
Front. Biosci. (Landmark Ed) 2022; 27(5): 146
https://doi.org/10.31083/j.fbl2705146

Copyright: © 2022 The Author(s). Published by IMR Press.
This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Review

Impact of New Drugs for Therapeutic Intervention in Alzheimer’s
Disease
Jordi Olloquequi1,2, Miren Ettcheto3,4,5, Amanda Cano5,6,7, Elena Sanchez-López5,6,
Marina Carrasco3,4,5,8, Triana Espinosa3,4,5, Carlos Beas-Zarate9, Graciela Gudiño-Cabrera9,
Monica E. Ureña-Guerrero9, Ester Verdaguer4,5,10, Jaume Folch5,8, Carme Auladell4,5,10,
Antoni Camins2,3,4,5,*
1Department of Biochemistry and Physiology, Physiology Section, Faculty of Pharmacy and Food Sciences, University of Barcelona, 08028 Barcelona,
Spain
2Laboratory of Cellular and Molecular Pathology, Institute of Biomedical Sciences, Faculty of Health Sciences, Universidad Autónoma de Chile,
3460000 Talca, Chile
3Department of Pharmacology, Toxicology and Therapeutic Chemistry, Faculty of Pharmacy and Food Sciences, University of Barcelona, 08028
Barcelona, Spain
4Institut de Neurociences (INUB), University of Barcelona, 08028 Barcelona, Spain
5Biomedical Research Networking Centre in Neurodegenerative Diseases (CIBERNED), 28001 Madrid, Spain
6Department of Pharmacy, Pharmaceutical Technology and Physical Chemistry, Faculty of Pharmacy and Food Sciences, University of Barcelona,
08028 Barcelona, Spain
7ACE, Alzheimer Center Barcelona, Universitat Internacional de Catalunya (UIC), 08017 Barcelona, Spain
8Unit of Biochemistry and Pharmacology, Faculty of Medicine and Health Sciences, University of Rovira i Virgili, 43003 Reus (Tarragona), Spain
9Departamento de Biología Celular y Molecular, Centro Universitario de Ciencias Biológicas y Agropecuarias (CUCBA), Universidad de Guadalajara,
44100 Zapopan, Mexico
10Department of Cellular Biology, Physiology and Immunology, Faculty of Biology, University of Barcelona, 08028 Barcelona, Spain
*Correspondence: camins@ub.edu (Antoni Camins)
Academic Editor: Graham Pawelec
Submitted: 11 December 2021 Revised: 2 February 2022 Accepted: 12 February 2022 Published: 6 May 2022

Abstract

The increases in population ageing and growth are leading to a boosting in the number of people living with dementia, Alzheimer’s
disease (AD) being the most common cause. In spite of decades of intensive research, no cure for AD has been found yet. However,
some treatments that may change disease progression and help control symptoms have been proposed. Beyond the classical hypotheses
of AD etiopathogenesis, i.e., amyloid beta peptide (Aβ) accumulation and tau hyperphosphorylation, a trend in attributing a key role to
other molecular mechanisms is prompting the study of different therapeutic targets. Hence, drugs designed to modulate inflammation,
insulin resistance, synapses, neurogenesis, cardiovascular factors and dysbiosis are shaping a new horizon in AD treatment. Within this
frame, an increase in the number of candidate drugs for disease modification treatments is expected, as well as a focus on potential
combinatory multidrug strategies.The present review summarizes the latest advances in drugs targeting Aβ and tau as major contributors
to AD pathophysiology. In addition, it introduces the most important drugs in clinical studies targeting alternative mechanisms thought
to be involved in AD’s neurodegenerative process.
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1. Introduction
Alzheimer’s disease (AD) is the most important neu-

rodegenerative disorder. It is closely related to the aging
process, and it is associated with a functional cognitive de-
cline that ultimately causes patients’ death. It was first de-
scribed in 1906 by Alois Alzheimer, a German psychiatrist
who reported the case of a 51-year-old woman with cog-
nitive impairment, disorientation, delirium, and other be-
havioral changes [1]. Although qualitatively described at
the beginning of the twentieth century, the molecular iden-
tities of the two main neuropathological hallmarks of AD,
i.e., the amyloid beta peptide (Aβ) found in plaques and
the hyperphosphorylated tau protein found in neurofibril-

lary tangles (NFTs), were not identified until some years
later [2–5]. Since these first findings, the neuropathological
evaluation of AD has evolved even further in recent years
and currently it also recognizes multiple comorbidities that
contribute to the process of clinical dementia [6–8]. The
clinical criteria for AD diagnosis were modernized in 1984
and refined in 2011 and 2018 [9]. Nowadays, the criteria
have progressed and point to the use of potential biomark-
ers to characterize the preclinical stages of the disease [9].
Hopefully, this will allow to carry out more effective treat-
ments to slow or delay the development of the disease.

Despite the existence of several descriptive hypothe-
ses trying to explain the causes of AD, its etiology re-
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mains unknown. Beyond the microscopic finding of se-
nile Aβ plaques and NFTs in AD patients, there are other
processes that appear to be related with AD’s neuropathol-
ogy, including neuroinflammation (inflammatory hypoth-
esis), ATP and glucose levels disturbances (metabolic hy-
pothesis) and dysfunction of acetylcholine-containing neu-
rons (cholinergic hypothesis), the last one introducing an
interesting therapeutic approach [10,11] that we discuss be-
low. In addition, genetic predisposition or mutations have
also been found to promote the onset of the disease, the
apolipoprotein E (APOE) gene being the strongest genetic
risk factor known for AD development [12]. Interestingly,
in recent years, it has been proposed that synaptic alter-
ationsmay be a key initial process involved in cognitive loss
[13]. Within this frame, alterations in the signaling pathway
of brain-derived neurotrophic factor (BDNF) and its recep-
tor tropomyosin-related kinase B (TrkB), which are essen-
tial in maintaining synaptic functions, may be behind the
memory impairment in AD [14]. In this sense, the mecha-
nisms involved in synaptic pathophysiology constitute suit-
able therapeutic targets to be considered when developing
new effective drugs in AD.

On another front, the potential pathologies that coexist
with AD during aging inflict additional damage to the brain,
hence increasing the risk of dementia [15]. If the risk of
suffering more than one disease increases with age, mixed
pathologies may be a predominant cause of dementia in the
elderly. In this sense, comorbidities such as type 2 diabetes
mellitus (T2DM) may explain the higher risk of dementia
in the elderly [16]. Likewise, the specific combinations of
mixed pathologies and their relative contribution to the loss
of cognition can vary widely for each individual. Clearly, a
better understanding of the role of these mixed pathologies
in AD may allow to unveil the brain alterations involved in
age-related synaptic and neuronal loss leading to cognitive
impairment. Moreover, from a therapeutic point of view, a
combined therapy could be necessary to stop AD progres-
sion, as well as different pathologies associated with aging
[17].

In the present review, we focus on therapeutic strate-
gies designed to mitigate the risk and modify the evolution
of AD. Specifically, we describe drugs under clinical study
targeting Aβ, tau, neuroinflammation and other risk factors,
which may serve in future therapeutic approaches (Table 1,
Ref. [18–37]).

