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Introduction

Changes in oral neutrophil number and function may occur in patients after orthodontic treatment, affecting the oral immune microenvironment. However, the specific mechanisms are unclear. In this study, we describe the changes in the levels of neutrophil extracellular traps (NET) markers and inflammatory factors in the gingival crevicular fluid (GCF) and saliva of patients after orthodontic treatment and further explore the correlation between them.





Methods

68 patients underwent fixed orthodontic treatment in the Department of Orthodontics from January 2021 to June 2023 were selected. GCF and saliva samples were collected from the patients 1 day before orthodontic treatment and 2 h, 24 h, and 1 week after orthodontic treatment to evaluate changes in NET marker and inflammatory factors. The differences in and associations between NET markers and inflammatory cytokine levels in the GCF and saliva of patients were evaluated.





Results

After fixed orthodontic treatment, the neutrophil elastase (NE), myeloperoxidase (MPO), citrullinated histone 3 (CitH3), and MPO-DNA in the GCF and saliva of the patients increased gradually, the interleukin (IL)-1β and IL-8 in the GCF increased gradually, and there were significant differences among the different time points (P<0.05). There was a positive correlation between the NE, MPO, CitH3, MPO-DNA, IL-1β and IL-8 in the GCF of patients at 2 hours and 24 hours after orthodontic treatment (P<0.05). There was a significant positive correlation between the GCF and saliva levels of NE, MPO, CitH3, MPO-DNA, IL-1β and IL-8 (P<0.05); however, there was no statistically sex- or age-dependent differences in the NE, MPO, CitH3, MPO-DNA, IL-1β and IL-8 levels in the GCF of orthodontic patients (P>0.05).





Conclusion

This study significantly reveals that NET marker levels in the GCF and saliva rapidly change following the initial orthodontic arch wire stress. The inflammation in periodontal tissues induced by orthodontic stress has the potential to trigger oral inflammation via the GCF. These findings are crucial for understanding the oral immune microenvironment changes during orthodontic treatment, providing a theoretical basis for preventing and treating orthodontic - related periodontal complications, thus having important implications for improving orthodontic treatment outcomes.
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1 Introduction

Periodontal tissues undergo remodeling during orthodontic treatment, and the changes depend on the magnitude, direction, and duration of the applied force. Bone remodeling of periodontal tissues after orthodontic treatment is mediated by an inflammatory response characterized by vascular changes and leukocyte infiltration (1). This process may affect oral immune cell activity and cytokine expression levels, leading to alterations in the oral immune microenvironment, which in turn may promote the dysbiosis of oral flora and the development of periodontal tissue disease (2). Throughout orthodontic treatment, orthodontic appliances apply forces to teeth and periodontal tissues. These forces can trigger an inflammatory reaction in the periodontal tissues, affecting the overall oral immune environment. Cytokines and chemokines play important roles in this process, in which cytokines can regulate the activity of periodontal tissue cells, such as promoting the proliferation and differentiation of osteoblasts and osteoclasts, which are closely related to orthodontic tooth movement (3). Chemokines can attract immune cells to the site of inflammation, participating in the regulation of the oral inflammatory response (4). Therefore, it is essential to monitor these changes to assess the effectiveness of orthodontic treatment.

Gingival crevicular fluid (GCF) is a fluid produced by the gingival tissues, containing a variety of biochemical components like cytokines, enzymes, antibodies, and proteins. These elements found in GCF can indicate the inflammatory condition and immune response of the periodontal tissues. By analyzing the biochemical composition of GCF, one can track how the periodontal tissues react to the orthodontic forces, thereby evaluating the treatment results (5). Saliva has a similar composition to GCF and can be utilized to evaluate the oral immune environment. Components in saliva, including immunoglobulins, antibodies, and cytokines, reflect the status of the oral immune system. A comparison of the components in GCF and saliva can offer a comprehensive view of how the periodontal tissues and oral immune environment respond to orthodontic treatment (6). Therefore, by examining the biochemical elements in GCF and saliva, a deeper insight into the response of periodontal tissues and the oral immune environment to orthodontic forces maybe gained, guiding clinical treatment effectively.

