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Abstract

Background: The oral microbiome plays a fundamental role in maintaining local and sys-
temic health during childhood, a developmental period characterized by dynamic microbial,
immune, and neuroendocrine maturation. Increasing evidence suggests that oral dysbiosis
may influence gut microbiota composition, systemic inflammation, and neuroinflammatory
pathways through the oral-gut-brain axis. Aim: This narrative review aimed to summarize
and critically evaluate current evidence regarding the relationship between oral dysbiosis,
gut microbial alterations, systemic inflammation, and neurodevelopmental processes in
pediatric populations. Methods: A search of the literature was conducted using PubMed,
Scopus, and Web of Science, including studies published between January 2016 and April
2026. Eligible studies included randomized controlled trials, observational studies, and
reviews investigating at least one component of the oral-gut-brain axis in children or
adolescents. Results: Current evidence supports a biological interaction between oral
and gut microbiota through microbial translocation and immune-mediated mechanisms.
Oral dysbiosis may contribute to gut microbial imbalance, intestinal barrier dysfunction,
and systemic low-grade inflammation. Altered gut microbiota has been associated with
neuroinflammatory signaling, hypothalamic—pituitary—adrenal (HPA) axis dysregulation,
and adverse neurodevelopmental outcomes. Furthermore, pediatric randomized controlled
trials suggest that probiotics and synbiotics can modulate oral and gut microbial com-
position, improve selected inflammatory and immune biomarkers, and reduce salivary
cortisol levels. Conclusions: The oral-gut-brain axis represents a promising framework
for understanding the systemic consequences of oral dysbiosis during childhood. How-
ever, direct evidence integrating oral, intestinal, immunological, and neurodevelopmental
outcomes remains limited, highlighting the need for longitudinal and multidisciplinary
pediatric studies.

Keywords: oral-gut-brain axis; oral dysbiosis; pediatric microbiome; gut microbiota
neuroinflammation; systemic inflammation; salivary cortisol; probiotics in children

Nutrients 2026, 18, 2465

https://doi.org/10.3390 /nu18152465


https://crossmark.crossref.org/dialog?doi=10.3390/nu18152465&domain=pdf&date_stamp=2026-07-29
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0003-0104-6337
https://orcid.org/0000-0003-3518-130X
https://orcid.org/0000-0001-9163-2350
https://orcid.org/0009-0009-6923-2102
https://orcid.org/0009-0001-9009-3575
https://orcid.org/0009-0000-2382-3016
https://orcid.org/0000-0002-3288-490X
https://orcid.org/0000-0003-3797-5883
https://orcid.org/0000-0002-6366-1039
https://orcid.org/0000-0002-5947-8987
https://doi.org/10.3390/nu18152465

Nutrients 2026, 18, 2465

20f27

1. Introduction

The oral microbiome represents one of the earliest microbial ecosystems established in
humans and plays a fundamental role in maintaining both oral and systemic health during
childhood [1-3]. Early microbial colonization is influenced by several prenatal and postnatal
factors, including delivery mode, breastfeeding, antibiotic exposure, dietary habits, and
oral hygiene practices [4,5]. During infancy and early childhood, microbial communities
are highly dynamic and particularly susceptible to environmental perturbations that may
alter microbial homeostasis [6-8].

In recent years, increasing attention has been directed toward the concept of the
oral-gut-brain axis, a bidirectional network linking oral microbiota, intestinal microbial
communities, systemic immune responses, and neurodevelopmental pathways [9-11]. For
the purposes of this review, the oral-gut-brain axis is operationally defined as an integrated
biological framework in which oral microbial communities may influence intestinal micro-
bial ecology through microbial translocation and immune-mediated mechanisms, while gut
microbial alterations may subsequently interact with the central nervous system through
immune, endocrine, neural, and metabolic pathways [12,13]. Direct evidence supports
the existence of bidirectional interactions between the oral and gut microbiota, as well as
the role of gut microbiota in modulating immune and neuroendocrine signaling [14]. In
contrast, the hypothesis that oral dysbiosis initiates a sequential cascade leading to gut dys-
biosis, systemic inflammation, HPA-axis (hypothalamic—pituitary-adrenal) dysregulation,
and neurodevelopmental alterations—particularly in pediatric populations—remains only
partially supported by direct clinical evidence and is currently based on the integration
of findings from pediatric, adult, and preclinical studies [15,16]. Accordingly, this review
considers the oral-gut-brain axis as a biologically plausible conceptual model in which
some individual components are supported by direct evidence, whereas the complete
mechanistic pathway remains to be fully demonstrated, especially in children. Emerging
evidence suggests that oral dysbiosis may extend beyond the oral cavity through microbial
translocation and immune-mediated mechanisms, potentially influencing gut microbiota
composition, intestinal permeability, systemic inflammation, and neuroinflammatory sig-
naling [17-21]. While oral microbial translocation and gut dysbiosis have been documented
in both pediatric and adult studies, the downstream effects on neuroinflammation and
neurodevelopment are supported predominantly by adult and experimental evidence, with
comparatively limited direct pediatric confirmation.

Although the gut-brain axis has been extensively investigated, the oral microbiome has
only recently been considered a potential upstream contributor within this integrated frame-
work [22]. In pediatric populations, this topic is particularly relevant because microbial
ecosystems, immune maturation, and neurodevelopmental processes occur simultaneously
during early life [23-26]. However, current evidence remains fragmented, and no com-
prehensive model has fully integrated oral dysbiosis, gut microbiota alterations, systemic
inflammation, and neuroinflammatory pathways in children [10,22,27-29]. Consequently,
the present review distinguishes evidence directly obtained from pediatric studies from
mechanistic inferences extrapolated from adult and preclinical research when discussing
the proposed oral-gut-brain axis.

In this context, microbiota-targeted nutritional strategies may represent a promising
preventive approach in pediatric populations [30-34]. Nutrition also represents a major
determinant of microbial development and immune maturation during early life [30-38].
Dietary patterns may significantly influence both oral and gut microbial ecosystems, modu-
lating inflammatory pathways, intestinal barrier integrity, and neurodevelopmental pro-
cesses [39-49]. In particular, Western dietary habits characterized by high sugar and ultra-
processed food intake have been associated with microbial dysbiosis and chronic low-grade
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inflammation, whereas fiber-rich and Mediterranean dietary patterns may exert protective
microbiota-mediated effects [50,51]. These observations further support the relevance of
nutritional modulation within the framework of the oral-gut-brain axis [9,11,19].

The present study was conducted as a narrative review with the aim of summarizing
and critically analyzing the available evidence regarding the relationship between oral
dysbiosis, gut microbiota alterations, systemic inflammation, and neuroinflammatory
mechanisms in pediatric populations, within the conceptual framework of the oral-gut-
brain axis.

