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RESUMEN

El objetivo del trabajo fue incrementar el conocimiento de componentes de
los mecanismos de particion de la energia (la masa y composicién de los
organos, asi como de la densidad, funcion mitocondrial y marcadores de
estrés oxidativo hepéticos) y su relacion con la eficiencia productiva, en dos
modelos bovinos. Modelo 1: Novillos con fenotipos divergentes para
consumo residual de alimento (RFI) y Modelo 2: Vacas de cria multiparas
puras y cruzas F1 (CR) pastoreando distintas ofertas de forraje de campo
natural. Los novillos de alta eficiencia (bajo RFI) tuvieron una mayor
eficiencia en el metabolismo de los nutrientes hepaticos, que se asocid
fuertemente con una mayor densidad y funcionamiento mitocondrial hepatica
(principalmente del complejo 11), mayor capacidad antioxidante y, por lo tanto
menor estrés oxidativo. La disminucion del estrés oxidativo hepatico
reduciria los requisitos de mantenimiento debido a un menor recambio de
proteinas y lipidos y una mayor eficiencia en el uso de la energia. En vacas
de cria, los animales pastoreando alta oferta de forraje (HI) y CR serian méas
eficientes en el uso de la energia, mayor rendimiento carnicero y menor
relacion entre el peso total de 6rganos y peso de la canal. Ademas, las
vacas HI tuvieron mayor densidad mitocondrial hepatica. Sin embargo, las
vacas CR presentaron un aumento en los marcadores de dafio oxidativo a
nivel hepatico, lo que podria deberse a una mayor actividad metabolica de
este 6rgano. En los novillos con diferentes RFI la eficiencia energética se ha
asociado con mejor funciébn mitocondrial y menor estrés oxidativo hepéatico
sin embargo, esta asociacion no es tan clara en el sistema vaca-ternero.
Otros factores, como el tamafio de las visceras, y su actividad metabdlica, el
consumo de materia seca, masa y composicion corporal presentarian mayor
asociacién con los mecanismos relacionados a demandas de energia de

mantenimiento y a la eficiencia energética del sistema vaca-ternero.
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CELL AND MOLECULAR MECHANISMS RELATED TO THE EFFICIENCY
OF ENERGY USE IN BOVINOS

SUMMARY
The objective of the work was to increase the knowledge of components of
the energy partition mechanisms (the mass and composition of the organs,
as well as the density, mitochondrial function and markers of hepatic
oxidative stress) and their relationship with productive efficiency, in two
bovine models. Model 1: Steers with divergent phenotypes for residual food
consumption (RFI) and Model 2: Pure and F1 crosses (CR) multiparous cows
grazing different herbage allowances of native pastures. The steers of high
efficiency (low RFI) had a greater efficiency in the metabolism of the hepatic
nutrients, which was strongly associated with a greater density and
mitochondrial liver function (mainly of complex II), greater antioxidant
capacity and, therefore, lower oxidative stress. The reduction of hepatic
oxidative stress would reduce the maintenance requirements due to a lower
protein and lipid turnover and a greater efficiency in the use of energy. In
cows, the animals grazing high herbage allowances (HI) and CR would be
more efficient in the use of energy, greater performance and lower ratio
between the total weight of organs and carcass weight. In addition, HI cows
had greater hepatic mitochondrial density. However, CR cows showed an
increase in markers of oxidative damage at the liver level, which could be
due to a greater metabolic activity of this organ. In steers with different RFI,
energy efficiency has been associated with better mitochondrial function and
lower hepatic oxidative stress, however, this association is not as clear in the
cow-calf system. Other factors, such as the visceral mass and their metabolic
activity, the dry matter intake, body mass and composition would be more
associated with the mechanisms related to maintenance energy demands

and the energy efficiency of the cow-calf system.

Keywords: bioenergetics, mitochondria, oxidative stress, RFI



1. INTRODUCCION
1.1. PLANTEO DEL PROBLEMA

La producciébn de carne basada en ecosistemas pastoriles resulta en

importantes aportes a la economia nacional (primer rubro en importancia en
las exportaciones, totalizando 1767 millones de dolares en venta de carne y
animales en pie ejercicio 2016-2017; DIEA, 2018). La cria de bovinos de
carne (primer eslabon de la cadena céarnica) en Uruguay involucra 7,6
millones de cabezas y 7,7 millones de hectareas, que significan el 51% de
las hectareas de pastoreo con bovinos de carne y ovinos y el 54% de los
productores agropecuarios. Por otra parte, la recria y engorde involucran 4,3
millones de cabezas y 6,7 millones de hectareas, que representan el 41% de
las hectareas de pastoreo con bovinos de carne y ovinos y el 27% de los
productores (DIEA, 2018).

El sistema ganadero agro-exportador continda siendo competitivo
pero, los altos niveles de transferencias hacia otros sectores de la economia
(agricultura, forestacion) y el peso de algunas ineficiencias relativas a los
resultados obtenidos, particularmente en el sistema criador (65% destete, 75
kg carne/ha; DIEA, 2018; IPA 2018), comprometen la sostenibilidad de los
productores y sus empresas, limitan la expansion exportadora del complejo
carnico uruguayo y muestran que no debe darse por sentado que este nivel
de competitividad es infinito (Lanfranco et al., 2012). El incremento en la
produccion por unidad de superficie, con reduccion o mantenimiento de los
costos unitarios de produccion, permite una mejora en la eficiencia de
produccion y constituye una estrategia central para mantener la
competitividad de la produccion de bovinos de carne.

Los costos asociados con la alimentacion representan alrededor 65%
de los costos totales de la produccion de carne en Uruguay (IPA, 2018) y
Estados Unidos (Anderson et al.,, 2005). Por lo tanto, la mejora de la
eficiencia alimenticia (principalmente en el uso de la energia por parte de los
animales) constituye un objetivo importante para los productores ganaderos.

Se ha demostrado, en estudios de simulacion conducidos por Fox et al.,



(2004), que el impacto en los beneficios por aumentar 10% en novillos la
eficiencia en el uso de la energia es muy superior que el impacto en los
beneficios de aumentar 10% la tasa de ganancia (43 vs 18%). Esto podria
tener un mayor impacto en el sector criador, ya que, en el ciclo de cria
vacuna, mas del 70% de los costos energéticos son debidos al
mantenimiento de los vientres (Ferrell y Jenkins, 1985).

En la produccion de carne vacuna, solo el 5% del total de energia
consumida durante el ciclo de vida es utilizado para la deposicion de
proteinas (Ritchie, 2000). Sin embargo, se estima que los costos energéticos
para mantenimiento representan ~65 % de los costos totales requeridos por
un rodeo, con considerable variacion entre los animales e
independientemente de su peso vivo (PV; Montafio-Bermudez et al., 1990,
Parnell et al., 1994). De esta manera, el aumento de la eficiencia en el uso
de la energia conllevaria al aumento de la productividad animal con iguales o
menores costos de mantenimiento.

El mantenimiento es el estado fisioldgico en cual no hay cambio neto
en la energia corporal o cuando el balance de energia es cero (Baldwin,
1995). O sea la energia de mantenimiento de un animal es la fraccion de la
energia consumida necesaria para mantener el equilibrio energético del
animal (NRC, 2000) y comprende a la energia destinada a mantener
constantes los tejidos corporales y actividades vitales basicas. Segun
NASEM (2016), la estimacion de la energia requerida para el mantenimiento
incluye: la energia requerida para el metabolismo basal, la termorregulacién
y la actividad voluntaria del animal, en confinamiento y en un ambiente no
estresante. Para animales en pastoreo se le debe sumar la energia
necesaria para el pastoreo, la rumia y la busqueda del alimento. El
metabolismo basal representa entre el 60-80 % del costo energético de
mantenimiento dependiendo de la actividad realizada por el animal. Se ha
reportado que los mecanismos biolégicos que explican la eficiencia en el uso
de la energia estdn muy relacionados con procesos que determinan las

necesidades de energia de mantenimiento, fundamentalmente del



metabolismo basal (Richardson y Herd, 2004). Rolfe y Brand (1997)
estimaron que ~90% de la produccién de energia y ~90% del consumo de
oxigeno en los mamiferos ocurre en la mitocondria, siendo este organelo un
lugar apropiado para estudiar la variacion de los requerimientos de energia
de mantenimiento entre animales. Variaciones en la eficiencia de produccién
de energia (mitocondria) y/o la utilizacion de la misma por parte de los
tejidos puede contribuir a explicar a las diferencias fenotipicas observadas
entre los animales (Herd y Arthur, 2009).

En resumen, la mejora de la eficiencia en el uso de la energia, incluso
en un bajo porcentaje, no solo representaria importantes beneficios
econdémicos para el productor sino también tendria beneficios a nivel social y
ambiental (Ahola y Hill, 2012). Sin embargo, la investigacion en esta
tematica en ganado de carne es muy reciente y limitada a nivel internacional
y practicamente no existente en nuestro pais. Este trabajo de tesis de
doctorado busca continuar profundizando sobre la identificacion de
mecanismos celulares y moleculares relacionados a la eficiencia de
utilizacion de la energia en bovinos. La informacion generada permitird una
mejor comprensiéon de los sistemas ganaderos buscando optimizar la
eficiencia en el uso de los recursos y contribuir a mejorar la sostenibilidad de
los sistemas pastoriles, disminuyendo el impacto ambiental (heces, emision

de gases de efecto invernadero; Steinfeld et al., 2006; Dini et al., 2019).

1.2. PRODUCTIVIDAD Y EFICIENCIA

La productividad de los animales se encuentra asociada a su balance
energético, determinado por las diferencias entre el consumo y los
requerimientos de energia (mantenimiento y produccion). El mejoramiento
genético en ganado de carne se ha centrado fundamentalmente en
caracteristicas de crecimiento y habilidad materna que aumentan los
‘outputs” o salidas en un sistema de produccion, pero que estan
estrechamente ligadas al uso creciente de alimento. Asimismo, la seleccion

de reproductores por crecimiento acelerado y mayor PV ha generado un



incremento del tamafio adulto promedio de las diferentes razas y de sus
requerimientos de mantenimiento, con una menor eficiencia en uso de los
recursos alimenticios y por lo tanto mayores costos de produccion (Evans,
2001). Esta menor eficiencia también se ve reflejada en los indicadores
reproductivos de los rodeos de cria, traducido en el estancado porcentaje de
destete, en promedio de ~65% (promedio anual; DIEA, 2018) y también
podria aumentar el potencial de los problemas ambientales.

De forma basica se pueden definir a la eficiencia energética como:
entrada de energia (consumo) dividida por salida de energia en productos
(produccion). Tradicionalmente se utilizo la eficiencia de conversion (kg de
alimento consumido/kg de ganancia) o la eficiencia de produccion (kg de
ganancia/kg de alimento consumido) para medir la eficiencia de los animales
en crecimiento. Sin embargo, estas medidas estan muy influenciadas por el
tamafio y ganancia de peso de los animales. Como alternativa, el consumo
de alimento (o energia) residual o neto (RFI en inglés) se ha utilizado como
una caracteristica de eficiencia independiente de tamafio corporal (Koch et
al.,, 1963), surgiendo como una importante caracteristica por la cual
seleccionar los animales més eficientes.

El RFI es una medida de eficiencia alimenticia que se define como la
diferencia entre el consumo observado y el consumo estimado para cada
individuo (en base a las exigencias de mantenimiento y crecimiento; Koch et
al.,, 1963). Esta medida es utilizada para identificar los animales que se
desvian de su consumo esperado clasificAndolos como de alta eficiencia
alimenticia (RFI negativo) o de baja eficiencia alimenticia (RFI positivo). El
RFI se ha convertido en una medida muy aceptada para evaluar la eficiencia
animal, sin embargo, la clasificacion por RFI tiene una utilidad limitada en la
identificacion de ganado energéticamente eficiente en pastoreo, debido a
nuestra incapacidad para medir con precision la ingesta de animales en
estas condiciones o sistemas de produccion.

La eficiencia energética en vacas de cria se define como salidas de

energia a la produccién de terneros (nimero de terneros y/o peso (o energia



retenida) de terneros destetados) e insumos relevantes: numero de vacas
entoradas o consumo de materia seca/energia (Jenkins y Ferrell, 1994;
Scholljegerdes y Summers, 2016). No se han reportado diferencias entre
entre animales clasificados en alta, media y/o baja RFI para el peso de la
cria al nacer o al destete por vaca entorada asi como tampoco en las tasas
de prefiez de vacas o de vaquillonas (Arthur et al., 2005; Donoghue et al.,
2010). Ademas, debido al hecho de que la eficiencia del sistema vaca-
ternero probablemente esté influenciada por multiples factores, es razonable
suponer que las métricas mdltiples seran mas precisas que cualquier

marcador individual.

1.3. EFICIENCIA EN EL USO DE LA ENERGIA, LAS VISCERAS Y
MITOCONDRIAS
En general, los requerimientos de mantenimiento pueden ser clasificados
como funciones de servicio (funcionamiento del corazoén, rifidn, higado,
sistema nervioso, etc.), y el mantenimiento celular (renovacién proteica y
lipidica y transporte de iones), representando este ultimo del 40-60% de
gasto energético correspondiente al metabolismo basal (Baldwin et al.,
1995). Los requerimientos de mantenimiento son estimados por los distintos
sistemas de alimentacion (NRC, CSIRO) como una constante del peso
metabdlico (PV°"®), sin embargo esta reportado que los mismos varian no
solo en funcion de la actividad y conducta de pastoreo (Brosh et al., 2006;
Scarlato et al.,, 2011) sino también debido al consumo de materia seca
(Freetly et al., 1995), la masa y composicién corporal (Ferrell y Jenkins,
1985; Casal et al., 2017), el tamafio de visceras del tracto gastrointestinal
(TGI) y otros érganos (Baldwin et al., 2004; Casal et al., 2014) y la actividad
metabdlica de los mismos (Herd y Arthur, 2009).

Si bien el musculo representa ~50% del cuerpo, los 6érganos
vinculados al funcionamiento de los sistemas digestivo, respiratorio,
circulatorio y actividades de excrecion constituyen una menor proporcion del

peso del cuerpo (15-25%), no obstante, representan mas del 50% de los



costos de mantenimiento (Baldwin et al., 2004; Ferrell, 1988; Seal y
Reynolds, 1993). Particularmente, las visceras del TGl e higado que
representan del ~13% del PV, son responsables de ~40% del total de
consumo de oxigeno de los animales (Baldwin et al., 2004). Existe
considerable evidencia que indica que la masa total de érganos difiere entre
genotipos, entre estados fisioldégicos y entre planos nutricionales y que estas
diferencias pueden traducirse en variaciones en las necesidades de energia
de mantenimiento (Baldwin, 1995; Baldwin et al., 2004; Casal et al., 2014).
En particular, el higado representa ~3% del PV y ~8% del recambio de
proteinas corporales diario (Lobley et al., 1980). Ademas, este 6rgano puede
considerarse como el primer regulador e integrador del estatus metabdlico
de los animales y tiene una gran influencia en el perfil y aporte de nutrientes
absorbidos por el TGl que podran ser usados en los procesos productivos
(sintesis de reservas corporales, tejido fetal o produccion de leche). Esto
determina que el higado y los o6rganos del TGI sean centrales en el
metabolismo energético y en su impacto sobre la eficiencia alimenticia.

Herd et al. (2004) estimaron que un tercio de la variacion biolégica en
RFI en bovinos de carne en crecimiento, podria ser explicado por diferencias
en la digestion, incremento de calor, la composicién de la ganancia y la
actividad, y postulé que los dos tercios restantes de la variacion en RFI
podria estar relacionada con diferencias en los gastos energéticos asociados
con los procesos biologicos como el recambio proteico, bombeo de iones y
metabolismo mitocondrial. Es asi que, sobre la base de la importancia de las
mitocondrias en la produccién de energia celular, ha sido propuesto que las
diferencias en la funcion mitocondrial pueden contribuir a las diferencias
observadas entre los animales en su expresion de la eficiencia alimenticia.
Elsasser et al. (2008) indicaron que una actividad mitocondrial alterada (o
disfuncion) puede tener impactos criticos sobre el estrés oxidativo, que
podria resultar en cambios en el equilibrio metabdlico y la eficiencia en el
uso de nutrientes. Rolfe y Brand (1997) sugieren que la funcion mitocondrial

puede aportar datos de la variacion entre animales en los requerimientos de



energia de mantenimiento. Sin embargo, todavia falta mucho para conocer
sobre los mecanismos celulares/moleculares que controlan las diferencias

en eficiencia alimenticia.

1.4. EFICIENCIA EN EL USO DE LA ENERGIA, FUNCION
MITOCONDRIAL Y ESTRES OXIDATIVO

En las mitocondrias se produce ~90% de la energia celular, son el organelo
fundamental en el metabolismo intermediario (catabolismo y anabolismo),
por lo tanto estan integradas en numerosas funciones de diferentes redes
metabdlicas y sefializacién con otros compartimentos celulares. El ciclo del
acido citrico (o del acido tricarboxilico) es el eje central del metabolismo
energético celular siendo la via final comun para la oxidacion de las
moléculas energéticas (carbohidratos, lipidos y proteinas) y es fuente de
precursores para la biosintesis de otras moléculas Todos los compuestos
energéticos acaban siendo metabolizados hasta acetil-CoA o a algun
componente del ciclo del acido citrico. Cada vuelta de esta ruta ciclica
incluye una serie de reacciones de oOxido-reducciébn que conducen a la
oxidacion de un grupo acetilo hasta dos moléculas de didxido de carbono.

La funcion especifica del ciclo del acido citrico es proporcionar
electrones a partir de compuestos carbonados, para la formacion de
compuestos transportadores de electrones (NADH y FADH;) que luego son
oxidados nuevamente mediante oxigeno en la fosforilacion oxidativa. Los
electrones liberados del NADH y/o FADH, fluyen a través de una serie de
proteinas de membrana denominada cadena de transporte de electrones o
cadena respiratoria situada en la membrana interna de la mitocondria y que
consiste en cinco complejos enzimaticos multiproteicos, la coenzima Q y el
citocromo c¢; complejo | (NADH-ubiquinona reductasa), complejo i
(succinato-ubiquinona reductasa), complejo Il (ubiquinol-citocromo c
reductasa), complejo IV, (citocromooxidasa) y complejo V (ATP sintasa). Los
electrones se transportan desde el complejo 1 y el Il a la coenzima Q. Desde

la coenzima Q a través del complejo Il (ciclo Q) son transferidos al



citocromo ¢ que luego los cede al complejo IV donde se produce la
reduccion tetravalente del oxigeno a agua. Los complejos que forman parte
de la cadena respiratoria se agrupan en estructuras funcionales o
supercomplejos formados por la aglomeracion de los complejos I, Il y IV en
la membrana de las mitocondrias en diferentes configuraciones. A través de
los complejos |, Il y IV ocurre el transporte de electrones, que se acopla al
bombeo de protones hacia el espacio intermenbrana, generando un
gradiente de protones a través de la membrana mitocondrial interna. Los
protones luego fluyen a través de la ATP sintasa hacia la matriz mitocondrial
y la disipacion de este gradiente de protones genera la energia necesaria
para la sintesis de ATP acoplada al transporte de electrones (Berg y
Tymoczko, 2008). Estos complejo no son entidades separadas, sino que
estan formados por subunidades multiproteicas, que tienen una gran
dependencia estructural y funcional de las subunidades individuales, donde
la alteracién de uno de ellos puede causar perturbacion parcial o global de
toda la funcionalidad de uno, varios o todos los complejos.

Las mitocondrias son reconocidas como fuentes principales de
especies reactivas de oxigeno (ROS) y especies reactivas de nitrégeno
(RNS) en la mayoria de los tipos de células. Estas ROS-RNS provocan la
oxidacion o nitracién de biomoléculas que pueden ser parte de un sistema se
sefalizacion o formar parte de mecanismos de defensa celular, sin embargo
tambien pueden ser agentes que provocan dafio celular (Turrens, 2003;
Bottje y Carstens, 2009; Valez et al., 2012). El estrés oxidativo se produce
cuando la produccion de ROS-RNS y otros oxidantes exceden la capacidad
del sistema biologico (capacidad antioxidante) para desintoxicar los
intermedios reactivos o para reparar el dafo resultante (Chirase et al., 2004;
Radi, 2018). Neutralizar el oxidante y/o degradar y reemplazar las
biomoléculas dafiadas por la oxidacién (proteinas oxidadas, lipidos, ADN y
carbohidratos) o células que contienen las biomoléculas dafadas es
energéticamente costoso, por lo tanto, el estrés oxidativo puede aumentar el

gasto de energia disminuyendo la eficiencia energética (Mehlhase y Grune,



2002; Bottje y Carstens, 2009). El estrés oxidativo de las biomoléculas y los
organelos celulares no solo eleva el gasto de energia celular sino que
también puede afectar negativamente a otros procesos celulares como la
alteracion de enzimas, proteinas y lipidos de vias metabdlicas involucradas
en eventos de sefializacion celular o disfuncion de organulos (Turrens, 2003;
Bottje y Carstens, 2009; Radi, 2018).

Los antioxidantes, sustancias que retrasan o inhiben la oxidacién de
un sustrato a pesar de sus menores concentraciones en relacion con el
sustrato oxidable, se integran en un sistema antioxidante multifacético
responsable de mitigar la accion del oxidante y prevenir el estrés oxidativo
(Gutteridge, 1995). Los mecanismos antioxidantes suelen actuar de forma
coordinada, ejercen su funcion en localizaciones subcelulares concretas, y
se agrupan en dos sistemas de defensa antioxidante: sistema enzimatico y
sistema no enzimatico. El sistema antioxidante enzimético esta integrado
por tres enzimas principales que trabajan en cadena para desactivar
selectivamente a los oxidantes: superoxido dismutasa (SOD), catalasa,
glutation peroxidasa (GPX). A su vez, otras tres enzimas, glutation
reductasa, glutation-S-transferasa y gama-glutamilcisteinil sintetasa (o
glutamato cisteina ligasa), sin ser estrictamente enzimas antioxidantes,
colaboran indirectamente con la glutation peroxidasa ya que contribuyen a
regular el pool intracelular de glutation reducido, uno de los principales
antioxidantes celulares no enzimaticos. La SOD convierte el superoxido en
peréxido de hidrégeno (H20,), y la GPX y peroxirredoxinas (PRDX) junto con
otras enzimas son responsables de reducir el H,O,, el peroxinitrito, los
hidroperoxidos de acidos grasos libres y otros peroxidos a compuestos
menos téxicos (Quijano et al., 2016; Radi, 2018).

El sistema antioxidante no enzimatico esta integrado por una serie de
sustancias que, aun estando presentes a bajas concentraciones, en
presencia de compuestos oxidables (ADN, proteinas o lipidos), se oxidan
antes que éstos, y retrasan, inhiben, amortiguan o previenen su oxidacion. El

sistema antioxidante no enzimatico incluye una larga serie de compuestos



de bajo peso molecular, siendo los mas importantes el glutation reducido, la
vitamina E y la vitamina C. Ademas, los flavonoides, acidos fendlicos, acido
a-lipoico, acido urico, bilirrubina, algunos azucares y aminoacidos, coenzima
Q o ubiquinona y varios derivados de ésta y la melatonina, también forman
parte de los antioxidantes no enzimaticos. EI manganeso, selenio, cobre,
hierro y otros minerales, al ser parte del sitio activo de las enzimas
antioxidantes, juegan un papel importante en la defensa mediada por
enzimas, sin ser verdaderos antioxidantes. El glutation reducido y el grupo
de enzimas encargadas del reciclaje del glutatiébn constituyen el centro del
sistema de defensa antioxidante. La reduccion del glutation oxidado se
realiza en el citosol y luego es exportado a la mitocondria, la glutamato
cisteina ligasa es la enzima limitante en la sintesis de glutation reducido
(Surai et al., 2019; Ran et al., 2004; Kidd, 1997).

En este marco, se define estrés oxidativo como el desbalance entre la
formacion de oxidantes y el sistema antioxidante, donde una elevada
formacion de oxidantes y/o menor proteccion del sistema antioxidante, llevan
a un inevitable dafo oxidativo. Este dafio puede determinar un aumento en
el recambio de componentes corporales, fundamentalmente proteinas, que
al estar alteradas por el dafio oxidativo no cumplen su funcion y es necesario
renovarlas con el eventual gasto de energia que conlleva. El glutation
reducido es importante en la proteccion de la oxidacion de las proteinas
(Bolafios et al., 1996). La relacion entre glutation oxidado y reducido se ha
usado como un indicador de estrés oxidativo (Kidd, 1997). En
homogenizados de tejidos de pollos (musculo, intestino, corazoén, higado),
los animales de alto RFI presentaron mayor presencia de carbonilos
proteicos (modificaciones post-traduccionales ya sea por reaccion directa
con oxidantes o por reaccion con productos de la peroxidacion lipidica) en
comparacion a los de bajo RFI, lo cual apoya las observaciones anteriores
que afirman que los animales menos eficientes presentan mayor estrés
oxidativo (Igbal et al., 2004; 2005; Ojano-Dirain et al., 2007). En bovinos,
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Sandelin et al. (2005) observé que novillos de alto RFI presentaban mayor
cantidad de carbonilos proteicos en muestras de musculo.

En resumen, la funcidbn mitocondrial y el estrés oxidativo a nivel
hepatico tiene un impacto significativo en metabolismo energético celular y
por lo tanto pueden afectar la eficiencia biolégica de produccion. Es asi que,
una mayor comprension de los factores asociados a la eficiencia de uso de
la energia permitira generar manejos/tecnologias que colaboren a mejorar la
eficiencia global (productiva, economica y ambiental) del sistema de

produccién de carne vacuna.

1.5. HIPOTESIS Y OBJETIVOS

1.5.1. Hipétesis

Cambios en la masa de 6rganos y visceras afectan la particion energética
(mantenimiento vs. produccion) de los animales determinando diferencias en
el comportamiento productivo. A su vez, cambios en el metabolismo
energético celular y un aumento del estrés oxidativo a nivel hepatico afectan
la eficiencia de uso de la energia en vacas de cria o novillos en crecimiento.
Por lo tanto, Animales mas eficientes vs. menos eficientes en el uso de la
energia, presentaran menor masa de 6rganos en proporcion a la masa
corporal, mejor metabolismo energético celular (mayor funciéon mitocondrial y

menor estrés oxidativo) a nivel hepatico

1.5.2. Objetivo general

Profundizar en algunos mecanismos relacionados con la eficiencia en el uso
de la energia en dos modelos bovinos. Modelo 1: Novillos con fenotipos
divergentes para RFI y Modelo 2: Vacas de cria multiparas puras [PU;
Hereford (H) y Angus (A)] y cruzas F1 [CR; H-A y A-H] pastoreando distintas

ofertas de forraje de campo natural.
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1.5.3. Objetivos especificos:

1- Determinar la densidad y funcién mitocondrial y marcadores de estrés
oxidativo hepaticos en novillos con fenotipos divergentes para RFI.

2- Evaluar el efecto de la oferta de forraje y genotipo de los animales
sobre la masa y composicion de los 6rganos, asi como sobre la densidad
y funcién mitocondrial y marcadores de estrés oxidativo hepéticos en

vacas de cria pastoreando campo natural.

1.6. ESTRUCTURA GENERAL DE LA TESIS
Consiste en cuatro articulos cientificos que constituyen la estructura central

de la tesis y un capitulo final de discusion general y conclusiones globales.

