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Transcutaneous vagus nerve stimulation (tVNS) is an emerging non-invasive 
technique designed to stimulate branches of the vagus nerve distributed 
over the body surface. Studies suggest a correlation between the brain-gut-
microbiota (BGM) axis and the pathogenesis of Alzheimer’s disease (AD). The 
BGM axis represents a complex bidirectional communication system, with the 
vagus nerve being a crucial component. Therefore, non-invasive electrical 
stimulation of the vagus nerve might have the potential to modify—most of the 
time probably in a non-physiological way—the signal transmission within the 
BGM axis, potentially influencing the progression or symptoms of AD. This review 
explores the interaction between percutaneous vagus nerve stimulation and the 
BGM axis, emphasizing its potential effects on AD. It examines various aspects, 
such as specific brain regions, gut microbiota composition, maintenance of 
intestinal environmental homeostasis, inflammatory responses, brain plasticity, 
and hypothalamic–pituitary–adrenal (HPA) axis regulation. The review suggests 
that tVNS could serve as an effective strategy to modulate the BGM axis and 
potentially intervene in the progression or treatment of Alzheimer’s disease in 
the future.

KEYWORDS

transcutaneous vagus nerve stimulation, Alzheimer’s disease, brain-gut-microbiota 
axis, HPA axis, microbiota

1 Introduction

Alzheimer’s disease (AD), a leading cause of dementia, accounts for 60–70% of all 
dementia cases. It is projected to affect 150 million people globally by 2050 (Alzheimer's 
Association, 2023), positioning it as a major public health challenge (Alzheimer's Association, 
2022). AD imposes a heavy burden on families and society. Characterized by cognitive 
dysfunction, impaired learning abilities, reduced executive function, and memory decay 
(Zvěřová, 2019; Knopman et al., 2021), its pathology involves neurofibrillary tangles due to 
abnormal accumulations of Aβ amyloid and hyperphosphorylated tau proteins, leading to 
associated neurological loss and neurodegeneration (Chen and Mobley, 2019).
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Risk factors influencing AD development include age, genetics, 
psychiatric conditions, primary brain lesions, systemic comorbidities, 
and social factors (Devi, 2023). The primary therapeutic approach to 
AD has been pharmacological, with only 10 FDA-approved treatments 
to date, including memantine, which is the newest treatment option 
despite having been available for a decade (Cummings et al., 2014). In 
the European Union, four treatments are approved for AD: three 
cholinesterase inhibitors (donepezil, galantamine, and carboplatin) 
and the N-methyl-D-aspartate receptor antagonist, memantine 
(Cummings et al., 2019). Despite their widespread clinical use, the 
efficacy of these drugs is questionable, and they are associated with 
various side effects (Birks and Harvey, 2018; Folch et al., 2018; Teng 
et al., 2022). Therefore, exploring new and effective interventions for 
AD treatment is imperative.

The brain-gut-microbiome (BGM) axis has emerged as a 
significant area of research in AD treatment and is seen as a potential 
therapeutic target (Kim et al., 2020). The BGM axis is a bidirectional 
communication system between the brain and gut (O'Mahony et al., 
2011), primarily involved in maintaining dynamic equilibrium in the 
gastrointestinal tract. It regulates processes related to behavior and 
brain activity, including higher cognitive functions, motivation, and 
emotion. This regulation is facilitated through a complex messaging 
system involving the central nervous system (CNS), autonomic 
nervous system (ANS), enteric nervous system (ENS), and the 
hypothalamus-pituitary–adrenal (HPA) axis (Varesi et  al., 2022). 
Recent studies have established a link between BGMA and the 
pathophysiology of neurodegenerative disorders (Doifode et  al., 
2021). Despite these advancements, the exact mechanisms by which 
BGMA influences these disorders remain unclear.

The vagus nerve (VN), an essential component of the 
parasympathetic nervous system, is the longest in the body, extending 
from the medulla to the gastrointestinal tract (Dolphin et al., 2022). It 
is crucial for exchanging information between the brain and various 
visceral organs. The term ‘vagus’ originates from the Latin ‘vagari’, 
meaning “to wander” (Butt et al., 2020). The vagus nerve is made up 
of 20% efferent fibers and 80% afferent fibers. The afferent fibers 
transmit signals from peripheral organs to the CNS, while efferent 
fibers transmit signals from the CNS to peripheral organs. These fibers 
modulate functions in organs such as the heart, lungs, and 
gastrointestinal tract, regulating anti-inflammatory reflexes, secretion, 
and peristalsis in the gastrointestinal tract (Bonaz et  al., 2018). 
Anatomical studies have shown that the VN projects centrally to 
subcortical brain structures including the cerebellum, thalamus, and 
hippocampus (Yakunina et al., 2018; Trifilio et al., 2023), exerting 
excitatory effects on these neurons (Rutecki, 1990). The VN transmits 
signals through four nuclei in the CNS, namely the nucleus tractus 
solitarius (NTS), the spinal trigeminal nucleus, the solitary nucleus 
and the dorsomedial nucleus (DMN; Berthoud and Neuhuber, 2000). 
Notably, the NTS is closely associated with brain regions associated 
with neurodegenerative diseases, such as the blue patch and the 
hippocampus (Olsen et al., 2023) and is believed to influence cognitive 
functions (Humphrey et al., 2023). Therefore, the central connectivity 
of the VN with brain regions such as the hippocampus provides a 
neuronal basis for pathophysiological processes linking gut and brain 
as caused by AD.

Vagus nerve stimulation (VNS), initially used as a treatment by 
James Leonard Corning (1855–1923) in 1871, was abandoned in the 
late 19th century due to its lack of therapeutic efficacy. It resurfaced in 

the 20th century as a treatment for epilepsy, with human trials for 
implanted VNS devices beginning in 1988. While VNS showed 
modest benefits in reducing seizure frequency for intractable partial 
seizures, it also produced side effects like bradycardia, dizziness, and 
syncope (Lanska, 2002). To mitigate these side effects, unilateral VN 
stimulation technology was developed in the early 21st century. This 
innovation received FDA approval for use as an adjunct therapy in 
refractory epilepsy and depression (O'Reardon et al., 2006). However, 
traditional VNS methods can cause adverse effects such as vocal cord 
damage, arrhythmia, surgical risks, including wound infection and 
sensory abnormalities (Fahy, 2010), and increased costs related to 
surgery and equipment (Baig et al., 2022). In response, non-invasive 
vagus nerve stimulation was proposed at the turn of the century 
(Ventureyra, 2000). It is based on the principle of stimulating vagus 
afferent fibers using electrodes placed on the skin where the VN is 
distributed. The primary stimulation sites are the auricular tegmental 
area (transcutaneous auricular VNS; taVNS) and the neck 
(transcutaneous cervical VNS; tcVNS; Baig et al., 2022).

Functional magnetic resonance imaging (fMRI) studies have 
shown that transcutaneous vagus nerve stimulation (tVNS) activates 
brain regions similar to those stimulated by VNS, including the 
trigeminal nucleus, the locus coeruleus (LC), the NTS, the amygdala, 
and the spinal amygdala (Frangos et  al., 2015). taVNS, the most 
common form of tVNS, has been applied to treat various clinical 
conditions, including epilepsy, depression, migraine, constipation, 
insomnia, tinnitus, Parkinson’s disease, cognitive disorders, and stroke 
(Hilz, 2022; Zhang S. et al., 2022). Systematic reviews have confirmed 
the efficacy of tVNS in treating epilepsy, depression, and migraine 
reviews (Wu et al., 2018, 2020; Song et al., 2023; Tan et al., 2023). 
While tVNS has demonstrated potential in treating tinnitus and 
aiding stroke rehabilitation, its clinical relevance requires further 
investigation (Yan et al., 2022; Fernández-Hernando et al., 2023).

Previous research has established a connection between vagal 
activity and hippocampal tissue health. Decreased vagal activity may 
negatively affect hippocampal tissue. Additionally, electrical 
stimulation of the VN can influence hippocampal function at both 
electrophysiological and epigenetic levels. This influence is mediated 
internally through septal cholinergic mediation (Broncel et al., 2018), 
promoting synaptic plasticity and improving cognitive function 
(Olsen et al., 2022).

In recent years, tVNS has gained attention as a potential 
intervention for AD. A meta-analysis concluded that taVNS positively 
impacts cognitive function in healthy subjects, particularly in 
enhancing executive function (Ridgewell et al., 2021). Furthermore, 
an observational study by Thakkar et al. (2020) found that taVNS 
improves adult reading proficiency, significantly increasing letter 
spelling and decoding skills. These findings suggest broader 
implications for cognitive tasks and highlight the potential of tVNS as 
a therapeutic tool for cognitive enhancement and treatment of 
cognitive impairments. According to the review of Vargas-Caballero 
et al. (2022), VNS (including tVNS) may enhance neuroplasticity and 
improve LC function to some extent. Additionally, it may modulate 
neuronal circuits and neuroinflammation.

A randomized controlled trial (RCT) involving patients with mild 
cognitive impairment (MCI) demonstrated significant cognitive 
improvements following taVNS intervention. These improvements 
were measured using cognitive scales such as the Montreal Cognitive 
Assessment, Pittsburgh Sleep Index, and Boston Naming Test. Wang 
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et al. (2022) concluded that taVNS might be an effective method for 
preventing or delaying the onset of AD. Kaczmarczyk et al. (2017) 
reported that tVNS could induce a transformation in microglia 
phenotype in an AD mouse model, leading to neuroprotective effects. 
This finding underscores the potential of tVNS treatment for AD. In 
a study by Yu et al. (2023), taVNS enhanced spatial memory and 
learning in APP/PS1 mice and decreased the expression of Aβ-41, 
IL-1β, and IL-18 in microglia through the P2X7R/NLRP3/Caspase-1 
signaling pathway. Additionally, taVNS treatment significantly 
improved memory performance for new object recognition and 
memory persistence in mice (Vázquez-Oliver et al., 2020). taVNS has 
also been shown to alleviate cognitive impairments in postoperative 
rats with cognitive deficits, potentially due to the stimulation of 
cholinergic anti-inflammatory pathways in the basal forebrain and 
hippocampal regions. Zhou et  al. (2023) observed significant 
reductions in apoptotic and necrotic proteins, including cleaved 
caspase-3 and p-MLKL, in the hippocampus and a decrease in 
activated microglial cell activity. Neurodestructive microglia were 
converted into a neuroprotective phenotype, improving central anti-
inflammatory effects (Kaczmarczyk et  al., 2017). Based on these 
findings, the present evidence proposes that tVNS, particularly taVNS 
has considerable potential for ameliorating cognitive impairment; 
nevertheless, the precise mechanisms necessitate further investigation. 
The BGM axis—in contrast to mere CNS effects—may be  an 
important system through which VNS can affect neurodegeneration. 
This review explores the relationship between percutaneous VNS and 
the BGM axis, focusing on its potential impact on AD. It examines the 
efficacy of tVNS in treating AD through the regulation of signaling 
within the BGM system, aiming to establish it as a new therapeutic 
technique for this condition.

2 The relationship between NTS 
dysfunction and AD

The NTS is a vital brainstem multi-signaling hub, serving as a 
major integration site for central sensory afferents, and is closely 
related to various neural and hormonal systems (Canessa et al., 2011). 
Its significance extends to the neuropathogenesis of AD, where it plays 
a critical role in facilitating the disease’s cascading responses. This is 
primarily due to the synergistic effects of neuroinflammation and 
intermittent hypoxia, which result in neuronal and synaptic 
dysfunction within the NTS. Such dysfunctions have downstream 
impacts on pathways associated with the NTS, ultimately contributing 
to cognitive deficits across the CNS (Daulatzai, 2012).

The volume of the NTS has been observed to decrease with age 
(Celle et al., 2009). Furthermore, lipopolysaccharides (LPS) derived 
from the gut stimulate the expression of CNS inflammatory factors. 
The NTS serves as a cytokine detector within the CNS, and the local 
synthesis of inflammatory mediators directly influences neuronal 
functionality in the NTS (Dantzer, 2004). In older individuals, apnea 
can induce hypoxia, thereby increasing the expression of inflammatory 
cytokines (such as TNF-α, IL-1β), chemokines (IL-8, MCP-1/CCL2), 
and adhesion molecules (ICAM-1) in astrocytes and brain 
endothelium. These inflammatory responses can lead to neuron 
apoptosis in the NTS, further exacerbating its pathology (Zhang et al., 
2010). In the context of AD, VNS emerges as a critical therapeutic 
intervention. VNS may improve NTS pathology through its 

anti-inflammatory effects and by directly stimulating the NTS. By 
mitigating NTS dysfunction, VNS potentially exerts a beneficial 
influence on the progression and symptoms of AD, providing a novel 
approach to managing this complex neurodegenerative disorder.

