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ABSTRACT: Objectives: Neutrophil extracellular traps (NETs) have emerged as critical effectors in immune defense
but also as potential drivers of tissue damage in chronic inflammatory diseases. Their role in periodontitis, a highly
prevalent condition characterized by dysregulated host-microbe interactions, remains incompletely defined. This
systematic review aimed to synthesize, for the first time, ex vivo human evidence on the presence, activity, and clinical
significance of NETs in periodontitis. Methods: A comprehensive search of Medline, Web of Science, and Scopus was
conducted up to August 2025. Eligible studies included ex vivo human investigations assessing NETs or NET markers in
gingival tissues, gingival crevicular fluid, saliva, blood, or biofilms from patients with periodontitis. Study selection, data
extraction, and risk-of-bias assessment were conducted in duplicate, and the protocol was registered in PROSPERO
(CRD420251109174). Results: Seventeen studies met the inclusion criteria. NET markers such as citrullinated histone
H3 (CitH3), myeloperoxidase (MPO), and neutrophil elastase were consistently elevated in periodontitis samples
compared with controls. Several studies reported a reduction in NET levels or improved NET degradation following
periodontal therapy. NETs were also implicated in biofilm stability and in systemic associations with rheumatoid
arthritis and chronic kidney disease. However, heterogeneity in methodologies, small sample sizes, and inconsistent
marker use limited comparability across studies. Conclusions: Ex vivo evidence indicates that aberrant NET formation
and impaired clearance contribute to periodontal inflammation and tissue destruction. Nonetheless, methodological
variability and risk of bias constrain definitive conclusions. Standardization of detection methods, consensus on marker
panels, and exploration of neutrophil subsets and systemic confounders are essential to establish NETs as reliable
biomarkers and therapeutic targets in periodontitis.
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1 Introduction

Periodontitis is a chronic multifactorial disease characterized by the destruction of the supporting
tissues of the teeth and remains a leading cause of tooth loss worldwide. Its pathogenesis is the result
of a dysbiotic microbial challenge interacting with a susceptible host, giving rise to a dysregulated and
non-resolving immune-inflammatory response that leads to tissue breakdown [1]. Within this framework,
neutrophils are the most abundant immune cells recruited to the gingiva and act as the first line of defense
at the oral barrier. Their presence is indispensable, as illustrated by severe early-onset forms of periodontitis
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observed in congenital neutrophil deficiencies such as leukocyte adhesion deficiency type I or Papillon-
Lefevre syndrome [2]. However, excessive or dysregulated neutrophil activity is equally detrimental, fueling
a cycle of chronic inflammation and dysbiosis that drives periodontal tissue destruction [3].

The dual role of neutrophils in periodontal health and disease has become increasingly evident. While
functional neutrophils are essential for immune surveillance and microbial control, their hyperactivation,
priming, or impaired clearance contribute to a proinflammatory state. Aging further exacerbates this
imbalance, as senescent neutrophils display altered chemotaxis, reduced antimicrobial activity, and dys-
regulated Neutrophil extracellular trap (NET) formation, a phenomenon contributing to “inflammaging”
and increased susceptibility to periodontitis [4]. These insights place neutrophils at the crossroads of
periodontal and systemic inflammation, underlining their importance in both local disease pathogenesis and
broader comorbidities.

A key effector mechanism of neutrophils is the formation of Neutrophil extracellular traps (NETs).
These structures—composed of decondensed chromatin decorated with histones and granular proteins such
as neutrophil elastase and myeloperoxidase (MPO) are released during a process termed NETosis. Initially
described as an antimicrobial strategy, NETs have been recognized as molecules capable of both protective
and harmful effects. On the one hand, they entrap and neutralize pathogens; on the other, excessive or
persistent NETs can damage host tissues, impair healing, and contribute to chronic inflammatory disorders,
including systemic lupus erythematosus, rheumatoid arthritis, and cardiovascular disease [5,6].

In the context of periodontal disease, NETs have been detected in the gingival and systemic compart-
ments and are thought to contribute to the chronic inflammatory milieu characteristic of periodontitis.
However, existing studies vary widely in design, sample type, and methodological approaches, and their
findings have not been comprehensively integrated.