2. Materials and Methods

A comprehensive search of the literature was performed using the electronic databases
PubMed, Scopus, and Web of Science (WoS), including studies published between January
2016 and April 2026. The literature search combined Medical Subject Headings (MeSH)

i

terms and free-text keywords related to the oral microbiome (“oral microbiome”, “oral

Zai i

microbiota”, “oral dysbiosis”, “salivary microbiome”, “dental microbiome”), gut micro-
y Yy

ZTs ”ou A7

bial alterations (“gut microbiota”, “gut microbiome”, “gut dysbiosis”, “oral-gut axis”,
“oral-gut microbiota axis”), gut-brain communication (“gut-brain axis”, “microbiota—
gut-brain axis”), neuroimmune and neuroendocrine pathways (“neuroinflammation”,

i

“systemic inflammation”, “cortisol”, “salivary cortisol”, “HPA axis”), and pediatric popula-
s VAV a

tions (“children”, “child”, “pediatric”, “paediatric”, “infant”, “adolescent”, and “youth”).
The complete search strategies for each database are reported in Appendix A.

2.1. Eligibility Criteria
Studies were considered eligible if they:

Were published in English;
Involved infants, children, or adolescents;
Investigated at least one component of the oral-gut-brain axis;

Evaluated oral microbiota, gut microbiota, systemic inflammation, neuroinflammation,
HPA-axis activity, salivary cortisol, or microbiota-targeted interventions.

Randomized controlled trials, observational studies, narrative reviews, and systematic
reviews were included.
Studies were excluded if they:

e  Exclusively involved adult populations;
o Consisted of case reports, editorials, letters, or conference abstracts;
e Lacked relevance to the oral-gut-brain axis framework.

Although the primary focus of this review was pediatric clinical evidence, selected
preclinical and animal studies were considered when providing mechanistic support for
biological pathways related to microbial translocation, immune activation, gut-brain com-
munication, and neuroinflammatory processes.

2.2. Study Selection and Data Extraction

The study selection process consisted of an initial screening of titles and abstracts,
followed by full-text evaluation according to the predefined inclusion and exclusion cri-
teria. Data extraction focused on study design, population characteristics, interventions,
microbiological outcomes, inflammatory biomarkers, neurodevelopmental findings, and
hormonal parameters.

2.3. Data Synthesis

Due to the heterogeneity of study designs, interventions, and outcome measures, a
qualitative narrative synthesis approach was adopted. Particular emphasis was placed on
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randomized controlled trials, which were summarized separately to provide an overview
of the highest level of available evidence in pediatric populations.

Overall, 278 records were initially identified. After duplicate removal and screening
procedures, 13 pediatric randomized controlled trials were included in the final qualitative
synthesis and summarized in Table 1. The findings were subsequently organized accord-
ing to the major domains of the oral-gut-brain axis, including oral dysbiosis, oral-gut
microbiota interactions, systemic inflammation, neuroinflammatory pathways, HPA-axis
regulation, and microbiota-targeted interventions.

3. Oral Dysbiosis as an Upstream Factor
3.1. Development of the Oral Microbiome in Early Life

The oral microbiome begins to develop immediately after birth and undergoes rapid
ecological succession throughout infancy and childhood [26,48]. Initial colonization pat-
terns are strongly influenced by delivery mode, feeding practices, environmental exposure,
and antibiotic administration [32,35,52]. Vaginal delivery promotes the acquisition of ma-
ternal vaginal and oral microbial communities, whereas cesarean delivery is associated
with delayed microbial maturation and altered bacterial composition [8,53].

Breastfeeding contributes significantly to microbial homeostasis by providing bioactive
compounds, immunological factors, and beneficial microorganisms that support microbial
diversity and immune maturation [54-57]. Conversely, formula feeding has been associ-
ated with reduced microbial diversity and distinct microbial profiles. Additional factors,
including oral hygiene habits, dietary sugar intake, and tooth eruption, further shape the
composition and stability of oral microbial communities [33,36,37].

Because microbial ecosystems are still developing during childhood, the pediatric
oral microbiome is particularly vulnerable to ecological perturbations [5,6,58,59]. These
early-life alterations may have implications not only for oral diseases but also for systemic
health outcomes [6,7,26,35,58].

3.2. Oral Dysbiosis and Pediatric Oral Diseases

Oral dysbiosis is characterized by an ecological imbalance within the oral biofilm
involving reduced microbial diversity and the predominance of acidogenic and pro-
inflammatory species [47,60-64]. In pediatric populations, dysbiosis is strongly associated
with early childhood caries (ECC), one of the most prevalent chronic diseases world-
wide [51,65-68].

The dysbiotic process involves increased abundance of cariogenic microorganisms
such as Streptococcus mutans and Lactobacillus species, leading to acidification of the oral
environment and enamel demineralization [69-72]. In addition to dental caries, dysbiosis
contributes to gingival inflammation and altered host-microbe interactions [73-75]. These
findings support the transition from a pathogen-centered concept of oral disease toward an
ecological model based on microbial imbalance and immune dysregulation [58,76-80].

3.3. Evidence Supporting the Oral-Gut Axis

The oral cavity represents a major source of microorganisms entering the gastroin-
testinal tract through saliva. Approximately 10! oral bacteria are swallowed daily, sup-
porting the concept of biological continuity between oral and intestinal microbial ecosys-
tems [2,12,81,82].

Several studies have demonstrated the presence of shared bacterial taxa between
oral and fecal microbiota, including Streptococcus, Veillonella, Prevotella, and Actinomyces
species [83,84]. Under physiological conditions, gastric acidity and intestinal barriers limit
oral bacterial colonization of the gut [85]. However, in dysbiotic conditions, oral mi-
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croorganisms may persist within the intestinal environment and contribute to microbial
imbalance, epithelial barrier dysfunction, and immune activation [78,80,86].

This biological plausibility is further supported by preclinical evidence. In mouse
models, oral administration of Porphyromonas gingivalis induced alterations in gut microbial
composition, reduced expression of intestinal tight-junction proteins, increased endotox-
emia, and promoted bacterial dissemination to distant organs, supporting the concept
of microbial translocation along the oral-gut axis [87]. Similarly, Arimatsu et al. demon-
strated that oral exposure to periodontal pathogens induced gut dysbiosis and systemic
inflammatory responses in mice, further reinforcing the existence of a functional oral-gut
connection [88].

This oral-gut interaction is increasingly recognized as a relevant pathway linking oral
diseases with systemic inflammatory conditions [3,10,19,79,89]. In pediatric populations,
where microbial and immune systems are still developing, oral dysbiosis may represent
an early upstream factor capable of influencing gut microbial maturation and systemic
immune responses [35,39,86].

3.4. Clinical Evidence from Pediatric RCTs (Randomized Controlled Trials)

Several pediatric randomized controlled trials have evaluated microbiota-targeted
interventions for oral-health outcomes. In preschool children, probiotic milk containing
Lactobacillus rhamnosus SP1 was associated with lower caries prevalence and fewer new
cavitated lesions compared with standard milk [90]. In a multicenter trial, Lactobacillus
paracasei supplementation was associated with reduced caries risk and greater regression
of carious lesions [91].