In the process of oral microenvironment changes caused by orthodontic treatments, neutrophils play an important role in immune defense through deformation and chemotaxis, phagocytosis, and release of the neutrophil extracellular traps (NETs) (7). NETs are specialized structures released by neutrophils during infection or inflammatory responses, composed of DNA, histones, granule proteins, and other proteins. Previous studies have suggested that NETs can capture and kill pathogenic microorganisms, such as bacteria and fungi, thereby protecting oral health (8). Simultaneously, NETs may participate in the repair and regeneration of oral tissues and play a significant role in various oral diseases, including periodontal disease and oral cancer (9). Previous studies have also shown that when periodontal tissue is stimulated by mechanical force, a large number of neutrophils are recruited to the tissue and activated, periodontal tissue cells are activated, and a variety of inflammatory mediators, such as interleukin (IL) and chemokines, are released (10–12). Among them, myeloperoxidase (MPO) is one of the main markers of NETs, and its level is directly related to the number and activity of neutrophils in periodontal tissue. Previous studies have also suggested that MPO in the GCF can reflect the degree of oral neutrophil infiltration and tissue inflammation (13). In addition, under the action of orthodontic force, neutrophils migrate to periodontal tissue and undergo exosmosis into the GCF or saliva. Although it has been reported that MPO activity in whole saliva and GCF increases in a time-dependent manner the initial stage of tooth movement induced by fixed orthodontic treatment, it is difficult to describe the changes in oral NET activity by using MPO alone (14).




2 Specific objectives

Therefore, by examining the biochemical elements in GCF and saliva, a deeper insight into the response of periodontal tissues and the oral immune environment to orthodontic forces maybe gained, guiding clinical treatment effectively. The aim of this study was to investigate the changes in NET markers and related inflammatory factors in the GCF and saliva before and after initial orthodontic stress and to explore whether there is a correlation between the changes in the above factors in the GCF and saliva. This study will provides a theoretical basis for further study of inflammatory changes in the oral immune microenvironment induced by orthodontic treatment.




3 Methods



3.1 Trial design

This study was designed as a single-arm, prospective clinical trial.




3.2 Participants

Patients with malocclusion who were treated at our hospital from January 2021 to June 2023 were enrolled in this study. The inclusion criteria were as follows: ① patients with permanent dentition without a history of orthodontic treatment;② patients with a nonextraction treatment plan who experienced mild to moderate crowding during the initial alignment stage; ③The patient’s oral condition was suitable, and the gingival index, gingival sulcus bleeding index, and plaque index results were all normal before treatment; ④Patients with permanent dentition that were aged 11 years and had suitable oral hygiene habits. The exclusion criteria were as follows: ① Patients that had less than 20 permanent teeth in their mouth (missing teeth including extracted orthodontic teeth); ② Patients that had primary dental damage and white spots on the tooth surface with caries; ③ Patients that had periodontal disease; ④ Patients that had oral mucosal disease or oral odor; ⑤ Patients that had severe oral diseases, hematological diseases, or immune system diseases; and ⑥ noncommittal or unconscious individuals. All patients signed informed consent forms. This study was approved by the hospital ethics committee.




3.3 Interventions

Orthodontic patients who underwent initial bonding of metal self-ligating braces were selected for sample collection. The samples were collected before and during the initial stage of treatment. A uniform 0.014 NiTi round wire with a bent end was used as the first arch wire.