Despite growing interest in this topic, no systematic review has yet synthesized the available ex vivo
human evidence on NETs in periodontitis. The null hypothesis was that NETs are not significantly associated
with the pathogenesis or clinical expression of periodontitis. Therefore, the aim of the present review was to
critically appraise and summarize the ex vivo human data concerning NETs in periodontitis.

2 Materials and Methods
2.1 Study Design

This systematic review was conducted according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 guidelines [7]. The protocol defined eligibility criteria,
search strategy, study selection, data extraction, and risk-of-bias assessment, which was registered in the
PROSPERO database (ID: CRD420251109174). The PRISMA 2020 checklist is provided as Supplementary
Material SI.

The research question was structured according to the PICOS framework:

« Population (P): Human participants diagnosed with periodontitis, irrespective of disease stage or grade,
as well as healthy controls, when included for comparison.

« Intervention/Exposure (I): Assessment of NETs or markers of NETosis in oral or systemic samples.

« Comparison (C): Healthy participants, gingivitis patients, or baseline/pre-treatment conditions.

o Outcomes (O): Detection, quantification, or characterization of NETs (e.g., extracellular DNA, citrulli-
nated histones, MPO-DNA complexes, neutrophil elastase, NET-associated imaging).

« Study design (S): Ex vivo human studies (including tissue, gingival crevicular fluid, saliva, blood, or
biofilm samples).
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2.2 Eligibility and Exclusion Criteria

Exclusion criteria were: (i) in vitro cell culture studies, even if using human cells; (ii) animal studies;
(iii) narrative or systematic reviews, case reports, conference abstracts, and letters; and (iv) studies not
reporting original ex vivo data on NETs in periodontitis. In addition, eligible studies were required to include
human-derived ex vivo samples (e.g., gingival tissue, gingival crevicular fluid, saliva, etc.) obtained from
individuals diagnosed with periodontitis. Analyses had to be conducted outside the organism, ensuring a
true ex vivo design. Studies addressing systemic or syndromic conditions were considered eligible only when
they contained distinct subgroups of participants with periodontitis but without the systemic disorder, and
when those subgroup data could be clearly distinguished and analysed separately.

2.3 Information Sources and Search Strategy

A comprehensive electronic search was performed in Medline, Web of Science, and Scopus up to
August 2025. The search strategy combined medical subject headings (MeSH) and free-text terms related
to “neutrophil extracellular traps”, “NETosis”, and “periodontitis” Boolean operators AND” and “OR” were
used in various combinations. No date restrictions were applied, and only studies published in English were
considered. Reference lists of relevant articles were also screened manually to identify additional eligible
studies, and a hand search was conducted in the Grey literature to identify any possible relevant articles that
could not be obtained via electronic search. The detailed search strategies are provided as Supplementary
Material S2.

2.4 Study Selection

Two independent researchers (SMA and MB) screened the titles of articles obtained from duplication-
free data. Abstracts of articles were accessed if it could not be decided whether to be included or not as a
result of the title review. Moreover, in cases where insufficient information was obtained from the abstracts,
a full-text assessment of the studies was performed in terms of eligibility criteria. Where any discrepancies
occurred, a third researcher (FM) was consulted to make the conclusive decision, and disagreements between
the researchers were discussed until a consensus was reached.

2.5 Data Extraction

Data extraction was independently performed by two reviewers (SMA and MB) using a standardized
form. Extracted variables included: author and year of publication, study population, sample type (gingival
tissue, gingival crevicular fluid [GCF], saliva, blood, biofilm), methods for NET detection, specific NET
markers assessed, and main findings. All researchers have approved the final version of the extracted data,
followed by the resolution of disagreements.