El articulo titulado “Hepatic mitochondrial function in Hereford steers
with divergent residual feed intake phenotypes”, fue publicado en la revista
Journal of Animal Science y constituye el segundo capitulo de esta tesis.
Este trabajo tuvo como objetivo determinar la densidad y la funcion
mitocondrial hepatica, en términos de respiraciéon, expresion de genes y
proteinas y actividad enzimatica de las proteinas del complejo respiratorio
mitocondrial, en novillos con fenotipos divergentes para consumo residual de
alimento. Se demostré que la respiracién basal y la frecuencia respiratoria
maxima fueron mayores para los novillos de bajo RFI cuando se utilizaron
sustratos del complejo Il (succinato). Sin embargo, cuando se usaron
sustratos del complejo | (glutamato/malato), la capacidad respiratoria
maxima tendié a ser mayor para los novillos de bajo RFI frente a los de alto
RFI. Los novillos de bajo RFI presentaron mayor densidad de mitocondrias
en el tejido hepatico que los novillos de alto RFI. La expresion hepatica de
genes que codifican proteinas de la cadena respiratoria mitocondrial fue
mayor en los novillos de bajo RFI que en los de alto RFI. La expresién de la
proteina hepatica SDHA tendi6 a ser mayor, mientras que las actividades
enzimaticas de succinato deshidrogenasa y de NADH deshidrogenasa

fueron mayores para los novillos de bajo RFI. Se concluyé que los novillos
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de alta eficiencia (bajo RFI) probablemente tuvieron una mayor eficiencia en
el metabolismo de los nutrientes a nivel hepatico, lo que estuvo fuertemente
asociado a mayor densidad y funcionamiento mitocondrial, principalmente

del complejo Il.

El articulo, titulado “Differential hepatic oxidative status in steers with
divergent residual feed intake phenotype” fue publicado en la revista Animal
Journal y constituye el tercer capitulo de esta tesis. Este trabajo tuvo como
objetivo determinar los marcadores de estrés oxidativo de lipidos y proteinas
y la expresion de genes y proteinas, asi como la actividad de las enzimas
antioxidantes en el higado de novillos con fenotipos divergentes para
consumo residual de alimento. Se demostré que las sustancias reactivas al
acido tiobarbiturico y los carbonilos proteicos hepéticos fueron mayores y 4-
hydroxynonenal aductos proteicos hepéatico tendieron a ser mayores para los
bovinos con alto que con bajo RFI. La expresion génica hepatica de algunas
enzimas antioxidantes fue mayor y la expresion de la proteina hepdatica y la
actividad enzimatica de la superdxido dismutasa de manganeso y la
actividad enzimética de la glutation peroxidasa tendieron a ser mayores para
los novillos con bajo que alto RFI. En conclusiéon, la alta eficiencia de
alimentacion de los novillos con bajo RFI se relaciond con un mejor equilibrio
oxidativo hepéatico: mayor capacidad antioxidante hepatica cerca del sitio de
produccion de oxidantes y por lo tanto, menor estrés oxidativo hepatico, en
comparacion a los de alto RFI. La disminucién del estrés oxidativo hepatico
reduciria los requisitos de mantenimiento debido a una menor recambio de

proteinas y lipidos y una mayor eficiencia en el uso de la energia.

El articulo, titulado “Masa y composicion de la canal y de los 6rganos en
vacas de carne puras Yy cruza pastoreando diferentes ofertas de forraje de
campo natural”, fue publicado en la revista Veterinaria (Montevideo) y
constituye el cuarto capitulo de esta tesis. Este trabajo tuvo como objetivo

evaluar el efecto de la oferta de forraje y genotipo de los animales sobre la
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masa y composicion de la canal y 6rganos en vacas de cria pastoreando
campo natural [alta (HI) vs baja (LO)]. Demostramos que las vacas en HI
presentaron mayor peso absoluto de la masa total de 6rganos que las vacas
en LO, mientras que la masa relativa al peso de la canal del total de 6rganos
fue mayor en las vacas PU que CR. Ademas, la masa absoluta y relativa de
la canal fue mayor en las vacas en HI que en las vacas en LO, y tendi6 a ser
mayor en vacas PU que CR. Se concluy6 que las vacas en vacas en HIl y
vacas CR presentaron mayor peso de canal y mayor rendimiento carnicero y
un menor peso relativo de los 6rganos respecto al peso de la canal,
contribuyendo a explicar las mejoras en la eficiencia en el uso de la energia
para produccion, dado la menor relacion entre masa total de dérganos y

canal.

El articulo, titulado “Mechanisms related with energy efficiency on the
liver of pure and crossbred beef cows grazing different herbage allowances
of grasslands”, se encuentra en formato borrador y sera enviado a revisién a
la revista Animal Production Science. Este articulo constituye el quinto
capitulo de esta tesis y tuvo como objetivo evaluar el efecto de la oferta de
forraje [alta (HI) vs baja (LO)] y genotipo de los animales [puras (PU) vs
cruzas (CR)] sobre la densidad mitocondrial hepatica y funciéon en términos
de expresion génica y proteica y actividad enzimatica del complejo
respiratorio mitocondrial, proteinas antioxidantes, y marcadores de estrés
oxidativo en vacas de cria pastoreando campo natural. La densidad de
mitocondrias fue mayor en vacas pastoreando HI vs LO, pero no se vieron
afectadas por el genotipo de la vaca o su interaccion. La expresion génica
hepatica de las proteinas de la cadena respiratoria mitocondrial no se vio
afectada por la oferta de forraje, el genotipo de la vaca o su interacciéon. A
nivel plasmatico los niveles de pro-oxidantes fueron mayores y la capacidad
antioxidante tendié a ser mayor en vacas CR que en vacas PU, mientras que
el indice de estrés oxidativo se vio afectado por la interaccion entre oferta de

forraje y genotipo de la vaca, siendo mayor para las vacas LO-CR que para
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vacas HI-CR, mientras que las vacas HI-PU y LO-PU presentaron valores
intermedios. A nivel hepatico, las concentraciones de especies reactivas al
acido tiobarbitarico y carbonilos proteicos no se vieron afectadas por la
oferta de forraje, el genotipo de la vaca o su interaccién, pero la expresion de
los aductos proteicos del 4-hidroxinonenal tendieron a ser mayores para
vacas CR que para vacas PU y a su vez presentd una tendencia a estar
afectado por la interaccion entre oferta de forraje y genotipo de la vaca
siendo mayor en vacas LO-CR que en vacas LO-PU, mientras que no
presento diferencias para vacas HI-CR y HI-PU. Las actividades enziméticas
a nivel hepatico de superéxido dismutasa y glutation peroxidasa no se vieron
afectadas por la oferta de forraje, el genotipo de la vaca o su interaccion. En
conclusién, la mayor eficiencia observada, se asocié con una mayor
densidad mitocondrial hepatica, sin diferencias en la funcién de las
mitocondrias, esto podria estar asociado a una mayor actividad metabdlica
asociada con una mayor ingesta de energia y productividad para las vacas
en HI vs. LO. Sin embargo, al contrario de lo que se esperaba, la mayor
eficacia para CR que las vacas PU se asoci6 con un aumento del dafio
oxidativo hepético, lo que probablemente reflejaria una mayor actividad
metabdlica de este 6rgano en las vacas CR asociada con una mayor ingesta

de energia y productividad.
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2. HEPATIC MITOCHONDRIAL FUNCTION IN HEREFORD STEERS WITH

DIVERGENT RESIDUAL FEED INTAKE PHENOTYPES
CASAL, A, GARCIA-ROCHE, M, NAVAJAS, EA, CASSINA, A, CARRIQUIRY M. 2018.
Journal of Animal Science, 96: 4431 — 4443.
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ABSTRACT: Vanations in phenotypic expression
of feed efficiency could be associated with differences
or inefficiencies in mitochondna function due 10 its
impact on energy expenditure. The aim of this study
was to determine hepatic mitochondrial density and
function in terms of respiration, gene and protein
expression, and enzvme activity of mitochondrial
respiratory complex proteins, in steers of divergent
residual feed intake (RFI) phenotypes. Hereford steers
(=111 and » = 122 for year 1 and 2, respectively)
were evaluated in postweaning 70 d standard test for
RFI. Forty-six steersexhibiting the greatest (=9 and
16 fior year 1 and 2; high-RF1) and the lowest (k= 9
and 12 for year 1 and 2; low-RF1) RFI values were
selected for this study. After the test, steers were man-
aged together until slaughter under grazing condi-
tions until they reached the slaughter body weight. At
slaughter, hepatic samples (biopsies) were obtained.
Tissue respiration was evaluated using high-reso-
hition respirometry methods. Data were analyzed
using a mixed model that included RFI group as
fixed effect and slaughter date and year as a random
effect using PROC MIXED of SAS. RFI and dry
matter intake were different (F < (.001}) between low

and high-RF1 groups of vear | and vear 2. Basal res-
piration and maximum respiratory rale were greater
{F = 0.04) for low than high-RFI steers when com-
plex 11 substrates (succinate) were supplied. However,
when Complex | substrates (glutamatefmalate) were
used maximum respiratory capacity tended to be
greater {F < 0.09) for low v high-RFI steers. Low-
RFI steers presented greater mitochondnia density
markers (greater (F < 0.03) citrate synthase (CS)
activity and tended (F < 0.08) to have greater C8
mRNA and miDNAmDNA ratio) than high-RFI
steers. Hepatic expression SDHA, UQCRCI, and
CYCI mRNA was greater (< 0.02) and expression
of NDUFA4, NDUFALS, SDHD, UQCRH, and
ATP5EmRNA tended (F <0.10) 10 be greater in low
than high-RFI steers. Hepatic SDHA protein expres-
sion tended (F < 0.08) to be greater while succinate
dehydrogenase activity was greater (F = 0.04) and
NADH dehydrogenase activity was greater (F = 0.03)
for low than high-RF1 steers. High-efficiency steers
{low-RFI) probably had greater efficiency in hepatic
nutrient metabolism, which was strongly associated
with greater hepatic mitochondrial density and func-
tioning, mainly of mitochondrial complex 11.
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INTRODUCTION

Residual feed intake (RF1), the difference
between an animals actual drv matter intake
{DM1) and its expected DM based on the require-
ments for maintenance and growth over a specified
period is a useful measure of feed efficiency (Koch
et al., 1963). Variations in phenotypic expression
of feed efficiency could be associated to differences
or inefficiencies in mitochondria function (Harper
et al., 2002) due 1o its impacl on energy expenditure
{Rolfe and Brand, 1997).

Studies on mitechondrial function and phe-
notypic expression of feed efficiency in beef cattle
are scarce. Reduced activity but increased expres-
sion of some proteins of respiratory complexes was
reported in muscle and lymphocytes of high-effi-
ciency steers when compared with low-efficiency
steers (Sandelin et al., 2005; Ramos and Kerley,
2013). In addition, research showed greater muscle
or hepatic mitochondrial respiration rates in low
than high RFI steers, without differing in mito-
chondrial function or protein leak kinetics { Kolath
etal., 2006; Lancaster et al., 2014). However, previ-
ous research has focused on isolated mitochondria
in which several functional properties can be lost
{Kuznetsov et al., 2008). Indeed, high-resolution
respirometry studies in biopsies have been indi-
cated as the most physiologically relevant approach
to study intracellular energy metabolism {Gneiger
et al., 2008). Particularly, mitochondria function in
the liver, a central organ of metabolism that rep-
resents ~23% of whole body oxygen consumption
{Baldwin et al., 2004), could be key for identifving
pathways affecting cattle feed efficiency.

Thus, our hypothesis was that efficiency of
hepatic mitechondrial function would be improved
in low RFI when compared 1o high RFI animals.
Our objective was to determine hepatic mitochon-
drial density and function in terms of respiration,
gene and protein expression, and enzyme aclivity
of mitochondrial respiratory complex proteins, in
steers whit divergent RF1 phenotypes.

MATERIALS AND METHODS

Animals, RFI Test, and Tisswe Sampling

The RFI tests were conducted at the Kivi
Test Station {San José Uruguay; 32°S, S6°W)

J. Anim. Sci. 2018.96:4431-4443
doi: 10.1093/jas/sky285

of the Uruguayan Hereford Breed Association.
Animal procedures were approved by the Animal
Experimentation Committees of Umiversidad de la
Repablica (Uruguay). Animals used in this study
were part of a larger project with the aim of building
a training population of 1,000 animals for genomic
selection of RF1 in the Uruguayan Hereford breed
{Mavajas et al., 2014).

Hereford steers (r = 111 and # = 122 for year
1 and 2, respectively) were evaluated in postwean-
ing tests for RFL. Steers came from 10 breeders
and were sired by 24 pedigree bulls, confirmed by
SMP paternity test before the RFI evaluation (data
not shown). Steers entered the test with 290 + 10
d of age, weighed 226 31 kg, and had electronic
tags for measuring individual feed inake with the
GrowSafle system (Model 6000 GrowSafe Systems
Ltd., Airdrie AB, Canada). The 70-d test started
after 21 d of acclimatization 1o the feeding system
and diet by the animals. All steers had ad libitum
access to a total mixed ration {Table 1) and water.
During the tests, animals were weighed fortnightly.
Ultrasound measurements of subcutaneous back
fat were taken by certified technicians. The RFI
value for each animal was calculated for the test
period as the difference (or residual) between the
actual feed intake and the expected feed intake
based on its body weight (BW) and average daily
gain (Koch et al., 1963). Forty-six steers exhibiting
the greatest (# = 9 and 16 for year 1 and 2: high-
RFI) and the lowest (n = 9 and 12 for vear 1 and 2;
low-RF1) RF1 values were selected for this study.

After the test, steers were managed logether
until slaughter in grazing conditions until
they reached the slaughter BW (326 or 400 d;
500 £ 15 kg). During the summer, steers grazed
on a sorghum pasture (Sorgfuan vulgare; herbage
mass and allowance of 4,782 kg dry matter (DM)/
ha and 9.5 * 2.6 kg DM/d for year | and 5,294 kg
DM/ha and 15.0 £ 2.5 kg DM/d for vear 2; Table 1)
without concentrate supplementation or supple-
mented with sorghum silage when pasture avail-
ability was limiting. During the fall-winter period,
steers grazed on an oat pasture (Aveta Safiva; herb-
age mass and allowance of 1,735 kg DM/ha and
4.5+ 2.3 kg DM/d for vear 1 and 2,009 kg DM/
ha and 7.5 £ 2.1 kg DM/d for vear 2; Table 1) and
were supplemented with 5.4 kg DM/animal of corn
grain {Table 1). During the period that the animals
consumed the forage diet, initial (final RF1 test
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Mitochondrial function in divergent RFI steers

weight), final (slaughter), and average daily gain
did not differ between low and high RF] steers and
their weight was not significantly different cither
{ Table 2).

Steers were slaughtered in a commercial abat-
toir {Breeders and Packers Uruguay S.A; Duramo,
Uruguay). Prior to transport, steer BW were
recorded. Steers were stunned with a captive balt

4433

gun, exsanguinated, and carcass was weighed
{Table 2). The liver was dissected, separated from
surrounding connective tissue and liver samples
from the caudal lobe were obtained ~20 min after
the animal was killed. For respiration measure-
ments, liver samples (~25 mg) were obtained by
duplicate using a 14-gauge biopsy nesdle (Tru-
Core-11 Automatic Biopsy Instrument; Angiotech,

Table 1. Ingredients and chemical composition of total mixed ration, pastures and corn grain provided to

stoers
Comnponent TMER' Scrghum grass Ut grass Carn gram
Year | Year 2 Year | Wear 2 Year 1 Wear 1 Year 1 Year 1
Dygredicirs b5 DM
Sorghum slage 55 M
H.:I.I‘I:rﬂl?r il is
Coim grain 21 n
Witamsn and mineral pay 5 7
[ = :Ml'm‘
L, a5 54.2 ni L1 14.1 185 b B3
CIF % DM 123 135 a1 48 s ns 51 a1
MO DM g 418 [%] 62k 505 O] LI} s
ADF, %I3M 0 4 aT 41.5 s 302 32 is
ME [Mcal/kglh)* 1 148 158 1.8 136 1is 151 18

ADF = acid detergent fiber; CP = crude protein: DM = dry mater; NIF = neutral detergent fiber,

Total Miz=d Ration offered diring the RFI test.
*Estinsated by ACAL [H00).

'ME = Metaholizable energy of pastures estimated: ME = [-00007 + (.05 x (889 - 0.77% x acid detergent fiber)] = 0.62 aocording to (Reid

et al, 19491}

Table 2. Steer performances according to RF1 phenotype

Year | Year 2 Puded dama
Low-KFl  High-RF1 Lew-KFl  High-EF1 Lew-RFl  High-EFI
Item ®=% a=® SE PFoalue ®=13 w=16) SE Foale @=2) (=25 SE Pode
RFI, kg DM L4 50 62 =i -7 ol [ A e (R ) -IL75 0.7 hid =300
Feed intaks, kg 4.2 LI 055 =i 9.0 (11157 035 =i LA 4 031 =opal
Laid
RFI 1= ADG, 1.&1 152 (.84 Fi] 141 (] 635 [ ] 1.51 14 055 M
kpd'
RFI tes initial I3 it | e 1662 Fii] 438 5 a3 Fo ] psL3 ) Baz 111 o1}
weight, kg
R iz final an 544 1444 Fi] L1g U] 1% Fi] 1514 54 14.72 ot}
weight, kg
Suaghum AIDG, 09l 0.9% .51 ol .45 .50 [T ol 091 IS L) M3
kpd
Ozn ADG, kp'd o4 .H1 0.4y Fi] .82 L85 .51 Fi] L& &2 .55 MNa
Slaughter weipht, sHn .3 11.45 Fii] 505.1 .1 14.1 Fii] sl 5087 745 ]
kg
Carcass weight, kg s i El1 Fi] a7 Teld 4.12 Fi] nn.4 I 144 Na
Liver weight, kg ]| 3N 023 [E14) 562 58 022 L8 (] 5.50 574 h1E s
Liver relative 1.5 1.4 LR ] Fi] 13.08 13.21 .28 ] 1224 1265 45 ot}
weight, kg
EBW?

DM = dry matter; RFI = residual foed intake.
ADG = mverape dxily gin
TEBW = empty body weight caloulated sccanding to WRC, 2000,
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Lausanne, Switzerland), immersed immediately
in | ml of modified University of Wisconsin
medium [20 mM histidine, 20 mM succinate, 3 mM
glutathione, 1 pM leupeptin, 2 mM glutamate,
2 mM malate, 2 mM ATP, 0.5 mM cthylene gly-
col tetraacetic acid (EGTA), 3 mM MgCl 6H 0,
60 mM 3-(N-morpholino)propancsulfonic acid
(MOPS), 20 mM taurine, 10 mM KH ,PO,, 20 mM
N-(2-hydroxyethyl)piperazine-N'-2-cthanesulfonic
acid (HEPES), 110 mM sucrose, | g/l. BSA, and
107 dimethylsulfoxide, pH 7.4] in cryotubes and
frozen in & stepwise freezing procedure (Garcia-
Roche ¢t al., 2018). For gene, protein expression
and enzymes activity analyses, & liver sample (10 g)
was snap-frozen in liquid nitrogen. Both sets of
samples were stored at —80 °C until analyses

High-resolution respirometry assays were per-
formed in all samples (» = 46, steers of year | und
2) while hepatic DNA, RNA and protein contents,
quantitative real-time qPCR, western blot, and
cnzyme activity assays were only determined
year 1 animals (n = 18) when differences between
high and low-RFI steers were the greatest.

Oxygen Consumption Rate Measurements

The evaluation of mitochondnal function was
analyzed by studying the oxygen consumption in
liver frozen samples (Garcia-Roche ot al., 2018).
Brictly, samples were measured in 2.4 mL chambers
using high-resolution respirometry in an Oroboros
Oxygraph 2-k (Oroboros Instruments, Innsbruck,
Austria) at 37 °C. Chambers were previously cal-
ibrated with MIROS mitochondnial respiration
medium (0.5 mM EGTA, 3 mM MgCl.6H 0,
60 mM MOPS, 20 mM tauring, 10 mM KH PO..
20 mM HEPES, 110 mM sucrose, 1g/l. BSA, pH
7.1) with a calculated saturated oxygen concen-
tration of 190 nmol O, per mL at 100 kPa baro-
metric  pressure. Weight-specific  oxygen  flux
(pmol O, min "mg 'wet weight) was cakulated
using the DatLab 4 analysis software (Oroboros
Instruments). A substrate-inhibitor titration pro-
tocol was utilized (Fig. 1). The assay was initi-
ated with the addition cytochrome ¢ titration (1 to
1.5 uM: controlling outer mitochondrial membranc
integnity), before to addition of complex specific
substrates: 10 mM glutamate and 5 mM malate for
complex | or 20 mM succinate for complex 11, fol-
lowed by ADP (1 to4 mM). Oligomycin (2 uM) was
added to inhibit ATPase activity and carbonyl cya-
nide-p-trifluoromethoxyphenylhydrazone (FCCP:
1 to 4 pM: controlling outer mitochondrial mem-
brane integrity) was added to uncouple oxidative
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tioa rates were measured after the soquential adddtion of Cytochrome
& (1 to 35 pM), additice of Comples mpocific substates (10 mM
Glutamate 30d 5 mM Malste for complen | ar 20 M Succimats fue
comsplen 1), ADP (1 %0 & mM), Ofipamyein (2 pM), FCCP(1 ta 4 gM)
and | mM of Raotenooe to inhiba consplen | of Astisuycin A | mM
to inhibe complex Il, Respingory pamumscions sad wdicer Noo-
mitochondrial rmapiestion (fai «) @ substrts from other valucs: State
4 reparabion (rate o) State 3 roguration after the additam of ADP tha
rescmblcs the bastl mepiestion of the tistus 22 sursting Concentss.
tioes of substrates and ADP (rute by Oligommycin.matstant roaperation
(Pt o) Maxinwm respiratony mtle (fate d). ATPwied reyeration
(Puie It ¢). Sparm mapartiary Capacity (raie rate b); Coupling ofth.
Cloacy [ (rate brate ¢ Mrate b) [adapted 1o Garcis-Roche of al, 01K;
Brand and Nicholls, 2011)

phosphorylation. Finally, | mM rotenone was
udded to inhibit complex | or antimycin A | mM
to inhibit complex 11 and consequently complex
11, Titration curves were done for ADP and FCCP
in order to reach saturating concentrations for cach
reagent, Different respiratory parameters and indi-
ces were obtained from oxygen consumption rate
measurements using the DatLab 4 analysis soft-
ware (Oroboros Instruments).

Hepatic DNA, RNA, and Protein Concentrations

The high-salt protocol procedure was used
to determine genomic DNA  concentrations
(Sunnucks and Hales, 1996) und totul RNA wasiso-
lated using TR1zol (Invitrogen, Life Technologics,
Carlsbad, CA, USA) starting from 50 mg of tis-
sue for cach analysis Concentrations of genomic
DNA and total RNA were determined by meas-
uring absorbance at 260 nm (NanoDrop ND-1000
Spectrophotometer: Nanodrop Technologies Inc.,
Wilmington, DE, USA), and purnity of all DNA
and RNA isolates were assessed from 260/280 nm
and 260/230 nm absorbance ratios. The Coomassic
brilliant blue G ( Bradford) assay was used to deter-
minc protein concentration of liver homogenates
(300 mg of tissuc: Polytron; Brinkmann, Westbury,
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NY) in 10 volumes of modifisd MEM buffer
(5 mM KHPO, 1 mM EGTA, 5 mM MOPS,
300 mM sucrose, pH 7.4) Hepatic DNA, RNA,
and protein contents were calculated by multiply-
ing liver weight by DMNA, ENA, and protein con-
centrations, respectively. Tissue concentrations of
protein and mucleic acids were used to estimate
cellularity indices according to Casal et al. (2014),
relative cell number {hyperplasia; DNA concen-
tration), cell size (hypertrophy; protein:DNA), or
protein synthesis capacity (RNA concentration
and BRNA:protein ratio). Isolated DNA and RNA
were used for real time qPCR analyses and, protein
homogenates for mitochondrial extraction and
enzymes activity analyses.

Chiantitative Real-time g PCE

Isolated RMA was precipitated with lithium
chloride, DMNase-treatedwith a DNA-Free kit
(Applied Biosystems Ambion, Austin, TX, USA)
Integrity was assessed by clectrophoresis in 1%
agarose gel. Isolated RMNA was stored at —80 °C
until analyzed. The SuperScript 1 Transcriptase
(Invitrogen), with random hexamers and 2 pg
of total ENA as a template, was used to conduct
the reverse transcription. The cIDNA was stored
at =20 °C until its use. Primers {Supplementary
Table 51) to specifically amplify cDNA of 12 tar-
get genes of the mitochondrial respiratory complex
and citrate synthase and 3 internal control genes:
f-actin (ACTE), hypoxanthine phosphoribosyl-
transferase (HPRTI) and ribosomal protein L1%
(RPL1%), were obtained from literature or specif-
ically designed using the Primer3 website (hitpof
bicinfo.utee/primer3-0.4.0/) based on bovine
nucleotide sequences available from NCBI (hetpef
www.nchinbm.nib.gow). Before use, primer prod-
uct size (a5 estimated by 1% aparose gel separa-
tion} and sequence (Macrogen Inc., Seoul, Korea)
were determined to ensure that primers produced
the desired amplicons (data not shown). The genes
selected for this study were selected based on pre-
vious results from a microarray analysis {Laporta
et al., 2014). Mitochondrial respiratory complex
candidate genes selected were: NADH:ubiguinone
oxidoreductase subunit C1 (NDUFCT, complex
Iy NADH:ubiquinone oxidoreductase subumit
Ad (NDUFA4, complex 1); NADH:ubiquinone
oxidoreductase subunit A13 (NDUFATS, complex
I); succinate dehydrogenase complex, subunit A,
flavoprotein (Fp) (SDHA, complex 11} succinate
dehydrogenase complex, subunit I (SDHD, com-
plex 1I); ubiquincl-cytochrome ¢ reductase core
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protein | (UOCRCT, complex 111); ubiquinol-cy-
techrome ¢ reductase hinge protein (UQCRH,
complex LY, cytochrome ¢ oxidase assembly fac-
tor (COXTY, complex [V); oytochrome ¢-1 (CYCT,
complex [V); ATP synthase, H* transporting, mito-
chondrial F1 complex, epsilon subunit {ATPSE,
complex V), ATP synthase, H+ transporting, mito-
chondrial F1 complex, O subunit (ATP50, com-
plex V); and citrate synthase {CS).

Real-time gqPCR reactions were performed
according to Casal et al. (2014) in a total volume
of 15 pL wsing KAPA SYBR FAST Universal
X gPCR Master Mix (Kapa Biosystems, Inc.
Woburn, MA, USA) using the following standard
amplification conditions: 3 min at 95 °C and 40
cycles of 35 at 95 °C, 40 5 at 60 “C, and 10 s at
72°C in a Rotor-Gene 6000 (Corbett Life Sciences,
Sidney, Australia). Dissociation curves were run on
all samples to detect primer dimers, contamination,
or presence of other amplicons. Each run included
a pool of total RNA from bovine liver samples
analyzed in triplicate to be used as the basis for the
comparative expression results (exogenous control)
and duplicate tubes of water (nontemplate contral).
Gene expression was measured by relative quan-
tification {Pflaffl, 2009) to the endogenous contral
and normalized to the geometric mean expression
of internal contral genes (ACTEB HFRTI, and
RFPLIY). Expression stability of 3 selected house-
keeping genes was evaluated using the MS-Excel
add-in Mormfinder (MDL, Aarhus, Denmark).
The stability values obtained with Normfinder they
were (0,343, 0,379, and 0.285 for ACTE HFRTI,
and RPLI¥Y, respectively. Amplification efficien-
cies of target and endogenous control genes were
estimated by linear regression of a dilution cDNA
curve (# = 5 dilutions, from 100 to 6.25 ngftube
{Supplementary Table 51). The intra and interas-
say CV for all genes were less than 1.4% and 4.2%,
respectively.