GCF and saliva samples were collected from patients 1 day before treatment and 2 hours, 24 hours, and 1 week after orthodontic treatment. (1) For each patient, 4 test teeth were selected: the left maxillary central incisor (21), left mandibular first premolar (34), right maxillary first molar (16), and right mandibular central incisor (41). The GCF collected from 4 teeth was mixed and used as the GCF test sample for each patient. GCF sampling: To ensure the consistency and comparability of GCF samples, we adopted a standardized sampling method. Cotton swabs were used to isolate saliva, and after removing dental plaque with a probe, a uniform quality Whatman No. 3 filter paper was gently inserted into the periodontal pocket along the tooth surface at four locations (mesial buccal, mesial lingual, distal buccal, and distal lingual) of the test tooth. When resistance was reached, the paper was held in place for 30 seconds. This standardized operation was designed to ensure that the amount of GCF absorbed by the filter paper was relatively consistent. Although we did not use a periotron to measure the GCF volume, this method can control the sample - taking process to a certain extent. After removal, 50 μL of an LPBS solution was added, and the samples were soaked for 30 minutes. The sample was centrifuged at 10000 rpm in a microcentrifuge with a rotor radius of 5 cm for 15 minutes at 4°C to obtain the supernatant, which was the GCF sample. (2) Saliva sampling: Before each collection of saliva samples, the patient rinsed their mouth with pure water and instructed the subject to chew a piece of paraffin. The secreted whole saliva (5 mL) was added to a 50 mL Alcon tube, and the saliva sample was immediately centrifuged at 4°C at 2500 rpm in a microcentrifuge with a rotor radius of 5 cm for 15 minutes to obtain the supernatant.





4 Outcomes



4.1 NET markers quantitation

The primary metrics were changes in the expression levels of NET markers in the GCF and saliva were evaluated. Salivary neutrophil elastase (NE), MPO, citrullinated histone 3 (CitH3), and the MPO-DNA complex were detected using an enzyme-linked immunosorbent assay (ELISA) kit. All ELISA test kits were purchased from Aibokang (Shanghai) Trading Co., Ltd., and Shanghai Zhucai Biotechnology Co., Ltd., with the following item numbers: ab270204, ab119605, ZC-55174, and ZC56556. The detection process strictly followed the instructions of the reagent kit: the specific antibody solution was added to the microplate, and the processed saliva sample was added to the microplate coated with the antibody so that the target molecule could bind specifically to the antigen or antibody. Unbound substances were removed through multiple washing steps to reduce nonspecific background signals. Enzyme-labeled antibodies that specifically bind to the target molecule were added to form complexes with the target molecule in the sample. The cells were washed again to remove unbound enzyme-labeled antibodies. Appropriate substrates were added to catalyze substrate reactions with enzyme-labeled antibodies to produce measurable signals, and then appropriate reaction stopping agents were added to stop the enzymatic reactions. The optical density values generated by the enzymatic reactions were measured using a multifunctional ELISA reader, and the expression levels of NET markers in each sample were calculated through standard curves.

The secondary metrics were changes in the expression levels of inflammatory cytokines in the GCF and saliva.




4.2 Inflammatory cytokines quantitation

The expression levels of inflammatory cytokines such as IL-1β, IL-6, IL-8, C-C motif chemokine ligand (CCL) 2, CCL20, and C-X-C motif chemokine ligand 10 (CXCL10) in saliva were measured via ELISA. The specific detection method used was similar to that used for the detection of NET biomarkers, and the corresponding ELISA kits were purchased from Thermo Fisher Biotech Co., Ltd., item numbers: BMS224-2, KHC0061, BMS204-3, BMS281, EHCCL20, and KAC2361.




4.3 Sample size calculation

The sample size calculation was based on a single group survey study, with the main metric being the change in the MPO level in the GCF after orthodontic treatment according to previous studies. This variable is a continuous variable, and the parameters used for sample size calculation were as follows: ① overall mean =953.3; ② overall standard deviation =589.8; ③ difference in clinical significance δ=1711.7; ④ inspection level α=0.05; and ⑤ test efficacy (1-β)=0.9. According to the PASS2023 calculation, 75 patients needed to be included. Considering a 15% dropout rate, 86.3 patients, 86 patients after rounding, needed to be included in the study.




4.4 Interim analyses and stopping guidelines

Not applicable.




4.5 Statistical analysis

SPSS 27.0 was used to analyze the data, and all quantitative data were subjected to a Shapiro–Wilks normality test. Those that conformed to a normal distribution are represented by Mean ± Standard Deviation (  ± s), and an independent sample t test was used for intergroup comparisons. Measurement data that did not conform to a normal distribution are represented by M (P25, P75). The Mann–Whitney U test (Z test) was used for intergroup comparisons, and repeated-measures ANOVA (F test) was used for intragroup comparisons at different time points. Correlations between GCF and NET biomarker levels and inflammatory cytokine levels in saliva at different time points were analyzed by Pearson or Spearman correlation analysis. P<0.05 indicated a statistically significant difference.





