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Abstract Background/purpose: The ligature-induced periodontitis model is an effective
approach to induce inflammation and bone loss similar to that of human periodontitis. Previous
clinical and in vitro studies have shown the involvement of lymphocytes in periodontitis, while,
the local and systemic profile of immune cells associated with periodontitis in the ligature-
induced periodontitis model in mice remains unclear.
Materials and methods: Experimental periodontitis was constructed in mice by ligating around
the maxillary second molars for 14 and 28 days, respectively. Alveolar bone loss was assessed
by micro-computed tomography (micro-CT). Hematoxylin and eosin (H&E) and tartrate-
resistant acid phosphatase (TRAP) staining were used to evaluate the histological changes in
the periodontal tissues. B and T cells in the cervical lymph nodes, spleen, and peripheral blood
were analyzed by flow cytometry.
Results: The 14-day ligation effectively induced significant periodontal inflammation and alve-
olar bone loss in C57BL/6J mice, which were progressive and maintained for a relatively long-
term period until day 28. In addition, CD3þ T cells and CD19þ B cells were the dominant pop-
ulation in both health and disease, and the B cell population within the cervical lymph nodes
(LN) increased significantly under periodontitis condition, while, no significant differences of
the T and B cell population among the spleen and peripheral blood were observed.
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Conclusion: The ligature-induced periodontitis mice model was established to perform a longi-
tudinal assessment of changes in periodontal tissues morphologically and histologically, mean-
while, explore the local and systemic changes of the predominant immune-associated cells.
ª 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Introduction

Periodontal disease is a chronic inflammatory disease char-
acterized by inflammatory infiltration and progressive alve-
olar bone loss.1 As one of the most prevalent oral diseases
worldwide, periodontitis not only leads to teeth loss, but
may also increase the incidence of a variety of systemic
disorders.2

It is known that pathogenic bacteria play an initiating role
and that the subsequent recruitment of immune cells and
the release of cytokines, growth factors, and signaling mol-
ecules determine the progression and severity of periodon-
titis.3,4 Numerous animal models firmly support the
association of T and B cells with periodontal bone resorp-
tion.5 An in-vitro study using the gingival tissues of chronic
periodontitis patients reported that T cells were the pre-
dominant infiltrating cell subset and that activated T and B
cells were the cellular source of receptor activator of nu-
clear factor kB ligand (RANKL) for bone resorption.6 Addi-
tionally, Dutzan et al. evaluated the characterization of the
human immune cell subsets at the gingival barrier, revealed
that CD3þ T cells remained the dominant population in both
health and disease, and the total number of T cells increased
with 10-fold in disease; while, B cell population was almost
undetectable in health but become evident in periodontitis.7

The ligature-induced periodontitis model has been
considered as an effective approach to induce inflammation
and bone loss similar to human periodontitis and an effective
method for the exploration of molecular mechanism.8 Even
though animal models have limitations, they are often su-
perior in addressing mechanistic questions and serve as an
essential link between hypotheses and human patients.9 To
date, there are a series of in vitro or clinical studies involving
the changes of lymphocytes in periodontitis.10 However,
studies using the ligature model have mainly focused on
gingival inflammation and alveolar bone loss, the profiles of
immune cells associated with the pathogenesis and pro-
gression of periodontitis has not been reported in detail.

Therefore, in the present study, we established a
ligature-induced periodontitis model in mice to evaluate
longitudinal variation in periodontal tissues in terms of
morphology and histology, meanwhile, explore the local
and systemic changes of the predominant immune cells
associated with periodontitis.
Materials and methods

Animals

Male C57BL/6J mice (6-week-old male, weighing 20e25 g)
were used for this study. All experimental procedures were
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approved by the Animal Welfare and Biomedical Ethics
Committee of Peking University (LA201406) and conducted
in accordance with the ARRIVE guidelines.11

Experimental procedures

All animals were randomly allocated to three groups with
eight mice in each group: non-ligation (C), 14-day ligation
(L14), and 28-day ligation (L28), respectively. Mouse model
of experimental periodontitis was constructed using the
classic silk thread ligation method.12 Briefly, mice were
anesthetized with sodium pentobarbital (6 mg/100 g,
intraperitoneal injection), 6-0 silk ligatures were tied
around the maxillary second molars. The ligatures were
checked every 2 days and were replaced immediately if not
intact. At the end of the experiment, peripheral blood
samples were collected under general anesthesia by heart
puncture.13 Subsequently, mice were sacrificed and the
spleens and cervical lymph nodes (LN) were harvested,
then the bilateral maxillae were dissected.

