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RESUMO

A presente tese teve como objetivo avaliar os efeitos da suplementagdo de cobre (Cu) e zinco
(Zn) na forma de hidroximinerais, sobre o status mineral, o desempenho reprodutivo de
novilhas doadoras e fémeas receptoras de embrides bovinos. No capitulo I, foi apresentado uma
revisdo bibliografica sobre: a eficiéncia reprodutiva e precocidade de novilhas Nelore;
suplementagdo de microminerais e seus efeitos na reproducgdo. No capitulo II, foram avaliados
os efeitos da suplementa¢do de cobre (Cu) e zinco (Zn), na forma de hidroximinerais, sobre a
producao de odcitos e embrides, o status mineral e o desempenho reprodutivo de novilhas
doadoras e fémeas receptoras de embrides, bem como investigar a influéncia da precocidade
sexual e das variaveis fisiologicas sobre a probabilidade de prenhez. A suplementacdo com
microminerais hidroxilados ndo afetou a taxa de prenhez nem as perdas gestacionais precoces
e tardias, tanto em doadoras quanto em receptoras. A precocidade das doadoras, entretanto,
influenciou significativamente os resultados de fertilidade: embrides de novilhas puberes
tardias apresentaram maiores taxas de prenhez (44%) do que aqueles de novilhas puberes
precoces (23%) (P = 0,01). As concentragdes séricas de cobre diminuiram ao longo da esta¢do
reprodutiva em todos os tratamentos (P < 0,0001). Observou-se uma associagdo positiva entre
a concentragdo sérica de zinco e o escore de condi¢do corporal da receptora (P = 0,04). Esses
achados sugerem que os beneficios da suplementacdo hidroximinerais podem ser mais
evidentes em cenarios de deficiéncia mineral ou maior desafio nutricional. No capitulo III,
foram avaliados os efeitos da suplementacdo de cobre (Cu) e zinco (Zn), na forma de
hidroximinerais, sobre o desempenho produtivo, o status mineral, as caracteristicas
reprodutivas e a taxa de prenhez de fémeas bovinas, bem como investigar as relagdes entre essas
variaveis por meio de analises multivariadas e modelos de regressao logistica. A suplementagao
com hidroximinerais aumentou a concentragdo sérica de Zn (P = 0.0183) e reduziu a
concentragdo plasmatica de Cu (P =0.0132), indicando altera¢des no metabolismo mineral; no
entanto, nao foram observadas melhorias no peso corporal, escore de condigdo corporal, ganho
médio didrio ou variaveis reprodutivas (P > 0.05). As andlises de regressao logistica e PCA
confirmaram a auséncia de associacdes entre concentragdes minerais, pardmetros produtivos e
probabilidade de prenhez. Em condigdes adequadas de manejo e nutri¢do, os hidroximinerais

ndo aumentaram a eficiéncia reprodutiva.

Palavras-chave: Desempenho reprodutivo; Inducdo da puberdade; Microminerais

hidroxilados; Precocidade.
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ABSTRACT

The present thesis aimed to evaluate the effects of copper (Cu) and zinc (Zn) supplementation
in the form of hydroxy trace minerals on the mineral status and reproductive performance of
donor heifers and recipient cows. Chapter I presents a literature review addressing reproductive
efficiency and sexual precocity in Nellore heifers, as well as trace mineral supplementation and
its effects on reproduction. In Chapter I, the effects of Cu and Zn supplementation, in the form
of hydroxy trace minerals, were evaluated on oocyte and embryo production, mineral status,
and reproductive performance of donor heifers and embryo recipient females. In addition, the
influence of sexual precocity and physiological variables on pregnancy probability was
investigated. Supplementation with hydroxy trace minerals did not affect pregnancy rate or
early and late embryonic losses in either donors or recipients. However, donor precocity
significantly influenced fertility outcomes: embryos derived from late-maturing heifers showed
higher pregnancy rates (44%) than those from early-maturing heifers (23%) (P = 0.01). Serum
copper concentrations decreased throughout the breeding season across all treatments (P <
0.0001). A positive association was observed between serum zinc concentration and body
condition score in recipient females (P = 0.04). These findings suggest that the benefits of
hydroxy trace mineral supplementation may be more evident under conditions of mineral
deficiency or greater nutritional challenge. In Chapter III, the effects of Cu and Zn
supplementation, in the form of hydroxy trace minerals, were evaluated on productive
performance, mineral status, reproductive characteristics, and pregnancy rate of bovine
females. Additionally, the relationships among these variables were investigated using
multivariate analyses and logistic regression models. Hydroxy trace mineral supplementation
increased serum Zn concentration (P = 0.0183) and reduced plasma Cu concentration (P =
0.0132), indicating changes in mineral metabolism. However, no improvements were observed
in body weight, body condition score, average daily gain, or reproductive variables (P > 0.05).
Logistic regression and principal component analyses confirmed the absence of associations
between mineral concentrations, productive parameters, and pregnancy probability. Under
adequate management and nutritional conditions, hydroxy trace minerals did not improve

reproductive efficiency.

Keywords: Reproductive performance; Puberty induction; Hydroxy trace minerals; Precocity.
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CAPITULO I - INTRODUCAO, OBJETIVOS E REVISAO DE LITERATURA

1.  INTRODUCAO

A pecudria de corte ¢ uma das atividades econdmicas mais importantes no estado
do Amazonas, principalmente no interior. Nos ultimos anos, as crescentes preocupacoes
com os impactos ambientais decorrentes da expansdo acelerada dessa pratica
impulsionaram a demanda por tecnologias que visam aumentar a produtividade, reduzir
custos e assegurar a sustentabilidade econdmica, social e ambiental. Paralelamente,
observa-se um deslocamento da producdao de bovinos de corte para a regiao Norte do
Brasil, atribuivel em parte aos pregos acessiveis das terras, a disponibilidade hidrica e ao
clima favoravel na regido (Mores et al., 2022). Nesse sentido, estudos voltados para a
intensificacdo da pecuaria de corte revela-se crucial tanto para a moderniza¢do do setor
quanto para a preservagao ambiental.

Entre as estratégias de intensificacdo, a redu¢do da idade ao primeiro parto
destaca-se como um dos principais fatores para o aumento da eficiéncia produtiva, uma
vez que eleva o nimero de bezerros produzidos por vaca ao longo de sua vida reprodutiva
(Nunez-Dominquez et al., 1991). No Brasil, o Nelore (Bos indicus) ¢ a principal raga de
corte produzida (Miszura et al., 2021). No entanto, um desafio significativo associado a
essa raca sdo as novilhas que alcancam a maturidade sexual tardiamente, ou seja, entram
na vida produtiva entre 2 e 3 anos de idade, ou até mais velhas, em comparacgao as ragas
europeias (Bos taurus), nas quais a puberdade ocorre, por volta dos 2 anos (Gunski et al.,
2001; Sereno et al., 2001; Ferraz et al., 2018; Miszura et al., 2021). A idade avangada na
puberdade e, consequentemente, no primeiro parto ¢ um fator que impacta negativamente
o retorno econdmico na bovinocultura de corte (Eler et al., 2010; Ferreira et al., 2012;
Terakado et al., 2015; Lima, et al., 2020).

Embora amplamente difundido na pratica de campo, o conceito de novilhas
precoces baseado exclusivamente na prenhez apds protocolos hormonais carece de
validacao cientifica consistente. Haja visto que, essa denominacao pode ndo estar correta,
uma vez que o uso de hormdnios pode induzir uma ovulagdo e ndo necessariamente
induzir a puberdade, visto que algumas novilhas ndo respondem ao protocolo e a taxa de
perda gestacional tende a ser mais alta nessa categoria. Dessa forma, acredita-se que
novilhas induzidas por meio de protocolos hormonais, sem selecdo para precocidade

sexual (“tardias”) que ficam prenhes, podem ser classificadas como precoces, induzindo
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a uma falha na selecdo genética. Apesar dos protocolos hormonais serem uma ferramenta
efetiva, eles ndo podem modificar a genética da fémea.

Técnicos de campo tém relatado altas taxas de perda embrionaria e baixa taxa de
prenhez nas novilhas emprenhadas precocemente. No entanto, ainda ndo ha publicagdes
cientificas que tenha avaliado de forma abrangente a taxa de perdas embrionarias precoce
e tardia dessas novilhas ditas precoce. A maioria dos estudos conduzidos até o momento
limitou-se a acompanhar o desenvolvimento dessas novilhas até a manifestagdo da
puberdade ou até a confirmagdo da prenhez aos 30 dias. Assim, permanece incerto se a
menor eficiéncia reprodutiva observada estd associada a indugdo precoce da ovulagdo ou
a outros fatores fisioldgicos, nutricionais ou metabdlicos ainda ndo elucidados.

Além disso, ¢ amplamente comprovado na literatura que novilhas pré-ptuberes
apresentam baixa qualidade embriondria quando passam por producdo in vitro de
embrides (Kauffold et al., 2005; Landry et al., 2016; Landry et al., 2018). No entanto, ndo
¢ sabido se novilhas induzidas a puberdade por meio de protocolo hormonal produzem
embrides de menor qualidade quando comparado com novilhas puberes
espontaneamente, ¢ se isso ¢ um fator determinante para a baixa taxa de prenhez
observada nas novilhas emprenhadas precocemente.

Nesse contexto, a nutri¢do mineral, especialmente o suprimento de microminerais
como o cobre (Cu) e o Zinco (Zn), desempenham papel fundamental na regulacao da
funcdo reprodutiva. Esses elementos estdo envolvidos em processos essenciais, como a
sintese de acido desoxirribonucleico (DNA), a divisao celular, a oxidagao e a manutengao
da integridade celular. Alguns estudos demonstraram que adi¢cdo de Zn na fertilizacao in
vitro pode diminuir os danos ao DNA e apoptose nas células do cumulus por agir como
antioxidante (Lequarre et al., 2001; Picco et al., 2010 e Jeon et al., 2014; LU et al., 2018),
bem como aumentar a atividade da enzima superoxido desmutase (SOD) nas células do
cumulus, proporcionando um efeito antioxidante nos embrides (Anchordoquy et al.,2013;
2014). Apesar desses avangos, ainda sdo limitados os estudos que avaliam o efeito da
suplementa¢do de Cu e Zn em novilhas Nelore e seu efeito na qualidade embrionaria, a
producdo de embrides e a mortalidade embrionaria em condi¢des de campo.

A forma de suplementacdo mineral pode influenciar a biodisponibilidade desses
elementos. Estudos recentes tém mostrado que microminerais na forma de
hidroximinerais apresentam maior estabilidade no raimen e melhor biodisponibilidade em
comparac¢do as fontes tradicionais, resultando em maiores concentragdes plasmaticas e

hepaticas de Cu e Zn (Vanvalin et al., 2018; Vanvalin et al., 2019). Entretanto, ainda sao
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limitados os estudos que avaliam o uso de microminerais na forma de hidroximinerais e
seus efeitos na eficiéncia reprodutiva.

Diante do exposto, levanta-se a hipotese de que a suplementagdo de Cu e Zn na
forma de hidroximinerais, por apresentar maior biodisponibilidade, melhora o status
mineral de novilhas Nelore, aumentando a competéncia ovocitéria, o desenvolvimento
embrionario e a eficiéncia reprodutiva. Além disso, hipotetiza-se que novilhas submetidas
a indugdo hormonal apresentem menor qualidade embrionaria € menor taxa de prenhez

quando comparadas a novilhas puberes espontaneamente.
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2. OBJETIVOS

2.1.  Objetivo Geral

Avaliar os efeitos da suplementagdo de cobre (Cu) e zinco (Zn) na forma de
hidroximinerais, sobre o status mineral, o desempenho reprodutivo de novilhas doadoras

e fémeas receptoras de embrides bovinos.

