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1 Este breve resumen es parte del cuerpo de la Btsisumen ampliado se presenta al final del maitasen

cumplimiento de las directrices de la normativalegarrollo del Real Decreto 99/2011, de 28 de enemregula
los estudios de doctorado en la Universidad Corapig de Madrid (UCM) (BOUC n° 14, de 21 de dicieand®
2012) y de acuerdo con las especificaciones esidbaepor la Comisién de Doctorado de la UCM.

This short abstract is part of the main Thesis mefidne extended abstract is included, at the étideonanuscript,

in fulfilment of the directives of the regulatiohdevelopment of the Real Decreto 99/2011,de 28ndeo, which
regulates the studies of doctorate at the Univacsi@omplutense de Madrid (UCM) (BOUC n°14, de 21 de
diciembre de 2012) and in agreement with the sjpatibns established by the Commission of Doctodditéne
UCM.






Resumen

RESUMEN

El control de la composicidn de la grasa en ela@edun tema de interés debido a su relacion
directa con la calidad nutricional, caracteristisassoriales y propiedades tecnologicas de la garne
productos carnicos. La composicion de la grasarektéionada con la dieta, el sexo, con la velatida
de salado y desecado de los jamones y tambiéradombacion de compuestos aromaticos que afectan
a las propiedades organolépticas finales. Reciergtieslios demuestran que no sélo la composicidn,
sino también la estructura molecular de la grasecea estar relacionadas con las propiedades

reoldgicas finales e incluso tener implicacionesicionales de importancia.

La presente tesis ha sido realizada por una pantdacfinalidad de optimizar una técnica de
andlisis de grasa intramuscular y de la estrudaros triglicéridos. Se ha analizado como afemta |
estructura del triglicérido en las propiedadesagichs de la grasa y, por ultimo, se han realizago
serie de estudios exploratorios para tratar de rpdeemanifiesto las posibilidades que tiene la
alimentacion animal de modificar la distribucién @éledos grasos en el interior de la molécula de

triglicérido.

A lo largo de dos trabajos metodologicos se harddksdo un nuevo procedimiento para
extraer grasa intramuscular que permite minimizarantidad de muestra, el disolvente empleado y el
tiempo de analisis, resultando especialmente sdete el hecho de que se reduce marcadamente la
variabilidad. El procedimiento se basa en la lmdition de la muestra, posterior homogeneizado,

extraccion de la grasa mediante una mezcla dicletamo:metanol (8:2) y posterior centrifugacion.

En un tercer trabajo metodoldgico se ha realizedocomparacion entre los dos métodos mas
utilizados en la determinacién de la distribuci@sipional de &cidos grasos en las moléculas de
triacilglicéridos de grasas de origen animal. Eétoado A consiste en la incubacion de los
triacilglicéridos con una suspension acuosa den@ma lipasa, la separacion de los productos por
cromatografia de capa fina (TLC), y el posteriodleis de los ésteres metilicos de acidos grasos de

cada fraccion mediante cromatografia gas-liquidon&odo B elimina la separacién por TLC. Este

19



Resumen

método se basa en que la metilacion basica (Na@idamente metila los acidos grasos esterificados
al glicerol. Nuestros resultados demuestran quedddgs obtenidos con el método A estuvieron en
concordancia con la literatura anterior cuandoizaalos grasa subcutanea de cerdo. Ademas el método
A mostr6 una buena correlacion entre la distribucié los acidos grasos y el punto de fusion y durez
de las grasas analizadas. Sin embargo, el métadmdijo a una subestimacién del acido palmitico y

a resultados carentes de correlacion con las mragés fisicas citadas.

En un cuarto trabajo se llevé a cabo un estuditaddependencia de ciertas propiedades
reoldgicas de grasa con la distribucion posicidedbs acidos grasos en la molécula de triglicésgo
encontré que el punto de fusién (medido como pugadeslizamiento) se relaciona tanto con la
concentracibn como con la distribucion posicional écidos grasos. La dureza se relacioné
exclusivamente con los acidos grasos presentesseokiciones 1y 3 del triglicérido mientras cue |

adhesividad unicamente con los presentes en laipo4.

Los ultimos tres trabajos de la presente tesisodgalcse centraron en la modificacidn del tipo
de grasa de la dieta y/o la inclusion de glicendbanisma y analizar tanto los cambios en laibistion
posicional de los acidos grasos en la moléculaiglkcérido como las repercusiones que tenian estos
cambios sobre las propiedades reoldgicas de la.doasprimer experimento se llevé a cabo con cerdos
blancos alimentados con 4 dietas diferentes basad&stipos de grasa con similar perfil de acidos
grasos (palma y manteca) pero distinta distribugidsicional, y la inclusiébn o no de glicerol en las
mismas. En lineas generales se comprobd que canessfategia la posiciobn sn-2 sufri6 pocas

modificaciones mientras que en la posicion sn-il¢ie se produjo cierta reordenacion.

Los jamones de los cerdos anteriores se curaramsggnétodo tradicional y se analizé la
estructura y las propiedades reoldgicas de la gnalseutanea a la altura del muschioeps femoris
Por una parte se volvié a comprobar que Unicamemte3 se veian afectadas por el tipo de grasa. La
dureza de la grasa se vio incrementada en ceroiosngiddos con aceite de palma y tanto la dureza
como la adhesividad, la elasticidad y la gomosidiathinuyeron con la inclusién de un 5% de glicerol

en el pienso.
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Resumen

En dltimo trabajo experimental se alimentaron aes dietas diferentes de cebo a cerdos
ibéricos y una cuarta basada en montanera. Corrabo quisimos comprobar si la utilizacion de
grasa en las dietas con una gran variacion dd dericidos grasos total (manteca vs aceite dedira
alto oleico vs montanera) producia una modificadi&en la distribucion posicional de los acidosgsa
y en las propiedades reologicas de la grasa. Seqausanifiesto que las diferentes dietas de pienso
lograron modificar las posiciones 1y 3 del trigtido aumentando significativamente la concentracio
de C18:1n-9 y cierta reordenacion del resto dec&ojplasos mientras que la montanera si que logré
afectar a la posicion sn-2. Estos cambios tamhiédyperon una disminucion en las propiedades de la

grasa anteriormente consideradas.
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Abstract

ABSTRACT

Control of the composition of pig fat is a topicafrrent interest due to its relationship with
the nutritional value, organoleptic properties amgblogical behavior of meat and meat productse Th
fat composition is related to the diet, the duraid the salting and drying periods of dry-curednba
and itis also related to the aromatic compoundig;malter the final organoleptic characteristRecent
studies demonstrate that not only the compositistnalso the molecular structure of the fat may be

related to the final rheological properties andrelvave important nutritional implications.

This doctoral Thesis was developed in a first stagje the purpose of optimizing a protocol
to analyze intramuscular fat and triglyceride dince. It has also been discussed the relationship
between positional distribution of fatty acids viittthe triglyceride molecule and the rheological
properties of fat and, finally, some exploratonydsés have been carried out to highlight and dstus

capacity of animal feeding to modify the fatty apiasitional distribution.

Throughout two methodological works, a new procediar extract intramuscular fat was
developed to minimize sample amount, solvent ugk tame of analysis, together with a marked
reduction of variability. It is based on lyophildesamples subsequent homogenization and extraction

with dichloromethane-methanol (8:2) and centrifimyat

In the third methodological work, a study was cartdd to compare two of the most used
methods for the determination of the positionatrdigtion of fatty acids within the triacylglycerol
molecules from fats of animal origin. Method A iwes incubation of the triacylglycerol fraction it
an aqueous suspension of the lipase enzyme, sepadt the reaction products by thin-layer
chromatography (TLC), and analysis of fatty acidhgkesters by gas-liquid chromatography. Method
B eliminates the need for TLC. The techniqgue malsesof the fact that methanolic-NaOH methylates
only fatty acids esterified to glycerol. Our resultemonstrated that method A data were in line with

previous literature. Additionally, method A showgdod correlations between fatty acid positional
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distribution and fat melting point and hardnesswieeer, method B showed an underestimation of

palmitic acid and lacked of correlation with th@dgysical properties.

In a forth study, the analysis of fatty acid pasial distribution within the triglyceride and
selected physical properties of dry-cured ham siam@ous fat were carried out. The slip point of the
subcutaneous fat was related to the concentratidnpasitional distribution of fatty acids. Hardness
was related to the fatty acid concentration in ewkepositions of the triglyceride while adhesivese

was exclusively related to fatty acid present ogition.

The three experimental works of this doctoral thestre fundamentally focused in the effect
of the modification of dietary fat and/or inclusiofi glycerol on positional distribution of fatty ids
within the triglyceride molecule and the conseqesmaf these changes on the rheological propetrties o
fat. A first experiment was carried out with whitigs fed with 4 different diets based in 2 type$anf
with similar global fatty acid profile (lard vs paloil) but different distributional position, antet
possible inclusion of glycerol in them. In gendrmains, there is limited possibility of altering tfaty
acid composition at the sn-2 location of the triglide by dietary intervention during the fattening

phase but the sn-1,3 suffered a reorganization.

Hams of the cited pigs were cured according toiticachl manner and the structure and
rheological properties of subcutaneous fat at le¥/blceps femorisnuscle were analyzed. It was again
proved that only sn-1,3 were affected by the setkdietary fats. Hardness was increased in pigs fed
with palm oil and hardness, adhesiveness, spriegiard cohesiveness decreased with the inclusion of

5% glycerol in the diet.

In a final experimental work, Iberian pigs were feith three different diets. In this work, we
wanted to prove if the use of dietary fats withiffedent fatty acid profile (lard vs high oleic dlower
oil vs montanera) induced changes in the distramati position of fatty acid and in rheological
properties of fat. It was found that diets basetted had succeeded in changing sn-1,3 with thease
of the concentration of C18:1n-9 while montanersoahltered sn-2 position. These changes also

produced a decrease in considered rheological pgiep®f subcutaneous fat.
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Introduccién

En 2013, la produccién espariola de carne de porompio la tendencia de crecimiento que
llevaba desde el afio 2009. El sacrificio disminay@dedor de un 0,5% en numero de animales
sacrificados (150 mil cerdos menos), respectosatiejo anterior, y un 1% en peso/canal (desceaso d
aproximadamente 330 g), sin llegar igual que er2 20Mk cifra historica de 3,5 millones de toneladas
Con ese volumen de produccion, que representd%l e la produccion mundial, Espafia se consolida
ya en estos Ultimos afios como el cuarto mayor ptodde carne de porcino, por detras de China (que
por si sola produce el 50% de la carne de cerdodte el mundo), EE.UU. (10% de la produccion
mundial) y Alemania (5,3%), y por delante de Bré3jl%), Rusia y Vietnam (2% cada uno) y Canada
(1,7%). A la vez, es el segundo pais europeo edupoion, representando el 16% del total de la UE,
por delante de Francia (9%), Polonia (8%), Dinamardtalia (7%) y Paises Bajos (6%). Dentro de
nuestras fronteras, estas cifras significan ma8@éb de la produccién final ganadera y el 14.2¢% d

la produccion final agraria (MAGRAMA, 2013).

El Ministerio de Agricultura, Alimentacién y Medidmbiente (MAGRAMA) ha publicado
el estudio de los indicadores econdmicos del sgmimrino correspondiente al afio 2013. Las cifras
reflejan que el valor de la produccion final degioo alcanzé el nivel maximo de su historia, cifrad

en 6.273 millones de euros.

La calidad y abundancia de materia prima y unasgicimmes climaticas propicias, favorecio
el desarrollo en nuestro pais de una cultura ertal arte de salar y desecar las carnes de forma
artesanal. Espafia es uno de los paises con ui@dmaghas rica en la elaboracion y consumo de los
mas variados embutidos y jamones. Lo diverso dstrauproduccion chacinera, que se extiende a todos
los rincones de nuestro pais, forma parte de ruas#rvo cultural y gastronomico, y es apreciadérde

y fuera de nuestras fronteras.

Por tipos de productos, las preferencias del comgunespanol estan encabezadas por los
jamones curados, término que engloba de forma igarténto a jamones serranos como ibéricos, y que
son el principal referente de la produccion cardieanuestro pais. Los jamones serranos procedentes

de cerdos de capa blanca y los jamones de cerdcalvépresentan alrededor de la quinta parte gle lo
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volimenes comercializados. De hecho, Espafia ediferencia el primer productor mundial de
jamones y paletas curadas, con una produccionupez@en 2012 los 42 millones de piezas. Espafia

es igualmente el primer consumidor, con un conspondabitante y afio de 5 kg.

La importancia que tiene en Espafia el consumo a@uptos carnicos curados desecados
ejerce una gran influencia en todo el sector privdug condiciona la mayor parte de las decisiones
técnicas y econdmicas. Este hecho exige de unarimgiéma con atributos de alta calidad y
caracteristicas diferentes a las que requierentermalizacion fresca del producto, o que nosrdifeia

claramente de otros paises.

De entre las muchas propiedades que definen ldachalie la carne (color del masculo,
firmeza, textura...), la grasa intramuscular jueggapel especialmente importante, ya que repercute
directamente, por un lado, en la calidad sensdealos productos, que es la méas valorada por el
consumidor, y por otro, sobre la calidad tecnoldgi@ que influye decisivamente en la velocidad de
desecacion y de penetracion de la sal en los praslde larga maduracion. No hay que olvidar que el
engrasamiento también condiciona en gran medidentabilidad, ya que resulta muy ineficiente. Es
preciso por ello profundizar en estrategias pradastque permitan mantener criterios de calidad
elevados (grasa intramuscular), pero que sean c¢inigsacon una alta eficiencia productiva (bajo
engrasamiento). Los principales factores que ieflugn el engrasamiento son la raza o tipo genético,

la edad y la alimentacién.

