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Abstract

Periodontal disease (periodontitis) is a chronic, infection-driven inflammatory
disorder that affects the gingiva, periodontal ligament, cementum, and alveolar
bone. This paper reviews the clinical presentation, etiological factors, and molecular
pathogenesis of periodontal tissue pathology. Etiologically, periodontitis arises
from a dysbiotic subgingival biofilm dominated by Gram-negative anaerobes such
as Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia,
influenced by host risk factors including smoking, diabetes, and genetic
predisposition. The pathogenesis is characterized by a persistent innate and
adaptive immune response, with overproduction of pro-inflammatory cytokines
(e.g., IL-1B, TNF-a), matrix metalloproteinases, and reactive oxygen species, which
lead to connective tissue degradation and bone resorption. Histopathologically,
lesion progression can be described in stages (initial, early, established, advanced),
featuring successive infiltration of neutrophils, lymphocytes, plasma cells, and
activation of osteoclastogenesis via RANKL. Clinically, this translates into pocket
formation, attachment loss, and tooth mobility. Understanding these mechanisms is
crucial not only for managing local periodontal destruction, but also for grasping
systemic implications of chronic periodontal inflammation. This knowledge
underpins development of targeted molecular therapies and preventive strategies.
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Intradaction: Periodontal disease, particularly periodontitis, represents one of
the most prevalent chronic inflammatory conditions affecting the tooth-supporting
tissues, or periodontium, comprising the gingiva, periodontal ligament, cementum,
and alveolar bone. While gingivitis —a reversible inflammation of the gingiva—is
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common and relatively benign, periodontitis denotes a more destructive, often
irreversible process characterized by loss of attachment, pocket formation, and
alveolar bone resorption. The clinical burden is high, as advanced periodontitis
remains a leading cause of tooth loss in adults globally.

Etiologically, periodontitis is not a simple bacterial infection but rather a
multifactorial disease. Oral microbial biofilms, particularly in the subgingival niche,
initiate the disease, but host response plays a central role in driving tissue
destruction. Key pathogens such as Porphyromonas gingivalis, Tannerella
forsythia, and Treponema denticola have been implicated in disease initiation and
progression, but it is increasingly recognized that dysbiosis —a disturbed microbial
ecology —is more important than any single species.

Host risk factors further modulate disease susceptibility and severity.
Smoking, poor oral hygiene, systemic conditions such as diabetes mellitus, and
genetic predispositions all contribute to disease risk. The interplay between
microbial challenge and host factors gives rise to a chronic inflammatory milieu
characterized by immune cell infiltration, cytokine overproduction, proteolytic
enzyme activation, and ultimately tissue breakdown.

At the histopathological level, periodontitis lesions evolve through
well-defined stages —a classical paradigm first described by Page and Schroeder —
and display characteristic features in each phase.

Activation of matrix metalloproteinases (MMPs), reactive oxygen species
(ROS), and signaling molecules such as receptor activator of nuclear factor-xB
ligand (RANKL) lead to connective tissue destruction and bone resorption.
Clinically, these molecular and cellular events manifest as periodontal pockets,
bleeding on probing, attachment loss, and eventually increased tooth mobility.

Moreover, emerging research underscores the systemic significance of
periodontal inflammation. The host inflammatory mediators and microbial
products generated in periodontitis can disseminate into the circulation,
contributing to systemic inflammatory burden and linking periodontitis with
cardiovascular disease, diabetes, and other chronic conditions.

In spite of decades of research, many molecular mechanisms remain
incompletely understood, particularly the triggers that tip gingival inflammation
from a contained, reversible gingivitis into a destructive, chronic periodontitis.
Recent advances in immunology, omics technologies, and systems biology are
unraveling these complexities, offering new opportunities for diagnostics and
targeted interventions.

In this article, we examine the «clinical features, etiological factors,
histopathological evolution, and molecular pathogenesis of periodontal tissue
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pathology. We also discuss current models of disease progression and their
implications for therapeutic strategies. Our goal is to integrate classical
histopathologic frameworks with contemporary molecular insights into a coherent
understanding of periodontal disease pathophysiology.

Materials and Methods:

This study is a narrative review synthesizing data from peer-reviewed
literature to construct a comprehensive account of the pathophysiology, clinical
presentation, etiology, and molecular mechanisms underlying periodontal tissue
pathology. We conducted a structured bibliographic search using electronic
databases including PubMed, Google Scholar, and Scopus without restriction on
publication date, focusing on English-language articles.