2.2.  Objetivos Especificos
CAPITULO II:
Experimento I — Produc¢io in vitro de embrioes
e Auvaliar o efeito da suplementacao de Cu e Zn sobre a producao e qualidade
de odcitos (graus G1, G2, G3 e odcitos viaveis);
e Avaliar a interacdo entre os tratamentos e a precocidade sexual sobre a
resposta ovariana;
e Avaliar o efeito da suplementacdo sobre a produgdo total de embrides.
Experimento II — Transferéncia dos embrides
a) Desempenho produtivo e status mineral
e Avaliar o efeito da suplementagdo sobre o peso corporal e o escore de
condic¢do corporal das fémeas receptoras;
e Avaliar as concentracdes séricas de Cu e Zn em doadoras e receptoras;
b) Desempenho reprodutivo
e Auvaliar o efeito da suplementacdo sobre a taxa de prenhez e as perdas
gestacionais precoces e tardias;
e Avaliar o diametro do corpo luteo em doadoras e receptoras;
e Avaliar o efeito da precocidade sexual das doadoras sobre a taxa de
prenhez dos embrides produzidos;
e Investigar a relacdo entre aas concentracdes séricas de Cu e Zn, o escore

de condi¢ao corporal e a probabilidade de prenhez.

CAPITULO III:
e Avaliar a suplementacdo de Cu e Zn sobre o desempenho produtivo: peso
corporal, escore de condi¢do corporal e ganho médio diério;

e Avaliar o status mineral, por meio das concentragdes sanguineas de Cu e

/n;

15



Investigar as respostas reprodutivas e endocrinas, como: manifestagao do
estro, didmetro foliculo, diametro do corpo luteo e concentragdes de
progesterona,

Avaliar a taxa de prenhez;

Modelar a probabilidade de prenhez em funcdo das varidveis produtivas,
minerais e reprodutivas, por meio de regressdo logistica;

Analisar a inter-relacdo entre as variaveis estudadas por meio de anélise

de componentes principais (PCA).
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3. REVISAO DE LITERATURA

3.1 Pecuaria de corte no Brasil, eficiéncia reprodutiva e precocidade

A pecudria de corte brasileira consolidou-se, nas ultimas décadas, como uma das
mais relevantes do mundo em termos de producao e exportagao de carne bovina (IBGE,
2025; ABIEC, 2025). Entre 2004 e 2024, o setor apresentou avangos expressivos em
produtividade, eficiéncia e sustentabilidade. Nesse periodo, o rebanho nacional cresceu
11%, enquanto a area de pastagens foi reduzida em aproximadamente 11%. Em
contrapartida, a produtividade aumentou mais de 70%, passando de 2,8 para quase 5
arrobas por hectare ao ano, evidenciando o processo de intensificacdo produtiva e a
crescente adocdo de tecnologias no campo (ABIEC, 2025). O maior rebanho bovino
concentra-se no Centro-Oeste, com cerca de 32%, seguida pela regido Norte, que
apresenta mais de 50 milhdes de cabegas e crescimento aproximado de 60% nas tltimas
duas décadas, evidenciando a expansao da atividade em éreas tropicais (ABIEC, 2025).
Ainda assim, a eficiéncia reprodutiva permanece como um dos principais fatores
limitantes da sustentabilidade econdmica dos sistemas de produgdo, especialmente na
regido Norte.

O uso da inseminacgao artificial (IA) tem crescido significativamente no Brasil nas
ultimas décadas, impulsionado principalmente pela ampla adog¢do da inseminagdo
artificial em tempo fixo (IATF), o que reflete na intensificagdo dos sistemas produtivos e
o avanco do melhoramento genético nos rebanhos bovinos (ASBIA, 2025). Entretanto,
ainda hé aspectos relacionados as fémeas que podem ser aprimorados para aumentar o
retorno produtivo. A categoria de novilhas, destinadas a reproducdo, ¢ considerada
improdutiva até que produza seu primeiro bezerro, que € a principal fonte de receita em
uma fazenda de cria. Portanto, um limitante para maior desenvolvimento da pecuaria de
corte ¢ a idade avancada das fémeas ao primeiro parto, pois retarda o retorno financeiro
a propriedade (Nunez-Dominguez et al., 1991).

No rebanho brasileiro, a idade ao primeiro parto (IPP) é notavelmente alta, em
média, por volta dos 36 meses de idade, em contraste com paises como os Estados Unidos,
onde a IPP média ¢ proxima de 24 meses (Nogueira, 2004; Day e Nogueira, 2013,
Miszura et al., 2021). Essa discrepancia ¢ atribuida, no Brasil, a exposicao tardia das
fémeas a reprodugdo, uma vez que as novilhas alcangam a puberdade por volta dos 22 e
36 meses (Nogueira, 2004). No entanto, para otimizar o desempenho reprodutivo das

fémeas de corte ao longo de suas vidas produtivas, o ideal ¢ que elas sejam expostas a
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reproducdo antes dos dois anos de idade (Nunez-Dominguez et al., 1991). Alguns estudos
demonstram que a antecipagdo da exposi¢cdo reprodutiva, aliada a adequado suporte
nutricional, pode reduzir significativamente a IPP sem prejuizos ao desempenho
produtivo subsequente das fémeas (Day e Nogueira, 2013; Sartori et al., 2024).

A precocidade sexual estd diretamente associada a matura¢do funcional do eixo
hipotalamo—hipofise—ovario (HHO), processo regulado por sinais metabolicos e
endocrinos que refletem o balango energético e o estado nutricional do animal. A ativacao
pulsatil da liberagdo de GnRH e, consequentemente, de LH, ¢ sensivel ndo apenas ao
ganho de peso e a composi¢do corporal, mas também a disponibilidade de micronutrientes
essenciais envolvidos na sintese hormonal, na sinalizagdo celular e na proteg¢do contra o
estresse oxidativo (Diskin e Kenny, 2016).

Em ambientes tropicais, como na Amazonia, a expressao da precocidade sexual
enfrenta desafios adicionais. A sazonalidade da producdo de forragem, a elevada
umidade, o estresse térmico e a maior pressdo parasitaria afetam o metabolismo
energético e mineral das fémeas, retardando a ativag@o do eixo reprodutivo. Além disso,
solos altamente intemperizados e forrageiras com baixos teores de microminerais
biodisponiveis, o que pode limitar a eficiéncia metabdlica mesmo em animais com
adequado ganho de peso corporal (McDowell, 2005; Valadares Filho et al., 2016).

A adogdo de biotecnologias reprodutivas, como a IATF, permitiu ampliar a taxa
de servico e antecipar a utilizacdo reprodutiva de novilhas, inclusive pré-puberes.
Protocolos hormonais a base de progesterona (P4) t€ém sido amplamente utilizados para
induzir a primeira ovulacdo, possibilitando a prenhez de novilhas jovens. No entanto,
evidéncias cientificas indicam que a indu¢do hormonal da ovulacdo nem sempre equivale
ao estabelecimento definitivo da puberdade fisioldgica, podendo ocorrer falhas na
manuten¢do da ciclicidade estral e aumento das taxas de perdas gestacionais,
especialmente em novilhas muito jovens ou com desenvolvimento corporal e metabolico
incompletos (Perry, 2012; Rodrigues et al., 2013).

As taxas de puberdade obtidas ap6s os protocolos de inducao podem ser elevadas,
dependendo do protocolo utilizado, das condigdes fisiologicas das novilhas e do manejo
adotado (Imwalle et al., 1998). De modo geral, a utilizacdo de dispositivos intravaginais
de progesterona (DIV), associada a indutores de lutedlise, tem demonstrado eficacia na
inducgdo da puberdade, embora variagdes na duracao do tratamento e na reutilizagao dos
dispositivos influenciem os resultados. Estudos relatam que protocolos com diferentes

tempos de exposicdo a progesterona e concentragdes hormonais podem impactar as taxas
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de estro, ovulagdo e concepgdo em novilhas de corte (Claro Junior et al., 2010; Rodrigues
et al., 2013). Além disso, o intervalo entre o término do protocolo de indu¢do e o inicio
da TATF também pode influenciar a fertilidade, evidenciando a importancia do ajuste
estratégico dos protocolos hormonais.

Segundo Nogueira (2004) a primeira ovulacdo em novilhas Bos indicus ¢
frequentemente seguida por um ciclo estral de curta duracdo, o que estd associado a
formagdo de um corpo luteo funcionalmente imaturo e a produgdo reduzida de
progesterona nos primeiros ciclos pos-puberdade. Além disso, pode ocorrer uma
maturacdo pds-pubere, evidenciada pela maior fertilidade obtida ap6s os primeiros ciclos
estrais no inicio da puberdade (Perry, 2012). No entanto, ainda existe uma lacuna
cientifica se o que ocorre de fato ¢ a indugdo de puberdade ou apenas a indugdo da
primeira ovulacdo, e se had diferenca entre novilhas precoces e tardias na resposta ao
protocolo hormonal para induzir a puberdade.

Dessa forma, embora a antecipacao da puberdade e da prenhez represente
estratégia economicamente atrativa, sua continuidade reprodutiva depende de suporte
nutricional adequado, especialmente no que se refere ao suprimento de microminerais
essenciais. A compreensdo dos fatores que modulam a precocidade sexual em novilhas
Nelore, ¢ fundamental para o desenvolvimento de estratégias nutricionais e reprodutivas
que promovam ndo apenas a prenhez precoce, mas também a manutengdo da gestagdo e

o desempenho produtivo.

3.2 Importancia dos microminerais na reproducio bovina

Os microminerais desempenham papel essencial na manutengdo da homeostase
metabolica e reprodutiva dos bovinos, atuando como cofatores enzimaticos, reguladores
da expressao gé€nica e componentes de sistemas antioxidantes. Diferentemente dos
macrominerais, pequenas variagdes na ingestdo, absor¢do ou biodisponibilidade desses
elementos podem resultar em impactos fisiologicos significativos, especialmente em
tecidos de elevada atividade metabolica, como os 6rgdos reprodutivos (Hostetler et al.,
2003; Suttle, 2021).

Na reprodug¢do bovina, o adequado suprimento de microminerais esta diretamente
associado a puberdade, a dinamica folicular, a ovulacdo, a funcdo luteal, 8 manutencao
da gestacao inicial e ao desenvolvimento embrionario. Estudos indicam que deficiéncias,
mesmo em niveis subclinicos, sdo suficientes para comprometer o desempenho

reprodutivo, particularmente em sistemas extensivos, nos quais o monitoramento
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nutricional ¢ limitado e a suplementagdo mineral nem sempre atende as exigéncias dos
animais (McDowell, 2005; Spears e Weiss, 2014; Wang et al., 2026).

Entretanto, embora os efeitos negativos da deficiéncia mineral sejam amplamente
reconhecidos, a maior parte dos estudos disponiveis derivam de experimentos conduzidos
em condi¢oes controladas ou em sistemas intensivos. Nessas condicoes, a interacao entre
nutrientes ¢ mais previsivel e o controle sobre a dieta ¢ mais rigoroso, o que limita a
extrapolagdo direta dos resultados para sistemas tropicais extensivos. Nesses ambientes,
fatores como variabilidade na qualidade das forrageiras, presenca de antagonistas
minerais e flutuagdes sazonais na disponibilidade de nutrientes tornam o status mineral
dos animais mais dindmico e, muitas vezes, subestimado.

Em regides tropicais, a ocorréncia de deficiéncias minerais ¢ amplamente
documentada e resulta da combinagao de solos altamente intemperizados, forrageiras com
baixa concentragdo mineral e elevada presenca de elementos antagonistas, como ferro,
enxofre e molibdénio (Suttle, 2021). O estudo de McDowell et al. (1983) ilustra bem a
deficiéncia mineral das pastagens tropicais. De acordo com esse autor, 47% das pastagens
tropicais foram deficientes em cobre e 75% em zinco. Na regido amazdnica, essas
condi¢des sdo intensificadas pelo regime pluviométrico elevado, que favorece a
lixiviagdo de minerais do solo e reduz sua disponibilidade para as plantas, tornando a
suplementagdo mineral estratégica para a manutencdo da eficiéncia produtiva e
reprodutiva dos rebanhos (McDowell, 2005). Ainda assim, mesmo em sistemas com
suplementagdo, deficiéncias subclinicas podem persistir, especialmente quando se
considera a biodisponibilidade das fontes minerais utilizadas.