La seleccidn genética de los ultimos afios se ligidrfundamentalmente hacia genotipos
conformados, que presentan una mayor proporcidmeggo en la canal y una velocidad de crecimiento
elevada, lo que se traduce en un sacrificio dahimales a edades mas tempranas. Es sobradamente
conocido que la consistencia de la carne, asi @cuntenido en grasa, incluida la grasa de iafiltin,
aumentan con la edad de sacrificio de los animalefgmrando de esta manera notablemente la calidad
de los productos elaborados y la aceptacion pae piat consumidor. Por tanto nos encontramos ante
un problema de elevado interés, ya que los cruresiciales de cerdo blanco utilizados en la actadli

presentan un bajo estado de engrasamiento y,rgor tke grasa intramuscular, debido al escasotearac
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adipogénico de estas razas asi como a la tempdadlade sacrificio. Este hecho provoca problemas

tecnologicos y de calidad en la industria de petmBicarnicos elaborados.

El control de la composicion de la grasa en el@esdun tema interesante debido a su relacion
directa con la calidad nutricional, caracteristisansoriales y propiedades tecnoldgicas de l& garn
productos cérnicos. La composicidén de la grasarektéionado con la velocidad de salado y desecado
de los jamones y también con la formacién de costpgearomaticos que afectan a las propiedades
organolépticas finales. Ademas, recientes estutkosuestras que no sélo la composicién neta sino
también la estructura molecular de la grasa paesta relacionada con las propiedades reoldgicas
finales e incluso, desde un punto de vista nutnaediopuede influir en el desarrollo de enfermedades

cardiovasculares, diabetes, hipertension... entes otr

Por lo anteriormente expuesto, es necesario paectr porcino un conocimiento adecuado
de los factores y nuevas estrategias de produquida mejorar la calidad de la carne y de los prtogu
elaborados. La acumulacion de grasa es un procesdepende cuantitativa y cualitativamente de la
alimentacion recibida. El animal puede sintetizaisg a partir de hidratos de carbono o proteingsiep
acumular los acidos grasos y otros compuestosalipoies ingeridos sin apenas modificarlos o puede
modificarlos con mayor o menor intensidad. Asi pyegarticularmente en lo relacionado con la
nutricibn animal, podrian plantearse solucionessaplroblemas expuestos anteriormente. Se han de
revisar estrategias para mejorar la eficienciadyee el coste de la produccién siendo una de allas
considerar el uso de nuevo productos, como elrglicen piensos. Ademas, es necesaria la optindizaci
de las técnicas de andlisis de grasa intramusgutamposicion y estructura de la grasa, procesos
utilizados con relativa frecuencia en la mayoridatb®ratorios de alimentos, que permitan un control

de calidad con menor coste y mayor eficiencia.

La presente tesis ha sido realizada por una pantdacfinalidad de optimizar una técnica de
analisis de grasa intramuscular y de la estruataros triglicéridos. Este Ultimo aspecto, muy poco
atendido en estudios previos en alimentacion animaasido uno de los principales objetivos de maest

estudio. Se ha analizado cémo afecta la estrudelr&riglicérido en las propiedades reoldgicasale |
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grasa de jamoén curado vy, por ultimo, se han reddizena serie de estudios exploratorios para tdatar
poner de manifiesto las posibilidades que tieradifaentacion animal de modificar la distribucion de

acidos grasos en el interior de la molécula dédégdo.
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Revision bibliografica

2.1 Lipidos. Caracteristicas generales.

2.1.1. Definicion. Generalidades.
Los lipidos son un conjunto de moléculas organicasypuestas principalmente por carbono
e hidrégeno y en menor medida oxigeno, que tiepemcaracteristica principal el ser mayormente
hidrofébicas o insolubles en agua, pero solubledignlventes organicos como cloroformo, hexano,
etanol, metanol o éter. El nombre de lipido se $ada tradicionalmente para describir una amplia
variedad de sustancias naturales entre las quelsiyen los acidos grasos (FA) y sus derivados, los
esteroides, los terpenos, los carotenoides y les $diares, todos ellos solubles en los solventes

mencionados.

2.1.2. Clasificacion de lipidos.

Se han realizado distintas propuestas de cladificadel amplio y complejo conjunto de
sustancias que constituyen los lipidos. Teniendouenta su estructura quimica, los lipidos se puede
distribuir en cinco grupos principales: triacilgitddos, fosfoglicéridos, esfingolipidos, cerastgeses.
Otras alternativas de clasificacion serian lasagieden a su polaridad, en cuyo caso pueden aosgena
en: lipidos polares y lipidos neutros (Small, 196&:ey y Small, 1972; segun la funcion que dedarrol
en los seres vivos, diferenciandose entre lipidtsieturales y lipidos de reserva (Enser, 1984); o
teniendo en cuenta su capacidad de formar jabagegpandose en saponificables e insaponificables.
La mayoria de criterios de agrupacion mencionasi@médasados en las recomendaciones de la IUPAC-

IUB (1978).

La clasificacion mas actual de los lipidos y de onaaceptacion internacional es la realizada
en 2005 por el Comité Internacional de ClasificacgpNomenclatura de Lipidos (ILCNC) bajo el
respaldo del consorcio LIPID MAPS (Fahy et al., 2Q0Fahy et al., 2009).Esta clasificacion se basa
en su estructura quimica y diferencia policétidasjlgliceroles (triglicéridos, diglicéridos y
monoglicéridos), esfingolipidos, prenoles o derasde isopreno y sacarolipidos. Sin embargo, @n est

clasificacién, por motivos historicos y bioinforritdts, se ha decidido separar los acidos grasosake o
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policétidos, los glicerofosfolipidos de otros glimépidos y los esteroides de otros prenoles, t@sdo,

de esta forma, un total de ocho categorias prisaria

2.1.2.1. Acidos grasos.
2.1.2.1.1. Estructura y generalidades.

Los FA forman parte de la composicion de la maydeidos lipidos. Pueden definirse como
acidos organicos con un grupo carboxilo terminahg cadena apolar hidrocarbonada que les confiere
su caracteristica hidrofobicidad. Se trata de nubdécanfipaticas cuya estructura general serigg CH
(CH2)n-COOH. Los FA pueden inicialmente clasificarseigado en cuenta su grado de saturacion,
siendo &cidos grasos saturados (SFA) los que nertidobles enlaces en la cadena hidrocarbonada,
monoinsaturados (MUFA) cuando hay un doble enlgmgijnsaturados (PUFA) si hay més de un doble
enlace. Desde el punto de vista estructural, éosritjen animal son relativamente simples y pueden
agruparse en familias bien definidas. Sin embdagoFA de origen vegetal son mas complejos y en
algunos casos pueden incorporar a su estructurerajegrupos funcionales adicionales (anillos de
ciclopropeno, etc.). Para identificar correctamamte=A, es preciso indicar el nUmero de atomos de
carbono y el de dobles enlaces asi como su enlécula. Respecto a los dos primeros, el criteria es
unificado, pero para identificar la posicion de Wsbles enlaces hay dos posibilidades: iniciar la
contabilidad desde el grupo carboxilo (-COOH) oddesl grupo metilo terminal (-GH Esto resulta
en dos nomenclaturas diferentes: la delta o quignlaaomega o bioquimica. Por ejemplo, el FA cuyo
nombre comun es &cidolinolénico (Figura 2.1), esta constituido por waalena con 18 atomos de
carbono y tres dobles enlaces en posiciones 9152gi contamos desde el grupo carboxilo. El nembr
del &cidaa- linolénico en la nomenclatura delta se&&**1°C18:3", mientras en la nomenclatura omega
seria C18:3n-3, ya que el primer doble enlacearmtt desde el grupo metilo terminal, esta entre el
tercer y el cuarto &tomo de carbono. Los doblegcesl en los FA insaturados son generalmente tipo
cis, es decir, los dos grupos prioritarios respattimble enlace se sitian geométricamente ensehoni

lado considerando el doble enlace como un plano.

Ademas de los tres citados criterios para ideatifim FA existe un cuarto. Se trata de la

nomenclatura original o sistemética (IUPAC) co se hace referencia a su estructura (Tabla 2.1).
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Bajo su aplicacion, el &cido-linolénico (Figura 2.1) seria: acidis-9,cis-12 cis-15-octadecatrienoico

(Webb y O’Neil, 2008) (Tabla 2.1).

Tabla 2.1. Principales acidos grasos presentes lezeedo.

Nombre trivial Nombre IUPAC n-X A"
Acido laurico Acido dodecanoico C12:0
Acido miristico Acido tetradecanoico C14:.0
Acido palmitico Acido hexadecanoico C16:0
Acido estearico Acido octadecanoico C18:0
Acido palmitoleico Acidacis-9-hexadecenico C16:1n-7  cisA?
Acido oleico Acidocis-9-octadecenoico C18:1n-9 cis-A®
Acido cis-vacénico o asclépico Acidos-11-octadecenoico C18:1n-7 cisAl
Acido linoleico Acidocis-9,12-octadecadienoico C18:2n-6 cis-AY, A1?
Acido y-linoleico Acidocis-6,9,12-octadecatrienoico C18:3n-6 cisA5A% AL
Acido a-linolénico Acidocis-9,12,15-octadecatrienoico C18:3n-3 cCisA% A2 AL
Acido gonodoico Acidais-11-eicosaenoico C20:1n-9 cisAl!
Acido eicosadienoico Acidois-11,14-eicosadienoico C20:2n-6 cisALAM
Acido eicosadienoico Acidois-14,17-eicosadienoico C20:2n-3 cisAMAY
Acido dihomoy-linolénico, DGLA  Acidocis-8,11,14-ecosatrienoico C20:3n-6 cis A8 AL Al

Acido dihomoe-linolénico Acidocis-11,14,17-eicosatrienoico C20:3n-3 cisAMLAMAY
C20:4n-6 cis-AS,A8 AL AM
C20:5n-3 cis-A5,A8 AL AL ALY
C22:5n-3 cisA7,AC AL AL ALS

C22:6n-3 cis- A4 A7, A AL ALE ALS

Acido araquidénico Acidais-5,8,11,14-eicosatetraenoico

Acido timnodénico, EPA Acideis-5,8,11,14,17-ecosapentaenoico
Acido clupanodénico, DPA Acidois-7,10,13,16,19-decosapentaenoico

Acido cervonico, DHA Acidais-4,7,10,13,16,19-docosahexaenoico

Figura 2.1. Estructura semidesarrollada del acidnlinolénico.

Grupo metilo. G nomenclatura "n"

T~

Acido a-linolénico.

Grupo Carboxilo. € nomenclatura
sistematica y "delta".
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2.1.2.1.2. Propiedades: punto de fusion y solubilidad.

El punto de fusion de la grasa esta determinaddapfacilidad con que los residuos acilo
forman estructuras organizadas. Cuando los FAasrsolidifican, sus moléculas se organizan en
estructuras paralelas, proceso facilitado por suasra lineal en zig-zag (Figura 2.2). Esta ettna
se estabiliza por las interacciones hidréfobas larfgo de las cadenas (interacciones Van der Waals
entre los grupos metileno). El elevado grado dardzgcion hace que la energia necesaria para fundir
el cristal sea elevada y que la temperatura dérfumimente a medida que se incrementa el nUmero de
atomos de carbono de la cadena, es decir, suloh@tanto mayor sea la cadena menor capacidad de
rotacion tendra la molécula y mas efectivas sexrgumteracciones y también mayor su peso molecular.
Los FA insaturados (asi como los ramificados alokcos), debido a su forma no lineal, no se poede
disponer espacialmente en paralelo, por lo quernienenos posibilidad de interaccionar entre si para
formar estructuras estables. Las interacciones ate dér Waals disminuyen drasticamente con un
pequefio aumento en la distancia entre las cadeit@ay gouesto que la presencia de dobles enldses c
aumenta el volumen ocupado por el FA, aumentagépecio entre ellas, disminuyendo su posibilidad
de asociaciéon. Cuanto mas insaturado sea el FAmeapacidad de rotacion tiene en sus enlaces C-C,
mayor volumen ocupara y peor sera el empaquetami@at este motivo forman estructuras cristalinas
mucho mas débiles (desorganizadas) y precisan negr@pgia para perder su organizacién (fundirse),
por lo que su punto de fusion se presenta a temupasamenores (Figura 2.2) (Brenner, 1984; Cook,

1991).

Figura 2.2. Estructura en zig-zag de acidos grasAsociacion paralela.

HOM\R/VW )
NN

0)
0)

Los FA son moléculas anfipéticas, es decir, conaateeza hidrofila (grupo carboxilo) y una
cola hidréfoba (cadena hidrocarbonada). Esta natades confiere la propiedad de organizarse en la

interfase lipido-agua y de formar micelas en séluccuosa. La polaridad de los FA y por tanto, su
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capacidad de formar micelas, depende de la londiwsl cadena y de su grado de insaturacion. Be est
modo, cuanto mas corta sea la cadena y mayor @b gia insaturacién, mayor sera su polaridad y su
capacidad para formar micelas. Basandose en stdaalalos FA se pueden clasificar en dos grupos:
FA de polaridad baja (FA saturados de cadena Igr§&) de polaridad media/alta (FA de cadena corta

y FA insaturados de cadena larga) (Freeman, 1984).

2.1.2.1.3.  Acidos grasos esenciales y no esenciales.

Los acidos grasos omega 3 y omega 6 son importanté&sdieta de los humanos y en la de
otros mamiferos monogastricos, al no poderlost&atale novo Estos &cidos grasos forman parte de
las membranas celulares, colaboran en el transgdertgtaminas liposolubles (A, D, E y K) y son
precursores en la sintesis de eicosanoides, matecelacionadas con diversas funciones biolégicas
tales como la inflamacion o la respuesta inmuritaion esta estructura, los FA con 18 atomos de
carbono, linoleico (C18:2n-6) y linolénico (C18:3nson esenciales para el organismo humano, y
muchos mamiferos, ya que si se suministran puedeetizar el resto de acidos grasos que necesita

(Webb y O’Neill, 2008, Lands 2012 y 2014).

