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ABSTRACT
Neurodegenerative disorders (NDs) such as Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's
disease (HD), and amyotrophic lateral sclerosis (ALS) are a group of progressive and debilitating conditions
characterized by the gradual deterioration of neuronal structure, function, and viability. These disorders result in
cognitive decline, motor impairment, behavioral abnormalities, and ultimately, significant disability and reduced
quality of life. Despite differences in clinical manifestations and affected brain regions, these diseases share common
molecular and cellular mechanisms, including mitochondrial dysfunction, oxidative stress, excitotoxicity, protein
aggregation, and impaired intracellular signaling. Among the most critical components of neuronal signaling are
second messengers—small, diffusible molecules that relay signals from membrane-bound receptors to intracellular
targets, orchestrating a wide range of cellular responses. Emerging evidence implicates the dysregulation of second
messenger systems as a central contributor to the pathogenesis and progression of NDs. This review focuses on key
second messengers implicated in neurodegeneration, including calcium ions (Ca®*), cyclic nucleotides (cAMP,
¢GMP), inositol 1,4,5-trisphosphate (IP3), diacylglycerol (DAG), and reactive oxygen and nitrogen species
(ROS/RNS). We explore their physiological roles in neuronal homeostasis, synaptic function, and plasticity, as well
as the consequences of their pathological dysregulation. Furthermore, we highlight current and emerging
therapeutic strategies targeting these signaling pathways to mitigate neurodegenerative processes.
Keywords: second messengers, calcium, cAMP, ¢cGMP, neurodegeneration, Alzheimer’s disease, Parkinson’s
disease, oxidative stress, phosphodiesterases, signal transduction

INTRODUCTION
Neurodegenerative diseases (NDs) comprise a diverse group of chronic, progressive conditions characterized by the
selective loss of structure and function of neurons in specific regions of the central nervous system (CNS) [17]
Common disorders in this category include Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease
(HD), amyotrophic lateral sclerosis (ALS), and frontotemporal dementia (FTD) [27] These diseases are often
associated with debilitating cognitive, behavioral, and motor impairments, ultimately leading to a decline in quality
of life and increased dependency [87] Although each neurodegenerative disorder presents with distinct clinical
features and underlying genetic and environmental factors, they often share convergent pathophysiological
mechanisms [47] A hallmark of many NDs is the accumulation of misfolded and aggregated proteins, such as
amyloid-beta and tau in AD, alpha-synuclein in PD, and mutant huntingtin in HD. These aggregates interfere with
normal cellular processes, including mitochondrial function, autophagy, axonal transport, and synaptic integrity.
Mitochondrial dysfunction and oxidative stress are also commonly observed, resulting in impaired energy
metabolism and increased vulnerability to apoptosis [5] Another critical and increasingly recognized contributor
to neurodegeneration is the disruption of intracellular signaling cascades that maintain neuronal survival, plasticity,
and communication [67]. Second messengers—such as calcium ions (Ca®*), cyclic adenosine monophosphate (CAMP),
cyclic guanosine monophosphate (¢cGMP), inositol 1,4,5-trisphosphate (IP3), diacylglycerol (DAG), and reactive
oxygen and nitrogen species (ROS/RNS)—play vital roles in transducing extracellular signals into precise
intracellular responses [77]. In neurons, these messengers regulate synaptic transmission, neurotrophic support,
gene expression, and adaptive responses to environmental stimuli. Dysregulation of second messenger signaling can
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disrupt these essential functions, leading to aberrant neuronal communication, inflammation, and cell death [8,97
Understanding the intricate role of second messengers in neurodegenerative processes not only offers insight into
disease mechanisms but also unveils novel targets for early diagnosis and therapeutic intervention.

Major Classes of Second Messengers in the Nervous System
Neurons rely heavily on tightly regulated intracellular signaling to respond rapidly and appropriately to
extracellular cues. Second messengers are key intermediates that translate surface receptor activation into precise
cellular responses [107] In the context of neurodegeneration, dysregulation of these messengers contributes to
synaptic dysfunction, mitochondrial stress, and neuronal death. This section outlines the major classes of second
messengers relevant to the nervous system and their roles in neurodegenerative pathology.

