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BIODISPONIBILIDADE E EFEITOS DA SUPLEMENTACAO DE L E DL-
METIONINA NA INTEGRIDADE INTESTINAL E ESTADO OXIDATIVO DE
LEITOES NA FASE DE CRECHE

RESUMO - Dois estudos foram conduzidos com objetivo de comparar a
biodisponibilidade relativa de L-Met e DL-Met com base em ensaio de balanco
de N e os efeitos promovidos por ambas as fontes na morfologia intestinal e no
sistema antioxidante de suinos em fase inicial e final de creche. Em cada
experimento foram utilizados 42 suinos machos castrados (Agroceres PIC, Rio
Claro, SP, Brazil: Camborough™ x AGPIC 337™) com peso inicial de 10,7 +
1,09 kg e 20,5 £ 1,55 kg, respectivamente para o experimento 1 e o experimento
2. Cada experimento foi dividido em dois periodos experimentais com 21
suinos. Cada periodo experimental correspondeu a um bloco. Trés suinos
foram distribuidos aleatoriamente em 7 dietas experimentais dentro de cada
bloco, resultando em um total de 6 repeticdes por tratamento. As dietas basais
(DB) foram formuladas com deficiéncia de 68% em metionina, porém
adequadas para os demais aminoacidos. Trés niveis graduados de DL-Met e
L-Met (0,03, 0,06 e 0,09%) foram suplementados a dieta basal para criar as
dietas 2-7 em ambos os estudos. No experimento 1, ambas as fontes de
metionina reduziram linearmente o N excretado pela urina e aumentaram
linearmente a retencao de N (% de absorvido) (P < 0,03). A biodisponibilidade
relativa estimada para L-Met em comparacdo a DL-Met foi de 106% (intervalo
de confianca — IC de 95%: 39 a 173%) para retencédo de N (% de absorvido)
em uma base equi-molar. No experimento 2, a suplementacdo com ambas as
fontes de Met diminuiu linearmente a excrecdo de N urinario e aumentou
linearmente o total de N retido, a retencdo de N (% de ingerido e % de
absorvido) (P < 0,04). A biodisponibilidade estimada de L-Met em comparacao
a DL-Met foi de 95% (IC 95%: 13 a 177%) para retencao de N (% da ingerido)
e 94% (IC 95%: 20 a 167%) para retencdo de N (% de N absorvido),
respectivamente em uma base equi-molar. Em ambos os experimentos, houve
concentracfes semelhantes de proteina carbonil e MDA no plasma, duodeno e
figado de suinos alimentados com dietas contendo L-Met ou DL-Met (P > 0,05).
N&o houve diferencas estatisticas na altura das vilosidades, largura das
vilosidades, profundidade da cripta e razdo entre altura das vilosidades :
profundidade da cripta de duodeno, jejuno e ileo para ambas as fontes de Met
(P = 0,07). Os resultados indicam que DL-Met e L-Met sdo igualmente
biodisponiveis como fontes de metionina e impactam positivamente na
morfologia intestinal e no sistema antioxidante de suinos em fase inicial e final
de creche.

Palavras-chave: Aminoacido, Isomeria, Monogastrico, Morfologia Intestinal,
Nutricdo Animal, Suinocultura



BIOAVAILABILITY AND EFFECTS OF L AND DL-METHIONINE
SUPPLEMENTATION ON GUT INTEGRITY AND OXIDATIVE STATUS OF
WEANED PIGS

ABSTRACT - Two studies were conducted to compare the relative
bioavailability of L-Met and DL-Met based on N balance assay and the effects
promoted by both sources on intestinal morphology and antioxidant system of
weaned and growing pigs. In each experiment were used 42 barrows
(Agroceres PIC, Rio Claro, SP, Brazil: Camborough™ x AGPIC 337™) with
initial body weight of 10.7 £ 1.09 kg and 20.5 + 1.55 kg, respectively for
Experiment 1 and Experiment 2. Each experiment was divided into two batches
with 21 pigs. Each batch corresponded to a block. Three pigs were randomly
assigned to 7 experimental diets within each block, resulting in a total of 6
replicates per treatment. Basal diets (BD) were formulated with 68% methionine
deficiency, but adequate for the other amino acids. Three graded levels of DL-
Met and L-Met (0.03, 0.06 and 0.09%) were supplemented to the basal diet to
create diets 2-7 in both studies. In experiment 1, both sources of methionine
linearly reduced N excreted in the urine and linearly increased N retention (%
absorbed) (P < 0.03). The estimated relative bioavailability for L-Met compared
to DL-Met was 106% (95% CI - confidence interval: 39 to 173%) for N retention
(% absorbed) on an equi-molar basis. In experiment 2, supplementation with
both Met sources linearly decreased urinary N excretion and linearly increased
total N retention, N retention (% ingested and% absorbed) (P < 0.04). The
estimated bioavailability of L-Met compared to DL-Met was 95% (95% CI: 13 to
177%) for N retention (% of intake) and 94% (95% CI: 20 to 167%) for N
retention (% absorbed N), respectively on an equi-molar basis. In both
experiments, there were similar concentrations of carbonyl protein and MDA in
plasma, duodenum and liver of pigs fed diets containing L-Met or DL-Met (P >
0.05). There were no statistical differences in villus height, villus width, crypt
depth and villus height: crypt depth ratio of duodenum, jejunum and ileum for
both Met sources (P = 0.07). The results indicate that DL-Met and L-Met are
equally bioavailable as methionine sources and positively impact on intestinal
morphology and antioxidant system of weaned and growing pigs.

Keywords: Amino Acid, Isomeria, Monogastric, Intestinal Morphology, Animal
Nutrition, Pig Farming



CAPITULO 1 - Consideracdes gerais

1. Introducéao

O processo de desmame figura como um dos momentos mais criticos da
suinocultura. Nessa fase, os leitbes sdo submetidos a mudancas abruptas, como:
separacao da mée, mistura com animais de outras leitegadas, alojamento em novos
locais e alteracdo na alimentacdo de uma fonte liquida e altamente digestivel (leite)
para uma sélida e menos digestivel. Estes fatores geram estimulos estressores que
modificam a arquitetura entérica e a atividade enziméatica. Adicionalmente, em fungéo
da imaturidade imunolégica destes animais, a instalacdo de patdgenos na regido
entérica também € favorecida, o que leva ao desenvolvimento de lesdes que
prejudicam a absorcao de nutrientes (Lalles et al. , 2007).

Com o intuito de minimizar os efeitos do desmame no desempenho e fisiologia
dos animais, diferentes estratégias nutricionais tém sido utilizadas para amenizar o
impacto do desmame em leitdes. Dentre estas, destaca-se o uso de aminoacidos (AA)
cristalinos em substituicdo ao farelo de soja, uma vez que leitdes sdo mais propensos
a reacOes de hipersensibilidade transitoria aos antigenos da soja, podendo ocorrer
lesBes nos enterdcitos (Resende, 2014). A reducdo do uso de farelo de soja nas dietas
de leitbes recém-desmamados tem-se mostrado benéfica para o desenvolvimento e
manutenc¢do da saude do trato gastrointestinal (Ren et al. , 2014).

Dentre os AA cristalinos disponiveis, a metionina tem sido utilizada em ampla
escala na alimentacdo de suinos ndo apenas por contribuir com a fracéo proteica da
dieta, mas por desempenhar, também, importantes fun¢des no organismo. O principal
destino da metionina retida nos tecidos intestinais é a producdo de substancias
utilizadas para manter o sistema antioxidante das células e garantir a divisdo e
renovacao celular. Estas acdes possuem especial importancia neste 6rgdo, devido a
constante renovacao celular ocasionada pelas descamacdes naturais decorrentes do
atrito com o alimento e também por agressées causadas por microrganismos que
podem gerar inflamacdes (Oliveira Neto, 2014).

Em termos de nutricdo animal, as fontes de metionina usualmente utilizadas



sdo o0 acido DL-2-amino-4 (metiltio) butanodico (DL-Met) e o acido DL-2-hidroxi-4
(metilo) butandico, mais conhecido como metionina hidréxi analoga (MHA-FA)
(Visentini et al. , 2005). Contudo, para que o0 organismo consiga utilizar os aminoacidos
€ necessario que estes estejam na conformacgdo de L-amino&cidos (Nelson e Cox,
2014). Portanto, quando D-aminoacidos séo ingeridos, estes devem ser convertidos
na forma L para sua utilizacdo. Esse processo de conversao é mediado pela enzima
D-aminoacido oxidase (Findrik e Vasi¢-Racki, 2007). Alguns autores tém relatado
valores de biodisponibilidade similares entre DL-Metionina e L-metionina para suinos
(Baker, 2006; Oliveira Neto, 2014). Em funcdo desse aspecto, atualmente, a DL-
metionina tem sido utilizada como fonte principal deste aminoacido nas dietas para
todas as fases.

