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Abstract 

 

Ion channel dysfunction plays a pivotal role in neurological and autoimmune disorders, often 

leading to misdiagnoses due to symptom overlap with conditions like acute inflammatory 

demyelinating polyneuropathy, dysautonomia, postural orthostatic tachycardia syndrome 

(POTS), and small fiber neuropathy. This paper presents a theoretical framework linking ion 

channelopathies to autoimmunity through cGAS-STING pathway activation and macrophage 

polarization. It further explores how post-viral immune responses, including those in Long 

COVID and vaccine-related responses, may in rare instances, contribute to ion channel 

dysfunction, exacerbating autonomic and neuromuscular symptoms. The intersection of these 

mechanisms complicates diagnostic accuracy and therapeutic strategies. Sex-based differences 

and ethnic genetic predispositions in immune regulation are examined, offering insight into 

population-specific variations in immune-mediated ion channelopathies. This work highlights the 

need for improved diagnostic criteria and specific therapeutic interventions to address immune-

driven ion channel dysfunction. 
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Introduction 

 

Ion channels are fundamental to neuronal excitability, immune regulation, and cellular 

homeostasis. Dysfunctions in these channels, whether driven by genetic mutations, 

autoimmunity, or environmental triggers, contribute to a constellation of neurological, 

immunological, and autonomic disorders. Aberrant ion channel activity alters macrophage 

polarization, inflammatory signaling, and neuroimmune interactions, leading to pathological 

hyperexcitability, immune dysregulation, and secondary mast cell activation. Mast cell 

activation, in turn, exacerbates inflammatory and neuroimmune responses, creating a feedback 

loop that worsens the clinical presentation (1). 

  

Sex-based differences influence the severity of ion channelopathies, with women exhibiting 

greater susceptibility due to hormonal modulation of ion channel expression, immune 

hyperreactivity, and X-linked genetic predispositions (2,3). Additionally, variations in STING 

(stimulator of interferon genes) signaling between ethnic groups modulate immune responses to 

viral infections and inflammatory stimuli. European populations, particularly white Europeans, 

demonstrate heightened STING-related inflammatory activation, predisposing them to 

autoimmune and chronic inflammatory ion channel dysfunctions compared to African and Asian 

populations, who exhibit lower basal STING activity (4,5).  
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Despite the established role of ion channels in neuroimmune homeostasis, their contribution to 

misdiagnosed autoimmune and chronic inflammatory conditions remains underexplored. This 

review integrates evidence from molecular immunology, electrophysiology, and genetics to 

redefine the mechanistic role of ion channels in cGAS-STING-mediated immune dysfunction, 

vaccine-related inflammation, long COVID pathology, and mast cell activation (6). 

 

1. Ion Channel Dysfunction: Symptoms, Mechanisms, and Genetic Factors 

 

1.1 Symptoms 

 

Ion channels are specialized membrane proteins that facilitate the selective passage of ions 

across cellular membranes, which cellular homeostasis. These channels help regulate electrical 

excitability, signal transduction, and cellular communication across nearly all cell types, 

including neurons, muscle cells, and immune cells. By controlling the flow of key ions like 

sodium, potassium, calcium, and chloride, ion channels control processes critical for 

physiological functions like nerve impulse transmission, muscle contraction, and immune 

response modulation. In immune cells, ion channels influence activation, migration, and cytokine 

production, influencing the body’s defense mechanisms. Disruptions in ion channel function, due 

to genetic mutations and ion channelopathies, may cause several pathologies, including 

neurological disorders, cardiac arrhythmia, and immune dysregulation (7).  

  

Ion channelopathies encompass a constellation of disorders resulting from dysfunctional ion 

channels, leading to various clinical manifestations. Patients often experience chronic pain 

characterized by sensations including burning, stabbing, or electric shock-like feelings. 

Dysautonomia is another common feature, presenting with symptoms like tachycardia, 

gastrointestinal dysmotility, and orthostatic intolerance. Neuromuscular weakness is frequently 

observed, particularly in conditions like Lambert-Eaton myasthenic syndrome, where 

autoantibodies target voltage-gated calcium channels at the neuromuscular junction. Sensory 

disturbances, including hyperesthesia, paresthesia, and allodynia, are also prevalent, reflecting 

altered sensory neuron excitability due to ion channel mutations (8,2) 

  

Women often report more severe autonomic dysfunctions in channelopathies. This disparity may 

be influenced by estrogen's modulation of ion channel expression and function, affecting 

autonomic control mechanisms. Estrogen has been shown to modulate nociception by altering 

ion channel opening and regulation of receptor expression in peripheral visceral afferent 

terminals. Estrogen can modulate the function of RVLM C1 bulbospinal neurons either directly, 

through extranuclear estrogen receptor beta, or indirectly through other mechanisms (3,4). 

 

1.2 Genetic Mutations and Ion Channelopathies 

  

Voltage-gated sodium channels are essential for the initiation and propagation of action 

potentials in excitable tissues. Mutations in the genes encoding these channels, like  SCN9A 

(Nav1.7), SCN10A (Nav1.8), and SCN11A (Nav1.9), have been implicated in various pain 

syndromes (9). 
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SCN9A encodes the Nav1.7 channel, primarily expressed in nociceptive neurons. Gain-of-

function mutations in SCN9A lead to conditions like inherited erythromelalgia and paroxysmal 

extreme pain disorder by lowering the activation threshold of Nav1.7, resulting in neuronal 

hyperexcitability and spontaneous pain. Loss-of-function mutations cause congenital 

insensitivity to pain relative to Nav1.7's role in nociception (10). 

  

SCN10A encodes Nav1.8, a tetrodotoxin-resistant sodium channel integral to action potential 

upstroke in peripheral nociceptors. Mutations in SCN10A have been associated with painful 

neuropathies by enhancing neuronal excitability by altering channel inactivation and recovery 

kinetics (11).  

  

SCN11A encodes Nav1.9, another tetrodotoxin-resistant sodium channel expressed in 

nociceptors. Gain-of-function mutations in SCN11A are linked to familial episodic pain 

syndrome, characterized by severe limb pain due to increased persistent sodium currents and 

neuronal hyperexcitability. Specific mutations in SCN11A  increase insensitivity to pain (12). 

  

Voltage-gated potassium channels (Kv) are crucial for repolarizing the neuronal membrane 

following action potentials. Mutations in KCNA1, encoding the Kv1.1 channel, are associated 

with episodic ataxia type 1 (EA1) and neuromyotonia which impair Kv1.1 function, leading to 

neuronal hyperexcitability and the clinical manifestations of EA1 (13).  

  

Calcium channels encoded by CACNA1A influence neurotransmitter release and neuronal 

excitability. Mutations in CACNA1A result in conditions like familial hemiplegic migraine and 

episodic ataxia type 2 by altering calcium influx, disrupting synaptic transmission and leading to 

the clinical features observed in these disorders. Estrogen can modulate calcium channel 

function, influencing the higher prevalence of migraine in women (14).  

  

Chloride channels, like those encoded by CLCN1, maintain skeletal muscle excitability. 

Mutations in CLCN1 cause myotonia congenita, driving impaired muscle relaxation due to 

reduced chloride conductance and subsequent muscle hyperexcitability (15).  

 

1.3 Ion Channel Mutations and Population Prevalence 

  

Genetic variants affecting ion channel function are widespread in the human population, with 

many exhibiting functional consequences that influence neuronal excitability, pain perception, 

and immune regulation. Variants in voltage-gated sodium channels, such as SCN9A (Nav1.7), 

SCN10A (Nav1.8), and SCN11A (Nav1.9), are implicated in inherited pain disorders, including 

erythromelalgia and small fiber neuropathy, with pathogenic mutations occurring in 

approximately 1 in 1,000 to 1 in 10,000 individuals (16,17). Loss-of-function mutations in 

SCN9A can lead to congenital insensitivity to pain, while gain-of-function mutations enhance 

nociceptor excitability, predisposing individuals to chronic pain syndromes (18).  

 

  

Voltage-gated potassium channels, particularly KCNA1 (Kv1.1), KCNQ2 (Kv7.2), and KCNQ3 

(Kv7.3), regulate neuronal repolarization and excitability. Mutations in KCNA1 are linked to 
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episodic ataxia type 1, with a prevalence estimated at 1 in 100,000 (19). KCNQ2 and KCNQ3 

mutations driving neonatal epilepsy syndromes, affecting ~1 in 25,000 newborns (20). 

  

Voltage-gated calcium channels, such as CACNA1A, CACNA1C, and CACNA1S, influence 

synaptic transmission and muscle contraction. CACNA1A mutations are associated with familial 

hemiplegic migraine and episodic ataxia type 2, with a combined prevalence of 1 in 50,000 (Jen 

et al., 2001). Mutations in CACNA1C contribute to Timothy syndrome, a rare disorder affecting 

cardiac and neurological function, with an incidence of fewer than 1 in 1 million (21). 

  

Chloride channelopathies, including CLCN1 mutations linked to myotonia congenita, are more 

common, with Thomsen and Becker myotonia occurring in 1 in 100,000 to 1 in 50,000 

individuals, respectively (22). 

  

2. Autoimmunity and Ion Channels 

 

2.1 cGAS-STING Activation 

  

The cGAS-STING pathway detects cytosolic DNA, viruses, and bacteria--triggering innate 

immune responses through the production of type I interferons and pro-inflammatory cytokines. 

While paramount for pathogen defense, dysregulated cGAS-STING activation can contribute to 

autoimmune diseases and chronic inflammation (23). Activation occurs when cGAS detects 

cytosolic double-stranded DNA and specific pathogens, producing cyclic GMP-AMP (cGAMP), 

which activates STING and induces the release of type I interferons like IFN-α, IFN-β and 

inflammatory cytokines. The persistent activation of this pathway can lead to prolonged 

inflammation, autoimmune responses, and tissue damage (24). 

