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ABSTRACT: The oral microbiome is increasingly recognized as an
upstream ecological interface with systemic relevance beyond oral
disease. Emerging evidence links oral dysbiosis to skeletal
pathology through an oral-gut axis involving salivary microbial Genetics
transfer, gut remodeling, barrier dysfunction, and microbiota- g,
derived metabolites. In this review, we summarize current evidence DR AR e e Al ’
supporting the oral-gut-bone axis in systemic bone-related = o 'y_/ 7 - = 2
diseases and propose an integrated framework in which oral ( A\ @

ecological disturbance may contribute to skeletal vulnerability
through gut-dependent metabolic and inflammatory relay
mechanisms. We highlight three major mechanistic architectures:
metabolite-centered osteoimmune regulation, barrier dysfunction

The oral-gut-bone axis: biological framework
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polarization, and joint homeostasis. We also discuss translational opportunities involving metabolite restoration, microbiota-
targeted intervention, host-pathway modulation, and mechanism-guided biomarker development. Despite recent progress,
most current evidence remains associative, and major gaps persist in causal inference and functional validation.
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1 Introduction Before considering its potential routes of systemic

The oral microbiome is increasingly recognized as a structured,
host-shaped ecosystem rather than a simple reservoir of local
commensals and pathogens”. Distinct microbial communities
occupy saliva, the tongue, dental plaque, and oral mucosal surfaces,
and are shaped by host genetics, diet, age, oral hygiene, smoking
habits, and other environmental factors”. Accordingly, oral
dysbiosis should not be viewed only as a local event, but as a
potential upstream disturbance with systemic consequences.
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communication, existing evidence supports a link between oral
dysbiosis and bone-related diseases. Human studies have reported
alterations in oral microbial community structure in patients with
rheumatoid arthritis and among postmenopausal women with
different bone-mass states®. In preclinical studies, salivary
microbiota derived from periodontitis donors aggravated systemic
bone loss and osteoclastogenesis in ovariectomized mice®”. In
addition, oral microbial products can directly modulate bone
remodeling; for example, Porphyromonas gingivalis LPS promotes
osteoclastogenesis and impairs osteoblast differentiation”. Together,
these findings support a biologically plausible link between oral
ecological disturbance and distant skeletal homeostasis, although
causal evidence in humans remains limited.

One major route by which oral dysbiosis may influence distant
organs is the oral-gut microbiome axis. Oral microorganisms are
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continuously swallowed with saliva and shed biofilm, thereby
interacting with the gastrointestinal ecosystem”. Under conditions
of ecological imbalance, this process may contribute to gut
microbial reshaping, impaired barrier integrity, and altered mucosal
immunity®. Increasing evidence supports this concept in systemic
disease, most notably in rheumatoid arthritis, where coordinated
perturbations in oral and gut microbiomes have been observed and
are partly normalized after treatment®".

This framework is highly relevant to bone-related diseases, which
are increasingly understood as disorders of immune-metabolic
dysregulation rather than purely local structural damage™’.
Rheumatoid arthritis, osteoarthritis, and osteoporosis all involve
disrupted  osteoimmune homeostasis, including aberrant
osteoclastogenesis, impaired osteoblast function, inflammatory
amplification, and maladaptive tissue remodeling™". In parallel,
studies in both humans and animal models have linked microbiota
composition and function to bone mineral density, skeletal
microarchitecture, joint degeneration, and inflammatory bone
destruction".

A major recent advance in this field is the shift from taxonomic
description to functional mechanism. In particular, microbiota-
derived metabolites have emerged as critical mediators linking
microbial ecosystems to skeletal pathology™™. Short-chain fatty
acids, bile acid derivatives, and tryptophan-derived indoles have all
been implicated in the regulation of T-cell polarization,
inflammatory tone, osteoclast differentiation, osteoblast maturation,
and joint homeostasis®”. Moreover, fecal microbiota
transplantation, salivary = microbiota transfer, single-strain
intervention, and metabolite rescue studies now provide growing
causal support for microbiome-driven skeletal phenotypes®?.
Collectively, these findings suggest that the oral-gut-bone axis may
be driven not only by the expansion of pathogenic taxa, but also by
the loss of protective microbial functions and metabolite-producing
networks.

Despite this progress, the field remains fragmented. Oral
microbiota, gut microbiota, circulating metabolites, immune
phenotypes, and bone outcomes are still often studied in isolation,
and most human evidence remains associative. A more integrated
framework is therefore needed, in which oral dysbiosis is
considered the upstream ecological disturbance, the gut serves as a
critical intermediate relay, and osteoimmunity represents the
downstream vulnerability state linking microbial disruption to
skeletal pathology.

In this review, we summarize current evidence supporting the
oral-gut microbiome axis in systemic bone-related diseases. We
first discuss the biological basis of this axis, including oral ecological
organization, oral-to-gut communication, barrier dysfunction, and
osteoimmune susceptibility. We then examine the principal
mechanistic pathways linking microbial dysbiosis to skeletal
pathology, with particular emphasis on metabolite-centered
signaling, inflammatory amplification, and oral-derived microbial
effects on systemic bone remodeling. Finally, we synthesize disease-
specific evidence in rheumatoid arthritis, osteoarthritis, and
osteoporosis, and discuss emerging therapeutic opportunities
centered on microbial ecosystem restoration, metabolite
supplementation, and host-pathway targeting.

2 The biological basis of the oral-gut-bone axis
Traditional gut-bone axis models primarily conceptualize the
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intestinal microbiota as the proximal microbial compartment
influencing skeletal homeostasis through microbiota-derived
metabolites, mucosal barrier function, and immune signaling".
The oral-gut-bone axis proposed here does not replace this
framework, but extends it upstream. The oral cavity continuously
delivers microorganisms and microbial products to the
gastrointestinal tract through swallowed saliva and shed biofilm
material, while disruption of periodontal or oral mucosal barriers
may provide additional microbial and inflammatory inputs®*.
Under permissive conditions, oral ecological disturbances may
therefore precede and contribute to downstream gut microbial
remodeling. Thus, the distinctive contribution of the oral
compartment is its potential role as an upstream ecological source
rather than an obligatory component of all gut-bone interactions.
Within this framework, the oral-gut-bone axis can be
conceptualized as a multistep process linking oral ecological
disturbance, gut remodeling, systemic signaling, and ultimately
skeletal vulnerability (Fig. 1).

2.1 Oral ecological organization and host determinants

The oral microbiome is better understood as a spatially
compartmentalized ecosystem than as a uniform microbial
assemblage, with distinct niches spanning saliva, the tongue,
supragingival and subgingival plaque, and oral mucosal surfaces™*.
These sites differ in oxygen tension, nutrient availability, epithelial
turnover, host-derived substrates, and biofilm architecture, thereby
supporting distinct microbial communities with different functional
capacities’*. Oral dysbiosis should therefore be understood as a site-
dependent ecological shift rather than a single-state event.

This ecological organization is strongly shaped by host factors.
Recent work indicates that host genetic variation can influence oral
microbial composition, while age, smoking, diet, oral hygiene, and
systemic health status also contribute to variation in oral
community structure and resilience™”*. These determinants are
especially relevant to bone-related disease because they influence
not only whether oral dysbiosis develops, but also whether it
remains localized or progresses into a broader systemic
perturbation.

Under homeostatic conditions, the oral ecosystem contributes to
local stability through structured biofilm organization and
microbe-microbe interactions that restrain excessive expansion of
pathobionts. By contrast, once ecological balance is disrupted, the
oral microbiome may shift toward a dysbiotic state characterized by
inflammatory amplification and increased systemic pathogenic
potential“#. This distinction between homeostatic and dysbiotic
oral ecosystems provides the conceptual starting point for
understanding the oral-gut-bone axis.

