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RESUMO 

 
A menopausa é a cessação definitiva da menstruação após 12 meses consecutivos, marcando 
o fim da fase reprodutiva devido ao esgotamento dos folículos ovarianos. Esse processo gera 
oscilações hormonais, com elevação das gonadotrofinas e uma queda drástica na produção de 
estrogênio, desencadeando impactos sistêmicos que vão além do sistema reprodutor. Essa 
deficiência hormonal pode favorecer o desenvolvimento de doenças cardiovasculares, 
diabetes, hipertensão, osteoporose e perda óssea alveolar. Como tratamento, há lacunas no 
que diz respeito a substâncias naturais com potencial anti-inflamatório, de baixo custo e 
seguras. Os Ácidos Húmicos são componentes orgânicos de conformação flexível e estruturas 
complexas, com propriedades promissoras para minimizar o processo de danificação na 
estrutura óssea acarretado pela menopausa. Desse modo, a fim de investigar alternativas 
terapêuticas para as repercussões desse processo fisiológico que ocorre nas mulheres, o 
objetivo deste estudo foi avaliar os efeitos da administração sistêmica de AH em 
camundongos fêmeas ovariectomizadas sobre o osso alveolar mandibular. Foram utilizadas 24 
camundongos fêmeas C57BL/6, distribuídas em quatro grupos (n = 6/grupo): Grupo 
falso-operado tratado com solução salina (Sham), grupo ovariectomizado tratado com solução 
salina (OVX), grupo falso-operado tratado com ácido húmico (Sham + AH) e grupo 
ovariectomizado tratado com ácido húmico (OVX + AH). O modelo experimental de 
depleção estrogênica foi induzido por ovariectomia bilateral. Posteriormente, os animais 
passaram por administração via gavagem, de AH derivado de vermicompostagem, na dose 
diária de 80 mg/kg, por 28 dias. Após a eutanásia, as mandíbulas foram coletadas e analisadas 
em relação a: composição elementar e topografia do osso mandibular utilizando Microscopia 
Eletrônica de Varredura Acoplada à Espectroscopia de Energia Dispersiva de Raios-X 
(MEV/EDS), análise histomorfométrica da perda óssea alveolar, análise imunohistoquímica: 
Ligante do Receptor Ativador do Fator Nuclear Kappa-B (RANKL), Osteoprotegerina 
(OPG), Fosfatase Ácida Resistente ao Tartarato (TRAP). Os dados foram analisados por meio 
de Análise de Variância (ANOVA) e teste post hoc de Bonferroni, adotando-se p < 0,05 como 
nível de significância. Os resultados demonstraram que os animais tratados com solução 
salina exibiram maiores irregularidades, porosidade e rugosidade em comparação aos outros 
grupos experimentais, analisados qualitativamente. Os animais submetidos à OVX com 
administração de salina apresentaram maior perda óssea alveolar em comparação aos animais 
também submetidos a OVX, mas tratados com AH. Em relação ao conteúdo de cálcio e 
fósforo, observou-se redução significativa desses nos animais do grupo OVX em comparação 
ao grupo Sham (p < 0,05). Entretanto, as fêmeas ovariectomizadas tratadas com AH 
apresentaram maior conteúdo desses elementos em relação as não tratadas (p < 0,05). 
Conclui-se que o tratamento com AH melhora a integridade óssea, a composição elementar, 
bem como os marcadores de reabsorção óssea do osso alveolar mandibular. 

 
Palavras-chave: depleção estrogênica; osso alveolar; produtos naturais; reabsorção óssea; 

substâncias húmicas. 



ABSTRACT 

 
Menopause is the definitive cessation of menstruation after 12 consecutive months, marking 
the end of the reproductive phase due to the depletion of ovarian follicles. This process 
generates hormonal fluctuations, with an elevation of gonadotropins and a drastic drop in 
estrogen production, triggering systemic impacts that extend beyond the reproductive system. 
This hormonal deficiency may favors the development of cardiovascular diseases, diabetes, 
hypertension, osteoporosis, and alveolar bone loss. Regarding treatment, gaps remain 
concerning natural substances with anti-inflammatory potential that are safe and low-cost. 
Humic Acids (HA) are organic components with flexible conformations and complex 
structures, showing promising properties to minimize the bone structure damage caused by 
menopause. Thus, in order to investigate therapeutic alternatives for the repercussions of this 
physiological process that occurs in women, the objective of this study was to evaluate the 
effects of systemic administration of HA on the mandibular alveolar bone of ovariectomized 
female mice. Twenty-four female C57BL/6 mice were used, distributed into four groups (n = 
6/group): Sham-operated group treated with saline solution (Sham), ovariectomized group 
treated with saline solution (OVX), sham-operated group treated with humic acid (Sham + 
HA), and ovariectomized group treated with humic acid (OVX + HA). The experimental 
model of estrogen depletion was induced by bilateral ovariectomy. Subsequently, the animals 
underwent administration via gavage of HA derived from vermicomposting, at a daily dose of 
80 mg/kg, for 28 days. After euthanasia, the mandibles were collected and analyzed 
regarding: elemental composition and topography of the mandibular bone using Scanning 
Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM/EDS), 
histomorphometric analysis of alveolar bone loss, and immunohistochemical analysis: 
Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL), Osteoprotegerin (OPG), 
and Tartrate-Resistant Acid Phosphatase (TRAP). Data were analyzed using Analysis of 
Variance (ANOVA) and Bonferroni's post hoc test, adopting p < 0.05 as the level of 
significance. The results demonstrated that the animals treated with saline solution exhibited 
greater irregularities, porosity, and roughness compared to the other experimental groups, 
analyzed qualitatively. The animals submitted to OVX with saline administration showed 
greater alveolar bone loss compared to the animals also submitted to OVX but treated with 
HA. Regarding calcium and phosphorus content, a significant reduction of these elements was 
observed in the animals of the OVX group compared to the Sham group (p < 0.05). However, 
the ovariectomized females treated with HA showed higher content of these elements 
compared to the untreated ones (p < 0.05). It is concluded that HA treatment improves bone 
integrity, elemental composition, as well as bone resorption markers of the mandibular 
alveolar bone. 

 
Keywords: alveolar bone; bone resorption; estrogen depletion; humic substances; natural 
products. 



 
 

INDICADORES DE IMPACTO 
 
 

O presente estudo apresenta impactos científicos, sociais e de saúde de grande relevância, 

alinhando-se aos Objetivos de Desenvolvimento Sustentável (ODS) da Organização das 

Nações Unidas: ODS 3 (Saúde e Bem-Estar), ODS 12 (Consumo e Produção 

Responsáveis) e consequentemente tange o ODS 13 (Ação Contra a Mudança Global do 

Clima). O objetivo foi avaliar os efeitos do tratamento com ácidos húmicos na integridade, 

composição elementar e marcadores de reabsorção do osso alveolar mandibular em um 

modelo experimental de depleção estrogênica por ovariectomia, que mimetiza as alterações 

fisiológicas e patológicas da menopausa, como a osteoporose e a doença periodontal. Os 

resultados demonstram que a administração de ácido húmico reduziu a perda óssea 

alveolar e preservou níveis de cálcio e fósforo, fator que, do ponto de vista clínico e de 

saúde pública, é significativo para o desenvolvimento de alternativas terapêuticas 

preventivas e acessíveis voltadas à saúde da mulher e ao envelhecimento saudável. 

Ademais, ao utilizar um composto derivado da vermicompostagem, o trabalho contribui 

para o ODS 12, promovendo o aproveitamento e a valorização biotecnológica de 

substâncias naturais e sustentáveis. Considerando produtos de origem natural, o trabalho 

também contempla o ODS 13, contribuindo para a valorização e incentivo da produção de 

fármacos alternativos, que podem ser menos prejudiciais ao meio ambiente e vão contra a 

mudança global do clima. Assim, o estudo reforça a importância da pesquisa e 

desenvolvimento de produtos naturais como alternativa para estratégias terapêuticas 

convencionais e gerenciar agravos crônicos que impactam a qualidade de vida da 

população. Este trabalho foi publicado no periódico “Biomedicines” em 30 de maio de 

2026. 



