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RESUMO GERAL 

 

Este estudo avaliou os efeitos interativos da concentração de amido dietético (220 ou 420 

g/kg de MS) e da suplementação com sais de cálcio de ácidos graxos de palma (CSPFA; 

0 ou 30 g/kg de MS) sobre o metabolismo de nutrientes, o desempenho produtivo e as 

características de carcaça de cordeiros confinados. Trinta e dois cordeiros Dorper × Santa 

Inês foram distribuídos em delineamento inteiramente casualizado, em arranjo fatorial 2 

× 2, por 44 dias. Foi observada interação significativa entre o teor de amido e a 

suplementação com CSPFA para o metabolismo do nitrogênio (N) e o desempenho, 

indicando que os efeitos do CSPFA dependem do suprimento energético da dieta. Em 

dietas com alto teor de amido, a suplementação com CSPFA reduziu a concentração de 

ureia sérica em 43%, aumentou o fluxo de N microbiano em 29% e elevou a retenção de 

N em 22%. Essas respostas metabólicas foram vinculadas a incrementos de 35% no ganho 

médio diário e de 22% na eficiência alimentar. Em contraste, em dietas com baixo teor 

de amido, a suplementação com CSPFA não promoveu melhorias no desempenho, 

possivelmente em função da limitação no suprimento de energia fermentescível para a 

síntese de proteína microbiana. Em relação às características de carcaça, o rendimento 

não foi influenciado pelos tratamentos (média de 49,4%). No entanto, a suplementação 

com CSPFA aumentou a deposição de gordura, duplicando a espessura de gordura 

subcutânea (3,8 vs. 1,9 mm) e elevando a massa de gordura perirrenal. Observou-se ainda 

interação para o resfriamento da carcaça, na qual dietas com alto teor de amido reduziram 

a temperatura após 24 horas apenas nos cordeiros não suplementados com CSPFA. 

Embora a suplementação com CSPFA tenha melhorado o acabamento e o isolamento 

térmico da carcaça, também promoveu alterações no perfil de ácidos graxos do músculo, 

caracterizadas pelo aumento de C16:0 e dos ácidos graxos saturados totais, 

concomitantemente à redução dos ácidos graxos poli-insaturados. Em síntese, o CSPFA 

derivado do óleo de palma melhora a eficiência do uso do nitrogênio e o desempenho 

produtivo sob dietas com alto teor de amido e aumenta o acabamento de gordura da 

carcaça independentemente do nível de amido. 

Palavras-chave: amido dietético; carcaça de cordeiros; eficiência do nitrogênio; gordura 

protegida; proteína microbiana. 
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GENERAL ABSTRACT 

 

This study evaluated the interactive effects of dietary starch concentration (220 or 420 

g/kg DM) and supplementation with calcium salts of palm fatty acids (CSPFA; 0 or 30 

g/kg DM) on nutrient metabolism, productive performance, and carcass characteristics of 

feedlot lambs. Thirty-two Dorper × Santa Inês lambs were randomly assigned to a fully 

randomized design in a 2 × 2 factorial arrangement for 44 days. A significant interaction 

between dietary starch level and CSPFA supplementation was observed for nitrogen (N) 

metabolism and performance, indicating that the metabolic responses to CSPFA depend 

on dietary energy supply. In high-starch diets, CSPFA supplementation reduced serum 

urea concentration by 43%, increased microbial N flow by 29%, and improved N 

retention by 22%. These metabolic responses were associated with increases of 35% in 

average daily gain and 22% in feed efficiency. In contrast, under low-starch conditions, 

CSPFA supplementation did not enhance performance, likely due to limitations in 

fermentable energy availability for microbial protein synthesis. Regarding carcass traits, 

dressing percentage was not affected by the treatments (mean = 49.4%). However, 

CSPFA supplementation increased fat deposition, doubling subcutaneous fat thickness 

(3.8 vs. 1.9 mm) and increasing perirenal fat mass. An interaction was also detected for 

carcass chilling, whereby high-starch diets reduced 24-h carcass temperature only in 

lambs that did not receive CSPFA. Although CSPFA supplementation improved carcass 

finish and thermal insulation, it also altered the muscle fatty acid profile by increasing 

C16:0 and total saturated fatty acids while reducing polyunsaturated fatty acids. In 

conclusion, CSPFA derived from palm oil improves nitrogen use efficiency and growth 

performance under high-starch diets and enhances carcass fatness regardless of starch 

level; however, it may negatively affect the nutritional quality of lamb meat by modifying 

its fatty acid composition. 

Keywords: carcass; dietary starch; lamb; microbial protein; nitrogen use efficiency; 

protected fat;  
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1.  CAPÍTULO I 

Referencial Teórico 

1.1. Introdução 

A intensificação dos sistemas de produção de ovinos tem imposto desafios 

crescentes relacionados à eficiência de utilização dos nutrientes, ao desempenho produtivo 

e à sustentabilidade dos sistemas, especialmente em regimes de confinamento. Nesse 

contexto, a formulação de dietas com elevada densidade energética assume papel central, 

uma vez que o suprimento adequado de energia é determinante para sustentar altas taxas 

de crescimento, eficiência alimentar e respostas zootécnicas consistentes. A eficiência 

nutricional, portanto, emerge como um eixo estratégico na ovinocultura intensiva moderna, 

exigindo arranjos dietéticos que maximizem o aproveitamento dos nutrientes sem 

comprometer a estabilidade metabólica e ruminal. 

Entre os nutrientes dietéticos, a energia fermentescível destaca-se como o principal 

fator regulador da atividade microbiana no rúmen e, consequentemente, do desempenho 

animal. Em sistemas intensivos, o amido constitui a principal fonte de energia dietética, 

sendo amplamente utilizado para atender à elevada demanda energética associada ao rápido 

crescimento e à intensificação da produção (Ma et al., 2022). No entanto, a elevada taxa 

fermentativa desses carboidratos impõe um desafio metabólico relevante: a redução do pH 

ruminal, que pode comprometer a estabilidade do ecossistema microbiano. Esse ambiente 

desfavorável promove uma assincronia entre a liberação de amônia oriunda da degradação 

ruminal da proteína e a disponibilidade de ATP para os microrganismos, reduzindo a 

eficiência da síntese de proteína microbiana no rúmen e refletindo negativamente sobre o 

consumo, a digestibilidade dos nutrientes e o desempenho animal (Seo et al., 2010; Chen 

et al., 2022; de Oliveira et al., 2025). 

Além de seus efeitos sobre a fermentação ruminal e a eficiência microbiana, dietas 

ricas em amido influenciam diretamente o metabolismo lipídico no rúmen. A instabilidade 

do ambiente ruminal altera as vias de biohidrogenação, modificando o fluxo de isômeros 

de ácido linoleico conjugado (CLA) e de ácidos graxos poli-insaturados (AGPI) para o 

duodeno, o que pode repercutir sobre o particionamento energético, a deposição de gordura 

nos tecidos e, consequentemente, sobre o perfil lipídico e a qualidade da carne (Toral et 

al., 2018; Van Le et al., 2019). Assim, embora o amido seja essencial para elevar a 
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densidade energética da dieta, sua utilização em níveis elevados demanda estratégias 

complementares que atenuem seus efeitos adversos sobre a estabilidade ruminal. 

Nesse cenário, a suplementação com sais de cálcio de ácidos graxos (SCAG) surge 

como uma alternativa tecnológica para aumentar o aporte energético da dieta sem 

intensificar o desafio fermentativo imposto pelo amido. Em condições adequadas, os 

SCAG contornam a biohidrogenação ruminal, permitindo o fornecimento de ácidos graxos 

de cadeia longa diretamente ao intestino delgado, contribuindo para o suprimento 

energético, o particionamento de nutrientes e a deposição lipídica nos tecidos corporais 

(Lashkari et al., 2020; Wang et al., 2020). Todavia, a eficácia dessa estratégia é 

estritamente dependente da homeostase ruminal. Sob condições de pH ácido (pH < 5,8), 

frequentemente associadas a dietas com elevado teor de amido, ocorre a dissociação 

precoce dos sais de cálcio, com liberação de ácidos graxos livres capazes de exercer 

toxicidade microbiana, comprometer a digestibilidade dos nutrientes e reduzir a 

previsibilidade das respostas produtivas (Frank et al., 2022; Shpirer et al., 2024). 

Além do aporte energético, a utilização de SCAG pode influenciar diretamente o 

particionamento de energia e a composição dos tecidos. Nesse contexto, a fonte lipídica 

empregada na produção dos SCAG torna-se relevante, uma vez que sais derivados de óleo 

de palma, caracterizados por maior proporção de ácidos graxos saturados, especialmente o 

ácido palmítico (C16:0), podem afetar de forma distinta a deposição de gordura, o perfil de 

ácidos graxos da carne e as características de carcaça, quando comparados a sais oriundos 

de fontes mais insaturadas. Dessa forma, a interação entre o nível de amido da dieta e a 

suplementação com SCAG, particularmente aqueles derivados de óleo de palma, assume 

importância não apenas para o desempenho produtivo, mas também para a qualidade do 

produto final. 

Nesse arranjo nutricional, o nitrogênio assume papel integrador. Estimativas 

indicam que entre 60% e 80% do nitrogênio ingerido por ruminantes é excretado, 

resultando em perdas econômicas e impactos ambientais relevantes, como emissões de 

amônia e lixiviação de nitratos (Hutchings et al., 2020; Plomaritou et al., 2025). 

Considerando que a síntese de proteína microbiana no rúmen responde por 

aproximadamente 50% a 80% da proteína metabolizável absorvida pelo animal (Lima et 

al., 2023; de Oliveira et al., 2025), a eficiência de utilização do nitrogênio passa a ser 

diretamente dependente da sincronia entre a oferta de energia fermentescível, 

principalmente na forma de amido, e a estabilidade ruminal necessária para a ação efetiva 

dos SCAG. Assim, ajustes no nível de amido e na suplementação lipídica têm potencial 
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para modular simultaneamente a fermentação ruminal, o aproveitamento energético e a 

eficiência de utilização do nitrogênio (Rodrigues et al., 2026; Scoresby et al., 2025). 

Apesar da relevância prática dessa interação nutricional, a literatura científica 

disponível permanece fragmentada, abordando predominantemente os efeitos isolados do 

nível de amido ou da suplementação com gordura protegida sobre variáveis específicas, 

como fermentação ruminal, consumo, desempenho animal ou qualidade dos produtos de 

origem animal (Costa et al., 2017; Orzuna-Orzuna et al., 2023). Persiste, portanto, uma 

lacuna relevante quanto à compreensão integrada dos efeitos interativos entre o nível de 

amido da dieta e a suplementação com SCAG, especialmente no que se refere às respostas 

conjuntas de consumo, digestibilidade, desempenho produtivo, eficiência de utilização do 

nitrogênio, características de carcaça e qualidade da carne. 

Dessa forma, o presente referencial teórico tem como objetivo integrar e 

sistematizar os conhecimentos atuais sobre (1.2) o metabolismo do amido em pequenos 

ruminantes, (1.3) o metabolismo e a aplicação dos lipídios protegidos, (1.4) as interações 

entre amido e sais de cálcio de ácidos graxos em dietas para pequenos ruminantes, e (1.5) 

o efeito do amido e da gordura protegida sobre características de carcaça e qualidade da 

carne de pequenos ruminantes. Essa abordagem fornece a base conceitual necessária para 

a compreensão dos mecanismos nutricionais e metabólicos avaliados nos capítulos 

subsequentes desta tese, os quais investigam, respectivamente, os efeitos dessa interação 

sobre o consumo, a digestibilidade, o desempenho e a eficiência de utilização do nitrogênio 

em cordeiros confinados, bem como sobre as características de carcaça e a qualidade da 

carne, com destaque para a utilização de SCAG derivados de óleo de palma. 

1.2.Metabolismo do amido em pequenos ruminantes: da ingestão ao aproveitamento 

energético 

Os carboidratos representam a fração quantitativamente predominante da matriz 

vegetal e constituem a principal fonte de energia para ruminantes. Sob a ótica nutricional, 

distingue-se entre os carboidratos estruturais, componentes da parede celular vegetal, como 

celulose e hemicelulose, e os carboidratos não fibrosos (CNF), que compreendem as 

reservas energéticas intracelulares e as frações solúveis, incluindo a pectina (Ponnampalam 

et al., 2024). Entre os CNF, o amido destaca-se pela elevada fermentabilidade ruminal e 

pelo expressivo potencial glicogênico pós-absortivo, desempenhando papel central no 

suporte ao desempenho produtivo em sistemas intensivos. Entretanto, o aumento da 

densidade energética da dieta por meio do amido impõe limites fisiológicos claros, uma 
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vez que seus efeitos positivos dependem da manutenção da estabilidade do ambiente 

ruminal.  

Quimicamente, o amido é constituído por α-glucanos organizados em duas frações 

estruturais distintas: amilose, de cadeia linear, e amilopectina, de cadeia altamente 

ramificada. Entre os cereais utilizados na alimentação de pequenos ruminantes, o milho 

(Zea mays L.) consolidou-se como a principal fonte de amido em dietas para ovinos 

(Valadares Filho et al., 2006). Todavia, o valor nutricional do amido não é determinado 

apenas pelo seu teor na matéria seca, mas sobretudo pela sua taxa e extensão de degradação 

ruminal. Embora milho e sorgo apresentem teores semelhantes de amido, próximos a 72% 

da matéria seca, o sorgo apresenta menor digestibilidade e menor velocidade de 

degradação, resultando em menor aproveitamento energético (Gao et al., 2022). Em 

contrapartida, fontes como trigo e cevada exibem taxas de degradação ruminal mais 

elevadas, variando entre 75% e 90%, o que promove maior disponibilidade imediata de 

substrato fermentescível (Ma et al., 2022; Shipandeni et al., 2023). 

A intensificação da fermentação ruminal associada ao aumento da disponibilidade 

de amido reflete-se em respostas produtivas e metabólicas que variam conforme o nível de 

inclusão e a fonte amilácea. Resultados sintetizados na Tabela 1 demonstram que dietas 

contendo amido em concentrações variando aproximadamente de 27,1% a 43,6% da 

matéria seca estão associadas ao aumento da fermentação ruminal e a melhorias no ganho 

médio diário e na conversão alimentar (Guo et al., 2021; Monjezi et al., 2022). Entretanto, 

à medida que o teor de amido se aproxima dos valores mais elevados desse intervalo, 

observam-se efeitos adversos sobre o consumo e, principalmente, sobre a digestibilidade 

da fração fibrosa. Em ovinos e caprinos alimentados com dietas contendo 42% de amido, 

Rodrigues et al. (2026) relataram redução significativa da digestibilidade da fibra em 

detergente neutro corrigida para cinzas e proteína (FDNcp), de 0,74 para 0,61, 

concomitantemente à redução do pH ruminal, evidenciando o impacto da intensificação 

fermentativa sobre o aproveitamento da fibra. 

No ambiente ruminal, a degradação do amido é conduzida predominantemente por 

bactérias amilolíticas (Zhang et al., 2019), resultando na produção de ácidos graxos de 

cadeia curta (AGCC), principalmente acetato, propionato e butirato, que constituem a 

principal fonte de energia metabolizável para o animal. O perfil de AGCC produzido varia 

de acordo com a fonte amilácea e exerce influência direta sobre o metabolismo energético. 

Dietas compostas por grãos de rápida degradação, como trigo e cevada, tendem a gerar 

proporções aproximadas de 55:35:10 (acetato:propionato:butirato), elevando a produção 
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de propionato, principal precursor da gliconeogênese hepática, enquanto dietas baseadas 

em milho moído grosso produzem perfil mais acetogênico, próximo de 65:25:10 (Ma et 

al., 2022; Zhang et al., 2022). Esse desvio do perfil fermentativo contribui para explicar os 

resultados observados por Monjezi et al. (2022), nos quais variações no teor de amido entre 

27,1% e 43,6% da matéria seca não alteraram o consumo de matéria seca, mas promoveram 

melhora no ganho médio diário e na conversão alimentar (Tabela 1). 

Além da produção de AGCC, a fermentação do amido fornece ATP para a 

microbiota ruminal, estimulando a síntese de proteína microbiana (Toral et al., 2018). 

Contudo, esse benefício energético está diretamente associado ao risco de ocorrência da 

acidose ruminal subaguda (SARA), condição caracterizada pela redução prolongada do pH 

ruminal para valores inferiores a 5,8–5,6 (Kleen et al., 2003; Abdela, 2016). Assim, dietas 

com alta proporção de amidos rapidamente degradáveis podem elevar a produção total de 

ácidos graxos voláteis (AGVs) e reduzir o pH ruminal para valores críticos, o que pode 

levar ao acúmulo transitório de ácido lático em situações de desequilíbrio fermentativo, 

como relatado em sistemas com elevada inclusão de trigo (Abdela, 2016; Guo et al., 2021; 

Shipandeni et al., 2023). No entanto, em condições de confinamento, o principal desafio 

metabólico é o acúmulo de AGVs e a manutenção do pH acima de 5,8 para preservar a 

microbiota fibrolítica. 

Clinicamente, a SARA manifesta-se por redução do consumo voluntário, diarreia, 

laminite e maior incidência de abscessos hepáticos (Kleen et al., 2003; Frank et al., 2022). 

