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ABSTRACT

Neurodegenerative diseases such as Alzheimer's, Parkinson's, and Huntington's are marked by progressive neuronal
loss and impaired synaptic function, often exacerbated by oxidative stress, excitotoxicity, and neurotransmitter
imbalances. Among the promising therapeutic strategies, modulation of acetylcholinesterase (AChE) activity has
garnered significant attention not only for its symptomatic relief through enhanced cholinergic transmission but
also for its emerging role in broader neuroprotective pathways. This review delineates the dual role of AChE as both
an enzymatic regulator of synaptic acetylcholine and a non-catalytic modulator involved in apoptosis, neurite
outgrowth, and synaptic remodeling. FFurthermore, we explore the interconnected signaling cascades involving
neurotrophic factors, inflammatory mediators, and oxidative stress modulators that intersect with AChE regulation.
Natural and synthetic AChE inhibitors, such as donepezil, galantamine, huperzine A, and novel multitarget
compounds, are examined for their efficacy, blood-brain barrier permeability, and off-target effects. Finally, we
propose a systems pharmacology approach integrating AChE inhibition with secondary neuromodulatory targets,
such as NMDA receptors, nicotinic receptors, and neurotrophin signaling, to enhance therapeutic precision. This
integrative model offers a conceptual bridge between symptomatic management and disease-modifying
interventions in neurodegeneration.
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INTRODUCTION
Neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease
(HD) are characterized by progressive neuronal loss, synaptic dysfunction, and accumulation of misfolded proteins
[17. These diseases contribute significantly to morbidity and mortality in aging populations worldwide. Central to
the pathology of many of these conditions is the disruption of neurotransmitter systems, particularly the cholinergic
system, which plays a pivotal role in cognition, learning, and memory [27. Acetylcholine (ACh), a key
neurotransmitter in this system, is rapidly hydrolyzed by the enzyme acetylcholinesterase (AChE), making the
regulation of AChE activity crucial for maintaining cholinergic balance [87. Acetylcholinesterase inhibitors
(AChEIs) have been widely employed in the symptomatic treatment of AD, primarily to enhance cholinergic
neurotransmission [47]. However, recent studies have revealed broader roles of AChE beyond neurotransmitter
hydrolysis, implicating it in neurodevelopment, synaptic plasticity, and neurodegenerative processes. This broader
functional spectrum of AChE suggests that its inhibition may yield not only symptomatic relief but also direct
neuroprotective benefits [87]. As the focus of neurodegeneration research shifts toward multifactorial interventions,
AChE has emerged as a promising neuromodulatory target that bridges neurotransmitter regulation and neuronal
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survival [47]. This review explores the evolving understanding of AChE in neuronal health, its neuromodulatory
influence beyond enzymatic activity, and the mechanistic basis by which AChEIs contribute to neuroprotection.
Acetylcholinesterase: Beyond Neurotransmitter Hydrolysis
Acetylcholinesterase is a serine hydrolase enzyme localized primarily at cholinergic synapses, where it catalyzes the
rapid degradation of acetylcholine into acetate and choline [37]. This enzymatic action is essential for terminating
synaptic transmission and preventing overstimulation of postsynaptic receptors. However, research over the past
two decades has uncovered several non-classical, non-enzymatic functions of AChE that are critical to neural
physiology and pathology [57. These functions include roles in cell adhesion, neurite outgrowth, apoptosis, and
synaptic remodeling. AChE exists in multiple molecular isoforms, including the synaptic globular tetrameric (G4)
form, the monomeric (G1) form, and the readthrough variant (AChE-R). These isoforms are differentially expressed
in response to physiological cues and pathological stressors [67]. The AChE-R isoform, for example, has been shown
to increase in the brain following injury and stress, suggesting a potential role in neuronal repair or degeneration
[77]. Notably, in neurodegenerative conditions such as AD, AChE expression is often dysregulated [87. Increased
AChE activity has been associated with enhanced deposition of B-amyloid plaques and tau hyperphosphorylation,
hallmarks of AD pathology [97. Furthermore, AChE is known to interact with amyloid precursor protein (APP)
and may facilitate the formation of toxic AP aggregates [107. AChE also interacts with cytoskeletal and membrane
proteins, influencing axonal growth and synapse formation [117]. Through these actions, AChE is positioned not
just as an enzymatic regulator but as a multifunctional protein intricately involved in maintaining or disrupting
neuronal architecture and function.