2. Classification of Alzheimer’s Disease
AD can be classified into early-onset familial AD (or

autosomal dominant AD, EOAD) which affects 5–10% of
patients, and late onset Alzheimer’s disease (sporadic AD,
LOAD) affecting 90–95% of AD patients [38].

EOAD is caused by mutations in genes encoding
amyloid precursor protein (APP), presenilin (PSEN)1 and
PSEN2. Regarding APP, it is a type I membrane protein
that can be cleaved through three distinct pathways, α-

secretase cleavage, β-secretase cleavage, and γ-secretase
cleavage. Under pathophysiological conditions, APP is
mostly cleaved sub sequentially by β and γ-secretases.
These lead to different peptides, such as Aβ40 and Aβ42,
the latter being the most dangerous since it is more prone
to form fibrils and neurotoxic Aβ aggregates [39]. About
35 different APP mutations have been associated with the
pathogenesis of AD, most of them leading to elevated lev-
els of APP and an increase in β-secretase cleavage, re-
sulting in higher production and aggregation of Aβ [40].
In turn, PSEN1 and PSEN2 are two homologous multi-
transmembrane proteins that represent the catalytic nucleus
of the γ-secretase complex. Mutations in these two genes
are the most known cause of EOAD, and lead to a deteriora-
tion in γ-secretase activity, resulting in a Aβ42 overproduc-
tion [41]. The fact that excessive accumulation of Aβ pro-
tein due to genetic mutations in APP, PSEN1 and PSEN2
genes lead to EOAD constitutes the base of the amyloid cas-
cade hypothesis.

Unlike EOAD, LOAD is considered a multifacto-
rial disease in which over 20 genetic risk sites could be
involved, including clusterin, Sortilin-1 related receptor,
TREM2 and ApoE genes, among others [42]. The ApoE
gene stands as the most important one. It encodes the ma-
jor apolipoprotein of the central nervous system, playing
key roles in lipid transport, growth, repair, reorganization,
and maintenance of neurons [43]. Hence, ApoE facilitates
cellular uptake of lipoproteins by binding to members of the
LDLR family and participates in the activation of signaling
pathways involved in the modulation of lipid homeostasis.
Two amino acid substitutions at positions 112 and 158 lead
to three possible isoforms of ApoE, namely ApoE2, ApoE3
and ApoE4, which are encoded by three common alleles
(ε2, ε3, ε4) [44]. Whereas ApoE ε2 allele was associated
with a reduced risk of developing AD [45], one copy of
the ε4 allele increases LOAD risk by 3~4-fold [46]. Thus,
a substitution of amino acids at position 112 (cysteine to
arginine), which affects the stability of the N-terminal and
C-terminal domain helix package, results in better binding
capacity of ApoE4 to lipids and less efficient clearance of
Aβ, amyloid plaques, and/or soluble neurofibrillary tangles
[47].

3. Current Treatments for Alzheimer’s
Disease

The treatments of AD fall into two main categories:
symptomatic and disease-modifying. The purpose of symp-
tomatic treatments is cognitive improvement or control of
neuropsychiatric symptoms, without having an impact on
the biological causes leading to neuronal death. By con-
trast, disease-modifying treatments are designed to induce
neuroprotection through changing the neuropathology of
AD, often acting on a variety of intermediate mechanisms.
Unfortunately, most therapeutic agents developed in the last
15 years have failed. In the European Union, only four
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Table 1. Summary of reported therapies and clinical outcomes.
Row Ref. Phase clinical trials Biopharma name Main findings

1 [18]
Aducanumab FDA

Biogen
Immunotherapy. Causes reduction in amyloid plaques, which is very likely to cause a

reduction in clinical decline due to AD. Approval

2 [19]
Donanemab (Phase 3)

Eli Lilly
Immunotherapy. Humanized IgG1 antibody directed at an N-terminal pyroglutamate Aβ

epitope that is present only in established plaques. Under research. 
NCT04437511
NCT04640077

3 [20] Lecanemab (Phase 3) BioArctic Neuroscience Immunotherapy. Humanized IgG1 antibody which selectively binds strongly to
soluble Aβ protofibrils. Under research.

4 [21] Gamunex (Phase 2/3 trial) Grifols Biologicals Inc. Immune Globulin Intravenous (IGIV) infusion administered in participants with mild
to moderate AD. Decreases Aβ from the central nervous system. Under research.

5 [22]
Azeliragon (Discontinued) Pfizer, TransTech Pharma, Inc.,

RAGE Inhibitor. RAGE is involved in amyloid transport into the brain.
NCT03980730 vTv Therapeutics LLC

6 [24] Tideglusib (Phase 2) Zeltia Group Non-ATP-competitive glycogen synthase kinase 3 (GSK-3) inhibition.

7 [25]
Lithium (Phase 2)

Unknown
Reduces cognitive and functional decline in amnestic MCI and modifies Alzheimer’s

disease-related CSF biomarkers. Under research.NCT01055392

8 [26]
TRx0237 (Phase 3)

TauRx Therapeutics Ltd
Prevents tau aggregation and attenuates downstream pathological consequences of

aberrant tau.NCT03446001

9 [27]
Tilavonemab or ABBV-8E12 (Discontinued)

AbbVie, C2N Diagnostics, LLC It binds to tau’s N-terminus. Under research.
NCT02880956

11 [27]
Gosuranemab or BIIB092 (Discontinued)

Biogen
Humanized IgG4 monoclonal anti-tau antibody. Neutralizes toxicity of tau at the

preclinical level.NCT03352557

12 [23]
Masitinib (Phase 3)

AB Science
Inhibits the protein tyrosine kinase c-kit, PDGF and FGF receptors, and fyn and lyn

kinases. Under research.NCT01872598

13 [28]
ALZT-OP1

AZTherapies, Inc.
Combination regimen of cromolyn (designated ALZT OP1a) and ibuprofen (designated
ALZT OP1b). Ibuprofen is a nonsteroidal anti-inflammatory drug and cromolyn acts as
an anti-inflammatory compound by suppressing cytokine release and decreased soluble
Aβ levels in the brains of APPswe/PS1ΔE9 a familial AD mice model. Under research.

NCT02547818

14 [29] GV-971 Shanghai Green Valley Pharmaceuticals
Mixture of acidic linear oligosaccharides derived from brown algae. Restores the gut
microbial profile to normal and decreases microglial activation, brain Aβ burden, tau
hyperphosphorylation, and cognitive deficits in mice models of AD. Under research.
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Table 1. Continued.
Row Ref. Phase clinical trials Biopharma name Main findings

15 [30]
Atuzaginstat (Phase 2/3)

Cortexyme, Inc.
Protease inhibitor targeting the lysine proteases of the periodontal pathogen

Porphyromonas gingivalis. which is involved in AD. Under research.NCT03823404

16
Liraglutide (N/A)

Novo Nordisk A/S
Analog of glucagon-like peptide 1. GLP-1 prevented the decline of cerebral glucose

metabolism in AD patients. Under research.NCT01469351

17 [31]
Metformin (Phase 2/3) A drug widely used to treat Type 2 diabetes. Previous studies reported positive results

in preclinical models of AD. Under research.NCT04098666 

18 [32]
NE3107 (Phase 3)

BioVie Inc
Decreases inflammation and improves insulin function in human and preclinical models.

