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Abstract: Nowadays, the amyloid cascade hypothesis is the dominant model to explain Alzheimer’s
disease (AD) pathogenesis. By this hypothesis, the inherited genetic form of AD is discriminated
from the sporadic form of AD (SAD) that accounts for 85–90% of total patients. The cause of SAD is
still unclear, but several studies have shed light on the involvement of environmental factors and
multiple susceptibility genes, such as Apolipoprotein E and other genetic risk factors, which are key
mediators in different metabolic pathways (e.g., glucose metabolism, lipid metabolism, energetic
metabolism, and inflammation). Furthermore, growing clinical evidence in AD patients highlighted
the presence of affected systemic organs and blood similarly to the brain. Collectively, these findings
revise the canonical understating of AD pathogenesis and suggest that AD has metabolic disorder
features. This review will focus on AD as a metabolic disorder and highlight the contribution of this
novel understanding on the identification of new biomarkers for improving an early AD diagnosis.
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1. Alzheimer’s Disease: State of the Art

Alzheimer’s disease (AD) is the most widespread neurodegenerative disease and the commonest
cause of dementia. Data from The World Health Organization indicate that AD is the fifth cause of
death worldwide and predict a dramatic increase in AD incidence in the next years, reaching 152 million
people affected by 2050 [1]. This scenario is worsened by the absence of an effective therapy as well as
by the absence of an early diagnosis, as it is usually made after symptoms manifestations, when neural
impairment and brain injury damages are already severe [2–5]. One of the major obstacles for the early
diagnosis is related to the complexity of AD etiology and pathogenesis [2–6]. It is acknowledged that
the amyloid cascade hypothesis, the best model explaining AD development and progression, is not
sufficiently clearly described [2–6]. It is also accepted that pathological signs similar to those found in
the brain are present in the systemic organs and blood of AD patients [2–5,7].

In this review, we discuss the novel knowledge evidencing AD as a metabolic disorder. In particular,
we will describe the contribution to AD pathophysiology of dysfunction in (i) glucose metabolism,
(ii) adipose tissue, (iii) mitochondria, (iv) lysosomal compartment functionality, (v) metabolic syndrome,
and their correlation with neuroinflammation and neurodegeneration. The influence of these discoveries
in the identification of new biomarkers for AD diagnosis is also highlighted.

To be comprehensive, this work starts with the description of the amyloid cascade hypothesis
correlating consolidated and new findings.

J. Pers. Med. 2020, 10, 115; doi:10.3390/jpm10030115 www.mdpi.com/journal/jpm

http://www.mdpi.com/journal/jpm
http://www.mdpi.com
http://www.mdpi.com/2075-4426/10/3/115?type=check_update&version=1
http://dx.doi.org/10.3390/jpm10030115
http://www.mdpi.com/journal/jpm


J. Pers. Med. 2020, 10, 115 2 of 36

2. The Amyloid Cascade Hypothesis

The amyloid cascade hypothesis is based on the observation that at least 10–15% of AD patients
have an inherited genetic background, while most of the cases (85–90%) are sporadic [4,8].

2.1. Familial Form of Alzheimer’s Disease

The hereditary form of AD, also known as FAD (familial form of Alzheimer’s disease) usually has
an early-onset AD (EOAD), around 30 years of age. FAD is very rare and is caused by dominant inherited
mutations in three genes, Amyloid Precursor Protein (APP), Presenilin 1 (PSEN1), and Presenilin 2
(PSEN2), which are implicated in the same metabolic pathway [9,10] (Table 1). APP missense
mutations account for 10–15% of EOAD, while more than 272 different missense mutations were
found for PSEN1 gene that represent 18% to 50% of the autosomal dominant cases of familial EOAD.
PSEN2 gene mutations are the rarest cause of familial EOAD [10–12]. The APP gene encodes for
the β-amyloid precursor protein, while PSEN1 and PSEN2 encode respectively for presenilin 1 and
presenilin 2 subunits of the γ-secretase complex, which are involved in the cleavage of APP to generate
the β-amyloid peptide. The alteration of one of these three proteins may steer the physiological
non-amyloidogenic pathway to the pathogenic amyloidogenic pathway with consequent accumulation
of the amyloid peptide and formation of amyloid plaques, the main hallmark of AD [10–12].

Table 1. The dominant inherited Alzheimer’s disease (AD) genes Amyloid Precursor Protein (APP),
Presenilin 1 (PSEN1), and Presenilin 2 (PSEN2).

Gene Chr. Protein Length Protein Domains
N◦ of Mutations

Reference
Pathogenic Non Pathogenic Protective

APP 21q21.3 770 aa
Extracellular 10 15 1

Alzaforum
Database [13]Transmembrane 16 - -

Intracellular 1 - -

PSEN1 14q24.2 467 aa
Extracellular 16 1 1

Alzaforum
Database [13]9 Transmembrane 226 - -

Intracellular 30 - -

PSEN2 1q42.13 448 aa
Extracellular 4 - -

Alzaforum
Database [13]9 Transmembrane 7 5 -

Intracellular 3 5 -

2.2. Sporadic Form of Alzheimer’s Disease

The sporadic form of Alzheimer’s disease (SAD) has prevalently a late-onset AD (LOAD) on
average over 65 years of age [12,14]. SAD represents the majority of the cases of AD and has a more
complex pathogenesis than FAD as it may have different potential causes not yet fully understood.
During the past decade, clinical and experimental studies have identified many genetic and non-genetic
risk factors for SAD [14].

Among the genetic risk factors, the presence of mutations on the Apolipoprotein E (APOE) gene
correlates with a high probability of developing SAD [14,15]. The APOE gene has three variants, namely ε2,
ε3, and ε4 that have different roles in AD pathogenesis. While ε2 and ε3 variants are not involved in
AD onset, the ε4 variant is considered the single biggest risk factor for SAD [16]. It has been proposed
that APOE-ε4 (APOE4) mediates β-Amyloid (Aβ) aggregation and Tau hyperphosphorylation [3,17].
Moreover, the ApoE protein has immunomodulatory functions [18] by its binding with the microglia
Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) receptor [19].

Genetic alteration causing Down Syndrome (DS) is another well-established risk factor for AD.
As the APP gene is located on chromosome 21, patients with DS that carry an extra copy of this
chromosome have a high probability, nearly 90% after 60 years of age, of developing Aβ deposit and
AD-related pathological changes [20].
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Additionally, more than 20 loci associated with SAD have been identified by Genome-Wide
Association Studies (GWAS) [21,22]. These genes are involved in different pathways such as glucose
metabolism, lipid metabolism, inflammatory pathways, endosomal vesicle recycling, regulation
of autophagy, phagocytosis, cholesterol efflux, axon guidance, and cytokine-mediated signaling
pathway [2,8,21,23–25] (Table 2).

Table 2. Genetic variant, max magnitude, chromosome position, and clinical characteristics of definite
AD cases carrying risk variants of principal sporadic form of Alzheimer’s disease (SAD)-associated
genes. ApoE: Apolipoprotein E.

Gene Variant Max Magnitude Chr. Position Clinical Features

TOMM40
rs10524523 3 44,899,792 Higher risk for late-onset Alzheimer’s disease
rs157582 2.1 44,892,962 Weaker memory performance

rs2075650 2 44,892,362 Possibly 2–4× higher Alzheimer’s risk

APOE
rs199768005 2.1 44,909,057 Marked reduced risk of Alzheimer’s disease
rs429358 3 44,908,684 >3× increased risk for Alzheimer’s
rs449647 2 44,905,307 Lower levels of ApoE

TREM2
rs104894002 6 41,161,557 Alzheimer’s, late-onset, possible/predicted
rs143332484 2 41,161,469 Moderate increase (1.7×) in risk for Alzheimer’s disease
rs75932628 3.5 41,161,514 Risk of Alzheimer’s disease

ABCA7

rs113809142 3 1,056,245 ≈2× higher risk for Alzheimer’s disease

rs115550680 2.5 1,050,421 Increased risk (≈2.2×) of Alzheimer’s, observed for
African-Americans

rs200538373 3 1,061,893 ≈3x higher risk for Alzheimer’s disease
rs72973581 2.5 1,043,104 Slightly lower risk (0.57×) for Alzheimer’s, according to one study
rs78117248 2 1,052,854 Risk factor for Alzheimer disease (odds ratio ≈2×)

CLU rs11136000 1.5 27,607,002 0.84× decreased risk for Alzheimer’s disease

CR1
rs6656401 1.5 207,518,704 1.18× increased risk for late-onset Alzheimer’s
rs3818361 1.2 207,611,623 1.2× increased risk for late-onset Alzheimer’s

CD33 rs3865444 1.6 51,224,706 Slight reduction in risk for Alzheimer’s disease

MS4A6A rs610932 1.5 60,171,834 An allele associated with reduced risk of Alzheimer’s in East
Asian populations

BIN1 rs6733839 NA 127,135,234 This SNP has a population attributable fraction for AD of 8.1
which is second only to APOE4’s of 27.3

PICALM rs3851179 1.5 86,157,598 0.85× decreased risk for Alzheimer’s disease

SORL1
rs10892759 1.01 121,593,379 Reduced risk for Alzheimer’s
rs1784931 1.01 121,612,229 Reduced risk for Alzheimer’s

PLD3 rs145999145 2 40,371,688 2× higher risk for Alzheimer’s disease

CTNNA3 rs2306402 2.1 67,175,727 1.2× increased risk for late-onset Alzheimer’s disease

DNMBP
rs3740057 NA 99,898,828 Increased risk for late-onset Alzheimer’s disease in both Japanese

and Belgian populations

rs10883421 NA 99,912,584 Increased risk for late-onset Alzheimer’s disease in both Japanese
and Belgian populations

BACE1
rs638405 2 117,293,108 2× increased Alzheimer’s risk in ApoE4 carriers

rs4938369 NA 117,317,404 1.6× increased risk for Alzheimer’s

GAB2 rs7101429 2 78,281,921 0.70× reduced risk for Alzheimer’s risk

ADAM10
rs145518263 4 58,665,141 Rare mutation increasing risk for late-onset Alzheimer’s disease
rs61751103 4 58,665,172 Rare mutation increasing risk for late-onset Alzheimer’s disease

ATP8B4 rs10519262 NA 50,140,297 1.9× risk for AD

ABCA2 rs908832 NA 137,018,032 3.8× increased risk for early-onset Alzheimer’s

OLR1 rs1050283 NA 10,159,690 Increased risk for Alzheimer’s

A2M rs669 NA 9,079,672 3.8× or higher increased risk for Alzheimer’s

OTC rs5963409 NA 38,351,716 1.19× increased risk for Alzheimer’s disease

Table 2 summarizes the main risk genetic variants correlated with AD. Only the entry with reported clinical
futures are selected from the SNPedia database [26]. The full gene name is reported in the Abbreviation list. SNP:
Single Nucleotide Polymorphism; NA: Not Assigned.

Among the non-genetic risk factors for AD, age, gender, comorbidities, and lifestyle are strictly
monitored [27–29]. Gender seems to deeply affect the incidence, clinical manifestation, development,
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and prognosis of the disease, resulting in a higher AD risk for females [30–32]. This observation is also
confirmed by epidemiologic studies showing that clinical symptoms and neurodegeneration occur
more rapidly in women after diagnosis, therefore suggesting that the faster disease progression could
be due to neurobiological vulnerability in postmenopausal females [31].

A critical risk is also represented by AD comorbidities such as cerebrovascular diseases (e.g., subcortical
leukoencephalopathy, ischemic and hemorrhagic strokes), cardiovascular risk factors (e.g., hypertension,
insulin resistance, hyperlipidemia, chronic inflammatory diseases, vitamin D deficiency, alcohol
consumption, and smoking) [4] and metabolic alterations (see Section 3). Hypertension may also
increase the risk of AD through the alteration of vascular integrity of the Blood–Brain Barrier (BBB),
resulting in protein extravasation into brain tissue causing cell damage, reduction in neuronal or synaptic
function, apoptosis, increase of Aβ accumulation, and cognitive impairment [33].

2.3. Molecular Mechanism of β-Amyloid Cleavage

As above mentioned, AD pathogenesis is mostly explained by the mechanisms causing the
accumulation of oligomeric β-amyloid-peptide-42 (Aβ42) or related peptides in the brain and their
consequent toxic effects on neurons and glia, culminating with programmed neuronal death [34,35].

This pathway, called ‘Amyloid Cascade Hypothesis’ is schematized in Figure 1 and is described below.
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Figure 1. Molecular mechanism of APP cleavage. Cartoon shows the mechanistic events leading the
non-amyloidogenic and amyloidogenic process. Details of proteolytic steps are in the text. sAPPα, Soluble
Amyloid Precursor Protein α; P3, residues from 17 to 40/42 of the APP; AICD, APP Intracellular Domain;
C83, αAPP COOH-terminal fragment 83; APP, Amyloid Precursor Protein; C99, βAPP COOH-terminal
fragment 99.

The Aβ peptides are the result of incorrect cleavage of the integral membrane protein Type I APP.
In the physiological non-amyloidogenic pathway, Type I APP is first cleaved at the n-terminal domain
by the α-secretase, which triggers the release of Soluble Amyloid Precursor Protein (sAPP) α, which is
a large soluble fragment of ectodomain, while the C-terminal domain (the αAPP COOH-terminal
fragment (αAPP-CTF), C83) remains in the plasma membrane. Afterwards, the C83 fragment is cleaved
by the γ-secretase, generating the soluble non-aggregating and non-neurotoxic peptide P3 (residues
from 17 to 40/42 of the APP) that is released in the extracellular space and the APP Intracellular Domain
(AICD) fragment, which is released in the intracellular space (Figure 1).

The toxic amyloidogenic pathway occurs when theβ-secretase Beta-site of beta-Amyloid precursor
protein Cleaving Enzyme (BACE) cleaves APP at the n-terminal domain, releasing the sAPPβ
ectodomain and the C-terminal fragments C99 and C100 residues called βAPP COOH-terminal
fragments (βAPP-CTFs). After the cleavage by γ-secretase, the Aβ-peptide is released. The γ-secretase
may act with two different cuts: the first, at the Valine40, generates the Aβ40 (the most abundant
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Aβ-peptide isoform), while the second generates the Aβ42 isoform, which accounts for 10% of the
total Aβ peptides [36–38] (Figure 1).

Aβ is thought to damage neurons directly by increasing the toxicity and promoting hypoglycemia
and oxidative stress [5]. Aβ can also act indirectly on neuronal loss by the activation of microglia,
leading to the release of toxic and inflammatory mediators such as nitric oxide and cytokines including
interleukin (IL)-1β, tumor necrosis factor α (TNFα), and interferon-γ [5,39]. It has also been shown
that Aβ oligomers can also induce Tau hyperphosphorylation and, in cultured neurons, neuritic
dystrophy [5,39].

The presence and the accumulation of Aβ peptides is necessary for the diagnosis of AD, but, as a
wide proportion of AD patients die without significant Aβ deposition, it is suggested that this event is
not sufficient to completely explain AD pathophysiology [38,40].

The Role of Tau Protein

A corollary of the amyloid cascade hypothesis is the accumulation of Tau Neurofibrillary Tangles
(NFTs) [41]. NFTs are intracellular clumps that are mainly composed of paired hyperphosphorylated
Tau protein leading to the generation of helical filaments commonly found in neurodegenerative
disorders known as “tauopathies” [41–43].

The Tau protein is encoded by the Microtubule-Associated Protein Tau gene located on
chromosome 17q21. In normal conditions, it binds microtubules to promote their assembly and
stability through a mechanism of phosphorylation and dephosphorylation [44,45] (Figure 2). In AD,
Tau hyperphosphorylation causes the loss of its microtubule binding capacity; it also induces the
formation of intracellular NFTs and the consequent microtubule depolymerization and defective
function [45] (Figure 2).
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Figure 2. Molecular mechanism of Neurofibrillary Tangles formation. Cartoon shows the mechanistic
event leading to altered Tau hyperphosphorylation and the consequent Neurofibrillary Tangles
formation as described in the text. CAMKII, Calcium/Calmodulin-dependent Protein Kinase Type II;
Cdk5, Cyclin-dependent kinase 5; ERK, Extracellular signal-regulated kinase; GSK3β, Glycogen Synthase
Kinase 3 β; MAPK, Mitogen-Activated Protein Kinase; PKA, Protein Kinase A; PKB, Protein Kinase B;
PKC, Protein Kinase C; PP2A, Protein Phosphatase 2A; SRC, Proto-oncogene tyrosine-protein kinase Src.

