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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Background: Periodontitis is a chronic inflammatory disease
featured by progressive destruction of periodontal supporting
tissues. Accumulating evidence indicates that gut microbiota-
derived metabolites modulate periodontal inflammation via
the gut-periodontal axis, yet the underlying mechanisms and
therapeutic targets remain largely unknown.

Methods: This study adopted network pharmacology to
explore the regulatory mechanisms of gut microbiota metabolites
in periodontitis. Periodontitis-related genes and metabolite
targets were obtained from public databases. Protein—protein
interaction (PPI) network, GO and KEGG enrichment analyses,
and a Microbiota-Substrate-Metabolite-Target (MSMT)
network were constructed for systematic analysis.

Results: We identified 1954 periodontitis-related genes
and 43 overlapping targets. Five core hub genes (IL6, AKTI,
TP53, EGFR, TNF) were screened. These targets were mainly
enriched in inflammatory responses and apoptosis regulation,
and key pathways included PI3K-Akt, MAPK, IL-17, TNF and
Toll-like receptor signaling.

Conclusion: Gut microbiota metabolites, particularly short-
chain fatty acids, exert anti-periodontitis effects by regulating
core hub genes and inflammatory-immune pathways. This
study reveals the gut-periodontal axis mechanism and provides
potential targets for periodontitis treatment.

Key words. Periodontitis, gut microbiota, metabolites,
network pharmacology.

Introduction.

Periodontitis is a chronic inflammatory disease affecting
the supporting tissues of teeth, characterized by progressive
destruction of the periodontal ligament and alveolar bone,
ultimately leading to tooth loss if left untreated [1,2]. According
to the Global Burden of Disease Study 2019, severe periodontitis
affectsapproximately 1.1 billion people worldwide, making it one
of the most prevalent chronic diseases and imposing substantial
economic and social burdens on healthcare systems [3]. The
pathogenesis of periodontitis involves complex interactions
between pathogenic microorganisms, host immune responses,
and environmental factors. While local microbial dysbiosis
in the oral cavity has long been recognized as the primary
etiological factor, emerging evidence suggests that systemic
factors, particularly gut microbiota and their metabolites, may
play crucial roles in modulating periodontal inflammation and
disease progression [4,5].

The human gut microbiota, comprising trillions of
microorganisms, functions as a metabolically active organ that
produces numerous bioactive metabolites through fermentation
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of dietary components and endogenous substrates [6,7].
These metabolites, including short-chain fatty acids (SCFAs),
tryptophan derivatives, bile acid metabolites, and phenolic
compounds, exert profound effects on host physiology by
modulating immune responses, inflammatory pathways, and
metabolic homeostasis [8]. Recent studies have demonstrated
bidirectional communication between oral and gut microbiota,
termed the "oral-gut axis," whereby microbial translocation and
metabolite circulation can influence inflammatory conditions
at distant sites [9]. Accumulating evidence indicates that gut
microbiota dysbiosis is associated with increased systemic
inflammation and altered immune regulation, which may
contribute to periodontal tissue destruction [10]. Furthermore,
specific gut-derived metabolites such as butyrate, propionate,
and indole derivatives have been shown to possess anti-
inflammatory and immunomodulatory properties that could
potentially ameliorate periodontitis [11].

Despite growing recognition of the gut-periodontal axis,
the precise mechanisms by which gut microbiota metabolites
influence periodontitis pathogenesis remain largely unexplored.
Traditional pharmacological research typically focuses on
single-target interventions, which may not adequately capture
the complex, multi-factorial nature of periodontitis. Network
pharmacology, an emerging interdisciplinary approach that
integrates systems biology, bioinformatics, and pharmacology,
enables comprehensive analysis of multi-component and
multi-target interactions within disease networks [12,13]. By
constructing integrated networks of "microbiota-substrate-
metabolite-target-pathway"  this methodology facilitates
systematic identification of core therapeutic targets and
signaling pathways, thereby providing mechanistic insights
into how gut microbiota metabolites regulate disease processes.
This approach has been successfully applied to elucidate the
mechanisms of traditional Chinese medicines and natural
products in treating various inflammatory diseases.