2.6 Quality Assessment

Two researchers (SMA and MB) independently performed the quality assessment of the selected studies,
and consensus was reached in case of discrepancies. The Newcastle-Ottawa Scale (NOS) was applied for the
case—control studies [8], while the Joanna Briggs Institute (JBI) critical appraisal checklist was used for the
case series [9]. Domains were scored as green (low risk), yellow (moderate risk), or red (high risk). Total
scores >7 indicated low risk of bias, while scores <7 were considered high risk.
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Following an online database search, 1081 records were retrieved. After removal of duplicates
(n = 331), 750 records were screened at the title and abstract level. 17 articles fulfilled the inclusion criteria
and were included in the qualitative synthesis, presented in Table 1 [2,5,6,9-23]. Among the 17 included
articles, two studies [2,5] involved mixed populations with systemic conditions. For these, only data referring
to the periodontitis subgroups without systemic involvement were extracted and analyzed to preserve the
homogeneity of the review. The study selection process is summarized in the PRISMA flow diagram (Fig. 1).

Table 1: Studies on the Expression of Neutrophil Extracellular Traps (NETs) in periodontitis patients. Standardized
summary of diagnostic criteria, sample types, NET markers, detection methods, and key findings

_definiti T £
Author Case d.e mltl,m,l Participants ypes o NET marker Methods Results
for periodontitis samples
A neutrophil extracellular
Bl i Myel i s NETs)-rel
‘ e?edmg on Gingival ye‘ 0per}ox1dase Single-cell traps (' s)-re at.ed
Qiu et al. probing positive 3 healthy and 3 tisoue Citrullinated RNA neutrophil subgroup in the
2024 [12] and the probing periodontitis biopsies Histone H3, and sequencin gingival tissue, suggesting
depth >5 mm. P SYTOX Green 1 8 its role in periodontitis
mechanisms.
> mcmli:l);c:me 7 non-smokers Smokers with periodontitis
attachment loss and periodontally had the highest NETs
. R R ? healthy, 7 Peripheral formation, with NETs levels
Yiicesoy et al. radiographic bone i o K X
) non-smokers with blood Sytox orange Fluorometer positively correlating with
2024 [21] loss extending to . L. . L .
) periodontitis, and neutrophils clinical periodontal
the middle or i i X
. ) 7 smoking with parameters, particularly
apical third of the ) " .
periodontitis clinical attachment loss.
root
Confocal
Laser
Scanning
Microscopy
Th bi for host
. € probing or nos Most extracellular DNA in
Slobodianyk- depth, attachment eDNA, . -
. periodontal biofilms
Kolomoiets level, and . . Lo i Fluorescence .
4 periodontitis Biofilm Not applicable o originates from host NETs
etal. assessment of in situ and supborts pathogenic
2024 [18] alveolar bone Hybridiza- X }?P P R 8
. . biofilm formation.
resoption. tion for
eDNA
bacterial and
DNase
treatment.
. Rheumatoid arthritis
Peripheral Pico Green atients, particularly with
111 controls and 87 P method, IF P L P o Y
individuals blood Myeloperoxidase and Single periodontitis, showed
Oliveira et al. 2018 classification . X neutrophils Y’ 4P K g increased NETs linked to
i . diagnosed with o and Citrullinated Nucleotide i o o
2024 [20] of periodontitis. . and Gingival ) . peptidyl arginine deiminase
Rheumatoid . Histone H3 Polymorphis-
o tissues 4 (PADI4) GTG haplotype,
Arthritis (RA) L ms . . .
Biopsies correlating with disease
(SNPs) .
presence and severity.
enzyme-
the probing depth . finked Periodontitis patients
>3 mm on at least immunosor- .
K showed higher levels of
., , 4 teeth with a i . Nucleosomes, bent assay, R
Koval¢ikova . 49 patients with . salivary extracellular DNA
bleeding on . L . Myeloperoxidase Polymerase |
et al. robing and periodontitis and Saliva and neatrophil Chain and NET markers, which
2024 [14] P R Ag 71 controls P . moderately correlated with
clinical elastase Reaction disease severity. suggestin
attachment loss of (PCR), ) ¥> sugg , 8
. arole in pathogenesis.
3 mm. Fluorometric
assays.