 
 

IMPACT INDICATORS 
 
 

The present study presents scientific, social, and health impacts of great relevance, aligning 

with the Sustainable Development Goals (SDGs) of the United Nations: SDG 3 (Good 

Health and Well-being), SDG 12 (Responsible Consumption and Production), and 

consequently touches upon SDG 13 (Climate Action). The objective was to evaluate the 

effects of humic acids treatment on the integrity, elemental composition, and resorption 

markers of the mandibular alveolar bone in an experimental model of estrogen depletion 

by ovariectomy, which mimetizes the physiological and pathological changes of 

menopause, such as osteoporosis and periodontal disease. The results demonstrate that the 

administration of humic acid reduced alveolar bone loss and preserved calcium and 

phosphorus levels, a factor that, from a clinical and public health perspective, is significant 

for the development of preventive and affordable therapeutic alternatives aimed at women's 

health and healthy aging. Furthermore, by using a compound derived from 

vermicomposting, the work contributes to SDG 12, promoting the use and biotechnological 

valorization of natural and sustainable substances. Considering products of natural origin, 

the work also touches upon SDG 13, contributing to the valorization and incentive of the 

production of alternative pharmaceuticals, which can be less harmful to the environment 

and go against global climate change. Thus, the study reinforces the importance of research 

and development of natural products as an alternative to conventional therapeutic strategies 

and to manage chronic conditions that impact the population's quality of life. This paper 

was published in the journal “Biomedicines” on May 30, 2026. 
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PRIMEIRA PARTE 

 
1 INTRODUÇÃO 

 
 

O envelhecimento populacional é acompanhado por alterações biológicas e endócrinas 

significativas, com destaque para a menopausa em indivíduos do sexo feminino 

(AL-NASSER; LAMSTER, 2020; DAVIS et al., 2023). A cessação da função folicular 

ovariana induz um estado de hipoestrogenismo que compromete diretamente a homeostase 

sistêmica (BRUCE; RYMER, 2009; MINKIN, 2019). Dentre as principais repercussões 

sistêmicas dessa privação hormonal, tem-se a osteoporose, patologia caracterizada pela 

redução acentuada da densidade mineral e pela degradação progressiva da microarquitetura 

óssea (KANIS et al., 2019; OPOKU, 2023). Na cavidade oral, esse cenário de desequilíbrio 

metabólico sistêmico correlaciona-se com o comprometimento e a perda progressiva dos 

tecidos de suporte dentário (NAZIR et al., 2020). 

Em modelos experimentais de privação estrogênica, as evidências apontam que o 

comprometimento da homeostase óssea sistêmica atua de forma sinérgica com fatores locais 

na exacerbação da reabsorção do osso alveolar (KUNTJORO et al., 2021; YU; WANG, 

2022). Destarte, o desenvolvimento de abordagens terapêuticas capazes de modular 

simultaneamente a resposta inflamatória e o remodelamento ósseo torna-se essencial para o 

manejo desses indivíduos (JAYUSMAN et al., 2023). 

Nesse contexto, os Ácidos Húmicos (AH), macromolécula orgânica complexa 

derivada da decomposição de biomassa e de processos de vermicompostagem, têm despertado 

grande interesse científico devido às suas propriedades multifuncionais (HRICIKOVÁ et al., 

2023; JUNG et al., 2021). Estudos prévios indicam potentes atividades anti-inflamatórias e 

imunomoduladoras (SOCOL, 2023; VAN RENSBURG, 2015). Adicionalmente, pesquisas 

recentes constataram ainda que os AHs são capazes de atenuar a expressão de citocinas 

inflamatórias sistêmicas, reduzindo significativamente a reabsorção do osso alveolar em 

modelo experimental de periodontite (ÇALIŞIR et al., 2019; ORLANDO et al., 2024), além 

de melhorar o conteúdo mineral ósseo em organismos sob condições de depleção estrogênica 

por ovariectomia (OVX) (LIMA et al., 2024; SANTOS et al., 2025). Contudo, a elucidação 

detalhada dos mecanismos histopatológicos e celulares exatos pelos quais os AHs preservam 

a microarquitetura do osso alveolar nessa condição de hipoestrogenismo ainda carece de um 

embasamento robusto (ÇALIŞIR et al., 2016). 



 

 
Frente a essa lacuna, o objetivo desta dissertação foi avaliar os efeitos dos AHs no 

osso alveolar mandibular de camundongos fêmeas submetidas a um modelo experimental de 

depleção estrogênica por OVX. Como objetivos específicos, buscou-se analisar a composição 

elementar do tecido ósseo, mensurar a perda óssea alveolar por histomorfometria, avaliar a 

expressão imuno-histoquímica do Ligante do Ativador do Receptor do Fator Nuclear Kappa 

(RANKL) e da Osteoprotegerina (OPG), bem como quantificar a atividade osteoclástica local 

por meio da coloração para Fosfatase Ácida Resistente ao Tartarato (TRAP). 



 

 
 

2.​REFERENCIAL TEÓRICO 

 
2.1​Contexto Epidemiológico 

 
A menopausa é um marco biológico no envelhecimento feminino que caracteriza o 

fim da idade reprodutiva, expresso pela falência folicular ovariana e por uma queda drástica 

nos níveis de estrogênio (BRUCE; RYMER, 2009; DAVIS et al., 2023). Essa privação 

hormonal é a causa de diversas alterações metabólicas, sendo as diversas manifestações 

clínicas agravadas por fatores como estilo de vida e obesidade (MINKIN, 2019; OPOKU, 

2023). 

Uma importante consequência metabólica ocorre no tecido ósseo, onde o estrogênio 

atua como um protetor natural contra a reabsorção, e a sua escassez rompe o equilíbrio do 

remodelamento ósseo, acelerando a perda de massa e a deterioração da microarquitetura 

tecidual (CHENG; CHEN; CHEN, 2022). Epidemiologicamente, tal desequilíbrio metabólico 

tem papel importante no desenvolvimento da osteoporose pós-menopausa, uma das 

patologias esqueléticas mais prevalentes e com maior impacto na saúde pública global 

(KANIS et al., 2019; SONG et al., 2022). 

Essa fragilidade óssea estabelecida pela osteoporose não se limita aos ossos longos ou 

às vértebras, ela se estende à cavidade oral, interligando-se diretamente com a perda óssea 

alveolar (BOUZIANE et al., 2020). O elo fundamental reside no fato de que a osteoporose 

induzida pela menopausa, onde há diminuição da densidade mineral óssea em razão de 

biomarcadores cruciais (como a relação entre RANKL e OPG), favorece a atividade 

osteoclástica da cavidade bucal (KUNTJORO et al., 2021). Dessa forma, a vulnerabilidade 

esquelética sistêmica agrava a perda óssea alveolar local (PENONI et al., 2017; YU; WANG, 

2022). Epidemiologicamente, portanto, a mulher na pós-menopausa que apresenta 

osteoporose manifesta um risco maior de progressão rápida e intensa da destruição do osso de 

suporte dentário (JAYUSMAN et al., 2023), consolidando a íntima correlação entre a saúde 

endócrina, a integridade óssea e a perda osso alveolar (PENONI et al., 2017; YU; WANG, 

2022). 



 

 
2.2​Menopausa e Reabsorção do Osso Alveolar 

 
A menopausa é clinicamente estabelecida após a ocorrência de 12 meses consecutivos 

de amenorreia, consolidando a transição do estado reprodutivo para o não reprodutivo 

decorrente do esgotamento gradual da reserva folicular ovariana (DAVIS et al., 2023; 

OPOKU, 2023). Durante esse processo, o sistema endócrino feminino passa por profundas 

oscilações hormonais, caracterizadas por níveis elevados de gonadotrofinas e um declínio 

drástico na produção de esteroides sexuais, especialmente o estrogênio (BRUCE; RYMER, 

2009). Essa privação hormonal sistêmica repercute muito além do trato reprodutor, 

correlacionando-se diretamente com alterações metabólicas severas, como aumento da 

adiposidade visceral, maior risco para doenças cardiovasculares (OPOKU, 2023), 

pré-diabetes, hipertensão arterial, distúrbios de humor, depressão (DAVIS et al., 2023), além 

do desenvolvimento da osteoporose (IKEDA; HORIE-INOUE; INOUE, 2019) e da 

progressão da perda óssea alveolar (PENONI et al., 2017; YU; WANG, 2022). 

