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ABSTRACT

Background. Chronic apical periodontitis is an inflammatory disease associated with infection of the root canal and represents a major chal-
lenge in dentistry. Its prevalence is rapidly increasing among the adult population. The condition is characterized by variability in inflammatory
responses and bone resorption. Genetic factors play a central role in its pathogenesis. Single-nucleotide polymorphisms (SNPs) significantly
affect gene expression and protein activity. Recent studies highlight the importance of integrating genetic data into clinical dentistry. Objective.
To determine the role of intergenic associations of key genes involved in the modulation of inflammatory and immune responses in hereditary
predisposition to chronic apical periodontitis. Methods. A prospective single-center case control study was conducted from November 2024
to April 2025 at the Yaroslavl State Medical University (Ministry of Health of the Russian Federation) and the Medical Center for Diagnostics
and Prevention “Sodruzhestvo.” The study involved 200 participants: 150 patients with chronic apical periodontitis and 50 healthy controls.
The diagnosis was confirmed clinically and radiographically. Single-nucleotide polymorphisms of eight genes (IL-10, IL-1B, TNF-a, GSTP1,
CYP1A2, TP53, COL1A1, and MMP-9) were analyzed using real-time polymerase chain reaction (PCR). Statistical analysis was performed
using JMP Pro v.18.0 (SAS Institute Inc., https://www.jmp.com, 2024), Haplostats v.1.9.7 (Schaid, D.J., & Sinnwell, J.P., Software for haplo-
type-based association analysis, USA), and MDR v.3.0.2 (Multifactor Dimensionality Reduction, SourceForge, USA). The optimal models were
identified based on the highest cross-validation consistency (CVC) and lowest testing balanced accuracy error. The significance level was set at
p <0.05. Results. MDR analysis revealed significant intergenic interactions associated with the development of chronic apical periodontitis. The
three-locus model IL-13XTNF-axMMP-9 demonstrated the highest predictive value (balanced accuracy 79.8%, cross-validation consistency
10/10), highlighting the synergistic effect of inflammatory cytokines and proteolytic processes. Hardy—Weinberg equilibrium analysis showed
deviations for CYP1A2 and TP53 in the chronic apical periodontitis group, suggesting an influence of environmental factors. The Fruchter-
man—Reingold graph confirmed a strong interaction between IL-1p and TNF-a, whereas COL1A1 displayed a moderate association. These
findings indicate the multigenic nature of predisposition to chronic apical periodontitis and enable personalized diagnostics and therapy based
on the combined genetic effects. Conclusion. The results of this study may lay a foundation for developing personalized diagnostic and treat-
ment strategies that account for individual genetic profiles. Integrating such approaches into clinical practice could improve disease outcome
prediction, optimize therapeutic interventions, and reduce the risk of complications related to the pathological process.
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MyJabTHIOKYCHBIE MO/I€JIN MOJUMOP(PHBIX T€HOB M UX POJIb B OlIeHKEe PUCKA
XPOHMYECKOr0 ANMUKAJBHOI0 NEPUOIOHTHUTA: NPOCNEKTHBHOE OJHOLIEHTPOBOE
HCCJIEIOBAHUE «CJIYyYali-KOHTPOJIb)

H.B. baepsnyesa

denepanbHOE TOCYTAapCTBEHHOE OIOMKETHOE 0O0pPa30BaTEIbHOE YUPEKICHHUE BBICIIETO 0Opa3oBaHUS «SIpocrmaBckuit
FOCYJapCTBEHHBIH  MEIMIIMHCKMI  yHHUBepcuUTeT» MunHucrepcrtsa 3apaBooxpaHeHus Poccuiickoir  @Denepauuu,
ya. Pepontounonnas, a. 5, r. SIpocnasie, 150000, Poccus

AHHOTALIUA

BBenenne. XpoHuuecKuil aliuKaibHBII HEPUOZOHTUT — 3TO BOCHANIHUTENbHOE 3a00J€BaHUE, ACCOLMUPOBAHHOE C HH(PEKLIHEH KOPHEBBIX
KaHaJIOB, KOTOPOE MPECTABIAET 3HAUUTENBHYIO IIPOOJIEMY B CTOMATOJIOIHU. Ero pacipocTpaHeHHOCTh CTPEMUTENBHO PACTET CPEeIH B3pO-
cioro HaceneHus. 3a00IeBaHUIO CBOHCTBEHHA BapHAOEIbHOCTh BOCIIAMUTEIBHBIX PEAKIUil 1 pe30pOIus KOCTHON TKaHHU. [ eHeTnIeckne
(aKTOpBI UTPAIOT LCHTPANBHYIO PONIb B maToreHe3e. OQHOHYKIICOTHAHBIC TOIUMOP(GU3MBI OKA3bIBAIOT 3HAYHTEIBHOE BIHMSHHE HA JKC-
MIPECCHIO TeHOB M ()Y HKIIMOHATBHYI0 aKTHUBHOCTH Oe1TkoB. COBpEeMEHHEIE HCCIIEA0BAHNS OAUEPKHUBAIOT HEOOXOAUMOCTh HHTET PAI[IH FeHe-
TUYECKHUX JAHHBIX B KIMHIUYECKYI0 cToMarosoruio. leb ueeeqoBaHus: onpeaeIeHUe PO MEKTEHHBIX aCCOLMAINH KITIOUEBBIX T€HOB
MOZYJISIIMA BOCHAJINTENEHBIX U IMMYHHBIX PEaKIIMH B HACIIEACTBEHHON IIPEPacIIONOKEeHHOCTH K Pa3BUTHIO XPOHUIECKOTO allMKaJIbHO-
ro nepuogoHTHTa. MeToabl. IIpocriekTHBHOE OJHOLECHTPOBOE MCCIEIOBAHNE «CIIYUYaii-KOHTPOJIb» MpOBeAeHO ¢ HoAOpsa 2024 no ampens
2025 ropa Ha 6a3e (enepalbHOro rocyapCTBEHHOI0 OOJPKETHOrO 00pa30BaTEIbHOTO YyUPEXJCHHs BbIclIero obpazoBaHus «SIpocias-
CKHIl TOCYIapCTBCHHBI MEIUIIMHCKUN yHHBEpCcUTET» MUHHUCTEpCTBA 31paBooxpaHeHus Poccuiickoit @enepannu u o0IECTBA C Orpa-
HUYCHHOW OTBETCTBEHHOCTHIO «MEIMIIMHCKUI LIEHTP AMAarHOCTHKHU W mpoduinaktuku «ConpyxkecTBoy. YuactBoBain 200 manueHToB:
150 ¢ XpOHHYECKUM aNnuKaJIbHBIM IePHOJOHTHTOM H 50 3M0pOBBIX (KOHTPOJB). [IMarHo3 MOATBEPKICH KIMHUYECKN U PEHTTEHOIOrn4e-
ckH. M3yueHsl onHOHYKIeoTHAHBIE oauMopdusmsl § renos: 1L-10, IL-1B, TNF-a, GSTP1, CYP1A2, TP53, COL1A1, MMP-9 meTonom
MOJIUMEPA3HOH LIENHOM peaklUy B peaabHOM BpeMeHU. CTaTUCTUYECKUI aHaIU3 BBINOJIHEH ¢ HCIoab30BaHueM nporpamMm JMP Pro v.18.0
(SAS Institute Inc., https://www.jmp.com, 2024), Haplostats v.1.9.7 (Schaid, D.J., & Sinnwell, J. P., Software for haplotype-based association
analysis, CIIIA) u MDR v.3.0.2 (Multifactor Dimensionality Reduction, Source Forge, CIIIA). BeisBisiiuch Hauaydnre MOAeIH Il pas3-
JUYHBIX COUYSTaHNH MOTUMOP(HU3MOB, UMEIOMKe HauOOoIbIINi Moka3arens cornacoBanHocTH (CVC) 1 HaNMEHBITY 0 ONINOKY MpeacKasa-
nus (Testing Balanced Accuracy). Kputudeckuii ypoBeHb 3HAYMMOCTH IPU IPOBEPKE CTATUCTUYCCKHUX THIIOTE3 TpHHUMacs paBHbIM 0,05.
Pe3yasTathl. VcciienoBanue BBEISIBIUIO 3HAUMMBIE MEXTE€HHBIC B3aUMOJCHCTBUS, CBSI3aHHBIE C PA3BUTHEM XPOHHUYECKOTO allMKaJIEHOTO
MIEPHOJOHTHUTA, ¢ Uctonb3oBanneM MDR-ananmusa. Tpexaokycaast mozxens IL-1BXTNF-axMMP-9 nokazana HanOoIbIIYIO MPOTHOCTHYE-
CKYIO IIGHHOCTH (cOanancupoBaHHast TOUHOCTH 79,8 %, nepekpectHas nposepka 10/10), moguepkuBasi CHHEPIHIO BOCTIAJIUTEIBHBIX [IUTO-
KIHOB U IIPOTCOTUTHICCKUX MpoIieccoB. AHanu3 paBHOBecHs Xapau — BaiinOepra BoisiBun otkinonenus 11t CYP1A2 u TP53 B rpymnme
C XPOHHYECKUM alHKaJbHBIM MEPUOJAOHTUTOM, YKa3bIBAIOIIME Ha BIMSIHHE CPenoBbIX (akTopoB. ['pad dproxTepmana — PeitHronabna
MIOATBEPIII cuiIbHOE B3auMozelcTeue Mexxay IL-1B n TNF-a, Torna kak COL1A1 neMoHCTpHpOBas yMEepeHHYI0 CBs3b. [lonydeHHEIE naH-
HbIE CBHAETENBCTBYIOT O MYJIBTUT€HHOI MPUPOJIE MPEAPACIOTOKEHHOCTH K XPOHUYECKOMY allMKalIbHOMY NMEPUONOHTUTY M OTKPBIBAIOT
BO3MOXKHOCTH JUJISl IEPCOHATM3UPOBAHHON TUArHOCTUKU M TEPaIlluy, yUYUTHIBAIONIEeH KOMOMHUPOBAaHHBIN 3 dekT reHoB. 3akioueHue.
Pe3ynbpraThl ncceqoOBaHUS MOTYT CTaTh OCHOBOH AJIs pa3pabOTKH IMEPCOHATN3NPOBAHHBIX CTPATETUH JUATHOCTHKY U JTEUCHUS, yIUTHIBA-
IOIIMX FeHETHYECKUIT TPOQHIIb ManueHToB. VHTerpanns Takux mMoJxo0/I0B MO3BOJIUT YIIYUIIHNTh IPOrHO3NPOBaHHUE TeUEeHUs 3a00IeBaHus,
ONTUMHU3UPOBATE JIeueOHBIE MOAXOBI M CHU3UTh PUCK PAa3BUTHS OCIIOXKHEHHUIT MATOJIOTMYECKOT0 Ipoecca.

