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Abstract

Chronic apical periodontitis (AP) has traditionally been attributed to microbial infection and pulp necrosis.
Emerging biological and clinical evidence supports the biological plausibility of chronic periapical disease arising
from persistent pulpal inflammation through inflammation-mediated pathways. In this integrated model, pulpal
inflammation initiated by infectious or non-infectious stimuli progresses corono-apically, potentially
contributing to periapical inflammation and bone resorption without microbial colonisation. This review
synthesises molecular, immunological, and clinical evidence supporting the biological plausibility of
inflammation-driven pathways contributing to chronic AP. Pattern recognition receptors (PRRs), historically
regarded as sensors of pathogen-associated molecular patterns (PAMPs), also respond to damage-associated
molecular patterns (DAMPs) released by stressed or dying cells. PAMPs and DAMPs converge on innate
immune pathways including toll-like receptors (TLRs), NOD-like receptors (NLRs), and inflammasomes
amplifying inflammatory signalling. Neuropeptide release, elevated intrapulpal pressure, and apically directed
chemotactic gradients may facilitate mediator transport beyond the pulp. In the periapical region, these signals
may activate resident cells and promote osteoclastogenesis through interconnected inflammatory and
immunological pathways. Collectively, these findings suggest that persistent pulpal inflammation may contribute
to chronic AP even in the presence of pulp vitality. Collectively, these findings support inflammation-mediated
pathways as a complementary biological mechanism that may contribute to chronic AP in selected clinical
scenarios, while recognising microbial infection and pulp necrosis as the predominant drivers of disease.
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Introduction

tissues [6]. Yamasaki et al. demonstrated that pulpal necrosis

progresses apically over time. Importantly, periapical

Traditionally, apical periodontitis (AP) has been viewed as an
infection-dependent condition sustained by toxins and
bacterial by-products released from necrotic pulp tissue [1-3].
The interaction between these microbial derivatives and the host
immune system underlies the chronic immunopathological
response observed at the periapical tissues [3, 4]. However,
emerging evidence suggests that persistent pulpal inflammation
may also contribute to the development of chronic AP through
interconnected molecular and cellular pathways [5, 6].

Mild but persistent noxious stimuli mechanical, chemical, or
microbial can elicit sublethal pulpal inflammation sufficient to
activate immune pathways that extend toward the periapical

inflammatory infiltration was observed before complete pulp
necrosis [7]. Similarly, Kovacevi¢ et al. [8] reported early
osteoclastic activity and bone resorption in periapical tissues
during initial pulpitis, indicating that AP with bone loss may
develop during pulpal inflammation. Clinical evidence also
supports the coexistence of irreversible pulpitis and chronic AP
[9-17]. tomography  (CBCT)
examinations identified hypodense periapical lesions consistent
with chronic AP in 13.7% (138 teeth) of teeth diagnosed with
irreversible pulpitis [9]. Similarly, a multicentre, randomised,

Cone-beam  computed

non-inferiority clinical trial including 407 vital molar teeth, in
which pulpal vitality was confirmed by visual inspection of
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pulpal haemorrhage and all teeth were diagnosed with
irreversible pulpitis, reported the presence of periapical
radiolucencies in 128 teeth (31%) [17]. Thus, radiographic
evidence of chronic AP may reflect either pulpal necrosis or
active pulpal inflammation [3, 5, 6]. Accordingly, an updated
diagnostic approach identifies cases with periapical
radiolucencies and a vital-inflamed pulp as pulpitis with either
symptomatic or asymptomatic apical periodontitis, relying on
percussion test results [6].

During pulpal inflammation, damaged cells release damage-
associated molecular patterns (DAMPs) recognised by pattern
recognition receptors (PRRs) [18-20]. DAMP-driven and
inflammasome-mediated inflammatory signalling in pulp
biology describes the propagation of host inflammatory
responses through endogenous danger signals. Odontoblasts
can activate PRRs/NF-«kB/p38 MAPK signalling and the NLRP3
IL-1p  and IL-18-dependent

responses that regulate and amplify pulpal inflammation [18].

inflammasome, promoting

Concurrently, neurogenic inflammation amplifies this
response through vasodilation, increased vascular permeability,
and cytokine release, establishing a self-perpetuating immune-
neural feedback loop [21]. The immune-pathologic response
may be acute or chronic, depending on the intensity of the
stimulus and the reparative capacity of pulpal and periapical
tissues [22]. As pulpal inflammation progresses into a chronic
phase, several chemokines contribute to inflammatory cell
infiltration, thereby maintaining a persistent, low-grade
inflammatory infiltrate [23]. As inflammatory mediators
generated within the persistently inflamed pulp propagate in a
corono-apical direction and reach the periapical tissues,
activation of the RANK/RANKL/OPG pathway may promote
osteoclastogenesis, and thereby contribute to periapical bone
resorption and chronic AP [24].

Within this framework, corono-apical progression reflects
the spatiotemporal relay of inflammatory mediators along the
pulp axis rather than solely the spread of microorganisms or
their products. Although the initiating insult may be microbial,
such as dental caries, persistent pulpal inflaimmation may
contribute to periapical tissue responses through interconnected
molecular and cellular pathways, providing a complementary
biological perspective on the development of chronic AP. In
clinically relevant caries-associated pulpitis, however, this host-
derived inflammatory response is likely to coexist with diffusible
microbial products originating from the infected coronal pulp,
which activate many of the same innate immune pathways
through PRRs [18-20]. The relative contribution of PAMP- and
DAMP-mediated signalling probably varies according to disease

stage and the spatial distribution of bacterial colonisation.

Recent culture-independent studies challenge the traditional
view of healthy dental pulp as a microorganism-free tissue [25].
Using 16S rRNA gene sequencing, Widmer et al. [25] detected
bacterial DNA in all vital pulps. However, because dental pulp is a
low-biomass tissue, such signals are highly susceptible to
contamination [26]. Using matched dentine samples, extensive
negative controls, and spike-in calibrators, Bérard et al. [26] also
detected bacterial DNA in all pulps but found profiles largely
overlapping with controls and enriched for known reagent
contaminants. These findings argue against a genuine core pulpal
microbiome and indicate that bacterial DNA alone does not
demonstrate microbial viability or infection [26]. If authentic, these
low-level signals may represent human-associated symbionts with
neutral or beneficial roles in host physiology [25, 26].

