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Abstract: Alzheimer’s disease (AD) is an incurable, progressive neurodegenerative disorder. AD is a
complex and multifactorial disease that is responsible for 60–80% of dementia cases. Aging, genetic
factors, and epigenetic changes are the main risk factors for AD. Two aggregation-prone proteins play
a decisive role in AD pathogenesis: β-amyloid (Aβ) and hyperphosphorylated tau (pTau). Both of
them form deposits and diffusible toxic aggregates in the brain. These proteins are the biomarkers
of AD. Different hypotheses have tried to explain AD pathogenesis and served as platforms for AD
drug research. Experiments demonstrated that both Aβ and pTau might start neurodegenerative
processes and are necessary for cognitive decline. The two pathologies act in synergy. Inhibition
of the formation of toxic Aβ and pTau aggregates has been an old drug target. Recently, successful
Aβ clearance by monoclonal antibodies has raised new hopes for AD treatments if the disease is
detected at early stages. More recently, novel targets, e.g., improvements in amyloid clearance from
the brain, application of small heat shock proteins (Hsps), modulation of chronic neuroinflammation
by different receptor ligands, modulation of microglial phagocytosis, and increase in myelination
have been revealed in AD research.

Keywords: Alzheimer’s disease; toxic amyloids; Aβ; tau; genetics; amyloid clearance; vascular
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1. Introduction

Neurodegenerative diseases (NDDs) represent a big part of neurological disorders.
NDDs are characterized by the loss of synapses and neurons in the central nervous system
(CNS). Neuronal loss often generates the decline of cognitive functions and dementia. Many
NDDs have a common central neuropathological event: misfolded, toxic protein aggregates
(amyloids) are accumulated in the CNS. NDDs can be regarded as protein homeostasis
disorders: the level of several aggregation-prone proteins is increased, and subsequent small
conformational changes result in the accumulation of pathogenic, β-structured amyloid
proteins. Many amyloid protein structures are self-replicating, display prionoid character,
and their aggregated form is propagated from cell to cell (transmissible pathology) [1].
The prionoid propagation of several amyloids (e.g., tau protein and α-synuclein) has
been proven. The precise molecular mechanism of the conversion of a nontransmissible
protein to the pathogenic prionoid form is not completely understood. Although the native,
functionally-folded proteins possess important physiological functions, their misfolded
amyloid aggregates are toxic to brain cells. The amyloid structure fundamentally differs
from the globular state of these proteins and has remarkable similarities in the molecular
and supramolecular organization [2]. Medical research has revealed common disease
pathways among NDDs [3]; the most important of them is the accumulation of toxic,
misfolded proteins.
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Distinct NDDs are coupled to the accumulation of different misfolded amyloid pro-
teins: AD to β-amyloid (Aβ), hyperphosphorylated tau (pTau) and other proteins, Parkin-
son’s disease (PD) to α-synuclein (α-syn), Huntington’s disease (HD) to huntingtin, amy-
otrophic lateral sclerosis (ALS) to SOD-1 or TDP-43, and prion diseases to prion proteins.
Amyloid accumulation may also occur in the parenchymal organs of the periphery (e.g.,
heart and kidneys) and cause the progress of serious diseases. Existing treatments for
NDDs are limited and mainly address symptoms rather than causes of the disease. Very
recent studies have shown that these diseases are complex and multifactorial, presenting
hurdles for discovering novel therapies. In the recent genomic era, novel experimental
results have opened up the opportunity for using genetic, epigenetic, transcriptomic, pro-
teomic, metabolomics, and lipidomic data for designing novel drugs for the treatment of
NDDs. Developing preventive and, ultimately, disease-modifying therapies for slowing the
progression of neurodegeneration in AD and other NDDs seems to be one of the greatest
medical needs of our time.

The present review first summarizes our most important knowledge of AD (pathology,
genetic background, different hypotheses of the progression of AD, and novel methods for
early diagnosis). In the second part, we show novel targets for preventing and/or slowing
the progress of AD (e.g., increase in amyloid clearance, inhibition of amyloid formation
and accumulation, and modulation of neuroinflammation).

2. Alzheimer’s Disease
2.1. Pathology and Classification of AD. Aging and Dementia. The Main Risk Factors of AD

Presently, AD is an incurable and progressive neurodegenerative disorder character-
ized by mixed proteinopathy, progressive dysfunction and loss of synapses, behavioral
dysfunction, memory loss, and rapid cognitive decline [4]. Clinicopathologically, AD is
a heterogeneous, multifactorial disease with different pathobiological subtypes. AD is
rather a spectrum, a continuum from the preclinical, asymptotic phase via mild cognitive
impairment to severe AD dementia [4]. Extremely complex, interrelated, and destructive
processes lead to cell death and dementia. Novel strategies emphasize the importance of
multitarget therapies for AD treatment due to the heterogeneity of the disease [5].

Excellent reviews based on the results of systematic postmortem analyses summarize
the pathology of AD [5–9]. The two most important pathological hallmarks of AD brains
were described by A. Alzheimer in 1907. These are the formation of extracellular Aβ

deposits (plaques) and intracellular neurofibrillary tangles (NFTs). Different Aβ deposits
have been found in the brain and cognitively normal individuals. The distribution of
amyloid plaques represents the major difference between cognitively normal individuals
and AD patients. All types of cerebral, nonvascular Aβ deposits are referred to as “senile
plaques.” Cerebral Aβ deposition shows different phases [10]. Diffuse plaques occur in
brain regions in β-amyloidosis at early stages, and cored neuritic plaques only occur in
later stages of Aβ deposition. Diffuse plaques appear in all phases of deposition. The
presence of diffuse plaques is not coupled to AD, while neuritic plaques have been shown
to be associated with dementia. Aβ deposits mainly have a complex structure that contains
several coaggregating proteins (Apolipoprotein E: APOE, Cathepsin D, and Clusterin), as
well as dystrophic neurites and microglia. Other morphological hallmarks are vascular
amyloid deposits, neuroinflammation, neuronal loss, and astrogliosis.

AD is classified into early onset (EOAD) and late-onset (LOAD) forms. Both forms
possess common pathological features. The symptoms appear before the age of 65 in EOAD
and after 65 in LOAD. The different clinical forms of AD have been classified into four
subtypes based on the distribution of tau pathology and neuronal loss: typical, minimal
atrophy, limbic predominant, and hippocampal spearing subtypes. Deposition of Aβ to
extracellular plaques follows different pathways and shows distinct patterns. The specific
pattern of tau pathology correlates better than that of Aβ deposition with the clinical
symptoms of AD patients (cognitive impairment and memory loss). AD starts when both
amyloid and tau pathologies overlap [11]. Several other heterogeneous AD variants have
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recently been identified based on the atrophy of different neuronal networks. Age-related
copathologies are also frequent (e.g., Lewy bodies and hippocampal sclerosis), which makes
it difficult to understand the pathomechanism of AD in individual cases [9].

The neuropathological staging of AD was already performed in 1991 [12] based on
the development of tau (NFT) pathology in the brain (stages I to VI). Braak stages show
some correlation to the clinically observed severity of dementia. Thal and coworkers
demonstrated that the spreading of amyloid deposits in the brain could be predicted
and occurs in five stages [13]. Aβ plaques appear in the neocortex in phase 1 (cognitive
functions, working memory, speech perception, and language skill). Later, Aβ deposition
also occurs in allocortical brain regions (phase 2). Subcortical areas (striatum and basal
cholinergic forebrain nuclei) are involved in further depositions (phase 3). In phase 4,
several brainstem nuclei (vital functions and relaying neuronal impulses) are affected by
the deposition of a high density of plaques, and their level is in good correlation with
the symptoms of dementia. Finally, phase 5 is characterized by amyloid depositions in
the cerebellum (movement coordination). Biomarkers can monitor the deposition of Aβ

plaques and tau in living patients. These studies demonstrate that Aβ and tau pathologies
already start decades before symptoms of cognitive decline in AD patients (biomarker-
based diagnosis of the preclinical stage, see Section 2.5).

AD is the most common cause of dementia. Although the basic pathophysiological
mechanism of AD is not yet clear, many indications address the importance of aging, as
well as genetic and environmental factors. Aging seems to be the most important risk factor
of AD (“the neurobiology of aging and AD is walking down the same road”) [6]. Some of
the hallmarks of aging (e.g., mitochondrial dysfunction, low-grade chronic inflammation,
and loss of proteostasis) overlap with the hallmarks of AD. Aging, genetic background,
and epigenetic changes are the main risk factors for AD.

