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Over the past two decades, the conceptualization of neurodevelopmental 

disorders (NDDs) has undergone a profound transformation, shifting from a 

primarily brain-centric framework toward a systems-level perspective that inte-

grates peripheral physiological processes. Among these, the gut microbiota has 

emerged as a critical determinant of neurodevelopmental trajectories. Through 

its involvement in immune modulation, metabolic signaling, and neural com-

munication, the microbiota–gut–brain axis (MGBA) exerts a pervasive influence 

on brain maturation and function. A growing body of evidence indicates that 

early-life disruptions of microbiota composition—commonly referred to as dys-

biosis—are associated with an increased risk of NDDs, including autism spec-

trum disorder (ASD), attention-deficit/hyperactivity disorder (ADHD), and epilepsy. 

These disruptions are frequently driven by environmental exposures such as anti-

biotic use, cesarean delivery, dietary patterns, and psychosocial stress. Despite 

the expanding recognition of these associations, current therapeutic strategies 

aimed at restoring microbiota balance, including probiotics and fecal microbiota 

transplantation, have yielded inconsistent and often transient results. In this con-

text, Vagus Nerve Stimulation (VNS), particularly in its non-invasive forms (nVNS), 

has emerged as a promising approach capable of modulating environmental 

exposures through the host-centered regulatory mechanisms of the MGBA. By 

influencing autonomic tone, activating the cholinergic anti-inflammatory path-

way, and modulating neurotransmitter systems, nVNS may restore microbiota 

homeostasis while simultaneously improving neurodevelopmental outcomes. 

This article provides a comprehensive and integrative review of the mechanistic, 

preclinical, and clinical evidence supporting the role of nVNS as a microbiota-

modulating intervention. We further discuss its potential as a safe, cost-e�ective 

and promising therapeutic strategy for neurodevelopmental disorders, with a 

particular emphasis on pediatric populations.

TYPE Hypothesis and Theory

PUBLISHED 23 July 2026

DOI 10.3389/fnins.2026.1855953

OPEN ACCESS

EDITED BY

Martin Gerbert Frasch,  

University of Washington, United States

REVIEWED BY

Vinod Kumar Yata,  

Malla Reddy University, India

Rajib Mandal,  

Assam Down Town University, India

*CORRESPONDENCE

Claire-Marie Rangon  

 clairemarie.rangon@aphp.fr

RECEIVED 14 April 2026
REVISED 16 June 2026
ACCEPTED 06 July 2026
PUBLISHED 23 July 2026

CITATION

Azabou E, Frouin P-Y, Bellaïche M, Du� I, 

Bao G, Pillot A, Mehlal S, Bergounioux J, 

Staats PS and Rangon C-M (2026) Vagus 

nerve–driven microbiota homeostasis: a 

promising integrative add-on therapy for 

neurodevelopmental disorders.

Front. Neurosci. 20:1855953.

doi: 10.3389/fnins.2026.1855953

COPYRIGHT

© 2026 Azabou, Frouin, Bellaïche, Du�, 

Bao, Pillot, Mehlal, Bergounioux, Staats 

and Rangon. This is an open-access 

article distributed under the terms of the 

Creative Commons Attribution License 

(CC BY). The use, distribution or 

reproduction in other forums is 

permitted, provided the original 

author(s) and the copyright owner(s) are 

credited and that the original publication 

in this journal is cited, in accordance 

with accepted academic practice. No 

use, distribution or reproduction is 

permitted which does not comply with 

these terms.

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2026.1855953&domain=pdf&date_stamp=2026-07-23
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/articles/10.3389/fnins.2026.1855953/full
https://www.frontiersin.org/articles/10.3389/fnins.2026.1855953/full
https://www.frontiersin.org/articles/10.3389/fnins.2026.1855953/full
https://www.frontiersin.org/articles/10.3389/fnins.2026.1855953/full
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2026.1855953
mailto:clairemarie.rangon@aphp.fr
https://doi.org/10.3389/fnins.2026.1855953
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Azabou et al. 10.3389/fnins.2026.1855953

Frontiers in Neuroscience 02 frontiersin.org

KEYWORDS

ADHD (attention deficit and hyperactivity disorder), ASD, microbiota-gut-brain axis 

(MGBA), neurodevelopmental disorders (NDD), nVNS, taVNS, vagus nerve stimulation 

or VNS

1 Introduction

Neurodevelopmental disorders (NDDs) constitute a heteroge-
neous group of conditions characterized by impairments in motor, 
cognitive, behavioral, and social functioning, with onset typically 
occurring during early childhood. NDDs are highly prevalent in 
pediatric populations and encompass a broad range of conditions, 
including epilepsy, Down syndrome (DS), attention deficit hyper-
activity disorder (ADHD), autism spectrum disorder (ASD), 
Cerebral Palsy (CP), Fetal Alcohol Spectrum Disorder (FASD), 
Fragile X syndrome (FXS), Tourette syndrome (TS), Rett syn-
drome (RTT), Prader-Willi syndrome (PWS), Congenital Zika 
Syndrome (CZS), and Wilson’s Disease (WD). These disorders 
affect an estimated 10–15% of children worldwide and represent 
a leading cause of lifelong disability and societal burden (Lord et 
al., 2020; Thapar and Cooper, 2016).

