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Preface

The current Special Issue is directed to all the neurologists and other specialists involved in
Alzheimer’s Disease research and care. The papers aim to review old and new molecular pathways
in Alzheimer’s Disease that can be used as potential alternative targets to improve both diagnosis
and treatment of this neurodegenerative disorder. In fact, although the effectiveness of anti-amyloid
therapy is still controversial, it has been shown to improve the quality of life and reduce AD
progression in mild or moderate forms of the disease. However, potential adverse effects include
urinary tract infections, nervous system disorders, intracranial hemorrhage, and amyloid-related
imaging abnormalities. These treatments seem to reduce the burden of brain amyloid, which is the
final waste product of complex molecular pathways that lead to AD neurodegeneration.

This Special Issue first discusses the current and future molecular methods suggested to improve
AD diagnosis. Patients who cannot be selected for specific treatments or studies due to mixed
or atypical presentations should undergo cerebrospinal fluid (CSF) biomarker interpretation to
differentiate AD from other forms of dementia, such as vascular forms. By integrating clinical,
neuropsychological, and radiological data with the AT(N) biochemical profiling system (amyloid, tau
pathology, and neural loss), researchers and physicians can refine AD diagnosis for both research and
clinical purposes, even in atypical clinical presentations. Current molecular research also proposes
novel serum plasma markers, such as plasma phospho-tau-181, which will be adopted to refine AD
diagnosis and to predict its progression, without the need for an invasive lumbar puncture for CSF
biomarker determination. However, this novel marker of disease deserves extensive validation, and
the optimal method of determination should be standardized to determine its exact sensitivity or
specificity values.

The second topic covered deals with the complex molecular pathways associated with AD
pathophysiology. Identifying innovative molecular targets could lead to more effective treatments
to reduce both the incidence and the progression of this neurodegenerative disease. An increased
deterioration of cognitive function has been observed in patients showing a status of comorbidity,
considering vascular risk factors, such as diabetes, hypertension, dyslipidemia, and cigarette
smoking, which are associated with neuroinflammation, neurovascular unit dysfunction, and
blood-brain barrier breakdown. Evidence suggests that AD and its associated comorbidities share
molecular pathways leading to a faster cognitive decline. One of the most intriguing molecular
overlaps between neurodegenerative and systemic diseases is symbolized by diabetes mellitus.
Insulin resistance translates into a chronic signaling activation of the mechanistic target of rapamycin
(mTOR), leading to blood-brain barrier dysfunction, tau hyperphosphorylation, and amyloid plaque
formation. Thus, the insulin receptor could represent a potential target to improve neurogenesis.
Several other genes involved in oxidative stress and mitochondrial dysfunction have been associated
with mild cognitive impairment and AD, representing targets of interest for future investigations.

Another typical aspect of AD is characterized by neuroinflammation, especially in its later
stages. Microglia seem to play a pivotal role in the neuroinflammatory component observed in
AD neuropathology. Of note, melatonin and other similar molecules act on neuroinflammatory
pathways and seem able to upregulate SIRT1-mediated brain-derived neurotrophic factor with
regard to prolonged microglial exposure to AP42. This could translate into a reduced expression
of inflammatory markers, such as IL-1p and (TNF)-a, with a subsequent downregulation of the
proinflammatory pathway, which is mediated by NF-«B. Other molecules, such as curcumin, have
been shown to be effective in reducing inflammation, oxidative stress, and the aggregation of

amyloidogenic proteins.



Despite actual knowledge, more insights into the molecular mechanisms leading to the amyloid
cascade are still needed to improve diagnostic methods and to explore novel therapeutic agents acting

on different molecular targets of the neuropathogenetic cascade of Alzheimer’s disease.

Lorenzo Falsetti
Editor
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Alzheimer’s disease (AD) is the most common form of dementia worldwide. Despite
its prevalence and incidence, there are few and limited specific treatments for this disabling
and progressive disorder. Anti-amyloid therapy effectiveness is still controversial, but it
seems to improve quality of life and reduce AD progression in mild or moderate forms, at
the cost of potentially serious adverse effects, especially urinary tract infection, nervous
system disorders, intracranial hemorrhage, and amyloid-related imaging abnormalities.
However, this treatment seems able to reduce the burden of brain amyloid, which represents
the final waste product of complex molecular pathways, leading to AD neurodegeneration.
The first topic discussed in this Special Issue is related to current and future molecular
methods suggested to improve AD diagnosis. Often, patients cannot be selected for specific
treatments, studies, or enrolled in clinical trials due to mixed or atypical presentations: in
these settings, AD diagnosis should be enriched with cerebrospinal fluid (CSF) biomarker
interpretation, which still represent the cornerstone for differential diagnosis in the setting
of neurodegenerative diseases, allowing one to differentiate AD from other forms of de-
mentia, such as vascular forms [1]. Moreover, integrating clinical, neuropsychological, and
radiological data with the AT(N) biochemical profiling system (amyloid, tau pathology, and
neural loss) allows the researcher and the physician to refine AD diagnosis for both research
and clinical purposes, allowing one correctly frame the patient, even in atypical clinical
presentations. Current molecular research is also proposing novel serum plasma markers,
such as plasma phospho-tau-181, that, in the near future, will be adopted to refine AD
diagnosis and to predict its progression, without the need for an invasive lumbar puncture
for CSF biomarker determination [2]. Still, this novel marker of disease deserves extensive
validation: especially, the optimal method of determination should be standardized to
determine its exact sensitivity or specificity values. The second topic covered in this issue
of Biomedicines, “Molecular Research of Alzheimer’s Disease”, deals with the description
of the complex molecular pathways associated with AD pathophysiology. Identifying
innovative molecular targets could lead to more effective treatments to reduce both the
incidence and the progression of this neurodegenerative disease. Most AD cases are not
inherited and become clinically evident in elderly, multicomorbid subjects. In this setting,
the pathophysiology of AD neurodegeneration seems complex and seems to be associated
with the disruption of several molecular pathways, compromising the function of neuronal,
glial, and neurovascular units. An increased deterioration of cognitive function has been
observed in patients showing a status of comorbidity, considering—among a patient’s
associated disorders—vascular risk factors, such as diabetes, hypertension, dyslipidemia,
and cigarette smoking, which are associated with neuroinflammation, neurovascular unit
dysfunction, and blood-brain barrier breakdown [3]. Evidence suggests that AD and its
associated comorbidities share molecular pathways, leading to a faster cognitive decline:
one of the most intriguing molecular overlaps between neurodegenerative and systemic
diseases is symbolized by diabetes mellitus. Alterations in the insulin signaling pathway
and glucose resistance in AD subjects’ brains are common and typical, and AD is com-
monly referred as to type 3 diabetes mellitus. Insulin resistance translates into a chronic
signaling activation of the mechanistic target of rapamycin (mTOR), leading to blood-brain
barrier dysfunction, tau hyperphosphorylation, and amyloid plaque formation. Thus,
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the insulin receptor could represent a potential target to improve neurogenesis. Some
molecules, such as amarogentin, seem able to interact with this receptor, representing
potential candidates for future clinical studies [4]. Other classes of newer drugs, such as
SGLT-2 inhibitors [5] and sestrins [6], could be considered to reduce mTOR activity, acting
after the insulin receptor cascade and slowing neurodegeneration. Sestrins seem able to
also act in other commonly disrupted pathways in AD, such as, for example, by improving
antioxidation and adjusting autophagy. Several other genes involved in oxidative stress
and mitochondrial dysfunction have been associated with mild cognitive impairment and
AD [7], representing targets of interest for future investigations. Another typical aspect of
AD is characterized by neuroinflammation, especially in AD’s later stages [8]. As in most
tau-dependent neurodegenerative diseases, the interplay between astrocytes, microglia,
and neurons often shift from an early, neuroprotective, tau-clearing phenotype with an
exacerbated autophagy-lysosomal pathway to a “loss of function” phenotype, leading to
neuronal excitotoxicity, often associated with a neuroinflammatory phenotype, which is
related to increased tau pathology, oxidative stress, and increased amyloid deposition [9].
Microglia seem to play a pivotal role in the neuroinflammatory component observed in AD
neuropathology. Of note, melatonin and other similar molecules act on neuroinflammatory
pathways and seem able to upregulate SIRT1-mediated brain-derived neurotrophic factor
with regards to prolonged microglial exposure to AB42. This could translate into a re-
duced expression of inflammatory markers, such as IL-1p3 and (TNF)-«, with a subsequent
downregulation of the proinflammatory pathway, which is mediated by NF-«B [10]. Other
molecules, such as curcumin, have been shown to be effective in reducing inflammation,
oxidative stress, and the aggregation of amyloidogenic proteins [11]. Albeit interesting,
most of the published papers in this issue show evidence at a preclinical stage, and further
clinical studies are required to validate and to extend the interesting results collected in
this issue of Biomedicines. Despite actual knowledge, more insights into the molecular
mechanisms, leading to the amyloid cascade, are still needed to improve diagnostic meth-
ods and to to explore novel therapeutic agents acting on different molecular targets of the
neurodegenerative cascade of Alzheimer’s disease.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Neurodegenerative diseases (NDs) are one of major public health problems and their
impact is continuously growing. Curcumin has been proposed for the treatment of several of these
pathologies, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) due to the ability of
this molecule to reduce inflammation and aggregation of involved proteins. Nevertheless, the poor
metabolic stability and bioavailability of curcumin reduce the possibilities of its practical use. For
these reasons, many curcumin derivatives were synthetized in order to overcome some limitations.
In this review will be highlighted recent results on modification of curcumin scaffold in the search of
new effective therapeutic agents against NDs, with particular emphasis on AD.

Keywords: curcumin; Alzheimer’s disease; amyloid; tau

1. Introduction

For last two centuries, natural occurring products have attracted the attention of
many researchers due to their health benefits in the prevention and treatment of several
diseases [1]. In 1815 Vogel isolated a yellow pigment, called curcumin, from the rhizome of
Curcuma Longa, an East Indian plant [2]. Curcumin is the most abundant polyphenol and
the most biologically active molecule found in the turmeric root; other minor components,
known as curcuminoids, are demethoxycurcumin, bisdemethoxycurcumin, and cyclocur-
cumin [3]. Curcumin is one of the main elements of the Southeast Asian diet and it has
been widely used for centuries as a traditional Indian and Asian medicine. After its first ex-
traction, several studies showed that this polyphenolic molecule exhibits a broad spectrum
of biological activities. Curcumin offers several health benefits, including anticancer [4],
hypoglycemic activities [5], as well as the ability to be used as an analgesic, antiseptic
or antimalarial [6]. In addition, curcumin has been shown to have anti-inflammatory [7],
antioxidant [8,9], and antiamyloidogenic properties, which are relevant for the treatment
of Alzheimer’s disease (AD), and related diseases [10,11].

Worldwide, 50 million people have dementia. Unfortunately, this number is expected
to increase exponentially, affecting 152 million people by 2050 [12]. AD is the most preva-
lent progressive neurodegenerative disease associated with age and the most common
form of dementia [13], contributing to 60-70% of cases. AD is characterized clinically by
progressive loss of memory, language problems, social withdrawal, deterioration of execu-
tive functions and eventually death [14,15]. Histopathologically, as Alzheimer’s disease
progresses, the brain shrinks dramatically and is characterized by cortex damage, and
progressive degeneration of limbic and cortical brain structures, mainly in the temporal
lobe [15]. This atrophy also affects the cortical association areas and the hippocampus,
which is critical for the formation of new memories [16]. As a result of this pattern of
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cortical thinning, it is also possible to observe an enlargement of ventricles and a functional
alteration of Wernicke’s and Broca’s areas [17]. A common characteristic of age-related
neurodegenerative diseases, including AD, is the pathological accumulation of unfolded
and aggregation-prone proteins in the brain, which are considered the major cause of
synaptic loss and progressive neuronal death observed in these disorders [18]. The two ma-
jor systems involved in proteostasis maintenance are the autophagy-lysosomal system and
the ubiquitin proteasome system [19]. However, these two systems have been found to be
impaired in many neurodegenerative diseases, including AD. Therefore, the failure of these
systems in maintaining proteostasis may also contribute to the pathological aggregation of
proteins as well as formation of insoluble and fibrillar amyloid inclusions [20].

The major neuropathological features of AD are synaptic and neuronal degeneration
and the presence of amyloid plaques and neurofibrillary tangles (NFTs).

Neuritic plaques are polymorphous aggregates made up of the amyloid Ap peptide
(AP) aggregates. The ~4 kDa Af fragment originates from the transmembrane amy-
loid precursor protein (APP) by concerted proteolytic cleavage of 3- and y-secretase [21].
Monomeric AB1-40 (AR40) and A31-42 (AB42) species can aggregate to form Af3 oligomers
that can further aggregate and assembly into amyloid fibrils [22]. A growing body of
evidence suggest that the oligomeric/prefibrillar A peptide is the neurotoxic species
that trigger the amyloid cascade, leading to the damage and eventual death of neurons
associated with AD [23-25]. On the other hand, NFTs are intracellular inclusions of hyper-
phosphorylated tau, a microtubule associated protein. In its native state tau is a monomeric
protein [26]. Tau is a natively unfolded protein involved in microtubule stabilization and
axonal transport. However, under pathological conditions, tau can undergo abnormal
post-translational modifications, including phosphorylation or acetylation [27,28]. As
result of these modifications, tau detaches from the microtubules causing their disassem-
bly, cytoskeletal instability, and axonal transport perturbation [29,30]. Unbound tau can
self-aggregate forming soluble tau oligomers that assemble into paired helical filaments
(PHFs) [31-33]. The PHFs mature into fibrils that constitute the intracellular NFTs, observed
in the brain of AD patients [27]. Increasing evidence suggests that synaptic dysfunction
and neuronal loss precede the formation of NFTs [34-39], indicating that the smaller and
prefibrillar aggregates, tau oligomers, may be responsible for the toxic effects during the
early stage of AD and other tauopathies [40,41]. Therefore, tau oligomers are considered
to be highly toxic and to seed tau misfolding, thus propagating the pathology seen across
different neurodegenerative diseases [38,42].

Despite the many efforts made to develop new treatments and therapeutic approaches
to prevent the onset of the disease and to reverse the disease process, to date, there are no
effective therapeutics. Nowadays, the therapeutic strategies available are only symptomatic
treatments that counterbalance neurotransmitter disturbance, thus ameliorating a few of
the clinical symptoms associated with the disease. The established treatments available are
acetylcholinesterase inhibitors (e.g., Donepezil or Tacrine), antagonists of glutamate NMDA
receptor (e.g., Memantine), agonist of nicotinic or muscarinic receptors, antioxidants and
anti-inflammatory agents [43,44].

Growing evidence demonstrates a protective effect of curcumin against A plaque
formation; however, the mechanism of action is not yet fully clarified. Some studies
have classified curcumin as an inhibitor of AR aggregation, others as disaggregating and
destabilizing of amyloid fibrils [45]. In addition, curcumin has been shown to hamper
A oligomerization but not its fibrillization [46]. Recently, curcumin has been shown to
attenuate amyloid-f aggregate-associated neurotoxicity by promoting the formation of
“off-pathway” nontoxic soluble oligomers and prefibrillar proteins [47].

Curcumin has also been shown to exert a neuroprotective role by inhibiting tau
aggregation. Indeed, curcumin has been shown to inhibit tau oligomerization, disintegrate
preformed tau oligomers, inhibit 3-sheet formation, and disaggregate tau filaments [48,49].
In addition, in vitro studies have shown that curcumin prevents the aggregation of other
amyloidogenic protein, including a-synuclein (x-syn), which is a presynaptic protein
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involved in PD. PD is a debilitating neurodegenerative disorder characterized by the
gradual loss of dopaminergic neurons in the substantia nigra pars compacta and clinically
characterized as movement disorder. «-syn accumulates abnormally and aggregates in
the cytosol as Lewy bodies and in the neuronal processes as Lewy neurites [50]. Several
studies have showed that curcumin inhibits x-syn aggregation and reduces x-syn-induced
cytotoxicity [51,52].

The neuroprotective effect of curcumin is certainly due to its ability to modulate the
aggregation pathways and toxicity of amyloidogenic proteins and mitigate inflammation
and oxidative stress, known to be key factors in the progression of neurodegenerative
disorders [53,54].

This review attempts to explore the protective role of curcumin and its related com-
pounds in the treatment of neurodegenerative disorders as a potential modulator of
pathogenic pathways associated with AD and related diseases.

2. Physicochemical Characteristics of Curcumin

Due to the relevant biological and health benefits of curcumin, several chemists
proposed a potential structure of curcumin. In 1913 Lampe et al. synthesized curcumin
for the first time [55]. A general procedure for the synthesis of curcumin with a higher
yield was later reported by Pabon [56]. In this reaction scheme 2,4-diketones, such as acetyl
acetone, reacts with conveniently substituted aromatic aldehydes, particularly vanillin
aldehyde, to synthesize curcumin. To prevent a Knoevenagel condensation due to the
high acidity of the x-methylene group, the reaction is carried out in the presence of boron
oxide as a complexing agent for the dienolate group. In this way, the condensation reaction
involves terminal alkyl groups of di-ketone and primary or secondary amines, usually
n-butylamine, are used to deprotonate these groups. Alkyl borates act as drying agents to
remove the water formed by condensation reaction between boron complex and aromatic
aldehyde. In the final step, boron complex gives the final product in acidic conditions. The
reaction is refluxed, using aprotic solvent such as ethyl acetate (Scheme 1).

H,B0,

+ R, O 1-Butylamine o o
1 -Alkyl borat
0o o e - ShiRane HCO. Se Loz OCH,
B,0; i 2 "
HCJ\)LCH = 0.5.0 + —_— g
2 3 o %0 Ry EtOAC HO OH
H;CJ\)\CH; Rs a Keto -form
0 OH
HsCO. sAA~ OCH;
HO ‘ ‘ OH
Enol fom

Scheme 1. Synthesis of curcumin with Pabon’s method.

Several research groups follow the general method proposed by Pabon with slight
modifications. For example, boron oxide has been replaced with boric acid with a lower
yield [57,58]. An alternative procedure, reported by Rao et al., replaced boron oxide with
borontrifluoride to obtain curcuminoid difluoroboronites that can be then hydrolyzed
using aqueous methanol at pH 5.8 to get curcuminoid compounds [59]. To synthesize
polyhydroxy curcuminoids, it is necessary to protect the hydroxyls groups on the starting
benzaldehyde. These groups were protected as ethers and deprotected using aluminum
chloride [60]. Curcumin is a low molecular mass polyphenolic compound (368.38 g/moL)
with a melting point of 183 °C [61]. The IUPAC name of curcumin is 1,7-bis(4-hydroxy-
3-methoxy-phenyl)-1,6-heptadiene-3,5-dione and is also known as diferuloyl methane.
Curcumin is a hydrophobic molecule with a log p value of 3.29. It is insoluble in water and
soluble in polar organic solvent, like methanol, ethanol, dimethylsulfoxide, dimethylfor-
mamide, or ethyl acetate. It is partially soluble in hexane or cyclohexane [62].
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Curcumin is a symmetrical molecule composed of two aromatic rings substituted with
o-methoxy phenolic groups and a $-diketone moiety as a central linker. The heptadienone
linkage exhibits keto-enol tautomerism (Scheme 1) that influences physicochemical and
antioxidant properties of curcumin [63,64]. Curcumin is present in its bis-keto form in
acidic and neutral pH conditions (pH 3-7) due to the presence of an acid proton linked
to a highly activated carbon between the two aromatic rings. Conversely, under basic
conditions (pH > 8), the enol form predominately and curcumin acts as an electron donor.
Indeed, the antioxidant activity of curcumin is attributed to its enolic form [65]. X-ray
crystallography studies confirmed that the enol form has a lower energy as compared to
the diketone tautomer and it is the exclusive form in solution [66]. Moreover, keto-enol
tautomer can exist as syn and anti isomers with the syn-enol form being more stable. In
the syn form the two methoxy groups are on the same side with respect to keto-enol and
hydroxy groups. Thus, it is possible to identify a polar surface with either a phenolic or
enol group and a nonpolar area with methoxy groups [67].

Curcumin, as well as other polyphenolic compounds, displays a strong absorption in
the visible region with a maximum absorption around 410430 nm and another band with
maximum absorption at 265 nm. In the presence of nonpolar solvents, including hexane
or cyclohexane, a blue-shift of the absorption spectrum is observed. Conversely, in polar
solvents, such as methanol or DMSO, the peak is shifted towards the lower frequencies [65].
These observations can be justified by the shift of the keto-enol tautomerism towards the
enol form in a polar solvent or towards the bis-keto form in nonpolar solvent. The enol
form exhibits a larger electronic delocalization and, therefore, a red-shifted absorption peak
is observed [68].

3. Curcumin Bioavailability: Metabolic Reactions and New Formulations

Despite the relevant biological activities of curcumin, several studies have revealed a
low oral bioavailability due to its poor solubility in water, low permeability and absorption,
fast metabolism, and excretion in vivo. Oral administration of curcumin in rats (500 mg/kg)
showed 1% of bioavailability in rat plasma [69]. In addition, several clinical studies have
revealed extremely low serum levels following oral administration [70,71]. However,
curcumin bioavailability improves once it is injected intravenously in rats [72].

The gastrointestinal tract represents the first physical barrier that limits the oral absorp-
tion due to the presence of the mucus layer and the tight junction proteins [48]. In addition,
following oral administration, curcumin is rapidly metabolized by both conjugation and
reduction pathways in the body, resulting in the formation of several pharmacologically
inactive metabolites. Indeed, O-glucoronide or O-sulphate have been the principal curcum-
inoid metabolites found in the plasma following oral administration in rats. Furthermore,
bioreduction products such as dihydrocurcumin or tetrahydrocurcumin and their conju-
gates formed by alcohol dehydrogenase were identified by HPLC and mass spectrometry
analyses [73]. The «,f-unsatured 3-diketo moiety of curcumin can be susceptible to degra-
dation by hydrolysis at room temperature in neutral or alkaline conditions (pH > 7).
Several degradation products, including ferulic acid, ferulic aldehyde, vanillin, vanillic
acid, and feruloylmethane, are also found in the serum; however, the amount of conjugated
metabolites is more than the amount of reduction products. Probably in biofluids the 3-keto
function is not free but bound to proteins and, therefore, is not hydrolysable [62,74]. Cur-
cumin is also photoreactive and undergoes photodegradation when exposed to sunlight,
forming similar products to those found following hydrolytic degradation [75,76].

Several preclinical studies have suggested curcumin as a potential therapeutic ap-
proach for AD and related diseases; however, no clinical trials have been successful. The
failure of these studies may be due to curcumin low brain bioavailability after oral ad-
ministration and fast metabolism [77,78]. Consequently, alternative formulations and new
drug delivery systems, including liposomes and nano-based approaches, have been devel-
oped to increase curcumin brain delivery. Most of the new delivery systems proposed are
characterized by the presence of a central hydrophobic pocket in which curcumin binds
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through hydrophobic interactions. These macromolecular systems preserve curcumin
from degradation and enhance its absorption as well as its distribution [75]. Furthermore,
liposomes modified with penetrating agents, including curcumin as well as other amyloids-
targeting ligands, have been shown to facilitate the passage of the compound through the
blood-brain barrier (BBB) and have been considered as suitable vehicle for the delivery
of therapeutics in the central nervous system [79]. Recently, Giacomelli et al. developed a
novel and advanced curcumin delivery system based on nanoparticles named lipid-core
nano-capsules. As result of their studies, they found that curcumin loaded nano-capsules
display a significantly higher neuroprotective effect against A3 toxicity in a mouse model
of AD as compared to free curcumin [80]. In addition, Yang et al. proposed a novel
curcumin-loaded nanoparticle system made of chitosan and bovine serum albumin. Using
this formulation, they observed an increased penetration of curcumin through the BBB and
microglia activation with a subsequent increase of A phagocytosis [81]. Cyclodextrins are
also used as absorption enhancers in several pharmaceutical formulations. Li et al. demon-
strated that o-cyclodextrin enhances intestinal absorption of curcumin via transcellular
and paracellular mechanisms [82]. In recent years, the study and the analysis of several
crystalline solid forms of curcumin have also been a focus of great interest due to the
different physicochemical properties exhibited by these polymorphs [83,84]. In addition to
these alternative formulations, Wang et al. suggested exosomes, membrane-bound extra-
cellular vesicles, as potential delivery system of curcumin. Therefore, exosomes-derived
from curcumin-treated cells were used as carrier to release selectively curcumin in the
brain. This delivery system increases the percentage of curcumin crossing the BBB through
receptor-mediated transcytosis. They observed a decreased phosphorylation of tau through
inhibition of AKT/GSK pathway, following injection in an AD mice model [82,85].

4. Relationship between Structural Properties and Biological Activity of
Curcumin Derivatives

The synthesis of novel curcumin derivatives represents an effective alternative to
obtain curcumin analogs with a better solubility in biofluid in an effort to improve the
pharmacokinetic profile of curcumin and its biological activity [48,86-88]. As mentioned
above, curcumin acts as a neuroprotective agent blocking multiple mechanisms involved in
neurodegeneration by interfering with the accumulation of misfolded aggregate proteins,
including A and tau, inflammation and oxidative stress. The modulation of each of these
pathological pathways requires distinct structural feature of curcumin. Therefore, com-
prehensive structure—activity studies are extremely important to identify novel curcumin
derivatives as potential therapeutic agents for neurodegenerative diseases.

In recent years, researchers have synthesized several compounds able to block A3
fibrillogenesis. In this process, AB monomers aggregate to form oligomers, which then
assemble to form insoluble aggregates [89]. This transformation is characterized by a
structural transition from o-helix to B-sheet structure [90]. It is known that the short A
fragment, KLVFF (A{316-20) binds to full length A and it is important for amyloid fibril
formation [91]. A shared model hypothesizes that phenylalanine residue in the KLVFF
sequence of A} peptides interact through IT-IT interactions during A aggregation. Small
molecules, such as curcumin, are able to block or break these interactions and could be
valid candidates to revert amyloid formation [92].

Reinke and Gestwicki have created a library of compounds resembling curcumin
structure to investigate and evaluate the effect of the three main features of curcumin
on inhibition of amyloid aggregation [93]. The structural features contributing to the
inhibitory potency of curcumin are the two aromatic rings, the substitution pattern of
these phenyl groups, and the length and flexibility of the central linker region. To perform
structural considerations and better understand which feature is critical for the inhibition
of AP aggregation, Reinke and Gestwicki synthesized curcumin analogs by modifying
only one structural feature at the time and retaining the other two. As a result of their
studies, they found that compounds lacking one aromatic group are less active than
curcumin, suggesting that both aromatic rings are essential to interact through hydrophobic
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interactions and hydrogen bonding with phenylalanine residue of A monomers and
inhibit amyloid formation [94]. Furthermore, hydroxyl substitution on the aromatic end
group or other polar functional substituents are required for the inhibiting activity. In
addition, Reinke and Gestwicki showed that both length and flexibility of the central linker
region are key factors to take into consideration in the design of new A aggregation
inhibitors. Indeed, the inhibiting activity is negatively affected when the central linker
region is too long, too short, or too flexible. The optimal length of the central linker is
8-16 A and no more than one or two rotating sp3-hybridized carbons are required for an
ideal flexibility.

It has been shown that the homeostasis of metal ions is critical for maintaining normal
physiological functions. Some ions such as Al, Fe, Cu, and Zn have been observed in
the brain of AD patients [95]. Their imbalance in the brain is closely related to the A
deposition and tau accumulation, suggesting that they play a role in the degenerative
process of AD. The histidine residues of Af peptides (H13/H14) are good coordination
sites for metal ions [96]. Curcumin can interact with metal ions forming strong complexes.
Indeed, the «,3-unsaturated 3-diketo moiety of curcumin has shown excellent chelating
properties. Many studies reported the synthesis of stable metal-curcumin complex with a
stoichiometry 2:1 (ligand:metal) [62]. Curcumin-metal complexes decrease A plaques as
well as suppress inflammatory processes by preventing metal induction of nuclear factor
kappa B, NF-kB [97,98]; however, metal chelators can disrupt the normal brain homeostasis.
Zhang et al. designed a novel curcumin derivative, named CRANAD-17, as a chelating
agent to attenuate A crosslinking induced by Cu [99].

Some curcumin derivatives exert their neuroprotective effects by promoting phagocy-
tosis of Ap fibrils. For example, it was demonstrated by Fiala et al. that bisdemethoxycur-
cumin (BDC) enhances macrophage-activated A3 clearance and reduces the inflammation
state [100]. Recently, Gagliardi et al. showed that the treatment of BDC derivatives in
a human monocytic cell line, mimicking the peripheral blood mononuclear cells of AD,
revealed overexpression of genes essential for macrophage function, including mannosyl-
glycoprotein 4-beta-N-acetylglucosaminyltransferase and vitamin D receptor. BDC also
showed a protective anti-inflammatory effect through downregulation of NF-kB and (3-site
APP cleaving enzyme 1 (BACEL1) genes [101]. BACE 1 protein and y-secretase enzyme
cleaves APP to generate Af3 peptides, with the -cleavage being the rate-limiting step
of this sequential proteolytic pathway [102]. Inhibitors of BACEL1 activity are, therefore,
considered as a possible therapeutic approach and many BACE1 inhibitors have been
synthesized. Two critical curcumin structural features associated with BACE 1 inhibitory
activity are the phenolic rings and the unsaturated alkenyl linker between the aromatic
rings. Derivatives with multiple hydroxy groups have been found to be more active than
compounds with nonsubstituted phenyl groups or substituted with methoxy groups or
halogen. When researchers replaced the phenol group with indole or a pyrrole ring, they
produced more active compounds. These data suggest that inhibitor molecules interact
with BACE 1 through hydrogen bonds [103]. Reduction products are not active against
BACE 1. A planar structure is required to maintain the inhibitory activity and sp2 carbons
give the optimal rigidity to the molecule. The substitution of 1,3-dicarbonyl moiety of
curcumin by isosteric heterocycles, isoxazole, and pyrazole, resulted in the formation of
potent inhibitors of y-secretase enzyme [104].

Up to this point of our discussion, we have analyzed the structural aspects of cur-
cuminoids that have been found to be important for their anti-A aggregation activity.
Curcumin and its derivatives also exert a protective role against misfolded tau aggre-
gates. Unlike Af3, tau lacks in hydrophobic residues and therefore its aggregation process
does not lead to the formation of Il-IT interactions. However, under particular circum-
stances, the small degree of hydrophobicity, compared to other proteins, is sufficient to
drive tau aggregation [105]. Tau aggregation inhibitors interact with tau by electrostatic
interaction and hydrogen bonding. A recent study suggested two ruthenium-curcumin-
bipyridine/phenanthroline complexes as inhibitors of tau aggregation. In these complexes,
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the metal ion is bound to the enol group of curcumin and to the nitrogen atoms of the
ancillary ligands, bipyridine or phenanthroline. Curcumin inhibits aggregation at the
nucleation stage while the positive charged ruthenium complex inhibits the elongation
phase, reducing longer fibrils formation [106].

Oxidative damage plays an important role in neurodegeneration, therefore, to treat
neurodegenerative disorders another pharmacological approach is to develop antioxidant
compounds. The antioxidant property of curcumin is due to the abstractable phenolic
hydrogen [107]. This group can reduce, for example, superoxide radicals to generate less
reactive phenoxyl radicals that are resonance stabilized [108]. Ferrari et al. developed
curcumin analogs substituted on the central carbon of the heptadienone linker and demon-
strated that these complexes exhibit good metal chelating properties. However, these
compounds showed less scavenging activity because of the presence of the substituent
on central linker shifts the keto-enol tautomerism towards the di-keto form with less
stabilization of phenoxyl radical [109].

5. Curcumin Derivatives and Hybrids Molecules

Given the large number of biologically active curcumin-like molecules that have been
synthesized, we can divide them into different classes accordingly to the modified part of
curcumin structure. Discussion on selected compounds is reported in the following subsections.

5.1. Monocarbonyl Analogs of Curcumin (MACs)

The monocarbonyl analogs of curcumin (MACs) belong to the group of compounds
with a central core modification, as shown in Figure 1. Several researchers have proposed
MAC:s as anticancer as well as anti-inflammatory agents. These compounds have been
shown to exhibit a higher anticancer potency than curcumin in many cancer cell lines [110].
Recently, monocarbonyl derivatives have also been proposed for the treatment of AD.
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Figure 1. Structures of monocarbonyl analogs of curcumin (MACs).

The removal of the keto-enol motif, susceptible to hydrolysis, enhances the stability
of MACs compared to curcumin; however, the presence of the enone group is important
for the anti AB aggregation activity [111]. MACs can be divided into two main groups:
acyclic (1) and cyclic MAC compounds (2, 3 and 4) (Figure 1). In the cyclic MACs, the
carbonyl group could also be part of a 5 or 6 membered heterocyclic ring containing NR,
O, S or SO, groups [112]. In a general synthetic method reported by Ohori et al., MACs
have been produced from aryl-aldehyde and acetone. To obtain cyclic MACs, acetone was
substituted by cyclic ketone. The reaction is carried out in ethanol using sodium hydroxide
and cetyltrimethylammonium bromide as catalysts [110].

Orlando et al. synthesized MAC derivatives with 5-carbon spacer between the aro-
matic rings. Compound 1 in Figure 1 showed a higher percentage of anti-A{3 aggregation
activity compared to curcumin (ICsp 0.8 uM vs. I1Csy 1.0 uM) [111]. In addition, newly
synthesized monocarbonyl derivatives with a piperidone structure in the linker (2) are iden-
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tified as potent inhibitor of A fibrillation. Furthermore, substitution of a nitrogen atom
within the piperidone ring with a carbon atom or N-methylation reduced the antiaggrega-
tion activity. The aliphatic linker gives the ideal flexibility, while the N-methylpiperazine
groups on the two aromatic ends enhance hydrogen bond interactions with A pep-
tides. Compound 2 decreased the 3-sheet structure and stabilized the x-helix content
as assessed by circular dichroism spectroscopy (CD). In addition to the antiaggregating
activity, compound 2 showed antioxidant and metal chelating properties [113]. MAC 3
was demonstrated to be more stable than curcumin at physiological pH. Furthermore, UV
measurements of MAC 3 revealed that its spectra remained unchanged over time, while UV
spectra of curcumin showed a decreased intensity and a shift towards the red. The protein
hen egg white lysozyme (HEWL) was used as a model protein to study the inhibitory
effect of MAC 3 on amyloid formation. MAC 3 also exhibits an optimal length of linker
(8.84 A) and it is more rigid than curcumin due to the absence of rotating sp3 carbon within
the backbone. These structural features make it as an ideal inhibitor of Ap aggregation.
Fluorescence measurements using the molecular probe 8-anilinonaphatalene-sulphonate
(ANS), showed decreased hydrophobic surface upon treatment with the curcumin analog
MAC 3. Docking studies demonstrated that the compound binds to the catalytic trypto-
phan (62 and 63) of HEWL with the carbonyl component pointing toward the hydrophilic
residues of the active site [114]. The monocarbonyl-cyclohexanone derivative 4 was tested
in vitro as an antioxidant agent and showed good scavenging activity for reactive oxygen
species (ROS) [115]. MAC 4 exhibits antioxidant properties and protective effect against
HyOs-induced cytotoxicity in PC12 cells. The compound was able to rescue the levels of
glutathione (GSH) as well as the activity of superoxide dismutase and catalase. Moreover,
compound 4 showed to increase mRNA expression of Nrf2, a key transcription factor of
the antioxidant response [115].

5.2. C4-Substituted Curcumin Derivatives

Medicinal chemists have synthesized C4-substituted curcumin derivatives by modifying
the central core of curcumin with the insertion of one or two alkyl substituents (Figure 2).
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Figure 2. Structures of C4-substituted curcumin derivatives.

The synthetic pathway follows Pabon’s route. In the first step, alkyl-substituents
are inserted into an alkaline environment using acetyl-acetone and appropriate alkyl
halides [116,117].

This modification as well as the synthesis of MACs, leads to the production of more
stable compounds. Mono-substituted compounds have an acidic hydrogen within the
linker and, therefore, retain the keto-enol tautomerism. The enolization of these derivatives
is involved in the interaction with A3 aggregates. Particularly, the anion of enol form has a
reddish color while the other forms, including the neutral enol form and neutral or anion
keto form, are yellow or colorless in solution. The same reddish color is observed when
these molecules are incubated with A aggregates, indicating an increase of the anion of
the enol form when it is bound to A3 aggregates. Notable, the interaction of the compound
with A monomer did not cause change in color. Therefore, this observation supports
the involvement of the enol form in the binding to AB aggregates [118]. A decreased
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anti-Af inhibitory activity was observed for disubstituted compounds, including «,«-
dimethylcurcumin. This compound lacks enol tautomer and planarity that are essential to
interact with AP aggregates.

Ferrari et al. synthesized curcumin analogs, known as K2T, by introducing t-butyl
ester in the C4 position [109]. K2T derivatives exhibit metal chelating properties towards
gallium and copper ions and inhibit A3 aggregation. The presence of alkyl substituent shifts
the tautomeric equilibrium towards the di-keto tautomer and limits the radical scavenging
ability. K2T21 (Figure 2) is the best compound of this series with a good metal chelating
property. In addition, the Cu(II):K2T21 complex maintains a scavenger activity [109]. The
derivative K2F21 (Figure 2), functionalized with a phthalimide group in the x-position and
vanillin-like structure on the aromatic portion, showed a higher stability, depolymerization,
antioxidant and antiapoptotic activities [116]. Molecular docking simulations showed a
high probability of van der Waals interactions of K2F21 with 3,-site of A31-40 fibrils. The
{32-binding site is located within the residues 31-40, which is a region known to be involved
in modulating A aggregation through the action of methionine 35 (Met35) [116].

5.3. Heterocyclic Derivatives

Several research groups designed and synthesized curcumin derivatives by replacing
1,3-dicarbonyl moiety with isosteric pyrazole and isoxazole rings. Isoxazole derivatives
were synthesized at reflux starting from curcumin and hydroxylamine hydrochloride using
pyridine and ethanol as solvents. Curcumin was converted into pyrazole and N-substituted
pyrazole by reaction with corresponding hydrazines (NH,NH, or RNHNH),), using reac-
tion conditions reported by Narlawar et al. Particularly, from their series, compound 5 and
6 (Figure 3) are the ones exhibiting the most interesting biological effects.
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Figure 3. Structures of heterocyclic derivatives.

Both compounds interact with Af42 aggregates and can be used as an imaging
agent for diagnostic purposes. In addition, compound 6, at lower concentrations, demon-
strated the ability to depolymerize tau aggregates, inhibit tau aggregation, and produce
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y-secretase activity [104]. CNB001 (Figure 3) is a pyrazole analog of curcumin that has
been extensively studied because of its potential as reliable therapeutic candidate for the
treatment of AD. CNB001 was shown to improve memory and long-term potentiation and
mitigate motor impairments in rats [119,120]. In addition, the compound showed anti-
inflammatory activity through inhibition of proinflammatory mediators in LPS-induced
microglia [121]. Another compound with curcumin-pyrazole structure is GT863 (also
named PE859, Figure 3). Evaluation of its anti-Af3 and tau aggregation activity revealed
that substitution of the aromatic ring with a bicyclic system along with the protection of the
phenolic group from metabolic reaction, may increase the inhibitory activity [122]. It was
shown that GT863 reduces the production of Af through alteration of nicastrin maturation,
an essential glycoprotein component of the y-secretase complex [123].

Heterocyclic derivatives of curcumin also include compounds with an oxadiazole ring
instead of a 3-diketone group. Our research group has synthesized a series of curcumin-like
compounds with 1,2,4-oxadiazole or 1,3,4-oxadiazole motif. Compounds 7 and 8a were
tested as A} aggregation inhibitors using different biophysical techniques and both showed
to affect the aggregation pattern of AR [124]. Induced Fit Docking (IFD) observations
revealed that both compounds bind to Af in a saddle between Met35 and Val39 via
hydrophobic interactions. In the presence of compound 7 was observed a perturbation
of 3-sheet content, while it was partially preserved in the presence of compound 8a. The
IFD results suggest that compound 8a can interfere with A3 aggregation by hampering the
packing of oligomers along the fibril major axis. On the other hand, due to steric hindrance,
compound 7 interferes with the formation of (3-sheet structure, resulting in the formation of
toxic off-pathway structures. Indeed, compound 7 showed to trigger less A3 aggregation
and enhance A 1-40 toxicity, probably due to the higher presence of toxic oligomers in the
medium [124]. Other newly synthesized curcumin derivatives demonstrated modulation
of the aggregation pathway of preformed tau oligomers. Particularly, compound 8b was
found to convert toxic tau oligomers into more nontoxic tau aggregates and mitigated tau
oligomer-associated toxicity in the human neuroblastoma cell line, SH-SY5Y, and primary
neuronal cultures [87].

Novel pyrimidine 9, pyrazine 10 and pyridazine 11 curcumin derivatives, with general
structure reported in Figure 1, were efficiently synthesized and tested in vitro and in vivo as
potential A and tau imaging probes for the diagnosis of AD. These heterocyclic derivatives
showed an excellent capacity to label A as well as tau aggregates [125].

5.4. Tetrahydrocurcumins (THCs)

Hydrogenated curcuminoids attracted researcher’s attention for their biological prop-
erties (Figure 4). These compounds lack the diketone bridge necessary to bind A fibrils
and to exert antioxidant activity.
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Figure 4. Structures of tetrahydrocurcumins (THCs) derivatives.
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Tetrahydrocurcumin (THC) is a more stable metabolite of curcumin. Phenolic rings
and methoxy groups, but not double bonds of curcumin, mediate the anti-inflammatory
effect. THC has been shown to reduce neuroinflammation through reduction of IL1f in
the brain and inhibition of LPS inducing the release of iNOS; however, it does not display
any amyloidogenic inhibitor activity [126]. Tetrahydrodemethoxycurcumin (THDMC)
and tetrahydrobisdemethoxycurcumin (THBDMC) are reported as inhibitors of acetyl
cholinesterase activity (AChE). Particularly, the absence of the double bond and the
methoxy group increases their inhibitory activity. In addition, THCs were conjugated
with a dihydropyrimidinone, a known AChE inhibitor, to create a series of THCs-DHPM
compounds. Compound THBDC-DHPM produced by THBDMC with methoxy group
on phenyl group exhibits the lowest value of ICsy against the enzymatic activity [127].

5.5. Curcumin-Like (CL) Compounds

To overcome the instability issues due to the (3-di keto moiety, our research group
synthesized a library of curcumin-like compounds without the x-carbon within the linker
(Figure 5). In the synthetic method adopted, the diacetyl reacted in a double aldol con-
densation with the appropriate aromatic aldehyde. The resulting compounds CL3 and
CL8 were found to modulate the aggregation state of recombinant toxic tau oligomers
and disease-relevant tau oligomers [87,128]. Notably, CL3 affected both the size and the
surface hydrophobicity of brain-derived tau oligomers reducing their associated neurotoxi-
city [128].

CL3 CL8

Figure 5. Structures of curcumin-like (CL) compounds.

5.6. Aromatic Ring Substitution: Methoxy and Hydroxy Groups

Aromatic rings of curcumin and curcumin-like compounds interact with A aggre-
gates by hydrophobic and hydrogen bonds. Therefore, chemical structure of curcumin
containing two aromatic rings is optimal for inhibition of amyloidogenesis. Reinke and
Gestwicki synthesized a series of curcumin analogs without an aromatic ring and evaluated
their inhibitor activity on AP aggregation. These compounds did not show any effect on
A aggregation, even at higher concentrations (500 uM). Conversely, curcumin inhibits A3
aggregation with an ICs( value of 10 uM [93].

In the same study, they also evaluated the influence of aromatic substituent on the
neuroprotective activity of curcumin and its derivatives. They showed that substituents
capable of taking part in hydrogen bonding are essential for the activity.

Several structural-activity studies were performed to evaluate the effects of the posi-
tion and number of methoxy and hydroxy group on the biological activity of the resulting
derivatives (Figure 6).
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Figure 6. Structures of compounds with methoxy/hydroxy substituted aromatic rings.

Compounds with an anti-A aggregation activity were obtained by maintaining
methoxy and hydroxy group in para- and meta- positions, while orto-substitution did not
improve the activity. Compound 12 was obtained from curcumin through the substitution
of the para-hydroxy group with a methoxy group. Researchers observed a decreased
polarity and an increased permeability across the BBB. Moreover, this substitution preserves
the conjugation reaction of -OH groups with sulphate or glucuronide groups [111]. In
addition, the mono-carbonyl compound 13 methoxy substituted showed an improved
inhibitory activity on Ap aggregation [114]. Hitoshi et al. showed the importance of the
catechol motif for anti-Af aggregation activity. Particularly, they demonstrated that the o-
phenol derivative 14 increases the water solubility as compared to para- and meta- phenol.
Previous studies reported that an increased dihedral angle improved water solubility. In o-
phenol compound hydroxyl and 3-di keto groups are close and can interact by participation
of water. This interaction causes a torsion of the molecule, which increases the angle
between the phenol group and central linker and, thus, increases water solubility [129].
Compound 14 is a potent inhibitor of BACE1 enzyme. Computational studies suggest that
the inhibitor interacts with BACE1 in the P3 pocket. It did not interact with the aspartic
acid residues of active site (Asp32 and Asp228); hydroxy groups and ketone motif are
involved in hydrogen bonds with Glu230 and Glu339 [103].

5.7. Aromatic Ring Substitution: Halogenated and Prenylated Derivatives

Chemists have made several efforts to synthesize new curcumin-like compounds that
can be used as diagnostic tools to detect amyloid formation in the brain. They designed the
compound 15 by the introduction of tri-fluomethoxy groups on the aromatic rings (Figure 7).
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Figure 7. Structures of compounds with halogenated or prenylated aromatic rings.

This derivative passes through the BBB and reaches the brain, where it can be de-
tected using fluorine 19 by MRI. Moreover, the trifluoromethoxy group is important for
anti-Af aggregation activity [118]. Several studies reported other halogenated curcumin
derivatives as biologically active compounds for the treatment of AD, including the chloro-
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substituted compound 16 [130]. In addition, the bromo-derivative 17 exhibits antioxidant
properties [60]. Synthetic halogenated derivatives of curcumin have been identified as
ligands for nuclear receptor of vitamin D as well as for nuclear receptor of retinoid (RXR
and RAR) [131]. It was demonstrated that agonists of RXR stimulate Af3 clearance through
induction of ApoE expression [132].

To increase the number of hydrogen bonding and electrostatic interactions between
curcumin derivatives and A peptide, a N-methylpiperazine group was introduced to the
aromatic ring. Thus, a series of mono-carbonyl N-methylpiperazine substituted derivatives
was synthesized and compound 2, reported above (see Figure 1), showed the best inhibitory
activity of AR aggregation [113]. Instead, prenylated curcumin analogs were prepared
to enhance the hydrophobic contacts of curcumin with A monomers. Compound 18 is
the most active compound in term of antifibrillogenic and anti-inflammatory activities. It
retains methoxy and hydroxy groups that are essential for H-bonds and the 4-prenyloxy
group that is required to establish hydrophobic interactions with the nucleation core of A3
peptides [133]. Indeed, the compound approaches to the self-recognition hydrophobic core,
16KLVFFA?!, which is known to be a nucleation site for the pathogenic aggregation of Ap.
In particular, 18 assumes an extended geometry by interacting with six different amyloid
segments in the same residues, Leul8 and Lys16. Specifically, they form hydrophobic
interactions with six Leul8 residues, which contact both the phenyl ring as well as the
alkyl chain. In addition, they form H-bonds with six Lys16 residues, which approach the
{-keto-enol central core and the substituents on phenyl rings. When the complexity of
simulated amyloid structure increases, the interactions between compound 18 and the
fibril structures are governed by hydrophobic interactions [133].

5.8. Other Aromatic Rings

Among lateral changes made to the structure of curcumin there is the substitution
of one aromatic group with an indole moiety. The asymmetric compound 19 showed an
inhibitory activity against the BACE1 enzyme and can be considered as anti-AD drug
(Figure 8) [103,134]. In this compound, the substitution of phenol group with the indole
motif improves the H-bonds with BACE1 enzyme.

Figure 8. Structure of compound 19 with an indole aromatic ring.

The pyrazole curcumin derivative GT863 (Figure 3) also presents an indole ring on
the lateral part of the molecule. It inhibits both A and tau aggregation. This compound is
more stable than curcumin due to the presence of the pyrazole moiety and the protection
of the phenolic hydroxyl group that is prone to metabolic reaction [122].

5.9. Hemi-Curcuminoids

Hemi-curcuminoid 3-diketones are another class of asymmetric curcumin-like com-
pounds that can be considered the start point for the development of new neuroprotective
agents (Figure 9).
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Figure 9. Structures of hemi-curcuminoids.

These derivatives were prepared following Pabon’s method starting from substituted
benzaldehydes and di-ketonic compounds. Compounds 20 and 21 display metal chelating
properties and scavenger activity against ROS. The para-hydroxy group is considered a
required structural feature to exert the antioxidant effect [135].

Claisen-Schmidt Aldol condensation of the aromatic aldehyde with acetone under ba-
sic conditions generated a series of hemi-curcuminoid compounds [87]. These compounds
were tested as a modulator of the aggregation state of preformed tau oligomers. Com-
pound 22 showed interaction with tau oligomers promoting the formation of larger, less
hydrophobic and nontoxic tau aggregates as assessed in human SH-SY5Y neuroblastoma
cells [87].

5.10. Calebin A Derivatives

Darrik and colleagues isolated Calebin A from Curcuma Longa and synthesized it for
the first time [136]. After evaluating the protective role of Calebin A against Af3 associated
toxicity in neuronal cells, several Calebin A derivatives have been synthesized (Figure 10).
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Figure 10. Structures of Calebin A and its derivatives.

Compound 23 showed that the hydroxyl group is important to protect cells from
AP25-35 associated toxicity [137]. Calebin A derivatives are usually obtained by protecting
the aromatic substituents [138]. Compounds 24 and 25 were synthesized following an
alternative synthetic procedure, by substitution reaction of a cinnamic acid derivative on
iodoketone in basic conditions. Both compounds were shown to protect neuronal cultures
from tau oligomer-associated neurotoxicity by promoting the formation of larger nontoxic
tau aggregates [87].

5.11. Hybrid Compounds

The bibliography about curcumin and curcumin-like compounds reports several
studies on the design and biological evaluation of hybrid molecules. These compounds
comprise curcumin fused with other biological active entities to enhance its biological and
pharmaceutical properties (Figure 11).
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Figure 11. Curcumin hybrid molecules.

Curcumin-melatonin hybrids were discovered as neuroprotective agents and have the
potential to become new therapeutic strategies to treat AD. Melatonin as well as curcumin
exhibit antioxidant, anti-inflammatory, and anti-A{3 aggregation activity [139]. Moreover,
clinical studies have revealed that AD patients experience circadian dysfunctions due to
the decreased melatonin levels in cerebrospinal fluid [140].

The presence of the methoxy group and the acetamide moiety is believed to be crucial
for the neuroprotective activity of melatonin and its hybrids. Curcumin-melatonin hybrids
without the p-hydroxy group of curcumin exhibited reduced neuroprotection. Contrarily,
the double bound and conjugation of the 3-diketone group with a phenyl ring is not
necessary for the activity. The compound 26 inhibited the formation of A oligomers and
showed neuroprotective effects on MC65 cells [141].

Bivalent compounds were created by binding curcumin to the steroidal compound
diosgenin using linkers with different lengths. The steroidal part acts as an anchor to
localize curcumin into membrane lipid raft where ROS and Af3 oligomers are produced.
Compound 27 with steroid moiety attached to the x-carbon of curcumin showed better
neuroprotective property than those with a different position attachment. In addition, it ex-
hibited antioxidant and anti-Af aggregation inhibitor activities [142]. Steroidal compounds
28 and 29 increased acetylcholine in the brain through inhibition of AChE activity and
overexpression of choline acetyl transferase levels. Moreover, both compounds exert an an-
tioxidant effect due to the phenolic groups combined to the methylene group of 3-diketone
group. The steroid portion can be involved in an interaction with the estrogen receptors and
modulate the expression of antioxidant enzymes via intracellular pathway. Additionally,
the increased levels of GSH may have a decisive role in the antioxidant effects observed.
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Both compounds exhibit an antiapoptotic activity as a result of the overexpression of the
antiapoptotic factor Bcl2 in the brain of AD mice model [143]. Therefore, these hybrid
molecules can be considered as an alternative approach to reverse the oxidative stress in
neurodegeneration [143]. Additionally, bioconjugates of curcumin with demethylenated
piperic acid, valine or glutamic acid display a protective effect against GSH depletion in
dopaminergic neuronal cells and, therefore, may exert their antioxidant activities in the
treatment of Parkinson’s disease [144]. To increase curcumin water solubility, a sugar moi-
ety was attached to the phenol residues. The hydroxyl groups of sugar can act as (3-sheet
breakers through competitive hydrogen bonding with amyloids fibrils. Sugar-curcumin
conjugate 30 was shown to inhibit A and tau aggregation [145].

To date, acetylcholinesterase inhibitors, such as Tacrine or Donepezil, are used in
the treatment of Alzheimer’s disease. Recently, new curcumin-hybrids were created by
fusion of curcumin with these known drugs. Donepezil-curcumin hybrids 31 and 32 have
a potent AChE inhibitor effect and both compounds showed metal chelating properties
for Cu?*. Compound 31 also showed antioxidant activity in neuronal SH-SY5H cells. The
phenyl group of the compound 31 interacts by stacking type interactions with Trp86 and
the nitrogen atom binds to Tyr337 through cation-IT interaction. The carbonyl group forms
a hydrogen bond with the main chain NH group of Phe295. On the other hand, compound
32 interacts with both catalytic site (CAS) and anionic site (PAS) of AChE. The two phenyl
groups and the hydroxyl group interact with the active site. The hydroxyl forms an H-bond
with the carbonyl group of Ser286 and Arg289, while the phenyl ring on the piperidine part
formed II-1T interactions with Trp84. The piperidine ring is located on the aromatic pocket
connecting PAS and CAS sites [146,147]. Tacrine-curcumin hybrid 33 has been evaluated
as an AChE inhibitor and it showed a higher potency than Tacrine [148]. Indeed, docking
simulations showed that the benzene ring binds to the catalytic site of AChE, while the
Tacrine motif interacts with the anionic site. The carbonyl group forms an H-bond with the
Tyr121 thus stabilizing the complex. Therefore, due to the ability to inhibit both the catalytic
as well as the anionic sites, compound 33 exhibited the most potent activity. Moreover, the
curcumin moiety is responsible for the antioxidant properties, while the 3-diketone moiety
confers remarkable ion-chelating ability [148].

Biological activities of compounds discussed in this paragraph are presented in Table 1.

Table 1. Summary of biological activities of compounds showed in Figures 1-11.