  

In autoimmune diseases like Guillain-Barré syndrome (GBS) and Acute Inflammatory 

Demyelinating Polyneuropathy (AIDP), the immune system mistakenly targets peripheral 

nerves, causing inflammation and demyelination (25). Dysregulated cGAS-STING activation 

can perpetuate this immune response (26). Exogenous DNA fragments from environmental or 

other sources may persist in tissues, continuously triggering cGAS-STING and exacerbating 

inflammation (27). Molecular mimicry, where the immune system targets self-DNA due to 

similarities with foreign DNA, nuclear DNA, viral DNA, and mitochondrial DNA--can further 

sustain autoimmune damage via cGAS STING pathway activation (28). 

  

Type I interferons bind to their receptors (IFNAR1/2), activating transcription factors like STAT1 

and STAT2. These factors form the ISGF3 complex, which translocates to the nucleus and 

induces the expression of interferon-stimulated genes (ISGs) (29). Some ISGs enhance cGAS-

STING signaling, establishing a positive feedback loop that amplifies immune responses and 

inflammation, promoting excessive and sometimes continuous neuroinflammation and 

neurodegeneration in autoimmune conditions (30).  

  

Chronic cGAS-STING activation in the peripheral nervous system (PNS) results in 

neuroinflammation, characterized by immune cell infiltration and the release of inflammatory 

mediators (31). This exacerbates demyelination and neuronal injury, contributing to disease 

progression in AIDP and other neuroinflammatory disorders (32). 
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Mutations in genes involved in cGAS-STING or related immune pathways potentially influence 

susceptibility to autoimmune diseases (33). Environmental factors, like microbial DNA or 

contaminants, can reinforce ongoing cGAS-STING activation, leading to persistent inflammation 

and immune dysregulation (33). 

 

2.2 Macrophage Activation, Ion Channels, and Immune System Crosstalk 

  

Macrophages, central mediators of both innate immunity and tissue homeostasis, undergo 

dynamic polarization in response to a variety of signals. These signals, including cytokines, 

danger-associated molecular patterns (DAMPs), pathogen-associated molecular patterns 

(PAMPs), and even external physical cues like electrostatic forces, dictate whether macrophages 

adopt a pro-inflammatory M1 phenotype or an anti-inflammatory M2 phenotype (34). Physical 

properties like zeta potential, the electrostatic charge of particles, and charged particles like lipid 

interactions are found to influence macrophage polarization (35), especially in the context of 

nanoparticles (NPs) and lipid-based nanocarriers (LNPs) used in drug delivery systems (36). 

  

Zeta potential refers to the electrostatic potential at the interface between a particle and the 

surrounding fluid, which is a measure of the particle’s surface charge (37). This charge can 

influence cellular interactions, including those with macrophages. When nanoparticles NPs or 

LNPs meet macrophages, their surface charge can modulate the macrophage's ability to 

recognize, internalize, and subsequently polarize in a pro-inflammatory or anti-inflammatory 

state (38). 

  

Positively charged nanoparticles have been shown to preferentially interact with the negatively 

charged components of the macrophage cell membrane (39). The interaction of cationic particles 

with macrophage membranes can in rare instances, induce cellular stress and inflammation, 

triggering the macrophage to adopt a pro-inflammatory M1 phenotype. This process is facilitated 

by the recognition of charged nanoparticles via surface receptors, like scavenger receptors, which 

are involved in the uptake of damaged or altered particles (39). The uptake of cationic particles 

activates intracellular signaling pathways, notably the NF-κB and MAPK pathways, which are 

critical for the transcription of pro-inflammatory cytokines like IL-6, TNF-α, and IL-1β (40). 

These cytokines, in turn, not only exacerbate local tissue inflammation but also amplify systemic 

immune responses, which could potentiate autoimmunity or contribute to chronic inflammatory 

diseases (41). 

  

The electrostatic interaction between the positively charged lipids and the macrophage 

membrane increases the likelihood of membrane disruption and phagocytic uptake, promoting 

the secretion of cytokines and reactive oxygen species (ROS) that contribute to tissue damage 

and inflammation (42). 

  

Negatively charged particles can promote macrophage polarization toward an M2 phenotype, 

which are associated with immune suppression, tissue repair, and resolution of inflammation 

(44). The binding of negatively charged particles to macrophage scavenger receptors or CD36 

can enhance the macrophage’s capacity to clear apoptotic cells and induce cytokine production 

that promotes tissue healing, rather than inflammation (45). Thus, the surface charge of particles 



6 

 

can provide a significant determinant of macrophage phenotype and immune response. 

The exposure of macrophages to various cytokines and growth factors plays a dominant role in 

determining their polarization. The presence of interferon-gamma (IFN-γ) and 

lipopolysaccharide (LPS) drives macrophages toward the M1 phenotype, characterized by the 

production of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6, as well as reactive 

nitrogen species (RNS) and ROS (46). On the other hand, anti-inflammatory cytokines including 

IL-4, IL-10, and transforming growth factor-beta (TGF-β) promote M2 polarization, marked by 

increased expression of markers like CD206 and arginase-1, and the production of cytokines like 

IL-10 and TGF-β that promote tissue repair and immune resolution (47). 

  

Macrophage polarization is also heavily influenced by changes in cellular metabolism. M1 

macrophages typically undergo a shift toward glycolytic metabolism to meet the high energy 

demands associated with their inflammatory activity (48). This metabolic reprogramming is 

regulated by transcription factors like HIF-1α and c-MYC, which drive the expression of 

glycolytic enzymes (48). In contrast, M2 macrophages rely more on oxidative metabolism and 

fatty acid oxidation, processes associated with their role in tissue repair and immune modulation. 

This metabolic shift is not only a marker of macrophage polarization but also a key regulator of 

their functional properties in inflammation and immunity (48). 

  

MicroRNAs (miRNAs) have been implicated in macrophage polarization. Specific miRNAs, like 

miR-155, promote M1 polarization by enhancing the expression of inflammatory cytokines and 

boosting the activation of signaling pathways like NF-κB (49). Conversely, miR-124 and miR-

147 have been shown to drive M2 polarization by suppressing pro-inflammatory pathways and 

promoting the anti-inflammatory phenotype (50). 

  

The local tissue microenvironment also plays a critical role in macrophage polarization. Hypoxic 

conditions, found in inflamed or injured tissues, can induce a shift toward M2 polarization, 

facilitating tissue repair and immune resolution. This is largely mediated through the stabilization 

of hypoxia-inducible factors (HIFs), particularly HIF-1α, which orchestrates the transcription of 

genes involved in metabolic adaptation, angiogenesis, and immune modulation (51). 

  

Gender differences in immune responses, particularly the stronger macrophage activation 

observed in women, have been well-documented. Estrogen, through its receptors (ERα and 

ERβ), plays a crucial role in modulating macrophage function (53), influencing both polarization 

and cytokine production. In women, estrogen enhances macrophage responsiveness to 

inflammatory signals, leading to a more robust M1 response. The increased M1 response can 

result in increased production of pro-inflammatory cytokines like IL-6 and TNF-α, which are 

associated with autoimmune diseases like multiple sclerosis, rheumatoid arthritis, and 

autoimmune encephalitis (53). Estrogen also affects the expression of ion channels in immune 

cells, further contributing to the gender differences observed in autoimmune ion channel 

disorders (54). 

  

The polarization of macrophages, particularly in the context of nanoparticle exposure and 

charge-based interactions, has significant implications for autoimmune ion channel disorders 

(55). These disorders, in which the immune system targets ion channels, are exacerbated by the 

inflammatory environment created by M1 macrophages (56). The production of cytokines like 
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IL-6 and TNF-α can enhance the activation of autoreactive T cells and B cells, promoting the 

production of autoantibodies against ion channels (57).  

Macrophage polarization is a multifaceted process influenced by both biochemical and physical 

factors. Zeta potential, particularly through charge-based interactions with nanoparticles, 

represents an underexplored but important mechanism in macrophage polarization. The charge 

and surface properties of particles like LNPs may modulate macrophage function, contributing to 

either a pro-inflammatory M1 or anti-inflammatory M2 phenotype, highlighting the complexities 

of autoimmune diseases, especially autoimmune ion channel 

disorders.  

 

2.3 Autoantibodies and Ion Channels 

  

The production of autoantibodies targeting ion channels plays a pivotal role in the pathogenesis 

of several autoimmune neurological disorders, including Morvan’s syndrome and autoimmune 

encephalitis (58). These conditions are characterized by the development of autoantibodies 

against specific neuronal ion channels, like voltage-gated potassium channels (VGKC), 

Contactin-associated protein-like 2 (CASPR2), and Leucine-rich glioma-inactivated 1 (LGI1). 

These autoantibodies disrupt normal neuronal function, contributing to severe and often 

debilitating symptoms, like seizures, memory deficits, and dysautonomia (59). 

  

VGKC autoantibodies appear in Morvan’s syndrome--the antibodies specifically target the 

extracellular domains of VGKCs (59). This disrupts the normal function of these channels in 

neurons, affecting potassium ion homeostasis and altering neuronal excitability. Potassium 

channels are crucial for regulating potential propagation and neurotransmitter release—the loss 

of proper VGKC function leads to the hyperexcitability of neurons (60), manifesting as 

symptoms like myokymia, seizures, and cognitive impairment (61). 

  

CASPR2 and LGI1 are also critical targets in autoimmune encephalitis (62). CASPR2, a cell 

adhesion molecule involved in the clustering of voltage-gated potassium channels at the nodes of 

Ranvier, maintains the integrity of the nodes and ensures proper saltatory conduction in 

myelinated fibers. Autoantibodies targeting CASPR2 disrupt this process, leading to 

demyelination and neuronal dysfunction (62).  

