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PROTAC-Mediated Multi-Target Protein Degradation in 
Alzheimer’s Disease: Mechanistic Insights, Therapeutic 
Applications, and Translational Challenges
Bin wang†a , Yunan Li †b, Tingting Yao†a, Xinai Shenb, Huan Lib, Wei Jianga, Xinuo Li*a, Zheying Zhu*b

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by multiple interacting pathological 
mechanisms. Among these, the core driving factor is the accumulation of abnormally folded, neurotoxic proteins. Current 
therapeutic options, particularly immunotherapies, remain limited due to their reliance on immune-mediated clearance, the 
need for high-dose administration, and their inability to access intracellular targets, making them less patient-friendly and 
therapeutically efficient. This is precisely where proteolysis-targeting chimera (PROTAC) technology offers a transformative 
advantage. By harnessing the ubiquitin–proteasome system (UPS), PROTACs can selectively recruit degradation machinery 
to target proteins, thereby facilitating their ubiquitination and subsequent clearance. This mechanism allows PROTACs to 
efficiently eliminate pathogenic proteins while overcoming several inherent limitations of both traditional occupancy-based 
inhibitors and antibody-based therapies.

In this review, we compare currently available AD therapies to highlight the advantages and mechanistic rationale underlying 
the promise of PROTAC technology in this field. We further discuss the molecular principles of PROTAC-mediated protein 
degradation and its emerging applications in tackling protein aggregation pathologies, focusing on both established and 
novel therapeutic targets. By drawing insights from existing PROTAC studies, we aim to inform future design strategies that 
reduce off-target effects, accelerate candidate optimization, and ultimately contribute to the development of a new 
generation of AD therapeutics.

1.  Introduction

Alzheimer's disease (AD) is the most common age-
related neurodegenerative dementia, characterized by 
oxidative stress, synaptic dysfunction, and progressive 
cognitive and memory decline. Its complex 
pathogenesis, coupled with the lack of effective 
therapeutic interventions, makes it a major global health 
challenge.1-3 It is estimated that by 2060, approximately 
13.8 million people will be affected by AD, with more 
than 110,000 AD-related deaths reported in 2021, 
imposing substantial burdens on both society and 
families.4, 5 As the most prominent pathological 
hallmarks of AD, the formation and accumulation of 
amyloid plaques and neurofibrillary tangles (NFTs) are 
widely recognized as central events driving disease onset 
and progression. Amyloid plaques arise primarily from 
the aberrant aggregation of β-amyloid (Aβ) peptides, 
which are generated through the pathological cleavage 

of amyloid precursor protein (APP). Due to inherent 
structural instability, the resulting Aβ peptides undergo 
conformational rearrangements and progressive 
aggregation, transitioning from soluble oligomers—
recognized as the most neurotoxic species—to insoluble 
fibrils, and ultimately forming amyloid plaques; this 
process is widely regarded as a primary underlying driver 
of AD pathogenesis.6 Concurrent with amyloid plaque 
formation is the development of NFTs, which consist of 
abnormal filamentous aggregates of 
hyperphosphorylated tau proteins (p-Tau) within 
neurons. Notably, tau hyperphosphorylation drives the 
formation of these tangles, ultimately compromising 
neuronal structure and function, a phenomenon 
acknowledged as another cardinal pathological feature 
of AD.7, 8 

With advances in research, Aβ aggregation and tau 
hyperphosphorylation are now being recognized as 
interconnected events within a complex network, with 
neuroinflammation serving as a central regulatory hub.9 
Evidence of neuroinflammation has been observed 
through biofluid biomarkers in cerebrospinal fluid (CSF) 
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and molecular imaging techniques such as Positron 
Emission Tomography (PET) in patients with AD, 
revealing excessive activation of microglial cells in the 
brain.10 It has been found that not only Aβ burden and 
NFTs contribute to neuroinflammation, but also various 
cellular and molecular pathways play crucial roles,11 for 
instance, the mTOR pathway mediated by GSK3β, which 
activates microglia; epigenetic mechanisms such as 
histone acetylation, which modulate microglial 
dynamics; and the involvement of other misfolded 
proteins from other neurodegenerative diseases, such as 
α-synuclein, whose aggregates can be internalized, 
propagated, and induce pathological activation within 
brain immune cells.12 

The classical US Food and Drug Administration (FDA)-
approved treatments for AD are primarily small-
molecule inhibitors targeting acetylcholinesterase 
(AChE) or the N-methyl-D-aspartate (NMDA) receptor, 
which help improve overall neuronal function.13, 14 The 
later FDA-approved therapies, beginning with 
aducanumab in 2021,15 has shifted toward passive 
antibody-based anti-amyloid treatments, designed to 
target various stages of Aβ pathology. Among the most 
recent approvals, lecanemab and donanemab 
specifically target the Aβ protofibril and senile plaque 
stages, respectively. However, current immunotherapies 
face several challenges due to their large molecular size, 
low brain exposure, dependence on immune-mediated 
clearance, and the need for frequent infusions at high 
doses.16 These limitations not only reduce treatment 
efficacy but also raise concerns regarding adverse 
effects, such as cerebral amyloid angiopathy, making 
these therapies less patient-friendly.

Therefore, the development of new treatments that 
achieve similar protein degradation effects but rely less 
on the immune system and require lower drug dosages 
may offer a promising alternative to immunotherapy. 
This consideration has inspired the design of novel 
strategies for targeted protein degradation, among 
which the Proteolysis Targeting Chimera (PROTAC) 
technology stands out as a promising one. PROTACs 
function by harnessing the ubiquitin–proteasome 
system (UPS) to selectively degrade ubiquitinated 
proteins, operating on the basis of a catalytic-like cycle 
that allows a single PROTAC molecule to induce the 
degradation of multiple target proteins.

In this review, by comparing currently available 
therapies for AD, we aim to highlight the advantages and 
rationale behind the promising potential of PROTAC 
technology in this field. Furthermore, we seek to 
elucidate the mechanisms of PROTAC-mediated protein 
degradation and explore its applications in addressing 
protein-aggregating pathology, with a particular focus on 
both well-studied and emerging therapeutic targets. We 

hope that by learning from the currently available 
PROTACs, future research can be guided toward more 
rational design strategies, minimizing unwanted effects 
and expediting the characterization of candidates, 
ultimately paving the way for a new generation of AD 
therapeutics.

2.  Current Status of AD Drug Treatment
2.1 First Generation of FDA-Approved Drugs

The FDA has sanctioned a limited number of 
conventional medications for managing AD, notably 
donepezil, rivastigmine, galantamine, and memantine.17, 

18 The initial three are inhibitors of AChE,  while 
memantine functions as an antagonist of the NMDA 
receptor (Table 1 First Generation of FDA-Approved 
Drugs: small molecule inhibitorError! Reference source 
not found.). Despite their widespread utilization, 
ongoing research is dedicated to refining their dosing, 
formulation, route of delivery, and amalgamated 
therapies to mitigate adverse reactions and enhance 
patient adherence.19 Notably, the FDA endorsed the use 
of donepezil transdermal patches (Adlarity) in 2022 for 
addressing mild, moderate, and severe AD.20 Studies 
propose that conjoining donepezil and/or galantamine 
with neuroprotective agents, metal chelators, or 
antioxidants could notably enhance the effectiveness, 
tolerability, and safety of AD cholinergic 
pharmacotherapy.21, 22 Nevertheless, these medications 
primarily ameliorate symptoms by modulating 
neurotransmitter levels and are incapable of modifying 
the disease's progression.

2.2 Second Generation of FDA-Approved Drugs (2021 
onwards)

Notable advancements have been achieved in disease-
modifying therapies (DMTs), especially monoclonal 
antibodies directed against pathological proteins 
implicated in AD. Aducanumab, approved in 2021, 
specifically interacts with the 3rd to 7th amino acids of 
the Aβ peptide, with specificity for amyloid species 
ranging from oligomeric to fibrillar forms.23 However, 
the clinical effectiveness of aducanumab remains a topic 
of debate.24 In 2023, FDA granted full approval to 
lecanemab, an antibody that targets the E22G Aβ 
epitope with a notably higher affinity for soluble Aβ 
aggregates, especially in the form of protofibrils, 
compared to aducanumab, effectively preventing their 
aggregation into toxic oligomers and fibrillar deposits.25 
However, treatment with these antibodies may be linked 
to adverse events like amyloid-related imaging 
abnormalities (ARIA), and prolonged use could result in 
severe adverse reactions.26, 27
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In 2024, another monoclonal antibody was approved for 
early-stage AD patients carrying fewer than two copies 
of the apolipoprotein E4 (ApoE4) allele.28 This antibody 
specifically targets the cyclized pyroglutamate of the 
third amino acid in Aβ, in which both aspartate-1 and 
alanine-2 are absent (known as N3pG Aβ).29 This peptide 
variant is found exclusively in amyloid plaques, which are 
largely insoluble. Although amyloid plaques are typically 
associated with the later AD pathogenesis, administering 
the antibody to early-stage patients, whose brains are 
not yet dominated by plaques,30 may limit the 
therapeutic benefit.

2.3 Limitations of Current Immunotherapies  

Beyond FDA-approved immunotherapies, numerous 
DMTs are under development that focus on other 
pathological proteins of interest, including tau 
pathways.31, 32 For instance, the anti-tau monoclonal 
antibody E2814 targets the microtubule-binding domain 
of tau to impede protein aggregation and “seed” 
amplification.33 According to Phase I data, optimal target 
engagement was achieved at a single intravenous (IV) 
dose of 60 mg/kg in healthy subjects, though the 
effective concentration in patients may vary.34 Currently, 
four clinical trials are underway: a Phase I/II trial on 
autosomal dominant AD patients (NCT04971733), one 
Phase II trial and two Phase II/III trials investigating the 
combination of lecanemab and E2814 for early-onset AD 
(NCT06602258, NCT01760005, NCT05269394). 

Table 1 First Generation of FDA-Approved Drugs: small molecule inhibitor

Drug Structures Mechanism

Donepezil

Rivastigmine

Galantamine

AChE inhibitors

Memantine NMDA antagonist

Another amyloid-directed immunotherapy, PMN310, is 
designed to selectively target amyloid oligomers while 
minimizing ARIA commonly associated with Aβ 
immunotherapies. Its ongoing Phase Ib trial 
(NCT06750432) is recruiting early AD patients to 
evaluate dose levels ranging from 350 mg to 1400 mg. 
Gantenerumab, a subcutaneously administered anti-Aβ 
antibody that targets soluble oligomers, fibrils, and 
plaques, showed promise in preclinical studies. 
However, two Phase III trials (NCT03444870, 
NCT03443973) were terminated due to insufficient 
clinical efficacy in delaying cognitive decline among 
patients with prodromal to mild AD, despite high-dose 

treatment (510 mg every two weeks for up to 116 
weeks).35, 36 

Taken together, current clinical trials suggest that 
antibody-based therapies exhibit limited translational 
potential from preclinical studies to clinical practice, with 
limited efficacy observed in moderate-to-severe cases. 
To better understand these limitations, it is essential to 
examine the mechanistic basis of immunotherapy. As 
current market-approved treatments for AD primarily 
rely on passive immunotherapy, this section will focus on 
that approach, while active immunotherapy, which 
induces endogenous antibody production, will not be 
further discussed.
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Passive immunotherapy (Tabel 2), including all above-
mentioned monoclonal antibodies, works by antibody-
guided labelling of the antigen, in this case the drug 
target, followed by clearance from effector cells of the 
immune system, triggering process of antibody-
dependent cellular cytotoxicity (ADCC) or antibody-
dependent cellular phagocytosis (ADCP) to eliminate the 
drug target.37, 38 Therefore, a successful degradation of 
target in the brain using immunotherapy depends mainly 
on target specificity, binding stability, and immune 

effectiveness. Because effector cells recognize the Fc 
region of antibodies, the antibody–antigen complex 
must remain stable long enough for the subsequent 
clearance to occur. Moreover, given that each antibody 
can bind to one antigen at once, a high molar quantity of 
antibody is required to label the abundant pathological 
proteins such as Aβ. This explains the need for frequent 
and prolonged infusions, as seen with lecanemab in 
clinical settings.39

Table 2 Passive Immunotherapy vs PROTAC

Passive immunotherapy PROTAC
Effect upon immediate 

drug-target combination
Neutralization of target antigen Induction of ubiquitination

Structural organization Integrated single macromolecule Bifunctional molecule consisting of 
two ligands connected by a linker

Average molecular weight ~150 kDa (IgG) ~0.8–1.2 kDa
Drug–target interaction Many:1 1: many (catalytic)

Site of action Extracellular Intracellular
Extracellular40, 41

Downstream effect Antibody-dependent cellular cytotoxicity (ADCC), antibody-
dependent cellular phagocytosis (ADCP), and other immune-

mediated clearance pathways

Targeted protein degradation via 
the ubiquitin–proteasome system 

(UPS)
Reliance on immune 

system
High Low 

Blood brain barrier (BBB) 
permeability

Poor Moderate to good (depending on 
molecular design)

In addition, the large molecular weight typical of 
biologics restricts blood–brain barrier (BBB) penetration 
following IV administration, necessitating higher 
systemic doses. Although strategies such as antibody–
drug conjugates (ADC)-like technology42 or engineered 
Fab or Fc modifications43, 44 have been developed to 
enhance BBB transport by introducing BBB receptor 
ligands, these modifications increase structural 
complexity, posing obstacles for Fc-mediated clearance. 
Furthermore, the presence of such large exogenous 
complexes can elicit high immunogenicity that further 
compromises therapeutic efficacy.

Finally, the nature of immunotherapy, which relies on 
extracellular targeting and the recruitment of effector 
cells, presents additional limitations. Increasing evidence 
suggests that intracellular targets play crucial roles in AD 
pathogenesis,45, 46 making anti-extracellular approaches 
alone less promising to all disease stages. Moreover, AD 
patients often exhibit an impaired immune response 
within the central nervous system (CNS). For instance, 
dysfunction of microglia47-49—the primary effector cells 
in the brain—may further compromise the efficacy of 
antibody-based therapies, contributing to variability in 
treatment outcomes across individuals.