In addition, mitochondrial DNA (mtDNA) and
nuclear DMNA (nDNA) ratio (mtDNARDNA ratio)
was used to estimate tissue mitochondrial density
(Gue et al., 2009). The real-time gPCR was car-
ried out in separate tubes for mtDNA and nDNA
amplification using PCR primers (Supplementary
Table 51) for detecting the mitechondrial encoded
cytochrome ¢ oxidase | (mi-C00, mitochondrial
gene) and NADH:ubiquinone oxidoreductase core
subumit ¥1 (NOUFFI, nuclear gene), respectively
and real-time gPCR resctions were conducted as
described above. The cycle number (Ct) at which
the fluorescent signal of & given reaction crossed the
threshold value was used as basis for guantification
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af mtDNA and nDNA copy numbers. The differ-
ence between cycle numbers measured at the thresh-
old (designated B) was used to calculate the relative
ratio of mtDNAMDNA using the equation: 2%,

Western Blor Analysis

Total protein extracts of hepatic samples were
obtained from homogenates 10% (wtivol) in joe-
cold B IPA buffer (with protease inhibitors) [50mM
Tris, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA,
1% Triton X-100 and 0.1% Sodium dodecyl sulfate
(SDS)] and stored at —80 “C until its use. Protein
samples (30 to 20 pg) were scparated onm a 12%
SDS-polvacrylamide gel and transferred to nitro-
cellulose membrane overnight at 20 mY and 4 *C.
The immunochemical detection of ATPsynthase
subunit alpha (ATPSA), succinate dehydrogenase
subunit A (SDHA) or f-actin (ACTB) proteins
were performed using spedfic mouse monoclonal
anti-ATPSA, anti-SDHA, or anti-ACT antibodies
{Abcam, Cambridge, UK). The membranes were
blocked for 1 h at room temperature in THS buf-
fer (50 mM Tris-HCL, 150 mM NaCl, pH 7.4)
with 0.6% {volivol) of Tween-20 and 5% (wiivol)
of milk. Next, membranes were incubated with the
mouse monoclonal anti-ATPSA and anti-SDHA
antibodies (1:2,000) and mouse monoclonal anti-
ACTE (1:3,00d1) in the same blocking buffer {with-
out milk} for 1 h at room temperature with gentle
agitation. Subsequently, membranes were washed
twice for 10 min and 3 times for 5 min in TBS
plus 0.6% Tween-20. Then, membranes were incu-
bated with anti-mouse IR Dyve 680CW (Li-COR,
Lincoln, ME, USA) at 1:15.000 for | hin TBS plus
(6% Tween-20. The membranes were washed four
times for 15 min, and signals were detected using
the ODYSSEY Clx Infrared Imaging System
{Li-COR) and analvzed using ODYSSEY CLx and
Imagel-software. Diensity of the area of each lane
was measured. The relative levels of ATPSA and
SDHA were normalized with ACTH density and
normalized values for high-RFI were expressed as
a percentage relative to the low-RF1 group.

Engyme Acrivity

Enzyme activity assays were adapted from
Spinazzi et al. (2012) and Janssen et al. (2007).
Aszays were performed in duplicate at 37 *C using
a final volume of 500 pl in & UV-2401 PC spec-
trophotometer (Shimadeu Corporation, Tokyo,
Japan). Mitochondria from liver protein homoge-
nates were isolated by differential centrifugation
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according to Cassina and Kadi (1996). Enzyme
activitics were expressed as ml per mg of mito-
chondrial or homegenate protein.

Citrate synthase activity: Since citrate synthase
is present only in mitochondria, it is commonly
used as an indirect marker of tissue mitochondrial
density. The assay was performed at 412 nm follow-
ing the reduction of 0.1 mM 5,50"-dithiobisi 2-ni-
trobenzoic acid) in the presence of 30 to 80 pg of
liver homogenate protein, 0.2 mM acetvl-CoA ina
medium with 100 mM Tris-HCL, pH 7.5, and 0.1%
Triton X-1(. The reaction was incubated 5 min at
37%C, and the absorbance change determined 5 min
before and after the addition of 0.25 mM oxalacetic
acid and an extinction coefficient of 13.6 mM 'em™
was used to quantify enzyvme activity.

Micotinamide adenine dinuclectide (NADH)
ubiquinone oxidoreductase activity: The assay
was performed at 600 nm following the reduction
of 2 6-dichlorophenolindophenol (DCPIP) by
decvlubiguinene in the presence of 30 tol20 pg
of mitochondrial protein, 60 pM DCPIPR, 10 pM
antimycin, 3.5 mg/mL bovine serum albumin and
70 yM decylubiquinone in a 25 mM phosphate
buffer, pH 7.2. The reaction was initiated by the
addition of 200 pM NADH. The decrease in the
optical density at &0 nm measured 5 min before
and after the addition of 2 uyM rotenone and the
extinction coefficient of 21 mM™'em ™ 'wereused to
quantify enzyme activity.

Succinate dehydrogenase (SIMH) activity: The
assay was performed at 600 nm following the redue-
tion of DCPIP by decylubiquinone in the presence
of 80 to 120 pg of mitochondrial protein, 50 pM
[CPIP, | mM potassium cyanide, 5 pM rotenone
and 50 pM decylubiquinone in a 25 mM phosphate
buffer, pH 7.2. The absorbance change determined
5 min before and after addition of 10 mM succinate
and an axtinction coefficient of 21 mM'em™ was
used to quantify the enzyme activity.

Sraristical Amalyses

Drata were analyzed using the SAS System pro-
gram (SAS Institute Inc., Cary, NC, USA) The
LINIVARIATE analyses were performed on all var-
iables to identify cutliers and inconsistencies and
to verify normality of residuals Respiratory data
were analyzed using the MIXED procedure with a
mode] that included RFI group as fixed affect and
slaughter date and year as a random effect. Liver
weight (fixed) and breeders and sires data (random)
were included in the model and when covariance
parameter estimates were zero or close to zero it was
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removed from the model. All the other data were
analyzed using the MIXED procedure with a model
that included RF1 group as fixed effect and slaugh-
ter date as a random effect. Correlation coefficients
were estimated using the CORR procedure. Mean
separation was performed using the Tukey test, and
differences were considered significant at F < 0,05
and a trend when 0,05 <F = 0.10. Data are presented
a5 least square means * pooled standard errors.

RESULTS

RFI Test

RFl and DMI were different (F = (0.001)
between low and high-BFI groups of year 1, year
2 and when pooled data were analyzed together
{Table 2). However, RF1 groups neither differed in
the initial and final weights of the RFI test, average
daily gain, nor in preslaughter and carcass weights
(Table 2).

Hepatic Oxygen Consumprion Rare

A representative oxygen consumption assay
is shown in Fig. 1. Basal respiration (state 3) was
greater (F = 0.03) for low than high-RF1 steers
when complex 1 substrates were supplied but not
when complex | substrates were added (Table 3).
Maximum respiratory rate was greater (P = 0001)
with complex 11 subsirates and tended (P = (.09}

Table 3. Hepatic respiratory parameters (pmol O,
min~-mg ") and indices of steers differing in KFI
phenotype

RFI growup
Item Lerw (i = 21} High {n = 25} SE Poalee
Caplex [
Respirstory pammeters and indices’
Bamal pespinaiion (Stme X ] 652 057 ns
Masimum sespirdtary e 0.0 654 071 Ods
ATP-linked respiration 142 is6 075 ns
Spare respirston capacity 1.1 045 009 ns
Cougpling efficiency (.56 47 005 ns
Catplex [F
Respirstory parmmeters and indices’
Bam| pespination (Stme l) 3o Tl RsE o0ad
Masimum eespirfory e .00 Bt AT oom
ATP-linked respirgicn 5648 572 0685 ns
Spare respirtony capacity 4.75 625 el ns
Cougpling efficizncy 22 021 06 ns
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to be greater with complex | substrates for low than
high-BFI steers {Table 3). The ATP-linked respira-
tory, spare respiratory capacity, and coupling effi-
ciency did not differ between RFI groups (Table 3).
RFI values showed a moderate and negative correl-
ation with maximum respiratory rate of complex 11
(F=—-0.33, F=0.05 8= 17).

Liver Mass, Cellwlariry Indices, and Mirochondrial
Density

High-RFI steers tended (P < 0.06) to have
greater absolute liver weight than low-RFI1 steers.
Hepatic protein concentration tended (F < (L08) to
be greater for low than high-RFI steers but DNA
and RNA concentrations as well as protein:DNA
and RNA:protein ratios did not differ between
RFl groups. Low-RFl steers presented greater
(P =< 0.05) CS activity and tended (F < 0.08) to have
greater C8 mRNA and miDMNAMDNA ratio than
high-RFI steers (Table 4).

Heparic Gene Expression of Mitochondrial
Respiratory Chain Proteins

Hepatic expression SDHA, UQCRC!, and
C¥CT mRNA was greater (P < 0.02) and expres-
sion of NDUFA4, NDUFAIZ, SDHD UQCRH,
and ATFSE mRNA tended (F = 0.10) to be greater
in low than high-RF1 stesrs (Table 5). However,
NDUFCH, COXIY, and ATF30 mBENA did not
differ between RFI groups (Table 51 RF1 values
showed a moderate to high and negative correlation

Table 4. Hepatic tissue characterization according
to RFI phenotvpe

RFI proup
lem Low (=4 Highin=% SE Fasalue
Thenue celiulariry duafices
Peotein, ngly tissue ok 134.4 12 LKL
R A, g T 143 1.30 01 ms
M A, pgfmg tissus 1.6t 1.36 0% s
Protein:IXNA raiia 1XLs5 1355 N2 o3
RMAProtein mlic QT LLINT LLELEL B
Mirochunalricd density iedices
Citrate synthase 4% 43 2 n.as
activity, mLifmg
predem
mRMNA Citrte 157 L1560 05E e
syndhase AL
mtDMANDNA i, 1421 "y bk ] LIEL
AI-II

'Mitocondrial Comples | NADH ubiquinose caido reductase or
Camnplex 1l Suocinate dehydiogenase

"Respiratary § and indices accerding to Figure 1.

RFI = residuzl feed intake.
mEDMATRIMA ratic = mitechondial DNA (mDNA) and nuclear
DA (nDMA) o
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coefficients with hepatic C8, SDHA, and C¥CI
mBNA (r=—0.59, —0.51, and —0.50, respectively,
F=20.04, n=1T7)

Heparic Mitechondrial Respiratory Chain Protein
Expression and Engyme Activity

Hepatic SDHA  protein expression  tended
(F = 0.08) to be greater while SDH activity was
greater (F = (004) for low than high-RF1 steers
{Figs. 2 and 3). KFI values and SDHA protein
expression were higher and negatively correlated
{r=-0.77, F= 001, 5= 17). In addition, NADH
dehvdrogenase activity was also greater (F = 0.03)
for low than high-KF1 steers (Fig. 3). Hepatic
ATP3SA protein expression did not differ between
EFI groups (data not shown).

Casal et al.

MSCUSSI0N

This study determined hepatic mitochondrial
density and function in steers with divergent RFI
phenotypes. Results showed that high-feed effi-
ciency steers (low-BFI) would have a better effi-
ciency of nutrent utilization associated with
greater hepatic mitochondrial density and better
mitochondral functioning (greater gene and pro-
tein expression and enzyme activity ) than low-feed
efficient steers (high-RF1). Hercin, indicators of
liver mitochondrial function are discussed in the
context of beet cattle feed efhiciency.

In agreement with previous reports, low-RFI
steers achicved similar body and carcass weight
and had a similar growth rate with a reduced DMI
than high-BFI steers (Kolath et al , 2006; Castro
Bulle et al., 2007; Lancaster et al., 2004). Individual

Table 5. Hepatic gene expression of mitochondrial respiratory complex (Cx) proteins of steers differing in

RF1 phenotype

RF1 group
G’ Lonpde Larw [l =) H.'igl'llfh =14 SE Foalue
NDUFC Cal nEs 051 .35 ns
NDUFa4 Ll 0s% Lod .20 010G
NDUEA 1% Cal L1% 051 14 oy
KA Calll 1.6 .54 AL o
ST Csll 1.01 .62 19 0.0
UpcRH Calll 1.3 .56 025 ooT
UgCRCT Calll 1ok .59 .30 o
[ ) Cal¥ 105 085 17 =001
LA CalY o=l (L] 10 a3
ATFSE Cal 1.0 LLHS 0.3% o
ATF50 Ca¥ L 1.0% 27 ]

RF1 = residual foed intake

"Genew:  MADH:ubiguinone oxidoredsctase subunit C1 (NIUFCT, NADHmubiguinene caidereductase subunit A4 (NIF44),
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variations in feed efficiency resulted from differences
in feed intake and, consequently, would impact on
the metabolic workload of visceral organs, espe-
dally the liver (Montanholi et al., 2017). Indeed,
high-RF1 steers tended to present greater liver
mass compared to low-BFI steers. However, this
trend disappeared when liver mass was expressed as
relative to empty body weight (gfkg EBW) which
would indicate that the increase in liver mass asso-
ciated with DMI, was a compensatory mechanism
for metabolic nutrient processing.

Lancaster et al. (2014) and Montanholi et al.
(2017} observed no differences in liver biomet-
rics when efficient and inefficient steers were com-
pared, sugeesting gravimetric assessments of organ
function do not capture structural and functional
changes such as those due to variation in feed effi-
dency. However, in agreement with the trend for a
greater liver protein content for low vs high-RFI
steers, these latter authors (Montanholi et al., 2017)
reported larger hepatocytes and hepatocyte nuclei
in efficient than inefficient steers. These results
would suggest an increased hepatic metabolic rate
with improved feed efficiency.

The present study, to our knowledge, is the
first work that compared mitochondrial respi-
ration of low va high RFI steers using high-res-
olution respirometry in  cryopreserved  hepatic
biopsies. Low-RF1 steers exhibited a greater basal
respiration (state 3 respirations after addition of
ADP; maximum ADP-stimulated respiration) and

4430

maximum respiratory rate when provided succinate
{complex 11} as respiratory substrates with respect
to high-RF1 steers. The greater oxygen consump-
tion recorded in low vs. high-RF1 steers at the same
level of substrates reflected a greater capacity to
cbtain ATP per unit of substrate. Similar to our
results, greater basal respiration was also reported
in muscle and hepatic isclated mitochondria for
low than high-R FI steers and heifers (Kolath et al.,
200¢; Lancaster et al., 2004).

The rate of energy use by an organism—the
metabolic rate—is directly proportional to the rate
of oxygen consumption. Therefore, rate of oxygen
consumption can be measured and used to infer
metabolic rate indirectly ( Brand and Nicholls, 2011).
Maximum respiratory rate is induced by the uncou-
pler (FOCP) and represents maximum activity of
electron transport and substrate oxidation achiev-
dhle by the cells (Brand and Micholls, 2011), being,
when decreased, a strong indicator of potential
mitochondrial dysfunction (Hill =t al., 2012} The
greater feed efficiency of low than high-RFI steers
would be related to greater availability of respira-
tory chains to cope with their metabolic demands
in the former ones and could be considered as an
indirect indicator of mitochondrial density. Indesd,
4 greater amount of available respiratory chains
activity in low than high-RF1 steers may be the
result of & greater numbser of mitochondria per unit
of hepatic weight in the former ones as indicated
by differences in mitochondrial content biommark-
ers (C5 activity and mRNA, mtDNA-nDNA ratio;
Larsen et al., 20 2). These ditterences between low
and high-R FI steers could be explained by & greater
proton or electron leak, uncoupling proteins or pro-
tein modifications {oxidation, nitration, acetylation;
Bottje and Carstens, 2000; Cimen et al, 2010).
Thus, low-RF1 steers would have a greater reserve
capacity to protect cells, among other stresses, from
energy/substrate insufficiency and oxidative stress
than high-KF1 steers.

In addition, in the present study, stronger evi-
dence on differences on maximum respiratory rate
between low and high-RF1 steers was observed when
substrates for complex 11 than for the complex | was
supplied. Complex 11 is the only enzyme complex
component of the electron transport chain that not
only catalyzes a tricarboxylic acid (TCA) cycle reac-
tion {oxidation of succinate to fumarate with the
reduction of ubiquinone to ubiquinol by coupling
the two reactions together) but it is also a key step
in the use of ruminal propionate for neoglucogene-
sis. These characteristics confer this enzyme complex
an unigue postion in the metabolism to serve as a
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regulated source of the maximum and spare respira-
tory capacity that would remain unused under nor-
mul conditions, but becomes manifest when oxvgen
consumption is uncoupled from ATP production, or
i there is an increase in energy demand (Pfeger et al,
201 5). Moreover, it has been suggested (Guaras ot al.,
20016; Sciald et al., 2017) that the increase in the activ-
ity of complex 11 in low-RF1 animals, could lead to
an increase in the flow of electrons from the exidation
of FADH,. This could cause reverse electron trans-
port that tosters separation of Complex 1 and 111
supercomplex and a greater passage of the electrons
coming from the FADH, to the rest of the respiratory
chain. Thus, low-R F1 could optimize nutrient utiliza-
tion when compared to high-BF I steers.

Contrary to our results, Lancaster et al. (2014)
did not find differences in maximum respiratory
rate betweesn low and high-RFI1 steers fed high
concentrate (trial 1) or a more fibrous diet (trial
2} when hepatic mitochondria were provided with
substrates for any of the two complexes. Similarly,
Acetoze ¢t al. (2015) did not report differences in
hepatic respiration rates or proton leak of steers
descent of bulls of divergent lines of RFI1. Moment
af tissue collection related to RFI measure could
explain differences between results from this vs
previous reported studies. Phenotypic correlations
between RF1 measured during growing and fin-
ishing periods were positive and moderate to high.
{050 and 0.85 using high- or medium-concentrate
diets; Arthur et al., 2001; Kelly et al., 2000; MceGee
et al, 2014) and others (Durunna et al., 2011;
Russell et al. 2016) reported relative classification of
a steer as highly or lowly feed efficient was repeat-
able between growing and finishing phases even
it steers changed of diet. Moreover, positive and
moderate correlations between RFI values derived
from forage- and grain-based diets in heifers were
reported (Trujillo et al., 2013; Cassady et al. 2016).
Thus, it could be expected that more efficient young
animals when fed one diet type were also more effi-
cient when the diet is changed, however, reranking
may occur and could contribute to explain some
af the differences between our and other studics
findings. Methodological differences could also
explain, at least partially, differences between stud-
ies, as in our study measurements were performed
in & tissue sample vs. isolated mitochondria and in
a high-resolution equipment vs Clark-type oxy-
gen dectrode. The isolation process could decrease
mitochondrial integrity and mitochondria isolated
from cells and tissues are essentially stripped from
their intracellular locales (Salabei et al, Z2014).
The use of high-resolution equipment allowed us

Casal et al.

a more precise titration of the FCCP, critical to
determine uncontrolled respiration {Brand and
Micheolls, 2011). Thus, greater basal respiration and
maximum respiratory rate associated with greater
mitochondria content would indicate an improved
bioenergetics capacity in feed efficient animals as
they are important quantitative indicators of oxi-
dative capacity {Lee and Wei, 2005) and metabolic
activity (Weikard and Kiihn, 2016).

The greater estimated mitochondrial respira-
tion for low than high-KF1 steers was associated
with greater expression of various genes encod-
ing for respiratory chain protein complexes in the
liver of low-RF1 steers (NDUFA4 and NDUFAI3)
for complex I, SDHA and SDHD for complex 11,
UOCRH and UOQCRCT for complex 11, CYCT for
complex [V and ATPSE for complex V). Similar
to our results, lgbal et al. {2005) reported that only
a few protein respiratory chain subunits were dif-
ferentially expressed between brodlers with low and
high feed efficiency in liver mitochondria, being
most of the subunits expressed at similar levels
between groups. Mitochondrial complexes are not
separate entities, but assembled multiprotein sub-
units, which have a great structural and functional
dependence of the individual subunits as the alter-
ation of one of them can cause partial or global
disturbance of the whole complex functionality.
Connor et al. (2010} studied differential hepatic
gene expression in feed restricted steers using
microarrays and reported up regulation of nearly
30 penes participating in mitochondrial elsctron
transport, including some of the ones evaluated in
the present study (complex 11: SDH A, complex 1V:
C¥CT, complex ¥: ATFPS0) in steers exhibiting high
vs. low feed efficiency during the re-alimentation
period. In contrast, other hepatic transcriptome
studies—using total RNA sequencing or microar-
ray—did not report differently expressed genes
related to electron transport chain or oxidative
phosphorylation when high vs low feed efficiency
cattle were compared {Chen et al., 200 1; Alexandre
et al., 2015; Tizioto et al., 2015 Zarek et al., 201 7).
[ifferences between methodologies (qRT-PCR vs.
RMA-seq or microarrays) or breesds (Bos Tawrus
vs. Bos ihdicus) may explain contradictory results.
Interestingly, these latter studies reported. differ-
ences in expression of genes related to mitochon-
drial biogenesis, oxidative stress, transport of fatty
acids to the mitechondrion for f-oxidation, anti-
oxidant enzymes and uncoupling proteins {Chen
et al, 2011; Alexandre et al., 2005; Tizioto et al,
2015; Zarek ot al., 2007). In addition. although
Kelly et al. (2011) reported no differences between
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low and high R Fl-steers in muscle gens expression
of complex 1, 11, or 111 proteins, in agreement with
our results, they observed a negative correlation
between RFI values and COXT (complex 1V) gene
expression. Results suggest that the differences in
respiration parameters betwesn steers of low or
high-RFl would be associated with changes at the
transcription level, by affecting rates of mRNA
synthesis and/or degradation, of some proteins of
the mitochendrial respiratory chain complexes.

In agreement with the preater SDHA mBNA
expression, we detected an increased  protein
expression of SDHA in low than high-RF] steers.
As already mentioned, SDH is an enzyme com-
plex {complex 11} that participates in both the TCA
cycle and the respiratory chain and constitutes
one of the fundamental steps in the utilization of
prapionate {generated at ruminal level) for hepatic
gluconeogenssis. Therefore, this could result in an
increase in the performance of hepatic pluconeo-
genesis in low-RF1 steers. In addition, in agreement
with Sharifabadi et al. (2012), hepatic activity of
both, MADH dehydrogenase (complex 1) and SDH
{complex 1) was between 15% and 2074 less in high
than low-KF1 steers, which would indicate com-
plex | and complex 11 of respiratory chain complex
activities may be compromised in low-efficiency
animal phenotypes. Electrons enter the respiratory
chain from MADH or FADH, at complex I and
complex 11 respectively, transferred through coen-
zyme ) to complex 111, and shuttled by cvtochrome
¢ from complex 111 to complex IV, We postulated
that a greater activity of complex 1 and complex 11
would result in a greater proton gradient—that can
finally generate ATP—generated per unit of time.

CONCLUSIONS

In summary, high-feed efficiency steers {low-
RFI) probably had greater efficency in hepatic
nutrient metabolism, which was strongly associ-
ated with greater hepatic mitochondrial density
and function, mainly of mitochondrial complex 11.
Further research is needed to identify the mecha-
nism involved in these different physiological pro-
cesses between animals with low and high efficiency.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of

Animal Scierce online.
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Table S1. Primers used for real time gPCR quantification.

Gene! Accession# Primer sequence® Length Efficiency
(bp)

ACTB BT030480 F CTCTTCCAGCCTTCCTTCCT 178 1.02
R GGGCAGTGATCTCTTTCTGC

ATP5E NM_001143741 F GACATCATGGTGGCGTACTG 211 1.09
R CCACAGCTTCACCTTGAACA

ATP50 NM_174244.1 F CCTCTCACGTCCAACCTGAT 131 1.11
R GCAGTGGTAACTGTGCATGG

COX19 NM_001109966 F CATACGGACATCCCTTTGCT 171 1.17
R GCTTCGGCAACTCCTTACTG

CS NM_001044721.1 F AGCCAAGATACCTGTTCCT 217 1.14
R TGTGCTGGAAGAAACGATTG

CYC1i NM_001038090 F CCAGGTAGCCAAGGATGTGT 227 1.14
R GACCCTGAAGCTCAGGACAG

HPRT1 XM_580802 F TGGAGAAGGTGTTTATTCCTC 105 1.03
R CACAGAGGGCCACAATGTGA

NDUFA4 NM_175820 F TGCGGCTTAGCTTTTCTCTC 152 1.12
R GCGTGACATACAGTGCTGCT

NDUFA13 NM_ 176672 F TCGACTACAAGCGGAACCTT 233 1.19
R AGTTGCCTCCTCCTCCAAGT

NDUFC1 NM_ 174564 F GGTTCCCGAGTGTCTCTTCA 242 1.18
R CGTGAATCCAGAGGAACTGC

RPL19 NM_001040516.1 F CCCCAATGAGACCAATGAAATC 156 1.09
R CAGCCCATCTTTGATCAGCTT

SDHA NM_174178.2 F ACATGCAGAAGTCGATGCAG 155 1.01
R GGTCTCCACCAGGTCAGTGT

SDHD NM_174179.2 F TTTGGCTAGGATGGATGGAG 92 1.02
R ACTGAACAGAGGGGGAGGTT

UQCRC1 NM _174629.2 F CAGTCTTCCCAGCCTACCTG 105 1.10
R AGCCAGATGCTCCACAAAGT

UQCRH NM 001034745 F CTGGTGTGGCTAAGGGGATA 232 0.98
R GGACTCAACACAAGCAGCAA

NDUFV1 Genomic DNA GTTCTTCTTAGGTTCTCACGTGG 251
TGAGAATTACTGACGTGACCTCT

TCTTCCCACAACACTTTCTAGGA 198

M2

mt-CO1 Mitochondrial
DNA
R TGTCGTGGTTAAGTCTACAGTCA

'R-actin (ACTB), ATP synthase, H+ transporting, mitochondrial F1 complex, epsilon subunit
(ATP5E); ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit (ATP50),
cytochrome ¢ oxidase assembly factor (COX19); citrate syntase (CS), cytochrome c-1 (CYCL1),
hypoxanthine phosphoribosyl transferase (HPRT1); NADH:ubiquinone oxidoreductase subunit A4
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(NDUFA4), NADH:ubiquinone oxidoreductase subunit A13 (NDUFAL13), NADH:ubiquinone
oxidoreductase subunit C1 (NDUFC1), ribosomal protein L19 (RPL19),succinate dehydrogenase
complex, subunit A, flavoprotein (Fp) (SDHA), succinate dehydrogenase complex, subunit D
(SDHD), ubiquinol-cytochrome ¢ reductase core protein I (UQCRC1), ubiquinol-cytochrome c¢
reductase hinge protein (UQCRH). Mitochondrially encoded cytochrome c¢ oxidase | (mt-CO1,
mitochondrial gene) and NADH:ubiquinoneoxidoreductase core subunit V1 (NDUFV1, nuclear
gene).

’Gene bank sequences.