Under research.NCT04669028

19 [33]
Losartan (Phase 2/3)

Merck
The study aims to evaluate the effects of aerobic exercise training and intensive vascular
risk reduction (Losartan + amlodipine) on cognitive performance in older adults who

have high risk for AD. Under research.
NCT02913664

20 [34]
Troriluzole (Phase 2) (Discontinued)

Biohaven Pharmaceuticals
Prodrug formulation of riluzole. Inhibits voltage-gated sodium channels, therefore

decreasing glutamate levels at the synaptic cleft.NCT03605667

21 [35]
Blarcamesine (Anavex 2-73) (Phase 2/3)

Anavex Life Science Corp.
Binds sigma-1 receptor in the high nanomolar and the muscarinic receptor in the low

micromolar range. Under research.NCT03790709

22 [36]
Levetiracetam (Phase 3)

UCB S.A.
Anti-convulsant drug and a modulator of the synaptic vesicle protein modulator SV2A.

Under research.NCT03486938

23 [37]

Icosapent ethyl (IPE),

Formulation of omega-3 fat ethyl eicosapentaenoic acid (ethyl-EPA) purified from fish
oil. Under research.

Ethyl eicosapentaenoic acid (E-EPA),
AMR101, Miraxion

(Phase 2/3)
NCT02719327
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symptomatic treatments have been approved so far, three
cholinesterase inhibitors (donepezill, galantamine and ri-
vastigmine) and an n-methyl-D-aspartate receptor antago-
nist (memantine), which was approved more than a decade
ago.

More recently, two new drugs are being adminis-
tered with the aim of slowing the evolution of AD. These
are sodium oligomannate (approved in China) and ada-
cunumab (approved by the FDA). These drugs are indi-
cated for the treatment of a moderate stage of AD, and are
mainly based in the cholinergic hypothesis, initially pro-
posed by Davies andMaloney in 1976 [48]. Choline acetyl-
transferase is a key enzyme for the synthesis of acetyl-
choline. Davies and Maloney compared the activities of
key enzymes involved in the synthesis of different neuro-
transmitters, including acetylcholine, γ-aminobutyric acid,
dopamine, norepinephrine, and 5-hydroxytryptamine, in
brains of patients with AD and control brains. They found
that choline acetyltransferase activity was significantly re-
duced in the amygdala, hippocampus, and cortex of AD pa-
tients’ brains, whereas the activity of the other enzymes re-
sponsible for the synthesis of neurotransmitters in these ar-
eas was within the normal range [48]. Since then, inhibitors
of the enzyme acetylcholinesterase (the enzyme responsi-
ble for hydrolyzing acetylcholine) have been used in order
to achieve higher levels of acetylcholine at the synapses of
AD patients [49]. Although these treatments can relieve
cognitive impairment and improve quality of life in patients
with mild to moderate AD, they have no significant effect
on the onset or progression of the disease. Hence, the scope
of these drugs is merely symptomatic.

3.1 Cholinesterase Inhibitors

Cholinesterase inhibitors inhibit the activity of the en-
zyme acetylcholinesterase (AChE), which hydrolyzes the
neurotransmitter acetylcholine left over in the synaptic
space, producing choline and acetic acid. This inhibition
decreases acetylcholine elimination, hence leading to an in-
creased availability of the neurotransmitter in the synaptic
space. Although this has been shown to be effective in im-
proving the cognitive function of patients with mild to mod-
erate AD [50], no evidence indicates that these drugs slow
progression of mild cognitive impairment (MCI) in non-
demented patients, and it is clear that they do not prevent
the development of dementia.

Currently, three cholinesterase inhibitors (rivistag-
mine, donepezil and galantamine) are being used for AD
treatment. Rivastigmine selectively inhibits both cor-
tical AChE in the central nervous system and butyryl-
cholinesterase (BuChE), which is documented as the pre-
dominant cholinesterase in many key regions affected in
AD, including the hippocampus, thalamic nuclei and the
amygdala [51]. Donepezil is a reversible and highly se-
lective inhibitor of AChE which has also been found to be
effective in treating cognitive impairment in patients with

mild to moderate AD [52]. Indeed, Birks and Harvey [53]
reported that a 10 mg/day treatment of donepezil during 52
weeks improved cognitive function, daily living activities
performance and behavior in AD patients with mild, mod-
erate or severe dementia. Finally, galantamine is charac-
terized by two pharmacological mechanisms that involve
the inhibition of AChE and the binding to nicotinic acetyl-
choline receptors in order to modulate allosterically the ac-
tions of ligands [54]. It also has very little activity in in-
hibiting BuChE. The clinical benefits of galantamine in AD
patients have been recently demonstrated by Xu and col-
leagues [55], who reported a significant beneficial effect
on cognitive improvement evaluated with the Mini-Mental
State Examination. This improvement on cognitive de-
cline, although modest, was persistent. Since the authors
confirmed the usefulness of galantamine in the treatment
of AD, studies assessing a combinatory therapy of galan-
tamine with other drugs would be interesting.

3.2 N-methyl D-aspartate [NMDA] Receptor Antagonist:
Memantine

Learning and memory processes involve long-term
potentiation (LTP), a persistent and rapid increase in synap-
tic transmissionmediated by the neurotransmitter glutamate
through the NMDA receptor [56]. Indeed, NMDA recep-
tors are abundant in the pyramidal cells of the hippocam-
pus and cortex (areas involved in cognition, learning, and
memory). However, high glutamate levels are associated
with neurotoxicity through the activation of the NMDA
GluN2B extrasynaptic receptors, leading to long-term de-
pression (LTD), spine shrinkage and synaptic loss through a
mechanism known as excitotoxicity [57]. In addition, these
receptors also induce an increase in intracellular calcium
and mitochondrial alterations, as well as an increase in re-
active oxygen species (ROS) and nitric oxide (NO) produc-
tion, which also contribute to neuronal cell death [58].

Memantine is a non-competitive, moderate-affinity
NMDA receptor antagonist thought to decrease glutamate-
induced excitotoxicity while allowing the physiological ac-
tions of glutamate on learning and memory [59]. Never-
theless, a study conducted by Peters and colleagues [60]
reported that a combined treatment of galantamine plus
memantine did not offer additional cognitive or functional
advantages in patients with mild-to-moderate AD patients
as compared with MCI patients who received galantamine
alone. However, both drugs should not be discarded in a
future disease-modifying strategy for AD.