2.4  Next Generation of AD Treatment 

Next generation of therapeutic strategies in AD should 
focus on achieving maximal efficacy with minimal drug 
dosage and engaging with CNS-penetrant design, 
thereby reducing the risk of excessive immune activation 
and improving BBB penetration. In addition, therapies 
capable of accessing intracellular targets are urgently 
needed to intervene in the early molecular events 
underlying AD pathogenesis. 

To address these challenges, a novel approach of protein 
degradation has emerged—PROTACs (Table 2). Unlike 
traditional small-molecule inhibitors, which depend on 
sustained high-affinity binding to suppress target 
activity, PROTACs function via an event-driven 
mechanism to induce selective protein degradation, 
offering the advantages of lower molecular weight and 
independence from immune-mediated clearance typical 
of antibodies. Acting catalytically, each PROTAC 
molecule can trigger the destruction of multiple copies 
of its target protein, enabling effective action at lower 
doses. Such a mechanism not only reduces the frequency 
of administration but also makes PROTACs particularly 
well-suited for the long-term treatment of chronic, age-
related conditions like AD.

3. PROTACS as the Emerging Technology for 
Protein Degradation
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PROTAC technology, first reported in 2001, has since 
gained widespread application in drug discovery, owing 
to its unique ability to eliminate rather than merely 
inhibit proteins50, 51. PROTACs are bifunctional molecules 
comprising a target protein ligand (POI), an E3 ligase 
ligand, and a linker connecting them. By simultaneously 
binding the POI and the E3 ligase, PROTACs exploit the 
cell’s UPS to degrade the targeted proteins52, 53.

This process is mediated by a cascade of events (Error! 
Reference source not found.), in which ubiquitin (Ub) is 
first activated by E1 ubiquitin-activating enzymes in an 
ATP-dependent reaction and subsequently transferred 

to E2 ubiquitin-conjugating enzymes via 
transesterification, forming the E2–Ub complex. 
Concurrently, PROTAC molecules recruit the protein of 
POI to an E3 ubiquitin ligase, juxtaposing the substrate 
and ligase. The E3 ligase then catalyzes the transfer of Ub 
from the E2–Ub complex to lysine residues on the POI, 
initiating ubiquitination54-56. The ubiquitinated target 
protein is then recognized and degraded by the 26S 
proteasome (Figure 1 Mechanism of Proteolysis 
Targeting Chimera), completing the targeted protein 
degradation process.54,57

Figure 1 Mechanism of Proteolysis Targeting Chimera

PROTACs surpass traditional small molecule inhibitors in 
several key aspects. Unlike conventional drugs that 
require strong and sustained target engagement, 
PROTACs only require weak binding to initiate target 
protein degradation, thereby enabling the targeting of 
previously "undruggable" targets58, 59. In addition, due to 
their catalytic mechanism—where the PROTAC 
facilitates target ubiquitination and is subsequently 
released from the drug–target complex—PROTACs can 
achieve sustained protein degradation at sub-
stoichiometric concentrations, enhancing therapeutic 
efficacy while reducing the risk of off-target toxicity60.  

The PROTAC technology has introduced a novel 
therapeutic approach for traditionally challenging 
targets. Over the course of almost twenty years, this 

technology has transitioned swiftly from fundamental 
investigation to clinical validation. By February 2026, 
three PROTAC drugs globally have progressed to Phase 
III clinical trials, with more than 30 potential drugs in 
various clinical phases across a range of areas including 
hematological malignancies, solid tumours, and 
autoimmune disorders.61 ARV-471 (Vepdegestrant), 
which targets estrogen receptors, is the first PROTAC 
drug to enter Phase III clinical trials and has submitted a 
marketing application.62 It is expected to be the 
inaugural product approved for marketing that employs 
this technology, marking a significant transition of 
PROTAC from concept to clinical application. 
Nevertheless, research on PROTACs designed to degrade 
pathogenic proteins in AD remains relatively sparse. 
Currently, no related molecules have advanced to clinical 
research. Consequently, to accelerate the development 
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of PROTAC drugs for AD treatment, it is crucial to further 
investigate the pathological mechanisms underlying AD 
and to systematically summarize the design experiences 
of existing PROTAC molecules. This strategy will promote 
the emergence of more brain-targeted degraders with 
therapeutic potential.

4. Development of PROTAC in Alzheimer's 
disease 
The fundamental principle of the drug strategy remains 
the same as in anti-tumour research: to achieve 
therapeutic effects through the selective degradation of 
disease-driving proteins. Here, we introduce several 
PROTACs that have been developed to eliminate 
misfolded or aberrant proteins associated with neuronal 
toxicity, which represents the major pathogenic hallmark 
of neurodegenerative diseases, especially AD. 
Specifically, the dysregulated proteins include tau 
protein, glycogen synthase kinase-3β (GSK-3β), 
bromodomain and extra-terminal (BET) proteins, α-
synuclein and P38α MAPK, all of which contribute to the 
pathogenesis of neurodegenerative disorders. We will 
also discuss additional potential targets for PROTAC-
based interventions that have not yet been explored 

experimentally, including aberrant proteins or signalling 
pathways of ApoE4, Fyn Kinase, Hypoxia /HIF1α signaling, 
PI3K/AKT/mTOR pathway and HDAC11.

4.1  PROTACs targeting Tau proteins

One of the pathological hallmarks of neurodegenerative 
diseases, particularly in AD, is the abnormal 
accumulation and aggregation of tau proteins. These 
cytotoxic proteins play crucial role in maintaining 
neuronal microtubule stability and function while 
facilitating nutrient transport and neurotransmission63 In 
AD, p-Tau promotes the formation of NFTs, which 
compromise microtubule stability and subsequently 
disrupt axonal transport and synaptic communication64. 
This cascade ultimately contributes to neuronal 
dysfunction and death. Consequently, p-Tau has 
emerged as a prominent therapeutic target in AD65.

Since the first demonstration of specific knockdown of 
endogenous tau protein using PROTAC by Li, Yan‑Mei et 
al. in 201666, extensive studies have reported tau-
targeting PROTACs incorporating various E3 ligase 
ligands, including von Hippel-Lindau (VHL) and cereblon 
(CRBN).

Table 3 Tau-targeting PROTACs

PROTAC POI E3 
ligase Structure

Efficacy 
validation 

model
Ref.

1
In vitro (tau 

overexpressing 
human cell)

67

2

VHL
In vitro 

(HEK293-hTau 
and WT SH-

SY5Y)
In vivo (hTau-

overexpressing 
mouse and 

3xTg-AD 
mouse)

68

3

In vitro (FTD-
patient 
derived 
neuron)

69

4

Tau

CRBN

In vitro 
(HEK293-hTau)
In vivo (hTau-

overexpressing 
mouse)

70
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Among the E3 ubiquitin ligases with VHL as ligase-
binding motif, in 2018, Robert B et al. established a series 
of PROTACs targeting tau protein, with one promising 
compound (Table 3 Tau-targeting PROTACs, PROTAC 1) 
extensively validated through multiple assays67. 
Subsequently, in 2021, Wang’s team developed a 
structurally distinct, non-peptide PROTAC (Table 3 Tau-
targeting PROTACs, PROTAC 2) that demonstrated 
markedly faster absorption, exhibiting a substantially 
shorter Tmax in both plasma (0.1 h vs. 1 h) and brain (0.1 
h vs. 0.5 h) compared to PROTAC1. With evaluation from 
in vivo and in vitro studies, PROTAC2 showed potent tau 
clearance, with an IC₅₀ of 7.85 nM in HEK293-hTau cells. 
In vivo studies demonstrated significant tau reduction in 
wild-type, hTau transgenic, and 3xTg-AD mice following 
single and repeated subcutaneous injections, surpassing 
the efficacy of conventional intracerebroventricular 
delivery. Behavioural assessments and synaptic plasticity 
measurements further revealed improved cognitive 
function. However, the compound exhibited a dose-
dependent "hook effect", a false-negative phenomenon 
observed in PROTACs, where excessively high 
concentrations of the compound hinder the formation of 
the productive ternary complex, thereby reducing 
degradation efficiency. To enable clinical advancement, 
the drug may need to be optimized to improve oral 
bioavailability, given its suboptimal brain exposure. 
Furthermore, its long-term neurological safety and 
efficacy must be further established.68

With CRBN serving as the recruited E3 ligase, in 2019, 
Stephen J et al. engineered an 18F-T807-based (a 
commonly used radioactive probe for tau in paired 
helical filament forms in PET brain imaging) degrader 
incorporating CRBN as the E3 ubiquitin ligase ligand 
(Table 3 Tau-targeting PROTACs , PROTAC 3). This 
construct represents the first successful conversion of a 
tau PET probe into a functional degradation molecule. 
Using frontotemporal dementia (FTD) patient-derived 
neurons as a cellular model, the researchers 
demonstrated that 24-hour treatment with PROTAC 3 
significantly reduced both total tau and p-Tau levels, 
while showing no effect on tau in healthy control 
neurons. Notably, pretreatment with PROTAC 3 
conferred protection against Aβ toxicity in FTD neurons, 
restoring neuronal survival rates to 90% and reversing 
stress vulnerability. However, the study presents two key 
limitations. First, an off-target effect was observed 4 
hours post-treatment, likely arising from the E3 ligase-
binding moiety, consistent with findings reported in 
previous research71. Second, the study lacks in vivo 
validation. Even within the two patient-derived neuronal 
models carrying distinct tau mutations (A152T and 
P301L), PROTAC 3 exhibited variant-dependent 
degradation profiles, suggesting differences in UPS. Such 
variability is expected to be even more complex at the 

organismal level, potentially complicating translational 
applications.69 

In 2024, Xie Y et al. synthesized a tau-binding motif 
composed of a quinoxaline-thiophene hybrid structure 
(Table 3 Tau-targeting PROTACs , PROTAC 4). In HEK293 
cellular models, this compound achieved >50% 
degradation of both total tau and p-tau within 12 hours 
at concentrations of 0.05–0.2 μM. The inclusion of a 
hydrophobic alkyl chain linker conferred enhanced BBB 
permeability, as demonstrated in hTau-overexpressing 
mice following intravenous administration. Treatment 
significantly reduced soluble and insoluble tau 
aggregates in the hippocampus and ameliorated 
cognitive deficits, though its long-term safety profile 
requires further investigation70. 

In 2016, Chu et al. developed peptide PROTAC derived 
from the α- and β-tubulin peptide sequences that 
interact with Tau (Table 4 Tau-targeting 
PROTACs(peptide The PROTAC exhibited efficient cell-
penetrating ability and specifically degraded 
endogenous Tau protein. In N2a cells, SH-SY5Y cells, and 
primary neurons from 3xTg-AD mice, these molecules 
significantly downregulated Tau protein levels. They also 
effectively mitigated Aβ-induced cytotoxicity by 
reducing Tau levels without showing significant cellular 
toxicity. In vivo experiments further confirmed that 
intranasal combined with intravenous administration of 
this PROTAC effectively reduced Tau protein levels in the 
cerebral cortex and hippocampal CA3 region of 3xTg-AD 
mice. This study was the first to report peptide-directed 
ubiquitin-proteasome-mediated degradation of Tau 
protein, offering an efficient and targeted novel strategy 
for AD treatment.66 However, this PROTAC may suffer 
from potential issues such as low bioavailability or poor 
BBB penetration, complicating the administration route 
and increasing the difficulty of its clinical translation.

In 2018, Jiang et al. employed Keap1 as the E3 ubiquitin 
ligase in the design and development of PROTAC 
molecules, successfully constructing a peptide-based 
PROTAC targeting Tau (Table 4 Tau-targeting 
PROTACs(peptide 6). This PROTAC molecule efficiently 
degraded Tau protein in neuronal cell models such as SH-
SY5Y and Neuro-2a, with a maximum degradation 
efficiency reaching 83.92% ± 1.54%. Notably, this study 
was the first to introduce Keap1 into the PROTAC design 
system and demonstrated the potential of Keap1 as an 
E3 ubiquitin ligase for PROTACs in the context of AD, 
thereby expanding the application of PROTAC 
technology in the AD field.72

The use of peptides as targeting ligands overcomes the 
challenge of lacking available small-molecule ligands for 
certain targets. However, compared to traditional small-
molecule drugs, peptides suffer from drawbacks such as 
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high molecular weight, poor in vivo stability, and 
relatively low bioavailability. These limitations make it 
difficult to achieve effective therapeutic concentrations 
in the brain, often necessitating significantly higher 
doses and complicating the administration routes and 
pharmacokinetic profiles in animal studies. The 
aforementioned studies on peptide-based Tau PROTACs 
did not delve deeply into these issues. To address these 
problems, future optimization of peptide-based Tau 
degraders could consider the following directions: First, 
research should not be limited to evaluating protein 
degradation efficacy at the cellular level but should 
further utilize AD animal models to thoroughly 
investigate their BBB penetration capability and in vivo 

pharmacokinetic characteristics. Second, to enhance the 
metabolic stability of peptide molecules, strategies such 
as non-natural amino acid modifications could be 
employed—for example, replacing amino acids in the 
peptide with β-amino acids or modifying specific sites 
with long-chain fatty acids to increase lipophilicity and 
prolong half-life73 74. Furthermore, innovative 
administration routes (e.g., nose-to-brain delivery) or 
advanced drug delivery systems (e.g., nanocomplexes) 
could be explored to overcome BBB limitations and 
improve drug distribution concentration and delivery 
efficiency in brain tissues.75

Table 4 Tau-targeting PROTACs(peptide)

PROTAC POI Structure Cell- penetrating peptide Efficacy validation model Ref.

