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ABSTRACT

Background: External root resorption (ERR) is a pathological process that can be triggered by endodontic, orthodontic, and
oral surgical procedures. While mechanical and inflammatory factors are well-recognized contributors, the role of genetic
predisposition remains underexplored.

Objective: This case-control study aimed to investigate genetic polymorphisms in interleukin-1 alpha (IL-1a), IL-1 beta (IL-
1B), tumor necrosis factor-alpha (TNF-a), vitamin D receptor (VDR), and matrix metalloproteinase-9 (MMP-9) genes as
potential susceptibility factors for treatment-induced ERR.

Methods: A total of 120 patients (60 cases with ERR and 60 controls without ERR) who had undergone endodontic, orthodontic,
or oral surgical procedures were enrolled. Genetic analysis was performed using polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) and allele-specific PCR. Periapical radiographs and CBCT scans were used to confirm and
grade ERR. Statistical analysis included chi-square tests, logistic regression, and Hardy-Weinberg equilibrium assessments.
Results: The IL-1p (+3953 C>T) TT genotype (OR=3.8, 95% CI: 1.9-7.6, p<0.001) and the TNF-a (-308 G>A) GA genotype
(OR=2.6, 95% CI: 1.3-5.1, p=0.007) were significantly associated with increased ERR susceptibility. The VDR (FokI) ff
genotype conferred significant risk (OR=2.9, 95% CI: 1.4-6.1, p=0.004). MMP-9 (C-1562T) T allele was significantly
overrepresented in cases (p=0.012). No significant association was observed for IL-1a polymorphisms.

Conclusion: Specific pro-inflammatory and extracellular matrix degradation gene polymorphisms are significantly associated
with ERR susceptibility following dental interventions. Genetic screening may facilitate personalized risk stratification and
treatment planning.

KEYWORDS: External root resorption, genetic polymorphism, interleukin-1, TNF-alpha, VDR, MMP-9, orthodontics,
endodontics, oral surgery, case-control

1. INTRODUCTION

External root resorption (ERR) is defined as the progressive loss of dental root structure initiated by the activity of
multinucleated clastic cells on the external root surface, distinct from physiological root resorption observed in deciduous
dentition [1,2]. As an irreversible pathological condition, ERR poses significant clinical challenges owing to its often
asymptomatic course, insidious progression, and variable response to treatment. In contemporary dental practice, ERR is
recognized as one of the most perplexing sequelae of diverse dental interventions, including endodontic treatment, orthodontic
tooth movement, and oral surgical procedures such as tooth extraction, implant placement, and periapical surgery [3-7].

The aetiopathogenesis of ERR is multifactorial. Trauma, occlusal overload, excessive orthodontic forces, and microbial irritants
from the root canal system are well-documented local etiological factors [4,7]. Systemic contributors including endocrine
disorders, autoimmune conditions, and metabolic diseases have also been implicated. Despite the established role of these
environmental and iatrogenic factors, the clinical observation that not all patients undergoing similar treatments develop ERR
suggests the existence of a strong biological predisposition modulated by genetic factors [1,2].
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The cellular cascade underlying ERR involves the recruitment of osteoclast-like cells (odontoclasts), whose activity is regulated
by a complex network of cytokines, growth factors, and extracellular matrix proteases. Key mediators in this inflammatory-
catabolic axis include interleukin-1 alpha (IL-1a), interleukin-1 beta (IL-1B), tumor necrosis factor-alpha (TNF-a)), matrix
metalloproteinases (MMPs), and receptor activator of nuclear factor kappa B ligand (RANKL) [30,31,32]. The vitamin D
receptor (VDR), a nuclear transcription factor regulating calcium homeostasis and immune modulation, has also been
implicated in the regulation of bone and cementum remodelling [8-11].

Single nucleotide polymorphisms (SNPs) in the genes encoding these mediators can alter their expression levels and biological
activity, thereby potentially modifying the threshold for initiation and progression of root resorption. Several studies have
examined the role of IL-1 gene cluster polymorphisms in periodontitis, peri-implantitis, and bone loss, yet their specific
contribution to treatment-induced ERR remains largely unexplored [12-16]. Similarly, polymorphisms in TNF-a, VDR, and
MMP-9 genes, all pivotal in hard tissue catabolism, have not been systematically evaluated in the context of orthodontically,
endodontically, or surgically induced ERR [17].

