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SUMMARY




Management or environmental conditions of the current intensive animal
production systems may induce acceleration of heart rate, blood flow and a set of
metabolic adjustments which, at the end, may promote an imbalance between the
production of reactive oxygen species and the animal's antioxidant defense
mechanisms, resulting in oxidative stress. The oxidative stress in the living animal
also is promoted by a high intake of polyunsaturated fatty acids, or by a deficiency of
nutrients involved in the antioxidant defense system. In any case, high levels of
oxidative stress might influence negatively the animal welfare, and hence the animal

performance in intensive production systems.

Moreover, the meat quality may also be affected by oxidative stress. Thus,
oxidation of lipids is a major cause of deterioration in the meat from fattening and
suckling lambs affecting directly meat characteristics such as flavor, color, texture,
nutritive value and safety of the product. Lipid oxidation in muscle food is initiated
in the living animal, as explained before, but damage to lipids is accentuated, in
particular, during handling, processing and storage, thus promoting the reduction of

shelf life of meat.

Dietary factors such as vitamin E contribute to the antioxidant defence system of
the animal and protect biological membranes of the cells against lipid oxidation, also
preserving the welfare and food quality. There are many other natural compounds
(plant origin) with antioxidant properties which also might be included in animal
feedstuff to improve the resistance of animals against oxidative stress. In this context
it has been suggested that supplementation with phenolic compounds may have
beneficial effects on certain inflammatory and immune parameters, particularly
under oxidative stress conditions. Additionally, some plants with high content in
phenolic compounds have demonstrated antimicrobial activity and delayed lipid
oxidation of meat when they are included in the diet of the animal. With this regard,
especial attention has been paid to rosemary (Rosmarinus officinalis L.), an herb

commonly used as a flavouring agent. The bioactive properties of this plant have
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been attributed to the high quantity of phenolic compounds, and chiefly to the
diterpenic phenolic compound carnosic acid. However, the concentration of phenolic
compounds in the plants varies depending on the maturity stage or climatic
conditions, so feeding rosemary extracts with a known richness of carnosic acid
instead of intact plants will allow recommendations to be established about the
amount of rosemary which should be fed to the animals according to its levels of

carnosic acid.

In order to determinate the effect of different doses of carnosic acid included in the
diet of fattening lambs on some parameters related to welfare and meat quality, 32
male Merino lambs were used. After stratification on the basis of body weight
(average BW = 15.2 + 0.749 kg), lambs were penned individually and allocated
randomly to one of four different groups (eight lambs per treatment): a control group
was fed barley straw (BS) and concentrate alone (CONTROL); a second group was
fed BS and concentrate with a single dose of carnosic acid (CARNOO06: 0.6 g carnosic
acid kg! concentrate); a third group was fed BS and concentrate with a double dose
of carnosic acid (CARNO12: 1.2 g carnosic acid kg? concentrate); and a fourth group
was fed BS and concentrate with vitamin E (50% a-tocopheryl acetate) at a rate of 0.6
g kg! concentrate (VITE006, equivalent to 900 IU vitamin E kg! concentrate).
Concentrate (35 g kg' BW per day) and forage (200 g barley straw day') were
weighed and supplied in separate feeding troughs at 9:00 a.m. each day. Fresh
drinking water was always available. The orts were also weighed daily, and feed

samples were collected for chemical and fatty acids (FAs) composition analysis.

The article entitled “Antioxidants included in the diet of fattening lambs: Effects on
immune response, stress, welfare and distal gqut microbiota” describes the effects of
different doses of carnosic acid on all these parameters and compares them with the
most frequently used antioxidant in animal nutrition, vitamin E. Thus, after 7 weeks
of being fed the experimental diets, blood samples were taken to measure blood

lymphocyte subpopulations by flow cytometry and interferon-gamma (IFN-y)
2



production; then, all lambs were subjected to a 4-h transportation stress period to
study the evolution of haematological and biological parameters during road
transport. Finally, rumen fluid and faeces samples were collected to study microbial
diversity. With regards to the results obtained, vitamin E supplemented to fattening
lambs enhanced IFN-y production, although the biological significance of these
effects remains to be determined. Additionally, vitamin E supplementation tended to
reduce the increments of blood tissue damage indicators (creatine phosphokinase)
during road transport, thus preserving the health of the animal under stress
conditions. Finally, carnosic acid only promoted changes in the faecal bacterial
community that might be related to differences in feed digestion in the large

intestines.

The article entitled: “Metabolic acidosis corrected by including antioxidants in diets of
fattening lambs” describes the effects of the antioxidants (different doses of carnosic
acid and vitamin E) included in the diet of animals on the ruminal and metabolic
acidosis promoted by acidogenic diets. Thus, after 7 week of being fed the
experimental diets blood samples were collected to measure pH, bicarbonate
(HCOs7), CO2 pressure (pCO2), anion gap, total CO:2 (tCO2), and Na*, K* and CI
concentrations. After slaughter (25 kg of intended body weight) rumen fluid was also
obtained and ruminal pH determined immediately. Two pieces of the rumen wall
were conserved for further anatomical study. Regarding the results, the pH of blood
samples was lower for the CONTROL lambs when compared to the groups fed
antioxidants, being also the rest of blood parameters indicative of metabolic acidosis.
On the contrary, no differences between groups were detected at the ruminal level.
Therefore, metabolic acidosis in fattening lambs was corrected by both antioxidants
(carnosic acid and vitamin E), but no detectable effects were observed on ruminal

acidosis.

The final part of this study was designed to determine the influence of the dietary

inclusion of carnosic acid on meat quality parameters. Accordingly, the animals were

3



slaughtered at 25 kg of intended body weight and the pH of the meat was measured
after 0, 45 min and 24 h post-mortem in longissimus thoracis muscle. Then, the
experimental muscles were removed from the cold carcass, longissimus thoracis being
used to determine chemical composition and fatty acids profile, whereas the other
quality parameters were analyzed on sliced stored (4°C with 12 h of daily
illumination) muscles [longissimus lumborum (LL) and gluteus medius (GM)] packaged
in modified atmosphere (MAP) (35% COz, 35% O: and 30% Nz2). Finally the left hind

leg was removed and stored at -30 °C until sensory evaluation.

On the article entitled “Carnosic acid dietary supplementation at 0.12% rates slows
down meat discoloration in gluteus medius of fattening lambs” the effect of carnosic acid
supplementation on the color, water holding capacity, microbial spoilage, and
sensorial characteristics of the meat is described. No statistical differences were
found on water holding capacity, sensorial characteristics or microbial spoilage of
meat. Nevertheless dietary carnosic acid seemed to be useful to protect meat from
discoloration after a long period of time under MAP at refrigerated storage,
particularly in medium stable muscles such as gluteus medius. However, its

effectiveness was lower than that observed for vitamin E.

On the article entitled “Meat texture and antioxidant status are improved when carnosic
acid is included in the diet of fattening lambs” the effect of carnosic acid supplementation
on oxidative stability of lipids (lipid peroxidation and cholesterol oxidation products)
and proteins and the related quality parameter -texture- is described. The results
show that carnosic acid dietary supplementation reduces lipid peroxidation in meat
samples after a long period of time under MAP at refrigerated storage, particularly in
medium stable muscles such as gluteus medius. Texture and protection against
cholesterol oxidation were also improved either by carnosic acid or vitamin E, being

the effectiveness of the last one better once again.



The article entitled: “Effect of dietary carnosic acid on the fatty acid profile and flavour
stability of meat from fattening lambs” reveals that dietary supplementation of carnosic
acid or vitamin E did not modify the fatty acid profile, but the volatile compounds
production was clearly affected by the addition of carnosic acid to the diet of

fattening lambs in a dose dependent manner.

A second experiment was carried out to elucidate the effects of dietary carnosic
acid on the welfare and meat quality attributes of artificially fed suckling lambs.
Thus, 24 suckling lambs were stratified on the basis of body weight (average BW,
5.95+0.766 kg), and allocated randomly to one of three different groups (n=8 per
treatment); a control group (CTRL), a second group fed a dose (0.096 g carnosic acid
kg! of LW; CARN) of carnosic acid, and a third group fed a dose of vitamin E (a-
tocopheryl acetate 50%) at a rate of 0.024 g kg' LW (VITE).

The manuscript entitled: “Effect of carnosic acid dietary supplementation on meat
quality from suckling lambs”, describes the influence of dietary carnosic acid on the
meat quality of artificially fed suckling-lambs. Animals were slaughtered at the
intended body weight (11-12 kg LW). Longissimus thoracis muscles were used to
determine the proximate composition of meat, whereas different muscles (longissimus
lumborum and gluteus medius) were sliced and kept under refrigerated during 0, 7,
and 14 days to determine water holding capacity, thiobarbituric acid reactive
substances (TBARS), and cholesterol oxidation products (COPs) in cooked meat
samples. Biceps femoris muscles were used for the analysis of volatile compounds on
precooked meat after 1 and 7 days of storage. The results indicate that carnosic acid
dietary supplementation in artificially fed suckling lambs might reduce the levels of
lipid peroxidation and COPs in meat whilst volatile compounds levels would not be
affected. However, the results are not conclusive at the dose of carnosic acid used in

the present study.



To sum up, metabolic acidosis was corrected by the inclusion of carnosic acid in
the diet of fattening lambs. This compound also promoted changes in the faecal
bacterial community that might be related to differences in feed digestion in the large
intestine. Regarding meat attributes, carnosic acid added on the diet of fattening
lambs improved some important quality parameters such as color or texture and
seemed to delay lipid peroxidation. However, the effect of carnosic acid was not
conclusive when included in the diet of artificially fed suckling lambs at the rate of

0.096 g carnosic acid kg of LW.



RESUMEN




En los sistemas de produccion animal intensivos actuales, el manejo y otras
condiciones del ambiente, pueden inducir el incremento de la frecuencia cardiaca,
presion sanguinea u otro conjunto de ajustes, que finalmente, promueven la ruptura
del equilibrio existente entre la produccidon de especies reactivas del oxigeno y los
mecanismos antioxidantes del propio animal, dando lugar a estrés oxidativo. El
estrés oxidativo en el animal también puede ser promovido por el consumo de altos
niveles de acidos grasos poliinsaturados, o debido a una deficiencia de los nutrientes
implicados en el sistema de defensa antioxidante. De cualquier manera, el estrés
oxidativo en altos niveles influencia negativamente parametros relacionados con el
bienestar animal y el rendimiento productivo de los animales en los sistemas de

produccion intensivos.

Por otro lado, la calidad de la carne también puede verse afectada por el estrés
oxidativo. La oxidacion lipidica es la principal causante del deterioro de la carne
tanto de corderos de cebo como lechales, afectando directamente sobre caracteristicas
del producto como: el flavor, el color, la textura, el valor nutritivo y la seguridad
alimentaria. La oxidacion lipidica en el musculo se inicia en el animal vivo, tal y
como ya hemos comentado anteriormente, pero la oxidacion lipidica es
particularmente acentuada por el manejo, el procesado y el almacenado,

promoviendo por tanto la reduccién de su vida tutil.

Algunos compuestos procedentes de la dieta, como es el caso de la vitamina E,
contribuyen a la defensa del sistema antioxidante del animal protegiendo las
membranas celulares frente a la oxidacion lipidica, y por tanto preservando el
bienestar animal y la calidad del producto. Existen muchos otros compuestos
naturales (proceden de plantas) con propiedades antioxidantes que podrian
utilizarse incluidos en el propio alimento de los animales para mejorar la resistencia
de los animales al estrés oxidativo. En este contexto, se ha sugerido que la

suplementacion de compuestos fenolicos en la alimentacion, podria mostrar efectos



beneficiosos sobre algunos pardmetros relacionados con la respuesta inmune e
inflamatoria, especialmente bajo condiciones de estrés oxidativo. Ademads, algunas
plantas con altos contenidos en compuestos fenolicos incluidas en la dieta de los
animales han mostrado actividad antimicrobiana y la capacidad de retrasar la
oxidacion lipidica de la carne. Con este objetivo se ha puesto especial atencion en el
Romero (Rosmarinus officinalis L.), una planta comtiinmente utilizada como especia.
Las propiedades bioactivas de dicha planta son atribuidas principalmente a su alta
concentracion en compuestos fenolicos y en especial al diterpeno fendlico
denominado acido carnosico. No obstante, la concentracién de compuestos fenolicos
en las plantas varia, dependiendo del estado de de madurez o de las condiciones
climatologicas, por lo tanto seria aconsejable la utilizacion de extractos de romero con
cantidades conocidas de acido carndsico, en lugar de la utilizacién de la planta
completa para permitir establecer recomendaciones sobre las cantidades de romero
que deben ser administradas a los animales en funcién de sus niveles de acido

carnosico.

Para la determinacién del efecto producido por la inclusion de diferentes dosis de
acido carnodsico en la dieta de corderos de cebo sobre pardmetros relacionados con el
bienestar y la calidad de carne, se utilizaron 32 corderos Merinos machos. Tras su
estratificacion en funcién del peso vivo (Promedio del peso vivo = 15.2 + 0.749 kg),
los corderos fueron alojados al azar de manera individual y asignados a uno de los
cuatro grupos experimentales existentes (ocho corderos por tratamiento): un grupo
control alimentado con paja de cebada (BS) y concentrado tinicamente (CONTROL);
un segundo grupo alimentado con BS y concentrado suplementado con una dosis
basica de acido carndsico (CAR006: 0,6 g acido carndsico kg concentrado); el tercer
grupo se alimentd con BS y concentrado suplementado con una dosis doble de acido
carnosico (1,2 g acido carnosico kg' concentrado); y por ultimo el cuarto grupo se

aliment6 con BS y concentrado suplementado con vitamina E (50% «-tocoferol



acetato) a razén de 0,6 g kg! concentrado (VITE006, equivale a 900 UI de vitamina E

kg concentrado).

Diariamente el concentrado (35 g kg peso vivo al dia) y el forraje (200 g paja de
cebada day!) se pesaban y administraban en comederos separados a las 9:00. El agua
de bebida fresca estaba disponible en todo momento. Asi mismo los restos se pesaron
diariamente, y se recogia una muestra del alimento para la determinacién de la

composicidon quimica y del perfil de dcidos grasos (FAs).

El articulo titulado: “Antioxidants included in the diet of fattening lambs: Effects on
immune response, stress, welfare and distal gut microbiota” describe el efecto de las
diferentes dosis de dcido carndsico en todos los pardmetros descritos y los compara
con el antioxidante mas frecuentemente utilizado en alimentacion animal, la
vitamina E. Tras 7 semanas con la dieta experimental se extrajeron muestras de
sangre permitiendo la medida de las subpoblaciones linfocitarias mediante
citometria de flujo, asi como la producciéon de interferén-gamma (IFN-vy). Tras la
toma de muestras de sangre los corderos fueron sometidos a estrés por transporte
durante un periodo de 4 horas con intencion de estudiar la evolucién de los
pardmetros tanto hematoldgicos como bioldgicos durante el transporte. Finalmente,
para realizar un estudio de la diversidad microbiana se recogieron muestras de

liquido ruminal y heces.

Con respecto a los resultados obtenidos, la suplementacion de corderos de cebo
con vitamina E incrementa la produccién de IFN-y, aunque el significado biologico
de este efecto queda todavia por determinar. A su vez, la suplementacion con
vitamina E tiende a reducir el incremento producido durante el transporte en los
indicadores de dafio tisular en sangre (creatina fosfoquinasa), por tanto preserva la
salud de los animales sometidos a condiciones de estrés. Finalmente, el acido

carndsico unicamente generd cambios a nivel de la comunidad bacteriana en heces,



pudiendo estar relacionado con diferencias en la digestion del alimento a nivel de

intestino grueso.

El articulo titulado: “Metabolic acidosis corrected by including antioxidants in diets of
fattening lambs” describe el efecto de los antioxidantes (diferentes dosis de acido
carndsico y vitamina E) incluidos en la dieta de los animales sobre la acidosis
promovida por dietas acidogénicas a nivel ruminal y metabolico. Para ello, tras 7
semanas de alimentacion con la dieta experimental se tomaron muestras de sangre
para la medicion de: pH, bicarbonato (HCOs), presion de CO: (pCO2), anién gap,
CO: total (tCOy2), asi como las concentraciones de Na*, K* y CI". Tras el sacrificio (a los
25 kg de peso vivo) se tomo liquido ruminal para la determinacién inmediata del pH.
Asi mismo se conservaron dos muestras de la pared ruminal para el posterior
estudio anatomico. Los resultados mostraron que el pH sanguineo era menor en los
corderos CONTROL comparado con los grupos alimentados con antioxidantes,
siendo también el resto de los pardmetros sanguineos indicativos de acidosis
metabolicas. Por el contrario, no se encontraron diferencias entre los grupos a nivel
ruminal. Por tanto, la acidosis metabolica en corderos de cebo se corrigié con ambos
antioxidantes (dcido carndsico y vitamina E), pero no se observaron efectos sobre la

acidosis ruminal.

La parte final de este estudio fue disefiada para conocer la influencia de la
inclusion en la dieta de acido carndsico sobre los pardmetros de calidad de carne.
Para ello, los animales se sacrificaron al llegar a los 25 kg de peso vivo y el pH de la
carne se midi6 tras 0, 45 minutos y 24 horas post-mortem en el musculo longissimus
thoracis. Posteriormente, se extrajeron de la canal fria los mutsculos experimentales; el
longissimus thoracis se utilizo para la determinacion de la composicion quimica y del
perfil de acidos grasos. El resto de los parametros de calidad de carne, se analizaron
en musculos [longissimus lumborum (LL) and gluteus medius (GM)] previamente

fileteados, empaquetados en atmosfera modificada (MAP) (35% COz, 35% O: and
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30% Nz) y almacenados a 4°C con una iluminacion diaria de 12 horas. Finalmente, la

pierna izquierda se almaceno a -30°C hasta la evaluacion sensorial.

En el articulo titulado “Carnosic acid dietary supplementation at 0.12% rates slows
down meat discoloration in gluteus medius of fattening lambs” se describe efecto de la
inclusion de acido carndsico sobre el color, la capacidad de retencidon de agua, la
contaminacion microbiana y las caracteristicas sensoriales de la carne. No se
observaron diferencias estadisticamente significativas a nivel de capacidad de
retencidon de agua, caracteristicas sensoriales y crecimiento microbiano. Sin embargo
el 4cido carndsico en la dieta parece ser util protegiendo la carne de la decoloracion
almacenada en MAP durante largos periodos de tiempo, especialmente en musculos
de estabilidad media como es el caso del gluteus medius. En todo caso, su efectividad

fue menor que la observada en el caso de la vitamina E.

En el articulo titulado “Meat texture and antioxidant status are improved when carnosic
acid is included in the diet of fattening lambs” se describe el efecto de la suplementacion
con acido carndsico sobre la estabilidad oxidativa de lipidos (peroxidacion lipidica y
productos de oxidacion del colesterol) y proteinas, asi la textura como parametro de
calidad relacionado. Los resultados mostraron que la suplementacion de la dieta con
acido carndsico permite reducir la peroxidaciéon lipidica de muestras de carne
almacenada durante un largo periodo de tiempo en MAP, especialmente en
musculos de estabilidad media como el gluteus medius. La textura y la proteccion
frente a la oxidacion del colesterol también se mejora con ambos suplementos, acido

carnosico y vitamina E, siendo la efectividad de este altimo mayor una vez mas.

El articulo titulado: “Effect of dietary carnosic acid on the fatty acid profile and flavour
stability of meat from fattening lambs” revela que la inclusion de acido carndsico y
vitamina E no modifica el perfil de acidos grasos, pero la produccion de compuestos
volatiles se ve claramente afectada por la adicion de acido carndsico en la dieta de los

corderos de cebo de manera dosis dependiente.
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Finalmente se llevo a cabo un segundo experimento para dilucidar el efecto que
ejerce el acido carnosico sobre el bienestar y los atributos de calidad de carne en
corderos lechales amamantados artificialmente. Para ello se utilizaron 24 corderos
lechales que se estratificaron en funcion de su peso vivo (promedio de peso vivo:
5,95+0,766 kg), y fueron asignados al azar a uno de los tres grupos existentes (n=8 por
tratamiento): un grupo control (CTRL), un segundo grupo alimentado con una dosis
de &cido carnosico (0,096 g acido carnosico kg'! de peso vivo; CARN), y un tercer
grupo suplementado con una dosis de vitamina E (a-tocoferol acetato 50%) a razén

de 0,024 g kg! de peso vivo (VITE).

El manuscrito titulado: “Effect of carnosic acid dietary supplementation on meat
quality from suckling lambs”, describe la influencia del dcido carndsico incluido en la
dieta sobre la calidad de la carne de corderos lechales alimentados artificialmente.
Los animales fueron sacrificados al alcanzar el peso corporal previsto (11-12 kg peso
vivo). El musculo longissimus thoracis fue utilizado para determinar la composicion
quimica de la carne, por otro lado diferentes musculos (longissimus lumborum and
gluteus medius) fueron fileteados y se mantuvieron en refrigeracion durante 0, 7 y 14
dias para determinar capacidad de retencion de agua, sustancias reactivas del acido
tiobarbiturico (TBARs) y productos de oxidaciéon del colesterol (COPs) en muestras
de carne cocinada. El musculo biceps femoris se utilizd en el andlisis de los compuestos
volatiles en carne precocinada tras 1 y 7 dias de almacenamiento. Los resultados
indican que la suplementacion de la alimentacion de los corderos lechales
amamantados artificialmente puede reducir los niveles de peroxidacion lipidica y
COPs presentes en la carne, mientras que los niveles de compuestos volatiles no se
ven afectados. Por tanto, los resultados no son concluyentes a la dosis de acido

carnosico utilizada en el presente estudio.

En definitiva, podemos decir que la acidosis metabdlica puede ser corregida por la
inclusion de acido carnosico en la dieta de los corderos de cebo. Este compuesto asi

mismo, promueve cambios en la comunidad bacteriana fecal que puede relacionarse
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con cambios en la digestion en el intestino grueso. Con respecto a los atributos de la
carne, el dcido carndsico afiadido en la dieta de los corderos de cebo mejora
parametros de calidad de carne importantes como el color y la textura y parece
retrasar la oxidacion lipidica. No obstante el efecto del acido carndsico no fue
concluyente cuando se incluy6 en la dieta, a razén 0,096 g de acido carnosico kg de

peso Vivo, en corderos lechales amamantados artificialmente
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INTRODUCCION GENERAL




1. Consideraciones generales

1.1 Situacidn actual del ovino en Espafia

La cabafa ovina espafiola cuenta con aproximadamente 17 002 721 cabezas de
ganado representando las cabafas de Castilla y Ledn, Castilla la Mancha y Aragon,
junto con Extremadura y Andalucia, mas del 80% del censo de la cabana ovina

nacional MAGRAMA, 2011b; MAGRAMA, 2011c¢).

Espafia se encuentra situada en la décima posicion en el ranking mundial en
produccion de carne ovina (FAO, 2010). De hecho, la encuesta de sacrificio de
ganado, realizada por el MAGRAMA (2011b), establece que en 2011 se sacrificaron
en Espana 10 590 376 corderos. En general, la produccion espanola se basa sobre todo
en canales ligeras (max. 13 kg) distribuyéndose a nivel estatal en un 15,2% de menos
de 7 kg (cordero lechal), un 52% de entre 7 y 13 kg (ternasco, pascual o recental) y un
32,7% de peso mas elevado (ternasco, cordero de cebo precoz y cordero mayor)
(Ciria, Asenjo, Romera y Calvo, 2009). El caso de Castilla y Leon es un tanto diferente
puesto que produce el 79% de los corderos lechales sacrificados en Espafia. Esta
circunstancia se debe a la existencia de la IGP (Indicacién Geografica Protegida)
“Lechazo de Castilla y Le6n” que ampara a los corderos nacidos en las comarcas
cerealistas de la comunidad auténoma, correspondientes a las razas Ojalada,
Castellana y Churra, alimentados a base de leche materna y con un peso de canal de
entre 4,5y 7 kg. No obstante en la actualidad, son cada vez mas los corderos lechales
provenientes de ganaderias de basadas en razas de alta produccidon (Assaf, Awassiy
en menor medida Lacaune), cuya leche es destinada a produccion quesera, este tipo
de corderos llevan un manejo especial puesto que suelen separarse de sus madres

postparto para ser amamantados mediante la utilizacion de lactorremplazantes.

En el caso del ovino carne, la produccion en régimen extensivo es cada vez menor,

ya que se ha incrementado la produccion de cordero de cebo en sistemas intensivos
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que compiten en mejores condiciones con la carne procedente de otras regiones de la
UE (Rumania, Bulgaria...) y de Nueva Zelanda. En este tipo de sistemas, los corderos
se destetan cuando tienen 14-16 kg de peso vivo para cebarlos con paja de cereal y
piensos compuestos ad libitum (Ciria et al., 2009). Normalmente, en la alimentacion
de corderos de cebo se utilizan piensos compuestos muy energéticos, con un
porcentaje elevado de grano de cereal, y niveles de proteina entre el 15% y el 20%.
Ademas, se incluyen correctores vitaminico-minerales a niveles de aproximadamente

el 3% (Ciria et al., 2009).

1.2 El consumo de carne de ovino en Espana

La carne es un alimento muy nutritivo. De hecho, tan solo 28 g de carne pueden
proporcionar a un adulto el 10% de sus requerimientos diarios de energia y una gran
cantidad de nutrientes, como por ejemplo aminoacidos esenciales, acidos grasos,
vitaminas y minerales, todos ellos con gran biodisponibilidad (Diaz, Sanchez,
Martinez, Vieira y Garcia, 2005). Con respecto al consumo de este alimento, la carne y
los productos cdrnicos son componentes cada vez mas importantes en la dieta de los
paises desarrollados. El consumo de carne en Espana es de 52,65 kg por habitante y
ano, valor medio del que tan solo 2,08 kg al afio corresponderian a carne de ovino

(MAGRAMA, 2011a).

El consumo de ovino se ha reducido en Espafia durante el afio 2011 en un 6,5%.
Las razones de este descenso son variadas y pueden encontrarse, por una parte, en el
precio de este producto, que suele ser mas caro que otras carnes. Por otro lado los
consumidores consideran que esta carne tiene un sabor “fuerte” (Buxadé, 2009), por
lo que habitualmente no la incluyen en la cesta de la compra, y su consumo esta
ligado especialmente a fiestas y celebraciones. Hay que tener en cuenta también que
el consumidor estd cada vez mas preocupado por la repercusion que tienen los
alimentos de su dieta sobre su salud; en este sentido, existe una relacion entre el

consumo de carne y la propension a padecer patologias cardiovasculares.
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Finalmente, hay que resefar que la compra diaria ha desaparecido en muchos
hogares por lo que el consumidor selecciona alimentos con una vida tutil mas larga
(envasados en atmosfera modificada, loncheados, etc.), presentaciones poco

habituales para la carne de cordero, que sigue siendo muy tradicional.

Por tanto, el desarrollo de nuevas estrategias que incrementen la vida ttil de este
producto en el mercado reduciendo, por un parte, el desarrollo de la carga
microbiana y, por otra, la oxidacion lipidica y el deterioro del color que se produce
como consecuencia de ella (p. ej., incluyendo antioxidantes en la racion de los
animales, nuevos empaquetados...) permitiria prolongar el periodo de tiempo a lo
largo del cual esta carne podria ser comercializada y consumida, lo que constituiria,
sin duda, un estimulo econémico para este sector agropecuario tan castigado por las

circunstancias actuales.

2. Los procesos de oxidacion

El oxigeno es una molécula esencial para el desarrollo de la vida aerobia ya que
resulta fundamental en aspectos claves como, por ejemplo, el metabolismo energético
y la respiracion. No obstante, como parte de estos procesos se forman especies
reactivas del oxigeno (ROS), que pueden resultar perjudiciales para el organismo si

se encuentran en cantidades excesivas y no se neutralizan adecuadamente.

2.1 Especies Reactivas del Oxigeno (ROS)

Las especies reactivas del oxigeno (ROS) son los principales compuestos que
provocan reacciones de oxidacion en los sistemas biologicos. Pueden ser producidos
de manera accidental debido a reacciones de reducciéon del oxigeno durante la
respiracion aerobia, pero también como subproductos de ciertas enzimas, por
autooxidacién de compuestos como el acido ascédrbico o bien con una funciéon
determinada como parte de la actividad fagocitica e inmunoldgica en general (Sies,

2005).
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Las ROS comprenden todas las sustancias reactivas que, siendo o no radicales
libres, centran su actividad en un atomo de oxigeno. Dentro de ellas se incluyen los
radicales libres (RL), que son cualquier especie quimica (molécula, &tomo o ién) que
pudiendo existir de manera independiente tiene un electrén desapareado en su

orbital mds externo. Algunas de las ROS mas destacadas se detallan a continuacion:

-Radical superéxido (Oz-), formado por la reduccion univalente del oxigeno

molecular en estado triplete 302 Este anion se considera un ROS primario.

-Radical hidroperoxilo (HO:'), surge como consecuencia de la protonacion de

un radical superdxido.

-Peroxido de hidrégeno (H>O»), aparece al reaccionar un radical superdxido

con agua. En condiciones bioldgicas es un oxidante débil y menos reactivo que
otros productos. Se genera principalmente por enzimas como las oxidasas
peroxisomales y algunas enzimas mitocondriales. A partir del perdxido de

hidrdgeno surgen radicales mucho mas activos y peligrosos.

-Radical hidroxilo ({OH), es uno de los ROS mas activos puesto que no solo

es capaz de iniciar reacciones en cadena por sustraccion de un atomo de
hidrdégeno sino que, ademas, posee una gran facilidad para capturar electrones
dando lugar a HO;, por lo que puede causar dafios en sistemas biologicos
(acidos nucleicos, proteinas, acidos grasos). Se puede formar por radiolisis de
peroxido de hidrogeno, por descomposicion fotolitica de alquilhidroperdxidos
o bien como consecuencia de la reduccion univalente del perdxido de
hidrégeno con iones metdlicos [normalmente hierro (Fe )] o con aniones

superoxido mediante la reacciéon de Haber-Weiss.

-Radical peroxilo (ROQO"), es altamente reactivo, pero su reactividad depende

sobre todo del grupo sustituyente (R). Participa en diversas reacciones
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bioldgicas y puede oxidar acidos grasos, romper la cadena de acidos nucleicos y

modificar proteinas.

-Oxido nitrico (NO'), se forma por la actividad de la enzima 6xido nitrico
sintetasa siendo su precursor la L-arginina. Es abundante puesto que actiia
como sefal en gran variedad de procesos bioldgicos de gran importancia,
principalmente como vasodilatador o neurotransmisor. También es utilizado
por los macréfagos durante los procesos inflamatorios puesto que actua
inhibiendo la produccion de adenosin trifosfato (ATP) y, por tanto, impidiendo
la proliferacién de bacterias, hongos y parasitos (Viant, Fonseca, Rodriguez y

Anglada, 1998).
2.2 La oxidacion

Las ROS ejercen un papel relevante en diversos procesos esenciales para la vida
como, por ejemplo, procesos inmunitarios y de detoxificacion de xenobioticos
(Urquiaga y Leighton, 2000). En consecuencia, las ROS, en concentraciones
adecuadas, son beneficiosas para el organismo. Es cuando se produce un
desequilibrio entre la produccion de especies reactivas y los mecanismos de defensa
antioxidante del organismo cuando la presencia de ROS se vuelve perjudicial debido
a su capacidad para provocar danos en las moléculas bioldgicas. A este desequilibrio
es a lo que se denomina estrés oxidativo, que fue definido por Sies (1985) como “la
perturbacion del balance prooxidante-antioxidante de un organismo a favor del primero
provocando un dafio potencial al que denominamos dafio oxidativo”. Los lipidos, las
proteinas y los acidos nucleicos son las principales dianas de las ROS, por tanto el
dafio oxidativo estd implicado en procesos como mutagénesis, carcinogénesis, dafos

en la membrana por peroxidacion lipidica y oxidacion proteica.
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2.2.1 Moléculas bioldgicas diana de las reacciones de oxidacion

a) Lipidos

Los lipidos son las moléculas mas susceptibles de ser oxidadas por las ROS, y lo
son en mayor medida si en su estructura existe la presencia de dobles enlaces. Es el
caso de los fosfolipidos que, a pesar de ser minoritarios respecto a los triglicéridos en
musculo, son mucho mas susceptibles a la oxidacion por su alto contenido en acidos
grasos insaturados (Labuza y Dugan, 1971). Puesto que los fosfolipidos se
encuentran principalmente en las membranas celulares, la accién de las ROS sobre
ellos puede causar alteraciones de adhesion, fluidez y permeabilidad asi como de la

funcidén metabodlica.

La peroxidacién lipidica comienza con la participacién de una especie reactiva
(X’), normalmente un hidroxilo, capaz de sustraer un atomo de hidréogeno de un
grupo metilo de la cadena del 4cido graso insaturado, lo que convierte a este en un

radical lipidico o radical alquilo (L").

X +LH » L'+ XH

Durante la propagacion estos radicales libres lipidicos reaccionan con el oxigeno
dando lugar a un peroxirradical (LOO"). Este peroxirradical, a su vez, sustrae un
atomo de hidrégeno del siguiente dcido graso generando un hidroperdéxido (LOOH),
lo que provoca una reaccion en cadena a través de la matriz lipidica (Halliwell y
Chirico, 1993; Ladikos y Lougovois, 1990). Los hidroperoxidos son los productos

primarios formados como consecuencia de la oxidacion (Gray y Monahan, 1992).

L +0O: » LOO’

LOO" +LH > LOOH + L~
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Estos hidroperdxidos son estables por si mismos pero pueden reaccionar dando
lugar a una iniciacion secundaria mediada normalmente por metales de transicion

durante la cual se forman radicales peroxilo (LOO") y alcoxilo (LO").

(Metal) LOOH >»LO + OH

eta ) > T+ + H>
(Metal) 2 LOO LO +LOO+ H20

El proceso finaliza principalmente al adicionarse dos radicales peroxilo, ya que en
presencia de oxigeno la reaccidn hacia el radical peroxilo (LOO") es tan rapida que la
concentracion del resto de los radicales es despreciable (Steele, 2004) dando lugar a

un producto no oxidativo (Monahan et al., 1992).

LOO™ + LOO’ > 02+ LOOR (productos no radicales (ceto))

Estos radicales no se forman tnicamente como consecuencia de la reaccion con
ROS, sino que también pueden ser generados de manera enzimatica. Este tipo de
oxidacion, en comparacion con la oxidacion lipidica no enzimatica que acttia en
cadena, es menos rapida al depender de enzimas, por lo que no suele ser importante
desde el punto de vista cuantitativo (Spiteller, 2001). La oxidacion enzimatica esta
mediada por enzimas lipooxigenasas y ciclooxigenasas (Hsieh y Kinsella, 1989;
Kanner, German, Kinsella y Hultin, 1987) que poseen en su centro activo un Fe**
capaz de reducirse dando lugar a un radical alquilo, que al reaccionar con el oxigeno

forma un radical peroxilo (Spiteller, 2001).

En cuanto al colesterol, este compuesto es un éster lipidico que forma parte de la
membrana plasmatica de las células y que posee un doble enlace en su carbono que
lo hace susceptible a la oxidacion en presencia de ROS; asi, los peroxi u oxi radicales
de los &cidos grasos poliinsaturados cercanos son los que extraen un hidrogeno del
colesterol, iniciando de esta forma su oxidacion (Smith, 1987). Este proceso da lugar a

compuestos denominados productos de oxidacion del colesterol, COPs (“Cholesterol
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oxidation products”) u oxisteroles, con una estructura similar al colesterol pero con un

grupo hidroxi, epoxi o cetona.

La formacién de COPs (Figura 1) suele comenzar con la formaciéon de 7-
hidroperdxidos de colesterol por sustraccion del hidrégeno del C7, lo que promueve
la aparicion de 7a- hidroxicolesterol, 7p-hidroxicolesterol y de ellos el 7-
cetocolesterol (Smith, 1987). Estos tres COPs son los mas abundantes. A partir de
ellos se pueden generar otros COPs por epoxidacion del doble enlace en el Cs de los
hidroperdxidos principales dando lugar a a y p-epoxicolesterol que, a su vez, por
hidratacién, generan colestanetriol. Finalmente también pueden ocurrir oxidaciones
en la cadena lateral dando lugar a hidroperoxidos y a sus productos de
descomposicion, de los que los mas abundantes son el 25-hidroxicolesterol y 27-
hidroxicolesterol (Smith, 1987). A partir de ellos o por otras vias menos comunes se
pueden formar otros tipos de COPs que por su escasa importancia y

representatividad en carne no incluiremos.

Figura 1. Estructura quimica y origen de los oxisteroles de interés bioldgico mas importantes.
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b) Proteinas

Las proteinas también son moléculas susceptibles de ser oxidadas por las ROS. No
obstante, debido a la progresion mas lenta de las reacciones, la oxidacion proteica ha

sido menos estudiada que la lipidica.

La oxidacion proteica da lugar a la formacion de proteinas carboniladas, pérdida
de grupos sulfhidrilo y a la formacién de cruzamientos entre proteinas. Como
resultado se producen rupturas en las cadenas peptidicas, modificaciones en las
cadenas laterales de los aminoacidos y formacion de entrecruzamientos
intermoleculares por alteraciones de carga eléctrica, siendo la cisteina, la tiroxina y la
fenilalanina los aminodcidos que muestran una mayor susceptibilidad a la oxidacién
(Davies, 1987; Davies y Dean, 2003). Estas modificaciones afectan a las propiedades
de las proteinas, incrementando la susceptibilidad a la proteolisis e incluso

inhibiendo su funcién enzimatica (Dean, Fu, Stocker y Davies, 1997).

El proceso de oxidacion proteica comienza con la sustraccion de un atomo de

hidrégeno por las ROS, dando lugar a la generacién de un radical proteico (P’).

X +PH >P" +XH

Dicho radical es convertido a su vez en presencia de oxigeno en radical peroxilo
(POQO’) y de ahi se genera un alquilperdxido (POOH) que extrae el hidrogeno de otra

molécula proteica.

P +0O: > POO’

POO’" + PH > POOH + P

A su vez los alquilperoxidos pueden reaccionar con agua para generar radicales

alcoxi (PO’) o su derivado hidroxilo (POH).
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¢) Acidos nucleicos

La gran cantidad de ROS que se libera en la cadena respiratoria hace del ADN
mitocondrial un sustrato muy susceptible al dano oxidativo (Machlin y Bendich,
1987). La oxidacion de desoxirribosas y modificacion de bases nitrogenadas puede
provocar rupturas y entrecruzamientos de las cadenas de ADN y se puede llegar a la
pérdida de expresién. La accidon de las ROS sobre el ADN también se relaciona con la

generacion de mutaciones que pueden ser carcinogénicas (Machlin y Bendich, 1987).

2.2.2 Sistemas de defensa biologicos frente a la oxidacion.

Puesto que la formacion de ROS es inherente al metabolismo aerobio existe una
gran variedad de sistemas de defensa antioxidante que tratan de mantener el balance
oxidativo del organismo y evitan los riesgos que conlleva el estrés oxidativo (Sies,
2005). Halliwell y Gutteridge (1989) definieron antioxidante como “cualquier sustancia
que al entrar en contacto con un sustrato oxidable presente en mayor concentracion que ella,
inhibe o retrasa de manera significativa la oxidacion de dicho sustrato”. Los grupos de

antioxidantes mas relevantes se detallan a continuacién:

a) Antioxidantes enzimdticos

Superdxido dismutasa (SOD): metaloproteina citosolica (Cobre y Zinc) y

mitocondrial (Mn) responsable de la conversion de radicales superdxido (Oz7) en

especies no reactivas como el agua (Yu, 1994).

Glutation peroxidasa (GPX): selenoproteina citosdlica y mitocondrial. Actta
sobre el glutatién (GSH) para convertir el perdxido de hidrégeno en dos moléculas
de agua, asi como inactivando los perdxidos lipidicos. El glutation se reduce de
nuevo mediante una glutatién reductasa dependiendo de NADPH. La GPX actta
a bajas concentraciones de H2O: puesto que, a pesar de ser muy eficaz, depende

del reciclado de GSH y del consumo de NADPH (Yu, 1994).
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Catalasa (CAT): hemoproteina enzimatica localizada principalmente en los

peroxisomas y mitocondrias que provoca la ruptura del peréxido de hidrégeno en
agua y oxigeno molecular. Actia en conjunto con la GPX a concentraciones altas

de Hz02 (Yu, 1994).

b) Antioxidantes no enzimdaticos

El sistema de antioxidantes no enzimaticos estd integrado por una serie de
sustancias que, aun estando presentes a bajas concentraciones, en presencia de
compuestos oxidables se oxidan antes que éstos retrasando o inhibiendo su
oxidacidén. Los antioxidantes no enzimaticos son un heterogéneo grupo de moléculas
capaces de capturar radicales libres originando especies quimicas menos nocivas o
radicales no reactivos. Asi, el sistema antioxidante no enzimatico incluye una larga
serie de compuestos de bajo peso molecular, siendo los mas importantes el glutation
reducido y las vitaminas E y C. Ademads, existen otros compuestos como los
compuestos fenolicos, acido a-lipoico, dcido trico, bilirrubina, algunos azucares y
aminodcidos, la coenzima Q o ubiquinona (y varios derivados de ésta) y la

melatonina, todos ellos con propiedades antioxidantes.

