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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Aim: Periodontitis and diabetes mellitus (DM) exhibit a 

bidirectional relationship, with oxidative stress potentially 
serving as a crucial pathological bridge. However, the underlying 
molecular mechanisms remain unclear.

Methods: We identified differentially expressed genes 
(DEGs) related to oxidative stress in periodontitis and diabetes. 
Consensus clustering was performed to identify disease 
subtypes. Machine learning algorithms, including Support 
Vector Machine, LASSO regression, and Random Forest, were 
employed to identify key regulatory genes. Molecular docking 
was conducted to explore the potential interaction between 
metformin and target proteins.

Results: We identified 17 overlapping genes associated 
with oxidative stress, diabetes, and periodontitis. Two distinct 
molecular subtypes were identified with significant differences 
in immune cell infiltration patterns. Four key genes (FOS, 
MMP14, CD38, and PXDN) were identified as potential 
therapeutic targets. The nomogram based on these four genes 
showed excellent diagnostic performance (AUC = 0.931). 
Molecular docking analysis revealed strong binding affinities 
between metformin and two targets (MMP14: -5.6 kcal/mol; 
PXDN: -5.2 kcal/mol).

Conclusions: Our study provides novel insights into the 
molecular mechanisms linking periodontitis and diabetes 
through oxidative stress, identifying potential therapeutic 
targets and suggesting a possible mechanism for metformin's 
therapeutic effects in diabetic periodontitis.

Key words. Periodontitis, diabetes, oxidative stress, machine 
learning.
Introduction.

Periodontitis is a multifactorial chronic inflammatory disease, 
characterized by the destruction of the attachment of bones 
and connective tissues around the teeth (including periodontal 
destruction and alveolar bone resorption), which can lead to 
tooth loss in severe cases [1]. The imbalance in the microbiota 
of periodontal tissues during its development, also known 
as ecological imbalance, leads to an imbalance between the 
activities of osteoblasts and osteoclasts [2,3]. Periodontitis, 
the sixth most common disease in humans, poses a major 
threat to human health and affects more than 750 million 
people worldwide [4]. Periodontitis has been found to have 
strong associations with various systemic conditions, including 
metabolic disorders like diabetes, autoimmune diseases, and 
even cancer. Diabetes mellitus, a prevalent chronic condition, is 
marked by ongoing inflammation and disruptions in metabolic 

processes [5]. Studies have shown that the immune system in 
individuals with diabetes is hyperresponsive, and the activation 
of innate immune cells, such as macrophages, plays a crucial 
role in insulin resistance and contributes to the pathogenesis of 
diabetes and the progression of its complications [6].

Both periodontitis and diabetes place a heavy burden on global 
public health and finances, and a large body of evidence confirms 
the bidirectional relationship between periodontitis and diabetes 
[7]. Periodontitis is the sixth most common complication of 
DM and a risk factor for DM. Previous epidemiologic studies 
have reported an approximately threefold increased risk of 
periodontitis in diabetic patients compared to non-diabetic 
patients. This study showed that it was associated with an 
increased prevalence and severity of periodontitis depending on 
the status of diabetes [8]. It has been shown that periodontitis 
induces insulin receptor desensitization and exacerbates DM 
through excessive inflammatory response. In addition, DM is 
a major risk factor for periodontitis and can exacerbate disease 
progression [9]. Mechanistically, DM causes oxidative stress 
and alveolar bone resorption due to the accumulation of AGEs 
and inflammatory cytokines [10]. Excessive reactive oxygen 
species (ROS) can significantly increase the expression levels 
of pro-inflammatory factors, leading to periodontal tissue 
destruction. This affects the development and progression of 
periodontitis [11]. Since oxidative stress plays an important 
role in maintaining and establishing the immune-inflammatory 
response, they may be the “bridge” between periodontitis 
and DM. Increased oxidative stress has been implicated in 
the pathogenesis of insulin resistance, through inhibition of 
insulin signaling and dysregulation of adipokines. On the other 
hand, a number of studies have shown that drugs that restore 
oxidative stress function may be beneficial in the treatment of 
periodontitis and DM [12]. For example, metformin, a drug 
widely recognized for its ability to decrease hepatic glucose 
production and improve insulin sensitivity, may also reduce 
periodontal damage by promoting fatty acid oxidation and 
alleviating oxidative stress [13]. Therefore, it is plausible to 
propose that oxidative stress serves as a key pathological link 
between diabetes and periodontitis, making it a potential target 
for therapeutic strategies. There is also a need to delve into the 
role of oxidative stress in the pathogenesis of periodontitis in 
DM.