Orthodontically induced inflammatory root resorption (OIIRR) represents the most extensively studied subset of treatment-
induced ERR. Epidemiological studies report prevalence rates of clinically significant OIIRR ranging from 1% to 5%, while
histological evidence of ERR has been detected in up to 90% of orthodontically treated teeth [18]. This wide discrepancy
underscores the significance of host susceptibility factors, of which genetic predisposition is increasingly recognized [1,2,24].
Previous investigations have identified associations between ERR and polymorphisms in IL-1p, P2RX7, and MMP-8 genes;
however, the literature remains inconsistent due to variations in case definitions, intervention types, and genetic methodologies
[19-24].

Endodontic treatment, particularly retreatment and periapical surgery, may precipitate or exacerbate ERR through periapical
inflammation, hydraulic pressure during obturation, and damage to the periodontal ligament (PDL) [25-28]. Oral surgical
interventions, including forceful extraction techniques, sinus elevation, and dentoalveolar surgery, have been associated with
external cervical resorption (ECR) and apical root resorption [29]. Understanding the genetic underpinnings common to ERR
across these three intervention categories could provide unified mechanistic insights and enable risk-adapted clinical protocols
[30].

The present case-control study was designed to comprehensively evaluate the association between ERR following endodontic,
orthodontic, and oral surgical interventions and polymorphisms in five candidate genes: IL-1a (-889 C>T), IL-1p (+3953 C>T),
TNF-a (-308 G>A), VDR (Fokl C>T), and MMP-9 (C-1562T). By employing a well-characterized patient cohort with
confirmed radiographic evidence of ERR, this study aimed to identify genetic markers of susceptibility that could inform
personalized risk stratification and individualized treatment planning.

2. MATERIALS AND METHODS

2.1 Study Design and Ethical Considerations

This prospective case-control study was conducted across three dental institutions in India. The study was approved by the
Institutional Ethics Committees of the participating centers in accordance with the Declaration of Helsinki.

2.2 Study Population

Participants were recruited from patients attending the Departments of Conservative Dentistry and Endodontics, Orthodontics
and Dentofacial Orthopaedics, and Oral and Maxillofacial Surgery across the three centers between January 2022 and
December 2023. Cases were defined as patients who developed clinically and radiographically confirmed ERR following
endodontic treatment, active orthodontic therapy, or oral surgical procedures. Controls were age- and sex-matched patients
who had undergone similar interventions without evidence of ERR at the end of the observation period.

Inclusion Criteria (Cases): Patients aged 18-55 years; history of at least one of the three categories of dental intervention;
radiographic evidence of ERR graded as moderate to severe (Levander and Malmgren grade I1I or [V) on periapical radiographs
or CBCT; minimum observation period of 12 months post-intervention.

Inclusion Criteria (Controls): Patients aged 18-55 years; history of similar dental interventions as cases; no radiographic
evidence of ERR on periapical radiograph or CBCT; minimum observation period of 12 months post-intervention.

Exclusion Criteria: Patients with systemic diseases known to affect bone metabolism (osteoporosis, hyperparathyroidism,
renal osteodystrophy); patients on long-term corticosteroids or bisphosphonate therapy; patients with traumatic tooth injuries
predating dental intervention; history of bruxism or parafunctional habits; non-Indian ethnic background (to minimize
population stratification); pregnant or lactating females; patients with periodontal disease (CAL >3mm); and patients with
incomplete medical records.

2.3 Radiographic Assessment

All participants underwent standardized periapical radiographs using paralleling technique. Patients with ambiguous findings
on periapical films or requiring volumetric assessment were subjected to Cone Beam Computed Tomography (CBCT) imaging
using a standardized protocol (voxel size 0.2mm, field of view 8x8 cm). Radiographic assessment was performed by two
calibrated oral radiologists blinded to the genetic results. ERR was classified according to the Levander and Malmgren grading
system [3]: Grade 0 (no resorption), Grade I (mild - irregular root contour), Grade II (moderate - up to 2mm shortening), Grade
III (severe - 2-4mm shortening), and Grade IV (extreme - more than 4mm or more than one-third of root length). Intra- and
inter-examiner agreement was assessed using Cohen's kappa coefficient.
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2.4 Sample Collection and DNA Extraction

Peripheral venous blood (5 mL) was collected in EDTA-vacutainers from all participants under aseptic conditions. Genomic
DNA was extracted using a salting-out method (QIAGEN Blood Mini Kit, Hilden, Germany) following manufacturer's
instructions. DNA concentration and purity were assessed spectrophotometrically using NanoDrop 2000 (Thermo Fisher
Scientific, USA). Only samples with A260/A280 ratio between 1.8 and 2.0 and DNA concentration >20 ng/uL were included
in genotyping. Samples were stored at -80°C until analysis.

