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Small-molecule drugs
development for Alzheimer’s
disease

Weiwei Yao, Huihui Yang and Jinfei Yang*

School of Health and Life Sciences, University of Health and Rehabilitation Sciences, Qingdao, China

Alzheimer’s disease (AD) is an irreversible, progressive neurodegenerative

brain disorder with no e�ective therapeutic drugs currently. The complicated

pathophysiology of AD is not well understood, although beta-amyloid (Aβ)

cascade and hyperphosphorylated tau protein were regarded as the two main

causes of AD. Othermechanisms, such as oxidative stress, deficiency of central

cholinergic neurotransmitters, mitochondrial dysfunction, and inflammation,

were also proposed and studied as targets in AD. This review aims to summarize

the small-molecule drugs that were developed based on the pathogenesis and

gives a deeper understanding of the AD. We hope that it could help scientists

find new and better treatments to gradually conquer the problems related to

AD in future.
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Introduction

Alzheimer’s disease (Lane et al., 2018) (AD) is a kind of progressive and

irreversible neurodegenerative incurable brain disease among elderly people. As the

global population ages, dementia has become one of the important health problems

worldwide and AD is the most common form of dementia. AD accounts for 60% of all

dementia cases. In developed countries, AD is considered as the third leading cause of

death, following cardiovascular disease and cancer (Huang et al., 2016). The symptoms

of AD (Figure 1) presented progressive memory loss, cognitive impairment, and severe

behavioral abnormalities (Hu et al., 2017). The main two pathological hallmarks of

AD are beta-amyloid (Aβ) plaques and phosphorylated tau-induced neurofibrillary

tangles (Congdon and Sigurdsson, 2018). Owing to AD’s complex pathophysiological

characteristics, and complicated interactions with related genes and proteins, no effective

drugs were available, which can obtain a long-term treatment effect of AD or even cure

AD (Liu et al., 2017). The pathogenesis and mechanism of AD remain unclear, although

five main types of pathogeneses, such as the beta-amyloid (Aβ) cascade (Mawuenyega

et al., 2010), the hyperphosphorylated tau protein (Hanger et al., 2009), oxidative stress

(Su et al., 2008), deficiency of central cholinergic neurotransmitters (Craig et al., 2011),

and inflammation (Holmes, 2013), have been proposed. In the study of AD treatment,

pathogenesis provides a basis for understanding and researching on AD.
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GRAPHICAL ABSTRACT

Alzheimer’s disease (AD) is an irreversible neurodegeneration brain disease, but there is no e�ective treatment of drugs. This review aims to

summarize the recent development of small-molecule drugs for treating AD, so that researchers can understand the progress of AD drug

research and development more deeply. We hope that this review can provide meaningful guidance for future AD drug development.

FIGURE 1

Pathological di�erence in neurons between a normal brain and an Alzheimer’s disease (AD) patient’s brain.

Scientists have put enormous efforts in developing effective

drugs to cure this fatal disease, although these studies are

ending in failure currently. There are only five marketed

drugs, including the inhibitors of acetylcholinesterase (AChEIs)

such as Tacrine, Donepezil, Galantamine, Rivastigmine, and N-

methyl-D-aspartate (NMDA) receptor antagonist Memantine

(Reitz et al., 2011), as approved by the Food and Drug

Administration (FDA) to treat AD (Guzior et al., 2015).

However, although these marketed drugs can slow down the

progression of the disease and alleviate symptoms, they cannot

ultimately cure the disease. Therefore, there is a critical need

to develop new and effective drugs that can prevent, delay,
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or slow down the progression of AD. The study of AD

treatment is mainly based on the pathological changes. To offer

some help to the development of AD therapeutic drugs in

future, we write this review to summarize some representative

AD-treatment small-molecule drugs that entered clinical

trials mostly.

Small molecules

Cholinergic inhibitors

In 1993, FDA approved the use of the cholinesterase

inhibitor such as Tacrine to treat mild-to-moderate AD patients

first (Relman, 1991), and subsequently approved three similar

drugs such as Donepezil, Galantamine, and Rivastigmine

(Figure 2). However, other cholinesterase inhibitors, such

as velnacrine, physostigmine, eptastigmine, and metrifonate

reported, did not get approval (Becker et al., 2008). As anNMDA

receptor antagonist, Memantine was approved as a moderate-

to-severe AD drug, which acted on the glutamatergic system

(Reisberg et al., 2003; Olivares et al., 2012).

Other kinds of small-molecule agents that targeted AChE

have also been developed. Huperzine A is a sesquiterpene

alkaloid derived from the fern Huperzine, and it was found to

cause a reversible inhibition of AChE with high efficiency and

low toxicity (Damar et al., 2016). Huperzine A can increase

the levels of acetylcholine in the body, improve the functions

of brain and nerve, and cause an improvement in cognitive

function (Yang et al., 2013). It has been discovered that

Huperzine A showed a promising effect on the treatment of AD,

and it was listed in China for the treatment of AD in 1995.

Through structural modification, the pro-drug ZT-1 derived

from Huperzine A presented a better selectivity and higher

therapeutic index (Jia et al., 2013). This optimized structure

presents a rapid absorption and a wide distribution in humans.

Physostigmine is a potent parasympathomimetic alkaloid

and reversible acetylcholinesterase inhibitor which can provide

a rapid reversal of the anticholinergic toxicity (Califf, 2018). The

narrow therapeutic window as well as side effects of this drug

limit its treatment in AD (Coelho and Birks, 2001; Batiha et al.,

2020). Then, scientists were devoted to developing a derivative

of Physostigmine with a better effect over the years, and

(–)-phenserine presented a cognitive improvement. Besides, the

study showed that (–)-phenserine can reduce the translation of

amyloid precursor protein (APP) to reduce Aβ concentrations,

indicating that analogs of (–)-phenserinemay be a potential drug

for AD (Winblad et al., 2010).

An analog of galantamine was developed. Memogain (Gln-

1062) is an inactive pro-drug of galantamine, and it works

by enzymatically cleaving galantamine, then it will regain its

pharmacological activity as a cholinergic enhancer (Maelicke

et al., 2010). It has been reported that Memogain has more than

15-fold higher bioavailability in the brain than the same doses of

galantamine, owing to its enhanced hydrophobicity. According

to preclinical data, the nasal inhalation use of Memogain can

avoid gastrointestinal side effects and present a higher potency

in enhancing cognition (Bhattacharya et al., 2015).

Ladostigil (TV-3326) is an orally active potential treatment

drug for AD (Weinreb et al., 2008). In the structure of

Ladostigil, a carbamate cholinesterase inhibitory (ChEI) moiety

of rivastigmine (Weinstock et al., 1994) was contained in the

aminoindan structure of the monoamine oxidase (MAO)-B

inhibitor. It is a dual inhibitor of cholinesterase and brain-

selective monoamine oxidases (MAO) A and B, with IC50s (half-

maximal inhibitory concentrations) of 37.1 and 31.8µM for

MAO-B and AChE, respectively. In addition, ladostigil exhibits

neuroprotective, antioxidant, and anti-inflammatory activities

including the regulation of amyloid precursor protein (APP)

processing (Yogev-Falach et al., 2002; Bar-Am et al., 2004),

activation of protein kinase C, and mitogen-activated protein

kinase signaling pathways.

NGX267 (AF267B) is a functionally selective partial M1

agonist that offers prospects for treating memory and cognitive

disturbances (Caccamo et al., 2006; Ivanova and Murphy,

2009). The experiment on AD transgenic mice proved that

NGX267 represents an effective peripherally administered drug

to attenuate the major hallmarks of AD and to reverse deficits in

cognition, like the reduction of the Aβ and tau pathologies in the

hippocampus and cortex.

EVP-6124 is a novel partial agonist of α7 neuronal nicotinic

acetylcholine receptors (nAChRs) (Lendvai et al., 2013) with

good brain penetration and an adequate exposure time and

presents high affinity in vivo and in vitro (Prickaerts et al.,

2012). It activates the α7 nicotinic acetylcholine receptor at

low nanomolar brain concentrations and improves the memory

performance in rats. Although donepezil at 0.1 mg/kg, po

(oral) or EVP-6124 at 0.03 mg/kg, po did not improve

memory, co-administration of these doses can restore memory.

Based on the relevant clinical trials and proposed mechanism,

EVP-6124 combined with cholinesterase inhibitors probably

provides a good therapeutic strategy in cognitive impairment

(Deardorff et al., 2015). In addition, GTS-21 is also a selective

α7 nicotinic acetylcholine receptor (nAChR) agonist with the

anti-inflammatory and cognition-enhancing function (Zawieja

et al., 2012; Garg and Loring, 2019) (Figure 3).

Equations decreasing Aβ production

BACE1 inhibitors

BACE1 (the beta-site APP-cleaving enzyme 1), acting as a

membrane-anchored aspartic acid protease, is an enzyme that

promotes the generation of neurotoxic Aβ in brain (Hampel

et al., 2021). BACE1 has been widely pursued as an AD drug

target, owing to its critical role in the production of amyloid-

beta (Aβ) (Mullard, 2017). BACE1 inhibition can prevent the

formation of Aβ at the very beginning of APP processing
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FIGURE 2

Structures of five drugs approved by the Food and Drug Administration (FDA) in the treatment of Alzheimer’s disease (AD).

(Figure 4), slowing down the progression of AD by inhibiting Aβ

formation at an early stage. Therefore, the therapeutic potential

of BACE1 inhibitors is currently tested in the clinical trials for

AD treatment (Piton et al., 2018).

The Ghosh group has designed and synthesized plenty of

small-molecule BACE1 inhibitors according to the structure-

based design strategy. Among the molecules, GRL-8234

(Figure 5) exhibited excellent properties with an IC50 of

1.0 nM. Treatment with GRL-8234 could reduce the interstitial

fluid Aβ40 in Tg2576 mice and rescue age-related cognitive

decline (Chang et al., 2011). Exceedingly potent and selective

BACE1 inhibitors like GRL-1439 and GRL-3511 were also

developed and the X-ray crystal structure binding BACE1 was

characterized to explore the mechanisms (Ghosh and Osswald,

2014). The challenges of developing BACE1 inhibitors are

selectivity and brain penetration. Among the BACE1 drug

candidates developed by the Ghosh group, clinical trials of about

13 compounds were carried out.

