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Abstract
Periodontitis (PD) is a complex inflammatory condition driven by the interplay of 
microbial, genetic, epigenetic, and environmental factors. While bacterial biofilms 
are regarded as the primary cause, growing evidence underscores the significant 
role of genetic predisposition in determining susceptibility to the disease, its pro-
gression, and treatment outcomes. This review explores the genetic polymorphisms 
of PD, focusing on genes related to inflammatory mediators, immune responses, 
antimicrobial peptides, matrix metalloproteinases, and vitamin D receptor path-
ways. Key epigenetic mechanisms including DNA methylation, histone modifica-
tions, non-coding RNAs, and emerging RNA methylation pathways are explored in 
their roles in modulating inflammation, tissue destruction, bone metabolism, and 
interactions between the host and microbes. Advances in transcriptomic technolo-
gies, particularly RNA sequencing, have enhanced our ability to identify molecular 
biomarkers and cell-specific gene expression profiles associated with disease sever-
ity and responses to treatment. The potential for leveraging genetic and epigenetic 
profiling presents an exciting avenue for personalized periodontal care, including 
the use of epigenetic therapies targeting pathways involved in inflammation and tis-
sue regeneration. Nonetheless, the current body of evidence has limitations. These 
include significant variability across studies, inconsistent disease classification sys-
tems, small sample sizes, and a predominance of preclinical or exploratory research. 
Many biomarkers and therapeutic targets proposed to date require further validation 
before they can be routinely applied in clinical practice. While integrating genetic, 
epigenetic, transcriptomic, and clinical data holds promise for advancing precision 
periodontology, rigorous large-scale, and multicenter studies are essential to con-
firm clinical applicability, validate biomarkers, and facilitate their incorporation into 
evidence-based treatment protocols.
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Highlights
	● Genetic polymorphisms in immune and inflammatory genes contribute to peri-

odontal disease susceptibility.
	● Epigenetic mechanisms, including DNA methylation and histone modifications, 

regulate gene expression in periodontal tissues.
	● Epigenetic changes act as both biomarkers and therapeutic targets in periodontal 

disease.
	● Novel epigenetic therapies show potential in reducing inflammation and en-

hancing tissue regeneration.
	● Integrating genetic and epigenetic profiling supports personalized diagnosis and 

treatment strategies for periodontal disease.

Keywords  Epigenetic · Genetic variation · MicroRNA · Periodontitis · Treatment 
outcome

The Role of Genetic Predisposition in Periodontitis (PD)

Individuals indicate a wide variety of susceptibility to PD; some are highly suscep-
tible, while others demonstrate more resistance. Microbial biofilm is acknowledged 
as the main cause of periodontitis; however, significant evidence highlights the role 
of genetic and epigenetic factors in shaping individual susceptibility to the disease. 
These factors also impact its severity, progression, and response to treatment by alter-
ing host immune and inflammatory mechanisms (Shaddox et al. 2021). Moreover, 
lifestyle factors, such as smoking habits, nutrition and oral hygiene can lead to PD 
and increase its predisposition (Gao et al. 2024). Studies have shown that the effect of 
heritability on incidence of PD in specific populations with constant environmental 
factors was high. If significant environmental factors, like smoking, become preva-
lent within the population, the impact of genetics and heritability on the progression 
of PD will lessen (Shaddox et al. 2021).

According to a systematic review investigating animal models, over one-third of 
phenotypic-associated bone loss is attributed to genetic factors (Nibali et al. 2020). 
Based on a systematic review of human studies, heritability is significantly higher 
for aggressive PD. Heritability of PD has been examined on twins and other famil-
ial groups. The results showed heritability in approximately 0.38 of twins, 0.15 of 
other families, and 0.29 of combined familial relationships (Nibali et al. 2019). This 
review aims to critically analyze the genetic factors influencing susceptibility to peri-
odontitis and its treatment outcomes, focusing on conditions previously categorized 
as chronic and aggressive periodontitis. Rather than treating all reported polymor-
phisms as equally valid evidence, the discussion prioritizes distinctions between 
biological plausibility, statistical significance, functional evidence, and clinical rele-
vance. Genes associated with antimicrobial defenses, inflammatory signaling, innate 
immune recognition, antigen presentation, connective tissue remodeling, and bone 
metabolism have been examined as potential susceptibility loci. These include anti-
microbial peptide and defensin-related genes, cytokine genes like IL-1, IL-6, IL-10, 
and IL-17, pathways involving TNF, vitamin D receptor (VDR), matrix metallopro-
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teinases (MMPs), Toll-like receptors (TLRs), CD14, and human leukocyte antigen 
(HLA) loci. The biological relevance of these pathways is evident because they are 
integral to host-microbial interactions, the regulation of inflammation, extracellular 
matrix turnover, and alveolar bone remodeling (Brodzikowska and Górski 2022).

The majority of evidence linking these loci to periodontitis stems from candidate-
gene case–control studies. As a result, the robustness of the evidence varies signifi-
cantly across genes and populations. Among cytokine-related genes such as IL-1, 
IL-6, IL-10, and TNF-related pathways, there is a relatively extensive body of lit-
erature supporting their association with periodontitis, including some meta-analytic 
findings. Nonetheless, the strength and consistency of these associations fluctuate 
depending on factors like ancestry, smoking status, diabetes presence, periodontal 
disease definitions, and analytical approaches (Loos et al. 2015). Consequently, these 
variants are better viewed as indicators of susceptibility rather than confirmed causal 
determinants. For genes related to antimicrobial peptides, VDR, MMPs, CD14/
TLRs, and HLA loci, the broader biological plausibility at the pathway level often 
outweighs the specific clinical evidence for individual variants. For instance, TLRs 
and CD14 are essential for microbial recognition, MMPs are involved in matrix deg-
radation, VDR influences immune response and bone homeostasis, and HLA mol-
ecules regulate antigen presentation. However, replication of associations between 
specific polymorphisms and periodontitis remains limited, and functional validation 
in human periodontal tissues is rare. As a result, these genetic markers should not yet 
be regarded as reliable diagnostic tools or determinants for tailoring treatment strate-
gies (Dommisch et al. 2025).

A key limitation of most available genetic studies is their cross-sectional nature, 
which makes it difficult to separate the genetic factors contributing to disease onset 
from those affecting progression or stemming from chronic inflammation. Research 
on the utility of genetic data for predicting periodontal treatment responses is notably 
lacking. To consider a genetic marker clinically actionable, it must meet rigorous 
criteria: replication in large and diverse populations; assessment using standardized 
periodontitis definitions; evidence of mechanistic relevance in periodontal tissues 
or cells; and demonstrable enhancement of prediction accuracy beyond traditional 
clinical risk factors. In conclusion, while current evidence supports a polygenic basis 
for periodontitis susceptibility, no single polymorphism whether linked to cytokines 
like IL-1 or IL-6, VDR, MMPs, CD14/TLRs, HLA, or antimicrobial peptides has 
been validated to the extent required for routine clinical application or for guiding 
periodontal treatment based on genotype (Dommisch et al. 2025). Figure 1.

Epigenetic Modifications and Their Impact on PD Susceptibility

As previously discussed, the development of PD involves a complex interplay of 
numerous molecules and pathways. Genetic research on PD may result in controver-
sial findings, influenced by the sample size and other limitations (Ustianowska et al. 
2024). Gene expression is significantly influenced by epigenetic modifications, such 
as DNA methylation, post-translational modification of histones, histone variants, 
ATP-dependent chromatin remodeling, and non-coding RNA. MicroRNA-mediated 
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regulatory networks are now widely acknowledged as critical modulators of gene 
expression linked to diseases. They offer valuable insights into intricate gene-disease 
relationships and the regulation of inflammatory pathways. Recent research has been 
focused on assessing the role of epigenetics in managing a range of inflammatory 
diseases, including PD (Chen et al. 2023). MicroRNA-mediated regulatory networks 
have become powerful tools to identify disease-associated molecular interactions 
and novel therapeutic targets in complex inflammatory diseases (Li et al. 2022). 
Recent research has emphasized the regulatory influence of long non-coding RNAs 
(lncRNAs) on immune modulation and disease development, underscoring their 
potential as biomarkers and therapeutic targets in inflammation-related oral condi-
tions (Gong et al. 2024).

DNA Methylation

DNA methylation significantly impacts gene expression, and pathogens associated 
with PD can alter these methylation patterns. Studies indicate that individuals with 
PD exhibit a unique methylation profile compared to those in the control group 
(Ustianowska et al. 2024). Porphyromonas gingivalis (P. gingivalis), a bacterium 
which is linked to PD, has been shown to have key interactions with epigenetics. 

Fig. 1  The shift from periodontal health to periodontitis results from the synergy between bacterial bio-
film and host-modifying factors. Inherited susceptibility arises from polymorphisms in genes encoding 
antimicrobial peptides, interleukins, the vitamin D receptor, matrix metalloproteinases, CD14, and 
human leukocyte antigens. Modifiable lifestyle influences including smoking, dietary habits, and dys-
biotic oral microbiota exacerbate this genetic liability and hasten destruction of the tooth-supporting 
tissues
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These bacteria synthesize outer membrane vesicles (OMVs) which contain various 
bacterial components and products that can influence host immune responses and 
contribute to the development of PD. According to the study by Fan et al. these 
OMVs could be absorbed by human periodontal ligament cells (hPDLCs). In addi-
tion, small RNA (sRNA45033) in the P. gingivalis OMVs could lead to cell death 
and inflammatory reactions. The sRNA45033 in OMVs will target chromobox 5 
(CBX5). CBX5 controls the methylation and expression of p53 DNA and this leads 
to apoptosis of hPDLCs. These findings indicate a possible mechanism by which 
P. gingivalis-derived OMVs might drive the inflammatory responses linked to peri-
odontitis. Nonetheless, the majority of the evidence stems from experimental studies 
and necessitates additional confirmation in human subjects (Ustianowska et al. 2024).

A recent study found that inflamed gingival tissues exhibit hypomethylated signal 
transducer and activator of transcription 5 (STAT5) genes compared to healthy gingi-
val tissues. This finding suggests that methylation loss in the STAT5 gene promoter 
could play a role in the development of PD (Liaw et al. 2022). Also some studies on 
DNA methylation in PD, have focused on genes related to cellular signaling. These 
12 genes have been compared between PD-affected tissue and clinically healthy ones: 
DCC, KCNA3, KCNA2, RIMS2, HOXB7, PNOC, IRX1, JSRP1, TBX1, OPCML, 
CECR1, and SCN4B. These indicated different DNA methylation patterns at the pro-
moter regions (Liaw et al. 2022). Altered DNA methylation patterns have been sug-
gested as potential biomarkers; however, their diagnostic value remains unclear due 
to the exploratory nature of most studies and the absence of extensive clinical valida-
tion (Ustianowska et al. 2024). DNA methyltransferases (DNMTs) play a crucial role 
in regulating epigenetic gene silencing via DNA methylation. Their dysregulation 
has been found to profoundly impact inflammatory responses and contribute to the 
development of various human diseases (Yang et al. 2024).

Histone Modifications

Histone modifications, such as acetylation, phosphorylation, and methylation, regu-
late gene expression by altering chromatin structure, which can control the epigen-
etic state of gene promoters. Histone acetylation typically activates gene expression, 
while histone methylation can either activate or repress it, based on the specific site 
and extent of methylation (Ustianowska et al. 2024). Studies confirm that epigen-
etic mechanisms, particularly histone methylation and modification enzymes, play 
a crucial role in the inflammatory response to LPS bacterial toxins and the func-
tion of periodontal stem cells (Huang and Zhou 2022). Periodontal ligament cells 
(PDLCs) exhibited increased expression of the histone methyltransferase SETD1B 
when treated with P. gingivalis LPS SETD1B is involved in regulating inflammatory 
cytokines in LPS-treated PDLCs (Huang and Zhou 2022).

Dysregulated histone demethylases (KDMs) play a significant role in inflam-
matory responses, including in cancer, viral infections, and PD. Increased levels of 
KDM4B and KDM4E are found in diseased periodontal tissues, while other KDMs, 
such as KDM3C and PHF8, have anti-inflammatory effects, which are suppressed 
by P. gingivalis LPS exposure (Liaw et al. 2022). The positive effects of chemical 
epigenetic modulators on alveolar bone loss and PDL cells with osteogenic abil-
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ity suggest that the epigenetic status of periodontal tissue has significant influences 
on PD susceptibility, onset and progression. Environmental factors, such as smok-
ing, also play a crucial role in this process and interact with epigenetics. Modulating 
epigenetic pathways has demonstrated encouraging results in experimental models. 
However, its potential for clinical use remains uncertain, primarily because human 
intervention studies are still limited (Suzuki and Yamada 2022). Figure 2.

