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ABSTRACT

Acetylcholinesterase (AChE) is traditionally known for its catalytic role in hydrolyzing acetylcholine at synaptic
junctions, thereby terminating cholinergic signaling. However, emerging evidence suggests that AChE also
participates in non-classical roles extending far beyond neurotransmitter clearance. These roles encompass cell
adhesion, apoptosis modulation, neurite outgrowth, and participation in neuroinflammatory processes. Intriguingly,
AChE displays paradoxical behavior in neurodegenerative diseases such as Alzheimer’s and Parkinson’s, where its
overexpression and aberrant splicing variants contribute to neuronal damage despite the concurrent loss of
cholinergic tone. This review explores the dualistic and complex role of AChE in the central nervous system (CNS),
shedding light on its signaling roles beyond catalysis, the molecular basis of its neurotoxic versus neuroprotective
profiles, and its therapeutic implications in managing neurodegeneration.
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INTRODUCTION
Acetylcholinesterase (AChE) has long been established as a key enzymatic regulator of cholinergic
neurotransmission through its role in catalyzing the hydrolysis of acetylcholine (ACh) [17. This enzymatic activity
ensures the rapid termination of synaptic transmission, thereby maintaining the temporal precision of cholinergic
signaling within both central and peripheral nervous systems. However, recent research has dramatically expanded
our understanding of AChE’s functional repertoire [27]. It is now recognized that, beyond neurotransmitter
degradation, AChE exerts non-classical, non-enzymatic roles that are crucial in neurodevelopment, cellular
adhesion, synaptic plasticity, and the modulation of neuroinflammatory responses [17. This expanded view has
significant implications for our understanding of neurological diseases, particularly neurodegenerative disorders
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) [37].
AChE’s non-classical roles are mediated by its ability to interact with a diverse array of molecular partners, including
structural proteins, cell surface receptors, and signaling molecules [47]. These interactions allow AChE to function
as a morphogenic factor during brain development and as a regulator of neurogenesis. Furthermore, AChE’s non-
catalytic activities are implicated in apoptosis regulation, stress responses, and glial-neuronal communication [5].
Notably, the expression of AChE can be dramatically upregulated in response to physiological stress, injury, and
neuroinflammatory stimuli—contexts in which its role may shift from neuroprotection to neurotoxicity [67].
The dual role of AChE is acting as both a protector and a promoter of neural damage, has spurred considerable
interest in its paradoxical function in neurodegenerative diseases. For instance, while inhibition of AChE enzymatic
activity remains a mainstay in treating cognitive decline in AD, accumulating evidence suggests that certain AChE
isoforms may accelerate pathological processes independently of their enzymatic role [17]. Consequently, a
comprehensive understanding of both the classical and non-classical functions of AChE is vital to fully grasp its role
in brain health and disease.
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Molecular Isoforms and Localization of AChE
A key to understanding the multifunctionality of AChE lies in its isoforms, which arise from alternative mRNA
splicing and differential post-translational modifications. The ACHE gene, located on chromosome 7q22, encodes
several structurally and functionally distinct isoforms, the most well-characterized of which are AChE-S (synaptic),
AChE-E (erythrocytic), and AChE-R (readthrough) [77]. These isoforms differ not only in their amino acid
sequences and structural motifs but also in their cellular localization and physiological roles. The AChE-S isoform
is predominant in the central nervous system and is tethered to the synaptic cleft via a proline-rich membrane anchor
(PRIMA) [87. This isoform is essential for the rapid clearance of ACh from the synaptic cleft and is tightly regulated
to ensure signal fidelity in cholinergic transmission [87]. AChE-E, the erythrocytic form, lacks a membrane anchor
and circulates freely, serving functions outside the nervous system, including roles in hematopoiesis and possibly
peripheral immune modulation [97].
The most intriguing isoform in the context of neurodegeneration is AChE-R, a soluble, stress-inducible variant
generated by readthrough of the stop codon in the ACHE gene. AChE-R is upregulated in response to oxidative
stress, excitotoxicity, and injury, and has been implicated in promoting apoptosis and inflammation [67. Unlike
AChE-S, which localizes predominantly at the synapse, AChE-R can be found in the cytoplasm, nucleus, and
extracellular space, suggesting broad functionality [17. Subcellular localization of these isoforms is functionally