Because of the vital role of BACE1 in the generation of

Aβ, BACE1 inhibitors have attracted many scientists to the AD

treatment area. Next, we will introduce some potent BACE1

inhibitors that entered clinical trials (Figure 6). LY2811376 is

the first reported oral BACE1 inhibitor that leads to profound

Aβ-lowering effects in nonclinical animal models and healthy

volunteers (May et al., 2011). However, it was terminated

in Phase I due to a nonclinical retinal toxicity upon longer

term dosing. Then, LY2886721, the second-generation orally

available BACE1 inhibitor, reached phase 2 clinical trials in

AD (May et al., 2015). It has a high selectivity against key off-

target proteases. But the development was stopped because liver

enzymes were abnormally elevated. In order to reduce the side

effect of liver injury, a more potent BACE1 inhibitor capable
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FIGURE 3

Structures of cholinergic inhibitors in the study.

FIGURE 4

Processing of amyloid precursor protein (APP) by β-secretase and γ-secretase.

Frontiers in AgingNeuroscience 05 frontiersin.org

https://doi.org/10.3389/fnagi.2022.1019412
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Yao et al. 10.3389/fnagi.2022.1019412

FIGURE 5

Structures of GRL-8234, GRL-1439, and GRL-3511.

of achieving high BACE1 inhibition at lower clinical doses was

developed (McKinzie et al., 2021). The third-generation BACE1

inhibitor, LY3202626, a small molecule which was proved to

reduce amyloid-β (Aβ)1-40 and Aβ1-42 concentrations in plasma

and cerebrospinal fluid. It characterized a highly potent, CNS

penetrant, and low-dose BACE1 inhibitor (Lo et al., 2021).

Verubecestat (MK-8931), developed by the pharmaceutical

company Merck, is a potent, selective, structurally unique

BACE1 inhibitor that can reduce the plasma, cerebrospinal fluid

(CSF) (Forman et al., 2012), and brain concentrations of Aβ40,

Aβ42, and soluble APP beta protein (sAPPβ) (a direct product of

the BACE1 enzymatic activity) in both healthy human subjects

and AD patients (Forman et al., 2013). Research shows that

MK-8931 presents few adverse effects compared to previously

reported BACE inhibitions, and single and multiple doses were

generally well tolerated (Kennedy et al., 2016). The human data

are fit to an amyloid pathway model and provide a direction

for the subsequent clinical trials. MK-8931 is the first BACE1

inhibitor to reach phase III clinical trials (Kennedy et al., 2016).

Umibecestat (CNP-520) is an orally available small-molecule

BACE1 inhibitor which attained phase II/III clinical trials along

with MK-8931. However, the clinical trials were discontinued

lately in February 2018, as participants displayed worsened

cognitive functions (Neumann et al., 2018). Recently, AM-6494

was discovered as a novel potent and orally effective BACE1

inhibitor that advanced to preclinical development (Pettus et al.,

2020). AM-6494 showed a higher selectivity and inhibitory

potency for BACE1 than CNP-520 (Ugbaja et al., 2020).

In addition, E2609 and JNJ-54861911 were other two BACE1

inhibitors that reached phase III clinical trials. E2609 is an

orally available BACE1 inhibitor and can highly reduce the Aβ

levels of the CSF and plasma in rodents in a dose-dependent

manner (Lai et al., 2012; Bernier et al., 2013). JNJ-54861911

has proved to be very successful in reducing Aβ levels, which

can reach up to 95% reduction after administration in healthy

volunteers (Novak et al., 2020). However, the clinical trials were

discontinued in phase II/III owing to the safety problems (Patel

et al., 2022). Other analogs that acted as BACE1 inhibitors were

also developed in the following study.

As a potent and selective BACE1 inhibitor, AZD-3839

can effectively reduce the levels of Aβ in brain, CSF, and

plasma in several preclinical species in a dose- and time-

dependent manner (Jeppsson et al., 2012). Although AZD-3839

had advanced to phase 1 clinical trials in May 2011 in the UK,

the clinical trials were discontinued in December 2012 (Swahn

et al., 2012). AZD3293 is another potent, highly permeable,

orally active BACE1 inhibitor which has a good blood–brain

barrier (BBB) penetration. AZD3293 presented significant dose-

and time-dependent reductions in plasma, CSF, and brain

concentrations of Aβ40, Aβ42, and sAβPPβ and a slow off-

rate, and an excellent in vivo efficacy with a prolonged on-

target effect (Eketjäll et al., 2016). It has entered the clinical
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FIGURE 6

Structures of the beta-site APP cleaving enzyme 1 (BACE1) inhibitors in study.

development as a promising disease-modifying treatment

for AD.

To date, none of the BACE1 inhibitors succeeded in slowing

or reversing the progression of AD in clinical trials, owing to the

adverse effects or the invalid nature in promoting the cognitive

ability. These results might encourage researchers to reconsider

whether BACE1 inhibitors are effective therapeutic agents in

AD treatment.
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FIGURE 7

Structures of γ-secretase inhibitors and modulators.

γ-secretase inhibitors and modulators

As well as BACE1 inhibitors, the inhibition of γ-secretase

can also reduce Aβ production and decrease the accumulation

of Aβ oligomers and plaques, providing an effective treatment

for AD (Wolfe, 2008; Golde et al., 2010). Therefore, the

development of γ-secretase inhibitors andmodulators (Figure 7)

represents an attractive therapeutic opportunity for AD (Yang

et al., 2021). Semagacestat (LY-450139), developed and named

by Eli Lily (Henley et al., 2009), was the first γ-secretase

inhibitor (GSI) that entered phase III clinical research. The

clinical trials were stopped owing to severe side effects like

the cleavage inhibition of other substrates such as Notch

signaling proteins and other cell surface receptors (Doody

et al., 2015; Aster et al., 2017). To solve this problem, the

notch-sparing GSIs were developed such as Avagacestat (BMS-

708163), which preferentially inhibited the cleavage of APP

over Notch (Gillman et al., 2010). But, BMS-708163 did not

show an obvious efficacy in Phase II trials and high doses

produced toxicity (Coric et al., 2012, 2015). Begacestat (GSI-

953) (Martone et al., 2009) is another GSI which can selectively

inhibit the cleavage of APP over Notch, showing a promise

in recent Phase I clinical trials (Hopkins, 2012). In healthy

human volunteers, the oral administration of a single dose

produces dose-dependent changes in plasma Aβ levels, proving

the pharmacodynamic activity of GSI-953 in humans. NIC5-15

is a natural product found in pine bark andmany foodstuffs such
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as soy and carob (Grossman et al., 2009). In transgenic mice,

it is proved to diminish the production of Aβ1-42 via notch-

sparing γ-secretase inhibition. NIC5-15 has a safe and effectual

treatment in improving cognitive function in mild-to-moderate

AD patients (Pasinetti et al., 2009).

PF-3084014 is a potent γ-secretase inhibitor that reduces Aβ

production with an IC50 of 1.2 nM (whole-cell assay) in vitro. It

showed a dose-dependent reduction in brain, CSF, and plasma

Aβ in Tg2576 mice as measured (Lanz et al., 2010). In the family

of GSIs, BMS-289948 and BMS-299897 are two orally active

γ-secretase inhibitors. They can markedly reduce plasma and

brain Aβ level in a time- and dose-dependentmanner (Anderson

et al., 2005).

In addition to GSIs, γ-secretase modulators (GSMs) have

also been acting as attractive small molecules for alleviating the

symptoms of AD (Kounnas et al., 2010; Crump et al., 2013).

GSMs may promote further cleavage of Aβ42, thus reducing

the amount of aggregation-prone Aβ peptides (Pozdnyakov

et al., 2013). In transgenic mice of the AD model, treatment

with CHF5074 can markedly reduce brain Aβ burden without

any histological peripheral Notch-mediated toxicity (Imbimbo

et al., 2009). CHF5074 shows a dose-dependent manner and well

tolerated and safety in mild-to-moderate patients (Ross et al.,

2013). This γ-secretase modulator is a promising therapeutic

agent for AD. Besides, the small molecule E2012 is a widely

used classic member of the heterocyclic GSM family without

affecting Notch processing, aiming at AD by reduction of Aβ40

and Aβ42 in a dose-dependent manner (Nakano-Ito et al.,

2013).

Preventing Aβ aggregation

The aggregation of monomeric peptide Aβ into amyloid

fibrils is one of the features and pathogenies of AD. Oligomers,

the aggregation intermediates, are toxic and cause neuronal

cell death (Haass and Selkoe, 2007; Glabe, 2008). Therefore,

inhibiting the formation of oligomers and aggregates is widely

studied as a promising therapeutic treatment for Alzheimer’s

disease (Hardy and Selkoe, 2002). Next, some representative

small-molecule agents that can prevent Aβ aggregation will be

introduced (Figure 8).

Tramiprosate is an orally administered small molecule

that binds to soluble amyloid, thus inhibiting amyloid

aggregation in the brain (Aisen et al., 2007). Preclinical

and clinical studies showed that the oral treatment of

tramiprosate could reduce oligomeric and fibrillar (plaque)

amyloid, diminish hippocampal atrophy, improve cholinergic

transmission, and stabilize cognition (Manzano et al., 2020).

Although tramiprosate is safe and well tolerated, the clinical

trials were terminated in Phase III trial owing to the failure

in demonstrating efficacy (Aisen et al., 2011; Herrmann et al.,

2011). ALZ-801 is an oral valine-conjugated pro-drug of

tramiprosate, providing significantly improved pharmacokinetic

variability and gastrointestinal tolerance (Hey et al., 2018b),

inhibiting the formation of amyloid oligomers without plaque

interaction. 3-Sulfopropanoic acid (3-SPA), the main metabolite

of tramiprosate and ALZ-801, is an endogenous molecule that

is present in the brain of patients with AD (Hey et al., 2018a).

It has an anti-Aβ aggregation activity in vitro with an efficacy

comparable to tramiprosate. ALZ-801 showed excellent oral

safety and tolerability in healthy adults and elderly volunteers

with significantly improved pharmacokinetic characteristics

over oral tramiprosate (Tolar et al., 2020). Therefore, ALZ-801

may be an advanced and markedly improved clinical candidate

drug for the treatment of AD (Tolar et al., 2019).

