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RESUMO

A doenca periodontal (DP) provoca destruicdo dos tecidos de suporte do dente através
de uma resposta inflamatéria de baixo grau induzida pelo acimulo de biofilme que pode
aumentar o risco de comorbidades. Os acidos humicos (AH) destacam-se como potenciais
agentes terapéuticos devido as propriedades anti-inflamatérias. Desta forma, objetivou-se
avaliar os efeitos de diferentes doses de AH na progresséo da DP em um modelo experimental.
Para isso, 54 ratos Wistar, machos, foram divididos em 6 grupos (n = 8 cada): controle, DP, DP
+ 40 mg/kg de AH, DP + 80 mg/kg de AH, DP + 160 mg/kg de AH e DP + 320 mg/kg de AH.
O AH, proveniente de vermicomposto, foi administrado diariamente por gavagem durante 28
dias, com a DP sendo induzida por ligadura no 14° dia. Ap0s a eutanasia, amostras mandibulares
foram analisadas histomorfometricamente para avaliar a perda 0ssea (POA) e a densidade de
ostedcitos (DO). A topografia do 0sso alveolar e sua composigéo elementar foram examinadas
por Microscopia Eletronica de Varredura (MEV) acoplada a Espectroscopia de Dispersao de
Energia (EDS). Figado e rim foram avaliados histopatologicamente. Os dados foram analisados
por ANOVA e teste de Duncan. Os animais tratados com AH apresentaram reducdo da perda
de insercdo epitelial, POA e do nimero e didmetro de poros, bem como aumento da DO em
comparacgdo ao grupo DP. As lesdes renais observadas na DP foram mitigadas com doses de 40
e 80 mg/kg de AH. Portanto, conclui-se que o tratamento com AH melhora a integridade 6ssea

e, em doses menores, reduz as lesdes renais induzidas pela DP.

Palavras-chave: Periodontite; Substancias Himicas; Perda Ossea Alveolar.



ABSTRACT

Periodontitis causes the destruction of tooth-supporting tissues through a low-grade
inflammatory response induced by biofilm accumulation, which can increase the risk of
comorbidities. Humic acids (HA) stand out as potential therapeutic agents due to their anti-
inflammatory properties. This study aimed to evaluate the effects of different HA doses on PD
progression in an experimental model. To this end, 54 Wistar rats were divided into six groups
(n = 8 each): control, PD, PD + 40 mg/kg HA, PD + 80 mg/kg HA, PD + 160 mg/kg HA, and
PD + 320 mg/kg HA. HA, derived from vermicompost, was administered daily via gavage for
28 days, with PD induced by ligature on the 14th day. After euthanasia, mandibular samples
were analyzed histomorphometrically to assess alveolar bone loss (ABL) and osteocyte density
(OD). The topography of the alveolar bone and its elemental composition were examined using
Scanning Electron Microscopy (SEM) coupled with Energy Dispersive Spectroscopy (EDS).
Liver and kidney tissues were evaluated histopathologically. Data were analyzed using ANOVA
and Duncan’s test. Animals treated with HA exhibited a reduction in epithelial attachment loss,
ABL, and the number and diameter of bone pores, as well as an increase in OD compared to the
PD group. Renal lesions observed in PD were mitigated with HA doses of 40 and 80 mg/kg.
Therefore, HA treatment improves bone integrity and, at lower doses, reduces PD-induced renal
lesions.

Keywords: Periodontitis; Humic Substances; Alveolar Bone Loss.



INDICADORES DE IMPACTO

O presente estudo impacta socialmente pois oferece ao meio cientifico mais robustez
quanto aos impactos benéficos do uso de acidos himicos (AHSs) para o tratamento da periodontite
mediante seus efeitos antioxidantes e antiinflamatérios. Seu diferencial se da pela investigacéo
dos efeitos em diferentes doses de administracdo e investigagdo da toxicidade, se mostrando
seguro em doses baixas (40-80mg/kg). Nesse sentido, corrobora para a plausibilidade de um
ensaio clinico randomizado para ser realizado em humanos, cujo resultado podera ser favoravel
para a comercializacdo de AHs em cépsulas para a administracéo oral.

A periodontite € uma doenca inflamatoria que afeta os tecidos de suporte dos dentes muito
prevalente e tem relagdo com comorbidades sistémicas comuns na populacéo brasileira (doencas
cardiovasculares, renais e diabetes). Dessa forma, a identificacao de terapias acessiveis e efi cazes
para controle é uma estratégia para a melhoria da qualidade de vida da populacdo acometida e
menor sobrecarga ao sistema publico de satde. Especialmente porque o publico mais atingido por
todas elas, sdo idosos cuja polifarmacia € comum. Os AHs por serem derivados de
vermicompostos podem se apresentar como uma alternativa economicamente viavel e sustentavel
para 0 manejo da periodontite visto que sua fonte (residuos de soja, sorgo, cana de acutcar e milho)
sdo abundantes no pais, fazendo com que sua producgéo possa se dar em larga escala.

Ademais, uma melhoria na saude bucal faz parte da promocéo da saude. E, por este
trabalho, foi visto que os AHs preservam a integridade do osso alveolar, evitando complicacdes
odontoldgicas que necessitam de tratamentos mais invasivos e custosos, como a perda de dentes
que pode levar a outras complicacGes graves, como a desnutri¢do energético proteica. Tendo em
vista que idosos ja sdo um publico fragilizado, a desnutricdo pode aumentar o risco de quedas e
conferir maior tempo de internacdo hospitalar, sobrecarregando economicamente o sistema de
salde.

Por fim, os resultados deste trabalho em modelo experimental além de abrir caminhos para
o0 desenvolvimento de estudos clinicos realizados humanos, em especial idosos, também abre
margem para investigacdo em outras doencas 0sseas como osteoporose. Atraves dele foi
publicado um artigo na Revista Biomedicines e feitas duas apresentacbes no Congresso de
Iniciacdo Cientifica da UFLA 2024 (CIUFLA).



IMPACT INDICATORS

The present study has a social impact as it provides the scientific community with
greater robustness regarding the beneficial effects of humic acids (HAs) in the treatment of
periodontitis due to their antioxidant and anti-inflammatory properties. Its main distinction lies
in the investigation of the effects of different administration doses and toxicity assessment,
demonstrating safety at low doses (40—-80 mg/kg). In this context, the study supports the
feasibility of conducting a randomized clinical trial in humans, whose results may favor the
commercialization of HAs in capsule form for oral administration.

Periodontitis is a highly prevalent inflammatory disease that affects the supporting
tissues of the teeth and is associated with common systemic comorbidities in the Brazilian
population (such as cardiovascular and kidney diseases, as well as diabetes). Therefore,
identifying accessible and effective therapies for its management is a key strategy to improve
the quality of life of affected individuals and reduce the burden on the public healthcare system.
This is particularly relevant since the population most impacted by these conditions consists of
elderly individuals, for whom polypharmacy is common. As HAs are derived from
vermicompost, they may serve as an economically viable and sustainable alternative for
managing periodontitis, given that their sources (soybean, sorghum, sugarcane, and corn
residues) are abundant in the country, enabling large-scale production.

Moreover, improving oral health is an integral part of health promotion. This study has
demonstrated that HAs help preserve alveolar bone integrity, preventing dental complications
that would otherwise require more invasive and costly treatments, such as tooth loss, which
can lead to severe consequences like protein-energy malnutrition. Considering that elderly
individuals are already a vulnerable population, malnutrition can further increase the risk of falls
and lead to prolonged hospital stays, placing an additional economic burden on the healthcare
system.