In contrast to the uncertain significance of bacterial signals in
healthy pulps, histopathologic and histobacteriologic studies of
deep caries-associated pulpitis define when clinically relevant
infection occurs. Using serial sectioning and bacterial staining,
Ricucci et al. [27] showed that pulpal inflammation remains
localised and necrosis develops only after bacteria reach the pulp
space. Bacterial colonisation initially occurs in small necrotic foci
within the pulp horn adjacent to the lesion, whereas more apical
tissue remains structurally intact, indicating that pulpal
“irreversibility” is often segmental rather than global [27].
Consistent with this, Ricucci et al. [28] detected bacterial invasion
of necrotic coronal tissue and blood vessels only in the coronal
third, with no intravascular bacteria in the middle or apical pulp.
Collectively, these findings indicate that bacteria in caries-exposed
teeth are confined to focal coronal infection fronts, while more
apical tissue frequently remains viable and comparatively
bacteria-free [27, 28]. Collectively, these studies indicate that
bacterial colonisation is initially confined to focal coronal regions,
whereas the apical pulp frequently remains viable and shows no
histological evidence of established bacterial invasion. These
observations do not exclude biological effects of diffusible
bacterial products originating from the infected coronal pulp but
suggest that extensive apical bacterial colonisation is not a
prerequisite for persistent host inflammatory signalling within the
remaining vital pulp.

Accordingly, in this manuscript, the term “inflammation-
mediated AP” is used operationally to denote periapical
inflammatory processes presenting as chronic AP in teeth
diagnosed with irreversible pulpitis triggered by infectious or
non-infectious insults in the absence of evidence for bacterial
colonisation and/or established necrosis in the apical portion of
the dental pulp.
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Recognition of pulp-to-periapical inflammatory pathways
broadens the current understanding of endodontic disease without
challenging the established role of microbial infection as the principal
cause of apical periodontitis. Instead, this review synthesises evidence
supporting inflammation-mediated AP as a complementary biological
mechanism that may explain selected cases in which persistent pulpal
inflammation coexists with pulp vitality and periapical bone resorption.
Although periapical radiolucencies have been reported in teeth with
vital pulps [9-14], no comprehensive model explains the mechanisms
underlying osteolytic lesions secondary to pulpal inflammation. This
review synthesises molecular, immunological, histopathologic, and
clinical evidence consistent with an inflammation-mediated
framework for apical periodontitis, whereby DAMP/PRR and
inflammasome  signalling, neuroimmune
RANK/RANKL/OPG-mediated
periapical bone resorption without uniform intraradicular infection.

amplification, and

osteoclastogenesis may  drive

Literature Search Methodology

A comprehensive literature search was conducted in MEDLINE
(via PubMed), Web of Science, and Scopus from inception until
January 2026. The search strategy combined free-text keywords
and Medical Subject Headings (MeSH) relevant to the topic. Key
search terms included: “sterile inflammation” OR "non-infectious
inflammation”, "pulpitis” OR "pulpal inflammation” OR
"inflammation”, "danger signals” OR "DAMPs" OR "damage-
associated molecular patterns”, "pulp” OR "dental pulp”, "vital
pulp” OR "pulp vitality”, and "periapical radiolucency” OR
"periapical lesion”. Titles and abstracts were screened for
relevance. Studies were included if they addressed cellular and
molecular mechanisms linking pulpal inflammation to
inflammation-mediated chronic AP, encompassing clinical
trials, in vitro/in vivo/ex vivo research, human and animal tissue
studies, and reviews on molecular and immune pathways.
Clinical case reports were also considered to illustrate the

clinical spectrum, given the limited direct evidence.
Damp-mediated Immune Activation in Dental Pulp

Noxious stimuli are classified as acute or chronic according to their
duration and intensity. Acute insults typically induce transient
inflammation followed by repair, whereas persistent infectious,
mechanical, or chemical stimuli promote chronic pulpal
inflammation [22, 29-33]. Notably, established evidence has
demonstrated that mechanical stimuli can activate inflammatory
signalling in clinically healthy pulp. Experimental studies show that
occlusal trauma and orthodontic forces increase the expression of

substance P (SP), calcitonin gene-related peptide (CGRP), and
vascular endothelial growth factor (VEGF), demonstrating that
non-infectious stimuli can induce a neurogenic inflammatory
phenotype without pulpal infection or necrosis [30-33].

Non-infectious insults can trigger neurogenic inflammation
in the dental pulp, characterised by vasodilation, plasma
extravasation, and recruitment of immune cells expressing
neuropeptide receptors [18, 21, 33]. Infectious stimuli, such as
chronic caries, similarly activate these pathways as metabolic by-
products diffuse through dentine and disrupt pulp homeostasis
without direct bacterial invasion [20]. A hallmark of both
infectious and non-infectious pulpal inflammation is the release
of DAMPs [18, 34, 35]. Both non-infectious and microbial
stimuli can induce sublethal stress and/or cell death including
apoptosis, pyroptosis, ferroptosis, and NETosis releasing
DAMPs that activate innate immunity through extracellular
toll-like receptors (TLRs) and intracellular nucleotide-binding
oligomerisation domain-like receptors (NLRs), even in the
absence of viable pathogens [18, 19, 34-36].

Key DAMPs include high mobility group box 1 (HMGBL1),
extracellular adenosine triphosphate (ATP), DNA, uric acid, heat
shock proteins, and S100 proteins, signalling tissue distress.
DAMPs engage TLRs and NLRs expressed by resident pulpal cells,
including odontoblasts, fibroblasts, endothelial cells, Schwann
cells, resident macrophages, dendritic cells, and other antigen-
presenting cells, thereby initiating innate immune signalling
within the dental pulp [20, 37-44]. Upon ligand binding, TLR2,
TLR3, and TLR4 induce pro-inflammatory cytokines and
chemokines, including CCL2 (MCP-1), CCL5, CCL7, CXCLS8 (IL-
8),and CXCL10 [41, 45]. Notably, TLR2 synergises with NOD2 to
enhance fibroblast inflammatory mediator production and
cooperates with histamine receptor 1, underscoring fibroblasts’
role as active immunocompetent cells [38, 41]. These receptor-
ligand interactions trigger intracellular signalling cascades that
activate innate immunity, amplify pulpal inflammation through
self-sustaining host-derived signalling mechanisms, and promote
downstream adaptive immune responses [18, 19, 36, 46].