2.2 From oral dysbiosis to gut remodeling

A central premise of the oral-gut axis is that oral microorganisms
are continuously delivered to the gastrointestinal tract through
swallowed saliva and shed biofilm-associated material®’. In healthy
individuals, long-term intestinal colonization by oral microbes may
be limited by gastric acidity, bile exposure, anaerobic conditions,
and colonization resistance from resident gut communities.
However, under conditions of ecological imbalance, oral-derived
microorganisms can reshape gut community structure and alter
mucosal immune tone®™*, Experimental work has shown that oral
bacteria can ectopically colonize the intestine and drive
inflammatory T-cell responses, supporting a causal basis for oral-to-

8) f#27wme | Sci@pen

ghua University Press



https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://doi.org/10.26599/OSHM.2026.9610069

Zhang et al.

The oral-gut-bone axis:

ol

Genetics

Smoking

biological framework

Saliva

Stomach
M @ | barrier :
’c"‘.* Kq /,
Diet Biofilm g

Aging

Homeostasis Dysbiosis

Oral ecological organization

= u/_/r./” /> TIghtJUﬂC{;\J’* A
ey 4

SCFAs

Bile acids
altered

Indoles

Gut microbial reshaping and
metabolic reprogramming

Upstream ecological disturbance (oral) Intermediate relay (gut)

i %

ﬁ—ﬁs_T

Barrier dysfunction and
systemic dissemination

Systemic signaling (circulation)

Ectopic colonization

Oral dysbiosis drives
gut remodeling

Osteoimmune imbalance
and skeletal pathology

Downstream vulnerability (bone)

Figure1 The oral-gut-bone axis is conceptualized as a multistep framework linking oral ecological disturbance with potential downstream skeletal effects. Host factors
shape oral ecological organization and influence the transition from homeostasis to dysbiosis. Dysbiotic oral communities may influence gut ecology through salivary
microbial transfer, possible ectopic intestinal persistence, and altered mucosal immune tone. Gut remodeling may be accompanied by metabolic reprogramming and
barrier dysfunction, which may facilitate systemic exposure to microbial products, inflammatory mediators, and microbiota-derived metabolites. These signals may then
influence osteoimmune homeostasis, potentially shifting the balance between bone resorption and bone formation and contributing to skeletal vulnerability.

gut microbial transmission®. More direct human evidence comes
from a high-resolution observational study showing oral-to-gut
bacterial transmission, in which shared sequence variants were
identified between salivary and fecal microbiota, providing evidence
consistent with oral bacteria reaching and persisting within the gut
microbial ecosystem™. This concept is further strengthened by
recent evidence from Crohn’s disease showing that Veillonella, an
oral commensal, can colonize the intestine under inflammatory
conditions, providing direct support for the idea that oral-derived
bacteria can achieve stable intestinal persistence®. More recent
studies further support the ectopic occurrence and adaptation of
oral-associated bacteria within gastrointestinal niches. Streptococcus
anginosus, a common oral-associated species, has been reported to
be enriched in human gastric mucosa and gastric cancer tissue and
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to persist in the gastric environment in experimental models™.
Similarly, the oral-associated anaerobe Peptostreptococcus stomatis is
enriched in fecal samples across colorectal cancer cohorts and can
be detected in colonic and tumor-associated tissues™. More direct
human evidence has recently been provided by paired, strain-
resolved analysis demonstrating distal gut colonization by oral
bacteria within the same individuals in a defined clinical context™!.
However, ectopic detection or enrichment of oral-associated species
should not by itself be interpreted as direct evidence of oral-to-gut
transmission. Stronger inference requires paired within-individual
sampling, strain-resolved genomic analysis, and preferably
longitudinal tracking.

Human and experimental evidence increasingly supports this
model in systemic inflammatory disease. In rheumatoid arthritis,

Oral Science and Homeostatic Medicine, 2026, 2, 9610069
https://doi.org/10.26599/0SHM.2026.9610069


https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://www.sciopen.com/article/10.26599/OSHM.2026.9610069
https://doi.org/10.26599/OSHM.2026.9610069

Zhang et al.

O

both oral and gut microbiomes are perturbed, and these
abnormalities are partly normalized after treatment, consistent with
coordinated dysbiosis across the two compartments, although it
does not establish a causal relationship between them™. Additional
metagenomic work in rheumatoid arthritis further supports a
disease-associated  restructuring of gut microbial ecology,
reinforcing the idea that oral-gut communication may involve
shared inflammatory and metabolic reprogramming"”.

More direct evidence relevant to bone biology has emerged from
salivary microbiota transfer models. In ovariectomized mice,
transfer of periodontitis-associated salivary microbiota reshaped gut
microbial composition and altered intestinal metabolic activity,
supporting the view that oral dysbiosis can act upstream of gut
remodeling in a skeletal disease context”. These findings place oral
dysbiosis upstream of gut remodeling in a skeletal disease context
and support the view that the gut may function as an intermediate
relay between oral ecological disturbance and distal bone pathology.

2.3 Barrier dysfunction and systemic dissemination of
microbial signals

The biological impact of oral-gut communication is unlikely to
depend on microbial transfer alone. Barrier dysfunction represents
a second critical dimension of axis biology™". Once epithelial and
mucosal barriers are compromised, microbial-associated molecular
patterns, inflammatory mediators, and, in some contexts, live
bacteria may gain access to the circulation or distant tissues, thereby
amplifying systemic inflammatory signaling®™®. In parallel,
microbiota-derived metabolites may also enter the bloodstream and
act as endocrine-like signals without requiring overt microbial
translocation*.

Although direct evidence for each of these routes remains
uneven across bone-related diseases, strong causality templates have
been established in other gut-organ axes®. In a recent gut-liver
study, dysbiotic microbiota disrupted gut barrier integrity,
promoted translocation of live bacteria to the liver, and accelerated
distal pathology through receptor-mediated signaling in the target
organ®. While not a skeletal model, this work provides an
important mechanistic framework for the oral-gut-bone field by
showing how ecological disruption, barrier injury, and distal tissue
damage can be linked within a single causal sequence.

In this context, circulating microbial signals should be regarded
as plausible intermediates between oral-gut disruption and bone
pathology. Rather than framing the axis solely in terms of bacterial
movement, it may be more useful to view it as a broader process in
which gut remodeling alters barrier function and systemic signal
output, thereby creating conditions that favor immune
dysregulation and skeletal vulnerability.

24 Osteoimmunity as the downstream vulnerability
framework

The reason oral-gut dysbiosis can influence bone-related diseases
lies in the immune sensitivity of skeletal tissues. Bone is
continuously remodeled through tightly coordinated interactions
among osteoclasts, osteoblasts, stromal cells, and immune cells**.
Disturbances in this network can shift skeletal homeostasis toward
excessive resorption, impaired formation, inflammatory erosion, or
maladaptive remodeling. Osteoimmunity therefore provides the
downstream vulnerability framework through which microbial
perturbations may be translated into skeletal pathology™.
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Within this framework, oral-gut dysbiosis may influence bone
by altering inflammatory thresholds, immune-cell polarization,
osteoclastogenic programming, and the balance between bone
resorption and bone formation. The specific phenotype that
emerges is likely to depend on disease context and the pathways
engaged. In inflammatory arthritis, autoimmune amplification and
bone erosion may predominate; in osteoarthritis, low-grade
inflammation and maladaptive joint remodeling may become more
prominent; and in osteoporosis-related settings, altered osteoclast—
osteoblast balance may represent the dominant consequence. Taken
together, these observations suggest that the oral-gut-bone axis
should not be viewed simply as a question of microbial presence or
absence. Rather, it reflects a broader biological process in which oral
ecological disruption, gut remodeling, barrier dysfunction, and
osteoimmune susceptibility interact to determine whether microbial
perturbation is translated into bone-related pathology.