Scyllo-inositol, one of the nine structural isomers of inositol

(Fenili et al., 2007), can reduce amyloid toxicity and regulate

myo-inositol levels to improve cognitive function in patients

(Salloway et al., 2011). When taken orally, Scyllo-inositol is

able to reach the brain. Scyllo-inositol showed amyloid- and

myo-inositol-lowering effects in CSF and brain in AD patients

(Ramp et al., 2021). A Phase II clinical research provided

acceptable safety, showing that Scyllo-inositol might be a

promising therapeutic agent for AD (Ma et al., 2012). Another

natural product named Epigallo-catechin-3-gallate (EGCG), a

major polyphenol component of green tea existed in the leaves

of Camellia sinensis, can cross the BBB, showing antioxidant

and neuroprotective functions (Mandel et al., 2008). It can

prevent the formation of Aβ toxic oligomers through binding to

unfolded peptide. In addition, EGCG can protect brains against

aluminum chloride (AlCl3) toxicity and promote the defense

of mitochondrial and cholinergic synaptic functions (Jayasena

et al., 2013; Ortiz-López et al., 2016).

It is reported that naphthoquinone tryptophan (NQ-Trp)

works by inhibiting Aβ aggregation and rescues cells from Aβ

toxicity (Berthoumieu et al., 2015). However, NQ-Trp presents

a relatively weak inhibitor, attributed to no specific “binding

site”-type interaction with mono- and dimeric Aβ.

Azeliragon (TTP488 or PF-04494700) is an advanced

glycation end-products (RAGE) inhibitor investigated in clinical

trials (Sabbagh et al., 2011; Burstein et al., 2014). It inhibits

the interactions between RAGE and its ligands, including

Aβ1-42, HMGB1 (high mobility group box 1), S100B, and

CML (chronic myeloid leukemia) (Cummings et al., 2020).

Phase II clinical trial data of Azeliragon proved that it could

delay the time period to cognitive deterioration in mild AD

patients (Burstein et al., 2016, 2018). Unfortunately, owing to

the toxicity, the dosage in phase III clinical trial was limited

to 5 mg/day without obtaining any expected results (Xie et al.,

2021).

In addition, Bexarotene has a high BBB permeability and it

can be used in the treatment of AD as a potential therapeutic

agent (Cramer et al., 2012). Bexarotene can improve memory

and cognitive activity by binding to peroxisome proliferator-

activated receptor gamma (PPAR-γ) and retinoid X receptors
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FIGURE 8

Structures of molecules in preventing amyloid beta (Aβ) aggregation.

FIGURE 9

Structures of tau aggregation inhibitors.
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FIGURE 10

Structures of other targeted drugs.

(RXRs), increasing apolipoprotein E (ApoE) expression and Aβ

clearance (Tai et al., 2014).

Tau aggregation inhibitors

Paired helical filaments (PHFs) and neurofibrillary tangles

(NFTs), composed of various tau species, are usually observed

in AD patients’ brains (Bejanin et al., 2017). Therefore,

tau protein is regarded as a promising target for AD. Tau

pathology has a greater impact on the cognitive decline

progression of AD patients than amyloid β (Shafiei et al., 2017).

Abnormal phosphorylation of tau followed by dissociation from

microtubules has been considered as the key event that initiates

tau pathologies in AD. It is reported that the inhibition of toxic

tau oligomers was considered an effective therapeutic approach

for AD (Cárdenas-Aguayo et al., 2014).

Glycogen synthase kinase 3 (GSK-3), one of the

multifunctional serine/threonine kinases, is a central mediator

molecule of harmful inflammatory mechanisms relevant to

AD. It contains two isoforms, GSK3α and GSK3β. GSK3β

is abundant in the brain and it is a key target that regulates

tau phosphorylation (Morales-Garcia et al., 2012). Tideglusib

(Figure 9, NP-031112), an in-house non-ATP (adenosine

triphosphate) competitive GSK-3β inhibitor, is under Phase IIa

and IIb clinical trials. Preclinical studies showed that it could

reduce tau phosphorylation, amyloid deposition, neuron loss,

and gliosis (Luna-Medina et al., 2007; Pradeepkiran and Reddy,

2021).

Preventing tau interaction and neurofibrillary tangle

accumulation could be a promising treatment for AD. LMTX

(TRx0237), a stable reduced form of the methylthioninium

(MT) moiety, has been extensively studied as a tau aggregation

inhibitor (Gauthier et al., 2016). It has been found to show

potential efficacy as monotherapy during the test in Phase 2 and

3 clinical trials in AD (Lee et al., 2019).

Other targeted drugs

Neurotrophins can regulate the generation, survival,

proliferation, differentiation, and death of neurons in the

nervous system. They refer to a family of proteins, nerve growth

factor (NGF), brain-derived neurotrophic factor (BDNF),
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FIGURE 11

Three promising therapeutic strategies for Alzheimer’s disease (AD) in future.

neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) (Sahay

et al., 2017). Based on the above, some drugs were synthesized

targeted to neurotrophins in AD treatment (Figure 10). As a

σ-1 R agonist, T-817MA is a neuroprotective agent which could

improve the motor and cognitive impairments in neuronal

degeneration transgenic mice (Nguyen et al., 2007; Fukushima

et al., 2011). It shows a potential for AD treatment in preclinical

studies. Additionally, it can also provide protection against

mitochondrial damage (Fukushima et al., 2006) and give

protection against Aβ toxicity (Kimura et al., 2009). However,

the early results in clinical trials showed little improvement

(Schneider et al., 2019) and further clinical trials are ongoing.

Mitochondrial dysfunction is considered as one of the

most emerging pathological processes in neurological disorders.

And mitochondrial dysfunction is regarded as the core

pathological process in AD (Wu et al., 2019). In addition, it

has been reported that synaptic damage and mitochondrial

dysfunction are the early causes in AD progression (Reddy

et al., 2010). Therefore, targeting mitochondrial dysfunction to

prevent the AD progression presents a promising therapeutic

strategy. Latrepirdine (sold as Dimebon) is an orally available

nonselective antihistamine developed in Russia since 1983

(Matveeva, 1983), and later it had been used in the treatment

for AD by Medivation, Inc. and Pfizer (Bachurin et al., 2001).

It is reported that treatment with latrepirdine can affect cellular

functions like multireceptor activity, mitochondrial function,

calcium influx, and intracellular catabolic pathways (Bharadwaj

et al., 2013). Although the double-blind, placebo-controlled

phase II trial in 2008 presented an improved clinical outcome

in mild-to-moderate AD, latrepirdine failed to show efficacy in

the cognition improvement in phase III trials (Chau et al., 2015).

Pioglitazone (AD4833), a kind of PPAR-γ agonist with high

affinity, is an insulin-sensitizing agent used for type 2 diabetes

(Verschuren et al., 2014). It forms a heterodimer with RXR and

affects the transcription of genes relevant to glucose and lipid

metabolism and inflammation reduction (Bogacka et al., 2004;

Ko et al., 2008). Due to its positive effects on cerebral glucose,

lipid metabolism, and inflammation, pioglitazone is also useful

in the treatment of AD. Phase II study (Geldmacher et al., 2011;

Saunders et al., 2021) in AD and previous trial showed that

pioglitazone is safe and well tolerated. The Phase III trial named

“TOMORROW” study, treatment of pioglitazone to the high-

risk AD asymptomatic participants, showed a delayed effect on

cognitive impairment (Burns et al., 2021).

Glutaminyl cyclase (QC) inhibitor PQ912 (Varoglutamstat)

showed a robust therapeutic effect in transgenic mouse models

of AD. Data proved that brain QC is a druggable target and

QC inhibitor PQ912 can reduce the formation of pyroglutamyl-

Aβ (Hoffmann et al., 2017). The phase 1 and phase 2a studies

in healthy volunteers showed that PQ912 was safe and well

tolerated (Lues et al., 2015; Scheltens et al., 2018). It is discovered

that a combination of the QC inhibitor PQ912 and the murine

monoclonal antibody PBD-C06 (m6) gives additive effects on

brain Aβ pathology in transgenic mice (Hoffmann et al., 2021).

Combining two treatment strategies might provide new ways for

the AD treatment.
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Conclusion and outlook

In summary, the main research works focused on decreasing

Aβ, which is regarded as a key player in AD development and

progression. However, none of the drugs explored originating

from Aβ hypothesis has passed clinical trials. Although

the corresponding treatment can decrease the levels of Aβ

in blood and CSF and clear Aβ deposits in the brain,

cognitive functions did not improve. Other drugs targeting

subpathologies, like neurofibrillary tangles comprising tau

protein, neuroinflammation, oxidative stress, and so on, did not

get satisfactory results.

Attributed to the complex biological machinery with

complicated genes and proteins, AD presents a challenging

problem in the study. Although current AD treatments can

reduce and temporarily slow down the symptoms of AD, they

cannot stop the progression of brain damage. The five approved

prescription drugs by FDA do not show a good efficacy and

tolerability in a wide range of patients, especially for the severe

and advanced cases of AD. To date, there is no cure for this

fatal disease. It is vital to design and develop a new treatment

to terminate AD’s progression and cure AD effectively.

The failure of clinical trials, which were based on

the generally accepted hypothesis, encouraged researchers

to consider new therapeutic agents and strategies with

mechanisms independent of traditional hypothesis. To conquer

this complicated disease, we think that three strategies might

be attractive directions in future (Figure 11). The first is

combination therapy. Combination of multiple small-molecule

target-specific drugs that targeted different critical targets or

combination of one small-molecule drug with antibodies may

give additive effects in AD treatment. The second is the

use of multitarget drugs (MTDs). The development of an

MTD approach is based on combination therapy and shows

improved pharmacokinetics, safety, and patient compliance.

However, great efforts at improving MTD’s pharmacodynamics

and efficacy should be made. The third is in discovering new

effective targets. Understanding the pathology of AD intensively

and discovering new targets is one of the potential aspects

considered in AD treatment. Designing new drugs targeted new

effective targets may open up a new way for AD treatment.

This review summarizes some representative AD-treatment

small-molecule drugs that entered clinical trials mostly,

alleviating the symptoms of AD through the development of

cholinergic inhibitors, Aβ inhibitors, tau protein inhibitors, and

other targeted drugs. We hope this review can inspire the

research enthusiasm of researchers to advance the discovery and

development of new-generation drugs for AD in future, which

will conquer and cure this disease finally.

Author contributions

WY was responsible for literature research and

drafting of manuscripts. HY participated in literature

research and sorting. JY was responsible for the revision,

improvement, and submission of manuscripts. All

authors contributed to the article and approved the

submitted version.

Funding

This study was supported by the Taishan Scholars Project of

Shandong Province (tsqn202103108 to JY).