Normal aging of the brain induces many changes. There are gross and microscopic
alterations in the brain structure and metabolism (e.g., volume loss, demyelination, en-
largement of ventriculi, dysfunction of the cholinergic system, decreased ligand binding
affinity of several receptors, alteration in gene expression, a decrease in synaptic function,
lipofuscin accumulation, disturbances of the blood-brain-barrier (BBB) function, an increase
in cellular waste, etc.) [14]. Tissue atrophy, alteration in certain neurotransmitters, and
dyshomeostasis of the cellular environment accompany normal aging and ultimately result
in cognitive decline [14].

Dementia, a common sign of NDDs, is not a part of normal aging. It is very different
from the cognitive decline that manifests during normal aging. Dementia is a syndrome of
acquired, progressive cognitive impairment, frequently accompanied by depression, loss of
memory, orientation, etc., which symptoms result in disruption of basic self-care. There are
several modifiable risk factors for dementia, e.g., smoking, diabetes, obesity, depression,
and physical inactivity [15].

Aging is accompanied by more and more frequent misfolding and aggregation of
proteins [16,17]. Active balancing of protein synthesis and degradation are critical processes
in the cells [18]. An adaptive network of functions called protein quality control (PQC)
has evolved over millions of years to maintain cellular protein homeostasis (proteostasis).
Different chaperones (e.g., heat shock proteins, Hsps) control the correct folding and
aggregation of proteins. The vulnerability of the aging brain tissue may be demonstrated
by the presence of suboptimal levels of proteostasis components (low levels of aggregation
protectors and high levels of aggregation promoters) [19]. If PQC fails, a misfolding
process results in the formation of pathogenic aggregates that are divided into two groups:
unordered amorphous and rather ordered fibrillar amyloids [16]. Several disease-related
amyloids (e.g., β-amyloid peptides) possess a high propensity for irreversible aggregation.
It has been uncovered that age-dependent protein aggregation is a common feature of
aging [17]. Structural alteration of the peptidic backbone might be one of the reasons for
protein aggregation [20]. Spontaneous isomerization and epimerization of the aspartyl
residue to D-Asp and L- and D-isoAsp results in modified protein structures with high
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protease resistance [21,22]. Hundreds of proteins become highly insoluble during the aging
process [23]. Results of systematic postmortem analysis of AD brains demonstrated that
two amyloid proteins play a decisive role in the development of AD: Aβ (mainly the 1–40
and 1–42 amino acid peptides) and pTau (see Section 2.3).

2.2. Genetic Background of AD, the Multiplex Model

Both forms of AD show high heritability [24]. The estimated heritability is over 90% for
EOAD, and it is in the range of 60–80% for LOAD. Mutations in the amino acid sequence
of the amyloid precursor protein (APP) and presenilin (PS) genes (presenilin 1 and 2
proteins are important for APP processing to Aβ) are causative factors for EOAD [8]. About
60 highly penetrant APP mutations have been discovered that are involved in the progress
of EOAD. (Interestingly, a protective mutation of APP that decreases Aβ aggregation was
found in the Iceland population [25]). PSEN mutations are responsible for 80% of EOAD
cases. Over 350 mutations have been identified so far. The amyloid hypothesis is based on
the strong genetic evidence of EOAD and Down syndrome. Altered APP processing and
Aβ overproduction are in the background of AD.

The genetics of LOAD is much more complex than that of EOAD, and it is the result
of combined influences of multiple genetic loci or polygenic effects. Genetic studies have
demonstrated that AD is a multicomponent disease [26]. Until 2020, over 50 genetic risk
factors have been identified that are responsible for LOAD (multiplex model of AD) [26].
APOE4 was proven to be the strongest single risk factor for LOAD (cholesterol synthesis
and transport). It has recently been demonstrated that ApoE4 significantly increases tau
pathogenesis and tau-associated neurodegeneration. Global ApoE deficiency is strongly
protective [27]. Very recently, it was found that deletion of neuronal ApoE4 drastically
reduces tau pathology in pTau overproducing PS19-ED mice [28]. These studies provide
evidence that ApoE4 influences a multitude of events in AD progression (Aβ and tau
accumulation, neuronal hyperexcitability, and myelin deficits). It was also reported that
ApoE4 does not directly drive neurodegeneration, but microglia may mediate the effect
of ApoE4 [29]. Interestingly, the majority of the genes/loci are associated with immune
functions. For example, the TREM2 (triggering receptor expressed on myeloid cells 2) gene
was identified to play a key role in microglia and macrophage function [30]. Genome-wide
association studies (GWAS) enable the study of tens of thousands of patients and millions
of genetic variations [31]. A two-stage GWAS was performed with 111,326 clinically diag-
nosed AD patients and 677,663 control individuals [32]. In these studies, 75 AD risk loci
were found, of which 42 were new. Over 130 AD-associated loci were identified by GWAS,
among them APOE4, TREM2, CR1, CD33, CLU, BIN1, CD2AP, PICALM, SORL1, SP11,
RIN3, and more genes in another study [33]. Pathway analysis methods were used for
studying genomic associations for identifying disease-relevant processes [33]. It was found
that the majority of the genes are associated with immune functions. According to the
multiplex model, besides immunity and inflammation, other pathways (for example, endo-
cytosis, cholesterol metabolism and transport, Aβ clearance, tau processing, autophagy, and
vascular factors) also participate in AD initiation. Genetic approaches have provided the
first convincing evidence that the immune system plays a decisive role in the progression
of AD.

Beyond inherited genetics, somatic mutations and diverse epigenetic mechanisms
(DNA methylation, histone modification, chromatin remodeling, and long, noncoding
RNAs) may participate in aging and neurodegeneration of the brain [34].

2.3. Amyloid Structures. Physiological and Pathophysiological Role of the Aβ and Tau Proteins

Amyloidogenic processing of APP provides a heterogeneous mixture of Aβ peptides
of 37 to 43 amino acids. The physiological (neuroprotective) role of the monomeric Aβ

1–42 peptide has been widely reviewed [35–37]. Very recently, a Special Issue of Fron-
tiers in Molecular Neuroscience has been published dealing with the physiological and
pathological role of Aβ in detail [38].
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Monomeric Aβ 1–42 is a neuropeptide, a physiological neuroprotector. Aβ 1–42
regulates synaptic function, neural circuitry, organelle trafficking, neurogenesis, neuroin-
flammation, and cognitive processes in picomolar concentrations [38]. Aβ 1–42 in low
concentration suppresses microbial infections and can seal leaks in the blood-brain barrier,
BBB (“vascular plug”) [37,39]. In physiological concentrations, Aβ maintains angiogenesis
and vascularization, protects the BBB, promotes recovery after brain injury, and acts as
a tumor suppressor [39]. Aβ can be produced intracellularly by APP cleavage. External
Aβ can enter the cells by receptor-mediated internalization [40]. Aβ monomers start to
aggregate into different Aβ oligomers over a critical concentration [41]. Intracellular Aβ

also participates in neurodegenerative processes [42]. The aggregation process provides
different Aβ assemblies; in the first step, oligomers (oAβ):

native Aβ monomer→ partially folded monomer→ transient oAβ→ protofibrils (β-sheet
→ structured oAβ→ fibrils (cross-β)→ big aggregates, plaques.

Amyloid aggregation has been experimentally studied under in vivo conditions [43].
Amyloid proteins interact with other proteins (cross-seeding) [44]. It was found that
cross-seeding plays a key role in amyloid formation. Lipids (e.g., gangliosides and choles-
terol) and divalent metal ions (e.g., zinc, copper, and iron) are good nucleators for Aβ

(Section 2.4) [45]. Experiments (TEM studies of Aβ aggregates) demonstrated that several
D-amino acids (D-Ala, D-Phe, D-Glu, and D-Asp) and DL-selenoMet initiate Aβ aggre-
gation (enantiomeric-induced aggregation [46]). Most of the L-amino acids did not affect
amyloid aggregation. Selenium nanoparticles inhibited enantiomeric-induced amyloid
aggregation and could be beneficial compounds for AD treatment.