Fig. 2  Evidence map of selected epigenetic mechanisms implicated in periodontitis. Differential DNA 
methylation patterns have been reported in periodontitis-affected tissues, representing primarily obser-
vational human-tissue evidence. In vitro studies have shown that P. gingivalis LPS can alter histone-
related regulators, including SETD1B, in periodontal ligament cells. Histone-related enzymes have 
also been implicated in inflammatory responses and periodontal stem-cell function in cell-based mod-
els. Overall, the evidence supporting epigenetic involvement in periodontitis is heterogeneous, and 
many proposed mechanisms, biomarkers, and therapeutic targets remain exploratory, preclinical, or 
not clinically validated
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What has Changed in the Field?

The landscape of periodontal epigenetic research is evolving rapidly, shifting focus 
from simply identifying new molecular markers to distinguishing disease-related 
signals from cell-specific and potentially functional mechanisms. Initially, studies 
relied heavily on bulk gingival tissue samples, targeted DNA methylation assays, 
microarray analyses, and bulk transcriptomic datasets. While these efforts uncovered 
numerous differences between healthy and periodontitis-affected tissues, they were 
inherently limited (Dommisch et al. 2025). Bulk gingival tissues comprise diverse 
cell populations, such as epithelial cells, fibroblasts, endothelial cells, neutrophils, 
macrophages, lymphocytes, osteoblasts, and periodontal ligament cells. Since the cel-
lular composition of inflamed tissues differs significantly from healthy counterparts, 
bulk-tissue datasets cannot clarify whether identified epigenetic changes stem from 
intrinsic cellular regulation or are merely artifacts of immune-cell infiltration and 
altered tissue composition. Consequently, many findings from these studies remain 
at the level of associations rather than definitive causal links (Dommisch et al. 2025).

Recent advances in single-cell and spatial transcriptomic approaches have elevated 
the precision of periodontal research. These methods delineate cell-specific transcrip-
tional programs and map potential intercellular communication within periodontal 
tissues. They have enabled researchers to pinpoint inflammatory, osteogenic, epi-
thelial, fibroblast, and immune-cell responses with much finer detail. However, the 
majority of these studies are cross-sectional, involve relatively small patient cohorts, 
and focus on RNA expression rather than directly demonstrating causal epigenetic 
changes. This limits their capacity to determine whether molecular alterations drive 
disease onset, are consequences of inflammation, or can predict therapeutic outcomes 
(Razzouk 2024). Instead, they provide valuable insights to shape hypotheses for 
future research. In vitro studies using isolated cell types such as gingival fibroblasts, 
gingival epithelial cells, periodontal ligament cells, and macrophage or osteoclast 
models offer more robust mechanistic evidence. Experiments exposing these cells to 
bacterial components, inflammatory cytokines, or epigenetic modulators have shown 
impacts on processes like cytokine production, osteogenic differentiation, apopto-
sis, extracellular matrix remodeling, and osteoclastogenesis. Yet these models cannot 
fully replicate the intricate dynamics of host–microbiome interactions, immune-cell 
diversity, mechanical forces, or structural complexities found in human periodontal 
lesions (Dommisch et al. 2025).

Animal models provide a complementary perspective by enabling direct testing 
of pharmacological inhibitors, gene perturbations, or localized delivery systems on 
inflammation and bone loss. These studies are instrumental in exploring causality 
and therapeutic interventions but face challenges in translating findings to humans 
due to species-specific immune responses, variations in disease progression, and dis-
crepancies in drug metabolism (Graves et al. 2012). The study of RNA methylation 
such as m6A and m6Am illustrates the current trajectory of periodontal epigenetics. 
Existing findings largely stem from computational analyses, expression profiling 
of RNA methylation regulators, and a few cell-based or animal experiments. Pre-
liminary evidence suggests a role for RNA methylation in inflammatory signaling, 
osteoclast differentiation, and bone remodeling (Zhang et al. 2021). However, com-
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prehensive mapping of RNA methylation in well-characterized human periodontal 
cells remains scarce. Studies that replicate findings across multiple cohorts or con-
duct longitudinal observations before and after treatment are still limited. Similarly, 
functional rescue experiments have been rare. As a result, RNA methylation should 
be considered an intriguing but still nascent hypothesis rather than a proven diagnos-
tic biomarker or therapeutic target. The field is evolving beyond descriptive gene and 
epigenetic marker catalogs toward integrative approaches incorporating multi-omics 
data, single-cell analysis, longitudinal tracking, and experimental perturbations. 
Achieving clinical translation will require a cohesive body of evidence derived from 
independent human studies, functionally relevant periodontal tissues, mechanistic 
cell research, and preclinical animal models, as well as rigorous clinical validation 
(Mongan et al. 2019).

Critical Synthesis of Current Evidence

A growing body of research underscores the role of epigenetic mechanisms in peri-
odontitis, although the strength of evidence varies significantly across different regu-
latory pathways. Among these, DNA methylation and histone modifications emerge 
as the most consistently supported mechanisms, backed by experimental studies and 
analyses of human periodontal tissues. These modifications are suggested to influ-
ence critical biological processes such as inflammatory signaling, immune responses, 
and alveolar bone remodeling. However, a substantial portion of this understanding 
comes from in vitro experiments and animal models, with limited data demonstrating 
causal relationships in humans. Similarly, non-coding RNAs appear to play a role in 
regulating periodontal inflammation; yet, their clinical relevance and reproducibility 
across diverse populations remain areas requiring further investigation. Emerging 
epitranscriptomic modifications like m6A RNA methylation also show potential, but 
current findings are mostly exploratory and insufficient to justify clinical applications 
at this stage. Consequently, although epigenetic dysregulation is increasingly recog-
nized as a factor in PD, its translation into clinically useful biomarkers or therapies 
remains challenging. Rigorous validation through large-scale longitudinal and inter-
ventional studies will be crucial in advancing this research field.

Genetic Variations and Their Influence on Treatment Outcomes (TO) 
in PD

Genetic factors, while influencing periodontal conditions and potentially exacerbat-
ing them, also play a significant role in determining the prognosis and outcomes of 
periodontal treatment. In the context of genetic variations and their periodontal impli-
cations, certain risk factors simultaneously serve as prognostic markers. This duality 
arises because some genes share mechanisms that impact both periodontal health 
and the efficacy of treatment. However, not all genes exhibit such dual functionality; 
some exclusively affect disease susceptibility and progression. These genetic influ-
ences stem from the role of the gene’s final product often a protein in maintaining 
periodontal health or contributing to pathogenesis. Consequently, polymorphisms in 



1 3

Biochemical Genetics

these critical genes may result in varying levels of disease susceptibility or treat-
ment success. In light of this, researchers have proposed strategies addressing these 
genetic variations to achieve three key objectives: (a) developing chairside geno-
typic tests to assess clinically relevant genetic variations prior to treatment planning; 
(b) implementing targeted and personalized therapeutic approaches, particularly for 
complex or syndromic cases; and (c) utilizing genetic backgrounds to predict tissue 
responses and refine prognostic evaluations. The impact of genetic polymorphism 
(GP) on periodontal TO can manifest as variations in long-term prognosis or altera-
tions in the efficacy of specific therapeutic phases. GP may influence TO at three 
critical stages: pharmacotherapy, Phase I therapy, and Phase II therapy. While not all 
identified genetic variations have demonstrated clinical utility in periodontal therapy 
or suitability for targeted treatment approaches, certain polymorphisms have shown 
promising potential.

Pharmacotherapy

The administration of local or systemic medications in periodontal therapy is justi-
fied only when the tissue demonstrates a desirable response, ideally with minimal 
adverse effects. This response is influenced by the biological characteristics of cells, 
which are governed by their genetic and allelic profiles. Consequently, the impact of 
genetic background on the efficacy of pharmacotherapy has been extensively stud-
ied in various medical conditions, including inflammatory diseases, with promising 
outcomes (CYP2C19 2023). However, such investigations remain limited in the 
field of periodontics, likely due to the specific role of pharmacotherapy in PD. Com-
monly prescribed medications include antibiotics, anti-inflammatory agents, and oral 
rinses. While the genetic and genotypic factors of biofilms and pathogens have been 
explored in relation to drug resistance and PD susceptibility (Nabil 2024), there are 
relatively few studies focusing on the GP of the host in this context. Although some 
researchers have examined the effects of host GP on adjuvant pharmacotherapy in 
Phase IV periodontal treatment the currently available data and published evidence 
are insufficient to draw definitive conclusions (Kay-Arne 2022).

Non-surgical Periodontal Treatment (NSPT)

The primary goal of NSPT is to leverage the periodontium’s inherent self-healing 
capacity by eliminating pathological factors. Consequently, the success of Phase I 
treatment is heavily reliant on the biological properties and behavior of the periodon-
tal tissues. Research has demonstrated that periodontal healing and susceptibility are 
influenced by specific genetic factors. Based on this evidence, some researchers have 
proposed that GP in periodontium-related genes, particularly those associated with 
disease susceptibility, may impact the outcomes of Phase I therapy. Among the most 
extensively studied genetic factors are interleukins-encoding genes, which play criti-
cal roles in the inflammatory response and tissue repair.

Genetic markers associated with treatment response:
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	● IL-1: IL-1 is among the most extensively studied genes in relation to various 
aspects of PD. IL-1 influences innate immune activity by promoting the secretion 
of cytokines involved in tissue destruction. As such, genotypes associated with 
heightened IL-1 activity are expected to contribute significantly to the pathologi-
cal mechanisms of PD and potentially influence the healing process following 
NSPT. Although IL-1 polymorphisms are predominantly linked to PD suscep-
tibility, their role in TO remains less conclusive. For example, Brodzikowska et 
al. investigated the IL-1 A − 889 and IL-1B + 3954 gene loci in a Polish popula-
tion, reporting reduced PD susceptibility associated with IL-1 A − 889 and IL-
1B + 3954  C/C homozygosity (Association 2022). Conversely, Walther et al. 
studied the same loci in a Caucasian population and found no significant differ-
ences in NSPT outcomes between genotype groups. Similar inconsistencies are 
evident across other studies. Consequently, many researchers suggest that IL-1 
GP primarily affect PD susceptibility rather than TO. A commonly accepted ex-
planation for these discrepancies is the impact of ethnic and geographic factors 
on the populations being studied (Brodzikowska et al. 2019).

	● IL-6 and IL-10: These interleukins, due to their established roles in immune re-
sponse and involvement in PD, have been investigated more extensively than most 
others, with the exception of IL-1. IL-6 is a polymorphic cytokine whose levels 
are associated with periodontal conditions and exhibit changes following peri-
odontal therapy (Shinji Matsuda et al. 2023). Certain alleles, such as IL-6 − 174 
G, which are linked to increased gene expression, are hypothesized to influence 
inflammation and tissue response, thereby potentially affecting TO. While the 
role of these alleles in PD susceptibility is well-supported, their impact on TO re-
mains less clear. A study noted that carriers of the IL-6 − 572 GG genotype or IL-
10–592 A allele showed comparable TO after NSPT to those without these alleles 
(Georgios and Chatzopoulos 1 2020). Although these cytokines appear to have 
limited direct effects on TO, they remain promising targets for genetic prevention 
and adjunctive therapies. For instance, Nolde et al. demonstrated that genetically 
proxied downregulation of IL-6 signaling is a viable drug target for reducing PD 
risk (Nolde et al. 2023). However, further studies are needed to evaluate the ef-
fects of various alleles and to validate these findings. Additionally, differences in 
susceptibility and TO between allele carriers and non-carriers vary across popu-
lations, highlighting the necessity of studying unexamined demographic groups 
before definitively ruling out associations between these genes and TO.

	● IL-8: IL-8 contributes to PD primarily through its chemoattractive properties. 
Similarly, while other research has noted an association between IL-8 levels and 
PD, the aforementioned study did not identify any such relationship. Another 
investigation examining the IL-8 ATC/TTC and AGT/TTC haplotypes reported 
no significant differences in pathogen reduction or clinical TO following NSPT 
(Finoti et al. 2013). These findings suggest that the effects of IL-8 GP may vary 
by allele. In other words, regardless of ethnic and geographic background, certain 
alleles of IL-8 may influence disease susceptibility, while others might have no 
effect or could influence both susceptibility and TO. However, the current evi-
dence is insufficient to draw definitive conclusions regarding these relationships. 
Despite this, IL-8 has shown potential as a target for therapy and as a predictor of 
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TO. For instance, Huang et al. demonstrated that inhibiting IL-8 in vitro reduced 
inflammatory activity, suggesting its potential for targeted therapy in chronic PD 
(Huang et al. 2021). Additionally, Bumm et al. reported that IL-8 levels could 
predict tissue responsiveness during Phase 1 and 2 of NSPT (Bumm et al. 2024). 
These findings raise two hypotheses: the potential to genetically target IL-8 as 
part of future NSPT strategies and the possibility that lower-expressing genotypes 
may be associated with improved treatment responses.

