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Abstract: Alzheimer’s disease (AD) is the most common cause of dementia, typically showing
progressive neurodegeneration in aging brains. The key signatures of the AD progression
are the deposition of amyloid-beta (Aβ) peptides, the formation of tau tangles, and the
induction of detrimental neuroinflammation leading to neuronal loss. However, conventional
pharmacotherapeutic options are merely relying on the alleviation of symptoms that are limited
to mild to moderate AD patients. Moreover, some of these medicines discontinued to use due to
either the insignificant effectiveness in improving the cognitive impairment or the adverse side effects
worsening essential bodily functions. One of the reasons for the failure is the lack of knowledge
on the underlying mechanisms that can accurately explain the major causes of the AD progression
correlating to the severity of AD. Therefore, there is an urgent need for the better understanding of AD
pathogenesis and the development of the disease-modifying treatments, particularly for severe and
late-onset AD, which have not been covered thoroughly. Here, we review the underlying mechanisms
of AD progression, which have been employed for the currently established therapeutic strategies.
We believe this will further spur the discovery of a novel disease-modifying treatment for mild to
severe, as well as early- to late-onset, AD.

Keywords: Alzheimer’s disease; therapeutic strategies; mild to severe; early to late stages;
dementia; pathology

1. Introduction

Alzheimer’s disease is a worldwide public health concern as it is the most common cause of
dementia, occasionally found in elderly [1,2]. Recent reports showed that nearly 50 million people
were suffering from AD in the world in 2018 [2], and this is predicted to increase up to 70% by 2050 [3].
AD is characterized by prominent neuroinflammation and reduced brain mass (Figure 1a) [4], which
result in progressive decline in cognitive function, accompanied by neuropsychiatric symptoms, such
as depression, anxiety, and even hallucinations [5]. While other major diseases (e.g., heart disease [6],
cancer [7], and stroke [8]) reduce their mortality rate significantly, the deaths caused by AD continuously
increase as the conventional AD therapies are merely relying on improving memory or alleviating
psychotic symptoms for mild to moderate AD [3]. In addition, there are no available treatment options
working for severe AD [9]. Therefore, it is an urgent issue to discover novel modalities preventing and
curing AD [9].
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To develop effective pharmacotherapeutic options for definitive cure of AD, enormous studies have
explored the pathogenic mechanisms found in AD progression (Table 1). Primary pathological hallmarks
of AD in the molecular level involve the accumulation of Aβ plaques [10,11] and neurofibrillary tangles
(NFTs) [12,13], composed of dystrophic neurites, and hyperphosphorylated tau. These aggregates are
gradually building up the intra and extracellular spaces of neurons, which block neurogenesis, as well
as nutrient and oxygen supplies to neuronal cells, leading to neurodegenerative process [14]. In terms
of the secondary characteristic, prominent activation of innate immune cells, such as astrocytes and
microglia, is frequently found in pathogenic AD brain, which further induce excessive neurotoxic
oxidative stress and proinflammatory mediators [15,16]. Importantly, the degree of neuroinflammation
by innate immune cells statistically correlates with disease progression and severity in AD brains [17].
Given the significance, the targeting AD hallmarks has been deemed as an indispensable pipeline for
developing therapeutic cures of AD.

In this review, we explore details on molecular and cellular mechanisms governing AD progression
and their contributions to the development of current and new promising treatment modalities targeting
mild to severe AD.
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Table 1. List of drugs for the current treatment or potent treatment for Alzheimer’s Disease.

Class of Drugs Compound Mechanisms Status Details * [Ref]

1. Targeting Aβ pathology

Inhibition of Aβ cascade

Verubecestat β-secretase inhibitor Phase II/III, failed 1958/55.3/71.8 [18]
Lanabecestat β-secretase inhibitor Phase II/III, failed 2218/53.1/71.3 [19]
Elenbecestat β-secretase inhibitor Phase III Not recruiting yet [20]
Atabecestat β-secretase inhibitor Phase II/III, failed 63/54.8/69.1 [21]

CNP520 β-secretase inhibitor Phase III, failed 1145/NA/NA [22]
Tarenflurbil γ -secretase inhibitor Phase III, failed 1649/50.9/74.6 [23]

Semagacestat γ -secretase inhibitor Phase II, failed 1534/53.0/73.2 [24]

Passive immunotherapy Bapineuzumab Clearance of oligomeric Aβ Phase II/III, failed 2204/53.9/72.4 [25]
Gantenerumab Clearance of oligomeric Aβ Phase II/III, failed 797/NA/70.3 [26]

Inhibition of Aβ aggregation PBT2 Anti-Aβ aggregation Phase II 78/86.7/71.9 [27]

2. Targeting tauopathy

Tau expression inhibitors Antisense nucleotides Reducing tau mRNA and protein In vitro PS19 mice with Tau/NA [28]

Phosphatase modifiers

Okadaic acid PP2A inhibitor In vitro & in vivo Sparague-Dawley rats/Male [29]
Calyculin A PP2A inhibitor In vitro & in vivo Sparague-Dawley rats/NA [30]
Memantine PP2A inhibitor In vitro PC12 cells [31]
SEW2871 PP2A activiator In vivo Sparague-Dawley rats/Male [32]

Zinc Chelators PP2A activiator In vivo Sparague-Dawley rats/Male [33]

Tau kinase inhibitors

Tideglusib GSK3-β inhibitor Phase II 306/55.5/71.5 [34]
Lithium GSK3-β inhibitor Phase II 71/NA/NA [35]

Amino-thiazole GSK3-β inhibitor In vitro Sf21 cells [36]
Thiadiazolidinone GSK3-β inhibitor In vitro Kinase assay [37]

Sirenade GSK3-β inhibitor In vivo Wistar rats/Male [38]
R-roscovitine CDK inhibitor In vivo Wistar rats/Both [39]

Aloisine CDK inhibitor In vitro NT2 cells [40]

Inhibition of tau acetylation Salsalate Tau acetylation inhibitor In vivo PS19 mice/NA [41]

Tau glycosylation p-diesterase IV inhibitor cAMP activator Phase III 336/56.8/74.0 [42]

Tau aggregation inhibitors

LMTX Dissolving tau filaments Phase III 885/62.0/70.6 [43]
Rhodamine Dissolving tau oligomer In vitro & in vivo Neurons from PC12 cells [44]

N-Phenylamines Inhibition of tau aggregation In vitro N2a cells expressing tau [45]
RemberTM Dissolving aggregates Phase II 321/54.0/73.8 [46]

Microtubule stabilizers
Epothilone D Increasing axonal MT density In vivo PS19 mice/Male [47]

NAP Tubulin stabilizer In vitro & in vivo Motor neurons with Tau mutant [48]
TPI 287 Tubulin stabilizer Phase I 26/54.0/63.0 [49]
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Table 1. Cont.

Class of Drugs Compound Mechanisms Status Details * [Ref]

3. Modulation of neuroinflammation

Regulation of innate immunity

Stattic JAK2/STAT3 inhibitor In vivo 5XFAD mice [50]
SB203580 p38 MAPK inhibitor In vitro Cortical neuron [51]
SB202190 p38 MAPK inhibitor In vivo Rats with vascular dementia/NA [52]
SP600125 p38 MAPK inhibitor In vivo Mice with traumatic injury/NA [53]
NJK14047 p38 MAPK inhibitor In vitro & in vivo BV2 cells & Mice with LPS/NA [54]

VIVIT peptide Calcineurin/NFAT inhibitor In vivo model APP/PS1 mice/NA [55]
Tacrolimus Calcineurin/NFAT inhibitor Phase II Not recruiting yet [56]
Anti-apoE TREM2 activator In vivo APP/PS1 mice/Male [57]

Anti-TREM2 TREM2 activator In vivo Mice with TREM2 mutant/NA [58]
GW2580 CSF1R inhibitor In vivo APP, PSEN, APP/PS1 mice/NA [59]
MRS2179 P2Y1R antagonists In vivo APP/PS1 mice/NA [60]

Regulation of adaptive immunity Aβ-specific Th2 lymphocytes Regulation of adaptive immunity In vivo APP/PS1 mice/NA [61]
anti-Aβ IgG Neutralization of fibrinogenesis In vivo 5XFAD mice/NA [62]

4. Neuroregeneration Restoring Cognitive Impairment

Supplement of neurotrophins
BDNF Neurotrophic factors In vivo Rats with Aβ1–42/NA [63]

hNGFp Neurotrophic factors In vivo APP/PS1 mice/NA [64]
AAV2-NGF Neurotrophic factors Phase II 49/43.0/68.0 [65]

Neurotrophin mimetics

7,8-DHF BDNF mimetic In vivo 5XFAD mice/NA [66]
Doxygedunin BDNF mimetic In vivo Mice with TrkB mutant/NA [67]