With the advancement of modern sequencing technologies, 
bioinformatics analysis allows for the exploration of disease 
relationships and pathogenic mechanisms, enabling more 
convincing conclusions to be drawn [14].While current 
research has highlighted the potential role of oxidative stress 
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in the pathological features of periodontitis and diabetes 
respectively [15], there remains a need to further investigate 
the complex relationship between oxidative stress-related 
genes and these comorbidities. Therefore, this study used 
an integrated analytical approach to explore key genes and 
signaling pathways in periodontitis and diabetes. The goal was 
to provide new insights into the molecular mechanisms linking 
oxidative stress with diabetic periodontitis. Additionally, we 
aimed to identify potential therapeutic targets for personalized 
treatment. Through the application of multiple machine learning 
algorithms and molecular docking analysis, we sought to 
elucidate the molecular basis of this relationship and evaluate 
potential therapeutic interventions.
Materials and Methods.
Data Acquisition and Preprocessing:

The periodontitis microarray datasets were retrieved from the 
Gene Expression Omnibus (GEO) database. The GSE10334 
dataset included 183 periodontitis samples and 64 normal 
samples, while GSE16134 contained 69 normal and 241 
periodontitis samples. Differentially expressed genes (DEGs) 
were identified using the R package “limma,” with criteria of 
p-values < 0.05 and |log2(FC)| > 0.585. Crossover genes were 
screened by overlapping periodontitis differentially expressed 
genes, oxidative stress-responsive gene sets (downloaded from 
Gene Set Enrichment Analysis (GSEA)), and diabetes-related 
gene sets (downloaded from DisGeNET).
Gene ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis:

GO annotation analysis (biological processes, molecular 
functions, and cellular components) and KEGG pathway 
enrichment analysis of DEGs and crosstalk genes were 
performed using R's “ClusterProfiler” software package for 
the selected human species, and the results are presented. GO 
catalogs and KEGG catalogs were selected based on p-value 
from smallest to largest. Bar and bubble plots were used to 
visualize the results.
Protein-Protein Interaction (PPI) Network Analysis:

To build a reliable PPI network, we utilized the well-respected 
STRING database, a well-established resource for protein 
interactions. We incorporated DEGs into the STRING database 
to predict direct and indirect functional interactions, setting the 
confidence level threshold at 0.4, ensuring that the network 
contained highly plausible and significant interactions.
Unsupervised Cluster Analysis:

Unsupervised cluster analysis was conducted with the R 
package “ConsensusClusterPlus” to identify different subtypes. 
The consensus clustering algorithm was run 1000 times to 
confirm cluster robustness. Gene expression and immune 
property differences among subtypes were compared using the 
Kruskal test. Principal component analysis was performed using 
the R package “PCA”.
ROC Curve Analysis:

To assess the sensitivity and specificity of genes for diagnosis, 
ROC curves were created from the pROC package in R. The 
ROC curves were then calculated with 95% confidence intervals. 

A high discriminatory power in clinical diagnosis was defined 
when the AUC was >0.7, while a high discriminatory power in 
clinical diagnosis was defined when the AUC was >0.9.
Construction and Validation of the Nomogram:

The nomogram was constructed using the characteristic genes 
and their corresponding expression levels in the normal and 
periodontitis groups. The nomogram can serve as an important 
tool for the clinical diagnosis of periodontitis. Additionally, a 
diagnosis model for periodontitis based on diagnostic markers 
was built using the "rms" R software. The values of candidate 
genes were quantified as "points", and the total score was 
determined by summation. Subsequently, a cumulative scoring 
system was applied to calculate the probability of the occurrence 
of periodontal disease. The diagnostic efficacy of the nomogram 
in identifying periodontitis was evaluated by the receiver 
operating characteristic curve and its corresponding area under 
the curve. Moreover, the clinical applicability of the nomogram 
was evaluated through decision curve analysis (DCA). 
Correlation Analysis of Immune Characteristics:

Single sample gene set enrichment analysis (ssGSEA) was used 
to estimate the abundance of specific infiltrating immune cells 
and the activity of related immune responses. An enrichment 
score was calculated to reflect the extent of gene set enrichment 
in each sample. Gene sets for infiltrating immune cells were 
sourced from prior studies, while immune response gene sets 
were obtained from the Immport database. 
Identification of Characteristic Genes by Machine Learning 
Algorithms:

To identify potential candidate genes for the diagnosis of 
periodontitis, three machine learning prediction models were 
employed in this study: the Random Forest (RF) model, the 
Support Vector Machine (SVM) model, and the Least Absolute 
Shrinkage and Selection Operator (LASSO) regression model. 
The SVM model was constructed using the “e1071” package 
in R language. Subsequently, the “randomForest” package in 
R language was used to perform a classification analysis on 
the important genes obtained through screening. The LASSO 
regression analysis was carried out using the “glmnet” package 
in R language. Meanwhile, we plotted the relationship curve 
between the LASSO regression coefficients and log(λ). Finally, 
a classification model of periodontitis - related regulatory 
factors based on multiple logistic regression was constructed.
Molecular docking:

Molecular docking was performed using the CB - Dock2 online 
platform [18]. All settings were kept at the default options. The 
molecular structures of the compounds were obtained from the 
PubChem database, while the protein structures of MMP14 and 
CD38 were obtained from the RCSB Protein Data Bank. The 
protein structures of HXDN and FOS were derived from the 
AlphaFold Protein Structure Database.
Statistical Analysis:

The data are presented as the mean ± standard deviation (Mean 
± SD). The Student's t - test was used for statistical comparisons 
between two groups. A significance threshold of p < 0.05 was 
applied to determine statistical significance. Statistical analyses 
were performed using GraphPad Prism.
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Results.
Screening of Differentially Expressed Genes:

After performing batch correction, the confounding batch 
effects between the GSE10334 and GSE16134 datasets 
were significantly minimized. Through data mining and 
processing, 683 crosstalk DEGs were identified. The top 50 
most significantly down-regulated and up-regulated genes were 
visualized using a heatmap (Figure 1A). The Venn diagram 
showed that 17 overlapping targets in these three datasets were 
potential targets related to the differentially expressed genes of 
diabetes, oxidative stress, and periodontitis (Figure 1B).
Enrichment analysis:

To investigate the biological functional pathways that might 
be affected, we further investigated the potential functions 
of these 17 intersecting targets by GO and KEGG analysis. 
The results of GO significant enrichment are demonstrated in 
Figure 2A and 2B, in which the biological processes related 
to response to oxidative stress, endoplasmic reticulum lumen 
and antioxidant activity binding were significantly enriched. 
KEGG pathway analysis further revealed that these intersecting 
targets were mainly enriched in the TNF signaling pathway and 
IL-17 signaling pathway (Figure 2C). This finding highlights 
a complex network of interactions between multiple signaling 
pathways and molecular events during the development of 
diabetic periodontitis. In order to more comprehensively 
illustrate the specific components of the enrichment pathways, 
we show the genes involved in each pathway and the molecular 
processes they participate in detail in Figure 2D. Among them, 
Figure 2E particularly presents the specific involvement of 
each molecule in the TNF signaling pathway and its interaction 
pattern.

Identification of disease subtypes:
Based on the expression profiles of 17 DEGs, we used 

an unsupervised clustering method for disease pattern 
identification. Through the analysis, k=2 was determined as the 
optimal number of clusters, and the samples were successfully 
classified into two unique subtypes (Figure 3A-C). The results 
of principal component analysis (PCA) showed significant 
differences between these two modification patterns (Figure 
3D), further validating the heterogeneity of disease modification 
patterns.
Immunological characterization:

In order to deeply explore the immunological characteristics 
of the two subtypes, we performed a comparative analysis of 
their infiltrating immune cell abundance and immune response 
activity. The results showed that the infiltration level of a 
variety of immune cells was significantly higher in subtype B, 
including activated B cells, activated CD4+ T cells, activated 
CD8+ T cells, activated dendritic cells, γδ T cells, immature 
B cells, myeloid-derived suppressor cells (MDSCs), mast cells, 
natural killer T cells, natural killer cells, plasma cells, dendritic 
cells, regulatory T cells, T follicular helper cells, type 1 T 
helper cells and type 2 T helper cells (Figure 4A). Correlation 
analysis further revealed the existence of differential association 
patterns between the 17 regulatory factors and specific immune 
cell types; a result visualized in the heatmap (Figure 4B). In 
terms of immune response characteristics, subtype B exhibited 
significant activation of multiple immune pathways, including 
antigen-presenting cell (APC) costimulation, chemokine 
receptor (CCR) signaling pathway, immune checkpoints, 
cytolytic activity, human leukocyte antigens (HLAs), pro-
inflammatory responses, expression of MHC class I molecules, 