In children with early childhood caries, probiotic milk containing Lactobacillus paracasei
was associated with increased salivary human neutrophil peptide 1-3 levels, reduced
salivary Streptococcus mutans, and lower caries progression [92]. Other trials reported
reductions in salivary S. mutans after supplementation with Streptococcus salivarius M18 [93],
Lacticaseibacillus vhamnosus SD11 [71], or a probiotic mixture containing Bifidobacterium
species [94].

Overall, these trials suggest that selected microbiota-targeted interventions may im-
prove local oral outcomes, including caries-related measures, salivary bacterial counts, and
selected salivary immune markers. However, the available pediatric RCTs do not directly
demonstrate that oral microbiota modulation reduces systemic inflammation or modifies
the complete oral-gut-brain axis.

4. From Gut Microbiota to Systemic Inflammation
4.1. Gut Dysbiosis and Barrier Dysfunction

Gut microbiota plays a central role in maintaining intestinal homeostasis, nutrient
metabolism, epithelial barrier integrity, and immune regulation [5,41,95]. Alterations in
microbial diversity and composition, commonly referred to as gut dysbiosis, may disrupt
these physiological processes and contribute to increased intestinal permeability [78,96,97].

Compromised intestinal barrier function facilitates microbial translocation and ex-
posure of the immune system to bacterial antigens and endotoxins [12,18]. This process
promotes activation of innate and adaptive immune pathways and contributes to chronic
low-grade systemic inflammation [3,17,98].

The transition from gut dysbiosis to systemic inflammation is mediated by several
interconnected biological mechanisms. Reduced microbial diversity and depletion of
beneficial commensals may impair short-chain fatty acid (SCFA) production, weaken
epithelial tight junctions, and increase intestinal permeability [99,100]. This facilitates
the translocation of bacterial components such as lipopolysaccharides into the systemic
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circulation, promoting activation of innate immune receptors and sustained cytokine pro-
duction [101,102]. Rather than representing independent phenomena, gut dysbiosis, barrier
dysfunction, and immune activation should be viewed as sequential stages of the same
pathogenic process linking microbial imbalance to systemic inflammatory responses [5,41].

In pediatric populations, the consequences of gut dysbiosis may be particularly sig-
nificant because intestinal and immune maturation occur simultaneously during early
life [7,58,86,103]. Early microbial disturbances may therefore have long-term implications
for immune regulation and susceptibility to inflammatory disorders [12,58,104].

4.2. Immune Activation and Systemic Inflammation

Gut dysbiosis is associated with increased production of pro-inflammatory cytokines,
including interleukin-1§3, interleukin-6, and tumor necrosis factor-oc [38,105-109]. Altered
microbial metabolites and impaired barrier integrity contribute to immune dysregulation
and persistent inflammatory signaling [78,97].

Several mechanisms may explain the connection between oral dysbiosis and systemic
inflammation [3,10,19,27,82]. Oral pathogens and inflammatory mediators may influence
gut microbial composition directly through microbial translocation or indirectly through
immune activation [10,21]. This interaction reinforces the concept of a continuous oral-gut
inflammatory axis [9,17,18,22].

Systemic low-grade inflammation has been associated with several pediatric condi-
tions, including metabolic disturbances, immune-mediated diseases, and neurodevelop-
mental alterations [22,110]. Consequently, microbial dysbiosis may represent a shared
biological pathway linking oral health and systemic disease [10,27,82,84].

4.3. Extracellular Vesicles as Emerging Mediators of Oral-Gut Communication

In addition to the translocation of whole microorganisms through saliva, increasing
evidence suggests that extracellular vesicles (EVs) represent an important mechanism of
communication within the oral-gut-brain axis. Both host-derived extracellular vesicles
and bacterial outer membrane vesicles (OMVs) can transport bioactive cargo, including
proteins, lipids, nucleic acids, metabolites, and virulence factors, thereby mediating local
and systemic intercellular signaling. These vesicles are increasingly recognized as key
mediators of host-microbiome crosstalk and immune regulation [110,111].

The oral cavity represents a major source of extracellular vesicles because saliva con-
tains abundant host-derived EVs released by epithelial, immune, and salivary gland cells,
together with bacterial OMVs produced by both commensal and pathogenic microorgan-
isms. Periodontal pathogens, including Porphyromonas gingivalis, are able to release OMVs
enriched in lipopolysaccharides, gingipains, proteases, and other immunomodulatory
molecules that may disseminate beyond the oral cavity and amplify systemic inflammatory
responses. Compared with whole bacterial translocation, vesicle-mediated transport may
facilitate the delivery of microbial products to distant tissues while avoiding direct bacterial
colonization [110].

Recent evidence further suggests that extracellular vesicles may participate in oral—
gut communication by influencing intestinal epithelial integrity, immune activation, and
microbial ecological balance. Through these mechanisms, EVs may contribute to the biolog-
ical continuity between oral dysbiosis and gut dysbiosis already discussed in this review.
Furthermore, EV-associated microbial molecules may indirectly influence neuroimmune
signaling by promoting systemic cytokine production and HPA-axis activation. Although
these mechanisms are biologically plausible, direct pediatric evidence remains limited, and
current knowledge is largely derived from experimental models and adult studies [111].
Therefore, extracellular vesicles should currently be regarded as an emerging mechanistic
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component of the proposed oral-gut-brain axis rather than a clinically established pathway
in children [110-114].

4.4. Clinical Evidence from Pediatric RCTs

Randomized controlled trials investigating gut microbiota-targeted interventions in
children demonstrated that probiotics may influence gut microbial composition, mucosal
immunity, and intestinal homeostasis [39,66,94,105]. Supplementation with Lactobacillus
paracasei N1115 was associated with increased fecal Lactobacillus abundance, maintenance
of fecal pH, and enhancement of secretory IgA levels in young children [30,91,115].

Additional studies reported beneficial modulation of gut microbial development and
improved tolerability following probiotic administration during infancy and early child-
hood [5,36,64,116]. Although the included trials varied considerably in probiotic strains,
dosages, and outcomes, they collectively support the biological relevance of microbiota
modulation in pediatric systemic health [39,45,94,117,118].

5. The Gut-Brain Axis and Neuroinflammatory Pathways
5.1. Neural Communication and the Vagus Nerve

The gut-brain axis is a bidirectional communication system connecting the gastroin-
testinal tract and the central nervous system through neural, endocrine, immune, and
metabolic pathways [24,78,98,117,118]. Among these mechanisms, vagal signaling repre-
sents one of the principal routes of microbiota-brain communication [9,11,19,25,47].