(Continued)



BIOCELL. 2026;50(2):6

Table 1 (continued)

Author Case—d.eflmtl.ol.l Participants Types of NET marker Methods Results
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Table 1 (continued)

Author Case-d.efmm.m.m Participants Types of NET marker Methods Results
for periodontitis samples
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3.2 Study Characteristics

Sample sizes ranged from small pilot studies (<10 participants) to large cohorts (>100 participants),
encompassing diverse ex vivo models. Gingival tissue was the most frequently analyzed sample (seven
studies), followed by peripheral blood (six studies), saliva, and GCE Table 1 presents standardized details for
all included studies, including diagnostic criteria, sample type, NET markers, detection methods, and main
outcomes. Across studies, NET markers such as citrullinated histone H3 (CitH3), MPO, neutrophil elastase
(NE), and extracellular DNA were consistently elevated in periodontitis compared with healthy or gingivitis
controls. Smoking and systemic comorbidities tended to amplify NET formation, correlating with greater
clinical attachment loss.
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Figure 1: PRISMA 2020 systematic review flowchart

Synthesis of Findings across Studies

The collective evidence from the 17 included ex vivo studies revealed a consistent pattern of upregulated
NET formation or accumulation in periodontitis. Gingival tissue biopsies demonstrated increased CitH3 and
MPO expression in diseased sites compared with healthy controls [9-11], confirming local NET deposition
within inflamed tissues. GCF analyses showed elevated extracellular DNA and NET-associated proteins
(CitH3, MPO, NE), which frequently declined after non-surgical periodontal therapy [15-17,19]. Saliva-
based studies reported higher nucleosome and MPO concentrations correlating with probing depth and
attachment loss [14]. Peripheral blood and plasma investigations revealed augmented NET release or



8 BIOCELL. 2026;50(2):6

reduced degradation capacity, both of which improved post-therapy [16,17]. Finally, biofilm studies identified
host-derived NET DNA as a structural scaffold supporting pathogenic biofilm persistence [18].

Although the direction of findings was consistent, some variability emerged regarding CitH3 and MPO
expression, potentially reflecting differences in disease stage, sampling site, or methodological approach
(e.g., immunofluorescence [IF] vs. ELISA vs. microscopy). Collectively, these results indicate that NET
dysregulation represents a unifying mechanism linking local periodontal inflammation, tissue destruction,
and systemic immune responses.

3.3 Qualitative Evaluation

Building upon the synthesis above, the methodological quality of the included studies was generally
moderate. Most case—control designs achieved adequate scores in the Selection and Exposure domains, while
Comparability was more frequently limited due to insufficient adjustment for confounders. Some studies
presented unclear risk in participant selection and exposure ascertainment. Regarding case series, evaluated
with the JBI tool, the risk of bias was generally moderate to high. The detailed results of the risk of bias
assessment are presented in Tables 2 and 3.

Table 2: Risk of bias assessment of case—control studies using the Newcastle-Ottawa Scale (NOS)

Author and year Selection Comparability Exposure
Item Item Item Item Item 1 Item Item Item
1 2 3 4 1 2 3

Qiu et al. 2024 [12]
Yiicesoy et al.
2024 [21]
Oliveira et al.
2024 [20]
Kovalcikova et al.
2024 [14]

Hu et al. 2024 [15]
Cui et al. 2024 [13]
Al-Bakri et al.
2024 [11]
Oliveira et al. 2021 [6]
Zhang et al. 2020 [22]
Moonen et al.
2020 [17]
Magén-Fernandez
et al. 2018 [9]
Kaneko et al. 2018 [19]
White et al. 2016 [16]
Roberts et al. 2016 [2]
Konig et al. 2016 [5]

Note: Items are grouped into three domains: Selection (4 items), Comparability (1item), and Exposure (3 items).
Higher scores indicate lower risk of bias. Color coding: green = low risk, yellow = moderate risk, red = high risk.
NOS: Newcastle-Ottawa Scale.
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Table 3: Risk of bias assessment of case series studies according to the Joanna Briggs Institute (JBI) critical appraisal
checklist

Item Item Item Item Item Item Item Item Item Item

Author and year 1 2 3 4 5 6 7 8 9 10

Slobodianyk-
Kolomoiets et al.
2024 [18]
Shetty et al.

2023 [10] NA

Note: The tool includes 10 items covering inclusion criteria, data collection and methods, outcome reporting, and
statistical analysis. Color coding: green = low risk, yellow = moderate risk, red = high risk. NA, not applicable.
JBI: Joanna Briggs Institute.