5 RRRRRRRR
In vitro

(N2a cell、SH-SY5Y cell)
In vivo (3xTg-AD mice)

66

6

Tau

RRRRRRRR In vitro
(N2a cell, SH-SY5Y cell) 72

4.2  PROTACs Targeting GSK-3β

Glycogen synthase kinase-3β (GSK-3), a serine/threonine 
protein kinase with phosphotransferase activity, 
orchestrates diverse cellular processes, including 
metabolism, cell cycle regulation, signal transduction, 
neurological function, and inflammation76-78. GSK-3 
exists in two isoforms, GSK3α and GSK3β, with both 
having 97% common in the catalytic domains79. Among 
them, GSK-3β has received greater attention in the 
context of neurodegeneration due to its roles in tau 
hyperphosphorylation, Aβ plaque formation, 
neuroinflammation, and oxidative stress80-85.  Elevated 
levels of GSK-3β in AD patients and animal models81, 86-88 
have been linked to: First，phosphorylation of tau at 
serine residues, enhancing its aggregation into NFTs89, 90; 
Second ， astrogliosis, increased production of 
proinflammatory cytokines, and microglial activation, 
which collectively contributing to neuroinflammation91-

94; Third induction of BACE1 expression and modulation 
of γ-secretase activity, thereby promoting the 
amyloidogenic pathway90, 95-97. Given its multifaceted 
roles in AD-related pathologies, GSK-3β has emerged as 
a significant therapeutic target.

GSK-3 inhibitors can be broadly divided into two main 
classes: ATP-competitive and ATP-noncompetitive 
inhibitors98. However, these inhibitors are often 
susceptible to the development of drug resistance, 
either through point mutations within the ATP-binding 
site that prevent inhibitor recognition or through 
compensatory cellular mechanisms that upregulate the 
target protein76, 80. Given that PROTAC technology can 

completely eliminate the target protein and thereby 
potentially overcome this type of drug resistance, in 
2021, Xu et al. reported the development of the first 
known degrader (Table 5 GSK-3β-targeting 
PROTACs,PROTAC 7) targeting GSK-3β, created by 
conjugating a thalidomide-derived E3 ligase ligand with 
a ATP-competitive GSK3β inhibitor. The compound 
demonstrated dose-dependent GSK-3β degradation, 
achieving 44.2% protein clearance at 2.8 μM in cellular 
models. In vitro neuroprotection assays revealed its 
ability to prevent glutamate-induced cytotoxicity in HT-
22 cells, suggesting potential therapeutic effects through 
anti-inflammatory and cytoprotective mechanisms. 
However, the compound's high molecular weight raises 
concerns regarding bioavailability, and its 
pharmacological profile—including metabolic stability 
and toxicity—remains uncharacterized due to the 
absence of in vivo validation99. 

Another study from the same year, incorporating in vivo 
experiments, further strengthened the potential of using 
PROTACs as GSK-3 inhibitors. Yin et al. employed a click 
chemistry platform to systematically optimize adapters, 
E3 ligase ligands, and GSK3-binding moieties, ultimately 
identifying  (3-amino-6-(4-((4-((1-((1-((17-((2-(((2,6-
dioxopiperidin-4-yl)amino)-3,6,9,12,15-pentaoxaindol-
4-yl)-(1H-1,2,3-triazol-4-yl)butyl)piperazine-1-
yl)sulfonyl)phenyl)-N-pyridin-3-ylpiperazine-2-
carboxamide) (Table 5 GSK-3β-targeting 
PROTACs,PROTAC 8) as a highly selective GSK3 degrader 
on an ATP-competitive manner. This compound 

YQQYQDATADEQG GSGS LDPETGEYL

YQQYQDATADEQG GSGS ALAPYIP
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demonstrated potent and selective GSK-3 degradation in 
SH-SY5Y cells, with DC₅₀ values of 28.3 nM (GSK3-α) and 
34.2 nM (GSK3-β), while exhibiting minimal off-target 
effects. PROTAC 8 effectively mitigated Aβ oligomer-
induced cytotoxicity and apoptosis, demonstrating 
significant neuroprotective properties. In vivo studies 
revealed that intracerebroventricular administration 
improved okadaic acid-induced learning and memory 

deficits in an AD rat model, concurrently reducing 
hippocampal levels of both GSK3α/β and 
phosphorylated tau. Notably, PROTAC 8 represents the 
first nanomolar-potency GSK-3 degrader with 
demonstrated intracerebroventricular efficacy, though 
its BBB permeability remained uncharacterized.100

Table 5 GSK-3β-targeting PROTACs

PROTAC POI E3 ligase Structure
Efficacy 

validation 
model

Ref.

7 GSK-3β
In vitro (PC12 
cell, BV2 cell, 

HT-22 cell)
99

8 GSK3-α
GSK3-β

In vitro (Aβ 
oligomers 

treated SH-
SY5Y cell and 
HEK293T cell)

In vivo 
(okadaic acid 
treated rat)

100

9 GSK3-β In vitro 
(SH-SY5Y cell) 101

10

11

GSK3-α
GSK3-β

CRBN

In vitro 
(HEK293 cell) 102

In 2023, Andrea Milelli et al. conjugated SB-216763, an 
ATP-competitive inhibitor of GSK-3β, with pomalidomide 
to design and synthesize a series of novel PROTAC 
molecules. Through linker optimization, they obtained 
an optimal degrader, PROTAC 9(Table 5 GSK-3β-
targeting PROTACs), for targeted degradation of GSK-3β. 
This compound exhibited DC₅₀ = 6.22 μM for GSK-3β in 
SH-SY5Y neuronal cells without obvious cytotoxicity. At 
concentrations of 0.5–1 μM, PROTAC 9 significantly 
reversed the neurotoxic damage induced by CuSO₄ and 
Aβ₂₅-₃₅ in SH-SY5Y cells. Furthermore, using the parallel 
artificial membrane permeability assay (PAMPA), the 
effective permeability coefficient (Pₑ) of PROTAC 9 was 

measured to be approximately 15.33, suggesting its 
potential to cross the blood-brain barrier.

In 2025, William Farnaby et al. employed an "orthogonal 
reaction linker" strategy to connect CRBN/VHL recruiters 
with GSK3 binders derived from PF-367 and CMP-4732 
via a two-step chemical reaction. From a library of 19 
PROTACs, cellular screening identified two potent GSK3 
degraders (Table 5 GSK-3β-targeting PROTACs 10, 
PROTAC 11). Among them, PROTAC 10 displayed a DC₅₀ 
of only 1.4 nM for GSK3β degradation in HEK293 cells, 
with a maximal degradation efficiency reaching 93%, and 
selectively degraded GSK3α and GSK3β. Moreover, after 
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intravenous administration in mice, the brain 
concentration of PROTAC 10 reached 16 nM within 2 h; 
at a dose of 5 mg/kg, it significantly degraded GSK3β in 
the mouse brain within 4 h, indicating favorable 
blood-brain barrier penetration. Compared with 
conventional PROTAC screening methods, the core 
advantage of this orthogonal reaction linker technology 
lies in its ability to rapidly and efficiently identify highly 
specific, highly active, and brain-penetrant targeted 
protein degraders, offering a novel tool for 
neurodegenerative disease research.102

4.3  PROTACs Targeting BET Proteins

Another prevalent hypothesis of AD, alongside Aβ 
deposition and tau protein pathology, is 
neuroinflammation. Similar to peripheral inflammation, 
the process begins with the detection of inflammatory 
stimuli by pattern recognition receptors (PRRs), such as 
Toll-like receptors (TLRs), expressed in neurons and glial 
cells, including astrocytes and microglia103. 
Overactivation of these receptors has been reported in 
association with both Aβ aggregates and p-Tau in both in 
vivo and in vitro studies104-111. Once activated, TLRs 
trigger multiple intracellular signalling cascades, notably 
the canonical nuclear factor-κB (NF-κB) pathway, which 
induces the translocation of NF-κB from the cytoplasm to 
the nucleus, where it binds to promoter regions of pro-
inflammatory genes to initiate transcription112. 
However, these genes are often embedded within tightly 
packed chromatin structures, rendering them 
inaccessible to NF-κB without prior chromatin 
remodelling. At this stage, bromodomain and extra-

terminal domain (BET) proteins play a critical regulatory 
role by “unlocking” chromatin and facilitating 
transcriptional activation113.

The BET protein family comprises four members—BRD2, 
BRD3, BRD4, and BRDT—all characterized by two 
conserved N-terminal bromodomains (BD) 1 and 2 and a 
C-terminal extraterminal (ET) domain. BDs are 
responsible for recognizing acetylated histone 
residues114, 115, such as H3K27ac and H4K5ac, 
phosphorylating RNA polymerase II, and thereby linking 
epigenetic modifications to transcriptional activation of 
inflammatory genes116.

Among these isoforms, BRD4 is of particularly 
noteworthy, for its dysregulation has been implicated in 
various conditions, including immune responses and 
neurological diseases117-119. BRD4 directly interacts with 
NF-κB, facilitating the formation of chromatin–
transcription factor complexes in response to 
inflammatory stimuli, thereby amplifying the 
transcription of pro-inflammatory genes120. In the 
context of neuroinflammation, BRD4 amplify 
inflammatory signalling via two primary mechanisms: by 
enhancing the transcriptional activity of NF-κB, thereby 
promoting the expression of pro-inflammatory cytokines 
like tumour necrosis factor-α and interleukin-6; or by 
establishing an epigenetic memory by maintaining 
H3K27ac enrichment in the promoter regions of 
inflammatory genes, leading to the overactivation of 
microglia and astrocytes116. 

Table 6 BET-targeting PROTAC

PROTAC POI E3 ligase Structure
Efficacy 

validation 
model

Ref.

12 BET CRBN

In vitro 
(WT 

human 
AML cell, 

LPS-
treated 
SIM-A9 
mouse 

microglial 
cell)

121

In addition, therapeutic interventions targeting BRD4 
have been found beneficial to AD113, 122-124. Studies using 
JQ1, a selective inhibitor to the BD of BRD4, 
demonstrated that treatment in 3xTg-AD mice led to a 
reduction in pro-inflammatory mediators and decreased 
levels of p-Tau125. Moreover, additional studies using JQ1 
reported improvements in cognitive performance, 

attenuation of neuroinflammation, and restoration of 
synaptic integrity, collectively supporting the potential 
of BRD4 inhibition as a therapeutic strategy in AD126.

In 2015, James E. Bradner's team conjugated a CRBN-
targeting phthalimide moiety to JQ1 through a rationally 
designed linker121 (Table 6 BET-targeting PROTAC, 
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PROTAC 12). This compound showed the same targeting 
pattern as JQ1 alone, resulting as selective BET protein 
degradation and disruption of BRD4–transcription factor 
interactions. The neuroprotective potential of PROTAC 
12 was demonstrated in a lipopolysaccharide (LPS)-
induced microglial cell model, where it effectively 
reduced the expression of pro-inflammatory genes127.  In 
comparison to the inhibitor alone, the PROTAC-based 
inhibitor of BRD4 has shown efficient and faster in BRD4 
degradation with better performance in alleviating the 
pathology from another study128.

4.4  PROTACs Targeting α-synuclein

α-synuclein (α-Syn), a presynaptic neuronal protein, is 
implicated in the pathogenesis of neurodegenerative 
disorders, with its aberrant aggregation significantly 
contributing to AD core pathology129. Post-mortem 
analyses reveal co-localization of α-Syn with Aβ and tau 
pathologies within the brain tissue of approximately 50% 
of AD patients, suggesting a synergistic pathogenic 
mechanism130, 131. α-Syn aggregation may facilitate tau 
hyperphosphorylation, protofibril formation, and 
subsequent propagation, thereby exacerbating 
neurodegeneration and cognitive decline in AD. 
Furthermore, co-aggregation of α-Syn with tau 
accelerates neurofibrillary tangle formation and 
neuronal damage132. This pathological aggregation of α-
Syn also initiates intracellular stress responses, including 
oxidative stress, mitochondrial dysfunction, and 
endoplasmic reticulum stress, ultimately culminating in 
neuronal death, thus playing a pivotal role in AD 
progression133.

In 2020, Kargbo et al. synthesized a series of PROTACs 
(Table 7 α-syn-targeting PROTACs, PROTAC 13-16) 

targeting α-Syn for AD and Parkinson's disease (PD) 
treatment. The PROTACs incorporated three distinct α-
Syn-binding moieties (benzothiazole, indole-3-
carboxamide, or phenothiazine), with each connected to 
E3 ubiquitin ligase ligands through either polyethylene 
glycol ([PEG]n) or cycloamine spacers. Using an ELISA-
based assay in HEK293 TREX α-syn A53T cells, PROTACs 
8 and 11 demonstrated potent α-Syn degradation (>65% 
clearance at 1 μM), while PROTACs 15 and 16 showed 
intermediate efficacy (35-70% protein retention). 
Comparative analysis revealed that VHL-based ligands 
exhibited superior degradation efficiency compared to 
CRBN-based counterparts, while spacer length showed 
no significant effect on α-Syn clearance. Notably, 
although these compounds demonstrated encouraging 
in vitro activity, their translational potential remains 
limited by high molecular weights and the absence of in 
vivo efficacy data. Further optimization and preclinical 
evaluation are warranted to assess their therapeutic 
feasibility134.

Given the crosstalk between pathological proteins in 
neurodegeneration, a novel dual-target PROTAC (Table 
7 α-syn-targeting PROTACs PROTAC 17) was developed 
as the first degrader capable of simultaneously targeting 
α-Syn and tau proteins. It was designed using 2-[4'-
(methylamino)phenyl]-6-methylbenzothiazole (BTA) as 
the warhead, chosen for its high affinity toward protein 
fibrils and favorable brain permeability. In a mouse 
model of PD induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), 7 consecutive days of IV 
administration (8 mg/kg/day) of PROTAC 17 resulted in 
significant brain exposure, with its intracerebral drug 
concentration sufficient to exert therapeutic effects. 

Table 7 α-syn-targeting PROTACs 

PROTAC POI E3 
ligase

Structure Efficacy 
validation 

model

Ref.

