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RESUMO 

 

A periodontite induzida por ligadura é um dos diversos métodos possíveis para 
se estudar a progressão e o reparo dos tecidos periodontais em modelos 
animais. Compreender como fatores temporais, como a presença da ligadura e 
o tempo de reparo, influenciam o perfil imunológico e a perda óssea é crucial 
para se compreender a etiopatogênese da doença. Este estudo teve como 
objetivo caracterizar o perfil imuno-inflamatório sistêmico e gengival durante a 
progressão e reparo da periodontite induzida por ligadura em modelo animal.  
Um total de 48 ratos Wistar machos foram incluídos, sendo oito animais no grupo 
Controle (nenhum procedimento foi realizado e com eutanásia ao final do 
experimento). Os 40 animais designados para os grupos experimentais Ligadura 
e Reparo foram submetidos a inserção de uma ligadura de algodão ao redor dos 
primeiros molares inferiores bilateralmente, e mantida por 7 dias. Depois disso, 
em T-0 (baseline) as ligaduras foram mantidas ou removidas por mais 28 ou 56 
dias (n=8/grupo). Totalizando 7, 35 e 63 dias para os grupos ligadura. Após a 
eutanásia, hemimandíbulas, sangue e tecidos gengivais foram coletados. As 
hemimandíbulas do lado direito foram submetidas inicialmente ao exame 
radiográfico periapical e em seguida ao processamento histológico para análise 
estereométrica. Soro e tecido gengival ao redor dos primeiros molares das 
hemimandíbulas do lado esquerdo foram submetidos ao ensaio multiplex para 
analisar interleucina (IL)-1β, fator de necrose tumoral (TNF)-α, interferon (IFN)-
γ, IL-4, IL-6, IL-10, fator de crescimento endotelial vascular (VEGF) e fator de 
crescimento epidermal (EGF). Amostras de soro foram submetidas também a 
análise colorimétrica da fosfatase ácida.  A perda óssea foi maior nos animais 
que mantiveram a ligadura com o passar do tempo (p<0,05). Já nos animais do 
grupo reparo, em 56 dias após baseline observa-se um aumento na perda óssea 
alveolar (p<0,05). A ligadura aumentou significativamente as células 
inflamatórias e reduziu os fibroblastos, enquanto os vasos sanguíneos 
aumentaram apenas em 7 e 35 dias. A remoção da ligadura diminuiu 
significativamente as células inflamatórias e os vasos sanguíneos, com aumento 
de fibroblastos (p<0,05). Os animais do grupo ligadura apresentaram, no ensaio 
imunológico de soro e tecido gengival, aumento de TNF-α e IL-1β e diminuição 
de IL-4 e VEGF em diferentes tempos (p<0,05). Nos grupos reparo, IL-1β, IL-4, 
IL-10, EGF e VEGF apresentaram diminuição do padrão dependente do tempo 
(p<0,05). O VEGF no soro demonstrou nível aumentado durante o reparo de 28 
dias com aumento no reparo de 56 dias (p<0,05). A periodontite induzida por 
ligadura aumentou a perda óssea de maneira dependente do tempo, com 
aumento de células inflamatórias, vasos sanguíneos e citocinas pró-
inflamatórias, como IL-1β e TNF-α. Após a remoção da ligadura, o reparo 
periodontal não diminuiu a perda óssea alveolar. Porém, após 56 dias, houve 
redução de células inflamatórias e citocinas pró-inflamatórias, apesar do 
aumento da perda óssea. 
 
Palavras-chave: periodontite; perda do osso alveolar; ratos wistar; inflamação. 

 
 



ABSTRACT 
 

Ligature-induced periodontitis is one of several methods used to study the 
progression and repair of periodontal tissues in animal models. Understanding 
how temporal factors, such as the presence of the ligature and repair time, 
influence the immunological profile and bone loss is crucial for comprehending 
the etiopathogenesis of the disease. This study aimed to characterize the 
systemic and gingival immuno-inflammatory profile during the progression and 
repair of ligature-induced periodontitis in an animal model. A total of 48 male 
Wistar rats were included, with eight animals in the Control group (no procedures 
were performed and euthanized at the end of the experiment). The 40 animals 
designated for the Ligature and Repair experimental groups underwent the 
insertion of a cotton ligature around the lower first molars bilaterally, which was 
maintained for 7 days. Subsequently, at T-0 (baseline), the ligatures were either 
maintained or removed for an additional 28 or 56 days (n=8/group). Totaling 7, 
35, and 63 days for the ligature groups. After euthanasia, hemimandibles, blood, 
and gingival tissues were collected. The right-side hemimandibles were initially 
subjected to periapical radiographic examination and then to histological 
processing for stereometric analysis. Serum and gingival tissue around the first 
molars of the left-side hemimandibles were subjected to multiplex assays to 
analyze interleukin (IL)-1β, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, IL-
4, IL-6, IL-10, vascular endothelial growth factor (VEGF), and epidermal growth 
factor (EGF). Serum samples were also subjected to a colorimetric analysis of 
acid phosphatase. Bone loss was greater in animals that maintained the ligature 
over time (p<0.05). In the repair group, an increase in alveolar bone loss was 
observed 56 days after baseline (p<0.05). The ligature significantly increased 
inflammatory cells and reduced fibroblasts, while blood vessels increased only in 
7 and 35 days. Ligature removal significantly decreased inflammatory cells and 
blood vessels, with an increase in fibroblasts (p<0.05). The ligature group animals 
showed, in the immunological assay of serum and gingival tissue, an increase in 
TNF-α and IL-1β and a decrease in IL-4 and VEGF at different times (p<0.05). In 
the repair groups, IL-1β, IL-4, IL-10, EGF, and VEGF showed a time-dependent 
decrease pattern (p<0.05). Serum VEGF levels demonstrated an increase during 
the 28-day repair period, with a further increase at 56 days (p<0.05). Ligature-
induced periodontitis increased bone loss in a time-dependent manner, with an 
increase in inflammatory cells, blood vessels, and pro-inflammatory cytokines 
such as IL-1β and TNF-α. After ligature removal, periodontal repair did not 
decrease alveolar bone loss. However, after 56 days, there was a reduction in 
inflammatory cells and pro-inflammatory cytokines despite the increased bone 
loss. 