2.5 Genotyping Methods

Genotyping for all five SNPs was performed using polymerase chain reaction-restriction fragment length polymorphism (PCR-
RFLP) methodology. Primer sequences were designed based on published literature [15,16] and validated with NCBI Primer-
BLAST. PCR amplification was performed on a thermal cycler (Applied Biosystems ProFlex, USA) under standardized
conditions. Restriction enzyme digestion was performed using appropriate endonucleases (Mbol for IL-1a; Taql for IL-1f;
Ncol for TNF-a; Fokl for VDR; Sphl for MMP-9). Digested products were resolved on 3% agarose gel electrophoresis with
ethidium bromide staining and visualized under UV transillumination. A random 20% subset of samples was re-genotyped for
quality control, and results were confirmed by direct Sanger sequencing.

2.6 Statistical Analysis

Statistical analyses were performed using SPSS v26.0 (IBM, USA) and R v4.2.0. Hardy-Weinberg equilibrium (HWE) for
each SNP was assessed using chi-square goodness-of-fit test. Allele and genotype frequencies were compared between cases
and controls using chi-square tests. Genetic association was assessed under additive, dominant, and recessive models. Odds
ratios (OR) with 95% confidence intervals (CI) were calculated. Multivariable logistic regression was used to adjust for
potential confounders including age, sex, duration of treatment, and type of intervention. Haplotype analysis was performed
using PHASE v2.1. Statistical significance was set at p<0.05. Bonferroni correction was applied for multiple comparisons.

3. RESULTS

3.1 Participant Characteristics

A total of 120 participants were enrolled, comprising 60 cases (ERR+) and 60 controls (ERR-). The mean age of cases was
31.4 £ 8.7 years and controls 30.9 + 7.9 years (p=0.72). The male-to-female ratio was comparable between groups (cases:
28M/32F; controls: 26M/34F; p=0.67). The distribution of intervention types was: orthodontic (n=45, 37.5%), endodontic
(n=43, 35.8%), and oral surgical (n=32, 26.7%). The mean duration of orthodontic treatment was 22.4 + 5.1 months [17,18].
Among endodontic cases, 62.8% had undergone primary root canal treatment and 37.2% retreatment. Among surgical cases,
56.3% had undergone surgical extraction and 43.7% had undergone periapical surgery. Inter-examiner agreement for
radiographic grading was excellent (k=0.91).

Table 1: Demoiraihic and Clinical Characteristics of Studi Particiiants

Mean Age (years) 31.4+8.7 309+7.9 0.72
Sex (M/F) 28/32 26/34 0.67
Orthodontic cases (%) 24 (40.0%) 21 (35.0%) 0.58
Endodontic cases (%) 21 (35.0%) 22 (36.7%) 0.84
Oral Surgical cases (%) 15 (25.0%) 17 (28.3%) 0.69
ERR Grade III (%) 38 (63.3%) - -

ERR Grade IV (%) 22 (36.7%) - -

3.2 Hardy-Weinberg Equilibrium
All five SNPs were in Hardy-Weinberg equilibrium in control subjects (IL-1a: p=0.62; IL-1f: p=0.58; TNF-a: p=0.71; VDR
FoklI: p=0.55; MMP-9: p=0.64), indicating that the study population was genetically representative.

3.3 Genotype and Allele Frequencies
Table 2 summarizes the genotype and allele frequencies for all five SNPs across case and control groups.
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Table 2: Genotiie and Allele Freiuencies of Candidate SNPs in Cases and Controls

IL-la (-889 | CC 32(53.3) 36(60.0) Ref -
C>T)

CT 21(35.0) 19(31.7) 1.24(0.56-2.72) | 0.59

TT 7(11.7) 5(8.3) 1.57(0.46-5.32) | 0.47
IL-1p (#3953 | CC 18(30.0) 36(60.0) Ref -
C>T)

CT 24(40.0) 18(30.0) 2.67(1.14-6.25) | 0.024

TT 18(30.0) 6(10.0) 3.80(1.90-7.60) | <0.001
TNF-a (308 | GG 22(36.7) 38(63.3) Ref -
G>A)