En esta categoria hay que mencionar también a las proteinas de almacén y
transporte de iones métalicos, que actian secuestrando los iones Fe®® y Cu*?, ya que
su exceso promueve la generacion de radicales libres. Las proteinas que cumplen esta
funcion son: ferritina, transferrina, lactoferrina, ceruloplasmina, haptoglobina,
metalotioneina, hemopexina y carnosita (Chihuailaf, Contreras y Wittwer, 2002).
Dichas proteinas pueden degradarse liberando los metales, asi que también existen
agentes quelantes como el acido citrico (Papas, 1999) que forman complejos

insolubles con los metales (Decker, 1998).
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3. Antioxidantes en produccion animal

La utilizacion de antioxidantes en produccion animal tiene un doble fundamento.
En primer lugar, evitar problemas debidos al estrés oxidativo que pueden ocasionar
diversas patologias y, por tanto, una merma del nivel productivo del animal. En
segundo lugar, los antioxidantes se utilizan para mejorar la estabilidad oxidativa de
los productos obtenidos (p. €j., carne, leche, huevos). No obstante, un compuesto que
presenta propiedades antioxidantes in vitro puede manifestar otros efectos en un
sistema bioldgico complejo, es decir, cuando se administra directamente en la dieta
de los animales. Asi por ejemplo, un antioxidante puede ser modificado por el tracto
digestivo, puede no absorberse o ser absorbido y retenerse en unos tejidos y no en
otros. Ademas, si las dosis in vivo no son adecuadas puede producirse un efecto
inverso incrementando el dafo oxidativo (Decker, 1997; Rietjens et al., 2002). Es, por
tanto, necesario desarrollar ensayos in vivo en los que los animales reciban distintas
dosis del antioxidante objeto de estudio con el fin de conocer el uso potencial de
estos compuestos en produccion animal y de definir las dosis adecuadas a las que

deben ser empleados.

3.1 Antioxidantes sintéticos

Los antioxidantes sintéticos se incluyen habitualmente en productos
manufacturados, como los piensos compuestos. Sin embargo existe preocupacion por
los efectos que pueden tener sobre la salud animal, pero también sobre la humana
(Valenzuela y Nieto, 1996; Branen, 1975), ya que hay estudios que aseguran que los
compuestos antioxidantes sintéticos son responsables de diversas dolencias e incluso
podrian resultar carcinogénicos y teratogénicos, ademads de poseer toxicidad residual
(Branen, 1975; Moreira, Ponce, Del Valle y Roura, 2005). Los mas utilizados son los

siguientes:

25



a) Butilato hidroxianisol (BHA)

Es un antioxidante muy liposoluble formado por una mezcla de entre 2 y 3
isomeros del terbutil-4-hidroxianisol. Se utiliza ampliamente en productos de origen
animal puesto que debido a sus formas estedricas no es muy efectivo sobre grasas y
aceites vegetales. Es por ello que cuando se utiliza en estos tltimos suele aparecer en
combinacion con otros antioxidantes (p. ej., con los esteres del 4dcido galico) debido a

que ejerce efectos sinérgicos (Valenzuela y Nieto, 1996).
b) Butilhidroxitolueno (BHT)

Muestra una estructura similar al BHA vy, al igual que este, suele utilizarse en

combinacion con otros antioxidantes debido a su baja actividad en aceites vegetales.
c) Tertbutilhidroxiquinona (TBHQ)

Antioxidante sintético muy potente tanto en productos de origen animal como
vegetal, por lo que se utiliza mucho en estos ultimos especialmente cuando los
lipidos muestran altos niveles de insaturacion. Es un compuesto moderadamente

liposoluble y escasamente soluble en agua (Valenzuela y Nieto, 1996).
d) Esteres del dcido gdlico

Se basan en las estructuras tridihidroxilo del acido galico. Actualmente se suelen
utilizar octil o dodecil galatos puesto que estructuras mdas pequefias muestran
problemas de solubilidad. Son antioxidantes muy potentes cuyo principal
inconveniente es que tienden a unirse con el hierro, generando una decoloracion azul

oscuro. Ademas, son especialmente sensibles al calor (Valenzuela y Nieto, 1996).
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3.2 Antioxidantes naturales

La controversia causada en torno a la utilizaciéon de antioxidantes sintéticos en
animales destinados al consumo humano y, en general, en la industria alimentaria
(Peng, Yuan, Liu y Ye, 2005; Tawaha, Alali, Gharaibeh, Mohammad y El-Elimat,
2007) esta promoviendo la busqueda de nuevas sustancias de origen natural que
puedan suplir la actividad antioxidante ejercida por estos compuestos. Los
antioxidantes naturales mas conocidos y aquellos que estan siendo mas ampliamente

estudiados son los siguientes:

a) Vitamina C

El 4cido ascorbico o vitamina C es un antioxidante que actia en medios acuosos,
por lo que se localiza principalmente en los fluidos extracelulares, reaccionando de
forma directa con radicales superdxido, hidroxilo e hidroperdxidos lipidicos. A su
vez el 4cido ascorbico es el tinico antioxidante endogeno que puede proteger contra

el dano producido por radicales peroxilo (Griffiths y Lunec, 2001).

La actividad mas importante la realiza en combinacion con otros antioxidantes
como la vitamina E, ya que es la vitamina C la que actia en primer lugar en medio
acuoso y, una vez llegados los radicales a las membranas, comienza a actuar la
vitamina E. A su vez, cuando la vitamina E se convierte en a-tocoferilo la vitamina C
participa en su regeneracion para convertirla de nuevo en a-tocoferol (Chihuailaf et
al, 2002). Paraddjicamente, bajo ciertas condiciones (in vitro en bajas
concentraciones) o en presencia de metales, la vitamina C puede ejercer un efecto

prooxidante (Griffiths y Lunec, 2001).

b) Carotenoides

En general los carotenoides han sido ampliamente estudiados por ser rapidamente

oxidables, de manera que inhiben la oxidaciéon de otro tipo de compuestos. Los {3-
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carotenos, en particular, tienen gran importancia, ya que pueden ser metabolizados
en animales para producir vitamina A (Krinsky, 2001). Los -carotenos se dividen en
dos moléculas de retinaldehido; de ellas, una fraccion se oxida irreversiblemente a

acido retinoico, mientras que la cantidad restante se reduce a retinol (Londono, 2012).

¢) Vitamina E

Se engloban bajo esta denominacion todos los compuestos cuya estructura se
compone de una hidroquinona metilada unida a una cadena isoprenoide (Wang y
Quinn, 1999). Existen 8 compuestos naturales que se incluyen en este grupo: o, 3, Yy
d-tocoferol y a, B, y y O-tocotrienol, siendo el a-tocoferol el componente mas
conocido (tres grupos metilo Cs, C7 y Cs) por su nivel de actividad asi como por
encontrase entre los constituyentes lipidicos de la membranas, principales dianas de

la oxidacion lipidica (Wang y Quinn, 2000).

Los tocoferoles presentan tres centros de asimetria en su cadena isoprenoide. La
vitamina E de origen natural presenta la configuracion R en los tres centros, lo que le
provee de mayor actividad que la vitamina E de origen sintético (dl-a-tocoferol o 2-
ambo-tocoferol) (Bramley et al., 2000). La presencia de un grupo hidroxilo (Cs) asi
como la presencia de al menos un grupo metilo en su anillo aromatico son los
principales responsables de su actividad antioxidante. La vitamina E es el principal
antioxidante liposoluble capaz de romper la cadena de propagacion de la
peroxidacion lipidica, neutralizando radicales peroxilo antes de que estos oxiden a su
sustrato diana (acidos grasos poliinsaturados, por ejemplo). Para ello actia cediendo
el H del grupo hidroxilo (Cs) al radical peroxilo convirtiéndose en «a-tocoferoxilo
(Figura 2), radical muy estable gracias a la presencia del anillo aromatico (Bramley et

al., 2000).
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Figura 2. Estructura quimica de la vitamina E natural, sintética y del radical tocoferoxilo.
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Tanto los tocoferoles como los tocotrienoles son sintetizados por vegetales
superiores y cianobacterias, pero la vitamina E es un nutriente esencial que no puede
ser sintetizado por los animales. Por tanto, la carencia en la dieta de vitamina E
puede dar lugar a enfermedades en rumiantes como el musculo blanco (Hogue,
Proctor, Warner y Loosli, 1962; Muth, Oldfield, Remmert y Schubert, 1958). También
se ha descrito que la vitamina E juega un importante papel como moduladora de la
respuesta inmune en humanos (Meydani y Hayek, 1992) y animales (Finch y Turner,
1996), ejerciendo un efecto directo en enfermedades inflamatorias (Packer y Fuchs,

1993).

La forma comercial de vitamina E utilizada en nutricién animal es en forma de
éster acetato de modo que su capacidad antioxidante se mantiene intacta hasta su
hidrodlisis en el sistema digestivo donde se libera el compuesto a-tocoferol activo.
Ademads, se ha descrito que existe una correlacion directa entre la concentraciéon de
vitamina E en el musculo y la concentracion de vitamina E en la dieta, asi como con

la duracion del periodo de suplementacion (Lopez-Bote, Daza, Soares, y Berges, 2001
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y Jensen, Lauridsen y Bertelsen, 1998). Por otra parte, la acumulacion de vitamina E
es dependiente del tipo de musculo, de modo que aquellos con gran cantidad de
fibras de tipo I (mtsculos rojos) y IIA poseen un mayor porcentaje (Sheldon, 1984). El
grado de acumulacion de vitamina E en el musculo también depende de la especie

animal (Morrissey, Sheehy, Galvin, Kerry y Buckley, 1998).

d) Compuestos fenolicos

Los compuestos fenolicos son productos del metabolismo secundario de las
plantas que constituyen uno de los grupos de antioxidantes naturales mas
abundantes y ampliamente distribuidos en el reino vegetal con mas de 8000
compuestos determinados (Dreosti, 2000). Se caracterizan por contener un anillo
aromatico unido a dos o mas grupos hidroxilo; es lo que denominaremos grupo
fendlico (Figura 3). Los compuestos fendlicos suelen dividirse por su composicion

quimica y complejidad en acidos fenoélicos, flavonoides, lignanos y taninos.

Figura 3. Grupo fendlico

HO

La biosintesis de los compuestos fenolicos es un proceso dependiente de luz
(Neish, 1964; Tsao, 2010), por ello suelen localizarse sobre todo en las hojas y flores
asi como en los frutos. En este tltimo caso la concentracion va decreciendo desde la
piel a la semilla del fruto (Crozier, Lean, McDonald y Black, 1997). Muy pocos
compuestos fendlicos se encuentran en las partes subterraneas de las plantas con la
evidente excepcion del bulbo generado por la cebolla, que posee un elevado

contenido en quercetina (Hertog, Hollman y Vandeputte, 1993).
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Su biosintesis se realiza mediante la ruta del acido siquimico, la cual se inicia en
los plastos por condensacion de dos productos tipicamente fotosintéticos: la eritrosa
4-P cony el fosfoenolpiruvato (PEP). Tras varios pasos se obtiene el 4dcido siquimico,
del cual derivan directamente algunos fenoles en los vegetales. La via del 4cido
siquimico normalmente prosigue con la incorporacion de una segunda molécula de
PEP dando lugar a fenilalanina que, por accion de la enzima fenilalanina
amonioliasa, se transforma en el acido transcinamico. Posteriormente, el acido
cindmico es transformado en acido p-cumadrico por incorporaciéon de un grupo
hidroxilo a nivel de anillo aromatico y la accion de una CoA ligasa lo transforma en
p-cumaroilCoA, que es el precursor de la mayoria de los fenoles de origen vegetal.
La subdivisiéon de los compuestos fendlicos en acidos fenolicos, taninos, lignanos y

flavonoides deriva de la variedad y nimero de unidades simples fenolicas.

Estudios in vitro atribuyen la actividad antioxidante de los compuestos fendlicos
principalmente a sus propiedades redox que les permiten neutralizar radicales libres,
quelar oxigeno en su estado singlete y triplete, asi como descomponer perdxidos
(Osawa, 1994). No obstante, también pueden desempenar la actividad antioxidante
inhibiendo las enzimas responsables de la produccion de superdxidos, como es el
caso de la xantina oxidasa y de la proteinquinasa (Ursini, Maiorino, Morazzoni,
Roveri y Pifferi, 1994), y a su interaccién con otras enzimas relacionadas con la
oxidacion, como la ciclooxigenasa, lipooxigenasa, monoxigenasa microsomal, NADH
oxidasa... (Kandaswami y Middleton, 1994). Un gran nimero de antioxidantes de
origen fenolico también tienen la propiedad de quelar los cofactores metalicos de las

enzimas (Middleton, Kandaswami y Theoharides, 2000).

Debido a su gran variedad y complicada estructura quimica los compuestos
fenolicos no han despertado gran interés en estudios in vivo hasta hace relativamente
pocos anos. Hasta entonces, su estudio se ha centrado principalmente en el efecto
producido sobre la peroxidacion lipidica cuando se agregan como aditivo a sustratos

como, por ejemplo, la carne, de modo que diversos estudios han mostrado la
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capacidad de algunos compuestos fendlicos para retrasar o detener los efectos de las
ROS y prolongar la vida 1til de este producto (Tanabe, Yoshida y Tomita, 2002; Ahn,
Griin y Fernando, 2002; Ferndndez-Lopez, Zhi, Aleson-Carbonell, Perez-Alvarez y
Kuri, 2005). No obstante, y con el objeto de no manipular ni afiadir ningtn tipo de
aditivo a la carne una vez sacrificado el animal, hay un interés creciente en conocer el
potencial de estos compuestos cuando se incorporan en la racién de los animales
(Andrés et al., 2012; Botsoglou, Christaki, Fletouris, Florou-Paneri y Spais, 2002;
O'Grady, Maher, Troy, Moloney y Kerry, 2006; Smet et al., 2008).

Un aspecto menos estudiado es el efecto que los compuestos fendlicos pueden
tener sobre el sistema inmune del animal y sobre el desarrollo de ciertas
enfermedades relacionadas con el estrés oxidativo. Hasta el momento se ha
comprobado la importancia de estos compuestos en la prevencion de enfermedades
del ser humano como, por ejemplo, el cancer, la osteoporosis, el riesgo
cardiovascular, el desarrollo de la aterosclerosis y las enfermedades
neurodegenerativas (Menéndez-Carrenio et al., 2008; Ziaee, Zamansoltani, Nassiri-
Asl y Abbasi, 2009). De la misma manera es esperable que los compuestos fendlicos
actien protegiendo a los animales de las enfermedades provocadas por el estrés
oxidativo. Ademas, se ha probado su actuacion sobre el sistema inmune, su actividad
antibacteriana y antiviral in vitro (Ferndandez-Lépez, Zhi, Aleson-Carbonell, Pérez-
Alvarez y Kuri, 2005; Hamer, 2007; Orhan, Ozgelik, Ozgen y Ergun, 2010; Rauha et
al., 2000). De demostrarse estos mismos efectos en animales vivos, estos compuestos
tendrian gran interés en produccion animal, ya que muchas enfermedades comunes
se relacionan con condiciones alteradas en el equilibrio redox (Art, Kirschvink, Smith

y Lekeux, 1999; Bernabucci, Ronchi, Lacetera y Nardone, 2005; Kaftan et al., 2003).

Compuestos fendlicos del romero

Rosmarinus officinalis L., comiinmente conocida con el nombre de romero, es una

especie de Labidcea que se encuentra de manera espontdnea en Europa, Asia y Africa
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pero es especialmente comun en dreas de clima mediterraneo. El romero ha sido
tradicionalmente utilizado como especia alimentaria y en medicina tradicional por su
elevado contenido en aceite esencial. Asi, por ejemplo, la suplementacién con romero
ha mostrado actividad inmunomoduladora en ratones (Al Sheyab, Abuharfeil,
Salloum, Hani y Awad, 2012), especialmente actuando como antiinflamatorio
(Altinier et al., 2007; Benincd, Dalmarco, Pizzolatti y Frode, 2010), mientras que otros
estudios destacan su actividad antibacteriana in vitro (Genena, Hense, Smania y de
Souza, 2008; Oluwatuyi, Kaatz y Gibbons, 2004; Pintore et al., 2002). En relacién con
las propiedades de la carne, diferentes trabajos han puesto de manifiesto un efecto
beneficioso (Martinez, 2013; Monino, Martinez, Sotomayor, Lafuente y Jordan, 2008;

Nieto, Estrada, Diaz, Banon y Garrido, 2008; Nieto, Diaz, Bafidon y Garrido, 2010).

Los compuestos fenolicos de mayor importancia en el romero son los siguientes:
acido carnosico (126,6 mg/100 g MF), rosmanol (124,1 mg/100 g MF), acido
rosmarinico (32,8 mg/100 g MF), naringina (53,1 mg/100 g MF) y cirsimatitina (24,4
mg/100 g MF) (Cuvelier, Richard y Berset, 1996), aunque estas cifras pueden variar
ampliamente en funcién de las distintas partes de la planta, su estado de madurez,
las condiciones ambientales o la disponibilidad de agua (Munné-Bosch, Mueller,

Schwarz y Alegre, 2001).

Hay estudios en los que se ha demostrado que el principal compuesto que se
acumula en carne cuando se administra romero en la dieta de los animales es el acido
carnosico (Monino et al., 2008). En relacion con la carne, es a este compuesto al que se
le atribuyen las propiedades antioxidantes del romero cuando se incluye en la dieta
de los animales. No obstante, atin no se ha determinado qué cantidad de acido
carndsico es Optima para mejorar la estabilidad oxidativa de los productos obtenidos,

ni tampoco el efecto de este compuesto sobre el bienestar de los animales.
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4. Estrés oxidativo y bienestar animal

Hughes, (1976) define bienestar animal como “el estado de salud mental y fisico en
armonia con el entorno o medio ambiente”. Por su lado, la American Veterinary Medical
Association (AVMA) extiende la definicion incluyendo aspectos relacionados con el
alojamiento, manejo, alimentacion, tratamiento y prevencion de enfermedades,
tenencia responsable, manipulacion humanitaria y, si es necesario, la eutanasia
humanitaria. Segin Broom (1983), el bienestar de un individuo es un estado
fisioldgico que le permite adaptarse con éxito en un ambiente dado, mientras que la
respuesta al estrés es el mecanismo fundamental que permite a los animales

adaptarse a un cambio en su ambiente (Selye, 1936).

No obstante, cuando los estimulos estresantes son muy intensos, repetidos o
sostenidos en el tiempo, este estado de alerta puede incrementar el metabolismo vy,
por tanto, el estrés oxidativo al que el animal esta expuesto, provocando un efecto
inmunodepresor que predisponga a desarrollar ciertas patologias. De ahi la estrecha

relacidn existente entre bienestar animal, estrés oxidativo y respuesta inmune.

4.1 La respuesta inmune

La respuesta inmune es la respuesta colectiva y coordinada de los mecanismos
fisioldgicos que los seres vivos utilizan para defenderse del ataque de organismos o
alteraciones celulares internas a las que denominamos antigeno. La primera linea de
defensa se denomina respuesta inmune innata y se inicia de inmediato, al primer
contacto con un antigeno. Sin embargo, la respuesta que se desarrolla cuando el ser
vivo no logra eliminar el antigeno o cuando éste entra en contacto con el organismo

por segunda vez se denomina respuesta inmune adquirida (Rojas y Cano, 2001).
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a) Respuesta inmunitaria innata

La respuesta inmunitaria innata se caracteriza por ser inmediata, inespecifica e
independiente al antigeno y por no poseer memoria. El sistema defensivo consta de
dos partes: la primera, formada por mecanismos inespecificos externos (barreras
fisicas, quimicas y bioldgicas) como la piel, las mucosas..., mientras que la segunda,
consistente en mecanismos inespecificos internos moleculares (proteinas de fase
agua, citoquinas, sistema del complemento...) y celulares (fagocitos, células asesinas
naturales (NK), neutrofilos, linfocitos B1...), se activa cuando un microorganismo es

capaz de atravesar dichas barreras (Tizard, 1992).

Cuando un antigeno penetra en el organismo existen sefiales de alarma
fundamentalmente de dos tipos. En primer lugar aparecen las alarminas, que son
proteinas que pueden ser liberadas por dafio celular o cuando las células centinela se
activan. En segundo lugar aparecen las sefiales de alarma denominadas patrones
moleculares asociadas a patogenos (pathogen-associated molecular patterns, PAMPs),
que son moléculas de origen proteico que se encuentran en el patdgeno invasor.
Estos PAMPs son detectados por receptores de membrana especificos denominados
toll-like receptors (TLRs), situados en las células centinela (macrofagos y células
polimorfonucleadas) capaces de identificar y eliminar los patogenos. Dichas células
centinela liberan a su vez moléculas proteicas denominadas citoquinas,
mayoritariamente interleuquinas 1 y 12 (IL-1, IL-12), asi como factor de necrosis
tumoral a (ITNF-a) y otras moléculas como quimiocinas, que mantienen la

inflamacién hasta activar el sistema inmune adquirido.

En lo que respecta al TNF-a, esta proteina es liberada por las células centinela en
cuanto se detecta la presencia de patdgenos y es la principal responsable de la
respuesta inflamatoria aguda y de sus signos: calor, hinchazén, dolor vy
enrojecimiento. El TNF-a promueve la activacion de neutréfilos y su migracion a la

zona de dafno celular. En macréfagos estimula la fagocitosis, asi como la produccion
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de oxidantes (activando las enzimas 6xido nitrico sintetasa (NOS) y ciclooxigenasa-2
(COX-2)) y de citoquinas. Secundariamente fomenta la aparicién de la respuesta
adquirida promoviendo la actuacién de las células presentadoras de antigeno y

estimulando la activacion de los linfocitos T citotdxicos.

La IL-1 se produce de manera mds tardia y actia de un modo mas global que la
citoquina anterior. También promueve la activacion de neutrofilos y su adhesividad
vascular asi como la produccion de enzimas oxidantes, pero ademads acttia sobre el
cerebro provocando los sintomas de aletargamiento, malestar general y falta de
apetito y sobre los musculos, movilizando aminoacidos y causando fatiga y dolor
muscular. Por tltimo acttia sobre el higado induciendo la produccion de proteinas de

la fase aguda.

La citoquina IL-12 estimula las células natural killer (NK) y los linfocitos T (LT) y
activa factores de crecimiento para fibroblastos, participando en tareas de

remodelacion del dafo.

Por ultimo, en respuesta a la infeccion, las células fagociticas adquieren
marcadores de coestimulacion y pueden presentar secuencias peptidicas de los
patogenos fagocitados para convertirse en células presentadoras de antigeno que

inician la respuesta adquirida.

b) Respuesta inmunitaria adquirida

La respuesta inmunitaria adquirida no es una respuesta inmediata ya que aparece
tras varios dias de infeccion, pero es muy efectiva puesto que no solo reconoce y
destruye el antigeno, sino que genera una memoria del proceso que permite eliminar

rapidamente reinfecciones causadas por el mismo antigeno (Tizard, 1992).

La respuesta inmune adquirida comienza con la presentacion del antigeno a los

linfocitos, que son las células especificas que lo reconocen y se activan durante el
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proceso. Esta fase tiene lugar en el tejido linfoide periférico, mientras que el efecto se
ejerce en el lugar de la infeccion. Durante la fase de reconocimiento, el tejido linfoide
activa linfocitos T 6 B dependiendo del tipo de antigeno. Los linfocitos T se encargan
de la respuesta inmune celular mientras que los linfocitos B son responsables de la

respuesta inmune humoral, también llamada mediada por anticuerpos (Abumohor,

2005).

Respuesta inmune celular

Con respecto a los linfocitos T (LT), los receptores de estas células reconocen
antigenos proteicos gracias a que previamente la sustancia antigénica ha sido
degradada y expuesta por las células presentadoras de antigenos. Asi, por ejemplo,
los linfocitos CD4+ reconocen secuencias de entre 7 y 10 aminoacidos, mientras que

los linfocitos CD8+ reconocen secuencias de hasta 30 aminoacidos.

La activacion en el caso de los LT requiere, por una parte, del reconocimiento del
determinante antigénico por el receptor y, por otra, del reconocimiento de moléculas
coestimuladoras (CD80 y CD86) en la célula presentadora. La respuesta inmediata a
la activacion es la secrecion de citoquinas que provoca que los LT se dividan en
subpoblaciones Th1 y Th2. Cada subpoblacion se amplifica a si misma e inhibe a la

otra.

Respuesta Thl: la presencia de IL-12, secretada por las células presentadoras del
antigeno estimula la subpoblacion Thl que produce interferon gamma (INF-vy). Este
tipo de respuesta se activa principalmente por patdgenos intracelulares, virus y
antigenos proteicos que activan a macréfagos o células NK. La produccion de INF-y
estimula la actividad de los macréfagos y la produccion de anticuerpos capaces de
marcar el patégeno para que sea identificado por macrdfagos, incrementando la

capacidad fagocitica.
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Respuesta Th2: es estimulada por la presencia de IL-4 y secreta a su vez IL-4 o IL-

5. Ocurre principalmente por infestacion por helmintos o exposicion a alérgeno. Este
tipo de respuesta se basa en las reacciones inmunes mediadas por basofilos y

eosinofilos y en la produccion de IgE.

Respuesta inmune humoral

Los linfocitos B (LB), por su parte, pueden reconocer antigenos tanto proteicos
como no proteicos. Esta respuesta, denominada humoral o mediada por anticuerpos,

tiene como funcion la defensa contra patdgenos extracelulares y toxinas bacterianas.

Los receptores de los LB estdan formados por inmunoglobulinas de membrana
(IgM o IgD). Las sefiales de activacion, en este caso, consisten en el reconocimiento
del antigeno y el reconocimiento de la molécula de complemento CD3. La activacion
de los LB provoca su transformacion en células plasmaticas que secretan anticuerpos

y forman células de memoria.

Esta respuesta, a su vez, se divide en: 1) respuesta T dependiente ,si el antigeno es
proteico. La mayoria de los antigenos son de este tipo, es decir, requieren
cooperadores para la produccion méaxima de anticuerpos. Cuando una célula B
ingiere un patdgeno, adhiere parte de las proteinas a la proteina del complejo mayor
de histocompatibilidad II. Este complejo es llevado a la superficie de la membrana
celular, donde puede llegar a ser reconocido por los linfocitos T, los cuales activaran
al linfocito B, para que produzca anticuerpos especificos produciendo principalmente

inmunoglobulinas E y A; 2) respuesta T independiente si el antigeno es no protéico.

Algunos patdgenos tienen epitopos repetitivos de carbohidratos que estimulan a las
células B, por medio de los llamados receptores reconocedores de patrones, activandolos
para que sinteticen inmunoglobulinas en ausencia de cooperaciéon de un linfocito T.
Habitualmente son anticuerpos de baja afinidad IgM (infeccién por primera vez) e

IgG (Infeccion secundaria respuesta mas rapida)..
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4.2 Patologias relacionadas con el estrés oxidativo

a) Inmunodepresion por estrés

El transporte de los animales, bien hacia el matadero o hacia otros destinos, se
considera uno de los principales responsables de estrés agudo en producciéon animal.
Si el manejo no se realiza de acuerdo a las directrices que tratan de salvaguardar el
bienestar, entonces los animales sufren una respuesta fisiologica en la que el objetivo
principal es adaptar el organismo a la nueva situacion. Existe una primera respuesta
inmediata por activacion del sistema nervioso simpatico que induce cambios de
comportamiento, aumento del ritmo cardiaco, de la presion arterial, ademas de
alteraciones metabdlicas como el incremento del metabolismo celular, hiperglucemia,
aumento de la glucogenolisis en higado y la activacion de la respuesta inflamatoria.
Para restablecer el equilibrio metabdlico es necesaria una segunda respuesta, en este
caso por via sanguinea, consistente en la secrecion de una hormona (ACTH), que
acttia sobre la glandula suprarrenal. Esta glandula secreta substancias a la circulacion
sanguinea como el cortisol, que contribuye a la adaptacion definitiva. Esta segunda
fase es mas lenta y el cortisol tarda en elevarse aproximadamente 15 minutos tras la
accion del agente estresante. El cortisol es un claro indicador de estrés a corto plazo
(Grandin, 1997) y actuia liberando aminodcidos y 4cidos grasos a partir de los
depdsitos celulares, permitiendo obtener energia; ademads, ejerce un efecto

antiinflamatorio, disminuyendo el nimero de eosinofilos y linfocitos en la sangre.

No obstante, cuando los estimulos estresantes son muy intensos, repetidos o
sostenidos en el tiempo, ya sea como consecuencia del transporte o de condiciones
ambientales inadecuadas (frio o calor excesivo, ruidos, ...; Sivakumar, Singh y
Varshney, 2010; Adachi, Kawamura y Takemoto, 1993), este estado de alerta desgasta
las reservas del organismo por aumento del metabolismo y, en consecuencia,
también se incrementa el estrés oxidativo al que el animal estd expuesto (Wernicki et
al., 2006). Este aspecto, junto al efecto inmunodepresor del cortisol anteriormente

mencionado, ayuda a desencadenar ciertas patologias (Knowles, 1999; Pregel, Bollo,
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Cannizzo, Biolatti y Contato, 2005; Hartung, 2003), especialmente enfermedades
respiratorias (Sconberg et al., 1993). De hecho, Sconberg et al. (1993) demostraron que
debido al estrés del transporte la concentracion de vitamina E en plasma de ganado
bovino se reducia drésticamente, al igual que los recuentos de neutrdfilos y glébulos
rojos. También se ha demostrado que la suplementacion con vitamina E permitiria
restaurar los niveles de antioxidantes en los tejidos (Nockels, Odde y Craig, 1996),
evitando problemas posteriores. De la misma forma, la suplementacién con vitamina
E, C y selenio mejora los valores gasométricos y bioquimicos en cabras sometidas a
estrés por calor (Sivakumar et al., 2010). Asimismo la administracion de vitamina E
parece disminuir el proceso inflamatorio provocado como consecuencia del
transporte (Ekstrand-Hammarstrém, Osterlund, Lillieh66k y Bucht, 2007) y reduce la
concentracion de las proteinas de fase agua y la presencia de IL-6 y TNF-a (Chirase

et al., 2004) relacionadas con la aparicién de enfermedades respiratorias.

b) Mastitis

La respuesta inmune y el estrés oxidativo estdn, sin duda, fuertemente vinculados,
ya que parte de los mecanismos de defensa del sistema inmunologico se basan,
precisamente, en la produccion de ROS. De hecho, las células centinela emplean
mecanismos oxidativos para eliminar los patogenos fagocitados. Este proceso de
fagocitosis activa la NADP oxidasa, principal responsable de la produccion de iones
superdxido que, a su vez, pueden convertirse en peroxido de hidrégeno gracias a la
presencia de la superdoxido dismutasa. Ademads, los neutrofilos tienen enzimas
capaces de convertir el peroxido de hidrogeno en iones hipoclorito e hidroxilo
altamente reactivos. Los linfocitos también basan su mecanismo en la generacion de
ROS (Chew y Park, 2004). No obstante, el organismo posee mecanismos de defensa
antioxidante tanto enzimdaticos como no enzimadticos para protegerse de dicha

produccion de ROS.
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La mastitis es una de las enfermedades que produce mayores pérdidas
econOmicas en ganado lechero. Comienza generalmente por una infeccion bacteriana,
la cual desarrolla una reacciéon inflamatoria que puede llegar a ser severa debido a la
liberacion masiva de 6xido nitrico por los macréfagos y células epiteliales de la
glandula mamaria, provocando dafios epiteliales graves en la glandula (Boulanger,
Bouchard, Zhao y Lacasse, 2001; Goff, Carl Johnson, Wyatt y Cluff, 1996). Durante el
proceso inflamatorio se ha visto que se incrementan los niveles de oxidacion lipidica
y se reducen los niveles de algunos antioxidantes (Goff et al., 1996, Weiss, Hogan y
Smith, 2004). Ademads la leche de glandulas mamarias con mastitis subclinica
muestra menores niveles de capacidad antioxidante total en comparacion con la
procedente de glandulas mamarias sanas (Atakisi et al., 2010; Turk et al., 2012). Todo
ello parece indicar la relacion existente entre el dafio de la mama durante una

mastitis y el estrés oxidativo.

De hecho, las vacas con mastitis muestran concentraciones de vitamina C mas
bajas en plasma (Kleczkowski, Klucinski, Shaktur y Sikora, 2005), siendo la severidad
de los signos clinicos inversamente proporcional a este parametro (Weiss et al., 2004).
Ademas, se ha comprobado que la inyeccién subcutdnea de vitamina C tiene un
efecto terapéutico sobre la mastitis (Naresh, Dwivedi, Swarup y Patra, 2002; Ranjan,
Swarup, Naresh y Patra, 2005). Estudios con otros tipos de antioxidantes han
demostrado su utilidad no solo en la prevencion de la mastitis (Scaletti, Trammell,
Smith y Harmon, 2003; Smith, Harrison, Hancock, Todhunter y Conrad, 1984) sino
que también pueden reducir la duracidn, incidencia y severidad de los sintomas
clinicos (Smith et al., 1984). Consideramos oportuno mencionar que que las células
del sistema inmunitario tienen una membrana celular rica en PUFAs, por lo que son

especialmente susceptibles a la oxidacion (Meydani, Wu, Santos y Hayek, 1995).
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c) Problemas reproductivos y de gestacion

Diferentes estudios han puesto de manifiesto que las concentraciones de ROS
juegan un importante papel no solo durante la fertilizacion del 6vulo, sino también
durante su implantacién (Jancar, Kopitar, Ihan, Klun y Bokal, 2007; Sharma y
Agarwal, 2004). En este sentido se ha obsrvado que la administracion de
antioxidantes puede mejorar la fertilidad y reducir la incidencia de problemas
posparto como la retencidn placentaria (Aréchiga, Ortiz y Hansen, 1994; Aréchiga et
al, 1998; Harrison, Hancock y Conrad, 1984). Por otra parte, Al-Qudah (2011)
observd que la cetosis estd relacionada con un incremento en los niveles de oxidacion

lipidica y por tanto las ovejas afectadas por toxemia desarrollan estrés oxidativo.

d) Urolitiasis

La urolititiasis es una patologia rlativamente importante en el cebo de corderos,
cuando éstos consumen dietas con elevado contenido en cereales. Las ROS parecen
estar implicadas en los dafos celulares, por lo que una reduccion en las ROS a nivel
renal podria ser una terapia efectiva para evitar el desarrollo de esta enfermedad
(Butterweck y Khan, 2009; Khan, Glenton y Talham, 2002). De hecho, la inclusiéon de
catequinas procedentes del té (Itoh et al., 2005) y otros extractos herbales (Butterweck
y Khan, 2009; Yadav et al., 2011) en la dieta, ha demostrado resultados positivos en el

control de la urolitiasis en rata.

e) Infecciones parasitarias

Como se senald anteriormente, el estrés oxidativo puede deprimir el sistema
inmune, provocando una mayor propension de los animales a contraer
enfermedades o bien que las enfermedades contraidas sean mas agudas. El caso mds
obvio es la implicacion de las ROS en las infecciones parasitarias. Durante la
infestacion por nematodos el hospedador activa mecanismos de defensa asociados
con la formaciéon de ROS (Maffei Facino et al.,, 1993; Shousha, Khalil y Rashwan,

1999), las cuales alcanzan niveles que pueden dar lugar a dafos tisulares en el
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hospedador. Durante la infeccion por Fasciola hepdtica en ratas, Kolodziejczyk,
Siemieniuk y Skrzydlewska (2005) observaron una disminucion de la actividad de las
enzimas superdoxido dismutasa, glutation peroxidasa y glutation reductasa,
produciéndose a su vez una reduccion drastica de los antioxidantes no enzimaticos
disponibles. También se describid en este trabajo una relacion muy estrecha entre los
niveles de oxidacion lipidica hepatica y la aparicion de marcadores de dafo celular

en higado.

La busqueda de sustancias alternativas a los antibidticos y antihelminticos que
permitan prevenir o reducir la incidencia de estas infecciones es de gran interés en
un contexto en el que la utilizacién de antibidticos como promotores de crecimiento
estd muy limitado en animales destinados para consumo humano (Barton, 2000),
como consecuencia del incremento de las resistencias de los patdgenos a dichos
farmacos. En este sentido, se ha constatado que la inclusién de taninos y otros
compuestos fenolicos en la racion de animales durante la infeccion por helmintos
permite reducir la carga parasitaria en ovejas y cabras (Kahn y Diaz-Hernandez,

1999; Osoro et al., 2007; Osoro et al., 2009).

1) Acidosis ruminal y metabdlica

En el caso concreto de los rumiantes, la relacion simbidtica existente entre estos
animales y la poblaciéon microbiana ruminal, capaz de digerir los polimeros de la
pared celular de las plantas (Greathead, 2003), determina que la eficiencia del
metabolismo ruminal pueda tener un gran efecto sobre la eficiencia del animal.
Ademads, la eficiencia ruminal también es importante desde el punto de vista
medioambiental puesto que puede contribuir a reducir la emision de gases con efecto

invernadero, como el metano (Bodas et al., 2012).

En este sentido, debemos destacar por su importancia en sistemas de cebo
intensivo, el proceso patologico de la acidosis ruminal. La acidosis ruminal es un

proceso derivado de la acumulacion de acidos grasos volatiles y acido lactico en el
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rumen (Nocek, 1997; Owens, Secrist, Hill y Gill, 1998). La acumulacion de dichos
compuestos, principalmente derivados del elevado consumo en carbohidratos

facilmente fermentables, hace descender el pH ruminal por debajo de los valores

fisioldgicos (Nocek, 1997; Dunlop y Hammond, 1965).

La alimentacion con dietas muy ricas en concentrados altamente fermentables
pueden ocasionar la superacion de los limites de absorcion ruminal, generando una
acumulacion de &cidos grasos volatiles en el rumen con el consecuente descenso del
pH y la aparicion de acidosis. A su vez estos cambios de pH modifican la microbiota
ruminal, incrementando el crecimiento de las poblaciones de especies bacterianas
productoras de 4acido lactico (Streptococcus bovis, Selenomonas ruminantium y
Lactobacillus), dicho compuesto es acumulado en el rumen descendiendo su pH

(Slyter, 1976), y agravando la situacion y provocando dafios en el epitelio ruminal.

A su vez la acidez en el rumen da lugar al paso de hidrogeniones (H*) hacia la
sangre, lo que puede derivar en una acidosis metabdlica sistémica (descenso del pH
sanguineo) y estrés oxidativo (Mobbs, 2007) que puede incluso provocar la muerte
del animal (Celi, 2011). Por tanto, la utilizacion de antioxidantes en la racién podria
ayudar a compensar, en alguna medida, los trastornos derivados de esta situacion.
Apenas existen trabajos al respecto pero Fiirll et al. (2003) observaron mejoras en
vacas con desplazamiento abomasal cuando recibian un suplemento de 4cido
ascorbico y a-tocopherol, dicha patologia se relaciona con la acidosis durante el

puerperio.

No obstante numerosos compuestos fenolicos ademads de propiedades
antioxidantes tienen a su vez cierta capacidad antimicrobiana, que podria
contrarrestar los cambios que sufre la microbiota ruminal cuando los animales

consumen dietas con un elevado contenido en cereales.
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En este sentido, existe un gran numero de estudios que han evaluado la actividad
de saponinas, taninos y aceites esenciales sobre la microbiota ruminal in vitro.
Davidson y Naidu (2000) describen que los compuestos fenodlicos vegetales poseen
un mayor efecto inhibitorio sobre el crecimiento de las bacterias gram positivas,
bacterias proteoliticas y protozoos (Wallace, McEwan, McIntosh, Teferedegne y
Newbold, 2002; Hristov, Ivan, Neill y McAllister, 2003; Bhatta et al., 2009; Ando,
Nishida, Ishida, Hosoda y Bayaru, 2003).

Wanapat, Cherdthong, Pakdee y Wanapat (2008) comprobaron que Ila
suplementacion con polvo de hierba luisa (Cymbopogon citratus) modificaba la
poblacién microbiana ruminal, de modo que se reducian considerablemente las
poblaciones de bacterias proteoliticas Ruminobacter amylophilus y Prevotella spp. A su

vez las poblaciones de protozoos tendian a disminuir.