Search terms included combinations of “periodontitis pathogenesis,”
“periodontal inflammation,” “biofilm and periodontitis,” “matrix
metalloproteinases in periodontitis,” “RANKL osteoclastogenesis periodontitis,”
“histopathology of periodontal lesions,” and “periodontal immune response.”
Filters were applied to identify reviews, original research, and molecular studies.
Additional key literature was obtained by backward citation tracking: reference
lists of seminal reviews and molecular mechanism papers were scanned to identify
further relevant sources.

Inclusion criteria for articles were: (1) relevance to periodontal tissue
histopathology, (2) discussion of etiological or risk factors (microbial, host,
environmental), (3) data on molecular mediators (cytokines, MMPs, RANKL, ROS),
and (4) evidence of periodontal lesion staging or clinical correlation. Exclusion
criteria were: (1) purely clinical trials of treatment without mechanistic insight, (2)
case reports not contributing to general pathogenesis models, (3) articles not in
English, and (4) studies primarily focused on regenerative therapies without
discussion of natural disease progression.

We critically evaluated the selected literature by comparing classical
histopathologic models (e.g.,, Page and Schroeder’s lesion classification) with
modern molecular models (e.g., keystone-pathogen hypothesis, dysbiosis, omics-
based insights). We synthesized data into thematic areas: clinical manifestation;
microbial etiology and risk factors; immunopathology; molecular mediators; tissue
destruction; systemic implications; and models of disease progression. Wherever
conflicting evidence existed, we highlighted divergent findings and discussed
potential reasons (e.g., differences in study design, sampling, patient populations).

To ensure the review’s rigor, two independent reviewers read and coded each
selected article, extracting data on study design, findings, and relevance.
Disagreements were resolved through discussion, referencing primary sources.
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Furthermore, conceptual models of pathogenesis were constructed based on
aggregated evidence, linking microbial triggers to molecular mediators and tissue-
level outcomes.

Finally, we organized the findings into the conventional structure of a
scientific article (introduction, etiology, pathogenesis, clinical correlation,
discussion) to facilitate clarity and coherence. Given that this is a literature-based
review, no human or animal subjects were directly involved, so ethical approval
was not required.

Results:

Clinical and Histopathological Features

Periodontitis clinically presents with periodontal pocket formation, gingival
bleeding, inflammation, loss of clinical attachment, alveolar bone resorption, and
eventually tooth mobility. Histologically, the progression of lesions has been
classically divided into stages: initial, early, established, and advanced.

Initial lesion (2-4 days after plaque accumulation): characterized by
vasodilation, increased vascular permeability, and infiltration of predominantly
neutrophils (polymorphonuclear leukocytes, PMNs) in the junctional epithelium
and superficial connective tissue.

Early lesion (~1 week): shows increased infiltrate of immune cells, especially
T-lymphocytes and macrophages, proliferation of the junctional epithelium, and
onset of collagen breakdown.

Established lesion: accumulation of plasma cells, B-lymphocytes, and
macrophages; thickening of the junctional epithelium; connective tissue matrix
remodeling; and activation of fibroblasts and endothelial cells.

Advanced lesion: formation of periodontal pockets, apical migration of
junctional epithelium, alveolar bone resorption, and loss of periodontal ligament
attachment.

Etiological Factors:

The primary etiological factor is a complex polymicrobial biofilm composed of
pathogenic and commensal bacteria. The “red complex” bacteria —Porphyromonas
gingivalis, Treponema denticola, and Tannerella forsythia—play a central role. In
periodontitis, biofilm composition shifts toward Gram-negative anaerobes,
enabling a dysbiotic microbial community. Secondary risk modifiers include
smoking, diabetes mellitus, age, genetic predisposition, poor oral hygiene,
anatomical factors (such as overhanging restorations), and calculus buildup.

Molecular and Cellular Pathogenesis:

When pathogenic biofilm accumulates, it elicits a host immune response. Key
virulence factors from bacteria (lipopolysaccharides, proteases, fimbriae) stimulate
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innate immune cells. Among pathogens, P. gingivalis is particularly important: it
expresses gingipains (proteolytic enzymes), outer membrane vesicles, and
regulatory molecules that modulate host immunity.