	● GATA-3, COX-2 and IL-4: These genes are recognized for their roles in mediat-
ing the inflammatory response and contributing to the pathological mechanisms 
of PD. Previous efforts to target these cytokines in periodontal therapy, such as 
the use of non-steroidal anti-inflammatory drugs (NSAIDs), yielded limited suc-
cess. However, following the discovery of their GP and their association with PD 
susceptibility, researchers began exploring their potential as therapeutic targets 
and their influence on TO. A multicenter study by Walther et al. investigated the 
relationship between the GP of IL-1, IL-4, COX-2, and GATA-3 and the TO of 
NSPT. While all these genes were associated with PD susceptibility, only the GP 
of GATA-3 demonstrated a potential influence on TO, suggesting its role as a 
predictor of future clinical attachment loss. However, this association was mod-
est, and GATA-3 was considered a contributory rather than a definitive factor in 
predicting TO. Although GATA-3 has been successfully used as a prognostic and 
diagnostic marker in other medical fields, such as oncology and as a therapeutic 
target for certain inflammatory diseases, However, its role in periodontal therapy 
remains a topic of debate and requires further investigation (Yoo et al. 2023) The 
majority of studies do not support a significant influence of GP on TO in NSPT. 
However, several critical points warrant consideration:

	● Population-Specific Influences: Ethnic, genetic, and geographic backgrounds of 
the studied populations have been shown to impact results. Therefore, general-
izing findings across diverse populations requires further investigation in under-
represented groups.

	● Allelic Variability: Different alleles of the same gene may exert varying levels or 
types of influence on PD susceptibility and treatment response. Future research 
should aim to encompass a broader range of alleles to provide a more compre-
hensive understanding.

	● Limited Role of GP Post-NSPT: While genotypes seem to influence periodontal 
conditions, the healing process and inflammation reduction following effective 
NSPT appear largely unaffected by GP, provided that oral hygiene is maintained. 
Notably, some studies have linked GP with elevated inflammatory cytokine levels 
before treatment, but these associations diminish after modifiable factors such as 
plaque and calculus are addressed. This highlights the non-modifiable nature of 
GP as a less critical factor in periodontal health maintenance once other predis-
posing factors are controlled. Additionally, the common methodology of com-
paring affected patients to unaffected individuals in susceptibility studies raises 
questions about the broader implications of GP in the absence of other risk fac-
tors.

	● Targeting GP in Advanced Therapy: Current evidence does not strongly sup-
port the notion that GP significantly alters the TO of NSPT. Consequently, target-
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ing GP in Phase IV periodontal therapy may lean toward overtreatment rather 
than a practical future direction.

	● Disease Class Distinctions: The connection between genetic polymorphisms and 
periodontitis can differ depending on the disease’s phenotype and severity. Previ-
ous studies have highlighted distinct associations in what were once categorized 
as chronic and aggressive periodontitis.

	● Surgical Periodontal Treatment (SPT): The GP background plays a significant 
role in influencing TO in SPTs, primarily through three key mechanisms: tissue 
healing and bone metabolism, inflammation regulation, and immune response 
modulation. Given that healing and regenerative processes are integral to many 
SPTs, GP is likely to affect the success of these procedures. However, certain 
specific treatments have been more extensively studied in the literature regarding 
their interaction with GP, warranting further exploration to better understand the 
broader implications.

	● Dental Implants: The influence of genetics on implant dentistry is a multifaceted 
area that warrants a dedicated review. The primary mechanisms through which 
GP may affect implant success involve bone metabolism and the inflammatory re-
sponse around dental implants. In this context, the failure rate during the surgical 
phase is linked to the patient’s GP and subsequent host response. A recent meta-
analysis revealed that the IL-1B-511 (2/2) genotype is associated with increased 
early crestal bone loss (Agrawal et al. 2021). However, this association is con-
ditionally dependent on other factors, as demonstrated by Agarwal et al. (2022), 
who found that early crestal bone loss was higher in individuals with IL-1B-511 
AA and/or IL-6–572 GG genotypes, but only when bone mineral density was 
below normal (Agrawal et al. 2024). Interestingly, certain genetic factors appear 
to influence implant TO without affecting PD susceptibility. For example, a re-
cent meta-analysis found no significant association between MMP-3 GP and PD 
susceptibility, but some studies indicated a relationship between MMP-3 variants 
and a higher risk of osseointegration failure (Hu et al. 2024). The most common 
causes of implant failure identified in the literature include peri-implantitis, os-
seointegration problems, and inflammatory reactions. A study on Basque patients 
suggested that individuals with peri-implantitis may carry alleles related to GBP1 
and BRINP3 proteins, which modulate the osseointegration process by altering 
immune responses to pathogens (Lafuente-Ibáñez-de-Mendoza et al. 2024). Con-
sequently, one of the emerging trends in implant therapy is the development of 
personalized treatment strategies and targeted therapies to enhance the success 
rate of implants.

	● Regenerative Therapies and Augmentation: Genetic and epigenetic factors 
influencing the metabolism and remodeling of intra- and extra-oral bones in 
maxillofacial structures have been extensively studied. These processes are well 
recognized for their role in regenerative medicine. Leveraging the genetic charac-
teristics of cells has shown promise in advancing periodontal tissue engineering, 
with innovative approaches such as gene-activated bone grafts and gene deliv-
ery being introduced (Bozo et al. 2021). Furthermore, genetic manipulation and 
gene expression control are actively being explored for soft tissue regeneration. 
As a result, GP are expected to significantly impact tissue response, potentially 
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enhancing regenerative outcomes. However, there is limited data on their direct 
effect on the TO of regenerative SPT. However, it is also crucial to consider non-
surgical factors that may influence gene expression. In this context, gene expres-
sion levels can be affected by factors unrelated to SPT, as gene expression is 
intrinsically linked to the natural biological conditions of the tissue prior to any 
intervention. For example, studies have shown that BMP2 expression, a key gene 
for osteogenesis regulation, is influenced by the craniofacial growth pattern of 
the jaw (Olsson et al. 2021). Furthermore, animal studies have demonstrated that 
gene expression profiles can vary depending on the materials used in regenera-
tive surgeries. Therefore, further research is needed to address the current gap 
in data and to isolate the specific effects of GP on the TO of regenerative SPT 
(Suleimenova et al. 2017).

	● Long-term Success: While most studies have assessed the impact of GP based 
on short-term evaluations of TO, it has been shown that GP may exert a different 
or even opposite influence over long-term follow-ups. This could be explained by 
considering the long-term success of regenerated tissues as being similar to the 
predisposition of natural, unaltered tissues. In other words, after successful treat-
ments, patients whose genotype predisposes them to PD may remain susceptible 
to the same condition, which could subsequently affect regenerated or healed 
tissues. Although this rationale appears plausible, it is not sufficiently supported 
by evidence. Moreover, there is a lack of comprehensive data establishing a clear 
relationship between the TO of regenerative therapies and IL-1 GP. A systematic 
review by Chatzopoulos found the available data to be limited and inconclusive 
regarding this relationship (Nolde et al. 2023). Since then, a few recent studies 
have been published with conflicting results, underscoring the need for further 
targeted research to draw definitive conclusions.

Epigenetic Therapy as a Novel Approach for PD Management

As the epigenetic factors have been shown to be related to PD susceptibility they are 
suggested to be potential targets for novel PTs. Here, we briefly review the rationale, 
efficacy, history, and new horizons of epigenetic therapies (ETs) for the future of 
clinical periodontics.

1.	 History, rationale, and potential of epigenetic interventions for PTs.

The term “epigenetic” was invented by Waddington in 1942 as the connection between 
genetics and phenotype. Through the evolution of epigenetic concepts, ET was 
introduced as it was found that non-sequence-based mechanisms may alter the 
phenotype. It means that modifying the genetic trait is possible without manipu-
lating the sequence of alleles, which is not easily feasible. This attitude follows 
the scheme of phenotype alternation but is based on the options to regulate the 
expression level of the natural alleles instead of revising its sequence or manag-
ing their consequences with conventional drugs. Accordingly, the first attempts 
were conducted in the 1960 s, and the first approved drug was introduced in the 
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2000 s (Feehley et al. 2023). ET drug evolution records could be divided into 
four waves (Ganesan et al. 2019). Accordingly, nowadays, the main epigenetic 
approaches are direct epigenetic reprogramming (epigenetic editing) and inter-
fering with natural gene expression (GE) processes by epigenetic drugs (epi-
drugs). Not to be missed, there are also non-epigenetic approaches that affect 
GE as well. However, despite extra-oral conditions the dental problems are not 
well studies and hence still passing older waves. Regarding the PDs, growing 
documents indicate ET’s potential as a future solution. The philosophy of this 
approach originates from the fact that taking control over the genes related to 
inflammation and immunologic reactions can be beneficial by reducing destruc-
tive host responses and improving the healing process. It relies on epigenetic tar-
geting strategies for therapeutic purposes, diagnosis, or personalizing treatments 
based on the patient’s epigenetic profile. The affirmative evidence emphasizes 
various grounds, which all are founded on the role of epigenetics on PD patho-
genesis and its effects compared to conventional PTs:

	● Epigenetics aspects of periodontal risk factors: Several studies demon-
strate that some environmental risk factors are contributing via epigenetic 
changes. For instance, smoking is shown to be effective in the cellular expres-
sion of epigenetic markers of periodontal lesions. The fundamental of this 
relation is also investigated as the DNA methylation modification after smok-
ing in gingival tissue is reported (Cho et al. 2017). Some other risk factors 
like nutrition, are also supported to interact with epigenetic regulation of peri-
odontal tissues. Also, some other environmental factors are shown to at least 
relate to epigenetic changes. Hence in brief, it suggests that epigenetics is a 
possible course of action either for preventive or therapeutic interventions 
by mimicking and following the natural course of environmental influence.

	● Epigenetic aspects of PD pathogenesis: Epigenetics are shown to con-
tribute to the mechanism of periodontal health. It is shown that different 
epigenetic patterns can lead to different PD susceptibility. Also, PD makes 
localized and systemic epigenetic changes by altering expressions of some 
genes like the SOCS family which are responsible for some undesirable 
consequences(Ghafouri-Fard et al. 2022). On the other hand, dysbiosis may 
lead to cellular epigenetic changes. Hence, a reciprocal relation between 
epigenetics and the periodontal condition is suggested which indicates its 
potential for therapeutic purposes for reestablishing symbiosis or improving 
periodontal health.

	● Epigenetic aspects of current PTs: Asa’ad et al. conducted a case study 
evaluating epigenetic alternations following NSPT in patients suffering from 
chronic PD. They concluded that NSPT resets the DNA methylation status of 
inflammatory genes. Also, some conventional drugs have an epigenetic side. 
For instance, Shi et al. successfully utilized an aspirin drug delivery system 
in the PD model with significant results on macrophage metabolic phenotype 
modification and inflammation inhibition (Shi et al. 2023). Besides, though 
not for PD for some medical conditions, it is shown that aspirin efficacy 
is dependent on the patient’s epigenetic profile (Wang et al. 2019). Hence, 
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there are growing numbers of evidence demonstrating a reciprocal relation 
between epigenetics and the efficacy of conventional treatments. It exhibits 
ET’s potential to improve TO as a combination therapy or distinctly.

	● Epigenetic aspects of systemic conditions: It has been discussed for a long 
time that some systemic diseases may impact periodontal conditions and vice 
versa. However, with the emergence of epigenetic investigations, some epi-
genetic mechanisms are also revealed in this matter. Li et al. indicated that 
DNA methylation patterns are influenced in diabetic patients which over-
shadows their PD susceptibility. On the other hand, diabetes can also be asso-
ciated with the periodontal microbial population of periodontal patients shifts 
in the amount and type (Qin et al. 2022). Interestingly, systemic and localized 
microbial infections are demonstrated to Hence, epigenetic targets are proper 
points to direct as a part of PTs in systemic conditions.

	● Epigenetics superiority: ET also suggests advantages over conventional PTs 
or other biomolecule-targeting therapies. Though the genetic background 
affects the patient’s susceptibility and treatment efficacy, reversing inherited 
gene-related traits is usually arduous. Thus, despite a few genetic diseases, it 
is practically difficult to cure the patient by eradicating such etiologic factors. 
That is why most interventions are designed to manage these situations at 
the non-genomic level. The epigenetic condition is inheritable but shown to 
be reversible. Also, it is suggested that in some conditions like tissue aging 
the pathologic epigenetic events are reversible (Ruden and Rappolee 2023). 
These are advantages of ET in the case of a patient’s genetic predisposition 
or even as a treatment option. In general, the current trend of research sup-
ports that the epigenetic-periodontic relation has the potential for therapeu-
tic intervention. Epigenetic interventions have sparked significant interest 
as potential therapeutic approaches, but their use in periodontology is still 
predominantly in the preclinical stage. Currently, there is a lack of robust 
clinical evidence to endorse epigenetic therapies as replacements for tradi-
tional periodontal treatments. As such, these strategies should be viewed as 
experimental rather than clinically validated.