4. New Strategies in AD Treatment
Despite being such an important disease, the number

of drugs in development for AD is much lower than in other
diseases with a higher therapeutic arsenal. This reflects the
fact that AD’s biology is poorly understood, and the avail-
ability of biomarkers is a very limited. Moreover, the du-
ration of clinical trials for assessing AD treatments is very
long, which increases the risk of failure.
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In any case, we may wonder why the treatments in de-
velopment are failing or are not effective. Based on numer-
ous trials of failed drugs in patients with AD, a plausible
explanation could be that Aβ therapies are being admin-
istered too late, when the disease is completely developed
and the effectiveness of the treatments is dramatically re-
duced. Therefore, an earlier (pre-symptomatic) diagnosis
should be made, including a rethinking of the AD diagnos-
tic criteria, which should be based primarily on biomarkers.
Following this line of thought, drugs in phase III clinical de-
velopment are being tested primarily in subjects during the
early stages of the disease (MCI), in the preclinical phase of
AD or even in asymptomatic subjects at high risk of devel-
oping AD. An additional explanation could be that the ini-
tial hypotheses proposed for β-amyloid and tau as the main
responsible neurotoxins for AD, are not able to entirely ex-
plain the pathophysiology of the disease. Hence, β-amyloid
plaques and NFT would have a secondary role in AD’s ori-
gin. Indeed, if we review the clinical trials developed dur-
ing the last 5 years, we find a progressive emphasis on non-
amyloid targets, including candidate treatments for inflam-
mation, synapse and neuronal protection, vascular factors,
neurogenesis, and epigenetic interventions. There has also
been an increase in the study of “reused drugs”, that is to
say, drugs that are used to treat other pathologies but are
also thought to be useful for AD treatment. Two clear ex-
amples of these are escitalopram and metformin [61,62]. In
any case, the complexity of AD’s etiopathogenesis demands
multiple therapeutic strategies that can be proposed accord-
ing to the molecular and physiological processes involved.
Below we describe the targets of the drugs which are cur-
rently under study.

4.1 Beta Amyloid as a Therapeutic Target

The “amyloid cascade hypothesis” is, probably, the
most accepted pathophysiological hypothesis in AD. As
already explained, it proposes that an altered cleavage of
APP by β-secretases (BACE1) and γ-secretases generate
Aβ soluble neurotoxic oligomers (AβOs) capable of pro-
ducing fibrils that are deposited in the brain as Aβ plaques.
In the past, plaque formation was thought to be the cause
of neuronal death, but currently is well known that AβOs
are responsible of neurotoxicity through different mecha-
nisms, including excitotoxicity, oxidative stress, mitochon-
drial dysfunction, and alteration of synapses [63]. Hence,
it has been shown that AβOs bind to NMDA receptors,
generating excitotoxicity both in preclinical models and
AD patients [64,65]. Likewise, AβOs interact, directly
or indirectly, with a wide range of presynaptic and post-
synaptic neuronal receptors, including ionotropic (iGluR)
and metabotropic (mGluR) glutamate receptors, the cellu-
lar prion protein (PrPc), neuroligines, neurexins and insulin
receptors, among others [63]. For this reason, the amyloid
cascade hypothesis is more or less related to most of the
other hypotheses trying to explain the pathophysiology of

AD. In this way, the tau hypothesis states that the forma-
tion of AβOs leads to the activation of kinases leading to
tau hyperphosphorylation and its polymerization into insol-
uble NFTs [66]. Moreover, the inflammatory hypothesis
proposes that the formation of AβOs is followed by the ac-
tivation of microglia and the neuroinflammatory response,
contributing to neurotoxicity [67].

Based on the amyloidogenic hypothesis of AD, the
elimination of oligomers (soluble) and plaques (insoluble)
with monoclonal antibodies could be able to decrease the
progression of the disease [18]. Monoclonal antibodies de-
velop an immune response against these Aβ peptides caus-
ing an increase in their clearance. Indeed, Aβ peptides are
a common target of phase II and III drug development pro-
grams, and some monoclonal antibodies against oligomers,
plaques or protofibrils have beenwidely studied [19]. How-
ever, until 2020–2021, most drugs aiming to promote amy-
loid clearance failed to improve cognitive performance out
rightly, irrespective of whether they were monoclonal an-
tibodies or vaccines. In this sense, aducanumab, a mon-
oclonal antibody targeting Aβ protofibrils, was a turning
point. Based on the results of two-phase III clinical trials
(EMERGE and ENGAGE), the FDA approved its use for
AD treatment in 2021. Notwithstanding, these two phase
III clinical trials were stopped prematurely in 2019, due
to the low efficacy of the drug. While one of the trials
showed a positive trend, the other showed no clinical ben-
efit [68,69]. Subsequently, it was observed that partici-
pants who received sufficiently high doses of aducanumab
showed a therapeutic improvement in both trials. Accord-
ingly, the researchers suggested that aducanumab was ef-
fective in decreasing dementia at a clinical level (Fig. 1).
Nevertheless, and despite its FDA approval, much contro-
versy exists about the efficacy of aducanumab in the treat-
ment of AD, as well as its pricing. Indeed, it has been
criticized that the approval of aducanumab is based more
on speculation than on contrasted clinical data demonstrat-
ing a real efficacy. In this sense, the European Medicines
Agency (EMA) [70] recommends the denegation of a mar-
keting authorization, due to many doubts about its efficacy
and safety. Moreover, it is unclear how aducanumab af-
fects the different types of amyloid oligomers that could be
responsible for cognitive loss. In addition, after years of re-
search, all drugs targeting the amyloid cascade have failed
in clinical studies, suggesting that amyloid reduction does
not lead to a significant clinical benefit in AD. For instance,
solanezumab and bapineuzumab showed no clinical benefit
in phase III trials, resulting in the end of their development
programs.

In turn, donanemab, which targets Aβ plaques, re-
ported both a decrease in Aβ aggregates and a reduction
in the rate of cognitive and functional decline in a phase II
study [71]; while a larger phase III trial is underway (NCT
# 04437511). Another monoclonal antibody, lecanemab
(which targets Aβ oligomer protofibrils) is also in late-
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Fig. 1. Mechanisms proposed to explain the efficacy of different drugs in the treatment of Alzheimer’s disease. Pathophysiological
mechanisms are depicted in red, whereas the specific therapeutic agents are depicted in green.

stage assays (NCT # 03887455). Swanson and colleagues
reported that lecanemab treatment resulted in an effective
dose-dependent reduction in clinical deterioration when
compared to placebo [20]. In addition, after 18 months of
treatment, they found a dose-dependent reduction in brain
amyloid (assessed by PET). Taken together, the findings of
this double-blind trial across multiple cognitive endpoints
and biomarkers support a therapeutic effect for targeting
specific oligomeric species (protofibrils) in the process of
pathophysiologic amyloid generation in AD.

Aβ peptides are able to bind to serum albumin and
cross the blood-brain barrier (BBB) [72]. In this sense, it
has been proposed that replacing serum albumin in plasma
could be a suitable therapy for AD, since it would allow
to remove Aβ from the central nervous system (CNS).
Moreover, the antioxidant properties of albumin could pro-
vide additional therapeutic benefits. Following this line of
thought, combining plasma exchange with intravenous im-
munoglobulin infusion (which also binds Aβ) could further
increase the amyloid clearance from the brain. In this re-
gard, Gamunex® is a human intravenous immunoglobulin
(IVIG) that is administered concomitantly with human al-
bumin. A phase III multicenter CT (AMBAR) examined
the effects of human albumin infusion plasmapheresis com-
bined with IVIG in patients with mild-moderate AD [21].
347 patients were randomized into three treatment arms and
a control group. This study showed that plasma exchange
could slow down cognitive and functional decline in AD.
However, more studies are needed to clarify the positive
effects of this therapy.

