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Molecular Mechanisms with Clinical and Histopathological
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reqgulatora resorpcije kosti u apikalnom parodontitisu:
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Abstract

Objective(s) : (@) To quantify the relative gene expression of matrix metalloproteinases (MMP) -2, -9,
their tissue inhibitor (TIMP) -2, receptor activator of nuclear factor kappa-B ligand (RANKL), and os-
teoprotegerin (OPG) in human apical periodontitis (AP) and to associate it with levels of these mol-
ecules in healthy dental pulps. (b) To assess differences in gene expression among AP lesions strat-
ified by clinical, radiographic, and histopathological features. (c) Finally, a potential correlation of
investigated molecules was explored in AP samples. Materials and Methods: The study cohort com-
prised 80 AP lesions obtained from 80 adult volunteers during apicoectomy procedures. The healthy
control cohort consisted of 50 dental pulp samples from intact teeth extracted for orthodontic pur-
poses, collected from 50 voluntary donors. Relative gene expression of MMP-2, MMP-9, TIMP-2,
RANKL, and OPG was assessed in all tissue samples using reverse transcription quantitative real-
time polymerase chain reaction (RT-gPCR). Statistical analyses included the Chi-square test, Stu-
dent’s t-test, Mann—Whitney U test, and Spearman correlation. Results: Higher gene expression lev-
els of RANKL, OPG, MMP-2, and MMP-9 were observed in the study compared to the healthy cohort
(p=0.048, p=0.002, p=0.048, and p=0.012, respectively). Higher relative expression of the MMP2
gene was observed in smaller lesions compared to large lesions (p=0.021). Significant positive cor-
relations were observed between the investigated mediators. Conclusions: Concurrent overexpres-
sion of the studied mediators, along with their positive correlations in AP lesions, indicates their co-
ordinated role in disease progression and alveolar bone resorption.
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Introduction

Apical periodontitis (AP) is a chronic immune-inflam-
matory disorder that directly impacts the periapical tissues of
the affected tooth (1). It is initiated as a host response to poly-
microbial invasion of the dental pulp. This condition is fun-
damentally driven by bacterial colonization within the root
canal system, which includes the formation of biofilms and
the release of virulence factors. These factors, along with ge-
netic susceptibility and other predisposing factors, decisive-
ly trigger an array of immune responses in the host (2 — 6).
Therefore, the pathogenesis of AP is driven by a complex and
multifaceted network integrating immune system activation,
recruitment of various immune cells (e.g., phagocytes and
lymphocytes), and production of different inflammation me-
diators [e.g., cytokines, chemokines, reactive oxygen species,
matrix metalloproteinases (MMPs), bone resorption regula-
tors, etc.] (7). These molecular mediators play a critical role
in orchestrating the degradation of the extracellular matrix
and the resorption of alveolar bone, which are central fea-
tures in the progression of the lesions (8).

Matrix metalloproteinases (MMPs) are zinc-dependent
endopeptidases that degrade collagen and other extracellular
matrix (ECM) components (9 - 12). Their activity is regulated
by tissue inhibitors of metalloproteinases (TIMPs) to prevent
tissue damage. Under normal conditions, MMPs facilitate tis-
sue remodeling and homeostasis; however, excessive activation
in pathological states can lead to collagen degradation and in-
flammation. MMPs have a conserved structure, comprising a
pro-peptide region for inactivity, a zinc-binding catalytic do-
main, and often a hemopexin-like domain that contributes to
substrate specificity. Their activity requires precise regulation
for proper ECM turnover and tissue repair, and dysregulation
can lead to disease progression (9 — 12). MMPs are classified
into different subgroups, such as collagenases and gelatinases,
based on their functions and tissue localization. MMP-2 (ge-
latinase A) and MMP-9 (gelatinase B) are crucial enzymes that
are directly involved in the degradation of type IV collagen
and gelatin within the ECM. These gelatinases are essential
for effective ECM remodeling, as they cleave basement mem-
brane components. This action decisively promotes inflamma-
tory cell infiltration and drives tissue turnover (9 - 12).

The pathophysiological activity of MMPs in AP is driv-
en by their heightened expression and activation, which are
decisively triggered by inflammatory mediators, immune cell
signals, and ECM alterations (10 — 12). Extensive research in
humans has demonstrated the critical role of MMPs in the
breakdown of periapical tissue, intensifying the inflamma-
tory response and facilitating the progression of the lesion
(13). Considering the complex osteoimmunological interac-
tions involved in alveolar bone resorption, the relationship
between MMPs and bone resorption modulators [recep-
tor activator of nuclear factor kappa-B (RANK), its ligand
(RANKL), and osteoprotegerin (OPG)] remains poorly elu-
cidated (14). It is a well-known fact that alveolar bone re-
sorption is governed by the RANK/RANKL/OPG axis and
other mediators, which tightly regulate osteoclast differen-
tiation, activation, and activity in response to inflammatory
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Uvod

Apikalni parodontitis (AP) kroni¢na je imunosno-upalna
bolest koja izravno utje¢e na periapikalna tkiva zahva¢enog
zuba (1). Nastaje kao odgovor domacina na polimikrobnu in-
vaziju zubne pulpe. To stanje u osnovi je prouzro¢eno bakte-
rijskom kolonizacijom unutar sustava korijenskog kanala, $to
ukljucuje stvaranje biofilmova i oslobadanje ¢imbenika viru-
lencije. Ti ¢imbenici, zajedno s genetskom predispozicijom i
drugim predisponirajuéim faktorima, odlu¢no pokrecu niz
imunosnih odgovora u domaéinu (2 - 6). Zato je patogene-
za AP-a potaknuta slozenom i viSestrukom mrezom koja in-
tegrira aktivaciju imunosnog sustava, regrutiranje razlicitih
imunosnih stanica (npr., fagocita i limfocita) i proizvodnju
razlicitih upalnih medijatora (npr., citokina, kemokina, re-
aktivnih vrsta kisika, matri¢nih metaloproteinaza — MMP-
a, regulatora resorpcije kostiju itd) (7). Ti molekularni medi-
jatori klju¢ni su u uskladivanju degradacije izvanstani¢noga
matriksa i resorpcije alveolarne kosti, $to su glavne znacajke
u progresiji lezija (8).