In this study, we employed network pharmacology
methodologies to systematically investigate the therapeutic
mechanisms of gut microbiota metabolites in periodontitis.
By integrating data from multiple databases, we identified
overlapping targets between gut microbiota metabolites and
periodontitis, constructed protein-protein interaction (PPI)
networks to screen core hub genes, and performed comprehensive
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses. Furthermore,
we established a multi-dimensional Microbiota-Substrate-
Metabolite-Target (MSMT) network to elucidate the intricate
relationships among gut microbiota species, their metabolic
substrates, derived metabolites, and therapeutic targets.
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Materials and Methods.

Identification of periodontitis-related disease targets:

Weretrieved periodontitis-related targets from two independent
databases. Using "periodontitis" as the keyword, periodontitis-
associated genes were obtained from the Comparative
Toxicogenomics Database (CTD, http://ctdbase.org, 2025-
9-29) and GeneCards database (https://www.genecards.org,
2025-9-29). For the GeneCards database, only targets with a
relevance score >10 was included in the analysis to ensure high
confidence. Targets appearing in both databases were identified
as core periodontitis-related genes using Venn diagram analysis
and were selected for subsequent analysis.

Identification of gut microbiota metabolites and their targets:

We acquired information on gut microbiota metabolites and
human gut targets from the gutMGene database (http://bio-
annotation.cn/gutmgene/, 2025-9-29). The metabolites were
subsequently uploaded to the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/) to obtain their corresponding
SMILES (Simplified Molecular Input Line Entry System)
format. The targets of gut microbiota metabolites were predicted
using the Swiss Target Prediction database (http:/www.
swisstargetprediction.ch/), with the species parameter set as
"Homo sapiens" and a probability score>0.1 used as the threshold
to filter the predicted targets. Additionally, metabolism-related
genes were extracted from the gutMGene database. Using Venn
diagram analysis, we intersected the targets from Swiss Target
Prediction and metabolism-related genes from gutMGene with
the periodontitis-related targets to identify overlapping targets,
which represent the core therapeutic targets through which gut
microbiota metabolites regulate periodontitis.

Protein-protein interaction (PPI) network analysis:

The overlapping targets between gut microbiota metabolites
and periodontitis were uploaded to the STRING database
(https://string-db.org, version 12.0) to construct a protein-
protein interaction (PPI) network. The minimum required
interaction score was set to 0.400 (medium confidence). The
PPI network was subsequently visualized and analyzed using
Cytoscape software (version 3.10.3, https://cytoscape.org/).

Gene Ontology (GO) and KEGG pathway enrichment
analysis:

To elucidate the biological functions and signaling pathways
associated with the overlapping targets, we performed GO and
KEGG pathway enrichment analyses using the clusterProfiler
package in R software. GO analysis encompassed three
categories: biological process (BP), cellular component (CC),
and molecular function (MF). The enrichGO and enrichKEGG
functions were employed to conduct the enrichment analyses
with the organism parameter set as "Homo sapiens" (org.Hs.eg.
db). Statistical significance was determined using P < 0.05 as
the threshold, and the Benjamini-Hochberg method was applied
to control the false discovery rate (FDR < 0.05) to identify the
most significant GO terms and KEGG pathways.

Construction of Microbiota-Substrate-Metabolite-Target
(MSMT) network:

To comprehensively illustrate the regulatory mechanism by

71

which gut microbiota metabolites affect periodontitis through
core hub genes, we constructed an integrated MSMT network.
The network was established by extracting information on
gut microbiota species, their metabolic substrates, derived
metabolites, and the core hub targets from the gutMGene
database and literature review. The MSMT network was
visualized using Cytoscape software, with different node colors
representing different layers: gut microbiota (yellow), substrates
(green), metabolites (blue), and target genes (red). This multi-
dimensional network provides a systematic framework for
understanding the complex interactions between gut microbiota-
derived metabolites and periodontitis-related molecular targets.