 
 
Key-Words: periodontitis, alveolar bone loss, inflammation, rats. 
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INTRODUÇÃO 

 

A periodontite é uma doença inflamatória crônica multifatorial associada ao 

biofilme disbiótico e caracterizada pela destruição progressiva do aparelho de 

suporte dentário. Suas principais características incluem a perda de suporte do 

tecido periodontal, manifestada através da perda de inserção clínica e perda 

óssea alveolar avaliada radiograficamente, presença de bolsas periodontais e 

sangramento gengival (PAPAPANOU; SANZ; BUDUNELI; DIETRICH et al., 

2018). Além disso, as doenças periodontais também resultam em um estado pró-

inflamatório sistêmico, que está relacionado com diversas doenças como: 

doenças cardiovasculares, doenças cardiometabólicas (DCM), problemas de 

saúde mental, doenças autoimunes e até mesmo com condições musculares, 

como a força de preensão manual (ROTH; GUARENGHI; FERRO; VALENGA et 

al., 2024; ZEMEDIKUN; CHANDAN; RAINDI; RAJGOR et al., 2021). (ANEXO 1) 

Um estudo epidemiológico recente demonstrou que em uma população idosa 

entre 65 e 74 anos cerca de 82% dos indivíduos apresentava periodontite, além 

de ser considerada como uma das causas mais frequentes de perda dentária 

(NAZIR; AL-ANSARI; AL-KHALIFA; ALHAREKY et al., 2020). É importante 

explorar a etiopatogenia da periodontite, mas os estudos clínicos enfrentam 

limitações devido à complexidade da doença, que pode envolver interações 

entre genes, comportamento e o biofilme dentário. Além disso, questões éticas 

e a diferença na predisposição dos indivíduos humanos à progressão da 

periodontite são um desafio.(YOON; JUNG; YOO; LEE et al., 2023).

Na progressão da periodontite, a microbiota periodontopatogênica, 

principalmente bactérias anaeróbias gram-negativas como Porphyromonas 

gingivalis, causam danos aos tecidos através de fatores de virulência únicos, 

levando à inflamação e ao aumento de mediadores pró-inflamatórios (MOISEEV; 

DONSKOV; DUBROVIN; KULYUKINA et al., 2023). A todo momento autores 

estão explorando novas abordagens para melhor compreender e desenvolver 

novas opções de tratamento. Para isso a investigação em animais de laboratório 

se faz necessária. Encontrar um modelo animal ideal é um desafio devido aos 



fatores complexos envolvidos na progressão da periodontite (MOISEEV; 

DONSKOV; DUBROVIN; KULYUKINA et al., 2023).  

Nas últimas décadas, uma variedade de modelos de periodontite em roedores 

foi estabelecida e aplicada com eficácia para a exploração do desenvolvimento 

da doença (GRAVES; FINE; TENG; VAN DYKE et al., 2008). Dentre eles, a 

manipulação de uma dieta com alta ingestão de carboidratos, a injeção de 

lipopolissacarídeos bacterianos (LPS) diretamente no sulco gengival ou a 

colocação de uma ligadura com fio de nylon ou algodão foram relatados como 

modelos bem-sucedidos de periodontite (DUMITRESCU; ABD-EL-ALEEM; 

MORALES-AZA; DONALDSON, 2004; TAKADA; YOSHINARI; SUGIISHI; 

KAWASE et al., 2004). 

Durante a indução da periodontite experimental com uso da ligadura, o biofilme 

se acumula ao redor da ligadura, o que leva à destruição do tecido periodontal 

em um período curto de tempo (ABE; HAJISHENGALLIS, 2013). A administração 

oral de bactérias e a injeção local de lipopolissacarídeos (LPS) ou P. gingivalis 

também são métodos comumente utilizados para estabelecer a periodontite 

(ROJAS; GARCÍA; POLANCO; GONZÁLEZ-OSUNA et al., 2021). No entanto, 

estes dois métodos levam mais tempo (cerca de quatro até seis semanas) para 

produzir uma perda significativa de tecido periodontal em relação à ligadura (7 a 

14 dias) (HART; SHAFFER; AKILESH; BROWN et al., 2004). Portanto, o modelo 

de periodontite induzida por ligadura possui uma fácil aplicação com excelentes 

resultados em um curto período. O uso da ligadura também pode estar associado 

a fatores bacterianos, inoculados localmente no fio de algodão, uma injeção 

sistêmica de LPS ou P. gingivalis ou uma ligadura com gavagem oral de P. 

gingivalis (LIN; NIIMI; OHSUGI; TSUCHIYA et al., 2021). 