Although structurally distinct from pathogen-associated
(PAMPs) derived from microbial
components like lipopolysaccharides (LPS) or peptidoglycan,
DAMPs often engage the same PRRs [18-20, 47]. This
convergence enables DAMP-driven pulp inflammation to

molecular patterns

mimic the molecular and immunological profile of infection-
induced pulpal and periapical responses.

Certain cytoplasmic PRRs detect DAMPs or PAMPs and
assemble into

inflammasomes [18, 19, 48]. Canonical

inflammasomes comprise a sensor molecule, an adaptor protein
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(ASC; apoptosis-associated speck-like protein containing a CARD
domain), and the effector enzyme caspase-1. Upon sensing
intracellular stress signals, sensor molecules, typically members of
the NLR family, oligomerise, recruit ASC, and activate procaspase-
1, leading to caspase-1-mediated maturation of IL-1p and IL-18 [18,
48]. Among these complexes, NLRP3 is the best-characterised
inflammasome in the dental pulp [18, 46]. Its activation follows a
two-step process: priming through TLR-mediated NF-«B signalling
induces transcription of NLRP3, pro-IL-1f and pro-IL-18, whereas
cellular
inflammasome assembly, caspase-1 activation, and cytokine

a second signal derived from stress promotes
maturation, thereby amplifying pulpal inflammation [18, 49-51].
Consistent with its role in pulpal immunity, immunofluorescence
studies have identified NLRP3 and caspase-1 in the odontoblast
layer of healthy pulp, with markedly increased expression in
damaged odontoblasts from irreversible pulpitis [38, 52].

As the primary sentinels of the dentine-pulp complex,
odontoblasts detect thermal, mechanical, chemical, and microbial
insults through PRRs [53]. Engagement of these receptors by
PAMPs or DAMPs activates MAPK signalling, particularly p38,
together with the transcription factors NF-xB and AP-1,
promoting NLRP3 expression [18, 19, 54]. Once assembled, the
NLRP3 inflammasome drives caspase-1-dependent cytokine
maturation and gasdermin D cleavage, leading to pyroptotic cell
death and extracellular release of DAMPs. By activating PRRs on
neighbouring resident pulpal cells, these endogenous danger
signals may trigger successive rounds of inflammasome
activation, establishing a feed-forward inflammatory loop that
amplifies and sustains pulpal inflammation independently of
continued increases in bacterial burden [18, 19, 54].

Further, activated odontoblasts secrete pro-inflammatory
cytokines and chemokines, including CCL2, CXCL1, CXCL2,
CXCL8, CXCL10, and IL-6, which diffuse sub-odontoblastally to
activate adjacent innate immune cells, such as fibroblasts,
mesenchymal stem cells, and resident immune cells [19, 55].
Progressive infiltration of macrophages, neutrophils, and B
lymphocytes parallels persistent pulpal inflammation [19, 55].
Activated resident cells amplify this milieu by secreting chemokines
and cytokines, enhancing immune cell recruitment [56].
these identify DAMP-mediated
signalling as a central amplifier of persistent pulpal inflammation.
Through coordinated activation of PRRs, the NF-xB/p38 MAPK
pathways, and the NLRP3 inflammasome, endogenous danger
establish

inflammatory circuits that perpetuate and amplify host-derived

Collectively, findings

signals autocrine and paracrine feed-forward
inflammatory signalling independently of continued microbial
burden [19, 55]. Pyroptotic release of additional DAMPs may

further reinforce these circuits by activating neighbouring

resident pulpal cells, thereby sustaining inflammasome activation
and inflammatory propagation [18]. As persistent inflammatory
signalling intensifies, the response may progressively extend from
the coronal pulp towards the apical tissues, providing a biological
basis for the proposed inflammation-mediated pathway linking
chronic pulpitis to apical periodontitis [7, 20, 57].

Inflammation of Dental

Neurogenic Pulp:

Pathophysiological Implications

Under microbial, mechanical, thermal, or chemical stress, sensory
afferent neurons amplify pulpal inflammation through sustained
neuropeptide release [21, 58]. Peripheral nociceptors express
TLR2, TLR3, TLR4, TLR7, and TLR8, enabling PAMPs and
DAMPs to activate MyD88/NF-kB and MAPK signalling, leading
to the release SP, CGRP, vasoactive intestinal peptide (VIP), and
neurokinin A (NKA) [21, 51, 59-64]. These mediators sensitise
nociceptors, amplify PRR activation, and sustain neurogenic
inflammation. In parallel, retrograde nerve growth factor (NGF)
signalling activates p38 MAPK, upregulates TRPA1 and TRPV1,
and increases SP and CGRP synthesis, promoting nerve
sprouting, chronic pain hypersensitivity, and persistent
neurogenic inflammation [21, 51, 63-66].

Neuropeptide release contributes to both acute and chronic
pulp inflammation. SP upregulates intercellular adhesion
molecule 1 (ICAM-1) and vascular cell adhesion molecule 1
(VCAM-1) on endothelial cells [21, 67], while SP and CGRP
stimulate pulp and endothelial cells to secrete chemokines,
including MCP-1/CCL2 and CXCL8/IL-8, sustaining leukocyte
recruitment. Concurrently, IL-1f and IL-18, generated via NF-
kB and inflammasome activation, sensitise nociceptors and
[68]. SP and CGRP
orchestrate the release of pro-inflammatory mediators,
including IL-1, IL-2, IL-6, IL-8, TNF-a, and PGE2, from
immunocompetent cells [21, 69-71]. SP induces cytokine release

amplify neurogenic inflammation

in T lymphocytes, while SP and CGRP trigger histamine release
from mast cells [21, 71], amplifying local immunity. Chronic
neuroimmune activation sustains low-grade inflammation,
establishing a self-perpetuating loop that underlies persistent
pulpal inflammation [21, 66].