KJIIOUEBBIE CJIOBA: nepnofoHTHT, TEHOTUITHPOBAHHUE, TOTNMOP(HH3M, aCCOIUAINH, SKCTPALEIIITIONIPHBII MaTPHKC

JJISA IUTUPOBAHUSA: barpsiniesa H.B. MynsTuiokycHbsle MOZEIH NOIMMOP(HBIX TEHOB M MX POJb B OLICHKE PUCKA XPOHUYECKO-
IO aNUKaJIBHOTO MEPUOSOHTHTA: MPOCIEKTHBHOE OHOLEHTPOBOE UCCIEAOBAHNE «CITydal-KOHTPONbY. KyOaucKkull HayuHbili MeOuyuHCKul
secmuux. 2025;32(5):18-31. https:/doi.org/10.25207/1608-6228-2025-32-5-18-31

HUCTOYHUKHN ®PUHAHCUPOBAHUS: nccienoBaHue HE HMENO CIOHCOPCKON MOIAEPKKH.

KOH®JIUKT UHTEPECOB: aBTOpY HEM3BECTHO O KAKOM-TUOO MOTCHIIUATHFHOM KOH(DIUKTE HHTEPECOB, CBI3aHHOM C 3TOU PYKOMHUCHIO.
JEKJIAPALIU A O HAJIMYUU JAHHBIX: nannsie, NOATBEPK JAIOLINE BEIBOJIBI TOT0 UCCIIEJOBAHUS, MOXKHO IOJIYUYHUTh Y KOHTAKTHO-
ro aBTOpa 10 000CHOBAaHHOMY 3ampocy. J[aHHbIE U CTATUCTUYECKHE METOABI, IPEACTaBICHHBIE B CTaThe, MPOIUIH CTATUCTHYECKOE PELeH-
3MpOBaHNE PEaKTOPOM XKypHalla — CePTUGHUIHPOBAHHBIM CIEIHAIHNCTOM MO OHOCTATUCTHKE.

COOTBETCTBHUE INPUHIIUITIAM 3THUKMU: npoBeneHHOE UCCIEIOBAHUE COOTBETCTBYET CTaHIAPTaM XeJbCUHKCKOM JeKiaparuuy,
07100peHO DTHYECKUM KOMHUTETOM (heliepasbHOr0 TOCYAapCTBEHHOTO OIO/KETHOTO 00pa30BaTEeIFHOTO YUPEXACHHS BRICIIEro oOpa3oBa-
HUS «SIpocinaBcKuii TOCYIapCTBEHHBIH MEIUIIMHCKHI YHUBEPCUTET» MUHKCTEpCTBA 3ApaBooxpaHeHus Poccuiickoii @enepannu (yia. Pe-
BOJIFOIIMOHHAS, 1. 5, T. SIpocnaris, 150000, Poccus), mporokon Ne 71/2024 ot 28.10.2024.

BJATOJAPHOCTM: aBTop BEIpa)kaeT 01aroJapHOCTh 3a TIOMOIIIb B OPraHU3aIlii U MPOBEACHUH HCCICIOBAHUS TCHEPATbHOMY AUPEK-
TOpy OOIIeCTBa C OTPAaHUYCHHON OTBETCTBEHHOCTHIO « MEIUIIMHCKUN LIEHTP AUATHOCTUKH U MpodunakTuku «ConpyKecTBO» KaHIUIATY
MenuIHCKUX Hayk KpiokoBoii TarbsHe BagnMoBHE U 3aMECTUTEIIO TeHEPATBHOIO AUPEKTOPA MO HAyKe KaHIUAATY MEIUIIMHCKUX HAyK
MensaukoBoit Ekarepune BnagumuposHe.