The vagus nerve transmits signals from intestinal microbial activity to the brain
and modulates autonomic and inflammatory responses [47]. Evidence supporting this
mechanism derives primarily from animal studies. In a landmark mouse experiment,
administration of Lactobacillus rhamnosus JB-1 altered emotional behavior and central GABA
receptor expression through a vagus-dependent pathway, whereas these effects disappeared
following vagotomy, demonstrating the critical role of vagal signaling in microbiota-brain
communication [119]. Microbial metabolites and inflammatory mediators may influence
vagal afferent pathways, thereby affecting stress responses, emotional regulation, and
neurodevelopmental processes [25,120,121].

5.2. Cytokines and Immune-Mediated Neuroinflammation

Systemic inflammation induced by microbial dysbiosis may contribute to neuroinflam-
matory signaling through circulating cytokines and immune mediators [29,79,122]. Ele-
vated levels of pro-inflammatory cytokines have been associated with altered blood-brain
barrier permeability, microglial activation, and impaired neuronal signaling [24,106,123].
Preclinical studies also support the link between oral dysbiosis and neuroinflammation. In
mice, chronic oral exposure to P. gingivalis resulted in the disruption of intestinal barrier
integrity, activation of IL-17A-mediated inflammatory pathways, microglial activation, and
neuroinflammatory changes within the central nervous system, providing mechanistic
evidence connecting oral microbial imbalance with brain inflammatory responses [124-128].

These mechanisms are particularly relevant during childhood because neurodevelop-
mental processes remain highly sensitive to inflammatory stimuli [24,25,47,70]. Chronic
low-grade inflammation may therefore influence cognitive function, emotional regulation,
and neurodevelopmental trajectories [24,25,47,70,117,120].

5.3. Short-Chain Fatty Acids and Microbial Metabolites

SCEFAs, including acetate, propionate, and butyrate, are among the most important
microbial metabolites involved in gut-brain communication [25,38,47,60,63]. SCFAs con-
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tribute to intestinal barrier integrity, modulation of immune responses, and regulation of
neurotransmitter pathways [24,25,38,47,63].

Altered SCFA production during dysbiosis may influence neuroinflammatory path-
ways and brain function [25,38,47,63]. Experimental and clinical evidence suggests that
microbial metabolites can affect neuroplasticity, stress regulation, and behavioral out-
comes [23,25,121].

5.4. Neurodevelopmental Implications in Pediatric Populations

Increasing evidence supports a relationship between gut microbiota composition
and neurodevelopmental outcomes in children [24,25,47,49,63,118]. Dysbiosis has been
associated with cognitive dysfunction, behavioral alterations, anxiety, depression, and
neurodevelopmental disorders [11,47,118,125].

Pediatric randomized controlled trials further support this interaction. In adolescents
with major depressive disorder, probiotic supplementation combined with standard therapy
improved cognitive performance and reduced inflammatory markers such as IL-1§3 and
cortisol levels [11,105,125]. Another trial involving extremely preterm infants reported
improved language outcomes following probiotic supplementation, although no significant
effects on global neurodevelopment were observed [70].

Although causality remains difficult to establish, current evidence suggests that micro-
biota modulation may influence neurodevelopmental and neuroinflammatory processes
during childhood [24,25,47,70].

Importantly, these communication pathways should not be considered independent
mechanisms. Microbial metabolites, cytokine signaling, vagal activation, and neuroen-
docrine responses operate as an integrated network through which intestinal microbial
alterations may influence brain function. Dysbiosis-induced inflammation can modify
blood-brain barrier permeability, facilitate microglial activation, and alter neurotrans-
mitter synthesis, while changes in microbial metabolite production may simultaneously
affect neuronal plasticity and stress responsiveness. This integrated model provides a
mechanistic explanation for the observed associations between microbial imbalance and
neurodevelopmental outcomes reported in pediatric studies.

6. The HPA Axis and Salivary Cortisol as an Integrative Biomarker
6.1. Interactions Between the Microbiota and the HPA Axis

The HPA axis is one of the primary neuroendocrine systems regulating stress responses
and homeostasis [9,110,121]. Emerging evidence indicates that the gut microbiota can mod-
ulate HPA-axis activity through immune, neural, and metabolic pathways [9,103,125-127].
Mechanistic support for this concept comes from germ-free animal models. Sudo et al.
demonstrated that germ-free mice exhibited exaggerated HPA-axis responses to stress com-
pared with conventionally colonized animals and that microbial colonization during early
life partially normalized this response. These findings suggest that microbiota composition
contributes to the developmental programming of neuroendocrine stress regulation [129].

Microbial dysbiosis may contribute to altered cortisol secretion through activation of
inflammatory pathways and vagal signaling [105]. Chronic stress and elevated cortisol
levels may negatively affect microbial diversity and intestinal barrier function, reinforcing
a bidirectional microbiota—stress interaction [18,22,24,78,97,106,123].

6.2. Salivary Cortisol in Pediatric Research

Salivary cortisol is widely used as a non-invasive biomarker of HPA-axis activity
in pediatric populations [7,30,79,115]. Compared with serum measurements, salivary
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sampling is particularly suitable for children because it is simple, painless, and stress-
free [130,131].

In recent years, salivary cortisol has emerged as a potential integrative biomarker
linking microbial dysbiosis, systemic inflammation, and stress responses [120]. Variations in
cortisol levels may therefore reflect broader neuroendocrine and inflammatory alterations
associated with the oral-gut-brain axis [78,79,118].

However, the interpretation of salivary cortisol as a stable integrative biomarker re-
quires important methodological caution. Cortisol secretion is strongly influenced by
multiple confounding factors, including circadian rhythm (diurnal variation with peak
levels in the early morning), acute psychological stress [132,133], sleep quality and duration,
recent food intake and dietary composition, physical activity [134,135], pharmacological
treatments (e.g., corticosteroids, psychotropic medications), and the timing and standard-
ization of sample collection procedures [132,134]. Variability in saliva sampling protocols
(e.g., passive drool vs. swab methods), handling, and storage conditions may further affect
measured concentrations [133,136]. These sources of variability can significantly influence
cortisol levels independently of microbiota-related mechanisms and must be carefully con-
trolled or at least acknowledged when interpreting findings in pediatric studies [132,133].
Therefore, salivary cortisol should be considered a sensitive but non-specific marker of
HPA-axis activity rather than a direct or exclusive proxy of microbiota-brain interactions.

6.3. Evidence from Microbiota-Targeted Interventions

Evidence from pediatric intervention studies examining cortisol-related outcomes is
limited and heterogeneous. In a semi-randomized controlled study involving school-aged
children, daily consumption of a probiotic fermented dairy product was associated with
lower salivary cortisol concentrations than placebo or diet-as-usual interventions [120].

In a randomized, triple-blind, placebo-controlled trial in cesarean-delivered infants
and toddlers, supplementation with Lacticaseibacillus paracasei N1115 was associated with
a reduction in salivary cortisol from baseline, maintenance of fecal pH, and increased fecal
Lactobacillus abundance [115].

In adolescents with major depressive disorder, probiotic supplementation combined
with sertraline was associated with lower serum cortisol and interleukin-1 concentrations
compared with sertraline alone [105].