  

Autoantibodies against LGI1, a protein that regulates synaptic transmission, interferes with 

synaptic plasticity and neuronal signaling, contributing to the cognitive and psychiatric 

symptoms associated with autoimmune encephalitis (62). 

  

A notable feature of autoimmune ion channel disorders is the gender disparity in disease 

prevalence and severity. Women, particularly during their reproductive years, exhibit higher 

levels of autoantibody titers and experience more severe neurological symptoms compared to 

men. This is primarily driven by the influence of estrogen on immune regulation. Estrogen 

enhances B cell activation and antibody production, promoting a more robust autoimmune 

response in women (63). Estrogen's effect on macrophage polarization, as discussed earlier, also 

contributes to the heightened immune response seen in women, amplifying the production of 

pro-inflammatory cytokines and potentially increasing the production of ion channel-targeting 

autoantibodies, including impacts on ovarian cancer (64). 
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Estrogen interacts with estrogen receptors (ERα and ERβ) on immune cells, including B cells 

and macrophages, to regulate key pathways involved in autoimmunity (54). By binding on these 

receptors, estrogen enhances the differentiation and activation of B cells, leading to increased 

autoantibody production. Estrogen modulates the Th1/Th17 balance in favor of pro-

inflammatory responses, further exacerbating the autoimmune attack on neuronal ion channels 

resulting in a higher incidence of disorders (53) like autoimmune encephalitis, where 

autoantibodies direct themselves against neuronal ion channels like VGKC, CASPR2, and LGI1 

(62). 

  

Estrogen’s role in modulating the blood-brain barrier (BBB) can also influence the infiltration of 

immune cells into the CNS, contributing to the severity of disease. Studies have shown that 

estrogen increases the permeability of the BBB, making it easier for auto-reactive immune cells, 

including T cells and B cells, to enter the CNS and target neuronal structures, including ion 

channels (65). 

  

The binding of autoantibodies to ion channels in the CNS leads to a cascade of 

pathophysiological events. With VGKC, CASPR2, and LGI1, autoantibody binding interferes 

with channel function, causing neuronal hyperexcitability, disrupted synaptic transmission, and 

altered ion gradients resulting in clinical manifestations of autoimmune encephalitis, including 

seizures, cognitive dysfunction, psychiatric disturbances, and autonomic dysregulation (66). 

  

The disruption of potassium channels in neurons, impairs repolarization following action 

potentials, thereby prolonging depolarization and enhancing neuronal excitability. This 

hyperexcitability is a hallmark of several autoimmune neurological disorders—contributing the 

generation of spontaneous seizures and the onset of neurological deficits. CASPR2 and LGI1 

autoantibodies may disrupt neuronal communication, affecting both synaptic and non-synaptic 

signaling. The resultant neuronal dysfunction can lead to a range of cognitive and behavioral 

symptoms, like memory loss, confusion, and even psychosis (67)..  

  

The inflammatory milieu generated by the heightened immune response exacerbates neuronal 

injury by activating macrophages and microglia, creating an environment of chronic 

inflammation in the central nervous system progressing neuronal damage (68).  

 

3. Diagnostic Challenges and Misdiagnosis 

 

3.1 Acute Inflammatory Demyelinating Polyneuropathy and Small Fiber Neuropathy  

  

Acute inflammatory demyelinating polyneuropathy (AIDP), small fiber neuropathy (SFN), and 

ion channelopathies present complex diagnostic challenges due to overlapping clinical 

symptoms, shared pathophysiological features, and differential responses to treatment (8). These 

disorders represent diverse etiologies of peripheral nerve dysfunction, yet frequently manifesting 

with similar neurological symptoms, like pain, sensory disturbances, autonomic dysfunction, and 

motor weakness. The intricate molecular mechanisms underlying these conditions, with 

limitations of current diagnostic technologies, contribute to the frequent misdiagnosis of these 

disorders—resulting in delayed or inappropriate treatment. 
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AIDP, a subset of Guillain-Barré Syndrome (GBS), is characterized by immune-mediated 

demyelination of peripheral nerves involving the Schwann cells and myelin sheath. The 

pathological hallmark of AIDP is the invasion of autoimmune T lymphocytes and macrophages 

into peripheral nerves, resulting in demyelination, axonal injury, and uncommonly, axonal loss. 

Clinically, AIDP presents rapid onset ascending muscle weakness, paresthesia, and autonomic 

dysfunction like tachycardia, hypotension, and gastrointestinal disturbance (69). 

  

Molecularly, AIDP develops through the activation of autoreactive T cells. The CD4+ T helper 

cells initiate the immune response, while CD8+ cytotoxic T cells contribute to direct tissue 

damage through cytokine release and cytolysis (70). These T cells are activated by myelin-

associated antigens, like GM1 gangliosides or myelin basic protein, triggering an inflammatory 

cascade that destroys the myelin sheath (71). As the inflammatory process progresses, 

macrophages infiltrate the demyelinated areas, exacerbating axonal damage through the secretion 

of pro-inflammatory cytokines like TNF-α, IL-6, and IFN-γ and reactive oxygen species (72).   

  

Diagnostic confirmation of AIDP is often achieved through cerebrospinal fluid (CSF) analysis, 

searching for elevated protein levels (albumin cytologic dissociation) without a corresponding 

increase in white blood cells. Nerve conduction studies may show delayed motor and sensory 

conduction velocities, reflecting demyelination. However, AIDP diagnosis can be confounded by 

similar symptoms in other neuroimmune disorders, particularly when electrophysiological 

findings are borderline or when there is a lack of detectable antibodies (73). 

  

Small fiber neuropathy SFN is another condition with overlapping features that often complicate 

the diagnosis of AIDP and other neuropathies (75). SFN primarily affects the small myelinated 

Aδ fibers and unmyelinated C fibers of peripheral nerves, which are involved in nociception and 

autonomic regulation. Unlike AIDP, SFN does not typically involve large, myelinated fibers, 

which are essential for motor and proprioceptive functions, making the diagnosis of SFN more 

elusive in the early stages (76). Symptoms of SFN are often disabling, including chronic pain, 

burning sensations, paresthesia, and autonomic dysfunction like orthostatic hypotension, 

tachycardia, sweating abnormalities, and gastrointestinal disturbances (74). From a 

pathophysiological perspective, SFN results from the degeneration of small fiber axons, often 

due to a variety of underlying causes, including autoimmune diseases, genetic mutations, 

infections, and diabetes mellitus (74).  

 

3.2 AIDP, SFN, and Ion channelopathies 

  

Ion channelopathies are a class of disorders caused by genetic mutations or autoimmune 

responses that alter the normal functioning of ion channels, which are integral to maintaining 

neuronal excitability and synaptic transmission (77). These conditions are often overlooked in 

clinical practice. Ion channelopathies encompass a wide range of conditions, including epilepsy, 

migraines, and neuromuscular disorders, autoimmune channelopathies, and cardiac 

channelopathy (77). 

 

The pathophysiology of ion channelopathies is diverse, involving disrupted ion flow due to 

mutations or autoimmune antibodies (78) that target critical components of ion channels or their 
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associated proteins. VGKC autoantibodies target extracellular epitopes of the potassium 

channels, leading to disrupted potassium ion flux, which in turn alters neuronal repolarization 

and action potential propagation. This disruption of neural signaling is a hallmark of autoimmune 

neuromyotonia, which presents symptoms like muscle spasms, ataxia, seizures, and cognitive 

dysfunction. Similarly, CASPR2 and LGI1 autoantibodies interfere with the clustering of ion 

channels at the nodes of Ranvier, contributing to the demyelination and neuronal dysfunction 

seen in autoimmune encephalitis (79). 

  

Autoimmune SFN research has highlighted the potential role of autoantibodies targeting ion 

channels in the pathogenesis of SFN. Voltage-gated sodium channels (NaV1.7) have been 

implicated in some cases of immune-mediated SFN, where autoantibodies alter the function of 

ion channels, leading to disrupted neuronal excitability, pain hypersensitivity, and autonomic 

disturbances (80). Despite these insights, electrophysiological studies in SFN remain normal or 

only mildly altered (81), further complicating the diagnosis and distinguishing it from other 

similar conditions like AIDP. 

  

The diagnostic challenge in ion channelopathies lies in the absence of clear-cut 

electrophysiological findings and the normal appearance of brain and nerve imaging. 

Conventional tests, including nerve conduction studies and electromyography, may fail to reveal 

the underlying ion channel dysfunction. As a result, serological testing for autoantibodies 

directed against specific ion channel proteins, like CASPR2, or LGI1, is increasingly 

recommended to confirm these conditions 82). Magnetic resonance imaging may show brain 

atrophy or hippocampal abnormalities in cases of autoimmune encephalitis, but it lacks 

sensitivity for detecting the subtle functional changes that underline these disorders (83).  

  

3.3 Current Testing Limitations 

  

Despite advancements in diagnostic technologies, distinguishing between SFN, autoimmune 

diseases, and ion channelopathies remains challenging due to limitations in current testing 

methods (84). These challenges often result in missed or delayed diagnoses, complicating patient 

management (84). 

  

Skin biopsy, commonly used to diagnose SFN, allows examination of small nerve fibers in the 

epidermis, but lacks sensitivity to identify the underlying etiology (85). It cannot distinguish 

between autoimmune and genetic causes of small fiber degeneration (86).  Autoimmune SFN, 

driven by autoantibodies against ion channels like NaV1.7 or TRPV1, and genetic SFN with 

mutations in ion channels or structural proteins, can present similarly (87). Variability in 

epidermal nerve fiber density (ENFD) cutoffs across labs contributes to inconsistent results (88). 

  

Autoantibody panels are critical for diagnosing autoimmune-mediated neuropathies, especially 

ion channelopathies (89), but often miss key auto antibodies against neuronal ion channels like 

VGKC, CASPR2, LGI1, and NaV1.7 (90). Sensitivity varies between labs, and narrow panel 

selection may overlook less common or newly identified antibodies [Dale et al., 2012]. Cross-

reactivity with non-specific proteins can complicate the diagnostic process (92). 