13

 

14

α-syn VHL

 

In vitro 
(HEK293 TREX 

α-syn A53T 
cell)

134
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15

16

17 Tau
α-Syn

CRBN

In vitro (SNCA 
OE-PFF-
seeding 

HEK293T cell)
In vivo (MPTP-

induced PD 
mouse)

135

Further analyses revealed that PROTAC 17 significantly 
reduced both the accumulations of α-Syn aggregates and 
p-Tau in the midbrain region, while improving neuronal 
integrity by reducing neuronal apoptosis and synaptic 
damage. This bispecific degradation strategy breaks 
through the limitations of traditional single-target 
therapies in addressing complex pathological 
mechanisms, establishing a new framework for multi-
target PROTACs in neurodegenerative diseases and 
informing future designs that exploit the synergistic 
modulation of multiple pathogenic proteins135.

4.5  PROTACs targeting P38α MAPK protein

The mitogen-activated protein kinase (MAPK) family 
comprises a group of serine-threonine protein kinases 
that can be activated by diverse extracellular stimuli, 
transmitting signals from the cell surface to the nucleus. 
p38 is a subfamily of MAPKs, and p38α has been 
identified as a key isoform involved in the pathological 
mechanisms of AD.136 p38α not only directly mediates 
the hyperphosphorylation of tau protein but also 
indirectly regulates tau phosphorylation by activating 
downstream molecules such as MAPK-activated protein 
kinase 2 (MK2).137 Furthermore, p38α participates in the 
generation of Aβ plaques by modulating the expression 
and activity of BACE-1, a key enzyme in Aβ processing. 
Additionally, it impairs long-term potentiation (LTP), 
leading to synaptic loss, reduced dendritic spine density, 
and impaired learning and memory.138 Therefore, p38α 

represents a highly promising drug target in the field of 
AD research.

The benzophenone moiety of the p38α/β selective 
inhibitor NJK14047 induces a conformational flip of a 
glycine residue. Since the intrinsic conformation of 
phosphorylated, activated p38 (p-p38) resembles this 
state, p-p38 may bind this inhibitor more readily than the 
unphosphorylated kinase. Based on this rationale, Son et 
al. designed and synthesized PROTAC 18 (Table 8 p38α 
MAPK -targeting PROTAC) to target the degradation of p-
p38. Among 96 kinases functionally and/or structurally 
related to p38, PROTAC 8 selectively targeted p-p38 and 
significantly reduced its protein levels without affecting 
the phosphorylation of upstream MAPKs responsible for 
p38 activation. In 8- to 9-month-old 5xFAD mice and 
PS19 rats, intranasal administration of PROTAC 8 
reduced brain levels of p-p38, decreased Aβ deposition 
and phosphorylated tau protein, and ameliorated AD-
related pathological phenotypes and cognitive 
function.139-141 his study innovatively developed a 
PROTAC that directly targets a post-translationally 
modified (PTM) protein (p-p38) for selective 
degradation. It also employed intranasal delivery as a 
strategy to circumvent the BBB), demonstrating 
successful application. While aged animal models better 
simulate the pathological and physiological features of 
AD in the elderly, it is noteworthy that this study utilized 
only young transgenic animal models. Furthermore, the 
pharmacokinetic profile of the intranasal route and its 
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potential irritation to the nasal mucosa remain to be fully 
elucidated. Additionally, existing evidence indicates that 
specifically p38α is involved in exacerbating AD 
pathology, while p38β is not associated with the disease. 
Since the p38 ligand NJK14047 used in PROTAC 18 lacks 

selectivity between the p38α and p38β isoforms, 
achieving subtype selectivity represents a potential 
direction for future optimization.

Table 8 p38α MAPK -targeting PROTAC

PROTAC POI E3 ligase Structure
Efficacy 
validatio
n model

Ref.

18 p38α 
MAPK CRBN

In vitro 
(C8-

D1Acell， 
N2a cell
， HT22 

cell)

139

4.6 Other Potential Targets 

With the advancement of PROTACs, its therapeutic 
applications in neurodegenerative diseases, particularly 
AD, continue to expand. In addition to conventional 
pathological targets, expanding PROTAC applications to 
emerging or previously understudied targets may open 
new therapeutic opportunities.

4.6.1 ApoE4 

ApoE4 is the most significant genetic driver of sporadic 
AD, and the core of its pathogenic mechanism stems 
from its unique Arg112‑Cys158 salt bridge in the protein 
structure. ApoE4 increases the burden of neurofibrillary 
tangles by suppressing Aβ42 clearance and accelerating 
its fibrillization, while simultaneously activating the 
Sortilin‑RhoA‑ROCK2 pathway, which mediates the 
hyperphosphorylation of tau protein. Furthermore, 
ApoE4 inhibits ABCA1‑dependent cholesterol efflux, 
leading to intracellular cholesterol accumulation, BACE1 
activation, and elevated ceramide levels, thereby 
disrupting lipid homeostasis.142 Concurrently, it activates 
the NLRP3 inflammasome via TREM2‑DAP12 signaling, 
promotes IL‑1β secretion, and enhances 
astrocyte‑mediated synaptic phagocytosis, ultimately 
resulting in reduced synaptic density. Given that ApoE4 
exhibits abnormally prolonged retention in the 
endoplasmic reticulum, where it tends to accumulate 
and form stable toxic conformations, traditional 
small‑molecule inhibitors can only partially block its 
downstream signaling and are unable to eliminate 
pathological ApoE4 protein at its source. 143, 144 
Consequently, their therapeutic efficacy is limited and 
often accompanied by off‑target effects. In contrast, 
PROTAC technology holds promise for achieving 
selective degradation of ApoE4 by targeting its Arg176 
residue using ligands such as its C‑terminal domain 
antibody fragment or AEM‑28, and conjugating them 

with ligands for brain‑enriched E3 ligases such as VHL, 
CRBN, or RNF114.

4.6.2 Fyn Kinase 

Fyn kinase is a key member of the Src family of 
non‑receptor tyrosine kinases. Compared with other Src 
family members, Fyn is significantly upregulated in brain 
regions affected by AD, and its expression level closely 
correlates with the severity of neurodegeneration, with 
its active isoform FynT being the most prominent.145 Fyn 
promotes Aβ production and tau phosphorylation by 
phosphorylating Tyr682 of APP and Tyr18 of tau protein, 
respectively, thereby disrupting axonal transport and 
synaptic integrity. Moreover, aberrant activation of Fyn 
phosphorylates the NR2B subunit of NMDA receptors, 
leading to intracellular calcium overload, inhibiting the 
brain‑derived neurotrophic factor (BDNF) signaling 
pathway,146 exacerbating excitotoxicity and synaptic 
loss, and accelerating cognitive decline. Given the large 
number of Src kinase family members (such as Src, Lyn, 
Yes, etc.) with highly homologous binding pockets, 
existing inhibitors struggle to precisely target Fyn and 
often cause off‑target effects, resulting in unforeseen 
side effects.147. In contrast, PROTAC technology relies 
only on E3 ligases that are specifically or highly expressed 
in target cells (e.g., neurons). Even if the Fyn‑targeting 
ligand exhibits cross‑binding to homologous kinases, 
PROTACs can achieve selective degradation of Fyn and 
simultaneously overcome the drug resistance issues 
associated with traditional inhibitors. Therefore, building 
on existing inhibitor research, developing PROTACs 
based on brain‑specific or highly expressed E3 ligases 
holds promise for achieving selective degradation of Fyn 
protein in the nervous system, thereby offering a more 
targeted and disease‑modifying therapeutic strategy for 
AD treatment.
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4.6.3 Hypoxia /HIF1α signaling

Cerebral hypoxia is closely linked to the onset and 
progression of neurodegenerative diseases such as AD. 
The central nervous system is highly sensitive to oxygen 
supply, and hypoxia can promote the deposition of 
amyloid plaques. In the brain tissue of AD patients under 
hypoxic conditions, multiple signaling pathways are 
aberrantly activated, further exacerbating oxidative 
stress.148, 149 Under hypoxia, HIF-1α accumulates in 
neurons and can trigger the transcriptional expression of 
vascular endothelial growth factor (VEGF) and BACE1, 
thereby increasing Aβ deposition and neuritic plaque 
formation.150, 151Simultaneously, HIF-1α regulates 
multiple signaling pathways including the mTOR 
pathway, some of which are involved in mediating 
abnormal phosphorylation of tau protein. Given its key 
regulatory role in AD pathology, HIF-1α has emerged as 
a potential therapeutic target of considerable interest.

However, because the binding interface of HIF-1α is 
typically broad and shallow, lacking a well-defined small-
molecule binding "pocket," direct targeting for drug 
design has proven highly challenging.152 Current HIF-1α 
inhibitors in clinical stages, such as EZN-2968 and BAY 
87-2243, mostly function by indirectly modulating its 
upstream synthesis and degradation pathways or 
affecting its chaperone proteins, resulting in limited 
targeting specificity.149 In the future, it may be possible 
to draw inspiration from the binding mode of HIF-1α 
with endogenous proteins such as HSP90 to design 
peptide-based ligands for HIF-1α. By applying PROTAC 
technology, direct targeted degradation of HIF-1α could 
be achieved, thereby offering a new strategic direction 
for the treatment of AD.

4.6.4 PI3K/AKT/mTOR pathway

Dysregulation of the PI3K/AKT/mTOR pathway plays a 
significant role in the pathological progression of AD. 
This pathway is not only involved in Aβ-induced oxidative 
stress and aberrant tau phosphorylation but also 
exacerbates the formation of neurofibrillary tangles by 
regulating the activity of downstream kinases such as 
GSK-3..153, 154  Consequently, targeting this pathway has 
emerged as a potential therapeutic strategy for AD. 
Notably, PROTAC molecules directed against key nodes 
of this pathway, such as PI3K and AKT, have been 
successfully developed and have demonstrated 
advantages in overcoming resistance to conventional 
inhibitors, providing a proof-of-concept for AD 
treatment based on protein degradation technology.155, 

156 

Within this pathway, mTOR serves as a critical regulatory 
hub. It promotes tau phosphorylation by influencing 
multiple kinases, including GSK-3 and CDK5, and its 

hyperactivation contributes to tau accumulation and 
synaptic dysfunction.157, 158 Although the mTOR-specific 
inhibitor rapamycin has shown some neuroprotective 
effects in preclinical studies, its long-term application is 
often limited by issues such as immunosuppression, 
nephrotoxicity, and drug resistance.159 Therefore, 
building on existing inhibitors, developing mTOR-
targeted PROTAC degraders holds promise for achieving 
more sustained and precise intervention, offering a 
novel therapeutic solution for AD.

4.6.5 HDAC11

Histone deacetylases (HDACs) represent a crucial class of 
epigenetic regulatory enzymes.160 Among them, HDAC11 
has been identified in recent years as a member of the 
Class IV HDAC family. Studies have revealed that HDAC11 
expression is significantly upregulated in the brains of AD 
patients. Its expression level shows a positive correlation 
with the number and area of Aβ plaques. Furthermore, 
regions with high HDAC11 expression exhibit markedly 
increased activation of microglia, indicating a close 
association between HDAC11 and the characteristic 
amyloid plaque deposition as well as neuroinflammatory 
markers in AD. In the 5xFAD transgenic mouse model, 
pharmacological inhibition of HDAC11 activity enhances 
the phagocytic clearance of Aβ protein by microglial cells 
(such as the BV2 cell line), alleviates neuroinflammation, 
and ultimately improves cognitive function in mice.161

However, the HDAC family comprises 11 members with 
highly similar catalytic pocket structures, making it 
difficult for inhibitors to avoid affecting other subtypes 
(e.g., HDAC6) and leading to off-target side effects. 
Therefore, compared to developing HDAC11 inhibitors, 
PROTAC molecules designed for the direct degradation 
of HDAC11 not only offer higher subtype selectivity but 
also advance from "functional inhibition" to "target 
elimination." This approach holds promise for more 
thoroughly blocking all pathogenic functions of HDAC11, 
thereby providing a therapeutic strategy with greater 
selectivity and longer-lasting efficacy.

5.  Challenges and Future Directions for 
PROTAC-based AD Drug 
5.1  BBB Penetration and its implications for PROTAC 
design 

The BBB is created by a special system of brain 
endothelial cells (BECs), pericytes (PCs), the capillary 
basement membrane, and the terminal branches (“end-
feet”) of astrocytes (ACs). The key function of the BBB is 
to safeguard the CNS from potentially harmful/toxic 
substances circulating in the bloodstream by tightly 
controlling the entry of cells and molecules, including 
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nutrients, metabolites, and components of the immune 
system, into the brain parenchyma162. 

Although small molecules such as PROTACs are generally 
considered to possess better BBB permeability 
compared to biomacromolecules, their actual 
permeability varies from molecule to molecule. For 
instance, PROTACs 3, 7, 13-16 have exhibited promising 
degradation efficiency in vitro cellular assays; however, 
due to their relatively high molecular weights, their BBB 
penetration is likely poor, which hinders their ability to 
exert targeted effects in vivo. Consequently, subsequent 
in vivo validation was not conducted, and related 
research remained at the cellular level. Although some 
PROTAC molecules, such as PROTAC 2, PROTAC 4, and 
PROTAC 8, have been shown in preclinical models to 
cross the BBB via passive diffusion or active transport, 
their delivery efficiency is still constrained by efflux 
transporter systems. Among these, active efflux 
mediated by transporters such as P-glycoprotein (P-gp) 
and breast cancer resistance protein (BCRP) represents a 
major limiting factor, which can reduce the 
brain‑to‑plasma exposure ratio of their substrate drugs 
by threefold Consequently, achieving effective 
therapeutic concentrations in the brain still necessitates 
administration routes with suboptimal clinical 
compliance, such as intracerebroventricular injection or 
combination therapies. Overcoming drug efflux 
mediated by efflux transporters has thus become a 
major challenge in central nervous system drug delivery.

