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Abstract

Background: (3-site amyloid precursor protein cleaving enzyme 1 (BACE1) inhibitors demon-
strated amyloid-lowering efficacy but failed in phase II/III clinical trials due to adverse
effects and limited disease-modifying outcomes. This study employed an integrated network
pharmacology and molecular docking approach to quantitatively elucidate the multitarget
mechanisms of 4 (phase II/IIl) discontinued BACE1 inhibitors (Verubecestat, Lanabeces-
tat, Elenbecestat, and Umibecestat) and the preclinical compound AM-6494 in Alzheimer’s
disease (AD). Methods: Drug-associated targets were intersected with AD-related genes
to construct a protein—protein interaction (PPI) network, followed by topological analysis
to identify hub proteins. Gene Ontology (GO) and KEGG pathway enrichment analyses
were performed using statistically significant thresholds (p < 0.05, FDR-adjusted). Molecular
docking was conducted using AutoDock Vina to quantify binding affinities and interaction
modes between the selected compounds and the identified hub proteins. Results: Network
analysis identified 10 hub proteins (CASP3, STAT3, BCL2, AKT1, MTOR, BCL2L1, HSP90AA1,
HSP90AB1, TNFE, and MDM2). GO enrichment highlighted key biological processes, including
the negative regulation of autophagy, regulation of apoptotic signalling, protein folding, and
inflammatory responses. KEGG pathway analysis revealed significant enrichment in the
PIBK-AKT-MTOR signalling, apoptosis, and TNF signalling pathways. Molecular docking
demonstrated strong multitarget binding, with binding affinities ranging from approximately
—6.6 to —11.4 kcal/mol across the hub proteins. Umibecestat exhibited the strongest bind-
ing toward AKT1 (—11.4 kcal/mol), HSP90AB1 (—9.5 kcal/mol), STAT3 (—8.9 kcal/mol),
HSP90AA1 (—8.5 kcal/mol), and MTOR (—8.3 kcal/mol), while Lanabecestat showed high
affinity for AKT1 (—10.6 kcal/mol), HSP90AA1 (—9.9 kcal/mol), BCL2L1 (—9.2 kcal/mol),
and CASP3 (—8.5 kcal/mol), respectively. These interactions were stabilized by conserved
hydrogen bonding, hydrophobic contacts, and 7—alkyl interactions within key regulatory
domains of the target proteins, supporting their multitarget engagement beyond BACE1
inhibition. Conclusions: This study demonstrates that clinically failed BACE1 inhibitors
engage multiple non-structural regulatory proteins that are central to AD pathogenesis,
particularly those governing autophagy, apoptosis, proteostasis, and neuroinflammation. The
identified ligand-hub protein complexes provide a mechanistic rationale for repurposing
and optimization strategies targeting network-level dysregulation in Alzheimer’s disease,
warranting further in silico refinement and experimental validation.
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1. Introduction

Alzheimer’s disease (AD), as a progressively multifaceted neurodegenerative con-
dition of the brain, is generally related to the impairment or death of neurons as the
main pathophysiology. Memory impairment and erratic, illogical conduct are linked to
another type of dementia, particularly in older adults over 60. Neurofibrillary tangles and
B-amyloid plaques are the two hallmarks of AD. 3-Amyloid precursor protein cleaving
enzyme 1 (BACE1), also known as 3-secretase, cleaves the amyloid precursor protein (APP)
to produce -amyloid plaques [1].

Since the discovery of BACE1 in 1999, it has become a major focus for developing
drugs to inhibit or reduce 3-amyloid aggregates in the brain. Reducing or inhibiting the
accumulation of 3-amyloid has long been the target in the design of drugs for AD treatment.
Researchers had thought that designing strong, selective BACE1 inhibitors with minimal
or no side effects might be made easier with a solid understanding of the distinctive
features of BACE1 [1,2]. The Food and Drug Administration (FDA) has only approved
five medications thus far to treat Alzheimer’s disease, and none of them target BACEL1 [3].
Many previous and ongoing investigations have concentrated on BACE1's therapeutic roles
as a target in the management of AD during the roughly two decades since its discovery.
Previous attempts have been made to create a few tiny pharmacological compounds that
effectively inhibit BACE1. Verubecestat, lanabecestat, elenbecestat, and umibecestat (CNP-
520) are a few of the BACE1 inhibitors that were first identified. Despite the fact that
these inhibitors dramatically reduced (3-amyloid plaques in patients with neurological
Alzheimer’s throughout their phase 3 clinical trials, they were abruptly stopped due to
health issues. The lack of BACE-targeted medications for the therapy of AD is partly due
to the end of these clinical trials [4,5].

In 2019, a novel, potent, orally effective, and highly selective AM-6494 BACEI1 inhibitor
was discovered. This novel BACEL1 inhibitor exhibited no fur coloration and common skin
alteration, as observed with some initial BACE1 inhibitors. AM-6494, with an IC50 value of
0.4 nM in vivo, was selected and evaluated in preclinical phase trials [6]. Subsequently, the
inhibition properties of this novel BACEL1 inhibitor at the atomic and molecular levels of
BACE1 were evaluated by ugbaja et al. [1,7]. Despite continued efforts to target BACE 1
in AD treatment, researchers have yet to design a successful BACE 1 inhibitor with ap-
preciable efficiency and selectivity in the treatment of AD. AM-6494 was selected as a
comparative benchmark due to its high potency and greater BACE1 selectivity over BACE2,
resulting in improved side-effect profiles in preclinical models [6]. This contextualizes its
role as a preclinical comparator to late-stage clinical failures (e.g., verubecestat, lanabeces-
tat, elenbecestat, umibecestat), which failed not due to a lack of biochemical activity but
because of adverse effects and a lack of clinical benefit. Phase II/III BACE1 inhibitors
that have been discontinued are selected for repurposing due to their well-established
pharmacokinetic characteristics, verified central nervous system penetration, and proven
human target engagement. The high potency and structural optimization of these com-
pounds offer a useful starting point for repositioning within a multitarget therapeutic
framework, although they were unable to achieve clinical benefit as monotherapies due to
side effects or limited cognitive enhancement. Repurposing clinically advanced BACE1
inhibitors presents a strategic opportunity to leverage previously unidentified off-target
interactions with key regulatory proteins involved in autophagy, apoptosis, proteostasis,
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and neuroinflammation, thereby addressing disease complexity beyond amyloid-centric
approaches, given the multifaceted nature of Alzheimer’s disease. Alternative exploration
of other targets could yield the long-anticipated relative treatment for AD. Therefore, this
study aims to examine the molecular mechanisms underlying the therapeutic effects of dis-
continued BACE]1 inhibitors through drug repurposing, utilizing network pharmacology,
molecular docking, and protein-drug interaction predictions.

