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Abstract 

Objectives  Recently, invisible appliances have become popular due to their aesthetics and comfort, but their 
impact on periodontal health in periodontitis patients has not been fully elucidated. The purpose of this study 
was to investigate the effectiveness of fixed and invisible appliance treatment for periodontitis in experimental rats 
while monitoring the dynamics of Th17/Treg cells and osteoclast-related cytokines during treatment.

Methods  SD rats were randomly divided into six groups: control, periodontitis model, scaling-0 (basic treatment), 
no appliance, fixed appliance, and invisible appliance. After successful establishment of ligature-induced periodontitis, 
rats in the treatment groups were first subjected to supra/subgingival scaling and daily brushing for 2 weeks. Next, 
except rats in the scaling-0 group, the periodontitis rats were treated with uncorrected, fixed, or invisible appliance, 
respectively. The CEJ-AC was examined using micro-CT. Osteoclast activation was detected with TRAP staining. 
The proportion of Th17 and Treg cells was measured by flow cytometry. Subsequently, potential mechanisms were 
explored by detection of RORγt, Foxp3, RANKL, OPG, and pathogenic bacteria (Pg, Aa, and Tf ). Finally, the association 
between Th17/Treg cells and osteoclast-related indicators as well as pathogenic bacteria was evaluated by correlation 
analysis.

Results  Among the three treatments, invisible appliance treatment provided optimal results in controlling 
periodontal infection while promoting periodontal tissue repair. Specifically, in the early phase of treatment 
(3–7 days), orthodontic force exerted by the appliance stimulates osteoclast and Th17 cell activation by increasing 
RANKL and RORγt expression, thereby inducing osteoclast generation and accelerating the amount of tooth 
movement. In the later stages of treatment (7–21 days), Foxp3 and OPG levels gradually increased to induce 
the dominant role of Treg cells, controlling osteoclast generation and bone resorption. Meanwhile, the invisible 
appliance can maintain a low number of pathogenic bacteria during treatment. Finally, Th17 cells showed significant 
positive correlation with RANKL, Pg, osteoclast percentage, and CEJ–AC; Treg cells were positively correlated 
with RANKL and OPG; Th17/Treg ratio displayed positive correlation with RANKL/OPG or osteoclast percentage.

Conclusions  Invisible appliance has obvious advantages in periodontitis treatment, which can effectively improve 
periodontal condition and reduce inflammatory response.
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Introduction
Periodontitis is the sixth most prevalent human 
chronic disease, affecting an estimated 60% of the 
adult population worldwide [1]. It is a disease caused 
by dysfunctional plaque biofilms and is characterized 
by progressive destruction of tooth support apparatus, 
which may lead to tooth loss as well as other 
serious complications, such as diabetes mellitus and 
cardiovascular system disorders [2–5]. For patients 
with severe periodontitis (stage IV), if not treated in 
time, it will cause irreversible damage to the alveolar 
bone and lead to tooth loss, negatively impacting the 
patients’ masticatory function and overall quality of life 
[6]. In addition, pathological tooth migration caused 
by tooth loss poses a great challenge for clinicians. 
Currently, the treatment of severe periodontitis is 
usually multiscientific, and especially the benefits of 
orthodontic treatment in the overall rehabilitation 
of the occlusion are gradually being recognized [7]. 
Orthodontic treatment can help adjust pathologic 
tooth displacement, independent of deterioration of 
clinical periodontal parameters, and improves esthetics 
[8, 9]. Despite the increasing demand for orthodontic 
treatment in periodontally compromised patients, 
orthodontic treatment is rarely included in the overall 
treatment plan due to lack of knowledge in the dental 
community [10]. Therefore, it is urgent to study the 
interaction between periodontics and orthodontics.

Traditional orthodontic treatment, especially fixed 
appliance, provide a stable retention force, which can 
effectively control the direction of tooth movement and 
thus ensure the stability/precision of the correction 
effect [11]. However, fixed appliance hinders the 
maintenance of oral hygiene and can markedly increase 
the accumulation of plaque bacteria, which may 
cause the development of gingival inflammation [12]. 
Meanwhile, fixed appliance is inadequate in terms of 
aesthetics and comfort. In recent years, with increasing 
patient demands for aesthetics and advances in 
material science, invisible orthodontic technology has 
been developed [13]. Compared with fixed appliance, 
invisible appliance ensures adequate periodontal/gum 
health and better oral hygiene; and it also meet the 
patients’ requirements for aesthetics and comfort [14–
16]. Notably, in orthodontic patients with periodontitis, 
invisible appliance can shorten the correction time, 
maintain the alveolar bone height, and effectively 
improve the periodontal condition [17]. Although 
the results of the current evidences provide valuable 
information, research on the comparative analysis 
of the two appliances in periodontitis is still limited, 
particularly from the perspective of pathogenesis.

The pathogenesis of periodontitis is closely related to 
the dysregulation of host immune response [18, 19]. As 
key cells in the regulation of immune homeostasis, the 
role of CD4 + T cells in the periodontitis progression has 
attracted special attention from researchers [20]. It has 
been reported that the imbalance between important 
CD4 + T cell subsets including Th17 and Treg cells may be 
important in the pathogenesis of periodontitis [21]. An 
increased proportion of Th17 cells and decrease of Treg 
cells were detected in periodontitis [22]. In particular, 
aberrant activation of Th17 cells induces osteoclast 
generation through up-regulation of RANKL expression, 
followed by the production of cytokines contributing to 
periodontal destruction, such as IL-17 [23]. Conversely, 
Treg serves a protective role in periodontitis, and their 
elicitation of Foxp3 attenuates immune-mediated tissue 
damage by regulating effector T cell function to secrete 
anti-inflammatory cytokine [24]. Thus, maintaining the 
balance between Th17 and Treg cells is an important 
strategy to prevent and treat periodontitis [25]. Ge 
et  al. found that orthodontic treatment was effective in 
avoiding alveolar bone over-resorption by affecting the 
Th17/Treg ratio and then altering osteoclast metabolism 
under periodontitis conditions [26]. However, their study 
only considered the regulation of immune factors by 
fixed appliance and did not include invisible appliance. 
Hence, we believe that it is necessary to supplement 
the regulation effect of invisible appliance on immune 
homeostasis, to provide theoretical reference for the 
selection of appliances in periodontitis treatment.

To the best of our knowledge, the purpose of 
periodontal treatment is to control infection and remove 
dental plaque as well as calculus, so scaling is also utilized 
in periodontal clinic [27]. Besides, adequate oral hygiene 
is a prerequisite for orthodontic appliance therapy 
and is important for periodontal care. In this study, we 
established a rat model of experimental periodontitis 
that first received basic treatment (supra/subgingival 
scaling), followed by either uncorrected or appliance 
treatment. Our objective was to compare the effects of 
no orthodontic treatment, fixed appliance, and invisible 
appliance on periodontal health status, Th17/Treg cell 
ration, and related regulator factors.

Materials and methods
Animals
Sixty male SD rats (age, 7  weeks; weight, 200–250  g) 
were acquired from Beijing HFK Bio-Technology co., 
LTD. All rats were placed under standard experimental 
facilities and acclimated for 7 days under the conditions 
of 45–65% humidity, 20–25  °C temperature, and 12  h 
of light–dark cycle. This study was authorized by the 
Animal Ethics Committee of West China School/
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Hospital of Stomatology Sichuan University (No.
WCHSIRB-D-2024-523) and all experimental procedures 
were conducted following the guidelines of the National 
Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

Experimental design
Animals were randomly divided into the following six 
experimental groups: (i) healthy control (control, n = 4), 
(ii) periodontal disease (model, n = 4), (iii) scaling-0 
(basic treatment, n = 4), (iv) no appliance (n = 16), (v) 
fixed appliance (n = 16), and (vi) invisible appliance 
(n = 16). Meanwhile, to longitudinally observe the 
effects of different treatments on the periodontitis-
related pathological states, biological samples from rat 
in groups iv, v, and vi at 3 day, 7 day, 14 day, and 21 day 
post-treatment were collected for subsequent analysis 
(four rats/group at a timepoint). These timepoints can 
cover the inflammatory acute phase, chronic phase, 
and tissue repair phase, which helps to systematically 
evaluate the process of orthodontic periodontal tissues 
remodeling [28, 29]. This study design involved changes 
in key measures between control, disease, and treatment 
groups, along with observations of differences in 
indicators at different timepoints within same group. 
Notably, scaling-0  day group served as the control for 
different treatment.