Esses efeitos ajudam a interpretar os resultados contrastantes observados nos estudos 

compilados na Tabela 1, nos quais dietas com maior teor de amido aumentam o ganho 

médio diário e o consumo de matéria seca (Guo et al., 2021), mas podem comprometer a 

eficiência alimentar quando a digestibilidade da fibra é severamente reduzida, como 

observado em dietas contendo 42% de amido (Rodrigues et al., 2026). Embora ocorram 

adaptações fisiológicas e microbianas, como aumento da área das papilas ruminais e maior 

participação de bactérias amilolíticas do gênero Prevotella, tais mecanismos não conferem 

proteção completa contra a SARA quando o manejo dietético é inadequado (Farenzena et 

al., 2017; Guo et al., 2021). 

Paralelamente, a fração do amido que escapa da degradação ruminal, denominada 

amido de escape, é digerida no intestino delgado, fornecendo glicose de absorção direta 

(Urrutia et al., 2020). Evidências experimentais indicam que a modulação da fonte 

amilácea pode influenciar esse equilíbrio, como demonstrado por Zhang et al. (2022), que 

observaram melhora da fermentação ruminal com a substituição de 33% do amido de milho 
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por amido de cevada, sem alteração no consumo de matéria seca (Tabela 1). Isso ocorre, 

devido à melhora na fermentação ruminal observada com a substituição parcial do amido 

de milho por amido de cevada, que pode ser atribuída à maior taxa de degradação ruminal 

da cevada, que proporciona uma melhor sincronia entre a disponibilidade de energia 

fermentescível e o nitrogênio degradável no rúmen (Huntington, 1997; Offner; Bach; 

Sauvant, 2003). Essa sincronia otimiza a síntese de proteína microbiana e a produção de 

ácidos graxos voláteis, especialmente o propionato, aumentando o aporte energético para 

o animal sem a necessidade de elevar o consumo de matéria seca. 

Dessa forma, o aproveitamento eficiente do amido em pequenos ruminantes 

depende da adoção de estratégias integradas de nutrição de precisão, que envolve a escolha 

da fonte amilácea, o nível de inclusão e o processamento físico dos grãos. O milho, por 

apresentar taxa de degradação moderada, ou a combinação de fontes com diferentes 

velocidades fermentativas constitui estratégia fundamental para mitigar riscos metabólicos 

(Pittaluga et al., 2022). O processamento físico deve ser ajustado criteriosamente, sendo 

essencial para elevar a digestibilidade do sorgo, mas potencialmente deletério quando 

acelera excessivamente a fermentação de grãos como trigo e cevada (Gao et al., 2022; 

Shipandeni et al., 2023). O uso de aditivos moduladores em conjunto com práticas 

adequadas de manejo alimentar, como adaptação gradual às dietas e fracionamento das 

refeições, complementa esse conjunto de estratégias (Zhang et al., 2024). 

Em síntese, o metabolismo do amido em pequenos ruminantes evidencia que 

respostas produtivas positivas ocorrem em uma faixa relativamente ampla de inclusão, 

entre 27,1% e 43,6% da matéria seca, porém com custos metabólicos crescentes à medida 

que o teor de amido se aproxima de níveis mais elevados.  
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Tabela 1. Principais estudos avaliando o efeito de níveis de amido sobre parâmetros 

nutricionais e produtivos em pequenos ruminantes 

1Sais de cálcio de ácidos graxos da palma, 2Amido degradável no rúmen, AM: amido de milho; AC: amido de 

cevada; AA: alto amido; MA: médio amido; BA: baixo amido; CMS: consumo de matéria seca; MS: matéria 

seca. 

 

 

Referência 
Espécie

/ Raça 
Tratamentos/ Dietas Efeito/ Conclusão 

(Rodrigues et 

al., 2026) 

Ovino 

Dorper / 

Caprino 

Boer 

22% amido; 42% amido; 22% 

amido + 3% SCAGP; 42% amido 

+ 3% SCAGP 

O nível de amido na dieta influenciou a 

ingestão de fibra em detergente neutro. 

Animais alimentados com dietas contendo 

42% de amido passaram mais tempo se 

alimentando e ruminando do que com 

dietas contendo 22% de amido. O aumento 

da concentração de amido na dieta 

intensifica a fermentação ruminal e reduz a 

digestibilidade da fibra. 

 

(Guo et al., 

2021) 

Ovino 

Suffolk 

Fontes de Fibra: Polpa de 

beterraba (BP) vs. Casca de soja 

(SH). • Níveis de Amido: Baixo 

(22%), Médio (25%) e Alto 

(27%). • Arranjo: Fatorial 2x3 (6 

tratamentos no total). 

Para a dieta alto amido, o consumo de 

matéria seca e o ganho médio diário 

aumentaram. A concentração de NH₃ - N 

no fluido ruminal foi maior em ovelhas 

alimentadas com a dieta de silagem de 

alfafa do que com a dieta de feno de alfafa, 

e maior na dieta de alto amido em relação à 

dieta de baixo amido.  

 

(Zhang et al., 

2022) 

Ovino  

Hu 

100% amido de milho; 67% AM + 

33% AC; 33% AM + 67% AC; 

100% amido de cevada 

A substituição de 33% do amido de milho 

por amido de cevada melhorou a 

fermentação ruminal. Não houve diferença 

no consumo de matéria seca entre os 

tratamentos. 

 

(Monjezi et al., 

2022) 

Ovino 

Árabe 

Alto amido (43,6% MS); médio 

amido (35,4% MS); baixo amido 

(27,1% MS) 

Variações no teor de amido (27,1% a 

43,6% MS) não influenciaram o consumo 

de matéria seca. Houve melhora no ganho 

total, ganho médio diário e conversão 

alimentar. 

 

(Lunesu et al., 

2021) 

Ovino 

Sarda / 

Caprino 

Saanen 

Dieta com alto teor de amido (20% 

MS) vs. dieta com baixo teor de 

amido (7,8% MS) 

Em cabras, a dieta com 20% de amido 

favoreceu a produção de leite; em ovelhas, 

favoreceu o acúmulo de reservas corporais. 

A substituição parcial do amido por fibra de 

alta digestibilidade aumentou a partição de 

energia para produção de leite nas ovelhas. 
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1.3.Metabolismo e aplicação dos lipídios protegidos em pequenos ruminantes 

A suplementação lipídica em dietas para ovinos visa, primordialmente, elevar a 

densidade energética da ração. No entanto, essa estratégia encontra uma barreira fisiológica 

determinante: o fornecimento de lipídios convencionais em níveis superiores a 5% da 

matéria seca (MS) exerce efeito tóxico sobre a microbiota ruminal, inibindo 

predominantemente as bactérias celulolíticas e comprometendo o consumo de MS (Gümüş 

et al., 2022). Diante desse impasse, as tecnologias de proteção ruminal, como os Sais de 

Cálcio de Ácidos Graxos (SCAG), consolidaram-se como a alternativa mais difundida para 

permitir o bypass da biohidrogenação (Bulcão et al., 2021). 

A relevância funcional desta tecnologia reside na sua proteção seletiva dependente 

de pH: os complexos permanecem inertes no ambiente ruminal, dissociando-se apenas no 

meio ácido do abomaso para posterior absorção intestinal (Lashkari et al., 2020). A 

relevância funcional da gordura protegida reside na sua proteção seletiva dependente de 

pH: os complexos permanecem estáveis no ambiente ruminal (pH > 6,0), mas iniciam sua 

dissociação à medida que o pH declina para valores inferiores a 5,5. A liberação completa 

dos ácidos graxos ocorre no ambiente altamente ácido do abomaso (pH 2,0 a 3,0), onde a 

alta concentração de íons de hidrogênio promove a quebra das ligações entre o cálcio e os 

grupos carboxila dos ácidos graxos, permitindo sua posterior absorção no intestino delgado 

(Jenkins, 1993). 

Todavia, a eficiência desse processo depende da estabilidade do ambiente 

fermentativo. Em dietas com alta densidade energética, a interação entre carboidratos e 

lipídios torna-se complexa; Rodrigues et al. (2026) demonstraram que caprinos e ovinos 

apresentam ajustes distintos no metabolismo pós-ruminal ao integrarem a energia derivada 

do amido (22% vs. 42%) com o suprimento de 3% de SCAG, evidenciando respostas 

espécie-específicas na cinética digestiva (Tabela 2). 

O mecanismo de ação dos SCAG é, primariamente, indireto e substitutivo. Ao 

permitirem a redução da carga de carboidratos de rápida fermentação, contribuem para a 

estabilização do pH (Shpirer et al., 2024). Evidências experimentais compiladas na Tabela 

2 corroboram que, em níveis adequados, os SCAG mantêm a homeostase ruminal. 

Simionatto et al. (2024), ao testarem a inclusão de gordura protegida (GP) em níveis de 

2%, 4% e 6% da MS, não observaram alterações na ingestão de nutrientes ou no pH 

ruminal, embora tenham relatado aumento na concentração de nitrogênio amoniacal. De 

forma análoga, Behan et al. (2019) demonstraram que a inclusão de aproximadamente 5% 

de gordura granulada, ou GP, não afetou o consumo e a digestibilidade de MS, MO e 
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frações fibrosas (FDN e FDA), reforçando a característica inerte desses compostos frente 

à microbiota fibrolítica. 

A resposta produtiva à suplementação é expressiva em sistemas intensivos. A 

inclusão de 3,5% de SCAG na dieta de cordeiros confinados resultou em aumento no peso 

de abate e rendimento de carcaça, além de melhoria no acabamento (Alba et al., 2021). No 

metabolismo sistêmico, a GP (3% da MS) tendeu a elevar o ganho médio diário (GMD) e 

incrementou as concentrações sanguíneas de glicose e colesterol (Kandi et al., 2020). Em 

fêmeas lactantes, os benefícios estendem-se à persistência e qualidade do produto: a 

inclusão de 2% de GP promoveu melhora na condição corporal, enquanto o nível de 6% 

elevou a produção e o teor de gordura do leite em ovelhas Lacaune (Bianchi et al., 2018; 

Tabela 2). 

Conforme evidenciado pelos estudos sumarizados na Tabela 2, a utilização de 

gordura protegida via sais de cálcio contorna as limitações biológicas da suplementação 

lipídica convencional. A manutenção da estabilidade ruminal, aliada ao aumento do fluxo 

de energia pós-ruminal, consolida essa tecnologia como uma ferramenta eficaz para a 

maximização do desempenho em sistemas intensivos de produção de pequenos ruminantes. 

 

Tabela 1. Síntese de estudos experimentais sobre a suplementação com sais de cálcio de ácidos 

graxos e fontes lipídicas em pequenos ruminantes. 

Referência 
Espécie/ 

Raça 
Tratamentos/ Dietas Efeito/ Conclusão 

(Rodrigues et al., 

2026) 

Ovino 

Dorper / 

Caprino 

Boer 

22% amido; 42% amido; 

22% amido + 3% SCAGP; 

42% amido + 3% SCAGP 

A suplementação com SCAGP e a espécie revelaram 

ajustes distintos na fermentação ruminal e no 

metabolismo pós-ruminal, indicando que caprinos e 

ovinos diferem não apenas na cinética digestiva, mas 

também na forma como integram a energia derivada do 

amido com o suprimento de lipídios. 

 

(Simionatto et al., 

2024) 
SRD 

Dieta controle sem GP; 

inclusão de GP a 2%, 4% e 

6% da MS 

A adição de SCAGP não afetou a ingestão de nutrientes, 

digestibilidade, balanço de nitrogênio ou pH ruminal, 

mas aumentou a concentração de nitrogênio amoniacal. 

Recomenda-se a inclusão de até 6% de GP na MS. 

 

(Alba et al., 2021) 

Ovino 

Dorper 

x Santa 

Inês 

Sem adição de gordura; soja 

integral; SCAG (3,5% da 

MS); óleo de soja; gérmen 

de milho 

A inclusão de 3,5% de SCAG na dieta total de cordeiros 

confinados aumentou o peso de abate, o peso e o 

rendimento da carcaça, além de melhorar a conformação 

e o acabamento. 

 

(Kandi et al., 2020) 

Ovino 

Farahan

i 

Dietas com diferentes níveis 

de PB (18% e 21%), com ou 

sem GP (3% da MS) 

A suplementação com GP tendeu a aumentar o GMD e 

elevou as concentrações sanguíneas de glicose e 

colesterol. Não houve influência sobre o CMS. 
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(Behan et al., 2019) 
Ovino 

Dorper 

Dieta basal sem GP 

(controle); gordura 

granulada (~5% da MS); 

gordura + lecitina; GP 

Os consumos e digestibilidades de MS, MO, PB, FDN e 

FDA não foram afetados. CMS e relação ganho/ração 

também não apresentaram diferenças entre os 

tratamentos. 

 

(Bianchi et al., 2018) 
Ovino 

Lacaune 

Inclusão de 2%, 4% e 6% de 

GP na MS 

A adição de 2% de GP promoveu ganho de peso e 

melhoria da condição corporal. A inclusão de 6% 

aumentou a produção e o teor de gordura do leite. 

 

SRD: sem raça definida; GP: gordura protegida; SCAGP: sais de cálcio de ácidos graxos da palma; GMD: ganho médio 

diário; CMS: consumo de matéria seca; IFDN: ingestão de fibra em detergente neutro; MS: matéria seca; MO: matéria 

orgânica; PB: proteína bruta; FDN: fibra em detergente neutro; FDA: fibra em detergente ácido, GP: gordura protegida. 

 

1.4.Interação entre amido e lipídios protegidos em dietas para pequenos ruminantes 

A interação entre carboidratos não fibrosos (CNF), como o amido, e lipídios 

protegidos na forma de sais de cálcio de ácidos graxos (SCAG) constitui um eixo central 

na modulação do metabolismo ruminal e na eficiência energética de dietas para ovinos de 

alto desempenho (Ferraretto et al., 2013). Mais do que uma simples soma nutricional, essa 

relação pode gerar efeitos sinérgicos ou antagônicos, dependendo do equilíbrio dietético e 

da resposta do ecossistema ruminal. 

Sob a perspectiva bioquímica, parte do NADH gerado na fermentação do amido 

pode ser desviada da rota típica de biohidrogenação pela presença de SCAG, favorecendo 

maior fluxo de ácidos graxos poli-insaturados (AGPI) para o trato pós-ruminal (Lashkari 

et al., 2020; Toral et al., 2018). Conforme evidenciado na Tabela 3, essa associação 

promoveu incremento de até 15% na passagem de AGPI para o intestino. Além disso, 

respostas metabólicas variam entre espécies: caprinos apresentaram maior turnover lipídico 

e níveis plasmáticos de triglicerídeos superiores aos dos ovinos (Rodrigues et al., 2026), 

conforme apresentado na Tabela 3. 

No nível fermentativo, os SCAG atuam como moduladores da fermentação 

amilolítica através de mecanismos de substituição e diluição. Por serem fontes densas e 

não fermentescíveis, reduzem a carga fermentativa e a taxa de acumulação de ácidos 

orgânicos. Níveis de amido considerados moderados (aprox. 25% da MS) favorecem a 

produção de propionato sem comprometer severamente o pH ruminal, o que, em sinergia 

com os SCAG (~30 g/kg MS), resultou em redução de até 12% na emissão de metano 

entérico. Em condições de equilíbrio, essa sinergia potencializou o desempenho: o uso de 

concentrado associado a SCAG elevou o ganho médio diário de 200 g/dia para 230 g/dia 
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(Nobre et al., 2016), conforme mostrado na Tabela 3, enquanto o amido isolado aumentou 

em até 50 g/dia, embora com maior risco de acidose (Tabela 4). 

Entretanto, a eficácia dos SCAG depende da homeostase ruminal. Em ambientes 

com pH < 5,8, sua estabilidade é comprometida, reduzindo a eficácia em cerca de 20% 

devido à dissociação precoce, como evidenciado na Tabela 3 (Lashkari et al., 2020). Uma 

vez dissociados, os ácidos graxos livres podem recobrir fisicamente partículas e exercer 

toxicidade sobre a microbiota fibrolítica. Além disso, níveis elevados de suplementação 

podem dificultar a fermentação do amido ao limitar o acesso enzimático ao substrato. 

Diferentemente dos óleos vegetais livres, que podem recobrir fisicamente as 

partículas de fibra e exercer toxicidade direta sobre a microbiota fibrolítica devido ao seu 

alto teor de ácidos graxos poli-insaturados, a utilização de sais de cálcio de ácidos graxos 

de palma (SCAGP) minimiza esses efeitos. Por serem predominantemente saturados e 

apresentarem-se na forma de sabões insolúveis no pH ruminal, os SCAGP permanecem 

inertes, evitando a inibição da digestão da fibra e permitindo o aumento da densidade 

energética da dieta sem prejuízos fermentativos (Santos et al., 2020) 

Portanto, a otimização metabólica requer o balanceamento dos níveis de amido e 

SCAG em associação à fração fibrosa da dieta. Conforme sintetizado na Tabela 4, essa 

interação promove ganhos produtivos e enriquecimento lipídico, como o aumento de 18% 

no CLA, garantindo que os pilares energéticos atuem de forma convergente e não em 

desbalanço metabólico (Huntington, 1997; Owens et al., 1998). 

 

Tabela 2. Interações Amido + SCAGP 

Referência Variável Resultados principais 

(Rodrigues et al., 2026) Parâmetros sanguíneos 

Caprinos apresentam maior turnover 

lipídico e níveis plasmáticos de 

triglicerídeos do que ovinos. 

 

(Lashkari et al., 2020) Estabilidade dos SCAG 

Comprometida em pH < 5,8; eficácia 

reduzida em 20%. 