Sob a perspectiva molecular e celular, a manutenção do volume e da integridade do 

tecido ósseo depende de um equilíbrio dinâmico entre a reabsorção mediada por osteoclastos 

e a deposição induzida por osteoblastos: o RANKL, expresso pelos osteoblastos, estimula a 

reabsorção óssea ao se ligar ao receptor RANK nos osteoclastos, promovendo sua 

diferenciação, ativação e formação. Simultaneamente, a OPG, secretada pelos osteoblastos, 

atua como um inibidor da degradação óssea ao se ligar competitivamente ao RANKL, 

impedindo sua interação com o receptor celular (SHAPIRO, 2020). 

No cenário de hipoestrogenismo, esse equilíbrio é severamente rompido em favor da 

atividade reabsortiva, o que conecta a osteoporose sistêmica e a destruição tecidual local 

observada na perda óssea alveolar (JAYUSMAN et al., 2023; PENONI et al., 2017). Diante 

aos impactos dessas consequências, o manejo terapêutico torna-se indispensável, sendo que 

medicamentos como os bisfosfonatos e calcitonina frequentemente associam-se a efeitos 

adversos, incluindo fraturas atípicas, hipocalcemia, reações anafiláticas (SONG et al., 2022) e 

e a terapia de reposição estrogênica exógena está relacionada a um aumento documentado no 

risco de desenvolvimento de neoplasias malignas sensíveis a hormônios, como os cânceres de 

mama e de endométrio (LIANG; SHANG, 2013). 

Frente a essas desvantagens, faz-se necessário prospecção de novas alternativas 

terapêuticas adjuvantes que aliem alta eficácia clínica a perfis de segurança substancialmente 

mais favoráveis para a prevenção e o controle da osteoporose e da perda óssea associada 

(HUYUT; BAKAN; YILDIRIM, 2021; SONG et al., 2022). Pesquisas recentes apontam 



 

 
abordagens baseadas em substâncias de origem natural, com destaque para o uso de 

compostos fitoterápicos e ervas medicinais (KAKAD et al., 2022), probióticos (AMATO et 

al., 2022) e melatonina (KONEČNÁ et al., 2021). Em virtude do acelerado envelhecimento 

populacional global, a busca por compostos que previnam ou mitiguem doenças de alta 

prevalência em idosos e suas comorbidades associadas permanece como uma área prioritária 

que demanda investigação científica contínua e aprofundada (AL-NASSER; LAMSTER, 

2020). 

 
2.3​ Indução Experimental de Depleção Estrogênica 

 
A perimenopausa, que comumente se inicia entre os 45 e 47 anos de idade, 

corresponde à fase de transição endócrina que antecede diretamente a última menstruação 

(BRUCE; RYMER, 2009). Nesse período, o estrogênio, hormônio esteroide sintetizado 

predominantemente pelos ovários , em sua produção desestabilizada, comprometendo funções 

fisiológicas vitais tanto em tecidos reprodutivos quanto não reprodutivos (IKEDA; 

HORIE-INOUE; INOUE, 2019). No contexto da homeostase sistêmica, a ligação desse 

hormônio aos seus receptores celulares desempenha um papel protetor crucial, sendo que essa 

interação molecular eleva os níveis de expressão de OPG e atenua a secreção do ligante de 

RANKL, impedindo que os osteoclastos exerçam sua atividade degradativa sobre a matriz 

óssea (CHENG; CHEN; CHEN, 2022). 

Para mimetizar de maneira fidedigna esse declínio hormonal e suas repercussões 

sistêmicas, a OVX consolidou-se na literatura como o modelo experimental de menopausa 

mais amplamente empregado, devido à sua capacidade de representar a privação estrogênica 

sob condições estritamente controladas (SANCHEZ et al., 2023). Trata-se de um 

procedimento metodológico indispensável para investigar a influência direta dos hormônios 

ovarianos na biologia tecidual, no dimorfismo sexual e nas discrepâncias metabólicas e 

patológicas entre os sexos (LUENGO-MATEOS et al., 2024). 

Dentre os diferentes protocolos descritos para a realização da OVX (que abrangem 

abordagens unilaterais, bilaterais e a associação com a histerectomia), a ovariectomia bilateral 

destaca-se por acarretar impactos metabólicos e sistêmicos mais severos, incluindo prejuízos 

no comportamento cognitivo e alterações significativas no perfil de colesterol (MOIETY et 

al., 2015). A alta reprodutibilidade do declínio estrogênico pós-procedimento torna o modelo 

de OVX fundamental para elucidar mecanismos biológicos decorrentes do hipoestrogenismo 



 

 
(DAVIS et al., 2023), consolidando-se como o padrão-ouro para investigar complicações 

associadas e validar a eficácia de novas intervenções farmacológicas (ZHOU et al., 2017). 

A relevância clínica e a aplicabilidade desses estudos experimentais são amplificadas 

pela dinâmica demográfica contemporânea, uma vez que, com o expressivo aumento na 

expectativa de vida global, as mulheres passam atualmente de 30% a 40% de suas vidas no 

período pós-menopausa (MINKIN, 2019). Essa nova realidade epidemiológica coloca a 

menopausa e suas consequências associadas no centro das prioridades científicas, justificando 

também o interesse socioeconômico na busca por terapias adjuvantes que mitiguem os 

elevados custos pessoais e de saúde pública associados a essa fase (KANIS et al., 2019). 

 
2.4​ Ácidos Húmicos 

 
Diante das limitações das terapias tradicionais, observa-se uma clara necessidade de 

prospecção de substâncias naturais, de baixo custo, seguras e dotadas de propriedades 

biológicas ativas capazes de complementar ou até mesmo substituir as abordagens 

terapêuticas vigentes (INGLE et al., 2022). 

Nessa perspectiva, dentre os compostos promissores com potencial para atenuar a 

reabsorção óssea, destacam-se os AHs, principais elementos constituintes das substâncias 

húmicas, os quais são ricos em oligocomponentes essenciais para a saúde humana (ÇALIŞIR 

et al., 2019). Esses compostos são amplamente distribuídos na natureza, sendo encontrados 

principalmente em solos, rios, oceanos e depósitos de carvão (JUNG et al., 2021), e podem 

ser formados naturalmente a partir do acúmulo de resíduos microbianos e da decomposição de 

matéria vegetal por meio de complexas reações físicas e biogeoquímicas ao longo do tempo 

(SARLAKI et al., 2019). 

Originados por esses processos de oxidação química e microbiológica (HRICIKOVÁ et 

al., 2023), a estrutura e a composição elementar dos AHs dependem do seu local geográfico 

de origem (MURBACH et al., 2020). Sob o aspecto químico, as frações das substâncias 

húmicas são tradicionalmente isoladas com base em sua solubilidade em diferentes faixas de 

pH. Assim, a extração inicial ocorre em meio alcalino para separar a fração insolúvel, 

denominada humina, a subsequente acidificação promove a precipitação da fração 

correspondente ao ácido húmico, enquanto a porção que permanece solúvel em meio ácido 

constitui o ácido fúlvico (GRABER; RUDICH, 2006). 



 

 

 
Assim, o complexo húmico é classificado em três frações principais: humina (insolúvel 

em qualquer pH), ácido húmico (solúvel em meio alcalino e insolúvel em meio ácido) e ácido 

fúlvico (solúvel em condições tanto ácidas quanto alcalinas) (GRABER; RUDICH, 2006).Os 

AHS possuem propriedades biológicas descritas na literatura, como anti-inflamatórias, 

antioxidantes e imunomoduladoras (MUDROŇOVÁ et al., 2021; ORLANDO et al., 2024; 

SANTOS et al., 2025), somando-se a um efeito protetor sistêmico na retenção e absorção de 

minerais essenciais (ARIF et al., 2019; LIMA et al., 2024) e a efeitos histopatológicos locais 

altamente positivos no controle da progressão da DP (ÇALIŞIR et al., 2016). 