Matriksne metaloproteinaze (MMP) cinkom ovisne su
endopeptidaze koje razgraduju kolagen i druge komponen-
te izvanstani¢ne matrice (ISM) (9 — 12). Njihovu aktivnost
reguliraju tkivni inhibitori metaloproteinaza (TIMP) ka-
ko bi se sprijecilo o$te¢enje tkiva. U normalnim uvjetima
MMP-i olaksavaju preoblikovanje tkiva i homeostazu; no
prekomjerna aktivacija u patoloskim stanjima moze rezul-
tirati razgradnjom kolagena i upalom. MMP-i imaju kon-
zerviranu strukeuru koja se sastoji od propeptidne regije za
neaktivnost, kataliticke domene koja veze cink i ¢esto dome-
ne sli¢ne hemopeksinu koji pridonosi specifi¢nosti supstrata.
Njihova aktivnost zahtijeva preciznu regulaciju za pravilnu
izmjenu ISM-a i popravak tkiva, a disregulacija moze pota-
knuti progresiju bolesti (9 — 12). MMP-i se klasificiraju u ra-
zlicite podskupine poput kolagenaza i Zelatinaza na temelju
njihovih funkcija i lokalizacije u tkivu. MMP-2 (zelatinaza
A) i MMP-9 (Zelatinaza B) klju¢ni su enzimi koji su izrav-
no ukljuceni u razgradnju kolagena tip IV i Zelatine unutar
IMS-a. Te Zelatinaze vazne su za u¢inkovito preoblikovanje
ISM-a, jer cijepaju komponente bazalne membrane. To dje-
lovanje odlu¢no potice infiltraciju upalnih stanica i potice
obnovu tkiva (9 — 12).

Patofizioloska aktivnost MMP-a u AP-u prouzrocena je
njihovom poja¢anom ekspresijom i aktivacijom koje odlu¢no
pokre¢u upalni medijatori, signali imunosnih stanica i pro-
mjene ISM-a (10 — 12). Opsezna istrazivanja na ljudima po-
kazala su kljuénu ulogu MMP-a u razgradnji periapikalnog
tkiva, intenziviranju upalnog odgovora i olaksavanju napre-
dovanja lezije (13). S obzirom na sloZene osteoimunosne inte-
rakcije ukljucene u resorpciju alveolarne kosti, odnos izmedu
MMP-a i modulatora resorpcije kosti [receptor aktivator nu-
klearnog faktora kappa-p — RANK, njegov ligand — RAN-
KL i osteoprotegerin — OPG) i dalje je slabo razjasnjen (14).
Dobro je poznato da resorpciju alveolarne kosti reguliraju os
RANK/RANKL/OPG i drugi medijatori koji strogo reguli-
raju diferencijaciju, aktivaciju i aktivnost osteoklasta kao od-
govor na upalne i mikrobne znakove (15). Medutim, samo je
u jednoj dosadasnjoj studiji, ali s malim uzorkom, ispitivan
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and microbial cues (15). However, only one previous study
with a small sample size examined the relationship between
the presence of microbiota in infected root canals and the ex-
pression of mediators involved in the destruction of soft and
bone tissue in apical periodontitis (16).

Therefore, this study aimed (a) to quantify the relative
gene expression of MMP-2, MMP-9, TIMP-2, RANKL, and
OPG in human AP and to associate it with levels of these
molecules in healthy dental pulps; (b) to assess differences in
gene expression among AP lesions stratified by clinical, ra-
diographic, and histopathological features; (c) finally, the po-
tential correlation of the investigated molecules and levels of
MMPs in relations to the RANKL/OPG ratio were explored
in AP samples.

Materials and Methods

Study design and cohorts of the investigation

This observational, cross-sectional clinical laboratory
study was conducted at the Clinics of Oral Surgery and Re-
storative Odontology and Endodontics, as well as the Sci-
entific Laboratories at the Implant Research Center, School
of Dental Medicine, University of Belgrade, Serbia. This re-
search protocol received approval from the Ethics Commit-
tee of the School of Dental Medicine, University of Belgrade
(approval No. 36/11-2022). Before participation and any
procedures, each patient or parents/legal guardians provided
written informed consent. The investigation was carried out
in strict compliance with established ethical standards, and
in line with the principles outlined in the Helsinki Declara-
tion of 1975, as revised in 2002.

The experimental cohort of the study comprised eighty
consecutive patients recruited at the Clinics of Restorative
Odontology and Oral Surgery, School of Dental Medicine,
University of Belgrade, who sought dental care and were
indicated for an apicoectomy procedure. In all cases, after
thorough assessment of clinical and radiographic signs and
symptoms of disease, surgical endodontic treatment was rec-
ommended due to the failure of standard root canal thera-
py. AP lesions were diagnosed using clinical (17) and radio-
graphic examination [i.e., Periapical index (PAI) (18)]. Fifty
consecutive patients who were scheduled for surgical extrac-
tion of impacted teeth or teeth needing removal due to on-
going orthodontic treatment at the Clinic of Oral Surgery,
School of Dental Medicine, University of Belgrade, were in-
cluded in the control group. Eligibility criteria for recruiting
study cohorts are listed in Table 1.

The sample size calculation for this investigation was
conducted using G*Power software (version 3.1, Universi-
ty of Diisseldorf, Germany), utilizing data from a previous
study that analyzed the differences in relative gene expression
of selected inflammatory mediators between patients with
AP and healthy control samples (19). This calculation was
further validated by testing a pilot sample from the current
investigation. The analyses indicated that for a study com-
prising two groups, with a statistical power of 80% and a sig-
nificance level of @ = 0.05, a minimum of 100 patients (50 in
each group) was necessary.
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odnos izmedu mikrobiote u zarazenim korijenskim kanali-

ma i ekspresije medijatora uklju¢enih u unistavanje mekoga i

kostanoga tkiva u apikalnom parodontitisu (16).
Zato su ciljevi ove studije bili:

a) kvantificirati relativnu ekspresiju gena MMP-2, MMP-9,
TIMP-2, RANKL i OPG u ljudskome AP-u i povezati je
s razinama tih molekula u zdravoj zubnoj pulpi

b) procijeniti razlike u ekspresiji gena medu AP lezijama
stratificiranima prema klini¢kim, radiografskim i histo-
patoloskim znacajkama

c) istraziti potencijalnu korelaciju ispitivanih molekula i
razina MMP-a u odnosu na omjer RANKL/OPG-a u

uzorcima AP-a.

Materijali i metode

Dizajn studije i kohorte istrazivanja

Ova opservacijska, presje¢na klini¢ko-laboratorijska stu-
dija provedena je na klinikama za oralnu kirurgiju i restau-
rativou odontologiju i endodonciju te u znanstvenim labora-
torijima Implantolosko-istrazivatkog centra Stomatoloskog
fakulteta Sveucilista u Beogradu (Srbija). Ovaj istrazivacki
protokol odobrilo je Eticko povjerenstvo Stomatoloskog fa-
kulteta Sveucilista u Beogradu (br. odobrenja 36/11-2022).
Prije sudjelovanja i bilo kakvih postupaka, svaki pacijent
ili roditelj/zakonski skrbnik potpisao je informirani prista-
nak. IstraZivanje je provedeno strogo u skladu s etickim stan-
dardima i nacelima navedenima u Helsinskoj deklaraciji iz
1975., dopunjenoj 2002. godine.