On another front, the receptor for advanced glycation
end products (RAGE) not only binds and transports Aβ
peptides from the blood to the brain, but also induces neu-
roinflammation [73]. For this reason, RAGE has emerged
as a potential target for AD treatment, and drugs blocking
the Aβ-RAGE interaction could show numerous therapeu-
tic actions, including the reduction of neuroinflammation
and Aβ levels in the brain and the decrease of cognitive im-
pairment. Azeliragon is a RAGE antagonist that decreases
Aβ transport into the brain, thus preventing the toxic effects
of oligomers and reducing the neuroinflammatory effects of
glial cells [22]. In a phase III CT, azeliragon did not im-
prove functional outcomes, so it was terminated [22]. Sub-
sequently, a phase II CT comparing azeliragon with placebo
was performed in patients with AD and T2DM during six
months. In December 2020, vTv Therapeutics Inc. an-
nounced that the study did not meet the primary efficacy
endpoint. The company will continue to analyze the data to
determine if there are potential benefits or future applica-
tions of this drug in AD and/or other diseases [44].

As already mentioned, the fact that most drugs aiming
to promote amyloid clearance have failed, irrespective of
whether they are monoclonal antibodies or vaccines, chal-
lenges the amyloid cascade hypothesis. Moreover, some
studies show that patients treated with these drugs elimi-
nate amyloid from the brain but do not improve cognitively
[74,75]. For that matter, a more reconciling Aβ hypothe-
sis suggests that AD has at least two stages, a first one in
which Aβ accumulates over time and may be a key fac-
tor involved in AD onset, and a second stage, with an on-

7

https://www.imrpress.com


going AD where amyloid loses importance and where tau
and glia activation are key pathophysiological mechanisms.
However, other factors should not be ruled out. Indeed, ac-
cording to synaptic deficiency hypothesis of AD, Aβ and
tau would be secondary to cell injury and the role of neu-
rotrophins in synaptic maintenance and neuronal survival,
hence attributing to anti-amyloid treatments a very limited
therapeutic efficacy. In any case, several other therapies are
in various stages of clinical development, including drugs
directed against tau accumulation or dissemination.

4.2 Tau as a Therapeutic Target

Tau is a microtubule-associated protein that can be
found both in the CNS and at the peripheral level. In a
physiological context, tau exists as a soluble protein that,
apart from promoting correct assembly for the stabilization
of the microtubular structure, also plays a role in the bal-
ance of axonal transport and synapses [76]. Tau is regu-
lated both by normal homeostatic responses and by stress
responses, through a series of post-translational modifica-
tions such as glycosylation, ubiquitination, glycation, ni-
tration, oxidation and phosphorylation, the last one being
the most important one [77]. Tau phosphorylation is reg-
ulated by several kinases, including glycogen synthase ki-
nase 3 (GSK3β) and extracellular cyclin 5-dependent ki-
nase (CDK5). As we have explained, tau protein is hyper-
phosphorylated in AD patients, which favors and leads to
fibrillation and aggregation of the protein, forming helical
filaments that make up intracellular NFTs that destabilize
the neuronal cytoskeleton. In neurodegenerative diseases,
tau is a biomarker thatmigrates to the extracellular compart-
ment and increases its concentration in the cerebrospinal
fluid (CSF). The tangles appear initially in the entorhinal
cortex of the temporal lobe, spreading to limbic areas such
as the hippocampus and finally affecting large areas of the
neocortex [78]. The histopathological diagnosis of AD in-
cludes the assessment of the quantity and location of NFTs,
its number and density being correlated with the intensity
of the dementia [23]. Although GSK3β and CDK5 are the
most important kinases responsible for tau hyperphospho-
rylation, other kinases such as Protein Kinase C, Protein
Kinase A, the serine/threonine kinase ERK2, caspase 3 and
caspase 9, which can be activated by Aβ, also have a promi-
nent role [79]. Beyond tau hyperphosphorylation and for-
mation of NFTs, a “tau propagation hypothesis” has been
proposed, stating that poorly folded fibrillar tau aggregates
can propagate through cells in a similar way to prions [80].

Given that the severity of tau pathology is more cor-
related with the progression of cognitive impairment than
Aβ [81], multiple studies trying to ascertain taumodulation,
(de) phosphorylation and hyperphosphorylation processes
in AD have been carried out in order to find suitable treat-
ments. For instance, preclinical studies have reported that
sodium selenite, a PP2A activator, restores synaptic plas-
ticity and improves learning and memory in Tg mice with

an advanced stage of tauopathy [82]. Focusing on clinical
studies, GSK3β inhibitors such as tideglusib (ClinicalTri-
als.gov Identifier: NCT01350362) and lithium have been
tested [24] (Fig. 1). Specifically, Forlenza and colleagues
reported that a long-term lithium treatment in subtherapeu-
tic doses (lithium carbonate was prescribed to concentra-
tions 0.25–0.5 mEq/L), can be safe and well tolerated by
patients, which supports its potential administration in pa-
tients with cognitive deficits (trial registration at clinicaltri-
als.gov: NCT01055392) [25].

In turn, the second-generation tau aggregation in-
hibitor LMTX (TRx0237) has been extensively investi-
gated and it is the only drug in this group that reached clin-
ical phase III. Hence, two clinical phase III trials showed
that a LMTX monotherapy seems to slow cognitive de-
cline in patients with mild to moderate AD (NCT01689246,
NCT01689233). Consequently, additional clinical phase
III studies are underway (NCT03446001) [26].

In addition to these strategies, relatively new ap-
proaches based on tau have also been investigated; how-
ever, some of them did not show results in clinical tri-
als and have been discontinued. These include inhibition
of acetylation and deglucosylation of tau (MK-8719 and
ASN120290, respectively), monoclonal antibodies against
tau (Gosuranemab or BIIB092, Tilavonemab or ABBV-
8E12) and reduction of tau levels by an antisense oligonu-
cleotide (ASO) (IONIS-MAPTRx) [27].

4.3 Immunity and Inflammation as Therapeutic Targets

The notion that inflammation and the immune re-
sponses play a fundamental role in the pathophysiology of
AD is supported by many studies [83]. Much research has
been focused on the involvement of astrocytes, microglia
and CNS mast cells, but also on the impact of systemic in-
flammation caused by intestinal and gut microbiota. These
have led to the development of different drugs targeting the
inflammatory process that could result in neurodegenera-
tion, including tyrosine kinase inhibitors that modulatemast
cells (masitinib), monoclonal antibodies that regulate mi-
croglial activity as daratumumab (against CD38), AL002
(against TREM2) or AL003 (against SIGLEC-3), and cur-
cumin, which also has antioxidant properties. The use of
montelukast (a leukotriene receptor antagonist) and intesti-
nal microbiota transplants, among others, are also being
studied.