Acknowledgments

Thanks for the financial support of the Taishan Scholars

Project of Shandong Province and the help of Prof.

Yuanyuan Zhang.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

Aisen, P. S., Gauthier, S., Ferris, S. H., Saumier, D., Haine, D., Garceau, D.,
et al. (2011). Tramiprosate inmild-to-moderate Alzheimer’s disease–a randomized,
double-blind, placebo-controlled, multi-centre study (the Alphase Study). Arch.
Med. Sci. 7, 102–111. doi: 10.5114/aoms.2011.20612

Aisen, P. S., Gauthier, S., Vellas, B., Briand, R., Saumier, D., Laurin, J., et al.
(2007). Alzhemed: a potential treatment for Alzheimer’s disease. Curr. Alzheimer
Res. 4, 473–478. doi: 10.2174/156720507781788882

Anderson, J. J., Holtz, G., Baskin, P. P., Turner, M., Rowe, B., Wang, B.,
et al. (2005). Reductions in β-amyloid concentrations in vivo by the γ-secretase
inhibitors BMS-289948 and BMS-299897. Biochem. Pharmacol. 69, 689–698.
doi: 10.1016/j.bcp.2004.11.015

Aster, J. C., Pear, W. S., and Blacklow, S. C. (2017). The
varied roles of notch in cancer. Annu. Rev. Pathol. 12, 245–275.
doi: 10.1146/annurev-pathol-052016-100127

Frontiers in AgingNeuroscience 13 frontiersin.org

https://doi.org/10.3389/fnagi.2022.1019412
https://doi.org/10.5114/aoms.2011.20612
https://doi.org/10.2174/156720507781788882
https://doi.org/10.1016/j.bcp.2004.11.015
https://doi.org/10.1146/annurev-pathol-052016-100127
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Yao et al. 10.3389/fnagi.2022.1019412

Bachurin, S., Bukatina, E., Lermontova, N., Tkachenko, S., Afanasiev,
A., Grigoriev, V., et al. (2001). Antihistamine agent dimebon as a novel
neuroprotector and a cognition enhancer. Ann. NY Acad. Sci. 939, 425–435.
doi: 10.1111/j.1749-6632.2001.tb03654.x

Bar-Am, O., Yogev-Falach, M., Amit, T., Sagi, Y., and Youdim, M. B. H.
(2004). Regulation of protein kinase C by the anti-Parkinson drug, MAO-B
inhibitor, rasagiline and its derivatives, in vivo. J. Neurochem. 89, 1119–1125.
doi: 10.1111/j.1471-4159.2004.02425.x

Batiha, G. E.-S., Alkazmi, L. M., Nadwa, E. H., Rashwan, E. K.,
Beshbishy, A. M., Shaheen, H., et al. (2020). Physostigmine: a plant alkaloid
isolated from Physostigma venenosum: a review on pharmacokinetics,
pharmacological and toxicological activities. J. Drug Deliv. Therap. 10, 187–190.
doi: 10.22270/jddt.v10i1-s.3866

Becker, R. E., Greig, N. H., and Giacobini, E. (2008). Why do so many drugs for
alzheimer’s disease fail in development? Time for new methods and new practices?
J. Alzheimer’s Dis. 15, 303–325. doi: 10.3233/JAD-2008-15213

Bejanin, A., Schonhaut, D. R., La Joie, R., Kramer, J. H., Baker, S. L., Sosa, N., et al.
(2017). Tau pathology and neurodegeneration contribute to cognitive impairment
in Alzheimer’s disease. Brain 140, 3286–3300. doi: 10.1093/brain/awx243

Bernier, F., Sato, Y., Matijevic, M., Desmond, H., McGrath, S., Burns, L., et al.
(2013). P4–411: clinical study of E2609, a novel BACE1 inhibitor, demonstrates
target engagement and inhibition of BACE1 activity in CSF. Alzheimers Dement.
9(4S Part 22), P886. doi: 10.1016/j.jalz.2013.08.244

Berthoumieu, O., Nguyen, P. H., Castillo-Frias, M. P., de Ferre, S., Tarus, B.,
Nasica-Labouze, J., et al. (2015). Combined experimental and simulation studies
suggest a revised mode of action of the anti-alzheimer disease drug NQ-Trp. Chem.
Eur. J. 21, 12657–12666. doi: 10.1002/chem.201500888

Bharadwaj, P. R., Bates, K. A., Porter, T., Teimouri, E., Perry, G., Steele, J. W.,
et al. (2013). Latrepirdine: molecular mechanisms underlying potential therapeutic
roles in Alzheimer’s and other neurodegenerative diseases. Transl. Psychiatry 3,
e332. doi: 10.1038/tp.2013.97

Bhattacharya, S., Maelicke, A., and Montag, D. (2015). Nasal application of the
galantamine pro-drug memogain slows down plaque deposition and ameliorates
behavior in 5X familial Alzheimer’s disease mice. J. Alzheimer’s Dis. 46, 123–136.
doi: 10.3233/JAD-142421

Bogacka, I., Xie, H., Bray, G. A., and Smith, S. R. (2004). The effect of pioglitazone
on peroxisome proliferator-activated receptor-γ target genes related to lipid storage
in vivo. Diabetes Care 27, 1660–1667. doi: 10.2337/diacare.27.7.1660

Burns, D. K., Alexander, R. C., Welsh-Bohmer, K. A., Culp, M., Chiang, C.,
O’Neil, J., et al. (2021). Safety and efficacy of pioglitazone for the delay of
cognitive impairment in people at risk of Alzheimer’s disease (TOMMORROW):
a prognostic biomarker study and a phase 3, randomised, double-blind, placebo-
controlled trial. Lancet Neurol. 20, 537–547. doi: 10.1016/S1474-4422(21)00043-0

Burstein, A. H., Dunn, I., Soeder, T., Sabbagh, M. N., and Altstiel, L. D. (2016).
O4-08-05: Azeliragon phase 2B survival analysis supports beneficial effects on
delaying time to cognitive deterioration in patients with mild Alzheimer’s disease.
Alzheimers Dement. 12(7S Part 7), P352. doi: 10.1016/j.jalz.2016.06.653

Burstein, A. H., Grimes, I., Galasko, D. R., Aisen, P. S., Sabbagh, M., and Mjalli,
A. M. M. (2014). Effect of TTP488 in patients with mild to moderate Alzheimer’s
disease. BMC Neurol. 14, 12. doi: 10.1186/1471-2377-14-12

Burstein, A. H., Sabbagh, M., Andrews, R., Valcarce, C., Dunn, I., and Altstiel,
L. (2018). Development of azeliragon, an oral small molecule antagonist of the
receptor for advanced glycation endproducts, for the potential slowing of loss
of cognition in mild Alzheimer’s disease. J. Prev. Alzheimers Dis. 5, 149–154.
doi: 10.14283/jpad.2018.18

Caccamo, A., Oddo, S., Billings, L. M., Green, K. N., Martinez-Coria, H., Fisher,
A., et al. (2006). M1 receptors play a central role in modulating AD-like pathology
in transgenic mice. Neuron 49, 671–682. doi: 10.1016/j.neuron.2006.01.020

Califf, T. (2018). Safety and effectiveness of physostigmine: a 10-
year retrospective review: Arens AM, Shah K, Al-Abri S, et al.
Clin Toxicol 2018;56(2):101–107. J. Emerg. Med. 54, 577–578.
doi: 10.1016/j.jemermed.2018.02.019

Cárdenas-Aguayo, M. C., Gómez-Virgilio, L., DeRosa, S., and Meraz-Ríos,
M. A. (2014). The role of tau oligomers in the onset of Alzheimer’s disease
neuropathology. ACS Chem. Neurosci. 5, 1178–1191. doi: 10.1021/cn500148z

Chang,W.-P., Huang, X., Downs, D., Cirrito, J. R., Koelsch, G., Holtzman, D.M.,
et al. (2011). β-Secretase inhibitor GRL-8234 rescues age-related cognitive decline
in APP transgenic mice. FASEB J. 25, 775–784. doi: 10.1096/fj.10-167213

Chau, S., Herrmann, N., Ruthirakuhan, M. T., Chen, J. J., and Lanctôt, K.
L. (2015). Latrepirdine for Alzheimer’s disease. Cochrane Datab. Syst. Rev. 4,
CD009524. doi: 10.1002/14651858.CD009524.pub2

Coelho, F., and Birks, J. (2001). Physostigmine for Alzheimer’s disease. Cochrane
Datab. Syst. Rev. 2:CD001499. doi: 10.1002/14651858.cd001499

Congdon, E. E., and Sigurdsson, E. M. (2018). Tau-targeting therapies for
Alzheimer disease. Nat. Rev. Neurol. 14, 399–415. doi: 10.1038/s41582-018-0013-z

Coric, V., Salloway, S., van Dyck, C. H., Dubois, B., Andreasen, N.,
Brody, M., et al. (2015). Targeting prodromal Alzheimer disease with
avagacestat: a randomized clinical trial. JAMA Neurol. 72, 1324–1333.
doi: 10.1001/jamaneurol.2015.0607

Coric, V., van Dyck, C. H., Salloway, S., Andreasen, N., Brody, M., Richter, R.
W., et al. (2012). Safety and tolerability of the γ-secretase inhibitor avagacestat in a
phase 2 study of mild to moderate Alzheimer disease. Arch. Neurol. 69, 1430–1440.
doi: 10.1001/archneurol.2012.2194

Craig, L. A., Hong, N. S., and McDonald, R. J. (2011). Revisiting the cholinergic
hypothesis in the development of Alzheimer’s disease. Neurosci. Biobehav. Rev. 35,
1397–1409. doi: 10.1016/j.neubiorev.2011.03.001

Cramer, P. E., Cirrito, J. R., Wesson, D. W., Lee, C. Y. D., Karlo, J.
C., Zinn, A. E., et al. (2012). ApoE-directed therapeutics rapidly clear β-
amyloid and reverse deficits in AD mouse models. Science 335, 1503–1506.
doi: 10.1126/science.1217697

Crump, C. J., Johnson, D. S., and Li, Y.-M. (2013). Development and mechanism
of γ-secretase modulators for Alzheimer’s disease. Biochemistry 52, 3197–3216.
doi: 10.1021/bi400377p

Cummings, J., Lee, G., Ritter, A., Sabbagh, M., and Zhong, K. (2020).
Alzheimer’s disease drug development pipeline: 2020. Alzheimers Dement. 6,
e12050. doi: 10.1002/trc2.12050