BKJIAJI ABTOPA: barpsanuesa H. B. — pa3pa0oTka KOHUENIMK U JU3allHA UCCIENOBaHM, cOOp AaHHBIX, aHAIH3 U HHTEPIPETALHS
pe3yIabTaToOB, 0030p TUTEPATYPHI, IPOBEICHNE CTATUCTHUECKOTO aHAIN3a, COCTAaBICHHE YEPHOBUKA PYKOIIUCH B (POPMUPOBAHHE €TI0 OKOH-
YaTeIbHOTO BapHaHTa. ABTOP 000pseT (pUHAIBHYIO BEPCUIO CTAThU Hepes MyOInKalKei, BBIpaXkaeT corjlacie HECTH OTBETCTBEHHOCTh
3a BCe acNeKThl padoThl, MOAPa3yMEBAIOIIYI0 HaIexkallee H3yueHHe U PellICHHEe BOIPOCOB, CBA3aHHBIX C TOUHOCTBIO M JOOPOCOBECTHO-
CThIO J1I0001 YacTh paboTEHI.
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INTRODUCTION

Chronic apical periodontitis (CAP) is an inflammatory dis-
ease of the periapical tissues associated with root canal infec-
tion and represents a serious challenge in dental practice. Its
prevalence reaches up to 52% among the adult population,
with clinically detectable manifestations in about 5% of pa-
tients [1, 2]. The disease develops as a result of a complex
interaction between root canal microbial infection and genetic
predisposition, which determines the variability of inflamma-
tory reactions, immune response, and bone tissue resorption.
CAP not only reduces the quality of life but also requires com-
prehensive therapeutic approaches applied to individual patho-
genic mechanisms [3-5].

Genetic factors play a central role in the modulation of
pathological processes in CAP. Particular attention has been
paid to candidate genes such as pro-inflammatory cytokines
(IL-1p [interleukin], TNF-a [tumor necrosis factor]), anti-in-
flammatory mediators (IL-10), matrix metalloproteinases
(MMPs), and regulators of bone metabolism [3, 6]. For exam-
ple, polymorphisms in the IL-1 and TNF-a genes are associ-
ated with increased production of pro-inflammatory markers,
which exacerbates tissue destruction [1, 4]. Conversely, varia-
tions in the IL-10 gene may limit excessive immune responses,
slowing disease progression [7]. Experimental data from ani-
mal models support these findings: blockade of the IL-17RA
receptor leads to marked bone loss, emphasizing the role of
cytokines in regulating osteoclastogenesis [2, 8].

Single-nucleotide polymorphisms (SNPs), the most com-
mon form of genetic variation, significantly influence gene ex-
pression and protein functional activity [2, 5, 7]. For instance,
SNPs in the CYP2D6 gene, involved in xenobiotic metabo-
lism, may reduce the efficacy of pharmacotherapy by altering
drug pharmacokinetics [9]. Polymorphisms in TP53, a regula-
tor of apoptosis and DNA repair, are associated with impaired
elimination of damaged cells, contributing to the chronifica-
tion of inflammation [10]. Variations in COL1Al, the gene
encoding type I collagen, affect the structural integrity of the
periodontal ligament and bone regeneration [11]. Interesting-
ly, SNPs in MMP-9 demonstrate a paradoxical effect: reduced
proteolytic activity of the enzyme may lead to the accumu-
lation of damaged proteins, thereby amplifying inflammatory
responses despite theoretically slowing bone resorption [12].

Recent studies emphasize the need to integrate genetic data
into clinical practice. The analysis of Hardy—Weinberg equi-
librium (HWE) for SNPs has revealed significant deviations
in control groups. That may reflect the influence of environ-
mental factors (such as toxin exposure) on genotype distribu-
tion [4, 13]. For example, deviations from HWE in CYP1A2
among control populations indicate an association between its
polymorphisms and xenobiotic metabolism, which must be
considered in data interpretation [14].

The aim of this study was to determine the role of intergenic
associations among key genes involved in the modulation of
inflammatory and immune responses in hereditary predisposi-
tion to chronic apical periodontitis.

METHODS
Study design

A prospective single-center case control study was conduct-
ed. The study included two groups of participants: a group of
patients with chronic apical periodontitis (CAP) (n = 150) and
a control group (rn = 50) of healthy individuals without any
signs of inflammatory disease. Treatment for CAP involved
extraction of the affected tooth.

Study setting

The research was carried out at the Department of Clinical
Dentistry and Maxillofacial Surgery No. 1 of Yaroslavl State
Medical University (Ministry of Health of the Russian Feder-
ation) and at the Dental Department of the Medical Center for
Diagnostics and Prevention “Sodruzhestvo,” from November
2024 to April 2025.
Eligibility criteria
Inclusion criteria

For all study groups: male and female patients aged 18 to
65 years; voluntary informed consent to participate in the
study. For the case group: verified diagnosis of chronic apical
periodontitis; indication for extraction of the affected tooth.
For the control group: absence of teeth affected by pulpitis or
chronic apical periodontitis.
Exclusion criteria

For all study groups: acute apical periodontitis; presence of
stomatitis or other infectious inflammatory diseases of the oral
cavity; smoking; diabetes mellitus and/or chronic inflammato-
ry diseases; pregnancy or lactation period; use of antibiotics,
corticosteroids, or NSAIDs within one month prior to study
initiation; history of chemotherapy or previous radiation ther-
apy of the head and neck region; previous apicoectomy or root
fracture of the affected tooth; complications during healing.
Withdrawal criteria

For all study groups: withdrawal of consent to participate;
personality or behavioral disorders that could interfere with
understanding or following treatment recommendations;
changes in health status or any surgical intervention during the
study period.
Diagnostic criteria of eligibility

Patient selection was based on a verified diagnosis of chronic
apical periodontitis, confirmed both clinically and radiograph-
ically. The disease was characterized by bone destruction in
the apical area of one or more roots of the affected tooth. Tooth
extraction was indicated since conservative treatment was not
possible. The control group consisted of individuals without
clinical or radiographic signs of periodontal inflammation,
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who underwent regular dental checkups and had whose oral
cavity was free of pathogens after thorough disinfection.
Participant selection and allocation to groups

A total of 200 participants were included in the study and
divided into two groups. The case group consisted of 150 pa-
tients with clinically and radiographically confirmed chronic
apical periodontitis. The control group comprised 50 healthy
volunteers meeting inclusion criteria. Detailed inclusion and
exclusion parameters for participant selection are presented
above.

Study endpoints

Primary endpoints
To determine the role of intergenic associations among key

genes involved in the modulation of inflammatory and im-

mune responses in hereditary predisposition to chronic apical

periodontitis. To identify the most optimal multilocus models
of gene polymorphisms with the highest cross-validation con-
sistency (CVC) and the lowest testing balanced accuracy error.

Secondary endpoints

To assess differences in the distribution of genotypes
for the polymorphic variants of the studied genes.

Methods used to evaluate study endpoints
Venous blood samples (6 mL each) were collected from

the cubital vein of all participants into vacuum tubes (Lab-
Vac, Shandong Chengwu Medical Products Factory, China).
The samples were transported and stored within 12 hours af-
ter collection. Analysis of single-nucleotide polymorphisms
(SNPs) was carried out using real-time polymerase chain re-
action (PCR) with fluorescent detection. Genomic DNA was
extracted from leukocytes in whole blood and analyzed using
reagent kits DNA-Express-Blood (Litekh LLC, Russia) and
DNA-Extran 1 (Syntol CJSC, Russia). Amplification was per-
formed using the DTprime 5M3 real-time detecting amplifi-
er (DNA-Technology LLC, Russia) without electrophoresis.
Two allele-specific amplification reactions were conducted for
each polymorphism, using two pairs of primers. Fluorescent
detection of the amplified DNA fragment was performed us-
ing the intercalating asymmetric cyanine dye SYBR Green I
(Molecular Probes Inc., USA). Fluorescent signal accumula-
tion in the FAM channel (6-carboxyfluorescein) was analyzed
with DT-Master software (DNA-Technology LLC, Russia).
Homozygous genotypes produced a signal in one fluorescence
channel, whereas heterozygous genotypes produced signals in
both. Based on the results, three genotypes were identified:
homozygote for allele 1, heterozygote and homozygote for al-
lele 2. The following single-nucleotide polymorphisms were
studied:

* 31800896 (c.-1082G>A) in the interleukin-10 (IL-10) gene
(chromosome 1, locus 1q32.1): substitution of guanine by
adenine at position -1082 relative to the transcription start
site (TSS) of the promoter region, associated with increased
IL-10 expression.

e 151143627 (c.-31T>C) in the interleukin-1p (IL-1B) gene
(chromosome 2, locus 2q14.1): substitution of thymine by
cytosine at position -31 relative to the TSS of the promot-
er region, associated with decreased transcriptional activity
and IL-1pB expression.