Chronic pulp inflammation is characterised by persistent innate
and adaptive immune activation, with macrophage, lymphocyte, and
plasma cell infiltration [20, 55, 72]. Sustained inflammation expands
this infiltrate while promoting angiogenesis and fibrosis [20]. B-cell
expansion, plasma cell accumulation, and Th1/Thl7 cytokines,
including IFN-v, IL-17, IL-21, and IL-22, perpetuate inflammation
through reciprocal activation of T cells
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Figure 1. DAMP-mediated and neurogenic pathways in pulp inflammation. Cellular stress and death release DAMPs that activate PRRs (TLRs, NLRs) on
odontoblasts, fibroblasts, and immune cells, driving cytokine/chemokine secretion and NLRP3 inflammasome activation. In parallel, neuropeptides such
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as SP and CGRP released by nociceptors amplify vasodilation, leukocyte recruitment, and immune activation. These self-sustaining loops promote

chronic pulp inflammation, fibrosis, angiogenesis, and apical spread toward periapical tissues even in the absence of infection.

and macrophages [55, 73-76]. Persistent IL-13, TNF-a, IL-18,
TGF-B1, VEGF, fibroblast growth factor (FGF), and platelet-
derived growth factor (PDGF) drive fibrosis, angiogenesis,
neovascularisation, vascular permeability, and tissue remodelling,
maintaining a chronically inflamed but metabolically active pulp
[77-79]. Collectively, DAMP-mediated signalling and neurogenic
inflammation converge to establish self-amplifying innate
immune and neuroimmune networks that perpetuate host-
derived inflammatory signalling within the dental pulp. Through
continuous release of cytokines, chemokines, neuropeptides, and
endogenous danger signals, these interconnected pathways
progressively amplify and propagate inflammation from the
coronal towards the apical pulp, generating chemotactic
gradients, increasing intrapulpal pressure, and providing a
mechanistic basis by which persistent vital pulpitis may contribute
to inflammation-mediated AP [6, 7, 18-20, 50, 55] (Fig. 1).

Apical Migration of Pulpal Inflammation: Mechanistic
Insights

Pulp inflammation propagates apically, activating immune
responses in the periapical tissues. This process is the result of a

sequence of neurogenic, hydrostatic, chemotactic, and structural
mechanisms that together cause the inflammation to migrate
from the coronal pulp to the apical region.

Neurogenic propagation of pulpal inflammation: the axon
reflex mechanism

The axon reflex is a neurophysiological mechanism whereby
peripheral nociceptive C- and Ad-fibres transmit antidromic
impulses, releasing neuropeptides from branching terminals
without central synaptic transmission [21, 23, 80]. As
inflammation progresses, these mediators diffuse through the
pulp, sequentially activating progressively more apical
regions along the course of nociceptive fibres [6, 7, 20, 57].
Endothelial cells, fibroblasts, and resident immune cells
respond to this increasing local neuropeptide concentration,
with the subsequent release of additional inflammatory
mediators and DAMPs in response to cellular stress, further
[21].
Consequently, neuroimmune activation and endogenous

amplifying host-derived inflammatory signalling
danger signalling reinforce one another, propagating pulpal
inflammation towards the periapical tissues. Accordingly,
early periapical inflammation is considered predominantly

neurogenic [18, 81, 82].
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Intrapulpal pressure as a hydrostatic driver of pulp-to-
periapical inflammatory progression

Tissue pressure refers to the hydrostatic pressure exerted by
interstitial fluid surrounding the cells of the dental pulp. Under
physiological conditions, intrapulpal (interstitial) pressure
remains considerably lower than intravascular blood pressure,
exchange [83, 84].
Nevertheless, the pulp’s anatomical restriction encased within

enabling efficient microcirculatory
rigid dentinal walls makes it a low-compliance environment in
which changes in capillary filtration and vascular permeability
can translate into measurable increases in interstitial pressure
[57, 84]. During inflammation, pulpal interstitial fluid pressure
has been reported to rise approximately threefold [85].

However, as emphasised by Donaldson’s physiological
interpretation of the findings of Bletsa et al., [85] acute pulpal
inflammation may reduce blood flow without increasing interstitial
fluid volume; thus, inflamed vessels are not necessarily compressed
to the point of closure. Instead, reduced perfusion reflects increased
postcapillary resistance, enhanced microvascular permeability, and
altered hydrostatic and colloid osmotic gradients, making tissue
fluid homeostasis largely dependent on lymphatic drainage [85].
When filtration exceeds lymphatic clearance, the resulting pressure
gradient may promote the apical movement of extracellular fluid
carrying cytokines, chemokines, DAMPs, and neuropeptides
through the apical foramen into the periodontal ligament (PDL)
and periapical tissues [57, 84]. This pressure-facilitated (hydraulic)
translocation may propagate inflammatory signals corono-apically
and contribute to AP without uniform or immediate pulpal
necrosis [57, 84].

Chemokine signalling in persistent pulpal inflammation:
apical gradients guiding immune cell migration
Inflammasome activation is an upstream regulatory node
linking danger sensing to chemokine-driven immune cell
recruitment in pulpal inflammation. Redistribution of NLRP3
from the odontoblast layer in healthy pulp to a diffuse pattern in
pulpitis reflects the transition from localised barrier signalling to
widespread  inflammatory amplification. Inflammasome
assembly may also mark the transition from reversible to
irreversible pulpal inflammation, facilitating corono-apical
propagation of host-derived immune responses through
chemokine-mediated  recruitment and activation  of
inflammatory cells towards the periapical tissues [38]. This
sustained inflammatory activity provides a mechanistic basis for
the limited regenerative capacity of advanced pulpitis and
pulp therapy (VPT) before

inflammatory reprogramming is established [38].

supports vital irreversible

Furthermore, the production of chemokines by pulpal cells
is a key mechanism for guiding the recruitment of immune cells
during pulpal inflammation. When activated by DAMPs,
PAMPs, pro-inflammatory cytokines, oxidative stress, or
neurogenic mediators, various resident and immune cells within
the pulp including odontoblasts, fibroblasts, endothelial cells,
macrophages, mast cells, and lymphocytes upregulate the
expression of a broad range of chemokines [19, 23]. These
include CCL2 (MCP-1), CCL3 (MIP-1a), CCL5 (RANTES),
CXCL8 (IL-8), CXCL10 (IP-10), and CCL20 (MIP-3a), which
collectively coordinate leukocyte migration within inflamed
tissues [19, 23, 38, 55, 86]. CXCLS8, a potent attractant for
neutrophils, is secreted in large amounts by activated
odontoblasts and pulpal fibroblasts. CCL2 plays a crucial role in
their
differentiation into pro-inflammatory macrophages. CCL3 and

recruiting circulating monocytes and promoting
CCLS5 are vital mediators in recruiting activated T lymphocytes
to sites of chronic inflammation [19, 23, 55, 86].

