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RESUMO

O estrogénio é um hormdnio essencial, produzido pelos ovarios, com funcbes fundamentais
tanto no sistema reprodutivo quanto em diferentes sistemas ndo reprodutivos. A sua reducao
durante a menopausa esta associada a diversas complicagdes, entre elas 0 aumento do estresse
oxidativo e o desenvolvimento da osteoporose. A queda dos niveis de estrogénio compromete
a atividade das enzimas antioxidantes e favorece a producéao de espécies reativas de oxigénio e
nitrogénio, promovendo um desequilibrio na homeostase do organismo. A osteoporose,
caracterizada pela perda de massa 6ssea e aumento da fragilidade, eleva o risco de fraturas
graves, comprometendo a qualidade de vida dessas mulheres. Os tratamentos tradicionais
apresentam efeitos colaterais, tornando necessaria a busca por agentes que mitiguem a
progressao da depressao estrogénica com menores impactos negativos. Dentre estes agentes, 0s
acidos humicos (AH) tém se mostrado promissores devido as suas propriedades antibacterianas,
anti-inflamatorias e antioxidantes. Assim, objetivou-se com este estudo, avaliar os efeitos do
tratamento com AH na composi¢do mineral 0ssea e nos marcadores de estresse oxidativo em
um modelo experimental de deplecdo estrogénica. Foram utilizadas 24 camundongos fémeas
C57BLY/6, distribuidas em quatro grupos (n = 6/grupo): Sham; Sham + AH; Ovariectomizadas
(OVX); e OVX + AH. O modelo experimental de deplecdo estrogénica foi induzido por
ovariectomia bilateral no inicio do experimento. AH derivados de vermicompostagem de
biomassa foram administrados por gavagem, diariamente, durante 28 dias. Ao final do
experimento, 0s animais foram submetidos a eutanasia, e foram coletados fémures e fragmentos
dos musculos gastrocnémio, figado e rim. A composicdo elementar ¢ssea foi analisada por
Microscopia Eletronica de Varredura (SEM) associada a Espectroscopia de Dispersdo de
Energia (EDS). As atividades das enzimas superoxido dismutase (SOD) e catalase (CAT), bem
como as concentragdes de peroxido de hidrogénio (H:0:), foram avaliadas nos tecidos
musculares, renais e hepaticos. Os dados foram analisados por ANOVA two-way, seguida do
teste post hoc de Bonferroni. Os animais ovariectomizados apresentaram reducdo significativa
no contetdo de calcio femoral (p < 0,05). O tratamento com AH atenuou a queda nos niveis de
calcio e melhorou a razdo Ca/P femoral (p < 0,05). A concentragdo de H>0- foi reduzida no
figado e nos rins das camundongas OV X + AH em comparacao com 0s animais ndo tratados (p
< 0,05). A atividade da CAT no musculo foi maior no grupo OVX + AH em relacdo ao grupo
OVX (p < 0,05). Conclui-se que o tratamento com acido humico promoveu melhorias na
composicao elementar femoral e modulou os marcadores de estresse oxidativo em um modelo
experimental de menopausa.

Palavras-chave: Menopausa; Substancias himicas; Osso; Produtos naturais.



ABSTRACT

Estrogen is an essential hormone produced by the ovaries, with fundamental roles in both the
reproductive system and various non-reproductive systems. Its reduction during menopause is
associated with several complications, including increased oxidative stress and the development
of osteoporosis. The decline in estrogen levels compromises the activity of antioxidant enzymes
and promotes the production of reactive oxygen and nitrogen species, leading to an imbalance
in the organism’s homeostasis. Osteoporosis, characterized by bone mass loss and increased
fragility, raises the risk of severe fractures, thereby compromising the quality of life of affected
women. Traditional treatments present side effects, making it necessary to search for agents
that can mitigate the progression of estrogen deficiency with fewer negative impacts. Among
these agents, humic acids (HA) have shown promise due to their antibacterial, anti-
inflammatory, and antioxidant properties. Thus, the aim of this study was to evaluate the effects
of HA treatment on bone mineral composition and oxidative stress markers in an experimental
model of estrogen depletion. Twenty-four female C57BL/6 mice were used, divided into four
groups (n = 6/group): Sham; Sham + HA; Ovariectomized (OVX); and OVX + HA. The
experimental model of estrogen depletion was induced by bilateral ovariectomy at the
beginning of the experiment. HA derived from biomass vermicomposting was administered
daily by gavage for 28 days. At the end of the experiment, the animals were euthanized, and
femurs as well as fragments of gastrocnemius muscle, liver, and kidney were collected. Bone
elemental composition was analyzed using Scanning Electron Microscopy (SEM) coupled with
Energy-Dispersive Spectroscopy (EDS). The activities of the enzymes superoxide dismutase
(SOD) and catalase (CAT), as well as hydrogen peroxide (H20-) concentrations, were evaluated
in muscle, kidney, and liver tissues. Data were analyzed using two-way ANOVA followed by
Bonferroni’s post hoc test. Ovariectomized animals showed a significant reduction in femoral
calcium content (p < 0.05). Treatment with HA attenuated the decrease in calcium levels and
improved the femoral Ca/P ratio (p < 0.05). H2O: concentrations were reduced in the liver and
kidneys of OVX + HA mice compared with untreated animals (p < 0.05). Muscle CAT activity
was higher in the OVX + HA group compared with the OVX group (p < 0.05). In conclusion,
treatment with humic acid improved femoral elemental composition and modulated oxidative
stress markers in an experimental model of menopause.

Keywords: Menopause; Humic substances; Bone; Natural products



INDICADORES DE IMPACTO

O presente estudo apresenta impactos cientificos, sociais e ambientais de grande relevancia.
Teve como objetivo avaliar os efeitos do tratamento com &cido hdmico (AH), obtido por
vermicompostagem, sobre a composi¢do mineral 6ssea e os marcadores de estresse oxidativo
em fémeas de camundongos submetidas a ovariectomia, modelo experimental da menopausa.
Os resultados demonstraram que o tratamento com AH aumentou o teor de célcio e melhorou
a razdo Ca/P nos fémures, além de reduzir os niveis de perdxido de hidrogénio e elevar a
atividade da catalase em tecidos musculares e hepaticos, evidenciando seu efeito antioxidante.
Esses achados indicam o potencial do AH como uma alternativa natural, segura e sustentavel
para a prevencao da osteopenia e do estresse oxidativo decorrentes da deficiéncia estrogénica.
Do ponto de vista social e de satde publica, os resultados sdo significativos, considerando que
a osteoporose acomete cerca de um terco das mulheres acima de 50 anos e impde elevados
custos aos sistemas de saude. O uso de compostos derivados de residuos agricolas processados
por vermicompostagem contribui para o desenvolvimento sustentavel, ao reduzir o descarte de
residuos organicos. Assim, o estudo abre perspectivas para o desenvolvimento de novos
produtos biotecnologicos de baixo custo, com potencial de aplicacdo em terapias mais seguras
e eficazes para mulheres no periodo p6s-menopausa, reforcando a importancia do investimento
em solucbes baseadas em produtos naturais e mais sustentaveis. O trabalho resultou na
publicacdo de um artigo na revista Biomedicines e sera apresentado em 2025 no Congresso de
Iniciacdo Cientifica da Universidade Federal de Lavras (CIUFLA).



IMPACT INDICATORS

The present study demonstrates highly relevant scientific, social, and environmental impacts. It
aimed to evaluate the effects of treatment with humic acid (HA), obtained through
vermicomposting, on bone mineral composition and oxidative stress markers in female mice
subjected to ovariectomy, an experimental model of menopause. The results showed that HA
treatment increased calcium content and improved the Ca/P ratio in femurs, in addition to
reducing hydrogen peroxide levels and enhancing catalase activity in muscle and liver tissues,
demonstrating its antioxidant effect. These findings indicate the potential of HA as a natural,
safe, and sustainable alternative for the prevention of osteopenia and oxidative stress resulting
from estrogen deficiency. From a social and public health perspective, the results are
significant, considering that osteoporosis affects about one-third of women over 50 years old
and imposes high costs on healthcare systems. The use of compounds derived from agricultural
residues processed through vermicomposting contributes to sustainable development by
reducing organic waste disposal. Thus, the study opens perspectives for the development of
new low-cost biotechnological products with potential application in safer and more effective
therapies for postmenopausal women, reinforcing the importance of investing in natural and
more sustainable solutions. This work resulted in the publication of an article in the
Biomedicines journal and will be presented in 2025 at the Scientific Initiation Congress of the
Federal University of Lavras (CIUFLA).
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PRIMEIRA PARTE
1 INTRODUCAO