Establishment of ligation‑induced periodontitis
Experimental periodontitis in rats were performed as 
described in previous study [30]. The preparation method 
of the experimental periodontitis model consisted of two 
stages. In the first stage, after SD rats were anesthetized 
and immobilized, a 0.25 mm stainless steel ligature wire 
(XIHUBIOM, Hangzhou, China) was placed between the 
first and second maxillary molar, followed by securing 
the ligature wire and 4-0 silk suture (Yangzhou Jinhuan 
Medical Appliance Factory, Yangzhou, China) around 
the neck area of the first molar. In the second stage, the 
original ligature wire was removed and new stainless 
steel wire ligatures continued to be placed around the 
same subgingival cervical area (pressing the wire under 
the gum as much as possible). Each phase lasted 15 days, 
and the Porphyromonas gingivalis (Pg, 1 × 109  CFU/mL, 
obtained from West China School/State Key Laboratory 
of Oral Diseases, Chengdu, China) was applied to the 
ligated gingival sulcus every other day. After ligation, rats 
were given 10% sugar water. Throughout the duration 
of the experiment (21  days), the ligatures were checked 
periodically and replaced if the ligatures were loose 
or detached. At the end of the modeling, one rat was 
randomly selected for observation. If there was obvious 
gingival redness, swelling, bleeding or erosion in the 

upper jaw, and alveolar bone resorption to 1/3–1/2 
of the tooth root was clearly observed by Micro-CT, 
indicating that the periodontitis model was successfully 
constructed.

Periodontal treatment
Periodontitis rats were first treated with supragingival 
cleaning and subgingival curettage. Next, the rats were 
brushed daily for 2 weeks until the gums were no longer 
red and swollen. Expect rats in the scaling-0 group, the 
remaining rats after basic treatment were categorized 
into no appliance, fixed appliance, and invisible appliance 
groups. Specifically, rats in the no appliance group only 
received daily brushing; rats in the fixed appliance group 
wore the fixed appliance at the first molar and brushed 
their teeth daily; rats in the invisible appliance group 
wore the invisible appliance (Xian Henghui Technology 
Co., LTD.) in the upper jaw and brushed their teeth every 
day after removing the appliance. The invisible appliance 
was changed every 3.5 days during the treatment period, 
with the aligner moving 0.1 mm each time. The treatment 
lasted for 21  days. In addition, the design timeline and 
method of rats in each group are displayed in Fig. 1.

Detection of alveolar bone resorption by micro‑CT
The maxillae of the rats were collected and fixed in 4% 
paraformaldehyde for 24 h. Then, we employed SkyScan 
1176 machine (BRUKER, Beijing, China) to perfume 
micro-CT scanning of the specimen, with the following 
parameters: pixel size of 17.76  µm, X-ray voltage of 
65  kV, and source current of 385 µA. The quadrilateral 
region from the alveolar ridge crest to root apex in the 
proximal–medial and distal–medial directions of the 
first molar root was measured in the proximal–medial 
and distal–medial directions of the roots of selected 
first molar teeth (CEJ–AC). The CEJ–AC distance can 
reflect the degree of alveolar bone resorption, and its 
increase usually indicates the intensification of alveolar 
bone resorption, which is an important sign of the 
periodontitis progression [31].

TRAP staining
TRAP staining was conducted as described in the 
previous article [32]. TRAP staining was performed on 
the maxilla of rats from each group to detect osteoclast 
activity. Briefly, the paraformaldehyde-fixed maxilla 
samples were decalcified with 10% EDTA solution for 
3 weeks, followed by paraffin embedding and preparation 
into frozen sections (5 μm thick). The tissue sections were 
stained with TRAP solution (G1492, Solarbio, Beijing, 
China) for 60  min and then re-stained with methyl 
green agent for 5 min. Afterwards, stained sections were 
imaged using a light microscope, and the percentage of 
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osteoclasts (1 field of view, × 400) as well as areal density 
(3 fields of view, × 200) were calculated. Specifically, the 
area percentage of osteoclasts is defined as osteoclast 
pixel area (purple)/field pixel area * 100; area density is 
defined as the positive cumulative optical density value 
(IOD)/pixel area (AREA) in each photograph [33].

Flow cytometry analysis of Th17 and Treg
The proportion of CD8−IL-17A+Th17 cells or 
CD25+FOXP3+Treg cells in each group was detected 
by flow cytometry [26]. Briefly, serum-free medium 

(125  μL), PMA/Ionomycin mixture (1 μL; HY-18739/
HY-13434, MedChem Express, NJ, USA), and BFA/
monensin mixture (1  μL; HY-16592/HY-N0150, 
MedChem Express) were added to rat abdominal aortic 
artery blood (125  μL), followed by incubation at 37  °C 
for 6  h to activate T cells. For the detection of Th17 
cells, samples were stained with ER780-CD3 antibody 
(E-AB-F1228S, Elabscience, Hubei, China) and PerCP-
eFluor™ 710-CD8a antibody (46-0084-82, ThermoFisher 
Scientific, MA, USA) for 60  min at 4  °C in the dark. 
Cells were further fixed and permeabilized according 

Fig. 1  Work flow chart of study design. A Timeline for constructing animal models. B Periodontitis model. C Rat model of fixed appliance treatment. 
D Appearance of invisible appliance. E Rat model of invisible appliance treatment
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to the manufacturer’s procedure. Subsequently, the 
samples continued to be incubated with PE-labeled 
IL-17A antibody for 60  min in the dark. As for Treg 
cells, APC-coupled CD25 antibody (70-F3102503-100, 
Multi Sciences, Zhejiang, China) and FITC-coupled 
CD4 antibody (E-AB-F1105C, Elabscience) stained 
the cell surface for 60  min at 4  °C. After fixing and 
permeabilizing the cells based on the manufacturer’s 
protocols, intracellular staining was performed using 
PE-coupled Foxp3 (12-5773-82, eBioscience) for 30 min. 
Finally, the percentage of Th17 or Treg cells in T cells 
after 4% paraformaldehyde fixation was determined by 
flow cytometry (CytoFLEX, Beckman coulter, California, 
USA). We also analyzed the Th17/Treg cell ratio in the 
samples.