Inflammatory mediators in the pulp extracellular matrix
establish chemotactic gradients that guide immune cell
migration [23, 87]. As inflammation advances apically, mediator
concentration peaks near the apical foramen, and intrapulpal
pressure-driven flow enhances apical diffusion, directing
circulating immune cells into the apical pulp and periapical
tissues [57]. Neuropeptides such as CGRP and SP amplify
chemokine production by pulpal and endothelial cells [21, 82].
The resulting apical chemokine gradient, together with tissue
degradation, neuropeptide signalling, and hydrostatic forces,
coordinates the apical propagation of host-driven inflammatory
responses along the pulp-periapical axis (Fig. 2).

Immune and Cellular Responses in Inflammation-
Mediated AP

Sublethal stimuli activate sensory nociceptors and immune
pathways, extending inflammation beyond the pulp. Ad and C
fibres detect PGE2, IL-1B, TNF-a, DAMPs, and PAMPs,
releasing neuropeptides via axon reflexes [21, 35, 51]. These
mediators induce endothelial activation, vasodilation, plasma
extravasation, oedema, and hypoxia, promoting further cellular
damage and DAMP release [51, 57]. The resulting inflammatory
diffuse host-derived
inflammatory gradient that sustains chronic neuroimmune

signals apically, establishing a
activation in the apical pulp and periapical tissues [7, 18-20, 57].

As pulp inflammation reaches the periapex, neuropeptides such
as SP and CGRP are released by peripheral nerve terminals in the

apical PDL, propagating neurogenic inflammation [21,23, 81].
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Figure 2. Mechanistic pathways of apical migration in pulpal inflammation. Neurogenic propagation via the axon reflex releases neuropeptides

along nociceptive fibres, amplifying local immune activation. Concurrently, rising intrapulpal pressure forces cytokines, DAMPs, and chemokines
apically, while resident pulp and endothelial cells establish chemotactic gradients that recruit leukocytes toward the apical foramen. Together,
these mechanisms may contribute to the transition from pulpitis to inflammation-mediated AP.

This signalling activates endothelial cells to express ICAM-1 and
VCAM-1,
fibroblasts, mast cells, macrophages, and immune cells

promoting leukocyte transmigration. Local
expressing neuropeptide receptors are activated to secrete pro-
inflammatory cytokines (IL-1, IL-2, IL-6, IL-8, TNF, PGE2) and
chemokines (CCL2, CXCL8) [21, 23]. This early periapcal
activation marks the onset of inflammation-mediated AP.
DAMPs from inflamed pulp diffuse through the apical
foramen or are locally produced, engaging PRRs on PDL and
periapical bone cells. They activate TLR2 and TLR4, promoting
periapical lesion progression via nitric oxide (NO) and reactive
oxygen species (ROS) by macrophages [38, 88]. TLRs/NLRs
stimulation in gingival fibroblasts induces IL-6 and IL-8,
confirming PRR activity in periodontal tissue [38]. PRR
detection of DAMPs triggers canonical signalling cascades
converging on NF-kB, activator protein-1 (AP-1), and MAPK
[38, 89-92], driving transcription of pro-inflammatory cytokines
and chemokines (IL-1, TNF-q, IL-6). These mediators regulate
osteoclast differentiation, bone resorption, enhance vascular
permeability, and recruit
lymphocytes [38, 89-92]. TNF-a directly promotes osteoclast
precursors, enhancing RANKL-induced osteoclastogenesis [93],
while TLR-driven TNF-a and IL-6 further support osteoclast

differentiation alongside RANKL [94]. This host-mediated

neutrophils, monocytes, and

inflammatory milien recapitulates molecular signatures
typically associated with infection-driven responses.

NLRP3 and AIM2 inflammasomes are expressed in
[94, 95]. Upon DAMP

recognition, ASC and procaspase-1 are recruited via pyrin and

inflammatory periapical tissues

caspase recruitment domains, activating caspase-1 to mature
and secrete IL-1f and IL-18 [94-97]. Inflammasomes are present
in fibroblasts, monocytes, neutrophils, macrophages, and
endothelial cells, with NLRP3-positive cell counts correlating
with inflammatory infiltration and IL-1B/IL-18 expression [95].

Activation of inflammasomes plays a pivotal role in
regulating osteoclast activity and periapical bone resorption
[94]. Both PAMPs and DAMPs can stimulate inflammasome
complexes in osteoclasts and their precursors, leading to
hypermultinucleation and the secretion of IL-1B [94, 98].
This cytokine, primarily produced through inflammasome
activation, exerts both direct and indirect effects on
osteoclastogenesis [99, 100]. IL-1p promotes osteoclast
differentiation from early blasts, myeloid progenitors, and
monocytes in the presence of macrophage colony-stimulating
factor (M-CSF) and RANKL, and also acts synergistically
with TNF-a to enhance osteoclastogenesis [101, 102]. IL-1p
stimulates RANKL expression in osteoblasts and osteocytes
levels and reducing OPG

while increasing M-CSF
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production, tipping the balance toward enhanced bone
resorption [103, 104]. IL-1PB-induced chemokines, such as
CX3CL1, also facilitate the migration and differentiation of
osteoclast precursors [105]. Beyond differentiation, IL-1f
upregulates proteolytic enzymes, such as cathepsin K and
matrix metalloproteinases (MMPs), thereby augmenting the
degradative capacity of osteoclasts on the extracellular
matrix, particularly in periodontal tissues [94, 106,
107][95,107,108]. IL-18 has been reported to mediate
inflammation in AP [108]. IL-18-induced IFN-y from Thl
and NK cells exerts complex effects, being both anti-
osteoclastogenic in direct settings and pro-resorptive in
inflammatory environments [109]. IL-1p and IL-18 also
modulate adaptive immune responses that indirectly amplify
osteoclastogenesis by enhancing B cell activation and T cell
differentiation, stimulating further RANKL production [94,
110][95,111]. IL-1p is crucial for the differentiation of Th17
cells, whose IL-17 secretion drives RANKL and RANK
expression in osteoclastogenesis-supporting cells [94, 111-114].
Additionally, dendritic cells especially under inflammatory
stimuli can transdifferentiate into osteoclast-like cells, a process
further potentiated by IL-1p [115,
osteoclasts derived from dendritic cells produce higher levels of

116]. Inflammatory

IL-1B compared to homeostatic monocyte-derived osteoclasts,
contributing to the activation of TNF-a-producing CD4+ T cells
and exacerbating bone loss [117].