Finally, the findings of this experimental model study not only pave the way for the
development of clinical studies in humans, particularly the elderly, but also open avenues for
research into other bone diseases, such as osteoporosis. As a result of this study, an article
was published in the Biomedicinesjournal, and two presentations were delivered at the 2024
Scientific Initiation Congress of UFLA (CIUFLA).
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PRIMEIRA PARTE
1. INTRODUCAO
A doenca periodontal (DP) é caracterizada pela destruigdo dos tecidos de suporte dos

dentes, causada por uma interacdo negativa entre bactérias orais e a resposta imunoldgica do
hospedeiro. O acUimulo constante de bactérias patogénicas desencadeia uma resposta
inflamatoria, resultando em um ciclo de retroalimentacdo positiva de inflamacéo e consequente
destruicdo tecidual (Sedghi, Bacino e Kapila, 2021). Se nédo tratada, a DP pode levar a liberacao
de mediadores inflamatérios na circulagdo, causando efeitos sistémicos adversos (Negrato et al.,
2020) e aumentando o risco de comorbidades como diabetes (Genco, Graziani e Hasturk, 2020),

aterosclerose e comprometimentos renais (Celik e Kantarci, 2021).

Estruturalmente, o periodonto € diversificado (Kononen, Gursoy e Gursoy, 2019) sendo
composto pela gengiva, 0sso alveolar, cemento que recobre a raiz, e ligamento periodontal
(localizado entre o cemento e 0 0sso alveolar) (Kononen, Gursoy e Gursoy, 2019). Um epitélio
juncional atua como uma barreira entre a superficie radicular e a gengiva, protegendo os tecidos
subjacentes contra bactérias da microbiota oral (Bosshardt e Lang, 2005). Caso esse sistema
seja sobrecarregado devido ao crescimento excessivo de bactérias (principalmente P. gingivalis)
e a inflamacéo persistente, como ocorre na DP, o epitélio desencadeia a destrui¢do do colageno,
resultando na formacdo de bolsas periodontais (Bosshardt e Lang, 2005). Durante a formacao
dessas bolsas, a degradacdo tecidual é estimulada inicialmente por osteoclastos, macréfagos e
neutrofilos e posteriormente por linfocitos T e B, comprometendo a homeostase do tecido 6sseo
e levando a principal consequéncia da DP grave, que € a destruicdo do 0sso alveolar (Henderson

e Kaiser, 2018; Kononen, Gursoy e Gursoy, 2019).

Essa doenca é uma preocupacdo global de salde publica e ocorreu um aumento dramatico na
prevaléncia nas ultimas décadas (Nazir et al., 2020). A prevaléncia e gravidade da DP aumentam
coma idade (Nazir et al., 2020). Em idosos, alteracdes imunoldgicas relacionadas a idade podem
contribuir para mudancas fisiolégicas que predispdem os individuos a DP, bem como as
alteracdes comportamentais de dificuldades para higienizacdo, maior consumo de alimentos
ricos em carboidratos e modificacbes no fluxo salivar (Scannapieco e Cantos, 2016). O
tratamento da DP visa controlar a resposta inflamatéria para reduzir a progressao da doenca, ao
mesmo tempo em que busca restaurar a estrutura e funcdo dos tecidos periodontais, como
cemento, fibras do ligamento periodontal (FLP) e osso (Liang, Luan e Liu, 2020). O tratamento

padrdo para periodontite é a raspagem e alisamento radicular, um procedimento nao cirdrgico
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que remove o biofilme (Brasil, 2008). Terapias complementares, como lasers, antissépticos e
antibidticos sistémicos (amoxicilina e metronidazol), também sdo recomendadas para casos
mais graves (Graziani et al., 2017; Fischer, 2020). Para individuos com DP grave, apenas a
raspagem pode ser insuficiente, sendo necessarios procedimentos cirdrgicos para reduzir ou

eliminar bolsas periodontais (Brasil, 2008; Feres et al., 2015).

A literatura atual também sugere o uso de medicamentos antirreumaticos, incluindo
anticorpos monoclonais contra os receptores de CD20 e IL-6, para melhorar as condicGes
periodontais em individuos com DP (Balta et al., 2021). Além disso, novas estratégias tém sido
empregadas para atenuar a progressao da doenca e promover efeitos anti-inflamatérios, como a
administracdo de probidticos orais e acidos graxos 6mega-3 (De Sales Guilarducci et al., 2020;
Sedghi, Bacino e Kapila, 2021; Balta et al., 2021). Considerando que agentes com potencial
anti-inflamatorio podem mitigar a progressdo da DP, a investigacdo de novos compostos para o
tratamento dessa condicdo torna-se essencial. Nesse contexto, 0 uso de &cidos humicos (AHS)
mostra grande potencial devido as suas atividades anti-inflamatorias e antioxidantes em outras

doencas inflamatorias.

As substancias himicas, incluindo os AHs, sdo formadas durante a decomposicdo de
matéria organica proveniente de residuos animais e vegetais. Sua estrutura quimica contém
numerosos grupos fendlicos, que conferem propriedades desintoxicantes, anti-inflamatorias e
antioxidantes (Vaskova et al., 2023). Além disso, os AHs sdo excelentes quelantes de cations
metéalicos e podem ser utilizados na gestao de residuos como filtros, ligando-se a metais pesados
e reduzindo a poluicdo ambiental (Ghabbour et al., 2001). Estudos que avaliam suas
propriedades em animais ndo demonstraram efeitos colaterais, mesmo apds uso prolongado por
91 dias (Thiel et al., 2001; Murbach et al., 2020). Pesquisas anteriores demonstraram os efeitos
benéficos dos AHs na regeneracdo Ossea, mostrando que podem acelerar a remineralizacao
Ossea (Kel’ginbaev et al., 1973) e aumentar a atividade de osteoblastos (Calisir et al., 2019).
Além disso, AHs derivados do Mar Negro apresentaram beneficios para a DP em ratos (Calisir
et al., 2016). No entanto, estudos utilizando AHs derivados de vermicompostagem sdo escassos.
A literatura recente mostra resultados potencialmente positivos do AHs dessa fonte para reducéo
da progressdo da DP (Orlando et al., 2024), mas a uma dose terapéutica ideal ainda € incerta,
levantando a hipGtese para a investigacdo de que exista alguma dose ideal e tornando essa

pesquisa particularmente relevante.



14

2. REFERENCIAL TEORICO

Doenca Periodontal

A doenca periodontal (DP) é uma infeccdo oral que afeta os tecidos de suporte dos dentes
(Qilichovna, 2024). Inicialmente, em sua fase aguda, manifesta-se como gengivite,
caracterizada por sangramento, inchagco gengival e dor (Abdulkareem et al., 2023). Caso nédo
seja tratada, evolui para periodontite, resultando na perda da insercdo Ossea de suporte
(Organizagdo Mundial da Saude et al., 1981; Qilichovna, 2024). O desenvolvimento da DP tem
inicio com o actimulo de biofilme, que promove a disbhiose bacteriana e de outros
microrganismos e a formacéo de bolsas periodontais (Abdulkareem et al., 2023). Esse processo
pode levar a recesséo gengival, destruicao tecidual e consequente perda 6ssea alveolar (Michaud
et al., 2017; Abdulkareem et al., 2023). Essas alteracdes desencadeiam reacdes inflamatorias
devido a componentes bacterianos que penetram os tecidos, como os lipopolissacarideos (LPS).
Essa inflamagé&o intensifica a atividade dos osteoclastos, resultando em perda 0ssea, e aumenta
a producdo de citocinas inflamatérias, como o fator de necrose tumoral alfa (TNF-a),
interleucina (IL)-1pB ¢ IL-6 (Hegde e Awan, 2019).