Uma vez que a metionina é um aminoacido que desempenha funcbes
bioldgicas de grande relevancia em suinos, podendo otimizar o tempo de recuperacao
das areas absortivas do trato gastrointestinal posteriormente aos estimulos
estressores promovidos pela desmama, torna-se essencial para o desenvolvimento
de programas nutricionais mais eficientes, sustentaveis e viaveis, o conhecimento de
sua forma isomérica mais biodisponivel e os efeitos por ela desempenhados a nivel

bioquimico e fisiolégico.

2. Reviséo de literatura

2.1.Morfofisiologia intestinal

Nos suinos, o trato gastrointestinal, € uma estrutura tubular que compreende
boca, faringe, eséfago, estbmago, intestino delgado, intestino grosso, pancreas e
figado. Histologicamente, é formado por quatro camadas ou tdnicas principais:
mucosa, submucosa, duas camadas musculares e uma camada serosa. Sua funcao
principal € fornecer nutrientes, eletrélitos e 4gua ao corpo, por meio das funcdes de
motilidade, secrecéo, digestdo e armazenamento (Daniel et al. , 2014; Klein, 2014).

A mucosa é a camada mais interna do trato gastrointestinal e € composta por

epitélio, lamina prépria e lamina muscular. A superficie do epitélio do intestino delgado



é formada por vilos, que séo projecdes que aumentam a area da mucosa e criptas. Os
vilos sdo constituidos por células especializadas como o0s enterdcitos (as mais
abundantes), células caliciformes e enddcrinas. Quanto maior o numero de células,
maior o tamanho de vilos, e consequentemente, maior a area de absorcdo de
nutrientes (Berne e Levy, 2009; Maiorka, 2004).

Os enterdcitos sao responsaveis pela digestéo final do alimento e absorcéo dos
nutrientes. Em suinos desmamados, ha renovacdes periddicas de enterdécitos a cada
dois a quatro dias. As células imaturas migram das criptas em direcdo a extremidade
das vilosidades, onde atingem a maturidade e expressam sua acao (Zlotowski et al. ,
2008). As células caliciformes secretam glicoproteinas, como a mucina, responsaveis
pela formag¢do do muco, que protege o epitélio de agcbes mecanicas e enzimaticas,
além de atuar como barreira protetora, impedindo que os microrganismos tenham
acesso direto as células epiteliais. As células enteroenddécrinas produzem horménios
peptidicos, como gastrina, secretina e colecistoquinina e monoaminas biogénicas, que
estdo envolvidos com a regulagéo da digestao, absorcéo e utilizagdo dos nutrientes.
(Maiorka, 2004).

Durante um periodo de 3 dias ap6s o desmame, é observado um baixo
consumo de alimento pelos leitdes. Esta anorexia temporaria e o estresse relacionado
ao desmame (separacao das matrizes, mistura de lotes, novo ambiente e mudancas
na natureza da dieta) sdo os principais fatores associados as alteracdes estruturais
da mucosa intestinal observadas em leitbes recém-desmamados (Marion et al. , 2005).
Estas alteracBes podem perdurar de 7 a 14 dias apés o desmame e caracterizam-se
por encurtamento da area de superficie do vilo no intestino delgado, aumento na
profundidade da cripta, alteracdo na atividade enziméatica e na producao do muco; que
podem acarretar em ma absorcdo de nutrientes, desidratacdo, diarreia e a infeccdes
entéricas (Junqueira et al. , 2008).

Alguns nutrientes (e.g. aminoacidos) podem exercer agdo trofica sobre a
mucosa intestinal. Estas acdes consistem em induzir mecanismos de transcricao
génica, favorecendo a atividade mitotica em vilos e criptas. Adicionalmente, permitem
uma melhor sanidade entérica, por favorecerem que a microbiota intestinal se
mantenha em equilibrio (Maiorka, 2004). Dentre os aminoacidos, a metionina tem

fungdo importante nesse contexto, por meio da sintese das poliaminas como a



espermina e a espermidina, componentes esses que sao considerados agentes
troficos por atuarem na maturacdo e regeneracdo da mucosa intestinal dos leitdes
(Tucci et al. , 2011). A mucina produzida pelas células caliciformes também é formada
a partir da metionina (Oliveira Neto, 2014).

2.2.Aminoéacidos na nutricdo animal

Os AA sao moléculas monomeéricas capazes de se unir por meio de ligacdes
peptidicas covalentes, formando as proteinas. Cerca de 20 tipos de AA formam as
proteinas e apresentam particularmente diversas propriedades quimicas (Marzzoco e
Torres, 2015). Para suinos, nove destes AA merecem especial atencdo, pois sdo
essenciais, devido o organismo ndo ser capaz de sintetizd-los de acordo com a
demanda fisiol6gica. Dessa forma, € necesséria a suplementacdo desses AA na dieta
dos animais. Esses nove AA, séo: histidina (His), isoleucina (lle), leucina (Leu), lisina
(Lis), metionina (Met), fenilalanina (Fen), treonina (Tre), triptofano (Tri) e valina (Val)
(Resende, 2016).

Caso estes aminoacidos estejam presentes na dieta em quantidades inferiores
as exigidas pelo animal, podem limitar a sintese de compostos proteicos. Os principais
aminodcidos limitantes em dietas convencionais a base de milho e farelo de soja para
suinos sédo, respectivamente: lisina, metionina e treonina (Zangeronimo et al. , 2007).
O fornecimento de aminoacidos em excesso também néo é desejavel, uma vez que
sdo desaminados e a ureia resultante € eliminada no ambiente, podendo prejudicar o
balanco energético dos animais e gerar impactos ambientais (Van Milgen e Dourmad,
2015). Nesse contexto, foi proposto o conceito de proteina ideal. Esse conceito se
refere ao fornecimento nutricional de niveis dos aminoacidos que atendam a
guantidade exigida pelo animal, sem excessos ou caréncia, para garantir a sua
manutenc¢ao, 6timo desempenho e saude (Girdtto Janior et al. , 2013). Embora esse
conceito tenha permitido avancos importantes na nutricdo de suinos, algumas lacunas
sao verificadas no que se refere as respostas de leitbes ao uso aminoacidos nas
dietas.

Devido a caréncias de informacdo sobre a fisiologia de leitdes e pelas

abordagens disponiveis na literatura ndo considerarem diferengas no potencial de



crescimento, status sanitario, sexo, temperatura ambiente e densidade animal, podem
haver equivocos nos requerimentos de aminoacidos estimados para leitdes com peso
inferior a 20 kg (Marcolla e Ribeiro, 2015). Entretanto, alguns meios de avaliacao
podem ser empregados, com o intuito de se conhecer melhor as necessidades
nutricionais individuais de leitdes em diversas condicdes fisiolégicas e ambientais.

Dentre os métodos de avaliacdo de exigéncias nutricionais disponiveis, o dose-
resposta estima a exigéncia de determinado nutriente por meio da resposta dos
individuos submetidos a niveis crescentes de sua inclusdo na dieta. Para isto, é
necessario que alguma variavel para avaliacdo seja pré-estabelecida (e.g. ganho de
peso, conversdo alimentar). Quando o animal expressa a resposta maxima a esta
variavel, a exigéncia é encontrada (Rostagno et al. , 2007). A quantificacdo da
concentragdo basal no organismo ou eliminagdo de determinados metabdlitos
também figura como método efetivo de determinacgéo do status nutricional dos animais
(Dantas, 2014). O balanco de nitrogénio € um método que reflete a eficiéncia de
utilizacdo da proteina dietética, pois permite, descontando-se a fragdo de nitrogénio
excretada da ingerida, o conhecimento da quantidade retida pelo animal (Sakomura e
Rostagno, 2016). A quantidade de ureia presente no sangue e na urina também pode
refletir o excesso ou a caréncia de proteina e AA na dieta. Os aminoacidos oferecidos
em excesso sdo desaminados e utilizados pelos hepatécitos do figado para a sintese
de ureia, tornando a ureia sanguinea indicador da qualidade proteica da dieta. Racdes
com baixo teor de proteina, e suplementacdo adequada de amino&cidos essenciais,
acarretam em menor quantidade de ureia no sangue (Oliveira, 2004).