Statistical analysis:

All data processing and statistical analyses were performed
using R software. GO and KEGG pathway enrichment analyses
were conducted using the clusterProfiler package with the
enrichGO and enrichKEGG functions. Statistical significance
was determined using P < 0.05 as the threshold. The Benjamini-
Hochberg method was applied to control the false discovery rate
(FDR < 0.05) in multiple testing corrections for all enrichment
analyses.

Results.

Identification of periodontitis-related disease targets:

To comprehensively identify genes associated with
periodontitis pathogenesis, we retrieved disease-related targets
from two independent databases. Using "periodontitis" as the
keyword, we obtained 12,322 genes from the CTD and 2,795
genes from the GeneCards database. The Venn diagram analysis
revealed 1,954 overlapping genes between these two databases
(Figure 1), representing 14.8% of CTD genes and 69.9% of
GeneCards genes. These 1,954 common targets were considered
as the core periodontitis-associated genes and were selected for
subsequent analysis.

Identification of targets linking gut microbiota metabolites
to periodontitis:

To identify the potential therapeutic targets through which
gut microbiota metabolites exert their effects on periodontitis,
we integrated data from multiple sources. First, we extracted
metabolism-related genes from the gutMGene database
(n=154) and targets associated with gut microbiota metabolites
from the Swiss Target Prediction database (n=783). These
targets were then intersected with the 1,954 periodontitis-
related genes identified previously. As shown in the three-
way Venn diagram (Figure 2A), we identified 43 overlapping
targets, representing 0.3% of total periodontitis genes, which
constitute the core targets mediating the regulatory effects of
gut microbiota metabolites on periodontitis. To visualize the
intricate relationship between gut microbiota, these therapeutic
targets, and periodontitis, we constructed a Microbiota-Targets-
Periodontitis network (Figure 2B). The network revealed
diverse targets including inflammatory mediators (IL6, TNF),
signaling molecules (MAPK1, MAPK3, MAPKS, MAPK14,
AKT1), nuclear receptors (PPARG, VDR, AHR), and metabolic
enzymes (CYP1A1, CYP1A2, CYP2D6, CYP3A4), suggesting
that gut microbiota metabolites may modulate periodontitis
through multiple biological pathways. These 43 targets were


http://ctdbase.org/,

CTD GeneCards

Figure 1. Identification of periodontitis-related genes from CTD and GeneCards databases. Venn diagram showing the overlap of periodontitis-
associated genes between the CTD and GeneCards database.
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Figure 2. Identification of overlapping targets between gut microbiota metabolites and periodontitis. (A) Venn diagram illustrating the intersection
of targets from Swiss Target Prediction database, gutMGene database, and periodontitis-related genes. (B) Network visualization depicting the
relationship between gut microbiota, the 43 overlapping targets, and periodontitis.
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Figure 3. Functional enrichment analysis of the 43 overlapping targets. (A) GO enrichment analysis showing the top enriched biological processes
(BP), cellular components (CC), and molecular functions (MF). (B) KEGG pathway enrichment analysis displaying the most significantly enriched
signaling pathways. (C) Network visualization illustrating the relationships between the core targets and their associated KEGG pathways.
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Figure 4. PPI network analysis of the 43 overlapping targets. The PPI network was constructed using the STRING database and visualized with
Cytoscape software.
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Figure 5. Comprehensive MSMT network linking gut microbiota to periodontitis through the five core hub genes. The network illustrates the
complex relationships among gut microbiota species (yellow nodes), substrates (green nodes), metabolites (blue nodes), and periodontitis-related

core hub target genes (red nodes).

selected for subsequent protein-protein interaction and pathway
enrichment analyses.

GO and KEGG enrichment analysis of core targets:

To elucidate the biological functions and signaling
pathways through which gut microbiota metabolites regulate
periodontitis, we performed comprehensive GO and KEGG
enrichment analyses on the 43 overlapping targets. GO
enrichment analysis (Figure 3A) revealed that these targets
were predominantly involved in biological processes related to
inflammatory responses, including cellular response to biotic
stimulus, response to molecule of bacterial origin, response
to lipopolysaccharide, and cellular response to molecule of
bacterial origin. For cellular components, the targets were
mainly localized in membrane raft, membrane microdomain,
vesicle lumen, and secretory granule lumen. Molecular function
analysis indicated significant enrichment in DNA-binding
transcription factor binding, RNA polymerase II-specific DNA-
binding transcription factor binding, MAP kinase activity,
histone deacetylase activity, and protein-lysine deacetylase
activity. KEGG pathway enrichment analysis (Figure 3B)
identified several critical signaling pathways, with PI3K-Akt
signaling pathway, MAPK signaling pathway, and Sphingolipid
signaling pathway showing the highest significance. Other
important pathways included Toll-like receptor signaling
pathway, IL-17 signaling pathway, TNF signaling pathway, Th17
cell differentiation, NOD-like receptor signaling pathway, and
neurotrophin signaling pathway. The target-pathway network
(Figure 3C) demonstrated that key targets such as IL6, AKTI,
MAPKI1, MAPK3, MAPKS8, MAPKI14, TNF, and PPARG
were hub nodes connecting multiple pathways, suggesting
their central roles in mediating the therapeutic effects of gut
microbiota metabolites on periodontitis. These results indicate
that gut microbiota metabolites may ameliorate periodontitis
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primarily through modulating inflammatory responses, immune
regulation, and cellular signaling transduction pathways.

Construction and analysis of PPI network:

To identify the core hub targets among the 43 overlapping
genes, we constructed a PPI network using the STRING
database with a minimum required interaction score of 0.4. The
network was subsequently visualized using Cytoscape software
(Figure 4). The PPI network comprised 43 nodes and 412 edges,
with an average node degree of 19.2, indicating extensive
interactions among these targets. Network topology analysis was
performed using the "Analyze Network" function in Cytoscape,
which calculated various topological parameters including
degree centrality (DC), betweenness centrality, and closeness
centrality for each node. Based on degree centrality ranking,
we identified the top five core hub genes: IL6 (DC=33), AKT1
(DC=32), TP53 (DC=32), TNF (DC=32), and EGFR (DC=27),
which exhibited the highest number of interactions within the
network. Node size and color gradient in the visualization
corresponded to degree centrality values, with larger and darker
nodes representing higher connectivity. Additionally, other
important nodes also demonstrated substantial connectivity
within the network. These hub genes likely play pivotal roles in
mediating the therapeutic effects of gut microbiota metabolites
on periodontitis. The dense interconnections observed in the PPI
network suggest that gut microbiota metabolites exert their anti-
periodontitis effects through coordinated regulation of multiple
targets rather than acting on isolated proteins, reflecting the
multi-target and synergistic nature of metabolite-based therapy.
Construction of the Microbiota-Substrate-Metabolite-Target
(MSMT) network:

To comprehensively elucidate the mechanism by which gut
microbiota metabolites regulate periodontitis through the
five core hub genes (IL6, AKT1, TP53, EGFR, and TNF), we



constructed an integrated MSMT network using Cytoscape
software (Figure 5). This multi-layered network revealed the
intricate connections between gut microbiota, their metabolic
substrates, derived metabolites, and therapeutic targets. The
network comprised four distinct node types: gut microbiota
species (yellow), substrates (green), metabolites (blue), and
target genes (red). Analysis of the MSMT network identified a
diverse array of gut microbiota genera, including Bacteroides,
Lactobacillus, Bifidobacterium, Clostridium, FEubacterium,
Escherichia, Enterococcus, Faecalibacterium, and Prevotella,
which are capable of producing bioactive metabolites relevant
to periodontitis regulation. The substrates included various
amino acids, carbohydrates, and lipid precursors, which are
transformed by gut microbiota into a spectrum of metabolites.
Key metabolites identified in the network included short-chain
fatty acids, tryptophan derivatives, bile acid metabolites, and
various other bioactive compounds. Notably, the network
demonstrated that these metabolites could simultaneously
interact with multiple target genes, while individual targets could
be modulated by multiple metabolites, suggesting a synergistic
and redundant regulatory mechanism. The MSMT network
provides a comprehensive framework for understanding how gut
microbiota-derived metabolites exert their therapeutic effects on
periodontitis through coordinated regulation of inflammatory,
apoptotic, and metabolic pathways mediated by the five core
hub genes.

Discussion.