Damar, U., Gersner, R., Johnstone, J. T., Schachter, S., and Rotenberg, A. (2016).
Huperzine A as a neuroprotective and antiepileptic drug: a review of preclinical
research. Exp. Rev. Neurotherap. 16, 671–680. doi: 10.1080/14737175.2016.1175303

Deardorff, W. J., Shobassy, A., and Grossberg, G. T. (2015). Safety and clinical
effects of EVP-6124 in subjects with Alzheimer’s disease currently or previously
receiving an acetylcholinesterase inhibitor medication. Expert Rev. Neurother. 15,
7–17. doi: 10.1586/14737175.2015.995639

Doody, R. S., Raman, R., Sperling, R. A., Seimers, E., Sethuraman, G., Mohs, R.,
et al. (2015). Peripheral and central effects of γ-secretase inhibition by semagacestat
in Alzheimer’s disease.Alzheimers Res. Ther. 7, 36. doi: 10.1186/s13195-015-0121-6

Eketjäll, S., Janson, J., Kaspersson, K., Bogstedt, A., Jeppsson, F., Fälting, J., et al.
(2016). AZD3293: A novel, orally active BACE1 inhibitor with high potency and
permeability and markedly slow off-rate kinetics. J. Alzheimer’s Dis. 50, 1109–1123.
doi: 10.3233/JAD-150834

Fenili, D., Brown, M., Rappaport, R., and McLaurin, J. (2007). Properties of
scyllo–inositol as a therapeutic treatment of AD-like pathology. J. Mol. Med. 85,
603–611. doi: 10.1007/s00109-007-0156-7

Forman, M., Kleijn, H.-J., Dockendorf, M., Palcza, J., Tseng, J., Canales, C., et al.
(2013). O1–06–05: The novel BACE inhibitor MK-8931 dramatically lowers CSF
beta-amyloid in patients with mild-to-moderate Alzheimer’s disease. Alzheimers
Dement. 9(4S_Part_3), P139. doi: 10.1016/j.jalz.2013.04.083

Forman, M., Palcza, J., Tseng, J., Leempoels, J., Ramael, S., Han, D.,
et al. (2012). P4-196: The novel BACE inhibitor MK-8931 dramatically
lowers cerebrospinal fluid Aβ peptides in healthy subjects following single-
and multiple-dose administration. Alzheimers Dement. 8(4S_Part_19), P704.
doi: 10.1016/j.jalz.2012.05.1900

Fukushima, T., Koide, M., Ago, Y., Baba, A., and Matsuda, T. (2006). T-
817MA, a novel neurotrophic agent, improves sodium nitroprusside-induced
mitochondrial dysfunction in cortical neurons. Neurochem. Int. 48, 124–130.
doi: 10.1016/j.neuint.2005.08.012

Fukushima, T., Nakamura, A., Iwakami, N., Nakada, Y., Hattori, H., Hoki, S.,
et al. (2011). T-817MA, a neuroprotective agent, attenuates themotor and cognitive
impairments associated with neuronal degeneration in P301L tau transgenic mice.
Biochem. Biophys. Res. Commun. 407, 730–734. doi: 10.1016/j.bbrc.2011.03.091

Garg, B. K., and Loring, R. H. (2019). GTS-21 has cell-specific anti-inflammatory
effects independent of α7 nicotinic acetylcholine receptors. PLoS ONE 14,
e0214942. doi: 10.1371/journal.pone.0214942

Gauthier, S., Feldman, H. H., Schneider, L. S., Wilcock, G. K., Frisoni, G. B.,
Hardlund, J. H., et al. (2016). Efficacy and safety of tau-aggregation inhibitor
therapy in patients with mild or moderate Alzheimer’s disease: a randomised,
controlled, double-blind, parallel-arm, phase 3 trial. Lancet 388, 2873–2884.
doi: 10.1016/S0140-6736(16)31275-2

Geldmacher, D. S., Fritsch, T., McClendon, M. J., and Landreth, G. (2011). A
randomized pilot clinical trial of the safety of pioglitazone in treatment of patients
with Alzheimer disease. Arch. Neurol. 68, 45–50. doi: 10.1001/archneurol.2010.229

Frontiers in AgingNeuroscience 14 frontiersin.org

https://doi.org/10.3389/fnagi.2022.1019412
https://doi.org/10.1111/j.1749-6632.2001.tb03654.x
https://doi.org/10.1111/j.1471-4159.2004.02425.x
https://doi.org/10.22270/jddt.v10i1-s.3866
https://doi.org/10.3233/JAD-2008-15213
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1016/j.jalz.2013.08.244
https://doi.org/10.1002/chem.201500888
https://doi.org/10.1038/tp.2013.97
https://doi.org/10.3233/JAD-142421
https://doi.org/10.2337/diacare.27.7.1660
https://doi.org/10.1016/S1474-4422(21)00043-0
https://doi.org/10.1016/j.jalz.2016.06.653
https://doi.org/10.1186/1471-2377-14-12
https://doi.org/10.14283/jpad.2018.18
https://doi.org/10.1016/j.neuron.2006.01.020
https://doi.org/10.1016/j.jemermed.2018.02.019
https://doi.org/10.1021/cn500148z
https://doi.org/10.1096/fj.10-167213
https://doi.org/10.1002/14651858.CD009524.pub2
https://doi.org/10.1002/14651858.cd001499
https://doi.org/10.1038/s41582-018-0013-z
https://doi.org/10.1001/jamaneurol.2015.0607
https://doi.org/10.1001/archneurol.2012.2194
https://doi.org/10.1016/j.neubiorev.2011.03.001
https://doi.org/10.1126/science.1217697
https://doi.org/10.1021/bi400377p
https://doi.org/10.1002/trc2.12050
https://doi.org/10.1080/14737175.2016.1175303
https://doi.org/10.1586/14737175.2015.995639
https://doi.org/10.1186/s13195-015-0121-6
https://doi.org/10.3233/JAD-150834
https://doi.org/10.1007/s00109-007-0156-7
https://doi.org/10.1016/j.jalz.2013.04.083
https://doi.org/10.1016/j.jalz.2012.05.1900
https://doi.org/10.1016/j.neuint.2005.08.012
https://doi.org/10.1016/j.bbrc.2011.03.091
https://doi.org/10.1371/journal.pone.0214942
https://doi.org/10.1016/S0140-6736(16)31275-2
https://doi.org/10.1001/archneurol.2010.229
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Yao et al. 10.3389/fnagi.2022.1019412

Ghosh, A. K., and Osswald, H. L. (2014). BACE1 (β-secretase) inhibitors
for the treatment of Alzheimer’s disease. Chem. Soc. Rev. 43, 6765–6813.
doi: 10.1039/C3CS60460H

Gillman, K. W., Starrett, J. E., Parker, M. F., Xie, K., Bronson, J. J., Marcin,
L. R., et al. (2010). Discovery and evaluation of BMS-708163, a potent, selective
and orally bioavailable γ-secretase inhibitor. ACS Med. Chem. Lett. 1, 120–124.
doi: 10.1021/ml1000239

Glabe, C. G. (2008). Structural classification of toxic amyloid oligomers. J. Biol.
Chem. 283, 29639–29643. doi: 10.1074/jbc.R800016200

Golde, T. E., Petrucelli, L., and Lewis, J. (2010). Targeting Aβ and tau
in Alzheimer’s disease, an early interim report. Exp. Neurol. 223, 252–266.
doi: 10.1016/j.expneurol.2009.07.035

Grossman, H., Marzloff, G., Luo, X., LeRoith, D., Sano, M., and
Pasinetti, G. (2009). P1-279: NIC5-15 as a treatment for Alzheimer’s: safety,
pharmacokinetics and clinical variables. Alzheimers Dement. 5(4S_Part_9), P259.
doi: 10.1016/j.jalz.2009.04.287

Guzior, N., Wieckowska, A., Panek, D., and Malawska, B. (2015). Recent
development of multifunctional agents as potential drug candidates for
the treatment of Alzheimer’s disease. Curr. Med. Chem. 22, 373–404.
doi: 10.2174/0929867321666141106122628

Haass, C., and Selkoe, D. J. (2007). Soluble protein oligomers in
neurodegeneration: lessons from the Alzheimer’s amyloid β-peptide. Nat.
Rev. Mol. Cell Biol. 8, 101–112. doi: 10.1038/nrm2101

Hampel, H., Vassar, R., De Strooper, B., Hardy, J., Willem, M., Singh, N., et al.
(2021). The β-secretase BACE1 in Alzheimer’s disease. Biol. Psychiatry 89, 745–756.
doi: 10.1016/j.biopsych.2020.02.001

Hanger, D. P., Anderton, B. H., and Noble, W. (2009). Tau phosphorylation:
the therapeutic challenge for neurodegenerative disease. Trends Mol. Med. 15,
112–119. doi: 10.1016/j.molmed.2009.01.003

Hardy, J., and Selkoe, D. J. (2002). The amyloid hypothesis of Alzheimer’s
disease: progress and problems on the road to therapeutics. Science 297, 353–356.
doi: 10.1126/science.1072994

Henley, D. B., May, P. C., Dean, R. A., and Siemers, E. R. (2009).
Development of semagacestat (LY450139), a functional γ-secretase inhibitor, for
the treatment of Alzheimer’s disease. Expert Opin. Pharmacother. 10, 1657–1664.
doi: 10.1517/14656560903044982

Herrmann, N., Chau, S. A., Kircanski, I., and Lanctôt, K. L. (2011). Current and
emerging drug treatment options for Alzheimer’s disease. Drugs 71, 2031–2065.
doi: 10.2165/11595870-000000000-00000

Hey, J. A., Kocis, P., Hort, J., Abushakra, S., Power, A., Vyhnálek, M., et al.
(2018a). Discovery and identification of an endogenous metabolite of tramiprosate
and its prodrug ALZ-801 that inhibits beta amyloid oligomer formation in the
human brain. CNS Drugs 32, 849–861. doi: 10.1007/s40263-018-0554-0

Hey, J. A., Yu, J. Y., Versavel, M., Abushakra, S., Kocis, P., Power, A., et al.
(2018b). Clinical pharmacokinetics and safety of ALZ-801, a novel prodrug of
tramiprosate in development for the treatment of Alzheimer’s disease. Clin.
Pharmacokin. 57, 315–333. doi: 10.1007/s40262-017-0608-3