Historically, the classification of NDDs has progressively 
shifted from a functional symptomatic-based framework to a 
more etiological paradigm that emphasizes underlying biologic 
mechanisms rather than behavioral phenotypes (Ismail and 
Shapiro, 2019). A unifying etiological framework of NDDS has 
gradually emerged, proposing that these disorders exist along a 
continuum rooted in shared biological mechanisms, (Morris-
Rosendahl and Crocq, 2020), based upon a common cornerstone, 
has gradually emerged. As genetic and central nervous system–
centric models could not fully account for the complexity and 
heterogeneity observed across clinical phenotypes, increasing 
attention has been drawn to the role of environmental and sys-
temic factors in shaping neurodevelopmental outcomes.

Among these, the gut microbiota has emerged as a critical 
regulator of neurodevelopment (Borre et al., 2014; Parolisi et al., 
2023; Wang et al., 2023). �e human gastrointestinal tract harbors 
a vast and dynamic community of microorganisms, collectively 
referred to as the microbiome, which plays a fundamental role in 
host physiology. �e microbiota is involved in a wide range of pro-
cesses, including nutrient metabolism, immune system develop-
ment, and the synthesis of bioactive compounds capable of 
in�uencing brain function (Cryan et al., 2019). Dysbiosis, de�ned 
as an imbalance in the composition and function of the gut micro-
biota, has been increasingly implicated in the pathogenesis of neu-
rodevelopmental disorders. �is imbalance may involve reduced 
microbial diversity, loss of bene�cial commensal species, or over-
growth of potentially pathogenic organisms. Disruptions of this 
�nely tuned system during this critical developmental window 
may exert disproportionate e�ects on neural development, with 
lasting consequences, contributing to the emergence of NDDs. 
Consistent with this hypothesis, alterations in gut microbiota com-
position have been identi�ed across a range of neurodevelopmen-
tal disorders (Kang et al., 2013; Strati et al., 2017; Damiani et al., 
2023; Charitos et al., 2024). Clinical studies have similarly linked 
early-life microbiota perturbations—such as those induced by 

antibiotic exposure—to an increased risk of NDDs (Slykerman et 
al., 2017). Accumulating evidence supports a potential causal rela-
tionship. Longitudinal data, including a large Swedish cohort study 
following 16,440 children over two decades, support an association 
between early-life microbial perturbations and later NDD risk 
(Ahrens et al., 2024). Complementary mechanistic insights are 
provided by preclinical studies demonstrating that transplantation 
of gut microbiota from individuals with autism spectrum disorder 
into germ-free mice can recapitulate behavioral and neurobiologi-
cal features of the condition (Sharon et al., 2019).

This rational supports the development of gut microbiota-
targeted therapeutic strategies in early-life aimed at preventing or 
mitigating both dysbiosis and neurodevelopmental disorders. 
Current microbiota focused interventions largely center on 
dietary optimization, prebiotics, probiotics or synbiotics supple-
mentation, fecal microbiota transplantation (FMT) (Alkuwaiti et 
al., 2025; Mamun et al., 2025; Marano et al., 2025), phage therapy 
(addition of bacteriophages to the human microbiome to target 
the elimination of harmful pathogens without disturbing the ben-
eficial microbial communities) (Talat et al., 2025), CRISPR/Cas9 
gene editing (Bell et al., 2017) or mitochondria-focused strategies. 
A recent systematic review and meta-analysis, assessing the 
impact of microbiota-based interventions—including synbiotics, 
prebiotics, single-strain probiotics, probiotic blends, and fecal 
microbiota transplantation (FMT)—on behavioral outcomes in 
individuals with ASD, found promising preliminary findings 
(FMT and probiotic blends particularly) (Hassib et al., 2025). 
However, several limitations prevented from concluding to clini-
cally validated interventions, just like a former systematic review, 
published by another team (Tan et al., 2021). In this way, the rela-
tively small number of available studies within specific interven-
tion categories and the heterogeneity across studies, due to 
inter-individual differences and methodological variabilities, limit 
the generalizability of the results in microbiome research, no 
matter the statistical strategies adopted to mitigate these differ-
ences (Hassib et al., 2025).