 

(Toral et al., 2018) Passagem de PUFA 

↑ em 15% para intestino com 
SCAGP + amido 

 

(NOBRE et al., 2016) Ganho de peso 
↑ de 200 g/dia para 230 g/dia com 
concentrado + SCAGP 

 

 



25 
 

 

Tabela 3. Síntese Integrativa 

Nutriente Benefícios Riscos/limitações Estratégia prática 

Amido 

↑ Ganho de peso em até 50 g/dia; 
propionato ↑ 7%; pH pode cair para 
5,7. 

Acidose, redução 

da diversidade 

microbiana. 

Uso moderado + correção da fibra 

SCAGP 
↑ Ganho de peso em 30 g/dia; CLA ↑ 
18%; metano ↓ 12%. 

Estabilidade 

comprometida 

em pH baixo; 

custo. 

Inclusão controlada (~30 g/kg 

MS) 

Amido + 

SCAGP 

↑ PUFA em 15%; ↑ ganho de peso em 
30 g/dia. 

Acidose pode 

reduzir a eficácia 

dos SCAGP. 

Balancear níveis de amido e 

SCAGP + fibra 

 

1.5. Efeito do amido e da gordura protegida sobre características de carcaça e qualidade 

da carne de pequenos ruminantes 

A manipulação da dieta de ruminantes em terminação é uma estratégia central para 

melhorar tanto o desempenho produtivo quanto o valor nutricional da carne. Entre os 

recursos mais estudados estão o uso de gordura protegida no rúmen (sabão de cálcio de 

ácidos graxos), a substituição parcial de amido por fontes alternativas de energia e a 

inclusão de aditivos funcionais como probióticos ou colina protegida. Os estudos recentes 

analisados nesta revisão permitem distinguir claramente os efeitos sobre carcaça e sobre 

qualidade da carne, conforme sintetizado na Tabela 5. 

O encapsulamento de cevada e farelo de soja com sabão de cálcio de óleo de 

girassol (Karimi et al., 2022) demonstrou reduzir a degradabilidade ruminal e aumentar a 

digestibilidade pós-ruminal, sem alterar desempenho ou características de carcaça. Esse 

resultado confirma que tecnologias de proteção lipídica podem ser aplicadas a carboidratos 

e proteínas sem comprometer parâmetros produtivos. 

De forma semelhante, a suplementação materna com sais de cálcio de óleo de palma 

(Brochini et al., 2022) não prejudicou o desempenho ou a carcaça da progênie, mas 

promoveu alterações metabólicas de longo prazo, resultando em carne com perfil lipídico 

otimizado, caracterizado pela redução proporcional de ácidos graxos saturados e pelo 

enriquecimento em CLA. Esse achado reforça que a dieta materna influencia a composição 

da carne dos descendentes. 

Já dietas ricas em forragem e óleo, com baixo amido (Jerónimo et al., 2026), 

mantiveram o ganho de peso e características de carcaça, mas foram menos eficientes em 

conversão alimentar e aumentaram a gordura perirrenal. Apesar do custo alimentar mais 

elevado, o perfil lipídico da carne foi superior, com maiores níveis de CLA e ômega-3. 
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A suplementação conjunta de gordura protegida e colina protegida (Liu et al., 2025) 

mostrou que a colina atua como modulador metabólico, revertendo efeitos adversos da 

gordura isolada (como o aumento de ácidos graxos trans e redução do consumo). O 

resultado foi uma carne com perfil lipídico mais saudável (↑ C16:1, ↓ C18:2n-6t) e sem 

prejuízo de desempenho ou carcaça. 

A associação de Clostridium butyricum com gordura protegida (Zang et al., 2024) 

evidenciou um efeito sinérgico: o probiótico reduziu a oxidação lipídica e aumentou a 

maciez, neutralizando o efeito pró-oxidante da gordura protegida. A carne resultante 

apresentou maior marmoreio, mais CLA e AGMI, além de maior vida de prateleira. 

Os estudos analisados demonstram que a gordura protegida é eficaz para enriquecer 

a carne com ácidos graxos insaturados e CLA, mas pode resultar em efeitos adversos 

(oxidação, redução do consumo). Esses efeitos podem ser mitigados por aditivos funcionais 

(colina, probióticos), que modulam o metabolismo hepático ou aumentam a capacidade 

antioxidante do músculo. 

Em relação às características de carcaça, as tecnologias de encapsulamento e a 

substituição parcial do amido demonstraram-se seguras, preservando o rendimento e a 

conformação dos cordeiros. O nível de amido dietético atua como o principal indutor da 

deposição de tecidos, uma vez que o maior fluxo de propionato ruminal estimula a secreção 

de insulina, criando um ambiente anabólico que favorece tanto a hipertrofia muscular 

quanto a deposição de gordura cavitária e subcutânea (Lima et al., 2002). A relevância da 

interação entre o amido e a gordura protegida reside na sinergia metabólica, onde o amido 

provê o suporte energético necessário para a deposição dos ácidos graxos provenientes da 

suplementação lipídica. Complementarmente, do ponto de vista da qualidade da carne, a 

associação de gordura protegida com antioxidantes dietéticos permite a modulação do 

perfil lipídico para um produto mais saudável e funcional, sem comprometer a estabilidade 

oxidativa e a vida de prateleira (Jerónimo et al., 2010). 
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Tabela 4. Principais resultados dos estudos sobre amido e gordura protegida em 

ruminantes. 

 

 

 

 

 

 

 

 

 

 

Referências Espécies Tratamento 
Principais Resultados 

Karimi et al., 2022 Cabritos Mahabadi 
Encapsulação de cevada e 

soja com SCAG 

↓ degradabilidade ruminal; ↑ 

digestibilidade pós-ruminal; 

desempenho e carcaça inalterados; ↑ 

proteína plasmática 

Brochini et al., 2022 Ovelhas (progênie) 
Suplementação materna 

com Ca-PO 

↑ CLA e AG insaturados na carne da 

progênie; ↓ AG saturados; carne mais 

funcional sem prejuízo sensorial. 

Liu et al., 2025 Cordeiros 
Gordura protegida isolada 

vs. + colina protegida 

Colina ↑ consumo; ↓ ácidos graxos 

trans; ↑ C16:1; perfil lipídico mais 

saudável; carcaça inalterada. 

Zang et al., 2024 Cabras 
Gordura protegida ± 

Clostridium butyricum 

GPR ↑ marmoreio e CLA mas ↑ 

oxidação; CB ↑ maciez; carne mais 

macia, mais CLA, maior vida útil. 

Jerónimo et al., 2026 
Cordeiros Merino 

Branco 

Dieta alta forragem, baixo 

amido, + óleo de soja. 

Desempenho mantido; ↑ gordura 

perirrenal; carne com perfil lipídico 

superior (↑ CLA, ↑ ômega-3, ↑ ácido 

vacênico, ↓ risco de t10-shift); qualidade 

sensorial preservada; custo alimentar ↑ 

13%. 
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2. OBJETIVOS 

 

2.1.Objetivo geral: 

Avaliar os efeitos interativos entre concentrações de amido dietético (220 vs. 420 

g/kg de MS) e a suplementação com sais de cálcio de ácidos graxos de palma (SCAGP; 0 

vs. 30 g/kg de MS) sobre a eficiência metabólica, o desempenho produtivo, o perfil de 

ácidos graxos do músculo Longissimus dorsi e a excreção de nitrogênio em cordeiros 

terminados em confinamento. 

 

2.2.Objetivos específicos: 

1. Investigar o impacto da interação amido × SCAGP sobre o consumo e a 

digestibilidade aparente dos nutrientes. 

2. Analisar o metabolismo de nitrogênio (N), incluindo a síntese de proteína 

microbial, a eficiência de retenção de nitrogênio e a excreção de N urinário. 

3. Avaliar as alterações no comportamento ingestivo (alimentação, ruminação e ócio) 

e na eficiência de mastigação causadas pelos níveis de amido e pela gordura 

protegida. 

4. Monitorar os perfis de metabólitos séricos e de enzimas hepáticas para verificar a 

saúde metabólica e a função hepática sob a influência dessas dietas. 

5. Determinar o desempenho de crescimento (ganho médio diário e eficiência 

alimentar) em função da disponibilidade de substrato fermentável e da 

suplementação lipídica. 

6. Avaliar as características quantitativas da carcaça, como rendimentos, composição 

dos cortes comerciais e os padrões de deposição de gordura (perirrenal, renal e 

subcutânea). 

7. Examinar os parâmetros físico-químicos post-mortem da carcaça, incluindo a 

dinâmica de resfriamento (temperatura), as perdas por frio e a evolução do pH. 

8. Determinar o perfil de ácidos graxos do músculo Longissimus dorsi, com ênfase na 

proporção de ácidos graxos saturados (SFA), monoinsaturados (MUFA), poli-

insaturados (PUFA) e isômeros de ácido linoleico conjugado (CLA). 
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ABSTRACT 

This study evaluated the interaction between dietary starch concentration and calcium 

salts of palm fatty acids (CSPFA) on nutrient intake, digestibility, nitrogen (N) metabolism, 

ingestive behavior, serum and liver metabolite profiles, and growth performance in feedlot 

lambs. Thirty-two Dorper × Santa Inês lambs (25.0 ± 2.85 kg) were distributed in a 

completely randomized 2 × 2 factorial design. The treatments consisted of two starch levels 

(low: 220 g/kg DM or high: 420 g/kg DM) and two lipid supplementations (0 or 30 g/kg 

DM of CSPFA). A starch × CSPFA interaction was detected for intake, N metabolism (P 

< 0.05), and performance (P <0.05). In low-starch diets, CSPFA reduced starch intake (P 

< 0.001) due to dietary dilution rather than physiological satiety, as the total dry matter 

intake remained unaffected. Consequently, CSPFA failed to improve N retained or growth 

in an energy-limited environment. Conversely, in high-starch diets, CSPFA maintained 

fiber digestibility, reduced serum urea by 43% (P = 0.005), increased microbial N flow by 

29% (P = 0.007), and improved N retained by 22% (P = 0.021). The systemic markers 

(AST, ALT, and lipid profiles) were unchanged. As a result, CSPFA increased average 

daily gain (+35%, P < 0.015) and feed efficiency (+22%, P < 0.018) exclusively in lambs 

fed the high-starch diet. The metabolic efficacy of CSPFA depends on the substrate. 

Supplementing high-starch diets with CSPFA enhanced nitrogen retention, average daily 

gain, and feed efficiency in feedlot lambs. Conversely, no performance benefits were noted 

with CSPFA supplementation in low-starch diets, highlighting a significant interaction 

between CSPFA and dietary starch level. 

Keywords: Microbial protein; Nitrogen retention efficiency; Protected fat; Rumen 

synchrony 
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Implications 

These findings demonstrate a clear interaction of starch × CSPFA in feedlot lambs. 

CSPFA increased nitrogen retention, microbial N supply, and growth only under high-

starch conditions, acting as a context-dependent modulator of ruminal fermentation rather 

than a general energy source. Strategically applying CSPFA to high-starch finishing diets 

can improve nitrogen-use efficiency and reduce urinary nitrogen losses—key contributors 

to ammonia emissions—without impairing hepatic or renal function. In contrast, CSPFA 

offers minimal metabolic or performance benefits in low-starch diets. Overall, the results 

provide a mechanistic basis for more targeted use of protected fats to align fermentable 

energy, microbial growth, and nitrogen efficiency in small ruminants. 

 

3.1. Introduction  

Improving nitrogen-use efficiency (NUE) in ruminant production systems has 

become a vital priority, as recent assessments have shown that ruminants lose 60–80% of 

the nitrogen they consume through urine and feces. This loss significantly contributes to 

ammonia emissions, nitrate leaching, and the buildup of reactive nitrogen within the 

nitrogen cascade (Hutchings et al., 2020; Plomaritou et al 2025). Modern analyses have 

demonstrated that relatively small shifts in diet formulation lead to proportional changes in 

nitrogen intake, utilization efficiency, and excretion (Rodrigues et al., 2026; Scoresby et 

al., 2025). Since microbial protein synthesis (MPS) provides 50–80% of the metabolizable 

protein available to ruminants (Lima et al., 2023; de Oliveira et al., 2025), optimizing 

rumen fermentation is essential for reducing nitrogen losses and enhancing overall animal 

efficiency. 

High-starch diets are commonly used in feedlot lambs to provide rapidly 

fermentable energy (Ma et al., 2022; Zebeli et al., 2012). The increased fermentability of 

these diets reduces fiber digestion, destabilizes rumen pH, and disrupts the synchronization 

between ammonia release and microbial ATP availability (Ma et al., 2022). Asynchrony 

between nitrogen and carbohydrate release can reduce microbial protein synthesis by 11–
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20% and increase nitrogen loss (Chen et al., 2022; Ren et al., 2022). When ammonia 

accumulates beyond the microbial assimilation capacity, postprandial peaks elevate hepatic 

ureagenesis and urinary N excretion (de Oliveira et al., 2025; Seo et al., 2010), contributing 

to low NUE and increasing the environmental footprint of feedlot systems. 

Lipid supplementation has been proposed as a strategy to modulate rumen 

fermentation, partially suppress protozoal populations, and enhance the microbial amino 

acid supply, particularly when rumen-protected or unsaturated lipids are used (Dewanckele 

et al., 2020; Sears et al., 2024). In high-starch diets, sunflower oil increased microbial N 

flow by approximately 34% and enhanced urea-N recycling while reducing urinary N 

output (Doranalli and Mutsvangwa, 2011). However, these benefits are highly dependent 

on diet; in low-starch diets, limited fermentable energy restricts microbial ATP production, 

and lipids, especially unsaturated forms, can depress fiber digestion and microbial 

efficiency (Palmquist and Jenkins, 1980; WACHIRA et al., 2000). 

Despite extensive research on lipid–rumen interactions, it remains unknown 

whether the metabolic efficacy of rumen-protected fats, specifically calcium salts of palm 

fatty acids (CSPFA), directly depends on dietary starch concentration. This uncertainty 

persists because mechanistic models predict that improvements in MPS and NUE occur 

only when fermentable starch supplies sufficient energy to support enhanced urea 

assimilation (Jenkins, 1993; Zhang et al., 2024). Consequently, it remains unclear whether 

CSPFA functions primarily as an energy-dense nutrient or as a conditional modulator of 

rumen fermentation that requires a high-starch context. 

We hypothesized that CSPFA would enhance microbial nitrogen capture, urea-N 

recycling, and nitrogen retained only when fermentable energy availability is increased, 

thereby increasing metabolizable amino acid flow and improving growth performance. 

Therefore, this study aimed to evaluate the effects of dietary starch concentration and 
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CSPFA supplementation on nutrient intake, digestibility, nitrogen balance, and growth 

performance in feedlot lambs. A primary objective was to determine whether the efficacy 

of CSPFA is dependent on the dietary concentration of fermentable starch. 

3.2. Materials and Methods  

3.2.1. Ethical approval 

All procedures involving animals complied with Brazilian legislation on the ethical 

use of animals in research (Law No. 11.794, October 8, 2008). The experimental protocol 

was reviewed and approved by the Ethics Committee on Animal Use of the State University 

of Santa Cruz (UESC), Ilhéus, Bahia, Brazil (protocol number 008/2025). 

3.2.2. Animals, housing, and management 

The experiment was conducted at the Laboratory for Research in Nutrition and 

Feeding of Ruminants at UESC, Ilhéus, Bahia, Brazil. The experimental facility comprised 

a covered barn (ceiling height 3.5 m) equipped with lateral curtains, natural and artificial 

lighting, and 40 individual pens (1.20 × 0.80 m) each fitted with suspended wooden slatted 

floors, individual feed bunks, and 5-L water buckets. During the experimental period, the 

ambient temperature ranged from 23 to 29 °C and the relative humidity from 70% to 86%, 

which is characteristic of a humid tropical climate (Köppen Af classification). 

Thirty-two castrated Dorper × Santa Inês male lambs (approximately 120 ± 5 days 

old; 25.0 ± 2.85 kg initial body weight) were used in this study. Upon arrival, animals were 

identified, dewormed using Albendathor Oral 10% (albendazole 10%; Tortuga Companhia 

Zootécnica Agrária, Brazil) at 0.75–1.0 mL per 20 kg BW administered orally with a 

drenching gun, and vaccinated against clostridial diseases using Sintoxan Polivalente T 

(Merial Saúde Animal Ltda., Paulínia, Brazil), following the manufacturer’s 

recommendations. 

The animals were then subjected to a 15-day adaptation period. During this period 

and throughout the 44-day feeding trial, diets were offered twice a day (07:30 and 14:00 h) 

to allow for ad libitum intake. The initial amount of feed offered was calculated to be 2.5% 

of the lambs' body weight. Thereafter, the daily feed offered was adjusted for each lamb to 

ensure that refusals were approximately 10% of the as-fed amount, guaranteeing 

unrestricted access to feed. At the end of the adaptation phase, the lambs underwent a 12-
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h solid-feed withdrawal and were weighed to determine the initial body weight for the 

experimental period. After weighing, the lambs were randomly assigned to treatments 

using a completely randomized design.  

3.2.3. Dietary Treatments and Feeding Management 

The experiment followed a completely randomized design in a 2 × 2 factorial 

arrangement, testing two starch levels (220 or 420 g/kg DM) and the inclusion (30 g/kg 

DM) or absence of calcium salts of palm fatty acids (CSPFA; Nutri Gordura Lac, Nutricorp 

Inc., Araras, SP, Brazil). Diets were formulated according to the recommendations of BR-

Caprinos and Ovinos (Pereira et al., 2024), using a target average daily gain of 200 

g/animal/day as a reference for nutrient adequacy. 