Outro fator necessario para que a efetividade de utilizacdo de um aminoacido

seja assegurada é o fornecimento da forma isomérica melhor aproveitada pelo animal.

2.3.A isomeria dos aminoéacidos

Os aminoacidos sao formados por um grupo amino (com excec¢ao a Prolina,
que apresenta um grupo imino) e um grupo carboxila ligados ao carbono a juntamente
com atomo de hidrogénio e um grupo variavel, usualmente chamado de cadeia lateral

ou grupo R. Por estar ligado a quatro grupos diferentes (com excecao a glicina), o



carbono a é assimétrico, fendbmeno conhecido como quiralidade (Marzzoco e Torres,
2015). Um mesmo composto quiral pode apresentar-se de diferentes formas,
conforme a disposicao de seus grupos ligantes. Sendo assim, dois compostos quirais
de mesma composicdo atbmica, porém com seus grupos ligantes dispostos de formas
diferentes sdo conhecidos como isémeros (Lima, 1997). A estrutura dos aminoacidos
da origem a dois isbmeros opticamente ativos. Esses isdmeros sdo imagens
especulares que ndo podem ser sobrepostas. Um isbmero L € denominado de
enantiomero da conformagdo D correspondente e vice-versa (Barreiro et al. ,1997,
Gusmao, 2014).

Em organismos vivos, as biomoléculas encontram-se apenas em uma Unica
forma quiral, devido as enzimas que as sintetizam se encontrarem na mesma forma.
Entretanto, um composto quiral quimicamente produzido pode estar nas formas D e L
(mistura racémica) (Nelson e Cox, 2014). Industrialmente, a sintese quimica de
aminoacidos muitas vezes é economicamente mais viavel do que a sintese
microbiana, além de permitir uma producdo em larga escala. A desvantagem da
sintese quimica, porém, é possuir como produto final uma mistura racémica,
constituida por 50% de D-aminoacidos e 50% de L-aminoacidos (Bucco, 2013;
Domingues et al. , 2015).

Os aminoacidos sdo metabolizados pelo organismo animal na conformacéo L.
(Nelson e Cox, 2014). O organismo dos suinos tem a capacidade de transformar
eficientemente a forma D (dextrogino) de alguns aminoacidos para a forma L (Moura
et al. , 2010). Os D-aminoacidos fornecidos aos suinos séo absorvidos pelo intestino
e transportados através da corrente sanguinea para o tecido esplancnico, onde sao
oxidados pela D-aminoacido oxidase e convertidos em L-aminoéacidos.

A metionina € um aminoacido essencial, sintetizada quimicamente e
encontrada comercialmente das seguintes formas: acido DL-2- amino-4 (metiltio)
butandico (DL-Met) e acido DL-2- hidroxi-4 (metilo) butandico, mais conhecido como
metionina hidréxi analoga (MHA-FA). Sendo assim, € necessario que ocorra a
conversao destas fontes em L-metionina para que sejam utilizadas pelo organismo na
sintese proteica e deposi¢cdo muscular (Visentini et al. , 2005; Resende, 2016).

Avancos tecnolégicos tém permitido a producédo de L-Metionina que, por ser

uma fonte prontamente disponivel ao organismo animal, tém apresentado bons



resultados na nutricdo de leitdes (Shen et al. , 2014). Contudo, estudos ainda sdo
necessarios no que diz respeito aos beneficios fisioldgicos que esta fonte promove
nas areas absortivas de leitdes em toda a fase de creche, periodo em que a saude
intestinal tem uma grande importancia, pois concomitantemente ao estresse da
desmama, ocorre o desenvolvimento do trato intestinal e sua maturacdo adequada

refletira em melhor absorc&o dos nutrientes da dieta durante todo o ciclo produtivo.

2.4.A importancia da metionina para o equilibrio oxidativo

ApoOs a fracao proteica da dieta sofrer a acdo das enzimas digestivas, os di e
tripeptideos resultantes sdo absorvidos pela membrana apical dos enterécitos. Os
aminoacidos sdo entdo transportados para o figado por meio da veia porta e,
posteriormente distribuidos para as demais células do organismo (Oliveira Neto,
2014).

Existem 3 etapas metabdlicas para a metionina: metilacdo, remetilacdo e
transulfuracéo. Para o processo de metilacdo, a metionina recebe uma adenosina
proveniente de uma molécula de ATP com catalisacdo da enzima metionina-
adenosiltranferase convertendo-se em S-adenosil-metionina (SAM). Apés a doacéo
do grupo metil a um receptor, por intermédio da metil-transferase, a SAM transforma-
se em S-adenosil-homocisteina, que é convertida em homocisteina apds reacédo da
adenosina com uma molécula de agua. A proxima etapa possivel € a remetilacédo, que
ocorre quando a homocisteina gerada reincorpora um grupo metil e retorna a forma
de metionina. Esta etapa acontece com a associacdo entre metionina-sintase,
vitamina B12, B6 e acido fdlico. A Ultima etapa possivel é a transulfuracao, que ocorre
quando o grupo S (enxofre) da metionina é transferido para uma L-serina dando
origem a uma molécula de cisteina. Duas moléculas de cisteina ainda podem unir-se
pelos grupos S e dar origem a uma cistina (Oliveira Neto, 2014; Remus, 2015;
Resende, 2016).

Durante os processos inflamatorios ha uma elevada taxa de oxidagdo dos
aminoacidos, porém o catabolismo de cisteina, obtida a partir do metabolismo de
metionina, tende a reduzir nestes periodos para ser utilizada na sintese de

componentes protetores contra o estresse oxidativo, principalmente de glutationa



(Pinheiro et al. , 2015).

O estresse oxidativo ocorre quando ha alta concentracdo de radicais livres
(superoxido — (02 - e hidroxila - OH) ou presenca insuficiente de enzimas
antioxidantes no organismo. Esses radicais livres sdo naturalmente produzidos a partir
do metabolismo de Oz nas mitocondrias, membranas plasméticas e no citoplasma e
e, quando em altas concentracdes, podem ocasionar alteracdes na permeabilidade e
fluidez de membranas, danos a proteinas transmembrana, enzimas, receptores e
canais ionicos (Stefanello, 2008; Barbosa et al. , 2010).

Para o controle da concentracdo destes radicais, 0 organismo conta com um
sistema enzimatico de defesa, que inclui as enzimas superoxido dismutase (SOD),
catalase (CAT) e glutationa peroxidase (GPx). As enzimas CAT e GPx, impedem o
acumulo do peréxido de hidrogénio (H2032), ndo-radical responséavel pela geracao de
OH’, o qual ndo héa sistema enzimatico de defesa (Barbosa et al. , 2010). Nesse
contexto, a glutationa (GSH) é um tripeptideo encontrado em altos niveis em animais,
plantas e algumas bactérias; € considerada um tampéao redox indispensavel para as
reacoes catalizadas pela GPx, como na redug¢do do H202 em H20 (Nelson e Cox,
2014; Marzocco e Torres, 2015). A GPx catalisa a oxidacdo de GSH pelo peréxido de
hidrogénio, formando a glutationa oxidada (GSSG). Apds este processo, a enzima
glutationa redutase (GR) catalisa a reducdo de GSSG a GSH utilizando NADPH como
agente redutor (Valente, 2012).

O principal destino da metionina retida nos tecidos intestinais é a producgéo de
GPx e GSH. Tendo em vista as alteracdes causadas pelo estresse pos-desmame na
arquitetura entérica, é de grande valia o fornecimento da forma mais biodisponivel
deste aminodacido, com intuito de garantir um sistema oxidativo integro e efetivo, que
amenize os efeitos deletérios deste periodo, assegurando o bom desenvolvimento e

saude do trato gastrointestinal dos leitdes.



3. Objetivos

3.1.0bjetivo geral

Estudar a similaridade de duas fontes isoméricas de metionina e seus efeitos
no desenvolvimento intestinal e estado oxidativo de plasma e tecidos de leitdes em

fase inicial e final de creche.