Inflammasome activation enhances osteoclast maturation by
promoting NF-xB signalling via ADP-ribosyltransferase
diphtheria toxin-like 1 degradation and facilitates actin
cytoskeleton remodelling, increasing resorptive capacity [95]. It
modulates osteoclasts, osteoblasts, and immune/stromal cells,
including PDL cells, macrophages, monocytes, neutrophils, and
Th17 cells [94], contributing broadly to inflammatory bone lysis.
Notably, DAMPs released from the bone matrix during
osteolysis can activate inflammasome pathways, a process
shown to be significantly attenuated in Nlrp3-deficient mice,
which exhibit reduced bone loss compared to wild-type controls.
Conversely, pharmacologic inhibition of bone resorption has
been associated with diminished inflaimmasome activation,
suggesting a reciprocal relationship between these processes
[118]. Therefore, inflammasome activation appears to function
not only as a driver but also as a downstream consequence of
inflammatory bone degradation. This bidirectional feedback
loop highlights the inflammasome as a key amplifier in the
vicious cycle
Collectively, inflammasome signalling emerges as a central
regulator of osteoclast function and inflammatory bone loss in
non-infectious inflammatory contexts.

of bone inflammation and destruction.

In inflammation-mediated AP, the RANK/RANKL/OPG axis
is dysregulated: PRR activation in fibroblasts, osteoblasts, and
activated lymphocytes upregulates RANKL, while inflammatory
cytokines suppress OPG [81, 94]. RANKL binds RANK on
monocyte-derived precursors, driving multinucleated osteoclast
formation and enhancing resorptive function, resulting in
progressive periapical osteolysis [119, 120]. Experimental models
confirm that IL-17, IL-1p, TNF-a, or DAMPs alone suffice to
induce bone resorption via neurogenic and PRR-mediated
mechanisms, independent of microbial infection [118, 121] (Fig.
3). Fig 4 presents a schematic representation of the biological
model of inflammation-mediated AP.

Clinical Evidence

Multiple clinical studies have systematically demonstrated that
teeth diagnosed with inflamed but vital pulps can present with
periapical osteolytic lesions of endodontic origin [9-17, 122-132].
In cases when pulpal inflammation is produced by infectious
stimuli, such as deep caries or microbial penetration, the current
literature firmly supports the use of VPT as an effective biological
method to stop disease progression and promote periapical
healing. Different VPTs (including direct and indirect pulp
capping, as well as partial and full pulpotomies) achieved high
clinical and radiographic success rates in permanent teeth
diagnosed with irreversible pulpitis even in cases with
radiographic signs of osteolytic periapical lesions [9-17, 122-132].
Importantly, baseline periapical status is a clinically relevant
prognostic modifier. In a large retrospective cohort study of 1257
VPT-treated mature permanent teeth with carious pulp
exposures, radiographic signs of AP at baseline were associated
with a significantly higher risk of failure (adjusted hazard
ratio=2.983), and among cases with concurrent symptomatic
irreversible pulpitis and AP with PAI=3, the reported success rate
was 78.5% (i.e., lower than the overall success rate of 91.6%).
Therefore, while VPT can be effective even in vital teeth
presenting with AP, expected outcomes should be presented
stratified by the presence/absence and severity of AP [125].

Histopathological and histobacteriological studies show
that pulpal necrosis is closely associated with bacterial
infiltration and sustained microbial colonisation. In the
absence of bacterial invasion, preservation of pulpal blood flow
and controlled bleeding during VPT indicate that the
remaining apical pulp is viable and uncontaminated. Under
these conditions, periapical osteolytic lesions are more
plausibly explained by the apical propagation of inflammatory
mediators from the inflamed pulp than by infectious signalling
from the apical pulp [27].
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Figure 3. Immune and cellular responses/inflammation-mediated AP. Neurogenic signalling from nociceptors (SP, CGRP) and the release of DAMPs

initiate endothelial activation, oedema, and apical diffusion of inflammatory mediators. In the periapical tissues, neuropeptides and DAMP-PRR
interactions trigger cytokine and chemokine production, inflammasome activation (NLRP3, AIM2), and NF-kB/MAPK pathways. These cascades amplify
leukocyte recruitment, osteoclastogenesis via the RANK/RANKL/OPG axis, and progressive bone resorption in the absence of microbial infection.

Conversely, when inflammation is initiated by non-infectious
stimuli, resolution often depends on eliminating the underlying
insult, highlighting that biological rationale and treatment should
be tailored to the initiating aetiology [21, 82, 126, 127]. Table 1
summarises clinical studies reporting teeth with pulpal
inflammation of infectious or non-infectious origin associated with
apical osteolytic lesions and their proposed treatment approaches.

Collectively, these clinical observations support the concept that
pulp vitality and apical inflammatory responses are not mutually
exclusive biological states. Further, these findings provide a
biological rationale for VPT in carefully selected teeth with vital
inflamed pulps and AP. By interrupting the inflammatory cascade
while preserving healthy apical pulp tissue, VPT may not only
maintain pulp vitality but also prevent further propagation of host-
derived inflammatory signalling towards the periapical tissues,

thereby creating conditions conducive to periapical healing.

Limitations

Although well-designed clinical and observational studies,
including large cohorts of teeth with irreversible pulpitis, have
reported periapical radiolucencies in vital teeth, they were not
designed to assess microbial colonisation or the underlying
inflammatory mechanisms [9, 17, 125]. Furthermore, much of the
clinical evidence consists of case reports and case series, which are
inherently hypothesis-generating. Mechanistic support for non-
infectious pulpal inflammation, including DAMP-PRR signalling

in odontoblast-lineage cells, is derived largely from preclinical
studies rather than direct human validation [18-20]. Likewise,
although mechanical stimuli such as occlusal interference and
orthodontic forces increase pulpal neuropeptides (SP and CGRP)
and VEGF, they have not been shown to cause AP or establish a
temporal link with periapical lesion development. Collectively,
these limitations highlight the need for robust translational and
mechanistic human studies and warrant cautious interpretation
of the proposed integrative model.