These limitations have prompted interest in alternative 
approaches that act upstream of the microbiota, targeting the host 
regulatory systems that govern microbiota composition and func-
tion. In this regard, the vagus nerve represents a particularly com-
pelling target (Fülling et al., 2019). Indeed, the available evidence 
supports the existence of a tightly integrated system in which the 
vagus nerve and the gut microbiota interact dynamically to regu-
late neurodevelopmental processes. Interestingly, implanted VNS 
shares key mechanistic properties with the two different modali-
ties of nVNS, transcutaneous cervical VNS (tVNS) and transcu-
taneous auricular VNS (taVNS) (Badran et al., 2018; Ingram et al., 
2026; Jiakai et al., 2023; Owens et al., 2024; Yue et al., 2023), while 
offering a favorable safety profile (Aljuhani et al., 2022; Jenkins et 
al., 2021, 2023). In this context, nVNS has emerged as a promising 
approach capable of modulating the microbiota through the 
Microbiota-Gut-Brain Axis (MGBA).
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2 The microbiota–gut–brain axis: 

mechanisms and developmental 

dynamics

�e MGBA is a complex bidirectional network that integrates sig-
nals between the gastrointestinal tract and the central nervous system. 
�e concept of MGBA comprises interconnected communication 
pathways involving neural, immune, endocrine, and metabolic mech-
anisms (Carabotti et al., 2015), each involved in the regulation of neu-
rodevelopmental processes. Importantly, the MGBA is particularly 
dynamic during early life, a period during which both the microbiota 
and the brain undergo rapid and coordinated development (Cowan et 
al., 2020).

2.1 Immune pathways

�e immune system represents a critical component of the 
MGBA. �e gut microbiota plays a fundamental role in shaping 
immune development, in�uencing the balance between pro-in�am-
matory and anti-in�ammatory responses (Sharma et al., 2025). 
Microbial signals regulate the production of cytokines and chemo-
kines, which can cross the blood–brain barrier or signal through 
neural pathways to a�ect brain function.

Microglia, the resident immune cells of the central nervous 
system, are particularly sensitive to microbial signals. Studies have 
shown that germ-free animals exhibit immature microglial pheno-
types, which can be normalized following colonization with a complex 
microbiota (Erny et al., 2015). �ese �ndings highlight the importance 
of microbiota-derived signals in the maturation and function of the 
brain’s immune system (Erny and Prinz, 2020).

2.2 Endocrine pathways

�e hypothalamic–pituitary–adrenal (HPA) axis constitutes the 
primary endocrine pathway linking the gut and the brain. Microbial 
signals can in�uence the activity of this axis, modulating stress 
responses and cortisol secretion. Dysregulation of the HPA axis has 
been implicated in a wide range of neurodevelopmental and psychi-
atric disorders, including ASD and ADHD (Bertollo et al., 2025; 
Foster and McVey Neufeld, 2013).

2.3 Metabolic pathways

Gut microbiota produce a wide array of metabolites that can in�u-
ence brain function. Among these, short-chain fatty acids (SCFAs), 
such as acetate, propionate, and butyrate, have received considerable 
attention. SCFAs can cross the blood–brain barrier and have been 
shown to regulate neuroin�ammation, synaptic plasticity, and gene 
expression (Dalile et al., 2019).

2.4 Neural pathways: the vagus nerve, a 
system-level modulator

�e vagus nerve serves as the principal neural conduit of the 
MGBA, providing the most direct pathway for bidirectional commu-
nication between the gut and the brain. As the tenth cranial nerve, it 
provides extensive innervation of the gastrointestinal tract and serves 
as the primary conduit for a�erent sensory signals from the gut to the 

brain. Approximately 80% of vagal �bers are a�erent, transmitting 
information related to gut physiology, microbial activity, and in�am-
matory status to the nucleus tractus solitarius (NTS) in the brainstem 
(Bonaz et al., 2018). From the NTS, signals are relayed to higher-order 
brain regions, including the hypothalamus, amygdala, and prefrontal 
cortex, which are involved in emotional regulation, stress responses, 
and cognitive function (Forstenpointner et al., 2022). �is neural 
pathway enables rapid communication between the gut microbiota 
and the brain, allowing microbial signals to in�uence behavior and 
neurodevelopment in real time.

Growing evidence supports the role of vagus nerve stimulation as 
a modulator of the MGBA. Indeed, while the �eld remains relatively 
recent and heterogeneous, the convergence of preclinical and clinical 
�ndings provides a coherent and biologically plausible framework.

3 Evidence linking vagus nerve 

stimulation, microbiota modulation, 

and neurodevelopment

3.1 Experimental evidence: preclinical 
models establish a causality link between 
vagus nerve activity, microbiota 
composition and brain functioning

�e literature reveals a striking convergence across experimental 
paradigms. Preclinical studies allow controlled manipulation of vari-
ables and detailed mechanistic investigation. �us, these models pro-
vide a crucial foundation for understanding the causal relationships 
between vagal activity, microbiota composition and neurodevelop-
mental outcomes.