3 Relationship between the vagus 
nerve and the gut

The VN plays an essential role in the bidirectional information 
exchange within the BGM axis, acting as the primary neural conduit 
between the ENS and the CNS. It mediates the transmission of signals 
between the brain and gut microbiota, underscoring the interrelation 
of these systems (Forsythe et al., 2014). Interestingly, research has 
shown that the VN is pivotal in how the gut microbiota can influence 
brain function. A study involving Lactobacillus strains demonstrated 
that these bacteria could affect the mRNA expression of GABA (Aα2) 
receptors in the prefrontal cortex (PFC), amygdala, and hippocampus. 
However, this effect was not observed in control mice that had 
undergone a subdiaphragmatic vagotomy (SDV; Bravo et al., 2011). 
Another study found that SDV could prevent depressive-like behavior 
and gut microbiota dysbiosis in mice treated with LPS, further 
supporting the role of the VN in the BGM axis (Zhang et al., 2020). 
Preclinical studies have recognized Subdiaphragmatic VN as a crucial 
pathway for information transmission within the BGM axis. It is a 
primary channel through which the gut microbiota exerts its influence 
on the CNS (Wang et al., 2023; Yang et al., 2023). Notably, SDV can 
effectively disrupt the impact of gut microbes on the CNS and 
cognitive functions (Wu Y. et al., 2021; Yue et al., 2023). These findings 
highlight the significant function of VN fibers in facilitating 
communication between the gut microbiota and the brain (Margolis 
et al., 2021).

The efferent control of gastrointestinal (GI) motility involves 
direct synapses formed by the VN with intestinal epithelial cells and 
enteric glial cells (EGCs) in both the mucosal and myenteric layers 
(Cryan et al., 2019). Although epithelial cells lack sensory innervation, 
afferent information flows through EGCs (Bonaz, 2022). EGCs are 
hypothesized to facilitate gut-brain communication via the VN, 
playing a significant role in regulating gut permeability (Neunlist 
et al., 2008). Research by Costantini et al. (2010a) reported that EGCs 
are vital in controlling intestinal permeability through VNS, mediating 
information exchange between the CNS and ENS. EGCs can form 
synapses with the VN in the gut epithelium, thereby facilitating CNS 
with information on changes in gut microbiota structure and function 
(Kaelberer et al., 2018). Additionally, EGCs are essential for identifying 
intestinal microbes and their derivatives via Toll-like receptors, 
thereby modulating GI motility and secretion through vagal afferent 
fibers (Abreu et al., 2005; Bonaz et al., 2018).

To elucidate that neural information does not end at the gut’s wall, 
information can also be  picked up and transmitted from the 
microorganisms producing chemical signals inside the lumen, it can 
be found that the vagus nerve can directly detect microbial signals 
from the gut, such as lactobacilli and short-chain fatty acids, and 
transmit them to upstream nociceptors (Bravo et al., 2011; Goswami 
et al., 2018; Wang et al., 2020). Rei et al. (2022) suggested that gut 
microbiota negatively impacts hippocampus-dependent memory via 
a vagal-dependent mechanism, potentially contributing to cognitive 
impairment in dementia. VNS has shown effectiveness in protecting 
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rat intestinal epithelial cell glycoconjugates through cholinergic anti-
inflammatory pathways, reducing intestinal barrier permeability by 
43% (Wu J. et al., 2021), and modulating norepinephrine concentration 
levels to influence blood flow in damaged intestines (Yagi et al., 2020). 
Furthermore, VNS has been observed to improve intestinal barrier 
integrity, increasing intestinal villus height and expression of tight 
junction proteins (Costantini et al., 2010b). A study on adolescents 
with irritable bowel syndrome showed significant improvements in 
gut microbiota diversity following taVNS (Bora et al., 2023). However, 
these findings have not been universally replicated. Additionally, VN 
stimulation has been observed to suppress pro-inflammatory M1 
macrophage expression, demonstrating its capacity to modify gut 
microbiota and intestinal permeability (Yuan and Taché, 2017). As 
summarized in Figure 1, these mechanisms demonstrate how taVNS 
can regulate brain and gut functions, suggesting its potential in 
managing AD. The VN’s role in information transmission between the 
gut and brain highlights its importance in AD treatment and 
prevention. Proper stimulation or regulation of the VN function is 
increasingly advocated for treating and preventing the onset of AD 
(Décarie-Spain et al., 2024).

4 Anti-inflammatory pathway of tVNS

AD, a neurodegenerative disorder, is characterized by an 
inflammatory response in the CNS (Scheltens et al., 2021). The vital 
ability of tVNS to reduce inflammation would allow for fundamental 

progress in AD treatment (Figure 2). The α7 nicotinic acetylcholine 
receptor (α7nAchR) is vital to the VN’s anti-inflammatory effects 
(Wang et al., 2003), with VNS capable of modulating cholinergic anti-
inflammatory pathways. This modulation inhibits cytokine release 
(e.g., TNF-α, IL-1β, IL-6), reducing inflammation in CNS regions such 
as the hippocampus (Namgung et  al., 2022). tVNS, through the 
cholinergic anti-inflammatory pathway, similarly inhibits these 
inflammatory cytokines (Zhou et al., 2022) and has been observed to 
decrease plasma TNF-α levels and its expression in the PFC, 
hippocampus, and hypothalamus, thereby suppressing neurological 
inflammation (Guo et al., 2020).

Research by Wang et al. (2021) indicates that taVNS alleviates 
hippocampal neuroinflammation in rats via the α7nAchR/NF-κB 
signaling pathway, reducing IL-1β expression and inducing microglial 
phenotypic transformation. Additionally, Hou et al. (2023) found that 
tVNS reduces serum cytokine levels (TNF-α, IL-6, IL-1β, NF-κBp65) 
in a rat model of functional dyspepsia, an effect not seen post-
vagotomy. The gut-brain axis is a bidirectional system linking the 
inflammatory responses of the gut and brain (Agirman et al., 2021; 
Aggarwal et al., 2022; Chen et al., 2022). VNS has been shown to 
effectively reduce intestinal inflammation, influencing ILs, TNF-α, 
and transforming growth factor β (TGF-β) levels (Sinniger et  al., 
2020). taVNS can alleviate symptoms of irritable bowel syndrome, 
such as abdominal pain and constipation, possibly by increasing vagal 
afferent fiber activity, as demonstrated by reduced serum TNF-α and 
IL-6 levels and plasma 5-HT levels (Shi et al., 2021). To sum-up, the 
ability of tVNS to modulate both the central and peripheral 

FIGURE 1

taVNS reduced the levels of Aβ-41, IL-1β, and IL-18 produced by microglia via P2X7R/NLRP3/Caspase-1. It also significantly reduced the levels of 
apoptotic and necroptotic proteins, which induced microglial phenotypic transformations to protect neurons. Additionally, taVNS improved intestinal 
permeability, enhancing the diversity of species in the microbiota. Furthermore, enteric glial cells assisted in the exchange of information between the 
vagus nerve and gut.
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inflammation is particularly valuable (while underused yet) in the 
treatment of neurodegenerative disorders, as it was recently 
emphasized during the COVID-19 pandemic (Rangon et al., 2020; 
Borges et al., 2021).

5 VNS can re-orchestrate brain 
plasticity optimally in AD

VNS has been shown to upregulate the functional connectivity of 
the three core neurocognitive networks often impaired in AD (Li 
et al., 2019), i.e., the default-mode network (Putcha et al., 2022), the 
salience network (Zhang M. et al., 2022) and the central executive 
network (Daigle et al., 2022). A recent study by Keatch et al. (2023) 
suggests that tVNS shares similar central activation pathways with 
VNS. fMRI studies have demonstrated that taVNS can activate the LC 
and the NTS (Butt et al., 2020). Although imaging studies elucidating 
tVNS effects on AD are in the preliminary stages, some hypotheses 
have been formulated based on existing research. Although imaging 
studies elucidating tVNS effects on AD are in the preliminary stages, 
some hypotheses have been formulated based on existing research. A 
randomized crossover trial involving a healthy population found that 
taVNS influenced working memory by modulating the alpha band 
activity of the EGCs, potentially mediated by the GABA system 
(Konjusha et al., 2023). Huang et al. (2023) conducted a clinical study 

using fMRI and observed that repetitive taVNS could modulate 
functional connectivity within the CNS region of the vagal pathway 
and limbic system, including the bilateral hippocampus, postcentral 
gyrus, thalamus, and basal ganglia. During vagal stimulation, there 
was an increase in the amplitude of low-frequency fluctuation (ALFF) 
values in the lingual gyrus, fusiform gyrus, parahippocampal gyrus, 
and left middle temporal gyrus, correlating with improved memory 
and language functions (Zhang H. et al., 2022). Another study showed 
that taVNS amplified network connectivity between the hippocampus 
and regions associated with language learning (Murphy et al., 2023). 
These findings collectively suggest that vagal stimulation, including 
taVNS, can modulate the activity of brain regions related to cognition, 
particularly the hippocampus. Thus, it is plausible that taVNS could 
potentially improve clinical symptoms of AD, such as learning and 
memory function, by activating these brain regions.

VNS can drive the secretion of neurotransmitters and many other 
neurotrophic factors known to be important in AD (Figure 3). Gut 
microbiota, for instance, can increase the expression of brain-derived 
neurotrophic factor (BDNF) in the hippocampus via the VN 
(Amagase et al., 2023). Furthermore, taVNS has been reported to 
increase levels of vascular endothelial growth factor (VEGF) and 
BDNF in the brain (Long et al., 2022; Olsen et al., 2022). Furthermore, 
taVNS has been reported to increase levels of vascular endothelial 
growth factor (VEGF) and BDNF in the brain (Pihlaja et al., 2020), 
which has been shown to improve executive function in rodents 

FIGURE 2

Anti-inflammatory mechanisms of taVNS. (A) taVNS induces microglia polarization toward an anti-inflammatory phenotype and reduces levels of pro-
inflammatory factors, ameliorating hippocampal neuroinflammation. (B) By upregulating the anti-inflammatory effects of α7nAchR, taVNS has been 
shown to reduce the production of pro-inflammatory cytokines, such as IL-1β.
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(Grimonprez et al., 2015) and clinical performance in individuals with 
executive function deficits (De Taeye et al., 2014). Indirect markers of 
noradrenergic activity, such as P300, salivary alpha-amylase (sAA), 
and pupillary dilation, have been associated with VNS effects (Reimer 
et al., 2016; Privitera et al., 2021). taVNS has been demonstrated to 
stimulate NA release and enhance sAA secretion (Giraudier et al., 
2022). In studies involving healthy participants, taVNS increased sAA 
levels post-intervention and mitigated the reduction in salivary 
cortisol concentration compared to sham-stimulated groups (Warren 
et al., 2019). Three of the six current studies have indicated that taVNS 

may regulate pupil dilation and reduce α oscillations in a dose-
dependent manner during rest, supporting an NA mechanism 
hypothesis (Sharon et al., 2021; Urbin et al., 2021; D'Agostini et al., 
2023). However, some studies do not support the idea that taVNS 
leads to changes in P3b in patients or noticeable activation of the LC 
(Borges et al., 2021; D'Agostini et al., 2022; Gadeyne et al., 2022). 
Additionally, a clinical trial did not observe changes in overall sAA 
levels as a result of taVNS, underscoring the need for more evidence 
to confirm the activation of the taVNS pathway through the NA 
release (Borges et al., 2021; D'Agostini et al., 2022; Gadeyne et al., 

FIGURE 3

taVNS has the potential to improve cognitive dysfunction through afferent neuromodulation. It can also reduce hippocampal neuroinflammation, 
promote vascular regeneration, and enhance neuroplasticity through efferent nerves. This is achieved by increasing α7nAchR activity and releasing NA, 
VEGF, and BDNF.
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2022). Table 1 summarizes the characteristics found in these studies. 
The role of neurotransmitters in enhancing cognition through tVNS 
is crucial. While the NA pathway provides some evidence for the 
efficacy of tVNS in improving cognitive dysfunction in AD, conflicting 
results from various studies, possibly due to differences in stimulation 
parameters (Farrand et al., 2023) and individual variability, highlight 
the need for further validation and evidence.