5 Results



5.1 Patient clinical information

The data of eighty-six patients were collected in January 2021, and the patients were followed up for the last time in June 2023. The average age of the enrolled patients was 20 (15, 26) years, ranging from 11 to 30 years. There were 32 male patients and 54 female patients. The average body mass index was 23.21 (21.92, 24.51) kg/m2, ranging from 19.18~28.02 kg/m2. The data are shown in Figure 1.




Figure 1 | CONSORT flow chart showing patient flow during the trial.






5.2 Variations in the levels of oral NET markers among individuals in the initial phase of orthodontic treatment

In the early stage of orthodontic treatment, as time increased, the levels of NE, MPO, CitH3, and MPODNA in the patient’s GCF and saliva gradually increased, and there were significant differences in the changes between the different time points (P<0.05, Supplementary Tables S1, S2 in the Supplementary Materials). The trend of changes in NET markers in patient GCF and saliva over time is shown in Figure 2.




Figure 2 | Alterations in the levels of NET biomarkers during the initial phase of fixed orthodontic treatment. (A) Variations in NET biomarker concentrations in the GCF at different time points after orthodontic treatment; (B) Fluctuations in the levels of NET markers in saliva at different time points after orthodontic treatment.






5.3 Variations in the levels of inflammatory cytokines during the initial phase of orthodontic treatment

As the duration of orthodontic treatment increased, the levels of IL-1β, IL-6, and IL-8 in the GCF of patients gradually increased, but only the levels of IL-1β and IL-8 showed significant differences among the different time points (P<0.05, Supplementary Table S3 in the Supplementary Materials). The levels of IL-1β, IL-6, and IL-8 in the saliva of patients gradually increased, but the differences among the different time points were not statistically significant (P>0.05, Supplementary Table S4 in the Supplementary Materials). Regardless of whether they were in saliva or GCF, the levels of CCL2, CCL20, and CXCL10 in patients did not significantly change despite prolonged orthodontic treatment (P>0.05, Figure 3).




Figure 3 | Alterations in the levels of inflammatory cytokines during the initial phase of fixed orthodontic treatment. (A) Variations in the levels of inflammatory cytokines in the GCF at different time points after orthodontic treatment; (B) Fluctuations in the levels of inflammatory cytokines in saliva at different time points after orthodontic treatment.






5.4 Association between the levels of inflammatory cytokines and NET markers in orthodontic patients

Spearman correlation analysis indicated that there was no statistically significant correlation between the levels of oral IL-1β and IL-8 or between the levels of NE, MPO, CitH3, or MPO-DNA in patients before and one week after they underwent orthodontic treatment (P>0.05, Figures 4A, D). The levels of IL-1β and IL-8 in the oral cavity were directly correlated with the levels of NE, MPO, CitH3, and MPO-DNA both at 2 and 24 hours after orthodontic treatment (P<0.05, Figures 4B, C).




Figure 4 | Correlations between oral inflammatory cytokines and NET markers in orthodontic patients. (A-D) Correlations between inflammatory cytokines and NET markers in the oral cavities of patients at various before treatment, and 2 hours, 24 hours, and 1 week posttreatment. *: P<0.05; **: P<0.01; ***: P<0.001






5.5 Relationships between the levels of inflammatory cytokines and the levels of NETs in the GCF and saliva of orthodontic patients

Separately using the levels of IL-1β, IL-8, NE, MPO, CitH3, and MPO-DNA in GCF at different time points as independent variables, and the levels of IL-1β, IL-8, NE, MPO, CitH3, and MPO-DNA in saliva at different time points as dependent variables, Spearman correlation analysis indicated that there was no notable correlation between the levels of IL-1β, IL-8, NE, MPO, CitH3, or MPO-DNA in the saliva or GCF both prior to and one week after orthodontic treatment (P>0.05). At both the 2-hour and 24-hour time points following orthodontic treatment, a strong and positive relationship was observed between the concentrations of IL-1β, IL-8, NE, MPO, CitH3, and MPO-DNA in the saliva and GCF (P<0.05, Supplementary Table S5 in the Supplementary Materials).