Estudos epidemiologicos, intervencionais e com modelos animais associam a doenga
periodontal (DP) a doencas crénicas, incluindo doengas cardiovasculares, diabetes mellitus,
artrite reumatoide, doenca inflamatdria intestinal (DI1), doenca de Alzheimer, doenca hepatica
gordurosa ndo alcoolica (DHGNA) e risco aumentado para cancer de cabeca e pesco¢o (Genco
e Sanz, 2020; Schenkein et al., 2020; Baima et al., 2024). O mecanismo subjacente a essas
complicacOes esta relacionado a inflamacéo sistémica causada pela periodontite grave, que pode
desencadear respostas de fase aguda e disfungdes metabolicas em diversos 6rgdos. Bactérias
orais podem se disseminar e alcancar tecidos extraorais por diferentes vias (hematogénica,
orofaringea e orodigestiva), provocando ou exacerbando respostas inflamatdrias pré-existentes
(Hajishengallis e Chavakis, 2021). Ademais, podem ocorrer alterac6es fenotipicas nas células
mononucleares, resultando na liberacdo de radicais livres, citocinas pr6 inflamatérias e
degradacdo da matriz extracelular, o que influencia na patogénese dessas doencas (Baima et al.,
2024).

O diagnédstico da DP pode envolver a avaliacdo da gengiva, com a verificacdo da
presenca de inflamacéo, de bolsas nas estruturas de inser¢do do dente e de perda dssea (Salvi et
al., 2023). Sinais clinicos como sangramento na sondagem, presenca de bolsas periodontais,

recessdes na gengiva, envolvimento de furca e perda 6ssea detectada na radiografia fazem parte
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da investigacédo (Salvi et al., 2023). Na sondagem, o cirurgido dentista insere um equipamento
entre o dente e a gengiva até sentir uma leve resisténcia. Se a sonda puder ser inserida 3 a 4mm
abaixo da gengiva, tem-se a presenca de bolsas periodontais, que indicam destruicdo do
ligamento periodontal (LPD) e reabsorcéo do osso alveolar (Williams, 1990). Em seu estégio
mais avancado, a DP pode levar & mobilidade dos dentes. Por isso, o relato do paciente de
aumento da mobilidade dentéria, migracao e inclinacdo dos dentes deve ser considerado (Salvi
et al., 2023). Apesar disso, 0 autoexame ndo é recomendado para diagndstico, devendo este ser
feito de forma exclusiva pelo cirurgido dentista (Williams, 1990).

A DP ¢ a sexta doenca mais prevalente no mundo (Shanmugasundaram et al., 2024), e,
dentre as doencas orais, é a segunda (Zheng et al., 2023). Em trabalhos recentes, é relatado que
esta condicdo € um grande problema na odontologia moderna, com prevaléncia de 20-80% na
populacdo mundial (Khabadze et al., 2023). Dentre os adultos dentados, no periodo de 2011 a
2020, a prevaléncia da doenca periodontal foi estimada em 62%, e a periodontite grave em
23,3%, sendo que estes resultados mostram ascensdo em comparacdo com as estimativas
anteriores de 1990 a 2010 (Trindade et al., 2023). Ademais, ela ¢ a principal causa de perda de
dentes, o que leva ao comprometimento direto da mastigacéo, estética e qualidade de vida (Sanz,
2010; Tonetti et al., 2017; Reynolds e Duane, 2018). A dificuldade ocasionada por esta condicéo
na mastigacdo pode levar a ma nutricdo e comprometimento na satde dos pacientes (Tonetti et
al., 20174).

Préaticas preventivas devem ser promovidas nos sistemas de saude, pois a higiene oral
adequada — escovacao regular dos dentes e uso do fio dental — é a maneira mais eficaz de
prevenir a DP (Hall et al., 2023). No entanto, na ultima Pesquisa Nacional de Saude (PNS) foi
observado que apesar de 93,6% dos adultos brasileiros escovarem os dentes pelo menos duas
vezes ao dia, apenas 63% utilizam escova e fio dental para limpeza oral (Corassa et al., 2022).
Por isso, € necessario que cirurgides dentistas e outros profissionais da satude desenvolvam
habilidades de comunicacdo e uso de tecnologias sociais. Isso tornaria 0s pacientes
conscientizados e emp empoderados para o cuidado com sua satde bucal e para adog¢do de um
estilo de vida saudavel (Duque-Duque et al., 2024), visto que, outros fatores também podem
agravar a DP (dieta, tabagismo, consumo de alcool, obesidade e condicbes preexistentes)
(Moynihan, 2017; Duque-Duque et al., 2024).

A modulacdo da resposta imunolédgica do hospedeiro desempenha um papel crucial na
progressao da DP. Individuos imunocomprometidos, como idosos, apresentam menor atividade

osteoblastica e maior reabsor¢do Ossea devido (Soulissa, 2020). Fatores estruturais do dente
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podem facilitar o desenvolvimento da doenca, como concavidades radiculares que favorecem o
acumulo de biofilme e dificultam a limpeza por parte do paciente, proje¢des de esmalte na regido
cervical do dente (pérolas), altura menor do tronco radicular e traumas oclusais (De Moura
Rodrigues et al., 2020; Bower, 1979; Vieira et al., 2009; Lindhe, Lang e Karring, 2010). Reduzir
a gravidade da DP pode mitigar doencas associadas e diminuir seu impacto financeiro nos

sistemas de saude (Nazir, 2017).

Os tratamentos periodontais visam interromper a progressédo da DP, reduzir o risco de
perda dentéaria, restaurar tecidos perdidos, prevenir recorréncias e controlar respostas
inflamatorias excessivas (Graziani et al., 2017; Liang, Luan e Liu, 2020). Tanto os tratamentos
cirlrgicos quanto os ndo cirargicos apresentam resultados positivos (Mailoa et al., 2015). A
raspagem e o alisamento radicular reduzem a progressao da doenca ao remover o biofilme das
raizes dentérias, diminuindo a inflamagéo. Este é o tratamento de primeira linha para a DP
(Brasil, 2008). No entanto, a perda 0ssea € irreversivel (Michaud et al., 2017), ressaltando a
importancia de estratégias para atenuar esse processo. O uso de antibioticos, como amoxicilina
e metronidazol, mostra-se benéfico no tratamento, assim como terapias complementares, como
lasers e antissépticos (Graziani et al., 2017; Fischer et al., 2020). Tratamentos emergentes na
literatura incluem medicamentos antirreumaticos e anticorpos monoclonais que atuam nos
receptores de CD20 e IL-6 (rituximabe e tocilizumabe) (Balta et al., 2021). Probidticos,
prebidticos e outros suplementos nutricionais, como acidos graxos 06mega-3, oferecem
beneficios anti-inflamatérios quando combinados com a terapia periodontal, reduzindo a
producdo de citocinas e quimiocinas pro-inflamatdrias, enquanto aumentam os linfocitos T
regulatorios (Tregs) (Azzi et al., 2018; Balta et al., 2021; Suez et al., 2019; Hajishengallis,
Chavakis e Lambris, 2020; Calder, 2020). Todavia, terapias adicionais sdo de interesse, uma

vez que o tratamento medicamentoso pode incluir efeitos colaterais.

2.2 Impactos da Doenca Periodontal na Composicdo do Osso Alveolar

A DP destroi de forma progressiva o 0sso alveolar, LPD e a gengiva, que sdo as
estruturas que ddo suporte ao dente (Usui et al., 2021). Para que o LPD funcione de forma
adequada, sua estrutura deve ser, ao mesmo tempo, forte e flexivel, suportando cargas de
compressdo, tensdo, cisalhamento e tor¢do (McCulloch et al., 2000; Dangaria et al., 2009;
Nanci, 2017). Essa estrutura fundamental é composta por duas areas criticas para seu
funcionamento: a furca e o colar denso (Connizzo et al., 2021). O colar é a area mais rigida do

LPD, porgdo que de fato sustenta o dente dentro do 0sso durante a carga mecanica. A regido da



17

furca (area onde as raizes se dividem), por sua vez, tem maior quantidade de proteinas que
participam da remodelacdo tecidual (Connizzo et al., 2021). Essa parte do LPD funciona tanto
sob altas cargas (na mastigacao), quanto em baixas cargas (nas forgas ortodonticas) (Maria et
al., 2019). Apesar de os tecidos periodontais terem um sistema imunolégico para combater a
invasdo bacteriana, sua infeccdo persistente causa um prejuizo na imunidade inata e adquirida,
levando a destruicdo dos tecidos e do osso (Usui et al., 2021). A DP provoca a chamada leséo
de furca, que acontece quando ela atinge os tecidos que sustentam os dentes, levando a
reabsorcdo déssea e perda de insercdo epitelial (De Moura Rodrigues et al., 2020).