Micro-computed tomography (micro-CT) analysis

The left maxillae were fixed in 4% neutral para-
formaldehyde (PFA) for 24 h and stored in 70% ethanol at
4 �C until analysis. The key parameters of the micro-CT
scanner (Siemens Medical Solutions USA, Inc., Malvern, PA,
USA) were as follows: source voltage of 60 kV, current of
220 mA, and resolution of 8.89 mm. The three-dimensional
(3D) images were measured by the Inveon Research Work-
shop software (Siemens Medical Solutions USA, Inc.).

Linear measurement: The height of alveolar bone loss
was measured as the distance from the cementoenamel
junction (CEJ) to the alveolar bone crest (ABC). The buccal
groove, palatal groove, mesio-buccal, disto-buccal, mesio-
palatal, and disto-palatal sites of the maxillary second
molars were chosen as the measurement sites.

Volumetric measurement: The amount of circumferen-
tial bone loss around the maxillary second molars was
assessed following the protocol described previously.14

Briefly, contours were drawn beginning below the roof of
the furcation and moving in the apical direction until the
first appearance of the alveolar bone crest. The most distal
root of the first molar and the most mesial root of the third
molar were used as borders. All contours were drawn at
regular intervals (every five data planes).

Histological analysis

The right maxillae were fixed in 4% neutral PFA for 24 h and
decalcified in 10% ethylenediaminetetraacetic acid (pH 7.4)
at 37 �C for four weeks. Specimens were embedded in
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paraffin, 5 mm-thick sections were cut along the long axis of
the molars in the buccal-lingual plane.

Hematoxylin and eosin (H&E) staining

Sections were deparaffinized, hydrated and stained with
H&E (Solarbio, Beijing, China) to evaluate the extent of
inflammatory infiltration and the other histopathological
changes of periodontal tissues. Images were captured on a
light microscope (Olympus, Tokyo, Japan).

Tartrate-resistant acid phosphatase (TRAP) staining

Sections were stained using TRAP immunohistochemical
staining kits (Sigma-Aldrich, St Louis, MO, USA) in accor-
dance with the manufacturer’s procedure. After the sec-
tions were counterstained with hematoxylin, images were
captured on a light microscope (Olympus). Osteoclasts
were counted as TRAPþ cell with three or more nuclei along
the alveolar bone surface, and results are presented as the
number of TRAPþ cell per square millimeter.

Flow cytometric analysis

Peripheral blood mononuclear cells (PBMC) were purified
with Mouse Lymphocyte Separation Medium (Solarbio),
counted, and re-suspended in Roswell Park Memorial Insti-
tute (RPMI) 1640.

Spleen and cervical LN cells were collected by mashing
the samples through a 70-mm cell strainer using the thumb-
piece of a plunger removed from a 1-mL syringe. Red blood
cells were lysed with 3 mL 1 � Red Blood Cell Lysis Buffer
(Biolegend, San Diego, CA, USA). Cells were filtered through
another 70-mm cell strainer, counted, and re-suspended in
RPMI1640.

For flow cytometry, 1 � 106 cells from each sample were
stained with combinations of fluorescence-conjugated
Fig. 1 Alveolar bone loss induced by ligation was assessed by mic
views of the maxillae in the different groups. The upper panel sho
surface. b) The distances between the cementoenamel junction an
measured and shown as mean � standard deviation. c) Representati
circumferential bone loss were shown as mean � standard deviati
group (C), 14-day ligation group (L14), and 28-day ligation group (
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monoclonal antibodies, including CD3-APC/Cyanine7 (APC-
Cy7), CD4-PerCP/Cyanine5.5 (PerCP-Cy5.5), CD8-FITC,
CD19-APC. All the antibodies were from Biolegend. Samples
were subjected to flow cytometry analysis using a Beckman
Coulter Gallios flow cytometer (Beckman Coulter, Inc.,
Brea, CA, USA) and Flowjo software (Tree Star, Inc., San
Carlos, CA, USA).