6 Discussion

Previous studies have shown that fixed orthodontic treatment not only leads to periodontal tissue remodeling and bone remodeling but also affects the function of periodontal and oral immune cells. Among them, neutrophils play a key role in maintaining homeostasis in the normal oral microenvironment. On the one hand, neutrophils may affect the immune microenvironment by migrating to the oral cavity and releasing inflammatory cytokines; on the other hand, they may affect the oral immune microenvironment by degranulation, phagocytosis and release of NETs (15, 16). Whether this induction of inflammation in the microenvironment is involved in periodontal complications such as periodontitis, gingival retraction, and disorders of the oral flora structure after orthodontic treatment remain to be studied. First, we urgently need to study whether NET function related to neutrophils in the oral immune microenvironment changes after orthodontic treatment.

MPO is an important component of NETs that has oxidative and antibacterial activity and can induce neutrophil aggregation and promote inflammation (17–19). Andrea et al. reported that the levels of GCF and saliva MPO in orthodontic patients increased significantly under different treatments, suggesting that neutrophils may be involved in changes in periodontal tissue and oral cavity inflammation after orthodontic treatment (20). In this study, we observed that the levels of GCF and MPO in saliva increased significantly within 2 hours and 24 hours after fixed orthodontic treatment. Combined with the results of Andrea et al., the concentration of MPO in the oral cavity and the changes that occur over time after orthodontic treatment have been more thoroughly described. In addition to MPO, NE, CitH3 and MPO-DNA complexes, the main components of NETs, are also involved in oral inflammation and immune homeostasis. Changes in NE, CitH3 and MPO-DNA levels may more comprehensively reflect changes in the characteristics of NETs (21). NE is an enzyme produced by neutrophils. Its main function is to degrade elastin in the extracellular matrix (22). Citrullination on histone H3 replaces arginine residues with CitH3, disrupting the positive charge interaction between histones and DNA. As a result, the chromatin structure becomes decondensed, allowing for the formation of NETs by loosening the densely packed chromatin (23). Additionally, MPO-DNA is a characteristic complex formed by MPO and free DNA released by neutrophils. It has oxidative and antibacterial activity and participates in the regulation of the immune response (24). In this study, we observed that the levels of NE, CitH3 and MPO-DNA increased significantly under short-term orthodontic treatment in both saliva and GCF, which was consistent with the change in MPO levels. The above conclusions strongly support the occurrence of neutrophil activation and NET release in the local cavity and whole oral cavity after orthodontic treatment. Considering that Wang et al. reported that NETs are closely related to the occurrence and development of delayed periodontitis and that Jiang et al. reported that NETs affect periodontal flora, we suggest that the change in saliva NET levels after orthodontic treatment may be a potential factor affecting the oral immune microenvironment and periodontal complications after orthodontic treatment (9, 25).

Numerous inflammatory mediators could also impact the oral immune microenvironment by directly influencing the microbiota or by triggering neutrophils’ involvement in the regulation process. Previous studies have suggested that interleukins may inhibit the degree of infection caused by pathogenic bacteria by promoting the aggregation and activation of inflammatory cells (26); moreover, IL-1β and IL-18 can also stimulate NET activation in neutrophils to cause changes in the immune microenvironment and accelerate the dysbiosis of oral flora (27–29). Chemokines such as CCL2 and CXCL10 also affect the composition and number of oral microflora through chemotaxis and activation of neutrophils, which in turn affect the oral immune microenvironment of orthodontic patients (30, 31). Our group also found that the expression of chemokines and ILs in the saliva of patients after orthodontic treatment was correlated with the oral inflammatory environment and the occurrence of dental caries and leukoplakia, which further suggested that the change in the inflammatory response in the oral cavity after orthodontic treatment may have a far-reaching effect on the composition of dental biofilm plaques (32). In this study, the levels of IL-1β, IL-6 and IL-8 in the GCF of orthodontic patients increased gradually, but the levels of IL-1β, IL-6 and IL-8 in the saliva did not change significantly, which was not consistent with the change in IL expression in the GCF. This may be attributed to the fact that the release of inflammatory factors is mainly limited to the areas that are in direct contact with the braces, while the changes in inflammatory cytokines released into saliva and the whole oral environment are not as dynamic as those in the cytokines released locally.