In comparison to antibodies, which are large, integrated 
molecules with limited BBB permeability, PROTACs offer 
structural flexibility, allowing for optimization through 
rational chemical design or in silico prediction models163. 
Key parameters influencing PK in CNS include hydrogen-
bond donor (HBD) count and topological polar surface 
area (TPSA)164. Reducing both HBD and TPSA is generally 
associated with improved brain exposure and reduced 
efflux ratio. Nevertheless, such modifications must be 
carefully balanced, as lower TPSA may also lead to 
increased hepatic clearance. Insights from a study 
developing small-molecule inhibitors of leucine-rich 
repeat kinase 2 (LRRK2) for PD highlight this trade-off 
between brain penetration and systemic metabolism.165

In addition to passive permeability, certain endogenous 
transporters expressed on the apical side of BECs may 
facilitate CNS delivery. For example, the proton-coupled 
organic cation (H⁺/OC) antiporter recognizes nitrogen-
containing moieties166—a property that has informed 
the design of transporter-conscious CNS drugs such as 
antihistamines (e.g., diphenhydramine, 
chlorpheniramine) and some of the first generation of 
Alzheimer’s therapeutics (e.g., memantine, donepezil).

Another promising delivery strategy is by utilizing the 
receptor-mediated transcytosis, which can actively 
transport therapeutic molecules across the BBB. This 
mechanism has inspired the development of PROTAC–
antibody conjugates (PACs), analogous to ADCs mainly 
explored in oncology. In proof-of-concept studies, anti-
HER2 antibodies have been conjugated to PROTACs via 
VHL ligands to promote intracellular degradation of 
proliferative targets167. Following receptor-mediated 
endocytosis, the antibody and linker are cleaved in the 
endosome, releasing the PROTAC into the cytoplasm166. 
While these studies have primarily focused on tumour 
targeting rather than BBB transport, lessons can be 
drawn from transferrin receptor-targeted ADCs—where 
anti-transferrin fragments are fused to the Fc domain to 
enhance brain delivery42—suggesting potential 
applicability of similar strategies for CNS-targeted PACs.

Finally, the physicochemical characteristics of PROTACs, 
including molecular weight, ionization state, lipophilicity, 
and formulation, collectively influence BBB penetration. 
Unlike large biologics such as antibodies, PROTACs 
benefit from modularity and tunability, making the 
design of BBB-permeable candidates both more flexible 
and more achievable with rational medicinal chemistry 
approaches.

5.2  Degradation Challenges and Opportunities   

The protein degradation specificity of PROTAC 
technology remains limited by multiple challenges. First, 
the target protein requires a suitable ligand. For target 
proteins lacking well-defined small-molecule ligands, 
such as tau, peptide-based ligands can be employed for 
linkage, as exemplified by PROTACs 5 and 6. For targets 
with established small-molecule inhibitors, such as 
GSK3β, PROTACs derived from different inhibitors, such 
as PROTACs 7, 8, and 9, may exhibit varied degradation 
efficiencies. Therefore, it is necessary to screen and 
optimize the most appropriate ligand. Second, the 
choice of linker can influence the properties of PROTACs. 
Research by Andrea Milelli and colleagues demonstrated 
that linkers of different lengths can significantly affect 
degradation activity. However, in other cases, such as 
PROTACs 13–16, the linker showed no obvious impact on 
degradation activity. This suggests that the role of the 
linker may vary depending on the target and requires 
evaluation within specific systems. Finally, currently 
available E3 ubiquitin ligase ligands for PROTAC design 
remain limited. Although the human genome encodes 
more than 600 E3 ubiquitin ligases, practical applications 
still rely heavily on a few types, particularly CRBN and 
VHL. This limitation restricts the range of targetable 
proteins and may lead to off-target effects, as illustrated 
by the off-target phenomenon observed with PROTAC 3. 
A key underlying reason for this limitation lies in the 
intrinsic characteristics of E3 ligases.168 First, E3 ligase 
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expression levels vary substantially across tissues. The 
ubiquitous distribution of commonly employed ligases 
such as CRBN and VHL can increase the risk of off-target 
degradation, thereby complicating tissue-specific 
therapeutic interventions. Second, many E3 ligases lack 
well-defined binding pockets amenable to small-
molecule engagement. Their relatively flat or 
conformationally flexible protein surfaces pose major 
challenges to the discovery of high-affinity ligands, 
contributing to the scarcity of “drug-ready” E3 ligases.169 
Consequently, the development of novel E3 ligase 
ligands represents a crucial step toward enhancing both 
the selectivity and applicability of PROTAC technology.170 
To accelerate the discovery of novel E3 ubiquitin ligases 
in PROTAC development, artificial intelligence (AI)-
driven tertiary structure prediction tools, such as 
AlphaFold and RoseTTAFold, have emerged as promising 
platforms. The high-resolution structural models of the 
full proteome released by AlphaFold include a large 
number of three-dimensional conformational data of E3 
ubiquitin ligases that had not been previously resolved. 
Leveraging the predicted structures of E3 ligases, 
researchers can efficiently screen potential E3 ligands 
through techniques such as virtual screening, molecular 
docking, and pharmacophore modeling, or design small-
molecule ligands de novo. These advances make it 
possible to rationally design PROTACs targeting 
previously difficult-to-target ligases and substrates, 
thereby expanding the ligase toolbox and improving the 
precision of targeted protein degradation.171 

Abnormal UPS functioning have also been reported in 
patients with neurodegenerative diseases, including AD, 
PD and HD172-174 In AD, both soluble and insoluble Aβ 
species have been shown to disrupt UPS activity by 
inhibiting proteolytic signalling175, 176. Tau aggregates, 
however, exhibit a more complex relationship with the 
UPS, with evidence suggesting both upregulation and 
downregulation of tau-targeting E3 ligases depending on 
the disease stage and brain region177-179. These findings 
highlight that an impaired UPS should be taken into 
consideration when characterizing and optimizing 
PROTAC candidates for neurodegenerative conditions.

5.3 Hook Effect and the Emergence of Drug resistance

In practical applications, PROTAC technology faces two 
major challenges: the "hook effect" and drug resistance. 
The "hook effect" describes a phenomenon where, 
beyond a certain concentration range, the degradation 
efficiency of the target protein paradoxically decreases 
as the PROTAC concentration increases. This occurs 
because excess PROTAC molecules tend to preferentially 
form inactive binary complexes with either the E3 ligase 
or the target protein, competitively inhibiting the 
assembly of the functional ternary complex. This 
phenomenon is widely observed in various PROTACs 

(e.g., PROTAC2) and presents unique challenges for 
defining the therapeutic window and dosage regimen  To 
overcome this effect, current optimization strategies 
focus primarily on molecular design, including: 
modulating linker length and rigidity to stabilize the 
ternary complex; modifying the warhead structure to 
reduce the propensity for binary binding;180 designing 
molecules capable of recruiting two distinct E3 ligases to 
minimize the accumulation of non-productive 
complexes;181 and constructing multivalent nano-
degradation chimeras to promote stable ternary 
complex formation.182

Furthermore, PROTACs can potentially trigger adaptive 
drug resistance. Research indicates that prolonged 
exposure of cells to PROTACs reliant on particular E3 
ligases like VHL or CRBN may lead to functional 
impairment due to genetic changes in the fundamental 
elements of the E3 ubiquitin ligase complex.183 
Consequently, this could diminish the effectiveness of 
recruiting and degrading PROTACs. Therefore, in chronic 
conditions like AD that demand extended therapeutic 
interventions, it is crucial to proactively address and 
devise approaches to mitigate analogous drug resistance 
challenges.

6.  Conclusions

Since its first report in 2001, PROTAC technology has 
demonstrated considerable potential as a targeted 
protein degradation strategy. Over the past two 
decades, a growing body of research suggests that 
PROTACs with protein-degrading functions hold promise 
as novel therapeutic approaches for neurodegenerative 
diseases. However, the relatively large molecular weight 
of PROTAC molecules presents significant challenges for 
BBB penetration; meanwhile, the limited availability of 
E3 ubiquitin ligases in brain tissues also remains a key 
obstacle in the current development of PROTAC-based 
therapies for AD. To date, no PROTAC molecule has 
entered clinical trials in the AD field, and systematic 
evaluations of the safety, efficacy, and pharmacokinetic 
properties of relevant PROTACs in humans are still 
lacking.

Moving forward, PROTAC drug development for 
neurodegenerative diseases such as AD should focus on 
two major directions: first, the development of efficient 
brain-targeting strategies for PROTAC molecules to 
overcome the key hurdles in clinical translation. 
Currently, how to increase effective brain exposure of 
PROTACs represents the central challenge for clearing 
pathological protein aggregates such as Aβ and Tau. To 
this end, researchers are actively exploring various brain-
targeting technologies. For instance, Roche modified an 
Aβ antibody with transferrin receptor binding, which 
increased its efficiency in clearing cerebral Aβ by three-
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fold while reducing the required dose to one-fifth of the 
original.184  In another study, lipid nanoparticles (LNPs) 
were used to encapsulate a Tau-targeting PROTAC and 
delivered across the BBB via transferrin receptor-
mediated transport, demonstrating enhanced tau 
clearance activity and superior BBB penetration.185 Such 
strategies that precisely integrate BBB-penetrating 
enhancer modules (e.g., transferrin receptor binders) 
with the core PROTAC structure can significantly improve 
brain accumulation efficiency while maintaining 
degradation activity. This offers a feasible technical 
route for designing brain-targeted PROTACs and holds 
promise for fundamentally addressing the core issue of 
insufficient brain exposure and ineffective clearance of 
pathological protein aggregates like Aβ and Tau. Second, 
AI-driven compound structure optimization strategies 
can be leveraged to enhance the development efficiency 
of PROTAC drugs. In the rational design of PROTAC 
molecules, various AI models have enabled full-process 
support from linker generation to molecular 
optimization. For example, the diffusion model 
DiffPROTACs developed by a team at ShanghaiTech 
University can accurately generate PROTAC linkers based 
on given ligands; after fine-tuning on a PROTAC dataset, 
the generated PROTAC molecules achieved a validity 
rate of 93.86%, providing an efficient tool for linker 
optimization in AD-related PROTACs.186 Other AI 
technologies screen candidate PROTACs by simulating 

ternary complex conformations of POI-PROTAC-E3 ligase 
and evaluating metrics such as binding RMSD and 
binding free energy, followed by validation through 
molecular dynamics (MD) and free energy perturbation 
(FEP) simulations, thereby yielding PROTAC candidates 
with superior affinity compared to traditional 
methods.187 Furthermore, studies show that AI can be 
applied throughout the entire PROTAC design process. 
For instance, the team at Insilco Medicine first generated 
a PKMYT1 inhibitor using the Chemistry42 platform, then 
optimized the core structure of a PROTAC molecule 
based on it, ultimately obtaining a bifunctional PROTAC 
that achieved 80%-90% degradation efficiency in 
experiments and exhibited favorable pharmacokinetic 
properties.188 Applying these AI technologies directly to 
PROTAC drug development can substantially shorten 
R&D cycles, increase success rates, and accelerate the 
translation and application of PROTAC technology in 
neurodegenerative diseases such as AD.

Compared with small-molecule inhibitors used clinically 
for various complex neurological disorders, PROTAC 
technology possesses unique advantages. In the future, 
with continued breakthroughs in drug delivery strategies 
and AI-driven drug design, PROTACs are expected to 
bring new hope for the treatment of AD.

Conflicts of interest
 There are no conflicts to declare.

Page 17 of 25 RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d


ARTICLE Journal Name

18 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Notes and references
1. S. Tiwari, V. Atluri, A. Kaushik, A. Yndart and M. 

Nair, Int J Nanomedicine, 2019, 14, 5541-5554.
2. A. Ionescu-Tucker and C. W. Cotman, 

Neurobiology of Aging, 2021, 107, 86-95.
3. P. T. Kamatham, R. Shukla, D. K. Khatri and L. K. 

Vora, Ageing Research Reviews, 2024, 101, 
102481.

4. Alzheimer's & Dementia, 2025, 21, e70235.
5. Alzheimers Dement, 2024, 20, 3708-3821.
6. H. Hampel, J. Hardy, K. Blennow, C. Chen, G. 

Perry, S. H. Kim, V. L. Villemagne, P. Aisen, M. 
Vendruscolo, T. Iwatsubo, C. L. Masters, M. 
Cho, L. Lannfelt, J. L. Cummings and A. Vergallo, 
Molecular Psychiatry, 2021, 26, 5481-5503.

7. M. A. DeTure and D. W. Dickson, Molecular 
Neurodegeneration, 2019, 14, 32.

8. Y. Chen and Y. Yu, Journal of 
Neuroinflammation, 2023, 20, 165.

9. J. Fołta, Z. Rzepka and D. Wrześniok, 
International Journal of Molecular Sciences, 
2025, 26, 5177.

10. M. T. Heneka, W. M. van der Flier, F. Jessen, J. 
Hoozemanns, D. R. Thal, D. Boche, F. 
Brosseron, C. Teunissen, H. Zetterberg, A. H. 
Jacobs, P. Edison, A. Ramirez, C. Cruchaga, J.-C. 
Lambert, A. R. Laza, J. V. Sanchez-Mut, A. 
Fischer, S. Castro-Gomez, T. D. Stein, L. 
Kleineidam, M. Wagner, J. J. Neher, C. 
Cunningham, S. K. Singhrao, M. Prinz, C. K. 
Glass, J. C. M. Schlachetzki, O. Butovsky, K. 
Kleemann, P. L. De Jaeger, H. Scheiblich, G. C. 
Brown, G. Landreth, M. Moutinho, J. 
Grutzendler, D. Gomez-Nicola, R. M. McManus, 
K. Andreasson, C. Ising, D. Karabag, D. J. Baker, 
S. A. Liddelow, A. Verkhratsky, M. Tansey, A. 
Monsonego, L. Aigner, G. Dorothée, K.-A. Nave, 
M. Simons, G. Constantin, N. Rosenzweig, A. 
Pascual, G. C. Petzold, J. Kipnis, C. Venegas, M. 
Colonna, J. Walter, A. J. Tenner, M. K. 
O’Banion, J. R. Steinert, D. L. Feinstein, M. 
Sastre, K. Bhaskar, S. Hong, D. P. Schafer, T. 
Golde, R. M. Ransohoff, D. Morgan, J. Breitner, 
R. Mancuso and S.-P. Riechers, Nature Reviews 
Immunology, 2025, 25, 321-352.