3.2.0bjetivos especificos

e Estimar a biodisponibilidade dos isomeros L e DL-metionina para leitdes nas
fases inicial e final de creche por meio da realizacdo de balango de nitrogénio;

e Avaliar possiveis efeitos das fontes isoméricas oferecidas na manutencéo da
integridade intestinal dos leitbes, por meio de morfometria intestinal.

e Avaliar por meio de andlise de marcadores oxidativos em tecidos envolvidos
com a metabolizacdo da metionina, se a forma isomérica interfere no equilibrio

oxidativo dos leitdes.
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intestinal morphology and oxidative status of weaned and growth pigs

Este capitulo é apresentando de acordo com a normas de Animal Feed Science and Technology
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Abstract

Two studies were conducted to compare the relative bioavailability (RBV) of L-Met and
DL-Met as Met sources based on N balance assay and the effects promoted by both sources in
the intestinal morphology and antioxidative system of weaned pigs (experiment 1) and growing
pigs (experiment 2). In each experiment, 42 barrows (PIC; initial BW in Exp. 1: 10.7 £ 1.09 kg
and Exp. 2: 20.5 + 1.55 kg) were used in two batches of 21 pigs each. Each batch of pigs was
considered as a block. Three pigs were randomly allotted to each of 7 experimental diets within
each block resulting in a total of 6 replicate pigs per dietary treatment. The basal diets (BD)
were formulated to be adequate for all amino acids, except Met which was 68% of the
requirement (Experiment 1: 2.4 g/kg SID Met; 5.3 g/kg SID Met + Cys; 13.0 g/kg SID Lys;
Experiment 2: 2.3 g/kg SID Met; 4.7 g/kg SID Met + Cys; 11.5 g/kg SID Lys). Three graded
levels of DL-Met and L-Met (0.3, 0.6 and 0.9 g/kg) were supplemented to the BD to create diets
2-7 in both studies. In experiment 1, supplementation with L or DL-Met decreased Urine N and
increased N retention (% of absorbed) (P < 0.03; linear). The slope-ratio regression estimated
the RBV of 106% [95% confidence interval (CI): 39 to 173%] for N retention (% of absorbed)
on an equi-molar basis. In experiment 2, supplementation with both Met sources linearly
decreased Urine N excretion and linearly increased Total N retained, N retention (% of intake,
and % of absorbed) (P < 0.04, linear). Based on the slope-ratio regression the RBV for L-Met
compared to DL-Met was estimated 95% (95% CI: 13 to 177%) for N retention (% of N intake)
and 94% (95% CI: 20 to 167%) for N retention (% of N absorbed), respectively on an equi-
molar basis. In both experiments there were similar concentrations of protein carbonyl and
MDA in the plasma, duodenum and liver for L-Met and DL-Met supplementation (P > 0.05).
The were no statistical differences in villus height, villus width, crypt depth and villus
height:crypt depth ratio of duodenum, jejunum and ileum for both Met sources (P > 0.07). In

conclusion, the results of both experiments indicate that DL-Met and L-Met are equally
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bioavailable as Met sources to optimize intestinal morphology and antioxidant status of weaned

and growing pigs.

Keywords: amino acid, animal nutrition, isomer, nonruminant, sulfur amino acid

Abbreviations: AA, amino acids; BW, body weight; CI, confidence interval; Cys, cysteine; DL-
Met, DL-Methionine; Exp, experiment; L-Met, L-Methionine; Lys, lysine; Met, Methionine;

N, nitrogen; RBV, relative bioavailability; SID, standardized ileal digestible

1. Introduction

Methionine is an essential amino acid, usually the second or third limiting in diets for pigs
(Remus et al., 2015, Tian et al., 2016) and acts as a precursor for protein, energy and substances
synthesis directly involved with development and antioxidant system of the cells. (Zhang et al.,
2015, Martinez et al., 2017). A methionine deficient diet may compromise the integrity and
intestinal development of swine (Su et al., 2018). The cysteine obtained from the metabolism
of methionine is catabolized mainly in the intestine and contributes to the formation of
glutathione (GSH), tripeptide and redox buffer essential for antioxidant reactions catalyzed by
glutathione peroxidase (GPx), forming one of the most important systems used to prevent
oxidative stress (Nelson; Cox, 2014; Oliveira Neto, 2014). The oxidative stress occurs when
high concentrations of free radicals cause an increase in the oxidation of carbohydrates, lipids
and proteins (Pajk et al., 2006). Moreover, an imbalance of antioxidants concentration in
relation to free radicals, can result in metabolic and structural damage to organs and tissues,
especially small intestine, which receives important support of glutathione to ensure cell

division and renewal (Hopps et al., 2010).

In animal nutrition, the commonly used sources of methionine are DL-Methionine (DL-
Met; a 50:50 mixture of D and L-isomers) and methionine hydroxy analog free acid (MHA-

FA) (Feng et al., 2006). Animals can only use the L-isomers of amino acids for metabolic
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functions (Nelson; Cox, 2014), any ingested D-amino acid must first be converted into its L-
isomer through a process mediated by the enzyme D-amino acid oxidase before it can be utilized
(Findrik; Vasi¢-Racki, 2007). The conversion of DL-Met to L-Met is not a limiting factor for
swine, since the liver, kidney and intestine have a high ability to convert D-methionine to L-
methionine (Fang et al., 2010), but unlike for MHA-FA, information about the relative

bioavailability (RBV) of L-Met compared with DL-Met for weaned and growing pigs is limited.

Therefore, more studies about actual RBV of Met sources are the utmost importance for
optimal diet formulation. Additionally, few studies have been conducted to evaluate the effect
of Met levels and sources in the intestinal morphology and oxidative status of weaned and
growth pigs. Therefore, the primarily objective was determine the RVB of L-Met compared
with DL-Met for weaned and growth pigs based on N balance response of supplemental Met
intake. The second objective was to investigate the effects of different dietary concentrations
of either DL- or L-Met on oxidative stress-related parameters in intestinal as well as in plasma

and liver tissue and in the small intestine structures of weaned and growing pigs.

2. Material and Methods

2.1. Animals, housing and experimental diets

Two studies were conducted at the Swine Studies Laboratory (FCAV / UNESP-
Jaboticabal). All procedures were approved by the Institutional Ethics Committee for Animal
Use (CEUA; Protocol 4931/17). In each experiment, forty-two barrows (Agroceres PIC, Rio
Claro, SP, Brazil: Camborough™ x AGPIC 337™) with an average initial body weight (BW)
of 10.7 £ 1.09 kg and 20.5 = 1.55 kg (Exp. 1 and Exp. 2, respectively) were used in two batches
of 21 pigs each. Each batch of pigs served as a block. Three pigs were randomly allotted to each
of 7 experimental diets within each block resulting in a total of 6 replicate pigs per dietary

treatment.
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The pigs were individually housed in adjustable stainless-steel crates (0.60 x 1.60 m)
equipped with a low-pressure drinking nipple, stainless steel feeder, stool collection tray and
bucket with fine mesh on the surface for collection of urine in a temperature controlled room

(25°C) with 12h of light program.

Supplemental Met sources was obtained from commercial companies: L- Met; (99%; CJ
CheilJedang Co) and DL-Met (99%; MetAMINO®; Evonik Nutrition & Care GmbH). Dietary
treatments consisted of basal diet (BD); BD + 0.3 g/kg DL-Met; BD + 0.6 g/kg DL-Met; BD +

0.9 g/kg DL-Met; BD + 0.3 g/kg L-Met; BD + 0.6 g/kg L-Met; and BD + 0.9 g/kg L-Met.

The basal diets (Table 1) were formulated based on corn and soybean meal, except for the
first experiment, where whey powder and spray-dried plasma were also added. The methionine
+ cysteine (Met + Cys) levels were set to be 68% lower than recommended for pigs weighing
10 to 20 kg and 20 to 25 kg (AMINOPIg, 2012), respectively, for experiment 1 and 2
(Experiment 1: 2.4 g/kg standardized ileal digestible [SID] Met; 5.3 g/kg SID Met + Cys; 13.0
g/kg SID Lys; Experiment 2: 2.3 g/kg SID Met; 4.7 g/kg SID Met + Cys; 11.5 g/kg SID Lys).
The diets were formulated based on analyzed AA contents of ingredients and the SID

coefficients of AA (AMINODat 5.0).