Periodontitis represents a multifactorial inflammatory disease
whose pathogenesis extends beyond local oral microbial
dysbiosis to involve systemic factors, including gut microbiota
and their derived metabolites. In this study, we employed
network pharmacology approaches to systematically investigate
the mechanisms by which gut microbiota metabolites regulate
periodontitis. Through comprehensive bioinformatics analysis,
we identified 43 overlapping targets between gut microbiota
metabolites and periodontitis, with five core hub genes (IL6,
AKTI, TP53, EGFR, and TNF) emerging as central regulators.
Our findings revealed that gut microbiota metabolites
primarily exert their therapeutic effects through modulation
of inflammatory responses, immune regulation, and cellular
signaling pathways, particularly the PI3K-Akt, MAPK, IL-
17, and TNF signaling pathways. The MSMT network further
demonstrated the complex interactions among diverse gut
microbiota species, metabolic substrates, bioactive metabolites,
and therapeutic targets, providing a comprehensive framework
for understanding the gut-periodontal axis.

The identification of IL6, TNF, and AKTI1 as core hub
genes aligns with their well-established roles in periodontal
pathogenesis. IL-6 and TNF-o are pivotal pro-inflammatory
cytokines that orchestrate the inflammatory cascade in
periodontitis, promoting osteoclastogenesis and alveolar bone
resorption [14]. Elevated levels of these cytokines in gingival
crevicular fluid and serum have been consistently associated
with periodontal disease severity and treatment outcomes
[15]. The AKT1 signaling pathway plays crucial roles in
regulating cellular survival, proliferation, and metabolism,
and its dysregulation has been implicated in periodontal tissue
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destruction [16]. Importantly, emerging evidence suggests
that gut-derived short-chain fatty acids (SCFAs), particularly
butyrate and propionate, can suppress IL-6 and TNF-a
production through inhibition of NF-kB signaling and histone
deacetylase (HDAC) activity, thereby attenuating systemic
and local inflammation [17]. Our network analysis revealed
that multiple gut microbiota metabolites, including butyrate,
propionate, acetate, and indole derivatives, can simultaneously
modulate these core targets, suggesting synergistic anti-
inflammatory mechanisms. Furthermore, recent studies have
demonstrated that oral administration of specific probiotic
strains or SCFA supplementation can reduce periodontal
inflammation and alleviate alveolar bone loss in animal
models, supporting the therapeutic potential of gut microbiota-
based interventions for periodontitis [18]. KEGG pathway
enrichment analysis highlighted the PI3K-Akt, MAPK, IL-17,
and TNF signaling pathways as key mechanisms mediating
the effects of gut microbiota metabolites on periodontitis. The
PI3K-Akt pathway serves as a central regulator of cellular
metabolism, survival, and immune responses, and its activation
has been shown to modulate periodontal ligament stem cell
differentiation and osteogenic potential [19]. Gut-derived
metabolites, particularly SCFAs, can activate the PI3K-Akt
pathway through G-protein coupled receptors (GPCRs) such
as GPR41 and GPR43, leading to enhanced anti-inflammatory
responses and improved tissue repair [20]. The MAPK signaling
cascade, comprising ERK, JNK, and p38 MAPK pathways,
plays critical roles in transducing extracellular signals into
cellular responses including inflammation, apoptosis, and
differentiation. Dysregulated MAPK activation has been
implicated in periodontal tissue destruction, and inhibition of
specific MAPK isoforms has shown therapeutic benefits in
experimental periodontitis models [21]. Additionally, the IL-
17 signaling pathway has emerged as a crucial mediator of
periodontal inflammation, with IL-17-producing T helper 17
(Th17) cells promoting neutrophil recruitment, inflammatory
cytokine production, and osteoclastogenesis [22]. Intriguingly,
recent studies have revealed that gut microbiota composition,
particularly the abundance of segmented filamentous bacteria
and specific Bacteroides species, profoundly influences Th17
cell differentiation and IL-17 production, suggesting that
modulation of gut microbiota may indirectly affect periodontal
Th17 responses [23]. Our MSMT network analysis revealed
complex relationships among diverse gut microbiota genera
including  Bacteroides, Lactobacillus, Bifidobacterium,
Faecalibacterium, and Prevotella, their metabolic substrates
such as dietary fibers, amino acids, and bile acids, and derived
bioactive metabolites. Among these metabolites, SCFAs
(butyrate, propionate, acetate) emerged as particularly important
mediators with multiple beneficial effects. Butyrate serves as
the primary energy source for colonocytes and exerts potent
anti-inflammatory effects through inhibition of NF-kB signaling
and enhancement of regulatory T cell (Treg) differentiation
[24]. Clinical studies have demonstrated that individuals with
periodontitis exhibit reduced fecal SCFA levels and altered
gut microbiota composition compared to periodontally healthy
controls, suggesting potential causal relationships [25]. Beyond
SCFAs, tryptophan-derived metabolites such as indole and