Atualmente os estudos apresentam heterogeneidade em relação ao tempo 

considerado ideal para o estabelecimento da doença, e após sua remoção o 

tempo considerado ideal para promover o reparo. Estudos usando 5, 7, 14, 28, 

35 dias e até mesmo o período de 3 meses já foram descritos na literatura 

(BOSTAN; YEMENOGLU; KOSE; AKYILDIZ et al., 2024; LEE; KIM; TRANG; 

LEE et al., 2023; MENDES; SORDI; OLCHANHESKI; MACHADO et al., 2014; 

WU; YAN; WU; CHEN et al., 2023; ZHANG; TAN; LUO; JIA, 2023). Após a 



remoção da ligadura, espera-se que ocorra o reparo (SPOLIDORIO; LUCAS; 

STEFFENS; DA SILVA et al., 2014), geralmente entre o período de 3 até 30 dias 

após a remoção da ligadura (COIMBRA; STEFFENS; ROSSA; GRAVES et al., 

2014; GUIMARAES-STABILI; DE AQUINO; DE ALMEIDA CURYLOFO; TASSO 

et al., 2019; ZUZA; GARCIA; THEODORO; ERVOLINO et al., 2018; ÖNGÖZ 

DEDE; BOZKURT DOĞAN; BALLI; DURMUŞLAR et al., 2021). Entretanto, 

alguns estudos também apontam que após a remoção da ligadura, o processo 

de reparo ósseo pode não ocorrer, levando a progressão da perda óssea alveolar 

(GARCIA; MIESSI; ESGALHA DA ROCHA; GOMES et al., 2022; GARCIA; 

ROCHA; GOMES; MIESSI et al., 2023). Além disso, uma caracterização imuno-

inflamatória abrangente de como ocorre o reparo em roedores a longo prazo não 

está disponível. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



OBJETIVOS 

 

Objetivo Geral 

O objetivo deste trabalho foi avaliar e caracterizar as alterações locais e 

sistêmicas decorrentes da periodontite induzida por ligadura e o subsequente 

reparo periodontal após a sua remoção em ratos Wistar.  

Objetivos Específicos  

1. Avaliar a perda óssea radiográfica dos grupos experimentais. 

2. Avaliar através de análise estereométrica o tecido gengival para o perfil 

inflamatório característico de cada grupo experimental. 

3. Avaliar através de ensaio multiplex as citocinas e fatores de crescimento 

envolvidas no processo de progressão da periodontite e reparo periodontal. 

 

 

 

 

 

 

 

 

 

 

 

 



ARTIGO – ARCHIVES OF ORAL BIOLOGY  

 

Local and systemic characterization of inflammatory profile in long-term 
ligature-induced periodontitis and repair in rats. #  

João Victor Schoemberger Rotha, Priscila Alves Teixeira Ribasa, Henrique Kenji 
Takaradab, Mariana Ortelan Borgesb, Flávia Braga Reitmeyerc, João César 
Zielakd, João Paulo Steffensa, *.  

a Postgraduate Program in Dentistry, Federal University of Paraná - UFPR, Curitiba, 
PR, Brazil. 

b Graduate Program in Dentistry, Federal University of Paraná – UFPR, Curitiba, PR, 
Brazil. 

c Graduate Program in Dentistry, Positivo University – UP, Curitiba, PR, Brazil. 

d Postgraduate Program in Dentistry, Positivo University – UP, Curitiba, PR, Brazil. 

Abstract 

Objective: This study aimed to characterize time-dependent alveolar bone loss, 
histological changes, and immunoinflammatory profiles in rats during ligature-induced 
periodontitis progression and repair in the long term.  

Design: Forty-eight male Wistar rats were included. The negative control group (n=8) 
received no ligature and was euthanized at the end of the experiment. In experimental 
groups (Ligature and Repair; n=40), rats received a cotton ligature around the lower first 
molars bilaterally, which was kept for seven days before baseline. After this period, in 
baseline, ligatures were either maintained or removed for another 28 or 56 days 
(n=8/group). Hemi-mandibles, blood, and gingival tissues were collected for analyses. 

Results: Bone loss was higher in ligated animals over time (p<0.05). Ligature placement 
significantly increased inflammatory cells and reduced fibroblasts, with blood vessel 
increases only at 7 and 35 days. After 56 days of ligature removal, alveolar bone loss 
increased (p<0.05). Ligature removal decreased inflammatory cells and blood vessels 
and increased fibroblasts (p<0.05). Immunological assays showed increased TNF-α and 
IL-1β and decreased IL-4 and VEGF in ligated animals (p<0.05). In repair groups, IL-1β, 
IL-4, IL-10, EGF, and VEGF decreased over time (p<0.05).  