Immune cells, including neutrophils, macrophages, T- and B-lymphocytes,
infiltrate the periodontal lesion. These cells secrete pro-inflammatory cytokines,
such as IL-1p, TNF-a, IL-6, and chemokines, which amplify inflammation. Reactive
oxygen species (ROS) generated by activated neutrophils contribute to oxidative
stress, further damaging tissues.

Matrix metalloproteinases (MMPs), particularly MMP-8 and MMP-9, are
upregulated in inflamed periodontal tissues and degrade collagenous extracellular
matrix, leading to loss of connective tissue integrity.

A pivotal event in bone resorption is the activation of osteoclastogenesis.
Inflammatory cytokines induce expression of receptor activator of nuclear factor-xB
ligand (RANKL) on osteoblasts and immune cells; RANKL binds to RANK on
osteoclast precursors, triggering maturation of osteoclasts and bone resorption.

Dysbiosis and Keystone-Pathogen Hypothesis:

Modern models of pathogenesis emphasize dysbiosis rather than infection by
single species. According to the keystone-pathogen hypothesis, low-abundance but
strategically important bacteria (e.g., P. gingivalis) manipulate the host immune
response and alter the microbiome, facilitating a community shift toward
pathogenicity. Cross-feeding and synergistic interactions among species contribute
to maintaining this dysbiotic biofilm.
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Figure 1 The Good and the Bad in Periodontal Disease. Left panel: factors
that promote periodontal health, including supra- and subgingival biofilm
homeostasis, homeostatic immunity in gingival and periodontal tissues, healthy
dietary constituents, and absence of chronic inflammatory disease at distant
sites. Healthy periodontal tissues in turn reduce risk of oral carcinogenesis and
bi-directionally affect systemic health such that chronic inflammatory disease
risk is reduced. Right panel: factors that promote periodontal disease, including
biofilm dysbiosis, uncontrolled gingival and periodontal inflammatory
responses, psychological stress paralleled by elevated cortisol release, and
unhealthy diets characterized by high carbohydrate consumption.

Systemic Implications;

Products of periodontal inflammation, such as cytokines (IL-6, TNF-a),
prostaglandins, and microbial components (LPS), can enter systemic circulation via
ulcerated epithelium and pocket walls. This systemic dissemination is implicated
in associations between periodontitis and cardiovascular diseases, diabetes, adverse
pregnancy outcomes, and other inflammatory conditions.

Molecular Advances and Omics Insights:

Recent molecular studies using genomics, transcriptomics, proteomics, and
metabolomics have begun to unravel novel regulatory networks in periodontitis.
These investigations highlight previously unrecognized genes, signaling pathways,
and biomarkers that could serve as diagnostic or therapeutic targets. For example,
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differential expression of host-regulatory genes, microbial virulence factors, and
non-coding RNAs have been reported in diseased versus healthy periodontium.

Discussion:

The pathophysiology of periodontal tissue in periodontitis reflects a delicate
balance between microbial challenge and host defense, often tipping toward
destructive inflammation under certain conditions. Historically, our understanding
of this disease relied heavily on classical histopathologic models. Page and
Schroeder’s staging of lesions—from initial through advanced—remains a
foundational framework. However, newer molecular and immunological insights
reveal a far more complex picture, necessitating revision and expansion of
traditional models.

Re-evaluating Classical Models:

The classical lesion model emphasizes infiltration of immune cells
(neutrophils, lymphocytes, plasma cells) and progressive tissue changes (epithelial
proliferation, fibrosis, bone resorption). While it is descriptively useful, it does not
fully explain why certain individuals progress to destructive disease while others
remain stable or revert to health. The temporal resolution of lesion staging is
limited in human studies, and the molecular events underlying transitions between
stages were not fully characterized in earlier models.

Dysbiosis and Immunomodulation:

The dysbiosis model, particularly the keystone-pathogen hypothesis, accounts
for this gap by proposing that relatively low-abundance pathogens orchestrate
community-wide imbalances. Porphyromonas gingivalis, for instance, can subvert
host immunity via virulence factors (e.g., gingipains, outer membrane vesicles) that
impair neutrophil function and modulate T-cell responses. This
immunomodulation weakens host control, allowing the emergence of a pathogenic
biofilm that perpetuates itself through feedback loops. These loops include
upregulation of inflammatory mediators and matrix-degrading enzymes, further
disrupting tissue homeostasis.