°F = foreword:; R = reverse
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Owiative stress occurs when oxidant producion exceeds the anlioxidant capacily fo detox il the reactive infermediales or fo repair
the resulting damage. Feed efficendy has been associated with mitodondrial Emcion due to its impact an cell erergy me&ibolism,
However, mibbchondda are ako recogized as a major source of oxicints. The aim of this study was o defermine lipid and proein
oxidative stress markers, and gene and profein expression as well as atvily of antioxidar? enzymes in the lver of steers of
divergent residual feed iniake (RA) ptenofypes. Herelbrd sieers fn= 111) were evaluated in posi-weaning 70 days standard fest lbor
KA. Eighteen steers exhibiting the greatest fn= 9 high-8F) and the lowest fn= 9 low-RF) RFI values were selected br this siidy.
After the test, steers were managed together under gradng conditions until slaugiter when they reached the daughter body weight.
At daughter, hepatic samples were obfained were snap-fozen in Fauid nikogen and Stored af —80°C until analyses Hepafc
thivharbituric acid readive species and protedn cabonyls were greater I = 0.06) and hepatic 4-hydroxynonena proteln adducts
terided (P = 0.10) to be greater for high- than low-RA steers Hepalic gene expresson ghitatiiane peraxidase 4, glilamae—cysiene
ligase catalytic subun! and peroodrediovin 5 mEkA was greater f < 0.068) and glufathione peroxidase 3 mRNA fended (P=0.10) to
be greater in low- than high-RA steers. Hepafc profein expression and ergyme actiily of manganese superoxdce dsmutase and
glutathione peroxidase enzyme activiy tended (P < 0.10) to be greakr br low- than Woh-BF stees. Hoh-eficency steers (low-R5)
probably had better hepgatic oxidative stalis which was strongly ssodated wilh grealer antioxidant abifly near fo the axidant
prodiction sile and, therelbve reduced oxidative stress of the ver. Derresed hepatic oxidative stress would reduce mainfenance

requirements due fo a lower prokin and lipid fumover and better effdency i the wse of energy.

Keywords: antiocidants, encrgy mewbolism, feed effidency, liver, oxidative stress

Implications

This study demonstr ated that hepatic coddative stress differed
in steers with different residual feed intake phenotype.
Results showed that high feed efficient steers (low-residual
feed intake) had less abundance of lipid and protein oxddative
stress markers in the liver associated with greater hepatic
gene and protein expression as well as activity of antioxidant
enzymes than low feed efficient stoers (high-residual feed
intake). Decreased hepatic oxidative stress would reduce
maintenance requirements due to a lower protein and lipid
tumover and better efficiency in the use of enengy.

Introduction

The residual feed intake (RFI) & a measure of feed efficiency
that can be considered to be a predictive measure of enengy

¥ E-mal: slcasadine L com uy

use (Koch e al, 1963; Herd and Arthur, 2009). Phenotypic
differences in feed efficiency have been associated to mito-
chondria function due to its impact on cel| energy metabaolism
(lgbal of af, 2005; Casal erafl, 2018). In addition to its rolein
energy metabolism mitochondria are recognized as major
sources of reacive onygen species (ROS) and reactive
nitrogen species (RNS) in most of cell types (Tumens,
2003; Bottje and Carsters, 2009 Valer er afl, 2012).
Oxidative stress ecours when ROSRNS production and other
cuidants exceed the biological system's ability (antioodd ant
capacity) to detoxify the reactive intermediates or to repair
the resulting damage (Chirase er af, 2004; Radi, 2018).
The cellular response to damage wsually involves a compo-
ment that senses a strew and trarsmits the information as
acellular signal to transcription factors. Transcription factors
then induce or requlate the expresson of genes encoding
cytoprotective enzymes and proteins (Kobayashi er al, 2004).
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Antioxidants, substances that deay or inhibit cxid ation of
a substrate despite their lesser concentrations relathe to the
onidizable substrate, are integrated in a multi-faceted anti-
onidant system responsible for mitigating cxidant pressure
and preventing oxdative stress (Gutteridge, 1995).
Weutralizing the oxidant andior degrading and replacing
the oxidatively damaged biomolecules (oxidized proteins,
lipids, DNA, and carbohydrates) or cells containing the
damaged biomaolecules are energetically costly, this, oxida-
tive stress can increase energy expenditure decreacing energy
efficiency (Mehlhase and Grune, 2002; Bottje and Carstens,
2009). Ouidative stress of biomolecules and call organelles
not only elevates cellular energy expenditure but may also
negatively affect other cellular processes as alteration of
enzymes, proteins, and lipids from metabolic pathways
involved in call signaling events or organelle dysfunction
(Turrerss, 2003; Bottje and Carstens, 2009, Radi, 2018).

Studies on oxidative stress, antioxidant capacity, and
phenotypic expression of feed efficiency in beef cattle hawe
been scarce and contradictary. Sandelin ef all (2005) reported
greater protein oxidation in muscle of low v. high feed
efficiont steers while Kolath of all (2006) reported that mito-
chondrial ROS production was reduced in muscle of high (low
efficient) v low-RFI steers. Howewer, recent research showed
legs plasma or hepatic mitochondrial protein andior lipid
onidation in high than low-RFI steers (Russell er af, 2016;
Zulkifli, 2016). In addition, Kidrick ef af. (2016) did not report
differences in serum total antioxidant capacity between haf-
ers of different phenatypic RF, although Russell er afl {201 6)
reported reduced activity of antioxid ant enzymes inred blood
cells for high than low feed efficiency animats.

Due to the central role of the liver in energy and protein
metabolism (Baldwin of al, 2004) hepatic cxidative status
could explain, at least partially, phenotypic differences in
feed efficiency in cattle. Thus, our hypothesis was that
hepatic oxidative stress would be reduced in low compared
1o high-RF steers due to an increased activity of the antioi-
dant system. Our objectivewas to determine lipid and protein
oidative stress markers and mRNA and protein expression as
well as activity of antioxidant enzymes in the |ver of stears of
divergent RF| phenotypes.

Materials and methods

Animais, residual foed intake fest and tisue sampling

A detailed description of the experiment has been previously
reported (Casal ef al, 201B). Bridfly, Hereford steers
(m=111; 290 + 10 days old, weighed 226 + 33 kg at the
beginning of the test) were evaluated in post-weaning
standard tests for RF. The 70 days teststarted after 21 days
of acclimatization to the diet and the feeding GrowSafe sys-
tem (Model 6000 GrowSafe Systems Ltd, Airdrie AB,
Canada). All steers had ad fbitum access to a total mixed
ration (Table 1) and water. During the tests, animals were
weighed fortnightly. The RFI value for each animal was cal-
culated for the test period according Koch ef afl (1963).

Table 1 iIngredients and chemical mmpostion of total mived ration,
pastures, somhum silage and com grain provided D steers

Sorghum  Oats  Sorghum Com
Companent TMR gms  gras  silage gmin

MR ingredients,
% DM
Sorghum silage 55
Barley silage n
o grain n
Vitamin and 3
mines| mix
Pastures
Hedhage mass, ... Am 1735
kg DMha
Hetbage allowances, ... 95 45
kg D
Chemical
compositon’
DM, % 475 B2 181 345 895
P, % DM 123 8.1 115 5.4 LA
NIF, % DM 3948 a52 505  &a0 103
ADF, % DM 263 a7 305 424 3z
ME (MMeg DM) 124 83 a5 19 130

TMR =totel mimed rdion ofemd dwing ®e rebdusl feed intske fest
ME = metsbolintle enemgy of pestres stimaed ME = |-0037 4 QL04IE «
RS — 0779 o D) = 0LED expresied in MU axonding to (Reid efall, 1991).
" Estimated by ADAC (2000) and Vin Soest e al. {1931).

Eighteen steers (from year 1 of RFI evaluation) exhibiting
the greatest (n=9; high-RFI steers with RA values 1.5 5D
abowe the mean) and the lowest (m=9; low-RF| steers with
RF wvalues 1.5 5D below the mean) RFl values were selected
for this study.

After the RFA-test, steers were managed together until
reaching the slaughter body weight (326 days; 500 + 15
ka} under grazing conditions (grazing of Sorghum wilgare
supplemen ted with sorghum silage when pasture ailability
was limiting during the summer and grazing of Avena sativa
supplemented with 54 kg dry matter’animal of com grain
during fall and winter). Steers were slaughtered in a commer-
cial abattoir (Breeders and Packers Uruguay 5A., Durazno,
Uruguay) and prior to transport, pre-slaughter body weight
was recorded. At slaughter, the liver was dissected, sepa-
rated from surrounding connective tissue and liver samples
from the caudal lobe were abtained ~2 0 min after the animal
was killed. Liver samples (10 g} were snap-frozen in liquid
nitrogen and stored at —B0°C until analyses. Residual feed
intake and dry matter intake were diffeent (P < 0001)
between low- and high-RA groups. However, RFI groups
neither differed (P = 0.26) in the initial and final weights
of the RFl test, average daily gain, nor in pre-slaughter
and carcass weights (Table 2 from Casal et af, 2018).

Determination of lipid and profein oxidation markers

Frozen liver samples (300 mg) were homogenized with an
extraction buffer 1.5 ml; 150 mM KO, 20 mM EDTA, and
300 mM butyrate hydroytolueng) wsing a  handheld
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Table 2 Steer peromances aoording fo resdus Eed intake [{FA)
phenoiype (From Gasal etal, 2008 Coppright with permission from
Ooford Universidy Press)

RFl grap’

Lows High
Item n=9) (p=9 SEM Pvalus
RF, kg DM 069 090 &k <001
Feed intake, kg DM 92 106 053 <001
Awerage daily gain, kgid 1.61 152 0.8 s
Initial RFI test weight, kg~ 2262 naz 1a.a2 s
Final RFI test weight, kg 347 3544 9.8 s
Slaughter weight, kg 5206 S0a7 .45 s
Carcass weight, kg ms i 5 s
Liver weight, kg i3 579 i1 0.06
e = ol S

sigrinficant.
1 R group: Steers wene dassified o two B grouge: Low-RIT sieers with R
b 1.5 5D beldow the mean and high-R A steerswith R alus 1550 sbowe
the mean.

Pro200 homogenizer (Pro Scientific Inc., Owford, CT, USA) at
10000 r.p.m. during 1 min and the Bradford (Coomassie)
assay was used to determine protein concentration of liver
homog enates

The thicharbituric acid reactive species (TBARS) pro-
cedure for the determination of lipid exidation was adapted
from Gatellier ef afl (2004) using a Varioskan Flash micro-
plate reader (Thermo Electron Corp,, Louisville, €0, USA).
The concentration of malondialdehyde (MDA} was calou-
lated wsing the molar extinction coefficient of the MDA
(136 000 mol/cm; adjusted for the path length of the solution
in the well). Results were expressed as pg MDAMMg of pro-
tein. The protein carbomyl assay, to evaluate protein oxida-
tion, was performed according to Gatellier of all (2004).
The concentration of dinitrophenylhydrazine (DNPH) was
calculated wsing the DNPH molar extindion coefficient
(22 000 moliem; adjusted for the path length of the solution
in the wal). Results were expressed a nmal of DNPHimg of
protein. Details are given in Supplementary Material 51.

Quantitative real ime gPCR
Total RMA iso lated, synithesis of ¢ DNA by reverse transcription,
and primer design were performed according to Casal of af
(2018). Primers (upplementary Table 51) to specfically
amplify cONA of eight target genes of anficddant enzymes
and three intemal control genes (f-actin (ACTBEY hypoanthine
phosphoribosyitransferase (HPRT 1) and ribosomal protein L19
(RPLTS} weve obtained from literature or specifically
designed.  Antioxidant enzymes candidate genes selected
were: glutathione permidase 1 (GPX1); glutathione perod-
dase 3 (GPX3; glutathione peroxidase 4 (GPX4): gluta-
mate-cysteine ligase catalytic subunit (GCLC); copper zinc
superoxide dismutase (CuZnS0D0) soluble (SOD 1); manganese
superosdde  demutage  (MnSOD)  mitochondrial  (SOD2;
peroxiredonin 3 (PROX3); and peroxiredesdn 5 (PRDXS).
Real time qPCR reactions were peformed according to
Casal af al (2018} in a total volume of 15 pl wing a

Hepatic oxidative status in feed efficency steers

Table3 Hepatic ouidstive siress mankers of steers difiening i residbal
feed intke (RF) phenctype

RFl group!
Lovw High
Item n=% (p=9 SEM Pvale
Onidative stress markers
TBARS, pg MDAMMg protein 157 174 a1z 008
Protein cdbonyl, nmol 057 a5 Gl 0
DNFH/mg protein

TRARS = thickurbitde atd rasclive sparies expreded & concentraion of
mrslondisldelryde (MDA)L DN = dinitopherrylitdr adne.
TRIA guoup bow v Righ {0062 v 0.90 kg DM, repectively).

Rotor-Gene 6000 (Corbett Life Sciences, Sidney, Australia).
Gene expression was measured by relative quantification
(Pflaff, 2009) to the endogenous control and nomalized
to the geometric mean expression of internal control genes.
Expression stability of three selected housekeeping genes
was evaluated wsing the MS Exced add-in Normfinder
(MDL Aarbus, Denmark). The stability values obtained with
Nomfinder were 0343, 0.379, and 0.285 for ACTE, HPRTT,
and RPLTS, respectively. Amplification effidencies of target
and endogenous control genes were estimated by linear
regression of a dilution cDNA curve (n=>5 dilutions, from
100 to 6.25 ng/tube (Supplementary Table 51)). The intra-
and inter-assay CV for all genes were less than 1.3 and

4.4%, respectively.

Westarn blof analysis

Total protein extracts in ice-cold RIPA buffer and o ec tropho-
resis were performed according to Casal ef afl (2018). The
immunochemical detection of 4-hydroxynonenal protein
adduct (4-HNE), Mn50D, ar fractin proteins were performed
using highly specific rabbit polyclonal anti-4-HNE antibodies
(1:1000) mouse monoclonal anti-MnS0D (1:2000) and
mouse monoclonal  anti-f-actin (1 :3000) (Abcam,
Cambridge, UK). Membranes were incubated with anti-
mouse IR Dye 6BOCW (Li-COR, Lincoln, NE, USA) at
1:15000 or anti-rabbit IR Oye BO0CW (L-COR} at
1:20000 and signak were detected wsing the Odyssey
CLx Infrared Imaging System (Li-COR) and analyzed wsing
Odyssey Clxand Image) software. Density of the area of each
lane was measured. The raative levels of 4-HNE and MnS0D
were normalized with fi-actin density and nomalized values
for high-RFI were expressed as a percentage relative to the
low-RHA group.

Hepatic anbioxidant enzyme ac vty

The hepatic enzyme activities of glutathione peroxidase
(GPX) and total superoxide dismutase (S0D) were deter-
mined spectrophotometrically  wsing  commercial  kits
(Ransel for GPX and Ransod for SOD; Randox Laboratories,
Antrim, UK} in a Varioskan Flash microplate reader
(Therma) according to Reglero efal (2009). Details are given
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Figure 1 Repeesen tathe westan blot an akss of 4-hydracgonenal peotein addud #4-HNE) inliver {3 acosding to steer AFIph
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with [ractin density and nonmalized valies for bigh-RF were egressed zsapmbgerdmnmﬂﬂm—lﬂgmp.um + SEM dmﬂh]ms&d
aondng 1o stess BF phenotype (n=9 and 9 for bow- and high-RF steers, mspectively). AF) =residusl feed ntake.

in Supplementary Material 52, The intra-assay OV was less
than £.4% and enzyme activities were expressed relative
to mg of protein in the tissue homogenate.

Statistical analyses

Data were analyzed using the SAS System program (SAS
9.0V: 5A5 Inditute Inc, Cary, NC, USA). UNIVARIATE
analyses were performed on all variables to identify outliers
and inconsistencies and to verify nomality of residuats. Al
data were analyzed using the MIXED procedure with a modd
that included RFI group as fixed effect and slaughter date ac a
random effect. Mean separation was performed wsing the
Tukey test, and differences were consdered significant at
P = 0.05 and a trend when 0.05 = P < 0.10. Data are
presented as least square means + pooled standard emors.

Results

Hepatic lipid and profein oxidation

Hepatic TBARS concentration was greater (P = 0.05; Table 3}
and 4-HNE expression tended to be greater (P=0.10;
Figure 1 and Supplementary Figure S1) for high- than low-
RFl steers. Protein carbonyls in iver homogenates were
greater (P =0.05) for high- than low-RF| steers (Table 3).

Hepatic gene expression of antioxidant enzymes

Hepatic expression of anticxidant enzymes GPX4, GG and
PROXS mRNA was greater (P < 0,05) and expression of GPXT
mRNA tended (P= 0.10) to be greater for low- than high-RA
steers (Table 4). However, GPXT, SODT, 5002, and PROX3
mRNA expression did not differ between RFI groups
(Table 4). Residual feed intake values and GPXS mRNA were
negative and highly comelated (r= <066, < 0.01, n=18).

Hepatic activity and profein expression of amtioxd ant
enzyma

I-l:p?atic adtivity of GPX tended (P= 0.10) to be greater in
low- than high-RF| steers (Table 5). Activity of SOD and
CuZnS0D in the liver did not differ between RA groups.
However, both activity (Table 5) and protein espression of
Mn500 tended (P= 0.09) to be greater in low- than high-
RA steers (Fgure 2 and Supplementary Figure 52). Hepatic
GFX activity was highly and negative comelated to 4-HNE
expression(r=<061, P < 002, n=1E).

Discussion

In agreement with previous reports, low-RFl steers had
reduced dry matter intake with similar growth rate, body
(and carcass) weight than high-RA steers (Casal er al,
2018). Durunna eof al. (2011} report that the relative
dlassification of a steer as highly or lowly feed efficient
was repeatable between growing and finkhing phases
whether steers changed the diet. Moreover, positive and
moderate comelations between RFI values derived from for-
age- and grain-hased diets in heifers were reported by Trujillo
et al. (2013) and Cassady et al (2016).

High-RF| steers eahibited greater hepatic protein carbon-
yks, TBARS, and 4-HNE levels than low-RH steers. Protein and
lipid cxidation can be used as an indicator of oxid ativestress,
Protein carbonyls, such as TEARS and 4- HNE, reflect not only
damaged molecu les that must be degraded but also act in a
toxic manner, causing further oxidative stress inside and out-
side of cells by oxidizing proteins and DNA (Del Rio et al,
2005; Ayala eral, 2014). Protein oxidation and repair would
represent an energetic drain, decreasing energetic efficency
a5 oxidized proteins are no longer usable and are marked for
degradation via proteolytic ATP-dependent ubiquitin system
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Table 4 Hepatic gene expresion of anticodsnt enzymes of stees
differing in residual fed intake (RF) phenotype

RFl groug!
Low High
Gene {r=19) (n=19) SEM Povalue
[Jals 1.8 081 015 0.5
GRxT 094 1M 034 062
GRx3 [ 0 013 .10
Grxd 14 042 i <001
o ik 1.12 0.74 o 014
PROVE 104 0.7 0z i
s0m 095 0.90 0.8 an
002 1.00 1.5 034 1§ 7]

G C= ghutamate—cytane Bgse cxtdytc subunit GPXT= dutahione per-
oidate 1; GFAT = ghutshibne pemaidete 3, GPAY = ghutahione pemaidese
4 PRONG = pescodredoninn 3, PRONS = pesaivediainn 5, S007 = copper s
wpemnide dimulate 1, soluble; 5002 = mangmese supsoside demmuteie
2, mitochonddal

1 BFl group bow . bagh |-0.62 v 090 kg DMM, repectindy).

Table 5§ Hepatic anticidant ereyme acivity of seers differing in

residual feed ingke (RF) phenotype

RFl group’

low  High
ftzm {n=9) (p=9) S5EM Pvale
Anfcidant engyme activiy
GPX activity, LUmg protain I8z 1558 109 010
SO0 itd activity, Wmg protein 187 165 19 Q.15
MnSOD activity, Limg protsin 234 N2 10 oW
OZrS00 acthiy, Umgproein 53 46 14 030
GPY = ghutsihione peridese; 500 = wpaoide demuieies (ufnS0D =

COppeT G Supemiide M0l = mmgenese Supe oode dimutere
1 RF] grioup bow v Figh |~ 0062 . 090 kg DM, repectindy).

process (Mehlhase and Grune, 2002). Similar to our results,
Sandelin of al (2005) reported greater protein carbonyl
content in muscle samples of lowly feed efficiency steers
when compared to highly efficient steers. Conversely, studies
in plasma and liver kolated mitochondria of cattle, reported
greater protein carbonyl content in low than high feed
efficiency animak (Russell e al, 2016; Zulkifli, 2016). Xu
etal (2014), who studied the relationship bebween oddative
stress and physiology in mice. reported differences batween
liver and serum concentrations of TRARS and protein carban-
yls, the discrepancy between our and previous dudies may
reflect tissue differences andior even dietary differences.
Mitochondria are major sites of intracellular coddants pro-
duction, first reported by Boweris and Chance (1973). Eleven
different sites of oxidant formation assocated with substrate
catabolism and the electron transport chain can be found,
mainly in complexes | and Nl (see review Brand, 2016).
Grater oygen consumptions should result in mare ROS/
RNS production which could incresse the content of axddized
proteins o |ipids in this subcellu lar fraction compared to deter-
minations inwhale tiksue. On the other hand, ROS & a nomial

Hepatic oxidative status in feed efficiency steers

product of coygen metabolism and result from a variety of
intr ace || ular mechanisms mainly related to the NADPH oxidase
complexes which are found in most cell membranes [mito chon-
dria, peroxisomes, and endoplasmic reticulum; Murphy, 2009;
Brand, 2016). Thesefore, the level of oxidant production & not
only based on the inefficiency of mitochondria, but ako other
souirces of axidants may have greater relevance depending on
the sample or tissue that is analyzed.

The greater hepatic cosygen consumption recorded by high-
resolution respirometry in low- v. high-RFA steers at the same
level of mitochondrial complex substrates {glutamate/malate
or succinate) reflected a greater cap acity to obtain ATP per unit
of substrate (Casal ef al, 2018). The increased metabolic rate
could potentially cause increased ooid ant production and result
in coddative stress (Speakman, 2008). Howewer, ROS/RNS are
not simply generated in direct proportion to oygen consump-
tion, and furthermore, animals can potentially upregulate a
varigty of antiowidant deferses in response to increased
owidant production, repairing oxidative stress and limiting
its subsequent impact. The cellular regponse to damage as oxi-
dative gress i controlled by the coordinated function of mul ti-
cellular requlatory factors. These processes must be tightly
requlated and precisely coordinated inorder to sustain cellular
homeostasgs. Recently, a system regulated by the nuclear fac-
tor ferythroid-derived 2}ike 2 (N2 or NFE2L2}-Kelch-like
ECH-zmociated protein 1(Keapl) or Nri2-Keap! pathway
has been proposed a5 one of the most important multiple-
stress response systems. Indeed, transcription factor NFEXLZ
i a major requlator of genes encoding anticxidant proteins
in response to oxidative stress (Kobayadhi ef al, 2004).

Mitigation and prevention of oxidative stress ocourred by
vanious antioxidant (enzymatic and no enzymatic) systems
(Turrens, 2003). The enzymatic anticoidant system consti-
tutes the first deferse against ROSRENS; S0D comert the
superoxide to hydrogen peroxide (Ha0p), and GPX and
PRDX together with other enzymes are responsible for reduc-
ing H,0;, peraxynitrite, free fatty acd hydroperoxides, and
other percddes to less toxic compounds (Quijano ef af,
2016 Radi, 2018). Greater antioxidant status in low-RHA
steers could reduce the oxidized protein and lipid turmover
which could impact the efficiency in the use of energy.

The 50D family presented three forms, each one encoded
by a different gene, oytosolic CuZnS0D (SOD1), mitochon-
drial MnSOD (SO02), and extracellular CuZnSOD (SOD3),
in addition, it & reported that CuZnS00 & an impartant anti-
cxidant in the intermembrane space of mitochandria (Sheng
ot al, 2014). In the present study, no difierences were found
between RFI groups neither in hepatic gene expression of
5001 or S0D2 mRNA nor in total 0D or CuZnS0D enzyme
activity. However, protein expression and enzyme activity of
MnS0D, which are localized in the mitochondrial matrix and
act a5 the primary deferce against supercxide produced
(Epperly et al, 2002), tended to be greater (+13%) in
low- than high-RA steers. Zulkifli (2016), ina study of quan-
titative trait bodi using sing le nucleotide polymonphism mark-
ers for RF|, proposed 5002 as a candidate gene related to
mitochondrial function that might affect RFI due to its
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importance in the local regulation of the level of cddative
stress Similar to our study, Alexandre ef al (2013), using total
RN A soquencing, did not report differences in the expresion of
S002 in animaks of different RF phenatype. Thus, changes in
MnSOD protein expression and activity in low-RA geers
appear to be not associated to changes in gene expression,
which could indic ste possible pest-translational modifications.

Glutathione perosidases comprise an enzyme family
including several isoenzymes (GPX 1 to 8, humans) encoded
by diflerent genes which vary in cellular location and
substrate pecificity, at the expense of glutathione (Toppo
ef al, 2009). In the present study, low-RFl had greater
GPX activity and greater liver mRNA expression of GPX3,
GPX4 and GCLCmRNA than high-RA steers. The glutathione
is gynthesized in the cytosol and imported into the mitochon-
dria; ghtamate-cysteine ligase & the rate [imiting enzyme in
glutathione synthesis (Bolafios ef all, 1996). The higher gene
expression of the catalytic unit of glutamate—cysteine ligase
(G0 indicates that low-RF] stears could be able to synthe-
size more glutathione or synthesized it at a higher rate than
high-RF steers. The GPX4 is ane of the main cellular defenses
against oxidative stress to cell membranes and serves to
scavenge lipid hydroperooides, increased GPXY mRNA could
protect lipid percoide products (Ran of a, 2004). In agreement
with these previous findng, we detected a negative comelation
between GPX activity and 4-HNE levels in low-RF] steers, In
contrast to ourwork, Kidrick of al (2016} rported that serum
GPX activity and serm total antiosddant capacity were not
comelated with RFl in grazing heifers. Additionally, Russell
ef al (2016) reported in red blood call hsate that not only
GPX activity but dso total SO0 and MnS0D adivities were
increased in the lowly v the highly efficient roughage-grown
steers while no differences in S0D activity was detected in
com-grown fed aeers differing in feed efficiency. Thus,
disagreement between our and the latter studies may reflect
tissue differences andior even dietary differences or animal
growing phases ({u ef al, 2014).

Porgodredoxine comprise other family enzymes that
participate in the detoxification of different peroxides.
Among them, PRDXI (exclusively located in mitochondria)
and PROXS (found in various compartments in the call,
including peroxisomes and mitochondria) reduce most of
Hz0; and percxynitrite produced in the mitochondria (Cox
ef al, 2010). We detected greater expression of PRDXS

& & pemen Bge relatve to the bow-RF group. Mears + SEM of o) expres sed
Elmngpe;?ﬁ;lrl ra.malbadg p. pheeks

mRNA in low- than high-RFI steers which is in line with
the greater antionidant ability near to oxdants production
site. In this sense, Banmeyer ef al. (2005) reported that
overexpression of PRDXS was shown to protect from
Hy0;-mediated mitochondrial DNA damage. In addition,
given the multiple subcellular localization, the increase in
expression of PROXS, without changes in the expression of
PRDX3, could indicate better protection against the extra-
mitachondria oxidants produced.