O estrogénio é um hormonio esteroide produzido principalmente pelos ovérios, e
desempenha fungdes cruciais tanto em o&rgdos reprodutivos quanto em sistemas nao
reprodutivos (lkeda; Horie-inoue; Inoue, 2019). No entanto, o periodo de menopausa €
caracterizado pela diminuicdo na concentracdo desse hormonio (Greendale, 1999). Com isso
ha um aumento no risco de aparecimento de diversas condi¢@es, como ganho excessivo de peso,
adiposidade abdominal, pré-diabetes e diabetes, hipertenséo, dislipidemia, riscos de depressao
e distarbios de humor, doengas cardiovasculares (DCV) e osteoporose (Davis et al., 2023). E
relatado também, que a diminuic¢éo na concetragdo de estrogénio pode desencadear um estado
de estresse oxidativo em mulheres na menopausa (lantomasi et al., 2023), 0 que prejudica a
homeostase, levando a danos celulares e teciduais (Al-Qaraleh et al., 2022)

A osteoporose € uma doenca caracterizada pela danificacdo da microarquitetura do
tecido dsseo e perda de massa, deixando-o mais fragil e suscetivel a fraturas (Clynes et al.,
2020). Cerca de 50% das mulheres adultas sofrerdo uma ou mais fraturas por fragilidade ao
longo da vida (Morin et al., 2023). A prevaléncia global de osteoporose foi estimada em 41,5
milhdes de casos, com projecdes sugerindo que mais de 263,2 milhGes de pessoas sofrerdo o
impacto da doenca no futuro (Zhu, et al., 2023). Devido aos efeitos colaterais relacionados as
terapias atuais e seu custo elevado, se faz necessario novas alternativas mais seguras de
tratamento (Davan et al., 2023).

Atualmente, os inibidores da reabsorcdo 6ssea, como os bifosfonatos, calcitonina e
estrogénio exdgeno sdo 0s tratamentos mais utilizados em pessoas com osteoporose. No
entanto, foram observados efeitos colaterais, como fraturas atipicas, hipocalcemia, anafilaxia,
entre outros (Song et al., 2022). Além do mais, a terapia hormonal com estrogénio foi associada
ao aumento de casos de certos tipos de cancer, principalmente os de mama e endométrio (Liang;
Shang, 2013). Outra alternativa terapéutica para a osteoporose tem sido a vitamina D, porém,
estudos mostraram que em grandes doses, 0s riscos de fratura foram aumentados (Song et al.,
2022). Dessa maneira, a busca por novas terapias com menores efeitos colaterais e maior
eficdcia para prevencdo ou tratamento da osteoporose sdo de interesse (Huyut; Bakan; Yildirim,
2021). Dentre os compostos com potencial para atenuar a reabsor¢do 0ssea, destacam-se 0s
acidos humicos (AH).

Os AH séo encontrados principalmente em solos, rios, oceanos e em carvao (Jung et al.,

2021). S&o formados naturalmente a partir de residuos microbianos e decomposicédo de plantas,
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por meio de reagdes quimicas e fisicas (Sarlaki et al., 2019). Podem ser obtidos também por
meio da vermicompostagem, que tem sido utilizada com muito sucesso para a estabilizacéo
desses materiais organicos ricos em nutrientes (Antunes et al., 2015). Seu uso é mais comum
como fertilizante, na nutricdo e crescimento de plantas (Arif et al., 2019). No entanto, devido
as suas propriedades antibacterianas, anti-inflamatérias e antioxidantes (Mudronova et al.,
2021), atualmente sua utilizacao tem sido estudada também na area da medicina, e os resultados
s80 promissores.

Estudos recentes avaliando a administracédo de acido himico em modelos experimentais
indicaram que esses compostos podem atuar como cicatrizantes (Calisir et al., 2018), mostraram
exercer efeitos benéficos no tratamento de colite (Huang et al., 2023), além de demonstrar ser
um bom agente anti-inflamatério minimizando a perda 6ssea em modelo de doenca periodontal
(Giordano et al., 2025). Considerando que tanto a periodontite quanto a osteoporose
compartilham mecanismos semelhantes que promovem a reabsorcao 6ssea (Wang; McCauley,
2016) é plausivel que agentes capazes de atenuar a perda éssea alveolar na periodontite também
possam proporcionar melhorias no tecido ésseo afetado pela osteoporose. Embora os acidos
himicos apresentem propriedades antioxidantes e anti-inflamatorias descritas em outros
contextos, seus potenciais efeitos em modelos de menopausa ainda ndo foram suficientemente
explorados. Portanto, nosso objetivo foi investigar os efeitos do tratamento com AH na
composicdo elementar déssea e nos parametros de estresse oxidativo em um modelo

experimental de menopausa induzida por ovariectomia.

2 REFERENCIAL TEORICO

2.1 Menopausa e a deficiéncia de estrogénio

A menopausa é definida como a cessacdo permanente da menstruacdo apos 12 meses
consecutivos, ocorrendo de forma progressiva e passando pelas fases de perimenopausa,
menopausa inicial e menopausa tardia (Opoku, 2023). A perimenopausa, que geralmente
comeca entre 45 e 47 anos e dura em média 4 anos, € uma fase de transi¢do que precede a Gltima
menstruacao, caracterizada por baixas concentra¢@es de estrogénio e progesterona e altos niveis
de gonadotrofinas (FSH e LH) (Bruce; Rymer, 2009).

O estradiol ou estrogénio (E2) é considerado o principal hormonio feminino (lorga et
al., 2017). Sua alta poténcia decorre da elevada afinidade pelos receptores para estrogénio, ao

contréario da estrona, um estrogéno menos potente encontrado em mulheres p6s-menopausa,
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que pode ser convertido em E2 e vice-versa (Mohamad; Ima-Nirwana; Chin, 2020). O
estrogénio € majoritariamente produzido pelos ovarios, por meio da aromatizacdo de
andrdégenos, processo estimulado pelo horménio luteinizante (LH) nas células da teca e pelo
hormdnio foliculo-estimulante (FSH) nas células da granulosa (Drummond; Findlay, 1999).

O estrogénio é responsavel por regular diversas funcbes fisioldégicas, como a
homeostase de lipideos e glicose, funcbes cerebrais, metabolismo ésseo, entre outras (Patel et
al., 2018). Estima-se que, durante o periodo fértil feminino, a concentragdo de estrogénio varie
entre 100 e 250 pg/mL, enquanto na menopausa esse nivel é reduzido para até 10 pg/mL (Ko;
Kim, 2020). Essa reducdo hormonal desencadeia desequilibrios metabdlicos e hemodinamicos
(Innes; Selfe; Taylor, 2008).

O periodo de menopausa € caracterizado por ondas de calor, incontinéncia uninaria,
infeccdo do trato urinario, funcdo sexual reduzida, atrofia vaginal (Greendale, 1999).
Adicionalmente, condi¢cdes mais graves estdo intimamente associadas a essa redugdo nos niveis
de estrogénio, como a sindrome metabdlica, que engloba diversos fatores de risco para diabetes
e doengas cardiovasculares, como resisténcia a insulina, hipertensdo arterial, niveis elevados de
triglicerideos, baixos niveis de colesterol de lipoproteinas de alta densidade (HDL) e obesidade,
especialmente a adiposidade central (Pu et al., 2017). Outra doenca com alta prevaléncia que é
associada aos baixos niveis de estrogénio é a osteoporose, que acomete principalmente
mulheres na pds menopausa (Lindsay, 1996). Adicionalmente, € considerado que existe
associacdo entre a que nos niveis de estrdgenos na menopausa com o0 aumento do estresse
oxidativo (Doshi; Agarwal, 2013).

2.2 Estresse oxidativo na menopausa

O estresse oxidativo resulta do desequilibrio entre pré-oxidantes e antioxidantes,
causado pelo aumento dos niveis de espécies reativas de oxigénio (ERO) e/ou espécies reativas
de nitrogénio (ERN), ou pela reducdo dos mecanismos de defesa antioxidante (Agarwal et al.,
2012). EROs sdo moléculas pequenas, de vida curta e extremamente reativas (Redza-Dutordoir;
Averill-Bates, 2016). As mitocdndrias sdo as principais fontes de sua producdo, sendo o0s
principais locais os complexos | e 11l da cadeia respiratéria (Hajam et al., 2022). Além disso,
eles podem ser gerados por NADPH oxidases (Nox) na membrana, xantina oxidases e pela
ativacdo enzimética das redutases do citocromo P450 (Redza-Dutordoir; Averill-Bates, 2016).

Nas mitocondrias, a principal ERO produzida € o anion superoxido (O2-), gerado pela

reducéo parcial do O2 e convertido em perdxido de hidrogénio (H202) pelas enzimas Mn-SOD
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na matriz e Cu,Zn-SOD no espago intermembranas (Kowaltowski et al., 2009). O O2— pode
gerar espécies altamente reativas, como OHe e peroxinitrito, ao reagir com metais de transi¢éo
ou NOe, ¢ essencial manter sua concentragdo minimizada (Turrens, 2003).