Corn silage served as the roughage source, and the concentrate was composed of 

ground corn, soybean meal, soybean hulls, urea, limestone, and mineral salt (Table 1).  

 

Table 1. Ingredients and chemical composition of experimental diets containing low or high 

starch (S) levels and with or without calcium salts of palm fatty acids (CSPFA; g/kg). 

Item Low-S + CSPFA Low-S High-S + CSPFA High-S 

Ingredients g/kg 

Corn silage 400 400 400 400 

Ground corn 190.4 187.3 485 483.2 

Soy hull 322.6 314.1 0 12.7 

Soybean meal 32.1 74.6 60.2 74.6 

Urea 9.9 3 10 7 

Limestone 6.5 12 9.7 14 

Mineral mixture1 8.5 9 5.1 8.5 

CSPFA2 30 0 30 0 

Chemical composition g/kg 

Dry matter (as-fed basis) 663.3 662.2 664.8 653.8 

Organic matter 961.1 955.5 961.9 953.5 

Ether extract 54.45 22.23 60.4 36.5 

Crude protein 135 135 135 136.1 

Neutral detergent fiber 466 474 323.4 330.5 

Starch 220 220 420 420 

Residual organic matter 85.7 104.3 23.2 30.4 

Metabolizable energy (MJ/kg DM)3 11.9 11.3 12.4 11.8 

Fatty acid profile, mg/100g DM     

Caprylic (C8:0) 0.03 0.03 0.03 0.03 
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Capric (C10:0) 0.15 0.15 0.15 0.15 

Lauric (C12:0) 0.30 0.31 0.30 0.31 

Myristic (C14:0) 1.99 1.81 1.78 1.62 

Palmitic (C16:0) 15.08 14.50 15.34 15.14 

Stearic (C18:0) 4.39 4.71 4.38 4.69 

Palmitoleic (C16:1) 0.38 0.36 0.38 0.36 

Oleic (C18:1 n-9) 28.10 28.09 28.09 27.94 

Linoleic (C18:2 n-6) 46.61 47.13 46.58 46.87 

α-linolenic (C18:3 n-3) 2.96 2.90 2.96 2.88 

1 Mineral premix supplied (per kg product): Ca 110–13 g; P 87 g; S 18 g; Na 147 g; Co 15 mg; Cu 590 mg; Cl 20 mg; I 50 

mg; Mn 2,000 mg; Mo 300 mg; Se 20 mg; Zn 3,800 mg; Fl 870 mg. 2 Calcium salts of palm fatty acids (Nutri Gordura Lac, 

Nutricorp Inc., Araras, São Paulo, Brazil): 84.9% total fatty acids (48.6% C16:0, 4.40% C18:0, 34.3% C18:1 cis-9, 5.5% 

C18:2 cis-9 cis-12, and others <2% each). 3 Estimated according to Cruz et al. (2021). 

 

The four dietary treatments were as follows: low starch + CSPFA: 220 g/kg DM 

starch + 30 g/kg DM CSPFA; Low starch – CSPFA: 220 g/kg DM starch, without CSPFA; 

High starch + CSPFA: 420 g/kg DM starch + 30 g/kg DM CSPFA; High starch – CSPFA: 

420 g/kg DM starch, without CSPFA. Diets were offered twice daily (07:30 and 14:00 h), 

with daily adjustments to allow for 10–20% feed refusal. Fresh water was provided ad 

libitum and was replenished daily. 

 

3.2.4. Chemical Analyses 

Representative samples of the diets and ingredients were collected, dried at 60 °C 

for 72 h, and ground using a 1 mm sieve. All laboratory analyses were performed in 

duplicate. Dry Matter (DM), Crude Protein (CP), Ether Extract (EE), and ash contents were 

determined according to the Association of Official Analytical Chemists (AOAC, 2016) 

procedures. The concentrations of Neutral Detergent Fiber (NDF) and Acid Detergent 

Fiber (ADF) were analyzed according to the method described by Van Soest et al. (1991), 

with heat-stable alpha-amylase and omitting sodium sulfite. 

Starch quantification was performed colorimetrically at the 3rlab - Agricultural 

Analysis Laboratory (Lavras, MG, Brazil) according to the method described by Dische 

(1962). The Residual Organic Matter was calculated following the proposal by Tebbe et 

al. (2017). The metabolizable energy (ME) values were estimated based on the ingredient 

composition and nutrient content, according to da Cruz et al. (2021). The fatty acid profiles 

of the ingredients and diets were determined as described in Section 2.5. The composition 

of the CSPFA (Nutri Gordura Lac) supplement was verified by laboratory analysis to 

confirm compliance with the manufacturer’s specifications prior to the feeding trial. 
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3.2.5. Intake and Apparent Digestibility 

Feed offered, and refusals were recorded daily for each animal in the study. 

Representative samples (500 g) of feed ingredients, diets, and refusals were collected daily, 

stored at –20 °C, and later pre-dried in a forced-air oven (60 °C for 72 h). Dried samples 

were ground through a 1-mm screen and composited for a period of 28 days based on the 

dry matter. 

Fecal samples were collected directly from the rectal ampulla over four consecutive 

days (days 24–27 of each period), identified, frozen at –20 °C, and processed for chemical 

analysis. Apparent nutrient digestibility was estimated using indigestible neutral detergent 

fiber (iNDF) as an internal digestibility marker. Diet, refusals, and fecal samples were 

incubated in situ for 288 h, following the methodology described by Reis et al. (2017) and 

dos Santos et al. (2025). The digestibility coefficient (DC) of each nutrient was calculated 

using the following formula: DC = (nutrient consumed - nutrient excreted)/nutrient 

consumed. 

3.2.6. Nitrogen partitioning, urinary purine derivatives, and microbial nitrogen 

synthesis 

Urine sampling was performed on days 18–22 and 40–44 during the 

experimental period. Spot urine samples were collected once 

daily and stored at −20 °C according to the methodology of Rennó et 

al. (2008). Daily urinary volume (L/d) was estimated using the ratio between daily 

creatinine excretion (mg/kg BW) and creatinine concentration (mg/dL) in urine samples, 

following the procedures recommended by Santos et. al., (2018). 

The urinary concentrations of urea, creatinine, and uric acid were determined using 

Bioclin commercial kits. Urea nitrogen (N-urea) was calculated by multiplying the urea 

values by 0.4667. Total urinary nitrogen (N) was determined according to the Kjeldahl 

method (AOAC, 2016). 

Allantoin concentration was quantified using a colorimetric method, and xanthine 

and hypoxanthine levels were measured using an enzymatic assay (Chen and Gomes, 

1992). The total purine derivatives were calculated as the sum of allantoin, uric acid, 

hypoxanthine, and xanthine. 

Absorbed microbial purines (mmol/day) were estimated from total purine 

derivatives using the equations of Chen and Gomes (1992) for sheep as follows: Microbial 

nitrogen synthesis (g/day) was calculated assuming an N content of 70 mg/mmol of the 

absorbed purines. 
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3.2.7. Blood Sampling and Biochemical Analyses 

Blood sampling was performed to assess the metabolic profile, nitrogen metabolism 

markers, and liver function in response to the dietary treatments. Samples were collected 

on day 21 of each experimental period by jugular venipuncture using Vacutainer tubes 

without an anticoagulant, four hours after the morning feeding. 

Approximately 3 mL of blood was collected from each lamb. Samples were allowed 

to clot at room temperature and subsequently centrifuged at 3500 × g (Refrigerated 

Centrifuge Excelsa 4, Mod. 280 R, Fanem, São Paulo, SP, Brazil). The resulting serum was 

aliquoted into Eppendorf tubes and stored at –20 °C until further analyses. 

Biochemical determinations included: nitrogen metabolism indicators: urea, 

creatinine; liver function enzymes: aspartate aminotransferase (AST), alanine 

aminotransferase (ALT); energy–lipid profile: glucose, triglycerides, cholesterol, very low-

density lipoprotein (VLDL). All serum metabolites were analyzed using Bioclin 

commercial kits (Quibasa-Bioclin, Belo Horizonte, Brazil). VLDL concentration was 

estimated according to Friedewald et al. (1972), and globulin concentration as total 

protein–albumin. 

3.2.8. Feeding Behavior 

Ingestive behavior was evaluated to characterize the effects of starch level and 

CSPFA inclusion on feeding, rumination, and idling patterns. Observations were conducted 

over a continuous 24-hour period on day 20 of each experimental phase. Behavioral 

monitoring followed the methodology described by Carvalho et al. (2004). 

Animals were visually observed every 10 min, and the predominant activity in each 

interval (feeding, ruminating, or idling) was recorded using an ethogram developed 

specifically for the experiment, following the methodology described by Carvalho et al. 

(2004). During nighttime observations, the barn was maintained under artificial lighting to 

which the animals had been previously habituated to avoid interference with their natural 

behavior. 

Rumination dynamics were assessed by quantifying the characteristics of the 

ruminated bolus. The number of chews per bolus and the time spent ruminating each bolus 

(s/bolus) were recorded using a digital stopwatch. These measurements were obtained by 

collecting three ruminated boluses at three distinct periods of the day (10:00–12:00, 14:00–

16:00, and 18:00–20:00), in accordance with Bürger et al. (2000) and Carvalho et al. (2007, 

2004). 
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Chewing and ingestion efficiencies were calculated based on dry matter (DM) and 

NDFap intakes per bolus and per unit of feeding or rumination time, as recommended by 

Carvalho et al. (2007, 2004). The number of feeding, rumination, and idling periods was 

determined by counting each uninterrupted sequence of each activity within a 24-hour 

dataset. 

3.2.9. Performance Evaluation 

Initial body weight (IBW) was recorded at the beginning of the trial after a 16 h fast 

(only solids). The final body weight (FBW) was recorded after 44 days. Average daily gain 

(ADG) was calculated as (FBW – IBW) divided by the number of feeding days. The feed 

conversion ratio (FCR) and feed efficiency (FE) were computed as FCR = DMI / ADG and 

FE = ADG / DMI, respectively. 

3.2.10. Statistical Analyses 

The experiment followed a completely randomized 2 × 2 factorial arrangement with 

two starch levels (220 and 420 g/kg DM) and two CSPFA levels (0 and 30 g/kg DM), with 

eight replicates per treatment. 

Data were checked for normality and homogeneity using the UNIVARIATE 

procedure in SAS 9.4 (SAS - Statistical Analysis System, version 9.4, SAS Institute Inc., 

Cary, NC, 2013). The MIXED procedure was used for analysis of variance (ANOVA) 

according to the following model: 

Yijk=μ+Si+Cj+(S×C)ij+εijk 

where Yijk= observed value; μ= overall mean; Si= starch level; Cj= CSPFA inclusion; 

(S×C)ij= interaction; and εijk= residual error. 

Performance variables were analyzed using initial body weight as a covariate: 

Yijk=μ+β(Xij-X ˉ)+Si+Cj+(S×C)ij+εijk 

where β is the regression coefficient for the covariate, Xij is the observed covariate 

value, and Xˉ is the mean covariate value. 

Significant effects were declared at P ≤ 0.05, and interactions were further explored 

using the SLICE option of SAS (MIXED procedure) software. Data are presented as least 

square means with standard error of the mean (SEM). 
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3.3. Results 

 

3.3.1 Nutrient intake and apparent digestibility 

A starch × CSPFA interaction was detected for ether extract (EE) intake (P=0.045), 

starch intake (P=0.050), and starch digestibility (P=0.025) (Table 2 and Fig 1). Under the 

low-starch diet (220 g/kg DM), CSPFA increased EE intake (P<0.001) but reduced starch 

intake (P<0.001) while maintaining a slightly lower starch digestibility than the 

unsupplemented diet (P=0.003). In contrast, under the high-starch diet (420 g/kg DM), 

CSPFA increased EE intake (P<0.001), increased starch intake (P=0.010), and improved 

starch digestibility (P=0.015) (Fig 1). 

 

Table 2. Nutrient intake and apparent digestibility coefficients in feedlot lambs fed diets 

containing low (220 g/kg) or high (420 g/kg) starch levels with (30g/kg DM) or without 

(0g/kg DM) calcium salts of palm fatty acids (CSPFA). 

Item 

Starch (S) CSPFA (FA) 

SEM 

P-value 

Low-S High-S Without With S FA S×FA 

Nutrient intake, g/day     

Dry matter 1237.9 1170.4 1190.7 1217.6 23.49 0.152 0.564 0.183 

Ether extract 48.1 58.0 34.8 71.2 2.56 <0.001 <0.001 0.045 

NDF 568.9 364.8 466.8 466.9 16.28 <0.001 0.998 0.305 

Starch 291.6 504.7 399.3 397.0 15.46 <0.001 0.882 0.050 

Nutrient digestibility, g/kg      

Dry matter 770.3 712.8 732.4 750.8 8.60 <0.001 0.249 0.745 

Organic matter 791.3 733.0 751.5 772.8 8.00 <0.001 0.138 0.511 

Ether extract 852.3 850.7 799.1 903.9 14.24 0.946 <0.001 0.587 

NDF1 596.3 490.4 555.62 531.04 16.41 <0.001 0.162 0.717 

Starch 986.2 969.0 975.8 979.4 19.30 <0.001 0.104 0.025 

1 NDF: Neutral detergent fiber. SEM: Standard error of the mean. S: Starch effect; FA: Fatty acid (CSPFA) effect; S×FA: 

Interaction between starch and CSPFA. Significance was declared at P ≤ 0.05.  

 

When analyzing the effect of CSPFA across starch levels, diets without lipid 

supplementation showed higher EE (P<0.001) and starch (P<0.001) intakes when 

combined with high starch levels, but starch digestibility was reduced (P<0.001). 
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Conversely, in diets with CSPFA, low-starch diets promoted a lower (P<0.001) starch 

intake but a greater (P<0.001) starch digestibility than high-starch diets (Fig 1). 

 

 

Figure 1. Interaction effects between dietary starch level (Low: 220 g/kg; High: 420 g/kg DM) and calcium salts of palm 

fatty acids (CSPFA; 0 or 30 g/kg DM) on (A) Ether extract intake, (B) Starch intake, and (C) Starch digestibility in feedlot 

lambs. Bars represent least square means with values displayed on top; error bars indicate the standard error of the mean 

(SEM). Dotted lines indicate specific pairwise contrasts with their respective P-values. Note: Starch digestibility is 

expressed in g/kg. 

 

These reciprocal effects highlight substrate-dependent adjustments. In the absence 

of CSPFA, high-starch diets increased starch flow but reduced its utilization efficiency, 

whereas CSPFA promoted a compensatory effect, lowering starch intake at low starch 

levels and enhancing starch capture under high-starch conditions. This indicates that lipid 

supplementation modulates carbohydrate utilization in response to fermentative load, 

supporting the synchrony between energy and nitrogen availability in the rumen. 

For the main effects, CSPFA did not affect the intake or digestibility of DM, OM, 

or NDF (P>0.05) but increased EE digestibility (799 vs. 904 g/kg; P<0.001) (Table 2). 

High-starch diet lowered NDF intake (569 vs. 365 g/d; P<0.001) and reduced the 

digestibility of DM (770 vs. 713 g/kg; P<0.001), OM (791 vs. 733 g/kg; P<0.001), and 

NDF (596 vs. 490 g/kg; P<0.001) (Table 2). The depression in cell wall digestion with high 

starch is expected; lipid protection selectively improved fat use and, at high starch levels, 

supported starch capture. 
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3.3.2. Nitrogen metabolism and microbial nitrogen synthesis 

A significant starch × CSPFA interaction was observed for nitrogen retained (P = 

0.021), uric acid (0.034), total purine derivatives (P = 0.008), and microbial N synthesis (P 

= 0.005) (Table 3 and Fig 2).  

 

Table 3. Nitrogen balance, urinary purine derivatives, and microbial nitrogen synthesis in feedlot 

lambs fed diets containing low (220 g/kg) or high (420 g/kg) starch levels with (30g/kg DM) or 

without (0g/kg DM) calcium salts of palm fatty acids (CSPFA). 

Item 

Starch (S) CSPFA (FA) 

SEM 

P-value 

Low-S High-S 

Withou

t With S FA 

S×F

A 

N intake, g/d 25.79 26.00 25.76 26.04 0.09 0.230 0.124 0.862 

N fecal, g/d 5.65 5.87 5.85 5.67 0.14 0.434 0.535 0.118 

N urinary, g/d 6.77 7.65 7.91 6.52 0.39 0.206 0.056 0.111 

N retained, g/d 13.36 12.48 12.00 13.84 0.42 0.159 0.009 0.021 

N absorbed/N intake, g/kg 781.02 774.20 773.09 782.13 5.16 0.503 0.378 0.106 

Hypoxanthine+xanthine, mmol/d 2.68 2.87 2.62 2.92 0.12 0.434 0.220 0.152 

Uric acid, mmol/d 1.70 1.75 1.56 1.89 0.07 0.652 0.010 0.034 

Allantoin, mmol/d 5.23 5.23 4.80 5.66 0.24 0.996 0.058 0.056 

Total purines, mmol/d 9.61 9.85 8.98 10.47 0.34 0.618 0.008 0.008 

Microbial N, g/d 10.65 11.12 10.35 11.41 0.32 0.320 0.036 0.005 

SEM: Standard error of the mean. S: Starch effect; FA: Fatty acid (CSPFA) effect; S×FA: Interaction between starch and CSPFA. 