2. Results and Discussion

A Venn diagram of BACEL1 inhibitors and AD identified 292 common proteins, as
shown in Figure 1. As depicted in Figure 1, 24 (0.2%) unique protein targets for BACE1
that are not associated with AD, marked in the blue region. There are 15,214 (98%) specific
AD proteins not linked to BACE1, shown in the yellow region. The 1.9% (292) common
proteins linked to BACE1 and AD indicate shared treatment targets, therefore constitute
the primary focus for further investigation, including PPI, KEGG, GO, molecular docking,
and protein-ligand interaction analysis.

BACE1 AD

Figure 1. A Venn diagram of BACE1 and AD common proteins.

Further investigation into BACE1-AD-associated biological processes is made easier
by the PPI network, as depicted in Figure 2 below, which illustrates BACE1-AD interactions
with a high degree of certainty. A highly dense, critical protein at the centre, with widely
dispersed nodes, is revealed by the significant connectivity of the many networks. The
PPI reveals that BACE1 and BACE2 are among the common protein targets predicted
to be involved in AD pathogenesis, as previously reported in the literature [8]. Hub
gene identification may disclose the enrichment analysis of GO and KEGG pathways,
necessitating more research.

For the identification of hub proteins from the 292 BACE1-AD common proteins, an
inijtial prediction of fifty (50) was computed using the CytoHubba app in Cytoscape 3.10.3,
employing the Maximal Clique Centrality (MCC) and Degree topological analytic methods.
The MCC is used to find the largest cliques. A gene or protein node is crucial for network
stability and function, indicating that it is a vital biological process. It is quite sensitive
and precise when it comes to identifying hub genes in highly dense and coupled networks.
Degree centrality, then, is the direct number of connections between various nodes. The
direct connections improve with the number of nodes. Degrees are employed in preliminary
selection, but because they occasionally leave out crucial context specificity, they are less
accurate and sensitive than MCC [9-11]. Surprisingly, BACE1 and BACE2 were not among
the 50 and 10 hub proteins predicted in the Cytoscape, as illustrated in Figure 3A,B. This
suggests that BACE1 and BACE2 are not the primary protein targets in the hallmark of AD
and could provide a reason why there are no FDA-approved BACE1 drugs.
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Figure 2. Protein—Protein Interaction Network for BACE1-AD.
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Figure 3. Representation of AD 50 hub proteins (A), and 10 hub proteins (B).
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The identified BACE1-AD 10 hub proteins include Caspase-3 (CASP3), Signal Transducer
and Activator of Transcription 3 (STAT3), B-cell Lymphoma 2 (BCL2), AKT Serine/Threonine
Kinase 1 (AKT1), Mechanistic Target of Rapamycin (MTOR), BCL2-Like 1 (BCL2L1), Heat
Shock Protein 90 Alpha Family Class A Member 1 (HSP90A A1), Heat Shock Protein 90 Beta
Family Member 1 (HSP90AB1), Tumour Necrosis Factor (TNF), and Mouse Double Minute 2
Homolog (MDM?2) depicted in Figure 3B. These hub proteins, their functions, and implications

in AD pathogenesis are depicted in Table 1 below.

Table 1. BACE1-AD Hub Proteins, their functions, and implications.

Common Full Name Function Association Clinical References
Name Relevance
Very active in AD brains; causes
cell death, Ap-induced toxicity,
A orotein that tau cleavage, and the creation of Caspase-3 activation
‘o pu?atees neurofibrillary tangles. Active correlates with
& tosis. when caspase-3 is significantly elevated = synapse degradation
CASP3 Caspase-3 apoptosts, when in post-mortem AD brains and rather than late-stage [12-14]
important proteins . . 4
in the cell colocalizes with neurofibrillary neuronal death,
re cleaved tangles and dystrophic neurites. linking it directly to
are cle ’ Caspase-3 promotes AB-induced  cognitive decline.
synaptic loss and tau cleavage in
human neurons.
. A transcription Aberrant STAT3 activation In AD, STAT3
Signal factor that controls  exacerbates neuronal sienaline has a role in
STAT3 Transducer and how cells survive, inflammation and the astrocyte b(ih . tikine [15-17]
Activator of respond to response. In AD models, STAT3 ampli f)i,ca tion and
Transcription 3 inflammation, and  in glia lowers A3 accumulation reaftive astroeliosis
fight infections and improves cognition. & ’
Anti-apoptotic Lowering BCL2 levels makes . .
protein that stops neurons more sensitive to Af3 and T:tei ggp:;}?iﬁﬁna?tfe?eg
B-cell the release of oxidative stress. p .
BCL2 . . . BCL2 balance, which [17-20]
Lymphoma 2 cytochrome ¢ from  Higher BCL2 is protective and o . .
. . is linked to increasing
mitochondriaand  may slow down the death
neuronal death.
cell death of neurons.
Central kinase in AKT signaling is
. PI3K/AKT Impaired AKT signalling leads to  impaired in AD
AKT Serine/ P & & p
AKTL Threonin signalling that neuronal disorder, tau patients, according to [21-23]
Kinzo 1 € helps cells stay hyperphosphorylation, and CSF investigations and
se alive, grow, and AP toxicity. post-mortem
use energy hippocampus analysis.
L. The main When MTOR is overly active, it Ellevat.ed MTOR
Mechanistic controller of cell inhibits autophaey. makine it signaling correlates
MTOR Target of growth,  Sutophagy, m & with amyloid burden [24-26]
. . more difficult to eliminate A . .
Rapamycin metabolism, and and phosphorvlated tau and cognitive decline
autophagy. phosphory ’ in AD patients.
BC2L1 safeguards neurons from . .
Mitochondrial Ap-induced apoptosis. ?;sfumrict)icgfgjeiiln
BCL2L1 BCL2-Like 1 protein that stops Dysregulatlgn .leads.to AD patient neuronsis  [18,27,28]
cytochrome-c from  mitochondrial impairment and artly caused b
being released. neuronal degeneration in party v
Alzheimer’s disease. BCL2L1 dysregulation.
A molecular HSP90 increases tau In human-derived
Heat Shock cha eror111e that hyperphosphorylation by neuronal models, tau
HSP9OAAL Protein 90 Alpha hel ps roteins fold stabilizing tau kinases such as pathology is decreased [29-31]
Family Class A s taps t}; ble. and ’ CDKS5 and GSK-343. Tau by pharmacological
Member 1 resyon d tol stress aggregates are decreased when suppression of
P ’ HSP90 is inhibited. HSP90AAI.
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Table 1. Cont.
Common Full Name Function Association Clinical References
Name Relevance
Proteotoxic stress causes it to be Human post-mortem
upregulated in AD; it interacts investigations show
Protein folding with tau and helps keep it stable.  that HSP90AB1 is
Heat Shock and breakdown Tau pathology is decreased by distributed differently
Protein 90 are aided by the targeting HSP90. The constitutive  across the phases of _
HSP90ABL Beta Family constitutive cytosolic HSP90 isoform, AD, suggesting that it [31-34]
Member 1 cytosolic HSP90 HSP90ABI, interacts directly with  is related to the
isoform. pathogenic tau species and advancement of the
exhibits region-specific increase in ~ disease rather than
the hippocampus of AD patients.  overall proteostasis.
Synaptic dysfunction, AB Anti-TNF treatments
. . . have demonstrated
Pro-inflammatory  generation, and chronic o L
. . . . . cognitive benefits in
Tumour Necrosis cytokine, essential ~ neuroinflammation are all driven observational studies
TNF for cell death and by elevated TNF-oc in AD. In " [35-37]
Factor . o . and elevated TNF-a
immune activation several models, anti-TNF
. levels are correlated
processes therapies have been shown to . o
. - . with cognitive
improve cognitive function. . .
impairment.
Human
Neuronal death as a result of 2ieil;c;isg:3§£a;;V§D
E3 ubiquitin ligase, altered MDM2-p53 signalling. have bee;n shown to !
Mouse Double which controls cell ~ AD is associated with p53 exhibit dvsreeulation
MDM2 Minute 2 development/ accumulation (caused by ) . [38-40]
. L. . of the MDM2-p53 axis,
Homolog apoptosis and decreased MDM2 activity), which which links
p53 stability. stimulates apoptosis in response .
to A compromised
’ proteostasis to
neuronal death.