LM22A-4 BDNF mimetic In vitro & in vivo Mice with TrkB mutant/Male [68]
Bicyclic BDNF loop mimetic BDNF mimetic In vitro Primary sensory neurons [69]

Conversion of glial cells to
neuronal cells

Neurogenin 2 Astrocytes to glutamatergic neurons In vitro Postnatal cortical astroglia [70]
Dlx2 Astrocytes to GABAergic neurons In vitro Postnatal cortical astroglia [71]

Combination of 9 molecules Astrocytes to neurons In vitro & in vivo Astrocytes [72]
Combination of 4 molecules Astrocytes to neurons In vitro & in vivo Cortical astrocytes [73]

Transplanting stem cells into brains

NSCs encoding with NGF NSCs to neurons and astrocytes In vivo Mice with dementia/NA [74]
NSCs encoding with BDNF NSCs to neurons In vivo APP mice/NA [75]
NSCs pretreated with BDNF NSCs to cholinergic neurons In vivo APP/PS1 mice/NA [76]

NSCs expressing IGF-I Engraftment of HK532-IGF-I cells In vitro & in vivo APP/PS1 mice/NA [77]
BM-MSCs expressing VEGF Decrease in senile plaque In vivo APP/PS1 mice/NA [78]

MSCs expressing GLP-1 Decrease in Aβ plaque deposition In vivo APP mice/Male [79]
NSCs expressing neprilysin Decrease in Aβ pathology In vivo APP mice/NA [80]

* Clinical studies are represented as Case number/Female percentage/Mean Age; in vitro studies are represented as Cellular models or Assays; in vivo studies are represented as Name of
the animal model/Sex. NA represents Not Available.
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2. Central Hypothesis for AD Pathogenesis

2.1. Aβ Hypothesis

The formation of amyloid plaques from Aβ peptides is considered as a primary characteristic
found in AD patients [10,81]. Under the physiological condition, the amyloid-beta precursor protein
(APP) can be processed either by α-secretase followed by γ-secretase producing P3 fragments or by
β-secretase and γ-secretase resulting in Aβ peptides [82]. Interestingly, the process by the combination
of β-secretase and γ-secretase is dominant in the pathological conditions [83]. Depending on the
cleaved region of APP by γ-secretase, the resultant Aβ can have majorly three isoforms as Aβ38, Aβ40,
and Aβ42 [84]. Aβ42 is more hydrophobic form and prone to cause aggregates that are further forming
oligomers, amyloid fibrils, and sequentially large proteinaceous deposits known as amyloid plaques
(Figure 1b) [85]. Even if Aβ40 is the most abundant form, accounting for 80–90% of total Aβ, Aβ42 is
the critical component to determine the severity of AD as the amyloid plaques derived from Aβ42 are
known to cause neurotoxicity in AD progression [10,86].

Int. J. Mol. Sci. 2020, 21, x  1 of 1 

 

2.1. Aβ Hypothesis 

The formation of amyloid plaques from Aβ peptides is considered as a primary characteristic 
found in AD patients [10,81]. Under the physiological condition, the amyloid-beta precursor protein 
(APP) can be processed either by α-secretase followed by γ-secretase producing P3 fragments or by 
β-secretase and γ-secretase resulting in Aβ peptides [82]. Interestingly, the process by the 
combination of β-secretase and γ-secretase is dominant in the pathological conditions [83]. 
Depending on the cleaved region of APP by γ-secretase, the resultant Aβ can have majorly three 
isoforms as Aβ38, Aβ40, and Aβ42 [84]. Aβ42 is more hydrophobic form and prone to cause 
aggregates that are further forming oligomers, amyloid fibrils, and sequentially large proteinaceous 
deposits known as amyloid plaques (Figure 1b) [85]. Even if Aβ40 is the most abundant form, 
accounting for 80–90% of total Aβ, Aβ42 is the critical component to determine the severity of AD as 
the amyloid plaques derived from Aβ42 are known to cause neurotoxicity in AD progression [10,86]. 

 

Figure 1. Summary of major signatures during Alzheimer’s disease (AD) progression. (a) Comparison
of brain coronal sections from (i) healthy individual and (ii) AD patient by magnetic resonance imaging
(MRI), confirming the significant damage in the AD patient having the reduced brain mass. Reproduced
with permission [4]. Copyright 2018, Scientific Reports. (b) Amyloid-beta hypothesis: In early AD,
the enzymatic cleavages of amyloid-beta precursor protein (APP) by (i) β-secretase followed by (ii)
γ-secretase are dominant and result in the formation of Aβ peptides, which are hydrophobic and prone
to form aggregations. (iii) In the early to intermediate stages of AD, the aggregates form into Aβ amyloid
fibrils and plaques that further cause phosphorylation of tau, neuronal death, cell loss, and dementia,
sequentially [81,84]. (c) Tauopathy: (i) Upon the hyperphosphorylation on the multiple sites of tau, the
tau proteins are not able to bind to the microtubules (MT) resulting in the disruption of microtubule
structures inside neuronal cells. (ii) They further form oligomeric tau, paired helical filament (PHF), and
neurofibrillary tangle (NFT), consequently, and (iii) the accumulation of NTFs in the neurons increases
the synaptic impairment and the neuronal death in the middle stage of AD [87,88]. (d) Oxidative stress:
(i) Under normal or mild AD conditions, antioxidation mechanisms (e.g., mitochondrial redox cycles)
can reduce the oxidative stress caused by Aβ and tau aggregations. (ii) In later stages of AD, however,
the accumulation of Aβ and tau triggers the excessive production of oxidative stress and reduces
the antioxidation mechanism of mitochondria or antioxidant enzymes, which increases the neuronal
death [89,90]. (e) Neuroinflammation: (i) In the early stages, innate immune cells obtain phenotypes
(e.g., M2 microglia, A2 astrocyte, etc.) serving neuroprotective roles, such as the removal of Aβ and
tau aggregations and the production of anti-inflammatory cytokines, as well as neurotrophic factors.
(ii) In the later AD stages, on the other hand, the population of proinflammatory immune cells (e.g., M1
microglia, A1 astrocyte, etc.) becomes dominant and increases the risk of AD by producing several
neurotoxic mediators, such as oxidative sources and proinflammatory cytokines/chemokines [91,92].
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Aβ hypothesis or amyloid cascade hypothesis, which was first introduced by Hardy and Allsop
in 1991, emphasized on the significance of the Aβ deposition in the AD pathology [11]. Wang and
co-workers examined AD patient brains and showed that the progressive shift of Aβ40 and Aβ42 from
soluble to insoluble forms contributed to the AD progression [93]. The alteration in the APP metabolic
pathway has been considered as one of the major underlying mechanisms of the Aβ deposition in AD
pathogenesis [86]. For instance, the deposition of insoluble Aβ, particularly due to the mutations in the
APP gene (e.g., KM670/671NL (Swedish), V717I (London), V717F (Indiana), and etc.), increased tendency
of forming Aβ amyloid fibrils and plaques that further caused phosphorylation of tau, neuronal
death, cell loss and dementia consequently [94]. In addition, mutations in the presenilin (PS) gene
(e.g., PS1-M146L, PS1-L166P, PS1-I213T, PS2-N141I, and etc.) increasing Aβ42/Aβ40 ratios have been
identified as causative factors of the AD plaques leading to the aggressive forms of AD. Other studies
employing various APP/PS transgenic animal models recapitulating features found in the familial AD
(FAD) supported the Aβ hypothesis by elucidation of the underlying mechanism of Aβ binding to
neurons that caused the neuronal loss and cognitive decline [95,96]. Klementieva et al. discovered
the significant accumulation of Aβ42 aggregates in synaptic compartments, which developed into
Aβ plaques and induced the synaptic impairment in APP/PS1 mice brains, demonstrating that the
deposition of Aβ on the synapsis initiated the AD pathology [97]. In addition, Aβ42, as well as Aβ

23–35, have been known to disrupt the blood-brain barrier (BBB) and further increase AD risk by
binding to Receptor for Advanced Glycosylation End products (RAGE), down-regulating tight junction
proteins, and increasing reactive oxygen species (ROS)-mediated damage in endothelial cells [98,99].
Moreover, recent advances in the optical microscopy technique have allowed us to detect non-fibrillar
Aβ structures of the order of 100 nm and reveal their contributions to AD progression, suggesting
the soluble to oligomeric Aβs could be more relevant targets to prevent neuronal loss and synaptic
dysfunction [100,101]. Other recent studies have shown that the amyloid pathway can be modulated
by tau [102], as well as innate immunity [103]. Pickett et al. found the cooperative works of Aβ and tau
that decreased the expression of essential genes for synaptic functions in AAP/PS1 mice brains [102].
Hur et al. discovered the roles of interferon-induced transmembrane protein 3 (IFITM3) expressed in
innate immune cells including astrocytes by using 5XFAD mice, which increased γ-secretase activity
and promoted AD progression [103].