significant. For instance, membrane-bound AChE variants may participate in synaptic remodeling, while soluble
forms may act as paracrine or autocrine signaling agents [107]. The dynamic regulation of AChE isoform expression,
particularly under stress or pathological conditions, underscores their potential roles in shaping the cellular response
to injury and degeneration. This molecular diversity not only reflects the enzyme’s evolutionary complexity but also
poses challenges for therapeutic targeting, as inhibition of one isoform might exacerbate the harmful eftects mediated
by another.
AChE in Synaptic Plasticity and Neural Development
Beyond neurotransmitter hydrolysis, AChE plays critical roles in neuronal development, synaptogenesis, and
plasticity processes fundamental to learning, memory, and repair [117]. These functions are largely independent of
its catalytic activity and are instead mediated through protein-protein interactions and structural domains outside
the active site. During embryogenesis and early postnatal brain development, AChE expression is temporally and
spatially regulated to coordinate key neurodevelopmental events such as neural tube closure, cell migration, and the
establishment of synaptic circuits [127. It has been demonstrated that AChE promotes neurite outgrowth and
axonal elongation through interactions with cell adhesion molecules and extracellular matrix proteins, such as
laminins and heparan sulfates [187. These interactions are thought to provide guidance cues and structural support
for growing neurites.
Furthermore, AChE modulates sensitivity to neurotrophic factors such as nerve growth factor (NGF) [147. It can
influence NGF signaling pathways through non-catalytic binding to membrane receptors, thereby affecting
neuronal survival and differentiation. AChE has also been shown to regulate intracellular calcium flux and
cytoskeletal dynamics, processes integral to synaptic plasticity [157]. Studies using knock-in and knock-out models
reveal that both overexpression and absence of AChE disrupt long-term potentiation (LTP) and long-term
depression (LTD), synaptic phenomena that underlie memory consolidation and cognitive flexibility [167. In adult
brains, AChE continues to be involved in the fine-tuning of synaptic strength, particularly in cholinoceptive areas
such as the hippocampus and prefrontal cortex [17]. Dysregulation of AChE in these regions has been implicated in
age-related cognitive decline and neurodegenerative disease. Notably, alterations in AChE expression correlate with
impairments in synaptic density and plasticity in Alzheimer’s disease models, further highlighting the enzyme’s
central role in maintaining neural circuit integrity [17]. The developmental and plasticity-related roles of AChE
present opportunities for regenerative therapies. Harnessing its neuritogenic and synaptogenic properties, without
triggering its pro-apoptotic or inflammatory effects, could yield novel treatments for neurodevelopmental disorders
and post-injury neural repair.
Paradoxical Role of AChE in Neurodegeneration
The role of acetylcholinesterase (AChE) in neurodegeneration presents a fascinating paradox. While its enzymatic
function as degrading acetylcholine is essential for neuronal signaling, excessive or aberrant expression of AChE
has been linked to neuronal dysfunction and degeneration, especially in conditions such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease (HD) [187. In these contexts, AChE does not merely exacerbate
cholinergic deficits; it appears to directly participate in the pathogenesis of disease. In Alzheimer’s disease, for
instance, AChE has been shown to co-localize with amyloid-beta (A) plaques, forming stable AChE-AB complexes
that accelerate A fibrillogenesis and promote neurotoxicity [197]. These hybrid complexes are more toxic than A}
alone and enhance the oxidative stress and mitochondrial dysfunction that contribute to neuronal death [207]. This
pathological interaction is facilitated by the peripheral anionic site of AChE, which binds to AP and other
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hydrophobic molecules. Notably, this function is independent of AChE’s catalytic site, underscoring the significance
of its non-enzymatic actions in disease progression [20]. Moreover, the stress-inducible AChE-R isoform is
upregulated in response to neurotoxic stimuli such as inflammation, oxidative damage, and ischemia [217. This
variant lacks the membrane anchor, allowing it to diffuse into different cellular compartments where it may exert
pro-apoptotic effects. For example, AChE-R has been implicated in mitochondrial destabilization and the activation
of intrinsic apoptotic pathways through interactions with cytochrome ¢ and caspases [227. Elevated AChE-R
expression has been detected in degenerating neurons in both human brain samples and animal models of
neurodegeneration, supporting its role as a marker and mediator of neuronal injury [67].