2.	 Efficacy of ET as a PT: Evidence for epigenetic therapies in periodontitis must 
be considered within the context of the specific experimental models employed. 
The majority of existing data comes from in vitro studies involving gingival fibro-
blasts, periodontal ligament cells, macrophages, or models related to osteoblast 
and osteoclast activity, as well as animal studies focused on inflammatory bone 
loss. While these investigations provide important mechanistic insights and pre-
clinical proof-of-concept support, they do not confirm clinical efficacy or safety 
in humans. Human-based evidence is still scarce, primarily derived from observa-
tional studies on gingival tissues and small-scale exploratory research. As a result, 
epigenetic therapies are best viewed as experimental at this stage rather than 
established treatments for periodontal conditions (Dommisch et al. 2025). Refer-
ring to the available studies, the most investigated target points for epigenetic reg-
ulations in periodontal tissues are GPs, micro-RNAs, histone modifications, and 
DNA methylation. Based on that, some novel PTs are designed and examined with 
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promising results. Recent studies have shown that inhibiting NF-κB is a promis-
ing molecular approach to suppress pathological cell proliferation and inflamma-
tory signaling in oral diseases (Cheng et al. 2025).

1.	 DNA Methylation (DM): DM is a major epigenetic mechanism that regulates 
GE in various ways. As the methylated site shows an altered affinity for bio-
chemical reactions, when it occurs in critical segments, it leads to regulation of 
GE. In that matter, there are direct and indirect mechanisms depending on the 
affected site. Accordingly, different trials are conducted to reprogram cells for 
an improved tissue response as a part of PT.

1.1.	 Promoter methylation: It is the main direct mechanism in which DM 
occurs on the site of a gene promoter and results in inhibiting transforma-
tive factors to bind DNA. thus a decreased level of GE is expected for the 
neighbor gene due to silencing. In this regard, an examined intervention 
is the application of DM inhibitors concerning the genes that are essential 
for an appropriate periodontal response such as TLR2. However, recent 
studies suggest more complicated effects of large-scale promoter meth-
ylation on the downstream, which must be considered for genomic engi-
neering and ET (Mendoza et al. 2022).

1.2.	 Epidrugs and Transcription-related proteins: Currently, there are several 
available FDA-approved epidrugs for different conditions and mostly 
cancer therapy. However, some researcher explored their influence for 
other conditions including PD. for instance, Decitabine is a DN inhibi-
tor focusing on methyltransferase first introduced for hematologic cancer 
treatment which was recently examined for other purposes like improving 
cancer vaccine efficacy and other types of cancers (Tatman et al. 2022). 
Tanaka et al. tried that for periodontal bone loss inhibitions in an in-vivo 
model. They found that its application inhibits bone loss and upregulates 
inflammatory cytokines (Tanaka et al. 2021). Decitabine is also able to 
decrease methylation level of osteogenesis related genes promoters in 
gingival fibroblast (Cho et al. 2017). There are also other epidrugs with 
similar potential; however, the available data in this regard is limited and 
needs further investigation.

1.3.	 Contributing to other strategies: it is shown that DN can indirectly play 
a role by means of other strategies including histone modification and 
micro-RNA involvement Besides, some DN inhibitor epidrugs has a dual 
effects that alter epigenetic situation relying on other mechanism. For 
example Decitabine is shown to have histone code effects as well (Dal-
vand et al. 2021). Hence, its application in combination with other strate-
gies or as an adjuvant is suggested.

2.	 Histone modification (HM): Besides DM, HM is the most investigated epigen-
etic mechanism in periodontics. HM is able to modify bone metabolism and 
consequently periodontal condition and implant success. Hence, HM epidrugs, 
which are mainly Histone deacetylase inhibitors (HDACi) were investigated 
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for multiple situations including PD. There are multiple generations of HM 
drugs according to the type of targeted enzyme and features. Algate et al. stud-
ied two types of HDACi for HDAC I and II in an in-vitro study and showed 
decreased osteoclastic activity and cytokine suppression. These drugs also dif-
fer in selectivity and tolerability. Lagosz et al. combined selective class I and 
II for pre and post-exposure treatment and showed similar successful results 
(Lagosz et al. 2020). It worth noting that broad-spectrum HDACis are one of 
the most challenging epidrugs due to their side effects.

3.	 Micro RNA (mi-RNA): mi-RNA is more investigated for their role in PD suscep-
tibility rather than treatment. However, it is promising ground as its application on 
other medical field has been successful and its dental application is just recently 
started to be investigated.

4.	 GP: Although major epigenetic mechanisms in PDs are those mentioned above, 
some minor operations like GP are also suggested. It is more beneficial by playing 
role where it’s beyond the impacts of major mechanisms.

4.1.	 Despite GP reports about translatable genes, there is evidence that promot-
ers GP is also effective in the case of PD. Such a phenomenon appears in the 
same way that the promoter DM or RNA does. The concept that a gene like 
SOCS1 may contribute due to its DM but not its promoter methylation is also 
reported for non-periodontic disease as well (Emamgholipour et al. 2023).

4.2.	 Similarly, Asa’ad et al., there was no influence on TNF-α, IFN‐γ and LINE‐1 
after NSPT but significantly on COX‐2 DM level (Asa’ad et al. 2017). It 
suggests that epigenetic-periodontic relation is not generalized to all genes 
related to PD Though addressing them to treat some diseases has been 
attempted, there are not enough studies for periodontal purposes. Also, as 
mentioned before, GP is shown to be involved in the development risk of PD 
but not the TO of PTs. However, promoter GP is indicated to impact TO of 
some other conditions like IL-10 in HCV patients (Dhaouadi et al. ).

4.3.	 On the other hand, some genes like COX-2 influence PD susceptibility by GP 
but they don’t show any impact on TO (shan 2018). However, its DM level is 
shown to be related to PD susceptibility and influenced by PT (Asa’ad et al. 
2017). These facts suggest that epigenetic-periodontic relation mechanisms 
do not generally affect all related genes. As a result, epigenetic profiling, 
personalized treatment planning, and targeted therapy by various strategies 
must be considered a future direction of ET. However, limited information 
is available about targeting GP as an epigenetic treatment strategy for PD, 
which needs more investigation.

5.	 Tissue engineering and regenerative therapies (RT): Though RT is not an epigene-
tic mechanism but a kind of treatment, it is revolutionary changing by merging ET 
with that. Despite newly introduced horizons, some previous attempts are shown 
to pose epigenetic effects as well. in brief ET are investigated for improving GE 
of desirable genes, enhancing host response for better adaption to implants or tis-
sue healing. For instance, Decitabine is shown to be effective for differentiating 
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gingival fibroblast to osteoblasts in combination with BMP-2 (Cho et al. 2017). 
Additionally some researchers focused on manipulating epigenetic features of 
bone metabolism for nonregenerative therapies like integrating with titanium 
implants (Zhang et al. 2021). Hence, the future of RT seems to be strongly related 
to progress in ETs. Figure  3. Epigenetic therapeutic strategies investigated for 
periodontitis shown in Table 1.

Future Directions and Pitfalls

Despite all the advantages of ET, there are some risks as well. The results of regu-
lating GE are not restricted to therapeutics but to pathological processes as well. 
There are concerns about possible adverse effects of ET in PT with some oncologic 
consequences (Barros et al. 2020). Additionally, epidrugs are not yet as developed as 
they could specifically target a particular tissue, and consequently, they could affect 

Fig. 3  Emerging ET for periodontitis target DNA methylation (e.g., the DNMT-inhibitor decitabine), 
histone modifications (HDAC inhibitors such as vorinostat), and micro-RNA networks (mimics or an-
tagomirs), while patient-specific genetic/epigenetic profiling guides their personalized application. By 
reprogramming periodontal-tissue gene expression, these strategies converge on three clinical goals—
bone preservation, inflammation reduction, and enhanced regeneration—paving the way for precision 
periodontal therapy
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the whole body. Additionally, drug tolerability, dose-limiting problems, and adverse 
effects of broad-spectrum epidrugs limited the administration for non-life threatening 
conditions like PD. Some side effects are nausea, cardiac abnormalities, thrombo-
cytopenia, diarrhea, etc. However, higher specifies and tolerability are potentially 
possible and hoped for in the next generations of ET. Additionally, there are some 
concerns about the ethical aspects of epigenetic research and personalized ET (San-
taló 2022). Though the potential of ET is leading the trend of PTs for a paradigm 
shift, its application in other medical branches is more developed. The history of first 
attempts for extraoral disease returns to older times and there are FDA-approved epi-
drugs and ETs for those conditions nowadays. Currently, the mainstream epigenetic-
periodontic investigations are focused on the diagnosis and pathogenesis of PD, in 
which ET possesses a minor but upgrowing share. Recent evidence indicates that, 
while a variety of epigenetic signatures have been identified, only a limited number 
have shown adequate reproducibility and clinical relevance to warrant integration 
into routine periodontal care. The majority of these findings are still in the explor-
atory phase and require further validation through independent studies conducted on 
larger and more ethnically diverse populations (Dommisch et al. 2025). Additionally, 
not all the potential epigenetic targets mentioned are investigated for therapeutic pur-
poses. Epigenetic research is advancing quickly, offering significant insights into the 
mechanisms underlying PD. However, the clinical use of epigenetic therapies is still 
in its early experimental phase. Currently, the available evidence does not yet justify 
their routine implementation in periodontal care, as numerous biological, safety, and 
translational barriers remain to be addressed.

Epigenetic interventions hold significant therapeutic promise for PD; however, 
their clinical application faces several methodological and translational hurdles. Peri-
odontal tissues are composed of diverse cell populations, such as epithelial cells, 
fibroblasts, immune cells, osteoblasts, osteoclasts, and periodontal ligament stem 
cells, each with unique epigenetic profiles and biological responses. This cellular 
diversity complicates the identification of specific epigenetic targets linked to the dis-
ease and may lead to variability in treatment outcomes. Moreover, many epigenetic 
drugs exert broad-spectrum effects, potentially altering non-target genes or signaling 
pathways, raising safety concerns and introducing biological unpredictability. Tis-
sue-specific delivery also remains a significant obstacle, as systemic administration 
risks unintended effects on organs and tissues beyond the periodontal region. Addi-
tional challenges include the absence of standardized dosing protocols, uncertainties 
regarding the duration of treatment, and potential long-term cumulative effects of 
epigenetic modulation. Notably, much of the supporting evidence for these thera-
pies in periodontology comes from in vitro studies and animal models, with human 
clinical trials still being limited. Greater research is essential to confirm their efficacy, 
safety, optimal delivery methods, and long-term outcomes before these interventions 
can be adopted into standard periodontal care (Dommisch et al. 2025).

Many of the challenges associated with epigenetic therapies go beyond mere gaps 
in research, reflecting deeper translational barriers that currently hinder their clinical 
implementation. Epigenetic regulators often influence multiple biological pathways 
concurrently, complicating precise therapeutic targeting and increasing the likelihood 
of unintended off-target effects. Additionally, several epigenetic mechanisms crucial 
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for processes such as inflammation and tissue regeneration are closely linked to cellu-
lar proliferation, differentiation, and oncogenesis. As a result, prolonged manipulation 
of these pathways raises concerns about tumorigenicity and biological unpredictabil-
ity. Another significant obstacle lies in the lack of reliable tissue-specific delivery 
systems. Epigenetic agents administered systemically may impact various organs and 
cell populations outside the targeted periodontal environment, heightening the risk of 
systemic toxicity and adverse effects. Furthermore, the periodontal tissue itself is a 
highly heterogeneous cellular ecosystem, encompassing epithelial cells, fibroblasts, 
immune cells, osteoblasts, osteoclasts, and periodontal ligament stem cells, all of 
which possess distinct epigenetic profiles. This complexity complicates the identifi-
cation of broadly effective therapeutic targets and can lead to variability in treatment 
outcomes across patients.

Therefore, despite promising findings from preclinical studies, the development 
of epigenetic therapies for periodontitis remains largely in the experimental phase. 
Bridging the gap to routine clinical application will require not only further research 
but also the resolution of critical biological and technological hurdles to enhance 
safety, predictability, and therapeutic precision.

How Genetic and Epigenetic Factors Interact in the Development of 
PD

Since the 1960 s, many studies have explored how genetic factors influence periodon-
titis susceptibility and progression, showing that genetic susceptibility makes certain 
individuals more prone to these conditions. In recent years, epigenetic research has 
aimed to clarify how gene-environment interactions influence both the development 
of PD and treatment responses (Loos 2020). Periodontitis is a multifaceted inflam-
matory condition arising from interactions among microbial, genetic, epigenetic, 
environmental, and host immune factors. Although genetic susceptibility has been 
acknowledged for years as a key factor influencing disease risk, growing emphasis 
is now being placed on epigenetic mechanisms that bridge environmental exposures 
and host biological reactions. Gaining a deeper understanding of how genetic and 
epigenetic elements interplay could offer valuable perspectives on the disease’s vari-
ability, progression, and response to treatment.