A nível molecular, a capacidade do AH em atenuar a perda óssea alveolar está 

relacionada ao seu papel na modulação e redução de citocinas inflamatórias, o que preserva a 

microarquitetura do tecido ósseo mesmo sob severas condições de estresse inflamatório 

(HUANG et al., 2023; ORLANDO et al., 2024). Adicionalmente, em modelos experimentais 

de periodontite induzida por ligadura, a administração do AH derivado de vermicomposto 

mostrou-se altamente eficaz em regular estresse oxidativo tecidual, consolidando seu 

potencial terapêutico na manutenção da integridade estrutural e densidade do osso alveolar 

(TAVARES et al., 2025). 
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Abstract 

Background: Estrogen deficiency negatively affects alveolar 

bone by disrupting key regu-lators of bone remodeling. 
Humic acids (HAs) are natural compounds with recognized 
antioxidant and anti-inflammatory properties that may 
attenuate bone resorption. This study investigated the 
effects of HAs on alveolar bone in an experimental model of 

estro-gen depletion. Methods: Female C57BL/6 mice were 

randomly assigned to four groups: Sham, Sham + HA, 
ovariectomized (OVX), and OVX 
+ HA. Estrogen deficiency was induced by bilateral 
ovariectomy. HAs derived from vermicomposted biomass 
were ad-ministered daily by oral gavage (80 mg/kg) for 28 
days. At the end of the experimental period, mandibles were 
collected for structural, mineral, and histological analyses. 
Bone elemental composition was assessed using scanning  
electron  microscopy  coupled  with energy-dispersive 
spectroscopy (SEM/EDS). Alveolar bone loss was evaluated 
by histo-morphometry, while RANKL and osteoprotegerin 
(OPG) expression were assessed by immunohistochemistry. 
Osteoclasts were quantified by tartrate-resistant acid 
phosphatase (TRAP) staining. Data were analyzed using 
two-way ANOVA followed by Bonferroni’s post hoc test. 

Results: Ovariectomy resulted in reduced calcium and 

phosphorus content, increased alveolar bone loss, elevated 
RANKL immunolabeling, 
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increased osteoclast num-bers, and a higher RANKL/OPG 

ratio (p < 0.05). HA treatment increased calcium and 

phosphorus content and attenuated alveolar bone loss in 

OVX animals (p < 0.05). Addition-ally, HA treatment 

partially increased OPG expression and reduced the 

RANKL/OPG ratio (p < 0.05), without significantly affecting 

RANKL immunolabeling or osteoclast numbers. 

Conclusions: HA therapy attenuated alveolar bone 

resorption in a model of estrogen depletion, possibly 
associated with modulation of the RANKL/OPG balance. 
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1.​Introduction 
Estrogen deficiency resulting from menopause promotes an imbalance in bone 

remod-eling, leading to osteopenia and ultimately to osteoporosis [1]. Bone remodeling is 

primarily regulated by the RANK–RANKL–OPG signaling axis. In this system, the receptor 

activator of nuclear factor kappa-B ligand (RANKL) binds to its receptor RANK, which is 

expressed on osteoclasts and their precursors, thereby stimulating osteoclastogenesis and 

promot-ing bone resorption [2]. Osteoprotegerin (OPG) is a key regulatory molecule 

involved in modulating and inhibiting the interaction between RANKL and RANK, thereby 

protecting against bone demineralization [3]. Among other regulatory factors, OPG 

expression is stimulated by estradiol, and the decline in estrogen levels during menopause 

enhances bone resorption [4]. Additionally, the increase in pro-inflammatory mediators 

observed during menopause promotes osteoclastogenesis, further contributing to the 

progression of osteoporosis [5]. 

According to data from the Global Burden of Disease (GBD) Study 2021, low bone 

mineral density associated with postmenopausal osteoporosis was responsible for 219,552 

deaths and 7.76 million disability-adjusted life years [6]. In the same study, it was projected 

that by 2045, the number of deaths attributable to this factor will exceed 386,000 [6]. In 

long bones, this condition increases the risk of fractures, leading to impair-ments in quality 

of life and increased public healthcare expenditures [7]. In the alveolar bone, 

menopause-related demineralization promotes the loss of support for teeth and dental 

prostheses, in addition to aesthetic and functional impairments [8,9]. Therefore, in addition 

to the systemic effects and those on long bones resulting from estrogen depletion, numerous 

studies have focused on therapeutic strategies aimed at preserving alveolar bone in order to 

prevent these adverse outcomes [10–12]. 

Traditional therapies for the treatment of osteoporosis in postmenopausal women 

include the use of bisphosphonates (e.g., alendronate and risedronate) and hormone 

replace-ment therapy, such as selective estrogen receptor modulators, among others [13]. 

However, these treatments may cause adverse effects, including atypical fractures, 

gastrointestinal complications, and an increased risk of tumor development [14], which has 

increased inter-est in natural product-based adjunctive therapies. Among natural 

product-based therapies for the treatment of osteoporosis, those containing flavonoids, 

monoterpenes, triterpenes, and polyphenols are particularly noteworthy, as they primarily 

act by protecting against oxidative damage and suppressing pro-inflammatory cytokines 

[15]. In this context, humic acids (HAs) are macromolecules with recognized 

anti-inflammatory and antioxidant properties [16] that remain poorly investigated for the 

treatment of postmenopausal osteoporosis. 

HAs can be extracted from biomass through different processes and are characterized 

by a variety of functional groups, including hydrophilic hydroxyl (–OH) moieties and 

hydrophobic fragments composed of aliphatic chains and aromatic rings [17]. Despite their 

widespread use in agriculture as fertilizers, these compounds exhibit antitumoral, antiviral, 

wound-healing, anti-inflammatory, and antioxidant properties [16]. Their anti-inflammatory 

effects occur through the modulation of leukocyte adhesion and the regu- 

lation of key inflammatory signaling pathways, including NF-κB-, MAPK-, PI3K/Akt-, 
and Toll-like receptor (TLR)-mediated cascades, thereby reducing the expression of 

en-dothelial adhesion molecules and the release of oxidative enzymes [18]. Furthermore, the 

antioxidant properties of HAs are attributed to their ability to regulate reactive oxygen and 



 

 
nitrogen species [18]. In addition to their potential health benefits, these compounds can be 

obtained from biomass, thereby reducing environmental impact and promoting the circular 

economy [19]. 

Regarding biomedical applications, in a previous study published by our group, we 

demonstrated that, in a preclinical model of periodontitis, treatment with HAs improved the 

mineral content of the alveolar bone and attenuated alveolar bone resorption [20]. 

Additionally, in another pioneering study, we observed that HA treatment preserved calcium 

and phosphorus levels in the femur and modulated the hepatic and renal oxidative profiles 

in an experimental model of estrogen depletion [21]. Despite these findings, to date, no 

studies have demonstrated the effects of therapy with these compounds on alveolar bone in 

a model of estrogen depletion. Therefore, considering that menopause promotes systemic 

bone resorption and affects alveolar bone remodeling, we aimed to investigate the effects of 

HA treatment on the characteristics of the mandibular bone in ovariectomized mice. 

2.​Materials and Methods 
This study received approval from the Animal Use Ethics Committee of the Federal 

University of Lavras (CEUA/UFLA; protocol no. 3643011123). All experimental procedures 

were carried out in accordance with the Guide for the Care and Use of Laboratory Animals 

and complied with the ARRIVE guidelines. The in vivo experiments were performed 

between August and September 2024. 

2.1.​Composting, Vermicomposting, Extraction, and Characterization of Humic Acids (HAs) 

Vegetal waste from the agricultural production of soybean (Glycine max L.) and 

sorghum (Sorghum bicolor (L.) Moench) was coarsely chopped, and along with corn grain 

flour (Zea mays L.) and shredded sugarcane bagasse (Saccharum officinarum L.), was 
com-posted for 30 days, with mechanical turning performed every 10 days. Subsequently, 

earthworms (Eisenia foetida) were introduced at a density of 50 individuals per kilogram of 
organic material to initiate vermicomposting, which lasted approximately three months (95 
days). Throughout this period, environmental parameters, including humidity, temper-ature, 
pH, and aeration, were monitored at three-day intervals. After vermicomposting, the 
◦​resulting vermicompost was oven-dried at 60​ for 48 h, passed through a 4 mm mesh 
sieve, and utilized for the extraction of humic acids (HAs). 