The pigs were allowed a 7-day adaptation period followed by a 5-day period for total but
separate collection of feces and urine. During the experimental period, pigs had free access to
water and were provided their daily feed at an amount equivalent to 4% of the average body
weight of the group, which corresponded to approximately 3 times their daily energy
requirement for maintenance (i.e. 0.44 MJ ME / kg of BW®"® / day; NRC, 1998). The animals

were fed with equal portions twice a day, at 0800 and 1600 h.

BW was measured in the start and end of adaptation and end of collections.
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2.2. Nitrogen (N) Balance

The fecal collection period was determined through the inclusion of 3g of ferric oxide in
the feed offered at 0800 h on the 8th day and started when the marker appeared in the feces.
Likewise, the same fraction of the marker was included in the diet offered at 0800 h on the 13th

day and the fecal collection was terminated when the marker appeared in the feces.

Feces were collected twice a day, packed in labeled plastic bags, weighed and frozen at -
20°C. After the collection period, the samples were thawed, homogenized and dried at 55°C for

48h, then ground and stored in labeled containers.

Concomitant to the collection of feces, urine was collected daily into plastic buckets
containing 10 mL of 6N HCI solution. A thin mesh was laid out in the collectors to prevent
contamination of urine with solid material. A sample of 10% of the total urine collected per day
was stored at -20°C in labeled plastic bottles. At the end of the collection period, the urine

samples were thawed, homogenized and stored in properly labeled flasks.

To determine N content of the feed and feces, the samples were homogenized and analyzed
for dry matter (procedure 4.1.06, AOAC, 2000) and then approximately 0.100g of the samples
were weighed, wrapped in thin sheets and analyzed by Leco FP-528 (LECO Corporation, USA),
using the Dumas Method. To obtain the urine N values, approximately 0.100 g of urine were

pipetted, packed in tin capsules and subjected to the same analysis.

2.3. Sampling and collection (blood and tissues)

On the 14th day of the experiment at 0800 h with all pigs fasting since last feeding the
previous day, blood was collected into heparinized tubes, centrifuged, and the plasma stored at
—80 °C. The animals corresponding to treatments BD, BD + 0.9 g/kg DL-Met and BD + 0.9
o/kg L-Met were euthanized. Following euthanasia, the gastrointestinal tract was quickly

removed, and the small intestine was dissected. The middle sections of the duodenum, jejunum
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and ileum were isolated and flushed with saline solution. The sections were fixed in 10%
formaldehyde phosphate buffer and kept for microscopic assessment of mucosal morphometry.
Some sections of the duodenum were collected and opened for scraping of the mucosa layer
into a micro assay tube, which was frozen in liquid nitrogen. A part of the liver (20 g; right
upper lobe) was also collected into an aluminum foil and frozen in liquid nitrogen. Mucosa and
liver samples were then stored in —80°C until analyzed for concentrations of glutathione (GSH),
glutathione disulfide (GSSG), protein carbonyls, and malondialdehyde (MDA) as markers for

oxidative status.

2.4. Chemical analysis

2.4.1.Preparation of tissue homogenate

Samples of 0.15 to 0.20 g were weighed and placed in microassay tubes, where 700 pl of
50 mM phosphate buffer (H2PO4) pH=7 was added. The blends were homogenized using a
vortex stirrer. Additional buffer solution was added until a ratio of 1:9 (g of tissue:ml solution),
considering the amount previously added (700 pl). The blends were centrifuged at 4°C and

12000 rpm for 12 minutes and the supernatant was pipetted and stored in new microassay tube.

2.4.2. Determination of total proteins
Total protein concentrations in the plasma and homogenate samples were obtained using

the commercial kit guidelines (Labtest Diagnostica S.A.), which follow the Biureto method.

2.4.3. Determination of carbonyl level
To the determination of the carbonyl level of the samples, adaptations of the methods

described by Levine et al. (1990) and Odetti et al. (1996) were performed.

The samples were precipitated by adding 100 pl of plasma or homogenate to 100 pl of 20%

trichloroacetic acid (TCA) and centrifuging for 10 minutes at 3500 rpm. The supernatant was
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discarded, and the proteins were derivatized from 500 pL of 2,4 Dinitrophenylhydrazine
(DNPH) + 2M HCI solution. After receiving this solution, the samples were kept for 0100h in
absence of light, being shaken every 15 minutes. The precipitate was then washed three times
with 1 mL of ethanol (1: 1) to remove free DNPH. The pellets were then dissolved with 2 mL
of NaOH (1M) and the absorbance measured at wavelength 370 nm. Carbonyl levels were

expressed in umol / g protein.

2.4.4. Determination of the level of Malondialdehyde (MDA)
The analysis was performed by some adaptations of the method described by Gérard-

Monnier et al. (1998).

A total of 300 ul of (10 mM) 1-methylphenylindole solution + acetonitrile and methanol
(2:1,v/v) and 75 ul pure HCI (37%) were added in 100 pl of the homogenate or plasma. The
content of the microassay tubes were homogenized with the aid of a vortex stirrer and incubated
for 40 minutes in a water bath at 45°C. After withdrawing from the water bath, the samples
were cooled on ice and centrifuged at 4000 rpm for 10 minutes. The supernatant was pipetted,
and the absorbance was measured at 586 nm wavelength. The concentration of MDA was
calculated by comparison with a hydrolyzed 1,1,3,3-tetramethoxypropane (TMP) curve. The

results were expressed as pmol / g protein.

2.4.5. Determination of the Level of Reduced Glutathione (GSH), Oxidized Glutathione (GSSG),
GSH : GSSG and Total Glutathione

The concentrations of GSH and GSSG in plasma and tissues were determined by GSH and

GSSG assays method described by Rahman et al. (2006). The determination of the total

concentration of glutathione occurred with the sum of the GSH and GSSG values obtained in

each sample. The values were expressed as umol / g protein. Data concerning the redox

potential of glutathione were obtained by means of the GSH : GSSG ratio.
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2.5. Intestinal morphology

The samples of duodenum, jejunum and ileum were quickly sent after collection to
Department of Morphology and Animal Physiology FCAV-UNESP for preparation of the
slides. Tissues were stained with H.E. (hematoxylin and eosin). Each blade was finished having

three to four cuts of a certain intestinal segment.

Images of at least 25 intact villi and their associated crypt were captured under a DFC290
camera attached to a Leica DM200 microscope (Leica Microsystems Ltd.). Data of crypt depth,
length and width of villi and relation length of villi: depth of crypt were obtained with Leica
IM50 system (Leica Microsystems Ltd.), calibrated at 100 um, in 40x magnification, according

Shen et al. (2014) methodology.

2.6. Statistical analysis

In both experiments (1 and 2), data were analyzed as a randomized complete block design
using the software SAS (SAS Inst. Inc., Cary, NC, USA). The fixed effect of diet and the
random effect of block (batch) and pigs were included in the model. The individual pigs were
used as the experimental unit. Orthogonal-polynomial contrasts were used to determine the
linear and quadratic effects of increasing DL-Met and L-Met levels on response criteria, and to
evaluate the effects of Met sources of N Balance, oxidative status and intestinal morphometry

data.

In order to compare the relative bioavailability (RBV) of Met sources, N retention data
were subjected to multiple linear regression analyzes to verify the fundamental validity
assumptions of the slope-ratio assay (Littell et al., 1997), which included linearity tests of
responses, equality of the intercept and equality of the intercept common to the mean of the
basal diet. The statistical validity tests described by Littell et al. (1997) determined whether the

mean of the two slopes was nonzero and whether the inclinations of the individual lines were
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different from each other. The multiple linear regression analysis was performed from the
follow equation: Y =a + bx DL-Met + cx L-Met, Y = the response variable (N retained, g/d; N
retention, % of intake; N retention, % of absorbed), a = the intercept, b = slope of the line in
response to the DL-Met in the diet, DL-Met = percentage of supplemental DL-Met in the diet,
c = slope of the line for the percentage L-Met the diet, L-Met = percentage of L-Met
supplemental in the diet. The bioavailability of L-Met compared to DL-Met was calculated as
the ratio of its linear slopes (i.e., b2/b1 x 100) as described by Littell et al. (1997). Statistical

differences were considered significant when P < 0.05.

3. Results

3.1. Diets and AA levels
The analyzed crude protein and AA contents of experimental diets were close to the

formulated levels in both experiments, resulting in graded levels of L- and DL-Met (Table 1).

