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Inflammatory mediators’ essence in apical periodontitis

Abstract

Apical periodontitis (AP) represents chronic inflammatory reaction of periradicular
tissues of teeth with necrotic pulp. Although AP has been considered as a
multifactorial disease, different microorganisms and their virulence factors from
infected root canals are considered to be the primary cause of periradicular
inflammatory process. The interplay between microbes and host leads to
an inflammatory cascade of events that includes activation of innate and
adaptive components of immunity. Activation of different immune cells in AP is
intermediated by different molecules known as mediators of inflammation. These
molecules establish various network interrelationships in the inflamed periapical
area and induce alveolar bone resorption. This narrative review aimed to explore
and present the current knowledge of selected inflammatory mediators, including
cytokines, matrix metalloproteinases, bone resorption regulators and components
of oxidative stress involved in the alveolar bone resorption in AP.

Keywords: Periapical  periodontitis,  cytokines,  oxidative stress, matrix
metalloproteinases, bone resorption

Introduction

Apical periodontitis (AP) represents chronic inflammatory reaction of
periradicular tissues of teeth with necrotic pulp (1). Although AP has been
considered as a multifactorial disease, in most of the cases it is a conse-
quence of dental caries. Therefore, different microorganisms and their vir-
ulence factors from infected root canals are considered to be the primary
cause of periradicular inflammatory process (2). The leading radiographic
characteristic of AP is the destruction of periradicular tissues, manifested
as a radiolucency surrounding the apex of the roots of the affected tooth
(1). Infectious agents, along with the toxins they produce, and metabol-
ic waste products mediate an array of immunological responses within
the host’s dental pulp and periradicular tissues. Such kind of interplay
between microbes and the host leads to an inflammatory sequence of
events, including the activation of innate (polymorphonuclear leuko-
cytes, macrophages, and endothelial cells) and adaptive components (T
—and B - lymphocytes) of immunity (3). Activation of different immune
cells in AP is intermediated by different molecules known as mediators of
inflammation. It is due to these molecules that different network interre-
lationships are established in the inflamed periapical area. However, the
arrangement and extent of their gene expression are different among in-
dividuals and determined by the origin of the stimulatory agent (4). Bear-
ing in mind the importance of proinflammatory mediators’ essence in the
pathogenesis of AP this narrative review aimed to explore and present
the current knowledge of selected inflammatory mediators, including cy-
tokines, matrix metalloproteinases, bone resorption regulators and com-
ponents of oxidative stress involved in the alveolar bone resorption in AP.
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Cytokines

Cytokines are low molecular weight polypeptides or gly-
coproteins originating from hematopoietic and/or struc-
tural cells. They regulate many important events in human
body including cell growth, differentiation, inflammation,
immune defense, tissue remodeling and repair, etc. (5). Cy-
tokines exhibit a pleiotropic effect on the target cells and
can function through autocrine, paracrine, and/or endocrine
pathways. They can act as pro- and anti-inflammatory me-
diators showing their synergistic and/or antagonistic effects
as well. Cytokines encompass a wide range of categories, i.e.,
interleukins (ILs), tumor necrosis factors (TNFs), colony stim-
ulating factors (CSFs), monokines, lymphokines interferons
(IFNs), and transforming growth factors (TGFs) (5). Making
the complex interrelationship networks in periradicular tis-
sues proinflammatory cytokines are able to stimulate osteo-
blasts differentiation into osteoclasts and promote alveolar
bone resorption (3, 6). This subsection will present a brief
overview of the most important proinflammatory cytokines
involved in that process.