El C18:2n-6 es un ingrediente importante en laetitacion animal, ya que la mayor parte de
las materias primas utilizadas en la formulaciérpigmsos tienen una elevada concentracién de este
FA. En el caso del cerdo, pasa a través del estrmoasg sin sufrir modificaciones y entonces es
absorbido por el torrente sanguineo en el intest@igado y se incorpora desde alli a lipoprotejnas
pasando previamente por el higado, se recircuta jgon otras lipoproteinas a los tejidos. Este BA e
un importante constituyente estructural en las mands celulares y se utiliza para formar derivados

por elongacion y desaturacion que dan lugar auodsserie de FA de la familia n-6.

Otro PUFA de importancia en la alimentacién animalel C18:3n-3 que esta presente
principalmente en los tejidos vegetales de hojaleveiLawrie, 2006). Se encuentra en muchos
concentrados de los piensos aunque en la maya garos casos, a niveles muy inferiores a los del

C18:2n-6. En los tejidos animales se encuentraptidades variables, asi en los cerdos, la praporci
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de C18:3n-3 es mayor en el tejido adiposo que emistulo y, ademas, es ligeramente mas alta en los

lipidos neutros que en los fosfolipidos (Wood gt2008).

De acuerdo son Kuklev y Smith (2006), los FA esaesimas importantes con 20 &tomos de
carbono son el &cido araquiddnico (C20:4n-6) rldeicosapentaenoico (C20:5n-3, EPA), los cuales
se forman por la desaturacion y elongacién del Z18:y el C18:3n-3 respectivamente al igual que los
de 22 atomos de carbono, el 4cido docosapentae(dDiRA, C22:5n-6) y acido docosahexaenoico
(DHA, C22:6n-3). Estos ultimos acidos grasos pgudin en importantes funciones orgénicas (Ordofiez
et al., 2003a, b), por ejemplo, el DHA es necegaai@a la funcion éptima del sistema nervioso. Como
se ha mencionado, la mayoria de las especies pagdetizar estos FA a partir del 4cido linoleice-y
linolénico, por lo que éstos PUFA de cadena laggandde ser esenciales si existe suficiente C18:2n-
y C18:3n-3 en la dieta. Generalmente, los PUFAadieca larga n-3 y n-6 son componentes importantes
de los fosfolipidos estructurales de las membrawaganulos celulares (Dolz, 1996) y forman su j@op
serie de eicosanoides que poseen una amplia gaaecidaes fisioldgicas. Por ejemplo, el C18:3n-6
es el precursor de la prostaglandina PGE1, quéeéntd agregacion plaquetaria, mientras que el
tromboxano TXA2 deriva del C20:4n-6 (Webb y O'NelI008). ElI C18:2n-6 proporciona materia
prima para la produccion de prostaglandinas (La.e2009; Seppanen-Naakso et al., 2002; Wood et
al., 2008). EPA y DHA estan normalmente presentebagas concentraciones en la carne, pero la

concentracién es elevada en los aceites de pefcadde, 2006).

2.1.2.1.4. Andlisis de dcidos grasos.

Por lo general, para el analisis de FA es necepagiparar derivados apolares de diferentes
tipos. Mayoritariamente se preparan los corresmmes metilésteres. A excepcion del analisis de
grasas o aceites, los lipidos han de ser liberdelds matriz en la que se encuentran. Esta operaeiod
realiza por extraccion directa de los lipidos ciferdntes mezcla de disolventes (cominmente para
tejidos animales se han empleado mezclas de ctarofe metanol). En algunos casos, se requiere de

una hidrolisis acida o basica previa.

La cromatografia de gases (GC) es la técnica maatitas empleada para la obtencién del

perfil de FA de cualquier muestra, tras la mendiengeneracion de los correspondientes metil ésteres
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Ademas, si el FA contiene otros grupos polares rdebtambién enmascararse o prepararse otros
derivados aptos para su identificacion. Con estegzo se mejora la resolucion cromatogréfica y la
estructura de los espectros (forma de los picbagatarse generalmente los tiempos de retenEidn.

la GC, la identificacion de los FA puede realizgyeecomparacion de tiempos de retencion utilizando
sustancias patron. También puede recurrirse a oamiida GC con técnicas de derivatizacién o
degradacion quimica o al acoplamiento de sistesaactroscopicos como la espectrometria de masas

(Dobson y Christie, 2002).

La preparaciéon de los ésteres metilicos puede afuadtalmente, llevarse a cabo mediante
metilacion &cida, basica o con diazometano. Emitagpa, tanto los acidos grasos libres (FFA) como
los O-acil lipidos se esterifican o transesterifip@r calentamiento con metanol anhidro en preaenci
de un catalizador acido, comunmente HCI &@&. El trifluoruro de boro también puede utilizarse
aunque tiende a evitarse por provocar un mayor ralehe reacciones secundarias. En el caso de la
metilacién basica, Unicamente se transesterifioarO-acil lipidos y es importante que se realice en
ausencia de agua, para evitar la hidrdlisis baseeersible de los ésteres. Comunmente se consigue
medio basico disolviendo KOH o metéxido sédico extanol anhidro. Hay que tener en cuenta que en
el caso de PUFA o FA con dobles enlaces conjug&iusstie et al., 2007) una exposicion a un medio
acido o bésico excesivamente concentrado, o durantdiempo prolongado, puede producir
migraciones de los dobles enlaces y, por tantamresren la cuantificacion. La metilaciébn con
diazometano se evita por su alta toxicidad, adersd@suy sensible a la cantidad de metanol presente y
al tiempo de reaccion. Sin embargo, es el mejargutimiento para la metilacion de FA de cadena corta
(volatiles) que dificilmente permanecen en dis@ocen el metanol caliente necesario en las otras
opciones. En la obra de Christie (1993) se revisdas estas opciones y se optimizan para cada

circunstancia de analisis.

Cuando hay disponibilidad de GC, el uso de HPL&@sho menos practico, si bien se hace
necesario para procedimientos micro-preparativasapcel aislamiento de compuestos para su posterior
analisis por espectrometria de masas. En la revigdNikolowa-Damyanova (1997) se detallan las

posibilidades de cada técnica cromatografica.
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En muchas ocasiones, los ésteres metilicos delpsdsentan problemas de deteccién por lo
gue se suelen emplear ésteres con grupo o0 grupa®faros que absorban en UV o presenten
fluorescencia. En general, se recomiendan derivddofenacilo como p-bromo o p-metoxi fenacil

ésteres.

2.1.2.2. Policétidos.

En la biosintesis de &cidos grasos, aunque seladétanas adelante, se producen
condensaciones sucesivas de unidades de 2 atoncasbd®o a un cebador de acetilo o propionilo y
posterior reduccién dando lugar a la cadena hidooceda. En ausencia de los procesos de reduccién,
se obtendrian cadenas policetidicas estabilizadadappropia superficie enzimatica hasta que la
elongacién se completara. Este proceso comprendgramnimero de metabolitos secundarios y
productos naturales de origen animal, vegetal,tésebacterianas, fangicas y marinas, que una gran
diversidad estructural ya que estas cadenas someaativas y pueden dar lugar a multiples estrastur

ciclicas (Figura 2.3).

Figura 2.3. Policétido: Aflatoxina B1.
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2.1.2.3.  Acilgliceroles.
2.1.2.3.1. Estructura y propiedades.

En esta subdivision se encuentran los tri-, di-onaacilgliceroles. Los triglicéridos (TAG)
también llamados grasas neutras (lipidos neutrosinplemente grasas, son los componentes
cuantitativos mas importantes de los depdsitoograsimales y vegetales (adipocitos). Los TAG son
ésteres del alcohol glicerina con tres molécula&aitdo graso .Su hidrdlisis con algun hidroxido oom

KOH o NaOH (saponificacion) produce jabones desodiotasio (Figura 2.4)
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Figura 2.4. Saponificacién de triglicérido.
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El punto de fusion de los TAG depende principalmeatg su composicién en 4cidos grasos.
Sin embargo, algunos otros factores, como el tgperidtalizaciond, 3 oy) o la ubicacion de los &cidos

grasos en el glicerol también tienen una marcdtigeimcia en el punto de fusion.

Las grasas y los aceites son mezclas de TAG g@miguiente, no tienen un verdadero punto
de fusion sino que pasan de solidos a liquidosrmdeforma progresiva a lo largo de un rango de
temperaturas. El punto de fusion de las grasasdsefracuentemente como ‘punto de deslizamiento’ o
temperatura a la que la grasa empieza a ser suéniente fluida como para desprenderse de lasgmared
de un capilar y desplazarse al sufrir el empujeadah. El punto de deslizamiento de la grasa esyd m
correlacionado con su contenido en acidos grassis.par ejemplo, el punto de deslizamiento de la
grasa del cerdo se ha correlacionado fundamentgdngen su contenido en acido linoleico y estearico
(Wood et al., 1978) y el de la grasa del pollo, leaelacion entre el contenido de acidos gradosados

e insaturados (Hrdinka et al., 1996).

Los TAG son moléculas apolares y por tanto, corapiente insolubles en agua. Su hidrolisis,
por la accién de la lipasa pancreatica en el imestelgado del cerdo, da como resultado la forémaci
de 2-monoglicéridos (éster de un acido graso camugo hidroxilo en posicion 2 de la molécula de
glicerol). Esto es debido a la accion especifickadipasa en los grupos hidréxilo extremos (engids
1y 3) del glicerol (Laws y Moore, 1963). Los 2-mogficeridos son moléculas bastante polares y por

tanto tienen alta capacidad para formar micelasmemedio acuoso.
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2.1.2.3.2.  Estructura de triglicéridos en grasas animales y vegetales.

En la tabla 2.2 se puede ver la distribucion posali de FA en algunas grasas de origen
vegetal y animal. De forma general se puede comaprqbe las moléculas de TAG provenientes de
grasas vegetales contienen casi exclusivamentel @88y C18:2n-6 en posicion 2 mientras que los
SFA tienden a ocupar posiciones externar. El C18;3i lo hay, se reparte entre las 3 posiciones
prefiriendo generalmente la posicion 3. Algo simiteurre en la leche y sebo de vaca donde la
preferencia de los insaturados por la posicién @stan marcada pero si la de los SFA por lasipasie

externas.

Hay que destacar la disposicion que se puede @rsemva leche humana, muy similar a la
leche a la manteca de cerdo. Estas contienen elecantidades de C16:0 y, ademas, un 50 — 60 % se
encuentra esterificado en sn-2 (esto supone apaoldimente el 70% de todo el C16:0 presente). Esta
configuracién inusual se acompafa por un posiciter@mde los FA C18:1n-9 y C18:2n-6 preferente
por posiciones externas. Esto parece ser algotestiente necesario para el adecuado crecimiertto tan
de bebés humanos como de lechones. Resulta llant#tio la dieta de lactantes es rica en SFA (con
la mayor parte de la energia proporcionada por @l@ientras que en otras etapas de la vida se
consideraria ésta alimentacion de riesgo pardud.sbodos estos hechos han de considerarse ada ho
de disefar un sustituto para la leche maternaaabla 2.2 se puede ver la distribucién posicideal
FA en algunas grasas de origen vegetal y animalfobea general, se puede comprobar que las
moléculas de TAG provenientes de grasas vegetatgienen casi exclusivamente C18:1n-9 y C18:2n-
6 en posicion 2 (sn-2) mientras que los SFA tieralecupar posiciones externas (sn-1 y sn-3). El
C18:3n-3, si lo hay, se reparte entre las 3 pasésipprefiriendo generalmente la posicion sn-30Alg
similar ocurre en la leche y sebo de vaca dongecfierencia de los insaturados por la posicion 8no

tan marcada pero si la de los SFA por las posisiergernas.

Hay que destacar la disposicion de acidos grasts gnasa en la leche humana (Tabla 2.2),
muy similar a la de la leche y manteca de cerdtasEgrasas contienen elevadas cantidades de C16:0
encontrandose un 50 — 60 % esterificado en sn-g@ugosupone aproximadamente el 70% de todo el

C16:0 presente). Esta configuracion inusual se pa@mpor un posicionamiento de los FA C18:1n-9
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y C18:2n-6 preferente en posiciones externas. gatece ser algo estrictamente necesario para el
adecuado crecimiento tanto de bebés humanos conezlienes. Resulta llamativo cémo la dieta de
lactantes es rica en SFA (con la mayor parte @mémgia proporcionada por C16:0) mientras que en
otras etapas de la vida se consideraria ésta afinién de riesgo para la salud. Todos estos hdwiros

de considerarse a la hora de disefiar un sustiantol@ leche materna.

2.1.2.3.3.  Andlisis de la estructura de triglicéridos.
Como ya se ha mencionado, los TAG constituyen @tatisamente la mayor fraccion lipidica
mayoritaria de la carne y productos carnicos, méasnjue constituyentes menores son los fosfolipidos

glicolipidos, esteroles, FFA y vitaminas liposoksl

Se ha demostrado que tanto la composicion de HA dieta como la distribucion posicional
estereoespecifica de estos FA en la molécula de §a&xfactores de importancia en la digestion y
absorcion de FA (Mu y Hoy, 2004). Ademas, la distcion posicional también afecta a las propiedades
fisicas del tejido adiposo lo cual tiene diversaglicaciones tecnolégicas en el procesado de cgtnes
por tanto, en la calidad de los productos finaBeg(ira et al., 2015; Smith et al., 1998;). Tamb&ha
comprobado en estudios recientes que la posicidosdeA en la molécula de TAG podria afectar al
desarrollo de enfermedades como obesidad, diabdtgertension (Gouk et al., 2013; Ponnampalam
et al, 2011). Hunter (2001) reviso6 la forma enua ¢p estructura estereoespecifica de los TAG de la
dieta puede afectar al metabolismo lipidico en lmasalo cual parece estar intimamente relacionado
con el progreso de varias enfermedades cardioaassulAunque la distribucion posicional de los FA
es un tema de interés en las grasas de origen lapianadéjicamente existe poca informacion en la
bibliografia sobre estudios dirigidos a alterahdidistribucién. Ademas, existen marcadas difeasnci
entre los resultados que ofrecen diferentes metgéas analiticas, lo cual lleva a cierta informacio

cientifica erratica en este tema.