A estrutura 6ssea € mantida pela acdo de trés células presentes na superficie das
trabéculas 6sseas, na superficie externa e interna do 0sso cortical e inseridas no proprio 0sso:
osteoclastos, osteoblastos e ostedcitos, respectivamente (Junqueira e Carneiro, 2013). A perda
Ossea acontece quando a acdo reabsortiva dos osteoclastos supera a acdo produtora de matriz
Ossea dos osteoblastos (Usui et al., 2021). No cenario da inflamacdo, citocinas atuam nos
osteoblastos e no ativador do receptor das células produtoras do ligante do fator nuclear-«xB
(RANKL), resultando na ativagéo de osteoclastos (Usui et al., 2021). Ainda, na DP, as bactérias
proprias podem ativar osteoclastos e causarem destruicdo do o0sso alveolar (Usui et al., 2021).

Assim sendo, grande importancia deve ser dada as técnicas que atenuam a perda ¢ssea.

Nesse sentido, é visto que existe uma associacdo entre reducao da prevaléncia de DP em
publicos que praticam atividade fisica, por essa ser capaz de reduzir a perda 0ssea alveolar (Yu,
et al., 2022). O exercicio fisico também esta relacionado diretamente a baixa ocorréncia de
periodontite por ser capaz de reduzir citocinas pro inflamatdrias, como o fator de necrose
tumoral alpha (TNF-a) (Ferreira et al., 2019; Yu et al., 2022). Ainda, fatores dietéticos estdo
relacionados a melhoria da saude déssea, como correta ingestdo de célcio, proteinas, frutas,
verduras e legumes (Rizzoli, Biver e Brennan-Speranza, 2021). Também é relatado que a
ingestdo de fibras beta glucanas foi capaz de reduzir a perda ¢ssea alveolar e melhorar o perfil
inflamatério em modelo experimental de DP (Azzi et al., 2021). Desta forma, agentes com
potencial anti-inflamatério e imunomodulador podem, potencialmente, melhorar a resposta do
hospedeiro e atenuar a progressao da DP (Papathanasiou, Alreshaid e Araujo de Godoi, 2023;
Lopez-Valverde et al., 2023; Hashim et al., 2024). Nesse sentido, as substancias humicas, em
especial os acidos humicos (AH) se destacam como potencial utilidade para o tratamento da DP
(Calisir et al., 2019).
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2.3 Técnicas Para Avaliacdo do Osso Alveolar

Na prética clinica, a perda 0ssea alveolar pode ser diagnosticada por radiografias,
incluindo as interproximais, periapicais e panoramicas (Kim et al., 2019). Embora as técnicas
interproximais e periapicais sejam usadas rotineiramente para esse diagndstico, as panoramicas
extraorais, que fornecem uma captura de toda a boca, tem tido vantagens sobre as outras por
levarem & menor exposi¢do a radiagdo, maior conforto, ser mais répida e fornecer uma viséo
mais ampla (Casamassimo, 1981; Akkaya et al., 2006).

No ramo da pesquisa, varias técnicas podem ser empregadas para medir a perda 6ssea
alveolar (POA) e a perda de insercdo epitelial decorrentes da DP, como técnicas de morfometria
baseadas na medida da distancia entre a juncdo cemento-esmalte (JCE) a crista 0ssea alveolar
(COA) e do epitélio juncional a crista 6ssea alveolar, respectivamente, por meio de um programa
de analise de imagens; analise de dados histologicos (observando a mineralizagdo e
remodelamento 6sseo nas laminas histoldgicas, através da medida de densidade de ostedcitos)
(Lang e Lindhe, 2015; Wilkie et al., 2004; Trisi et al., 2006; Portinho et al., 2008). Essas técnicas
avaliam o 0sso bidimensionalmente (2D).

Adicionalmente, a microscopia eletronica de varredura (MEV) é usada para fornecer
registros sobre a morfologia e identificacdo de elementos quimicos em amostras solidas. Seu
uso se mostra muito versatil para observar e analisar caracteristicas de microestruturas. Com
esta técnica, pode-se obter imagens com alta resolucdo, nos valores de 2 a 5 nandémetros para
instrumentos comerciais e até 1 nandmetro para instrumentos de pesquisa (Dedavid, Gomes e

Machado, 2007; Nagatani et al., 1987). Na técnica, feixes de elétrons de alta energia sao
emitidos sobre a superficie de uma amostra, formando a imagem eletrdnica quando os feixes
sdo refletidos por uma fina camada de ouro ou outro material metalizante (Tomes et al., 2007).
As imagens advindas da MEV possuem caracteristicas tridimensionais, 0 que permite exames
com grande profundidade de foco (Dedavid, Gomes e Machado, 2007). Estudos anteriores
utilizam da MEV para verificar perda dssea alveolar e alteracGes no LPD na doenca periodontal
(Cafferata et al., 2020; Hirashima et al., 2019). Além disso, o Energy Dispersive x-ray Detector
(EDS ou EDX) é uma ferramenta utilizada juntamente com a MEV, que permite determinar a
composicdo de elementos organicos presentes na amostra. A EDS é um aparelho acoplado a
outros instrumentos (MEV, microscopio de transmissao, aparelho de fluorescéncia de raios X,
sonda eletrdnica para microanalises de raios x) que processa raios-X e representa os dados por
meio de um histograma que contém uma série de picos representando o tipo e a quantidade de

cada elemento presente na amostra (Bonaccorso et al., 2008). Em estudos prévios, a EDS foi
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usada para avaliar a mineralizacdo e presenca de oligoelementos em mandibulas (Godoy et al.,
2022; Maciejewska, Drzazga e Kaszuba, 2014).

2.4 Acidos HUmicos

Os compostos organicos naturais denominados &cidos himicos (AHs) s@o provenientes
da decomposi¢do quimica e biolégica da matéria organica, em especial, de plantas e da atividade
produtora de microrganismos presentes no solo (Vaskova et al., 2023). Assim como outras
substancias himicas, o AH tem natureza heterogénea e complexa, fazendo com que pouco se
saiba ainda sobre sua origem, sintese e estruturas (Kleber e Lehmann, 2019; Kogel-Knabner e
Amelung, 2021).

Por poderem ser extraidos de diferentes fontes, suas caracteristicas fisicas e quimicas
dependem de diversos fatores, como da procedéncia do material organico, condicGes climaticas
do ambiente, umidade e acidez do solo, mas para o consumo humano sdo purificados e
consumidos encapsulados. Sua forma estrutural e composi¢céo dependem da biomassa vegetal e
da microbiota presente, seja ela de bactérias ou fungos (Vaskova et al., 2023). Esse polimero de
cor marrom-preta pode ser encontrado em solos ou em superficies de agua (Davies, Ghabbour
e Stellink, 2001). A humificacdo é um processo lento e as substancias decompostas das plantas
e animais podem seguir dois caminhos, basicamente: servir de substrato orgéanico para
manutencdo e evolucdo do sistema ou, em conjunto com 0S compostos presentes no meio,

formar as substancias himicas (Schulten e Schnitzer, 1993).

Esse processo pode levar até milhares de anos, por isso a extragdo do AH por
vermicompostagem tem sido amplamente usada para estabilizar a matéria organica em um
tempo menor (Landgraf et al., 1997). Neste processo, as minhocas fazem a digestdo dos residuos
organicos e excretam coprolitos, que possuem nutrientes de plantas em alta concentracdo e
atingem um estado mais avancado de decomposi¢do, a humificacdo. Devido a digestdo da
celulose e a semi decomposicéo feita pelas minhocas, a producdo de AHs é acelerada, levando
a estabilizacdo parecida com a que ocorre na natureza (Hanc et al., 2019). Os AHs extraidos
dessa forma, possuem estruturas diferentes dos AHs ou de solo, sendo que 0s primeiros

apresentam concentracdo de nitrogénio duas vezes maior (Hanc et al., 2019).