It was demonstrated that protein insolubility and aggregation might be critical for
mediating the pathogenesis of NDDs in older ages. Thus, inhibition of the aggregation pro-
cess seems to be a good target of drug design against NDDs. The very recent development
of techniques, such as cryo-EM (cryo-electron microscopy), solid-state NMR (solid-state
nuclear magnetic resonance), and AFM (atomic force microscopy), has opened up new
ways of understanding amyloid structure [2,47]. Cryo-EM data can be integrated into
comparative morphometric AFM image analysis of amyloid fibrils [48]. Cryo-EM studies
demonstrated the complex structure and peptide conformation of Aβ fibrils isolated from
the brain of AD patients [49–51].

Animal studies demonstrate that oAβ is sufficient and necessary for AD-associated
neurodegeneration [52,53]. Aβ oligomers have toxic effects on the brain [41]). They were
shown to inhibit axonal transport, cause synaptic damage and dysfunction of neuronal
plasticity, Ca2+-dyshomeostasis, oxidative stress, ER stress (endoplasmic reticulum stress),
and selective neuronal death. One of the most important effects of oAβ is the promotion of
tau-hyperphosphorylation. Oligomeric Aβ interacts with the lipid membrane components
(e.g., ganglioside GM1) and directly binds to different receptors [54]. Not all the binding
proteins are genuine receptors since Aβ has an intrinsically disordered structure and can
associate with many proteins.

The most important pathogenic events induced by toxic oAβ are (1) stimulation of
tau-hyperphosphorylation, (2) impairment of mitochondrial function, (3) disruption of
Ca2+ and protein homeostasis, and (4) induction of autophagy dysfunction. [40].

Another key player in AD progression is the tau protein. Alternative splicing of
the human microtubule-associated protein tau (MAPT) gene provides six tau isoforms,
which may aggregate into oligomers and filaments [41]. Tau shows a large number of
post-translational modifications [55].

The physiological role of tau proteins is widely reviewed [56,57]. As a multifunctional
protein, tau plays an important role in physiological processes [41,58]. Tau participates
in maintaining DNA integrity, protects and regulates microtubules and axonal transport,
interacts with cytoskeletal proteins (e.g., actin and spectrin), and regulates the shape of the
cells [39]. Native tau is necessary for normal myelination and also regulates transcription at
the cell nucleus. Tau is also a synaptic protein. Very recently, it has been demonstrated that
tau plays a basic role in accelerating spine formation, dendritic elongation, and synaptic
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plasticity [59]. Native tau modulates NMDA (N-methyl-D-Aspartate) receptor signaling
and influences intracellular Ca2+ levels. Native tau is a highly soluble protein and not
prone to aggregation in its monomeric form. Phosphorylation of tau proteins in specific
sites (Thr 231 and Ser 235, 262, 293, 324, and 356) results in the formation of pathological
hyperphosphorylated proteins. In a cellular model, Aβ addition was shown to catalyze
tau-hyperphosphorylation via activation of protein kinases DYRK1 and Fyn. Hyperphos-
phorylated tau dissociates from the microtubules and forms toxic assemblies:

abnormally phosphorylated monomer (pTau)→ dimer, trimer→ small soluble oligomers
(oTau)→ granular oligomers→ straight filaments→ paired helical filaments→ neurofib-
rillary tangles.

The monomeric form, filaments, and tangles are probably not toxic; however, the
diffusible oligomers are toxic [60]. Recently, several cryo-EM studies have revealed the
structure and peptide chain conformation of the helical filaments isolated from an AD brain
at the atomic level [61].

Hyperphosphorylated tau aggregates possess several pathophysiological actions:

• Disaggregation and collapse of microtubules. Big tau assemblies may cause a direct
physical blockade of axonal transport.

• Loss of DNA protection at the nucleus.
• Increased excitability of neurons.
• Tau may bind to synaptic vesicles and disrupt the synaptic cytoskeleton causing

synaptic loss and disturbances of neural circuits.
• Tau causes neuroinflammation.
• Prion-like propagation: tau is able to spread cell to cell, most likely via macropinocy-

tosis and not by receptor support [62]. Several authors propose that AD may be an
infectious disease of the brain [63].

It is widely accepted that Aβ and tau proteins have a synergistic effect in the progres-
sion of AD: “Aβ is the trigger and tau is the bullet driving AD” [64,65]. It has recently been
demonstrated that the presence of both Aβ and tau is necessary for memory decline at the
beginning of AD [66]. Aβ and tau crosstalk shows that the two proteins are coupled in the
progression of AD.

2.4. The Ever-Changing and Developing Amyloid (and Tau) Hypotheses. Alternative Hypotheses
of AD

The importance and complexity of AD triggered the elaboration of a very large num-
ber of hypotheses dealing with the pathogenesis of the disease. Strong neuropathological
and genetic evidence support the mainstream concept of the amyloid hypothesis of AD.
According to the hypothesis, an imbalance in the production and clearance of Aβ results
in its overproduction and formation of toxic amyloid assemblies. Aβ accumulation and
deposition are the critical initial steps, the central events, and driving factors of the progress
of AD [67]. Synaptic loss, chronic neuroinflammation, microgliosis, astrocytosis, neuritic
dystrophy, tau-hyperphosphorylation, and formation of NFTs are the consequences of amy-
loid deposits. The hypothesis has been changed several times over the decades. Originally,
the amyloid plaques were proposed to be the culprits of the disease [67], followed by hy-
pothesizing such a role for Aβ oligomers [68]. Although inconsistencies and controversies
have been observed, the hypothesis has received continuous support for three decades in
the field of AD drug development.

Several experimental studies demonstrated that a pool of intracellular Aβ exists in the
brain at the very early stage of AD that may interact with subcellular organelles, thereby
affecting their normal function [69]. Novel evidence has suggested that extracellular Aβ

has a small impact on AD pathology, and the plaques alone cannot be responsible for the
whole pathological process [70]. The “intracellular Aβ (iAβ) hypothesis” assumes that
accumulation of iAβ in the brain cells is the earliest sign of AD. The toxic iAβ assemblies
trigger tau pathology and the formation of NFTs. The formation of extracellular plaques
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only occurs at later stages of the disease [71,72]. Indeed, a series of experiments have proven
the formation and accumulation of iAβ, e.g., observation of iAβ by light and fluorescent
microscopy, as well as by EM [73]. iAβ is selectively resistant to enzymic degradation and
accumulates in a nonfibrillar form in lysosomes [74]. The release of lysosomal proteases is
one of the earliest events of iAβ neurotoxicity [75].

The tau hypothesis. Several studies have demonstrated that tau hyperphosphorylation
and NFT formation are early events in the development of AD. It was found that pTau
cannot bind to the microtubules aggregates to NFTs after truncation of the polypeptide
chains [76]. NFTs are toxic and shift APP processing to elevated Aβ production. Exper-
iments demonstrated that pTau is a self-propagating protein with a prionoid character,
spreading from cell to cell [77]. The tau (or tau-propagation) hypothesis proposes that pTau
dissociates from the microtubules and aggregates to NFTs; this process precedes Aβ plaque
formation and drives AD development. It was observed that tau pathology in the brain
showed a good correlation with cognitive decline. Moreover, the formation of pTau proved
to be the common pathway of different, altered molecular signals [70,78]. According to the
tau hypothesis, pTau plays a central role in AD and is the diagnostic and therapeutic target
of AD research. Indeed, a shift from the physiological to the pathological level of tau was
observed in AD synapses [79].

Most attempts to develop Aβ-targeted drugs for treating AD ended in failure for many
years. As a consequence, an inevitable discussion, or rather a debate, started, whether
misfolded Aβ or tau amyloids are the culprits, upstream pathogenic causes for driving AD
progress. The problems of the amyloid hypothesis in understanding the pathomechanism
of LOAD led to a change in the target of drug research from Aβ to tau. However, the
experiments with the GSK-3 enzyme inhibitors, such as tideglusib and anti-aggregating
agents (methylene blue derivatives: Trx0014 and LMTM), resulted in controversial results,
and, thus, did not support the tau hypothesis. As Aβ and tau have neuroprotective effects,
it is possible that their overproduction is only a protective response to cellular stress
and damage.