6 Relationship between the vagus 
nerve and hypothalamus-pituitary–
adrenal axis

The HPA axis is a critical component of the body’s response to 
psychological stress and has been involved in the pathogenesis of 
AD. This axis consists of a network involving the hypothalamus, 
pituitary gland, and adrenal gland, which collectively regulate the 
body’s stress response and directly influence the development of AD 
(Bisht et  al., 2018). Chronic stress can alter brain function and 
structure relevant for Alzheimer pathology as old rhesus monkeys 
(mean age 25 years) who were exposed to chronic stress during their 
youth compared to control animals could be shown to accumulate a 
more than 7-fold higher density of ß-amyloid in temporal neocortex 
while synapse density in the same cortical areas was reduced by about 
16% (Merrill et  al., 2011). Clinical observations by Catania et  al. 
(2009) revealed elevated cortisol levels in the basal ganglia of AD 
patients. Additionally, they observed that stress and glucocorticoids 
(GC) could lead to misprocessing of amyloid precursor peptides in the 
hippocampus and PFC, resulting in β-amyloid deposition, a hallmark 
of AD pathology. The gut microbiota is an important component of 
the BGM axis. The HPA axis also influences the gut microbiota, a 
complex ecosystem within the gastrointestinal tract consisting of 
bacteria, fungi, archaebacteria, viruses, and protozoa, in a symbiotic 
relationship with the host (Varesi et al., 2022). Research has linked 
changes in gut microbiota composition to the development of AD (Liu 
et al., 2020; Kim et al., 2022). Studies in mice have shown that long-
term social stress can change the abundance and diversity of gut 
microbiota, dominated by Bacteroides and Lactobacillus spp. genera 
while also increasing levels of interleukin-6 (IL-6) and monocyte 
chemoattractant protein-1 (MCP-1; Bailey et al., 2011; Galley and 
Bailey, 2014). Therefore, dysregulation of the HPA axis may lead to Aβ 
deposition and changes in the intestinal environment, contributing to 
the onset of neurodegenerative diseases, including AD.

Activation of the HPA axis can increase intestinal permeability, 
and conversely, stimulation of the VN inhibits HPA axis activation and 
improves hippocampal function. Prolonged stress reduces VN activity 
by stimulating the sympathetic nervous system, leading to increased 
gut permeability (Gareau et al., 2007; Taché and Bonaz, 2007). The VN 
also can activate exert anti-inflammatory effects through the 
cholinergic anti-inflammatory pathway (Bonaz et al., 2021). Recent 
research by Li et al. (2020) found that the electrical tVNS in the ear at 
20 Hz reduced depression-like behavior in rats under mild stress. This 
intervention was associated with decreased HPA axis activity, as 
indicated by lower plasma levels of corticosterone (CORT) and 
adrenocorticotropic hormone (ACTH). The reduction in CORT also 
slowed hippocampal tissue atrophy and mitigated cognitive decline 
progression. Doerr et al. (2023) observed that salivary cortisol (sCort) 
levels decreased during taVNS in patients with temporal lobe epilepsy. 
This suggests that taVNS can modulate the stress response in epileptic 
patients through the HPA axis and the autonomic nervous system. 
Additionally, Hou et  al.’s animal experiments showed that taVNS 
inhibited HPA axis activation, but this effect disappeared following 
vagotomy. Additionally, the animal experiments of Hou et al. (2023) 
showed that taVNS inhibited HPA axis activation, but this effect 
disappeared following vagotomy. In a clinical study, Gurel et al. (2020) 
found that patients with post-traumatic stress disorder (PTSD) who 
underwent 3 days of tcVNS had lower levels of plasma pituitary 
adenylate cyclase-activating peptide (PACAP) in the observation 
group compared to those in the sham-stimulation group. This 
indicates that tcVNS may help alleviate the neurobiological stress 
response in PTSD patients.

PACAP plays a vital role in maintaining the body’s stress response, 
and it can activate CRH to regulate the activity of the HPA axis, by 
stimulating CORT output (Mustafa, 2013). The HPA axis is a critical 
element of the BGM axis and exerts a bidirectional regulatory 
influence on AD progression. One possible mechanism could be the 
influence of tVNS on AD progression by modulating the function of 
the HPA axis through the VN.

7 Innovative strategies for treating 
Alzheimer’s disease with tVNS

The prevention and treatment of AD have emerged as a critical 
public health challenge globally. The BGM axis represents a promising 
therapeutic target for AD. Novel interventions based on this concept, 

TABLE 1 Association of taVNS with norepinephrine activity.

Study Subjects of the study Supports noradrenergic 
mechanisms

Result

D'Agostini et al. (2023) Healthy human Yes taVNS enhances pupil dilation

Sharon et al. (2021) Healthy human Yes taVNS induces pupil dilation and attenuation of occipital 

alpha oscillations

Urbin et al. (2021) Healthy human Yes taVNS enhances pupil dilation

Gadeyne et al. (2022) Healthy human No taVNS did not alter the P3b

Borges et al. (2021) Healthy human No taVNS did not induces pupillary responses

Borges et al. (2021) Healthy human No taVNS did not influence pupillary responses cortisol, and 

salivary alpha-amylase
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such as probiotic therapy, microbiota transplantation, acupuncture, 
psychotherapy, and VNS, are currently being explored (YanLong 
et al., 2023).

The BGM axis is a complex bidirectional communication system 
that functions in both directions (Kowalski and Mulak, 2019). VNS can 
potentially modify—most of the time probably in anon-physiological 
way—the signal transmission, because we  have no clue yet, how 
information is actually coded. It plays a crucial role in mediating the 
interaction between the CNS and the gut microbiota, including its 
by-products. Evidence suggests that inflammatory responses in the gut 
may increase intestinal barrier permeability, leading to the release of 
intestinal by-products such as short-chain fatty acids (SCFAs) and LPS 
into the systemic circulation, thereby affecting the CNS (Pellegrini 
et al., 2018; Doifode et al., 2021). The VN can help repair the intestinal 
barrier and modulate the composition of the intestinal microbiota 
through EGCs. Signaling via EGCs allows VNS, including tVNS, to 
influence the structure and function of the gut microbiota, promoting 
increased diversity. tVNS activates cholinergic anti-inflammatory 
pathways, improving the production of anti-inflammatory signals and 
reducing the levels of inflammatory factors such as TNF-α, IL-1β, and 
IL-6 in both the central and peripheral systems (Baig et al., 2022). 
Therefore, it is hypothesized that stimulating the VN can positively 
influence the BGM axis, repairing the abnormal intestinal environment. 
This action may prevent harmful signaling to the CNS, potentially 
improving cognitive dysfunction associated with AD. However, further 
research is needed to fully understand the impact of tVNS on the 
intestinal environment, including microbial species, barriers, and 
derivatives. Optimization of experimental protocols in this area 
remains a critical area of investigation.

Imaging studies have demonstrated that tVNS can activate specific 
brain regions associated with cognitive functions, including the LC, 
NTS, and hippocampus. These areas are crucial for cognitive 
processes, and the LC-NA pathway is particularly relevant in the 
pathogenesis of AD. Certain studies have identified activation of the 
NA pathway during tVNS, as evidenced by assays, including sAA and 
pupil dilation, supporting the potential of tVNS in treating cognitive 
impairments in AD. Therefore, VNS can potentially modify, often in 
a non-physiological manner, signal transmission within the BGM axis, 
which is integral to the physiological basis of AD. By modulating this 
communication, tVNS may have therapeutic effects on AD pathology. 
However, current research into tVNS for AD treatment is still in 
preliminary stages, and its efficacy is not yet widely recognized. These 
deficiencies are partly due to tVNS being a relatively new adjuvant 
therapy. To strengthen the clinical evidence supporting tVNS 
intervention in AD, future research should focus on conducting large-
sample RCTs, multicenter clinical studies, and observational studies. 
In addition, preclinical research is also essential.

tVNS is capable of influencing the HPA axis, which is integral to 
the human stress response and an essential component of the BGM 
axis. The HPA axis plays a pivotal role in the pathogenesis of 
AD. Chronic stress can trigger microglial transformation into a 
pro-inflammatory phenotype, leading to an inflammatory response in 
the CNS. This response can alter the structure and function of the 
intestinal microbiota and impact the permeability of the intestinal 
barrier (Bisht et  al., 2018; Tache et  al., 2018). tVNS, through its 
cholinergic anti-inflammatory pathway, can modulate the HPA axis, 
impacting the functioning of the hypothalamus, pituitary, and adrenal 
glands. Initially developed and used for conditions such as depression 

and schizophrenia, the non-invasive VNS has shown promise in 
treating chronic stress, owing to its interaction with the VN’s properties 
and distribution. However, the exploration of the HPA axis within the 
BGM as a mechanism for understanding and treating AD has yet to 
be fully recognized. The potential of tVNS to treat AD through the 
BGM presents a unique opportunity, particularly in the context of 
current global health challenges. By focusing on the relationship 
between the HPA axis and AD, researchers can further elucidate the 
mechanisms by which tVNS may be effective in treating AD.

VNS, originally developed for treating epilepsy, has expanded its 
therapeutic scope with the advent of non-invasive stimulation techniques. 
taVNS, targeting the auricular branch of the vagus nerve, has gained 
popularity in clinical practice due to its non-invasive nature and ease of 
application. Emerging research indicates that tVNS can activate 
neurological and endocrine pathways similar to those stimulated by 
traditional VNS (Sharon et al., 2021; Urbin et al., 2021; D'Agostini et al., 
2023). This evidence supports the potential use of tVNS as a therapeutic 
modality for neurodegenerative diseases like AD, offering a non-invasive 
and patient-friendly option for managing such conditions.

The effectiveness and mechanistic understanding of taVNS are 
complex and influenced by various parameters. Existing studies 
present conflicting evidence regarding the use of sAA and pupil 
dilation as indicators of NA activity, emphasizing the complexity of 
taVNS’s impact on physiological pathways. These discrepancies may 
arise from differences in intervention parameters and individual 
responses to taVNS. In clinical practice, taVNS mainly targets the 
external auricle (Badran et al., 2018), with common stimulation sites 
being the tragus and the cymba conchae of the anterior wall of the 
outer ear canal (tragus) and the cymba conchae, though the field is 
still identifying better stimulation sites. While left ear stimulation is 
generally preferred to avoid bradycardia (Baig et  al., 2022), an 
extensive study by Badran et al. (2019) reports no adverse events with 
right ear stimulation. Stimulation parameters in taVNS vary across 
studies, as highlighted by Butt et al. (2020) in their review of taVNS-
induced fMRI and somatosensory-evoked potential studies. Most 
taVNS applications use pulsed stimuli with pulse widths ranging from 
250 to 500 μs and frequencies between 10 to 25 Hz. The current 
intensity is typically kept below 5 mA, tailored to individual tolerances. 
These variations in taVNS application underscore the need for further 
research to optimize stimulation sites, parameters, and individualized 
approaches to maximize therapeutic efficacy and safety, especially in 
the context of neurodegenerative diseases like Alzheimer’s Disease.