Entre os microminerais de maior relevancia para a reprodu¢do bovina, destacam-
se 0 Cu e 0 Zn, tanto pela elevada deficiéncia em sistemas tropicais quanto pelas fungoes
fisioldgicas associadas ao sistema reprodutivo. A deficiéncia de Cu estd associada a
atrasos na puberdade, irregularidade dos ciclos estrais, redugdo da taxa de concepgao e
aumento da incidéncia de perdas embriondrias precoces, efeitos atribuidos principalmente
ao comprometimento da fun¢do luteal e da sintese de progesterona (Hostetler et al., 2003;
Suttle, 2021; Wang et al., 2026). Entretanto, a magnitude desses efeitos pode variar em
funcdo da presenca de antagonistas minerais na dieta, como enxofre ¢ molibdénio, que
reduz significativamente a absorcao de Cu, mesmo quando os niveis dietéticos aparentam
ser adequados, o que evidencia a importancia de se considerar ndo apenas a concentragao,

mas também a biodisponibilidade desses elementos. De acordo com o0 NASEM (2016), a
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exigéncia de Cu para bovinos de corte ¢ em torno de 10 mg/kg de matéria seca da dieta,
podendo variar conforme categoria animal e condi¢des dietéticas.

O zinco, por sua vez, desempenha papel central na integridade celular e na
regulacao de processos fundamentais a reprodugdo, incluindo sinteses de DNA ¢ RNA,
divisdo celular e modulacdo do apoptose. Além disso, estd diretamente envolvido na
foliculogénese, na maturacdo ovocitaria e na competéncia dos complexos cimulus—
ovocito. Estudos indicam que a deficiéncia de Zn compromete a qualidade ovocitaria e
reduz a capacidade de desenvolvimento embrionario, mesmo na auséncia de alteragdes
evidentes no desempenho produtivo geral do animal (Jeon et al., 2016; Lu et al., 2018).
No entanto, assim como observado para o Cu, grande parte dessas evidéncias ¢é
proveniente de estudos in vitro ou em experimentos controlados, havendo ainda limitada
compreensdo de seus efeitos em condigdes de campo, especialmente em sistemas
extensivos. A exigéncia de Zn para bovino de corte ¢ em torno de 30 mg/kg de matéria
seca da dieta, conforme estabelecido pelo NASEM (2016).

Um dos principais mecanismos pelos quais o Cu e o Zn influenciam a reprodugao
esta relacionado ao controle do estresse oxidativo. A produgdo excessiva de espécies
reativas de oxigénio (ERO) ¢ particularmente prejudicial aos tecidos reprodutivos,
ovocitos, embrides e células luteais apresentam sensibilidade a danos oxidativos. A
enzima Cu/Zn-SOD constitui um dos principais sistemas de defesa antioxidante celular,
sendo essencial para a protecdo da integridade estrutural e funcional desses tecidos
(Spears e Weiss, 2014; Noda et al., 2012).

Nesse contexto, o adequado suprimento de microminerais, como Cu e Zn, pode
contribuir indiretamente para a eficiéncia reprodutiva, uma vez que esses elementos
participam de mecanismos envolvidos na funcdo luteal e na protecdo contra o estresse
oxidativo. Entretanto, embora a associagao entre o status mineral e eficiéncia reprodutiva
seja consistente, ainda ha lacunas na literatura quanto a magnitude desses efeitos em
sistemas de produg¢do a campo e quanto a interagdo entre o status mineral e outras

variaveis fisiologicas, coimo idade, condi¢do corporal e estagio reprodutivo.

3.3 Cobre e zinco: fungoes fisiologicas e impacto na funcio ovariana

A fungdo ovariana depende de um equilibrio entre sinais endocrinos, metabdlicos
e locais, que regulam a ativagdo folicular, o crescimento e a selecdo do foliculo
dominante, a ovulagdo e a formagdo do corpo luteo. Nesse contexto, o adequado

suprimento de microminerais, como o Cu e Zn, ¢ determinante para a eficiéncia desses
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processos, uma vez que ambos participam diretamente de vias bioquimicas essenciais a
homeostase ovariana.

O zinco desempenha papel central na regulacdo da foliculogénese, atuando como
cofator de enzimas envolvidas na sintese de DNA, na transcri¢ao génica e na proliferacao
celular. Durante o crescimento folicular, a disponibilidade adequada de Zn ¢ fundamental
para a manuten¢do da viabilidade das células da granulosa e do cimulus, assim como
para a comunicag¢ao bidirecional entre essas células e o ovocito. Estudos demonstram que
a deficiéncia de Zn compromete a progressao meidtica do ovoécito, reduz a competéncia
citoplasmdtica e nuclear e estd associada a menores taxas de fertilizagdo e
desenvolvimento embriondrio subsequente (Picco et al., 2010; Jeon et al., 2016). Além
disso, Gabel e Diaz, 2025 demonstraram que a deficiéncia de Zn pode induzir apoptose
em células da granulosa, comprometendo a integridade do ambiente folicular.

A suplementacdo injetavel de Zn no inicio do protocolo de IATF aumentou o
tamanho do foliculo pré-ovulatorio, a concentragao plasmatica de P4 e as taxas de prenhez
em vacas de corte. Tem sido demonstrado que o Zn inibe a apoptose em células luteais
de ratos (Zhang et al., 1998) e a deficiéncia de Zn na dieta pode causar uma diminui¢ao
do CL em camundongos (Taneja et al., 1990). Além disso, estudos apontam que a enzima
Cu/Zn-SOD para manter o tamanho de CL e a produ¢do de P4 (Nishimura et al. 2008;
Kawaguchi et al., 2013). A enzima Cu/Zn-SOD ¢ uma das principais no mecanismo de
defesa celular de espécies reativas de oxigénio (Ho, 2004). Assim, a ligagao de Zn a SOD
¢ essencial para sua funcdo biologica adequada (Borchelt et al.,1994; Sahawneh et al.,
2010). Em animais com deficiéncia de Zn, a atividade reduzida da Cu/Zn-SOD pode
danificar as células luteais, diminuir o tamanho de CL e reduzir a producio de P4. E
amplamente demostrado que o aumento da concentracao de P4 pos IA esta associado ao
aumento da taxa prenhez (Ferraz et al., 2016; Santos et al., 2018).

O cobre, por sua vez, esta relacionado a func¢do ovariana por meio de sua
participacdo em sistemas enzimaticos antioxidantes e na angiogénese. A enzima Cu/Zn-
SOD desempenha papel fundamental na neutralizagdo das espécies reativas de oxigénio
produzidas durante o metabolismo celular intenso que caracteriza o crescimento folicular
¢ a luteinizacdo. A adequada atividade dessa enzima ¢é essencial para a prote¢do das
células ovarianas contra danos oxidativos que podem comprometer a qualidade ovocitéria
e a fungdo luteal (Spears e Weiss, 2014; Noda et al., 2012).

A deficiéncia de Cu tem sido associada a alteragdes na dindmica folicular,

formagdo de corpos luteos de menor tamanho e redugdo da secrecdo de progesterona.
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Estudos experimentais indicam que a redugdo da atividade da enzima Cu/Zn-SOD
favorece o acimulo de espécies reativas de oxigénio no ovario, resultando em apoptose
de células luteais e comprometimento da manuten¢do da prenhez, conforme demonstrado
em estudos realizados com camundongos (Noda et al., 2012) e em iaques domésticos
(Lou et al., 2025).

Em novilhas jovens, particularmente aquelas expostas precocemente a
reproducdo, a demanda por Cu e Zn pode ser ainda maior em fungdo da concomitancia
entre crescimento corporal, maturagao do eixo reprodutivo e ativacdo ovariana. Nessa
fase, deficiéncias subclinicas desses microminerais podem nao se refletir em alteragdes
evidentes no desempenho produtivo, mas impactar negativamente a qualidade ovocitaria,
a taxa de ovulagdo e a competéncia luteal, comprometendo a eficiéncia reprodutiva a
curto e longo prazo (Diskin e Kenny, 2016).

Além disso, o ambiente metabdlico e mineral pode modular a resposta ovariana a
protocolos hormonais de inducdo de puberdade e sincroniza¢do do estro. Estudos
indicam que a eficiéncia desses protocolos depende ndo apenas de estratégia hormonal
empregada, mas também da condig¢do fisioldgica da fémea, influenciando a taxa de
ovulacdo, a qualidade do corpo luteo e a secrecdo de progesterona subsequente (Day e
Nogueira, 2013; Perry, 2016; Wang et al., 2026).

Apesar dos avangos no entendimento dos mecanismos pelos quais o Cu e Zn
modulam a fun¢do ovariana, a maioria dos estudos foram conduzidos em condi¢des
experimentais controladas ou em espécie ndo zebuinas. Ainda sdo limitados os estudos
que avaliam de forma integrada a relacdo entre status mineral, resposta ovariana e
desempenho reprodutivo em novilhas zebuinas precoce e de seus embrides. Essa lacuna
¢ particularmente relevante em programas que visam a antecipacao da puberdade, nos
quais a qualidade do ovocito produzido constitui a etapa determinante para o sucesso

reprodutivo subsequente.

3.4 Cobre e zinco: qualidade embrionaria e ambiente uterino

O desenvolvimento embrionario inicial constitui uma das fases mais criticas da
reproducao, caracterizando-se por intensa atividade metabolica, rapida divisdo celular e
elevada sensibilidade a alteragdes no ambiente uterino. Apds a fecundagdo, a
sobrevivéncia ¢ o desenvolvimentos do embrido passam a depender ndo apenas de sua
competéncia intrinseca, mas também da interacdo com o ambiente materno, que regula

processos essenciais como a implantagdo e a manutengdo da gestacao.
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Nesse contexto, os microminerais exercem papel fundamental tanto na qualidade
embriondria quanto na manutengdo do ambiente uterino. O cobre e o zinco destacam-se
por sua participagdo em sistemas antioxidantes, na regulacao da expressdo gé€nica e na
integridade celular de tecidos embrionarios e endometriais. A adequada disponibilidade
desses minerais € essencial para proteger o embrido contra o estresse oxidativo, condi¢@o
frequentemente associada a fragmentagdo do DNA, a apoptose celular e a falha no
desenvolvimento embrionario (Hostetler et al., 2003; Anchordoquy et al., 2013; Suttle,
2021; Wang et al., 2026).

Embora estudos conduzidos em condig¢des in vitro demonstre efeitos positivos da
suplementagdo de microminerais sobre o desenvolvimento embrionario, a extrapolagio
desses resultados para estudo in vivo deve ser feita com cautela. Em condigdes de campo,
o sucesso da gestacao depende fortemente da capacidade uterina da fémea receptora em
sustentar o embrido, o que pode explicar a variabilidade observada nas taxas de prenhez
e perdas gestacionais.

O cobre, exerce influéncia indireta sobre a qualidade embrionaria por meio de sua
atuacdo na fun¢do luteal e na sintese de progesterona. A adequada produgdo de
progesterona ¢ fundamental para a preparacdo do endométrio, a modulagdo da resposta
imune uterina ¢ a manuten¢do de um ambiente propicio a sobrevivéncia embriondria.
Deficiéncias de Cu estdo associadas a redugado da atividade da enzima Cu/Zn-superdxido
dismutase, favorecendo o acumulo de espécies reativas de oxigénio no utero e
comprometendo a receptividade endometrial (Suttle, 2021; Wang et al., 2026).

O zinco, contribui diretamente para a manuten¢do da integridade celular e da
homeostase redox, podendo influenciar o ambiente uterino, sendo fundamental para a
regulacdao da expressdao génica e para a estabilidade de estruturas proteicas e nucleares
envolvidas no desenvolvimento embrionario (Jeon et al., 2014; Lu et al., 2018). Além
disso, participa de processos relacionados a comunica¢ao materno-embriondaria durante o
periodo de reconhecimento da gestacao, etapa critica para o estabelecimento da gestacao.