Several research groups tried to unify the two hypotheses [79–81]. The “dual pathway
hypothesis” of Small and Duff tried to reconcile the two hypotheses. Other research groups
“revitalized” the tau hypothesis and provided an integrative model of AD pathogenesis [82].
However, the debate has not ended yet.

The metal ion hypothesis connects the two main Alzheimer’s hypotheses. Several
transition metal ions participate in physiological processes. They play important roles
in the maintenance of brain functions and may regulate the development of AD [83].
Postmortem analysis of amyloid plaques demonstrated the accumulation of copper, iron,
and zinc by 5.7, 2.8, and 3.1 times compared to the levels of normal brains, respectively [81].
Heavy metal ions can be bound to the His residues of Aβ (His6, His13, and His14) and to
pTau [84]. Metal ion imbalance induces Aβ and tau pathologies [85]. Zinc, copper, and
iron ions enhance the production of Aβ and subsequently bind to Aβ and tau, promoting
their aggregation. The misbalance of these metal ions is connected to the main factors of
the pathogenesis of AD (oxidative stress, protein aggregation, mitochondrial dysfunction,
energy deficiency, and neuroinflammation) [86]. Accumulation of iron and copper ions
can promote cell death by ferroptosis or cuprostosis [87]. Therefore, metal ion chelators as
therapeutic agents have been used for treating AD (Section 3). Metal ion chelators are also
potential drug candidates for modulating neuroinflammation in AD.

In addition to the above processes, many other factors can affect the occurrence of AD.
The results of novel experiments with rhesus monkeys connect the tau and glutamatergic
dysregulation hypothesis [88]. Accordingly, vulnerable glutamatergic neurons are responsi-
ble for Ca2+-dysregulation, and this event induces the formation of pTau and NFTs. As a
consequence, tau pathology might be the key initiating factor for LOAD and suggests that
future AD drugs should reduce tau pathology.

The most detailed hypothesis of the initiation and progress of AD was introduced by
De Strooper and Karran [89]. The AD continuum includes three stages. First, clearance
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problems and proteostasis failure lead to abnormal Aβ and tau formation (biochemical
phase). Several genes participate in this process (e.g., APOE4, LRP1, ABCA7, SORL 1,
PICALM, and AQP4). In the second phase, each type of brain cell (neurons, microglia,
astrocytes, oligodendrocytes, the glioneuronal unit, and the neurovascular unit) partic-
ipates in the progress of degeneration (cellular phase). These changes result in chronic
neuroinflammation, chronic imbalances in neuronal circuitry, cell failure, and cell death.
The clinical phase is characterized by hippocampal shrinkage, MRI changes in the brain,
alterations of CSF, and dementia. The whole process may take two to three decades.

The history and development of the various AD hypotheses and clinical trials have
been excellently reviewed in [90]. The short list of the hypotheses is as follows:

1. Aβ, very probably iAβ, is the initiating factor of AD [66].
2. Loss of cholinergic neurons and neurotransmission are causing factors of AD [91].
3. Deficit of the glutamatergic system [88] triggers tau overproduction.
4. Abnormal phosphorylation of tau proteins is in the background of AD initiation and

progress [76].
5. According to the dual cascade hypothesis, cellular processes in the brain cortex

simultaneously drive tau and Aβ pathology [80].
6. Metal ion hypothesis: several transition metal ions accelerate amyloid aggrega-

tion [84,85].
7. Mitochondrial dysfunction starts a cascade of pathological events in brain cells [92].
8. Chronic neuroinflammation is responsible for the initiation of damage to neurons [93].
9. According to the vascular dysfunction hypothesis, impaired brain circulation and

endothelial-mediated processes play central roles in AD pathogenesis [94,95].
10. Impaired amyloid clearance (BBB and glymphatic clearance) is the main cause of

amyloid accumulation in AD [96].
11. Aβ peptides are generated in the periphery and enter the brain via the BBB [97].
12. Aging is the main driver of sporadic AD pathogenesis. Each type of brain cell

(microglia, astrocytes, and brain vasculature cells) participates in pathophysiological
events [89].

We propose that distinct hypotheses might be valid and applicable to understand-
ing the pathology of different forms of AD. In EOAD, the priority of Aβ has already
been demonstrated. Well-known mutations of APP, PS1, and PS2 are responsible for the
formation of toxic Aβ species, and the familial disease shows autosomal dominant in-
heritance [98]. The other form of AD, LOAD, is a very heterogeneous disease. It is very
probable that not only toxic Aβ can initiate the formation of the “bullet” via tau hyperphos-
phorylation and NFT formation [64]. Experimental and clinical data have resulted in the
consensus that AD is an amyloid-provoked tauopathy. It is agreed that both Aβ and pTau
are necessary for cognitive decline [66]. Tau-originated toxic NFT is the common pathway
in all subtypes of AD [78]. It can be accepted that either pTau or NFTs alone are able
to start AD pathology, e.g., after dysfunction of the glutamatergic system or other stress
conditions [88]. However, experimental evidence demonstrates that Aβ (very probably
iAβ, which seems to be the earliest sign of pathological events in AD) is the primary factor
in starting AD progress in most cases. Figure 1 shows a short summary of the diversity
of the possible initiating factors and the pathophysiological processes resulting in cellular
dyshomeostasis and cell death.
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sporadic form (LOAD), aging, unfavorable gene combinations, epigenetic changes, and various
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injury, proteostasis, and clearance disturbances lead to Aβ accumulation and subsequent formation
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2.5. Early Diagnosis of AD, Molecular Biomarkers

Early diagnosis at the preclinical stages of AD is an important issue since amyloid
accumulation in the brain begins more than two decades before cognitive decline. AD
continuum means that the progress of cognitive decline has several steps [99]:

chronic stress→ subjective cognitive decline (SCD)→mild cognitive impairment (MCI)
→ AD dementia.

Reversal of AD dementia is not possible yet. Contrary, MCI can be reverted to the
normal condition [99]. A very early diagnosis may facilitate preventive pharmacological
and nonpharmacological treatments before dementia manifests.

Finding and validating standard clinical diagnostic biomarkers is not an easy task,
partly owing to the complexity of AD. The diagnostic process has several subsequent
steps from detection of cognitive impairment until treatment (laboratory tests, genotyping,
neurological examination, cognitive and functional tests, then brain structural imaging, CSF
and blood biomarker analysis, and finally diagnosis) [100]. Prediction of AD progression
would be essential for planning treatment and medication. However, it has remained a
challenging task so far. It is supposed that AD can be diagnosed based only on biomarker
abnormalities [101]. In other words, AD diagnosis can be based purely on biology, without
cognitive tests.

Diagnostic tools [102]. Brain imaging and fluid biomarker analysis are the most fre-
quently used assays for the detection and staging of the disease. During the last decade,
there was a great development in the field of neuroimaging [103]. Precise detection of both
Aβ and tau in the blood and brain are essential tools for AD diagnosis. The leading neu-
roimaging methods have been PET and MRI; less frequently used are CT and SPECT, the
latter being a nuclear imaging technique [104]. Functional MRI (fMRI) indirectly measures
brain activity and the integrity of brain networks in the MCI stage. Multimodal MRI can be
effectively used for the prediction of AD progress [103]. The application and evaluation
of different tau biomarkers (tau-PET, CSF- and blood-based markers) have been recently



Int. J. Mol. Sci. 2023, 24, 5383 10 of 23

reviewed [105]. The use of second-generation tau-PET tracers improved our understanding
of the heterogeneity of AD and helped for staging the disease. The application of brain
imaging techniques is reviewed in the World Alzheimer Report 2021 [106].

It is not rare that cognitively normal patients have degeneration in the cholinergic
white matter [107,108]. It is assumed that the integrity of cholinergic pathways might be a
good indicator of early changes in AD progress. Individuals without cognitive decline but
possessing abnormal Aβ and tau PET images (plaques and NFTs) are also at a high risk of
AD [109]. When both Aβ and tau are present in the brain, it can no longer be considered a
risk factor but rather a diagnosis [105]. Other approaches, such as electroencephalography
(EEG), have also been used for early diagnosis of MCI and AD [110].