11. M. Kiraly, J. F. Foss and T. Giordano, The 
Journal of Prevention of Alzheimer's Disease, 
2023, 10, 686-698.

12. J. S. Deyell, M. Sriparna, M. Ying and X. Mao, 
International Journal of Molecular Sciences, 
2023, 24, 2477.

13. K. Gajendra, G. K. Pratap, D. V. Poornima, M. 
Shantaram and G. Ranjita, European Journal of 
Medicinal Chemistry Reports, 2024, 11, 100154.

14. M. S. García-Ayllón, D. H. Small, J. Avila and J. 
Sáez-Valero, Front Mol Neurosci, 2011, 4, 22.

15. S. Mukhopadhyay and D. Banerjee, J 
Alzheimers Dis, 2021, 83, 1537-1552.

16. Z. Valiukas, R. Ephraim, K. Tangalakis, M. 
Davidson, V. Apostolopoulos and J. Feehan, 
Vaccines, 2022, 10, 1527.

17. G. Marucci, M. Buccioni, D. D. Ben, C. 
Lambertucci, R. Volpini and F. Amenta, 
Neuropharmacology, 2021, 190, 108352.

18. C. G. Parsons, W. Danysz, A. Dekundy and I. 
Pulte, Neurotoxicity Research, 2013, 24, 358-
369.

19. E. Yaghmaei, H. Lu, L. Ehwerhemuepha, J. 
Zheng, S. Danioko, A. Rezaie, S. A. Sajjadi and C. 
Rakovski, Communications Medicine, 2024, 4, 
99.

20. H. D. Larkin, Jama, 2022, 327, 1642.
21. H. Amat-ur-Rasool, M. Ahmed, S. Hasnain and 

W. G. Carter, Brain Sciences, 2021, 11, 184.
22. M. T. Kabir, M. S. Uddin, A. A. Mamun, P. 

Jeandet, L. Aleya, R. A. Mansouri, G. M. Ashraf, 
B. Mathew, M. N. Bin-Jumah and M. M. Abdel-
Daim, International Journal of Molecular 
Sciences, 2020, 21, 3272.

23. H. W. Haddad, G. W. Malone, N. J. Comardelle, 
A. E. Degueure, A. M. Kaye and A. D. Kaye, HPR, 
2022, 10.

24. J. Sevigny, P. Chiao, T. Bussière, P. H. Weinreb, 
L. Williams, M. Maier, R. Dunstan, S. Salloway, 
T. Chen, Y. Ling, J. O’Gorman, F. Qian, M. 
Arastu, M. Li, S. Chollate, M. S. Brennan, O. 
Quintero-Monzon, R. H. Scannevin, H. M. 
Arnold, T. Engber, K. Rhodes, J. Ferrero, Y. 
Hang, A. Mikulskis, J. Grimm, C. Hock, R. M. 
Nitsch and A. Sandrock, Nature, 2016, 537, 50-
56.

25. A. J. Espay, K. P. Kepp and K. Herrup, eneuro, 
2024, 11, ENEURO.0319-0323.2024.

26. H. Hampel, A. Elhage, M. Cho, L. G. Apostolova, 
J. A. R. Nicoll and A. Atri, Brain, 2023, 146, 
4414-4424.

27. B.-H. Kim, S. Kim, Y. Nam, Y. H. Park, S. M. Shin 
and M. Moon, Translational 
Neurodegeneration, 2025, 14, 6.

Page 18 of 25RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 19

Please do not adjust margins

Please do not adjust margins

28. A. M. P. d. Silva, L. Falcão, F. Virgilio, I. R. 
Menezes, M. Leite, E. Farias, M. Nascimento, 
M. L. Han, J. P. M. Telles, E. d. S. Franco and M. 
B. d. S. Maia, Journal of Alzheimer's Disease, 
2025, 107, 477-493.

29. G. D. Rabinovici, D. J. Selkoe, S. E. Schindler, P. 
Aisen, L. G. Apostolova, A. Atri, S. M. 
Greenberg, S. B. Hendrix, R. C. Petersen, M. 
Weiner, S. Salloway and J. Cummings, The 
Journal of Prevention of Alzheimer's Disease, 
2025, 12, 100150.

30. V. Gazestani, T. Kamath, N. M. Nadaf, A. 
Dougalis, S. J. Burris, B. Rooney, A. Junkkari, C. 
Vanderburg, A. Pelkonen, M. Gomez-Budia, N.-
N. Välimäki, T. Rauramaa, M. Therrien, A. M. 
Koivisto, M. Tegtmeyer, S.-K. Herukka, A. 
Abdulraouf, S. E. Marsh, M. Hiltunen, R. 
Nehme, T. Malm, B. Stevens, V. Leinonen and 
E. Z. Macosko, Cell, 2023, 186, 4438-
4453.e4423.

31. X. Shen, H. Li, B. Zhang, Y. Li and Z. Zhu, Cells, 
2025, 14, 1506.

32. H. Li, X. Shen, B. Zhang and Z. Zhu, Molecules, 
2025, 30, 3479.

33. M. Roberts, I. Sevastou, Y. Imaizumi, K. Mistry, 
S. Talma, M. Dey, J. Gartlon, H. Ochiai, Z. Zhou, 
S. Akasofu, N. Tokuhara, M. Ogo, M. Aoyama, 
H. Aoyagi, K. Strand, E. Sajedi, K. L. Agarwala, J. 
Spidel, E. Albone, K. Horie, J. M. Staddon and R. 
de Silva, Acta Neuropathologica 
Communications, 2020, 8, 13.

34. S. Rawal, K. R. Wildsmith, J. Aluri, T. Yagi, M.-K. 
Chang, H. Niu, J. Zhou, K. Horie, E. Takahashi, P. 
Boyd and L. Reyderman, Alzheimer Disease & 
Associated Disorders, 2025, 39, 151-157.

35. R. J. Bateman, J. Cummings, S. Schobel, S. 
Salloway, B. Vellas, M. Boada, S. E. Black, K. 
Blennow, P. Fontoura, G. Klein, S. S. Assunção, 
J. Smith and R. S. Doody, Alzheimer's Research 
& Therapy, 2022, 14, 178.

36. R. J. Bateman, J. Smith, M. C. Donohue, P. 
Delmar, R. Abbas, S. Salloway, J. Wojtowicz, K. 
Blennow, T. Bittner, S. E. Black, G. Klein, M. 
Boada, T. Grimmer, A. Tamaoka, R. J. Perry, R. 
S. Turner, D. Watson, M. Woodward, A. 
Thanasopoulou, C. Lane, M. Baudler, N. C. Fox, 
J. L. Cummings, P. Fontoura and R. S. Doody, 
New England Journal of Medicine, 2023, 389, 
1862-1876.

37. M. Kuriyama, C. F. Wang, T. Nagase, Y. Sohma, 
M. Kanai, Y. Hori and T. Tomita, 
Neurotherapeutics, 2025, 22, e00548.

38. V. R. Gómez Román, J. C. Murray and L. M. 
Weiner, in Antibody Fc, eds. M. E. Ackerman 
and F. Nimmerjahn, Academic Press, Boston, 
2014, DOI: https://doi.org/10.1016/B978-0-12-
394802-1.00001-7, pp. 1-27.

39. C. H. v. Dyck, C. J. Swanson, P. Aisen, R. J. 
Bateman, C. Chen, M. Gee, M. Kanekiyo, D. Li, 
L. Reyderman, S. Cohen, L. Froelich, S. 
Katayama, M. Sabbagh, B. Vellas, D. Watson, S. 
Dhadda, M. Irizarry, L. D. Kramer and T. 
Iwatsubo, New England Journal of Medicine, 
2023, 388, 9-21.

40. M. A. A. Mamun, A. G. Bakunts and A. L. 
Chernorudskiy, Journal of Hematology & 
Oncology, 2025, 18, 52.

41. X. Chen, Y. Zhou, Y. Zhao and W. Tang, Trends 
in Pharmacological Sciences, 2023, 44, 762-775.

42. H. P. Grimm, V. Schumacher, M. Schäfer, S. 
Imhof-Jung, P.-O. Freskgård, K. Brady, C. 
Hofmann, P. Rüger, T. Schlothauer, U. Göpfert, 
M. Hartl, S. Rottach, A. Zwick, S. Seger, R. Neff, 
J. Niewoehner and N. Janssen, mAbs, 2023, 15, 
2261509.

43. G. Porro, M. Basile, Z. Xie, G. M. Tuveri, G. 
Battaglia and C. D. F. Lopes, Advanced Drug 
Delivery Reviews, 2025, 224, 115637.

44. S. Edavettal, P. Cejudo-Martin, B. Dasgupta, D. 
Yang, M. D. Buschman, D. Domingo, K. Van 
Kolen, P. Jaiprasat, R. Gordon, K. Schutsky, B. 
Geist, N. Taylor, C. H. Soubrane, E. Van Der 
Helm, A. LaCombe, Z. Ainekulu, E. Lacy, J. Aligo, 
J. Ho, Y. He, P. F. Lebowitz, J. T. Patterson, J. M. 
Scheer and S. Singh, Med, 2022, 3, 860-
882.e815.

45. C. Perdigão, M. A. Barata, M. N. Araújo, F. S. 
Mirfakhar, J. Castanheira and C. Guimas 
Almeida, Front Cell Neurosci, 2020, 14, 72.

46. A. Pensalfini, A. R. Umar, C. Glabe, I. Parker, G. 
Ullah and A. Demuro, Cells, 2022, 11, 3630.

47. C. Gao, J. Jiang, Y. Tan and S. Chen, Signal 
Transduction and Targeted Therapy, 2023, 8, 
359.

48. L. J. Van Eldik, M. C. Carrillo, P. E. Cole, D. 
Feuerbach, B. D. Greenberg, J. A. Hendrix, M. 
Kennedy, N. Kozauer, R. A. Margolin, J. L. 
Molinuevo, R. Mueller, R. M. Ransohoff, D. M. 
Wilcock, L. Bain and K. Bales, Alzheimer's & 

Page 19 of 25 RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

https://doi.org/10.1016/B978-0-12-394802-1.00001-7
https://doi.org/10.1016/B978-0-12-394802-1.00001-7
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d


ARTICLE Journal Name

20 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Dementia: Translational Research & Clinical 
Interventions, 2016, 2, 99-109.

49. K.-M. Wu, Y.-R. Zhang, Y.-Y. Huang, Q. Dong, L. 
Tan and J.-T. Yu, Ageing Research Reviews, 
2021, 70, 101409.

50. K. M. Sakamoto, K. B. Kim, R. Verma, A. 
Ransick, B. Stein, C. M. Crews and R. J. 
Deshaies, Molecular & Cellular Proteomics, 
2003, 2, 1350-1358.

51. K. M. Sakamoto, K. B. Kim, A. Kumagai, F. 
Mercurio, C. M. Crews and R. J. Deshaies, 
Proceedings of the National Academy of 
Sciences, 2001, 98, 8554-8559.

52. S. Li, T. Zeng, Z. Wu, J. Huang, X. Cao, Y. Liu, S. 
Bai, Q. Chen, C. Li, C. Lu and H. Yang, Journal of 
the American Chemical Society, 2025, 147, 
2168-2181.

53. F. Tong, Y. Wang, Y. Xu, Y. Zhou, S. He, Y. Du, 
W. Yang, T. Lei, Y. Song, T. Gong and H. Gao, 
Nature Communications, 2024, 15, 10382.

54. A. Al Mamun, M. S. Uddin, M. T. Kabir, S. 
Khanum, M. S. Sarwar, B. Mathew, A. Rauf, M. 
Ahmed and G. M. Ashraf, Neurotoxicity 
Research, 2020, 38, 8-17.

55. S. Bhatia, M. Singh, T. Singh and V. Singh, 
Neurochemical Research, 2023, 48, 13-25.

56. M.-Y. Lv, D.-Y. Hou, S.-W. Liu, D.-B. Cheng and 
H. Wang, ACS Nano, 2025, 19, 101-119.

57. M. Lopez Salon, L. Pasquini, M. Besio Moreno, 
J. M. Pasquini and E. Soto, Experimental 
Neurology, 2003, 180, 131-143.

58. M. Konstantinidou, J. Li, B. Zhang, Z. Wang, S. 
Shaabani, F. Ter Brake, K. Essa and A. Dömling, 
Expert Opinion on Drug Discovery, 2019, 14, 
1255-1268.

59. X. Qu, C. Jiang, M. Shan, W. Ke, J. Chen, Q. 
Zhao, Y. Hu, J. Liu, L.-P. Qin and G. Cheng, 
Journal of Chemical Information and Modeling, 
2025, 65, 613-625.

60. E. A. Omar, R. R, P. K. Das, R. Pal, G. S. 
Purawarga Matada and L. Maji, European 
Journal of Medicinal Chemistry, 2025, 281, 
117034.

61. G. Zhong, X. Chang, W. Xie and X. Zhou, Signal 
Transduction and Targeted Therapy, 2024, 9, 
308.

62. E. P. Hamilton, C. Ma, M. De Laurentiis, H. 
Iwata, S. A. Hurvitz, S. A. Wander, M. Danso, D. 
R. Lu, J. Perkins Smith, Y. Liu, L. Tran, S. 
Anderson and M. Campone, Future Oncology, 
2024, 20, 2447-2455.