A sinalizagdo adequada entre o embrido e o utero depende de um ambiente
hormonal e metabodlico equilibrado, no qual a progesterona exerce papel central. Dessa
forma, maiores concentragdes de progesterona no periodo pods-inseminagdo estdo
associadas a maior taxa de prenhez e menor incidéncia de perdas embriondrias precoces
(Santos et al., 2018), evidenciando que a eficiéncia reprodutiva depende da integracao

entre qualidade embriondria e ambiente uterino. Contudo, mesmo embrides de alta
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qualidade morfologica pode apresentar baixo desempenho apds a transferéncia, caso a
receptora ndo apresente condigdes fisiologicas adequadas para sustentar a gestacao.

Apesar dos avangcos no entendimento dos mecanismos envolvidos no
desenvolvimento embrionario, a maior parte dos estudos foram realizados in vitro. Sao
limitados os estudos que avaliam, de forma integrada e em condi¢des de campo, os efeitos
da suplementacdo de Cu e Zn sobre a qualidade embrionaria, a receptividade uterina e a
manuten¢do da gestacdo em fémea bovina, especialmente em sistemas extensivos
tropicais.

Nesse contexto, torna-se fundamental compreender como o status mineral de
doadoras e receptoras influencia, de forma conjunta, o sucesso reprodutivo. Em regides
como a Amazodnia, onde desafios nutricionais e ambientais sdo intensificados, essa
abordagem ¢ essencial para elucidar os mecanismos associados as perdas gestacionais e
para o desenvolvimento de estratégias nutricionais que aumentem a eficiéncia de

programas de biotecnologias reprodutivas.

3.5 Hidroximinerais como fontes de alta biodisponibilidade

A forma quimica sob a qual os microminerais sao fornecidos na dieta exerce
influéncia direta sobre sua estabilidade no trato digestivo, sua absorcdo intestinal e,
consequentemente, sua disponibilidade metabdlica para os tecidos. Tradicionalmente, os
microminerais utilizados para ruminantes sdo fornecidos na forma de sais inorganicos,
como sulfatos e oxidos. Entretanto, essas fontes apresentam limitagdes importantes,
especialmente em sistemas de producdo a pasto, nos quais a interagdo com componentes
da dieta pode comprometer sua absorg¢ao.

Os microminerais inorganicos sdo altamente reativos no ambiente ruminal,
podendo interagir com elementos antagonistas, como enxofre, molibdénio e ferro, além
de compostos fenolicos presentes nas forrageiras, formando complexos insoluveis que
reduzem a disponibilidade de Cu e Zn. Em ambientes tropicais, onde a composi¢ao
mineral das forrageiras e da agua pode intensificar antagonismos minerais, essas
interagdes assumem relevancia ainda maior, favorecendo deficiéncias subclinicas mesmo
quando os niveis dietéticos aparentam ser adequados (McDowell, 2005; Suttle, 2021;
Spears, 2019).

Como alternativa as fontes tradicionais, os hidroximinerais tém sido propostos
com o objetivo de aumentar a biodisponibilidade e reduzir perdas no trato digestivo.

Enquanto fontes organicas apresentam maior estabilidade por estarem ligadas a
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compostos organicos, os hidroximinerais se destacam por sua estrutura cristalina Unica,
formada por ligagdes covalentes, diferindo, portanto, das ligacdes i0nicas presentes nas
fontes inorganicas. Os microminerais hidroxilados se ligam covalentemente a um grupo
OH, enquanto os microminerais organicos se ligam covalentemente a um ligante
contendo carbono (Arthington, 2015), que confere menor solubilidade no rimen e maior
estabilidade frente as interagdes com antagonistas (Genther e Hansen, 2015).

Segundo Arthington e Ranches, (2021), o Cu e Zn na forma de hidroximinerais
apresentam dinamica diferenciada de associagdo a digesta, com menor ligacao a fragao
solida do rumen e liberagdo gradual ao longo do trato gastrointestinal. Como
consequéncia desses mecanismos, observa-se melhora na utilizacdo dos nutrientes, sendo
relatado, em meta-analise, aumento na digestibilidade da matéria seca e da fibra em
bovinos suplementados com hidroximinerais em substitui¢do as fontes sulfato (Ibraheem
et al., 2023). Embora, esses achados evidenciem a superioridade dos hidroximinerais em
relacdo as fontes tradicionais ndo ¢ absoluta e pode depender de fatores como o nivel
basal de deficiéncia mineral e as condi¢des ambientais.

No contexto reprodutivo, a maior biodisponibilidade dos hidroximinerais pode
representar vantagem estratégica, especialmente em sistemas extensivos tropicais. Ao
proporcionar suprimento mais consistente de Cu e Zn aos tecidos ovarianos e uterinos,
essas fontes favorecem a atividade de enzimas antioxidantes, a fun¢do luteal e a
manuten¢dao de um ambiente enddcrino. No entanto, os efeitos diretos sobre a resposta
reprodutiva ainda sdo inconsistentes na literatura, com estudos demonstrando desde
auséncia de efeito até respostas variaveis dependendo do status nutricional dos animais e
das condi¢des experimentais (Springman et al., 2021; Arthington e Ranches, 2021). Em
programas de producdo in vitro e transferéncia de embrides, nos quais a eficiéncia
depende da integragdo entre qualidade embriondria e ambiente uterino, o uso de
hidroximinerais pode contribuir para a reducao de variabilidade na resposta das doadoras
e receptoras. Ao minimizar variagdes no status mineral, essas fontes podem favorecer
maior uniformidade na competéncia ovocitaria, no desenvolvimento embrionario e na
receptividade uterina, aspectos criticos para o sucesso das biotecnologias reprodutivas.

Apesar do crescente interesse pelos hidroximinerais, ainda sdo limitados os
estudos que avaliam seus efeitos sobre parametros reprodutivos em fémea bovina,
especialmente sob as condi¢cdes ambientais da Amazonia. A maioria dos estudos
concentra-se em desempenho zootécnico ou status mineral hepatico, com menor énfase

nos desfechos reprodutivos e embrionarios.
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Nesse sentido, trona-se necessario investigar de forma integrada como a
suplementagdo de Cu e Zn na forma de hidroximinerais influencia a fun¢do ovariana, o
desenvolvimento embriondrio ¢ a manuteng¢ao da gestacdo. Essa abordagem ¢ relevante
em sistemas de producdo da Amazonia, onde desafios nutricionais € ambientais podem
amplificar os efeitos de deficiéncias minerais. Assim, a presente tese propde avaliar esses
efeitos de forma integrada em doadoras e receptoras, contribuindo para o avango do
conhecimento cientifico e para o desenvolvimento de estratégias nutricionais que
aumentem a eficiéncia reprodutiva e a sustentabilidade dos sistemas de producao de
bovino de corte.

Essa lacuna cientifica reforca a relevancia da presente tese, que propde avaliar os
efeitos da suplementagcdo de cobre e zinco de alta biodisponibilidade sobre doadoras,
embrides e receptoras, contribuindo tanto para o avango do conhecimento cientifico na
interface entre nutricdo mineral e reproducdo bovina quanto para a aplicacdo pratica de
tecnologias que promovam maior eficiéncia reprodutiva, reducdo de perdas e aumento da

rentabilidade dos sistemas de producao de bovinos de corte.
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Abstract

This study aimed to evaluate the effects of copper (Cu) and zinc (Zn) supplementation,
in the form of hydroxy trace minerals, on oocyte and embryo production, mineral status,
and reproductive performance of embryo donor heifers and recipient females were
evaluated, as well as the influence of sexual precocity and physiological variables on
pregnancy probability. The experiment was conducted in two phases. In Experiment I, 28
prepubertal Nellore heifers (184.45 + 1.03 kg; 8 £ 1 months) were allocated ina 2 x 2
factorial design, testing nutritional supplementation (hydroxy trace minerals vs. sulfates)
and reproductive status (hormonally induced vs. spontaneous puberty). Heifers
underwent ovum pick-up for in vitro embryo production, and cumulus—oocyte complex
and embryo quality were evaluated. In Experiment II, 100 recipient heifers (2021-2022)
and 89 recipient heifers (2023-2024) were assigned to a 2 x 2 x 2 factorial design,
including donor precocity (hormonally induced vs. spontaneous puberty), donor nutrition
(hydroxy trace minerals vs. sulfates), and recipient nutrition (hydroxy trace minerals vs.
sulfates). Embryos were transferred by fixed-time embryo transfer, and pregnancy
outcomes were assessed. Hydroxy trace mineral supplementation did not affect

pregnancy rate or early and late gestational loss in either donors or recipients. Donor
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precocity, however, significantly influenced fertility outcomes: embryos from late-
pubertal heifers achieved higher pregnancy rates (44%) than those from early-pubertal
heifers (23%) (P =0.01). Serum copper concentrations decreased throughout the breeding
season in all treatments (P < 0.0001). A positive association was found between serum
zinc concentration and recipient body condition score (P = 0.04). These findings suggest
that the benefits of supplementation with hydroxylated minerals may be more evident in

scenarios of mineral deficiency or greater nutritional challenge.

Keywords: Embryo transfer, hydroxy trace minerals, Nellore heifers, precocity, puberty

induction, reproductive performance

5. Introduction

Beef cattle production represents a major economic activity in the state of
Amazonas, particularly in rural areas. The rapid expansion of this sector has raised
environmental concerns, emphasizing the need for technologies that enhance
productivity, reduce costs, and promote economic, social, and environmental
sustainability (IBGE, 2024). Production intensification, including reducing the age at first
calving, is critical to maximizing lifetime calf output per cow (Nufiez-Dominguez et al.,
1991).

Nelore cattle, the predominant beef breed in Brazil, are characterized by late
sexual maturity, with heifers typically entering the productive herd at 2-3 years of age
(Gunski et al., 2001; Sereno et al., 2001; Ferraz et al., 2018).Delayed puberty and first
calving negatively affect the economic efficiency of beef cattle operations (Eler et al.,
2002; Ferreira et al., 2012). Hormonal protocols for puberty induction allow heifers to be
classified as early (<18 months) or super early (<15 months), without altering their
genetic potential.

Field observations indicate high embryonic loss rates and low pregnancy rates in
early-pregnant heifers. However, comprehensive studies evaluating embryonic losses
during early and late gestation in these animals are lacking. Most existing research has
monitored development only until puberty onset or pregnancy confirmation at 30 days.
Consequently, it remains unclear whether low pregnancy rates are a consequence of early
puberty induction or other, yet uninvestigated, factors. Furthermore, prepubertal heifers

have been shown to produce embryos of lower quality during in vitro embryo
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production(Kauffold et al., 2005; Landry et al., 2016, 2018) Whether hormonally induced
early-pubertal heifers generate embryos of lower quality compared to spontaneously
pubertal Nellore heifers and whether this contributes to reduced pregnancy rates remains
unknown.

Trace minerals, including copper (Cu) and zinc (Zn), play a key role in fertility.
Adequate mineral availability during embryonic development enhances growth and
viability, underscoring their essential role in embryonic metabolism (Formigoni et al.,
2011; Hostetler et al., 2003). Studies suggest that zinc supplementation during in vitro
fertilization reduces DNA damage and apoptosis in cumulus cells, acting as an
antioxidant (Picco et al., 2010; Jeon et al., 2014; Lu et al., 2018). Additionally, Zn and
Mn enhance superoxide dismutase (SOD) activity in cumulus cells, providing antioxidant
protection to embryos (Anchordoquy et al., 2013, 2014). Despite these findings, there is
limited information regarding the effects of trace mineral supplementation on embryonic
mortality, embryo production, and embryo quality in Nellore heifers.