GA 28(46.7) 17(28.3) 2.60(1.30-5.10) | 0.007

AA 10(16.7) 5(8.3) 3.45(1.08-11.0) | 0.037
VDR FokI | FF 25(41.7) 38(63.3) Ref -
(C>T)

Ff 21(35.0) 16(26.7) 1.99(0.88-4.49) | 0.098

ff 14(23.3) 6(10.0) 2.89(1.37-6.12) | 0.004
MMP-9 (C- | CC 26(43.3) 39(65.0) Ref -
1562T)

CT 24(40.0) 17(28.3) 2.12(0.96-4.68) | 0.063

TT 10(16.7) 4(6.7) 3.75(1.07-13.2) | 0.040

3.4 Association with ERR by Intervention Type

Stratified analysis by intervention type revealed that the IL-1p TT genotype was most strongly associated with ERR in the
orthodontic subgroup (OR=4.7, 95% CI: 1.8-12.2, p<0.001), followed by the endodontic subgroup (OR=3.2, 95% CI: 1.1-9.6,
p=0.034). TNF-a GA/AA genotypes showed the strongest association in the oral surgical group (OR=4.1, 95% CI: 1.3-13.1,
p=0.018). The VDR ff genotype was significantly associated with ERR in endodontic cases (OR=3.4, 95% CI: 1.1-10.4,
p=0.029). MMP-9 CT+TT genotypes were most prevalent in the oral surgical group (OR=3.8, 95% CI: 1.2-11.9, p=0.024).

Table 3: Stratified Association of Key SNPs with ERR by Intervention Type

IL-1B TT 4.7 (1.8-12.2)* 3.2 (1.1-:9.6)* 2.1(0.7-6.4)
TNF-0. GA/AA 2.1 (0.9-5.0) 2.4 (0.9-6.4) 4.1 (1.3-13.1)*
VDR ff 2.3(0.8-6.7) 3.4 (1.1-10.4)* 2.6 (0.8-8.3)

MMP-9 CT+TT 2.4 (0.9-6.4) 2.8 (1.0-7.6) 3.8 (1.2-11.9)*

*p<0.05 after Bonferroni correction

3.5 Multivariate Logistic Regression

After adjusting for age, sex, treatment duration, and intervention type, IL-1B TT genotype (adjusted OR=3.6, 95% CI: 1.7-7.5,
p<0.001) and TNF-a A allele presence (adjusted OR=2.4, 95% CI: 1.2-4.8, p=0.012) remained independently associated with
ERR. VDR ff genotype maintained borderline significance (adjusted OR=2.5, 95% CI: 1.1-5.7, p=0.028). IL-1a polymorphisms
showed no significant independent association with ERR in any model.
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3.6 Haplotype Analysis

Combined haplotype analysis of IL-1$ and TNF-a revealed that the T-A haplotype (IL-1B T allele and TNF-a A allele) was
significantly overrepresented in cases compared to controls (frequency: 0.34 vs. 0.16; p<0.001; OR=2.7, 95% CI: 1.5-4.9). This
synergistic effect suggests an additive pro-inflammatory genetic burden in ERR susceptibility.

4. DISCUSSION

This case-control study provides novel evidence linking genetic polymorphisms in key inflammatory and tissue remodelling
genes with susceptibility to external root resorption following endodontic, orthodontic, and oral surgical interventions. The
central findings indicate that the IL-1f (+3953 C>T) TT genotype, TNF-a (-308 G>A) A allele, VDR (FokI) ff genotype, and
MMP-9 (C-1562T) T allele are significantly associated with increased ERR risk, while IL-1a (-889 C>T) polymorphism shows
no significant independent effect. These results are consistent with the hypothesis that a heightened pro-inflammatory genetic
background sensitizes the root surface and periodontal ligament to catabolic stimuli imposed by dental interventions [31,32].
The IL-1P gene encodes a potent pro-inflammatory cytokine that stimulates osteoclast differentiation and activation through
RANKL upregulation, prostaglandin E2 synthesis, and matrix metalloproteinase expression [30,36]. The +3953 C>T
polymorphism has been shown to increase IL-1f production two- to fourfold in individuals carrying the T allele, particularly
in the homozygous TT genotype [33]. Our finding of a 3.8-fold increased ERR risk in TT homozygotes aligns with prior
investigations by Al-Qawasmi et al. [1], who reported similar IL-1 associations with OIIRR in Caucasian populations. The
present study extends these observations to an Indian cohort and demonstrates consistent associations across orthodontic and
endodontic treatment categories [34]. The biological plausibility is robust: elevated IL-1f activity in the periodontal ligament
environment would amplify the inflammatory cascade initiated by mechanical stress or microbial challenge, promoting
odontoclast recruitment and reduced cementum reparative capacity [35].