Microglia are CNS-resident phagocytes that play a vi-
tal role in maintaining neuronal plasticity and synapse re-
modeling [84,85]. They have been shown to be involved
in the maintenance of neural networks by releasing neu-
rotrophic factors such as BDNF, but also contribute to brain
homeostasis by exerting synaptic elimination [86]. Mi-
croglia can be activated by the accumulation of proteins
that act as a pathological trigger, producing the migration
of the microglial cells and the onset of an innate immune
response. Indeed, microglia actively participate as support-
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ive cells by engulfing Aβ in the AD brain, which may favor
a cognitive improvement [87]. The Aβ peptide can trigger
the neuroinflammatory process through different microglial
receptors, including toll-like receptors (TLRs), receptors
for advanced glycation end products, pentraxins, and the
complement cascade, among others [88]. One of the most
studied receptors involved in this process are TLRs, the
TLR2 and TLR4 subtypes being considered critical in the
microglial recognition of Aβ [89,90]. Downstream TLR
signaling through NF-κB pathways, activator protein 1, and
interferon regulatory factor (IRF) lead to transcription of
pro-inflammatory genes and secretion of pro-inflammatory
cytokines and chemokines. After binding to receptors, mi-
croglia cells also endocyte Aβ oligomers and destroy them
by endolysosomal degradation, where microglial proteases
such as neprilysin and insulin degrading enzyme (IDE) play
an important role [91]. However, in severe AD, microglial
clearance of Aβ is inefficient due to the increased concen-
trations of cytokines downregulating the expression of Aβ
phagocytosis receptors, such as Myeloid Cell 2 Activation
Receptor (TREM2). TREM2 is surface receptor of the Ig
superfamily, widely expressed in microglia and involved in
the mediation of phagocytic clearance of neuronal remains
[92]. It has been shown that a rare mutation in TREM2
(R47H) leads to the inability of the receptors to remove
Aβ from the CNS, hence increasing the risk of develop-
ing AD [93]. In light of all these findings, microglia con-
stitute an interesting therapeutic target against AD, either
because a microglial overstimulation can increase synaptic
elimination and lead to cognitive loss, or because increasing
TREM2 activity could prevent Aβ accumulation.

On another front, mast cells (MCs) have an important
physiological function and are involved in immunity and in-
flammation, especially in allergic inflammation. Upon ac-
tivation, MCs increase the synthesis and secretion of many
inflammatory mediators, such as TNF-α, serotonin, his-
tamine and heparin, among others [94]. As key components
of the immune system, the pathophysiological changes of
these cells affect multiple organs. In the CNS, the contri-
bution of MCs to neuroinflammation is beyond doubt, but
less is known about their role in neurodegenerative diseases
such as AD. In this sense, it has been suggested that MCs
could favor alterations in the BBB and interact with mi-
croglia. Regarding the latter, some studies have shown that
mast cell-glia interaction can occur in different ways [95–
97]. Hence, MCs degranulation and the release of histamine
and TNF-α activate microglia [96]. Moreover, during in-
flammation, ATP derived fromMCs activates purinergic P2
receptors in the microglia leading to IL-33 secretion [98].
In turn, IL-33 causes MCs to release IL-6, IL-13 and the
monocyte chemoattractant protein-1 (MCP-1), which also
regulates microglial activity. In addition, the secretion of
tryptase from MCs stimulates microglial release of TNF-α,
IL-6 and reactive oxygen species (ROS) through the activa-
tion of the protease-activated receptor-2 (PAR-2) [99]. In-

terestingly, PAR-2 also upregulates the expression of mi-
croglial ATP-sensitive ionotropic P2X4 receptors which,
upon ATP binding, lead to the secretion of BDNF, a key
mediator in synaptic plasticity [100].

Masitinib is currently one of the most promising
research drugs targeting inflammatory diseases such as
rheumatoid arthritis, intestinal disease, asthma and masto-
cytosis. However, a potential new application of masitinib
in neurodegenerative diseases, such as AD and multiple
sclerosis (MS), has emerged. Masitinib inhibits c-kit tyro-
sine kinase, a surface receptor expressed by MCs and many
other cells, which plays a prominent role as a regulator of
the migration of neuronal stem and progenitor cells to areas
of brain injury [101]. Hence, masitinib is thought to exert a
neuroprotective effect through its activity onMCs and other
non-neuronal cells of the CNS, with a subsequent modu-
lation of inflammatory and neurodegenerative processes.
It is currently in the phase 3 of a clinical trial in patients
with mild to moderate AD (ClinicalTrials.gov Identifier:
NCT01872598). Masitinib is administered as adjunctive
therapy to patients who have been treated for a minimum
of 6 months with a stable dose of a cholinesterase inhibitor
(donepezil, rivastigmine or galantamine) and/or meman-
tine. So far, the company has reported some positive results
from this study. Masitinib is also capable of blocking the
Src TK Fyn family in a nanomolar range. Fyn is a cytoplas-
mic tyrosine kinase (TK) belonging to the Src kinase (SFK)
family involved inmultiple CNS transduction pathways, in-
cluding synaptic transmission, myelination, axon guidance,
and formation of oligodendrocytes [102]. Shirazi andWood
reported that that Fyn is upregulated in the brain of AD pa-
tients and demonstrated the presence of a Fyn phosphory-
lation site in the tau-matched helical filament, supporting a
role of Fyn in the neuropathogenesis of AD [103]. There-
fore, treatment with masitinib may provide two benefits in
the pathology of AD: (i) a reduction in neuroinflammation
by modulating the mast cell-glia axis and (ii) a cognitive
enhancement through a Fyn inhibition.

After many failures with monotreatments, the combi-
nation of cromolyn and ibuprofen (ALZT-OP1) has been
proposed as a suitable treatment for LOAD [28]. Cromolyn
acts as a modulator of MCs and microglia, as well as an
Aβ oligomerization inhibitor [104]. In turn, ibuprofen is an
anti-inflammatory drug with interesting effects such as α-
secretase activation -thus modulating Aβ production-, mi-
croglia inhibition, activation of PPAR γ and modulation
of synapses through the inhibition of Rho family GTPases
[105–107].

XPro1595 is a second-generation inhibitor of tumor
necrosis factor (TNFα), an inflammatory factor implicated
in AD pathology [108]. XPro1595 selectively neutralizes
soluble TNF (sTNF) and inactivates it. Previous preclin-
ical studies reported that targeting of sTNF/TNFR1 sig-
naling with XPro1595 decreased brain alterations in im-
mune cell populations associated with the neuroinflamma-
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tory process in 5xFAD (Tg) mouse model [109]. In addi-
tion, XPro1595 treatment rescued impaired LTP and also
decreased the production or accumulation of amyloid. Fur-
thermore, XPro1595 has a potential application in inflam-
matory states associated to obesogenic diets and T2DM.
Hence, XPro1595 prevents the development of insulin re-
sistance and risk for AD [110].