Compound Activity Reference
MAC 1 (Figure 1) AP oligomerization inhibitor [111]
A aggregation inhibitor
MAC 2 (Figure 1) Antioxidant [113]
Metal chelating
A aggregation inhibitor
MAC 3 (Figure 1) Protection against A oligomers toxicity [114]
Stabilization of proteins in the native state
MAC 4 (Figure 1) Antioxidant [115]
Cu (II)-chelating

K2T21 (Figure 2) Antiradical

Depolymerizing activity of A (1-40) fibrils
K2F21 (Figure 2) Antioxidant [116]
Antiapoptotic
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Table 1. Cont.

Compound Activity Reference
5 (Figure 3) Interaction with A} aggregates [104]
Depolymerizing activity of tau aggregates
6 (Figure 3) Tau aggregation inhibitor [104]
y-secretase activity inhibitor
CNBO001 (Figure 3) Anti-inflammatory [121]
Ap aggregation inhibitor
GT863 (Figure 3) Tau aggregation inhibitor [123]
Inhibitor of glycation of Nicastrin
7-8a (Figure 3) AP aggregation modulator [124]
8b (Figure 3) Tau oligomers modulator [87]
9-10-11 (Figure 3) Interaction with AB and tau aggregates [125]
THC (Figure 4) Anti-inflammatory [126]
THDC
THBDC . R
THBDC DHPM Acetyl cholinesterase inhibitor [127]
(Figure 4)
CL3-CLS8 (Figure 5) Tau oligomers modulator [87,128]
12-13 (Figure 6) Ap aggregation inhibitor [111-114]
14 (Figure 6) BACE1 inhibitor [129]
. AP aggregation inhibitor
15 (Figure 7) Diagnostic tool to detect AR amyloid (18]
16 (Figure 7) AP aggregation inhibitor [130]
17 (Figure 7) Antioxidant [60]
18 (Figure 7) AP fibrillation inhibitor [133]
19 (Figure 8) BACE]1 inhibitor [103,134]
. Metal chelating
20-21 (Figure 9) Scavenger activity against ROS [135]
22 (Figure 9) .
2425 (Figure 10) Modulators of tau oligomers [87]
23 (Figure 10) Protection against A3 (25-35) toxicity [137]
. AP oligomerization inhibitor
26 (Figure 11) Antioxidant [141]
. Ap aggregation inhibitor
27 (Figure 11) Antioxidant [142]
Increase of acetyl choline levels
28-29 (Figure 11) Increase of GSH levels [143]
Antiapoptotic
. AP aggregation inhibitor
30 (Figure 11) Tau-aggregation inhibitor [143]
Acetyl cholinesterase inhibitor
31-32-33 (Figure 11) Antioxidant [146,147]
Metal chelating

6. Conclusions

After more than two centuries from the first discovery of curcumin, its clinical appli-
cations are still under investigation. Many potential applications of this compound are
envisioned but its administration and metabolic fate need to be still deeply investigated.
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To overcome some issues related to curcumin use as a drug candidate and address its
low bioavailability, many curcumin derivatives were synthesized and tested. The field of
neuroprotective compounds accounts for hundreds of different derivatives and many of
them are promising drugs for the treatment of AD and related diseases. In the next years,
the clinical development of these compounds will assess the real effectiveness of curcumin
as a lead compound for the synthesis of novel neuroprotective drugs.
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Abstract: Tauopathies represent a group of neurodegenerative diseases including Alzheimer’s disease
(AD) that are characterized by the deposition of filamentous tau aggregates in the brain. The patho-
genesis of tauopathies starts from the formation of toxic ‘tau seeds’ from hyperphosphorylated tau
monomers. The presence of specific phosphorylation sites and heat shock protein 90 facilitates soluble
tau protein aggregation. Transcellular propagation of pathogenic tau into synaptically connected
neuronal cells or adjacent glial cells via receptor-mediated endocytosis facilitate disease spread
through the brain. While neuroprotective effects of glial cells—including phagocytotic microglial
and astroglial phenotypes—have been observed at the early stage of neurodegeneration, dysfunc-
tional neuronal-glial cellular communication results in a series of further pathological consequences
as the disease progresses, including abnormal axonal transport, synaptic degeneration, and neu-
ronal loss, accompanied by a pro-inflammatory microenvironment. Additionally, the discovery of
microtubule-associated protein tau (MAPT) gene mutations and the strongest genetic risk factor
of tauopathies—an increase in the presence of the €2 allele of apolipoprotein E (ApoE)—provide
important clues to understanding tau pathology progression. In this review, we describe the crucial
signaling pathways and diverse cellular contributors to the progression of tauopathies. A systematic
understanding of disease pathogenesis provides novel insights into therapeutic targets within altered
signaling pathways and is of great significance for discovering effective treatments for tauopathies.

Keywords: tauopathies; Alzheimer’s disease; prion-like propagation; tau self-aggregation; endocyto-
sis; neuron-glial communication; neuroinflammation; apolipoprotein E

1. Introduction

Intraneuronal accumulation of neurofibrillary tangles (NFT) made of abnormally
hyperphosphorylated tau is centrally involved in the pathogenesis of primary tauopathies,
such as supranuclear palsy (PSP), corticobasal degeneration (CBD), Pick’s disease (PiD),
and frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17),
and secondary tauopathies such as Alzheimer’s disease (AD) [1]. The development of
tau pathology has been postulated to follow spatiotemporal patterns, starting from the
dissociation of phosphorylated tau from microtubules and followed by the formation of
toxic tau species via self-aggregation [2]. Even though polyanionic molecules are normally
required for inducing tau aggregation in vitro, modifications to tau, such as site-specific
mutations and site-specific phosphorylation, have driven spontaneous seeding and self-
aggregation of tau in vivo under pathological situation [3]. Physiologically, extracellular
tau is present in brain interstitial fluid (ISF) and then passes into the cerebrospinal fluid
(CSF) [4,5]; however, the elevated concentrations of tau found in the brain ISF of human
P301S tau transgenic mice has suggested that cellular tau release may be a part of disease
progression [6]. Additionally, soluble tau concentrations in brain homogenates decrease
with the deposition of intracellular insoluble tau, suggesting that transcellular tau propa-
gation requires cellular internalization of extracellular tau, which has also been found to
mediate the progression of neurodegeneration [6-8]. The cellular pathways for internal-
izing tau species are regulated by both heparan sulfate proteoglycan (HSPG)-mediated
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cellular uptake and specific receptor-mediated endocytosis, which are highly dependent
on the isoform being internalized [8-10].

Extensive experimental data have demonstrated that transcellular propagation of
soluble tau species occurs mainly through synaptic connections, leading to neuronal
dysfunction characterized by the breakdown of cytoskeletal integrity, abnormal axonal
transport, and synapse loss [9,10]. In particular, glial cells, activated microglia, and reactive
astrocytes are also involved in the progression of tau pathology by directly affecting
the homeostasis of the neuronal microenvironment or indirectly exerting inflammatory
effects across multiple tauopathies [11,12]. For example, the degree of glial cell activation
correlates with the severity of neurodegeneration in AD, in terms of the degeneration
of synapses, neuronal loss, the formation of NFTs, or even cognitive impairment [13].
Alternatively, dysfunctional neuron-glial communication has been widely observed in
AD patients and has recently developed in vitro tau pathology animal models [14,15].
Abnormal neuron-glial crosstalk strongly impairs neuronal homeostasis including neuronal
metabolism, synaptogenesis, neurotransmission, and neuromodulation, contributing to
the progression of neurodegeneration [14,16]. The investigation of critical molecular
and cellular contributors to tau pathology provides a comprehensive understanding of
tau pathogenesis that will accelerate the discovery of novel therapeutic targets and the
development of drugs for treating tauopathies.

The purpose of this review is to summarize the factors that contribute to the formation
of tau aggregates, tau cell-to-cell propagation, and glial contributions in tauopathies,
by using the scientific evidence published in the last decade that bring promising insights
into the therapeutic development for tau protein pathology. Keywords for this topic, such as
tauopathies, Alzheimer’s disease, prion-like propagation, tau self-aggregation, endocytosis,
neuron-glial communication, neuroinflammation, and apolipoprotein E were first chosen,
and searches conducted in PubMed, Google Scholar, and Web of Science. The results of
these searches were then refined and categorized into cellular contributors at the early stage
and later stage of neurodegeneration, based on the characterized Braak-like spatiotemporal
staging scheme for tau pathology. Lastly, the combined keywords search strategy was used
for searching for potential treatments for tauopathies such as using the affected signaling
pathway and tau phosphorylation together. The pathological roles of phosphorylation
sites, Hsp90 and site-specific mutations in tau aggregation, the roles of CX3CR1/fractalkine
signaling in microglia and neurons, the roles of the glutamate-glutamine cycle between
astrocyte and neurons in the progression of tau pathologies, and the possible therapeutic
role of NLR3 inflammasome in the treatment of tauopathies are the major focus of this
review. A list of the abbreviations used in this review is provided in Table 1.

Table 1. Table of abbreviations used in this review.

Abbreviation Explanation
AD Alzheimer’s disease
MAPT Microtubule-associated protein tau
ApoE Apolipoprotein E
NFT Neurofibrillary tangles
psp Supranuclear palsy
CBD Corticobasal degeneration
PiD Pick’s disease
FTDP-17 Frontotemporal dementia with Parkinsonism linked to chromosome 17
CNS Central nervous system
MBD Microtubule-binding domain
Ap Amyloid
PRR Proline-rich region
PHF Paired helical filaments
ISF Interstitial fluid
CSF Cerebrospinal fluid
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Abbreviation Explanation
HSPG Heparan sulfate proteoglycans
ALP Autophagy-lysosomal pathway
NMDA N-methyl-D-aspartate
TFEB Transcription factor EB
LTP Long-term potentiation
LTD Long-term depression

2. Factors Involved in the Formation of Tau Seeds

The formation of NFTs from soluble tau is a multistep process. This process begins
with the dimerization of two conformationally altered monomers and is followed by the
formation of intermediate soluble oligomers with varying higher-order conformations
and degrees of phosphorylation. Tau oligomers have been implicated as toxic ‘tau seeds’
capable of seeding new aggregates by recruiting normal monomers. Despite evidence
of tau trimers being the minimal unit of spontaneous cellular uptake and intracellular
fibrillary structure formation in vivo [17], the folding potency of monomer could be much
more critical in initiating the early nucleation process of tau aggregation (Figure 1).
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Figure 1. The molecular mechanisms involved in tau aggregation. Molecular factors such as site-specific phosphorylation,
site-specific mutations on MAPT, and specific chaperones (Hsp90) are associated with tau aggregation.

2.1. Site-Specific Phosphorylation-Mediated Tau Self-Aggregation

Previous work details that although tau itself is intrinsically disordered, proteins in
solution possess a ‘paperclip-like’ conformation where the N- and C-terminal ends of tau
fold over in proximity to the center of the repeat domains [18]. Site-specific phosphoryla-
tion directly influences the conformation of monomeric tau and affects the stability of a
folded conformation, contributing to the propensity for tau to aggregate [19]. Two hexapep-
tides, known as PHF6s, Z°VQIINK2, and 3%VQIVYK3!!, are located at the beginning
of the second and third repeat domains of the MBDs, and appear to drive 3-sheet struc-
ture formation during the tau aggregation process. The accessibility of residues in the
two PHF6s defines the structural differences between inert (Mi) and seed-competent (Ms)
tau monomer, meaning that the inert (Mi) tau monomer has less inter-chain accessibility
to these residues compared with that in the seed-competent (Ms) monomer [2]. Phos-
phorylation outside of, but proximal to, these regions is relevant to the formation of
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NFTs. A previous study systematically investigated the effects of different phosphoryla-
tion sites on tau self-aggregation, using a series of in vitro pseudo-phosphorylated tau
proteins [20]. Phosphorylation sites T175/T176/T181 within N-terminal, recognized by
AT270 antibody, mainly suppress tau aggregation [21]. In addition, phosphorylation at
three sites, 5202/T205/5208, within the proline-rich region (PRR) is enough to induce
tau self-aggregation without any exogenous aggregation inducer [22]. The monoclonal
antibody ATS that specifically recognizes tau phosphorylation at the 5202 /T205 site has
been established as a valid biochemical marker for identifying abnormally phosphorylated
tau as well as the paired helical filament form. Moreover, phosphorylation sites near the
C-terminus have been found to preferentially promote tau self-aggregation. For example,
pseudo-phosphorylated S396, specifically recognized by PHF-1 antibody [21], has led to
increased tau aggregation in the presence of metal ion inducer. In particular, the strong
effect on aggregation has been seen in pS422 tau protein, which showed increased aggrega-
tion in the presence of both metal ions and heparin inducers [20], which may be related
to the conversion of tau monomer from inert to seed-competent form, due to increased
accessibility of these residues [3], as shown in Figure 1. By performing a comprehensive
electrochemiluminescence ELISA assay, Ercan-Herbst et al. [23] found that specific phos-
phorylation events (pS198, pS199, and pS416) correlated with increased oligomerization
in all brain regions, which implies that phospho-sites regulate tau aggregation during the
progression of AD neurodegeneration. Collectively, phosphorylation plays a major role in
tau self-aggregation by altering the charge and conformations of physiological tau.

2.2. Hsp90-Mediated Tau Aggregation

Tau phosphorylation and aggregation that lead to conformational changes could
involve molecular chaperones, which regulate protein folding, degradation, and accumu-
lation. The protective effect of Hsp70 and Hsp104 in tauopathies has been described in
previous studies [24]. Hsp70 inhibits the aggregation of tau protein by forming a complex
with tau oligomer or fibril tau, preventing toxic effects or further seeding of tau aggre-
gation [25,26]. Despite the recognition of its disaggregase activity for many aggregates,
a distinct mechanism of Hsp104 in preventing tau aggregation is related to its holdase ac-
tivity on soluble amyloid tau through the small subdomain of nucleotide-binding domain 2
(ssNBD2) [27].

In contrast to the preventative functions of Hsp70 and Hsp104, heat shock protein 90
(Hsp90), one of the major tau-binding chaperones, has been found to drive the aggregation
of tau species [28]. Although Hsp90 is normally thought to act as cellular protection
during stress, Hsp90 binding to tau at the VQIVYK motif facilitates a conformational
change that results in its phosphorylation by glycogen synthase kinase 3, which further
promotes tau aggregation [28]. Additionally, a recent study found that Hsp90 binding to
tau uncovered the repeat domains by conformationally opening the “paper-clip’ structure
of tau, suggesting that the formation of tau oligomers was caused by the conversion of tau
monomers from inert to aggregation-prone forms [29].

2.3. Site-Specific Mutations and Tau Aggregation

Abnormal tau mutants related to FTDP-17 possess distinct structures leading to a
differential aggregation propensity [30-32]. Recently, Strang and coworkers demonstrated
that the susceptibility of FTDP-17-associated mutants to aggregate with seeded, exogenous
fibrillar tau depended highly on site-specific mutations and their surrounding amino acid
sequences [33]. Robust aggregation with exogenous tau fibril seeds, both homotypic and
heterotypic, has been seen in FTDP-17 mutations at sites P301 and S320. In particular,
the unique property of the P301L variant in regulating the aggregation propensity of tau
has been demonstrated by mutating individual proline residues into leucine residues
within conserved PGGG motifs in each of the four MTBDs in tau [33]. Only P301L showed
a propensity to aggregate when seeded with exogenous fibrillar tau. In contrast, other
FTDP-17-associated variants near the PHF6 site showed no propensity to aggregate when
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seeded. Double mutants at P301L/S320F and P301S/S320F have been shown to facilitate
aggregation. For these P301L/S320F and P301S/S320F tau protein variants, robust ag-
gregation was observed in vivo without exogenous fibrillar tau seeding [33]. A possible
underlying cause of this enhanced aggregation propensity is altered conformation with
higher accessibility to PHF6, that converts the inert monomer into aggregation-prone
monomer; alternatively, more frequent interactions with chaperones may be required to
stabilize a folded conformation for these variants. In either case, further investigation is
needed to identify the mechanism.

3. Molecular Mechanisms of Tau Cellular Uptake

Transcellular tau propagation has been implicated in tauopathies following a “prion-
like” transmission pattern [34], suggesting that the internalization of extracellular tau
by recipient cells is mediated mainly by endocytosis. Recent studies showing distinct
features of prion-like propagation of tau species under diverse cell and animal models
are summarized in Table 2. Endocytosis can be divided generally into clathrin-dependent
and -independent internalization, of which the latter can be further divided into caveolin-
dependent, -independent endocytosis, and actin-dependent macropinocytosis. Previous
studies highlighted cellular internalization pathways associated with tau including bulk
endocytosis [35], heparin sulfate proteoglycan (HSPG)-associated macropinocytosis [8],
and clathrin-mediated endocytosis [35].

The majority of extracellular tau consists of soluble oligomers and monomers, while a
minority of tau species exist in truncated forms cleaved by various proinflammatory
cytokines in AD brains [6]. The size and conformation of tau species determine the
cellular mechanisms for extracellular tau uptake, which may not be restricted to one
particular pathway [8,36]. For instance, smaller sized tau aggregates enter neurons in a
dynamin-dependent endocytosis pathway that is independent of actin polymerization [35].
For larger tau aggregates, actin-dependent macropinocytosis has been identified as the
main pathway for internalization by neuronal cells [37]. However, the cellular entry
pathways of monomeric tau are highly dependent on the specific conformation and isoform.
A recent study demonstrated that monomeric tau could enter human neurons via both the
dynamin-dependent endocytosis process and through actin-dependent macropinocytosis,
which could be regulated by HSPGs [35].

3.1. The Effects of HSPGs on the Cellular Uptake of Tau Seeds

HSPGs are highly expressed on the cell surface and have been identified as critical
cell-surface endocytosis receptors for tau internalization in various studies. Most recent
research has focused on understanding the interaction of heparan sulfate (HS) with tau
protein at the structural level, which would provide a mechanistic understanding of how
tau-HS interaction regulates tau internalization during the progression of tau pathologies.
HS-tau interactions appear to be driven mainly by electrostatic forces between negatively
charged sulfo groups on HS and positively charged lysines or arginines on tau protein [38].
Even though electrostatic interactions between tau and HS are relatively nonspecific, a few
studies have also identified the importance of specific HS sulfation patterns on the tau-HS
interaction. Prior works demonstrated the crucial role of the 6-O-sulfation of HSPGs in the
tau-HS interaction by performing an SPR competition assay [39]. Moreover, 6-O-desulfated
heparin showed the weakest competitive effect on tau binding to heparin immobilized on a
chip among a variety of HS derivatives tested, including N-desulfated and 2-O-desulfated
HS derivatives. NMR mapping showed that HS derivatives bound the second repeat motif
(R2) in tau. Consistently, a knockout of 6-O-sulfotransferase also significantly reduced tau
uptake by HEK293 cells [40]. Reduced intracellular tau uptake and tau cell surface binding
in a 3-O-sulfotransferase knockout cell line compared with the wild-type cells suggest
that tau protein is capable of recognizing the less common 3-O-sulfation site of HS [41].
The importance of sulfation was further validated in competition assays performed by
Zhao and coworkers—3-O-sulfated low molecular weight HS (LMWHS) oligosaccharides
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had higher inhibitory effects on the tau-HS interaction compared with those without
sulfation in an SPR competition assay, further validating the specific role of 3-O-sulfation
in tau-heparin interactions. Furthermore, 3-O-sulfation is rare and minor sulfation is found
on HS chains, which is likely not responsible for any charge effects in HS chains. More
likely, HS interacts with tau via a specific 3-O-sulfation of HS recognized by both the PRR2
and R2 regions of tau instead of non-specific electrostatic interactions. The tau-heparin
interaction has also been found to be chain size-dependent due to enhanced electrostatic
interactions [40]. Knockouts of extension enzymes of the HSPG biosynthetic pathway, such
as extension enzymes exostosin 1 (EXT1), exostosin 2 (EXT2), and exostosin-like 3 (EXTL3)
in HEK293T cells significantly reduced the uptake of tau oligomers [36].

HSPGs can be considered as the natural receptors for the uptake of macromolecules,
such as larger tau fibrils, through the micropinocytosis pathway; nevertheless, the exact
role of HSPGs in the uptake of tau species dominated by the clathrin-mediated path-
way needs further investigation within specific systems. Key questions include whether
HSPGs are part of a multi-receptor complex or merely an initial attachment site during
tau uptake. Moreover, HS-modifying enzyme expression patterns show cell-type-specific
patterns, resulting in enormous HS diversity because of the many different cell types in
the brain. Because of the heterogeneity of HS-expression, the specific role of HSPGs in tau
internalization should be investigated on a cell type-specific basis.
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3.2. Receptor-Mediated Endocytosis of Tau

Apart from HSPG-dependent uptake, cellular internalization of tau is also regulated
by specific receptor-mediated endocytosis, as suggested by several previous studies [35,44].
Rapid dynamin-dependent endocytosis of tau species would typically require one or
more receptors, the identities of which are still under investigation. Muscarinic receptors
M1/M3 have been found to regulate monomeric tau internalization by neurons [43].
Glial cells including microglia and astrocytes also take up tau efficiently. CX3CR1 has
been demonstrated to mediate monomeric tau uptake in microglia [45]. For astrocytes,
monomeric tau was internalized in a non-HSPG dependent pathway [46]; further study
is still needed to identify specific receptors responsible for rapid dynamin-dependent
endocytosis of monomeric tau in astrocytes (Figure 2). Low-density lipoprotein receptor-
related protein-1 (LRP1) represents a promiscuous endocytosis receptor for macromolecular
ligands, including ApoE and A, and delivers these ligands to the endosomal/lysosomal
compartments. Knockdown of LRP1 abolished uptake of various forms of tau, including
monomers, oligomers, and fibrils in H4 neuroglioma cells, suggesting that it may serve as
a master regulator of tau uptake [44]. Additionally, knocking down LRP1 also prevented
tau transmission within human tau transgenic mice. Once associated with specific ligands,
LRP1 is also involved in the activation of signaling pathways including MAPK, by assisting
the assembly of the intracellular protein complex [47]. LRP1 is also abundantly expressed
by radial glia, microglia, and astrocytes, and involved in the clearance of A [47,48]. Further
studies are still needed to identify whether and how LRP1 is involved in tau endocytosis by
glial cells, and whether the tau-LRP1 interaction alters the immune response of glial cells.

Central Nervous System

Microglia

Muscarinic
receptors -

MMz SN
(

Figure 2. Receptor-mediated endocytosis of tau species is facilitated by several receptors. Central
nervous system cells actively internalize monomeric tau via receptor-mediated endocytosis in addi-
tion to the HSPG-dependent pathway. Monomeric tau is internalized by muscarinic receptors M1
and M3 in neurons [43]. CX3CR1 mediates monomeric tau uptake in microglia [45]. For astrocytes,
monomeric tau can be internalized in a non-HSPG dependent pathway [46]. Further work should be
focused on identifying specific receptors of tau endocytosis. Additionally, LRP1 has recently been
identified as a major regulator of tau spread in the brain [44]; LRP1 is abundantly expressed by
microglia, astrocytes, and neuronal cells [47,48].

4. Cellular Contributors to Tau Pathology

In 1991, the work of Braak proposed the sequence of progression of Alzheimer’s
disease neuropathology, demonstrating that soluble hyperphosphorylated tau first appears
in the locus coeruleus (LC) neurons and subsequently appears along LC axons to their
terminals in the entorhinal cortex (EC) [49,50]. Transgenic mice models that display human
tau pathology have been established to recapitulate the development of neurodegeneration
and diverse pathological phenotypes, including gliosis, synaptic loss, tangles, and neu-
ronal loss (Figure 3A). These models also demonstrate the involvement of diverse cellular
contributors, including neuronal cells, microglia, and astrocytes, to the progression and
spread of tauopathies (Figure 3B).
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Figure 3. The interplay between different cell types including neurons, microglia, and astrocytes,
in tauopathy progression. (A) A representative human tau pathology model: PS19 transgenic mice
express mutant human MAPT with a P301S mutation and display a series of pathological features of
tauopathies, such as gliosis, synaptic loss, tangles, and neuronal loss over their lifetimes. Adapted
from [51,52]. Note that in this model, no plaques were found; LTP, long-term potentiation; LTD,
long-term depression. (B) Both microgliosis and astrogliosis are involved in the progression of
tauopathies and abnormal neuronal activities, as indicated by phenotypic characterization of human
tau pathology models [53]. Copyright © 2021, John Wiley and Sons.

As described in detail in the following sections, the development of tau-related
pathologies has been postulated to follow spatiotemporal patterns and is characterized
by multiple progressive stages, each with pathological features in the form of differential
cellular behaviors and distinguished phenotypes (Figure 4). At the earliest stage, tau seeds
formed by phosphorylated tau dissociate from microtubules spread along a transsynap-
tic pathway, involving the release of tau species in the synaptic cleft, with subsequent
internalization by post-synaptic neurons [54]. Glial cells, on the other hand, adapt a
neuroprotective phenotype with microglia classically activated to engulf tau species in a
CX3CR1-dependent way [55], and astrocytes actively involved in clearing tau species with
an exacerbated autophagy-lysosomal pathway (ALP) [56]. As the disease progresses, astro-
cytes display a ‘loss-of-function” phenotype by exhibiting a decreased level of glutamate
transporters, leading to neuronal excitotoxicity and upregulated tau release [57]. Addition-
ally, microglia develop an alternative pro-inflammatory phenotype after responding to
diverse pro-inflammatory stimuli, including higher concentrations of tau protein and the
presence of reactive oxygen species [11]. These activated microglia continue to produce
proinflammatory cytokines, such as TNF-oc and IL-1§3, which are necessary and sufficient to
convert inactive astrocytes into reactive astrocytes, resulting in further neuroinflammatory
cytokine release [58].
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Figure 4. Cellular contributors to tau-dependent degeneration. The development of tau-related
pathogenesis has characteristic stages, starting from the formation of tau species consisting of
phosphorylated tau dissociated from microtubules @. Abbreviation: pTau, phosphorylated tau.
Hyperphosphorylation of tau incorrectly sorts tau into the somatodendritic compartment, which is
linked to dysfunctional axonal transport @, one of the earliest pathological features of tauopathies.
Glial cells adapt a more neuroprotective phenotype with microglia classically activated ® and as-
trocytes actively phagocytosing tau species @. As disease progresses, astrocytes transform into a
loss-of-function phenotype via lower-level expression of astrocyte-specific transporters, leading to
neuronal excitotoxicity and upregulated tau release. Additionally, alternatively activated microglia
in a pro-inflammatory phenotype are necessary and sufficient to induce reactive astrocytes with the
capability of releasing neuroinflammatory cytokines ®. At the later stages of disease progression,
the microglial-exosomal pathway acts as the essential tau propagation pathway ® as an alternative to
transsynaptic transduction, due to extensive synaptic degeneration and neuronal death ©@. The forma-
tion of neuronal and glial tau plaques is the most important hallmark of tauopathies ®©. Red arrows
indicate pathological consequences of change. Created in BioRender.com.
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Activation of the NLRP3 inflammasome in microglia has been demonstrated to fa-
cilitate the progression of tau pathologies, mainly through intensifying neuronal tau hy-
perphosphorylation in an IL-1 receptor-dependent way [59]. At the late stage of disease
progression, dysfunctional synaptic transmission caused by synaptic loss and neuronal
death leads to microglia-exosomal tau transmission that takes precedence over transsynap-
tic tau transmission [60].Finally, neuronal and glial tau plaques are formed, which are the
most important hallmarks of tauopathies [9].

Overexpression of the ¢4 allele of apolipoprotein (ApoE4) in multiple cell types shows
cell-type-specific effects; overexpression in neuronal cells upregulates neurotransmitter
release while enhancing inflammatory signaling of microglia. For astrocytes, ApoE4
overexpression downregulates phagocytosis of pathogenic proteins and disrupts lipid
transport and metabolism. Taken together, ApoE4 serves as a common genetic risk in AD
and primary tauopathies, and can worsen tau pathology, indicating an overlap between
ApoE4 and tau pathogenesis. LRP1, as a major receptor of tau species and ApoE, may play
an intermediate role between ApoE and tau species, which could point to a therapeutic
potential for treating tauopathies via LRP1 interaction.

4.1. The Involvement of Neuronal Activity in the Spreading of Pathogenic Tau

Under physiological conditions, tau is crucial for microtubule stabilization and is
located mainly in axons [61]. Immunoblot analysis with phosphorylation-dependent
antibodies revealed that phosphorylated tau is missorted into the somatodendritic com-
partment during the early stages of AD progression [62]. Missorted tau results in axonal
transport deficits and loss of synaptic functions and is more prone to forming toxic tau
oligomers if seeded [62].

The progression of tau pathology follows a defined hierarchical pattern, starting
from the EC, then advancing into anatomically connected neurons downstream in the
synaptic circuit, such as the dentate gyrus (DG), the hippocampus, and the neocortex,
as demonstrated by tau transgenic animal models [54,63]. Despite the identification of
the physiological role of neurons in regulating synaptic tau release and translocation [5],
the specific neuronal activities resulting in the propagation of tau pathologies are still
under investigation. Amyloid precursor protein (APP) transgenic mouse models show
that endogenous tau in CSF increases during the progression of amyloid plaque forma-
tion, accompanied by hyperexcitable neurons [64,65]. A key question is whether the
hyperexcitable neurons are essential for the release of pathogenic tau, independent of
Ap. Indeed, tau pathology mouse models combined with novel neuronal stimulation
approaches showed that neuronal hyperexcitability and accelerated synaptic tau release
are critically linked and independent of A} toxicity [66]. Using an optogenetic activation
approach, the stimulated side of the hippocampus of the rTg4510 mice line tended to
accumulate more human tau protein, along with increased evidence of neuronal atro-
phy [66]. Additionally, tau pathology spread from the stimulated-EC to the synaptically
connected DG region, suggesting that the propagation of tau pathology accelerates through
synaptic circuits.

Abnormal extracellular glutamate levels have been proposed as one of several mecha-
nisms that account for an excitotoxic microenvironment in AD [67]. Notably, alterations
in synaptic glutamate homeostasis caused by dysfunctional astrocytes can be deleterious
to neuronal cells. To some extent, the activities of reactive astrocytes correlate with the
reduction in astroglial glutamate transporters, which in turn elevates the extracellular
glutamate level. Accumulation of excess glutamate contributes to neuronal excitability
through activating NMDA (N-methyl-D-aspartate) receptors. NMDA receptors, present
in glutamatergic neurons, respond to the glutamate levels via binding to their GluN2
subunit that activates increased calcium flux in the neurons [57]. Sequentially, activation
of extrasynaptic NMDA receptors has been linked to tau-induced neuronal cell death
mediated by calpain I and ERK/MAPK activation [68]. Therefore, alteration of astroglial
glutamate transporters and overstimulation of extrasynaptic NMDA receptors of neuronal
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cells may have an overlapping role in neuronal hyperexcitability, and these actions have
been implicated in the progression of tau pathology along with synaptic connections [69].

4.2. Glial Cells Are Involved in the Progression of Tau Pathology

Even though tau is expressed primarily by neurons, most primary tauopathies are
characterized by the presence of both neuronal and glial tau pathologies [12]. Glial cells
adopt immune functions and closely interact with neuronal cells for maintaining brain
development and homeostasis [70]. Most glial tau pathologies have been observed in
astrocytes and oligodendrocytes, and in some cases, tau pathologies have also been seen in
microglia. Moreover, both primary tauopathies and AD are characterized by microgliosis
and astrogliosis, along with a significant increase in the pro-inflammatory cytokines [6,71].
Glial cell dysfunction has also been implicated in the progression of neurodegenerative
diseases [51]. This part of the review aims to highlight the role of dysfunctional neuronal-
glial communication in the spreading and propagation of pathological tau during the
progression of tauopathies.

4.2.1. Microgliosis in Tauopathies
Neuroprotective Effects of CX3CL1/CX3CR1 Signaling

Microglia are the innate immune cells of the CNS and account for 5-20% of total
neural cells in the functional tissue of the brain [72,73]. They have two main CNS func-
tions: immune defense and maintenance and promoting programmed cell death during
development [72,73]. Recently, microglia-induced neuroinflammation has been linked
to tau hyperphosphorylation, suggesting that microglia play an important role in the
progression of tau-related neuropathogenesis [74]. As discussed previously, extensive
studies have demonstrated that tau pathology predominantly spreads along with synaptic
connections. Physiologically, microglia control and regulate synaptic plasticity through
pruning of inactive synapses via phagocytosis during CNS development [75]. Among the
key factors emerging as potential regulators of neuronal-microglial interaction, chemokine
ligand 1 (CX3CL1) secreted by neurons plays an essential role in regulating phagocytic
capability of microglia by binding to CX3CR1 [76], a key receptor that maintains the normal
synaptic pruning ability of microglia [77]. Altered CX3CL1/CX3CR1 signaling has been
demonstrated to regulate the pathological changes in both animal models of tauopathies
and AD patients [78,79]. Single-cell RNA-seq of microglia in AD-transgenic mouse brains
shows that CX3CR1 is upregulated as part of the initial innate immune response [80], which
facilitates the internalization of tau by microglia to enhance the clearance of extracellu-
lar Tau [55].

However, at the later stages of AD, CX3CR1, among many other genes, is down-
regulated [80]. The downregulation of CX3CR1 has also been observed in human brain
tissue from AD patients, showing that CX3CR1 levels decrease as microglial phagocytic
phenotypes are reduced [55]. Microglia have been found to phagocytose extracellular tau
oligomers directly via the tau-CX3CR1 interaction, which is impaired by the loss of CX3CR1
at the later stages of AD. The deletion of CX3CR1 in models of tau pathology has accelerated
tau phosphorylation and exacerbated neurodegeneration [55,81]. This CX3CR1 deficiency
led to elevated levels of tau phosphorylation on the AT8 (pS202), AT180 (pT231), and PHF1
(pS396/5404) epitopes [58], which is mediated by neuronal IL-1 and TLR-4 receptors trig-
gered by the microglial release of proinflammatory cytokines [82]. Indeed, the deletion
of CX3CR1 in the hAPP-transgenic mice model exacerbates microglial inflammation and
neurotoxicity by upregulating the secretion of proinflammatory cytokines [78]. Similarly,
CX3CL1 overexpression in the human tau transgenic mouse model rTg4510 significantly
reduced neurodegeneration and microglial activation [83]. Therefore, the investigation of
CX3CR1-CX3CL1 signaling has provided novel insights for treating tauopathies.
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The Role of NLRP3-ASC Inflammasome Activation in Tau Phosphorylation

Extracellular fibrillary AB-induced microgliosis has been linked to NOD-like recep-
tor family, pyrin domain containing 3 (NLRP3) inflammasome activation, which further
exacerbates A3 pathology [84]. The role of microglia and NLRP3-caspase recruitment do-
main (ASC) inflammasome activation has been demonstrated recently in Ap-independent
tau pathology [59]. Phagocytosis of fibrillar A induced the assembly of the NLRP3
inflammasome consisting of NLRP3, ASC, and pro-caspase 1, which led to the caspase
1-dependent release of pro-inflammatory cytokines such as IL-1§3 and IL-18 [85]. Stancu
and colleagues [86] demonstrated that aggregated tau was capable of activating the NLRP3
inflammasome, which further exacerbated the tau aggregate seeding and increased the
secretion of proinflammatory cytokines. The importance of NLRP3 on the progression of
tau pathology also was demonstrated in tau transgenic mice models deficient for NLRP3 or
ASC. A significantly lower level of tau phosphorylation was observed in the hippocampal
samples of the transgenic mice deficient for NLRP3 or ASC compared with wild-type
mice [86]. Additionally, templated seeding of tau pathology was reduced in tau transgenic
mice with an ASC deficiency.

Reduced activities of GSK-33 and CaMKII-«, but not p38/MAPK and Cdk5, were cor-
related with the deficiency of NLRP3 or ASC, suggesting the potential role of the NLRP3
inflammasome in regulating tau kinases in neuronal cells [86]. To understand how the
NLRP3 inflammasome regulates tau phosphorylation, conditioned medium collected from
LPS-activated microglia induced an increased level of tau phosphorylation in neuronal
cells, along with the activation of CaMKII-« [59]. However, once the neuronal IL-1 receptor
was inhibited, the effects on CaMKII-a were abolished, suggesting that the activation of the
NLRP3 inflammasome in microglia promotes neuronal tau hyperphosphorylation in an IL-1
receptor-dependent manner via the regulation of multiple tau kinases (Figure 5). Potential
therapeutic interventions targeting the NLRP3 inflammasome have been attempted for
treating AD in mouse models [87]. By increasing ASC and NLRP3 gene expression in
Tau22 transgenic mice, the formation of tau aggregates was attenuated, as determined by
thioflavin T staining and reduced tau phosphorylation at serine 416, due to diminished
CaMKIl«x activity [87]. Pharmacological NLRP3 inhibition using the molecular inhibitor
MCC50 also significantly decreased tau-seed induced tau aggregates, as determined by
ATS8 detection, in tau transgenic mice [86].
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Figure 5. The role of the NLRP3-ASC inflammasome in tau pathogenesis. Either fibrillary A or tau species in the form
of monomers or oligomers are sufficient to induce the assembly of the NLRP3 inflammasome, consisting of NLRP3, ASC,
and pro-caspase 1, which further leads to caspase 1-dependent release of the pro-inflammatory cytokines IL-1f and
IL-18 [85]. The activation of the NLRP3 inflammasome in microglia has been demonstrated to promote neuronal tau

hyperphosphorylation in an IL-1 receptor-dependent manner via the regulation of multiple tau kinases, like GSK-3f3 and

CaMKII-«.

41



Biomedicines 2021, 9, 190

Even though these studies demonstrate the involvement of neuroinflammation and
altered CX3CR1-CX3CL1 signaling in the spreading of tau pathology, further investigation
is still needed to uncover the interplay between neuroinflammation induced by extracellular
tau aggregates and disrupted phagocytosis caused by impaired CX3CR1-CX3CL1 signaling.
Most likely, the relationship between inflammation and phagocytosis will demonstrate the
crucial role of microglia in the development of tau pathology.

Non-Transsynaptic Tau Propagation-Microglial and Exosomal Spreading of Tau Species as
an Alternative Pathway

In addition to the important role of CX3CR1-CX3CL1 signaling and the NLRP3 inflam-
masome in tau pathogenesis via the crosstalk between neurons and microglia, exosomes
are another key mediator between glial-neuronal communication for both synaptic pruning
in the healthy brain as well as neuroinflammation under pathological conditions [88,89].
Physiologically, neuronal exosomes stimulate microglial phagocytosis under selective
elimination of synaptic connections. Microglia-derived exosomes play a major role in
hierarchical tau transmission [60], despite pathogenic tau readily propagating from neuron
to neuron in the form of free-floating fibrils [34] and interconnected neuronal contacts [90],
as well as neuronal exosomes [4].

Recently, a tau rapid-propagation mouse model was created with adeno-associated vi-
ral (AAV)-tau injection into the EC [60]. This model exhibits rapid tau pathology, as demon-
strated by the spreading of human tau from EC to the DG within 1 month, recapitulating
the perforant diffusion pathway of AD progression in the human brain [91]. Moreover, inhi-
bition of exosome synthesis or depletion of microglia in this AAV-GFP/tau injection mouse
model led to a dramatic reduction of AT8+ tau detected in the DG without changing the
tau expressed in the injection site, indicating the important role of microglia-derived exo-
somes in the spreading of tau pathology. Pharmacologic inhibition of exosome synthesis in
microglia not only dramatically reduced secretion of the tau-containing exosomes but also
decreased the capabilities of exosomes to deliver hTau, as observed in co-cultured primary
neurons [60]. As the synaptic connection becomes less functional throughout disease pro-
gression, the microglial and exosomal transmission pathways become the primary means
of tau propagation [9], suggesting exosomal transmission as a potential therapeutic target.

4.2.2. Astrogliosis in Tauopathies

The concept of astroglial excitability—activation of membrane ion receptors in re-
sponse to stimulation—facilitates the bidirectional communication between neurons and
astrocytes mediated by a ‘tripartite synapse’ [92]. The close physical proximity between
synapses and astrocytes and resulting efficient neurotransmission explain why astrocytes
are key regulators in maintaining essential neuronal functions, including synaptic plasticity
and neurodevelopment [57]. Besides their crucial role in supporting neuronal functions
in the CNS, astrocytes represent the largest group of glial cells that interact closely with
microglia for maintaining efficient immune surveillance of the CNS [92]. Like microglia,
astrocytes also express genes involved in phagocytosis [93], and eliminate synaptic de-
bris [94], and protein aggregates, as seen by the clearance of AB [95]. In recent years,
the involvement of astrocytes in the progression of tau pathology has drawn much atten-
tion because of their widely demonstrated role in the progression of neurodegeneration in
tauopathies [11,57]. For example, reactive astrocytes induced by microglial activation have
been observed to precede tangle formation in P301S tau transgenic mice models (PS19) [51].

Reactive Astrocyte Phagocytosis Has a Neuroprotective Effect

Under pathological conditions, astrocytes develop more neurotoxic features by trans-
forming into reactive astrocytes (Al subtype), induced by activated microglia and neuroin-
flammation in various human neurodegenerative disorders [16]. The phagocytic ability
of reactive astrocytes appears to be enhanced in tau transgenic mouse models [96]. As-
trocyte activation is accompanied by upregulated expression of transcription factor EB
(TEEB), the key regulator of the autophagy-lysosomal pathway (ALP). When compared
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with wild-type counterparts, two widely used tau pathology mouse models, rTg4510 and
PS19, showed increased expression of TFEB and lysosomal protein LAMP1 [56]. In par-
ticular, astrocytes of rTg4510 mice (transgenic mice expressing human P301L tau protein)
showed much higher nuclear localization of TFEB in GFAP-expressing astrocytes com-
pared with the wild-type mice [96]. However, overexpression of astrocytic TFEB in rTg4510
showed minimal effects on neuronal activities. In vitro, TFEB overexpression in primary
astrocytes led to enhanced cellular uptake of tau fibrils by stimulating lysosomal biogene-
sis. In contrast, the TFEB-transduced PS19 tau pathology mouse model showed reduced
tau pathogenesis and reduced tau transmission compared to the rTg4510 mouse model.
These data demonstrated that the neuroprotective effects of astroglial activation took place
primarily at the early stage of tauopathies by enhancing endocytosis and subsequently,
triggering intensive lysosomal-mediated degradation of abnormal tau species. The ef-
fects of ALP on regulating phagocytic properties of reactive astrocytes may be one of the
mechanisms that explains why tau protein enters astrocytes more efficiently than neurons,
as observed in prior work [97] and has been implicated in the glial inclusions, as seen in
most of the primary tauopathies, including PSP, CBD, and PiD [97].

Neuroinflammatory Microenvironment Induced by Reactive Astrocytes

Reactive microglia secrete inflammatory cytokines such as IL-1a, TNF-a, Clq, and IL-
1B [16,97]. These cytokines themselves are necessary and sufficient to induce the Al
subtype of astrocytes, which further stimulates inactive astrocytes in proximity. Reactive
astrocytes lose their ability to promote neuronal survival, synaptogenesis, and phagocytosis.
Enhanced release of inflammatory cytokines from activated glial cells can induce active
neuronal p38 MAPK by interacting with multiple receptors, such as TNFR1, and lead to
enhanced phosphorylation and aggregation of tau, which precedes the progression of tau
pathology [98]. Thus, reactive astrocytes also play a role in neuroinflammation-induced
tau pathology.

Dysfunctional Neuronal-Astroglial Communication

Reactive astrocytes also exhibit neurotoxicity by impairing glutamate transport be-
tween neurons and astrocytes and disturbing the synaptic neurotransmitter balance via
direct contact [57,99]. Astrocytes are key regulators for maintaining homeostasis of major
neurotransmitters like glutamate (Glu) and y-aminobutyric acid (GABA) via the glutamine-
glutamate/GABA cycle [99]. The rapid uptake of tau species by reactive astrocytes disrupts
intracellular Ca?* signaling, leading to a significant reduction in the release of gliotrans-
mitters such as glutamate, glutamine, and serine, and formation of synaptic vesicles [97].
Moreover, it has also been reported that conditioned medium (CM) collected from pri-
mary astrocyte cultures isolated from P301S mice decreased the expression of synaptic
neuronal markers in cultured cortical neurons, while CM from control astrocytes enhanced
these markers in co-cultured neurons [100]. Taken together, reactive astrocytes appear to
affect neuronal tau pathologies by impairing the neuronal synaptic transmission as well as
synaptic plasticity.

The glutamine (GIn)/glutamate (Glu) cycle (GGC) is critical for maintaining home-
ostasis of the major neurotransmitters Glu and y-aminobutyric acid (GABA), which is a key
metabolic interaction between neurons and astrocytes [57,101]. Astrocytes uptake excess
Glu released by glutamatergic neurons in the synaptic cleft via glutamate transporter-1
(GLT1) receptor (see Figure 4). Glu is then converted into Gln by astrocyte-specific enzymes,
and released into the extracellular space. Subsequently, Gln is taken up by neurons and
metabolized into Glu by neuron-related enzymes. Recent studies have reported that the
dysfunctional neuronal-astroglial communication via the GGC may contribute to tau pro-
tein pathology [57]. For instance, reduced expression of astrocytic glutamate transporters,
such as GLT1, has been found to coincide with tau inclusion pathology, as well as neuro-
muscular weakness in the spinal cord and the brainstem, as seen in both tau transgenic
mouse models and CBD patients [99]. The reduction of glutamate transporters in astrocytes
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also elevates extracellular glutamate levels that then further overstimulate glutamatergic
receptors (NMDA receptors), causing increased calcium flux and more neuronal excitotoxi-
city [62]. Subsequently, activation of NMDA receptors has led to tau phosphorylation at
specific sites, the most efficient being Ser-396, mediated by p38/MAPK activation [102].
The mechanistic effects of tau pathology on the downregulation of glutamate transporters
and reduction of GLT1 in glial cells are unknown, but investigations on the involvement of
astrocytes in the progression of tauopathies have provided novel insights for treating glial
tau pathology.

4.3. ApoE4 Plays a Cell-Type Dependent Role in Tau Pathology

ApoE protein serves as a major cholesterol carrier in the brain, as well as helping to
clear AP plaques. Among the three alleles for ApoE, the presence of ApoE4 is considered
an important genetic risk factor for Alzheimer’s disease, leading to tau hyperphospho-
rylation in an A3-dependent manner [103]. However, a key question is whether ApoE4
influences tau pathology in primary tauopathies, such as PSD, in which tau pathology
is not accompanied by Af. Using a P301S transgenic mouse model, Shi et al. [104] have
demonstrated ApoE4-induced tau pathology independent of A pathology, suggesting the
crucial role of cholesterol in the tau pathogenesis of primary tauopathies.

ApoE4 expressed by different cell types has been shown to affect tau pathologies in a
cell type-dependent manner. ApoE4 toxicity has been observed in multiple cell types, in-
cluding neurons, as demonstrated in human iPSCs-derived cell types [105] despite ApoE4
being primarily produced by microglia and astrocytes in the CNS. ApoE4-expressing neu-
rons exhibited tau hyperphosphorylation, while ApoE4 glial cells had reduced capacity for
neuronal homeostasis and thus contributed to the pathogenesis of tau pathology. For in-
stance, Wang and colleagues [106] showed that ApoE4-expressing neuronal cultures de-
rived from human iPSCs expressed higher levels of the synaptic proteins SYN1 and PSD95,
alongside an elevated release of neurotransmitters, compared with ApoE3-expressing
neurons. Additionally, ApoE4 cerebral organoids exhibited an elevated level of phosphory-
lated tau (p-S202/T205) compared with ApoE3 organoids. ApoE4-expressing astrocytes
had impaired lipid metabolism/transport and phagocytosis, while ApoE4-expressing
microglia exhibited intensive immune reactivities upon LPS stimulation compared with
wild-type microglia.

Neurons co-cultured with ApoE knockout glial cells displayed the greatest neuronal
viability with the lowest level of TNF-« secretion [104]. Analogously, co-culturing P301S
tau-expressing neurons with ApoE4-expressing microglia resulted in markedly reduced
neuronal viability and a significantly high level of TNF-o secretion. Similarly, Friedberg and
colleagues have demonstrated that inflammatory profiles of AD-associated microglia that
regulate tau pathologies are highly dependent on the presence of ApoE4 [107]. These data
have suggested that ApoE4 plays a crucial intermediate role between microglia inflamma-
tory signaling and tau pathology. Furthermore, LRP1, a major receptor for ApoE and tau,
has been shown to mediate the inflammatory responses of microglia via the regulation
of the JNK and NF-«B signaling pathways [47]. ApoE may facilitate the assembly of the
tau-LRP1 complex to exacerbate the pro-inflammatory signaling pathways on microglia.

5. Therapeutic Approaches Targeting Molecular/Cellular Signaling Pathways

A comprehensive understanding of cellular and molecular contributors to tau patho-
genesis provides novel insights for discovering therapeutics for human tauopathies, includ-
ing AD. Extensive investigations have demonstrated that HSPGs play a crucial role in the
transcellular spreading of tau pathogenesis; therefore, HS-based therapeutics hold great
potential for treating tau pathologies. Small molecules or anti-HS peptides interfering with
HS-tau interaction are of therapeutic potential for the treatment of tauopathies, which have
been reviewed previously [108]. Glycan-based compounds targeting 3-O-sulfated motifs
on HS recognized by tau seeds represent a novel therapy for tauopathies [41].

44



Biomedicines 2021, 9, 190

NLRP3 inflammasome activation has been linked to the development of multiple
inflammatory diseases, such as atherosclerosis, type II diabetes, and Alzheimer’s disease,
as well as various cancers [109]. The inhibition of NLRP3 inflammasome activity has been
demonstrated to decrease tau phosphorylation and aggregation via attenuated neuronal
GSK-3f and CaMKII«x activities. Antagonizing purinoreceptor (P2 x 7R) to prevent the
assembly of an active NLRP3 inflammasome in microglia has been suggested as one of
the best approaches to control neuroinflammation caused by microglial activation and has
therapeutic potential for treating tauopathies [109,110].

Hsp90 directly binds to tau species [110], and Hsp90 inhibitors have been considered
as promising therapeutics for treating tauopathies. However, disappointing clinical results
due to poor blood-brain barrier permeability and toxicity of all tested drugs have led
researchers to alternatives to Hsp90, such as Hsp90 co-chaperones, including ATPase
homolog 1 (Ahal), a small 38-kDa cochaperone that binds to the N-terminal and middle
domains of Hsp90. The role of Ahal in tau pathogenesis via interactions with Hsp90
has been demonstrated in a transgenic tau mouse model, rTg4510 [111]. Overexpression
of Ahal led to an increased level of sarkosyl-insoluble tau, as well as the tau with T22
reactivity (anti-oligomer antibody). Treatment with KU-177, which binds specifically
to Ahal, reduced the accumulation of insoluble P301L tau in cultured cells, suggesting
that Ahal may be a promising therapeutic target for tauopathies by directly reducing
tau aggregation [111].

The autophagy-lysosomal pathway (ALP) shows beneficial effects on tau clearance in
reactive astrocytes during the early stages of tau pathogenesis. Because of this, activation
of TFEB, a key regulator of this pathway, could be considered as a promising treatment for
tauopathies [96]. The therapeutic role of a novel TFEB activator named curcumin analog
C1 has been studied using three AD animal models [56]. Treatment with curcumin analog
C1 has significantly reduced the levels of AB342/A{40 in brain lysates from 5xFAD mice
models, and phospho-tau epitopes (AT8+ and PHF1+) in a P301S mice model. In addition,
curcumin analog C1 attenuated both APP and tau pathology in a 3 xTg AD mice model,
accompanied by TFEB activation, increased autophagy, and lysosomal activity.

Neuroprotective effects of CX3CR1-CX3CL1 signaling in tau clearance through mi-
croglia phagocytosis has been suggested at an early stage of tau pathogenesis, revealing
that the enhancement of this signaling at an early stage of disease progression could be
beneficial for disease treatment. Indeed, soluble CX3CL1 overexpression by adenoviral
transformation in the Tg4510 mouse model has rescued tau pathology by regulating mi-
croglial activation [83]. An alternative approach by Fan et al. [112] via neuronal CX3CL1
overexpression reduced neuronal loss and improved cognitive function in a P19 tauopa-
thy model by enhancing neurogenesis through the CX3CL1-TGF-32/3-Smad2 pathway.
Taken together, CX3CL1 overexpression could be considered a key therapeutic target for
treating AD by either promoting neurogenesis for neuronal loss recovery or attenuating
microglia-induced neuroinflammation.

Given the overlapping effects on neuronal excitotoxicity by overstimulation of NMDA
receptors and decreased expression of astrocyte-specific glutamate receptors observed
in multiple neurodegenerative disorders, both NMDA receptors and reactive astrocytes
have been implicated as therapeutic targets for treating tau pathology including AD.
NMDA receptor-dependent excitotoxicity has been shown to depend on the extrasynaptic
GluN2B-containing NMDA receptors rather than synaptic GluN2A-containing NMDA
receptors. Antagonists selectively inhibiting extrasynaptic NMDA receptors may have
neuroprotective effects [113]. Recently, a new NMDA receptor blocker, RL-208, has been
tested on a mouse model of late-onset AD, showing cognitive function improvement
in terms of increased synaptic protein density, increased phosphorylation of NMDAZ2B,
reduced protein-related apoptosis, as well as decreased phosphorylated tau levels [114].
This study points out that this novel neuroprotective drug may be valuable for treating AD.

Ameliorating dysfunctional neuronal-astrocyte communication via reducing reactive
astrocytes may pose an additional therapeutic target for neurodegenerative disorders.
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Decreased levels of astrocyte-specific glutamate transporters have been associated with
the pathogenesis of tau pathology [115]. For instance, small molecule LDN/OSU-0212320
has been shown to upregulate the expression of EAAT2, a glutamate transporter, in as-
trocytes via translational activation. Thus, LDN/OSU-0212320 treatment has attenuated
glutamate-induced cytotoxicity in neuron and astrocyte coculture, as indicated by the great-
est neuronal survival compared to untreated cells. Furthermore, significantly ameliorated
symptoms and prolonged lifespan upon the treatment with LDN/OSU-0212320 have been
demonstrated in an ALS transgenic mice model [116]. Similar studies are still warranted to
determine the drug efficacy for AD models.