Tumor necrosis factor — alpha

Tumor necrosis factor — alpha (TNF-a), which is also known
as cachexin or cachectin, belongs to the TNF superfamily,
which comprises various transmembrane proteins with a
homologous TNF domain. TNF-a represents an inflammato-
ry cytokine generated during acute inflammation as a by-
product of macrophages/monocytes. It induces a variety of
signaling events within cells, eventually resulting in either
necrosis or apoptosis (7). TNF-a, as an endogenous pyro-
gen, can cause fever, apoptotic cell death, cachexia, inflam-
mation, inhibit cancer genesis and viral replication, and re-
spond to septic conditions (7). An extensive range of human
conditions has been associated with dysregulation of TNF-a
production. These include cancer, inflammatory bowel dis-
ease, Alzheimer’s disease, psoriasis, major depression, etc.
(8). Moreover, TNF-a belongs to the group of pro-inflamma-
tory cytokines that have a prominent role in alveolar bone
resorption in AP (3). Several in vitro studies showed that in-
flammatory cells of harvested periapical lesions produced
TNF- a (9, 10). Gazivoda and co-workers (9) documented a
heightened level of TNF-a within the inflammatory cells of
larger periapical lesions when compared to smaller ones.
The authors also revealed a positive relationship when it
comes to the levels of TNF-a and increased presence of in-
flammatory cells, e.g.,, monocytes, macrophages and den-
dritic cells in periapical lesions (9). In addition, Artese et al.
(10) showed that mononuclear cells cultivated from harvest-
ed AP lesions are able to secrete TNF-a. Furthermore, the
involvement of TNF-a in the pathogenesis of AP has been
shown in animal experimental model. In 2001, Graves et
al. (11) notified that TNF-a modulates fibroblast apoptosis,
polymorphonuclear recruitment and osteoclast formation
in mice as a consequence of Porphyromonas gingivalis (P.
gingivalis) infection. The authors employed in vivo calvarial
model in mice with targeted deletion of TNF receptors p55
and p75 and matched wild-type mice. In conclusion, the
authors stated that TNF represents a major mediator when
it comes to P. gingivalis-induced apoptosis and inflamma-

tion in AP (11). Moreover, Samuel et al. (12) noted that the
multiple AP in rats can affect overall health by increasing
lymphocyte and TNF-a levels in the blood. Noteworthy, 30
years ago, Safavi and Rossomando (13) identified detect-
able levels of TNF in periapical tissue exudates in chronic AP.
Most recently, Nunez et al. (14) also identified significantly
elevated concentrations of TNF-a in gingival crevicular fluid
(GCF) from diseased teeth with AP compared to the healthy
controls. Previously conducted studies in humans analyzed
the association between the levels of TNF-a and different
clinical, radiographic, and pathohistological features of AP
(15-19). Although some studies reported that the levels of
TNF-a were elevated in larger in comparison with smaller
lesions (15), and in the case of radicular cysts compared to
periapical granulomas (16), there were no significant differ-
ences between different clinical presentations of analyzed
AP (17-19).