Em concentraces moderadas, as EROs desempenham papéis cruciais em diversas
funcdes celulares, como sinalizacéo e regulacdo de processos fisiologicos (Birben et al., 2012).
Para controlar sua producdo e proteger as células contra possiveis danos, o organismo conta
com um sistema antioxidante eficiente (Amini et al., 2021). Entretanto, quando ocorre um
desequilibrio entre a producdo excessiva de espécies reativas e a capacidade de defesa
antioxidante, esse sistema torna-se insuficiente, caracterizando o estado de estresse oxidativo.
Nessa condicdo, a perda da eficacia das defesas antioxidantes contribui para o desencadeamento
de doencas inflamatorias e metabolicas, comprometendo a homeostase celular e tecidual (Al-
Qaraleh et al., 2022).

Evidéncias indicam que o estresse oxidativo aumenta em mulheres na menopausa,
devido a reducdo nos niveis de estrogénio (lantomasi et al., 2023). O estrogénio apresenta uma
correlacdo positiva com a expressdo de enzimas antioxidantes e uma correlacéo negativa com
0s produtos resultantes do estresse oxidativo (Bellanti et al., 2013a). Presume-se que o efeito
antioxidante do estrogénio esteja relacionado a inibicdo da 8-hidroxilacdo das bases de guanina
no DNA, contribuindo para a protecdo contra danos oxidativos (Bourgonje et al., 2020).

Um estudo realizado em 2020, na Cidade do Mexico, comparou dois grupos de
mulheres: o primeiro grupo consistia de mulheres entre 20 e 30 anos com ciclos menstruais
regulares, enquanto o segundo incluia mulheres entre 50 e 60 anos na menopausa. Os resultados
demonstraram que as mulheres do segundo grupo apresentaram niveis significativamente mais
elevados de marcadores de estresse oxidativo em comparacdo as do primeiro (Montoya-Estrada
et al., 2020). Esses achados sdo consistentes com os de Heravi et al., (2022), que também
identificaram maiores niveis de estresse oxidativo em mulheres p6s-menopausicas em relacdo
as pré-menopausicas, utilizando concentrac@es urinarias de isoprostanos (iPF2a-111-M) como
marcadores do estresse oxidativo.

Adicionalmente, um estudo mais recente de Ishikawa e colaboradores, realizado em
2023 com mulheres japonesas na pré e pds-menopausa, investigou o efeito do estrogénio no
estresse oxidativo. Foi relatado que os niveis de marcadores de estresse oxidativo e indicadores
de proteinas antioxidantes eram significativamente mais elevados em mulheres na pos-
menopausa em comparacgdo com aquelas na pré-menopausa (Ishikawa et al., 2023).

Os rins, 6rgdos centrais do sistema urinario, sdo vulneraveis a toxicidade sistémica e ao

estresse oxidativo, tornando-se suscetiveis a danos relacionados a menopausa (Putti, et al.,
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2019). Conforme relatado, a ovariectomia € capaz de induzir um aumento nos niveis de
peroxidacdo lipidica, associado ao estresse oxidativo, nos sistemas renal e hepatico de
camundongos. Além de reduzir a atividade antioxidante das enzimas superdxido dismutase
(SOD), catalase (CAT) e os niveis de glutationa (GSH) (Enli; Oztekin; Pinarbasili, 2009). O
mesmo perfil foi relatado previamente, sendo descritas melhorias principalmente no tecido
renal, apds os animais passarem por treinamento fisico (Silva, et al., 2019).

Geralmente o figado ndo produz muitas espécies reativas de oxigénio, devido a grande
capacidade das enzimas antioxidantes presentes nos hepatdcitos, além de contar com altas
concentracdes de glutationa, antioxidantes lipidicos como a vitamina E e proteinas que ligam o
ferro redox-ativo, assegurando protecdo contra danos oxidativos (Jaeschke; Ramachandran,
2011). Entretanto, com o envelhecimento, enzimas como a SOD e as glutationa S-transferases
ficam reduzidas, fora isso também ha uma reducdo nas fun¢des das ATPases Na'/K* e Ca?",
podendo comprometer as funcdes hepaticas e levar ao surgimento de doencas (Brady, 2015).

Por fim, a reducdo nos niveis de estrogénio também impacta negativamente o tecido
muscular, sendo a sarcopenia um dos principais problemas associados. Essa condicdo,
caracterizada pela diminui¢cdo da massa muscular, foi evidenciada no estudo de Zacarias-Flores
e colaboradores, que observaram uma reducdo significativa na massa muscular e perda de forca
em 45% das mulheres pos-menopausicas avaliadas, associando o quadro a uma resposta
antioxidante ineficaz (Zacarias-Flores et al., 2018). Em niveis hormonais normais, devido a
exposicdo das células a esses radicais livres e aos danos causados por eles, ha uma inducédo de
reacdes e diversos mecanismos de defesa, a fim de prevenir, reparar e inativar esses radicais
gerados (Mironczuk-Chodakowska; Witkowska; Zujko, 2018).

2.3 Antioxidantes

Os antioxidantes bioldgicos podem ser classificados em enzimaticos e ndo enzimaticos.
Os ndo enzimaticos, por sua vez, sao subdivididos em enddgenos e exogenos, além dos
antioxidantes sintéticos, que atuam principalmente por meio da transferéncia de atomo de
hidrogénio, elétron Unico e quelacdo de metais (Kotha et al., 2022). O sistema antioxidante
enzimatico é composto pela interacdo de enzimas como a superéxido dismutase (SOD), catalase
(CAT), glutationa peroxidase (GPx) e glutationa redutase (GRd) (Flieger, J. et al., 2021).

A SOD é a principal enzima antioxidante, catalisando a reducdo do superoxido,
altamente reativo, em peroxido de hidrogénio (H20:). Em humanos, existem trés formas de

SOD: Cu/Zn-SOD citosélica, Mn-SOD mitocondrial e SOD extracelular (EC-SOD) (Matés,
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1999). A catalase, por sua vez, é a segunda enzima produzida em maior quantidade nas células,
com um peso molecular de 250 kDa, atuando na decomposicdo do peréxido de hidrogénio
(H202) em oxigénio molecular (O2) ¢ agua (H20) (Hadwan, 2018). Por fim, existem oito tipos
diferentes de glutationa peroxidase (GPX), como GPX1, GPX2, GPX3, GPX4, GPX5, GPX6,
GPX7 e GPXS8, que, assim como a catalase, sdo responsaveis pela redug¢do de H.O2, em &gua e
alcoois (Pei et al., 2023). Essas enzimas criam uma ligagdo dissulfeto entre duas moléculas de
GSH, formando a glutationa oxidada (GSSG). Por outro lado, a glutationa redutase estimula a
formacdo de GSH a partir da GSSG (Jefferies et al., 2003).

Algumas substancias antioxidantes ndo enzimaticas sdo produzidas pelo préprio
organismo (enddgenas), enquanto a maioria € obtida por meio da dieta, sendo derivadas de
minerais ou plantas (exdgenas) (Flieger, J. et al., 2021). Os principais antioxidantes endogenos
incluem proteinas de ligagdo a metais (MBPs), glutationa (GSH), &cido urico (UA), melatonina
(MEL), bilirrubina (BIL) e poliaminas (PAs) (Mironczuk-Chodakowska; Witkowska; Zujko,
2018). Os antioxidantes exdgenos, provenientes da alimenta¢do, como vitaminas, carotenoides,
polifenois, flavonoides e bioflavonoides, complementam as defesas naturais do organismo
(Kotha et al., 2022). As vitaminas A, C e E, por exemplo, sdo capazes de manter a homeostase
eliminando os radicais livres ao doar elétrons (Chaudhary et al., 2023). O metabolismo do
selénio e da vitamina E estd interconectado, sendo o selénio fundamental para 0 armazenamento
da vitamina E. Além disso, a deficiéncia de selénio no organismo pode resultar em um aumento
na producdo de radicais livres (Chaudhary et al., 2023).