Statistical analysis

Data are presented as the mean � standard deviation (SD)
and analyzed using SPSS 19.0 software. The normality of
the data distribution was established using the
KolmogoroveSmirnov test, a one-way analysis of variance
(ANOVA) or independent two-tailed Student t tests were
used to evaluate differences. P < 0.05 was considered
statistically significant.

Results

Alveolar bone loss

To analyze and compare the alveolar bone loss in the
different groups, micro-CT analysis was performed. Linear
bone loss was calculated as the sum of the CEJeABC dis-
tance at the six-sites (Fig. 1a and c). The distance of
CEJeABC increased significantly after 14-day ligation
(1.72 � 0.10 mm vs. 0.89 � 0.04 mm, P < 0.001), a small
rise was observed in the group of 28-day ligation when
compared with the group of 14-day ligation
(1.90 � 0.09 mm vs. 1.72 � 0.10 mm, P < 0.05). Un-
doubtedly, the distance of CEJeABC reached the maximum
after 28-day ligation (1.90 � 0.09 mm vs. 0.89 � 0.04 mm,
P < 0.001).

The volumetric measurement showed a similar trend
(Fig. 1b and d). Severe alveolar bone loss was induced two
weeks after ligation (0.18 � 0.01 mm3 vs. 0.05 � 0.01 mm3,
ro-computed tomography. a) Representative three-dimensional
ws the buccal surface, while the lower panel shows the palatal
d the alveolar bone crest of the maxillary second molars were
ve images of maxilla in the sagittal plane. d) The volumes of the
on. The groups’ names are abbreviated as follows: the control
L28). *P < 0.05, **P < 0.01, ***P < 0.001.



Fig. 2 Hematoxylin and eosin staining showed the extent of inflammatory infiltration and the other histopathological changes of
periodontal tissues between the maxillary first molars and the maxillary second molars in the different groups. The groups’ names
are abbreviated as follows: the control group (C), 14-day ligation group (L14), and 28-day ligation group (L28). Scale bars: 200 mm.
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P < 0.001), and the amount of circumferential bone loss
further increased with the extension of ligation time until
day 28 (0.22 � 0.01 mm3 vs. 0.18 � 0.01 mm3, P < 0.01),
resulting in a peak after 28-day ligation (0.22 � 0.01 mm3

vs. 0.05 � 0.01 mm3, P < 0.001).

Histological observations

Inflammatory cell infiltration
H&E staining was performed to assess inflammatory cell
infiltration and morphologic changes of the periodontium
(Fig. 2). The control group showed the normal tissue
structure. A triangular shape of the interproximal gingiva
and a thick alveolar bone were observed. In addition, the
junctional epithelium was attached along the root surface
without the exposure of the CEJ.

The 14-day ligation caused significant hyperplasia of the
epithelial nail process with the infiltration of a large num-
ber of inflammatory cells in the lamina propria. Evident
bone resorption occurred at the adjacent region between
the molars and the furcation area of the molars, also,
attachment loss (AL) was observed.

The continuity of gingival epithelium was significantly
destroyed on day 28. Epithelial ulceration, numerous in-
flammatory cell infiltration, severe bone loss, and AL were
identified.

TRAPD cell detection

TRAP staining was used to estimate the number of osteo-
clasts (Fig. 3). In the control group, the surface of the
Fig. 3 Tartrate-resistant acid phosphatase staining. a) Represent
groups. The groups’ names are abbreviated as follows: the control g
(L28). Scale bars: 200 mm. b) Quantification analysis of the number

1719
alveolar bone crest was smooth and few TRAPþ cells were
present. Two weeks after ligation, irregular alveolar bone
surface was observed, and the number of TRAPþ cells was
markedly increased (P < 0.001). In the group of 28-day
ligation, the alveolar bone surface was more irregular
with obvious bone resorption of lacunae, but the number of
TRAPþ cells was decreased when compared with the group
of 14-day ligation (P < 0.01).

Detection of the predominant immune-related
leucocytes in different tissues

Flow cytometric analysis was used to quantify the fre-
quencies of T and B cells in the cervical LN, spleen, and
peripheral blood (Fig. 4). In the control group, CD3þ T cells
and CD19þ B cells were the dominant population within the
lymphocyte compartment among the cervical LN, spleen
and peripheral blood (54.9% vs. 20.6%, 38.8% vs. 43.4%, and
37.3% vs. 37.5%, respectively).