Interleukin - 1 beta

Interleukin — 1 beta (IL-1B), which is also known as a leu-
kocytic pyrogen, lymphocyte activating factor, leukocytic
endogenous mediator, and mononuclear cell factor , rep-
resents a proinflammatory cytokine that is encoded by
the IL1B gene in humans (20, 21). This cytokine serves as a
salient mediator in the inflammatory response and has a
role in various cellular activities, including cell proliferation,
differentiation, and apoptosis (20, 21). Earlier in vitro stud-
ies demonstrated that inflammatory cells from symptomatic
AP lesions, which harbored a higher percentage of granulo-
cytes, produced elevated concentrations of IL-1f in compar-
ison with asymptomatic lesions (9). In another in vitro study
Artese et al. (10) observed IL-1B positive cells were present
in human periapical granulomas to a small extent, and the
morphology of positive cells corresponded to monocytes/
macrophages. Moreover, some animal studies also examined
the role of IL-1f3 in alveolar bone resorption (22, 23). In 1995,
Hamachi and co-workers demonstrated cells expressing IL-
1B mRNA by in situ hybridization in periapical lesions in rats
(22). They concluded that macrophages could play a role in
IL-13 production and that they could significantly contrib-
ute to activating osteoclastic bone resorption in AP (22). This
was also confirmed by Matsumoto et al. (23) who showed
that macrophages expressing IL-13 might have a consider-
able influence on the activation and recrudescence of osteo-
clastic bone resorption in an AP rat model. In 1992, for the
first time, IL-1p was detected in human AP lesions (24). An
IL-13 enzyme-linked immunosorbent assay (ELISA), which
relied on monoclonal antibodies specific for IL-13, was used
to measure its activity. In this study, AP samples demonstrat-
ed a considerable activity of IL-1 whereas healthy pulp tis-
sue had no activity (24). The authors concluded that IL-1( is
locally generated and released in inflammatory AP lesions
and that it probably mediates alveolar bone loss (24). More
recent studies investigated the correlation between IL-1
concentrations in human AP lesions and their clinical, radio-
graphic and histopathological presentation (17, 19, 25, 26).
Jakovljevic et al. (19) reported significantly elevated IL-1(3
concentrations in symptomatic lesions compared to asymp-
tomatic lesions and control tissue samples (19). This is in line
with previous investigations that also observed increased
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IL-13 concentrations symptomatic lesions exudates (25, 26).
Moreover, Jakovljevic et al. (19) revealed that IL-1(3 levels
were significantly increased in radicular cysts in comparison
with periapical granulomas. These results were partly in line
with the investigation performed by Ataoglu et al. (17) who
also noted a significant increase of IL-1f3 levels in canals with
larger compared to those with smaller radiolucent areas.
Based on the reported data, it can be established that AP de-
velopment is in close association with IL-1(3 expression and
that IL-1p3 represents a powerful bone-resorptive cytokine
that triggers osteoclast formation and activation (27).

Interleukin-6

Interleukin-6 (IL-6) can act as both pro- and anti-inflam-
matory cytokine (28). This interleukin is thought to act like a
hormone that mobilizes extracellular substances and/or al-
ters substrate delivery during physical activity. In addition, it
is generated in the body on the site of either acute or chron-
ic inflammation and may act as a pyrogen that can cause
fever in autoimmune, infectious, or non-infectious diseases
(28). Several in vitro studies investigated how IL-6 affects AP
pathogenesis (9, 29). Namely, IL-6 has been detected in AP
and IL-6 concentrations are proportional to the size of peri-
apical lesions. Gazivoda et al. (9) reported that inflammato-
ry cells from symptomatic and large-size lesions secreted
higher concentrations of IL-6 compared to asymptomatic
and small-size AP lesions. It is also important to stress that
neutrophils and macrophages present in AP lesions can se-
crete IL-6 in vitro after different bacterial stimuli. Thus, Mat-
sushita et al. (29) showed that Prevotella melaninogenica and
P. gingivalis may be involved in the pathogenesis of AP by
increasing levels of IL-6. In 1999, IL-6 was detected in experi-
mentally induced murine AP lesions (30). Thereafter, several
animal investigations confirmed its role in the development
of AP (31, 32). Huang et al. (31) have reported that it took far
less time for large AP lesions to develop in mice in whom
IL-6 deletion was detected than in healthy one. On the other
hand, it has been noted that the increased bone resorption
in IL-6-deficient animals was in a correlation with an increase
in osteoclast numbers and elevated expression of other
bone-resorptive cytokines in AP lesions (32). IL-6 in human
AP lesions was first described in an investigation by Barkho-
dar et al. (33). The authors reported the mean IL-6 concentra-
tions were significantly higher in AP lesions when compared
to healthy pulp tissue (33). Moreover, several clinical investi-
gations observed significantly increased IL-6 concentrations
in symptomatic lesions in comparison with asymptomatic
lesions and the control group (18, 19, 34). Furthermore, a
different investigation showed that IL-6 could be potential-
ly used as a marker of pathologic inflammatory activities in
chronic AP lesions (35). Therefore, it could be implied that
pro-inflammatory cytokines are strongly involved in AP de-
velopment and alveolar bone resorption.