Despite the supporting evidence, several studies showed contradictory results, indicating that the
Aβ hypothesis would not be the central cause of AD, particularly for the sporadic AD (SAD) cases [104].
For instance, Apolipoprotein E (APOE)-ε4, one of the major risk factors for SAD, is known to regulate
the metabolism of Aβ contributing to Aβ depositions in the brain; yet the correlation of APOE-ε4 and
AD progression is still controversial [105]. In addition, the Aβ hypothesis did not consider other risk
factors for SAD, such as age and gender, to AD pathology [106,107]. Therefore, further AD studies
should take into account such genetic and environmental backgrounds increasing the AD risks in order
to understand AD pathology and discover novel therapeutic strategies properly.

2.2. Tau Hypothesis

Tau is a microtubule-binding protein, which stabilizes and modulates the microtubule assembly
in the normal physiological condition. Upon the aggregation, tau is known to serve neurodegenerative
functions in the pathological conditions, including AD, Pick disease (PiD), progressive supranuclear
palsy (PSP), corticobasal degeneration (CBD), and frontotemporal dementia with parkinsonism-17
(FTDP-17) [108]. One of primary factors leading to the aggregation is the tau phosphorylation process
on multiple sites, also referred as hyperphosphorylation [109] (Figure 1c). Among the six tau isoforms,
two isoforms of tau possessing 4-repeat (4R tau) microtubule-binding domain and 3-repeat (3R tau)
were found in a 50:50 ratio in normal brains, while the altered ratios by either increasing 4R tau or
decreasing 3R tau were observed in the pathological conditions [12]. A number of studies suggested
that the imbalanced ratio would result in the hyper-phosphorylation of tau, which further induced
the accumulation of the insoluble filamentous form of tau, referred as paired helical filament (PHF)
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and NFT [12,110]. Tau having other tau modifications, such as proteolytic cleavage generating a
fragment S258-I360 and O-GlcNac glycosylation in Serine/Threonine-Proline motif, was also prone to
form tau aggregations [111,112]. The consequence of NFT formation involves the axonal degeneration,
mitochondrial dysfunction, and synaptic dysfunction that further increase the neurodegeneration.

The tau hypothesis was first proposed by Kosik et al. in 1986, describing that the insoluble
tau aggregates mediated by tau phosphorylation would be the central cause of AD [13]. In vitro
studies revealed that abnormal phosphorylated tau proteins could increase the risk of AD significantly
by disrupting microtubule stability and enhancing tau aggregates in the brain [88,113]. Although
tau aggregations were predominantly expressed in neuronal exons, a recent study showed that tau
aggregates in dendritic spines resulted in the synaptic impairment, as well [114]. In vivo studies
also demonstrated that the capability of tau binding to synaptic vesicles localized in presynaptic
terminals, resulting in abnormal neurotransmission, induced synaptic toxicity in rat neurons [115].
Several clinical studies have described the strong correlation between the tau pathology and the
neurodegeneration leading to the loss of cognitive functions in AD conditions [116]. Bennett et al.
reported the proportional relationship between the level of tau-positive tangles in neocortical regions
and the significant cognitive impairment in AD patients [117]. Other clinical studies showed that
NFTs were increased with age and affecting the entorhinal cortex, followed by the hippocampus, and
destinating to the neocortex at the end [118]. In addition, the development of tau tangles was observed
faster than that of Aβ aggregates [104]. Recently, Malpetti et al. revealed the strong correlation
between tau pathology and neuroinflammation by using positron emission tomography (PET) imaging,
indicating that the patterns of tau burden in posterior cortical regions and microglial activation in the
anterior temporal lobes could predict cognitive declines in AD patients [119]. In addition, Simoes et al.
screened proteomics of CSF modulated by endosomal trafficking and newly found two molecules,
Amyloid-like protein 1 (APLP1) and close homolog of L1 (CHL1), which had strong correlation to the
levels of tau and phosphorylated tau in CSF samples from AD patients [120]. Given the fact that the
NFT development would be predictable, NFT pathology would offer an effective diagnostic method
for AD at various stages, which may compensate the limitation found in Aβ hypothesis.

2.3. Oxidative Stress

Oxidative stress is an imbalanced situation between the levels ROS and antioxidants resulting
in the accumulation of radicals in the cells increasing the risk of neuronal damages (Figure 1d) [121].
The ROS includes the non-radical oxidant as hydrogen peroxide radicals (H2O2) and the radical
molecules as superoxide radical (O2

−), hydroxyl radicals (·OH), and peroxynitrite (ONOO−) [121].
ROS production is majorly initiated by cellular metabolisms in organelles, including mitochondria,
peroxisome, lysosome, endoplasmic reticulum, and plasma membrane [94]. Among the oxidative
species, the superoxide and hydrogen peroxide are known to be the major sources to induce the
oxidative damages in various brain disease models [122]. The accumulation of ROS can further initiate
the production of reactive nitrogen species (RNS), as well as inflammation, in the central nervous system
(CNS) [123]. In the normal conditions, the metabolic pathways of misfolded proteins or extracellular
pathogens trigger the ROS/RNS production followed by the antioxidation maintaining homeostasis
in brains serving neuroprotective roles [122,123]. These antioxidants involve the ROS scavengers
(e.g., ascorbic acid (AA), proline, etc.), metal chelators (vitamins, N-acetylcysteine, alpha-lipoic acid,
melatonin, etc.), antioxidant enzymes (e.g., superoxide dismutase (SOD), glutathione peroxidase (GPX),
cytochrome oxidase, catalase (CAT), glutathione (GSH), etc.), and pro-oxidant enzyme inhibitors (e.g.,
nicotinamide adenine dinucleotide phosphate (NADP)-oxidase, cyclooxygenase (COX), lipoxygenase,
etc.) [124]. Therefore, the disruption of the balance between metabolic pathway and protective system
can increase the oxidative stress and the risk of CNS diseases.

The alterations in the metabolic mechanisms also significantly impact on the AD pathogenesis [124,125].
A number of studies showed that the alteration of Aβ clearance led to increasing Aβ burden, as well
as oxidation of proteins, lipids, and nucleic acids, resulting in the increase of oxidative stress and
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neurotoxicity in AD hippocampus and cortex [126]. Recently, Chun et al. showed that oxidative stress
driven by Aβ burden increased reactive astrocytes that further promoted tauopathy and exacerbated
AD progressions in mice and human patient samples [127]. Mastroeni et al. also provided the
evidence that oligomeric Aβ induced mitochondrial dysfunction modulating mitochondrial oxidative
phosphorylation genes in the mild cognitive impairment (MCI) group [128]. Other studies revealed that
tau tangles promoted deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) oxidation increasing
the AD risk as functional tau offered an essential safeguarding function preventing DNA and RNA
oxidation [123,125]. In addition, the imbalanced antioxidant mechanisms in response to the metabolic
stress can increase oxidative stress and lead to neuronal dysfunction and death sequentially [123].
Baldeiras et al. revealed that AD patients in the MCI group had the tendency to have the high level
of lipid oxidation products along with the low level of antioxidant defenses (vitamins, GSH, uric
acid, thiol groups, GPX, SOD, CAT), indicating the correlation between oxidative stress and dementia
progression [129]. Recently, Youssef et al. elucidated the induction of antioxidant mechanisms,
mediated by Nuclear factor erythroid 2-related factor (Nrf2) and heme-oxygenase (HO), in the superior
temporal gyrus under the early stages of AD from young and APOE e4-matched AD patients [130].
Moreover, recent reports validated the significant roles of metal ions (e.g., Zinc, Copper, etc.) modulating
the activity of antioxidant enzymes, pointing out that the disruption of metal homeostasis contributed
to the oxidative stress increasing neurotoxic effects in brain of AD [131]. Therefore, oxidative stress has
been considered as a risk factor for AD.

2.4. Neuroinflammation

The neuroinflammation hypothesis emphasizes that the detrimental immune response plays a
central role in the dysregulation of neuronal functions and the development of CNS diseases [15]
(Figure 1e). Microglia and astrocytes are two major components of the resident immune cells involved
the inflammatory responses in the brain disorders [132]. Microglia, resident myeloid cells of a
CNS, continually survey their microenvironments in normal and diseased brains, provide immune
surveillance, and are activated in response to infection, non-infectious diseases, and injury [15].
They play neuroprotective roles by phagocytosis and clearance of damaged synaptic parts or dead
neurons [133]. Astrocytes are the most abundant glial cells, also serving neuroprotective roles by
secretion of neurotransmitters supporting neuronal activity and removal of debris and toxins around
neurons, as well as in cerebrospinal fluid (CSF) [16]. Both microglia and astrocytes are changing
their phenotypes promoting the detrimental proinflammation under the CNS disease conditions,
particularly in the severe conditions [134]. In this regard, the incompetent activation of immune cells
in mild conditions or the exaggerated activation in severe environments would increase the risk of
multiple CNS disorders, including AD, Parkinson’s Disease (PD), Amyotrophic Lateral Sclerosis (ALS),
and dementia [135].