* 151800629 (c.-308G>A) in the tumor necrosis factor alpha
(TNF-a)) gene (chromosome 6, locus 6q21.3): substitution of
guanine by adenine at position -308 in the promoter region,
associated with increased TNF-a expression.

* 151695 (p.Ile105Val) in the glutathione S-transferase Pl
(GSTP1) gene (chromosome 11, locus 11q13.2): substitu-
tion of isoleucine by valine at codon 105, associated with
reduced GSTP1 enzymatic activity.

* 152069522 (c.-2015T>C) in the cytochrome P450 1A2 (CY-
P1A2) gene (chromosome 7, locus 7q22.1): substitution of
thymine by cytosine at position -2015 relative to the TSS
of the promoter region, associated with altered activity of
CYPI1A2 involved in xenobiotic metabolism.

* 1517884159 (¢.215C>T) in the tumor suppressor P53 (TP53)
gene (chromosome 17, locus 17q13.1): substitution of cyto-
sine by thymine at codon 215, resulting in the amino acid
substitution p.Pro72Arg and associated with impaired p53
function.

* 151107946 (c.1997G>T) in the collagen type I alpha 1 (CO-
L1A1) gene (chromosome 17, locus 17q21.33): substitution
of guanine by thymine at codon 1997, associated with al-
tered collagen structure.

* 1517576 (p.GIn279Arg) in the matrix metalloproteinase 9
(MMP-9) gene (chromosome 20, locus 20q11.2): substitu-
tion of glutamine by arginine at codon 279, associated with
reduced proteolytic activity of MMP-9.

Variables (predictors, confounders, effect modifiers)
Predictors: unaccounted genetic polymorphisms.
Confounders: age, sex, smoking status, comorbidities.
Effect modifiers: use of medications, surgical interventions,

oral infections.

Potentially confounding variables were excluded a priori
through study design and participant selection, ensuring their
absence in both analyzed groups.

Statistical Procedures
Sample Size Calculation

Sample size was estimated to provide 80% power of the
study at a < 0.05. The minimum required sample size was cal-
culated as 45 observations per group, accounting for possible
dropout or late exclusion.
Statistical Methods

Statistical analysis was performed using JMP Pro Statistical
Discovery v.18.0 (SAS Institute Inc., USA, 2024). Genotyping
results were tested for Hardy—Weinberg equilibrium. Categor-
ical data were presented as absolute and relative frequencies.
Depending on group sizes, the Pearson chi-square test or Fish-
er’s exact test was applied to compare proportions. Differenc-
es in genotype distributions between study groups were as-
sessed using odds ratios (ORs) and 95% confidence intervals
(CIs). The Shapiro—Wilk test was used to assess data normal-
ity. Depending on this assessment, distributed data were pre-
sented as mean (M), standard deviation (SD), median (Me)
and interquartile range [LQ, HQ]. The same principle was ap-
plied in selecting criteria for group comparisons; the choice
was made between the Student’s t-test or the Mann—Whitney
U test. Software for haplotype-based association analysis
(Haplostats v.1.9.7, Schaid & Sinnwell, USA) and multifactor

Kuban Scientific Medical Bulletin / Ky6anckuit Hay4HbBIH METUIIMHCKUI BECTHUK

20254 | Vol. 52 | No 4 | 18-31 21



ORIGINAL ARTICLES / OPUTMHAJIBHBIE CTATBU

CLINICAL MEDICINE / KIIMHUYECKA I MEJULINHA

dimensionality reduction (MDR v.3.0.2, SourceForge, USA)

Potentially eligible cases (n = 400)

Eligibility criteria not applied (n = 0)

Eligibility criteria applied (n =400)

Excluded (n=200)

To ensure fare distribution of participants
across study groups, computer-generated
randomization was used

Included in the study (n =200)

Lost to follow-up (n =0)

Data available for analysis:

- clinical findings (case history, physical examination)
(n=1200);

- laboratory report (n = 200)

[
[ |

Case group Control group
(n=150) (n=150)
[ |

Study of gene polymorphism:

rs1800896 (c.-1082G>A) IL-10, rs1143627 (c.-31T>C)
IL-1B, rs1695 (p.Ilel105Val) GSTPI, rs1800629 (c.-
308G>A) TNF-a, rs2069522 (c.-2015T>C) CYP1A42,
1517884159 (¢.215C>T) TP53, rs1107946 (c.1997G>T)
COLIAL rs17576 (p.GIn279Arg) MMP-9

Completed cases (rn = 150) Completed cases (n = 50)

Withdrawn cases (n = 0) Withdrawn cases (n = 0)

Fig. 1. Study design

Note: The flow diagram was made by the author (with accor-
dance with STROBE guidelines). Abbreviations: rs — reference
single nucleotide polymorphism; c. — position relative to start
codon; p. — protein polymorphism; IL-10 — interleukin-10; IL-
1 — interleukin-1p; GSTP-1 — glutathione-S-transferase PI;
TNF-a — tumor necrosis factor a; CYPIA2 — cytochrome P450
1A42; TP53 — tumor suppressor P53; COLIAI — type 1Al colla-
gen; MMP9 — matrix metal peptidase 9.

Puc. 1. brok-cxema gu3aiiHa UcClaeI0BaHUS

Ilpumeuanue: ON0K-cXeMAa BbLINOIHEHA ABMOPOM  (CO2NACHO
pexomenoayusm STROBE). Coxpawenus: rs — 3MailoHHbI
OOHOHYKIeOMUOHBLU NOAUMOPDU3M, C. — NOZUYUSA OTNHOCUMETLHO
CMapmoso20 KOOOHA 2eHa, p. — UsMeHeHue Ha ypoeHe beaxa, IL-
10 — unmepnetixun-10; IL-1f — unmepnetixun-1 6ema; GSTP1 —
enymamuon-S-mpancgepasa I11; TNF-a — paxkmop Hekposa
onyxoau-arvpa; CYPIA2 — yumoxpom I[1450 142, TP53 —
onyxoaesviil cynpeccop 1153; COLIAl — konnacen mun 1 Al;
MMP-9 — mampuxcuas memanionenmuoasa 9.

was employed. MDR enables evaluation of gene—gene and
gene—environment interactions associated with qualitative
phenotypes, correction for covariates, and model validation
using permutation testing. It also allows model cross-valida-
tion and graphical visualization of interaction type (synergy,
additive interactions, redundancy) and strength (entropy con-
tribution). A significance level in testing statistical hypotheses
was assumed < 0.05.

