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ABSTRACT

Acetylcholinesterase inhibitors (AChEIls) have long been used as symptomatic treatments in neurodegenerative
disorders, particularly Alzheimer’s disease. However, emerging evidence highlights their broader therapeutic
potential beyond cholinergic enhancement, extending into neuroprotection, anti-inflammatory modulation, and
neuronal repair. This review explores the multifaceted mechanisms by which AChEIs act as therapeutic
neuromodulators in both neurodegenerative and neuroinflammatory contexts. We discuss the classical and non-
classical roles of acetylcholinesterase (AChE), the current landscape of AChEI pharmacotherapy, and novel
approaches aiming to develop multitarget-directed ligands (MTDLs). Challenges, including blood-brain barrier
penetration, adverse effects, and disease heterogeneity, are addressed alongside future perspectives emphasizing
personalized medicine and combinatorial strategies. Harnessing the full neuromodulatory potential of AChE
inhibition could lead to more comprehensive therapies for a range of neurological diseases.
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INTRODUCTION

Neurodegenerative and neuroinflammatory disorders are among the leading causes of disability and death
worldwide, posing significant socio-economic and healthcare challenges [17. Conditions such as Alzheimer's disease
(AD), Parkinson’s disease (PD), multiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS) are characterized
by progressive neuronal loss, synaptic dysfunction, and chronic neuroinflammation [27]. Despite their diverse
clinical presentations, these disorders share common underlying pathophysiological features, including oxidative
stress, mitochondrial dysfunction, excitotoxicity, and impaired neurotransmission, particularly within the
cholinergic system. The cholinergic hypothesis, proposed in the 1970s, highlighted the critical role of acetylcholine
(ACh) depletion in cognitive decline observed in AD [87. This led to the development and approval of
acetylcholinesterase inhibitors (AChEIs) as one of the first symptomatic treatments for neurodegenerative disease.
AChEISs act by inhibiting acetylcholinesterase (AChE), the enzyme responsible for hydrolyzing ACh in the synaptic
cleft, thereby enhancing cholinergic neurotransmission and temporarily improving cognition and functional abilities
[47] However, the therapeutic significance of AChEIs extends far beyond symptomatic cognitive enhancement.
Recent discoveries have revealed that AChEIs modulate a wide array of cellular processes, including
neuroinflammation, oxidative stress responses, neuronal survival, and synaptic plasticity [57]. Moreover, the non-
classical roles of AChE in cell signaling, apoptosis, and neuroimmune regulation have sparked renewed interest in
targeting this enzyme for broader neuroprotective strategies (6.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited

Page | 33


https://doi.org/10.59298/RIJRMS/2025/433337
file:///C:/Users/KIU%20WESTERN/Desktop/NAMES%20FOR%20PUBLICATION/kiu.ac.ug