−1The extraction procedure involved treating the vermicompost with a 0.1 mol 
sodium hydroxide (NaOH) solution at a 1:10 (m/v) ratio under continuous agitation for four 
hours. The suspension was then centrifuged (15 min at 5000 g) to separate the soluble 
humic substances, comprising humic acids (HAs) and fulvic acids (FAs), from the insoluble 
humin fraction. To isolate the HAs from the FAs, the pH of the supernatant was adjusted to 
−1between   1.0 and 1.5 using 6 mol  hydrochloric acid (HCl), resulting in HA precipitation. 
The precipitated material was subsequently recovered and repeatedly washed with distilled 
water until the absence of chloride ions was confirmed by a negative silver nitrate (AgNO3) 
test. The purified HAs were then neutralized to pH 7.0 with 0.01 mol L−1 potassium 
hydroxide (KOH), transferred to dialysis membranes with a molecular weight cut-off of 1000 
Da, and dialyzed against distilled water until stabilization of the system’s electrical 
conductivity (EC). Finally, the dialyzed HAs were frozen and lyophilized for subsequent use. 
The physicochemical characterization of the HAs employed in this study has been previously 
reported by our research group [20,22,23]. 

2.2.​Animals 
A total of 24 healthy female C57BL/6 mice, 12 weeks old and presenting an average 

initial body mass of 20.8 ± 0.8 g, were utilized. The animals were obtained from the 
 

 



 

 
Laboratory Animal Breeding Center (NUCAL) of the Federal University of São João del-Rey, 
located in Minas Gerais, Brazil. Throughout the experimental protocol, the mice were 

maintained in an animal facility under controlled environmental conditions (22 ±​ ◦ 
relative humidity of 45 ± 15%, and a 12 h light/dark cycle). The animals were housed in 
polyethylene cages with wood-shaving bedding and had unrestricted access to commercial 

rodent diet (Nuvilab®) and filtered water throughout the study period. 
 

2.3.​Experimental Design 
A priori sample size calculation was performed considering bone elemental 

composi-tion assessed by SEM/EDS (calcium and phosphorus percentages) as the primary 
endpoint. The estimation was based on previous experimental studies conducted by our 
group in-volving alveolar bone alterations under inflammatory and osteopenic conditions 

[20,22]. A large effect size assumption (partial η2 ≥ 0.14), according to Cohen’s conventions, 

was adopted, considering α = 0.05 and statistical power (1 − β) of 80% for two-way ANOVA 

comparisons. Based on these assumptions, a minimum of five animals per group was 
estimated to be sufficient. To compensate for possible experimental losses, six animals were 
included in each group. Statistical assumptions and analyses were performed using 
GraphPad Prism version 8.00 (GraphPad Software, San Diego, CA, USA). Thus, the study 
followed a completely randomized design, with mice randomly allocated into four groups (n 
= 6 animals per group): sham-operated group treated with saline (Sham), ovariectomized 
group treated with saline (OVX), sham-operated group treated with HAs (Sham + HA), and 
ovariectomized group treated with HAs (OVX + HA). 

HAs were administered at a dose of 80 mg/kg daily for 28 days, beginning two weeks 

after surgical recovery. The selected dosage and duration of treatment were based on 

previous studies conducted by our group using periodontitis and estrogen-deficiency 

models, in which significant modulation of bone and oxidative parameters was observed 

after 28 days of HA administration [20–23]. At the end of the experimental period, the 

animals were euthanized, and the uterus and both hemimandibles were collected. 

2.4.​Protocol for Sham Surgery and Ovariectomy (OVX) 
After a two-week acclimatization period, the animals were randomly allocated into two 

experimental groups: an ovariectomized group (OVX, n = 12) and a sham-operated control 

group (Sham, n = 12). The allocation procedure was designed to ensure comparable baseline 

body weights between groups, avoiding significant initial differences. In the OVX group, 

bilateral ovariectomy was performed following previously described protocols [21]. In the 

sham group, the same surgical procedures were carried out; however, the ovaries were 

exposed and left intact. All surgical procedures were performed under general anesthesia 

induced by ketamine (100 mg/kg) combined with xylazine (10 mg/kg). 

2.5.​Supplementation with Humic Acids (HAs) 
Two weeks after the surgical procedures, the animals were randomly allocated into 

four experimental groups according to treatment (n = 6 per group): sham-operated 

receiving saline (Sham), ovariectomized receiving saline (OVX), sham-operated treated with 

humic acids (Sham + HA), and ovariectomized treated with humic acids (OVX + HA). The HA 

solutions were prepared daily by dissolving the compound in sterile saline. Administration 

was carried out once daily by oral gavage over a 28-day period. Animals in the Sham and 

OVX control groups received 0.3 mL of saline following the same regimen. At the end of the 

experimental period, the animals were anesthetized via intraperitoneal injection of xylazine 

hydrochloride (10 mg/kg) and ketamine hydrochloride (80 mg/kg). Euthanasia was 

subsequently performed by cardiac puncture. After confirmation of death, the uteri were 

excised and weighed using an analytical balance. 



 

 
2.6.​ Analysis of the Elemental Composition and Topography of the Mandibular Bone 
Using Scanning Electron Microscopy Coupled with Energy-Dispersive X-Ray Spectroscopy 
(SEM/EDS) 

After euthanasia, the left hemimandibles were immersed in hydrogen peroxide for 12 h 
to facilitate the removal of residual soft tissues and subsequently air-dried at room 
tem-perature for two weeks. To assess bone topography and identify potential 
morphological alterations, each specimen was mounted on an aluminum stub using 
double-sided con-ductive carbon tape and examined by scanning electron microscopy (SEM) 
(Vega 3 LMU, TESCAN, Brno-Kohoutovice, Czech Republic). Evaluations were performed on 
the buccal surface below the first mandibular molar, and images were acquired at a 

magnification of 500×. A qualitative assessment was performed considering the number of 
pores, as well as their area and diameter within a standardized region of interest (ROI) 

(60.59 × 103 µm2) lo-cated below the first mandibular molar in the upper right quadrant, as 
previously described by our research group [24]. For pore area and pore diameter analyses, 
multiple measure-ments were obtained within the standardized region of interest (ROI) 
from each specimen. These measurements were considered technical morphometric 
assessments rather than independent biological replicates. Therefore, the biological sample 
size remained n = 6 ani-mals per group. All analyses were conducted by a trained, calibrated, 
and blinded examiner. Measurements were obtained using ImageJ software, version 1.54 
(National Institutes of Health, Bethesda, MD, USA). 

The elemental composition of calcium (Ca) and phosphorus (P) was determined by 

energy-dispersive X-ray spectroscopy (EDS) using an X-MaxN detector (Oxford Instru-ments, 

Abingdon, UK) [24]. Spectra were acquired at an accelerating voltage of 20 kV with a 

working distance of 13 mm. Data analysis was performed using AZtec software, version 
3.1 (Oxford Instruments), following a well-established protocol [22]. 

2.7.​Quantitative Histomorphometric Assessment of Alveolar Bone Loss 
After SEM/EDS analysis, the left hemimandibles were harvested, sectioned along the 

midline, and fixed in 10% buffered formalin for subsequent histological processing. The 

specimens were then immersed in an 10% ethylenediaminetetraacetic acid (EDTA) solution 

until complete decalcification was achieved. Thereafter, routine histological procedures 

were performed for slide preparation, as previously described [25]. Each specimen was 

subsequently used for the evaluation of alveolar bone loss (ABL) through 

histomorphomet-ric analysis. 