Uma grande funcionalidade da técnica de vermicompostagem é também para a
agricultura sustentavel. Os compostos gerados por ela, que incluem os AHs, contém nutrientes

essenciais importantes para o desenvolvimento de plantas, tendo uma possibilidade de uso como
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biofertilizante (Ganguly e Chakraborty, 2020; Manogaran et al., 2022). Estudos feitos com o
objetivo de potencializar a maior producéo de culturas por enriquecimento de nutrientes utilizam
da vermicompostagem (Mubvuma et al., 2023; Bhat, Singh e Vig, 2015). Utilizar residuos
organicos que podem ser decompostos por minhocas, pode ajudar a resolver muitos problemas
causados pela acdo antrdpica, como a poluicdo e ser um meio para alcancar a sustentabilidade
ambiental em consonédncia com o crescimento do agroecossistema (Ganguly e Chakraborty,
2020). Além de sua utilizacdo na agricultura, substancias a base de AH podem ser usadas de
forma terapéutica. Existem evidéncias que apontam beneficio do uso deste composto para
cicatrizacdo de feridas (Ji et al., 2016), reducdo da perda Ossea alveolar (Calisir et al., 2016),
hepatotoxicidade ou cardiotoxicidade por excesso de ferro (Cagin et al., 2016). Tudo isso devido
ao seu potencial anti-inflamatério, antiviral, antibacteriano, antialérgico e imunomodulador
(Klocking e Helbig? 2005; Schepetkin, Khlebnikov e Kwon, 2002). Ademais, no organismo
animal € vista uma baixa toxicidade e nenhum efeito colateral com uso prolongado (>91 dias),
0 que aumenta sua plausibilidade como potencial terapéutico (Thiel et al., 1981; Murbach et al.,
2020).

Os efeitos anti-inflamatorios dos AHs séo exibidos de diferentes maneiras, visto que
suprimem tanto a fase de exsudacdo quanto a fase de proliferacdo do processo inflamatorio.
Ademais, também inibem a enzima lipoxigenase, presente na cascata inflamatoria do acido
araquidoénico (Calisir et al., 2016), que é um composto das membranas celulares e substrato para
leucotrienos, tromboxanos e prostaciclinas, que sdo mediadores da inflamagdo (Klocking ¢
Helbig, 2005"). Acredita-se que esse efeito seja devido aos grupos flavondides presentes nos
AHs, que também tem acdo antioxidante, combatendo radicais livres (Calisir et al., 2016; De
Melo, Motta e Santana, 2016). Outro mecanismo que explica como os AHs tem aplicabilidade
médica € sua acdo nas hemaécias, que faz com que transportem mais oxigénio. Com quantidades
extras de oxigénio, 0 processo curativo acontece mais rapidamente. Além disso, os AHs podem
também atuar como vasodilatadores, permitindo maior circulacdo de nutrientes do sangue para
as células (Murbach et al., 2020).

No contexto da DP ja se sabe que o uso de AH proveniente do solo do Mar Negro
diminuiu o infiltrado de células inflamatdrias e a perda dssea alveolar em ratos com DP (Calisir
etal., 2019). Além disso, estes compostos podem diminuir a movimentacao dentaria e promover
maior reconstrucdo periodontal quando combinado com laser de baixa energia em ratos com DP
sem causar reabsorcao radicular (An et al., 2022). Pouco ainda foi estudado sobre o uso de AHs

proveniente de vermicompostagem para essa finalidade, mas um Unico trabalho recente
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encontrou resultados positivos benéficos para a reducdo da progressdo da DP (Orlando et al.,
2024). Porém, seus efeitos sobre a perda Ossea, topografia e composi¢do do osso alveolar
mediante a diferentes doses ainda € incerto. Assim sendo, seu potencial terapéutico nesse
cenario deve ser explorado para identificacdo de doses ideais de uso e elaboracdo de novas

tecnologias em salde para o tratamento de doengas, incluindo a DP.
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Abstract: Background: Periodontal disease (PD) leads to the destruction of supportive tissues through an
inflammatory response induced by biofilm accumulation. This low-grade systemic inflammation from PD
increases the risk of comorbidities. Among potential therapeutic agents for PD, humic acids (HAs) are
notable for their anti-inflammatory and immunomodulatory properties. This study aimed to evaluate the
effects of varying HA doses on PD progression in an experimental model. Methods: Fifty-four Wistar rats
were assigned to six groups (n = 8 each): control, PD, PD + 40 mg/kg HA, PD + 80 mg/kg HA, PD + 160
mg/kg HA, and PD + 320 mg/kg HA. HA from vermicompost was administered daily by gavage for 28
days, with PD induced by ligature on day 14. Post-euthanasia, mandibular samples were analyzed
histomorphometrically for bone loss and osteocyte density. Alveolar bone topography and elemental
composition were examined using Scanning Electron Microscopy (SEM) coupled with Energy Dispersive
Spectroscopy (EDS). Renal and hepatic tissues were assessed histopathologically. Data were analyzed
with Analysis of Variance (ANOVA) and Duncan’s test. Results: HA-treated animals showed reduced
epithelial attachment loss and alveolar bone loss, with improved bone quality parameters, such as
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reduced pore number and diameter and increased osteocyte density compared to the PD group. Renal
lesions observed in PD animals were mitigated at 40 and 80 mg/kg HA doses. Conclusions: HA treatment
improves alveolar bone integrity and, at lower doses, reduces PD-induced renal lesions.

Keywords: Periodontitis; Humic substances; Bone; Natural products.

1. Introduction

Periodontal disease (PD) is characterized by the destruction of tooth-supporting tissues,resulting

from a negative interaction between oral bacteria and the host immune response, which leads to a self-
perpetuating cycle of inflammation [1]. This oral dysbiosis initiates a chronic inflammatory response
which, if untreated, can release inflammatory mediators into systemic circulation, affecting other tissues
and compromising overall patient health [2]. Contributing factors such as obesity, excessive alcohol
consumption, smoking, and aging exacerbate PD development and progression [3,4].
PD is a global public health concern, with severe cases increasing over recent decades [5]. In addition to
its impact on oral health, PD is known to affect other systems, including hepatic and renal systems,
underscoring the importance of its treatment and prevention. Periodontal therapy aims to control the
inflammatory response, slow disease progression, and restore the structure and function of periodontal
tissues [6,7]. The primary treatment for PD involves scaling and root planing. In severe cases, adjunctive
therapies, such as laser treatments, antiseptics, and systemic antibiotics (e.g., amoxicillin and
metronidazole) are also recommended [8,9]. In patients with advanced PD, surgical interventions are
necessary to reduce or eliminate periodontal pockets [10]. Additionally, various strategies employing anti-
inflammatory and/or immunomodulatory agents have been utilized to mitigate PD progression or
prevent its onset, supporting both local inflammation control and host response to periodontal pathogens
[1,11].

In this context, humic acids (HAs) hold considerable potential for PD treatment due to their
demonstrated anti-inflammatory and antioxidant activities in other inflammatory diseases [12]. HAs are
compounds found within humic substances, formed through the decomposition of organic matter from
animal and plant organisms. Their chemical structure is rich in phenolic groups, which confer detoxifying,
anti-inflammatory, and antioxidant properties [13].

The extraction of HA is typically carried out following the standard protocol established by the
International Society of Humic Substances [12]. These compounds are a fraction of organic matter that is
insoluble in acidic media. They are isolated through precipitation by lowering the pH of a solution
containing humic substances (HA and fulvic acids) to a range of 1.5 to 2.0 during the fractionation process
of organic matter. Studies evaluating HA in animal models have shown low toxicity, with no adverse
effects observed even after 91 days of administration [14,15]. In the aforementioned study [14], no toxicity-
related alterations were observed following treatment with an (HA)-containing compound. This included
assessments of behavioral aspects, feed efficiency, clinical pathology parameters, and both absolute and
relative organ weights. Furthermore, no histopathological changes were detected in the liver, kidneys,
lungs, or stomach of male and female Wistar rats.