Eksperimentalna skupina studije obuhva¢a osamdeset
pacijenata lije¢enih na Klinikama za restaurativnu odontolo-
giju i oralnu kirurgiju Stomatoloskog fakulteta Sveucilista u
Beogradu koji su zatrazili stomatolosku pomo¢ i indiciran im
je postupak apikotomije. U svim slu¢ajevima, poslije teme-
ljite procjene klinickih i radiografskih znakova i simptoma
bolesti, preporuceno je kirursko endodontsko lije¢enje zbog
neuspjeha standardne terapije korijenskog kanala. AP lezije
dijagnosticirane su klini¢kim (17) i radiografskim pregledom
(tj. periapikalnim indeksom — PAI) (18). Pedeset uzastopnih
pacijenata koji su bili odredeni za kirursko vadenje impakti-
ranih zuba ili zuba koje je trebalo ukloniti zbog trenuta¢nog
ortodontskog lije¢enja u Klinici za oralnu kirurgiju Stomato-
loskog fakulteta Sveucilista u Beogradu, ukljuceni su u kon-
trolnu skupinu. Kriteriji za uklju¢ivanje u studijske skupine
navedeni su u tablici 1.

Izracun veli¢ine uzorka za ovo istrazivanje proveden je
u softveru G*Power (verzija 3.1, Sveuciliste u Diisseldorfu,
Njemacka), a koristili smo se podatcima iz prethodne studije
u kojoj je analizirana razlika u relativnoj ekspresiji gena oda-
branih upalnih medijatora izmedu pacijenata s AP-om i zdra-
vih kontrolnih uzoraka (19). Taj izra¢un dodatno je potvrden
testiranjem pilot-uzorka iz trenutaénog istrazivanja. Analize
su pokazale da je za studiju koja obuhvaca dvije skupine, sa
statisti¢kom snagom od 80 % i razinom znacajnosti o = 0,05,
potrebno najmanje 100 pacijenata (50 u svakoj skupini).
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Table1  Eligibility criteria for recruiting study cohorts
Tablica 1. Kriteriji za ukljucivanje u studijske kohorte

Inclusion criteria ® Kriteriji ukljucivanja

Indicated surgical endodontic treatment’  Indicirano kirursko
endodontsko lije¢enje*
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Exclusion criteria™ ¢ Kriteriji isklju¢enja***
Periodontally involved teeth (probing depth >4 mm with periodontal
bone loss) ® Parodontalno zahvaéeni zubi (dubina sondiranja > 4 mm s
gubitkom parodontalne kosti)

Indicated tooth removal due to impaction or orthodontic treatment™ ®
Indicirano vadenje zuba zbog impakecije ili ortodontskog lije¢enja**

Vertical root fracture ¢ Vertikalna fraktura korijena

Good general health (American Society of Anesthesia level 1 or 2)™ (20)
* Dobro opée zdravstveno stanje (Americko drustvo za anesteziju razinu

1 ili 2)*** (20)

Immunocompromised patients ® Imunokompromitirani pacijenti

Patients treated with antibiotics, antiviral, or immunosuppressive
therapy 3 months before the procedures ® Pacijenti lijeceni antibioticima,
antivirusnim lijekovima ili imunosupresivnom terapijom 3 mjeseca prije
zahvata

* Strictly related to the patients in the experimental group; ** Strictly related to the patients in the control group; *** Related to the patients in
y g 7 &
both groups; * Strogo povezano s pacijentima u eksperimentalnoj skupini; ** Strogo povezano s pacijentima u kontrolnoj skupini; *** Povezano s

pacijentima u objema skupinama

Table2  Primer sequences and PCR conditions
Tablica2 Sekvencije primera i uvjeti PCR-a

Primer sequence (5—3’) ® Sekvencije primera (5—3’)

Genes Gen  Sense * Prednii Product size (bp) ® PCR conditions ®
Antisense * P (:vratni Veli¢ina produkta (bp) Uvjeti PCR-a
5-CTCCTGAATGCCCTTGATGT-3

MMP2 5-ATGACAGCTGCACCACTGAG-3 425

MMP9 5-GAACAAATACAGCTGGTTCC-3’ 345
5-TACCCTATGTACCGCTTCAC-3 95.%C— 10 min,

TIMP2 5:—CTCTGTGACCCAGTCCATCC—%’ 177 45 cycles * krugova:
5-ATGCACATCACCCTCTGTGA-3 - 95°C-30s,

RANKL 5-CAGAAGATGGCACTCACTGCA-3’ 203 - 55°C-30s,
5-CACCATCGCTTTCTCTGCTCTI-3 - 72 °C—30s,

orG 5-GGAACCCCAGAGCGAAATACA-3 25 72°C~10 min
5-CCTGAAGAATGCCTCCTCACA-3’

GAPDH 5-TCATGACCACAGTCCATGCCATCA-3’ 450
5-CCCTGTTGCTGTAGCCAAATTCGT-3

Sampling, RNA extraction and Target Gene Expression
assessment by Real-time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)

One hundred thirty samples of the investigated tissues
(80 apical periodontitis lesions and 50 healthy dental pulps)
were collected following standard surgical procedures at the
School of Dental Medicine, University of Belgrade, as previ-
ously described (18, 19). After harvesting, one portion of the
AP lesion was used for histopathological examination and
stored in a 10% formalin solution. Standard histopathologi-
cal analysis of hematoxylin-eosin—stained slides was used for
the stratification of periapical granulomas and radicular cysts
(18, 19). Additionally, established classification systems were
employed to further categorize AP lesions based on size and
clinical phenotype (16 - 19). A second fragment of the AP le-
sion and collected healthy dental pulps were stored in RNAI-
ater stabilization solution (Thermo Fisher Scientific, USA),
refrigerated overnight, and kept at -70°C until RNA extrac-
tion and gene expression analysis.

Total RNA was extracted using TRIzol reagent (Ther-
mo Fisher Scientific, USA), and cDNA was synthesized from
1 pg of RNA using the NG dART RT kit (EURx, Poland).

Uzorkovanije, ekstrakcija RNK i procjena ekspresije
ciljnih gena s pomocu lancane reakcije polimeraze s
reverznom transkripcijom u stvarnom vremenu (qRT-
PCR)

Prema proceduri koja je ranije opisana, 130 uzoraka is-
pitivanih tkiva (80 AP lezija i 50 zdravih zubnih pulpi) pri-
kupljeno je standardnim kirurskim postupcima na Stoma-
toloskom fakultetu SveuciliSta u Beogradu (18, 19). Nakon
skupljanja jedan dio AP lezije koristen je za histopatoloski
pregled te je bio pohranjen u 10-postotnoj otopini formalina.
Standardna histopatoloska analiza preparata obojenih hema-
toksilin-eozinom koristena je za stratifikaciju periapikalnih
granuloma i radikularnih cista (18, 19). Uz to, koriteni su
utvrdeni klasifikacijski sustavi za daljnju kategorizaciju AP
lezija na temelju velicine i klini¢koga fenotipa (16 — 19). Dru-
gi fragment AP lezije i prikupljene zdrave zubne pulpe pohra-
njeni su u otopini za stabilizaciju RNAlater (Thermo Fisher
Scientific, SAD), hladeni preko no¢i i drzani na temperatu-
ri od -70 °C do ekstrakcije RNK i analize ekspresije gena.