Gingivitis commonly coexists with PD, with the host immune response playing 
a regulatory role in this progression. Acquired immunity shapes the host’s response, 
but individual genetic profiles significantly influence it, determining responses to 
specific antigens (Kozak et al. 2020). Epigenetic alterations in PD include DNA 
methylation and histone modifications, which may either amplify or reduce inflam-
mation in response to bacterial challenges. The evolving field of epigenetic regula-
tion has sparked considerable interest in its potential for diagnostic and therapeutic 
use. Despite this enthusiasm, the majority of epigenetic biomarkers and therapeutic 
targets under consideration are still experimental. While some studies have identi-
fied links between specific epigenetic patterns and aspects such as disease activity, 
progression, or response to treatment, most of these findings lack sufficient valida-
tion across diverse populations and clinical contexts. As a result, their application 
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in routine diagnosis, prognosis, patient stratification, or treatment planning remains 
uncertain. Robust longitudinal, multicenter research, along with mechanistic investi-
gations, is essential before epigenetic biomarkers and therapies can be incorporated 
into evidence-based approaches for periodontal care. When interpreting epigenetic 
findings in periodontitis, reverse causality is an important factor to consider. While 
many studies indicate that epigenetic changes might play a role in disease suscepti-
bility and progression by affecting inflammatory and immune pathways, it is equally 
plausible that these changes result from chronic periodontal inflammation rather than 
serving as primary causative factors. Prolonged exposure to inflammatory cytokines, 
oxidative stress, microbial products, and tissue damage can lead to modifications in 
DNA methylation, histone structure, and non-coding RNA expression. As a result, 
the relationship between periodontitis and epigenetic regulation is increasingly seen 
as bidirectional, where epigenetic alterations can both shape and be shaped by the 
inflammatory environment. This intricate interplay complicates efforts to establish 
clear causal relationships, underscoring the importance of longitudinal studies to dif-
ferentiate between initiating mechanisms and secondary biological processes.

Genetic and epigenetic factors operate within a complex interplay involving the 
host, microbes, and environmental influences, rather than functioning as isolated 
contributors to periodontitis. Candidate-gene studies have identified potential links 
with cytokine-associated genes such as IL-1, IL-6, IL-10, IL-17, and TNF pathways, 
alongside variants related to VDR, TLRs, CD14, MMPs, HLA loci, and genes tied 
to epithelial defense or bone metabolism. However, these findings should not all 
be considered equally robust. Many stem from cross-sectional case–control studies 
that often suffer from small sample sizes, varied disease definitions, and population-
specific biases (Cho et al. 2021). Genes coding for inflammatory cytokines provide 
the clearest biological rationale due to their role in regulating inflammatory responses 
and tissue destruction. Yet, the associations identified for specific gene variants 
remain inconsistent across different populations, potentially influenced by factors 
such as genetic ancestry, smoking habits, diabetes, microbial exposure, or varia-
tions in clinical presentations. Similarly, findings involving genes like VDR, TLR4, 
Fcγ receptor genes, IL-17-related loci, and other inflammatory polymorphisms lack 
the consistency needed to classify them as reliable markers for disease progression, 
severity, or treatment outcomes (Zhao et al. 2023).

From an epigenetic perspective, mechanisms such as DNA methylation, histone 
modifications, non-coding RNAs, and RNA-modification pathways are thought to 
affect processes like inflammatory signaling, osteoclast activity, tissue remodeling, 
and bone metabolism. However, the interpretation of these observations depends on 
the type of evidence presented. While studies based on gingival tissue expression 
and methylation can reveal molecular patterns associated with disease, they cannot 
confirm causality as these patterns may simply reflect changes in cell composition or 
ongoing chronic inflammation (Raut et al. 2019). Cell-based experiments may offer 
mechanistic insights, and animal models can assess intervention effects; however, 
neither approach fully establishes direct clinical relevance for humans. Consequently, 
longitudinal studies in human populations, alongside independent replication and 
functional validation, are essential before genetic or epigenetic biomarkers can be 
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reliably integrated into risk assessment models or tailored periodontal therapies (Raut 
et al. 2019).

Candidate-Gene Studies versus GWAS and Mendelian Randomization Approaches

The study of the genetic underpinnings of periodontitis has traditionally focused on 
candidate-gene approaches, targeting biologically significant genes implicated in 
inflammation, immune regulation, and tissue remodeling. Genes such as IL-1, IL-6, 
TNF-α, VDR, and members of the TLR family have been central to these investiga-
tions. While these studies have identified numerous potential susceptibility loci, the 
reproducibility of their findings across various ethnic groups and research settings 
has often been limited. Factors such as variation in environmental exposures, disease 
classification criteria, sample sizes, and genetic diversity have contributed to these 
inconsistencies. In recent years, genome-wide association studies (GWAS) have 
introduced a hypothesis-free methodology to discover genetic variants associated 
with periodontitis across the entire genome. Unlike candidate-gene studies, GWAS 
offers enhanced statistical precision and minimizes selection bias, enabling the iden-
tification of novel susceptibility loci. Moreover, Mendelian randomization (MR) 
has emerged as a complementary approach to explore causal relationships between 
genetic factors, systemic traits, and PD. By using genetic variants as instrumental 
variables, MR provides valuable insights into the biological connections underlying 
disease mechanisms (Gao et al. 2024). Mendelian randomization studies have shown 
that circulating immune cell profiles could play a causal role in disease susceptibility. 
This underscores the value of using genetic instrumental variable methods to better 
understand immune-related pathological conditions (Li et al. 2024).

Despite their advantages, GWAS and MR approaches have notable limitations. 
The genetic variants identified often account for only a modest fraction of the heri-
tability of periodontitis, and the biological pathways they implicate typically require 
further functional validation. Current evidence suggests that combining findings 
from candidate-gene research with data from GWAS, MR, transcriptomic, and epig-
enomics analyses could offer the most robust strategy for deciphering the complex 
genetic architecture of periodontitis and uncovering actionable therapeutic targets 
(Gao et al. 2024). GWAS and Mendelian randomization findings should primarily be 
viewed as tools for prioritization rather than definitive evidence of clinical applicabil-
ity. Their translation into practice demands validation through replication, molecular 
correlations specific to periodontal tissue, and functional perturbation experiments 
conducted in appropriate cellular systems or models (Omidiran et al. 2024). The 
following tables provide an overview of the latest evidence regarding genetic and 
epigenetic contributors to periodontitis. Evidence levels were determined based on 
factors such as the consistency of replication, the size and diversity of study samples, 
the use of standardized periodontal classifications, the availability of functional vali-
dation, and the potential for clinical application. “Strong” evidence refers to find-
ings that show consistent replication across independent studies, are supported by 
functional validation, and hold potential clinical significance. “Moderate” evidence 
corresponds to associations that have been observed repeatedly but exhibit some het-
erogeneity, along with partial functional support. “Weak” evidence signifies findings 
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with limited or inconsistent replication. “Exploratory” evidence mainly stems from 
smaller-scale, cross-sectional, bioinformatic, in vitro, or preclinical studies, lacking 
established clinical relevance. Table 2 compares the principal experimental and ana-
lytical approaches currently used to investigate the genetic and epigenetic basis of 
periodontitis.

Table 3 Critical appraisal of genetic evidence in periodontitis and Table 4 Critical 
appraisal of epigenetic evidence in periodontitis. The tables indicate that the majority 
of genetic and epigenetic candidates mainly demonstrate biological plausibility or 
links to disease, rather than serving as validated tools for clinical prediction. Cur-
rently, no single genetic polymorphism or epigenetic marker has been proven reliable 
enough to routinely predict the outcomes of periodontal treatment. To facilitate the 
interpretation of the available evidence, Table 5 summarizes the principal genetic 
and epigenetic biomarkers investigated in periodontitis, together with their sample 
sources, level of evidence, replication status, clinical relevance, and current transla-
tional readiness.

Personalized Periodontal Care: The Role of Genetic and Epigenetic 
Profiling

PD is a complex multifactorial disease, where a person’s genetic makeup and envi-
ronmental factors together shape susceptibility and disease progression. Gene poly-
morphisms, which can vary by race, influence individual susceptibility to PD and 
responsiveness to treatment. While maintaining oral hygiene through flossing and 

Table 2  Comparison of molecular approaches used to investigate genetic and epigenetic mechanisms in 
periodontitis
Approach Can prove Cannot prove Major confounders Best use
Candidate-gene 
studies

Gene–disease 
associations

Causality Population stratifica-
tion, small cohorts

Hypothesis 
testing

GWAS Novel susceptibility loci Mechanism or 
causality

Multiple testing, 
ancestry

Gene 
discovery

MR Potential causal 
relationships

Cellular 
mechanisms

Pleiotropy, weak 
instruments

Causal 
inference

Bulk methylation Disease-associated 
methylation

Cell-specific 
effects

Tissue heterogeneity Epigenetic 
biomarker 
discovery

Bulk RNA-seq Differential gene 
expression

Cell-specific 
regulation

Mixed cell 
populations

Pathway 
analysis

scRNA-seq Cell-specific expression Causality Technical variability, 
cost

Cell-type 
identification

Spatial 
transcriptomics

Spatial gene expression Functional 
validation

Resolution, tissue 
quality

Tissue 
architecture

In vitro 
perturbation

Molecular mechanisms Clinical 
relevance

Artificial conditions Functional 
validation

Animal models In vivo functional 
effects

Direct human 
translation

Species differences Preclinical 
testing

Longitudinal 
human studies

Biomarker dynamics, 
prognosis

Molecular 
mechanisms

Treatment and envi-
ronmental variability

Clinical 
validation
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interdental brushing is essential for gum health, these practices mainly helps reduce 
periodontal pocket depth and bleeding on probing (BOP) rather than directly elimi-
nating gingival inflammation. Yet, patients tend to forget nearly half of the provided 
health recommendations (Toy 2019). Understanding how genetic variations interact 
with environmental factors is crucial for tailoring effective periodontal treatment. 
Personalized medicine focuses on customizing healthcare and treatment plans for 
each individual. Despite having attracted considerable attention in periodontology, 
its application in routine clinical practice is still limited owing to methodological, 
economic and logistical limitations. This approach relies on laboratory tests that ana-
lyze genetic, molecular, epidemiological, physiological, and social factors to provide 
precise diagnoses and optimize treatment for each patient (PM 2018).

The IL-1 A (−889  C/T) polymorphism has been linked to an increased risk of 
developing periodontitis in various populations. Previous research highlighted this 
connection specifically in individuals previously grouped under the now-outdated 
PD classification. In South India, the rs4647602 GG genotype of CASP3 is preva-
lent among Tamils with PD, while in Koreans, high-risk genetic markers include 
IL-1β + 3954 and TNF-α −863 variants. Research in Chinese populations has iden-
tified FOSB (rs708905 G/G and rs8105114 A/A) and SOCS3 (rs7207782 G/G) 
genotypes as risk factors for PD and osteopenia. Among Iraqi patients, IKKβ poly-
morphisms intensify responses to PD, especially the GT genotype at rs17875746, 
which is associated with tooth mobility, family history, CAL, and gingival recession 

Table 3  Critical appraisal of genetic evidence in periodontitis
Gene/pathway Evidence 

grade
Main evidence 
source

Replication Clinical 
implication

IL-1, IL-6, TNF, 
IL-10

Moderate Candidate-
gene studies; 
meta-analyses

Partial; 
population-dependent

Possible suscepti-
bility association; 
no validated treat-
ment prediction

IL-17 pathway Weak–mod-
erate

Candidate-gene 
studies

Limited Exploratory sus-
ceptibility marker

VDR Moderate Candidate-
gene studies; 
meta-analyses

Inconsistent across 
populations

Possible suscepti-
bility association; 
no validated treat-
ment prediction

MMPs Weak–mod-
erate

Candidate-gene 
studies; tissue-
expression studies

Limited Biological 
relevance stronger 
than genetic 
prediction

CD14/TLRs Weak–mod-
erate

Candidate-gene 
studies; selected 
tissue/cell studies

Limited and 
population-specific

Exploratory 
susceptibility 
association

HLA loci Weak Small population-
specific associa-
tion studies

Poor Exploratory only

Antimicrobial 
peptides/defensins

Exploratory Small association 
and tissue studies

Very limited No established 
clinical utility

GWAS loci Moderate GWAS and repli-
cation studies

Selected loci replicated Susceptibility 
signals; not treat-
ment predictors
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(GR). The GA genotype at rs12676482 also indicates higher susceptibility (Toy 2019, 
Mahmood and Hussein 2023). In Brazil, the DNMT3B (rs2424913) polymorphism 
has been associated with increased PD risk in a specific population group. Notably, 
IL1A/rs1800587 and IL1B/rs1143634 polymorphisms have emerged as potential bio-
markers of periodontitis susceptibility, although the original studies were conducted 
using the former PD classification (Silva et al. 2021). Distinguishing genetic vari-
ants linked to periodontitis susceptibility from those that affect treatment response 
is essential. While numerous polymorphisms have been associated with disease risk, 
the evidence for their potential as predictors of treatment outcomes in periodontitis 
remains sparse and varies inconsistently between studies.