Molecular Mediators and Tissue Destruction:

Our review highlights the central role of pro-inflammatory cytokines (IL-1f,
TNF-a, IL-6), reactive oxygen species, and MMPs in driving connective tissue
breakdown. These factors not only destroy collagen and extracellular matrix
components of the gingiva and periodontal ligament, but also prime the
environment for bone resorption. The RANKL-RANK-OPG pathway is a
particularly important molecular axis: inflammatory cells and osteoblast-lineage
cells produce RANKIL, tipping the balance toward osteoclast activation in diseased
sites.
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Systemic Links: Periodontal-Systemic Axis

Furthermore, oxidative stress mediated by ROS contributes to cellular
damage, signaling dysregulation, and additional activation of inflammatory
cascades. This interplay suggests that therapeutic modulation of redox balance
could mitigate tissue destruction.

The fact that periodontal inflammation can have systemic consequences
underscores the clinical and biological significance of local periodontal pathology.
Circulating cytokines, bacterial LPS, and even viable bacteria may translocate into
the bloodstream via ulcerated periodontal pockets. These agents contribute to
systemic inflammation, possibly linking periodontitis to conditions such as
cardiovascular disease, diabetes, and adverse pregnancy outcomes. The
bidirectional nature of these relationships—where systemic disease may also
exacerbate periodontal inflammation —is of growing interest.

Emerging Molecular and Omics Paradigms

Recent omics-based research is shifting the paradigm once more, offering a
systems-level view of periodontal disease. Gene-expression profiling, proteomics,
metabolomics, and transcriptomics have identified novel regulators —microRNAs,
long non-coding RNAs, stress-response genes—that may predict disease risk or
activity. These methods also highlight patient heterogeneity: not all periodontal
lesions are equal, and molecular signatures may stratify subtypes of disease with
different prognoses or treatment responses.

These insights hold promise for precision periodontics: diagnostics using
salivary or gingival biomarkers, host-modulation therapies (e.g., inhibitors of
specific cytokines or MMPs), and personalized risk assessment based on genetic or
molecular profiles.

Clinical Implications and Therapeutic Prospects

Understanding pathophysiology at a molecular level informs better clinical
intervention. Traditional treatment (scaling and root planing, mechanical
debridement) remains essential, but adjunctive therapies targeting host response
are increasingly relevant. For example, use of sub-antimicrobial-dose doxycycline
(@ host-modulating MMP inhibitor) is one validated strategy. Likewise, therapies
targeting RANKL (e.g., denosumab) or modulating oxidative stress are conceivable
future directions.

Prevention remains critical: controlling plaque accumulation, modifying risk
factors (smoking cessation, glycemic control), and patient education can forestall
the shift from gingivitis to destructive periodontitis.

Limitations and Future Directions:
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Despite advances, several challenges persist. First, translating omics findings
into clinically actionable diagnostics or therapeutics remains slow. Many biomarker
candidates lack rigorous validation in large, diverse cohorts. Second, animal and in
vitro models do not always recapitulate the complexity of human periodontal
lesions, limiting the generalizability of mechanistic insights. Third, the bidirectional
relationship between systemic disease and periodontitis complicates causality
determination —does periodontitis drive systemic inflammation, or do systemic
conditions drive periodontal dysbiosis?

Future research should emphasize longitudinal cohort studies, integrate multi-
omics with clinical phenotyping, and develop safe host-modulation therapies.
Interdisciplinary collaboration between periodontists, immunologists, molecular
biologists, and systems biologists will be crucial.

Conclusion: Periodontal tissue pathology in periodontitis is a complex,
multifactorial process driven by microbial biofilm dysbiosis and an overactive host
immune response. Classical histopathologic models, while still valuable, are now
complemented by molecular insights that elucidate the roles of cytokines, matrix
metalloproteinases, reactive oxygen species, and osteoclast-activating pathways
such as RANKL. Dysbiotic communities, particularly involving keystone pathogens
like Porphyromonas gingivalis, manipulate host immunity, leading to sustained
inflammation and soft- and hard-tissue destruction. These local events can have
systemic repercussions, as inflammatory mediators and microbial products
disseminate into the bloodstream, potentially contributing to chronic systemic
diseases. Advances in omics technologies offer new promise for precision
diagnostics, biomarker discovery, and host-modulation therapies.
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