Hoffmann, T., Meyer, A., Heiser, U., Kurat, S., Böhme, L., Kleinschmidt, M.,
et al. (2017). Glutaminyl cyclase inhibitor PQ912 improves cognition in mouse
models of Alzheimer’s disease—studies on relation to effective target occupancy.
J. Pharmacol. Exp. Therap. 362, 119–130. doi: 10.1124/jpet.117.240614

Hoffmann, T., Rahfeld, J.-U., Schenk, M., Ponath, F., Makioka, K., Hutter-
Paier, B., et al. (2021). Combination of the glutaminyl cyclase inhibitor PQ912
(varoglutamstat) and the murine monoclonal antibody PBD-C06 (m6) shows
additive effects on brain aβ pathology in transgenic mice. Int. J. Mol. Sci. 22, 11791.
doi: 10.3390/ijms222111791

Holmes, C. (2013). Review: systemic inflammation and Alzheimer’s disease.
Neuropathol. Appl. Neurobiol. 39, 51–68. doi: 10.1111/j.1365-2990.2012.01307.x

Hopkins, C. R. (2012). ACS chemical neuroscience molecule spotlight on
begacestat (GSI-953). ACS Chem. Neurosci. 3, 3–4. doi: 10.1021/cn200124u

Hu, H., Tan, C.-C., Tan, L., and Yu, J.-T. (2017). A mitocentric
view of Alzheimer’s disease. Mol. Neurobiol. 54, 6046–6060.
doi: 10.1007/s12035-016-0117-7

Huang, S.-W., Wang, W., Zhang, M.-Y., Liu, Q.-B., Luo, S.-Y., Peng, Y.,
et al. (2016). The effect of ethyl acetate extract from persimmon leaves on
Alzheimer’s disease and its underlying mechanism. Phytomedicine 23, 694–704.
doi: 10.1016/j.phymed.2016.03.009

Imbimbo, B., Hutter-Paier, B., Villetti, G., Facchinetti, F., Cenacchi, V., Volta,
R., et al. (2009). CHF5074, a novel γ-secretase modulator, attenuates brain
β-amyloid pathology and learning deficit in a mouse model of Alzheimer’s
disease. Br. J. Pharmacol. 156, 982–993. doi: 10.1111/j.1476-5381.2008.0
0097.x

Ivanova, A., and Murphy, M. (2009). An adaptive first in man dose-escalation
study of NGX267: statistical, clinical, and operational considerations. J. Biopharm.
Stat. 19, 247–255. doi: 10.1080/10543400802609805

Jayasena, T., Poljak, A., Smythe, G., Braidy, N., Münch, G., and Sachdev,
P. (2013). The role of polyphenols in the modulation of sirtuins and other
pathways involved in Alzheimer’s disease. Ageing Res. Rev. 12, 867–883.
doi: 10.1016/j.arr.2013.06.003

Jeppsson, F., Eketjäll, S., Janson, J., Karlström, S., Gustavsson, S., Olsson, L.-L.,
et al. (2012). Discovery of AZD3839, a potent and selective BACE1 inhibitor clinical
candidate for the treatment of alzheimer disease. J. Biol. Chem. 287, 41245–41257.
doi: 10.1074/jbc.M112.409110

Jia, J.-y., Zhao, Q.-h., Liu, Y., Gui, Y.-z., Liu, G.-y., Zhu, D.-y., et al. (2013). Phase
I study on the pharmacokinetics and tolerance of ZT-1, a prodrug of huperzine
A, for the treatment of Alzheimer’s disease. Acta Pharmacol. Sin. 34, 976–982.
doi: 10.1038/aps.2013.7

Kennedy, M. E., Stamford, A. W., Chen, X., Cox, K., Cumming, J. N.,
Dockendorf, M. F., et al. (2016). The BACE1 inhibitor verubecestat (MK-8931)
reduces CNS β-amyloid in animal models and in Alzheimer’s disease patients. Sci.
Transl. Med. 8, 363ra150. doi: 10.1126/scitranslmed.aad9704

Kimura, T., Hong Nguyen, P. T., Ho, S. A., Tran, A. H., Ono, T., and Nishijo,
H. (2009). T-817MA, a neurotrophic agent, ameliorates the deficits in adult
neurogenesis and spatial memory in rats infused i.c.v. with amyloid-β peptide. Br.
J. Pharmacol. 157, 451–463. doi: 10.1111/j.1476-5381.2009.00141.x

Ko, G. J., Kang, Y. S., Han, S. Y., Lee, M. H., Song, H. K., Han, K. H.,
et al. (2008). Pioglitazone attenuates diabetic nephropathy through an anti-
inflammatory mechanism in type 2 diabetic rats. Nephrol. Dial. Transplant. 23,
2750–2760. doi: 10.1093/ndt/gfn157

Kounnas, M. Z., Danks, A. M., Cheng, S., Tyree, C.,
Ackerman, E., Zhang, X., et al. (2010). Modulation of γ-secretase
reduces β-amyloid deposition in a transgenic mouse model of
Alzheimer’s disease. Neuron 67, 769–780. doi: 10.1016/j.neuron.2010.
08.018

Lai, R., Albala, B., Kaplow, J. M., Aluri, J., Yen, M., and Satlin, A.
(2012). O1-06-05: First-in-human study of E2609, a novel BACE1 inhibitor,
demonstrates prolonged reductions in plasma beta-amyloid levels after
single dosing. Alzheimers Dement. 8(4S_Part_3), P96. doi: 10.1016/j.jalz.2012.
05.237

Lane, C. A., Hardy, J., and Schott, J. M. (2018).
Alzheimer’s disease. Eur. J. Neurol. 25, 59–70. doi: 10.1111/ene.
13439

Lanz, T. A., Wood, K. M., Richter, K. E. G., Nolan, C. E., Becker, S. L.,
Pozdnyakov, N., et al. (2010). Pharmacodynamics and pharmacokinetics of the
γ-secretase inhibitor PF-3084014. J. Pharmacol. Exp. Therap. 334, 269–277.
doi: 10.1124/jpet.110.167379

Lee, H. E., Lim, D., Lee, J. Y., Lim, S. M., and Pae, A. N. (2019). Recent tau-
targeted clinical strategies for the treatment of Alzheimer’s disease. Future Med.
Chem. 11, 1845–1848. doi: 10.4155/fmc-2019-0151

Lendvai, B., Kassai, F., Szájli, Á., and Némethy, Z. (2013). α7 nicotinic
acetylcholine receptors and their role in cognition. Brain Res. Bull. 93, 86–96.
doi: 10.1016/j.brainresbull.2012.11.003

Liu, Z., Zhang, A., Sun, H., Han, Y., Kong, L., andWang, X. (2017). Two decades
of new drug discovery and development for Alzheimer’s disease. RSC Adv. 7,
6046–6058. doi: 10.1039/C6RA26737H

Lo, A. C., Evans, C. D., Mancini, M., Wang, H., Shcherbinin, S., Lu, M., et al.
(2021). Phase II (NAVIGATE-AD study) results of LY3202626 effects on patients
with mild Alzheimer’s disease dementia. J. Alzheimer’s Dis. Rep. 5, 321–336.
doi: 10.3233/ADR-210296

Lues, I., Weber, F., Meyer, A., Bühring, U., Hoffmann, T., Kühn-Wache, K., et al.
(2015). A phase 1 study to evaluate the safety and pharmacokinetics of PQ912,
a glutaminyl cyclase inhibitor, in healthy subjects. Alzheimers Dement. 1, 182–195.
doi: 10.1016/j.trci.2015.08.002

Luna-Medina, R., Cortes-Canteli, M., Sanchez-Galiano, S., Morales-Garcia,
J. A., Martinez, A., Santos, A., et al. (2007). NP031112, a thiadiazolidinone
compound, prevents inflammation and neurodegeneration under excitotoxic
conditions: potential therapeutic role in brain disorders. J. Neurosci. 27, 5766–5776.
doi: 10.1523/jneurosci.1004-07.2007

Ma, K., Thomason, L. A. M., and McLaurin, J. (2012). “Scyllo-inositol,
preclinical, and clinical data for alzheimer’s disease,” in Advances in Pharmacology,
eds E. K. Michaelis andM. L. Michaelis (New York, NY: Academic Press), 177–212.

Maelicke, A., Hoeffle-Maas, A., Ludwig, J., Maus, A., Samochocki, M., Jordis,
U., et al. (2010). Memogain is a galantamine pro-drug having dramatically
reduced adverse effects and enhanced efficacy. J. Mol. Neurosci. 40, 135–137.
doi: 10.1007/s12031-009-9269-5

Frontiers in AgingNeuroscience 15 frontiersin.org

https://doi.org/10.3389/fnagi.2022.1019412
https://doi.org/10.1039/C3CS60460H
https://doi.org/10.1021/ml1000239
https://doi.org/10.1074/jbc.R800016200
https://doi.org/10.1016/j.expneurol.2009.07.035
https://doi.org/10.1016/j.jalz.2009.04.287
https://doi.org/10.2174/0929867321666141106122628
https://doi.org/10.1038/nrm2101
https://doi.org/10.1016/j.biopsych.2020.02.001
https://doi.org/10.1016/j.molmed.2009.01.003
https://doi.org/10.1126/science.1072994
https://doi.org/10.1517/14656560903044982
https://doi.org/10.2165/11595870-000000000-00000
https://doi.org/10.1007/s40263-018-0554-0
https://doi.org/10.1007/s40262-017-0608-3
https://doi.org/10.1124/jpet.117.240614
https://doi.org/10.3390/ijms222111791
https://doi.org/10.1111/j.1365-2990.2012.01307.x
https://doi.org/10.1021/cn200124u
https://doi.org/10.1007/s12035-016-0117-7
https://doi.org/10.1016/j.phymed.2016.03.009
https://doi.org/10.1111/j.1476-5381.2008.00097.x
https://doi.org/10.1080/10543400802609805
https://doi.org/10.1016/j.arr.2013.06.003
https://doi.org/10.1074/jbc.M112.409110
https://doi.org/10.1038/aps.2013.7
https://doi.org/10.1126/scitranslmed.aad9704
https://doi.org/10.1111/j.1476-5381.2009.00141.x
https://doi.org/10.1093/ndt/gfn157
https://doi.org/10.1016/j.neuron.2010.08.018
https://doi.org/10.1016/j.jalz.2012.05.237
https://doi.org/10.1111/ene.13439
https://doi.org/10.1124/jpet.110.167379
https://doi.org/10.4155/fmc-2019-0151
https://doi.org/10.1016/j.brainresbull.2012.11.003
https://doi.org/10.1039/C6RA26737H
https://doi.org/10.3233/ADR-210296
https://doi.org/10.1016/j.trci.2015.08.002
https://doi.org/10.1523/jneurosci.1004-07.2007
https://doi.org/10.1007/s12031-009-9269-5
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Yao et al. 10.3389/fnagi.2022.1019412