63. D. van de Willige, C. C. Hoogenraad and A. 
Akhmanova, Cellular and Molecular Life 
Sciences, 2016, 73, 2053-2077.

64. K. Iqbal, F. Liu, C. X. Gong and I. Grundke-Iqbal, 
Current Alzheimer Research, 2010, 7, 656-664.

65. G. B. Frisoni, D. Altomare, D. R. Thal, F. Ribaldi, 
R. van der Kant, R. Ossenkoppele, K. Blennow, 
J. Cummings, C. van Duijn, P. M. Nilsson, P.-Y. 
Dietrich, P. Scheltens and B. Dubois, Nature 
Reviews Neuroscience, 2022, 23, 53-66.

66. T.-T. Chu, N. Gao, Q.-Q. Li, P.-G. Chen, X.-F. 
Yang, Y.-X. Chen, Y.-F. Zhao and Y.-M. Li, Cell 
Chemical Biology, 2016, 23, 453-461.

67. R. B. Kargbo, ACS Medicinal Chemistry Letters, 
2019, 10, 699-700.

68. W. Wang, Q. Zhou, T. Jiang, S. Li, J. Ye, J. Zheng, 
X. Wang, Y. Liu, M. Deng, D. Ke, Q. Wang, Y. 
Wang and J.-Z. Wang, Theranostics, 2021, 11, 
5279-5295.

69. M. C. Silva, F. M. Ferguson, Q. Cai, K. A. 
Donovan, G. Nandi, D. Patnaik, T. Zhang, H.-T. 
Huang, D. E. Lucente, B. C. Dickerson, T. J. 
Mitchison, E. S. Fischer, N. S. Gray and S. J. 
Haggarty, eLife, 2019, 8, e45457.

70. D. Yao, T. Li, L. Yu, M. Hu, Y. He, R. Zhang, J. 
Wu, S. Li, W. Kuang, X. Yang, G. Liu and Y. Xie, 
Frontiers in Pharmacology, 2024, 15, 1351792.

71. Q. L. Sievers, G. Petzold, R. D. Bunker, A. 
Renneville, M. Słabicki, B. J. Liddicoat, W. 
Abdulrahman, T. Mikkelsen, B. L. Ebert and N. 
H. Thomä, Science, 2018, 362, eaat0572.

72. M. Lu, T. Liu, Q. Jiao, J. Ji, M. Tao, Y. Liu, Q. You 
and Z. Jiang, European Journal of Medicinal 
Chemistry, 2018, 146, 251-259.

73. D. Seebach, A. Lukaszuk, K. Patora-Komisarska, 
D. Podwysocka, J. Gardiner, M.-O. Ebert, J. C. 
Reubi, R. Cescato, B. Waser, P. Gmeiner, H. 
Hübner and C. Rougeot, Chemistry & 
Biodiversity, 2011, 8, 711-739.

74. A. Claxton, L. Baker, A. Hanson, B. Cholerton, E. 
Trittschuh, A. Morgan, M. Callaghan, M. 
Arbuckle, C. Behl and S. Craft, Alzheimer's & 
Dementia, 2013, 9, P657-P657.

75. W. Alabsi, B. B. Eedara, D. Encinas-Basurto, R. 
Polt and H. M. Mansour, Pharmaceutics, 2022, 
14, 1870.

76. I. Rippin and H. Eldar-Finkelman, Cells, 2021, 
10, 262.

77. M. Maqbool, M. Mobashir and N. Hoda, 
European Journal of Medicinal Chemistry, 2016, 
107, 63-81.

Page 20 of 25RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21

Please do not adjust margins

Please do not adjust margins

78. H. Eldar-Finkelman, Trends in Molecular 
Medicine, 2002, 8, 126-132.

79. A. R. Crespo, S. G. Luna, B. Moës, A. Rodriguez 
and C. E. Rudd, J Cancer Biol, 2024, 5, 11-16.

80. N. Jitendra Joshi and A. Raja Sekhar Reddy, 
Results in Chemistry, 2024, 7, 101500.

81. M. Llorens-Marítin, J. Jurado, F. Hernández and 
J. Ávila, Frontiers in Molecular Neuroscience, 
2014, 7, 46.

82. M. Culbreth and M. Aschner, F1000Research, 
2018, 7, 1043.

83. J. Li, S. Ma, J. Chen, K. Hu, Y. Li, Z. Zhang, Z. Su, 
J. R. Woodgett, M. Li and Q. Huang, Frontiers in 
Molecular Neuroscience, 2020, 13, 81.

84. Y. Cheng, M. Pardo, R. d. S. Armini, A. Martinez, 
H. Mouhsine, J.-F. Zagury, R. S. Jope and E. 
Beurel, Brain, Behavior, and Immunity, 2016, 
53, 207-222.

85. A. C. Amaral, B. G. Perez-Nievas, M. Siao Tick 
Chong, A. Gonzalez-Martinez, H. Argente-
Escrig, S. Rubio-Guerra, C. Commins, S. Muftu, 
B. Eftekharzadeh, E. Hudry, Z. Fan, P. Ramanan, 
S. Takeda, M. P. Frosch, S. Wegmann and T. 
Gomez-Isla, iScience, 2021, 24, 102058.

86. A. M. Albeely, O. O. F. Williams and M. L. 
Perreault, Cellular and Molecular Neurobiology, 
2022, 42, 1341-1353.

87. Q. Zhou, S. Li, M. Li, D. Ke, Q. Wang, Y. Yang, G.-
P. Liu, X.-C. Wang, E. Liu and J.-Z. Wang, 
eBioMedicine, 2022, 78, 103970.

88. H. Yu, M. Xiong and Z. Zhang, Frontiers in 
Molecular Neuroscience, 2023, 16, 1209703.

89. P. Chakraborty, A. Ibáñez de Opakua, J. A. 
Purslow, S. A. Fromm, D. Chatterjee, M. 
Zachrdla, S. Zhuang, S. Puri, B. Wolozin and M. 
Zweckstetter, Proceedings of the National 
Academy of Sciences, 2024, 121, e2414176121.

90. C. L. Sayas and J. Ávila, Cells, 2021, 10, 721.
91. X. Li and R. S. Jope, Neuropsychopharmacology, 

2010, 35, 2143-2154.
92. F. L'Episcopo, J. Drouin-Ouellet, C. Tirolo, A. 

Pulvirenti, R. Giugno, N. Testa, S. Caniglia, M. F. 
Serapide, G. Cisbani, R. A. Barker, F. Cicchetti 
and B. Marchetti, Cell Death & Disease, 2016, 7, 
e2206-e2206.

93. E.-M. Jung, M. Ka and W.-Y. Kim, Molecular 
Neurobiology, 2016, 53, 3954-3966.

94. E. Beurel and R. S. Jope, Neuroscience, 2010, 
169, 1063-1070.

95. E. Lauretti, O. Dincer and D. Praticò, Biochimica 
et Biophysica Acta (BBA) - Molecular Cell 
Research, 2020, 1867, 118664.

96. C. J. Dunning, G. McGauran, K. Willén, G. K. 
Gouras, D. J. O’Connell and S. Linse, ACS 
Chemical Neuroscience, 2016, 7, 161-170.

97. B. DaRocha-Souto, M. Coma, B. G. Pérez-
Nievas, T. C. Scotton, M. Siao, P. Sánchez-
Ferrer, T. Hashimoto, Z. Fan, E. Hudry, I. 
Barroeta, L. Serenó, M. Rodríguez, M. B. 
Sánchez, B. T. Hyman and T. Gómez-Isla, 
Neurobiology of Disease, 2012, 45, 425-437.

98. S. M. Arciniegas Ruiz and H. Eldar-Finkelman, 
Frontiers in Molecular Neuroscience, 2022, 14, 
792364.

99. X. Jiang, J. Zhou, Y. Wang, X. Liu, K. Xu, J. Xu, F. 
Feng and H. Sun, European Journal of Medicinal 
Chemistry, 2021, 210, 112949.

100. L. Qu, S. Li, L. Ji, S. Luo, M. Ding, F. Yin, C. Wang, 
H. Luo, D. Lu, X. Liu, W. Peng, L. Kong and X. 
Wang, European Journal of Medicinal 
Chemistry, 2021, 226, 113889.

101. M. Guardigni, L. Pruccoli, A. Santini, A. D. 
Simone, M. Bersani, F. Spyrakis, F. Frabetti, E. 
Uliassi, V. Andrisano, B. Pagliarani, P. 
Fernández-Gómez, V. Palomo, M. L. Bolognesi, 
A. Tarozzi and A. Milelli, ACS Chemical 
Neuroscience, 2023, 14, 1963-1970.

102. A. Holmqvist, N. M. Kocaturk, C. Duncan, J. 
Riley, S. Baginski, G. Marsh, J. Cresser-Brown, 
H. Maple, K. Juvonen, G. Sathe, N. Morrice, C. 
Sutherland, K. D. Read and W. Farnaby, Nature 
Communications, 2025, 16, 8857.

103. D. S. Arroyo, J. A. Soria, E. A. Gaviglio, M. C. 
Rodriguez-Galan and P. Iribarren, International 
Immunopharmacology, 2011, 11, 1415-1421.

104. Y. Hu, J. Cui, J. Sun, X. Liu, S. Gao, X. Mei, C. Wu 
and H. Tian, Journal of Nanobiotechnology, 
2024, 22, 642.

105. A. Y. Huang, Z. Zhou, M. Talukdar, M. B. Miller, 
B. Chhouk, L. Enyenihi, I. Rosen, E. Stronge, B. 
Zhao, D. Kim, J. Choi, S. Khoshkhoo, J. Kim, J. 
Ganz, K. Travaglini, M. Gabitto, R. Hodge, E. 
Kaplan, E. Lein, P. L. De Jager, D. A. Bennett, E. 
A. Lee and C. A. Walsh, bioRxiv, 2024, DOI: 
10.1101/2024.01.03.574078, 
2024.2001.2003.574078.

106. Y. Zhao, Q. Guo, J. Tian, W. Liu and X. Wang, 
Ageing Research Reviews, 2025, 103, 102596.

107. J. Kim, J. Lim, I. D. Yoo, S. Park and J.-S. Moon, 
Redox Biology, 2023, 63, 102735.

Page 21 of 25 RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d


ARTICLE Journal Name

22 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

108. M. Calvo-Rodriguez, C. García-Rodríguez, C. 
Villalobos and L. Núñez, Frontiers in 
Immunology, 2020, 11, 1588.

109. J. X. Meng, Y. Zhang, D. Saman, A. M. Haider, S. 
De, J. C. Sang, K. Brown, K. Jiang, J. Humphrey, 
L. Julian, E. Hidari, S. F. Lee, G. Balmus, R. A. 
Floto, C. E. Bryant, J. L. P. Benesch, Y. Ye and D. 
Klenerman, Nature Communications, 2022, 13, 
2692.

110. E. Okun, K. J. Griffioen, J. D. Lathia, S.-C. Tang, 
M. P. Mattson and T. V. Arumugam, Brain 
Research Reviews, 2009, 59, 278-292.

111. S. Walter, M. Letiembre, Y. Liu, H. Heine, B. 
Penke, W. Hao, B. Bode, N. Manietta, J. Walter, 
W. Schulz-Schüffer and K. Fassbender, Cellular 
Physiology and Biochemistry, 2007, 20, 947-
956.

112. T. Lawrence, Cold Spring Harb Perspect Biol, 
2009, 1, a001651.

113. N. Martella, D. Pensabene, M. Varone, M. 
Colardo, M. Petraroia, W. Sergio, P. La Rosa, S. 
Moreno and M. Segatto, Biomedicines, 2023, 
11, 750.

114. R.-H. Shih, C.-Y. Wang and C.-M. Yang, Frontiers 
in Molecular Neuroscience, 2015, 8, 77.

115. L. Liu, C. Yang and E. Candelario-Jalil, Frontiers 
in Molecular Biosciences, 2021, 8, 748449.

116. M. B. Singh and G. C. Sartor, 
Neuropharmacology, 2020, 181, 108306.

117. N. Wang, R. Wu, D. Tang and R. Kang, Signal 
Transduction and Targeted Therapy, 2021, 6, 
23.

118. S. Zhang, P. Bai, D. Lei, Y. Liang, S. Zhen, G. 
Bakiasi, H. Pang, S. H. Choi, C. Wang, R. E. Tanzi 
and C. Zhang, Journal of Biological Chemistry, 
2022, 298, 101794.

119. H. Yang, L. Wei, Y. Xun, A. Yang and H. You, 
Molecular Therapy - Oncolytics, 2021, 21, 1-14.

120. K. Ma, X.-X. Han, X.-M. Yang and S.-L. Zhou, 
Neural Regeneration Research, 2021, 16, 1944-
1949.

121. G. E. Winter, D. L. Buckley, J. Paulk, J. M. 
Roberts, A. Souza, S. Dhe-Paganon and J. E. 
Bradner, Science, 2015, 348, 1376-1381.

122. M. Badrikoohi, A. Esmaeili-bandboni and P. 
Babaei, Brain Research Bulletin, 2022, 179, 49-
56.

123. R. Nikkar, A. Esmaeili-bandboni, M. Badrikoohi 
and P. Babaei, Metabolic Brain Disease, 2022, 
37, 1119-1131.

124. E. Benito, B. Ramachandran, H. Schroeder, G. 
Schmidt, H. Urbanke, S. Burkhardt, V. Capece, 
C. Dean and A. Fischer, Translational 
Psychiatry, 2017, 7, e1239-e1239.

125. M. Marco, V. Dmitry, M. Madina, P. Prutha, C. 
S. Gregory, V. Claude-Henry, W. Claes and F. 
Mohammad Ali, Current Alzheimer Research, 
2016, 13, 985-995.

126. E. Korb, M. Herre, I. Zucker-Scharff, R. B. 
Darnell and C. D. Allis, Nature Neuroscience, 
2015, 18, 1464-1473.

127. K. M. DeMars, C. Yang, C. I. Castro-Rivera and E. 
Candelario-Jalil, Biochemical and Biophysical 
Research Communications, 2018, 497, 410-415.