Moreover, HA has been reported to support bone regeneration by accelerating remineralization
and enhancing osteoblast activity [16]. In a recent study by our group, PD-induced animals treated with
80 mg/kg of HA demonstrated reduced alveolar bone loss (ABL) compared to untreated controls [12].
However, despite existing evidence on HA’s effects in PD, further investigation is needed to understand
the dose-dependent effects of this agent, both locally and on systemic functions such as hepatic and renal
health. Therefore, this study aimed to evaluate the impact of various HA doses on alveolar bone and
hepatic and renal integrity in rats with ligature-induced PD.

2. Materials and Methods

This study was approved by the Animal Use Ethics Committee of the Federal University of
Jequitinhonha and Mucuri Valleys (CEUA/UFVJM — protocol 022/2021). All procedures were conducted
following the Guide for the Care and Use of Laboratory Animals and ARRIVE guidelines. This preclinical
study was conducted in the state of Minas Gerais, Brazil, with the in vivo study taking place between
April and June of 2023.

2.1 Animals
Fifty-four healthy male Wistar rats (Rattus norvegicus albinus), eight weeks old and with an initial
body weight of 360 + 17 g, were used. The animals were sourced from the Central Animal Facility of the
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Federal University of Vigosa. Throughout the experiment, the rodents were housed in the experimental
room under controlled temperature (22 + 2 °C), humidity (45 + 15%), and a 12 h light/dark cycle. Animals
were kept in polyethylene cages lined with wood shavings and provided with rodent chow (Nuvilab®,
Seoul, Republic of Korea) and water ad libitum for the entire experimental period.

2.2 Experimental Design

After a seven-day acclimation period, animals were randomly assigned to six experimental groups
based on treatment (n = 8/group): control group (C) —animals without PD treated with saline solution; PD
group—animals with PD treated with saline; PD + HA-40 group—animals with PD treated with 40 mg/kg
of HA; PD + HA-80 group —animals with PD treated with 80 mg/kg of HA; PD + HA-160 group—animals
with PD treated with 160 mg/kg of HA; and PD + HA-320 group —animals with PD treated with 320 mg/kg
of HA.

HA was administered daily by gavage for 28 days, and on the 14th day of treatment, animals in the
PD groups underwent ligature-induced PD. In the C and PD groups, 0.3 mL of saline solution was
administered daily. At the end of the experimental period, animals were anesthetized with intraperitoneal
injections of xylazine hydrochloride (10 mg/kg) and ketamine hydrochloride (80 mg/kg) and then
euthanized via cardiac puncture.

2.3. Composting, Vermicomposting, Extraction, and Characterization of Humic Acids (HA)

Different agricultural biomasses were utilized for composting. Residues from soybean (Glycine max
L.) and sorghum (Sorghum bicolor (L.) Moench), coarsely chopped, as well as corn grain flour (Zea mays L.)
and crushed sugarcane bagasse (Saccharum officinarum L.) were composted for 30 days. The process
included mechanical turning every 10 days. Subsequently, earthworms (Eisenia foetida) were added at a
density of 50 per kilogram of organic material to initiate the composting process, which lasted
approximately three months (95 days). Humidity, temperature, pH, and aeration parameters were
monitored every three days. At the end of the process, the vermicompost was dried in an oven at 60 C
for 48 h, sieved through a 4 mm mesh, and used for the extraction of HA.

The extraction process began by treating the vermicompost with a 0.1 mol L-1 NaOH solution in a
ratio of 1:10 (m/v) for four hours under agitation. After this period, the material was centrifuged (15 min
at 5000 g) to separate the humic substances (humic acids — HAs + fulvic acids—FAs) from the humins
(the insoluble fraction of organic matter). To separate the HAs from the FAs, the pH of the humic
substances was reduced to between 1.0 and 1.5 by adding 6 mol L-1 HCI. At this pH, the HAs precipitated
and were subsequently separated and washed with distilled water until a negative test for the presence
of chloride was confirmed using silver nitrate (AgNO3). After washing, the HAs were titrated to a pH of
7.0 using 0.01 mol L-1 KOH and then placed in membranes with a molecular weight cut-off of 1000 Da
and dialyzed against distilled water until the electrical conductivity (EC) of the system reached
equilibrium. Following dialysis, the HAs were frozen and lyophilized for later use. The extraction of HA
was performed according to the standard protocol of the International Society of Humic Substances [12].
In all experimental stages conducted in the present study, approximately 4 g of humic acids was used,
which was obtained from 800 g of vermicompost.

The morphology and chemical composition of the HAs were evaluated using a Scanning Electron
Microscope (Vega 3 LMU, TESCAN, Brno-Kohoutovice, Czech Republic) equipped with an Energy
Dispersive X-ray Spectroscopy (EDS) detector (X-MaxN, Oxford Instruments, Oxford, UK). The sample
was deposited on carbon adhesive tape, fixed onto a stub, and coated with a thin layer of gold—palladium
using a sputter coater (SC7620, Quorum Technologies, Ashford, UK).

2.4. Histomorphometric Analyses: Assessment of Attachment Loss and Alveolar Bone Loss

After euthanasia, the mandibles were removed and bisected along their midline. The right
hemimandible was used to assess alveolar bone loss (ABL) through histomorphometric analysis. A
phosphate-buffered saline (PBS)-formaldehyde solution was employed to x the tissues while preserving
their integrity. The specimens were then subjected to routine histological processing [17]. For the
preparation of histological slides, three serial sections with a thickness of 5 um were obtained and stained
with hematoxylin and eosin (H&E). The slides were photographed using a photomicroscope and analyzed
with Leica Application Suite (LAS EZ) software. Alveolar bone loss (ABL) was evaluated beneath the first
molar, as well as epithelial insertion loss between the first and second molars. To assess ABL, the distance
from the cemento-enamel junction (CE]) to the alveolar bone crest was measured, while the distance
between the CEJ and the junctional epithelium was measured for epithelial insertion loss [18]. The average
measurement of the three roots was utilized to quantify ABL. These parameters were evaluated using
Image ] software (Bethesda, MD, USA). All measurements were conducted by a trained evaluator who
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was blinded to the experimental groups.
2.5 Assessment of Osteocyte Density

The density of osteocytes (number of osteocytes per area) in the region of the alveolar bone crest
was evaluated in slides stained with hematoxylin and eosin. Three representative photographs were taken
for each animal in each experimental group at a magnification of 40x, as previously described [19]. For
each sample (three sections per animal), three random microscopic elds were analyzed to determine the
number of osteocytes per area. The average osteocyte density was expressed as n/pum?.

2.6 Assessment of Alveolar Bone Loss and Morphological Analysis of Mandibular Bone Composition and
Topography Using Scanning Electron Microscopy Coupled with Energy Dispersive Spectroscopy (SEM/EDS)

The left hemimandibles were immersed in hydrogen peroxide for 12 hours to facilitate the removal
of remaining soft tissues and were subsequently dried at room temperature for two weeks. To evaluate
the bone microstructure and identify any morphological changes in the mandibular bone, each sample
was placed on the surface of an aluminum support using double-sided carbon tape and analyzed via
Scanning Electron Microscopy (SEM) (Vega 3 LMU, TESCAN, Brno-Kohoutovice, Czech Republic).
Assessments were conducted on the buccal surface beneath the first mandibular molar, with images
obtained at magnifications of 27x and 500x. For the images captured at 27x magnification, linear
measurements were made of the distance between the cemento-enamel junction (CE]) and the alveolar
bone crest (ABC), as well as the area using the buccal surface [12]. The average of three linear
measurements from each sample was used to express alveolar bone loss (ABL). The measurements of the
area of resorption were evaluated blindly by a trained examiner (KRL).