Conclusion: Ligature-induced periodontitis led to time-dependent alveolar bone loss. 
Inflammatory cells and pro-inflammatory cytokines increased in ligated animals. During 
repair, despite reducing inflammatory cells and cytokines, alveolar bone loss increased 
after 56 days of ligature removal.  

Key-Words: Periodontitis, Alveolar Bone Loss, Inflammation, Rats.  



1. Introduction  

Periodontitis is a chronic multifactorial inflammatory disease associated with a 
dysbiotic biofilm and characterized by progressive destruction of the tooth 
support tissues (Papapanou et al., 2018). The presence of periodontal pocket, 
gingival bleeding, and bone attachment loss, as observed by clinical or 
radiographic analyses, can be described as the main signs. It is also described 
as one of the most prevalent oral diseases worldwide (Nazir et al., 2020). 
Periodontitis develops in stages and includes several phases: primary 
colonization by pathologic bacterial agents, formation and maturation of microbial 
biofilm, invasion of periodontal tissues by oral microbiota and their metabolites, 
induction of exaggerated host immune response, and destruction of periodontal 
tissues with secondary changes in the dentoalveolar complex (Marchesan et al., 
2018). 

Despite the need to understand the etiopathogenesis of periodontitis, clinical 
studies face limitations due to the complexity of the disease, which can involve 
interactions between genes, behavioral aspects, comorbidities, and dental 
plaque. Also, ethical issues and differences in human individuals’ predisposition 
to periodontitis progression increase the challenge in the clinical setting (Yoon et 
al., 2023). 

In the past few decades, a variety of periodontitis models in rodents have been 
established and effectively applied to the exploration of the mechanism of 
periodontitis and the efficacy of new treatments (Graves et al., 2008). Among 
them, manipulating a diet with high carbohydrate intake, injecting bacterial 
lipopolysaccharides (LPS) directly into the gingival sulcus, or placing a ligature 
with nylon, cotton, or orthodontic thread, which acts as a factor that facilitates the 
accumulation of periodontopathogens, have been reported as successful 
periodontitis models (Dimitriu et al., 2021; Dumitrescu et al., 2004; Takada et al., 
2004). In fact, rodents are widely used for experimental modeling of periodontitis 
and have several advantages: small size, low cost, known age and genetic 
background, controlled microbiota, and ease of care and handling; they are 
characterized by the development of the highly reproducible inflammatory 
process in the periodontium (Moiseev et al., 2023). 

A great source of heterogeneity among studies evaluating the progression or 
repair of ligature-induced periodontitis is the time carried out for the disease 
development and, after ligature removal, the time expected to restore health. 
Studies using 5, 7, 14, 28, and 35 days to longer periods such as three months 
have been reported to induce periodontitis (Bostan et al., 2024; Lee et al., 2023; 
Mendes et al., 2014; Wu et al., 2023; Zhang et al., 2023). After ligature removal, 
repair is expected to occur (Spolidorio et al., 2014), generally between 3 to 30 
days after the ligature removal (Coimbra et al., 2014; Guimaraes-Stabili et al., 
2019; Zuza et al., 2018; Öngöz Dede et al., 2021). However, some studies 



suggest that bone loss can increase after ligature removal (Garcia et al., 2022; 
Garcia et al., 2023). Furthermore, comprehensive immunoinflammatory 
characterization of how repair occurs in rodents in the long term is not available. 

Therefore, this study aimed to characterize time-dependent alveolar bone loss, 
histological changes, and systemic and local immunoinflammatory profile in rats 
during ligature-induced periodontitis progression and repair.  

2. Materials and methods 

2.1 Animals 

Sample size calculation was carried out based on alveolar bone loss, for an 
intergroup difference of ten points with a standard deviation of seven points, eight 
animals per group were needed, establishing alpha at 5% and a power of 80%. 
For that, forty-eight male adult Wistar rats (Rattus norvegicus albinus), aged 
approximately eight weeks, were kept in cages with similar conditions 
(temperature 22±2°C, humidity 45±15%, and light cycles 12/12-hour light/dark). 
Food and water were available ad libitum. After seven days of acclimatization, 
animals were randomized into three groups: Negative Control (n=8), Ligature 
(n=24), and Repair (n=16), using computer-generated numbers (Figure 1). All 
experimental protocols were approved by the Positivo University Institutional 
Ethics Committee for Animal Experimentation (protocol #7.1/2021) (Annex 3) 
and carried out following the Brazilian Society of Science in Laboratory Animals 
(SBCAL) and National Council for the Control of Animal Experimentation 
(CONCEA). This study was developed and reported following the ARRIVE 
(Animal Research: Reporting of In Vivo Experiments) standards.  