Ukupni RNK ekstrahiran je s pomocu reagensa TRIzol
(Thermo Fisher Scientific, SAD), a ¢cDNK sintetiziran je iz
1 pg RNK's pomocu kita NG dART RT (EURx, Poljska).
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Gene expression levels of RANKL, OPG, MMP2,
MMP9, and TIMP2 were determined by SYBR Green-based
qPCR using SsoAdvanced™ Universal SYBR® Green Super-
mix (Bio-Rad, USA) with GAPDH used as the endogenous
control. Reactions were performed in duplicate and specific-
ity was confirmed by a melting curve analysis.

The cycling conditions and primer sequences are shown
in Table 2. Relative expression was calculated using the
2A-AACt method, as described previously (19), based on the

mean Ct value of duplicate reactions.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism version 9.0 (GraphPad Software, San Diego, CA, USA)
and IBM SPSS Statistics version 26.0 (IBM Corp., Armonk,
NY, USA). Numerical variables were described using means
and standard deviations (SD). The normality of distribution
for all values was assessed using the Kolmogorov—Smirnov
test. As none of the gene expression variables followed a nor-
mal distribution, all between-group comparisons (e.g., case
vs. control; different phenotypic subgroups) were conducted
using non-parametric tests, specifically the Mann—Whitney
U test (also known as the Wilcoxon rank-sum test). On the
other hand, data which were related to age and sex were nor-
mally distributed and analyzed using the Chi-square test and
Student’s t-test. Correlations between gene expression levels
and clinical parameters within the experimental group were
analyzed using the Spearman’s rank correlation coefficient. A
significance level of p<0.05 was considered statistically sig-
nificant throughout.

Results

The experimental group included 34 men and 46 wom-
en, while the control group consisted of 22 men and 28
women (Chi-square test, p = 0.890). Patients in the experi-
mental group were older than the ones in the control group
(Student’s t-test, 37.5514.10 vs. 22.29+3.97, p < 0.001).

Higher gene expression levels of RANKL (p = 0.048),
OPG (p = 0.002), MMP2 (p = 0.048), and MMP9 (p =
0.012) were observed in the experimental group compared
to the control group. On the other hand, 77MP2 expression
was higher in the control group, however, this difference was
not statistically significant (p = 0.120) (Table 3).

Phenotypically, of the total number of patients, 38 pre-
sented with symptomatic lesions, whereas 42 showed no
symptoms. A total of 40 lesions were classified as large and
40 as small. As for the histopathological examination, 42
periapical granulomas and 38 radicular cysts were identified
(Table 4).

Regarding the relative gene expression analysis, none of
the markers showed differential expression associated with
the presence or absence of symptoms (Table 4).

Higher relative expression of the MMP2 gene was ob-
served in smaller lesions (mean + standard deviation (SD)
0.041 + 0.088) compared to large lesions (mean + SD 0.008
+ 0.015) (Mann-Whitney U-test p = 0.021, Table 4).

A similar trend was observed for granulomas compared
to radicular cysts, although this comparison did not reach
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Razine ekspresije gena RANKL, OPG, MMP-2, MMP-9
i TIMP-2 odredene su SYBR Greenom baziranim na qPCR-
u koristenjem SsoAdvanced™ Universal SYBR® Green Super-
mixa (Bio-Rad, SAD) s GAPDH-om kao endogenom kon-
trolom. Reakcije su provedene u duplikatu, a specifinost je
potvrdena analizom krivulje taljenja.

Uvjeti ciklusa i sekvencije primera prikazani su u tablici
2. Relativna ekspresija izratunata je metodom 2A-AACt, ka-
ko je ve¢ opisano (19), na temelju srednje Ct vrijednosti ud-
vostrucenih reakcija.

Statisti¢ka analiza

Sve statisticke analize obavljene su u softveru GraphPad
Prisma verzija 9.0 (GraphPad Software, San Diego, CA, SAD)
i IBM SPSS Statistics verzija 26.0 (IBM Corp., Armonk, NY,
SAD). Numericke varijable opisane su koristenjem srednjih
vrijednosti i standardnih devijacija (SD). Normalnost distri-
bucije za sve vrijednosti procijenjena je Kolmogorov-Smir-
novljevim testom. Buduéi da ni jedna od varijabli ekspresije
gena nije slijedila normalnu distribuciju, sve usporedbe izme-
du skupina (npr., slu¢aj spram kontrole, razli¢ite fenotipske
podskupine) provedene su koristenjem neparametrijskih te-
stova, posebno Mann-Whitneyjeva U testa (poznatog i kao
Wilcoxonov test zbroja rangova). S druge strane, podatci o do-
bi i spolu bili su normalno distribuirani i analizirani hi-kva-
drat testom i Studentovim ttestom. Korelacije izmedu razina
ckspresije gena i klinickih parametara unutar eksperimental-
ne skupine analizirane su koriStenjem Spearmanova koefici-
jenta korelacije rangova. Razina znacajnosti od p < 0,05 sma-
trana je statisticki znacajnom tijekom cijelog istrazivanja.

Rezultati

Eksperimentalna skupina obuhvacala je 34 muskarca i
46 zena, a kontrolna se sastojala od 22 muskarca i 28 Ze-
na (hi-kvadrat test, p = 0,890). Pacijenti u eksperimentalnoj
skupini bili su stariji od onih u kontrolnoj (Studentov t-test,
37,55 + 14,10 prema 22,29 + 3,97, p < 0,001).

U eksperimentalnoj skupini, u usporedbi s kontrolnom,
uocene su vise razine ekspresije gena RANKL (p = 0,048),
OPG (p = 0,002), MMP-2 (p = 0,048) i MMP-9 (p = 0,012).
S druge strane, ekspresija gena 77MP-2 bila je ve¢a u kon-
trolnoj skupini, ali ta razlika nije bila statisticki znacajna (p
=0,120) (tablica 3.).

Fenotipski, od ukupnog broja pacijenata, 38 je imalo
simptomatske lezije, a 42 nisu pokazivala znakove bolesti.
Ukupno je 40 lezija klasificirano kao velike, a 40 kao male.
Kad je rije¢ o histopatoloskom pregledu, identificirana su 42
periapikalna granuloma i 38 radikularnih cista (tablica 4.).

Sto se tide analize relativne ekspresije gena, ni jedan od
biljega nije pokazao diferencijalnu ekspresiju povezanu s pri-
sutno$cu ili odsutno$¢u simptoma (tablica 4.).