Calcium Ions (Ca®*)
Calcium ions serve as ubiquitous and highly dynamic second messengers, regulating processes such as
neurotransmitter release, synaptic plasticity, gene transcription, and apoptosis [117] In healthy neurons,
intracellular Ca®* levels are tightly controlled by voltage-gated channels, ligand-gated receptors (e.g., NMDA,
AMPA), and intracellular stores in the endoplasmic reticulum (ER) and mitochondria [127] However, in
neurodegenerative diseases, this regulation is disrupted. For instance, in Alzheimer's disease (AD), amyloid-beta
(AB) oligomers overstimulate NMDA receptors, causing sustained Ca®" influx and ER stress, which impairs
neuronal function and survival. In Parkinson’s disease (PD), a-synuclein aggregates disturb calcium buffering in
dopaminergic neurons, exacerbating mitochondrial damage and oxidative stress [137]
Cyclic Nucleotides (cAMP and cGMP)

The cyclic nucleotides cAMP and cGMP play central roles in modulating neuronal excitability, synaptic plasticity,
long-term potentiation (L'TP), and neurotrophic support [147] They act through downstream effectors like protein
kinase A (PKA) and protein kinase G (PKG), which regulate transcription factors such as CREB (cAMP response
element-binding protein) [157 In AD and Huntington's disease (HD), impaired cAMP/PKA signaling correlates
with reduced CREB activity and diminished neuroprotective gene expression. Conversely, pharmacological
elevation of ¢cGMP through phosphodiesterase inhibitors has demonstrated neuroprotective and cognitive-
enhancing effects in experimental models of AD, making it a promising therapeutic avenue [167]

Inositol 1,4,5-Trisphosphate (IP3) and Diacylglycerol (DAG)
[P35 and DAG are lipid-derived second messengers generated via the activation of phospholipase C (PLC) by G
protein-coupled receptors and receptor tyrosine kinases [177] IP3 facilitates Ca®* release from the ER, while DAG
activates protein kinase C (PKC), influencing gene expression, cytoskeletal dynamics, and synaptic strength.
Aberrant PLC-IP3 signaling has been implicated in synaptic loss and network dysfunction in AD. Meanwhile,
alterations in DAG-PKC pathways are associated with increased tau phosphorylation, glial activation, and pro-
inflammatory signaling in multiple NDs [187]

Reactive Oxygen and Nitrogen Species (ROS/RNS)

Reactive oxygen species (e.g., superoxide, hydrogen peroxide) and reactive nitrogen species (e.g., nitric oxide,
peroxynitrite) function as redox-sensitive messengers in physiological signaling [197] However, excessive
ROS/RNS production under pathological conditions leads to oxidative stress—damaging cellular lipids, proteins,
and DNA. In AD and ALS, chronic oxidative stress from mitochondrial leakage or NADPH oxidase activity
promotes neuroinflammation, impairs synaptic function, and accelerates neuronal loss [207].

Mechanisms of Dysregulation in Neurodegenerative Diseases
The pathogenesis of neurodegenerative diseases involves multiple intersecting mechanisms that disrupt second
messenger signaling [217. These include the accumulation of toxic protein aggregates, mitochondrial dysfunction,
and chronic neuroinflammation—each of which perturbs cellular homeostasis and propagates neuronal injury.

Protein Aggregation and Disrupted Signaling

A hallmark of many neurodegenerative disorders is the accumulation of misfolded proteins that aggregate into toxic
oligomers or fibrils. In Alzheimer’s disease (AD), amyloid-beta (Af) oligomers interact aberrantly with membrane
receptors, such as NMDA and nicotinic acetylcholine receptors, leading to excessive calcium influx and
excitotoxicity [227] Similarly, a-synuclein aggregates in Parkinson’s disease (PD) disrupt synaptic vesicle cycling
and impair dopamine signaling. In Huntington’s disease (HD), mutant huntingtin interferes with G protein-coupled
receptor function and downstream second messenger systems [237] These aggregates also disrupt organelle
function, particularly the endoplasmic reticulum (ER) and mitochondria, impairing calcium storage and redox
signaling.
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Mitochondrial Dysfunction