Compared to the control group, the periodontitis group
had a significantly higher level of CD19þ B cells in the
cervical LN (26.28 � 5.92% vs. 20.57 � 3.19%, P < 0.05),
whereas there were no significant changes of that in the
spleen (43.87 � 3.14% vs. 43.38 � 4.08%, P > 0.05) or
among PBMC (34.77 � 10.01% vs. 37.54 � 7.92%, P > 0.05).
The proportion of CD3þ T cells in the cervical LN was
decreased in the periodontitis group when compared with
the control group, but the difference was not statistically
significant (50.52 � 5.27% vs. 54.93 � 4.33%, P > 0.05).
Likely, there were no significant differences of the fre-
quencies of CD3þ T cells between the periodontitis group
ative images of the multinucleated osteoclasts in the different
roup (C), 14-day ligation group (L14), and 28-day ligation group
of osteoclasts in the different groups. **P < 0.01, ***P < 0.001.



Fig. 4 Flow cytometric analysis of the predominant immune-related leucocytes. a) Gating strategies for flow cytometric analysis.
B cells (CD19þ), T cells (CD3þ), CD4þ T cells (CD4þCD3þ), CD8þ T cells (CD8þCD3þ). b) The frequencies of CD19þ B cells and CD3þ T
cells within different tissues. cLN: cervical lymph node, PBMC: peripheral blood mononuclear cell, C: the control group, P: the
periodontitis group. *P < 0.05.

Table 1 Comparisons of the proportion of CD4þ T cells,
the proportion of CD8þ T cells, and CD4þ/CD8þ T cell ratio
within different tissues between the control and periodon-
titis group.

Item Tissue Control
group

Periodontitis
group

Pc

CD4þ T cells in
CD3þ T cells
(%)

cLNa 62.64 � 2.77 62.69 � 2.36 0.970
spleen 49.59 � 6.52 53.14 � 4.16 0.216
PBMCb 60.71 � 1.32 62.09 � 3.18 0.311

CD8þ T cells in
CD3þ T cells
(%)

cLNa 31.51 � 1.77 30.27 � 1.09 0.115
spleen 36.90 � 4.09 34.11 � 4.72 0.227
PBMCb 31.22 � 1.69 29.17 � 2.84 0.127

The ratio of CD4þ

T cells/CD8þ

T cells in CD3þ

T cells

cLNa 1.99 � 0.19 2.08 � 0.14 0.366
spleen 1.37 � 0.30 1.59 � 0.27 0.150
PBMCb 1.95 � 0.12 2.14 � 0.21 0.056

a Cervical lymph node.
b Peripheral blood mononuclear cell.
c Independent two-tailed Student t tests.
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and the control group in the spleen (39.51 � 2.44% vs.
38.82 � 3.14%, P > 0.05) and PBMC (43.14 � 7.08% vs.
37.26 � 6.31%, P > 0.05).

In addition, the proportions of CD4þ T cells and CD8þ T
cells among total CD3þ T cells in different tissues were
further analyzed (Table 1). Although the proportions of
CD4þ T cells in CD3þ T cell subset in all three types of tis-
sues were elevated in the periodontitis group compared to
the control group, the differences were not statistically
significant (P > 0.05). Similarly, the frequencies of CD8þ T
cells among total CD3þ T cells in the periodontitis mice
were decreased in all three types of tissues, but all the
differences were not statistically significant (P > 0.05). The
changes resulted in a higher CD4þ/CD8þ T cell ratio in all
three types of tissues under periodontitis condition, yet,
not statistically significant (P > 0.05).