Collectively, these studies suggest that microbiota-targeted interventions may influ-
ence cortisol-related outcomes in selected pediatric settings. However, differences in study
design, population, probiotic formulation, co-interventions, and cortisol matrix prevent
direct comparison across studies and do not establish that these effects are mediated by
modulation of the complete oral-gut-brain axis [105,115,120].

7. The Role of Diet in Modulating the Oral-Gut-Brain Axis
7.1. Early-Life Nutrition and Microbiota Development

Nutrition represents one of the most important modulators of microbial development
during infancy and childhood [36,37,48,137]. Breastfeeding promotes microbial diversity
and immune maturation through the delivery of bioactive compounds, immunoglobu-
lins, and beneficial microorganisms. In contrast, formula feeding may alter microbial
composition and reduce microbial diversity [25,35,42,137].

Complementary feeding practices also contribute to microbial maturation and
metabolic programming [138]. Dietary exposures during early life may therefore influ-
ence oral and gut microbiota composition with long-term consequences for immune and
neurodevelopmental health [6,29,36]. Early nutritional programming is particularly rele-
vant because it occurs during a critical window of immune, endocrine, and microbiome
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co-development, in which dietary exposures may shape host-microbe interactions with
long-term systemic consequences.

7.2. Oral Microbial Ecology and Dietary Drivers

Dietary habits strongly influence oral microbial ecology [6]. Nutrient composition,
food consistency, and dietary frequency all contribute to shaping the oral ecosystem,
particularly through their effects on substrate availability for microbial metabolism. Instead,
diets characterized by high intake of refined carbohydrates and industrially processed
foods can favor ecological shifts toward acidogenic and aciduric microbial communities,
thereby increasing caries susceptibility [2,4,28,29,45,48].

Conversely, balanced dietary patterns rich in fiber, micronutrients, and anti-inflammatory
compounds may support microbial homeostasis and oral health [128]. Nutritional interven-
tions may therefore represent an important strategy for preventing dysbiosis-related oral
diseases during childhood. In addition, dietary habits may influence salivary composition,
buffering capacity, and local immune responses, further affecting microbial homeostasis
within the oral cavity [66,72,90,91,94]. Emerging evidence also suggests that micronu-
trient deficiencies, including inadequate intake of vitamin D, calcium, iron, and zinc,
may impair mucosal immunity and increase susceptibility to dysbiosis-related oral dis-
eases [40,61,139,140]. Dietary composition may also indirectly influence oral ecological
stability by modulating salivary properties, buffering capacity, and local immune responses.
Micronutrient availability (e.g., vitamin D, calcium, iron, zinc) may further contribute to
mucosal immune competence and resistance to dysbiosis.

7.3. Dietary Modulation of Gut Inflammation and Neurodevelopment

Diet also plays a key role in regulating gut microbial composition and inflammatory re-
sponses. Fiber-rich diets promote the production of SCFAs, which exert anti-inflammatory
and neuroprotective effects [141,142]. SCFAs such as butyrate, acetate, and propionate rep-
resent key metabolic mediators linking dietary intake to host immune regulation, epithelial
integrity, and neuroimmune signaling pathways.

Dietary patterns such as the Mediterranean diet have been associated with improved
microbial diversity and reduced systemic inflammation [143-147]. Additionally, probi-
otics and prebiotics may contribute to the modulation of both oral and gut microbial
ecosystems [36,41,117,118].

Taken together, these findings suggest that dietary strategies may represent a relevant
therapeutic approach for modulating the oral-gut-brain axis in pediatric populations
(Figure 1) [10,24,25,27,43,47,49,77].

7.4. Microbiota-Targeted Interventions in Pediatric Populations

Several randomized controlled trials have investigated the effects of probiotics, synbi-
otics, and related microbiota-targeted interventions on oral health, gut microbiota composi-
tion, inflammatory markers, stress-related biomarkers, and neurodevelopmental outcomes
in pediatric populations [70,91,105,115]. Collectively, these studies suggest that modulation
of the microbiota may contribute to improvements in oral microbial balance, reductions
in cariogenic bacteria, enhancement of selected immune markers, modulation of salivary
cortisol levels, and, in some cases, favorable neurodevelopmental outcomes [70,92,115,120].
A structured summary of the pediatric randomized controlled trials included in this review
is presented in Table 1.
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Figure 1. A conceptual representation of the oral-gut-brain axis in pediatric populations. The
figure illustrates the potential biological pathway linking oral dysbiosis to gut microbiota alterations,
systemic inflammation, neuroinflammation, and HPA-axis activation in children. It also highlights
the potential modulatory role of probiotics, preventive oral care, and dietary interventions.
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Table 1. Pediatric randomized controlled trials evaluating probiotics, synbiotics, and related microbiota-targeted interventions.

Authors

Study Design

Participants

Axis Component

Material and Methods

Outcomes

Preschool children at high

Strain: Lactobacillus rhamnosus;
Dose: probiotic milk containing
107 CFU/mL (Colony-Forming
Units per milliliter); 150 mL
administered on weekdays;

Probiotic group showed
lower caries prevalence and

Rodriguez et al., 2016 [90] ~ Cluster-randomized trial risk of caries Oral Duration: 10 months; s1gr.11f1cantlylfewer new
. . cavitated lesions compared
triple-blind, placebo-controlled .
. . with controls.
randomized trial in preschool
children aged 2-3 years attending
nursery schools in Chile.
Strain: Lactobacillus paracasei;
DOS?: Problouc mllk powder Both probiotic regimens
administered daily or -
3 times /week: reduced caries risk and
Piwat et al., 2020 [91] Multicenter RCT Preschool children Oral / significantly increased

Duration: 6 months;
double-blind randomized
controlled trial in preschool
children.

regression of carious lesions
compared with placebo.

Wattanarat et al., 2021 [92]

Randomized controlled trial

Preschool children with
ECC/severe ECC and
caries-free group

Immune + Oral

Strain: Lactobacillus paracasei;
Dose: probiotic milk once daily
or 3 times/week;

Duration: 6 months intervention
with follow-up at 12 months;
study in preschool children with
ECC/severe-ECC.

Probiotic groups showed
increased salivary HNP1-3
levels, reduced Streptococcus
mutans levels, and decreased
caries progression, especially
in severe-ECC children.

Wang et al., 2021 [30]

Double-blind
placebo-controlled RCT

6 mesi—3 anni (>6 months
and <3 years

Gut

Strain: Lactobacillus paracasei N1115;
Dose: 2 g/day of probiotic
supplement (~4.8 x 10° CFU/day)
vs. placebo;

Duration: 8 weeks.

Well tolerated. No major
differences vs. placebo in
stool, symptoms, cortisol, or
SCFAs; slight increase in
Lactobacillus abundance in
probiotic group at weeks 4
and 8.
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Table 1. Cont.