Significance was declared at P ≤ 0.05. 
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Figure 2. Interaction effects between dietary starch level (Low: 220 g/kg; High: 420 g/kg DM) and calcium salts of 

palm fatty acids (CSPFA; 0 or 30 g/kg DM) on nitrogen metabolism parameters: (A) Nitrogen retained, (B) Uric acid 

excretion, (C) Total purine derivatives, and (D) Microbial nitrogen synthesis in feedlot lambs. Bars represent least 

square means with numerical values; error bars indicate the standard error of the mean (SEM). Dotted lines indicate 

pairwise P-values for specific contrasts. 

 

Under a low-starch diet (220 g/kg DM), CSPFA supplementation did not affect 

nitrogen retained, uric acid, total purines, or microbial N flow (P > 0.05). However, under 

a high-starch diet (420 g/kg DM), the inclusion of CSPFA markedly increased N retained 

(14.18 vs. 10.79 g/d; P = 0.007), uric acid (2.05 vs. 1.46 mmol/d; P = 0.010), total purines 

(11.33 vs. 8.36 mmol/d; P = 0.004), and microbial N synthesis (12.43 vs. 9.80 g/d; P = 

0.007). 
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The main effects showed that CSPFA inclusion tended to decrease urinary N 

excretion (7.91 vs. 6.52 g/d; P = 0.056) and allantoin (10.47 vs. 8.98 mmol/d; P = 0.58).  

3.3.3. Feeding behavior 

Feeding behavior was significantly affected by the main effects of dietary starch 

level and calcium salts of palm fatty acids (CSPFA) inclusion, with no interaction detected 

between factors (P>0.05; Table 4). Lambs fed the low-starch diet spent most time of the 

day feeding (18.77% vs. 15.16%; P=0.004) and less time idling (50.32% vs. 56.27%; 

P=0.004) than those receiving the high-starch diet. Likewise, CSPFA supplementation 

increased feeding activity (18.29% vs. 15.64%; P=0.029) and reduced idling time (51.06% 

vs. 55.53%; P=0.026), while rumination activity remained unaffected (P>0.05). 

High-starch diets enhanced feeding efficiency for both dry matter (DM) (446.8 vs. 

289.2 g/h; P<0.001) and neutral detergent fiber (NDF) (177.4 vs. 115.8 g/h; P<0.001), and 

increased ruminating efficiency for DM (220.4 vs. 171.5 g/h; P<0.001) and NDF (87.9 vs. 

71.3 g/h; P=0.048). The inclusion of CSPFA did not affect DM feeding efficiency 

(P=0.576) but markedly improved NDF feeding efficiency (176.7 vs. 116.5 g/h; P<0.001). 

Similarly, CSPFA increased ruminating efficiency for DM (218.1 vs. 173.7 g/h; P=0.010). 

Dietary starch level also affected chewing parameters. High-starch diets increased 

chewing time per bolus (40.66 vs. 37.51 s/bolus; P=0.026) but reduced the total chewing 

time (10.49 vs. 11.92 h/d; P=0.004). Conversely, CSPFA supplementation prolonged total 

chewing time (11.74 vs. 10.67 h/d; P=0.026). 
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Table 4. Ingestive behavior patterns, feeding and ruminating efficiencies, and chewing 

activity of feedlot lambs fed diets containing low (220 g/kg) or high (420 g/kg) starch levels 

with (30g/kg DM) or without (0g/kg DM) calcium salts of palm fatty acids. 

Item 

Starch (S) CSPFA (FA) 

SEM 

P-value 

Low-S High-S Without With S FA S×FA 

Activity, %/day 

Feeding 18.77 15.16 15.64 18.29 0.64 0.004 0.029 0.827 

Rumination 30.9 28.55 28.81 30.64 0.74 0.112 0.215 0.406 

Idling 50.32 56.27 55.53 51.06 1.07 0.004 0.026 0.628 

Feeding efficiency, g/h 

Dry matter 289.2 446.8 357 379.1 21.84 <0.001 0.576 0.28 

NDF1 115.8 177.4 116.5 176.7 9.49 <0.001 <0.001 0.184 

Ruminating efficiency, g/h 

Dry matter 171.5 220.4 173.7 218.1 9.17 <0.001 0.01 0.487 

NDF1 71.29 87.94 67.5 63.12 1.09 0.048 0.387 0.635 

Chewing activity 

Chewing per bolus, n 37.51 40.66 39.14 39.03 0.7 0.026 0.934 0.836 

Chewing, h/d 11.92 10.49 10.67 11.74 0.26 0.004 0.026 0.628 

1 NDF: Neutral detergent fiber. SEM: Standard error of the mean. S: Starch effect; FA: Fatty acid (CSPFA) effect; S×FA: 

Interaction between starch and CSPFA. Significance was declared at P ≤ 0.05. 

 

3.3.4. Serum metabolite and liver function  

A starch × CSPFA interaction was observed for serum urea (P=0.002) and 

creatinine (P=0.032) concentrations (Table 5). The breakdown of this interaction (Fig 3) 

showed that CSPFA inclusion did not affect urea levels in lambs fed the low-starch diet 

(P=0.696), whereas in the high-starch diet, CSPFA reduced serum urea by 43.2% (35.97 

vs. 20.44 mg/dL; P=0.005). Additionally, lambs fed high-starch diets without CSPFA 

supplementation had higher serum urea levels than those on the low-starch diet (35.97 vs. 

20.51 mg/dL; P=0.05). 
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Table 5. Serum metabolite profile, liver function enzymes, and lipid indicators of feedlot 

lambs fed diets containing low (220 g/kg) or high (420 g/kg) starch levels with (30g/kg 

DM) or without (0g/kg DM) calcium salts of palm fatty acids (CSPFA). 

Item 

Starch (S) CSPFA (FA) 

SEM 

P-value 

Low-S High-S Without With S FA S×FA 

Nitrogen metabolism       

Urea, mg/dL 22.93 28.20 28.24 22.89 1.76 0.098 0.093 0.002 

Creatinine, mg/dL 1.59 1.65 1.66 1.58 0.02 0.189 0.085 0.032 

Liver function        

AST1, IU/L 38.51 37.01 40.42 35.1 2.45 0.766 0.293 0.991 

ALT2, IU/L 26.25 25.41 24.96 26.7 0.73 0.577 0.247 0.958 

Energy–lipid profile (safety endpoints)      

Glucose, mg/dL 67.29 66.66 70.2 63.75 2.23 0.889 0.153 0.286 

Triglycerides, mg/dL 22.34 27.25 24.01 25.58 5.35 0.657 0.887 0.633 

Cholesterol, mg/dL 63.3 62.22 61.65 63.87 1.2 0.647 0.352 0.063 

VLDL, mg/dL 4.47 5.70 5.05 5.12 1.09 0.584 0.978 0.561 

1 AST: Aspartate aminotransferase. 2 ALT: Alanine aminotransferase. VLDL: Very low-density lipoprotein. SEM: 

Standard error of the mean. S: Starch effect; FA: Fatty acid (CSPFA) effect; S×FA: Interaction between starch and 

CSPFA. Significance was declared at P ≤ 0.05. 
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Figura 3. Interaction effects between dietary starch level (Low: 220 g/kg; High: 420 g/kg DM) and calcium salts of palm 

fatty acids (CSPFA; 0 or 30 g/kg DM) on serum metabolites: (A) Creatinine and (B) Urea concentrations in feedlot lambs. 

Bars represent least square means with numerical values; error bars indicate the standard error of the mean (SEM). Dotted 

lines indicate pairwise P-values for specific contrasts. 

 

For creatinine, lambs fed low-starch diets without CSPFA exhibited higher 

concentrations than those fed high-starch diets (1.68 vs. 1.64 mg/dL; P=0.043). No effects 

of starch level, CSPFA inclusion, or their interaction were observed for liver enzymes 

(AST and ALT) or for energy–lipid profile markers (glucose, triglycerides, cholesterol, and 

very low density lipoprotein (VLDL); P>0.05; Table 5). 

3.3.5. Growth performance 

A significant starch × CSPFA interaction was observed for final body weight 

(FBW), average daily gain (ADG), and feeding efficiency (FE) (P < 0.05; Table 6). The 

breakdown of this interaction (Fig. 4) revealed that lambs fed the high-starch diet (420 g/kg 

DM), with CSPFA supplementation, significantly improved all performance metrics. 

Lambs receiving CSPFA showed higher FBW (+9.1%; 37.45 vs. 34.32 kg; P = 0.002), 

ADG (+34.9%; 274.84 vs. 203.71 g/day; P = 0.0024), and FE (+22.5%; 222.82 vs. 181.93 

g/kg DMI; P = 0.012) compared to those without supplementation. 
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Table 6. Growth performance and feed efficiency of feedlot lambs fed diets containing low 

(220 g/kg) or high (420 g/kg) starch levels with (30g/kg DM) or without (0g/kg DM) 

calcium salts of palm fatty acids (CSPFA). 

Item 

Starch (S) CSPFA (FA) 

SEM 

P-value 

Low-S High-S Without With S FA S×FA 

Initial body weight, kg 25.44 25.28 25.56 25.15 0.49 - - - 

Final body weight, kg 36.67 35.88 35.8 36.75 0.54 0.161 0.092 0.001 

ADG1 (g/d) 257.11 239.27 237.34 259.05 7.72 0.801 0.394 0.015 

Feeding efficiency, g/kg DMI2 214.49 202.37 205.35 211.52 5.74 0.164 0.74 0.018 

1ADG: Average daily gain. 2DMI: Dry matter intake. SEM: Standard error of the mean. S: Starch 

effect; FA: Fatty acid (CSPFA) effect; S×FA: Interaction between starch and CSPFA. 

 

In diets without CSPFA, lambs fed the low-starch diet outperformed those fed the 

high-starch diet, showing greater FBW (37.28 vs. 34.32 kg; P = 0.003), ADG (270.98 vs. 

203.71 g/d; P = 0.0038), and FE (228.76 vs. 181.93 g/kg DMI; P = 0.003; Fig 4), 

highlighting that excess starch alone impaired performance in the absence of supplemental 

fat. 

 

 

Figura 1Figure 4. Interaction effects between dietary starch level (Low: 220 g/kg; High: 420 g/kg DM) and calcium 

salts of palm fatty acids (CSPFA; 0 or 30 g/kg DM) on growth performance: (A) Final body weight, (B) Average 

daily gain (ADG), and (C) Feeding efficiency in feedlot lambs. Bars represent least square means with numerical 

values; error bars indicate the standard error of the mean. 
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3.4. Discussion 

The present study demonstrated that dietary starch concentration and calcium salts of palm 

fatty acids (CSPFA) interact to modify digestion, nitrogen partitioning, and the 

performance of feedlot lambs. The consistent pattern across response variables indicates 

that CSPFA does not act as a simple additional energy source; its advantages only become 

apparent when the fermentable energy supply is sufficiently high to promote intensive 

microbial growth (Yang and Beauchemin, 2006; Beauchemin, 2018). 

3.4.1.  Intake and digestibility: shifts in ruminal energetics 

Increasing dietary starch from 220 to 420 g/kg DM reduced NDF digestibility (from 

658 to 490 g/kg) and total chewing activity (from 11.92 to 10.49 h/d). These responses are 

compatible with the well-documented inhibitory effect of rapidly fermentable starch on 

fibrolytic bacteria and chewing behaviors. High-starch diets accelerate acid production, 

lower mean ruminal pH, and prolong the duration below pH 5.8, a range that selectively 

inhibits cellulolytic taxa such as Ruminococcus albus and Fibrobacter succinogenes (Ma 

et al., 2022; Zhang et al., 2024). The observed reduction in feeding time (from 18.77% to 

15.16% of the day) is consistent with lower physically effective NDF (peNDF) and 

decreased salivary buffering. 

Despite these challenges, CSPFA inclusion (30 g/kg DM) did not further depress 

NDF digestibility, which remained within a narrow range (570–578 g/kg) across all 

treatments. This outcome is unlikely to result from the complete ruminal inertness of 

palmitic acid alone because the supplement also contains a substantial proportion of oleic 

acid (34% C18:1). Under lower pH, typical of high-starch diets, the calcium salts of long-

chain fatty acids, particularly Ca-oleate, can partially dissociate, releasing free unsaturated 

fatty acids into rumen fluid (Jenkins, 1993; Palmquist and Jenkins, 1980). Free oleic acid 

exerts selective antiprotozoal effects, reducing protozoal biomass and thereby decreasing 

bacterial turnover through predation (Doranalli and Mutsvangwa, 2011; Machmüller et al., 

1998). Such partial defaunation can increase the net survival of fibrolytic and amylolytic 

bacteria, helping to maintain fiber digestion even when peNDF is reduced. This 

interpretation aligns with in vitro evidence that palmitic acid (C16:0) minimally inhibits 

cellulolytic taxa, whereas oleic acid (C18:1) can influence protozoal activity and reshape 

microbial interactions (Sears et al., 2024). 

CSPFA also increased ether extract digestibility (from 799 to 904 g/kg) and 

improved starch digestibility within the high-starch diet (from 806 to 840 g/kg DM). These 

improvements align with a scenario where limited Ca-soap dissociation releases sufficient 
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oleic acid to suppress protozoa and reduce bacterial recycling, allowing a larger fraction of 

the amylolytic biomass to reach the lower gut (Doranalli and Mutsvangwa, 2011; Jenkins, 

1993). Although rumen pH and protozoal counts were not measured, the combination of 

preserved NDF digestibility and higher starch digestibility suggests that CSPFA shifted 

microbial competition in favor of bacteria that convert fermentable starch into microbial 

biomass rather than simply altering total intake. 

In low-starch diets, CSPFA reduced starch intake (from 308 to 275 g/d) without 

changing dry matter intake. Thus, the lower starch intake reflects the dilution of dietary 

starch density by the lipid supplement, not a physiological depression of appetite. Because 

the fermentable carbohydrate supply was already limited in the low-starch diet, this dilution 

further constrained microbial ATP availability and prevented improvements in microbial 

protein synthesis or in retained nitrogen. This agrees with synchrony theory, which predicts 

that when fermentable energy is limited, microbial growth is ATP-constrained, regardless 

of the additional lipid supply (Firkins, 1996; Nocek and Russell, 1988). 

3.4.2. Nitrogen metabolism and microbial protein synthesis 

The significant interaction between starch and CSPFA in nitrogen metabolism 

indicates that nitrogen utilization efficiency is highly dependent on the dietary energy 

source. In high-starch diets, CSPFA supplementation optimized nitrogen partitioning by 

shifting nitrogen excretion from urine to microbial protein synthesis, as evidenced by 

increased microbial nitrogen flow and higher nitrogen retention. Since nitrogen intake 

remained constant across treatments, these findings suggest that CSPFA acts as a metabolic 

modulator, reorganizing nitrogen flows and enhancing the incorporation of ammonia into 

microbial biomass when fermentable energy is abundant. 

These responses are consistent with the concept of energy–nitrogen synchrony. 

Microbial protein synthesis requires a simultaneous supply of rumen-degradable nitrogen 

and fermentable carbohydrates to generate ATP for ammonia assimilation. When this 

temporal alignment is poor, ruminal NH₃-N can rise above the 3–7 mM range considered 

optimal for microbial capture, increasing ammonia absorption, ureagenesis, and urinary N 

loss, thereby depressing microbial protein yield and overall NUE (Chen et al., 2022; Ren 

et al., 2022). Recent studies using rumen simulation systems have confirmed that higher 

synchrony indices between energy and nitrogen release enhance microbial protein 

synthesis and improve fermentation profiles (Chen et al., 2022; Ren et al., 2022). In our 

study, the high-starch diet without CSPFA exhibited the classical inefficiency signature, 

with higher serum urea, greater urinary N excretion, and lower microbial N flow. 
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CSPFA supplementation altered this pattern only when the starch supply was high. 

In the high-starch + CSPFA treatment, the combination of improved starch digestibility 

and partial defaunation likely increased ATP availability for bacteria and reduced protozoal 

predation, enhancing the capture of ammonia into microbial protein. Under these 

conditions, microbial growth is limited primarily by nitrogen availability rather than ATP 

(Firkins, 1996; Silva et al., 2014); therefore, improved synchrony can markedly increase 

microbial N flow. In contrast, in low-starch diets, microbial growth is ATP-limited; 

therefore, CSPFA cannot enhance microbial N capture, even if some protozoal suppression 

occurs. This explains the absence of CSPFA effects on nitrogen balance under low-starch 

supply conditions. 

The concurrent reductions in serum urea and urinary nitrogen excretion, together 

with higher microbial N flow, are consistent with the increased efficiency of ruminal urea 

recycling (Lapierre and Lobley, 2001). Although urea kinetics were not directly measured, 

the nitrogen balance data indicated that a larger fraction of circulating urea was redirected 

for microbial assimilation rather than lost in urine, reinforcing the conclusion that CSPFA 

improved ammonia utilization rather than overall nitrogen intake. 

3.4.3. Serum metabolites and liver function 

Serum metabolites provide systemic support for nitrogen-use responses. The 

marked reduction in serum urea with high-starch + CSPFA reflects lower ammonia 

overflow and reduced hepatic ureagenesis, both of which are energetically costly (Firkins, 

1996). Importantly, this decline occurred without any indication of hepatic or renal 

impairment in the patient. The activities of AST and ALT remained within physiological 

ranges and were unaffected by starch level, CSPFA inclusion, or their interaction, 

indicating preserved hepatocellular integrity (Dewanckele et al., 2020; Tedeschi et al., 

2021). 

Serum creatinine was slightly higher in lambs fed with the low-starch diet without 

CSPFA than in those fed with the high-starch diet, but CSPFA itself had no effect. As 

creatinine concentration reflects muscle mass when renal function is normal (Valkeners et 

al., 2006), this pattern is compatible with the greater nitrogen retained and lean tissue 

accretion observed in the high-starch + CSPFA group. 