Initially, reductions in circulating in�ammatory markers follow-
ing VNS were associated with a shi� toward a more balanced micro-
bial ecosystem, given the well-established bidirectional relationship 
between in�ammation and dysbiosis (Pavlov and Tracey, 2012). 
�erea�er, animal studies have demonstrated that VNS can restore 
microbial diversity following experimentally induced dysbiosis. In 
models of in�ammatory bowel disease, nVNS/VNS has been shown 
to increase the abundance of bene�cial bacterial taxa while reducing 
pathogenic species. �ese changes are accompanied by improvements 
in intestinal in�ammation and barrier function (Quan and Zhou, 
2026). Such �ndings are particularly relevant in the context of neuro-
developmental disorders, where reduced microbial diversity is a 
common feature. Preclinical studies have shown not only that taVNS 
shares neurophysiological and biological mechanistic properties with 
implanted VNS (Badran et al., 2018; Owens et al., 2024; Yue et al., 
2023) but also that taVNS is likely to be as e�ective in a broad range 
of disorders (Jiakai et al., 2023), notably in ASD (Calikusu et al., 2026), 
without adverse e�ects [largely limited to implantable devices (Ben-
Menachem, 2001)]. By promoting a more diverse and stable micro-
biota, nVNS may help restore key metabolic and immunological 
functions.

Subsequently, several studies have demonstrated that the behav-
ioral e�ects of microbiota manipulation are dependent on an intact 
vagus nerve. For instance, administration of speci�c probiotic strains 
can reduce anxiety-like behavior in rodents, but these e�ects are abol-
ished following vagotomy (Bravo et al., 2011). �is suggests that the 
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vagus nerve is a critical mediator of microbiota-induced behavioral 
changes. Similarly, germ-free animals colonized with microbiota from 
diseased donors induced either both structural abnormalities of the 
vagal nerve and behavioral abnormalities (Kim et al., 2020) or brain 
lesions (hippocampus) that could be modulated remarkably by phar-
maco-genetic interventions targeting vagal signaling (Rei et al., 2022). 
�ese �ndings highlight the central role of the vagus nerve in translat-
ing microbial signals into behavioral outcomes.

While most mechanistic insights are derived from preclinical 
studies, an increasing number of clinical investigations have begun to 
explore the e�ects of nVNS on the MGBA in humans.

3.2 Human evidence: emerging clinical data 
support an association between vagus 
nerve activity, microbiota composition and 
brain functioning

Although still limited, early clinical studies also suggest that nVNS 
may have bene�cial e�ects in neurodevelopmental disorders, given its 
ability to in�uence multiple physiological systems, including immune 
regulation, autonomic balance, and gastrointestinal function. Indeed, 
nVNS can reduce circulating in�ammatory markers (Lerman et al., 
2016), including tumor necrosis factor (TNF) and interleukin-6 (IL-6) 
(Huguenard et al., 2025) and improve autonomic balance (as evi-
denced by changes in heart rate variability) (Machetanz et al., 2021), 
both of which are closely linked to microbiota homeostasis (Bonaz et 
al., 2018; Quan and Zhou, 2026). Besides, increased vagal tone is asso-
ciated with enhanced resilience to stress since early life (Marvin et al., 
2019). �ese properties make it particularly relevant in the context of 
disorders characterized by dysregulation of the MGBA.

Epilepsy represents the most well-established clinical indication 
for VNS and provides a valuable framework for understanding its 
potential mechanisms in other neurodevelopmental conditions. Since 
its approval in the late 1990s, VNS has demonstrated e�cacy in reduc-
ing seizure frequency in patients with refractory epilepsy, with 
response rates ranging from 30% to 50% depending on patient popu-
lations (Ben-Menachem, 2002; Groves and Brown, 2005). Importantly, 
the bene�ts of VNS in epilepsy extend beyond seizure control. 
Numerous studies have reported improvements in mood, cognitive 
function, and quality of life, suggesting that VNS exerts widespread 
e�ects on brain function (Yuan and Silberstein, 2017). �ese observa-
tions are consistent with its in�uence on central neurotransmitter 
systems, including the locus coeruleus–noradrenergic and dorsal 
raphe–serotonergic pathways (Manta et al., 2013). From the perspec-
tive of the MGBA, epilepsy is increasingly recognized as a disorder 
involving systemic in�ammation and microbiota alterations. Recent 
studies have demonstrated di�erences in gut microbiota composition 
between epileptic patients and healthy controls, as well as changes 
associated with ketogenic diet therapy (Olson et al., 2018). In this con-
text, nVNS may exert part of its therapeutic e�ect through modulation 
of gut–brain interactions, although direct evidence remains limited.

Case series and small pilot studies have reported improvements 
in social interaction, communication, and emotional regulation fol-
lowing VNS, particularly in ASD patients with comorbid epilepsy 
(Levy et al., 2010; Van Hoorn et al., 2019; Wang et al., 2022). While 
these studies are limited by small sample sizes or lack of control 
groups, they have provided a proof of concept for the therapeutic 
potential of vagal modulation in ASD, given the strong and reproduc-
ible association between ASD and gut microbiota alterations 

(Andreo-Martínez et al., 2022; Iglesias-Vázquez et al., 2020; 
Lewandowska-Pietruszka et al., 2023; Ma et al., 2019; Pulikkan et al., 
2018; Wang et al., 2014; Yang et al., 2024), as well as parasympathetic 
under-activation (Bufo et al., 2025; Kal�řt et al., 2023) and a high 
prevalence of gastrointestinal symptoms (up to 70%), o�en correlated 
with behavioral severity in patients with ASD (Mayer et al., 2015). A 
preliminary study exploring the use of taVNS in ASD have yielded 
encouraging results, reporting improvements in social behavior and 
emotional regulation (Black et al., 2023), inciting new trials (Sun et al., 
2024). While these �ndings require con�rmation in larger random-
ized trials, they are consistent with the hypothesis that enhancing 
vagal tone can restore balance within the MGBA, linking vagal activity 
to microbiota and brain function.