Authors

Study Design

Participants

Axis Component

Material and Methods

Outcomes

Brett et al., 2021 [120]

Semi-randomized controlled
trial

262 children aged 4-7 years

HPA-cortisol

Strain: not reported (probiotic
fermented dairy food);

Dose: daily consumption on
school days;

Duration: 1 school semester.

Probiotic fermented dairy vs.
placebo/usual diet; lower
salivary cortisol levels in the
probiotic group, with no
differences in salivary CRP
(C-reactive Protein).

Staszczyk et al., 2022 [66]

Clinical trial

Pedjiatric population:
140 children aged 36 years

Oral

Strain: thermally inactivated
Lactobacillus salivarius;

Dose: chewing tablets daily for
2 weeks;

Duration: 12-month follow-up.

Probiotic group showed
significantly lower caries
incidence and prevalence at
12 months vs. control.

Lietal., 2023 [115]

Randomized, triple-blind,
placebo-controlled trial

109 cesarean-delivered
infants/toddlers
(624 months; 101 completed)

Integrated oral-gut-brain

Strain: Lacticaseibacillus paracasei
N1115;

Dose: 2 x 10° CFU/g (una
bustina al giorno, vs. placebo
maltodestrina);

Duration: 12 weeks.

Probiotic maintained fecal
pH, reduced salivary cortisol,
and increased fecal
Lactobacillus (especially at
week 4); some increase in
fecal sIgA (secretory
Immunoglobulin A) in

6-12 months subgroup.

40 preprimary children aged

Strain: Streptococcus salivarius
M18 (BLIS M18 probiotic);
Dose: 1 lozenge/day for 7 days

Probiotic group showed
significant reduction in
Streptococcus mutans counts,

Salim et al,, 2023 [93] Randomized clinical trial 3-6 years Oral (vs. unsweetened placebo with increased buffering
lozenge); capacity and no significant
Duration: 1 week. change in salivary pH.
Strain:Lacticaseibacillus rhamnosus
SD11; Probiotic group showed
Dose: 1lozenge/day containing  reduced Streptococcus mutans
Teanpaisan et al., Double-blind randomized 121 adolescent subjects aged Oral 108 CFU/g (vs placebo lozenge and increased total

2023/2024 [71]

controlled trial

13-14 years

without strain);

Duration: 8 weeks (probiotic
administered for the first 4 weeks
with follow-up to 8 weeks).

lactobacilli, with higher
microbial diversity and no
adverse effects.
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Table 1. Cont.

Authors Study Design Participants Axis Component Material and Methods Outcomes
Strain: probiotic combination
(Bifidobacterium spp., Lactobacillus
spp., Enterococcus spp. and Probiotic group showed
Bacillus cereus); improved cognitive
180 adolescents aged . " .
Shi et al., 2023 [105] Randomized controlled trial =~ 17-19 years with major Integrated oral-gut-brain Dose: 0.5 g twice daily (vs. performance (RBANS scores)

depressive disorder (MDD)

sertraline only control group);
Duration: 2 months; randomized
clinical trial in adolescents aged
17-19 years with major
depressive disorder (MDD).

and reduced cortisol and
IL-1B (Interleukin-1 beta)
levels vs. control.

Olczak-Kowalczyk et al.,

73 children aged between 3

Strain: inactivated
Ligilactobacillus salivarius +
cranberry extract;

Test group showed
significantly lower incidence
of initial carious lesions

2004 [146] Randomized controlled trial and 6 years to participate Oral Dose: daily tablet (paraprobiotic) (ICDAS 1-2) at9 mon’shs
vs. placebo; (p < 0.05); no changes in S.
Duration: 3-month intervention,  mutans, lactobacilli counts or
9-month follow-up. plaque levels in either group.
Strain: probiotic mixture
containing Bifidobacterium breve,
Bifidobacterium infantis,
Bifidobacterium longum, and Probiotic group showed
Bifidobacterium bifidum; significantly lower
Randomized controlled . Dose: 6 drops/da Streptococcus mutans levels at
Uyaretal,, 2024 [94] clinical study 58 children aged 2-12 years Oral (=5 x 108 C};U pe}lf drop) vs.no  all frcj)llow-ups; no significant
probiotic (control); differences in Lactobacillus
Duration: 6 months follow-up species between groups.
(probiotic administered for the
first 3 months, then discontinued
for 3 months).
Strain: Limosilactobacillus reuteri; . .
3 . No differences in overall
Randomized double-blind Dose: 2.5 x 1(.) CFU daily enteral rowth or neurodevelopment
. . . upplementation vs. placebo; & P !
Wejryd et al., 2025 [70] placebo-controlled trial 134 extremely preterm infants  Neurodevelopment SUPP P ; but language scores were

(secondary analysis)

Duration: from <72 h after birth to
postmenstrual week 35-36;
follow-up to 2 years corrected age.

significantly higher in the
probiotic group at 2 years.
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8. Discussion

This narrative review proposes a conceptual framework in which oral dysbiosis may
represent an upstream contributor to gut microbial alterations, systemic inflammation, and
stress-related neuroendocrine dysregulation during childhood.

Experimental studies indicate that oral administration of Porphyromonas gingivalis can
alter gut microbial composition, impair intestinal barrier function, and promote systemic
inflammatory changes [87,88].

Separate experimental and mechanistic evidence indicates that gut microbiota may in-
fluence neuroendocrine stress responses through immune, neural, and metabolic pathways,
although much of this evidence derives from animal models [13,129].

However, direct pediatric evidence connecting oral dysbiosis, gut dysbiosis, systemic
inflammation, HPA-axis dysregulation, and neurodevelopmental outcomes within a single
causal pathway remains limited. Available pediatric intervention studies have assessed se-
lected peripheral outcomes, such as salivary cortisol, fecal microbial markers, and immune
biomarkers, rather than the complete oral-gut-brain cascade [115,120].

Although this conceptual model is supported by biological evidence, direct evidence
demonstrating the complete oral-gut-brain axis in pediatric populations remains limited,
and several mechanistic aspects are extrapolated from adult and preclinical studies.

Unlike prior reviews that have addressed individual components of oral dysbio-
sis, oral-gut interactions, or the microbiota—gut-brain axis, the present review specifi-
cally integrates these domains within a pediatric developmental framework, while distin-
guishing direct pediatric evidence from findings extrapolated from adult and preclinical
studies [148-150].

By synthesizing evidence from oral health, microbiome research, immunology, neu-
rodevelopment, and microbiota-targeted interventions, this review proposes a develop-
mental model in which oral dysbiosis may represent a potential upstream contributor to
systemic and neuroinflammatory processes during childhood [151,152].

This perspective is particularly relevant because childhood is characterized by the si-
multaneous maturation of the microbiota, immune system, endocrine pathways, and central
nervous system, making these biological systems especially susceptible to environmental
and microbial influences [24-26,48]. However, while these developmental characteristics
are well established in pediatric populations, the mechanistic interactions linking the oral
microbiota, gut microbiota, and brain have only been partially demonstrated in children
and are largely inferred from experimental and adult evidence.