Em relacdo aos antioxidantes sintéticos, sabe-se que existem divergéncias em relacéo a
sua eficacia em humanos, sendo que um estudo de revisdo sistematica realizado por Stoia e
Oancea (2022) lista os principais antioxidantes sintéticos aprovados, e destacam que 0 interesse
por esses antioxidantes tem diminuido por raz6es de saude e seguranca. No referido estudo, os
autores destacam a necessidade da descoberta de novos antioxidantes naturais, considerando
que sdo mais seguros do que os sintéticos (Stoia; Oancea, 2022). De modo geral, 0s
antioxidantes tém despertado grande interesse, principalmente os fitoquimicos naturais (Kotha
et al., 2022), decorrente de seu grande potencial terapéutico e capacidade de atuar sobre
diversos mecanismos moleculares relacionados ao estresse oxidativo, a fim de propor uma nova
abordagem para a prevencao de doengas, principalmente relacionadas com o envelhecimento
(Yang, J. et al., 2024).
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2.4 Osteoporose

A salde dssea é fundamental para todas as pessoas, uma vez que 0s 0ssos desempenham
fungdes essenciais, como permitir a locomocéo, oferecer suporte estrutural, proteger 6rgaos
vitais e armazenar minerais, especialmente célcio e fosfato (Davan et al., 2023). A osteoporose,
um dos principais distirbios metabdlicos 6sseos, resulta do desequilibrio no remodelamento
6sseo, caracterizando-se pela reducdo da densidade mineral 6ssea (DMO) e pela diminuicdo da
resisténcia 6ssea (Luo, H. et al., 2025). E uma doenga inicialmente indolor e silenciosa, que
muitas vezes s6 é diagnosticada ap06s a ocorréncia da primeira fratura (Huyut; Bakan; Yildirim,
2021). A absorciometria por raios-X de dupla energia (DXA) é amplamente reconhecida como
0 método padrdo-ouro para a avaliagdo da densidade mineral 6ssea (DMO), e pode ser
diagnosticada quando a DMO esta 2,5 desvios-padrdo (DP) ou mais abaixo da media de
mulheres jovens adultas nas regides da coluna, quadril ou punho (Xiao et al., 2022).

Nas mulheres, a deficiéncia de estrogénio associada a menopausa é o principal fator
desencadeador da osteoporose, cujas fraturas por fragilidade ocorrem sobretudo no quadril e na
coluna vertebral — com maior risco de mortalidade —, mas também podem acometer o0 imero
proximal, o punho, as costelas, os ramos isquiopubicos e o tornozelo (Cheng; Chen, L. R.;
Chen, K. H., 2022). Foi demonstrado em modelo de ovariectomia com roedores, que a perda
da funcéo ovariana pode estar relacionada a uma inflamacao sistémica crénica (Abildgaard et
al., 2020). Sugere-se que mulheres pos-menopausa apresentam elevados niveis de citocinas,
como por exemplo a interleucina 1P, IL6 e fatores de necrose tumorais alfa (TNFa), tanto para
células do sangue quanto diretamente dentro do osso (Fischer; Haffner-Luntzer, 2022).

A matriz dssea é composta por uma parte organica, rica em colageno tipo | e proteinas
ndo colagenas, e uma parte inorganica, formada por cristais de hidroxiapatita, calcio, fésforo e
agua (Davan et al., 2023). A remodelacdo Gssea é o processo pelo qual o 0sso é renovado para
manter sua forma, qualidade e tamanho, envolve a coordenacdo entre osteoclastos e
osteoblastos, organizados em unidades multicelulares ésseas (BMU), seguindo uma sequéncia
de eventos de ativacdo, reabsorcdo e formacdo (Hadjidakis; Androulakis, 2006). Durante a
osteoporose pds-menopausa, a reabsorcdo 6ssea pode aumentar até 70% (Fischer; Haffner-
Luntzer, 2022).

Inicialmente, o0s osteoblastos secretam colageno ndo mineralizado com fosfatase
alcalina, promovendo a deposicdo de célcio e fosfato na matriz 6ssea ao longo das fibras de
colageno, sendo posteriormente rodeados por camadas mineralizadas, tornando-se ostedcitos,

reguladores da homeostase 0ssea, ajustando a formacdo e reabsor¢do Ossea (Koons; Diba;
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Mikos, 2020). Somado a isso, os osteoblastos também modulam a diferenciacdo de mondcitos
em osteoclastos por meio da liberagdo de osteoprotegerina (OPG), do ligante do receptor
ativador de NF-kB (RANKL) e do fator estimulador de colénias de macrofagos (M-CSF)
(Tobeiha et al., 2020). Os osteoclastos sdo macrdfagos multinucleados especificos do tecido
6sseo, que atuam na superficie ou proximo ao osso (Luo, H. et al., 2025).

Na decada de 1990, o sistema RANKL/RANK/OPG, foi descoberto como regulador da
reabsorcdo Ossea (Boyce; Xing, 2008). O RANKL, expresso por osteoblastos, liga-se ao
receptor RANK nas células precursoras de osteoclastos, promovendo sua diferenciacdo em
osteoclastos maduros responsaveis pela reabsorcdo éssea por meio da liberacdo de &cidos e
enzimas liticas; a osteoprotegerina (OPG), também produzida por osteoblastos, atua como
receptor isca com maior afinidade pelo RANKL, inibindo sua interacdo com o RANK e
prevenindo a reabsorgdo 0ssea excessiva (Infante et al., 2019).

O estrogénio desempenha um papel significativo no crescimento e na manutencdo da
homeostase 6ssea (Mohamad; Ima-Nirwana; Chin, 2020), pois atua, principalmente, por meio
do receptor de estrogénio alfa (ERa) nas células dsseas (Anagnostis et al., 2021). Esse horménio
evita a reabsorcdo 0ssea ao suprimir a expressdéo de RANKL via ERa em células do
revestimento 0sseo, além de aumentar a expressao de OPG, principal mecanismo, que inibe a
osteoclastogénese (Anagnostis et al., 2021). Camundongos com deficiéncia de ERoa em
osteoblastos apresentaram reducdo na massa 0ssea e resisténcia, indicando que o estrogénio age
diretamente nos osteoblastos para exercer seus efeitos protetores no esqueleto (Mohamad; Ima-
Nirwana; Chin, 2020). A falta desse hormdnio causada pela menopausa, altera a expressao dos
genes-alvo, promovendo o aumento da secrecdo de IL-1, IL-6 e TNF, além de afetar a
diferenciacdo celular e a apoptose, resultando em maior reabsorcéo 6ssea e contribuindo para a
osteoporose (Cheng; Chen, L. R.; Chen, K. H., 2022).

Atualmente a primeira linha de tratamento para doencas 6sseas sdo o0s bisfosfonatos,
como alendronato, risedronato e &cido zoledrénico, séo eficazes no tratamento da osteoporose
pOs-menopausa, porém podem causar efeitos colaterais no trato gastrointestinal (Cheng; Chen,
L. R.; Chen, K. H., 2022). Moduladores seletivos do receptor de estrogénio como o raloxifeno
apresentaram efeitos colaterais como sangramento vaginal, acidente vascular encefalico (AVE)
e cancer de mama, enquanto a Teriparatida exige administracdo diaria e alto custo (Davan et
al., 2023). Estudos com mulheres da menopausa envolvendo a suplementacdo com vitamina D
ndo obtiveram efeitos significativos, além de comprovarem que doses elevadas aumentam o0s

riscos de fraturas (Yong, Eu-Leong; Logan, 2021).
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A terapia mais utilizada para osteoporose é a reposicdo estrogénica exdgena para
prevenir a perda 6ssea, porém seu uso prolongado é limitado pelas evidéncias de aumento no
risco de cancer de mama, AVC e doencas cardiovasculares (Song et al., 2022). Assim, o alto
custo e os efeitos colaterais das terapias atuais reforcam a necessidade de tratamentos com
menores efeitos colaterais, sendo sugeridos produtos naturais como alternativa mais segura
(Davan et al., 2023).

2.5 Modelo de menopausa - Ovariectomia

O modelo animal mais utilizado para estudar as condi¢gdes associadas a menopausa é
gerado em camundongos (Komori, 2015). Nesses animais, a maturidade reprodutiva ocorre por
volta das cinco semanas de idade (Ottinger et al., 2005). Seu ciclo reprodutivo é estral, com
duracdo aproximada de 4 a 5 dias e dividido em quatro fases (proestro, estro, metaestro e
diestro), nas quais o revestimento uterino é reabsorvido em vez de eliminado, apresentando
variacdes hormonais semelhantes as do ciclo menstrual humano (Koebele; Bimonte-Nelson,
2016).

Diferentemente das mulheres, os camundongos ndo apresentam faléncia ovariana na
meia-idade, por isso recorre-se a ovariectomia (Kermath; Gore, 2012). Este procedimento
consiste na remocdo cirurgica dos ovarios, (Souza et al., 2019), induzindo uma condicdo de
hipoestrogenismo que reproduz as principais caracteristicas da menopausa humana, como perfil
hormonal semelhante, desregulacdo do eixo hipotalamo-hipéfise-gbnadas e alteracfes
cognitivas e cardiometabdlicas (Medina-Contreras et al., 2020).