ApoE4 is the most recognized genetic risk factor of AD and is thus considered an
important therapeutic target for treating AD. Despite the incomplete understanding of the
mechanisms underlying the effects of ApoE4, the conversion of ApoE4 to less-toxic isoforms
of ApoE—either ApoE3 or ApoE2—may hold promising therapeutic potential. For instance,
gene editing to convert ApoE4 to ApoE3 or the addition of a ‘structural corrector’ on ApoE4-
expressing culture to refold ApoE4 into more ApoE3-like conformation has rescued ApoE4
neurons from AD pathology [106]. Additionally, an AAV-mediated ApoE2 expression
vector targeting the ApoE4 gene of AD patients to transform the ApoE4 homozygote to an
ApoE2-ApoE4 heterozygote for treating AD is currently in clinical trials [117]. A summary
of therapeutic approaches targeting altered molecular and cellular signaling pathways in
tauopathies is presented in Table 3.
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6. Conclusions

Tauopathies are characterized by multiple pathological features, including the transcel-
lular propagation of pathogenic tau seeds, neuronal loss, neuroinflammation, and neurofib-
rillary tangles. HSPGs and LRP1 have been identified as major receptors for transneuronal
propagation of pathogenic tau. Altered neuronal tau kinases contribute to hyperphos-
phorylated tau, which is further exacerbated by intracellular oxidative stress, microglial
NLRP3 inflammasome activation, and dysfunctional astroglial-dominant glutamate trans-
port and metabolism. Neuronal loss is the consequence of both neuronal excitotoxicity and
pathological tau toxicity, mainly manifested by dysfunctional axonal transport, synaptic
degeneration, and upregulated levels of pro-inflammatory cytokines. As pathological
phenotypes continue to develop, tau inclusions become increasingly evident and severe,
which gives further rise to the pathogenic tauopathy diagnosis. The NLRP3 inflamma-
some, the autophagy-lysosomal pathway, CX3CL1 signaling pathway, and ApoE4 are all
therapeutic targets that could yield potential new treatments for tauopathies. Interven-
tions of tau self-aggregation via disease-specific antibodies or Hsp90 inhibitor provide
one novel tool for tau pathology at an early stage of neurodegeneration. Because of the
neuroprotective effect of the CX3CR1/CX3CL1 signaling pathway between microglial and
neuronal communication, CX3CL1 or CX3CR1 overexpression may protect neuronal cells
from toxic tau by enhancing neurogenesis, as well as internalizing more soluble tau from
the extracellular matrix. As a link between amyloid deposition and neurofibrillary tangle
formation, targeting the activation of the NLRP3 inflammasome provides a promising
approach for the development of therapies for AD via inhibiting two hallmarks of AD
simultaneously. Translational activation of glutamate transporters shows the advantageous
effects on rescuing the dysfunctional GGC between astrocyte and neurons, as well as
ameliorating the neurotoxicity caused by the high level of extracellular glutamate.

Author Contributions: Conceptualization and project administration, A.S.R.; writing—original draft
preparation, L.S., A.S.R.; writing—revision and editing; A.S.R., E.A.W.; preparation of tables and
figures, L.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

References

1. Hock, EMM.; Polymenidou, M. Prion-like propagation as a pathogenic principle in frontotemporal dementia. J. Neurochem. 2016,
138 (Suppl. 1), 163-183. [CrossRef]

2. Mirbaha, H.; Chen, D.; Morazova, O.A.; Ruff, KM.; Sharma, A.M.; Liu, X.; Goodarzi, M.; Pappu, R.V.; Colby, D.W.; Mirzaei,
H.; et al. Inert and seed-competent tau monomers suggest structural origins of aggregation. eLife 2018. [CrossRef] [PubMed]

3. Liu, F; Li, B, Tung, EJ.; Grundke-Igbal, I; Igbal, K.; Gong, C.X. Site-specific effects of tau phosphorylation on its microtubule
assembly activity and self-aggregation. Eur. |. Neurosci. 2007, 26, 3429-3436. [CrossRef]

4. Wang, Y; Balaji, V.; Kaniyappan, S.; Kruger, L.; Irsen, S.; Tepper, K.; Chandupatla, R.; Maetzler, W.; Schneider, A.; Mandelkow,
E.; et al. The release and trans-synaptic transmission of Tau via exosomes. Mol. Neurodegenerat. 2017, 12, 5. [CrossRef] [PubMed]

5. Pooler, AM.; Phillips, E.C.; Lau, D.H.W.; Noble, W.; Hanger, D.P. Physiological release of endogenous tau is stimulated by
neuronal activity. EMBO Rep. 2013, 14, 389-394. [CrossRef] [PubMed]

6.  Dal Pra, I; Chiarini, A.; Gui, L.; Chakravarthy, B.; Pacchiana, R.; Gardenal, E.; Whitfield, ].F.; Armato, U. Do astrocytes collaborate
with neurons in spreading the “infectious” abeta and Tau drivers of Alzheimer’s disease? Neuroscientist 2015, 21, 9-29. [CrossRef]

7. Yamada, K; Cirrito, J.R.; Stewart, ER.; Jiang, H.; Finn, M.B.; Holmes, B.B.; Binder, L.I; Mandelkow, E.M.; Diamond, M.L; Lee,
V.M.Y;; et al. In Vivo Microdialysis Reveals Age-Dependent Decrease of Brain Interstitial Fluid Tau Levels in P301S Human Tau
Transgenic Mice. J. Neurosci. 2011, 31, 13110-13117. [CrossRef] [PubMed]

8. Holmes, B.B.; DeVos, S.L.; Kfoury, N.; Li, M.; Jacks, R.; Yanamandra, K.; Ouidja, M.O.; Brodsky, EM.; Marasa, J.; Bagchi, D.P; et al.

Heparan sulfate proteoglycans mediate internalization and propagation of specific proteopathic seeds. Proc. Natl. Acad. Sci. USA
2013, 110, E3138-E3147. [CrossRef] [PubMed]

48



Biomedicines 2021, 9, 190

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Mudher, A.; Colin, M.; Dujardin, S.; Medina, M.; Dewachter, I.; Alavi Naini, S.M.; Mandelkow, E.M.; Mandelkow, E.; Buee, L.;
Goedert, M.; et al. What is the evidence that tau pathology spreads through prion-like propagation? Acta Neuropathol. Commun.
2017, 5,99. [CrossRef]

Ozcelik, S.; Sprenger, F.; Skachokova, Z.; Fraser, G.; Abramowski, D.; Clavaguera, F; Probst, A.; Frank, S.; Muller, M.; Staufenbiel,
M.; et al. Co-expression of truncated and full-length tau induces severe neurotoxicity. Mol. Psychiatry 2016, 21, 1790-1798.
[CrossRef] [PubMed]

Leyns, C.E.G.; Holtzman, D.M. Glial contributions to neurodegeneration in tauopathies. Mol. Neurodegenerat. 2017, 12, 50.
[CrossRef]

Kahlson, M.A.; Colodner, K.J. Glial Tau Pathology in Tauopathies: Functional Consequences. J. Exp. Neurosci. 2015, 9, 43-50.
[CrossRef] [PubMed]

Parachikova, A.; Agadjanyan, M.G.; Cribbs, D.H.; Blurton-Jones, M.; Perreau, V.; Rogers, J.; Beach, T.G.; Cotman, C.W. Inflamma-
tory changes parallel the early stages of Alzheimer disease. Neurobiol. Aging 2007, 28, 1821-1833. [CrossRef] [PubMed]

Chun, H.; Marriott, I; Lee, C.J.; Cho, H. Elucidating the Interactive Roles of Glia in Alzheimer’s Disease Using Established and
Newly Developed Experimental Models. Front. Neurol. 2018, 9, 797. [CrossRef]

Cagnin, A.; Brooks, D.J.; Kennedy, A.M.; Gunn, RN.; Myers, R.; Turkheimer, EE.; Jones, T.; Banati, R.B. In-vivo measurement of
activated microglia in dementia. Lancet 2001, 358, 461-467. [CrossRef]

Liddelow, S.A.; Guttenplan, K.A ; Clarke, L.E.; Bennett, FE.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Munch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481-487. [CrossRef]
Mirbaha, H.; Holmes, B.B.; Sanders, D.W.; Bieschke, J.; Diamond, M.I. Tau trimers are the minimal propagation unit spontaneously
internalized to seed intracellular aggregation. . Biol. Chem. 2015. [CrossRef]

Jeganathan, S.; von Bergen, M.; Brutlach, H.; Steinhoff, H.J.; Mandelkow, E. Global hairpin folding of tau in solution. Biochemistry
2006, 45, 2283-2293. [CrossRef]

Tenreiro, S.; Eckermann, K.; Outeiro, T.F. Protein phosphorylation in neurodegeneration: Friend or foe? Front. Mol. Neurosci. 2014,
7,42. [CrossRef] [PubMed]

Haase, C.; Stieler, J.; Arendt, T.; Holzer, M. Pseudophosphorylation of tau protein alters its ability for self-aggregation. J.
Neurochem. 2004, 88, 1509-1520. [CrossRef] [PubMed]

Simi¢, G.; Babi¢ Leko, M.; Wray, S.; Harrington, C.; Delalle, I.; Jovanov-Milosevi¢, N.; Bazadona, D.; Buée, L.; De Silva, R;;
Di Giovanni, G. Tau protein hyperphosphorylation and aggregation in Alzheimer’s disease and other tauopathies, and possible
neuroprotective strategies. Biomolecules 2016, 6, 6. [CrossRef]

Despres, C.; Byrne, C.; Qi, H.; Cantrelle, EX.; Huvent, I.; Chambraud, B.; Baulieu, E.E.; Jacquot, Y.; Landrieu, I.; Lippens, G.; et al.
Identification of the Tau phosphorylation pattern that drives its aggregation. Proc. Natl. Acad. Sci. USA 2017, 114, 9080-9085.
[CrossRef] [PubMed]

Ercan-Herbst, E.; Ehrig, J.; Schondorf, D.C.; Behrendt, A.; Klaus, B.; Ramos, B.G.; Oriol, N.P.; Weber, C.; Ehrnhoefer, D.E. A post-
translational modification signature defines changes in soluble tau correlating with oligomerization in early stage Alzheimer’s
disease brain. Acta Neuropathol. Commun. 2019, 7, 1-19. [CrossRef]

Glover, J.R.; Lindquist, S. Hsp104, Hsp70, and Hsp40: A novel chaperone system that rescues previously aggregated proteins.
Cell 1998, 94, 73-82. [CrossRef]

Kundel, E; De, S.; Flagmeier, P.; Horrocks, M.H.; Kjaergaard, M.; Shammas, S.L.; Jackson, S.E.; Dobson, C.M.; Klenerman, D.
Hsp70 inhibits the nucleation and elongation of tau and sequesters tau aggregates with high affinity. ACS Chem. Biol. 2018, 13,
636—646. [CrossRef]

Patterson, K.R.; Ward, S.M.; Combs, B.; Voss, K.; Kanaan, N.M.; Morfini, G.; Brady, S.T.; Gamblin, T.C.; Binder, L.I. Heat
shock protein 70 prevents both tau aggregation and the inhibitory effects of preexisting tau aggregates on fast axonal transport.
Biochemistry 2011, 50, 10300-10310. [CrossRef]

Zhang, X.; Zhang, S.; Zhang, L.; Lu, J.; Zhao, C.; Luo, E; Li, D.; Li, X.; Liu, C. Heat shock protein 104 (HSP104) chaperones soluble
Tau via a mechanism distinct from its disaggregase activity. J. Biol. Chem. 2019, 294, 4956-4965. [CrossRef] [PubMed]

Tortosa, E.; Santa-Maria, I.; Moreno, E; Lim, F.; Perez, M.; Avila, J. Binding of Hsp90 to tau promotes a conformational change
and aggregation of tau protein. J. Alzheimers Dis. 2009, 17, 319-325. [CrossRef]

Weickert, S.; Wawrzyniuk, M.; John, L.H.; Rudiger, S.G.D.; Drescher, M. The mechanism of Hsp90-induced oligomerizaton of Tau.
Sci. Adv. 2020, 6, eaax6999. [CrossRef]

Kaufman, S.K.; Sanders, D.W.; Thomas, T.L.; Ruchinskas, A.J.; Vaquer-Alicea, J.; Sharma, A.M.; Miller, T.M.; Diamond, M.I. Tau
Prion Strains Dictate Patterns of Cell Pathology, Progression Rate, and Regional Vulnerability In Vivo. Neuron 2016, 92, 796-812.
[CrossRef] [PubMed]

Rossi, G.; Bastone, A.; Piccoli, E.; Mazzoleni, G.; Morbin, M.; Uggetti, A.; Giaccone, G.; Sperber, S.; Beeg, M.; Salmona, M.; et al.
New mutations in MAPT gene causing frontotemporal lobar degeneration: Biochemical and structural characterization. Neurobiol.
Aging 2012, 33, 834.e1-834.€6. [CrossRef] [PubMed]

Stein, K.C.; True, H.L. Extensive diversity of prion strains is defined by differential chaperone interactions and distinct amyloido-
genic regions. PLoS Genet. 2014, 10, €1004337. [CrossRef]

Strang, K.H.; Croft, C.L.; Sorrentino, Z.A.; Chakrabarty, P.; Golde, T.E.; Giasson, B.I. Distinct differences in prion-like seeding and
aggregation between Tau protein variants provide mechanistic insights into tauopathies. J. Biol. Chem. 2018, 293, 4579. [CrossRef]

49



Biomedicines 2021, 9, 190

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

Holmes, B.B.; Diamond, M.I. Prion-like properties of Tau protein: The importance of extracellular Tau as a therapeutic target. .
Biol. Chem. 2014, 289, 19855-19861. [CrossRef] [PubMed]

Evans, L.D.; Wassmer, T.; Fraser, G.; Smith, J.; Perkinton, M.; Billinton, A.; Livesey, E]. Extracellular Monomeric and Aggregated
Tau Efficiently Enter Human Neurons through Overlapping but Distinct Pathways. Cell Rep. 2018, 22, 3612-3624. [CrossRef]
Rauch, J.N.; Chen, J.J.; Sorum, A.W.; Miller, G.M.; Sharf, T.; See, S.K.; Hsieh-Wilson, L.C.; Kampmann, M.; Kosik, K.S. Tau
Internalization is Regulated by 6-O Sulfation on Heparan Sulfate Proteoglycans (HSPGs). Sci. Rep. 2018, 8. [CrossRef]

Jacks, R.L. Spreading the Seeds of Neurodegeneration: Tau Fibrils Enter Cells by Macroendocytosis. Ph.D. Thesis, University of
California, San Francisco, CA, USA, 2010.

Fichou, Y.; Vigers, M.; Goring, A.K.; Eschmann, N.A.; Han, S. Correction: Heparin-induced tau filaments are structurally
heterogeneous and differ from Alzheimer’s disease filaments. Chem. Commun. 2018, 54, 8653. [CrossRef] [PubMed]

Zhao, J.; Huvent, I; Lippens, G.; Eliezer, D.; Zhang, A.; Li, Q.; Tessier, P; Linhardt, R.J.; Zhang, F.; Wang, C. Glycan Determinants
of Heparin-Tau Interaction. Biophys. J. 2017, 112, 921-932. [CrossRef] [PubMed]

Stopschinski, B.E.; Holmes, B.B.; Miller, G.M.; Manon, V.A.; Vaquer-Alicea, J.; Prueitt, W.L.; Hsieh-Wilson, L.C.; Diamond, M.L.
Specific glycosaminoglycan chain length and sulfation patterns are required for cell uptake of tau versus alpha-synuclein and
beta-amyloid aggregates. J. Biol. Chem. 2018, 293, 10826-10840. [CrossRef]

Zhao, J.; Zhu, Y.; Song, X.; Xiao, Y; Su, G.; Liu, X.; Wang, Z.; Xu, Y,; Liu, |.; Eliezer, D.; et al. 3-O-Sulfation of Heparan Sulfate
Enhances Tau Interaction and Cellular Uptake. Angew. Chem. Int. Ed. Engl. 2020, 59, 1818-1827. [CrossRef] [PubMed]

Wu, J.W.; Herman, M.; Liu, L.; Simoes, S.; Acker, C.M.; Figueroa, H.; Steinberg, ].I.; Margittai, M.; Kayed, R.; Zurzolo, C.; et al.
Small misfolded Tau species are internalized via bulk endocytosis and anterogradely and retrogradely transported in neurons. J.
Biol. Chem. 2013, 288, 1856-1870. [CrossRef] [PubMed]

Morozova, V.; Cohen, L.S.; Makki, A.E.; Shur, A.; Pilar, G.; El Idrissi, A.; Alonso, A.D. Normal and Pathological Tau Uptake
Mediated by M1/M3 Muscarinic Receptors Promotes Opposite Neuronal Changes. Front. Cell Neurosci. 2019, 13, 403. [CrossRef]
Rauch, J.N.; Luna, G.; Guzman, E.; Audouard, M.; Challis, C.; Sibih, Y.E.; Leshuk, C.; Hernandez, I.; Wegmann, S.; Hyman,
B.T,; et al. LRP1 is a master regulator of tau uptake and spread. Nature 2020, 580, 381-385. [CrossRef]

Bolos, M.; Llorens-Martin, M.; Jurado-Arjona, J.; Hernandez, F.; Rabano, A.; Avila, ]. Direct Evidence of Internalization of Tau by
Microglia In Vitro and In Vivo. |. Alzheimers Dis. 2016, 50, 77-87. [CrossRef] [PubMed]

Perea, ].R.; Lopez, E.; Diez-Ballesteros, J.C.; Avila, J.; Hernandez, F.; Bol6s, M. Extracellular Monomeric Tau Is Internalized by
Astrocytes. Front. Neurosci. 2019, 13, 442. [CrossRef]

Yang, L.; Liu, C.C.; Zheng, H.; Kanekiyo, T.; Atagi, Y.; Jia, L.; Wang, D.; N’Songo, A.; Can, D.; Xu, H.; et al. LRP1 modulates the
microglial immune response via regulation of JNK and NF-kappaB signaling pathways. |. Neuroinflam. 2016, 13, 304. [CrossRef]
Liu, C.C; Hu, J.; Zhao, N.; Wang, ].; Wang, N.; Cirrito, ].R.; Kanekiyo, T.; Holtzman, D.M.; Bu, G. Astrocytic LRP1 Mediates Brain
Abeta Clearance and Impacts Amyloid Deposition. J. Soc. Neurosci. 2017, 37, 4023-4031. [CrossRef]

Braak, H.; Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 1991, 82, 239-259. [CrossRef]
Ghosh, A.; Torraville, S.E.; Mukherjee, B.; Walling, S.G.; Martin, G.M.; Harley, C.W.; Yuan, Q. An experimental model of Braak’s
pretangle proposal for the origin of Alzheimer’s disease: The role of locus coeruleus in early symptom development. Alzheimer’s
Res. Ther. 2019, 11, 59. [CrossRef]

Yoshiyama, Y.; Higuchi, M.; Zhang, B.; Huang, S.M.; Iwata, N.; Saido, T.C.; Maeda, ].; Suhara, T.; Trojanowski, ].Q.; Lee, V.M.
Synapse loss and microglial activation precede tangles in a P301S tauopathy mouse model. Neuron 2007, 53, 337-351. [CrossRef]
[PubMed]

Sasner, M. Tau P301S (Line PS19). Available online: https://www.alzforum.org/research-models/tau-p301s-line-ps19 (accessed on
4 January 2021).

Congdon, E.E.; Sigurdsson, E.M. Tau-targeting therapies for Alzheimer disease. Nat. Rev. Neurol. 2018, 14, 399-415. [CrossRef]
Liu, L.; Drouet, V.; Wu, ].W.; Witter, M.P; Small, S.A.; Clelland, C.; Duff, K. Trans-synaptic spread of tau pathology in vivo. PLoS
ONE 2012, 7, €31302. [CrossRef]

Bolos, M.; Llorens-Martin, M.; Perea, ].R.; Jurado-Arjona, J.; Rabano, A.; Hernandez, F.; Avila, J. Absence of CX3CR1 impairs the
internalization of Tau by microglia. Mol. Neurodegener. 2017, 12, 59. [CrossRef]

Song, J.X.; Malampati, S.; Zeng, Y.; Durairajan, S.5.K.; Yang, C.B.; Tong, B.C.; Iyaswamy, A.; Shang, W.B.; Sreenivasmurthy, 5.G.;
Zhu, Z.; et al. A small molecule transcription factor EB activator ameliorates beta-amyloid precursor protein and Tau pathology
in Alzheimer’s disease models. Aging Cell 2020, 19, €13069. [CrossRef]

Sidoryk-Wegrzynowicz, M.; Struzynska, L. Astroglial contribution to tau-dependent neurodegeneration. Biochem. ]. 2019, 476,
3493-3504. [CrossRef]

Maphis, N.; Xu, G.; Kokiko-Cochran, O.N; Jiang, S.; Cardona, A.; Ransohoff, R.M.; Lamb, B.T.; Bhaskar, K. Reactive microglia
drive tau pathology and contribute to the spreading of pathological tau in the brain. Brain 2015, 138, 1738-1755. [CrossRef]
Ising, C.; Venegas, C.; Zhang, S.; Scheiblich, H.; Schmidt, S.V.; Vieira-Saecker, A.; Schwartz, S.; Albasset, S.; McManus, R.M.;
Tejera, D.; et al. NLRP3 inflammasome activation drives tau pathology. Nature 2019, 575, 669-673. [CrossRef] [PubMed]

Asai, H.; Tkezu, S.; Tsunoda, S.; Medalla, M.; Luebke, J.; Haydar, T.; Wolozin, B.; Butovsky, O.; Kugler, S.; Ikezu, T. Depletion of
microglia and inhibition of exosome synthesis halt tau propagation. Nat. Neurosci. 2015, 18, 1584-1593. [CrossRef]

Iwata, M.; Watanabe, S.; Yamane, A.; Miyasaka, T.; Misonou, H. Regulatory mechanisms for the axonal localization of tau protein
in neurons. Mol. Biol. Cell 2019, 30, 2441-2457. [CrossRef]

50



Biomedicines 2021, 9, 190

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Zempel, H.; Mandelkow, E. Lost after translation: Missorting of Tau protein and consequences for Alzheimer disease. Trends
Neurosci. 2014, 37, 721-732. [CrossRef]

de Calignon, A.; Polydoro, M.; Suarez-Calvet, M.; William, C.; Adamowicz, D.H.; Kopeikina, K.J.; Pitstick, R.; Sahara, N.; Ashe,
K.H.; Carlson, G.A; et al. Propagation of tau pathology in a model of early Alzheimer’s disease. Neuron 2012, 73, 685-697.
[CrossRef]

Maia, L.F; Kaeser, S.A.; Reichwald, J.; Hruscha, M.; Martus, P.; Staufenbiel, M.; Jucker, M. Changes in amyloid-beta and Tau in the
cerebrospinal fluid of transgenic mice overexpressing amyloid precursor protein. Sci. Transl. Med. 2013, 5, 194re192. [CrossRef]
Siskova, Z.; Justus, D.; Kaneko, H.; Friedrichs, D.; Henneberg, N.; Beutel, T.; Pitsch, J.; Schoch, S.; Becker, A.; von der Kammer,
H.; et al. Dendritic structural degeneration is functionally linked to cellular hyperexcitability in a mouse model of Alzheimer’s
disease. Neuron 2014, 84, 1023-1033. [CrossRef] [PubMed]

Wu, J.W.; Hussaini, S.A.; Bastille, LM.; Rodriguez, G.A.; Mrejeru, A_; Rilett, K.; Sanders, D.W.; Cook, C.; Fu, H.; Boonen, R.A; et al.
Neuronal activity enhances tau propagation and tau pathology in vivo. Nat. Neurosci. 2016, 19, 1085-1092. [CrossRef] [PubMed]
Assefa, B.T.; Gebre, A K.; Altaye, B.M. Reactive Astrocytes as Drug Target in Alzheimer’s Disease. Biomed. Res. Int. 2018,
2018, 4160247. [CrossRef]

Amadoro, G.; Ciotti, M.T.; Costanzi, M.; Cestari, V.; Calissano, P.; Canu, N. NMDA receptor mediates tau-induced neurotoxicity
by calpain and ERK/MAPK activation. Proc. Natl. Acad. Sci. USA 2006, 103, 2892-2897. [CrossRef] [PubMed]

Hynd, M.R;; Scott, H.L.; Dodd, PR. Glutamate-mediated excitotoxicity and neurodegeneration in Alzheimer’s disease. Neurochem.
Int. 2004, 45, 583-595. [CrossRef] [PubMed]

Greenhalgh, A.D.; David, S.; Bennett, F.C. Immune cell regulation of glia during CNS injury and disease. Nat. Rev. Neurosci. 2020,
21, 139-152. [CrossRef] [PubMed]

Hopp, S.C.; Lin, Y.; Oakley, D.; Roe, A.D.; DeVos, S.L.; Hanlon, D.; Hyman, B.T. The role of microglia in processing and spreading
of bioactive tau seeds in Alzheimer’s disease. |. Neuroinflam. 2018, 15, 269. [CrossRef]

Lloyd, A.F; Davies, C.L.; Miron, V.E. Microglia: Origins, homeostasis, and roles in myelin repair. Curr. Opin. Neurobiol. 2017, 47,
113-120. [CrossRef]

Song, L.; Yuan, X; Jones, Z.; Vied, C.; Miao, Y.; Marzano, M.; Hua, T.; Sang, Q.A.; Guan, J.; Ma, T.; et al. Functionalization of Brain
Region-specific Spheroids with Isogenic Microglia-like Cells. Sci. Rep. 2019, 9, 11055. [CrossRef]

Perea, ].R.; Llorens-Martin, M.; Avila, J.; Bolos, M. The Role of Microglia in the Spread of Tau: Relevance for Tauopathies. Front.
Cell Neurosci. 2018, 12, 172. [CrossRef]

Wolf, S.A.; Boddeke, H.W.; Kettenmann, H. Microglia in Physiology and Disease. Anniu. Rev. Physiol. 2017, 79, 619-643. [CrossRef]
[PubMed]

Limatola, C.; Ransohoff, R.M. Modulating neurotoxicity through CX3CL1/CX3CR1 signaling. Front. Cell Neurosci. 2014, 8, 229.
[CrossRef]

Graeber, M.B. Changing face of microglia. Science 2010, 330, 783-788. [CrossRef]

Cho, S.H.; Sun, B.; Zhou, Y.; Kauppinen, T.M.; Halabisky, B.; Wes, P.; Ransohoff, RM.; Gan, L. CX3CR1 protein signaling
modulates microglial activation and protects against plaque-independent cognitive deficits in a mouse model of Alzheimer
disease. J. Biol. Chem. 2011, 286, 32713-32722. [CrossRef]

Kim, T.S,; Lim, HK; Lee, ].Y,; Kim, D.J.; Park, S.; Lee, C.; Lee, C.U. Changes in the levels of plasma soluble fractalkine in patients
with mild cognitive impairment and Alzheimer’s disease. Neurosci. Lett. 2008, 436, 196-200. [CrossRef]

Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, TK.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276-1290.e1217. [CrossRef]

Bhaskar, K.; Konerth, M.; Kokiko-Cochran, O.N.; Cardona, A.; Ransohoff, R.M.; Lamb, B.T. Regulation of tau pathology by the
microglial fractalkine receptor. Neuron 2010, 68, 19-31. [CrossRef]

Chidambaram, H.; Das, R.; Chinnathambi, S. Interaction of Tau with the chemokine receptor, CX3CR1 and its effect on microglial
activation, migration and proliferation. Cell Biosci. 2020, 10, 1-9. [CrossRef]

Nash, K.R.; Lee, D.C.; Hunt, ].B., Jr.; Morganti, ].M.; Selenica, M.L.; Moran, P.; Reid, P.; Brownlow, M.; Guang-Yu Yang, C.;
Savalia, M.; et al. Fractalkine overexpression suppresses tau pathology in a mouse model of tauopathy. Neurobiol. Aging 2013, 34,
1540-1548. [CrossRef]

Halle, A.; Hornung, V.; Petzold, G.C.; Stewart, C.R.; Monks, B.G.; Reinheckel, T.; Fitzgerald, K.A.; Latz, E.; Moore, K.J.; Golenbock,
D.T. The NALP3 inflammasome is involved in the innate immune response to amyloid-beta. Nat. Immunol. 2008, 9, 857-865.
[CrossRef]

Swanson, K.V.; Deng, M.; Ting, ].P. The NLRP3 inflammasome: Molecular activation and regulation to therapeutics. Nat. Rev.
Immunol. 2019, 19, 477-489. [CrossRef] [PubMed]

Stancu, I.C.; Cremers, N.; Vanrusselt, H.; Couturier, J.; Vanoosthuyse, A.; Kessels, S.; Lodder, C.; Brone, B.; Huaux, F.; Octave,
J.N; et al. Aggregated Tau activates NLRP3-ASC inflammasome exacerbating exogenously seeded and non-exogenously seeded
Tau pathology in vivo. Acta Neuropathol. 2019, 137, 599-617. [CrossRef] [PubMed]

Zhang, Y.; Dong, Z.; Song, W. NLRP3 inflammasome as a novel therapeutic target for Alzheimer’s disease. Signal Transduct. Target
Ther. 2020, 5, 37. [CrossRef]

51



Biomedicines 2021, 9, 190

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Bahrini, I.; Song, ].H.; Diez, D.; Hanayama, R. Neuronal exosomes facilitate synaptic pruning by up-regulating complement
factors in microglia. Sci. Rep. 2015, 5, 7989. [CrossRef] [PubMed]

Pascual, M.; Ibanez, F.; Guerri, C. Exosomes as mediators of neuron-glia communication in neuroinflammation. Neural Regen. Res.
2020, 15, 796-801. [CrossRef]

Calafate, S.; Buist, A.; Miskiewicz, K.; Vijayan, V.; Daneels, G.; de Strooper, B.; de Wit, ].; Verstreken, P.; Moechars, D. Synaptic
Contacts Enhance Cell-to-Cell Tau Pathology Propagation. Cell Rep. 2015, 11, 1176-1183. [CrossRef]

Kalus, P; Slotboom, J.; Gallinat, J.; Mahlberg, R.; Cattapan-Ludewig, K.; Wiest, R.; Nyffeler, T.; Buri, C.; Federspiel, A.; Kunz,
D.; et al. Examining the gateway to the limbic system with diffusion tensor imaging: The perforant pathway in dementia.
Neuroimage 2006, 30, 713-720. [CrossRef]

Perea, G.; Navarrete, M.; Araque, A. Tripartite synapses: Astrocytes process and control synaptic information. Trends Neurosci.
2009, 32, 421-431. [CrossRef]

Cahoy, ].D.; Emery, B.; Kaushal, A.; Foo, L.C.; Zamanian, ].L.; Christopherson, K.S.; Xing, Y.; Lubischer, ].L.; Krieg, P.A.; Krupenko,
S.A.; etal. A transcriptome database for astrocytes, neurons, and oligodendrocytes: A new resource for understanding brain
development and function. . Neurosci. 2008, 28, 264-278. [CrossRef] [PubMed]

Kim, Y,; Park, J.; Choi, Y.K. The Role of Astrocytes in the Central Nervous System Focused on BK Channel and Heme Oxygenase
Metabolites: A Review. Antioxidants 2019, 8, 121. [CrossRef] [PubMed]

Li, Y,; Cheng, D.; Cheng, R.; Zhu, X.; Wan, T; Liu, J.; Zhang, R. Mechanisms of U87 astrocytoma cell uptake and trafficking of
monomeric versus protofibril Alzheimer’s disease amyloid-beta proteins. PLoS ONE 2014, 9, €99939. [CrossRef]

Martini-Stoica, H.; Cole, A.L.; Swartzlander, D.B.; Chen, F; Wan, Y.W.; Bajaj, L.; Bader, D.A_; Lee, VM.Y.; Trojanowski, ].Q.; Liu,
Z.; et al. TFEB enhances astroglial uptake of extracellular tau species and reduces tau spreading. J. Exp. Med. 2018, 215, 2355-2377.
[CrossRef]

Piacentini, R.; Li Puma, D.D.; Mainardi, M.; Lazzarino, G.; Tavazzi, B.; Arancio, O.; Grassi, C. Reduced gliotransmitter release
from astrocytes mediates tau-induced synaptic dysfunction in cultured hippocampal neurons. Glia 2017, 65, 1302-1316. [CrossRef]
[PubMed]

Scuderi, C.; Facchinetti, R.; Steardo, L.; Valenza, M. Neuroinflammation in Alzheimer’s Disease: Friend or Foe? FASEB |. 2020, 34.
[CrossRef]

Nilsen, L.H.; Rae, C.; Ittner, L.M.; Gotz, ]J.; Sonnewald, U. Glutamate metabolism is impaired in transgenic mice with tau
hyperphosphorylation. ]. Cereb. Blood Flow Metab. 2013, 33, 684-691. [CrossRef]

Sidoryk-Wegrzynowicz, M.; Gerber, Y.N.; Ries, M.; Sastre, M.; Tolkovsky, A.M.; Spillantini, M.G. Astrocytes in mouse models
of tauopathies acquire early deficits and lose neurosupportive functions. Acta Neuropathol. Commun. 2017, 5, 89. [CrossRef]
[PubMed]

Sonnewald, U.; Westergaard, N.; Schousboe, A. Glutamate transport and metabolism in astrocytes. Glia 1997, 21, 56-63. [CrossRef]
Corréa, S.A.; Eales, K.L. The role of p38 MAPK and its substrates in neuronal plasticity and neurodegenerative disease. ]. Signal
Transduct. 2012, 2012. [CrossRef]

Tesseur, I.; Van Dorpe, J.; Spittaels, K.; Van den Haute, C.; Moechars, D.; Van Leuven, F. Expression of human apolipoprotein E4 in
neurons causes hyperphosphorylation of protein tau in the brains of transgenic mice. Am. J. Pathol. 2000, 156, 951-964. [CrossRef]
Shi, Y,; Yamada, K.; Liddelow, S.A.; Smith, S.T.; Zhao, L.; Luo, W.; Tsai, R.M.; Spina, S.; Grinberg, L.T.; Rojas, ].C.; et al. ApoE4
markedly exacerbates tau-mediated neurodegeneration in a mouse model of tauopathy. Nature 2017, 549, 523-527. [CrossRef]
Lin, Y.T;; Seo, J.; Gao, E; Feldman, H.M.; Wen, H.L.; Penney, J.; Cam, H.P.; Gjoneska, E.; Raja, W.K.; Cheng, ].; et al. APOE4 Causes
Widespread Molecular and Cellular Alterations Associated with Alzheimer’s Disease Phenotypes in Human iPSC-Derived Brain
Cell Types. Neuron 2018, 98, 1294. [CrossRef]

Wang, C.; Najm, R; Xu, Q.; Jeong, D.E.; Walker, D.; Balestra, M.E.; Yoon, S.Y.; Yuan, H.; Li, G.; Miller, Z.A; et al. Gain of toxic
apolipoprotein E4 effects in human iPSC-derived neurons is ameliorated by a small-molecule structure corrector. Nat. Med. 2018,
24, 647-657. [CrossRef]

Friedberg, J.S.; Aytan, N.; Cherry, ].D.; Xia, W.; Standring, O.].; Alvarez, V.E.; Nicks, R.; Svirsky, S.; Meng, G.; Jun, G.; et al.
Associations between brain inflammatory profiles and human neuropathology are altered based on apolipoprotein E epsilon4
genotype. Sci. Rep. 2020, 10, 2924. [CrossRef]

Alavi Naini, S.M.; Soussi-Yanicostas, N. Heparan Sulfate as a Therapeutic Target in Tauopathies: Insights from Zebrafish. Front.
Cell Dev. Biol. 2018, 6, 163. [CrossRef]

Zahid, A ; Li, B.; Kombe, A.].K; Jin, T.; Tao, J. Pharmacological Inhibitors of the NLRP3 Inflammasome. Front. Immunol. 2019, 10,
2538. [CrossRef]

Thawkar, B.S.; Kaur, G. Inhibitors of NF-kappaB and P2X7/NLRP3/Caspase 1 pathway in microglia: Novel therapeutic
opportunities in neuroinflammation induced early-stage Alzheimer’s disease. ]. Neuroimmunol. 2019, 326, 62-74. [CrossRef]
[PubMed]

Shelton, L.B.; Baker, ].D.; Zheng, D.; Sullivan, L.E.; Solanki, P.K.; Webster, ]. M.; Sun, Z.; Sabbagh, ].J.; Nordhues, B.A.; Koren, J.,
3rd; et al. Hsp90 activator Ahal drives production of pathological tau aggregates. Proc. Natl. Acad. Sci. USA 2017, 114, 9707-9712.
[CrossRef]

Fan, Q.; He, W.; Gayen, M.; Benoit, M.R.; Luo, X.; Hu, X,; Yan, R. Activated CX3CL1/Smad2 Signals Prevent Neuronal Loss and
Alzheimer’s Tau Pathology-Mediated Cognitive Dysfunction. . Neurosci. 2020, 40, 1133-1144. [CrossRef]

52



Biomedicines 2021, 9, 190

113.

114.

115.

116.

117.

Vizi, E.S.; Kisfali, M.; Lorincz, T. Role of nonsynaptic GluN2B-containing NMDA receptors in excitotoxicity: Evidence that
fluoxetine selectively inhibits these receptors and may have neuroprotective effects. Brain Res. Bull. 2013, 93, 32-38. [CrossRef]
[PubMed]

Companys-Alemany, J.; Turcu, A.L.; Bellver-Sanchis, A.; Loza, M.L; Brea, ].M.; Canudas, A.M.; Leiva, R.; Vazquez, S.; Pallas,
M.; Grinan-Ferre, C. A Novel NMDA Receptor Antagonist Protects against Cognitive Decline Presented by Senescent Mice.
Pharmaceutics 2020, 12, 284. [CrossRef]

Perez-Nievas, B.G.; Serrano-Pozo, A. Deciphering the Astrocyte Reaction in Alzheimer’s Disease. Front. Aging Neurosci. 2018,
10, 114. [CrossRef] [PubMed]

Kong, Q.; Chang, L.C.; Takahashi, K.; Liu, Q.; Schulte, D.A.; Lai, L.; Ibabao, B.; Lin, Y.; Stouffer, N.; Das Mukhopadhyay,
C.; et al. Small-molecule activator of glutamate transporter EAAT? translation provides neuroprotection. J. Clin. Invest. 2014, 124,
1255-1267. [CrossRef] [PubMed]

Rosenberg, J.B.; Kaplitt, M.G.; De, B.P.; Chen, A.; Flagiello, T.; Salami, C.; Pey, E.; Zhao, L.; Ricart Arbona, R.J.; Monette, S.; et al.
AAVrh.10-Mediated APOE2 Central Nervous System Gene Therapy for APOE4-Associated Alzheimer’s Disease. Hum. Gene Ther.
Clin. Dev. 2018, 29, 24-47. [CrossRef]

53






. biomedicines ﬁw\o\py

Article

SIRT1-Dependent Upregulation of BDNF in Human Microglia
Challenged with Af3: An Early but Transient Response Rescued
by Melatonin

Grazia Ilaria Caruso *, Simona Federica Spampinato, Giuseppe Costantino ¥, Sara Merlo *§ and
Maria Angela Sortino *$

Department of Biomedical and Biotechnological Sciences, Section of Pharmacology, University of Catania, Via

Santa Sofia 97, 95123 Catania, Italy; grazia.caruso@outlook.it (G.I.C.); simona_spampinato@hotmail.com (S.ES.);

giuseppe.costantino@unifg.it (G.C.)

* Correspondence: sara_merlo@hotmail.com (S.M.); msortino@unict.it (M.A.S.)

t Ph.D. Program in Biotechnologies, Department of Biomedical and Biotechnological Sciences, University of
Catania, 95123 Catania, Italy.

f Ph.D. Program in Neuroscience and Education, DISCUM, University of Foggia, 71121 Foggia, Italy.

§ Co-last authors that contributed equally to the supervision of this work.

Abstract: Microglia represent a first-line defense in the brain. However, in pathological conditions
such as Alzheimer’s disease (AD), a pro-inflammatory switch may occur, leading to loss of protective
functions. Using the human microglial cell line HMC3, we showed that exposure to low concen-
trations of $-amyloid peptide 1-42 (AB42; 0.2 uM) initially (6 h) upregulated anti-inflammatory
markers interleukin (IL)-4, IL-13, and brain-derived neurotrophic factor (BDNF). BDNF increase
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of BDNF in Human Microglia which was promptly (30 min) phosphorylated by AB42, while the AMPK inhibitor BML-275 (2 uM)
Challenged with AB: An Early but attenuated Ap42-induced SIRT1 increase. Initially observed microglial responses appeared transient,
Transient Response Rescued by as microglial features changed when exposure to Ap42 was prolonged (0.2 uM for 72 h). While
Melatonin. Biomedicines 2021, 9, 466. SIRT1 and BDNF levels were reduced, the expression of inflammatory markers IL-13 and tumor
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necrosis factor (TNF)-« increased. This coincided with a rise in NF-kB nuclear localization. The
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protective potential. Melatonin was able to prolong SIRT1 and BDNF upregulation, as well as to
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prevent NF-kB nuclear translocation and acetylation. These effects were sensitive to the melatonin
Received: 26 March 2001 receptor antagonist, luzindole (25 uM). In conclusion, our data define an early microglial defensive
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hypothesis, initial accumulation of the aggregation-prone 42 amino acid-long isoform of
AP (AP42) is the result of an imbalance between its production and/or clearance, leading
to abnormally high concentrations of oligomers that hold potential for neurotoxicity upon
chronic exposure [5]. A3 can directly interact with neuronal surface molecules, damage the
cell membrane, and be internalized with ensuing oxidative stress [8]. Interestingly, however,
glial cells can respond to rising concentrations of A oligomers activating to oppose its
buildup and its neurotoxicity. Microglia, in particular, interact with Ap through a variety
of receptors and are the main effectors of its clearance, exerting an initial anti-inflammatory
response [9-12]. However, the clearing and neuroprotective functions of microglia may
become insufficient upon excessive A buildup, triggering a pro-inflammatory phenotypic
switch [13]. In agreement, data from both AD patients and animal studies reported an
increased expression of neuroinflammatory cytokines with disease progression, which
coincided with a significant reduction of BDNF levels in cognition-related brain structures
and in serum [14]. On these bases, targeting microglia to enhance/prolong their beneficial
functions and halt/delay pro-inflammatory polarization has been proposed to represent a
successful strategy [15,16].

Among candidate effectors for neuroprotection against neurodegenerative diseases,
including AD, is Silent Information Regulator 2 homolog 1 (SIRT1) [17-20]. SIRT1 is an
NAD"-dependent deacetylase that modulates gene expression by deacetylation of histones
and transcription factors. Among its targets is NF-kB, accounting for the anti-inflammatory
actions of the enzyme [21,22]. In particular, SIRT1 has been shown to affect several processes
in the pathogenesis of AD, from A synthesis to tau toxicity, and declines in its levels have
been suggested to mirror disease progression [23-25].

An interesting candidate activator of SIRT1 is melatonin, an endogenous neurohor-
mone shown to be pleiotropic and neuroprotective in neurodegenerative conditions [26]
including AD [27], Parkinson’s disease [28], hypoxia/ischemia [29], and spinal cord in-
jury [30]. Animal and human studies showed that the use of melatonin is safe in short-
and long-term treatments. Only mild and no serious adverse effects have in fact been
reported so far [31]. Melatonin is able to exert neuroprotection through different cellular
mechanisms, including activation of antiapoptotic pathways, upregulation of anti-oxidant
enzymes, and inhibition of pro-inflammatory signaling [26,32]. The hormone mainly acts
through cell membrane G protein-coupled receptors, MT1 and MT?2 [33,34], both widely
distributed in different brain areas and expressed by both neuronal and glial cells [35]. In
addition, intracellular binding sites have been reported, namely the quinone reductase
enzyme MT3 [36] and the retinoic acid-related orphan receptors RORs [37]. Non-receptor-
mediated actions reported for melatonin include the direct detoxification of reactive oxygen
and nitrogen species [38]. In AD, melatonin-mediated neuroprotective mechanisms include
anti-amyloidogenic actions [39,40], synaptic stabilization [41], and promotion of neurogen-
esis [42]. Clinical studies are currently underway to determine the potential of melatonin
administration against sleep alterations and related decline in cognitive functions in AD,
with so far positive results [43].

Based on these premises, and moving from our previous work showing the early
contribution of microglia to neuroprotection [11], we here aimed to characterize the time
course of beneficial microglial responses to low concentrations of A, using an in vitro
system to mimic the very initial events in AD development. For this purpose, we used
the human microglial cell line HMC3. Furthermore, we evaluated the involvement of
SIRT1 and the ability of melatonin to target SIRT1 in order to enhance microglial anti-
inflammatory functions, hindering the pro-inflammatory switch.

2. Materials and Methods
2.1. Drugs and Reagents

Amyloid 3 peptide 1-42 (A42) from Innovagen (Lund, Sweden) was prepared ac-
cording to the protocol previously used in our lab [44]. Briefly, Ap was dissolved in
dimethylsulfoxide (DMSO; Sigma-Merck, Darmstadt, Germany) as a 5 mM stock, subse-
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quently diluted to 100 uM in a culture medium, and enriched in oligomers by aggregation
at RT for 24 h, followed by at least two freeze—thaw cycles prior to use. Melatonin, EX527
(Santa Cruz Biotechnologies, Santa Cruz, CA, USA), and BML-275 (Enzo Life Sciences Inc.,
Farmingdale, NY, USA) were dissolved in DMSO as 10 mM stocks and further diluted in
a culture medium for experiments. Both EX527 and BML-275 were always added 15 min
before other drugs. Luzindole (Tocris, Bristol, UK) was dissolved in DMSO as 50 mM stock
and further diluted in culture medium for experiments, where it was always added 30 min
before other drugs. Golgi inhibitor brefeldin-A (Thermofisher Scientific, Waltham, MA, USA)
was dissolved in DMSO as a 10 mg/mL stock and added during the last 3 h of treatment.

2.2. Cell Cultures

The HMC3 human microglial cell line (ATTC, LGC Standards, Manassas, VA, USA)
was grown in Eagle’s Minimum Essential Medium (EMEM; Thermofisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermofisher
Scientific,Waltham, MA, USA) and penicillin (100 U/mL)/streptomycin (100 pug/mL) at 37
°C and in a 5% CO, atmosphere. Based on experimental needs, cells were plated with the
following densities: 800 k cells/well in six-well plates, 15 k cells/well in 96-well plates (all
plastic from Falcon, Milan, Italy), or 8 k cells/well in eight-well microslides (Ibidi, Grafelf-
ing, Germany). For morphological observation, cells were stained with the fluorescent dye
FM® 143 (5 uM for 15 min; Thermofisher Scientific, Waltham, MA, USA).

2.3. Quantitative Real-Time Polymerase Chain Reaction

Cells were collected and total RNA extracted using the RNeasy Plus Mini Kit (Qiagen,
Milan, Italy). RNA concentration was determined using Nanodrop spectrophotometer
ND-1000 (Thermofisher Scientific, Waltham, MA, USA), and 2 ug of RNA were reverse
transcribed using Superscript-VILO kit (Thermofisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. Quantitative real-time PCR (qQRT-PCR) was
performed on a 1:300 dilution of the reverse transcription reaction per sample, using the
Rotor-Gene Q and Qiagen QuantiNova SYBR Green Real Time-PCR Kit. Primers are listed
in Table 1 and were all from Qiagen. RPLP0 was used as the endogenous control. Melting
curve analysis confirmed the specificity of the amplified products. Data were analyzed
applying the AACt method and expressed as fold change vs. control.

Table 1. Primers used for gRT-PCR.

Gene Primer Cat. No.
BDNF Hs_BDNF_1_SG QuantiTect Primer Assay QT00235368
IL-13 Hs_IL13_1_SG QuantiTect Primer Assay QT00000511
1L-4 Hs_IL4_1_SG QuantiTect Primer Assay QT00012565
TNFx Hs_TNF_1_SG QuantiTect Primer Assay QT00029162
IL-1p3 Hs_IL1B_1_SG QuantiTect Primer Assay QT00021385
RPLPO Hs_RPLP0_1_SG QuantiTect Primer Assay QT00075012

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Levels of BDNF in medium from HMCS3 cells plated in 96-well microplates were
determined using the Biosensis® BDNF RapidTM ELISA kit (Biosensis Pty Ltd., Thebarton,
SA, Australia), strictly following the manufacturer’s instructions. Absorbance at 450 nm
was measured with a VarioskanTM Flash Multimode Reader.

2.5. Western Blot

Cells were collected and lysed in M-PER® Mammalian Protein Extraction Reagent
(Thermofisher Scientific, Waltham, MA, USA) supplemented with anti-protease and anti-
phosphatase cocktails (Sigma-Merck, Darmstadt, Germany). Samples were sonicated, and
centrifuged at high speed for 5 min at 4 °C, and protein concentration was determined by
a Bradford reagent (Sigma-Merck, Darmstadt, Germany), according to the manufacturer’s
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instructions. Absorbance was measured with a VarioskanTM Flash Multimode Reader.
Nuclear and cytoplasmic fractions were extracted using the Subcellular Protein Fraction-
ation Kit for Cultured Cells (Thermofisher Scientific, Waltham, MA, USA), according
to the manufacturer’s instructions. Sodium dodecyl sulfate-poly-acrylamide gel elec-
trophoresis (SDS-PAGE) was performed by loading equal amounts of protein extracts per
experiment on pre-cast “any-kDa” or 4-20% gradient gels (Bio-Rad, Hercules, CA, USA)
followed by transfer to nitrocellulose membrane (Hybond ECL, Amersham Biosciences Eu-
rope GmbH, Milan, Italy) using a Transblot semidry transfer cell (Bio-Rad, Hercules,
CA, USA). Membranes were blocked with a Blocker FL Fluorescent Blocking buffer
(Thermofisher Scientific, Waltham, MA, USA) and incubated with primary antibodies
overnight at 4 °C. The primary antibodies used were mouse anti-BDNF (1:900; Ther-
mofisher Scientific, Waltham, MA, USA, Cat. No. MA5-34960), rabbit anti-SIRT1(H300)
(1:400; Santa Cruz Biotechnologies, Santa Cruz, CA, USA, Cat. No. sc-15404), rabbit
anti-NF-kBp65 (1:400; Thermofisher Scientific, Waltham, MA, USA, Cat. No. PA1-186),
rabbit anti-f3-actin (1:5000; Sigma-Merck, Darmstadt, Germany, Cat. No. A2066), mouse
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:5000; Millipore, Billerica,
MA, USA, Cat. No. MAB374), and mouse anti-lamin B1 (1:1000; Santa Cruz Biotechnolo-
gies, Santa Cruz, CA, USA, Cat. No. sc-365214). Membranes were then washed and
exposed to appropriate secondary antibodies for 45 min at RT as follows: AlexaFluor (AF)
647-conjugated anti-rabbit (1:2000; Thermofisher Scientific, Waltham, MA, USA), AF488
Plus-conjugated anti-rabbit (1:2000; Thermofisher Scientific, Waltham, MA, USA), and
AF488 Plus-conjugated anti-mouse (1:5000; Thermofisher Scientific, Waltham, MA, USA).
The detection of specific bands was carried out using the iBright FL1500 Imaging System
(Thermofisher Scientific, Waltham, MA, USA). Band intensity was analyzed using the Image]
software, developed by the National Institutes of Health (NIH) and in the public domain.

2.6. Immunoprecipitation (IP) & SIRT1 Activity Assay

Cell lysates were obtained as described in the Western blot section above. An amount
of 350 pg of extracted proteins was diluted in a final volume of 500 pL with M-PER lysis
buffer and incubated with 2 ug of rabbit anti-SIRT1(H300) primary antibody (1:400; Santa
Cruz Biotechnologies, Santa Cruz, CA, USA, Cat. No. sc-15404) for 24 h at 4 °C. Next, 20 uL
of Protein A /G PLUS-Agarose beads (Santa Cruz Biotechnologies, Santa Cruz, CA, USA,
Sc-2002) were added, followed by incubation at 4 °C overnight. The mixture was cen-
trifuged at 2500 rpm for 5 min at 4 °C. The supernatant was discarded, and the co-IP
products were washed five times with PBS. After the final wash, the precipitates were
resuspended in 30 uL of assay buffer from the SIRT1 activity assay kit. Enzyme activity was
assayed with SIRT1 Fluorometric Drug Discovery Kit (Enzo Life Sciences Inc., Farmingdale,
NY, USA) according to the manufacturer’s instructions.

2.7. Immunocytochemistry

Cells were fixed using InsideFix Solution (Miltenyi Biotec, Bologna, Italy) and incu-
bated overnight at 4 °C with primary antibodies diluted in InsidePerm solution (Miltenyi,
Bologna, Italy). The antibodies used were rabbit anti-SIRT1(H300) (1:400; Santa Cruz
Biotechnologies, Santa Cruz, CA, USA, Cat. No. sc-15404) and rabbit anti-acetyl-NF-kB
p65 (Lys310) (1:30; Cell Signaling, Danvers, MA, USA, Cat. No. 3045). After washing, cells
were incubated with secondary antibodies, diluted in InsidePerm solution, for 45 min RT.
The secondary antibodies used were AF488-anti-mouse (1:300; Thermofisher Scientific,
Waltham, MA, USA) and AF488-anti-rabbit (1:300; Thermofisher Scientific, Waltham, MA,
USA). After washing, slides were mounted with 4’,6-diamidino-2-phenylindole (DAPI)-
containing mounting solution (Sigma-Merck, Darmstadt, Germany). Digital images were
captured with a Zeiss Observer.Z1 microscope equipped with the Apotome.2 acquisition
system (Zeiss, Oberkochen, Germany). The number of immunopositive cells with nuclear
SIRT1 was determined by cell counting in at least five randomly selected fields/well.
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2.8. Statistical Analysis

All data were from three or more independent experiments run at least in triplicate. All
experimental values are presented as the mean 4 SEM. Statistical analyses were performed,
as appropriate, by Student’s t-test and one- or two-way ANOVA followed by Newman-—
Keuls post-hoc test using GraphPad Prism Software (GraphPad Software, San Diego, CA,
USA). p < 0.05 was the criterion for statistical significance.

3. Results
3.1. Microglia Respond to AB42 with Transient SIRT1-Mediated BDNF Upregulation That Is
Prolonged by Melatonin

The ability of HMC3 microglia to upregulate BDNF in response to a short exposure to
AP42 was initially analyzed at the mRNA level by qRT-PCR. To this end, a low concentra-
tion of 0.2 uM and a higher one of 2 uM were initially tested. Results confirmed that only
the lowest concentration (0.2 uM) induced a significant short-term increase of BDNF mRNA
at 6 h (fold change of 1.42 4 0.06 vs. C). In contrast, at the higher concentration of 2 uM,
this effect was not present (fold change of 0.96 + 0.12 vs. C). Based on this preliminary
evidence, subsequent experiments were carried out using 0.2 M of A342.