RESULTS
Formation of study groups

To enhance the generalizability of findings, patients seek-
ing dental care were enrolled based on random selection us-
ing a computer-generated randomization. Thus, out of every
10 patients screened, 5 were randomly chosen for inclusion.
A total of 200 participants were divided into two groups: the
case group with chronic apical periodontitis (n = 150) and the
control group (n = 50) (Fig. 1).

The control group was composed of volunteers who met the
inclusion criteria and exhibited no signs of inflammatory oral
diseases. This methodology ensured strict standardization of
the sample and minimized potential sources of data bias. Data
confidentiality was maintained through anonymization of bio-
logical samples and encryption of electronic records. The in-
formed consent of participants included the right to withdraw
from the study at any time without explanation.

Characteristics of the study sample (groups)

No statistically significant differences were found between
the two groups in terms of age, as determined by the #-test (p >
0.05). The mean age in the case group was 33.6 £9.2 years, and
in the control group, 31.5 + 8.4 years. No significant differences
were observed in the sex distribution between groups. The case
group included 75 men and 75 women, while the control group
consisted of 25 men and 25 women, maintaining the same ratio.

Main Study Results

In this study, aimed at deepening the understanding of the
complex molecular genetic mechanisms underlying the devel-
opment of chronic apical periodontitis (CAP), the objective
was to determine the role of specific intergenic associations
among key genes involved in the modulation of inflamma-
tory and immune responses. Chronic apical periodontitis is
a persistent inflammatory disease of the tissues surrounding
the tooth root apex, characterized by bone tissue destruction
and the formation of periapical lesions. The pathogenesis of
this condition is multifactorial, with a significant interaction
between genetic predisposition and environmental factors. To
address the study objectives, a comprehensive analysis was
performed of the distribution of genotype and allele frequen-
cies in well-defined groups: a group of patients with a veri-
fied diagnosis of CAP and a demographically matched control
group. The analysis covered eight preselected polymorphic
markers (single-nucleotide polymorphisms, SNPs) located in
genes encoding proteins directly involved in immune regu-
lation, inflammatory cascades, xenobiotic metabolism, and
cell-cycle control. Detailed results of the primary genotype
distribution for all studied loci in the compared groups are pre-
sented in Table 1.
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Table 1. Distribution of genotypes across polymorphic markers in study groups
Tabnuna 1. PacnipenenieHye TeHOTUIIOB 110 TOAMMOP(HBIM MapKepaM B UCCIIEyEMBIX IpynIax

All cases Group
Polymorphism Genotype Control Case

n % n % n %

A/A 17 8 2 4 15 10

rs“iggg?}i AVIL-10 G/A 68 34 9 18 59 39
(- ) IL- G/G 115 57 39 78 76 51
rs1143627 C/C 23 12 4 8 19 13
(c.-31T>C) T/C 82 41 12 24 70 47
IL-1B T/T 95 48 34 68 61 41
rs1800629 A/A 75 38 30 60 45 30
(c.-308G>A) A/G 95 48 14 28 81 54
TNF-a G/G 30 15 6 12 24 16
rs1695 A/A 80 40 12 24 68 45
(p.Ile105Val) A/G 75 38 21 42 54 36
GSTP1 G/G 45 22 17 34 28 19
rs2069522 C/C 12 6 0 0 12 8
(c.-2015T>C) T/C 10 5 2 4 8 5
CYP1A2 T/T 178 89 48 96 130 87
rs17884159 C/C 174 87 47 94 127 85
(c.215C>T) C/T 20 10 3 6 17 11
TP53 T/T 6 3 0 0 6 4
rs1107946 A/A 10 5 3 6 7 5
(c.1997G>T) C/A 45 22 10 20 35 23
COLI1ALI C/C 145 72 37 74 108 72
rs17576 A/A 80 40 23 46 57 38
(p.GIn279Arg) A/G 82 41 21 42 61 41
MMP-9 G/G 38 19 6 12 32 21

Note: The table is compiled by the author. Abbreviations: rs — reference single nucleotide polymorphism; c. — position relative to start co-
don; p. — protein polymorphism,; IL-10 — interleukin-10; IL-1 — interleukin-1f; GSTP-1 — glutathione-S-transferase P1; TNF-o.— tumor
necrosis factor o, CYPIA2 — cytochrome P450 142; TP53 — tumor suppressor P53; COLIAI — type 141 collagen; MMP9 — matrix metal

peptidase 9.

Tpumeuanue: mabnuya cocmagrena asmopom. CoxpawjeHus: rs — IMANOHHGIL OOHOHYKACOMUOHBLL NOAUMOPPU3M, C. — NO3UYUA
OMHOCUMENILHO CIAPMOB020 KOOOHA 2€HA, p. — U3MeHeHue Ha yposHe beaxa, IL-10 — unmepaetixun-10; IL-1 — unmepneiikun-1 6ema;
GSTPI — enymamuon-S-mpancgpepasa I11; TNF-a — gaxmop nexposa onyxoau-anvgpa, CYPIA2 — yumoxpom 11450 142; TP53 —
onyxoneswuii cynpeccop I1153; COLIAI — xonnazen mun 1 A1; MMP-9 — mampuxchnas memanionenmuoasa 9.

The first step was a traditional single-locus analysis. It
aimed at assessing potential associations between individual
single-nucleotide polymorphisms and the individual risk of
developing chronic apical periodontitis. This method reveals
statistically significant differences in the frequency of specif-
ic genotypes or alleles between patients and controls, which
may indicate either a predisposing effect of a genetic variant
or its potential protective function. Among the eight analyzed
polymorphic markers, statistically significant differences in
genotype distribution were reliably established for several
key genes, which highlights their potential involvement in the
pathogenesis of CAP.

Specifically, analysis of the rs1800896 (c.-1082G>A) poly-
morphism located in the promoter region of the interleukin-10
(IL-10) gene, which encodes a major anti-inflammatory cy-
tokine, demonstrated that the homozygous A/A genotype
occurred significantly more frequently among patients with
chronic apical periodontitis (10%) than in the control group
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(4%). The statistical significance of this difference was con-
firmed by Pearson chi-square test (> = 3.92, p = 0.048). This
finding suggests that the A/A genotype of rs1800896 in the
IL-10 gene may be associated with increased susceptibility
to CAP. Conversely, the G/G homozygous genotype for the
same polymorphic marker was found significantly more often
in healthy individuals (78%) than in patients (51%; x*=5.14,p
=0.023), indicating a possible protective role of the G/G geno-
type, that is, its carriers may have a reduced risk of developing
chronic inflammation of periapical tissues.

Similarly, significant associations were identified for the
rs1143627 (c.-31T>C) polymorphism of the interleukin-1 beta
(IL-1B) gene, which encodes a potent pro-inflammatory cyto-
kine responsible for initiating and maintaining inflammatory
responses, including those in periodontal tissues. The T/T ho-
mozygous variant of this SNP was significantly more frequent
among healthy controls (68% vs. 41% in the CAP group; > =
6.87, p = 0.009), suggesting a potentially protective function.
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[ rs17884159 ] [ rs17576 l rs1107946
’ 4

Y
e ~ A,
rs1143627 <—» + Disease | rs1800629
\ J
Y

\4

[ rs1695 ]<—> rs206522 <—>[ rs1800896
. J J

Fig. 2. Single-layer gene-environment and gene-gene inter-
action using Kamada-Kawai algorithm

Note: the figure is made by the author. Abbreviation: rs — refer-
ence single nucleotide polymorphism.