Veca relativna ekspresija gena MMP-2 zabiljezena je u
manjim lezijama (srednja vrijednost + standardna devijacija
(SD) 0,041 + 0,088) u usporedbi s velikim lezijama (srednja
vrijednost + SD 0,008 + 0,015) (Mann-Whitneyjev U-test p
= 0,021, tablica 4.).

Slican trend uocen je kod granuloma u usporedbi s ra-
dikularnim cistama, iako ta usporedba nije dosegnula stati-
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Table 3  The relative gene expression of RANKL, OPG, MMP2, MMP9, and TIMP2 in the experimental and control groups.
Tablica 3. Relativna ekspresija gena RANKL, OPG, MMP-2, MMP-9 i TIMP-2 u eksperimentalnoj i kontrolnoj skupini

RANKL orG MMP2 MMP9 TIMP2
Experimental group (n=80) * 0.006 + 0.016 0.047 + 0.194 0.024 + 0.065 0.026 + 0.155 0.305 + 0.381
Eksperimentalna skupina (n = 80)
Control group (n=50) * 0.004 £ 0.013 0.001 + 0.002 0.008 + 0.015 0.001 £ 0.002 0.720 + 1.853
Kontrolna skupina (n = 50)
Pvalue ¢ P vrijednost 0.048 0.002 0.048 0.012 0.120

n-number of patients-tissue samples per group; RANKL-Receptor Activator of Nuclear factor Kappa-B Ligand; OPG-Osteoprotegerin;
MMP-Matrix Metalloproteinase; TIMP-Tissue Inhibitor of matrix metalloproteinase; Values are prescntec% as meanztstandard
deviations; Bold text denotes significant values * n - broj pacijenata — uzorci tkiva po skupini; RANKL — aktivator receptora
nuklearnog faktora Kappa-B ligand; OPG - osteoprotegerin; MMP — matriksna metaloproteinaza; TIMP - tkivni inhibitor matriksne
metaloproteinaze; vrijednosti su prikazane kao srednja vrijednost + standardne devijacije; podebljani tekst oznacava znacajne vrijednosti

Table 4  The relative gene expression of RANKL, OPG, MMP2, MMP9, and TIMP2 in various phenotypic subgroups of apical periodontitis
Tablica 4. Relativna ekspresija gena RANKL, OPG, MMP-2, MMP-9 i TIMP-2 u razli¢itim fenotipskim podskupinama apikalnog parodontitisa
RANKL orG MMP2 MMP9 TIMP2
?XT@;")M“C lesion (n=38) * Simpromatske lezije 0.006£0.020 | 0.064+0230 | 0.021+0.055 | 0.017+0.054 | 03260435
ff{“fztg’ma“c lesion (n=42) + Asimpromarske lezfje | 55 0010 | 0.031£0.157 | 0.0280.073 | 0.03520.209 | 0.286+0328
Pvalue * Pvrijednost 0.718 0.977 0.458 0.908 0.707
Large AP lesion (n=40) ¢ Velike lezije (n = 40) 0.006 + 0.020 0.067 +0.225 0.008 + 0.015 0.008 + 0.019 0.273 + 0.404
Small AP lesion (n=40) * Male lezije (n = 40) 0.006 + 0.010 0.026 + 0.158 0.041 + 0.088 0.045 + 0.219 0.336 + 0.358
P value ® Pvrijednost 0.519 0.932 0.021 0.743 0.121
Periapical granulomas (n=42) * Periapiklani 0.005£0.010 | 0.025+0.154 | 0.039£0.086 | 0.043£0.213 | 0321+0356
granulom (n = 42)
Radicular cysts (n=38) * Radikularna cista (n = 38) 0.006 + 0.020 0.071 + 0.231 0.009 +0.015 0.008 + 0.019 0.287 + 0.410
Pvalue * Pvrijednost 0.441 0.776 0.062 0.862 0.214

n-number of patients-tissue samples per group; RANKL-Receptor Activator of Nuclear factor Kappa-B Ligand; OPG-Osteoprotegerin; MMP-
Matrix Metalloproteinase; TIMP-Tissue Inhibitor of matrix metalloproteinase; Values are presented as meansstandard deviations; Bold text
denotes significant values ® n — broj pacijenata — uzorci tkiva po skupini; RANKL — aktivator receptora nuklearnog faktora Kappa-B ligand; OPG
— osteoprotegeriny MMP — matriksna metaloproteinaza; TIMP — tkivni inhibitor matriksne metaloproteinaze; vrijednosti su prikazane kao srednja
vrijednost + standardne devijacije; podebljani tekst oznacava znacajne vrijednosti.

statistical significance (Mann-Whitney U-test, p = 0.062,
Table 4).

Higher relative expression of the MMP2 gene was ob-
served in lesions with OPG predominance (mean + SD
0.039 + 0.089) compared to lesions with RANKL predom-
inance (mean + SD 0.039 + 0.089, Mann-Whitney U-test
p = 0.021). Additionally, higher 7ZMP2 expression was also
found in lesions with OPG predominance (mean + SD 0.017
+ 0.047) in comparison with lesions with RANKL predomi-
nance (mean + SD 0.017 + 0.047, Mann-Whitney U-test p =
0.021) (Figure 1).

Significant positive correlations were observed between
the expression levels of bone resorption regulators and

genes involved in extracellular matrix remodeling (MMP2,
MMP9, and TIMP2) in the AP group (Figure 2).

Discussion

Alveolar bone resorption in AP is a dynamic process
characterized by an intertwined network of inflammato-
ry mediators (5). Previous research on humans has report-
ed that MMPs have a significant impact on this process (18-
28), but their relationship with bone resorption regulators
remains poorly understood (13). This investigation clearly

sticku znacajnost (Mann-Whitneyjev U-test, p = 0,062, ta-
blica 4.).

Veca relativna ekspresija gena MMP-2 uocena je u lezija-
ma s predominacijom OPG-a (srednja vrijednost + SD 0,039
+ 0,089) u usporedbi s lezijama s predominacijom RANKL-
a (srednja vrijednost + SD 0,039 + 0,089, Mann-Whitneyjev
U-test p = 0,021). Uz to, ve¢a ekspresija gena 7IMP-2 prona-
dena je i u lezijama s predominacijom OPG-a (srednja vrijed-
nost + SD 0,017 + 0,047) u usporedbi s lezijama s predomi-
nacijom RANKL-a (srednja vrijednost + SD 0,017 + 0,047,
Mann-Whitneyjev U-test p = 0,021) (slika 1.).

Uocene su znacajne pozitivne korelacije izmedu razina
ckspresije regulatora resorpcije kosti i gena ukljucenih u pre-
oblikovanje izvanstani¢noga matriksa (MMP-2, MMP-9 i
TIMP-2) u AP skupini (slika 2.).