Attention-de�cit/hyperactivity disorder is another condition in 
which dysregulation of autonomic function and in�ammation has 
been implicated. Although the role of the microbiota in ADHD is less 
well established than in ASD (Bundgaard-Nielsen et al., 2023; 
Gkougka et al., 2022; Sukmajaya et al., 2021), emerging evidence sug-
gests that alterations in microbial composition and metabolic function 
may contribute to symptomatology (Aarts et al., 2017; Novau-Ferré et 
al., 2025). �e application of nVNS in ADHD remains largely explora-
tion (Luna et al., 2025). However, given its e�ects on noradrenergic 
and dopaminergic systems—both of which are central to ADHD 
pathophysiology—nVNS represents a plausible therapeutic approach 
(Zaehle and Krauel, 2021; Zhi et al., 2024). Moreover, its capacity to 
modulate stress responses (Kim et al., 2025) and autonomic balance 
(De Moraes et al., 2023) may address underlying vulnerabilities that 
contribute to attentional and behavioral dysregulation.

Beyond ASD and ADHD, nVNS has been investigated in a range 
of conditions characterized by dysregulation of the MGBA, including 
anxiety disorders, depression, and post-traumatic stress disorder 
(Tyler, 2025). While these conditions are not strictly classi�ed as neu-
rodevelopmental disorders, they share common mechanistic path-
ways, including in�ammation, altered neurotransmission, and 
microbiota perturbations. In pediatric populations, the potential 
applications of nVNS also extend to conditions such as developmental 
delay and genetic syndromes associated with autonomic dysfunction 
like Prader-Willi Syndrome (Manning et al., 2016; Schmausser et al., 
2024). However, robust clinical data in these populations remain lim-
ited, highlighting the need for well-designed prospective studies.

To sum up, importantly, direct microbiota sequencing data in 
human nVNS studies remain limited (Liu et al., 2024). Mostly indirect 
evidence supports a therapeutic modulatory role for nVNS in NDDs, 
so far. Nevertheless, a recent systematic review has positioned VNS/
nVNS as an “emerging paradigm for gut microbiota modulation” 
(Liang et al., 2026).

3.3 Toward an integrative mechanistic 
model of vagus-mediated microbiota 
regulation

�e convergence of evidence from preclinical and clinical studies 
supports the development of an integrative model in which the vagus 
nerve acts as a central regulator of the MGBA. �is model emphasizes 
the bidirectional and dynamic nature of interactions between the gut 
microbiota and the brain, mediated through neural, immune, endo-
crine, and metabolic pathways (see Table 1; Figure 1).

�e vagus nerve is uniquely positioned to detect microbial-
derived signals within the gut. Firstly, via enteroendocrine cells, 
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interspersed throughout the intestinal epithelium, acting as key 
intermediaries in this process. �ese cells respond to microbial 
metabolites—such as short-chain fatty acids (SCFAs), bile acids, 
and tryptophan derivatives—by releasing neurotransmitters and 
hormones that activate vagal a�erents (Kaelberer et al., 2018). �is 
mechanism allows for rapid transmission of information from the 
gut to the brain, e�ectively translating microbial activity into neural 
signals. For example, speci�c strains of Lactobacillus have been 
shown to modulate GABA receptor expression in the brain via 
vagal pathways, an e�ect that is abolished following vagotomy 
(Bravo et al., 2011). Such �ndings underscore the essential role of 
the vagus nerve in mediating microbiota-driven e�ects on brain 
function. In addition to its a�erent functions, the vagus nerve 
exerts powerful e�erent control over gastrointestinal physiology. 
�rough its in�uence on gut motility, secretion, and barrier 

function, vagal activity shapes the ecological environment in which 
microbiota reside.

Secondly, through the maintenance of intestinal barrier integrity. 
Increased intestinal permeability, o�en referred to as “leaky gut,” has 
been implicated in the pathogenesis of several neurodevelopmental 
disorders, particularly ASD. By enhancing tight junction integrity and 
reducing in�ammation, vagal activation can help restore barrier func-
tion (Wang et al., 2024) and limit the translocation of microbial prod-
ucts into the systemic circulation (Bonaz et al., 2016).

�irdly, a central mechanism through which the vagus nerve 
in�uences the microbiota is the cholinergic anti-in�ammatory path-
way. Activation of this pathway results in the suppression of pro-
in�ammatory cytokine release via α7 nicotinic acetylcholine receptors 
expressed on macrophages and other immune cells (Tracey, 2002). 
Chronic in�ammation is a well-established driver of dysbiosis, 

TABLE 1 Putative mechanisms of action of vagus nerve stimulation in neurodevelopmental disorders.