https://rijournals.com/research-in-medical-sciences/
Given the multifactorial nature of neurodegenerative and neuroinflammatory diseases, a multitarget therapeutic
approach is increasingly considered necessary for effective intervention. In this context, AChEIs emerge not just as
cholinergic enhancers but also as potential neuromodulators capable of altering disease progression through diverse
mechanisms [47]. This review aims to provide a comprehensive synthesis of the evolving roles of AChEIs in
neurodegenerative and neuroinflammatory conditions, examining their mechanisms of action, clinical applications,
and future therapeutic potential. Understanding the expanded capabilities of AChE inhibition will enable the design
of next-generation therapeutic agents that move beyond symptomatic relief toward true disease modification,
addressing the complex interplay of pathogenic processes that drive neuronal damage and loss.
Acetylcholinesterase Function and Dysregulation in Disease
Acetylcholinesterase (AChE) is a critical enzyme primarily responsible for the termination of cholinergic signaling
in the central and peripheral nervous systems [47]. By hydrolyzing acetylcholine into acetate and choline, AChE
ensures the rapid and precise cessation of neurotransmission, allowing neurons to reset and respond to subsequent
stimuli [77]. This enzymatic function is essential for normal cognition, muscle contraction, autonomic regulation,
and behavioral responses [47]. Beyond its classical role, AChE exhibits a range of non-catalytic functions that are
particularly relevant in the context of neurological health and disease [97]. AChE participates in cellular adhesion,
synaptic organization, neurite outgrowth, and apoptosis regulation. These functions are mediated through its
interaction with extracellular matrix proteins, cytoskeletal components, and cell surface receptors [87. Importantly,
alternative splicing of the AChE gene produces distinct isoforms, such as the synaptic (AChE-S) and readthrough
(AChE-R) variants, each exhibiting unique roles in neural physiology and response to injury [10].
In neurodegenerative diseases, dysregulation of AChE expression and function is a consistent finding. For example,
in Alzheimer's disease, elevated AChE activity has been detected in association with amyloid-beta plaques [117. It
has been shown that AChE can interact directly with amyloid precursor protein (APP), promoting amyloid
aggregation and accelerating plaque formation, thus exacerbating neurotoxicity [127]. Furthermore, increased
AChE activity is associated with enhanced oxidative stress, mitochondrial dysfunction, and activation of apoptotic
pathways, all of which contribute to progressive neuronal degeneration [137. Similarly, in neuroinflammatory
conditions like multiple sclerosis, altered cholinergic signaling due to changes in AChE activity affects the balance
between pro-inflammatory and anti-inflammatory cytokine production [147]. Reduced acetylcholine levels resulting
from excessive AChE activity dampen the activation of a7 nicotinic acetylcholine receptors (¢7nAChRs) on immune
cells, thereby limiting the cholinergic anti-inflammatory response and promoting a pro-inflammatory environment
within the central nervous system [157]. The emerging recognition of AChE as a regulator of not only synaptic
activity but also neuroinflammatory and neurodegenerative pathways has broadened its appeal as a therapeutic
target. Inhibiting AChE not only enhances neurotransmission but may also disrupt pathogenic cascades that
underlie disease progression, making AChEIs attractive candidates for a new generation of neuroprotective
interventions.

Mechanisms of AChE Inhibitor-Mediated Neuroprotection and Immunomodulation
Acetylcholinesterase inhibitors (AChEIs) extend their benefits beyond cholinergic enhancement to provide
neuroprotection and immunomodulation through multiple, interlinked mechanisms [167]. These effects are
especially valuable in neurodegenerative and neuroinflammatory disorders, where oxidative damage, excitotoxicity,
apoptosis, and chronic inflammation converge to promote neuronal injury. A key mechanism involves the
antioxidative properties of certain AChEIs [177]. Natural compounds like huperzine A and synthetic agents such as
rivastigmine have been shown to reduce oxidative stress by scavenging reactive oxygen species (ROS) and
preserving mitochondrial membrane potential [187. By mitigating oxidative damage, these agents help maintain
neuronal integrity and prevent energy failure, both critical to slowing neurodegeneration.