5. Calidad de carne

5.1 Concepto y composicion de la carne

La Real Academia de la Lengua Espafiola define carne como: “Parte muscular del
cuerpo de los animales o alimento consistente en todo o parte del cuerpo de un animal”. Sin
embargo desde el punto de vista de la tecnologia alimentaria miisculo y carne son
conceptos distintos, ya que la carne es el producto obtenido como resultado de una

serie de transformaciones fisico-quimicas producidas en el musculo postmortem.

La conversion del musculo en carne comienza con el fallo circulatorio, provocando
el cese del aporte de oxigeno al musculo y, por tanto, dando lugar al cambio de la
ruta glucolitica aerobia a la anaerobia, en la cual el piruvato se reduce a lactato y éste
se acumula en forma de acido lactico, provocando un descenso del pH de la carne. Al
agotarse el glucdgeno disponible comienza la rigidez muscular (rigor mortis), ya que
para que exista relajacion muscular se necesita ATP, Ca %, Mg ?. Al no disponer de

glucogeno se produce un gran descenso del ATP disponible acompafiado de una
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liberacién de calcio desde el reticulo endoplasmatico al espacio miofibrilar. Los iones
Ca? se unen a la troponina, liberando la miosina que forma enlaces cruzados

permanentes con los filamentos de actina, lo que genera el rigor mortis.

Tras las primeras 24h comienza el periodo de maduracion de la carne; el pH baja y
comienzan a actuar las proteasas (catepsinas y calpaina). En condiciones normales las
catepsinas degradan la troponina-T, los enlaces de coldgeno y los mucopolisacdridos
del tejido conectivo, siendo las calpainas las principales responsables de la
maduracion y consiguiente ablandamiento de la carne. De hecho, las calpainas
activadas por los iones Ca?* (m-calpainas entre 1-2mM de Ca *" y u-calpainas entre
50-100uM) (Warriss, 2000) promueven la degradacion de las lineas Z y de proteinas

como la tropomiosina y la conectina.

Los musculos pueden ser clasificados de acuerdo con su metabolismo, su nivel de
contractilidad y su color. No obstante, la clasificacion mds completa es la propuesta
por Peter, Barnard, Edgerton, Gillespie y Stempel (1972), que combina la
identificacién histoquimica mediante niveles de oxidacion y la actividad ATPasa de

los tipos de fibras para dividir los musculos en:

Muisculos oxidativos de contraccion lenta: son musculos oxidativos debido a que

dependen de la fosforilacion oxidativa para obtener ATP, por lo que dicha
generacion de ATP es lenta. Estos musculos de accion lenta se componen,
fundamentalmente, de fibras de tipo I caracterizadas por poseer un reducido ntimero
de miofibrillas que se agrupan en determinadas zonas, un sarcoplasma muy
abundante y una elevada cantidad de mitocondrias y de gotas lipidicas. Ademas,
debido a que este tipo de musculos requieren elevados niveles de oxigeno
disponible, poseen gran cantidad de mioglobina que les permite almacenarlo, lo que
les otorga un color rojo. Suelen ser musculos posturales (musculos del tronco) cuya

actividad es continuada.
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Muisculos oxidativos-glucoliticos de contraccion rdpida vy miisculos glucoliticos de

contraccion rdpida: los musculos glucoliticos no son tan ricos en mioglobina y tienen

una apariencia mas blanquecina, por lo que se les suele denominar musculos blancos;
esto se debe a que estos musculos de accidon radpida almacenan glucégeno en grandes
cantidades y generan la mayoria de su ATP a través de reacciones glucoliticas
anaerobias, mucho mas rédpidas que en el caso anterior. Son principalmente musculos
relacionados con el movimiento, que necesitan contraerse con rapidez de manera

repentina (ej. semitendinoso).

Ambos tipos de musculos se componen de fibras tipo II con gran abundancia de
miofibrillas. Se caracterizan por poseer muy escaso contenido en mioglobina,
sarcoplasma y mitocondrias. No obstante, se diferencian en que los musculos
oxidativos-glucoliticos de contraccién rapida se componen de Fibras IIA, las cuales
obtienen la energia a partir tanto de la via aerobia como de la via anaerobia; mientras
que los musculos glucoliticos de contraccion rapida se componen de Fibras II-B en las
cuales practicamente solo existe la via anaerobia. Las Fibras II-B se fatigan
rdpidamente pues la cantidad de energia producida es baja, sus reservas escasas y la
produccion de sustancias residuales alta, mientras que las Fibras II-A tienen un

comportamiento intermedio respecto a estas caracteristicas.

Desde el punto de vista histologico, la carne estd compuesta por fibras musculares
(tal y como se acaba de mencionar), pero también por tejido conectivo, tejido

adiposo, tejido vascular y nervioso.

El tejido conectivo provee de estructura al muasculo. Es especialmente importante

en este caso el coldgeno, puesto que un incremento en su concentracion puede
provocar cambios en la textura de la carne. El tejido conectivo del musculo consiste
en tres depositos principales: epi-, peri- y endomisio. El epimisio es una capa muy
fina que rodea al musculo pero es facilmente separable de la carne y, por tanto, no

afecta en gran medida a su calidad. Sin embargo, el perimisio (rodea los paquetes de
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fibrillas musculares) y el endomisio que envuelve cada fibra y recubre la membrana

basal, no pueden ser separados de la carne y pueden afectar a la textura final.

El tejido adiposo se divide en grasa intermuscular e intramuscular. La grasa
intermuscular estd situada entre musculos mientras que la intramuscular esta
formada por infiltraciones de grasa dentro del propio musculo. Ademas, los lipidos
existentes pueden dividirse en lipidos estructurales (fosfolipidos, colesterol y una
pequena cantidad de esfingolipidos) que componen las membranas celulares y
lipidos de almacenamiento (triglicéridos) que se encuentran formando parte de los
adipocitos. Los adipocitos se pueden situar alrededor del musculo, asociados a la
membrana de los paquetes fibrilares (depositos intercelulares) o bien como gotitas
dentro de las propias fibras musculares (depositos intracelulares). Estos depositos
intracelulares poseen distintas proporciones de fosfolipidos y triglicéridos en funcién
del grado de engrasamiento y son los principales responsables de factores

organolépticos tan importantes como el flavor o la terneza de la carne.

Los tejidos vascular y nervioso, presentes en menor medida en la carne que los

anteriores, son los encargados de irrigar y inervar el musculo del animal.

Desde el punto de vista quimico la carne esta compuesta basicamente de agua,

proteinas, lipidos, minerales y vitaminas en composicion y cantidad variable.

El agua es el componente mayoritario en la carne con un rango de valores que
varia entre un 65 y un 80 % en carne de cordero dependiendo de factores como la
edad del animal o su alimentacion (Rodriguez, 2005). Su cantidad estd inversamente

correlacionada con la cantidad de grasa intramuscular (Swatland, 1991).

Las proteinas miofibrilares mayoritarias son la actina y la miosina (20-40% del
total), junto con otras que, a pesar de encontrarse en menor cantidad (actinina,
tropimiosina, tinina, desmina, troponina T...), también desempefian un papel

importante tanto en la estructura del sarcomero como en los procesos de maduracion
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(Prieto, 2006). Ademas, el colageno es la proteina mayoritaria en el tejido conectivo,
el cual ejerce un importante papel sobre las caracteristicas de la textura. El porcentaje

habitual de proteina en carne de cordero oscila entre 16-22% (Rodriguez, 2005)

La fraccion lipidica, generalmente, es el componente mas variable de la carne, ya

que su contenido y composicién dependen de factores tales como la especie, raza,
edad, sexo y tipo de alimentacion. En términos generales se ha descrito que la carne
de cordero de cebo tiene entre un 3 y un 13 % de grasa total constituida
principalmente por acidos grasos saturados (mayoritariamente palmitico y estearico)

y monoinsaturados (fundamentalmente oleico) (Sanudo et al., 2000).

Los carbohidratos representan un bajo porcentaje del total de los componentes de

la carne, principalmente debido a la escasa presencia del carbohidrato muscular

mayoritario (glucdgeno) tras la instauracion el rigor mortis (Prieto, 2006).

Finalmente, en lo relativo a la presencia de minerales y vitaminas, la carne de

cordero posee entre un 1 y un 3% de cenizas y es rica en hierro de facil utilizacion, asi
como en sodio, potasio, y minerales traza (cobre y el selenio...). Desde el punto de
vista nutricional, los minerales aportados por la carne reducen, entre otras
patologias, la incidencia de anemias ferropénicas (Neale, 1992). Respecto a las
vitaminas, es muy rica en vitaminas hidrosolubles (mayoritariamente B1, B2, B3, B6 y

B12).

5.2 La calidad de la carne y el efecto de la oxidacion

La Real Academia de la Lengua define calidad como: “La propiedad o conjunto de
propiedades inherentes a algo, que permiten juzgar su valor”. Puesto que el valor en este
caso lo aplica el consumidor también se define como: “Aquello que gusta al consumidor
y por lo que estd dispuesto a pagar mds que el precio medio” (Hammond, 1955). La calidad,
por tanto, es un término subjetivo al variar con los gustos individuales, relativo

puesto que depende de la situacion de la persona en el momento del juicio y
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dindmico ya que varia en el espacio y en el tiempo en funcion de lo que le gusta al

publico (Naumann, 1965).

En la actualidad la calidad de la carne se divide y analiza en funcién de las
siguientes caracteristicas: nutricionales, tecnoldgicas, organolépticas e higiénico-
sanitarias (Badiani et al., 1998). Dichas caracteristicas pueden ser modificadas por
diversos parametros, entre ellos la oxidacién. De hecho, los cambios bioquimicos
producidos tras la muerte del animal para la conversion del musculo en carne
provocan una rapida ruptura de la balanza prooxidantes/antioxidantes a favor de los
prooxidantes (Morrissey et al., 1998; Morrissey y Kerry, 2010). Hay otros factores que
también potencian la oxidacion lipidica de la carne como, por ejemplo, el periodo de
almacenamiento o el tipo de cocinado y que pueden afectar negativamente al flavor,
color, textura y valor nutritivo o provocar la apariciéon de compuestos tdxicos en

carne (Liu, Lanari y Schaefer, 1995), tal y como se expone a continuacion.

a) Caracteristicas nutricionales

El andlisis de la composicion quimica tiene gran importancia, ya que permite
establecer con exactitud la calidad nutritiva de la carne, ademas de estar intimamente
relacionada con las caracteristicas tecnoldgicas, higiénicas y organolépticas finales de

este producto.

Agua. La retencidn de este componente después del cocinado de la carne afecta a la
textura y a pardmetros sensoriales importantes (p. ej., jugosidad). Sin embargo, la
oxidacién de las proteinas durante el almacenado o el cocinado determina que se
pierda parte del agua, lo que provoca que el consumidor perciba la carne como seca

(Lund, Heinonen, Baron y Estevez, 2011).

Proteina. La proteina es el componente nutritivo mas importante de la carne
debido a la relacion de aminodcidos que posee y a su buena disponibilidad para el

ser humano. No obstante, la oxidacién proteica limita la biodisponibilidad de

50



aminodcidos esenciales para el ser humano como son la fenilalanina y el triptéfano
(Davies, 1987). Ademas, el colageno y su solubilidad determinan en gran medida la

textura final de la carne (Lepetit, 2008).

Lipidos. En concreto, la carne de cordero posee un ratio entre acidos grasos
poliinsaturados y acidos grasos saturados desfavorable cuando se compara con carne
de monogastricos. Sin embargo, esta caracteristica podria reducir la susceptibilidad
de este producto a los procesos de oxidacion, ya que son precisamente los acidos
grasos poliinsaturados los componentes mas susceptibles a este fendmeno. Sin
embargo, el ratio entre acidos grasos omega-6 y omega-3 es favorable, en

comparacion con otras carnes menos grasas como el cerdo o la ternera.

Minerales y vitaminas. En relacién con la oxidacién, muchas vitaminas juegan un

importante papel como antioxidantes no enzimaticos, mientras que los minerales son
cofactores de enzimas antioxidantes, pero también pueden actuar como catalizadores

de la oxidacién y, por tanto, actuar como prooxidantes.

b) Caracteristicas tecnologicas

La calidad tecnoldgica de la carne esta determinada por la aptitud para la
transformacion y la conservacion de este producto. En general, esta aptitud viene
dada por un tunico atributo post-mortem: el pH. No obstante, también se suele
considerar la capacidad de retencion de agua puesto que este parametro depende

directamente de los cambios de pH durante la transformacion del musculo en carne.

pH

Tal y como se ha comentado con anterioridad, con la muerte del animal cesa el
aporte de oxigeno al musculo, y este debe utilizar sus reservas de energia para
sintetizar ATP con el fin de mantener su estructura. Conforme se agota el ATP

aparece fosfato inorgdnico que a su vez estimula la glucdlisis anaerobia. Como
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consecuencia se forma acido lactico y otros acidos inorganicos que generan el
descenso del pH muscular hasta agotar las reservas de glucdégeno o hasta la
inactivacion de las enzimas celulares (Lawrie, 1983). Generalmente el pH muscular
esta comprendido entre 7,08 y 7,30 mientras que el pH 24h post mortem en el mutsculo
de referencia (longissimus dorsi) de ovino se situia entre los 5,46 y 5,48 (Sen, Santra y

Karim, 2004).

En general, el pH no se ve afectado por los niveles de oxidacién ni viceversa salvo
en algunas condiciones como en carnes PSE (pale, soft and exudative). De hecho,
O'Neill, Lynch, Troy, Buckley y Kerry (2003) encontraron que el jamén cocido
procedente de carne PSE se oxidaba més y en mayor proporcion que la carne con un

pH normal.

Capacidad de retencion de agua (CRA)

Parte del agua de la carne se pierde por evaporacion durante el enfriamiento o por
goteo tras el sacrificio. El agua que queda al final de esta fase, y a la cual se denomina
humedad, se clasifica de la siguiente forma (Honikel y Hamm, 1999): a) el agua de
constitucion (0,1% del agua total), que se localiza entre las moléculas proteicas, b) el
agua de interfase (10-15% del agua total), que estd unida a la superficie de las
proteinas generando varias capas, c) el agua de relleno o agua celular (90-95% del
agua total), que es un agua libre, si bien su movimiento se rige por la atracciéon que
ejercen sobre ella las proteinas. En todo caso, la capacidad de retenciéon de agua de la

carne se refiere exclusivamente al agua de relleno o celular.

El agua mas f4cil de extraer simplemente por gravedad o evaporacion, originando
el llamado "drip loss" o "pérdida por goteo" (Honikel y Hamm, 1999). Al aplicar
fuerza sobre el sistema, parte del agua inmovilizada se libera como agua perdida.
Esta agua liberada es lo que denominamos CRA por presidn y esta relacionada con la

capacidad de las proteinas de ligar el agua (Grau y Hamm, 1953). En las "pérdidas
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por cocinado”, ademas, se tienen en cuenta las pérdidas por rotura de la membrana

celular y por modificaciones de la estructura tridimensional de las proteinas.

La capacidad de retencion de agua se ve claramente afectada por la oxidacion
lipidica, ya que dicho proceso provoca modificaciones de la fluidez, permeabilidad y
estabilidad de la membrana celular como consecuencia de la oxidacion de los
fosfolipidos y el colesterol que forman la membrana celular (Guardiola, Codony,
Addis, Rafecas y Boatella, 1996). Por otra parte, la oxidacion de las proteinas situadas
en la membrana celular también es causante de la reduccion de la capacidad de
retencion de agua (Liu, Xiong y Chen, 2010; Lund, Lametsch, Hviid, Jensen y
Skibsted, 2007; Xiong, Decker, Faustman y Lopez-Bote, 2000; Lund et al., 2011).

c) Caracteristicas sensoriales u organolépticas

Las caracteristicas sensoriales u organolépticas son aquellas percibidas por los
sentidos del consumidor y estan relacionadas principalmente con los atributos de

apariencia (color), flavor (olor y sabor) y textura (terneza, jugosidad, viscosidad).

Color

La CIE, (1986) define el color percibido “como el atributo visual que se compone de una
combinacion cualquiera de contenidos cromdticos y acromdticos”. Para su valoracion se
utiliza la metodologia CIELAB que mide el color de tal manera que el espacio del
espectro visible se divide en los ejes cartesianos x, y, z los cuales se corresponden con
los valores L* (blanco-negro), a* (rojo-verde) y b* (amarillo-azul). Estos valores, a su
vez, sirven para calcular los siguientes parametros de color: luminosidad (L*), tono

(Hue) y saturacion (Chroma).

El color es, sin duda, uno de los factores determinantes para el consumidor a la
hora de seleccionar un producto carnico. Habitualmente el consumidor valora

positivamente una carne de color homogéneo, ni palida ni oscura (Melton, Huffman,
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Shogren y Fox, 1996), y relaciona el color rojo brillante con la frescura del producto
(Dransfield, Zamora y Bayle, 1998). No obstante, es necesario precisar que en muchas
ocasiones la eleccion del producto atendiendo al color no estd relacionada con la

calidad sino con la predileccion personal.

El color de la carne es uno de los pardmetros mas afectados por la oxidacién ya
que depende en gran medida de la cantidad de mioglobina y de su estado de
oxidacién, aunque también influyen en menor medida la hemoglobina y el citocromo
C (Mancini y Hunt, 2005). La mioglobina es una hemoproteina muscular encargada
de almacenar oxigeno y capaz de aportar pigmentacion a la carne. Estructuralmente
estd compuesta por una parte proteica unida a un grupo hemo con un atomo de
hierro capaz de oxidarse o reducirse, En la superficie de la carne, suele encontrarse
en forma de oximioglobina (oxigenada), lo que genera el color rojo brillante, pero
puede oxidarse (Fe %), dando lugar a una coloraciéon parda (metamioglobina) o
reducirse creando una coloracion purpurea (deoximioglobina) (Broudman, Ball y
Stier, 1958). La proporcion en la que se encuentran cada una de estas formas de la
mioglobina en la carne da lugar al color final y a su evolucion durante el
almacenamiento, lo que es de gran importancia a nivel comercial. Asi, radicales libres
producidos durante el almacenamiento de la carne promueven la oxidaciéon de los
pigmentos (Gray, Gomaa y Buckley, 1996), dando lugar a la aparicién de tonos
marrones y verdes (metamioglobina). Si la proporcion de metamioglobina supera el
30-40% del total de pigmentos heminicos, la apariencia de la carne provoca el
rechazo por parte del consumidor (Carpenter, Cornforth y Whittier, 2001). Ademas, a
causa del incremento en la oxidacién lipidica se produce una disminucién del indice
de saturacion del color (Chroma) provocando la sensacién de decoloracion de la

carne (McKenna et al., 2005).

54



Textura

La textura es una cualidad sensorial de gran importancia para el consumidor, que
la considera como la caracteristica organoléptica mas importante en la carne
(Tornberg, 1996). Szczesniak, (1963) definid la textura como: “Manifestacion sensorial
de la estructura del alimento y la forma en que esta estructura reacciona frente a la aplicacion
de fuerzas”. La textura durante la masticacion se valora atendiendo principalmente a
tres factores: facilidad de la penetracion de los dientes, facilidad de la fragmentacion

de la carne y cantidad de residuo generado al término de la masticacion (Weir, 1960).

Los cambios provocados por la oxidacidn sobre la capacidad de retencion de agua
derivan principalmente en un deterioro de la jugosidad y la terneza de la carne, por
lo que aquellos aspectos que afectan a este factor también inducen cambios en la
textura. Ademads, la oxidacion proteica ocasiona pérdidas de funcionalidad
relacionadas con la gelatinizacion y emulsificacion del colageno, que también estan
relacionadas con modificaciones de la textura de la carne (Babji, Chin, Sen Chempaka

y Alina, 1998).

Por otro lado la oxidacion puede provocar la inactivacion de la enzima p-calpaina
reduciendo la proteolisis (Rowe, Maddock, Lonergan y Huff-Lonergan, 2004; Kim,
Lonergan y Huff-Lonergan, 2010), o causar la formacion de uniones entre entidades
proteicas, lo que da lugar a un fortalecimiento de la estructura de la miofibrilla (Lund
et al,, 2007; Kim, Huff-Lonergan, Sebranek y Lonergan, 2010). En cualquier caso
ambos mecanismos de accién provocan cambios indeseables en la textura de la carne
como la pérdida de jugosidad o la disminucion de la terneza de la carne (Wolff y

Dean, 1986).

Flavor

El flavor puede definirse como una cualidad organosensorial que resulta de la

combinacion de gusto y olor. La carne cruda posee generalmente un sabor salado,
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metalico y sangriento con un gusto dulce. Sin embargo, el cocinado libera diversos
precursores volatiles que dan lugar al flavor caracteristico de cada tipo de carne.
Bésicamente los compuestos volatiles responsables del flavor en carne cocinada se
forman mediante dos grupos de reacciones quimicas: la reacciéon de Maillard (que
forma compuestos hidrosolubles) y la degradacion de lipidos (compuestos

carbonilicos), siendo mayoritaria esta tltima.

En general la valoracion del flavor inicial, si bien es tutil para conocer si la
alimentacion animal produce flavores especificos no deseados en carne, no es tan
importante como el estudio de los compuestos volatiles relacionados con la rancidez
que surgen con motivo de la oxidacion durante el almacenamiento. Al comienzo de
la oxidacidon lipidica aparecen los hidroperoxidos, que son inodoros, pero la
descomposicién de los radicales alcoxilo da lugar a la formaciéon de compuestos
hidrocarbonados, aldehidos y alcoholes volatiles que son los responsables de la
aparicion de flavores desagradables en carne (Frankel, 1983). Dentro de estos
compuestos hay que hacer especial referencia a los aldehidos, debido a su bajo
umbral de percepcion (Gray y Monahan, 1992). Es por ello que muchos autores
utilizan la produccién del aldehido mas comun en carne, el hexanal, como indicador

del estado de oxidacion lipidica de este producto (Shahidi y Pegg, 1994).

d) Calidad higiénico-sanitaria

Entendemos por calidad higiénica de la carne aquellas propiedades que aseguran
su inocuidad y salubridad, especialmente en lo que se refiere a contaminacion
microbiana. La carne es un medio de cultivo excelente para muchos tipos de
microorganismos. Es por ello que los agentes microbianos son, sin duda, una de las
principales causas de deterioro de la carne y, por tanto, de la reducciéon de su periodo
de vida util (tiempo transcurrido desde su produccidn hasta que sus caracteristicas se
transforman en inaceptables). Ademads, a nivel comercial altos niveles de acidos

grasos poliinsaturados implican una mayor oxidaciéon lipidica, lo que también se
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traduce en una reduccion de la vida util de la carne. En este caso podemos decir que
los factores de oxidacion y contaminacion microbiana estan interrelacionados puesto
que la oxidacién provoca rupturas que ayudan a los microorganismos a colonizar la
carne y, a su vez, el deterioro microbiano también provoca una mayor exposicion de

las estructuras celulares a las ROS, por lo que incrementa la oxidacion.

No obstante, el consumidor busca carnes “sanas” lo que se traduce en una carne
con un bajo contenido en grasa y colesterol y con una proporcién mayoritaria de
acidos grasos insaturados (Grundy y Denke, 1990; Grundy y Vega, 1988; Kris-
Etherton et al, 1988). Esto se debe a que los acidos grasos saturados se han
relacionado principalmente con el desarrollo de problemas cardiovasculares. En lo
relativo al colesterol, dado que es un componente estructural de las membranas
celulares, parece complicado reducir su concentracién en la carne. Una estrategia
diferente podria ser limitar la oxidacion que se produce de este compuesto durante el
almacenado y cocinado de la carne, ya que parece que son precisamente los 6xidos
de colesterol (COPs), que se absorben a nivel intestinal en forma de quilomicrones
(Emanuel, Hassel, Addis, Bergmann y Zavoral, 1991), los que actiian como agentes
proaterogénicos, mutagénicos, carcinogénicos y citotoxicos (Addis, Emanuel,

Bergmann y Zavoral, 1989; Guardiola, Codony, Addis, Rafecas y Boatella, 1996).

Entre todos estos efectos destaca la aterosclerosis, proceso inflamatorio cronico a
nivel de la pared arterial cuyas consecuencias clinicas (enfermedad cardiaca
coronaria y accidente cerebrovascular) son las principales causas de muerte no sdlo
en los paises desarrollados, sino también en paises con ingresos medios o bajos
(Mathers y Loncar, 2006). La etiologia de esta enfermedad es consecuencia de una
lesion en el endotelio vascular, lo que reduce su capacidad de actuar como barrera y
permite la penetracion de lipoproteinas de baja densidad (LDL) y plaquetas. A su vez
se liberan factores de crecimiento que inducen la proliferacién y migracion de células
del musculo liso subintimal hacia el endotelio en el area afectada. A esta drea del

endotelio vascular se unen los monocitos circulantes, y estos se diferencian a
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macrofagos que activan la respuesta inflamatoria y provocan la formacion de células

espumosas que conducen a la formacion de la placa de ateroma (Ross, 1986).

El inicio del proceso no se conoce a ciencia cierta, pero una de las hipodtesis
relaciona el dafo inicial con la accién de los COPs puesto que debido a sus
propiedades son capaces de aumentar la permeabilidad del endotelio vascular
(Ramasamy, Boissonneault y Hennig, 1992) permitiendo la penetracién de LDL en la
pared vascular (Boissonneault et al., 1991; Boissonneault, Hennig y Ouyang, 1991).
Ademads, los COPs inhiben la sintesis de la prostaglandina prostaciclina (PGL)
responsable de la integridad del endotelio vascular, ya que evita la formacién de
agregaciones plaquetarias (Peng, Hu, Peng y Morin, 1993). Los COPs (especialmente
el 7- cetocolesterol, el colestanetriol y el 25-hidroxicolesterol) actian como citotdxicos
(Vejux y Lizard, 2009) produciendo en el musculo liso de la pared lesiones
aterosclerdticas (Hodis et al.,, 1994; Hughes, Mathews, Lenz y Guyton, 1994; Peng,
Taylor, Hill y Morin, 1985; Taylor y Peng, 1985). Por ultimo, también se ha observado
que los COPs son capaces de modificar la funcionalidad de los receptores de
membrana de LDL, dando lugar a un incremento de la acumulacion de LDL en
macrofagos y fibroblastos (Peng et al., 1985; Smith y Johnson, 1989; Taylor, Peng ,
Werthessen, Tham y Lee, 1979; Fornas, Martinez-Sales, Camanas y Baguena, 1984;
Lorenzo, Allorio, Bernini, Corsini y Fumagalli, 1987). En consecuencia, implementar
estrategias que permitan limitar la presencia de COPs en carne podria ser

importante.

5.3 Factores que afectan a la oxidacion

Desarrollar estrategias destinadas a reducir la oxidacion de la carne exige conocer
los factores implicados. A este respecto, la oxidacion de la carne depende, por una
parte, de factores inherentes al animal y, por otra, de factores relacionados con su

manejo y procesamiento.
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5.3.1 Factores ante-mortem y perimortem

a) Genética

En monogastricos el perfil lipidico de la dieta refleja fielmente los cambios que se
producen a nivel de carne (Erickson, 2008). En el caso de los rumiantes, excepto
cuando se administran grasas protegidas “by pass”, esta relacion no es tan directa
puesto que en el rumen las bacterias ruminales provocan la biohidrogenacion
lipidica de las grasas insaturadas (Doreau y Ferlay, 1994), lo que ocasiona que la
grasa de la carne se encuentre mas saturada y que, por tanto, la carne de rumiantes
presente una menor predisposicion a sufrir procesos de oxidacion en comparacion

con la de monogastricos (Park y Addis, 1987).

Otro de los factores que aumenta la susceptibilidad de la carne a la oxidacion
lipidica es la raza. Es bien conocido que en las razas precoces la deposicion de grasa
se produce de forma mds temprana; asi, por ejemplo, Beriain et al., (2000) observaron
que, a igual tiempo de sacrificio, las ovejas de raza Lacha mostraban niveles mas
bajos de grasa intramuscular y proteina y niveles mas altos de agua que la raza Rasa
Aragonesa. Ademas, los valores de PUFA en la grasa subcutdnea fueron mas
elevados en la raza Lacha pero no en la intramuscular. En consonancia, diversos
autores (Wood et al., 2008; Fisher et al., 2000) afirman que aquellas razas o
variedades genotipicas que presentan una menor concentracion de lipidos totales en
musculo suelen poseer una proporcion de fosfolipidos mas elevada que el resto, lo
que da lugar a una carne mas rica en PUFAs y por tanto mas facilmente oxidable. Por
otro lado, dentro de la propia raza, también existen diferencias individuales, por
ejemplo, a nivel de grasa intramuscular en ovejas que presentan la mutacion A103G
en el gen que codifica para la leptina (Boucher, Palin, Castonguay, Gariepy y Pothier,

2006).

La proporcion de mioglobina en carne y, por tanto, la disponibilidad de un mayor

numero de grupos hemo, estd directamente relacionada con un mayor potencial
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oxidativo. En este sentido, diversos autores han observado que, al igual que en el
caso de la composicion quimica, el color y, por tanto, la proporcion de mioglobina de
la carne de bovino es distinto entre los diferentes tipos genéticos en funcion
principalmente de su grado de precocidad (Boccard y Bordes, 1986). Sin embargo, los
estudios de los que disponemos en ovino no han mostrado diferencias importantes
en el color de la carne entre razas precoces y tardias (Beriain et al., 2000). En cuanto a
la aptitud productiva, las razas de carne han sido seleccionadas por su muscularidad

por lo que suelen presentar un mayor desarrollo de las fibras blancas (West, 1974).

Por otra parte, aunque existen estudios en pollos y cerdos que describen
diferencias entre razas en lo que se refiere a la expresion y actividad génica de las
enzimas encargadas del mantenimiento del equilibrio antioxidante/prooxidante en
musculo (Azim y Farahat, 2009; Hernandez, Zomeno, Arino y Blasco, 2004), no se

han encontrado datos al respecto en ovino.

b) Sexo

El sexo puede influir en la proporcion de grasa y su perfil lipidico. Asi, por
ejemplo, Horcada, Beriain, Purroy, Lizaso y Chasco, (1998) encontraron que las
hembras de ovino presentaban un mayor contenido de grasa intramuscular que los
machos, sin diferencias en el perfil lipidico. Sin embargo, Safiudo et al. (1998)
observaron que las hembras presentaban en grasa subcutdnea un porcentaje de
acidos grasos insaturados superior al de los machos. Asi Tuluce y Celik (2006)
observaron que la carne de las hembras de ovino generalmente presenta una mayor
concentracion de grasa con un contenido mas elevado en PUFAs, por lo que podria

mostrar una mayor tendencia a la oxidacion .

c) Edad y peso al sacrificio

La edad y el peso al sacrificio también influyen en la oxidacion lipidica de la carne,

ya que son factores que afectan a la proporcidn, distribucion y perfil lipidico de la
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grasa. Martinez-Cerezos et al. (2002) observaron que el porcentaje de grasa se
incrementaba de manera significativa con el peso al sacrificio. Esto se debe a que, a
medida que se incrementa el peso del animal, también aumenta la proporciéon de
grasa infiltrada en musculo (Keane y Allen, 1999; Niirnberg, Wegner y Ender, 1998;
Pérez, Maino, Tomic, Mardones y Pokniak, 2002).

El aumento de peso y la edad del animal provocan un incremento del tamafio de
las fibras musculares y de la concentracién de mioglobina de las mismas (Jacobs,
Field, Botkin, Riley y Roehrkasse, 1972). En consonancia, Safiudo, Santolaria, Maria,
Osorio y Sierra (1996) encontraron que, en corderos de raza Rasa Aragonesa, los
valores de a* (carne mas roja) se incrementaban al hacerlo el peso al sacrificio. Sin
embargo, otros experimentos similares no han mostrado diferencias significativas en
los niveles de a* atribuibles al peso al sacrificio (Vergara, Molina y Gallego, 1999).
Cabe sefalar que a la corta edad y peso al cual los corderos son sacrificados en paises
mediterrdneos las diferencias en el color de la carne debido al aumento del peso del

animal podrian no ser importantes.

Un caso especial es el caso de los corderos lechales, puesto que durante este
periodo los corderos son considerados prerrumiantes y, por ello, tanto las
caracteristicas de la canal como las estrategias frente a la oxidacion que se pueden

desarrollar en este tipo de corderos deben ser especificamente estudiadas.

d) Tipo de muisculo

Los musculos oxidativos poseen un alto contenido en mioglobina (suelen
denominarse musculos rojos). Por otro lado, debido a su tipo de metabolismo,
disponen de un gran numero de mitocondrias, las cuales tienen membranas
fosfolipidicas (elevado porcentaje de PUFAs) con una mayor tendencia a la oxidacion

en comparacion con los musculos glucoliticos.
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Ademas, podrian existir diferencias en funcion del musculo en lo que respecta al
nivel de actividad de las enzimas antioxidantes endogenas, asi como en los niveles de
antioxidantes enddgenos no enzimaticos (p. €j., la vitamina E) (Devore, 1982; Renerre,
Dumont y Gatellier, 1996; Renerre, Poncet, Mercier, Gatellier y Métro, 1999). No
obstante, estos aspectos no se han estudiado en profundidad en el caso de la especie

ovina.

e) Alimentacion

La alimentacion es el factor que afecta en mayor medida a la proporcion de grasa
del animal y a su perfil de 4cidos grasos, y por tanto es uno de los factores que
genera un mayor impacto sobre la oxidacién. No obstante, a pesar de que un
incremento en la saturacion o bien una reduccién de la presencia de grasas
poliinsaturadas podria mejorar la estabilidad oxidativa de la carne, el consumo de
acidos grasos saturados se relaciona con una mayor incidencia de enfermedades
cardiovasculares (Givens, 2005) por lo que nos encontramos ante un dilema.
Actualmente parece que la solucién a este dilema seria incrementar a nivel de la
carne el contenido en acidos grasos monoinsaturados, puesto que son mucho mas
estables que los poliinsaturados (Nawar, 1996), sin ser considerados especialmente

aterogénicos o perjudiciales para la salud del consumidor (Kritchevsky, 2002).

Entre los factores relacionados con la alimentaciéon podemos destacar en primer
lugar la relacion forraje: concentrado. Una dieta rica en forraje da lugar a una carne
con un mayor contenido en PUFAs (Bessa, Portugal, Mendes y Santos-Silva, 2005;
Elmore et al.,, 2005; Enser et al., 1998) y en pigmentos heminicos (mds oscura)
susceptibles de oxidarse (Diaz et al., 2002), en relacion con la carne procedente de
animales alimentados con dietas concentradas. Sin embargo, a pesar de causar este
incremento del sustrato de oxidacién y de los catalizadores, las dietas ricas en
forrajes frescos y henos de hierba o alfalfa son particularmente abundantes en

antioxidantes, tanto vitaminicos como procedentes de fitoquimicos (carotenoides,
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flavonoides, compuestos fendlicos...) (Daly, Young, Graathuis, Moorhead y Easton,
1999; Gatellier, Mercier y Renerre, 2004, Wood y Enser, 1997), que ejercen un
importante papel estabilizador. Ademas, Gatellier et al. (2004) observaron que la
actividad de las enzimas antioxidantes superoxido dismutasa y glutation peroxidasa

se veia incrementada en animales que consumian dietas basadas en pasto.

Puede existir, ademas, cierta relacion entre el consumo de fenoles y el grado de
biohidrogenacion de los acidos grasos insaturados en rumen, de manera que el
consumo de compuestos fendlicos parece incrementar la deposicién de acidos grasos

insaturados (Vasta et al.,2009).

El empleo de suplementos lipidicos con un elevado porcentaje de acidos grasos
insaturados también puede modificar el perfil de acidos grasos, aunque en menor
magnitud que en especies monogastricas (Wood et al., 2004). En este sentido, en
corderos lechales es relativamente sencillo modificar el perfil de acidos grasos a

través de la alimentacion.

A pesar de ello Osorio, Zumalacarregui, Cabeza, Figueira y Mateo (2008)
observaron que debido a la riqueza en antioxidantes incluidos en los
lactorremplazantes comerciales (habitualmente BHT y vitamina E) la carne de los

corderos sometidos a lactancia artificial tenia una mayor estabilidad oxidativa.

Existe un gran namero de estudios que indican que la oxidacién lipidica en carne
y productos derivados puede ser controlada o minimizada mediante la inclusion de
antioxidantes (p. ej., vitamina E) en la racion de los animales (Cannon et al., 1996;
Jensen et al., 1998; Kasapidou et al., 2012; Liu et al., 1995; Ripoll, Joy y Mufioz, 2011).
A este respecto, existen estudios sobre las propiedades antioxidantes del romero
incluido en la racion de animales de produccion en forma de hojas de romero o bien
como subproductos de dicha planta, en los que se han observado mejorias en la

calidad y vida util de carne en pavo y pollo (Botsoglou, Govaris, Giannenas,
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Botsoglou y Papageorgiou, 2007; Botsoglou et al., 2002), ternera (O'Grady et al., 2006)
y cordero (Nieto, Estrada, Jordan, Garrido y Bafion, 2011; Nieto et al., 2010; Bafion,
Méndez y Almela, 2012; G. Nieto et al., 2008; Mofiino et al., 2008).

A su vez la administracion de un destilado obtenido a partir de hojas de romero a
ovejas lactantes provoco una mayor estabilidad del indice de rojo (a*) en la carne de
corderos lechales, una reduccion de la presencia de metamioglobina tras 14 dias de
almacenamiento (Nieto et al., 2010) y una reduccion de flavores relacionados con el
enranciamiento (Nieto et al., 2011). Dichos efectos sobre el estatus antioxidante y la
calidad de la carne han sido tradicionalmente atribuidos a los componentes de mayor
actividad antioxidante in vitro del romero: el dcido carnosico y el dcido rosmarinico
(Frankel, Huang, Aeschbach y Prior, 1996). En la actualidad se sabe que el acido
carnosico (Figura 4) es el compuesto que contribuiria en mas del 90% a la capacidad
antioxidante de esta planta (Erkan, Ayranci y Ayranci, 2008). Ademads, se ha
comprobado que el principal compuesto fendlico acumulado en carne tras el
consumo de romero es el acido carnosico (Monino et al., 2008). Por tanto, es ldgico
pensar que la mejora de la estabilidad oxidativa de la carne observada en animales
alimentados con romero se deba a la acumulacion de este compuesto a nivel
muscular. No obstante, es importante tener en cuenta que la concentracion de
antioxidantes naturales varia dentro de la planta y entre diferentes plantas de la
misma especie, sobre todo en funcion de las condiciones ambientales en las cuales se
han desarrollado (Munné-Bosch, Mueller, Schwarz y Alegre, 2001). Por tanto, dado
que los estudios existentes han empleado hoja de romero o diversos subproductos en
la alimentacion de los animales, es preciso llevar a cabo estudios encaminados a
cuantificar la cantidad de acido carnodsico dptima que hay que incluir en la racién de

los animales para conseguir el efecto deseado a nivel de la carne.
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Figura 4: Estructura quimica del acido carnésico.

Por ultimo, merece la pena sefialar que la suplementacion con hojas de romero
parece limitar el deterioro debido a la contaminacion microbiana de la carne (Bafion
et al., 2012; Nieto et al, 2010), efecto que algunos autores atribuyen a los
componentes antioxidantes de origen fenolico (Raccach, 1984) y otros al contenido en
antimicoticos y antimicrobianos como a-pineno, bornilacetato, alcanfor y 1,8-cineol

(Pintore et al., 2002; Daferera, Ziogas y Polissiou, 2000).

f) Bienestar animal: estrés y manipulacion pre-sacrificio

El manejo de los animales previo al sacrificio (condiciones de transporte y manejo
o tipo de sacrificio) puede tener importantes repercusiones sobre la vida util de la
carne y el enranciamiento en los productos carnicos derivados (Juncher et al., 2001;
Juncher et al.,, 2003). Diversos estudios, principalmente en la especie porcina,
demuestran que factores cercanos al sacrificio como el manejo de los animales
(Terlouw, 2005), la duracién y densidad de animales durante el transporte (Mota-
Rojas et al., 2006) afectan al estrés sufrido por los animales y, por tanto, a diversos
parametros relacionados con la calidad de la carne (pH, CRA...). De la misma forma,
Linares, Berruga, Bornez y Vergara (2007) y Sanchez y Alfonso (1998) demostraron
que la manipulacién y la técnica de aturdimiento utilizada para el sacrificio pueden

modificar la estabilidad oxidativa en carne de cordero.
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El estrés que sufren los animales durante el sacrificio estd directamente
relacionado con niveles de oxidacion de la carne mas altos (McClelland, 2004) y, por
tanto, con una menor calidad de carne (Neville, 1999). De hecho, las condiciones que
rodean al sacrificio, como el estrés, afectan de manera importante a la evolucién del
pH tras el sacrificio (Caneque y Safiudo, 2005), presentandose en ocasiones dos tipos
de carne poco aceptables para el consumo: las carnes PSE (pale, soft and exudative) y las
DFD (dark, firm and dry), las primeras se producen en el sacrificio de animales de la
especie porcina, concretamente en animales que han sido estresados previamente al
sacrificio, dando lugar a una glucolisis postmortem acelerada que hace descender
demasiado rapido el pH y origina carnes palidas, blandas y exudativas, mas
susceptibles de sufrir altos grados de oxidacion lipidica (O'Neill et al., 2003). Por el
contrario, las carnes DFD (dark, firm and dry) son obtenidas de animales que han
realizado grandes esfuerzos o ejercicio previamente al sacrificio, por lo que los
niveles de glucolisis postmortem son tan bajos que se produce muy poco acido
lactico, originando un pH final elevado que da lugar a carnes oscuras, duras, secas y
facilmente colonizables por microorganismos, aunque muy resistentes a la oxidacion

(Ahn, Nam, Du y Jo, 2001).