Actions of 

VNS/taVNS

Level/axis Main 

components

E�ects on brain/

neurodevelopment

Emerging 

preclinical 

studies

Established 

preclinical 

studies

Emerging 

clinical 

trials

Vagal tone 

enhancement and 

Gut–brain signal 

transmission 

improvement

Neural (a�erent 

pathway)

Nucleus Tractus 

Solitarius

Locus Caeruleus

Raphe nuclei

Hypothalamus, 

Amygdala,

Prefrontal cortex

Serotonin, dopamine, 

norepinephrine, 

GABA

Rapid regulation of Stress 

response mood, social behavior, 

attention and cognition

Calikusu et al. 

(2026), Minaya et 

al. (2024), Bravo et 

al. (2011)

Owens et al. (2024), 

Kim et al. (2020), 

Kaelberer et al. 

(2018)

Tyler (2025), 

Bufo et al. (2025), 

Schmausser et al. 

(2024), Black et 

al. (2023), Kal�řt 

et al. (2023), 

Jenkins et al. 

(2023), Wang et 

al. (2022), 

Machetanz et al. 

(2021), Manning 

et al. (2016)

Gastrointestinal 

homeostasis 

restoration and 

dysbiosis reduction

Neural (e�erent 

pathway)

Enterocytes, Tight 

junction proteins, 

Enteric nervous 

system In�ammatory 

mediators Microbiota 

composition

Regulation of gut motility, 

secretion, intestinal barrier 

integrity

Reduced systemic immune 

activation

Liang et al. (2026)

Wang et al. (2024), 

Liu et al. (2024)

Quan and Zhou 

(2026), Jenkins et 

al. (2023), Jenkins 

et al. (2021)

Decrease of 

systemic 

in�ammation

Immune

Cholinergic 

Anti-

in�ammatory 

Re�ex

Microglia 

maturation

α7-nAcetylCholine 

Receptors, 

macrophages, TNF, 

IL-6

Microbiota-derived 

signals

Microglia

Reduction of systemic and 

neuroin�ammation, Protection 

of developing neural circuits 

Proper synaptic pruning and 

neurodevelopmental 

maturation

Frasch et al. 

(2016), Bonaz et 

al. (2016), Tracey 

(2002)

Zhao et al. (2025) Quan and Zhou 

(2026), 

Huguenard et al. 

(2025), Lerman et 

al. (2016)

Stress responses 

stabilization
Endocrine

Hypothalamic–

pituitary–adrenal axis

Modulation of anxiety, stress 

reactivity, attention and 
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creating an environment that favors the growth of pathogenic bacteria 
at the expense of bene�cial commensals. By dampening in�ammatory 
responses, nVNS may indirectly promote a more balanced microbiota 
composition.

Lastly, nVNS also in�uences the production and release of key 
neurotransmitters, including norepinephrine, serotonin, and acetyl-
choline. �ese neurotransmitters, in turn, can a�ect microbial growth 
and metabolism. For example, norepinephrine has been shown to 
modulate bacterial virulence and bio�lm formation, while serotonin 
can in�uence gut motility and microbial composition (Mayer et al., 
2015). At the same time, microbial metabolites can modulate vagal 
activity, creating a reciprocal relationship. SCFAs, for instance, have 
been shown to in�uence vagal signaling and central nervous system 
function, highlighting the interconnected nature of these pathways 
(Dalile et al., 2019).

At the core of this model lies the concept of homeostatic regula-
tion. Under physiological conditions, the microbiota and the host 
maintain a mutually bene�cial relationship characterized by stability 
and resilience. Disruptions to this system, whether due to environ-
mental factors, genetic predisposition, or disease can lead to a state of 

dysbiosis, which in turn exacerbates in�ammation and neural dys-
function. nVNS can be conceptualized as a bottom-up and top-down 
regulatory intervention that restores balance across these intercon-
nected systems. By enhancing vagal tone, VNS increases a�erent sig-
naling from the gut to the brain, improving the detection and 
integration of microbial signals. At the same time, e�erent vagal path-
ways modulate gut physiology, immune responses, and barrier func-
tion, creating an environment that supports the re-establishment of a 
healthy microbiota. �is dual action distinguishes VNS from conven-
tional microbiota-targeted therapies, which typically focus on altering 
microbial composition without addressing the underlying regulatory 
mechanisms. As such, VNS may o�er a more durable and systemic 
approach to restoring microbiota homeostasis.

4 Discussion

�e present synthesis supports a paradigm shi� in the under-
standing and management of neurodevelopmental disorders, moving 

FIGURE 1

Mechanisms of Action of transcutaneous auricular Vagus Nerve Stimulation in Neurodevelopmental Disorders.
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from a predominantly brain-centered model toward a systems-level 
framework integrating the MGBA. Within this framework, the vagus 
nerve emerges not merely as a passive conduit of information but as a 
central regulatory node capable of orchestrating bidirectional com-
munication between the gut microbiota and the central ner-
vous system.