3.2. Experiment 1

3.2.1.N balance assay

To ensure that the development of intestinal structure and the other variables studied were
interfered only with methionine sources, the animals did not receive antibiotics. However, three
animals had diarrhea and were not considered in the analysis, having at least five pig replicates
per treatment. Dietary leftovers were individually weighed, recorded and discounted from the

amount offered to the animal.

Met supplementation decreased Urine N and increased N retention (% of absorbed)
irrespective of the Met source (P < 0.03; linear). Pigs fed supplemented DL-Met diets had
increased Fecal N (P = 0.02; linear). There were no linear or quadratic responses (P > 0.05) to

increasing Met intake for all other response criteria measured irrespective of Met source (Table
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2). Based on the slope-ratio regression the RBV for L-Met compared to DL-Met was estimated
106% [95% confidence interval (Cl): 39 to 173%] for N retention (% of absorbed) on an equi-

molar basis (Figure 1).

3.2.2.Oxidative status

Markers of oxidative stress in the plasma and tissues of pigs fed diets supplemented with
L- and DL-Met are presented in Table 3. Protein carbonyl concentrations in the plasma,
duodenum and liver were not affected by both Met sources (P > 0.05), but L-Met
supplementation affected MDA, GSH concentrations and GSH:GSSG ratio in the duodenum
compared to the basal diet (P = 0.05). The GSH concentrations in the liver of pigs fed diets
supplemented with both Met sources were increased (P < 0.03) compared with pigs fed the
basal diet. Pigs fed L-Met supplemented diets presented higher (P = 0.01) concentrations of
GSH than pigs receiving the DL-Met supplemented diets. Similarly, the concentrations of
GSSG in the plasma (P = 0.04) and liver (P = 0.01) were lower in pigs fed diets supplemented
with L-Met compared with pigs fed the basal diet. The Total Glutathione and GSH:GSSG ratio

in the liver were increased (P < 0.01) by L-Met supplementation.

3.2.3.Intestinal Morphology

The contrast of DL-Met versus L-Met was not significant (P > 0.10) to villus height, villus
width, crypt depth and villus height:crypt depth ratio of duodenum, jejunum and ileum (Table
4). Pigs fed L-Met supplemented diets had greater villus height and villus height:crypt depth
ratio (P < 0.04) in the duodenum and jejunum, but lower values of crypt depth in the jejunum
compared with pigs fed a basal diet. No significant results were found in the measurements of

the ileum (P = 0.53).
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3.3. Experiment 2

3.3.1.N Balance assay

To ensure that the development of intestinal structure and the other variables studied were
interfered only with methionine sources, the animals did not receive antibiotics. However,
seven animals had diarrhea and were not considered in the analysis, having at least four pig
replicates per treatment. Dietary leftovers were individually weighed, recorded and discounted

from the amount offered to the animal.

N retention and excretion data were tested for linear and quadratic effects (Table 5). Met
supplementations had no effect on BW, N fecal and N absorbed (P > 0.08). Pigs receiving L-
Met or DL-Met supplemented diets linearly decreased (P < 0.04) Urine N excretion and linearly
increased (P < 0.02) Total N retained, N retention (% of intake, and % of absorbed). Pigs fed
DL-Met supplemented diets showed a quadratic effect on N Intake (P = 0.04). The slope-ratio
estimated the RBV of 95% (95% CI: 13 to 177%) for N retention (% of intake) and 94% (95%
Cl: 20 to 167%) for N retention (% of absorbed) on an equi-molar basis (Figures 2 and 3,

respectively).

3.3.2. Oxidative status

Protein carbonyl concentration obtained in the plasma was lower (P < 0.01) for pigs fed
diets supplemented with L-Met than pigs fed the basal diet (Table 6). The supplementation of
both Met sources decreased (P < 0.02) MDA concentration in the plasma compared with Met
deficient diet. However, both Met sources increased (P < 0.01) the plasmatic GSH concentration
compared with pigs fed basal diet. GSH concentrations in the duodenum and liver were greater
(P = 0.02) for pigs fed diets supplemented with L-Met than pigs fed basal diets. Pigs fed diets
supplemented with L-Met or DL-Met had lower concentrations of GSSG in liver than pigs fed

a basal diet (P < 0.01), but L-Met decreased the GSSG concentration compared with DL-Met
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(P = 0.03). Both sources of Met increased the GSH:GSSG ratio and total glutathione in the
plasma compared with basal diet (P < 0.03), but in the liver, pigs fed diet supplemented with L-

Met increased GSH:GSSG ratio (P = 0.03) compared with pigs fed basal diet.

3.3.3. Intestinal Morphology

The contrast of DL-Met versus L-Met were not significantly different (P > 0.07) for the
measurements obtained in the villus height, villus width, crypt depth and villus height:crypt
depth ratio of duodenum, jejunum and ileum (Table 7). Pigs fed L-Met supplemented diets had
greater villus width (P < 0.01) in the duodenum and jejunum than pigs fed a basal diet. No

significant results were found in the measurements of the ileum (P > 0.50).

4. Discussion

4.1. N Balance

The primary objective of this analysis was to compare the N retention response of weaned
and growing pigs fed with Met-deficient diets or supplemented with increasing levels of L-Met
or DL-Met, according to the relative bioavailability (RBV) methodology described by Littell et
al. (1997). Increased protein intake by mammals leads to elevated feed costs and increased
nitrogen release into the environment, thus, Nitrogen is an indicator of protein status and has
been used to determine protein requirements and lean tissue growth rates in pigs. (Liu et al.,
2015). The analyzed content of the diets indicated that the amounts of CP, AA total and
methionine supplementation were close to the calculated and the levels of the sources increased
in graded form, as reported by Opapeju et al. (2012) for a proper determination of RBV between
AA sources. Overall, the supplementation of both Met sources linearly decreased urinary
excretion of N and linearly increased the percentage of N retention based on the absorbed
amount, compared to the basal diet, while the more satisfactory responses were achieved with

the highest supplemental level of both Met sources in these two studies, which demonstrates



27

improved AA balance and more efficient utilization of dietary N. The results confirm that the
deficiency of the sulfur amino acids of the basal diet was limiting, increasing the amount of
catabolized AA and excreted as urinary urea (Opapeju et al., 2012; Santos et al., 2018). Thus,
the responses were tested at a sensitive level as reported in previous studies. The RBV of L-
Met compared to DL-Met based on a slope-ratio procedure was estimated as 106% for N
retention (% of absorbed) for weaned pigs (Experiment 1) and 95 and 94% for N retention (%
of intake) and N retention (% of absorbed), respectively, for growing pigs (Experiment 2).
According to Littell et al. (1997), relative bioavailability is the ratio of the required amounts of
a test substance to a standard substance to produce the same response. Htoo and Morales (2016)
and Tian et al. (2016) found an equal bioavailability for L-Met compared to DL-Met and
reported that a relatively wide CI indicates that the data were consistent with a wide range of
possible RBV values. However, the 95% CI found in our study for the L-Met reaches 100%
demonstrating that Met in DL-Met and L-Met are equally bioavailable to the weaned and
growing pigs, although L-Met RBV was approximately 6% greater or lower than DL-Met to
the responses presented. In addition, nitrogen retention and excretion parameters between the

sources did not show significant differences when compared by orthogonal contrasts.

4.2. Oxidative Status

Damage caused by oxidative stress can be identified by the concentration of MDA and
carbonyl protein. MDA is a biomarker of oxidative lipid deterioration and protein carbonyl
indicates oxidative protein damage (Shen et al., 2014; Zhang et al., 2016). The oxidative stress
occurs when GSH levels are not enough to neutralize the actions of reactive oxygen species
(ROS), which increases GSSG concentrations and reduces the value of the GSH:GSSG ratio
(Rahman et al., 2006). Lower concentrations of oxidative biomarkers indicate lower tissue
deterioration by ROS and more effective antioxidant action. Although GSH,GSSG, total

glutathione production and redox potential were higher in pigs fed diets with L-Met source
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compared with pigs fed diets with DL-Met source, the oxidative markers values did not
significant differences between the sources, demonstrating that glutathione production was
sufficient to prevent damage caused by reactive oxygen species such as free radicals and
peroxides in the studied tissues. Similarly, Zeitz et al. (2018) concluded that the effects of L-
Met and DL-Met supplementation are comparable considering antioxidant status and plasma
L-Met concentration. Overall, the conversion of D-Met portion of DL-Met to Keto-Met is not
a limiting factor due to the existence of substantial D-AAOX activity in different tissues, of
poultry and pigs (Brachet; Puigserver, 1992; Fang et al., 2010). Furthermore, the conversion of
Keto-Met to L-Met is highly efficient as it merely requires transamination of an amino group
from a donor AA, which can be catalyzed by several aminotransferases (Dilger et al., 2007).