Puc. 2. OpHOpaHroBO€ TEH-CpPENOBOE M T'€H-TCHHOE
B3aumMozencTsue 1o anroputMmy Kamana — Kasau
Hpumeqayue: PUCYHOK 8blNOJIHEH ABMOPOM. COKpau,;eHue: rs —
9MANOHHBIN OOHOHYKAEOMUOHBLIL NOTUMOPPDUSM.

In contrast, the T/C heterozygous genotype of rs1143627 was
significantly more common in patients with confirmed chron-
ic apical periodontitis (47% vs. 24% in controls; ¥* = 5.93,
p = 0.015), indicating a possible association with increased
disease risk. These data are consistent with extensive litera-
ture emphasizing the pro-inflammatory activity of IL-1f as a
factor promoting bone destruction, and the anti-inflammatory,
immunosuppressive effect of IL-10. The convergence of these
independent findings strongly supports the fundamental im-
portance of cytokine imbalance in the complex pathogenesis
of chronic inflammatory periodontal diseases, including apical
periodontitis [4, 15].

To obtain a more comprehensive picture of the relationships
among the analyzed genetic factors and their potential inter-
actions with environmental factors (collectively denoted as
Disease), a modern network visualization technique was em-
ployed to map gene—environment and gene—gene interactions.
The visualization was implemented using the Kamada—Kawai
force-directed algorithm, which efficiently arranges nodes
(genes, factors) on a plane so that the distances between them
optimally reflect attraction or repulsion forces corresponding
to the interaction strength. The resulting graphical model, pre-
sented in Fig. 2, largely confirms and ullustrates the patterns
identified in the preceding single-locus analysis, showing the
relative proximity or separation of key genetic markers from
each other and from the Disease node.

However, it is important to emphasize that pairwise inter-
actions, which are the primary focus of single-locus analysis,
are often insufficient to exhaustively show how complex ex-
isting relationships within the studied biological phenomena
are. This is particularly true for multifactorial diseases such as
chronic apical periodontitis (CAP), where complex epistatic
effects and nonlinear interactions between multiple genes and
environmental triggers are likely to occur.

An essential step in any genetic association study is to ver-
ify whether the observed genotype frequencies in the studied
populations conform to the expected frequencies predicted by
the Hardy—Weinberg equilibrium (HWE). This fundamental

principle of population genetics states that, in the absence of
external influences (such as mutation, migration, selection, ge-
netic drift, or non-random mating), genotype frequencies at an
autosomal locus remain constant from generation to genera-
tion. Deviations from HWE in the control group may indicate
potential issues with genotyping quality or lack of sample rep-
resentativeness, whereas deviations observed only in the pa-
tient group may suggest a possible effect of the disease itself
on the population structure. The results of this analysis for all
eight investigated single-nucleotide polymorphisms (SNPs)
are presented in Table 2.

The analysis showed that in the control group of healthy
individuals, all the studied single-nucleotide polymorphisms
were in Hardy—Weinberg equilibrium (p > 0.05 for all tests).
This is an important indicator of the representativeness of the
control sample and the absence of significant systematic errors
in genotyping. In the group of CAP patients, the situation was
different. Statistically significant deviations from the expected
Hardy—Weinberg equilibrium were reliably detected for three
specific polymorphic markers:

— 151695 (p.Ile105Val) in the glutathione S-transferase P1
(GSTP1) gene, an enzyme playing a key role in detoxification
of reactive oxygen species and xenobiotics;

— 152069522 (c.-2015T>C) in the promoter region of the
cytochrome P450 1A2 (CYP1A2) gene, an important enzyme
in the metabolism of various substances, including potentially
toxic ones;

— 1517884159 (c.215C>T) in the tumor suppressor p53
(TP53) gene, the “guardian of the genome” that regulates the
cell cycle, apoptosis, and the DNA damage response.

The deviations from HWE found exclusively in the CAP
group for these specific loci cannot be explained by genotyping
artifacts or biased sampling, given that HWE was maintained
in the control group for the same markers. Therefore, the most
probable causes of these deviations are either the influence
of specific environmental factors (e.g., smoking, dietary hab-
its, toxin exposure), which may differentially affect carriers
of certain genotypes under chronic inflammation conditions,
or selective pressure exerted by the persistent inflammatory
process itself in periapical tissues. Such pressure may indi-
rectly affect the viability or reproductive success of carriers
of certain genetic variants over time, although this assumption
requires further population-genetic studies for confirmation.
This result emphasizes the fundamental importance of con-
sidering the Hardy—Weinberg equilibrium status, in particular,
the detected deviations for GSTP1, CYP1A2, and TP53 gene
polymorphisms, when interpreting association and interaction
data in the context of CAP [2, 16].

Given the limited information that can be obtained from the
analysis of individual loci and the high likelihood of complex
nonlinear interactions between multiple genetic factors and
environmental influences in the development of multifactori-
al diseases, the Multifactor Dimensionality Reduction (MDR)
method was applied to further investigate these relationships
in chronic apical periodontitis. MDR is a nonparametric and
model-free approach specifically designed to detect and char-
acterize complex higher-order interactions in high-dimension-
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Table 2. Sensitive test results for Hardy-Weinberg equilibrium

Tabnuna 2. Pe3ynbrarel TOYHOTO TeCTa Ha paBHOBecue Xapau — BaiinOepra

. Heterozygotes Total

Polymorphism Group Allele 1 | Allele 2 Homozygotes Allele 1 | Allele 2 p-value

All 115 17 68 298 102 0.1400

Ejlﬁgggéi A IL10 Control 39 2 9 87 13 [ 0.1700

: Case 76 15 59 211 89 0.5600

151143627 All 95 23 82 272 128 0.4200

(c.-31T>C) Control 34 4 12 80 20 0.0830

IL-1 B Case 61 19 70 192 108 1.0000

All 75 30 95 245 155 1.0000

rs1800629 Control 30 6 14 74 26 0.0650
(c.-308G>A) TNF-a

Case 45 24 81 171 129 0.2500

All 80 45 75 235 165 0.0014

151695 (p.Ile105Val) GSTP1 Control 12 17 21 45 55 0.2700

Case 68 28 54 190 110 0.0079

152069522 All 178 10 12 366 34 0.0001

(c.2015T>C) Control 48 2 0 98 2 1.0000

CYPIA2 Case 130 8 12 268 32 0.0001

All 174 20 6 368 32 0.0004

?;2284159 (c215C>T) Control 47 3 0 97 3 1.0000

Case 127 17 6 271 29 0.0006

All 145 45 10 335 65 0.0190

2101817%6 (c.1997G>T) Control 37 10 3 84 16 0.0890

Case 108 35 7 251 49 0.0760

All 80 82 38 242 158 0.0540

311\7/[51)7_69(1"(31“27%@) Control 23 21 6 67 33 0.7500

Case 57 61 32 175 125 0.0450

Note: The table is compiled by the author. Abbreviations: rs — reference single nucleotide polymorphism,; c. — position relative to start co-
don; p. — protein polymorphism; IL-10 — interleukin-10; IL-18 — interleukin-1f; GSTP-1 — glutathione-S-transferase Pl; TNF-o,— tumor
necrosis factor o, CYPIA2 — cytochrome P450 142; TP53 — tumor suppressor P53; COLIAI — type 141 collagen; MMP9 — matrix metal

peptidase 9.