  

In autoimmune SFN and conditions like Morvan’s syndrome or autoimmune encephalitis, 
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missing relevant autoantibodies can hinder differentiation from other causes of neuropathy or 

encephalitis (93). Identifying VGKC, CASPR2, and LGI1 antibodies is crucial for accurate 

diagnosis and treatment (94). 

  

Autonomic testing is essential for diagnosing POTS and dysautonomia, which often coexist with 

autoimmune and ion channelopathies (95). However, it lacks the specificity to identify the 

underlying molecular causes. While it detects symptoms such as tachycardia and orthostatic 

hypotension, it does not distinguish whether they stem from autoimmune-mediated ion channel 

dysfunction or genetic mutations (96). This lack of specificity can lead to misdiagnosis, 

particularly in POTS, where symptoms overlap with conditions like hyperadrenergic states or 

idiopathic dysautonomia (97). Autonomic tests like heart rate variability (HRV) and tilt-table 

tests assess dysfunction but do not reveal immunological or genetic causes (98). In autoimmune 

POTS, autoantibodies such as anti-adrenergic receptor antibodies may go undetected, limiting 

understanding and treatment (99).  

 

3.4 Ion Channel Function Testing  

  

Voltage-clamp electrophysiology is a current definitive for assessing ion channel function, 

enabling precise measurement of ionic currents and channel conductance under controlled 

voltage conditions. This technique shows insights into ion channel behavior and neuronal 

excitability for diagnosing ion channelopathies (100). Genetic sequencing, including whole 

exome or specific ion channel gene panels, identifies pathogenic mutations, confirming genetic 

predispositions and underlying channel dysfunctions (101). Neuroimmune biomarker profiling 

detects inflammatory or autoimmune markers, including autoantibodies targeting ion channels, 

distinguishing autoimmune causes from genetic mutations and providing crucial diagnostic 

clarity (102). This comprehensive diagnostic approach enables precise differentiation between 

inflammatory conditions and hereditary channelopathies, guiding targeted therapeutic strategies. 

 

The limitations of current testing that are known and available to clinicians underscore the need 

for a more integrated diagnostic approach that combines clinical evaluation with advanced 

molecular and serological techniques (85). Employing a comprehensive diagnostic toolkit, 

including genetic testing, expanded autoantibody panels, and more sensitive skin biopsy 

techniques—would improve the detection of rare or less understood causes of SFN, ion 

channelopathies, and autonomic disorders. Integrating high-throughput techniques like next-

generation sequencing or proteomics may help identify new biomarkers and genetic variants 

associated with these conditions, improving diagnostic accuracy and enabling personalized 

treatments (85). 

 

4. Long COVID and Vaccine Effects: Molecular Mechanisms and Outcomes 

 

4.1 Long COVID Mechanisms 

  

Persistent viral reservoirs and immune dysregulation underpin the pathophysiology of Long 

COVID (103). One of the key drivers of disease progression is the cGAS-STING pathway (104), 

activated by viral DNA, or cellular damage caused by leakage of nuclear DNA and 

mitochondrial DNA into the cell’s cytoplasm (105). Upon recognition of foreign or self-DNA, 
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cGAS binds to cytoplasmic DNA and catalyzes the production of cGAMP, which activates 

STING. The IFN response is triggered, inducing pro-inflammatory cytokines like IL-6, TNF-α, 

and IFN-γ, which perpetuate chronic inflammation and immune activation (105). The sustained 

inflammatory environment fuels autoimmune responses, including epitope-spreading, where 

viral peptides mimic self-antigens, generating autoantibodies that target neuronal and endothelial 

cell structures, contributing to neurological deficits and autonomic dysfunction (106). 

  

Ion channel dysfunction plays a critical role in SFN and dysautonomia observed in Long 

COVID. Ion channels, like voltage-gated sodium channels (NaV1.7), are involved in nociceptive 

signaling and neurovascular regulation (107-109).  

  

Chronic immune activation enhances macrophage polarization toward the M1 phenotype, 

releasing ROS, amplifying channelopathies and altering neural excitability. These alterations 

result in hyperexcitability of sensory neurons, contributing to pain syndromes, muscle weakness, 

and autonomic instability (110). Autoantibodies directed against ion channels like NaV1.7, 

VGKC, and VGCCs exacerbate these symptoms. The binding of autoantibodies to these channels 

disrupts their normal function, generating abnormal ion flux, further promoting hyperexcitability, 

neuropathic pain, and muscle weakness (111). 

  

The symptoms linked to these autoantibodies include neuropathy, pain syndromes, muscle 

dysfunction, and autonomic dysfunction like orthostatic intolerance, dizziness, and tachycardia. 

These symptoms mirror those of conditions like small fiber neuropathy and dysautonomia, often 

seen in patients with Long COVID, further complicating the diagnostic process (112). 

  

Sex-based differences are significant; females, due to X-linked immune genes and estrogen 

modulation, have stronger immune responses, predisposing them to more severe immune 

overactivation and autoantibody production (113). 

 

4.2. Immune-Mediated Responses to Vaccination 

  

The World Health Organization and numerous public health agencies affirm that vaccines are 

safe and effective, with extensive clinical trials and post-marketing surveillance demonstrating 

their role in preventing infectious diseases while maintaining a favorable risk-benefit profile 

(114).  

  

Both mRNA-based and attenuated virus vaccines work by activating complex immune pathways, 

which sometimes can lead to rare, immune-mediated responses in genetically susceptible 

individuals (115,116). These vaccines trigger pattern recognition receptors (PRRs), like Toll-like 

receptors (TLRs) and RIG-I-like receptors (RLRs), which recognize viral components and 

initiate immune cascades (117). 

  

In mRNA vaccines, lipid nanoparticles (LNPs) deliver synthetic mRNA into host cells, directing 

spike protein synthesis and antigen presentation to T cells (118). This results in T-cell activation 

and antibody production. 
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Ion channel dysfunction, particularly in NaV, K+, or Ca2+ channels, can impair neuronal 

signaling and disrupt motor control, potentially leading to ataxia. The cerebellum, responsible for 

coordinating voluntary movement and balance, can be affected when these channels malfunction, 

causing uncoordinated, jerky movements. Seizure-like activity can occur due to neuronal 

hyperexcitability, even in the absence of epilepsy. Dysfunction in SCN1A (NaV1.1) and related 

ion channels has been associated with episodic convulsions, muscle rigidity, and syncope, 

resembling seizure disorders but with distinct underlying pathology (120). 

 

Macrophage activation and reactive oxygen species (ROS) production have been associated with 

neuroinflammation and dysautonomia in certain immune-mediated conditions. The symptoms 

associated with autoantibody-mediated pathology include neuropathic pain, muscle weakness, 

tachycardia, orthostatic intolerance, and dizziness (121), closely resembling conditions like 

postural orthostatic tachycardia syndrome (POTS) and small fiber neuropathy (SFN) (122). 

  

In attenuated virus vaccines, live viral components stimulate innate immune responses via PRRs, 

recognizing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular 

patterns (DAMPs) (123). This activation of the cGAS-STING pathway results in pro-

inflammatory cytokine release, which has been implicated in autoimmune responses through 

molecular mimicry. As with mRNA vaccines, rare immune responses can inadvertently target 

self-antigens, including ion channels, potentially contributing to autoimmune neuropathy and 

dysautonomia (124-126). 

 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been implicated in the 

dysregulation of epithelial sodium channels (ENaCs), potentially contributing to pulmonary 

pathology and electrolyte imbalances in COVID-19. The virus's spike protein contains a furin 

cleavage site identical to that of ENaC, suggesting competition for cleavage by plasmin, which 

may impair sodium channel function and fluid homeostasis in the lungs (127). This mechanism 

may also play a role in systemic dysregulation observed in Long COVID, where persistent viral 

antigens, immune activation, and molecular mimicry contribute to autoantibody production 

(128). 

 

Emerging evidence suggests that SARS-CoV-2 may trigger autoantibody responses against ion 

channels, including voltage-gated sodium channels (NaV), with potential implications for 

neuropathic symptoms like small fiber neuropathy and autonomic dysfunction. Dysregulated 

immune responses, particularly excessive type I interferon (IFN-I) activation, can impair 

regulatory T-cell function, which may lead to the loss of immune tolerance and increased 

autoantibody production targeting neuronal sodium channels (129). This mechanism may 

underlie the overlap in clinical manifestations between Long COVID and post-vaccination 

immune responses, including fatigue, dysautonomia, and neuropathic pain, though their 

underlying pathophysiology differs. Long COVID is driven by persistent immune activation via 

the cGAS-STING pathway, whereas vaccine-induced responses involve transient pattern 

recognition receptor (PRR) activation, which in rare cases may trigger autoimmunity against ion 

channels (130). 
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Sex-based differences again play a crucial role, with females exhibiting stronger inflammatory 

responses due to estrogen-driven modulation of immune cells and X-linked genetic 

predispositions. This increased immune responsiveness may contribute to immune-mediated 

dysautonomia and neuropathy in predisposed individuals (131). 

  

6. Ion Channel Modulators in the Treatment of Dysregulation Symptoms 

 

Carbamazepine is a first choice that inhibits voltage-gated sodium channels, stabilizing neuronal 

membranes to prevent excessive neuronal firing. It is commonly used to manage epilepsy, 

trigeminal neuralgia, and neuropathic pain by reducing symptoms of muscle weakness, 

dysautonomia, burning pain, and tremors due to ion channel dysfunction (132).  

 

Phenytoin also targets sodium channels, preventing repetitive neuronal firing and controlling 

seizures. It is used for epilepsy and neuropathic pain, helping to alleviate hyperexcitability, 

spasticity, and related symptoms by stabilizing ion flow within the nervous system (133).  