128. J. Lu, Y. Qian, M. Altieri, H. Dong, J. Wang, K. 
Raina, J. Hines, James D. Winkler, Andrew P. 
Crew, K. Coleman and Craig M. Crews, 
Chemistry & Biology, 2015, 22, 755-763.

129. Y. C. Wong and D. Krainc, Nature Medicine, 
2017, 23, 1-13.

130. B. L. van der Gaag, N. A. C. Deshayes, J. J. P. 
Breve, J. G. J. M. Bol, A. J. Jonker, J. J. M. 
Hoozemans, J.-P. Courade and W. D. J. van de 
Berg, Acta Neuropathologica, 2024, 147, 14.

131. D. Twohig and H. M. Nielsen, Molecular 
Neurodegeneration, 2019, 14, 23.

132. N. Franzmeier, S. N. Roemer-Cassiano, A. M. 
Bernhardt, A. Dehsarvi, A. Dewenter, A. 
Steward, D. Biel, L. Frontzkowski, Z. Zhu, J. 
Gnörich, J. Pescoller, F. Wagner, F. Hirsch, H. de 
Bruin, R. Ossenkoppele, C. Palleis, F. Strübing, 
M. Schöll, J. Levin, M. Brendel and G. U. 
Höglinger, Molecular Neurodegeneration, 2025, 
20, 31.

133. F. V. Nardi, G. Maisumu, Y. Zhou, B. Liang and 
A. M. Yakoub, STAR Protocols, 2024, 5, 103447.

134. R. B. Kargbo, ACS Medicinal Chemistry Letters, 
2020, 11, 1086-1087.

135. W. Zhu, W. Zhang, J. Chen, Y. Tong, F. Xu and J. 
Pang, Journal of Medicinal Chemistry, 2024, 67, 
3448-3466.

136. J. Detka, N. Płachtij, M. Strzelec, A. Manik and 
K. Sałat, Molecules, 2024, 29, 4354.

137. X. Zhu, C. A. Rottkamp, H. Boux, A. Takeda, G. 
Perry and M. A. Smith, Journal of 
Neuropathology & Experimental Neurology, 
2000, 59, 880-888.

138. C. Falcicchia, F. Tozzi, O. Arancio, D. M. 
Watterson and N. Origlia, International Journal 
of Molecular Sciences, 2020, 21, 5624.

Page 22 of 25RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 23

Please do not adjust margins

Please do not adjust margins

139. S. H. Son, N.-R. Lee, M. S. Gee, C. W. Song, S. J. 
Lee, S.-K. Lee, Y. Lee, H. J. Kim, J. K. Lee, K.-S. 
Inn and N.-J. Kim, ACS Central Science, 2023, 9, 
417-426.

140. J. Heo, H. Shin, J. Lee, T. Kim, K.-S. Inn and N.-J. 
Kim, Bioorganic & Medicinal Chemistry Letters, 
2015, 25, 3694-3698.

141. E. Tassinari and A. Milelli, RSC Med Chem, 
2025, 16, 5862-5872.

142. S. Simonovitch, E. Schmukler, A. Bespalko, T. 
Iram, D. Frenkel, D. M. Holtzman, E. Masliah, D. 
M. Michaelson and R. Pinkas-Kramarski, J 
Alzheimers Dis, 2016, 51, 915-927.

143. L. Minthon, C. Hesse, M. Sjögren, E. Englund, L. 
Gustafson and K. Blennow, Neuroscience 
Letters, 1997, 226, 65-67.

144. I. Har-Paz, E. Arieli and A. Moran, Neurobiology 
of Disease, 2021, 155, 105373.

145. M. G. Tan, F. T. Lim, C. Y. Low, H. L. Ong and M. 
K. Lai, Alzheimer's & Dementia, 2025, 21, 
e106741.

146. K. Yang, J. Belrose, C. H. Trepanier, G. Lei, M. F. 
Jackson and J. F. MacDonald, J Alzheimers Dis, 
2011, 27, 243-252.

147. G. Marotta, F. Basagni, M. Rosini and A. 
Minarini, Curr Med Chem, 2022, 29, 4738-4755.

148. B. Ma, M. Peng, S. Zhang, Q. Zhou, L. Wang, Y. 
Zhang, Q. Luo, J. An, H. Mu, H. Zhang, Z. Li, X. 
Yin, Y. Duan and D. Wang, Applied Catalysis B: 
Environment and Energy, 2025, 364, 124857.

149. R. Palacios-Pelaez, W. J. Lukiw and N. G. Bazan, 
Molecular Neurobiology, 2010, 41, 367-374.

150. C. W. Pugh and P. J. Ratcliffe, Nature Medicine, 
2003, 9, 677-684.

151. X. Sun, G. He, H. Qing, W. Zhou, F. Dobie, F. Cai, 
M. Staufenbiel, L. E. Huang and W. Song, 
Proceedings of the National Academy of 
Sciences, 2006, 103, 18727-18732.

152. A. G. Magar, V. K. Morya, M. K. Kwak, J. U. Oh 
and K. C. Noh, International Journal of 
Molecular Sciences, 2024, 25, 3313.

153. Z. Liu, T. Li, P. Li, N. Wei, Z. Zhao, H. Liang, X. Ji, 
W. Chen, M. Xue and J. Wei, Oxidative 
Medicine and Cellular Longevity, 2015, 2015, 
352723.

154. T. Sen, P. Saha, T. Jiang and N. Sen, Proceedings 
of the National Academy of Sciences, 2020, 
117, 4418-4427.

155. W. Li, C. Gao, L. Zhao, Z. Yuan, Y. Chen and Y. 
Jiang, European Journal of Medicinal Chemistry, 
2018, 151, 237-247.

156. I. You, E. C. Erickson, K. A. Donovan, N. A. 
Eleuteri, E. S. Fischer, N. S. Gray and A. Toker, 
Cell Chemical Biology, 2020, 27, 66-73.e67.

157. A. Caccamo, A. Magrì, D. X. Medina, E. V. 
Wisely, M. F. López-Aranda, A. J. Silva and S. 
Oddo, Aging Cell, 2013, 12, 370-380.

158. J.-J. Pei, W.-L. An, X.-W. Zhou, T. Nishimura, J. 
Norberg, E. Benedikz, J. Götz and B. Winblad, 
FEBS Letters, 2006, 580, 107-114.

159. B. Kaplan, Y. Qazi and J. R. Wellen, 
Transplantation Reviews, 2014, 28, 126-133.

160. E. Seto and M. Yoshida, Cold Spring Harb 
Perspect Biol, 2014, 6, a018713.

161. P. Bai, P. Mondal, Y. Liu, A. Gomm, C. Suen, L. 
Yang, B. Zhu, H. Sun, C. Ran, S. Shen, R. E. Tanzi, 
C. Zhang and C. Wang, Alzheimer's & Dementia, 
2025, 21, e14616.

162. P. Agarwal, D. L. Reid and M. Amiji, Journal of 
Controlled Release, 2024, 372, 661-673.

163. M. Janicka, M. Sztanke and K. Sztanke, 
Molecules, 2024, 29, 287.

164. B. B. Freeman, L. Yang and Z. Rankovic, 
European Journal of Medicinal Chemistry, 2019, 
182, 111643.

165. J. D. Scott, D. E. DeMong, T. J. Greshock, K. 
Basu, X. Dai, J. Harris, A. Hruza, S. W. Li, S.-I. 
Lin, H. Liu, M. K. Macala, Z. Hu, H. Mei, H. 
Zhang, P. Walsh, M. Poirier, Z.-C. Shi, L. Xiao, G. 
Agnihotri, M. A. S. Baptista, J. Columbus, M. J. 
Fell, L. A. Hyde, R. Kuvelkar, Y. Lin, C. Mirescu, J. 
A. Morrow, Z. Yin, X. Zhang, X. Zhou, R. K. 
Chang, M. W. Embrey, J. M. Sanders, H. E. 
Tiscia, R. E. Drolet, J. T. Kern, S. M. Sur, J. J. 
Renger, M. T. Bilodeau, M. E. Kennedy, E. M. 
Parker, A. W. Stamford, R. Nargund, J. A. 
McCauley and M. W. Miller, Journal of 
Medicinal Chemistry, 2017, 60, 2983-2992.

166. T. Tashima, Antibodies, 2023, 12, 43.
167. P. S. Dragovich, T. H. Pillow, R. A. Blake, J. D. 

Sadowsky, E. Adaligil, P. Adhikari, S. Bhakta, N. 
Blaquiere, J. Chen, J. dela Cruz-Chuh, K. E. 
Gascoigne, S. J. Hartman, M. He, S. Kaufman, T. 
Kleinheinz, K. R. Kozak, L. Liu, L. Liu, Q. Liu, Y. 
Lu, F. Meng, M. M. Mulvihill, A. O’Donohue, 
R. K. Rowntree, L. R. Staben, S. T. Staben, J. 
Wai, J. Wang, B. Wei, C. Wilson, J. Xin, Z. Xu, H. 
Yao, D. Zhang, H. Zhang, H. Zhou and X. Zhu, 
Journal of Medicinal Chemistry, 2021, 64, 2534-
2575.

Page 23 of 25 RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d


ARTICLE Journal Name

24 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

168. X. Teng, X. Zhao, Y. Dai, X. Zhang, Q. Zhang, Y. 
Wu, D. Hu and J. Li, Journal of the American 
Chemical Society, 2024, 146, 27382-27391.

169. R. G. Guenette, S. W. Yang, J. Min, B. Pei and P. 
R. Potts, Chemical Society Reviews, 2022, 51, 
5740-5756.

170. M. Schapira, M. F. Calabrese, A. N. Bullock and 
C. M. Crews, Nature Reviews Drug Discovery, 
2019, 18, 949-963.

171. M. Békés, D. R. Langley and C. M. Crews, 
Nature Reviews Drug Discovery, 2022, 21, 181-
200.

172. J. Choi, A. I. Levey, S. T. Weintraub, H. D. Rees, 
M. Gearing, L.-S. Chin and L. Li, Journal of 
Biological Chemistry, 2004, 279, 13256-13264.

173. H. L. Hou, Y. X. Shen, H. Y. Zhu, H. Sun, X. B. 
Yan, H. Fang and J. N. Zhou, J Neurosci Res, 
2006, 84, 1862-1870.

174. J. M. Deger, J. E. Gerson and R. Kayed, Aging 
Cell, 2015, 14, 715-724.

175. O. I. Kechko, I. Y. Petrushanko, C. S. Brower, A. 
A. Adzhubei, A. A. Moskalev, K. I. Piatkov, V. A. 
Mitkevich and A. A. Makarov, Aging (Albany 
NY), 2019, 11, 6134-6152.

176. C. G. Almeida, R. H. Takahashi and G. K. Gouras, 
J Neurosci, 2006, 26, 4277-4288.

177. Z. Wei, K. Zeng, J. Hu, X. Li, F. Huang, B. Zhang, 
J.-Z. Wang, R. Liu, H.-L. Li and X. Wang, Cell 
Death & Disease, 2022, 13, 726.

178. M. Ravalin, P. Theofilas, K. Basu, K. A. Opoku-
Nsiah, V. A. Assimon, D. Medina-Cleghorn, Y.-F. 
Chen, M. F. Bohn, M. Arkin, L. T. Grinberg, C. S. 
Craik and J. E. Gestwicki, Nature Chemical 
Biology, 2019, 15, 786-794.

179. L. Wang, B. Sooram, R. Kumar, S. Schedin-
Weiss, L. O. Tjernberg and B. Winblad, 
Alzheimer's & Dementia, 2025, 21, e70048.

180. J. A. O’Hanlon, K. Gutsche, J. E. Müller, N. 
Ranjan Prusty, A. Mirza, T. I. Roumeliotis, H. 
Yang, M. Stubbs, S. T. Hallett, L. Eing, P. C. 
McAndrew, J. S. Choudhary, Y.-V. Le Bihan, J. 
Caldwell, R. L. M. van Montfort, P. Workman, E. 
Wolf, G. K. Newton and L. E. Evans, Journal of 
Medicinal Chemistry, 2026, 69, 1552-1567.

181. S. Islam, H. Jin, D. Liu, D. Lu, Y. Zhang, E. 
Christenson, R. Chang, J. Austin, A. Faustino, T. 
Beer, H. Y. Tang, L. Huang, J. R. Tonra and L. 
Busino, Genes Dev, 2025, DOI: 
10.1101/gad.352916.125.

182. N. Y. Zhang, D. Y. Hou, X. J. Hu, J. X. Liang, M. D. 
Wang, Z. Z. Song, L. Yi, Z. J. Wang, H. W. An, W. 

Xu and H. Wang, Angew Chem Int Ed Engl, 
2023, 62, e202308049.

183. L. Zhang, B. Riley-Gillis, P. Vijay and Y. Shen, 
Molecular Cancer Therapeutics, 2019, 18, 1302-
1311.

184. M. Xing and W. Song, Science, 2025, 389, 571-
572.

185. B. Gong, W. Zhang, W. Cong, Y. Gu, W. Ji, T. Yin, 
H. Zhou, H. Hu, J. Zhuang, Y. Luo, Y. Liu, J. Gao 
and Y. Yin, Advanced Healthcare Materials, 
2024, 13, 2400149.

186. F. Li, Q. Hu, Y. Zhou, H. Yang and F. Bai, 
Briefings in Bioinformatics, 2024, 25.

187. C.-L. Chou, C.-T. Lin, C.-T. Kao and C.-C. Lin, ACS 
Omega, 2024, 9, 38371-38384.

188. Y. Wang, X. Wang, T. Liu, C. Wang, Q. Meng, F. 
Meng, J. Yu, J. Liu, Y. Fan, D. Gennert, F. W. 
Pun, A. Aliper, F. Ren, M. Zhang, X. Cai, X. Ding 
and A. Zhavoronkov, Nature Communications, 
2025, 16, 10759.

Page 24 of 25RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d


No primary research results, software or code have been included and no new data were 

generated or analysed as part of this review.

Page 25 of 25 RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00963D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00963d