Mechanisms of AChE Inhibitor-Induced Neuroprotection
While the primary function of AChE inhibitors is to elevate synaptic acetylcholine levels and improve cholinergic
transmission, accumulating evidence suggests that these agents exert a broad range of neuroprotective effects [127.
These include antioxidative actions, anti-inflammatory responses, anti-apoptotic effects, and enhancement of
neurotrophic signaling. By increasing ACh availability, AChEIs indirectly stimulate muscarinic and nicotinic
receptors, which in turn activate intracellular pathways such as PISK/Akt and MAPK/ERK [137. These signaling
cascades promote neuronal survival, synaptic plasticity, and long-term potentiation. Galantamine, for instance, not
only inhibits AChE but also acts as an allosteric potentiator of nicotinic acetylcholine receptors (nAChRs),
amplifying neuroprotective signaling [(147]. Moreover, AChEIs reduce oxidative stress by preserving mitochondrial
function and scavenging reactive oxygen species, particularly in the case of natural inhibitors like huperzine A [157.
They also suppress the release of pro-inflammatory cytokines such as TNF-a and IL-1f through activation of the
cholinergic anti-inflammatory pathway mediated by a7-nAChRs on microglia [167].
In apoptotic regulation, AChEIs have been shown to modulate the balance between pro- and anti-apoptotic proteins,
downregulating Bax and caspase-3 while upregulating Bcl-2 [177]. Additionally, by enhancing cholinergic tone,
these inhibitors promote the expression of brain-derived neurotrophic factor (BDNF), supporting synaptic health
and regeneration. In sum, AChEIs represent more than symptomatic agents—they engage a network of
neuroprotective pathways that justify their inclusion in multimodal strategies for managing neurodegenerative
diseases.
Secondary Neuromodulatory Targets and Crosstalk with AChE
While acetylcholinesterase (AChE) inhibition enhances cholinergic transmission, it also initiates crosstalk with
several other crucial neuromodulatory systems that collectively influence neuronal survival and plasticity [187.
Effective neuroprotection increasingly requires a multi-target approach, recognizing that neurodegeneration is
rarely driven by a single pathogenic mechanism. AChE inhibition influences several key targets indirectly, creating
synergistic neuroprotective effects. First, the glutamatergic system, particularly N-methyl-D-aspartate (NMDA)
receptors, is affected. Overactivation of NMDA receptors results in excitotoxicity, a hallmark of many
neurodegenerative diseases [197]. Some studies have demonstrated that AChE inhibitors, by modulating neuronal
excitability and reducing oxidative stress, can indirectly regulate NMDA receptor activity [207]. This effect can
protect neurons from calcium overload and apoptosis.Second, nicotinic acetylcholine receptors (nAChRs), especially
the a7 subtype, are directly influenced by elevated acetylcholine levels [217]. Activation of a7-nAChRs enhances
synaptic plasticity, modulates neurotransmitter release, and stimulates the release of neurotrophic factors like brain-
derived neurotrophic factor (BDNF) [227]. Galantamine, in particular, not only inhibits AChE but also acts as an
allosteric potentiator of nAChRs, reinforcing these beneficial effects [237.Third, the modulation of

neuroinflammatory pathways plays a significant role. AChE inhibition activates the "cholinergic anti-inflammatory
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pathway," resulting in the downregulation of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNIF-
a) and interleukin-1 beta (IL-1f) in microglial cells [247]. By reducing chronic inflammation, a major contributor to
neuronal damage, AChE inhibitors promote a neuroprotective environment. Finally, enhanced cholinergic signaling
upregulates neurotrophin signaling cascades, notably the BDNF-TrkB pathway, fostering neuronal survival,
dendritic branching, and synaptic strength [257]. These complex interactions highlight that targeting AChE alone
can impact multiple systems critical for maintaining neuronal health, supporting the rationale for developing
multitarget-directed therapeutic strategies.