In taVNS interventions, managing current intensity is crucial for 
patient comfort and efficacy. Current intensities are typically set at or 
below the pain threshold, creating a perceptible yet tolerable sensation 
(Ellrich, 2019). Badran et  al. (2019) highlighted the potential for 
optimizing taVNS, suggesting that while 25 Hz stimulation has shown 
promising outcomes, exploring higher frequencies, alternative 
stimulation sites, and duty cycle adjustments could enhance 
therapeutic effects. The therapeutic potential of gamma frequency 
(30–80 Hz) stimulation is further corroborated by other studies that 
combined multisensory (auditory and visual) stimuli at this frequency 
to improve AD pathology and cognition in rodent models of the 
disease (Iaccarino et al., 2018; Adaikkan et al., 2019; Martorell et al., 
2019). The gamma-frequency oscillation slows down in the lateral 
entorhinal cortex (LEC) in AD mice. The LEC is the key structures 
relaying memory-related information between the neocortex and the 
hippocampus (Klein et al., 2016). Repeated presentations of sensory 
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stimuli can generate transient gamma-frequency responses in the 
neocortex. These responses exhibit plasticity in a task-dependent 
manner (Ainsworth et al., 2016). A repeated auditory stimulation at 
40 Hz effects across multiple cell types—neurons, microglia, 
astrocytes, and vasculature—and brain regions to drive the attenuation 
of AD-related pathology in a circuit-wide manner (Martorell et al., 
2019). Adaikkan et al. (2019) stated that the preservation of neurons 
and synapses, reduced neuroinflammation, enhanced synaptic 
transmission and synaptic plasticity gene expression, and/or enhanced 
coherent gamma oscillations, may contribute to improvement of 
cognitive processes through Gamma ENtrainment Using Sensory 
stimuli. Iaccarino et  al. (2016) demonstrate that optogenetic 
entrainment of neurons at gamma frequency can decrease Aβ levels 
by enhancing the phagocytic activity of microglia in the brain. Park 
et al. (2021) also reported positive outcomes with 40 Hz transcranial 
ultrasound stimulation in an AD mouse model. The NTS projects 
directly or indirectly to multiple brain regions, including the locus 
oeruleus, hypothalamus, thalamus, amygdala, hippocampus, and 
prefrontal cortex (Ter Horst et al., 1989; Van Eden and Buijs, 2000; 
Castle et al., 2005). Even though no evidence has been provided that 
tVNS directly induces gamma oscillations in the target brain regions, 
there is evidence that stimulating the vagus nerve has effects which are 
very similar to directly entraining brains with AD at frequencies in the 
gamma frequency range. This recommendation is supported by Yu 
et  al. (2023) who demonstrated the benefits of higher-frequency 
stimulation. Their study found that 40 Hz taVNS inhibited 
hippocampal P2X7R/NLRP3/Caspase-1 signaling pathways and 
improved spatial learning and memory in 6-month-old APP/PS1 
mice. These findings collectively suggest that frequencies higher than 
40 Hz might be  more effective for treating AD. Therefore, it is 
reasonable to suggest that repeated 40 Hz tVNS stimulation may 
induce gamma oscillations in brain regions such as the neocortex and 
hippocampus, thereby improving the reduced gamma frequency 
observed in AD and increasing information exchange between 
hippocampal-neocortex. Furthermore, 40 Hz tVNS may impact 
microglia, vascular regions, and nerve regeneration through repeated 
stimulation, driving the attenuation of Alzheimer’s pathology. 
However, it is doubtful whether gamma frequency oscillations 
induced by tVNS can be  transmitted to the neocortex and 
hippocampus with minimal loss. Much rather, gamma rhythms in 
cortical structures follow mostly their intrinsic dynamic and therefore 
might only be triggered by faster signal modulation in their input.

Other related reviews have also focused on tVNS treatment for 
AD. Yap et  al. (2020) also suggested in their critical review that 
despite the breadth of research being undertaken, many questions 
remain regarding the most effective stimulation sites and parameters. 
Many researchers in the current study used different assessment 
metrics, but there are major issues with inconsistent use of 
terminology and incomplete reporting when reporting the results of 
incomparable and non-reproducible experiments. The authors 
summarized the parameters used in tVNS, such as stimulation site, 
waveform, frequency and current intensity, and suggested that 
further research into the specific mechanism, stimulation parameters 
and durability of effects of tVNS should be conducted under a more 
standardized research protocol in the future. Vargas-Caballero et al. 
(2022) stated that VNS can target multiple mechanisms of Alzheimer’s 
disease with potential to modify the disease trajectory. They also 
pointed out that if recent trials of tVNS are unsuccessful or the effect 
sizes are too small to produce significant improvement, it may 

be necessary to re-evaluate the stimulation paradigms. Similar to the 
two reviews mentioned above, this review considers that future 
research should focus on fine-tuning the taVNS stimulation pattern, 
considering factors such as frequency, intensity, and sensory 
modalities to maximize its therapeutic potential for neurodegenerative 
conditions like AD. Furthermore, individual sensitivity for reacting 
to certain kinds of stimulation parameters should be explored more 
in the future. This is significant for the development and innovation 
of tVNS technology equipment.

Through systematic review of relevant studies on tVNS in relation 
to the BGM, AD, and cognitive function indicates that tVNS may 
modulate BGMA system signaling. This modulation, which influences 
the NTS function, gut microbiota, inflammation, brain plasticity, and 
the HPA axis, has the potential to alleviate or prevent cognitive 
dysfunctions associated with AD. Therefore, tVNS has emerged as a 
potentially cost-effective and effective therapeutic intervention for 
AD. Notably, recent research suggests that prefrontally modulated 
vagal neuroimmunomodulation can affect biological aging by 
influencing telomere length, supporting the potential of tVNS in 
mitigating AD (Ask and Sütterlin, 2022).

Author contributions

LY: Formal Analysis, Methodology, Project administration, 
Software, Validation, Writing – original draft, Writing – review & 
editing. HL: Conceptualization, Formal Analysis, Methodology, 
Project administration, Validation, Writing – review & editing. YQ: 
Conceptualization, Formal Analysis, Methodology, Project 
administration, Validation, Writing – review & editing. JZ: 
Conceptualization, Writing – review & editing. SC: Conceptualization, 
Writing – review & editing. XZ: Conceptualization, Writing – review 
& editing. LW: Conceptualization, Writing – review & editing. YW: 
Funding acquisition, Writing – review & editing. MW: 
Conceptualization, Supervision, Writing – review & editing. TY: 
Funding acquisition, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
supported by the National Natural Science Foundation of China, 
Youth Science Foundation Project (no. 81704148) and the Tianjin 
Appropriate Technology Promotion Project for Chinese Medicine 
Rehabilitation Services. The funders had no role on the design of 
this study.

Acknowledgments

The authors are grateful to all those who participated 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.

https://doi.org/10.3389/fnagi.2024.1334887
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Yan et al. 10.3389/fnagi.2024.1334887

Frontiers in Aging Neuroscience 10 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Abreu, M. T., Fukata, M., and Arditi, M. (2005). Tlr signaling in the gut in health and 

disease. J. Immunol. 174, 4453–4460. doi: 10.4049/jimmunol.174.8.4453

Adaikkan, C., Middleton, S. J., Marco, A., Pao, P. C., Mathys, H., Kim, D. N., et al. 
(2019). Gamma entrainment binds higher-order brain regions and offers 
neuroprotection. Neuron 102, 929–943.e8. doi: 10.1016/j.neuron.2019.04.011

Aggarwal, M., Alkhayyat, M., Abou, S. M., Sarmini, M. T., Singh, A., Garg, R., et al. 
(2022). Alzheimer disease occurs more frequently in patients with inflammatory bowel 
disease: insight from a nationwide study. J. Clin. Gastroenterol. 57, 501–507. doi: 
10.1097/MCG.0000000000001714

Agirman, G., Yu, K. B., and Hsiao, E. Y. (2021). Signaling inflammation across the 
gut-brain axis. Science 374, 1087–1092. doi: 10.1126/science.abi6087

Ainsworth, M., Lee, S., Kaiser, M., Simonotto, J., Kopell, N. J., and Whittington, M. A. 
(2016). Gabab receptor-mediated, layer-specific synaptic plasticity reorganizes gamma-
frequency neocortical response to stimulation. Proc. Natl. Acad. Sci. U. S. A. 113, E2721–
E2729. doi: 10.1073/pnas.1605243113

Alzheimer's Association (2022). 2022 alzheimer's disease facts and figures. Alzheimers 
Dement. 18, 700–789. doi: 10.1002/alz.12638

Alzheimer's Association (2023). 2023 alzheimer's disease facts and figures. Alzheimers 
Dement. 19, 1598–1695. doi: 10.1002/alz.13016

Amagase, Y., Kambayashi, R., Sugiyama, A., and Takei, Y. (2023). Peripheral regulation 
of central brain-derived neurotrophic factor expression through the vagus nerve. Int. J. 
Mol. Sci. 24:3543. doi: 10.3390/ijms24043543

Ask, T. F., and Sütterlin, S. (2022). Prefrontally modulated vagal 
neuroimmunomodulation is associated with telomere length. Front. Neurosci. 
16:1063162. doi: 10.3389/fnins.2022.1063162

Badran, B. W., Brown, J. C., Dowdle, L. T., Mithoefer, O. J., LaBate, N. T., Coatsworth, J., 
et al. (2018). Tragus or cymba conchae? Investigating the anatomical foundation of 
transcutaneous auricular vagus nerve stimulation (tavns). Brain Stimul. 11, 947–948. 
doi: 10.1016/j.brs.2018.06.003

Badran, B. W., Yu, A. B., Adair, D., Mappin, G., DeVries, W. H., Jenkins, D. D., et al. 
(2019). Laboratory administration of transcutaneous auricular vagus nerve stimulation 
(tavns): technique, targeting, and considerations. J. Vis. Exp. 10:984. doi: 10.3791/58984

Baig, S. S., Kamarova, M., Ali, A., Su, L., Dawson, J., Redgrave, J. N., et al. (2022). 
Transcutaneous vagus nerve stimulation (tvns) in stroke: the evidence, challenges and 
future directions. Auton. Neurosci. 237:102909. doi: 10.1016/j.autneu.2021.102909

Bailey, M. T., Dowd, S. E., Galley, J. D., Hufnagle, A. R., Allen, R. G., and Lyte, M. 
(2011). Exposure to a social stressor alters the structure of the intestinal microbiota: 
implications for stressor-induced immunomodulation. Brain Behav. Immun. 25, 
397–407. doi: 10.1016/j.bbi.2010.10.023

Berthoud, H. R., and Neuhuber, W. L. (2000). Functional and chemical anatomy of 
the afferent vagal system. Auton. Neurosci. 85, 1–17. doi: 10.1016/S1566-0702(00)00215-0

Birks, J. S., and Harvey, R. J. (2018). Donepezil for dementia due to alzheimer's disease. 
Cochrane Database Syst. Rev. 6:CD001190. doi: 10.1002/14651858.CD001190.pub3

Bisht, K., Sharma, K., and Tremblay, M. È. (2018). Chronic stress as a risk factor for 
alzheimer's disease: roles of microglia-mediated synaptic remodeling, inflammation, and 
oxidative stress. Neurobiol Stress 9, 9–21. doi: 10.1016/j.ynstr.2018.05.003

Bonaz, B. (2022). Anti-inflammatory effects of vagal nerve stimulation with a special 
attention to intestinal barrier dysfunction. Neurogastroenterol. Motil. 34:e14456. doi: 
10.1111/nmo.14456

Bonaz, B., Bazin, T., and Pellissier, S. (2018). The vagus nerve at the interface of the 
microbiota-gut-brain axis. Front. Neurosci. 12:49. doi: 10.3389/fnins.2018.00049

Bonaz, B., Sinniger, V., and Pellissier, S. (2021). Therapeutic potential of vagus nerve 
stimulation for inflammatory bowel diseases. Front. Neurosci. 15:650971. doi: 10.3389/
fnins.2021.650971

Bora, G., Atkinson, S. N., Pan, A., Sood, M., Salzman, N., and Karrento, K. (2023). 
Impact of auricular percutaneous electrical nerve field stimulation on gut microbiome 
in adolescents with irritable bowel syndrome: a pilot study. J. Dig. Dis. 24, 348–358. doi: 
10.1111/1751-2980.13203

Borges, U., Pfannenstiel, M., Tsukahara, J., Laborde, S., Klatt, S., and Raab, M. (2021). 
Transcutaneous vagus nerve stimulation via tragus or cymba conchae: are its 
psychophysiological effects dependent on the stimulation area? Int. J. Psychophysiol. 161, 
64–75. doi: 10.1016/j.ijpsycho.2021.01.003

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G., 
et al. (2011). Ingestion of lactobacillus strain regulates emotional behavior and central 

gaba receptor expression in a mouse via the vagus nerve. Proc. Natl. Acad. Sci. U. S. A. 
108, 16050–16055. doi: 10.1073/pnas.1102999108

Broncel, A., Bocian, R., Kłos-Wojtczak, P., and Konopacki, J. (2018). Medial septal 
cholinergic mediation of hippocampal theta rhythm induced by vagal nerve stimulation. 
PLoS One 13:e206532:e0206532. doi: 10.1371/journal.pone.0206532