Finally, serum glucose, triglycerides, cholesterol, and VLDL levels remained stable 

and within normal physiological limits across all treatments. The maintenance of glycemic 

and lipid homeostasis indicates that including 30 g/kg CSPFA did not cause lipotoxicity, 

excessive fat mobilization, or dyslipidemia, which are adverse effects sometimes linked to 
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unprotected high-fat diets (Caixeta and Omontese, 2021; Heeren and Scheja 2021). 

Overall, the serum profile showed that CSPFA improved nitrogen efficiency under high-

starch feeding without imposing additional metabolic load on the liver or kidney. 

3.4.4. Behavioural responses as integrators of digestion kinetics 

Ingestive behavior responses reflected shifts in dietary starch and peNDF. Lambs 

fed the high-starch diet spent less time feeding and more time idling than those on the low-

starch diet, which is consistent with faster particle breakdown, reduced rumen mat 

formation, and lower chewing requirements in high-concentrate systems (Monjezi et al., 

2022). Such reductions in chewing are relevant because they decrease salivary buffer 

secretion and, thereby, the rumen’s capacity to neutralize acids produced during rapid 

starch fermentation (Allen, 1997; Owens et al., 1998). 

CSPFA inclusion did not exacerbate starch-induced behavioral changes. Instead, it 

slightly increased feeding time and reduced idleness while maintaining the overall 

rumination time. More importantly, CSPFA increased the amount of dry matter processed 

per hour of rumination (173.7 to 218.1 g/h) and nearly doubled the NDF processed per hour 

(56.4 to 102.9 g/h). These improvements suggest a more efficient use of rumination time 

and align with the observed maintenance of NDF digestibility in CSPFA-supplemented 

diets. The lack of any reduction in NDF processing supports the idea that, at the inclusion 

level tested, partial Ca-soap dissociation and the presence of free fatty acids did not impair 

fibrolytic function (Tedeschi et al., 2021). 

Chewing time per bolus was longer in lambs fed high-starch diets, which was 

associated with a smaller particle size and less cohesive rumen mat (Zhang et al., 2023). 

Nevertheless, the total daily chewing time remained within physiological ranges (≈11–12 

hours per day), indicating that CSPFA did not cause severe behavioral disruption. Overall, 

the behavioral data aligned with the digestion and nitrogen results, supporting that CSPFA 

maintained fiber processing while improving the utilization of high-starch diets. 

3.4.5. Growth performance: nitrogen retained as the driver of productivity 

Growth performance was integrated with the cumulative effects of starch 

concentration and CSPFA. In high-starch diets, CSPFA increased final body weight (34.32 

to 37.45 kg), average daily gain (203.71 to 274.84 g/d), and feed efficiency (181.93 to 

222.82 g/kg DMI). These results are similar to those reported for finishing lambs 

supplemented with lipids under energy-dense conditions (Mierlita et al., 2010). In contrast, 

CSPFA did not improve performance on low-starch diets, indicating that its effectiveness 

depends on the fermentative energy context. 
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The performance responses aligned with the improvements observed in nitrogen 

metabolism. Microbial amino acids are the primary source of metabolizable protein in 

ruminants, typically providing 50–80% of the amino acids absorbed in the small intestine 

(Lima et al., 2023; de Oliveira et al., 2025). In sheep, microbial protein synthesis commonly 

reaches 40–45 g/d, with efficiencies of approximately 150–200 g microbial protein per kg 

of ruminally digested organic matter, values that have recently been reaffirmed in 

controlled feeding studies (Lima et al., 2023; de Oliveira et al., 2025). Contemporary 

microbiome analyses have further shown that increases in the abundance and activity of 

key bacterial taxa, particularly Prevotella spp., which are major contributors to amino acid 

biosynthesis, are strongly associated with higher microbial protein flow and improved 

nitrogen-use efficiency (Xue et al., 2020). 

Therefore, even modest enhancements in microbial protein synthesis, such as those 

observed in the high-starch + CSPFA treatment, can substantially increase the supply of 

metabolizable amino acids and support greater tissue accretion and growth. In the high-

starch + CSPFA treatment, higher microbial N flow, greater purine derivative excretion, 

and higher nitrogen retained indicated that more dietary nitrogen was converted into tissue 

protein rather than being lost as urea. These patterns resemble classical reports in which 

partial defaunation, including that induced by dietary lipids, increased the microbial N 

supply by approximately 30–35% and improved nitrogen retention (Doranalli and 

Mutsvangwa, 2011; Eugène et al., 2004; Newbold et al., 2015). 

Therefore, the lack of performance response to low-starch diets is not a failure of 

the lipid source per se but rather a consequence of ATP limitation and reduced protozoal 

abundance under high-fiber conditions (Jouany, 1996; Russell and Wallace, 1997). Under 

these circumstances, lipid supplementation cannot meaningfully increase microbial protein 

synthesis, and no gain in growth performance is expected. 

 

3.5. Conclusions and perspectives 

This study demonstrated that the metabolic fate of nitrogen in feedlot lambs fed 

calcium salts of palm fatty acids (CSPFA) is determined by the availability of fermentable 

carbohydrates. CSPFA supplementation enhances nitrogen retention, microbial protein 

synthesis, and growth performance only when dietary starch levels are high. This substrate 

dependency indicates that CSPFA functions not only as an energy source but also as a 

modulator of ruminal synchrony, likely through partial defaunation and improved ammonia 
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capture. The lack of response to low-starch diets confirms that lipid supplementation 

cannot overcome the limitations of the microbial ATP supply. Furthermore, CSPFA 

supports high-performance finishing without compromising hepatic or renal function, 

validating its use as a strategic tool for maximizing nitrogen use efficiency in intensive 

feeding systems. 
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Abstract 

This study aimed to investigate the interactive effects of dietary starch concentration (220 

or 420 g/kg DM) and supplementation with calcium salts of palm fatty acids (CSPFAs; 0 

or 30 g/kg DM) on carcass characteristics and meat quality in lambs. Thirty-two castrated 

Dorper × Santa Inês male lambs (initial body weight 25.0 } 2.85 kg) were randomly 

assigned to four experimental diets in a 2 × 2 factorial arrangement for 44 days. Although 

carcass yield remained unaffected (average 49.4%; p > 0.05), CSPFA supplementation 

significantly increased fat deposition, including perirenal fat mass (590 vs. 400 g; p = 

0.005), renal fat score (2.90 vs. 2.66; p = 0.035), and subcutaneous fat thickness (3.8 vs. 

1.9 mm; p = 0.017). A starch × CSPFA interaction (p = 0.014) was observed for carcass 

cooling, where high-starch diets reduced the 24-hour temperature only in lambs not 

receiving CSPFA (7.45 vs. 8.48 ◦C; p = 0.028). CSPFA also altered the muscle fatty acid 

profile by increasing C16:0 and total saturated fatty acids (SFA) while reducing 

polyunsaturated fatty acids (PUFA). In conclusion, palm-oil–derived CSPFA enhances 

carcass fatness but compromises the nutritional value of lamb meat by promoting an 

unfavorable fatty acid profile. 

Keywords: adipose tissue metabolism; nutritional quality; rumen-protected fat 
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4.1. Introduction   

Intensive lamb production is expanding to meet market demands for a consistent 

supply and improved carcass yield. However, the lipid quality of lamb meat remains a 

significant concern due to its relatively high saturated fatty acid (SFA) content and low 

concentrations of long-chain polyunsaturated fatty acids (PUFAs), particularly n-3 PUFAs, 

which are associated with cardioprotective effects [1,2]. Consequently, enhancing the fatty 

acid profile of lamb meat without compromising growth performance is a key objective for 

innovation in ruminant nutrition [3,4]. 

Two major nutritional factors directly influence lipid metabolism in ruminants: 

dietary starch and rumen-protected fats. Starch serves as a key modulator of ruminal 

fermentation and biohydrogenation; elevated starch levels lower ruminal pH, shift 

microbial populations, and modify hydrogenation pathways that determine the formation 

of conjugated linoleic acid (CLA) and its intermediates [5,6]. In contrast, calcium salts of 

palm fatty acids (CSPFAs) enhance dietary energy density and escape ruminal 

biohydrogenation, delivering preformed long-chain fatty acids to the small intestine for 

post-absorptive metabolism [7–9]. However, CSPFAs derived from palm oil are 

particularly rich in palmitic acid (C16:0), raising concerns regarding increased SFA 

deposition and adverse impacts on health-related lipid indices [2,10]. 

Despite extensive research on these dietary components, the available evidence 

remains fragmented. Studies investigating CSPFA and other rumen-protected fats have 

reported alterations in tissue lipid composition and fat depot distribution, but effects on 

carcass yield have been inconsistent [10,11]. Similarly, dietary manipulation of starch has 

been shown to affect ruminal biohydrogenation, yet it has not consistently enhanced 

beneficial PUFA levels [12,13]. Notably, most studies have evaluated starch and CSPFA 

in isolation. To date, no research has examined the interactive effects of dietary starch × 

CSPFA on carcass traits, fat deposition patterns, post-mortem temperature dynamics, or 

intramuscular fatty acid composition. This lack of integrative analysis limits our 

understanding of whether high dietary starch facilitates or impairs the utilization of long-

chain fatty acids supplied by CSPFA. 

We hypothesized that dietary starch concentration and CSPFA supplementation 

interact to modulate energy partitioning and lipid metabolism, thereby influencing fat 

distribution, post-mortem carcass temperature, and the fatty acid profile of the Longissimus 

dorsi muscle. Accordingly, this study employed a 2 × 2 factorial design to evaluate the 

main and interactive effects of dietary starch level and CSPFA supplementation on lamb 
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carcass traits, physicochemical parameters, and intramuscular fatty acid composition in 

lambs. 

4.2. Materials and Methods 

4.2.1. Animal Ethics 

All experimental procedures complied with Brazilian guidelines for the ethical use 

of animals in research (Law No. 11.794, 8 October 2008) [14] and were approved by the 

Ethics Committee on Animal Use (CEUA) of the Universidade Estadual de Santa Cruz 

(UESC), Ilheus, Bahia, Brazil (approval protocol number 008/2025, dated 6 May 2025). 

 

4.2.2.  Animals, Experimental Design, and Diets 

The study was conducted at the Laboratório de Pesquisa em Nutrição e Alimentação 

de Ruminantes (LaPNAR/UESC, Ilheus, Bahia, Brazil). The experimental facility 

consisted of a covered, naturally ventilated barn (ceiling height: 3.5 m) equipped with 40 

individual pens (1.20 × 0.80 m), each featuring slatted wooden flooring, individual feed 

bunks, and water buckets. During the experimental period, the average ambient 

temperature ranged from 23 to 29 °C, with relative humidity between 70% and 86%, which 

is typical of a humid tropical climate (Köppen classification: Af). 

Thirty-two castrated male lambs (Dorper × Santa Inês), approximately 120 days old 

and with an initial average body weight of 25.0 ± 2.85 kg, were used. Animals were 

identified, dewormed, vaccinated against clostridial diseases, and acclimated to the 

experimental conditions for 15 days prior to the start of the feeding trial. The initial body 

weight reported corresponds to the beginning of the 44-day feeding period. Animals were 

assigned to treatments through stratified randomization based on initial body weight to 

maintain homogeneity across groups. 

The experiment design was a completely randomized design with a 2 × 2 factorial 

arrangement, testing two starch levels (220 or 420 g/kg DM) and the inclusion (30g/kg 

DM) or absence of calcium salts of palm fatty acids (CSPFAs; Nutri Gordura LacR, 

Nutricorp Inc., Araras, SP, Brazil). Diets were formulated according to Exigências 

Nutricionais de Caprinos e Ovinos—BR-Caprinos & Ovinos [15] recommendations for 

finishing lambs, using a target average daily gain of 200 g/animal/day as a reference for 

nutrient adequacy. All diets were based on corn silage and a concentrate mixture 

comprising ground corn, soybean meal, soybean hulls, urea, limestone, and mineral salt 

(Table 1). Metabolizable energy (ME) values were estimated according to Cruz et al. [16], 
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based on the proportions of ingredients and the chemical composition of the experimental 

diets. 

 

Tabela 1. Proportion of ingredients and chemical composition of experimental diets. 

Treatments Experimental diets 

Starch level, g/kg DM 220 220 420 420 

CSPFA level, g/kg DM 30 0 30 0 

 Ingredients proportion, g/kg DM 

Corn silage 400.0 400.0 400.0 400.0 

Ground corn 190.4 187.3 485.0 483.2 

Soy hull 322.6 314.1 0.0 12.7 

Soybean meal 32.1 74.6 60.2 74.6 

Urea 9.9 3.0 10.0 7.0 

Limestone 6.5 12.0 9.7 14.0 

Mineral mixture1 8.5 9.0 5.1 8.5 

CSPFA2 30.0 0.0 30.0 0.0 

 Chemical composition, g/kg DM 

Dry matter, as-fed basis 663.3 662.2 664.8 653.8 

Organic matter 961.1 955.5 961.9 953.5 

Ether extract 54.45 22.23 60.4 36.5 

Crude protein 135.0 135.0 135.0 136.1 

Neutral detergent fiber 466.0 474.0 323.4 330.5 

Starch 220.0 220.0 420.0 420.0 

Residual organic matter 85.7 104.3 23.2 30.4 

Metabolizable energy (Mcal/day)3 2.85 2.69 2.96 2.81 

 Fatty acid profile, mg/100g DM 

Caprylic (C8:0) 0.03 0.03 0.03 0.03 

Capric (C10:0) 0.15 0.15 0.15 0.15 

Lauric (C12:0) 0.30 0.31 0.30 0.31 

Myristic (C14:0) 1.99 1.81 1.78 1.62 

Palmitic (C16:0) 15.08 14.50 15.34 15.14 

Stearic (C18:0) 4.39 4.71 4.38 4.69 

Palmitoleic (C16:1) 0.38 0.36 0.38 0.36 

Oleic (C18:1 n-9) 28.10 28.09 28.09 27.94 

Linoleic (C18:2 n-6) 46.61 47.13 46.58 46.87 

α-linolenic (C18:3 n-3) 2.96 2.90 2.96 2.88 
1 Guaranteed levels (per kg of product): Calcium (min.) 110.0 g/kg; Calcium (max.) 135.0 g/kg; Phosphorus 87.0 g/kg; Sulfur 18.0 g/kg; Sodium 

147.0 g/kg; Cobalt 15.0 mg/kg; Copper 590.0 mg/kg; Chromium 20.0 mg/kg; Iodine 50.0 mg/kg; Manganese 2,000.0 mg/kg; Molybdenum 300.0 

mg/kg; Selenium 20.0 mg/kg; Zinc 3,800.0 mg/kg; Fluorine (max.) 870.0 mg/kg. 2 Calcium salts of palm fatty acids (Nutri Gordura Lac, Nutricorp 

Inc., Araras, São Paulo, Brazil). Guaranteed composition: 84.9% total fatty acids (48.6% C16:0, 4.40% C18:0, 34.3% C18:1 cis-9, 5.5% C18:2 

cis-9 cis-12, and others <2% each); minimum ether extract: 820 g/kg; minimum calcium: 67 g/kg; maximum moisture: 50 g/kg; maximum ash: 

200 g/kg; maximum acid value: 10.0 mg NaOH/g; maximum peroxide value: 5.0 meq/kg. 3 estimated according to [15]. 

 

The composition of the CSPFA and the chemical composition supplement were 

provided by Nutri Gordura LacR (Nutricorp Inc., Araras, SP, Brazil) and verified through 

laboratory analysis before the feeding trial. The supplement contained 84.9% total fatty 

acids (48.6% C16:0, 34.3% C18:1 cis-9, 5.5% C18:2 cis-9,12, 4.4% C18:0, others <2%). 

Fatty acid concentrations were expressed as percentages of the total fatty acids in the 

supplement. Additionally, the proximate composition included a minimum ether extract of 

820 g/kg, calcium content of 67 g/kg, maximum moisture of 50 g/kg, and maximum ash 
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content of 200 g/kg, with an acidity index of <10 mg NaOH/g and peroxide index of <5 

meq/kg. 

To determine the chemical composition of the experimental diets, feed samples 

were pre-dried at 60 ºC for 72 hours and ground to pass through a 1 mm screen. Analyses 

for dry matter, crude protein, ether extract, and ash were performed in duplicate, following 

the established methodologies of the Association of Official Analytical Chemists (AOAC) 

[17]. Neutral and acid detergent fibers were determined according to Van Soest et al. [18], 

using heat-stable α-amylase and omitting sodium sulfite. Starch concentration was 

analyzed colorimetrically at the 3rLab Agricultural Analysis Laboratory (Lavras, MG, 

Brazil) following the method of Dische [19]. Residual organic matter was calculated as 

described by Tebbe et al. [20], and metabolizable energy was estimated according to Cruz 

et al. [16]. The fatty acid profiles of the feeds and diets were determined as described in 

Section 2.4. 

Diets were offered twice a day (07:30 and 14:00 h), with daily adjustments to 

accommodate 10–20% refusals. Clean, fresh water was provided ad libitum in individual 

5L buckets, which were cleaned and refilled daily. 

4.2.3.  Slaughter and Carcass Evaluation 

At the end of the 44-day feeding period, lambs underwent a 16 h solid-feed 

withdrawal while retaining free access to water. Pre-slaughter body weight was recorded 

to determine slaughter live weight (SLW). Animals were humanely slaughtered via 

captive-bolt stunning followed by exsanguination, in accordance with Brazilian Regulation 

of Industrial and Sanitary Inspection of Products of Animal Origin (RIISPOA, 2017) [21]. 