2.2 Induction of experimental periodontal bone loss and periodontal repair 

On day -7 (7 days before baseline), the animals in the ligature and repair groups 
were anesthetized with ketamine (0.08mL/100g) and xylazine (0.04mL/100g) and 
received a cotton ligature (#30) around the lower first molars bilaterally. Animals 
in the ligature groups were euthanized at baseline (n=8) or maintained the 
ligatures for another 28 (n=8) or 56 (n=8) days after baseline (total, 35 or 63 days, 
respectively). Animals in the repair group had their ligatures removed at baseline 
to promote periodontal repair (Steffens et al., 2018) and were euthanized after 28 
(n=8) or 56 days (n=8). Control animals received no ligature and were euthanized 
at the end of the experiment (n=8).  

2.3 Euthanasia and sample collection 

At baseline, 28 and 56 days after, animals were euthanized by anesthetic 
overdose. Blood samples were collected through cardiac puncture for serum 
analyses of inflammatory markers and growing factors. Mucogingival tissues 
around the first molars on the left side were removed and kept at -80°C for 
subsequent analysis of inflammatory markers and growing factors. The 



anatomical pieces of the right side were stored for radiographic and histological 
analysis.  

2.4 Radiographic analysis 

Eight right hemi-mandibles per group were submitted to radiographic examination 
to analyze radiographic bone loss. A dental X-ray device (xDent x70 device, 
XDENT Dental Equipment, Ribeirão Preto/ SP, Brazil) was used to perform the 
radiographic shots, with standardization of distance, exposure time, and 
positioning of the samples. Digital software (Saevo Digital Image Software, 
Version 2.0.0.20, Ribeirão Preto/ SP, Brazil) was used to capture and analyze all 
images. Measurements were taken in millimeters from the Cementoenamel 
Junction (CEJ) to the Alveolar Bone Crest (ABC) from the mesial and distal root 
of the lower first molars. Measurements were performed three times by a trained 
examiner under similar environmental conditions, and the mean values were 
reported. 

2.5 Histological processing 

After radiographic processing, five hemi-mandibles from each group were 
decalcified in an aqueous solution containing formic acid and formalin for 30 days. 
Histological processing was carried out with sections of 0.5 μm thickness. Four 
histological slides with three semi-serial sections were made per animal and 
stained with Hematoxylin and Eosin. To carry out the analysis, two slides were 
selected, and one section of each was photographed using software (Cell^F 
2008, Olympus Soft Imaging Solutions GmbH. Coermühle 2, 48157 Nord, 
Germany) and then submitted for evaluation by a single trained evaluator. For 
stereometric analysis, a 1.000μm x 500μm grid was positioned vertically over the 
connective tissue in the histological images at 20x magnification, with the lower 
edge of the grid in contact with the bone tissue and the side edge in contact with 
the tooth. The grid consisted of a 19x9 format totaling 200 points of interest, as 
previously described (Steffens et al., 2015). Structures in intersection points were 
identified as ''fibroblasts'', ''inflammatory cells'', ''blood vessels'', ''extracellular 
matrix'' or ''outside region of interest''. Intersections reported outside the zone of 
interest were discarded, and the remaining points were considered the total 
number of possible points (100%). 

2.6 Inflammatory profile analysis 

Serum and gingival tissue samples were used for inflammatory profile analysis. 
Gingival tissues were macerated for protein extraction in tissue protein extraction 
reagent (T-PER™ lysis buffer Thermo Fisher Scientific Inc., 168 Third Avenue. 
Waltham, MA USA), containing protease inhibitor (SIGMAFAST™- Sigma-
Aldrich Co. 3050 Spruce Street, Saint Louis, MO 63103, USA). After 
centrifugation, both serum and gingival samples were evaluated using multiplex 
(MILIPLEX Rat Cytokine/ Chemokine Magnetic Bead Panel, 2021 Merck KGaA, 



Darmstadt, Germany), according to the manufacturer’s instructions. The following 
cytokines were analyzed: Tumor Necrosis Factor-Alpha (TNF-α), Interleukin (IL)-
1β, IL-4, IL-6, IL-10, Interferon-gamma (IFN-γ), Epidermal Growth Factor (EGF), 
and Vascular Endothelial Growth Factor (VEGF). In the gingival tissue, total 
protein was quantified in each sample using the DC Protein Assay protocol (Bio-
Rad Laboratories, Inc. 2000 Alfred Nobel Dr. Hercules, CA, USA) for data 
normalization. 

2.7 Acid Phosphatase Assay 

For the serum samples collected, Acid Phosphatase (ACP) was analyzed using 
a colorimetric Acid Phosphatase Assay Kit (Sigma-Aldrich®, MAK446, 3050 
Spruce Street, Saint Louis, MO 63103, USA) according to the manufacturer's 
instructions. Acid Phosphatase activity was calculated according to the formula 
provided by the manufacturer, and the result was expressed in U/L.  

2.8 Statistical analysis 

Homogeneity of variance and normal distribution were checked using Levene and 
Shapiro-Wilk tests, respectively. If both criteria were met, one-way ANOVA and 
post-hoc Tukey tests were performed. Otherwise, the non-parametric Kruskal–
Wallis and Dunn's post-test was performed. Alternatively, Mann–Whitney and 
unpaired Student’s t-test were performed for pairwise comparisons. Values were 
expressed as median or mean and standard error of the mean. All tests were 
performed using free software (Jamovi version 2.4.11.0 for Windows 10, 
https://www.jamovi.org). All graphics were made using paid software (GraphPad 
Prism version 10.0.0 for Windows, GraphPad Software, Boston, Massachusetts 
USA, https://www.graphpad.com). The significance level was set at p<0.05. 