3 Core mechanistic pathways linking the oral-
gut axis to bone-related diseases

3.1 Metabolite-centered osteoimmune regulation

One of the clearest mechanistic advances in this field is the
recognition that the oral-gut-bone axis is mediated not only by
shifts in microbial composition, but also by changes in microbiota-
derived metabolites. These metabolites function as biologically
active intermediates between ecological disruption and skeletal
pathology by modulating immune tone, osteoclast differentiation,
osteoblast maturation, and tissue remodeling"’. Accordingly,
dysbiosis may promote bone-related disease not only through
pathobiont expansion, but also through the depletion or rewiring of
protective metabolite-producing networks.

3.1.1 Short-chain fatty acids and related metabolites

Short-chain fatty acids are important mediators linking gut
microbial metabolism, immune regulation, and bone homeostasis.
Butyrate can regulate intestinal barrier function and multiple
immune-cell populations through G-protein-coupled receptor
signaling and histone deacetylase inhibition. A classic animal
study further showed that butyrate promotes regulatory T-cell
expansion and enhances expression of the osteogenic factor
WNT10B in bone-marrow CD8" T cells, thereby promoting bone
formation™.

In rheumatoid arthritis, untreated patients exhibit depletion of
butyrate-producing bacteria together with expansion of butyrate-
consuming species, alterations associated with ACPA positivity,
disease activity, joint deformity, and bone erosion. Cell and animal
studies further indicate that butyrate promotes Treg differentiation,
suppresses inflammatory T-cell and antibody responses, and
inhibits osteoclast formation, thereby attenuating experimental
arthritis and bone destruction™. However, the corresponding
patient evidence remains predominantly observational.

Recent osteoporosis-related ~ studies further extend this
mechanism. Lactobacillus acidophilus or butyrate intervention can
improve intestinal barrier function, reduce B-cell RANKL and
osteoclast RANK expression, and suppress osteoclastogenesis and
bone resorption®. Colon-targeted butyrate postbiotic delivery has
also been shown to reduce proinflammatory macrophage activation
and systemic inflammation and to restore osteoblast-osteoclast
balance. Together, these findings suggest that butyrate may
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influence bone remodeling through both gut barrier-immune-
osteoclast and Treg-CD8* T-cel-WNT10B pathways, although
direct intervention evidence remains largely preclinical. A related
metabolite-centered mechanism has been reported for valeric acid.
In osteoporosis-related studies, Bacteroides vulgatus has been
inversely associated with bone mineral density, whereas valeric acid
has been associated with better skeletal health. Experimental
evidence further indicates that valeric acid suppresses osteoclast
differentiation and promotes osteoblast maturation, suggesting that
microbial organic acids may regulate both bone resorption and
formation™.

3.1.2  Tryptophan-derived indoles

Tryptophan metabolism has emerged as another major signaling
hub linking microbial dysbiosis to skeletal pathology. In
ovariectomized mice, periodontitis-associated salivary microbiota
suppressed intestinal tryptophan metabolism, and indole-3-lactic
acid (ILA) was identified as a key protective metabolite in this
setting.  Importantly, —ILA  supplementation  attenuated
osteoclastogenesis and mitigated bone loss, indicating that altered
indole metabolism is functionally involved in microbiota-driven
skeletal pathology. Recent work has broadened this framework by
showing that indole-3-acetic acid (IAA), another indole metabolite
generated by the gut microbiota, exerts protective effects on bone in
osteoporosis. In an ovariectomy-induced bone loss model, gut
microbial alteration was accompanied by reduced serum IAA levels,
and IAA abundance was positively associated with both bone mass
and Lactobacillus enrichment. Mechanistically, IAA suppressed
RANKL-induced PI3K-AKT signaling and reactive oxygen species
(ROS) generation, reduced NFATcl nuclear translocation, and
ultimately  inhibited osteoclast differentiation and bone
resorption. Consistently, in vivo IAA supplementation alleviated
ovariectomy-induced bone loss, supporting a direct functional role
for tryptophan-derived indoles in restraining osteoclastogenic
remodeling.

The relevance of indole signaling is further strengthened by
recent work on indole-3-propionic acid (IPA). Although this
evidence was generated outside bone-specific models, IPA has been
shown to enhance mitochondrial respiration in CD4" T cells,
promote fatty acid and amino acid oxidation, and inhibit the
differentiation of pathogenic Thl and Th17 cells via a PPARP/S-
dependent mechanism®. These findings provide a plausible
mechanistic framework through which tryptophan-derived indoles
could reshape osteoimmunity by altering immune-cell metabolism
rather than by acting directly on bone cells alone.

Taken together, current evidence suggests that depletion or
rewiring of indole-producing pathways may represent a convergent
mechanism by which oral-gut dysbiosis is translated into systemic
inflammatory and osteoclastogenic vulnerability.

3.1.3 Bile acid derivatives and endocrine relay signaling

Bile acids are increasingly recognized as host-microbiota co-
metabolites whose signaling properties are jointly shaped by
microbial transformation and host counter-regulation, making
them well suited to relay gut ecological changes into systemic
metabolic and endocrine responses®. Microbiota-derived skeletal
signals do not always act directly on immune or bone cells. In
osteoarthritis, an important alternative mechanism involves
endocrine relay signaling. Recent work identified reduced
glycoursodeoxycholic acid (GUDCA) as a feature of osteoarthritis
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and showed that modulation of the gut microbiota-GUDCA-
intestinal FXR axis alters GLP-1 release from intestinal L cells, with
downstream protection in joint tissues. This is mechanistically
important because it demonstrates that gut-derived metabolites can
influence distal skeletal pathology through an intermediate
gut-endocrine pathway rather than through direct microbial
dissemination or classical inflammatory spread alone''.

A conceptually related mechanism has also been reported
outside bone-specific models. In obesity-prone individuals, gut
microbiota-driven remodeling of the bile acid pool was associated
with depletion of glycodeoxycholic acid (GDCA), and gut microbial
transfer was sufficient to recreate bile acid imbalance together with
systemic physiologic disturbance. Mechanistically, GDCA activated
TGR5 signaling, enhanced brown adipose thermogenesis, and
stimulated ileal GLP-1 secretion, providing independent support for
the idea that dysbiosis-associated bile acid remodeling can be
transduced through an intestinal receptor-endocrine relay rather
than by direct microbial spread alone™. Further support comes
from an environmentally triggered metabolic model in which 4-
hydroxyphenanthrene reduced Bacteroides uniformis and HDCA,
activated intestinal FXR-neurotensin signaling, and exacerbated
obesity”. More broadly, this pathway expands the mechanistic
repertoire of the oral-gut-bone axis by showing that dysbiosis-
associated metabolic changes may be relayed through intestinal
receptors and circulating hormones to influence remote skeletal
tissues.

3.2 Barrier dysfunction, innate immune activation, and
inflammatory amplification

In parallel with metabolite-centered signaling, the oral-gut-bone
axis may also promote skeletal pathology through barrier
dysfunction and inflammatory amplification. This mechanism is
particularly relevant in settings where dysbiosis is associated with
increased intestinal permeability, systemic exposure to microbial
products, and sustained low-grade inflammation. Rather than
depending on a single organism or metabolite, this pathway reflects
a broader loss of compartmentalization between host tissues and
microbial signals. Conceptually, this framework is consistent with
broader gut-organ axis biology, in which barrier failure facilitates
translocation of microbial products and amplifies distal tissue
injury.