El método de aturdimiento por el cual los animales han sido sacrificados también
ha mostrado diferencias en lo que al estado oxidativo de la carne se refiere. Asi, en
corderos aturdidos con CO2 en comparacion con otros métodos habituales, se obtiene
una carne con una vida util mas larga, seguramente debido a que se provoca una
hipoxia en los tejidos y, por tanto, la menor presencia de oxigeno retrasa el proceso

oxidativo (Linares et al., 2007).

5.3.2 Factores post-mortem

Como se senald anteriormente, los cambios bioquimicos producidos tras la
conversion del musculo en carne provocan un desequilibrio en la balanza

prooxidantes/antioxidantes, a favor de los primeros (Morrissey et al., 1998; Morrissey
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y Kerry, 2010). Ademads, otros aspectos como, por ejemplo, la manipulacion
postmortem, asi como el periodo y las condiciones de almacenamiento influyen de
manera muy importante en los niveles de oxidacion lipidica de la carne (Liu et al,,

1995), tal y como se expone a continuacion.

a) Procesado de la carne

Procesos como el deshuesado, fileteado, troceado o picado incrementan la
superficie de exposicion de la carne al oxigeno y, por tanto, los niveles de oxidaciéon

lipidica durante el almacenamiento (Decker y Xu, 1998).

b) Exposicion a la luz

De la misma forma, un alto nivel de exposicion a la luz durante el almacenado
también parece ser un factor que afecta a la calidad de la carne debido al efecto de
foto-oxidacién (Luby, Gray, Harte y Ryan, 2006), especialmente a nivel de la
superficie mas expuesta (Hur, Park y Joo, 2007). Por tanto, la simple utilizacion de
una barrera que limite la exposicion a la luz, como el papel de aluminio, ayuda a
prevenir la oxidacion de la carne (Hur et al., 2007). De la misma forma, la irradiacion
con luz UV o rayos y como tratamiento para inhibir la proliferaciéon microbiana en
carne y derivados aumenta la oxidacion lipidica puesto que genera radicales e iones,
principalmente por fotolisis de agua (Hwang y Maerker, 1993a; Hwang y Maerker,
1993b; Maerker y Jones, 1993). Por esta razon, no es un tratamiento recomendado

cuando el objetivo final es reducir los niveles de oxidacién lipidica.

¢) Envasado

Las condiciones de envasado durante el almacenamiento son claves en el nivel de
oxidacion final que alcanza la carne. En este sentido, diversas metodologias de
envasado que reducen tanto la disponibilidad de oxigeno en contacto con la carne
como su exposicion a la luz pueden limitar la oxidacion de la carne y alargar su vida

util. El envasado al vacio es el sistema mas efectivo en el control de la oxidacion
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lipidica puesto que elimina por completo la presencia de oxigeno en contacto con la
carne, limitando la aparicion de éxidos lipidicos (Berruga, Vergara y Gallego, 2005) y
COPs, tanto en carne cruda como cocinada (Conchillo, Ansorena y Astiasaran, 2003;
Conchillo, Ansorena y Astiasardn, 2005). Sin embargo, es menos util que las
atmosferas modificadas en el control de la contaminacion microbiana (Berruga et al.,

2005).

El almacenamiento de la carne en atmédsferas modificadas (MAP) suele realizarse
en presencia de oxigeno, llegando a un 60% en el caso de la carne de ternera con el
fin de mantener la mioglobina en su estado de oximioglobina, que aporta un color
rojo brillante a la carne, atractivo para el consumidor que adquiere el producto
(Jeremiah, 2001). Sin embargo, estudios posteriores han demostrado que en el caso de
la carne de cordero se pueden utilizar altas proporciones de CO: y bajas proporciones
de O: manteniendo un color aceptable (Vergara y Gallego, 2001). Este tipo de
atmosferas con bajos porcentajes de oxigeno permiten evitar los problemas derivados
de la utilizacién de MAP ricas en Oz, que incrementan la oxidacion lipidica. A su vez
este tipo de atmdsferas suelen tener en su composicion CO:y N2 que actian como
inhibidores del crecimiento bacteriano, haciendo de este tipo de envasado un sistema
muy eficaz para limitar las dos causas principales del acortamiento de la vida util

(Berruga et al., 2005).

d) Temperatura de almacenado

Por otra parte, la temperatura de almacenamiento es un factor clave en el
desarrollo de la oxidacion lipidica. De hecho, Nawar (1996) confirmé que existe una
clara relacion entre temperatura de almacenamiento e incremento de reaccion de las
ROS sobre los lipidos. Experimentos realizados con salchichas demostraron que la
presencia de COPs era significativamente mds baja cuando este producto se
almacenaba a 4° C en comparacion con las que se habian mantenido a 15°C (Wang,

Jiang y Lin, 1995; Maca, Miller, Bigner, Lucia y Acuff, 1999). Ademas, Conchillo et al.,
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(2005) demostraron que los niveles de COPs eran significativamente inferiores en
carne almacenada congelada que en carne almacenada refrigerada. Por tanto, la
congelacion seria el proceso que mas ralentiza la peroxidacion lipidica (Eun, Boyle y
Hearnsberger, 1994), siendo un método muy utilizado para alargar la vida util de la
carne. Sin embargo, es importante tener en cuenta que en el proceso pueden aparecer
cristales de hielo que, al romper la integridad de la fibra muscular, incrementan la
actuacion de los posibles oxidantes una vez descongelada (Martino y Zaritzky, 1988),

por lo que en este caso es recomendable un consumo rapido.

e) Cocinado

Por ultimo, hay que destacar los procesos de cocinado, que incrementan
drasticamente los niveles de oxidacion lipidica en carne y que pueden dar lugar al
desarrollo de flavores de precalentado, denominados “warmed-over flavor” (WOF),
cuando se almacena la carne cocinada en refrigeracion (Tims y Watts, 1958). Esto se
debe principalmente a que el tratamiento térmico provoca rupturas que permiten
una mayor actuacion del oxigeno (Igene, Yamauchi, Pearson, Gray y Aust, 1985), la
desnaturalizacion de las proteinas y, por tanto, la desactivacion de la posible
actividad antioxidante a nivel enzimatico (Lee, Mei y Decker, 1996; Mei, Crum y
Decker, 1994). Ademas, el periodo de coccion y la temperatura maxima alcanzada
afectan a los niveles de liberacion de hierro cataliticamente activo de los pigmentos
heminicos, que acttia como prooxidante (Chen, Pearson, Gray, Fooladi y Ku, 1984).
Asi, en periodos de coccién largos con un calentamiento lento se ha visto un
incremento de los niveles disponibles de hierro libre oxidable frente a los periodos de
coccidn cortos, caracterizados por un calentamiento rdpido. Por tanto la estabilidad
oxidativa de la carne en periodos de coccidon largos es menor. En el caso de la
temperatura maxima alcanzada, cuanto mas exceda ésta de los 70°C mas alta sera la
disrupcion de hidroperdxidos en radicales libres y, por tanto, mas elevados los

niveles de oxidacion lipidica (Kanner, 1994).
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El cocinado es un factor de gran importancia a nivel de oxidacién del colesterol
puesto que puede incrementar hasta 10 veces la concentracion de COPs en la carne
(Morgan y Armstrong, 1992; Paniangvait, King, Jones y German, 1995; Park y Addis,
1985). Como se ha comentado con anterioridad los niveles de estos productos de
oxidacion previamente al cocinado son muy bajos y, en muchos casos, inexistentes,
pero las condiciones de tiempo-temperatura y el método de cocinado influyen sobre
los niveles finales de oOxidos de colesterol en carne. Asi, Park y Addis (1986)
observaron como los niveles de 7-cetocolesterol se incrementaban de manera lineal
con el tiempo de calentamiento pero no con la temperatura. Ademads, Nourooz-
Zadeh y Appelqvist (1989) observaron cdmo en corteza de cerdo sometida a fritura a
170°C se detectaban unicamente 7a y 7B-hidroxicolesterol mientras que al elevar a
200°C la temperatura aparecian 5,6 «-epoxicolesterol, 7-cetocolesterol y 25-
hidroxicolesterol. Respecto al tipo de cocinado, Gil (2002) demostré que la cantidad
de oxisteroles en carne de cerdo cocinada a la plancha era significativamente inferior
a la cuantificada en muestras sometidas a coccion o a asado en horno, seguramente

debido a que los ultimos tratamientos necesitan un periodo de cocciéon mas largo.
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OBJETIVOS




El objetivo general de este trabajo ha sido estudiar el efecto de la inclusion en la

dieta de 4cido carnodsico sobre el bienestar animal y la calidad de la carne de cordero.

De forma mas precisa enumeramos a continuacion los objetivos concretos:

-. Estudiar el efecto de la inclusion de acido carnodsico en la dieta de corderos sobre

parametros relacionados con la respuesta inmune.

-. Determinar si el efecto antioxidante del dcido carndsico incluido en la dieta de
corderos protege a los animales frente al estrés oxidativo provocado como

consecuencia del transporte o de la utilizacién de dietas altamente acidogénicas.

-. Determinar si la inclusion de &cido carnésico en la dieta de corderos mejora la

estabilidad oxidativa de la carne.

-. Estudiar el efecto de la inclusion de acido carnodsico en la dieta de corderos sobre

la vida util de la carne (color y microbiologia).
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ARTICLE INFO ABSTRACT
Article history: Thirty-two Merino lambs were fed barley straw plus a concentrate alone (CONTROL) or
Received 5 August 2011 concentrate enriched with vitamin E (0.6 g/kg of concentrate, VITEOO6) or with one of

Received in revised form 18 January 2012 two amounts of carnosic acid (0.6 g/kg of concentrate CARNOO6; 1.2 g/kg of concentrate,

Accepted 20 January 2012 CARNO12). Effects of these antioxidant compounds on the immune response, stress during
road transport, and gut microbiota were assessed. After 7 weeks of being fed the experi-
. mental diets, blood samples were taken to measure blood lymphocyte subpopulations by
Keywords: . . .
Carnosic acid flow cytometry and interferon-gamma (IFN-vy) production; then, all lambs were subjected
Vitamin E to a 4-h transportation-stress period to study the evolution of haematological and biologi-
Immune response cal parameters during road transport. Finally, rumen and faeces samples were collected to
Welfare study microbial diversity. Carnosic acid promoted changes in the faecal bacterial commu-
Oxidative stress nity (P<0.001), whereas vitamin E enhanced IFN-y production (P<0.05) and reduced tissue
Gut microbiota damage (creatine phosphokinase, P<0.05) during road transport. Consequently, vitamin E

showed some immunological properties and protection against tissue damage during road
transport. This may contribute towards improving the welfare of these animals. Changes
in the faecal bacterial community promoted by carnosic acid might be related to changes
in the chemical composition of the meat. No immunological properties were observed for
carnosic acid, and no changes in the feacal or ruminal bacterial communities were observed
when vitamine E was supplemented to fattening lambs.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

An increasing number of consumers desire meat produced from animals reared according to high welfare standards. This
growing demand has led to the search for natural compounds and additives of vegetable origin that may benefit animal
health when supplied at low concentrations in the diet (Galyean et al., 1999; Wistuba et al., 2005). In this context, special
attention has been paid to rosemary (Rosmarinus officinalis L.), a herb that grows in southern Europe and which is widely
used as a flavouring and medicinal plant around the world. The bioactive properties of this herb have been attributed to
phenolic compounds present in rosemary plants (Hernandez-Hernandez et al., 2009). Carnosic acid, a phenolic diterpene

Abbreviations: BW, body weight; bp, base pairs; CPK, creatine phosphokinase; EDTA, ethylene diamine tetraacetic acid; HPA, hypothalamic-pituitary-
adrenal axis; IFN-vy, interferon-gamma; LDH, lactate dehydrogenase; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume;
OD, optical density; PCA, principal components analysis; PHA, phytohaemagglutinin; PBSS, phosphate buffered saline solution; Prostaglandin E2, PGE;;
RBC, red blood cells; TRFs, terminal restriction fragments; T-RFLP, terminal restriction fragment length polymorphism; ROS, reactive oxygen species; WBC,
white blood cells.

* Corresponding author. Tel.: +34 987 317 156; fax: +34 987 317 161.

E-mail address: sonia.andres@eae.csic.es (S. Andrés).

0377-8401/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.anifeedsci.2012.01.010

72


dx.doi.org/10.1016/j.anifeedsci.2012.01.010
http://www.sciencedirect.com/science/journal/03778401
http://www.elsevier.com/locate/anifeedsci
mailto:sonia.andres@eae.csic.es
dx.doi.org/10.1016/j.anifeedsci.2012.01.010

178 L. Mordn et al. / Animal Feed Science and Technology 173 (2012) 177-185

that exhibits a considerable free-radical scavenging capacity (Rice-Evans et al., 1997), is an antioxidant that can be extracted
from rosemary.

Feeding phenolic compounds to animals could be advantageous to welfare through reducing the deleterious effects of
reactive oxygen species (ROS) on the highly reactive cells of the immune system, so phenolic compounds may have beneficial
effects on certain inflammatory and immune parameters, particularly under oxidative stress conditions (Carroll and Forsberg,
2007; Hamer, 2007). Consequently, the administration of carnosic acid is of interest for animals whose immune response
is stressed by high metabolic rates or other conditions (e.g., road transport) associated with intensive production systems.
This in turn could reduce the need for antibiotics (either used in a prophylactic or therapeutic way) and decrease the risk of
bacterial antibiotic resistance (Call et al., 2008).

Phenolic compounds also can modify gut microbiota, resulting in changes of the ruminal bacterial metabolism (Lépez-
Campos et al., 2010), less diarrhoeal incidence (Hara et al., 1995) or less obese individuals (Ley et al., 2006; Turnbaugh et al.,
2006).

The objective of this study was to test whether carnosic acid had beneficial effects when included in a high concentrate
fed to fattening lambs. Effects of carnosic acid on immune response (interferon-gamma production, blood lymphocytes
populations) were measured. Also, changes in haematological and biochemical parameters related to the fatigue of animals
when stressed by road transport. Microbial diversity of ruminal contents and faeces were studied. Vitamin E (a frequently
used antioxidant) was included as a positive control.

2. Material and methods
2.1. Animals and diets

Two weeks before commencement of the trial, 32 male Merino lambs were treated with ivermectin (Ivomec, Merial Labs,
Barcelona, Spain) and vaccinated against enterotoxaemia (Miloxan, Merial Labs, Barcelona, Spain).

After stratification on the basis of body weight (average body weight (BW), 15.2 4 0.75 kg), the lambs were allocated ran-
domly to four different groups: a control group (CONTROL), a group fed vitamin E (a-tocopheryl acetate) at a rate of 0.6 g/kg
of concentrate (VITE0O06, equivalent to 900 IU/kg of concentrate), a third group fed a single dose of carnosic acid (0.6 g/kg
of concentrate, CARNOOG) of carnosic acid (Shaanxi Sciphar Biotechnology Co., Ltd., Xi'an, China; carnosic acid 470 g/kg dry
matter (DM), FAD 12.65 g/kg DM, ash 16.13 g/kg DM) and a fourth group fed a double dose of carnosic acid (1.2 g/kg of con-
centrate, CARNO12). Animals were then penned individually. All handling practices followed the recommendations of the
European Council Directive 86/609/EEC for the protection of animals used for experimental and other scientific purposes,
and all animals were able to see and hear other lambs.

The basal diet was composed of concentrate (50% barley, 20% soybean meal, 15% maize, 8% wheat, 4% molasses and
3% mineral premix; chemical composition: dry matter 888 g/kg, crude protein (CP) 178 g/kg DM, neutral detergent fibre
(NDF) 134 g/kg DM, and ash 56 g/lkg DM) and barley straw (DM 913 g/kg, CP 35 g/kg DM, NDF 757 g/kg DM, ash 55 g/kg
DM). After 7 days of adaptation to the basal diet all of the lambs were fed barley straw plus corresponding concentrate feed
no supplemented (CONTROL group) or supplemented with either vitamin E or carnosic acid for 7 weeks. The concentrate
(35g/kg BW/day) and forage (200 g/day) were weighed and supplied in separate feeding troughs at 9:00 am every day, and
fresh drinking water was always available. The orts (<5% of the total diet) were weighed daily, and ort samples (concentrate
and barley straw refused) were collected for subsequent analyses after mixing all of the concentrate or barley straw refused
by each animal after a week.

2.2. Determination of blood lymphocyte subpopulations by flow cytometry

In order to quantify blood populations of CD4 and CD8*-lymphocytes, a single colour flow cytometric analysis was
performed after 7 weeks of being fed the experimental diets. Blood samples were collected by jugular venipuncture into
10 ml vacutainers containing ethylene diamine tetraacetic acid (EDTA) as anticoagulant, then immediatly carried to the
laboratory. Briefly, 100 .l of blood were incubated for 20 min at 4 °C with ovine CD4 specific antibody (clone 17D1, VMRD,
Washington, USA) or ovine CD8 specific antibody (clone VPM31, Serotec, UK) at a 1:100 dilution. Then, 1 ml of BD FACS Lysing
Solution (BD, California, USA) was added and incubated at room temperature for 5min, washed twice with phosphate
buffered saline solution (PBSS, Sigma-Aldrich. Missouri. USA) and then re-incubated for 20 min at 4°C in the dark with
100 I fluorescein isothiocyanate (FITC) conjugated rabbit antimouse immunoglobulin (Dako, Glostrup, Denmark) diluted
1:50. After two further washes in PBSS, cells were fixed in 4% paraformaldehyde solution and kept at 4 °C until analysis
on a FACScan flow cytometer (BD, California, USA) equipped with CellQuest software (BD, California, USA). Results were
expressed as the percentage of positive stained cells in sample populations of 10 000 individual cells.

2.3. Interferon-gamma (IFN-y) production assay
At the end of the experiment, the peripheral cellular immune response was assessed by an assay for the determination

of IFN-y production. Four 1.4 ml aliquots of each blood sample were dispensed in each of four 1.5 ml Eppendorf safe-lock
tubes. Each aliquot of blood was mixed with 100 .l of either sterile PBSS (negative control) or 100 .l of phytohaemagglutinin
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(PHA, Sigma-Aldrich. Madrid. Spain) dissolved in sterile saline solution (1 mg/ml). Blood cultures were incubated for 20 h at
37°Cin a humidified atmosphere. After centrifugation of the tubes, plasma harvested from on top of the sedimented blood
cells was stored at —20°C until analysed. The plasma samples then were assayed in duplicate for IFN-y using a commercial
bovine enzyme immunoassay kit (Bovigam, Prionics AG, Zurich, Switzerland) that reacts with ovine IFN-v, according to the
manufacturer’s instructions. The optical density (OD) results were transformed to an index value by division of the mean OD
of the plasma from the phytohaemagglutinin-stimulated blood by the mean OD of the same plasma incubated with sterile
PBSS (negative control).

2.4. Stress induction and blood sampling

Road transportation was used as a quantifiable source of stress (Averoés et al., 2009). All animals were subjected to a
4 h-transportation period, at a space allowance of 0.30 m2 per animal in a truck with a non-slip metal floor that was covered
with straw bedding. Before the road transport (LOAD) and immediately after the 4 h-transportation period (UNLOAD) blood
samples were collected by jugular venipuncture into two 10 ml vacutainers containing either no anticoagulant or EDTA.
Biochemical (cortisol, glucose, creatine phosphokinase (CPK) and lactate dehydrogenase (LDH)) and haematological analyses
were performed as explained by L6pez-Campos et al. (2010).

2.5. Characterisation of microbial diversity in ruminal contents and faeces

Terminal restriction fragment length polymorphism (T-RFLP) is a technique used to rapidly distinguish bacterial commu-
nities based on the size of the terminal fragments of 16S rRNA genes following restriction endonuclease digestion. Samples
of ruminal contents and faeces were collected in aseptic flasks, immediately frozen at —80°C and then freeze-dried. The
DNA was extracted and purified using the commercial QIAamp® DNA Stool Mini Kit (Qiagen Ltd., Crawley, UK) and stored
at —20°C until analysis for microbial diversity by T-RFLP of genes encoding 16S rRNA (Liu et al., 1997).

Briefly, a fragment of the 16S rRNA gene was amplified by PCR using bacterial universal primers (Hongoh et al., 2003),
including a fluorescein-labelled forward primer (FAM-AGAGTTTGATCCTGGCTCAG; CTTGTACACACCGCCCGT). Fluorescence-
labelled PCR products were purified using the GFX PCR DNA kit and Gel Band Purification (GE Healthcare, Roosendaal,
Netherlands). Then, the DNA was quantified and 100 ng of each sample was subjected to a restriction reaction with enzyme
Haelll (Takara Bio Inc., Otsu, Shiga, Japan) for 12h at 37°C. Fluorescence-labelled terminal restriction fragments (TRF)
were analysed by capillary electrophoresis on an automatic sequence analyser Megabace 500 (GE Healthcare, Roosendaal,
Netherlands) with internal Et-ROX-labelled DNA size standards (Amersham Biosciences, Fairfield, CT, USA).

2.6. Statistical analyses

Feed intake and immunological parameters were subjected to analysis of variance using the GLM procedure of the SAS
package (SAS, 1999), according to the model:

Y,-j=m+T,-+e,-j,

where Yj; = observation mean (j=1-8), it = the overall mean, T; = the fixed effect of the treatment (i = 1-4: CONTROL, VITEOOG,
CARNOO06, CARNO12) and e;; = the random error.

Data corresponding to biochemical and haematological parameters related to stress during road transport were analysed
as a repeated measures design using the MIXED procedure of SAS with treatment, according to the following model:

Yij =m-+ T,‘ +A(T)jj + Sk + Cijk s

where Yj;=observation mean, u=the overall mean, T;=the fixed effect of the treatment (i=1-4: CONTROL, VITEOOG,
CARNO06, CARNO12), A(T);; = the random effect of the animal (j=1-8) nested to the treatment, S =the fixed effect of sam-
pling time (k= 1-2: LOAD and UNLOAD), (TxS); = the interaction between treatment and sampling time, and e;j; = the random
error. In all analyses different covariance matrixes were evaluated on the basis of Schwarz’s Bayesian information model fit
criteria. Least square means were generated and separated using the PDIFF option of SAS for main or interactive effects, with
the level of significance being determined at P<0.05. Polynomial (linear and quadratic) contrasts for CONTROL, CARNOOG6
and CARNO12 groups and an orthogonal contrast (CONTROL vs. VITEO06) were performed using the GLM procedure of SAS.
Finally, the T-RFLP data (matrix showing the relative height of the peaks, i.e., the relative presence of bacterial species)
obtained for each ruminal and faecal sample were analysed by principal components analysis (PCA), using the FACTOR
procedure of SAS. Scores for the faecal samples obtained for principal components 1 and 2 were also subjected to one way
analysis of variance with the animal nested to the treatment as residual error.

74



180 L. Mordn et al. / Animal Feed Science and Technology 173 (2012) 177-185

Table 1
Effects of carnosic acid (0.6 and 1.2 g/kg concentrate) and vitamin E (0.6 g/kg concentrate) added to the diet of fattening lambs on dry matter (DM) intake,
average daily gain (ADG) and feed to gain ratio (FC).

CONTROL CARNOO6 CARNO12 VITEO06 Sed P-value Lin? QuaP Oort¢
Concentrate DM intake (g/day) 631 617 623 627 18.7 0.912 0.669 0.549 0.842
Straw DM intake (g/day) 37.3 34.2 36.2 44.7 9.58 0.715 0.678 0.185 0.450
ADG (g/day) 222 200 215 206 18.0 0.691 0.862 0.203 0.430
FC (g/g) 29 3.1 29 3.0 0.206 0.566 0.907 0.744 0.339

aLin and PQua =linear and quadratic contrasts (CONTROL, CARNOOG, CARNO12).
¢ Ort=orthogonal contrast (CONTROL vs. VITE0O6).

Table 2
ELISA index for I[FN-y production and lymphocytes counts obtained by flow cytometry in not supplemented fattening lambs (control) or supplemented
either with carnosic acid (0.6 and 1.2 g/kg concentrate) or vitamin E (0.6 g/kg concentrate).

CONTROL CARNOO6 CARNO12 VITEO06 Sed P-value Lin? Qua® Ort¢
CD4* (%) 18.8 229 22.8 25.7 2.82 0.144 0.176 0.393 0.025
CD8* (%) 23.8 21.1 16.3 15.5 4.01 0.241 0.186 0.817 0.069
CD4*/CD8* 0.97 1.30 1.25 1.92 0.309 0.068 0.387 0.481 0.012
IFN-y 2.29° 2.46° 2.24b 7.06% 1.897 0.042 0.935 0.691 0.018

aLin and PQua =linear and quadratic contrasts (CONTROL, CARNOOG, CARNO12).
¢ Ort=orthogonal contrast (CONTROL vs. VITEO06).

3. Results
3.1. Intake, average daily gain (ADG) and feed-to-gain ratio (FC)

Table 1 summarises the production parameters of the lambs. There were no differences between the groups in terms
of concentrate (P=0.912) or barley straw (P=0.715) intake. The body weight gain was not affected by the dietary treatment
either (P=0.691 and 0.566 for average daily gain and feed to gain ratio, respectively).

3.2. Determination of lymphocyte subpopulations by flow cytometry

The characterisation of lymphocytes obtained by flow cytometry in the lambs of the present study is summarised in
Table 2. Higher percentages were detected in the VITEOO6 group for CD4* lymphocytes (orthogonal contrast CONTROL vs.
VITE006 P=0.025), whereas CD8* percentages were numerically lower when compared to the CONTROL group. Consequently,
a trend towards significance in the CD4*/CD8* ratio (P=0.068) was found between the VITEO06 and CONTROL lambs, which
became more apparent when the orthogonal contrast was performed (P=0.012).

3.3. IFN-y production

The results of IFN-y production, a major cytokine mediator secreted by activated CD4* helper T cells of the Th1 (cell
mediated) immune response, are presented in Table 2. Vitamin E supplementation in fattening lambs enhanced the produc-
tion of IFN-y when phytohaemagglutinin (PHA) was added to the blood (P=0.042), whereas none of the carnosic acid groups
was different from the CONTROL.

3.4. Evolution of haematological and biochemical parameters during road transport

Tables 3 and 4 summarise the changes in red (RBC) and white blood cell (WBC) counts, respectively, in the lambs as a con-
sequence of road transport. Before road transport, the linear (P=0.026) and orthogonal (P=0.012) contrasts revealed greater
haematocrit for the lambs fed carnosic acid or vitamin E when compared to the CONTROL group, respectively (Table 3).
Moreover, the size of erythrocytes (mean corpuscular volume (MCV)) was larger (P<0.05) and the haemoglobin concentra-
tion (mean corpuscular haemoglobin concentration (MCHC)) was lower (P<0.05) in two antioxidant groups (CARNO12 and
VITEOO6) compared to the CONTROL lambs (Table 3).

Amongst WBC, lower values of lymphocytes (P<0.05) were found in the VITEOO6 group compared to the groups fed
carnosic acid before the road transport; the CONTROL lambs showed intermediate values (Table 4). The differential counts
of WBCs were modified after the road transport, where higher monocyte counts (P<0.05) were found in the VITEO06
and CARNO12 groups when compared to the CONTROL. Likewise, granulocyte counts were increased (P<0.001) whereas
a decrease in lymphocyte counts (P<0.001) was detected in all of the groups.

The evolution of biochemical parameters during road transport is summarised in Table 5. No effect of the diet on cortisol
levels was detected before or after road transport. Likewise, the serum glucose concentration was not affected by dietary
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Table 3
Evolution of red blood cells parameters during road transport in not supplemented fattening lambs (control) or supplemented either with carnosic acid
(0.6 and 1.2 g/kg concentrate) or vitamin E (0.6 g/kg concentrate).

CONTROL CARNO0O6 CARNO12 VITE006 Lin? QuaP ort¢ RSDd P-value®
D T DxT
Red blood cells (106/mm?)
Load 7.83 8.05 7.82 7.82 0.991 0.453 0.992 0.666 0.820 0.036 0.713
Unload 8.06 8.16 7.94 8.32 0.741 0.611 0.452
Haematocrit (%)
Load 29.8 315 324 32.7 0.026 0.733 0.012 2.80 0.135 0.002 0.436
Unload 323 33.0 333 353 0.602 0.933 0.078
MCHC (pg)
Load 35.3b 32.52 32.12 31.32 <.0001 0.027 <.0001 1.36 <.0001 0.009 0.127
Unload 33.4b 32.12 31.52 31.22 0.039 0.645 0.008
MCV (wm?)
Load 38.22 39.8% 41.4> 4120 0.005 0.948 0.005 2.10 0.024 0.052 0.261
Unload 40.1°4 39.9? 41.9% 41.8b 0.170 0.240 0.124

aLin and PQua =linear and quadratic contrasts (CONTROL, CARN0O06, CARNO12).

¢ Ort=orthogonal contrast (CONTROL vs. VITE006). MCHC: mean corpuscular haemoglobin concentration; MCV: mean corpuscular volume.

d RSD =residual standard deviation comparing all the possible combinations between diets or times.

¢ P-values for diet (D), time (T) and their interaction (D x T); Different superscripts in the same row or column indicate statistical differences (P<0.05)
between diets or times.

treatment either (P>0.05). Regarding creatine phosphokinase, all of the antioxidant groups showed a trend (P=0.081) towards
alower concentration after road transport (UNLOAD) when compared to the CONTROL group, especially in the VITEOO06 group,
where the effect became more apparent when the orthogonal contrast was calculated (CONTROL vs. VITEO06; P=0.017;
Table 5). Lactate dehydrogenase, another indicator of tissue damage (Jiang and Ames, 2003), numerically was slightly lower
for the VITEOO6 and CARNO12 groups after road transport.

3.5. Microbial diversity in the rumen and faeces

Similar to results of Ley et al. (2006), variability was high in the microbial diversity of individual faecal samples (Fig. 1).
However, the principal component analysis of the T-RFLP data in the present study highlighted two clusters in the bacterial
community of the faeces of fattening lambs that were correlated with carnosic acid consumption (Fig. 1). In fact, the scores
for the first principal component (PC1) were different (P<0.001) when CARN006 and CARNO12 groups were compared to
CONTROL and VITEQO6 groups (Table 6), thus indicating that the discrimination observed in Fig. 1 was due to the PC1 scores

Table 4
Evolution of white blood cells parameters during road transport in not supplemented fattening lambs (control) or supplemented either with carnosic acid
(0.6 and 1.2 g/kg concentrate) or vitamin E (0.6 g/kg concentrate).

CONTROL CARNOO6 CARNO12 VITEOO6 Lin? QuaP® Ort¢ RSD¢ P-value®
D T DxT
White blood cells (103/mm?3)
Load 10.32b 10.7° 10.9° 8.82 0.395 0.937 0.046 1.51 0.037 0.327 0.671
Unload 10.22b 9.92b 10.7° 8.8 0.646 0.486 0.111
Granulocytes (10°/mm?)
Load 3.84 3.89 431 3.48 0.162 0.531 0.255 0.677 0.061 <0.001 0.705
Unload 4.06 4.59 493 4,01 0.044 0.692 0.958
Lymphocytes (103 /mm?3)
Load 5.62P 6.13> 5.64> 4.38?2 0.968 0.283 0.026 0.914 0.011 <0.001 0.085
Unload 5.17° 4.40% 4.44% 3.712 0.154 0.374 0.003
Monocytes (10%/mm?)
Load 0.70? 0.812> 0.96b¢ 0.842> 0.004 0.791 0.108 0.206 0.003 0.005 0.040
Unload 0.682 0.852> 1.164 1.04¢<d 0.002 0.439 0.006
Granulocytes/lymphocytes
Load 0.73% 0.63? 0.77% 0.83b 0.653 0.127 0.262 0.169 0.092 <0.001 0.005
Unload 0.812b 1.06¢ 1.01¢ 1.11¢ 0.007 0.221 0.006

aLin and PQua =linear and quadratic contrasts (CONTROL, CARNOOG, CARNO12).

¢ Ort=orthogonal contrast (CONTROL vs. VITEOO6).

d RSD =residual standard deviation comparing all the possible combinations between diets or times.

¢ P-values for diet (D), time (T) and their interaction (D x T); Different superscripts in the same row or column indicate statistical differences (P<0.05)
between diets or times.
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Table 5
Evolution of biochemical parameters during road transport in not supplemented fattening lambs (control) or supplemented either with carnosic acid (0.6
and 1.2 g/kg concentrate) or vitamin E (0.6 g/kg concentrate).

CONTROL CARNO06 CARNO12 VITE006 Lin? QuaP ort¢ RSD9 P-value®
D T DxT
Cortisol (pg/dl)
Load 1.49 1.66 0.94 1.23 0.111 0.132 0.437 0.864 0.939 <0.001 0.258
Unload 2.23 2.13 2.55 2.22 0.550 0.570 0.975
Glucose (mg/dl)
Load 91.3 87.0 834 85.5 0.136 0.951 0.248 11.25 0.188 0.719 0.882
Unload 92.1 824 824 86.2 0.137 0.384 0.349
CPK (U/1)
Load 201 170 211 160 0.691 0.078 0.099 98.0 0.081 <0.001 0.226
Unload 399 294 308 212 0.295 0.386 0.017
LDH (U/1)
Load 495 507 494 484 0.971 0.603 0.708 62.2 0.754 <0.001 0.177
Unload 579 571 546 538 0.335 0.767 0.226

aLin and PQua =linear and quadratic contrasts (CONTROL, CARN0O06, CARNO12).
¢ Ort=orthogonal contrast (CONTROL vs. VITEO06). CPK: creatine phosphokinase; LDH: lactate dehydrogenase.
d RSD =residual standard deviation comparing all the possible combinations between diets or times.
¢ P-values for diet (D), time (T) and their interaction (D x T).
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Fig. 1. Discriminant analysis (PCA) of microbial diversity in faeces performed on matrix data showing the relative height of peaks detected in T-RFLP
profiles with Haelll restriction enzyme. C: control lambs (not supplemented); C6: lambs supplemented with carnosic acid (0.6 g/kg concentrate); C12:
lambs supplemented with carnosic acid (1.2 g/kg concentrate); V6: lambs supplemented with vitamin E (0.6 g/kg concentrate).

for each sample. Addititonally, a lineal effect of the dose of carnosic acid supplemented was observed for PC1 scores (linear
contrast P=0.003; Table 6).

Fig. 2 shows the variables (terminal restriction fragments, TRFs) with high loadings (more eccentric) for the calculation of
PC1 and PC2, whereas those under low loadings could be considered irrelevant for discrimination purposes. In other words,
the TRFs with sizes of 264, 265, and 261 base pairs (bp) were responsible for the discrimination achieved by PC1 (Fig. 1), the
TRF with 264 bp being inversely correlated to those of 261 and 264 bp (Fig. 2).

A theoretical assignment of these more eccentric TRFs to compatible bacterial species (Table 7) was performed using the
tap-tRFLP tool of the Ribosomal Data Project as described by Castillo et al. (2007). Table 7 also summarises the presence of
these TRFs and the mean relative heights of the peaks (i.e., the relative presence of bacterial species) in the samples correctly

Table 6
Scores of the samples for the first and second principal components (PC1 and PC2) in the discriminant analysis (PCA) of microbial diversity in faeces (not
supplemented fattening lambs (control) or supplemented either with carnosic acid (0.6 and 1.2 g/kg concentrate) or vitamin E (0.6 g/kg concentrate)).

CONTROL CARNOO6 CARNO12 VITEO06 sed P-value Lin? Quad® Ort¢
PC1 score —4.90? 6.28P 8.74P -10.67* 3.652 <0.001 0.003 0.242 0.139
PC2 score -1.17 0.21 -1.78 3.16 3.879 0.627 0.874 0.629 0.291

aLin and PQua =linear and quadratic contrasts (CONTROL, CARNO06, CARNO12).
¢ Ort=orthogonal contrast (CONTROL vs. VITEOO6).
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Fig. 2. Terminal restriction fragments (TRFs) loadings weights for the calculation of PC1 and PC2 in PCA analysis of faeces bacterial community (T-RFLP
analysis).

classified by the PCA (Fig. 1). As can be seen, all of these TRFs were compatible with both Bacteroidetes and Firmicutes
groups.
No clusters were observed in the T-RFLP results (data not shown) when studying microbial diversity in the rumen.

4. Discussion

Lambs supplemented with vitamin E exhibited some modifications in the immunological parameters and less tissue
damage during road transport when compared to the CONTROL lambs. Lambs consuming carnosic acid only showed changes
in the gut microbiota at the large intestine level.

4.1. Lymphocyte subpopulations and IFN-y production

The CD4 protein (receptor for major histocompatibility complex (MHC) class Il molecules on antigen-presenting cells)
is only found on T helper cells that can recognise processed exogenous antigens; the main function of T helper cells is to
produce cytokines. In contrast, CD8 (a receptor for MHC class I molecules) is expressed only when cytotoxic T cells attack
and Kkill cells, either tumoral or infected by a intracellular pathogen, mainly virus. A higher CD4*/CD8" ratio implies either
increased CD4* cells or decreased CD8* cells counts. Consequently, according to the data (Table 2), the VITE0O6 group might
have shown higher number of CD4" lymphocytes when compared to the CONTROL lambs. In fact, vitamin E increases the
number of CD4* lymphocytes in rats and broilers through positive selection of these cells during maturation in the thymus
or spleen (Moriguchi et al., 1993; Erf et al., 1998).

In addition to their surface proteins, the lymphocytes were characterised by their responsiveness to PHA, a mitogen
that primarily stimulates T cells, promoting their division and cytokine production. Vitamin E supplementation in fattening
lambs enhanced IFN-vy production when PHA was added to the blood (P<0.05), whereas the CARNOO6 and CARNO12 groups
showed no differences when compared to the CONTROL group (Table 2). Increases in IFN-y production have previously been
related to vitamin E consumption (Zhu et al., 2003; Reiter et al., 2007; Nesaretnam et al., 2010). Vitamin E acts by inhibiting
the production of prostaglandin E2 (PGE;, which in turn inhibits the synthesis of IFN-y by Th1 cells), thus restoring, at least
partially, the Th1 response when attenuated for some reason (Phipps et al., 1991). The high levels of IFN-y found in the
VITE006 group would be in agreement with the trend towards the higher CD4*/CD8* ratios observed by flow cytometry
(Table 2), as it could involve higher amounts of CD4" cells, source of this cytokine. Higher IFN-y levels in the VITEO06

Table 7
Compatible faecal bacteria with the terminal restriction fragments (TRFs) allowing the discrimination of faeces samples by T-RFLP data.
Number of compatible bacteria In silico fragment Real fragment size Frecuency®
size (bp)® (bp)P°

CONTROL CARNOO6 CARNO12 VITE006G

Bacteroidetes (79), Firmicutes (113) 261 261.3 0 3(12.5) 3(12.6) 1(9.8)
Bacteroidetes (746), Firmicutes (86) 264 264.4 4(12.9) 0 1(4.3) 4(17.7)
Bacteroidetes (560), Firmicutes (70) 265 265.5 2(7.4) 3(14.4) 5(13.4) 0

2 In silico restriction fragment size obtained using tap-tRFLP tool of the Ribosomal Data Project.
b Real restriction fragment size in the samples of the present study when digested with Haelll.
¢ Number of samples in the present study showing the TRF; the average relative height (%) of each peak is shown in brackets.
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group also might indicate a higher number of activated natural killer lymphocytes related to the natural immune response
(Han et al., 2000). PHA is a non-specific mitogen activator of T cells and IFN-vy has been the only cytokine measured in this
experiment, so the biological meaning of these differences in fattening lambs remains to be determined.