A ovariectomia destaca-se por sua facil execucdo, baixo custo e perda abrupta dos
horménios ovarianos (Medina-Contreras et al., 2020). Atualmente, é considerado o modelo
mais adequado para investigar os efeitos da privacdo hormonal e de terapias exdgenas,
fornecendo subsidios para a compreensdo da perda hormonal gonadal e para o desenvolvimento
de estratégias que promovam a qualidade de vida das mulheres na fase poOs-reprodutiva
(Koebele; Bimonte-Nelson, 2016).

2.6 Acido Humico (AH)

Entre os materiais organicos de maior distribuicdo no planeta, se destacam as
substancias humicas (Sutton, 2005), formadas naturalmente a partir da decomposicéo de plantas

e residuos microbianos, por meio de rea¢fes quimicas e processos fisicos (Sarlaki et al., 2019).
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Distribuidos em solos, rios, oceanos e recursos naturais relacionados ao carvao, como a turfa,
leonardita e linhito (Jung, 2021). Essas substancias sdo constituidas por compostos de baixa
massa molecular, possuem dominios hidrofilicos (&cidos fulvicos) ou hidrofilico-hidrofébicos
(&cidos humicos), sendo separadas por extratores alcalinos que solubilizam ambas as fragdes,
enquanto a acidificacdo precipita apenas 0s acidos himicos, restando as huminas como a fracdo
insolavel (Baldotto, M. A.; Baldotto, L. E. B., 2014). As moléculas de &cido fulvico, apresentam
estruturas aromaticas e alifaticas com grupos funcionais oxigenados (—COOH e —OH), que
ao serem protonados ou desprotonados no pH natural das dguas conferem-lhe comportamento
de polieletrélito (Saar, 1982). Diferentemente dos &cidos humicos, os &cidos fulvicos sdo
sollveis em todos os pHs, possuem baixo peso molecular, alto teor de oxigénio, além de
apresentarem coloragdo amarelada (Winkler, 2018).

As substancias hamicas tambem podem ser obtidos por meio do processo de
vermicompostagem (Antunes et al., 2015). A vermicompostagem converte residuos
biodegradaveis como os de origem agricola, doméstica, comercial, agroindustrial e da criagéo
animal, em vermicomposto nutritivo. Esse processo ocorre por meio da acdo biologica das
minhocas, que digerem os residuos e os transformam em excretas com abundancia de nutrientes
(Adhikary, 2012). O processo se mostra mais eficiente que a compostagem convencional, ja
que, ao atravessar o intestino das minhocas, o material sofre transformacbes que geram
excrementos altamente ricos em atividade microbiana (Adhikary, 2012). Além disso, levando
em consideracdo de que existe um grande desperdicio de alimentos, resultando em impactos
socioambientais, a técnica de vermicompostagem se torna uma alternativa sustentavel de
reciclagem da matéria organica, evitando a degradacdo ambiental (Sena, 2019).

Os Acidos Himicos (AH) possuem uma estrutura altamente complexa, enriquecida por
grupos funcionais fendlicos, hidroxila, cetonila, quinona, semiquinona, carboxila, carbonila e
alcoxi (Vaskova et al., 2011). Por ndo apresentarem composicdo estequiométrica usual nem
estrutura regular, os acidos humicos se destacam pela heterogeneidade estrutural e
polidispersidade, sendo de dificil analise devido as caracteristicas que variam conforme o tipo
de matéria-prima e o método de extracdo utilizado (Trofimova et al., 2017). Por esse motivo, é
clinicamente relevante tratar o acido himico como um género molecular, e ndo como uma
molécula fixa com formula estética, pois sua quimica e potencial clinico sdo influenciados pela
fauna local, microambientes e fatores temporais, embora seus constituintes basicos sejam bem
definidos (Socol, 2023).

A estrutura dos AH lhes confere propriedades Uteis, incluindo quelacdo de ions

metélicos, atividade antioxidante, anti-inflamatéria e comportamento redox. (Venezia et al.,
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2022). Portanto, o uso dessa molécula tem sido explorado e utilizado no tratamento de diversas
doengas (Socol, 2023). Mitra e colaboradores avaliaram os efeitos pro-apoptéticos e anti-
melanogénicos dos AH em cultivo celular de melanoma humano, e notaram que, nos grupos
tratados, ndo houve progressao do ciclo celular, além de ativarem mecanismos de apoptose
(Salehl et al., 2022).

A fim de avaliar as caracteristicas antibacterianas dos AH, pesquisadores relataram uma
melhora na cicatrizacdo de feridas no palato de ratos, comparando com o tratamento comumente
utilizado, gluconato de clorexidina (Calisir et al., 2018). Os AH também demonstraram
propriedades antiinflamatorias, reduzindo a secrecdo de citocinas pré-inflamatérias, além de
mitigar lesdes hepaticas induzidas por aflatoxinas, em ratos (Xu, P. et al., 2023). Resultados
que apoiam os achados de Rusliandi e colaboradores e Jiazhang e colaboradores, que também
demonstraram o potencial anti-inflamatorio dos AH, desta vez em feridas induzidas na pata
(Rusliandi; Rousdy; Mukarlina, 2020) e em colite induzida por sulfato de dextrana, em ratos,
respectivamente (Huang et al., 2023).

Por fim, mais uma vez demonstrando o potencial efeito dos AH em diversos tipos de
doencas, um estudo publicado recentemente, utilizando AH derivados de vermicompostagem,
comprovou que essas substancias sdo capazes de atuar melhorando parémetros de estresse
oxidativo, além de amenizar a perda 6ssea em ratos com doenca periodontal (Giordano et al.,
2025). Tendo em vista que tanto a periodontite quanto a osteoporose apresentam mecanismos
fisiopatologicos em comum, como o desequilibrio entre formacéo e reabsorcdo dssea, e pelo
aumento de citocinas inflamatorias, supBe-se que os &cidos humicos também apresentem
potencial terapéutico para melhorar a qualidade 6ssea em modelo experimental de deficiéncia

estrogénica (Wang, 2016).
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Abstract: Background: Estrogen depletion alters bone mineralization and oxidative
stress. Antioxidants like humic acids (HA) may help mitigate bone demineralization
and redox imbalances. Thus, this study evaluated the effects of HA on bone mineral
composition and oxidative stress markers in an experimental menopause model.
Methods: Twenty-four female C57BL/6 mice were divided into four groups (n =
6/group): Sham; Sham + HA; Ovariectomized (OVX); and OVX+ HA. The menopause
model was induced by bilateral ovariectomy at the beginning of the experiment. HA
derived from biomass vermicompost was administered daily by gavage for 28 days.
After euthanasia, femurs and fragments of the gastrocnemius muscle, liver, and
kidney were collected. Bone elemental composition was analyzed using scanning
electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS).
Superoxide dismutase (SOD), catalase (CAT), and hydrogen peroxide (H202) activities
were assessed in muscle, renal, and hepatic tissues. Data were analyzed using two-
way ANOVA and Bonferroni’s post hoc test. Results: Untreated OVX mice exhibited
a significant reduction in femoral calcium content (p < 0.05). However, HA treatment
increased calcium levels and improved the Ca/P ratio (p < 0.05). H202 activity was
reduced in the liver and kidney of OVX + HA mice compared to untreated animals
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(p <0.05). CAT activity in muscle increased in the OVX + HA group compared to the
OVX (p <0.05). Conclusions: HA treatment improved femoral elemental composition
and modulated oxidative stress markers in an experimental menopause model.

Keywords: menopause; estrogen depletion; humic substances; bone; natural products

1. Introduction

The climacteric is characterized by the gradual depletion of ovarian follicles,
resulting in a reduction in estrogen production and ultimately leading to menopause [1].
While this phase is a natural transition in the female organism, it increases the risk of
various health conditions, including coronary heart disease, Alzheimer’s disease,
metabolic disorders, and osteoporosis [2]. Menopause-related osteoporosis is defined by
the deterioration of bone microarchitecture and a reduction in bone mass, which leads to
increased fragility and a higher susceptibility to fractures [3]. Moreover, estrogen
deficiency during menopause increases oxidative stress, characterized by an imbalance
between the production of reactive oxygen species (ROS) and the cell’s antioxidant defense
mechanisms [4].

Due to hormonal factors, women with estrogen reduction are 1.5 times more
likely to develop osteopenia/osteoporosis [5,6]. Itis estimated that one in three women
over the age of 50 will experience fractures related to this condition [5,6]. In 2019, the
global incidence of osteoporosis was estimated at 41.5 million cases, with projections
suggesting that more than 263.2 million people will be affected by the disease between
2030 and 2034 [7]. Additionally, the prevalence of osteoporosis is notably higher in
low-income countries, where the substantial cost of treatment poses a significant
challenge to public health systems [5,8].