Immunohistochemical (IHC) assay
To further assess the inflammatory response in 
periodontitis, the expression levels of Foxp3,   RANKL, 
RORγt, and OPG in maxillary samples were examined 
using IHC assay, according to the methods reported 
in previous article [34]. The sample sections were 
heated to restore antigen reactivity, and then 3% H2O2 
solution was added to block endogenous peroxidase 
activity. Afterwards, the slices were incubated with 
goat serum for 15  min and treated with the following 
primary antibodies at 4  °C overnight: anti-FOXP3 (No.
bs-10211R, Bioss, Woburn, MA, USA), anti-RANKL (No.
bs-0747R, Bioss), anti-RORγt (No.bs23110R, Bioss), and 
anti-OPG (No.A2100, ABclonal, Woburn, MA, USA). 
After washing three times with PBS, the sections were 
incubated with secondary antibody (Goat anti-Rabbit 
IgG, No.GRA0072, Multi Sciences, Hangzhou, China) 
solution for 15 min. The samples were washed with PBS 
three times again, and then stained with DAB reagent as 
well as hematoxylin. The stained sections were observed 
under a microscope (CX40, SOPTOP, Zhejiang, China), 
with counting of positive cells.

qRT‑PCR detection
We also examined key genes through qRT-PCR, 
including RORγt, Foxp3, Porphyromonas gingivalis  (Pg), 
Aggregatibacter actinomycetemcomitans (Aa), and 
Tannerella forsythia (Tf ), to observe periodontitis 
severity or immune mechanisms at the transcriptomic 
level. Total RNA (genes) or DNA (bacteria) was extracted 
from periodontal tissues of rats in each group using 
TriQuick Reagent (R1100, Solarbio), and cDNA (only for 
RNA) was subsequently obtained by reverse transcription 
using the All-in-One First-Stand cDNA Synthesis kit 
(AT341, TransGen Biotech, Beijing, China) according 
to the manufacturer’s instructions. Finally, qRT-PCR 
was conducted using the Green qPCR SuperMix kit 
(AQ602, TransGen Biotech) on a fluorescent quantitative 
PCR instrument (ABI QuantStudio 1, ThermoFisher 
Science). The relative expression levels of target mRNA 
were calculated using 2−∆∆CT method, with GAPDH or 
Universal primer as the normalized gene. Primers used 
for qRT-PCR are listed in Table 1.

Statistical analysis
Data from experiments repeated at least three times 
were expressed as mean ± SD. GraphPad Prism (version 
8.0, GraphPad, CA, USA) was utilized for statistical 
analysis and plotting of histograms. One-way ANOVA 
was used to determine the effect of different time periods 
in the same treatment regimen on disease outcomes, 
while two-way ANOVA was used to measure the effect 
of different treatments and times on disease outcomes. 
Tukey test was further performed to complement the 
ANOVA. Besides, Spearman analysis was employed to 
confirm correlations between variables, mainly including 
associations between immune cells (Th17, Treg, or Th17/
Treg) and indicators of disease severity (key factor level, 
TRAP activity, and CEJ–AC). The significance level for 
the results was set at P < 0.05.

Table 1  Primer sequences used for qRT-PCR

Gene name Primer sequence (Forward, 5′-3′) Primer sequence (Reverse, 5′-3′)

GAPDH ACT​CTA​CCC​ACG​GCA​AGT​TC TGG​GTT​TCC​CGT​TGA​TGA​CC

RORγt CAC​AGA​GAC​ACC​ACC​GAA​CA GTG​CAG​GAG​TAG​GCC​ACA​TT

Foxp3 CCA​GTA​CCC​CCA​AAT​TCC​TG AGG​ACA​TAC​GCA​GAA​AGC​CAG​

Universal primer AGA​GTT​TGA​TCC​TGG​CTC​AG GGT​TAC​CTT​GTT​ACG​ACT​T

Pg AGG​CAG​CTT​GCC​ATA​CTG​CG ACT​GTT​AGC​AAC​TAC​CGA​TGT​

Aa AGA​GTT​TGA​TCC​TGG​CTC​AG CAC​TTA​AAG​GTC​CGC​CTA​CGT​GCC​

Tf ATC​CTG​GCT​CAG​GAT​GAA​CG TAC​GCA​TRC​CCA​TCC​GCA​A
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Results
Micro‑CT assay and TRAP staining reveals effect 
of different treatments on bone resorption
We first observed the effects of different treatment 
methods on periodontitis in rats, and collected 
periodontal tissues for micro-CT and histological 
analysis. The main manifestation of periodontitis is 
alveolar bone destruction, so we mainly calculated the 
CEJ–AC score of each group (Fig. 2). Micro-CT analysis 
showed that compared with fixed appliance, CEJ–AC 
was reduced in the no appliance and invisible appliance 
groups, without significant difference. Notably, at the 
late stage of treatment (21  days), the CEJ–AC was 
slightly lower in the invisible aligner group than in the 
no appliance group, suggesting that it could reduce 
periodontitis-induced alveolar bone loss in rats.

Following, we assessed osteoclasts on the 
interradicular alveolar bone surface by TRAP staining 
(Fig. 3A). Almost no TRAP-positive cells were detected 
in the control group. TRAP-positive osteoclasts (purple 
staining) were observed around alveolar bone of rats in 

the model group, and statistical analysis also confirmed 
that the number of positive cells was significantly 
higher than that in the control group (Fig.  3B, C). 
Compared to the model group, the periodontal basic 
therapy (scaling-0  day group) markedly reduced the 
number of positive cells, indicating that it inhibited 
osteoclastogenesis. We also observed the effect 
of different treatments on the differentiation of 
osteoclasts. For no appliance group, the number of 
osteoclasts showed a decreasing trend with extension 
of treatment time. For fixed appliance group, the 
osteoclast counts displayed a trend of increasing and 
then decreasing during period of treatment, with a peak 
at 14  days. Similarly, during treatment with invisible 
appliance, the number of osteoclasts was observed to 
increase and then decrease, reaching a peak at 7 days. 
Notably, the inhibition of osteoclast activation by 
no appliance was superior to the other two aligners. 
In addition, the number of osteoclasts in the fixed 
appliance group was higher than that in the invisible 
appliance throughout the treatment period.

Fig. 2  Micro-CT images showing bone loss measurements for each group at day 3, day 7, day 14, and day 21. N = 4 per group
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Fig. 3  Detection of osteoclast activity in periodontal tissue by Trap staining. A Representative stained sections (arrows indicate osteoclasts that are 
dyed red). B, C Quantitative analysis of osteoclast number. In the same treatment, *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. model; 
&P < 0.05, &&P < 0.01 vs. scaling-0 day. In the comparison of different treatment, *P < 0.05, **P < 0.01 vs. no appliance; #P < 0.05, ##P < 0.01 vs. fixed 
appliance. n = 4 per group
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Effect of different treatment modalities on Th17, Treg, 
or Th17/Treg cells analyzed by flow cytometry
Considering that the disturbed balance between Th17 
and Treg cells can aggravate periodontitis. Thus, we 
focused on the ability of different treatments to affect 
Th17 and Treg populations using flow cytometry 
(Fig.  4A). Results indicated that the percentages of 
Th17 and Treg cells were significantly elevated in the 
model group compared to the control group, and 
basic treatment (scaling-0) can dramatically reduce 
Th17 while increasing the Treg cell count. We also 
observed a severe imbalance of Th17/Treg ratio in 
rats from the model group compared to the control 
group, whereas basic treatment (scaling-0) notably 
restored Th17/Treg homeostasis (Fig.  4B). In the no 
appliance group, the number of Th17 cells tended to 
increase with treatment duration; Treg cells tended to 
decrease at the beginning of the treatment period (no 
appliance-3  days), then began to increase and peaked 
at 14  days, followed by a sharp decrease at the end of 
treatment (no appliance-21  days). Consistent with 
this, the rats in the no appliance-14  day group had 
the lowest Th17/Treg ratio throughout the treatment 
period (Fig.  4B). In the fixed appliance treatment 
group, the proportion of Th17 cells displayed an 
increasing and then decreasing trend with the 
prolonged treatment time, reaching a maximum 
on day 14; the percentage of Treg cells reached a 
maximum at 3  days, then decreased sharply to reach 
a minimum on day 7, and finally showed an increasing 
trend again. In addition, the least and most abundant 
Th17/Treg cell ratio were detected at 3 and 7  days 
after fixed aligner treatment, respectively (Fig.  4C). 
For the invisible appliance group, the number of Th17 
cells increased first and then decreased during the 
treatment period, achieving a peak at 7  days. Notably, 
the changing trends of Treg cells and Th17/Treg ratio 
in this group were consistent with those observed in 
the fixed appliance group (Fig.  4D). Afterwards, we 
compared the differences in the regulation of immune 
homeostasis among three treatment modalities 
(Fig.  4E). Compared to two appliance treatments, the 
no appliance group maintained the lowest percentage 
of Th17 cells throughout the treatment period. At the 
beginning (3  days) and end (21  days) of treatment, 
appliances treatment significantly remained higher 
Treg cell counts compared with the no appliance group, 
especially the invisible group. Besides, at the beginning 
of treatment, the appliances markedly suppressed the 
Th17/Treg ratio compared with the no appliance group. 
However, with increasing treatment time, the two 
appliances significantly promoted an elevated Th17/
Treg ratio, while then decreased it in the later stage of 

treatment, with the invisible appliance having the most 
obvious effect.