Western blot analysis was then performed to determine protein levels of BDNF shortly
after AB42 exposure. In these experiments, brefeldin A (5 ug/mL) was added during
the last 3 h of treatment, in order to prevent BDNF release and maximize its detection.
Because of brefeldin A interference with the protein maturation pathway, a pre-pro isoform
of BDNF of about 35 kDa was detected. Microglia responded to A342 with a significant
increase in BDNF protein expression (Figure 1A). To examine the involvement of SIRT1 as
a mediator of this effect, selective SIRT1 inhibitor EX527 (5 uM) was added in combination
with AB42. Results show that in these conditions, the BDNF increase was prevented
(Figure 1A). Released BDNF levels were then assayed by ELISA in a conditioned medium
at 6 and 24 h and after a prolonged exposure to A342 for 72 h. While no effect was detected
at 6 h (not shown), released BDNF levels were significantly augmented compared to control
at 24 h, an effect sensitive to EX527 (5 uM; Figure 1B). When treatments were prolonged to
72 h, microglia lost their ability to upregulate BDNF release in response to Ap42 (Figure 1C).
Melatonin was thus tested in these conditions for its ability to contrast BDNF reduction.
As shown in Figure 1C, in the presence of 1 uM of melatonin, BDNF levels were still
significantly higher than in control or AB42-treated cells. Notably, melatonin’s effect was
prevented by the addition of EX527 (5 uM) and of the mixed MT1/MT2 melatonin receptor
antagonist luzindole (25 uM), indicating a SIRT1-mediated and receptor-dependent action.
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Figure 1. BDNF expression in HMC3 cells upon AB42 exposure. In (A,B), cells were treated with AB42 (0.2 tM) alone
or in combination with SIRT1-selective inhibitor EX527 (EX, 5 uM). In (A), Western blot analysis of the intracellular con-
tent of BDNF at 6 h in the presence of brefeldin A (5 ng/mL). A representative blot is shown. ELISA determinations of
released BDNF are reported at 24 h (B) and 72 h (C). In panel (C), melatonin (MEL, 1 uM) was added to Ap42, alone
or in combination with EX or luzindole (LUZ, 25 uM). Results are the mean + SEM of 3-5 independent experiments.
*p <005vs. Cand ** p <0.05vs. AB (B) or vs. AB+MEL (C) by one-way ANOVA followed by Newman Keuls test

for significance.
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3.2. Microglia Undergo a Pro-Inflammatory Switch Following Prolonged AB42 Exposure

To correlate transient BDNF induction after exposure to A 342 with the state of polariza-
tion of human HMC3 microglial cells, gene expression of anti- and pro-inflammatory mark-
ers was evaluated by qRT-PCR at 3 and 72 h. The anti-inflammatory markers interleukin (IL)
13 and IL4 were significantly induced shortly after exposure to A42 (Figure 2A), but were
downregulated after prolonged treatment (Figure 2B). On the contrary, pro-inflammatory
markers TNFx and IL13 were not modified after short exposure to AB42 (Figure 2A), but
were increased after prolonged exposure (Figure 2B). This is indicative of a microglial
switch towards a pro-inflammatory phenotype after prolonged A(342 exposure.
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Figure 2. Time course of HMC3 microglial polarization. Cells were treated with 0.2 uM of AB42. 3 h (A) or 72 h (B).
Expression of anti-inflammatory (IL4 and IL13) and pro-inflammatory (TNFa and IL1f) markers was investigated by
gRT-PCR. Dotted lines indicate control values. Results are the mean + SEM of three independent experiments. * p < 0.05 vs.

respective control by Student’s t-test for significance.

3.3. Melatonin Prolongs Transient AB42-Induced Upregulation of SIRT1 Activity and Expression

Given the involvement of SIRT1 in mediating Af42- and melatonin-induced effects
on BDNF levels, the time course of its expression was characterized in more detail. Based
on the well-established interdependence of SIRT1 with the activation of the AMP-regulated
protein kinase (AMPK) pathway, we first analyzed phosphorylated AMPK (pAMPK) in-
duction by Western blot. Thirty minutes after exposure to AB42, pAMPK was significantly
upregulated (Figure 3A). Next, we examined the modulation of SIRT1 levels in response
to AB42 and the effects of pharmacological AMPK blockade with BML-275. Western blot
showed that within 6 h, SIRT1 content was increased, an effect slightly but significantly
reduced by BML-275 (2 uM; Figure 3B). After 72 h, SIRT1 returned to control levels in
microglia exposed to A342 alone (Figure 3C). Again, we tested the effects of melatonin
(1 uM) in combination with A42. As shown in Figure 3C, in these conditions SIRT1 levels
remained significantly higher than control or A342-treated cells. This effect was sensitive
to MT receptors antagonist luzindole (25 uM; Figure 3C).
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Figure 3. Involvement of pAMPK and time-course of SIRT1 expression in HMC3 cells upon A {342
exposure. Intracellular content of pAMPK (A) and SIRT1 (B,C) was evaluated by Western blot analysis
at the time points indicated. Cells were exposed to either AB42 (0.2 uM) alone or in combination with
AMPK inhibitor BML-275 (BML, 2 uM; B), with melatonin (MEL, 1 uM; C) or with MEL+luzindole (LUZ,
25 uM; C). Representative blots are shown. Results are the mean + SEM of 3-5 independent experiments.
*p <0.05 vs. C by Student’s t-test (A), * p < 0.05 vs. C, * p <0.05 vs. Ap (B); ° p <0.05vs. Cand Ap,
°¢ p <0.05 vs. AB+MEL (C) by one-way ANOVA followed by Newman Keuls test for significance.

In order to analyze the activation of SIRT1, we carried out an enzymatic activity
assay and Western analysis of its nuclear localization. The activity assay was selectively
performed on SIRT1 immunoprecipitates in order to exclude contribution from other
sirtuins. Results confirmed that after 6 h of exposure to AB42 (0.2 uM), SIRT1 activity
was significantly increased compared to control (Figure 4A). In agreement, analysis of the
subcellular localization of upregulated SIRT1 showed an increase in the nuclear fraction
(Figure 4B) and a parallel reduction in the cytosolic fraction (Figure 4C).
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Figure 4. Activity and subcellular localization of SIRT1 in HMC3 cells upon A 42 exposure. Cells
were treated for 6 h with Ap42 (0.2 uM). SIRT1 enzymatic activity was evaluated in lysates im-
munoprecipitated for SIRT1 (A). Nuclear (B) and cytosolic (C) expression of SIRT1 were investigated
by Western blot analysis on purified fractions. Representative blots are shown. Results are the
mean + SEM of three independent experiments. * p < 0.05 vs. C by Student’s t-test for significance.

To further strengthen this result and monitor the sub-cellular localization of SIRT1 in
time, cells were immunostained and counted for nuclear SIRT1 positivity. Representative
images of SIRT1-labeled cells (green) counterstained with DAPI (blue) are reported in
Figure 5A-C. After 6 h of exposure to Af342 alone, the population of nuclear SIRT1-
positive cells was increased by 108% over the control (Figure 5D). When in combination
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with melatonin, A induced a significantly more pronounced increase (165% over the
control; Figure 5D). With A(342 alone, this effect was progressively reduced at 24 h (26.7%
over the control; Figure 5D) and disappeared at 72 h (—5% vs. control; Figure 5D), but
remained higher when in combination with melatonin (+128% vs. control at 24 h and +27%
vs. control at 72 h; Figure 5D). Overall, these results confirm that SIRT1 is shortly but
transiently upregulated by microglia in response to Af42 and that melatonin is able to
potentiate and prolong this effect.

) ---
+MEL
Figure 5. Time course of SIRT1 nuclear localization in HMC3 cells upon Ap42 exposure. Cells

were treated with 0.2 uM of AR42 alone or in combination with 1 uM melatonin (MEL) for 6, 24,
or 72 h. In panels (A-C), representative images of immunostaining for SIRT1 (green) and nuclear

% nuclear SIRT1+ cells
(Vs respective C)

6 240 72 ()
"3 AB+MEL

counterstaining with DAPI (blue). Scale bar = 40 um. In panel (D), graph reporting the percentage of
nuclear SIRT1-positive cells over total SIRT1-positive cells, each vs. respective control, set as 100%.
Results are the mean + SEM of 3-5 independent experiments. * p < 0.05 vs. treatment with A3 alone
at corresponding time points (two-way ANOVA followed by Newman-Keuls test for significance;
treatment vs. time).

3.4. Melatonin Reduces Microglial NF-kB Expression Induced by Prolonged AB42 Exposure

We next focused on NF-kB, a well-known target of SIRT1, with a crucial role in mi-
croglial pro-inflammatory activation. Western blot analysis on nuclear fractions confirmed
an increase of NF-kB p65 after a 72 h-exposure to AB42 (Figure 6A). Addition of mela-
tonin (1 M) prevented this effect in an EX527- (5 M) and luzindole- (25 uM) dependent
fashion (Figure 6A). Since SIRT1 can directly inactivate NF-kB by deacetylation at lysine
310 (Lys310), immunostaining of acetylated NF-kB p65 was performed (green; Figure 6B).
Results confirmed an increase of nuclear acetylated NF-kB-positive cells following A 342
exposure for 72 h. This effect was counteracted by melatonin but reappeared when cells
were exposed to Ap42+melatonin under a blockade of SIRT1 by EX527 (Figure 6B). The
long-term effects of Af342 were also accompanied by slight morphological changes, as
visualized by staining with fluorescent dye FM 143 (5 uM for 15 min). As shown in
Figure 6C, HMCS3 cells exhibited an elongated, bipolar phenotype upon exposure to A(342
(0.2 uM), which was partially reversed by treatment with melatonin.

62



Biomedicines 2021, 9, 466

AB+MEL AB+MEL+EX
AB

MEL

)
ki
r
=

o
<

C EX Lz

NEKS A - g

20

NF-kB/lamin B (vs C
e o = =
5 o b @
o]
| b
[ b

Figure 6. Pro-inflammatory switch of HMC3 cells upon prolonged A (342 exposure. Cells were treated
for 72 h with AB42 alone (0.2 tM), in combination with melatonin (MEL, 1 uM), MEL+EX527 (EX;
5 uM), or MEL+luzindole (LUZ; 25 uM). In (A), Western blot of NF-kB p65 on nuclear fractions.
Results are the mean 3 SEM of three independent experiments, and a representative blot is shown.
*p<0.05vs. C,**p <0.05vs. AB, ° p <0.05 vs. AB+MEL by one-way ANOVA followed by Newman-
Keuls test for significance. In (B), representative images of immunostaining for acetyl-Lys310-NF-kB
p65 (green) with DAPI counterstaining (blue; scale bar = 40 um). In (C), morphological appearance
of cells stained with fluorescent dye FM 1-43 (5 uM for 15 min; scale bar = 50 um).

4. Discussion

Microglia are the resident immune cells in the brain and play a crucial role of surveil-
lance against micro-environmental changes that could pose a threat to brain homeostasis.
Microglial activation is finely balanced between pro- and anti-inflammatory phenotypes
that act in concert to restore homeostasis through self-limited inflammatory events. How-
ever, this balance can be disrupted under chronic toxicity, leading to a switch from protec-
tive to detrimental [45-48]. This has been proposed to occur also in AD, where progressive
accumulation of AB42 oligomers, over a time span of up to two decades, slowly but re-
lentlessly leads to progressive cellular distress and chronic toxicity. This in time will push
microglia towards an inflammation-sustaining phenotype [5,49-51].

The focus on microglial contribution in AD has been especially, though mainly un-
successfully, aimed at contrasting inflammation [52,53]. However, targeting microglia to
enhance their initial protective features, rather than entirely turning off their activation,
appears as an appealing strategy. To this end, the very initial responses of microglia to A
still need to be fully characterized.

Our present study moves from our previous work, where we established in vitro
models of slow-developing neuronal damage using low concentrations of oligomeric
Ap [11,54]. This allowed us to show that early Af-induced microglial BDNF was the
mediator of an early compensatory and protective response against A toxicity in neuronal
cells [11,54]. On these bases, the next step was to study the time course and the mechanisms
underlying Ap-induced BDNF increase in microglia. For our purposes, we were now able
to use microglia of human origin, the HMC3 cell line [55]. This appears relevant due to
the different responses between murine and human microglia, as recently pointed out [56].
Notably, the early increase in BDNF and the time-dependent fluctuations in anti- and
pro-inflammatory gene expression confirmed that our model, based on low Af42 as a
light noxious stimulus, well recapitulated the dual microglial activation and the intrinsic
decline of the initial neurotrophic response. In agreement, BDNF reduction has been largely
linked to cognitive decline in AD patients [57-59] and preclinical in vivo models, where
its administration proved to be neuro- and synapto-protective [60-62]. In vitro models
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provided concordant observations [63—65]. Notably, it was also shown that aging itself can
cause a decline in microglial BDNE, which correlates with a pro-inflammatory switch [66].

Since the ability to support BDNF-producing, protective microglia entails the identifi-
cation of an appropriate target, we here contemplated a role for SIRT1. In order to fully
characterize the involvement of SIRT1 in our model and to exclude the contribution of
other cellular sirtuins to the measured deacetylase activity, an in vitro activity assay was
firstly carried out using SIRT1-immunoprecipitated lysates. Furthermore, SIRT1 nuclear
localization was evaluated as an index of enzyme activation. Evidence from different cell
types shows in fact that SIRT1 can shuttle between the nucleus and cytoplasm, exerting
differential functions [67,68]. It has been pointed out that SIRT1 activity may be hampered
depending on local NAD" availability [69]. However, this was not the case in our con-
ditions, as shown by the inhibitory effects of EX527. Finally, because SIRT1 activity has
been reported to be interconnected with the activation of the AMPK pathway [70,71], we
confirmed AMPK involvement both by looking at its direct induction by AB42, and by
evidencing the effects of its pharmacological blockade on SIRT1 expression. The choice
to focus on SIRT1 was based on its established neuroprotective role, particularly relevant
against aging and age-related diseases. SIRT1 has multiple beneficial actions in the central
nervous system [72], including modulation of synaptic plasticity, learning, and mem-
ory [73,74], anti-apoptotic activity, and antioxidant and anti-inflammatory properties [75].
Deacetylation of key transcription factors such as forkhead box O3 (FOXO3), peroxisome
proliferator-activated receptor y (PPARY), and NF-kB appear mainly involved in these
effects [39,75-77]. Also in AD animal models, activation or overexpression of SIRT1 was
linked to neuroprotection and improved cognitive function [78-80], whereas cognitive
deficits in SIRT1 knockout mice were aggravated (Bonda et al., 2011). Interestingly, in
AD patients, levels of SIRT1 appeared reduced in the serum [81], hippocampus [82], and
cortex [24] and inversely correlated with neuropathological changes [23]. These data are
supported by in vitro studies showing that SIRT1 directly affected A production in neu-
rons [83], promoted A clearance in astrocytes [84], and inhibited inflammatory signaling
in microglia [22].

Our results showed that in microglia, SIRT1 peaked early, but transiently, after A42
exposure, mediating an initial BDNF-sustained neurotrophic response. In an attempt to
prolong the beneficial microglial polarization, we considered as a potential candidate mela-
tonin, a safe molecule that easily crosses the blood-brain barrier [31,85]. Indeed, melatonin
in combination with Af prolonged the BDNF-producing state of human microglial cells,
an effect majorly dependent on the induction of SIRT1 and on surface signaling through
MT1/MT2 receptors. At the same time, melatonin prevented nuclear induction of pro-
inflammatory transcription factor NF-kB and, importantly, attenuated its acetylation at
Lys310. This is consistent with the reported ability of SIRT1 to inactivate NF-kB by the
removal of the acetylic group in Lys 310 [86], which is required for NF-kB full transcrip-
tional activity on target promoters [87]. Indeed, NF-kB inactivation prevents the microglia
pro-inflammatory switch and appears relevant for neuroprotection in AD, as previously
shown [21,22,88]. In our hands, the Ap-induced microglial switch correlated with a slight
trend towards a more elongated cell morphology, which melatonin was able to prevent.
Data on morphological changes connected to pro-inflammatory activation of the HMC3
cell line are currently scarce and somewhat discordant. In one study, HMC3 cells appeared
elongated and bipolar following stimulation with IFNy+IL1f for 24 h [89]. In another
report, activation with a high concentration of AB42 (5 uM) for 24 h corresponded to the
acquisition of an amoeboid shape [90].

Overall, our results on melatonin’s effects are in agreement with its reported multi-
ple beneficial actions that go well beyond a mere regulation of circadian rhythms. The
compound is in fact endowed with anti-inflammatory, antioxidant, and neuroprotective
activity against a number of neurodegenerative conditions that share neuroinflammatory
features [35,91], including Parkinson’s disease [92], hypoxia [29,93], amyotrophic lateral
sclerosis [94], traumatic brain injury, spinal cord injury [95], and neuropsychiatric disor-
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ders [96]. A role for melatonin has convincingly emerged also in AD, where an inverse
correlation between melatonin levels and disease progression has been reported in patients,
along with sleep—wake cycle disturbances [43,97]. This could be indicative of a potential
loss of endogenous protection when melatonin levels are reduced. Preclinical studies on
AD transgenic mice models confirmed the rescue of cognitive functions by melatonin ad-
ministration, also in association with AD-approved symptomatic drug memantine [98-101].
However, molecular mechanisms involved in melatonin-mediated neuroprotection have
been majorly investigated in neurons, whereas studies on glial cells are limited. Melatonin
was reported to suppress the hippocampal glial activation induced by A(25-35 in rats [102],
but, to our knowledge, there are no other detailed studies on glial cells as potential targets
for melatonin in AD. We here showed for the first time that the addition of melatonin to A
was efficient in prolonging the peak in SIRT1 and related BDNF expression, maintaining
human microglia in an anti-inflammatory state.

5. Conclusions

Long before AD patients enter the clinical phase, attempted protective responses take
place at the cellular level that may be important in determining some degree of resilience
to neurodegeneration [103,104]. Among these, microglial protective activation seems to
play a key role. In the present study, we demonstrated that following a subtle challenge
with A, human microglial cells upregulate BDNF synthesis and release, via induction of
deacetylase SIRT1. This effect is accompanied by anti-inflammatory features, but is only
transient. We here show that the addition of melatonin can maintain high SIRT1/BDNF
levels in the presence of A for a prolonged time (Figure 7). Our study thus identifies
microglial SIRT1 as a potential target in AD and highlights a therapeutic potential for
melatonin as a SIRT1/BDNF inducer in microglial cells.
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Figure 7. Dual response of microglia to A challenge.
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Abstract: Alzheimer’s disease (AD) affects tens of millions of people worldwide. Despite the ad-
vances in understanding the disease, there is an increased urgency for pharmacological approaches
able of impacting its onset and progression. With a multifactorial nature, high incidence and preva-
lence in later years of life, there is growing evidence highlighting a relationship between metabolic
dysfunction related to diabetes and subject’s susceptibility to develop AD. The link seems so solid
that sometimes AD and type 3 diabetes are used interchangeably. A candidate for a shared pathogenic
mechanism linking these conditions is chronically-activated mechanistic target of rapamycin (mTOR).
Chronic activation of unrestrained mTOR could be responsible for sustaining metabolic dysfunction
that causes the breakdown of the blood-brain barrier, tau hyperphosphorylation and senile plaques
formation in AD. It has been suggested that inhibition of sodium glucose cotransporter 2 (SGLT2)
mediated by constant glucose loss, may restore mTOR cycle via nutrient-driven, preventing or even
decreasing the AD progression. Currently, there is an unmet need for further research insight into
molecular mechanisms that drive the onset and AD advancement as well as an increase in efforts
to expand the testing of potential therapeutic strategies aimed to counteract disease progression in
order to structure effective therapies.

Keywords: Alzheimer’s disease; sodium glucose cotransporter 2 inhibition; mechanistic target of
rapamycin; metabolic dysfunction hypothesis; diabetes

1. Introduction

Alzheimer’s disease (AD), the leading cause of dementia in aging people, is character-
ized by a cognitive decline that involves memory, orientation, judgment, communication
and reasoning, and is a major threat to people’s health and quality of life worldwide [1,2].
According to the World Health Organization, over 47 million people are afflicted by AD
globally, and this number is expected to reach almost 76 million by 2030 and about 115 mil-
lion by 2050 [3]. The incidence of AD continues to rise steadily; as aging demographics
of the global human population and life expectancy are increasing, leading to a heavy
economic and societal burden. Undoubtedly, extensive research into the pathogenesis
and AD therapies continues to stimulate in-depth efforts by academia, pharmaceutical
companies and government attention to finding curative compounds or at least slow the
disease progression.
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To date, with a multifactorial nature, the ultimate cause of AD remains elusive, and is
generally considered to be related to genetic, neuroendocrine, biochemical, environmental,
and immune factors based on aging [4,5]. In recent decades, several hypotheses have been
designed to explain the AD pathogenesis mechanisms, such as amyloid-3 (Af3) deposition
as the core of neuritic plaques, tau protein hyperphosphorylation as the key constituent
of neurofibrillary tangles, degeneration of cholinergic neurons, or death [2,6-9]. Figure 1
highlights some of the most studied hypotheses for AD, including AP aggregation [10-12],
cholinergic dysfunction [13,14], tau aggregation [15,16], oxidative stress [17,18], inflamma-
tion [19-21]. Challenges and future prospects include extensive testing of new hypotheses
such as endo-lysosomal [22-24], mitochondrial [25-28] and metabolic dysfunctions [29,30].
It remains to be determined whether the root cause of AD is the A3 aggregates formation
and accretion between neurons or tau neurofibrillary tangle developments within neurons
or the cumulative end-effects of other causal epigenetic and/or genetic processes, or a
fusion of both [10,31-33]. In addition, growing evidence suggests that endo-lysosomal,
mitochondrial and metabolic dysfunction display a critical role in the multiple memory and
attention processes of the elderly and are viable early drivers in the onset and progression
of AD [34-36]. Thus, it is more and more evident that there is a solid interplay between
metabolic dysfunction related to metabolic syndrome, diabetes, obesity and patient’s sus-
ceptibility to AD development [37,38]. From the strong relationship between AD and the
pathological conditions of diabetes mellitus, AD can be referred to as “diabetes type 3” or
“brain diabetes” [39,40].
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Figure 1. Alzheimer’s disease is a neurodegenerative disease that involves a multitude of factors. Given the complexity of
the human brain, the lack of effective research tools and reasonable animal models, the detailed pathophysiology of the
disease remains unclear. Based on multifaceted nature of AD, there have been proposed various hypotheses, including A3
aggregation, cholinergic dysfunction, tau aggregation, oxidative stress, inflammation, etc. Challenges and future prospects
include extensive testing of new hypotheses such as endo-lysosomal, mitochondrial and metabolic dysfunctions to attack
the disease from different angles for the effective development of an early diagnosis and successful drugs for therapies.
NTE neurofibrillary tangle; Ach, acetylcholine.
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Overwhelming results suggest that there are early abnormalities in cerebral glu-
cose metabolism in people with AD [41,42], involving deficiencies in glycolysis and
glucose transporters [43,44]. A candidate for a shared pathogenic mechanism linking
these metabolically-driven conditions is represented by a chronic mechanistic target of
rapamycin (mTOR) signaling activation [45]. Chronic unrestrained mTOR activation may
be behind AD lysosomal, mitochondrial and metabolic alteration, causing the failure of the
blood-brain barrier (BBB) through endothelial cell dysfunction; as well as leading to tau
hyperphosphorylation, amyloid plaques formation and aggregation in the brain [38,46].
Inhibition of sodium glucose cotransporter 2 (SGLT2), facilitated by a constant glucose loss,
is thought to restore the mTOR cycle via nutrient-driven, nocturnal periods of transient
mTOR inhibition (catabolism) interferes by transient mTOR activation (anabolism) during
daily accompanying nutrition. Thus, a flexible dynamic of mTOR is reinstated, preventing
or arresting AD progression. The current paper aims to discuss the possible implications
of SGLT2 inhibition on chronic activation of mTOR as a common pathogenic mechanism
between AD and diabetes, according to the recent research findings.

2. Pharmacological Approaches Able of Impacting Alzheimer’s Disease and
Its Progression

Given the poor epidemiological forecast and the increasing number of experimental
and clinical evidence that send the manifestations of AD beyond the brain, there is a major
research interest in expanding testing of new hypotheses to attack the disease from different
angles to provide insights into novel therapeutic strategies. Three such hypotheses are
diabetes type 3, the mitochondrial cascade hypothesis and the endo-lysosomal dysfunc-
tion hypothesis. They provide a basis for therapeutic approaches to restore AD-related
metabolic, mitochondrial and endo-lysosomal dysfunctions; changes that occur early in
the progression of the disease in relation to tau and A deposition, which means that they
are viable factors of AD development [34,35].

In AD patients, factors related to mitochondrial functions have been severely com-
promised. Such factors include mitochondrial morphology, oxidative phosphorylation,
Ca?* buffering, mitochondrial biogenesis and transport along the neuronal axon. These
processes could lead to negative consequences for neurons as well as for the whole structure
of the brain. Mitochondria are organelles that are defined as the powerhouse of the cell due
to the fact that cells in the human body rely on them to provide energy for vital functions.
Neurons depend on the presence of mitochondria especially at the synapses where these
organelles produce adenosine triphosphate (ATP) while also buffering calcium (Ca®*) ion
concentration. Thus, the high number of mitochondria located in the synaptic area is
justified, compared to other parts of neurons [27,47]. The activity of enzymes involved
in mitochondrial energy production is decreased in AD brains, thus contributing to the
compromise of the mitochondrial ATP production. In line with this observation is the
fact that mild cognitive impairment which is one of the early stages in AD chronology is
associated with an increased level of oxidative stress markers and a decreased level of an-
tioxidants in the brain and peripheral compartments [27,48]. This suggests there is a strong
connection between oxidative stress and mitochondrial dysfunction. The oxidation of ATP
synthase, a mitochondrial enzyme involved in oxidative phosphorylation has been found
in isolated lymphocytes from AD peripheral blood as well as in AD brains, thus explaining
the compromised activity of the ATP synthase and the reduction of ATP levels in AD.
Another mitochondrial factor that is modified in AD is related to the dynamics of the mito-
chondria and processes such as fusion and fission. The unbalance of these processes led to
compromised morphology and distribution of the mitochondria in neurons, fragmented
mitochondria being observed in fibroblasts and brains from AD patients [27]. Due to their
involvement in production of reactive oxygen species (ROS), mitochondria developed a
system that can cope with damage done by ROS to its contents. The degradation at the
organelle level is realized through a process called mitophagy. Studies have shown that
inadequate mitophagy activity in eliminating increased number of damaged mitochondria
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led to disturbance in mitochondrial homeostasis, thus showing the involvement of the
mitophagy process in AD [26].

The endo-lysosomal dysfunction hypothesis refers to the endo-lysosomal and au-
tophagy system which is involved in maintaining protein homeostasis in cells. This system
consists of endosomes, retromers, autophagosomes and lysosomes, each with its specific
set of functions. One of AD’s vulnerable brain regions is the hippocampus. It is here that
different factors related to the endo-lysosomal and autophagy system have been reported:
increased number of endosomal compartments, abnormal accumulation of autophagic vac-
uoles and altered expression levels of protein degradation key regulators [49]. Abnormal
functions of the endo-lysosomal and autophagic networks are common in AD due to their
implication in the homeostasis of AB and tau [50]. Lysosomes are involved in degrading
and recycling macromolecules, thus leading to generation of nutrients. They are the last
step to degrading organelles, macromolecules or protein aggregates by the endocytic and
autophagic pathway [51,52]. Being one of the main mechanisms of cellular waste removal,
it is expected that genes that facilitate lysosomal degradation are linked to a broad number
of diseases and factors such as enzymatic dysfunction and positioning regarding lysosomes
are involved in neurodegenerative disorders. A common histopathological feature of AD
is swollen, dystrophic neurites, with lysosomes accumulated within the axonal swellings,
these swellings being located in regions proximal to A plaques in patient brains [51,53,54].
Studies suggest that amyloid accumulation can be actively determined by abnormal lyso-
some axonal transport. Impaired lysosomal positioning may be a contributing factor in AD,
this being confirmed by evidence of accumulation of axonal lysosomes, increased amyloid
plaque burden and lysosome dysfunction [51]. Disruption of the endo-lysosomal system
is one of the earliest detectable histopathological features of AD, abnormal transport and
positioning of lysosomes being contributors to the pathogenesis of the disease [55].

The third hypothesis refers to AD as “diabetes type 3” due to the implications of
insulin resistance within the brain and its impact on neuro-cognition, thus contributing to
neurodegenerative diseases [56,57]. It seems that the metabolic dysfunction that character-
izes obesity, type 2 diabetes mellitus and metabolic syndrome determines susceptibility
for individuals to develop AD [58,59]. To understand the relationship between diabetes
and neurodegenerative diseases it is important to know the role of energy homeostasis
in diabetes. Differentiated neurons do not have the ability to regenerate. Lack of ATP
moieties, energy crisis or oxidative stress will lead to their death or degeneration, causing
neurodegenerative diseases [60]. Another important aspect is that more than 40% of ATP
is used to maintain neurons viable or alive. Impaired glucose uptake is a result of com-
promised glucose metabolism in the brain, this eventually leading to glucose homeostasis
alteration, which is an important factor in the pathogenesis of AD. Reduced levels of insulin
in the central nervous system can determine overproduction and impaired clearance of
Ap and reduced levels of anti-amylogenic proteins [56]. Brain insulin resistance is the
failure of brain cells to respond to insulin, this leading to insulin deficiency and impaired
glucose transport inside the neurons. Insulin resistance in the central nervous system corre-
lates with peripheral insulin resistance. Therefore, without the protective effect of insulin,
neurons could be more susceptible to neurotoxic insults [61,62]. Insulin resistance in AD
and diabetes can lead to hyperinsulinemia. Therefore, the insulin-degrading enzymes
(IDE) can be saturated which can lead to defects in regulating levels of insulin, A protein
and amyloid precursor protein (APP), IDE being involved in the regulation of A3 protein
and APP levels [56,63]. In addition to its peripheral actions, insulin is involved in other
processes such as inducing dendritic sprouting, cell growth and repair, neuronal stem cell
activation. It appears that the neuroprotective effects of insulin are due to the regulation
of phosphorylated tau levels. An increased level of insulin resistance is also associated
with high levels of proinflammatory cytokines which are linked to A3 depositions in the
brains [64]. In diabetes, insulin resistance causes mitochondrial dysfunction, triggering
inflammatory response with increased levels of cytokines such as interleukin (I1)-14, 11-6,
11-8, tumor necrosis factor-alpha (TNF-«x), alpha-1-antichymotrypsin (ACT) and C-reactive
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protein (CRP), the same mechanism being triggered in AD [65]. The common situation
for both type 1 and 2 diabetes is chronic hyperglycemia, considered a risk factor for AD.
Regarding AD, type 1 diabetes insulin deficiency seems to be the main factor for increased
tau phosphorylation, while hyperglycemia-induced tau cleavage with insulin disturbances
could be the factor that leads to tau pathology in type 2 diabetes [66]. The underlying
mechanism that links these three hypotheses may be chronically-activated mTOR signaling,
which influences mitochondrial dynamics, biogenesis and processes such as autophagy,
mitophagy and proteostasis [47]. This activation is associated with physical inactivity and
over-nutrition, which leads to chronic anabolic signaling driven by increased levels of
glucose, amino acids and growth signaling factors prevalent in patients with metabolic
conditions. By caloric restriction, increased activity, intermittent fasting or pharmacological
agents capable of mimicking the interventions above-mentioned, the beneficial influence it
would have on mTOR could lead to a positive impact on the progression of AD [58,67].

3. Implications of Restoring Metabolic Health in the Therapy of Alzheimer’s Disease

Energy production in the brain depends largely on glucose metabolism, as the dis-
ruption of its homeostasis would endanger neuronal cells. Both hyperglycemia and hy-
poglycemia affect the integrity of the brain, especially the cognitive functions. Cerebral
glucose metabolism consists of glucose transport and intracellular oxidative catabolism,
as the damage of this metabolism favors the appearance of metabolic abnormalities high-
lighted in the brain of patients suffering from AD. In this regard, it appears that glucose
transport abnormalities may be related to insulin resistance [68], the defects in glucose
transporters and glycogenolysis [43].

Metabolic dysfunction is a well-recognized risk factor for dementia, and particularly
patients with diabetes seem to have an increased risk of AD [69]. This risk may be due to a
shared pathogenic mechanism between AD and diabetes involving hyperinsulinemia and
hyperglycemia, which raises the question of whether the use of antidiabetic compounds
could impact the risk of dementia, and whether these agents may be used to prevent or
treat AD [70]. Acetylcholinesterase (AChE) inhibitors, as primary targets for Alzheimer’s
therapy, still offer symptomatic relief only, with no slowing of AD progression [71]. Thus,
some recent studies explored the extent to which antidiabetic treatments could influence
brain pathology, mainly AD characteristics (Table 1), with a majority of them targeting
possible benefits on neuroinflammation, amyloid pathology, tau pathology, cognitive
function, neurogenesis, oxidative stress or synapses [72-75]. A current nested case control
research evaluating the implications of a range of antidiabetic drugs in dementia has shown
that sulphonylureas/glinides, insulin, and thiazolidinediones (TZDs) had no positive
impact on development of dementia. In contrast, dipeptidyl peptidase-4 (DPP-4) inhibitors,
metformin, SGLT2 inhibitors and glucagon-like peptide-1 (GLP1) agonists showed benefit,
with metformin barely reaching significance, whereas both SGLT2 inhibitors and GLP1
agonists use displayed a 42% decrease in dementia risk [76]. Metformin, a widely used
biguanide, crosses the BBB and can improve various cognitive functions. An in vivo study
of a diabetic mouse model treated with metformin found that it reduces hippocampal
apoptosis, increases the expression of p- adenosine 5’ mmonophosphate-activated protein
kinase (AMPK), a protein involved in regulating energy metabolism, reduces vascular
permeability, and stimulates endothelial nitric oxide synthesis [77]. Another study relates
the neuromodulatory action of metformin, by activating various molecular signaling
pathways with improved cognitive function such as memory in a streptozocin-induced
diabetic rat model. After 8 weeks of treatment, the cognitive decline of diabetic rats was
ameliorated and some of the therapeutic success would be due to the hypoglycemic effect
of metformin [78].
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Table 1. Classes of antidiabetic compounds as potential therapies for Alzheimer’s disease.

Antidiabetic Experimental Model Findings References
Drugs
rat model of intracerebroventricular
streptozotocin
(STZ) injection-induced cognitive rescued STZ-induced cognitive decline [79]
dysfunction, intraventricular delivery of
Insuli 0.5 units = 12 nmol of detemir
nsuin patients with early AD or moderate cognitive =~ improved attention, verbal memory and
impairment; intranasal delivery of 20 or functional status; modulation of [80-83]
401U insulin A peptide
. - . improvement in memory and mood,
healthy volunteers, mtrana.sal a?lmmlstrahon increase regional cerebral blood flow in the [84-86]
of 4 x 401U of insulin .
putamen and the insular cortex
neuronal cell lines under prolonged insulin anahng resensitization,
. . . I, ; prevention of the molecular and
hyperinsulinemic conditions, various . . [871
. - pathological changes observed in
concentrations of metformin (0.4-3.2 mM)
AD neurons
murine primary neurons (from tau
transgenic mice and wild b pe), different reduction of tau phosphorylation [88]
Metf . concentration of metformin (2.5 mM or
etformin 10 nM)
transgenic mouse model of AD
intraperitoneal delivery of amelioration of cognitive deficits, reduce (73]
200 mg/kg metformin; AP plaque deposition [85]
or 350 mg/kg/day metformin delivered in attenuation of memory impairment
drinking water for several months
in older adults with an incident diagnosis of ~ more than 60 prescriptions were correlated
AD; 1-9, 10-29, 30-59, with a slightly increased risk of [72]
or >60 metformin prescriptions developing AD
transgenic AD mouse model
0.03 mg/kg/day of leptin intranasal delivery reduce brain A levels and spatial (71]
+ intraperitoneal administration of memory impairments
10 mg/kg/day pioglitazone for 2 weeks
7 days gavage therapy with 40 mg/kg/day decrease glial inflammation and soluble [90]
f pioglit APB1-42 peptide levels by 27%
Thiazolidinediones ot plogitazone ﬁ - pepude fevels by
s . . . cognitive deficits amelioration and
control trial in patients with AD and diabetes, o . .. R
doses of 15-30 mg pioglitazone for 6 months stabilization of the disease in diabetics [91]
with AD
pilot trial W.lth ADp atients Wlthom diabetes; no important efficacy data were detected [92]
daily 45 mg of pioglitazone
clinical trials; 2 to 8 mg of rosiglitazone, as -
adjunct therapy in AD patients pro-cognitive effects 93]
transgenic mouse model of AD prevented memory impairment, neuronal
intraperitoneal injection with 1 or loss, and deterioration of synaptic plasticity [94]
10 nmol/kg of lixisenatide for 10 weeks reduction of amyloid plaques and [95]
. 10 nmol/kg lixisenatide for 60 days neurofibrillary tangles
Glucagon-like . . T . i o
. intraperitoneal injection with 2.5 or reduce AR deposition by 40-50%, and
peptide-1 receptor . . . [96]
. 25 nmol/kg of liraglutide for 10 weeks decrease inflammatory response
agonists . . LS . .
a pilot clinical trial in AD patients; daily
subcutaneously injections of 0.6 mg brain glucose metabolism decline
liraglutide in the first week; hereafter 1.2 mg  prevention; no important cognitive changes [97]

daily for another week before finally
increasing to 1.8 mg daily (week 26)

compared with placebo group
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Table 1. Cont.

Antidiabetic

Experimental Model Findings References
Drugs
transgenic mouse models of AD pro-cognitive effects, reduction of
20 mg/kg/day of sitagliptin for an AP deposits
¢ T - . [98]
8-weeks period diminution of nitrosative stress and [99]
daily gavage of 5, 10 and 20 mg/kg inflammation markers, reduction of
sitagliptin for 12 weeks A deposition
Dipeptidyl daily oral administration of 5. 10, and amelioration of cognitive deficits,
Peptidase-4 28/ me /ke linagliptin for 8 \,Nee/ks diminution of ApB42 levels, reduction of tau [100]
Inhibitors &/ g nagiip phosphorylation and neuroinflammation
STZ-induced rat model of AD; 0.25, 0.5 and reduction of AR formation, a marked
1 mg/kg of saxagliptin in gavage delivery for decrease of AB42 level and tau [101]
60 days phosphorylation
STZ-induced rat model of AD.; daﬂy or ally attenuation of tau phosphorylation, A
doses of 2.5, 5 and 10 mg/kg vildagliptin for . [102]
and inflammatory markers
30 days
Sodium-glucose scopolamine-induced rat model of memory
cotransporter 2 impairment; daily oral gavage of 10 mg/kg improvement of memory dysfunction [103]

inhibitors

canagliflozin for 14 days

STZ, intracerebroventricular streptozotocin; AD, Alzheimer’s disease; A3, amyloid 3.

Insulin resistance has also been associated with elevated levels of proinflammatory
cytokines (Il-1, I1-6, TNF-o). Insulin signaling involves the brain to take up glucose and syn-
thesize the insulin-degrading enzyme and is also involved in the degradation of 3 amyloid.
In diabetes, due to the change in insulin signaling, a low synthesis of the enzyme involved
in its degradation takes place, thus reducing the process of degradation of -amyloid with
abnormal accumulation in the brain [46,64,104,105]. Insulin and insulin-like growth factor
(IGF) are hormones that regulate cell metabolism. These hormones in the brain are needed
for the synaptic activity, neurogenesis, neuronal survival and memory. Synthesized in the
pancreas, they cross the BBB and reach the brain, bind to insulin receptors and its growth
factor followed by autophosphorylation under the action of kinases, affecting a number of
cellular signaling pathways including PI3K/AKT, MAPK/ERK. S6, a downstream target
of mTOR acts as negative feedback, phosphorylates and deactivates insulin growth fac-
tor substrates [46]. Recent studies have focused on the effects of insulin and its growth
factor on -amyloid accumulation. Some studies show that reduced signaling of insulin
growth factor has a protective effect against the accumulation of beta amyloid while other
studies have shown that in the brains of patients with postmortem AD, insulin resistance
and reduced insulin signaling have been correlated with increased risk of dementia and
AD [106,107]. Although the physiological role of insulin in the brain is incompletely under-
stood, the intranasal insulin-based therapy began to attract attention in AD research, when
small human studies described improved knowledge without a change in blood glucose or
insulin levels in healthy volunteers [85,108]. Therapeutically, antidiabetic agents such as
rosiglitazone and pioglitazone have been recommended, peroxisome proliferator-activated
receptors (PPARy) agonists used to treat diabetes in order to improve the pathogenesis of
insulin resistance and hyperglycemia [109]. PPARY is a nuclear receptor with an essential
role as a transcription factor in the control of inflammatory genes; PPARg agonists can
inhibit these proinflammatory genes, as demonstrated in animal models of AD transgenic
mice. These agonists reduced microglial inflammation and favored A3 phagocytosis
followed by improved cognitive function. The effectiveness of pioglitazone was demon-
strated in a diabetic mouse model when the inflammatory responses present in AD were
reduced. However, Phase III clinical trials for rosiglitazone and pioglitazone approved for
the treatment of type 2 diabetes have failed due to lack of efficacy in AD, both of which
have no impact on the disease [46,110]. Currently, type 2 diabetes therapy aims to reduce
plasma glucose levels during the day by constantly discharging glucose into the urine
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and modifying sodium in the kidneys, SGLT2 inhibitors demonstrate a positive impact
on anabolic/catabolic cycle restoration, a new way to treat AD [106]. SGLT2 inhibitors
target the sodium-glucose cotransporter 2, the major glucose transporter in the kidney,
responsible for the reabsorption of 90% of glucose from primary urine. Inhibition of SGLT2
decreases glucose reabsorption and thus increases urinary glucose excretion, leading to a
reduction in both fasting and postprandial hyperglycemia; preventing glucotoxicity and
hyperglycemia-induced damage [43]. The first clinical trial exploring the SGLT2 inhibition
effects on AD patients is ongoing and focuses on brain energy metabolism impact following
therapy with the SGLT2 inhibitor dapagliflozin [111]. Canagliflozin (known as Invokana)
is SGLT2 targeting drug. A recent research discussed the canagliflozin effects on cerebral
AChE activity in obese diabetic rats [103], while an enzoinformatics study was suggested as
ACHhE inhibitor [112]. Recently, a new SGLT2i mechanistic theory was approached, which
claims that the loss of glucose through urine directed by SGLT2 inhibitors restores the
diurnal switching between anabolic and catabolic states caused by mTOR signaling [67].

mTOR is a serine/threonine (289 kDa) protein kinase with large dimensions present in
all cell types, a protein named after rapamycin, a compound isolated in 1972 from Strepto-
myces hygroscopicus structurally related to lipid kinases such as phosphatidylinositol-3-OH
kinase (PI3K), with a key role in multiple cellular processes such as glucose metabolism,
apoptosis, proliferation, transcription and cell migration [113-115]. mTOR kinases function
as a hub for switching between anabolic and catabolic processes, consisting of 2 complexes
called mMTORC1 and mTORC2, with different cellular functions and essential for life. mTOR
binds to specific proteins in each complex (Raptor and Rictor), mTOR complex (mTORC)1
being activated by the availability of nutrients, especially amino acids and coordinates
protein synthesis and degradation and mTORC2 being receptive especially to insulin,
promoting stress responses, mediates conversation between pathways insulin signaling
and mTOR signaling [116,117]. The target of mTOR is a protein kinase with an essential
role in controlling protein synthesis, cellular functions and autophagic regulation, as the
disorder of this major regulator is associated with the pathogenesis of various human
diseases such as AD by A3 deposition, deterioration of the metabolic state of the cell with
the onset of diabetes and obesity, the inactivation of mTOR signaling being initiated in the
early stages of AD [107].

Diabetes and AD are both linked to a condition of chronically activated mTOR, result-
ing in chronic inhibition of autophagic and lysosomal processes that affect the long-term
functioning of the brain, pancreas, heart, kidney, and other organs [118-120]. Identifying
which compound, if any, is ideal for the treatment of AD and whether these drugs would
be optimal in association use, remains to be tested.

4. Impact of SGLT2 Inhibition on Chronic mTOR Activation: Is the Brain a Target?

mTOR activity is indispensable in terms of the normal cognitive process, while mTOR
hyperactivity can be damaging to brain function [121-123]. The interrelation between
neuropathological hallmarks of AD and mTOR has been studied extensively, highlighting
a preclinical picture that often revealed contradictory-appearing data [124,125]. Figure 2
shows schematically the implications of mTOR hyperactivity in the normal cognitive
process and AD.

Analyzing the changes of mTOR signaling in AD transgenic mouse models, Lafay-
Chebassier et al. [126] reported lower mTOR signaling and an important alteration of
mTOR phosphorylation in the cerebellum of 12-month-old APP/PS1 mice than controls,
contradicting a previous study that revealed hyperactive mTOR signaling in 9-month-
old APP/PS1 mice. The hyperactivity of mTOR has been described when the mice have
extensive AP plaque deposits [127]. In a study that explored the correlation between the
mTOR pathway and Af-induced synaptic dysfunction, which is considered to be critical
in the AD pathogenesis; mTOR signaling was downregulated in young pre-pathological
Tg2576 mice. In contrast, in elderly Tg2575 mice with established A pathology, mTOR
activity was comparable to that of wild-type mice of the same age [128]. Using 3xTg-AD
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mice, other studies have shown an age- and cerebral region-dependent increase in mTOR
activity. The results showed that the formation of A plaques preceded mTOR hyperactivity
and was most likely due to high levels of soluble A{3. Genetic or immunological prevention
of A formation and deposition was sufficient to decrease mTOR signaling to wild-type
levels [129-131]. The findings were in agreement with reports exhibiting an upregulation in
mTOR signaling in postmortem human brains affected by AD [132-136]. Chronic inhibition
of mTOR by rapamycin therapy when it began in the early stage of A3 deposition and in
the absence of microtubule-associated protein tau (MAPT) pathology improved learning
and memory function in transgenic mice modeling the disease [114,137].
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Figure 2. Schematic representation of mTOR hyperactivity in cognitive aging and AD. (a) Left—The implications of mTOR

in main processes of aging. These features of aging, to different degrees, lead to an increased risk for AD, as well as cognitive
decline during normal aging. Rapamycin and other pharmacological approaches that decrease mTOR activity may be
valuable for delaying AD progression. (b) Right—The interrelation between neuropathological hallmarks of AD and mTOR.

Hyperactive mTOR increases the production of A and tau; and many factors including diabetes may influence the crosstalk
of these proteins, and the aberrant cycle it creates contributes to the pathogenesis of AD.

Rapamycin administration both early and late in AD pathogenesis has been shown to
delay, but not reverse accumulation of A3 and MAPT tangles, as well as cognitive deficits
in transgenic mouse models [122]. Although the data indicate that rapamycin treatment
has unwanted side effects in the elderly population, therapies in which the compound is
utilized in on-off programs may be designed for early or moderate AD stages. Additionally,
research using agents other than rapamyecin that inhibit the mTOR pathway and lack its
side effects may be justified. While it is difficult to dissect the underlying causes of these
divergent findings, the strain and age of animals, as well as variable A{3 levels may have
differential effects on mTOR. Recent data suggests that, just as Af3 affects mTOR, mTOR
similarly affects Ap. This indicates that these proteins are closely correlated with each other
and clarification of the mechanism of this relationship may reveal previously unknown
features of AD pathogenesis [45].

Protein synthesis and their degradation controlled by the autophagy process, the
mechanistic target of mTOR, is a main switch that integrates growth factors and the state
of cellular nutrients that influence metabolism, modulate aging [133,138]. Reduced mTOR
signaling may be a mechanism by which dietary restriction leads to increased longevity,
compensating for reduced aging time [116,117,139]. Autophagy is a lysosome-dependent
homeostatic process by which toxic compounds, damaged organelles and mitochondria,
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misfolded proteins are sequestered in autophagosomes, with vital roles in various physi-
ological and pathological processes such as cell death and the elimination of pathogenic
microorganisms or protein accumulation in cells followed by neurodegeneration [140-142].
The mTOR signaling pathway seems to be involved in both type 1 and type 2 diabetes,
insulin production being reduced in type 1 diabetes due to the destruction of pancreatic
{3 cells while insulin resistance occurs in type 2. The survival of § cells depends on the
regulation of the insulin receptor substrate -2 (IRS), the chronic exposure of these cells to
glucose and an increased phosphorylation of Ser/Thr being correlated with the decrease
in the level of the IRS-2. Insulin-induced protein proliferation and glucose- and amino
acid-induced growth are dependent on mTOR signaling in pancreatic cells, as chronic
mTOR activation results in insulin resistance characterized by hyperglycemia, and the

onset of type 2 diabetes [143] (Figure 3).
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Figure 3. Type 2 diabetes is characterized by insulin resistance caused by uncontrolled hepatic glucose synthesis and by
reduced uptake of glucose by muscle and adipose tissue. The pancreas contains functional {3 cells, but the variable secretion
of insulin affects the maintenance of glucose homeostasis because (3 cells are gradually reduced. AD is characterized
by increased synthesis and accumulation of tau and B-amyloid proteins. A plaques may induce insulin resistance.
Cerebral glucose metabolism consists of glucose transport and intracellular oxidative catabolism, affecting this metabolism
favoring the appearance of metabolic abnormalities highlighted in the brains of patients with AD. Chronic activation of
mTOR may be responsible for as endo-lysosomal, mitochondrial and metabolic dysfunctions in AD. High glucose intake
causes hyperactivation of mTOR with abnormal insulin signaling accompanied by accelerated progression and symptoms
similar to AD and with hyperglycemia and the appearance of type 2 diabetes. In patients with type 2 diabetes and AD it
occurs: increased oxidative stress, inflammation, cognitive deficit and insulin resistance. Type 2 diabetes therapies based
on type 2 co-transport inhibitors for sodium and glucose promotes: natriuresis, reduced filtered glucose reabsorption,
decreased renal threshold for glucose, increased urinary glucose excretion followed by reduced plasma glucose levels. These
compounds have a positive impact on the restoration of the anabolic/catabolic cycle and represent a new way to treat AD.
AD, Alzheimer’s disease; A3, amyloid 3; SGLT2, sodium glucose cotransporter 2; mTOR, mechanistic target of rapamycin.

In therapy with SGLT2 inhibitors, the uric acid levels decrease early in conjunction
with other inflammatory markers, such as high-sensitive CRP, suggesting an early influ-
ence on oxidative stress/inflammation-associated processes. Uric acid is recognized as a
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mediator of endothelial dysfunction and inflammation through its activation of the nod-
like receptor pyrin domain containing 3 (NLRP3) inflammasome [144-146]. Activation of
NLRP3 in the microglia is a key stress-induced innate immune mechanism that leads to AD
pathology [147,148]. The detailed mechanism by which SGLT2 inhibitors decrease uric acid
is currently unknown, but it is interesting that its elevated levels have been shown to indi-
rectly activate mTOR [149]. Its rapid and persistent decrease caused by SGLT2 inhibitors,
in patients with elevated uric acid levels, offers another possible mechanism to reduce
chronically activated mTOR signaling. Even so, the role of uric acid in the development of
neurodegenerative diseases is not clearly defined. Higher uric acid levels can positively
influence cognitive function and reduce the risk of AD onset and progression [150,151].

A growing body of evidence suggests that reduced nitric oxide (NO) signaling is
involved in AD-related pathological processes [152,153]. The NO production is diminished
via endothelial (e) nitric oxide synthase (NOS) phosphorylation, resulting in uncoupling
of NO production [154]. It has been shown that mTOR hyperactivity uncouples NO
production through eNOS phosphorylation, thus increasing superoxide generation. With a
key role in maintaining endothelial function, chronic disruption of NO production can lead
to inflammation, oxidative stress and endothelial dysfunction [154,155]. Dietary rapamycin
supplementation has been shown to reverse age-related vascular endothelial dysfunction
and oxidative stress accompanied by a decrease in superoxide production similar to levels
in younger animals [156]. These results suggest the potential for SGLT2-driven mTOR
inhibition in endothelial cells at the BBB level to modulate the dysfunction and oxidative
stress linked with chronic mTOR activation and to reinstate properly endothelial function
and NO production.

The most essential amino acids that activate mTOR in order to prevent the formation of
autophagosomes are leucine, glutamine and arginine. A decrease in the level of these amino
acids also seems to drive the lysosomal acidification process critical for protein degradation
independent of autophagy activation [157]. Remarkably, amino acid starvation appears to
be a faster and stronger activator of lysosomal/autophagy degradation than rapamycin, a
direct pharmacological inhibitor of mTOR, making SGLT2 inhibitors potentially superior
options to rapamycin in treating disorders characterized by chronic mTOR activation [158].
Clinical data showing an increase in amino acid catabolism during use of SGLT2 inhibitors
is suggested by the increased oxidation of proteins, which is evident following 3 months of
dapagliflozin therapy [159]. The increase in urea and urea cycle metabolites evident in a
study in diabetic patients treated for 30 days with empagliflozin also suggests that there is
a growth in protein catabolism [160].

Moreover, recent data evaluating the post-mortem status of mTOR in the brain of the
patient with AD revealed concurrent phosphorylation/activation of both AMPK and mTOR
which were co-localized with hyperphosphorylated tau. The results of this study suggest
that the concurrent dysregulated AMPK activity that causes chronic mTOR activation
is critical for genesis and progression of AD, and fundamentally driven by a lack of
constant periods of fasting amino acids flux to the liver to support gluconeogenesis [161].
The striking parallelism of these molecular, cellular, and clinical profiles occurring along
the path towards AD could be beneficially impacted by restoration of circadian SGLT2
inhibition mTOR modulation.

5. Concluding Remarks

Precision therapies for AD, in which genetic, environmental, neuroendocrine, biochem-
ical and immune data are included to design specific prevention and treatment strategies,
lagged behind other areas such as neoplastic diseases. This gap is partly due to the fact
that there is no strong consensus on which therapeutic approaches might be effective. With
the emergence of new pharmaceutical options and the increasing availability of large sets
of metabolic data, the targeted approaches are expected to become more feasible.

Activation/inhibition of mTOR activity may be a shared pathogenic link between all
metabolic and mitochondrial dysfunctions in AD, influencing metabolic dynamics, mito-
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chondrial activity and biogenesis (fusion/fission), and essential housekeeping processes
(proteostatis, mitophagy and autophagy) facilitated via circadian nutrient flux.

These circadian anabolic and catabolic fluxes, specific to healthy people, are disturbed
by aging, physical inactivity, over-nutrition and metabolic diseases leading to the idea
that improvements in metabolic flow through either intermittent fasting, increased activ-
ity, caloric restriction or pharmacological compounds able of mimicking the physiology
of intermittent fasting/exercise/caloric restriction on mTOR may play a critical role in
AD progression.