Recent advancements in gene therapy offer new treatment avenues for PD by intro-
ducing specific genes into periodontal cells to promote tissue repair and regeneration. 
This approach targets genetic and cellular pathways essential for tissue healing, offer-
ing a promising long-term solution for maintaining periodontal health. Gene therapy 
enables the modulation of proteins involved in tissue regeneration, potentially trans-
forming periodontal treatment into a more targeted and personalized approach. One 
diagnostic application in PD is measuring MMP8 enzyme levels in gingival fluid and 
saliva, as elevated concentrations are common in affected patients, aiding diagno-
sis and monitoring treatment effectiveness (Zalewska et al. 2024). Genetic profiles 
might play a role in risk stratification for specific populations, but their effective-
ness in predicting periodontal treatment outcomes remains unclear. This uncertainty 
arises from the limited evidence available and the lack of consistent validation across 
independent study groups. Gene therapy shows potential to not only regenerate 
damaged periodontal tissues but also provide comprehensive treatment by target-
ing multiple genetic factors simultaneously. Gene therapy represents a significant 
advancement in personalized dental care, enabling clinicians to tailor interventions 
based on each patient’s genetic predispositions and treatment needs (Barhate et al. 
2023). Recently, immunomodulators and microbial therapies have been introduced 
in dentistry to enable personalized, targeted interventions. These strategies address 
the complex interactions among the immune system, oral microbiome, and overall 
oral health. Immunomodulators, in particular, offer a novel approach by adjusting 
immune responses to control inflammation and promote tissue regeneration. This 
integration of immune and microbial therapies marks a shift toward more precise, 
individualized treatment options in oral health care. The predictive reliability of most 
currently suggested genetic and epigenetic markers is still inadequate for routine clin-
ical use, underscoring the importance of further validation and standardization efforts 
(Dommisch et al. 2025). Current research indicates that numerous genetic variants 
linked to periodontitis susceptibility may not reliably forecast treatment responses. 
Although polymorphisms in genes related to inflammation and immune regulation 
have been explored as potential influences on treatment outcomes, the findings often 
vary widely and lack reproducibility. Differences in study methodologies, disease 
categorization, treatment approaches, and population demographics further weaken 
the reliability of existing evidence. As a result, genetic testing cannot yet be routinely 
employed to predict periodontal treatment outcomes. More robust prospective clini-
cal studies are necessary before genotype-based periodontal therapy can be adopted 
into standard clinical practice.
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Despite the growing interest in personalized periodontal care, there are several 
important barriers that remain to limit its translation into routine clinical practice. 
One of the major challenges is the lack of standardization of the proposed genetic and 
epigenetic biomarkers. Differences in sample collection, laboratory methods, ana-
lytical platforms and disease classification systems have led to inconsistent results 
between studies, limiting reproducibility and clinical translation. Ethnic and popula-
tion heterogeneity is another important consideration. Several genetic variants asso-
ciated with periodontitis susceptibility in specific populations have been identified, 
but these variants have not been consistently shown to have similar associations 
in other ethnic groups. Hence, biomarkers identified in one population may not be 
directly translatable to another, underscoring the importance of validation in hetero-
geneous cohorts.

Economic and technological factors are also substantial barriers. Large-scale 
genetic, epigenetic, transcriptomic, and multi-omics analyses are still relatively 
expensive and often require specialized laboratory infrastructure, advanced sequenc-
ing technologies, and bioinformatics expertise that are not widely available in rou-
tine dental practice. These limitations may further exacerbate disparities in access to 
precision-based periodontal care. Finally, the clinical utility of many proposed bio-
markers is still unclear. While a plethora of genetic and epigenetic markers have been 
associated with disease susceptibility and progression, only a few have demonstrated 
enough predictive value to guide treatment decisions or improve clinical outcomes 
beyond traditional periodontal assessment methods. Further efforts are therefore 
needed to establish standardized methodologies, validate biomarkers in diverse pop-
ulations, demonstrate cost-effectiveness, and confirm clinically meaningful benefit in 
prospective studies before personalized periodontal care can be widely implemented.

Biomarker Translation: From Discovery to Clinical Application

The expanding body of research on genetic, epigenetic, transcriptomic, and proteomic 
factors in periodontology has resulted in a substantial list of potential biomarkers. 
However, the strength of evidence supporting these biomarkers varies widely, and 
not all are viable for clinical application. To better understand their potential, peri-
odontal biomarkers can be categorized into three main groups: discovery biomarkers, 
validated biomarkers, and clinically deployable biomarkers (Dommisch et al. 2025).

Discovery Biomarkers

These include genetic polymorphisms, DNA methylation patterns, histone modi-
fications, RNA methylation markers, transcriptomic data, microRNAs, and other 
molecular features identified through high-throughput omics studies. Recent prog-
ress in nanoscale biosensing technologies capable of detecting single-molecule pro-
teins, presents promising opportunities for highly sensitive biomarker identification 
in intricate inflammatory diseases (Cheng et al. 2026). Although they provide critical 
insights into disease susceptibility, progression, and responses to treatment, most are 
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still in the exploratory phase. They are primarily derived from relatively small study 
cohorts and lack validation across diverse populations (Dommisch et al. 2025).

Validated Biomarkers

Validated biomarkers are those that have demonstrated consistent associations in 
multiple independent studies and across varied populations. Examples include spe-
cific inflammatory cytokines, certain genetic variants, and consistent methylation 
patterns linked to disease progression or treatment outcomes. Despite their potential, 
these biomarkers require additional standardization and prospective studies before 
they can be widely integrated into clinical practice (Gao et al. 2024, Razzouk 2024).

Clinically Deployable and Near-Clinical Biomarkers

At present, only a few periodontal biomarkers have reached the level of practical 
clinical application. Active matrix metalloproteinase-8 (aMMP-8) stands out as one 
of the most extensively studied markers and has already been incorporated into com-
mercially available chairside diagnostic tools. While research into salivary and gingi-
val crevicular fluid biomarkers continues to show promise, most genetic, epigenetic, 
transcriptomic, and multi-omics markers remain confined to the research stage. They 
have yet to achieve the necessary clinical validation for routine usage. As a result, 
the primary obstacle in contemporary periodontal biomarker research lies not in dis-
covering new markers but in effectively translating laboratory findings into reliable 
diagnostic and prognostic tools for clinical practice (Gao et al. 2024, Razzouk 2024). 
Comparison of biomarker development stages in periodontitis: from discovery to 
clinical application shown in Table 6.

Influence of Genetic and Epigenetic Factors on Disease Susceptibility 
and TO

Changes in Gene Expression Associated with the Severity of PD

Recent research has deepened our understanding of the genetic and molecular mech-
anisms contributing to PD severity, highlighting how specific genetic and environ-
mental factors, such as smoking, influence disease progression. Smoking has been 
shown to increase the expression of IL-6 and TNF-α (Dosseva-Panova and Mlach-
kova 2022). Single-cell RNA sequencing of human gingival tissue reveals that sev-
eral genes linked to periodontitis, such as IL1B, PTGS2, and IL10, are primarily 
expressed within immune-cell populations like macrophages. These findings high-
light the significance of innate immune-cell states in driving periodontal inflamma-
tion. However, since most of the current datasets are cross-sectional in nature, they 
mainly identify cellular programs associated with the disease rather than providing 
direct evidence that macrophage dysfunction serves as a primary causal factor for 
increased susceptibility to periodontitis (Caetano et al. 2022). Understanding gene-
expression and epigenetic findings in periodontitis requires careful differentiation 
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between biological markers indicative of disease activity and the molecular mecha-
nisms that directly drive its progression. Many genes and regulatory molecules, such 
as inflammatory cytokines and microRNAs, identified as differentially expressed in 
periodontitis might represent downstream responses to chronic inflammation rather 
than the initial causes. This raises the issue of reverse causality, as prolonged peri-
odontal inflammation can itself influence gene expression and epigenetic profiles. 
While certain molecular changes may actively contribute to disease progression, 
others might primarily function as indicators of ongoing tissue damage or immune 
system activation. To untangle these complexities and establish causal links, lon-
gitudinal and mechanistic research remains essential. Additionally (miRNAs) from 
periodontal tissue cells and herpesviruses serve as regulators of tissue homeostasis, 
playing a role in disease pathogenesis (Naqvi 2021). Further, specifications in PD 
offer insights into disease progression. For example, early-stage PD is marked by 
hypermethylation in TLR regulatory genes, including MAP3K7, MYD88, and IL6R, 
while advanced stages show hypomethylation of these genes, reflecting changes in 
immune responses over time. In patients with poorly diabetes, dyslipidemia, and PD, 
genes like TGFB1I1, VNN1, HLADRB4, and CXCL8 are differentially expressed in 
lymphocytes and monocytes, linking systemic health factors to PD. The DAB2 gene 
is particularly overexpressed in cases of both dyslipidemia and PD (Cárdenas et al. 
2022).

A study by Caetano et al. identified 20 out of 26 candidate risk genes, includ-
ing MT-ND1, VAMP-8, PKN2, CAMTA1, and PTGS2/COX2, as being prominently 

Feature Discovery 
biomarkers

Validated 
biomarkers

Clinically 
deployable 
biomarkers

Purpose Iden-
tify novel 
molecular 
candidates

Confirm 
reproducibility 
and biological 
relevance

Support 
clinical 
diagnosis, 
prognosis, 
or treatment 
decisions

Evidence level Exploratory Moderate High
Typical examples DNA 

methylation 
signatures, 
miRNAs, 
lncRNAs, 
transcrip-
tomic 
profiles

Replicated 
methylation/
gene-expres-
sion markers

Active 
MMP-8 
(aMMP-8)

Clinical validation Limited Moderate Extensive
Standardization Not 

established
Partial Established

Routine clinical use No Not yet Yes (selected 
biomarkers 
only)

Main limitations Lack of 
replication

Limited 
multicenter 
validation

Few 
biomarkers 
currently 
available

Table 6  Comparison of bio-
marker development stages in 
periodontitis: from discovery to 
clinical application
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expressed in specific gingival cell populations. Differentially methylated genes with 
differential expression between health and PD include DCC, KCNA3, and RIMS2, 
suggesting these genes’ promoter regions play a role in gene expression and disease 
onset (Kim et al. 2021). Additionally, 27 immune-related differentially expressed 
genes (iRDEGs) were identified, involved in granulocyte and leukocyte chemotaxis, 
cytokine receptor binding, and immune response pathways. IFNG and TLR2 were 
highlighted as core genes within the protein-protein interaction network, present-
ing potential therapeutic targets for modulating immune responses in PD (Ban et 
al. 2022). MicroRNA (miRNA) regulation also plays a critical PD. Studies dem-
onstrate that miR-142-3p is downregulated in inflamed gingiva. Notably, miR-146 
levels are significantly increased in PD as a critical mediator of inflammation. miR-
223, specific to hematopoietic cells, contributes to alveolar bone resorption, promot-
ing neutrophil differentiation and recruitment while encouraging osteoclastogenesis 
and inhibiting osteoblast differentiation through targeting NF1-A. In contrast, miR-
26a-5p is downregulated in inflamed gingiva, while its target upregulated, showing a 
functional interplay between miRNA and mRNA expression in inflammation control. 
Furthermore, CST3 and its protein product, Cystatin C, are elevated in severe PD 
associating this gene with disease progression (Valverde et al. 2024). These find-
ings underscore the complex interaction between genetic expression and environ-
mental factors, with significant implications for personalized treatment approaches 
and potential therapeutic targets in periodontal care. Genetic and epigenetic factors, 
beyond their link to disease susceptibility and severity, may play a role in shaping 
treatment outcomes for periodontitis. Research suggests that interindividual differ-
ences in healing responses following nonsurgical periodontal therapy could be influ-
enced by variations in inflammatory cytokine genes, immune-response pathways, and 
epigenetic regulatory mechanisms. Additionally, specific methylation patterns and 
microRNA expression profiles have been identified as potential markers for treatment 
responsiveness, likelihood of disease recurrence, and long-term periodontal stability. 
Despite these promising insights, current evidence remains limited and inconsistent, 
with no genetic or epigenetic marker yet achieving the predictive reliability needed 
for routine clinical application in treatment planning. As a result, further validation 
through large-scale prospective clinical studies is essential before these findings can 
be effectively integrated into prognostic assessments or therapeutic strategies.