The trend toa greater hepatic activity of the enzyme and
thegenetic and protein expression of components of the anti-
ouidant system (GPX, GPX4, GCLC, MnS0D, and PRDXS)
combined with a lower content of hepatic axidation markers
of lipids and proteins (TBARS, 4-HNE, and protein carbory )
sugoest that low-RFl animak would have a ‘more coordi-
nated' antioxidant system in the [ver. Kong e al (2016),
in a proteomic study of broiler breast muscle tissue, report
that the activation of NFE2 L2 led to an increase in the expres-
sionof some of the enzymes of the antioxid ant system (GPX,
50D, and PRDX). Therefore itis possible that the increase in
apparent antiokidant capadity in the liver of low-RA animaks
would be due to greater expression or activity of MFEZLY
howewer, this requires future reseanch.

Conclusion

The high feed efficiency of low-RA steers was reated to
better hepatic oxidative balance - greater hepatic antio-
dant ability near to oxidants production site, and therefare
less hepatic oxidative strem - than  high-RFl steers,
Decreased hepatic oxidative stress would reduce mainte-
nance requirements due to a lower protein and lipid tumower
and better efficiency in the use of energy. Further research i
needed to identity the specific mechanism imohied in these
different phiysiological processes between animals with low
and high feed effidency.
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SUPPLEMENTARY MATERIAL

Supplementary Material S1

Determination of lipid and protein oxidation markers

Frozen liver samples (300 mg) were homogenized with an extraction buffer
(2.5 mL; 150 mM KCI, 20 mM EDTA and 300 mM butyrate hydroxytoluene)
using a hand-held Pro200 homogenizer (Pro Scientific Inc, USA) at 10000
rom during 1 min and the Bradford (Coomassie) assay was used to
determine protein concentration of liver homogenates.

The thiobarbituric acid reactive species (TBARS) procedure for the determination of
lipid oxidation was adapted from Gatellieret al. (2004). Briefly, 500 pL of liver
homogenate was centrifuged at 2000 xg for 10 min and 100 pL of the supernatant
was incubated with 100 pL of a 2-thiobarbituric acid (TBA)-trichloroacetic acid (TCA)
solution (35 mM TBA and 10% TCA in 125 mMhydrochloric acid; HCI) in a boiling
water bath for 30 min. After cooling in an ice bath for 5 min and kept at room
temperature for 45 min, the pink chromogen was extracted with 400 pL of n-butanol
and phase separation by centrifugation at 3000 xg during 10 min. The absorbance
of the supernatant was measured at 535 nm using a Varioskan Flash microplate
reader (Thermo Electron Corp., Louisville, CO, USA). The concentration of
malondialdehyde (MDA) was calculated using the molar extinction coefficient of the
MDA (156000 mol/cm; adjusted for the path length of the solution in the well).
Results were expressed as ug MDA/mg of protein.

The protein carbonyl assay, to evaluate protein oxidation, was performed
according to Gatellieret al. (2004).Briefly, two aliquots (200 uL each) of liver
homogenates were centrifuged at 2000 x g for 10 min and incubated with 200 uL of
2 N HCI (blank) or with 200 pL of 20 mM dinitrophenylhydrazine (DNPH) in 2 N HCI,
for 1 h at room temperature with regular stirring. After addition of 20% TCA (200 pL),
aliquots were incubated at room temperature for 15 min with regular stirring and
centrifuged at 2000 x g for 10 min. Pellets were washed three times with 400 pL of
ethanol:ethyl acetate (1:1), centrifuging each time, to eliminate traces of DNPH.
Pellets were dissolved in 600 pL of 6 M guanidine HCI with 20 mM KH,PO,, pH 2.5,
incubated at room temperature for 15 min with regular stirring and centrifugedat
2400 x g for 10 min, the absorbance of the supernatant was measured at 370 nm in

a Varioskan Flash microplate reader (Therma), subtracting the blank and the
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concentration of DNPH was calculated using the DNPH molar extinction coefficient
(22000 mol/cm; adjusted for the path length of the solution in the well). Results were
expressed as nmol of DNPH/mg of protein.

Supplementary Material S1

Hepatic antioxidant enzyme activity

The hepatic enzyme activities of glutathione peroxidase (GPX) and total superoxide
dismutase (SOD) were determined spectrophotometrically using commercially kits
(Ransel for GPX and Ransod for SOD; Randox Laboratories, Antrim, UK) in a
Varioskan Flash microplate reader (Thermo) according to Regleroet al. (2009).
Briefly, liver (200 mg) was homogenized with 2 mL of ice-cold buffer (1.15% KCI in
10 mM Na-KH,PO,buffer, pH 7.4, with 20 mM EDTA) using a hand-held Pro200
homogenizer (PRO Scientific) at 10000 rpm during 1 min, centrifuged at 2000 xg for
10 min and supernatant collected. For GPX activity (Ransel assay, Randox
Laboratories), 100 uL of supernatant of liver homogenate were diluted with 200 L
of diluting agent. In the reaction cell at 37°C, 220 pL of a reagent containing 4 mM
glutathione, 0.5 U/L glutathione reductase and 0.34 mM NADPH (diluted in 0.05 M
phosphate buffer, pH 7.2, with 4.3 mM EDTA) were mixed with 5 pL of diluted
sample. Fifteen seconds later, 10 pL of 0.18 mM cumene hydroperoxide was added,
and the absorbance was read at 340 nm between 75 and 195 seconds after sample
addition. The enzyme activity was calculated by multiplying the increase in the
absorbance per min by a factor of 8412.

For SOD activity (Ransod assay, Randox Laboratories), 20 uL supernatant of liver
homogenates were diluted with 300 pL of 0.01 M phosphate buffer, pH 7.0. In the
reaction cell at 37 °C, 170 pL of mixed substrate (containing 0.05 mM xanthine and
0.025 mM INT was mixed with 5 pL of diluted sample, and 15 s later, 25 pL of 80
U/L of xanthine oxidase was added. The mixed substrate was prepared in 40 mM of
N-cyclohexyl-3-aminopropane-sulfonic acid buffer, pH 10.2, with 0.94 mM EDTA.
The absorbance was read at 505 nm between 45 and 225 seconds after sample
addition and the kinetics of the enzyme activity were calculated based on a
calibration curve performed with SOD standards at concentrations ranging from 0.21
to 5.7 Ul/mL in 0.01 M phosphate buffer, pH 7. Activity of MnSOD was determined
by inhibiting CuzZnSOD activity with 3 mM potassium cyanide; CuZnSOD was
subsequently determined by subtracting MNnSOD activity from total SOD activity.
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Supplementary Table S1 Primers used for real time gPCR quantification.

Gene Accession#" Primer sequence” Length Efficiency
(bp)

ACTB BT030480 F CTCTTCCAGCCTTCCTTCCT 178 1.02
R GGGCAGTGATCTCTTTCTGC

GCLC NM_001083674 F CACAAATTGGCAGACAATGC 211 1.20
R GGCGACCTTCATGTTCTCAT

GPX1 NM_17407 F ACATTGAAACCCTGCTGTCC 216 1.17
R TCATGAGGAGCTGTGGTCTG

GPX3 NM_174077 F TGCAACCAATTTGGAAAACA 224 1.11
R TTCATGGGTTCCCAGAAAAG

GPX4 NM_001346431.1 F AGCCAGGGAGTAATGCAGAG 203 1.14
R CACACAGCCGTTCTTGTCAA

HPRT1 XM_580802 F TGGAGAAGGTGTTTATTCCTC 105 1.03
R CACAGAGGGCCACAATGTGA

PRDX3 NM_174432.2 F CACACCAGAAAAGAGCCACA 210 1.13
R CTAGCCATCCATCCACACCT

PRDX5 NM_174749.2 F CCTTCTACCTCAGCCTCGAG 245 1.15
R CAACCTTAATCGGGGCCATG

RPL19 NM_001040516.1 F CCCCAATGAGACCAATGAAATC 156 1.09
R CAGCCCATCTTTGATCAGCTT

SOD1 NM_174615 F AGAGGCATGTTGGAGACCTG 189 1.14
R CAGCGTTGCCAGTCTTTGTA

SOD2 NM_201527.2 F CAGGGACGCTTACAGATTGC 212 1.03
R CTGACGGTTTACTTGCTGCA

ACTB = B-actin; GCLC =glutamate-cysteine ligase catalyticsubunit; GPX
=glutathioneperoxidase 1; GPX3 = glutathioneperoxidase 3; GPX4

=glutathioneperoxidase 4; HPRT1 = hypoxanthinephosphoribosyltransferase; PRDX3
=peroxiredoxin 3; PRDX5 =peroxiredoxin 5; RPL19 =ribosomalprotein L19; SOD1
=copper zinc superoxidedismutase 1, SOD2 = soluble manganesesuperoxidedismutase
2, mitochondrial

'Gene bank sequences. °F = foreword; R = reverse.
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Supplementary Figure S1: Representative western blot analysis of 4-
hydroxynonenal protein adduct (4-HNE) in liver. Expressed according to steer
residual feed intake (RFI) phenotype. A quantity of 30 ug of proteins were loaded
and separated by SDS-PAGE. Immunoblotting was performed with apolyclonal
antibody thatrecognized 4-HNE. Data were normalized with B-actin density and
normalized values for high-RFI were expressed as a percentage relative to the low-
RFI group (Control). Images of 4-HNE (800 nm) and B-actin (680 nm)are from the
same membrane.To check the specificity of the anti 4-HNE antibody, a dot blot was
performed using liver homogenates incubated with different concentrations of 2,2'-

azobis (2-amidinopropane) (ABAP, lipid peroxidation promoter).
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Supplementary Figure S2: Representative western blot analysis of manganese
superoxide dismutase (MnSOD) in liver. Expressed according to steer residual feed
intake (RFI) phenotype. A quantity of 30 ug of proteins were loaded and separated
by SDS-PAGE. Immunoblotting was performed with a monoclonal antibody that
recognized MnSOD. Data were normalized with B-actin density and normalized
values for high-RFI were expressed as a percentage relative to the low-RFI group
(Control). Images of MnSOD and B-actin (both 680 nm) from of the same
membrane.
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4. MASA Y COMPOSICION DE LA CANAL Y DE LOS ORGANOS EN
VACAS DE CARNE PURAS Y CRUZA PASTOREANDO DIFERENTES

OFERTAS DE FORRAJE DE CAMPO NATURAL.
CASAL, A, SOCA, P, CARRIQUIRY, M. 2017. Veterinaria (Montevideo), 206, 25 — 34.

46



SMvU

Masa y composicion de la canal y de los drganos en vacas de carne puras y cruza
pastoreando diferentes ofertas de forraje de campo natural

Mass and composition of carcass and organs in pure and cross breed beef cows
grazing different forage allowances of native pasturez.

Casal A", Soca P°, Camiguiry k'

"Tepartamersy & Produccin Animal v Pashaas, Facuitad de Asvonomia, Universidad de la Repoblica, Garstn 780, Momevideo,

Unizuay

‘Tiepartamersy de Produccion Arinal v Pasturs, Facaltad de A sronomis FEMAC, Universidad de la Fepahlica, Paysandn Unaguay.
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Resunmen

Summary

El objetmn fie evaluar & efecio de la oferta de fomaje ¥ ge-
notipo de les animales sobre 12 masa ¥ composicion =
canal v organes en vacas de cria pastoreandd campo mane-
ral. Se wilizaron 32 vacas adultas en un disefio de blogues
completamente al azar con um arreglo factorial de efera de
formaje (3 ¥ 15 kg MS%kg PV, AOF v=. BOF) v genotipo ée
las vacas (puras: Hereford y Aberdeen Anmos v us cmzas
reciprocas F1; PU ws. CR). El experimento se realize durante
tres afies; al fmal el tercer ato las vacas fueron sacrificadas
a 190 10 das pestpanto, v b canal y los organcs fueron di-
secades, pesades ¥ 58 HmMAron muesiras que fueron inmedi-
taments copzelads: para analizis de compesicion quintca El
peso absaboio ¥ relativo de Ia canal fise mayor (B QU02) em
vacxs en AOF gue en BOF, y tendio a ser mayar (P = 0.08)
en vacas CR gee PU. Las vacaz en AQF presentaron mayer
rendinviepto (P < 0.05) ¥ mayer proporcion de tejides Hae-
dos (P'=0.03) en Ia canal que ks vacas en BOF. Las vacas en
A0F prezentaron mayer (B= 0.05) pezo abzolata dz la maza
total de orzanes que bs vacas en BOF, misntras quela masa
relativa al peso de 1 canal dl tofal de drganos fie mayer (P
= 0.05) en las vacas PU que CF Estos resultados en conjunio
indicarian que apimales pastoreando AQF y CR seran mas
eficientes en &l wso de 1a ensrgia para produccion de came.
dade un mayor rendimisnto camicero v menor relacion enfre
el peso total de orzamos ¥ peso de la canal.

Falabras ciave: bovines de came, canal, 4TEAnos, pastersd.

23

The am was to evaluate the effect of o herbaze allowances
of mative pastures on the mass and carcass and organs com-
position. Marare beef cows (n = 32) were uzed in 2 mpdom-
ized complete block design with a factonal smaneement of
herbage allowance (4 and 2.5 kg DM/ kz BW, HI vs. LOY
and cow genotype (pure: Hereford and Aberdeen Ans and
ither reciprocal crosses F1 PU vs. CB) The expenment was
conducted during three years; at the end of the third year,
cows were slaughtered at 190 + 10 days postpariom and car-
cass and ongans were dissected, weighed and samples were
collerted and immediately frozen for chemiral composition
amalyziz. The abselute and relative carcass weighi was greater
(F= 0002) for HI than LO cows, and tendad to be greater (P=
10U0E) for CR. than PU cows. Cows grazes HI showed greater
(P < 0405) carcas: yield and greater (P= 0.03) proportion of
coiff tizsues in the carcass than DO cows. Absolate weizht of
total organ mas: was greater (P = {.03) for HI than LO cows
while relarive weizht of total organ mass (eopressed relative
oo carcass weight) cows was greater (P= 0.03) for PU than
CE cows. These results wonld indicate that animals srazing
HI and of CE. genotype wonld be more eficient in the use of
ithe enerzy for beef production, given a greadsr carcass visld
and reduced todal organ and carcass weizhts o,

Heywords: beef cattle, cancass, orgaps. angslands.
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Introduccion

Las vacas de cume presentan una mportante capacidad de coe-
vertir farmajes de baja calidad enproteinas de alra calidad para &l
consumo hsans. No obsante, silo e 5% del total de enersia
consundy Gerants & ocko de vida es uhlimdo pam [ depost-
citn de profemas (Rischie. 2000). Las principales ramones d2 k
ineficiencia de la produccion de came vacona, s deberia a la
relafvamerte baja v lenta fasa de reproduccion ¥ el alte coste
enerpeticn para su menteningento (Ferrell v Terkins, 1985). Los
erganes vinculados al Simciocarmisedn da bos sistenas dizestive,
respiratario, cinodasario ¥ acividades de excrecion constiten
una wenor propascion de1 peso del ouerpo (15-25%:), pers e
ohrstants pepresentan mas del 30% de Jos costos de nuanfenimger-
to (Baldwin y col 2004 Ferrell, 1988; Seal y Reynolds, 1993).
Exizte comsiderable evidenria que indica que la masa fotal de
organes difisre entre senotipos, entre estados fsialogices v e
tre planos momiconalss (Baldwin, 1805, Baldwin y col, 2004:
Casal ¥ gol. 2014 Ferrell 1928; Jemkins v col., 1986) v que
estas difsrencia: posden fraducires en variackones en las nece-
sidades de emersia de mantenimiento (Baldwin 1005: fenkin
v caol, 1956

Considermd ¢ uso giohal de la energia para los tejides que by
produccien pamaden prioviza (e, canal o nusculo esquelétice
magTo) se poede copsiderar a Ia energia wrilizads per la masa
total de los orzames como un “impuesto a la producdon” (Rey-
nods, 2002). E costo de mumenimisnto fisns un inpacts siz-
ficativo en I particion de la energia metabolizable enfre marte-
nimienfo ¥ prodaccion, por ko tanto puede afctar b eficenda
biologica y econdmiza da la produccion de came

El control de I mfensidad de pastoreo a raves del cambio en l
oferia de fomze ¥ & w0 de genotipos cruza ha pemstido me-
jorar 1 respossts productiva ¥ reproductiva de las vacas de o
(Carmiguiry y ool , 3011} E;mnrﬁnrmpummirﬁva.}'m-
producina de ke vacas 52 35000 3 mejor balance enarzeticn,
esta mejor en &l balamre de energia podria ser el resultado ne
sl de wmmavor consme sino tanhien de ura reduccion en los
Costos enerzetions de mentenimisnto (metabolisme basal v act-
vidad). Estas respuestas diferenciales prohablemente esten ase-
ciadas 3 dfersncia: en los mecanismos de particion de [ epersia
{Carriguiry ¥ cel_ 2012; Casal y col, 2014 2017; Do Carme
¥ ool 2006 Soca v ool 2013). Es asi que, uma mejer come-
prensicn de bos facsores asociados al cost de manfeninsents v
Talarce enerzetion de 1 waca de cria pastarsando campe nathve
mejerra b conprepsion de 1a eficencia global dal sistema de
produrcien pamadem.

Este mabajo Szne come hipbtesi que el control &z I intensidad
de pastores de campo mataral, 2 traves del manejo de L oferia
de forraje. afiecta ks mosa y conposicion de L canal ast como de
los orzamos de vacas de ania paras (Hereford v Angus) v auzas
F1. Por bo tamie pesde explicar - en parie - las diferencias en el
conportamisnto producive-reproductive entre diferentes ofr-
tas de fommaje ¥ Zemotipos. El chjetive file evabur el efecte de
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dos ofertas de fomje (alta vs. baja) v el Zenofipo &2 los animales.
sobre & peso ¥ composicon de la canal v organes en vacas de
cra pastoreands de camipo nanrl

Materiales y métodos

El protacale experimental fie aprobado y realimdo de amendo
con b nomas de experimentacion apinal de la Comision Ho-
moraria de Experimentacion Animal ({CHEA) de I Universidad
dz la Republica,

Dizafn exparimensal

El exgenimenio s2 levd a cabo sobre 35 ha de campey matural
{Bioma Canpos) en b Estacion Experimental Bemardo Rosen-
gurtt (Facultad de Agromonda, Usiversidad de la Repiblica,
Umagnay, 32° 8 54° W) desde jumio 2007 kesa mayo 2010. Se
utilizaren 32 vacas adultas {mudltparas, 4 a 5 afee) en m disefio
dz blagues completamente al azar con dos repeticiones en & es-
Facio (zegin tipo de suelo: Hloque 1 60 ha suslo fanco arenose
v blogque 2 35 ha suelo franco ancillose; custre papcelas en cada
Tloque) v um arreglo factorial 2 x 1 de oferia de Soomge (OF) v
pemotipo de lnvaca [GV mas puras: Hereford (H) v Aberdesn
Anzs{A) ¥ sus cnums reciprocas F1 (HAy AHY PUws CR].
La OF, e estimo comw la relacion entre by masa de fumje v
Ia carga amimal (kg de maferia seca (M5) por kg de peso vive
[PV Sollanberger ¥ col.. 2005) ¥ represento en & promedio
amual £ v 2.5 kz M%kz PV (alia v baja oderia respecmamente,
AQE vs. BOF) aumque fise variable a lo lago ded a80 (5, 3. 47
4k M3k PV v 3, 3, 2 v 2 ke M5%z PV para AOF v BOF en
oo, imvisme, prinavera ¥ verano, Tespectivamente). La OF
52 2jusio mensualmente despuds de medir 1y disponibilidad de
fiorraie en cada parcela (Haydock v Shaw;, 1975) por &l metodo
de “p-and-take" (Wott, 1980). Las vacas experimentales se
mannraeron a ko large del expenmento s b misws parela yen
250 de ser necesario se afadisron o elimiraron vacss de sivlar
zemotipo v estado fisiolagico | andmalss volmtes™) hasado en la
dispordhiidad de fomaje. Los watamisntos de OF difirisnon en
maza de farmje v alturm a Lo larpe del afo (2072 vs. 1338 = 160
kg MS%ha v 32w 1.5+ 03 cm de promedio smmal pam AOF
ws. BOF, respectivaments), pero mo difirisron (P = 027) &n
composicion quimica [7.3, 3.4, 105§ 36 = 0. PCy 415,
211,352y 402 2 1.6 % FDA (hase sara) en otedio, inviamo,
PTIMAVETA Y VETAND, respectivaments].

Las wacas perfenscian a 1m grupo de animales expesimentales
pemerades como parte de m experiments Sixléliro de cruma-
menby gue 52 levo a cabo durante 10 afios e la Estacion Ex-
peminental (Espasandin y col., 2010). Fusron evaluadas & vacas
por amamiento (AQF-CE. AQF-PU. BOFCE. vy BOF P n=
4 para cada genotipe individual: H v A para PU o HA v AH
para CE)LAL comienzo del experimento (o 2007) & PV y
condicion corporal (CC; escala de | 2 8; Viscama y col , 1986)
‘w0 difimieron (P> 0.20) entre Los gnapos (447= 3B kzy41=03
umidades, respectivaments). L vacs pastorsaron en 13 misma
OF (AOF o BOF) v gestaron v Iactaron o femeso cada afo des-
d= 2007 2 2000
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Miigreras y colacan de devor

Al final def tescer amo experimental (mavo 20107, a los 192
+ 10 dixs postpano (45 diss post destete) 1as vacas fosron
sacrificadss en wn matadeso comerdal (PUL 5A; Cerro Lar-
gn, Tiruguay, 40 o de Ia Estacidn Bxperimental) Previo al
tramsporte, e segisnd &l FV yla OC de todas 1as vacas.
Laz vacas fisevon ahmdidac con una pisiola de bala cautiva ¥
beezo fissron desaneradas. El volumen de sargre se estims de
acuerde 3 Hansard y ool (1933). Loz animales desangrades s=
dltrrdmnmnm.mmdadﬁ, mbem,mgmm
mh.gub.rﬁnﬁl}mlbusm&TGIy]ﬁn}
madencias foeron dsecados v pesades individualments Bl peso
de cada conposents 1 arzano individual fue registrado v se -
COEeTon Inesins FEpresentativas que @ almacemama a -20°C
para los amalisic de conmpesicion quimica Las mwstas (100 a
2 ) foevon colectadas del TG [retonlo-rumen {~20 oo del
esfinfer pilarice, saco dorsal), omazo y abomaso (~20 oo del es-
finter pilarice, Curvatur menof), nfestine delzado (-5 mumitn
ileocecal, vevno), infesting prueso (~2.5 m unidn deocecal co-
bom]]. viscemas rejas [plmores (Iobule apical), wagues {~20 cm
de [ larinze), comein (ventioo izquerds), dixfmzma (e
pmeoular y Sheesa)), rinones (lobulos caudales)] & hizade (Jobe-
lo dorzal). E1 pese de algmos arganos abdominales ¥ pebvices
{bazo, péncess, Waro, wejiga) oo 5o obhnvieron en su tofakidad
El peso de la canall 52 registro anbes v despues dal procedinsento
de dressing. Se colectaron muestas de \Ia secciin representa-
tva de 1a canal (media canal derech) ubicada enre la 11y 13
costilla (Hadrick, 1953). Esta seccidn se disech en los teiides
blandes (i=ido mesoilar, adiposo y conectiva) v 2l bneso, que 2
pesiren por sapamdo ¥ uma mussha de ks mismes se congeld a
-20°C para a deferminacion de w1 conposicion quinsca.
Andiisis de compagician quimica

Las nosestras de todos los argancs/tejidos se molieren en mifng-
geno liquide v 5= analies &l contenido de agua (secado a 105°C
en un bomo de aite forzado durante 4%h), proteim (metodo
Ejeldahl; profesma=pitrozene x 6,25), bpidos totales (extracto
eténen; en extractor Souhdet durante 20 b) v minerales (reni-
Zas; inrimeracica en hormo pwila a $50°C durante 16k sapm
pommas de b AQAC (2000). La relacion profeina-prasa se calos-
1o dividiends la canSidad de profeina por 1a cantidad de grsa de
los difimentes tejidos.

o T —

Lusgo del sacnficio, s= st &l peso corpoml vacls (BOV)
como &l peso de b caral mes el pesa total de extrenvidades, ca-
beza, cuere, sangre. orpanos v visceras (Hersom v cel , 20045)
Livs datess foeron aralizados utilizands €l paquete estadisticn
SAS Systems Program (SA5 00V, SAS Inst, Cary, NC, USA)
Se piilize & procedinviento UNIVARIATE pan identificar
wvaloses atinicos @ inconsistendias v para verificarla normal-
dad d2 los residuates. Bl andlisis da los datos s realizg me-
diante & poocedmienty MIEED, vsando un modsio mixm
que considenta b OF &l GV y m interacdon como efectos
fijos v el blogee como un efecto sleatorio. La separadon de
medias s realing mediante 13 prueha de Tuley. Se consider-
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yom diferenrias sipnificativas, valores de P < 005 v tendencias
ouando 0005 < P < 0.10. Los resultados s2 presentan coms
medizs de cusdrados mirimos + eror estindar

Resultados

Pesa wive, pese corporm vacio y comdicidn corpona

En promedio, dusante los tres afios de experimentacion. el
PV y OC foeron mayores (P < 0.05) pam vacss que pasione-
ason AOF vs. BOF ¥ en las varas (B vs PU siendo éstas
diferenciar mas evidentes durante o Glfimo cido de gestact-
on-lactamria (2009 - 2010, Figera 1)

== ==y = Ol =l e
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Figura 1: Fewo vivo [A) ¥ condicidn ocrporal (B 2 ko lrgo
de los tres aflvs axperimeevales (2007T-2010) &6 vaca pams
(PU, Harefiord v Aberdeen Angus; o) 3 o= mciproc Fl
(CF; o) pastoreands alt (ACE, —o'baja (BOF, —)ofect de
formje de campo mahoal (# w25 kg MEkg PV promedio
ez}, [5=31, B vaca por tatemientn]. Les dafos. e presentas

oo madizg da cuzdradeds pminees £ amor sstandar

Fl PV delasvacs al momento do 1 frona tendid 3 sermayor
(P=0.08) en 1az vacas CFLgoe en Las vacas P mientas que
&l POV tendio a ser mayor (P = 0.07) en b vacas en AOF que
en L35 de BOF v en las vacas CR. que FU. Sin emibargs, ka OC
de a5 vacas 2l momento del sacrifido oo fise afecada (P =
0.17) por ka OF, &l GV o 51 interancion (CoadroT).
1Clamal 50 compasicion

El pesp ahsobuto y relativa dz [a canal, los t=fides Handne (kg)
¥ Iendimisnio pre ¥ pos-dressing fiosron maverss (F< 0005) en
Ias varas de ACF que en BOF (Cuadoo I). Bl peso de 1a camal
tendid 2 ser mayor (P = 0.08), presenfado mayer (P = 04)
propordion de huess ¥ menar (F = 0.04) reladion tejidos
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Cuadro I: Pezo vivo ¥ peso ¥ composicien de b camal de vacas purs ¥ onza pastoreando diferesses ofemas

e forraje sobre canpo nahuml.
‘TraEmienins’ Valor-B*

Ttemn ACF-CE. ACFPFUY BOFCE BOF-PFU ES OF GV OFGV
Peso vive, kz 4260 4183 43623 EHIE 01 017 00E 0.7
Peso corperal vace (PCV), kg 34524 03 ES 3193 131 007 07 042
Peso capal kg 1905 1518 1maa 1604 72 001 00 024
Peso relaivo camal, kg POV M0 3 503 5002 73 002 o019 058
Composicion de iz conal
Hueses, kg bk B35 584 H7 48 0238 o4 ala
Tejidos blandos. kz* 133.0 1156 1213 11049 T4 003 @15 050
Fendimisnio pre-dessme, o 517 53 512 5008 05 04 06 Q1%
Fendimisnio pos-dessing, @ 4§17 45 413 4.7 05 005 o ala
Felacion tefidos Mandos o Lk p.E o il 1% 02 055 o4 Qs
Comyposicion quessicn de I conal, ke
Az 1112 105.8 JLiCH L 17 005 oI 0T
Proceira 402 m 373 315 13 0 02 031
Grasa nz nil 200 18.5 0 017 o Q3%
Relacion protemaFrasa 14 13 24 14 030 056 031 05
Cenims 134 174 187 162 091 058 OM 068
Az 0.4 34 [ 08 80 087 004 030
Progeima 20 1935 HE0 1857 51 023 00 62
Graza 803 25.0 o4 233 12 045 0 i
Relacion protemargrasa 23 11 23 20 0X8 055 oA o7
Cenims 121 105 143 123 005 =001 =001 2042

Trtesente: Vaca & carme pares. (Haraford v Abardesn Assws: PUY) o oz F1 (CE) pastereands al (ACF) & baja (B0F) ofra do

forrage (4w 1.5 kg MSkg PV, promedio amal) 32 compe natural.
AOF: Ofarn de o, &V Ganotipo Ja 1s vaca.