43



Revision bibliografica

Tabla 2.2. Distribucién posicional de acidos grasaeisla molécula de triglicérido (TAG) en

algunas grasas y aceites de origen animal y vegetal

Acido graso (%)

Fuente Posicion C16:0 C18:0 C18:1n-9 C18:2n-6 C18:3n-3
Leche humana TAG 27 7 36 13 1
sn-1 16 15 46 11 0.9
sn-2 65 3 13 7 0.8
sn-3 6 2 50 15 1.4
Leche de vaca TAG 24 24 25 3 <1
sn-1 36 15 21 2 -
sn-2 33 6 14 4 -
sn-3 10 4 15 2 -
Manteca de cerdo TAG 26 15 40 10 1
sn-1 22 7 50 11 1
sn-2 58 1 15 8 1
sn-3 15 5 52 12 1
Sebo de vaca TAG 26 20 38 4 1
sn-1 41 17 20 4 1
sn-2 17 9 41 5 1
sn-3 22 24 37 5 1
Manteca de cacao TAG 24 35 36 3 <1
sn-1 34 50 12 1 -
sn-2 2 2 87 9 -
sn-3 37 53 9 - -
Aceite de maiz TAG 11 3 28 58 1
sn-1 18 3 27 50 1
sn-2 2 <1 26 70 <1
sn-3 13 3 31 51 1
Aceite de soja TAG 11 6 24 54 7
sn-1 14 6 23 48 9
sn-2 1 <1l 21 70 7
sn-3 13 6 28 45 8
Aceite de palma  TAG 45 4 38 18 <1
sn-1 60 3 27 3 -
sn-2 13 - 68 35 -
sn-3 72 8 14 19 -
Aceite de oliva TAG 13 4 71 10 1
sn-1 13 3 72 10 <1
sn-2 1 - 83 14 1
sn-3 7 4 74 5 1

sn- = posicion estereoquimica dentro de la molédelaiglicérido
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Para el analisis de la molécula de TAG, lo prineare se ha de considerar es que se trata de
una molécula de glicerol que esterifica tres acigi@sos. Las posiciones se numeran mediante un
sistema estereoquimico: sn-1-, sn-2- y sn-3-.Pugstola posicion 2 es quiral, se puede asumir que
existen dos TAG enantiomeros con perfil de FA simjl el mismo FA en sn-2 y, por tanto, el nimero
de TAG diferentes incluyendo enantiémeros asceaden, donde n es el nimero de FA considerado
que, aunqgue en los tejidos animales es limitadajelero de moléculas resultante a analizar serja mu

elevado.

Generalmente, los TAG se pueden caracterizar poo @ELC. En estas técnicas, ademas de
tener que adecuar los respectivos parametros argraéitos, se necesitan de los correspondientes
patrones para identificar cada pico del cromatogrgngeneralmente, no son capaces de diferenciar
entre enantibmeros a no ser que se dote al sistew@umna quiral o se derivaticen los mismosasot
moléculas. Podria solventarse el problema del étewdimero de patrones a conseguir acoplando los
sistemas con un espectrometro de masas. Las mada®ntécnicas cromatograficas fueron
ampliamente revisadas por Andrikopoulos (2002),Hguaber et al. (2004), Perona y Ruiz-Gutiérrez
(2004) y més recientemente por Kalo y Kemppineld2200tra técnica frecuentemente utilizada en la
gran mayoria de laboratorios es la cromatrogragiaapa fina (TLC). Touchstone (1995), Sherma
(2000) y Fuch et al. (2011) han llevado a cabolextes revisiones de las aplicaciones de estacgcni

en el andlisis lipidico.

Las técnicas cromatogréficas anteriormente mendas@LC, GC y HPLC) son en general
bien aceptadas por los analistas. Sin embarg@d#adicional, la TLC, aln conserva notables ventajas
entre las que cabe citar: simplicidad en el processponibilidad de reactivos con diferentes
sensibilidades y selectividades tanto para la aefiar como para la deteccion, capacidad de rdpetir
deteccion y cuantificacion de distintos compuestestsatilidad, buena relacion coste/efectividad ya
que se pueden analizar varias muestras en un npsatm con un consumo bajo de disolventes y
facilidad de recuperacion de las fracciones separpdra andlisis ulteriores (Fucht et al., 201&y18h,

2000; Touchstone, 1995).
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Para obtener la informacion estructural de los Td&Guna grasa, mas alla del mero perfil de
FA, se requiere un procedimiento de analisis md@®wos complejo, que podria incluir los siguientes
pasos: (1) andlisis por GC para obtener la comidoside previo aislamiento de los TAG, (2)
degradacion de la fraccién de TAG en sn-2-monoiéaaigpl (MAG), mediante digestion (hidrdlisis)
enzimatica (o una degradacion de Grignard), (Rmignto del sn-2-MAG (podria realizarse por TLC)
y (4) posterior analisis de los FA de esta friaicgior GC. Este procedimiento proporciona el pddil
FA total, el de los FA que ocupan la posicion 20sTAG y, por diferencia, los FA que estan ocumand
las posiciones externas (sh-1 o sn-3). Cabria supgpre los FA que ocupan las posiciones externas en
los TAG podrian caracterizarse analizando los &ciftasos libres (FFA) producto de la lipolisis. Sin
embargo, durante la digestion son posibles y pilebaivocesos de traslocacion, si bien FFA'y 2-MAG

son los productos mayoritarios (Figura 2.5).

Figura 2.5. Esquema de los productos obtenidos ema lipolisis enzimatica de un
triacilglicerol.
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Si se quisiera llevar una caracterizacion completeodas las moléculas de TAG presentes en
una grasa, un posible procedimiento seria: (1)raejge de los TAG por TLC, impregnada con nitrato
de plata en funcion de sus insaturaciones. Este paparara los TAG SFA/SFA/SFA de los
MUFA/SFA/SFA, etc., (2) cada fraccion aislada ggasa en sus TAG por HPLC en fase reversa, (3)
cada TAG individual se somete a analisis regio-&fipe con hidrélisis enzimética o degradacion de

Grignard para determinar el FA de la posicion 2@6rdel FA aislado del sn-2-MAG, (4) el conjunto
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de sn-1,2 (2,3)- diacilglicerol (DAG) se derivatizeon 3,5-dinitrofeniluretano y se separan por HPLC
con columna quiral y se cuantifican. Con la distcidn total de FA y la localizacion de cada FAes |
TAG individuales se pueden calcular las cantidatietos diferentes TAG presentes (Christie et al.,

1991; Mu y Hoy, 2004).

2.1.2.4. Glicerofosfolipidos.

Son fosfolipidos que contienen dos moléculas ddoagraso esterificadas en los grupos
hidroxilo primero y segundo de la glicerina. Elcergrupo hidroxilo establece un enlace éster €on e
acido fosférico que a su vez se esterifica conaguisdo grupo alcohol. Esta estructura quimica les
confiere una polaridad muy alta a pH neutro, com cabeza polar formada por el &cido fosférico y el
segundo grupo alcohol, y dos colas no polares fgasaor las moléculas de &cidos grasos (Figura 2.6)
Los diferentes fosfolipidos se nombran en funciéhrmbre del grupo alcohol localizado en sus
cabezas polares. Por ejemplo, la fosfatidilcolitecitina) y la fosfatidiletanolamina contienen,
respectivamente, los alcoholes colina y etanolaremaus cabezas polares. Los fosfolipidos son los
lipidos més comunes de las membranas celularesd®absu alto caracter anfipatico, tienen gran
capacidad para formar micelas en solucién acuo$ard® espontanea, ademas de vesiculas cerradas

llamadas liposomas.

Figura 2.6. Glicerofosfolipido: 1-hexadecanoil-2-¢8-octadecenoil)-sn-glicero-3-
fosfocolina.
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2.1.2.5. Esfingolipidos.

Los esfingolipidos estan formados por una molédealaacido graso de cadena larga, una
molécula de esfingosina (aminoalcohol de caderga)ay un alcohol polar. De entre los lipidos de
membrana y después de los fosfolipidos, los edfisigos son los mas abundantes. Hay tres clases
principales de esfingolipidos: las esfingomielindss gangliésidos y los cerebrésidos. Las
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esfingomielinas son los esfingolipidos mas aburedardsi, por ejemplo, la cubierta de mielina que
recubre las celulas nerviosas es muy rica en esfirgina. Los esfingolipidos contienen fosforo y po
esa razon también pueden ser incluidos en el gtepos fosfolipidos. Cerebrésidos y ganglidsidos no

contienen fosforo y generalmente forman parte tdasecerebrales (Figura 2.7).

Figura 2.7. Esfingolipido: N-(tetradecanoil)-4-esfgoenina.

2.1.2.6. Esteroides.

Los esteroides son moléculas liposolubles con auatillos condensados. Dentro del grupo
de los esteroides, los mas abundantes son loslesteron un grupo hidroxilo en la molécula. EI mas
representativo de los esteroles es el colestesté. Htimo y sus ésteres con acidos grasos de @aden
larga son importantes componentes de las lipopraggilasmaticas y de la membrana celular externa.
El colesterol también tiene una cabeza polar (gd@hidroxilo en la posicion 3) y una cola hidrafiz

muy rigida (el resto de la cadena) (Figura 2.8).

Figura 2.8. Esteroide: colesterol.
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El colesterol es precursor de las sales biliacemddas principalmente por sus combinaciones
con el &cido cdlico y la taurina o la glicina. Daibia sus caracteristicas anfipaticas (taurinagmgli
son hidrofilicas, mientras que el grupo del estierais hidr6fobo), las sales bilares son poten&steg
emulsionantes. Estas sales se producen en el hjgaglacumulan en la vesicula biliar que las viarte

la parte superior del intestino delgado durantidastion. A baja concentracion y en solucion aapos
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las sales biliares se dispersan en el medio. Siamgn, en condiciones fisiolégicas normales, su
concentracion en el lumen intestinal excede la cidaocomo “concentracion micelar critica”. A esta
concentracion o superior se agregan espontaneamemegcelas cargadas negativamente llamadas
“micelas simples” (Roda et al., 1983). Las saldiafgis son esenciales en el proceso de emulsificaci
en el intestino, y por esta razon, en el procesdigiestion-absorcion de las grasas del alimenta Un
vez los monoglicéridos y los acidos grasos han sibdsorbidos, las sales biliares pueden ser
parcialmente reabsorbidas en la parte mas bajatdstino delgado, volviendo al higado para sedasa

de nuevo.

2.1.2.7. Prenoles.
Los prenoles y los esteroles comparten una rutairtética coman a través de la
polimerizacion de dimetilalil pirofosfato (isopentiepirofosfato), pero tienen claras diferenciassen

estructura y funcion, por eso se separan en degardas distintas.

Asi por ejemplo, los terpenos e isoprenoides simpéeforman por la adicion sucesiva de
unidades de 5 atomos de carbono (isopreno) y sificda de acuerdo al nimero de estas unidades. Las
estructuras que contienen mas de 40 atomos dengardmn conocidos como politerpenos. Los
carotenoides son isoprenoides simples importantes fgncionan como antioxidantes y como
precursores de la vitamina A. Otra clase importaetenoléculas biolégicamente importantes son las
guinonas e hidroquinonas, que contienen una cofeiesoide unido a un nucleo quinonoide de origen
no-isoprenoide. La vitamina E y vitamina K, asi odas ubiquinonas son ejemplos de esta clase @igur

2.9).

Figura 2.9. Prenoles: Farnesol y Vitamina K1.
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2.1.2.8. Sacarolipidos.

Se refiere a compuestos que contienen al menassidup de monosacérido unido por medio
de un enlace glicosidico a una unidad hidréfobiéglarerol, esfingoide, ceramida o prenil-fosfakste
tipo de estructuras también tienen caracter aidipatendo compatibles con las bicapas de membrana

y son muy tipicos de bacterias gram negativas (&iguL0).

Figura 2.10. Sacarolipido: UDP-3-O-(3R-hidroxitetdeecanoil)aD-N-acetilglucosamina.
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2.2 Digestion y absorcion de lipidos.

2.2.1. Introduccién.

Los lipidos de la dieta estdn representados pafrognte por los TAG (componentes
mayoritarios de grasas y aceites) y en menor peaporpor los fosfolipidos, FFA, MAG, DAG,
esteroles (colesterol), ceras, pigmentos y otrogpo@stos. Se trata de sustratos insolubles enyagua
tanto la degradacion enzimatica como su captacddrigs enterocitos implicados en la digestion y

absorcién son procesos complicados y lentos.

2.2.2. Digestion de grasas.
El objetivo primario de la digestion de los lipideshacerlos hidromiscibles para que puedan

absorberse a través de las microvellosidadesiimiéest que estan recubiertas por una capa acuosa.

Si bien existe un cierto grado de digestion dggtasas antes de llegar al intestino delgado
gracias a la actuacion de las lipasas preintestir{ipasa oral y lipasa gastrica), su significihzional

es escaso. El proceso de digestiéon empieza de plemulo las gotas de grasa del alimento llegan al
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intestino. Alli deben convertirse en gotas menpsaccidn mecanica. Esta ‘ruptura mecanica’ tiene
mucha importancia ya que mejora la relacion enfpesicie y volumen de la gota de grasa. Este pmce
comienza en el estdbmago por el efecto de movinsagéstricos peristalticos (Freeman, 1984). Cuando
el guimo entra en el intestino delgado se mezctalas sales biliares acelerando asi el proceso de
emulsion. Los fosfolipidos provenientes del alinoeiaimbién cooperaran en este proceso de emulsion
de los TAG. La emulsion lipidica, por tanto, impliana mezcla de fosfolipidos, sales biliares, TAG,

vitaminas liposolubles, y ésteres de colesterol.