After the first report describing and identifying Tau as a phosphoprotein (p-Tau), at least 85 known
sites of phosphorylation (mostly serine and threonine, but also tyrosine) are now classified [46,47].
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Tau kinases and phosphatase reciprocally balance their activity (Figure 2) [46,47]. For example,
Glycogen Synthase Kinase 3 β (GSK3β) activation represses Protein Phosphatase 2A (PP2A), while the
repression of PP2A leads to GSK3β activation [48]. Impairment of the Protein kinase B (Akt)/Mammalian
Target of Rapamycin (mTOR) pathway may alter the physiological phosphorylation balance between
GSK3β and PP2A, as Akt inhibits GSK3β, which in turn inhibits PP2A [45]. Interestingly, it was
proposed that the Aβ peptide promotes GSK3β activation, resulting in Tau phosphorylation [49].
Finally, other studies have shown that the acetylation of certain Tau residues (for example, Lys280)
can promote Tau autophosphorylation, exacerbate the aggregate formation, and ultimately lead to
tauopathy [50].

2.4. Biomarkers from Amyloid Cascade Hypothesis for AD Diagnosis

The Food and Drug Administration defines an ideal biomarker as specific, sensitive, predictive,
robust, simple, accurate, inexpensive, and measurable in peripheral, easily accessible districts [51,52].
In accordance with the amyloid cascade hypothesis, the National Institute on Aging and Alzheimer’s
Association has recognized three categories of biomarkers on the basis of the pathological mechanism
in which are involved: Aβ deposits, hyperphosphorylated Tau aggregates, and neurodegeneration [6].

Currently, among the various imaging methods (structural Magnetic Resonance Imaging
(MRI), functional MRI, amyloid-Positron Emission Tomography (PET) and 18F-fluorodeoxyglucose
(FDG)-PET), amyloid-PET is the most reliable diagnostic tool for AD diagnosis because of its ability to
highlight aggregated Aβ peptides within the brain by using amyloid tracers [53]. Similarly, recent new
ligands for Tau have been developed such as [18F] PI-2620 and [18F] MK-6240 [54–57]. Other innovative
imaging methods are being developed, including the detection of neuroinflammation process or
microglia activation through Translocator Protein-PET [58] and epigenetic modifications and synaptic
density/loss [59].

Among fluid biomarkers for AD, the gold standard is the Cerebrospinal Fluid (CSF), because it
directly interacts with the brain interstitial fluid and it could reflect pathological changes in AD [60,61].
The typical AD CSF composition is characterized by halved Aβ42-peptide concentration (due to its
accumulation in the brain) and an increase of p-Tau and total Tau [60–63]. In particular, total plasma
Aβ42/40-peptide levels were shown to be correlated with amyloid and Tau deposits on a PET
scan [64,65].

3. Insight into Alzheimer’s Disease as a Metabolic Disorder

As reported above, the current understanding documents the widespread dysfunctions of
peripheral organs and blood in AD patients and the contribution of some metabolic alterations to
the disease.

In the following paragraphs, we will discuss in detail the contribution of metabolic alterations
associated with AD pathogenesis and the consequent emerged new biomarkers suitable for AD early
diagnosis. The section includes (i) aberrant glucose metabolism, (ii) adipose tissue dysfunction, (iii) the
alteration of mitochondria, (iv) dysfunction of lysosomal compartment, and (v) metabolic syndrome,
and it describes how each of them may improve the identification of new markers for AD.

3.1. Glucose Metabolism and AD

Dysregulation of the glucose metabolism is a prominent feature in AD patients’ brains [66,67].
Glucose is an essential energy substrate for the maintenance of neuronal activity and is uptaken by
glucose transporters expressed in astrocytes, in neurons, and in the cerebral endothelium. A reduction
in glucose transporters in both neurons and endothelial cells of the BBB has been documented
during AD progression [66] (Figure 3). This includes the glucose transporter 1 (GLUT-1) in glia and
endothelial cells and glucose transporter 3 (GLUT-3) in neurons [68]. Experimental evidence showed
that GLUT-1 deficiency in endothelial cells in mouse models accelerates AD progression, promoting
neurodegeneration, Aβ deposition, and cognitive decline [69].
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In a recent study, Yan An and co-authors measured the levels of glucose, GLUT-3, and GLUT-1
in the autopsy brain of AD patients samples that were part of the Baltimore Longitudinal Study of
Aging [67,70]. They found a significant higher glucose concentration in the brain of AD patients that
correlated with the severity of the disease and symptoms’ onset. Interestingly, they also measured a
reduced cerebral glycolytic flux and lower levels of GLUT-3 in the same AD patients [67].

The correlation of altered glucose metabolism in the brain and AD is mostly confirmed by clinical
and experimental studies establishing that diabetes, due to insulin resistance, is one of the main risk
factors for the development of AD. It is estimated that 65% of diabetic patients have an increased risk
of developing AD [71–74].

The role of insulin in brain homeostasis has been investigated in physiology [75,76] and pathology,
including AD [77] and diabetes [78]. Insulin is a peptide hormone secreted by pancreatic beta
cells that has well-characterized functions in glucose/lipid metabolism and cell growth [79]. It can
cross the BBB from the periphery to the Central Nervous System (CNS) competing with the Aβ
peptide for the Insulin-Degrading Enzyme (IDE) in the human brain. In the hippocampus, it appears
to be involved in the regulation of GSK3β signaling and in the maintenance of neuroplasticity,
neurotrophic, and neuroendocrine functions [80]. Altogether, insulin and Insulin-like Growth Factor 1
(IGF1) resistance in AD results in a reduced catabolism of cerebral glucose and promotes oxidative
stress, mitochondrial dysfunction, pro-inflammatory cytokines activation, and impaired energy
metabolism [81–83] (Figure 3). Furthermore, cardiovascular disorders, oxidative stress, inflammation,
high level of cholesterol, and Aβ deposition are also common risk factors for AD and diabetes [73].

Collectively, these findings have driven the scientific community to define as ‘type 3 diabetes’
or “brain diabetes” the common molecular and cellular features of type 1 diabetes, type 2 diabetes,
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and insulin resistance associated with the development of the neurodegeneration [84–87]. In fact,
compared to type 2 and type 1 diabetes, together with insulin resistance or deficiency (canonical
hallmarks of diabetes), type 3 diabetes is also characterized by other relevant symptoms such as
cognitive decline, impairments in visuospatial function and psychomotor speed flexibility, and loss of
attention and memory. Of course, the amyloid aggregation and deposition are also present (see for
review [88]).

Potential Glucose Metabolism Biomarkers for AD Diagnosis

Even though today, the role of altered glucose metabolism in AD is well established, the use of
related biomarkers is still very moderate because it is difficult to restrict them to AD pathogenesis.
Nevertheless, reduced FDG-PET brain metabolism was recognized as a biomarker of neurodegeneration.
In fact, FDG-PET detects functions of glucose metabolism, recognizing areas of reduced brain activity
and neuronal injury [89,90]. The technique has excellent sensitivity and specificity in discriminating
AD from healthy controls [91].

In a recent meta-analysis of CSF marker, data highlighted an increased anaerobic glycolysis in
AD patients. In particular, it was observed a relevant increase in lactate and a decrease in pyruvate,
whereas the levels of glucose and glutamate in the CSF of AD patients were comparable to control
subjects [92] (Figure 3). Conversely, as mentioned above, the glucose level increased in the brain of AD
patients, while the glycolytic flux and GLUT-3 levels decreased.

3.2. Adipose Tissue Dysfunction and AD

Several studies have associated the excess of body weight with an increased risk of AD [82,93–95].
Therapies for reinstating metabolic homeostasis could improve cognitive functions in AD patients [96–98],
while a high-fat diet might exacerbate cognitive function in animal models of AD [99–101].

There is a number of potential mechanisms linking high adiposity to AD (Figure 4). For example,
the increase of free fatty acids, which is common in obesity, contributes to the onset of insulin
resistance [102]. In addition, adiposity is a risk factor for diabetes, hypertension, and cardiovascular
changes, all conditions contributing themselves to a significantly increased risk of AD [93,103].

The adipose tissue plays a central role in regulating the body energy and the homeostasis of
glucose, both at organs and systemic levels [104–108]. In particular, adipose white tissue stores
energy in the form of lipids and controls the mobilization and distribution of lipids in the body,
while adipose brown tissue maintains body temperature and acts as an endocrine organ, producing
numerous bioactive factors such as adipokines (e.g., Leptin, Adiponectin, Apelin, Resistin, Monocyte
Chemoattractant Protein-1 (MCP-1), IL-1β, IL-6, IL-10, TNFα, Transforming Growth Factor β (TGF-β))
and lipokines (such as Lysophosphatidic Acid, LPA), which control many metabolic pathways
including in the brain [104–106,109,110]. In particular, Leptin has pro-inflammatory activities, maintains
neurogenesis and synaptogenesis, and is involved both in neuroprotection and neuroinflammation.
Adiponectin controls the proliferation of hippocampal neural stem cells as well as the release of
somatotropins and gonadotropins, and it partakes in the neurodegeneration process. Resistin is
necessary for cognitive function performance and hypothalamic insulin resistance. LPA is critical
for brain development, neurogenesis, the proliferation and differentiation of neural progenitor cells,
and synaptic transmission. TNFα controls neurogenesis, neuroprotection, and the survival of neural
progenitor cells [111]. The role of adipokines/lipokines able to cross the BBB and enter in the CNS
is further confirmed by the fact that their misexpression might alter or disrupt directly/indirectly
brain’s homeostasis and functions [105,106,109]. As a matter of fact, alterations of the BBB structure
such as in inflammatory conditions cause an increased permeability to adipokines and LPA into the
CNS and an increase of oxidative stress and neurodegeneration [111]. Interestingly, adipokines can
also activate endothelial cell receptors, resulting in the modulation of tight junctions expression
and BBB permeability [111]. Finally, adipokine dysregulation and oxidative stress were also
involved in the remodeling of blood vessels and arterial stiffness in high-fat diet mice [112].
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Altogether, these findings suggest that in pathological conditions, adipokines promote Reactive
Oxygen Species (ROS) overproduction and inflammatory processes, which are involved in BBB
disruption and could potentially act on different brain regions such as the hippocampus (Figure 4).
This could explain why metabolic dysfunctions are associated with hippocampus atrophy and with an
increased risk of developing dementia and AD [113]. In this regard, systemic alterations have been
correlated to chronic inflammation caused by adiposity [114–116].J. Pers. Med. 2020, 10, x FOR PEER REVIEW 10 of 36 
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Potential Adipose Tissue Biomarkers for AD Diagnosis

Considering the important role that adipose tissue plays in AD pathogenesis, several studies were
carried out to monitor lipids and lipid metabolism-related molecules in the peripheral districts of AD
and Mild Cognitive Impairment (MCI) patients (Figure 4). For example, it has been observed a higher
CSF level of Fatty Acid-Binding Protein 3 (FABP3) compared to healthy subjects [117,118] (Figure 4).
Moreover, higher CSF levels of FABP3 and isoprostane were observed in MCI patients that evolved
toward AD [117–120]. Different types of lipids such as arachidonic acid, erucic acid, monoacylglycerol,
and diacylglycerol were shown to be higher in AD compared to MCI and healthy subjects, whereas
other lipids were found to be lower, including cerotic acid and linoleic acid [119–125] (Figure 4).

In the last years, several studies aimed to understand if alterations in adipokines expression could
be used as a biomarker for AD progression. Current data are contradictory, perhaps due to the intricate
interplay in which these biomolecules are involved [126–136]. Thus, the measurement of adiponectin
levels in CSF or plasma led to divergent results: reduced levels of adiponectin have been observed in
the serum [137] and CSF [138] of AD patients, while in other studies, plasma and CSF adiponectin were
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significantly higher in MCI and AD compared to controls [139]. Wennberg et al. found that serum
adiponectin is positively correlated to amyloid levels but inversely correlated to the hippocampal
volume in women with MCI [140].

3.3. Energetic Metabolism, Mitochondria Dysfunction, and AD

Over the years, age-related alterations of mitochondria functioning have been observed in different
neurodegenerative diseases such as AD [141–143]. An impairment of cellular bioenergetics has been
observed in AD patients [144,145], and mitochondrial dysfunction appears to be an early event in
AD pathogenesis [146,147] that is deeply correlated to the initiation of neuroinflammation [148].
Different observations have been made in an attempt to explain the mechanisms behind mitochondrial
dysfunctions observed in AD (Figure 5).J. Pers. Med. 2020, 10, x FOR PEER REVIEW 12 of 36 
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Figure 5. Energetic metabolism, mitochondria dysfunction, and AD. Cartoon schematizes the main
altered events leading to the alteration of energetic metabolism and mitochondria dysfunction in AD
described in the text and the table reports the potential AD biomarkers. The arrow direction (up ↑,
down ↓) indicates the higher and lower expression levels of the related biomarker in AD with respect
to healthy controls (HC). ABAD, Aβ Binding Alcohol Dehydrogenase; ADP, Adenosine Diphosphate;
AK2, Adenylate Kinase 2; ATP, Adenosine Triphosphate; Aβ, β-Amyloid; COX, Cytochrome C Oxidase;
CypD, Cyclophilin D; CYCS, Cytochrome C; DLD, Dihydrolipoyl dehydrogenase; GATM, Glycine
Amidinotransferase; Glucose-6-P, Glucose 6-Phosphate; GLUT-3, Glucose Transporter 3; HSPA9, Stress-70
protein; MCI, Mild Cognitive Impairment; mtDNA, mitochondrial DNA; NFTs, Tau Neurofibrillary Tangles;
OXPHOS: Oxidative Phosphorylation; PCK2, Phosphoenolpyruvate Carboxykinase [GTP]; Pi, Inorganic
Phosphate; ROS, Reactive Oxygen Species; TIM, Translocase of the Inner Membrane; TOM, Translocase of
the Outer Membrane.

First, neuronal mitochondria in AD are different in number and shape. The mitochondria number
per neuron is reduced as the physiological balance between fission and fusion is altered, leading
to a decreased biogenesis [149], and they appear to be swollen with misshapen cristae [150]. It has



J. Pers. Med. 2020, 10, 115 11 of 36

been observed in the AD brain of transgenic mice that there is a physical association of Aβ peptide
and mitochondria [151] occurring through the involvement of the translocase of the outer membrane
machinery [152]. It has also been shown that the Aβ peptide interacts directly with intracellular proteins
such as the mitochondrial enzyme Aβ Binding Alcohol Dehydrogenase (ABAD), thus mediating
mitochondrial enzymes insufficiency, oxidative stress, and cell death [153,154] (Figure 5).

Even though the exact mechanism of how Aβ peptide damages neuronal cells is still unknown,
several studies elucidated that the interaction of Aβ peptide with mitochondrial proteins, such as
Cyclophilin D (CypD) [155] and Cytochrome C Oxidase (COX) [156], leads to a disruption of the
Electron Transport Chain with a consequent increase in ROS production and loss of Adenosine
Triphosphate (ATP) generation [157]. Interestingly, COX activity was reported to be reduced
also in platelet mitochondria derived from AD patients and in animal models of AD [158,159]
(Figure 5). Moreover, the Aβ peptide appears to interfere with antioxidant enzymes (i.e., superoxide
dismutase [Cu-Zn], catalase, and glutathione) and Kreb’s cycle enzymes (pyruvate dehydrogenase,
malate dehydrogenase, and aconitase) [160]. On the other hand, other reports suggested that
the mitochondrial dysfunction is independent of Aβ-peptide deposition and hypothesized the
‘Mitochondrial cascade hypothesis’ for AD pathogenesis, by which the impairment of mitochondrial
activity (mostly due to the respiratory chain and bioenergetic mechanisms failures) is upstream the Aβ
cascade formation [161,162].

Mitochondria normal homeostasis appears to be compromised in the AD brain at different
levels, including Ca2+ homeostasis, which regulates various neuronal functions such as impulse
transmission, synaptic plasticity, and neuronal death. It has been observed that Aβ/Tau mitochondrial
binding impairs also the mitochondrial Ca2+ handling capacity, resulting in oxidative stress, decreased
mitochondrial membrane potential, decreased mitochondrial permeability transition pores formation,
and deficient ATP synthesis [163]. On the one hand, impaired intraneuronal Ca2+ signaling is known to
promote the abnormal aggregation of Aβ peptide, while on the other hand, Aβ can lead to a cytosolic
Ca2+ overload by reducing its storage in the endoplasmic reticulum [144].