Evisceration was performed, and the contents of the gastrointestinal tract, 

gallbladder, and urinary bladder were removed to determine empty body weight (EBW). 

Hot carcass weight (HCW) was recorded after removal of the head, feet, genital organs, 

and respiratory tract. Hot carcass yield (HCY = HCW/SLW × 100) and true yield (TY = 

HCW/EBW × 100) were calculated as described by Cezar and Sousa [22]. Carcasses were 

then chilled at −4 ◦C for 24 h in a chamber with an airflow of approximately 1.5 m/s and a 

minimum spacing of 15 cm between carcasses. Then, cold carcass weight (CCW) was 

measured, and cold carcass yield (CCY = CCW/SLW× 100) and chilling loss (CL = (HCW 

− CCW)/HCW × 100) were calculated. 

Carcass pH and internal temperature were measured using a digital thermometer 

with a penetration probe inserted 2.5 cm into the Longissimus dorsi at the 12th rib interface 
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approximately 30 min postmortem and after 24 h of chilling. A calibrated pH meter with a 

penetration electrode was used for the measurements. 

Each carcass was split longitudinally and sectioned into six commercial cuts: 

shoulder, neck, rib, rib-flank, loin, and leg, according to the method described by Cezar 

and Sousa [22]. All cuts were weighed and stored at −20 ◦C for subsequent analyses. 

Subcutaneous fat thickness (SFT) was measured using a digital caliper over the 

Longissimus dorsi at the 12th rib. Fat depth was measured 11 cm from the midline at the 

same anatomical location. The loin eye area was traced on transparent plastic film, 

digitized, and analyzed using AutoCADR software, version 2023 (Autodesk Inc., San 

Rafael, CA, USA). 

4.2.4.  Lipid Extraction and Fatty Acid Profile 

Lipid composition was analyzed in the Longissimus dorsi, the reference muscle for 

intramuscular fat metabolism and meat quality studies in ruminants [23,24]. Samples were 

collected from the left half of each carcass, lyophilized, and finely ground prior to analysis. 

Total lipids were extracted from homogenized tissue using the chloroform–metanol 

method described by Bligh and Dyer [25], with minor modifications. Lipid content was 

determined gravimetrically following solvent evaporation in a rotary evaporator at 33–34 

◦C. Extracts were stored in n-heptane at −20 ◦C until further analysis. 

Fatty acid methyl esters (FAME) were prepared by transesterifying approximately 

 150 mg of extracted lipids with 0.25 mol/L sodium methoxide in methanol–diethyl ether. 

 FAME were then extracted with iso-octane and washed with saturated NaCl solution [26]. 

To validate the recovery of long-chain PUFAs, a subset of samples was also transesterified 

according to the method of O’Fallon et al. [27]. 

The fatty acid methyl esters were analyzed using both a Shimadzu GC-2010 Plus 

(Shimadzu Corp., Kyoto, Japan) and an Agilent 6890 gas chromatograph (Agilent 

Technologies, Santa Clara, CA, USA), each equipped with a flame ionization detector 

(FID) and a high-polarity capillary column (Rt-2560, Restek Corp., Bellefonte, PA, USA, 

or CP-Sil 88, Agilent Technologies, Santa Clara, CA, USA; 100 m × 0.25 mm i.d., 0.20 

μm film thickness). The carrier gas was hydrogen (40 mL/min), with nitrogen as make-up 

gas (30 mL/min), and synthetic air (400 mL/min). The injector and detector temperatures 

were set to 225 and 260 °C, respectively. The oven program initiated at 140 ◦C (held for 5 

min), ramped at 3 ◦C/min to 245 ◦C, and was held for 20 min, totaling a 60 min run time. 

Duplicate 1 μL injections were performed, and peak areas were integrated using 

GCSolutionR software, version 2.42 (Shimadzu Corp., Kyoto, Japan). 



74 
 

 

The fatty acid methyl esters peaks were identified by comparison with retention 

times of external standards (Sigma-Aldrich, Supelco 37 FAME Mix, CLA isomers, and 

trans-18:1 isomers; Sigma-Aldrich, St. Louis, MO, USA). Quantification was conducted 

using methyl tricosanoate (C23:0) as an internal standard [28]. Fatty acid concentrations 

were expressed as mg fatty acids/g total lipids. Analytical validation included 

determination of the detection limit (LOD = 0.001 g/100 g FA) and quantification limit 

(LOQ = 0.005 g/100 g FA), calibration coefficients (R2 > 0.995), and analytical 

coefficients of variation (CV < 5%). 

Only major fatty acids and those of nutritional or technological importance are 

reported in the main results table. Quantification was based on authentic standards, 

including CLA isomers, EPA, and DHA. Fatty acid percentages were normalized to the 

sum of identified and quantified peaks. Trace fatty acids (<0.05% of total FA) and 

unresolved peaks near baseline noise were reported as not detected (ND), which may cause 

totals not to add up exactly to 100%. Following the identification of fatty acids, the Δ9-

desaturase índices were calculated according to the equations proposed by Bichi et al. [29] 

and Malau-Aduli et al. [30]. 

4.2.5.  Nutritional Quality Indices 

The nutritional quality of intramuscular fat was assessed using: atherogenicity 

Index (AI), thrombogenicity Index (TI) [31], hypocholesterolemic/hypercholesterolemic 

ratio (h: H) [29], and desirable fatty acids, expressed as the sum of C18:0 + MUFA + PUFA 

[32]. 

4.2.6.  Cholesterol Determination 

Cholesterol content was determined following the method of Saldanha et al. [33]. 

Briefly, 2 g of homogenized muscle were saponified with ethanolic KOH, and the 

unsaponifiable fraction was extracted with hexane. Quantification was performed using 

HPLC (Shimadzu; C18 column, 250 × 4.6 mm, 3.5 μm). The mobile phase consisted of 

acetonitrile:isopropanol (85:15, v/v) at a flow rate of 2.0 mL/min. The injection volume 

was 20 μL, and detection was performed via UV absorbance at 202 nm. Cholesterol was 

identified based on retention time and quantified using external calibration curves. 
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4.2.7.  Statistical Analysis 

Data were analyzed using a 2 × 2 factorial arrangement in a completely randomized 

design to test the main effects of dietary starch level and CSPFA inclusion, as well as their 

interaction. The statistical model was: 

Yijk = μ + Si + Cj + (S × C)ij + εijk 

where μ = overall mean, Si = fixed effect of starch level, Cj = fixed effect of CSPFA 

inclusion, (S × C)ij = interaction effect, and εijk = random error. 

Analyses were conducted with the MIXED procedure in SAS software, version 9.4 

(SAS Institute Inc., Cary, NC, USA) [34]. Fixed effects included starch level, CSPFA 

supplementation, and their interaction. The individual animal was treated as a random 

effect. The experimental unit for carcass traits and meat quality was the half carcass. 

Model assumptions were assessed by residual diagnostics, including the Shapiro–

Wilk test for normality and Levene’s test for homogeneity of variances. As each factor had 

only two levels, significant differences between means were assessed directly using the F-

test, without the need for post hoc adjustments. Where significant interactions were 

observed (p < 0.05), simple effects were evaluated via pairwise contrasts between the two 

levels of each factor. 

4.3. Results 

4.3.1. Carcass Traits  

Slaughter weight, empty body weight, hot and cold carcass weights, carcass yield 

(hot and cold), biological yield, and gastrointestinal tract components were not affected by 

the dietary starch level, CSPFA supplementation, or their interaction (p>0.05; Table 2). 

These results indicate that neither a higher starch concentration nor the inclusion of CSPFA 

(30g/kg DM) altered nutrient utilization efficiency or overall tissue deposition during 

finishing. 
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Table 2. Slaughter and carcass traits of lambs fed diets with starch and calcium salts of 

palm fatty acids. 

Item 
Starch (S), g/kg   CSPFA (FA), g/kg   

SEM 
p Value 

220 420  0 30  S FA SxFA 

  Weight, kg           

Slaughter weight 34.55 34.91   34.83 34.63   0.61 0.780 0.876 0.458 

Empty body weight 31.85 32.16  32.04 31.97  0.58 0.807 0.959 0.403 

Hot carcass weight 17.16 17.19  17.07 17.29  0.36 0.968 0.775 0.303 

Cold carcass weight 16.47 16.37  16.47 16.37  0.35 0.894 0.891 0.353 

Chilling loss, % 4.01 4.41  4.58 3.83  0.25 0.439 0.165 0.593 

  Carcass yield, kg/100 kg BW           

Hot carcass yield 49.63 49.20   49.01 49.82   0.46 0.645 0.395 0.339 

Cold carcass yield 47.68 46.85  47.28 47.19  0.40 0.363 0.914 0.440 

Biological yield 53.85 53.41   53.30 53.96   0.47 0.655 0.507 0.422 

 Non-carcass components, kg      

FGIT1 6.65 7.08   6.85 6.88   0.18 0.291 0.939 0.917 

EGIT2 2.66 2.72   2.76 2.62   0.12 0.826 0.600 0.783 
1Full gastrointestinal tract; 2Empty gastrointestinal tract. 

4.3.2.  Half Carcass Cuts  

Diets containing 420g/kg starch increased flank rib yield compared to the 220g/kg 

starch diet (p=0.048). CSPFA supplementation increased the proportion of loin (p=0.041), 

whereas neck, shoulder, rib, and leg cuts were unaffected (p>0.05; Table 3). Higher starch 

concentration slightly favored muscle deposition in flank regions, whereas CSPFA 

promoted greater loin development without altering the overall carcass distribution. 

Table 3. Half carcass composition of feedlot lambs fed starch and calcium salts of palm 

fatty acids. 

Item 
Starch (S), g/kg   CSPFA (FA), g/kg   

SEM 
p Value 

220 420  0 30  S FA SxFA 

  Half carcass, kg           

Neck 0.33 0.31   0.31 0.33   0.01 0.121 0.237 0.512 

Shoulder 1.45 1.38   1.36 1.46   0.04 0.477 0.314 0.995 

Rib 1.56 1.41   1.41 1.56   0.06 0.259 0.277 0.559 

Flank rib 1.62 1.77   1.70 1.69   0.06 0.267 0.943 0.205 

Loin 0.63 0.59   0.67 0.54   0.03 0.659 0.111 0.408 

Leg 2.67 2.67   2.64 2.69   0.06 0.964 0.714 0.863 

  Half carcass yield, %           

Neck 4.04 3.84   3.86 4.02   0.10 0.391 0.490 0.329 

Shoulder 17.58 17.02   16.87 17.73   0.44 0.554 0.372 0.603 

Rib 18.84 17.32  17.38 18.77  0.58 0.209 0.247 0.594 

Flank rib 19.59 21.71  20.88 20.42  0.56 0.048 0.651 0.098 

Loin 7.53 7.27  8.26 6.52  0.42 0.745 0.041 0.273 

Leg 32.39 32.81   32.7 32.51   0.36 0.594 0.806 0.347 
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4.3.3.  Internal Fat Depots and Fatness Indicators 

 Calcium salt of palm fatty acids supplementation significantly increased perirenal 

fat weight (p=0.005), renal fat score (p=0.035), and subcutaneous fat thickness (p=0.017) 

without affecting cavity fat, renal fat weight, or loin eye área (p>0.05; Table 4). This pattern 

indicates a preferential lipid deposition in perirenal and subcutaneous depots, reflecting 

Enhanced energy storage rather than muscle hypertrophy. 

 

Table 4. Carcass fat depots and meat quality traits of feedlot lambs fed starch and calcium 

salts of palm fatty acids. 

Item 
Starch (S), g/kg   CSPFA (FA), g/kg   

SEM 
p Value 

220 420  0 30  S FA SxFA 

  Internal fat depots           

Cavity fat, g 90 150   90 140   20 0.281 0.446 0.143 

Perirenal fat, g 530 460  400 590  30 0.223 0.005 0.196 

Renal fat, g 90 90  90 90  10 0.992 0.762 0.689 

  Fatness indicators           

RFS1 (1-3) 2.77 2.80   2.66 2.90   0.05 0.788 0.035 0.673 

SFT2, mm 2.87 2.78  1.86 3.80  0.40 0.899 0.017 0.988 

Grade Rule means, mm 13.04 12.30  13.11 12.24  0.68 0.622 0.564 0.609 

Loin eye area, cm2 7.35 6.80  7.60 6.55  0.28 0.331 0.078 0.392 

  Physicochemical parameters           

pH at 30 min 6.54 6.56   6.56 6.54   0.05 0.854 0.889 0.587 

pH at 24 h 5.62 5.67  5.64 5.65  0.05 0.592 0.972 0.426 

Temp at 0 h, °C 32.08 31.83  32.21 31.70  0.23 0.584 0.266 0.072 

Temp at 24 h, °C 8.26 7.87   7.96 8.17   0.13 0.118 0.406 0.014 
1Renal fat score, 2Subcutaneous fat thickness. 

4.3.4.  Physicochemical Parameters of Meat  

 Carcass pH at 30 min and 24h, as well as the initial carcass temperature, were not 

influenced by starch level, CSPFA inclusion, or their interaction (p>0.05). However, a 

significant starch×CSPFA interaction was detected for the carcass temperature at 24h 

(p=0.014; Table 4, Figure 1A). In unsupplemented diets, lambs fed 420g/kg starch showed 

a lower 24h carcass temperature than those fed 220g/kg (7.45 vs. 8.48 °C; p=0.028). No 

differences were observed between starch levels in the CSPFA-supplemented diets or 

between CSPFA levels within each starch level (p>0.05). The reduction in carcass 

temperature under high-starch, fat-free diets suggests faster post-mortem cooling, likely 

due to reduced subcutaneous insulation, whereas CSPFA supplementation mitigated this 

effect by increasing external fat deposition. 
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Figure 1. Interactive Effects of Dietary Starch and Calcium Salts of Palm Fatty Acids on 24-h Carcass 

Temperature (A) and Polyunsaturated Fatty Acids in Muscle (B) of Lambs. 

4.3.5. Fatty Acid Profile of Longissimus dorsi and Desaturase Activity 

A significant interaction between starch and CSPFA affected the composition of 

several major fatty acids (p < 0.05; Tables 5–7). In low-starch diets (220 g/kg DM), CSPFA 

supplementation reduced long-chain n-3 PUFA, particularly eicosatrienoic acid (C20:3n3) 

and eicosapentaenoic acid (EPA, C20:5n3). In contrast, under high-starch diets (420 g/kg 

DM), CSPFA increased EPA concentrations (p < 0.05), indicating that starch availability 

modulated post-ruminal absorption and tissue incorporation of PUFA (Figure 1-B). 

Across the main effects, CSPFA supplementation increased palmitic (C16:0) and 

palmitoleic (C16:1) acids, and decreased stearic (C18:0), oleic (C18:1n9c), CLA isomers 

(c9t11 and t10c12), and docosahexaenoic acid (DHA, C22:6n3) (all p < 0.05). These shifts 

reflect the high palmitic acid content of palm oil and preferential incorporation of saturated 

fatty acids into intramuscular lipids. Conversely, high-starch diets increased the total PUFA 

and CLA concentrations while reducing C18:0 (p < 0.05), consistent with enhanced 

microbial desaturation and a shift in ruminal biohydrogenation toward more unsaturated 

intermediates. 

Minor long-chain fatty acids (C20:0, C20:1, C22:1n9, and C24:1) represented less 

than 0.5% of the total intramuscular lipids and exhibited small, non-systematic variations 

across treatments (p > 0.05). Due to their minimal contribution to the overall lipid 

composition and negligible biological impact, they were grouped for concise reporting. 
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Table 5. Fatty acid profile of the Longissimus dorsi muscle of lambs fed diets with different 

starch levels and calcium salts of palm fatty acids. 

 

 

 

 

 

 

 

 

 

 

Item 

 

Starch (S), 

g/kg 
  CSPFA (FA), g/kg   

SEM 
p Value 

220 420   0 30   S FA SxFA 

Saturated fatty acids (SFA, %) 

Caproic (C6:0) 0.17 0.24  0.19 0.22  0.02 0.093 0.552 0.026 

Capric (C10:0) 0.12 0.11  0.12 0.11  0.01 0.161 0.970 0.745 

Lauric (C12:0) 0.25 0.23  0.23 0.26  0.01 0.288 0.221 0.630 

Myristic (C14:0) 0.14 0.15  0.15 0.14  0.01 0.467 0.375 0.069 

Pentadecanoic (C15:0) 0.27 0.31  0.28 0.30  0.01 0.203 0.581 0.748 

Palmitic (C16:0) 22.95 23.66  21.01 25.61  0.82 0.441 <0.001 0.487 

Heptadecanoic (C17:0) 1.17 1.20  1.52 0.84  0.09 0.467 <0.001 0.088 

Stearic (C18:0) 23.48 19.93  20.78 21.62  0.11 0.003 0.496 0.153 

Arachidic (C20:0) 0.18 0.19  0.19 0.18  0.01 <0.001 0.013 0.002 

Monounsaturated fatty acids (MUFA, %) 

Palmitoleic (C16:1) 2.20 2.18  1.49 2.89  0.18 0.681 <0.001 0.050 

Heptadecenoic (C17:1) 1.51 1.39  1.38 1.53  0.11 0.528 0.422 0.011 

Elaidic (C18:1n9t) 3.27 3.14  3.16 3.25  0.06 0.362 0.498 0.440 

Oleic (C18:1n9c) 31.72 32.94  34.79 29.88  1.16 0.463 0.010 0.152 

Eicosenoic (C20:1) 0.34 0.46  0.33 0.47  0.02 <0.001 <0.001 0.015 

Erucic (C22:1n9) 0.16 0.10  0.14 0.12  0.01 <0.001 <0.001 <0.001 

Nervonic (C24:1) 0.12 0.17   0.14 0.15   0.01 <0.001 0.034 <0.001 

Polyunsaturated fatty acids (PUFA, %) 

Linolelaidic (C18:2n6t) 9.00 8.77  8.81 8.96  0.07 0.110 0.298 0.390 

α-Linolenic (C18:3n3) 1.44 1.45  1.53 1.36  0.05 0.929 0.203 0.482 

Rumenic (C18:2c9t11) 0.90 1.11  1.32 0.70  0.08 0.004 <0.001 0.379 

CLA (C18:2t10c12)1 0.20 0.25  0.23 0.21  0.01 <0.001 0.039 0.896 

Eicosatrienoic (C20:3n3) 0.16 0.33  0.28 0.21  0.02 <0.001 <0.001 0.007 

DHA (C22:6n3)2 0.07 0.10  0.09 0.07  0.01 <0.001 <0.001 0.495 

EPA (C20:5n3)3 0.18 0.33  0.26 0.25  0.02 <0.001 0.023 <0.001 
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Table 6. Interaction effects of dietary starch level and calcium salts of palm fatty acids on 

individual fatty acids of the lamb Longissimus dorsi muscle. 