Una vez los lipidos estan formando la emulsioripiasa pancreéatica actla en la interfase
lipido-agua y cataliza la hidrolisis de los enlaéster en posiciones 1y 3 del TAG para liberar dos
acidos grasos libres y un 2-monoglicérido (Figukg d.aws y Moore, 1963). La colipasa, una proteina
de bajo peso molecular secretada por el pancred@ambién esencial para la accion de la lipasa en |
emulsion de TAG provenientes del alimento ya qaéita el anclaje de la lipasa pancreética desde el
medio acuoso hasta la gota de grasa. Las secregiamereaticas contienen también otras enzimas
como las fosfolipasas A2 o las carboxil-éster-Hagas encargadas de la digestion de fosfolipidies y
colesterol, respectivamente. Los productos delipsiisis se separan de la interfase de agua-ddesa
la emulsion) y se incorporan en las micelas simfdesadas por las sales biliares. En condiciones
fisiologicas normales, la alta concentracion dessélliares y la temperatura del medio, permitasa |
sales biliares formar espontaneamente dichas ‘asicginples de sales biliares’. Las ‘micelas mixtas’
se forman también espontdneamente y son el resw&ath interaccion entre sales biliares y molécula
polares insolubles en agua, como los MAG, los Fitsaturados de cadena larga y los fosfolipidos. Los
centros hidr6fobos de estas micelas tienen la adgmhde hincharse y solubilizar otras moléculas
liposolubles no polares, como los acidos grasesados de cadena larga, DAG, vitaminas liposolubles
y ésteres de colesterol. Por tanto, las moléculses son necesarias para la utilizacion de miagcu
no polares. Una vez formadas, las micelas facilaaabsorcion de grasa, causando una concentracion
alta de lipidos en la capa acuosa adyacente afesoeitos. Mas informacion sobre la importancia de
la formacion de micelas y emulsiones en los pracesodigestion puede obtenerse en los trabajos de

Wilde y Chu (2010) y Golding y Wooster (2010).
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La lipasa pancreatica es capaz de hidrolizar lagjomes 1 y 3 del triglicérido dando lugar a
dos FFA y un 2-MAG (Figura 2.5). Se ha comprobad@éson et al., 1978) que alrededor de un 25 %
de los &cidos grasos presentes en la posicion ZAfgImigran a posiciones externas (traslocacion),
concluyéndose que aproximadamente el 75 % deAcanFesta posicion, provenientes de la dieta, se

mantienen en ella.

En un principio se pensd que la lipasa pancreé&tiea selectiva frente a PUFA n-3
(particularmente 20:5n-3 y 22:6n-3) situados engomses externas (Bottino et al., 1967). Sin embarg
con posterioridad se ha comprobado que la presded®lUUFA n-3 en posicion sn-1,3 produce que la
hidrolisis sea mas lenta. Este efecto se resuéwmaintiyendo el tamafio de las particulas de loddpi
y facilitando la superficie de contacto con lasesdbiliares y las lipasas (lkeda et al., 1995)o%&st

procesos fueron revisados por Mu y Hoy (2004) yeBaat al. (2005).

Estos hechos deben considerarse a la hora de imaoMAG de sintesis en las dietas. Si bien
un enriquecimiento con PUFA n-3 aumenta las pr@ued nutricionales de la carne y productos
cérnicos posteriores, un exceso de los mismos diefa del cerdo en posicién sn-1,3 produce una
hidrolisis mas lenta disminuyendo la cantidad ddAs en la mucosa intestinal y ralentizando la

reconstruccion del TAG.

2.2.3. Absorcion de grasas.

La siguiente etapa en el proceso digestivo deipidols es la entrada de los productos de la
digestién en la célula del epitelio intestinal @iogdn). Este proceso supone el transporte de los
compuestos lipidicos insolubles en agua, en unoreclioso, hasta la vecindad de la membrana del
enterocito (borde en cepillo) para que pueda aterlee EI mecanismo de traslado de los productos de
la lipolisis micelar al interior de las célulasldenucosa no se conoce en detalle. La teoria nefreaia
sugiere que antes de la absorcién, es necesatiptlda de las micelas (Krogdahl, 1985). Se conoce
que el transporte es pasivo, y las proporcioneabdercion varian con la longitud de la cadena y el
grado de saturacion de los 4cidos grasos. Una tvaveaada la membrana celular, los lipidos se
transportan a través del citosol del enterotocitogecion de la proteina de ligazdén de acidos graso
(FABP) (del inglés fatty acid-binding protein) gtiene mayor afinidad por acidos grasos insaturados
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que por los saturados y practicamente ningunadafihpor 4cidos grasos de cadena media o corta
(Ockner 1991; Ockner et al., 1972; Ockner y Mannirf@y4). En mamiferos se han aislado dos tipos de
proteinas ligadoras de grasa, la I-FABP, espedifitantestino delgado, y la L-FABP, presente en el
higado (Sweetser et al., 1987). Mientras la L-FARRe una mayor afinidad por los acidos grasos
insaturados, la I-FABP es mucho mas inespecifiavifl3on et al., 1991). La funcion de FABP es
transportar los acidos grasos de cadena larga tlestembrana de las microvellosidades, a través del
citosol, hasta el reticulo endoplasmico, déndétidos se re-esterifican (Mansbach y Gorelick, 2007

Una buena revision sobre estos procesos lo reatidzgbal y Hussain (2009) y Hussain (2014).

2.2.4. Algunos factores que afectan a la digestibilidad de grasa.
2.2.4.1. Composicion de la grasa de la dieta.

En animales monogastricos, la composicion y condigdn de la grasa de la dieta tiene un
efecto significativo en su asimilacion, afectarattiod a la digestion como a la absorcion. En ladtii¢ye,
como ya se ha descrito, la lipasa pancreaticaigracde forma mas lenta cuanto mas larga es lanaade
y mayor es el grado de insaturacion. En el cada dbsorcién, diversos estudios han demostrado que
las grasas de la dieta que tienen SFA en posiciéh s sn-3 conducen a una mayor pérdida de los
mismos por heces (peor absorcion) (Apgar et 8.7 1Bracco, 1994; Monsmay Ney, 1993; de Schrijver
et al.,, 1991a y b). La explicacion mas extendidabasa en que las sales formadas con iones
(fundamentalmente Gay Mg?*) de estos FFA son mas insolubles cuanto mas dasisade cadena

mas larga son vy, por tanto, tienen dificultadatsoecion por el intestino (Denke et al., 1993).

2.2.4.2. Edad.

La leche de la cerda contiene alrededor de un 49%udnateria seca en forma de grasa, la
cual suple aproximadamente el 60% de las necesidsdggéticos del cerdo neonato. La eficiencia con
la que el lechén convierte los nutrientes de ladeen ganancia de peso indica que es capaz dé diger
y utilizar una cantidad elevada de grasa. Sin egahan la transicion a la alimentacién por piereso s
produce una disminucion en la eficiencia de lasti§a probablemente debido a que, por una parte, en

la leche las particulas de grasa estan ya emutkdsnafinamente divididas, por otra, a variacioses
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la frecuencia con la que se alimentan y, por Gltima posibilidad de la existencia de alguna eazim
especifica para la digestion de leche provocand® lguactividad de la lipasa pancreatica esté

parcialmente inhibida hasta el destete.

2.3 Metabolismo de lipidos.

2.3.1. Introduccién.

La grasa presente en los tejidos animales pue@e tendoble origen. Mientras una parte
ingresa en el animal con el alimento (origen exoyetra fraccién es sintetizada por el propio ahima
(origen endbgeno). La cantidad de grasa acumuladaseanimales dependera del balance entre la
cantidad de grasa que ingresa en el organismol@imento, la que sintetiza el animal y la cantida
de grasa que destina al catabolismo lipidico aesfmetabdlicos. Aunque los mecanismos intimos de
regulacién de los procesos metabdlicos involucrathok sintesis, transporte y catabolismo de grasas
distan mucho de ser totalmente conocidos, un magmocimiento de dichos procesos puede ayudar a
entender mejor como y por qué los animales acumulditizan sus depésitos grasos. En este capitulo
se describirAn brevemente los procesos metabdiioaducrados en la transformacion de otros
nutrientes a lipidos (lipogénesis), en la modifiaade la grasa exdgena o endogena (elongacion y

desaturacion), en el transporte, la distribuci@h gatabolismo de las grasas.

2.3.2. Lipogénesis.
2.3.2.1. Sintesis de acidos grasos.
La mayoria de los estudios realizados indica qtejidb adiposo es el lugar anatomico donde

se realiza por excelencia la sintesis de FA enant®$ no lactantes (Vernon, 1981) y cerdos (O'Hea y
Leveill, 1969). Por el contrario, en humanos (Ver®81) y aves (Saadoun y Leclerq, 1983), el iigad
es la localizacién mas activa mientras que en mesdpconejos, tanto el higado como el tejido atipo
son comparables en actividad (Vernon, 1981). Admde los afios 60, los estudios de Hanson y Ballar
(1967) y de O’Hea y Leveille (1968) establecierae gl acetato y la glucosa eran las principalastéue
de carbono en la sintesis de FA en el tejido adidesumiantes y cerdos. Sin embargo, Smith y @rous
(1984) demostraron que la especificidad del susfpatde variar en funcion de la localizacion del
deposito de grasa. En los depdsitos intramuscullr@acas de carne es la glucosa en lugar det@aceta
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el que parece ser el substrato primario en lagintie FA. Nafikov y Beitz (2007) hicieron una eev

revision sobre el metabolismo de carbohidratopigdis en animales de granja.

El acetil-CoA es el primer compuesto involucraddasintesis de acidos grasos. El acetil-

CoA puede derivar: (1) de la decarboxilacion

_,r":]:"’\ ; . . . .
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§ </\/\IJ pirese
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Figura 2.11. Reaccion de la acet@oA
carboxilasa. (Figura tomada y traducida d
Lehninger Principles of Biochemistry, ifth Edition -
David L. Nelson, Michael M. Cao)

dominios totalmente independientes dentro
del largo péptido que forma la enzima. En cada
uno de ellos ocurre un paso distinto de la
biosintesis de FA (Figura 2.12). Dicho complejouietg la presencia de NADPH y" KlLeadlay y

Baerta-Ortiz, 2003; Smith et al., 2003; Smith yiT2a07). La adicion sucesiva de unidades de 2@om
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de carbono a un cebador de acetilo da lugar aneaftion de cadenas de acidos grasos con un nimero
par de &tomos de carbono. Excepcionalmente puedtdrague el cebador sea un propionilo, con tres
atomos de carbono, por lo que la cadena resultantza un nimero impar de atomos de carbono. El
producto final mayoritario de la sintesis de acigi@sos en el higado y en el tejido adiposo, asidb

palmitico (C16:0) (Rangan et al., 1998) cuya esteqgetria de reaccion sera:

8 acetil-CoA + 7 ATP +14 NADPH. palmitato +14 NADP+ 8 CoA + 6 HO + 7 ADP + 7Pi

La sintesis de &cidos grasos tiene lugar en ebditcelular mientras que el acetil-CoA
necesario proviene mayoritariamente del piruvateeggedo en la mitocondria. Por tanto, es necesario
transportar el acetil-CoA desde la mitocondriaitdsol. Como la membrana mitocondrial interna es
impermeable al acetil-CoA, éste debe atravesai@ia en forma de citrato, que se forma en laimatr
mitocondrial por condensacion de acetil-CoA conlacetato (Figura 2.13). Cuando la concentracion
de citrato en el interior de la mitocondria es,adtste se transporta al citosol, donde por acadlad

enzima citrato liasa, se rompe para producir demaeetil-CoA y oxalacetato (Figura 2.13).

El oxalacetato, entonces, debe ser devuelto alontte la mitocondria. Para ello precisa toda
una serie de reacciones asociadas, puesto quenbrarea mitocondrial interna es también impermeable
a este compuesto (Figura 2.13). Estas reacciomeraye gran parte del NADPH necesario para la
sintesis de &cidos grasos. La sintesis de una utmlde acido palmitico requiere 8 acetil-CoA y 14
NADPH. Por cada acetil-CoA que sale desde la mitdda al citosol se genera un NADPH. Se forman,
por tanto, 8 NADPH cuando 8 moléculas de acetil&-Galen al citosol. Los 6 NADPH adicionales

necesarios para la sintesis de C16:0 provienea ed de la pentosa fosfato.