Serial sections approximately 5 µm thick were obtained and stained with hematoxylin 
and eosin (H&E) for examination under light microscopy. Histological images were 
cap-tured using a digital camera (SC30 CMOS Color Camera for Light Microscopy, Olympus 
Optical do Brasil Ltd.a., São Paulo, SP, Brazil) coupled to a binocular microscope (Olympus 
CX31, Olympus Optical do Brasil Ltd.a., São Paulo, SP, Brazil). Images were acquired using a 

10× objective lens, and measurements were performed with ImageJ image analysis 

software version 1.54 (National Institutes of Health, Bethesda, MD, USA). For the 
histo-morphometric assessment, three sections per animal were selected and photographed. 
The digitized images were subsequently transferred for histometric analysis. 

All measurements of alveolar bone loss were conducted by a trained and blinded 

examiner who was unaware of the experimental group allocation. The distance between the 

epithelial junction (CEJ) and the alveolar bone crest (ABC), measured in the interproximal 

region between the first and second molars, was used as the primary outcome, following a 

previously established protocol [25]. 

 
 

 



 

 
2.8.​Immunohistochemical Analysis of RANKL and OPG Expression in the Alveolar Bone 

Right hemimandibles, previously processed and embedded in paraffin, were sectioned 
at a thickness of 4 µm and mounted on silanized glass slides for immunohistochemical 
analysis.  Immunohistochemistry  was  performed  following  deparaffinization  and 
rehydra-tion of the samples. Endogenous peroxidase activity was initially blocked using a 
3% H2O2 solution in methanol for 15 min. Subsequently, nonspecific binding sites were 
blocked for 30 min. 

◦ 
Subsequently, the sections were incubated for 60 min in a dark chamber at 37 C with 

primary antibodies against RANKL (goat polyclonal, 1:100 dilution; Abcam, Cambridge, UK) 
and OPG (rabbit polyclonal, 1:100 dilution; Santa Cruz Biotechnology, Dallas, TX, USA), 
according  to  the  manufacturer’s  optimized  protocol  (DAKO  HercepTest™ 
Immuno-histochemistry Kit; Dako Denmark A/S, Glostrup, Denmark, 2020). After washing 
in phosphate-buffered saline (PBS) for 5 min, biotinylated secondary antibodies (linker) 
were applied, followed by incubation with streptavidin–horseradish peroxidase (HRP) 
conjugate for 60 min at room temperature. Finally, chromogenic detection was performed 
using 

′ 
3,3 -diaminobenzidine (DAB). Counterstaining with Harris hematoxylin was carried out to 

facilitate visualization of cell nuclei. 

Images were captured at magnifications of 4×, 10×, and 40× using a SC30 CMOS color 

camera coupled to an Olympus CX31 binocular microscope (Olympus Optical do Brasil 

Ltd.a., São Paulo, SP, Brazil), focusing on a standardized region of interest located between 

the first and second molars. Positively stained cells were quantified using ImageJ software 

(version 1.54f; National Institutes of Health, Bethesda, MD, USA) with the multipoint 

selection tool by a trained investigator blinded to sample identity. The RANKL:OPG ratio was 

calculated according to a previously validated protocol [26]. 

2.9.​ Tartrate-Resistant Acid Phosphatase (TRAP) Staining for 
Osteoclast Quantification in Alveolar Bone 

Tartrate-resistant acid phosphatase (TRAP) staining was performed on silanized slides 
containing paraffin-embedded sections of right hemimandibles using a commercial kit 
(TRAP staining kit, Sigma-Aldrich, catalog no. 387A, St. Louis, MO, USA), following the 
manufacturer’s validated protocol [27]. Thus, 4 µm sections, after deparaffinization and 
rehydration, were immersed in a 50% acetone/alcohol solution for 1 min. Subsequently, in a 
dark chamber, the TRAP solution was applied to the sections, and the material was 

incubated at 37 ◦C for 1 h and 30 min. 

The TRAP solution contained naphthol phosphate as substrate, Fast Red Violet LB salt, 
dimethylformamide (C3H7ON), and an acetate buffer. The acetate buffer was prepared from 
acetic acid, sodium acetate, tartrate, and distilled water. Finally, counterstaining with 
hematoxylin was performed for 1 min to allow nuclear visualization. This procedure 
resulted in a characteristic reddish-brown cytoplasmic staining in TRAP-positive 
multinu-cleated osteoclasts located along bone surfaces. Images were captured at 

magnifications of 4×, 10×, and 40× using an SC30 CMOS color camera coupled to an 

Olympus CX31 binoc-ular microscope (Olympus Optical do Brasil Ltd.a., São Paulo, SP, 
Brazil), focusing on a standardized region of interest between the first and second molars 
for each animal across all experimental groups. 

TRAP-positive osteoclasts were quantified by a trained investigator blinded to group 
allocation using ImageJ (version 1.54f; National Institutes of Health, USA) with the 

mul-tipoint selection tool. Cell counts per mm2 of bone surface were tabulated in Excel and 

statistically compared among groups using appropriate tests. 

 
 



 

 
2.10.​Statistical Analyses 

The data were analyzed using analysis of variance (ANOVA) with an F-test within a 2 × 
2 factorial design (with HA treatment and OVX considered as factors) to assess group 

differences and their interaction (p < 0.05). For pore area and pore diameter analyses, mean 

values obtained from multiple measurements within the standardized ROI of each specimen 
were calculated and considered as biological replicates for statistical comparisons. When 

significant interaction effects were detected, Bonferroni’s post hoc test was applied (p < 

0.05). All statistical analyses were performed using GraphPad Prism version 8.00 (GraphPad 
Software, San Diego, CA, USA). 

3.​Results 
3.1.​Confirmation of Estrogen Deficiency Following Ovariectomy 

Successful establishment of estrogen deficiency following ovariectomy was confirmed 
by the significant reduction in uterine weight observed at euthanasia. Ovariectomized 
animals exhibited significantly lower uterine mass compared with Sham-operated groups 

(OVX: 0.0188 ± 0.0169 g; OVX + HA: 0.0212 ± 0.0193 g vs. Sham: 0.0461 ± 0.0053 g; 

Sham + HA: 0.0520 ± 0.0143 g; two-way ANOVA, main effect of surgery: p < 0.0001). No 

sig-nificant effects of HA treatment or interaction between surgery and treatment were 

detected (p > 0.05). 

3.2.​Elemental Composition and Topography of Mandibular Alveolar Bone Assessed by SEM/EDS 
The percentages of calcium and phosphorus on the alveolar bone surface were lower in 

the OVX group compared with the Sham group (p < 0.05, Figure 1A,B). However, 
ovariectomized mice treated with humic acids (HAs) exhibited higher levels of these 

elements than untreated OVX animals (p < 0.05). No significant differences were observed 

between the Sham and Sham + HA groups (p > 0.05) for either of the evaluated minerals. 

 

Figure 1. Percentages of calcium (A) and phosphorus (B) on the alveolar bone surface of 

ovariec-tomized (OVX) mice treated or not with humic acids (HAs). Bars represent mean ± SD, and 
symbols represent individual animals. Uppercase letters indicate significant differences between Sham 
and OVX groups, whereas lowercase letters denote significant differences between saline- and 

HA-treated animals within the same experimental condition (p < 0.05). Data were analyzed using 

two-way ANOVA followed by Bonferroni’s post hoc test (n = 6 per group). 

No significant effects of OVX status, HA treatment, or OVX × HA interaction were 

observed for pore area or pore diameter measurements (p > 0.05; Figure 2A–F; 
Supplementary Table S1). 

 
 

 



 

 
 

 

 
Figure 2. Quantitative and qualitative assessment of mandibular alveolar bone topography beneath 

the first molar in ovariectomized (OVX) mice treated with humic acids (HAs). (A) Pore area (µm2) and 

(B) pore diameter (µm) in the experimental groups. Bars represent mean ± SD, and symbols represent 
individual animals (n = 6 per group). No significant differences were observed among groups (two-way 
ANOVA, p > 0.05). (C–F) Representative scanning electron microscopy (SEM) images acquired at 500× 
magnification: (C) Sham-operated group treated with saline (Sham), (D) Sham-operated group treated 

with HAs (Sham + HA), (E) ovariectomized group treated with saline (OVX), and 

(F) ovariectomized group treated with HAs (OVX + HA). Scale bar: 100 µm. Uppercase letters indicate 
comparisons between Sham and OVX conditions, whereas lowercase letters indicate comparisons 
between treatments (saline vs. HA) within the same condition. Identical letters indicate the absence of 

statistically significant differences (p > 0.05). 