Furthermore, the topography of the alveolar bone was qualitatively assessed in images at 500x
magnification, considering aspects such as porosity, irregularities, and roughness beneath the first molar,
as previously described [20]. A quantitative evaluation of the area and diameters of the pores was also
conducted by selecting a standardized area of interest (60.59 x 10> um?) beneath the first mandibular molar
in the upper right quadrant. These analyses were performed by a trained, calibrated, and blinded
examiner (ROB). Measurements were taken using Image ] software (Bethesda, MD, USA).

The elemental compositions (calcium, phosphorus, carbon, and oxygen) were determined using
Energy Dispersive Spectroscopy (EDS) with an X-MaxN detector (Oxford Instruments, Abingdon, United
Kingdom). Spectra were collected at an acceleration voltage of 20 kV with a working distance of 13 mm,
and data analysis was performed using AZtec 3.1 software (Oxford Instruments) [20].

2.7 Histopathological Evaluation of Liver and Kidney Tissues via Optical Microscopy

Following euthanasia, fragments of renal and hepatic tissues were fixed in 10% buffered formalin
for 48 hours and subsequently underwent routine histological processing to prepare histological slides
stained with hematoxylin and eosin. Three serial sections from each tissue of every animal were
qualitatively analyzed by an experienced pathologist (DRO). Aspects such as tissue integrity and the
presence of lesions were assessed using optical microscopy at a magnification of 40x. After the individual
analysis of each sample, representative slides for each experimental group were photographed.

2.8 Statistical Analyses

The data were subjected to the Shapiro-Wilk test for normality and analyzed using One-Way
Analysis of Variance (ANOVA) with a 95% confidence interval for multiple comparisons. In cases where
significant differences were observed between treatments, Duncan's Multiple Range Test was conducted.
Data analysis was performed using GraphPad Prism 8 software.

3. Results
3.1. Scanning Electron Microscopy Analysis of Humic Acid (SEM/EDS)

SEM/EDS analysis of HA revealed a surface composed of compacted microaggregates (Figure 1).
The sizes and thicknesses of the particles ranged from tens to hundreds of micrometers. The primary
elements present in humic acid were identified through Energy Dispersive X-ray Spectroscopy (EDS), as
shown in Figure 2. The following elements were detected: Calcium (Ca), Oxygen (O), Sodium (Na), Boron
(Br), Silicon (Si), Potassium (K), Iron (Fe), and Titanium (Ti).
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Figure 1. Electron scanning micrographs (SEM) of the acid humic isolated from vermicompost with

magnification (a) of 150X and (b) 500X.
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Figure 2. Energy dispersive X-ray spectroscopy (EDS) spectrum of the acid humic isolated from

vermicompost.

3.2. Histomorphometric Analyses

Histomorphometric analyses (Figure 3 A-F) indicated that animals in the DP group not treated with humic
acid (HA) exhibited greater epithelial attachment loss and ABL compared to the control group (Figures
3G and 3H). Additionally, animals treated with HA at all dosage levels showed significantly lower values

for these parameters compared to the DP group (p <0.05).
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Figure 3. Assessment of Alveolar Bone Loss and Epithelial Attachment Loss in Wistar Rats with Ligature-
Induced Periodontal Disease Treated with Humic Acid. A-F. Arrows indicate the position of the cemento-
enamel junction, either separated from or adjacent to the junctional epithelium, with the red line marking
the space between the two structures. Magnification: 4x. A: Control group. B: Periodontal Disease (PD)
group. C: PD + 40 mg/kg HA. D: PD + 80 mg/kg HA. E: PD + 160 mg/kg HA. F: PD + 320 mg/kg HA.
Statistical analysis was conducted using ANOVA with Bartle’s post-hoc test (p <0.05). Different letters (a-

b) indicate statistically significant differences between experimental groups.

3.3. Osteocyte Density

Figure 4 (A-F) illustrates the osteocyte density observed across the experimental groups. Animals
in the PD group showed significantly lower osteocyte density compared to the control group (p < 0.05;
Figure 4). Additionally, animals treated with of HA demonstrated higher osteocyte density compared to

those in the PD group (p < 0.05; Figure 4G).
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Figure 4. Osteocyte Density per Bone Area Beneath the First Mandibular Molar in Wistar Rats with
Ligature-Induced Periodontal Disease Treated with Humic Acid. A-F. Representation of osteocyte density
according to experimental treatment. Magnification: 40x. A: Control group. B: Periodontal Disease (PD)
group. C: PD + 40 mg/kg HA. D: PD + 80 mg/kg HA. E: PD + 160 mg/kg HA. F: PD + 320 mg/kg HA.
Statistical analysis was conducted using ANOVA with Bartle’s post-hoc test (p < 0.05). Different letters (a-

b) indicate statistically significant differences between experimental groups.

3.4. Alveolar Bone Loss (ABL)
Assessment via SEM Images Figure 5 (A-F) represents ABL assessed in SEM images. ABL was
significantly greater in animals from the PD group compared to the control group (p < 0.05 -Figure 5).

Additionally, ABL was attenuated in all groups treated with HA (p < 0.05; Figure 5G).
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Figure 5. Alveolar Bone Loss (ABL) Assessed in Scanning Electron Microscopy (SEM) Images. ABL was
evaluated in SEM images by measuring the distance between the cemento-enamel junction and the
alveolar bone crest of the first mandibular molar roots in Wistar rats with ligature-induced periodontal
disease treated with humic acid. Panels A-F. Representation of the region of interest where measurements
were taken. Magnification: 27x. A: Control group. B: Periodontal Disease (PD) group. C: PD + 40 mg/kg
HA. D: PD + 80 mg/kg HA. E: PD + 160 mg/kg HA. F: PD + 320 mg/kg HA. Statistical analysis was
conducted using ANOVA with Bartle’s post-hoc test (p < 0.05). Different leers (a-c) indicate statistically
significant differences between experimental groups.
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3.5. Elemental Composition of the Alveolar Bone Surface

Regarding the elemental composition of the alveolar bone surface, we observed that calcium and
phosphorus percentages were lower in animals with PD compared to the control group (p <0.05). Animals
treated with HA showed higher levels of these elements than the PD group (p < 0.05), with values
comparable to those observed in the control group (p > 0.05; Figure 6)..
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Figure 6. Elemental Composition of Alveolar Bone Beneath the First Mandibular Molar in Wistar Rats
with Ligature-Induced Periodontal Disease Treated with Humic Acid. Statistical analysis was conducted
using ANOVA with Bartle’s post-hoc test (p < 0.05). Different leers (a-c) indicate statistically significant
differences between experimental groups.

3.6. Topography of Alveolar Bone
In the qualitative assessment of the porosity and roughness of the alveolar bone beneath the rst

mandibular molar, it was observed that animals in the PD group exhibited greater irregularities, porosity,
and roughness compared to the other experimental groups (Figure 7).
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Figure 7. Representative Images of the Topography of the Alveolar Bone Area Beneath the First
Mandibular Molar in Wistar Rats with Ligature-Induced Periodontal Disease Treated with Humic Acid
(HA). Magnification: 500x in Scanning Electron Microscopy (SEM). A: Control group. B: Periodontal
Disease (PD) group. C: PD + 40 mg/kg HA. D: PD + 80 mg/kg HA. E: PD + 160 mg/kg HA. F: PD + 320
mg/kg HA.

3.7. Quantitative Analysis of Alveolar Bone Porosity Beneath the First Mandibular Molar
In the quantitative analysis of the porosity of the alveolar bone beneath the rst molar, assessed through
SEM images, it was observed that all treated groups exhibited smaller pores, both in area (p < 0.05; Figure

8A) and in diameter (p < 0.05; Figure 8B).
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Figure 8. Area (A) and Diameter (B) of Pores on the Surface of Alveolar Bone Beneath the First Mandibular
Molar in Wistar Rats with Ligature-Induced Periodontal Disease Treated with Humic Acid (HA).
Statistical analysis was conducted using ANOVA with Bartle’s post-hoc test (p < 0.05). Different letters (a-

¢) indicate statistically significant differences between experimental groups.