4.2. Evolution of haematological and biochemical parameters during road transport

The greater size of the erythrocytes (MCV) and the lower haemoglobin concentration (MCHC) in the groups fed antioxi-
dants (CARNO12 and VITEO06) when compared to the CONTROL group may reflect immature erythrocytes (functional bone
marrow) circulating in blood of the CARNO12 and VITEOO6 groups. For CARNO12 this might reflect reduced absorbance of
bioavailable iron in the gut due to chelating properties by phenolic compounds added to the diet (Gnanamani et al., 2008).
Likewise, in agreement with the results of the present study (Table 3), high doses of vitamin E have reduced total iron
concentrations to normal levels in the brain of mice (Lan and Jiang, 1997). It must be stated, however, that all of these RBC
counts were within normal physiological counts for ovine animals (Table 3). After road transport, the haemotocrit and RBC
counts were higher (P=0.036), probably reflecting dehydration.

For WBCs, vitamin E consumption has been related to decreased lymphocyte counts in mice with induced nasal-allergy-
like symptoms (type I hypersensitivity or immediate hypersensitivity as a consequence of an increased Th2 response; Zheng
et al,, 1999). However, increases in lymphocyte counts were reported in older mice and vitamin E-deficient animals (Reiter
et al,, 2007). In the present experiment, the responses to vitamin E were similar to those described by Zheng et al. (1999).
Consequently, the response to dietary vitamin E appears to vary with biological characteristics of the animals treated.

The hypothalamic-pituitary-adrenal (HPA) axis and sympatho-adrenal system were activated by stress during road trans-
port, thus promoting a release of neutrophils (neutrophilia) from bone and redistribution of circulating lymphocytes (mainly
T cells) into other lymphoid compartments (e.g., spleen, lymph nodes, thoracic duct, and bone marrow) in all of the groups
(Table 4). These changes were more pronounced in animals that were fed antioxidants, as deduced from their higher gran-
ulocyte:lymphocyte ratios compared to the CONTROL group (Table 4). Higher monocytes counts also were detected in the
VITEOO6 and CARNO12 groups after road transport (Table 4). Further experiments could clarify whether these changes in
the haematological profile of the antioxidants groups represent improved adaptation to the stress of road transport.

Changes in biochemical parameters during road transport indicated that all groups were stressed similarly as a con-
sequence of this management practice (Table 5). Thus, no differences amongst diets on cortisol levels or serum glucose
concentration (which is related to the activity of glucocorticoides and catecholamines) were apparent either before or after
road transport. However, the trend (P=0.087) towards a lower concentration of creatine phosphokinase in the antioxidant
groups (especially in the VITEOO6 group) after road transport may indicate a lower level of tissue damage or physical fatigue
of these animals (Kramer and Hoffmann, 1997). Consequently, the welfare of these animals during road transport might be
improved by vitamin E supplementation.

4.3. Characterisation of microbial diversity in ruminal contents and faeces

The relative presence of bacterial species corresponding to the Bacteroidetes and Firmicutes groups was modified as a
consequence of carnosic acid being added to the diet (Table 7). These two groups of beneficial bacteria, that normally are
dominant (92.6% of all 16S rRNA sequences) in the digestive tract of mammals (Ley et al., 2006; Turnbaugh et al., 2006) are
modified by obesity (less Bacteroidetes, more Firmicutes) in humans or mice when compared to lean human or mice (more
Bacteroidetes, less Firmicutes). Trillions of microbes live in the gut, helping to digest food components (sometimes otherwise
indigestible). Thereby, composition of the microbial community in the gut may affect the amount of energy extracted from
the diet (Ley et al., 2006; Turnbaugh et al., 2006). Differences in total energy availability might be related to differences
found in the chemical compositions of the meat obtained from lambs in the CARN006 and CARNO12 groups compared to
the CONTROL and VITEQO6 lambs reported elsewhere (Moran et al., 2012).

Microbial diversity in the rumen was not affected by dietary treatment. Consequently, the pattern of ruminal fermentation
presumably was not influenced by adding carnosic acid to the diet.

5. Conclusions

Vitamin E supplemented to fattening lambs exhibited some immunomodulator properties, although the biological signif-
icance of these effects remains to be determined. Additionally vitamin E supplementation tended to reduce the increments
of blood tissue damage indicators during road transport, thus preserving the health of the animal under stress conditions.
Finally, carnosic acid promoted changes in the faecal bacterial community that might be related to differences in feed
digestion in the large intestines.
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Thirty-two Merino lambs fed barley straw and a concentrate alone (CONTROL) or CONTROL
enriched with vitamin E (0.6 gkg ' of concentrate, VITEO06) or carnosic acid (0.6 gkg~! of
concentrate CARNOO6; 1.2 gkg~! of concentrate, CARNO12) were used to assess the effect of
these antioxidant compounds on metabolic acidosis. After 7 wk of being fed the experimen-
tal diets, the pH of blood samples was lower (P=0.012) for the CONTROL lambs than groups
fed antioxidants. Metabolic acidosis in fattening lambs was corrected by both antioxidants
(carnosic acid and vitamin E).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

With intensive production systems, animals may be
stressed by acidogenic diets (Berkemeyer, 2009) fed to
meet high metabolic demands. Under this situation, reac-
tive oxygen species (ROS) production at the mitochondrial
level might be increased, whereas the mitochondrial
energy production (ATP) would be partially inhibited
(Boveris et al, 2010). Therefore, pyruvate would be
partially directed towards lactic acid production and con-
verted to CO,; thus hypercapnia would be corrected by
activation of the respiratory control system (Berkemeyer,
2009). However, experiments in rats have demonstrated
that high levels of ROS might disrupt the respiratory control
(Mulkey et al., 2003), avoid compensation for hypercapnia
and worsen metabolic acidosis promoted by the diet. To
our knowledge, no studies have been carried out in rumi-
nants. Consequently, the aim of the present study was to

* Corresponding author. Tel.: +34 987 317 156; fax: +34 987 317 161.
E-mail address: j.giraldez@eae.csic.es (F.J. Girdldez).
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determine if including antioxidants (vitamin E or carnosic
acid, a potent antioxidant extracted from Rosmarinus offici-
nalis L., an herb which is commonly used as a flavouring and
medicinal plant widely around the world) in the diet for fat-
tening lambs might neutralize the negative consequences
of ROS, thus correcting the metabolic acidosis caused by
the high-grain diets.

2. Materials and methods

2.1. Animals and diets
After stratification on the basis of body weight (mean body weight
(BW), 15.2+£0.749kg), 32 male Merino lambs were allocated randomly
to four different groups: a control group (CONTROL), a group fed vitamin
E (a-tocopheryl acetate) at a rate of 0.6 gkg~! of concentrate (VITE00G,
equivalent to 900U of vitamin Ekg~! of concentrate), a third group
fed the same dose (0.6 gkg~" of concentrate, CARNOOG) of carnosic acid
(Shaanxi Sciphar Biotechnology Co., Ltd., Xi’an, China) and a fourth group
fed double the low dose of carnosic acid (1.2 g carnosic acid kg~" of con-
centrate, CARNO12). The animals were individually penned. All handling
practices followed the recommendations of the European Council Direc-
tive 86/609/EEC for the protection of animals used for experimental and
other scientific purposes.

The basal diet was composed of concentrate [dry matter (DM)
888gkg!, crude protein (CP) 178gkg~! DM, neutral detergent fibre
(NDF) 134gkg™! DM, and ash 56gkg~! DM] and barley straw (DM
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Blood gases, acid-base profile and liver antioxidant status (TBARS) in not supplemented fattening lambs (CONTROL) or supplemented either with carnosic

acid (0.6 and 1.2 gkg~! concentrate) or vitamin E (0.6 gkg~! concentrate).

Parameter? Dietary treatment (n=38) sed Orthogonal contrasts®
CONTROL CARNO06 CARNO12 VITE006 Cvs. AO VE vs. CA C06 vs. C12

pH (ven) 7.38 7.42 7.42 7.41 0.013 0.001 0.482 0.635
HCO5~ (ven) (mmol/L) 25.3 26.8 25.2 26.3 0.74 0.218 0.581 0.045
pCO; (ven) (mmHg) 46.6 441 423 44.6 1.37 0.022 0.246 0.194
Anion gap (mmol/L) 15.4 135 14.0 133 0.67 0.004 0.382 0.468
tCO, (ven) (mmol/L) 26.7 28.1 26.4 27.7 0.77 0.295 0.521 0.045
Na* (mmol/L) 146 147 145 145 0.7 0.484 0.217 0.042
K* (mmol/L) 4.87 4.56 438 4.38 0.126 0.001 0418 0.176
Cl~ (mmol/L) 110 111 110 110 0.6 0.944 0.095 0.214
TBARS (g MDA g~ liver) 1.65 1.58 1.21 0.77 0.244 0.053 0.010 0.207

3 COs3~: bicarbonate; pCO,: CO, pressure; tCO,: total CO,,

b Orthogonal contrasts: C vs. AO=CONTROL vs. CARN0O6 + CARNO12 + VITEOO6; VE vs. CA=VITE006 vs. CARNOO6G + CARN012; CO6 vs. C12 =CARNOO6 vs.

CARNO12.

913gkg!,CP35gkg~' DM,NDF757 gkg~' DM, ash 55 gkg~! DM). After 7
days of adaptation to the basal diet (barley straw and the concentrate with
no antioxidants), all lambs were fed barley straw plus one of the four con-
centrates above for 7 wk. The concentrate (35 gkg~! BW day~') and forage
(200gday~') were weighed and supplied in separate feeding troughs at
9:00 h every day; fresh drinking water was always available. The orts (<5%
of the total diet) were weighed daily. The lack of significant differences
in feed intake and performance of the animals [concentrate (P=0.912) or
barley straw (P=0.715) intake; average daily gain (P=0.691) and feed to
gain ratio (P=0.566)] is addressed in Moran et al. (2012a).

2.2. Blood, liver and rumen sampling

After 7 wk of being fed the experimental diets blood samples collected
by jugular venipuncture into lithium heparin tubes were assayed in a Stat
Profile pHOx Plus blood analyser (Nova Biomedical, Waltham, MA, USA)
for pH, bicarbonate (HCO3~), CO, pressure (pCO,), anion gap, total CO,
(tCO,), and Na*, K* and CI~ concentrations an hour after being sampled.
Finally, all lambs underwent food withdrawal during 6 h before being
slaughtered, then they were weighed, stunned, slaughtered by exsan-
guination from the jugular vein, eviscerated and skinned (Moréan et al.,
2012b). A piece of liver was excised and held at —80°C for TBARS anal-
ysis (Bodas et al., 2012). Rumen fluid was strained through four layers
of cheesecloth and pH was determined immediately. Two pieces of the
rumen wall [posterior dorsal (PDR) and anterior ventral (AVR) areas] were
placed in 10% formalin for further anatomical study (L6pez-Campos et al.,
2010).

2.3. Statistical analysis

Data were subjected to one-way analysis of variance with the
fixed effect of treatment as the only source of variation, using the
GLM procedure of the SAS package. Orthogonal contrasts were per-
formed to test the effects of antioxidants supplementation (CONTROL vs.
CARNOO06 + CARNO12 + VITE006), vitamin E vs. carnosic acid (VITEOO6 vs.
CARNO0O06 +CARNO12) and level of carnosic acid (CARNOO6 vs. CARNO12).

3. Results

3.1. Blood gases, acid-base parameters and liver
antioxidant status (TBARS)

Table 1 presents the blood gases, acid-base profile and
liver antioxidant status (TBARS) of the lambs. The lambs
in the CONTROL group had lower blood pH values when
compared to the lambs fed antioxidants (P=0.012). Differ-
ences (P<0.05)between the CONTROL and the antioxidants
groups also were observed for pCO,, anion gap, K* and
TBARS. Inaddition, lambs fed antioxidants had higher blood
pH and lower pCO,, anion gap and K* when compared to
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the CONTROL group. Lambs fed vitamin E had lower TBARS
than the average of lambs fed carnosic acid. Compared to
the low level of carnosic acid (CARNOO6), the high level
decreased blood HCO5~, tCO; and Na*.

3.2. Ruminal pH and anatomopathological study of
ruminal wall

The ruminal pH values (overall mean values
5.52+0.082) reflected ruminal acidosis for all of the
animals of the present study. Moreover, the interior of
the rumen wall was grey to dark in all of the animals
(characteristic of parakeratosis). This lack of effect of
antioxidants on inflammation of ruminal epithelium was
corroborated by the lack of differences in the mucose
(AVR, overall mean values 0.68 +0.253 mm; PDR, overall
mean values 0.82+0.161mm) and submucose thick-
ness (AVR, overall mean values 0.6940.099 mm; PDR,
overall mean values 0.71+£0.115mm) and the anas-
tomosis and number of papillae (AVR, overall mean
values 81.1 + 4.80 papillae cm~2; PDR, overall mean values
95.9 + 8.10 papillae cm~2).

4. Discussion

Feeding high-grain diets to growing lambs to achieve
maximum growth rates often is associated with ruminal
acidosis (local), as was apparent for all the lambs in the
present study (anatomopathological study of the ruminal
wall). Absorbed into the bloodstream, the acid (H*) reduces
blood pH (normal range of 7.36-7.44) to a more acidic state
(metabolic acidosis, which is not local but systemic), so
blood pH can be considered as an indicator of ruminal acid-
osis (Horn et al., 1979). In the present study only the lambs
of the CONTROL group showed latent metabolic acidosis
(Table 1), that is to say, a blood pH constantly at the low
end of the normal range and a high anion gap (Berkemeyer,
2009).In contrasts, lambs fed antioxidants, despite ruminal
acidosis, did not exhibit metabolic acidosis (Table 1). These
results are consistent with those of Vestweber et al. (1974)
who reported mean blood pH of 7.44 and 7.36, respectively,
before and after producing acute acidosis in sheep.

Reduction in liver TBARS for lambs receiving CARNO12
and VITEOO6 highlights the ability of these compounds
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to improve the antioxidant status (Table 1). The rela-
tionship between metabolic acidosis and oxidative stress
(Mobbs, 2007) is apparent from a mitochondrial point
of view; the electron transport chain and the oxidative
phosphorylation (O, is consumed to produce H,O and
ATP) are coupled by a proton (H*) gradient across the
inner mitochondrial membrane known as the proton-
motive force (Ap). This gradient is used by the FyF;
ATP-synthase complex to make ATP via oxidative phos-
phorylation. However, 1% of the mitochondrial electron
flow leads to the formation of ROS (0O,°~) under nor-
mal physiological conditions. This percentage is increased
when H* leakage (passive diffusion of H* with no ATP
production) increases due to accumulation of H* (Boveris
etal.,, 2010), as happens during metabolic acidosis. In acid-
osis, O, is channelled to ROS production, which reacts
with various cellular targets changing membrane excitabil-
ity, synaptic transmission, gene induction and cellular
metabolism.

As a result, ATP production is reduced when H* leaks
during metabolic acidosis (Berkemeyer, 2009). Pyruvate is
diverted towards lactate production and most of the lac-
tate is converted into CO,, promoting hypercapnia and
respiratory acidosis. To compensate for this situation,
the hypoxic/hypercapnic chemoreflex is activated; how-
ever, if hyperventilation takes place (as happens when
ROS are augmented, as will be explained below), the
binding tenacity of haemoglobin for oxygen increases,
and less oxygen is released for cells (the Bohr effect).
Consequently, cells produce lactic acid and the body
continues to be exposed to organic acid with no recov-
ery (lactic acid trap; Berkemeyer, 2009). These effects
would explain the high pCO, (hypercapnia) and low
pH (latent acidosis) observed in the CONTROL lambs
(Table 1).

As previously stated, hypercapnia is one stimulus but
not the only for the respiratory control system (Mulkey
et al,, 2003). In fact, the respiratory control might be dis-
rupted by oxidation stress of the brain stem respiratory
control centre (possibly CO,/H* chemosensitive neurons).
For example, hyperoxia (Mulkey et al., 2003) and chemi-
cal oxidants (Lipton et al., 2001) increase respiration rate,
whereas antioxidants can block the effects of hyperoxia
(Mulkey et al., 2003). Consequently the lambs in the CON-
TROL group presumably suffered from hyperventilation
(lactic acid trap), while antioxidant fed lambs would have
neutralized the negative effects of ROS at the respiratory
control centre.

The low concentrations of plasma K* in the antioxidant
groups when compared to the CONTROL corroborate this
theory (Table 1). Neurons are stimulated by a free radical-
dependent mechanism, possibly inhibiting a K* channel
taking charge of maintaining low extracellular potassium
concentrations, which are necessary to preserve potas-
sium gradients across cell membranes (essential for nerve
excitation) (Hoshi and Heinemann, 2001; Mulkey et al.,
2003). Specifically, the oxidation of methionine to methi-
onine sulphoxide during ROS production is one of the
main factors involved in the inactivation process of the
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ion channels (Hoshi and Heinemann, 2001). Thus, the high
concentration of plasma potassium in the CONTROL group
may indicate that cell uptake of potassium was impaired
by ROS production. On the other hand, the normal values
of pH, anion gap, pCO, and K* in the lambs fed antioxidants
indicate that these compounds helped to detoxify ROS, and
attenuate the deleterious consequences of metabolic acid-
osis.

5. Conclusions

Including antioxidants in the diet of fattening lambs
had no detectable effect on ruminal acidosis. However,
metabolic acidosis was corrected when either carnosic acid
or vitamin E was added to the concentrate being fed. Con-
sequently, supplements of both compounds should help
preserve acid-base status of fattening lambs fed high-grain
diets.
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Thirty-two Merino lambs fed barley straw and a concentrate alone (CONTROL) or enriched with vitamin E
(VITEO06) or carnosic acid (CARN006; CARNO12) were used to assess the effect of these antioxidant com-
pounds on meat quality attributes. The animals were slaughtered after being fed for at least 5 weeks with
the experimental diets. The longissimus lumborum samples of VITE0O06, CARNOO6 and CARNO12 groups
Keywords- showed higher values (P<0.001) of L* (lightness) through the complete storage period under modified atmo-
Microbial spoilage sphere when compared to the CONTROL group. Moreover, the VITEO06 and CARNO12 samples revealed lower
Color discoloration when compared to the CONTROL group, these differences being more apparent in a less color
stable muscle such as gluteus medius (P<0.05 for hue after 14 days of refrigerated storage). Meat sensory
traits were not significantly affected by carnosic acid and microbiological analyses were not conclusive at

Sensory evaluation
Water holding capacity

Carnosic acid the doses administered.

Rosemary

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The shelf life of meat and meat products is seriously shortened by
two main factors: microbial spoilage and color stability, the last one
being closely related to lipid peroxidation (Young & West, 2001).
Therefore, any finding focused on delaying either of these processes
is highly relevant for the meat industry. However, the high quality
meat demanded by the consumer in developed countries (Boleman
et al., 1997) must be free of chemically synthesized additives, so the
addition of synthetic food stabilizers to meat in order to extend
the shelf life of these products in the market does not seem to be
the best choice. A suitable alternative is the inclusion of natural
compounds (plant origin) in animal feedstuff, thus avoiding any
further manipulation of the meat.

In this context, especial attention has been paid to the antimicro-
bial and antioxidant effects promoted by rosemary (Rosmarinus offici-
nalis L.), an herb commonly used as a flavoring agent. The bioactive
properties of this herb have been attributed to the phenolic com-
pounds in rosemary plants (Herndndez-Hernandez, Ponce-Alquicira,
Jaramillo-Flores, & Legarreta, 2009). These compounds have demon-
strated antimicrobial and antioxidant activities when added to food
as additives (McBride, Hogan, & Kerry, 2007), but they have also

* Corresponding author. Tel.: +34 987 317 156; fax: +34 987 317 161.
E-mail address: laramoran@eae.csic.es (L. Moran).

0309-1740/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.meatsci.2011.11.016

84

shown beneficial effects on eggs, milk and meat products when
rosemary is included in the diet of the animal (Botsoglou, Govaris,
Giannenas, Botsoglou, & Papageorgiou, 2007; Galobart, Barroeta,
Baucells, Codony, & Ternes, 2001; Jordan, Moiilino, Martinez,
Lafuente, & Sotomayor, 2010; Nieto, Diaz, Bafién, & Garrido, 2010).
In this last sense, the main phenolic compound retained in animal tis-
sues after the consumption of rosemary is carnosic acid (Mofiino,
Martinez, Sotomayor, Lafuente, & Jordan, 2008), so it can be hypoth-
esized that the antimicrobial and antioxidant properties observed in
meat quality are mainly due to the increment of this phenolic com-
pound at this level. However, the amount of carnosic acid which
must be fed to the animals to have beneficial effects on meat quality
has not yet been quantified. It must also be considered that the con-
centration of phenolic compounds in the plants varies depending on
the maturity stage or climatic conditions, mainly conditions of
drought (Munné-Bosch, Mueller, Schwarz, & Alegre, 2001). This is
the reason why feeding rosemary extracts with a known richness of
carnosic acid instead of intact plants will allow recommendations to
be established about the amount of rosemary which should be fed
to the animals according to its levels of carnosic acid.

Therefore, the aim of the present study was to investigate the
shelf-life extension of meat (antimicrobial properties and color stabi-
lization) when two different doses of carnosic acid (from rosemary
extract) were included in the diet of lambs. Likewise, vitamin E
(one of the most frequently used antioxidants in animal nutrition)
was included in another group as a positive control.


http://dx.doi.org/10.1016/j.meatsci.2011.11.016
mailto:laramoran@eae.csic.es
http://dx.doi.org/10.1016/j.meatsci.2011.11.016
http://www.sciencedirect.com/science/journal/03091740
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2. Material and methods
2.1. Animals and diets

Two weeks before the commencement of the trial, 32 male Merino
lambs were treated with Ivermectin (Ivomec, Merial Labs, Barcelona,
Spain) and vaccinated against enterotoxaemia (Miloxan, Merial Labs,
Barcelona, Spain).

After random stratification on the basis of body weight (average
body weight (BW), 15.2 4-0.749 kg), the lambs were allocated to four
different groups: a control group (CONTROL), a group fed vitamin E
(o-tocopheryl acetate) at a rate of 0.6gkg™' of feed concentrate
(VITEO06, equivalent to 900 IU of vitamin E kg~ ! of feed concentrate),
a third group fed a similar dose as the previous group (0.6 g carnosic
acid kg~ ! of feed concentrate, CARNOO6) of carnosic acid (Shaanxi
Sciphar Biotechnology Co., Ltd, Xi'an, China) and the fourth group fed
a double dose of carnosic acid (1.2 g carnosic acid kg~ ! of feed concen-
trate, CARNO12). The animals were then individually penned. All han-
dling practices followed the recommendations of the European
Council Directive 86/609/EEC for the protection of animals used for
experimental and other scientific purposes, and all of the animals
were able to see and hear other lambs.

After 7 days of adaptation to the basal diet comprised concentrate
(50% barley, 20% soybean meal, 15% maize, 8% wheat, 4% molasses
and 3% mineral premix; chemical composition: dry matter (DM)
888 gkg ™!, crude protein (CP) 178 gkg™! DM, neutral detergent
fiber (NDF) 134gkg~! DM, and ash 56 gkg~! DM) and barley
straw (DM 913 gkg ™!, CP 35 gkg~! DM, NDF 757 g kg~ ' DM, ash
55 g kg~ ! DM), all of the lambs were fed barley straw and the corre-
sponding concentrate feed alone (CONTROL group) or supplemented
with either vitamin E or carnosic acid. The concentrate (35 gkg™!
BW day~!) and forage (200 g day~!) were weighed and supplied
in separate feeding troughs at 9:00 a.m. every day, and fresh drinking
water was always available.

2.2. Slaughter procedure, packaging, storage and sampling

The animals were slaughtered on four different days, two lambs
per group each day. The lambs were selected each day according
to their weight (25 kg intended body weight) and slaughtered by
stunning and exsanguination from the jugular vein; they were then
eviscerated and skinned. The hot carcass of each lamb was weighed,
chilled at 4 °C for 24 h and weighed again. The pH value from the
longissimus thoracis muscle at the sixth rib was determined in tripli-
cate at 0 h, 45 min and at 24 h post-mortem before the muscle was
removed from the carcass, using a pH meter equipped with a pene-
trating glass electrode (pH meter Metrohm® 704, Switzerland).

The left hind leg was removed and stored at — 30 °C until sensory
evaluation. Moreover, the longissimus thoracis (LT) et lumborum (LL)
and gluteus medius (GM) muscles were removed from the right and
left carcass sides. The LT samples were used for chemical analysis
in accordance with the methods described by the Association of
Official Analytical Chemists (AOAC, 2003), whereas the LL and GM
muscles were cut into slices 2.5 cm thick, placed on impermeable
polypropylene trays and wrapped with ML40-G bags (Krehalon;
Proveedora Hispano Holandesa S.A., Barcelona, Spain), which were
immediately modified-atmosphere packaged (MAP) using a tabletop
Multivac A300 packaging machine (Multivac Verpackungsmaschinen,
Wolfertschwenden, Germany). The air in the bags was replaced by a
commercial gas blend intended for red and poultry meats consisting
of 35% CO,, 35% O, and 30% N,, with a gas:meat volume ratio of
about 2:5:1. The ML40-G bags had O, and CO, transmission rates of
20 and 100 mIm~224 h—?, respectively, at 23 °C and 80% relative
humidity. All packages were stored under simulated retail display
conditions [12 h daily fluorescent illumination (34 W) and 3+1 °C]
and the air temperature was monitored using a Testo175-T2 data

logger (Instrumentos Testo S.A., Cabrils, Barcelona, Spain). The meat
in these polypropylene trays was used to study the extract-release
volume (ERV, on LT muscle), microbial spoilage (on LT muscle), the
rate of discoloration (on LL and GM muscles) and the water holding
capacity (WHC, on LL muscle).

2.3. Color, extract release volume (ERV) and water holding capacity (WHC)

On each sampling day, the concentrations of CO, and O, inside
each tray were determined using a CheckMate 9900 (PBI Dansensor,
Denmark). After opening the packages, a slice of fresh meat from
each muscle was measured for color parameters on days 0, 3, 7, 9
and 14. The L* (lightness), a* (redness) and b* (yellowness) values
(CIE, 1986) were used to determine the meat color of the muscles
using a chromameter (Minolta® Chroma Meter 2002, Germany).
The hue angle (h*), which defines color (0° is red; 90° is yellow),
was calculated as arctangent (b*/a*), and the chroma (C*), a measure
of color intensity (0 is dull; 60 is vivid), was computed as /(a*2 + b*2)
(Young & West, 2001). Also, the extract release volume (ERV) was
measured (on days 0, 7 and 14) as previously described (Rodriguez-
Calleja, Santos, Otero, & Garcia-Lépez, 2004). Briefly, minced lamb
(15g) was mixed with 60 ml of the extraction reagent (0.2 M
KH,PO4 and 0.2 M NaOH; pH 5.8) and homogenized for 2 min. The
homogenate was filtered through Whatman no. 1 paper and the
ERV was recorded as the volume collected in 15 min.

The water holding capacity (WHC) was measured on LL muscle
via cooking losses, according to Honikel (1998).

2.4. Microbiological analysis

Twenty-five grams of LL muscle from each tray (0, 7 and 14 days)
was placed into sterile Stomacher bags, rinsed with peptone water
(1:5 dilution) and the rinsate was then diluted tenfold. The numbers
of total viable bacteria at 4.5 °C (TVB), Pseudomonas spp., lactic acid
bacteria (LAB) and Enterobacteriaceae (EC) were determined and
confirmed as described elsewhere (Rodriguez-Calleja, Garcia-Lopez,
Santos, & Otero, 2005; Rodriguez-Calleja et al., 2004). Briefly, TVB
were determined by the pour plate technique on Plate Count Agar
(PCA; Oxoid, Basingstoke, UK) incubated at 4.5 °C for 14 days. Pseudo-
monas spp. numbers were determined after 2 days of incubation at
25 °C on a Pseudomonas agar base (Oxoid) to which a CFC (cetrimide,
fucidin, cephaloridine; Oxoid) supplement was added. The oxidase
test (Oxidase Touch sticks, Oxoid) was performed on randomly
selected colonies and only oxidase-positive colonies were counted
as Pseudomonas spp. The LAB colonies were enumerated on overlaid
plates of MRS (de Man, Rogosa and Sharpe; Oxoid) agar following
3 days of incubation at 30 °C. Brochothrix thermosphacta was enu-
merated on streptomycin sulfate cycloheximide thallous acetate agar
(STAA, Oxoid) after incubation for 2 days at 25 °C. Overlaid plates of
Violet Red Bile Glucose agar (VRBGA, Oxoid) were used for EC counts
after 24 h incubation at 37 °C.

2.5. Sensory evaluation

The muscle vastus intermedius (V1) of the left hind leg was chosen for
sensory evaluation because it is considered a high value retail cut—lamb
leg roast, chump (Johansen, Aastveit, Egelandsdal, Kvaal, & Rge, 2006).
Sensory analysis was carried out by 24 consumers. The left hind leg
was defrosted at 4 °C for 48 h and the VI was dissected and cut into
steaks 20 mm thick. The steaks were cooked a pre-warmed clam-shell
grill to an internal temperature of 74 °C in the geometric center of the
steak (measured by a Digi-Sense thermocouple probe, Cole-Parmer
Instrument Company, Illinois, USA), after which all fat and connective
tissue were trimmed and the muscle cut into blocks of 2x1x1 cm.
The blocks were wrapped in pre-labeled foil (the blocks from each
animal were coded with the same alphabetical letter), placed in a
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heated incubator and then given to the assessors in a random order
chosen by a random number generator. Two triangle tests (ISO 4120,
1983) were carried out to discriminate between meat from the lambs
fed (1) CONTROL vs. CARNO12, and (2) CARNOO6 vs. VITEOO6 diets. In
the triangle test, the assessors were requested to identify which two of
three products were most alike and hence to indicate which product
was the most different from the other two. Additionally, all consumers
participated in two blind preference tests in which they received
two meat samples on a coded paper plate. Each consumer tasted
and evaluated their preferences for the meat samples from lambs fed
(1) CONTROL vs. CARNO12, and (2) CARNOO6 vs. VITEOO6 diets, and
provided the reasons for their choices.

2.6. Statistical analysis

Microbiological counts were transformed and expressed as log
CFU g~ '. The basic descriptive statistics for each parameter (mean
and standard deviation) were calculated. The pH data from different
times were analyzed by a one-way analysis of variance. The ERV,
WHC, microbial population and color parameter data (L*, C* and h*)
were subjected to a two-way analysis of variance, with treatment
and day as the main factors. The Tukey's honestly significant differ-
ence test was used to compare means where the main effects were
significant (P<0.05). All analyses were performed using the GLM
procedure of the SAS package (SAS, 1999). Data from the sensorial
analysis were analyzed using the chi-square test (Stone & Sidel,
1993) of the FREQ procedure in SAS (SAS, 1999).

3. Results and discussion

A previous study (Lopez-Bote, Daza, Soares, & Berges, 2001) de-
scribed a significant positive effect with low supplementation levels
of vitamin E (270 mg kg~ ! diet) on lipid oxidation in meat; however,
the protection effects at different storage times, and particularly the
effect on meat surface redness, were optimized at a dietary inclusion
of 550-625 mg a-tocopheryl acetate kg~ ! diet. Consequently, in the
present study, vitamin E was supplied at a rate of 0.6 g kg~ ! of feed
concentrate (VITEOO6 group). The same dose of carnosic acid was
supplied to another experimental group (CARNOO6) to compare the
effectiveness of both components. The last group was fed a double
dose of carnosic acid (CARNO12) in order to clarify whether this
substance could show a dose-dependent effect at the meat level.

3.1. Chemical composition

The mean and standard deviation (SD) of the chemical data corre-
sponding to the lamb meat samples (LT) are summarized in Table 1.

As can be observed, chemical composition of LT meat samples
seemed to be affected by carnosic acid added to the diet, thus giving
rise to higher levels of crude protein content when compared to the
VITEQO06 group (Table 1).

Table 1
Chemical composition of longissimus thoracis muscle (g kg~ ! meat).
CONTROL CARNO06 CARNO12 VITEO06 P-value
Ash 1134028 11.94+0.65 11.94+0.81 12.04+0.52 0.080
CP 196.8°°+4.28 201.2°+754 201.7°+456 1943°+327 0.020
EE 23.84+6.26 26.34+4.51 24.74+7.86 26.6+4.30 0.753
DM 233.54+£6.34  2395+7.67 23844950 236.1+4.46 0373

Mean + standard deviation; CONTROL group (no antioxidants); CARNOO6 (0.6 g
carnosic acid kg~ ! of feed concentrate); CARNO12 (1.2 g carnosic acid kg~ ' of feed
concentrate); VITEO06 (0.6 g a-tocopheryl acetate kg~! of feed concentrate); CP,
crude protein; EE, ether extract; DM, dry matter; *°<: different superscripts in the
same row indicate statistical differences (P<0.05) among treatments.
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3.2. Color parameters

Table 2 summarizes the results of LL and GM muscles when the
color stability was studied after packaging in a controlled gas mixture
for 14 days. These muscles have been described in bovine as high (LL)
and medium (GM) color-stable muscles (McKenna et al., 2005) due
to the different values observed in their metmyoglobin reductase
activity (MRA) and oxygen-consumption rate (OCR) parameters
(McKenna et al., 2005; Young & West, 2001).

As can be observed (Fig. 1a), antioxidant treatments (CARNOO6,
CARNO12 and VITE006) showed higher L* values in the LL muscle
throughout the complete storage period when compared to the
CONTROL (P<0.05). However, no differences in L* values were
detected among CARNO06, CARNO12 and VITEQ06 groups (Fig. 1a
and Table 2). It has been previously demonstrated that phenolic-
rich extracts are iron chelating agents (Samman et al., 2001) thus pro-
moting either lower red blood cell counts or low hemoglobin levels.
In fact, lower levels of hemoglobin content were measured in the
blood of CARNO06, CARNO12 and VITEO06 lambs when compared
to the CONTROL group (data not shown). The inhibition of iron
absorption caused by phenolic compounds in the diet of the lambs
of the present experiment might have caused lower myoglobin con-
tents and hence higher values of L* in CARNOO6 and CARNO12 groups
when compared to the CONTROL lambs. High doses of vitamin E have
also demonstrated to be effective in reducing total iron concentra-
tions to normal levels in the brain of mice (Lan & Jiang, 1997). The
evidence observed by Lan and Jiang (1997) would be in accordance
with the low L* values in the LL of the VITEOO6 group.

Moreover, oxygenation (which involves oxymyoglobin formation)
reduces L* values while oxidation (which involves metmyoglobin
formation) had an opposite effect, suggesting that lightness is also
affected by the state of the myoglobin (Ferndndez-Lopez, Pérez-
Alvarez, Sayas-Barberd, & Aranda-Catala, 2000; Linares, Bérnez, &
Vergara, 2008). This last argument might be the reason why L* was
increased in the GM (medium color-stable muscles) of the CONTROL
lambs after 7 days of refrigerated storage (Fig. 1b), whereas this
parameter was quite stable in the GM of the lambs being fed antiox-
idants (Fig. 1b). Regarding LL muscle, L* was also very steady even in
the CONTROL group (Fig. 1a), probably due to the high color stability
of this muscle.

As far as C* is concerned, the evolution of this parameter during
refrigerated storage under MAP was similar in both muscles (Fig. 2).
Thus, C* evolution could be fitted successfully to a second order poly-
nomial function in all of the treatments either on LL (R> =0.77-0.95)
or GM (R?>=0.77-0.98) muscles. Consequently, the first derivative
was calculated for each curve in order to know when the most intense
color (Chax) was reached for each muscle in each group (Fernandez-
Lopez et al., 2000). Thus, in LL muscle Cj,.x was reached after 6.8 days
of refrigerated storage in the CONTROL lambs, and slightly later in
the antioxidant groups (7.3, 7.4 and 7.6 days for CARN006, CARNO12
and VITEOO06 groups, respectively). Thereafter, LL discoloration took
place, with CARNO06, CARNO12 and VITEO06 groups showing no
differences in C* when compared to the CONTROL lambs after 14 days
of refrigerated storage (Fig. 2a).

The previous statement is in agreement with the higher values
(although not significant) of the h* parameter in the LL muscle after
14 days of refrigerated storage in the CONTROL and CARNOO6 groups
(Fig. 3a), which also indicated that the meat becomes dull faster in
these lambs when compared to VITEOO6 and CARNO12 samples
(Young & West, 2001). However, it must be stressed that none of
these differences in C* and h* values reached a level of significance
in LL samples. This might have been due to either a lack of effect of
treatment or the high color stability of LL muscle.

On the contrary, once again a medium color-stable muscle such
as GM showed more promising results when antioxidants were fed
to the lambs. Thus, in GM muscle C},.x was reached after 5.5 days of
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Table 2

Color parameters for each treatment and storage day at 4 °C under modified atmosphere package (35% CO,, 35% O, and 30% N,).

Longissimus lumborum

Gluteus medius

L* a* b* L a* b*
Treatment CONTROL 393"+ 1.63 103 +1.41 9.9+ 1.08 41.4+165 9.8+1.50 10.87+0.85
CARNO006 40.6°+£2.19 1024145 103°+1.21 4174143 9.9+145 11.0°+1.12
CARNO12 40.32 +1.50 102+£1.30 9.87+1.18 4144171 10.1+£1.28 10.6%+0.94
VITE006 40.5*£2.08 1024085 9.74+1.25 41.3+1.48 10.1+£0.87 10.2°+1.09
Day 0 39.9+2.27 9.9°+1.07 8.6°+1.14 411+£1.70 10.3°+1.31 9.6°+1.09
3 40.4+1.83 1077 +£1.17 10.2*+0.56 41.8+1.36 10.32 +1.07 10.9°+0.93
7 4044155 10.8*+0.85 10.5*+0.60 41.4+1.58 10.5*+0.78 10.9°+0.78
9 403 +1.89 10.4*° +0.96 10.2*4+0.71 41.5+1.39 10.0% +0.82 11.0+0.59
14 40.0£2.07 9.2°4£1.55 10.1* 4+ 1.60 41.5+1.77 8.9+ 1.67 10.9°+1.09
P-value Treatment 0.014 0.956 0.021 0.720 0.542 0.001
Day 0.821 <0.0001 <0.0001 0.585 <0.0001 <0.0001
Treatment * Day 0.999 0.404 0.293 0.432 0.153 0.940

Mean =+ standard deviation; CONTROL group (no antioxidants); CARNOO6 (0.6 g carnosic acid kg~ ! of feed concentrate); CARNO12 (1.2 g carnosic acid kg~ ! of feed concentrate);
VITE006 (0.6 g a-tocopheryl acetate kg~ ! of feed concentrate); *><: different superscripts in the same column indicate statistical differences (P<0.05) among treatments or days.

refrigerated storage in the CONTROL lambs, and after 5.9, 7.6 and
7.5 days in CARN006, CARNO12 and VITEQ06 groups, respectively.
According to these data meat discoloration would be delayed at
least 2 days in medium-color stable muscles from lambs being fed the
highest antioxidant doses. Thereafter, a more pronounced decrease in
C* values was observed in CONTROL samples, thus indicating a faster
rate of metmyoglobin accumulation in this group when compared to
the others (Fig. 2b). This is in agreement with the lower values in h*
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Fig. 1. Evolution of L* parameter in longissimus lumborum and gluteus medius muscles
stored at 4 °C under modified atmosphere package (35% CO,, 35% O, and 30% N,).
CONTROL group (no antioxidants); CARNOO6 (0.6 g carnosic acid kg~ ' of feed concentrate);
CARNO12 (1.2 g carnosic acid kg~' of feed concentrate); VITEOO6 (0.6 g «-tocopheryl
acetate kg~ ! of feed concentrate).

(P<0.05) observed in VITEOO6 and CARNO12 groups (more intense
redness) when compared to the CONTROL and CARNOO6 groups after
14 days of refrigerated storage (Fig. 3b). However it must be stated
that at the same doses (CARNOO6 vs. VITEOO6), carnosic acid showed
a less potent effect than vitamin E on color of GM muscle, and only
the highest dose of carnosic acid (CARNO12) tended to show similar
effects than vitamin E.
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Fig. 2. Evolution of chroma (C*) in longissimus lumborum and gluteus medius muscles
stored at 4 °C under modified atmosphere package (35% CO,, 35% O, and 30% N,).
CONTROL group (no antioxidants); CARNOO6 (0.6 g carnosic acid kg~ ' of feed concentrate);
CARNO12 (1.2 g carnosic acid kg~ of feed concentrate); VITEO06 (0.6 g a-tocopheryl
acetate kg~ ! of feed concentrate).
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a) longissimus lumborum
Hue
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Fig. 3. Evolution of hue (h*) in longissimus lumborum and gluteus medius muscles stored
at 4 °C under modified atmosphere package (35% CO,, 35% O, and 30% N,). CONTROL
group (no antioxidants); CARNOO6 (0.6 g carnosic acid kg~' of feed concentrate);
CARNO12 (1.2 g carnosic acid kg~ ! of feed concentrate); VITE006 (0.6 g a-tocopheryl
acetate kg~ ! of feed concentrate).