 

Mexiletine is a sodium channel blocker like lidocaine, effective in treating chronic neuropathic 

pain and arrhythmias. By inhibiting sodium influx, it stabilizes neuronal activity, reducing pain, 

spasticity, and symptoms of hyperexcitability seen in conditions with ion channelopathies (134). 

 

7.  Future Therapeutic Directions 

 

Emerging therapies for ion channelopathies include monoclonal antibodies targeting 

autoantibodies involved in autoimmune ion channel dysfunction, offering a promising approach 

for conditions like autoimmune dysautonomia and neuropathic pain (135). Future advancements, 

combined with personalized medicine, could provide more targeted and effective treatments for 

both genetic and autoimmune-driven ion channel disorders. 

 

Discussion 

 

Ion channel dysfunction plays a crucial role in a range of neurological and autoimmune 

disorders, leading to misdiagnosis due to symptom overlap with conditions like SFN, AIDP, 

POTS, and FND (59). This review proposes a model in which ion channelopathies, and 

autoimmunity converge through the activation of the cGAS-STING pathway (104). Upon 

exposure to foreign genetic material, including viral RNA/DNA from infections or vaccines, 

cGAS activation leads to STING signaling, type I interferon production, and macrophage 

polarization, which in turn can in rare cases, disrupt ion channel function, exacerbating 

autonomic and neuromuscular symptoms (23). 

 

Ion channel dysfunction often manifests as a broad spectrum of symptoms, including POTS-like 

features, neuropathic pain, dysautonomia, and sensory disturbances. These symptoms closely 

resemble those observed in SFN, AIDP, and FND, creating diagnostic challenges (8). Although 

channelopathies and SFN differ mechanistically, their clinical overlap complicates differentiation 

and contributes to frequent misdiagnoses. Ion channel dysfunction disrupts neuronal excitability 

and immune regulation, producing overlapping symptoms but with distinct underlying causes, 
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making it crucial to consider ion channel involvement in autoimmune and inflammatory 

conditions. 

 

The influence of immune responses, particularly in the context of viral infections like Long 

COVID and rare instances of post-vaccine inflammation, can exacerbate ion channel dysfunction 

(127). Immune activation, driven by STING-mediated signaling and macrophage polarization 

(34), promotes inflammation that affects ion channel regulation and neuronal function. Sex-based 

differences and ethnic variations in immune responses further complicate this landscape 

(4,5,113). Women exhibit heightened susceptibility to immune-mediated ion channelopathies due 

to hormonal modulation and X-linked genetic predispositions. Ethnic variations in STING 

activity may explain differences in disease prevalence and severity across populations. 

 

Given these complexities, ion channelopathies are an underexplored yet important factor in 

autoimmune and chronic inflammatory diseases. Future research should focus on the molecular 

mechanisms linking cGAS-STING signaling, ion channel regulation, and immune activation. 

Additionally, exploring the gut-brain axis and the role of sex and ethnic differences in immune 

responses could provide crucial insights into pathogenesis and treatment strategies. 

 

Conclusion 

 

Ion channel dysfunction and autoimmune responses, particularly through the cGAS-STING 

pathway, intersect in complex ways that challenge current diagnostic and therapeutic approaches. 

The overlap of symptoms between ion channelopathies, SFN, AIDP, and FND underscores the 

need for improved diagnostic criteria that can accurately differentiate these conditions. 

Misdiagnosis remains a significant challenge, hindering timely intervention and appropriate 

treatment. 

 

Therapeutically, targeting ion channel dysfunction and modulating the cGAS-STING pathway 

offers promising avenues for treating autoimmune diseases and chronic inflammation. New 

therapies, including STING inhibitors, ion channel blockers, and immune-modulating agents, are 

emerging as potential treatments. Personalized medicine, utilizing genetic profiling and immune 

system characterization, is critical for tailoring interventions to individuals, especially those with 

genetic predispositions or immune imbalances. 

 

Future research should prioritize unraveling the intricate relationships between immune 

signaling, ion channel regulation, and neuroimmune interactions. Understanding the impact of 

sex-based immune differences and ethnic genetic variations on disease susceptibility and 

treatment response will be key to advancing therapeutic strategies. These findings highlight the 

need for a holistic approach that integrates immune regulation, ion channel function, and 

inflammatory processes, with broad implications for vaccine safety, autoimmune disease 

treatment, and the development of targeted immunotherapies. 

 

Author Contributions 

 

The author listed has made a direct and intellectual contribution to the work, and approved it for 

publication. 



16 

 

 

Funding  

 

The author declares that no funding was received for the research conducted in this study. 

 

Conflict of Interest  

 

The authors declare that the research was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential conflict of interest. 

 

References 

 

1. Catterall WA, Striessnig J, Snutch TP, Perez-Reyes E, International Union of Pharmacology. 

International Union of Pharmacology. XL. Compendium of voltage-gated ion channels: calcium 

channels. Pharmacol Rev. 2003;55(4):579–81. doi:10.1124/pr.55.4.8 

2. Ashmole I, Bradding P. Ion channels regulating mast cell biology. Clin Exp Allergy. 

2013;43(5):491–502. doi:10.1111/cea.12043 

3. Huang K, Luo YB, Yang H. Autoimmune channelopathies at neuromuscular junction. Front 

Neurol. 2019;10:516. doi:10.3389/fneur.2019.00516 

4. Jiang Y, Greenwood-Van Meerveld B, Johnson AC, Travagli RA. Role of estrogen and stress 

on the brain-gut axis. Am J Physiol Gastrointest Liver Physiol. 2019;317(2):G203–9. 

doi:10.1152/ajpgi.00144.2019 

5. Wang G, Drake CT, Rozenblit M, Zhou P, Alves SE, Herrick SP, et al. Evidence that estrogen 

directly and indirectly modulates C1 adrenergic bulbospinal neurons in the rostral ventrolateral 

medulla. Brain Res. 2006;1094(1):163–78. doi:10.1016/j.brainres.2006.03.089 

6. Liu Y, Pu F. Updated roles of cGAS-STING signaling in autoimmune diseases. Front 

Immunol. 2023;14:1254915. doi:10.3389/fimmu.2023.1254915 

7. Skevaki C, Moschopoulos CD, Fragkou PC, Grote K, Schieffer E, Schieffer B. Long COVID: 

pathophysiology, current concepts, and future directions. J Allergy Clin Immunol. 2024. 

doi:10.1016/j.jaci.2024.12.1074 

8. Ślęczkowska M, Misra K, Santoro S, Gerrits MM, Hoeijmakers JGJ; PainNet Study Group. 

Ion channel genes in painful neuropathies. Biomedicines. 2023;11(10):2680. 

doi:10.3390/biomedicines11102680 

9. Dib-Hajj SD, Rush AM, Cummins TR, Hisama FM, Novella S, Tyrrell L, et al. Gain-of-

function mutation in Nav1.7 in familial erythromelalgia induces bursting of sensory neurons. 

Brain. 2005;128(Pt 8):1847–54. doi:10.1093/brain/awh514 

10. Cox JJ, Reimann F, Nicholas AK, Thornton G, Roberts E, Springell K, et al. An SCN9A 

channelopathy causes congenital inability to experience pain. Nature. 2006;444(7121):894–8. 

doi:10.1038/nature05413 



17 

 

 

11. Duan G, Han C, Wang Q, Guo S, Zhang Y, Ying Y, et al. A SCN10A SNP biases human pain 

sensitivity. Mol Pain. 2016;12:1744806916666083. doi:10.1177/1744806916666083 

12. Zhang XY, Wen J, Yang W, Wang C, Gao L, Zheng LH, et al. Gain-of-function mutations in 

SCN11A cause familial episodic pain. Am J Hum Genet. 2013;93(5):957–66. 

doi:10.1016/j.ajhg.2013.09.016 

13. Ishida S, Sakamoto Y, Nishio T, Baulac S, Kuwamura M, Ohno Y, et al. Kcna1-mutant rats 

dominantly display myokymia, neuromyotonia and spontaneous epileptic seizures. Brain Res. 

2012;1435:154–66. doi:10.1016/j.brainres.2011.11.023 

 

14. Vahedi K, Denier C, Ducros A, Bousson V, Levy C, Chabriat H, et al. CACNA1A gene de 

novo mutation causing hemiplegic migraine, coma, and cerebellar atrophy. Neurology. 

2000;55(7):1040–2. doi:10.1212/wnl.55.7.1040 

15. Zhang J, George AL Jr, Griggs RC, Fouad GT, Roberts J, Kwieciński H, et al. Mutations in 

the human skeletal muscle chloride channel gene (CLCN1) associated with dominant and 

recessive myotonia congenita. Neurology. 1996;47(4):993–8. doi:10.1212/wnl.47.4.993 

16. Faber CG, Hoeijmakers JG, Ahn HS, Cheng X, Han C, Choi JS, et al. Gain of function 

Naν1.7 mutations in idiopathic small fiber neuropathy. Ann Neurol. 2012;71(1):26–39. 

doi:10.1002/ana.22485 

17. Waxman SG, Dib-Hajj S, Cummins TR, Black JA. Sodium channels and pain. Proc Natl 

Acad Sci U S A. 1999;96(14):7635–9. doi:10.1073/pnas.96.14.7635 

18. Dib-Hajj SD, Yang Y, Black JA, Waxman SG. The Na(V)1.7 sodium channel: from molecule 

to man. Nat Rev Neurosci. 2013;14(1):49–62. doi:10.1038/nrn3404 

19. Graves TD, Rajakulendran S, Zuberi SM, Morris HR, Schorge S, Hanna MG, et al. 

Nongenetic factors influence severity of episodic ataxia type 1 in monozygotic twins. Neurology. 