The available evidence supports the existence of biological continuity between oral
and intestinal microbial ecosystems [10,19,20,27,85]. This continuity has been documented
in both pediatric and adult studies, whereas the downstream systemic and neurodevel-
opmental consequences are primarily supported by adult and preclinical evidence. Oral
microorganisms may influence gut microbial composition through salivary translocation
and immune-mediated pathways, particularly under dysbiotic conditions [10,14,21,83,153].
Most mechanistic evidence supporting these pathways originates from experimental mod-
els and adult populations, with only limited direct pediatric confirmation.

Gut dysbiosis, in turn, may contribute to increased intestinal permeability, immune
activation, and chronic low-grade inflammation [26,40,78,153]. These interconnected pro-
cesses provide a biologically plausible mechanism through which oral microbial imbalance
may extend beyond the oral cavity and contribute to systemic inflammatory responses. Nev-
ertheless, in pediatric populations, this integrated pathway remains biologically plausible
rather than conclusively demonstrated.
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Emerging evidence further suggests that inflammatory mediators, microbial metabo-
lites, vagal signaling, and HPA-axis activation collectively link gut microbial alterations to
neurodevelopmental and neurobehavioral outcomes [24,25,47,127].

Within this framework, one of the most important findings emerging from the avail-
able evidence is the growing body of literature on microbiota-targeted interventions in
pediatric populations. The randomized controlled trials summarized in Table 1 indicate
that selected probiotic interventions may influence oral-health outcomes, including caries-
related measures and salivary immune markers [91,92].

In other pediatric settings, Lacticaseibacillus paracasei N1115 supplementation was
associated with changes in fecal Lactobacillus abundance and maintenance of fecal pH,
whereas a probiotic fermented dairy intervention was associated with lower salivary
cortisol concentrations in school-aged children [115,120].

Evidence concerning neurodevelopmental outcomes remains preliminary. In ex-
tremely preterm infants, Limosilactobacillus reuteri supplementation was associated with
higher language scores at two years, although no significant differences were observed
in overall neurodevelopment or growth [70]. In adolescents with major depressive disor-
der, probiotic supplementation combined with sertraline was associated with improved
cognitive performance and lower cortisol and IL-13 concentrations [105].

These findings provide direct pediatric evidence for selected oral, intestinal, immune,
and neuroendocrine outcomes relevant to the proposed oral-gut-brain framework.

It is important to explicitly emphasize that, although randomized controlled trials
in pediatric populations provide evidence that probiotic interventions can modulate oral
and gut microbial composition and influence selected immune and salivary biomarkers,
they do not directly demonstrate causal modulation of the complete oral-gut-brain axis,
particularly with respect to neuroinflammation, central nervous system signaling, or long-
term neurodevelopmental outcomes. Therefore, the interpretation of these findings should
remain limited to microbiota modulation and associated peripheral biomarkers, avoiding
any overextension toward conclusions regarding full axis integration.

Despite these promising findings, the interpretation of current clinical evidence re-
quires caution. Considerable heterogeneity exists regarding probiotic strains, dosage
regimens, intervention duration, participant characteristics, and outcome measures. Most
studies have focused on oral-health outcomes, particularly caries prevention and reduc-
tions in Streptococcus mutans colonization, whereas relatively few have simultaneously
evaluated gut microbiota composition, inflammatory biomarkers, neurodevelopmental
outcomes, and HPA-axis activity. Consequently, direct pediatric evidence supporting a
fully integrated oral-gut-brain mechanism remains limited, and many mechanistic inter-
pretations continue to rely on evidence extrapolated from adult and experimental studies.

An important aspect emerging from the current literature concerns the distinction
between probiotics, prebiotics, postbiotics, and broader nutritional approaches. To date,
probiotics represent the intervention supported by the strongest pediatric clinical evi-
dence, whereas studies investigating prebiotics and postbiotics remain comparatively
limited [30,70,94,105]. Prebiotics may exert beneficial effects indirectly by stimulating the
growth and metabolic activity of endogenous beneficial microorganisms, thereby increas-
ing SCFA production and supporting intestinal barrier integrity [36,41,42]. Most evidence
supporting these mechanisms derives from adult and preclinical studies. Postbiotics, in-
cluding microbial metabolites and inactivated microbial products, have recently attracted
interest because they may provide immunomodulatory benefits while avoiding some
of the safety and stability concerns associated with live microorganisms [40,46]. How-
ever, pediatric clinical evidence evaluating postbiotics remains scarce. Although these ap-
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proaches are promising, robust pediatric clinical trials directly comparing their efficacy are
currently lacking.

Nutritional modulation represents another particularly attractive strategy because
it may simultaneously influence multiple components of the oral-gut-brain axis. Di-
etary habits affect both oral and intestinal microbial ecosystems and play a fundamental
role in immune maturation and inflammatory regulation [32,33,35-39,43,50,51]. Evidence
supporting these effects on oral and gut microbiota is available in pediatric populations,
whereas their downstream neurodevelopmental implications are supported predominantly
by adult and experimental evidence. Diets rich in fiber, plant-derived nutrients, and
anti-inflammatory compounds may support microbial diversity, promote SCFA produc-
tion, and reduce systemic inflammatory burden [43,50,51,71]. In contrast, Western dietary
patterns characterized by excessive consumption of refined sugars and ultra-processed
foods may contribute to oral dysbiosis, gut microbial imbalance, and chronic low-grade
inflammation [50,51]. From a translational perspective, nutritional interventions may offer
broader and more sustainable ecosystem-level effects than single-strain supplementation
because they simultaneously influence both oral and gut microbial communities.

The potential clinical implications of these findings extend beyond traditional oral-
health outcomes. If future pediatric longitudinal studies confirm the causal relationships
proposed within the oral-gut-brain axis, oral dysbiosis could become an early and po-
tentially modifiable biomarker of broader systemic risk [17-22,27]. Preventive strategies
combining oral hygiene promotion, dietary optimization, and microbiota-targeted interven-
tions may contribute not only to reducing dental disease but also to supporting immune
regulation, stress resilience, and neurodevelopmental health [24,25,27,39,46]. However,
these broader systemic benefits remain biologically plausible and require confirmation
through direct pediatric evidence integrating oral, gut, immune, endocrine, and neurodevel-
opmental outcomes. Such an approach would align with current trends toward preventive
and personalized pediatric medicine.