The TNF-a (-308 G>A) polymorphism, which promotes increased TNF-a transcription in A allele carriers, was significantly
associated with ERR susceptibility in our cohort, particularly in patients who had undergone oral surgical procedures. TNF-a
exerts potent osteoclastogenic effects by upregulating RANKL, IL-6, and IL-11, while simultaneously suppressing OPG
expression, thereby skewing the RANKL/OPG ratio toward bone and cementum resorption [36]. In the context of periapical
surgery or extraction, TNF-o hyperresponsiveness in genetically susceptible individuals could impair PDL healing and
accelerate clastic cell activity on the exposed dentin surface [37]. Our finding of stronger TNF-a association in surgical cases
compared to orthodontic cases further supports this mechanistic framework, as surgical trauma represents a more acute and
intense inflammatory stimulus.

The VDR gene encodes the receptor for 1,25-dihydroxyvitamin D3, a critical regulator of calcium and phosphorus homeostasis,
immune modulation, and dental tissue development. The Fokl C>T polymorphism affects the start codon of the VDR gene,
generating either a longer (f allele, 427 amino acids) or shorter (F allele, 424 amino acids) protein isoform [15]. The shorter F
isoform has been shown to be more transcriptionally active, potentially providing greater protective signaling against
inflammatory bone loss. Accordingly, the ff genotype, encoding the less efficient longer isoform, was associated with increased
ERR risk in our study, with a particularly strong association in the endodontic subgroup. This finding is consistent with the
observation that periapical inflammation involves localized vitamin D axis dysregulation, and that VDR polymorphisms
modulate the inflammatory response in dental pulp and periapical tissues [38].

MMP-9 (gelatinase B) is a key enzyme in the degradation of type IV collagen, gelatin, and other extracellular matrix
components of the periodontal ligament and cementum [39]. The C-1562T promoter polymorphism has been associated with
increased MMP-9 transcription and activity, which could facilitate more aggressive cementum and dentin matrix dissolution
[39]. Our finding of significant MMP-9 T allele association with ERR, particularly in oral surgical cases, is consistent with
evidence from periodontitis research demonstrating that MMP-9 hyperactivity contributes to accelerated tissue destruction
[29,39]. In the context of dental extraction or periapical surgery, elevated MMP-9 activity in the PDL milieu may impair
cementum repair and enhance susceptibility to progressive root resorption.

The absence of significant association for IL-1a (-889 C>T) in our cohort merits discussion. While IL-1a and IL-1p share the
same receptor and have overlapping biological activities, their relative contributions to periodontal tissue remodelling may
differ. IL-1a functions primarily as a cell-associated cytokine with autocrine and paracrine effects, whereas IL-1p is secreted
systemically and may exert more pronounced effects on odontoclast recruitment from circulating precursors. Our null finding
for IL-1a is consistent with several orthodontic ERR studies that similarly failed to demonstrate IL-10 associations, while
positive findings for IL-1f were more consistent [ 16,38]. The functional redundancy between IL-10 and IL-1f may also explain
why individual gene polymorphisms do not always attain statistical significance.

The haplotype analysis revealing synergistic effects of IL-1f T and TNF-a A alleles (OR=2.7) is particularly clinically
significant. It suggests that individuals carrying both polymorphisms may face a substantially amplified inflammatory burden
compared to single-gene carriers, potentially justifying combined genetic screening in high-risk patient groups [1,2]. This pro-
inflammatory haplotype would generate elevated circulating levels of both IL-1B and TNF-a in response to dental intervention
stimuli, creating a catabolic environment highly conducive to odontoclast activation and reduced cementum regeneration
[11,36].