Figure 1. Analysis of variances. (A) Heatmap representation of gene expression levels across various conditions, with the color scale indicating 
the level of expression. (B) Venn diagram illustrating the intersection of genes associated with diabetes, oxidative stress and differentially expressed 
genes.
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Figure 2. Enrichment analysis. (A) Dot plot of GO enrichment analysis showing biological processes associated with DEGs. (B) Network diagram 
illustrating interactions between DEGs and biological processes. (C) Bar chart of top KEGG pathways enriched by DEGs. (D) Network diagram 
depicting DEG relationships with specific pathways. (E) Pathway map of the TNF signaling pathway, rendered using Pathview.
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T-cell costimulation, T-cell costimulation, and type II interferon 
(IFN) responses (Figure 4C). Further correlation analyses 
(Figure 4D) demonstrated the pattern of association between 
these regulatory factors and immune characteristics. Together, 
these results suggest that different subtype patterns have a 
unique spectrum of immunologic features.
Machine learning analysis:

To deeply reveal the molecular mechanisms of genes in the 
regulation of oxidative stress, we integrated and applied three 
machine learning methods (SVM, LASSO regression, and RF) 
for the identification of key target genes. 15 potential candidate 
target genes were successfully screened out by the SVM 

analysis (Figure 5A-B). 16 potential key targets were identified 
by the LASSO regression analysis (Figure 5C-D). Meanwhile, 
RF analysis rank-ordered all genes based on gene importance 
index (Figure 5E).

To identify the most reliable targets, we used Venn diagrams 
to analyze the intersection of three sets of data: candidate genes 
identified by SVM, genes ranked in the top 8 (the juncture at 
which the decline in significance becomes pronounced) by 
RF importance, and targets screened by LASSO (Figure 5F). 
Through this multi-algorithmic integrated analysis strategy, we 
finally identified seven key targets involved in the regulation of 
oxidative stress in diabetic periodontitis.

Figure 3. Consensus clustering analysis. (A) Consensus cumulative distribution function (CDF) across multiple runs, illustrating the convergence 
of consensus indices for varying k values. (B) Delta area plot showing the average change in total delta-CDF curves as a function of k, indicating 
stabilization with increasing k. (C) Consensus matrix heatmap for k=2, displaying the hierarchical clustering and consensus levels among data 
points. (D) PCA scatter plot of the OR clusters, with distinct groupings labeled as A (blue) and B (red).
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Screening key genes:
Based on the seven genes obtained from machine learning 

screening, we first constructed and visualized a PPI network 
using the STRING database (Figure 6A), which identified 
five genes with PPI interactions. Subsequently, we applied 
multivariate logistic regression analysis to construct classifiers 
for distinguishing healthy samples from disease samples 
(Figure 6B). In this multivariate analysis, among the five 
candidate genes, four genes (FOS, MMP14, CD38, and PXDN) 
met all selection requirements and were included in the final 
predictive model, while the APOE gene was excluded due to 
non-significant p-values (p > 0.05) in the multivariate analysis. 
To validate the differential expression of these four key genes 
between the disease group and the normal control group, we 
performed independent validation using the GEO dataset. 
The results showed that FOS, MMP14, CD38, and PXDN 
showed significant upregulation in the patient samples (p < 
0.05; Figure 6C). Figure 6D demonstrates the distribution of 
the specific locations of these four key genes in the genome 
(FOS: chromosome 14, MMP14: chromosome 14, CD38: 

chromosome 4, PXDN: chromosome 2). Analysis of the ROC 
showed that these four genes were diagnostically sound in 
distinguishing between healthy and diseased states, highlighting 
their important role in the development of periodontal disease 
(Figure 6E).
Construction and Validation of the Prediction Nomogram:

To predict the risk of periodontitis in patients, we constructed 
a prediction nomogram based on the core target genes (FOS, 
MMP14, CD38, and PXDN) (Figure 7A). ROC curve analysis 
showed that the AUC of this nomogram was 0.931, indicating 
its excellent prediction accuracy (Figure 7B). The slope of the 
calibration curve was close to 1, confirming that the nomogram 
had significant predictive efficacy (Figure 7C). In addition, the 
results of DCA showed that the nomogram had substantial net 
benefits in clinical applications (Figure 7D).
Molecular docking of Metformin with core target proteins:

We obtained the standard structure of metformin from 
the PubChem database (Figure 8A), and its molecular 
characterization parameters were detailed in Table 1. The 

Figure 4. Immunological characterization analysis. (A) Differences in abundance of 23 infiltrating immune cells. (B) Correlation between 
infiltrating immune cells and 17 DEGs. (C) Difference in activity of 13 immune responses in the two subtypes. (D) Correlation between immune 
responses and 17 DEGs.
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Figure 5. Three machine learning analyses. (A) Cross-validation error as a function of the number of features, indicating the optimal number of 
features (dashed line) that minimizes the error. (B) Cross-validation accuracy plotted against the number of features, showing the peak accuracy 
at the optimal feature count. (C) Coefficient profiles from LASSO regression across different regularization strengths (log lambda), highlighting 
the selection of key features. (D) Brier distance as a function of log lambda, demonstrating the trade-off between model complexity and prediction 
error. (E) Feature importance plot showing the relative importance of each gene in the model, with size and color indicating higher importance. 
(F) Venn diagram illustrating the overlap of features selected by different models (feature_svm, lassoset, rfGenes), with numbers representing 
unique and shared features among the models.
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Figure 6. Screening of key genes. (A) Network diagram illustrating interactions between key genes. (B) Forest plot showing odds ratios and 
95% confidence intervals for each gene. (C) Box plot comparing gene expression levels between groups. (D) Circular heatmap displaying gene 
expression profiles across samples. (E) ROC curves for each gene.
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Figure 7. Clinical predictive model development and performance validation. (A) Nomogram for predicting disease risk based on the expression 
levels of FOS, MMP14, CD38, and PXDN. (B) ROC curve for a combined model using multiple genes. (C) Calibration plot comparing predicted 
probabilities with actual outcomes. (D) Decision curve analysis evaluating the net benefit of the predictive model.

Figure 8. Molecular docking results (A) Structure of Metformin. The Image sourced from the PubChem website. (B) Molecular structure of the 
MMP14-Metformin complex showing the binding site with key interacting residues. (C) Alternative conformation of the PXDN-Metformin complex 
highlighting the same residues and interactions.
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potential interactions between Metformin and the core target 
genes (FOS, MMP14, CD38, and PXDN) were molecularly 
docked and analyzed using CB-DOCK2 software (Figure 8B-
C, Supplementary Figure 1). Notably, the binding energies of 
Metformin with MMP14 and PXDN were low (MMP14-Met: 
-5.6 kcal/mol; PXDN-Met: -5.2 kcal/mol). The docking results 
showed that Metformin exhibited strong binding affinity with 
both MMP14 and PXDN, and the binding energies were lower 
than -5.0 kcal/mol [16], which revealed the stable interactions 
between the compounds and the targets.
Discussion.

Periodontitis and diabetes are widespread conditions that 
involve multiple genes and signaling pathways. Clinically, 
both periodontitis and T2DM act as risk factors for each other, 
demonstrating a bidirectional relationship [17,18]. However, 
the molecular mechanisms linking these two diseases have not 
been fully elucidated. Oxidative stress, a common pathological 
feature of both diseases, may play a key role in their interaction 
[19]. However, the underlying mechanisms leading to this 
connection are not fully understood. In this study, 17 differential 
genes associated with periodontitis, diabetes and oxidative 
stress were systematically identified by integrating multiple 
datasets. Enrichment analysis showed that these genes were 
mainly enriched in the TNF and IL-17 signaling pathways, and 
four core genes (FOS, MMP14, CD38, and PXDN) were further 
screened by multiple analytical methods, among which MMP14 
and PXDN showed strong binding affinity to metformin, 
suggesting that metformin may influence the disease process 
by regulating the expression of these genes. These findings 
not only deepen our understanding of the pathogenesis of 
diabetic periodontitis, but also provide new molecular targets 
for exploring the therapeutic mechanism of metformin in this 
disease.