Rasprava

Resorpcija alveolarne kosti u AP-u dinamican je proces
obiljezen isprepletenom mrezom upalnih medijatora (8). U
dosadasnjim istraZivanjima na ljudima autori su izvijestili da
MMP-ovi znatno utjecu na taj proces (21 — 31), ali njihov od-
nos s regulatorima resorpcije kosti ostaje slabo shvacen (16).
Ovo istrazivanje jasno je pokazalo da su razine ekspresije ge-
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Figure 1 Expression patterns of selected matrix remodeling genes in RANKL- and OPG-predominant lesions. Panel (a) shows the relative gene
expression levels of MMP-2, panel b of MMP-9, and panel c of TIMP-2 in apical periodontitis lesions categorized based on RANKL or
OPG predominance. Data are presented as mean + SD, and statistical significance between groups was assessed using appropriate
non-parametric tests. * and ** - statistically significant, ns - non-significant.

Slika 1.

Obrasci ekspresije odabranih gena za preoblikovanje matrice u lezijama s predominantnim RANKL-ima i OPG-ima; panel a prikazuje

relativne razine ekspresije gena MMP-2, panel b MMP-9, a panel ¢ TIMP-2 u lezijama apikalnog parodontitisa kategoriziranima
na temelju predominantnosti RANKL-a ili OPG-a; podatci su prikazani kao srednja vrijednost + SD, a statisti¢ka znac¢ajnost izmedu
skupina procijenjena je koristenjem odgovarajucih neparametrijskih testova. * i ** — statisticki znacajno, ns — neznacajno.

Figure 2

Spearman correlation heatmap and corresponding p-values. The left panel displays a heatmap of Spearman’s rank correlation

coefficients (p) among the analyzed variables. Lighter colors indicate stronger positive correlations. The right panel shows the
corresponding p-values for each pairwise comparison, indicating the statistical significance of the observed correlations. The non-
significant correlations (p>0.05) are shown as white fields, with corresponding p values.

Slika 2.

Spearmanova korelacijska toplinska karta i odgovarajuce p-vrijednosti; lijeva ploc¢a prikazuje toplinsku kartu Spearmanovih

koeficijenata korelacije ranga (p) medu analiziranim varijablama; svjetlije boje oznacavaju jace pozitivne korelacije; desna ploca
prikazuje odgovarajuce p-vrijednosti za svaku parnu usporedbu, Sto upucuje na statisti¢cku znacajnost uocenih korelacija; neznacajne
korelacije (p > 0,05) prikazane su kao bijela polja s odgovarajucim p-vrijednostima.

demonstrated that gene expression levels of MMP-2, MMP-
9, RANKL, and OPG are significantly increased in human
AP lesions compared to healthy dental pulps. These findings
are supported by previous investigations confirming the role
of inflammatory mediators in alveolar bone resorption (21 —
31). Shin et al (22), using enzyme-linked immunosorbent as-
say, pointed to increased levels of the investigated MMPs in
periapical tissues compared to healthy pulps. In 2008, Bel-
mar et al (23), using gelatin zymography, also revealed in-
creased concentrations of MMP-2 and MMP-9 in gingival
cervical fluid from teeth with periapical lesions compared to
controls. The same result was confirmed by immunohisto-
chemistry in several investigations (24, 25, 28, 29). Final-
ly, using the same methodology applied in our research (i.c.,
RTQPCR), Letra et al (26) and Hadziabdic et al (27) con-
firmed the same trend.

na MMP-2, MMP-9, RANKL i OPG znacajno poveane u
ljudskim AP lezijama u usporedbi sa zdravom zubnom pul-
pom. Ove nalaze podupiru dosadasnja istrazivanja u kojima
je potvrdena uloga upalnih medijatora u resorpciji alveolar-
ne kosti (21 — 31). Shin i suradnici (22), koriste¢i se enzim-
skim imunosorbentnim testom, istaknuli su pove¢ane razine
ispitivanih MMP-ova u periapikalnim tkivima u usporedbi
sa zdravom pulpom. Godine 2008. Belmar i suradnici (23),
koristedi se zelatinskom zimografijom, takoder su otkrili po-
vecane koncentracije MMP-2 i MMP-9 u gingivalnoj cervi-
kalnoj tekucini zuba s periapikalnim lezijama u usporedbi
s kontrolnom skupinom. Taj rezultat potvrden je imunohi-
stokemijski u nekoliko istrazivanja (24, 25, 28, 29). Kona¢-
no, koriste¢i se istom metodologijom primijenjenom u nasem
istrazivanju (tj. RTqPCR), Letra i suradnici (26) i Hadziab-
di¢ i suradnici (27) potvrdili su isti trend.
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As anticipated, this research demonstrates positive cor-
relations between MMPs and the regulators of bone resorp-
tion, thus highlighting their critical interrelationship. Al-
though these specific correlations have not been investigated
before, our findings reinforce the conclusions drawn in pre-
vious studies. Hadziabdic et al (27) observed a significant
correlation between MMP-2 and TIMP-2 in the analyzed
sample. Moreover, Pereira Faustino et al (28) showed a posi-
tive moderate correlation between MMP-2 and MMP-9 ex-
pression in AP lesions. The same trend has been reported by
Martinho et al (29), who confirmed that MMPs and large
bone destruction positively correlate in AP.

This investigation also studied the difference in analyzed
parameters between AP lesions with different phenotypes.
Although there were no significant differences in the ana-
lyzed mediators between symptomatic and asymptomatic
lesions, we observed that the MMP-2 was significantly in-
creased in small-sized compared to large-sized lesions. In ad-
dition, the same tendency was observed in the levels of the
analyzed parameter between periapical granulomas and ra-
dicular cysts. Our findings align with a larger cohort study
conducted in Turkey (31), which found no significant differ-
ence in MMP-9 levels between symptomatic and asymptom-
atic acute AP lesions. In contrast, several other studies have
reported contrary results, indicating that patients with clini-
cal symptoms tend to have elevated levels of the MMPs stud-
ied (24, 25, 28, 30). These differences can be attributed to
diverse methodological approaches employed in the investi-
gations. First, there are obvious differences in the number of
included samples analyzed among published studies. Then,
different criteria were used to assess clinical conditions of the
included patients among the analyzed studies. Another im-
portant issue is the type of sample that was used for analysis.
In both experimental and control groups, a variety of samples
were used, including gingival cervical fluid, periapical exu-
date, fresh periapical tissue, paraffin-embedded blocks of AP
lesions, healthy pulp, healthy gingiva, or healthy periodontal
ligament. Finally, studies used different tests to evaluate the
presence or level of investigating molecules, including im-
munohistochemistry, zymography, enzyme-linked immu-
nosorbent assay, real-time reverse transcription polymerase
chain reaction, etc. These differences may significantly im-
pact the results obtained, hence their interpretation should
be approached with caution and careful consideration.