2010;75(4):367–72. doi:10.1212/WNL.0b013e3181ea9ee3 

20. Weckhuysen S, Ivanovic V, Hendrickx R, Van Coster R, Hjalgrim H, Møller RS, et al.; 

KCNQ2 Study Group. Extending the KCNQ2 encephalopathy spectrum: clinical and 

neuroimaging findings in 17 patients. Neurology. 2013;81(19):1697–703. 

doi:10.1212/01.wnl.0000435296.72400.a1 

21. Splawski I, Timothy KW, Sharpe LM, Decher N, Kumar P, Bloise R, et al. Ca(V)1.2 calcium 

channel dysfunction causes a multisystem disorder including arrhythmia and autism. Cell. 

2004;119(1):19–31. doi:10.1016/j.cell.2004.09.011 

22. Koch MC, Steinmeyer K, Lorenz C, Ricker K, Wolf F, Otto M, et al. The skeletal muscle 

chloride channel in dominant and recessive human myotonia. Science. 1992;257(5071):797–800. 

doi:10.1126/science.1379744 



18 

 

23. Zhou J, Zhuang Z, Li J, Feng Z. Significance of the cGAS-STING pathway in health and 

disease. Int J Mol Sci. 2023;24(17):13316. doi:10.3390/ijms241713316 

24. Chen Q, Sun L, Chen Z. Regulation and function of the cGAS–STING pathway of cytosolic 

DNA sensing. Nat Immunol. 2016;17:1142–9. doi:10.1038/ni.3558 

25. Ziganshin RH, Ivanova OM, Lomakin YA, Belogurov AA Jr, Kovalchuk SI, Azarkin IV, et al. 

The pathogenesis of the demyelinating form of Guillain-Barre syndrome (GBS): proteo-

peptidomic and immunological profiling of physiological fluids. Mol Cell Proteomics. 

2016;15(7):2366–78. doi:10.1074/mcp.M115.056036 

 

26. Joshi B, Joshi JC, Mehta D. Regulation of cGAS activity and downstream signaling. Cells. 

2022;11(18):2812. doi:10.3390/cells11182812 

27. Li Q, Wu P, Du Q, Hanif U, Hu H, Li K. cGAS-STING, an important signaling pathway in 

diseases and their therapy. MedComm. 2024;5(4):e511. doi:10.1002/mco2.511 

28. Paul BD, Snyder SH, Bohr VA. Signaling by cGAS-STING in neurodegeneration, 

neuroinflammation, and aging. Trends Neurosci. 2021;44(2):83–96. 

doi:10.1016/j.tins.2020.10.008 

29. Au-Yeung N, Mandhana R, Horvath CM. Transcriptional regulation by STAT1 and STAT2 in 

the interferon JAK-STAT pathway. JAK-STAT. 2013;2(3):e23931. doi:10.4161/jkst.23931 

30. Zhou X, Wang J, Yu L, Qiao G, Qin D, Law BYK, et al. Mitophagy and cGAS-STING 

crosstalk in neuroinflammation. Acta Pharm Sin B. 2024;14(8):3327–61. 

doi:10.1016/j.apsb.2024.05.012 

31. Zhang Y, Zou M, Wu H, Zhu J, Jin T. The cGAS-STING pathway drives neuroinflammation 

and neurodegeneration via cellular and molecular mechanisms in neurodegenerative diseases. 

Neurobiol Dis. 2024;202:106710. doi:10.1016/j.nbd.2024.106710 

32. Ziganshin RH, Ivanova OM, Lomakin YA, Belogurov AA Jr, Kovalchuk SI, Azarkin IV, et al. 

The pathogenesis of the demyelinating form of Guillain-Barre syndrome (GBS): proteo-

peptidomic and immunological profiling of physiological fluids. Mol Cell Proteomics. 

2016;15(7):2366–78. doi:10.1074/mcp.M115.056036 

33. Skopelja-Gardner S, An J, Elkon KB. Role of the cGAS-STING pathway in systemic and 

organ-specific diseases. Nat Rev Nephrol. 2022;18(9):558–72. doi:10.1038/s41581-022-00589-6 

34. Xue JD, Gao J, Tang AF, Feng C. Shaping the immune landscape: multidimensional 

environmental stimuli refine macrophage polarization and foster revolutionary approaches in 

tissue regeneration. Heliyon. 2024;10(17):e37192. doi:10.1016/j.heliyon.2024.e37192 

35. Mutsaers SE, Papadimitriou JM. Surface charge of macrophages and their interaction with 

charged particles. J Leukoc Biol. 1988;44(1):17–26. doi:10.1002/jlb.44.1.17 



19 

 

36. Xiao B, Liu Y, Chandrasiri I, Overby C, Benoit DSW. Impact of nanoparticle 

physicochemical properties on protein corona and macrophage polarization. ACS Appl Mater 

Interfaces. 2023;Advance online publication. doi:10.1021/acsami.2c22471 

37. Clogston JD, Patri AK. Zeta potential measurement. Methods Mol Biol. 2011;697:63–70. 

doi:10.1007/978-1-60327-198-1_6 

38. Liu J, Liu Z, Pang Y, Zhou H. The interaction between nanoparticles and immune system: 

application in the treatment of inflammatory diseases. J Nanobiotechnology. 2022;20(1):127. 

doi:10.1186/s12951-022-01343-7 

39. Liu Y, Hardie J, Zhang X, Rotello VM. Effects of engineered nanoparticles on the innate 

immune system. Semin Immunol. 2017;34:25–32. doi:10.1016/j.smim.2017.09.011 

40. Liu T, Zhang L, Joo D, Sun SC. NF-κB signaling in inflammation. Signal Transduct Target 

Ther. 2017;2:17023. doi:10.1038/sigtrans.2017.23 

41. Kany S, Vollrath JT, Relja B. Cytokines in inflammatory disease. Int J Mol Sci. 

2019;20(23):6008. doi:10.3390/ijms20236008 

42. Liu H, Lv H, Duan X, Du Y, Tang Y, Xu W. Advancements in macrophage-targeted drug 

delivery for effective disease management. Int J Nanomedicine. 2023;18:6915–40. 

doi:10.2147/IJN.S430877 

43. Yui S, Yamazaki M. Induction of macrophage growth by negatively charged phospholipids. J 

Leukoc Biol. 1986;39(6):713–6. doi:10.1002/jlb.39.6.713 

44. Cauvi DM, Hawisher D, Dores-Silva PR, Lizardo RE, De Maio A. Macrophage 

reprogramming by negatively charged membrane phospholipids controls infection. FASEB J. 

2019;33(2):2995–3009. doi:10.1096/fj.201801579R 

45. Gudgeon J, Marín-Rubio JL, Trost M. The role of macrophage scavenger receptor 1 (MSR1) 

in inflammatory disorders and cancer. Front Immunol. 2022;13:1012002. 

doi:10.3389/fimmu.2022.1012002 

46. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 polarization. Eur J Pharmacol. 

2020;877:173090. doi:10.1016/j.ejphar.2020.173090 

47. Zhang F, Wang H, Wang X, Jiang G, Liu H, Zhang G, et al. TGF-β induces M2-like 

macrophage polarization via SNAIL-mediated suppression of a pro-inflammatory phenotype. 

Oncotarget. 2016;7(32):52294–306. doi:10.18632/oncotarget.10561 

48. Kelly B, O'Neill L. Metabolic reprogramming in macrophages and dendritic cells in innate 

immunity. Cell Res. 2015;25(7):771–84. doi:10.1038/cr.2015.68 

49. Pasca S, Jurj A, Petrushev B, Tomuleasa C, Matei D. MicroRNA-155 implication in M1 

polarization and the impact in inflammatory diseases. Front Immunol. 2020;11:625. 

doi:10.3389/fimmu.2020.00625 



20 

 

50. Xu J, Zheng Y, Wang L, Liu Y, Wang X, Li Y, et al. miR-124: A promising therapeutic target 

for central nervous system injuries and diseases. Cell Mol Neurobiol. 2022;42(7):2031–53. 

doi:10.1007/s10571-021-01091-6 

51. Zeng W, Li F, Jin S, et al. Functional polarization of tumor-associated macrophages dictated 

by metabolic reprogramming. J Exp Clin Cancer Res. 2023;42:245. doi:10.1186/s13046-023-

02832-9 

 

52. Liang Y, Xie H, Wu J, Liu D, Yao S. Villainous role of estrogen in macrophage-nerve 

interaction in endometriosis. Reprod Biol Endocrinol. 2018;16(1):122. doi:10.1186/s12958-018-

0441-z 

53. Harding AT, Heaton NS. The impact of estrogens and their receptors on immunity and 

inflammation during infection. Cancers (Basel). 2022;14(4):909. doi:10.3390/cancers14040909 

54. Moulton VR. Sex hormones in acquired immunity and autoimmune disease. Front Immunol. 

2018;9:2279. doi:10.3389/fimmu.2018.02279 

55. Funes SC, Rios M, Escobar-Vera J, Kalergis AM. Implications of macrophage polarization in 

autoimmunity. Immunology. 2018;154(2):186–95. doi:10.1111/imm.12910 

56. Selezneva A, Gibb AJ, Willis D. The contribution of ion channels to shaping macrophage 

behaviour. Front Pharmacol. 2022;13:970234. doi:10.3389/fphar.2022.970234 

57. Jones BE, Maerz MD, Buckner JH. IL-6: a cytokine at the crossroads of autoimmunity. Curr 

Opin Immunol. 2018;55:9–14. doi:10.1016/j.coi.2018.09.002 

58. Joubert B, Honnorat J. Autoimmune channelopathies in paraneoplastic neurological 

syndromes. Biochim Biophys Acta. 2015;1848(10 Pt B):2665–76. 

doi:10.1016/j.bbamem.2015.04.003 

59. Irani SR, Alexander S, Waters P, Kleopa KA, Pettingill P, Zuliani L, et al. Antibodies to Kv1 

potassium channel-complex proteins leucine-rich, glioma inactivated 1 protein and contactin-

associated protein-2 in limbic encephalitis, Morvan’s syndrome and acquired neuromyotonia. 