Butt, M. F., Albusoda, A., Farmer, A. D., and Aziz, Q. (2020). The anatomical basis for 
transcutaneous auricular vagus nerve stimulation. J. Anat. 236, 588–611. doi: 10.1111/
joa.13122

Canessa, N., Castronovo, V., Cappa, S. F., Aloia, M. S., Marelli, S., Falini, A., et al. 
(2011). Obstructive sleep apnea: brain structural changes and neurocognitive function 
before and after treatment. Am. J. Respir. Crit. Care Med. 183, 1419–1426. doi: 10.1164/
rccm.201005-0693OC

Castle, M., Comoli, E., and Loewy, A. D. (2005). Autonomic brainstem nuclei are 
linked to the hippocampus. Neuroscience 134, 657–669. doi: 10.1016/j.
neuroscience.2005.04.031

Catania, C., Sotiropoulos, I., Silva, R., Onofri, C., Breen, K. C., Sousa, N., et al. (2009). 
The amyloidogenic potential and behavioral correlates of stress. Mol. Psychiatry 14, 
95–105. doi: 10.1038/sj.mp.4002101

Celle, S., Peyron, R., Faillenot, I., Pichot, V., Alabdullah, M., Gaspoz, J. M., et al. 
(2009). Undiagnosed sleep-related breathing disorders are associated with focal 
brainstem atrophy in the elderly. Hum. Brain Mapp. 30, 2090–2097. doi: 10.1002/
hbm.20650

Chen, C., Liao, J., Xia, Y., Liu, X., Jones, R., Haran, J., et al. (2022). Gut microbiota 
regulate alzheimer's disease pathologies and cognitive disorders via pufa-associated 
neuroinflammation. Gut 71, 2233–2252. doi: 10.1136/gutjnl-2021-326269

Chen, X. Q., and Mobley, W. C. (2019). Alzheimer disease pathogenesis: insights from 
molecular and cellular biology studies of oligomeric aβ and tau species. Front. Neurosci. 
13:659. doi: 10.3389/fnins.2019.00659

Costantini, T. W., Bansal, V., Krzyzaniak, M., Putnam, J. G., Peterson, C. Y., 
Loomis, W. H., et al. (2010a). Vagal nerve stimulation protects against burn-induced 
intestinal injury through activation of enteric glia cells. Am. J. Physiol. Gastrointest. Liver 
Physiol. 299, G1308–G1318. doi: 10.1152/ajpgi.00156.2010

Costantini, T. W., Bansal, V., Peterson, C. Y., Loomis, W. H., Putnam, J. G., Rankin, F., 
et al. (2010b). Efferent vagal nerve stimulation attenuates gut barrier injury after burn: 
modulation of intestinal occludin expression. J. Trauma 68, 1349–1356. doi: 10.1097/
TA.0b013e3181dccea0

Cryan, J. F., O'Riordan, K. J., Cowan, C., Sandhu, K. V., Bastiaanssen, T., Boehme, M., 
et al. (2019). The microbiota-gut-brain axis. Physiol. Rev. 99, 1877–2013. doi: 10.1152/
physrev.00018.2018

Cummings, J. L., Morstorf, T., and Zhong, K. (2014). Alzheimer's disease drug-
development pipeline: few candidates, frequent failures. Alzheimers Res. Ther. 6:37. doi: 
10.1186/alzrt269

Cummings, J. L., Tong, G., and Ballard, C. (2019). Treatment combinations for 
alzheimer's disease: current and future pharmacotherapy options. J. Alzheimers Dis. 67, 
779–794. doi: 10.3233/JAD-180766

D'Agostini, M., Burger, A. M., Franssen, M., Perkovic, A., Claes, S., von Leupoldt, A., 
et al. (2023). Short bursts of transcutaneous auricular vagus nerve stimulation enhance 
evoked pupil dilation as a function of stimulation parameters. Cortex 159, 233–253. doi: 
10.1016/j.cortex.2022.11.012

D'Agostini, M., Burger, A. M., Villca, P. G., Claes, S., von Leupoldt, A., and Van 
Diest, I. (2022). No evidence for a modulating effect of continuous transcutaneous 
auricular vagus nerve stimulation on markers of noradrenergic activity. Psychophysiology 
59:e13984. doi: 10.1111/psyp.13984

Daigle, K. M., Pietrzykowski, M. O., Waters, A. B., Swenson, L. P., and Gansler, D. A. 
(2022). Central executive network and executive function in patients with alzheimer's 
disease and healthy individuals: meta-analysis of structural and functional mri. J. 
Neuropsychiatry Clin. Neurosci. 34, 204–213. doi: 10.1176/appi.neuropsych.20110279

Dantzer, R. (2004). Cytokine-induced sickness behaviour: a neuroimmune response 
to activation of innate immunity. Eur. J. Pharmacol. 500, 399–411. doi: 10.1016/j.
ejphar.2004.07.040

Daulatzai, M. A. (2012). Dysfunctional nucleus Tractus Solitarius: its crucial role in 
promoting Neuropathogentic Cascade of Alzheimer’s dementia—a novel hypothesis. 
Neurochem. Res. 37, 846–868. doi: 10.1007/s11064-011-0680-2

De Taeye, L., Vonck, K., van Bochove, M., Boon, P., Van Roost, D., Mollet, L., et al. 
(2014). The p3 event-related potential is a biomarker for the efficacy of vagus nerve 

https://doi.org/10.3389/fnagi.2024.1334887
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.4049/jimmunol.174.8.4453
https://doi.org/10.1016/j.neuron.2019.04.011
https://doi.org/10.1097/MCG.0000000000001714
https://doi.org/10.1126/science.abi6087
https://doi.org/10.1073/pnas.1605243113
https://doi.org/10.1002/alz.12638
https://doi.org/10.1002/alz.13016
https://doi.org/10.3390/ijms24043543
https://doi.org/10.3389/fnins.2022.1063162
https://doi.org/10.1016/j.brs.2018.06.003
https://doi.org/10.3791/58984
https://doi.org/10.1016/j.autneu.2021.102909
https://doi.org/10.1016/j.bbi.2010.10.023
https://doi.org/10.1016/S1566-0702(00)00215-0
https://doi.org/10.1002/14651858.CD001190.pub3
https://doi.org/10.1016/j.ynstr.2018.05.003
https://doi.org/10.1111/nmo.14456
https://doi.org/10.3389/fnins.2018.00049
https://doi.org/10.3389/fnins.2021.650971
https://doi.org/10.3389/fnins.2021.650971
https://doi.org/10.1111/1751-2980.13203
https://doi.org/10.1016/j.ijpsycho.2021.01.003
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1371/journal.pone.0206532
https://doi.org/10.1111/joa.13122
https://doi.org/10.1111/joa.13122
https://doi.org/10.1164/rccm.201005-0693OC
https://doi.org/10.1164/rccm.201005-0693OC
https://doi.org/10.1016/j.neuroscience.2005.04.031
https://doi.org/10.1016/j.neuroscience.2005.04.031
https://doi.org/10.1038/sj.mp.4002101
https://doi.org/10.1002/hbm.20650
https://doi.org/10.1002/hbm.20650
https://doi.org/10.1136/gutjnl-2021-326269
https://doi.org/10.3389/fnins.2019.00659
https://doi.org/10.1152/ajpgi.00156.2010
https://doi.org/10.1097/TA.0b013e3181dccea0
https://doi.org/10.1097/TA.0b013e3181dccea0
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1186/alzrt269
https://doi.org/10.3233/JAD-180766
https://doi.org/10.1016/j.cortex.2022.11.012
https://doi.org/10.1111/psyp.13984
https://doi.org/10.1176/appi.neuropsych.20110279
https://doi.org/10.1016/j.ejphar.2004.07.040
https://doi.org/10.1016/j.ejphar.2004.07.040
https://doi.org/10.1007/s11064-011-0680-2


Yan et al. 10.3389/fnagi.2024.1334887

Frontiers in Aging Neuroscience 11 frontiersin.org

stimulation in patients with epilepsy. Neurotherapeutics 11, 612–622. doi: 10.1007/
s13311-014-0272-3

Décarie-Spain, L., Hayes, A., Lauer, L. T., and Kanoski, S. E. (2024). The gut-brain axis 
and cognitive control: a role for the vagus nerve. Semin. Cell Dev. Biol. 156, 201–209. 
doi: 10.1016/j.semcdb.2023.02.004

Devi, G. (2023). A how-to guide for a precision medicine approach to the diagnosis 
and treatment of alzheimer's disease. Front. Aging Neurosci. 15:1213968. doi: 10.3389/
fnagi.2023.1213968

Doerr, J. M., Juenemann, M., Hakel, L., Schmidt, L., Menzler, K., Krause, K., et al. 
(2023). Effect of transcutaneous vagus nerve stimulation on stress-reactive 
neuroendocrine measures in a sample of persons with temporal lobe epilepsy. Epilepsia 
Open 8, 1013–1020. doi: 10.1002/epi4.12774

Doifode, T., Giridharan, V. V., Generoso, J. S., Bhatti, G., Collodel, A., Schulz, P. E., 
et al. (2021). The impact of the microbiota-gut-brain axis on alzheimer's disease 
pathophysiology. Pharmacol. Res. 164:105314. doi: 10.1016/j.phrs.2020.105314

Dolphin, H., Dukelow, T., Finucane, C., Commins, S., McElwaine, P., and 
Kennelly, S. P. (2022). "the wandering nerve linking heart and mind"—the 
complementary role of transcutaneous vagus nerve stimulation in modulating neuro-
cardiovascular and cognitive performance. Front. Neurosci. 16:897303. doi: 10.3389/
fnins.2022.897303

Ellrich, J. (2019). Transcutaneous auricular vagus nerve stimulation. J. Clin. 
Neurophysiol. 36, 437–442. doi: 10.1097/WNP.0000000000000576

Fahy, B. G. (2010). Intraoperative and perioperative complications with a vagus nerve 
stimulation device. J. Clin. Anesth. 22, 213–222. doi: 10.1016/j.jclinane.2009.10.002

Farrand, A., Jacquemet, V., Verner, R., Owens, M., and Beaumont, E. (2023). Vagus 
nerve stimulation parameters evoke differential neuronal responses in the locus 
coeruleus. Physiol. Rep. 11:e15633. doi: 10.14814/phy2.15633

Fernández-Hernando, D., Fernández-de-Las-Peñas, C., Machado-Martín, A., Angulo-
Díaz-Parreño, S., García-Esteo, F. J., and Mesa-Jiménez, J. A. (2023). Effects of non-
invasive neuromodulation of the vagus nerve for management of tinnitus: a systematic 
review with meta-analysis. J. Clin. Med. 12:3673. doi: 10.3390/jcm12113673

Folch, J., Busquets, O., Ettcheto, M., Sánchez-López, E., Castro-Torres, R. D., 
Verdaguer, E., et al. (2018). Memantine for the treatment of dementia: a review on its 
current and future applications. J. Alzheimers Dis. 62, 1223–1240. doi: 10.3233/
JAD-170672

Forsythe, P., Bienenstock, J., and Kunze, W. A. (2014). Vagal pathways for 
microbiome-brain-gut axis communication. Adv. Exp. Med. Biol. 817, 115–133. doi: 
10.1007/978-1-4939-0897-4_5

Frangos, E., Ellrich, J., and Komisaruk, B. R. (2015). Non-invasive access to the vagus 
nerve central projections via electrical stimulation of the external ear: fmri evidence in 
humans. Brain Stimul. 8, 624–636. doi: 10.1016/j.brs.2014.11.018

Gadeyne, S., Mertens, A., Carrette, E., Van den Bossche, F., Boon, P., Raedt, R., et al. 
(2022). Transcutaneous auricular vagus nerve stimulation cannot modulate the p3b 
event-related potential in healthy volunteers. Clin. Neurophysiol. 135, 22–29. doi: 
10.1016/j.clinph.2021.11.079

Galley, J. D., and Bailey, M. T. (2014). Impact of stressor exposure on the interplay 
between commensal microbiota and host inflammation. Gut Microbes 5, 390–396. doi: 
10.4161/gmic.28683