3-indolepropionic acid have shown anti-inflammatory and
antioxidant properties by activating the aryl hydrocarbon
receptor (AhR) pathway, which modulates immune -cell
differentiation and cytokine production [26]. The gut microbiota
genus Lactobacillus, particularly L. paracasei and L. rhamnosus
strains, can produce these beneficial metabolites and has been
investigated as potential probiotic interventions for periodontal
disease. Several clinical trials have reported that oral or
systemic probiotic supplementation can improve periodontal
clinical parameters, reduce pro-inflammatory cytokines,
and modulate oral microbiota composition, although results
remain heterogeneous due to variations in probiotic strains,
doses, and treatment durations [27]. Despite providing novel
insights into the gut-periodontal axis, this study has several
limitations that warrant consideration. First, our analysis was
based entirely on computational predictions and database
mining without experimental validation. Future studies should
incorporate in vitro cell culture experiments, animal models,
and clinical investigations to validate the predicted targets,
pathways, and metabolite-target interactions. Second, the gut
microbiota data derived from the gutMGene database primarily
represents fecal microbiota composition, which may not fully
reflect the metabolically active microbial communities in
different intestinal segments or their functional capacity in
vivo. Metagenomic and metabolomic profiling of periodontitis
patients compared to healthy controls would provide more direct
evidence of gut microbiota-metabolite alterations associated
with periodontal disease. Third, our network analysis identified
numerous potential metabolites and targets but did not prioritize
them based on therapeutic feasibility, bioavailability, or clinical
relevance. Future research should focus on the most promising
candidates for drug development or dietary interventions.
Fourth, the unidirectional analysis from gut microbiota to
periodontitis does not capture the bidirectional nature of the
oral-gut axis, whereby periodontal pathogens may translocate
to the gut and alter intestinal microbiota composition [28].
Finally, individual variations in gut microbiota composition,
genetic background, dietary habits, and environmental factors
may significantly influence the therapeutic responses to
microbiota-based interventions, necessitating personalized
approaches in future clinical applications. Nevertheless, this
study provides a comprehensive framework for understanding
how gut microbiota metabolites regulate periodontitis through
multi-target and multi-pathway mechanisms, paving the way for
development of novel microbiome-based therapeutic strategies
for periodontal disease management.

Conclusion.

This study employed network pharmacology to systematically
elucidate the therapeutic mechanisms of gut microbiota
metabolites in periodontitis. We identified 43 overlapping targets
and five core hub genes (IL6, AKT1, TP53, TNF, and EGFR)
mediating the regulatory effects. Enrichment analyses revealed
that these metabolites primarily exert therapeutic effects through
modulation of inflammatory and immune signaling pathways,
including PI3K-Akt, MAPK, IL-17, and TNF pathways. The
MSMT network illustrated complex interactions among gut
microbiota species, metabolic substrates, bioactive metabolites,
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and therapeutic targets, highlighting the multi-target nature of
metabolite-based therapy. Short-chain fatty acids, particularly
butyrate, propionate, and acetate, emerged as pivotal anti-
inflammatory metabolites. Our findings provide a comprehensive
framework for understanding the gut-periodontal axis and offer
insights for developing microbiome-based therapeutic strategies
for periodontitis management. Future experimental validation
and clinical studies are warranted to translate these predictions
into practical applications.
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