Como se ha indicado, en las células animales, &0Cds el principal acido graso que puede
sintetizar el complejo AGS. Este FA sera el premude otros ya que puede elongarse formar acido
estedrico (C18:0) o incluso SFA mas largos porsuas adiciones de grupos acetilo aportados por el

malonil-CoA y posterior reduccion, deshidrataciondg nuevo otra reduccién. Los sistemas de
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elongacién necesarios estan presentes en el cetérudoplasmico liso (el mas activo) y en las

mitocondrias.
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{ 7 3 1 S
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Figura 2.12. Reaccion de la Acido graso sintetasalgngacion en 2 atomos de carbono de
una cadena de acido graso.
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c Itr /——I\\ / COA—SH
itrato Citrato
CoA-SH ATP Sintesis de
acidos grasos
Citrata ADP + P;
Acetil - Cod —— Citrato Acetil - Cod
miiltiples linza
fuentes
Oxalacetato Oxalacetato
- ENADHY + H*

Malato

deshidrogenasa
s -

NADH + H*
K.) NAD*
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A5 - ’
ATP Trasportader Vo | e . NADPH + H*
malato- —I-—" _________ sl COQ
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Figura 2.13 Transferencia de grupos acetilo entre la mitocoia
y el citosol. Figura tomada y traducida de:Lehninger Principles o
Biochemistry, Ffth Edition - David L. Nelson, Michael M. Cox

El palmitato y el estearato son los precursoretosl@los MUFA mas comunes en tejidos
animales: acido palmitoleico (C16:1n-7) y oleicd 8C1n-9). El doble enlace se introduce en la cadena
por una reaccion oxidativa catalizada por la enagiBCoA desaturasa. Esta enzima puede introducir
dobles enlaces hasta la posicitide los FA, pero no puede introducirlos en luganés alejados del
grupo carboxilo, es decir, entre el C-10 y el metkminal (Gostitar et a., 2010; Manabu et al., 2004).
Asi pues no es posible la sintesis de C18:2n-6& 3013 siendo por tanto 4cidos grasos esenciales,
como ya se ha mencionado en apartados anteriafe®.{23) que deben incorporarse al organismo a
través de la dieta. Una vez ingeridos, el linolgatede ser convertido por elongacion y/o desathmaci
en otros PUFA, particularmentelinoleico (C18:3n-6), acido dihomgtinoleico (C20:3n-6) y acido

araquidonico (C20:4n-6) (Figura 2.14).
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Serie n-9

C18:0

Acido Estedrico

A%-desaturasa

C18:1n-9
Acido Oleico

AS_desaturasa

C18:2n-6
Acido Linoleico

Elongasa

C20:2n-6

A’-desaturasa

C20:3n-6
Acide dibomo-g-lmolénico

Serie n-6 Serie n-3

C18:2n-6
Acido Linoleico

C18:3n-3

Acido o-Liolénico

A%-desaturasa

C18:3n-6 C18:4n-3
Acido v-lnolémco
Elongasa
C20:3n-6 C20:4n-3

Acido dihomo-g-linolénico

A’-desaturasa

C20:4n-6 C20:5n-3
Acido araquidonico EPA
Elongasa
C22:4n-6 C22:5n-3
4 DPA
A-desaturasa Elongasa
% \
C22:6n-3 C24:5n-3

DHA

AS-desaturasa
C24:6n-3
B-oxidacion

C22:6n-3
DHA

Figura 2.14. Conversion de C18:0, C18:2n-6 y C18:3% en sus metabolitos de cadena

larga: a) via metabdlica convencional, b) via metafhca propuesta por Sprecher et al. (1995).

(Raes et al., 2004)
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2.3.2.2.  Sintesis de glicerolipidos.

La mayoria de &cidos grasos que se acumulan &gjiltss de los seres vivos lo hacen a través
de una de las dos vias principales de incorporaajpnonstituyen TAG para el almacenamiento de
energia o b) estructuran fosfolipidos de membrdradistribucion entre estos destinos dependede la
necesidades del organismo. Durante las etapas etgmgento rapido, la formacién de nuevas
membranas necesita de gran cantidad de fosfolipitestras que si se encuentran cubiertas las
necesidades alimenticias por completo, y no estiemimiento, la mayoria de acidos grasos derivan a
la sintesis de TAG en el tejido adiposo. Ambosidestcomienzan en el mismo punto: la condensacion

de acidos grasos con glicerol para la formacioésteres (TAG) (Wendel et al., 2009).

En tejidos animales, los TAG y glicerofosfolipidasmo fosfatidiletanolamina comparten dos
precursores (acido graso-CoA y L-glicerol-3-fosfatwarios pasos biosintéticos. La gran mayoria del
glicerol-3-fosfato deriva del intermediario glidatb dihidroxiacetona fosfato (DHAP) por accion de
glicerol-3-fosfato deshidrogenasa acoplada a NAf@sdlico. En higado y rifiones, una pequefia
cantidad de glicerol-3-fosfato puede sintetizarge gecion de la glicerol kinasa a partir de glitero

(Bartley y Ward, 1985).

El primer paso en la biosintesis de TAG es la eidfade dos de los grupos hidroxilo del L-
glicerol-3-fosfato por dos moléculas de acido gi@sé que conduce a una molécula de diacilglicerol-
3-fosfato, llamado comunmente acido fosfatidicosfdtidato. Este acido esta presente Unicamente a
nivel de trazas en las células aunque es el inthame central en la sintesis tanto de TAG como de
glicerofosfolipidos. En la ruta de sintesis de TAGacido fosfatidico se hidroliza a 1,2-diacilgliol
mediante la catalisis de la enzima acido fosfatidiosfatasa. Los diacilglicéridos son entonces
transformados por transesterificacion con un teadcéto graso-CoA en TAG (Gonzalez-Baro et al.,

2007; Yen et al., 2008).

2.3.3. Transporte.
Como se ha comentado, el transporte de lipidosogroiganismos vivos es un proceso

complejo. La convivencia entre material altameidedfidbico y el agua de la sangre, liquido inteiati
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0 citoplasma provoca una gran tension superficibwaria asociado un proceso de coalescencia y

formacion de dos fases, que resultaria incompatittea vida.

En el caso de los lipidos procedentes de la dageste produce, en las mismas células
epiteliales del intestino delgado, un empaquetaimiete TAG reconstruidos y colesterol con
fosfolipidos y proteinas especificas (apoproteirdes)naturaleza anfipatica que les permiten ser
vehiculados por la linfa y la sangre. Estos agregabn los llamados quilomicrones (Kindel et al.,
2010), constituidos, de esta forma, principalmemelipoproteinas de gran tamafio y poca densidad

con elevada proporcién de TAG

Una vez formados los quilomicrones en el reticuldoplasmico de las células epiteliales del
intestino, se desplazan por el sistema linfaticetehal torrente sanguineo. Las apolipoproteinas
asociadas a quilomicrones incluyen apoB-48, apafogL-Il. Esta Ultima activa la enzima lipoproteina
lipasa (LLE) en los capilares del tejido adiposmazon, musculo esquelético y glandulas mamarias,
permitiendo la liberacion de FA en esos tejidos.eBi forma, los quilomicrones, transportan los FA
de la dieta a los tejidos para que sean consunidlvsacenados. Una parte de los quilomicrones migra
por el torrente sanguineo al higado, que es ehérfandamental en la regulacién del transporte de
lipidos en el organismo animal, ya sea de origé&mgexo (alimentacion) o enddgeno (sintesis a partir

de carbohidratos o proteinas) (Black, 2007; Martslya@orelick, 2007).

Cuando la disponibilidad de TAG en el higado sujesanecesidades energéticas del animal
a corto plazo, y para evitar un acumulo excesivelg@rgano, estas moléculas son vehiculadas por el
torrente sanguineo hasta los musculos y el tejdipoao. Con este fin, los TAG, hidrofobos, se
empaguetan de nuevo en lipoproteinas de muy bagddel (VLDL), constituyendo una estructura muy
similar a la de los quilomicrones antes sefialadldemas de TAG, las VLDL contienen colesterol y
ésteres de colesterol junto con apoB-100, apo@elCdl, apoC-Ill y apoE. Una vez en los musculos o
en el tejido adiposo, la activacion de la lipopimadipasa por apoC-Il provoca la liberacion dedesde
los TAG vehiculados por las VLDL. Los adipocitosaastruyen nuevos TAG a partir de los FFA 'y los

almacenan. Sin embargo, en el tejido muscular ks fueden ser oxidados, con fines energéticos, en
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las mitocondrias de los miocitos, 0 ser almacenadaa interior de los adipocitos, que constitulgen
grasa intramuscular. La pérdida de TAG transforigareas VLDL en LDL (lipoproteinas de baja
densidad), muy ricas en colesterol y sus éstevescantienen apoB-100 como apoproteina mayoritaria.

Las LDL llevan colesterol a tejidos extrahepatiffdansbach y Siddiqi, 2010).

A diferencia de las LDL, las lipoproteinas de akasidad (HDL), originadas en el higado y
en el intestino delgado, no contienen ésteres diesteool cuando empiezan a formarse y estan
constituidas por apoA-l, apoC-I, apoC-Il, entrestapolipoproteinas, y la enzima lecitin-colestecdl
transferasa (LCAT) que cataliza la formacion deerést de colesterol a partir de colesterol y
fosfatidilcolina (lecitina). De esta forma, la LCAIE la superficie de HDL en formacién transforma el
colesterol y la lecitina de los restos de quilomias y VLDL en ésteres de colesterol que van
constituyendo el nucleo de la HDL. Las LDL vueharigado donde el colesterol es liberado y parte

transformado en sales biliares que son vertidagestino delgado.

2.3.4. Lipaolisis.

2.3.4.1. Oxidacion de los acidos grasog-pxidacion).

La B-oxidacion de acidos grasos es una de las prirspatas en el metabolismo animal para
obtener energia en forma de ATP. Esta oxidacidosiEA tiene lugar en el interior de la mitocondria
Para iniciar el proceso, es necesario que se @xtigon anterioridad a su entrada en la matriz
mitocondrial. En el proceso de ‘activacion’, logdés grasos se unen al CoA en presencia de ATP para
formar acil-CoA (Figura 2.15). La reaccion de aativn tiene lugar en la membrana mitocondrial
exterior, y es catalizada por el enzima acil-Caftetaisa (también llamada &cido graso tioquinase). L
moléculas de acil-CoA con 12 0 menos atomos deonarpueden cruzar la membrana mitocondrial.
Sin embargo, las de cadena larga (la mayor paréeides grasos provenientes de la dieta) no pueden
cruzar por si mismas la membrana mitocondrial matepor lo que necesitan un mecanismo especial de
transporte, que esta mediado por la carnitina.gropos acilo de los acil-CoA (&cido graso activado)
se transfieren a la carnitina para formar acilitiaen una reaccion catalizada por la encimaitiaan
aciltransferasa |. La molécula de acil-carnitinarfada se transporta hacia la membrana mitocondrial

interna por una translocasa. Una vez situados désdel de la matriz de la membrana mitocondrial
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interna, los grupos acilo de las acil-carnitinagraesfieren a otro CoA para formar de nuevo aocixC

Esta reaccion esté catalizada por el encima caanaciltransferasa 1l. Finalmente la carnitina es

devuelta al lado citosdlico por accion de la tracata, y siempre a cambio de una molécula de
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(Cra) A firistoil-Cod Acetil-CoA

acilcarnitina entrante. Un defecto en la
actividad de las transferasas o translocasas, o
una deficiencia de carnitina, podria dificultar
o impedir la oxidacion de los &cidos grasos

de cadena larga.

Las moléculas de acil-CoA son
degradadas a través de una secuencia
repetitiva de cuatro reacciones: (1) oxidacion
por flavin adenina dinucleotido (FAD), (2)
hidratacion, (3) oxidacion por NADy (4)

tiolisis por CoA (Figura 2.15).

Figura 2.15. Pasos implicados en Jgoxidacion. (Figura tomada y traducid
de: Lehninger Principles of Biochemistry, Fifth Etlon - David L. Nelson, Mchael M

Cox)

Los productos finales de froxidacion de los acidos grasos, NADH y FADKe oxidaran

posteriormente en la cadena respiratoria (Figur@)2El acetil CoA se oxidaré a través del ciclb de

acido citrico. El rendimiento neto de la oxidact@mpleta de palmitato es de 129 ATP.
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La oxidacion de acidos grasos insaturados es tigarge diferente y requiere una enzima
(isomerasa) que transforme el doble entasentransque, como se observa en la Figura 2.15 (a partir

de la deshidrogenacion de Palmitoil Co-A), ya starmedios naturales del procesd3eaxidacion.
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Figura 2.16. Pasos en la oxidacion de &cidos gragdermacion de ATP. (Figura tomada
y traducida de: Lehninger Principles of BiochemistrFifth Edition - David L. Nelson, Michael M.
Cox)

2.3.4.1.1.  Regulacidn de la -oxidacion y su papel en la deposicion de grasa.
El ritmo de captacion de triglicéridos circulanfggor tanto la actividad de la LLE) en los
distintos tejidos esta relacionado con las demandtiivas y fisioldgicas de los animales (Fielgliyn

Frayn, 1998; Mead et al., 2002). Como el contrdbdexidacion de acidos grasos se modula en parte a
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través de su concentracion plasmatica (Newsholmak,et993), es l6gico pensar que la oxidacion de
triglicéridos depende también de los requerimientoscesidades del organismo. Por tanto, situagione
especificas como el ayuno o el ejercicio debedambiar la capacidad de los animales para oxidaagra
Por ejemplo, es bien conocido que en los muscules sg encuentran realizando un ejercicio de
baja/media intensidad, la grasa contribuye de faramsiderable en sus demandas totales de energia,
mientras que si el ejercicio es intenso hay un éamdcia la utilizacion de carbohidratos (Newsholme
et al., 1993; Brouns y Vusse, 1998). También eoado, que los musculos que hacen ejercicio
regularmente tienen una mayor capacidad para oklg@Romijn et al., 1993; Saltin y Astrand, 1993).
Puesto que se ha demostrado que el ejercicio digmila deposicion de grasa (Meservey y Carey,
1994; Bell et al., 1995), es posible que la maypacidad para oxidar FA en los masculos ejercitados
sea responsable, al menos parcialmente, del magoasamiento. Efectivamente, Chang et al. (1990)
demostraron que las ratas con mayor capacidadpatar FA eran menos susceptibles a un acumulo
excesivo de grasa corporal. En el mecanismo intlmoegulacién de la capacidad de catabolizar la
grasa se encuentran probablemente las bases)qditaeion de las diferencias en la retencion dsar

en animales producidos en extensivo y en confinamieprobablemente las diferencias en la capacidad

adipogénica provocadas por la domesticacion (Crandbal., 1984).