3.3. pH, ERV and WHC

The pH values of the meat samples are summarized in Table 3. As
expected, the pH values significantly decreased in all of the groups
(P<0.001) after 45 min and 24 h post-mortem; however, no signifi-
cant differences (P> 0.05) between the groups were detected at any
time. Accordingly, no differences in WHC among the groups due to
pH variations were expected.

Table 4 summarizes the ERV values throughout the refrigerated
storage period. As can be observed, the ERV values became signifi-
cantly reduced during the storage period (P<0.001) in all the groups,
probably due to increases in the bacterial populations (Jay, 1966).
However, no differences among groups were detected at any time.

Table 3
pH values at 0 h, 45 min and 24 h post-slaughter in longissimus thoracis muscle.
pHOh pH 45 min pH24h
CONTROL 6.79°4+0.198 6.43°+0.159 5.84°40.040
CARNO06 6.87°+0.178 6.49°+0.192 5.76°+0.061
CARNO12 6.74*4+0.371 6.47°+0.211 5.82°4-0.088
VITE006 6.77°4+0.308 6.55°+0.139 5.83+0.060

Mean 4 standard deviation; CONTROL group (no antioxidants); CARNOO6 (0.6 g carnosic
acid kg~ ! of feed concentrate); CARNO12 (1.2 g carnosic acid kg~ ! of feed concentrate);
VITEO06 (0.6 g a-tocopheryl acetate kg~ ' of feed concentrate); *><: different superscripts
in the same row indicate statistical differences (P<0.05) among measuring times.

88

Table 4
Extract release volume (ERV, ml) of lamb meat samples from longissimus thoracis muscle
stored at 4 °C under modified atmosphere package (35% CO,, 35% O, and 30% N,) during
14 days.

0 days 7 days 14 days
CONTROL 36.5%+3.42 26.4°+£7.65 18.6°+3.66
CARN006 31.5%+5.21 23.4°+£6.72 183"+ 3.99
CARNO12 35.6°+£8.72 21.1° £ 4.49 18.3°+4.17
VITE006 33.1°+10.20 219°+£275 16.6°+2.83

Mean =+ standard deviation; CONTROL group (no antioxidants); CARN0O06 (0.6 g carnosic
acid kg~ ! of feed concentrate); CARNO12 (1.2 g carnosic acid kg~ ' of feed concentrate);
VITE006 (0.6 g a-tocopheryl acetate kg~ ! of feed concentrate); *><: different superscripts
in the same row indicate statistical differences (P<0.05) among measuring times.

Regarding WHC (Fig. 4), the loss of water in the CONTROL group
(20.4%) was not statistically different from that measured in the
VITE006 (17.5%) and CARNO12 (17.5%) groups after 7 days of refrig-
erated storage. However, the endogenous proteases (p-calpain and
m-calpain) have been suggested to be protected by antioxidants
against post-mortem oxidation, thus allowing their activity (Huff-
Lonergan & Lonergan, 2005), so the water expelled from the intra-
myofibrillar spaces would be kept within the cells thus reducing
drip production (Huff-Lonergan & Lonergan, 2005). Consequently,
the no significant differences in the present study might have been
due to either the lack of treatment effect or the high intra-group
variability observed in WHC values.

3.4. Microbiological analysis

All of the counts of B. thermosphacta were under the detection
level (<1.4 log CFU g~ !, data not shown). The means of Pseudomonas
spp., EC, TVB (4.5 °C) and LAB for each storage time in each treatment
are shown in Table 5.

In agreement with the lack of significant differences in ERV
(Table 4), microbiological growth for Pseudomonas spp., EC (Gram-
negative), LAB (Gram-positive) and TVB (4.5 °C) did not seem to be
significantly affected by dietary carnosic or vitamin E supplementa-
tion. It must be stressed that Pseudomonas spp. counts have been
found to decrease when rosemary extract is directly added to the
meat (Zhang, Kong, Xiong, & Sun, 2009), thus indicating antimicrobial
properties of rosemary extract against one of the common meat spoil-
age bacteria at refrigerated temperatures, i.e. Pseudomonas spp. How-
ever, it must be considered that Pseudomonas spp. is among the most
sensitive species to CO, (Jay, Loessner, & Golden, 2005), so the MAP
used in the present study might have inhibited this microorganism,

Water holding capacity
= =CONTROL —#—CARN006 —#—CARN012 —a—VITE006

% lost water

0 7 14
Storage days

Fig. 4. Evolution of water holding capacity (WHC) in longissimus lumborum muscle stored
at 4 °C under modified atmosphere package (35% CO,, 35% O, and 30% N,). CONTROL
group (no antioxidants); CARNOO6 (0.6g carnosic acidkg~' of feed concentrate);
CARNO12 (1.2 g carnosic acid kg~ ! of feed concentrate); VITEOO06 (0.6 g a-tocopheryl
acetate kg~ ! of feed concentrate).
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Table 5

Effects of carnosic acid and vitamin E on microbial populations in lamb meat samples
from longissimus thoracis muscle stored at 4 °C under modified atmosphere package
(35% CO4, 35% 0, and 30% N,) during 14 days.

Day 0 Day 7 Day 14
Pseudomonas ~ CONTROL 2.69 4+ 0.905 3.05+1.053 4.40 +1.403
CARNO06 2.024+1.110 2.97 +0.472 297 +1.417
CARNO12 1.54°+0.660  2.60°°+0.521  3.66°+£0.999
VITE006 1.29° 4+ 0.681 25940683  3.64°+0.830
EC CONTROL 1.0440.614 1.3540.296 2.06+1.030
CARNO06 1.184+0.512 1.054+0.287 1.78 4 0.409
CARNO12  1.42°°1+0.688 1.01°+£0.380  2.10°+0.378
VITE006 1.09* 4+ 0.269 12140387 22340440
TVB at4.5°C  CONTROL 220°+1.137 254240795  3.20°+1.797
CARN006 1.97 £0.959 2.70+0.477 3.47+1815
CARNO12 1.81°+0.845  253°+0611  4.03°+1.446
VITE006 1.66+0.893 2.17 +£0.506 3.60+1.123
LAB CONTROL 27441227 2.74+1.233 2.99 +2.202
CARNO06 2.5440.900 2.3440.707 3.05 4+ 1.261
CARNO12 1.894+0.410 2.3940.390 32741951
VITE006 1.714£0.279 1.97+0.839 2.88+2212

Mean + standard deviation; CONTROL group (no antioxidants); CARNOO6 (0.6 g carnosic
acid kg~ ! of feed concentrate); CARNO12 (1.2 g carnosic acid kg~ ! of feed concentrate);
VITE006 (0.6 g a-tocopheryl acetate kg~ ' of feed concentrate); *><: different superscripts
in the same row indicate statistical differences (P<0.05) among refrigerated storage days;
Enterobacteriaceae (EC), total viable bacteria (TVB), lactic acid bacteria (LAB).

thus hindering a possible effect of carnosic acid. In any case, the lack
of significant differences in the counts of the rest of microorganisms
(EC, LAB and TVB, Table 5) also suggests that other compounds (but
not carnosic acid) might be responsible for the antimicrobial proper-
ties of rosemary (Pintore et al., 2002).

3.5. Sensory evaluation

When meats from the lambs fed the CONTROL and CARNO12 diets
were compared, most of the consumers (17 out of 24, 70.8%, P<0.05,
Table 6) could not distinguish between the treatments. Moreover,
62.5% of the consumers preferred the CONTROL samples describing
them as more tender and juicy, but this percentage was not statisti-
cally different from the percentage of consumers who preferred
the CARNO12 samples (P>0.05). When meats from lambs fed the
CARNOO6 and VITEQO06 diets were compared, only eight correct judg-
ments (33.3%) were given. Therefore, the consumers could not distin-
guish between these samples (P<0.10, Table 6). Likewise, the CARNO06
samples were preferred in 10 out of 24 cases (P>0.05), and the
VITEOO6 samples were judged as more tender and tasty. Hence, in both
cases, the meat samples from lambs fed carnosic acid (CARNO06 and
CARNO12) were neither clearly distinguished nor preferred by the con-
sumers when they were compared with those from lambs fed either
the CONTROL or VITEOOG diet.

Table 6
Results from sensory analysis carried out to discriminate between cooked meat
samples from lambs fed 1) CONTROL and CARNO12 and 2) CARNOO6 and VITEOO6.

Triangle test Correct judgments (n=24) P-value
CONTROL vs. CARN012 7 0.041
CARNOO06 vs. VITEOO6 8 0.100
Preference test Preferences for B (n=24) P-value
CONTROL (A) vs. CARNO12 (B) 9 0.221
VITE0O6 (A) vs. CARNOO6 (B) 10 0.414

CONTROL group (no antioxidants); CARNOO6 (0.6g carnosic acid kg~' of feed
concentrate); CARNO12 (1.2 g carnosic acid kg~ ! of feed concentrate); VITEO06
(0.6 g a-tocopheryl acetate kg~ ! of feed concentrate).

4. Conclusion

At the doses used in the present study, it can be concluded
that carnosic acid shows a lower antioxidant activity when compared
to vitamin E but it seems to be useful to protect meat from discolor-
ation after a long period of time under MAP at refrigerated storage,
particularly in low color stable muscles such as gluteus medius. More-
over, carnosic acid does not significantly affect meat sensory traits.
The microbiological analyses were not conclusive at the doses admin-
istered in the present study. Future experiments should include
higher rates of carnosic acid in the diet of fattening lambs to check
the potential of this compound in further delaying the microbial
spoilage of meat.
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with both compounds.

Thirty-two Merino lambs fed barley straw and a concentrate alone (CONTROL group) or enriched with car-
nosic acid [0.6 gkg™' dry matter (DM), CARNOO6 group; 1.2 gkg~! DM, CARNO12 group] or vitamin E
(0.6 gkg~! DM, VITE006 group) were used to assess the effect of these antioxidant compounds on meat
quality. After being fed the experimental diets for at least 5 weeks, the animals were slaughtered with the
25 kg intended body weight and the different muscles (longissimus lumborum; LL, gluteus medius; GM)
were sliced and kept refrigerated under modified atmosphere packaging during 0, 7 and 14 days. The results
indicate that carnosic acid seemed to be useful to delay lipid peroxidation in a medium colour-stable muscle
such as GM, but this effect was lower than that observed when vitamin E was supplemented to fattening
lambs. On the contrary, meat texture and protection against cholesterol oxidation were equally improved

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The shelf life of meat and meat products is seriously shortened by
two main factors: microbial spoilage and lipid peroxidation. There-
fore, any finding focused on delaying either of these processes is rel-
evant for the meat industry. The high quality meat demanded by the
consumer in developed countries (Boleman et al., 1997) must be ten-
der and free of chemically synthesised additives, so the inclusion of
natural compounds (plant origin) in animal feedstuff, thus avoiding
any further manipulation of the meat, is suitable to improve all
these quality attributes.

In this context, special attention has been paid to the effects promot-
ed by rosemary (Rosmarinus officinalis L.), an herb commonly used as a
flavouring agent. The bioactive properties of this herb have been attrib-
uted to the phenolic compounds in rosemary plants (Hernandez-
Hernandez, Ponce-Alquicira, Jaramillo-Flores, & Legarreta, 2009).
These compounds have demonstrated antimicrobial and antioxidant
activities when added to food as additives (McBride, Hogan, & Kerry,
2007), but they have also shown beneficial effects on eggs, milk and
meat products when included in the diet of the animal (Botsoglou,
Govaris, Giannenas, Botsoglou, & Papageorgiou, 2007; Galobart,
Barroeta, Baucells, Codony, & Ternes, 2001; Jordan, Mofiino, Martinez,
Lafuente, & Sotomayor, 2010; Nieto, Diaz, Bafién, & Garrido, 2010).
The main phenolic compound retained in animal tissues after the

* Corresponding author. Tel.: +34 987 307 05; fax: +34 987 317 161.
E-mail address: sonia.andres@eae.csic.es (S. Andrés).

0309-1740/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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consumption of rosemary is carnosic acid (Moifiino, Martinez,
Sotomayor, Lafuente, & Jordan, 2008), so it can be hypothesised that
the antioxidant properties on meat quality are mainly due to the
increased concentration of this phenolic compound in the muscle.
However, the amount of carnosic acid which must be fed to the animals
to have beneficial effects on meat quality have not been quantified. It
must also be considered that the concentration of phenolic compounds
in the plants varies with maturity stage or climatic conditions, mainly
drought (Munné-Bosch, Mueller, Schwarz, & Alegre, 2001). This is
why feeding rosemary extracts with a known richness of carnosic
acid, instead of intact plants will allow recommendations to be estab-
lished about the amount of rosemary which should be fed to animals
according to its level of carnosic acid.

The aim of the present study was to investigate the texture and
antioxidant properties of meat when two different doses of rose-
mary extract (48% carnosic acid) were included in the diet of
lambs. Likewise, vitamin E (one of the most frequently used antiox-
idants in animal nutrition) was included in another group as a pos-
itive control.

2. Material and methods
2.1. Animals and diets

Before the commencement of the trial, 32 male merino lambs,
aged a month and a half were treated with ivermectin (Ivomec,

Merial Labs, Barcelona, Spain) and vaccinated against enterotoxaemia
(Miloxan, Merial Labs, Barcelona, Spain).
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After stratification on the basis of body weight (average BW, 15.2 +
0.749 kg), the lambs were allocated randomly to four different groups
(8 lambs per treatment): a control group (CONTROL), a second group
fed a single dose (0.6 g carnosic acid kg~ ! of concentrate, CARNOOG)
of carnosic acid (Shaanxi Sciphar Biotechnology Co., Ltd, Xi'an, China;
carnosic acid 470 g/kg dry matter (DM), FAD 12.65 g/kg DM, ash
16.13 g/kg DM), a third group fed a double dose of carnosic acid
(1.2 g carnosic acid kg~ ! of concentrate, CARNO12), and a fourth group
fed vitamin E (o-tocopheryl acetate 50%, Industrias de Alimentacién
Animal, Spain) at a rate of 0.6 g kg~ ! of concentrate (VITE006, equiva-
lent to 900 IU of vitamin E kg™ ' of concentrate). Animals were then
penned individually. All handling practises followed the recommenda-
tions of the European Council Directive 86/609/EEC for the protection
of animals used for experimental and other scientific purposes (EEC,
1986), and all of the animals were able to see and hear other lambs.

After 7 days of adaptation to the basal diet comprised of concen-
trate (50% barley, 20% soybean meal, 15% maize, 8% wheat, 4% molas-
ses and 3% mineral premix; DM 888 g kg~ !, CP 178 g kg~ ' DM, NDF
134gkg™! DM, and ash 56gkg™! DM) and barley straw (DM
913gkg™!, CP 35gkg™! DM, NDF 757 gkg~! DM, ash 55 gkg ™!
DM), all the lambs were fed barley straw and the corresponding con-
centrate feed alone (CONTROL group) or supplemented either with
vitamin E or carnosic acid 48% (the carnosic acid richness of the ex-
tract was measured by HLPC according to Mofiino et al., 2008) during
7 weeks. Concentrate (35 g kg~ ' BW day ~!) and forage (200 g day 1)
were weighed and supplied in separate feeding troughs at 9:00 a.m.
every day, and fresh drinking water was always available. The orts
were also weighed daily, and samples were collected for subsequent
analyses.

2.2. Slaughter procedure, packaging, storage and sampling

The animals were slaughtered on four different days, two lambs
per group each day. The lambs were selected each day according to
their weight (25 kg intended body weight) and slaughtered by stun-
ning and exsanguination from the jugular vein; they were then evis-
cerated and skinned. The hot carcass of each lamb was weighed,
chilled at 4 °C for 24 h and weighed again. The longissimus lumborum
(LL) and gluteus medius (GM) muscles were removed from the right
and left carcass sides.

The LL and GM muscles were cut into slices 2.5 cm thick, placed on
impermeable polypropylene trays (a tray per opening day containing
both LL and GM slices from only one animal) and wrapped with
ML40-G bags (Krehalon; Proveedora Hispano Holandesa S.A., Barcelona,
Spain), which were immediately modified-atmosphere packaged
(MAP) using a tabletop Multivac A300 packaging machine (Multivac
Verpackungsmaschinen, Wolfertschwenden, Germany). The air in the
bags was replaced by a commercial gas blend intended for red and
poultry meats consisting of 35% CO-, 35% O, and 30% N,, with a gas:
meat volume ratio of about 2:5:1. The ML40-G bags had O, and CO,
transmission rates of 20 and 100 mLm~2 24 h~!, respectively, at
23 °C and 80% relative humidity. All packages were stored under simu-
lated retail display conditions (12 h daily illumination and 3 + 1 °C) and
the air temperature was monitored using a Testo175-T2 data logger
(Instrumentos Testo S.A., Cabrils, Barcelona, Spain). These trays were
opened after 0, 7 and 14 days. On each sampling day, the concentrations
of CO, and O, inside each tray were determined using a CheckMate
9900 (PBI Dansensor, Denmark). LL and GM raw meat samples were
frozen for thiobarbituric acid reactive substances (TBARS) analysis and
protein oxidation.

2.3. TBARS analysis
Thiobarbituric acid reactive substances (TBARS) were determined

on pre-thawed, raw LL and GM samples aged for 0, 7 and 14 days
under MAP according to the following procedure. The acid hydrolysis
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of TEP (1,1,3,3-tetraethoxypropane) was performed, thus yielding
malondialdehyde (main product of lipid peroxidation) to construct
the standard curve. Meat samples were thawed and a piece of 2.5 ¢
was cut and homogenised for 30 s at 13,000 rpm with 20 mL of dis-
tilled water using a T25 digital Ultraturrax provided with a 18 G dis-
persing tool (IKA®-Werke GmbH & Co. KG, Germany). Thereafter,
5 mL of 25% trichloroacetic acid (TCA) were added, and then centri-
fuged at 12,100 x g during 15 min at 4 ° C, filtered and 3.5 mL trans-
ferred to a 10 mL screw cap tube with 1.5 mL of thiobarbituric acid
(0.6%). Samples were heated at 70 °C for 30 min and, after being cooled
in ice for 10 min absorbance was measured at 532 nm ( Schimadzu
160-UV). The results were expressed as ug MDA g~ ! meat.

2.4. Protein and cholesterol oxidation

Protein oxidation (P-OX) was performed on raw LL samples
aged for 7 days under MAP. This procedure was carried out by the
dinitrophenylhydrazine (DNPH) method using the protein carbonyl
enzyme immunoassay kit provided by Deltaclon S.L. (Spain).

From each opened tray another slice of GM was cooked in a grill at
180 °C; a temperature probe was inserted in the core of the samples,
and the sample then cooked to an internal temperature of 70 °C. Finally,
GM samples were cooled at 4 °C for 30 min, and then freeze-dried for
oxysterols analysis. Cholesterol oxidation products (COPs), also called
oxysterols, were determined according to Grau, Codony, Grimpa,
Baucells, and Guardiola (2001) on cooked GM samples aged for 7 days
under MAP. Briefly, lipids were extracted from 1g of cooked and
freeze-dried GM samples using a mixture chloroform/methanol
(2:1, v/v) (Folch, Lees, & Sloane Stanley, 1957). 19-hydroxycholesterol
(19-HC) was used as an internal standard. Ten mL of 1.5 methanolic
KOH was then added and the mixture was kept in an orbital shaker
for 20 h at room temperature under N, atmosphere and darkness to
complete the cold saponification. The unsaponifiable material was
extracted three times with diethyl ether in a separating funnel, and
then purified by solid-phase extraction (SPE) according to Guardiola,
Codony, Rafecas, and Boatella (1995). COPs were derivatised to
trimethylsilyl (TMS) ethers prior to gas chromatographic (GC) analysis
on an Agilent 7890 Series gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA) provided with a FID detector by splitless injection
into a VF-5ms CP8947 capillary column (50 mx 250 umx 0.25 pm,
Varian, Palo Alto, CA, USA). Chromatographic conditions were as fol-
lows: injection volume 1.5 pl; initial oven temperature 75 °C, to 250 °C
at 30 °C/min, to 290 °C at 8 °C/min, and to 292 °C at 0.05 °C/min; injec-
tor and detector temperatures were 250 and 280 °C, respectively.
Helium was used as a carrier gas at a flow rate of 1 mL/min. The
oxysterols 7oa-hydroxycholesterol (7a-HC), 7[(3-hydroxycholesterol
(7B-HC), 5,6a-epoxycholesterol (a-CE), 5,63-epoxycholesterol (-
CE), cholestanetriol (CT), 25-hydroxycholesterol (25-HC) and 7-
ketocholesterol (7-KC) were identified by comparing their retention
times with those of authentic standards (Steraloids, Inc., UK) and quan-
tified with the internal standard.

2.5. Texture (Slice Shear Force, SSF)

From each opened tray another slice of LL was cooked in a grill at
180 °C; a temperature probe was inserted in the core of the samples,
and the sample cooked to an internal temperature of 70 °C. Finally, LL
samples were cooled at 4 °C for 30 min, and then frozen at —30 °C
until texture analysis. LL cooked slices aged during 0, 7 and 14 days
under MAP were used to measure the texture values. A slice 1-cm
thick, 5-cm long parallel to the muscle fibres was cut and placed in
the single-beam Lloyd Texture Analyser (Lloyd Instruments, UK) so
that the blade shears perpendicular to the muscle fibres along the
5-cm dimension of the slice. Maximum shear force was interpolated
by plotting the force-time curve and measuring the peak shear
force. The peak force was the Slice Shear Force (SSF) for the sample



432 L. Mordn et al. / Meat Science 91 (2012) 430-434

(McKenna, King, & Savell, 2004; Shackelford, Wheeler, & Koohmaraie,
1999).

2.6. Statistical analysis

All the data were subjected to one-way analysis of variance with
diet as the only source of variation using the GLM procedure of SAS
package (SAS, 1999).

3. Results
3.1. TBARS analysis

Fig. 1 summarises the results of LL and GM muscles when lipid ox-
idation (TBARS) was studied after packaging in a controlled gas mix-
ture for 0, 7 or 14 days.

The group being fed vitamin E (positive control) showed signifi-
cantly lower TBARS values when compared to the CONTROL group
in both LL and GM muscles at all storage periods (0, 7, and 14 days
of refrigerated storage under a high oxygen MAP). As far as carnosic
acid is concerned, a significant decrease (P<0.05) only in the LL of
the CARNO12 group was observed after 14 days of refrigerated stor-
age when compared to the CONTROL group, whereas no significant
effect (P>0.05) on TBARS values in LL muscle was detected at any
storage time in the CARNOO6 group. In the GM muscle TBARS values
were lower in both groups fed carnosic acid after 7 and 14 days
when compared to the CONTROL group.
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Fig. 1. Mean values + standard error of the mean for TBARS (pg MDA g~ ! meat) after 0,
7 and 14 days of refrigerated storage at 4 °C under modified atmosphere package (35%
CO,, 35% 0, and 30% N,). CONTROL group (no antioxidants); CARNOO6 (0.6 g carnosic
acidkg=' of concentrate); CARNO12 (1.2 g carnosic acidkg~' of concentrate);
VITE006 (0.6 g a-tocopheryl acetate kg~ ! of concentrate); * ™ < different superscripts
in the same day indicate statistical differences (P<0.05) between treatments.

3.2. Protein and cholesterol oxidation

Table 1 summarises the P-OX results when the protein carbonyl
content was measured by the dinitrophenylhydrazine (DNPH)
method. As can be observed, the diet had no significant effect on
this parameter for raw LL samples aged for 7 days under MAP.

Regarding cholesterol oxidation products (COPs, Table 1), signifi-
cantly higher values (P<0.05) were observed for 7a-HC, 7R-HC, a-
CE, 7-KC and total COPs in the CONTROL samples when compared
to the antioxidant groups. On the contrary, 3-CE and CT showed no
significant differences between groups, whereas 25-HC was not
detected. The low levels of the most atherogenic compounds (CT
and 25-HC) in all of the cooked meat samples, even in the CONTROL
group, are remarkable.

3.3. Texture

Fig. 2 shows the texture values in samples aged for 0, 7 and
14 days under MAP.

Significantly lower values (P<0.0001) for SSF were detected when
antioxidant groups (CARN006, CARNO12 and VITEO06) were com-
pared to the CONTROL at all sampling times (0, 7 and 14 days), with
no significant differences between CARN006, CARNO12 or VITEO06
samples.

4. Discussion

A previous study (Lopez-Bote, Daza, Soares, & Berges, 2001) has
described a significant positive effect on lipid oxidation in meat at
low supplementation levels of vitamin E (270 mg kg diet™'); how-
ever, the protective effects at different storage times were optimised
at a dietary inclusion level of 550-625 mg a-tocopheryl acetate kg ™!
diet. Consequently, in the present study vitamin E was supplied at
0.6 g kg~ ' of concentrated feed (VITEO06 group). A similar dose of
carnosic acid was supplied to another group (CARNOO6) to compare
the effectiveness of both components. The last group was fed a double
dose of carnosic acid (CARNO12) in order to clarify if this substance
showed a dose dependent effect at meat level.

4.1. TBARS analysis

Faustman and Cassens (1990) reported a strong relationship be-
tween lipid oxidation and myoglobin oxidation. This is the reason
why TBARS analysis was performed in two muscles with different

Table 1

Carbonyl protein content (P-OX; nmol 40 mg ™' raw meat; longissimus lumborum) and
oxysterols content (ug g~ ' cooked meat; gluteus medius) in meat samples after 7 days
of refrigerated storage at 4 °C under modified atmosphere package (35% CO,, 35% O,
and 30% N,).

CONTROL  CARNOO6 CARNO12  VITE006  sed p-value

P-OX 0.689 0.679 0.687 0.741 0.0830 0.873
7a-HC 0.486° 03107 0.261° 0.232° 0.0608  0.023
7B-HC 0.630° 0.405? 0.324° 0.343? 0.0722 0.018
Unknown  0.377° 0.114° 0.076" 0.145° 0.0443  <0.001
3-CE 0.626 0.474 0.493 0.483 0.0921 0.481
a-CE 0.290° 0.134% 0.144° 0.139? 0.0482  0.042
CT 0.055 0.040 0.049 0.036 0.0283  0.962
25-HC n.d. n.d. n.d. n.d. - -
7-KC 1.116° 0.306* 0.345° 0.300? 0.2034 0.018
> COPs 3.022° 1.706% 1.666% 1.428% 0.2606  <0.001

7a-HC, 7a-hydroxycholesterol; 73-HC, 7p3-hydroxycholesterol; «-CE, 5,6c-epoxycho-
lesterol;  -CE, 5,6B-epoxycholesterol; CT, cholestanetriol;  25-HC, 25-
hydroxycholesterol; 7-KC, 7-ketocholesterol; COPs, cholesterol oxidation products;
CONTROL group (no antioxidants); CARN0OO6 (0.6 g carnosic acid kg~ ! of concentrate);
CARNO12 (1.2 g carnosic acid kg~ ' of concentrate); VITEO06 (0.6 g a-tocopheryl ace-
tate kg~ ! of concentrate); * °: different superscripts in the same row indicate statisti-
cal differences (P<0.05) between treatments; n.d., non-detectable.
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Fig. 2. Mean values -+ standard error of the mean for Slice Shear Force (SSF, kg cm™~?2) in
cooked longissimus lumborum samples after 0, 7 and 14 days of refrigerated storage at
4 °C under modified atmosphere package (35% CO,, 35% O, and 30% N;). CONTROL
group (no antioxidants); CARNOO06 (0.6 g carnosicacidkg~! of concentrate);
CARNO12 (1.2 g carnosic acid kg~ ! of concentrate); VITE0O06 (0.6 g a-tocopheryl ace-
tate kg~ ! of concentrate); * ®: different superscripts in the same day indicate statistical
differences (P<0.05) between treatments.

colour stability: a high (LL) and medium (GM) colour-stable muscle
(McKenna et al., 2005). The increments in lipid oxidation as a conse-
quence of display time could be reduced by the highest dose of carno-
sic acid (CARNO12) in a medium colour stable muscle, GM (days 7
and 14, Fig. 1b), whereas this effect was only significant after
14 days in a high colour stable muscle, LL (day 14, Fig. 1a). No expla-
nation can be found for the high levels in TBARS values observed from
the beginning of refrigerated storage in the LL muscle of the CARN012
group (day O, Fig. 2).

4.2. Protein and cholesterol oxidation

Existing literature suggests that the oxidation of proteins does not
follow the same pattern as lipid oxidation. Thus, some phenolic-rich
plant (rosemary) and fruit (apple) extracts have been shown to in-
hibit protein carbonylation in meat, but the antioxidant effect was
in general lower than that displayed against lipid oxidation
(Estévez, 2011). Additionally, some polyphenols have been reported
to promote protein carbonylation (Estévez, 2011). However, the pre-
sent results differ from those observed by other authors when vita-
min E was supplemented to cows (Rowe, Maddock, Lonergan, &
Huff-Lonergan, 2004). These authors reported a significant correla-
tion between total protein carbonyls and the instrumental texture
(Warner-Bratzler shear force) of vacuum-packed beef muscles.
Therefore, in the present experiment the lack of significant differ-
ences between treatments (even between CONTROL and VITEO06)
might indicate that proteins were highly oxidised after 7 days of re-
frigerated storage under a high oxygen MAP, which holds a potential
risk for protein oxidation (Lund, Hviid, & Skibsted, 2007; Zakrys,
O'Sullivan, Allen, & Kerry, 2009). Consequently, any initial difference
promoted by the antioxidants might have been hidden by the long
period of time under this high oxygen MAP.

Regarding oxysterol content in meat samples, these compounds
can be absorbed through the intestinal tract into the blood stream,
thus increasing the susceptibility of the consumer to coronary heart
disease. Since the main source of oxysterols in meats is heat proces-
sing, these substances were determined in cooked meat samples
(cooked gluteus medius samples after 7 days of refrigerated storage
under MAP). Vitamin E supplemented either to pigs (Eder, Miiller,
Kluge, Hirche, & Brandsch, 2005) or chickens (Grau et al., 2001) has
been demonstrated to be effective in reducing oxysterol content in
cooked meat samples. This is in agreement with the results observed
in the present study, where both vitamin E and carnosic acid seemed
to protect cholesterol against oxidation. Broncano, Petrén, Parra, and
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Timén (2009) reported similar levels of oxysterol content in pork;
however they are not fully comparable to the results of the present
study since they were obtained in cooked meat with lower lipid oxi-
dation (these meat samples were not kept in refrigerated storage for
several days). It must be remarked, however, that oxysterol levels
were much lower in the present study when compared to those
reported for pigs fed unsaturated fats whose meat was cooked after
being stored at 4 °C for 9 days (Rey et al., 2001). All the samples
(even those of the CONTROL group) showed very low levels of CT
and 25-HC (Table 1).

It has been suggested that hydroperoxides of polyunsaturated
fatty acids formed during lipid oxidation might be necessary to initi-
ate cholesterol oxidation, so oxysterol content might be synergistical-
ly increased by unsaturated fat (Smith, 1987). In this sense,
biohydrogenation in the rumen undergone by the unsaturated fatty
acids consumed by the lambs might have protected their meat
against cholesterol oxidation during refrigerated storage and later
on during cooking. This is particularly important for the consumer
concerned with healthier meat products, since many COPs, and espe-
cially CT and 25-HC, have been described as atherogenic oxysterols,
responsible for acute injury to the endothelium (Peng, Taylor, Hill, &
Morin, 1985, Taylor, Peng, Werthessen, Tham, & Lee, 1979).

4.3. Texture

The lower values (P<0.0001) for SSF in all the antioxidant groups
when compared to the CONTROL (Fig. 2) might have been due to the
protection exerted by both vitamin E and carnosic acid against the ox-
idation of endogenous proteases during the aging process. In this
sense, the proteolysis of key cytoskeletal proteins (such as desmin)
can reduce the amount of water forced from the intra- and extramyo-
fibrillar spaces of the cell as rigour progresses (Huff-Lonergan &
Lonergan, 2005). These cytoskeletal and other myofibrillar proteins
are known pi-calpain substrates, an enzyme highly susceptible to oxi-
dation due to histidine and SH-containing cysteine residues at its ac-
tive site (similar to m-calpain). Therefore the higher values of SSF for
CONTROL samples when compared to the antioxidant groups might
have been partially due to a reduced functionality of p-calpain and
m-calpain as a consequence of the oxidation undergone by the post-
mortem muscle during the aging process, which might have reduced
the juiciness and tenderness of the meat (Huff-Lonergan & Lonergan,
2005; Xiong, 2000). These results agree with the higher water hold-
ing capacity reported for the meat of the antioxidants groups
(Moran et al., 2012). At the same time, these results (Fig. 2) do not
disagree with the lack of significant differences in P-OX after 7 days
of refrigerated storage (Table 1), since endogenous proteases were
expected to catalyse reactions during the first days of the aging pro-
cess; thereafter, they also might have been oxidised.

A second mechanism to explain the toughening of meat is related
to the oxidation of myofibrillar proteins, which promotes aggregation
and cross-linking (Estévez, 2011; Huff Lonergan, Zhang, & Lonergan,
2010). Consequently, carnosic acid accumulated in the muscle during
the feeding of the lambs might have delayed this oxidation process.
However, it must be noted that this has not been confirmed.

5. Conclusion

At the doses used in the present study, it can be concluded that
carnosic acid supplemented to fattening lambs seems to protect
meat from lipid peroxidation after a long period of time under MAP
at refrigerated storage, particularly in medium colour stable muscles
such as gluteus medius. It must be noted, however, that this effect is
lower than that observed when vitamin E is supplemented. Texture
and protection against cholesterol oxidation seem to be equally im-
proved by both compounds.
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Thirty-two lambs were fed with barley straw supplemented by a concentrate alone, or a concentrate
enriched with either vitamin E (VITEO06: 0.6 gkg ' feed concentrate) or carnosic acid (CARNOOG:
0.6 g kg~ ! feed concentrate; or CARNO12: 1.2 g kg~ ! feed concentrate). In order to elucidate the influence
of the dietary supplementation of carnosic compared with a reference diet antioxidant (vitamin E), the

animals were slaughtered and the longissimus thoracis were lyophilised to determine the FAs profile
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and the phenolic compounds. In addition, longissimus lumborum slices were stored in a modified atmo-
sphere package for 3 days and then grilled to determine volatile compounds. Dietary carnosic acid did
not modify the FAs profile, but had a clear effect on the production of volatile compounds, in a dose-
dependent manner. These results have implications for the food industry, since dietary carnosic acid
seems to extend the shelf life of lamb meat.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Meat is considered a highly nutritious and valued food because
it is a source of high biological value proteins and micronutrients
(for example, vitamins A, B6, B12, D and E; iron, zinc and sele-
nium). However, over the last 20 years, perceptions that red meat
contains high amounts of fat, which is rich in saturated fat, and
associations between red meat and cancer, have overshadowed
these positive attributes. The relationship between dietary fat
and the incidence of lifestyle diseases, particularly coronary heart
disease, are well-established. Consequently, consumers from
developed countries are currently looking for meat products with
added health qualities (Scollan et al., 2006).

The fatty acids (FAs) profile of lamb is characterised by a low
polyunsaturated/saturated FAs ratio (PUFA/SFA) (Enser et al.,
1998). Consequently, numerous studies have attempted to increase
the proportion of PUFA and conjugated linoleic acid (CLA) in the fi-
nal product, by means of different feeding strategies (Castro, Man-
so, Mantecén, Guirao, & Jimeno, 2005). More recent studies have
looked for new dietary supplements, such as phenolic compounds

* Corresponding author. Tel.: +34 987 307 054; fax: +34 987 317 161.
E-mail address: laramoran@eae.csic.es (L. Moran).

0308-8146/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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(Patra & Saxena, 2009), some of which also have the ability to mod-
ify rumen microbiota and hence PUFA metabolism (i.e. biohydro-
genation) at the rumen level. Thus, the inclusion of phenolic
compounds in the diet may favourably modify the fatty acids pro-
file in lamb meat samples (Lourenco, Ramos-Morales, & Wallace,
2010).

Fatty acid composition also affects other important meat qual-
ities, such as colour, texture and flavour. For example, PUFAs are
susceptible to oxidation, and lipid peroxidation plays a key role
in colour changes and undesirable flavour development, thus
reducing product shelf life (Elmore, Mottram, Enser, & Wood,
1999). Hence, the antioxidant properties of phenolic compounds
may provide a good alternative, protecting PUFAs from lipid
peroxidation.

In this context, special attention has been paid to carnosic acid,
a diterpenic phenol with antioxidant properties that has been
shown to be retained in the meat of animals fed with rosemary
(Moiiino, Martinez, Sotomayor, Lafuente, & Jordan, 2008). Previous
studies with carnosic acid have demonstrated improvements in
meat quality (Moran et al., 2012a Moran, Andrés, Bodas, Prieto, &
Giraldez, 2012b).

Therefore, the aim of the present study was to investigate the
FAs profile and the occurrence of undesirable off-flavours in meat
when two different doses of rosemary extract (47% carnosic acid)
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were included in the diet of lambs. Likewise, vitamin E (one of the
most frequently-used antioxidants in animal nutrition) was exam-
ined in another group, in order to provide a positive control.

2. Materials and methods
2.1. Animals and diets

Two weeks before commencement of the trial, 32 male Merino
lambs were treated with ivermectin (Ivomec, Merial Labs, Barce-
lona, Spain) and vaccinated against enterotoxaemia (Miloxan,
Merial Labs, Barcelona, Spain).

After stratification on the basis of body weight (average
BW =15.2 £ 0.749 kg), lambs were penned individually and allo-
cated randomly to one of four different groups (eight lambs per
treatment): a control group was fed barley straw (BS) and concen-
trate alone (CONTROL); a second group was fed BS and concentrate
with a single dose of carnosic acid (CARN0OO06: 0.6 g carnosic acid
kg~! concentrate); a third group was fed BS and concentrate with
a double dose of carnosic acid (CARNO12: 1.2 g carnosic acid kg™!
concentrate); and a fourth group was fed BS and concentrate with
vitamin E (50% a-tocopheryl acetate) at a rate of 0.6 g kg~! concen-
trate (VITEOOG, equivalent to 900 IU vitamin E kg~! concentrate).
The carnosic acid was supplied by Shaanxi Sciphar Biotechnology
Company Ltd. (China; carnosic acid 470 g kg~! dry matter), while
the 50% o-tocopheryl acetate was obtained from Industrias de Ali-
mentacion Animal (Spain).

Concentrate (35gkg 'BWday ') and forage (200g barley
straw day~!) were weighed and supplied in separate feeding
troughs at 9:00 a.m. each day. Fresh drinking water was always
available. The orts were also weighed daily, and feed samples were
collected for chemical and FAs composition analysis. The ingredi-
ents of the concentrate and chemical composition of both concen-
trate and forage have been previously described by Moran et al.
(2012a). Additionally the lipid profile of the concentrate total fat
(25 g kg~! dry matter) was analysed (linoleic acid 50.6%, palmitic
acid 21%, oleic acid 20%, linolenic acid 4.6%, stearic acid 3.5% and
others 0.3%).

All handling practices followed the recommendations of Euro-
pean Council Directive 86/609/EEC for the protection of animals
used for experimental and other scientific purposes, and all of
the animals were able to see and hear other lambs.

2.2. Slaughter, packaging, storage and sampling procedures

The animals were slaughtered on four different days, two lambs
per group on each of these days. On each occasion, the lambs were
selected according to their weight (25 kg target body weight) and
slaughtered by stunning and exsanguination from the jugular vein,
prior to being eviscerated and skinned. After 24 h at 4 °C, the lon-
gissimus thoracis (LT) and lumborum (LL) muscles were removed
from both sides of the carcass.

The LT muscles from the right and left sides were lyophilised
and frozen at —80 °C for further fatty acids profile determination.
The LL from the right and left carcass sides, were cut into 2.5 cm
thick slices, placed on impermeable polypropylene trays and pack-
aged on modified atmosphere (MAP) and stored on the conditions
previously described by Moran et al. (2012a). The packages were
opened after 3 days and the meat samples were grilled at 180 °C,
with a temperature probe inserted into the core of the samples
in order ensure a maximum internal temperature of 70 °C was
reached. Finally, the LL samples were cooled at 4 °C for 30 min
and then frozen at —20 °C until analysis of the volatile compounds
profile.
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2.3. Fatty acid analysis

All details regarding the methods and equipment (lipid extrac-
tion, derivatisation, gas chromatography (GC) separation and con-
ditions, and standard mixtures) utilised to determine the fatty
acids composition of the lamb meat samples have been previously
described by Aldai, Lavin, Kramer, Jaroso, and Mantec6n (2012).
In-keeping with the objectives of the present study, no comple-
mentary separation technique (i.e. high-performance liquid
chromatography (HPLC) or ionic GC column was used to determine
the CLA isomers and, therefore, the total CLA content has been
provided.