Thus, DL-Met can be fully utilized by the pigs (Baker, 2006).

It should be noted the tendency (P>0.09) observed for a higher protein carbonyl in the
duodenum (Table 3) and higher MDA in the plasma (Experiment 2) for pigs fed basal diet
compared to Met sources (DL-Met and L-Met) show Met deficient diets may compromise the
oxidative status. Indeed, the GSH concentration in the liver was 48% lower for weaned pigs fed
basal diet compared to Met sources. Growth pigs fed basal diet also presented antioxidant status
impaired (lower GSH, GSH:GSSG and glutathione in the plasma) compared to pigs fed diets
with Met sources. According to Conde-Aguilera et al. (2016), lower glutathione concentration
can be explained if Cys is the rate-limiting factor for glutathione synthesis. This fact reinforces
that the Met of the basal diets was limiting and the effects of dietary supplementation with both
sources was positive for the antioxidant system, since Cys synthesis is related to methionine

metabolism

4.3. Intestinal Morphology
The intestinal epithelium of mammals undergoes rapid renewal, so intestinal integrity is

essential for nutrient absorption and animal health (Wang et al., 2015). Methionine has
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important functions in this context, through the synthesis of polyamines such as spermine and
spermidine, which are considered trophic agents because they act in the maturation and
regeneration of the intestinal mucosa of swine (Tucci et al., 2011). In addition, methionine is
related to the production of bioactive compounds such as glutathione, an important antioxidant
in splanchnic tissues, especially in the gut, where most sulfur amino acid metabolism occurs
(Shen et al., 2014). It should be noted greater dimensions and their ratios were observed in
duodenum and jejunum structures of pigs fed diets containing L-Met than those fed basal diets
in this study; however, the methionine sources were not statistically different in the effects
promoted on the digestive and absorptive areas of the small intestine as also observed by Zeitz
et al. (2018) in villi height, crypt depth, the villi height:crypt depth ratio in duodenum and
jejunum of weaned pigs fed diets with L or DL-Met. Conde-Aguilera et al. (2016) reported 16
% decrease in the absorptive surface area in the jejunum of piglets fed with insufficient
supplementation of sulfur amino acids. These data confirm that there was no limitation on the
availability of sufficient substrates for the production of glutathione and other substances
necessary for the development of the intestinal portions analyzed, as no differences in intestinal
structure measurements were observed in animals fed with both methionine sources. In
addition, the pigs used in this analysis presented similar performance and were not observed
physical or behavioral changes that could indicate any damage related to nutrient absorption

deficiency.

5. Conclusions
In conclusion, the results of both experiments indicate that DL-Met and L-Met are equally
bioavailable as Met sources to optimize intestinal morphology and antioxidant status of weaned

and growing pigs.
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Table 1
Composition and calculated nutrient and energy content of the basal diets, as-is basis

Ingredients Exp. 1, g/kg? Exp. 2, g/kg?
Corn 614.0 717.5
Soybean meal 260.0 243.1
Dried whey 70.0 -
Soybean oil 7.6 -
Spray-dried plasma 12.7 -
Limestone 3.2 4.8
Dicalcium phosphate 15.1 15.0
L-Lysine, 54.6% 6.9 7.4
L-Threonine 1.8 2.0
L-Valine 0.8 0.9
L-Tryptophan 0.9 1.0

Salt 4.0 5.3
Choline chloride (60%) 0.5 0.5
Mineral and vitamin premix® 2.5 2.5
Calculated composition, g/kg®

ME, MJ/kg 14.0 13.7
NE, MJ/kg 10.4 10.3

CP 200.2 (204.3) 182.4 (186.6)
Lys, total 14.3 (14.8) 12.7 (13.1)
Met+Cys, total 6.4 5.8
9SID Lys 13 11.5
SID Met 2.6 (2.9) 2.4 (2.6)
SID Met+Cys 5.5(6.4) 4.9 (5.6)
SID Thr 8.4 (9.8) 7.5 (8.4)
SID Trp 2.9 (3.2) 2.6 (2.8)
SID lle 7.3 (8.6) 6.5 (7.5)
SID Val 9.1(10.8) 8.1(9.3)
SID His 4.5 4.1

SID Phe 8 7.2

Ca, total 7 7

3Graded levels (0.3, 0.6 and 0.9 g/kg) of DL-Met (Treatments 2, 3 and 4) or L-Met (Treatments 5, 6 and
7) were added to a single common batch of the basal diet to obtain diets 2, 3, 4, 5, 6, and 7, respectively
(Exp. 1 and Exp. 2). The analyzed supplemental Met content was 0.34, 0.63, 0.95, 0.39, 0.51 and 0.81
g/kg indiets 2, 3, 4,5, 6, and 7 in Exp.1, respectively and was 0.35, 0.65, 0.82, 0.32, 0.65 and 0.99 g/kg
in diets 2, 3, 4, 5, 6, and 7 in Exp.2, respectively.

bSupplied the following per kg of diet: 10 000 IU of vitamin A, 2000 1U of vitamin D3, 15mg of vitamin
E, 1.3 mg of vitamin B1, 3.5 mg of vitamin B2, 0.025 mg of vitamin B12, 1.5 mg of vitamin B6, 10mg
of calcium pantothenate, 15mg of nicotinic acid, 0.1 mg of biotin, 0.6 mg of folic acid, 2mg of vitamin
K3, 80mg of Fe, 6mg of Cu, 0.75 mg of Co, 150 mg of Zn, 60 mg of Mn; 0.75 mg of I, 0.10 mg of Se
and 150 mg of ethoxiquin.



®Values in parenthesis are expressed as analyzed total CP and AA contents.
dSID = standardized ileal digestible.
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Table 2

Nitrogen balance of pigs fed diets supplemented with DL-Met or L-Met, Exp. 1

37

Supplementation level (g/kg of diet; as-fed)

Items Basal DL-Met L-Met SEM® Contrasts®”
0 0.3 0.6 0.9 0.3 0.6 0.9 Cl (2

BW, kg
Beginning of adaptation ~ 10.72 10.49 10.73 10.73 10.77 10.78 10.86 0.474 0.84 0.75
End of adaptation 11.73 1191 1240 1205 11.87 11.72 1219 0.508 0.21 0.28
End of collection 1358 13.71 14.06 13.99 13.57 1343 1390 0.531 0.23 0.52
N intake, g/d 13.14 13.08 13.10 13.09 12.76 12.63 1294 0.527 0.90 0.46
Fecal N, g/d 380 319 304 275 350 255 283 0.383 0.03 0.01
Urine N, g/d 169 180 197 222 164 202 198 0.269 0.02 0.08
N absorbed, g/d 1146 11.28 11.13 10.87 11.12 10.61 1095 0470 0.12 0.10
N retained, g/d 765 809 809 812 762 806 812 0464 038 0.25
N retention, % of intake 58.67 61.66 61.70 62.58 60.07 63.77 63.28 3.385 0.29 0.11
N retention, % of absorbed 67.20 71.64 72.45 74.86 68.84 7345 7441 2902 0.03 0.02

8C1: Linear effect of DL-Met; C2: Linear effect of L-Met.

®The contrast of DL-Met vs. L-Met was not significant (P > 0.05).

¢SEM: Standard Error of the Mean.