Using the FDR cut-off (0.05), the minimum pathway size (2), and the maximum
pathway size (2000), the 10 most critical AD pathways were computed. In this study, under
the Pathway database menu, all available gene sets, including GO biological process, GO
cellular component, GO molecular function, and KEGG, are chosen and analysed separately.
The findings are discussed and presented in Table 2 below and further illustrated in the
Supplementary Figures S1-S5.

Table 2. Ten (10) top AD pathways selected and sorted by FDR and Fold Enrichment.
Enrichment FDR nGenes Pathway Genes Fold Enrichment Pathways (Click for Details)
1.5 x 1077 5 75 155.1 Platinum drug resistance
1.5 x 1077 5 79 147.2 EGER tyrosine kinase inhibitor resistance
49 x 1071 6 97 1439 Prostate cancer
8.4 x 1071 6 111 125.7 Toxoplasmosis
3.3x 10713 8 215 86.5 Lipid and atherosclerosis
1.1 x 107° 6 181 77.1 Herpes simplex virus 1 infection
1.5 x 1077 6 202 69.1 Epstein-Barr virus infection
1.5 x 1077 6 203 68.7 Proteoglycans in cancer
7.6 x 10710 7 362 45 PI3K-Akt signalling pathway
1.2 x 10712 9 529 39.6 Pathways in cancer
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The KEGG enrichment analysis of the proteins linked to AD (CASP3, STAT3, BCL2,
AKT1, MTOR, BCL2L1, HSP90AA1, HSP90AB1, TNE, and MDM2) shows a notable over-
representation of pathways associated with apoptosis, neuroinflammation, proteostasis,
vascular dysfunction, and infection processes that are increasingly acknowledged as being
crucial to the pathogenesis of AD. The very low FDR values (10~°~10~'%) and high fold-
enrichment scores (45-155x) indicate that the enriched pathways are statistically significant
and not due to random chance. This shows that the AD-associated proteins cluster strongly
within a small set of biologically meaningful processes. These data indicate that these
pathways, especially PI3BK-AKT-MTOR signalling, apoptosis, neuroinflammation, lipid
dysregulation, and viral-response pathways, are not minor but rather major molecular
processes that contribute to the development of AD. The dysregulation of AKT1 and
MTOR in AD has been previously reported in the literature [41,42]. The significance of
mitochondrial apoptosis in AD, where elevated CASP3 activation and BCL2/BCL2L1
imbalance contribute to progressive neuronal loss, as previously reported in the literature,
is reflected in the enrichment of apoptosis-associated pathways, such as platinum treatment
resistance and cancer-related signalling [43,44]. Consequently, HSP90 proteins stabilize tau
kinases and promote the build-up of hyperphosphorylated tau, a characteristic feature of
AD. Therefore, the presence of HSP90AA1 and HSP90AB1 within these pathways further
emphasizes proteostatic failure [45].

Table 2 further illustrates the significant enrichment of neuroinflammatory and
cytokine-driven pathways, including TNF signalling, STAT3 activation, and infectious
disease pathways such as Epstein—Barr virus (EBV) infection and herpes simplex virus 1
(HSV-1) infection. Highly relevant and fold-enriched viral pathways were identified, which
is consistent with previous findings indicating that persistent neuroinflammation, A
overproduction, and neuronal death are caused by chronic viral reactivation, especially
HSV-1 [46]. Enriched in several pathways, TNF-oc and STAT3 are known mediators of
astrocyte reactivity, microglial activation, and synaptic dysfunction, all of which contribute
to the acceleration of cognitive loss in AD [15,36,47]. Thus, the identification of infectious
illness pathways supports the neuroinflammation-infection theory of AD by indicating that
these host-response genes are involved in both chronic neurodegenerative cascades and
antimicrobial signalling [48].

AKT1, MTOR, TNE and STAT3 are important regulators of lipid metabolism, inflam-
matory vascular remodelling, and endothelial homeostasis. Therefore, their enrichment
is in line with clinical findings showing cerebrovascular dysfunction, dyslipidaemia, and
atherosclerosis greatly raise the risk of AD and worsen A3 accumulation [49]. Proteoglycans
in cancer is another considerably enriched pathway. When combined, these KEGG findings
provide a comprehensive systems-level understanding of how AD pathogenesis is driven by
apoptosis, impaired autophagy, neuroinflammation, vascular dysfunction, and viral triggers.
The involvement of these pathways emphasizes that AD is a multifaceted network disorder
that integrates metabolic stress, proteostatic failure, immune system dysfunction, and other
factors, rather than being caused by a single molecular malfunction.