Prominent activation of innate immune cells, followed by the marked neurotoxic
neuroinflammation, have been observed during AD progression [136]. While such responses can be
protective against Aβ plaques and/or tau aggregates in the early stage [137], the neuroinflammation
may also be detrimental to patients by neurotoxic inflammatory mediators leading to brain dysfunctions
within the neocortex and hippocampus in the late stage of AD [138]. Weldon et al. showed that
proliferation followed by activation of microglia and astrocytes were observed around Aβ fibrils and
plaques, which precipitated the production of proinflammatory factors, such as tumor necrosis factor-α
(TNF-α), interleukin (IL)-1β, and IL-18, in the AD brain models [134]. In accordance with in vitro and
in vivo AD models, clinical studies provided the supportive evidence of high population of reactive
astrocytes and microglia exerting neurotoxic activities in AD microenvironments [139]. AD patients
exhibited the high levels of cytokine, such as IL-12, IL-16, IL-18, and transforming growth factor
beta (TGF-β), in CNS accompanied by the axonal degeneration and neuronal death [140]. Indeed,
the increase in TNF-α, IL-1β, IL-12, IL-18, and TGF-β were frequently observed in the late stage
of AD [141]. Compared to the Aβ and tau hypothesis, the neuroinflammation could describe the
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correlation between the reactivity of innate immune cells and the severity of clinical symptoms well
representing the effective mechanisms further contributing to the development of new diagnostics
and/or therapeutic strategies [142].

The innate immunity further contributes to activate other immune systems in CNS, such as
adaptive immunity. Under neuroinflammatory conditions, adaptive immune cells residing in the
peripheral blood can be infiltrated into the CNS region and involved in the AD progression in response
to soluble factors released by innate immune cells [143]. Both T helper cells and cytotoxic T cells were
detected in post-mortem brain slices of AD patients, frequently found near plaques or tangles [144].
Several studies suggested that the crosstalk of T cells with other glial cells in CNS would be an essential
prerequisite to obtain fully activated phenotypes under AD microenvironments as the infiltrated T
cells were initially not activated or on the progress of maturation [145]. Furthermore, reactive glial
cells in AD can further recruit and activate B-lineage cells [146]. The increased population of activated
B cells producing antibodies against Aβ and tau aggregates were found in AD patients, which directly
disassembled Aβ and tau proteins and further assisted the microglial phagocytosis [147]. Even if
primary roles of T cells and B cells are to maintain homeostasis in mild AD conditions, the crosstalk
between glial cells and these peripheral immune cells can increase the production of proinflammatory
mediators (e.g., IL-1β, IL-6, IL-12, IL-18, and TNFα), leading to neurodegeneration in severe ADs [148].
Therefore, targeting innate immunity along with peripheral immunity can be effective strategies to
cure mild to severe ADs.

3. Promising Strategies for Targeting Each Stage of AD Development

3.1. Conventional Strategies Targeting Aβ

3.1.1. Inhibition of Aβ Cascade

The β-secretase enzyme (BACE)-1 inhibition has been a pharmacological strategy for AD as the
cleavage of APP by BACE-1 is the first step in the production of soluble Aβ [149–154]. Verubecestat
and Lanabecestat are well-studied BACE-1 inhibitors in animals and have proven their effectiveness in
mild to moderate AD patients, such as reduction in soluble Aβ in CSF, significantly [150,151]. However,
the reduction in Aβ levels in CSF did not improve either cognition or brain functionality; yet, even
worsening of cognition has been reported [144]. Other BACE-1 inhibitors (e.g., Elenbecestat [152],
Atabecestat [153], CNP520 [154]) are under the clinical evaluation in terms of the reduction of
Aβ accompanied by the deceleration of cognitive decline. Blocking γ-secretase pathways (e.g.,
Tarenflurbil [23], Semagacestat [22], Avagacestat [155]) is another approach in decreasing APP
proteolysis followed by Aβ production, but they were not able to improve cognitive functions
of AD brains neither [23]. Other approaches, such as increasing α-secretase activity and modulating
lipid metabolism reducing APP-mediated Aβ cascade, are under the stage of development [149].

3.1.2. Passive Immunotherapy Targeting Aβ

The amyloid cascade hypothesis presents that the most neurotoxic species is the oligomeric Aβ as
it elicits the disruption of neuronal membranes, the dysfunction in synapsis, and the signal transduction
initiating process of AD [11,93–96]. Recent evidence showed that the formation of oligomeric Aβ was a
reversible process that reduced the neurotoxicity in various brain models [156]. Therefore, the anti-Aβ

antibodies destabilizing or clearing Aβ oligomer have been a strategy for treating the mild to moderate
AD [25,26,157]. Particularly, N-terminus of Aβ-targeting antibodies showed the excellent effectiveness
to clear the toxic aggregated species of Aβ [157]. Among the humanized monoclonal immunoglobulin
G (IgGs) targeting N-terminus, Bapineuzumab and Gantenerumab have proven their outstanding
binding affinity to oligomeric Aβ, but they failed to improve cognitive functions in clinical trials [25,26].
To further improve the therapeutic efficacy, Biogen screened libraries of memory B cells from healthy
elderly and released Aducanumab, a N-terminus targeting antibody targeting oligomer and fibril types
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of Aβ [158]. Promising animal studies showed that Aducanumab can penetrate the blood-brain barrier
(BBB), while other antibodies achieved the penetrate rate of 0.1% [158]. Furthermore, clinical studies
validated the therapeutic effectiveness of Aducanumab slowing of progression at 1 year; and now it is
under Phase III [126]. Polyclonal antibodies or immunoglobulins are also capable of decreasing Aβ

burden in the brains, but their major mechanism to treat AD is the active immunization that recognizes
Aβ species and boosts the immunological response against Aβ [159]. The details will be described in
Section 3.3.

3.1.3. Inhibition of Aβ Aggregation

The metal protein attenuating compounds (MPACs) have emerged as potential anti-Aβ aggregates
as they strongly chelate excessive copper and zinc ions and inhibit the interactions between redox-active
ions and Aβ peptides that further prevent oligomerization [27,160–162]. Clioquinol (PBT1) is a
hydroxyquinoline ionophore, exhibiting the excellent inhibition of Aβ deposition in AD mice models
and the decrease of Aβ toxicity in neuronal cell culture models [160]. Clinical studies proved that
the treatment of Clioquinol significantly reduced the Aβ42 level in plasma and benefited for the
patients having mild cognitive impairments (Alzheimer’s Disease Assessment Scale-Cognitive Score
(ADAS-cog Score) > 25) compared to the treatment of placebo drug [161]. However, there was a rising
safety issue, such as neuropathy in the patients with the chronic administration of Clioquinol [162].
A second-generation of clioquinol (PBT2) with the improved brain penetration and pharmacokinetics
was developed and confirmed the safety maintaining synaptic health in APP transgenic mice. Currently,
PBT2 is under the clinical evaluation [27].

3.1.4. Challenges

Preventing the Aβ accumulation was the major approach to treat the mild to moderate AD for the
past two decades (Table 1). Despite the efforts for the diminution of Aβ deposition in the brains using
above mentioned strategies, no promising clinical outcomes has been accomplished [18,25,26,162].
Due to the clinical failures, a number of studies casted doubt on the current Aβ hypothesis
suggesting that Aβ accumulation would be merely an epiphenomenon not a major cause of AD
progression [104,163,164]. For instance, the contradictory results have been reported that Aβ aggregates
can be formed in even healthy brains, indicating the implausible correlation between the accumulation
of Aβ and the severity of AD [165]. In addition, the reduction of Aβ in CSF or Aβ aggregation
in brains did not improve cognitive functions but frequently increase adverse side effects in the
human body [150,151]. Moreover, Aβ-targeting strategies are limited to the early to moderate AD
patients [18,23,43,89,166] and are not available for the late-onset AD patients, who have the high risk
of cognitive impairment, dementia, or even lose control of essential bodily functions [104,163,164].
Given the risk-benefit ratio, most Aβ-targeting strategies have been under reconsideration or even
discontinued in their use [165].