4 Discussion

This systematic review synthesizes, for the first time, the current body of ex vivo human evidence
from 17 studies investigating the presence, activity, and clinical significance of NETs in periodontitis. The
null hypothesis that NETs are not significantly associated with the pathogenesis or clinical expression of
periodontitis is rejected. The collective findings provide a compelling narrative of NET dysregulation as
a central feature of the disease, revealing a consistent pattern of aberrant NET formation and impaired
clearance across a diverse array of biological samples. Crucially, the dynamic nature of this involvement is
underscored by multiple studies demonstrating that successful periodontal therapy reduces NET levels or
restores NET degradation capacity [15-17,19], positioning NETosis not merely as a static marker but as a
responsive participant in the disease process.

4.1 The Dual Role of NETs: From Host Defense to Tissue Destruction

NETs exert a fundamentally dualistic effect within the periodontal microenvironment, embodying the
paradox of neutrophil function in periodontitis. On one hand, they play an indispensable beneficial role
in host defense by physically containing bacterial spread and creating a high-localized concentration of
antimicrobial peptides that contribute to the elimination of periodontal pathogens [23]. This protective
function represents the evolutionary rationale for NETosis and likely maintains periodontal homeostasis in
health or mild inflammation. However, the synthesized evidence from the 17 reviewed studies demonstrates
that in established periodontitis, this equilibrium is lost. The persistent microbial challenge and inflammatory
milieu drive a transition where NETosis shifts from a protective mechanism to a pathogenic one [23].
The consistent finding of elevated NET markers across gingival tissues [9-12], GCF [13,15], and saliva [15]
in periodontitis patients compared to controls indicates a state of sustained NET activation that exceeds
physiological levels.

4.2 Synthesis of Evidence and Consistency across Compartments

The 17 included studies, despite their methodological diversity, present a remarkably coherent picture
of NET involvement across different biological compartments. Gingival tissue biopsies provided direct
histopathological evidence, with studies uniformly demonstrating intense immunostaining for CitH3 and
MPO within the inflammatory infiltrate [9-12]. Complementing these findings, fluid-based analyses revealed
elevated NET components in GCF and saliva that frequently correlated with clinical parameters of disease
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severity [13-15]. Perhaps most significantly, peripheral blood studies revealed a systemic neutrophil phe-
notype characterized by both enhanced NET release and impaired degradation capacity [16,17]. This dual
defect—increased production and decreased clearance—creates conditions ideal for NET accumulation.
The improvement in these parameters following periodontal therapy directly links clinical intervention
to restored neutrophil homeostasis and suggests that systemic neutrophil dysregulation is driven by the
periodontal inflammatory burden.

4.3 Analysis of Heterogeneity and Methodological Challenges

A critical finding of this review is the considerable methodological heterogeneity that characterizes
the current literature. The included studies utilized diverse sample sources, detection techniques, and target
NET markers. Immunofluorescence, while the most frequently employed technique, was used in only eight
studies with substantial variation in antibody panels and protocols. This heterogeneity is not merely academic
but has real consequences for interpretation. For instance, the conflicting findings regarding CitH3 levels
between studies [5,9] may reflect genuine biological differences across disease stages or technical variations
in detection sensitivity. Similarly, the focus on different NET components (DNA, histones, granular enzymes)
across studies likely captures distinct aspects of the NETosis process, complicating direct comparisons. This
variability underscores the urgent need for standardization in NET research, particularly as protocols and
reagents for NET quantification in oral fluids like saliva and GCF become increasingly available.

4.4 NETs as Active Drivers of Periodontal Pathogenesis

Beyond their mere presence, the synthesized evidence positions NETs as active contributors to tissue
destruction through multiple mechanisms. First, NET-derived DNA contributes to biofilm architecture by
acting as a structural scaffold [18,24], creating a vicious cycle where neutrophils fortify the very biofilms
they aim to eliminate. Second, NET-associated proteases, including MPO and elastase, degrade extracellular
matrix components [9,25] and disrupt epithelial barrier function [26], representing direct pathways for
tissue breakdown.