A quantitative procedure was used, adding 1 ml internal stan-
dard (1 mg ml~! 23:0 methyl ester; N-23-M, supplied by Nu-Chek
Prep Inc., Elysian, MN, USA) prior to methylation. The fatty acid
methyl esters (FAMEs) contents were expressed as mg 100g™!
fresh meat, and quantified (on a weight basis) as a percentage
(%) of the total FAMEs.

Some nutritionally-interesting indexes were also calculated,
according to Ulbricht and Southgate (1991):

Saturation index (S/P) = (C14+C16 +C1 8)/(2 MUFA + Z PUFA)
Atherogenic index (Al) = (C12+4 x C14+ ClG)/(Z MUFA

+Y n-6+» n-3)

Thrombogenic index (IC) = (C14 +C16 +C18)/[(0.5
x> MUFA+05x Y n-6+3x> n-3)/(> n-6)

2.4. Volatile compounds analysis

All samples were prepared by placing 10+ 0.5 g finely-cut
cooked meat in a 20 ml glass vial fitted with a cap equipped with
a silicon/PTFE septa (Supelco, Bellefonte, PA, USA) and adding
1 ml internal standard (2 pg ml~! 4-methyl-2-pentanone) solution
to water. For headspace solid-phase microextraction (HS-SPME),
10°C was the selected temperature for both equilibration and
extraction, in order to prevent possible matrix alterations and
hydroperoxide decomposition (Panseri, Soncin, Chiesa, & Biondi,
2011).

To keep the temperature constant during analysis, the vials
were maintained at 10 °C on a cooling plate (CTC Analytics, Zwin-
gen, Switzerland). At the end of the sample equilibration time (1 h),
a CAR/PDMS fibre (Supelco) was exposed to the sample headspace
for analyte extraction (180 min) using a CombiPAL system injector
autosampler (CTC Analytics, Zwingen, Switzerland).

Gas chromatography/mass spectrometry (GC/MS) analyses
were performed using a Trace GC Ultra coupled to a quadrupole
mass spectrometer Trace DSQII (Thermo-Fisher Scientific, Wal-
tham, MA, USA) and equipped with an Rtx-Wax column
(30 m x 0.25 mm i.d. x 0.25 um film thickness; Restek, Bellefonte,
PA, USA).

The oven temperature program was as follows: from 35 °C, hold
8 min; increase to 60°C at 4°Cmin~'; increase to 160°C at
6 °C min~!; and finally increase to 200 °C at 20 °C min~'. The car-
rier gas was helium, at a flow rate of 1 ml min~'. The samples were
injected in splitless mode using an 8 min splitless time. Carry over
and peaks originating from the fibre were regularly assessed by
running blank samples. After each analysis, fibres were immedi-
ately thermally desorbed in the GC injector for 5 min at 250 °C to
prevent contamination.

Ion source and transfer line temperatures were set at 250 °C and
210 °C, respectively. The mass spectra were obtained using a mass
selective detector with an electronic impact of 70 eV, a multiplier
voltage of 1456 V and a data collecting rate of 1.48 scan s~! over
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the m/z range of 30-350. Compounds were identified by compari-
son of the retention times of the chromatographic peaks with those
of authenticated compounds analysed under the same conditions
(when available) or with the Kovats index (it was appropriate to
calculate Kovats, since two formulae are available: one for isother-
mal oven conditions and one for programmed oven temperatures).
The identification of MS fragmentation patterns was performed
either by comparison with those of pure compounds or by using
the National Institute of Standards and Technology (NIST) MS spec-
tral database.

The results were expressed as ng IS equivalent [area of com-
pounds (arbitrary units/IS area) = ng IS] in order to provide semi-
quantitative results. All analyses were done in duplicate.

2.5. Phenolic quantification in meat samples

In the case of phenolic quantification, freeze-dried samples
(1.5 g) were extracted using 150 ml methanol in a Soxhlet extrac-
tor (B-811; Biichi, Flawil, Switzerland) for 2 h in a nitrogen atmo-
sphere. Methanolic extracts were taken to dryness at 40 °C under
vacuum conditions in an evaporator system (Syncore Polyvap R-
96; Biichi, Flawil, Switzerland). The residue was re-dissolved in
methanol and made up to 5 ml. The extracts were kept in vials at
—80 °C until their corresponding analysis.

HPLC analysis followed a method adapted from Mofiino et al.
(2008) performed using a reverse-phase ZORBAX SB-C18 column
(4.6 x 250 mm, 5 pm internal particle diameter [IPD]; Hewlett
Packard, Palo Alto, CA, USA) with a guard column (ZORBAX SB-
C18 4.6 x 125 mm, 5-um IPD; Hewlett Packard, Palo Alto, CA,
USA) at room temperature. Extracts were passed through a
0.45 pm filter (Millipore SAS, Molsheim, France) and 30 pL was in-
jected into a Hewlett Packard (Germany) system equipped with a
G1311A quaternary pump and G1315A diode array detector
(DAD). The mobile phase was acetonitrile (A) and acidified water
containing 5% formic acid (B). The gradient was as follows:
0 min, 30% A; 10 min, 55% A; 12 min, 55% A; 15 min, 70% A;
20 min, 80% A; 30 min, 100% A; 37 min, 30% A; and then held for
10 min before returning to the initial conditions. The flow rate
was 1.0mlmin~! and the detection wavelength was set at
280 nm. The identification of carnosic acid was made by compari-
son with the retention time and spectra of a commercially-avail-

Table 1
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able standard compound. Linear regression models were
performed for quantification using standard dilution techniques.
The linear regression equation calculated for the standard was
y =3559 x 0.0083 (R? = 0.9845). Samples were run in triplicate.

2.6. Statistical analysis

Fatty acid profile and data of volatiles were subjected to one-
way analysis of variance, with the dietary treatment as the only
source of variation, using the general linear models (GLM) proce-
dure of the SAS package. Moreover, in order to perform a discrim-
ination analysis, the fatty acids profiles and volatiles data were
analysed by principal components analysis (PCA) using The
Unscrambler software (version 7.0; CAMO, Trondheim, Norway).

3. Results and discussion
3.1. Fatty acid composition

Table 1 represents the overall fatty acid groups and the nutri-
tionally most important ratios and indexes of the intramuscular
fat of the LT muscles of the lambs. No significant differences were
observed in most of these parameters.

It is known that the fatty acids profile affects oxidative stability
during processing and retail display, since a high content of PUFAs,
which are highly susceptible to oxidation processes, can reduce the
shelf-life of retail meat. On the other hand, a high content of PUFAs
with a low ®-6 (n-6)/w-3 (n-3) PUFA ratio is recommended, due to
its cardioprotective properties and other positive bioactive effects
in humans (Department of Health, 1984). In previous experiments,
where animal diets were supplemented with the whole rosemary
plant, a reduction in the n-6/n-3 ratio was observed (Nieto,
Bafidn, & Garrido, 2011). However, in the present study, no signif-
icant differences were observed in lambs fed the carnosic acid ex-
tract as opposed to the whole rosemary plant.

Regarding trans-18:1 isomers, t10-18:1 has been reported to
accumulate in concentrate-fed animals (Bessa, Portugal, Méndes,
& Santos-Silva, 2005), while rumenic acid (¢9,t11-18:2) and its pre-
cursor vaccenic acid (t11-18:1) have been found to accumulate in
forage-finished ruminants (Dugan et al., 2007). The relationship be-
tween major t-18:1 isomers can be considered an important factor

Absolute content (mg 100 g~ ' meat) of total FAMEs and summary of FAMEs together with some nutritionally interesting ratios and indexes in the longissimus thoracis muscle of

lambs (n = 8 per group).

Fatty acids (mg 100 g~! meat) CONTROL CARNO06 CARNO12 VITEO06 sed P-value
FAMES 2069 2040 1855 2219 255.4 0.595
SFA 950 919 847 1010 130.9 0.840
MUFA 838 863 753 927 110.5 0.505
cis-MUFA 748 767 664 815 1135 0.459
trans-MUFA 90.5 95.5 89.2 112 20.88 0.546
PUFA 193 174 173 191 16.6 0.789
n-6 PUFA 171 155 153 169 14.3 0.751
n-3 PUFA 22.0 20.1 20.1 21.7 2.76 0.974
n-6 HUFA 471 441 46.8 493 332 0.615
n-3 HUFA 14.6 13.7 141 15.1 1.87 0.943
CLA 12.3 13.8 11.8 13.8 1.97 0.646
Nutritional index

n-6/n-3 HUFA 3.36 3.25 3.36 345 0.282 0.926
n-6/n-3 PUFA 8.16 7.75 7.70 8.06 0.584 0.869
P/S 0.21 0.19 0.22 0.18 0.028 0.565
11t-18:1/10t-18:1 0.34 0.53 0.64 0.62 0.232 0.487
(A1) 0.73 0.71 0.68 0.68 0.050 0.812
(S/P) 0.39 0.39 0.40 0.40 0.023 0.802
(TI) 1.51 1.51 1.49 1.53 0.077 0.989

FAMEs, fatty acid methyl esters; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids, PUFA, polyunsaturated fatty acids; HUFA, highly unsaturated fatty acid; CLA,
conjugated linoleic acid; n-6, ®-6 fatty acids; n-3, -3 fatty acids; P/S, PUFA/SFA; Al, atherogenic index, S/P, saturation index; TI, thrombogenic index; CONTROL group, no
antioxidants; CARN0OG, 0.6 g carnosic acid kg~' of concentrate; CARN0O12, 1.2 g carnosic acid kg~' of concentrate; VITEO06, 0.6 g o-tocopheryl acetate kg~' of concentrate.
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Fig. 1. Relative isomeric distribution of individual trans-18:1 isomers of longissimus
muscle from fattening lambs. CONTROL (no antioxidants); CARNOO6 (0.6 g carnosic
acid kg~! of concentrate); CARNO12 (1.2 g carnosic acid kg~! of concentrate);
VITE006 (0.6 g a-tocopheryl acetate kg~! of concentrate).

for human health, since t10-18:1 has been associated with in-
creased atherogenicity in animal models, while t11-18:1 has been
linked with a number of potential health benefits (Bauchart et al.,
2007). In the present study, t10-18:1 was the major isomer, as
expected for concentrate-fed ruminants (Fig. 1). However, the
CONTROL group showed numerically higher t10-18:1 and lower
t11-18:1 relative proportions, when compared with the other
groups (Fig. 1). These variations in the t11/t10-18:1 ratio, which
were not even statistically significant, were in line with previous
studies of dietary vitamin E inclusion undertaken on beef cattle
(Juarez et al., 2011; Mapiye et al., 2012). Pottier et al. (2006) attrib-
uted these changes to the properties of vitamin E, as an inhibitor of
t10-18:1, producing microorganisms at a ruminal level, or as an
electron acceptor for Butyrivibrio fibrisolvens, the principal promoter
of t11-18:1. In the current investigation, no differences in rumen
microorganisms were found (Moran et al., 2012c) that could explain
the lack of significant variations in the trans-18:1 isomeric profile.
Other authors have hypothesised that oxidative stress is an impor-
tant factor on the production of trans fatty acids (Hartig, Loffhagen,
& Harms, 2005), so the groups being fed antioxidants may, there-
fore, have been protected against this effect (Moran et al., 2012c).

The main individual fatty acids observed in each group (% of total
FAs) are summarised in Table 2. The FAs included in Table 2 were
those with a presence greater than 0.1%. In agreement with Castro
et al. (2005), the most abundant FAs in the lamb meat samples from
the current investigation were oleic acid (¢9-18:1), palmitic acid
(16:0) and stearic acid (18:0). In general terms, very few significant
differences in individual FAs were observed between treatments.
The percentage of total CLA was low, as was that of rumenic acid,
which overlapped with the second most abundant isomer (t7c9-
18:2). These two isomers represented a combined average amount-
ing to 80% of the total CLA content (data not shown).

It should be noted the trend toward significant differences be-
tween dietary treatments regarding docosahexaenoic acid (DHA)
content (Table 2). Lamb meat obtained from the high dietary car-
nosic acid treatment (CARNO12) tended to have higher levels of
DHA in comparison to the other carnosic acid and vitamin E treat-
ments. This is a priori an interesting finding, bearing in mind that
lamb meat is very low in highly unsaturated FAs. However, as
yet we have been unable to provide an explanation for these re-
sults, as no differences in other long-chain n-3 FAs were observed.

3.2. Volatile compounds

Table 3 summarises the volatile compounds from lipid autoxi-
dation in the cooked meat samples following 3 days of refrigerated
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Table 2
Content (percentages of total fatty acids) of total FAMEs in the longissimus thoracis of
lambs (n = 8 per group).

Total FA (%) CONTROL CARN006 CARNO12 VITEO06 sed  P-
value
SFA
12:0 0.38 0.32 0.32 0.24 0.075 0.395
14:0 3.35 3.32 3.02 294 0.499 0818
16:0 226 224 21.6 223 0.60 0479
17:0 2.30 1.76 2.05 2.06 0269 0.334
18:0 15.9 16.2 17.1 17.0 0.83  0.505
19:0 0.14 0.15 0.18 0.18 0.020 0.204
20:0 0.11 0.11 0.12 0.12 0.007 0.597
22:0 0.04 0.04 0.04 0.03 0.004 0.186
MUFA
c9-14:1 0.10 0.09 0.09 0.07 0.014 0.543
9-16:1 1.40 1.39 1.26 1.33 0.069 0.188
€9-17:1 1.05 0.87 0.91 0.97 0.121 0.538
9-18:1* 30.7 327 30.9 32.0 1.08  0.291
c11-18:1 1.43 1.34 1.39 1.42 0.096 0.830
9-19:1 0.08% 0.07° 0.112 0.112 0.014 0.034
Non conjugated 18:2
tt 0.09 0.07 0.07 0.08 0.011 0.481
t9t12 0.04 0.03 0.03 0.04 0.007 0.240
c9t13+t8c12  0.23 0.22 0.21 0.22 0.019 0.726
t8c13 0.09 0.10 0.11 0.09 0.022 0819
t11c15 0.18 0.15 0.16 0.15 0.027 0.640
CLA
9118 0.47 0.51 0.50 0.52 0.052 0818
n-6
18:2n-6 6.19 5.44 6.09 531 0.689 0.545
18:3n-6 0.10 0.10 0.11 0.10 0.007 0.464
20:2n-6 0.05 0.05 0.06 0.05 0.010 0.958
20:3n-6 0.18 0.17 0.23 0.16 0.028 0.141
20:4n-6 2.01 1.79 2.30 1.91 0.306 0.412
22:4n-6 0.20 0.19 0.21 0.18 0.046 0.894
n-3
18:3-n-3 0.35 0.32 0.33 0.29 0.036 0.486
20:5n-3 0.18 0.19 0.23 0.17 0.039 0.490
22:5n-3 0.42 0.38 0.41 0.42 0.076 0.962
22:6n-3 0.14 0.11 0.20 0.11 0.037 0.094

SFA, saturated fatty acids; MUFA, monounsaturated fatty acid; n-6, -6 fatty acids;
n-3, o-3 fatty acids; CLA, conjugated linoleic acid; CONTROL group, no antioxi-
dants; CARNOO6, 0.6 g carnosic acid kg~ of concentrate; CARNO12, 1.2 g carnosic
acid kg~ ! of concentrate; VITE006, 0.6 g a-tocopheryl acetate kg~ of concentrate.
Means with different superscripts in capital letters (a,b,c) indicate statistical dif-
ferences (P < 0.05).

A Coelution with c10-18:1.

B Coelution with t7¢9-1:1.

storage, whereas Table 4 presents those from carbohydrate and
amino acid degradation. The boundaries between the classes of
compounds described above are not clear for substances with mul-
tiple origins, so the most likely origin has been used in the present
study.

In general terms, significant differences were observed between
animals fed the lowest doses of antioxidants (CARNO06 and
VITEOO6 groups) and those lambs that had either received en-
hanced antioxidants (CARNO12) or the CONTROL diet. Specifically,
it seemed that the production of undesirable flavours may have
been reduced in both VITEO06 and CARNOO6 compared with the
other two groups. On the contrary, these results suggest that at
CARNO12 levels, carnosic acid could act as a pro-oxidant factor,
rather than as an antioxidant in a lipophilic medium.

A rise in PUFAs in meat increases lipid oxidation, thus reducing
both the quality (Kanner, 1994) and nutritional value, since athero-
genic compounds can form under retail conditions (Addis, Emanu-
el, Bergmann, & Zavoral, 1989). During cooking, the most
important flavour compounds are formed in the Maillard reaction
and through lipid oxidation (Mottram, 1998). In turn, these com-
pounds can generate new secondary compounds (Almela et al.,
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Table 3

Volatile compounds from lipid autoxidation (ng IS equivalent g~ fresh matter) identified in the headspace of longissimus lumborum of grilled lamb after 3 days of storage.
Compounds CONTROL CARNO06 CARNO12 VITE006 sed P-value
Aldehydes
Propanal 35,73 26.1%¢ 40.4° 15.4¢ 7.62 0.012
Pentanal 35.2% 19.7°¢ 38.8% 10.0¢ 7.34 0.001
Hexanal 8222 522P 7667 226° 106.2 <.0005
Heptanal 7.75° 4,95 6.58° 1.71° 1.392 0.001
Octanal 3.94% 2.02° 2.59° 0.82¢ 0.550 <.0005
Nonanal 3.98° 2.887 3432 1.04° 0.582 <.0005
Alcohols
1-Butanol 447% 2.33b 2.72° 1.35° 0.786 0.005
1-Pentanol 14.5° 10.5° 13.7 3.98° 2.463 0.001
1-Penten-3-ol 12.0° 7.23° 8.70%" 2.72¢ 1.373 <.0005
1-Octen-3-ol 0.512 0.21%° 0.24% 0.04° 0.166 0.060
1-Nonen-3-ol 0.137 0.09* 0.09* 0.02° 0.022 <.0005
Free fatty acids
Propanoic acid 1.43? 1.02° 1.13% 0.48° 0.178 <.0005
Pentanoic acid 1.34° 0.60"¢ 0.86° 0.34° 0.150 <.0005
Hexanoic acid 5.10% 3.22° 4.40° 1.56° 0.589 <.0005
Hydrocarbons
Pentane 29.7%0 14.1%¢ 38.12 8.14¢ 9.133 0.009
1-Octene 16.4° 10.8° 29.9 16.3° 7.21 0.042
2-Octene 3.02 2.47 5.07 3.48 1.267 0.122
Others
2-Heptanone 0.70° 0.29° 0.27° 0.31° 0.150 0.023
2,3-Octanedione 13.7¢ 9.05 10.7%° 1.88¢ 1.583 <.0005
2-Pentylfuran 1.782 0.60° 0.68° 0.23° 0.375 0.002
v-Butyrolactone 2.66 1.95 1.83 1.62 0.527 0.275

CONTROL (no antioxidants); CARN0O6 (0.6 g carnosic acid kg~! of concentrate); CARNO12 (1.2 g carnosic acid kg~ of concentrate); VITEOO06 (0.6 g o-tocopheryl acetate kg™
of concentrate). Means with different superscripts (a,b,c) indicate statistical differences (P < 0.05).

Table 4

Volatile compounds from carbohydrate degradation (ng IS equivalent g~! fresh matter) identified in the headspace of longissimus lumborum of grilled lamb after 3 days of storage.
Compounds CONTROL CARNOO06 CARNO12 VITEO006 sed P-value
Ketones
2-Propanone 97.4 62.8 83.7 77.2 19.04 0.354
2-Butanone 63.7% 24.9° 8.33° 8.79° 8.573 <.0005
3-Hydroxy-2-butanone 3.61 7.95 4.50 9.66 3.862 0.379
2,3-Pentanedione 10.3° 3.68° 3.28° 1.21° 1.492 <.0005
Free fatty acids
Acetic acid 26.6° 25.6%° 19.2° 19.5° 3.08 0.042
2-Methyl propanoic acid N.D. 0.11 0.14 0.18 0.119 0.467
Butanoic acid 1.27 1.06 0.93 1.04 0.243 0.588
2-Methyl butanoic acid 0.20° 0.10° 0.10° 0.07° 0.032 0.003
3-Methyl butanoic acid 0.20° 0.10° 0.09%¢ 0.03¢ 0.026 <.0005
Sufonated compounds
Dimethyl sulfoxide 0.47% 0.18° 0.09° 0.27% 0.108 0.013
Dimethyl sulfone 0.96 1.11 0.90 1.22 0.311 0.767
Carbondisulfide 5.65 2.47 4.23 5.76 1.832 0.262
Others
Benzaldehyde 1.70° 0.98" 1.19° 0.88° 0.192 0.001
Ethanol 24.2° 10.3%¢ 7.32¢ 12.7° 2.52 <.0005
Acetic ethyl ester 8.15° 2.47¢ 2.84% 4.18% 1.921 0.026

CONTROL, no antioxidants; CARNOOG, 0.6 g carnosic acid kg~' of concentrate; CARNO12, 1.2 g carnosic acid kg~ ! of concentrate; VITEQ06, 0.6 g a-tocopheryl acetate kg~ ' of
concentrate; N.D.; not detected. Means with different superscripts (a,b,c) indicate statistical differences (P < 0.05).

2009). However, the dietary treatments in the present study had
no effect on the PUFAs content of the meat samples (Table 1). Con-
sequently, the differences in volatile compounds observed (Tables
3 and 4) seemed to be directly due to the antioxidant properties of
the carnosic acid and vitamin E added to the diets of the lambs,
which may have protected the meat against oxidation during
refrigerated storage and cooking procedures.

Aldehydes with 6-10 carbon atoms, such as hexanal, heptanal
and nonanal, are major compounds responsible for the aroma of
cooked meat (Mottram, 1998), and are derived from the decompo-
sition of PUFAs. Aldehydes exhibit a high formation rate and low
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flavour threshold (Ullrich & Grosch, 1987), thus providing strong
off-flavours (green, rancid, fatty and pungent) to the meat. Hex-
anal, as previously described by Shahidi and Pegg (1994), was
the main volatile compound in the meat samples. This compound,
which is directly related to lipid autoxidation, was significantly re-
duced (p <0.0001) in the CARNOO6 samples, in comparison with
the CONTROL lambs (Table 3).

A previous investigation found similar aldehyde results in meat
from lamb breastfed by ewes fed with a distillate from rosemary
leaves containing carnosic acid concentrations equivalent to that
administered to CARNOO6 lambs in the present study (Moifiino
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et al., 2008). However, higher levels of carnosic acid (CARNO12
lambs) demonstrated no reduction in hexanal levels (Table 3).
These results appear to agree with the hormesis concept that
chemical or toxic substances may produce the opposite effect in
small doses than in large doses (Calabrese, 2010). Moreover, the
VITEOO6 group exhibited the lowest reactivity substances of thio-
barbituric acid (TBARS) (Moran et al., 2012b) and hexanal (Table 3)
values. The remaining aldehydes identified (pentanal, heptanal and
nonanal) were characterised by similar results to those described
for hexanal.

The alcohols observed were secondary products from alde-
hydes. The exception was 1-penten-3-ol, which was derived from
18:3n-3 autoxidation. In the present study, lower amounts of alco-
hols were found in the meat samples from lambs fed antioxidants
(Table 3). However, it must be considered that these compounds
contribute less to undesirable meat flavours (‘fungus-like’ odours),
due to their higher flavour thresholds (Ullrich & Grosch, 1987).

Similar to previous compounds, the concentration of free fatty
acids was also reduced in meat samples obtained from lambs fed
the lowest antioxidant doses (VITEOO6 and CARNOOG6; Table 3). This
effect may have delayed the development of undesirable flavours,
since hexanoic and butanoic acids, along with 3-methyl butanoic
acid (from amino acid degradation), impart the rancid and cheesy
note to meat aromas.

Hydrocarbons have no significant impact on flavour, since they
have relatively high odour threshold values (Drumm & Spanier,
1991). In spite of this, it is interesting to note that the CARNO12
group showed a greater amount of these compounds than the
other groups (Table 3), which is in agreement with the results ob-
served in those compounds formed by lipid autoxidation (Table 3).

Furthermore, there was a remarkable diversity of linoleic acid
degradation products (18:2n-6), including 2-pentylfuran (beany
and grassy flavour), 2-heptanone and 2,3-octanedione, whose pres-
ence is generally associated with grazing animals. In the present
study, these compounds probably occurred in the meat samples
as a consequence of the cooking procedure (Elmore, Campo, Enser,
& Mottram, 2002). However, in line with the other results, the
presence of all these compounds was lower in lambs fed antioxi-
dants, especially in the vitamin E group.

Certain other compounds were derived from amino acids via
Strecker degradation. Strecker degradation is the last part of the
Maillard reaction, one of the principal reactions responsible for
meat flavour, which takes place between a reductor sugar and
the amino group of amino acids or proteins. Thus, 2-methylpropa-
noic acid, 3-methylbutanoic acid and 2-methylbutanoic acid were
derived from valine, leucine and isoleucine, respectively (Machiels,
van Ruth, Posthumus, & Istasse, 2003), these compounds being
attributed to a characteristic sweet odour. Antioxidant supplemen-
tation in this case promoted the formation of 2-methylpropanoic
acid, whereas 3-methylbutanoic and 2-methylbutanoic production
decreased (Table 4) compared with the CONTROL group.

Acetic acid, together with butanoic acid, can be derived from di-
rect fermentation of amino acids by the Stickland reaction, but ace-
tic acid also has a microbiological origin, especially from
acidolactic bacteria (Montel, Masson, & Talon, 1998). The growth
of this group of microorganisms is especially favoured under mod-
ified atmosphere conditions (MAP), such as those used to store
meat samples in the present study (Moran et al., 2012a). In fact,
Moran et al. (2012a) reported that meat samples from lambs being
fed antioxidants contained low levels (although not statistically
significant) of acidolactic bacteria. Nieto, Diaz, Bafién, and Garrido
(2010) obtained similar results, which were in agreement with the
low levels of acetic acid in animals fed high doses of carnosic acid
(CARNO12) or vitamin E (VITEOO6 lambs) in the present study (Ta-
ble 4). This trend also was observed in other compounds, such as
acetic ethyl ester and ethanol, both of which having two possible
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Fig. 2. Principal components analysis (PCA) performed on matrix data showing
volatile compounds and fatty acid profile detected in longissimus muscle from
fattening lambs. (a) Clusters of samples. (b) Variables with high loadings for the
calculation of PC1 and PC2.

origins: carbohydrate fermentation or pyruvate microbial metabo-
lism (Summo, Caponio, Tricarico, Pasqualone, & Gomes, 2010).
Consequently, both vitamin E and carnosic acid may have delayed
their production by microorganism degradation.

MAP could have affected the volatile compounds profile re-
leased by carbohydrate fermentation, thus restricting the forma-
tion of acetic acid, 1,3-butanediol and 2,3-butanediol and
favouring the production of ethanol (Viallon et al., 1996) and ke-
tones, such as acetoin (3-hydroxy-2-butanone), which imparts
buttery notes. Acetoin was not affected by the dietary treatments,
but levels of other ketones originating from carbohydrate degrada-
tion, such as 2-butanone and 2,3-pentanedione, were lower in
those animals fed antioxidants (Table 4).

Sulfonated compounds are important contributors to desirable
flavour with very low thresholds (Drumm & Spanier, 1991). Carbon
disulfide (sulfury, fruity and burnt), a degradation product of sul-
phur-containing amino acids, such as cysteine, by the Maillard
reaction, and dimethyl sulfone were not affected by dietary treat-
ment (Table 4). Only dimethyl sulfoxide, a minor component
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among the sulfonated compounds, demonstrated variations be-
tween treatments, with low levels in animals being fed carnosic
acid.

3.3. Phenolic compounds in meat samples

Carnosic acid, in its native chemical structure, was only detect-
able in the meat samples from the CARNO12 group
(7.10 £ 4.834 ppm), which confirms that accumulation of this com-
pound within this group was responsible for the effects observed in
the volatile compounds profile. No other phenolic compounds
were detected in meat samples by HPLC. Carnosic acid was not
detectable by HPLC in the CARNOO6 meat samples, perhaps as a
consequence of the very low dose of this compound administered
to the lambs.

3.4. Principal components analyses

Principal components analysis (PCA) of the fatty acids profile
and volatile compounds data (Fig. 2a) indicated four clusters in
the meat samples of the fattening lambs, which were correlated
with antioxidant consumption. As can be observed in Fig. 2a, the
CARNO06 group was closer to the VITEO06 group, whereas the
CARNO12 and CONTROL groups were located on the opposite site
of PC1. Hence, this discriminant analysis agrees with the volatile
compounds results, in which the lowest level of carnosic acid
(CARNOO6) seemed to promote an antioxidant effect closer to that
observed in vitamin E lambs, whereas the higher carnosic acid dose
(CARNO12) contained similar levels of volatile compounds to the
CONTROL group (Tables 3 and 4).

Fig. 2b presents those variables with high loadings (more eccen-
tric) for the calculation of PC1 and PC2 (the percentages of variabil-
ity explained by PC1 and PC2 were 86% and 13%, respectively).
Those under low loadings could be considered irrelevant for dis-
crimination purposes. In other words, the hexanal and ethanol
variables were responsible for the discrimination achieved by
PC1 (Fig. 2b).

4. Conclusions

The addition of carnosic acid to the diet of fattening lambs did
not modify the fatty acids profile of the meat obtained. Moreover,
the meat of the lambs being fed the lowest dose of carnosic acid
(0.6 gkg™! feed concentrate) exhibited high oxidative stability
(close to that observed for lambs being fed vitamin E), and thus
maintained a more ‘desirable’ aroma (when compared with the
control samples) following 3 days of refrigerated storage. It must
be remarked, however, that this effect was less pronounced than
that observed when vitamin E was supplemented. Conversely,
higher doses of carnosic acid (1.2 gkg™! feed concentrate) ap-
peared to be detrimental.

Acknowledgements

Financial support received from project AGL2010-19094 is
gratefully acknowledged. Lara Moran was supported by a JAE-Pre-
doc grant under the program ‘Junta para la Ampliacién de Estudios’
(CSIC-European Social Fund). Noelia Aldai thanks the Spanish Min-
istry of Science and Innovation for the contract through the ‘Ramén
y Cajal (RYC-2011-08593)’ program.

References

Addis, P. B., Emanuel, H. A,, Bergmann, S. D., & Zavoral, J. H. (1989). Capillary GC
quantification of cholesterol oxidation-products in plasma-lipoproteins of
fasted humans. Free Radical Biology and Medicine, 7(2), 179-182.

102

Aldai, N., Lavin, P., Kramer, J. K. G., Jaroso, R., & Mantecén, A. R. (2012). Breed effect
on quality veal production in mountain areas: Emphasis on meat fatty acid
composition. Meat Science, 92(4), 687-696.

Almela, E., Jordan, M. ]., Martinez, C., Sotomayor, ]. A., Bedia, M., & Baiién, S. (2009).
El flavor de la carne cocinada de cordero. Eurocarne: La Revista Internacional del
Sector Cdrnico, 178, 28-42.

Bauchart, D., Roy, A, Lorenz, S. Chardigny, ]J. M., Ferlay, A, Gruffat, D., et al.
(2007). Butters varying in trans 18:1 and cis-9, trans-11 conjugated linoleic
acid modify plasma lipoproteins in the hypercholesterolemic rabbit. Lipids,
42(2), 123-133.

Bessa, R. J. B, Portugal, P., Méndes, 1., & Santos-Silva, J. (2005). Effect of lipid
supplementation on growth performance, carcass and meat quality and fatty
acid composition of intramuscular lipids of lambs fed dehydrated lucerne or
concentrate. Livestock Production Science, 96(2-3), 185-194.

Calabrese, E. ]. (2010). Hormesis is central to toxicology, pharmacology and risk
assessment. Human & Experimental Toxicology, 29(4), 249-261.

Castro, T., Manso, T., Mantecén, A., Guirao, ], & Jimeno, V. (2005). Fatty acid
composition and carcass characteristics of growing lambs fed diets containing
palm oil supplements. Meat Science, 69(4), 757-764.

Department of Health (1984). Report on health and social subjects No. 28. Diet and
cardiovascular disease. London: HMSO, Department of Health and Social
Security.

Drumm, T. D., & Spanier, A. M. (1991). Changes in the content of lipid autoxidation
and sulfur-containing compounds in cooked beef during storage. Journal of
Agricultural and Food Chemistry, 39(2), 336-343.

Dugan, M. E. R,, Kramer, J. K. G., Robertson, W. M., Meadus, W. ]., Aldai, N., & Rolland,
D. C. (2007). Comparing subcutaneous adipose tissue in beef and muskox with
emphasis on trans 18:1 and conjugated linoleic acids. Lipids, 42(6), 509-518.

Elmore, J. S., Campo, M. M., Enser, M., & Mottram, D. S. (2002). Effect of lipid
composition on meat-like model systems containing cysteine, ribose, and
polyunsaturated fatty acids. Journal of Agricultural and Food Chemistry, 50(5),
1126-1132.

Elmore, ]J. S., Mottram, D. S., Enser, M., & Wood, J. D. (1999). Effect of the
polyunsaturated fatty acid composition of beef muscle on the profile of aroma
volatiles. Journal of Agricultural and Food Chemistry, 47(4), 1619-1625.

Enser, M., Hallett, K. G., Hewett, B., Fursey, G. A. ], Wood, ]. D., & Harrington, G.
(1998). Fatty acid content and composition of UK beef and lamb muscle in
relation to production system and implications for human nutrition. Meat
Science, 49(3), 329-341.

Hartig, C., Loffhagen, N., & Harms, H. (2005). Formation of trans fatty acids is not
involved in growth-linked membrane adaptation of Pseudomonas putida.
Applied and Environmental Microbiology, 71(4), 1915-1922.

Juarez, M., Dugan, M. E. R,, Aalhus, J. L., Aldai, N., Basarab, ]. A., Baron, V. S,, et al.
(2011). Effects of vitamin E and flaxseed on rumen-derived fatty acid
intermediates in beef intramuscular fat. Meat Science, 88(3), 434-440.

Kanner, ]. (1994). Oxidative processes in meat and meat products: Quality
implications. Meat Science, 36(1-2), 169-189.

Lourenco, M., Ramos-Morales, E., & Wallace, R. (2010). The role of microbes in
rumen lipolysis and biohydrogenation and their manipulation. Animal, 4(7),
1008-1023.

Machiels, D., van Ruth, S. M. Posthumus, M. A., & Istasse, L. (2003). Gas
chromatography-olfactometry analysis of the volatile compounds of two
commercial Irish beef meats. Talanta, 60(4), 755-764.

Mapiye, C., Dugan, M. E. R, Judrez, M., Basarab, J. A,, Baron, V. S., Turner, T., et al.
(2012). Influence of o-tocopherol supplementation on trans-18:1 and
conjugated linoleic acid profiles in beef from steers fed a barley-based diet.
Animal, 1(1), 1-9.

Moiiino, 1., Martinez, C., Sotomayor, ]., Lafuente, A, & Jordan, M. (2008).
Polyphenolic transmission to Segureno lamb meat from ewes’ diet
supplemented with the distillate from rosemary (Rosmarinus officinalis)
leaves. Journal of Agricultural and Food Chemistry, 56(9), 3363-3367.

Montel, M., Masson, F., & Talon, R. (1998). Bacterial role in flavour development.
Meat Science, 49(Suppl. 1), 111-123.

Moran, L., Andrés, S., Bodas, R., Benavides, ]., Prieto, N., Pérez, V., et al. (2012a). C).
Antioxidants included in the diet of fattening lambs: Effects on immune
response, stress, welfare and distal gut microbiota. Animal Feed Science and
Technology, 173(3-4), 177-185.

Moran, L., Andrés, S., Bodas, R., Prieto, N., & Girildez, F. J. (2012b). Meat texture and
antioxidant status are improved when carnosic acid is included in the diet of
fattening lambs. Meat Science, 91(4), 430-434.

Moran, L., Rodriguez-Calleja, ]., Bodas, R., Prieto, N., Girdldez, F. J., & Andrés, S.
(2012c). Carnosic acid dietary supplementation at 0.12% rates slows down meat
discolouration in gluteus medius of fattening lambs. Meat Science, 90(3),
789-795.

Mottram, D. S. (1998). Flavour formation in meat and meat products: A review. Food
Chemistry, 62(4), 415-424.

Nieto, G., Bafidn, S., & Garrido, M. D. (2011). Effect of supplementing ewes’ diet with
thyme (Thymus zygis ssp. gracilis) leaves on the lipid oxidation of cooked lamb
meat. Food Chemistry, 125(4), 1147-1152.

Nieto, G., Diaz, P., Bafién, S., & Garrido, M. D. (2010). Effect on lamb meat quality of
including thyme (Thymus zygis ssp. gracilis) leaves in ewes’ diet. Meat Science,
85(1), 82-88.

Panseri, S., Soncin, S., Chiesa, L. M., & Biondi, P. A. (2011). A headspace solid-phase
microextraction gas-chromatographic mass-spectrometric method (HS-SPME-
GC/MS) to quantify hexanal in butter during storage as marker of lipid
oxidation. Food Chemistry, 127(2), 886-889.



2414 L. Mordn et al./Food Chemistry 138 (2013) 2407-2414

Patra, A. K., & Saxena, ]. (2009). Dietary phytochemicals as rumen modifiers: A
review of the effects on microbial populations. Antonie van Leeuwenhoek, 96(4),
363-375.

Pottier, ]., Focant, M., Debier, C., De Buysser, G., Goffe, C., Mignolet, E., et al. (2006).
Effect of dietary vitamin E on rumen biohydrogenation pathways and milk fat
depression in dairy cows fed high-fat diets. Journal of Dairy Science, 89(2),
685-692.

Scollan, N., Hocquette, ]. F., Nuernberg, K., Dannenberger, D., Richardson, I, &
Moloney, A. (2006). Innovations in beef production systems that enhance the
nutritional and health value of beef lipids and their relationship with meat
quality. Meat Science, 74(1), 17-33.

Shahidi, F., & Pegg, R. B. (1994). Hexanal as an indicator of meat flavor deterioration.
Journal of Food Lipids, 1(3), 177-186.

Summo, C., Caponio, F., Tricarico, F., Pasqualone, A., & Gomes, T. (2010).
Evolution of the volatile compounds of ripened sausages as a function of
both storage time and composition of packaging atmosphere. Meat Science,
86(3), 839-844.

Ulbricht, T., & Southgate, D. (1991). Coronary heart disease: Seven dietary factors.
The Lancet, 338(8773), 985-992.

Ullrich, F., & Grosch, W. (1987). Identification of the most intense volatile flavour
compounds formed during autoxidation of linoleic acid. Zeitschrift fiir
Lebensmitteluntersuchung und-Forschung A, 184(4), 277-282.

Viallon, C., Berdagué, ]. L., Montel, M. C., Talon, R., Martin, J. F., Kondjoyan, N.,
et al. (1996). The effect of stage of ripening and packaging on volatile
content and flavour of dry sausage. Food Research International, 29(7),
667-674.

103



CAPITULO 6

Effect of carnosic acid dietary supplementation on meat quality from
suckling lambs




Journal of Agricultural and Food Chemistry

Effect of carnosic acid dietary supplementation on meat
quality from suckling lambs

Journal: | Journal of Agricultural and Food Chemistry

Manuscript ID: | jf-2013-01362n

Manuscript Type: | Article

Date Submitted by the Author: | 02-Apr-2013

Complete List of Authors: | Moran, Lara; Instituto de Ganaderia de IV[ontaﬁa (CSIC-ULE),

Andrés, Sonia; INSTITUTO DE GANADERIA DE MONTANA (CSIC-ULE),
Mateo, Javier; UNIVERSIDAD DE LEON, Departamento de Higiene y
Tecnologia de los Alimentos .

Blanco, Carolina; INSTITUTO DE GANADERIA DE MONTARNA (CSIC-ULE),
Soto, Sergio; UNIVERSIDAD AUTONOMA DEL ESTADO DE HIDALGO,
Instituto de Ciencias Agropecuarias ) .

Giraldez, Francisco; INSTITUTO DE GANADERIA DE MONTANA (CSIC-ULE),

ARONE"

ACS Paragon Plus Environment
104




10

11

12

13

14

15

16

17

18

Effect of carnosic acid dietary supplementation on meat quality
from suckling lambs

Lara Moran®, Sonia Andres?, Javier Mateo?, Carolina Blanco?, Sergio Soto3, Francisco

Javier Giraldez!

! |nstituto de Ganaderia de Montafia (CSIC-Universidad de Ledn). Finca Marzanas, E-24346 Grulleros, Le6n

(Spain)

2 Departamento de Higiene y Tecnologia de los Alimentos. Universidad de Leén. Campus de Vegazana s/n

24071, Ledn (Spain)

3 Instituto de Ciencias Agropecuarias, Universidad Auténoma del Estado de Hidalgo, Av. Universidad s/n Km 1

Rancho Universitario CP. 43600. Tulancingo, Hidalgo (Mexico)

*CORRESPONDING AUTHOR: e-mail: laramoran@eae.csic.es; Telephone: +34 987-307054;

Fax +34 987-317161.