Analysis of the GO biological process includes the negative regulation of autophagy,
negative regulation of catabolic process, regulation of cellular catabolic process, regulation
of catabolic process, regulation of protein localization, response to organic cyclic compound,
response to hormone, response to abiotic stimulus, response to endogenous stimulus, and
regulation of apoptotic process, as illustrated in Figure 4A,B. The GO biological process
reveals some pivotal pathways in sustaining neural proteostasis and organelle quality
control, encompassing the regulation and inhibition of autophagy, as well as extensive
catabolic pathways and cellular catabolic processes [50]. Basal autophagy in healthy
neurons eliminates misfolded proteins, damaged organelles, and other cellular waste,
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preventing the accumulation of aggregates and maintaining cellular balance. In AD,
there is a disruption of these catabolic processes, including reduced expression of critical
autophagy-lysosomal pathway components such as Beclin-1, crucial ATG proteins, and
improper autophagosome fusion or formation, as reported in the literature [51]. This leads
to the accumulation of toxic molecules that cause neuronal stress and degeneration, such as
misfolded or aggregated Af3, hyperphosphorylated tau, and damaged mitochondria [52].
Additionally, autophagy dysregulation and apoptosis regulation are linked. For example,
anti-apoptotic Bcl-2 family members bind to Beclin-1, suppressing autophagy initiation
and tilting the balance toward cell death rather than survival or cleaning [53]. The GO
biological process further underlines how deficiencies in the negative control of autophagy,
the regulation of catabolic processes and protein localization, and the regulation of apoptotic
processes intersect to promote AD pathogenesis.

A: Bar plot B: Network
Neg. reg. of autophagy = =———————————— Mol Senes.
Neg. reg. of catabolic proc. = =———e o S Reg. of protein localization
. 5
. of cell bolic proc. = =—e :
Reg. of cellular catabolic pro: s . Reg. of afopiohs rece
Reg. of catabolic proc. - —@ e 3
Reg. of protein localization - . ?0 Résponse to abiotic:stimulusResponse to hormone
Response to organic cyclic compound - —e g
Response to hormone - —® E
Response to abiotic stimulus - —® -log10(FOR) Reg. of catabolic proe:
Response to endogenous stimulus - —® ® s ) Responseto organic cyclic
SO gompound
Reg. of apoptotic proc .—. ) . : L Neg. reg’ of catabolic proc/
0 30 60 90
Fold Enrichment
Neg. reg. of autophagy Reg. of cellular catabolic

proc.

Response to endogenous
stimulus

Figure 4. (A,B) depict Gene Ontology (GO) biological process enrichment analysis of the ten BACE1-AD
hub proteins. The bar plots highlight significantly enriched processes related to negative regulation of
autophagy, regulation of catabolic processes, and regulation of apoptotic pathways, indicating impaired
protein clearance, defective cellular recycling, and apoptosis as central mechanisms in Alzheimer’s
disease. These results emphasize autophagy-apoptosis imbalance as a major functional consequence of
the identified multitarget network.

Moreover, neuronal responses to endogenous and external stimuli, including oxidative
stress, metabolic imbalance, or inflammatory signals, often trigger adaptive alterations
in autophagy, protein trafficking, and subcellular protein localization. Consequently, GO
biological process pathways, such as response to organic cyclic compounds, hormones,
abiotic stimuli, and endogenous stimuli, reflect this larger regulatory potential. Reactive
oxygen species, neuroinflammation, metabolic dysfunction, and other stresses exacerbate
autophagy impairment, lysosomal dysfunction, and protein localization disruption in AD,
thereby increasing aggregate formation and organelle damage [54,55]. A recent study by
Zhou et al. also shows that restoring appropriate autophagy and catabolic flux can alleviate
Ap and tau pathology, reduce neuroinflammation, and sometimes improve cognitive
outcomes in animal models [56]. This can be achieved through the selective degradation of
damaged mitochondria (mitophagy), the enhancement of autophagosome-lysosome fusion,
or the modulation of upstream signalling, including MTOR [56]. Collectively, these results
support the biological relevance of GO processes in controlling autophagy, catabolism,
protein localization, and cellular stress responses as essential mechanisms in AD, and
support their application as functional annotation for evaluating AD-related gene sets.

https://doi.org/10.3390/ph19010138


https://doi.org/10.3390/ph19010138

Pharmaceuticals 2026, 19, 138

9 of 20

GO Cellular Components include dendritic growth cone, Bcl-2 family protein com-
plex, dendrite terminus, axonal growth cone, mitochondrial outer membrane, organelle
outer membrane, outer membrane, neuronal cell body, cell body, and somatodendritic
compartment as illustrated in Figure 5A,B below.

.
A: Bar Plot B: Network
"
Neuronal celtpody
% Ceill body
Dendrilic growth cone - N. of Genes Dendrite (rgous 3
Bcl-2 family protein complex - ————————— = 2 Somirodendritic compartment
Dendrite terminus - . 3 Axonal growth cofie
Axonal growth cone - . ¢ Dendritic growth cone
Mitochondrial outer membrane = = ® 5
QOrganelle cuter membrane - -
Quter membraneg - -e 0g10(FDR)
Neuronal cell body - ® 238 &
Cellbody - @ ® 30 Bcl-2 family grotein omplex
: 3 'ncl‘f-o( membrane
Somatodendritic compartment - @ - a2 . e < T
'

' ' ' ' '
0 100 200 300 400 500
Fold Enrichment

Mitochondrial outeEsPhaRtrane

Figure 5. (A,B) depict GO cellular component enrichment analysis showing the subcellular localization of
BACE1-AD hub proteins. Enrichment in mitochondrial outer membrane, Bcl-2 family protein complexes,
somatodendritic compartments, and axonal/dendritic growth cones underscores the involvement of
mitochondrial dysfunction, synaptic integrity loss, and compartment-specific neuronal degeneration in
Alzheimer’s disease pathology. Bottom of Form.