AChE inhibition also attenuates excitotoxicity, a process where excessive glutamate release leads to calcium
overload and neuronal death [197. Increased acetylcholine availability indirectly modulates glutamatergic
neurotransmission, reducing NMDA receptor overactivation [20]. Donepezil, for example, has been associated with
decreased glutamate-induced neurotoxicity in experimental models, suggesting an additional protective role
through excitotoxicity suppression [197]. Furthermore, AChEIs enhance neurotrophic support. Elevated cholinergic
tone stimulates muscarinic and nicotinic receptors, which activate intracellular signaling pathways like PISK/Akt
and MAPK/ERK [217]. These pathways promote the expression of neurotrophins, particularly brain-derived
neurotrophic factor (BDNF), crucial for neuronal survival, synaptic maintenance, and plasticity. Galantamine
uniquely acts as an allosteric potentiator of a7 nicotinic acetylcholine receptors (a7nAChRs), reinforcing
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neurotrophic and anti-apoptotic signaling [227]. In the context of inflammation, AChEIs modulate the "cholinergic
anti-inflammatory pathway [237." Acetylcholine, acting on a7nAChRs present on immune cells like microglia and
macrophages, inhibits the nuclear factor kappa B (NF-kB) signaling cascade, leading to reduced production of pro-
inflammatory cytokines such as TNF-a, IL-1f, and IL-6. By sustaining higher acetylcholine levels [247, AChEIs
dampen neuroinflammation, a major contributor to progressive neuronal damage [257. Finally, AChEIs influence
apoptotic pathways by regulating the expression of apoptosis-related proteins. They downregulate pro-apoptotic
proteins like Bax and caspase-3 and upregulate anti-apoptotic proteins such as Bcl-2, shifting the balance toward
neuronal survival [267]. Together, these multifaceted mechanisms establish AChEIs as promising multitarget agents
in combating the complex pathology of neurodegenerative and neuroinflammatory diseases.
Clinical Applications and Emerging Therapies
Clinically, AChEIs have been primarily utilized in managing cognitive symptoms associated with mild to moderate
Alzheimer’s disease. Donepezil, rivastigmine, and galantamine are the three major FDA-approved AChEIs currently
in use [277]. These drugs improve cognition, daily function, and quality of life, albeit temporarily and modestly,
without significantly altering the underlying disease course. Donepezil is a reversible AChEI with high selectivity
for brain AChE and is approved for all stages of AD [287]. Rivastigmine inhibits both AChE and
butyrylcholinesterase (BuChE), offering broader cholinergic enhancement, and is also approved for Parkinson’s
disease dementia [297. Galantamine not only inhibits AChE but also positively modulates nicotinic receptors,
providing an additional mechanism for enhancing cholinergic neurotransmission and neurotrophic support [307].
Emerging therapies are moving toward the development of multitarget-directed ligands (MTDLs) designed to
simultaneously modulate multiple pathological pathways. Compounds such as ladostigil, combining AChE and
monoamine oxidase (MAO) inhibition, aim to address both cholinergic deficits and oxidative stress [317]. Similarly,
ASS234 integrates AChE inhibition with anti-amyloid and antioxidant activities, reflecting a systems pharmacology
approach to therapy [827. Natural products, notably huperzine A, are also being explored for broader applications
beyond AD, including vascular dementia and traumatic brain injury, owing to their antioxidant, anti-apoptotic, and
anti-inflammatory properties. Additionally, nanoparticle-based drug delivery systems are being developed to
enhance blood-brain barrier (BBB) penetration and improve central nervous system (CNS) targeting, potentially
maximizing the efficacy of AChEI-based therapies [837.
Challenges and Future Directions
Despite these advances, several challenges hinder the optimization and broader application of AChEIs in
neurodegenerative and neuroinflammatory diseases. A major obstacle is effective delivery across the blood-brain
barrier (BBB). Although agents like donepezil achieve reasonable CNS penetration, many experimental compounds
exhibit poor BBB permeability, limiting their clinical utility. Long-term use of AChEIs can be associated with
adverse effects, including gastrointestinal disturbances, bradycardia, muscle cramps, and insomnia, due to peripheral
cholinergic overstimulation. Developing CNS-selective AChEIs that minimize peripheral side effects remains an
important goal. Furthermore, the clinical efficacy of AChEIs is highly variable among patients, reflecting disease
heterogeneity. Differences in genetic backgrounds, disease stages, and individual neuroinflammatory profiles
suggest that a personalized approach—tailoring AChEI therapy based on biomarkers of cholinergic dysfunction and
inflammation—may be required for optimal outcomes. Tolerance development, where patients gradually lose
responsiveness to AChEIs over time, is another significant concern. Strategies to overcome tolerance, such as
combination therapy with anti-inflammatory agents, NMDA antagonists, or antioxidants, are being actively
investigated. Future directions involve designing hybrid compounds that combine AChE inhibition with
antioxidant, anti-apoptotic, and anti-amyloid actions. Advances in artificial intelligence (AI) and structure-based
drug design are accelerating the identification of novel multitarget molecules. Additionally, innovative drug delivery
technologies, including liposomal and nanoparticle carriers, offer new opportunities for enhancing CNS-specific
targeting. Overall, transforming AChEIs from symptomatic agents into truly disease-modifying therapies requires
addressing these challenges through multidisciplinary approaches that integrate pharmacology, molecular biology,
biomarker science, and nanotechnology.
CONCLUSION
Acetylcholinesterase inhibitors offer more than symptomatic relief; they act as neuromodulators influencing
neuroprotection, anti-inflammatory pathways, and synaptic health. By targeting multiple mechanisms underlying
neurodegenerative and neuroinflammatory diseases, AChEIs represent a promising therapeutic strategy. Future
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advancements in multitarget drug design and personalized approaches will be essential to unlock their full disease-
modifying potential.
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