Is there any correlation between the immune inflammatory substances released by periodontal tissue into the GCF and the substances detected in the saliva? Through correlation analysis, we found that there was a significant positive correlation between the levels of NE, MPO, CitH3, and MPO-DNA in the GCF and saliva and between the levels of IL-1β and IL-8 in patients after orthodontic treatment, suggesting that the inflammatory factors in the periodontal tissue infiltrated into the GCF and saliva after orthodontic treatment (33). Based on the above results, we believe that neutrophils are quickly activated and release NE, CitH3, MPO, MPO-DNA complexes and other substances after orthodontic treatment, but the level of NE gradually returns to the preorthodontic treatment level as inflammation enters the chronic stage or when it is resolved. This finding is in line with previous studies on changes in NET markers and inflammatory factors in the oral cavity (34, 35). However, if oral NETs are continuously activated in orthodontic patients, the level of oral inflammation may be maintained at a high level, which may disrupt the homeostasis of the oral immune microenvironment. For example, the composition of the flora in the saliva changes and the levels of NET-related inflammatory factors increase in patients with postorthodontic treatment caries and leukoplakia. Therefore, we speculate that the change in the oral immune microenvironment after orthodontic treatment is an important factor affecting the biofilm structure and the dental flora; of course, this needs to be further investigated.

In addition, we divided the patients into groups according to age and sex and analyzed whether there were differences in the levels of NET markers and inflammatory factors in the GCF of different groups before and after orthodontic treatment to explore the impact of patient clinical characteristics on the above metrics. The results suggested that there was no significant difference in the levels of NET markers or inflammatory factors in the GCF of patients of different sexes and ages after orthodontic treatment, indicating that the changes in oral immune microenvironment caused by orthodontic treatment may be universal.

In summary, this study revealed that under the action of fixed orthodontic treatment, the expression levels of NET markers in the GCF and saliva changed in a short period of time and were strongly correlated. Changes in neutrophils, NET function and related inflammatory mediators in the early stage of orthodontic stress may play affect the oral immune microenvironment, and these changes may be reflected in the spread of periodontal inflammatory reactions into the GCF and the saliva. However, it should be noted that the causal mechanisms behind these changes remain unclear. Future research should focus on exploring whether orthodontic force directly triggers NETosis and what other inflammatory pathways are involved. By using molecular biology techniques such as RNA sequencing and protein interaction assays, we aim to clarify these mechanisms. This study not only was limited to observing the changes in NETs and inflammatory factors in the GCF but also analyzed the correlation between these factors in the GCF and saliva as a dynamic process, described the changes in the oral immune microenvironment after orthodontic treatment, and provided a new approach for explaining periodontal complications and oral flora changes after orthodontic treatment.




7 Limitations

This study has the following shortcomings: Firstly, in terms of sample selection, only patients who were wearing self-ligating braces were selected as the research subjects. In future studies, patients wearing different appliances should be included to expand the research scope. Secondly, the follow-up period of this study was only up to one week after orthodontic treatment. Given that orthodontic forces act for months or years, a longer follow-up is needed in future research to comprehensively understand the long - term changes of immune responses. Thirdly, this study lacks a control group (patients without orthodontic treatment). This makes it difficult to determine the exclusive influence of orthodontic stress on immune changes. Future research should include a proper control group to eliminate the interference of confounding factors such as oral hygiene, diet, and genetic predisposition. Fourthly, although this study identified correlations between NET markers and inflammatory factors, it did not explore the causal mechanisms. For example, it is unclear whether orthodontic force directly triggers NETosis or if other inflammatory pathways are involved. In future research, molecular studies such as RNA sequencing and protein interaction assays will be carried out to clarify the underlying mechanisms. In addition, we will increase the sample size in follow-up studies and conduct multicenter randomized controlled trials. Moreover, basic cytology, molecular biology and animal experiments will be carried out to explore the specific mechanism by which orthodontic treatment affects the oral immune microenvironment.
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