Estrogen hormone therapy has been utilized in the treatment of menopausal
patients to mitigate bone alterations caused by estrogen deficiency [9]. However, this form
of re- placement therapy has been associated with an increased risk of certain types of
cancer, par- ticularly breast and endometrial cancer [10,11]. Consequently, the search for
novel therapies with fewer side effects and greater efficacy for preventing or treating
menopause-related outcomes remains a significant area of interest [12,13]. It is considered
that antioxidant agents can regulate bone remodeling and mitigate the loss of bone mineral
density in osteoporosis [14]. Additionally, natural products with antioxidant activity may
reduce oxidative damage and enhance the activity of antioxidant enzymes in metabolically
active tissues [15,16]. Accordingly, humic acids (HA) are among the compounds
highlighted for their potential to attenuate bone resorption [17].

HA are macromolecules primarily found in soils, rivers, oceans, and coal [18].
These compounds are naturally formed through chemical and physical reactions involving
micro- bial residues and plant decomposition [19]. Additionally, HA can also be obtained
through vermicomposting, a process in which organic matter undergoes aerobic
decomposition facilitated by earthworms [20]. This process potentially enhances the
biological activity of the resulting material [21]. Due to their antibacterial, anti-
inflammatory, and antioxi- dant properties [22], the effects of HA have been
investigated in both animal and human health, yielding promising results [17,23,24].
The administration of HA in experimental models has demonstrated their potential as
wound-healing agents [25]. Additionally, these compounds have shown beneficial effects
in the treatment of colitis, attributed to their role in modulating the gut microbiota [26],
as well as an ability to improve the inflammatory profile in periodontitis models [27-
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29].

In recent studies conducted by our group, we observed that animals with
ligature- induced periodontitis treated with HAs showed improvements in the mineral
composition of alveolar bone and, consequently, exhibited reduced alveolar bone loss
[17,29]. Given that both periodontitis and osteoporosis share similar mechanisms that
promote bone resorp- tion [30,31], it is plausible that agents capable of attenuating alveolar
bone loss in periodon- titis could also yield improvements in bone tissue affected by
osteopenia/osteoporosis. To date, no studies have evaluated the effects of HA treatment
on conditions associated with estrogen deficiency, such as osteopenia/osteoporosis.
Therefore, we aimed to investigate the effects of HA treatment on bone elemental
composition and oxidative stress parameters in an experimental model of ovariectomy-
induced bone loss.

2. Materials and Methods

This study was approved by the Animal Use Ethics Committee of the Federal
Uni- versity of Lavras (CEUA/UFLA —protocol 3643011123). All procedures were
conducted following the Guide for the Care and Use of Laboratory Animals and
ARRIVE guidelines. The in vivo study was conducted between August and September
of 2024.

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

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 ap- proximately 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™! 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™} 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
(AgNOs). After washing, the HAs were titrated to a pH of 7.0 using 0.01 mol L™ 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 characterization of the HAs used in the present study has been described in
previous studies conducted by our group [17,29,32].

2.2 Animals

Twenty-four healthy female C57BL/6 mice, aged 12 weeks and with an initial
body weight of 20.8 £ 0.8 g, were used in this study. The animals were obtained from
the NUCAL —Laboratory Animal Breeding Center (Universidade Federal de Sao Joao
del Rey, Minas Gerais, Brazil). Throughout the experiment, the mice were housed in
an experimental room under controlled conditions, including a temperature of 22 +2
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°C, humidity of 45 + 15%, and a 12 h light/dark cycle. Rodents were kept in
polyethylene cages lined with wood shavings and provided with rodent chow
(Nuvilab®) and water ad libitum for the entire experimental period.

2.2. Experimental Design

We performed a sample size calculation to ensure that the minimum number
of animals required to achieve statistical significance (p <0.05) with 80% power was met.
A minimum of five animals per group was necessary based on a large effect size
(partial n2> 0.14) and test power exceeding 80% for the treatment effect. The experiment
followed a completely randomized design. Mice were randomly assigned to one of
four groups (n =6 animals/group): sham-operated group treated with saline (Sham),
ovariectomized group treated with saline (OVX), sham-operated group treated with
HA (Sham + HA), and ovariectomized group treated with HA (OVX + HA). HA was
administered at a dose of 80 mg/kg daily for 28 days, starting 2 weeks after surgical
recovery. This dosage and treatment duration were determined based on previous
studies conducted by our group using a periodontitis model [17,29,32]. At the end of
the experiment, the animals were euthanized, and the uterus, femur, gastrocnemius
muscle, liver, and kidneys were collected.

2.3. Protocol of Sham and Ovariectomy (OVX)

After a two-week acclimation period, the animals were divided into two
groups: one group underwent ovariectomy (OVX, n = 12) and the other received a
sham operation (Sham, n = 12). The distribution of animals between groups was
randomized, and group allocation was balanced based on body weight to ensure no
significant differences in initial weight between the groups. In the OVX group, both
ovaries were surgically removed, as described in a previous study [33]. The same
procedure was performed in the sham- operated group, but the ovaries were left intact.
All procedures were carried out under anesthesia, with ketamine (100 mg/kg) and
xylazine (10 mg/kg).

2.4. Administration of Humic Acids (HA)

Two weeks after the surgical procedures, the animals were randomly assigned to
four experimental groups based on the treatment (n = 6/group): sham-operated group
treated with saline (Sham), ovariectomized group treated with saline (OVX), sham-
operated group treated with HA (Sham + HA), and ovariectomized group treated with HA
(OVX +HA). The HA solutions were prepared daily by dissolving the compound in saline
solution. HA was administered daily by gavage for 28 days. In the Sham and OVX groups,
0.3 mL of saline solution was administered daily. At the end of the experimental period,
the animals were weighed, anesthetized with intraperitoneal injections of xylazine
hydrochloride (10 mg/kg) and ketamine hydrochloride (80 mg/kg), and then euthanized
via cardiac puncture. After euthanasia, the uterus of the mice was weighed using an
analytical balance.

2.5. Assessment of Bone Elementary Composition and Topography Using Scanning Electron
Microscopy Coupled with Energy Dispersive X-Ray Spectroscopy (SEM/EDS)

The left femurs were immersed in hydrogen peroxide for 12 h to facilitate the
removal of the remaining soft tissues and were subsequently dried at room
temperature for two weeks. To evaluate the bone microstructure and identify any
morphological characteris- tics in the 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 distal femoral epiphysis, with images
obtained at magnifications of 27x and 500x. The positioning of the samples in the
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equipment and the image acquisition were consistently performed by the same
researcher (FGF). We evaluated the bone topography in the images captured at 500x
magnification, focusing on aspects such as porosity, irregularities, and roughness, as
previously described [34].

Additionally, we evaluated the elemental composition of the bone surface,
including calcium, phosphorus, and carbon, using energy dispersive X-ray
spectroscopy (EDS) with an X-MaxN detector (Oxford Instruments, Abingdon,
United Kingdom). Spectra were acquired at an acceleration voltage of 20 kV and a
working distance of 13 mm, with data analysis conducted using AZtec 3.1 software
(Oxford Instruments, High Wycombe, UK) [34]. We also calculated the Ca/P, C/Ca,
and C/P ratios, as described in a previous study [35].

2.6. Evaluation of the Redox Status

After euthanasia, fragments of the liver, kidney, and left gastrocnemius muscle
were collected, immediately frozen in liquid nitrogen, and stored at -80 °C for the
evaluation of oxidative stress markers. Each tissue sample was individually weighed
and homog- enized using a homogenizer (Ultra-turrax) at a ratio of 100 mg of tissue
per 1 mL of KH2POs + K2HPOs4 buffer. The resulting homogenate was centrifuged at
12,000 rpm for 10 min, and the supernatant from each sample was carefully collected,
aliquoted, and stored at -80 °C. Protein concentrations in the homogenate were
quantified using the Bradford method [36]. The concentration of hydroperoxide (H20:)
was determined following the protocol previously described [37]. Superoxide
dismutase (SOD) activity was assessed based on the enzyme’s ability to inhibit the
superoxide anion (O2"), thereby reducing the rate of pyrogallol auto-oxidation [38].
Catalase (CAT) activity was measured by the decomposition of hydrogen peroxide

(H202) over one minute, with absorbance readings taken at a wavelength of 240 nm
[39].

2.7. Statistical Analyses

The data underwent analysis of variance (ANOVA) with the F-test in a 2 x 2
factorial model (considering HA treatment and OVX as factors) to compare groups and
interaction (p < 0.05). Bonferroni’s post hoc test was conducted when the F values indicated
significant interaction (p < 0.05). GraphPad Prism version 8.00 (v. 8, GraphPad Software,
San Diego, CA, USA) was utilized for data analysis.