Gareau, M. G., Jury, J., and Perdue, M. H. (2007). Neonatal maternal separation of rat 
pups results in abnormal cholinergic regulation of epithelial permeability. Am. J. Physiol. 
Gastrointest. Liver Physiol. 293, G198–G203. doi: 10.1152/ajpgi.00392.2006

Giraudier, M., Ventura-Bort, C., Burger, A. M., Claes, N., D'Agostini, M., Fischer, R., 
et al. (2022). Evidence for a modulating effect of transcutaneous auricular vagus nerve 
stimulation (tavns) on salivary alpha-amylase as indirect noradrenergic marker: a 
pooled mega-analysis. Brain Stimul. 15, 1378–1388. doi: 10.1016/j.brs.2022.09.009

Goswami, C., Iwasaki, Y., and Yada, T. (2018). Short-chain fatty acids suppress food 
intake by activating vagal afferent neurons. J. Nutr. Biochem. 57, 130–135. doi: 10.1016/j.
jnutbio.2018.03.009

Grimonprez, A., Raedt, R., Portelli, J., Dauwe, I., Larsen, L. E., Bouckaert, C., et al. 
(2015). The antidepressant-like effect of vagus nerve stimulation is mediated through 
the locus coeruleus. J. Psychiatr. Res. 68, 1–7. doi: 10.1016/j.jpsychires.2015.05.002

Guo, X., Zhao, Y., Huang, F., Li, S., Luo, M., Wang, Y., et al. (2020). Effects of 
transcutaneous auricular vagus nerve stimulation on peripheral and central tumor 
necrosis factor alpha in rats with depression-chronic somatic pain comorbidity. Neural 
Plast. 2020:8885729. doi: 10.1155/2020/8885729

Gurel, N. Z., Jiao, Y., Wittbrodt, M. T., Ko, Y. A., Hankus, A., Driggers, E. G., et al. 
(2020). Effect of transcutaneous cervical vagus nerve stimulation on the pituitary 
adenylate cyclase-activating polypeptide (pacap) response to stress: a randomized, sham 
controlled, double blind pilot study. Compr Psychoneuroendocrinol 4:100012. doi: 
10.1016/j.cpnec.2020.100012

Hilz, M. J. (2022). Transcutaneous vagus nerve stimulation—a brief introduction and 
overview. Auton. Neurosci. 243:103038. doi: 10.1016/j.autneu.2022.103038

Hou, L., Rong, P., Yang, Y., Fang, J., Wang, J., Wang, Y., et al. (2023). Auricular vagus 
nerve stimulation improves visceral hypersensitivity and gastric motility and depression-
like behaviors via Vago-vagal pathway in a rat model of functional dyspepsia. Brain Sci. 
13:253. doi: 10.3390/brainsci13020253

Huang, Y., Zhang, Y., Hodges, S., Li, H., Yan, Z., Liu, X., et al. (2023). The modulation 
effects of repeated transcutaneous auricular vagus nerve stimulation on the functional 
connectivity of key brainstem regions along the vagus nerve pathway in migraine 
patients. Front. Mol. Neurosci. 16:1160006. doi: 10.3389/fnmol.2023.1160006

Humphrey, C. M., Hooker, J. T., Thapa, M., Wilcox, M. J., Ostrowski, D., and 
Ostrowski, T. D. (2023). Synaptic loss and gliosis in the nucleus tractus solitarii with 
streptozotocin-induced alzheimer's disease. Brain Res. 1801:148202. doi: 10.1016/j.
brainres.2022.148202

Iaccarino, H. F., Singer, A. C., Martorell, A. J., Rudenko, A., Gao, F., Gillingham, T. Z., 
et al. (2016). Gamma frequency entrainment attenuates amyloid load and modifies 
microglia. Nature 540, 230–235. doi: 10.1038/nature20587

Iaccarino, H. F., Singer, A. C., Martorell, A. J., Rudenko, A., Gao, F., Gillingham, T. Z., 
et al. (2018). Author correction: gamma frequency entrainment attenuates amyloid load 
and modifies microglia. Nature 562:E1. doi: 10.1038/s41586-018-0351-4

Kaczmarczyk, R., Tejera, D., Simon, B. J., and Heneka, M. T. (2017). Microglia 
modulation through external vagus nerve stimulation in a murine model of alzheimer's 
disease. J. Neurochem. 146, 76–85. doi: 10.1111/jnc.14284

Kaelberer, M. M., Buchanan, K. L., Klein, M. E., Barth, B. B., Montoya, M. M., 
Shen, X., et al. (2018). A gut-brain neural circuit for nutrient sensory transduction. 
Science 361:5236. doi: 10.1126/science.aat5236

Keatch, C., Lambert, E., Kameneva, T., and Woods, W. (2023). Functional connectivity 
analysis of transcutaneous vagus nerve stimulation (tvns) using magnetoencephalography 
(meg). IEEE Trans. Neural Syst. Rehabil. Eng. 31, 3630–3640. doi: 10.1109/
TNSRE.2023.3297736

Kim, M. S., Kim, Y., Choi, H., Kim, W., Park, S., Lee, D., et al. (2020). Transfer of a 
healthy microbiota reduces amyloid and tau pathology in an alzheimer's disease animal 
model. Gut 69, 283–294. doi: 10.1136/gutjnl-2018-317431

Kim, D. S., Zhang, T., and Park, S. (2022). Protective effects of forsythiae fructus and 
cassiae semen water extract against memory deficits through the gut-microbiome-brain 
axis in an alzheimer's disease model. Pharm. Biol. 60, 212–224. doi: 
10.1080/13880209.2022.2025860

Klein, A. S., Donoso, J. R., Kempter, R., Schmitz, D., and Beed, P. (2016). Early cortical 
changes in gamma oscillations in alzheimer's disease. Front. Syst. Neurosci. 10:83. doi: 
10.3389/fnsys.2016.00083

Knopman, D. S., Amieva, H., Petersen, R. C., Chételat, G., Holtzman, D. M., 
Hyman, B. T., et al. (2021). Alzheimer disease. Nat. Rev. Dis. Primers. 7:33. doi: 10.1038/
s41572-021-00269-y

Konjusha, A., Yu, S., Mückschel, M., Colzato, L., Ziemssen, T., and Beste, C. (2023). 
Auricular transcutaneous vagus nerve stimulation specifically enhances working 
memory gate closing mechanism: a system neurophysiological study. J. Neurosci. 43, 
4709–4724. doi: 10.1523/JNEUROSCI.2004-22.2023

Kowalski, K., and Mulak, A. (2019). Brain-gut-microbiota axis in alzheimer's disease. 
J Neurogastroenterol Motil 25, 48–60. doi: 10.5056/jnm18087

Lanska, D. J. (2002). J.L. corning and vagal nerve stimulation for seizures in the 1880s. 
Neurology 58, 452–459. doi: 10.1212/wnl.58.3.452

Li, C., Li, Y., Zheng, L., Zhu, X., Shao, B., Fan, G., et al. (2019). Abnormal brain 
network connectivity in a triple-network model of alzheimer's disease. J. Alzheimers Dis. 
69, 237–252. doi: 10.3233/JAD-181097

Li, S., Wang, Y., Gao, G., Guo, X., Zhang, Y., Zhang, Z., et al. (2020). Transcutaneous 
auricular vagus nerve stimulation at 20 hz improves depression-like behaviors and 
down-regulates the hyperactivity of hpa axis in chronic unpredictable mild stress model 
rats. Front. Neurosci. 14:680. doi: 10.3389/fnins.2020.00680

Liu, S., Gao, J., Zhu, M., Liu, K., and Zhang, H. L. (2020). Gut microbiota and dysbiosis 
in alzheimer's disease: implications for pathogenesis and treatment. Mol. Neurobiol. 57, 
5026–5043. doi: 10.1007/s12035-020-02073-3

Long, L., Zang, Q., Jia, G., Fan, M., Zhang, L., Qi, Y., et al. (2022). Transcutaneous 
auricular vagus nerve stimulation promotes white matter repair and improves dysphagia 
symptoms in cerebral ischemia model rats. Front. Behav. Neurosci. 16:811419. doi: 
10.3389/fnbeh.2022.811419

Margolis, K. G., Cryan, J. F., and Mayer, E. A. (2021). The microbiota-gut-brain axis: 
from motility to mood. Gastroenterology 160, 1486–1501. doi: 10.1053/j.
gastro.2020.10.066

Martorell, A. J., Paulson, A. L., Suk, H. J., Abdurrob, F., Drummond, G. T., Guan, W., 
et al. (2019). Multi-sensory gamma stimulation ameliorates alzheimer's-associated 
pathology and improves cognition. Cell 177, 256–271.e22. doi: 10.1016/j.
cell.2019.02.014

Merrill, D. A., Masliah, E., Roberts, J. A., McKay, H., Kordower, J. H., Mufson, E. J., 
et al. (2011). Association of early experience with neurodegeneration in aged primates. 
Neurobiol. Aging 32, 151–156. doi: 10.1016/j.neurobiolaging.2009.01.014

Murphy, A. J., O'Neal, A. G., Cohen, R. A., Lamb, D. G., Porges, E. C., Bottari, S. A., 
et al. (2023). The effects of transcutaneous vagus nerve stimulation on functional 
connectivity within semantic and hippocampal networks in mild cognitive impairment. 
Neurotherapeutics 20, 419–430. doi: 10.1007/s13311-022-01318-4

Mustafa, T. (2013). Pituitary adenylate cyclase-activating polypeptide (pacap): a 
master regulator in central and peripheral stress responses. Adv. Pharmacol. 68, 445–457. 
doi: 10.1016/B978-0-12-411512-5.00021-X

https://doi.org/10.3389/fnagi.2024.1334887
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s13311-014-0272-3
https://doi.org/10.1007/s13311-014-0272-3
https://doi.org/10.1016/j.semcdb.2023.02.004
https://doi.org/10.3389/fnagi.2023.1213968
https://doi.org/10.3389/fnagi.2023.1213968
https://doi.org/10.1002/epi4.12774
https://doi.org/10.1016/j.phrs.2020.105314
https://doi.org/10.3389/fnins.2022.897303
https://doi.org/10.3389/fnins.2022.897303
https://doi.org/10.1097/WNP.0000000000000576
https://doi.org/10.1016/j.jclinane.2009.10.002
https://doi.org/10.14814/phy2.15633
https://doi.org/10.3390/jcm12113673
https://doi.org/10.3233/JAD-170672
https://doi.org/10.3233/JAD-170672
https://doi.org/10.1007/978-1-4939-0897-4_5
https://doi.org/10.1016/j.brs.2014.11.018
https://doi.org/10.1016/j.clinph.2021.11.079
https://doi.org/10.4161/gmic.28683
https://doi.org/10.1152/ajpgi.00392.2006
https://doi.org/10.1016/j.brs.2022.09.009
https://doi.org/10.1016/j.jnutbio.2018.03.009
https://doi.org/10.1016/j.jnutbio.2018.03.009
https://doi.org/10.1016/j.jpsychires.2015.05.002
https://doi.org/10.1155/2020/8885729
https://doi.org/10.1016/j.cpnec.2020.100012
https://doi.org/10.1016/j.autneu.2022.103038
https://doi.org/10.3390/brainsci13020253
https://doi.org/10.3389/fnmol.2023.1160006
https://doi.org/10.1016/j.brainres.2022.148202
https://doi.org/10.1016/j.brainres.2022.148202
https://doi.org/10.1038/nature20587
https://doi.org/10.1038/s41586-018-0351-4
https://doi.org/10.1111/jnc.14284
https://doi.org/10.1126/science.aat5236
https://doi.org/10.1109/TNSRE.2023.3297736
https://doi.org/10.1109/TNSRE.2023.3297736
https://doi.org/10.1136/gutjnl-2018-317431
https://doi.org/10.1080/13880209.2022.2025860
https://doi.org/10.3389/fnsys.2016.00083
https://doi.org/10.1038/s41572-021-00269-y
https://doi.org/10.1038/s41572-021-00269-y
https://doi.org/10.1523/JNEUROSCI.2004-22.2023
https://doi.org/10.5056/jnm18087
https://doi.org/10.1212/wnl.58.3.452
https://doi.org/10.3233/JAD-181097
https://doi.org/10.3389/fnins.2020.00680
https://doi.org/10.1007/s12035-020-02073-3
https://doi.org/10.3389/fnbeh.2022.811419
https://doi.org/10.1053/j.gastro.2020.10.066
https://doi.org/10.1053/j.gastro.2020.10.066
https://doi.org/10.1016/j.cell.2019.02.014
https://doi.org/10.1016/j.cell.2019.02.014
https://doi.org/10.1016/j.neurobiolaging.2009.01.014
https://doi.org/10.1007/s13311-022-01318-4
https://doi.org/10.1016/B978-0-12-411512-5.00021-X