Mandel, S. A., Amit, T., Kalfon, L., Reznichenko, L., Weinreb, O., and Youdim,
M. B. (2008). Cell signaling pathways and iron chelation in the neurorestorative
activity of green tea polyphenols: special reference to epigallocatechin gallate
(EGCG). J. Alzheimer’s Dis. 15, 211–222. doi: 10.3233/jad-2008-15207

Manzano, S., Agüera, L., Aguilar, M., and Olazarán, J. (2020). A review on
tramiprosate (homotaurine) in Alzheimer’s disease and other neurocognitive
disorders. Front. Neurol. 11, 614. doi: 10.3389/fneur.2020.00614

Martone, R. L., Zhou, H., Atchison, K., Comery, T., Xu, J. Z., Huang, X., et al.
(2009). Begacestat (GSI-953): a novel, selective thiophene sulfonamide inhibitor of
amyloid precursor protein γ-secretase for the treatment of Alzheimer’s disease. J.
Pharmacol. Exp. Therap. 331, 598–608. doi: 10.1124/jpet.109.152975

Matveeva, I. A. (1983). Action of dimebon on histamine receptors. Farmakol
Toksikol. 46, 27–29.

Mawuenyega, K. G., Sigurdson, W., Ovod, V., Munsell, L., Kasten, T., Morris,
J. C., et al. (2010). Decreased clearance of CNS β-amyloid in Alzheimer’s disease.
Science 330, 1774–1774. doi: 10.1126/science.1197623

May, P. C., Dean, R. A., Lowe, S. L., Martenyi, F., Sheehan, S. M., Boggs,
L. N., et al. (2011). Robust central reduction of amyloid-β in humans with an
orally available, non-peptidic β-secretase inhibitor. J. Neurosci. 31, 16507–16516.
doi: 10.1523/jneurosci.3647-11.2011

May, P. C., Willis, B. A., Lowe, S. L., Dean, R. A., Monk, S. A., Cocke, P.
J., et al. (2015). The potent BACE1 inhibitor LY2886721 elicits robust central
aβ pharmacodynamic responses in mice, dogs, and humans. J. Neurosci. 35,
1199–1210. doi: 10.1523/jneurosci.4129-14.2015

McKinzie, D. L., Winneroski, L. L., Green, S. J., Hembre, E. J., Erickson,
J. A., Willis, B. A., et al. (2021). Discovery and early clinical development
of LY3202626, a low-dose, CNS-penetrant BACE inhibitor. J. Med. Chem. 64,
8076–8100. doi: 10.1021/acs.jmedchem.1c00489

Morales-Garcia, J. A., Luna-Medina, R., Alonso-Gil, S., Sanz-SanCristobal, M.,
Palomo, V., Gil, C., et al. (2012). Glycogen synthase kinase 3 inhibition promotes
adult hippocampal neurogenesis in vitro and in vivo. ACS Chem. Neurosci. 3,
963–971. doi: 10.1021/cn300110c

Mullard, A. (2017). Alzheimer amyloid hypothesis lives on. Nat. Rev. Drug
Discov. 16, 3–5. doi: 10.1038/nrd.2016.281

Nakano-Ito, K., Fujikawa, Y., Hihara, T., Shinjo, H., Kotani, S., Suganuma, A.,
et al. (2013). E2012-induced cataract and its predictive biomarkers. Toxicol. Sci.
137, 249–258. doi: 10.1093/toxsci/kft224

Neumann, U., Ufer, M., Jacobson, L. H., Rouzade-Dominguez, M.-L., Huledal,
G., Kolly, C., et al. (2018). The BACE-1 inhibitor CNP520 for prevention trials in
Alzheimer’s disease. EMBOMol. Med. 10, e9316. doi: 10.15252/emmm.201809316

Nguyen, P. T. H., Kimura, T., Ho, S. A., Tran, A. H., Ono, T., and Nishijo,
H. (2007). Ameliorative effects of a neuroprotective agent, T-817MA, on place
learning deficits induced by continuous infusion of amyloid-β peptide (1–40) in
rats. Hippocampus 17, 443–455. doi: 10.1002/hipo.20281

Novak, G., Streffer, J. R., Timmers, M., Henley, D., Brashear, H. R.,
Bogert, J., et al. (2020). Long-term safety and tolerability of atabecestat (JNJ-
54861911), an oral BACE1 inhibitor, in early Alzheimer’s disease spectrum
patients: a randomized, double-blind, placebo-controlled study and a two-
period extension study. Alzheimers Res. Ther. 12, 58. doi: 10.1186/s13195-020-0
0614-5

Olivares, D., K Deshpande, V., Shi, Y., K Lahiri, D., H Greig, N., T
Rogers, J., et al. (2012). N-methyl D-aspartate (NMDA) receptor antagonists
and memantine treatment for Alzheimer’s disease, vascular dementia and
Parkinson’s disease.Curr. Alzheimer Res. 9, 746–758. doi: 10.2174/15672051280132
2564

Ortiz-López, L., Márquez-Valadez, B., Gómez-Sánchez, A., Silva-Lucero, M.
D. C., Torres-Pérez, M., Téllez-Ballesteros, R. I., et al. (2016). Green tea
compound epigallo-catechin-3-gallate (EGCG) increases neuronal survival in
adult hippocampal neurogenesis in vivo and in vitro. Neuroscience 322, 208–220.
doi: 10.1016/j.neuroscience.2016.02.040

Pasinetti, G., Rosen, Z., and Grossman, H. (2009). P4-331: Nic5-15: a
novel natural gamma-secretase inhibitor that attenuates brain beta-amyloid
content and improves cognition. Alzheimers Dement. 5(4S Part 17), e28.
doi: 10.1016/j.jalz.2009.07.110

Patel, S., Bansoad, V. A., Singh, R., and Khatik, L. G. (2022).
BACE1: a key regulator in Alzheimer’s disease progression and current
development of its inhibitors. Curr. Neuropharmacol. 20, 1174–1193.
doi: 10.2174/1570159X19666211201094031

Pettus, L. H., Bourbeau, M. P., Bradley, J., Bartberger, M. D., Chen, K.,
Hickman, D., et al. (2020). Discovery of AM-6494: a potent and orally
efficacious β-site amyloid precursor protein cleaving enzyme 1 (BACE1)
inhibitor with in vivo selectivity over BACE2. J. Med. Chem. 63, 2263–2281.
doi: 10.1021/acs.jmedchem.9b01034

Piton, M., Hirtz, C., Desmetz, C., Milhau, J., Lajoix, A. D., Bennys, K., et al.
(2018). Alzheimer’s Disease: advances in drug development. J. Alzheimers Dis. 65,
3–13. doi: 10.3233/JAD-180145

Pozdnyakov, N., Murrey, H. E., Crump, C. J., Pettersson, M., Ballard, T. E.,
am Ende, C. W., et al. (2013). γ-secretase modulator (GSM) photoaffinity probes
reveal distinct allosteric binding sites on presenilin. J. Biol. Chem. 288, 9710–9720.
doi: 10.1074/jbc.M112.398602

Pradeepkiran, J. A., and Reddy, P. H. (2021). Phosphorylated tau
targeted small-molecule PROTACs for the treatment of Alzheimer’s disease
and tauopathies. Biochim. Biophys. Acta Mol. Basis Dis. 1867, 166162.
doi: 10.1016/j.bbadis.2021.166162

Prickaerts, J., van Goethem, N. P., Chesworth, R., Shapiro, G., Boess,
F. G., Methfessel, C., et al. (2012). EVP-6124, a novel and selective α7
nicotinic acetylcholine receptor partial agonist, improves memory performance
by potentiating the acetylcholine response of α7 nicotinic acetylcholine receptors.
Neuropharmacology 62, 1099–1110. doi: 10.1016/j.neuropharm.2011.10.024

Ramp, P., Lehnert, A., Matamouros, S., Wirtz, A., Baumgart, M., and Bott,
M. (2021). Metabolic engineering of Corynebacterium glutamicum for production
of scyllo-inositol, a drug candidate against Alzheimer’s disease. Metab. Eng. 67,
173–185. doi: 10.1016/j.ymben.2021.06.011

Reddy, P. H., Manczak, M., Mao, P., Calkins, M. J., Reddy, A. P., and
Shirendeb, U. (2010). Amyloid-β and mitochondria in aging and Alzheimer’s
disease: implications for synaptic damage and cognitive decline. J. Alzheimers Dis.
20, S499–S512. doi: 10.3233/JAD-2010-100504

Reisberg, B., Doody, R., Stöffler, A., Schmitt, F., Ferris, S., and Möbius, H. J.
(2003). Memantine in moderate-to-severe Alzheimer’s disease. New Engl. J. Med.
348, 1333–1341. doi: 10.1056/NEJMoa013128

Reitz, C., Brayne, C., andMayeux, R. (2011). Epidemiology of Alzheimer disease.
Nat. Rev. Neurol. 7, 137–152. doi: 10.1038/nrneurol.2011.2

Relman, A. S. (1991). Tacrine as a treatment for Alzheimer’s dementia.New Engl.
J. Med. 324, 349–349. doi: 10.1056/nejm199101313240525

Ross, J., Sharma, S., Winston, J., Nunez, M., Bottini, G., Franceschi, M., et al.
(2013). CHF5074 reduces biomarkers of neuroinflammation in patients with mild
cognitive impairment: a 12-week, double-blind, placebo-controlled study. Curr.
Alzheimer Res. 10, 742–753. doi: 10.2174/13892037113149990144

Sabbagh, M. N., Agro, A., Bell, J., Aisen, P. S., Schweizer, E., and Galasko, D.
(2011). PF-04494700, an oral inhibitor of receptor for advanced glycation end
products (RAGE), in Alzheimer disease. Alzheimer Dis. Assoc. Disord. 25, 206–212.
doi: 10.1097/WAD.0b013e318204b550

Sahay, A. S., Sundrani, D. P., and Joshi, S. R. (2017). “Chapter Ten—
Neurotrophins: role in placental growth and development,” in Vitamins and
Hormones, ed. G. Litwack (New York, NY: Academic Press), 243–261.