3. Results

3.1. Uterine and Body Weight

Animals in both OVX groups exhibited lower uterine weights compared to
those in the Sham groups (between Sham and OXV group p = 0.024; between Sham +
HA and OVX + HA p =0.025—Figure 1A). Conversely, body mass was higher in OVX
animals compared to Sham (p = 0.047—Figure 1B). No significant differences were
observed in body mass between the OVX + HA group and either the OVX or Sham +
HA groups (p > 0.05).
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Figure 1. Uterine (A) and body weight (B) of ovariectomized (OVX) mice treated with humic
acids (HA). AB Uppercase letters denote significant differences between OVX and sham-

operated groups (p < 0.05). * Lowercase letters indicate significant differences between groups
treated and untreated with HA (p <0.05). Data were analyzed using two-way ANOVA followed
by Bonferroni post hoc test (n = 6 per group).

3.2. Elemental Composition and Topography of Femur Assessed by SEM/EDS

No significant differences were observed in the topography (porosity,
irregulari- ties, and roughness) of the distal femoral epiphysis among the experimental
groups (Figure 2A-E). However, elemental composition analysis revealed that calcium
percent- ages were lower in the OVX group compared to the Sham group (p = 0.000—
Figure 3A). Additionally, calcium levels were higher in the OVX + HA group
compared to the OVX group (p = 0.000—Figure 3A). No significant differences were
found in phosphorus (effect of ovariectomy p = 0.361; effect of HA treatment p=0.240—
Figure 3B) and carbon levels (effect of ovariectomy p = 0.743; effect of HA treatment p
=0.362—Figure 3C). The Ca/P ratio did not differ significantly between the Sham and
OVX groups (between Sham and OXV group p = 0.502; between Sham + HA and OVX
+ HA p = 0.247); however, OVX ani- mals showed lower values for this parameter
compared to the OVX + HA group (p = 0.020; Figure 4A). The C/Ca ratio was higher in
the OVX group compared to both the Sham and OVX + HA groups (p < 0.003; Figure
4B). Lastly, the C/P ratio was elevated in the OVX group compared to the Sham group
(p <0.028), with no significant differences observed following HA treatment (p > 0.461;
Figure 4C).



Figure 2. Representative images showing the topography of the distal femoral epiphysis in ovariec-
tomized (OVX) mice treated with humic acids (HA). Magnification: (A)—27x; (B-E)—500x,
obtained via scanning electron microscopy (SEM). (A): The square highlights the standardized
region selected for topographical evaluation. (B): Sham-operated group treated with saline
(Sham). (C): Sham- operated group treated with HA (Sham + HA). (D): Ovariectomized group
treated with saline (OVX). (E): Ovariectomized group treated with HA (OVX + HA).
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Figure 3. Elemental composition of the femoral epiphysis surface in ovariectomized (OVX)
mice treated with humic acids (HA). (A): Calcium percentage in distal femoral epiphysis. (B):
Phosphorus percentage in distal femoral epiphysis. (C): Carbon percentage in distal femoral
epiphysis. B Up- percase letters denote significant differences between OVX and sham-
operated groups (p < 0.05). *° Lowercase letters indicate significant differences between groups

treated and untreated with HA (p <0.05). Data were analyzed using two-way ANOVA followed
by Bonferroni post hoc test (n= 6 per group).
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3.3. Oxidative Stress Markers in the Gastrocnemius Muscle

SOD activity levels in the gastrocnemius muscle were higher in both OVX groups
com- pared to the Sham groups (between Sham and OXV group p = 0.007; between
Sham + HA and OVX + HA p = 0.010—Figure 5A), with no significant effect observed
from HA treat- ment. Conversely, CAT activity was lower in OVX animals compared
to the Sham group (p < 0.001; Figure 5B); however, CAT activity was significantly
increased in OVX groups treated with HA (p < 0.040; Figure 5B). No significant
differences were observed in H20O: activity among the groups (effect of ovariectomy p =
0.361; effect of HA treatment p=0.240— Figure 5C).
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Figure 4. Ca/P (A), C/Ca (B), and C/P (C) ratios of the femoral epiphysis surface in ovariectomized
(OVX) mice treated with humic acids. (HA). AB Uppercase letters denote significant differences

between OVX and sham-operated groups (p <0.05). ab [ gwercase letters indicate significant differ-
ences between groups treated and untreated with HA (p < 0.05). Data were analyzed using two-
way ANOVA followed by Bonferroni post hoc test (n = 6 per group).

3.4. Oxidative Stress Markers in the Liver

No significant differences were observed in hepatic SOD activity among the groups
(effect of ovariectomy p = 0.361; effect of HA treatment p = 0.240 —Figure 6A). Hepatic
CAT activity was higher in OVX animals compared to both the Sham (p = 0.005) and
OVX + HA groups (p = 0.018; Figure 6B). H20: levels were reduced in the OVX + HA
group compared to the untreated OVX animals (p < 0.003; Figure 6C), with no
significant differences observed between the other groups.
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Figure 5. Oxidative stress markers in the gastrocnemius muscle of ovariectomized (OVX) mice
treated with humic acids (HA). (A): Superoxide dismutase (B): Catalase. (C): H2Ox. AB Uppercase
letters denote significant differences between OVX and sham-operated groups (p < 0.05). P
Lowercase letters indicate significant differences between groups treated and untreated with HA
(p<0.05). Data were analyzed using two-way ANOVA followed by Bonferroni’s post hoc test

(n = 6 per group).

3.5. Oxidative Stress Markers in the Kidney

SOD activity in the kidneys was reduced in the Sham group treated with HA
compared to the untreated Sham group (p = 0.003; Figure 7A), with no significant
differences observed between the other groups. Renal CAT activity did not differ across
treatments (effect of ovariectomy p = 0.739; effect of HA treatment p = 0.253 —Figure
7B). H20: levels were lower in the OVX group treated with HA compared to the
untreated OVX group (p = 0.014; Figure 7C), with no significant differences observed

among the other groups.
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Figure 6. Oxidative stress markers in the liver of ovariectomized (OVX) mice treated with
humic acids (HA). (A): Superoxide dismutase (B): Catalase. (C): H2Ox. AB Uppercase letters

denote significant differences between OVX and sham-operated groups (p < 0.05). P
Lowercase letters indicate significant differences between groups treated and untreated with HA
(p < 0.05). Data were analyzed using two-way ANOVA followed by Bonferroni’s post hoc test

(n =6 per group).

A B
2.0+ 2001
o= -
gs | 5
5 0 1.51 £ 150-
Eg Aa Aa -
5% T 2%
g gﬂ.o- Ab % EHUIJ-
ng_ 0.5 i.'uE 504
ol |
0.0- 0
Sham ovX Sham ovXx
C
150+ .
= mm Saline
% Aa = HA
2 100+
© g
= Aa
TE T Al
£ 504 e A
E - L
|
2
o
Sham ovX

Figure 7. Oxidative stress markers in the kidney of ovariectomized (OVX) mice treated with Humic
Acids (HA). (A): Superoxide dismutase (B): Catalase. (C): H20-. A Uppercase letters denote

significant differences between OVX and sham-operated groups (p < 0.05). ab | owercase letters
indicate significant differences between groups treated and untreated with HA (p < 0.05). Data
were analyzed using two-way ANOVA followed by Bonferroni’s post hoc test (n = 6 per

group).
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4. Discussion

The main findings of our study were the improvement in bone elemental
composition in ovariectomized animals treated with HA compared to those untreated.
Additionally, we observed that in mice induced to the menopause model, treatment
with HA increased CAT activity in the gastrocnemius muscle and reduced H202 levels
in both the liver and kidneys compared to untreated animals. To our knowledge, this
is the first study to evaluate the effects of HA treatment in an experimental menopause
model. Therefore, our pioneering findings support previous results linking the
protective effects of these agents on bone [17,25,27-29] and their modulation of
oxidative stress markers [40,41].

Ovariectomy is a surgical procedure used to simulate the cessation of gonadal
estro- gen production similar to that which occurs after menopause [42]. The absence
of these hormones leads to hallmark outcomes of this condition, including reduced
uterus mass and increased body weight [43]. In fact, in our study, the uterine weight of
animals in both OVX groups was lower than that of the Sham groups, confirming the
effectiveness of the surgery. Additionally, we observed that OVX animals had a higher
body weight than the Sham group at the end of the experimental period. The increase
in body mass in response to reduced circulating estrogen levels occurs because these
hormones play a key role in regulating energy metabolism and appetite [44].
Furthermore, the absence of estrogens decreases the basal metabolic rate, favoring
energy accumulation in body fat [45,46].