As a result of its proximity to the principal intracellular source of ROS and the lack of protective
histone and limited repair mechanisms, mitochondrial DNA (mtDNA) is particularly susceptible to
DNA damage caused by oxidative stress. As a matter of fact, several studies observed that AD-mtDNA
differs from age-matched control subjects. Brain mtDNA nucleotide oxidative damage, as well as the
frequency of point mutations, appear to be higher in AD subjects [164,165]. Moreover, association
studies highlighted that particular mtDNA haplogroups and specific mtDNA SNPs are statistically
over or underrepresented in AD patients [166–169].

Interestingly, recent studies have demonstrated a correlation between APOE4 expression and
the mitochondrial function [170,171]. In particular, Schmukler and co-author have demonstrated
that mitochondria have reduced fission and mitophagy in APOE4-carrier astrocytes compared
to APOE3-carrier astrocytes [170]. These results were also confirmed in the hippocampus of
ApoE4 mice [171].

Potential Mitochondria Biomarkers for AD Diagnosis

Considering the central role of mitochondria in AD pathophysiology, a major issue for AD early
diagnosis is the identification of new candidate biomarkers related to mitochondrial enzymes and
metabolism in peripheral districts such as CSF and blood. Even though the establishment of reliable
and consistent mitochondrial biomarkers for AD is still not achieved, studies have been carried out
to shed light on the possible use of mitochondrial markers for this purpose [172]. For example,
a recent study has demonstrated the possibility of detecting alterations in the expression of nuclear
and mitochondrial encoded Oxidative Phosphorylation (OXPHOS) genes in blood samples from AD
and MCI patients [173] (Figure 5). Interestingly, a recent serum proteome profiling study identified
deregulated proteins in AD samples, in particular, 12 proteins associated with mitochondrial function
including PCK2, AK2, HSPA9, CYCS, DLD, and GATM (see Abbreviation List) [174] (Figure 5).
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In another study aiming at identifying differentially expressed genes in blood samples of AD patients,
it has been suggested that mitochondrial dysfunction, nuclear factor-κB (NF-κB) signaling and inducible
Nitric Oxide Synthase (iNOS) signaling pathways are all dysregulated in AD pathophysiology [175].
However, these results still need to be confirmed. Finally, giving the importance of mitochondria in
AD pathogenesis, Ridge et al. recently created a new extended dataset of mitochondrial genomes to
investigate the impact of mitochondrial genetic variation on the risk for AD, with the aim of helping
further research on mitochondrial peripheral biomarkers [176].

3.4. Lysosomes Dysfunction and AD

In post-mitotic neurons, endocytosis and macroautophagy processes are particularly important
for maintaining the correct homeostasis and transducing signals through axons and synapses;
thus, the correct functioning of the lysosomal system is crucial for the nervous system [177–179].

Many reports have associated autophagic pathway dysfunction to neurodegeneration
development [180]. Alterations of this pathway have been identified at different levels and resulted in
defective autophagic proteolysis of the macromolecules/molecular complexes within the lysosomal
compartment [180–182]. The correlation of abnormal autophagic activity in AD has been described by
Nixon and co-authors [180], who emphasized the impairment of the autophagolysosomes in human
AD fibroblasts and in several models of the disease [183,184]. For instance, they have demonstrated
the role of presenilin-1 for targeting v-ATPase to lysosomes as well as for their acidification and
autophagic activity. These functions were absent in cells from psen1-null mice [184]. The abnormal
autophagosomes accumulation was also recently described in the distal region of axons in neurons of
AD patients and animal models, and it was correlated with the impairment of retrograde transport
along the axons and with changes in the autophagic clearance of the Aβ peptide [179]. This work is
an example of many others showing the autophagy deficit in the “neuronal housekeeper” function
by which lysosomes lose the capability to degrade aberrant proteins, thereby participating in the
accumulation Aβ peptide and Tau [185–193].

Interestingly, the enlargement of early endosomes/lysosomes compartments in neurons of
AD brains as well as the extracellular presence of lysosomal hydrolases and their co-localization
with amyloid plaques have been also observed before amyloid deposition [194–197]. During AD
progression and in primary tauopathies, lysosomes become compromised, as there is an accumulation
of endo/autolysosomal structures and intermediates in dystrophic neurons around amyloid
plaques [197–200]. Many other laboratories have reported marked lysosomal system alterations
in mouse models of AD (both amyloidosis and tauopathy models [201–203]). which had been noted
also in brain regions affected only at very late stages of the disease [204,205], thereby suggesting that
lysosomal alterations could precede neurodegeneration and encouraging further studies focused on the
initial stages of AD [206]. Moreover, lysosomal impairment seems to be accompanied by the activation
of particular secretory routes to remove misfolded protein, including Tau and Aβ peptide [207–210],
as observed in Neuroaminidase 1 (Neu1) null mutant mice [211]. This could diminish the intracellular
proteins accumulation but facilitate altered cell-to-cell transmission of the pathology.

Overall, the connection between AD and lysosomal dysfunction appears to be a vicious cycle
in which lysosomal impairment contributes to Aβ peptide and Tau accumulation which, in turn,
contributes to improper functioning of the lysosomal pathways [212].

In particular, Aβ peptide aggregates were found in endosomes, autophagic vesicles, multivesicular
bodies, and lysosome [196,213–215], where the presence of APP in the outer lysosomal membrane and
γ-secretase activity in lysosomal membranes was shown [216–218]. In addition to being a potential site
of Aβ-peptide production, lysosomes are responsible for the complete hydrolysis of APP, APP-CTFs,
and Aβ [219,220]. A recent study in APP/psen1 mice highlighted the importance of lysosomal
degradation of APP in preventing its availability to the canonical amyloidogenic pathway [220].
Moreover, over-activation of the lysosomal system is emphasized in EOAD caused by mutations
of psen1 and in transgenic mice overexpressing the PS L146M mutation [221]. Lysosomal system



J. Pers. Med. 2020, 10, 115 13 of 36

activation progressively worsens as neurons become metabolically compromised. Loss of function
gene mutations of Cathepsin D (CatD), a ubiquitous lysosomal protease [222], have been shown to
cause progressive neurodegeneration [206,223–226] and, additionally, CatD was found to be decreased
in AD patients’ fibroblasts [227] and mouse models [228]. Cathepsin B (CatB) was also found to be
decreased in a mouse model [228], and the evidence of its important role in reducing Aβ-peptide levels
reinforced the interest in cathepsins role in AD [229]. Further evidence of lysosomal dysfunction in
AD came from alterations in lysosomal enzymes expression and activity. In particular, activities of
the lysosomal glycohydrolases β-Galactosidase (Gal), β-Hexosaminidase (Hex), and α-Mannosidase
were found to be increased in fibroblasts from AD patients and presymptomatic individuals with
FAD [230] and in the cortex of mouse model of AD, where there was an increase in Gal and Hex
activity [231]. Studies conducted in our laboratory led to the observation that alterations in lysosomal
glycohydrolases (Gal, Hex, β-Galactosylcerebrosidase, CatB and Cathepsin S (CatS)) were detectable
also in peripheral districts such as blood plasma and the Peripheral Blood Mononuclear Cells
(PBMCs) of AD patients, and that some of these alterations could discriminate AD from MCI [232,233].
In addition, gangliosides, which are substrates for some lysosomal enzymes [234,235], are altered in
AD: monosialo-gangliosides are reported to increase in AD, while more complex gangliosides tend to
decrease [202]. It was proposed that APP pathological processing could contribute to gangliosides
alteration as AICD appears to down-regulate ganglioside GD3-synthase [236]. Moreover, GM1 and
GM3 gangliosides are both capable of binding Aβ-peptide, and these interactions appear to occur
early in disease progression, as they have been detected in brains that showed only the earliest signs
of AD [202,236,237]. Other evidence of the involvement of gangliosides in AD pathophysiology
came from the observation that the inhibition of glycosylceramide synthase, which catalyzes the first
step in glycosphingolipid biosynthesis, was correlated with a reduction of amyloidogenic processing
of APP [238].

Of note, AD patients showed different exosome profiles compared to MCI patients [239] and
differences in synaptic proteins and autolysosomal markers (including CatD and Heat Shock Protein 70)
have been found in AD patients’ exosome before symptoms onset [240,241], suggesting the potential
use of exosomes as diagnostic biomarkers [212].

Potential Lysosomal Biomarkers for AD Diagnosis

The increasing evidence demonstrating the involvement of lysosomal system alterations in AD
pathogenesis suggest that monitoring levels of the autophagy proteins as well as lysosomal enzymes
and their products may be used as a biomarker for early diagnostic purposes (Figure 6).

For instance, the correlation of AD and Lysosomal Storage Disorders (LSDs) (a group of inherited
diseases caused by mutations in lysosomal enzymes [242,243]) was confirmed by the detection of
altered sphingolipid metabolism-related molecules in the CSF and serum of AD patients, thereby
highlighting their biological relevance as possible biomarkers of the lysosomal proteins [244].

High baseline plasma levels of Ceramide (Cer) 16:0 and Cer 24:0 correlated with an increased
risk of AD in older women, and increased Cer 22:0 and Cer 24:0 levels suggested hippocampal
volume loss and cognitive decline [125]. Moreover, although a major decrease of CSF sulfatide was
observed in the early stages of AD, very little change in its concentration was observed at the advanced
stages [125,245,246] (Figure 6).

The levels of lysosomal enzyme Hex in plasma, Gal, and CatB in PBMCs from AD patients allowed
discriminating AD versus healthy subjects and AD versus MCI [232,233].

Increased levels of lysosomal proteins (i.e., CatD and Lysosomal-Associated Membrane Protein 1,
LAMP1) and decreased levels of synaptic proteins (synaptophysin, synaptopodin, synaptotagmin-2,
and neurogranin) were also observed in the neural-derived plasma exosomes of AD patients [247]
(Figure 6). Finally, neural-derived exosomes have been proposed as peripheral AD biomarkers.
These exosomes, isolated from AD patients, showed significantly higher levels of Aβ1-42-peptide,
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Tau, p-Thr181 Tau, and p-Ser396 Tau (compared to controls), which provided a high predictability of
disease development in the preclinical stage [247].J. Pers. Med. 2020, 10, x FOR PEER REVIEW 15 of 36 
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3.5. Metabolic Syndrome

In addition to the above-described metabolic alterations, metabolic syndrome also includes
systemic organ dysfunction, hyperglycemia, insulin resistance, hypertriglyceridemia, low High-Density
Lipoprotein (HDL) cholesterol, obesity, and hypertension [248–252]. As there is a strict correlation
with systemic dysfunction, the identification of specific biomolecules as AD biomarkers is still under
evaluation. However, FDG-PET imaging has evidenced that a gradual decrease in the cerebral glucose
metabolic rate could discriminate patients with MCI that will develop AD from those who will not,
suggesting that metabolic dysfunction may have a key role in the early mechanisms of AD [253].

A lipidomic study in the post-mortem human brain highlighted 34 metabolites that might differentiate
AD patients from healthy controls [254]. These metabolites belong to pathways of some amino acids
(alanine, aspartate, glutamate; arginine, proline, cysteine, methionine, glycine, serine, and threonine),
purine metabolism, pantothenate, and coenzyme A biosynthesis [254], which were all altered in AD.
This was also confirmed by metabolomic analysis of human plasma indicating the alterations of polyamine
and arginine metabolism in MCI patients who afterwards developed AD [255].
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4. Cross-Talk between Metabolic Dysfunctions, Neuroinflammation, and Neurodegeneration in AD

The altered metabolic pathways contribute to the chronic status of neuroinflammation and
neurodegeneration present in AD patients. In the next paragraphs, we highlight this cross-talk
(Figure 7).J. Pers. Med. 2020, 10, x FOR PEER REVIEW 16 of 36 
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Figure 7. Cross-talk between metabolic dysfunctions, neuroinflammation, and neurodegeneration
in AD. Schematic representation. AD, Alzheimer’s Disease; ALS, Amyotrophic Lateral Sclerosis;
HD, Huntington’s disease; LSD, Lysosomal Storage Disorder; PD, Parkinson’s Disease.

4.1. Neuroinflammation, Metabolic Alteration, and AD

The metabolic alterations occurring in AD described in the previous paragraphs all contribute
to the worsening of the neuroinflammation state that characterizes this disease [256,257].
In AD, impaired glucose metabolism and insulin resistance are deeply correlated to the chronic
inflammation state [79] as well as to adipose tissue that releases numerous pro-inflammatory
adipokines [104–106,110]. Moreover, mitochondria dysfunctions promote oxidative stress and
energy metabolism impairment [144,146], while lysosomal alterations lead to an impairment of the
autophagic pathway and of its general degradation activity [197,200,212]. All the above events
partake in the progress of AD neuroinflammation state [197,200,212].

Indeed, the CNS microglia and astrocytes have a central role in the neuroinflammation process
occurring in AD [258–261]. In particular, the microglia has a phagocytic role that helps clear damaged
neurons and remove pathogens other than facilitating tissue repair [262], while astrocytes are involved
in many functions such as neurotransmitter uptake and recycling, the modulation of synaptic activity,
and maintenance of the correct permeability of the BBB [260,261,263]. The integrity of the BBB in AD
is compromised, and it is likely that both Tau and Aβ peptide may be involved in the loss of BBB
integrity, exacerbating the neurodegenerative process and associated inflammatory responses [264].
In addition, further loosening of the tight junctions may be caused by the excessive release by the
microglia of pro-inflammatory cytokines observed in AD, such as TNFα, IL-1β, and IL-17A [265,266].
Microglia appears to directly interact with soluble Aβ oligomers and Aβ fibrils via specific receptors
including class A scavenger receptor A1, Cluster of differentiation (CD) 36, CD14, α6β1 integrin,
CD47, and Toll-like receptors (TLR2, TLR4, TLR6, and TLR9) [267,268]. This binding leads to
microglia activation that results in pro-inflammatory cytokines and chemokines production [267,268].
Moreover, astrocytes are highly activated in AD in response to excess Aβ peptide, which also leads
to the upregulation of pro-inflammatory factors [269,270]. Among the different transcription factors,
NF-κB is considered a primary regulator of inflammatory responses because its activation enhances
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BACE1 expression, thus stimulating the cleavage of APP and Aβ-peptide production [270]. In turn,
BACE1 promotes the activity of secretases that enhance the production of Aβ peptide from APP.
In detail, the reactive astrocytes express BACE and PSEN1 genes [270].

Finally, in a recent work, Ising et al. [271] have demonstrated that the inhibition of the NLRP3
(see the Abbreviation List) inflammasome activity in mouse models significantly reduced Tau
phosphorylation in different brain regions and prevented cognitive decline, thus indicating that
the NLRP3 inflammasome may have an important role in AD pathophysiology [271].

Marker of Neuroinflammation for AD Diagnosis

The molecules that partake in AD-related neuroinflammation processes are extensively studied as
potential markers that could be monitored for early AD diagnosis. For example, a recent meta-analysis
reported high CSF concentration of soluble TREM2, MCP-1, Chitinase 3-like 1 (YKL-40), and TGF-β
in AD patients compared to healthy controls and increased tumor necrosis factor receptor 1 and 2 in
peripheral blood of AD patients but not MCI patients [272].

TREM2 is a membrane receptor that plays a key role in mediating the phagocytic clearance
during apoptosis, including the microglial phagocytosis of apoptotic neurons, and in modulating
the inflammatory response caused by damaged myelin and amyloid plaques [273–275]. The tailored
proteolytic cleavage of TREM2 at the H157–S158 peptide bond by A Disintegrin and metalloproteinase
domain-containing protein (ADAM) 10 and ADAM17 proteases produces the soluble TREM2 [276,277],
which generally is highly released in the CSF, where its levels are considered positive markers for
neuronal injury [278,279]. For instance, the levels of soluble TREM2 increased in patients with
autosomal dominant AD, and this increase was measured in the CSF of 218 subjects, 127 mutation
carriers (MCs) and 91 noncarriers (NCs). In particular, the CSF levels of soluble TREM2 increased
in MCs with respect to NCs 5 years before the appearance of symptoms, and these levels remained
significantly higher until 5 years after symptoms onset [280].

In addition, peripheral cytokines levels such as IL-1β, IL-2, IL-6, IL-12, IL-18, IL-23, and TGF-β
were seen to be altered in AD patients and could be used as candidate biomarkers [281–284].

However, when considering using peripheral inflammatory biomarkers for detecting asymptomatic
phases of AD, it has to be taken into account that the alteration of these molecules is common to diverse
neurodegenerative disease; thus, it is necessary to correlate their levels with other markers [282,285,286].
Nevertheless, these markers together with other characteristics of AD could serve as a peripheral panel
that is useful to distinguish early AD from other neurodegenerative diseases.