Validation and Falsification of the Proposed

Framework

The proposed inflammation-mediated framework should be
regarded as a biologically plausible and experimentally testable
model rather than an established mechanism of AP pathogenesis.
Its central premise is that chronic pulpal inflammation may
generate sufficient host-derived signalling to initiate periapical
osteoimmune responses while the apical pulp remains vital and
before established bacterial colonisation reaches the apical third.
Consequently, the framework should be evaluated not by its
consistency with the classical infection-necrosis paradigm, but by
its ability to generate explicit, falsifiable predictions that can be
rigorously tested through appropriately designed experimental
and clinical studies.
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Table 1. Evidence-Based Summary of Therapeutic Approaches in Pulpitis with inflammation-mediated AP
Authors Study type Therapeutic approach Key outcomes Relevance to inflammation-mediated AP
Alsharif Case report Partial pulpotomy with ~ Complete periapical healing at 6 A periapical lesion does not invariably
et al. [128] Biodentine months. necessitate root canal treatment.
Asgary Case report Cervical pulpotomy Complete lesion healing at 2 years. Vital pulp therapy may support
et al. [12] with calcium-enriched recovery of periapical tissues.
mixture (CEM) cement
Asgary Case report Direct pulp capping Lesion resolution and normalization of ~ Pulpal inflammation may coexist with
etal. [14] with CEM cement the periodontal ligament space at 15 apical lesions without complete pulp
months. necrosis.
Abella Cross- Comparison of Lesions were detected in 3.3% of roots Apical lesions in teeth diagnosed with
et al. [9] sectional periapical radiography by periapical radiography and 13.7% by irreversible pulpitis may be
imaging study  and CBCT CBCT. underdetected by periapical
radiography.
Kim Case report Conservative Complete resolution of the lesion by 14 ~ Neurogenic inflammation may
et al. [127] restoration and months, with pulp vitality maintained. contribute to periapical lesion
monitoring development, although causality
remains unproven.
Bainbridge  Case report Monitoring without Complete bone fill of the lesion at Trauma, occlusal factors, and
et al. [126] root canal treatment approximately 15 months. periodontal disease may contribute to
low-grade periapical inflammation.
Tsukiboshi ~ Case series Full pulpotomy with Pulp vitality was preserved and Residual vital pulp tissue may coexist
et al. [131] calcium hydroxide periapical lesions healed in all three with an inflammatory periapical
cases. response.
Grabliauskiene  Two case Pulpotomy using Lesions decreased and resolved during Periapical lesions may occur in teeth
et al. [135] reports hydraulic calcium follow-up. with vital pulp tissue.
silicate cement
Tran Two case Full pulpotomy with Clinical improvement and periapical Controlling pulpal inflammation may
et al. [130] reports tricalcium silicate- healing at 2 years. facilitate periapical tissue repair.
based cement
Asgary Multicentre Vital pulp therapy Among cases with preoperative Comparative clinical evidence supports
etal. [17] randomized versus conventional periapical lesions, the root canal VPT as a potential option in selected
clinical trial root canal treatment treatment group had a significantly cases.
higher failure rate for periapical healing
at 6 and 12 months.
Moore Case series Conservative treatment  Pulp vitality was maintained and lesions A periapical radiolucency does not
[122] using calcium resolved by 6 months. necessarily indicate pulp necrosis.
hydroxide
Xiao Randomized Pulpotomy versus Tooth survival was 100%; pulpotomy VPT may support periapical healing and
et al. [129] controlled trial  apexification promoted greater root lengthening and  continued root development in immature
apical narrowing. teeth.
Asgary Two case Miniature pulpotomy Pain resolved and apical lesions healed ~ Conservative VPT may be effective in
etal. [123] reports with CEM cement by 18 months. selected mature teeth with pulpitis and
apical periodontitis.
Asgary Large Direct pulp capping, Overall VPT survival was 99.1% and VPT can be successful in selected vital
et al. [125] retrospective partial pulpotomy, and  success was 91.6%; apical healing rates teeth presenting with periapical
cohort study full pulpotomy ranged from 85% to 88%. lesions.
Asgary Case report Pulpotomy with CEM Periapical healing and preserved Control of pulpal inflammation may
et al. [10] cement function at 6 months. contribute to resolution of periapical
inflammation.
Torabzadeh  Case report Selective caries removal  Pulp vitality was maintained and Inflammation in a vital pulp may be
et al. [13] and pulp capping with  periapical healing was observed at 1 year. ~ associated with a periapical lesion.
CEM cement
Asgary Case report Full pulpotomy with The tooth remained functional and the = Healing after removal of coronal pulp
[132] CEM cement lesion resolved over 4 years. tissue, with vital radicular pulp retained,
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Evidence supporting the framework: the temporal dissociation
between periapical response and pulp necrosis

The most consistent line of support across the following supporting
animal studies is the demonstration that periapical tissue activation
begins while the pulp is still vital, or before pulpal necrosis is
complete. Using tritiated-thymidine autoradiographic analysis,
Stahl et al. [133] reported a significant rise in labelled periapical
fibroblasts, osteoblasts and cementoblasts within one h of pulpal
injury while the underlying pulp remained histologically vital,
suggesting that biological signals generated within the injured pulp
may rapidly influence the periapical environment. The authors
themselves inferred that a “proliferation-stimulation factor”
released from the traumatically altered pulpal environment reached
and activated distant cells, a mechanistic interpretation that
anticipates, in observational terms, the mediator-propagation
mechanism this framework proposes. Likewise, Yamasaki et al. [7]
in a histological and histometrical study, documented periapical
inflammatory infiltration at day 3 and alveolar bone resorption at
day 7, while pulpal necrosis was still confined coronally and had not
reached the apex; complete necrosis occurred only around day 28,
leading the authors to conclude that periapical inflammation began
before complete pulpal necrosis.

Additional observations reinforce this temporal relationship.
Tagger and Massler [134], in a large longitudinal study, found that
the severity of periapical lesions correlated with the amount of
vital pulp remaining rather than with the time elapsed since
exposure, and described the vital pulp as acting as a “buffer against
periapical irritation” whose efficiency was proportional to the
length of the vital stump, suggesting that the biological status of
the remaining pulp modulates and impacts the periapical
response. Similarly, Kovacevi¢ et al. [8] supply a direct
histopathological test of the framework's core temporal prediction
in a large-animal model. All roots histologically diagnosed as
pulpitis simultaneously exhibited acute AP, with active osteoclasts
at the alveolar bone surface interposed between palisade-forming
osteoblasts, despite preservation of the PDL at the root surface.
Because the histological pulp diagnosis correlated with the stage
of disease reached rather than with experimental duration, the
study establishes that osteoclastic periapical bone resorption can
begin during the pulpitis phase, before complete necrosis.