Bone resorption regulators

Molecular mechanisms involved in alveolar bone loss in
AP are regulated by the interaction of a group of molecules
entitled bone resorption regulators (36-38). This group of
molecules is presented by: receptor activator of NF-kB ligand

(RANKL), its cellular receptor - RANK, and the decoy receptor
osteoprotegerin (OPG) (36-38). They belong to the TNF re-
ceptor and ligand superfamilies (36-38). Initially, RANKL was
recognized as a cell membrane-bound ligand capable of
triggering osteoclast formation and bone resorption. Pres-
ently, it has been acknowledged that RANKL production can
be attributed to different cells, including osteoblasts, fibro-
blasts, and activated T and B lymphocytes (36-38). By bind-
ing to its receptor which is found on the surface of precursor
cells, i.e. the cells belonging to the lineage of monocytes/
macrophages, RANKL initiates their transformation into fully
developed osteoclasts (36-38). Besides, OPG acts as a solu-
ble decoy receptor that interferes with RANKL, prevents it
from binding with RANK, and thus inhibits osteoclast acti-
vation (36-38). Different cells produce RANKL and OPG and
this is regulated by both systemic and local stimuli. These
include cytokines from IL-1 family, virulence factors of differ-
ent microorganisms, etc. (36-38). In 2005, Zhang and Peng
examined the presence of RANKL in periapical areas and its
role in alveolar bone loss using a rat model (39). In this study,
osteoclast-like cells, which were identified owing to their
tartrate-resistant acid phosphatase (TRAP) positivity, and
cells positive for RANKL were found in the periapical region
as early as one week after exposing the dental pulp. By the
end of the second week, a notable increase in inflammatory
cells was detected and bone resorption around the periapi-
cal area became evident. This was accompanied by a peak
in the number of cells positive for RANKL and osteoclast-like
cells. Following a four-week exposure, even though chronic
inflammation persisted, the levels of these osteoclast-like
and RANKL positive cells returned to their initial values, and
the periapical bone resorption rate decelerated (39). There-
after, Kawashima et al. (40) confirmed these findings at the
mMRNA expression level. Namely, the authors reported that
the expression of RANKL in the periapical area reached its
highest levels following a pulp exposure of 2 to 3 weeks
and remained elevated above the baseline values for up to
8 weeks. The expressions of RANK and OPG also increased,
although not as prominently as RANKL. The increase in OPG
expression was seen as a response that was supposed to
counteract the effects of an abrupt rise in RANKL levels. The
relative expression ratio of RANKL/OPG reached its peak af-
ter 3 weeks and remained high throughout the 8 weeks of
observation, indicating considerable potential in terms of
bone resorption. During the 2- to 3-week period, when the
RANKL/OPG ratio was at its highest, the expression of pro-in-
flammatory cytokines like IL-1q, IL-13, and TNF-q, which can
stimulate RANKL production, was also increased (40). In ad-
dition, Chuang et al. (41) also revealed that level of bone re-
sorption regulators in animal experimental models can be
stimulated by lipopolysaccharides from Escherichia coli. Fol-
lowing a 3-week exposure, the authors noticed a significant
increase in RANKL expression, reaching a peak of 208% in
comparison with the control group with unexposed pulp, by
the end of the 8-week period. Moreover, the expression of
OPG varied from week 1 to week 8; yet it consistently re-
mained lower when compared to the control group (41). In
2004, Tay et al. (42) using immunohistochemistry, reported
that RANKL was present in radicular cysts. The same findings
were verified by Sabeti et al. (43) who showed an increased
expression of RANKL in human AP lesions. Moreover, some
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investigations confirmed that the presence of RANKL to OPG
predominant ratio was in periapical granulomas compared
to radicular cysts (44, 45). In addition, recent investigations
reported significant difference in RANKL and OPG expression
between AP lesions with different clinical presentation sug-
gesting that these molecules could serve as discriminating
biomarkers (46, 47). These findings are in accordance with
Nikolic et al. (48) who reported that symptomatic AP lesions
were more frequently detected in RANKL-predominant AP
lesions than in OPG-predominant ones. The authors also re-
vealed significant positive correlation between investigated
pro-inflammatory cytokines and bone resorption regulators
in AP lesions, suggesting their concomitant role in complex
process of alveolar bone resorption (48).