The levels of fluid biomarkers of AD (mostly Aβ and tau) can be measured in the
cerebrospinal fluid (CSF) and blood. CSF analysis has a disadvantage: it needs invasive
treatment (lumbar punction). The routine analytical methods are quantitative measure-
ments of Aβ 1–42, pTau 181, and the ratio of pTau 181/Aβ 1–42 by immunoassay [111,112].
CSF concentration of Aβ peptides can also be measured by the automated tandem mass
spectrometry method (HPLC-MS/MS) [113]. The U.S. FDA has recently granted marketing
approval for a novel CSF-test (Lumipulse G-amyloid ratio(1–42/1–40) as a cheap alternative
to PET for early detection of amyloid accumulation in AD brains [114]). (The Aβ 1–42/1–40
ratio in CSF strongly correlates with the PET status of the brain).

The application of a new blood test, a not complicated binding assay, has recently been
published for very early detection of soluble toxic Aβ peptides (SOBA) [115]. Further stud-
ies should demonstrate the suitability of the SOBA method for identifying patients at risk of
cognitive decline. Parallel work was performed for the detection of Aβ oligomers in mouse
brains using a new PET-tracer (a 64Cu-labeled aza-peptide) [116]. This approach gave
unbelievably early detection of oAβ increase compared to the standard 11C-PET method.

A radical improvement in blood tests for AD diagnosis has been developed [117]. It
was demonstrated that measuring the levels of multiple blood biomarkers (pTau 231; pTau
231 and Aβ 42/40 together) was sufficient for identifying AD pathology. Blood tests were
performed with a group of 242 patients and repeated for up to 6 years, along with MRI and
cognitive testing. Evaluation of the experimental data gave interesting results: only pTau
217 was related to typical AD pathology over the 6-year testing period. Thus, pTau 217
may be an ideal biomarker in the clinical phases of AD for monitoring disease progression
and the protective effects of drug candidates. “The novel blood test will revolutionize the
diagnosis of AD” [117].

3. Conventional and Novel Targets for Slowing and/or Preventing the Progress of AD

There are no disease-modifying drugs for AD treatment yet. Existing drugs, e.g.,
cholinesterase inhibitors (donepezil) and NMDA receptor modulators (memantine), only
show a palliative effect. There are serious problems in target identification for the devel-
opment of AD drugs. Both amyloid proteins (Aβ and tau) possess essential physiological
functions in their native state. Therefore, the full blockade of their biosynthesis may cause
very severe side effects [118]. The molecular heterogeneity of Aβ and tau assemblies makes
target identification very problematic: which species should be targeted to stop neurode-
generation? If aging is the most dangerous risk factor for AD, how can we slow down the
natural aging processes? Finally, the lack of a good animal model for AD causes difficulties
in translating the results of animal experiments.

Various biochemical pathways that suppress or remove aggregated proteins are now
targeted and examined after a series of failed clinical studies with old AD-drug candidates.
Several of these pathways of AD are summarized in Figure 1. The application of multitarget
Alzheimer’s drugs has very recently been widely reviewed [119]. Intracellular Aβ is also a
therapeutic target [120].
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3.1. Inhibition of the Formation of Toxic Amyloid Aggregates
3.1.1. Decreasing Aβ Production

The first approaches to AD drug development were focused on the partial inhibition
of the formation Aβ peptides. Inhibitors of γ- and β-secretases, the key enzymes of
amyloidogenic APP processing, have reached phase 2 and phase 3 steps in clinical trials.
Although β-Secretase 1 (BACE 1) inhibitors reduced Aβ production, the drug candidates
were not able to slow down cognitive decline [118]. γ-Secretase inhibitors (e.g., avagacestat
and semagacestat) caused cognitive loss and other severe side effects.

Activation of the nonamyloidogenic pathway of APP procession by activation of α-
secretase might be another approach for decreasing Aβ biosynthesis. Unfortunately, the α-
secretase enzyme activators also gave discouraging results in the clinical application [121].

3.1.2. Blocking Aβ Aggregation

The mechanism of amyloid protein aggregation has been recently reviewed [122–124].
Targeting Aβ aggregation is a very frequently used strategy in AD drug development [125].
Many natural or synthetic small molecules, peptides, and peptidomimetics were studied for
their modulatory effect on Aβ aggregation [118]. Polyphenols, tetracyclines, anthracyclines,
and sterols have been used as anti-amyloid compounds [125].

The neuroprotective effect of several natural polyphenols (resveratrol, epigallocat-
echin, epigallocatechin-3-gallate (EGCG), myricetin, curcumin, and quercetin) has been
studied [126]. Myricetin inhibits Aβ nucleation, while resveratrol, curcumin, quercetin,
and EGCG inhibit fibril elongation. Resveratrol and curcumin also decrease the hyperphos-
phorylation and aggregation of tau protein. Most of the polyphenols (besides inhibiting
amyloid aggregation) have an antioxidant effect scavenging free oxygen radicals and pro-
tecting DNA from oxidative damage. Resveratrol also modulates neuroinflammation and
induces adaptive immunity. Unfortunately, the bioavailability of resveratrol and curcumin
is very low. Recently resveratrol was combined with selenium nanoparticles (formation of
ResSeNPs). The novel combination has good absorption and might improve resveratrol
application in AD treatment [127]. Chitosan-containing selenium nanoparticles (Ch-SeNPs)
also inhibited D-amino acid enantiomeric-induced amyloid aggregation [46].

Multifunctional metal chelators of the different chemical structures have been de-
signed as potential anti-AD drugs as metal dyshomeostasis contributes to the onset and
progression of neurodegeneration [128,129]. Clioquinol, a metal-protein attenuating com-
pound, chelates copper and zinc ions and decreases amyloid aggregation in the brain [130].
PBT2, a clioquinol-related second-generation drug, has been used in clinical studies for the
treatment of AD. The Phase 2 study in 42 prodromal AD or mild AD patients gave negative
results. However, novel metal chelators might have a better chance. Recent studies with a
BBB-permeable silica-cyclen nanochelator gave positive results in a cellular assay [131].

Native state stabilization in a highly crowded cellular environment [124] seems to be
a novel method of choice for inhibiting the formation of toxic Aβ aggregates. Peptides
designed for mimicking the Aβ amyloid core (ACM-peptides) coaggregate with Aβ 1–42
and form nontoxic nanofibers. Proteases easily degrade these fibers, and thus, ACMs might
be ideal anti-amyloid drug candidates ([132]. On the contrary, medin, a known protein,
promotes the formation of amyloid aggregates and deposits by coaggregation with Aβ.
Researchers hope that medin inhibitors could block the formation of amyloid deposits and
may behave as anti-amyloid agents [133]. It has been published very recently that 14-3-3
proteins also bind amyloids, and thus, they can also be targeted as an anti-aggregation
approach [134].

3.1.3. Blocking Tau Biosynthesis

Enzyme inhibitors: Tideglusib, a selective inhibitor of the tau-phosphorylating enzyme
GSK-3β, was planned to reduce tau-hyperphosphorylation, leading to pTau aggregation
and propagation. Tideglusib and similar compounds were able to reduce the amyloid
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formation and neuroinflammation. However, the clinical trials have not shown any bene-
fits [118].

3.1.4. Inhibiting Tau Aggregation and Fibrillation

Small molecules, such as a leukomethylene blue derivative (LMTM), have been used
as a tau aggregation inhibitor. The treatment was unsuccessful in a group of 800 patients
with mild AD in phase 3 clinical trials [135]. Several compounds have been recently studied
for inhibiting tau-fibrillation, till now without success [123].

3.1.5. Other Tau-Directed Potential Approaches

Inhibition of the retromer complex, a cargo-sorting protein assembly, increased the
toxicity of human tau via increased tau-truncation in an animal model [136]. Retromer
deficiency was also connected with tau pathology in Down syndrome patients [137]. There
is hope that these results can be translated into AD drug design. Bassoon (BSN), a synaptic
scaffold protein, also has an interesting effect: it interacts with tau seeds and contributes
to tau propagation and neurotoxicity [138]. In mice, BSN downregulation reduced pathol-
ogy and propagation by decreasing the stability of tau seeds. The inhibition of BSN-tau
interactions might be a novel therapeutic approach for treating AD and other tauopathies.

3.2. Improvement of Amyloid Clearance. Vascular Dysfunction, BBB, and the Glymphatic System

Increased concentration of soluble Aβ (sAβ) in the brain is highly correlative with the
severity of neurodegeneration [139], as sAβ seems to be responsible for the deterioration
of synaptic function [140]. Two processes contribute to Aβ accumulation in the brain: Aβ

production by APP cleavage and transport via the BBB.