By contrast, when mucosal barrier integrity is preserved, oral
microorganisms appear to have limited capacity to establish stable
colonization in the gut. Consistent with this, Etienne-Mesmin et al.
showed in an in vitro gut simulation system that artificial
inoculation with oral microbiota had minimal effects on microbial
composition in both luminal and mucosal compartments,
supporting the view that an intact mucosal barrier strongly restricts
the persistence and ecological impact of oral microbes within the
intestinal environment™.

The clearest skeletal evidence for this barrier-based mechanism
comes from osteoarthritis. Fecal microbiota transplantation from
metabolically compromised human donors into germ-free mice
increased gut permeability, elevated systemic inflammatory
mediators, and aggravated post-traumatic osteoarthritis, supporting
a two-hit model in which dysbiosis first establishes a permissive
inflammatory state and subsequent joint injury then amplifies tissue
damage™. In this framework, microbial disturbance does not need
to directly colonize the joint to worsen disease; it is sufficient to
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lower the threshold at which local injury becomes pathologic.

This inflammatory-amplification model is likely relevant beyond
osteoarthritis. Increased barrier permeability may facilitate systemic
exposure to microbial products that promote osteoclastogenic
cytokine production, alter immune-cell polarization, and sustain a
pro-resorptive inflammatory milieu®. Barrier dysfunction should
therefore be viewed as a major mechanistic architecture of the
oral-gut-bone axis, operating in parallel with, and often
reinforcing, metabolite-centered signaling.

3.3 Oral-derived microbial signals and systemic

osteoclastogenesis

A third key pathway is the transmission of pathogenic signals from
the oral cavity itself. Detailed evidence for oral-to-gut transmission
is summarized in Section 2.2; this subsection focuses on oral-
derived signals and downstream osteoclastogenesis. This
mechanism is especially important because it positions oral
dysbiosis as an upstream ecological disturbance rather than merely
a secondary reflection of systemic disease. The broader conceptual
basis for this pathway comes from rheumatoid arthritis, in which
both oral and gut microbiomes are perturbed and may be partially
normalized after treatment™, and from recent reviews and human
investigations examining the potential roles of oral pathobionts
such as  Porphyromonas gingivalis and  Aggregatibacter
actinomycetemcomitans in autoantigen generation and immune
priming”™. This treatment responsiveness is further supported by
a prospective cohort study showing that methotrexate and non-
surgical periodontal treatment were associated with changes in the
composition and richness of the oral-gut microbiota in rheumatoid
arthritis™.

More direct evidence for oral-to-systemic skeletal transmission
comes from salivary microbiota transfer experiments. In
ovariectomized mice, salivary communities derived from
periodontitis donors exacerbated bone loss and induced
downstream gut ecological change, supporting the concept of an
oral-gut cascade initiated by oral dysbiosis®. In this setting, the key
point is that the oral cavity itself can function as an upstream
ecological trigger of systemic skeletal vulnerability.

Local periodontal inflammation also provides a related example
of the same principle. Even when the skeletal phenotype is
anatomically local, oral dysbiosis can drive inflammatory activation,
reshape host-microbe equilibrium, and favor osteoclastogenic
tissue remodeling. Consistent with this, recent work showed that
P. gingivalis LPS suppresses the Sema3A/Nrpl axis via TLR-4,
thereby enhancing osteoclastogenesis while impairing osteoblast
differentiation; in vivo, Sema3A administration attenuated P-LPS-
induced inflammatory osteolysis®. This supports the broader view
that the oral cavity is not merely a source of biomarkers or
opportunistic pathogens, but a biologically active upstream niche
capable of initiating mechanistic cascades with distal skeletal
consequences. Beyond whole bacteria and soluble microbial
components, oral bacterial extracellular vesicles (EVs) may provide
an additional route of host-microbial signaling. In vitro, EVs
derived from P. gingivalis, Tannerella forsythia, and Streptococcus
oralis preferentially activated TLR2 signaling in osteoclast
precursors, increased osteoclastogenic cytokines including TNF-q,
IL-6, and IL-1PB, and promoted osteoclast differentiation, whereas
EVs from Lactobacillus reuteri did not show comparable effects™.
These findings suggest that oral bacterial EVs may contribute to
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inflammatory bone resorption and could potentially serve as distal
microbial signaling carriers. However, their in vivo distribution and
effects on systemic bone remodeling remain to be established.

4 Disease-specific evidence

Although rheumatoid arthritis, osteoarthritis, and osteoporosis may
share upstream disturbances such as oral dysbiosis, gut microbial
remodeling, barrier dysfunction, and altered microbial metabolism,
these common perturbations are translated into distinct skeletal
outcomes in different disease contexts. In RA, disease specificity is
primarily reflected by mucosal immune priming, modified self-
antigen formation, autoantibody-related immune amplification,
and inflammatory bone erosion. In OA, microbiome-associated
inflammatory and metabolic susceptibility interacts with local
mechanical joint injury and gut-derived endocrine signaling to
promote maladaptive cartilage and subchondral bone remodeling.
In OP, altered microbial metabolic signaling acts within susceptible
host contexts, including estrogen deficiency and aging, to disrupt
osteoclast-osteoblast coupling and promote systemic bone loss.
Thus, shared upstream ecological disturbances do not necessarily
imply uniform downstream skeletal pathology. Because the
underlying molecular mechanisms are discussed in detail in Section
3, the following disease-specific subsections focus primarily on
disease-level evidence, dominant skeletal phenotypes, and the
relevance of these pathways in each disease context, with cross-
references to the corresponding mechanistic sections where
appropriate (Fig. 2).

4.1 Rheumatoid arthritis

Rheumatoid arthritis is a chronic autoimmune inflammatory
disorder in which mucosal immune dysregulation, synovial
inflammation, and bone erosion are central pathological features”.
It also represents a prototypical disease model linking the oral-gut
axis to skeletal pathology. Evidence in rheumatoid arthritis spans
multiple levels, including coordinated alterations in oral and gut
microbial communities, functional microbial dysregulation, and
associations with autoantibody generation™. The established
association between HLA-DRBI and rheumatoid arthritis further
suggests that aberrant T-cell selection may be a critical contributor
to the development of autoreactivity”™. Notably, microbial DNA
assignable to genera such as Porphyromonas, Prevotella,
Fusobacterium has been identified in the serum and synovial
compartment of patients with rheumatoid arthritis®. Unlike OA
and OP, the disease-specific relevance of microbiome perturbation
in RA lies particularly in its coupling to the autoimmune network,
including modified self-antigens, autoantibody-related immune
amplification, and inflammatory osteoclastogenesis, ultimately
converging on inflammatory bone erosion.