Matrix metalloproteinases

Matrix metalloproteinases (MMPs) represent a broad cate-
gory of calcium dependent zinc containing endopeptidases
which contribute to remodeling and degradation of extra-
cellular matrix components. These proteolytic enzymes are
also involved in different physiological and pathological
processes regulated by hormones, growth factors and cyto-
kines (49).

According to their substrate specificity and domain struc-
ture, MMPs can be classified into 6 groups (50): 1) collage-
nases (MMP-1, MMP-8 and MMP-13, mostly digesting colla-
gen types |, II, lll, soluble proteins and extracellular matrix
components); 2) gelatinases (MMP-2 and MMP-9, cleaving
collagen types IV, V, Xl, laminin); 3) stromelysins (MMP-3,
MMP-10 and MMP-11, whose characteristics are similar to
those of collagenases, but not to degrading interstitial col-
lagen); 4) matrilysins (MMP-7 and MMP-26, interacting with
cell surface proteins); 5) membrane-type MMPs (MMP-14,
with collagenolytic action) and 6) others (MMP-12).

The domain structure of MMPs is common. There are four
such domains and they include the signal domain, pro-pep-
tide, catalytic domain, and hemopexin-like C terminal do-
main, which is connected to the catalytic domain by a flex-
ible hinge region. Under normal physiological conditions,
the catalytic activity of MMPs is closely monitored and this
is achieved at four different levels : 1) gene expression with
transcriptional and post-transcriptional regulation; 2) extra-
cellular localisation and tissue or cell type of MMP release,
called compartmentalization; 3) pro-enzyme activation by
pro-domain removal and 4) inhibition by specific inhibitors,
i.e. tissue inhibitors of matrix metalloproteinases (TIMPs),
and by non-specific proteinase inhibitors (e.g. a2-macro-
globulin) (51).

MMPs, providing they have become active, can modulate
the global proteolytic potential in the extracellular milieu
through zymogen (i.e. MMP pro-form) activation and inhib-
itor degradation or inactivation of other proteases (49, 51).
MMPs and TIMPs are normally expressed in low concentra-
tions under physiological conditions. Nevertheless, it has
been noted that during the developmental stages of various
human diseases, diverse types of MMPs are overexpressed in
particular tissues and distinct processes, such as malignancy
and inflammation (49, 51).

Alveolar bone resorption in AP is encompassed by MMPs
as one of their modulators (49, 52). Breakdown of the ex-