Mitochondria play a pivotal role in regulating intracellular calcium dynamics and reactive oxygen species (ROS)
generation [247]. In neurodegenerative conditions, mitochondrial integrity is compromised, often through the
opening of the mitochondrial permeability transition pore (mPTP). This leads to uncontrolled calcium release,
increased ROS production, and activation of cell death pathways. Impaired mitochondrial ATP production also
hinders the energy-dependent regulation of second messenger cascades [25]

Inflammation and Glial Dysfunction
Activated microglia and astrocytes, the primary immune and support cells of the CNS, release reactive nitrogen
species (RNS), ROS, and cytokines in response to neuronal injury [267]. While transient activation is protective,
chronic glial activation sustains an inflammatory environment. This persistent pro-inflammatory state alters second
messenger dynamics, exacerbating oxidative stress, calcium dysregulation, and synaptic dysfunction, thereby fueling
the progression of neurodegeneration [277].

Therapeutic Targeting of Second Messenger Pathways
Given the pivotal role of second messengers in maintaining neuronal function and their dysregulation in
neurodegenerative diseases, targeting these pathways offers promising therapeutic avenues [287 Strategies aimed
at restoring second messenger balance can mitigate neuronal damage and improve cognitive and motor outcomes.
Calcium Channel Modulators
Excessive calcium influx is a hallmark of excitotoxicity in conditions like Alzheimer’s disease (AD). Memantine, an
NMDA receptor antagonist, mitigates Ca**-mediated excitotoxicity without significantly impairing physiological
neurotransmission and is clinically approved for moderate to severe AD [117]. Beyond NMDA receptors, ryanodine
receptor (RyR) stabilizers are under investigation for their ability to restore endoplasmic reticulum (ER) calcium
homeostasis and reduce ER stress-associated neurotoxicity [137]
Phosphodiesterase Inhibitors

Phosphodiesterase (PDE) inhibitors prevent the breakdown of cyclic nucleotides, thus enhancing cAMP and cGMP
signaling. Rolipram (PDE4 inhibitor) boosts PKA/CREB-mediated neuroprotective gene expression, while
sildenafil (PDE5 inhibitor) improves synaptic plasticity and cerebral blood flow. Both have demonstrated
neuroprotective effects in preclinical models of AD and Parkinson’s disease (PD) [29]

Antioxidants and Redox Modulators
Antioxidants such as edaravone (approved for amyotrophic lateral sclerosis) scavenge free radicals, reducing ROS-
mediated neuronal injury. NRF2 activators promote endogenous antioxidant defenses, restoring redox balance and
limiting second messenger dysregulation in multiple neurodegenerative conditions [30]

Emerging Perspectives
Beyond their classical roles in signal transduction, second messengers have been increasingly recognized for their
involvement in broader regulatory processes such as epigenetic modulation, autophagy, and synaptic remodeling
[81]. Calcium and cyclic nucleotides, for example, can influence chromatin remodeling and histone modification
through signaling to transcriptional regulators, thereby altering gene expression patterns relevant to neuronal
survival and plasticity [117] Second messengers also modulate autophagic flux, which is critical for the clearance of
aggregated proteins commonly seen in neurodegenerative diseases. Advances in nanotechnology and imaging such
as genetically encoded fluorescent nanosensors and high-resolution calcium imaging have enabled real-time
visualization of second messenger dynamics in subcellular compartments, deepening our understanding of their
spatial and temporal regulation [327] Furthermore, emerging personalized medicine approaches that integrate
genomic, proteomic, and metabolomic data are paving the way for individualized therapies [837] By targeting
dysregulated second messenger pathways specific to a patient’s molecular profile, such strategies hold the potential
to enhance treatment efficacy and reduce adverse effects.
CONCLUSION

Second messengers are fundamental to neuronal communication, plasticity, and survival, orchestrating a wide array
of cellular responses to external and internal stimuli. Their dysregulation contributes to key pathological processes
in neurodegenerative diseases, including excitotoxicity, oxidative stress, impaired gene expression, and
inflammation. As such, they represent critical nodes for therapeutic intervention and biomarkers for early disease
detection. Advancing our understanding of second messenger signaling through integrative approaches—such as
multi-omics, systems neuroscience, and advanced imaging—will be instrumental in decoding the complexity of
neurodegenerative networks and developing more precise, mechanism-based strategies for prevention, diagnosis,
and treatment.
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