4.2. Neurodegeneration, Metabolic Alteration, and AD

The numerous altered biological systems described so far in AD highlight the concept that the
characterization of this neurodegenerative disease requires a deep understanding of many diverse
pathological events. In this regard, it is crucial to underline that AD shares different pathological
aspects with other neurodegenerative diseases, which could make early diagnosis difficult [287].
As a matter of fact, AD shares several features with Parkinson’s Disease (PD), Huntington’s disease
(HD), and Amyotrophic Lateral Sclerosis (ALS) [286–292]. These common general pathways involve
protein misfolding and aggregation, mitochondrial dysfunctions, oxidative stress and ROS production,
neuroinflammation and phosphorylation impairment, and microRNA-altered expression [290,293,294],
which appear to be changed concurrently [287,295–299].

The toxicity of misfolded and aggregated proteins is well-established, as it was observed in
different neurodegenerative diseases (i.e., Aβ peptide in AD, α-Synuclein in PD, and Huntingtin in
HD), and even though it occurs in different brain regions for each disease, confirms a crucial role of the
toxicity of macromolecules accumulation in these disorders [300]. In this context, LSDs, due to their
improper accumulation of disease-specific metabolites, share neural cell death, neurodegeneration,
and other common interplay with the above-mentioned neurodegenerative diseases [287,301,302].
For example, cholesterol accumulates in late endosomes and lysosomes in the juvenile form of Niemann
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Pick type C disease characterized by progressive neurodegeneration similar to AD, including NFTs
formation and increased APP amyloidogenic processing [206,303,304]. An extensive study reported
APP-CTFs, Aβ peptide, and α-Synuclein accumulation in the Sandhoff mouse model [305–307] and
ganglioside-bound Aβ-peptide in post-mortem human brains of patients with GM1 gangliosidosis
and GM2 gangliosidosis [308]. Other evidence came from the presence of soluble Aβ(1-40)-peptide in
post-mortem brains of patients with Mucopolysaccharidosis type 1 [309], in the mouse models
of Mucopolysaccharidosis type IIIB [310], and the neuropathic form of Gaucher disease [311].
The accumulation of APP and APP-CTFs in the hippocampus of Neu1-deficient mice, a model of the
LSD sialidosis, has also been demonstrated [202,211]. Common signs among AD, PD, HD, and ALS
came also from the pathways regulating the clearance of misfolded and abnormal proteins that are
associated with neurodegenerative diseases [312–316].

The toxic accumulation of proteins and metabolites is also partially responsible for the
neuroinflammation process that is common to almost all neurodegenerative diseases. Today, innate immunity,
with the particular relevance of glial cells, is considered to have a central role in brain homeostasis
neurodegenerative events [317]. Indeed, sequencing and GWAS studies contributed to highlight the role of
immunity and microglia as important contributors to the pathological events occurring in neurodegenerative
diseases. This strengthened the idea of reversing degenerative events by reducing inflammation, even though
it is still not clear at which time point this approach could be determinant [318].

Another common feature in neurodegenerative diseases is the oxidative stress caused by ROS and
Reactive Nitrogen Species (RNS) brain accumulation [319–322]. The oxidative damage of different
molecules within neurons (such as lipids, DNA, and proteins) was observed in AD, PD, HD, and ALS.
In particular, ROS derived from Nicotinamide Adenine Dinucleotide Phosphate Oxidase 2 [320],
which were detected in endothelial cells, platelets, neurons, astrocytes, and microglia, were suggested
to be critical in mediating inflammation and apoptotic pathways in the CNS [261,321,323].

Neurodegeneration and Biomarkers for AD

The common pathways involved in neurodegenerative diseases, such as protein aggregation,
neuroinflammation, and dysfunction in the metabolic and autophagic system, make the diagnosis
of each specific disease more difficult. Currently, it is possible to clearly discriminate one
neurodegenerative disease among others by combining several common and genetic-specific markers,
whether possible. These include AD rare mutations in APP, PSEN1, and PSEN2 genes [324]; PD-specific
genetic markers (e.g., in SNCA, LRRK2, PRKN, UCHL1, PINK1, DJ-1, NR4A, see Abbreviation
List) [324]; ALS genetic mutations in more than a dozen genes that have been found to cause
familial ALS (ALS2, NEFH, FUS, TARDBP, C9orf72, and SOD1 [325], see Abbreviation List); and the
HD characteristic mutation in the Huntingtin gene [324]. Finally, the LSDs can be identified by
disease-specific genetic mutations that lead to enzyme deficiencies within the lysosomes, resulting in
an accumulation of undegraded substrate [326].

5. Concluding Remarks

In this review, we have documented the involvement of metabolic alterations in AD pathogenesis
and highlighted the contribution of these findings to improving a suitable biomarkers’ panel for the early
diagnosis of AD. Indeed, the field is under constant update due to the metanalysis investigations that
integrate old and new findings from proteomic, metabolomic, and transcriptomic studies comparing
AD versus healthy subjects or AD versus MCI or other neurodegenerative disorders [327–329].
Advancing is also from an available innovative in vitro cell model of AD or other neurogenerative
diseases [330–335].

The overall findings provide a portfolio of biomolecules with potential therapeutic AD activity.
This may help overcoming the absence of an effective therapeutic strategy for AD, as the available
therapeutic agents are up to now just symptomatic treatments focused on improving cognitive
symptoms: 3 acetylocholinesterase inhibitors (donepezil, galantamine, and rivastigmine) that help
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maintain high acetylcholine levels, and the noncompetitive n-Methyl-D-Aspartate (NMDA) receptor
antagonist memantine used for counteracting glutamate excitatory neurotoxicity [336–338].

However, due to the discovery of the new AD biomarkers, there are currently 136 active trials
involving 121 therapeutic agents at different stages. The disease-modifying drugs that have been
studied in the last years that eventually reached phase 3 are mainly focused on counteracting (i) the
deposition of extracellular amyloid β plaques mainly consisting of immunotherapy approaches and
(ii) the synaptic plasticity or neuroprotection small molecules [339].

Small molecules in phase 3 are targeted to (i) Synaptic plasticity/Neuroprotection:
AGB101, ANAVEX2-73, BHV4157, Icosapent Ethyl; (ii) Inflammation/Infection/Immunity:
ALZT-OP1a, Azeliragon, COR388, Masitinib; (iii) Metabolism and bioenergetics: Metformin,
Tricaprilin; (iv) Vasculature: Losartan+Amlodipine+Atorvastan and (v) Tau: TRx0237 [339].
In particular, TRx0237 (LMTX), which is a Tau aggregation inhibitor that decreases the level of
aggregated Tau proteins [340], is a promising agent, and the ongoing phase 3 trial should be
completed in 2022 [341]. Of note, 18F-FDG-PET is used as an outcome measure to monitor the
efficacy of the treatment [341,342].

Other than small molecules, important immunotherapy strategies have been developed and
represent another encouraging approach that may lead to the finding of some effective treatment for AD.
Monoclonal antibodies have been developed to target Aβ and Tau oligomers, and the immunotherapy
agents already in phase 3 are all targeted to amyloid: Aducanumab (Monoclonal antibody directed
at plaques and oligomers), BAN2401 (Monoclonal antibody directed at protofibrils), Gantenerumab
(Monoclonal antibody directed at plaques and oligomers), and Solanezumab (Monoclonal antibody
directed at monomers) [339].

The active vaccination agent CAD106 (Amyloid Vaccine consisting of multiple copies of the Aβ1–6
peptide coupled to a carrier containing bacteriophage Qβ coat proteins) was a promising therapy that
entered phase 2/3 in 2015 [343] and continued phase 3 in 2019, but in September 2019, Novartis noted
that the CAD106 project had been retired [344,345].

Finally, the recent findings on the regulatory role of microRNAs in AD pathophysiology
encouraged the possibility of modulating mRNA transcription using Antisense Oligonucleotides
(ASOs). For example, ASOs targeting GSK-3β in Senescence-Accelerated Prone mice P8 mice improved
memory and learning and decreased oxidative stress [346], while ASOs targeting human Tau expressed
in one AD mouse model were able to ameliorate pathological Tau deposition [347].

In conclusion, the overall findings here reviewed envisage the great molecular complexity of
AD pathogenesis, validate the difficulty to establish an early decision diagnosis, and also indicate
a new roadmap that collects canonical AD hallmarks and new biomolecules coming from altered
metabolic pathways.
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Abbreviations

A2M Alpha-2-Macroglobulin
ABCA2 Adenosine Triphosphate Binding Cassette Subfamily A Member 2
ABCA7 Adenosine Triphosphate Binding Cassette Subfamily A Member 7
ADAM10 A Disintegrin And Metalloprotease Domain 10
AK2 Adenylate Kinase 2
ALS2 Alsin Rho Guanine Nucleotide Exchange Factor Amyotrophic Lateral Sclerosis 2 APOE
ATP8B4 Adenosine Triphosphatase Phospholipid Transporting 8B4
BACE1 Beta-Secretase 1
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BIN1 Bridging Integrator-1
C9orf72 C9orf72-SMCR8 complex subunit
CD33 Sialic Acid-Binding Ig-Like Lectin 3
CLU Clusterin
CR1 Complement C3b/C4b receptor 1 (Knops blood group)
CTNNA3 Catenin Alpha 3
CYCS Cytochrome C
DJ-1 Parkinsonism-associated deglycase
DLD Dihydrolipoyl dehydrogenase
DNMBP Dynamin Binding Protein
FUS Fusion RNA binding protein
GAB2 Growth Factor Receptor Bound Protein 2 Associated Binding Protein 2
GATM Glycine Amidinotransferase
HSPA9 Stress-70 protein
LRRK2 Leucine-Rich Repeat Kinase2
MS4A6A Membrane Spanning 4-Domains A6A
NEFH Neurofilament Heavy
NLRP3 Nucleotide-Binding Oligomerization Domain, Leucine-Rich Repeat and Pyrin Domain Containing 3
NR4A2 Nuclear Receptor Subfamily 4 Group A Member 2
OLR1 Oxidized Low Density Lipoprotein Receptor 1
OTC Ornithine Carbamoyltransferase
PCK2 Phosphoenolpyruvate Carboxykinase 2
PICALM Phosphatidylinositol Binding Clathrin Assembly Protein
PINK1 Phosphatase and Tensin Homolog-induced Kinase 1
PLD3 Phospholipase D family member 3
PRKN Parkin RBR E3 ubiquitin protein ligase
SNCA Synuclein alpha
SOD1 Superoxide Dismutase 1
SORL1 Sortilin Related Receptor 1
TARDBP TAR DNA Binding Protein
TOMM40 Translocase of Outer Mitochondrial Membrane 40
TREM2 Triggering Receptor Expressed on Myeloid Cells 2
UCHL1 Ubiquitin C-Terminal Hydrolase L1
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Barcikowska, M.; Ekanowski, C. The impact of mitochondrial and nuclear DNA variants on late-onset
Alzheimer’s disease risk. J. Alzheimer’s Dis. 2011, 27, 197–210. [CrossRef]

169. Ridge, P.G.; Kauwe, J.S.K. Mitochondria and Alzheimer’s disease: The role of mitochondrial genetic variation.
Curr. Genet. Med. Rep. 2018, 6, 1–10. [CrossRef]

170. Schmukler, E.; Solomon, S.; Simonovitch, S.; Goldshmit, Y.; Wolfson, E.; Michaelson, D.M.; Pinkas-Kramarski, R.
Altered mitochondrial dynamics and function in APOE4-expressing astrocytes. Cell Death Dis. 2020, 11, 1–13.
[CrossRef]

171. Simonovitch, S.; Schmukler, E.; Masliah, E.; Pinkas-Kramarski, R.; Michaelson, D.M. The effects of APOE4 on
mitochondrial dynamics and proteins in vivo. J. Alzheimer’s Dis. 2019, 70, 861–875. [CrossRef]

172. Peng, Y.; Gao, P.; Shi, L.; Chen, L.; Liu, J.; Long, J. Central and peripheral metabolic defects contribute
to the pathogenesis of Alzheimer’s disease: Targeting mitochondria for diagnosis and prevention.
Antioxid. Redox Signal. 2020, 32, 1188–1236. [CrossRef]

173. Lunnon, K.; Keohane, A.; Pidsley, R.; Newhouse, S.; Riddoch-Contreras, J.; Thubron, E.B.; Devall, M.;
Soininen, H.; Kłoszewska, I.; Mecocci, P.; et al. Mitochondrial genes are altered in blood early in Alzheimer’s
disease. Neurobiol. Aging 2017, 53, 36–47. [CrossRef]

174. Dey, K.K.; Wang, H.; Niu, M.; Bai, B.; Wang, X.; Li, Y.; Cho, J.H.; Tan, H.; Mishra, A.; High, A.A.; et al.
Deep undepleted human serum proteome profiling toward biomarker discovery for Alzheimer’s disease.
Clin. Proteom. 2019, 16, 16. [CrossRef]

175. Li, X.; Wang, H.; Long, J.; Pan, G.; He, T.; Anichtchik, O.; Belshaw, R.; Albani, D.; Edison, P.; Green, E.K.; et al.
Systematic analysis and biomarker study for Alzheimer’s disease. Sci. Rep. 2018, 8, 17394. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.4276-04.2005
http://dx.doi.org/10.1016/j.molmed.2007.12.002
http://dx.doi.org/10.1016/S0197-4580(03)00033-2
http://dx.doi.org/10.1016/S0014-4886(03)00092-X
http://dx.doi.org/10.1007/s12017-013-8272-8
http://dx.doi.org/10.3233/JAD-170585
http://dx.doi.org/10.1038/s41573-020-0072-x
http://dx.doi.org/10.1111/acel.12793
http://dx.doi.org/10.1089/ars.2012.5039
http://dx.doi.org/10.3389/fnagi.2015.00142
http://dx.doi.org/10.3389/fnagi.2016.00232
http://dx.doi.org/10.1371/journal.pone.0074158
http://dx.doi.org/10.3233/JAD-2011-110710
http://dx.doi.org/10.1007/s40142-018-0132-2
http://dx.doi.org/10.1038/s41419-020-02776-4
http://dx.doi.org/10.3233/JAD-190074
http://dx.doi.org/10.1089/ars.2019.7763
http://dx.doi.org/10.1016/j.neurobiolaging.2016.12.029
http://dx.doi.org/10.1186/s12014-019-9237-1
http://dx.doi.org/10.1038/s41598-018-35789-3


J. Pers. Med. 2020, 10, 115 28 of 36

176. Ridge, P.G.; Wadsworth, M.E.; Miller, J.B.; Saykin, A.J.; Green, R.C.; Kauwe, J.S.K. Assembly of 809 whole
mitochondrial genomes with clinical, imaging, and fluid biomarker phenotyping. Alzheimer’s Dement. 2018,
14, 514–519. [CrossRef]

177. Liang, Y. Emerging concepts and functions of autophagy as a regulator of synaptic components and plasticity.
Cells 2019, 8, 34. [CrossRef]

178. Nixon, R.A. The aging lysosome: An essential catalyst for late-onset neurodegenerative diseases. Biochim. Biophys.
Acta Proteins Proteom. 2020, 1868, 140443. [CrossRef]

179. Zhou, F.; Xiong, X.; Li, S.; Liang, J.; Zhang, X.; Tian, M.; Li, X.; Gao, M.; Tang, L.; Li, Y. Enhanced autophagic
retrograde axonal transport by dynein intermediate chain upregulation improves Aβ clearance and cognitive
function in APP/PS1 double transgenic mice. Aging 2020, 12, 12142–12159. [CrossRef]

180. Nixon, R.A. The role of autophagy in neurodegenerative disease. Nat. Med. 2013, 19, 983–997. [CrossRef]
181. Wong, Y.C.; Holzbaur, E.L.F. Autophagosome dynamics in neurodegeneration at a glance. J. Cell Sci. 2015,

128, 1259–1267. [CrossRef]
182. Yan, X.; Wang, B.; Hu, Y.; Wang, S.; Zhang, X. Abnormal mitochondrial quality control in neurodegenerative

diseases. Front. Cell. Neurosci. 2020, 14, 138. [CrossRef]
183. Rubinsztein, D.C.; DiFiglia, M.; Heintz, N.; Nixon, R.A.; Qin, Z.H.; Ravikumar, B.; Stefanis, L.; Tolkovsky, A.