Recent studies indicate that hydroxy trace minerals may improve Cu and Zn
bioavailability in ruminants, increasing plasma and liver concentrations, and enhancing
nutrient digestibility compared to organic forms (VanValin et al., 2018, 2019). However,
studies evaluating the use of hydroxy trace minerals in beef cattle remain scarce. Thus,
the objective of this study was to evaluate the effects of copper (Cu) and zinc (Zn)
supplementation, in the form of hydroxy trace minerals, on oocyte and embryo
production, mineral status, and reproductive performance of embryo donor heifers and
recipient females were evaluated, as well as the influence of sexual precocity and

physiological variables on pregnancy probability.
6. Materials and methods

This study was divided into two experiments. Experiment I was conducted at the
Experimental Cattle Feedlot Facility of the Laboratory of Animal Nutrition and
Reproduction (LNRA), Department of Animal Science, “Luiz de Queiroz” College of
Agriculture (ESALQ) — University of Sdo Paulo (USP), in Piracicaba. Experiment II was
carried out on a commercial farm located in the rural area of Parintins, Amazonas, Brazil.

All animal procedures were approved by the Animal Care and Use Committee of

the University of Sao Paulo (protocol no. 7595290414).

6.1 Experiment I: Embryo production
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Animals, treatments, and supplementation management

A total of twenty-eight Nellore heifers (average body weight 184.45 kg, 8 + 1
months of age) were used.) were used. Heifers were assigned to a randomized block
design with a 2 x 2 factorial arrangement: one nutritional factor and one reproductive
factor. The nutritional factor involved the supplementation of Cu and Zn either in the
form of hydroxy trace minerals (Hydroxy) or conventional mineral supplementation
using sulfates (Control) in the diet of prepubertal heifers. The reproductive factor
consisted of heifers either induced to puberty through a hormonal protocol or those that
reached puberty spontaneously.

Heifers were fed once daily in the morning using a total mixed ration (TMR) mixer
wagon (Delaval®, Miinchriitistrasse, Switzerland) equipped with an electronic scale
(precision of 1 kg). The diet consisted of grass silage and a protein-energy supplement
containing either hydroxy Cu and Zn (Cu = 40 mg/kg and Zn = 148 mg/kg, per kg of
supplement) or conventional mineral sources (CuSO4 = 40 mg/kg and ZnO = 148 mg/kg,
per kg of supplement) at 5 g/kg of body weight, following manufacturer
recommendations (BellPeso SV — Trouw Nutrition, Amersfoort, Netherlands). Heifers
had ad libitum access to water. Feed was offered daily based on feed bunk readings,
adjusting for orts from the previous day.

Heifers were weighed after a 14 h feed withdrawal at the beginning and end of the

experiment, and every 28 days without fasting to monitor performance.
Reproductive management

At 15 months of age, heifers were classified as pubertal or non-pubertal. Those
with a corpus luteum (CL) detected in two ultrasound examinations (7-day interval) were
considered spontaneously pubertal. Heifers without CL at 15 months underwent a
hormonal induction protocol and were considered induced-pubertal.

The protocol involved an intravaginal implant with low progesterone
concentration (0.5 mg). Upon implant removal, 0.6 mg estradiol cypionate (EC) was
administered. Heifers showing a CL on ultrasound 7 or 14 days after protocol completion
were classified as induced-pubertal.

Fourteen days after the induction protocol, both spontaneous and induced pubertal
heifers were synchronized using a new protocol: day 0 — P4 implant (0.5 mg) + 2.0 mg

estradiol benzoate (EB, IM); day 7 — implant removal, followed by ovum pick-up (OPU).
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Collected oocytes were used for cumulus-oocyte complex (COC) maturation, in vitro
fertilization (IVF), and embryo culture, according to Sujus et al. (2014). Semen from a
single bull with proven high in vitro fertility was used.

Repeated OPU sessions were performed every 7 days until 75 embryos per
treatment were obtained. Embryos were cryopreserved in liquid nitrogen.

For embryo production, the number of COCs recovered, viable, atretic or

degenerated, cleavage rate, and blastocyst rate were recorded.
6.2 Experiment II: Embryo transfer
Animals, treatments, and supplementation management

A total of 100 pubertal recipientes (average body weight ~ 350.10 kg were used.
Recipients originated from a commercial farm in the rural area of Parintins, Amazonas,
Brazil, and were maintained under pasture conditions throughout the experimental period.

The experimental design was a randomized block, with recipients blocked and
allocated to treatments according to age and body weight. Treatments followed a 2 x 2 x
2 factorial arrangement, consisting of one reproductive factor and two nutritional factors:
Reproductive factor: early or late donor heifers. Nutritional factor 1: involved the
supplementation of Cu and Zn either in the form of hydroxy trace minerals (Hydroxy) or
conventional mineral supplementation using sulfates (Control) in the diet of prepubertal
heifers (Early and late Nellore heifers from experiment I). Nutritional factor 2: involved
the supplementation of Cu and Zn either in the form of hydroxy trace minerals (Hydroxy)
or conventional mineral supplementation using sulfates (Control) in the diet of
recipiente.

At the beginning of the experiment, recipients were weighed and assessed to
obtain their initial weight and body condition score (BCS). They were subsequently
identified with differently colored ear tags according to the treatments. Recipients were
also weighed at the end of each breeding season. BCS was assessed at 127 days of mating
in the breeding season and at the end of the experiment. The study lasted approximately
270 days.

Recipients were kept in four paddocks fenced with electric wire for control and
handling. Paddocks consisted of native floodplain forage species from the Amazon region
(Tables 1 and 2). Natural water sources (rivers) provided ad libitum access to drinking

water. Supplements were provided in plastic troughs ad libitum. An initial offer of 15 kg
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was provided per paddock, with bunk reading performed after 24 h considering 10% orts.
New supplement amounts were adjusted accordingly. Supplement was weighed using a

hanging hook scale and dispensed in plastic containers.

Table 1 Average agronomic and nutritional characteristics of pasture during the
experimental period.

Pature
Item
Entry Exit

Heigth (cm) 52.26 23.08
Kg DM/ha 1,818.97 381.61
Composition (% DM)

Dry matter 30.91 13.68
Mineral matter 14.20 17.58
Crude protein 13.00 18.14
Neutral detergent fiber 61.70 56.70
Acid detergent fiber 32.40 42.40
Total digestible nutrients 56.80 48.40

Table 2 Average mineral contents in pasture during the experimental period.

Pasture

Itens (% / DM)

Entry Exit
Calcium 0.50 0.65
Phosphorus 0.29 0.39
Potassium 2.12 2.51
Magnesium 0.23 0.37
Sulfur 0.33 0.35
Chlorine 0.46 0.71

Reproductive Management

Recipients were synchronized using a Fixed-Time Embryo Transfer (FTET)
protocol. On day 0, was of the insertion of a low-dose intravaginal progesterone implant
(0.5 mg) and 2.0 mg of Estradiol Benzoate (BE). Seven days after protocol initiation, the
P4 implant was removed, and 0.5 mg of Cipionate Estradiol (CE), 0.5 mg of Cloprostenol
(PGF2a analog), and 200 IU of equine chorionic gonadotropin (eCG) were administered

IM. Embryos were transferred 14 days after P4 device removal.
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CL presence and diameter were considered at the time of embryo transfer.
Recipients underwent ultrasonography (US) 13 days after embryo reception to assess CL
diameter and blood perfusion using Power-Doppler US. Recipients with CL showing
>25% colored area and >2 cm? were considered pregnant at 20 days (P20). Follow-up US
was performed at 30 and 60 days post-ovulation to detect the embryo (P30) and fetus
(P60), respectively. Birth rate was also determined. Early gestational loss (P30 — P60)
and late gestational loss (P60 — Parturition) were calculated for each treatment. Non-
pregnant recipients at P60 were re-synchronized for embryo transfer until all embryos

were implanted.

Blood Analysis of Copper and Zinc

Blood collection was performed at the beginning and middle of the breeding
season. Blood was collected from the coccygeal vein, located at the base of the animals'
tail, into tubes containing K2ZEDTA. Plasma samples were prepared for trace element
analysis to determine the amount of Cu and Zn, using atomic absorption spectrometry, as

described by (Pogge; Hansen, 2013).

6.3 Statistical analysis

Heifers were used as the experimental unit for the analysis of P20, P30, P60, early
and late embryonic loss, as well as embryo production variables.

Statistical analyses were conducted using the MIXED and GLIMMIX procedures
of SAS 9.3. Effects were considered significant when P < 0.05 and a tendency when 0.05
< P <£0.10. All data were tested for residual normality using the Shapiro-Wilk test,
variance homogeneity using the Levene test, and outliers were removed based on
studentized residuals.

All variables were analyzed using the GLIMMIX procedure, and the Satterthwaite
approximation was used to determine the denominator degrees of freedom for fixed effect

tests. Means were compared using the LSMEANS command.

7 Results
7.1 Experiment I: Embryo Production

There was a significant Treatment x Puberty interaction in the production of grade
2 oocytes (P < 0.01), grade 3 oocytes (P < 0.01), viable oocytes (P < 0.01), and total

embryos produced per animal (P < 0.01), as shown in Table 3.
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Table 3 Average oocyte and embryo production of Nellore heifers.

Treataments
Control Hydroxy 3 P-value2

Item SEM!

Early Late Early Late Puberty Treataments P*T
Oocytes G1 0.53 0.42 0.35 0.20 0.06 0.18 0.06 0.59
Oocytes G2 1.43b 1.38bc 0.92¢ 2.10a 0.19 0.01 0.96 <0.01
Oocytes G3 13.21b 12.17b 9.94c 19.83a 1.15 <0.01 0.03 <0.01
Viable Oocytes 15.17b 13.96b 11.22¢ 22.13a 1.26 <.0.01 0.07 <0.01
Total Embryos 4.87b 3.75¢ 3.25¢ 6.03a 0.38 0.03 0.66 <.0.01

ISEM = Standard error of the mean.

2Value - P = Effect of puberty, treatment and Puberty*Treatment interaction

SHTM = Hydroxy trace minerals

abeIn the row, means without common superscripts are different by Tukey's test (P < 0.05)
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7.2 Experiment II: Embryo Transfer

Supplementation with hydroxy trace minerals did not affect the performance of

recipient females during the 2021-2022 breeding season (Table 4).

Table 4 Performance of embryo recipient females receiving mineral supplements.

Treatments
Item? Control Hydroxy! SD? P-value
Initial weight 290.25 288.95 7.69 0.90
Initial BCS 245 2.66 0.13 0.25
BCS 127d 3.25 3.20 0.08 0.69
Final BCS 2.57 2.69 0.09 0.39

"Hydroxy = Hydroxy trace minerals
2SD = Standard Deviation
3BCS = Body condition score

After analyzing the average daily mineral intake of the recipient females, no effect
of Zn and Cu supplementation in the form of hydroxy trace minerals was observed. Both
the control group and the group receiving hydroxy trace minerals showed an average
mineral intake of 56 g/day and 52 g/day, respectively.

Supplementation with hydroxy trace minerals or conventional minerals did not
influence pregnancy rate, early or late embryonic loss, follicle diameter, or the serum
concentrations of zinc and copper in embryo donor and recipient cows (Tables 5 and 6).
However, out of 200 synchronization procedures performed, only 135 had corpora lutea

CL) larger than 11 mm in diameter, resulting in a transfer rate of 67% (135/200).
g
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Table 5 Effect of mineral supplementation on reproductive performance and serum Cu
and Zn concentrations of embryo recipient females.

Item! freaments SEM? P-value
Control Hydroxy 3
Pregnancy, % 32 (22/69) 33 (22/66) - 0.66
Early embryonic loss, % 9(2/22) 9(2/22) - 0.96
Late embryonic loss, % 15 (3/20) 15 (3/20) - 0.96
Corpus luteum diameter, mm 14.10 14.70 0.40 0.54
Serum Zn concentration, ug/dL 107.50 98.30 15.03 0.63
Serum Cu concentration, pg/dL 4191 39.17 12.60  0.56

"Pregnancy: Percentage of pregnancy at 60 days after TETF; Corpus luteum diameter: Corpus luteum
diameter in millimeters; Serum Zn concentration: Average serum zinc concentration in micrograms per
deciliter; Serum Cu concentration: Average serum copper concentration in micrograms per deciliter.
2SEM = Standard error of the mean.