"Pano porparal vacie: peso de b camal mds el peso total de extremsdndes. caber, onaro, sangre, drpanos v wioaras (Hemom yool . 2004)
Taizdes: blmdes de Iy caml como la sumaboria de tjido mrcelar, adiposo ¥ oooectivo.

= Diefaranca de medizs ceando P = 305
~* Diiffersmciy demedia cuendo 0.05 < P« {10

tlandos Bueco de L3 canal en las vacas CR que FU [Coadoo
I). 5in emdarzo, b relacion tejidos blandoshieso de la canal
fue afectada por b inferaccion entre 1a OF v o GV ya que las
wacas BOF-FU presentaron un mayes relacisn que b vacas
BOF-CF., Sendo infermedia en Lxs vacas CF_y PIUT que pasto-
reason ACQF (Coadon T

La camfidad de asma (kg) de la canal fue mayor (B = 0:03) en
wacas que pastorearon AOF que en las que pastorsarcn BOF,
pere La propercion (2ks) de agas en los tejidos blandes ne e
vio afeciada por ka OF, & GV o su inlerccion (Cuadro I). La
cantidad de protsira (kz) de 1a canal fue paayer (P = 007) en
wacas de A0F quz en BOF v envacas CRorespecio a FU, paroen
Freparcien (2kg) e los wejidos blandes tendid (P=0.06) a s
mzvar en ks vacas CF. en comparacion con las PU {Cuade I
La cantidad d gasa en Ia camal o su proporcion en los eejidos
blandis, la relacion protemagrasa v b camtidad d= ceniza em
Lz camal o fison afectados (P = 0.10) por la OF, &l GV o s
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mteraccion (Cuadre ). La cantidad de cenizas (k) en b canal
tendio  ser mayor (P=0.10) enlas vacas CF gue en b PUL Las
wacas que pastorearon en BOF v CE presenianon mayor propo-
cion (P= (101 de cenizas en los tejides blandos (zke) que las
wacas qae pastorearon en AOF v PU respecivaments (Cuadoo I).

Pezo absaluse y relmive  la ol de sreamos o seccion oor-

Forai

El peso abzoluto (kg) del osero tendid a ser mayor (P = 0008)
en I vacas que pastorearon en BOF qoe en e que pastorea-
ron en AQF Fn confraste, & peso dal TGTiusade fiae mavor (P
= 007), misntras que oz pesas dal diafaams v los pulmeones
fendieron a ser mayares (P < 0009) en vacas gue pastorzarn en
ADE que en BOF (Cusdro I). El peso die La masa tofal de orga-
mos (k2] fae mayor (P=0.05) an las vacas que pastorearon A0F
que &n las que pastoresaron BOF. El pese absobsio del common
fise mayar (P = 0.01) en vacas CR que en vacas FU El peso
ahsolato de extremidades, cabeza, fotal e viscems pojas ¥ los
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Cradro IT: Peso absaluto (k) v relative a 1a canal (2% canal) de drganos v secciones corporales de vacas de
753 s ¥ Tz pastoreands distintas ofertas sehee canmo rataral

Traamianin:! Valor-P
Ttem AOFLR AOFRY BOFCR  BOFPU  EE OF GV OFGV
Pz abooiacn deorgamnes Seccion, g
Cuero 30l 305 M3 J2l 16 g 0 041
Exiremidades 63 65 63 ag 030 03 4l 04
Cabeza 147 141 147 137 03 o™ 012 Q.68
Tracto gastointestinalhizade’ 345 135 EI B i1l 106 02 04 0%
Viscens rojas® las 154 Ll 156 040 oM 04dl 047
Criafrazma 13 15 13 Al 011 ode 03§ 011
Pulrnenss 44 47 44 43 012 0dé 029 050
Corzon 14 L5 15 14 00 055 00l 084
Fifomes 13 L5 15 1.5 008 090 0ER 041
Maza rotal de los frpanoa® 471 Hd 441 141 s 04T 0e7
Puso relaiive de orEomor Seccion por Rg e canal, BRE
Cuero 1688 l#@e 1528 LY 11.30 @ 030 085
Exiremidades 330 358 331 433 140 @2 00l 017
Cabeza 785 754 El5 86 560 0l R 0es
Tracto gastrointestimalreade’ 1758 1837 1774 191.% 65 039 005 053
Viscens rojas® 357 3 il LI 352} 0dé 047 051
Diafrazma 121 137 128 128 040 080 QM Q.11
Pulrnenss 158 262 241 AN 13X 093 od Q.69
Comaon 13 21 82 0 040 003 090 Q.66
Rifiones T8 85 87 o3 038 Q02 005 e
Maza rofal de erzamos” M1 561 M08 1607 63 033 05 0.74

Tratamisste: Vacas & caone puras {Hamfond v Aberdean Azgus; PUY o omeas Fl {CR) pestersando alta (AQF) o baja (BOF) ofaty de foozie (4

i L5 kg ME g P promedio anual) de campe namuml
0F: Drferts de Soaie, G Gancdpo de Ly vaca

“Tract matrortseamlhaydo conse |a sunsatons de Ropse, Omosa, Abemaco, Eaestine o Higado,
“Wsoars miss come |2 nometodia i Corxdm, ik, Pulmes, Diafaes. Totel de dcpanos ooz 1a waxmtoria de Traco grtressat], Viscerm

rojas o Higado.
»n Difameciy do medior cuands Pre 003,
*¢ Diferenciy do medie coamde D05 < P = 110

rifones no s vienoa afectades (P 0010 por la OF el GV o s
L pesos relativos (g kg respectoa La canal) del cusrn, extrems-
dades, coraon v rifones fxeron mayores (P < 0.05) en las vacas
on BOF que e AOF F peso relative dal total de Tas viscems ro-
jas fedia a ser paver (P=0.08) en las vacas en BOF que AQE.
¥ tendio a ser maver (P= 0.07) envacas FU que en CR.{Cuadie
0. A suvez & peso relative de las extrengdades, TGI+hizade,
diafragma ¥ rifiones fue mayer (P < 0.05) en las vacas PU que
CE. {Cundro IT). Bl peso relative de Ia waasa total de orzanos fis
mavar (B = 003) e vams PU que CF. El peso relamwe dz la
cabeza v los pulmonss no 58 vio afectado por 1a OF, & GV m s
Composicidn quintoa de los drEmas

El comtenide & amna del cuern fite mayor (P=0.01) en las vams
que pastorearen & BOF que en las que pastorzaren en AQE

meniRs que en los ritomes tendio (F'= 0.07) 2 ser mayer en
vaca: pastorearon en AOF que en las qoe pastoresron en BOF.
Hl cortenido de apa en 1a canal, diafragma, TG =iizade, cona-
zon ¥ pulmenes no fise afectada (P 10) por b OF, &l GV o su
imteraceibe (Cuacro III).

La relacifn proteina:grasa del TGI-hizads tendia (D= 0.10) 2
%27 myor en bas vacas que pasterearon en A0F qoe en vacas
g pastarearon en BOF. La relacion profeieaprasa del resto de
OEAnes, Viscems ¥ 1a canal no fie afectada por R OF & GV o
o1 imferaccion (Cuadro IO,

Discusion

El preserte trabajo idenfifico cambics en &l peso v composicion
de la camal, a5l como en la masa de varios argames debido a
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Cusdro T Comepesicicn cuienica tizdar ds vacas &2 ona pums ¥ cruza pastoreands distints ofértas sobe

Do EafaEl
Trtannienins’ Vilor-P*

ftem AQFCR ACOFPI BOFLR BOFPFJ EE OF oV OE*GY
Agin, g3
Camal 3345 5781 573 s 751 057 o0& 023
e Rk 7046 7174 Tlar 37 4 o0& 043
Tracie sstroimiesdnal-hizado” §243 33 03 08 312 03F o 082
Triafazma Th5 T2 7382 M4 822 01 oM 042
Corazen 1704 7352 6 mMs Wil 4w 0rr 028
Pulmores EIIER: 51 TR ML 47 078 025 032
Filonss 8032 2048 Wb ™ 41F 007 0m 056
Relacion prosesr grasa
Canal 14 13 14 18 030 036 01 055
Chern 47 47 52 94 0&0 019 050 Dsp
Tracto sroimessinal-hizado* 63 &7 i 52 042 Q10 Q7 027
Triafrazma 30 1n 12 26 060 Q& 002 1o
Corazen 52 i3 44 41 L10 085 @Iz oen
Pulmones 12 1 1] 21 020 084 08l 0.50
Fifiores 18 13 17 L7 0l 94l 07 076

Trramisste: Vaca ds came prazes (Hareford y Aberdesn Azgr: PU o o F[CR) pestorsands alts (AOF) o baja (BOF) oferm & fomie

w5 1.5 kg M5 g P promedio amual) de campo nateral.
W0F: Ot e foaraie, GV Ganotpo de lavaca,

Tracto mstrorstntnelhigndo conse Ja sunsioris de Fepses, Oimose, Abomaco, Eestinos ¢ Higado,

wh Dhifaremcis da mscdion ousnds P 005,
v Diferenciy ds madi comdo 005 < P 010

camrhins en b OF &l campo nataral o al GV que suzeritian wra
mavar eficienc o el uso de |2 energla en vacas pastersando
en ADF goe en BOF y para vaca: CR respecto a PU. Estas &-
ferencias podnan madadne en vanacionss en las necesidades
de energia de manfenimiento, Jo cual impactaria en la paricien
de la ererzia metsbolizable enfre perdidas de calor v eperza
nefa de producrion y por lo ke, en Ly efiriencia bicligia ¥
econdmica de ls producrion de came (Feynolds, 2000; Saolis ¥
cal. 1988).

Efecta de la gferin de forrgie

Los mencwes POV v peso absobrio v relative de o canal devams
que pastereasnn en BOF se asociarian a una mener ingesta de
enarpia (o mener imnpecta ds fomaje). Do Camuo v col (2018)
estimaren &l consmme de erergia urilizande ecaaciomes del
WAL, depde repartarom vn consume de energia entre 10-12%
25 haje en vacas gae pastorearon en BOF que en AOF como
conseniEncia de wma inferior maza de fomaje. Dicha mifermaci-
o0 resulio coincdente con Jo reportado en bovibos par came
por Hersem v col. (20042) donde Los animales mejor aliments-
dis presenianen v peso de camal mavar que los animales mas
restringides. Ader: del mavor peso de la canal (+10%:, AQF
ws. BOF), bos animales que pastorearon en ACF presenfaren wm
mavar rEEimenty de fena, mayor peso de tejides blamdos ¥
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myor contenido proteico en la canal Sin emsbarze, oo se ob-
servaron diferencias en el contemido do gasa Eso difiere con
esmdios. previos (Hongheon y col. 1990a; 1990k KRC, 1994)
donde una mejora en 1a aliventacion o en mvel de enszia en
1o dieta de vacas para came incremertd o conferide de grasa
corparal. En el presente tabajo, probablements no s regisma-
ron diferencias en el confenide de graza defidoa gue bos anima-
Jes pasaron a bo largo del experimento (3 aDos) por peniados de
restriccicn v realimentackon como s2 ebsena ea b evelucion
e Py CC (Figura 1), v los misnuos fiseron sammificades sin un
periado de terminacion en un moments de baja acmmilacion de
grasa ((Casal y ool 2017

Elmayor POV al sacrificio de las vacas en AQF s=vip asociada,
afemns de un maver pesa de la canal a que ks mismes presen-
icrom ¢ tendieren 2 presentar m mayor peso absohn dz la maza
total de organas. Imvestizaciones previss en povilles (MicLeod
v ool 2007 Wang ¥ cel., 2004 v vacas pama came (Meyer y
col, 2012) reportan un suments del tamario d=l TGT con &l au-
meento de b ingesta de alimento. En & miswe sendde, Jorge ¥
col. (1997} ebservaron una reduccion del peso de TGl & hizado
&n hovinos con restriccion alimentaria Las visoerss tienen altas
25 metabolicas (pspecialmente & kigade) v les arzamos del
TG responden a camibios en [ ingesa de aimentes. Kozloski
v ool (2001) sugiere que el aumento de b imsesta condace a un
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aumento de 1 acividad matabolica de las céhilas epiteliales v de
I actividad contracil de las cehulas mueculares, detenminande
un aumrende de b masa dal TGL

A pesar que 2l TG 2 bpado consthaven solo el 10-13% del pesa
del ouerpo, estos ffidos represerfan wds del 50°% de les cos-
tos erergeficns de mantenimisnto, ¥ por tama contihyen de
moner siznificativa a la vaniadon en b productividad de los
mimales fanto deniro de vm roded, 251 oo enfre diferenfes -
zas (DeConstamzo ¥ ool . 1901 Femell y fenkins, 1985; fenkins
¥ col, 1981 Las wacas en AOQF tendieron a presentar meper
peso de los pulmones v &l diafagzma, esto pedria estar asociade
2 ma mepver demands de ordpeno a fin de metabolizar {oridar)
la oanper camiidad de smimienies consumidos. Hentz v ool (2016
reportan en ovimos gue 3 medida que se increments el pivel &
ingesta de almendo, tmdbien auments ol comsume de oxigene
por parts de b maca tofal de arganos.

Enm esodie realirads por Jenkdirs v col. (1986) ublizanda va-
cas de diferentes mems v con distindos niveles de alimentacion
conchryeron que ko animales mejor alimentados v con maper
potencial de produwrcion de lerke presentaban mayer peso de
lss erganos del sistena respiratonia ¥ cinoulatorio (carazon, pul-
RS ¥ rferss) diractamente relacionadas a 1a mayer exizee-
cia mefabolica. En teminos absobutos, 1a masa tofal de arg-
s acompass coa b variaciones de PV de los animales v fise
AVOr e vaas g pastorearon AOF. Estes resultados conouer-
dan con bes resuliades reporiados por Burmnn y col. (1957) donde
epresan que b posa total de drgamos o5 proporcional al sivel
de consumo de alimento v al tamano corporal de los amimales
Confrariarments 3 lo.gue se esperana, 1as vacas en BOF tendison
2 presentar meryver peso del ouero, 3 pesar de que presentaban um
menor et corporal. Estas diferencias en el peso de este i2ji-
dio estaran asociadas 2 un paver conberido de agua en el mizme
en vacas en BOF en comparacion a las vacas en AQF.

Sin embarze, bs vaces en AQF presentaron menor peso relaimoe
2 1a caral del oesre ¥ exiremidades que bas que pastoreamn en
BOF. Ya que no 32 obsarvaron diferencias en el peso absohiso, &
menar pese relative a la canal del cuero v extremidades estaria
relacionado con el mayor peso de caral de las vacas en AQF, uma
menar proparcion de despojos TEpTesanta N Aumente & &l -
dimiento de la camal Wacas que pastorearcn en BOF tendisron
a presentar mayer pese relativo de las visceras rojas (comzde ¥
rifiones principalments), esto podria estar asociade a la mayer
aliminacion dewrea y oo products de desscho dade gue &t
Presentaran wma maver movilizacian de Teservas (Frasa v poe-
temas; Cazal y ool 2017). A s ver, los rifiones (adensds el
Tizade) son tefides gue realizan nephucogenesis, por ko tmioum
aumente ds 1y masa reral podria penmitic una mayor sumnisre
de ghcosa (Favpolds v ool 2004). Conlrariamente 3 muestros
reswliades Wood v ool (2013) oo enconaron diferenda en &l
peso de los ormoes expresados como peso relativo a la canal
enire wacas baje distinos nivelss dealimentacion. Posilemente.
las diferencias en & igpo de diefa ¥ al lago del experimenio dom-
de Jos animales pasaron por periodos de restriccion ¥ realimes-

mahajoy lo reportado por Wed y ol , 2013
Efecto del panatine de br vaca

ELPV el POV y el peso de la camal tendieven a sar mayores en
wacas CEque en vacaz PU, 1o cual concuerds oon bo reporiado
por Candiff v col. (1974) v Momis y col. (1987, quismes atri-
Tyeron s speniondad en P de las vams onem a diferenoas
en el tamatio corporal o fane (fmare dal esqueleto). Esta di-
farencia en tamatio de |a comal @ Ewer de ks vacas CF se acom-
pemo de uma, mayer contemde proteics en by psma v en los
tejidos bilandos v presentren maver proparcion de hussas. D
‘marery similar, 52 han reportado efectos de I heterosis sobre &l
peso de la camal (Loog, 1980). Gaines v ool (1967) evalaamon
&l use de crumanvientos de razas brifmicas v eportason valores
dz hieterosis de 4% para el peso de la caral v para el 2rea del
oo Jangissinie dorsd, pero mo chservaon diferencias sig-
mifirativas en &l contenido de graza de la camal  Conimmiamente
2 meses resltades, Long v Gregory (1975) repararon efecin
dz I haterezis no solaments sobre b canfidad de protema (Area
sl mrsculo Jongisimus dorsi) sino tambisn sehre b canfidad
de praca en la camal.

51 biem las vacas CR. presenfaron wn maver pesa de ca-
mal v oonenido profeice en la misma, Tas vacas PU presentanon
marpor relacion fejidos blandosbusses, sspecficamene b va-
25 BOF-PU presentaron uma mayar prepardon de dicha relaci-
oo que las vacas BOF-CR. Estos resuliados podrian ser debido
2un maver famako corporal, mayer Sawe. mever estrachm
@sea v par lo tanto, meayor proporcion de bueses en relacion a
Ia caral en Ias vacas CF. Esta mayor proposcion de hueses se
win refiejado en una tendencia 3 un mayer confemde da cenizas
(mimeralzs) en la canal de las vacas CR. Whesler v col. (1997)
companando diferentes. oruzamientes reporiaron valkres supe-
s en el peso de los bueso en onazms Salers (mever Same) en
cempamncion con oz AngusHereford (menor fams)

Los tejides blandos de la canal de las vacas CF. tendie-
FOll 3 presentar mayor confemido de profens v presentaran, al
gl qae las vacas en AOF, mayor confenido de cemiras an los
s, Wilkiawes v col. (1983) repontaron mayor contenido de
oeniras an bos teidos blandos de [ canal v denire e estas mayor
comterid de wine, fosfore, magnesio y potasio e es30s tejidos
en novilles terminados a forraje en conparacion a kos que fenan
temminades con grancs. Estos mutores suziensn que este mayor
comtenido de minerales sunado 3 un meryor porrentaje de tejido
mazrn (prosna) poda tener efectos heneficoses e b came-
tenisticas matricionales ds la came.

TUna manyor carga metabolica asociada 3 um mayer potendial de
produccion de bche podria haber Bevado a un incremento en las
mecesidades de transportar mtrientss ¥ e I nosa de drmnos
] sistemy cinculatorio, ko cual podna eplicar & mayor peso
it de comzon en vacas CR que en varas PUL En el pre-
senfe estudio, la produccion de lache durapss 1a witinn Iactancia
(2000-2000; 140 d) fize mayor en las vaas de CR.que en las
de PU [Cutierrez v col., 2013), asociadas con vma mayor inges-
2 estinnda de enerzia metabolizable (Do Cammo v cal. 2015
Lapaerta y col, 2014} Solis ¥ col. {198%) reportan mavores re-
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querimisntes de ensrsiy pam mantenivdents en s lecheras
¥ S5 CTUEES VS [AI3S cAmmiceras, esto seria afibuide princdpal-
ments 3 m meaer matio de 13 drganes ms metabolicanerts
actives (TG = Bazada)

Femell y Jenkins (1985) informamon que las difsrencias en s
necesidades eperpaticas de manteninderto anme los Zenotipes
de vacas para came se asacianon con el potencial de Ia prodoce-
oo da leche, gue determing las diferencias en la masa dal kizado
¥ delos crgamos ded TGL. Las vacas CF. presantarod menar peso
relative a b canal 42 TGH+hizada lo cual estaria asocinde 2 que
estas tendisrn 3 presentar wm mayor peso de comal, um mesar
proparcien TE representaria un suments en & rendisierto de
1o camal Ademes laz vacas CF. fendieron a presenfar menar peso
relathvn da las visoeras rajas (pspacialments rifones), diafas-
ma ¥ particalammente de b masa total de Srzanos que las vacs
P, Particularments. los ostos de mantenimiento varan enire
vacas de difimente:s genatipos. Estadios realizados por Solis v
col. {1985 repartan que a pesar que animales Bos imdicns v Bos
fanrrus presani=n vn peso de canal ¥ s de orecimisndy simils-
185, Jos apmwades Bor mdious ¥ 505 CNIZS Presenfaion memes
requerimisets enerpaices para el manterindento, asociade a
un mener famano del TGL hgads ¥ corazon ¥ menar cantidad
de graza visceml Vanes mabajos comciden en que 2] pesode les
organs difise enfre genodipes, enfre estados fislologicos v enime
Planos miricionales (Baldwin, 1995, Jenkine v col, 1985; Sels
¥ col, 1992 Soath v Baddwin, 1974) v que estas diféremcias
pueden maduine e variaciones en las necesidades de enerzia
de momberoweeniy (Baldwin, 199%; Jeckins v col,, 1624; Selis
¥ col, 1953). Por bo tamo, maestmos resultados podrian sugerir
que Las vacas CF tendrian un menot co3to de martenimissts por
unidad de producie gue ks vacas PU, dado fondamentaiments:
poncue &l peso relative de Ia masa total de drganos respectoala
canal fie um 9 5% menor en vacas CR. Ademds, las vacas CR
PresEntancn maver propancian de grasa compaml, mener depo-
sicitn de grasa visceral jomental mesertérica) y mavor movi-
lizacion de Frasa y proteina en periodo de balance ensrepstice
negative que Las vacas FU(Cazsal y col., 2014; 2017).

Conclusion

El confrol @2 la imfensidad de pastoren de campo nabml, a -
ves del puneto de a oferta de fomaje v genotipo de los anime-
les afeciaron Ia masa y cantposicion de 1a canal y organes. Las
vacas &n AQF v CF. presenfaron mayor peso de canal ¥ meryor
rengdiniente camizere v um menor peso relafive de los armmes
respecio al peso de L camal. Estos resultados conmuyen a =
plicar las mesors en la eficiencia en el uso de In enerzia para
produccicn, dado b menor relacion enfre nca fotal de arzanes
¥ camal.
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5. MECHANISMS RELATED WITH ENERGY EFFICIENCY ON THE
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5.1. ABSTRACT

The aim of this study was to evaluate the effect of two herbage allowances
(HA) of native grasslands (Campos biome) on hepatic mitochondrial density
and function and oxidative stress markers of purebred (PU) and the
reciprocal F1 crossbred (CR) beef cows. Mature cows (n = 32) were used in
a complete randomized block design with a factorial arrangement of HA (2.5
vs. 4 kg dry matter/day; LO vs. HI) and cow genotype (CG; PU vs. CR). The
experiment was conducted during three years and at the end of the third
year, cows were slaughtered at 190 + 10 d postpartum. Liver was dissected,
weighed, and samples collected and snap-frozen in liquid nitrogen and stored
at -80°C until analyses. Cow-calf efficiency (g or kJ of calf/MJ cow
metabolizable energy intake) tended (P = 0.07) to be greater for HI than LO
cows and it was greater (P = 0.02) for CR than in PU cows. The hepatic
citrate synthase (CS) enzyme activityy, CS mRNA and mitochondrial

DNA:nuclear DNA ratio were greater (P < 0.03) for HI than LO cows. Plasma
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pro-oxidants were greater (P = 0.02) and plasma antioxidant capacity tended
(P = 0.07) to be greater for CR than PU cows. Oxidative stress index was
affected (P = 0.02) by the interaction between HA treatment and CG as it
was greater (P < 0.05) for LO-CR than HI-CR cows, while HI-PU and LO-PU
cows presented intermediate values. Hepatic thiobarbituric acid reactive
species and protein carbonyls concentrations were not affected by HA
treatment, CG or their interaction but hepatic 4-hydroxynonenal protein
adducts expression tended to be greater (P = 0.06) for CR than PU cows and
tended (P = 0.06) to be affected by the interaction between HA treatment and
CG as it was greater (P < 0.05) in LO-CR than LO-PU cows while did not
differed from HI-CR and HI-PU cows. Neither the hepatic superoxide
dismutase and glutathione peroxidase enzyme activity were affected by HA
treatment, CG or their interaction. In conclusion, the greater cow-calf
efficiency was associated to a greater hepatic mitochondrial density, without
differences in mitochondria function, which would probably explain a greater
efficiency in hepatic nutrient metabolism for HI vs. LO cows. However,
contrary to what was expected the greater efficiency for CR than PU cows
was associated to an increased hepatic oxidative damage, which would

probably reflect a greater metabolic activity of this organ in CR cows.

Key words: cow-calf system efficiency, energy metabolism, mitochondrial

function, oxidative stress

5.2.  INTRODUCTION

Beef cow energy efficiency could be defined by an output, such as calf
production (number of weaned calves and weight or retained energy of
weaned calves) and relevant inputs as required feed/energy intake (Jenkins
and Ferrell, 1994; Scholljegerdes and Summers, 2016). Improvement in
efficiency of energy utilization of cow-calf systems has the potential to greatly
impacton beef production profitability and sustainability, as approximately

65% of the consumed energy for beef production is required by the cow herd,
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with maintenance representing ~70% of the required energy (Montafio-
Bermudez et al., 1990, Parnell et al., 1994).

Beef production is often conducted in extensive grazing production
systems (i.e. Campos biome) where grassland nutrient availability varies
according with seasonal changes in rainfall and temperature (Berretta et al.,
2000) and cow nutrient requirements fluctuate throughout the year due to the
pressure of reproduction and lactation. Previous reports indicatedthe
simultaneous control of grazing intensity by manipulating herbage allowance
(HA) and use of crossbred cows increased (additive effects) cow dry mater
(DM) intake (~10%) and calf weaning (8-17%) which improved (~19%)
biological efficiency of beef cow-calf systems (Do Carmo et al., 2016; 2018).
The greater efficiency of crossbred cows grazing high HA, was associated
tochanges in cow energy partitioning (metabolic-endocrine profiles and body
composition; Laporta et al., 2014; Casal et al., 2017), milk production
(Gutierrez et al., 2013), and visceral mass, cellularity and activity (Casal et
al., 2014).