3. Results  

No animals or ligatures were lost in this experiment. The presence of ligature 
significantly induced alveolar bone loss. In the mesial root, all groups showed a 
statistically significant increase compared to the Negative Control (p<0.001). The 
alveolar bone loss increased in a time-dependent manner over the 63 days 
(p<0.001). Distal analysis showed that although alveolar bone loss increased 
over time compared with the Negative Control (p<0.001), there was no increase 
in bone loss at 28 days post-baseline (Lig 35d) and 56 days post-baseline (Lig 
63d). When mean values were analyzed from mesial and distal measurements, 
alveolar bone loss increased over time with a statistical difference among all 
groups (p<0.001). In the periodontal repair groups, in Repair 56 (Rep 56d), bone 
loss was significantly increased when compared with Ligature 7 days (Lig 7d) in 
the mesial root (p<0.001) and mean values (p<0.05) (Figure 2). 

Stereometric analysis showed increased inflammatory infiltrate in the ligature 
groups compared to the negative control, accompanied by a decreased fibroblast 



count as the disease progressed (p<0.001). Blood vessels increased at Lig 7d, 
followed by a progressive decrease (p<0.001). Extracellular matrix analysis 
indicated a decrease in all ligature groups compared to the control (p<0.001) 
(Figure 3). In the repair group, inflammatory infiltrate decreased following ligature 
removal (p<0.001). Both Repair 28 days (Rep 28d) and Rep 56d groups exhibited 
a significant decrease compared to Lig 7d, with Rep 56d showing a statistically 
more significant reduction than Rep 28d (p<0.001). Fibroblasts increased in both 
repair groups (p<0.01). Blood vessels decreased during repair, with Rep 28d and 
Rep 56d significantly differing from each other (p<0.01) and from Lig 7d 
(p<0.001). Extracellular matrix content in the repair groups significantly increased 
when comparing Lig 7d to Rep 56d (p<0.01) (Figure 4).  

In the analyzed inflammatory profile, ligature groups exhibited elevated serum 
levels of TNF-α during early-stage periodontitis (p<0.01), with VEGF levels 
decreasing in Lig 7d, subsequently increasing in Lig 35d and then decreasing 
again in Lig 63d (p<0.05). Gingival tissue demonstrated elevated IL-1β levels in 
Lig 7d (p<0.01), decreased TNF-α compared to the control group (p<0.05), and 
reduced levels of IL-4 in Lig 7d (p<0.001) (Figure 5). In the serum repair groups, 
IL-1β (p<0.05), IL-10 (p<0.01), and VEGF increased at Rep 28d, followed by a 
decrease at Rep 56d compared to the Lig 7d group (p<0.05). Gingival tissue in 
the repair groups showed reduced IL-1 β (p<0.01), IL-4 (p<0.01), IL-10 (p<0.01), 
VEGF (p<0.01), and EGF (p<0.01) compared to the Lig 7d group (p<0.05) (Figure 
6). Acid Phosphatase Assay had no statistically significant difference in ligature 
(p:0.067) and repair groups (p:0.134). In the ligature groups, an increase was 
observed in Lig 7d and Lig 35d compared to the negative control, with a decrease 
in Lig 63d. In the repair groups, there was an increase in Rep 28d and a decrease 
in Rep 56d compared to Lig 7d (Figures 5 and 6). 

4. Discussion 

In this study, we analyzed the progression of periodontitis and its repair using 
radiographic, histological, and immunological analyses. Briefly, ligature 
maintenance led to alveolar bone loss over 63 days and increased inflammation 
in the connective tissue, accompanied by the expression of pro-inflammatory 
cytokines and growth factors in serum and gingival tissue. On the other hand, 
repair led to a subtle increase in alveolar bone loss 56 days after ligature removal, 
with decreased inflammatory cells and pro-inflammatory cytokines in serum and 
gingival tissue. 

Our primary outcome was alveolar bone loss, measured as the distance between 
the CEJ and ABC. There are various methodologies described in the literature, 
with the most common being morphometric, histological, and radiographic 
analyses. Radiographic analysis using a digital sensor and software provides 
greater accuracy and ease of standardization compared to traditional X-ray 
procedures (Teeuw et al., 2009). From image acquisition to analysis, the entire 



process is straightforward. While histological and morphometric analyses are 
equally reliable, they require additional steps for sample preparation. Micro-CT 
imaging is highly sensitive, providing detailed three-dimensional images capable 
of measuring linear structures and volumetrically. However, it is a costly method, 
and three-dimensional analysis may dilute ligature's fine localized impact on bone 
level (Li & Amar, 2007; Steffens et al., 2015). 