One of the most compelling aspects of this model is its ability to 
reconcile disparate observations across multiple domains. For 
instance, the coexistence of gastrointestinal symptoms, immune dys-
regulation, and behavioral abnormalities in conditions such as ASD 
can be understood as manifestations of a common underlying disrup-
tion of MGBA homeostasis (Cryan et al., 2019; Morais et al., 2021). 
Moreover, and importantly, while microbiota alterations are consis-
tently observed across NDDs, their speci�c pro�les o�en di�er 
between conditions (Bundgaard-Nielsen et al., 2023; Hokanson et al., 
2024), re�ecting a heterogeneous yet convergent pattern of dysregula-
tion. Rather than attempting to correct individual microbial imbal-
ances in a disorder-speci�c manner, a more integrative approach may 
be to restore global microbiota homeostasis. Similarly, the bene�cial 
e�ects of interventions as diverse as dietary modi�cation, probiotics, 
and nVNS may converge on shared mechanisms involving in�amma-
tion, barrier integrity, and neural signaling. Remarkably, several 
microbiota-targeted therapies appear to depend, at least in part, on 
intact vagal signaling pathways—such as fecal microbiota transplanta-
tion and probiotic interventions (Bravo et al., 2011; Minaya et al., 
2024; Mörkl et al., 2025, 20) or may be potentiated by vagal activation, 
as suggested in mitochondria-focused strategies (Arthur et al., 2007; 
Khuanjing et al., 2023; Kim et al., 2022; Xue et al., 2017; Zhao et al., 
2025). Last, the gut microbiota is increasingly exposed to widespread 
environmental disruptions. Prolonged dysbiosis may result from 
rising rates of cesarean delivery (�omaidi et al., 2025), high intake of 
ultra-processed foods (Spiller et al., 2025), stress (Zhang et al., 2024) 
and early-life antibiotic exposure or other commonly prescribed med-
ication. Antibiotics remain a major and o�en unavoidable driver of 
gut microbiota disruption (Ramirez et al., 2020). In New Zealand, 97% 
of children had received at least one course of antibiotics by the age of 
5 years (Hobbs et al., 2017). Children in low-income settings are also 
commonly exposed to antibiotics, with an average consumption of 4.9 
courses per child-year reported among children aged <2 years in eight 
low-income settings (Bangladesh, Brazil, India, Nepal, Pakistan, Peru, 
South Africa and Tanzania) year was reported among children aged 
<2 years. A key strength of nVNS as a therapeutic approach lies in its 
systems-level mode of action, probably through epigenomic repro-
gramming (Sanders et al., 2019), as gut microbiota itself (Rubas et al., 
2025). �erefore, unlike interventions that target individual microbial 
species or metabolic pathways, nVNS acts on the regulatory networks 
that govern the entire ecosystem. �is may explain its potential to 
produce more durable and generalized e�ects.

Another important consideration is the bidirectional nature of the 
MGBA. While much attention has been devoted to the in�uence of 
microbiota on brain function, it is increasingly clear that the brain, 
through the autonomic nervous system, plays an equally important 
role in shaping the microbiota. Stress, for example, can alter gut motil-
ity, secretion, and immune function, leading to changes in microbial 
composition (Foster and McVey Neufeld, 2013). By counteracting 
these e�ects, nVNS may help break the vicious cycle linking stress, 
dysbiosis, and neurodevelopmental dysfunction. From a translational 
perspective, the use nVNS represents a particularly promising avenue. 
Techniques such as taVNS allow for non-invasive, repeated 

stimulation without the need for surgical implantation. �is greatly 
expands the potential applicability of nVNS, particularly in pediatric 
populations and in preventive settings.

However, despite these promising features, several challenges 
must be addressed before nVNS can be fully integrated into clinical 
practice for NDDs. �e current body of evidence, while encouraging, 
remains limited in several important respects. First, direct evidence 
linking nVNS to changes in human gut microbiota composition is still 
scarce. Most clinical studies have focused on indirect markers, such as 
in�ammatory cytokines or autonomic function, rather than perform-
ing detailed microbiome analyses. As a result, the extent to which 
nVNS directly alters microbial ecosystems in humans remains to be 
fully elucidated. Second, the available clinical studies are o�en char-
acterized by small sample sizes, heterogeneity of populations, and lack 
of randomized controlled designs. �is limits the generalizability of 
�ndings and underscores the need for larger, well-designed trials. 
�ird, there is currently no standardized protocol for nVNS in the 
context of neurodevelopmental disorders. Questions regarding opti-
mal timing (night versus daytime), dosing (parameters such as stimu-
lation frequency, intensity, duration, treatment schedule) and the 
choice of the neuromodulation placebo must be addressed through 
carefully designed clinical trials. Fourth, while non-invasive tech-
niques are generally considered safe, long-term safety data in pediatric 
populations are limited. Indeed, early life represents a critical window 
for both microbiota maturation and brain development and must be 
handled with caution since the long-term e�ects of nVNS in infants 
remain insu�ciently studied. It is noteworthy that no dedicated pedi-
atric nVNS device exist (Sigrist et al., 2023) and that nVNS devices are 
not currently approved under the age of three.