Complementing these histopathological observations, Tani-
Ishii et al. detected early expression of IL-1a and TNF-a in the
periapical region while bacterial colonisation remained restricted
to the coronal pulp, supporting the concept that host-derived
inflammatory signalling may precede bacterial extension into the
apical region. Although these studies do not establish causality,
they consistently suggest that the transition from pulpitis to apical

periodontitis is biologically dynamic and that osteoimmune
activation may begin before complete pulpal necrosis [136].

Mechanistically, these observations are compatible with the
concept that an inflamed but metabolically active pulp constitutes
a source of cytokines, lipid mediators, neuropeptides and danger-
associated molecular patterns capable of diffusing towards the
periapical tissues and promoting osteoclast recruitment.
However, none of the reviewed studies was specifically designed
to distinguish host-derived inflammatory mediators from
diffusible bacterial products. Consequently, the current evidence
supports the temporal plausibility of the proposed framework but
does not establish its underlying mechanism.

Evidence challenging or limiting the proposed framework
The principal challenge to the proposed framework derives from
which

demonstrated that sterile necrotic pulps fail to produce

classic animal experimental studies collectively
persistent apical periodontitis, whereas bacterial colonisation
consistently results in periapical lesion development. Moéller et
al. inoculated defined bacterial strains into mechanically
devitalised monkey root canals and assessed them
radiographically over 8-12 months. Apical periodontitis
developed in 97-100% of canals from which viable bacteria were
reisolated, whereas the four canals that became bacterium-free
while still containing retained necrotic pulp tissue showed no
radiographically detectable periapical reaction [137].

Fabricius et al. [138]reported a concordant internal negative
control in the same experimental model: all teeth from which no
inoculated bacteria were reisolated showed no radiographic
periapical destruction, despite sealed necrotic tissue retained for
six months, while polymicrobial combinations produced the
greatest periapical destruction. Kakehashi et al. [139] supplied the
foundational version of this negative control: in germ-free rats,
surgically exposed pulps did not undergo complete necrosis and
produced no apical abscess or granuloma, whereas conventional
animals developed necrosis and periapical disease once bacterial
colonisation was established. These studies firmly establish
microorganisms as the principal causal factor in the conventional
infection-necrosis model and demonstrate that passive necrotic
tissue alone is insufficient to sustain periapical inflammation.

Importantly, these findings should not be interpreted as
direct evidence against the proposed framework, as they address
a fundamentally indirect biological condition. Whereas the
present model concerns persistent vital pulpitis with ongoing
inflammatory activity and sustained production of host-derived
these

devitalised or germ-free necrotic pulps, in which metabolic

mediators, investigations examined mechanically

activity and active inflammatory signalling were largely absent.
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Consequently, they demonstrate that sterile necrosis alone is
insufficient to induce apical periodontitis, but do not address
whether chronic inflammation within a vital pulp can initiate
periapical osteoimmune responses before established bacterial
colonisation reaches the apical pulp. Overall, the available
evidence supports several temporal predictions of the proposed
framework but leaves its central biological mechanism
unresolved, as no experimental study has specifically examined
the combination of persistent vital pulpitis, bacterial
confinement to the coronal pulp, preservation of apical pulp
vitality, and simultaneous assessment of the resulting periapical

osteoimmune response.
Future Research Directions

The proposed inflammation-mediated framework is inherently
falsifiable and provides a clear roadmap for future investigation. Its
validation or refutation will require coordinated evidence across
four complementary domains. First, human histopathological-
microbiological studies should determine whether teeth with
irreversible pulpitis and periapical radiolucencies retain a vital, non-
colonised apical pulp at the time of earliest periapical activation,
combining serial histological sectioning with contamination-
controlled molecular microbiology.

Second, spatial molecular profiling using single-cell and spatial
transcriptomics, together with proteomics, should characterise the
corono-apical inflammatory gradient by quantifying DAMPs,
PRRs, inflammasome components, and key osteoimmune
mediators including IL-1B, TNF-a, NLRP3, caspase-1, and the
RANK/RANKL/OPG axis while distinguishing DAMP- from
PAMP-driven signalling across disease stages.

Third, prospective longitudinal cohorts of teeth with
irreversible pulpitis and baseline apical periodontitis treated by VPT
should determine whether periapical healing is associated with
resolution of pulpal inflammation despite preservation of pulp
vitality and the absence of canal disinfection, while simultaneously
assessing whether changes in diffusible bacterial products or other
PAMP-mediated signals contribute to the periapical response.

Finally, translational mechanistic studies including sterile
animal models of chronic pulpitis induced without bacterial
exposure, pathogen-free ex vivo human pulp—periapical systems,
and targeted gain- and loss-of-function experiments involving
NLRP3, caspase-1 and RANKL should establish whether host-
derived inflammatory signalling alone is sufficient to initiate
osteoimmune activation and periapical bone resorption.

The framework would be supported if these complementary
approaches demonstrate that periapical inflammatory infiltration,
osteoclastogenesis and bone resorption develop while the apical

pulp remains histologically vital and free of established bacterial
colonisation, together with early activation of IL-1p, TNF-a, NLRP3
inflammasome signalling, caspase-1, and RANKL upregulation
with OPG suppression in the periapical microenvironment.
Conversely, the framework would be refuted if early periapical
activation is consistently associated with established apical bacterial
colonisation or diffusible bacterial products, if the inflammatory
and osteoimmune signatures described above are absent before
bacterial invasion of the apical pulp, or if sterile chronic pulpitis fails
to induce periapical osteoimmune activation and bone resorption
despite persistent pulpal inflammation.

Conclusion

This review proposes a biological framework whereby AP may arise
from an inflamed but vital pulp through interconnected molecular
and cellular pathways. The pulp and periapical tissues function as a
continuous immunological unit linked by neural pathways,
inflammatory mediators, and conserved receptor systems. Within
this framework, chronic pulpal inflammation may generate
sufficient host-derived signals to induce periapical bone resorption,
immune cell infiltration, and tissue remodeling without requiring
uniform bacterial colonisation or complete pulpal necrosis. Rather
than replacing the established infection-based paradigm, the
present framework complements current concepts by providing a
biologically plausible explanation for selected cases in which
persistent pulpal inflammation may contribute to periapical bone
resorption despite preservation of pulpal vitality.

The proposed model is supported by converging
mechanistic, experimental, and clinical evidence but awaits
confirmation through well-designed human studies integrating
histopathological, microbiological, and molecular analyses of the
apical pulp and periapical tissues. Until then, it should be
regarded as an evidence-informed framework that generates
testable hypotheses and provides a biologically plausible
explanation for inflammation-mediated AP.
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