From a different point of view, some studies have pro-
posed an association between intestinal microbiota and AD,
in which dysbiosis cause neuroinflammation induced by
activation of the microglia [111]. In this regard, one of
the latest interesting drugs is sodium oligomannate (GV-
971), a derivative of brown marine algae based on a mix-
ture of acidic linear oligosaccharides ranging from dimers
to decamers [112]. It was developed by Green Valley for
reconditioning the intestinal microbiota and treating mild-
moderate AD.A preclinical study showed that oral adminis-
tration of GV-971 for one month markedly altered the com-
position of the microbiota and reduced the concentrations
of phenylalanine and isoleucine in a murine model of AD
[113]. These was paralleled by a reduction in microglial
activation, as well as in Th1 responses and cytokines in the
brain. Simultaneously, oligomannate treatment reduced Aβ
deposition and tau phosphorylation. These findings led to
a study of GV-971 in patients with mild-moderate AD in a
randomized, multicenter, double blind, placebo-controlled
phase II clinical trial in China [29,114]. The objective of
this trial was to establish the optimal dose, safety and effi-
cacy of GV-971 capsules. The authors found a cognitive
improvement assessed by changes in the ADAS-Cog-12
(Alzheimer’s Disease Assessment Scale) score from base-
line to week 24 in patients treated with the drug. GV-971
also demonstrated significant and sustained efficacy in en-
hancing cognition in his first phase III trial [29]. The effects
were more pronounced at the end point and in those patients
with the most severe cognitive impairment. In 2019, GV-
971 obtained conditional approval in China to treat AD pa-
tients; however, additional trials are needed to investigate
the full mechanism of action of sodium oligomannate. In
2020, the FDA approved the request for a global phase III
trial (Green Memory) to evaluate the safety and efficacy of
GV-971 in additional populations (United States, Europe,
andAsia). If the results of this study are in the same line that
those seen in phase III in China, GV-971 probably could re-
ceive a worldwide regulatory approval by the FDA and the
EMA.

Beyond the relation between intestinal microbiota and
AD, recent studies also support an association between pe-
riodontitis, a chronic inflammatory oral disease, and neu-
rodegeneration [115]. It is known that there is a rela-
tionship between host immune responses and pathogenic
burden of microbial biofilm [116,117], which is made up
of several microorganisms, such as Porphyromonas gingi-
valis, and their toxic products, such as fimbrins, gingipain
and lipopolysaccharides (LPS). Both periodontopathogenic

bacteria and their products can enter the bloodstream, pro-
moting the expression of inflammatory mediators that can
damage other organs, including the brain. Interestingly,
gingipains are proteases that generate pathogenicity fac-
tors such as Arg-gingipain (Rgp) and Lys-gingipain (Kgp),
which can damage tau [30,118]. In this regard, atuzagin-
stat (COR388) is an inhibitor of gingipains, which is be-
ing tested in a phase II/III clinical study for AD treatment
(NCT03823404) (Fig. 1).

4.4 Metabolism and Bioenergetics as Therapeutic Targets

It is widely known that glucose is the main source of
energy of the mammalian brain, and several pathologies
of the CNS are a consequence of disturbed central or pe-
ripheral glucose energy metabolism [119]. In this sense,
impaired glucose metabolism has been shown to be re-
lated with AD pathophysiology. Hence, alterations in brain
glucose uptake have been described in patients with ini-
tial symptoms that precede the development of AD [120].
Moreover, it seems that insulin improves glucose uptake in
the brain by increasing the activation of hippocampal in-
sulin receptor, which plays a key role in synaptic plasticity,
learning and memory [121]. Therefore, the rescue of cere-
bral insulin signaling and glucose metabolism constitutes a
tempting goal to treat neurodegeneration.

A priori, many drugs used to treat T2DM could
be recycled to also treat AD, including 116 (glucagon-
like peptide 1 receptor agonist), dapaglifozine (SGLT2 in-
hibitor) and metformin, among others. Regarding the latter,
metformin is currently the first-line treatment for T2DM,
widely prescribed due to its safeness and virtual absence
of side effects. Preclinical results in murine models of AD
showed that metformin delayed the progression of cogni-
tive impairment [122]. In turn, Luchsinger and colleagues
reported that metformin treatment significantly improves
the total recall in the selective reminding test, but not the
Alzheimer Disease Assessment Scale-Cognition (ADAS-
Cog), in a study with patients with amnestic MCI (Clini-
calTrials.gov Identifier: NCT00620191). The authors con-
cluded that additional clinical studies with a larger num-
ber of patients are necessary to demonstrate a greater effi-
cacy of the drug. Other studies evaluating the efficacy of
metformin on AD biomarkers and cognitive ability (Clin-
icalTrials.gov Identifier: NCT01965756) and for demen-
tia prevention (NCT04098666) have been conducted. The
results of the study NCT01965756 showed that metformin
improved executive function and there was a trend in im-
proving the learning process, memory and attention [31].
Regarding the study NCT04098666, no results have yet
been published.

NE3107 is another drug which also reached the phase
III (Clinicaltrials.gov: NCT04669028). Previous studies
have shown that this drug has a dual therapeutic effect, pre-
senting both neuroinflammatory and antidiabetic properties
[32]. Hence, NE3107 has been reported to inhibit the in-
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flammatory ERK pathway and to the improve insulin sig-
naling. This dual effect makes this drug interesting in the
treatment of AD (Fig. 1).

On a different note, intranasal administration of in-
sulin glulisine is also being evaluated with the aim to in-
crease insulin signaling in the brain [123]. Promising re-
sults have been published regarding intranasal insulin ad-
ministration in patients with amnestic MCI and AD (Clin-
icalTrials.gov Identifier: NCT01767909). However, more
studies are needed to better characterize the neuroprotec-
tive effect of insulin and brain insulin receptor stimulation
in neurodegeneration.

4.5 Cardiovascular Risk Factors as Therapeutic Targets
An association between cognitive impairment in non-

demented individuals and cardiovascular risk factors has
been reported [124]. Hence, the inflammatory process as-
sociated with aging, atherosclerotic cardiovascular diseases
and dementia could share common molecular mechanisms.
In this sense, the control of cardiovascular risk factors could
be an appropriate strategy to reduce or prevent the incidence
of dementia [125].

Following this line of thought, drugs acting on car-
diovascular and cerebrovascular dysfunctions, BBB and
neurovascular unit, hypertension, atherosclerosis, amyloid
cerebral angiopathy and lymphatic/glyphic system dysfunc-
tion could be useful for AD treatment. For instance, losar-
tan, an antihypertensive drug, reduced plasma and brain
Aβ1-42 levels in a murine model of AD [126,127]. In this
sense, different antihypertensive drugs that could be used
against neurodegeneration are currently under study, in-
cluding ARAII drugs (candesartan, telmisartan) and combi-
nation treatments such as telmisartan + perindopril (ARAII
+ ACE inhibitors), and losartan + amlodipine + atorvastatin
+ exercise (ARAII + Ca2+ blocker + an anti-cholesterol
agent) (NCT02913664) [33,128–130]. These drugs can
modulate APP/Aβ metabolism, hence preserving cognitive
function in addition to improve cerebrovascular function.

4.6 Synapses as Therapeutic Targets
Previous studies have reported a dysregulation of

synaptic functions in AD [131,132]. In fact, synaptic loss
and dysfunction is strongly correlated with the cognitive
decline observed in AD patients [133]. Indeed, surviv-
ing neurons in AD’s neurodegenerative process have been
shown to lose synapses, and synaptic dysfunction has been
shown to precede amyloid plaque deposition, as LTP im-
pairment is present in early stages in the hippocampus of
AD mice [134–136]. Hence, the loss of synaptic home-
ostasis or the integrity of the neural network would precede
neuronal death and be key to AD development, an idea that
fits with the proposed theories and clinical manifestations.
Consequently, memory deficits in AD may even begin two
decades before the first symptoms appear. Synapse degen-
eration is thought to begin in dendritic spines and, specifi-

cally, with a decrease in the number of molecules that reg-
ulate spinal signaling.