Ipumeyanue: mabnuya cocmasnena asmopom. CokpawjeHus: rS — IMALOHHBIL OOHOHYKICOMUOHBIN NOAUMOPPUIM, C. — NO3UYUA
OMHOCUMENILHO CIAPMOB020 KOOOHA 2eHa, p. — U3MeHeHue Ha yposHe beaxa, IL-10 — unmepaeiixun-10; IL-1§ — unmepnetikun-1 bema;
GSTP1 — enymamuon-S-mpancgpepasa I11; TNF-o — ¢pakmop Hnexposza onyxonu-anvgha; CYPIA2 — yumoxpom 11450 142; TP53 —
onyxonesviti cynpeccop 1153; COLIAI — konnazcen mun 1 Al; MMP-9 — mampuxcnas memanionenmuoasa 9.

al datasets (with many variables) and limited sample sizes. The
method essentially reduces data dimensionality by merging
factor level combinations (genotypes, environmental factors)
into new binary variables (high/low risk), enabling effective
visualization and evaluation of multidimensional interaction
patterns.

MDR analysis was sequentially conducted for all studied
single-nucleotide polymorphisms and the Disease node, repre-
senting a set of environmental factors. This resulted in identi-
fying and characterizing several statistically significant multi-
locus models describing the joint action of key genes and their
interactions with the environment, associated with the risk of
CAP development. The process of model construction and val-
idation in MDR includes the following key steps: 1) splitting
the dataset into training and testing subsets (cross-validation);
2) evaluating all possible factor combinations (up to the speci-
fied interaction order, e.g., two-factor or three-factor models);
3) selecting the optimal factor combination on the training
subset; 4) assessing the predictive ability of the selected model
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on the testing subset. All resulting models were carefully se-
lected and evaluated using strict and transparent criteria.

The main quality criteria in MDR are cross-validation con-
sistency (CVC) and testing balanced accuracy (TBA). CVC
reflects how consistently a given combination of factors is
selected as the best model across different subsets during
cross-validation (maximum value of 10 for 10-fold CV). A
high CVC (close to 10) indicates model reliability and re-
producibility. TBA is the average of sensitivity (proportion
of correctly predicted patients) and specificity (proportion of
correctly predicted healthy individuals) in the testing subset.
A high TBA value (close to 1.0 or 100%) and correspondingly
low prediction error indicate strong predictive power.

In parallel, to assess the informativeness and strength of the
identified interactions within the constructed models, the en-
tropy level (I) was evaluated. In information theory, entropy
measures the degree of uncertainty or the amount of infor-
mation contained in an interaction. In MDR analysis, entro-
py-based evaluation quantifies the contribution of each indi-
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Table 3. Characteristics of MDR-models
Ta6nuna 3. OcHoBHBIC XapakTepuctukun MDR-Moneneit

Model CVC TBA I
rs1143627 x rs1800629 9/10 73.2 4.5%
151143627 x 1s1800629 x rs17576 10/10 79.8 6.2%
1rs1143627 x rs1800629 x rs17576 x rs1107946 8/10 71.4 5.1%

Note: Table compiled by the author. Abbreviations: rs — reference single nucleotide polymorphism; CVC — cross-validation comparison;

TBA — test for balanced accuracy; I — entropy contribution.

Ipumeuanue: mabauya cocmasnena asmopom. Coxpawenus: 1S — DIMANOHHLIUL OOHOHYKAeOmMUuoHvlli noaumoppusm; CVC —
coanacosannocmy nepekpecmuoii nposepku;, TBA — mecm céanancuposannoi mounocmu; I — 0013 6x1ada 6 SHMPORUIO.

vidual variable (gene, factor) and their pairwise interactions
to the overall predictive power of the model. The higher the
entropy value for an interaction, the greater its contribution
to explaining phenotypic variability (in this case, the risk of
CAP). Detailed MDR analysis results, including the best mod-
els, their CVC and TBA values, and entropy scores for individ-
ual effects and interactions, are presented in Table 3.

rs1107946

rs1695

Disease

rsl7576
rs17884159

rs1143627

-
L

rs1800629
rs1800896

152069522

Fig. 3. Tree diagram of gene-environment and gene-gene
interaction in chronic apical periodontitis

Note: The figure is made by the author. Tree node labels from top
to bottom: rs1107946 (c.1997G>T) COLIAIL, rs1695 (p.llel05Val)
GSTPI, Disease, rsi7576 (p.Gln2794rg) MMP-9, rs17884159
(c.215C>T) TP53, rsl143627 (c.-31T>C) IL-1B, rsi800629
(c.-308G>A) TNF-a, rs1800896 (c.-1082G>A) IL-10, rs2069522
(c.-2015T>C) CYPIA2. Abbreviation: rs — reference single nucle-
otide polymorphism.

Puc. 3. JlenagporpamMma reH-CpeioBbIX U MEXKTE€HHBIX B3au-
MOJICHCTBHI MTPU XPOHUYECKOM ANMHUKAJILHOM IEPUOJAOHTUTE
IIpumeuanus: pucynox GbINOIHEH A6MOPOM; HA36AHUS Y3708,
npeoCmasienHHblx Ha OeHOpOSpaMMe 6 HOCAe008aAMeENbHOCMU
ceepxy euuz — rsl107946 (c.1997G>T) COLIAL, rs1695 (p.lle-
105Val) GSTPI, Disease, rsi7576 (p.GIn2794rg) MMP-9,
rs17884159 (c.215C>T) TP53, rsll43627 (c.-31T>C) IL-1p,
rs1800629 (c.-308G>A4) TNF-o, rsI1800896 (c.-1082G>A) IL-10,
152069522 (c.-2015T>C) CYPI1A2. Coxpawenue: rs — 5mManounwiil
OOHOHYKIeOMUOHBLI NOTUMOPPU3M.

Basing on the results of MDR analysis and entropy esti-
mates, two types of specialized visualizations were employed
to represent the complex structure of the identified relation-
ships between genetic factors and their combinations.

The first visualization was a dendrogram (Fig. 3). This vi-
sualization displays the hierarchical structure of connections
between various single-nucleotide polymorphisms and their
multicomponent combinations. The dendrogram was con-
structed using an algorithm that takes into account entropy val-
ues derived from the MDR analysis. It reveals the “proximity”
of factors in their interaction strength related to disease risk.
The main information in the dendrogram is presented as nodes
(leaves) and branches (lines). Each leaf represents a specific
single-nucleotide polymorphism or an environmental factor
(in this case, the Disease node). The height of the branches
connecting the leaves is a key indicator: it reflects the degree
of association (interaction strength) between the correspond-
ing genetic factors. Shorter branches indicate that the SNPs
are located close to each other in the interaction hierarchy, sug-
gesting a tighter functional or epistatic relationship between
them in CAP pathogenesis. Conversely, longer branches in-
dicate a weaker connection or lack of significant interaction
between these factors within the constructed model.

To depict the nature and direction of the interactions in more
detail, a graph of gene—environment and gene—gene connec-
tions associated with CAP development was constructed (Fig.
4). This graph visualizes not only the presence of a connection
but also its strength, expressed as the proportion of contribu-
tion to the total entropy (informative value) of the model. The
graph was generated using the Fruchterman—Reingold algo-
rithm, which positions the nodes of the graph (representing
genes/SNPs or the Disease factor) on a plane in such a way
as to minimize edge crossings and distribute the nodes even-
ly, attracting related nodes and repelling unrelated ones. The
edges of the graph (connections between nodes) may be direct-
ed or undirected (depending on the model) and often vary in
thickness proportionally to the strength of the interaction (its
contribution to entropy). A key advantage of the Fruchterman—
Reingold algorithm lies in its ability to handle data “noise”
effectively and to visualize even complex graphs containing
a large number of nodes and diverse connections, while main-
taining relative clarity and interpretability.