Item 
  SCAGP   

Starch 0 30 p Value 

Caproic (C6:0), % 

220 0.21 0.14 0.959 

420 0.18 0.30 0.042 

p Value 0.550 0.041   

Heptadecenoic (C17:1), % 

220 0.17 0.18 0.400 

420 0.21 0.18 <0.001 

p Value <0.001 0.978   

Arachidic (C20:0), % 

220 0.70 0.72 0.400 

420 0.82 0.73 <0.001 

p Value <0.001 0.978   

Eicosenoic (C20:1), % 

220 0.25 0.43 <0.001 

420 0.41 0.52 0.006 

p Value <0.001 <0.001   

Nervonic (C24:1), % 

220 0.13 0.11 0.596 

420 0.15 0.21 <0.001 

p Value 0.145 <0.001   

Erucic (C22:1n9), % 

220 0.20 0.14 <0.001 

420 0.09 0.11 0.809 

p Value <0.001 0.809   

Eicosatrienoic (C20:3n3), % 

220 0.23 0.11 <0.001 

420 0.35 0.33 0.848 

p Value <0.001 <0.001   

EPA (C20:5n3)1, % 

220 0.21 0.17 <0.001 

420 0.32 0.35 0.017 

p Value <0.001 <0.001   
1 Eicosapentaenoic Acid. 

CSPFA supplementation also altered overall lipid profiles (Table 7). Diets 

containing CSPFA showed higher total SFA, AI, TI, and n-6/n-3 ratio, and lower MUFA 

and h: H ratio (p < 0.05). In contrast, increasing dietary starch reduced the n-6/n-3 ratio 

(p = 0.004), indicating a favorable enrichment of n-3 PUFA under high-fermentable 

energy conditions. 

Collectively, these results demonstrate that dietary starch levels and CSPFA 

supplementation jointly shape the deposition of bioactive fatty acids and determine the 

nutritional quality of lamb meat. 

Dietary starch concentration significantly influenced the Δ⁹-desaturase 14 index 

(p = 0.040; Table 8), which increased with a high-starch diet (57.6 vs. 19.6). No effects 
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were observed for Δ⁹-desaturase 16 or Δ⁹-desaturase 18 (p > 0.05). CSPFA 

supplementation did not significantly influence the desaturase index. These results 

indicate that higher starch availability modestly enhanced desaturase activity for shorter-

chain fatty acids, which is consistent with the greater deposition of unsaturated lipids 

observed in the high-starch treatments. 

Table 7. Lipid profile and health indices of lamb Longissimus dorsi muscle as affected by 

dietary starch and calcium salts of palm fatty acids. 

Item 
Starch (S), g/kg   CSPFA (FA), g/kg   

SEM 
p Value 

220 420  0 30  S FA SxFA 

SFA1 48.74 45.02  44.47 49.28  1.00 0.221 0.005 0.228 

MUFA2 39.32 40.38  41.43 38.29  0.97 0.492 0.048 0.219 

PUFA3 12.36 12.82  12.99 12.19  0.15 0.021 <0.001 0.027 

Atherogenicity index 0.49 0.49  0.43 0.55  0.02 0.868 <0.001 0.258 

Thrombogenicity index 0.93 0.90  0.79 1.04  0.04 0.659 <0.001 0.210 

h:H4 2.21 2.16  2.50 1.86  0.11 0.756 0.003 0.281 

n-6/n-3 ratio 5.10 4.17   4.29 4.98   0.19 0.004 0.021 0.252 

Cholesterol (mg/100g) 58.87 58.44   59.15 58.16   2.46 0.937 0.859 0.837 
1Saturated fatty acids, 2Monounsaturated fatty acids, 3Polyunsaturated fatty acids, 4Hypocholesterolemic:hypercholesterolemic 

ratio. 

 

Table 8. Desaturase activity indices in the Longissimus dorsi muscle of lambs fed diets 

with different starch levels and calcium salts of palm fatty acids. 

Item 
Starch (S), g/kg   CSPFA (FA), g/kg   

SEM 
p Value 

220 420   0 30   S FA SxFA 

Δ⁹-desaturase 14 19.59 57.57  40.58 36.58  8.89 0.040 0.816 0.945 

Δ⁹-desaturase 16 27.71 15.23  36.20 6.75  7.51 0.389 0.054 0.644 

Δ⁹-desaturase 18 60.43 42.18  52.54 50.07  5.94 0.154 0.842 0.959 

 

4.4. Discussion 

4.4.1.  Carcass Traits 

The absence of effects of dietary starch level or CSPFA supplementation on 

slaughter weight and carcass yield is physiologically coherent. Rumén-protected fats, such 

as CSPFA, bypass microbial lipolysis and biohydrogenation, increasing the post-ruminal 

flow of long-chain fatty acids for absorption. Because calcium salts of fatty acids (CSFA) 

resist ruminal hydrolysis, they allow unsaturated fatty acids to reach the jejunum for 

absorption, thereby modifying circulating lipid pools [34]. This energy is primarily 

incorporated into adipose tissue without necessarily stimulating lean tissue accretion, 

which explains why the carcass yield remained unchanged in the present study despite the 

increased dietary energy density from CSPFA supplementation at 30 g/kg DM. 
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This neutral response aligns with the findings for similar fat sources. [35] reported 

that neither palm oil-based calcium salts nor a blend containing palm, cottonseed, and 

soybean oils improved carcass yield in cattle. However, this effect appears to depend on 

the fatty acid source. In contrast to the present results, [31] it was observed that calcium 

salts of soybean fatty acids (35 g/kg DM) increased slaughter body weight (45.5 vs. 39.1–

42.8 kg) and hot carcass yield (46.5% vs. 41.5–42.1%) compared with whole soybean or 

corn germ. This discrepancy suggests that unsaturated-rich salts (soybean-based) may 

enhance carcass deposition, whereas palm oil-based salts, dominated by palmitic acid 

(C16:0), preferentially direct energy toward non-carcass adipose depots.  

Therefore, the lack of effect on carcass yield in the present study reinforces the 

interpretation that protected fats, particularly those from palm sources, are more likely to 

redistribute lipid partitioning to specific body depots than to enhance overall carcass 

accretion. However, changes in lipid deposition may occur in specific depots rather than 

uniformly across all carcass tissues.  

Intramuscular fat deposition is primarily regulated by key lipogenic enzymes (LPL, 

DGAT, GPAT, and ACC) and local lipolytic control (HSL), which respond more directly 

to the availability of circulating fatty acids than to total energy intake [36]. In contrast, 

subcutaneous and visceral depots, due to their greater volumetric capacity, may respond 

more strongly to energy balance and finishing duration [37]. This differential metabolic 

response likely explains why lipid supplementation can alter fat distribution and meat 

composition without significantly affecting carcass yield [37]. Indeed, a recent meta-

analysis supports this, showing increased intramuscular fat with no consistent effect on 

carcass yield [38]. 

4.4.2.  Fat Depots and Meat Quality 

Calcium salts of palm fatty acids supplementation increased perirenal fat, 

subcutaneous fat thickness, and renal fat scores, consistent with the known ability of long-

chain fatty acid salts to partially escape ruminal biohydrogenation and enhance post-

ruminal absorption [31,35]. Once absorbed, these fatty acids are incorporated into 

lipoproteins, thereby increasing the lipid supply for adipose deposition [39]. The 

preferential response of the perirenal and subcutaneous depots is consistent with their 

greater capacity for lipid sequestration when circulating substrate levels are elevated.  

The depot-specific response is likely due to differences in lipid-handling capacity 

and enzyme regulation. Increased flux of preformed fatty acids may enhance uptake via 

lipoprotein lipase and esterification pathways (via GPAT and DGAT), while high-energy 
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diets reduce oxidation and further promote fat deposition [36]. Subcutaneous fat depots are 

particularly responsive to endocrine and nutritional cues; high-concentrate diets may 

suppress sirtuin pathways, favoring lipogenesis [37]. 

Chilling loss was not affected by starch concentration or CSPFA supplementation, 

indicating that cooling dynamics were largely independent of the dietary treatments. 

However, CSPFA increased subcutaneous fat thickness, which may have slightly reduced 

heat transfer during cooling. Similar effects have been reported in carcasses with thicker 

fat layers, where slower heat dissipation can prolong the period above the evaporative 

threshold and potentially increase moisture loss under specific chilling conditions [34]. 

However, in the present study, this mechanism did not result in measurable differences in 

chilling loss, indicating that the insulation effect was limited to carcass temperature at 24 

hours and did not affect overall evaporative loss. Therefore, the effect of dietary fat sources 

on carcass cooling appears to be limited to thermal dissipation rather than actual moisture 

evaporation. 

This is reinforced by the interaction between starch and CSPFA: in the absence of 

CSPFA, high-starch diets led to lower 24 h carcass temperatures; however, this cooling 

advantage was neutralized by CSPFA, likely due to increased fat cover. Notably, loin eye 

area remained unaffected, suggesting CSPFA-derived energy was preferentially partitioned 

to adipose tissue rather than muscle hypertrophy [36,40]. Despite these changes, meat pH 

values at 30 minutes and 24 hours remained within physiological ranges (30 min: 6.54–

6.56; 24 h: 5.62–5.67), indicating glycolytic metabolism and meat quality were not 

compromised. 

4.4.3.  Fatty Acid Profile and Desaturase Activity 

A significant starch × CSPFA interaction was detected for eight fatty acids: C6:0, 

C17:0, C20:0, C20:1, C22:1n9, C24:1, C20:3n3, and EPA (C20:5n3). In low-starch diets, 

CSPFA reduced the content of odd- and long-chain fatty acids, whereas in high-starch 

diets, it increased the same fatty acids, demonstrating that carbohydrate availability 

modulates lipid metabolism and tissue fatty acid composition [6,13]. 

Long-chain PUFA responses also depended on the starch level. CSPFA reduced 

C20:3n3 and EPA under low-starch diets, but increased them under high-starch conditions. 

This response was accompanied by higher Δ⁹-desaturase 14 activity in lambs fed the high-

starch diet, indicating enhanced enzymatic conversion of saturated to monounsaturated 

fatty acids. This effect is consistent with previous findings that carbohydrate-rich diets 

stimulate stearoyl-CoA desaturase (SCD1) expression and Δ⁹-desaturase activity in 
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lipogenic tissues [22,41,42]. In addition, greater availability of fermentable starch can 

modify the ruminal hydrogen balance and biohydrogenation, favoring unsaturated 

intermediates and improving PUFA transfer to tissues [43,44]. Together, these mechanisms 

explain the greater proportion of unsaturated lipids observed in high-starch diets and the 

starch-dependent response of n-3 PUFA (e.g., EPA) to CSPFA. 

In contrast, low-starch diets may intensify ruminal biohydrogenation and reduce 

PUFA transfer to the muscles [12,45]. High-starch diets also increased CLA isomers and 

DHA while reducing C18:0, indicating shifts in ruminal biohydrogenation pathways driven 

by higher fermentable energy [46]. CSPFA supplementation increased palmitic (C16:0) 

and palmitoleic (C16:1) acids, but decreased C17:0, C20:0, oleic (C18:1n9c), and CLA 

isomers. The increase in C16:0 reflects the high palmitic acid content of palm oil [35]. 

Reductions in CLA and DHA levels have also been observed. Although DHA has been 

consistently linked to cardioprotective effects through anti-inflammatory and lipid-

lowering mechanisms [47,48], the effects of CLA remain controversial, with human studies 

reporting neutral or adverse outcomes depending on the isomer and dose [49]. These 

outcomes may result from competitive incorporation or partial downregulation of 

desaturase gene expression [12,36,50]. 

Collectively, these results indicate that starch concentration and CSPFA 

supplementation act synergistically to modulate desaturase activity, ruminal 

biohydrogenation, and intramuscular fatty acid deposition, ultimately affecting the 

nutritional quality of lamb meat lipids. 

4.4.4.  Health-Related Lipid Indices 

From a human health standpoint, CSPFA supplementation deteriorated meat lipid 

quality, increasing SFA and reducing both MUFA and PUFA. These shifts translated into 

higher AI and TI values and a lower h:H ratio, consistent with increased cardiovascular 

risk [30,51]. The main contributor to this decline was the increase in palmitic acid, a 

hypercholesterolemic fatty acid that may elevate LDL-C levels and trigger pro-

inflammatory pathways [52–54]. 

It is important to stress that these negative health-related effects are not universal 

to all rumen-protected fats but are strongly dependent on the supplement composition. 

Palm-oil–based CSPFA typically contains ~44–45% palmitic acid (C16:0), a 

hypercholesterolemic SFA, which explains the deterioration in health-related indices 

observed here. In contrast, calcium salts derived from sunflower oil provide ~60–70% oleic 

acid (C18:1n9), while flax-based salts supply ~50% α-linolenic acid (C18:3n3). These 
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unsaturated-rich profiles have been associated with improved AI, TI, h: H ratios, and lower 

n-6/n-3 values in lamb meat [37,55]. Thus, the type of rumen-protected fat is likely to be 

decisive in determining whether the nutritional quality of meat is improved or 

compromised. 

4.4.5.  Study Limitations, Practical Implications, and Final Synthesis 

This study had several limitations that should be acknowledged. First, no direct 

measurements of ruminal fermentation, plasma lipids, or gene expression were conducted, 

limiting mechanistic interpretation. Second, only one CSPFA dose was tested, preventing 

assessment of dose–response relationships. Third, the experimental duration was relatively 

short, and long-term effects on carcass traits and lipid metabolism remain unclear. Finally, 

all animals belonged to a single breed, which may limit the applicability of the findings 

across breeds. Future studies should incorporate longitudinal designs, molecular analyses, 

and alternative fat sources to refine feeding strategies to improve both animal performance 

and meat nutritional quality. 

From an agro-industrial standpoint, palm oil–derived calcium salts of fatty acids 

(CSPFA) are widely used in ruminant nutrition due to their low cost, broad availability, 

and oxidative stability, making them a practical source of rumen-protected energy [56,57]. 

However, the predominance of palmitic acid (C16:0) in these supplements poses a 

challenge to the nutritional quality of meat, as demonstrated in the present study. While 

palm oil utilization supports the sustainability and economic efficiency of the feed industry, 

its extensive use in animal diets warrants careful evaluation, given the potential negative 

implications for consumer health associated with its higher saturated fatty acid content. 

 

4.5. Conclusions 

This study demonstrated that supplementation with calcium salts of palm fatty acids 

(CSPFA) predominantly altered the fatty acid composition of lamb meat, increasing the 

proportion of saturated fatty acids and worsening lipid health indices, particularly under 

low-starch conditions. These effects were mainly driven by the fatty acid profile of the 

palm oil source itself rather than by the fermentable energy level. 

Dietary starch concentration modulated specific responses, such as the content of 

long-chain n-3 PUFA (EPA) and total PUFA, indicating that fermentable energy can 

partially influence post-ruminal lipid metabolism. However, these effects were secondary 

to the consistent impact of CSPFA supplementation on the overall lipid quality. 
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Collectively, these results indicate that palm-oil-based rumen-protected fats 

increase carcass adiposity without improving meat nutritional quality. These findings 

suggest that further research should evaluate rumen-protected lipid sources with higher 

PUFA contents as potential alternatives to enhance both the production efficiency and 

nutritional value of lamb meat. 
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5. CONCLUSÃO GERAL 

A utilização de sais de cálcio de ácidos graxos de palma (SCAGP) em dietas para 

cordeiros em confinamento configura-se como uma estratégia nutricional altamente eficaz 

para a otimização do desempenho produtivo. A inclusão deste lipídio protegido atua de 

forma sinérgica com dietas que apresentam alta disponibilidade de amido, favorecendo 

significativamente o metabolismo nitrogenado e a eficiência no aproveitamento dos 

nutrientes. Além de maximizar a deposição de gordura na carcaça, garantindo um 

acabamento de qualidade superior, a suplementação com SCAGP preserva a integridade 

fisiológica dos animais, consolidando-se como uma ferramenta tecnológica indispensável 

para sistemas intensivos que visam o ganho de peso acelerado e a máxima performance em 

regimes de alto grão. 

 

 

 

 


