF of AD patients [61]. The imaging technology has been strengthened by the
development of new radiolabeled molecules, by the use of improved imaging techniques,
and by their combination with different procedures. In these studies, the best successes
has been obtained when working on early stages of AD, including the identification of
pathological alterations and a selective cognitive decline [62].

The results obtained by the use of biomarkers are often of relevance in medical practice.
This in particular is the case of diagnosis: O often inadequate when based only on medical
practice, it has been recently improved by the multiplicity and specificity of biomarkers.
By the use of the latter, it has been established that a disease can be diagnosed even before
the appearance of symptoms [10,11,51,52]. Moreover, the intensity of the responses can
contribute to the prognosis of patients [28,44]. Thus, diagnostic and prognostic results
obtained by biomarkers are often analogous. In contrast, therapy is still problematic.
Although open to all neurodegenerative diseases, such problem is particularly aggressive
for AD and ALS, for which appropriate therapy is not available. An initial attempt to
improve the present situation involves the investigation of diseases at early or even pre-
symptomatic conditions. Drugs slowing down the development of the disease should
delay its progress, ultimately resulting in a progressive decrease of the AD mature state.
Up to now, however, the results of clinical trials to evaluate the state of the AD therapy
have been disappointing. In the future, development should be based on multiple criteria,
including the state of the disease, its progression, and the activity of biomarkers focused
on critical processes [40].

In conclusion, the recent identification and employment of biomarkers have resulted
in increased knowledge and improvement of both basic and applied research. However,
as emphasized in the first and subsequent sections of this review, various aspects of their
function are still not completely or even inappropriately known. In the future, it appears
desirable that intense research about biomarkers will include their critical evaluation and
their further improvement, especially in terms of new therapy practice.
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OPI ocular imaging
PD Parkinson’s disease
TDP-43 transactive response DNA/RNA binding protein of 43 kDa
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