Use of Technologies Like RNA-Seq to Analyze Gene Expression Patterns

RNA sequencing (RNA-seq) has proven instrumental in identifying biomarkers and 
potential drug targets for inflammation in periodontal tissues affected by PD. Through 
both traditional RNA-seq and advanced single-cell RNA sequencing (scRNA-seq), 
researchers can pinpoint cell-type-specific gene expression changes linked to disease 
susceptibility. This approach has uncovered diverse cell subtypes within gingival tis-
sue, revealing distinct gene expression profiles associated with PD severity. Such 
insights could lead to improved diagnostics and treatments tailored to specific cel-
lular responses within periodontal tissues (Moreno et al. 2022). Omics technologies, 
including RNA-seq, have enabled researchers to assess the pathogenic effects of P. 
gingivalis, a primary bacterium implicated in PD. Using metatranscriptomics, studies 
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on gene expression changes in both the host and its microbiome during disease pro-
gression have been conducted in experimental models, revealing how host-microbe 
interactions contribute to inflammation and tissue breakdown. Additionally, scRNA-
seq of human gingival samples from both healthy and affected individuals has pro-
vided insights into the cellular heterogeneity and gene expression shifts associated 
with PD (Nuñez-Belmar et al. 2022).

scRNA-seq has transformed our understanding of periodontitis by providing a 
detailed, cell-level perspective on the biological processes underlying the disease. It 
has been instrumental in identifying cellular populations involved in epithelial bar-
rier disruption, inflammatory amplification, vascular activation, immune-cell recruit-
ment, connective tissue remodeling, and alveolar bone loss. Junctional epithelial cells 
play a critical role, as they form the interface between the subgingival biofilm and the 
host tissues. These cells contribute to maintaining the barrier function, antimicrobial 
defense, chemokine production, and communication with both immune and stromal 
cells (Shah et al. 2025). In periodontitis, dysregulated epithelial processes may enable 
microbial invasion and perpetuate inflammatory signaling. Gingival fibroblasts 
should no longer be viewed as a homogeneous stromal cell population. Single-cell 
analyses reveal distinct fibroblast subsets that specialize in roles such as extracellu-
lar matrix production, collagen turnover, release of inflammatory mediators, wound 
healing, and interactions with immune cells. Certain fibroblast states associated with 
disease may drive chronic inflammation and tissue destruction through their cytokine, 
chemokine, and matrix-remodeling activities. Similarly, endothelial cells are signifi-
cant players in the disease process; their activation facilitates leukocyte adhesion, 
transendothelial migration, and recruitment of inflammatory cells into periodontal 
tissues. This endothelial inflammatory response contributes to the establishment of 
localized inflammatory niches (Wielento et al. 2023).

Within the immune cell populations, macrophages and neutrophils are pivotal 
for innate host defense and are key mediators of periodontal tissue injury. Macro-
phages are involved in cytokine secretion, antigen presentation, phagocytosis, and 
promoting osteoclastogenesis. Neutrophils, on the other hand, play essential roles 
in bacterial clearance, protease release, reactive oxygen species production, and the 
formation of neutrophil extracellular traps (NETs) (Yin et al. 2022). However, pro-
longed or dysregulated activation of these immune cells can exacerbate tissue dam-
age. Chronic inflammation in periodontitis is further influenced by adaptive immune 
components such as plasma cells and T-cell subsets. These cells contribute to anti-
body production, cytokine-mediated signaling, and regulation of osteoclast activity, 
which may shape the progression from acute inflammation to more persistent lesions. 
Bone-related cell types such as osteoclasts and osteoblast-lineage cells are integral 
to understanding alveolar bone loss mechanisms. An imbalance between increased 
osteoclast activity and impaired osteoblast-driven bone synthesis directly drives peri-
odontal bone destruction. Additionally, periodontal ligament stem cells play a vital 
role in maintaining tissue homeostasis, facilitating repair, and promoting osteogenic 
differentiation; however, their regenerative potential may be compromised by the 
inflammatory and microbial challenges associated with diseased periodontal tissues 
(Zhu et al. 2026).
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By integrating scRNA-seq and spatial transcriptomics, researchers can elucidate 
how epithelial, stromal, immune, vascular, and bone-related cellular states interact 
within specific microenvironments during periodontitis. This approach offers criti-
cal insights into the cellular mechanisms that sustain inflammation and tissue dam-
age in the disease. RNA-seq combined with DNA methylation analysis has further 
refined our understanding by identifying genes with altered expression and methyla-
tion patterns across health states periodontal health, gingivitis, and PD. For example, 
studies have shown that methylation changes in inflammatory response genes cor-
relate with disease progression, suggesting potential avenues for future mechanistic 
investigations and therapeutic development (Chen et al. 2022). In research settings, 
methods such as real-time polymerase chain reaction (RT-PCR) and enzyme-linked 
immunosorbent assay (ELISA) are frequently used alongside RNA-seq to validate 
gene-expression findings and quantify protein levels of key inflammatory media-
tors, including IL-1β, IL-6, TNF-α, IL-10, and NF-κB. Together, these technologies 
have substantially improved our understanding of the molecular pathways involved 
in periodontal inflammation and tissue destruction and have facilitated the discovery 
of candidate biomarkers and therapeutic targets. However, the clinical utility of these 
molecular signatures remains under investigation, and their role in guiding individu-
alized periodontal treatment has not yet been established (Camargo GAdCG et al. 
2022).

RNA-seq and single-cell transcriptomic techniques have advanced our knowledge 
of periodontal pathobiology. However, many of the identified expression patterns 
are still primarily research tools and need further validation through larger, indepen-
dent cohorts before they can be translated into clinical practice. RNA-seq, scRNA-
seq, and spatial transcriptomics have significantly deepened our understanding of 
the biological mechanisms underpinning periodontitis. However, these methods are 
better suited as research tools at this stage, rather than routine diagnostic approaches. 
Among them, scRNA-seq are effective in identifying various gingival cell states such 
as epithelial, fibroblast, endothelial, myeloid, lymphoid, and bone-related popula-
tions while spatial transcriptomics adds the capability to pinpoint the localization 
of these cell states and their molecular interactions within the structural context 
of tissue. When used together, these methodologies provide valuable insights into 
inflammatory niches, revealing coordinated processes such as epithelial dysfunction, 
stromal activation, vascular changes, immune-cell infiltration, and osteoclastogenic 
signaling (Ma et al. 2024).

Despite this potential, their application in routine periodontal diagnosis remains 
limited. Current studies frequently rely on cross-sectional designs, involve relatively 
small sample sizes, and often vary in aspects such as disease classification criteria, 
tissue sampling methods, cell isolation protocols, sequencing technologies, and bio-
informatics workflows (Dommisch et al. 2025). Additionally, transcriptomic profiles 
may capture variations in cellular composition, levels of inflammation, smoking hab-
its, diabetes status, microbial exposure, or prior treatments, rather than identifying 
robust disease-specific biomarkers. To date, no marker derived from scRNA-seq or 
spatial transcriptomics has demonstrated sufficient sensitivity, specificity, reproduc-
ibility, cost-efficiency, or clinical relevance to be used for diagnosis, risk assessment, 
or personalized treatment planning. For now, these advanced techniques are most 
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impactful in identifying gingival cell states, mapping inflammatory microenviron-
ments, generating new mechanistic hypotheses, and highlighting targets for future 
validation efforts rather than serving as tools for immediate clinical application (Raz-
zouk 2024).

Nevertheless, several hurdles need to be addressed. Transcriptomic signatures often 
show variability across studies due to differences in disease definitions, sampling 
methods, sequencing platforms, bioinformatics workflows, and patient demograph-
ics. Additionally, the inherent cellular complexity of gingival tissues complicates 
the task of distinguishing disease-specific molecular patterns from broader context-
dependent inflammatory responses. Despite the promise of spatial transcriptomics 
and single-cell technologies in mapping key inflammatory niches in diseased peri-
odontal tissues, no universally validated transcriptomic marker has so far achieved 
the sensitivity, specificity, and reproducibility necessary for widespread clinical use 
in diagnosis or patient stratification. As a result, the current transcriptomic insights 
should be viewed primarily as tools for generating hypotheses and understanding 
mechanisms rather than as immediately actionable clinical resources. Moving for-
ward, integrating transcriptomic data with epigenomics, proteomic, and microbiome 
profiles in large, multicenter studies will be critical for transforming these discoveries 
into clinically viable biomarkers and therapeutic strategies (Razzouk 2024). Future 
research should combine scRNA-seq and spatial transcriptomics with longitudinal 
clinical phenotyping, data on periodontal treatment responses, epigenomics profil-
ing, proteomics, and microbiome analyses across large, multicenter cohorts. This 
approach aims to identify cell-state signatures that are consistent, biologically rel-
evant, and clinically applicable.

Targeting Epigenetic Pathways for Improved PD Treatment Outcomes

Identifying Epigenetic Pathways that Could be Targeted for Therapy

Epigenetic modifications, including DNA methylation and histone modifications, 
play a pivotal role in the development and progression of PD. These changes have 
been observed in periodontal tissues. They are associated with alterations in gene 
expression that contribute to inflammation and increased disease severity. Specifi-
cally, DNA methylation patterns in key immune-related genes, such as cytokines and 
matrix metalloproteinases, regulate the production of inflammatory mediators and 
tissue degradation during PD. These epigenetic changes are sensitive to environmen-
tal factors like microbial infections and systemic diseases, which can influence the 
progression of the disease. Targeting these epigenetic pathways offers a promising 
approach for therapy. Small molecule inhibitors that modulate DNA methylation and 
histone modifications have been proposed as potential treatments, aiming to reduce 
the excessive inflammatory response associated with PD. Additionally, research into 
the role of non-coding RNAs and m6A RNA methylation in PD has opened new 
avenues for diagnostic and therapeutic strategies. By manipulating these pathways, 
future therapeutic strategies may potentially support more personalized approaches 
to periodontal treatment (Barros et al. 2020).
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The current evidence supporting epigenetic therapies in periodontology is largely 
preclinical. Most research involving DNA methylation modifiers, histone deacetylase 
inhibitors, microRNA-based interventions, and epigenome-targeting strategies has 
been conducted on cellular models or in animals. While these studies have shown 
encouraging results in areas such as inflammation control, tissue regeneration, and 
bone metabolism, comprehensive evidence from large-scale human clinical trials is 
still absent. Therefore, the therapeutic effectiveness, long-term safety, and clinical 
feasibility of these methods have yet to be validated.

Epigenetic-Based Therapeutic Strategies

Therapeutic strategies aimed at targeting epigenetic mechanisms can be broadly clas-
sified into two categories: anti-resorptive therapies and immunomodulatory therapies. 
Anti-resorptive therapies focus on preventing bone loss and include bisphosphonates, 
RANKL inhibitors, OPG-FC, and strontium ranelate. These agents work by inhibit-
ing the activity of osteoclasts, which are responsible for bone resorption during PD 
progression. Immunomodulatory therapies seek to modulate the immune response to 
reduce inflammation and promote tissue healing. These therapies include the use of 
CTSK inhibitors, specialized pro-resolving mediators (SPMs), biological therapies 
(e.g., growth factors), non-coding RNAs, and antimicrobial photodynamic therapy 
(aPDT). These strategies are designed to regulate inflammatory cytokine release, pre-
vent tissue destruction, and enhance tissue regeneration in affected periodontal areas. 
Emerging therapies also include the use of probiotics, statins, vitamins, and omega-3 
fatty acids, which have demonstrated anti-inflammatory effects and the potential to 
modify disease progression by influencing epigenetic pathways. These compounds 
are thought to exert their effects through immune modulation, reducing the inflamma-
tory response that contributes to tissue damage in PD (Yousefi et al. 2019, Ghasemian 
et al. 2018).

Role of MicroRNAs (miRNAs) in PD

MicroRNAs (miRNAs) have gained significant attention in recent studies due to their 
ability to regulate gene expression at the post-transcriptional level. miRNAs modu-
late the expression of various target genes, influencing both inflammatory responses 
and tissue remodeling in PD. Several miRNAs have been identified as key regulators 
in the pathogenesis of PD, making them attractive targets for therapeutic intervention 
(Arif et al. 2020).

	● miR-146: This miRNA has been shown to play a central role in periodontal in-
flammation by targeting NF-κB, a key regulator of the inflammatory response. 
Overexpression of miR-146 in inflamed gingival tissues is associated with re-
duced levels of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNFα, 
which can help mitigate the inflammatory environment in PD. Given its function 
as a negative feedback regulator of inflammation, miR-146 holds promise as a 
therapeutic agent for controlling periodontal inflammation and promoting tissue 
repair.
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	● miR-21 and miR-200c: Both of these miRNAs exhibit anti-inflammatory and 
anti-osteoclastic properties. miR-21, for example, has been shown to suppress the 
NF-κB signaling pathway, while miR-200c can inhibit the RANKL/OPG signal-
ing pathway, both of which are involved in the bone resorption process during 
PD. These miRNAs help regulate the immune response and bone remodeling, 
making them potential targets for the treatment of PD-related bone loss (Arif et 
al. 2020).