Effect of different treatment modalities on Th17/Treg 
balance‑associated regulatory factors
Evidence suggests that periodontal pathogen-mediated 
Th17/Treg cell imbalance may regulate tooth bone 
resorption through the receptors, so we examined 
immunomodulatory factors (RORγt and Foxp3) and key 
signals of osteoclast differentiation (RANKL and OPG) 
by IHC to explore the specific mechanisms by which 
different treatments regulate immune homeostasis. 
RORγt and Foxp3 are key transcription factors of Th17 
and Treg cells, respectively. As shown in Figs. 5A and 6A, 
the protein expression of RORγt and Foxp3 in the model 
group was significantly up-regulated in the model group 
compared with the control group; the basic treatment 
(scaling-0) induced a down-regulation of RORγt and an 
up-regulation of Foxp3. For the no appliance group, the 
expression level of RORγt decreased with increasing 
time. Meanwhile, for the fixed and invisible appliance 
groups, the protein level of RORγt increased and then 
decreased within 3–21  days, reaching the highest value 
at 14 (fixed appliance-14  day group) and 7 (invisible 
appliance-7  day group) days, respectively. Undoubtedly, 
the changes in the expression level of Foxp3 during the 
treatment period was consistent with the change pattern 
in Treg cells. Briefly, the Foxp3 level in the no appliance 
group first declined within 3 days, then increased during 
3–14  days, and finally decreased in 21  days. The Foxp3 
level in the two appliance groups was up-regulated on 
day 3 of treatment (highest value), then rapidly down-
regulated on day 7, and finally displayed a gradual 
upward trend within 7–21  days. As for the difference 
among three treatment methods, RORγt level in the no 
appliance group was significantly lower than in the other 
two groups through the treatment period. Meanwhile, 
the suppression effect of invisible appliance on RORγt 
level was better than the fixed appliance group. We also 
observed that in the middle and later stages of treatment 
(7–21 days), the no appliance group could slightly inhibit 
Foxp3 expression, while the appliance administrations 
exerted the opposite effect, and again, the invisible 
appliance was found to promote the gene level better 
than the fixed group. As expected, similar changes in 
transcriptional levels of RORγt and Foxp3 were also seen 
in each group (Figs. 5B, 6B).

Effect of different treatment modalities 
on osteoblast‑related cytokines
In the periodontal tissues of periodontitis model rats, a 
significant increase in RANKL expression and decrease 
in OPG expression was detected (Figs.  7, 8). Notably, 
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Fig. 4  Detection of Th17, Treg, and Th17/Treg ratio in the blood from rats. A Proportion of Th17 and Treg cells analyzed by flow cytometry. Dynamic 
changes of Th17, Treg, and Th17/Treg ratio during treatment with the no appliance (B), fixed appliance (C), and invisible appliance (D). *P < 0.05, 
**P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. model; &P < 0.05, &&P < 0.01 vs. scaling-0 day. E Comparison of Th17, Treg, and Th17/Treg in three 
treatment modalities. *P < 0.05, **P < 0.01 vs. no appliance; #P < 0.05, ##P < 0.01 vs. fixed appliance. n = 4 per group
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Fig. 5  Effect of different treatment modalities on Th17-related transcription factor-RORγt. A Representative immunohistochemical staining images 
(positive staining for biomarkers (indicated by arrows) red to brown in color) and statistical analysis of RORγt. B mRNA expression level of RORγt 
detected by qRT-PCR. In the same treatment, *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. model; &P < 0.05, &&P < 0.01 vs. scaling-0 day. In 
the comparison of different treatment, *P < 0.05, **P < 0.01 vs. no appliance; #P < 0.05, ##P < 0.01 vs. fixed appliance. n = 4 per group
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Fig. 6  Effect of different treatment modalities on Treg-related transcription factor—Foxp3. A Representative immunohistochemical staining images 
(positive staining for biomarkers (indicated by arrows) red to brown in color) and statistical analysis of Foxp3. B mRNA expression level of Foxp3 
detected by qRT-PCR. In the same treatment, *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. model; &P < 0.05, &&P < 0.01 vs. scaling-0 day. In 
the comparison of different treatment, *P < 0.05, **P < 0.01 vs. no appliance; #P < 0.05, ##P < 0.01 vs. fixed appliance. n = 4 per group
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basic treatment (scaling-0) clearly inhibited RANKL 
production while stimulating enhanced OPG expression. 
During no appliance period, we found that the synthesis 
of RANKL gradually decreased over time, accompanied 
by an increase in OPG production. After fixed appliance 

stimulation, RANKL expression was significantly higher 
during the whole treatment period than at day 0 of 
scaling, reaching a peak at 14 days and then decreasing. 
Similarly, OPG levels were highest at 14 days. Moreover, 
compared to the scaling-0 day group, invisible appliance 

Fig. 7  Representative immunohistochemical staining images (positive staining for biomarkers (indicated by arrows) red to brown in color) 
and statistical analysis of osteoblast-related key signal-RANKL. In the same treatment, *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. model; 
&P < 0.05, &&P < 0.01 vs. scaling-0 day. In the comparison of different treatment, *P < 0.05, **P < 0.01 vs. no appliance; #P < 0.05, ##P < 0.01 vs. fixed 
appliance. n = 4 per group
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Fig. 8  Effect of different treatment modalities on OPG expression (positive staining for biomarkers (indicated by arrows) red to brown in color) 
and RANKL/OPG ratio. In the same treatment, *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. model; &P < 0.05, &&P < 0.01 vs. scaling-0 day. In 
the comparison of different treatment, *P < 0.05, **P < 0.01 vs. no appliance; #P < 0.05, ##P < 0.01 vs. fixed appliance. n = 4 per group
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treatment could promote RANKL expression to a certain 
extent. In detail, it reached the highest value at 3  days 
and then showed a decreasing trend. On the contrary, the 
OPG level displayed a gradual increase in the later stage 
of invisible appliance treatment (7–21  days). The three 
treatments presented different modulation patterns on 
RANKL and OPG expression levels. Compared with the 
two appliance groups, the no appliance group maintained 
dramatically lower levels of RANKL during the treatment 
period. Furthermore, the invisible appliance treatment 
significantly suppressed RANKL levels in periodontitis 
rats compared to the fixed appliance. Following, two 
appliances notably increased the OPG levels at the 
beginning of treatment (3  days), while invisible devices 
still showed a promoting effect at the end of treatment. 
We also evaluated the changes in the RANKL/OPG 
ratio among different groups. Both appliance treatments 
exhibited higher RANKL/OPG ratios at different 
timepoints compared to the no appliance. Intriguingly, 

the ability of invisible appliance to suppress the RANKL/
OPG ratio was clearly superior to that of fixed appliance. 
After basic scaling treatment (scaling-0 day), there was a 
clear decrease in Pg and Tf while an increase in Aa level.