Yan et al. 10.3389/fnagi.2024.1334887

Frontiers in Aging Neuroscience 12 frontiersin.org

Namgung, U., Kim, K. J., Jo, B. G., and Park, J. M. (2022). Vagus nerve stimulation 
modulates hippocampal inflammation caused by continuous stress in rats. J. 
Neuroinflammation 19:33. doi: 10.1186/s12974-022-02396-z

Neunlist, M., Van Landeghem, L., Bourreille, A., and Savidge, T. (2008). Neuro-glial 
crosstalk in inflammatory bowel disease. J. Intern. Med. 263, 577–583. doi: 
10.1111/j.1365-2796.2008.01963.x

Olsen, L. K., Moore, R. J., Bechmann, N. A., Ethridge, V. T., Gargas, N. M., 
Cunningham, S. D., et al. (2022). Vagus nerve stimulation-induced cognitive 
enhancement: hippocampal neuroplasticity in healthy male rats. Brain Stimul. 15, 
1101–1110. doi: 10.1016/j.brs.2022.08.001

Olsen, L. K., Solis, E. J., McIntire, L. K., and Hatcher-Solis, C. N. (2023). Vagus nerve 
stimulation: mechanisms and factors involved in memory enhancement. Front. Hum. 
Neurosci. 17:1152064. doi: 10.3389/fnhum.2023.1152064

O'Mahony, S. M., Hyland, N. P., Dinan, T. G., and Cryan, J. F. (2011). Maternal 
separation as a model of brain-gut axis dysfunction. Psychopharmacology (Berl) 214, 
71–88. doi: 10.1007/s00213-010-2010-9

O'Reardon, J. P., Cristancho, P., and Peshek, A. D. (2006). Vagus nerve stimulation 
(vns) and treatment of depression: to the brainstem and beyond. Psychiatry 3, 54–63.

Park, M., Hoang, G. M., Nguyen, T., Lee, E., Jung, H. J., Choe, Y., et al. (2021). Effects 
of transcranial ultrasound stimulation pulsed at 40 hz on aβ plaques and brain rhythms 
in 5×fad mice. Transl Neurodegener 10:48. doi: 10.1186/s40035-021-00274-x

Pellegrini, C., Antonioli, L., Colucci, R., Blandizzi, C., and Fornai, M. (2018). Interplay 
among gut microbiota, intestinal mucosal barrier and enteric neuro-immune system: a 
common path to neurodegenerative diseases? Acta Neuropathol. 136, 345–361. doi: 
10.1007/s00401-018-1856-5

Pihlaja, M., Failla, L., Peräkylä, J., and Hartikainen, K. M. (2020). Reduced frontal 
nogo-n2 with uncompromised response inhibition during transcutaneous vagus nerve 
stimulation-more efficient cognitive control? Front. Hum. Neurosci. 14:561780. doi: 
10.3389/fnhum.2020.561780

Privitera, M., Ferrari, K. D., von Ziegler, L. M., Sturman, O., Duss, S. N., 
Floriou-Servou, A., et al. (2021). Author correction: a complete pupillometry toolbox 
for real-time monitoring of locus coeruleus activity in rodents. Nat. Protoc. 16:4108. doi: 
10.1038/s41596-021-00493-6

Putcha, D., Eckbo, R., Katsumi, Y., Dickerson, B. C., Touroutoglou, A., and 
Collins, J. A. (2022). Tau and the fractionated default mode network in atypical 
alzheimer's disease. Brain Commun 4:fcac55. doi: 10.1093/braincomms/fcac055

Rangon, C. M., Krantic, S., Moyse, E., and Fougère, B. (2020). The vagal autonomic 
pathway of covid-19 at the crossroad of alzheimer's disease and aging: a review of 
knowledge. J Alzheimers Dis Rep 4, 537–551. doi: 10.3233/ADR-200273

Rei, D., Saha, S., Haddad, M., Rubio, A. H., Perlaza, B. L., Berard, M., et al. (2022). 
Age-associated gut microbiota impair hippocampus-dependent memory in a vagus-
dependent manner. JCI Insight 7:700. doi: 10.1172/jci.insight.147700

Reimer, J., McGinley, M. J., Liu, Y., Rodenkirch, C., Wang, Q., McCormick, D. A., et al. 
(2016). Pupil fluctuations track rapid changes in adrenergic and cholinergic activity in 
cortex. Nat. Commun. 7:13289. doi: 10.1038/ncomms13289

Ridgewell, C., Heaton, K. J., Hildebrandt, A., Couse, J., Leeder, T., and Neumeier, W. H. 
(2021). The effects of transcutaneous auricular vagal nerve stimulation on cognition in 
healthy individuals: a meta-analysis. Neuropsychology 35, 352–365. doi: 10.1037/
neu0000735

Rutecki, P. (1990). Anatomical, physiological, and theoretical basis for the antiepileptic 
effect of vagus nerve stimulation. Epilepsia 31, S1–S6. doi: 10.1111/j.1528-1157.1990.
tb05843.x

Scheltens, P., De Strooper, B., Kivipelto, M., Holstege, H., Chételat, G., Teunissen, C. E., 
et al. (2021). Alzheimer's disease. Lancet 397, 1577–1590. doi: 10.1016/
S0140-6736(20)32205-4

Sharon, O., Fahoum, F., and Nir, Y. (2021). Transcutaneous vagus nerve stimulation 
in humans induces pupil dilation and attenuates alpha oscillations. J. Neurosci. 41, 
320–330. doi: 10.1523/JNEUROSCI.1361-20.2020

Shi, X., Hu, Y., Zhang, B., Li, W., Chen, J. D., and Liu, F. (2021). Ameliorating effects 
and mechanisms of transcutaneous auricular vagal nerve stimulation on abdominal pain 
and constipation. JCI Insight 6:52. doi: 10.1172/jci.insight.150052

Sinniger, V., Pellissier, S., Fauvelle, F., Trocmé, C., Hoffmann, D., Vercueil, L., et al. 
(2020). A 12-month pilot study outcomes of vagus nerve stimulation in crohn's disease. 
Neurogastroenterol. Motil. 32:e13911. doi: 10.1111/nmo.13911

Song, D., Li, P., Wang, Y., and Cao, J. (2023). Noninvasive vagus nerve stimulation for 
migraine: a systematic review and meta-analysis of randomized controlled trials. Front. 
Neurol. 14:1190062. doi: 10.3389/fneur.2023.1190062

Taché, Y., and Bonaz, B. (2007). Corticotropin-releasing factor receptors and stress-
related alterations of gut motor function. J. Clin. Invest. 117, 33–40. doi: 10.1172/
JCI30085

Tache, Y., Larauche, M., Yuan, P. Q., and Million, M. (2018). Brain and gut crf 
signaling: biological actions and role in the gastrointestinal tract. Curr. Mol. Pharmacol. 
11, 51–71. doi: 10.2174/1874467210666170224095741

Tan, C., Qiao, M., Ma, Y., Luo, Y., Fang, J., and Yang, Y. (2023). The efficacy and safety 
of transcutaneous auricular vagus nerve stimulation in the treatment of depressive 

disorder: a systematic review and meta-analysis of randomized controlled trials. J. Affect. 
Disord. 337, 37–49. doi: 10.1016/j.jad.2023.05.048

Teng, E., Manser, P. T., Pickthorn, K., Brunstein, F., Blendstrup, M., Sanabria, B. S., 
et al. (2022). Safety and efficacy of semorinemab in individuals with prodromal to mild 
alzheimer disease: a randomized clinical trial. JAMA Neurol. 79, 758–767. doi: 10.1001/
jamaneurol.2022.1375

Ter Horst, G. J., de Boer, P., Luiten, P. G., and van Willigen, J. D. (1989). Ascending 
projections from the solitary tract nucleus to the hypothalamus. A phaseolus vulgaris lectin 
tracing study in the rat. Neuroscience 31, 785–797. doi: 10.1016/0306-4522(89)90441-7

Thakkar, V. J., Engelhart, A. S., Khodaparast, N., Abadzi, H., and Centanni, T. M. 
(2020). Transcutaneous auricular vagus nerve stimulation enhances learning of novel 
letter-sound relationships in adults. Brain Stimul. 13, 1813–1820. doi: 10.1016/j.
brs.2020.10.012

Trifilio, E., Shortell, D., Olshan, S., O'Neal, A., Coyne, J., Lamb, D., et al. (2023). Impact 
of transcutaneous vagus nerve stimulation on healthy cognitive and brain aging. Front. 
Neurosci. 17:1184051. doi: 10.3389/fnins.2023.1184051

Urbin, M. A., Lafe, C. W., Simpson, T. W., Wittenberg, G. F., Chandrasekaran, B., and 
Weber, D. J. (2021). Electrical stimulation of the external ear acutely activates 
noradrenergic mechanisms in humans. Brain Stimul. 14, 990–1001. doi: 10.1016/j.
brs.2021.06.002

Van Eden, C. G., and Buijs, R. M. (2000). Functional neuroanatomy of the prefrontal 
cortex: autonomic interactions. Prog. Brain Res. 126, 49–62. doi: 10.1016/
S0079-6123(00)26006-8

Varesi, A., Pierella, E., Romeo, M., Piccini, G. B., Alfano, C., Bjørklund, G., et al. 
(2022). The potential role of gut microbiota in alzheimer's disease: from diagnosis to 
treatment. Nutrients 14:668. doi: 10.3390/nu14030668

Vargas-Caballero, M., Warming, H., Walker, R., Holmes, C., Cruickshank, G., and 
Patel, B. (2022). Vagus nerve stimulation as a potential therapy in early alzheimer's 
disease: a review. Front. Hum. Neurosci. 16:866434. doi: 10.3389/fnhum.2022.866434

Vázquez-Oliver, A., Brambilla-Pisoni, C., Domingo-Gainza, M., Maldonado, R., 
Ivorra, A., and Ozaita, A. (2020). Auricular transcutaneous vagus nerve stimulation 
improves memory persistence in naïve mice and in an intellectual disability mouse 
model. Brain Stimul. 13, 494–498. doi: 10.1016/j.brs.2019.12.024

Ventureyra, E. C. (2000). Transcutaneous vagus nerve stimulation for partial onset 
seizure therapy. A new concept. Childs Nerv. Syst. 16, 101–102. doi: 10.1007/
s003810050021

Wang, X., Eguchi, A., Yang, Y., Chang, L., Wan, X., Shan, J., et al. (2023). Key role of 
the gut-microbiota-brain axis via the subdiaphragmatic vagus nerve in demyelination 
of the cuprizone-treated mouse brain. Neurobiol. Dis. 176:105951. doi: 10.1016/j.
nbd.2022.105951

Wang, S., Ishima, T., Zhang, J., Qu, Y., Chang, L., Pu, Y., et al. (2020). Ingestion of 
lactobacillus intestinalis and lactobacillus reuteri causes depression- and anhedonia-like 
phenotypes in antibiotic-treated mice via the vagus nerve. J. Neuroinflammation 17:241. 
doi: 10.1186/s12974-020-01916-z

Wang, H., Yu, M., Ochani, M., Amella, C. A., Tanovic, M., Susarla, S., et al. (2003). 
Nicotinic acetylcholine receptor alpha7 subunit is an essential regulator of inflammation. 
Nature 421, 384–388. doi: 10.1038/nature01339

Wang, J. Y., Zhang, Y., Chen, Y., Wang, Y., Li, S. Y., Wang, Y. F., et al. (2021). 
Mechanisms underlying antidepressant effect of transcutaneous auricular vagus nerve 
stimulation on cums model rats based on hippocampal α7nachr/nf-κb signal pathway. 
J. Neuroinflammation 18:291. doi: 10.1186/s12974-021-02341-6