tracellular matrix by MMPs is initiated and even further en-
hanced by low pH level caused by endodontic pathogens
(49, 52 - 54). A number of in vitro studies investigated MMPs
production by human pulp cells cultures (55-57). Panaga-
kos et al. (55) treated pulp cells of humans and pulp cells
RPC-C2A of clonal rats with IL-1q, IL-1(3, TNF-a, and LPS for
24 hours, while conditioned medium and cell lysates were
gathered and examined by gelatin zymography method.
The authors revealed that pulp cells of humans that had
been treated with either cytokines or LPS’s did not demon-
strate any changes concerning the MMP pattern that was
generated or secreted in either cellular or conditioned medi-
um fractions (55). A few years later, O’'Boskey and Panagakos
(56) investigated MMP production by human pulp cells both
in the presence and absence of IL-1a and TNF-a in long-term
cultures (2 to 16 days) applying the same method. This time,
the authors concluded that MMP production in human pulp
cells in long-term cultures is stimulated by cytokines. Anoth-
er conclusion implied that these MMPs could contribute to
pulp inflammation (56). Thereafter, it has been reported that
MMPs are also produced by mast cells of human AP lesions
(57). Further experiments on animals showed a moderate
expression of MMP-2 and MMP-9 during the chronic stage
of the AP lesion in rats suggesting that a decreasing num-
ber of polymorphonuclear cells during the chronic stage
may interfere with IL-1a and IL-6 expression (58). Based
on these findings the authors concluded that MMP-2 and
MMP-9 have an essential role regarding the development
of AP lesions. This could be accounted by extracellular ma-
trix degradation that occurs during the beginning stage of
lesion development (58). Having explored the levels of dif-
ferent MMPs and their tissue inhibitors in the process of AP
lesion development, Wan et al. (59) reported that the MMP-
1, MMP-2, MMP-9, TIMP-1, and TIMP-2 mRNA and protein
expression values rose in the acute and chronic phases of
AP lesions, with the values of MMP-2 and MMP-9 expression
being lower during the chronic phase, which supports pre-
vious results. In 2002, Shin et al. (60) using the ELISA meth-
od showed that MMP-3 values were significantly higher in
the periapical lesion than in healthy pulps. Further study
demonstrated that MMP-13 expression pattern contributes
to a periapical granuloma with epithelium transforming into
a radicular cyst (61). Martinho et al. (62) investigated the sig-
nificance of MMPs and TIMPs in clinical settings with regard
to AP lesions. The authors reported that in teeth with larg-
er-size radiolucent lesions higher mean values of MMP1, -2,
and -9 were recorded in comparison with the smaller ones.
They also elucidated the association of MMP-9 with higher
risk of pain on palpation, while MMP-1 was correlated with
lower chance of tenderness to percussion (62). Investigat-
ing the clinical relevance of MMPs and their tissue inhibitors
Letra et al. (63) showed that significantly higher TIMP-1 was
observed in asymptomatic AP cases than in the cases with a
chronic apical abscess, while, in turn, the cases with a chron-
ic apical abscess demonstrated higher MMP-2, MMP-7, and
MMP-9 mRNA values. Finally, Hadziabdic et al. (64) found
no significant difference in the mRNA expression of MMP-1,
MMP-2, TIMP-1, and TIMP-2 between periapical granulomas
and radicular cysts. On the other hand, Pereira Faustino et al.
(65) reported that in periapical granuloma and in cases as-
sociated with pain MMP-2 expression is increased. All these



164

Milojevic N et al.

data stress the significance of MMPs and their tissue inhibi-
tors in relation to AP pathogenesis.

Oxidative stress

Reactive oxygen species (ROS) represent highly reactive
by-products of oxygen metabolism, serving as essential
signaling molecules in various cellular processes (66). ROS,
including oxygen-derived free radicals (e.g. superoxide (O-)
and hydroxyl anion (-OH)), as along with non-radicals that
can easily convert into radicals (e.g. nitric oxide (NO-), hydro-
gen peroxide (H202), and hypochlorous acid (HOCI)), have a
key role in cell signaling, metabolism, and the regulation of
cellular functions, e.g., in gene expression, proliferation, cell
death, migration, and inflammation (67-70). In normal cellu-
lar physiology, ROS and antioxidant mechanisms maintain a
delicate balance to sustain physiological processes. Howev-
er, during inflammation, there is an excessive production of
ROS that overwhelms the available antioxidants, leading to
oxidative stress (OS) (66). OS is defined as a disturbance in
the pro-oxidant-antioxidant balance in favor of the former,
resulting in disruptions to redox signaling and possible mo-
lecular damage (71). Those alterations in oxidative metabo-
lism are often referred to as the “respiratory burst” (72).