Effect of different treatment modalities on pathogenic 
bacteria of periodontitis
We further observed the effects of different treatments on 
periodontal pathogens, including Pg, Tf, and Aa, through 
qRT-PCR. Compared with the control group, higher 
levels of Pg, Tf, and Aa mRNA levels were detected in 
the periodontal group of model rats, and only Tf results 
were statistically significant. In the rats received the 
no appliance, we found that there was no significant 
change in the Pg and Tf levels throughout the treatment; 
the Aa level showed a tendency to increase and then 
decrease, reaching a peak at 14 days (Fig. 9A). For fixed 
appliances, Pg and Aa levels exhibited a gradual increase 
in the early–mid treatment period (3–14  days) and a 

Fig. 9  Effect of different treatment modalities on pathogenic bacteria (Pg, Aa, Tf )-related mRNA level. A No appliance, B fixed appliance, C invisible 
appliance. *P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. model; &P < 0.05, &&P < 0.01 vs. scaling-0 day. D Comparison of three treatment 
modalities. *P < 0.05, **P < 0.01 vs. no appliance; #P < 0.05, ##P < 0.01 vs. fixed appliance. n = 4 per group
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decrease in late period; Tf content slowly elevated at the 
beginning of the treatment period, reached a peak on 
day 7, and then decreased. However, none of the changes 
were statistically significant (Fig.  9B). In the invisible 
appliance treatment group, Pg and Tf mRNA levels 
did not change significantly, while the Aa mRNA level 
gradually increased with the extension of treatment time, 
without statistical significance (Fig.  9C). In addition, a 
comparative analysis of the three groups revealed that 
Pg levels were significantly lower in the no appliance 
group than in the two appliances; the invisible appliance 
maintained Pg mRNA at relatively low level, but not 
statistically significant. All three methods promoted 
an increase in Aa levels during treatment, especially 
the invisible appliance. Besides, Tf mRNA level in fixed 
appliance were higher than in no appliance and invisible 
appliance. However, there was no statistical significance 
in the comparison of Aa or Tf levels among the three 
treatment methods (Fig. 9D).

Correlation analysis of Th17/Treg cells 
and osteoblasts‑related factors or periodontal health
Pearson correlation analyses were performed to analyze 
the association of Th17 cells, Treg cells, and Th17/Treg 
ratio in the blood of periodontitis rats with osteoblast-
associated factors and disease severity-related indicators. 
Th17 cell proportion was positively correlated with 
RANKL protein expression and Pg mRNA expression 
levels, but negatively connected with OPG protein 
expression (without statistical significance). There was 
a significant positive correlation between Treg cell 
proportion and RANKL or OPG levels. Meanwhile, 
the Th17/Treg ratio showed a significantly positive 

correlation with RANKL/OPG (Fig.  10A). For disease 
severity, Th17 cells and Th17/Treg ratio displayed a 
positive relationship with osteoclast count, and Th17 
also showed a positive correlation with CEJ–AC, with 
statistically significant results (Fig. 10B).

Discussion
Periodontitis mainly affects bone homeostasis and host 
immune system to cause periodontal tissue destruction, 
which ultimately leads to gingival retraction and alveolar 
bone resorption [35]. Currently, it is a pressing challenge 
in the periodontitis treatment to promote the recovery 
of periodontal tissues while controlling the infection 
[36]. According to the available evidence, orthodontic 
treatment can effectively reduce periodontal trauma 
and promote periodontal recovery, especially invisible 
appliances are becoming increasingly popular due to 
their aesthetic and comfort features [37]. However, the 
current reports on the outcome of orthodontic treatment 
are limited, and there is a lack of objective evaluation 
of its impact on periodontal tissue. Besides, disease 
progression in patients with periodontitis depends on 
the severity of the microbial biofilm, so periodontal 
disease should be controlled prior to the formal initiation 
of orthodontic treatment, with the aim of avoiding 
further tissue loss caused by periodontal inflammation 
combined with orthodontic-induced inflammation 
[38]. Periodontal basic therapy is the main clinical 
treatment of periodontitis, which can effectively control 
periodontal inflammation [39]. In this work, based 
on a rat model of periodontitis, we comprehensively 
compared the therapeutic efficacy of without orthodontic 
treatment, fixed appliance, and invisible appliance. We 

Fig. 10  Correlation analysis of the association between Th17/Treg cells with osteoblasts-related factors (A) and periodontal health (B)
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also monitored the changes of immune factors and 
bone resorption modifiers during the treatment period, 
aiming to provide more data for the clinical treatment of 
periodontitis.

In this study, micro-CT revealed that compared 
with no appliance treatment, two kinds of appliance 
treatment could improve the alveolar bone height of 
periodontitis-infected teeth. For the three treatment 
modalities, only a small number of Trap-positive cells 
(osteoclasts) were observed at different timepoints in 
the no appliance group, whereas a significant increase 
in the number/area of Trap-positive cells was detected 
in two appliance treatments, with a tendency to first 
increase and then decrease during the treatment period. 
The core of orthodontic treatment is the reconstruction 
of periodontal tissue induced by orthodontic forces, 
thereby moving the misaligned teeth into the appropriate 
position [40]. It has been reported that orthodontic 
tooth movement mainly involves two steps, that is, 
the pressure exerted by the appliance induces the 
activation of osteoclasts on the “compression side” and 
promotes bone resorption; moreover, the recruitment of 
osteoblasts on the “tension side” causes bone formation, 
which accelerates tooth movement [41]. This mechanism 
of bone cell response to mechanical loading explains 
the behavior of osteoclasts during orthodontic tooth 
movement, leading to bone remodeling.

Of concern, orthodontic tooth movement is a sterile 
inflammatory response induced by mechanical force, 
especially within few hours of mechanical load that 
triggers an acute inflammatory response, stimulates the 
release of inflammatory mediators from immune cells, 
and exacerbates osteoclastogenesis [42]. Recent evidence 
has found that adaptive immune response is involved 
in the regulation of this inflammation [43]. Hence, we 
analyzed the proportion of Th17 and Treg cells in the 
rat blood. In the model rats, we first observed significant 
increase in Treg, Treg, and Th17/Treg ratio caused 
by periodontal inflammation. Then, basic treatment 
(scaling-0) induced an increase in Th17 cells and a 
decrease in Treg or Th17/Treg ratio, thereby informing 
an anti-inflammatory environment to reduce periodontal 
inflammation [44]. However, the alleviating effect of 
no appliance on periodontitis was short-lived, with a 
tendency for a significant increase in the Th17/Treg ratio 
on 21  days. During two appliance treatment, Th17 cells 
and Th17/Treg ratio peaked at 7–14  days, followed by 
a downward trend with orthodontic tooth movement. 
This is supported by Wald et  al., who found that most 
immune cells remain highly active during the initial 
phase of orthodontic treatment, occurring between 7 and 
14 days after orthodontic loading in rats [45]. Moreover, 
this phenomenon may be related to the orthodontic 

tooth movement and the stress response triggered by the 
existing inflammatory environment. Proliferation of Th17 
cells sustains the release of a large amounts of cytokines, 
such as IL-17A, which favors osteoclastogenesis in 
response to orthodontic forces [46]. We also observed 
that orthodontic appliances can cause an increase in 
Treg cell activity from 7 to 21 days after treatment. One 
study reported that Treg cells can increase during the 
lag phase of orthodontic tooth movement, inducing 
bone formation and subsiding inflammation through 
suppressing the Th17 cell activity [47]. Notably, 
compared with fixed appliance, invisible appliance can 
maintain a dominant position of Treg cell proliferation 
and inhibit Th17 cells during treatment, thus exerting 
a maximum protective effect on periodontal tissue. 
In further explorations, we found that the appliance 
similarly elicited significant changes in RORγt (Th17 cell 
transcription factor) and Foxp3 (Treg cell transcription 
factor) during treatment, consistent with changes in 
cell ratio. The invisible appliance significantly inhibited 
RORγt expression and increased Foxp3 levels in the later 
stages of treatment, reconfirming its role in regulating 
Th17/Treg cell balance and possibly protecting tissue 
from progressive damage during periodontitis recovery.