Thus, Fig. 4 provides a comprehensive graphical repre-
sentation of the interaction patterns identified through MDR
analysis. It demonstrates which genes most closely coordinate
their activities with each other and with environmental factors,
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thereby shaping the predisposition to chronic apical periodon-
titis (CAP).

Additional Findings

The main results described above include the identification
of associations for individual polymorphisms, analysis of Har-
dy—Weinberg equilibrium (HWE), application of the MDR
method, and visualization of genetic interactions. The present
comprehensive study also explored other potential patterns
or significant effects by analyzing allele frequency distribu-
tions, searching for subgroup associations (e.g., by sex), and
assessing alternative statistical models. However, based on the
conducted analyses and applied significance criteria, no addi-
tional findings beyond those already reported were identified.
All statistically significant associations and interactions have
been described in the previous section.

DISCUSSION
Summary of the Main Findings

The study identified significant gene—gene interactions as-
sociated with the development of chronic apical periodonti-
tis (CAP) using the MDR approach. The three-locus model
IL-1BxTNF-0xMMP-9 demonstrated the highest predictive
value (balanced accuracy 79.8%, cross-validation consisten-
cy 10/10), highlighting the synergistic effects of inflammatory
cytokines and proteolytic processes. Analysis of Hardy—Wein-
berg equilibrium revealed deviations for CYP1A2 and TP53 in
the CAP group, suggesting the influence of environmental fac-
tors. The Fruchterman—Reingold graph confirmed a strong in-
teraction between IL-1P and TNF-a, while COL1A1 exhibited
a moderate connection. These findings point to the multigenic
nature of susceptibility to CAP and open avenues for personal-
ized diagnostics and therapy based on combined gene effects.

Study Limitations

The analysis was limited to a predefined set of single-nucle-
otide polymorphisms (SNPs) selected from prior knowledge,
and therefore does not encompass all possible genetic variants
influencing CAP risk. The relatively small sample size may
constrain the statistical power of the study and reduce the de-
tectability of weaker associations. While the MDR method ef-
fectively identifies key SNP combinations, understanding the
underlying biological mechanisms of these interactions may
be challenging.

Interpretation of the Results

The results demonstrate the polygenic nature of hereditary
predisposition to chronic apical periodontitis, where the com-
bined effects of multiple polymorphisms play a critical role.
The most informative model is the three-locus combination
IL-1BXTNF-axMMP-9. It showed perfect cross-validation
(10/10) and high balanced accuracy (79.8%). This emphasiz-
es the synergistic role of pro-inflammatory cytokines (IL-1f,
TNF-a) and the proteolytic enzyme MMP-9, involved in ex-
tracellular matrix and periapical bone destruction. Such syn-
ergy aligns with published data on inflammatory periodontal
diseases [2, 5, 7].

Hardy—Weinberg equilibrium analysis confirmed the genetic
stability of the control group, validating its representativeness.
In the CAP group, deviations were observed for CYP1A2

Fig. 4. Gene-gene and gene-environment interactions of
polymorphic loci of the analyzed genes in chronic apical
periodontitis.

Note: The figure is made by the author. Interactions between
candidate genes and the presence of chronic apical periodontitis
(Disease) are marked by different color lines: blue stands for pro-
nounced synergism; green represents moderate synergism, or-
ange denotes pronounced antagonism, red moderate antagonism;
brown additive interaction. Force and direction of interactions
are represented in entropy ratios (%). Abbreviation: rs — refer-
ence single nucleotide polymorphism.

Puc. 4. I'pad reH-reHHBIX U TEHHO-CPEIOBBIX B3aMMOACH-
CTBHI MOTUMOPQHBIX JOKYCOB M3y4aeMbIX TCHOB C HAIlU-
YHAEM XPOHHUYECKOTO allMKAJIBbHOT O NIEPHOTOHTHTA
Tpumeuanus: pucyHox 6bINOIHEH ABMOPOM; HANPABIEHHOCHIb
83aUMOO0CUCMBULl MeXHCOY 2eHAMU-KAHOUOamamy u Haiuduem
XPOHUYECK020 anukaibHo2o nepuodonmuma (Disease) ob6osnaua-
HOMCS TUHUAMU PASHO20 YBEMA: CUHE20 — BbIPANCEHHDLI CUHED-
2U3BM, 3€NI€H020 — YMEPEHHbI CUHEPSUBM, OPAHHICEB020 — Bbi-
PAXHCEHHDLIL AHMALOHUZM, KPACHO20 — YMEPEHHbIU AHMALOHUSM,
KOpUyHes020 — adoumuenoe g3aumooeticmeue. Cuna u Hanpas-
JnenHocmb @3aumooeticmauil npeocmasnensvt 8 % snmponuu. Co-
Kpawjenue: rs — 3Mai0HHbII 0OHOHYKIEOMUOHBI NOTUMOPPDUIM.

(rs2069522) and TP53 (rs17884159) (p < 0.001), possibly
reflecting the influence of inflammation or exogenous factors
affecting xenobiotic metabolism [2, 4].

Deviations from HWE in the case group led to similar find-
ings in studies on gene—environment interactions in perinatal
complications of gestational diabetes [13], emphasizing shared
mechanisms across multifactorial disorders [1, 6, 17].

The Fruchterman—Reingold graph provided a detailed vi-
sualization of gene—gene interaction strength. The thickest
(blue) edges represented pronounced synergy between IL-
1B and TNF-a, consistent with their central role in initiat-
ing inflammatory responses. Green edges (moderate syner-
gy) linked TNF-o with MMP-9, indicating enhanced tissue
destruction, whereas orange (antagonistic) edges reflected
the anti-inflammatory activity of IL-10, which limits TNF-a
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overactivation. Brown (additive) edges represented structur-
al genes such as COL1A1, whose influence on inflammation
is small compared to that in cytokines. Overall, this visual-
ization confirms that IL-1B3—TNF-a synergy is critical to CAP
pathogenesis, in agreement with studies on periodontal in-
flammation [3, 8, 18].

The three-locus IL-1pxTNF-axMMP-9 model outper-
formed both two- and four-locus variants across all metrics
(sensitivity 79.8%, specificity 84.4%), making it preferable
for clinical application. Its predictive performance is compa-
rable to the ESRIXFSHRXCYP19A1 model used to predict
decreased ovarian reserve [11], demonstrating the versatility
of MDR analysis in detecting epistatic effects in complex dis-
eases [6, 19].

The four-locus IL-1BxTNF-axMMP-9xCOL1A1 model
showed reduced predictive value (balanced accuracy 71.4%),
likely due to the lesser contribution of COL1A1 to inflammato-
ry response compared to cytokine and metalloproteinase activ-
ity [10, 11]. Similar tendencies were reported in a study where
adding angiogenesis-regulating genes (VEGF-A, eNOS) to
the PPARGXxeNOSxTCF7L2 model improved sensitivity but
complicated interpretation [5].

Of particular note is the paradoxical effect of reduced MMP-
9 activity, which theoretically should slow bone resorption but
in practice promotes accumulation of damaged proteins and
aggravation of inflammation [1, 4, 20]. This pattern echoes ob-
servations where reduced proteolytic activity correlated with
increased risk of autoimmune responses [10].

The practical significance of the study lies in the potential
to develop personalized diagnostic and therapeutic algorithms
for CAP. Genetic screening incorporating SNP combinations
(e.g., IL-1BxTNF-a) may enable early identification of high-
risk patients. A similar approach is applied in reproductive
medicine to predict perinatal complications. Integrating such
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