3.2. Inhibition of Tauopathy

3.2.1. Inhibition of Hyperphosphorylation in Tau

As we described in the Section 2.2, the hyperphosphorylation of tau (more than 7–8 phosphates per
a tau) induces the detachment of tau from microtubules leading to the formation of tau aggregates and
insoluble filaments in the diseased state [167]. Hyperphosphorylation is modulated by several protein
kinases, including glycogen synthase kinase-3β (GSK-3β), cell cycle-dependent kinase 5 (CDK5),
mitogen-activated protein kinases (MAPK), casein kinases, Ca2+/calmodulin-dependent protein
kinase II (CAMK II), microtubule affinity regulating kinase, and protein kinase A (PKA) [167,168].
Among the kinases, GSK-3β and CDK5 were observed near neurofibrillary tangles promoting the
microtubule aggregates in AD patients [168,169]. Other in vitro and in vivo results showed that the
inhibition of GSK-3β and CDK5 activity were capable of reducing tauopathy and degeneration by
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lowering tau phosphorylation [170]. Thus, GSK-3β and CDK5 can be novel targets for a therapeutic
intervention of AD, as well as other CNS disorders [168,170]. For example, alkali metal lithium and
amino-thiazole, GSK3 inhibitors, proved their therapeutic efficacy to reduce tau phosphorylation in
transgenic mouse and human AD models [170]. In addition, inhibitors targeting MAPK or CAMKII
have received a great attention as promising therapeutic approaches of AD by reducing the tau-mediated
aggregates in the brain [171]. Other examples of inhibitors decreasing the hyperphosphorylation are
4,5,6,7-tetrabromobenzotriazole (TBB) (casein kinase II inhibitor), cyclosporin A (calcineurin inhibitor),
and Saracatinib (Fyn kinase inhibitor) [172].

The usage of tau phosphatase can be another strategy to prevent the formation of tau
hyperphosphorylation [173]. Protein phosphatase 2A (PP2A) is a large family of phosphatases
targeting Ser/Thr protein kinases in the brain, which is capable of dephosphorylation and inactivation
of various tau kinase proteins [173,174]. The reduction of PP2A activity was found in the brain of AD
patients, promoting tau hyperphosphorylation [175]. Besides PP2A, other protein phosphatases,
such as PP1, PP2B, and PP5, also significantly downregulated the tau phosphorylation [176].
However, Liu et al. showed that PP2A, PP1, PP5, and PP2B accounted for 71%, 11%, 10%, and
7% of the total dephosphorylation, respectively [177]. Thus, the activation of PP2A can be a
pharmacological approach to inhibit the hyperphosphorylation. The small molecules regulating
PP2A have been developed and proved their ability to deregulate tau hyperphosphorylation
and reduce the cognitive impairment consequently [177]. For example, the copper ionophore
glyoxalbis-(N4-methylthiosemicarbazonato]-Cu(II) (CuII(gtsm)] improved PP2A activity and provided
benefits towards the tau pathology in animal model [178]. Other metal chelators targeting zinc or iron
also promoted the PP2A activity that further reduced tau phosphorylation level. However, a number
of clinical studies reported issues with the long-term usage of some phosphatases (e.g., perphenazine
(PPZ) and okadaic acid (OKA)) causing the neurotoxicity [179]; therefore, the application of small
molecules in the treatment of AD requires further research.

3.2.2. Inhibition of Tau Aggregation

The formation of tau aggregations, also referred as NFTs, are the consequence of misfolded tau
accumulation followed by PHF formation [180]. Therefore, the inhibition of aggregation process or
the destroy of aggregated tau could be effective therapeutic approaches preventing tauopathy in AD
progression [181]. To impede the formation of tau aggregates, small molecules disturbing tau-tau
paring have been developed achieving 80% disassembly of PHF in the brains [182], proving their
therapeutic efficacy as AD treatments. Methylene blue (MB) is one of the first-generation inhibitors
disrupting tau aggregations and serving neuroprotective roles via promotion of mitochondrial
antioxidants, which is now in phase II clinical trials for treating mild AD [183]. To solve undesirable
side effects (diarrhea, urgency, and painful urination) reported in MB treatment, a new MB
derivative (leuco-methylthioninium bis (hydro-methanesulfonate) (LMTM)) has been designed to
improve the bioavailability and tolerability [184]. Recently, LMTM has been proven the ability to
decrease tau aggregation and improve cognitive impairment in the phase III clinical trials [184].
Other small molecules preventing tau aggregation involve thiacarbocyanines, anthraquinones, and
phenylthiazolyl-hydrazides, which have been demonstrated their promising therapeutic efficacy
in vitro and in vivo AD models [184,185]; yet, further investigation is required.

3.2.3. Inhibition of Tau Activity

The inhibition of tau expression level and activity can alleviate AD symptoms [167]. The
currently proposed treatments inhibiting the tau activity include tau expression inhibitors (antisense
oligonucleotides (ASOs)) [28], phosphatase modifiers (e.g., PPZ, OKA, Memantine, etc.) [29–33], tau
kinase inhibitors (e.g., Tideglusib, lithium, amino-thiazole, oxindolequinazoline, sirenade, R-roscovitine,
aloisine, etc.) [34–40], tau acetylation inhibitors (Salsalate) [41], tau deglycosylation inhibitors (e.g.,
phosphodiesterase type 4 inhibitor) [42], tau aggregation inhibitor (e.g., Methylene Blue, LMTX,
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etc.) [43–45,184,186], microtubule stabilizers (e.g., Epithilone D, NAP, TPI 287) [47–49], and small
molecules promoting immune response toward tau [178].

3.2.4. Challenges

Given the fact that the tau burden explained the clinical impairments better than Aβ burden
did, tau protein is considered as a promising target for AD [167]. However, the above-mentioned
medicines are not capable of curing AD, but only relieving mild symptoms, presumably due to lack of
knowledge on tauopathy [104]. For instance, the contribution of tau to Aβ pathology, or vice versa,
in AD progression is not fully understood [164,167]. Therefore, the further research on the underlying
mechanisms of tau dysfunction and their impact on AD progression is essential to discover novel
AD cures.

3.3. Neuroinflammatory Modulation

The conventional treatments were merely targeting early ADs reducing symptoms. To prevent
AD progression particularly targeting the late stages of ADs, the reduction of the glial activity by
removal of excessive proinflammation has proven notable outcomes recently [187]. The glial activation
is attributed to the binding of misfolded proteins or pathogens to Toll-Like Receptor (TLR), Triggering
Receptor Expressed on Myeloid cells 2 (TREM2), RAGE, Colony-Stimulating Factor-1 Receptor (CSF1R),
or P2Y1 purinoreceptor (P2Y1R) [188]. Upon the activation of microglia and astrocytes either by
misfolded proteins or proinflammatory cytokines, the signal transduction via Janus Kinase (JAK)-Signal
Transducer and Activator of Transcription (STAT), MAPK, Nuclear factor-κB (NF-κB), or Nod-Like
Receptor (NLR) family Pyrin domain containing 3 (NLRP3) is initiated and further increased the
inflammation and neurodegeneration in CNS [189]. Therefore, inhibition of inflammatory response
targeting one of these cascades can be a novel strategy to reduce detrimental neuroinflammation and
cognitive deficits induced by AD.

3.3.1. Inhibition of JAK2/STAT3 Pathway

The binding of Aβ to gp130 membrane receptors and triggering the phosphorylation of STAT3
and JAK/STAT3-associated signaling pathways are commonly found in the reactive astrocytes and
microglia under the AD conditions [190]. The phosphorylated STAT3 are then turning on the
expression of targeted genes, resulting in the up regulation of proinflammatory mediators, such as
IL-6, IL-12, TNF-α, and interferon gamma (IFN-γ) [191]. The constitutive activation of JAK2/STAT3
pathway by mutation of JAK2T875N induced the increase of reactive astrocytes in CNS and altered
synaptic transmission [192]. Therefore, the downregulation of JAK2/STAT3 can alleviate AD pathology,
particularly targeting reactive astrocytes. For instance, inhibition of the cascades by the treatment of
Suppressor of Cytokine Signaling 3 (SOCS3) inhibitors [192] or the conditional deletion of STAT3 [193]
lowered the expression of reactive marker of glial fibrillary acidic protein (GFAP) and restored the
transcription profile of astrocytes under the inactive status [192,193]. JAK2/STAT3 inhibitors also
rescued the synaptic transmission and plasticity that improved memory and learning functions in AD
mice. Oral administration of Stattic, a STAT3 inhibitor, has proven the therapeutic efficacy to recover
learning and memory in 5XFAD mice model [193,194].