Third, NETs directly drive bone destruction through Interleukins (IL)-17/T helper cell (Th)17 pathway
activation. Emerging evidence from mechanistic studies demonstrates that extracellular histones within
NETs serve as key pathogenic factors that trigger IL-17-mediated osteoclastogenesis and bone resorption.
This pathway appears independent of microbiome alterations, positioning NETs as primary instigators of
periodontal immunopathology rather than secondary responders [27,28].

This mechanism may be particularly relevant to the net bone loss characteristic of periodontitis. Fourth,
the impaired clearance of NETs emerges as a critical pathogenic factor. Under physiological conditions, NETs
are degraded by DNases and cleared by phagocytes [29], but in periodontitis, these mechanisms appear
impaired [30]. The persistence of non-degraded NETSs has been associated with the onset of immune disor-
ders [31], perpetuating inflammation through continuous presentation of immunostimulatory molecules.

4.5 Molecular Mechanisms and Citrullination Pathways

The molecular underpinnings of NETosis in periodontitis involve sophisticated interactions with
periodontal pathogens. NET formation depends on calcium influx and activation of peptidyl arginine
deiminase 4 (PAD4) [32], a key enzyme in histone citrullination. Periodontopathogens like Porphyromonas
gingivalis and Aggregatibacter actinomycetemcomitans actively manipulate this machinery [33,34], with
the latter inducing hypercitrullination via its leukotoxin A [5]. This pathogen-induced citrullination gen-
erates citrullinated autoantigens that may breach immune tolerance. Beyond histones, the citrullination
of neutrophil-derived chemokines like small inducible cytokine subfamily B (Cys-X-Cys), member 10
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(CXCLI0) can promote an immunosuppressive microenvironment and hamper microbial clearance [35],
creating conditions favorable for chronic infection. The finding that polymorphisms in peptidyl arginine
deiminase 4 (PADI4) modulate NET formation in periodontitis patients with rheumatoid arthritis [20]
provides genetic evidence for the importance of this pathway in connecting oral infection to systemic
autoimmunity.

4.6 Systemic Implications and the Oral-Gut-Brain Axis

The reviewed studies compellingly implicate NETs as a plausible biological link between periodontitis
and systemic comorbidities. In patients with rheumatoid arthritis or chronic kidney disease, circulating
NET levels increase in the presence of periodontitis and decline after periodontal therapy [36,37]. This
pattern suggests that periodontal inflammation contributes to the systemic NET burden in these conditions.
The connection may extend beyond traditional systemic diseases through the emerging concept of the
Oral-Gut-Brain axis [38]. Periodontitis-associated oral dysbiosis can alter gut microbiome composition,
triggering low-grade inflammation that amplifies systemic immune activation and potentially NETosis.
This bidirectional communication allows oral bacteria and their products to reach distant sites, creating a
dysbiotic inflammatory cycle that perpetuates systemic neutrophil activation and tissue destruction [38].
The implication is that NET dysregulation in periodontitis may have far-reaching consequences beyond the
oral cavity.

5 Limitations

However, this systematic review is subject to several limitations. The most significant constraint lies
in the considerable methodological heterogeneity across the included studies, which varied substantially in
sample sources (gingival tissue, GCE, saliva, peripheral blood), detection techniques (IF, ELISA, Western
blot), and the specific NET markers analyzed (CitH3, MPO, NE, extracellular DNA). This variability
precluded meta-analysis and complicated direct comparison of findings across studies. Furthermore, many
studies featured small sample sizes and insufficient adjustment for key confounding factors known to influ-
ence NETosis, including smoking status, hyperglycemia, and systemic oxidative stress. The predominance
of case-control designs limits causal inference, as the observed NET dysregulation could be either a cause
or consequence of periodontal inflammation. Additionally, the lack of neutrophil-specific markers in some
tissue-based studies raises the possibility of misidentifying macrophage extracellular traps as NETs.

6 Conclusions

In conclusion, ex vivo evidence indicates that aberrant NET formation and impaired clearance con-
tribute to periodontal inflammation and tissue destruction. However, the current body of research remains
limited, and the direct mechanistic role of NETs in periodontitis pathogenesis is not yet fully defined.
Future studies with standardized methodologies and robust clinical correlations are essential to clarify
whether NETs can serve not only as markers of disease activity but also as potential targets for innovative
therapeutic strategies.
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