Concerning the size and histopathological features of AP
lesions, as well as the levels of the tested parameters in our
study, it is important to note that previously reported data
have also shown significant diversity, and our findings are
partially consistent with them. Although Hadziabdic et al
(27) found no difference in MMPs levels between periapical
granulomas and radicular cysts, they reported an increased
relative gene expression of tested parameters in larger com-
pared to small-sized AP lesions. No differences in MMP-
9-positive cells between periapical granulomas and radicular
cysts were also reported by Alvares et al (30). On the other
hand, some studies reported increased levels of tested MMPs
in periapical granulomas compared to radicular cyst (21, 28).
These findings are backed by results from earlier animal stud-

Medijatori koStane resorpcije u apikalnom parodontitisu

Kao $to se i ocekivalo, ovo istrazivanje pokazuje pozitiv-
ne korelacije izmedu MMP-a i regulatora resorpcije kostiju te
isti¢e njihovu kljuénu uzajamnu povezanost. Iako ove speci-
ficne korelacije prije nisu bile istrazivane, nasi nalazi potvr-
duju zakljucke iz dosadasnjih studija. Hadziabdi¢ i suradni-
ci (27) uodili su znacajnu korelaciju izmedu gena MMP-2 i
TIMP-2 u analiziranom uzorku. Stovise, Pereira Faustino i
suradnici (28) pokazali su umjerenu pozitivou korelaciju iz-
medu ekspresije MMP-2 i MMP-9 u AP lezijama. O takvom
trendu izvijestili su Martinho i suradnici (29) koji su potvr-
dili da MMP-i i velika destrukeija kostiju pozitivno koreli-
raju u AP-u.

U ovom istrazivanju takoder se proucavala razliku u ana-
liziranim parametrima izmedu AP lezija s razli¢itim fenoti-
povima. lako nije bilo znacajnih razlika u analiziranim me-
dijatorima izmedu simptomatskih i asimptomatskih lezija,
primijetili smo da je MMP-2 znacajno poveéan u malim le-
zijama u usporedbi s velikima. Takva tendencija uo¢ena je u
razinama analiziranog parametra izmedu periapikalnih gra-
nuloma i radikularnih cista. Nasi nalazi u skladu su s ve-
¢om kohortnom studijom provedenom u Turskoj (31) u kojoj
nije pronadena znacajna razlika u razinama MMP-9 izme-
du simptomatskih i asimptomatskih akutnih AP lezija. Su-
protno tomu, u nekoliko drugih studija autori su izvijestili o
suprotnim rezultatima, $to upucuje na to da pacijenti s kli-
nickim simptomima imaju uglavnom povisenu razinu prou-
¢avanih MMP-a (24, 25, 28, 30). Te razlike mogu se pripisati
drukeijim metodoloskim pristupima koristenima u istraziva-
njima. Prvo, postoje ocite razlike u broju analiziranih uzora-
ka medu objavljenim studijama. Zatim, u analiziranim stu-
dijama koristeni su razliciti kriteriji za procjenu klinickoga
stanja ukljucenih pacijenata. Drugo vazno pitanje jest vrsta
uzorka koji je upotrijebljen za analizu. I u eksperimentalnim
i u kontrolnim skupinama uzeti su razli¢iti uzorci, uklju¢u-
juéi gingivalnu cervikalnu tekuéinu, periapikalni eksudat,
svjeze periapikalno tkivo, parafinom ugradene blokove AP
lezija, zdravu pulpu, zdravu gingivu ili zdravi parodontni li-
gament. Konacno, autori studija sluzili su se razlicitim testo-
vima za procjenu prisutnosti ili razine ispitivanih molekula,
uklju¢uju¢i imunohistokemiju, zimografiju, enzimski imu-
nosorbentni test, lan¢anu reakciju polimeraze s reverznom
transkripcijom u stvarnom vremenu itd. Te razlike mogu
znacajno utjecati na dobivene rezultate i zato njihovoj inter-
pretaciji treba pristupiti s oprezom i pozorno ih razmotriti.

Kad je rije¢ o veli¢ini i histopatoloskih znacajki AP lezi-
ja te o razini testiranih parametara u nasoj studiji, vazno je
napomenuti da su ranije objavljeni podatci takoder pokazali
znacajnu raznovrsnost, a nasi nalazi djelomic¢no su u skladu s
njima. lako HadzZiabdi¢ i suradnici (27) nisu pronasli razliku
u razinama MMP-a izmedu periapikalnih granuloma i radi-
kularnih cista, izvijestili su o povecanoj relativnoj ekspresiji
gena testiranih parametara u ve¢im AP lezijama u uspored-
bi s malima. Alvares i suradnici (30) takoder nisu izvijestili o
razlikama u MMP-9-pozitivnim stanicama izmedu periapi-
kalnih granuloma i radikularnih cista. S druge strane, autori
nekih studija izvijestili su o pove¢anim razinama testiranih
MMP-a u periapikalnim granulomima u usporedbi s radiku-
larnom cistom (21, 28). Te nalaze potkrepljuju rezultati rani-
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ies. Corotti et al (32) showed that during the experimental
development of AP, levels of MMPs were significantly high-
er in the early phase compared to the late phase. In this re-
gard, Mérton and Kiss (14) reviewed protective and destruc-
tive regulatory pathways in apical periodontitis development.
An acute phase of disease is probably influenced by complex
networking between different inflammatory cells and media-
tors that stimulate an increased production of MMPs and ac-
tive degradation of the ECM.

It is also worth discussing that our patients with apical
periodontitis were significantly older compared to those in
the control group without periapical pathology. Although
this might be a potential cofounding factor in this study de-
sign, it should be stated that it is in line with the findings re-
ported by Hamedi et al (33), who investigated the prevalence
of root canal treatment and periapical radiolucency in elder-
ly patients. The authors clearly demonstrated that in com-
parison to general adult populations, the elderly had a much
higher prevalence of non-surgical root canal treatment and a
higher prevalence of periapical radiolucency. Therefore, fol-
lowing the observed trend, our demographic results support
the fact that the elderly population has an increased preva-
lence of apical periodontitis.

This investigation demonstrates several strengths, includ-
ing a predetermined sample size, a large cohort of samples,
and robust laboratory methodology. However, it is crucial
to acknowledge certain limitations. The cross-sectional de-
sign in Endodontology restricts the ability to establish strong
causality between the analyzed genes and the development
of apical periodontitis due to ethical considerations. Further-
more, it is essential to match the ages of patients in the ex-
perimental group with those of patients who do not present
periapical radiolucency, as potential confounding factors can
impact the results.