Autophagy and its possible roles in nervous system diseases, damage and repair. Autophagy 2005, 1, 11–22.
[CrossRef]

184. Lee, J.H.; Yu, W.H.; Kumar, A.; Lee, S.; Mohan, P.S.; Peterhoff, C.M.; Wolfe, D.M.; Martinez-Vicente, M.;
Massey, A.C.; Sovak, G.; et al. Lysosomal proteolysis and autophagy require presenilin 1 and are disrupted
by Alzheimer-related PS1 mutations. Cell 2010, 141, 1146–1158. [CrossRef]

185. Yuan, Z.; Yidan, Z.; Jian, Z.; Xiangjian, Z.; Guofeng, Y. Molecular mechanism of autophagy: Its role in the
therapy of Alzheimer’s disease. Curr. Neuropharmacol. 2020, 18, 720–739. [CrossRef]

186. Malampati, S.; Song, J.-X.; Chun-Kit Tong, B.; Nalluri, A.; Yang, C.-B.; Wang, Z.; Gopalkrishnashetty
Sreenivasmurthy, S.; Zhu, Z.; Liu, J.; Su, C.; et al. Targeting aggrephagy for the treatment of Alzheimer’s
disease. Cells 2020, 9, 311. [CrossRef]

187. Norambuena, A.; Wallrabe, H.; Cao, R.; Wang, D.B.; Silva, A.; Svindrych, Z.; Periasamy, A.; Hu, S.; Tanzi, R.E.;
Kim, D.Y.; et al. A novel lysosome-to-mitochondria signaling pathway disrupted by amyloid-β oligomers.
EMBO J. 2018, 37, e100241. [CrossRef]

188. Nilsson, P.; Sekiguchi, M.; Akagi, T.; Izumi, S.; Komori, T.; Hui, K.; Sörgjerd, K.; Tanaka, M.; Saito, T.; Iwata, N.;
et al. Autophagy-related protein 7 deficiency in amyloid β (Aβ) precursor protein transgenic mice decreases
Aβ in the multivesicular bodies and induces Aβ accumulation in the golgi. Am. J. Pathol. 2015, 185, 305–313.
[CrossRef]

189. Reddy, K.; Cusack, C.L.; Nnah, I.C.; Khayati, K.; Saqcena, C.; Huynh, T.B.; Noggle, S.A.; Ballabio, A.;
Dobrowolski, R. Dysregulation of nutrient sensing and CLEARance in presenilin deficiency. Cell Rep. 2016,
14, 2166–2179. [CrossRef]

190. De Kimpe, L.; van Haastert, E.S.; Kaminari, A.; Zwart, R.; Rutjes, H.; Hoozemans, J.J.M.; Scheper, W.
Intracellular accumulation of aggregated pyroglutamate amyloid beta: Convergence of aging and Aβ
pathology at the lysosome. Age 2013, 35, 673–687. [CrossRef]

191. Yang, D.-S.; Stavrides, P.; Mohan, P.S.; Kaushik, S.; Kumar, A.; Ohno, M.; Schmidt, S.D.; Wesson, D.;
Bandyopadhyay, U.; Jiang, Y.; et al. Reversal of autophagy dysfunction in the TgCRND8 mouse model
of Alzheimer’s disease ameliorates amyloid pathologies and memory deficits. Brain 2010, 134, 258–277.
[CrossRef]

192. Lafay-Chebassier, C.; Paccalin, M.; Page, G.; Barc-Pain, S.; Perault-Pochat, M.C.; Gil, R.; Pradier, L.; Hugon, J.
mTOR/p70S6k signalling alteration by Aβ exposure as well as in APP-PS1 transgenic models and in patients
with Alzheimer’s disease. J. Neurochem. 2005, 94, 215–225. [CrossRef]

193. Wang, Y.; Martinez-Vicente, M.; Krüger, U.; Kaushik, S.; Wong, E.; Mandelkow, E.-M.; Cuervo, A.M.;
Mandelkow, E. Tau fragmentation, aggregation and clearance: The dual role of lysosomal processing.
Hum. Mol. Genet. 2009, 18, 4153–4170. [CrossRef]

194. Cataldo, A.M.; Barnett, J.L.; Pieroni, C.; Nixon, R.A. Increased neuronal endocytosis and protease delivery to
early endosomes in sporadic Alzheimer’s disease: Neuropathologic evidence for a mechanism of increased
β-amyloidogenesis. J. Neurosci. 1997, 17, 6142–6151. [CrossRef]

http://dx.doi.org/10.1016/j.jalz.2017.11.013
http://dx.doi.org/10.3390/cells8010034
http://dx.doi.org/10.1016/j.bbapap.2020.140443
http://dx.doi.org/10.18632/aging.103382
http://dx.doi.org/10.1038/nm.3232
http://dx.doi.org/10.1242/jcs.161216
http://dx.doi.org/10.3389/fncel.2020.00138
http://dx.doi.org/10.4161/auto.1.1.1513
http://dx.doi.org/10.1016/j.cell.2010.05.008
http://dx.doi.org/10.2174/1570159X18666200114163636
http://dx.doi.org/10.3390/cells9020311
http://dx.doi.org/10.15252/embj.2018100241
http://dx.doi.org/10.1016/j.ajpath.2014.10.011
http://dx.doi.org/10.1016/j.celrep.2016.02.006
http://dx.doi.org/10.1007/s11357-012-9403-0
http://dx.doi.org/10.1093/brain/awq341
http://dx.doi.org/10.1111/j.1471-4159.2005.03187.x
http://dx.doi.org/10.1093/hmg/ddp367
http://dx.doi.org/10.1523/JNEUROSCI.17-16-06142.1997


J. Pers. Med. 2020, 10, 115 29 of 36

195. Cataldo, A.M.; Peterhoff, C.M.; Troncoso, J.C.; Gomez-Isla, T.; Hyman, B.T.; Nixon, R.A. Endocytic
pathway abnormalities precede amyloid β deposition in sporadic Alzheimer’s disease and down syndrome:
Differential effects of APOE genotype and presenilin mutations. Am. J. Pathol. 2000, 157, 277–286. [CrossRef]

196. Cataldo, A.M.; Petanceska, S.; Terio, N.B.; Peterhoff, C.M.; Durham, R.; Mercken, M.; Mehta, P.D.; Buxbaum, J.;
Haroutunian, V.; Nixon, R.A. Aβ localization in abnormal endosomes: Association with earliest Aβ elevations
in AD and Down syndrome. Neurobiol. Aging 2004, 25, 1263–1272. [CrossRef]

197. Nixon, R.A.; Wegiel, J.; Kumar, A.; Yu, W.H.; Peterhoff, C.; Cataldo, A.; Cuervo, A.M. Extensive involvement
of autophagy in Alzheimer disease: An immuno-electron microscopy study. J. Neuropathol. Exp. Neurol.
2005, 64, 113–122. [CrossRef]

198. Gowrishankar, S.; Yuan, P.; Wu, Y.; Schrag, M.; Paradise, S.; Grutzendler, J.; De Camilli, P.; Ferguson, S.M.
Massive accumulation of luminal protease-deficient axonal lysosomes at Alzheimer’s disease amyloid
plaques. Proc. Natl. Acad. Sci. USA 2015, 112, E3699–E3708. [CrossRef]

199. Köhler, C. Granulovacuolar degeneration: A neurodegenerative change that accompanies tau pathology.
Acta Neuropathol. 2016, 132, 339–359. [CrossRef]

200. Piras, A.; Collin, L.; Grüninger, F.; Graff, C.; Rönnbäck, A. Autophagic and lysosomal defects in human
tauopathies: Analysis of post-mortem brain from patients with familial Alzheimer disease, corticobasal
degeneration and progressive supranuclear palsy. Acta Neuropathol. Commun. 2016, 4, 22. [CrossRef]
[PubMed]

201. Avrahami, L.; Farfara, D.; Shaham-Kol, M.; Vassar, R.; Frenkel, D.; Eldar-Finkelman, H. Inhibition of glycogen
synthase kinase-3 ameliorates β-amyloid pathology and restores lysosomal acidification and mammalian
target of rapamycin activity in the Alzheimer disease mouse model: In vivo and in vitro studies. J. Biol. Chem.
2013, 288, 1295–1306. [CrossRef] [PubMed]

202. Whyte, L.S.; Lau, A.A.; Hemsley, K.M.; Hopwood, J.J.; Sargeant, T.J. Endo-Lysosomal and Autophagic Dysfunction:
A Driving Factor in Alzheimer’s Disease? Blackwell Publishing Ltd.: Oxford, UK, 2017; Volume 140, pp. 703–717.

203. Hung, C.O.Y.; Livesey, F.J. Altered γ-secretase processing of APP disrupts lysosome and autophagosome
function in monogenic Alzheimer’s disease. Cell Rep. 2018, 25, 3647–3660. [CrossRef] [PubMed]

204. Cataldo, A.M.; Barnett, J.L.; Mann, D.M.A.; Nixon, R.A. Colocalization of lysosomal hydrolase and β-amyloid
in diffuse plaques of the cerebellum and striatum in Alzheimer’s disease and Down’s syndrome. J. Neuropathol.
Exp. Neurol. 1996, 55, 704–715. [CrossRef]

205. Cataldo, A.M.; Hamilton, D.J.; Nixon, R.A. Lysosomal abnormalities in degenerating neurons link neuronal
compromise to senile plaque development in Alzheimer disease. Brain Res. 1994, 640, 68–80. [CrossRef]

206. 2Nixon, R.A.; Cataldo, A.M. Lysosomal system pathways: Genes to neurodegeneration in Alzheimer’s
disease. J. Alzheimer’s Dis. 2006, 9, 277–289.

207. Mohamed, N.V.; Plouffe, V.; Rémillard-Labrosse, G.; Planel, E.; Leclerc, N. Starvation and inhibition of
lysosomal function increased tau secretion by primary cortical neurons. Sci. Rep. 2014, 4, 1–11. [CrossRef]

208. Lee, J.G.; Takahama, S.; Zhang, G.; Tomarev, S.I.; Ye, Y. Unconventional secretion of misfolded proteins
promotes adaptation to proteasome dysfunction in mammalian cells. Nat. Cell Biol. 2016, 18, 765–776.
[CrossRef]

209. Fontaine, S.N.; Zheng, D.; Sabbagh, J.J.; Martin, M.D.; Chaput, D.; Darling, A.; Trotter, J.H.; Stothert, A.R.;
Nordhues, B.A.; Lussier, A.; et al. DnaJ/Hsc70 chaperone complexes control the extracellular release of
neurodegenerative-associated proteins. EMBO J. 2016, 35, 1537–1549. [CrossRef]

210. Nilsson, P.; Loganathan, K.; Sekiguchi, M.; Matsuba, Y.; Hui, K.; Tsubuki, S.; Tanaka, M.; Iwata, N.; Saito, T.;
Saido, T.C. Aβ secretion and plaque formation depend on autophagy. Cell Rep. 2013, 5, 61–69. [CrossRef]

211. Annunziata, I.; Patterson, A.; Helton, D.; Hu, H.; Moshiach, S.; Gomero, E.; Nixon, R.; D’Azzo, A. Lysosomal
NEU1 deficiency affects amyloid precursor protein levels and amyloid-β secretion via deregulated lysosomal
exocytosis. Nat. Commun. 2013, 4, 1–12. [CrossRef] [PubMed]

212. Van Weering, J.R.T.; Scheper, W. Endolysosome and autolysosome dysfunction in Alzheimer’s disease:
Where intracellular and extracellular meet. CNS Drugs 2019, 33, 639–648. [CrossRef] [PubMed]

213. Yu, W.H.; Kumar, A.; Peterhoff, C.; Shapiro Kulnane, L.; Uchiyama, Y.; Lamb, B.T.; Cuervo, A.M.; Nixon, R.A.
Autophagic vacuoles are enriched in amyloid precursor protein-secretase activities: Implications for
β-amyloid peptide over-production and localization in Alzheimer’s disease. Int. J. Biochem. Cell Biol. 2004,
36, 2531–2540. [CrossRef]

http://dx.doi.org/10.1016/S0002-9440(10)64538-5
http://dx.doi.org/10.1016/j.neurobiolaging.2004.02.027
http://dx.doi.org/10.1093/jnen/64.2.113
http://dx.doi.org/10.1073/pnas.1510329112
http://dx.doi.org/10.1007/s00401-016-1562-0
http://dx.doi.org/10.1186/s40478-016-0292-9
http://www.ncbi.nlm.nih.gov/pubmed/26936765
http://dx.doi.org/10.1074/jbc.M112.409250
http://www.ncbi.nlm.nih.gov/pubmed/23155049
http://dx.doi.org/10.1016/j.celrep.2018.11.095
http://www.ncbi.nlm.nih.gov/pubmed/30590039
http://dx.doi.org/10.1097/00005072-199606000-00004
http://dx.doi.org/10.1016/0006-8993(94)91858-9
http://dx.doi.org/10.1038/srep05715
http://dx.doi.org/10.1038/ncb3372
http://dx.doi.org/10.15252/embj.201593489
http://dx.doi.org/10.1016/j.celrep.2013.08.042
http://dx.doi.org/10.1038/ncomms3734
http://www.ncbi.nlm.nih.gov/pubmed/24225533
http://dx.doi.org/10.1007/s40263-019-00643-1
http://www.ncbi.nlm.nih.gov/pubmed/31165364
http://dx.doi.org/10.1016/j.biocel.2004.05.010


J. Pers. Med. 2020, 10, 115 30 of 36

214. Morel, E.; Chamoun, Z.; Lasiecka, Z.M.; Chan, R.B.; Williamson, R.L.; Vetanovetz, C.; Dall’Armi, C.; Simoes, S.;
Point Du Jour, K.S.; McCabe, B.D.; et al. Phosphatidylinositol-3-phosphate regulates sorting and processing
of amyloid precursor protein through the endosomal system. Nat. Commun. 2013, 4, 2250. [CrossRef]

215. Liu, R.Q.; Zhou, Q.H.; Ji, S.R.; Zhou, Q.; Feng, D.; Wu, Y.; Sui, S.F. Membrane localization of β-amyloid
1-42 in lysosomes: A possible mechanism for lysosome labilization. J. Biol. Chem. 2010, 285, 19986–19996.
[CrossRef]

216. Pasternak, S.H.; Bagshaw, R.D.; Guiral, M.; Zhang, S.; Ackerleyll, C.A.; Pak, B.J.; Callahan, J.W.; Mahuran, D.J.
Presenilin-1, nicastrin, amyloid precursor protein, and γ-secretase activity are co-localized in the lysosomal
membrane. J. Biol. Chem. 2003, 278, 26687–26694. [CrossRef] [PubMed]

217. Oikawa, N.; Walter, J. Presenilins and γ-secretase in membrane proteostasis. Cells 2019, 8, 209. [CrossRef]
218. Tam, J.H.K.; Seah, C.; Pasternak, S.H. The amyloid precursor protein is rapidly transported from the golgi

apparatus to the lysosome and where it is processed into beta-amyloid. Mol. Brain 2014, 7, 54. [CrossRef]
219. Saido, T.; Leissring, M.A. Proteolytic degradation of amyloid β-protein. Cold Spring Harb. Perspect. Med.