The multifarious nature of metabolic/remodeling role in AD and related disorders
will require further research. It is likely that various aspects of the restoration of circadian
SGLT2-mTOR modulation, such as its effects on anabolic (cell growth, protein synthesis,)
and catabolic (lysosomal function, autophagy) processes are responsible for sustaining
metabolic dysfunction in AD. Restoring metabolic health is an attractive avenue to facil-
itate future therapies for the prevention and treatment of AD, as well as to promote the
preservation of healthy brain and body aging throughout life.
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AR amyloid B

mTOR mechanistic target of rapamycin kinase
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double transgenic mouse model of Alzheimer’s disease over expressing amyloid
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an exon-9-deleted human PS1

transgenic mouse model, which express a 695-aa residue splice form of human
Tg2576 mice amyloid precursor protein modified by the Swedish Familial AD double

mutation K670N-M671L

3xTg-AD mice triple-transgenic mouse model harboring PS1IM146V, APPSwe, and

tauP301L transgenes
ATP adenosine triphosphate
MAPT microtubule associated protein tau
ROS reactive oxygen species
IDE insulin-degrading enzymes
APP amyloid precursor protein
TZDs thiazolidinediones
GLP1 glucagon-like peptide-1
DPP-4 dipeptidyl peptidase-4
IGF-1 insulin-like growth factor-1
PS1 presenilin 1
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PS2 presenilin 2

APOE Apolipoprotein E

PPARs peroxisome proliferator-activated receptors

AChE acetylcholinesterase

AMPK adenosine 5'mmonophosphate-activated protein kinase
PPARs peroxisome proliferator-activated receptors

PI3K phosphatidylinositol-3-OH kinase

IRS-2 insulin receptor-2

NLRP3 nod-like receptor pyrin domain containing 3
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Abstract: Amarogentin (AMA) is a secoiridoid glycoside isolated from the traditional Chinese
medicine, Gentiana rigescens Franch. AMA exhibits nerve growth factor (NGF)-mimicking and NGF-
enhancing activities in PC12 cells and in primary cortical neuron cells. In this study, a possible
mechanism was found showing the remarkable induction of phosphorylation of the insulin receptor
(INSR) and protein kinase B (AKT). The potential target of AMA was predicted by using a small-
interfering RNA (siRNA) and the cellular thermal shift assay (CETSA). The AMA-induced neurite
outgrowth was reduced by the siRNA against the INSR and the results of the CETSA suggested
that the INSR showed a significant thermal stability-shifted effect upon AMA treatment. Other
neurotrophic signaling pathways in PC12 cells were investigated using specific inhibitors, Western
blotting and PC12(rasN17) and PC12(mtGAP) mutants. The inhibitors of the glucocorticoid receptor
(GR), phospholipase C (PLC) and protein kinase C (PKC), Ras, Raf and mitogen-activated protein
kinase (MEK) significantly reduced the neurite outgrowth induced by AMA in PC12 cells. Further-
more, the phosphorylation reactions of GR, PLC, PKC and an extracellular signal-regulated kinase
(ERK) were significantly increased after inducing AMA and markedly decreased after treatment with
the corresponding inhibitors. Collectively, these results suggested that AMA-induced neuritogenic
activity in PC12 cells potentially depended on targeting the INSR and activating the downstream
Ras/Raf/ERK and PI3K/AKT signaling pathways. In addition, the GR/PLC/PKC signaling pathway
was found to be involved in the neurogenesis effect of AMA.

Keywords: neurodegenerative disease; aging; Alzheimer’s disease; insulin receptor; target identifica-
tion

1. Introduction

Alzheimer’s disease (AD) is a type of progressive neurodegenerative disease that
accounts for 60-70% of dementia cases and its symptoms include an initial memory loss,
later visual, language and cognitive disorders and a decline in the executive capacity in
daily life [1]. The World Alzheimer Report 2019 states that over 50 million people are
estimated to live with dementia worldwide and the number of patients will increase to
152 million by 2050. Additionally, the current yearly expenditure of dementia is estimated
to reach USD 1 trillion, which will double by 2030 [2]. Currently, several drugs on the
market such as tacrine, rivastigmine, huperzine A, donepezil, galantamine and memantine
are used to treat AD. However, only the symptoms are mitigated and the efficacy of the
drugs is not ideal, implying that a new strategy is needed for an effective AD treatment [3].
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The nerve growth factor (NGF), the first recognized neurotrophic factor that plays a
very important role in the survival, growth and maintenance of neuron cells, has become
a drug candidate [4]. Nevertheless, with its high polarity and large molecule weight,
the NGF cannot pass through the blood-brain barrier (BBB) and is difficult to apply as a
drug [5]. This finding indicates that discovering a small molecule with an NGF-mimicking
activity may be a potential alternative for AD treatment.

Given the characteristic of exhibiting sympathetic neuron-like phenotypes under the
stimulation of the NGF, the PC12 cell line, which is derived from rat pheochromocytoma
cells, is widely used as a model to screen small molecules with NGF-mimicking activities [6].
In previous studies, under the guidance of a PC12 cell bioassay system, several small
molecules with NGF-mimicking activities were isolated from traditional Chinese medicines
(TCMs) such as Gentiana rigescens Franch, Lindernia crustacean and Desmodium sambuense
and the mechanism of the action studies was also identified [7-12].

The genus Gentiana is a major group in the Gentianaceae family and its major con-
stituents include iridoids and secoiridoids, which are responsible for various biological ac-
tivities, and other important molecules such as essential oils, xanthones and terpenoids [13].
G. rigescens Franch (Jian Long Dan in Chinese), a well-known TCM that is widely distributed
in the Yunnan Province, southwest China, is generally utilized for hepatitis, rheumatism,
cholecystitis and inflammation treatment [14]. This TCM is praised with its anti-aging
activity and cognition-improving effect in ‘Sheng Nong’s Herbal Classic’, a classic book on
TCM material medica. In previous studies, gentisides A-K, which are 11 novel neuritogenic
benzoate-type molecules, were isolated from G. rigescens and their mixture was confirmed
to alleviate the impaired memory of an AD model [7,8,15].

In the present study, a secoiridoid-type compound was isolated from G. rigescens
Franch. The chemical structure was determined as amarogentin (AMA) (Figure 1a). AMA
was previously reported by our group to be a molecule with anti-aging and neuroprotection
effects by an anti-oxidative stress activity [16]. Herein, the NGF-mimicking and NGF-
enhancing activities of AMA were revealed and the mechanism of the action of the neurite
outgrowth induced by AMA was investigated by using specific inhibitors in combination
with Western blotting assays. Furthermore, the potential target was predicted using the
cellular thermal shift assay (CETSA) and a small-interfering RNA (siRNA) analysis. The
results indicated that AMA potentially targeted the insulin receptor and activated the
PI3BK/AKT and Ras/Raf/MEK/ERK signaling pathways. In addition, the GR/PLC/PKC
was also involved in the neuritogenic activity of AMA in PC12 cells.
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Figure 1. Neurogenesis effect of AMA in PC12 cells. (a) Chemical structure of AMA. (b) Percentage of PC12 cells with neurite
outgrowth after treatment with AMA at different doses or AMA combined with a low dose of the NGF. (c) Morphological
changes in PC12 cells under an inverted optical microscope at 48 h after treatment with (i) control (0.5% DMSO); (ii) NGF
(40 ng/mL); (iii) NGF (1 ng/mL); (iv) AMA (3 uM); (v) AMA (3 uM) + NGF (1 ng/mL). (d) Cell viability analysis results of
PC12 cells after treatment with various doses of AMA or AMA combined with the NGF. Each experiment was repeated
three times. The data were expressed as a mean + SEM. *** indicates significant differences at p < 0.001 compared with the
negative control and ## indicates a significant difference at p < 0.001 compared with the 3 UM AMA group.

2. Experimental Section
2.1. Chemicals and Reagents

TrkA (k252a), GR (RU486), PI3K (LY294002), MEK/ERK (U0126) and PKC (Go6983) in-
hibitors, DMSO and NGF were purchased from Sigma—Aldrich Co. (St. Louis, MO, USA).
The Ras inhibitor (farnesylthiosalicylic acid) was purchased from Cayman Chemical (Ann
Arbor, MI, USA). The INSR (HNMPA-[AM]3), PLC (U73343) and Raf (AZ628) inhibitors
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). The TrkB inhibitor
(ANA-12) was purchased from Selleck (Shanghai, China) (see the details in Supplementary
Table S1). Insulin and demethylasterriquinone B1 were purchased from YEASEN Biotech
Co. Ltd. (Shanghai, China) and GlpBio Technology (Shanghai, China), respectively.

2.2. Preparation of the AMA

AMA was isolated from the roots of G. rigescens and the chemical structure was
determined by comparing the "H NMR and 3C NMR spectra with the reported literature
(Figure 1a). The detailed separation and structure elucidation steps were reported in a
previous study [16].

2.3. Evaluation of the Neuritogenic Activity

The neuritogenic activity was evaluated as described in our previous paper [12].
Briefly, in each well of a 24-well microplate, around 50,000 PC12 cells were seeded and
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cultured under humidified conditions with 5% CO, at 37 °C for 24 h. After 24 h, 1 mL of
serum-free Dulbecco’s modified eagle medium (DMEM) containing a test sample or DMSO
(0.5%) was used to replace the previous medium in each well. An NGF (40 ng/mL) was
used as the positive control. Approximately 100 cells were counted thrice from a randomly
selected area. Cells with a neurite outgrowth longer than the diameter of its body were
counted as positive cells. The percentage of the positive cells in the selected area was
regarded as the activities and the results were expressed as a mean + SEM.

In the inhibitor test, the cells in each well of a 24-well microplate were first pretreated
with 500 pL of the culture medium containing the specific inhibitor for 30 min. After this,
500 uL of the culture medium containing the sample or DMSO (0.5%) was added. The
morphological changes in the cells were observed after 48 h.

In addition, the wide-type of the PC12 cell lines and corresponding mutants (PC12(ras-
N17), PC12(mtGAP)) were provided by Prof. Hiroyuki Osada (RIKEN Center for Sustain-
able Resource Science, Japan).

2.4. Analysis of the Cell Viability by Using the MTT Assay

The cell viability was determined in accordance with the mitochondria-dependent
reduction of MTT to purple formazan. Briefly, cells with AMA at concentrations of 0, 0.03,
0.3,3 and 10 uM or AMA (3 uM) combined with a low dose of NGF were incubated for 48 h.
The medium was removed carefully by aspiration. Afterward, 0.5 mL of fresh medium
containing MTT (200 ng/mL) was added to each well and plates were incubated at 37 °C
for 2 h. The medium in each well was then completely replaced with 0.2 mL DMSO to
solubilize the formazan crystals. The resultant formazan was detected using a plate reader
at 570 nm. All experiments were repeated at least three times.

2.5. Primary Culture of Mouse Cortical Neuron Cells

According to a previous study, primary cortical neuron cultures were prepared from
the brains of C57BL/6] mice at embryonic day 17 [12]. Briefly, the cortex was digested
in 0.5% trypsin in a 5% CO, incubator at 37 °C for 20 min. Around 6 x10* neurons were
seeded into the poly-L-lysine-coated 24-well plates in a serum-free neurobasal medium
(Gibco, Grand Island, NY, USA). Samples with different concentrations (AMA at 0.1, 0.3,
1 and 3 uM; 0.1 uM AMA together with 1 ng/mL NGF) were added to each well and
incubated for 24 h and 0.5% DMSO and NGF were used as negative and positive control
samples, respectively. After 72 h of treatment with samples, 500 nM of NeuO were added
to the cultures for 1 h. Fluorescence microscopy at an excitation/emission wavelength of
430/560 nm was then used to image the neurons. Image J software (National Institutes
of Health, Bethesda, MD, USA) was used to measure the relative length of the neurite
outgrowth of the neurons. The results were expressed as a mean + SEM.

2.6. Western Blot Analysis

A Western blot analysis was performed in accordance with previous studies [12].
Briefly, in each 60 mm culture dish containing 5 mL. DMEM, approximately 2 x 10° PC12
cells were seeded and incubated for 24 h. For the time-dependent study of AMA, AMA
(3 uM) was supplemented to the dishes, which were incubated for specific time periods.
For the study of the inhibitors, AMA (3 uM) or AMA (3 uM) with a low dose of the NGF
(1 ng/mL) were added to the dishes, which were then incubated for a certain period (2 h
for GR, p-GR, PLC and p-PLC; 8 h for the INSR and p-INSR; 24 h for AKT and p-AKT;
48 h for ERK1/2, p-ERK1/2, PKC and p-PKC). Sodium dodecyl sulphate polyacrylamide
gel electrophoresis was used to separate the proteins (15 pg) and transfer them onto a
PVDF membrane. The membranes were incubated with primary antibodies and secondary
antibodies (see the details in Supplementary Table S2). The antigens were visualized using a
high sensitivity chemiluminescence detection kit (Beijing Cowin Biotech Company, Beijing,
China). The primary antibodies used for immunoblotting were as follows: anti-insulin
receptor antibody, anti-phospho-insulin receptor (Tyr1150/1151) antibody, anti-phospho-
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AKT (Ser473), anti-AKT antibody, anti-phospho-p44 /42 MAPK (ERK1/2) (Thr202/Tyr204)
antibody, anti-44 /42 MAPK (ERK1/2) antibody, anti-phospho-PLC vy antibody, anti-PLC
antibody, anti-phospho-PKC antibody, anti-PKC antibody (Cell Signaling Technology,
Boston, MA, USA), anti-phospho-GR antibody (Affinity BioReagents, OH, USA) and
anti-GR antibody (Santa Cruz, CA, USA) and GAPDH antibody (Beijing Cowin Biotech
Company, Beijing, China). The secondary antibodies used in this study were as follows:
horseradish peroxidase-linked anti-rabbit and anti-mouse IgGs (Beijing Cowin Biotech
Company, Beijing, China). The bands were quantitatively measured using Image] software
(National Institutes of Health, Bethesda, MD, USA).

2.7. Cellular Thermal Shift Assay

A CETSA was performed as described in other reports [17]. First, in 60 mm dishes
containing 5 mL DMEM, 2 x 10° cells were separately added and incubated for 24 h. In
each plate, AMA was added at a final concentration of 3 uM. After a continuous incubation
for 8 h, cells were collected and heated at temperatures ranging from 46 °C to 66 °C. Finally,
a Western blot analysis was used to detect the changes in the INSR protein and GR protein.

2.8. RNA Interference

PC12 cells were transfected with different concentrations of FAM-labelled siRNA to
evaluate the transfection efficiency. Finally, 150 nM was decided as the final concentration
to perform the experiment at which 90% of the transfection efficiency was obtained. The
following primer sequences were used to generate siRNAs that knocked down the INSR
and the negative control (Sangon Biotech Co. Ltd., Shanghai, China): for INSR-4295, sense:
5'-GUG AAG AGC UGG AGA UGG ATT-3/, anti-sense: 5'-UCC AUC UCC AGC UCU
UCA CTT-3'; for the negative control, sense: 5-UUC UCC GAA CGU GUC ACG UTT-3/,
anti-sense: 5'-ACG UGA CAC GUU CGG AGA ATT-3'.

The transfection of PC12 cells with an siRNA was performed on the basis of the
manufacturer’s instructions. Briefly, in each well of 24-well plates, 5 x 10* cells were
seeded and allowed to reach 70-90% confluence in a growth medium without antibiotics
one day before the transfection. SiRNA against the INSR or the negative control siRNA
were then used at a concentration of 150 nM with Lipofectamine 2000 (Invitrogen) as the
transfection agent. After 6 h of transfection, the fresh medium containing 3 uM AMA or
AMA combined with a low dose of the NGF was used to replace the previous medium
in the plates and the plate was then incubated for another 24 h. The cell morphological
features were observed and recorded using an inverted microscope fitted with a camera.
The percentage of the cells with a neurite outgrowth was expressed as the mean + SEM.
Finally, a Western blot analysis was used to detect the changes in the INSR protein.

2.9. Statistical Analysis

Data were presented as a mean &= SEM of three independent experiments in triplicate.
Data were subjected to a one-way ANOVA and a Tukey’s post hoc analysis by using the
GraphPad Prism software. p < 0.05 was considered statistically significant.

3. Results
3.1. AMA-Induced Neuritogenic Effect in PC12 Cells and in Primary Cortical Neuron Cells

The neuritogenic activity of AMA was first detected in PC12 cells. PC12 cells were
treated with different concentrations of AMA (0.03, 0.3 and 3 uM) for 48 h. The results
showed that AMA induced neurite outgrowth in PC12 cells in a dose-dependent manner.
The percentages of the cells with a neurite outgrowth after treatment with 0, 0.03, 0.3 and
3 uM of AMA were 6.0% =+ 0.6%, 11.3% = 1.2%, 36.7% =+ 2.3% (p < 0.001) and 53.0% =+ 2.1%
(p < 0.001), respectively (Figure 1b). Interestingly, AMA with a low dose of the NGF
(1 ng/mL) significantly increased the percentage of PC12 cells with neurite outgrowth from
53.0% = 2.1% to 77.3% % 1.3% (p < 0.001, Figure 1b). The morphological changes in PC12
cells after treatment with 3 uM of AMA and AMA combined with 1 ng/mL of NGF are
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displayed in Figure 1c. These results indicated that AMA exhibited NGF-mimicking and
NGF-enhancing activities in PC12 cells. The effect of AMA in PC12 cell viability was then
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
analysis. The viabilities of PC12 cells were 96.9% + 2.3%, 97.3% =+ 2.4%, 106.1% =+ 4.4%
and 94.0% =+ 4.9% after treatment with AMA at doses of 0.03, 0.3, 3 and 10 uM, respectively
(Figure 1d). None of these concentrations produced considerable cytotoxicity as detected
by the MTT assay. Furthermore, the viability of PC12 cells in the 3 uM AMA-treated
group was significantly increased to 135.7% =+ 13.4% after adding a low dose of the NGF
(1 ng/mL, p <0.001, Figure 1d). These results suggested that AMA showed no cytotoxicity
at a dose of 10 uM and that the low-dose NGF could increase the cell viability of AMA in
PC12 cells.

In addition, the neuritogenic effect of AMA was further estimated in the primary
cortical neuron cells. As shown in Figure 2, the neurite outgrowth was increased signif-
icantly after treatment with different concentrations of AMA and AMA with the NGF.
The morphological changes in the primary cortical neurons are shown in Figure 2a. The
average of the neurite length and primary dendrite number are displayed in Figure 2b,c,
respectively. Treatment with AMA at 0.1, 0.3 and 1 uM significantly increased the neu-
rite length from 41.7 & 1.2 um to 61.7 £ 3.2 um (p < 0.05), 69.3 + 2.2 um (p < 0.01) and
80.9 £ 5.7 um (p < 0.001), respectively. Moreover, 0.1 uM AMA combined with 1 ng/mL
of NGF increased the neurite length to a level that was comparable with the effect of the
NGF at 10 ng/mL (p < 0.01). Collectively, these results demonstrated that AMA exhibited
significant neuritogenic activity in PC12 cells and in primary cortical neuron cells.

(b) (¢)

Average length of neurites (uM)
Primary dendrite number

Figure 2. Neurogenesis effect of AMA in primary cortical neuron cells. (a) Micrographs of primary
cortical neuron cells at 48 h after treatment with (i) control (0.5% DMSO); (ii) NGF (10 ng/mL);
(iii) NGF (1 ng/mL); (iv) AMA (0.1 uM); (v) AMA (0.3 uM); (vi) AMA (1 uM); (vii) AMA (3 uM);
(viii) AMA (0.1 uM) + NGF (1 ng/mL). (b) Average length of neurite outgrowth of the indicated
groups in the primary cortical neuron cells. (c) Average primary dendrite number in each group.
Each experiment was repeated three times. The data were expressed as a mean & SEM. *, ** and ***
indicate significant differences at p < 0.05, p < 0.01 and p < 0.001 compared with the negative control;

## indicate a significant difference at p < 0.05 and p < 0.01 compared with the 0.1 uM AMA group.
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3.2. Effect of AMA on the Ras/Raf/MEK/ERK Signaling Pathway

Different neurotrophic factors such as NGF and BDNF specifically bind to the trans-
membrane receptors TrkA and TrkB and activate several kinases to stimulate the function
of differentiation and survival in neuron cells [18,19]. Therefore, the mechanism of the
action of AMA was first investigated using the inhibitors of TrkA and TrkB. However, the
neurite outgrowth induced by AMA or AMA combined with the NGF did not change after
the treatment with the inhibitor of TrkA, K252a (Figure 3a). Similarly, the inhibitor of TrkB,
ANA-12, did not affect the NGF-mimicking or NGF-enhancing effect of AMA in PC12 cells

(Figure 3b).
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Figure 3. Effect of AMA on the Ras/Raf/MEK/ERK signaling pathway in PC12 cells. (a,b) Effect of TrkA inhibitor K252a
and TrkB inhibitor ANA-12 on the neurite outgrowth induced by AMA and AMA combined with the NGF. (c—e) Effects
of Ras, Raf and MEK inhibitors on the neurogenesis activity of AMA and AMA combined with the NGE. (f) Percentage
of the neurite outgrowth induced by AMA and AMA combined with the NGF for 48 h in wide-type or Ras mutant PC12
cells. (g) Phosphorylation of ERK at different time points induced by AMA. The ERK phosphorylation was reduced by
the inhibitor of MEK and quantified using Western blots through Image] software. Each experiment was repeated three

times. ** and *** indicate significant differences at p < 0.01 and p < 0.001 compared with the negative control; *# ## indicate

a significant difference at p < 0.01 and p < 0.001 compared with the 3 uM AMA group; %% indicates a significant difference
at p < 0.001 compared with the AMA-combined NGF group.
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Ras/Raf//MEK/ERK was believed to be the major cascade for the NGF-stimulated
differentiation in PC12 cells [20]. Therefore, the effect of these signaling pathways was
investigated using specific inhibitors, mutants and a Western blot analysis. As displayed
in Figure 3c—e, after adding the inhibitors of Ras (farnesylthiosalicylic acid, FTA), Raf
(AZ628) and MEK (U0126), the neurite outgrowth induced by AMA was significantly
reduced from 53.0% =+ 2.1% to 24.0% =+ 1.2% (p < 0.001), 22.3% =+ 1.2% (p < 0.001) and
21.0% £ 1.0% (p < 0.001), respectively. Similarly, the neuritogenic activity of AMA combined
with the NGF was decreased by these above mentioned inhibitors from 75.3% =+ 1.9% to
31.3% =+ 2.4% (p < 0.001), 28.3% =+ 0.9% (p < 0.001) and 29.3% =+ 1.7% (p < 0.001), respectively
(Figure 3c—e).

Furthermore, the Ras mutant types of PC12 cells including the membrane-targeted
PC12(mtGAP) or the dominant inhibitory mutant PC12(rasN17) were used to detect the
effect of AMA on the Ras protein. AMA or AMA combined with the NGF failed to induce
the neurite outgrowth on the Ras mutant cell lines due to the inhibition of the Ras function.
This finding suggested that the Ras signaling was involved in the effect of AMA (Figure 3f,
Supplementary Figure S1).

The effect of AMA on ERK phosphorylation at the protein level was studied. The
phosphorylation of ERK was increased from 4 h and peaked at 48 h (Figure 3g, Supple-
mentary Figure S2). Meanwhile, the ERK phosphorylation in the AMA-treated group or
the AMA with a low dose of NGF-treated group was diminished by the inhibitor of MEK,
U0126 (Figure 3g). These results indicated that TrkA and TrkB were not involved in the
neurogenesis effect of AMA. However, the Ras/Raf/MEK/ERK signaling pathway took
an important role in the neurogenesis effect of AMA.

3.3. Effect of AMA on the INSR/PI3K/AKT Signaling Pathway

Growing evidence shows that insulin plays an important role in brain functions such
as cognitive and memory improvement. Insulin binds to the INSR and activates the
PI3K/AKT pathway, thereby enhancing the cell growth and survival [21]. Therefore, the
inhibitor of the INSR, HNMPA-(AM)3, was used to study the mechanism of the action
of AMA. After treatment with HNMPA-(AM)3, the AMA-induced neurite outgrowth
was significantly decreased from 53.0% + 2.1% to 11.7% + 0.9% (p < 0.001) (Figure 4a).
Moreover, the neurite outgrowth induced by AMA was reduced after treatment with the
inhibitor of PI3K, LY294002, from 53.0% = 2.1% to 22.3% % 1.2% (p < 0.001) (Figure 4b).
The neurite outgrowth of PC12 cells induced by AMA combined with the NGF was also
decreased by HNMPA-(AM); and LY294002 (Figure 4a,b).

Subsequently, the phosphorylation of the INSR and AKT induced by AMA were
investigated in a time-dependent manner. The INSR phosphorylation increased at 1 h and
peaked at 8 h after treatment with AMA (Figure 4c, Supplementary Figure S3). Furthermore,
the phosphorylation of AKT after the treatment with AMA was increased at 2 h and peaked
at 24 h (Figure 4c). The increase in the phosphorylation of the INSR and downstream
protein AKT and ERK in the AMA with or without 1 ng/mL of NGF were significantly
decreased by HNMPA-(AM); (Figure 4d, Supplementary Figure S3). In addition, the
phosphorylation of AKT induced by AMA and AMA combined with the NGF were also
reduced by the inhibitor of PI3K, LY294002 (Figure 4e, Supplementary Figure S3). These
results suggested that the INSR/PI3K/AKT signaling pathway exerted an important effect
on the AMA-induced neurite outgrowth in PC12 cells.
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Figure 4. Effect of amarogentin on the insulin receptor/PI3K/AKT signaling pathway in PC12 cells. (a,b) Effect of the
insulin receptor inhibitor HNMPA-(AM); and PI3K inhibitor LY294002 on the neurite outgrowth induced by AMA and AMA
combined with the NGF. (c) AMA-induced phosphorylation of the insulin receptor and AKT in a time-dependent manner
and quantification of the Western blots by using Image] software. (d) Phosphorylation of the insulin receptor, AKT and ERK
induced by AMA or AMA combined with the NGF was decreased by the inhibitor HNMPA-(AM)3. (e) Phosphorylation of
AKT induced by AMA or AMA combined with the NGF was decreased by the inhibitor LY294002. Each experiment was
repeated three times. *** indicates significant differences at p < 0.001 compared with the negative control; #* indicates a
significant difference at p < 0.001 compared with the 3 tM AMA group and **® indicates a significant difference at p < 0.001
compared with the AMA-combined NGF group.
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3.4. Effect of AMA on the GR/PLC/PKC Signaling Pathway

GR has been reported to regulate a series of genes important for neuronal structure
and plasticity and is involved in the neuritogenic activity in PC12 cells [22,23]. Therefore,
the inhibitor of GR, RU486, was used to elucidate the mechanism of the action of AMA. The
percentage of cells with a neurite outgrowth was significantly decreased from 53.0% =+ 2.1%
t028.3% £ 1.2% (p < 0.001) after treatment with RU486 (Figure 5a). Given that the PLC/PKC
signaling pathway is located at the downstream of GR and plays an important role in cell
survival and differentiation [24], the inhibitors of PLC (U73343) and PKC (Go6983) were
used to examine the effect of AMA. The neurite outgrowth of AMA was diminished from
53.0% =+ 2.1% to 16.3% =+ 2.0% and 17.7% =+ 1.6% (p < 0.001) after the addition of U73343
and Go6983, respectively (Figure 5b,c). Similarly, the effect of AMA combined with a low
dose of the NGF was also inhibited by RU486, U73343 and Go6983 (Figure 5a—c).
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Figure 5. Effect of AMA on the GR/PLC/PKC signaling pathway in PC12 cells. (a—c) Effect of GR (RU486), PLC (U73343)
and PKC (Go6983) inhibitors on the neurite outgrowth induced by AMA and AMA combined with the NGFE. (d) AMA-
stimulated phosphorylation of GR, PLC and PKC proteins in a time-dependent manner and the quantification of Western
blots by using Image] software. (e) Phosphorylation of GR, PLC and PKC induced by AMA or AMA combined with the
NGF reduced by the corresponding inhibitors and quantified using Western blots through Image]J software. Each experiment
was repeated three times. *** indicates significant differences at p < 0.001 compared with the negative control; *## indicates a
significant difference at p < 0.001 compared with the 3 uM AMA group and %% indicates a significant difference at p < 0.001
compared with the AMA-combined NGF group.
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The phosphorylation of GR/PLC/PKC was then determined at the protein level by
using a Western blot analysis. The GR phosphorylation peaked at 2 h and was reduced by
RU486 (Figure 5d,e, Supplementary Figure S4). The PLC phosphorylation was increased
from 1 h, peaked at 2 h and decreased by the inhibitor of PLC, U73343 (Figure 5d,e).
Furthermore, the phosphorylation of PKC peaked at 48 h and was reduced by Go6983, the
inhibitor of PKC (Figure 5d,e). The AMA combined with the NGF group changed in a
similar way (Figure 5d,e). These results demonstrated that the AMA-induced neuritogenic
activity in PC12 cells was related to the GR/PLC/PKC signaling pathway.

3.5. Identification of the Target Protein for AMA by Using siRNA Analysis and CETSA

Considering that TrkA and TrkB are not involved in the neurogenesis effect of AMA,
we predicted that the INSR or GR protein might be the potential target of AMA. Given that
the inhibition effect of the INSR for AMA was stronger than that of GR, the INSR was first
considered as the potential target of AMA. The 5-carboxyfluorescein (FAM)-labelled siRNA
was initially used to confirm the optimal transfection concentration of siRNA and whether
AMA targeted the INSR. Approximately 90% of the PC12 cells produced fluorescence
after treatment with 150 nM of the FAM-labelled siRNA and 150 nM of the INSR siRNA
was used to perform the transfection (Supplementary Figure S5). The INSR siRNA was
transfected into PC12 cells for 6 h and treated with 3 uM AMA or AMA combined with the
NGE. After the treatment of the PC12 cells with the INSR siRNA, the percentage of cells
with a neurite outgrowth induced by AMA with or without a low dose of the NGF for 48 h
was significantly decreased (Figure 6a,b). In addition, the total and the phosphorylation
protein levels of the INSR were significantly decreased by the treatment with the INSR
siRNA regardless of the AMA treatment (p < 0.001, Figure 6¢, Supplementary Figure S6).
Hence, these results indicated that the INSR might be the target protein of AMA.

A CETSA was used to discover the target protein of molecules on the basis of the
thermal stabilization of proteins upon ligand binding [17]. Therefore, a CETSA was used to
detect the binding correlations between the INSR and AMA to further confirm the potential
target of AMA. After treating the PC12 cells with dimethyl sulfoxide (DMSO) or AMA
and heating at temperature ranging from 46 °C to 66 °C, the immunoblotting analysis
was conducted using a specific antibody for the INSR. The results suggested a significant
thermal stabilization of the INSR protein upon AMA treatment (Figure 6d, Supplementary
Figure S6). At the same time, the change of GR at the protein level was detected using the
same method. As expected, the GR protein did not show the thermal stability-shifted effect
after the AMA treatment (Figure 6e, Supplementary Figure S6). Furthermore, other known
insulin agonists such as insulin and demethylasterriquinone B1 (DB1) were selected to
detect whether they exhibited a similar neurogenesis as AMA in PC12 cells [25]. The results
indicated that both showed a significant NGF-mimicking and NGF-enhancing activity in
the PC12 cells (Figure 6f, Supplementary Figure S7). These results indicated that AMA
might target the INSR to produce the NGF-mimicking activity.
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Figure 6. Target prediction of AMA in PC12 cells by using siRNA and a CETSA assay. (a) Microphotographs of PC12 cells
after treatment with siRNA and AMA or AMA combined with the NGF: (i) negative control siRNA, control (0.5% DMSO);
(ii) negative control siRNA, AMA (3 uM); (iii) negative control siRNA, AMA (3 uM) + NGF (1 ng/mL); (iv) insulin receptor
siRNA, control (0.5% DMSO); (v) insulin receptor siRNA, AMA (3 uM); (vi) insulin receptor siRNA, AMA (3 uM) + NGF
(I ng/mL). (b) Percentage of cells with a neurite outgrowth after treatment with siRNA and AMA or AMA combined with
the NGF. (c) Western blot analysis for the insulin receptor after transfection with negative siRNA or insulin receptor siRNA
and treatment with AMA or AMA combined with the NGF. Cells were transfected with Lipofectamine 2000 and 150 nM
siRNA for 6 h and treated with AMA or AMA combined with the NGF. (d,e) CETSA of PC12 cells on the insulin receptor or
GR protein and corresponding fitting curves. (f) Neuritogenic activity of insulin and demethylasterriquinone B1 in PC12
cells. ™, ## and *%¥ indicate significant differences at p < 0.001 compared with the corresponding groups.
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4. Discussion

Aging is a major risk factor for age-related diseases such as Parkinson’s disease and
AD [26]. We speculated that if we prevent or delay aging, we can prevent the occurrence
of AD or cure AD. Our laboratory began to screen small anti-aging molecules from food
and TCMs ten years ago to verify this hypothesis. To date, we have found more than
30 anti-aging compounds with different types of chemical structures such as sterols, benzo-
quinones, phenols and terpenes [27-30]. Furthermore, we have indicated that cucurbitacin
B with an anti-aging effect can improve the memory of APP/PS1 mice via the target cofilin
and the regulation of GR signaling pathways [23,31]. These results indicate that anti-aging
substances may prevent and treat AD.

G. rigescens Franch is a TCM used to treat hepatitis, rheumatism, cholecystitis and
inflammation in China [14]. In our previous study, we discovered gentisides A-K with a
novel NGF-mimicking effect from the nonpolar extract of this plant and indicated that a
mixture of benzoates could alleviate the impaired memory of AD model mice induced by
scopolamine [15]. We have also focused on the water layer of G. rigescens Franch to isolate
active molecules under the guidance of PC12 cells and a yeast replicative lifespan assay to
understand whether the small molecules of the polar part have the same function. We have
found that AMA produces anti-aging effects on yeasts and neuron protection in PC12 cells
via anti-oxidative stress [16]. In the present study, we used PC12 cells and primary cortical
neuron cells to investigate the neurogenesis effect of AMA. The morphological changes of
PC12 cells and primary cortical neuron cells after AMA treatment suggested that AMA
had a neurogenesis effect on PC12 cells and primary cortical neuron cells (Figures 1 and 2).
These results were consistent with those of our previous reports [12,23].

The target protein identification has an important role in drug development and
can provide strong evidence for the elucidation of the mechanism of the action, safety
evaluation and targeted treatment of a disease [32]. Therefore, we first focused on the
target protein discovery of AMA to perform deep research with specific inhibitors, siRNA,
a CETSA and a Western blot analysis. The results of the specific inhibitors for TrkA, TrkB,
INSR, GR, PI3K, PLC, PKC and MEK and the Western blot analysis in Figures 3—6 indicated
that AMA induced neuritogenic activity in PC12 cells by activating the INSR and regulating
the PI3K/AKT/Ras/Raf/ERK and GR/PLC/PKC signaling pathways. Interestingly, the
mechanism of the action of AMA for its NGF-mimicking effect was different from that of
previously reported compounds (such as ABG-001, lindersin B, 3beta,23,28-trihydroxy-
12-oleanene 3beta-caffeate and CuB). Tetradecyl 2,3-dihydroxybenzoate (ABG-001) was
designed and synthesized as a lead compound in accordance with the gentiside series to
induce neurogenesis in PC12 cells by the IGF-1R/PI3K/MAPK signaling pathway [9,10].
Lindersin B from L. crustacea induced neuritogenic activity through the activation of
the TrkA/PI3K/ERK signaling pathway [11]. 3beta,23,28-trihydroxy-12-oleanene 3beta-
caffeate from D. sambuense induced neurogenesis in PC12 cells mediated by the ER stress
and BDNF-TrkB signaling pathways [12] and CuB induced neuritogenic activity by target-
ing cofilin and regulating the GR TrkA signaling pathways [23]. These molecules possess
different structures but exhibit neurogenesis effects by activating various related signaling
pathways. AMA was the first compound we discovered to target the INSR for the NGF-
mimicking activity in PC12 cells. These results provided insights into the combination that
the use of these molecules may have in increasing the therapy effect for AD.

TrkA and TrkB are specific transmembrane receptors that bind to neurotrophic fac-
tors such as NGF and BDNF [18,19]. Therefore, the effects of these two proteins were
investigated. We found that TrkA and TrkB were not involved in the neurogenesis effect
of AMA (Figure 3b). We focused on the INSR and GR to determine the target protein.
The results of the INSR knockdown experiment, a CETSA and a Western blot analysis for
the INSR and GR in Figure 6 revealed that the INSR was the potential target protein of
AMA. Furthermore, known insulin agonists including insulin and DB1 showed similar
neurogenesis effects as AMA in PC12 cells, which confirmed the INSR as the potential
target of AMA (Figure 6). It was different from the target proteins of CuB, cofilin and
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3beta,23,28-trihydroxy-12-oleanene 3beta-caffeate and ER stress [11,23]. AMA may have ef-
fects for diabetes and inflammation because of the involvement of insulin and GR signaling
pathways [33,34].

In conclusion, AMA from Gentiana rigescens Franch showed significant neuritogenic
activity in PC12 cells and in primary cortical neuron cells. The neuritogenic activity
induced by AMA in PC12 cells was through the targeting of the INSR and the regulation
of the PI3K/AKT/Ras/Raf/ERK and GR/PLC/PKC signaling pathways (Figure 7). This
study indicated the potential applications of AMA for its neurogenesis effect and provided
evidence for the treatment of neurodegenerative diseases and anti-aging. Furthermore, the
structure-activity relationship of AMA should be studied to discover the novel leading
compounds and elucidate the underlying mechanism in animal levels and also applied to
clinical trials.

Neurite outgrowth

Figure 7. Proposed mechanism of the action of AMA in the neuritogenic activity in PC12 cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9050581/s1, Figure S1: Differentiation of PC12 cells expressing dominant negative
Ras (PC12(rasN17)) or membrane-targeted GAP (PC12(mtGAP)) induced by AMA or AMA combined
with NGF, Figure S2: Origin data of Western blot analysis in Figure 3g, Figure S3: Origin data of
Western blot analysis in Figure 4c—e, Figure S4: Origin data of Western blot analysis in Figure 5d,e,
Figure S5: Microphotograph of PC12 cells after transfection with different concentrations of FAM-
siRNA (50 nM, 100 nM and 150 nM), Figure S6: Origin data of Western blot analysis in Figure 6¢c-e,
Figure S7: Microphotograph of PC12 cells after treatment with insulin and Demethylasterriquinone
B1, Table S1: List of inhibitors used in this study, Table S2: List of antibodies used in this study.
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Abstract: Transcriptome-wide association studies (TWAS) have identified several genes that are associ-
ated with qualitative traits. In this work, we performed TWAS using quantitative traits and predicted
gene expressions in six brain subcortical structures in 286 mild cognitive impairment (MCI) samples from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort. The six brain subcortical structures
were in the limbic region, basal ganglia region, and cerebellum region. We identified 9, 15, and 6 genes
that were stably correlated longitudinally with quantitative traits in these three regions, of which 3,
8, and 6 genes have not been reported in previous Alzheimer’s disease (AD) or MCI studies. These
genes are potential drug targets for the treatment of early-stage AD. Single-Nucleotide Polymorphism
(SNP) analysis results indicated that cis—expression Quantitative Trait Loci (cis—eQTL) SNPs with gene
expression predictive abilities may affect the expression of their corresponding genes by specific binding
to transcription factors or by modulating promoter and enhancer activities. Further, baseline structure
volumes and cis—eQTL SNPs from correlated genes in each region were used to predict the conversion
risk of MCI patients. Our results showed that limbic volumes and cis—-eQTL SNPs of correlated genes in
the limbic region have effective predictive abilities.

Keywords: subcortical structure; quantitative trait; longitudinal stably correlated; mild cognitive
impairment; conversion

1. Introduction

Alzheimer’s disease (AD) is a progressive and irreversible neurodegenerative disorder,
accounting for more than 75% of all dementia events worldwide [1]. Approximately 35%
of individuals over 80 years of age suffer from AD around the world [2]. Mild Cogni-
tive Impairment (MCI) is the preclinical stage of AD and is clinically heterogeneous [3].
Genome-wide association studies (GWAS) have identified several susceptible single nu-
cleotide polymorphisms (SNPs) for AD [4-7] and MCI [7]. However, GWAS can be used to
understand which SNPs are associated with traits but cannot explain how the SNPs affect
the traits. SNPs are likely to influence traits by regulating gene expression [8,9]. On the
other hand, gene expression may be regulated by causal SNPs but not by the SNP with the
lowest p-value within a linkage disequilibrium block.

Transcriptome sequencing can be used to study associations between whole transcrip-
tion levels and traits in a specific tissue. Howevr, sampling for transcriptome sequencing is
costly and difficult. Gusev et al. [10] proposed a new strategy, leveraging expression pre-
diction to perform a transcriptome-wide association study (TWAS) to identify significant
trait-expression associations. TWAS first fits tissue-specific models using reference data
with both SNP genotype data and gene expression data available. Then, these models are
used to predict gene expression in a new dataset with genotype data available. Finally, the
predicted gene expression in each tissue is associated with corresponding traits. TWAS has
been proved as an effective method to identify gene associations between gene expression
and traits in specific tissues [11].

Biomedicines 2021, 9, 658. https:/ /doi.org/10.3390/biomedicines9060658

https:/ /www.mdpi.com/journal /biomedicines
107



Biomedicines 2021, 9, 658

Several TWAS studies have identified multiple novel susceptibility genes for AD
by combining Genotype-Tissue Expression Project (GTEx) gene expression models and
genotype data of AD. Raj et al. [12] identified 21 genes with significant associations with
AD in two cohorts, 8 of which were were novel. Hao et al. [13] combined TWAS and data
from the International Genomics of Alzheimer’s Project (IGAP) cohort and identified 29
potential disease—causing genes, 21 of which were new. Jung et al. [14] combined tissue
specifically predicted gene expression levels and polygenic risk score from 207 AD cases
and 239 cognitively normal controls and found that the inclusion of polygenic risk score
and gene expression features provided better performance in AD classification. Gerring
et al. [15] performed a multi-tissue TWAS of AD and observed associated genes in brain
and skin tissue.

The aim of our study was to identify genes potentially related with specific brain
structure quantitative traits in MCI samples, reveal possible relationships with biologi-
cal mechanisms, and use them for conversion analyses. We performed TWAS between
predicted gene expression and longitudinal quantitative traits in six brain subcortical
structures to identify longitudinally stable correlated genes for MCI. First, gene expression
prediction models provided by GTEx [16] were used to predict gene expression in amyg-
dala, hippocampus, accumbens area, caudate, putamen, and cerebellum using 286 MCI
samples from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort. Second, the
expression of genes in the above six structures was correlated with baseline and 12-month
follow—up quantitative traits in the corresponding structures. Overlapping genes in base-
line and 12-month follow—up were considered as longitudinally stable correlated genes in
each structure. Third, fine-mapping analyses were performed on these longitudinally sta-
ble correlated genes and corresponding cis—eQTL SNPs to identify the potential regulation
mechanisms. Finally, we further investigated the potentials of baseline quantitative traits
and gene expression—determined cis—eQTL SNPs of longitudinally stable correlated genes
for conversion analysis of MCI samples.

2. Materials and Methods

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

2.1. Ethics Statement

We used the ADNI subject data collected from 50 clinic sites. The ADNI study was
conducted according to Good Clinical Practice guidelines, US 21CFR Part 50—Protection
of Human Subjects, and Part 56—Institutional Review Boards (IRBs)/Research Ethics
Boards (REBs)—and pursuant to state and federal HIPAA regulations. Written informed
consent was obtained from all participants after they had received a complete description
before protocol-specific procedures were carried out based on the 1975 Declaration of
Helsinki. IRBs were constituted according to applicable State and Federal requirements
for each participating location. The protocols were submitted to appropriate Boards, and
their written unconditional approval obtained and submitted to Regulatory Affairs at the
Alzheimer’s disease Neuroimaging Initiative Coordinating Center (ADNICC) prior to
commencement of the study. We have obtained permission to use data from ADNI, and
the approval date is 25 November 2019.

2.2. Samples

A total of 819 samples of European ancestry were recruited by the ADNI cohort, and 757
of them were run on the Human610-Quad BeadChip (Illumina Inc., San Diego, CA, USA)
for genotyping. Among these 757 samples, 286 MCI samples were MPRAGE N3-Scaled
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sMRI data available at both baseline and 12-month follow—up. MRI images marked with
“N3” and “scaled” in the file name were downloaded from the ADNI dataset; these files
underwent B1 bias field correction and N3 intensity nonuniformity correction [17]. The
following information was also collected from the the ADNI dataset for 286 selected samples:
gender, age, education years, Clinical Dementia Rating Sum of Boxes (CDR-SB) score, Mini—
Mental State Examination (MMSE) score, Functional Assessment Questionnaire (FAQ) and
Alzheimer Disease Assessment Scale scores (ADAS, version 11, 13 and Q4).

2.3. Genotype and Image Data Pre—Processing

PLINK 1.9 software [18] (Boston, MA, USA) was used for quality control of genotype
data for 286 MCI samples. SNPs with a call rate smaller than 90%, Minor Allele Frequency
(MAF) smaller than 10%, or deviations from the Hardy—Weinberg Equilibrium (5 x 10~7) were
removed from the original genotype data. After quality control, imputation was performed
using impute2 software [19]. After quality control and imputation, 28,571,732 SNPs were
retained from the 286 MCI samples.

Freesurfer 6.0 software (Boston, MA, USA) was applied for automated segmentation
and volume measurement of subcortical structures and total intracranial volume (ICV) for
all selected MCI samples from MRI image data at baseline and 12-month follow—up. Left
and right volumes from the same structure were summed. Adjustments were performed
for subcortical structure volumes using gender, age, and ICV, using the following formulas:

QT =ax AGE+b+x GENDER+c* ICV +d (@)

QTadj = a* AGEjean + b * GENDERyeqn + ¢ % ICVypeqn +d + 1 ()

QT and QT represent raw quantitative trait volumes extracted using Freesurfer and
adjusted quantitative trait volumes of a subcortical structure across the 286 MCI samples.
AGE, GENDER, and ICV represent age, gender, and ICV of all MCI samples, while AGE;¢an,
GENDER ean, and ICV 5, represent mean age, mean gender, and mean ICV across all
MCI samples; d represents error, while r represents residual. We first calculated coefficients
of age (a), gender (b), and ICV (c) from a mixed linear regression model (Equation (1)).
Then, adjusted volumes were calculated using Equation (2). Adjusted volumes of each
subcortical structure were used as quantitative traits.

2.4. Correspondences among GTEx Models, Anatomical Regions, and Freesurfer-Defined Structures

We defined correspondences the GTEx models, anatomical regions, and freesurfer—
defined structures. The PredictDB Data Repository provides 49 gene—predicted models
based on GTEx data (www.gtexportal.org, accessed on 5 September 2020), of which 13 are
brain-related gene expression predictive models. Freesurfer software provides 35 brain
subcortical structures according to the Desikan—Killiany (DK) atlas template. In our study,
6 one—to—one corresponding gene expression predictive model-subcortical structure pairs
were selected and assigned to three regions (Table 1).

Table 1. Corresponence of GTEx models, anatomical regions, and subcortical structures.

GTEx Model Region Subcortical Structures
Brain Amygdala Limbic Amygdala
Brain Hippocampus Hippocampus
Brain Caudate basal ganglia Basal Ganglia Caudate
Brain Putamen basal ganglia Putamen
Brain Nucleus accumbens basal ganglia Accumbens area
Brain Cerebellum Cerebellum Cerebellum cortex

GTEx models were downloaded from http:/ /predictdb.org/ (accessed on 5 September 2020); Subcortical struc-
tures were segmented by Freesurfer software according to the Desikan—Killiany (DK) atlas template.
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2.5. Correlation between Predictive Gene Expression and Quantitative Traits

We utilized the PrediXcan software to predict gene expression based on the genotype
data of all MCI samples. PrediXcan establishes a linear prediction model of gene expression
in a dataset with both SNP genotype data and gene expression available (GTEx version 8)
using a multivariate adaptive shrinkage regression (mashr) approach. Brain-specific
gene expressions in 6 structures were predicted by combined prediction models and MCI
genotype data. Brain-specific gene expression was determined by corresponding cis—eQTL
SNPs from the LD reference files for the corresponding model in PredictDB Data Repository
(http:/ /predictdb.org/) (accessed on 5 September 2020).

We annotated the chromosomal locations of cis—eQTL SNPs in the corresponding
genes using SNPnexus database [20] (accessed on 15 May 2021). Regulatory information for
cis—eQTL SNPs were annotated using HaploReg database [21] (accessed on 15 May 2021)
and RegulomeDB database [22] (accessed on 15 May 2021). HaploReg is a web-based
tool for annotating SNPs, including chromosome number, protein binding, motif change.
RegulomeDB can be used to predict whether an SNP affects transcription factor binding and
gene expression. RegulomeDB provides a rank score of SNP, with a low score representing
strong evidence of regulatory function. We used VARAdb database [23] to annotate
the location of cis—eQTL SNPs in promoter or enhancer regions of corresponding genes
(accessed on 15 May 2021). VARAdb determines promoters based on the basic gene
annotation file release 33 from GENCODE (2 kb upstream of transcription start site) and
determines super enhancers from 542 H3K27ac ChIP-seq samples from the human super—
enhancer database [24].

Pearson correlation coefficients were used to calculate correlations between predicted
gene expression and adjusted subcortical structure volumes in Table 1. The correlation
matrix heatmaps were constructed using the pheatmap package (version 1.0.12) in R.

2.6. Conversion Analysis Based on Quantitative Traits and SNPs

The performances of quantitative traits and cis—eQTL SNPs were further evaluated
in terms of their ability to determine the “time to progression” from MCI to AD via
Kaplan—-Meier analysis. For this evaluation of MCI samples in the ADNI dataset, the
midpoint between the first follow—up with an AD diagnosis and the last follow—up without
an AD diagnosis was considered as the conversion time point for MCI samples. The
longest follow—up time was collected for samples who did not convert to AD, and these
samples were regarded as non—conversion MCI samples [25]. First, quantitative trait
volumes or genotypes of cis—eQTL SNPs were used as feature vectors to represent MCI
samples and to calculate distances across all MCI samples through Euclidean distance.
Hierarchical clustering was completed using stats package in R to cluster MCI samples
into two subgroups. Then, we applied the “survfit” function in the survival package
(version 3.2-7) in R and plotted Kaplan—Meier curves for the two subgroups. The median
conversion time of MCI samples in the two subgroups was calculated; the group with a
high medium time was regarded as a low-risk group, while the group with a low medium
time was regarded as a high-risk group. A log rank test with a p-value less than 0.05 was
considered statistically significant for median conversion time between risk groups [26].

3. Results
3.1. Sample Characteristics

The baseline characteristics of 286 MCI samples and their association with AD are
shown in Table 2. The samples were obtained from patients with a mean (SD) age of
74.85 (6.97) years; 33.9% were female, 18.5% had less than 12 years of education. In ac-
cordance with their MCI diagnosis, the average scores of most neuropsychological tests were
in the normal-to-low range. A total of 167 (58.4%) study participants converted to probable
AD over a mean (SD) follow—up period of 25.05 (21.76) months. Of the 119 who did not
convert, 45 had less than 36 months of follow—up data, whereas 71 were followed for more
than 36 months. Three samples had only one follow—up visit.
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Table 2. Baseline characteristics of 286 MCI samples.

Characteristic Number (%) or Mean + SD
Demographic
Age, years 74.85 £ 6.97
Gender, female 97 (33.9)
Education, <12 years 53 (18.5)
Neuropsychological measures
CDRSB 1.53 +0.85
MMSE 27.04 £1.78
FAQ 3.89 + 4.49
ADASI1 11.66 4 4.40
ASAS13 4.40 £+ 6.38
ADASQ4 18.91 4 2.23
Conversion MCI 167 (58.4)
Conversion period 25.05 4+ 21.76
Non-conversion MCI 119 (41.6)
With <3 years of follow—up data 45 (37.8)
With >3 years of follow—up data 71 (59.7)
With only 1 follow—up visit 3(0.03)

MCI, Mild Cognitive Impairment; CDRSB, Clinical Dementia Rating Sum of Boxes; MMSE, Mini-Mental State
Examination; FAQ, Functional Assessment Questionnaire; ADAS, Alzheimer Disease Assessment Scale scores.

3.2. Identification of Quantitative Traits—Related Genes

PrediXcan software was applied to predict gene expression by integrating GTEx gene
expression prediction models and ADNI genotype data. Correlations between quantitative
traits and predicted gene expressions were computed by Pearson correlation across all
selected samples at baseline and 12-month follow—up. The correlation heatmaps for all six
structures at baseline and 12-month follow—up are shown in Figure 1. Gene—quantitative
traits pairs with a correlation coefficient greater than 0.2 and lower than —0.2 are displayed
in the heatmaps. Genes associated with quantitative traits were distinct across all structures
at baseline (Figure 1A) and 12-month follow—up (Figure 1B).

We evaluated the overlapping correlated genes at baseline and 12-month follow—
up. Table 3 shows overlapping genes associated with structure volumes at baseline and
after 12 months across all MCI samples. In the limbic region, 10 and 8 amygdala-specific
expressed genes were correlated with baseline and 12-month amygdala volume, while 9
and 10 hippocampal-specific expressed genes were correlated with baseline and 12-month
hippocampal volume. Four amygdala-specific expressed genes were overlapping between
baseline and 12-month follow-up, while five hippocampal-specific expressed genes were
overlapping between baseline and 12-month follow-up. In addition, we identified 15
overlapping genes with basal ganglia structures, including accumbens area, caudate and
putamen, and 9 overlapping genes with the cerebellum. We considered these overlapping
genes as stably correlated longitudinally with the corresponding quantitative traits. We
used GeneCards database to annotate these genes, to define whether they were related to
AD or MCI. We found that six, seven, and three genes were related to AD or MCI, while
three (NOXRED1, MYL6B, and FAM162B), eight (RELCH, IRX3, RELL1, TMEM50A, SETD4,
TMEM?253, HPS3, SLC26A10), and six (SLC6A16, SLC10A5, ENSG00000272542, LINC00958,
FCGRT, TRPM4) genes were potentially correlated to AD or MCI in limbic region, basal
ganglia region, and cerebellum region, respectively. We summarized the potential biologic
mechanisms of all these longitudinally stable correlated genes (Table S1). Genes in the
limbic region are involved in energy metabolism, regulation of cell growth, apoptosis,
migration and invasion, and synaptic plasticity. Genes in the basal ganglia region are
involved in the inflammatory response and signal transduction. Genes in the cerebellum
region are involved in signal transduction, material transport, lipid metabolism, neuronal
migration, and neuritic plaques.
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Figure 1. Heatmaps of correlations between predicted gene expressions and quantitative traits at baseline (A) and 12-month
follow—up (B). Correlations with coefficient r greater than 0.2 and less than —0.2 are displayed in the heatmaps. The red
color represents positive correlations, while the blue color indicates negative correlations in heatmaps. Column annotations
represent brain structures for correlation analyses. For annotations, limbic region, basal ganglia region, and cerebellum

region are displayed in green, sky blue, and orange, respectively.