105



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

ABSTRACT

In order to elucidate the influence of dietary carnosic acid on the quality of suckling-lamb
meat, twenty four lambs were fed ad libitum with milk replacer (MR) alone (control group, CTRL),
enriched with carnosic acid (CARN, 0.096 g kg' live weight, LW), or with vitamin E (VITE, 0.024
g kg', LW), the last group as positive control. Animals were slaughtered at the intended body
weight (11-12 kg LW). Longissimus thoracis muscles were used to asses proximate composition
of meat; whereas different muscles (longissimus lumborum and gluteus medius) were sliced and
kept refrigerated during 0, 7, and 14 days to determine water holding capacity, thiobarbituric acid
reactive substances (TBARS), and cholesterol oxidation products (COPs) in cooked meat
samples. Biceps femoris muscles were used for the analysis of volatile compounds on precooked
meat after 1 and 7 days of storage. The results indicate that, at the dose used, carnosic acid
dietary supplementation seemed to be effective but less than vitamin E reducing lipid and

cholesterol oxidation of suckling-lambs meat.

KEYWORDS: Rosmarinus officinalis; carnosic acid; antioxidant status; TBARS;

cholesterol oxidation products; volatile compounds.

INTRODUCTION

In markets of the European Mediterranean area is common the presence of meat from
suckling lambs ‘lechales’ with a slaughter age between 25 and 45 days and a carcass weight of
up to 7 kg 2. A high edible quality of suckling-lamb meat, on the basis of its tenderness, juiciness

and palatability, has been recognized 3.
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In high production sheep dairy farms, after a few days being fed the colostrum, suckling lambs
are fed with milk-replacer (MR) the chemical composition of this type of artificial milk its high in
vegetal oils accordingly the meat from lambs fed MR have high levels of unsaturated fatty acids
than lambs fed ewe’s milk 45, It is well known that the level of fatty acid unsaturation and lipid
oxidation are closely related factors which, at the end, may influence the apparition of undesirable
color and flavor and a loss of nutritional value of meat 67. Consequently, any finding focused on

delaying this process is highly relevant for the meat industry.

One of the most common methods to reduce the oxidation in meat and meat products is the
use of antioxidants 8. In this sense, the inclusion of natural compounds (plant origin) in animal
feedstuff, thus avoiding any further manipulation of the meat, seems to be a suitable approach to
reduce lipid oxidation °. The antioxidant properties of rosemary, mainly attributed to the phenolic
diterpene carnosic acid 10, have been studied on meat when rosemary is included in the lambs’
diet "4 or in the dams’ diet 1517, for the cases of fattening lambs or suckling lambs, respectively
However, to our knowledge, no studies have tested the effect of rosemary or carnosic acid when

included in the diet of MR reared suckling lambs.

Therefore, the aim of the present study is to determine if the inclusion of carnosic acid in the
diet (MR) of suckling lambs at the dose of 0.096 g per kg of live weight (LW) may reduce the lipid
oxidation of the meat. A negative control group (animals with no antioxidants in the MR), and a
positive control group (animals whose MR was supplemented with 0.024 g of vitamin E kg-' LW),

were used to compare the results obtained.

MATERIAL AND METHODS

Animals and diets
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Twenty four Assaf lambs were used in this experiment. Just after parturition the lambs were
separated from the ewes, being fed their mothers’ hand-milked calostrum for two days.
Afterwards, lambs were fed by hand 2 more days with milk replacer (MR) (Cordevit, Lemasa,
Leon, Spain) comprised of skim milk powder 50%, milk whey, cocoa vegetal oil, animal fats, whey
protein powder and yeasts; DM 960 g kg-!, CP 235 g kg' DM, EE 260 g kg'' DM, and ash 70 g
kg' DM. This MR was formulated without butylated hydroxy toluene (BHT) but included the
following nutritional additives: vitamin A (80000 Ul kg-*), vitamin D3 (4250 Ul kg), vitamin E (60
mg kg "), iron (40 mg kg ), cobalt (0.20 mg kg'), copper (5 mg kg'), manganese (25 mg kg),
zinc (30 mg kg"), selenium (0.20 mg kg'), a preservative (potassium sorbate) and an emulsifier

(lecithin).

Then the lambs were stratified on the basis of body weight (average BW, 5.95+0.766 kg), and
allocated randomly to one of three different groups (n=8 per treatment); a control group (CTRL), a
second group (CARN) fed a dose of 0.096 g of a commercial carnosic acid preparation per kg of
LW (Shaanxi Sciphar Biotechnology Co., Ltd, Xi'an, China; carnosic acid concentration of 470 g
kg'), and a third group fed a dose of vitamin E (a-tocopheryl acetate 50%, Industrias de

Alimentacion Animal, Spain) at a dose of 0.024 g kg' LW (VITE).

All the lambs were fed ad libitum with MR using an automatic feeder. In order to provide the
antioxidant supplements, every day all the lambs were separated from the automatic lamb feeder
at approximately 9:00 a.m. After two hours each lamb was fed with a feeding bottle containing the
corresponding dose of supplement diluted in reconstituted MR (no more than 25 mL of MR). No
antioxidants were included in the feeding bottle of the CTRL lambs. All handling practices during
the rearing of lambs followed the recommendations of the European Council Directive

86/609/EEC for the protection of animals used for experimental and other scientific purposes.

Slaughter procedure, packaging, storage and sampling
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The animals were slaughtered when the lambs reached the intended body weight (11-12 kg
LW) by stunning and exsanguination from the jugular vein; they were then eviscerated and
skinned. The hot carcass of each lamb was weighed, chilled at 4° C for 24 h and weighed again.
The longissimus thoracis (LT) et lumborum (LL), gluteus medius (GM), and biceps femoris (BF)

muscles were then removed from the right and left carcass sides, at 24 hours post-mortem.

The LT was immediately frozen at -20° and lyophilized in order to determinate chemical
composition. The LL and GM muscles were cut into 2.5-cm thick slices, placed on impermeable
polypropylene trays and wrapped with an oxygen-permeable polyvinylchloride film (oxygen
permeability of 580 mL m=2 h-'). The packaged meat was then stored under simulated retail
display conditions (12 h daily illumination and 3 £ 1 °C). A slice from each muscle was sampled
from the trays at 0, 7, and 14 days of storage. Sampled meat slices were used to study the water
holding capacity (WHC) via cooking losses (LL samples), thiobarbituric acid reactive substances

(TBARS; raw GM samples), and cholesterol oxidation products (COPs; cooked GM samples).

Furthermore, BF was cut into three sections perpendicular to the long axis: proximal (1.5 cm
long), central (the largest) and distal (1.5 cm) sections. Proximal and distal sections were
discarded and the central section was cut into two slices (2 cm thick). Slices were cooked in a
double-sided griddle plate (preheated at 220 °C) until a core temperature of 70 °C was reached
18, After 30 min at 10 °C the slices were pakaged in trays similar to those described previously for
LL and GM muscle samples, and then used for the analysis of volatile compounds after 1 and 7

days of refrigerated storage (3£1 °C in darkness).

Proximate composition, pH and WHC

Proximate composition was determined in fresh LT samples (24 h post-mortem) in accordance

with the methods described by the Association of Official Analytical Chemists 19. During chilling of
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the carcass, the pH value of longissimus thoracis muscle was determined at the sixth rib (right
carcass) in triplicate at 0 h, 45 min and at 24 h post-mortem, using a pH meter equipped with a

penetrating electrode (pH meter Metronm® 704, Switzerland).

Finally, a slice of fresh LL (after 0, 7, and 14 days of refrigerated storage) was used to

determine the water holding capacity via cooking losses (CL) according to Honikel (20),

Meat oxidation

TBARS content was determined on fresh GM samples stored during 0, 7, and 14 days in
accordance with the methodology previously described in Moran et al. (14). The results were

expressed as ug of malonaldehyde (MDA) g-' meat.

COPs, also called oxysterols, were determined according to the method proposed by Grau et
al. @9 on cooked GM samples stored for 7 days. Briefly, lipids were extracted from 1 g of cooked
and freeze-dried GM samples according to Aldai et al. 22, using 19-hydroxycholesterol (19-HC)
as an internal standard. 10 mL of 1.5 methanolic KOH was then added and the mixture was kept
in an orbital shaker for 20 hours at room temperature under N2 atmosphere and darkness to
complete the cold saponification. The unsaponificable material was extracted, purified and
cholesterol oxides were derivatized to trimethylsilyl (TMS) ethers according to Guardiola et al. (23).
Finally the following COPs: 7a-hydroxycholesterol (7a-HC), 7B-hydroxycholesterol (78-HC), 5,6a-
epoxycholesterol  (a-CE),  5,6B-epoxycholesterol  (8-CE), cholestanetriol  (CT), 25-
hydroxycholesterol (25-HC) and 7-ketocholesterol (7-KC), were analyzed by gas chromatographic

(GC) according to Moran et al. (14).

Volatile compounds of cooked meat stored under refrigeration during 1 and 7 days were
determined by static headspace-gas chromatography coupled to mass spectrometry. Samples

were blended in a small food processor. Three g of sample, 5 ml of water and 0.07 g of NaCl
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were then placed in 20-ml headspace vials, sealed with magnetic screw caps with silicone/PTFE
septa (Agilent Technologies, Santa Clara, CA, USA), and the vials were placed in a headspace
tray for volatile analysis. Analysis of volatile compounds was performed using the equipment

according to the procedure described by Vieira et al. (24),

Statistical analysis

COPs data were subjected to one-way analysis of variance with the diet as the only source of
variation using the general linear models (GLM) procedure of SAS package 2. WHC, TBARS and
volatile compounds were subjected to two-way analysis of variance, with the dietary treatment,
day and treatment by day interaction as sources of variation, using the GLM procedure of SAS.
The pH was analyzed as a repeated measures design using the MIXED procedure of SAS with
treatment and time as fixed effects and individual lamb as the experimental unit. In all the cases
least square means were generated and separated using the LSMEANS/PDIFF option of SAS for

main or interactive effects, with the level of significance being determined at P <0.05.

RESULTS AND DISCUSSION

Proximate composition, pH and WHC

Chemical data corresponding to the lamb meat samples (LT) are summarized in Table 1. As
can be observed the chemical composition of LT meat samples was not affected significantly by
the dietary antioxidants (Table 1), but the quantity of crude protein were high in the lambs feeding

carnosic acid, which is consistent with previous studies 13.27..

[INSERT TABLE 1 NEAR HERE, PLEASE]

The pH values of the meat sample are summarized in Table 2. As expected, the pH values

significantly decreased in all of the groups (P<0.001) after 45 min and 24 h post-mortem;
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however, no significant differences (P>0.05) between the groups were detected at any time.
During heating (70°C), meat proteins denature and cause structural changes such as transversal
and longitudinal shrinkage of muscle fibers and connective tissue 2331, so water is expelled due to
the pressure exerted by the shrinking connective tissue 32 Oxidative processes may contribute to
the loss of membrane integrity and protein cross-link. Therefore, the use of antioxidants might
improve the WHC 2. Nonetheless, no significant differences were found between treatments for
WHC (cooking loss; Table 2). Also, it must be noticed the significant reduction observed in the

cooking losses with the storage time (Table 2), which is in line with previous experiments 27.28,

[INSERT TABLE 2 NEAR HERE, PLEASE]

Contradictory results regarding the effect of dietary antioxidants on WHC of meat can be
found in the literature. For example, whereas some studies have described that WHC of meat is
improved when vitamin E is fed to the animals 28, some others 13. 33.34 have observed a lack of
effect of liphopilic antioxidants (such as carnosic acid or vitamin E) on WHC. This discrepancy
might be explained as a consequence of different doses of antioxidants in the diet of the animals,
or by different cooking procedures. Also, it has been suggested that WHC might be affected
especially by protein oxidation, whereas lipophilic antioxidants such as vitamin E or carnosic acid

would have no effect on this parameter 33. 34,

Meat oxidation

Figure 1 summarises the results on lipid oxidation (TBARS) in raw meat (GM muscle) after 0,
7 or, 14 days of refrigerated storage. The levels of MDA during the whole storage period were the
lowest for the VITE group, whereas CARN group showed intermediate values between CTRL and
VITE group. The differences between CTRL and antioxidant supplemented groups (CARN and

VITE) were significant after 14 days of refrigerated storage (Figure 1). In agreement with the
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present study, previous experiments with meat from fattening lambs showed a significant
reduction of TBARS values when animals were fed vitamin E or carnosic acid 4. In line,
precedent studies in suckling lambs has demonstrated improve the lipid stability of the meat when
rosemary by-products were included in the diet of lactating ewes 17. 35, However, in the present
study the low levels of TBARS detected in the meat samples for all the experimental groups
during the storage period might have hidden differences between treatments. The levels of MDA
detected in suckling lambs meat during storage are very low when compared to meat from
fattening lambs 14 or natural breast-feeding lambs 7. In fact the low levels found might have been
related to particularities of the rearing system used. Differences on meat quality have been shown
between suckling lambs fed maternal milk (MM) and MR, with the meat of lambs fed on MR
showing the highest oxidation stability probably as consequence of several differences on meat

chemical composition 4. 526,36,

[INSERT FIGURE 1 NEAR HERE, PLEASE]

Table 3 summarises the results obtained for the COPs in suckling lamb meat. First of all, it
must be noted that fresh and raw meat tend to contain only trace amounts of COPs, whereas the
oxysterols are mainly formed during the heat processing of meat 3’. This is the reason why, in the
present study, COPs were determined in cooked GM samples after 7 days of refrigerated
storage. As can be observed, lower significant values (P<0.05) were observed for 7a-HC in the
VITE meat samples when compared to the CTRL group, whereas once again CARN meat
samples only showed intermediate values. The other compounds determined (78-HC, R-CE, o-
CE, CT, 25-HC, and 7-KC) showed no significant differences between groups, but it is
remarkable the trend towards significantly lower levels (P=0.075) in the total sum of COPs
(> COPs Table 3) showed by the antioxidant groups (VITE and CARN) when compared to the

CTRL meat samples. These results are similar to those reported in other studies where the
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supplementation with vitamin E in diets either for pigs 3 or chickens 2! has been demonstrated to
be effective in reducing oxysterols content in cooked meat samples. Also, a protective action of
both vitamin E and carnosic acid against COPs formation during cooking has been reported

previously in fattening lambs 4.

[PLEASE INSERT TABLE 3 NEAR HERE]

COPs in meat samples have a great importance for human health because these compounds
can be absorbed through the intestinal tract into the blood stream 3, increasing the possibility of
developing cardiovascular disease and atherosclerosis 40. From this point of view it is remarkable
the low levels detected for the most atherogenic compounds, CT and 25-HC, in all of the cooked

meat samples, even in the CTRL group 41:42,

The results regarding the volatile compounds detected in the headspace of cooked suckling-
lamb meat of are summarized in Table 4. A total of 18 volatile compounds were detected, with 16
of them being identified and assigned to the following seven chemical families (the number of
compounds of each family is shown between brackets): straight-chain saturated hydrocarbons
(5), straight-chain aliphatic aldehydes (5), straight-chain aliphatic ketons (2), straight-chain
aliphatic alcohols (2), straight-chain aliphatic acids (1), and furan compounds (1). Among the
identified compounds pentane, hexane, heptane, octane, 1-octene, pentanal, hexanal, heptanal,
octanal, nonanal, 2-heptanone, 2,3-octanedione, pentanol, 2-octen-1-ol and 2-pentyl-furan can be
considered as lipid-derived compounds, formed during storage and/or cooking of meat 4345,
Among them, only the carbonyl compounds are shown in tables for brevity (Table 4) because this
group of compounds was the predominant and is widely considered as suitable indicator of lipid

oxidation status of meat 46-48.

[PLEASE INSERT TABLE 4 NEAR HERE]
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At day 1 of storage (24-h storage period), the concentration of hexanal, heptanal, octanal,
nonanal and the sum of the carbonyl volatile compounds in headspace was lower in VITE group
than in CTRL and CARN groups, with these two groups showing similar concentrations (Table 4).
This means that vitamin E supplementation increased the stability of meat samples against lipid
oxidation during the early refrigerated storage period, which is consistent with other studies 49. 50,
However, at day 7, although the levels of volatile carbonyls in headspace were increased in all of
the groups (day P<0.001), no differences were detected between dietary treatments. This finding
could be explained at least partially by a time-related decrease of vitamin E protection due to the

continuous losses of vitamin E during the storage period of meat 5.

According to these results, carnosic acid included in the diet of suckling lambs at a rate of
0.096 g per kg of LW contribute to reduce the lipid oxidation of cooked meat samples. Previous
experiments with fattening lambs supplemented with carnosic acid have demonstrated that lower
levels than the dose used in the present study promoted very low levels of volatile compounds in
meat, similar to those obtained when the fattening lambs were supplemented with vitamin E 12,
On the contrary, the same study demonstrated that increasing the levels of carnosic acid in the
diet of fattening lambs resulted in an increment of volatile compounds in the meat, hence a
reduction of lipid stability against oxidation processes. Consequently, future experiments could
test lower doses of dietary carnosic acid in suckling lambs in order to test the effectiveness of this

compound to reduce meat oxidation processes.

In conclusion at the dose used in the present study (0.096 g of carnosic acid per kg-' LW) and
having into account the commercial MR used, it can be concluded that dietary carnosic acid
supplemented to suckling lambs fed the MR increase the lipid stability of the meat. Other doses of
this phenolic compound and the effect dietary carnosic acid on ewes’ milk reared lambs should

be tested in further studies.
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Table 1. Proximate composition of longissimus thoracis muscle (g kg™ meat) of the lambs.

CTRLa CARN b VITE ¢ SED d

p-value
dry matter 241 235 237 3.7 0.261
crude protein 204 207 202 8.84 0.855
ether extract 15.2 18.3 14.5 2.64 0.335
ash 16.2 17.1 17.2 1.53 0.779

ano antioxidants group; ® 0.096 g of carnosic acid kg of live weight group; ¢0.024 g a-tocopheryl
acetate kg of live weight group. 9 standard error of the difference.
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Table 2. Post-slaughter evolution of pH values in the longissimus thoracis muscle of the lambs,
and water holding capacity (WHC, % of water losses after cooking) in longissimus lumborum

samples stored at 4°C during 0, 7, and 14 days

P-value
CTRLa  CARNb  VITEc Treatment Timed  Treatment*Time

pH RSDe

0 min 6.41a 6.44a 6.29a

45 min 6.25b  6.17b  6.09b 0.167 0.331 <0.0001 0.649

24 hours 567¢c  5.70c  5.69c

Water holding capacity SEDf

0 day 178a 15.0a 17.8a

7 day 15.1a 145a 15.7a 2.04 0.612 <0.0001 0.835

14 day 8.66b  9.090  8.64b

ano antioxidants group; 2 0.096 g of carnosic acid kg of live weight group; ¢ 0.024 g a-tocopheryl
acetate kg' of live weight group. 9 (a, b, c) letters in the same column indicate statistical
differences between time (P<0.05). ¢ residual standard deviation; f standard error of the

difference.

20

124



Table 3. Cholesterol oxidation products content (ng g meat; cooked gluteus medius) after 7 days of
refrigerated storage at 4°C.

cholesterol oxidation

products a CTRLP CARNc VITEd SEDe p-valuef

7a-HC 1.74a 0.96ab 0.84b 0.278 0.050
78-HC 2.07 1.87 1.16 0.522 0.377
B-CE 2.48 2.08 2.12 0.404 0.629
a-CE 0.74 0.81 0.75 0.199 0.942
CT 0.38 0.06 0.20 0.134 0.115
25-HC 0.14 0.02 0.08 0.053 0.115
7-KC 242 1.69 1.30 0.628 0.385
2COPs 10.2 6.08 5.48 1.594 0.075

a70-HC, 7a-hydroxycholesterol; 78-HC, 7-hydroxycholesterol; a-CE, 5,6a-epoxycholesterol; B-CE, 5,6p-
epoxycholesterol; CT, cholestanetriol; 25-HC, 25-hydroxycholesterol; 7-KC, 7-ketocholesterol; ZCOPs:
sum of total oxysterols. ® no antioxidants group; ¢0.096 g of carnosic acid kg of live weight group; 40.024
g o-tocopheryl acetate kg' of live weight group. € standard error of the difference; f (a, b) letters in the

same line indicate statistical differences between treatments (P<0.05).
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Table 4. Carbonyl volatile compounds (expressed as ng undecane g') in suckling-lamb cooked meat

samples after 1 and 7 days of refrigerated storage.

carbonyl volatile  storage p-value

compounds day CTRLa CARNv VITEc SED! treatment day  treatment*daye
pentanal ; g?; g?g ;gg 247 0670 <0001 0.060
hexanal ; ;?gz ;?gg ;g‘gi 222 0415 <0001 0.010
heptanal ; 257’;2 ‘;ggg ?122 0500 0238  <.0001 0.043
octanal ; 34f‘5?’gacb 2%2 gggi 043 0598 <0001 0.008
nonanal ; 513312)2 ?fgg ?58(1’3 1371 0187 <0001 0.020
2-heptanone ; 823 8?2 (1)4218 0375 0913  0.0226 0.066
2,3-octanedione ; ;?g ;?? ggg 0472 0954 <0001 0.148
e | BB R e e o ow

ano antioxidants group;  0.096 g of carnosic acid kg™' of live weight group; ¢ 0.024 g a-tocopheryl acetate

kg of live weight). 9 standard error of the difference; © (a, b, c) letters in the same line indicate statistical

differences in treatment* day (P<0.05) .
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Figure 1. Mean values + standard error of the mean for TBARS (ug MDA g-' meat) after 0, 7 and
14 days of refrigerated storage of lamb meat samples (gluteus medius muscle) at 4 °C. CTRL
group (no antioxidants); CARN (0.096 g carnosic acid kg=' of live weight); VITE (0.024 g o-
tocopheryl acetate kg=' of live weight); a, b, c: different letters in the same day indicate statistical

differences (P<0.05) between treatments.
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DISCUSION GENERAL




A lo largo de los ultimos afios, la comunidad cientifica se ha centrado en la
busqueda de nuevos aditivos naturales (origen vegetal) con propiedades
antioxidantes o antimicrobianas, que, incluidos en la racién de los animales,
permitan mejorar el bienestar animal y la calidad de la carne. Esto se debe, por una
parte, a que la legislaciéon mas reciente en seguridad alimentaria ha prohibido la
utilizacion de antibidticos como promotores del crecimiento y, por otra, a las
exigencias de los consumidores, cada vez mas preocupados por la calidad de los
productos que consumen como consecuencia de las crisis alimentarias acaecidas a lo

largo de las ultimas dos décadas (Nieto et al., 2008).

En este sentido, existen estudios previos en los que se ha constado que el romero
administrado en la racién de corderos (Nieto et al., 2008) y de ovejas (Nieto et al.,
2011) permite mejorar la estabilidad oxidativa de la carne de corderos de cebo y
lechales, respectivamente. También se ha comprobado que el compuesto que se
retiene en la carne, y al cual se atribuyen las propiedades antioxidantes del romero,
es el acido carndsico (Monino et al.,, 2008). No obstante, la concentracion de acido
carnosico en la planta en desarrollo puede variar en funcién de su fenologia y de las
condiciones climatoldgicas, por lo que seria mas adecuado realizar un racionamiento
de los animales atendiendo al contenido de dicho compuesto en el romero. Por esta
razon el trabajo presentado en esta tesis doctoral pretende determinar la dosis
optima a la que el acido carnosico debe ser administrado en la racion de los corderos
para mejorar los parametros de calidad de la carne, asi como dilucidar si existe algin

efecto de este antioxidante sobre el bienestar animal.

Todos los resultados obtenidos han sido previamente discutidos en los articulos
correspondientes, por lo que en esta seccidn se hara una recopilacion de datos con el

objeto de presentar una discusidn general de todos ellos.
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Bienestar animal en corderos de cebo

El bienestar de los animales es un aspecto que cada vez tiene mas importancia en
todos los ambitos de nuestra sociedad dado que tiene implicaciones éticas pero
también productivas. En el caso concreto del cebo intensivo de corderos, la patologia

con mayor incidencia, asociada al sistema de manejo es la acidosis ruminal.

Ademds de las alteraciones patoldgicas sefialadas, la acidosis ruminal puede
influir también en el rendimiento productivo, disminuyendo la ganancia diaria de
peso y el indice de conversion, no obstante, en el presente trabajo no se encontraron
diferencias significativas entre los diferentes grupos en parametros como el indice de

conversion o la ganancia diaria de peso

Sin embargo, el pH sanguineo y el resto de los parametros acido-base en sangre
(como, por ejemplo, pCO2) mostraron diferencias significativas entre los grupos que
consumian acido carnosico (y vitamina E) y el grupo CONTROL, diferencias que
indican que la acidosis metabdlica se ve corregida por la incorporacion de
antioxidantes en la dieta de los corderos. Por ultimo cabe destacar que la presencia
de K* en sangre se vio reducida por la inclusion de dcido carnosico y vitamina E en la
dieta, posiblemente debido a que su actividad antioxidantes evita que las ROS
inactiven los canales de iones encargados de mantener bajas concentraciones
extracelulares de K*, necesarias para preservar el gradiente de K* a través de las
membranas celulares con el fin de que se produzca la excitacion nerviosa, (Hoshi y

Heinemann, 2001).

La adicién de acido carndsico a la racion de los corderos de cebo modifico
significativamente la composicion de la poblacion bacteriana de las heces, afectando
concretamente a los grupos bacterianos Bacteroidetes y Firmicutes. Esta modificacion
de la microbiota a nivel del intestino grueso podria haber ocasionado cambios en la

digestibilidad de los alimentos (Ley, Turnbaugh, Klein y Gordon, 2006; Turnbaugh et
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al., 2006). Este efecto no ha sido estudiado en el presente trabajo, pero la ausencia de
diferencias en la ganancia diaria de peso y en el indice de conversion, a priori, no

apoyarian su existencia.

Dado que no existe informacion previa acerca del efecto del acido carnosico sobre
el bienestar animal, se midieron distintos pardmetros relacionados con el sistema
inmune y la respuesta de los animales frente al estrés del transporte, ya que todas
estas cuestiones se encuentran relacionadas con la generacién de especies reactivas
del oxigeno (ROS) y, por tanto, los antioxidantes podrian ejercer algiin tipo de

modulacidn al respecto.

Con respecto al efecto de la suplementacion con antioxidantes sobre el sistema
inmune de corderos de cebo, la vitamina E provocé un descenso del numero de
gldbulos blancos circulares, un incremento en la proporcion de linfocitos CD4*/CD8*
respecto al grupo control, asi como una mayor produccion de interferébn gamma, lo
que se encuentra en consonancia con los datos obtenidos en ratas y broilers (Erf,
Bottje, Bersi, Headrick y Fritts, 1998; Moriguchi et al., 1993) y con las propiedades
inmunomoduladoras atribuidas a este compuesto (Meydani et al, 1986; Meydani et
al., 1997; Zheng et al., 1999). No obstante, el significado biologico de estos efectos
habra de ser esclarecido en el futuro. La inclusion de acido carndsico en la dieta de
dichos corderos no generdé modificaciones estadisticamente significativas en dichos

parametros.

También se observaron diferencias en las células sanguineas en la serie roja de tal
manera que los animales que consumieron las dosis mas altas de acido carndsico, a
pesar de mantener su hematocrito, poseian menor concentracién de hemoglobina.
Esto puede explicarse por un incremento del tamafio de los eritrocitos, lo que podria
estar relacionado con un mayor ntimero de eritrocitos inmaduros circulantes como
consecuencia del efecto quelante de los compuestos fendlicos sobre el hierro

(Gnanamani et al., 2008). En todo caso, estos resultados concuerdan perfectamente
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con los niveles de luminosidad (L*) mas altos en la carne de los animales que habian

consumido dicho compuesto.

En relacion a la respuesta de los animales frente al estrés, todos los animales
presentaron niveles sanguineos de cortisol y glucosa similares tras el transporte
(Nwe, Hori, Manda y Watanabe, 1996). No obstante, los animales que consumieron la
dosis mas baja de carndsico (0,06 g kg' MF) presentaron niveles de creatina
fosfoquinasa inferiores al control, lo que podria ser indicativo de una mayor

proteccion (Kramer y Hoffmann, 1997).

Ademas, el estrés del transporte provocd cambios a nivel de la serie blanca, de
modo que se observo un incremento en los recuentos de monocitos y en la relacion
granulocitos/linfocitos en los animales que habian consumido antioxidantes (1,2 g de
acido carnosico y 0,06 g de vitamina E por kg! MF) con respecto a los del grupo
CONTROL. No obstante, el significado bioldgico de estas modificaciones provocadas
por el estrés del transporte en los animales que consumian antioxidantes debera ser

esclarecido en nuevos experimentos diseniados a tal efecto.

Calidad de carne v estabilidad oxidativa en corderos de cebo

En primer lugar, cabe destacar que se observaron cambios significativos en la
composicion quimica de la carne (longissimus thoracis) con valores superiores de
proteina en aquellos animales que consumian acido carndsico como antioxidante (197
vs 202 g/kg de proteina bruta). No se observaron diferencias ni en la cantidad de
grasa ni en el perfil de acidos grasos. Diferentes estudios han puesto de manifiesto
que los compuestos fendlicos pueden modificar el proceso de la biohidrogenacion
ruminal de los 4cidos grasos, modificando el perfil de dcidos grasos en leche y carne.
Este efecto se ha asociado con la modificacion de la poblacion microbiana del rumen.
En nuestro caso, los estudios de microbiologia ruminal no han puesto de manifiesto

efecto alguno del acido carnosico sobre la diversidad de la microbiota ruminal. Por
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otro lado, el aporte de 4cidos grasos poliinsturados en la dieta fue muy bajo, ya que
no se incluyeron aceites vegetales ni forrajes. Puesto que no se apreciaron diferencias
en la ingestion, ni en la ganancia diaria de peso, y que la dieta consumida era la
misma en todos los tratamientos experimentales, la mayor retencién de proteina
estaria relaciona con diferencias en la utilizacion digestiva o metabodlica, pero no se

dispone de datos suficientes para formular una hipotesis plausible.

Con el fin de conocer el efecto del acido carndsico sobre la vida 1til de la carne se
midieron pardmetros relacionados con el color y el crecimiento microbiano a lo largo
del periodo de almacenamiento. Para medir el color se selecciond el musculo
longissimus lumborum (LL), con una elevada estabilidad oxidativa, y el musculo
gluteus medius (GM), con una estabilidad oxidativa mas baja. Los niveles de L*
(luminosidad) en el caso del lomo (LL) fueron mas elevados durante todo el proceso
de almacenamiento en los animales que habian consumido antioxidantes con el
pienso suministrado (acido carndsico -0,6 6 0,12 g kg' MF- o vitamina E -0,6 g kg
MEF-), probablemente como consecuencia de la variacion en el contenido de
pigmentos heminicos presentes en carne. Esto podria ser debido a las propiedades
quelantes del acido carndsico, que disminuiria los niveles de hierro disponible
(Samman et al., 2001), o a la incorporacion de vitamina E en la dieta (Lan y Jiang,
1997). A su vez, y a pesar de que las diferencias no fueron significativas, se observo
que en el LL de los animales que no habian consumido antioxidantes (CONTROL) se
alcanzaron los valores de C* maximos (saturacién de color) antes que la de los
grupos CARNO12 y VITE006, aunque también mostré6 una decoloracion mas
temprana. Por otro lado, a pesar de que las diferencias no fueron estadisticamente
significativas, los niveles de H* (tonalidad) en el mismo musculo (LL), al final del
periodo de almacenamiento fueron mas elevados en el caso del grupo CONTROL, lo

que podria indicar la existencia de niveles de metamioglobina mas elevados.

En el caso del GM, musculo con una estabilidad oxidativa mas baja, se observaron

diferencias en la evolucidon del color con respecto al caso anterior, siendo la mas
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importante el ascenso en los valores de L* en la carne de los animales CONTROL a
partir del 7° dia de almacenamiento, probablemente como consecuencia del aumento
de metamioglobina (Renerre, 1990). Con respecto a la saturacién de color (C¥), la
incorporacion tanto de acido carnodsico (CARNO012) como de vitamina E en la dieta de
los corderos retraso el inicio de la decoloracion de la carne dos dias respecto a la de
los animales pertenecientes al grupo CONTROL. Ademas, los valores de H* de la
carne correspondiente a los grupos CARNO012 y VITE006 fueron significativamente
inferiores a los del grupo CONTROL tras 14 dias de almacenamiento, lo que también
indicaria una menor proporcion de metamioglobina (coloraciéon marrén-parduzca),
pigmento claramente relacionado con el rechazo de la carne por parte del

consumidor (Greene, Hsin y Zipser,1971).

Los datos de color estdn en consonancia con los niveles de oxidacion lipidica
(TBARS) detectados en ambos musculos (LL y GM), dado que las diferencias entre el
grupo CARNO12 y el grupo CONTROL aparecen en GM tras 7 dias de
almacenamiento de la carne en condiciones de refrigeracion. Sin embargo, hasta el
dia 14 de almacenamiento estas diferencias no son estadisticamente significativas en
el caso del LL. Cuando se analizaron los 6xidos de colesterol (COPs) presentes en
carne cocinada tras 7 dias de almacenamiento (GM) se observd una reduccion
significativa en los niveles de COPs totales en aquellos animales que habian
consumido antioxidantes (CARNO006, CARNO012 y VITE006), probablemente debido a
la proteccidn ejercida por estos compuestos durante el almacenamiento de la carne y,

posteriormente, durante el cocinado.

En lo que se refiere a las caracteristicas microbiologicas de la carne, no se
obtuvieron diferencias significativas que indiquen que el acido carndsico o la
vitamina E actiien como antimicrobianos. Existen trabajos previos que han puesto de
manifiesto, si bien en el caso de los diterpenos fenolicos presentes en el romero,
parece que es carnosol y no el acido carndsico el que muestra un mayor potencial

bacteriostatico (Jordan, Lax, Rota, Loran y Sotomayor, 2012). Otros autores atribuyen
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la mayor parte de la actividad antimicrobiana del romero a compuestos secundarios
como el a-pineno, bornilacetato, camfor y 1,8-cineol (Daferera, Ziogas, Polissiou,

2000; Pintore et al., 2002).

En lo que respecta a la formacion de flavores durante el cocinado, hay que
remarcar que los dcidos grasos poliinsaturados (PUFAs) son los principales
precursores de los compuestos volatiles relacionados con la aparicion de flavores
indeseables en la carne cocinada (Elmore, Mottram, Enser y Wood, 1999). Sin
embargo, tal y como se indicé con anterioridad, el perfil de PUFAs no se vio
modificado como consecuencia del acido carnodsico anadido a la dieta. Por tanto, la
menor concentracién (P<0.005) de compuestos volatiles en la carne del grupo
CARNOO06 almacenada durante 3 dias con respecto al grupo CONTROL no se debid a
una reduccién del sustrato de oxidacion, sino a la proteccion antioxidante ejercida
por el acido carndsico a nivel de la carne. No obstante, los resultados obtenidos con
la carne del grupo CARNO012, que mostrd valores de produccion de aldehidos
significativamente mas elevados que el grupo CARNO006, indican la posible
existencia de un fenomeno de hormesis (Calabrese, 2010) que desaconsejaria la

utilizacion de dosis elevadas de acido carndsico en la racion de los corderos.

Finalmente, la suplementacion de la dieta de los corderos con acido carndsico
mejoro significativamente la textura de la carne, probablemente debido a Ia
proteccion de las proteasas enddgenas, pi-calpaina y m-calpaina, frente a la oxidaciéon
durante la maduracion de la carne, lo que habria facilitado la retencion de agua
(Huff-Lonergan y Lonergan, 2005). De hecho, el porcentaje de agua perdida tras el
cocinado fue mas elevado en la carne procedente de animales del grupo CONTROL.
Con respecto a la oxidacion proteica no se observaron diferencias entre los diferentes
grupos, probablemente debido a que tanto la vitamina E como el dcido carndsico son

compuestos liposolubles.
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Estabilidad oxidativa en carne de corderos lechales

En coincidencia con los resultados obtenidos en los experimentos con corderos de
cebo no se observaron diferencias significativas en la ganancia diaria de peso entre
los tratamientos (Control: 234 g/dia; Acido carndsico 241 g/dia y Vitamina E 242
g/dia).

La carne de animales que recibieron el suplemento de antioxidantes (4cido
carndsico y vitamina E), presentd una oxidacion lipidica significativamente menor

tras 14 dias de almacenamiento (TBARs) (P<0,05).

La carne de los animales que recibieron acido carndsico como aditivo presentd
valores inferiores al grupo control, en los niveles de 7a-hidroxicolesterol que no

fueron significativamente diferentes de los observados en los otros dos tratamientos.

Esto sugiere que el acido carnosico estd ejerciendo cierto efecto antioxidante a
nivel lipidico, que no alcanz¢ la significacion estadistica en el caso de los dxidos de
colesterol, probablemente debido a la elevada variaciéon individual. No obstante, cabe
sefialar que el grado de oxidacion observado en la carne de cordero lechal fue muy
inferior a la alcanzada en carne de corderos de cebo, tal y como ponen de manifiesto
los valores maximos de TBARs (8pug MDA g de carne vs 1,2 ug MDA g de carne, en

corderos de cebo y lechales respectivamente).
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CONCLUSIONS




Regarding animal welfare, the conclusions obtained as a result of the inclusion of

carnosic acid in the diet of fattening lambs were as follows:

1. Metabolic acidosis is corrected by carnosic acid, thus preserving the
acid-base status of fattening lambs fed high-grain diets.

2. Dietary carnosic acid does not reduce ruminal acidosis or modify the
microbial diversity in ruminal contents but promotes changes in the faecal

bacterial community of fattening lambs.

The following conclusions regarding the inclusion of carnosic acid in the diet of
lambs and its effects on the quality parameters of meat stored at refrigerated storage

can be extracted:

3. Carnosic acid included in the diet of fattening lambs reduces meat
discoloration (1.2 g kg feed concentrate), thus extending the shelf life of this
product under modified atmosphere conditions (MAP). However, at the doses
studied (0.6 and 1.2 g kg feed concentrate) carnosic acid does not reduce the
microbial spoilage of meat under MAP conditions.

4. Carnosic acid included in the diet of fattening lambs (0.6 and 1.2 g kg
feed concentrate) reduces lipid oxidation, cholesterol oxidation products, and
shear-force values (hardness), thus improving the quality parameters of meat
stored under MAP conditions.

5. Carnosic acid included in the diet of fattening lambs (0.6 g kg! feed
concentrate) inhibits the production of volatile compounds after 3 days of
refrigerated storage in a dose-dependent manner. High doses of carnosic acid
(1.2 g kg feed concentrate) seem to be detrimental.

6. Carnosic acid included in the diet of artificially reared suckling lambs at
a rate of 0.096 g kg! live weight does reduce the lipid oxidation of the meat

stored under refrigerated storage.
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CONCLUSIONES




En el caso del bienestar animal, las conclusiones obtenidas como resultado de la

inclusion de 4cido carndsico en la dieta de los corderos de cebo fueron las siguientes:

1. La acidosis metabdlica es corregida por el acido carndsico, por tanto
permite preservar el estatus acido-base de los corderos de cebo alimentados
con dietas elevadas en grano.

2. El acido carndsico en la dieta no reduce la acidosis ruminal ni modifica la
diversidad microbiana a nivel ruminal, sin embargo produce cambios en la

comunidad bacteriana fecal en coderos de cebo.

Las siguientes conclusiones fueron extraidas de la adicién de dcido carndsico en la

dieta de corderos, sobre los parametros de calidad de carne almacentada refrigerada:

3. El 4cido carnosico incluido en la dieta de los corderos de cebo reduce la
decoloracion de la carne (1,2 g kg' de concentrado), incrementando por
tanto la vida util del producto bajo condiciones de atmdsfera modificada
(MAP). Por el contrario a las dosis estudiadas (0,6 y 1,2 g kg concentrado)
el dcido carnosico no reduce la contaminacion microbiana bajo condiciones
MAP.

4. El 4cido carnosico incluido en la dieta de los corderos de cebo (0,6 y 1,2 g
kg concentrado) reduce la oxidacién lipidica, la formacion de productos de
oxidacién del colesterol, y valores de resistencia al corte (dureza),
mejorando los parametos de calidad de carne bajo condiciones MAP.

5. El 4&cido carndsico incluido en la dieta de corderos de cebo (0,6 g kg
concentrado), inhibe la produccion de compuestos volatiles tras 3 dias de
almacenamiento refrigerado de manera dosis dependiente. Dosis altas de
acido carndsico (1,2 g kg! concentrado) parecen actuar en detrimento.

6. El acido carndsico incluido en la dieta de corderos lechales
amamantados artificialmente a razén de 0,096 g kg - de peso vivo reduce la

oxidacion lipidica de la carne almacenada refrigerada.
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