Cellular compartment impairment that modulates neuronal connectivity, such as den-
dritic and axonal growth cones, dendrite termini, somatodendritic compartments, and neu-
ronal cell bodies, plays a key role in AD. Early synaptic failure is triggered by the disruption
of the growth cone and dendritic compartment. Tau-mediated cytoskeletal instability and
abnormal actin/microtubule remodelling hinder spine formation and maintenance, collapsing
the structural underpinning for plasticity and memory. These compartmental deficits are
associated with quantifiable markers of axonal and synaptic injury and are linked to increasing
cognitive loss, demonstrating that disease at growth cones and dendritic termini represents
an upstream, mechanistic step in AD neurodegeneration [57]. A pathological link exists
between compartmental structural collapse and neuron degeneration, which is mediated by
the outer mitochondrial membrane’s molecular machinery, including the Bcl-2 family protein
complex, that regulates mitophagy and apoptotic processes [58]. In susceptible neurons,
disrupted Bcl-2/BCL2L1 equilibrium drives mitochondrial outer-membrane permeabiliza-
tion, impaired proteostasis, and bioenergetic collapse. Collectively, these processes worsen
somatodendritic and axonal pathology in AD. Furthermore, it regulates caspase-driven apop-
tosis and non-canonical functions in mitophagy/autophagy [59]. Chernyuk et al. reported
that Bcl-2-regulated outer-membrane processes are intriguing targets for retaining neuronal
soma and processes in AD, because compartmentalized mitophagy and cardiolipin-mediated
outer-membrane signalling are crucial factors in determining whether damaged mitochondria
are cleared or cause cell death [60]. Therefore, targeting these hub proteins including CASP3,
STAT3, BCL2, AKT1, MTOR, BCL2L1, HSP90AA1, HSP90AB1, TNF, and MDM?2 suggests
promising drug discovering route for AD.

Lastly, GO Molecular Function includes nitric-oxide synthase regulator activity, BH3
domain binding, tetratricopeptide repeat domain binding (TPR) domain binding, disor-
dered domain-specific binding, ubiquitin protein ligase binding, protein domain-specific
binding, protein kinase binding, protein homodimerization activity, kinase binding, and
protein dimerization activity as illustrated in Figure 6A,B below.
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A: Bar Plot B: Network
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Figure 6. (A,B) depict GO molecular function enrichment analysis of BACE1-AD hub proteins.
Prominent functions include BH3-domain binding, kinase binding and dimerization, ubiquitin ligase
binding, and interactions with chaperone-associated domains, reflecting the coordinated regulation of
apoptosis, autophagy, protein quality control, and inflammatory signalling. These functions support
a multitarget, network-driven mechanism underlying Alzheimer’s disease progression.

The GO molecular function results overlap significantly with established mechanistic
pathways in Alzheimer’s disease (AD). The apoptosis/mitophagy switch and mitochondrial
outer-membrane permeabilization are directly controlled by BH3-domain binding, such as
BCL2/BCL2L1. An imbalance of connections between anti- and pro-apoptotic BCL-2 family
members at the mitochondrial outer membrane enhances cytochrome c release, caspase
activation, and neuronal death in AD models [61]. TPR-domain and disordered-domain
binding indicate an interaction between HSP90/HSP70 chaperones (HSP90AA1/HSP90AB1)
and co-chaperones, as well as pathogenic client proteins such as tau and kinases. Moreover,
TPR-mediated interactions stabilize tau-kinase complexes and proteotoxic species, thereby
hindering their removal and promoting the accumulation of these species, which in turn
leads to synaptic damage [62]. Ubiquitin-protein ligase binding, such as MDM2, and stronger
ubiquitin-proteasome interactions, attract an additional vital axis. Reduced E3 ligase activity
and proteasomal dysfunction are commonly found in AD and can modify p53 signalling, tau
ubiquitination, and downstream neuronal survival choices, thereby linking protein quality
control failure to neurodegeneration [63].

Consequently, nitric oxide (NO) synthase regulator activity, believed to be regu-
lated by cytokines and kinases such as TNF and AKT, reflects how inflammatory and
metabolic signalling adjusts NO synthesis. Dysregulated NO signalling leads to oxida-
tive damage and synapse loss in AD, indicating NO’s dual function in both synaptic
physiology and neurotoxicity [64]. In addition to these interactions, the GO functions
for protein/kinase binding and dimerization (AKT1, MTOR, STAT3, CASP3) highlight
signalling pathways that regulate survival, phosphorylation cascades, and proteoly-
sis. AKT/MTOR kinase interactions regulate autophagy and protein trafficking, while
MTOR hyperactivity inhibits autophagic clearance of A3 /tau. Moreover, STAT3 dimer-
ization promotes transcriptional programs of neuroinflammation; both processes are
sustained by HSP90 chaperone complexes that bind kinases and alter their activity in AD
models [42]. Caspase-3’s protease activity and its regulation via dimerization/activation
offer a molecular pathway for tau breakage and synapse degeneration, enabling a prote-
olytic path from signalling failure to the conventional symptoms of AD [65]. Collectively,
these molecular-function annotations, including BH3 binding, TPR-mediated chaperone
interactions, E3 ligase engagement, kinase binding/dimerization, and NO regulation,
provide an integrated functional framework in which impaired proteostasis, maladap-
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tive signalling, inflammation, and regulated cell death combine to drive AD. They also
offer feasible molecular pathways for treatment modification.

Repurposing the failed BACE1 inhibitors, including Verubecestat, Lanabecestat,
Elenbecestat, Umibecestat, and AM-6494 focusing on non-BACE1 targets such as CASP3,
STAT3, BCL2, AKT1, MTOR, BCL2L1, HSP90AA1, HSP90AB1, TNF, and MDM2, offers a
logical and promising approach considering the key involvement of these hub proteins
in neurodegeneration, inflammatory responses, and proteostasis. Considering that these
BACE]1 inhibitors lacked clinical breakthroughs due to limited cognitive improvements
and adverse reactions, their characterized pharmacokinetics and safety profiles provide a
solid basis for repurposing in a multitarget AD approach. Concurrently, several of these
identified hub proteins are critical controllers of neuron viability and apoptosis. CASP3
induces apoptosis, while BCL2/BCL2L1 regulates mitochondrial membrane integrity.
AKT1 and MTOR regulate autophagy and protein synthesis [13,19,22,25,27]. Moreover,
STAT3 and TNF are crucial in chronic brain inflammation, a known and acknowledged
contributor to AD progression. Furthermore, MDM2 regulates p53-mediated neuronal
stress responses, while HSP90AA1/AB1 contributes to tau stability and protein folding.
Monofunctional amyloid-focused medications could become multifunctional neuropro-
tective agents by structurally altering and optimizing these BACE1 scaffolds in silico to
increase affinity. These repurposed drugs are promising prospects for next-generation
therapy development, as this polypharmacological approach aligns with current data
indicating that AD is a complex illness that requires extensive pathway regulation, rather
than single-target therapies [15,30,33,36,39].