Discussion

In the past few decades, a variety of animal models have
been established to evaluate periodontal pathogenesis,
several methods were used, such as ligature,15 injection of
inactivated bacteria or bacterial lipopolysaccharide,16 oral
gavage,17 and ligature soaked in bacteria.18 Because of the
technical difficulty, the ligature-induced periodontitis
model was not widely used until the first publish of detailed
1720
description and images of the method.12 Oral gavage and
local injection methods are also used commonly, however,
both of these methods generally take a longer time to
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produce significant periodontal tissues destruction than
ligation.19,20 In addition, the severity of these two methods
was inconsistent with different bacteria strains, concen-
trations of microorganisms, and mice background,21,22

while the principle of ligation model is based on the
adherence of microorganisms around the ligature, initiating
periodontitis through the colonization of bacteria.9,16

Considering the effectiveness and predictability, the
ligature-induced mice model has become suitable, preva-
lent, and sufficiently established for periodontitis study.23

The elicitation of significant bone loss is a major feature
of experimental periodontitis model, our results of micro-CT
scanning and H&E staining revealed that ligation could
effectively induce significant periodontal inflammation and
alveolar bone loss in C57BL/6J mice, which were maintained
for a relatively long-term period. Further analysis of oste-
oclast counts by TRAP staining indicated that alveolar bone
loss in the ligation model was progressive, characterizing as
two different phases, with the occurrence of significant and
rapid bone loss in the initial period, followed by continued
progression in a relatively slow mode. Such findings were
consistent with the previous studies.24e26 It is worth noting
that the ligature-induced bone loss in the mouse model
healed without any treatment after the ligature was
removed.8 Based on the characteristic of this model and the
results of our study, the healing potential of late-stage
periodontitis could be studied with or without ligature
removal.27 Besides, when using the ligature-induced peri-
odontitis model to study the effects of agents, the timing of
drug administration should be determined more specifically
and the results should be interpreted more cautiously. For
instance, to assess the preventive effect, cytokines or
molecules were inoculated before or at the same time of
periodontitis induction.28,29 When the focus is on the
treatment effect, intervention was carried out after the
establishment of experimental periodontitis.30,31

With the revelation of the theory called osteoimmu-
nology, scholars are increasingly aware of the importance
of the host immune response.32 Originally, T cells were the
focus of research, the whole spectrum of cells mediating
immunity such as B cells, macrophages, and neutrophils
has become increasingly emphasized and investigated
recently.33 In the present study, samples for flow cyto-
metric analysis were taken from the group of 14-day liga-
tion, in which periodontitis was successfully established.
Paralleling clinical observations of periodontal disease,7

our results showed that CD3þ T cells (50%e55%) and
CD19þ B cells (21%e26%) were the dominant population
within the lymphocyte compartment in the cervical LN that
drain periodontal lesions in both health and disease con-
dition. In addition, when compared to the healthy control,
B cell population increased significantly in the periodontitis
mice, while, although the proportion of T cell was much
greater, there was no statistically significant change of T
cell population. A recent study which used a novel CIBER-
SORT technology to profile human immune cell subtypes of
healthy and periodontitis tissues also found that the
plasma and naive B cells were elevated in periodontitis
tissues.34 As we aimed to investigate the change of
immune-related cell population both locally and systemi-
cally, spleen and peripheral blood samples were also
analyzed besides the cervical LN. However, neither B nor T
1721
cell population in the spleen and peripheral blood showed
a statistically obvious change in the periodontitis group
compared to the control group. We hypothesized that the
placement of a ligature leads to the imbalance of the
periodontal ecosystem, altering the local immune micro-
environment rather than the systemic immunoin-
flammatory state. A study in support of this hypothesis
proposed that in experimental periodontitis, local stimu-
lation alone may be insufficient to drive systemic inflam-
mation and epigenetic modifications but could lead to
epigenetic and inflammatory events following systemic
microbial challenge.35 Furthermore, the CD4þ/CD8þ ratios
were analyzed. Thus far, there has not been a consensus on
the nature of CD4þ/CD8þ ratios in periodontal disease le-
sions and peripheric blood.36,37 In our study, although the
ratios showed an increasing trend at local and systemic
level, the differences were not statistically significant,
further investigations about this subject are required to
determine the immunoregulation mechanisms effective in
periodontal disease. Besides, genetically engineered or
humanized immunodeficient mice were needed to study
immunity-mediated pathology in vivo.9,38

In conclusion, we performed the morphological, histo-
logical and cellular analysis in the ligature-induced peri-
odontitis model in mice, which could provide important
insights into the mechanisms of disease pathogenesis and
progression. Moreover, based on the knowledge, more tar-
geted strategies and new therapeutic modalities could be
developed by acting at specific times in the development of
periodontal disease or by targeting specific cell populations
in the pathogenesis of periodontal disease.
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