It has been reported that OS could be a contributing fac-
tor in a few chronic inflammatory diseases, including cancer,
rheumatoid arthritis, diabetes, atherosclerosis, etc. (73). Addi-
tionally, recent investigations indicated its role in the patho-
physiology of AP (74). Frazdo and co-workers (75) investigat-
ed whether AP alters systemic values of the antioxidant and
pro-oxidant parameters in different periods in Wistar rats. The
authors revealed that glutathione (GSH) and Trolox equiva-
lent antioxidant capacity (TEAC) were increased after 14 days
and lipid peroxidation (TBARS) was significantly elevated fol-
lowing 28 days of AP induction. Thus, they concluded that the
oxidative biochemistry response was modulated based on
the progression of alveolar bone resorption (75). Moreover,
several studies explored the influence of AP on OS parameters
in animals with general health impairment (76-78). Prieto et al.
(76) revealed that uric acid, and malondialdehyde (MDA) lev-
els, as well as inflammatory infiltration were more increased
in the periapical region of diabetic rats with induced AP than
in rats with AP but without diabetes mellitus (DM) suggesting
that DM may change the antioxidant status. Also, Milojevic
Samanovic et al. (77) conducted an investigation involving
rats which showed a correlation between AP and impaired
cardiodynamics, disturbed cardiac OS, antioxidant defense,
and cardiac pathologic alterations in the conditions of hyper-
tension. Finally, Tsosura et al. (78) presented that maternal AP
modulates the antioxidant defense system (i.e. attenuating
lipid peroxidation) in the investigated tissues of their adult
offspring. These results suggest that a maternal chronic oral
inflammatory process may aggravate the damage of oxida-
tive tissue in their offspring during the postnatal phase.

In parallel, numerous studies in humans have been con-
ducted to investigate the impact of OS on AP (66). These
investigations have explored OS both systemically in blood
and saliva (79 - 83) and locally in GCF and root canal con-
tents (83, 84).

Another recent investigation conducted by Cotti et al. (79)
explored the role of ROS in the pathogenesis of AP system-

atically in blood. Their findings not only revealed signifi-
cantly elevated ROS levels in AP patients overall compared
to healthy patients, but also highlighted a notably greater
increase in ROS levels among female patients (79). This ob-
servation aligns with the outcomes of a separate study that
investigated potential sex differences in prooxidant and an-
tioxidant status (85). In study performed by Miller et al. (86) it
was proposed the existence of sex-dependent variations in
both the production and metabolic deactivation of ROS. In
the pioneering study by Vengerfeldt et al. (83) that compre-
hensively investigated both local and systemic levels of OS
in various endodontic pathologies, it was established that
OS not only serves as a crucial pathogenetic mechanism in
several endodontic conditions including AP, but also exhib-
its a significant association with certain clinical indicators,
including pain and bone destruction (83). Similar results,
indicating alveolar bone loss, were obtained by Dezerega
et al. (84) which examined ROS in both, GCF and AP tissue.
This study revealed an imbalance favoring ROS in both api-
cal lesions and GCF from AP-affected teeth when compared
to healthy controls and teeth that underwent endodontic
treatment (84), once again establishing a clear connection
between ROS and degradation of extracellular matrix com-
ponents that occurs in connective tissue during inflamma-
tory conditions (87). Furthermore, the study found a positive
association between the Total Oxidant Status (TOS) and the
extent of bone resorption, as well as a negative associa-
tion between TOS and Total Antioxidant Status (TAS) in AP
lesions, which was not the case in healthy periodontal lig-
aments (PDL). Such an imbalance favoring ROS could poten-
tially encourage the loss of alveolar bone. Latest findings also
suggest that ROS may contribute to osteolysis by inhibiting
bone formation by means of suppressing osteoblastic differ-
entiation and through promoting osteoclast differentiation
and bone resorption (88), primarily by inducing the RANKL.
Additionally, increased MMP-2 expression and activation in
response to ROS have been reported highlighting a critical
association between the production of ROS, MMP-mediated
proteolysis, and bone resorption, which may have a vital role
when it comes to the progression of apical lesions (89, 90).
The evidence presented underscores the pivotal role of
ROS in the intricate cascade of immunologic responses,
highlighting their significance in both the initiation and per-
petuation of inflammatory reactions. Notably, phagocytic
cells produce ROS in response to bacterial pathogens, which
serves as a critical host defense mechanism (74). AP, with its
microbial etiology, including viruses (91) further accentu-
ates the relevance of ROS. Certain endodontic pathogens,
e.g., E. faecalis and/or Epstein-Bar virus, have been identified
as inducers of ROS production (92) and certain microorgan-
isms are also capable of independently generating ROS (93).
Consequently, locally produced ROS in the context of AP
can emanate from either human or microbial sources. Nev-
ertheless, the current limitations prevent the definitive dis-
crimination between the origins of these ROS. It is important
to stress that AP can also influence both local and systemic
antioxidant activities. Markers assessing antioxidant status
in the blood have shown significantly lower levels in indi-
viduals with AP compared to healthy control groups (94).
Inchingolo et al. (95) reported that, in comparison with the
posttreatment values, higher concentrations of blood ROS
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and lower blood antioxidant levels were recorded prior to
treatment.