La capacidad de los animales para catabolizar grdspende, entre otros factores, de la
capacidad mitocondrial para oxidar acidos grasos, & su vez es funcién de la capacidad real del
sistema de transporte de carnitina para trandtesiFA activados desde el exterior al interior de |
mitocondria (McMurray y Hackney, 2005). La actividde este sistema esta regulada a través del
malonil-CoA (McGarry et al., 1983; Saggerson etl802) puesto que el malonil-CoA (el producto de
la primera reaccion en la sintesis de FA) es uamnpetinhibidor de la carnitina pamitoiltransferdsa
(CPT-I). Durante el ejercicio, por ejemplo, la facion de malonil-CoA disminuye vy, por tanto, la
capacidad de transportar los FA a través de la mamatmitocondrial aumenta (Winder el al., 1989).
La sensibilidad de la CPT-I a la inhibicién de nmilld€CoA parece diferir de unos tejidos a otrostada
influenciada, entre otros factores, por la compésien FA de la grasa del alimento (Power et 8041

Power y Newsholme, 1997). Este efecto se analeaptodundicdad mas tarde en este mismo capitulo.
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El ayuno parece también aumentar la actividad déRa-I (Drynan et al., 1996), provocando la
movilizacion de los lipidos del tejido adiposo poéndo una mayor concentracion en sangre de acidos
grasos no esterificados (Drynan et al., 1996). Aderal ayuno disminuye la concentracion de malonil-
CoA en el suero y en los tejidos (McGarry et #83; Drynan et al., 1996) produciendo, por ambas

razones, una mayor oxidacion de los lipidos.

Algunos factores relativos a la alimentacidén se t¢@melacionado también con la actividad
de carnitina aciltransferasa. Por ejemplo, se ls@mbhdo que alimentar ratas con productos ricos en

grasa provoca un aumento en la actividad de caarditiltransferasa muscular (Cheng et al., 1997).

2.3.4.2. Formacion y utilizacién de cuerpos cetoénicos.

En las células hepéaticas, el acetil CoA provenidetia oxidacion de acidos grasos soélo entra
en el ciclo del &cido citrico si la degradaciongdasas e hidratos de carbono estan apropiadamente
equilibradas (Stryer, 1988). Sin embargo, si pradaral catabolismo de grasas, el acetil-CoA hepatic
tendré un destino diferente. La razon es que tadatde acetil CoA en el ciclo del &cido citricpelede
de la disponibilidad del oxalacetato para la foridicde citrato (véase Figura 2.13). Pero la
concentracién de oxalacetato desciende si no hfigiesiie utilizacion metabdlica de hidratos de
carbono. En estas condiciones, el acetil CoA seiadsacia la formacion de cuerpos cetdnicos
(acetoacetatop-hidroxibutirato y acetona) (Figura 2.17). El aeetetil-CoA es el resultado de la
condensacion de dos moleculas de acetil CoA por&sion de la reaccion de tiolisis de la oxidacio
de &cidos grasos (Figura 2.17). El acetoacetil-@aAugar a acetoacetato libre que puede reducirse a
B-hidroxibutirato en una reaccion reversible catale por laB-hidroxibutirato deshidrogenasa. El
acetoacetato y @-hidroxibutirato pueden considerarse como las ferg@ubles y transportables en
agua de unidades acetilo. Las mitocondrias hepasion incapaces de oxidar cuerpos ceténicos. Sin
embargo, las mitocondrias de varios tejidos expatieos, como el muscular y el cerebral, si pueden
hacerlo. EB-hidroxibutirato se reconvierte en acetoacetatagmitocondrias de tejidos extrahepaticos
por accion de unf-hidroxibutirato deshidrogenasaa NAD-acoplada. dét@acetato asi formado se
convierte entonces en acetoacetil CoA por trasideain grupo CoA desde el succinil CoA. El
acetoacetil CoA resultante se escinde por unasagbara formar dos grupos acetil CoA que ya pueden
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entrar en el ciclo del acido citrico. Finalmentegaetoacetato también puede sufrir descarboxii@sio

espontaneas para formar acetona, aunque estaoreasainas lenta (Figura 2.17).

AcikCoA graso M}— AcetikCoA

/Cefoaciﬁ fiolasa

A cetoacetil-C oA

e
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b-hidroxibutirato ——— 3= Acetoacetato

SuccnilC'oA EXTRAHEPATICA

bcetoach tiolasa
-~———  Acetoaceti-C oA Succinato

Acetil CoA

Figura 2.17. Ruta de formacion y utilizacion de ayes cetdnicos.

2.3.4.3.  Movilizacion de lipidos del tejido adiposo.
La movilizacion de lipidos almacenados en las eélgrasas depende de la hidrolisis de
triglicéridos por accién de la enzima lipasa sdasdbhormonas. La actividad de esta enzima aumenta
después de una breve exposicion de las célulassgesin buen nimero de hormonas distintas,

incluyendo la epinefrina, la norepinefrina y elgigén (Langin, 2006).

La hidrolisis de triglicéridos por la enzima lipasnsible a hormonas libera FFA que salen de
la célula hacia el torrente circulatorio donde s@amsportados ligados a la albumina plasmatica. La
actividad de la enzima lipasa sensible a hormoeasgula por un mecanismo de control en cascada
cuyo efecto estimulante comienza cuando una horreenane a un receptor especifico situado en la

superficie de la célula grasa. Este proceso aldiemzima adenil ciclasa que convierte ATP en AMP
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ciclico (cAMP), que a su vez activa la enzima grequinasa A. Esta Ultima convierte (por
fosforilacion) la enzima lipasa sensible a hormateta forma inactiva a la forma activa, siendcazap

de transformar los TAG almacenados en FFA y gliggktang et al., 2008).

2.4  Acumulacion de grasa en tejidos del cerdo.

La reduccién de la acumulacién de grasa ha sidantieidécadas el objetivo fundamental en
produccion porcina debido, por una parte, a qua éstmucho menos eficaz y rentable para la
produccion de derivados carnicos que la fracciogreng, por otra, al hecho de que en las sociedades
modernas existe una baja demanda de grasas y msndedido a su relacion con diversas patologias
(enfermedades cardiovasculares, obesidad, etcéleizhdo coste de produccién y el bajo precio de
comercializacion han hecho que buena parte desfagrzos de seleccién y mejora genética asi como
de la produccién animal, incluida de alimentaciomanejo, se hayan encaminado a este fin. En esta
linea de trabajo, se ha logrado reducir el conted&lgrasa total de la canal de porcino desdeeslor
iniciales que superaban el 30-40 % a menos del&®® momento actual (Nguyen y McPhee, 2005;
Tribout et al., 2012). La grasa corporal en el ceselacumula mayoritariamente debajo de la piakégyr
subcutanea) y en localizaciones intracavitariags@perirrenal, mesenteérica, etc...), pero también en
adipocitos localizaos entre las fibras musculdtsda denominada grasa intramuscular (Kouba yeselli

2011; Monziois et al., 2007).

2.4.1. Grasa intramuscular.

2.4.1.1. Introduccion.

La grasa intramuscular (IMF) es un indicador dealédad de la carne puesto que proporciona
sabor, consistencia, aroma y jugosidad (Fernandalz,1999), a la vez que reduce la percepciéon de
dureza. Como se ha mencionado, durante las Ultideedas, la industria porcina se ha encaminado a
producir canales con un elevado contenido en tejidgro y un bajo contenido en tejido adiposo. Puest
gue el tejido adiposo es de desarrollo tardidglecgn del momento éptimo de sacrificio, se haasib
a edades tempranas, en el punto en el que la aactiduimagra es maxima y antes de que el
engrasamiento sea excesivo. Dado que el contemddE se encuentra muy relacionado con el

engrasamiento total de la canal (Kouba et al., 1998 medidas tomadas para su reduccion han
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provocado de modo colateral una disminucién detesodo de IMF, hasta niveles, en muchos casos,
mas alld de lo minimo deseable (Wood, 1990) padesdrrollo de una adecuada calidad sensorial asi

como para la elaboracion de determinados prodeétwscos.

En la bibliografia se encuentran indicaciones euf@lsin que para mantener los atributos de
calidad, es preciso que la carne contenga al mem@&o de IMF (Bejerholm y Barton-Gade, 1986), si
bien, nuestras costumbres gastronémicas y la tbadén el procesado de la carne hacen que en auestr
area de produccion se prefieran carnes con unridotelaramente superior, especialmente en carnes
destinadas a la elaboracion de derivados carniksis.estudios basados en andlisis sensoriales, han
mostrado que los consumidores prefieren carnesigarnvel de IMF no inferior al 3% (Fernandez et

al., 1999).

El contenido en IMF depende de factores genéticaslyientales. Respecto a los primeros,
los cruces con animales de raza Duroc se hanadgtilizmpliamente en produccidn porcina para
conseguir mejores propiedades tecnoldgicas y olgpticas de la carne relacionadas con un mayor
contenido en IMF. En cuanto a los factores ambiesitael manejo nutricional es especialmente
importante. Hasta el momento, las estrategiasammiales, encaminadas al incremento de IMF, se
fundamentaban principalmente en un aumento eneogée la racion consiguiendo un mayor
engrasamiento general de la canal e indirectameniecremento de la intramuscular. No obstante, es
preciso recordar que la alimentacion proporcionahmos factores de regulacion que pueden permitir
modular el metabolismo animal dentro de unos m&geazonables, de modo que se pueda modificar
el reparto de grasa y favorecer su acumulaciée ¢asrfibras musculares sin modificar marcadamente

el engrasamiento global y por tanto la eficiencdpctiva.

En base a lo mencionado, hay que tener en cuesta@uodos los depdsitos grasos son
negativos, en algunas localizaciones, como essel da la IMF, una disminucion excesiva repercute
directamente sobre la calidad de la carne. Es itaptay, por tanto, que en las estrategias de praiucc
porcina se diferencien con nitidez segun afecteomjunto de la grasa corporal o especificametde a

IMF.
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2.4.1.2. Influencia del tipo genético.

Existen numerosos trabajos que abordan las difeieegistentes entre los distintos cruces y
razas de cerdos en aspectos productivos (Blasalq €994, Blanchard et al., 1999a) y caractedstic
sensoriales de su carne y de los productos camixdsdos (Guerrero et al., 1996; Estévez e2@03).
Gran parte de estas diferencias son atribuiblas distintas frecuencias alélicas de determinaeiossy
del cerdo. Existen claros ejemplos de la existetieideterminados genes relacionados con los atsibut
de calidad de la carne, como el gen halotano melado con la aparicion de hipertermia y carnes PSE,
o las carnes acidas producidas por el gen RN-pguaca un pH, a las 24 horas, mucho mas bajo de

lo normal.

Tradicionalmente, los programas de mejora genétieh cerdo blanco han incidido
fundamentalmente, en la consecucion de animaleslal@da eficiencia productiva con el fin de
rentabilizar las explotaciones. Productores e imdliss se encuentran especialmente interesados en
incrementar parametros como la ganancia medigadigrindice de transformacién del alimento, el
rendimiento a la canal asi como en el desarrollciei¢tas partes nobles y el porcentaje de magta de
canal (Daza y Mateos, 2004). Como se ha menciomhdomento de la proporcidén de carne magra en
la canal ha dado lugar a una reduccién en el calttele IMF debido al antagonismo genético existente
entre carne magra y contenido en IMF (De Vried.efl892; De Vries et al., 1994; Seillier, 1998)i.As
la carne de las razas Duroc, Hampshire, y de dalictonales britanicas, de bajo nivel de seleca@én,
lo que a acumulacion de magro se refiere, ofreagjones caracteristicas sensoriales y mayor grado de
aceptabilidad por los consumidores que la de lasranuy seleccionadas, como Large White, Landrace
y Pietrain. Por ello, en los paises en los quaraecde cerdo tiene un elevado contenido magestae
llevando a cabo intentos para elevar la calidadrgga@mica de este tipo de carne aumentando su
contenido en IMF. Una de las practicas mas extasdidra conseguirlo es el cruce de los animales con
cerdos de la raza Duroc, en la que el conteniddélees considerablemente mayor, pudiendo llegar,
en algunos casos al 5-8 % (Wood et al., 1994). liestho se asocia ademas, a unos indices productivos
y reproductivos similares a los de razas porcimgsleadas en la produccion carnica intensiva (Large

White, Landrace, Pietrain, etc.) (Seillier, 1998aihard et al., 1999b; Latorre et al., 2003). &n |
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actualidad, la raza Duroc se emplea con frecueaecieo macho finalizador en pureza, o en el cruce con
otras razas en los programas de cruzamiento cenotreuatro razas (Blasco, 1996). Este mayor
contenido en IMF, conocido en términos productemsio “efecto Duroc”, ha convertido a esta raza en
una interesante alternativa para la obtencion lokédols comerciales con el fin de aumentar la cdlida
sensorial de la carne fresca de cerdo. Debidaelddvamente elevada heredabilidad de este caracte
(h?=0.4-0.5), (De Vries et al., 1994; Sellier y Monir®94), esta técnica ha proporcionado resultados
muy positivos incluso en el caso de hibridos geretn sélo el 25 y el 50 % de genes DuBlanchard

et al. (1999b) encontraron porcentajes de IMF @e 1,1 y 1,8% y valores de la terneza (evaluada
mediante una escala de 1 a 8 puntos, de menor aryri®y 4,9, 5,0 y 5,3 en cerdos 0%, 25% y 50%
Duroc, respectivamente. Sin embargo, se han olat@tgdinos resultados contradictorios. La utilizacio
del Duroc, en esquemas de cruzamiento, puede eardaaralidad de la canal al generar un aumento
del grado de engrasamiento y un empeoramiento cenfarmacion de la misma, no faltando, incluso,
experimentos en los que al utilizar lineas de Dumgy seleccionadas para las caracteristicas
productivas, no se obtuvieron mejoras significatide las caracteristicas organolépticas de la carne
(Edwards et al., 1992; Alonso et al., 2009). Lebtetl. (2001), en cerdos cruzados (MLS) [(macleos d
lineas sintéticas) x (Large White x Landrace)] feea cerdos Duroc x (Large White x Landrace),
sacrificados a los 110 kg, observaron menor remdlitoia la canal, mayor contenido de magro, menor
porcentaje de grasa de la canal y una proporcigardén mas elevada. El contenido de IMF y de
colageno en los musculasngissimus dorsy Biceps femorifue superior en los cerdos hijos de padres

Duroc que en los de machos sintéticos.