Nevertheless, non-invasive VNS techniques like taVNS are espe-
cially well suited for pediatric and neonatal use, given their favorable 
short-term safety and ease of administration. Several studies have 
shown that non-invasive or minimally invasive VNS devices are safe 
in neonates (Aljuhani et al., 2022; Badran et al., 2020; Jenkins et al., 
2021, 2023) and allow strong positive clinical outcomes in random-
ized, blinded, healthy control trials (Lerman et al., 2016). taVNS has 
begun to be assessed in children, from 7 to 16 years-old, with ASD 
(Black et al., 2023). Consequently, although nVNS is still insu�ciently 
validated clinically and is not a near-clinical solution for NDDs yet, 
research protocols and clinical trials assessing its impact on maladap-
tive neural circuits during critical periods of brain development are 
fully justi�ed, from an ethical point of view (Abarca-Castro et al., 
2023; Gargus et al., 2026). Preclinical invasive VNS use during gesta-
tion has even turned out to be safe and bene�cial in the near-term fetal 
sheep model (Cao et al., 2024; Wake�eld et al., 2025). �ereby, this 
model of human fetal development, due to the unique amenability of 
the unanesthetized fetal sheep to the surgical placement and mainte-
nance of catheters and electrodes (allowing notably repetitive applica-
tion of electric stimulation), supports that early invasive vagus nerve 
stimulation may be both safe and e�ective for modifying disease tra-
jectories (Frasch et al., 2016, 2018). Recently, a neonatal rat model 
using taVNS was also validated as an animal model of non-invasive 
taVNS for preterm infants (Gail et al., 2023).

Future research should aim to address these limitations 
through a combination of mechanistic, clinical, and translational 
studies. One priority is the integration of microbiome sequencing 
into clinical trials of nVNS. By directly assessing changes in 
microbial composition and function, researchers can better 
understand the mechanisms underlying nVNS effects and identify 
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biomarkers of response. Another important avenue is the develop-
ment of personalized approaches to nVNS therapy. Given the het-
erogeneity of both microbiome and neurodevelopmental 
disorders, it is unlikely that a one-size-fits-all approach will be 
optimal. Instead, treatment protocols may need to be tailored 
based on individual characteristics, including microbiota profiles, 
genetic background, and clinical phenotype. The combination of 
nVNS with other microbiota-targeted interventions also repre-
sents a promising strategy. For example, synergistic effects may be 
achieved by combining nVNS with dietary interventions, probiot-
ics, or prebiotics, thereby addressing both the regulatory and com-
positional aspects of the microbiota. Finally, there is a need to 
explore the preventive potential of nVNS. Early identification of 
at-risk individuals, followed by targeted interventions during 
critical developmental windows, could potentially alter disease 
trajectories and reduce the burden of neurodevelopmental 
disorders.

�e increasing prevalence of neurodevelopmental disorders, 
combined with the limitations of existing therapeutic approaches, 
underscores the need for innovative interventions. In this context, 
VNS particularly in its non-invasive forms, o�ers several transla-
tional advantages regarding public health perspectives. First, it is 
inherently cost-e�ective compared to pharmacological therapies and 
invasive procedures. Second, it has the potential for widespread 
deployment in both high- and low-resource settings. �ird, it is mul-
timodal, targeting multiple pathophysiological pathways simultane-
ously. �us, from a public health perspective, nVNS represents a 
promising integrative adjunctive therapy for neurodevelopmental 
disorders.

5 Conclusion

In conclusion, neurodevelopmental disorders represent one of 
the most pressing and underserved challenges in modern medicine. 
While historically approached from a symptom-based perspective, 
a shi� toward mechanism-driven strategies o�ers new therapeutic 
options. As such, the integration of the microbiota–gut–brain axis 
into the conceptual framework of neurodevelopmental disorders 
may represent a major advance in our understanding of these con-
ditions. Within this framework, the vagus nerve emerges as a cen-
tral regulator capable of modulating multiple interconnected 
systems.

Hence, non-invasive vagus nerve stimulation o�ers a novel and 
promising approach to restoring microbiota homeostasis and improv-
ing neurodevelopmental outcomes. By acting on the regulatory net-
works that govern the MGBA, nVNS provides a system-level 
intervention that addresses the underlying mechanisms of dysbiosis 
and neurodevelopmental dysfunction.

While signi�cant challenges remain, the convergence of mecha-
nistic, preclinical, and clinical evidence supports the continued inves-
tigation of nVNS as a therapeutic and preventive strategy. �e 
convenience, cost e�ectiveness and safety of nVNS should make it a 
prime target for �nancial and institutional commitment to launch pro-
spective, controlled large-scale clinical trials including microbiome-
integrated research in pediatric populations. With further mechanistic 
and clinical validation, nVNS has the potential to become a key 

component of a new generation of systems-based interventions target-
ing the microbiota–gut–brain axis and promoting healthy 
neurodevelopment.
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