9. Evidence Gaps, Limitations and Future Directions

Despite the increasing evidence linking oral microbiota, gut microbiota, immune func-
tion, and neuroendocrine regulation in pediatric populations, important gaps in knowledge
still limit a full mechanistic and clinical understanding of the oral-gut-brain axis [9-11,17].
Current data are largely fragmented across different biological domains, study designs,
and outcome measures, making it difficult to establish temporally and causally coherent
relationships. For this reason, future research should move toward more integrative and
methodologically standardized approaches [19,20,22,43]. A key priority is the development
of longitudinal pediatric cohort studies that investigate, within the same population and
over time, multiple interconnected layers of the proposed axis. In particular, future studies
should concurrently assess oral microbiome composition and dynamics, gut microbiome
composition and dynamics, dietary patterns and nutritional exposures, salivary cortisol
as a marker of HPA-axis activity, systemic and local inflammatory biomarkers including
cytokines and acute-phase mediators, extracellular vesicle (EV) profiling as potential medi-
ators of host-microbe communication, and neurodevelopmental outcomes encompassing
cognitive, behavioral, and emotional domains [110-116]. The integration of these domains
within a single cohort is essential to move beyond correlative findings and to determine
whether oral dysbiosis plays a causal upstream role or represents only a parallel manifesta-
tion of broader systemic alterations. In addition, future research should carefully address
methodological standardization, particularly for variables that are highly sensitive to exter-
nal influences. This is especially relevant for salivary cortisol, which is strongly affected by
circadian rhythm, acute stress, sleep quality, dietary intake, medication use, and sampling
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procedures. Standardized protocols for timing of collection and pre-analytical handling
will therefore be essential to ensure comparability across studies and to reduce confounding
bias [19,20,22]. Similar standardization is also required for microbiome sequencing meth-
ods, inflammatory biomarker assessment, and neurodevelopmental evaluation tools, given
the substantial heterogeneity currently observed in the literature. Advanced multiomics
approaches integrating metagenomics, metabolomics, proteomics, and extracellular vesicle
profiling may further contribute to a more functional and mechanistic understanding of
host-microbe interactions, moving beyond descriptive taxonomic shifts toward biologically
meaningful pathways [79,90,104,124]. Such approaches may help clarify how microbial
ecosystems interact with host immune and neuroendocrine systems during critical win-
dows of pediatric development. Finally, well-designed longitudinal interventional studies
are needed to determine whether microbiota-targeted strategies, including probiotics, di-
etary interventions, or combined approaches, can exert sustained effects not only on oral
and gut microbial ecosystems but also on systemic inflammation, stress regulation, and
neurodevelopmental trajectories. Addressing these gaps will be essential to transition from
an associative and partially inferred evidence base toward a fully validated and clinically
actionable model of the pediatric oral-gut-brain axis [9-11,17].

Despite these promising findings, several limitations of the current evidence should
be acknowledged. Most studies remain relatively small, involve short follow-up peri-
ods, and employ heterogeneous methodologies that limit comparability [30,66,70,71,90—
94,105,115,120,153]. In addition, many investigations rely on surrogate biomarkers rather
than clinically meaningful long-term outcomes. The absence of standardized micro-
biome assessment methods and the limited integration of oral, intestinal, immunolog-
ical, hormonal, and neurodevelopmental measures represent important methodological
challenges [19,22,25,27,47].

Furthermore, direct mechanistic evidence in pediatric populations remains scarce.
Consequently, some of the biological pathways discussed in this review, including mi-
crobial translocation, vagal signaling, HPA-axis modulation, and neuroinflammatory ac-
tivation, are partly supported by experimental animal studies. These preclinical data
provide biological plausibility but should not be interpreted as direct evidence of causality
in children.

Future research should prioritize longitudinal pediatric cohorts, standardized mi-
crobiome characterization protocols, and integrated multiomics approaches capable of
simultaneously evaluating oral microbiota, gut microbial ecology, inflammatory media-
tors, neurodevelopmental trajectories, and HPA-axis activity [17,19,22,24,25,27,47,48]. Such
studies will be essential for determining whether microbiota-targeted interventions can
truly modify the biological pathways linking oral dysbiosis to systemic inflammation and
neurodevelopmental health.

10. Conclusions

The oral-gut-brain axis represents a biologically plausible and clinically relevant
framework linking oral dysbiosis, gut microbial alterations, systemic inflammation, neu-
roinflammatory signaling, and neuroendocrine regulation in pediatric populations.

Current evidence suggests that microbiota-targeted interventions may influence oral
and intestinal microbial communities, inflammatory pathways, and stress-related biomark-
ers such as salivary cortisol. However, direct evidence integrating all components of the
oral-gut-brain axis remains limited.

Future research should focus on longitudinal pediatric studies, standardized method-
ologies, and integrated multiomics approaches capable of simultaneously evaluating oral,
intestinal, immunological, and neurodevelopmental outcomes.
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A deeper understanding of the oral-gut-brain axis may open new perspectives for
preventive and therapeutic strategies aimed at promoting both oral and systemic health
from early life onward.
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Abbreviations

The following abbreviations are used in this manuscript:

CFU/mL  Colony-Forming Units Per Milliliter

CRP C-reactive Protein

ECC Early Childhood Caries

HNP1-3  Human Neutrophil Peptides 1-3

HPA Hypothalamic-Pituitary—Adrenal

ICDAS International Caries Detection and Assessment System
IL-1pB Interleukin-1 Beta

MDD Major Depressive Disorder

RBANS Repeatable Battery for the Assessment of Neuropsychological Status
RCTs Randomized Controlled Trials

SCFAs Short-Chain Fatty Acids

slgA Secretory Immunoglobulin A

WoS Web of Science

Appendix A

Query PubMed:

7

(“oral microbiome” OR “oral microbiota” OR “oral dysbiosis” OR “salivary microbiome”
OR “dental microbiome”) AND (“gut microbiota” OR “gut microbiome” OR “gut dys-
biosis” OR “oral-gut axis” OR “oral-gut microbiota axis”) AND (“gut-brain axis” OR
“microbiota-gut-brain axis” OR neuroinflammation OR “systemic inflammation” OR cor-
tisol OR “salivary cortisol” OR “HPA axis”) AND (children OR child OR pediatric OR
paediatric OR infant OR infancy OR adolescent OR adolescence OR youth);

Query Scopus:

TITLE-ABS-KEY (“oral microbiome” OR “oral dysbiosis”) AND (“gut microbiota” OR
“oral-gut axis” OR “oral-gut microbiota axis”) AND (“gut-brain axis” OR “microbiota-gut-
brain axis” OR neuroinflammation OR cortisol) AND (children OR pediatric OR paediatric
OR infant OR adolescent);

Query Web of Science:

TS = (“oral microbiome” OR “oral microbiota” OR “oral dysbiosis” OR “salivary micro-
biome” OR “dental microbiome”) AND (“gut microbiota” OR “gut microbiome” OR “gut
dysbiosis” OR “oral-gut axis” OR “oral-gut microbiota axis”) AND (“gut-brain axis” OR

https://doi.org/10.3390 /nu18152465


https://doi.org/10.3390/nu18152465

Nutrients 2026, 18, 2465 20 of 27

“microbiota-gut-brain axis” OR neuroinflammation OR “systemic inflammation” OR cor-
tisol OR “salivary cortisol” OR “HPA axis”) AND (children OR child OR pediatric OR
paediatric OR infant OR infancy OR adolescent OR adolescence OR youth).
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