Orthodontic forces are also involved in orthodontic 
bone remodeling in periodontitis by affecting osteoclasts 
and their related regulatory factors [48]. Compared to 
the model group, the basic treatment (scaling-0) can 
significantly up-regulated RANKL and down-regulated 
OPG to exert an inhibitory effect on inflammation. 
However, no appliance had a negligible effect on RANKL 
and OPG during the treatment period. Under the effect 
of appliances, RANKL as well as RANKL/OPG levels 
increased at the beginning of the treatment and then 
showed a decreasing trend, whereas OPG levels tended 
to increase at the later stage of treatment (7–21  days), 
especially with invisible appliance. The bone remodeling 
process is a balanced regulation between the RANKL–
RANK system and OPG [49]. Evidence suggests that 
during experimental tooth movement in rats, mechanical 
stress stimulates the up-regulation of RANKL expression 
(stimulated by Th17 cells) and reduces OPG secretion 
in periodontal tissues, induces osteoclastogenesis, and 
thus accelerating the amount of tooth movement [50, 
51]. Up-regulation of OPG and decrease of RANKL/
OPG ratio after 2  weeks of orthodontic treatment in 
rats were also found in the study of Ge et  al. [26]. This 
may be caused by the activation of Treg, which secretes 
immunomodulatory factors (such as IL-10, TGF-β, and 
CTLA-4) that decrease the RANKL/OPG ratio, thereby 
inhibiting osteoclastogenesis and bone resorption. 
Further correlation analysis also confirmed this result. 
Besides, the basic treatment (scaling-0) can effectively 
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inhibit periodontal plaque, including Pg and Tf. During 
the treatment period, only a slight increase in periodontal 
bacteria was observed in the appliance groups, but it was 
not statistically significant, suggesting that orthodontic 
treatment after periodontal stabilization had no harmful 
effects on periodontal health [52]. Notably, we still 
observed that inviable appliance was more advantageous 
in maintaining oral health. This finding is confirmed by 
various studies [14, 53, 54].

Although the clinical application and therapeutic 
benefits of invisible appliance have been extensively 
studied over the past decade, these reports have been 
mainly oriented to orthodontic outcomes, and few 
studies have explored their mechanisms involved in 
remodeling periodontal tissues from the etiological 
perspective [55, 56]. There is evidence that mechanical 
force serves an important role in the regulation of oral 
microenvironment, inflammatory infiltration, and bone 
metabolic balance during appliance treatment [57, 
58]. Inspired by this, we designed the present study to 
compare the therapeutic efficacy of no appliance, fixed 
appliance, and invisible appliance for periodontitis, and 
then reveals the complex regulatory role of Th17/Treg 
and osteoclast-related factors during treatment. Despite 
the topic of this study is novel, it has to admitted that 
there are some limitations. First, the results of this study 
are obtained based on an experimental periodontitis 
model. Although the pathologic manifestations of the 
rat periodontitis model are similar to those of human 
periodontitis, the disease progresses more rapidly in rats 
and their dental anatomy and immune system different 
from those of human. Thus, the clinical applicability 
of our results should be interpreted with caution. 
Second, this study focused on the efficacy and cleaning 
characteristics of these appliances, and other factors that 
may affect oral health status and treatment outcomes have 
not been considered. Statistically, 5–10% of orthodontic 
patients fail to complete treatment due to poor oral 
hygiene [59]. Previous study found a higher incidence 
of minor and severe breakage of thermoplastic clear 
retainer, which may lead to less cleaning of the appliance 
by the patients, followed by possible concomitant plaque/
stone accumulation and gingival problems over time [60]. 
Thus, these removable orthodontic appliances require 
a high degree of patient compliance for optimal results. 
Besides, the assessment of cost-effectiveness in clinical 
practice is meaningful for the selection of appliances. 
Evidence suggests that the cost of treatment with fixed 
appliance (Hawley appliance) is about 20% higher than 
invisible appliance (vacuum-formed retainer) over a 
6-month retention period, revealing invisible appliance 
has superior cost-effective [61]. However, the present 
work was conducted in experimental periodontitis rats 

and did not emphasize the differences in compliance 
and treatment costs between the two appliances. Third, 
previous study revealed that in periodontist-affected 
inflammatory tissues, excessive orthodontic forces may 
prevent the restoration of homeostasis to the tissues, 
leading to “maladaptive homeostasis” as well as tissue 
loss due to uncoupled bone resorption and formation 
[62]. Unfortunately, this study did not consider the effect 
of the orthodontic force on the immune response or 
treatment outcomes. Thus, a subsequent comprehensive 
evaluation of the two treatment modalities in a clinical 
trial with long-term follow-up is needed to make 
conclusive recommendations.

Conclusion
In summary, orthodontic treatment is superior 
to periodontal basic treatment (scaling) for the 
improvement of periodontitis, especially invisible 
appliance. Invisible appliance can accelerate orthodontic 
tooth movement by inducing osteoclasts, Th17/Treg cells, 
and altering the expression osteoclast-associated factors 
(RANKL and OPG) in the early stage; and then in the 
late stage of treatment, it can suppress osteoclastogenesis 
and bone resorption, exerting a controlling effect on 
periodontal inflammation. Meanwhile, the invisible 
appliance facilitates the maintenance of a favorable 
oral environment during treatment. Overall, invisible 
appliance is effective in the treatment of patients 
with periodontitis, and play a positive synergistic role 
in controlling periodontal infection and repairing 
periodontal tissues.

Acknowledgements
Not applicable.

Author contributions
HiuChing Wong: Conception and design of the research, Acquisition of data, 
Analysis and interpretation of data, Drafting the manuscript. Yuching, Huang: 
Acquisition of data, Analysis and interpretation of data. Pu Yang: Conception 
and design of the research.

Funding
This work was supported by 2022 APAC Align Research Award (Grant Number 
AQKY22-1-4).

Availability of data and materials
The raw data of experiments are available from the corresponding author on 
reasonable request.

Declarations

Ethics approval and consent to participate
This study was authorized by the Animal Ethics Committee of West China 
School/Hospital of Stomatology Sichuan University (No.WCHSIRB-D-2024-523) 
and all experimental procedures were conducted following the guidelines 
of the National Institutes of Health Guide for the Care and Use of Laboratory 
Animals.

Consent for publication
Not applicable.



Page 18 of 19Wong et al. European Journal of Medical Research          (2025) 30:378 

Competing interests
The authors declare no competing interests.

Author details
1 State Key Laboratory of Oral Diseases, National Clinical Research Center 
for Oral Diseases, West China School of Stomatology, Sichuan University, 
Chengdu, China. 2 Department of Orthodontics, State Key Laboratory of Oral 
Diseases, National Clinical Research Center for Oral Diseases, West China 
Hospital of Stomatology, Sichuan University, 14 Renmin South Road Third 
Section, Chengdu 610041, China. 

Received: 17 January 2025   Accepted: 24 March 2025

References
	1.	 Genco RJ, Sanz M. Clinical and public health implications of periodontal 

and systemic diseases: an overview. Periodontol 2000. 2020;83(1):7–13.
	2.	 Wei R, Li G, Huang Y, Mi L, Wu J, Huang H, et al. Photo-curing hyaluronic 

acid-Janus antibacterial packs as O2 generator precisely modulate the 
infectious microenvironment for antibiotic-free periodontal therapy. 
Mater Today Bio. 2025;30:101405.

	3.	 Del Pilar A-Díaz M, Fong C, Medina D. Bacteria of healthy periodontal 
tissues as candidates of probiotics: a systematic review. Eur J Med Res. 
2024;29(1):328.

	4.	 Xie Y, Chen S, Sheng L, Sun Y, Liu S. A new landscape of human dental 
aging: causes, consequences, and intervention avenues. Aging Dis. 
2023;14(4):1123–44.