Table 3

Oxidative status of pigs fed diets supplemented with DL-Met or L-Met, Exp. 1
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| Treatment SEM Contrasts®
tem Basal DL-Met L-Met CL C2 C3
Protein carbonyl, umol/g protein

Plasma 0.09 0.08 0.07 0.006 031 0.14 0.56
Duodenum 0.37 0.30 030 0.022 0.09 0.09 0.89
Liver 0.31 0.29 0.28 0.017 0.62 0.33 0.63
MDA, pmol/g protein

Plasma 0.15 0.11 0.08 0.030 0.36 0.17 0.59
Duodenum 052 051 0.46 0.018 0.61 0.05 0.15
Liver 0.44 0.38 035 0.059 050 031 0.73
GSH, pmol/g protein

Plasma 0.14 0.17 0.18 0.015 021 0.11 0.71
Duodenum 0.13 0.23 035 0.072 032 0.05 0.25
Liver 0.16 0.26 0.40 0.030 0.03 <0.01 0.01
GSSG, pmol/g protein

Plasma 0.09 0.07 0.06 0.010 0.08 0.04 0.8
Duodenum 020 0.22 022 0.038 0.70 0.74 0.96
Liver 022 0.18 0.16 0.011 0.06 0.01 0.25
GSH : GSSG

Plasma 2.09 285 3.38 0.674 048 0.24 0.63
Duodenum 0.61 0.99 180 0.392 048 0.05 0.17
Liver 0.76 1.39 2.67 0.206 0.06 <0.01 <0.01
Glutathione, umol/g protein

Plasma 023 0.23 023 0.009 058 055 0.97
Duodenum 0.34 0.45 056 0.091 041 012 042
Liver 0.38 0.45 058 0.035 0.11 <0.01 0.01

3C1: Contrast Basal vs. DL-Met; C2: Contrast Basal vs. L-Met; C3: Contrast DL-Met vs. L-Met.

bSEM: Standard Error of the Mean.



Table 4

Morphometry of small intestine of pigs fed diets containing DL-Met or L-Met in Exp 1
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ltem Treatment SEM® Contrasts®
Basal DL-Met L-Met Cl C2 (3
Duodenum
Villus height (um) 659.62  710.49 794.09 32257 0.29 0.01 0.10
Villus width (pum) 19299 191.19 193.30 7.699 0.87 098 0.85
Crypt depth (um) 350.29 288.80 276.06 26.663 0.13 0.08 0.74
Villus height:crypt depth ~ 2.14 2.70 3.08 0.278 0.18 0.04 0.36
Jejunum
Villus height (um) 496.21 532.40 622.29 36.729 050 0.04 0.11
Villus width (um) 175.23  184.79 180.14 4304 0.15 0.44 0.46
Crypt depth (um) 311.74  236.98 22550 25.718 0.07 0.04 0.76
Villus height:crypt depth ~ 1.86 2.31 2.97 0.302 0.32 0.03 0.5
Ileum
Villus height (um) 543.84  552.54 558.19 32903 0.86 0.76 0.91
Villus width (um) 179.63 179.22 189.99 7460 097 035 0.33
Crypt depth (um) 265.58 261.51 239.04 20529 0.89 0.38 0.46
Villus height:crypt depth ~ 2.26 2.25 2.37 0.136 094 059 054

8C1: Contrast Basal vs. DL-Met; C2: Contrast Basal vs. L-Met; C3: Contrast DL-Met vs. L-Met.

bPSEM: Standard Error of the Mean.



Table 5

Nitrogen balance of pigs fed diets supplemented with DL-Met or L-Met, Exp. 2

40

Supplementation level (g/kg of diet; as-fed)

Items Basal DL-Met L-Met SEMY Contrasts*®
0 0.3 0.6 0.9 0.3 0.6 0.9 Cl cC2

BW, kg
Beginning of adaptation  20.40 20.60 20.40 20.40 20.70 20.50 20.50 0.710 0.94 0.95
End of adaptation 22.00 2290 2280 22.60 22.60 2190 22.60 0.820 0.48 0.59
End of collection 2490 26.20 26.50 25.90 26.00 25.20 25.80 0.840 0.15 0.40
N intake, g/d° 25.06 26.10 25.86 25.66 25.68 25.66 25.78 0.704 0.23 0.09
Fecal N, g/d 754 6.62 709 546 661 652 593 0634 002 0.04
Urine N, g/d 287 308 310 3.07 317 330 283 0341 066 1.00
N absorbed, g/d 2219 23.05 22.79 22.60 2254 2235 2295 0.714 056 0.18
N retained, g/d 14.63 16.52 1577 17.11 16.01 15.83 17.02 0.754 0.01 0.01
N retention, % of intake 58.22 62.89 61.08 66.60 62.16 61.85 65.88 2.328 0.02 0.01
N retention, % of absorbed 65.72 70.79 69.34 75.73 70.69 71.08 73.97 2515 0.01 0.01

8C1: Linear effect of DL-Met; C2: Linear effect of L-Met.

®The contrast of DL-Met vs. L-Met was not significant (P > 0.05).
¢ Quaderatic effect of DL-Met (P = 0.04).
4SEM: Standard Error of the Mean.



Table 6

Oxidative status of pigs fed diets supplemented with DL-Met or L-Met, Exp. 2
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ltem Treatment SEMP Contrasts®
Basal DL-Met L-Met Cl Cc2 C3
Protein carbonyl, umol/g protein
Plasma 0.08 0.07 0.06 0.003 0.13 <0.01 0.08
Duodenum 0.38 0.38 040 0.075 096 085 0.89
Liver 0.30 0.30 0.28 0.033 097 0.70 0.73
MDA, pmol/g protein
Plasma 0.10 0.07 0.07 0.007 0.02 <0.01 0.46
Duodenum 0.68 0.65 068 0.129 0.89 096 0.84
Liver 0.68 0.63 050 0.105 0.72 0.22 0.38
GSH, pmol/g protein
Plasma 0.03 0.16 0.19 0.027 <0.01 <0.01 0.35
Duodenum 0.20 043 051 0.110 0.08 0.02 051
Liver 0.07 0.23 046 0.109 031 0.03 0.12
GSSG, pmol/g protein
Plasma 0.14 0.15 0.16 0.023 0.64 058 0.94
Duodenum 0.30 0.46 038 0.112 028 054 0.8
Liver 0.34 0.20 0.14 0.025 <0.01 <0.01 0.03
GSH : GSSG
Plasma 030 1.15 1.35 0.206 0.01 <0.01 0.50
Duodenum 0.72 1.00 156 0363 0.52 0.06 0.20
Liver 020 1.49 362 1.013 037 0.03 0.13
Glutathione, umol/g protein
Plasma 0.17 0.32 0.34 0.038 0.01 <0.01 0.6
Duodenum 050 0.91 0.88 0.187 0.08 0.07 0.90
Liver 0.40 043 060 0.096 083 0.16 0.20

3C1: Contrast Basal vs. DL-Met; C2: Contrast Basal vs. L-Met; C3: Contrast DL-Met vs. L-Met.

bSEM: Standard Error of the Mean.



Table 7
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Morphometry of small intestine of pigs fed diets containing DL-Met or L-Met in Exp. 2.

ltemn Treatment SEM® Contrasts®
Basal DL-Met L-Met Cl C2 C3
Duodenum
Villus height (um) 707.38  750.74 72797 30531 034 0.64 0.61
Villus width (um) 176.94 185.20 202.15 5.805 0.34 0.01 0.07
Crypt depth (um) 27547 271.85 258.09 11.708 0.83 0.32 0.43
Villus height:crypt depth ~ 2.72 2.96 2.97 0.164 031 030 0.98
Jejunum
Villus height (um) 535.28 579.70 600.65 35.365 0.40 0.22 0.68
Villus width (um) 173.75 18451 19727 4564 0.3 <0.01 0.08
Crypt depth (um) 240.44  232.87 21421 17.657 0.77 0.32 047
Villus height:crypt depth ~ 2.44 2.82 3.07 0.321 042 020 0.60
Ileum
Villus height (um) 633.69 642.66 647.60 38.899 0.87 0.81 0.93
Villus width (um) 187.63 194.18 190.73 3.818 0.25 058 0.54
Crypt depth (um) 289.97 273.87 277.09 21.787 0.61 0.68 0.92
Villus height:crypt depth ~ 2.39 2.60 2.55 0316 0.65 0.72 0.92

8C1: Contrast Basal vs. DL-Met; C2: Contrast Basal vs. L-Met; C3: Contrast DL-Met vs. L-Met.
®SEM: Standard Error of the Mean.
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Fig 1. Slope-ratio comparison of means dietary DL-methionine or L-methionine based on N
retention expressed as % of absorbed in Exp. 1. The 95% confidence interval for the
true RBV is between 39 to 173%.
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Fig 2. Slope-ratio comparison of means dietary DL-methionine or L-methionine based on N
retention expressed as % of intake in Exp. 2. The 95% confidence interval for the true
RBV is between 13 to 177%.
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Fig 3. Slope-ratio comparison of means dietary DL-methionine or L-methionine based on N
retention expressed as % of absorbed in Exp. 2. The 95% confidence interval for the
true RBV is between 20 to 167%.
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