3.3. Fine-Mapping Analyses of Gene Expression-Determined Cis-eQTL SNPs

We annotated the 56 gene expression—determined cis—eQTL SNPs of all longitudinally
stable correlated genes (Table 3) using SNPnexus, HaploReg, RegulomeDB, and VARAdb
databases. In this study, 12, 26, and 18 SNPs were found in to 9, 15, and 9 longitudinally
stable correlated genes in the limbic region, basal ganglia region, and cerebellum region,
respectively. We annotated the locations of these SNPs in the corresponding genes using
SNPnexus (Table S2). Among these 56 cis—eQTL SNPs, 54 SNPs (54/56, 96.4%) were
in the intronic or untranslated regions of the various transcript isoforms of the genes.
According to the annotation from the HaploReg database (Table S3), a total of 49 SNPs
(49/56, 87.5%) can affect the corresponding genes through motifs changes, while 25 can
affect the corresponding genes through proteins binding (25/56, 44.6%). According to
the annotation from RegulomeDB (Table S3), 41 SNPs (41/56, 73.2%) had RegulomeDB
rank scores smaller than 4, indicating transcription factor binding and location within a
region of DNase hypersensitivity. We used the VARAdb database to annotate whether
these cis—eQTL SNPs were located in promoters or enhancers of the corresponding genes.
We found that 32 SNPs (32/56, 57.1%) were in the promoters of their corresponding
genes (Table S4), while 22 SNPs were located in the forward strand, and 10 in the reverse
strand. In addition, 25 SNPs (25/56, 44.6%) were enriched in super enhancers, with the
corresponding genes being the closest genes (distance between the gene and the SNP was
less than 1000 kb), while 13 SNPs (13/56, 23.2%) were enriched in super enhancers with
the corresponding genes being the proximal genes (distance between the gene and the SNP
was less than 50 kb) (Table S5). We inferred that cis—eQTL SNPs regulate the expression of
the corresponding genes by affecting promoters or enhancers.
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Table 3. Overlapping quantitative traits-correlated gene sets between baseline and 12-month follow-up in six subcortical

structures.
Structures N n Overlap Genes SNPs Ranks Annotations
Limbic Region
Amygdala 10/8 4 NDUFAF3 () rs7100 1/1 MCI
NOXRED1 (—) rs141260780 2, rs11846861 2/3 -
AHSA1 (—) rs11845345 2 5/4 AD/MCI
MYL6B (+) rs3809134 2P 9/2 -
Hippocampus 9/10 5 VAPA (—) 154798889 P 1/5 AD/MCI
ME3 () 15670736 2P 2/1 MCI
AGK (—) rs7790742 2, rs7795885 2 3/9 AD/MCI
FAM162B (+) rs9387433, rs641338 2 6/7 -
EPHA4 (+) 15149636195 2P 8/3 AD/MCI
Basal ganglia
Region
AC“X;Z:"“S 14/11 2 PTHIR (-) 152168442 @b, 15144645644 P 1/7 AD/MCI
IPO7 (+) 1s75955853 2P, 1512363308 P 3/1 AD
Caudate 12/17 10 GTPBPS8 (—) rs114429530 2P 1/1 AD
RELCH (—) rs3752091 2, rs9958695 2/8 -
IRX3 (+) rs191251428 2b 4/3 -
CLCNKB (+) rs75909377 2P 5/5 MCI
IL23A (+) rs79824801 2P 6/10 AD/MCI
RELL1 (+) rs3832308, rs4832933 2P 7/7 -
TMEMS50A () rs3093586 P, rs3091243 b, rs8876 P 8/4 -
SETD4 (—) rs2835263, 5142847892 9/11 -
ULBP3 (+) rs1537648 10/16 AD
TMEM?253 (—) rs10872886 11/14 -
Putamen 7/10 3 ERCC4 (+) rs6498486 2, rs3136042 2, rs1799798 @ 1/1 AD/MCI
HPS3 (+) rs13089410 2, rs7643410 2 3/4 -
SLC26A10 (—) rs10747780, rs10437954 5/5 -
Cerebellum
Region
Cerebellum 12/15 9 SLC6A16 (—) 158102658 2 1/1 -
Cortex
SLCI0A5 (—) 152955002, rs58379275, rs75348453 2/2 -
ACAT2 (—) 152025187 2P 3/5 AD/MCI
ZFYVEY (+) rs627011 2P 4/4 MCI
EN SGOO((f;ON 2542 151886087, rs9518861, rs9554903 5/3 -
ERBB2 (+) rs2517955 2P, 1575849983 ab 7/6 AD/MCI
LINC00958 (—) rs111880988, rs4756736 8/15 -
FCGRT (+) 52946865 2P, rs1132990 P 9/13 -
TRPM4 (+) rs11882563 2P, rs11083963 °, rs73048855  12/9 -

N, number of correlated genes at baseline and 12-month follow-up; n, number of overlapping genes between baseline and 12-month
follow-up (positive/negative correlation); Overlapping genes, overlapping genes between baseline and 12-month follow-up; SNPs, gene
expression-determined cis-eQTL SNPs; Ranks, ranks of overlapping genes at baseline and 12-month follow-up; Annotations, annotations
were performed using https:/ /www.genecards.org/ (accessed on 20 March 2021). The lists of cis-eQTL SNPs of the corresponding genes
were download from the LD reference file in PredictDB Data Repository (http://predictdb.org/) (accessed on 5 September 2020); SNPs

with superscripts “*” and “b indicate that these SNPs are in the promoters and enhancers of the corresponding genes, respectively.

To evaluate whether these 56 SNPs were associated with the volume of the correspond-
ing subcortical structures, we performed quantitative traits-based GWAS analysis using
SNPs directly, instead of using predicted gene expression (Figure 2). Among five cis—eQTL
SNPs for longitudinally stable correlated genes in the amygdala, four SNPs (80.0%) were
significantly associated only with amygdala volume at baseline and 12-month follow—up.
Among seven cis—eQTL SNPs (71.4%) for longitudinally stable correlated genes in the
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hippocampus, five SNPs were significantly associated only with hippocampus volume at
baseline and 12-month follow—up. In the basal ganglia region and cerebellum region, 58.3%
and 71.4% of SNPs were significantly associated only with corresponding quantitative traits
(Figures S1 and S2). The results indicated that the correlations between quantitative traits
and predicted gene expression were reasonable. On the basis of our results, we speculated
that these cis—eQTL SNPs can affect both promoters and enhancers, as well as the binding
of transcription factors, which may alter the expression of their target genes.
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Figure 2. Bar plots of associations between 12 SNPs in the limbic region and 6 subcortical structures. (A) Five SNPs gene
expression-determined SNPs in the amygdala. (B) Seven SNPs gene expression-determined SNPs in the hippocampus. The
X-axis reports six subcortical structures (amygdala, hippocampus, accumbens area, caudate, putamen, and cerebellum
cortex) at baseline and 12-month follow-up. The Y-axis presents the p-value (—log10) of the association based on quantitative-
trait GWAS. The blue horizontal line represents —log10 (0.05), while the red horizontal line represents —log10 (5 x 1074).

3.4. Conversion Analysis Based on Quantitative Traits and SNPs

We used the baseline volumes of limbic region, basal ganglia region, and cerebellum
region as quantitative traits and gene expression—determined cis—eQTL SNPs of longitu-
dinal stably correlated genes in each region to perform a conversion analysis for the MCI
samples. First, the MCI samples were clustered into two subgroups using quantitative traits
or SNPs. Hierarchical clustering was applied based on the Euclidean distance in the stats R
package (v4.0.4). Then, we compared the conversion times and performed Kaplan-Meier
analyses between the two MCI subgroups. Figure 3 shows the Kaplan-Meier plots for the
two groups using quantitative traits and SNPs. The volumes of the structures in the limbic
region and cis—eQTL SNPs of longitudinally stable correlated genes in the limbic region
showed effective predictive abilities (Figure 3A,B), while this was not true for basal ganglia
and cerebellum (Figure 3C-F).

We calculated the percent of conversion and non—conversion of MCI samples in risk
groups defined by quantitative traits and SNPs in the limbic region. Chi-square tests were
used to determine between-group differences in the conversion and non-conversion of MCI
samples. As shown in Figure 4, when using quantitative traits and SNPs, the high-risk
groups and low-risk groups had significantly different proportions of conversion and non—
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conversion, with the high-risk groups showing significantly higher percentages of conversion
than the low-risk groups (quantitative traits, 66.7% vs. 38.2%; SNPs: 64.9% vs. 44.4%).
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Figure 3. Survival curves of the two mild cognitive impairment (MCI) subgroups based on baseline
volumes and cis-eQTL SNPs of limbic region (A,B), basal ganglia (C,D), cerebellum (E,F). Confidence
intervals are indicated by shaded regions. The blue line represents the low-risk group, while the
yellow line represents the-high risk group. Median means the median time (months) of conversion of
MCI samples in the two subgroups.
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Figure 4. Percent of conversion mild cognitive impairment (MCI) (cMCI) and non-conversion MCI (ncMCI) samples in the
high-risk group and low-risk group using quantitative traits (A) and SNPs derived from longitudinally stable correlated
genes (B) in the limbic region. P, p-value of the chi-square test.

4. Discussion

In this study, we performed transcriptome-wide association analyses between gene
expressions and longitudinal quantitative traits in specific brain subcortical structures
to identify longitudinally stable correlated genes for MCI. Combining gene expression
prediction models generated from GTEx data and quantitative traits extracted from T1-
MRI data, we identified 9, 15, and 6 genes correlated with limbic region, basal ganglia
region, and cerebellum region, of which 3, 8, and 6, respectively, have not been reported in
previous studies. We also performed quantitative traits-based GWAS analysis using SNPs.
Most SNPs derived from previously correlated genes were directly associated with the
corresponding quantitative traits, indicating that those correlations between quantitative
traits and predicted gene expressions were reasonable. Furthermore, quantitative traits and
gene expression—determined cis—eQTL SNPs of longitudinally stable correlated genes were
used for conversion analysis of the MCI samples. We found that limbic region structure
volumes and cis—eQTL SNPs derived from longitudinally stable correlated genes in the
limbic region showed effective conversion predictive ability.

Several studies performed transcriptome-wide association analyses using qualitative
traits in Alzheimer’s disease. To our knowledge, this is the first research using quantitative
traits in transcriptome-wide association analyses. We found that genes associated with
quantitative traits of different brain structures were specific. In the limbic region, we found
nine longitudinally stable correlated genes, including four for amygdala volume and five
for hippocampus volume. Within these nine genes, six genes have been reported to be as-
sociated with AD or MCI based on GeneCards. For example, we found that the expression
of EPHA4 was positively correlated with hippocampus volume in baseline and 12-month
follow—up. Gene expression of EPHA4 was predicted by rs149636195 in a hippocampal
predictive model. Rs149636195 is located in the 5—untranslated region of EPHA4 and
regulates EPHA4 expression by modulating promoter activity and enhancer activity in the
hippocampus [21]. A low level of EphA4 is likely to lead to synaptic dysfunction in early
AD [27], EphA4 is responsible for amyloid 3—protein production regulation, and EPHA4
mRNA levels were significantly reduced in AD brains [28]. We speculate that rs149636195 is
an eQTL of EPHA4, and the low expression of EPHA4 results in a decrease in hippocampal
volume, which may cause synaptic dysfunction in MCI. Additionally, we identified three
genes in the limbic region which have not been reported in previous AD/MCI studies,
including NOXRED1, MYL6B, and FAM162B. NOXRED1 (NADP-Dependent Oxidore-
ductase Domain-Containing 1 protein) is a key gene in oxidoreductase activity (Gene
Ontology: 0016491). Oxidative stress may play a role in neuron degeneration and, thus,
in AD. We suspect that NOXRED1 may influence the pathogenesis of AD/MCI through
oxidative stress. MYL6B encodes myosin light-chain 6B protein and is a key component of
myosin. MYL6B contributes to memory consolidation in the amygdala [29,30]. Myosin is
essential for synapse remodeling [31]. We suspect that dysregulation of MYL6B may affect
the integrity and function of myosin, leading to the impairment of synaptic function in the
pathogenesis of early-stage AD. FAM162B (Family with Sequence Similarity 162 Member
B) is a key gene in the membrane (Gene Ontology: 0016020) and an integral component of
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the membrane (Gene Ontology: 0016021). FAM162B plays an important role in endothelial
cells in the blood-brain barrier (Lifemap discovery database). We propose that FAM162B
is important to the maintenance of the blood-brain barrier, which is required for proper
synaptic and neuronal functioning. Dysregulation of FAM162B may cause a breakdown of
the blood-brain barrier, leading to increased susceptibility to AD [32].

We investigated the potential regulation patterns of gene expression-determined cis—
eQTL SNPs affecting the expression of the corresponding genes. Due to the fact that gene
expression prediction models are based on fine-mapped variants that may occasionally
be absent in a typical GWAS and frequently absent in older GWAS [11], we explored
the annotations of SNPs for longitudinally stable correlated genes using four databases,
including SNPnexus, HaploReg, RegulomeDB, and VARAdD. First, these cis—eQTL SNPs
appeared to be related to specific transcription factor binding sites. Transcription factors
increase or decrease the transcription levels of genes by binding to super enhancers or
promoters in specific DNA regions [33]. Second, we found more that than 57% and more
than 44% cis—eQTL SNPs are in the promoters and enhancers of the corresponding genes,
respectively. Promoters and enhancers are responsible for the initiation and reinforcement
of transcription, respectively. SNPs within enhancers can alter transcription factor binding
and alter enhancer-promoter interactions, leading to dysregulation of gene expression and
diseases [34], such as AD [35,36]. Based on the above observations, we inferred that gene
expression—determined cis—eQTL SNPs can affect the expression of corresponding genes by
altering the binding ability of some transcription factors and/or by affecting promoter and
enhancer activities. We also verified the possibility of SNPs affecting corresponding gene
expression. We performed association analyses using these SNPs and all quantitative traits
directly. We found that most SNPs in correlated genes were also correlated to corresponding
quantitative traits, indicating that the correlations between quantitative traits and gene
expressions were reasonable. SNPs appeared to be associated with quantitative traits by
regulating the expression of their corresponding genes.

The identified longitudinally stable correlated genes could be drug candidates for
AD or MCI. EPHA4 encodes a tyrosine protein kinase receptor, and several studies have
discussed the therapeutic potential to target EphA4 for AD [37,38]. AHSAI encodes an
activator of heat shock protein 90 (Hsp90) ATPase. Small-molecule inhibitors of Hsp90
have been successful at ameliorating amyloid beta—protein and tau protein burden in
AD [39]. MYL6B and VAPA have been reported to be related to synapse formation and
remodeling [40,41]. The breakdown of synaptic connections can lead to a loss of cognitive
ability, and synaptic repair is a disease-modifying strategy for neurodegenerative diseases,
such as AD [42]. Mitochondrial dysfunction and oxidative stress are important pathogenetic
mechanism of AD [43]. Antioxidants are often used in the clinical treatment of central
nervous system diseases, such as AD. Antioxidants could improve mitochondrial energy
metabolism, eliminate free radicals, reduce the damage of oxidative stress to the nervous
system [44]. Targeted antioxidant drugs for the treatment of AD have been developed,
such as idebenone [45]. We identified four genes related to mitochondrial dysfunction
and oxidative stress in the limbic region, including NDUFAF3, NOXRED1, ME3, and AGK,
and these genes may be used as drug targets in early-stage AD. Meanwhile, genes in the
basal ganglia region and cerebellum region are related to the inflammatory response, signal
transduction, and material transport, and could also be new targets for drug development.

We investigated and compared the potential of baseline quantitative traits and cis—eQTL
of longitudinally stable correlated genes in each region in predicting conversion of MCI
samples. Structure volumes in the limbic region, basal ganglia region, cerebellum region and
corresponding cis—eQTL SNPs in each region were used for conversion analyses. Limbic
region structure volumes and 12 SNPs in from longitudinally stable correlated genes in the
limbic region showed effective predictive abilities. Our results support previous MRI studies
of limbic region volumes in MCI progress prediction and found that SNPs obtained by gene—
quantitative trait association also showed conversion prediction value [46-48]. We developed
an SNP panel with 12 SNPs that can be used for conversion prediction for MCI patients. Based
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on conversion analyses using quantitative traits and SNPs, we estimated that about 65% of
MCI patients in the high-risk group will convert to AD within the established follow-up in
ADNI, compared with about 40% of those in the low-risk group.

5. Conclusions

In summary, our study revealed several genes which appeared to be stably correlated
longitudinally with brain quantitative traits in the limbic region, basal ganglia region, and
cerebellum region. These genes can be used as potential drug targets for the treatment
of early—stage AD. Gene expression—determined cis—eQTL SNPs influence the expression
of their corresponding genes by affecting transcription factor binding or the activities of
promoters and enhancers. Quantitative traits and cis—eQTL SNPs in the limbic region can
effectively predict the conversion risk of MCI patients.
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- S

Abstract: Neuroinflammation is a common feature in Alzheimer’s (AD) and Parkinson’s (PD) disease.
In the last few decades, a testable hypothesis was proposed that protein-unfolding events might
occur due to neuroinflammatory cascades involving alterations in the crosstalk between glial cells
and neurons. Here, we tried to clarify the pattern of two of the most promising biomarkers of
neuroinflammation in cerebrospinal fluid (CSF) in AD and PD. This study included cognitively
unimpaired elderly patients, patients with mild cognitive impairment, patients with AD dementia,
and patients with PD. CSF samples were analyzed for YKL-40 and C-reactive protein (CRP). We found
that CSF YKL-40 levels were significantly increased only in dementia stages of AD. Additionally,
increased YKL-40 levels were found in the cerebral orbitofrontal cortex from AD patients in agreement
with augmented astrogliosis. Our study confirms that these biomarkers of neuroinflammation are
differently detected in CSF from AD and PD patients.

Keywords: Alzheimer’s disease; Parkinson’s disease; YKL-40; C-reactive protein; CSF and plasma
biomarkers; inflammation; astrogliosis

1. Introduction

Neuroinflammation is now widely accepted as a pathological hallmark of Alzheimer’s
(AD) [1,2] and Parkinson’s (PD) [3-5] disease. Several damage signals appear to induce
neuroinflammation, including 3-amyloid (Af) oligomers, tau, and a-synuclein («x-syn), me-
diated by the progressive astrocyte and microglial cell activation with the consequent over-
production of proinflammatory agents that may leak toward cerebrospinal fluid (CSF) [6].
Despite the analysis of these agents in CSF being a tempting topic to study, levels of inflam-
matory markers in CSF from AD and PD patients have not been sufficiently investigated.
A standard clinical application of inflammatory markers in the clinical diagnosis of these
neurodegenerative disorders is lacking, likely owing to contradictory and heterogeneous
findings of numerous studies [7,8].

Among these neuroinflammatory markers found in biological samples is YKL-40 (also
named Chitinase 3-like I). This marker has been largely associated with the pathogenesis
of a variety of human diseases, many of them sharing chronic inflammatory features
and high cellular activity, including rheumatoid arthritis, hepatic fibrosis, and asthma,
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where YKL-40 levels were found elevated in patient peripheral blood [9-11]. YKL-40 is a
secreted glycoprotein with functions including tissue remodeling during inflammation and
angiogenic processes, which make YKL-40 a good marker of inflammation and endothelial
dysfunction [12-14]. YKL-40 was found elevated in CSF from several acute and chronic
neuroinflammatory conditions [15], as well as in preclinical and prodromal AD/mild
cognitive impairment (MCI) [16-18]. This is consistent with the potential role of astrocytosis
in early AD pathogenesis [19] and with the fact that YKL-40 expression and YKL-40
protein levels are abundant in reactive astrocytes and residual in microglial cells [15,20,21].
Additionally, YKL-40 was found close to amyloid plaques and neurofibrillary tangles
in AD [16]. Contrarily, other works reported different results showing no significant
differences in YKL-40 levels in CSF from MCI and AD patients compared with cognitively
normal subjects [22]. Other works indicated increased CSF YKL-40 levels only in AD
but not in MCI subjects compared with healthy controls [23,24]. Regarding PD, YKL-40
concentrations in CSF were found either decreased or unchanged [25,26].

Although YKL-40 can be considered one of the most promising neuroinflammatory
biomarkers in AD, the abovementioned works indicate that brain YKL-40 levels patterns
in different neurodegenerative diseases and the potential correlation between brain and
CSF levels is largely unknown, indicating that more research regarding YKL-40 expression
pattern is required.

On the other hand, C-reactive protein (CRP), a kind of acute-phase protein regulated
by proinflammatory cytokines, is the most studied biomarker of systemic inflammation [27].
CRP was linked to chronic inflammatory and neurodegenerative diseases, such as AD
and PD [28]. Elevated CRP peripheral blood levels have been frequently associated with
increased risk of dementia and cognitive decline. Studies carried out investigating the
association between markers of inflammation and risk of dementia showed conflicting
results. A systematic review and meta-analysis found that elevation of peripheral CRP
levels was associated with increased risk of developing dementia [29]. Nevertheless, an-
other meta-analysis found no significant differences in serum CRP levels between patients
with AD and healthy subjects [30]. Epidemiological studies have also explored the re-
lationship between CRP levels and AD risk, describing lower CRP levels in CSF from
AD patients [31,32]. Regarding PD and CRP levels, results in the literature are still con-
tradictory. A significant increase in blood CRP levels was reported in subjects suffering
from PD compared with healthy controls [33,34], while other works did not identify such
a tendency, instead reporting no differences [35]. Furthermore, the CRP levels in CSF
remained unchanged in PD patients when compared with healthy subjects [26,32]. Despite
these differences, CRP is considered a prominent “risk factor” for PD [36].

Growing evidence indicates that blood-borne CRP can cross the blood-brain and
blood-spinal cord barriers; thus, CRP can be found in the CSF and deposited in the
diseased central nervous system (CNS). The source of CRP might also be local. However,
CRP production may occur in multiple CNS-resident cells including neurons, microglia,
and astrocytes [37-39]. Regardless of its origin (hepatic versus local), the presence of
CRP in the CNS is associated with numerous diseases including AD [40]. CRP levels
were also found increased in brain parenchyma tissue after intracerebral hemorrhage [41].
Additionally, large amounts of the protein were present in perihematomal regions and
within neurons and glia of patients who died within 12 h of spontaneous intracerebral
hemorrhage [41,42].

Despite these accumulative data supporting a role of neuroinflammation, particularly
YKL-40 and CRP in AD and PD, there is no definitive evidence reflecting the peripheral
(blood) and central (CSF) concentration changes of YKL-40 and CRP in AD and/or PD
patients. We think that further research is needed to elucidate the variable pattern of these
inflammatory biomarkers in the CSF and blood from AD and PD patients. In this work,
we aimed at clarify YKL-40 and CRP concentrations measured in CSF and plasma and to
determine their specificity in AD and PD. To address this issue, we analyzed YKL-40 and
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CRP levels in CSF and plasma from a well-characterized cohort of patients with MCI, AD,
and PD, using sensitive enzyme-linked immunosorbent assays (ELISAs).

2. Material and Methods
2.1. Human Donors

A total of 123 subjects were included in this study: (1) elderly nondemented subjects
without any evidence of any neurodegenerative disease (healthy controls) classified as
controls (n = 37); (2) MCI due to AD (MCI) patients (1 = 22); (3) probable mild /moderate—
severe sporadic AD patients (n = 34); (4) PD patients (n = 30). Study participants were
enrolled from the Memory Clinic (controls, MCI and AD subjects) and Movement Disorders
Unit (PD participants) of Hospital Universitario 12 de Octubre (Madrid, Spain). Subject
demographic and clinical characteristics are listed in Table 1.

Table 1. Demographic and clinical data of participants.

Control PD MCI AD Dementia p Value
n 37 30 22 34 NA
Sex (M/F) 22/15 17/13 7/15 13/21 ns
Age, mean (SD), y 68.18 (11.2) 66.39 (9.9) 69.40 (6.4) 7353 (8.9) 2 <0.05
Age at onset, mean NA 61.48 (10.7) 66.53 (6.7) 70.44 (8.9) <0.01
(SD), y
Years since onset,
mean (SD), y NA 3.89 (3.3) 2.87(1.3) 3.09 (1.4) ns
Hoehn & Yahr
NA 11/11/6/2/0 NA NA NA
(1/2/3/4/5) /11/6/2/
CDR (0.5/1/2/3) NA NA 22/0/0/0 0/25/9/0 NA
APOE ¢ 4 carrier, od B
No. (%) 1 54 32.4 <0.0001

AD: Alzheimer’s disease; MCI: mild cognitive impairment. PD: Parkinson’s disease; n: number; F: female; ns: non-significant; y: year; M:
male; SD: standard deviation; NA, not applicable; CDR: Clinical Dementia Rating. p value indicates statistical difference within the cohort1;
- not obtained data; ® p < 0.05 vs PD; ® p < 0.01 vs. PD; € p < 0.0001 vs. AD; 4 p < 0.0001 vs. PD.

All participants were classified using established diagnostic criteria into those with
MCI or probable AD dementia [43—45]. Diagnosis was based on detailed clinical assess-
ment, neuropsychological evaluation, and neuroimaging (MRI). Functional impairment
was measured via the Clinical Dementia Rating (CDR) score [46]. PD patients were diag-
nosed following the Movement Disorder Society (MDS) clinical diagnostic criteria [47],
and all fulfilled criteria for clinically established PD. PD patients did not refer cognitive
complaints and did not exhibit symptoms of dementia. The control group was constituted
by cognitively normal individuals aged 50 years or older, without clinical signs of cognitive
impairment and without neurological or psychiatric disease history. Exclusion criteria for
every participant were concomitant significant cerebrovascular disease and evidence of
any neurological, psychiatric, medication, or non-neurological medical comorbidity that
could affect cognition or motor function.

Approval of the study was obtained from the Research Ethics Committee of Hospital
Universitario 12 de Octubre, and all participants provided written informed consent.

2.2. Fluid Sample Collection

CSF samples were collected from all subjects (including healthy patients and MCI,
AD, and PD subjects) and processed according to standardized procedures by lumbar
puncture in 15 mL sterile polypropylene tubes. Samples were then centrifuged at 3000 rpm
at 4 °C for 10 min. Supernatant aliquots were stored at —80 °C into 0.5 mL polypropylene
cryogenic tubes with Protease Inhibitor Cocktail (Roche, Basel, Switzerland).
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Blood samples were obtained through antecubital vein puncture from patients and
healthy subjects. Plasma was isolated from whole blood collected in 7 mL EDTA-2Na tubes.
Whole blood was centrifuged at 2000 rpm for 10 min at room temperature. Supernatants
were then collected and aliquoted in polypropylene cryogenic tubes with Protease Inhibitor
Cocktail (Roche, Basel, Switzerland) and stored at —80 °C.

2.3. Tissue Samples

Postmortem cerebral orbitofrontal cortex tissue was obtained from brain donors
diagnosed with AD and control individuals. Frozen samples were supplied by the Institute
of Neuropathology Brain Bank IDIBELL-Hospital Universitari de Bellvitge (Hospitalet de
Llobregat, Spain). Subject consent was obtained according to the Declaration of Helsinki,
and approval came from the Research Ethics Committee of the responsible institution.
For all cases, written informed consent was available. Subjects were selected on the basis
of postmortem diagnosis of AD according to neurofibrillary tangle pathology and A(
plaques [48]. AD cases showed high AD neuropathologic change (Braak stage V/VI and
moderate to frequent neuritic plaque score). Control participants were considered those
with/without neurological symptoms or a low grade of AD neuropathologic change. A
total of 24 samples were categorized into AD and controls, as presented in Table 2.

Table 2. Demographic and clinical data of brain tissue donors.

Control AD
n 12 12
Sex (M/F) 6/6 6/6
Age, mean (SD) 73.25 (8.8) 76.33 (10.3)
Braak stage (1) BT::I?I?S ]]33;;;11( \\;193
Braak II: 2

AD: Alzheimer’s disease; n: number; F: female. M: male; SD: standard deviation.

2.4. DNA Purification and Apolipoprotein E (APOE) Genotyping

Genomic DNA was extracted from peripheral blood using QIAmp DNA Blood Mini
Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Human
APOE C112R and R158C polymorphisms were detected to identify the APOE €2, €3, and ¢4
alleles, using the LightCycler 480 II Instruments Kit (Roche Diagnostics, Basel, Switzerland)
following manufacturer instructions.

2.5. Protein Analysis

CSF and plasma concentrations of the neuroinflammatory biomarkers (YKL-40 and
CRP) were analyzed using ELISA kits (Human Chitinase 3-like 1 Quantikine ELISA kit
(DC3L10), R&D; Human CRP Quantikine ELISA kit (DCRP00), R&D) according to the
manufacturer’s instructions.

Brain YKL-40 and GFAP protein levels were also examined by Western blotting. Post-
mortem cerebral orbitofrontal cortex tissue was obtained from brain donors diagnosed
with AD and control individuals. Briefly, human cerebral orbitofrontal cortex samples
were incubated and homogenized in lysis buffer (50 mM Tris/HCl buffer, pH 7.4 contain-
ing 2 mM EDTA, 0.2% Nonidet P-40, 1 mM PMSE, Protease and Phosphatase Inhibitor
Cocktails; Roche, Basel, Switzerland) and centrifuged for 10 min at 14,000 rpm at 4 °C.
Supernatants were recovered and stored at —80 °C. Protein content was determined using
the BCA method (Thermo Fisher Scientific, MA, USA). Equal amounts of protein (20 ug
for YKL-40 and 5 ug for GFAP) were mixed with Laemmli sample buffer supplemented
with B-mercaptoethanol, heated to 95 °C for 5 min, resolved by 10% NuPAGE Bis-Tris
Gels (Thermo Fisher Scientific, MA, USA), and transferred onto polyvinylidene difluo-
ride (PVDF) membranes (Millipore, MA, USA). Afterward, membranes were blocked and
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incubated overnight at 4 °C with primary antibodies: a recombinant rabbit monoclonal
anti-YKL-40 antibody (ab255297, 1:500, Abcam) and a mouse monoclonal anti-GFAP an-
tibody (G3893, 1:0000, Sigma Aldrich). Membranes were then incubated for 1 h with
the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (G-21234,
1:5000, Thermo Fisher Scientific, MA, USA; ab97023, 1:40000, Abcam). Protein loading
was monitored using mouse monoclonal HRP-conjugated antibodies against a-tubulin
(ab40742, 1:5000, Abcam) for YKL-40 or against (3-actin (A1978, Sigma Aldrich) for GFAP
detection. Immunocomplexes were revealed by an enhanced chemiluminescence reagent
(ECL Clarity; Bio Rad, CA, USA). Densitometric quantification was carried out with Image
Studio Lite 5.0 software (Li-COR Biosciences, NE, USA). Protein bands were normalized to
loading controls and expressed as a percentage of the control group.

2.6. Statistical Analysis

Statistical analysis and graphs were performed using Stata/IC software (Stata 16.1,
StataCorp LLC, College Station, TX, USA) and Prism (GraphPad Software version 8.00,
La Jolla, CA, USA). After assessing the normality of the distribution, differences in CSF
and plasma YKL-40 and CRP levels between groups were analyzed using the nonpara-
metric Kruskal-Wallis rank test. The p-value for pairwise comparisons is displayed with
Bonferroni correction. A descriptive multiple linear regression model was performed to
account for confounding variables (age, sex, and APOE ¢4) in CSF YKL-40 association
analysis. Interactions of confounding variables with the clinical diagnosis were excluded
from the model (significance for the whole set of interactions: p > 0.10). The regression
coefficient is displayed as “b”. Differences in sex distribution, age of participants, age at
onset, and years since the onset of the disease between groups were evaluated with Pearson
chi-squared and ANOVA tests, where appropriate. Associations between biomarkers and
demographic characteristics were examined with Pearson correlation tests, Student f-tests
and Mann-Whitney U tests, where appropriate. A nonparametric trend test (Jonckheere
trend test) was performed to evaluate the existence of a trend when the exposition showed
ordinal categories. ROC curves were constructed after modeling the presence or absence of
a given clinical diagnosis with a regression logistic analysis. YKL-40 and GFAP Western
blot expression levels were normalized to their respective loading controls (c-tubulin
and B-actin) and compared with the mean of the control ratio with the nonparametric
Mann-Whitney U test. In graphs, CSF and plasma YKL-40 and CRP levels are shown as
median and interquartile range. The brain expression of YKL-40 is shown as the mean +
standard error of the mean (SEM). In all cases, statistical significance was set at p < 0.05.

3. Results
3.1. Associations with Demographic Data

Demographic and clinical data are shown in Table 1 for further characterization of the
study cohort. A total of 34 subjects were clinically diagnosed with AD, 22 subjects were
grouped as MCI, and 30 subjects were diagnosed with PD. Individuals diagnosed with AD
were slightly older than the rest of the cohort, including PD, MCI, and healthy subjects.
Female sex was overrepresented in the AD and MCI groups, while males represented
around 60% of controls and PD subjects. APOE ¢4 carriers were more prevalent in the
MCI/AD group than in controls, according to previous publications [49]. Most AD patients
had clinically mild dementia (74% scored 1 in CDR scale), and none of the PD patients
reached the dementia stage. Furthermore, the majority of individuals diagnosed with PD
exhibited mild motor impairment (73% of them were in Hoehn & Yahr stage 1 or 2).

3.2. YKL-40 and CRP Levels in Different Diagnostic Groups

YKL-40 and CRP levels across all clinical groups are illustrated in Figure 1. In CSE,
YKL-40 levels were different among groups and were found to increase in AD dementia
subjects compared with healthy controls (Figure 1A). No differences were found in YKL-
40 levels between healthy controls and MCI or PD groups in CSF (Figure 1A). Nevertheless,
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a trend toward reduced levels was observed in PD patients, which were significantly lower
compared to AD and MCI patient groups (Figure 1A). In plasma, YKL-40 levels remained
unchanged across all clinical groups (Figure 1B).
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Figure 1. YKL-40 and CRP levels in CSF and plasma in different diagnostic groups. Box-and-whisker plots showing
(A,B) YKL-40 and CRP levels (C,D) in CSF and plasma, respectively, across the diagnostic groups. Differences between
groups were assessed using Kruskal-Wallis test followed by Bonferroni correction. * p < 0.05; *** p < 0.001; **** p < 0.0001.

MCI, mild cognitive impairment; AD, Alzheimer’s disease dementia; PD, Parkinson’s disease. ns: non-significant.

A nonparametric trend test did not show any statistically significant rising tendency
of CSF (p = 0.48) or plasma (p = 0.053) YKL-40 levels along with MCI or mild and moderate
AD. When adjusting for age, sex, and APOE ¢4 status, levels of CSF YKL-40 remained high
in AD dementia patients when compared with controls (b = 125.5 ng/mL, 95% CI = 19.1 to

232.0 ng/mL, p < 0.05).
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Regarding CRP levels in CSF and plasma, we did not find significant differences
between healthy subjects and AD, MCI, and PD patients (Figure 1C,D). Our results are con-
sistent with previous studies indicating no differences in CRP levels from CSF comparing
healthy subjects and PD patients [26] or in serum CRP levels between patients with AD
and healthy subjects [30].

In order to analyze the discriminative ability of both biomarkers for the diagnosis of PD
and AD, we performed a logistic regression analysis and calculated the corresponding ROC
curve for each CSF biomarker and diagnosis. CSF YKL-40 differentiated AD patients from
the rest of the cohort, including PD, MCI, and healthy subjects, with 65.6% sensitivity and
66.3% specificity (AUC = 0.69, 95%CI = 0.58 to 0.80, cutoff point = 316.5 ng/mL) (Figure 2A).
The combination with CSF CRP did not improve the performance. Nevertheless, for the
diagnosis of PD, the combination of CSF YKL-40 and CRP yielded the best results, showing
a moderate discriminative ability (AUC = 0.82, 95% CI =0.73 to 0.89, cutoff point of the
model = 0.300), with 79.2% sensitivity and 82.1% specificity (Figure 2B).
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Figure 2. Receiver operating characteristic (ROC) analysis of YKL-40 and CRP levels in CSE. (A) ROC curve and its
corresponding area under the curve (AUC) differentiating YKL-40 levels in CSF from AD patients and non-AD subjects
including control subjects. (B) AUC differentiating the combination of YKL-40 and CRP levels in CSF from PD and non-PD
patients. AUC, area under the curve; AD, Alzheimer’s disease dementia; PD, Parkinson’s disease.

3.3. Correlations between YKL-40 and CRP Levels in Plasma and CSF

Both CSF YKL-40 (r = 0.39, p < 0.001; Figure 3A) and CRP (r = 0.56, p < 0.0001;
Figure 3B) correlated significantly with their respective plasma concentrations in the whole
cohort. The stronger positive correlation was found in AD patients (YKL-40: r = 0.69, CRP:
r=0.84).
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Figure 3. Correlation between YKL-40 and CRP levels in CSF and plasma, and between YKL-40 and age in the study cohort.
Correlations between the expression levels of (A) YKL-40 and (B) CRP in CSF and plasma in the study cohort. Correlation
between (C) CSF and (D) plasma YKL-40 and age within the diagnostic group. Correlations were examined with Pearson
correlation test. MCI, mild cognitive impairment; AD, Alzheimer’s disease dementia; PD, Parkinson’s disease.

In the whole cohort, plasma and CSF YKL-40 levels positively correlated with age (CSF
YKL-40: r = 0.38, p < 0.0001; Figure 3C; plasma YKL-40: r = 0.57, p < 0.0001; Figure 3D). This
correlation was especially stronger for the control group (CSF YKL-40: r = 0.46, p < 0.01;
plasma YKL-40: r = 0.84, p < 0.0001). No statistically significant correlation with age was
found in the plasma and CSF CRP analysis. Furthermore, the time since symptom onset
did not correlate with any biomarker level in any group. Plasma and CSF YKL-40 and CRP
levels did not differ by sex or by the presence of an APOE ¢4 allele.

3.4. YKL-40 Levels in AD Brain

Upon inflammation, YKL-40 is produced and secreted by many cells including vascu-
lar smooth muscle cells and macrophages [50]. In the brain, YKL-40 is mainly expressed
in reactive astrocytes [20,25]. Thus, we investigated if the observed increase in YKL-40
levels in CSF from AD patients could be associated with higher YKL-40 levels in cerebral
parenchyma. To explore this hypothesis, we examined the YKL-40 cellular levels in human
brain tissue from AD patients and healthy subjects. Immunoblotting showed that YKL-40
levels in cerebral orbitofrontal cortex samples were significantly increased in AD patients
compared with healthy subjects (Figure 4A). To determine if increased levels of YKL-40 in
cerebral orbitofrontal cortex were associated with astrocyte reactivity, the levels of GFAP
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were also analyzed. Western blotting showed that GFAP levels were also higher in AD
samples compared to those observed in control subjects (Figure 4B) in parallel with the
observed rise in YKL-40 levels, proving that AD astrogliosis increases YKL-40 levels.
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Figure 4. YKL-40 and GFAP levels in cerebral orbitofrontal cortex of AD patients and control group. Western blot analysis
showing (A) YKL-40 and (B) GFAP in the cerebral orbitofrontal cortex of AD and control samples. Representative Western
blots (left panels) and histograms with their densitometric analysis (right panels) are shown. Data are represented as the
mean + SEM. Differences between groups were assessed using Mann-Whitney test; * p < 0.05, ** p < 0.01.

4. Discussion

In this cross-sectional study, we showed a variable pattern of the inflammatory
biomarkers YKL-40 and CRP in AD and PD patients. We confirmed that YKL-40 lev-
els are significantly increased in CSF from AD patients compared to healthy controls,
indicating an inflammatory response at the dementia stage. Such an increase was not seen
in MCI or PD patients, where CSF YKL-40 levels remained unchanged. These results were
also extended to the cerebral orbitofrontal cortex where we found that YKL-40 expression
was augmented in AD patients, suggesting glial activation, thus corroborating our hypoth-
esis. Another finding in this study was related to CRP levels in CSF and plasma. We found
lower CRP levels in CSF from PD patients compared with other groups (AD, MCI, and
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healthy subjects), but this change did not reach statistical significance. Furthermore, we
did not find evidence of significant alterations in plasma for YKL-40 or CRP.

Inflammation is increasingly recognized as part of the pathology of neurodegenerative
conditions, including AD and PD. Evidence proposes that neurodegeneration occurs in part
because the CNS environment is affected by a cascade of events collectively named neuroin-
flammation [51]. Despite biomarkers of neuroinflammation being useful for monitoring
disease diagnosis, progression, and response to therapy, accurate and reliable biomarkers
for many neurological diseases are scarce. In recent years, the interest in new neuroinflam-
matory biomarkers has grown at early and symptomatic stages of these diseases. Blood
and CSF are commonly used to monitor biomarkers of neuroinflammation, with many
of them being the consequence of the CNS pathology. Some examples are the levels of
cytokines and chemokines, the loss of blood-brain barrier integrity, and neuronal damage
indicators [52].

Only a few studies have shown the possibility of analyzing YKL-40 levels in CSF and
blood from patients with AD and predementia stages. One of these studies found that
YKL-40 concentration in CSF from AD patients was significantly elevated compared to
cognitively normal subjects, with an AUC = 0.88 pointing to the potential value of YKL-40
levels in CSF for AD diagnosis [53]. Increased YKL-40 levels were observed not only
in AD dementia, but also in the prodromal phase of AD when compared to cognitively
normal controls [54]. Similar observations were found in patients with AD, where YKL-40
concentration in CSF was increased in very mild and mild dementia subjects in comparison
with cognitively normal individuals [16]. In our study, we found a trend of increased
YKL-40 levels in CSF from MCI subjects compared with healthy controls, and this increase
was evident in AD patients. However, the resulting AUC in our study was lower; thus, we
propose that YKL-40 might only be a modest AD biomarker candidate.

Significantly increased chitinase-3 like 3 (CHI3L3) mRNA expression, a mouse homolog
of YKL-40, was found in brains of AD mice models when compared to age-matched con-
trols [55]. Similarly, in autopsied human brain samples from pathologically confirmed
AD subjects, YKL-40 mRNA levels were significantly increased in comparison with non-
demented controls [55]. Although there is no clear explanation regarding which factors
modulate YKL-40 levels in AD, it has been suggested that elevated YKL-40 expression and
protein levels might result from increased astrocytic reactivity and release in brain [21]. Tt
was shown that astrocytes in the close vicinity of amyloid plaques were immunoreactive
for YKL-40, which confirms the involvement of this protein in the neuroinflammatory
response to A3 deposition [16]. It is known that insoluble A aggregates may induce
inflammatory reactions and activation of microglia, resulting in increased proinflammatory
mediator production. The relationship between YKL-40 and amyloid-related pathways
in AD development was further discussed [17,25]. It seems that the YKL-40 concentra-
tion in CSF may be linked to AD pathology, particularly astrogliosis. Indeed, it has been
shown that YKL-40 is expressed by reactive astrocytes GFAP+ in AD [25]. Thus, increased
expression of YKL-40 and protein levels in reactive astrocytes may be reflected in the CSF,
indicating that astrocyte-associated metabolites may be utilized as potential biomarkers.
Although data regarding elevated YKL-40 levels in CSF from early stages of AD are contra-
dictory [16,17,22-24,54], our results support the increase in YKL-40 levels in CSF from AD
subjects, as well as the increased astrocytic YKL-40 levels associated with astrocytosis.

Interestingly, we found that YKL-40 levels in CSF from PD patients were significantly
lower compared with those levels in AD subjects suggesting that YKL-40, a marker of
astroglial activation, is downregulated in PD. It was reported that YKL-40 levels were
decreased in synucleinopathies when compared with tauopathies, suggesting that glial acti-
vation may be lower in brains from PD patients and other synucleinopathies in comparison
with patients who have tauopathies or healthy controls [26,56]. These data may suggest
that CSF YKL-40, as a marker of astroglial activation, is downregulated in PD. Despite
astrocytes exerting protection against the inflammatory response in PD [57,58], astroglial
dysfunction due to a-syn inclusions may occur simultaneously. In vitro evidence showed
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that astrocytes are able to efficiently degrade the x-syn aggregates from the extracellular
space [59]. More recently, it was shown that primary rat astrocytes receive x-syn aggre-
gates from neurons in mixed cell culture and efficiently transfer them from astrocyte to
astrocyte [60]. It is possible that the increase in «-syn levels in astrocytes is a consequence
of an endocytic mechanism upon high x-syn levels from the extracellular space, leading to
the typical a-syn astrocytic inclusions in PD brains [61]. This accumulation could then lead
to the dysregulation of other astrocytic functions, including YKL-40 production/secretion.

Our study yielded no significant changes for CRP levels in CSF or in plasma from AD
and PD subjects, although others have described contradictory results [30-32,34]. Patholog-
ical studies have demonstrated that CRP is present in the senile plaques and neurofibrillary
tangles in AD brains, suggesting that this protein may play a role in the neuropathologi-
cal processes in AD [62-64]. In PD, aggregated x-syn can promote microglial activation
and stimulate the secretion of inflammatory molecules, including CRP [65], thus evoking
neuroinflammation [66].

CRP is primarily produced in the liver but is also generated in neurons to a lesser
extent [41]. Such residual production of CRP in the CNS does not appear to contribute
significantly to CSF levels [39].

In summary, our present study revealed a different inflammatory biomarker profile
in individuals with AD and PD. CSF YKL-40 levels were significantly elevated in the AD
group, and this increment corroborated the analysis of the YKL-40 protein levels in the
cerebral orbitofrontal cortex from pathologically confirmed AD subjects. In PD individuals,
plasma and CSF CRP and YKL-40 levels remained unchanged. Notwithstanding, we
identified a moderate discriminative ability by combining both biomarkers in CSF for PD
diagnosis. Together, our data support the involvement of both inflammatory proteins in
the pathogenesis of neurodegenerative diseases.
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Abstract: Alzheimer’s disease (AD) is the most common age-related neurodegenerative disease.
It presents with progressive memory loss, worsens cognitive functions to the point of disability,
and causes heavy socioeconomic burdens to patients, their families, and society as a whole. The
underlying pathogenic mechanisms of AD are complex and may involve excitotoxicity, excessive gen-
eration of reactive oxygen species (ROS), aberrant cell cycle reentry, impaired mitochondrial function,
and DNA damage. Up to now, there is no effective treatment available for AD, and it is therefore
urgent to develop an effective therapeutic regimen for this devastating disease. Sestrin2, belonging
to the sestrin family, can counteract oxidative stress, reduce activity of the mammalian/mechanistic
target of rapamycin (mTOR), and improve cell survival. It may therefore play a crucial role in
neurodegenerative diseases like AD. However, only limited studies of sestrin2 and AD have been
conducted up to now. In this article, we discuss current experimental evidence to demonstrate
the potential roles of sestrin2 in treating neurodegenerative diseases, focusing specifically on AD.
Strategies for augmenting sestrin2 expression may strengthen neurons, adapting them to stressful
conditions through counteracting oxidative stress, and may also adjust the autophagy process, these
two effects together conferring neuronal resistance in cases of AD.

Keywords: Alzheimer’s disease; autophagy; mTOR; oxidative stress; sestrin2

1. Introduction

Patients with age-related neurodegenerative diseases usually present with a relent-
lessly deteriorating clinical course. Worst of all, the lack of effective treatment results in
heavy socioeconomic burdens to patients, family, and the whole of society [1-3]. Alzheimer’s
disease (AD), a type of dementia with progressive memory loss and declined cognitive
functions, is the most common neurodegenerative disease in the elderly. Based on the
information from the World Health Organization (WHO), approximately 50 million people
suffer from dementia worldwide, and nearly 10 million new cases are added every year,
making the disease one of the main causes of disability and dependence. AD may account
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for 60-70% of all dementia cases (https:/ /www.who.int/news-room/fact-sheets/detail /
dementia, accessed on 21 September 2020). According to “2021 Alzheimer’s disease facts
and figures”, in the USA [4], approximately 6.2 million senior Americans over 65 years
old have AD. By 2060, with a steep projected increase, the number of AD patients may
rise to 13.8 million. Data revealed that, from 2000 to 2019, deaths resulting from human
immunodeficiency virus (HIV), heart disease, and stroke declined, while deaths from AD
increased more than 145% [4]. The total healthcare costs in 2020 are approximated at
$305 billion and are expected to increase to more than $1 trillion as the population ages [5].
It is crucial to delay, reduce, or prevent the occurrence of disability from AD and lessen the
heavy burden it places on society.

The major pathological hallmarks of AD brains are gross atrophy of the brain, as well
microscopically observable senile plaques and neurofibrillary tangles (NFTs) [6-8]. Senile
plaques are extracellular structures mainly composed of insoluble deposits of amyloid-beta
peptide (ApR), a peptide fragment of 39—43 amino acids derived from sequential cleavage of
the transmembrane protein amyloid precursor protein (APP) by 3- and y-secretase [9-12].
Newly synthesized full-length APP is transported from the endoplasmic reticulum (ER) to
the Golgi apparatus (GA)/trans-Golgi network (TGN) for further protein processing and
maturation. The acidic environment (pH = 6.0-6.5) in the TGN or the late GA is optimal for
the activity of many processing enzymes, including BACE1. The full-length APP delivered
to the plasma membrane may be subjected to non-amyloidogenic cleavage by «- and
then y-secretase to release the soluble APP-alpha (sAPP«), the p3 fragment, and the APP
intracellular domain (AICD). Alternatively, a portion of the full-length APP may also be
endocytosed into early endosomes and possibly rerouted to the acidic recycling endosomes
(REs), where BACEI resides, to produce A [13]. In addition, extracellular Af can also
be taken up through receptor binding and subsequently internalized, thereby leading
to its accumulation within various intracellular compartments, including endosomes,
multivesicular bodies (MVBs), lysosomes, mitochondria, the ER, the TGN, and cytosol [14].

AR can induce neurotoxicity through various mechanisms, such as excitotoxicity [15],
excessive generation of reactive oxygen species (ROS) [16], aberrant cell cycle reentry [17,18],
impaired mitochondrial function [19], and DNA damage [20], all of these mechanisms
together contributing to neuronal damage or even death. Moreover, A3 can also alter gene
transcription [19], and thereby affect protein expression, which may influence the survival
or death of neuronal cells in AD-related pathophysiology.

Maintenance of neuronal functions depends on axonal transport of proteins, or-
ganelles, and vesicles from the soma to the nerve terminals [21]. Going the other way,
neurotrophic factors, including the members of the neurotrophin family, secreted from post-
synaptic targets must be transmitted retrogradely from nerve terminals via axonal transport
back to the soma [22]. Thus, failure of axonal transport may contribute to neuronal death.
As a microtubule-binding protein important for microtubule assembly and stabilization,
hyperphosphorylation of tau compromises its biological functions and destabilizes the
structures of microtubules, and is accompanied by disturbance to axonal transport [23].
Furthermore, increasing evidence suggests that A may also disrupt axonal transport and
contribute to AD pathophysiology [21].

It was proposed two decades ago that fibrils may not be the only toxic form of Af;
small oligomers of Af3, or AB-derived diffusible ligand (ADDL), and A protofibrils may
also have potent neurotoxicity [24]. Like Af oligomers, tau oligomers formed during
the early stages of aggregation are also pathologically relevant to the loss of neurons and
behavioral impairments in several neurodegenerative disorders called tauopathies, the
most common of which is AD [25]. In addition to the aggregation of extracellular amyloid
plaques, emerging evidence has revealed the crucial role of intraneuronal amyloid species
(iAPs) which can appear in the membrane or the lumen of late endosomes and precede fur-
ther aggregation, eventually accumulating inside the endosome or endolysosome [26,27].
It was also noted that, besides the extracellular aggregation of homologous Af} species,
cross-seeding of different amyloid proteins, or even between different misfolded proteins,
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such as APs and tau, may be biologically significant, and even critical in the progression of
AD [28]. Apart from cross-seeding, crosstalk between A} and tau may also play a vital role
contributing to AD pathogenesis. For example, A3 has been shown to trigger alternative
splicing of tau isoforms via glycogen synthase kinase-3beta (GSK-33), making tau more
susceptible to hyperphosphorylation [29,30]. Overall, these effects could further aggravate
aberrant cellular signaling, induce excessive tau phosphorylation, worsen toxic tau accu-
mulation, and lead to synapto/neurotoxic effects [26]. A simplified cartoon summarizing
the pathogenic mechanisms of AD is shown in Figure 1, below.

/%ﬁW
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AP oligomers l&g
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DNA damage
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Figure 1. The cartoon diagram demonstrates the pathogenic processes of amyloid-beta peptide (Af)
and tau protein. Through the amyloidogenic pathway, the full-length amyloid precursor protein
(APP) is sequentially cleaved by (3-secretase (encoded by beta-site amyloid precursor protein cleaving
enzyme-1 or BACE1) and y-secretase to generate Af3. Newly synthesized APP is transported from the
endoplasmic reticulum (ER) to the Golgi apparatus (GA) for protein maturation. The acidic pH in the
trans-Golgi network (TGN) or the late GA is optimal for BACE1 activity, with production of secreted
Ap; the sequential amyloidogenic cleavages of full-length APP by f3- and y-secretase also generate
soluble APP-beta (sAPP) and the APP intracellular domain (AICD), though these are not depicted
in the diagram. A portion of the full-length APP reaching the plasma membrane may be subjected to
the non-amyloidogenic cleavage by a- and then y-secretase to release the soluble APP-alpha (sAPP«),
the p3 fragment, and the AICD. Another portion of the full-length APP may also be endocytosed
into early endosomes and possibly be rerouted to the acidic recycling endosomes (REs; not depicted),
where BACEI resides, for intracellular production of Af. Furthermore, extracellular Af can also
be taken up through receptor binding and subsequent internalization, resulting in its accumulation
within various intracellular compartments, including endosomes, multivesicular bodies (MVBs),
and mitochondria (not depicted). The extracellular A monomers aggregate into oligomers and
then into fibrils, eventually forming senile plaques. Tau protein is a microtubule-binding protein,
which is hyperphosphorylated in AD neurons. The phosphor-tau monomer may also aggregate into
tau oligomers and, finally, into neurofibrillary tangles (NFTs). The intraneuronal A species also
oligomerize or even mix with tau proteins to form mixed aggregates. The extracellular senile plaques,
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the extracellular and intraneuronal A oligomers, as well as tau oligomers and NFTs, together lead
to excessive production of reactive oxygen species (ROS), Ca®* overload, mitochondrial dysfunction,
and disrupted energy homeostasis, ultimately causing neuronal death. In addition to those pictured
above, other pathogenic mechanisms are not demonstrated in this figure due to limited space. For
example, loss of tau binding destabilizes microtubules, thus compromising anterograde axonal
transport of proteins, mitochondria, and vesicles from soma to the nerve terminals, which may
negatively impact nerve transmission. Conversely, neurotrophic factors, especially neurotrophins,
secreted from target cells also fail to be retrogradely transported from the nerve terminal back to the
soma to nourish the neurons, also leading to neuronal demise. Please see the text for more details.

Sestrins, including sestrin1, sestrin2, and sestrin3, belong to a group of highly evolu-
tionarily conserved proteins in mammalian cells, and may play a crucial role in stressful
conditions, such as oxidative stress, hypoxia, and DNA damage [31-34]. While the struc-
tures of sestrinl and sestrin3 await further elucidation, the essential characteristics of
sestrin2 have been gradually revealed in recent years [35,36]. Three distinctive functional
sites were identified, which are critical for inhibition of ROS production, modulation of
the mammalian/mechanistic target of rapamycin (mTOR) complex 1 (mTORC1), and for
leucine-binding [35,36]. Inhibiting either ROS for antioxidation or mTORC1 for autophagy
promotion may attenuate degenerative processes associated with aging [35]. Therefore,
sestrins may possess two beneficial effects that are pivotal for anti-aging [37,38].

Despite the potential effect of sestrins on age-related neurological disorders, only quite
limited studies about AD have been reported. We have shown in a previous study that
sestrin2 was induced by A(} in primary rat cortical neurons and an increased expression
of sestrin2 was also found in the cortices of 1-year-old AD transgenic mice [39]. We also
showed that sestrin2 functions as an endogenous protective mediator against Af-induced
neurotoxicity, in part through enhancement of autophagy activity [39]. In another recent
study, we further demonstrated that Ap-induced sestrin2 expression contributes to an-
tioxidative activity in neurons; furthermore, A induction of sestrin2 is at least partly
mediated by the activation of transcription factors NF-kB and p53 [40]. In this review
article, we discuss recent progress in revealing the underlying molecular mechanisms
concerning the sestrin2-mediated protective effects against neuronal dysfunction in AD.
Better understanding of the potential novel pathway in AD may guide further research into
developing effective therapeutic regimens in the future. Finding the way to augmenting
sestrin2 expression may have significant clinical implications, especially in treating many
devastating neurodegenerative diseases, including AD.