3.2.1. Passive Immunotherapy with Monoclonal Antibodies (mAbs)

Passive immunotherapy uses exogenous humanized monoclonal or for the promotion
of Aβ clearance from the brain ([141,142]. Several mAbs (Bapineuzumab, Gantenerumab,
Aducanumab, Donanemab, Solanezumab, and Crenezumab) have been developed for
targeting amyloid plaques against different epitope regions of Aβ [143]. Recently, six mAbs
have entered phase 3 trials, and Aducanumab (Biogen) was approved by the U.S. FDA for
marketing [142]. However, the European Medicine Agency (EMA) refused the approval of
Aducanumab, and it is not authorized in Europe. Aducanumab got approval for 4 years
for performing a postapproval confirmatory trial (phase 4 trial). As for the neuroprotective
action of humanized mAbs, they target amyloid plaques and not monomers. The main
therapeutic hypothesis for the application of hmAbs is that reduction in Aβ and clearance
of amyloid plaques would be required for restoring homeostasis in the brain. Aducanumab
showed a robust decrease in amyloid burden and full removal of amyloid plaques. Unfor-
tunately, the drug shows a dose-related adverse effect: one-third of the patients showed
“amyloid-related imaging abnormalities” (ARIAs) that can be fatal.

Lecanemab (Eisai) treatment, designed to neutralize toxic Aβ protofibrils, has given
the best results in clinical studies till now. The phase 3 Clarity trial was performed with
1800 individuals (10 mg/kg mAb infusion every two weeks, 18 months study with early
AD patients). This treatment resulted in promising changes in the brain (reduced Aβ

and tau scan). However, cellular death was unaffected, and slowing the progress of
dementia was modest (only a 0.45 score on the cognition rating scale) [144]. Bleeding in
the brain as a potential risk of the lecanemab treatment was present in 22% of patients.
The pharmaceutical enterprise Eisai applied for accelerated approval of the drug to the
U.S. FDA, and the decision on January 6th this year was “full approval”. The success of
lecanemab was a big step in AD drug research but initiated a hot debate owing to the
modest effect and the risks of application.
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3.2.2. Clearance by the BBB and Activation of the Glymphatic System

Dysfunction of the neurovascular unit (NVU) may play a decisive role in AD
progress [95]. NVU is a complex system of pial arteries, penetrating arterioles, intra-
parenchymal arteries, and small capillaries. BBB is a specific brain composition of endothe-
lial cells in NVU, together with pericytes, basement membrane, and astroglial end feet.
NVU dysfunction is an essential element of AD pathogenesis and a molecular target for
AD therapies by prevention and repair of NVU damage.

Age-related declining efficacy of BBB/proteolytic pathways causes a decrease in CSF-
based Aβ clearance in humans [96].

In the late stage of AD patients, the production of Aβ peptides is relatively constant.
However, Aβ clearance is impaired. Brain capillary endothelial cells mediate Aβ clearance,
leading to Aβ accumulation in the brain. Aβ binding transport proteins, e.g., ApoE and
clusterin, as well as receptors (e.g., low-density lipoprotein receptor (LRP1), the receptor for
advanced glycosylation end product (RAGE), P-glycoprotein transporter (Pgp or ABCB1))
are expressed in BBB and control Aβ efflux and influx across the BBB.

Aβ deteriorates the components of NVU, and it induces endothelial cell injury by
promoting free radical (reactive oxygen species—ROS and reactive nitrogen species—
RNS) formation. Deposition of Aβ in BBB contributes to the damage of BBB [145]. Aβ

induces the release of inflammatory cytokines and chemokines (that leads to chronic
neuroinflammation), impairs BBB, and decreases blood flow by up to 40%. Endothelial
cell receptors and transporters may serve as potential therapeutic targets for increasing Aβ

clearance [146]. Reduction in RAGE activity and upregulation of LRP1 and Pgp expression
will increase Aβ clearance from the brain [146]. Endothelins (ETs, distinctive peptides of
21 amino acids) are well-known vasoconstrictive agents [147]. Endothelin is a novel target
of AD drug research: ET-receptor agonists and antagonists proved to be effective for the
prevention of AD in preclinical studies [147].

The glymphatic system (GS) is a unique fluid-transport pathway in the brain as it
provides access to all brain regions. It uses the network of tunnels created by astrocytes,
the interstitial space between cells such as the lymphatic system. GS pathway plays an
important role in cleaning waste from the brain [148]. If the GS does not work properly,
toxic waste (e.g., Aβ and pTau peptides) is not removed from the brain. ApoE plays a
decisive role in removing Aβ assemblies by the glymphatic system. Epigenetic changes
(reduced methylation of the APOE gene) are linked to AD progress. Aquaporin 4 (AQP4)
water channel is also an important factor for the GS: the loss of polarity of AQP4 reduces GS
functions. BBB and the GS interact in solute waste clearance in the late stages of AD [149].

GS fluid transport is suppressed in acute and chronic neuroinflammation [150]. Modu-
lation of brain fluid transport may be a novel target for developing new drugs to fight acute
and chronic inflammation in the brain. There is evidence that the presence of increased
wasteosomes (or corpora amylacea i.e., amyloid bodies) is an indicator of chronic failure of
the GS activity [151]. Chronic lymphatic insufficiency is a risk factor for NDDs, and thus,
improvement of the GS is a novel target of AD drug strategies.

3.3. Modulation of Chronic Neuroinflammation
3.3.1. Chronic Neuroinflammation

Chronic neuroinflammation (NI) begins in the second phase of AD progress, in the
cellular phase [89]. NI is a protective response against different factors causing CNS
damage. NI plays an essential role in AD pathogenesis. The innate immune system
represents the first line of defense. It was published in 2015 that chronic comorbidities (e.g.,
arthritis, atherosclerosis, obesity, and metabolic diseases), as well as low-grade systemic
inflammation, are risk factors for subsequent dementia [152]. IL-1β, TNF-α, and other
proinflammatory mediators may drive hypothalamic dysfunction, impair neurogenesis,
and cause cognitive functional decline [93,152]. Cytokine and chemokine signaling play a
decisive role in inflammatory diseases, and therefore, they can drive the processes of AD
development [153]. Neuroinflammatory markers [154,155] are very important indicators
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of pathological processes of NDDs [154]. External pathogens activate the brain’s innate
immune system (e.g., microglia and astrocytes) for the protection of brain cells. However,
overactivation of the immune cells results in the release of proinflammatory factors (TNF-α,
IL-1β, IL-18, NO, and others). Neuroinflammation begins in the cellular phase of AD and is
a potential risk for dementia [156,157]. Soluble oAβ can also activate microglia, producing
inflammatory cytokines, besides external pathogens [158]. Aβ activates several microglial
receptors, such as CD36, and thereby, it triggers the secretion of proinflammatory cytokines,
chemokines, and ROS.

Aβ assemblies can trigger the formation of the inflammasome NLRP3, lysosomal
disruption, and release of cathepsin-B [158]. Inflammasomes are sensors and regulators of
cellular injury and inflammation. Chronic triggering of inflammasomes in the brain tissue
leads to an increased level of IL-18 family cytokines [159]. Autophagy dysfunction may be
associated with AD pathology, and autophagy activation may suppress neuroinflammation
by degrading inflammasomes [160]. The development of small molecular autophagy in-
ducers represents a pharmacological opportunity for the protection of neurons in AD [161].

Microglia (MG) are central players in AD progress [162]. MG has an essential task in
the brain which is the perpetual active surveillance of synapses. Since MG are phagocytic
cells, they clean the brain tissue from terminally injured neurons, cellular corpses, and
debris [163]. MG also has a decisive role in the maturation of the brain by phagocytosis.
Deteriorated senescent neurons may cause NI in the AD brain if microglial cleanup does
not work properly [164]. Impairment of normal microglial function causes serious effects
on normal brain development. MG also regulates myelin growth and integrity in the
CNS [165]. MG interacts with neurons and modulates neuronal activity [166]. Absence
of MG results in significantly increased brain injury [167]. GWAS studies demonstrated
that many of the LOAD risk genes are mainly expressed in MG and not in neurons [168].
“Different AD risk factors converge on the activation response of microglia” [27–29,169].