One of the most influential observations in this field is that both
the oral and gut microbiomes are altered in rheumatoid arthritis
and may be partially normalized after treatment®. In particular,
expansion of Prevotella—especially Prevotella copri—together with
depletion of Bacteroides has emerged as a recurrent microbial
signature, particularly in preclinical and new-onset untreated RA,
although substantial geographic heterogeneity exists™*. This
pattern supports the concept that RA is associated with a multisite
mucosal microbial signature rather than isolated compartment-
specific dysbiosis. Importantly, such microbial alterations may be
particularly informative in the preclinical and early untreated stages
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Disease-specific divergence from a shared oral-gut-bone axis

Cytokines

Barrier
dysfunction

Autoantibody
generation

SCFAs indoles
valeric acid

(TNF-a, IL-1B, IL-17)

Metabolite
alteration

Osteoclast 1/
Osteoblast |

Systemic
inflammation

Bone matrix
degradation

Figure2 A shared oral-gut-bone framework may be associated with distinct skeletal phenotypes through disease-specific downstream mechanisms. Oral dysbiosis may
influence gut microbial remodeling, barrier function, and metabolite profiles, but the dominant skeletal outcome varies by disease context. In rheumatoid arthritis,
mucosal immune priming, autoantibody-related pathways, Th17 polarization, and inflammatory cytokines may contribute to inflammatory bone erosion. In
osteoarthritis, barrier dysfunction, systemic inflammation, and gut-derived endocrine signaling may contribute to degenerative joint remodeling. In osteoporosis, depletion
of protective microbial metabolites has been linked to osteoclast-osteoblast imbalance and may contribute to systemic bone loss. The figure is conceptual; the direction
and strength of these relationships vary across diseases and study types, and the arrows do not imply established causality in humans.

of disease, before they are substantially modified by systemic
inflammation or pharmacologic therapy™. Moreover, these
changes extend beyond taxonomic shifts to functional alterations
involving redox balance and the metabolism of iron, sulfur, zinc,
and arginine, suggesting that microbial function may be as
important as microbial composition in RA pathogenesis™.

The oral microbiome has been implicated in rheumatoid arthritis
through mechanisms related to modified self-antigen generation
and immune priming™”. Porphyromonas gingivalis remains of
particular interest because its peptidylarginine deiminase (PPAD)
can directly catalyze protein citrullination, providing a biologically
plausible route through which periodontal dysbiosis may increase
the burden of citrullinated antigens associated with ACPA
responses”"*!, Recent studies and reviews continue to support this
mechanistic link, although the strength and specificity of the
corresponding associations in human RA remain heterogeneous.

By contrast, Aggregatibacter actinomycetemcomitans appears to
increase the modified-antigen burden indirectly rather than
through a bacterial PAD. Its pore-forming leukotoxin A (LtxA)
increases neutrophil membrane permeability and extracellular
Ca* influx, leading to aberrant activation of host PADs, widespread
hypercitrullination, cell death, and release of citrullinated
proteins™*.. However, recent human evidence has not been fully
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consistent: associations between anti-LtxA responses and
progression to arthritis have differed across independent at-risk
cohorts, and recent studies have not demonstrated a stable
relationship between salivary carriage of A. actinomycetemcomitans
and RA-related clinical or serological features™. Thus, LtxA-
mediated hypercitrullination has a well-defined experimental basis
but is more appropriately regarded as a potential autoantigen-
generating mechanism operating in a subset of susceptible
individuals rather than as a universally established pathway in RA.

Altered butyrate metabolism is also associated with the RA
phenotype. Depletion of butyrate-producing taxa together with
expansion of butyrate-consuming species has been associated with
autoantibody production, disease activity, joint deformity, and
structural bone damage™. The immunoregulatory and anti-
osteoclastogenic actions of butyrate are discussed in detail in
Section 3.1.1 and are therefore not repeated here.

Collectively, the available evidence supports a model in which
rheumatoid arthritis arises, at least in part, from coordinated
mucosal dysbiosis involving both the oral cavity and the gut,
followed by immune priming, autoantibody amplification, and
metabolite-dependent osteoimmune imbalance. Among the skeletal
disorders discussed here, rheumatoid arthritis remains the most
mechanistically developed example of microbiota-associated
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inflammatory bone damage.

4.2 Osteoarthritis

Osteoarthritis has traditionally been viewed as a degenerative joint
disorder driven primarily by aging, biomechanics, and cartilage
wear™. However, recent studies indicate that osteoarthritis can also
be interpreted within an oral-gut-bone framework, particularly
through mechanisms involving low-grade systemic inflammation,
barrier dysfunction, and metabolite-dependent endocrine
signaling"*.

Experimental evidence supports this two-hit model. Fecal
microbiota transplantation from metabolically compromised
human donors into germ-free mice increased intestinal
permeability and systemic inflammatory mediators and aggravated
post-traumatic osteoarthritis, suggesting that a microbiome-
associated inflammatory state can amplify the consequences of local
joint injury®. Separately, recent work identified reduced
glycoursodeoxycholic acid as a feature of osteoarthritis and showed
that experimental modulation of the gut microbiota-GUDCA-
intestinal FXR-GLP-1 axis protected joint tissues, providing an
endocrine route through which gut microbial metabolism may
influence disease progression. These studies support a gut—joint
contribution to osteoarthritis but do not by themselves establish an
upstream role for oral dysbiosis.

Microbiota-targeted interventions provide additional disease-
specific support. In preclinical models, oral administration of live or
inactivated Clostridium butyricum GKB7 reduced pain-related
behaviors, structural damage, and inflammatory mediators, whereas
fermented GKB7 inhibited the progression of anterior cruciate
ligament transection-induced osteoarthritis"*. At the clinical
level, a systematic review and meta-analysis of randomized
intervention studies suggested that the effects of probiotics on
osteoarthritis-related pain and inflaimmation may be strain
dependent; however, the evidence remains limited by the small
number of available studies and potential risk of bias"”.

Taken together, current findings suggest that microbiome-related
inflammatory, metabolic, and endocrine signals may modify
osteoarthritis progression by interacting with established
mechanical and age-related drivers. Nevertheless, most available
evidence remains gut focused and preclinical. Direct evidence
demonstrating that oral dysbiosis initiates an integrated
oral-gut-bone pathway in human osteoarthritis is still limited.

4.3 Osteoporosis and systemic bone loss

In contrast to the inflammatory bone erosion of RA and the
localized maladaptive joint remodeling of OA, the disease-specific
skeletal phenotype of OP is generalized disruption of bone turnover
and microarchitecture. Microbiome-related metabolic alterations
may contribute to osteoclast-osteoblast uncoupling within
susceptible host contexts, including estrogen deficiency and aging,
thereby favoring systemic loss of bone mass and structural
integrity"***. Within this framework, microbiome-related signals in
OP are most relevant to the regulation of whole-body bone
remodeling rather than autoimmune or mechanically driven joint
damage.

Experimental studies provide several lines of evidence linking
microbiome-related alterations to systemic bone turnover. The
Bacteroides vulgatus—valerate axis has been associated with bone
mineral density and bone remodeling®’, while salivary microbiota
transfer and periodontitis-associated microbiota/FEMT models
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support a potential oral-gut contribution to systemic bone loss®.
The detailed valerate, tryptophan/ILA, barrier-related, and oral-
derived microbial mechanisms are discussed in Sections 3.1.1, 3.1.2,
3.2, and 3.3, respectively, and are therefore not repeated here.

Human data further strengthen this model. Population-based
studies have linked the fecal microbiome to bone density, structure,
and strength, supporting the clinical relevance of these experimental
observations". In addition, genetically informed analyses suggest
that at least part of the microbiota-bone relationship may reflect
causal biology rather than purely associative variation"”. Although
these studies do not yet establish a complete oral-gut-bone
pathway in humans, they provide an important bridge between
experimental mechanism and population-level skeletal phenotypes.

Taken together, these observations suggest that osteoporosis and
systemic bone loss represent particularly strong examples of how
metabolite deficiency and metabolic rewiring can be translated into
structural skeletal outcomes within the broader oral-gut-bone
framework.

4.4 Emerging skeletal contexts

Compared with rheumatoid arthritis, osteoarthritis, and
osteoporosis, the role of the oral-gut axis in other skeletal settings
remains less well defined. Emerging evidence is particularly relevant
to osteomyelitis, bone repair and regeneration, and age-related
skeletal decline, although a complete oral-gut-bone pathway has
not yet been established in these contexts.