3.3.​Alveolar Bone Resorption (ABR) Assessed by Histomorphometry 
Alveolar bone resorption, assessed by the distance between the alveolar bone crest and 

the epithelial insertion, was greater in the OVX group than in the Sham group (p < 0.05). 

Animals in the OVX + HA group exhibited lower levels of alveolar bone resorption compared 

with those in the OVX group (p < 0.05; Figure 3A). Figure 3B–E represent the alveolar bone 

resorption (ABR) assessed by histomorphometry among the experimental groups. 

3.4.​ Immunolabeling of Receptor Activator of Nuclear Factor Kappa-B 
Ligand (RANKL) and Osteoprotegerin (OPG) 

The number of RANKL-immunopositive cells was higher in the OVX group than in the 
Sham group (p < 0.05). No significant differences were observed for this parameter between 

the OVX and OVX + HA groups (p > 0.05; Figure 4A). Regarding OPG immunolabeling, no 

significant differences were detected between the OVX and Sham groups (p > 0.05). 
However, the number of OPG-immunopositive cells was greater in the OVX + HA group 
compared with the OVX group (p < 0.05; Figure 4B). The RANKL/OPG ratio was higher in the 

OVX group than in both the Sham and OVX + HA groups (p < 0.05). 
 

 



 

 

 

Figure 3. Assessment of mandibular alveolar bone in ovariectomized (OVX) mice treated with humic 

acids (HAs). (A) Alveolar bone resorption (µm) in the experimental groups. Bars represent mean ± 
SD, and symbols represent individual animals (n = 6 per group). Uppercase letters indicate significant 
differences between OVX and Sham groups (p < 0.05), whereas lowercase letters denote significant 

differences between HA-treated and untreated groups within the same experimental condition (p < 

0.05). Data were analyzed using two-way ANOVA followed by Bonferroni’s post hoc test. (B–E) 
Representative histological images of the mandibular alveolar bone beneath the first molar: 
(B) Sham-operated group treated with saline (Sham), (C) Sham-operated group treated with HAs 

(Sham + HA), (D) ovariectomized group treated with saline (OVX), and (E) ovariectomized group 
treated with HAs (OVX + HA). Images were stained with hematoxylin and eosin (H&E). 

 

Figure 4. Immunolabeling of RANKL (A), OPG (B), and the RANKL/OPG ratio (C) in the mandibular 

alveolar bone of ovariectomized (OVX) mice treated or not with humic acids (HAs). Bars represent 

 



 

 

 
mean ± SD, and symbols represent individual animals. Uppercase letters indicate statistically 
significant differences between Sham and OVX groups, whereas lowercase letters denote signif-icant 

differences between treatments (saline vs. HAs) within the same experimental condition (p < 0.05). 

Panels (D–K) present representative images of immunolabeling for RANKL (D–G) and OPG (H–K) 

across the experimental groups. Arrows indicate positively immunolabeled cells/areas identi-fied by 
brownish staining in the cytoplasm and/or extracellular matrix along the bone surface. Data were 
analyzed using two-way ANOVA followed by Bonferroni’s post hoc test (n = 6 per group). Images were 

acquired at 40× magnification. Scale bar: 50 µm. 

3.5.​Assessment of Osteoclasts by Tartrate-Resistant Acid Phosphatase (TRAP) Staining 
The number of TRAP-positive cells was higher in the OVX group than in the Sham group 

(p < 0.05). No significant differences were observed between the OVX and OVX + HA groups 

for this parameter (p > 0.05; Figure 5A). 

 

Figure 5. Quantification and representative photomicrographs of tartrate-resistant acid phosphatase 
(TRAP)-positive osteoclasts in the mandibular alveolar bone of Sham and ovariectomized (OVX) mice 
treated with saline or humic acids (HAs). (A) Number of TRAP-positive multinucleated osteoclasts per 

mm2 of bone surface. Bars represent mean ± SD, and symbols represent individual animals. Uppercase 
letters indicate significant differences between Sham and OVX groups, whereas lowercase letters 

indicate significant differences between treatments within the same experimental condition (p < 0.05). 

(B–E) Representative photomicrographs (40× magnification) of TRAP staining: 

(B) Sham + saline; (C) Sham + HA; (D) OVX + saline; and (E) OVX + HA. Black arrows indicate 
TRAP-positive multinucleated osteoclasts characterized by intense reddish staining in the cytoplasm 
and located along bone surfaces, particularly at resorption lacunae. Scale bar: 50 µm. Data were 
analyzed using two-way ANOVA followed by Bonferroni’s post hoc test (n = 6 per group). 

4.​Discussion 
Among the main findings of our study are the improvement in mandibular mineral 

composition and the attenuation of alveolar bone resorption in ovariectomized animals 

treated with HAs. Additionally, we observed a higher number of OPG-positive cells in 

HA-treated OVX animals, along with a reduced RANKL/OPG ratio compared with untreated 

counterparts. These findings reinforce the protective effects of HAs on alve-olar bone, 

consistent with those previously demonstrated in an experimental model of periodontitis 

[20,22,28]. 

The ovariectomy model is well established in the literature as a method for inducing 

estrogen deficiency [29,30]. The cessation of ovarian estrogen production leads to, among 

other effects, a reduction in OPG expression, thereby allowing increased RANKL activity and 

subsequent osteoclast activation [5]. This process results in enhanced bone 

demineral-ization and increased bone resorption [5]. In the present study, animals in the 

OVX + saline group exhibited increased immunolabeling for RANKL, as well as a higher 

number of 



 

 
TRAP-positive osteoclasts compared to those in the Sham + saline group. Furthermore, the 

RANKL/OPG ratio, an established molecular indicator of bone resorption [31], was 

significantly elevated in ovariectomized animals relative to sham controls. These findings 

confirm the successful establishment of a high bone turnover and resorptive phenotype 

induced by estrogen deficiency [32]. 

Although most studies investigating estrogen deficiency have primarily focused on 

reductions in bone mineral density in long bones, there is a growing concern regarding 

alveolar bone [33,34]. With the progressive aging of the population, an increasing number of 

dental and orthodontic procedures are being performed in older individuals [35,36]. In this 

context, alveolar bone resorption may accelerate tooth loss, compromise implant stability, 

and negatively affect aesthetic outcomes [37]. Therefore, safe strategies to attenuate these 

effects are of considerable clinical interest [37]. In this context, the effects of HA treatment 

on alveolar bone have previously been described in ligature-induced periodontitis models, 

where these effects were associated with the anti-inflammatory and antioxidant properties 

of these compounds [20,22,28]. These properties are related to their complex molecular 

composition, characterized by phenolic, carboxylic, and quinone functional groups [38]. 

These structural features enable direct scavenging of reactive oxygen species (ROS), electron 

transfer reactions, and metal chelation, thereby reducing oxidative stress [38]. In addition, 

HAs modulate endogenous antioxidant defenses by increasing the activity of enzymes such 

as superoxide dismutase and catalase [39,40]. Their anti-inflammatory effects are mediated 

by the downregulation of pro-inflammatory cytokines and the inhibition of key signaling 

pathways such as NF-κB [18]. Furthermore, their amphiphilic structure allows interaction 

with cellular membranes and modulation of immune responses [41]. The characterization of 

the HAs used in the present study was previously described by our research group [20–22]. 