In this study, ligature placement significantly increased alveolar bone loss over 
different periods (35 and 63 days) (p<0.05). However, a multigroup comparison 
model using ANOVA showed no difference between Lig 7d and the Negative 
Control in the mesial root, although several studies have evidenced that 7 to 14 
days are sufficient to promote alveolar bone breakdown (de Molon et al., 2018; 
de Paiva Gonçalves et al., 2018; Machado et al., 2014; Wichienrat et al., 2024). 
A two-group comparison using Student’s t-test in our study showed a significant 
difference between Control and Lig 7d (p=0.014; data not shown). Ligature-
induced periodontitis tends to stabilize after a certain period. De Molon et al. 
(2018) proposed that in the initial periods, such as 7 to 14 days, an acute 
inflammatory response gradually decreases and transitions into a resolution 
phase after 15 to 21 days (de Molon et al., 2018). Similarly, Wu et al. (2020) 
described that despite 28 days of ligature-induced periodontitis compared to 
control, bone loss stabilized after 14 days (Wu et al., 2020). However, in this 
study, when the mean values of mesial and distal roots were combined, bone 
loss was not stabilized over the different time periods evaluated (p<0.05). 
Possible explanations include using different teeth locations (mandibular and 
maxillary) or positioning (1st molar; 1st and 2nd molar and, 2nd molar only), ligature 
characteristics, and knot position. 

We hypothesized that the periodontium would undergo periodontal repair, 
characterized by decreased bone loss, following ligature removal. However, bone 
loss increased significantly in the 56 days after ligature removal (p<0.05). 
Conflicting data are found in the literature. On the one hand, periodontal repair 
led to a decrease in alveolar bone loss after 7, 15, and 30 days (Coimbra et al., 
2011; Oliveira et al., 2016; Spolidorio et al., 2014; Steffens et al., 2018). On the 
other hand, some results suggest an increase in alveolar bone loss following 7, 
14, and 30 days of ligature removal (Garcia et al., 2022; Garcia et al., 2023; 
Wichienrat et al., 2024). Although this study did not aim to evaluate the 
microbiota, we speculate that the late progression of periodontitis after ligature 
removal may be due to changes in oral and systemic microbiota composition and 
not based on the inflammatory profile changes after ligature placement or 
removal (de Mello-Neto et al., 2023; Lee et al., 2024; Xing et al., 2022). In fact, 
studies have reported bone tissue resorption associated with dysbiosis in gut 
microbiota and ligature placement, which is recognized as a critical factor in 
dysbiosis induction and maintenance (Chen et al., 2017). 



To understand the mechanisms involved in the progression of ligature-induced 
periodontitis and periodontal repair following its removal, our findings align 
closely with prior research on ligature-induced periodontitis (Bostan et al., 2024; 
de Molon et al., 2018; Zhang et al., 2023). Consistent with these studies, we 
observed an initial increase in pro-inflammatory cytokines TNF-α and IL-1β 
immediately following ligature placement, indicative of early inflammatory 
response in serum and gingival tissues. This initial surge in cytokines 
corresponds with the heightened receptor activator of nuclear factor kappa 
beta/osteoprotegerin (RANKL/OPG) ratio reported by de Molon et al. (2018), 
suggesting early osteoclastogenic activity. Furthermore, our findings of TNF-α 
levels peaking at baseline (Lig 7d) followed by a subsequent decrease over time 
in serum, as well as the oscillatory pattern of VEGF levels in gingival tissues, 
support the dynamic nature of cytokine regulation during periodontitis 
progression (Bostan et al., 2024; Zhang et al., 2023). Additionally, our 
observation of elevated IL-4 levels shortly after ligature placement underscores 
the complex interplay between pro-inflammatory and anti-inflammatory cytokines 
during the disease process. 

After ligature removal, our study findings match the existing literature on cytokine 
dynamics in periodontitis. Like observations by Spolidorio et al. (2014), we noted 
significant increases in pro-inflammatory cytokines IL-1β and TNF-α immediately 
following ligature removal, indicating a robust inflammatory response (Spolidorio 
et al., 2014). This initial increase is consistent with the heightened levels of these 
cytokines reported by (Wichienrat et al., 2024). In our study, IL-1β, IL-10, and 
VEGF presented an initial increase in serum at 28 days post-ligature removal, 
followed by a decrease after 56 days, mirroring the pattern of initial inflammation 
followed by resolution. In gingival tissues, we observed decreases in IL-1β, IL-4, 
IL-10, VEGF, and EGF at both 28- and 56 days post-repair, which aligns with the 
findings (Öngöz Dede et al., 2021) regarding impaired anti-inflammatory 
regulation and subsequent decrease in pro-inflammatory cytokines. Dynamic 
cytokine interactions act modulating Th1 and Th2 immune responses and in the 
progression of periodontitis. Th1 cytokines like IL-1β and TNF-α initiate an 
inflammatory cascade against periodontal infection, while Th2 cytokines, such as 
IL-4, regulate inflammation and promote tissue healing (Gaffen & Hajishengallis, 
2008). The shift from increased pro-inflammatory cytokines (IL-1β and TNF-α) to 
basal levels of anti-inflammatory cytokines (IL-4 and IL-10) during the repair 
phase indicates a transition toward a healing-oriented Th2 response (Landén et 
al., 2016). 