In this study, we integrated gene expression profiling datasets 
for four specific groups (GSE30528 and GSE96804) and 

analyzed these datasets using R. A total of 683 DEGs were 
identified using the limma package, including 448 up-regulated 
and 235 down-regulated genes. By overlapping the periodontitis 
differentially expressed genes, oxidative stress-responsive 
gene set, and diabetes-associated gene set, 17 differentially 
expressed genes were obtained that were associated with 
periodontitis, diabetes, and oxidative stress all. KEGG 
enrichment analyses pointed to the IL-17 signaling pathway 
and the TNF signaling pathway. During the development 
of periodontitis, neutrophil extracellular trapping networks 
(NETs) can trigger the upregulation of IL-17/Th17 responses 
and bone destruction [20]. TNF is a pro-inflammatory cytokine 
that plays a crucial role in various inflammatory pathways, 
including the recruitment, activation, and survival of immune 
cells [21]. Increased expression of the TNF signaling pathway 
during the development of periodontitis has also been widely 
reported. In addition, diabetes also enhances the expression of 
proteins associated with the TNF-α pathway (TNF-α, NF-κB). 
Therefore, we hypothesized that diabetes and periodontitis may 
have a cross-over development by affecting the IL-17 signaling 
pathway and the TNF signaling pathway.

Molecular subtyping is a strategy that has been widely applied 
in malignancies. Tailored treatment plans can be developed 
based on different molecular types, thereby improving patients' 
prognoses [22]. Based on the expression profiles of these 
17 DEGs, we identified two distinct molecular subtypes of 
periodontitis, which may provide a novel classification strategy 
for the disease. Our immunological analysis revealed significant 
differences in immune cell infiltration between these subtypes, 
with subtype B showing notably higher levels of various 
immune cells, including activated B cells, CD4+ T cells, CD8+ 
T cells, dendritic cells, and other immune cell populations. This 
finding aligns with previous research suggesting that immune 
cell alterations play a crucial role in the relationship between 
T2DM and periodontitis. The elevated expression of multiple 
immune cell types in subtype B, particularly the increased 

Property Name Property Value Reference
Molecular Weight 129.16 g/mol Computed by PubChem 2.2 (PubChem release 2021.10.14)
Molecular Formula C4H11N5 Computed by PubChem 2.2 (PubChem release 2021.10.14)
SMILES CN(C)C(=N)N=C(N)N Computed by OEChem 2.3.0 (PubChem release 2024.12.12)

Table 1. Detailed information about Metformin (CID:4091) molecule (https://pubchem.ncbi.nlm.nih.gov/compound/4091).

Supplementary Figure 1. Molecular docking results (A) Molecular structure of the FOS-Metformin complex showing the binding site with key 
interacting residues. (B) Alternative conformation of the CD38-Metformin complex highlighting the same residues and interactions.
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presence of dendritic cells and T helper cells, indicates a more 
pronounced inflammatory state that may contribute to disease 
progression. This molecular subtyping approach, similar to 
strategies widely used in cancer research, could potentially 
guide the development of personalized therapeutic interventions 
for different patient groups with diabetic periodontitis.