Molecular docking results (kcal/mol) of the discontinued BACE1 inhibitors with
BACEI1 protein and non-BACE1 targets such as CASP3, STAT3, BCL2, AKT1, MTOR,
BCL2L1, HSP90AA1, HSP90AB1, TNF, and MDM2 are illustrated in Table 3 below.

Table 3. Molecular docking results of BACE1 inhibitors and the hub proteins showing the binding
energy in kcal/mol.

BACEI1 Inhibitors BACE1 CASP3 STAT3 BCL2 AKT1 MTOR BCL2L1 BCL2L1 HSP90AA1 HSP90AB1 TNF MDM2
Verubecestat -89 -7.5 —8.6 -7.5 -10.3 -7.7 -75 -84 —-8.3 -10.3 -69 =77
Lanabecestat —7.6 —8.5 —-7.5 —7.4 —-10.6 —-7.3 —7.4 —-9.2 —-7.5 -9.9 -75 =82
Elenbecestat, —10.1 -74 —8.2 -7.5 -9.5 -7.6 -75 —10.6 -85 -9.3 -75 =75
Umibecestat —104 -75 -89 -85 —114 —8.3 —8.5 —8.8 —-8.5 —-9.5 -73 =73
AM-6494 —8.5 —6.6 —6.8 —-7.1 —-74 —6.8 —-6.9 -7.5 -7.1 -9.5 —-68 —6.8
Cocrystallized 10.2 —8.2 —-9.0 —-11.0 —-147 —7.6 —10.9 -9.2 —11.0 -79 -75 —-86

A distinct change from a single-target to a multi-target therapeutic approach is re-
vealed by molecular docking analysis (Table 3) of the five unsuccessful BACEL1 inhibitors
(Verubecestat, Lanabecestat, Elenbecestat, Umibecestat, and AM-6494) against the network
pharmacology-identified targets CASP3, STAT3, BCL2, AKT1, MTOR, BCL2L1, HSP90AA1,
HSP90AB1, TNF, and MDM2. Among all the BACE1 inhibitors, Umibecestat showed the
greatest binding to AKT1 (—11.4 kcal/mol), followed by Lanabecestat (—10.6 kcal/mol)
and Verubecestat (—10.3 kcal/mol), suggesting an exceptionally high binding affinity for
the PI3K/AKT survival pathway. Verubecestat demonstrated one of the most significant
bindings to HSP90AB1 (—10.3 kcal/mol), indicating that it could be useful in regulating
proteostasis and clearing misfolded proteins, a key pathological feature of AD. All three
compounds also demonstrated highly favourable binding to the molecular chaperones
HSP90AA1 and HSP90ABL1.

On the other hand, whereas binding to anti-apoptotic and inflammatory targets, such
as BCL2, BCL2L1, STAT3, and TNF, was fairly high, it was consistent among compounds,
indicating their ability to collectively control neuroinflammation and apoptosis. Essen-
tially, despite the fact that the medications were initially designed to target BACEI, the
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docking results reveal that several inhibitors now exhibit binding affinities to non-BACE
targets that are equal to or higher than those to BACEI1 itself. For example, Lanabecestat
(=7.6 kcal/mol to BACE1) and Verubecestat (—8.9 kcal/mol to BACE1) showed stronger
predicted interactions with AKT1 and HSP90 isoforms than with the initial target.

The justification for the repurposing of unsuccessful BACE1 inhibitors as multi-target
disorder-modifying drugs for AD, as opposed to their abandonment due to single-target
clinical failure, is well-supported by these data. Since it is now commonly known that
protein misfolding, defective autophagy, oxidative stress, apoptotic dysregulation, and
chronic neuroinflammation all contribute to Alzheimer’s pathology, network-centered
therapy methods are preferable over conventional “one drug—one target” approaches.
The potential of these drugs to affect several disease-associated mechanisms, such as tau
clearance, neuronal survival, and synaptic resilience, is suggested by the high-affinity
interactions seen with HSP90, AKT1, and MTOR.

Moreover, interactions with STAT3 and TNF suggest further anti-inflammatory
potential, while regulation of BCL2/BCL2L1 and CASP3 suggests possible neuroprotec-
tive effects through decreased apoptosis. In complicated neurodegenerative disorders
like AD, multitarget medications that may concurrently fix disrupted signalling net-
works are more likely to be effective, according to recent studies [66]. The molecular
docking results thus provide a compelling, biologically plausible, and translationally
appealing argument for repurposing BACE1 inhibitors as novel lead candidates in AD
drug discovery, when paired with the pharmacokinetic and blood-brain barrier data
currently available for these compounds from prior clinical trials. The protein-ligand
interaction (Supplementary Figures S6-511 and Table 4) further reveals the protein ac-
tive site residues involved in binding, the hydrogen bond network, and the ionic and
hydrophobic interactions that contribute to a stable complex.

Table 4. Protein-ligand interaction analysis of the BACE1 inhibitor complexes with BACE1 and
non-BACE1 proteins.

Interacting Residues & Type

Proteins Ligands of Bonds Implications in AD
AKT1 signalling may be modulated or inhibited by
interactions within kinase activity-related areas.
Umibecestat binds with AKT1, supporting a
repurposing rationale that involves decreased tau
pathology and enhanced neuronal quality control in
AD, as AKT1 hyperactivation is associated with tau
11;1\_{1%67? 1\%72117902’ %EE;Z’ Egg;g’ hyperphosphorylation, impaired autophagy, and poor
MET? 4’ ARGSé AL A168 THR,91 neuronal survival of damaged cells. Binding at these
AKT1 Umibecestat and GL,U95 ! ! " residues is predicted to modulate AKT1 kinase
Van der Wa.als Pi-Alkyl, Alkyl activity rather than nonspecific surface association.
and Halogen (,F) ’ ’ Since AKT1 hyperactivation in Alzheimer’s disease is

linked to downstream mTOR overactivation, tau
hyperphosphorylation, and impaired autophagy,
modulation of this region provides a mechanistic
basis for the observed association with reduced tau
pathology and improved neuronal quality control,
thereby supporting the rationale for repurposing.
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Table 4. Cont.