In light of the aforementioned considerations, a potential
strategy to disrupt this cycle of oxidative stress and inflam-
mation lies in the systemic administration of antioxidants.
Insights from animal studies suggest that systemic antioxi-
dants, such as vitamin C, have the capacity to mitigate oxida-
tive stress triggered by injuries (96). Beyond their role in pain
reduction, antioxidants may also serve as a valuable tool for
enhancing and expediting the scale of the inflammatory re-
sponse. Specifically, once the microbial infection within the
root canals has been effectively eradicated, the administra-
tion of antioxidants could potentially contribute to fostering
the resolution of AP.

Conclusion

This narrative review presents state-of-the-art related to
the role of pro-inflammatory cytokines, bone resorption
regulators, matrix metalloproteinases and oxidative stress
parameters concerning alveolar bone resorption in apical
periodontitis. It is evident that all of these molecules make
a complexinterrelationship network, triggered by different
stimuli (mostly by different microorganisms), induce os-
teoclastogenesis and promote alveolar bone loss. Interac-
tion between inflammatory mediators and activated cells
is regulated by different molecular pathways. The poten-
tial clinical implications of these findings may be further
explored in future investigations. These studies could ex-
amine the effects of inhibiting these mediators and their
associated pathways in the context of preventing alveolar
bone loss. Acquiring knowledge about all these process-
es will allow scientists to understand the pathogenesis of
apical periodontitis and therefore guide and shape future
investigations in this field.

Tiirkce 6z: Apikal periodontitis (AP), dislerin periradikiiler dokularinin
nekrotik pulpa ile kronik inflamatuar reaksiyonunu ifade eder. AP
cok faktorlii bir hastalik olarak kabul edilmesine ragmen, enfekte kék
kanallarindan farkli mikroorganizmalar ve bunlarin viriilans faktérlerinin
periradikdiler inflamatuar stirecin birincil nedeni oldugu diistiniilmektedir.
Mikroplar ve konak¢i arasindaki etkilesim, bagisikligin dogustan gelen
ve adaptif bilesenlerinin aktivasyonunu igeren inflamatuar bir olaylar
dizisine yol acar. APde farkl badisiklik hiicrelerinin aktivasyonuna,
inflamasyon aracilan olarak bilinen farkli molekdiiller aracilik eder. Bu
molekiiller iltihapli periapikal bdlgede cesitli ag iliskileri kurar ve alveolar
kemik emilimini indtikler. Bu derleme makalesi, sitokinler, matriks
metalloproteinazlar, kemik rezorpsiyon diizenleyicileri ve APde alveoler
kemik rezorpsiyonunda rol oynayan oksidatif stres bilesenleri dahil
olmak (izere bazi inflamatuar mediatérlerle ilgili mevcut bilgileri sunmayi
amaclamaktadir. Anahtar kelimeler: periapikal periodontitis, sitokinler,
oksidatif stres, matriks metalloproteinazlar, kemik rezorpsiyonu
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