It has been shown that glutamate is involved in the
development of dendritic spines [137]. On this basis, some
drugs targeting neurotransmitters and mechanisms of neu-
rogenesis are being studied (Fig. 1). An example is tror-
iluzole, also known as BHV4157 (proriluzole), which is a
prodrug of riluzole. Riluzole inhibits voltage-gated sodium
channels and reduces synaptic glutamate by increasing its
uptake and inhibiting its release [138]. Indeed, riluzole re-
duces synaptic glutamate levels by increasing the expres-
sion and function of glial glutamate transporters responsi-
ble for synaptic glutamate clearance [34]. Its efficacy in the
treatment of AD is currently being evaluated in phase 2–3
clinical trials (Clinicaltrials.gov NCT03605667), although
so far, the results do not seem to be encouraging.

In turn, blarcamesine (ANAVEX2-73) is an agonist
of the Sigma-1 receptor (S1R) and modulates cholinergic
muscarinic receptors in mice [135,139,140]. It has been
reported that an oral dose (30 or 50 mg) of blarcamesine,
followed by an intravenous (IV) dose (3 or 5 mg) in a sec-
ond period have suitable safety and tolerability in patients
withmild-to-moderate AD in a Phase IIa clinical study [35].
Furthermore, phase IIb/III clinical studies consisting in 48
weeks of daily treatment with blarcamesine or placebo, and
primary outcomes of ADAS-Cog and ADCS-ADL (Activi-
ties of Daily Living) evaluations are being conducted (Clin-
icalTrials.gov Identifier: NCT03790709). Additionally, in
preclinical models of Rett syndrome (RTT), a neurodevel-
opmental disorder associated with increased risk of cog-
nitive impairment, blarcamesin improved calcium home-
ostasis, which favors an improvement in mitochondrial and
synaptic functions in all brain regions [135]. Besides that,
the anticonvulsant levetiracetam has also shown potential as
synapse modulator against neurodegeneration. Levetirac-
etam is an antiepileptic drug that binds to SV glycoprotein
2A (SV2A), a constituent of synaptic vesicle membranes at
presynaptic terminals, involved in vesicle trafficking and
exocytosis [141]. SV2A is expressed in excitatory and
inhibitory synapses in the brain, including the hippocam-
pus, and alterations in this protein have been associated
with AD [142,143]. Interestingly, Rao and Savas [36] re-
ported that levetiracetam lowersAβ42 levels inAPP knock-
in mice models of amyloid pathology by normalizing the
abundance of presynaptic endocytosis machinery, hence fa-
voring a change in the processing of amyloid precursor pro-
tein towards the non-amyloidogenic pathway. Other study
showed that a treatment with a low dose of levetiracetam
(125 mg twice daily), significantly improved memory per-
formance [36].

Currently, a phase II-III study is evaluating the effi-
cacy of AGB101, a proprietary extended-release formula-
tion of levetiracetam, on slowing cognitive and functional
impairment in patients with MCI (ClinicalTrials.gov Iden-
tifier: NCT03486938). No results have been reported yet.
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4.7 Dietary and Supplemental Strategies
The fact that diet quality and composition play a role

in virtually all health conditions, affecting incidence, com-
plications, management, recovery and quality of life is well
supported bymounting evidence [144]. AD is not an excep-
tion, and currently several supplements and dietary strate-
gies claim to promote cognitive enhancement. However, to
date, no evidence-based product on the market has demon-
strated a clear capacity to prevent or slowAD’s progression.

Omega-3 polyunsaturated Fatty Acids (ω3 PUFAs)
are among the nutritional and dietary factors that have
shown most consistent positive research findings to pre-
vent cognitive decline in older adults [145]. Linoleic and
α-linolenic acid are examples of ω3 PUFAs which are ob-
tained directly through diet or supplementation. Long-
chain ω3 PUFAs (eicosapentaenoic acid and docosahex-
aenoic acid), have been investigated in different studies as
a therapeutic strategy to mitigate cognitive loss, and pro-
gression to AD [146,147]. These compounds can play an
important role in improving cognitive impairment through
multiple mechanisms such as modulation of the inflamma-
tory process, or acting on genes that regulate the retinoic
acid receptor and peroxisome proliferator-activated recep-
tor, as well as the rigidity of the cell membrane [148]. In
this context, icosapent ethyl (IPE), a purified form of the
omega-3 fatty acid eicosapentaenoic acid (EPA), is under
investigation in a clinical study (ClinicalTrials.gov Identi-
fier: NCT02719327). The aim of the research is to evaluate
the efficacy of 18 months of IPE therapy in 150 cognitively
healthy veterans aged 50 to 75 with increased risk of de-
veloping AD due to a parental history of the disease and
increased prevalence of the APOE4. The evaluation will
be carried out through magnetic resonance imaging (MRI)
and the evaluation of cognitive biomarkers for AD in CSF.
The study is projected to be finished in early 2023. In the
same line, a phase III clinical study (NCT00440050) deter-
mined whether chronic supplementation with docosahex-
aenoic acid (DHA) was capable of slowing the progression
of cognitive and functional decline in mild to moderate AD.
However, the results showed no differences between DHA
supplementation and placebo groups [37].

5. Conclusions
Despite the numerous failures in the development of

therapies that modify the evolution of AD, current techno-
logical progress in the fields of biomarkers assays and ge-
netics presents an unprecedented opportunity to reshapeAD
therapeutic strategies towards themedicine of precision. As
with other diseases, an early detection of AD is essential.
Hence, assessing the blood levels of AD biomarkers such
as tau and amyloid in asymptomatic patients could be ben-
eficial as an early approximation [149]. In symptomatic
patients, positron emission tomography and magnetic res-
onance imaging approaches to assess Aβ and tau can be
performed, along with CSF tests, if necessary, for accurate

identification of the disease. Once we have an early diag-
nosis, the patient should be treated with the most appropri-
ate drug cocktail, specifically designed for their individual
etiology and stage of AD. In this regard, the recognition
of multiple causal and protective genes (genetic resilience)
and the positive effects of lifestyle interventions (such as
diet) highlight the possibility of developing different alter-
natives for the future. Hence, the combination of pharma-
cological and non-pharmacological strategies could be an
interesting therapeutic approach.

Undoubtedly, the trends in therapeutic strategies for
AD will involve an increase in the diversity of non-amyloid
or tau targets, including inflammation, insulin resistance,
synapse and neuronal protection, cardiovascular factors,
neurogenesis and epigenetic interventions. Indeed, some
authors consider that AD should no longer be considered
a brain disease, since its development is also attributed
to peripheral factors as, for instance, intestinal dysbiosis.
Hence, the increasing knowledge of the mechanisms in-
volved in AD may favor the development of novel thera-
pies based, for example, on the reconstitution of the intesti-
nal microbiota. In this sense, sodium oligomannate opens a
promising new therapeutic line of disease-modifying ther-
apies worthy of future research. In passive immunother-
apy, the FDA-approved aducanumab stands out, but anti-
tau treatments still need to demonstrate its clinical efficacy.
Also, an increase in the number of candidate drugs for dis-
ease modification treatments is expected, as well as a focus
on potential combinatory multidrug strategies.
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