In general, HAs presented carbon and oxygen as the predominant elements, in addition to 

the absence of potentially toxic metals [21]. The atomic H/C ratio of 1.63 and O/C ratio of 

0.62, together with elevated total and phenolic acidity, indicated the presence of oxygenated 

functional groups and high chemical reactivity [20]. Furthermore, 1H and 13C CP/MAS NMR 

analyses suggested a molecular structure composed of aliphatic, aromatic, and carbonyl 

groups, with predominance of hydrophobic domains and an aromaticity index of 28.28% 

[22]. Additionally, FTIR analysis confirmed the presence of hydroxyl, amine, amide, 

carboxylate, and aromatic groups, reinforcing the complex and highly functionalized nature 

of HAs. 
To the best of our knowledge, this is the first study to investigate molecular markers of 

alveolar bone remodeling in a model of estrogen deficiency treated with HAs. Although 

periodontitis and estrogen deficiency-induced osteoporosis share mechanisms associated 

with bone resorption, particularly increased inflammatory activity and enhanced 

osteo-clastogenesis, they differ in their primary etiological triggers [42]. While periodontitis 

is primarily driven by bacterial biofilm and local inflammation, estrogen deficiency induces a 

systemic imbalance in bone remodeling, characterized by increased osteoclast activity and 

altered RANKL/OPG signaling [43]. Despite these differences, the convergence of these 

pathways suggests that therapeutic strategies targeting inflammation and oxidative stress 

may be effective in both conditions [42,44]. 

In the present study, we observed that HA supplementation attenuated alveolar bone 

resorption and improved mineral content in ovariectomized animals. This effect may be 

attributed to increased OPG expression and a reduction in the RANKL/OPG ratio, as also 

observed in our results, indicating a shift toward an anti-resorptive signaling environment. 

Interestingly, although HA treatment attenuated alveolar bone resorption in OVX animals, 

the reduction in TRAP-positive osteoclast number was only partial and was not statistically 

significant. This finding suggests that the protective effects of HAs may not 
 



 

 
be exclusively related to suppression of osteoclast recruitment, but also to modulation 

of osteoclast activity and local bone remodeling dynamics. In this context, the increased OPG 
immunolabeling and reduced RANKL/OPG ratio observed in HA-treated animals support 
the hypothesis that HAs may influence osteoblast–osteoclast signaling and the local bone 

microenvironment, thereby attenuating bone resorptive activity even in the presence of 
TRAP-positive osteoclasts. OPG is a soluble decoy receptor that plays a central role in bone 

remodeling by binding to RANKL, thereby preventing its interaction with RANK on 
osteoclast precursors and inhibiting osteoclastogenesis [31]. The balance between RANKL 

and OPG is a key determinant of bone resorption, with an increased RANKL/OPG ratio being 
associated with enhanced osteoclastic activity and bone loss [43]. Antioxidant and 

anti-inflammatory agents, such as HAs, are thought to reduce ROS levels and inhibit 
NF-κB activation, leading to increased OPG expression and decreased osteoclast activity 

[23,45]. The preservation of mineral content in the alveolar bone of HA-treated OVX animals 
further supports this hypothesis. Mineral composition is a critical determinant of bone 
quality, and its maintenance indicates a protective effect against demineralization [46]. 

Interestingly, calcium and phosphorus levels in HA-treated OVX animals approached those 
observed in the Sham groups, suggesting partial preservation of alveolar bone mineral 
composition despite estrogen deficiency. One possible explanation for this finding may 

involve the antioxidant and anti-inflammatory properties previously described for humic 
acids [20–23,31]. Estrogen deficiency is known to increase oxidative stress and 

inflammatory mediators associated with enhanced osteoclastic activity and bone resorption. 
Therefore, attenuation of these processes by HAs may contribute to preservation of bone 

mineral content. Additionally, another factor potentially associated with the maintenance of 
bone composition is the chelating property of HAs [31]. Previous studies have shown that 

HAs may enhance gastrointestinal proteolytic and lipolytic enzyme activity, thereby 
influencing calcium and phosphorus absorption [31]. Increased proteolysis may increase the 

availabil-ity of free amino acids such as lysine and arginine, reducing the formation of 
insoluble calcium complexes and improving mineral bioavailability [12,32]. Furthermore, 

increased lipolytic activity may reduce the formation of insoluble calcium–fatty acid 
complexes that impair intestinal calcium absorption [31]. Together, these mechanisms may 

contribute to the preservation of mineral availability and alveolar bone composition in 
HA-treated ovariectomized animals. This interpretation is supported by the reduced 

RANKL/OPG ratio observed in HA-treated OVX animals, suggesting attenuation of the 
pro-resorptive microenvironment associated with estrogen deficiency. However, the present 

study was not designed to directly investigate the molecular mechanisms involved in these 
effects, and therefore, these interpretations should be considered speculative. Overall, these 

findings suggest that HAs exert a multifaceted effect on bone remodeling, acting primarily 
through the modulation of the bone microenvironment. Rather than directly suppressing 

osteoclast numbers, HAs appear to influence the regulatory balance between pro- and 
anti-resorptive 

factors, ultimately leading to reduced bone loss. 

Despite these promising findings, our study has some limitations. First, the absence of 

gold-standard imaging techniques, such as micro-computed tomography, precludes a more 

detailed evaluation of bone microarchitecture. Additionally, bone remodeling mediators 

(RANKL and OPG) were assessed using semiquantitative techniques, limited to the surface of 

the evaluated bone. Thus, future studies should integrate molecular and imaging approaches 

to better elucidate the mechanisms underlying the effects of HAs on alveolar bone. 

Furthermore, complementary in vitro studies investigating the direct effects of HAs on 

osteoclastogenesis and bone remodeling-related signaling pathways, including the 

RANKL/OPG balance, would provide additional mechanistic insights into the biological 

effects of HAs. Additionally, the absence of serum estradiol assessment 

 



 

 
represents a limitation of the present study, although uterine weight reduction confirmed 
the successful establishment of estrogen deficiency following ovariectomy. Although the 

sample size was defined based on a priori power analysis for the primary endpoint, the 

relatively limited number of animals and the evaluation of only a single HA dosage may 
restrict broader conclusions regarding dose–response relationships and generalizability of 
the findings. Additionally, the absence of a positive control group using standard 
anti-resorptive therapies, such as 17β-estradiol, limits direct comparisons between HAs and 

established treatments for estrogen deficiency-induced bone loss. Therefore, future studies 
should investigate the effects of HAs in comparison with conventional anti-osteoporotic 
therapies. In addition, although significant effects on alveolar bone remodeling were 
observed after 28 days of treatment, longer experimental periods may provide a more 
comprehensive understanding of the long-term effects of HAs on bone metabolism and 
microarchitectural preservation. Therefore, future studies should investigate prolonged HA 
administration protocols exceeding 6 weeks. 

5.​Conclusions 
Treatment with biomass-derived HAs attenuated alveolar bone loss associated with 

estrogen deficiency, in association with changes in the RANKL/OPG balance, particularly 

increased OPG expression. Overall, the present findings reinforce the potential protective 

effects of biomass-derived HAs against estrogen deficiency-induced alveolar bone loss and 

preserved bone mineral composition in ovariectomized mice, possibly through modulation 

of the RANKL/OPG balance and the bone remodeling microenvironment. However, the 

molecular mechanisms underlying these effects remain to be clarified. 
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3.​CONSIDERAÇÕES FINAIS 

 
A administração de Ácido Húmico demonstrou respostas significativamente positivas 

na preservação da microarquitetura do osso alveolar mandibular de fêmeas de camundongos 

ovariectomizadas. Desse modo, os resultados obtidos reforçam o potencial terapêutico dessa 

substância orgânica na modulação do remodelamento ósseo, sugerindo a viabilidade de sua 

aplicação como terapia adjuvante em condições inflamatórias e de privação hormonal. 

Como limitações, o presente estudo experimental utilizou o modelo de ovariectomia 

em roedores que, embora seja considerado o padrão-ouro científico para indução da 

osteoporose, mimetiza cirurgicamente um processo que ocorre de forma fisiológica e gradual 

em mulheres. 

Tornam-se necessários novos estudos que se aprofundem na composição dessa 

substância em seus diversos sítios de extração. Outrossim, faz-se importante o 

desenvolvimento de trabalhos que considerem as particularidades biológicas e as diferenças 

entre as espécies, visando compreender de forma mais precisa a transição fisiológica da 

menopausa humana e propor adequadas intervenções nesse cenário. 
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