Therapeutic Agents Targeting AChE and Neuroprotective Pathways
Current pharmacotherapies for neurodegenerative diseases largely focus on symptomatic relief, with AChE
inhibitors being the mainstay for cognitive symptoms in Alzheimer’s disease. Drugs like donepezil, rivastigmine,
and galantamine have shown consistent, albeit modest, benefits in improving cognitive function and daily living
activities [267]. Beyond these, a growing body of research aims to develop agents that not only inhibit AChE but
also provide broader neuroprotective effects.
Natural compounds such as huperzine A have demonstrated dual functionality: potent AChE inhibition and direct
antioxidant activity [27_. Huperzine A, derived from Huperzia serrata, effectively crosses the blood-brain barrier
and exhibits properties that reduce oxidative stress, protect mitochondria, and inhibit apoptosis [287. These
additional actions make it an attractive candidate for disease-modifying interventions. Synthetic multitarget-
directed ligands (MTDLs) represent an emerging class of compounds designed to simultaneously modulate AChE
activity and other pathogenic pathways [297. For example, ladostigil combines AChE and monoamine oxidase
(MAO) inhibition, targeting both cholinergic and dopaminergic systems along with antioxidant effects [307.
Similarly, compounds like ASS234 inhibit both AChE and B-amyloid aggregation while offering antioxidant
protection [317]. These multifunctional agents are particularly promising because they address the multifactorial
nature of neurodegenerative diseases, potentially slowing disease progression rather than merely alleviating
symptoms. The ongoing refinement of such compounds, focusing on improving blood-brain barrier permeability,
metabolic stability, and minimizing side effects, is critical for future clinical success.
Challenges and Future Directions
Despite promising advances, significant challenges remain in translating AChE-based neuroprotective strategies
into eftective, disease-modifying therapies. One major limitation is the blood-brain barrier (BBB), which restricts the
entry of many potential therapeutic agents into the central nervous system [327]. Even among agents that do cross
the BBB, achieving sufficient concentrations without inducing systemic toxicity remains a delicate balance [33].
Moreover, long-term use of current AChE inhibitors can be associated with adverse effects, including
gastrointestinal disturbances, bradycardia, and, in some cases, tolerance development where efficacy diminishes over
time [ 34]. Designing drugs with selective targeting of neuronal AChE, while sparing peripheral tissues, remains a
critical goal.
Another challenge is the heterogeneity of neurodegenerative diseases themselves. Alzheimer’s disease, for example,
displays diverse pathophysiological profiles across individuals, suggesting that "one-size-fits-all" treatments are
unlikely to be universally effective. Future strategies should emphasize personalized medicine approaches, utilizing
biomarkers to tailor AChE-targeted therapies based on individual disease phenotypes.
Emerging technologies offer solutions. Nanocarrier-based delivery systems are being explored to enhance CNS
targeting while minimizing systemic side effects. Artificial intelligence and machine learning tools are being
leveraged to design more potent multitarget compounds and predict drug behavior in biological systems.
Furthermore, combination therapies that integrate AChE inhibition with antioxidants, anti-inflammatory agents,
or amyloid-targeting drugs could provide synergistic benefits. Advancing the role of AChE inhibitors from
symptomatic agents to components of comprehensive neuroprotective regimens requires a paradigm shift.
Integrating molecular insights, precision targeting, and combination strategies holds promise for future
interventions aimed at halting or reversing neurodegenerative processes.
CONCLUSION
Acetylcholinesterase inhibition remains a cornerstone of symptomatic treatment for neurodegenerative diseases.
However, its broader role in neuromodulation opens the door to comprehensive neuroprotective strategies. Bridging
the enzymatic and non-enzymatic functions of AChE with co-targeted neuromodulatory pathways offers a robust
platform for therapeutic innovation. A systems biology approach, combined with next-generation multitarget drug
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design, may ultimately transform AChE-targeted interventions into disease-modifying therapies capable of halting
or reversing neurodegenerative processes.
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