Brain. 2010;133(9):2734–48. doi:10.1093/brain/awq213 

60. Humphries ES, Dart C. Neuronal and cardiovascular potassium channels as therapeutic drug 

targets: promise and pitfalls. J Biomol Screen. 2015;20(9):1055–73. 

doi:10.1177/1087057115601677 

61. Tan KM, Lennon VA, Klein CJ, Boeve BF, Pittock SJ. Clinical spectrum of voltage-gated 

potassium channel autoimmunity. Neurology. 2008;70(20):1883–90. 

doi:10.1212/01.wnl.0000312275.04260.a0 

62. Binks SNM, Klein CJ, Waters P, Pittock SJ, Irani SR. LGI1, CASPR2 and related antibodies: 

a molecular evolution of the phenotypes. J Neurol Neurosurg Psychiatry. 2018;89(5):526–34. 

doi:10.1136/jnnp-2017-315720 



21 

 

63. Fairweather D, Beetler DJ, McCabe EJ, Lieberman SM. Mechanisms underlying sex 

differences in autoimmunity. J Clin Invest. 2024;134(18):e180076. doi:10.1172/JCI180076 

64. Altamura C, Greco MR, Carratù MR, Cardone RA, Desaphy JF. Emerging roles for ion 

channels in ovarian cancer: pathomechanisms and pharmacological treatment. Cancers (Basel). 

2021;13(4):668. doi:10.3390/cancers13040668 

65. Sohrabji F. Guarding the blood-brain barrier: a role for estrogen in the etiology of 

neurodegenerative disease. Gene Expr. 2007;13(6):311–9. doi:10.3727/000000006781510723 

66. van Sonderen A, Petit-Pedrol M, Dalmau J, Titulaer MJ. The value of LGI1, Caspr2 and 

voltage-gated potassium channel antibodies in encephalitis. Nat Rev Neurol. 2017;13(5):290–

301. doi:10.1038/nrneurol.2017.43 

67. D’Adamo MC, Catacuzzeno L, Di Giovanni G, Franciolini F, Pessia M. K(+) channelepsy: 

progress in the neurobiology of potassium channels and epilepsy. Front Cell Neurosci. 

2013;7:134. doi:10.3389/fncel.2013.00134 

68. Cojocaru A, Burada E, Bălșeanu AT, Deftu AF, Cătălin B, Popa-Wagner A, et al. Roles of 

microglial ion channel in neurodegenerative diseases. J Clin Med. 2021;10(6):1239. 

doi:10.3390/jcm10061239 

69. Dimachkie MM, Barohn RJ. Guillain-Barré syndrome and variants. Neurol Clin. 

2013;31(2):491–510. doi:10.1016/j.ncl.2013.01.005 

 

70. Sun L, Su Y, Jiao A, et al. T cells in health and disease. Signal Transduct Target Ther. 

2023;8:235. doi:10.1038/s41392-023-01471-y 

71. Goverman J. Autoimmune T cell responses in the central nervous system. Nat Rev Immunol. 

2009;9(6):393–407. doi:10.1038/nri2550 

72. Hagen KM, Ousman SS. The neuroimmunology of Guillain-Barré syndrome and the 

potential role of an aging immune system. Front Aging Neurosci. 2021;12:613628. 

doi:10.3389/fnagi.2020.613628 

73. Guémy C, Durand MC, Brisset M, Nicolas G. Changes in electrophysiological findings 

suggestive of demyelination following Guillain-Barré syndrome: A retrospective study. Muscle 

Nerve. 2023;67(5):394–400. doi:10.1002/mus.27803 

74. Levine TD. Small fiber neuropathy: Disease classification beyond pain and burning. J Cent 

Nerv Syst Dis. 2018;10:1179573518771703. doi:10.1177/1179573518771703 

75. Cascio MA, Mukhdomi T. Small fiber neuropathy. In: StatPearls [Internet]. Treasure Island 

(FL): StatPearls Publishing; 2025 Jan– [updated 2022 Dec 12]. Available from: 

https://www.ncbi.nlm.nih.gov/sites/books/NBK582147/ 

76. Vincent A, Lang B, Kleopa KA. Autoimmune channelopathies and related neurological 

disorders. Neuron. 2006;52(1):123–38. doi:10.1016/j.neuron.2006.09.024 



22 

 

77. Ramos-Maqueda J, Bermúdez-Jiménez F, Ruiz RM, Ramos MC, Lerma MM, Millán PS, et 

al. Prognostic impact of misdiagnosis of cardiac channelopathies as epilepsy. PLoS One. 

2020;15(4):e0231442. doi:10.1371/journal.pone.0231442 

78. Li M, Lester HA. Ion channel diseases of the central nervous system. CNS Drug Rev. 

2001;7(2):214–40. doi:10.1111/j.1527-3458.2001.tb00196.x 

79. Patterson KR, Dalmau J, Lancaster E. Mechanisms of Caspr2 antibodies in autoimmune 

encephalitis and neuromyotonia. Ann Neurol. 2018;83(1):40–51. doi:10.1002/ana.25120 

80. Bennett DL, Clark AJ, Huang J, Waxman SG, Dib-Hajj SD. The role of voltage-gated sodium 

channels in pain signaling. Physiol Rev. 2019;99(2):1079–1151. 

doi:10.1152/physrev.00052.2017 

81. Kelley MA, Oaklander AL. Association of small-fiber polyneuropathy with three previously 

unassociated rare missense SCN9A variants. Can J Pain. 2020;4(1):19–29. 

doi:10.1080/24740527.2020.1712652 

82. Michael S, Waters P, Irani SR. Stop testing for autoantibodies to the VGKC-complex: only 

request LGI1 and CASPR2. Pract Neurol. 2020;20(5):377–84. doi:10.1136/practneurol-2019-

002494 

83. van Gool R, Far A, Drenthen GS, Jansen JFA, Goijen CP, Backes WH, et al. Peripheral pain 

captured centrally: altered brain morphology on MRI in small fiber neuropathy patients with and 

without an SCN9A gene variant. J Pain. 2024;25(3):730–41. doi:10.1016/j.jpain.2023.10.002 

84. Daifallah O, Farah A, Dawes JM. A role for pathogenic autoantibodies in small fiber 

neuropathy? Front Mol Neurosci. 2023;16:1254854. doi:10.3389/fnmol.2023.1254854 

85. Themistocleous AC, Ramirez JD, Serra J, Bennett DL. The clinical approach to small fibre 

neuropathy and painful channelopathy. Pract Neurol. 2014;14(6):368–79. 

doi:10.1136/practneurol-2013-000758 

86. Lauria G, et al. Epidermal nerve fiber density and skin biopsy in the diagnosis of peripheral 

neuropathies. Nat Rev Neurol. 2010. 

87. Oaklander AL, Nolano M. Small fiber neuropathy: Disease classification beyond pain and 

burning. Lancet Neurol. 2019. 

88. Devigili G, et al. The diagnostic criteria for small fiber neuropathy: from symptoms to 

neuropathology. Brain. 2008. 

89. Klein CJ, et al. Autoimmune-mediated peripheral neuropathies and autoantibodies. Lancet 

Neurol. 2013. 

 

90. Lancaster E, Huijbers MGM, Bar V, Boronat A, Wong A, Martinez-Hernandez E, et al. 

Investigations of Caspr2, an autoantigen of encephalitis and neuromyotonia. Ann Neurol. 

2011;69(2):303–11. doi:10.1002/ana.22312 



23 

 

91. van Sonderen A, Petit-Pedrol M, Dalmau J, Titulaer MJ. The value of LGI1, Caspr2, and 

voltage-gated potassium channel antibodies in encephalitis. Nat Rev Neurol. 2017;13(5):290–

301. doi:10.1038/nrneurol.2017.43 

92. Trier NH, Houen G. Antibody cross-reactivity in auto-immune diseases. Int J Mol Sci. 

2023;24(17):13609. doi:10.3390/ijms241713609 

93. Vincent A, et al. Autoimmune channelopathies: New insights into antibody-mediated diseases 

of the nervous system. J Clin Invest. 2018. 

94. Graus F, et al. A clinical approach to diagnosis of autoimmune encephalitis. Lancet Neurol. 

2016. 

95. Freeman R, et al. Consensus statement on the definition of orthostatic hypotension, POTS, 

and related conditions. Clin Auton Res. 2011. 

96. Aboseif A, Bireley JD, Li Y, Polston D, Abbatemarco JR. Autoimmunity and postural 

orthostatic tachycardia syndrome: Implications in diagnosis and management. Cleve Clin J Med. 

2023;90(7):439–47. doi:10.3949/ccjm.90a.22093 

97. Fedorowski A. Postural orthostatic tachycardia syndrome: Clinical presentation, aetiology, 

and management. J Intern Med. 2019. 

98. Behbahani S, Shahram F. Electrocardiogram and heart rate variability assessment in patients 

with common autoimmune diseases: A methodological review. Turk Kardiyol Dern Ars. 

2020;48(3):312–27. doi:10.5543/tkda.2019.21112 

99. Gunning WT, et al. Autoimmune markers in postural orthostatic tachycardia syndrome: A 

role for autoantibodies. J Clin Invest. 2019. 