2012, 2, a006379. [CrossRef]
220. Xiao, Q.; Yan, P.; Ma, X.; Liu, H.; Perez, R.; Zhu, A.; Gonzales, E.; Tripoli, D.L.; Czerniewski, L.; Ballabio, A.;

et al. Neuronal-targeted TFEB accelerates lysosomal degradation of app, reducing Aβ generation and
amyloid plaque pathogenesis. J. Neurosci. 2015, 35, 12137–12151. [CrossRef]

221. Nixon, R.A.; Cataldo, A.M.; Mathews, P.M. The Endosomal-Lysosomal System of Neurons in Alzheimer’s
Disease Pathogenesis: A Review. Neurochem. Res. 2000, 25, 1161–1172. [CrossRef] [PubMed]

222. Martino, S.; Tiribuzi, R.; Ciraci, E.; Makrypidi, G.; D’Angelo, F.; Di Girolamo, I.; Gritti, A.; De Angelis, G.M.C.;
Papaccio, G.; Sampaolesi, M.; et al. Coordinated involvement of cathepsins S, D and cystatin C in the
commitment of hematopoietic stem cells to dendritic cells. Int. J. Biochem. Cell Biol. 2011, 43, 775–783.
[CrossRef] [PubMed]

223. Koike, M.; Nakanishi, H.; Saftig, P.; Ezaki, J.; Isahara, K.; Ohsawa, Y.; Schulz-Schaeffer, W.; Watanabe, T.;
Waguri, S.; Kametaka, S.; et al. Cathepsin D deficiency induces lysosomal storage with ceroid lipofuscin in
mouse CNS neurons. J. Neurosci. 2000, 20, 6898–6906. [CrossRef] [PubMed]

224. Myllykangas, L.; Tyynelä, J.; Page-McCaw, A.; Rubin, G.M.; Haltia, M.J.; Feany, M.B. Cathepsin D-deficient
Drosophila recapitulate the key features of neuronal ceroid lipofuscinoses. Neurobiol. Dis. 2005, 19, 194–199.
[CrossRef] [PubMed]

225. Wang, Y.; Wu, Q.; Anand, B.G.; Karthivashan, G.; Phukan, G.; Yang, J.; Thinakaran, G.; Westaway, D.; Kar, S.
Significance of cytosolic cathepsin D in Alzheimer’s disease pathology: Protective cellular effects of PLGA
nanoparticles against β-amyloid-toxicity. Neuropathol. Appl. Neurobiol. 2020. [CrossRef] [PubMed]

226. Suire, C.N.; Abdul-Hay, S.O.; Sahara, T.; Kang, D.; Brizuela, M.K.; Saftig, P.; Dickson, D.W.; Rosenberry, T.L.;
Leissring, M.A. Cathepsin D regulates cerebral Aβ42/40 ratios via differential degradation of Aβ42 and Aβ40.
Alzheimer’s Res. Ther. 2020, 12, 80. [CrossRef] [PubMed]

227. Urbanelli, L.; Emiliani, C.; Massini, C.; Persichetti, E.; Orlacchio, A.A.; Pelicci, G.; Sorbi, S.; Hasilik, A.;
Bernardi, G.; Orlacchio, A.A. Cathepsin D expression is decreased in Alzheimer’s disease fibroblasts.
Neurobiol. Aging 2008, 29, 12–22. [CrossRef]

228. Torres, M.; Jimenez, S.; Sanchez-Varo, R.; Navarro, V.; Trujillo-Estrada, L.; Sanchez-Mejias, E.; Carmona, I.;
Davila, J.C.; Vizuete, M.; Gutierrez, A.; et al. Defective lysosomal proteolysis and axonal transport are
early pathogenic events that worsen with age leading to increased APP metabolism and synaptic Abeta in
transgenic APP/PS1 hippocampus. Mol. Neurodegener. 2012, 7, 1–15. [CrossRef]

229. Wang, C.; Sun, B.; Zhou, Y.; Grubb, A.; Gan, L. Cathepsin B degrades amyloid-β in mice expressing wild-type
human amyloid precursor protein. J. Biol. Chem. 2012, 287, 39834–39841. [CrossRef]

230. Emiliani, C.; Urbanelli, L.; Racanicchi, L.; Orlacchio, A.; Pelicci, G.; Sorbi, S.; Bernardi, G.; Orlacchio, A.
Up-regulation of glycohydrolases in Alzheimer’s disease fibroblasts correlates with Ras activation. J. Biol. Chem.
2003, 278, 38453–38460. [CrossRef]

231. Magini, A.; Polchi, A.; Tozzi, A.; Tancini, B.; Tantucci, M.; Urbanelli, L.; Borsello, T.; Calabresi, P.; Emiliani, C.
Abnormal cortical lysosomal β-hexosaminidase and β-galactosidase activity at post-synaptic sites during
Alzheimer’s disease progression. Int. J. Biochem. Cell Biol. 2015, 58, 62–70. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncomms3250
http://dx.doi.org/10.1074/jbc.M109.036798
http://dx.doi.org/10.1074/jbc.M304009200
http://www.ncbi.nlm.nih.gov/pubmed/12736250
http://dx.doi.org/10.3390/cells8030209
http://dx.doi.org/10.1186/s13041-014-0054-1
http://dx.doi.org/10.1101/cshperspect.a006379
http://dx.doi.org/10.1523/JNEUROSCI.0705-15.2015
http://dx.doi.org/10.1023/A:1007675508413
http://www.ncbi.nlm.nih.gov/pubmed/11059790
http://dx.doi.org/10.1016/j.biocel.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21315176
http://dx.doi.org/10.1523/JNEUROSCI.20-18-06898.2000
http://www.ncbi.nlm.nih.gov/pubmed/10995834
http://dx.doi.org/10.1016/j.nbd.2004.12.019
http://www.ncbi.nlm.nih.gov/pubmed/15837574
http://dx.doi.org/10.1111/nan.12647
http://www.ncbi.nlm.nih.gov/pubmed/32716575
http://dx.doi.org/10.1186/s13195-020-00649-8
http://www.ncbi.nlm.nih.gov/pubmed/32631408
http://dx.doi.org/10.1016/j.neurobiolaging.2006.09.005
http://dx.doi.org/10.1186/1750-1326-7-59
http://dx.doi.org/10.1074/jbc.M112.371641
http://dx.doi.org/10.1074/jbc.M303030200
http://dx.doi.org/10.1016/j.biocel.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25462158


J. Pers. Med. 2020, 10, 115 31 of 36

232. Tiribuzi, R.; Orlacchio, A.; Crispoltoni, L.; Maiotti, M.; Zampolini, M.; De Angelis, M.; Mecocci, P.; Cecchetti, R.;
Bernardi, G.; Datti, A.; et al. Lysosomal β-galactosidase and β-hexosaminidase activities correlate with
clinical stages of dementia associated with Alzheimer’s disease and type 2 diabetes mellitus. J. Alzheimer’s Dis.
2011, 24, 785–797. [CrossRef] [PubMed]

233. Morena, F.; Argentati, C.; Trotta, R.; Crispoltoni, L.; Stabile, A.; Pistilli, A.; di Baldassarre, A.; Calafiore, R.;
Montanucci, P.; Basta, G.; et al. A comparison of lysosomal enzymes expression levels in peripheral blood of
mild- and severe-Alzheimer’s disease and MCI patients: Implications for regenerative medicine approaches.
Int. J. Mol. Sci. 2017, 18, 1806. [CrossRef]

234. Martino, S.; Emiliani, C.; Tancini, B.; Severini, G.M.; Chigorno, V.; Bordignon, C.; Sonnino, S.; Orlacchio, A.
Absence of metabolic cross-correction in Tay-Sachs cells: Implications for gene therapy. J. Biol. Chem. 2002,
277, 20177–20184. [CrossRef] [PubMed]

235. Martino, S.; Cavalieri, C.; Emiliani, C.; Dolcetta, D.; De Cusella Angelis, M.G.; Chigorno, V.; Severini, G.M.;
Sandhoff, K.; Bordignon, C.; Sonnino, S.; et al. Restoration of the GM2 ganglioside metabolism in bone
marrow-derived stromal cells from Tay-Sachs disease animal model. Neurochem. Res. 2002, 27, 793–800.
[CrossRef] [PubMed]

236. Grimm, M.O.W.; Zinser, E.G.; Grösgen, S.; Hundsdörfer, B.; Rothhaar, T.L.; Burg, V.K.; Kaestner, L.; Bayer, T.A.;
Lipp, P.; Müller, U.; et al. Amyloid precursor protein (APP) mediated regulation of ganglioside homeostasis
linking Alzheimer’s disease pathology with ganglioside metabolism. PLoS ONE 2012, 7, e34095. [CrossRef]

237. Calamai, M.; Pavone, F.S. Partitioning and confinement of GM1 ganglioside induced by amyloid aggregates.
FEBS Lett. 2013, 587, 1385–1391. [CrossRef]

238. Tamboli, I.Y.; Prager, K.; Barth, E.; Heneka, M.; Sandhoff, K.; Walter, J. Inhibition of glycosphingolipid
biosynthesis reduces secretion of the β-amyloid precursor protein and amyloid β-peptide. J. Biol. Chem.
2005, 280, 28110–28117. [CrossRef]

239. Winston, C.N.; Goetzl, E.J.; Akers, J.C.; Carter, B.S.; Rockenstein, E.M.; Galasko, D.; Masliah, E.; Rissman, R.A.
Prediction of conversion from mild cognitive impairment to dementia with neuronally derived blood
exosome protein profile. Alzheimer’s Dement. Diagn. Assess. Dis. Monit. 2016, 3, 63–72. [CrossRef]

240. Goetzl, E.J.; Kapogiannis, D.; Schwartz, J.B.; Lobach, I.V.; Goetzl, L.; Abner, E.L.; Jicha, G.A.; Karydas, A.M.;
Boxer, A.; Miller, B.L. Decreased synaptic proteins in neuronal exosomes of frontotemporal dementia and
Alzheimer’s disease. FASEB J. 2016, 30, 4141–4148. [CrossRef]

241. Goetzl, E.J.; Boxer, A.; Schwartz, J.B.; Abner, E.L.; Petersen, R.C.; Miller, B.L.; Kapogiannis, D. Altered
lysosomal proteins in neural-derived plasma exosomes in preclinical Alzheimer disease. Neurology 2015, 85,
40–47. [CrossRef] [PubMed]

242. Platt, F.M.; d’Azzo, A.; Davidson, B.L.; Neufeld, E.F.; Tifft, C.J. Lysosomal storage diseases. Nat. Rev. Dis. Prim.
2018, 4, 27. [CrossRef] [PubMed]

243. Bonam, S.R.; Wang, F.; Muller, S. Lysosomes as a therapeutic target. Nat. Rev. Drug Discov. 2019, 18, 923–948.
[CrossRef] [PubMed]

244. Varma, V.R.; Oommen, A.M.; Varma, S.; Casanova, R.; An, Y.; Andrews, R.M.; O’Brien, R.; Pletnikova, O.;
Troncoso, J.C.; Toledo, J.; et al. Brain and blood metabolite signatures of pathology and progression in
Alzheimer disease: A targeted metabolomics study. PLoS Med. 2018, 15, e1002482. [CrossRef] [PubMed]

245. Han, X.; Fagan, A.M.; Cheng, H.; Morris, J.C.; Xiong, C.; Holtzman, D.M. Cerebrospinal fluid sulfatide is
decreased in subjects with incipient dementia. Ann. Neurol. 2003, 54, 115–119. [CrossRef]

246. Han, X. The pathogenic implication of abnormal interaction between apolipoprotein e isoforms, amyloid-beta
peptides, and sulfatides in Alzheimer’s disease. In Proceedings of the Molecular Neurobiology; Humana Press:
Totowa, NJ, USA, 2010; Volume 41, pp. 97–106.

247. Lee, S.; Mankhong, S.; Kang, J.H. Extracellular vesicle as a source of Alzheimer’s biomarkers: Opportunities
and challenges. Int. J. Mol. Sci. 2019, 20, 1728. [CrossRef]

248. Tune, J.D.; Goodwill, A.G.; Sassoon, D.J.; Mather, K.J. Cardiovascular consequences of metabolic syndrome.
Transl. Res. 2017, 183, 57–70. [CrossRef]

249. Atti, A.R.; Valente, S.; Iodice, A.; Caramella, I.; Ferrari, B.; Albert, U.; Mandelli, L.; De Ronchi, D. Metabolic
syndrome, mild cognitive impairment, and dementia: A meta-analysis of longitudinal studies. Am. J.
Geriatr. Psychiatry 2019, 27, 625–637. [CrossRef]

250. Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z. The metabolic syndrome. In Proceedings of the Lancet; Elsevier
Limited: London, UK, 2005; Volume 365, pp. 1415–1428.

http://dx.doi.org/10.3233/JAD-2011-100525
http://www.ncbi.nlm.nih.gov/pubmed/21321400
http://dx.doi.org/10.3390/ijms18081806
http://dx.doi.org/10.1074/jbc.M106164200
http://www.ncbi.nlm.nih.gov/pubmed/11923278
http://dx.doi.org/10.1023/A:1020256924099
http://www.ncbi.nlm.nih.gov/pubmed/12374215
http://dx.doi.org/10.1371/journal.pone.0034095
http://dx.doi.org/10.1016/j.febslet.2013.03.014
http://dx.doi.org/10.1074/jbc.M414525200
http://dx.doi.org/10.1016/j.dadm.2016.04.001
http://dx.doi.org/10.1096/fj.201600816R
http://dx.doi.org/10.1212/WNL.0000000000001702
http://www.ncbi.nlm.nih.gov/pubmed/26062630
http://dx.doi.org/10.1038/s41572-018-0025-4
http://www.ncbi.nlm.nih.gov/pubmed/30275469
http://dx.doi.org/10.1038/s41573-019-0036-1
http://www.ncbi.nlm.nih.gov/pubmed/31477883
http://dx.doi.org/10.1371/journal.pmed.1002482
http://www.ncbi.nlm.nih.gov/pubmed/29370177
http://dx.doi.org/10.1002/ana.10618
http://dx.doi.org/10.3390/ijms20071728
http://dx.doi.org/10.1016/j.trsl.2017.01.001
http://dx.doi.org/10.1016/j.jagp.2019.01.214


J. Pers. Med. 2020, 10, 115 32 of 36

251. Bangen, K.J.; Armstrong, N.M.; Au, R.; Gross, A.L. Metabolic syndrome and cognitive trajectories in the
Framingham offspring study. J. Alzheimer’s Dis. 2019, 71, 931–943. [CrossRef]

252. Campos-Peña, V.; Toral-Rios, D.; Becerril-Pérez, F.; Sánchez-Torres, C.; Delgado-Namorado, Y.; Torres-Ossorio, E.;
Franco-Bocanegra, D.; Carvajal, K. Metabolic syndrome as a risk factor for Alzheimer’s disease: Is Aβ a crucial
factor in both pathologies? Antioxid. Redox Signal. 2017, 26, 542–560. [CrossRef]

253. Pagani, M.; Nobili, F.; Morbelli, S.; Arnaldi, D.; Giuliani, A.; Öberg, J.; Girtler, N.; Brugnolo, A.; Picco, A.;
Bauckneht, M.; et al. Early identification of MCI converting to AD: A FDG PET study. Eur. J. Nucl. Med.
Mol. Imaging 2017, 44, 2042–2052. [CrossRef]

254. Paglia, G.; Stocchero, M.; Cacciatore, S.; Lai, S.; Angel, P.; Alam, M.T.; Keller, M.; Ralser, M.; Astarita, G.
Unbiased metabolomic investigation of Alzheimer’s disease brain points to dysregulation of mitochondrial
aspartate metabolism. J. Proteome Res. 2016, 15, 608–618. [CrossRef] [PubMed]

255. Graham, S.F.; Chevallier, O.P.; Elliott, C.T.; Hölscher, C.; Johnston, J.; McGuinness, B.; Kehoe, P.G.;
Passmore, A.P.; Green, B.D. Untargeted metabolomic analysis of human plasma indicates differentially affected
polyamine and L-arginine metabolism in mild cognitive impairment subjects converting to Alzheimer’s
disease. PLoS ONE 2015, 10, e0119452. [CrossRef]

256. Finneran, D.J.; Nash, K.R. Neuroinflammation and fractalkine signaling in Alzheimer’s disease. J. Neuroinflamm.
2019, 16, 30. [CrossRef] [PubMed]

257. Chaney, A.; Williams, S.R.; Boutin, H. In vivo molecular imaging of neuroinflammation in Alzheimer’s
disease. J. Neurochem. 2019, 149, 438–451. [CrossRef] [PubMed]

258. Walters, A.; Phillips, E.; Zheng, R.; Biju, M.; Kuruvilla, T. Evidence for neuroinflammation in Alzheimer’s
disease. Prog. Neurol. Psychiatry 2016, 20, 25–31. [CrossRef]

259. Hansen, D.V.; Hanson, J.E.; Sheng, M. Microglia in Alzheimer’s disease. J. Cell Biol. 2018, 217, 459–472.
[CrossRef]

260. Fakhoury, M. Microglia and astrocytes in Alzheimer’s disease: Implications for therapy. Curr. Neuropharmacol.
2017, 15, 508–518. [CrossRef]

261. Subhramanyam, C.S.; Wang, C.; Hu, Q.; Dheen, S.T. Microglia-mediated neuroinflammation in
neurodegenerative diseases. Semin. Cell Dev. Biol. 2019, 94, 112–120. [CrossRef]

262. Hemonnot, A.L.; Hua, J.; Ulmann, L.; Hirbec, H. Microglia in Alzheimer disease: Well-known targets and
new opportunities. Front. Cell. Infect. Microbiol. 2019, 9, 233. [CrossRef]

263. González-Reyes, R.E.; Nava-Mesa, M.O.; Vargas-Sánchez, K.; Ariza-Salamanca, D.; Mora-Muñoz, L.
Involvement of astrocytes in Alzheimer’s disease from a neuroinflammatory and oxidative stress perspective.
Front. Mol. Neurosci. 2017, 10, 427. [CrossRef] [PubMed]

264. Zenaro, E.; Piacentino, G.; Constantin, G. The blood-brain barrier in Alzheimer’s disease. Neurobiol. Dis.
2017, 107, 41–56. [CrossRef] [PubMed]