3.3.2. Inhibition of NF-κB/NLRP3 Pathway

NF-κB is another transcription factor triggering NLRP3 inflammasome cascades, which produces
proinflammatory molecules as IL-6, IL-1β, and IL-18 [194]. The abnormally increased NLRP3 activity
via NF-κB, which exacerbated neuroinflammation, was frequently found in the AD pathology [195].
In vitro studies showed that the accumulation of Aβ can activate the NF-κB/NLRP3 pathway in reactive
astrocytes and lead to the production of excessive IL-6, which further triggered γ-Aminobutyric
Acid-producing (GABAergic) interneuron degeneration and cognitive impairment [196]. Valerio et al.
showed that injection of Aβ1-42 oligomers to the cortex of rat increased the colocalization of
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NF-κB and GFAP, validating the involvement of Aβ-mediated NF-κB activation in the increase
of astrocyte reactivity [197]. Other studies also revealed that reactive astrocytes released IL-1β via the
NF-κB-mediated pathway led to the tau hyperphosphorylation and the tangle formation, indicating
that NF-κB/NLRP3 increased AD risk [198]. Alternatively, in vivo studies with APP/PS1/NLRP3–/–

mice pointed out the opposite effects of NLRP3 deficiency that increased microglial phagocytosis and
skewed microglia into anti-inflammatory phenotype serving neuroprotective roles [195]. In this regard,
inhibition of NF-κB/NLRP3 cascades exerted either by removal of NF-κB-mediated proinflammation
or addition of NLRP3 agonists and can be employed for AD treatment [199].

3.3.3. Inhibition of p38 MAPK Pathway

p38 MAPK is emerging as a pivotal regulator for promoting proinflammatory pathways.
Extracellular signals, such as Aβ, can initiate p38 MAPK cascades in microglia and astrocytes, leading
to the release of proinflammatory molecules, particularly IL-1β, exacerbating AD pathogenesis [171].
The activation of p38 requires the binding of adenosine triphosphate (ATP) followed by the
phosphorylation of threonine at R180 and tyrosine at R182 [200]. From the perspective of molecular
mechanism, p38 MAPK inhibitors preventing the binding of p38 to ATP have been developed: one for
targeting ATP-competitive mechanism, such as imidazole inhibitors (SB203580, SB202190, SP600125),
and another for changing conformational structures of ATP-binding sites (BIRB796) [201]. These p38
MAPK inhibitors can prevent the formation of BACE-1 protein, induce the expression of Aβ-degradable
enzyme (neprilysin), and decrease pro-inflammatory mediators [202]. Another type of selective p38
MAPK inhibitor, NJK14047, down-regulated the expression of proinflammatory factors, such as
COX-2, TNF-α, IL-1β, and nitric oxide (NO) synthase, subsequently leading to a reduction of NO and
prostaglandin E2 [203]. In this regard, the negative regulation of MAPK can reduce Aβ accumulation,
alleviate neuroinflammation, and improve cognitive impairments in AD mice [204].

3.3.4. Calcium/Calcineurin/NFAT Pathway

Dysregulation of glial Ca2+ signaling was found in a number of CNS diseases, including AD,
brain edema, stroke, and epilepsy [205]. In AD, the presence of Aβ and proinflammatory factors
originated from microglia and astrocytes increased the excessive calcium pools and triggered the
Calcium/Calcineurin/Nuclear Factor of Activated T-cells (NFAT) signaling pathway, as well as the
production of proinflammatory cytokines that exacerbated AD progression [206]. The inhibition of
calcineurin/NFAT pathways were particularly effective for the reduction in astrocyte reactivity, while
baring for other innate immune cells. For instance, blocking the calcineurin/NFAT axis in astrocytes
by using VIVIT peptide reduced the reactivity and amyloid levels, as well as improved the cognitive
deficits, in APP/PS1 mice [207]. Chronic treatment with calcineurin inhibitors, such as Tacrolimus,
showed a neuroprotective effect on the AD compared to general population [55,207,208]. However,
inhibiting this pathway in microglia did not offer a benefit to improve memory performances although
the Aβ load and microgliosis were significantly reduced [55]. Overall, the maintenance of calcium
homeostasis in CNS by modulating calcineurin/NFAT pathways can offer benefits to ameliorate
AD progression.

3.3.5. TREM2 Pathway

TREM2 is a membrane receptor primarily expressed in microglia sensing Aβ or other toxic
aggregates in AD [209]. Recently, the deficiency of TREM2 activity has been identified as a high-risk
factor as it has a strong correlation with the severity of AD. Several studies validated that the deficiency
of TREM2 increased proinflammatory responses [210], while recovery or overexpression of TREM2
promoted anti-inflammatory responses [211]. In addition, TREM2 receptor is a checkpoint for the
activation of type II Disease-Associated Microglia (DAM2), which is responsible for the clearance of Aβ

plaques in hippocampus, cerebral cortex, amygdala, and hypothalamus [212]. Therefore, the deficiency
or haploinsufficiency of TREM2 impaired the activation of neuroprotective microglia and increased
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the Aβ burden, as well as the cognitive impairment [211,213]. Multiple genetic mutations, such as
APOE, R47H, R62H, D87N, and T96K, in TREM2 are related to malfunctions in phagocytosis and
promotion of proinflammatory activation [214]. For instance, R47H variant of the gene encoding
TREM2, which is most abundant mutation in AD patients comprising 75% [215], induced the loss
of TREM2 function, contributing to the suppression in synaptic transmission [216] and the increase
of proinflammatory immune response exacerbating AD risks [217]. Given the important roles of
TREM2 in AD, therapeutic strategies to recover or promote TREM2 functions have been intensively
investigated [218]. Treatment of additional soluble TREM2 (sTREM2) or viral vectors increased the
microglial phagocytosis and rescued spatial memory [219]. Overexpression of TREM2 in microglia
by using Bacterial Artificial Chromosome (BAC)-mediated transgenesis can reduce the Aβ load and
improve memory performance in 5xFAD mice model [220]. Antibodies that rescued the loss of TREM2
signal were developed and proved their therapeutic efficacy that can decrease the pro-inflammatory
cytokines and abrogate survival defects [57].

3.3.6. TLR Pathway

TLRs are a family of pattern-recognition receptors expressed in a wide spectrum of CNS cells,
particularly microglia [221]. The involvement of TLRs, especially TLR2 and TLR4 in AD pathogenesis,
have been investigated in many studies; however, their specific roles in the initiation and progression
of AD remain controversial [222]. In vitro studies with mouse-derived microglia showed that the
activation of TLR2 was responsible for Aβ [223]. However, other studies on APP/PS1 mice reported
the contradictory findings that inhibition of TLR2 reduced Aβ load and improved impairments in
spatial learning functions [224]. Like TLR2, there are still controversial debates over the role of TLR4 in
AD pathogenesis [222]. Studies on APP/PS1 mice with a destructive mutation of TLR4 reported that
the loss of function in TLR4 was associated with the increase in the Aβ deposition and the decrease in
the microglial amyloid beta hypothesis activation, while the activation of TLRs significantly boosted
the Aβ phagocytosis [225]. On the other hand, recent studies showed that the activation of TLR4 by
Aβ42 increased TNF-α level, leading to the long-term potentiation deficit and neuronal death [226].
These inconsistent findings suggest that more studies on the roles of TLRs in AD are in need to develop
AD treatments.

3.3.7. RAGE/CSF1R/P2Y1R Pathway

Overexpression of RAGE in microglia leads to the increased production of neuroinflammatory
cytokines and Aβ accumulation; therefore, the treatment of RAGE inhibitors can prevent the exasperated
reactivity of microglia towards Aβ [227]. CSF1R is also a promising target to regulate the inflammatory
response of microglia [59]. Prolonged inhibition of CSF1R by using GW2580 tyrosine kinase inhibitor
can shift microglia from inflammatory phenotype to anti-inflammatory phenotype [228]. Furthermore,
chronic intracerebroventricular administration of P2Y1R antagonists, which notably prevented the
hyperactivity in astrocytes, protected the brain from impaired spatial learning and memory deficits [60].

3.3.8. Anti-Inflammatory Therapy Targeting Adaptive Immune System

Beneficial roles of T cells (Tregs) and type II helper T cells (Th2) in AD have been reported in
many studies [61,229,230]; therefore, the increase of T reg or Th2 population has been adopted as a new
clinical approach for AD treatment. Transplantation of Treg cells, also referred as adaptive T cell therapy,
reduced Aβ burden and recovered cognitive functions, while deletion of Treg population significantly
increased Aβ load and exacerbated AD progression, with spatial learning deficits [61]. Treatment of
Aβ-specific Th2 lymphocytes also improved the memory working tasks in APP/PS1 mice models [61].
One of the major advantages of T cell transfer therapy compared to others is that T cells are inherently
passing through BBB, not requiring additional delivery system [231]. B lymphocytes, another type of
adaptive immune cells, increased anti-Aβ IgG, which neutralized and impaired Aβ fibrinogenesis [232].
Loss of B cells induced the impairment of microglia phagocytosis, while the addition of anti-Aβ IgG
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could compensate the reduction effects in Aβ pathology [62]. Type I helper T cells (Th1), on the other
hand, is known to promote proinflammatory cytokines (IFN-γ, TNF-α, IL-2) [166,233] resulting in
detrimental consequences. These contradictory roles in the adaptive immune system depending on
subtypes of lymphocytes indicate that therapeutic approach should target and control over each type
of lymphocyte specifically so that increase the success rate of immune therapy.