Taken together, it has been demonstrated that the resorp-
tion of alveolar bone in AP is a complex process influenced
by a variety of inflammatory mediators. The observed upreg-
ulation of MMP-2, MMP-9, RANKL, and OPG in AP le-
sions emphasizes their potential role as molecular biomarkers
for disease activity and progression. These findings could en-
hance diagnostic accuracy, thus enabling better patient strat-
ification and personalized treatment strategies in endodontic
practice, as demonstrated in Periodontology (34, 35). More-
over, elucidating the interplay between MMPs and bone re-
sorption regulators may open new avenues for targeted phar-
macological interventions aimed at modulating periapical
inflammation and preventing alveolar bone destruction. Fu-
ture studies with larger cohorts, standardized sampling pro-
tocols, and longitudinal designs are warranted to validate
these biomarkers, explore their predictive value for treatment
outcomes, and assess their potential utility in personalized
management of AP.

Conclusions

This study confirms the coordinated involvement of
MMPs and bone resorption regulators in apical periodontitis
lesions. Further research is required to validate their clinical
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jih studija na zivotinjama. Corotti i suradnici (32) pokazali
su da su tijekom eksperimentalnog razvoja AP razine MMP-
a bile znacajno vise u ranoj fazi u usporedbi s kasnom fazom.
U tom smislu, Mdrton i Kiss (14) pregledali su zastitne i de-
struktivne regulatorne putove u razvoju apikalnog parodon-
titisa. Akutna faza bolesti vjerojatno je pod utjecajem slozene
mreze izmedu razli¢itih upalnih stanica i medijatora koji sti-
muliraju pove¢anu proizvodnju MMP-ova i aktivnu razgrad-
nju izvanstani¢noga mati¢nog tkiva.

Takoder valja spomenuti da su nasi pacijenti s apikalnim
parodontitisom bili puno stariji u usporedbi s onima u kon-
trolnoj skupini bez periapikalne patologije. Iako bi to mogao
biti suosnivacki ¢imbenik u dizajnu ove studije, treba ista-
knuti da je to u skladu s nalazima o kojima su izvijestili Ha-
medi i suradnici (33) koji su istrazivali prevalenciju lijecenja
korijenskog kanala i periapikalne radiolucencije kod starijih
osoba. Autori su jasno pokazali da su u usporedbi s opéom
odraslom populacijom stariji imali mnogo ve¢u prevalenciju
nekirurskog lije¢enja korijenskog kanala i ve¢u prevalenciju
periapikalne radiolucencije. Zato, slijede¢i uoceni trend, nasi
demografski rezultati podupiru ¢injenicu da starija populaci-
ja ima pove¢anu prevalenciju apikalnog parodontitisa.

Ovo istrazivanje ima nekoliko prednosti, uklju¢ujudi
unaprijed odredenu veli¢inu uzorka, veliku kohortu uzora-
ka i robusnu laboratorijsku metodologiju. No vazno je pri-
znati odredena ogranicenja. Presjecni dizajn u endodontolo-
giji ograni¢ava mogucnost uspostavljanja snazne uzro¢nosti
izmedu analiziranih gena i razvoja apikalnog parodontitisa
zbog etickih razmatranja. Nadalje, bitno je uskladiti dob pa-
cijenata u eksperimentalnoj skupini s dobnom skupinom pa-
cijenata koji nemaju periapikalnu radiolucenciju, jer potenci-
jalni zbunjujuéi ¢imbenici mogu utjecati na rezultate.

Uzevsi sve u obzir, dokazano je da je resorpcija alveo-
larne kosti u AP-u slozen proces na koji utjecu razni upal-
ni medijatori. Uocena povisena regulacija MMP-2, MMP-9,
RANKL-a i OPG-a u AP lezijama istice njihovu potencijal-
nu ulogu kao molekularnih bioloskih biljega za aktivnost i
progresiju bolesti. Ti nalazi mogli bi poboljsati dijagnosti¢ku
to¢nost i omoguditi bolju stratifikaciju pacijenata i persona-
liziranu strategiju lijecenja u endodontskoj praksi, kao $to je
istaknuto u Parodontologiji (34, 35). Stovise, razja$njavanje
medudjelovanja izmedu MMP-ova i regulatora resorpcije ko-
sti moze otvoriti nove smjerove za ciljane farmakoloske inter-
vencije usmjerene na modulaciju periapikalne upale i sprjeca-
vanje unistavanja alveolarne kosti. Potrebne su nove studije s
ve¢im kohortama, standardiziranim protokolima uzorkova-
nja i longitudinalnim dizajnom da bi se validirali ti bioloski
biljezi, istrazila njihova prediktivna vrijednost za ishode lije-
¢enja i procijenila potencijalna korisnost u personaliziranom
lijecenju AP-a.

Zakljuc¢ak

Ova studija potvrduje koordiniranu uklju¢enost MMP-
a i regulatora resorpcije kosti u periapikalnim lezijama. Po-
trebna su daljnja istrazivanja kako bi se potvrdila njihova kli-
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relevance and explore their potential role in improving diag-
nostic and therapeutic approaches.
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Sazetak

Svrha rada: Kvantificirati relativnhu ekspresiju gena matricnih metaloproteinaza (MMP)-2, -9, njihov
tkivni inhibitor (TIMP)-2, ligandu receptora aktivatora nuklearnog faktora kappa-B (RANKL) i osteo-
protegerin (OPG) u uzorcima humanoga apikalnog parodontitisa (AP) te je povezati s razinama tih
molekula u zdravoj zubnoj pulpi. Procijeniti razlike u ekspresiji gena medu AP lezijama stratificirani-
ma prema klini¢kim, radiografskim i histopatoloskim znac¢ajkama. | na kraju, u uzorcima AP-a istrazi-
ti potencijalnu korelaciju analiziranih molekula. Materijali i metode: Studijska kohorta sastojala se
od 80 AP lezija dobivenih od 80 odraslih dobrovoljaca tijekom postupaka apikotomije. Zdrava kon-
trolna kohorta sastojala se od 50 uzoraka zubne pulpe s intaktnih zuba ekstrahiranih u ortodont-
ske svrhe prikupljenih od 50 darivatelja. Relativna ekspresija gena MMP-2, MMP-9, TIMP-2, RANKL
i OPG procijenjena je u svim uzorcima tkiva koristenjem kvantitativne lanc¢ane reakcije polimeraze u
stvarnom vremenu s reverznom transkripcijom (RT-qPCR). Statisticke analize ukljucivale su hi-kva-
drat test, Studentov t-test, Mann-Whitneyjev U test i Spearmanovu korelaciju. Rezultati: U studiji su
uocene vise razine ekspresije gena RANKL, OPG, MMP-2 i MMP-9 u usporedbi sa zdravom kohortom
(p = 0,048, p = 0,002, p = 0,048 i p = 0,012). Veca relativna ekspresija gena MMP-2 zabiljeZena je u
manjim lezijama u usporedbi s velikim lezijama (p = 0,021). Uocene su znacajne pozitivne korelacije
izmedu ispitivanih medijatora. Zakljuéci: Istodobna prekomjerna ekspresija prou¢avanih medijatora,
zajedno s njihovim pozitivnim korelacijama u AP lezijama, upucuje na njihovu koordiniranu ulogu u
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