Wang, L., Zhang, J., Guo, C., He, J., Zhang, S., Wang, Y., et al. (2022). The efficacy and 
safety of transcutaneous auricular vagus nerve stimulation in patients with mild 
cognitive impairment: a double blinded randomized clinical trial. Brain Stimul. 15, 
1405–1414. doi: 10.1016/j.brs.2022.09.003

Warren, C. M., Tona, K. D., Ouwerkerk, L., van Paridon, J., Poletiek, F., van 
Steenbergen, H., et al. (2019). The neuromodulatory and hormonal effects of 
transcutaneous vagus nerve stimulation as evidenced by salivary alpha amylase, salivary 
cortisol, pupil diameter, and the p3 event-related potential. Brain Stimul. 12, 635–642. 
doi: 10.1016/j.brs.2018.12.224

Wu, C., Liu, P., Fu, H., Chen, W., Cui, S., Lu, L., et al. (2018). Transcutaneous auricular 
vagus nerve stimulation in treating major depressive disorder: a systematic review and 
meta-analysis. Medicine 97:e13845. doi: 10.1097/MD.0000000000013845

Wu, K., Wang, Z., Zhang, Y., Yao, J., and Zhang, Z. (2020). Transcutaneous vagus nerve 
stimulation for the treatment of drug-resistant epilepsy: a meta-analysis and systematic 
review. ANZ J. Surg. 90, 467–471. doi: 10.1111/ans.15681

Wu, J., Yin, Y., Qin, M., Li, K., Liu, F., Zhou, X., et al. (2021). Vagus nerve stimulation 
protects enterocyte glycocalyx after hemorrhagic shock via the cholinergic anti-
inflammatory pathway. Shock 56, 832–839. doi: 10.1097/SHK.0000000000001791

Wu, Y., Zhang, Y., Xie, B., Abdelgawad, A., Chen, X., Han, M., et al. (2021). Rhanp 
attenuates endotoxin-derived cognitive dysfunction through subdiaphragmatic vagus 
nerve-mediated gut microbiota-brain axis. J. Neuroinflammation 18:300. doi: 10.1186/
s12974-021-02356-z

Yagi, M., Morishita, K., Ueno, A., Nakamura, H., Akabori, H., Senda, A., et al. (2020). 
Electrical stimulation of the vagus nerve improves intestinal blood flow after trauma and 
hemorrhagic shock. Surgery 167, 638–645. doi: 10.1016/j.surg.2019.09.024

https://doi.org/10.3389/fnagi.2024.1334887
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s12974-022-02396-z
https://doi.org/10.1111/j.1365-2796.2008.01963.x
https://doi.org/10.1016/j.brs.2022.08.001
https://doi.org/10.3389/fnhum.2023.1152064
https://doi.org/10.1007/s00213-010-2010-9
https://doi.org/10.1186/s40035-021-00274-x
https://doi.org/10.1007/s00401-018-1856-5
https://doi.org/10.3389/fnhum.2020.561780
https://doi.org/10.1038/s41596-021-00493-6
https://doi.org/10.1093/braincomms/fcac055
https://doi.org/10.3233/ADR-200273
https://doi.org/10.1172/jci.insight.147700
https://doi.org/10.1038/ncomms13289
https://doi.org/10.1037/neu0000735
https://doi.org/10.1037/neu0000735
https://doi.org/10.1111/j.1528-1157.1990.tb05843.x
https://doi.org/10.1111/j.1528-1157.1990.tb05843.x
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.1523/JNEUROSCI.1361-20.2020
https://doi.org/10.1172/jci.insight.150052
https://doi.org/10.1111/nmo.13911
https://doi.org/10.3389/fneur.2023.1190062
https://doi.org/10.1172/JCI30085
https://doi.org/10.1172/JCI30085
https://doi.org/10.2174/1874467210666170224095741
https://doi.org/10.1016/j.jad.2023.05.048
https://doi.org/10.1001/jamaneurol.2022.1375
https://doi.org/10.1001/jamaneurol.2022.1375
https://doi.org/10.1016/0306-4522(89)90441-7
https://doi.org/10.1016/j.brs.2020.10.012
https://doi.org/10.1016/j.brs.2020.10.012
https://doi.org/10.3389/fnins.2023.1184051
https://doi.org/10.1016/j.brs.2021.06.002
https://doi.org/10.1016/j.brs.2021.06.002
https://doi.org/10.1016/S0079-6123(00)26006-8
https://doi.org/10.1016/S0079-6123(00)26006-8
https://doi.org/10.3390/nu14030668
https://doi.org/10.3389/fnhum.2022.866434
https://doi.org/10.1016/j.brs.2019.12.024
https://doi.org/10.1007/s003810050021
https://doi.org/10.1007/s003810050021
https://doi.org/10.1016/j.nbd.2022.105951
https://doi.org/10.1016/j.nbd.2022.105951
https://doi.org/10.1186/s12974-020-01916-z
https://doi.org/10.1038/nature01339
https://doi.org/10.1186/s12974-021-02341-6
https://doi.org/10.1016/j.brs.2022.09.003
https://doi.org/10.1016/j.brs.2018.12.224
https://doi.org/10.1097/MD.0000000000013845
https://doi.org/10.1111/ans.15681
https://doi.org/10.1097/SHK.0000000000001791
https://doi.org/10.1186/s12974-021-02356-z
https://doi.org/10.1186/s12974-021-02356-z
https://doi.org/10.1016/j.surg.2019.09.024


Yan et al. 10.3389/fnagi.2024.1334887

Frontiers in Aging Neuroscience 13 frontiersin.org

Yakunina, N., Kim, S. S., and Nam, E. C. (2018). Bold fmri effects of transcutaneous 
vagus nerve stimulation in patients with chronic tinnitus. PLoS One 13:e207281. doi: 
10.1371/journal.pone.0207281

Yan, L., Qian, Y., and Li, H. (2022). Transcutaneous vagus nerve stimulation combined 
with rehabilitation training in the intervention of upper limb movement disorders after 
stroke: a systematic review. Neuropsychiatr. Dis. Treat. 18, 2095–2106. doi: 10.2147/NDT.
S376399

Yang, Y., Eguchi, A., Wan, X., Chang, L., Wang, X., Qu, Y., et al. (2023). A role of gut-
microbiota-brain axis via subdiaphragmatic vagus nerve in depression-like phenotypes 
in chrna7 knock-out mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 120:110652. 
doi: 10.1016/j.pnpbp.2022.110652

YanLong, S. J., LiHong, Z. J., and YuTao, S. (2023). Exploring the mechanism of action 
of acupuncture for alzheimer's disease based on the brain-gut-microbe axis. J. Tradit. 
Chin. Med. 64, 202–207. doi: 10.13288/j.11-2166/r.2023.02.017

Yap, J., Keatch, C., Lambert, E., Woods, W., Stoddart, P. R., and Kameneva, T. (2020). 
Critical review of transcutaneous vagus nerve stimulation: challenges for translation to 
clinical practice. Front. Neurosci. 14:284. doi: 10.3389/fnins.2020.00284

Yu, Y., Jiang, X., Fang, X., Wang, Y., Liu, P., Ling, J., et al. (2023). Transauricular vagal 
nerve stimulation at 40 hz inhibits hippocampal p2x7r/nlrp3/caspase-1 signaling and 
improves spatial learning and memory in 6-month-old app/ps1 mice. Neuromodulation 
26, 589–600. doi: 10.1016/j.neurom.2022.03.011

Yuan, P. Q., and Taché, Y. (2017). Abdominal surgery induced gastric ileus and 
activation of m1-like macrophages in the gastric myenteric plexus: prevention by central 
vagal activation in rats. Am. J. Physiol. Gastrointest. Liver Physiol. 313, G320–G329. doi: 
10.1152/ajpgi.00121.2017

Yue, C., Luan, W., Gu, H., Qiu, D., Ding, X., Liu, P., et al. (2023). The role of the gut-
microbiota-brain axis via the subdiaphragmatic vagus nerve in chronic inflammatory 
pain and comorbid spatial working memory impairment in complete freund's adjuvant 
mice. J. Psychiatr. Res. 166, 61–73. doi: 10.1016/j.jpsychires.2023.09.003

Zhang, J. H., Fung, S. J., Xi, M., Sampogna, S., and Chase, M. H. (2010). Apnea 
produces neuronal degeneration in the pons and medulla of guinea pigs. Neurobiol. Dis. 
40, 251–264. doi: 10.1016/j.nbd.2010.05.032

Zhang, M., Guan, Z., Zhang, Y., Sun, W., Li, W., Hu, J., et al. (2022). Disrupted 
coupling between salience network segregation and glucose metabolism is associated 
with cognitive decline in alzheimer's disease—a simultaneous resting-state fdg-pet/fmri 
study. Neuroimage Clin 34:102977. doi: 10.1016/j.nicl.2022.102977

Zhang, H., Guo, Z., Qu, Y., Zhao, Y., Yang, Y., Du, J., et al. (2022). Cognitive function 
and brain activation before and after transcutaneous cervical vagus nerve stimulation 
in healthy adults: a concurrent tcvns-fmri study. Front. Psychol. 13:1003411. doi: 
10.3389/fpsyg.2022.1003411

Zhang, S., He, J. K., Zhao, Y. N., Wang, Y., Zhao, B., Chen, Y., et al. (2022). Modulation 
of transcutaneous auricular vagus nerve stimulation on default mode network in 
patients with primary insomnia. Zhongguo Zhen Jiu 42, 363–368. doi: 
10.13703/j.0255-2930.20210302-0003

Zhang, J., Ma, L., Chang, L., Pu, Y., Qu, Y., and Hashimoto, K. (2020). A key role of 
the subdiaphragmatic vagus nerve in the depression-like phenotype and abnormal 
composition of gut microbiota in mice after lipopolysaccharide administration. Transl. 
Psychiatry 10:186. doi: 10.1038/s41398-020-00878-3

Zhou, Q., Yu, L., Yin, C., Zhang, Q., Wang, X., Kang, K., et al. (2022). Effect of 
transcutaneous auricular vagus nerve stimulation on delayed neurocognitive recovery 
in elderly patients. Aging Clin. Exp. Res. 34, 2421–2429. doi: 10.1007/
s40520-022-02177-x

Zhou, Q., Zheng, Z., Wang, X., Li, W., Wang, L., Yin, C., et al. (2023). Tavns 
alleviates sevoflurane-induced cognitive dysfunction in aged rats via activating basal 
forebrain cholinergic neurons. Neurochem. Res. 48, 1848–1863. doi: 10.1007/
s11064-023-03871-6

Zvěřová, M. (2019). Clinical aspects of alzheimer's disease. Clin. Biochem. 72, 3–6. doi: 
10.1016/j.clinbiochem.2019.04.015

https://doi.org/10.3389/fnagi.2024.1334887
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0207281
https://doi.org/10.2147/NDT.S376399
https://doi.org/10.2147/NDT.S376399
https://doi.org/10.1016/j.pnpbp.2022.110652
https://doi.org/10.13288/j.11-2166/r.2023.02.017
https://doi.org/10.3389/fnins.2020.00284
https://doi.org/10.1016/j.neurom.2022.03.011
https://doi.org/10.1152/ajpgi.00121.2017
https://doi.org/10.1016/j.jpsychires.2023.09.003
https://doi.org/10.1016/j.nbd.2010.05.032
https://doi.org/10.1016/j.nicl.2022.102977
https://doi.org/10.3389/fpsyg.2022.1003411
https://doi.org/10.13703/j.0255-2930.20210302-0003
https://doi.org/10.1038/s41398-020-00878-3
https://doi.org/10.1007/s40520-022-02177-x
https://doi.org/10.1007/s40520-022-02177-x
https://doi.org/10.1007/s11064-023-03871-6
https://doi.org/10.1007/s11064-023-03871-6
https://doi.org/10.1016/j.clinbiochem.2019.04.015

	Transcutaneous vagus nerve stimulation: a new strategy for Alzheimer’s disease intervention through the brain-gut-microbiota axis?
	1 Introduction
	2 The relationship between NTS dysfunction and AD
	3 Relationship between the vagus nerve and the gut
	4 Anti-inflammatory pathway of tVNS
	5 VNS can re-orchestrate brain plasticity optimally in AD
	6 Relationship between the vagus nerve and hypothalamus-pituitary–adrenal axis
	7 Innovative strategies for treating Alzheimer’s disease with tVNS
	Author contributions

	References