SHydroxy = Hydroxy trace minerals

Table 6 Effect of mineral supplementation on reproductive performance and serum Cu
and Zn concentrations of donor nellore heifers.

Item! freauments SEM? P-value
Control Hydroxy 3
Pregnancy, % 30 (21/70)  35(23/65) - 0.95
Early embryonic loss, % 4(1/23) 13 (3/23) - 0.95
Late embryonic loss, % 18 (4/22) 14 (3/21) - 0.97
Corpus luteum diameter, mm 14.50 14.30 0.40 0.72
Serum Zn concentration, ug/dL 112.10 93.70 13.80 0.33
Serum Cu concentration, pg/dL 38.11 42.97 13.50  0.30

"Pregnancy: Percentage of pregnancy at 60 days after TETF; Corpus luteum diameter: Corpus luteum
diameter in millimeters; Serum Zn concentration: Average serum zinc concentration in micrograms per
deciliter; Serum Cu concentration: Average serum copper concentration in micrograms per deciliter.
2SEM = Standard error of the mean.

3Hydroxy = Hydroxy trace minerals

The sexual precocity of nelore donor heifers affected the pregnancy rate of the
embryos. Embryos from late-maturing heifers had a higher pregnancy rate (44%)
compared to embryos from early-maturing heifers (23%) (P = 0.01). No effect of sexual
precocity was observed on early or late embryonic loss, follicle diameter, or serum zinc

concentrations (Table 7).
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Table 7 Effect of precocity of donor nellore heifers on reproductive performance and
serum concentration of Cu and Zn.

Item! freaments SEM? P-value
Early Late
Donor age, days 457.49 452.42 6.40 0.57
Pregnancy, % 23 (16/69) 44 (29/66) 0.01
Early embryonic loss, % 12 (2/16) 7 (2/29) 0.96
Late embryonic loss, % 14 (2/16) 11 (3/27) 0.96
Corpus luteum diameter, mm 14.7 14.10 0.40 0.15
Serum Zn concentration, pg/dL 113.3 92.50 14.40 0.28
Serum Cu concentration, pg/dL 39.00 42.07 13.70 0.52

"Pregnancy: Percentage of pregnancy at 60 days after TETF; Corpus luteum diameter: Corpus luteum
diameter in millimeters; Serum Zn concentration: Average serum zinc concentration in micrograms per
deciliter; Serum Cu concentration: Average serum copper concentration in micrograms per deciliter.
2SEM = Standard error of the mean.

Serum zinc concentrations (Figure 1) were not affected by treatment (Control vs.
Hydroxy trace minerals) (P = 0.7239), by time (P = 0.735), or by the interaction between
treatment and time (P = 0.5524). No effect of treatment or interaction between treatment
and time was observed for serum copper concentrations (P = 0.3628). However, serum
copper levels were significantly affected by time (P < 0.0001). When the heifers were
moved to floodplain pasture, Cu concentrations decreased compared to the beginning of
the breeding season, when they were grazing on upland Brachiaria humidicola pasture.
Additionally, serum copper concentrations declined over the course of the breeding

season in both treatments (Figure 2).
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Figure 1 Serum zinc concentration in female bovine embryo recipients according to
treatments at the beginning and middle of the breeding season.
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Figure 2 Serum copper concentration in female bovine embryo recipients according to
treatments at the beginning and middle of the breeding season.
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Figure 3 Relationship between pregnancy probability and serum copper concentration in
bovine female embryo recipients. Pregnancy probability = exp (-0.4546 + 0.0149*Cu) /
1 + exp (-0.4546 + 0.0149*Cu) P = 0.26.
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Figure 4 Relationship between pregnancy probability and serum zinc concentration in
bovine female embryo recipients. Pregnancy probability = exp (-0.6867 + 0.009*(Zn) /1
+ exp (-0.6867 + 0.009*(Zn) P =0.10.
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Figure 5 Relationship between serum Zn concentration and body condition score of
female bovine embryo recipients. Body condition score = exp (y = 0,0029x + 3,0273) P=
0.04.

[F5]

)

S)
w
o oo

(BC
'S 'S
T~

)

2
w2
1 1

)

ra
[#.s)
1

u

2
(=
1

u

.
1

Body Condition Score

o]

)

ra
1

o]

15 25 35 45 55 65 75
Serum copper concentration

Figure 6 Relationship between serum Cu concentration and body condition score of
female bovine embryo recipients. Body condition score = exp (y = 0,0026x + 2,984) P =
0.44.
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Figure 7 Relationship between pregnancy probability and body condition score of bovine
females receiving embryos. Pregnancy probability = exp (-0.348 + 0.1157*BCS) /1 + exp
(-0.348 + 0.1157*BCS) P = 0.60.

No relationship was observed between serum Cu concentration and the probability
of pregnancy in the recipients (Figure 3), nor between serum Cu concentration and BSC
(Figure 6).

However, there was a tendency (P = 0.10) for higher serum Zn concentrations to
increase the probability of pregnancy in the recipients, regardless of treatment (Figure 4).

Additionally, higher BCS were observed as serum Zn levels increased (Figure 5).

The probability of pregnancy was not influenced by BCS (P = 0.60) (Figure 7).
8 Discussion
8.1 Experiment I — Embryo Production

The results show a significant interaction between nutritional treatment and
puberty in oocyte production and the total number of embryos produced per animal. This
finding suggests that both pubertal status and the form of mineral supplementation can
influence the efficiency of in vitro embryo production in Nellore heifers. Previous studies
have already demonstrated that the quality of the cumulus—oocyte complex (COC) is

influenced by the animal’s sexual maturity, with prepubertal heifers generally producing
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COCs of lower quality and quantity (KAUFFOLD et al., 2005; Landry et al., 2016, 2018).
In the present study, supplementation with hydroxy trace minerals was not sufficient to
completely overcome the limitations associated with induced puberty, reinforcing that

sexual maturity is a determining factor in embryo production.
8.2 Experiment II: Embryo Transfer

The supplementation with hydroxy trace minerals had no significant effect on the
reproductive performance of recipient heifers, nor on pregnancy rate, early or late
embryonic loss, follicular diameter, or serum concentrations of Cu and Zn. These results
are consistent with the findings of (VanValin et al., 2018), who suggested that although
hydroxy trace minerals may increase the bioavailability of microminerals, their effect on
reproductive performance may be limited when baseline nutritional conditions already
meet the animals’ mineral requirements.

Donor heifer precocity had a significant effect on embryo pregnancy rates: late-
maturing heifers produced embryos with higher pregnancy rates (44%) compared with
early-maturing ones (23%). This indicates that hormonal induction of puberty may result
in embryos with reduced developmental competence, possibly due to physiological or
metabolic factors not yet fully understood, such as incomplete oocyte maturation or
epigenetic alterations in embryos (Formigoni et al., 2011). However, precocity did not
affect other variables, such as embryonic loss or follicular diameter, suggesting that the
main effects are related to embryo quality rather than donor follicular physiology.

Regarding serum mineral concentrations, the results showed that Zn and Cu levels
varied throughout the breeding season, with a significant drop in Cu when the heifers
were moved to floodplain pastures. This highlights the importance of continuous mineral
monitoring in grazing systems, as environmental variations can impact the availability of
these essential micronutrientes (Hostetler et al., 2003). In addition, there was a trend
toward a positive association between serum Zn levels and pregnancy probability, as well
as with the BCS of recipients, reinforcing the critical role of Zn in reproduction and

energy metabolism in females(Anchordoquy et al., 2014; Jeon et al., 2014).
9 Conclusion

Supplementation with microminerals in the form of hydroxy trace minerals

increased serum Zn concentration in Nellore heifers but had no significant effect on
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pregnancy rate, embryonic losses, follicular diameter, or progesterone levels in embryo
donor and recipient females. Donor precocity was the main factor influencing pregnancy
rates, with embryos from late-maturing heifers showing higher pregnancy rates than those
from so-called early-maturing heifers, indicating that sexual maturity is a determining
factor for embryonic development.

The findings also highlight the positive relationship between serum Zn levels and
recipient body condition score, suggesting that Zn plays a modulatory role in fertility,
although it is not the decisive factor for reproductive performance. While the results of
this study reveal some positive effects of hydroxy trace mineral supplementation, these
effects were limited.

Therefore, in embryo transfer programs for Nellore heifers, selection for sexual
maturity and proper puberty management appear to be more effective strategies for
optimizing reproductive productivity than mineral supplementation alone in the form of

hydroxy trace minerals.
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CAPITULO III - EFFECT OF HYDROXYMINERAL SUPPLEMENTATION
ON THE REPRODUCTIVE EFFICIENCY OF EMBRYO DONOR AND
RECIPIENT HEIFERS

Os resultados deste capitulo foram aceitos para publicacao na forma de artigo cientifico
sob o seguinte referencial:

SOUZA, T.T.; ALEXANDRINO, B.S.; CUNHA, A.R.; BELTRAO, N.P.F.; SOUZA,
J.A.S.; FERRAZ JUNIOR, M.V.C. Effect of hydroxy trace minerals supplementation on
the reproductive efficiency of embryo donor and recipient heifers. Arquivo Brasileiro

de Medicina Veterinaria e Zootecnia — ABMVZ —2025-13779. R1.

Abstract
This study evaluated the effects of copper (Cu) and zinc (Zn) supplementation, in the

form of hydroxy trace minerals, on productive performance, mineral status, reproductive
characteristics, and pregnancy rate in female cattle, as well as to investigate the
relationships between these variables through multivariate analyses and logistic
regression models. The experiment was conducted in two phases: embryo production
using prepubertal Nellore heifers and embryo transfer using crossbred recipient heifers.
Animals received either conventional sulfate-based minerals (Control) or hydroxy trace
minerals (Hydroxy). Productive traits, serum mineral status, reproductive parameters, and
pregnancy outcomes were measured. Hydroxy supplementation increased serum Zn
concentration (P = 0.0183) and reduced plasma Cu concentration (P = 0.0132), indicating
altered mineral metabolism; however, no improvements were observed in body weight,
body condition score, average daily gain, or reproductive variables such as follicle
diameter, corpus luteum size, progesterone concentration, or estrus expression (P > 0.05).
Pregnancy rate tended to be higher in the Hydroxy group (33% vs. 18%) but was not
statistically significant (P = 0.2313). Logistic regression and PCA analyses confirmed the
absence of associations between mineral concentrations, productive traits, and pregnancy
probability. Under adequate nutritional and management conditions, hydroxy trace
minerals did not enhance reproductive efficiency. These findings suggest that the benefits
of hydroxy mineral supplementation may be more evident in scenarios of mineral

deficiency or greater nutritional challenge.
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Resumo

Este estudo avaliou os efeitos da suplementag@o de cobre (Cu) e zinco (Zn), na forma de
hidroximinerais, sobre o desempenho produtivo, o status mineral, as caracteristicas
reprodutivas e a taxa de prenhez de fémeas bovinas, bem como investigar as relagdes
entre essas varidveis por meio de andlises multivariadas e modelos de regressao logistica.
O experimento foi conduzido em duas fases: produgdo de embrides utilizando novilhas
Nelore pré-puberes e transferéncia de embrides em novilhas receptoras. Os animais
receberam suplementagao mineral convencional a base de sulfatos (Controle) ou minerais
traco hidroxilados (Hidroxi). Foram avaliados pardmetros produtivos, status sérico
mineral, caracteristicas reprodutivas e taxa de prenhez. A suplementacdo Hidroxi
aumentou a concentracao sérica de Zn (P = 0.0183) e reduziu a concentragdo plasmatica
de Cu (P =0.0132), indicando altera¢cdes no metabolismo mineral; no entanto, nao foram
observadas melhorias no peso corporal, escore de condi¢do corporal, ganho médio diério
ou variaveis reprodutivas, como didmetro folicular, tamanho do corpo liteo, concentragdo
de progesterona ou expressao de estro (P > 0.05). A taxa de prenhez apresentou tendéncia
de ser maior no grupo Hidroxi (33% vs. 18%), porém sem significancia estatistica (P =
0.2313). As analises de regressao logistica e PCA confirmaram a auséncia de associagdes
entre concentragdes minerais, parametros produtivos e probabilidade de prenhez. Em
condigdes adequadas de manejo e nutrigdo, os minerais trago hidroxilados nao
aumentaram a eficiéncia reprodutiva. Os resultados sugerem que os beneficios dessa
forma de suplementagdo podem ser mais evidentes em cenarios de deficiéncia mineral ou
maior desafio nutricional.