Interacting Residues & Type

Proteins Ligands of Bonds Implications in AD
TYR71, TYR198, VAL332, ILE226, Effecti tarceting i firmed by st
ILE110, TRP115, GLY11, GLN73, cclive enzyme fargeting 15 Contrmed by song
multi-point anchoring within the catalytic region of
THR72, ASP228, THR231, BACEL Hich inhibit tability i ted by th
BACE1  Umibecestat and THR232. Sob e TGN IHDTOLY StabIity 1 stiggested by the
. existence of several hydrogen bonds with catalytic or
Carbon H-bonds, conventional . . .
adjacent residues, such as ASP228 and GLN73, which
H-bonds, Alkyl, van der Waals, support decreased amyloidogenic processing of APP.
and Pi-Alkyl PP yloidogenic p & :
SER106, GLU129, ASP133,
ALA142, ARG102, ASN106,
PHE105, PHE146, LEU108, . .
BCL2L1  Elenbecestat ARG132, PHE131, LEU130, Atpg’lp tosis-linked f]? B B3 o influenced by the
and ALA149. stable engagement of the groove.
Van der Waals, t—m/m-alkyl,
halogen bonding, and H-bonding
A crucial functional area of BCL2, the BH3-binding
TRPS0, ILE84, VAL270, LEU264, . oo Pop
is indicated by strong hydrogen bonding and
GLY294, ASN54, GLU298, romatic/hydrophobic interactions (TRP80, TYR72
BCL2 Umibecestat  VAL271, TYR326, LYS268, SER205. & oro </ WY CTOPIOBIC ITEractions ' /
. ARG273). This could encourage the removal of
Van der Waals, Pi-Alkyl, Alkyl, L. . .
. malfunctioning or degenerating neurons in AD,
Halogen (F), and conventional . . . .
thereby reducing the accumulation of toxic proteins
H-bonds . .
and promoting normal neuronal function
and survival.
LEUZ18, TYR217, ASP216, Inflammation-control measures in AD are supported
TNF Lanabecestat and ALA98. by effective eneacement of TNE
Van der Waals and H-bonding y eflective engagement o '
GLN143, ASP216, PHE220,
TYR217, GLY142, LYS141, Red neuroinflammatory signalling in AD vi
TNF Elenbecestat LEU218, PRO96, GLU99, GLU101. <y 1 co> NEro - amima oty sighatling vie
: stabilizing TNF interactions.
Van der Waals, —m stacking,
halogen bonding, and H-bonding
ARG207, TYR204, LEU168,
TRP206, SER209, ASN208, tes th lation of 3 which i
CASP3  Lanabecestat TRP214, PHE256, THR166. Dt for e o ol Dy
Van der Waals, alkyl/7-alkyl, portant for heuronat dea '
and H-bonding.

HSP90AB1 Lanabecestat

LYS58, ALA55, PHE138, MET9S,
ASP54, LEU107, ILE110, THR184,
ASN106, and ILE96.

Alkyl, van der Waals, and
halogen bonding.

Supports crucial proteostasis pathways in AD by
stabilizing HSP90AB1

HSP90A A1 Umibecestat

THR515, ARG335, ASP566,
ASN567, GLU616, ILE569,
ASP570, PRO471, LYS573,
MET470, ILE467, and CYS468.
Van der Waals, alkyl, halogen
bonding, electrostatic,

and H-bonding.

Enhances AD-related Hsp90AAl-mediated
proteostasis.
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Table 4. Cont.

Proteins

Ligands

Interacting Residues & Type

of Bonds Implications in AD

MDM2

Umibecestat

TRP162, PHE170, PHE22, LEU107,
PHE138, MET98, ALA55, TYR139,
LEU103, VAL150, GLY135, ILE110,
and ASN5I1.

m—0, -alkyl, van der Waals.

Activates MDM2’s hydrophobic regions, which
impact AD-related stress-response pathways.

MTOR

Umibecestat

VAL171, ILE172, TYR198, TRP175,

PHE216, LEU162, GLU195,

LYS170, GLY169, ALA197, and ATP-site stability is in line with Af3/tau homeostasis
TRP196. Van der Waals, and MTOR-regulated autophagy.

alkyl/m-alkyl, halogen,

and H-bonding.

STAT3

Umibecestat

LEU54, ILE61, VAL93, TYR67,
GLN72, PHE55, MET62, GLN59,
ILE103, LEU57, LEU75, GLY58.
Van der Waals, r-alkyl, halogen
bonding, and H-bonding.

Promotes STAT3 modulation, which is essential for
controlling neuroinflammation in AD.

3. Materials and Methods

3.1. Compound Screening and Preparation

SMILES of Verubecestat, lanabecestat, elenbecestat, and umibecestat (CNP-520) discon-
tinued at Phase II/III clinical trials, and AM-6494, at the preclinical trial, were obtained from
PubChem. The prediction of these inhibitors targeted proteins was computationally com-
puted using the Swiss Target Prediction database [67-69]. A total of 5000 protein targets were
obtained for the 5 BACE 1 inhibitors. After the data cleaning, 316 proteins were subsequently
saved in an Excel spreadsheet. Human proteins associated with the AD were predicted and
obtained from GeneCards, a database that has all the information on all the gene sets that
are linked to diseases [70]. A total of 15,506 proteins (genes) were obtained, cleaned, and
subsequently saved in an Excel spreadsheet for further screening on the VENNY webpage.
The computation of common proteins in VENNY 2.1.0 generated a Venn diagram showing
the intersecting proteins for BACE 1 inhibitors and AD [71].

3.2. Protein—Protein Interaction (PPI) Network and Hub Genes Analysis

Following the analysis of common proteins, the Protein-Protein Interaction (PPI) net-
work was computed using the Search Tool for the Retrieval of Interacting Genes (STRING)
database. The PPI displays the interactions with a high degree of confidence for further
analysis [72]. After selecting Homo sapiens from the drop-down menu and choosing the
multiple proteins icon in the STRING database, the common genes were uploaded, and the
PPI network was calculated. High-resolution Portable Network Graphics (PNG) were used
to export and store the analyzed PPI network. The PPI network was also sent to Cytoscape
to find hub genes [73]. The hub genes are sometimes referred to as key genes that are
involved in relevant biological processes, ensuring the stability of the PPI network. They
reveal the mechanistic dynamics of diseases by controlling cell functioning. Cytoscape
3.10.3, the most recent version, was downloaded. After that, yfile and Cytohubba were
included in the application. To identify hub genes, the PPI network was exported from
STRING and opened in Cytohubba in Cytoscape. To rank the hub genes according to
centrality and relevance in the PPI network, a selection of hub genes was made using the
MCC and degree topological analysis methodologies.
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3.3. Functional Enrichment Analysis