MG has a mesodermal origin and myeloid nature [170]. Physiological and pathological
forms of MG have remarkable morphological diversity. Interleukins activate MG resulting
in morphological changes and upregulation of many pro- and anti-inflammatory cytokines.
There are several forms of MG: (1) resting and quiescent, homeostatic MG with ramified
morphology, (2) disease-associated, pro-phagocytic MG, and (3) dystrophic or primed,
aberrant MG, deramified with shortening and loss of branches [171]. Drug researchers
should find a suitable form of MG that could serve as a target for neuroprotection.

Astrocytes are the other important immune cells that participate in the neuroinflam-
matory process and maintain plasticity in the adult brain. Astrocytes serve as targets of
future AD drugs [172].

3.3.2. Neuroinflammation and Glial Cells as Targets for AD Drug Development

Modulating neuroinflammation and the activity of glial cells are novel targets in
AD research (reviewed in [172,173]). Therapeutic strategies include the use of different
anti-inflammatory drugs (e.g., indomethacin, VX-745, OTI-125, candesartan, celecoxib,
etanercept, and atomoxetin) in different clinical phases. The newest clinical trials are
summarized in [172]. Five experiments are in phase 1, nine in phase 2, and one in phase 3
trial. The following potential drug targets have been identified:

1. TNFα modulation [174].
2. Activation of spleen tyrosine kinase (SYK) for increasing the clearance function of

MG [175].
3. Activation of the CX3CR1 (C-X3-C Motif Chemokine Receptor 1) gene for improved

MG phagocytotic activity [176].
4. Activation of TREM2 microglial protein for slowing down pTau accumulation and

cognitive loss [177].
5. Activation of the PLCG (Phospholipase C γ1) enzyme for promoting the protective

function of microglia [178].
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6. Mitigation of neuroinflammation by increasing the scavenger functions of MG by
targeting INPP5 (Inositol Polyphosphate-5-Phosphatase) enzyme [179].

7. Modulation of astrocyte activity for Aβ degradation and clearance, as well as BBB
protection [180].

8. Creating antioxidant molecules for protecting the brain from the degrading effect of
ROS by activation of mucosal-associated invariant T-cells (MAIT-cells) [181].

9. Lowering or removing ApoE4 from neurons for decreasing aberrant microglia activa-
tion [27–29]

The results of future preclinical and clinical studies will decide which targets prove to
be successful in AD drug development.

4. Conclusions and Outlook

An old dream has been to find a master gene or gene combination whose modulation
would slow down the aging process, thereby helping to avoid age-related dementia. This
type of master gene has not been found yet. AD drug research has reached a turning
point now. The novel targets for biomarker and drug research are not amyloid plaques but
intracellular proteins (iAβ and oTau) or biochemical pathways. The newest approaches
of precise fluid biomarker determinations by cheap clinical mass spectrometry provide a
means for the diagnosis of MCI and AD in a large population. It has been widely accepted
in recent years that both amyloids (Aβ and pTau assemblies) participate in the progress
of AD. In addition, a drug combination ought to be used for reversing MCI or slowing
down the development of AD. Novel protein targets (e.g., medin, BSN, PAR-5) should be
used for the prevention of amyloid overproduction and the formation of toxic assemblies.
Small molecular inducers of small, neuroprotective Hsps (e.g., crystallines: Hsp B4/5) will
be used for inhibiting the formation of toxic amyloid aggregates. Increased Aβ clearance
with the help of monoclonal Abs might be reached by increasing the penetration of big
proteins across the BBB and the cell membrane by specific transporters. Special drugs may
be developed to augment the effectivity of oAβ and oTau clearance by the BBB and the
glymphatic system from the aging brain. The dangerous effect of chronic inflammation on
neuronal death might be inhibited via novel anti-inflammatory agents (e.g., Sig-1R ligands).
Microglia, a double-edged sword in the maintenance of brain homeostasis in a suitable form,
might be ideal for phagocytotic clearance of brain waste. Identification of the biochemical
markers of activated microglia and the main mediators of neuroinflammation provide
novel methods for the selective manipulation of microglia in the future. Novel approaches
using rejuvenated immune cells and glial phagocytosis by astrocyte-like Bergman glial
cells might also increase Aβ clearance. Regulation of ApoE4 effect on cholesterol transport
and myelination may help AD patients who have a special ApoE4 gene signature. It is
expected that physical methods, e.g., transcranial magnetic stimulation, may also prove to
be successful in treating AD.

Currently, there are over 120 different potential new medications for AD in clinical
trials. We conclude that over 30 years of intensive experimental work has not provided
a genuine breakthrough in AD treatment. A good and suitable animal model of AD for
preclinical experiments would be needed. Development of such kind of rodent model
mimicking the changes during aging (BBB dysfunction, decreasing Aβ clearance, Aβ and
tau overproduction, and NI) could be reached by transgenic techniques [182]. The efficacy
of Aβ binding mAbs will be improved during the next years, but their disadvantage is that
they only target the extracellular amyloid plaques. The spectrum of drug targets should
be widened.

The development of small molecular oral agents for intracellular targets and biological
processes (amyloid aggregation, clearance, Hsp, autophagy induction, inflammasomes,
etc.) will be the focus of future AD drug research. The development of β- and γ-secretase
inhibitors will be abandoned. In the near future, the selection of endangered individuals
using genome sequencing and the identification of bad genetic signatures may become
feasible. The earliest possible diagnosis (latest in MCI stage) will be necessary for successful
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AD treatment as aging is the most important risk factor of AD. We suggest that a single drug
cannot be expected to treat all stages of AD. A drug combination strategy with multiple
molecular targets should be considered. It may take a couple of years to developing
successful AD treatments.
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41. Penke, B.; Szűcs, M.; Bogár, F. Oligomerization and Conformational Change Turn Monomeric β-Amyloid and Tau Proteins Toxic:
Their Role in Alzheimer’s Pathogenesis. Molecules 2020, 25, 1659. [CrossRef]

42. Diociaiuti, M.; Bonanni, R.; Cariati, I.; Frank, C.; D’Arcangelo, G. Amyloid Prefibrillar Oligomers: The Surprising Commonalities
in Their Structure and Activity. Int. J. Mol. Sci. 2021, 22, 6435. [CrossRef]

43. Owen, M.C.; Gnutt, D.; Gao, M.; Wärmländer, S.K.T.S.; Jarvet, J.; Gräslund, A.; Winter, R.; Ebbinghaus, S.; Strodel, B. Effects of in
Vivo Conditions on Amyloid Aggregation. Chem. Soc. Rev. 2019, 48, 3946–3996. [CrossRef]

44. Ivanova, M.I.; Lin, Y.; Lee, Y.-H.; Zheng, J.; Ramamoorthy, A. Biophysical Processes Underlying Cross-Seeding in Amyloid
Aggregation and Implications in Amyloid Pathology. Biophys. Chem. 2021, 269, 106507. [CrossRef]

http://doi.org/10.3389/fnagi.2017.00138
http://www.ncbi.nlm.nih.gov/pubmed/28567012
http://doi.org/10.1038/nm.4001
http://doi.org/10.1126/sciadv.1600947
http://www.ncbi.nlm.nih.gov/pubmed/27532054
http://doi.org/10.1016/S0021-9258(18)53661-9
http://www.ncbi.nlm.nih.gov/pubmed/8428986
http://doi.org/10.1021/acscentsci.9b00369
http://doi.org/10.1016/S0021-9258(19)75855-4
http://www.ncbi.nlm.nih.gov/pubmed/3805008
http://doi.org/10.1016/j.tibs.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27426990
http://doi.org/10.1016/j.nbd.2020.104976
http://doi.org/10.1038/nature11283
http://www.ncbi.nlm.nih.gov/pubmed/22801501
http://doi.org/10.1038/s41593-020-0599-5
http://www.ncbi.nlm.nih.gov/pubmed/32112059
http://doi.org/10.1038/nature24016
http://doi.org/10.1038/s43587-023-00368-3
http://doi.org/10.1084/jem.20190980
http://doi.org/10.1016/j.molmed.2017.03.008
http://doi.org/10.1016/j.conb.2019.11.024
http://doi.org/10.1038/s41588-022-01024-z
http://doi.org/10.1007/s00018-021-03986-5
http://doi.org/10.3390/ijms222212280
http://doi.org/10.3390/molecules22101692
http://www.ncbi.nlm.nih.gov/pubmed/28994715
http://doi.org/10.2174/1389203720666190103123434
http://www.ncbi.nlm.nih.gov/pubmed/30605056
http://doi.org/10.5607/en22004
http://doi.org/10.3389/fnmol.2022.876224
http://doi.org/10.1007/s00401-020-02196-w
http://doi.org/10.3390/biomedicines9091126
http://www.ncbi.nlm.nih.gov/pubmed/34572312
http://doi.org/10.3390/molecules25071659
http://doi.org/10.3390/ijms22126435
http://doi.org/10.1039/C8CS00034D
http://doi.org/10.1016/j.bpc.2020.106507