3.3.9. Challenges

The anti-inflammatory treatments have received great attentions recently due to the notable
correlation between the degree of neuroinflammation and the severity of AD [127,146,234] (Table 1).
On the other hand, there are only few treatments in the clinical trials (e.g., ALZT-OP1, COR388,
masitinib, etc.) [235–237]. In addition, Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) did not
validate convincing efficacy in clinical trials, although they showed promising therapeutic efficacy in
in intro and in vivo models [15]. The clinical failures were attributed to the inaccurate targeting of the
specific component in innate immunity as innate immune cells were heterogeneous in their phenotype
and played dual roles depending on the stage of AD [238]. For instance, microglia and astrocytes played
neuroprotective roles in the early onset of AD, but they then switched to the detrimental phenotypes
exacerbating neuroinflammation in the late stages of AD [236]. In addition, it required significant
challenges to determine the stage of AD where the glial cells were shifting from neuroprotective to
neurotoxic phenotype [238]. Therefore, further studies on the characteristics of innate immune cells
and their mutual interactions in each stage of AD are urgently required.

4. Neuroregeneration Restoring Cognitive Impairment

4.1. Supplement of Neurotrophic Factors

Neurotrophic factors are biomolecules playing key roles in the proliferation, differentiation,
plasticity, and survival of neuronal cells [239]. Neurotrophic factors are composed of three main families,
including neurotrophins, glial cell line-derived neurotrophic factors (GDNFs), and ciliary neurotrophic
factors (CNTFs) [239]. Among the neurotrophic factors, the deficiency or dysregulation of neurotrophins
is the hall marker prevailing in AD patients resulting in severe neuronal defects [237]. Neurotrophin
family composes of Brain-Derived Neurotrophic Factor (BDNF), Nerve Growth Factor (NGF),
Neurotrophin (NT)-3), and NT-4. The roles of neurotrophins are initiated by binding to Tropomyosin
Receptor Kinases (Trks) or p75NTR, which transduces signaling pathways of Phosphatidylinositol
3-Kinase/protein kinase B (PI3K/AKT) and MAPK–Extracellular signal Regulated Kinase (ERK)
promoting protein synthesis, cell proliferation, and cell survival [240]. Clinical studies revealed that
the levels of neurotrophins in AD patients were increased in early stages, while their levels were
significantly decreased in advanced stages [241]. In this regard, the supplementary of neurotrophins
can be a therapeutic strategy for treating AD.

4.1.1. Supplement of Neurotrophins

The restoration of neurotrophin deficiency can reverse neurodegenerative diseases [242].
The supplementation of neurotrophins, particularly BDNF, to the hippocampus region has proven the
efficacy to ameliorate learning deficits in the rat model of AD induced by the treatment of Aβ1-42 [63].
However, recent studies showed that the untargeted delivery of NGF continuously stimulated neuronal
cells causing constant neuropathic pains for patients several months after infusion [243]. To this end,
targeted drug delivery system and painless NGF protein (hNGFp) have been suggested to solve this
issue, which proved the restoration of cognitive deficits without causing neuropathic pains in animal
models [65,244]. The supplementation of NGF can be further exerted by the delivery of NGF encoding
vectors to CNS regions [245]. The NGF genes were inserted in viral vectors, such as Moloney leukemia
virus vectors and Adeno-associated virus serotype 2 (AAV2), and tested to treat mild-to-moderate AD
patients [65].
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4.1.2. Increase of Neurotrophic Effects by Peptide Mimetics

The indirect strategy to increase neurotrophic effects is the delivery of peptide mimetic, small
molecule ligands that target neurotrophin receptors (either TrkA, TrkB, TrkC, or p75NTR) in the agonist
or antagonist manner [246]. For instance, the peptide antagonist of NGF targeting p75NTR prevented
the neuronal death induced by Aβ (1–40) in NIH–3T3 and E17 cortical neurons and improved the
cognitive deficits in APP mice [244]. 7,8-dihydroxyflavone (7,8-DHF) is another peptide mimicking
BDNF blocked BACE-I receptor and alleviated the level of Aβ40 and Aβ42 in 5XFAD mice brains [66].
7,8-DHF also transduced the TrkB-axis pathways that improved cognitive deficits and prevented
neuronal loss in AD mice model [67,247] without causing toxicity in long-term treatment. Other
examples involve deoxygedunin [67], LM22A-4 [68], and bicyclic BDNF loop mimetics [248] that have
proven their BDNF neurotrophic effects in AD.

In summary, neurotrophin dysfunction is closely associated with the pathogenesis of AD.
Enhancing the neurotrophin effects could be achieved by the direct supplementation of neurotrophins or
by the indirect addition using gene therapy and neurotrophin mimetics. Although there are remaining
challenges in these methods, current results suggest that neurotrophin therapy is a promising strategy
for the treatment of AD.

4.2. Supplement of Neuronal Cells

Another strategy to promote the neuroregeneration is the supplement of functional neurons,
which are capable of forming new axons, synapses, and neural networks in the damaged CNS
regions [249,250]. In order to increase population of functional neurons, neurons can be supplemented
either by the glia-neuron conversion or the stem cell transplantation [251,252]. Glial cells are essential in
the survival and the maintenance of normal neuronal function, such as supplying nutrition to neuronal
cells [253,254], promoting myelination, and maintaining synaptic connectivity and plasticity [255,256].
In addition to the benefits to repair and promote neuronal activity, these glial cells can be converted
into different subclasses of neuronal cells accompanied with their original roles [70]. Therefore,
several studies have developed the glia-neuron conversion techniques that may offer a novel strategy
to cure AD [72,73,257,258]. Stem cell transplantation is another emerging approach that reverses
the pathogenesis of AD [259]. The transplanted stem cells are differentiated into newly generated
neuronal cells that replace the damaged neurons and recover dysfunction in APP/PS1 mice brains [260].
The newly generated neuronal cells can be further genetically modified to produce neuroprotective
factors promoting self-repair system in endogenous cells [74]. In addition, the replaced stem cells
are known to decrease the proinflammation contributing to the exacerbation of AD in the cortex and
hippocampus [70,257]. Currently, those two approaches are under the clinical trials to demonstrate
their safety, which may pave the way for the development of a novel approach to cure AD.

4.2.1. Conversion of Glial Cells to Neuronal Cells

The promoted expression of neuronal transcription factors can convert each type of glial cells to
the different subclass of neuronal cells, which may offer the replacements of impaired neurons [261].
For example, under the forced expression of NeuroD1 by using viral vectors, astrocytes were converted
into glutamatergic neurons, while NG2 cells became GABAergic neurons [257]. The converted neurons
were fully functional showing robust synaptic activities validated by the cortical recordings [257].
Moreover, by using different transcription factors, a particular type of glial cell can be programmed to
convert into different types of neurons [70]. To take astrocytes as examples, astrocytes derived from
postnatal cortex could be transformed into either glutamatergic or GABAergic neuronal cells by using
the fate determinant Neurogenin 2 or Dlx2 [70]. The conversion efficacy also depends on the origin of
glial cells. Astrocytes from grey matter were reprogramed and converted into functional neurons more
effectively than that of white matter [71]. The addition of chemicals targeting transcriptional factors
can also facilitate the glia-neuron conversion [262]. Zhang et al. introduced the method of glia-neuron
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conversion by addition of nine small molecules sequentially, including LDN193189, SB431542,
4-((E)-2-(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl)-benzoic acid (TTNPB),
thiazovivin, CHIR99021, valproic acid (VPA), N-(N-(3,5-difluorophenacetyl)-L-alanyl)-S-phenylglycine
t-butyl ester (DAPT), Smoothened agonist (SAG), and purmorphamine, that were capable of activating
neural transcription factors, such as NeuroD1 and Neurogenin 2 [72]. Later, Yin et al. developed
a more simplified recipe of four molecules, LDN193189, CHIR99021, DAPT, and SB431542, that
modulated multiple signaling pathways, including Notch, which was simultaneously converting
astrocytes to neurons by one-time administration [73]. Interestingly, the new cocktail was found to
pass through the BBB and induced neurogenesis in the mouse hippocampus [73]. The successful
conversion of glial cells into functional neurons may lead to the development of next-generation
medicines for neuroregeneration.