2. The Biological Roles of Sestrin2

Sestrins, including sestrin1, sestrin2, and sestrin3, belong to a gene family and function
as stress-inducible proteins that affect metabolism through perceiving nutrient status and
redox level in living organisms. Sestrinl (also known as PA26) was initially discovered in
human Saos-2 osteosarcoma cells as one of the p53-induced transcripts and was mapped to
chromosome 6q21 through a differential display screening [34,41]. Sestrin1 is ubiquitously
expressed in most tissues, including lung, kidney, pancreas, skeletal muscle, and brain tis-
sues [33], and it can be activated under oxidative stress and irradiation in a p53-dependent
fashion [34,42]. Sestrin2 (also known as Hi95), located in chromosome 1p35.3, was first
discovered in glioblastoma cells under prolonged hypoxia and its transcription was found
to be increased following DNA damage [33]. Later, it was noted that sestrin1 and sestrin2,
through activating the AMP-dependent kinase (AMPK) pathway, may affect tuberous scle-
rosis complex 2 (TSC2) expression to inhibit mTOR-mediated cell over-proliferation [43].
Sestrin3, located in chromosome 11q21, was identified from database mining of the PA26-
related gene family [32,33]. mRNA expression of these sestrin genes is presented diffusely
during mouse embryogenesis and also in adult tissues at various levels [32]. Sestrin1 is
robustly expressed in the brain, heart, liver, and skeletal muscle; sestrin2 is expressed more
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in the kidney, leucocytes, lungs, and liver; sestrin3 is expressed at higher levels in the brain,
kidney, small intestine, and skeletal muscle [32,34,44].

It has been revealed that the crystal structure of human sestrin2 (hSesn2) has dis-
tinct globular subdomains, each possessing separate functions [35]. As shown below
in Figure 2A, the N-terminal domain (Sesn-A) diminishes alkyl hydroperoxide radicals
through the helix-turn-helix oxidoreductase motif. Mutations of Cys125, His132, and
Tyr127, which are, respectively, the catalytic cysteine, the residue critical for the conserved
proton relay system, and the residue potentially involved in the catalytic process, reduce
this redox activity. The C-terminal domain (Sesn-C) of hSesn2, whose sequence is highly
conserved across the sestrin family, has lost its antioxidant activity but acquired another
important function in mTORCT1 inhibition via physical association with GTPase-activating
protein activity toward the Rags-2 (GATOR2) complex, in which process Asp406 and
Asp407 (the DD motif) are vital. Furthermore, the DD motif is involved in activation of
AMP-dependent protein kinase (AMPK), which is also important for mTORC1 inhibition.
Besides GATOR2 binding and AMPK activation for mTOR inhibition, sestrin2 may also
carry the guanosine nucleotide dissociation inhibition (GDI) function. However, mutation
studies of Arg419/Lys422/Lys426 in Sesn-C suggested that whether these amino acid
residues are truly critical for GDI functions is still in question [35].

The availability of amino acids is critical for the regulation of protein synthesis in
living organisms. Leucine, one of the essential amino acids, is indispensable for this process
and, more importantly, leucine was found to be crucial for mTORC1 activation in cells [45].
Located in the Sesn-C of hSesn2 (Figure 2A), charged residues Glu451 and Arg390, from
two sides of a single binding pocket, anchor leucine in place through salt bridges with
the free amine and carboxyl groups, respectively, whereas the isopropyl side chain of the
bound leucine forms extensive hydrophobic interactions with residues Leu389, Trp444,
and Phe447 in the pocket. In addition to contacting the charged sides and hydrophobic
base of the pocket, three threonine residues (Thr374, Thr377, and Thr386) are positioned
directly above the leucine to form a “lid” that encloses the top of the leucine, thereby
locking the ligand in place [36]. As a leucine sensor, sestrin2 inhibits mTORC1 activity
through the Rag guanosine triphosphatases (GTPase) and its regulators-GATOR1 and
GATOR2. Thus, the binding of leucine with sestrin2 disrupts the connection of sestrin2
with GATOR2, allowing GATOR?2 to enhance mTORCI1 activity [36]. It has previously
been demonstrated that adult sestrin2 gene knockout mice subject to a fasting/refeeding
regimen or maintained with a high-fat diet suffered from various metabolic derangements,
such as hepatosteatosis, insulin resistance, and glucose intolerance, with increased ROS
extent and mTORCT activity [38,46].

Despite the availability of the crystal structure of hSesn2, the detailed molecular
information for sestrinl and sestrin3 remains to be fully elucidated. However, sequence
alignment of the three human sestrins revealed an overall 44.8% amino acid sequence
identity [47]. Furthermore, the amino acid residues critical for alkyl hydroperoxidase
activity (Cys125, His132, and Tyr127), GATOR2-binding and AMPK activation for mTORC1
inhibition (Asp406 and Asp407), and leucine-binding (Glu451 and Arg390; Leu389, Trp444,
and Phe447; Thr374, Thr377, and Thr386) are all evolutionarily conserved in the three
human sestrins. It is therefore reasonable to speculate that hSesn1 and hSesn3 may share
most, if not all, of the functional roles of hSesn2. However, as compared with sestrin2, the
potential involvement of sestrinl and sestrin3 in nervous systems has been studied much
less well. Below, in Figure 2B, is the list of known biological functions of all three sestrins.

139



Biomedicines 2021, 9, 1308

Undefined structure

Thr374/Thr377/Thr3se/
Leu389/Arg390/Trpadd,
. Phedd7/Glud51

Y Tl P4
Sesn-A Sesn-B ﬁ || Sesn-C ab

Cys125/Tyr127/His132 Aspd06/Aspa07 Argdl9/Lysda22/lysa26
Alkyl hydroperoxide GATOR binding GDI?
reductase activi AMPK activation )

Functions of sestrin family Individual sestrin

As an intracellular leucine sensor to negatively sestrinl, sestrin2, sestrin3
regulate the mTORC1 signaling pathway

Protection against oxidative and genotoxic sestrinl, sestrin2, sestrin3
stresses through AMPK and mTOR inhibition

Promoting p62-dependent autophagic sestrinl, sestrin2
degradation of Keap1 to activate Nrf2
Alkyl hydroperoxide reductase activity sestrinl, sestrin2

Regeneration of peroxiredoxin sestrinl, sestrin2

To regulate the insu sestrin3
pathway through activation of mTORC.

AMPK: AMP-activated protein kinase

Keapl: Kelch-like ECH-associated protein 1

mTORC1: mechanistic target of rapamycin kinase complex |
mTORC2: mechanistic target of rapamycin kinase complex 2
Nrf2: nuclear factor erythroid 2-related factor 2

Figure 2. The structural and functional domains as well as the biological functions of three sestrin
members. (A) The strip diagram illustrates the three major structural domains (Sesn-A, Sesn-B, and
Sesn-C). Cys125/Tyr127/His132, located within the Sesn-A domain, is critical for alkyl hydroperoxi-
dase activity. The Asp406/Asp407 residues, the so-called “DD motif”, located within Sesn-C are vital
for GATOR?2 binding and AMPK activation, both contributing to mTORC1 suppression. The leucine
binding pocket spanning from Thr374 to Glu451 in the Sesn-C is also important for amino acid sens-
ing and mTOR regulation. The guanosine nucleotide dissociation inhibition (GDI) domain containing
Argd19/Lys422/Lys426 is also shown in Sesn-C. Based on the crystal structure, however, whether
these amino acid residues are critical for GDI functions remains questionable. All the information was
based on Kim et al., 2015 [35] and Saxton et al., 2016 [36]. (B) Potential biological functions of three ses-
trins are listed. Information was derived from UniProt (https:/ /www.uniprot.org) for human sestrinl
[UniProtKB-Q9Y6P5 (SESN1_HUMAN)], human sestrin2 [UniProtKB-P58004 (SESN2_HUMAN),
human sestrin3 [UniProtKB-P58005 (SESN3_HUMAN)], and mouse sestrin3 [UniProtKB- Q9CYP7
(SESN3_MOUSE)].

Expression of the sestrin2 genes is regulated by several critical transcription factors,
enabling the cells to cope with various stressful insults. Initially the crucial role of the p53
tumor suppressor in regulating the expression of sestrin2 under hypoxic and genotoxic
stress was revealed [33]. Later, additional studies revealed further transcription factors that
are critical for the expression of sestrin2 under a variety of stressful conditions. Oxidative
stress can activate the nuclear factor erythroid 2-related factor-2 (Nrf2) to regulate sestrin2
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expression [48,49]. Hypoxia may induce sestrin2 expression where hypoxia-inducible
factor-1 (HIF-1) may play a certain role [33,50-52], although the detailed mechanism is
not well understood. In our earlier study [53], we found that brain-derived neurotrophic
factor (BDNF) induced sestrin2 expression, which required dimerization of nuclear factor-
kB (NF-«kB) subunits p65 and p50. Further, BDNF also enhanced production of nitric
oxide (NO), formation of 3/,5'-cyclic guanosine monophosphate (cGMP), and activation of
c¢GMP-dependent protein kinase (PKG). Indeed, BDNF induced nuclear translocation of
PKG-1 and its direct interaction with p65/p50 to form a ternary complex, thereby leading
to heightened NF-«B binding to the sestrin2 gene promoter with resultant upregulation
of its mRNA and proteins [53]. Apart from PKG/NF-kB, BDNF has also been shown to
induce sestrin2 in neurons by activating transcription factor-4 (ATF4) [54]. In another
recent study [40], we also found that NF-«kB and p53 are involved in AB-induced sestrin2
expression in primary cortical neurons. Additional regulatory mechanisms responsible for
sestrin2 induction under various stressful or physiological conditions may emerge in the
near future

Nutrients including amino acids, lipids, and glucose are crucial for the biosynthetic
processes in the cell. An inadequate supply of nutrients can seriously modify cellular
metabolism. Sestrin2 activation may serve as one of the metabolic accommodations to
nutrient deficiency in cells [38]. Glucose starvation, inhibition of glycolysis, and impair-
ment of mitochondrial respiration can disrupt energy production, leading to the activation
of two transcription factors, ATF4 and Nrf2, that can bind directly to the consensus se-
quences within the promoter to induce sestrin2 gene transcription [49,55-57]. ATF4 is also
involved in the induction of sestrin2 as a result of a deficiency in amino acid supply in
mouse embryonic fibroblasts [58]. The inadequacy of growth factors may result in the
expression of sestrin2. It has been demonstrated in cancer cells that serum deprivation can
activate the c-Jun N-terminal kinase (JNK) pathway and upregulate sestrin2 expression,
which could be abolished by specific siRNAs against JNK1/2 or c¢-Jun [59]. Various phys-
iological and pathological conditions, such as excessive ROS generation, ischemia, Ca?t
dyshomeostasis, and inflammatory response can all cause an accumulation of misfolded
proteins in the endoplasmic reticulum (ER), with resultant ER stress [60]. ER stress may
lead to cellular dysfunction and/or cell death and contributes to the progression of many
diseases. Modulation of ER stress pathways may represent a potential therapeutic strategy.
It was reported that activating transcription factor-6 (ATF6)-dependent sestrin2 induction
can lessen the severity of ER stress-mediated liver injury [61]. In another study, it was
shown that the hepatoprotective role of sestrin2 against chronic ER stress depends on
the regulation of CCAAT-enhancer-binding protein-beta (c/EBPf) [62]. Together, these
previous reports identify the crucial roles played by sestrin2 in dealing with various cellular
stresses under diverse physiological and pathological conditions. A simplified diagram
(Figure 3) demonstrates that distinct transcription factors are activated under a variety of
stressful conditions, thereby leading to induction of sestrin2 expression, which can regulate
autophagy and contribute to antioxidation.
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Figure 3. Brain trauma, stroke, neurological disorders, and aging induce hypoxia, the production of
reactive oxygen species (ROS), Ca®* overload, metabolic dyshomeostasis, and neuronal inflammation.
Subsequently, the injury-induced signaling pathways promote sestrin2 expression via the activation
of various transcription factors (which particular factors depending on which stressors), such as
transcription factor-4 (ATF4), ATF6, hypoxia-inducible factor-1 (HIF-1), nuclear factor erythroid
2-related factor-2 (Nrf2), c-Jun N-terminal kinase (JNK)/c-Jun, and CCAAT-enhancer-binding protein-
beta (C/EBPf). Sestrin2, as a sensor for essential amino acids with a leucine-binding pocket, also has
a binding site for the GTPase-activating protein activity toward Rags-2 (GATOR2). In the presence
of sufficient amino acids available for protein synthesis, sestrin2 may bind to leucine and release
the bound GATOR2. The freed GATOR?2 can then physically associate with GATOR1, which can no
longer bind to, and hence inhibit, n"TORC1, thereby promoting protein synthesis while inhibiting
autophagy. Under the stressful condition in which amino acids are insufficient, binding of GATOR?2 to
sestrin2 allows GATORI to inhibit mTORC1, thereby promoting autophagy while inhibiting protein
synthesis. In addition to regulating autophagy and protein synthesis via binding with leucine or
GATOR2, the endogenous alkyl hydroperoxidase activity of sestrin2 also exerts direct antioxidative
actions.

3. Sestrin2 in Age-Related Clinical Conditions

Persuasive evidence supports the notion that aging is related to various harmful
mechanisms, such as escalation of oxidative stress, instability of genetic materials, declined
protein homeostasis, impaired mitochondrial function, increased cellular senescence, and
stem cell exhaustion [63]. The accumulation of various cellular damages among tissues
in aging organisms leads eventually to functional breakdown, causing disability or death.
Therefore, aging is believed to be a risk factor for various disorders, such as cardiovascular
diseases, stroke, type II diabetes, cancers, and neurodegenerative diseases [63-65]. Inhibi-
tion of either ROS production or mTORC1 activation may counteract aging [35], and as
sestrin2 is characterized by both these functions, it may exert such beneficial effects [66,67].
In fact, enhancement of sestrin2 expression reduces aging markers. Conversely, lessening
sestrin2 expression accelerates aging processes [68].

Aging is a predetermined time-related deterioration in various physiological condi-
tions, and is a critical risk factor for cancer development. Cancer and aging involve similar
processes of progressive time-dependent cellular damage. As sestrin2 is critically involved
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in aging [38,67], it may play a pivotal role in cancer progression, and is regarded as a po-
tential tumor suppressor. In non-small cell lung cancer patients, higher sestrin2 expression
was a favorable prognostic factor, while lower sestrin2 expression was accompanied by
poor tumor cell differentiation, as well as more advanced staging in terms of tumor, node,
and metastasis (TNM) [69]. It was shown that colorectal cancer patients with lower ex-
pression of sestrin2 showed poor prognostic outcomes [70]. Docosahexaenoic acid (DHA)
can increase oxaliplatin-induced autophagic cell death through the ER stress/sestrin2
pathway in colorectal cancer [71], whereas downregulation of sestrin2 can accelerate colon
carcinogenesis [72].

Hypernutrition, causing obesity, hepatosteatosis, and insulin resistance, is related to
chronic activation of p7056 kinase and mTORCI1 [73]. Activation of sestrin2 can lower
the extents of fatty liver and insulin resistance [73]. Sestrin2 can activate AMPK, inhibit
mTORCT1 activity, and maintain a high AKT level to suppress the extent of gluconeogenesis
in the liver, thereby reducing the level of blood sugar. Sestrin2-deficient obese mice
were found to present an evident decline of AKT activity, leading to insulin resistance
and a higher level of glucose production [73]. In a recent study, serum levels of sestrins
are significantly decreased in patients with diabetes and dyslipidemia. It appears that
sestrin2 levels are robustly associated with diabetes, dyslipidemia, atherosclerosis, and
the atherogenic index [74]. Declined serum sestrin2 levels were also observed in diabetic
patients with nephropathy, particularly in those with macroalbuminuria [75].

It was demonstrated previously that loss of dSestrin (the only one sestrin homologue
in Drosophila) results in age-associated pathologies, including cardiac dysfunction, muscle
degeneration, and triglyceride accumulation. The cardiac dysfunction showed reduced
heart rate and compromised heart function. The detrimental effects induced by dSestrin
deficiency were generally inhibited by AICAR and rapamycin, the AMPK activator and the
mTORCT1 inhibitor, respectively [67]. These results indicate that the sestrin family may play
crucial roles in the pathophysiology of cardiac regulation [76]. In a recent review article,
sestrin2 is considered a rising star among antioxidants, with future therapeutic potential
for reducing heart injury induced by oxidative stress, promoting cell survival through
the activation of Nrf2/ AMPK, and inhibiting mTORC1 to combat various cardiovascular
diseases, such as cardiomyopathy, heart failure, and myocardial infarction [77]. Despite
these promises, however, the occurrence of major adverse cardiac events is predicted in
patients with chronic heart failure who have higher plasma sestrin2 concentrations [78].
The conflicting results as far as the beneficial or detrimental effects of sestrin2 in heart
failure are concerned await further clarification.

Stroke is the most common age-related cerebral vascular disease and the chief cause
of physical and intellectual disability in adults, as well as the leading cause of mortality
in developed countries [79]. Several studies have investigated the roles of sestrin2 in
cerebral ischemia [80-83]. It was demonstrated that sestrin2 can activate the Nrf2/heme
oxygenase-1 (HO-1) pathway, leading to augmentation of angiogenesis following focal
cerebral ischemia [82]. Another study also showed the critical role of sestrin2 in pro-
moting angiogenesis in focal cerebral ischemia by activating the Nrf2/p62 pathway [81].
In contrast, silencing sestrin2 expression may reduce mitochondrial activity, suppress
mitochondrial biogenesis, and ultimately exacerbate cerebral ischemia/reperfusion in-
jury by preventing the AMPK/PGC-1« pathway [83]. Although sestrin2 seems to have
pro-survival characteristics in the context of ischemic brain injury, the anti-inflammatory
role of sestrin2 is unknown. In a recent study, it was demonstrated that sestrin2 exerts
neuroprotective effects by changing microglial polarization and mitigating the extent of
inflammation in the ischemic mouse brain, which may be due to the inhibition of the mTOR
pathway and the restoration of autophagic flux [80]. It is to be expected that knowledge of
the mechanisms underlying additional protective effects of sestrin2 may emerge in the not
too distant future.
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4. Potential Roles of Sestrin2 in Age-Related Neurodegenerative Diseases: Focusing
on AD

As mentioned above, the sequences of the critical amino acid residues important for
known biological activities of hSesn2, including alkyl hydroperoxide reductase, mTORC1
inhibition, and leucine binding, are also conserved in hSesnl and hSesn3. However, the
crystal structures of sestrinl and sestrin3 are still not available. Nevertheless, there are a
few studies implicating sestrinl and sestrin3 in nervous system disorders. For example, ses-
trinl may exert protective effects in oxygen-glucose deprivation/reoxygenation (OGD/R)-
induced neuronal injury, a cellular model for mimicking cerebral ischemia/reperfusion
injury in vitro [84]. Furthermore, sestrin3 has been identified as a pro-convulsant gene net-
work in the human epileptic hippocampus [85]. Results derived from sestrin3 knockout rats
also suggested that sestrin3 may increase the occurrence and/or severity of seizures [86].
Conversely, silencing rno-miR-155-5p in vivo mitigated the pathophysiological features
associated with the status epilepticus, which was accompanied by attenuation of apoptosis
in the hippocampus, by enhancing expression of sestrin3 in rats, implying that sestrin3
plays a beneficial role in offsetting temporal lobe epilepsy [87]. Further dissection of the
pathophysiological roles of sestrinl and sestrin3 will require a greater understanding of
their molecular structures, as well as the upstream regulatory mechanisms involved in
their expression in nervous systems.

Among age-related disorders, chronic neurodegenerative diseases are particularly
concerning due to the lack of efficacious treatments, their irremediable clinical course, and
their association with substantial social-economic burdens [1-3]. The potential roles of
sestrin2 in combatting neurodegenerative diseases, including AD, Parkinson’s disease (PD),
and Huntington’s disease (HD), while still awaiting further evidence, have gradually been
recognized in recent years.

It is widely accepted that maintaining proper levels of reactive nitrogen species
and ROS are crucial for ensuring regular neuronal function [88]. Yet, excessive ROS
generation with heightened levels of oxidation in lipids, proteins, and DNA, or inherent
lower antioxidant competence in the brain, may have detrimental effects on the organism
and play a role in the pathophysiology of various chronic neurodegenerative diseases,
including AD, PD, and HD [89,90]. Numerous mechanisms underlie oxidative stress-
mediated neurodegeneration; these include calcium overload, glutamate excitotoxicity,
inflammation, functional impairment of mitochondria, and apoptotic processes [88]. The
ability to lessen these harmful effects may be the key to developing effective treatments for
neurodegenerative diseases.

As mentioned above, sestrin2, with its dual functions, can directly reduce oxidative
stress through restoring overoxidized peroxiredoxins, and indirectly lessen oxidative
stress through regulating mTOR to augment the activity of autophagy, or specifically,
mitophagy, to remove the worn-out or damaged mitochondria with higher levels of electron
leakage and hence free radical production. The N-terminal domain of sestrin2 decreases
oxidative stress by its helix-turn-helix motif, while the C-terminal domain of sestrin2 may
physically associate with GATOR2, thereby causing the inhibition of mTORCI [35]. Apart
from the effect of oxidative stress, one more common pathogenic mechanism in chronic
neurodegeneration is the deposition of aberrant and/or misfolded proteins, such as A3
and tau protein in AD, Lewy body (LB) in PD, and mutant huntingtin in HD. Enhancing the
activity of autophagy may help to eradicate neuronal dysfunction induced by misfolded
proteins, thereby opening an opportunity towards developing a new therapeutic strategy
for treating neurodegenerative diseases [91]. The dual biological functions of sestrin2, with
increasing antioxidative ability and autophagy-promoting activity to eliminate aggregated
proteins and damaged mitochondria, give this molecule a unique position in protecting
neurons against degeneration.

PD is the second most common aging-related neurodegenerative disease that mainly
presents syndromes with slow movements, tremors, and rigidity. The underlying cause
of PD is not well understood but may involve various genetic and environmental fac-
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tors [92]. The main pathological feature of PD is LB, which is composed of ubiquitin-bound,
misfolded x-synuclein protein in the dopamine neurons in the substantia nigra of the mid-
brain [93,94]. In an in vitro PD model with 1-methyl-4-phenylpyridinium (MPP*), it was
revealed that MPP* neurotoxicity increases sestrin2 expression, whereas downregulation
of sestrin2 with small interference RNA augments MPP*-related neurotoxicity in SH-SY5Y
cells [95]. In another in vivo PD model induced by rotenone, sestrin2 exerts a protective
effect over dopaminergic neurons against rotenone-induced neurotoxicity by activating
an AMPK-dependent autophagy pathway [96]. In a clinical study, serum sestrin2 levels
were found to be elevated in PD patients compared to controls [97]. In postmortem human
samples, it was found that PD patients had higher expression levels of sestrin2 in the
midbrain [95].

No report was available concerning HD and sestrin2 either in the clinical or pre-clinical
studies. 3-Nitropropionic acid (3-NP) can inhibit the function of the mitochondrial respira-
tory complex II (also named succinate dehydrogenase), decrease ATP production, impair
cellular energy metabolism, aggravate the extent of oxidative stress, cause mitochondrial
DNA damage, and thus impair the function of mitochondria [98,99]. Although genetic
models of HD are more popular due to their similarity to the phenotypes observed in HD,
3-NP is still a useful model to study neurotoxic phenomena, mitochondrial alterations, and
neuroprotective effects for HD patients [100]. Therefore, 3-NP has been used as a pharma-
cological model to study neurodegeneration and neuronal death involving mitochondrial
dysfunction in HD [101]. Despite the indirect relationship, we have shown that BDNF
protects 3-NP-induced oxidative stress through augmenting sestrin2 expression. Further-
more, BDNF induction of sestrin2 implicates the NO/PKG/NF-«B pathway [53]. This
study thus highlights the probable beneficial role of sestrin2 in this devastating hereditary
neurodegenerative disease. Understanding the potential role of sestrin2 in impeding HD
pathogenesis may require further investigation into the genetic models of HD, such as
R6/2 or other knock-in mice.

AD is the most common age-related neurodegenerative disease involving various
pathogenic mechanisms such as excitotoxicity, excessive generation of ROS, aberrant
cell cycle reentry, impaired mitochondrial function, and DNA damage [15-19]. Although
emerging roles of sestrin2 in various neurological diseases have been suggested before [102],
limited studies concerning sestrin2 and AD have been reported [39,40,103-107]. In a 2003
study, in which human neuroblastoma CHP134 cells were analyzed with cDNA microarray
technology with confirmation by semi-quantitative RT-PCR, it was revealed that sestrin2
is overexpressed under treatment of A3 [107]. Furthermore, in human neuroblastoma
SH-SY5Y cells, AP1-42 dose-dependently enhanced sestrin2 expression, whereas cotreat-
ment with atorvastatin reversed sestrin2 back to the control level [103]. We have also
demonstrated, in primary cortical neurons, that both A325-35 and A31-42 triggered the
expression of sestrin2 [39,40], as is discussed in more detail below. In addition to these
pre-clinical studies, the first human study reported in 2012 using postmortem brain tissues
from advanced AD patients with immunohistochemistry findings showed intense sestrin2
expression in the neuropil, which may suggest a diffuse expression in various compo-
nents among neurons, glia, and vascular cells. Using double-labeling immunofluorescence
microscopy, co-localization between phosphorylated tau and sestrin2 is observed in the
neurons and the neurites in neurofibrillary lesions [106]. These findings together implied
that sestrin2 is expressed at least in the neurons of AD patients. Another clinical study
demonstrated significant overexpression of sestrin2 protein and mRNA in the serum of
AD patients as compared to the mild cognitive impairment (MCI) and the age-matched
control groups. A difference in serum sestrin2 concentration between MCI and the control
groups was also evident. However, no significant difference in sestrin1 levels was observed
among the study groups. These results therefore suggested the potential role of sestrin2
as a biomarker in the analysis of peripheral blood in AD patients, and highlighted the
importance of sestrin2, as opposed to sestrinl, in the progression of AD [104]. Despite
these arguments supporting the important roles of sestrin2 in AD, it should be noted
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that, with similar biological functions and significantly conserved amino acid sequences
identified across the different members of the sestrin family, although potential involve-
ments of sestrinl and sestrin3 in AD have not been reported, they certainly cannot be
overlooked. Overall, this review has only focused on discussing the potential roles of
sestrin2 in neurodegenerative disorders, AD in particular.

We have explored the potential link between sestrin2 and Af-induced neurotoxic-
ity [39,40]. In an in vitro study, we demonstrated that sestrin2 was induced by Afs, includ-
ing both AB25-35 and A31-42, in primary culture of fetal rat cortical neurons. We further
showed an in vivo result of increased sestrin2 expression in the aged APPswe/PSEN1dE9
transgenic mice. More importantly, sestrin2 functions as an endogenous protective mod-
erator, through the adjustment of autophagy, against Ap-induced neurotoxicity [39]. It
is well known that sestrin2 has an antioxidant character and plays a critical role in age-
related diseases [66]. In our recent report [40], AB-induced sestrin2 expression in primary
cortical neurons was found to have an antioxidant effect, resulting in the suppression
of Ap-mediated ROS production, enhancement of lipid peroxidation, and formation of
8-hydroxy-2-deoxyguanosine (8-OH-dG) as an index of oxidative DNA damage. Inter-
estingly, we found that lentivirus-mediated overexpression of the N-terminal domain of
sestrin2 in primary cortical neurons completely blocked A [325-35-induced ROS production,
whereas overexpression of the C-terminal domain partially, but statistically significantly,
suppressed ROS formation. Although the sestrin2 C-terminal domain is known to have
the capability of inhibiting mTORCI to promote autophagy [35], we speculated that aug-
mentation of autophagy with enhanced removal of damaged mitochondria, or mitophagy,
may also contribute to the antioxidant function of sestrin2. Upstream of sestrin2, we found
that the observed A effect on sestrin2 expression is at least partially mediated by p53 and
NF-«B. Indeed, apart from regulating sestrin2 induction, p53 and NF-«kB subunits p65/p50
also affect the expression of each other [40]. Furthermore, upstream of p53 and NF-kB, we
identified at least two signaling pathways, namely nitric oxide synthase/cGMP-dependent
protein kinase (NOS/PKG) and phosphatidylinositol 3-kinase (PI3K)/Akt, that may have
contributed to the observed Af induction of sestrin2 in cortical neurons [40]. A diagram
summarizing our findings is shown in Figure 4, below.

The synaptic activity of neurons can affect the homeostasis of AB and tau. Both are
aggregated and accumulated during the progression of AD and are critical for neuronal
function. Furthermore, impairment of synaptic activity is linked with AD [108]. Physiologic
synaptic activity, through NMDA receptor signaling, can enhance antioxidant activity
and increase sestrin2 expression to exert a protective effect through transcription factor
C/EBPbeta [109]. Presenilin proteins are catalytic components of y-secretase involved
in various functions such as proteolytic cleavage of the Notch and APP, adjustment of
neurotransmitter release, and are vital for the survival of neurons in aging [110]. Mutations
of the presenilin genes are one of the main causes of familial AD [111]. Impairment of
presenilin activity may compromise synaptic functions, resulting in neurodegeneration
and ultimately dementia [112]. It was demonstrated that cells deficient in presenilin have
lower levels of sestrin2 and are accompanied with mTORC1 dysregulation. These findings
show that sestrin2, through attenuation of oxidative stress and its nutrient-sensing ability
via mTOR, plays a critical role in AD-related conditions [105].

Emerging evidence suggested the potential benefit of sestrin2 in AD. Medications with
the capability to alter sestrin2 expression may therefore have the potential to prevent or
delay the clinical deterioration of this neurodegenerative disease. It was previously shown
that atorvastatin reduces Ap-induced synaptotoxicity and memory impairment through
a p38MAP kinase pathway [113]. Atorvastatin could also activate autophagy through
AMPK/mTOR signaling [113,114]. In a recent study, it was demonstrated that sestrin2 and
the autophagy marker LC3II were increased with A treatment in human neuroblastoma
cells; co-treatment of atorvastatin and A reduced oxidative stress and decreased sestrin2
expression [103]. We have shown before that BDNF can induce sestrin2 expression in
rat primary cortical neurons and exert a protective effect against 3-NP neurotoxicity by
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reducing the production of free radicals [53]. BDNF is known to protect against A-induced
neurotoxicity in vitro as well as in rodent and primate models [115,116]. However, whether
sestrin2 induction by BDNF contributes to this neuroprotective effect has not been tested.
The possibility certainly cannot, however, be excluded.
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Figure 4. Amyloid-beta peptide (Ap) enhances calcium dyshomeostasis and the generation of reactive
oxygen species (ROS), thereby leading to oxidative stress with damaged mitochondria. Meanwhile,
Ap also induces p53, as well as nuclear factor-kappaB (NF-«B) subunits p65 and p50 via activation
of nitric oxide synthase (NOS)/cGMP-dependent protein kinase (PKG) and phosphatidylinositol
3-kinase (PI3K)/Akt. The transcription factors, p50, p65, and p53 translocate into the nucleus of
the neuron to promote expression of sestrin2 mRNA, as indicated by the red dashed arrow. The
alkyl hydroperoxidase activity of sestrin2 may neutralize excessive ROS generated by A with
antioxidative functions. In addition, sestrin2 may trigger autophagy, as is indicated by the conversion
of the microtubule-associated protein-1 light-chain 3B-I (LC3B-I) into LC3B-1II, and possibly also
mitophagy, in order to remove Af-damaged mitochondria known to produce more ROS. Sestrin2
thus may function as an endogenous protective mediator inducible by A that contributes to neuronal
survival against A neurotoxicity.

In addition to alkyl hydroperoxidase activity and enhanced autophagy to alleviate
oxidative stress, sestrin2 may also trigger the Nrf2/ARE pathway to augment antioxidant
responses. For example, following photochemical cerebral ischemia in rats, expression of
sestrin2, Nrf2, HO-1, and VEGF were significantly increased. Overexpression of sestrin2 by
AAV injection further enhanced their expression [82]. In another study of photothrombotic
ischemia in rats, sestrin2 may promote angiogenesis by activating Nrf2 via upregulation of
p62 with enhanced interaction between p62 and Keap1, thereby improving the neurological
function, reducing brain infarction, and alleviating brain edema [81]. Sestrin2 was also a
direct target of microRNA miR-148b-3p in the HT22 hippocampal neurons challenged with
OGD/R. Furthermore, Nrf2/ARE was a downstream antioxidant signal contributing to the
observed protective effects through miR-148b-3p inhibition, and hence sestrin2 induction,
in response to OGD/R injury [117]. In the HyO,-stimulated retinal ganglion cells (RGCs),
sestrin2 overexpression increased the nuclear translocation of Nrf2, thereby upregulating
the Nrf2/ARE target genes, including HO-1 and NAD(P)H quinone oxidoreductase-1 [118].
As mentioned above, sestrin2 itself may be a downstream target of Nrf2 [48,49]. Although
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these studies were conducted in non-neuronal cells like mammary epithelial cells and
hepatocytes, the possibility that Nrf2 activation may induce sestrin2 expression in the
nervous system cannot be excluded. Whether sestrin2 may trigger its own expression,
thereby forming a positive feedforward loop, via Nrf2/ARE in neurons, also requires
further investigation. The potential role of sestrin2 in age-related neurodegenerative
diseases is demonstrated in Figure 5.
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Figure 5. Multiple pathogenic mechanisms including oxidative stress, with excessive production of
reactive oxygen species (ROS), glutamate-induced excitotoxicity, calcium overload, mitochondrial
dysfunction, and inflammation contribute to neuronal death in various neurodegenerative disorders
like Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD). Brain-
derived neurotrophic factor (BDNF) enhances sestrin2 expression via signaling pathways involving
nitric oxide (NO)/3’,5'-cyclic guanosine monophosphate (cGMP)-dependent protein kinase-1 (PKG-
1)/nuclear factor-kappaB (NF-«B). In addition to the alkyl hydroperoxidase activity and autophagy
promotion, sestrin2 may also have antioxidant properties by activating nuclear factor erythroid
2-related factor-2 (Nrf2) with enhanced expression of antioxidant proteins like heme oxygenase-
1 (HO-1), vascular endothelial growth factor (VEGF), and NAD(P)H quinone oxidoreductase-1.
These antioxidant proteins then mitigate oxidative stress, as indicated by the red arrow, that is
commonly observed in various neurodegenerative diseases. The possibility that BDNF may exert its
neuroprotective effects, in addition to its well-known neurotrophic actions, via induction of sestrin2
in various neurodegenerative disorders, requires further investigation.

5. Medications or Chemical Compounds Capable of Altering Sestrin2 Expression

The outcomes of clinical trials using drugs to target amyloid and tau have been unsat-
isfactory up to now, thereby leading to enthusiasm in targeting alternative mechanisms in
AD studies [119,120]. Drug repurposing involves taking the research into an existing, ready-
to-use drug and assessing its therapeutic potential with respect to another disease [121,122].
Several well-known success stories include aspirin, sildenafil, and thalidomide [123]. This
approach may provide a less expensive and quicker method of drug discovery. Several
recent review articles emphasize the clinical potential of drug repurposing in the context of
AD [120,124-126]. It would be worthwhile to search among medications with neuroprotec-
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tive effects, as these are likely to have a better chance of achieving clinically meaningful
results with neurodegenerative diseases [127]. The potential of certain medications to
activate sestrin2 expression requires further investigation.

Several studies revealed that certain drugs capable of activating sestrin2 expression
in various disease models may be worth testing in AD as well. It was shown that em-
pagliflozin, which is a sodium-glucose cotransporter 2 (SGLT2) inhibitor useful for treating
diabetes mellitus (DM) patients, can regulate sestrin2, the AMPK-mTOR pathway, and ROS
homeostasis to improve obesity-related cardiac dysfunction in mice [128]. Another study
demonstrated that liraglutide, a glucagon-like peptide 1 (GLP-1) agonist for DM patients,
may lessen obesity-related fatty liver disease through regulating the sestrin2-mediated
Nrf2/HO-1 pathway [129].

5-Fluorouracil is an antimetabolite widely used for chemotherapeutic treatment of can-
cers [130,131]. It was shown that 5-fluorouracil increases sestrin2 levels in a p53-dependent
pathway and inhibits cancer cell migration in an in vitro colon cancer study [132]. Nel-
finavir, an ER stress-inducing agent, and bortezomib, a proteasome inhibitor, can both
enhance sestrin2 expression, which may be useful to treat cancers [133]. Interestingly,
nelfinavir inhibited endogenous Ap1-40 production from primary cultured human cortical
neurons [134]. Whether these reagents may also carry therapeutic potential for AD requires
further investigation.

Other chemical compounds such as resveratrol and melatonin possessing pleiotropic
effects like antioxidancy or anti-inflammation were studied based on their capability of
upregulating sestrin2 in various disease models [135-137]. Resveratrol is a naturally occur-
ring polyphenol that is abundant in grape seeds and skin [138,139]. It can offer protective
effects against various age-related diseases like AD through diverse mechanisms [138,140].
These molecular mechanisms include modulation of NF-«B, regulation of inflammatory
cytokines, production of antioxidant enzymes, angiogenesis, apoptosis, lipid metabolism,
and mitochondrial biogenesis-all critical for its potential clinical application [141,142]. Tt
was demonstrated before that resveratrol affects sestrin2 gene induction and inhibits liver X
receptor-alpha (LXRa)-mediated hepatic lipogenesis [137]. Methylglyoxal is implicated in
the formation of advanced glycation end-products associated with diabetes and age-related
neurodegenerative diseases [143]. In a previous study using methylglyoxal to induce
cell death in HepG2, a human liver cancer cell line, it was found that resveratrol reduces
methylglyoxal-induced mitochondrial impairment and apoptosis through sestrin2 induc-
tion [136]. Other flavonoid polyphenols or flavone derivatives, such as eupatilin [144,145],
pentamethylquercetin [146], and isorhamentin [147], also possess the capability to alter
sestrin2 expression and are worth studying further in AD models.

Melatonin, a molecule widely distributed in living organisms, is involved in various
physiological and biological functions among diverse tissues and organs. It possesses
prominent antioxidant effects, functions as a free radical scavenger, augments antioxidant
enzymes, lessens mitochondrial electron leakage, and reduces pro-inflammatory signaling
pathways [148]. These properties of melatonin underline the possibility for future clin-
ical use in numerous disorders, including neurodegeneration [149]. It was shown that
melatonin can inhibit proliferation and apoptosis in the vascular smooth muscle through
upregulation of sestrin2, which may be important in preventing atherosclerosis and resteno-
sis of vessel lumen [135]. It would be interesting to know the effect of sestrin2 expression
under melatonin treatment in a stressful condition, such as in Ap-induced neurotoxicity.

It is believed that a long list of medications, natural products, chemical compounds,
or small molecules capable of altering sestrin2 expression may exert beneficial effects
over AD-related mechanisms. This awaits further investigation and may lead to more
opportunities for treating such devastating neurodegenerative diseases as AD.
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6. Conclusions and Future Perspectives

Being a member of the sestrin family, sestrin2 acts as a crucial intracellular detector
capable of regulating various biological processes to maintain the homeostasis of living or-
ganisms. Emerging evidence reveals that sestrin2 may have beneficial effects for vulnerable
cells, such that they may adapt to numerous pathological situations under diverse stressful
conditions, including DNA injury, hypoxic state, metabolic dyshomeostasis, and oxidative
stress. In age-related neurodegenerative disorders, excessive generation of ROS and dys-
function of autophagy may play pivotal roles in the pathogenesis among these diseases.
Sestrin2, with distinctive dual-functional sites to counteract excessive ROS generation and
inhibit mTOR activity for autophagy promotion, is presumed to play a crucial role in AD,
although at present only limited information is available to firmly establish this notion.
Certain medicinal compounds or natural products, such as flavonoid-related products, can
alter the expression levels of sestrin2. It is believed that any means of increasing sestrin2
expression may possess significant clinical implications for the abatement of AD-related
neurodegeneration. The possibility awaits further investigation. It is uncertain, however,
whether the overactivation of sestrin2 may result in detrimental effects due to autophagic
dysfunction. It may be difficult to determine the pros and cons of excessive activation or
inhibition of autophagy in terms of neurodegenerative diseases, including AD. This concern
further reveals the crucial need for a thorough understanding of both the downstream
targets, as well as the upstream regulators, of sestrin2. Fuller elucidation of the signaling
pathways of sestrin2 would accelerate the discovery of novel therapies for disease treatment,
especially for those diseases with a devastating clinical course, such as AD.
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Abstract: Analysis of classical cerebrospinal fluid biomarkers, especially when incorporated in a
classification/diagnostic system such as the AT(N), may offer a significant diagnostic tool allowing
correct identification of Alzheimer’s disease during life. We describe four patients with more or
less atypical or mixed clinical presentation, in which the classical cerebrospinal fluid biomarkers
amyloid peptide with 42 and 40 amino acids (AB4 and APy, respectively), phospho-tau (Tp.1g1) and
total tau (Tr) were measured. Despite the unusual clinical presentation, the biomarker profile was
compatible with Alzheimer’s disease in all four patients. The measurement of classical biomarkers in
the cerebrospinal fluid may be a useful tool in identifying the biochemical fingerprints of Alzheimer’s
disease, especially currently, due to the recent approval of the first disease-modifying treatment,
allowing not only typical but also atypical cases to be enrolled in trials of such treatments.
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1. Introduction

Alzheimer’s disease (AD), the most common cause of dementia, is a neurodegenera-
tive disorder characterized by neuronal and synaptic loss and eventually brain atrophy,
due to extracellular polymerization and the accumulation of amyloid peptide with 40 and
especially 42 amino acids (A4 and ARy respectively) in the form of amyloid plaques
and intracellular polymerization of hyper-phosphorylated tau protein in the form of paired
helical filaments, viewed microscopically as neurofibrillary tangles [1]. This pathophysio-
logical/pathobiochemical process of AD starts many years before, and likely, one to three
decades prior to symptom onset [2,3]. Following this long asymptomatic or “preclinical”
phase of the disease [4], the symptomatic phase starts [5] initially with mild cognitive
impairment (MCI) [6] and finally dementia [7]. At the symptomatic phase, the typical
presentation of AD is usually of the “hippocampal amnestic-type”, characterized by a
deficit in episodic memory with difficulty in both free and cued recall [8]. However, in
approximately 10-15% of AD patients, atypical (non-amnestic) presentations have been de-
scribed [5] and this percentage may rise to 22-64% in early-onset (pre-senile) cases [9]. Such
atypical presentations include primary progressive aphasia (PPA) [10], frontal dementia
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which may mimic frontotemporal degeneration [11], corticobasal syndrome (CBS) [12], and
posterior cortical atrophy [13]. Furthermore, cases of AD mixed with cerebrovascular dis-
ease [14], Lewy body pathology [15], and even normal pressure hydrocephalus (NPH) [16]
are not uncommon, especially in the elderly. Thus, AD is no longer viewed as synonymous
with amnestic dementia [17]. It may be viewed as a biological process, irrespective of the
presence (or absence) and the type and severity of symptoms at a certain time point during
disease evolution and progression [18]. Then, how can we diagnose AD?

As in any aspect of medicine, the initial approach is always clinical and, clinical criteria
formulated more than 35 years ago [19], may show a diagnostic accuracy > 90% when
typical patients are examined in specialized centers [20]. However, in the community, in
early disease, in atypical or mixed cases, and the presence of comorbidities, diagnostic
accuracy may decrease substantially [21]. Thus, it has been estimated that up to 30% of
patients with a clinical diagnosis of AD during life will prove to have non-AD pathology
at autopsy [22] and, vice versa, for patients with a clinical presentation suggestive of a
non-AD disorder, there is a 39% chance that an autopsy will prove the (co)occurrence of
AD pathology [23]. The gold standard for verification of the AD diagnosis is a postmortem
neuropathological examination. However, correct diagnosis during life is needed, since it
allows a more accurate estimation of prognosis and better therapeutic decisions [24,25].

Until now, the pharmaceutical treatment of Alzheimer’s disease was dependent on
drugs introduced 20-25 years ago. However, on 7 June 2021, the Food and Drug Adminis-
tration (FDA) in the USA, approved the anti-amyloid monoclonal antibody aducanumab,
as the first disease-modifying treatment for AD in the early clinical stages (MCI, mild
dementia) [26]. Aducanumab was approved under the accelerated approval pathway,
which requires a long (nine years) post-marketing phase IV study to confirm the drug’s
cognitive benefits. Despite the intense discussion, the arguments and debates triggered, all
agree that, if such a specific disease-modifying treatment is to be used the diagnosis of AD
should be verified with the maximum accuracy as possible.

For in vivo diagnosis, various biomarkers have been studied during the last 25 years,
including cerebrospinal fluid (CSF) biomarkers [27]. Among these, three are considered
as classical or “core” biomarkers for AD [28]: AB4p, which is decreased in AD and is
inversely related to amyloid plaque burden [29]; tau protein phosphorylated to a threonine
residue at position 181 (tp.181) which is increased in AD and it is considered as a marker of
tangle formation [30]; total tau protein (tr) which is increased in AD and it is a nonspecific
marker of neuronal and/or axonal loss [31]. The AB4, /A4 ratio may be used instead
of A4y and seems to perform diagnostically better than the latter [32]. With sensitivities
and specificities approaching or exceeding 90%, CSF biomarkers offer added diagnostic
value compared to clinically-based diagnosis alone [5] and they have been incorporated
in newer diagnostic criteria and guidelines [5-7]. A combination of decreased AP, with
increased Tp_1g; and Tt is highly specific for the presence of AD, while normal levels of
all three biomarkers are highly specific for the absence of AD [33]. Increased levels of the
Tp-181/ AP 4 ratio have also been observed to provide high specificity for the differential
diagnosis of AD from other dementias [34]. More recently, the AT(N) classification system
has been introduced for diagnostic classification of AD (and possibly other dementia
disorders), based on biomarkers [35]. The letter A stands for markers of amyloid pathology,
T for markers of tau pathology (tangle formation), and N for markers of neurodegeneration
(neuronal/axonal loss). Each letter is followed by either * or ~, representing the positive
(abnormal) or negative (normal) result of testing, respectively. The profile (“fingerprint”)
of AD is either A*T*(N)* or A*T*(N)~ [18]. Profiles such as A*T~(N)~ or AT~ (N)* are
compatible with Alzheimer’s pathological change (change from normal with the acquisition
of amyloid biochemistry/pathology, without or with additional non-AD pathologies),
but not Alzheimer’s disease (which requires both amyloid plaques and neurofibrillary
tangles [1]) [18]. Although the AT(N) system was designed mainly for research purposes,
it can be used in clinical practice, even with clinically relevant prognostic value [36] and it
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may be suitable for in vivo AD verification in patients suitable for aducanumab treatment,
especially during the long phase IV trial of aducanumab.

2. Patients and Methods
2.1. Patients

The four patients presented here were examined at the 2nd Department of Neu-
rology. They had cognitive impairment with an atypical presentation, creating clinical
diagnostic uncertainty, with CSF biomarkers resolving the problem by revealing the CSF
“neurochemical fingerprint” of AD (otherwise, there were no specific selection criteria).

Initially, history, neurological and complete physical examination were recorded
routinely. Secondary causes including thyroid disease, B12 deficiency, neurosyphilis, brain
tumor, or subdural hematoma (but not normal pressure hydrocephalus) were excluded.
Written informed consent was obtained for all cases. The study had the approval of the
Scientific Board and Ethics Committee of “Attikon” Hospital (project identification codes
of approval: A13, 7 April 2021 and 157, 16 March 2021 respectively) and was conducted
according to the ethical guidelines of the 1964 Declaration of Helsinki.

2.2. Neuropsychological Approach

Following history and clinical examination, a battery of neuropsychological tests
was performed. Global tests for the assessment of cognition and activities of daily living
included the Addenbrooke’s Cognitive Examination-Revised version (ACE-R), the Mini
Mental State Examination (MMSE), and the Instrumental Activities of Daily Living (IADL),
all of which have been validated in Greece [37-39]. Brief bed-side tests for memory (free
and cued recall), frontal function, visuospatial skills, and possible depression included the
5-words memory test [40], the Frontal Assessment Battery (FAB) [41], the CLOX (1 and
2) [42], and the short version of the Geriatric Depression Scale (GDS) [43], respectively.
Finally, as a tool for the concomitant assessment of cognitive and functional status, the
Clinical Dementia Rating (CDR, both sum of boxes and overall score) was used [44].

2.3. Neuroimaging

A routine 1.5 or 3T brain magnetic resonance imaging (MRI) scan was the preferred
method of neuroimaging, including 3D T1W sequences, suitable for assessing cortical and
central atrophy, including medial temporal atrophy, according to a visual scale [45]. The
Evans index and callosal angle were also calculated as appropriate [46]. Alternatively, a
brain computerized (CT) scan was obtained in cases with MRI contraindication (orthopedic
prostheses).

2.4. Lumbar Puncture and CSF Biomarker Measurements

A lumbar puncture was performed using a standard, 21-22G, Quincke-type needle,
at the L4-L5 interspace, at 9-12 a.m. according to widely accepted recommendations on
standardized operative procedures for CSF biomarkers [47]. In brief, CSF was collected in
six polypropylene tubes. The first and second tubes (1 mL each) were used for routine CSF
cytology and biochemistry, respectively. The third tube (2 mL) was used for oligoclonal
bands and IgG index determinations. The following two tubes (5 mL each) were used for
biomarker determinations. The last tube (~2 mL) was used for syphilis serology or other
tests according to clinical indications. All CSF samples had <500 red blood cells/uL.

The two tubes intended for CSF biomarker analysis were immediately centrifuged
(2000 g 15 min), aliquoted in polypropylene tubes (1 mL each), and finally stored at
—80 °C. Aliquots were thawed only once, just before analysis, which was performed
within three months of storage.

Classical CSF biomarkers (AR42, AP4p, Tp-181, and Tr) were measured in a Euroimmun
Analyzer I (Euroimmun, Liibeck, Germany), in duplicate, with a double sandwich enzyme-
linked immunosorbent assay (ELISA) by commercially available kits (EUROIMMUN
Beta-Amyloid (1-42) ELISA, EUROIMMUN Beta-Amyloid (1-40) ELISA, EUROIMMUN
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pTau(181) ELISA, and EUROIMMUN Total-Tau ELISA, respectively), according to the
manufacturer’s instructions and by the use of 4-parameter logistic curves as described
elsewhere [48]. All procedures were performed under a stable temperature (21 4 2 °C)
and quality control samples (both in-house and provided by the manufacturer) were used
in each run. The inter- and intra-assay coefficients of variation were both <7% for all
biomarkers. CSF biomarkers were considered normal according to cut-off values of the
Neurochemistry and Biological Markers Unit (A4, > 480-500 pg/mL, AB4/AR40 > 0.09,
Tp-181 < 60 pg/mL, 11 <400 pg/mL).

The CSF AD profile (“fingerprint”) was defined as decreased A4, or decreased
AB4/ APy and increased Tp.1g1, and thus, compatible with the A*T*(N)* or A*T*(N)~
profiles of the AT(N) classification system [18], according to Figure 1.
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Figure 1. Biomarker levels in the CSF and interpretation of results for clinical purposes in our departments according to the
AT(N) classification system, using the classical CSF biomarkers and structural imaging (MRI or CT) [18]. * Abnormal have
decreased levels (positive result). ¥ Abnormal have increased levels (positive result). § Abnormal have increased CSF levels

or atrophy in structural neuroimaging (positive result). Negative results indicate normal findings. AD: Alzheimer’s disease.
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3. Results

The demographic, clinical, neuropsychological, and CSF neurochemical data of the
four patients are summarized in Table 1.

Table 1. Demographic, clinical, and neurochemical data of the four patients.

Patient 1 Patient 2 Patient 3 Patient 4
Gender Female Female Male Female
Age (years) 76 76 81 83
Education (years) 6 12 12 12
Disease duration (years) 4 3 4 3
ACE-R [37] 77/100 51/100 49/100 44/100
MMSE [38] 29/30 23/30 15/30 14/30
TIADL [39] 7/8 8/8 3/8 2/8
5-words delayed recall [40] 2+3/5 0+0/5 0+2/5 1+1/5
FAB [41] 9/18 10/18 5/18 3/18
CLOX1 [42] 9/15 12/15 0/15 4/15
CLOX2 [42] 10/15 12/15 0/15 6/15
GDS [43] 5/15 4/15 3/15 2/15
CDR sum of boxes [44] 1 0 10 12
CDR overall [44] 0.5 0 2 2
Clinical diagnosis I“C(ifliio‘;‘l;ﬁﬁ‘gr)‘ﬁa PPA logopenic NPH; VCI CBS-like; VCL, NPH (?)
ARy (pg/mL) (normal > 500) 492.8 | 864.5 262.1 627.9
APy (pg/mL) 13938 12185 NA 11648
ARy /ARy (normal > 0.09) 0.035 | 0.071 | NA 0.054 |
Tp-181 (pg/mL) (normal < 60) 161.6 1 110.1 1 6231 82.6 T
7 (pg/mL) (normal < 400) 557.7 1 490.5 1 420.1 1 427.11
AT(N) profile [18] AYTHN)* AYTHN)* ATTHIN)* ATTHIN)*
Final diagnosis AD AD NPH + VCI + AD AD mixed

ACE-R: Addenbrooke’s Cognitive Examination-Revised, MMSE: Mini Mental State Examination, TADL: Instrumental Activities of Daily
Living, FAB: Frontal Assessment Battery, GDS: Geriatric Depression Scale, CDR: Clinical Dementia Rating, PPA: Primary Progressive
Aphasia, NPH: Normal Pressure Hydrocephalus, CBS: Corticobasal Syndrome, VCI: Vascular Cognitive Impairment, NA: not available. |
Decreased levels, 1 increased levels, ? diagnostic uncertainty remains.