To the best of our knowledge, this is the first comprehensive study evaluating 
different time protocols for ligature-induced periodontitis progression and repair 
using a panel of inflammatory factors. Animal models are indispensable when 
human studies are impractical. They provide results into therapeutic effects and 
interactions with specific physiological environments and aid in decision-making 



for human clinical research. Rodent models offer advantages such as extensive 
knowledge of the immune system, access to genetically engineered strains, and 
ethical considerations compared to human studies (Acqua et al., 2022).  

However, our study also has limitations that should be disclosed. Firstly, while 
multiplex analysis is valuable, technical constraints such as assay sensitivity and 
the need for result validation could introduce variability and affect the 
interpretation of results. Also, inflammatory markers were secondary outcomes; 
therefore, the sample size may be underestimated. The method used to measure 
alveolar bone loss also can be a limitation; in this study, we used periapical X-ray 
shots. Even though micro-CT analysis could evaluate all sites and bone volume, 
the results could dilute the ligature effect in different sites. In this study, we used 
the times of 7 days and 28- and 56-days post-baseline to evaluate alveolar bone 
loss; however, in literature, there are several different times, which also can be a 
limitation when compared with previous studies. Another point that could be a 
limitation when compared with other studies is that because of gender 
differences, our results may not be compared with studies using female Wistar 
rats. Thus, while acknowledging these, animal models remain indispensable in 
advancing our understanding of periodontal diseases (Marchesan et al., 2018). 

5. Conclusion 

Ligature-induced periodontitis increased bone loss in a time-dependent manner, 
with an increase in inflammatory cells, blood vessels, and pro-inflammatory 
cytokines such as IL-1β and TNF-α. After ligature removal, periodontal repair did 
not decrease alveolar bone loss after 56 days of ligature removal. However, after 
56 days, there was a reduction in inflammatory cells and pro-inflammatory 
cytokines despite increased bone loss. 
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Figures 

 

Figure 1. Study timeline. Division of animals within the different experimental 

groups. 



 

Figure 2. Estimation of bone loss using radiographic analysis. A) Representative 

images of each experimental group in the mesial root. B) Linear measurement in 

millimeters between the cementoenamel junction (CEJ) and the alveolar bone 

crest (ABC) on the mesial, distal, and average surfaces of both lower first molars. 

Results expressed as mean and standard error of the mean. M: Mesial; D: Distal; 

Measuring bar: The top edge is in contact with the CEJ, and the lower edge is in 

contact with the ABC. Different letters indicate statistically significant differences 

between groups (p<0.05).  

 



 

Figure 3. Histological analysis of the ligature groups. A) Representative 

histological images stained with hematoxylin and eosin at 20x magnification; B) 

BoxPlot graph of: inflammatory cells, fibroblasts, blood vessels, extracellular 

matrix. OE—oral epithelium; JE—junctional epithelium; CT—connective tissue; 

T—tooth. Different letters indicate statistically significant differences between 

groups (p<0.05). 



 

Figure 4. Histological analysis of the repair groups. A) Representative histological 

images stained with hematoxylin and eosin at 20x magnification; B) BoxPlot 

graph of: inflammatory cells, fibroblasts, blood vessels, extracellular matrix. OE—

oral epithelium; JE—junctional epithelium; CT—connective tissue; T—tooth. 

Different letters indicate statistically significant differences between groups 

(p<0.05). 



 

Figure 5. Immuno-inflammatory profile of the ligature groups. A) Serum analyses. 

B) Gingival tissue analyses. Results expressed as median and standard error of 

the mean. Different letters indicate statistically significant differences between 

groups (p<0.05). 



 

Figure 6. Immuno-inflammatory profile of the repair groups. A) Serum analyses. 

B) Gingival tissue analyses. Results expressed as median and standard error of 

the mean. Different letters indicate statistically significant differences between 

groups (p<0.05). 

 



CONSIDERAÇÕES FINAIS 

 

A perda óssea alveolar aumentou conforme o tempo de manutenção da ligadura 

durante o período de 63 dias. Houve um aumento de células inflamatórias, vasos 

sanguíneos e citocinas pró-inflamatórias, como IL-1β e TNF-α. Após a remoção 

da ligadura, a perda óssea alveolar diminuiu em 28 dias, porém após 56 dias 

observou-se uma progressão. Ocorreu a redução de células inflamatórias e 

citocinas pró-inflamatórias. Este estudo sugere que o tempo de manutenção e 

remoção da ligadura deve ser considerado ao interpretar resultados de 

periodontite induzida por ligadura em ratos, pois diferentes tempos resultarão em 

perfis imuno-inflamatórios distintos. 
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ANEXO 1 – ARTIGO CLINICAL ORAL INVESTIGATIONS 2024 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



ANEXO 2 – NORMAS PARA PUBLICAÇÃO ARCHIVES OF ORAL BIOLOGY 

 
 

 

 
 
 

 
 
 

 

 

 

 

 
 

 

 

 

 
 

 
 

 



 
 

 

 

 
 
 

 

 

 

 
 

 
 

 
 

 

 

 

 
 
 
 

 
 



 

 
 

 

 
 
 

 

 
 

 
 

 

 

 



ANEXO 3 – PARECER DE APROVAÇÃO DO COMITE DE ÉTICA