Salloway, S., Sperling, R., Keren, R., Porsteinsson, A. P., van Dyck, C. H.,
Tariot, P. N., et al. (2011). A phase 2 randomized trial of ELND005, scyllo-
inositol, in mild to moderate Alzheimer disease. Neurology 77, 1253–1262.
doi: 10.1212/WNL.0b013e3182309fa5

Saunders, A. M., Burns, D. K., and Gottschalk, W. K. (2021). Reassessment
of pioglitazone for Alzheimer’s disease. Front. Neurosci. 15, 666958.
doi: 10.3389/fnins.2021.666958

Scheltens, P., Hallikainen, M., Grimmer, T., Duning, T., Gouw, A. A.,
Teunissen, C. E., et al. (2018). Safety, tolerability and efficacy of the glutaminyl
cyclase inhibitor PQ912 in Alzheimer’s disease: results of a randomized, double-
blind, placebo-controlled phase 2a study. Alzheimer’s Res. Therapy 10, 107.
doi: 10.1186/s13195-018-0431-6

Schneider, L. S., Thomas, R. G., Hendrix, S., Rissman, R. A., Brewer, J. B., Salmon,
D. P., et al. (2019). Safety and efficacy of edonerpic maleate for patients with mild
to moderate alzheimer disease: a phase 2 randomized clinical trial. JAMA Neurol.
76, 1330–1339. doi: 10.1001/jamaneurol.2019.1868

Shafiei, S. S., Guerrero-Muñoz, M. J., and Castillo-Carranza, D. L. (2017). Tau
oligomers: cytotoxicity, propagation, and mitochondrial damage. Front. Aging
Neurosci. 9, 83. doi: 10.3389/fnagi.2017.00083

Su, B., Wang, X., Nunomura, A., Moreira, P. I., Lee, H., g., et al. (2008).
Oxidative stress signaling in Alzheimer’s disease. Curr. Alzheimer Res. 5, 525–532.
doi: 10.2174/156720508786898451

Swahn, B.-M., Kolmodin, K., Karlström, S., von Berg, S., Söderman, P., Holenz,
J., et al. (2012). Design and synthesis of β-site amyloid precursor protein cleaving
enzyme (BACE1) inhibitors with in vivo brain reduction of β-amyloid peptides. J.
Med. Chem. 55, 9346–9361. doi: 10.1021/jm3009025

Tai, L. M., Koster, K. P., Luo, J., Lee, S. H., Wang, Y.-,t., Collins,
N. C., et al. (2014). Amyloid-β pathology and APOE genotype modulate
retinoid x receptor agonist activity in vivo. J. Biol. Chem. 289, 30538–30555.
doi: 10.1074/jbc.M114.600833

Frontiers in AgingNeuroscience 16 frontiersin.org

https://doi.org/10.3389/fnagi.2022.1019412
https://doi.org/10.3233/jad-2008-15207
https://doi.org/10.3389/fneur.2020.00614
https://doi.org/10.1124/jpet.109.152975
https://doi.org/10.1126/science.1197623
https://doi.org/10.1523/jneurosci.3647-11.2011
https://doi.org/10.1523/jneurosci.4129-14.2015
https://doi.org/10.1021/acs.jmedchem.1c00489
https://doi.org/10.1021/cn300110c
https://doi.org/10.1038/nrd.2016.281
https://doi.org/10.1093/toxsci/kft224
https://doi.org/10.15252/emmm.201809316
https://doi.org/10.1002/hipo.20281
https://doi.org/10.1186/s13195-020-00614-5
https://doi.org/10.2174/156720512801322564
https://doi.org/10.1016/j.neuroscience.2016.02.040
https://doi.org/10.1016/j.jalz.2009.07.110
https://doi.org/10.2174/1570159X19666211201094031
https://doi.org/10.1021/acs.jmedchem.9b01034
https://doi.org/10.3233/JAD-180145
https://doi.org/10.1074/jbc.M112.398602
https://doi.org/10.1016/j.bbadis.2021.166162
https://doi.org/10.1016/j.neuropharm.2011.10.024
https://doi.org/10.1016/j.ymben.2021.06.011
https://doi.org/10.3233/JAD-2010-100504
https://doi.org/10.1056/NEJMoa013128
https://doi.org/10.1038/nrneurol.2011.2
https://doi.org/10.1056/nejm199101313240525
https://doi.org/10.2174/13892037113149990144
https://doi.org/10.1097/WAD.0b013e318204b550
https://doi.org/10.1212/WNL.0b013e3182309fa5
https://doi.org/10.3389/fnins.2021.666958
https://doi.org/10.1186/s13195-018-0431-6
https://doi.org/10.1001/jamaneurol.2019.1868
https://doi.org/10.3389/fnagi.2017.00083
https://doi.org/10.2174/156720508786898451
https://doi.org/10.1021/jm3009025
https://doi.org/10.1074/jbc.M114.600833
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Yao et al. 10.3389/fnagi.2022.1019412

Tolar, M., Abushakra, S., Hey, J. A., Porsteinsson, A., and Sabbagh, M.
(2020). Aducanumab, gantenerumab, BAN2401, and ALZ-801—the first wave
of amyloid-targeting drugs for Alzheimer’s disease with potential for near term
approval. Alzheimer’s Res. Therapy 12, 95. doi: 10.1186/s13195-020-00663-w

Tolar, M., Abushakra, S., and Sabbagh, M. (2019). The path forward in
Alzheimer’s disease therapeutics: Reevaluating the amyloid cascade hypothesis.
Alzheimers Dement. 16, 1553–1560. doi: 10.1016/j.jalz.2019.09.075

Ugbaja, S. C., Appiah-Kubi, P., Lawal, M. M., Gumede, N. S., and Kumalo, H.
M. (2020). Unravelling the molecular basis of AM-6494 high potency at BACE1
in Alzheimer’s disease: an integrated dynamic interaction investigation. J. Biomol.
Struct. Dyn. 40, 5253–5265. doi: 10.1080/07391102.2020.1869099

Verschuren, L., Wielinga, P. Y., Kelder, T., Radonjic, M., Salic, K., Kleemann,
R., et al. (2014). A systems biology approach to understand the pathophysiological
mechanisms of cardiac pathological hypertrophy associated with rosiglitazone.
BMCMed. Genomics 7, 35. doi: 10.1186/1755-8794-7-35

Weinreb, O., Bar-Am, O., Amit, T., Drigues, N., Sagi, Y., and Youdim,
M. B. H. (2008). The neuroprotective effect of ladostigil against hydrogen
peroxide-mediated cytotoxicity. Chem. Biol. Interact. 175, 318–326.
doi: 10.1016/j.cbi.2008.05.038

Weinstock, M., Razin, M., Chorev, M., and Enz, A. (1994). Pharmacological
evaluation of phenyl-carbamates as CNS-selective acetylcholinesterase inhibitors.
J. Neural Transm. Suppl. 43, 219–225.

Winblad, B., Giacobini, E., Frölich, L., Friedhoff, L. T., Bruinsma, G., Becker, R.
E., et al. (2010). Phenserine efficacy in Alzheimer’s disease. J. Alzheimer’s Dis. 22,
1201–1208. doi: 10.3233/JAD-2010-101311

Wolfe, M. S. (2008). γ-secretase inhibition and modulation for Alzheimer’s
disease. Curr. Alzheimer Res. 5, 158–164. doi: 10.2174/15672050878395
4767

Wu, Y., Chen, M., and Jiang, J. (2019). Mitochondrial dysfunction
in neurodegenerative diseases and drug targets via apoptotic
signaling. Mitochondrion 49, 35–45. doi: 10.1016/j.mito.2019.
07.003

Xie, J., Xu, H., Wu, X., Xie, Y., Lu, X., and Wang, L. (2021). Design,
synthesis and anti-TNBC activity of Azeliragon triazole analogues.
Bioorgan. Med. Chem. Lett. 54, 128444. doi: 10.1016/j.bmcl.2021.1
28444

Yang, G., Wang, Y., Tian, J., and Liu, J.-P. (2013). Huperzine A for Alzheimer’s
disease: a systematic review and meta-analysis of randomized clinical trials. PLoS
ONE 8, e74916. doi: 10.1371/journal.pone.0074916

Yang, G., Zhou, R., Guo, X., Yan, C., Lei, J., and Shi, Y. (2021). Structural basis of
γ-secretase inhibition and modulation by small molecule drugs. Cell 184, 521–533.
doi: 10.1016/j.cell.2020.11.049

Yogev-Falach, M., Amit, T., Bar-Am, O., Weinstock, M., and Youdim, M. B. H.
(2002). Involvement of MAP kinase in the regulation of amyloid precursor protein
processing by novel cholinesterase inhibitors derived from rasagiline. FASEB J. 16,
1674–1676. doi: 10.1096/fj.02-0198fje

Zawieja, P., Kornprobst, J.-M., and Métais, P. (2012). 3-(2,4-
Dimethoxybenzylidene)-anabaseine: a promising candidate drug for Alzheimer’s
disease? Geriatr. Gerontol. Int. 12, 365–371. doi: 10.1111/j.1447-0594.2011.
00827

Frontiers in AgingNeuroscience 17 frontiersin.org

https://doi.org/10.3389/fnagi.2022.1019412
https://doi.org/10.1186/s13195-020-00663-w
https://doi.org/10.1016/j.jalz.2019.09.075
https://doi.org/10.1080/07391102.2020.1869099
https://doi.org/10.1186/1755-8794-7-35
https://doi.org/10.1016/j.cbi.2008.05.038
https://doi.org/10.3233/JAD-2010-101311
https://doi.org/10.2174/156720508783954767
https://doi.org/10.1016/j.mito.2019.07.003
https://doi.org/10.1016/j.bmcl.2021.128444
https://doi.org/10.1371/journal.pone.0074916
https://doi.org/10.1016/j.cell.2020.11.049
https://doi.org/10.1096/fj.02-0198fje
https://doi.org/10.1111/j.1447-0594.2011.00827
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

	Small-molecule drugs development for Alzheimer's disease
	Introduction
	Small molecules
	Cholinergic inhibitors
	Equations decreasing Aβ production
	BACE1 inhibitors
	γ-secretase inhibitors and modulators

	Preventing Aβ aggregation
	Tau aggregation inhibitors
	Other targeted drugs

	Conclusion and outlook
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