	5.	 Cao B, Da X, Wu W, Xie J, Li X, Wang X, et al. Multifunctional human serum 
albumin-crosslinked and self-assembling nanoparticles for therapy of 
periodontitis by anti-oxidation, anti-inflammation and osteogenesis. 
Mater Today Bio. 2024;28:101163.

	6.	 Uy SNMR, Deng K, Fok CTC, Fok MR, Pelekos G, Tonetti MS. Food 
intake, masticatory function, tooth mobility, loss of posterior support, 
and diminished quality of life are associated with more advanced 
periodontitis stage diagnosis. J Clin Periodontol. 2022;49(3):240–50.

	7.	 Fleming PS, Andrews J. Periodontitis: orthodontic implications and 
management. Br Dent J. 2024;237(5):334–40.

	8.	 Martin C, Celis B, Ambrosio N, Bollain J, Antonoglou GN, Figuero E. 
Effect of orthodontic therapy in periodontitis and non-periodontitis 
patients: a systematic review with meta-analysis. J Clin Periodontol. 
2022;49(Suppl):24.

	9.	 Oruba Z, Gibas-Stanek M, Pihut M, Cześnikiewicz-Guzik M, Stós W. 
Orthodontic treatment in patients with periodontitis—a narrative 
literature review. Aust Dent J. 2023;68(4):238–46.

	10.	 Hirschfeld J, Reichardt E, Sharma P, Hilber A, Meyer-Marcotty P, Stellzig-
Eisenhauer A, et al. Interest in orthodontic tooth alignment in adult 
patients affected by periodontitis: a questionnaire-based cross-sectional 
pilot study. J Periodontol. 2019;90(9):957–65.

	11.	 Su R, Li S, Wang W. Effect of high trimline aligners on distalizing 
mandibular molars: a three-dimensional finite element study. Eur J Med 
Res. 2024;29(1):623.

	12.	 Ren Y, Jongsma MA, Mei L, van der Mei HC, Busscher HJ. Orthodontic 
treatment with fixed appliances and biofilm formation—a potential 
public health threat? Clin Oral Investig. 2014;18(7):1711–8.

	13.	 Ali SAAH, Miethke HR. Invisalign, an innovative invisible orthodontic 
appliance to correct malocclusions: advantages and limitations. Dent 
Update. 2012;39(4):254.

	14.	 Shokeen B, Viloria E, Duong E, Rizvi M, Murillo G, Mullen J, et al. The 
impact of fixed orthodontic appliances and clear aligners on the oral 
microbiome and the association with clinical parameters: a longitudinal 
comparative study. Am J Orthod Dentofac Orthop. 2022;161(5):e475–85.

	15.	 Jiang Q, Li J, Mei L, Du J, Levrini L, Abbate GM, et al. Periodontal health 
during orthodontic treatment with clear aligners and fixed appliances: a 
meta-analysis. J Am Dent Assoc. 2018;149(8):712.

	16.	 Azaripour A, Weusmann J, Mahmoodi B, Peppas D, Gerhold-Ay A, Van 
Noorden CJF, et al. Braces versus Invisalign®: gingival parameters and 
patients’ satisfaction during treatment: a cross-sectional study. BMC Oral 
Health. 2015;15:69.

	17.	 Wu J, Xu D, Tang J. Comparison of application effect of invisible appliance 
without bracket and conventional lip fixation appliance in periodontitis 
orthodontic patients. Chin J Pract Med. 2021;48(11):4.

	18.	 Huang D, Wang Y-Y, Li B-H, Wu L, Xie W-Z, Zhou X, et al. Association 
between periodontal disease and systemic diseases: a cross-sectional 
analysis of current evidence. Mil Med Res. 2024;11(1):74.

	19.	 Elsayed R, Elashiry M, Liu Y, Morandini AC, El-Awady A, Elashiry MM, et al. 
Microbially-induced exosomes from dendritic cells promote paracrine 
immune senescence: novel mechanism of bone degenerative disease in 
mice. Aging Dis. 2023;14(1):136–51.

	20.	 Teng YT, Nguyen H, Gao X, Kong YY, Gorczynski RM, Singh B, et al. 
Functional human T-cell immunity and osteoprotegerin ligand control 
alveolar bone destruction in periodontal infection. J Clin Invest. 
2000;106(6):R59–67.

	21.	 Deng J, Lu C, Zhao Q, Chen K, Ma S, Li Z. The Th17/Treg cell balance: 
crosstalk among the immune system, bone and microbes in 
periodontitis. J Periodontal Res. 2022;57(2):246–55.

	22.	 Wang L, Wang J, Jin Y, Gao H, Lin X. Oral administration of all-trans retinoic 
acid suppresses experimental periodontitis by modulating the Th17/Treg 
imbalance. J Periodontol. 2014;85(5):740–50.

	23.	 Chen X-T, Chen L-L, Tan J-Y, Shi D-H, Ke T, Lei L-H. Th17 and Th1 
lymphocytes are correlated with chronic periodontitis. Immunol Invest. 
2016;45(3):243–54.

	24.	 da Motta RJG, Almeida LY, Villafuerte KRV, Ribeiro-Silva A, León JE, 
Tirapelli C. FOXP3+ and CD25+ cells are reduced in patients with stage 
IV, grade C periodontitis: a comparative clinical study. J Periodontal Res. 
2020;55(3):374–80.

	25.	 Xia Y, Cheng T, Zhang C, Zhou M, Hu Z, Kang F, et al. Human bone marrow 
mesenchymal stem cell-derived extracellular vesicles restore Th17/Treg 
homeostasis in periodontitis via miR-1246. FASEB J. 2023;37(11): e23226.

	26.	 Ge N, Peng J, Yu L, Huang S, Xu L, Su Y, et al. Orthodontic treatment 
induces Th17/Treg cells to regulate tooth movement in rats with 
periodontitis. Iran J Basic Med Sci. 2020;23(10):1315–22.

	27.	 Zhang X, Hu Z, Zhu X, Li W, Chen J. Treating periodontitis-a systematic 
review and meta-analysis comparing ultrasonic and manual subgingival 
scaling at different probing pocket depths. BMC Oral Health. 
2020;20(1):176.

	28.	 de Molon RS, Park CH, Jin Q, Sugai J, Cirelli JA. Characterization of 
ligature-induced experimental periodontitis. Microsc Res Tech. 
2018;81(12):1412–21.

	29.	 Liu J, Chen B, Bao J, Zhang Y, Lei L, Yan F. Macrophage polarization in 
periodontal ligament stem cells enhanced periodontal regeneration. 
Stem Cell Res Ther. 2019;10(1):320.

	30.	 Sağlam M, Köseoğlu S, Hatipoğlu M, Esen HH, Köksal E. Effect of 
sumac extract on serum oxidative status, RANKL/OPG system and 
alveolar bone loss in experimental periodontitis in rats. J Appl Oral Sci. 
2015;23(1):33–41.

	31.	 Yin Y, Ma Z, Shi P. Nootkatone mitigates periodontal inflammation and 
reduces alveolar bone loss via Nrf2/HO-1 and NF-κB pathways in rat 
model of periodontitis. Folia Histochem Cytobiol. 2024;62(3):145–53.

	32.	 Chen Y, Zhou T, Zhang H-H, Kang N. Bovine lactoferrin inhibits alveolar 
bone destruction in an orthodontic rat model with periodontitis. Ann 
Anat. 2021;237:151744.

	33.	 Qiao X, Tang J, Dou L, Yang S, Sun Y, Mao H, et al. Dental pulp stem 
cell-derived exosomes regulate anti-inflammatory and osteogenesis in 
periodontal ligament stem cells and promote the repair of experimental 
periodontitis in rats. Int J Nanomedicine. 2023;18:4683–703.