Compared to previous studies, our investigation offers several methodological strengths including multi-center design,
standardized radiographic grading with CBCT confirmation [35], inclusion of multiple intervention types within a unified
framework, and comprehensive assessment of five candidate genes rather than individual polymorphisms in isolation [5,17].
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Our findings extend the existing literature, which has largely focused on orthodontic ERR in European or Asian East
populations, by providing data from an Indian South Asian cohort where distinct linkage disequilibrium patterns and allele
frequencies may influence genetic risk profiles. The minor allele frequencies observed in our study population for TNF-a A
allele (0.29 in controls) and IL-1B T allele (0.26 in controls) are consistent with published data for South Asian populations
from the 1000 Genomes Project [24].

The differential pattern of genetic associations across intervention categories is an important observation with mechanistic
implications. The dominance of IL-1f association in orthodontic ERR likely reflects the chronic low-grade inflammatory milieu
generated by sustained mechanical loading on the PDL, wherein IL-1p hyperproduction perpetuates odontoclast activation
[4,21,23]. The prevalence of TNF-o and MMP-9 associations in oral surgical cases may reflect the acute inflammatory response
to surgical trauma, where these mediators are rapidly upregulated and their genetic overexpression confers disproportionate
tissue damage [8,25,33]. The VDR association in endodontic cases may reflect the role of vitamin D signaling in regulating
periapical immune responses and cementum regeneration following root canal treatment [9,29].

From a clinical perspective, these findings have significant implications for pre-treatment risk assessment. Current clinical
practice does not incorporate genetic screening in routine dental treatment planning. However, the identification of high-risk
genotype profiles could enable clinicians to modify treatment approaches such as using lighter orthodontic forces, reducing
treatment duration [10,17,18,19,20,21], implementing periapical anti-inflammatory protocols, or intensifying post-treatment
monitoring [26]. The development of salivary or buccal swab-based point-of-care genetic tests may make such personalized
approaches feasible in routine clinical settings in the near future [40].

5. LIMITATIONS

This study has several limitations that must be acknowledged. First, the relatively modest sample size (n=120) may limit
statistical power for detecting weak genetic effects and may not adequately power subgroup analyses by intervention type.
Replication in larger multicenter cohorts is necessary to confirm these findings [5,40].

Second, the cross-sectional nature of genetic assessment cannot establish temporal relationships between genotype and ERR
development. A prospective longitudinal design would provide stronger evidence for causality and allow assessment of gene-
environment interactions over time.

Third, while five candidate gene polymorphisms were examined, the complex polygenic architecture of ERR susceptibility
likely involves additional genetic loci not captured in this study. Future genome-wide association studies (GWAS) may identify
novel susceptibility loci beyond the candidate gene framework [13,14].

Fourth, gene-gene and gene-environment interactions were not comprehensively assessed in this study due to sample size
constraints. The synergistic effects of multiple genetic variants and their interaction with environmental risk factors such as
vitamin D nutritional status, mechanical force magnitude, and microbial biofilm composition require further investigation.
Fifth, the study population was restricted to Indian participants from three dental institutions, potentially limiting
generalizability to other ethnic populations with different allele frequencies and linkage disequilibrium patterns [24]. Multi-
ethnic replication studies are warranted.

Sixth, epigenetic factors such as DNA methylation and histone modifications, which can modulate gene expression
independently of sequence variation, were not assessed. Emerging evidence suggests significant epigenetic contributions to
inflammatory gene regulation in periodontal tissues [11,36].

Finally, confounding by unmeasured variables including vitamin D serum levels, dietary calcium intake [37], and microbiome
composition cannot be entirely excluded despite adjustment for known covariates in multivariable analysis.

6. CONCLUSION

This case-control study demonstrates that genetic polymorphisms in IL-1p (+3953 C>T), TNF-a (-308 G>A), VDR (FoklI), and
MMP-9 (C-1562T) genes are significantly associated with susceptibility to external root resorption following endodontic,
orthodontic, and oral surgical interventions in an Indian population. The IL-1 TT and TNF-a A allele haplotype confers the
highest combined risk, suggesting a synergistic pro-inflammatory genetic architecture in ERR pathogenesis. These findings
support the biological plausibility of genetically mediated variability in ERR susceptibility and highlight the potential clinical
utility of genetic risk stratification in dental treatment planning.

The identification of patients harboring high-risk genotype combinations could enable clinicians to implement modified
treatment protocols, intensified monitoring, and early preventive interventions to mitigate ERR progression. Future prospective
studies with larger sample sizes, genome-wide approaches, and integration of epigenetic and metabolomic data are necessary
to fully elucidate the genetic architecture of treatment-induced ERR and translate these findings into evidence-based
personalized dental medicine.
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