265. Zhang, F.; Jiang, L. Neuroinflammation in Alzheimer’s disease. Neuropsychiatr. Dis. Treat. 2015, 11, 243–256.
[CrossRef] [PubMed]

266. Pasqualetti, G.; Brooks, D.J.; Edison, P. The role of neuroinflammation in dementias. Curr. Neurol. Neurosci. Rep.
2015, 15, 17. [CrossRef]

267. Heneka, M.T.; Carson, M.J.; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.;
Wyss-Coray, T.; Vitorica, J.; Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol.
2015, 14, 388–405. [CrossRef]

268. Lee, C.Y.D.; Landreth, G.E. The role of microglia in amyloid clearance from the AD brain. J. Neural Transm.
2010, 117, 949–960. [CrossRef]

269. Malik, M.; Parikh, I.; Vasquez, J.B.; Smith, C.; Tai, L.; Bu, G.; Ladu, M.J.; Fardo, D.W.; Rebeck, G.W.; Estus, S.
Genetics ignite focus on microglial inflammation in Alzheimer’s disease. Mol. Neurodegener. 2015, 10, 52.
[CrossRef]

270. Frost, G.R.; Li, Y.M. The role of astrocytes in amyloid production and Alzheimer’s disease. Open Biol. 2017,
7, 170228. [CrossRef]

271. 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]

http://dx.doi.org/10.3233/JAD-190261
http://dx.doi.org/10.1089/ars.2016.6768
http://dx.doi.org/10.1007/s00259-017-3761-x
http://dx.doi.org/10.1021/acs.jproteome.5b01020
http://www.ncbi.nlm.nih.gov/pubmed/26717242
http://dx.doi.org/10.1371/journal.pone.0119452
http://dx.doi.org/10.1186/s12974-019-1412-9
http://www.ncbi.nlm.nih.gov/pubmed/30744705
http://dx.doi.org/10.1111/jnc.14615
http://www.ncbi.nlm.nih.gov/pubmed/30339715
http://dx.doi.org/10.1002/pnp.444
http://dx.doi.org/10.1083/jcb.201709069
http://dx.doi.org/10.2174/1570159X15666170720095240
http://dx.doi.org/10.1016/j.semcdb.2019.05.004
http://dx.doi.org/10.3389/fnagi.2019.00233
http://dx.doi.org/10.3389/fnmol.2017.00427
http://www.ncbi.nlm.nih.gov/pubmed/29311817
http://dx.doi.org/10.1016/j.nbd.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27425887
http://dx.doi.org/10.2147/NDT.S75546
http://www.ncbi.nlm.nih.gov/pubmed/25673992
http://dx.doi.org/10.1007/s11910-015-0531-7
http://dx.doi.org/10.1016/S1474-4422(15)70016-5
http://dx.doi.org/10.1007/s00702-010-0433-4
http://dx.doi.org/10.1186/s13024-015-0048-1
http://dx.doi.org/10.1098/rsob.170228
http://dx.doi.org/10.1038/s41586-019-1769-z


J. Pers. Med. 2020, 10, 115 33 of 36

272. Shen, X.N.; Niu, L.D.; Wang, Y.J.; Cao, X.P.; Liu, Q.; Tan, L.; Zhang, C.; Yu, J.T. Inflammatory markers in
Alzheimer’s disease and mild cognitive impairment: A meta-analysis and systematic review of 170 studies.
J. Neurol. Neurosurg. Psychiatry 2019, 90, 590–598. [CrossRef]

273. Zhao, Y.; Wu, X.; Li, X.; Jiang, L.L.; Gui, X.; Liu, Y.; Sun, Y.; Zhu, B.; Piña-Crespo, J.C.; Zhang, M.; et al. TREM2
is a receptor for β-amyloid that mediates microglial function. Neuron 2018, 97, 1023–1031.e7. [CrossRef]
[PubMed]

274. Carmona, S.; Zahs, K.; Wu, E.; Dakin, K.; Bras, J.; Guerreiro, R. The role of TREM2 in Alzheimer’s disease
and other neurodegenerative disorders. Lancet Neurol. 2018, 17, 721–730. [CrossRef]

275. Filipello, F.; Morini, R.; Corradini, I.; Zerbi, V.; Canzi, A.; Michalski, B.; Erreni, M.; Markicevic, M.;
Starvaggi-Cucuzza, C.; Otero, K.; et al. The microglial innate immune receptor TREM2 is required for
synapse elimination and normal brain connectivity. Immunity 2018, 48, 979–991. [CrossRef] [PubMed]

276. Schlepckow, K.; Kleinberger, G.; Fukumori, A.; Feederle, R.; Lichtenthaler, S.F.; Steiner, H.; Haass, C. An
Alzheimer-associated TREM2 variant occurs at the ADAM cleavage site and affects shedding and phagocytic
function. EMBO Mol. Med. 2017, 9, 1356–1365. [CrossRef]

277. Thornton, P.; Sevalle, J.; Deery, M.J.; Fraser, G.; Zhou, Y.; Ståhl, S.; Franssen, E.H.; Dodd, R.B.; Qamar, S.;
Gomez Perez-Nievas, B.; et al. TREM 2 shedding by cleavage at the H157-S158 bond is accelerated for the
Alzheimer’s disease-associated H157Y variant. EMBO Mol. Med. 2017, 9, 1366–1378. [CrossRef]

278. Rauchmann, B.S.; Sadlon, A.; Perneczky, R. Soluble TREM2 and Inflammatory Proteins in Alzheimer’s
disease cerebrospinal fluid. J. Alzheimer’s Dis. 2020, 73, 1615–1626. [CrossRef]

279. Zhong, L.; Xu, Y.; Zhuo, R.; Wang, T.; Wang, K.; Huang, R.; Wang, D.; Gao, Y.; Zhu, Y.; Sheng, X.; et al. Soluble
TREM2 ameliorates pathological phenotypes by modulating microglial functions in an Alzheimer’s disease
model. Nat. Commun. 2019, 10, 1–16.

280. Suárez-Calvet, M.; Caballero, M.Á.A.; Kleinberger, G.; Bateman, R.J.; Fagan, A.M.; Morris, J.C.; Levin, J.;
Danek, A.; Ewers, M.; Haass, C. Early changes in CSF sTREM2 in dominantly inherited Alzheimer’s disease
occur after amyloid deposition and neuronal injury. Sci. Transl. Med. 2016, 8, 369. [CrossRef]

281. Hesse, R.; Wahler, A.; Gummert, P.; Kirschmer, S.; Otto, M.; Tumani, H.; Lewerenz, J.; Schnack, C.; von
Arnim, C.A.F. Decreased IL-8 levels in CSF and serum of AD patients and negative correlation of MMSE and
IL-1β. BMC Neurol. 2016, 16, 185. [CrossRef]

282. Hampel, H.; Caraci, F.; Cuello, A.C.; Caruso, G.; Nisticò, R.; Corbo, M.; Baldacci, F.; Toschi, N.; Garaci, F.;
Chiesa, P.A.; et al. A Path Toward precision medicine for neuroinflammatory mechanisms in Alzheimer’s
disease. Front. Immunol. 2020, 11, 456. [CrossRef]

283. Molinuevo, J.L.; Ayton, S.; Batrla, R.; Bednar, M.M.; Bittner, T.; Cummings, J.; Fagan, A.M.; Hampel, H.;
Mielke, M.M.; Mikulskis, A.; et al. Current state of Alzheimer’s fluid biomarkers. Acta Neuropathol. 2018,
136, 821–853. [CrossRef] [PubMed]

284. Hampel, H.; Vergallo, A.; Aguilar, L.F.; Benda, N.; Broich, K.; Cuello, A.C.; Cummings, J.; Dubois, B.;
Federoff, H.J.; Fiandaca, M.; et al. Precision pharmacology for Alzheimer’s disease. Pharmacol. Res. 2018,
130, 331–365. [CrossRef] [PubMed]

285. Bekris, L.M.; Khrestian, M.; Dyne, E.; Shao, Y.; Pillai, J.; Rao, S.; Bemiller, S.M.; Lamb, B.; Fernandez, H.H.;
Leverenz, J.B. Soluble TREM2 and biomarkers of central and peripheral inflammation in neurodegenerative
disease. J. Neuroimmunol. 2018, 319, 19–27. [CrossRef] [PubMed]

286. Chen, X.; Hu, Y.; Cao, Z.; Liu, Q.; Cheng, Y. Cerebrospinal fluid inflammatory cytokine aberrations in
Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral sclerosis: A systematic review and
meta-analysis. Front. Immunol. 2018, 9, 2122. [CrossRef] [PubMed]

287. Bicchi, I.; Emiliani, C.; Vescovi, A.; Martino, S. The big bluff of amyotrophic lateral sclerosis diagnosis:
The role of neurodegenerative disease mimics. Neurodegener. Dis. 2015, 15, 313–321. [CrossRef]

288. Cummings, J. Disease modification and neuroprotection in neurodegenerative disorders. Transl. Neurodegener.
2017, 6, 25. [CrossRef]

289. Pihlstrøm, L.; Wiethoff, S.; Houlden, H. Genetics of neurodegenerative diseases: An overview. In Handbook of
Clinical Neurology; Elsevier B.V.: Amsterdam, The Netherlands, 2018; Volume 145, pp. 309–323.

290. Morena, F.; Argentati, C.; Bazzucchi, M.; Emiliani, C.; Martino, S. Above the epitranscriptome: RNA modifications
and stem cell identity. Genes 2018, 9, 329. [CrossRef]

291. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]

http://dx.doi.org/10.1136/jnnp-2018-319148
http://dx.doi.org/10.1016/j.neuron.2018.01.031
http://www.ncbi.nlm.nih.gov/pubmed/29518356
http://dx.doi.org/10.1016/S1474-4422(18)30232-1
http://dx.doi.org/10.1016/j.immuni.2018.04.016
http://www.ncbi.nlm.nih.gov/pubmed/29752066
http://dx.doi.org/10.15252/emmm.201707672
http://dx.doi.org/10.15252/emmm.201707673
http://dx.doi.org/10.3233/JAD-191120
http://dx.doi.org/10.1126/scitranslmed.aag1767
http://dx.doi.org/10.1186/s12883-016-0707-z
http://dx.doi.org/10.3389/fimmu.2020.00456
http://dx.doi.org/10.1007/s00401-018-1932-x
http://www.ncbi.nlm.nih.gov/pubmed/30488277
http://dx.doi.org/10.1016/j.phrs.2018.02.014
http://www.ncbi.nlm.nih.gov/pubmed/29458203
http://dx.doi.org/10.1016/j.jneuroim.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29685286
http://dx.doi.org/10.3389/fimmu.2018.02122
http://www.ncbi.nlm.nih.gov/pubmed/30283455
http://dx.doi.org/10.1159/000435917
http://dx.doi.org/10.1186/s40035-017-0096-2
http://dx.doi.org/10.3390/genes9070329
http://dx.doi.org/10.1016/S0092-8674(04)00045-5


J. Pers. Med. 2020, 10, 115 34 of 36

292. Martino, S.; Montesano, S.; Di Girolamo, I.; Tiribuzi, R.; Di Gregorio, M.; Orlacchio, A.; Datti, A.; Calabresi, P.;
Sarchielli, P.; Orlacchio, A. Expression of cathepsins S and D signals a distinctive biochemical trait in CD34+

hematopoietic stem cells of relapsing-remitting multiple sclerosis patients. Mult. Scler. J. 2013, 19, 1443–1453.
[CrossRef]

293. Bicchi, I.; Morena, F.; Montesano, S.; Polidoro, M.; Martino, S. MicroRNAs and molecular mechanisms of
neurodegeneration. Genes 2013, 4, 244–263. [CrossRef]

294. Orlacchio, A.; Bernardi, G.; Orlacchio, A.; Martino, S. RNA interference as a tool for Alzheimers disease
therapy. Mini Rev. Med. Chem. 2007, 7, 1166–1176. [CrossRef] [PubMed]

295. Sheikh, S.; Safia; Haque, E.; Mir, S.S. Neurodegenerative diseases: Multifactorial conformational diseases
and their therapeutic interventions. J. Neurodegener. Dis. 2013, 2013, 563481. [CrossRef] [PubMed]

296. Orlacchio, A.; Bernardi, G.; Martino, S. Stem cells: An overview of the current status of therapies for central
and peripheral nervous system diseases. Curr. Med. Chem. 2010, 17, 595–608. [CrossRef] [PubMed]

297. Orlacchio, A.; Bernardi, G.; Orlacchio, A.; Martino, S. Stem cells and neurological diseases. Discov. Med.
2010, 9, 546–553. [PubMed]

298. Nuzziello, N.; Liguori, M. The MicroRNA centrism in the orchestration of neuroinflammation in
neurodegenerative diseases. Cells 2019, 8, 1193. [CrossRef]

299. Gaudet, A.D.; Fonken, L.K.; Watkins, L.R.; Nelson, R.J.; Popovich, P.G. MicroRNAs: Roles in regulating
neuroinflammation. Neuroscientist 2018, 24, 221–245. [CrossRef] [PubMed]

300. Thibaudeau, T.A.; Anderson, R.T.; Smith, D.M. A common mechanism of proteasome impairment by
neurodegenerative disease-associated oligomers. Nat. Commun. 2018, 9, 1–14. [CrossRef]

301. Poswar, F.; Vairo, F.; Burin, M.; Michelin-Tirelli, K.; Brusius-Facchin, A.; Kubaski, F.; Desouza, C.; Baldo, G.;
Giugliani, R. Lysosomal diseases: Overview on current diagnosis and treatment. Genet. Mol. Biol. 2019, 42,
165–177. [CrossRef]

302. Elmonem, M.A.; Abdelazim, A.M. Novel biomarkers for lysosomal storage disorders: Metabolomic and
proteomic approaches. Clin. Chim. Acta 2020, 509, 195–209. [CrossRef]

303. Jin, L.W.; Maezawa, I.; Vincent, I.; Bird, T. Intracellular accumulation of amyloidogenic fragments of
amyloid-β precursor protein in neurons with niemann-pick type C defects is associated with endosomal
abnormalities. Am. J. Pathol. 2004, 164, 975–985. [CrossRef]

304. Nixon, R.A. Niemann-Pick Type C Disease and Alzheimer’s disease: The APP-endosome connection fattens
up. Am. J. Pathol. 2004, 164, 757–761. [CrossRef]

305. Ornaghi, F.; Sala, D.; Tedeschi, F.; Maffia, M.C.; Bazzucchi, M.; Morena, F.; Valsecchi, M.; Aureli, M.;
Martino, S.; Gritti, A. Novel bicistronic lentiviral vectors correct β-Hexosaminidase deficiency in neural
and hematopoietic stem cells and progeny: Implications for in vivo and ex vivo gene therapy of GM2
gangliosidosis. Neurobiol. Dis. 2020, 134, 104667. [CrossRef] [PubMed]

306. Lattanzi, A.; Neri, M.; Maderna, C.; di Girolamo, I.; Martino, S.; Orlacchio, A.; Amendola, M.; Naldini, L.;
Gritti, A. Widespread enzymatic correction of CNS tissues by a single intracerebral injection of therapeutic
lentiviral vector in leukodystrophy mouse models. Hum. Mol. Genet. 2010, 19, 2208–2227. [CrossRef]
[PubMed]

307. Morena, F.; Oikonomou, V.; Argentati, C.; Bazzucchi, M.; Emiliani, C.; Gritti, A.; Martino, S. Integrated
computational analysis highlights unique miRNA signatures in the subventricular zone and striatum of
GM2 gangliosidosis animal models. Int. J. Mol. Sci. 2019, 20, 3179. [CrossRef]

308. Keilani, S.; Lun, Y.; Stevens, A.C.; Williams, H.N.; Sjoberg, E.R.; Khanna, R.; Valenzano, K.J.; Checler, F.;
Buxbaum, J.D.; Yanagisawa, K.; et al. Lysosomal dysfunction in a mouse model of Sandhoff disease leads to
accumulation of ganglioside-bound amyloid-β peptide. J. Neurosci. 2012, 32, 5223–5236. [CrossRef]

309. Ginsberg, S.D.; Galvin, J.E.; Lee, V.M.Y.; Rorke, L.B.; Dickson, D.W.; Wolfe, J.H.; Jones, M.Z.; Trojanowski, J.Q.
Accumulation of intracellular amyloid-β peptide (Aβ 1-40) in mucopolysaccharidosis brains. J. Neuropathol.
Exp. Neurol. 1999, 58, 815–824. [CrossRef]