3.8. Histopathological Evaluation of Liver and Kidney Findings

Regarding the results of the histopathological evaluation of the liver, no hepatic alterations were
observed in any of the experimental groups (Table 1, Figure 9). However, renal alterations were noted in
the animals of the PD group, including moderate diffuse congestion and the disappearance of Bowman's
capsule in all samples, while no changes were observed in the control group (Figure 10). In animals treated
with humic acid (HA) at doses of 40 and 80 mg/kg, there was a lower frequency and severity of lesions,
which were classified as mild congestion, compared to those in the PD group. Conversely, in the group
treated with HA at a dose of 160 mg/kg, two animals exhibited more severe lesions, including pronounced
congestion and necrosis, while two others showed mild congestion, and one animal displayed no lesions.
In the group treated with 320 mg/kg of HA, one animal presented with pronounced congestion and

hydropic degeneration, while the others exhibited moderate lesions or no alterations.

Table 1: Histopathological Analysis of Lesions in Hepatic and Renal Tissues Across Different

Experimental Groups.

Rim Figado
Grupos Animais Animais
2 3 4 5 6 1 2 3 4 5 6
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. + - + + - + + + +
G2
ot ot ot bt o+ + + - + . 4 .
G3
g e e 4 + * + o+ o+ o+ o+ o+
G4
++ ++ e + +
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Go6
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No alterations. ++: Mild alteration. +++: Moderate alteration. ++++: Severe alteration
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Figure 9. Representative Images of Hepatic Tissue Without Alterations from the Experimental. Groups.

Magnification: 4x.

Figure 10. Representative Images of Renal Tissue from the Experimental Groups. Magnification: 10x in
Optical Microscopy. Arrows indicate renal lesions (congestion) with nephron involvement.
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4. Discussion

The primary findings of the present study highlight the protective effects of HA on alveolar bone, epithelial
attachment loss, and osteocyte density in animals subjected to PD. Furthermore, our results indicate that treatment
with HA at doses of 40 and 80 mg/kg mitigated the renal lesions induced by PD. Only three studies have assessed
the effects of HA on the progression of PD [12,16,22]. Two of these studies utilized HA derived from the Black Sea
[16,22], while one study employed a compound obtained from agricultural biomass [12]. These investigations
reported that HA treatment ABL, consistent with our findings. To our knowledge, this is the rst study to evaluate the
effects of different doses of HA derived from vermicompost on the progression of periodontitis

The protective effects of HA on bone resorption in PD may be attributed to their anti-inflammatory and
antioxidant potential, which is enhanced in compounds derived from vermicomposting [23,24]. HA possess phenolic
and carboxylic groups in their chemical structure, which exhibit chelating properties that attract and capture metallic
ions, such as iron, zinc, copper, and heavy metals. This action reduces the formation of free radicals and,
consequently, oxidative stress [13,25]. These molecular groups may also facilitate the release of hydrogen radicals
by reacting with reactive oxygen species (ROS), thereby producing more stable radicals that contribute to antioxidant
properties [26]. Additionally, HA may act as prebiotic agents, promoting the growth and maintenance of beneficial
microorganisms, which in turn increases the production of short-chain fay acids that assist in generating anti-
inflammatory substances [27]. It has been reported that the administration of HA extracted from the Black Sea led to
a reduction in markers of gingival inflammation in animals with PD [16], potentially explaining the reduction in
epithelial attachment loss observed in the animals treated with HAs in the present study. Furthermore, in a prior study
conducted by our group, we noted a reduction in circulating levels of TNF-a and the TNF-a/IL-10 ratio in animals
with PD treated with 80 mg/kg of HAs [12]. Although this pattern is systemic, it demonstrates the modulatory effect
of this compound on the inflammatory prole in PD.

Supporting the results from the histomorphometric evaluation, our study observed the protective effects of
different HA doses on the composition and topography of alveolar bone, as assessed through SEM images. A similar
pattern was noted in our previous study, which administered HA at a dose of 80 mg/kg [12]. To our knowledge, this
is the only study to evaluate the elemental composition of alveolar bone in animals with PD treated with varying
doses of HAs derived from vermicompost. Another pioneering aspect of our study was the examination of the effects
of HA treatment on osteocyte density, revealing a significant increase in the number of these cells per assessed area
in rats with periodontitis subjected to treatment. Osteocytes play a vital role in regulating bone metabolism and
promoting remodeling [28], as they can produce osteoprotegerin (OPG), preventing RANKL from activating
osteoclastogenesis [29,30]. This mechanism may explain the observed improvements in alveolar bone composition
and the attenuation of bone resorption in the animals treated with HAs in the present study.

Another factor potentially related to the enhancement of bone composition is the chelating property of HA
[31]. Previous studies have shown that HA can increase the activity of gastrointestinal enzymes, which are proteolytic
and lipolytic, thereby impacting the absorption of minerals such as calcium and phosphorus [31]. Enhanced
proteolysis leads to a greater presence of free amino acids, lysine, and arginine, preventing the formation of insoluble
calcium complexes with other components, thereby improving its bioavailability [12,32]. Additionally, the increased
activity of lipolytic enzymes reduces the presence of long-chain unsaturated fatty acids, which can form insoluble
complexes with calcium and impair its intestinal absorption [31].

In this study, we observed no hepatic alterations in response to periodontitis or treatment with HAs. These
findings are consistent with existing literature, which has even attributed a hepato-modulatory effect to HAs in animal
models of induced liver injury [33]. Conversely, in renal tissue, we observed alterations associated with periodontitis.
Indeed, PD is a risk factor for the development of kidney diseases due to the increase in proinflammatory mediators,
pro-thrombotic factors, and oxidative stress that can damage renal structures [34]. In our study, animals treated with
HAs at doses of 40 and 80 mg/kg exhibited a reduction in renal lesions compared to those in the PD group. Previous
studies have reported positive effects of these substances in animal models of ischemic injury, where HAs reduced
renal tubular dilation and damage, as well as necrosis [35]. This therapeutic effect has been attributed to the
antioxidant properties of HAs [35]. However, despite the observed benets of HAs on renal integrity at lower doses,
we noted exacerbation of lesions in specific animals at doses of 160 and 320 mg/kg (one from each group). This
result is intriguing, given that a study administering HAs over 91 days did not report adverse effects on renal tissue
[14]. Nevertheless, as HAs are heterogeneous compounds, their properties may exhibit slight variations depending
on their origin, natural occurrence, or extraction procedures [13]. Thus, future studies should consider specific
evaluations of renal tissue in animals treated with high doses of HAs derived from vermicompost.

5. Conclusions

Treatment with HA resulted in significant improvements in the parameters of alveolar bone in an experimental
model of PD. The renal lesions induced by PD were notably attenuated, particularly at the lower doses of HAs (40
and 80 mg/kg). Our findings provide valuable insights for future research, which may explore the effects of HAs
derived from vermicompost on other bone diseases.
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TERCEIRA PARTE
CONSIDERACOES FINAIS

A hipoétese testada de que os efeitos dos AHs se sobrepem em determinada dose foi
aceita, evidenciando reducdo dos parametros associados a piora da progressdo da periodontite
nas doses baixas (40-80 mg/dL) e que doses mais altas (160-320 mg/dL) ndo conferem
beneficios adicionais. Sua utilizagcdo se mostra segura do ponto de vista renal e hepatotdxico,
visto que as menores doses foram ainda relacionadas a melhorias no perfil inflamatorio desses
Orgaos apos a inducdo da DP. Desse modo, nossas descobertas sdo Uteis para fomentar mais
pesquisas na area, especialmente para investigar os efeitos dos AHs provenientes de
vermicompostagem em doengas 0sseas, como osteoporose, e doengas inflamatorias cronicas,

como a obesidade.
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