	● miR-142-3p: This miRNA has been identified as a modulator of cytoskeletal re-
arrangement and cell migration. In a murine model of PD, the in vivo delivery of 
miR-142-3p resulted in a reduction in pro-inflammatory cytokines (such as IL-6 
and TNFα), decreased neutrophil infiltration, and a shift in immune cell polariza-
tion towards a less inflammatory phenotype. These effects suggest that miR-142-
3p may have therapeutic potential in controlling inflammation and promoting 
tissue repair in PD (Valverde and Naqvi 2020).

	● miR-26a-5p: miR-26a-5p plays a critical role in host defense and wound healing, 
both of which are essential for the resolution of PD. By targeting pathways in-
volved in inflammation and tissue repair, miR-26a-5p could potentially facilitate 
healing and regeneration in periodontal tissues (Uttamani et al. 2023).

Targeting epigenetic pathways and microRNAs offers a promising strategy for 
improving the TO of PD. By modulating key genes involved in inflammation, tissue 
degradation, and bone resorption, these therapies can reduce the severity of PD and 
promote tissue regeneration. Further research into the precise molecular mechanisms 
of miRNAs and epigenetic modifications in PD will be critical for the development 
of personalized, effective treatments for this chronic inflammatory disease. Recent 
research has highlighted the promising potential of combining genetic and epigenetic 
interventions to treat PD. Epigenetic mechanisms, including DNA methylation and 
histone modifications, play a crucial role in regulating immune responses and inflam-
mation associated with PD. Aberrant methylation profiles of inflammatory genes and 
dysregulation of histone-modifying enzymes have been observed in patients with 
PD, making these epigenetic alterations important therapeutic targets. By combining 
these epigenetic interventions with genetic approaches, it may be possible to enhance 
therapeutic responses and reduce the progression of PD (Santonocito et al. 2022). 
Further studies are needed to refine these combination therapies and translate them 
into clinical practice. Understanding how genetic factors, epigenetic mechanisms, 
and microbial interactions work together will be essential to developing optimized, 
targeted treatments for PD.

Recent Advances in Epigenetic Drugs and Their Effects on TO

Recent advances in epigenetic research have highlighted the importance of epigen-
etic modifications in the pathogenesis of PD, as well as their potential to improve TO. 
The ENCODE project has provided valuable insights into the role of DNA methyla-
tion in both oral and systemic health, highlighting how epigenetic dysregulation con-
tributes to the development of PD (Cho et al. 2021) In patients with PD, epigenetic 
changes can lead to oxidative stress, immune system imbalances, and inflammation, 
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which can exacerbate the disease and increase the risk of systemic conditions like 
cardiovascular disease and diabetes (Patel et al. 2019). Additionally, research has 
shown that epigenetic dysregulation in PD may contribute to an environment condu-
cive to cancer development. This highlights the need for precision health approaches 
in managing PD to not only improve oral health but also prevent the onset of systemic 
conditions (Isola et al. 2021). Several adjuvant treatments have emerged from epi-
genetic research to complement traditional periodontal therapies. Notable therapeutic 
agents include:

	● Anti-inflammatory drugs: Doxycycline and NSAIDs have been studied for 
their ability to reduce inflammation in periodontal tissues.

	● Bisphosphonates: These drugs inhibit bone resorption and have shown promise 
in preventing bone loss in PD patients.

	● Statins: Known for their anti-inflammatory properties, statins may help modulate 
immune responses in periodontal tissues.

	● Metformin: This drug, commonly used in diabetes management, stimulates bone 
formation and reduces inflammation in periodontal tissues.

	● Omega-3 fatty acids: These have demonstrated anti-inflammatory effects and 
may help in reducing the severity of PD.

These treatments, when combined with epigenetic approaches, may offer potential 
opportunities for improving periodontal management; however, further clinical vali-
dation is required.

The combination of genetic and epigenetic insights has deepened our under-
standing of the diverse nature of PD and sparked significant interest in personalized 
treatment strategies. Despite this progress, such approaches are still primarily in the 
experimental phase when it comes to clinical application. Many potential biomark-
ers and therapeutic targets lack adequate validation across varied populations, leav-
ing their reliability in guiding treatment choices and predicting long-term outcomes 
uncertain. Advancing in this field will necessitate standardized methods, large-scale 
longitudinal studies, robust clinical trials, and cross-population validations before 
these integrated approaches can become a standard part of periodontal care.

Epigenetic Modifications in PD and Their Therapeutic Implications

The infection of gingival epithelial cells, gingival fibroblasts, and periodontal lig-
ament cells by oral pathogens such as P. gingivalis or Treponema denticola leads 
to significant alterations in the expression and activity of chromatin-modifying 
enzymes. These changes, which affect DNA methylation and histone modifications, 
are integral to the development and progression of PD. Epigenetic modifications, 
such as site-specific changes in DNA methylation profiles and alterations in histone 
acetylation and methylation, play a critical role in the regulation of inflammatory 
responses, tissue remodeling, and immune cell activation within periodontal tissues. 
These modifications not only contribute to the pathogenesis of PD but also represent 
potential targets for the development of novel diagnostic tools and targeted epigen-
etic therapies.
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Epigenetic Drugs and Their Role in PD Treatment

Bromodomain and Extra-Terminal (BET) Inhibitors:  BET inhibitors, such as 
I-BET151 and JQ1, have shown promise in suppressing inflammatory gene expres-
sion and mitigating alveolar bone loss in both in vitro and in vivo models of PD. 
These drugs target the BET family of proteins, which are involved in the regulation 
of gene expression by influencing histone acetylation. By modulating the epigenetic 
regulation of inflammatory pathways, these inhibitors help reduce the pro-inflam-
matory cytokines and osteoclastogenic factors associated with periodontal tissue 
destruction. They have demonstrated potential as effective therapeutics to alleviate 
bone loss in PD.

HDAC Inhibitors: HDAC inhibitors are another promising class of epigenetic 
drugs for PD treatment. Selective HDAC inhibitors targeting HDAC1 and HDAC2 
have been shown to exert anti-inflammatory and anti-osteoclastogenic effects in cell 
culture models. Broad-spectrum HDAC inhibitors, such as 1179.4b, have been found 
to reduce osteoclast formation and prevent alveolar bone loss in animal models of 
PD. These drugs work by preventing the deacetylation of histones, which can activate 
inflammatory pathways and lead to tissue destruction in PD. By inhibiting HDACs, 
these drugs help restore normal immune function and suppress the inflammatory 
response, offering a potential therapeutic strategy for managing PD.

Alternative and Adjunctive Therapies for PD

While the following approaches are not classified as direct epigenetic therapies, they 
are included due to emerging evidence indicating their potential influence on inflam-
matory and immune pathways that interact with epigenetic regulatory mechanisms. 
However, their possible epigenetic effects are not yet fully understood, and existing 
evidence does not justify categorizing them as recognized epigenetic interventions. 
Beyond traditional antibiotics and anti-inflammatory agents, recent research has 
explored various alternative therapies aimed at enhancing PD treatment, focusing on 
mechanisms like biofilm disruption and microbiome modulation (Haque et al. 2022). 

1.	 Biofilm Disruption and Quorum Sensing Inhibitors: One of the challenges in 
treating PD is the persistence of microbial biofilms, which protect bacteria from 
both the host immune system and antimicrobial treatments. Quorum sensing (QS), 
a bacterial communication system, plays a key role in the formation and stability 
of these biofilms. Quorum sensing inhibitors (QSIs) aim to disrupt bacterial com-
munication, preventing biofilm formation and potentially enhancing the efficacy 
of conventional treatments. This strategy can help reduce the microbial load and 
inflammation associated with PD (Haque et al. 2022).

2.	 Microbiome Modulation: The oral microbiome plays a critical role in the 
development of PD, with dysbiosis contributing to disease progression. Recent 
advancements have focused on microbiome modulation through oral microbiota 
replacement therapy and probiotic therapy. These treatments aim to restore the 
natural microbial balance in the oral cavity, potentially reducing the pathogenic 
burden and improving periodontal health. By promoting the growth of beneficial 
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bacteria, these therapies may help prevent the onset of PD or reduce the severity 
of disease in conjunction with other treatments (Haque et al. 2022, Karbalaei et 
al. 2021).

3.	 Targeting the Inflammasome: The inflammasome, a multiprotein complex 
involved in the innate immune response, has been identified as a key player in the 
inflammatory processes of PD. Drugs targeting specific inflammasomes, such as 
the NLR, ALR, and Pyrin inflammasomes, can help reduce the excessive inflam-
matory response seen in periodontal tissues. By inhibiting these pathways, these 
drugs can mitigate the inflammatory cascade that leads to tissue damage, thus 
providing a potential therapeutic option for controlling periodontal inflammation 
(Haque et al. 2022).

4.	 Anabolic Agents for Bone Regeneration: Anabolic agents, such as teriparatide 
and sclerostin antibodies, hold promise in promoting alveolar bone regeneration 
in patients with advanced PD. Teriparatide, a recombinant form of parathyroid 
hormone, has been shown to stimulate bone formation, while sclerostin antibodies 
work by inhibiting the sclerostin protein, which negatively regulates bone forma-
tion. These agents can be used to support bone regeneration in periodontal tissues 
and enhance the outcomes of periodontal treatments, especially in patients with 
significant alveolar bone loss (Haque et al. 2022).

5.	 Enamel Matrix Derivatives (EMDs) and Platelet-Rich Plasma (PRP): Enamel 
matrix derivatives have been widely used to promote periodontal tissue regenera-
tion by stimulating the growth of periodontal ligament cells and enhancing new 
bone formation. Similarly, PRP, which contains growth factors, has shown efficacy 
in enhancing tissue healing and regeneration following periodontal procedures.

While there is growing evidence linking genetic and epigenetic changes to suscepti-
bility, progression, and treatment response in periodontitis, several challenges pres-
ently limit their clinical application. Systematic reviews highlight that many of the 
associations reported show limited reproducibility across different populations and 
are often influenced by factors such as ethnicity, environmental conditions, disease 
classification standards, and study design. Additionally, numerous omics-based stud-
ies including those focusing on transcriptomics and epigenomics are constrained by 
small sample sizes and the use of mixed tissue types comprising diverse cell popula-
tions, which complicates biological interpretation. Though many potential biomark-
ers and therapeutic targets have been identified, only a few have undergone thorough 
validation in large-scale, prospective studies. As a result, most genetic, epigenetic, 
and RNA-based markers currently identified remain exploratory and hypothesis-
driven rather than ready for clinical application. To advance personalized periodontal 
care, future research must concentrate on multicenter studies, standardized protocols, 
analyses at the specific cell-type level, longitudinal validation, and an evaluation of 
their clinical relevance before widespread implementation.
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Conclusion

PD is a complex and evolving condition influenced by genetic and epigenetic factors 
that play vital roles in its development, progression, and treatment response. Micro-
bial biofilms are the main causative factor behind periodontitis, while variations in 
host genetics could influence individual susceptibility. Nevertheless, the majority of 
reported links with cytokines, immune receptors, and regulatory molecules are incon-
sistent across different populations and should not yet be regarded as established clini-
cal indicators. Epigenetic processes, such as DNA methylation, histone modifications, 
and non-coding RNAs, are critical in modulating gene expression within periodontal 
tissues. These processes are linked to inflammatory signaling, tissue remodeling, and 
bone resorption. Nonetheless, for numerous suggested epigenetic markers, it remains 
unclear whether the observed changes serve as causal factors driving the disease or 
merely arise as secondary effects of prolonged periodontal inflammation. As research 
continues to uncover the influence of these factors, it not only enriches our under-
standing of PD but also covers the way for personalized diagnostics and treatments. 
Recent advancements in genetic and epigenetic research have significantly enhanced 
our understanding of the biological mechanisms driving PD, uncovering numerous 
potential biomarkers and therapeutic targets. These breakthroughs have sparked 
growing interest in precision periodontology and personalized treatment approaches. 
Nonetheless, it is important to acknowledge that most the current evidence remains at 
the preclinical or translational stage of research. While many genetic and epigenetic 
markers show encouraging associations with disease susceptibility, progression, and 
treatment outcomes, their clinical applicability has not yet been sufficiently validated 
for widespread use. Future developments will require standardized methodologies, 
multi-center longitudinal studies, robust clinical trials, and validation across diverse 
populations. Until such comprehensive evidence is available, genetic and epigen-
etic precision-based strategies should be considered promising investigational tools 
rather than established components of standard periodontal practice.
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