310. Ohmi, K.; Zhao, H.-Z.; Neufeld, E.F. Defects in the medial entorhinal cortex and dentate gyrus in the mouse
model of Sanfilippo syndrome type B. PLoS ONE 2011, 6, e27461. [CrossRef]

311. Xu, Y.; Xu, K.; Sun, Y.; Liou, B.; Quinn, B.; Li, R.; Xue, L.; Zhang, W.; Setchell, K.D.R.; Witte, D.; et al.
Multiple pathogenic proteins implicated in neuronopathic Gaucher disease mice. Hum. Mol. Genet. 2014, 23,
3943–3957. [CrossRef]

http://dx.doi.org/10.1177/1352458513477230
http://dx.doi.org/10.3390/genes4020244
http://dx.doi.org/10.2174/138955707782331678
http://www.ncbi.nlm.nih.gov/pubmed/18045220
http://dx.doi.org/10.1155/2013/563481
http://www.ncbi.nlm.nih.gov/pubmed/26316993
http://dx.doi.org/10.2174/092986710790416272
http://www.ncbi.nlm.nih.gov/pubmed/20088765
http://www.ncbi.nlm.nih.gov/pubmed/20587344
http://dx.doi.org/10.3390/cells8101193
http://dx.doi.org/10.1177/1073858417721150
http://www.ncbi.nlm.nih.gov/pubmed/28737113
http://dx.doi.org/10.1038/s41467-018-03509-0
http://dx.doi.org/10.1590/1678-4685-gmb-2018-0159
http://dx.doi.org/10.1016/j.cca.2020.06.028
http://dx.doi.org/10.1016/S0002-9440(10)63185-9
http://dx.doi.org/10.1016/S0002-9440(10)63163-X
http://dx.doi.org/10.1016/j.nbd.2019.104667
http://www.ncbi.nlm.nih.gov/pubmed/31682993
http://dx.doi.org/10.1093/hmg/ddq099
http://www.ncbi.nlm.nih.gov/pubmed/20203170
http://dx.doi.org/10.3390/ijms20133179
http://dx.doi.org/10.1523/JNEUROSCI.4860-11.2012
http://dx.doi.org/10.1097/00005072-199908000-00004
http://dx.doi.org/10.1371/journal.pone.0027461
http://dx.doi.org/10.1093/hmg/ddu105


J. Pers. Med. 2020, 10, 115 35 of 36

312. Fujikake, N.; Shin, M.; Shimizu, S. Association between autophagy and neurodegenerative diseases.
Front. Neurosci. 2018, 12, 255. [CrossRef]

313. Erie, C.; Sacino, M.; Houle, L.; Lu, M.L.; Wei, J. Altered lysosomal positioning affects lysosomal functions in a
cellular model of Huntington’s disease. Eur. J. Neurosci. 2015, 42, 1941–1951. [CrossRef]

314. Frakes, A.E.; Ferraiuolo, L.; Haidet-Phillips, A.M.; Schmelzer, L.; Braun, L.; Miranda, C.J.; Ladner, K.J.;
Bevan, A.K.; Foust, K.D.; Godbout, J.P.; et al. Microglia induce motor neuron death via the classical NF-κB
pathway in amyotrophic lateral sclerosis. Neuron 2014, 81, 1009–1023. [CrossRef] [PubMed]

315. Wolfe, D.M.; Lee, J.-H.; Kumar, A.; Lee, S.; Orenstein, S.J.; Nixon, R.A. Autophagy failure in Alzheimer’s
disease and the role of defective lysosomal acidification. Eur. J. Neurosci. 2013, 37, 1949–1961. [CrossRef]
[PubMed]

316. Guo, F.; Liu, X.; Cai, H.; Le, W. Autophagy in neurodegenerative diseases: Pathogenesis and therapy.
Brain Pathol. 2018, 28, 3–13. [CrossRef] [PubMed]

317. Novellino, F.; Saccà, V.; Donato, A.; Zaffino, P.; Spadea, M.F.; Vismara, M.; Arcidiacono, B.; Malara, N.; Presta, I.;
Donato, G. Innate immunity: A common denominator between neurodegenerative and neuropsychiatric
diseases. Int. J. Mol. Sci. 2020, 21, 1115. [CrossRef] [PubMed]

318. Scheiblich, H.; Trombly, M.; Ramirez, A.; Heneka, M.T. Neuroimmune connections in aging and
neurodegenerative diseases. Trends Immunol. 2020, 41, 300–312. [CrossRef] [PubMed]

319. Niedzielska, E.; Smaga, I.; Gawlik, M.; Moniczewski, A.; Stankowicz, P.; Pera, J.; Filip, M. Oxidative stress in
neurodegenerative diseases. Mol. Neurobiol. 2016, 53, 4094–4125. [CrossRef]

320. Sorce, S.; Krause, K.H. NOX enzymes in the central nervous system: From signaling to disease.
Antioxid. Redox Signal. 2009, 11, 2481–2504. [CrossRef]

321. Cahill-Smith, S.; Li, J.M. Oxidative stress, redox signalling and endothelial dysfunction in ageing-related
neurodegenerative diseases: A role of NADPH oxidase 2. Br. J. Clin. Pharmacol. 2014, 78, 441–453. [CrossRef]

322. Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Oxidative stress: A key modulator in neurodegenerative diseases.
Molecules 2019, 24, 1583. [CrossRef]

323. Tarafdar, A.; Pula, G. The role of NADPH oxidases and oxidative stress in neurodegenerative disorders.
Int. J. Mol. Sci. 2018, 19, 3824. [CrossRef]

324. Agrawal, M.; Biswas, A. Molecular diagnostics of neurodegenerative disorders. Front. Mol. Biosci. 2015, 2, 54.
[CrossRef] [PubMed]

325. Robelin, L.; Gonzalez De Aguilar, J.L. Blood biomarkers for amyotrophic lateral sclerosis: Myth or reality?
Biomed Res. Int. 2014, 2014, 525097. [CrossRef] [PubMed]

326. Sun, A. Lysosomal storage disease overview. Ann. Transl. Med. 2018, 6, 476. [CrossRef] [PubMed]
327. Van Giau, V.; Bagyinszky, E.; Yang, Y.S.; Youn, Y.C.; An, S.S.A.; Kim, S.Y. Genetic analyses of early-onset

Alzheimer’s disease using next generation sequencing. Sci. Rep. 2019, 9, 1–10. [CrossRef] [PubMed]
328. Sancesario, G.M.; Bernardini, S. Alzheimer’s disease in the omics era. Clin. Biochem. 2018, 59, 9–16. [CrossRef]

[PubMed]
329. Johnson, E.C.B.; Dammer, E.B.; Duong, D.M.; Ping, L.; Zhou, M.; Yin, L.; Higginbotham, L.A.; Guajardo, A.;

White, B.; Troncoso, J.C.; et al. Large-scale proteomic analysis of Alzheimer’s disease brain and cerebrospinal
fluid reveals early changes in energy metabolism associated with microglia and astrocyte activation. Nat. Med.
2020, 26, 769–780. [CrossRef]

330. Wu, Y.Y.; Chiu, F.L.; Yeh, C.S.; Kuo, H.C. Opportunities and challenges for the use of induced pluripotent
stem cells in modelling neurodegenerative disease. Open Biol. 2019, 9, 180177. [CrossRef]

331. Israel, M.A.; Yuan, S.H.; Bardy, C.; Reyna, S.M.; Mu, Y.; Herrera, C.; Hefferan, M.P.; Van Gorp, S.; Nazor, K.L.;
Boscolo, F.S.; et al. Probing sporadic and familial Alzheimer’s disease using induced pluripotent stem cells.
Nature 2012, 482, 216–220. [CrossRef]

332. Frati, G.; Luciani, M.; Meneghini, V.; De Cicco, S.; Ståhlman, M.; Blomqvist, M.; Grossi, S.; Filocamo, M.;
Morena, F.; Menegon, A.; et al. Human iPSC-based models highlight defective glial and neuronal
differentiation from neural progenitor cells in metachromatic leukodystrophy. Cell Death Dis. 2018, 9,
1–15. [CrossRef]

333. Argentati, C.; Tortorella, I.; Bazzucchi, M.; Morena, F.; Martino, S. Harnessing the potential of stem cells for
disease modeling: Progress and promises. J. Pers. Med. 2020, 10, 8. [CrossRef]

http://dx.doi.org/10.3389/fnins.2018.00255
http://dx.doi.org/10.1111/ejn.12957
http://dx.doi.org/10.1016/j.neuron.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24607225
http://dx.doi.org/10.1111/ejn.12169
http://www.ncbi.nlm.nih.gov/pubmed/23773064
http://dx.doi.org/10.1111/bpa.12545
http://www.ncbi.nlm.nih.gov/pubmed/28703923
http://dx.doi.org/10.3390/ijms21031115
http://www.ncbi.nlm.nih.gov/pubmed/32046139
http://dx.doi.org/10.1016/j.it.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32147113
http://dx.doi.org/10.1007/s12035-015-9337-5
http://dx.doi.org/10.1089/ars.2009.2578
http://dx.doi.org/10.1111/bcp.12357
http://dx.doi.org/10.3390/molecules24081583
http://dx.doi.org/10.3390/ijms19123824
http://dx.doi.org/10.3389/fmolb.2015.00054
http://www.ncbi.nlm.nih.gov/pubmed/26442283
http://dx.doi.org/10.1155/2014/525097
http://www.ncbi.nlm.nih.gov/pubmed/24991560
http://dx.doi.org/10.21037/atm.2018.11.39
http://www.ncbi.nlm.nih.gov/pubmed/30740407
http://dx.doi.org/10.1038/s41598-019-44848-2
http://www.ncbi.nlm.nih.gov/pubmed/31182772
http://dx.doi.org/10.1016/j.clinbiochem.2018.06.011
http://www.ncbi.nlm.nih.gov/pubmed/29920246
http://dx.doi.org/10.1038/s41591-020-0815-6
http://dx.doi.org/10.1098/rsob.180177
http://dx.doi.org/10.1038/nature10821
http://dx.doi.org/10.1038/s41419-018-0737-0
http://dx.doi.org/10.3390/jpm10010008


J. Pers. Med. 2020, 10, 115 36 of 36

334. Martino, S.; di Girolamo, I.; Cavazzin, C.; Tiribuzi, R.; Galli, R.; Rivaroli, A.; Valsecchi, M.; Sandhoff, K.;
Sonnino, S.; Vescovi, A.; et al. Neural precursor cell cultures from GM2 gangliosidosis animal models
recapitulate the biochemical and molecular hallmarks of the brain pathology. J. Neurochem. 2009, 109,
135–147. [CrossRef] [PubMed]

335. Meneghini, V.; Frati, G.; Sala, D.; De Cicco, S.; Luciani, M.; Cavazzin, C.; Paulis, M.; Mentzen, W.; Morena, F.;
Giannelli, S.; et al. Generation of human induced pluripotent stem cell-derived bona fide neural stem cells for
ex vivo gene therapy of metachromatic leukodystrophy. Stem Cells Transl. Med. 2017, 6, 352–368. [CrossRef]
[PubMed]

336. Cummings, J.; Lee, G.; Ritter, A.; Sabbagh, M.; Zhong, K. Alzheimer’s disease drug development pipeline:
2019. Alzheimer’s Dement. Transl. Res. Clin. Interv. 2019, 5, 272–293. [CrossRef] [PubMed]

337. Atri, A. Current and future treatments in Alzheimer’s disease. Semin. Neurol. 2019, 39, 227–240. [CrossRef]
[PubMed]

338. Hampel, H.; Mesulam, M.-M.; Cuello, A.C.; Farlow, M.R.; Giacobini, E.; Grossberg, G.T.; Khachaturian, A.S.;
Vergallo, A.; Cavedo, E.; Snyder, P.J.; et al. The cholinergic system in the pathophysiology and treatment of
Alzheimer’s disease. Brain 2018, 141, 1917–1933. [CrossRef] [PubMed]

339. Cummings, J.; Lee, G.; Ritter, A.; Sabbagh, M.; Zhong, K. Alzheimer’s disease drug development pipeline:
2020. Alzheimer’s Dement. Transl. Res. Clin. Interv. 2020, 6, e12050. [CrossRef]

340. LMTM | ALZFORUM. Available online: https://www.alzforum.org/therapeutics/lmtm (accessed on 26 July 2020).
341. Safety and Efficacy of TRx0237 in Subjects with Alzheimer’s Disease Followed by Open-Label Treatment—Full

Text View—ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/show/NCT03446001 (accessed on
26 July 2020).

342. Huang, L.K.; Chao, S.P.; Hu, C.J. Clinical trials of new drugs for Alzheimer disease. J. Biomed. Sci. 2020, 27, 18.
[CrossRef]

343. Vandenberghe, R.; Riviere, M.E.; Caputo, A.; Sovago, J.; Maguire, R.P.; Farlow, M.; Marotta, G.;
Sanchez-Valle, R.; Scheltens, P.; Ryan, J.M.; et al. Active Aβ immunotherapy CAD106 in Alzheimer’s
disease: A phase 2b study. Alzheimer’s Dement. Transl. Res. Clin. Interv. 2017, 3, 10–22. [CrossRef]

344. Amilomotide | ALZFORUM. Available online: https://www.alzforum.org/therapeutics/amilomotide (accessed on
26 July 2020).

345. A Study of CAD106 and CNP520 Versus Placebo in Participants at Risk for the Onset of Clinical Symptoms
of Alzheimer’s Disease—Full Text View—ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/

show/study/NCT02565511 (accessed on 26 July 2020).
346. Farr, S.A.; Ripley, J.L.; Sultana, R.; Zhang, Z.; Niehoff, M.L.; Platt, T.L.; Murphy, M.P.; Morley, J.E.; Kumar, V.;

Butterfield, D.A. Antisense oligonucleotide against GSK-3β in brain of SAMP8 mice improves learning
and memory and decreases oxidative stress: Involvement of transcription factor Nrf2 and implications for
Alzheimer disease. Free Radic. Biol. Med. 2014, 67, 387–395. [CrossRef]

347. DeVos, S.L.; Miller, R.L.; Schoch, K.M.; Holmes, B.B.; Kebodeaux, C.S.; Wegener, A.J.; Chen, G.; Shen, T.;
Tran, H.; Nichols, B.; et al. Tau reduction prevents neuronal loss and reverses pathological tau deposition
and seeding in mice with tauopathy. Sci. Transl. Med. 2017, 9, eaag0481. [CrossRef]

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

http://dx.doi.org/10.1111/j.1471-4159.2009.05919.x
http://www.ncbi.nlm.nih.gov/pubmed/19166507
http://dx.doi.org/10.5966/sctm.2015-0414
http://www.ncbi.nlm.nih.gov/pubmed/28191778
http://dx.doi.org/10.1016/j.trci.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31334330
http://dx.doi.org/10.1055/s-0039-1678581
http://www.ncbi.nlm.nih.gov/pubmed/30925615
http://dx.doi.org/10.1093/brain/awy132
http://www.ncbi.nlm.nih.gov/pubmed/29850777
http://dx.doi.org/10.1002/trc2.12050
https://www.alzforum.org/therapeutics/lmtm
https://clinicaltrials.gov/ct2/show/NCT03446001
http://dx.doi.org/10.1186/s12929-019-0609-7
http://dx.doi.org/10.1016/j.trci.2016.12.003
https://www.alzforum.org/therapeutics/amilomotide
https://clinicaltrials.gov/ct2/show/study/NCT02565511
https://clinicaltrials.gov/ct2/show/study/NCT02565511
http://dx.doi.org/10.1016/j.freeradbiomed.2013.11.014
http://dx.doi.org/10.1126/scitranslmed.aag0481
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Alzheimer’s Disease: State of the Art 
	The Amyloid Cascade Hypothesis 
	Familial Form of Alzheimer’s Disease 
	Sporadic Form of Alzheimer’s Disease 
	Molecular Mechanism of -Amyloid Cleavage 
	Biomarkers from Amyloid Cascade Hypothesis for AD Diagnosis 

	Insight into Alzheimer’s Disease as a Metabolic Disorder 
	Glucose Metabolism and AD 
	Adipose Tissue Dysfunction and AD 
	Energetic Metabolism, Mitochondria Dysfunction, and AD 
	Lysosomes Dysfunction and AD 
	Metabolic Syndrome 

	Cross-Talk between Metabolic Dysfunctions, Neuroinflammation, and Neurodegeneration in AD 
	Neuroinflammation, Metabolic Alteration, and AD 
	Neurodegeneration, Metabolic Alteration, and AD 

	Concluding Remarks 
	References