4.2.2. Transplanting Stem Cells into Brains

Mesenchymal stem cells (MSCs) are the most widely used stem cells for the replacement of
impaired neuronal cells for AD patients [263]. MSCs could be derived from a variety of tissues
and organs, such as adipose tissue, bone marrow, placenta, or umbilical cord; particularly, MSCs
isolated from adipose tissue showed an excellent proliferation rate [264]. MSCs are more appealing
compared to other types of stem cells for neuroregeneration as they are inherently capable of passing
the BBB layer [265]. This unique characteristic enabled the administration of MSCs in the less invasive
routes, leading to the simplification of treatment protocol [266]. In addition to MSCs, neural stem
cells (NSCs) are the second major source for the stem cell transplantation in AD treatments [267].
NSCs can be isolated from the subventricular zone of lateral ventricles or the subgranular zone of
the hippocampus [268]. They have the capability of differentiating into oligodendrocytes, neurons,
and astrocytes [269]. Other types of stem cells, such as embryonic stem cells, hematopoietic stem
cells, olfactory ensheathing cells, and induced pluripotent stem cells, have been also employed in the
treatment of AD [74]. To further improve the efficacy of transplantation followed by AD cure, these
stem cells were genetically modified to encode neurotrophic factor genes [76–79] or pretreated with
neurotrophic factors [76] insulin-like growth factor-I (IGF-I) [77], Vascular Endothelial Growth Factor
(VEGF) [78], or Glucagon-Like Peptide-1 (GLP-1) [79]. For example, BDNF electroporated into mouse
NSCs increased the viability of engrafted NSCs that further contributed to the recovery of synaptic
density in hippocampus [75]. Although the transplantation of NSCs can improve cognitive deficits
significantly, their contributions to the prevention of AD pathology remain questionable, which may
raise the possibility of AD return in long-term observation. To address this issue, Blurton-Jones et al.
introduced genetically modified NSCs encoding Aβ-degrading enzyme [80]. The modified NSCs not
only increased neural density but also significantly decreased Aβ levels in the hippocampus, as well
as surrounding regions [80]. In summary, stem cells combined with such modifications could offer
combined therapeutic effects of both supplement of neuronal cells and neurotrophic factors, greatly
enhancing the power of stem cell therapy in AD treatment.

4.2.3. Challenges

Although various studies have shown promising therapeutic effects of stem cell transplantation,
there are some challenges that need to be taken into consideration. First, the prolonged therapeutic
effects in stem cell transplantation remain unclear. To the best of the authors’ knowledge, the longest
observation period of behavior and cognition improvement after transplantation into mice models
were 4 months [266]. It has been reported that the transplanted stem cells were found to decrease
over the time in the host microenvironment [270,271], which may decrease the therapeutic effects of
engrafted stem cells in the long-term treatment. Second, the possibility of tumor formation after stem
cell transplantation is another major obstacle to pass clinical trials [272,273]. A number of studies
revealed that stem cells were possessing features found in cancer stem cells, such as obtaining increased
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apoptosis resistance and prolonged life span [272]. These challenges suggest more studies on the
investigation of long-term effects and side effects during cell-based neuroregeneration therapy.

We summarized all medicines mentioned above in Table 1.

5. Outlook

AD is a progressive disease devastating brain functions, such as memory, language, and social
behavior, as well as even threatening the life for millions of people in the world as no definite cure
exists. In this review, we highlighted the current and future treatment options targeting each stage of
AD progression. The major characteristics observed in an early AD stage involve the accumulation of
Aβ and tau proteins in the brains [12,82]. Conventional treatment options targeting the Aβ plaques
and tau tangles are merely relieving symptoms for mild and moderate AD patients, which are not able
to alleviate brain damages caused by oxidative stress and neuroinflammation, frequently observed in a
severe AD stage [109,126]. To develop a novel therapeutic option to cure further severe AD, enormous
efforts have been delivered and suggested to adopt strategies of antioxidation, anti-inflammation, or
neuroregeneration. Despite promising outcomes from above mentioned strategies tested in in vitro
and in vivo models, untargeted methods caused significant side effects in the clinical trials [150].
In addition, the presence of BBB blocked the entrance of most therapeutics (chemo-, antibody-, or
cell-based modules) to CNS representing that further delivery method passing through BBB is urgently
in needed [75,159,264]. Therefore, future studies on the underlying mechanisms of AD progression
from early to late stages in both molecular and cellular levels, as well as the targeted delivery methods
for the AD therapeutics, should be performed to discover novel therapeutic cures for AD.
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Abbreviations

7,8-DHF 7,8-dihydroxyflavone
AAV2 Adeno-associated virus serotype 2
AD Alzheimer’s Disease
ALS Amyotrophic lateral sclerosis
APOE Apolipoprotein E
APP Amyloid-beta precursor protein
ATP Adenosine Triphosphate
Aβ Amyloid beta
APLP1 Amyloid-like protein 1
BAC Bacterial Artificial Chromosome
BACE-1 Beta-site APP Cleaving Enzyme 1
BDNF Brain-Derived Neurotrophic Factor
CAMK II Ca2+/calmodulin-dependent protein kinase II
CAT Catalase
CBD Corticobasal Degeneration
CDK5 Cycle-dependent Kinase 5
CHL1 Close homolog of L1
CNS Central Nervous System
CNTFs Ciliary Neurotrophic Factors
COX Cyclooxygenase
CSF Cerebrospinal Fluid
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CSF1R Colony-Stimulating Factor-1 Receptor
DAM Disease-Associated Microglia
DAPT N-(N-(3,5-difluorophenacetyl)-L-alanyl)-S-phenylglycine t-butyl ester
DNA Deoxyribonucleic acid
ERK Extracellular signal Regulated Kinase
FAD Familial Alzheimer’s Disease
FTDP-17 Frontotemporal dementia with parkinsonism-17
GDNFs Glial cell line-Derived Neurotrophic Factors
GABAergic γ-Aminobutyric Acid-producing
GFAP Glial Fibrillary Acidic Protein
GLP-1 Glucagon-Like Peptide-1
GPX Glutathione Peroxidase
GSH Glutathione
GSK-3β Glycogen synthase kinase 3 beta
hNGFp painless NGF protein
IFN-γ Interferon gamma
IFITM3 Interferon-induced transmembrane protein 3
IGF-I Insulin-like Growth Factor-I
IgG Immunoglobulin G
IL Interleukin
JAK Janus Kinase
LMTM Leuco-methylthioninium bis (hydro-methanesulfonate)
MAPK Mitogen-Activated Protein Kinase
MB Methylene blue
MCI Mild cognitive impairment
MPACs Metal protein attenuating compounds
MSCs Mesenchymal Stem Cells
NADP Nicotinamide adenine dinucleotide phosphate
NRF2 Nuclear factor erythroid 2-related factor
NFAT Nuclear Factor of Activated T-cells
NFT Neurofibrillary Tangles
NF-κB Nuclear factor-κB
NGF Nerve Growth Factor
NLR Nod-Like Receptor
NLRP3 NLR family Pyrin domain containing 3
NO Nitric Oxide
NSAIDs Non-Steroidal Anti-Inflammatory Drugs
NSCs Neural Stem Cells
NT Neurotrophin
OKA Okadaic acid
P2Y1R P2Y1 purinoreceptor
PET Positron emission tomography
PD Parkinson’s Disease
PHF Paired Helical Filament
PI3K Phosphatidylinositol 3-Kinase
PiD Pick Disease
PKA cAMP-dependent protein kinase
PP Protein phosphatase
PPZ Perphenazine
PS Presenilin
PSP Progressive Supranuclear Palsy
RAGE Receptor for Advanced Glycosylation End products
RNA Ribonucleic acid
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
SAD Sporadic Alzheimer’s Disease
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SAG Smoothened Agonist
SOCS3 Suppressor of Cytokine Signaling 3
SOD Superoxide Dismutase
STAT Signal Transducer and Activator of Transcription
sTREM2 Soluble TREM2
TBB 4,5,6,7-tetrabromobenzotriazole
TGF-β Transforming growth factor beta
Th1 Type I helper T cells
Th2 Type II helper T cells
TLR Toll-Like Receptor
TNF-α Tumor Necrosis Factor
Tregs Regulation T cells
TREM2 Triggering Receptor Expressed on Myeloid cells 2
Trks Tropomyosin Receptor Kinases

TTNPB
4-((E)-2-(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl)-benzoic
acid

VEGF Vascular Endothelial Growth Factor
VPA Valproic Acid
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