In osteomyelitis, current evidence primarily supports a
relationship between oral microbial disturbances and skeletal
infection. Studies of chronic osteomyelitis of the jaw have identified
polymicrobial communities containing oral-associated anaerobes,
including ~ Actinomyces,  Fusobacterium,  Tannerella, and
Porphyromonas species"™'"™. Salivary metagenomic profiling has
further identified disease-associated oral microbial signatures in
chronic bacterial osteomyelitis". At distant skeletal sites, clinical
reports have documented osteomyelitis caused by oral anaerobes in
patients with periodontal infection or following dental procedures,
suggesting that disruption of the oral barrier may occasionally
permit hematogenous dissemination to bone''™. Of particular
relevance to the oral-gut framework, concurrent alterations in both
oral and fecal microbiota have been reported in chronic recurrent
multifocal osteomyelitis'?. However, these observations do not
establish directional oral-to-gut transmission or demonstrate that
oral dysbiosis is a general causal driver of osteomyelitis.

Microbiome-related evidence is also emerging in bone repair and
regeneration. Longitudinal studies of mandibular bone defects and
jaw lesions have shown dynamic changes in oral microbial
communities during healing, with early microbial features
associated with subsequent bone-regeneration outcomes"*".
Mechanistic studies further indicate that Porphyromonas gingivalis-
derived outer membrane vesicles can impair osteogenic
differentiation and bone regeneration, while experimental oral
exposure to P. gingivalis has been shown to reduce new bone
formation in femoral cortical defects"”". In parallel, fracture
models support a gut-bone immune component: Dar et al. showed
that fracture increases gut permeability and promotes recruitment
of microbe-induced intestinal Th17 cells to the fracture callus,
where they contribute to repair. Together, these findings support
separate oral-bone and gut-bone contributions to skeletal healing,
although studies simultaneously tracking oral microbiota, gut
microbiota, and fracture outcomes remain lacking.
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Age-related skeletal change represents another emerging context
in which oral microbial ecology may interact with host
susceptibility to bone loss. Aging is accompanied by
immunosenescence, chronic low-grade inflammation, mucosal
barrier dysfunction, and microbial remodeling. Recent systematic
reviews indicate age-associated changes in oral microbial
composition, although substantial heterogeneity related to oral
hygiene, tooth loss, comorbidities, medications, diet, and lifestyle
precludes definition of a wuniversal “aging-associated oral
microbiome™"!, In aged mice, altered oral microbial ecology and
succinate-SUCNRI signaling have been linked to periodontal
inflammation and alveolar bone loss, while aging also increases
susceptibility to Porphyromonas gingivalis-induced inflammatory
bone resorption"?*. Human studies further associate baseline
subgingival microbial profiles with subsequent alveolar bone loss
and report differences in salivary and plaque microbiota across
postmenopausal women with different bone-mass states™™!.
However, evidence linking the oral microbiome specifically to
systemic age-related skeletal loss remains preliminary and largely
associative.

Overall, osteomyelitis, bone repair, and age-related skeletal
change should currently be regarded as emerging rather than
established manifestations of the oral-gut-bone axis. The available
literature provides evidence for oral-bone or gut-bone
relationships in these settings, but direct longitudinal or
experimental demonstration of an integrated oral-gut-bone
pathway remains limited. Their inclusion therefore serves to define
potential extensions of the framework while highlighting important
areas requiring paired oral-gut sampling and mechanistic
validation. Taken together, the major mechanistic pathways linking
the oral-gut-bone axis to skeletal disease, along with their disease
relevance and representative evidence, are summarized in Table 1.

5 Translational implications and therapeutic
prospects

5.1 Microbiota-derived metabolites as therapeutic entry
points

Among the translational opportunities arising from the
oral-gut-bone axis, microbiota-derived metabolites are among the
most mechanistically tractable’. Across multiple skeletal disease
settings, metabolites repeatedly emerge as functional intermediates
linking ecological disruption to osteoimmune imbalance, making
them attractive therapeutic targets because they are chemically
definable, biologically measurable, and potentially easier to
manipulate than whole microbial communities. This principle is
supported by convergent evidence from rheumatoid arthritis,
osteoarthritis, and osteoporosis-related models.

Short-chain fatty acids and related organic acids illustrate this
concept clearly. In rheumatoid arthritis, altered butyrate-related
microbial function has been linked to autoantibody production,
bone erosion, and disease severity, supporting a direct connection
between microbial metabolism and inflammatory skeletal
damage™. In osteoporosis-related settings, valeric acid has been
shown to suppress osteoclast differentiation and promote osteoblast
maturation, indicating that restoration of specific metabolite pools
may directly influence bone turnover®".

Tryptophan-derived indoles represent another promising class of
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intermediates, particularly in models in which oral dysbiosis
reshapes gut metabolism and downstream osteoimmune
responses”. Bile acid derivatives further broaden this framework by
showing that gut microbial metabolism may influence distal skeletal
tissues through endocrine-like signaling pathways rather than
through direct microbial dissemination alone'. Collectively, these
findings suggest that restoring protective metabolite signaling may
represent one of the most feasible and biologically grounded
translational strategies in microbiome-related skeletal disease.

5.2 Microbiota-targeted intervention and

restoration

ecosystem

A second translational strategy is to intervene more directly at the
level of the microbial ecosystem. This includes probiotics, next-
generation commensals, strain-based therapeutics, and, in
experimental contexts, microbiota transfer approaches™. Such
strategies are particularly compelling when specific organisms or
microbial networks can be linked to disease-relevant metabolic or
immunological functions"”. More broadly, these approaches align
with the emerging shift in microbiome therapeutics from relatively
untargeted ecological modulation toward more precise restoration
of beneficial taxa and functions, although standardization, safety,
and durable engraftment remain important translational
challenges"*".

At the same time, recent studies indicate that effective microbiota-
based therapy may need to move beyond empirical probiotic
supplementation toward functionally informed ecosystem
restoration’™"™. Beneficial skeletal effects may depend not simply
on the addition of individual taxa, but on re-establishing
cooperative microbial networks that sustain protective metabolite
production and immune homeostasis™". This perspective is equally
relevant at the oral level, where stabilization of oral biofilms,
suppression of keystone pathobionts, and preservation of beneficial
oral microbial functions may provide upstream leverage over
downstream skeletal pathology. Dietary manipulation, exercise, and
restoration of intestinal barrier integrity may likewise be viewed as
microbiota-oriented interventions, as each can reshape gut
microbial composition, host inflammatory tone, or both!"*>"**.

Emerging preclinical studies show that microbiota-targeted
interventions can restore intestinal barrier function, remodel gut
microbial communities, and induce systemic immune regulation.
In experimental rheumatoid arthritis, combining microbiome-
directed therapy with local anti-inflammatory treatment can
suppress inflammatory pathways and preserve bone and cartilage
integrity, highlighting the translational potential of integrated
systemic and local strategies™*".

5.3 Targeting host pathways downstream of microbial
signals

An additional and potentially more druggable translational route is
to target host pathways that interpret microbial signals™. This
strategy is attractive because host receptors and downstream
signaling nodes are often more pharmacologically accessible and
easier to standardize than microbiome-based interventions
themselves.

Secondary bile acids can enter systemic circulation and signal
through host receptors such as FXR and TGR5, providing a
plausible route by which gut microbial metabolism affects distal
tissues through endocrine-like mechanisms™**. Specifically, the
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Table 1 Representative evidence for pathways potentially linking the oral-gut—bone axis to skeletal disease.