Palavras-chave: Minerais traco hidroxilados; Novilhas Nelore; Precocidade;

Desempenho reprodutivo.

11 Introduction

Beef cattle production is one of the most important economic activities in the state
of Amazonas, especially in rural areas. The rapid expansion of this activity has raised
environmental concerns, increasing the demand for technologies capable of enhancing

productivity, reducing costs, and ensuring economic, social, and environmental
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sustainability (IBGE, 2024). In this context, nutritional strategies that can improve
reproductive performance become essential for advancing herd efficiency.

The intensification of production, including reducing the age at first calving, is
crucial for increasing the lifetime weaning rate per cow (Nufiez-Dominguez et al., 1991).
However, Nellore cattleis the predominant beef cattle breed in Brazil and presents
challenges related to late sexual maturity, with heifers entering the reproductive phase
between 24 and 36 months, negatively affecting economic returns (Gunski et al., 2001;
Sereno et al., 2001; Eler et al., 2002; Ferreira et al., 2012;; Ferraz et al., 2018) Hormonal
protocols can induce earlier puberty, but their application does not eliminate challenges
such as possible pregnancy losses and variations in embryonic development, and
scientific data on these aspects remain limited (Kauffold et al., 2005; Landry et al., 2016,
2018).

In this context, mineral nutrition has gained relevance as a complementary
strategy to optimize fertility. Trace minerals such as copper (Cu), zinc (Zn), and
manganese (Mn) have been associated with embryonic development and the maintenance
of pregnancy, influencing essential metabolic processes (Formigoni et al., 2011; Hostetler
et al., 2003). Recent advances indicate that trace minerals in the form of hydroxy trace
minerals exhibit greater stability and bioavailability, increasing plasma and hepatic
concentrations of Cu and Zn in ruminants (VanValin et al., 2018, 2019).

Therefore, the objective of this study was to evaluate the effects of copper (Cu)
and zinc (Zn) supplementation, in the form of hydroxy trace minerals, on productive
performance, mineral status, reproductive characteristics, and pregnancy rate in female
cattle, as well as to investigate the relationships between these variables through

multivariate analyses and logistic regression models.

12 Materials and methods

This study was conducted in two experiments: Experiments I — Embryo
Production and experiments Il — Embryo Transfer. All procedures involving animals were
approved by the Animal Care and Use Committee of the University of Sdo Paulo
(protocol no. 7595290414).

A total of twenty-eight Nellore heifers (average body weight =~ 184.45 kg, 8 + 1
months of age) were used. The animals were housed at the experimental feedlot facilities

of the Animal Nutrition and Reproduction Laboratory (LNRA), Department of Animal
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Science, Luiz de Queiroz College of Agriculture (ESALQ/USP), Piracicaba, Sdo Paulo,
Brazil.

The experimental design was completely randomized blocks, in which heifers
were blocked by sire (sires listed in Nellore genetic selection catalogs) and distributed
among treatments according to body weight and age. The animals were kept in collective
pens, and each pen received only one treatment throughout the experimental period.
Heifers were previously adapted to the high-concentrate diet and facilities before
treatments began; however, this adaptation period was not included in the experimental
timeline. The study lasted approximately 270 days.

Treatments were arranged in a 2 x 2 factorial design, consisting of a nutritional
factor and a reproductive factor. The nutritional factor involved either conventional
mineral supplementation (Control), based on sulfates, or supplementation with Cu and
Zn provided as hydroxy trace minerals (Hydroxy) in the diet of prepubertal heifers. The
reproductive factor included heifers induced to puberty by hormonal protocol (Non-
precocious) or heifers that reached puberty spontaneously (Precocious).

Heifers were fed once daily in the morning using a total mixed ration (TMR) mixer
wagon (Delaval®, Miinchriitistrasse, Switzerland) equipped with an electronic scale (+1
kg precision). The diet consisted of grass silage and a protein-energy supplement at a rate
of 4 g/kg body weight (Tab. 1). Water was provided ad libitum. Feed delivery was
adjusted daily based on the orts measured each morning, and monthly feed refusals were
recorded to calculate actual dry matter intake (DMI). Heifers were weighed after a 14-
hour fast at the beginning and end of the trial and every 28 days (non-fasted) to assess

growth performance.

Table 1 Chemical composition of experimental diets for Nellore heifers.

Diet

Item Tifton-85 haylage Control Hydroxy
Nutrient,

DM, % 49.11 88.76 88.90
CP, % 13.69 26.42 26.71
NDF, % 60.39 10.59 10.99
ADF, % 36.49 5.84 5.59
EE, % 2.84 3.05 2.89
MM, % 10.06 6.39 6.40
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Cu, mg/kg - 40.00 40.00
Zn, mg/kg - 148.00 148.00

'DM = dry matter; CP = crude protein; NDF = neutral detergent fiber; ADF = acid detergent fiber; EE =
ether extract; OM = organic matter; MM = mineral matter; Cu: copper levels in the supplement; Zn: zinc
levels in the supplement.

2Control: control treatment containing Cu = 40mg and Zn = 148 mg per kg of supplement in the form of
CuS04 and ZnO; Hydroxy: treatment containing Cu = 40mg and Zn = 148 mg per kg of supplement in the
form of Hydroxymineral.

Other minerals/minimum level: Ca = 23g/kg; P = 6 g/kg; Mg =1 g/kg; S =3 g/kg; F = 100 mg/kg; Mn =
30 mg/kg; Co = 2.4 mg/kg; I = 3 mg/kg; Se = 0.8 mg/kg.

Based on the nutritional profile of foods, analyzed according to the AOAC methodology (1990).

At 15 months of age, heifers were classified as pubertal or non-pubertal. Heifers
that presented a corpus luteum (CL) in two consecutive ultrasonographic evaluations (7
days apart) were considered spontaneously pubertal. Heifers without a CL at 15 months
were submitted to an ovulation induction protocol and classified as hormonally induced
pubertal heifers. This protocol consisted of the insertion of a low-dose intravaginal
progesterone implant (0.5 mg), followed by administration of 0.5 mg estradiol cypionate
(EC) at implant removal.

Heifers showing a CL by 7 or 14 days after protocol completion were considered
successfully induced to puberty. Fourteen days after the protocol, all heifers (both
spontaneous and induced) were synchronized using a fixed-time artificial insemination
(FTAI) protocol. On Day 0, heifers received an intravaginal P4 implant (0.5 mg) and 2.0
mg estradiol benzoate (EB) intramuscularly. Seven days after initiation, the implant was
removed, and ovum pick-up (OPU) was performed for embryo production.

Recovered oocytes were submitted to in vitro maturation (IVM) of cumulus-
oocyte complexes (COCs), followed by in vitro fertilization (IVF) and embryo culture,
according to the procedures described by Sujus et al. (2014). Semen from a single high
in vitro fertility bull was used for fertilization, and the resulting embryos were
cryopreserved in liquid nitrogen.

A total of eighty-nine pubertal recipient heifers were used for embryo transfer.
These recipients originated from a commercial farm located in the rural area of Parintins,
Amazonas State, Brazil. The animals were maintained under pasture conditions
throughout the experimental period.

The experimental design was a randomized block design, in which recipients were
blocked and distributed among treatments according to age and body weight. The
treatments were Control: conventional mineral supplementation (sulfate-based), and

Hydroxy: Cu and Zn supplementation in the form of hydroxy trace minerals.
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At the beginning and end of the experiment, recipients were weighed and
evaluated for body condition score (BCS) to obtain initial and final measurements.
Animals were then identified with color-coded ear tags according to treatment group. The
total duration of the experimental period was approximately 90 days.

Recipients were housed in four paddocks, each surrounded by electric fencing for
animal control and containment. The predominant forage in the paddocks consisted of
native floodplain grasses typical of the Amazon region (Tab. 2 and 3). Paddocks were
equipped with natural water sources (rivers), ensuring ad libitum access to clean water.

Mineral supplements were provided ad libitum in plastic troughs in all paddocks.
Initially, 15 kg of mineral supplement were offered per trough for both treatments. After
24 hours, trough readings were taken, considering 10% as feed refusal. Following the
reading, a new quantity of supplement was supplied according to the leftover weight. The
mineral supplement was weighed using a hanging fish scale, with the aid of a plastic

container for handling.

Table 2 Average agronomic and nutritional characteristics of pasture during the
experimental period.

Pature
Item
Entry Exit

Heigth (cm) 52.26 23.08
Kg DM/ha 1,818.97 381.61
Composition (% DM)

Dry matter 3091 13.68
Mineral matter 14.20 17.58
Crude protein 13.00 18.14
Neutral detergent fiber 61.70 56.70
Acid detergent fiber 32.40 42.40
Total digestible nutrients 56.80 48.40

Table 3 Average mineral contents in pasture during the experimental period.

Pasture
Itens (% / DM)
Entry Exit
Calcium 0.50 0.65
Phosphorus 0.29 0.39
Potassium 2.12 2.51
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Mgnesium 0.23 0.37
Sulfur 0.33 0.35
Chlorine 0.46 0.71

Recipients were synchronized using a Fixed-Time Embryo Transfer (FTET)
protocol. On day 0, was of the insertion of a low-dose intravaginal progesterone implant
(0.5 mg) and 2.0 mg of estradiol benzoate (EB). Seven days after the beginning of the
protocol, the P4 implant was removed, and 0.5 mg of estradiol cypionate (EC), 0.5 mg of
cloprostenol (a PGF:a analog), and 200 IU of equine chorionic gonadotropin (eCG) were
administered intramuscularly. Embryo transfer was performed 14 days after P4 device
removal.

The presence and diameter of the corpus luteum (CL) were considered at the time
of embryo transfer. Recipients underwent ultrasonography (US) at 60 days post-transfer
to evaluate pregnancy rate.

Blood samples were collected at the beginning and end of the 2023-2024 breeding
season. Blood was drawn from the coccygeal vein, located at the base of the tail, into
tubes containing K:EDTA. Plasma samples were prepared for trace element analysis to
determine Cu and Zn concentrations, using atomic absorption spectrometry, as described
by (Pogge; Hansen, 2013).

Blood collection for progesterone analysis was performed on the day of embryo
transfer. Progesterone concentrations were determined by automated chemiluminescence,
using commercial kits for the IMMULITE 1000 system (Siemens Healthcare Diagnostics,
Deerfield, IL, USA).

The chemical composition of the forage was analyzed using the near-infrared
reflectance spectroscopy (NIRS) method.

Statistical analyses were performed using the MIXED and GLIMMIX procedures
of SAS version 9.3. Results were considered significant at P < 0.05 and trending at 0.05
<P <0.10.

All data were tested for residual normality using the Shapiro—Wilk test, and
homogeneity of variances was assessed using the Levene test. Outliers were identified
and removed based on the studentized residual (r-value).

All variables were analyzed using the GLIMMIX procedure, and the Satterthwaite
approximation was applied to determine the denominator degrees of freedom for fixed-

effect tests. A binomial distribution was used to analyze the effects of treatments on
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pregnancy rate and estrus occurrence, while the time to estrus onset was analyzed using
a normal distribution. Means were compared using the LSMEANS statement.
Additional analyses were conducted to evaluate the relationship between time to
estrus, time to artificial insemination (Al), and pregnancy probability within each
treatment. Furthermore, the relationship between body weight and the probability of
pregnancy and estrus was evaluated using logistic regression (LIFETEST procedure) for

each protocol.