The paradox deepens when one considers that therapeutic AChE inhibitors, such as donepezil and rivastigmine, are
used to treat symptoms of AD by prolonging acetylcholine availability. However, these drugs target the catalytic
tfunction of AChE and may have little to no impact, or could even exacerbate, the enzyme’s non-catalytic, deleterious
activities. Some studies suggest that chronic AChE inhibition may lead to compensatory upregulation of AChE
expression, including the harmful AChE-R isoform [237. This observation underscores the need for alternative
therapeutic strategies that target the specific isoforms or domains of AChE responsible for neurotoxicity. Thus, the
paradoxical role of AChE in neurodegeneration lies in its dualistic nature: it is both a vital enzyme for cholinergic
signaling and a potential facilitator of neuronal injury through non-classical mechanisms. A deeper understanding
of these dual roles is critical for designing next-generation therapies that can mitigate cognitive decline without
promoting neurodegenerative processes.

AChE and Neuroinflammation: Linking Cholinergic Deficit to Immune Dysregulation
Neuroinflammation is a central component of neurodegenerative disease pathology, and recent research has
identified acetylcholinesterase as a key player in modulating the neuroimmune environment [247]. While AChE is
classically associated with neurons, its expression in glial cells, particularly microglia and astrocytes, has opened
new avenues for understanding its role in immune regulation within the central nervous system [257]. Acetylcholine
plays a significant anti-inflammatory role through its interaction with 7 nicotinic acetylcholine receptors
(a7nAChRs) expressed on immune cells, including glial populations [267. Activation of these receptors inhibits the
release of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin-1f3 (IL-1f), and
interleukin-6 (IL-6), thus contributing to the “cholinergic anti-inflammatory pathway [27].” When AChE activity
is upregulated, acetylcholine is rapidly degraded, resulting in decreased activation of a7nAChRs and a breakdown
of this anti-inflammatory mechanism [17.

In neurodegenerative disorders, elevated AChE expression has been observed in regions of inflammation and gliosis.
For example, reactive astrocytes in AD show increased levels of AChE, which correlate with higher levels of
inflammatory markers and oxidative damage [287]. Similarly, in multiple sclerosis (MS), AChE levels rise during
active demyelination, and experimental inhibition of AChE in animal models has been shown to reduce disease
severity by dampening neuroinflammatory responses [297]. Moreover, AChE’s role in neuroinflammation extends
to its influence on blood-brain barrier (BBB) integrity. Chronic inflammation mediated by glial AChE
overexpression can disrupt BBB function, allowing peripheral immune cells and cytokines to infiltrate the brain
parenchyma [307. This breach further exacerbates neural injury and propagates the cycle of inflammation and
degeneration.

Interestingly, non-neuronal AChE is also found in circulating immune cells such as monocytes and lymphocytes
[317. These cells may act as peripheral amplifiers of neuroinflammation through altered ACh metabolism. AChE
activity in these cells has been proposed as a biomarker for systemic inflammatory responses in neurodegenerative
diseases, suggesting potential diagnostic and prognostic utility [317]. Collectively, these findings highlight that
AChE is more than a neurotransmitter-degrading enzyme, it is a significant modulator of neuroimmune dynamics.
Its overactivity contributes to the loss of cholinergic anti-inflammatory tone, promoting sustained microglial
activation, cytokine overproduction, and neuronal damage. Therapeutic strategies that modulate AChE activity in
immune cells or enhance cholinergic signaling may hold promise in mitigating neuroinflammation in chronic CNS
disorders.

Therapeutic Implications and Future Perspectives

The therapeutic landscape for managing neurodegenerative diseases remains dominated by acetylcholinesterase
inhibitors, which temporarily alleviate symptoms by increasing synaptic acetylcholine levels. However, these agents-
donepezil, galantamine, and rivastigmine—do not address the multifaceted, non-enzymatic roles of AChE that
contribute to neurodegeneration. As our understanding of AChE’s paradoxical role deepens, it becomes evident that
traditional enzyme inhibition is an incomplete approach. Future therapies must go beyond merely blocking the
catalytic activity of AChE. One promising direction is the development of isoform-specific inhibitors that selectively
target the deleterious AChE-R variant without affecting the physiological functions of AChE-S. Small molecules,
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antisense oligonucleotides, or CRISPR-based gene editing tools could be employed to selectively suppress AChE-R

expression or its pathological interactions, particularly with A or pro-apoptotic proteins.

Another therapeutic avenue involves modulating AChE’s non-enzymatic interactions, especially those involved in

neurite outgrowth, cell adhesion, and inflammation. This may include designing peptides or synthetic ligands that

competitively inhibit AChE'’s peripheral anionic site, thereby preventing its binding to AB and other pathological

ligands. These compounds would ideally preserve ACh hydrolysis while neutralizing AChE'’s role in fibril formation

and apoptosis. Additionally, immunotherapeutic strategies such as monoclonal antibodies against AChE isoforms or

epitopes associated with neurotoxicity are under exploration. These agents could potentially neutralize the harmful

forms of AChE in the brain and modulate disease progression more directly than enzyme inhibitors. Beyond

pharmacological interventions, gene therapy and neuroprotective strategies aimed at enhancing cholinergic tone

without over activating AChE may offer long-term benefits. For instance, increasing acetylcholine synthesis or

stabilizing postsynaptic receptor activity might reduce the need for high AChE inhibition and lower the risk of

adverse compensatory responses.

Ultimately, personalized medicine approaches incorporating biomarkers for AChE isoform expression, cholinergic

tone, and inflammatory status will be essential in tailoring therapies. The future of AChE-targeted therapy lies in

precision modulation-preserving its indispensable physiological roles while silencing its pathological expressions.

As we refine our molecular understanding of AChE, it is likely to evolve from a symptom-relief target to a strategic

node in neurodegenerative disease modification.

CONCLUSION

Acetylcholinesterase is no longer viewed merely as a neurotransmitter terminator but rather as a multifaceted

modulator of neural architecture and health. Its influence on neural signaling extends beyond hydrolytic activity,

embracing roles in neurodevelopment, inflammation, and neurodegeneration. Understanding the conditions under

which AChE transitions from neuroprotective to neurotoxic is crucial in devising targeted interventions for

neurodegenerative diseases.
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