Major pathway Key mediators/processes Main effects

Disease relevance Representative evidence

Impaired immune regulation;
enhanced osteoclastogenic
potential; increased
inflammatory bone damage

Butyrate-producing taxa|;
altered butyrate
metabolism

Metabolite-centered
osteoimmune regulation

Suppresses osteoclast
differentiation and promotes
osteoblast maturation

Metabolite-centered

. X Valeric acid
osteoimmune regulation

Reduced protective indole
signaling; enhanced
osteoclastogenesis; aggravated
bone loss

Metabolite-centered
osteoimmune regulation

Tryptophan metabolism
suppression; ILA |

Enhances mitochondrial

IPA; PPAR-dependent T X
respiration and restrains

Metabolite-centered

. - immunometabolic .
osteoimmune regulation signalin pathogenic inflammatory
& 8 differentiation
. TAA|; PI3K- Inhibits osteoclast
Metabolite-centered R G§/NFATC1  differentiation and bone
osteoimmune regulation R . .
signaling resorption

Metabolite-centered
osteoimmune regulation

GUDCA |; intestinal FXR; Relays gut-derived metabolic
GLP-1 axis signals to distal joint tissues

FMT from metabolically
compromised donors;
low-grade systemic
inflammation; “two-hit”
model

Systemic inflammatory
priming and amplification of
local joint injury

Barrier dysfunction and
inflammatory amplification

Gut barrier disruption and
microbiota-dependent
impairment of systemic bone
homeostasis

Periodontitis-induced gut
dysbiosis; intestinal
permeabilityt; FMT-
supported gut causality

Barrier dysfunction and
inflammatory amplification

Enhances osteoclastogenesis
and impairs osteoblast
differentiation

Oral-derived upstream
microbial triggers

P. gingivalis LPS; TLR-4;
Sema3A/Nrpl axis

Porphyromonas gingivalis;
Aggregatibacter
actinomycetemcomitans;
immune priming;
autoantigen-related
mechanisms

Mucosal immune activation;
Oral-derived upstream autoantibody-related
microbial triggers

drive

Osteoporosis/systemic

Osteoporosis/systemic

amplification; osteoclastogenic

Depletion of butyrate-producing organisms,
together with expansion of butyrate-
metabolizing species, has been linked to
autoantibody production, inflammatory
activity, and bone erosion[59].

Rheumatoid arthritis

Valeric acid is positively associated with
skeletal health and experimentally inhibits
osteoclastogenesis while promoting osteoblast
maturation[21].

bone loss

Periodontitis-associated salivary microbiota
suppresses intestinal tryptophan metabolism,
reduces ILA availability, and worsens bone

bone loss loss; ILA supplementation partially rescues
this phenotypel[5].
Mechanistic In a non-skeletal experimental model, IPA

enhanced mitochondrial metabolism and
restrained pathogenic Th1/Th17
differentiation; its relevance to skeletal disease
remains to be established[63].

plausibility (non-
skeletal experimental
model)

Gut microbial alteration in ovariectomy-
induced bone loss is accompanied by reduced
serum IAA; TAA suppresses RANKL-induced

PI3K-AKT signaling, ROS generation, and
NFATCcI nuclear translocation, thereby
alleviating osteoclastogenic remodeling and
bone loss[62].

Reduced GUDCA was identified as a feature of
osteoarthritis, whereas experimental
modulation of the gut
microbiota-GUDCA-intestinal FXR-GLP-1
axis provided downstream joint
protection[65].

Osteoporosis/systemic
bone loss

Osteoarthritis

FMT from metabolically compromised donors
increases gut permeability, elevates
inflammatory mediators, and aggravates post-
traumatic osteoarthritis[23].

Osteoarthritis

Periodontitis induces gut microbial dysbiosis
and increased intestinal permeability in

Osteoporosis/systemic ApoE "/~ mice, while fecal microbiota

bone loss transplantation supports a causal role for the
gut microbiota in systemic bone homeostasis
disruption[105].
. P. gingivalis LPS suppresses the Sema3A/Nrpl
inﬂ:)r;rr:jtg?;allone axis via TLR-4, thereby enhancing
loss/oral skeletal osteoclastogenesis while impairing osteoblast
remodeling differentiation; Sema3A attenuates

inflammatory osteolysis in vivo[6].

P. gingivalis PPAD and A.
actinomycetemcomitans LtxA-mediated host
hypercitrullination provide experimentally
supported autoantigen-related mechanisms,
although recent human studies report
heterogeneous associations[93-98].

Rheumatoid arthritis

clearest current example is the FXR-GLP-1 axis in osteoarthritis.
Recent work has shown that gut microbial metabolism alters bile
acid composition, that GUDCA-related signaling modulates
intestinal FXR activity, and that this pathway influences GLP-1
release and downstream joint protection. These findings identify
several plausible intervention points, including bile acid
supplementation, FXR modulation, and GLP-1-based strategies™".
Similarly, microbiota-derived metabolites may act through host
immunometabolic sensors to reshape inflaimmatory differentiation
and tissue vulnerability. More broadly, these observations indicate
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that translational leverage may be achieved not only by modifying
microbial communities, but also by targeting the host signaling
circuits through which microbial perturbation is converted into
skeletal pathology. In diseases shaped by multiple interacting
mechanisms, host-pathway targeting may offer a particularly
practical route when microbiome-based strategies remain difficult
to standardize.

54 Biomarkers and mechanism-guided stratification

Beyond therapeutic intervention, the oral-gut-bone axis also
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provides a framework for developing clinically relevant biomarkers
for disease risk, progression, and treatment response. Oral and fecal
microbiota are attractive candidate sources because they are
relatively accessible, whereas circulating metabolites may provide
functionally informative readouts of microbial activity™*™¥\
Integrated profiling of oral and gut microbial communities together
with blood-borne metabolic signals may therefore improve patient
stratification and help identify biologically distinct skeletal disease
subsets™.

At present, however, translation into clinically useful biomarkers
remains challenging. Cohort heterogeneity, compartment-specific
sampling, analytical inconsistency, and the influence of diet,
medication use, age, oral hygiene, and systemic comorbidity all
complicate interpretation™. For this reason, function-based
biomarkers are likely to prove more robust than taxa-based
classifiers alone™'. Metabolite profiles and pathway-level
signatures may provide more stable and biologically meaningful
indicators than species-level abundance measures, particularly in
complex diseases in which microbial function matters more than
taxonomic composition per se.

More broadly, these considerations support a shift from generic
microbiome correction toward mechanism-guided stratification.
The skeletal consequences of a given microbial perturbation are
likely to depend on host genetics, age, menopausal status, immune
tone, metabolic background, and disease-specific tissue context’*"*.
Future translational strategies will therefore need to align
interventions with dominant biological mechanisms rather than
diagnosis alone. Although routine clinical implementation remains
premature, the current evidence already points toward a more
precise and mechanism-informed model of microbiome-based
intervention in skeletal disease.

5.5 Translational bottlenecks and

clinical implementation

requirements for

Despite the therapeutic potential of probiotics, live biotherapeutic
products, and microbiota-derived metabolites, their clinical
translation remains constrained by challenges related to
standardization, safety, durable engraftment, and population
heterogeneity. Microbial interventions are often highly strain- and
formulation-specific, ~ requiring  strain-level  identification,
assessment of genetic stability, potential virulence, and
antimicrobial-resistance determinants, together with standardized
criteria for viable-cell counts, purity, functional potency, batch-to-
batch consistency, and storage stability. For multi-strain
formulations, the relative abundance and potential interactions
among constituent strains should also be defined. In addition,
manufacturing and regulatory requirements for microbiome-based
therapeutics remain incompletely harmonized across regions"*"*.
Safety assessment is particularly important in older adults,
immunocompromised individuals, and patients with impaired
mucosal barrier function. Although probiotics are generally
considered  well tolerated, probiotic-associated  microbial
translocation and bloodstream infection have been reported in
susceptible patients. Clinical evaluation should therefore extend
beyond common adverse events to include opportunistic infection,
dissemination of antimicrobial-resistance determinants, and
potential long-term ecological disturbance". Durable engraftment
represents an additional challenge because persistence of
administered strains is influenced by the resident microbiota, diet,
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medication exposure, and the local ecological environment. Short-
term detection of a therapeutic strain in fecal samples should not be
equated with stable colonization, and persistent colonization does
not necessarily indicate sustained functional activity. Future studies
should therefore evaluate strain persistence together with
metabolite output and relevant host-pathway responses!***'.