Other classic outcomes of ovariectomy include a reduction in bone mineral density
[47] and alterations in oxidative stress within metabolically active tissues [48]. In our study,
we observed that calcium levels in the femur of OVX animals were approximately 60%
lower compared to those in the Sham group, which was statistically significant.
Additionally, femoral phosphorus levels in OVX animals were about 50% lower than in
the Sham group; however, this difference was not statistically significant. The
deposition of minerals such as calcium and phosphorus in bone is mediated by
estrogen, which inhibits osteoclast activity and, consequently, enhances osteoblast
activity [49]. Therefore, with reduced levels of these hormones, osteoclast activity
increases, promoting bone resorption and reducing the mineral matrix [50]. Regarding
the oxidative profile, estrogen generally exerts an antioxidant effect, and its reduction
can potentially increase oxidative damage in various tissues [48]. This was partially
observed in our study, as evidenced by the increased H202levels in the liver and kidney
tissues of OVX animals compared to the Sham group.

Considering the detrimental effects caused by decreased estrogen levels in post-
menopause, various strategies have been employed to mitigate damage to bone tissue and
oxidative stress [14]. Among these agents, HA has emerged as a promising candidate
due to its antioxidant properties [32] and potential to improve bone composition [17,29,51].
In our study, we observed that ovariectomized animals treated with HA exhibited higher
calcium levels and an increased Ca/P ratio compared to untreated animals, with values
comparable to those of the Sham group. An elevated Ca/P ratio indicates greater cortical
mineralization [52]. Healthy cortical bone is characterized by slow turnover and low poros-
ity, with its minerals being less susceptible to ionic substitution compared to trabecular
bone [53]. Thus, cortical bone loss is associated with trabecularization of the endocortical
surface and increased cortical porosity [53].

Another noteworthy finding in our study was the reduction in the C/Ca and
C/P ratios in OVX animals treated with HA compared to untreated ones. Elevated
C/Ca and C/P ratios indicate a higher protein-to-mineral content in the bone matrix [54].
Conversely, decreasing these ratios may indicate enhanced bone mineralization [35]. In
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previous studies conducted by our group, we observed that the administration of HA
in an experimental periodontitis model increased the Ca and P content in the
mandibular alveolar bone of the animals [17,29]. The mechanisms through which HA
confers protection against bone demineralization remain unclear. However, these
compounds are believed to enhance intestinal absorption and mineral bioavailability
[55], thereby providing more substrate for deposition in the bone [51]. Furthermore, the
anti-inflammatory properties of these agents may inhibit osteoclast activation, reducing
bone resorption [28]. Nonetheless, further studies are needed to elucidate the
mechanisms through which HA preserves the bone mineral matrix.

Regarding the oxidative stress markers evaluated in the present study, we
observed that ovariectomy altered SOD and CAT levels in the gastrocnemius muscle and
increased CAT activity in the liver compared to Sham animals. This increase in CAT
activity in the liver may be linked to a compensatory mechanism of this enzyme to combat
excess free radicals caused by reduced estrogen levels [56]. Indeed, menopause has been
reported to impair antioxidant activity [57]. Estrogen exerts an antioxidant effect, and its
reduction can potentially enhance oxidative damage in various tissues [48]. This was
observed in our study, as indicated by the trend toward higher H20: levels in the hepatic
and renal tissues of OVX animals compared to the Sham group. However, although no
significant differences in enzymatic activity were observed in the liver between Sham and
OVX animals, H2O2> levels were reduced in OVX animals treated with HA. This
protective effect of HA may be attributed to their structural characteristics, particularly
the presence of quinone-like structures that enable the molecule to transfer electrons
independently of mitochondrial enzymes, thereby directly neutralizing free radicals [58].
Additionally, oxidized phenolic groups that form phenoxyl radicals may also contribute
to the antioxidant activity of HA [59].

HA has the potential to reduce oxidative damage by disrupting the radical
chain reaction, thereby preventing harm to cell membranes and biological
macromolecules. In a previous study conducted by our group, we characterized HA
extracted from biomass vermicompost and identified the presence of 32% aromatic
hydrogens, which play a crucial role in the antioxidant activity of this compound [32].
The quinone-like structures in HA facilitate electron acceptance and transfer, enabling
the reduction of hydrogen peroxide without mitochondrial enzyme involvement [60].
Additionally, it was demonstrated that the balance between electron acceptors
(quinones) and donors (phenols) varies depending on the origin of HA, confirming that
phenolic groups slow the oxidative transformation of quinones [61]. Furthermore, due
to its polyanionic nature, HA can bind metal ions through various chemical and
physical mechanisms [60]. This chelating ability allows HA to sequester pro-oxidant
metal ions, which would otherwise catalyze the formation of ROS via Fenton reactions
[60]. By binding these metals, these compounds reduce their availability for oxidative
processes, thereby mitigating oxidative stress [62]. It is important to emphasize that the
origin of HA may impart distinct functional characteristics [63,64], necessitating an
investigation into the molecular mechanisms underlying the modulation of oxidative
stress markers. In the present study, we did not evaluate these molecular mechanisms.
This limitation should be overcome in future studies through RNA sequencing or
proteomic analyses to investigate the underlying causes of this modulation.

Despite the well-documented beneficial effects of HA and their classification as
safe compounds in the literature [55], we observed a decrease in SOD activity in the
kidneys of Sham + HA animals compared to Sham animals. SOD is an antioxidant marker
with the specific ability to scavenge intracellular and extracellular superoxide radicals in
vivo by decomposing them into hydrogen peroxide and oxygen molecules [65]. Therefore,
although H20: levels showed no significant differences between the Sham and Sham + HA
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groups, and these markers improved in OVX animals treated with HA, it is crucial for
future studies to explore the specific responses of renal tissue to treatment with these
compounds.

Although most of the literature highlights the potential therapeutic effects of
HA in human cell culture studies [58,66] and preclinical research [17,32,67], the oral
administration of a commercial formulation of these compounds has already been
investigated for its effects on the gut microbiota of healthy individuals, demonstrating
potential in modulating the innate colonic microbiome [68]. Additionally, in a double-
blind, placebo-controlled study, the administration of brown coal-derived potassium
humate (a product with high levels of HA) showed potential as an anti-inflammatory
agent in treating atopic conditions such as allergic rhinitis [69]. Furthermore, in a
randomized, double-blind, placebo-controlled trial, the administration of Shilajit extract
(a compound containing 60-80% humic substances) was found to attenuate increased
bone turnover, inflammation, and oxidative stress in women with osteopenia [70].
However, to date, no clinical or preclinical studies have investigated the effects of
isolated HA on osteopenia or osteoporosis, making our study the first to explore this
relationship.

Despite the careful execution of the experiment and analyses, our study is not
without limitations. In this study, we did not evaluate markers of bone remodeling such
as RANKL (Receptor Activator of Nuclear Factor Kappa-B Ligand) and OPG
(osteoprotegerin), as well as components of the bone cellular matrix (osteoclasts,
osteoblasts, and osteocytes) that are altered in osteoporosis. Another limitation of this
study is that we did not conduct experiments to assess the molecular mechanisms involved
in the modulation of oxidative stress markers. Therefore, future studies should consider
evaluating these parameters to determine the influence of HA on these specific
parameters. Additionally, the present study examined the effects of only 28 days of
treatment. Given that the changes induced by ovariectomy are permanent and irreversible
without treatment, it would be valuable for future studies to assess the effects of long-term
HA administration. Despite the outlined limitations, the design and findings of this study
are novel, original, and promising. Our results provide a strong foundation for future
clinical research on the use of HA derived from biomass vermicomposting to prevent and
treat conditions associated with estrogen decline during climacteric and menopause.
Unlike conventional sources, this sustainable approach offers a potentially more
bioavailable and environmentally friendly alternative, reducing reliance on chemically
synthesized humic acid. Furthermore, our study pioneers the application of biomass-
derived humic acid in a preclinical model of estrogen deficiency, addressing a critical gap
in the current literature and presenting a viable strategy for both health and environmental
sustainability.

5. Conclusions

Treatment with HA derived from agricultural biomass vermicompost improves
the elemental composition of bone and modulates oxidative stress markers in the
gastrocnemius muscle, liver, and kidneys of ovariectomized animals.
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TERCEIRA PARTE
CONSIDERACOES FINAIS

As evidéncias obtidas neste estudo confirmam que o AH derivado da
vermicompostagem exerce efeitos benéficos sobre a composicdo Gssea e 0 estresse oxidativo
em um modelo experimental de deplegéo estrogénica induzida por ovariectomia. Esses achados
ressaltam o potencial terapéutico deste composto ndo apenas na atenuacgdo da perda 6ssea pés-
ovariectomia, mas também em condi¢cBes caracterizadas por comprometimento do
remodelamento 6sseo, como a osteoporose e outras doengas metabdlicas 6sseas. Além disso,
os achados reforcam a necessidade de investigacOes adicionais, especialmente sobre os
mecanismos de agdo envolvidos, a fim de elucidar de forma mais abrangente seus efeitos

biologicos e ampliar sua aplicabilidade como uma alternativa terapéutica promissora.
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