The ShinyGO 0.85 database was utilized for Kyoto Encyclopaedia of Genes and
Genomes (KEGG) and the Gene Ontology (GO) pathway analysis [74]. The hub genes
were added to the database and examined to determine their functional enrichment,
which enabled the understanding of their biological roles, identification of potential
therapeutic targets, and elucidation of the mechanisms underlying AD [75,76]. The
computation of p-values and False Discovery Rates (FDR) is performed using the hy-
pergeometric test and the Benjamini-Hochberg technique [77]. The fold enrichment is
computed as the percentage of genes in the 10 hub genes that are in a pathway divided
by the corresponding percentage in the background genes. The fold enrichment is a
direct measurement of the effect size, while FDR indicates the statistical significance [78].
In this study, an FDR cut-off of 0.05 was used to show the 10 most useful pathways. The
average sorting of the pathways is done using FDR and fold enrichment when ‘Select by
FDR and Sort by Enrichment” was selected.

3.4. Protein and Ligand Preparations

The X-ray crystalized structures of the 10 hub genes/proteins were retrieved from the
Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) with
PDB IDs 3DEI (CASP3), 6NUQ (STAT3), 1PBK (MTOR), 4R3M (HSP90A A1), 3LBK (MDM?2),
7JRA (TNF), 4QVX (BCL2L1), 1lUYM (HSP90AB1), 3096 (AKT1), and 4AQ3 (BCL2) [79].
Furthermore, Protein preparation in PyRx 0.8 was carried out, which involves importing
the target protein structure, eliminating any bound ligands and water molecules, adding
polar hydrogens, allocating Gasteiger charges, and storing the structure in the AutoDock
Vina 1.1.2-compatible PDBQT format. To prepare the 5 BACE1 ligands, each was optimized
in its geometry through energy minimization, all hydrogens were added, charges were
assigned, rotatable bonds were defined for flexibility, and the ligand was exported as a
PDBQT file [80].

3.5. Molecular Docking and Protein-Ligand Interaction Analysis

Molecular docking was computed using PyRx to predict and evaluate binding energies
for the predicted BACEL1 inhibitors and non-BACE1 hub proteins. Molecular docking
reveals the likely multi-targeted molecular processes of the complexes that consistently
align with the network pharmacology structure [80]. Molecular docking further reveals
multiple therapeutic targeted networks rather than single-targeted ones. Molecular docking
was performed using AutoDock Vina 1.1.2 implemented within the PyRx virtual screening
platform. The PubChem database was used to obtain the three-dimensional structures of
the chosen ligands (Verubecestat, Lanabecestat, Elenbecestat, Umibecestat, and AM-6494).
These structures were then loaded into PyRx, where ligand geometry optimization and
energy minimization were carried out using Open Babel 2.3.2 with the universal force field
(UFF). prior to docking and optimization, water molecules and co-crystallized ligands were
eliminated from the target protein structures that were acquired from the Protein Data
Bank. The Vina Wizard was used to construct docking grids that included the active or
regulatory binding domains of each target protein. The binding affinities were reported
as binding free energy values (kcal/mol) after molecular docking was performed using
AutoDock Vina with default exhaustiveness parameters. To examine hydrogen bonding,
hydrophobic, and 7-alkyl interactions, docking postures were selected based on the lowest
binding energy [80-82]. Protein-ligand interactions computed with BIOVIA Discovery
Studio software v21.1.0.20298 reveal the protein active site residues involved in binding,
the hydrogen bond network, and the ionic and hydrophobic interactions responsible for a

https://doi.org/10.3390/ph19010138


https://doi.org/10.3390/ph19010138

Pharmaceuticals 2026, 19, 138

16 of 20

stable and specific protein-ligand complex, highlighting the synergistic roles in inhibiting
AD progression [83-85].

4. Conclusions

AD is neuropathologically defined by the formation of neurofibrillary tangles and
-amyloid plaques, and for nearly two decades, BACE1 has remained a dominating treat-
ment target. Although several small-molecule BACE1 inhibitors, including verubecestat,
lanabecestat, elenbecestat, umibecestat (CNP-520), and AM-6494, entered clinical develop-
ment, their eventual discontinuation highlighted the drawbacks of a single-target approach
in multifactorial disorders like AD. By methodically examining the repurposing potential
of these unsuccessful BACE1 inhibitors using an integrative computational framework that
incorporates network pharmacology, molecular docking, and protein-ligand interaction
research, the current study offers a compelling alternative perspective. Key AD-related hub
proteins, including CASP3, STAT3, BCL2, AKT1, MTOR, BCL2L1, HSP90AA1, HSP90AB1,
TNE and MDM2, showed a marked over-representation of pathways associated with apop-
tosis, neuroinflammation, poor proteostasis, vascular dysfunction, and infection, according
to KEGG enrichment analysis. These molecular mechanisms serve as fundamental causes
of neurodegeneration and are consistent with new theories that view AD as a complex,
network-based illness rather than a pathology that is solely focused on amyloid. The
significance of these targets was further supported by Gene Ontology enrichment, which
showed high correlations with dysregulated autophagy, modified catabolic processes,
apoptotic imbalance, and abnormal signalling responses to endogenous, hormonal, and
abiotic stimuli. At the cellular level, these proteins are primarily found in structures closely
related to the survival and integrity of neurons, including Bcl-2 family protein complexes,
somatodendritic compartments, the mitochondrial outer membrane, and growth cones of
dendrites and axons. Therefore, more in silico, in vitro, and in vivo validations are needed
to validate these results. Future studies should prioritize mechanistic validation using
neuronal and glial cell-based assays to assess autophagic flux (LC3-1I, p62, Beclin-1) and
AKT-MTOR signalling following treatment with repurposed BACE1 inhibitors. Additional
in vitro assays examining HSP90-mediated proteostasis, caspase-3 activation, and BCL2-
family-regulated apoptosis will further substantiate the predicted multi-target mechanisms.
Neuroinflammatory modulation should be evaluated in microglial and astrocytic mod-
els via STAT3 activation and TNF-« release. Finally, in vivo validation using transgenic
Alzheimer’s disease mouse models, combined with behavioural cognition assays and
molecular neuropathology endpoints, will be essential to establish translational relevance
and therapeutic potential.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ph19010138/s1: Figure S1-S5: Illustration of KEGG Pathways,
Figures S6-511: 2D Protein—Ligand Interaction Complex.
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