13 Results

The analysis of parameters evaluated showed no significant differences in initial
body weight (350 kg for the control group and 347 kg for the hydroxy trace minerals
group; P = 0.7954) or in initial BCS (2.6 for control and 2.5 for hydroxy trace minerals;
P = 0.6515). Mineral intake did not differ between treatments, with the control group
consuming 57 g/day of supplement and the hydroxy trace minerals group consuming 62
g/day. Final body weight also showed no significant difference between groups (354 kg
for control and 347 kg for hydroxy trace minerals; P = 0.3345), as did final BCS (2.7 for
control and 2.6 for hydroxy trace minerals; P = 0.6096).

Average daily gain (ADG) was 0.071 kg in the control group and 0.012 kg in the
hydroxy trace minerals group, without statistical significance (P = 0.1784). The difference
in BCS between the start and end of the experiment was 0.01 for control and 0.15 for
hydroxy trace minerals (P = 0.2561).

Regarding serum mineral concentrations, the hydroxy trace minerals group
showed higher Zn levels (96.3 pg/dL) compared to the control (84.5 pg/dL; P = 0.0183).
Similarly, copper concentration was significantly lower in the hydroxy trace minerals
group (48.4 ng/dL) than in the control (58.0 pg/dL; P = 0.0132).

Reproductive parameters, including CL diameter (16.5 mm for control and 15.9
mm for hydroxy trace minerals; P = 0.6483), estrus percentage (73.0% for control and
86.8% for hydroxy trace minerals; P = 0.1551), P4 concentration (3.17 ng/mL for control
and 2.87 ng/mL for hydroxy trace minerals; P = 0.6608), and follicle diameter (11.20 mm
for control and 10.42 mm for hydroxy trace minerals; P = 0.2353) showed no significant
differences between treatments. Pregnancy rate was higher in the hydroxy trace minerals
group (33%, 15/45) compared to control (18%, 9/44), but this difference was not
statistically significant (P = 0.2313; Tab. 4).

60



Table 4 Effect of mineral supplementation on reproductive performance and serum Cu
and Zn concentrations of F1 crossbred heifers (Angus x Nellore) in fixed-time embryo
transfer.

Treatments
Item SEM? P-value
Control Hydroxy

N 44 45 - -

Initial body weight, kg 350 347 14 0.7954
Initial BCS (1 - 5) 2.6 2.5 0.2 0.6515
Final body weight, kg 354 347 14 0.3345
Final BCS, (1 - 5) 2.7 2.6 0.1 0.6096
ADG 0.071 0.012 0.2 0.1784
BCS difference 0.01 0.15 4.0 0.2561
Concentration de Zn, ug/dL 84.5 96.3 3.7 0.0183
Concentration de Cu, ug/dL 58.0 48.4 3.1 0.0132
Corpus Luteum Diameter, mm 16.5 15.9 1.06 0.6483
Estrus, % 73.0 86.8 - 0.1551
Concentration de P4, ng/mL 3.17 2.87 0.37 0.6608
Follicle diameter, mm 11.20 10.42 0.55 0.2353
Pregnancy rate!, % 18 (9/44) 33 (15/45) - 0.2313

"Pregnancy: Percentage of pregnancy at 60 days after TETF; Corpus luteum diameter: Corpus luteum
diameter in millimeters; Serum zinc concentration: Average serum zinc concentration in micrograms per
deciliter; Serum copper concentration: Average serum copper concentration in micrograms per deciliter.
Final weight and BCS — corresponds to the end of 90 days of supplementation.

2SEM = Standard error of the mean.
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The probability of pregnancy and the other variables measured in the study were
analyzed using logistic regression. No significant relationships were found between the

studied variables and the probability of pregnancy (P > 0.05; Tab. 5).

Table 5 Logistic equations for the effect of the studied variables and their relationship
with the pregnancy rate.

Comparison P-value
Pregnancy vs Concentration Zn  Logit P =-2.9568 + 0.0211Zn 0.1933
Pregnancy vs Concentration Cu  Logit P = 0.9344 - 0.0399 Cu 0.1063
Pregnancy vs Concentration P4  Logit P =-0.6795 - 0.1213 P4 0.4797
Pregnancy vs Follicle Diameter ~ Logit P=-0.1911 - 0.0681 Fol. 0.4992
Pregnancy vs CL Diameter Logit P =-1.9872 + 0.0639 CL 0.2718
Pregnancy vs final weight Logit P =-2.9259 + 0.0056 final weight 0.1929
Pregnancy vs final BCS Logit P=-0.0737 - 0.3416 final BCS ~ 0.2230
Pregnancy vs BCS Difference Logit P =-0.9754 + 0.0315 0.1182
BCS difference
Pregnancy vs ADG Logit P =-0.9555 - 0.0020 ADG 0.9953

Follicle — Follicle diameter on day 10 of the protocol, probable day of ovulation. Progesterone contraction
(P4) and CL diameter on the day of embryo placement. None of the equations showed a significant effect.
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Figure 1 PCA analysis of quantitative variables of bovine embryo
recipient females.

Principal Component Analysis (PCA; Fig. 1) was performed to investigate the
relationships among the variables measured in the animals subjected to the treatments.
The first two principal components together explained 100% of the total data variation,
with Factor 1 accounting for 60.55% and Factor 2 for 39.45%.

Factor 1 was strongly influenced by the variables initial weight, final weight,
initial BCS, final BCS, ovulatory follicle diameter, CL diameter, and P4 concentration,
all showing positive correlations, indicating that these variables are interrelated and
explain a large portion of the variation observed in this component.

Factor 2 was mainly characterized by Zn concentration, which showed a strong
negative correlation with the variables associated with Factor 1, highlighting it as an
independent explanatory variable relative to the body and reproductive parameters.
Variables such as ADG, Cu concentration, and the change in BCS had less influence on
both factors and were more diffusely distributed, suggesting a lower contribution of these

variables to the overall variability of the analyzed data.
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14 Discussion

The increase in serum Zn concentration observed in the Hydroxy treatment
indicates greater bioavailability of this mineral source, a result consistent with the
findings of (Spears; Kegley; Mullis, 2004), who reported improved intestinal absorption
and reduced antagonism when Zn was supplied as a hydroxy trace mineral. This enhanced
bioavailability may be related to the lower solubility of hydroxy Cu at neutral or slightly
acidic pH (Spears; Kegley; Mullis, 2004). Zinc plays a critical role in physiological and
reproductive processes, including DNA synthesis, maintenance of cell membrane
integrity, follicular differentiation, and gonadal hormone secretion (Duffy; Yin; Redding,
2023; Perry et al., 2021). However, although the increase confirms adequate absorption
and mobilization of the mineral, this effect did not translate into improvements in the
productive or reproductive indicators evaluated in the present study.

Conversely, plasma Cu concentrations were numerically lower in the Hydroxy
group. Although no significant difference was detected, this pattern does not align with
the literature, which generally reports greater availability of hydroxy Cu due to its ruminal
stability and reduced interaction with antagonists such as sulfur, molybdenum, and iron—
characteristics that typically enhance bioavailability (Spears; Kegley; Mullis, 2004) .The
lower plasma concentration observed here may reflect greater hepatic deposition,
considering that the liver is the primary storage site for this mineral and that plasma Cu
does not always reflect total mineral status in well-supplied animals (Spears; Brandao;
Heldt, 2022) .Thus, the reduced plasma concentration does not indicate functional
deficiency but suggests physiological adjustments in Cu metabolism in response to the
supplemented source.

The absence of differences in body weight, body condition score, average daily
gain, and supplement intake reinforces that both treatment groups were maintained under
similar nutritional conditions. These results agree with (Springman; Drewnoski; Funston,
2021), who also reported no productive or reproductive effects when comparing hydroxy
and sulfate sources of Cu and Zn in Angus heifers. Therefore, mineral status was not a
limiting factor for productive performance, helping explain the lack of expressive
reproductive effects.

Regarding reproductive physiology, parameters such as ovulatory follicle
diameter, corpus luteum diameter, progesterone concentration, and estrus expression did

not differ between mineral sources. Under adequate management, body condition, and
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baseline nutrition, supplementation with trace minerals in different chemical forms is
expected to exert limited influence on reproductive efficiency (Jalali et al., 2020; Perry et
al., 2021). This reinforces the concept that the effects of trace minerals are more
pronounced when pre-existing deficiencies or energy imbalances are present.

Although pregnancy rate was numerically higher in the Hydroxy treatment (33%
vs. 18%), this difference was not statistically significant. This outcome may have been
influenced by the limited number of available recipients or by the homogeneity of the
animals’ initial mineral status. As highlighted by (Perry et al., 2021), positive
reproductive responses to mineral supplementation tend to occur under conditions of
moderate or severe deficiency, which was not the case in this study.

The logistic regression analysis and Principal Component Analysis (PCA) further
demonstrated that variations in serum minerals and body parameters were not direct
determinants of pregnancy probability. These findings reinforce that simply increasing
the bioavailability of Cu and Zn does not necessarily lead to improved reproductive
efficiency when animals are already in adequate nutritional condition(Ahola et al., 2004).

From a practical standpoint, supplementation with hydroxy trace minerals may
offer advantages due to their greater ruminal stability and lower reactivity with
antagonists, characteristics that enhance absorption consistency (Spears; Kegley; Mullis,
2004). However, appropriate balancing between Cu and Zn is essential to prevent mineral
antagonisms and ensure metabolic homeostasis. Thus, although hydroxy trace
mineralsdid not promote reproductive improvements in this study, they remain relevant

nutritional alternatives in systems where mineral challenges are more pronounced.

15 Conclusion

Supplementation with Cu and Zn in the form of hydroxy trace minerals altered
mineral status (increasing Zn and reducing Cu), but it did not result in significant
improvements in reproductive or body performance of the recipients during the 90-day

experimental period.
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17 CONSIDERACOES FINAIS

A presente tese buscou compreender, os efeitos da suplementagdo com
hidroximinerais de cobre e zinco, sobre a eficiéncia reprodutiva de fémeas bovinas
submetidas a diferentes estratégias reprodutivas, incluindo a inducdo precoce da
puberdade e o uso de biotecnologias como a producdo in vitro e a transferéncia de
embrides. De maneira geral, os resultados dos capitulos II e III demonstraram que,
embora a suplementacdo com hidroximineral altere o status mineral dos animais, seus
efeitos sobre os parametros reprodutivos sao limitados quando as exigéncias nutricionais
sdo atendidas.

Observou-se que a precocidade das doadoras foi o principal fator determinante da
eficiéncia reprodutiva, com novilhas de maturidade sexual mais tardia apresentando
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maior taxa de prenhez, o que reflete a importdncia da maturidade fisiologica na
competéncia embrionaria. Por outro lado, a suplementacao mineral apresentou efeito mais
evidentes sobre os parametros metabdlicos, como a concentragdo sérica de zinco, sem
reflexos consistentes sobre o desempenho reprodutivo.

Do ponto de vista cientifico, os achados reforcam que estratégias de manejo
reprodutivo, especialmente aquelas relacionadas a selecdo e ao momento da indugdo da
puberdade, sdo mais determinantes para o sucesso de programas de transferéncias de
embrides do que alteragdes na forma de suplementagdo mineral isoladamente. Como
limitacdo, destaca-se que os estudos foram conduzidos em condigdes especificas de
manejo € com animais sem deficiéncia de mineral aparente, o que pode ter reduzido a
magnitude das respostas observadas.

Dessa forma, recomenda-se que estudos futuros explorem diferentes niveis
nutricionais, periodos mais longos de avaliacao e condi¢des experimentais distintas, a fim
de melhor compreender o papel dos hidroximinerais em contextos onde a nutri¢do mineral

possa ser fator limitante da eficiéncia reprodutiva.
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