An important finding of this study is the successful screening 
of four core targets (FOS, MMP14, CD38, and PXDN) 
by integrating machine learning methods, protein-protein 
interaction analysis, and logistic regression methods. Among 
them, FOS, as a transcriptional activator of the AP-1 complex, 
plays a key role in regulating multiple signaling pathways and 
gene expression related to cell proliferation and apoptosis [23]. 
In addition, FOS genes have been associated with inflammatory 
responses [24]. Studies have shown that activation of AP-1 
(c-Fos/c-Jun) transcription promotes osteoclastogenesis, 
which in turn leads to alveolar bone loss [25,26]. Matrix 
metalloproteinase 14 (MMP14) is a membrane type I collagenase 
that plays a crucial role in the postnatal development of 
mesenchymal tissues [27]. Previous studies have demonstrated 
its developmental function during adipogenesis [28]. However, 
there is still a relative paucity of studies on the role of MMP14 
in periodontal disease.CD38 is widely expressed in a variety 
of tissues and is an important molecule in the regulation of 
NAD+ metabolism, extracellular nucleotides and intracellular 
calcium homeostasis [29]. In infection-induced inflammation, 
CD38 is induced to be expressed upon cellular activation and 
is involved in regulating processes such as cell recruitment and 
adaptive immune response.CD38 plays a key role in the immune 
response of macrophages, neutrophils and T cells. It has been 
found that during certain chronic inflammatory processes such 
as aging, the expression level of CD38 is elevated, accompanied 
by a decrease in NAD levels [30]. Notably, there is a correlation 
between decreased CD38 expression in neutrophils and altered 
neutrophil function in patients with limited invasive periodontitis 
[31]. Peroxidase (PXDN) encodes a heme-containing enzyme 
secreted into the extracellular matrix, where it contributes to 
matrix formation [32]. As a cell surface peroxidase associated 
with the extracellular matrix, in cancer cells, the interaction 
of PXDN with HO-1 promotes tumor invasion by decreasing 
the expression of the extracellular matrix proteins fibronectin 
and laminin [33]. Findings suggest that PXDN has a role in 
promoting tumor development in oral squamous cell carcinoma 
(OSCC) [34]. However, studies on the role of PXDN in 
periodontitis and diabetic periodontitis are still pending.

Metformin, as a first-line therapeutic agent for type 2 diabetes 
recommended by national guidelines, not only has significant 
glucose-lowering effects, but may also have other potential 
health benefits [35]. Current studies have shown that metformin 
acts mainly by inhibiting the mitochondrial respiratory complex 
and can improve cellular autophagy and oxidative stress status 
by activating the AMPK signaling pathway [36]. However, 
its exact target of action and detailed molecular mechanisms 
have still not been fully elucidated. In the present study, the 
results of molecular docking analysis revealed that metformin 
has a significant binding affinity for MMP4 and PXDN, with 
binding energies all below -5.0 kcal/mol. This finding is of great 

significance, suggesting that metformin is able to spontaneously 
bind to these two key protein targets, which may be one of the 
important molecular mechanisms by which it regulates the 
development of diabetes-related periodontal diseases. This 
result not only provides a new perspective for understanding 
the mechanism of action of metformin in diabetic periodontal 
disease, but also provides a theoretical basis for further 
development of targeted therapeutic strategies.

Overall, this study systematically investigated the role of 
oxidative stress in the pathogenesis of diabetic periodontitis 
with several remarkable features and innovative findings. 
First, by integrating multiple datasets and applying various 
bioinformatics analysis methods, we successfully identified 
four core genes (FOS, MMP14, CD38, and PXDN) and 
verified their reliability in the disease process. Secondly, the 
predictive column line graphs constructed based on these four 
key genes demonstrated good predictive efficacy and provided a 
potential practical tool for clinical risk assessment. In addition, 
our molecular docking analysis suggests that metformin may 
potentially interact with MMP14 and PXDN proteins, which 
could provide a theoretical basis for understanding its possible 
mechanism of action in diabetic periodontitis. However, this 
study still has some limitations: first, the findings are mainly 
based on data analysis and lack experimental validation in 
an independent cohort; second, although the binding sites of 
metformin with key proteins have been identified, their specific 
molecular regulatory mechanisms still need to be further 
corroborated by in vitro and in vivo experiments. Future studies 
could focus on the functional validation of these findings and 
explore their application value in clinical individualized therapy.
Conclusion.

This study comprehensively explored the molecular 
mechanisms linking periodontitis and diabetes, particularly 
focusing on oxidative stress-related pathways. Through 
systematic analysis, we identified four key genes (FOS, MMP14, 
CD38, and PXDN) that play crucial roles in the pathogenesis of 
diabetic periodontitis. The TNF and IL-17 signaling pathways 
emerged as significant mediators in this disease connection. 
Notably, we discovered two distinct subtypes of periodontitis 
with different immune cell infiltration patterns, suggesting 
potential personalized therapeutic approaches. The molecular 
docking analysis revealed that metformin shows strong binding 
affinity with MMP14 and PXDN, indicating these proteins 
might be potential therapeutic targets. Our findings provide 
new insights into the molecular basis of diabetic periodontitis 
and suggest potential therapeutic strategies for this complex 
condition. These results not only deepen our understanding 
of the relationship between diabetes and periodontitis but also 
offer new perspectives for developing targeted treatments.
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