Energy efficiency in beef cattlehas been associated to mitochondria
function (Ramos et al., 2013; Casal et al., 2018). Mitochondria produce 90%
of cellular energy and are integrated into numerous functional, metabolic and
signaling networks with other cellular compartments (Rolfe and Brand, 1997).
Mitochondria are also recognized as a major source of oxidants in the
majority of cell types (Turrens, 2003; Bottje and Carstens, 2009). Oxidative
stress occurs when production oxidants exceed the antioxidant capacity to
repair the resulting damage (Chirase et al., 2004) and elevates cellular
energy expenditure, decreasing energy efficiency. Thus, this organelle is an
appropriate place to study variation in maintenance energy requirements that
may contribute to the phenotypic differences observed among animals (Rolfe
and Brand, 1997; Herd and Arthur, 2009). In addition, the liver is a central
organ of energy metabolism that represents only ~3% of body weight (BW)
but represents ~25% of wholebody oxygen consumption and ~8% of daily

body protein turnover (Lobley et al., 1980; Baldwin et al., 2004). Therefore,
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hepatic mitochondrial function and oxidative stress could play a key role in
energy efficiency of beef cows. We have not found studies on hepatic
mitochondrial function, oxidative stress and phenotypic expression of energy
efficiency in cow-calf production systems.

Thus, our hypothesis was that the improved efficiency of crossbred
cows grazing high HA would be associated with an increased hepatic
mitochondrial density and function and reduced oxidative stress. The
objective of this work was to evaluate the effect of two HA of native
grasslands (Campos biome) hepatic mitochondrial density and function in
terms of gene and protein expression and enzyme activity of mitochondrial
respiratory complex and antioxidant proteins, and oxidative stress markers of
purebred (A: Aberdeen Angus and H; Hereford; PU) and the reciprocal F1

crossbred (AxH and HxA; CR) mature beef cows.

5.3. MATERIALS AND METHODS
Animal procedures were approved by the Animal Experimentation Committee

of Universidad de la Republica.

Location, animals and experimental design
A detailed description of grazing and cattle management for this experiment
has previously been reported (Do Carmo et al., 2018; Casal et al., 2014).
Briefly, the experiment was conducted on 95 ha of Campos biome (native
pastures were dominated by summer-growing C4 grasses, with few C3
grasses associated with the winter cycle) located at the Professor Bernardo
Rosengurtt Experimental Station (Facultad de Agronomia, Universidad de la
Republica, Uruguay; 32°S, 54°W) from June 2007 to May 2010.

Multiparous cows (n = 32; 4 to 5 year-old), were used in a randomized
block design with two replications and four plots in each block to which a 2 x
2 factorial arrangement of HA and cow genotype (CG; PU vs. CR) was
allocated.Herbage allowance (the ratio between forage mass and stocking
rate; Sollenberger et al., 2005) represented 4 and 2.5 kg DM/kg BW of
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annual mean (HI and LO, respectively) and varied with season of the year (5,
3, 4 and 4 kg DM/kg BW and 3, 3, 2y 2 kg DM/kg BW for HI and LO in fall,
winter, spring and summer, respectively). Herbage mass (kg DM/ha) was
estimated monthly by the comparative yield method (Haydock and Shaw,
1975). A continuous stocking method was applied throughout the year, thus,
herbage allowance in each plot was adjusted monthly by the “put-and-take
method” (Mott, 1960). Experimental cows were maintained in the plot
throughout the experiment. Herbage samples were collected monthly and
composite by season for chemical analyses (AOAC, 2000; Van Soest et al.,
1991) and metabolizable energy (ME) was estimated according to Reid et al.
(1991). Herbage allowance treatments determined differences in forage
mass and height throughout the year (2072 vs. 1338 + 160 kg DM/ha and 5.2
vs. 3.5 £ 0.3 cm annual average for HI vs. LO, respectively) but did not differ
in chemical composition (7.3, 8.6, 10.5 and 8.6 + 0.5% of crude protein and
42.6, 41.1, 36.2 and 40.2 + 1.6 % of acid detergent fiber (DM basis) in fall,
winter, spring and summer, respectively). Eight experimental cows were
evaluated per treatment (HI-CR, HI-PU, LO-CR, and LO-PU; n = 4 for each
individual genotype: H and A for PU or HXA and AxH for CR). Cows grazed
on the same HA (HI or LO) since June 2007 and gestated and lactated one
calf every year from 2007 to 2010.

On average, during the three experimental years, body condition score
(BCS) and BW were greater for HI than LO cows, being the differences more
evident during the last gestation-lactation cycle (2009 — 2010, Figure 1). In
addition, during the last gestation-lactation cycle cow BW and BCS were
greater (P < 0.01), milk energy output was 22% greater (P < 0.05), calf BW
and average daily gain at weaning were 10% greater (P < 0.05), and
commencement of luteal activity was 59 and 34 days earlier (P < 0.05) for HlI
than LO and CR than PU cows (Gutierrez et al., 2013; Casal et al., 2017,
Laporta et al., 2014). Estimated ME intake was greater for HI than LO cows
(73.8 vs. 66.7 £ 3.9 MJ/d) and for CR than PU cows (73.7 vs. 67.8 £ 3.9
MJ/d).
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Figure 1: Cow body weight (BW) and body condition score (BCS) throughout the three experimental years (2007 -
2010) for purebred (Hereford and Aberdeen Angus; triangles) and crossbred (F1; squares) beef cows grazing high
(solid symbols and lines) and low (open symbols and dashed lines) herbage allowances (2 vs. 4 kg dry matter/kg
BW of annual mean, respectively) of native grasslands [n = 32, 8 cows per treatment]. Data are presented as

Ismeans + standard error.

Data and sample collection

At the end of the third experimental year, at 190 + 10 days postpartum (45
days after calf weaning), cows were slaughtered in a commercial abattoir
(PUL S.A; Cerro Largo, Uruguay; 40 km from the Experimental Station). Prior
to transport to abattoir, cow BW and BCS were recorded, and blood samples
were obtained by jugular venipuncture in tubes with heparin (BD Vacutainer
tubes; Becton Dickinson, NJ, USA). Samples were centrifuged (2000 x g, 15
min), and plasma was stored at -20°C for until analyses. At slaughter, the
liver was dissected, separated from surrounding connective tissue and liver
samples from the caudal lobe were obtained ~20 min after the animal was
killed. Liver samples (10 g) were snap-frozen in liquid nitrogen and then
stored at -80°C for analysis of protein and gene expression and enzyme

activity.
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Plasma and hepatic oxidative stress markers

Concentrations of plasma pro-oxidants (pROS; using d-ROM Test expressed
in arbitrary ‘Carratelli Units’ (CarrU), where 1 CarrU is equivalent to the
oxidizing power of 0.08 mg H,O,/dL) and plasma antioxidant capacity (PAC;
OXY-Adsorbent Test expressed as pmol HCIO/mL); were determined by
colorimetric assays using commercial kits (Diacron International, Grosseto,
Italy) according to Abuelo et al. (2013). Both pROS and PAC were measured
by micromethods using a Varioskan Flash microplate reader (Thermo
Electron Corp., Louisville, CO) and the intra-assay coefficient of variation did
not exceed 10%. The oxidative stress index (OSi) was calculated as
pROS/PAC, expressed as CarrU/pumol HCIO/mL (Celi, 2011).

Hepatic thiobarbituric acid reactive species (TBARS) expressed as
concentration of malondialdehyde (MDA) for the determination of lipid
oxidation and hepatic protein carbonyl expressed as concentration of
dinitrophenylhydrazine (DNPH) for the determination of protein oxidation

were performed according with Casal et al. (2019).

Quantitative real time gPCR

Synthesis of cDNA by reverse transcription was performed according with
Casal et al., (2014). Primers (Supplementary Table S1) to specifically amplify
cDNA of target genes and internal control genes: B-actin (ACTB),
hypoxanthine phosphoribosyltransferase (HPRT1) and ribosomal protein L19
(RPL19), were obtained from literature or specifically designed using the
Primer3 website (http://bioinfo.ut.ee/primer3-0.4.0/)) based on bovine
nucleotide sequences available from NCBI (http://www.ncbi.nlm.nih.gov/).
The genes measured in the present study were selected based on previous
results from a microarray analysis (Laporta et al., 2014). Candidate selected
genes were: NADH:ubiquinone oxidoreductase subunit C1 (NDUFC1);
NADH:ubiquinone oxidoreductase subunit A4 (NDUFA4); NADH:ubiquinone
oxidoreductase subunit A13 (NDUFA13); succinate dehydrogenase complex,
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subunit A, flavoprotein (Fp) (SDHA); succinate dehydrogenase complex,
subunit D (SDHD); ubiquinol-cytochrome c¢ reductase core protein |
(UQCRC1); ubiquinol-cytochrome c¢ reductase hinge protein (UQCRH);
cytochrome c oxidase assembly factor (COX19); cytochrome c-1 (CYC1);
ATP synthase, H™ transporting, mitochondrial F1 complex, epsilon subunit
(ATP5E);ATP synthase, H® transporting, mitochondrial F1 complex, O
subunit (ATP50), citrate synthase (CS), glutathione peroxidase 1 (GPX1),
glutathione peroxidase 3 (GPX3), glutathione peroxidase 4 (GPX4),
glutamate-cysteine ligase catalytic subunit (GCLC), copper zinc superoxide
dismutase, soluble (SOD1), manganese superoxide dismutase, mitochondrial
(SOD2), peroxiredoxin 3 (PRDX3) and peroxiredoxin 5 (PRDX5). Before use,
primer product size (as estimated by 1% agarose gel separation) and
sequence (Macrogen Inc., Seoul, Korea) were determined to ensure that
primers produced the desired amplicons (data not shown).

Real time gPCR reactions were performed according to Casal et al.
(2018) and gene expression was measured by relative quantification (Pflaffl,
2009) to the endogenous control and normalized to the geometric mean
expression of internal control genes. Expression stability of 3 selected
housekeeping genes was evaluated using the MS-Excel add-in Normfinder
(MDL, Aarhus, Denmark). The stability values obtained with Normfinder they
were 0.343, 0.379 and 0.285 for ACTB, HPRT1, and RPL19, respectively.
Amplification efficiencies of target and endogenous control genes were
estimated by linear regression of a dilution cDNA curve (n = 5 dilutions, from
100 to 6.25 ng/tube (Supplementary Table S1). The intra and inter-assay
coefficient of variation for all genes were less than 1.4 and 4.2%,
respectively.

In addition, the mitochondrial DNA:nuclear DNA (mtDNA:nDNA) ratio
was used to estimate tissue mitochondrial density (Guo et al., 2009). The
real-time gPCR was carried out in separate tubes for mtDNA and nDNA
amplification using PCR primers (Supplementary Table S1). The cycle
number (Ct) at which the fluorescent signal of a given reaction crossed the
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threshold value was used as basis for quantification of mtDNA and nDNA
copy numbers. The difference between cycle numbers measured at the
threshold (designated R) was used to calculate the relative ratio of
mtDNA:nDNA using the equation: 2°.

Hepatic enzyme activity

Citrate synthase, NADH ubiquinone oxidoreductase and succinate
dehydrogenase (SDH) activity assays were conducted according to Casal et
al. (2018). Assays were performed in duplicate at 37°C using a final volume
of 500 pL in a UV-2401 PC spectrophotometer (Shimadzu Corporation,
Tokyo, Japan). The hepatic activities of glutathione peroxidase (GPX) and
superoxide dismutase (SOD) were determined spectrophotometrically using
the commercially kits (Randox Laboratories, Antrim, UK) in a Varioskan Flash
microplate reader (Thermo) (Casal et al.,, 2019). Enzyme activities were

expressed as units per mg of mitochondrial or homogenate protein.

Western blot analysis

Total protein extracts in ice-cold RIPA buffer and electrophoresis were
performed according with Casal et al. (2018; 2019). The immunochemical
detection of 4-hydroxynonenal protein adduct (4-HNE), ATP synthase F1
subunit alpha (ATP5A), SDHA, SOD2 and ACTB proteins were performed
using highly specific mouse monoclonal anti-ATP5A (1:2000), anti-SDHA
(1:2000), anti-ACTB (1:3000), anti-SOD2 (1:2000) and rabbit polyclonal anti-
4-HNE (1:1000) antibodies (Abcam, Cambridge, United Kingdom). The
membranes were incubated with anti-mouse IR Dye 680CW (Li-COR,
Lincoln, NE, USA) at 1:15000 or anti-rabbit IR Dye 800CW (Li-COR) at
1:20000. Signals were detected using the ODYSSEY CLx Infrared Imaging
System (Li-COR) and analyzed using ODYSSEY CLx and ImageJ-software.
Density of the area of each lane was measured. The relative levels of
ATP5A, SDHA, SOD2 and 4-HNE were normalized with ACTB density and

65



normalized values were expressed as a percentage relative to the HI-CR

group.

Calculations and Statistical analyses
Estimated cow-calf efficiency during the last gestation-lactation cycle was
calculated according National Research Councils for Beef Cattle equations
(NASEM, 2016). Cow ME intake was estimated based on individual cow
requirements (Macoon et al., 2003; Smit et al., 2005) for maintenance
(BW®™), gestation (estimated weight of the gravid uterus adjusted
fortheactual calf birth weight (Ferrell et al., 1976) or lactation (milk yield and
composition; Gutierrez et al., 2013), and retained energy (changes in protein
and fat tissues based on changes in BW and BCS). Estimated calf retained
energy was calculated using individual calf BW and body composition
(Gutierrez et al., 2013) and retained combustion values of 23.85 MJ/kg
protein and 39.75 MJ/kg fat (Brouwer, 1965).

Data were analyzed using the SAS Systems program (SAS 9.0V; SAS
Inst., Cary, NC, USA). UNIVARIATE analyses were performed on all
variables to verify normality of residual. All data were analyzed using the
MIXED procedure with a model included effects of HA, CG and their
interaction as fixed effects and block as a random effect. The block was
used as the experimental unit to evaluate HA effect and cow as the
experimental unit to evaluate CG and the HA by CG interaction. The
interaction between HA and block was included in the model as a random
effect but as covariance parameter estimates were zero or close to zero it
was removed from the model. Mean separation was performed using the
Tukey test, and differences were considered significant at P < 0.05 and a
trend when 0.05 < P < 0.10. Results were presented as least square means

* pooled standard error.
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5.4. RESULTS

Total cow ME intake during the gestation-lactation cycle tended (P = 0.09) to
be greater forHI than LO cows, however, it was was not affected by CG or
their interaction (Table 1). Calf retained energy at weaning was greater (P =
0.01) for HI than LO cows and for CR than PU cows (Table 1). Cow-calf
efficiency tended (P < 0.07) to be greater for HI than LO cows and it was
greater (P < 0.03) was CR than in PU cows (Table 1).

Hepatic mitochondrial density and function

The hepatic CS enzyme activity, CS mRNA and mtDNA:nDNA ratio were
greater (P < 0.03) for HI than LO cows (Table 2). Neither the hepatic NADH
ubiquinone oxidoreductase (Table 2) nor SDHA or ATP5A protein expression
(Supplementary Figure S1A, S1B) were affected by HA treatment, CG or
their interaction. Hepatic SDH enzyme activity tended (P = 0.08) to be
greater in CR than PU cows (Table 2). In addition, hepatic expression of
NDUFA4 mRNA tended to be greater (P = 0.08) and CYC1 and ATP5E
MRNA were greater (P = 0.05) for HI than LO cows(Table 2). The expression
of NDUFC1, NDUFA13, SDHA, SDHD, UQCRC1, UQCRH, COX19 and
ATP50 mRNA in the liver did not change due to HA treatment, CG or their
interaction (Table 2). Total cow ME intake during the gestation-lactation cycle
showed a moderate to high correlation with hepatic CS mRNA and CS
activity (r = 0.36 and 0.60, respectively, P < 0.05, n = 32).
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Table 1: Effects of herbage allowance (HA) and cow genotype (CG) and their interaction (HAXCG) on cow-calf energy

efficiency.

Treatment’ P-value®
Iltem HI-PU HI-CR LO-PU LO-CR SE HA CG
Cow total ME intake, MJ® 31875 33690 30202 31375 1257 0.09 0.18
Calf retained energy at weaning, MJ 924 1139 855 944 42 0.01 0.01
Cow-calf energy efficiency
g of calf/ MJ cow ME intake 391 455 397 3.82 0.18 0.07 0.03
kJ of calf/MJ cow ME intake 290 338 283 30.1 1.40 0.07 0.02

MJ of calf/MJ cow ME intake/kg MBW 2.67  3.31 2.51 2.80 0.18 0.06 0.01

"Treatment: purebred and crossbred beef cows grazing high and low in average herbage allowances of native pastures: High-crossbred cows (HI-CR); High-purebred cows (HI-PU);
Low-crossbred cows (LO-CR); Low-purebred cows (LO-PU).

*The interaction HAXCG was not significant (P> 0.17).

3Estimated metabolizable energy intake during the gestation-lactation cycle.
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Table 2: Effects of herbage allowance (HA) and cow genotype (CG) and their interaction (HAXCG) on hepatic

mitochondrial density and function.

Treatment® P-value®
Item HI-PU HI-CR LO-PU LO-CR SE HA CG
Mitochondrial density marker
Citrate synthaseactivity, mU/mg protein 63.9 65.8 34.8 41.1 4.1 <0.01 0.31
Citrate synthases mRNA 0.86 0.88 0.69 0.74 0.04 0.01 0.82
mtDNA:nDNA ratio? 265 277 217 225 13 0.03 0.48
Enzyme activity of mitochondrial complex
NADH ubiquinone oxidoreductase, mU/mg protein 44.0 43.3 44.6 43.4 3.65 0.16 0.60
Succinate dehydrogenase, mU/mg protein 90.0 93.9 88.3 94.1 7.11 0.27 0.08
Gene expression encoding mitochondrial complex proteins®
NDUFA4 1.01 1.02 1.12 1.11 0.04 0.08 0.91
NDUFA13 0.75 0.81 0.83 0.77 0.09 0.29 0.84
NDUFC1 0.81 0.80 0.94 0.93 0.08 0.81 0.95
SDHA 0.68 0.77 0.45 0.77 0.17 0.43 0.23
SDHD 1.26 1.90 2.16 2.22 0.55 0.22 0.27
UQCRC1 0.72 0.64 0.97 1.00 0.29 0.98 0.35
UQCRH 0.86 0.92 1.01 0.93 0.10 0.19 0.98
COX19 0.80 0.77 0.89 0.92 0.09 0.19 0.82
CyC1i 1.39 1.33 0.99 0.55 0.39 0.05 0.34
ATP5E 0.79 0.93 0.74 0.88 0.07 0.05 0.18
ATP50 0.95 0.66 0.59 0.63 0.17 0.31 0.51

Treatment: purebred and crossbred beef cows grazing high and low in average herbage allowances of native pastures: High-crossbred cows (HI-CR); High-purebred cows (HI-PU);

Low-crossbred cows (LO-CR); Low-purebred cows (LO-PU).

’mtDNA/NDNA ratio: mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) ratio.

%Genes: NADH:ubiquinone oxidoreductase subunit C1 (NDUFC1), NADH:ubiquinone oxidoreductase subunit A4 (NDUFA4), NADH:ubiquinone oxidoreductase subunit A13
(NDUFA13), succinate dehydrogenase complex, subunit A, flavoprotein (Fp) (SDHA), succinate dehydrogenase complex, subunit D (SDHD), ubiquinol-cytochrome c reductase core
protein | (UQCRC1), ubiquinol-cytochrome ¢ reductase hinge protein (UQCRH), cytochrome c¢ oxidase assembly factor (COX19); cytochrome c-1 (CYC1), ATP synthase, H+

transporting, mitochondrial F1 complex, epsilon subunit (ATP5E); ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit (ATP50).

*The interaction HAXCG was not significant (P> 0.16).
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Plasma and hepatic oxidative markers and antioxidant function

Plasma pROS was greater (P = 0.02) and PAC tended (P = 0.07) to be
greater forCR than PU cows (Table 3). Oxidative stress index was affected
(P = 0.02) by the interaction between HA treatment and CG as it was greater
(P < 0.05) for LO-CR than HI-CR cows, while HI-PU and LO-PU cows
presented intermediate values (Table 3). Hepatic TBARS and protein
carbonyls concentrations were not affected by HA treatment, CG or their
interaction (Table 3) but hepatic 4-HNE expression tended to be greater (P =
0.06) forCR than PU cows and tended to be affected by the interaction
between HA treatment and CG (P = 0.06) as it was greater (P < 0.05) in LO-
CR than LO-PU cows while did not differed from HI-CR and HI-PU cows
(Table 3 and Figure 2). Neither the hepatic GPX and SOD enzyme activity
(Table 3) nor SOD2 protein expression (Supplementary Figure S1C) were
affected by HA treatment, CG or their interaction. However, the expression of
SOD2 mRNA tended (P = 0.08) to be greater in CR than PU cows (Table 3).
The expression of GLGC, GPX1, GPX3, GPX4, PRDX3, PRDX5 and SOD1
MRNA in the liver were not affected by HA treatment, CG or their interaction
(Table 3).
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Figure 2: Representative western blot analysis of 4-hydroxynonenal protein adduct (4-HNE) in liver of and means +

SE of pixels expressed according to treatment [purebred and crossbred beef cows grazing high and low in average

herbage allowances (2 vs. 4 kg DM/kg BW of annual mean, respectively) of native pastures: High-crossbred cows
(HI-CR); High-purebred cows (HI-PU); Low-crossbred cows (LO-CR); Low-purebred cows (LO-PU)]. A quantity of

30 pg of proteins were loaded and separated by SDS-PAGE. Immunoblotting was performed with a polyclonal

antibody that recognized 4-HNE. Data were normalized with 3-actin density and normalized values were expressed

as a percentage relative to the HI-CR group (Control). Means + SE of pixels expressed according to herbage

allowances and cow genotype. [n = 32, 8 cows per treatment].
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Table 3: Effects of herbage allowance (HA) and cow genotype (CG) and their

interaction (HAXCG) on plasma and hepatic oxidative stress markers and

antioxidant enzyme activity.

Treatment® P-value®

Item HI-PU  HI-CR LO-PU LO-CR SE HA CG
Plasma oxidative stress markers?

pROS, CarrU/mL 248.1  235.9 206.8 266.7 13.3 0.71 0.02

PAC, umol HCIO/mL 309.3 317.7 312.7 323.1 80 0.27 0.07

osi, CarrU/umol  0.81 0.76 0.67 0.83 0.05 0.53 0.55
HCIO/mL
Hepatic oxidative stress markers®

TBARS, pg MDA/mg 16.12 16.7 18.2 16.3 1.6 043 053
protein

Protein carbonyl, nmol 1.36 1.26 1.39 1.37 0.14 0.94 0.63
DNPH/mg protein

4-HNE, pixels intensity 0.99 1.0 0.79 11 0.02 0.39 0.06
Hepatic antioxidant enzyme activity”

GPX, U/mg protein 276.5  286.5 274.3 284.0 123 0.48 0.65

SOD total, U/mg protein  18.9 19.1 19.2 19.5 21 035 0.78
Hepatic gene expression of antioxidant enzymes®

GLGC 0.89 0.97 1.04 0.98 0.09 0.36 0.96

GPX1 1.02 1.16 1.08 0.92 0.14 0.49 0.89

GPX3 0.63 0.45 0.61 0.55 0.19 0.78 0.40

GPX4 0.94 1.02 1.01 1.31 0.10 0.17 0.50

PRDX3 0.61 0.69 0.75 0.68 0.08 0.16 0.50

PRDX5 0.99 0.91 1.04 0.99 0.09 0.22 0.18

SOD1 0.92 0.86 0.89 0.76 0.10 0.68 0.76

SOD2 0.81 0.81 0.91 0.83 0.08 0.41 0.08

"Treatment: purebred and crossbred beef cows grazing high and low in average herbage allowances of native
pastures: High-crossbred cows (HI-CR); High-purebred cows (HI-PU); Low-crossbred cows (LO-CR); Low-purebred

cows (LO-PU). 2Plasma pro-oxidants (pROS); Plasma antioxidant capacity (PAC): Oxidative stress index (OSi).

*Thiobarbituric acid reactive species (TBARS) expressed as concentration of malondialdehyde (MDA);

Dinitrophenylhydrazine (DNPH);4-hydroxynonenal (4-HNE) pixels intensity expressed with proportion of HI-CR
animals.‘Glutathione peroxidase (GPX); Superoxide dismutase (SOD). *Genes: glutamate-cysteine ligase catalytic
subunit (GCLC), glutathione peroxidase 1 (GPX1), glutathione peroxidase 3 (GPX3), glutathione peroxidase 4
(GPX4), peroxiredoxin 3 (PRDX3) and peroxiredoxin 5 (PRDX5), copper zinc superoxide dismutase 1, soluble
(SOD1), manganese superoxide dismutase 2, mitochondrial (SOD2). ®The interaction HAXCG was not significant

(P> 0.17) for all variables, except OSi (P = 0.02) and 4-HNE (P = 0.06).
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5.5. DISCUSSION

This study evaluated effects of nutrition, through controlling grazing intensity,
on hepatic mitochondrial density and function and oxidative stress of
rangeland pure and crossbred beef cows and their association with energy
efficiency in cow-calf systems.

In agreement with their greater cow-calf energy efficiency, estimated ME
intake during the gestation-lactation cycle and retained energy of weaned
calves were greater or tended to be greater for HI than LO cows. Do Carmo
et al. (2016; 2018) estimated energy intake using NRC (2000) equations and
reported, as consequence of the reduced forage mass, less energy intake
(~11%) in cows grazing low than high HA. Retained energy of weaned calves
and cow-calf energy efficiency were also greater in CR than PU cows.
Previous research has reported significant heterosis (F1) not only in cow
energy intake but also in cow milk production and calf BW at weaning (Do
Carmo et al., 2016; Gutierrez et al., 2013). Morris et al. (1987) reported that
reciprocal crossbreeding (F1) cows between Angus and Hereford increased
calving and weaning rate, kg of calf weaned per cow exposed and cow-calf
efficiency when compared to purebred cows. Although ME intake was greater
for HI than LO cows, The increased productive response of HI than LO cows
was proportionally greater than the differences in ME intake between these
groups, therefore HI cows were also more efficient than LO cows in the use
of the consumed energy.

Mitochondria are the principal organelle for the production of ATP in
the cell and play an essential role in nutrient adaptation. Recently, it has
been determined, in steers differing in residual feed intake, that energy
efficiency was associated to mitochondria density and function (Lancaster et
al., 2014; Casal et al., 2018). However, in the present work, energy
efficiency (g or KJ calf retained energy/MJ cow ME intake) did not correlate
with mitochondrial density which could be explained by the greater dispersion
of the measure of efficiency in calf-cow systems, as it involves several

biological functions or process (ie. gestation, lactation, growth) in both, cow
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and calf when compared with the RFI measurement.
The greater mitochondrial density (greater CS mRNA and enzyme activity
and mtDNA:nDNA ratio; Larsen et al.,, 2012) in liver tissue of HI than LO
cows was associated with their greater ME intake during the annual
production cycle. This would indicate an improved bioenergetic capacity in
cows grazing HI-HA as mitochondrial volume or content are important
guantitative indicators of metabolic activity and oxidative capacity (Lee and
Wei, 2005; Weikard and Kuhn, 2016; Casal et al., 2018). Contrary to our
results, Nisoli et al. (2005) reported calorie-restricted mice presented
increased mitochondrial density in liver and muscle when compared to non-
restricted animals but Hancock et al. (2011) in rats did not report effects of
caloric restriction on mitochondrial density. Discrepancy between our and
these previous studies may reflect specie differences since in ruminants
mitochondria constitutes one of the fundamental steps in the utilization of
propionate (generated at ruminal level) for hepatic gluconeogenesis.
Mitochondrial complexes are not separate entities, but assembled
multiproteic subunits, which have structural and functional dependence of the
individual subunits. The expression of genes encoding for respiratory chain
protein complexes in the liver (CYC1 and ATP5E) were greater for HI than
LO cows. The CYC1 mRNA encodes a protein to subunit ¢ of the cytochrome
bcl complex, which plays an important role in the mitochondrial respiratory
chain by transferring electrons to cytochrome c (Schagger et al., 1995) while
the ATP5E mRNA encodes a protein to complex V (ATP synthase) the
universal enzyme that manufactures ATP from ADP and phosphate by using
the energy derived from a transmembrane proton-motive gradient (Wang and
Oster, 1998). Connor et al. (2009) and Casal et al. (2018) reported greater
expression of genes associated with the mitochondrial respiratory chain
proteins for high vs. low efficiency steers. These authors indicated that the
better efficiency would be associated with changes at the transcription level,
by affecting rates of mMRNA synthesis and/or degradation, of some proteins of

the mitochondrial respiratory chain complexes. However, SDH activity, an
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enzyme complex that not only is involved in the respiratory chain but also
constitutes one of the fundamental steps in the utilization of propionate
(generated at ruminal level) for hepatic gluconeogenesis, tended to be
greater for CR than PU cows without differences in neither expression of
SDHA or SDHD mRNA nor SDHA protein expression, suggesting that
changes in SDH activity were associated to post-translational modifications.