3.1. Patient 1

A seventy-six-year-old female was examined due to four years of “memory prob-
lems”. She increasingly had to keep memos and frequently repeated the same questions.
According to the results of the neuropsychological testing, she had incipient dementia,
with a profile more compatible with a frontal or frontal-subcortical syndrome (decreased
attention and concentration and executive function) rather than the typical hippocampal
amnestic syndrome (Table 1). Neuroimaging showed frontal-frontoparietal atrophy and
asymmetric hippocampal atrophy (Figure 2a). Biomarker assessment showed decreased
APg and A4y /ARy ratio and increased both tp.1g1 and T, compatible with AD.
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Figure 2. (a) T1 Magnetic Resonance Imaging (MRI) sequences of patient 1. Frontal (mainly),
frontoparietal, perisylvian, and left hippocampal (grade 3) atrophy is observed. (b) T1 MRI sequences
of patient 2. Atrophy in the left posterior perisylvian and parietal area is observed with preservation
of the hippocampus. (¢) Computerized tomography (CT) scan of patient 3. Some degree of frontal
and parietal atrophy is seen. The white matter shows decreased density consistent with subcortical
small vessel disease, in addition to periventricular caps. The parietal convexity is tight, the callosal
angle is 84.4° and the Evans index has been calculated to 0.36. (d) CT scan of patient 4. Frontal
(mainly) and parietal asymmetric atrophy are observed. Although the parietal convexity is not tight,
the callosal angle is 88.4° and the Evans index has been calculated to 0.38. Decreased density of the
white matter at centrum semiovale is noted, consistent with small vessel disease, with additional
periventricular caps.
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3.2. Patient 2

This seventy-six-year-old female suffered gradually progressive difficulty in speech for
three years. Upon examination, she had a perfect understanding of language, but during
spontaneous speech she made many pauses in an effort to “recall” the appropriate word.
Upon naming testing, anomic (word-finding) difficulty was obvious, with object knowledge
and single-word comprehension completely spared. Phonological errors were frequent and
sentence repetition was severely affected. The motor and grammatical aspects of speech
were normal. No difficulty in other cognitive domains was reported and decreased scores
in neuropsychological testing were attributed mainly to the language (aphasic) disorder.
She had no other significant difficulty in activities of daily living except in communication
due to the aphasic disorder, which was compatible with Primary Progressive Aphasia (PPA)
of the logopenic-type [49]. Atrophy was predominant in the left perisylvian and parietal
areas (Figure 2b). Biomarker analysis revealed normal A4, with reduced A4,/ A4 ratio,
together with increased tp.13; and T, compatible with AD.

3.3. Patient 3

An eighty-one-year-old male developed a gradually progressive cognitive decline
during the last four years. He had apathy, social withdrawal difficulty in performing
complex tasks, mental “slowness”, and reduced attention. The previous year, progressive
gait difficulty was noticed, with slow and short steps, sometimes a “magnetic” gait, and
occasional falls with one fracture. The previous month, urinary urgency and sometimes
incontinence was added into the clinical picture. Neuropsychological testing revealed
moderate-stage dementia showing a mixed profile, including significant frontal, amnestic,
and visuoconstructive components. Neuroimaging revealed an increased Evans index,
acute callosal angle, tight convexity and periventricular caps, suggestive of normal pres-
sure hydrocephalus [46], but cerebral small vessel disease was also evident (Figure 2c).
Consistently with the suspicion of normal pressure hydrocephalus, a spinal taping test
(removal of 40 mL of CSF) resulted in a significant improvement of gait and cognition.
However, CSF biomarkers analysis revealed decreased A4, and increased Tp.131 and 7,
compatible with the additional presence of AD.

3.4. Patient 4

This eighty-three-year-old female developed gradually progressive gait difficulty with
slow and short steps, postural instability, and frequent falls during the last three years
and was unresponsive to L-dopa treatment. In addition, apathy, mental “slowness” and
reduced attention were reported. In the previous year, urinary incontinence was noted.
Upon clinical examination, she was practically bed-ridden, with asymmetric parkinsonism,
including limb bradykinesia and rigidity more evident in the left limbs, while pyramidal
signs were additionally present, more evident in the left limbs. Frequent myoclonic jerks
were observed in the upper limbs, especially the left. Cortical sensory loss and sensory
neglect were present in the right limbs. Primitive reflexes (especially grasping) were also
present. Neuropsychological testing revealed moderate-stage dementia showing a mixed
profile, including significant frontal, amnestic and visuoconstructive components, while
significant upper limb apraxia was present. The patient met clinical criteria for corticobasal
syndrome [50]. Despite some degree of asymmetrical atrophy, neuroimaging revealed
an increased Evans index, acute callosal angle, and periventricular caps, suggestive of
normal pressure hydrocephalus [46], while some degree of cerebral small vessel disease
was also evident (Figure 2d). The spinal taping test (removal of 40 mL of CSF) resulted
in a significant improvement of cognition, but there was no change in gait. Analysis of
CSF biomarkers showed reduced AP4y /A4 ratio, together with increased tp.1g; and tr,
compatible with the presence of AD.
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4. Discussion

In the present study, we present four cognitively impaired patients with clinical
presentations creating diagnostic uncertainty. The first patient was at the transition from
MCI to mild dementia and, while she complained of memory problems, the total delayed
recall (including memory cues) was normal, which is considered not compatible with
the hippocampal amnestic disorder (typically expected in AD), but more compatible
with a frontal-subcortical-type of memory decline. Despite a senile onset of disease
and a presumably higher probability for AD, this is estimated to be no more than ~70%
in such cases with early-stage disease and non-typical presentation [21,22], with other
pathologies entering in the differential diagnosis. In the second patient, the clinical profile
was compatible with PPA of the logopenic-type, which is due to AD in approximately 50—
80% of patients [10,51]. However, it should be not considered synonymous with AD [49],
since, in ~25%, it is caused by one of the frontotemporal pathologies [51].

Thus, in both patients 1 and 2, there was still a significant chance (at the level of
25-30%) that a non-AD pathology may be the cause of the cognitive decline. Since both
patients had MMSE > 20, making them eligible for aducanumab treatment, it is necessary
to increase the diagnostic certainty from 70-75% to as high as possible, in order to initiate
such a specific, expensive, and with potentially serious complications, treatment. In both
patients, the CSF biomarker results, according to the AT(N) classification system [18], were
compatible with the presence of AD.

In patients 3 and 4, the case was quite different since they were mixed cases of
dementia. Patient 3 had typical clinical and imaging characteristics of normal pressure hy-
drocephalus and the positive taping test was consistent with this notion. Normal-pressure
hydrocephalus may occur alone, but in three-quarters of cases, AD and/or cerebrovascular
disease (usual of the small vessel-type) may be additionally present [52]. In the additional
presence of AD, a shunting operation may offer some degree of gait improvement, which
may positively affect the quality of life [53]; however, cognitive improvement may be
modest [53] and the overall improvement is traditionally thought to be moderate at best
and short-lived [54]. Thus, the possible co-occurrence of AD should be known prior to
the selection of optimal treatment (or treatment combinations). In patient 3, the whole
picture was compatible with NPH and concomitant small vessel disease, both of which may
contribute to the clinical picture. However, CSF biomarkers revealed a third significant
component in this patient’s dementia, that of AD.

Patient 4 was the most intriguing. She had a mixed movement and cognitive disorder,
with a clinical picture typical of corticobasal syndrome, while neuroimaging revealed a
normal pressure hydrocephalus-like picture and some degree of small vessel disease. A
taping test resulted in the improvement of cognition only, but not of gait, probably because
the corticobasal component of the motor disability was already severe enough to oppose
any improvement. The corticobasal syndrome is not a disease, but a clinical picture that
can be due to many neurodegenerative diseases, the most common being corticobasal
degeneration which belongs to the 4-repeat tauopathies [50]. However, it can be caused by
AD, Lewy body pathology, progressive supranuclear palsy, and even Creutzfeldt-Jakob
disease [12], with AD accounting for a significant percentage of cases with corticobasal
syndrome [55]. CSF biomarker analysis in patient 4 revealed that AD was indeed the
underlying cause. Normal-pressure hydrocephalus was probably present as well (hence
the cognitive improvement following the taping test), however, it was superimposed
on AD.

Classical CSF biomarkers are useful in identifying the AD biochemical fingerprint in
typical and atypical AD cases [27,28]. Their diagnostic performance has been validated
in autopsy-proven cases [56]. They have been proven useful in cases with primary pro-
gressive aphasia [51], corticobasal syndrome [57], and cases of AD mixed with Lewy body
pathology [58] or cerebrovascular disease [14,59]. They can identify the concomitant pres-
ence of AD in cases with normal pressure hydrocephalus [60,61], and possibly predict a
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worse neurosurgical prognosis [62], although recent data suggest that they may predict the
opposite [16].

When incorporated in the AT(N) classification system, CSF biomarkers may be used
effectively not only in research but also in clinical practice [36,63]. It should be noted that
in patients 2 and 4, CSF levels of A4, were normal. However, the A4,/ A R4 ratio was
abnormally reduced in both, allowing the diagnosis of AD. Despite some concerns about
the interchangeability between A4, and the AB4, /APy ratio in the AT(N) system [64],
the ratio shows better diagnostic accuracy compared to A4, alone [32,65], correlates better
with amyloid imaging by positron emission tomography [32], and its better diagnostic
performance has been confirmed in pathologically proven cases [32].

There are some limitations in classical CSF biomarker determination. Preanalytical
factors, including CSF sampling and storage, may affect test results and internationally
accepted guidelines have been formulated for this reason [47]. International quality control
programs and projects have been organized, in order to identify and control for con-
founding factors, improve the methodologies used, optimize analytical performance, and
harmonize the levels of biomarkers [66-68]. However, there is still a significant intra-
and inter-laboratory variability [67,69] and each laboratory should have its own cut-off
values [28]. Discordant biomarker results have been observed in different reference labo-
ratories, especially for Ap4, [70]. Diagnostically gray zones also exist and, when added
to the possible measurement error, they may lead to a variability of +25% [70]. Normal
levels of all three CSF classical biomarkers may be observed in normal aging, but also in
psychiatric disorders which may present with cognitive complaints, sometimes entering
in the differential diagnosis of frontotemporal dementia. Furthermore, the classical CSF
biomarkers cannot identify additional neurodegenerative pathologies, which are not rare
in older patients with AD [71]. Finally, determination of CSF biomarkers requires a lumbar
puncture which is a cause of concern and anxiety in many patients and caregivers, and it
cannot be easily repeated for frequent follow-up.

Other molecules are under intense investigation in an effort to optimize the differential
diagnostic value of the classic biomarkers and identify possible additional neurodegen-
erative pathologies. They include markers of neuroinflammation such as the triggering
receptor expressed on myeloid cells 2 (TREM2), progranulin, and chitinase-3-like protein-1
(YKL-40), markers of synaptic dysfunction such as neurogranin, and markers of neuronal
injury such as neurofilament light (NfL) and visinin-like protein 1 (VILIP-1), while miR-
NAs could also be helpful [72-77]. Oligomeric forms of A4 [78], x-synuclein [79], and
TAR DNA-Binding Protein 43 (TDP43) [80] are emerging biomarkers, but work must still
be carried out to achieve adequate diagnostic performance. Especially for a-synuclein,
which has been traditionally considered as a marker of synuclein pathology, results are
conflicting [79], partially due to the effect of preanalytical and analytical factors, including
differences in a-synuclein species detected by different methods [81]. Recent evidence
suggests that «-, and also f3- and y-synuclein, may be effective markers of AD rather
than synucleinopathy [82]. Both - and (3-synuclein may be early markers of AD, even in
non-demented elder subjects [83,84], while the ratio of total tau/x-synuclein may serve
as a marker of tau phosphorylation, even allowing patients with the A~T*(N™) profile
to re-enter the AD diagnostic group [85]. Blood-based classical [86,87] and exosomal [88]
biomarkers may prove helpful, especially for frequent monitoring of the biochemical effects
of anti-amyloid antibodies. The AT(N) system is flexible and may expand to an ATX(N)
form, incorporating such new or evolving biomarkers of AD-related or additional non-AD
pathologies [89].

5. Conclusions

Biomarkers are not stand-alone tools and should always be interpreted along with
clinical, neuropsychological, and imaging data. Keeping this in mind, analysis of classical
CSF biomarkers, especially when incorporated in a classification/diagnostic system such
as the AT(N), may offer a significant diagnostic tool [90,91], with both added [92] and
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prognostic [36] value, allowing the correct identification of AD during life, especially
in cases with atypical or mixed presentations [93]. This is always important for correct
therapeutic decisions, and it is of paramount importance currently, due to the recent
approval of aducanumab as a disease-modifying treatment. Whether atypical cases are
going to have the same benefit (from classical or newer treatments) as the typical ones,
remains to be elucidated.
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Abstract: Alzheimer’s disease (AD) is the most common type of dementia, affecting 24 million
individuals. Clinical and epidemiological studies have found several links between vascular risk
factors (VRF), neurovascular unit dysfunction (NVUd), blood-brain barrier breakdown (BBBb) and
AD onset and progression in adulthood, suggesting a pathogenetic continuum between AD and
vascular dementia. Shared pathways between AD, VRF, and NVUd/BBB have also been found
at the molecular level, underlining the strength of this association. The present paper reviewed
the literature describing commonly shared molecular pathways between adult-onset AD, VRF,
and NVUd/BBBb. Current evidence suggests that VRF and NVUd/BBBb are involved in AD
neurovascular and neurodegenerative pathology and share several molecular pathways. This is
strongly supportive of the hypothesis that the presence of VRF can at least facilitate AD onset and
progression through several mechanisms, including NVUd/BBBb. Moreover, vascular disease and
several comorbidities may have a cumulative effect on VRF and worsen the clinical manifestations of
AD. Early detection and correction of VRF and vascular disease by improving NVUd/BBBd could be
a potential target to reduce the overall incidence and delay cognitive impairment in AD.

Keywords: Alzheimer’s disease; vascular risk factors; hypertension; type 2 diabetes mellitus; dyslipi-
demia; cigarette smoking

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative dementia, affecting
two-thirds of individuals with cognitive decline worldwide [1]. Its main pathological
features are represented by neuroinflammation, extracellular amyloid-f (A) peptide
deposition, intracellular neurofibrillary tangles, tau protein degeneration, and neural loss
with progressive deterioration of cognitive function [2-4]. Considering a doubling in
20 years, the prevalence of AD will reach 130 million people in 2050, with the greatest
increase expected in the poorest countries [5]. Due to its high prevalence, several studies
are focusing on reliable serum biomarkers to accurately diagnose AD [3,4].

The neuropathology of AD is characterised by structural and physiological changes
that may involve different brain areas. This variability contributes to a certain heterogeneity
in the final clinical manifestations in AD patients, each of whom may exhibit a variable
association of different neuropsychological deficits. In fact, while the classic cognitive
profile of AD is mainly characterised by episodic memory deficits due to the impairment of
the temporal lobe, several recent studies have shown that in relation to the different brain
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areas predominantly involved, different clinical pictures may be present. For example,
alterations in the medial prefrontal cortex are associated with impaired retrieval and
extinction memories, whereas impairment of emotional and executive processing, similarly
to the psychiatric population, reflects a probable impairment of the lateral orbitofrontal
cortex or the inferior frontal gyrus [6-8]. It is worth underlining that multiple pathways are
implicated in the onset and progression of neurodegeneration and specific functions, such
as emotional control, are often impaired in dementia. Indeed, impairment of the prefrontal
cortex causes in AD patients an impairment in emotion processing that impacts on action
and motor control [7].

The AD pathophysiology is considered largely heterogeneous and characterized by
both neurodegeneration—characterized by aberrant, misfolded and aggregated A3 [9] and
hyperphosphorylated tau proteins [10]—and vascular disease, with a common involvement
of large [11-14] and small brain vessels. Other neurotoxic elements could also play a
relevant role: oxidative stress with reactive oxygen species overproduction, mitochondrial
dysfunction or metal accumulation have been extensively studied in the last years [15].

Recently a great attention was put on the interaction between neuronal (neurons
and glia) and vascular tissues (endothelial cells, pericytes, and adventitial cells) that are
functionally organized in the neurovascular unit (NVU). The NVU is responsible for so-
called neurovascular coupling, an organized vascular response to specific neuronal stimuli
aimed at modifying regional cerebral blood flow and neuronal metabolic activity [16].
The blood-brain barrier (BBB) is a part of the NVU that controls the transfer of molecules
and pathogens to and from brain tissue by adopting a specific transport system in brain
endothelial cells [17]. The BBB transports brain metabolic waste products from the brain
interstitial fluid to the bloodstream. Thus, BBB represents the most important site of
metabolic homeostasis in the central nervous system [17]. Neurovascular coupling is
typically deranged in several pathological conditions such as hypertension [18], acute
ischemic stroke [19] and AD [20], suggesting a potential role of NVU dysfunction (NVUd)
in the progression of cognitive impairment. Of note, neurovascular coupling is strongly
influenced by VRF [21-26] and atherosclerotic vascular pathology [14,27], as synthesized

in Figure 1.
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Figure 1. Known interactions between vascular and neurodegenerative factors in AD.

Postmortem studies emphasize an important role of vascular pathology in a large
percentage of AD subjects. As first observed in the Nun study [6], the presence of neu-
ropathologic findings of vascular lesions in AD subjects was associated with a history of
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worse cognitive performances. In addition, other studies have confirmed the presence of
atherosclerosis of large and small vessels in AD [12]. These alterations, which could affect
NVU activities, may be expressed by pathologic adaptations of cerebrovascular responsive-
ness to hypercapnia [26,28]. A dysfunction of the BBB has been associated with oxidative
stress [29], advanced glycation end products (AGEs) and their receptor (RAGE) [30,31] and
increased production of proinflammatory cytokines [32]. A blood-brain barrier breakdown
(BBBb) could also contribute to AD onset and progression.

This review focuses on the main and most common vascular risk factors that can be
easily detected, monitored, and addressed in common clinical practice, their impact on AD
neurovascular and neurodegenerative pathology and the potential links between VRF and
AD at a molecular level.

2. Research Strategy

The review team identified first the MeSH major terms to explore the association
between AD, VRE, NVUd and BBB breakdown and performed the literature search in
PubMed/Medline and Web of Science for case reports, reviews, and original research arti-
cles from 1 January 1991, to 1 December 2021. We used MeSH major terms and considered:
“Alzheimer’s disease” [MeSH], “Adult-onset diabetes mellitus” [MeSH], “Hypertension”
[MeSH], “Dyslipidemia” [MeSH], “Cigarette smoking” [MeSH], “Neurovascular coupling”
[MeSH], “Blood brain barrier” [MeSH] and “Neurovascular abnormalities” [MeSH] alone
or in combination. The review team favored the inclusion of articles from the last 10 years
to give up-to-date information, although they did not exclude older highly referenced
reports. The reference lists of articles identified by this search strategy were also reviewed,
and the working group selected relevant references. We chose to consider this time frame
and all types of articles to obtain a comprehensive overview of this topic.

3. Discussion of the Results of the Research Strategy

According to the pre-specified research strategy, the review team selected 156 unique
papers regarding the clinical, epidemiological and molecular relationships between AD,
NVUd, BBBb, type 2 diabetes mellitus (T2DM), hypertension, smoking and dyslipidemia.

3.1. Type 2 Diabetes Mellitus
3.1.1. The Clinical and Epidemiological Link between AD and T2DM

Both AD and T2DM prevalence are progressively increasing, especially among elderly
patients [1,33]. Among adults, 1 in 11 suffers from diabetes mellitus and 90% of cases are T2DM,
which is a chronic, multi-organ disease characterised by a high burden of co-morbidities and
a low quality of life [34]. While aging itself is the strongest risk factor for both AD [35] and
T2DM [36], emerging epidemiological data suggest that T2DM and other VRFs may contribute
to the pathogenesis of AD directly, in association, or as cofactors [37-39]. AD and T2DM
are epidemiologically associated as AD patients appear more vulnerable to T2DM [40], and
individuals with T2DM show an increased risk of dementia, including AD [41].

The Rotterdam Study confirmed that the presence of T2DM increases the risk of
AD [42], and that this association is stronger in patients with a long history of T2DM.
This epidemiological relationship has been confirmed in other cohorts [43]. However,
despite epidemiological studies suggesting T2DM as a potential risk factor for AD, the
demonstration of a complete overlap between the two diseases is lacking. Some authors
have associated this effect to different insulin resistance in target organs. Cerebral hyper-
glycemia [44] in the absence of clinically evident T2DM has been positively associated with
accelerated cognitive impairment, even adjusting for other risk factors, including age and
macrovascular disease. In addition, patients with AD often exhibit both insulin resistance
and insulin insufficiency even when not affected by T2DM. These observations have led to
the current concept of AD as a special form of T2DM, defined by several authors as “type 3
diabetes mellitus” (T3DM) [45-47]. T3DM refers to insulin/insulin-like growth factor (IGF)
deficiency and insulin/IGF resistance in brain tissue [46].
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3.1.2. The Role of Insulin Signalling

Insulin/IGF and their receptors are widely expressed in the cortex, hippocampus,
and hypothalamus of the human brain. Several investigations support the hypothesis that
cognitive impairment in AD might be, at least in part, mediated by insulin resistance and
deficiency of the insulin/IGF cascade in the brain [48-50]. These mechanisms activate mul-
tiple intracellular signalling pathways ensuing in intrinsic tyrosine kinases (iTK) activation
starting with ligand binding to cell surface receptors, followed by iTK autophosphory-
lation and activation [51,52]. iTK phosphorylate IRS molecules [53-55], which transmit
signals downstream by activating the extracellular/mitogen-activated signal-related kinase
(ERK/MAPK) and PI3K pathways and inhibit glycogen synthase kinase 3beta (GSK3).
PI3K/AKT/mTOR cascade activation leads to synaptic formation, increased neuronal cell
survival [56], regional vasodilation, and regulation of cerebrovascular reactivity in the
neurovascular unit [57].

Postmortem studies pointed out that, in brain samples from AD patients, insulin
and insulin receptor expression were severely impaired and their levels were inversely
proportional to the extent of neurodegeneration [45,58] along with impairment of insulin
receptor binding capacity and reduced expression of insulin, IGF-1, IGF2 mRNA and their
receptors, with a reduction in the cytosolic level of PI3K p85a and p110a subunits [59]. This
was consensual with a tau protein reduction, regulated by insulin/IGF-1.

Decreased choline acetyltransferase (ChAT) expression, typically described in AD, is
associated with reduced ChAT colocalization with the insulin/IGF-1 receptor, confirming
that neuronal expression of tau and ChAT is regulated by insulin/IGF-1 in the human
brain [46,47]. Reduced insulin and poor insulin receptor sensitivity contribute to decreased
acetylcholine (ACh), further elucidating a possible biochemical link between diabetes and
AD [58]. Thus, insulin resistance and deficiency in the brain could explain, at least in part,
the alterations observed in AD, such as cytoskeletal collapse, retraction of neurites, synaptic
disconnection, loss of neuronal plasticity, and deficiencies in ACh production. Moreover,
T2DM is known to be one of the most important factors for accelerated atherosclerosis [60],
and these observations suggest that cerebral vessel atherosclerosis could be another poten-
tial link between the two diseases, as confirmed by clinical studies [14].

3.1.3. Shared Molecular Mechanisms between AD and T2DM

Primary biological responses to insulin/IGF include increase in cell growth, survival,
energy metabolism and cholinergic gene expression, and inhibition of oxidative stress and
of apoptosis. These signalling pathways are activated in different cell types and tissues
capable of expressing insulin/IGF receptor. Thus they are virtually universal [55,61-63].
Several authors enlightened different abnormalities in IRS-1 phosphorylation (IRS-1p) in
AD brains [64]. IRS-1p on tyrosine residues is needed for insulin-stimulated responses,
whereas IRS-1p on serine residues was associated to an insulin reduced response, which
was consistent with insulin resistance [65].

This pathway modulates the expression of Af precursor protein (APP), kinesin, Abel-
son helper integration site-1 (AHI-1), huntingtin-associated protein-1 (HAP-1), and tau,
which are all involved in the neuropathology of AD. Furthermore, neuronal and oligo-
dendroglial cell survival and function are fully linked to the integrity of the insulin/IGF-1
pathway [46,47,49]. Impairment of these metabolic pathways leads to deficits in energy
metabolism resulting in increased oxidative stress, mitochondrial dysfunction, activation
of proinflammatory cytokines and APP expression. Consequently, reduced expression of
neuronal and oligodendroglial specific genes and increased expression of astrocytic and
microglial inflammatory genes in AD have been attributed to progressive brain insulin/IGF
deficiency and resistance.

Microglial and astrocytic APP mRNA levels are increased in the early stages of neu-
rodegeneration in AD [66]. Microglia activation promotes APP gene expression, cleavage
and accumulation. Impairment of insulin/IGF signalling leads to oxidative stress and
mitochondrial dysfunction that induces APP gene expression and cleavage, thus result-
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ing in neurotoxicity due to APP-A accumulation. Tau gene expression and tau protein
phosphorylation are specifically mediated by this signalling cascade [67,68].

3.1.4. The Role of AGE/RAGE System in AD

Glycosylation is a non-reversible and non-enzymatic reaction that occurs between pro-
teins and glucose and eventually leads to the production of AGEs [69], which is especially
observed in subjects affected by complicated T2DM [70]. The presence of AGEs marginally
affects cell survival, but can significantly alter neuronal metabolism and thus brain function
in several neurodegenerative disorders, such as AD [71,72]. In addition, AGEs can directly
induce oxidative stress and promote the release of proinflammatory cytokines, thereby
worsening cognitive dysfunction in AD [73]. AGEs and RAGEs colocalize with Af3, senile
plaques, and neurofibrillary tangles. Specifically, the interaction between RAGE and A
activates neuroinflammatory signalling pathways, causes the release of reactive oxygen
species, and ultimately induces neuronal and mitochondrial dysfunction [31].

However, one large study observed a lack of longitudinal association between AGE-
RAGE system dysfunction and dementia, suggesting a potential short-term association or
reverse causality [74], thus supporting the need for further studies to explore this association.

3.2. Hypertension
3.2.1. The Clinical and Epidemiological Link between AD and Hypertension

Aging is an important risk factor for hypertension, representing one of the epidemio-
logical links between AD and VRFE. However, the clinical association between hypertension
and AD seems weaker than that with T2DM. Some studies have described this potential
association [75-77] while others failed to demonstrate any link [78,79]. Papers underlin-
ing this epidemiological link have longer follow-up times [75-77]. The Rotterdam study
pointed out that hypertension preceded the onset of AD by nine years [75], while in the
Honolulu-Asia Aging Study, a temporal relationship of 20-26 years was observed [77].

On the other hand, some studies have shown that low blood pressure is also asso-
ciated with incident dementia, and that blood pressure drops in the preclinical stages of
AD, during AD, and consistently with advanced cognitive impairment [80]. Recently, a
U-shaped relationship between hypertension and cognition has been confirmed, especially
among the elderly [81]. Several authors have suggested that this effect might be mediated
by neurodegeneration of brain structures involved in the central regulation of blood pres-
sure (hypothalamus, amygdala, insular cortex, medial prefrontal cortex, locus coeruleus,
parabrachial nucleus, pons and medulla oblongata). This hypothesis is supported by stud-
ies underlining a direct positive relationship between neuron number in pons or medulla
and blood pressure in AD [82]. Further, brain atrophy has been correlated with lower blood
pressure in elderly patients, regardless of dementia [83]. In addition, lower blood pressure
can result in greater neuronal damage by worsening regional cerebral blood flow regulation
by generating local hypoperfusion [84].

Thus, middle-aged hypertension acts as a risk factor for AD before its onset, whereas
low blood pressure in the elderly should be interpreted as a consequence of neural loss,
especially in advanced AD. Hypertension is known to induce cerebral vascular changes
and vascular dementia. Animal models have shown that high blood pressure can also lead
to AD-like neuropathology [85-87], with accumulation and deposition of Af3.

3.2.2. Shared Molecular Mechanisms between AD and Hypertension

While the “classical” amyloid hypothesis suggested a cytotoxic accumulation of A in
the brain tissue of AD patients due to its overproduction [88], more recent evidence has
shown that Af accumulation might be more related to an altered clearance of this molecule
from the BBB due to NVU dysfunction [89].

One of the pathways linking hypertension to AD is RAGE, which modulates A3
clearance in the BBB. Its expression is critically increased in endothelial cells and at the
level of the AD brain neurovascular unit [90]. Furthermore, in experimental models,
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its expression is upregulated in cerebral vessels of the cortex and hippocampus after
exposure to a hypertensive condition [86]. RAGE acts as a scavenger receptor for Ap. In
the BBB it mediates the passage of A from the blood to the brain. It also stimulates A3
production [91] and induces tau hyperphosphorylation [92] by activating the GSK-3 cascade.
The angiotensin-II type 1 receptor suggests another link between AD and hypertension.
In hypertensive subjects, activation of this receptor increased RAGE mRNA expression,
suggesting a link between activation of the renin-angiotensin axis and AD progression [93].
RAGE also responds to AGEs, which are elevated in AD, especially in patients with T2DM,
and this represents another possible link between VRF and AD.

The other molecular mechanism linking AD to hypertension is low-density lipoprotein
receptor-related protein-1 (LRP-1). Most cell types in the neurovascular unit express LRP-1,
which is able to maintain the BBB integrity and transport Af3 from the brain to the blood
vessels, in a direction opposite to that by RAGE. LRP-1 acts primarily by releasing A from
the brain, but its soluble form (sSLRP-1) can bind A and remove it from the circulation,
reducing its bioavailability. Interestingly, the expression of LRP-1 in endothelial cells of
the neurovascular unit is reduced with aging and its activity is mediated by ApoE [94]. In
murine models of hypertension, RAGE expression is increased, whereas LRP-1 expression
is unchanged, suggesting increased Af influx that is not adequately counteracted by
increased efflux [95]. Furthermore, the presence of oxidative stress, as commonly observed
in association with the presence of VREF, decreases sLRP-1 activity and increases serum
levels of AP, which negatively correlates with cognition [96].

Finally, hypertensive patients often show increased serum levels of several mark-
ers of endothelial damage, such as soluble intercellular adhesion molecule-1 (sSICAM-1),
soluble vascular cell adhesion molecule-1 (sVCAM-1), and endothelin-1 (ET-1), which
might be implicated in the dysregulation of cerebrovascular reactivity in AD and other
neurodegenerative diseases by promoting vasoconstriction [97-99].

3.3. Dyslipidaemia
3.3.1. The Clinical and Epidemiological Link between AD and Dyslipidaemia

Dyslipidaemias are a heterogeneous group of diseases defined as disorders of lipid
metabolism that lead, alone or in association with other VRFs, to cerebral and systemic
atherosclerosis. The current management of dyslipidaemias is closely dependent on the
presence and extent of other VRFs, and current guidelines suggest treatment according to
the patient’s overall cardiovascular risk, as assessed by formal scores [100]. The systematic
assessment and proper management of cardiovascular risk is leading to a progressive reduc-
tion in the incidence of atherosclerosis. However, this disease remains one of the leading
causes of mortality and morbidity worldwide [100]. The link between dyslipidaemia and
AD has been described at several levels. Epidemiological evidence suggests an association
between high serum cholesterol levels and AD, with a potential role for lipids in modulating
AD expression. Total cholesterol serum levels appear to be independently associated with
increased AD prevalence, with a potential modulation of the effect by ApoE genotype [101].
Similar to hypertension, increased serum total cholesterol in middle age also appears to be
strongly associated with the risk of AD, with a 3-fold increase in the likelihood of develop-
ment, independent of ApoE genotype [102]. High levels of LDL cholesterol (LDL-C) correlate
with lower global cognition in the absence of clinical dementia [103], and with more rapid
cognitive decline in individuals who will develop AD [104]. Some authors underlined a
paradoxically protective effect of increased serum cholesterol levels from dementia in late
life [105], underlining the detrimental role of dyslipidaemia in younger subjects [106]. In
addition, intracranial and extracranial atherosclerosis, one of the major consequences of in-
adequately treated dyslipidaemia, is significantly associated with the risk of AD onset and
progression [14,107].
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3.3.2. Shared Molecular Mechanisms between AD and Dyslipidaemia

Increased serum cholesterol levels are presumed to induce neuronal apoptosis, ox-
idative stress, and tau hyperphosphorylation [108]. Brain lipid composition appears to
be directly involved in APP processing and A production: increased endosomal choles-
terol levels appear to unbalance APP processing, thereby promoting the amyloid-genic
pathway [109,110]. A cholesterol-rich membrane might also alter the activity of membrane
secretases, thus inducing A production [111]. Furthermore, dyslipidemia is thought to
be associated with BBB disruption, which is commonly observed in AD [112]. Animal
models, particularly low-density lipoprotein receptor (LDL-R) knock-out mice, confirm
these observations: dyslipidemia increases the severity of cognitive dysfunction, especially
learning and memory, and A3-associated neurotoxicity [113].

Recent studies have emphasized a genetic overlap between AD, C-reactive protein,
and plasma lipids [114]. Genome-wide association studies emphasize a strong association
between dyslipidemia and AD in several genes. ApoE genotype has been confirmed
central to this interaction [115]. ApoE is the most abundant apolipoprotein in the human
brain whose role is to transport lipids and facilitate brain homeostasis by removing debris
from the interstitial fluid of the brain by interacting with endothelial cells, the basement
membrane and glia [116]. In AD, APOE promotes A clearance. The efficiency of A
clearance through the BBB depends on the activity of transport proteins such as APOE and
APOJ, and receptors such as LRP-1 and RAGE. In particular, it has been observed that APOE
€2 and APOE 3 genotypes bind with high affinity with LRP-1, whereas APOE ¢4 binds
with LDL-R [117]. The lack of interaction between APOE ¢4 and LRP-1 has been associated
with reduced cyclophilin A (CypA) inhibition leading to a proinflammatory state and BBB
breakdown [118]. This effect appears to be mediated in pericytes by an NFB-dependent
matrix metalloproteinase 9 (MMP-9), which disrupts endothelial tight junctions [117,119].
In addition, CypA has been associated with systemic atherosclerosis [117].

Other single nucleotide polymorphisms of genes implicated in lipid metabolism, such
as CLU and ABCA7, have been associated with AD, underscoring a strong link between
lipid homeostasis and cognitive function [120]. Of note, several genes implicated in the
modulation of inflammation, such as CR1, HLA-DRB5 and TREM, have also been identified
as associated with AD [120].

3.4. Cigarette Smoking
3.4.1. The Clinical and Epidemiological Link between AD and Cigarette Smoking

Some cross-sectional studies, supported by the tobacco industry, reported a lower AD
prevalence among smokers [121]. However, when analysing incident cases and controlling
for tobacco industry affiliation [122], it was observed that smoking consistently increased
the risk for AD and cognitive decline [123]. This increased risk was found in both APOE ¢4
allele carriers [124] and non-carriers [125]. Particularly, mid-life smoking was associated
to an increased AD risk [126]. Smoking habit shows its detrimental effects in cognition at
different levels. Compared to non-smokers, middle-aged, active smokers showed poorer
neurocognitive performances in executive domains (processing speed, learning and mem-
ory). Such cognitive dysfunctions were associated with a reduced volume and thickness
in hippocampal, cortical, and subcortical areas, reduced neuronal and BBB integrity and
neurobiological alterations like those found in early-stage AD, with a dose-dependent
effect. Elderly, active-smoking subjects showed worse executive functions, processing
speed, learning and memory, a greater cortical atrophy and lower grey matter density in
specific brain areas when compared to non-smokers. Former smokers showed intermedi-
ate abnormalities between smokers and non-smokers. Patients with chronic obstructive
pulmonary disease (COPD), which is commonly caused by smoking, often show worse
cognitive performances [127] that seem to be partially preserved by long-term oxygen
therapy [128]. A midlife COPD diagnosis is associated to an increased risk of a later-life
cognitive deterioration [129]. However, COPD and lung function impairment seem to affect
only marginally incident AD [130].
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3.4.2. Shared Molecular Mechanisms between AD and Cigarette Smoking

The only potential neuroprotective effect of smoking on the brain relies on the find-
ing that nicotine showed neuroprotective activity against glutamate toxicity via a4 and
«7 subunits, which can inhibit the neuronal apoptosis process similarly to therapeutic
acetylcholinesterase inhibitors [131]. Cigarette smoking, however, has been associated to
a downregulation of nicotinic acetylcholine receptors (nAChrs) subunit 7 expression on
astrocytes [132] with a reduction of the neuroprotection offered. Furthermore, nicotine
strongly affects brain endothelial function, since brain endothelium expresses several nico-
tinic receptor subunits (3, a5, «7, 32 and 33) [133]. Nicotine increases BBB permeability
by reducing tight junctions expression [134]. The detrimental effects of nicotine on tight
junctions’ permeability are worsened by oxidative stress and hypoxia. Moreover, nico-
tine downregulates NOTCH-4 expression in brain endothelial cells: a reduced NOTCH-4
expression is also associated to BBB breakdown [133]. Chronic cigarette smoking has
been associated to an increased A3 deposition and amyloid burden, tau phosphorylation,
neuroinflammation with microglial activation, and plaque formation in a dose-dependent
manner [135]. On the other side, it has been demonstrated that different central nervous
system cells express nicotinic subunits («3, x4, x5, x6, a7, 32, 34) in the context of nAChrs
with a wide variability of expression within different areas of the brain.

Smoking attitude increases oxidative stress by unbalancing the production of reactive
oxygen/nitrogen species and their reduction by natural antioxidants [136,137]. Notably,
oxidative damage acts on nucleic acids, proteins and lipid membranes of NVU cells [136,137].
Oxidative stress induces cytokine-mediated activation of inflammation in the NVU, thus
inducing neuronal cell death and BBBb.

There is a narrow link between neurodegenerative diseases, as AD, and chronic lung
pathologies, as COPD [138]. Chronic brain hypoxia, which is commonly observed in advanced
COPD and worsened by the occurrence of significant carotid atherosclerosis, seems to worsen
cognition by increasing A3 deposition and tau hyperphosphorylation [139,140]. Moreover,
chronic hypoxia acts on VMSCs by downregulating LRP-1 [140], favouring a hypercontractile,
non AB-clearing phenotype [141]. Moreover, chronic hypoxia has other detrimental effects
on cognition: it activates microglia inducing a proinflammatory state that downregulates A3
receptors and induces a BBB breakdown [140].

3.5. Association between VRF and NVU Dysfunction in AD

Neurovascular imbalance is sufficient to initiate neuronal damage and induce accu-
mulation of AB. VRF aggregation leads to atherosclerosis, and both factors can induce
NVU dysfunction and BBB disruption. These two alterations are associated with increased
entry and defective clearance of neurotoxic compounds into brain tissues and reduced
energy metabolites and oxygen delivery to activated areas of the brain resulting in neuronal
damage. Furthermore, by regulating small vessel blood flow, neurovascular coupling aims
to reduce local thrombosis by balancing pro-thrombotic and anti-thrombotic pathways. Its
alteration is associated with increased vascular damage. Different combinations of VRF
have been associated with cognitive impairment [26,39], especially in the presence of altered
cerebrovascular reactivity [142]. Large vessels atherosclerosis is the most prominent effect
of a long-term VRF combination, has been associated with an imbalance in cerebrovascular
reactivity and more rapid cognitive deterioration [27,143].

At the cellular level, vascular muscle smooth cells (VMSCs) in AD exhibit a “hyper-
contractile phenotype,” which appears to be critically involved in the dysregulation of local
cerebral blood flow by inducing chronic hypoxia and hypoperfusion that facilitates neural
loss [141]. In addition, AD-VMSCs exhibit impaired capacity to clear A, facilitating cerebral
amyloid angiopathy, which in turn leads to impaired cerebral hemodynamic adaptability [144].

BBB disruption appears to be associated with increased production and reduced
clearance of A3, which promotes the accumulation of amyloidogenic molecules, typically
present in advanced AD. BBB dysfunction is favoured by genetic traits, such as APOE
e4. APOE ¢4 carriers show accelerated pericyte degeneration due to activation of the
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CypA MMP-9 pathway, which is associated with BBB dysfunction with tight junctions
and alteration of core proteins [145]. In addition, APOE &4 carriers often show impaired
cerebrovascular reactivity that could affect cerebral perfusion [38,146,147].

4. Conclusions

This narrative review aimed to focus on the major vascular risk factors that may con-
tribute to AD genesis and progression (as shown in Figure 2). The reviewed literature
highlights correlations between VRE, NVU dysfunction, BBB breakdown and AD onset and
progression. Older and emerging data suggest data suggest the urgent need for increased
attention on VRF detection, monitoring, and correction in all the ageing populations in order
to reduce the burden of cognitive deterioration. In addition, these observations suggest—
especially in elderly patients—that a global assessment should be carried out, considering
‘classical’ VRF and their aggregation [26]. Moreover, special attention should be paid to various
pathological conditions, which are particularly frequent in elderly people such as extracranial
and intracranial atherosclerosis [107,148], atrial fibrillation [38,149], chronic lung [129] and
kidney [150] disease that could have a detrimental effect on cognition. The strongest link
between AD and VRF can be observed in the presence of NVUd and BBB breakdown. In these
conditions most of the molecular alterations have been observed. However, although several
authors underlined this correlation, less is known on neurovascular unit and blood-brain
barrier function after intensive correction of VRE, especially at a molecular level. The current
treatment strategy for AD progression has currently focused mainly on correcting neurode-
generative aspects, by also using Ap-directed monoclonal antibodies [151]. In prospective,
especially among elderly, multicomorbid patients with AD, a comprehensive, multi-target
approach could be comprehensive not only of an early and intensive VRF correction, but also
a of a personalized management of comorbidities in later life to reduce the risk of AD onset
and to contain the progression of cognitive impairment also at a vascular level.
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Figure 2. Shared molecular mechanisms linking vascular risk factors, vascular pathology, APOE
genotype, neurovascular unit dysfunction, blood-brain barrier dysfunction and Alzheimer’s disease
onset and progression. Legend: AGE: advanced glycation end products; AT-II: angiotensin receptor
2; CypA: cyclophilin A; HyperC-VMSCs: hyper-contractile phenotype vascular muscular smoot cells;
LRP-1: low-density lipoprotein receptor-related protein-1; nAChrs: nicotinic acetylcholine recep-
tors subunit «7; IGF1: insulin growth factor; RAGE: advanced glycation end products receptor;
sICAM1: soluble intercellular adhesion molecule-1; sVCAMI: soluble vascular cell adhesion
molecule 1.
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5. Future Directions

Midlife VRF correction by drugs [152] or physical activity [153,154] has been asso-
ciated to a reduction of incident dementia, especially AD, and cognitive deterioration
in later life. Antihypertensive drugs have already been shown to reduce both the risk
and progression of cognitive decline [155]. Oral antidiabetics and insulin seem able to
reduce cognitive impairment in AD [156]. Statin use is not associated with an increased
risk of cognitive impairment, and some small observational studies seem to associate
this treatment with a potentially favourable role in the setting of AD [157]. Long-term
oxygen therapy, also, seems to improve cognition hypoxemic patients affected by AD [128].
Recently, 5-phosphodiesterase inhibitors, such as sildenafil, have been shown to improve
neurovascular and neurometabolic function in AD [158,159], and are currently under
investigation as repurposed drugs for AD treatment by improving NVU function [160].
Analyses of small groups of subjects show that the correction of extracranial carotid stenosis
could be associated to an improvement of NVU dysfunction and a reduction of cognitive
decline [161]. However, all these observations are largely based on retrospective or non-
randomized prospective cohort studies. Larger, robust and long-term trials are required to
assess the role of neurometabolic and neurovascular treatment to prevent AD onset and
progression. At the present time, in conjunction with the evaluation of the possible benefits
of the most modern therapies as A directed treatment or brain stimulation techniques,
it could be useful to pay attention to the potential role of carotid surgery or drugs that
improve neurovascular and neurometabolic balance [162-164].
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Abstract: Cerebrospinal fluid (CSF) biomarkers remain the gold standard for fluid-biomarker-based
diagnosis of Alzheimer’s disease (AD) during life. Plasma biomarkers avoid lumbar puncture and
allow repeated sampling. Changes of plasma phospho-tau-181 in AD are of comparable magnitude
and seem to parallel the changes in CSF, may occur in preclinical or predementia stages of the
disease, and may differentiate AD from other causes of dementia with adequate accuracy. Plasma
phospho-tau-181 may offer a useful alternative to CSF phospho-tau determination, but work still
has to be done concerning the optimal method of determination with the highest combination of

sensitivity and specificity and cost-effect parameters.
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biomedicines10081879 protein phosphorylated at a threonine residue at position 181 (tp.131) and total tau protein
(1) constitute the three established (classical) biomarkers for Alzheimer’s disease (AD) [1].
They have been studied extensively during the last two decades and, with estimated
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2. Why Plasma Biomarkers? Blood vs. CSF Sampling

Since the CSF is in close contact with extracellular/interstitial fluid, it is expected to
reflect the biochemical changes occurring within the central nervous system with adequate
accuracy and thus, it may be preferable to blood [17]. However, CSF sampling requires
lumbar puncture (LP). It is a routine procedure in neurological wards, well-tolerated, with
a very low incidence of complications, the most frequent being post-LP headache [18].
The use of atraumatic needles reduces the likelihood of headache [18] and, in dementia
patients, a headache incidence of <4.5% has been repeatedly reported [19] even with the
use of Quincke-type needles [20].

Despite the above, LP is a relatively (minimally) invasive procedure, rarely performed
by non-neurologists, requiring hospitalization in some countries or institutions, and it is
a source of concern or anxiety for some patients or relatives. Furthermore, the amount
of CSF collected is not unlimited. On the other hand, blood sampling is a non-invasive,
much more easy-to-perform and acceptable procedure, has no complications, requires
no hospitalization, and it can be performed in outpatient wards or in the community,
permitting the collection of a larger sample volume which, in turn, facilitates biochemical
determination of a wider spectrum of analytes, whilst repeated venipuncture (if necessary
for equivocal or conflicting results, for additional biochemical assessments or for follow-up)
is far more easy and acceptable than repeated LP.

3. Plasma tp.1g1; and Alzheimer’s Disease

Plasma Ttp_131 levels significantly correlate with the cerebrospinal fluid levels [16]
and with the Ap and T protein load in the cerebral parenchyma, according to studies
using Positron Emission Tomography-scan [21] (Table 1). Plasma tp.151 levels are 3.5-fold
increased in patients with AD as compared to controls, and this change is greater than the
one of any other plasma biomarker [16,21-23]. In asymptomatic individuals and in patients
with mild cognitive impairment, increased plasma tp.1g; levels predict future transition to
Alzheimer’s dementia [23], indicating that Tp.13; levels may become abnormal during the
pre-dementia or even the presymptomatic stage of AD.

From the clinical point of view, plasma Tp.1g1 levels may show a significant diagnostic
value, in order to discriminate Alzheimer’s disease from other neurodegenerative disorders,
with an area under the curve (AUC) reaching 0.94-0.98 [23]. This discriminative value
may prove useful for the differential diagnosis of AD from frontotemporal dementia [24],
with an AUC at the level of 0.88 [22]. For the discrimination from vascular dementia AUC
reaches 0.92, for the discrimination from progressive supranuclear palsy and corticobasal
degeneration, AUC reaches 0.88, and for the discrimination from Parkinson disease or
multiple system atrophy, AUC may reach 0.82 [25]. Furthermore, plasma Tp.1g; may identify
an additional AD pathology in patients with Lewy body diseases [26]. Based on the above,
the diagnostic value of plasma Tp.1g; may approach that of CSF tp.1g; [25], introducing the
former as a promising surrogate biomarker for AD.

Plasma levels of Tp.13; may also have prognostic value, since they may predict cortical
brain atrophy in AD [27], AD pathology at least 8 years prior to pathologic diagnosis [28]
and progression to AD dementia even in presymptomatic subjects [29-31]. Indeed, lon-
gitudinal changes in plasma levels seem to correlate with the progression of the AD
neurodegenerative process [32-35]. Recently, it has been suggested that Tp_y;7 may perform
better than tp.1g1 [31,32,36].
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Table 1. The major conclusions of the latest studies concerning the role of plasma tp_jg; in the
diagnosis of Alzheimer’s disease.

Conclusions References
Plasma tp.181 levels correlate with CSF levels [16]
Plasma Tp_1g1 levels are significantly higher in AD patients compared to controls [16,21-23]
Plasma Tp.1g; levels may also increase in pre-symptomatic or mildly demented patients and serve as a [23,28,29]

possible predictive biomarker

Plasma Tp.1g; levels may act as a discriminative biomarker between Alzheimer’s and other types of dementia  [24,25,27]

4. Comparison with Other Plasma Biomarkers
4.1. Beta Amyloid Levels

Shin et al. [37] had observed a statistically significant decrease of A4, in the plasma
of patients with Alzheimer’s disease, without alteration of Af49 as compared to the con-
trol group. However, the A4,/ AR 49 ratio made this difference even more conspicuous.
Likewise, Janelidze et al. [38] observed a significant reduction of AP4y and AP/ AP4g
in plasma, without change of A4 levels. The findings of two other studies [39,40] were
headed towards the same direction, showing statistically significant differences; however,
the AR4p/ Ay ratio (although greater than A4, level alone) showed a moderate capacity
to separate sporadic presenile Alzheimer’s disease cases from normal individuals, with an
area under the Receiver Operating Characteristics curve reaching 0.76 and a sensitivity and
specificity that did not exceed 70% [39], due to an adequate amount of overlapping values
between Alzheimer’s disease and other groups [38,40]. Nonetheless, through the use of
more developed and precise detection techniques (including multiplexed, densely aligned
sensor array), the AP4y/ APy ratio may have the potential to reach a more compensatory
capacity to separate Alzheimer’s disease from the control group with an area under the
curve 0.925 and a sensitivity and specificity that accedes to 90% [41].

The plasma A4,/ Ay ratio seems to predict the amount of cerebral amyloid burden,
irrespective of the presence of cognitive deterioration [40,42,43], a fact that could be useful
for the early (pre-symptomatic) diagnosis of Alzheimer’s disease and the incorporation of
pre-symptomatic patients in research for new medications. An abnormal A4, /A4 ratio
recognizes the presence of amyloid in cerebral parenchyma with an area under the curve
reaching 0.88, and increasing to 0.94 with APOE4 addition, whilst it recognizes the presence
of increased cerebrospinal fluid levels of Tp.1g; with an area under the curve reaching
0.85 [44]. In addition to these, diminished levels of A4, are associated with decreased
hippocampal volume and a higher risk of Alzheimer’s disease occurrence [45].

Not all studies are in agreement with the above data; Feinkohl et al. did not conclude
to a statistically significant difference between AB4, AB4o and APy /ARy in the plasma
of AD patients [46], while two other studies have found an increased plasma A4, level
as compared to the control group [47,48]. Most of the above studies use more advanced
methodologies, like highly sensitive immunoassays, mass spectrometry, Simoa (single
molecule array), Luminex xMAP®, 17 IMR (immunomagnetic reduction). The use of those
techniques is associated to a higher cost, regarding that the low-cost technical infrastructure
of Enzyme-linked Immunosorbent Assay (ELISA), which is used for the measurement of
classical cerebrospinal fluid biomarkers, cannot generally be reclaimed in the measurement
of plasma biomarkers.

4.2. Total Tau Levels and Other Biomarkers

Despite some initial indications of reduction [49], the level of 17 is elevated in the
plasma of Alzheimer’s disease patients, although not significantly correlated to the cere-
brospinal fluid level [50,51]. Nevertheless, an elevation of total tau protein has been
observed in other disorders, including frontotemporal dementia [52], thus limiting the
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specificity of this biomarker, whose determination demands a Single Molecule Array
(Simoa) assay.

Neurofilament light chain (NFL) level is another indicator of axonal damage that
presents a significant increase in the plasma of Alzheimer’s disease patients [53] and in
other neurodegenerative disorders; therefore, it consists of another sensitive but not specific
biomarker [15].

The plasma level of x-synuclein, which is increased in Parkinson’s disease patients [54],
would be considered as a suitable biomarker for the separation between Alzheimer’s disease
and Lewy body synucleinopathies. However, there are several restrictions that require
further research to estimate the diagnostic value of this biomarker [15]; those restrictions are
mainly related to the nature of the molecule under determination (monomer or oligomeric
protein, total, phosphorylated) and other pre-analytical factors.

5. Some Preanalytical Aspects

As with CSF collection and handling, pre-analytical aspects in plasma biomarkers de-
termination (including Ttp.1g1) may be extremely important for diagnostic accuracy. It seems
that K2- or K3-EDTA is the preferable anticoagulant for blood collection [55]. Centrifuga-
tion should be performed within <1 h after blood collection (preferably < 30 min), followed
by aliquoting in tubes filled to >75% of their volume and storage at —80 °C within 1 h from
sampling [56-60]. Polypropylene should be the material of collecting and storage tubes.
Those techniques and preanalytical protocols have been established by numerous study
groups, including the Alzheimer’s Biomarkers Standardization Initiative. The conditions
and temporal limits under which the blood sample is centrifuged and stored may affect the
levels of tau protein and 3-amyloid in the sample under test. Other anticoagulants, such
as Li-heparin or Na-citrate, can dramatically reduce the levels of tau protein compared to
K3-EDTA. In addition, a reduction in 3-amyloid levels in a plasma sample separated after
6 hours compared to a freshly separated sample has been noted. Finally, the sequalae of
freeze/thaw cycles are shown to minimally affect the levels of plasma biomarkers. It is
therefore important that a sample is obtained, separated, and stored under conditions that
do not affect the quality of results [56-58].

6. New Disease-Modifying Treatments and Plasma Tp.1s1

Among the various disease modifying treatments tested for AD, the monoclonal
antibody aducanumab has been recently approved by the Food and Drug Administration in
the USA (accelerated approval pathway) [60], but not by the EMA, while other monoclonal
antibodies are currently under clinical trials. Although these antibodies act by removing
brain parenchymal amyloid, they also lead to a decrease of CSF phospho-tau [61]. The latter
may be used to monitor the biochemical treatment effect, although there is not necessarily
a correlation between the efficacy of the drug and modification of the CSF biomarker
levels. Plasma phospho-tau may prove a good alternative, allowing frequent biochemical
follow up, more convenient to the patient compared to repeated lumbar punctures and
less costly compared to repeated positron emission tomography for amyloid load. Indeed,
new data from aducanumab trials indicate a significant decrease of plasma tp.1g1 following
treatment [62,63].

Furthermore, since disease-modifying treatments may be more effective at early stages
of the disease, the diagnosis of AD during the preclinical stages by blood (and not CSF)
sampling could open new perspectives in wide population screening.

7. Emerging Plasma Tp.o71

The phosphorylation of tau proteins can emerge at multiple sites. Recent studies
have shown an increased capacity of another phospho-tau protein, Tp_p71, to discriminate
patients between Alzheimer’s disease and other dementias. Studies on CSF levels of tp.o7;
have shown to accurately discriminate amyloid-PET-positive from amyloid-PET-negative
patients. Those promising findings have led to studies involving the accuracy of plasma
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levels of Tp_p7; in early diagnosis of AD, alone or compared to Tp.1g1. Further studies are
needed to determine the possible applications of this new biomarker and its contingent
superiority upon Tp_1g [32,36,64].

8. Conclusions

It seems that plasma levels of Tp.;3; may prove helpful (and probably better than other
blood-based biomarkers) in AD diagnosis, and prediction of progression. The additional
combined use of other plasma biomarkers may not offer advantage over tp.1g; alone. Fur-
thermore, it may prove a useful tool for frequent biochemical follow-up of patients under
disease-modifying treatments. Despite the above encouraging data, plasma biomarkers in-
cluding Ttp.1g1 cannot be considered as established biomarkers yet. There are still questions
concerning the optimal method of determination, and some recent studies raise doubts
about the diagnostic help of tp.131, which may be lower compared to the value of other
plasma biomarkers such as the combination of AB4 and neurofilament light chain (NFL).
Still, much work has to be done, including extensive real-world studies, testing various
combinations of plasma biomarkers and cost-effect analyses.
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