Int. J. Mol. Sci. 2023, 24, 5383 18 of 23

45. Srivastava, A.K.; Pittman, J.M.; Zerweck, J.; Venkata, B.S.; Moore, P.C.; Sachleben, J.R.; Meredith, S.C. B-Amyloid Aggregation
and Heterogeneous Nucleation. Protein Sci. 2019, 28, 1567–1581. [CrossRef]

46. Vicente-Zurdo, D.; Rodríguez-Blázquez, S.; Gómez-Mejía, E.; Rosales-Conrado, N.; León-González, M.E.; Madrid, Y. Neuroprotec-
tive Activity of Selenium Nanoparticles against the Effect of Amino Acid Enantiomers in Alzheimer’s Disease. Anal. Bioanal.
Chem. 2022, 414, 7573–7584. [CrossRef] [PubMed]

47. Ono, K.; Watanabe-Nakayama, T. Aggregation and Structure of Amyloid β-Protein. Neurochem. Int. 2021, 151, 105208. [CrossRef]
[PubMed]

48. Lutter, L.; Al-Hilaly, Y.K.; Serpell, C.J.; Tuite, M.F.; Wischik, C.M.; Serpell, L.C.; Xue, W.-F. Structural Identification of Individual
Helical Amyloid Filaments by Integration of Cryo-Electron Microscopy-Derived Maps in Comparative Morphometric Atomic
Force Microscopy Image Analysis. J. Mol. Biol. 2022, 434, 167466. [CrossRef]

49. Willbold, D.; Strodel, B.; Schröder, G.F.; Hoyer, W.; Heise, H. Amyloid-Type Protein Aggregation and Prion-like Properties of
Amyloids. Chem. Rev. 2021, 121, 8285–8307. [CrossRef]

50. Lövestam, S.; Scheres, S.H.W. High-Throughput Cryo-EM Structure Determination of Amyloids. Faraday Discuss. 2022, 240,
243–260. [CrossRef] [PubMed]

51. Yang, Y.; Arseni, D.; Zhang, W.; Huang, M.; Lövestam, S.; Schweighauser, M.; Kotecha, A.; Murzin, A.G.; Peak-Chew, S.Y.;
Macdonald, J.; et al. Cryo-EM Structures of Amyloid-β 42 Filaments from Human Brains. Science 2022, 375, 167–172. [CrossRef]

52. Nishitsuji, K.; Tomiyama, T.; Ishibashi, K.; Ito, K.; Teraoka, R.; Lambert, M.P.; Klein, W.L.; Mori, H. The E693∆ Mutation in
Amyloid Precursor Protein Increases Intracellular Accumulation of Amyloid β Oligomers and Causes Endoplasmic Reticulum
Stress-Induced Apoptosis in Cultured Cells. Am. J. Pathol. 2009, 174, 957–969. [CrossRef] [PubMed]

53. Tomiyama, T.; Matsuyama, S.; Iso, H.; Umeda, T.; Takuma, H.; Ohnishi, K.; Ishibashi, K.; Teraoka, R.; Sakama, N.; Yamashita, T.;
et al. A Mouse Model of Amyloid Oligomers: Their Contribution to Synaptic Alteration, Abnormal Tau Phosphorylation, Glial
Activation, and Neuronal Loss In Vivo. J. Neurosci. 2010, 30, 4845–4856. [CrossRef]

54. Cline, E.N.; Bicca, M.A.; Viola, K.L.; Klein, W.L. The Amyloid-β Oligomer Hypothesis: Beginning of the Third Decade. J.
Alzheimers Dis. 2018, 64, S567–S610. [CrossRef] [PubMed]

55. Arakhamia, T.; Lee, C.E.; Carlomagno, Y.; Duong, D.M.; Kundinger, S.R.; Wang, K.; Williams, D.; DeTure, M.; Dickson, D.W.; Cook,
C.N.; et al. Posttranslational Modifications Mediate the Structural Diversity of Tauopathy Strains. Cell 2020, 180, 633–644.e12.
[CrossRef]

56. Tapia-Rojas, C.; Cabezas-Opazo, F.; Deaton, C.A.; Vergara, E.H.; Johnson, G.V.W.; Quintanilla, R.A. It’s All about Tau. Prog.
Neurobiol. 2019, 175, 54–76. [CrossRef]

57. Sexton, C.; Snyder, H.; Beher, D.; Boxer, A.L.; Brannelly, P.; Brion, J.; Buée, L.; Cacace, A.M.; Chételat, G.; Citron, M.; et al. Current
Directions in Tau Research: Highlights from Tau 2020. Alzheimers Dement. 2022, 18, 988–1007. [CrossRef]

58. Naseri, N.N.; Wang, H.; Guo, J.; Sharma, M.; Luo, W. The Complexity of Tau in Alzheimer’s Disease. Neurosci. Lett. 2019, 705,
183–194. [CrossRef]

59. Robbins, M.; Clayton, E.; Kaminski Schierle, G.S. Synaptic Tau: A Pathological or Physiological Phenomenon? Acta Neuropathol.
Commun. 2021, 9, 149. [CrossRef]

60. Shafiei, S.S.; Guerrero-Muñoz, M.J.; Castillo-Carranza, D.L. Tau Oligomers: Cytotoxicity, Propagation, and Mitochondrial Damage.
Front. Aging Neurosci. 2017, 9, 83. [CrossRef] [PubMed]

61. Fitzpatrick, A.W.P.; Falcon, B.; He, S.; Murzin, A.G.; Murshudov, G.; Garringer, H.J.; Crowther, R.A.; Ghetti, B.; Goedert, M.;
Scheres, S.H.W. Cryo-EM Structures of Tau Filaments from Alzheimer’s Disease. Nature 2017, 547, 185–190. [CrossRef]

62. Zhang, H.; Cao, Y.; Ma, L.; Wei, Y.; Li, H. Possible Mechanisms of Tau Spread and Toxicity in Alzheimer’s Disease. Front. Cell Dev.
Biol. 2021, 9, 707268. [CrossRef] [PubMed]

63. Vasili, E.; Dominguez-Meijide, A.; Outeiro, T.F. Spreading of α-Synuclein and Tau: A Systematic Comparison of the Mechanisms
Involved. Front. Mol. Neurosci. 2019, 12, 107. [CrossRef]

64. Roda, A.; Serra-Mir, G.; Montoliu-Gaya, L.; Tiessler, L.; Villegas, S. Amyloid-Beta Peptide and Tau Protein Crosstalk in Alzheimer’s
Disease. Neural Regen. Res. 2022, 17, 1666–1674. [CrossRef] [PubMed]

65. Bloom, G.S. Amyloid-β and Tau: The Trigger and Bullet in Alzheimer Disease Pathogenesis. JAMA Neurol. 2014, 71, 505–508.
[CrossRef] [PubMed]

66. Sperling, R.A.; Mormino, E.C.; Schultz, A.P.; Betensky, R.A.; Papp, K.V.; Amariglio, R.E.; Hanseeuw, B.J.; Buckley, R.; Chhatwal, J.;
Hedden, T.; et al. The Impact of Amyloid-Beta and Tau on Prospective Cognitive Decline in Older Individuals. Ann. Neurol. 2019,
85, 181–193. [CrossRef]

67. Hardy, J.; Allsop, D. Amyloid Deposition as the Central Event in the Aetiology of Alzheimer’s Disease. Trends Pharmacol. Sci.
1991, 12, 383–388. [CrossRef]

68. Selkoe, D.J.; Hardy, J. The Amyloid Hypothesis of Alzheimer’s Disease at 25 Years. EMBO Mol. Med. 2016, 8, 595–608. [CrossRef]
[PubMed]
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