In addition to its role in energy metabolism, mitochondria are also
recognized as a major source of oxidants (reactive oxygen/nitrogen
metabolites) in the majority of cell types (Turrens, 2003; Bottje and Carstens,
2009). Oxidative stress occurs when an imbalance between oxidants and
antioxidants in which oxidant activity exceeds the antioxidant capacity to
detoxify or to repair the resulting damage (Chirase et al., 2004; Radi, 2018).
All cows presented PAC values (capacity of a massive dose of hypochlorous
acid to oxidize the antioxidant pool; Trotti et al., 2001) lower than 350 umol
HCIO/mL indicating an impairment of serum antioxidant barrier.
Quantification of antioxidant separately does not provide good information of
the antioxidant capacity, because the different antioxidants can act
synergically to counteract the oxidative offence (Abuelo et al.,, 2013).
Oxidative stress, indicated by OSi (the ratio pROS (oxidants) and PAC
(antioxidants); Celi, 2011) was reduced in LO-PU cows (lower pROS and
OSi) and increased in LO-CR cows. An increased OSi indicates an increase
in oxidants production or decreasein defensive antioxidants (Celi, 2011),
which in our study, was probably associated to the greater productive
performance thus, metabolic activity of CR than PU cows in restrictive
environments (LO-HA). At the hepatic level, although no differences between
cow genotypes were reported in other oxidative stress markers or in the main
enzymatic antioxidants (enzyme activity or gene expression), expression of
4-HNE tended to be the greatest in LO-CR and the lowest in LO-PU cows.
The 4-HNE is a reactive aldehyde originating from the peroxidation of liver

microsomal lipids causing covalent modification of macromolecules (Ayala et
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al., 2014). Greater OSi and 4-HNE expression in  could be associated to
their greater metabolic activity recorded by cellularity index (protein:DNA
ratio, RNA:protein ratio; total RNA) when compared to PU cows, especially
for LO-CR cows that presented greater hepatic mass, larger and
metabolically more active cells (Casal et al., 2014). Several animal studies
seem to suggest that oxidative stress biomarkers change toward the same
direction in blood and tissues (Arguelles et al., 2004; Celi, 2011; Abuelo et
al., 2013; 2014). However, Arguelles et al. (2004) suggested that the
increase of oxidative stress just in a particular tissue may not affect plasma
biomarkers or increase of oxidative damage produced specifically in the
circulatory system, explained the discrepancy between the results found in
plasma and liver in the present study. In addition, the greater oxidative
stress determined for LO-CR than LO-PU cows, was related with greater
hepatic SOD2 mRNA expression, one of the main antioxidants which is
localized in the mitochondrial matrix and acts as the primary defense against
superoxide produced in the latter ones.

Although it has been reported in steers of different RFI that energy
efficiency was associated with mitochondria function and oxidative stress
(Casal et al., 2018; 2019), in cow-calf systems this association was not clear.
Both, RFI and energy efficiency of cow-calf systems (g or KJ calf retained
energy/MJ cow ME intake) identify the most efficient animals (Koch et al.,
1963; Jenkins and Ferrell 1994). However, RFI it is a direct measurement
(relationship between observed and expected intake) with a high genetic
component and efficiency of the cow-calf system is less direct and includes
both, cow and calf efficiency in a single parameter, that although it involves
genetic component, is strongly influenced by environmental components.
Differences in HA were more associated with differences in the hepatic
mitochondrial density, while differences in the liver oxidative status were
more related to the genotype of the cows. Other factors such as the dry
matter intake (Freetly et al.,, 1995, Do Carmo et al.,, 2018), activity and
grazing behavior (Brosh et al., 2006, Scarlato et al., 2011), body mass and
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composition (Ferrell and Jenkins, 1985; Casal et al., 2017), mass of the
gastrointestinal tract and other organs, and their metabolic activity (Baldwin
et al., 2004; Casal et al.,, 2014) present a greater association with the
mechanisms that determine maintenance energy requirements and energy

efficiency of cow-calf systems.

5.6. CONCLUSION

Relationships between energy efficiency and mitochondrial function and
oxidative stress were found in other models such as RFI, however, our
results suggest that this association is not as clear in the cow-calf system,
although these mechanisms could be associated with energy efficiency, we
do not find a relationship as direct as in the case of efficiency measured
through RFI. Research in mitochondrial function and oxidative stress in
ruminant production, particularly in cow-calf systems, is limited and there is a
great deal to be discovered about its role in ruminant health and production.
Further research is needed to identify the mechanism involved in the
differential physiological processes between animals with low and high
energy efficiency.
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5.8. SUPPLEMENTARY MATERIAL

Table S1. Primers used for real time gPCR.

Gene' Accession#’ Primer sequence® Length Efficiency
(bp)

ACTB BT030480 F CTCTTCCAGCCTTCCTTCCT 178 1.15
R GGGCAGTGATCTCTTTCTGC

ATP5E NM_001143741 F GACATCATGGTGGCGTACTG 211 1.18
R CCACAGCTTCACCTTGAACA

ATP50 NM_174244.1 F CCTCTCACGTCCAACCTGAT 131 1.06
R GCAGTGGTAACTGTGCATGG

COX19 NM_001109966 F CATACGGACATCCCTTTGCT 171 1.16
R GCTTCGGCAACTCCTTACTG

CSs NM_001044721.1 F AGCCAAGATACCTGTTCCT 217 0.99
R TGTGCTGGAAGAAACGATTG

CyCl1 NM_001038090 F CCAGGTAGCCAAGGATGTGT 227 1.10
R GACCCTGAAGCTCAGGACAG

GCLC NM_001083674 F CACAAATTGGCAGACAATGC 211 1.11
R GGCGACCTTCATGTTCTCAT

GPX1 NM_ 17407 F ACATTGAAACCCTGCTGTCC 216 1.09
R TCATGAGGAGCTGTGGTCTG

GPX3 NM_174077 F TGCAACCAATTTGGAAAACA 224 1.18
R TTCATGGGTTCCCAGAAAAG

GPX4 NM_001346431.1 F AGCCAGGGAGTAATGCAGAG 203 0.97
R CACACAGCCGTTCTTGTCAA

HPRT1 XM_580802 F TGGAGAAGGTGTTTATTCCTC 105 0.99
R CACAGAGGGCCACAATGTGA

NDUFA4 NM_ 175820 F TGCGGCTTAGCTTTTCTCTC 152 1.12
R GCGTGACATACAGTGCTGCT

NDUFA13 NM_176672 F TCGACTACAAGCGGAACCTT 233 1.11
R AGTTGCCTCCTCCTCCAAGT

NDUFC1 NM_174564 F GGTTCCCGAGTGTCTCTTCA 242 1.07
R CGTGAATCCAGAGGAACTGC

PRDX3 NM_174432.2 F CACACCAGAAAAGAGCCACA 210 1.16
R CTAGCCATCCATCCACACCT

PRDX5 NM_174749.2 F CCTTCTACCTCAGCCTCGAG 245 1.08
R CAACCTTAATCGGGGCCATG

RPL19 NM_001040516.1 F CCCCAATGAGACCAATGAAATC 156 1.14
R CAGCCCATCTTTGATCAGCTT

SDHA NM_174178.2 F ACATGCAGAAGTCGATGCAG 155 1.03
R GGTCTCCACCAGGTCAGTGT

SDHD NM_174179.2 F TTTGGCTAGGATGGATGGAG 92 1.02
R ACTGAACAGAGGGGGAGGTT

SOD1 NM_174615 F AGAGGCATGTTGGAGACCTG 189 1.16
R CAGCGTTGCCAGTCTTTGTA

SOD2 NM_201527.2 F CAGGGACGCTTACAGATTGC 212 1.14
R CTGACGGTTTACTTGCTGCA

UQCRC1 NM_174629.2 F CAGTCTTCCCAGCCTACCTG 105 0.98
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AGCCAGATGCTCCACAAAGT
CTGGTGTGGCTAAGGGGATA 232 1.10
GGACTCAACACAAGCAGCAA

UQCRH NM_001034745

A T3

NDUFV1 Genomic DNA GTTCTTCTTAGGTTCTCACGTGG 251
TGAGAATTACTGACGTGACCTCT
TCTTCCCACAACACTTTCTAGGA 198

TGTCGTGGTTAAGTCTACAGTCA

mt-CO1 Mitochondrial DNA

PURRI PV

'Genes: B-actin (ACTB), ATP synthase, H+ transporting, mitochondrial F1 complex, epsilon
subunit (ATP5E); ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit
(ATP50), cytochrome c oxidase assembly factor (COX19); citrate syntase (CS), cytochrome
c-1 (CYC1), glutamate-cysteine ligase catalytic subunit (GCLC), glutathione peroxidase 1
(GPX1), glutathione peroxidase 3 (GPX3), glutathione peroxidase 4 (GPX4),hypoxanthine
phosphoribosyl transferase (HPRT1); NADH:ubiquinone oxidoreductase subunit A4
(NDUFA4), NADH:ubiquinone oxidoreductase subunit A13 (NDUFA13), NADH:ubiquinone
oxidoreductase subunit C1 (NDUFC1), peroxiredoxin 3 (PRDX3) and peroxiredoxin 5
(PRDXS5),copper zinc superoxide dismutase 1, soluble (SOD1), manganese superoxide
dismutase 2, mitochondrial (SOD2), ribosomal protein L19 (RPL19),succinate
dehydrogenase complex, subunit A, flavoprotein (Fp) (SDHA), succinate dehydrogenase
complex, subunit D (SDHD), ubiquinol-cytochrome ¢ reductase core protein | (UQCRC1),
ubiquinol-cytochrome ¢ reductase hinge protein (UQCRH). Mitochondrially encoded
cytochrome c oxidase | (mt-CO1, mitochondrial gene) and NADH:ubiquinoneoxidoreductase
core subunit V1 (NDUFV1, nuclear gene).

’Gene bank sequences.

3F = foreword; R = reverse
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6. DISCUSION GENERAL Y CONCLUSIONES

La productividad de los animales se encuentra asociada a su balance

energético, determinado por las diferencias entre el consumo y los
requerimientos de energia (mantenimiento y produccion). El costo del
mantenimiento tiene un impacto significativo en la particibn de la energia
metabolizable y, por lo tanto, puede afectar la eficiencia biolégica y
econdmica de la produccion de bovinos de carne (Johnson et al., 2003).
Richardson y Herd (2004) informaron que los mecanismos biolégicos que
explican el consumo residual de alimento (Koch et al.,, 1963) estan
estrechamente relacionados con los mecanismos que determinan los
requisitos de energia de mantenimiento (principalmente en el metabolismo
basal). Diferencias en los mecanismos de particion de la energia, pueden
afectar la eficiencia biolégica y econémica de la produccion de bovinos de
carne. El presente trabajo se centra en la comprensién de componentes del
mecanismo de particion de la energia y su relacion con la eficiencia
productiva, en dos modelos bovinos: Novillos con fenotipo divergente para
RFI (Articulos 1y 2) y Vacas de cria multiparas pastoreando distintas ofertas

de forraje de campo natural (Articulos 3y 4).

6.1. EFICIENCIA ENERGETICA Y MASA DE LAS VISCERAS

Considerando el uso global de la energia para los tejidos que la produccion
ganadera prioriza (ej. canal o musculo esquelético magro) se puede
considerar a la energia utilizada por la masa total de los érganos como un
‘impuesto a la produccion” (Reynods, 2002). Los novillos de bajo RFI
alcanzaron un PV y una tasa de crecimiento similar que los novillos de alto
RFI pero con menor consumo de MS. De hecho, los novillos con alto RFI
tendieron a presentar una mayor masa hepética en comparacion con los
novillos con bajo RFI. Sin embargo, esta tendencia desaparecié cuando la
masa hepéatica se expreso en relacion con el peso corporal vacio (Articulo 1).
Las variaciones individuales en RFI resultaron de las diferencias en la

ingesta de alimento y, en consecuencia, afectaron la carga de trabajo
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metabdlico de los drganos, especialmente el higado (Montanholi et al.,
2017).

En vacas de cria, el control de la intensidad de pastoreo del campo
natural, a través del manejo de la oferta de forraje, tuvo como resultado una
mejora en la eficiencia energética del sistema vaca-ternero en las vacas que
pastorearon HI y en las vacas CR. Esta mejora se asoci6 a una mayor
respuesta productiva (g o MJ ternero/MJ de energia metabolizable
consumido, Articulo 4) explicada por un mayor consumo de energia, mejor
estatus metabdlico y menor tamafio de las visceras del TGl en las vacas que
pastorearon HI vs. LO y las vacas CR vs. PU (Do Carmo et al., 2016; 2018;
Laporta et al., 2014; Casal et al., 2014).

En acuerdo a lo reportado Hersom et al. (2004), las vacas en HI
presentaron un mayor rendimiento de faena, mayor peso de la canal (+10%,
HI vs. LO), mayor peso de tejidos blandos y mayor contenido proteico en la
canal (Articulo 3). Asimismo, consistente con Burrin et al. (1992), las vacas
en HI presentaron mayor peso absoluto de la masa total de 6rganos que las
vacas en LO, estas diferencias desaparecen al expresarlos en términos
relativos ya que el tamafio absoluto de los 6rganos responden al tamafio o
frame de las vacas (Articulo 3).

Por otra parte, la masa del total de 6rganos relativa al peso de la canal
fue mayor en las vacas PU que CR (Articulo 3). Por lo tanto, nuestros
resultados podrian sugerir que las vacas CR tendrian un menor costo de
mantenimiento por unidad de producto que las vacas PU, dado
fundamentalmente porque el peso relativo de la masa total de 6rganos
respecto a la canal fue un 9.5% menor en vacas CR. Estudios realizados por
Solis et al. (1988) reportan que a pesar que animales Bos indicus y Bos
taurus presenten un peso de canal y tasa de crecimiento similares, los
animales Bos indicus y sus cruzas presentaron menores requerimientos
energéticos para el mantenimiento, asociado a un menor tamano del TGlI,

higado y corazén y menor cantidad de grasa visceral.
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6.2. EFICIENCIA ENERGETICA Y FUNCION MITOCONDRIAL

La tasa de uso de energia por un organismo, la tasa metabdlica, es
directamente proporcional a la tasa de consumo de oxigeno. Por lo tanto, la
tasa de consumo de oxigeno se puede medir y usar para inferir la tasa
metabdlica indirectamente (Brand y Nicholls, 2011). Mediante respiromentria
de alta resolucion, se observo que los novillos con bajo RFI mostraron una
mayor respiracion basal (respiracion en estado 3 después de la adicion de
ADP; respiracibn maxima estimulada por ADP) y capacidad respiratoria
méaxima cuando se les proporciond succinato (complejo 1) como sustratos
respiratorios (Articulo 1). EI mayor consumo de oxigeno registrado en
novillos de bajo vs. alto RFI en el mismo nivel de sustratos, reflej6 una
mayor capacidad para obtener ATP por unidad de sustrato. Nuestros
resultados no concuerdan con lo reportado en vacas de leche por Garcia-
Roche et al. (2019) donde observaron un aumento en la respiracion basal y
capacidad respiratoria maxima en el complejo | pero no en el complejo II,
estas diferencias estén posiblemente relacionadas al genotipo de los
animales.

La capacidad respiratoria maxima es inducida por el desacoplador
(FCCP) y representa la actividad maxima del transporte de electrones y la
oxidacion del sustrato que pueden lograr las células, se relacionaria con una
mayor disponibilidad de cadenas respiratorias para hacer frente a sus
demandas metabdlicas (Brand y Nicholls, 2011) y podria considerarse como
un indicador indirecto de la densidad mitocondrial. Esto Ultimo coincide con
nuestros resultados donde los novillos de bajo RFI presentaron mayor
namero de mitocondrias por unidad de peso hepatico determinado por medio
de biomarcadores de contenido mitocondrial (expresion ARNm y actividad
enzimatica de citrato sintasa, relacion ADNmt:ADNnR; Larsen et al., 2012).

El mayor consumo de oxigeno mitocondrial cuando se suministran
sustratos del complejo Il registrado en novillos de bajo RFI, se vioé asociado a
mayor expresion de ARNm de SDHA, mayor expresion proteica de SDHA y

mayor actividad enzimatica de la succinato deshidrogenasa (Articulo 1). El
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complejo 1l es el unico componente de la cadena de transporte de electrones
que ademas cataliza una reaccion del ciclo del &cido tricarboxilico mediante
el acoplamiento de dos reacciones (oxidacion del succinato a fumarato con
la reduccion de la ubiquinona a la ubiquinol). Estas caracteristicas confieren
a este complejo enzimatico una posicion Unica en el metabolismo, es un
paso clave en el uso del propionato ruminal para la gluconeogénesis.
Ademas, se ha sugerido (Guaras et al., 2016; Scialo et al., 2017) que el
aumento de la actividad del complejo Il en animales con bajo RFI podria
llevar a un aumento en el flujo de electrones por la oxidacion de FADH,. Esto
podria causar el transporte de electrones inversos que fomenta la
separacion del supercomplejo (complejos | y Ill) y un mayor pasaje de los
electrones procedentes del FADH; al resto de la cadena respiratoria. Por lo
tanto, animales con bajo RFI podrian optimizar la utilizacién de nutrientes en
comparacioén con los novillos con alto RFI.

Si bien en vacas de cria encontramos una diferencia en la densidad de
mitocondrias (Articulo 4), ésta no se relacion6 a una mayor actividad de los
complejos mitocondriales como si sucedié en el experimento de los novillos
de RFI (Articulo 1). Cabe destacar que a diferencia del experimento de los
novillos donde la actividad de los complejos se determind de manera
independiente y por respitometria en mitocondrias acopladas, para el caso
de las vacas de cria solo fueron determinados en forma individual para cada
uno de los complejos de manera independiente, esto pudo haber influido en
los distintos resultados obtenidos entre experimentos.

El mayor contenido de mitocondrias en las vacas HI (Articulo 4)
indicaria una mejor capacidad bioenergética, ya que el volumen o contenido
mitocondrial son indicadores cuantitativos importantes de una mayor
actividad metabdlica y capacidad oxidativa (Lee y Wei, 2005; Weikard y
Kidhn, 2016). Contrariamente a nuestros resultados, Nisoli et al. (2005)
informaron en ratones que los animales sometidos a una restriccion en la
ingesta caldrica presentan un aumento significativo en la densidad

mitocondrial en el higado y el masculo en comparacion con los animales no
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restringidos. Sin embargo, Hancock et al. (2011) no encontro efecto de la
restricciébn caldrica en la densidad mitocondrial. Las discrepancias entre
nuestros estudios y los anteriores puede reflejar diferencias entre especies
ya que en los rumiantes la mitocondria constituye uno de los pasos
fundamentales en la utilizacion del propionato (generado a nivel ruminal)

para la gluconeogénesis.

6.3. EFICIENCIA ENERGETICA Y ESTRES OXIDATIVO

Ademas de su papel en el metabolismo energético, las mitocondrias también
son reconocidas como una fuente importante de oxidantes en la mayoria de
los tipos de células (Turrens, 2003; Bottje y Carstens, 2009). El estrés
oxidativo se produce cuando hay un desequilibrio entre los oxidantes y los
antioxidantes para desintoxicar o reparar el dafio resultante (Chirase et al.,
2004; Radi, 2018).

El aumento de la tasa metabdlica podria causar un aumento de la
produccion de oxidante y provocar un estrés oxidativo (Speakman, 2008). Un
mayor consumo de oxigeno en animales con bajo RFI deberia dar como
resultado una mayor produccion de ROS/RNS que podria aumentar el
contenido de proteinas o lipidos oxidados. Sin embargo, nuestros resultados
indicaron que los novillos de bajo RFI presentaron menor concentracion de
carbonilos proteicos, TBARS y 4-HNE hepaticos que los novillos de alto RFI
(Articulo 2). La oxidacién, remocion y resintesis de proteinas representaria
un drenaje energético, disminuyendo la eficiencia energética ya que las
proteinas oxidadas ya no son utilizables y estan marcadas para la
degradacion a traves del proceso de sistema dependiente de ATP lo que
aumenta las necesidades energéticas para mantenimiento (Mehlhase y
Grune, 2002). Por tanto, la oxidacién de proteinas y lipidos se puede utilizar
como un indicador de estrés oxidativo. De manera similar a nuestros
resultados, Sandelin et al. (2005) informaron un mayor contenido de
carbonilos proteicos en muestras de musculo en novillos de baja eficiencia

en comparacion con novillos altamente eficientes. Sin embargo resultados
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contrarios fueron reportados en  estudios realizados en plasma o
mitocondrias aisladas de higado en ganado bovino, mayor contenido de
carbonilos proteicos en animales de bajo RFI (Russell et al., 2016; Zulkif,
2016). Las discrepancias entre resultados puede reflejar diferencias debidas
al tipo de tejido y/o incluso diferencias en la dieta (Xu et al., 2014).Por lo
tanto, el nivel de produccién de oxidantes no solo se basa en la ineficiencia
de las mitocondrias, sino que también otras fuentes de oxidantes pueden
tener mayor relevancia segun la muestra o el tejido que se analice.

La mitigacion y prevencion del estrés oxidativo se realiza mediante
diversos sistemas antioxidantes (Turrens, 2003). Los novillos de bajo RFI
tendieron a presentar mayor expresion proteica y actividad enzimatica
hepética de la manganeso SOD (MnSOD) (Articulo 2). Las concentraciones
mas altas de MnSOD aumentan la proteccién contra el estrés oxidativo,
MnSOD se localiza en la matriz mitocondrial y actia como la defensa
principal contra el superéxido producido (Epperly et al., 2002). A su vez, los
novillos de bajo RFI presentaban mayor actividad enzimatica de GPX y
expresion de ARNm de GPX3, GPX4 y GCLC (Articulo 2). El glutation
reducido y el grupo de enzimas encargadas del reciclaje del glutatién
constituyen el centro del sistema de defensa antioxidante frente a los
oxidantes.

La reduccion del glutation oxidado se realiza en el citosol y luego es
exportado a la mitocondria, glutamato cisteina ligasa es la enzima limitante
en la sintesis de glutation reducido (Bolafios et al., 1996). La mayor
expresion de mRNA de la unidad catalitica de la glutamato-cisteina ligasa
(Articulo 2) indicaria que los novillos con RFI bajo podrian ser capaces de
sintetizar mas glutation reducido o sintetizarlo a una tasa mayor que los
novillos de alto. En contraste con nuestro trabajo, Kidrick et al. (2016)
informaron que la actividad de GPX en suero y la capacidad antioxidante
total en suero no se correlacionaron con la RFI en vaquillonas en pastoreo.
Ademas, Russell et al. (2016) informaron que la actividad de GPX, actividad

total de SOD vy actividad de MnSOD en lisado de glébulos rojos aumentaron
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en los novillos de alto vs bajo RFI. El desacuerdo entre nuestro estudio y
este uUltimo puede reflejar diferencias en los tejidos y/o incluso diferencias en
la dieta o fases de crecimiento animal (Xu et al., 2014).

En vacas de cria, la concentracion de pro-oxidantes en plasma fue
mayor en CR que en las vacas PU y se vi0 afectada por la interaccion entre
oferta de forraje y genotipo de las vacas y la capacidad antioxidante
plasmatica tendié a ser mayor en CR que las vacas PU (Articulo 4). Sin
embargo, la medicion separada de oxidantes y antioxidantes dan
informacion limitada respecto al estatus oxidativo (Abuelo et al., 2013). Se ha
propuesto al indice de estrés oxidativo (OSi; relacidbn oxidantes y
antioxidantes) como un indicador del riesgo al dafio por estrés oxidativo, por
lo tanto, un aumento en el OSi indica el aumento en la produccién de
oxidantes o disminucién de los antioxidantes. El OSi se vio afectado por la
interaccion entre HA y CG, ya que fue mayor en LO-CR, méas bajo en vacas
LO-PU e intermedio en las vacas HI-CR y HI-PU (Articulo 4). Los resultados
sugirieron que el estrés oxidativo probablemente se reduciria en las vacas
LO-PU y aumentaria en las vacas LO-CR, esto posiblemente se asociaria a
una actividad metabdlica de CR que las vacas PU en ambientes restrictivos
(LO).

A nivel hepatico, a excepcion de la expresion de 4-HNE que tendio a ser
mas alta en CR que en vacas PU, no se reportan diferencias en otros
marcadores de estrés oxidativo o0 en los principales antioxidantes
enzimaticos (actividad enzimatica o expresion génica) (Articulo 4). Una
mayor expresion de OSi en plasma y de 4-HNE hepatico en vacas CR podria
estar asociada a una mayor actividad metabolica de las vacas CR que PU,
especialmente las vacas LO-CR que presentaron mayor masa hepatica,
células mas grandes y metabdlicamente mas activas (Casal et al., 2014). A
su vez, las vacas CR tendieron a presentar una mayor expresion génica de
MnSOD, uno de los principales antioxidantes que se localiza en la matriz
mitocondrial y actia como la defensa principal contra el superdxido

producido (Articulo 4). En resumen, las diferencias en las ofertas de forrajes
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estuvieron mas asociadas a diferencias en el contenido de mitocondrias a
nivel hepatico, mientras que las diferencias en el estatus oxidativo a nivel del

higado estuvo mas relacionado con el genotipo de las vacas.

6.4. CONCLUSIONES

En los novillos de diferentes fenotipos para RFI la eficiencia energética se ha
asociado con una mejor funcién mitocondrial y menor estrés oxidativo
hepatico (Articulos 1 y 2). Sin embargo, esta asociacion no es tan clara en el
sistema vaca-ternero (Articulo 4) y si bien estos mecanismos podrian estar
asociados a la eficiencia energética no encontramos una relacién tan directa
como en el caso de la eficiencia medida a través del RFI. Otros factores,
como el tamafo del TGI y otros érganos, y su actividad metabdlica (Articulo
3), el consumo de MS, masa y composicion corporal presentan una mayor
asociacion con los mecanismos que determinan los requisitos de energia de
mantenimiento y la eficiencia energética del sistema vaca-ternero. Se
necesitan futuras investigaciones para seguir explorando los mecanismos

relacionados a la eficiencia energética del sistema vaca-ternero.
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