	34.	 Beder M, Yemenoglu H, Bostan SA, Kose O, Karakas SM, Mercantepe T, 
et al. Investigation of the preventive effect of methylsulfonylmethane 
on alveolar bone loss and oxidative stress in a rat model of periodontitis. 
BMC Oral Health. 2025;25(1):78.

	35.	 Wang S-Y, Cai Y, Hu X, Li F, Qian X-H, Xia L-Y, et al. P. gingivalis in oral-
prostate axis exacerbates benign prostatic hyperplasia via IL-6/IL-6R 
pathway. Mil Med Res. 2024;11(1):30.

	36.	 Graziani F, Karapetsa D, Alonso B, Herrera D. Nonsurgical and surgical 
treatment of periodontitis: how many options for one disease? 
Periodontol 2000. 2017;75(1):152–88.

	37.	 da Motta ATS. Orthodontic treatment in the presence of aggressive 
periodontitis. Dent Press J Orthod. 2021;26(6): e21bbo6.

	38.	 Wu P, Feng J, Wang W. Periodontal tissue regeneration combined 
with orthodontic treatment can improve clinical efficacy and 



Page 19 of 19Wong et al. European Journal of Medical Research          (2025) 30:378 	

periodontal function of patients with periodontitis. Am J Transl Res. 
2021;13(6):6678–85.

	39.	 Arabaci T, Ciçek Y, Canakçi CF. Sonic and ultrasonic scalers in periodontal 
treatment: a review. Int J Dent Hyg. 2007;5(1):2–12.

	40.	 Li Y, Zhan Q, Bao M, Yi J, Li Y. Biomechanical and biological responses of 
periodontium in orthodontic tooth movement: up-date in a new decade. 
Int J Oral Sci. 2021;13(1):20.

	41.	 Seddiqi H, Klein-Nulend J, Jin J. Osteocyte mechanotransduction in 
orthodontic tooth movement. Curr Osteoporos Rep. 2023;21(6):731–42.

	42.	 Jiang C, Li Z, Quan H, Xiao L, Zhao J, Jiang C, et al. Osteoimmunology in 
orthodontic tooth movement. Oral Dis. 2015;21(6):694–704.

	43.	 Gao Y, Min Q, Li X, Liu L, Lv Y, Xu W, et al. Immune system acts on 
orthodontic tooth movement: cellular and molecular mechanisms. 
Biomed Res Int. 2022;2022:9668610.

	44.	 Zhao L, Zhou Y, Xu Y, Sun Y, Li L, Chen W. Effect of non-surgical 
periodontal therapy on the levels of Th17/Th1/Th2 cytokines and their 
transcription factors in Chinese chronic periodontitis patients. J Clin 
Periodontol. 2011;38(6):509–16.

	45.	 Wald S, Leibowitz A, Aizenbud Y, Saba Y, Zubeidat K, Barel O, et al. 
γδT cells are essential for orthodontic tooth movement. J Dent Res. 
2021;100(7):731–8.

	46.	 Lin T, Yang L, Zheng W, Zhang B. Th17 cytokines and its correlation with 
receptor activator of nuclear factor kappa B ligand during orthodontic 
tooth movement. Iran J Immunol. 2020;17(2):137–43.

	47.	 Joller N, Lozano E, Burkett PR, Patel B, Xiao S, Zhu C, et al. Treg 
cells expressing the coinhibitory molecule TIGIT selectively 
inhibit proinflammatory Th1 and Th17 cell responses. Immunity. 
2014;40(4):569–81.

	48.	 Yamaguchi M, Fukasawa S. Is inflammation a friend or foe for orthodontic 
treatment?: inflammation in orthodontically induced inflammatory 
root resorption and accelerating tooth movement. Int J Mol Sci. 
2021;22(5):2388.

	49.	 Yasuda H. Discovery of the RANKL/RANK/OPG system. J Bone Miner 
Metab. 2021;39(1):2–11.

	50.	 Kanzaki H, Chiba M, Takahashi I, Haruyama N, Nishimura M, Mitani H. 
Local OPG gene transfer to periodontal tissue inhibits orthodontic tooth 
movement. J Dent Res. 2004;83(12):920–5.

	51.	 Kanzaki H, Chiba M, Arai K, Takahashi I, Haruyama N, Nishimura M, 
et al. Local RANKL gene transfer to the periodontal tissue accelerates 
orthodontic tooth movement. Gene Ther. 2006;13(8):678–85.

	52.	 Gehlot M, Sharma R, Tewari S, Kumar D, Gupta A. Effect of orthodontic 
treatment on periodontal health of periodontally compromised patients. 
Angle Orthod. 2022;92(3):324–32.

	53.	 Marothiya S, Jain U, Bharti C, Polke P, Agrawal P, Shah R, et al. Evaluation 
of changes in microbiology and periodontal parameters during and after 
fixed orthodontic appliances. Mymensingh Med J. 2020;29(4):983–90.

	54.	 Hussain U, Campobasso A, Noman M, Alam S, Mujeeb R, Shehzad S, et al. 
Influence of elastomeric and steel ligatures on periodontal health during 
fixed appliance orthodontic treatment: a systematic review and meta-
analysis. Prog Orthod. 2024;25(1):24.

	55.	 Gao H, Liu J, Wang H, Zhao G, Jin H. Observation of clinical effect of 
invisible appliance without bracket on periodontal orthodontic patients. 
Beijing Med J. 2023;45(5):427–31.

	56.	 Deng H. Effect of invisible and straight wire appliance without bracket on 
periodontitis with malocclusion and its influence on periodontal health. 
Med Innov China. 2022;19(19):58–62.

	57.	 Guo R, Zhang L, Hu M, Huang Y, Li W. Alveolar bone changes in 
maxillary and mandibular anterior teeth during orthodontic treatment: 
a systematic review and meta-analysis. Orthod Craniofac Res. 
2021;24(2):165–79.

	58.	 Han N, Liu Y, Du J, Xu J, Guo L, Liu Y. Regulation of the host immune 
microenvironment in periodontitis and periodontal bone remodeling. Int 
J Mol Sci. 2023;24(4):3158.

	59.	 Mehra T, Nanda RS, Sinha PK. Orthodontists’ assessment and 
management of patient compliance. Angle Orthod. 1998;68(2):115–22.

	60.	 Manzon L, Fratto G, Rossi E, Buccheri A. Periodontal health and 
compliance: a comparison between Essix and Hawley retainers. Am J 
Orthod Dentofacial Orthop. 2018;153(6):852–60.

	61.	 Hichens L, Rowland H, Williams A, Hollinghurst S, Ewings P, Clark S, et al. 
Cost-effectiveness and patient satisfaction: Hawley and vacuum-formed 
retainers. Eur J Orthod. 2007;29(4):372–8.

	62.	 Chaushu S, Klein Y, Mandelboim O, Barenholz Y, Fleissig O. Immune 
changes induced by orthodontic forces: a critical review. J Dent Res. 
2022;101(1):11–20.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Invisible appliance promotes bone reconstruction via modulating the periodontal immune microenvironment
	Abstract 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animals
	Experimental design
	Establishment of ligation-induced periodontitis
	Periodontal treatment
	Detection of alveolar bone resorption by micro-CT
	TRAP staining
	Flow cytometry analysis of Th17 and Treg
	Immunohistochemical (IHC) assay
	qRT-PCR detection
	Statistical analysis

	Results
	Micro-CT assay and TRAP staining reveals effect of different treatments on bone resorption
	Effect of different treatment modalities on Th17, Treg, or Th17Treg cells analyzed by flow cytometry
	Effect of different treatment modalities on Th17Treg balance-associated regulatory factors
	Effect of different treatment modalities on osteoblast-related cytokines
	Effect of different treatment modalities on pathogenic bacteria of periodontitis
	Correlation analysis of Th17Treg cells and osteoblasts-related factors or periodontal health

	Discussion
	Conclusion
	Acknowledgements
	References