100. Horváth B, Szentandrássy N, Dienes C, Kovács ZM, Nánási PP, Chen-Izu Y, et al. 

Exploring the coordination of cardiac ion channels with action potential clamp technique. Front 

Physiol. 2022;13:864002. doi:10.3389/fphys.2022.864002 

101. Senthivel V, Jolly B, Vr A, Bajaj A, Bhoyar R, Imran M, et al. Whole genome sequencing of 

families diagnosed with cardiac channelopathies reveals structural variants missed by whole 

exome sequencing. J Hum Genet. 2024;69(9):455–65. doi:10.1038/s10038-024-01265-2 

102. Miteva D, Vasilev GV, Velikova T. Role of specific autoantibodies in neurodegenerative 

diseases: Pathogenic antibodies or promising biomarkers for diagnosis. Antibodies (Basel). 

2023;12(4):81. doi:10.3390/antib12040081 

103. Bohmwald K, Diethelm-Varela B, Rodríguez-Guilarte L, Rivera T, Riedel CA, González 

PA, et al. Pathophysiological, immunological, and inflammatory features of long COVID. Front 

Immunol. 2024;15:1341600. doi:10.3389/fimmu.2024.1341600 



24 

 

104. Domizio JD, Gulen MF, Saidoune F, Thacker VV, Yatim A, Sharma K, et al. The cGAS-

STING pathway drives type I IFN immunopathology in COVID-19. Nature. 

2022;603(7899):145–51. doi:10.1038/s41586-022-04421-w 

105. Ma R, Ortiz Serrano TP, Davis J, Prigge AD, Ridge KM. The cGAS-STING pathway: The 

role of self-DNA sensing in inflammatory lung disease. FASEB J. 2020;34(10):13156–70. 

doi:10.1096/fj.202001607R 

106. Karki R, Sharma BR, Tuladhar S, Williams EP, Zalduondo L, Samir P, et al. Synergism of 

TNF-α and IFN-γ triggers inflammatory cell death, tissue damage, and mortality in SARS-CoV-2 

infection and cytokine shock syndromes. Cell. 2021;184(1):149–68.e17. 

doi:10.1016/j.cell.2020.11.025 

107. Azcue N, Del Pino R, Acera M, Fernández-Valle T, Ayo-Mentxakatorre N, Pérez-Concha T, 

et al. Dysautonomia and small fiber neuropathy in post-COVID condition and chronic fatigue 

syndrome. J Transl Med. 2023;21(1):814. doi:10.1186/s12967-023-04678-3 

108. Pimentel V, Luchsinger VW, Carvalho GL, Alcará AM, Esper NB, Marinowic D, et al. 

Guillain–Barré syndrome associated with COVID-19: A systematic review. Brain Behav Immun 

Health. 2023;28:100578. doi:10.1016/j.bbih.2023.100578 

109. Tyagi S, Higerd-Rusli GP, Ghovanloo M-R, Dib-Hajj F, Zhao P, Liu S, et al. Compartment-

specific regulation of NaV1.7 in sensory neurons after acute exposure to TNF-α. Cell Rep. 

2024;43(2):113685. doi:10.1016/j.celrep.2024.113685 

110. Tan HY, Wang N, Li S, Hong M, Wang X, Feng Y. The reactive oxygen species in 

macrophage polarization: Reflecting its dual role in progression and treatment of human 

diseases. Oxid Med Cell Longev. 2016;2016:2795090. doi:10.1155/2016/2795090 

111. Lang B, Vincent A. Autoantibodies to ion channels at the neuromuscular junction. 

Autoimmun Rev. 2003;2(2):94–100. doi:10.1016/s1568-9972(02)00146-5 

112. El-Rhermoul FZ, Fedorowski A, Eardley P, Taraborrelli P, Panagopoulos D, Sutton R, et al. 

Autoimmunity in Long COVID and POTS. Oxf Open Immunol. 2023;4(1):iqad002. 

doi:10.1093/oxfimm/iqad002 

113. Feng Z, Liao M, Zhang L. Sex differences in disease: Sex chromosome and immunity. J 

Transl Med. 2024;22(1):1150. doi:10.1186/s12967-024-05990-2 

114. Ozawa S, Stack ML. Public trust and vaccine acceptance—international perspectives. Hum 

Vaccin Immunother. 2013;9(8):1774–8. doi:10.4161/hv.24961 

115. Liakou AI, Tsantes AG, Routsi E, Agiasofitou E, Kalamata M, Bompou EK, et al. Could 

vaccination against COVID-19 trigger immune-mediated inflammatory diseases? J Clin Med. 

2024;13(16):4617. doi:10.3390/jcm13164617 

116. Faksova K, Walsh D, Jiang Y, Griffin J, Phillips A, Gentile A, et al. COVID-19 vaccines and 

adverse events of special interest: A multinational Global Vaccine Data Network (GVDN) cohort 



25 

 

study of 99 million vaccinated individuals. Vaccine. 2024;42(9):2200–11. 

doi:10.1016/j.vaccine.2024.01.100 

117. Pöyhönen L, Bustamante J, Casanova JL, Jouanguy E, Zhang Q. Life-threatening infections 

due to live-attenuated vaccines: Early manifestations of inborn errors of immunity. J Clin 

Immunol. 2019;39(4):376–90. doi:10.1007/s10875-019-00642-3 

118. Swetha K, Kotla NG, Tunki L, Jayaraj A, Bhargava SK, Hu H, et al. Recent advances in the 

lipid nanoparticle-mediated delivery of mRNA vaccines. Vaccines (Basel). 2023;11(3):658. 

doi:10.3390/vaccines11030658 

119. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal Transduct Target 

Ther. 2021;6:291. doi:10.1038/s41392-021-00687-0 

120. Bushart DD, Shakkottai VG. Ion channel dysfunction in cerebellar ataxia. Neurosci Lett. 

2019;688:41–8. doi:10.1016/j.neulet.2018.02.005 

121. Low RN, Low RJ, Akrami A. A review of cytokine-based pathophysiology of Long COVID 

symptoms. Front Med. 2023;10:1011936. doi:10.3389/fmed.2023.1011936 

122. Abrams RMC, Simpson DM, Navis A, Jette N, Zhou L, Shin SC. Small fiber neuropathy 

associated with SARS-CoV-2 infection. Muscle Nerve. 2022;65(4):440–3. 

doi:10.1002/mus.27458 

123. Pulendran B, Arunachalam PS, O’Hagan DT. Emerging concepts in the science of vaccine 

adjuvants. Nat Rev Drug Discov. 2021;20(6):454–75. doi:10.1038/s41573-021-00163-y 

124. Semmler A, Mundorf AK, Kuechler AS, Schulze-Bosse K, Heidecke H, Schulze-Forster K, 

et al. Chronic fatigue and dysautonomia following COVID-19 vaccination is distinguished from 

normal vaccination response by altered blood markers. Vaccines (Basel). 2023;11(11):1642. 

doi:10.3390/vaccines11111642 

125. Rubin R. Large cohort study finds possible association between postural orthostatic 

tachycardia syndrome and COVID-19 vaccination but far stronger link with SARS-CoV-2 

infection. JAMA. 2023;329(6):454–6. doi:10.1001/jama.2023.0050 

126. Abuawwad MT, Taha MJJ, Taha AJ, Kozaa YA, Falah O, Abuawwad IT, et al. Guillain-

Barré syndrome after COVID-19 vaccination: A systematic review and analysis of case reports. 

Clin Neurol Neurosurg. 2024;238:108183. doi:10.1016/j.clineuro.2024.108183 

127. Noori M, Nejadghaderi SA, Sullman MJM, Carson-Chahhoud K, Ardalan M, Kolahi AA, et 

al. How SARS-CoV-2 might affect potassium balance via impairing epithelial sodium channels? 

Mol Biol Rep. 2021;48(8):6655–61. doi:10.1007/s11033-021-06610-x 

128. Pulendran B, Arunachalam PS, O’Hagan DT. Emerging concepts in the science of vaccine 

adjuvants. Nat Rev Drug Discov. 2021;20(6):454–75. doi:10.1038/s41573-021-00163-y 



26 

 

129. Abuawwad MT, Taha MJJ, Taha AJ, Kozaa YA, Falah O, Abuawwad IT, et al. Guillain-

Barré syndrome after COVID-19 vaccination: A systematic review and analysis of case reports. 

Clin Neurol Neurosurg. 2024;238:108183. doi:10.1016/j.clineuro.2024.108183 

130. Faksova K, Walsh D, Jiang Y, Griffin J, Phillips A, Gentile A, et al. COVID-19 vaccines and 

adverse events of special interest: A multinational Global Vaccine Data Network (GVDN) cohort 

study of 99 million vaccinated individuals. Vaccine. 2024;42(9):2200–11. 

doi:10.1016/j.vaccine.2024.01.100 

131. Fischinger S, Boudreau CM, Butler AL, Streeck H, Alter G. Sex differences in vaccine-

induced humoral immunity. Semin Immunopathol. 2019;41(2):239–49. doi:10.1007/s00281-018-

0726-5 

 

132. Sun GC, Werkman TR, Wadman WJ. Kinetic changes and modulation by carbamazepine on 

voltage-gated sodium channels in rat CA1 neurons after epilepsy. Acta Pharmacol Sin. 

2006;27(12):1537–46. doi:10.1111/j.1745-7254.2006.00456.x 

133. Gupta M, Tripp J. Phenytoin. In: StatPearls [Internet]. Treasure Island (FL): StatPearls 

Publishing; 2025 Jan–. Available from: https://www.ncbi.nlm.nih.gov/books/NBK551520/ 

134. Nakagawa H, Munakata T, Sunami A. Mexiletine block of voltage-gated sodium channels: 

Isoform- and state-dependent drug-pore interactions. Mol Pharmacol. 2019;95(3):236–44. 

doi:10.1124/mol.118.114025 

135. Meiri H, Goren E, Bergmann H, Zeitoun I, Rosenthal Y, Palti Y. Specific modulation of 

sodium channels in mammalian nerve by monoclonal antibodies. Proc Natl Acad Sci U S A. 

1986;83(21):8385–9. doi:10.1073/pnas.83.21.8385 

 

 