Population heterogeneity may further contribute to variable
therapeutic responses. Age, sex, menopausal status, diet, oral
hygiene, baseline microbial composition, and concomitant
medications may all modify the effects of microbiome-directed
interventions. Clinical studies of probiotics in osteoarthritis have
used heterogeneous strains, treatment durations, and outcome
measures, and consistent therapeutic efficacy has not yet been
demonstrated across interventions”. These observations argue
against a one-size-fits-all approach and support mechanism-guided
patient stratification based on baseline microbial features,
metabolite profiles, and relevant host characteristics.

Microbiota-derived metabolites avoid the requirement for live
microbial engraftment but introduce a different set of translational
challenges. Rapid intestinal absorption, first-pass metabolism,
insufficient exposure of distal skeletal tissues, and dose-dependent
off-target effects may limit their therapeutic utility. Clinical
development will therefore require definition of pharmacokinetic—
pharmacodynamic relationships, effective doses, and therapeutic
windows, together with the evaluation of enteric, sustained-release,
or targeted-delivery strategies™. Collectively, standardized
products, risk-stratified safety assessment, longitudinal validation of
functional persistence, and mechanism-guided patient selection will
be essential prerequisites for translating microbiome-related skeletal
interventions into clinical practice.

6 Current limitations and future directions

6.1 Limited causal inference

Although interest in the oral-gut-bone axis has expanded rapidly,
most available evidence remains associative, particularly in human
studies'”. As a result, it remains difficult to determine whether
microbial alterations act as causal drivers, secondary consequences,
or context-dependent correlates of skeletal disease!™”. Future studies
should therefore place greater emphasis on reconstructing and
validating causal chains linking oral dysbiosis, gut remodeling,
systemic signaling changes, and skeletal outcomes. Future studies
should prioritize longitudinal cohorts with repeated oral, gut, blood,
and skeletal measurements to determine whether microbial
alterations precede changes in skeletal phenotypes. Mendelian
randomization, particularly bidirectional and multivariable
approaches, may complement observational studies by prioritizing
candidate microbial taxa, metabolites, and inflammatory mediators
with potential causal relevance. However, such genetic evidence
should be interpreted cautiously and subsequently validated in
controlled experimental models because current microbiome
GWAS remain limited by taxonomic resolution, population
ancestry, and potential pleiotropy*'"*.

6.2 Lack of multi-compartment integration

A major weakness of the current literature is the tendency to
examine oral microbiota, gut microbiota, circulating metabolites,
immune phenotypes, and skeletal traits in isolation. This
fragmented approach limits direct evaluation of cross-compartment
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biological interactions and weakens mechanistic interpretation of
the axis as an integrated system"*”. More importantly, the
limitation is not merely one of sampling breadth, but also of true
host-microbiome multi-omics integration, as the parallel collection
of microbial and host data alone is insufficient without systems-
level analytical frameworks. Current evidence suggests that
microbial alterations may propagate through metabolite-mediated
and host regulatory layers, including epigenomic responses, yet
these intermediate compartments are rarely assessed together in the
same subjects"™”. Study designs that simultaneously assess these
compartments in the same subjects will be essential for defining the
biological continuity of the oral-gut-bone axis.

Accordingly, future studies should adopt matched multi-
compartment sampling, ideally collecting saliva or dental plaque,
feces, serum/plasma, and peripheral immune cells from the same
individuals at matched time points. Where clinically feasible,
synovial fluid, bone marrow, or surgical bone specimens may
provide additional tissue-level information. These samples could be
integrated using strain-resolved metagenomics, metabolomics,
immune phenotyping, and host transcriptomic profiling to
construct oral-gut-immune-metabolic signatures associated with
skeletal phenotypes. Paired longitudinal oral and fecal sampling
combined with shotgun metagenomics would also provide stronger
evidence for oral-to-gut microbial transmission than cross-sectional
taxonomic comparisons alone"'“.

6.3 Overreliance on taxonomic profiling

The field still relies heavily on compositional profiling, even though
many microbiome studies have historically focused on individual
taxa while underexamining the broader metabolic potential of
microbial communities™'*”. Functional inference is particularly
important because unrelated individuals may share far more
microbial metabolic pathways than species, consistent with
substantial redundancy across taxonomically distinct microbes. In
turn, pathway-level features may be more informative than species
abundance alone, as microbial metabolic pathways have been
shown to exhibit a broader metabolic footprint and substantially
more metabolite associations than individual species'*'*. Future
work should therefore prioritize metagenomic, metabolomic, and
systems-level analyses, ideally complemented by transcript-level
functional readouts, to identify the microbial functions and host
pathways most relevant to osteoimmune regulation*.

64 Inadequate consideration of host context and model
complexity

The skeletal consequences of microbial perturbation are unlikely to
be uniform across individuals, as they are shaped by host genetics,
age, sex, menopausal status, immune state, and metabolic
background"™'”\. At the same time, many current animal models
fail to adequately capture the chronic, spatially structured, and
multisite nature of human oral-gut communication"”. More
physiologically relevant models and more refined host stratification
will be necessary to improve both mechanistic precision and
translational relevance.

Human-relevant experimental systems may help address this
limitation. Patient-derived gingival or intestinal organoids can be
cocultured with candidate microorganisms, microbial metabolites,
or immune cells to evaluate donor- and strain-specific
responses’®”.  Gut-on-chip platforms can further reproduce
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epithelial barriers, oxygen gradients, vascular interfaces, and
mechanical forces under more physiologically relevant
conditions'”. In future oral-gut-bone studies, outputs from these
models could be coupled with osteoclast precursors, osteoblasts, or
bone organoids to test whether microbiome-derived signals
influence bone-cell phenotypes.

6.5 Need for a unified yet testable framework

Although evidence is strongest in rheumatoid arthritis,
osteoarthritis, and osteoporosis, the broader scope of the
oral-gut-bone axis remains incompletely defined". It is therefore
important to distinguish disease settings supported by direct
evidence from those that remain largely speculative. Going forward,
the field will benefit from a unified yet testable framework in which
metabolite-centered regulation, barrier dysfunction, and oral-
derived upstream perturbation are evaluated as interacting
components of a shared biological system.

7 Conclusion

The oral microbiome should be viewed not only as a local
determinant of oral health, but also as an upstream ecological
interface that can influence systemic skeletal pathology through
oral-gut communication, barrier dysfunction, and osteoimmune
remodeling. Importantly, the biological significance of the
oral-gut-bone axis lies less in individual pathobionts than in the
disruption of protective microbial functions and metabolite-
producing networks. In this context, short-chain fatty acids, valeric
acid, bile acid derivatives, and tryptophan-derived indoles emerge
as key intermediates linking microbial ecology to inflammatory
amplification, osteoclastogenesis, osteoblast support, and joint
homeostasis. At present, research on the role of the oral
microbiome in bone-related diseases remains relatively limited, and
further in-depth investigation will be needed to clarify its disease-
specific functions, mechanisms, and translational relevance. Future
progress will depend on defining the microbial-metabolite-host
circuits that may contribute to systemic bone-related diseases and
may serve as the basis for mechanism-guided intervention.
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