Por otra parte, en la actualidad las nuevas tegradaelacionadas con la genética molecular,
como el uso de marcadores moleculares, han peomdlitener un namero creciente de QTL
(quantitative trait locj relacionados con parametros productivos y dal@dlide la carne de cerdo
(Seillier, 1998; Garnier et al., 2003). Entre loggpales QTL detectados en esta especie, destacan
especialmente los relacionados con el nivel deasiagniento de la canal y el contenido y compaosicion

de la IMF (Gerbens et al., 1997; Carrién et al20Dado que este Ultimo condiciona en gran medida
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la calidad de la carne y de los productos carnigstg, pardmetro se ha incluido en numerosos esguema

de seleccion genética (Wood, 1990; Seillier, 1998).

2.4.1.3. Influencia del tipo de grasa de la racion.

La inclusién de distintos tipos de grasa en laatitacion porcina presenta numerosas ventajas
nutricionales tales como el incremento de la camaeidn energética del pienso, reducir el estrés
caldrico y mejorar la eficacia del alimento. Asimig presentan ventajas tecnolégicas como reducir la
formacion de polvo, mejorar el aspecto y la estmactlel pienso, lo que incrementa la palatabiligad
el consumo (Sanz et al., 2000). En la produccidgnipa actual es preciso utilizar piensos con ute al
concentracion de nutrientes. En consecuenciaséssag, que son una importante fuente de energia, se
afiaden en las raciones en cantidades relativaneet@das (4-6%). Con este objetivo, en la
alimentacion porcina se emplean con frecuenciasagrde origen animal, como el sebo o la manteca, y
los aceites vegetales, como el aceite de soja girdeol (Flachowsky et al., 2008). La diferencia
principal entre las grasas animales mas comunes ackites vegetales reside en el grado de satnraci
de sus é&cidos grasos y la distribucion posicioealod mismos en los TAG. En general, los aceites

vegetales son mas ricos en PUFA que las grasasilasim

La mayor parte de los trabajos que han estudiadfeeto de los distintos tipos de grasa en la
racion se han enfocado hacia las diferencias exesten la digestibilidad en funcion de su compasic
en FA (Duran-Montgé et al., 2008; Jorgensen y Fetea 2000) o hacia su influencia sobre el perfil
de acidos grasos de la grasa de la canal (Wisetady 2000; Flachowsky et al., 2008). En geneal,
asume que una vez absorbidas, las grasas se usamdeédéntica para fines metabolicos. Esta agunci
ha hecho que la informacion relacionada, por ejengan el efecto del grado de saturacion de laagras
de la racién sobre la acumulacion de grasa sedimitgda. Algunos autores han sefialado que la grasa
saturada aumenta el engrasamiento de la candlbeorel contenido en IMF (Sanz et al., 1999), paro
informacién es poco consistente. En ganado potcisdrabajos en relaciéon con esta tematica son
escasos, siendo el pollo la especie animal en dangis se ha estudiado. Asi, Sanz et al. (1999),
suministraron a pollos de carne tres dietas isgétieas que diferian exclusivamente en la fuente de

grasa afadida (sebo, manteca y aceite de giraaod) gvaluar el efecto de las mismas sobre la
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acumulacion de grasa abdominal e IMF. Los resultadostraron que a medida que el contenido de
grasa poliinsaturada aumentaba en las dietas, mignsignificativamente la acumulacion de grasa
abdominal e intramuscular. Madsen et al. (1992)enlason en cerdos que a medida que se
incrementaba el grado de saturacion de las grasamistradas a los animales se aumentaba el
contenido de IMF, a la vez que ésta Ultima disnairsgigin se incrementaba el contenido en grasa en el
pienso (Figura 2.18). Los tipos de grasa utilizafdason grasa animal (con alto contenido en acidos
grasos saturados), aceite de palma (grasa sapeealde origen animal) y aceite de colza (que eoati

un elevado porcentaje de MUFA) todas ellas incei@aistintos niveles (0, 4, 8 y 12%).

2.5 -
2.0 1
@ 0%
1.5 — —
[— m4%
104 08%
013%
0.5 1
00 ] ] 1
grasa animal aceite de pama aceite de colza

Fuente: Madsen et al. 1992

Figura 2.18. Contenido en grasa intramuscular enrdes en cebo, en funcién del tipo de
grasa incluido en la dieta (grasa animal, aceite dalma y aceite de colza) y de su porcentaje de
inclusion en el pienso (0, 4, 8, 13%).

El mayor porcentaje en IMF correspondi6 a los alemgue habian consumido grasa animal
seguido por los alimentados con aceite de palnus ylie recibieron aceite de colza. Dentro de cada
tipo de grasa, la IMF fue inversamente proporcialativel de grasa incluido en la racién. Varios
autores confirman que estos hechos pueden serodedidue el uso metabdlico de las grasas se ve

afectado por la distribucion posicional de los BAhre todo por la ubicacion de los SFA) en el TAG.
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En trabajos realizados por Bracco (1994) y por Moy (2004) se comprobd que, tanto la digestion
(facilidad para formar micelas que impiden o féaili el trabajo de la lipasa pancreética) como la
absorcion (formacion o no de jabones calcicos ongsigos), estaban influenciadas por la naturaleza
del FA (saturado o insaturado o de cadena largarta)cy por su posicion en la molécula de TAG.
Resultados similares fueron obtenidos por Innid {20Este autor reviso los efectos de la estructera
TAG en la nutricion infantil y concluy6 que aproxdamente el 70% de los FA en la posicion sn-2 de
los TAG de la dieta se conservaba en la formacerod quilomicrones, ademés la absorcion y
acumulacion eran mayores si en esa posicion hab&FA y observé que, en el caso de los lactantes,

este FA debia ser mayoritariamente C16:0.

Los FA presentes en los tejidos animales proviehiem de la acumulacion directa de los
acidos grasos del pienso, sin apenas modificagida la sinteside novaa partir de hidratos de carbono
y aminoacidos (Shorland, 1952). Los animales mastogas solo sintetizade novoacidos grasos
saturados y monoinsaturados a partir de estosrgm@es. En consecuencia, y como se ha mencionado,
los acidos grasos linoleico y linolénico, depositaen los tejidos, provienen obligatoriamente del
alimento (Garton y Duncan, 1954). En monogastriebperfil de FA de la grasa de la dieta se refleja
marcadamente en la composicion de FA de los tefittbgensen et al., 1996) y por tanto, en el porcin
el tipo de grasa incluido en la dieta afecta carsiolemente la calidad de su carne. Para el @jigimso
y la IMF, se han establecido relaciones cuantasatientre la ingestion de PUFA y la composicién de
FA de los tejidos (Nguyen et al., 2003). En la @abI3 puede observarse el perfil de FA en la grasa
subcutanea e IMF en funcién del tipo de grasaidalan la dieta, segun distintos autores. Comeaya s
ha mencionado, el hecho de que el FA en sn-2 hadsalice puede condicionar en buena medida los
procesos de acumulacién de grasa de origen digegtique no todos los FA del TAG siguen la misma

ruta metabolica.

Metz y Dekker (1981) observaron que los cerdoggcibian una alimentacion carente de FA
sintetizaban un 55% de MUFA (C16:1n-7 y C18:1n-8ny45% de SFA (C16:0 y C18:0). En general,

se ha relacionado la sintesis de grasa enddgena etavada inclusion de carbohidratos en la dieta.
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la actualidad, se esta incrementando la inclusittaedieta de glicerol, que también promueve la

lipogénesis.

Los trabajos realizados por Chwalibog y Thorbek98)9se reitera que la formacion y
degradacion de TAG del tejido adiposo depende dtdties energético del animal. Los cerdos
alimentadosd libitumen la fase de cebo se encuentran en balance toemgsitivo, es decir, apenas
movilizan la grasa acumulada. Ademas existe urmatigaid metabdlica para utilizar preferentemente la
energia de los ingredientes de la racion de moddgsta que no se gasta la energia de los caratisidr
no se empieza a utilizar la de los lipidos. En eonencia, se acepta que practicamente toda ladghsa
alimento se retiene en el cuerpo del cerdo conspoealificaciones y que en la fase de cebo exisie un

relacién estrecha entre el tipo de grasa ingeridadgpositada (Miller et al., 1990).

Sin embargo, la situacién en la practica es mapbcada, ya que en determinadas ocasiones
el animal utiliza la grasa para fines metabdlicosgae se encuentre en balance energético positivo
(Chwalibog y Thorbek, 1995). Se ha observado quetilzacion de grasa para fines metabdlicos
depende de su nivel de inclusidn en el piensogsipracticamente nula si el nivel es bajo, peroemien
con la concentracion de grasa en el pienso. Adgmdisablemente dependa del tipo de FA considerado,
puesto que los SFA parecen utilizarse con menorigad para fines metabolicos que el &cido linoleic
(Lépez Bote et al., 1999). De ahi, que el uso dsayg ricas en acido linoleico desencadena el uso de
este &cido graso para fines metabdlicos, de modaqulega a acumular tanto en los tejidos como

cabria esperar.
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Tabla 2.3. Perfil de acidos grasos en la grasa suthoea e intramuscular en funcion del tipo de grasecluida en la dieta, segun distintos autores.

Autor Tejido Fuente Acidos grasos
C16:.0 C18.0 C18:1n-9 C18:2n-6 SFA MUFA PUFA
Aceitedecolza 13.0 7.0 43.1 20.7
Wiseman y Agunbiade, 1998 grasa de paletilla  Soja 14.6 6.3 27.2 41.2
Sebo 194 9.5 43.3 18.0
) ) 3 Soja 209 ° 1120 » 36.0 ° 223 2 337° 410 " 246 ?
Mitchaothai et al., 2007 grasa subcutanea
Sebo 2302 128 2 391 =@ 115 P 3822 460 2 134 °
Sebo 2473 146 @ 446 ° 8.2 d
_ Aceitedeoliva 227" 123 ® 483 2 93 ¢
grasa subcutanea _
Soja 227 ° 137 & 365 ¢ 188 @
Aceitedelino 220" 138 @ 356 ¢ 119 °b
Flachowsky et al., 2008
Sebo 254 118 423 @ 8.9 b
grasa Aceite de oliva 25.9 12.1 443 2 9.5 b
intramuscular Soja 25.0 12.3 380 ¢ 139 =@
Aceitedelino 25.7 12.8 39.2 b 106 °P

Diferentes superindices indican que las mediagst@uisticamente diferentés< 0.05)
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2.4.1.4. Cuantificacion de la grasa intramuscular.
La extraccion solido-liquido ha sido durante désadh método mas empleado para la
cuantificacion de la IMF. Esta metodologia se tesda adicion de un disolvente organico sobre un
sélido para extraer y solubilizar ciertos compoasritidrofobos, separdndose por gravedad o filtnacio

el material insoluble restante.

Los lipidos son solubles en un amplio rango delvisbes organicos. Sin embargo, la mezcla
modelo para su extraccion debe ser lo suficientesrmiar para desligarlos de sus asociacionesason |
membranas celulares y de otros componentes dejidss, lo suficientemente apolar para disolver por
completo los triglicéridos y otros lipidos menosapes (colesterol y derivados) y, obviamente, rimede

reaccionar quimicamente con ellos (Christie y 1281,0).

Los métodos desarrollados por Folch (1957) y paghBy Dyer (1959) han sido los mas
referenciados y usados en la extraccion cuantitates los lipidos durante afios. Ambos métodos se
basan en la utilizacién de mezclas de cloroformtanol (CHG+-MeOH) afadidas directamente sobre
la muestra de carne triturada. Marmer y Maxwell8)9desarrollaron un método que permitia la
separacion, en columna de gel de silice, de lipigngros (mayormente colesterol y triglicéridos) y
lipidos polares (mayormente fosfolipidos) a patéruna muestra de carne o producto carnico y, por
adicién, la determinacion de contenido total desgrdodos estos protocolos convencionales consumen
mucho tiempo y necesitan un gran volumen de distdvi® que los hace inapropiados para el analisis
rutinario. Ademas, el cloroformo tiene un impacegativo elevado en la salud humana y en el medio
ambiente debido a su alta volatilidad y bajo lirdigeseguridad, contaminando el aire del lugarat&jo

(1-2 ppm) (International Labor Organization, 2009).

Otros métodos, como el propuesto por Sukhija y Baish (1988), extraen y metilan los FA
en un solo paso mediante la utilizacion de disohes$ acidas (HCI o 430Qy) y mezclas tolueno-
metanol. En este caso, la cuantificacion del wheaFA se lleva a cabo con un patrén interno y rérpa

de ésta, se estima la cantidad de grasa total.
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La busqueda de nuevos y mas precisos métodosrdeasn de lipidos en carne y productos
carnicos es un campo que no pierde vigencia. Deoheada grupo de investigacion adapta los métodos
tradicionales a sus muestras y forma de trabajesamiolla nuevos protocolos. Pérez-Palacios et al.
(2008) realizaron una comparativa de métodos pareuantificacion de lipidos totales en carne y
productos canicos e Iverson et al (2001) comparanbre las metodologias de Folch y Bligh y Dyer

aplicadas a tejidos marinos.

Por otra parte, también se estan adaptando nuemasldgias para la cuantificacion de IMF.
Metherel et al. (2009) y Ayuso et al. (2013) pusieen practica la utilizacion de ultrasonidos para
aumentar la extraccion de lipidos de la matrizdsdyi disminuir el tiempo empleado en la extraccion.
Sahena et al. (2009) revisaron las aplicacionesatales y desarrollo de la extraccion mediante CO
supercritico en la industria alimentaria. Huangle{2014) han puesto a punto un método para dicha
cuantificacion utilizando imagenes de infrarrojocego hiper-esprectales pero, puesto que se tata d
un método no invasivo, no es posible realizar pimsts estudios tales como el perfil de FA y el

fraccionamiento de los mismos.

2.4.2. Lagrasa subcutanea.

En la comercializacion de la carne fresca, la adescia de la grasa tiene una gran importancia
porque determina la apariencia y facilidad de maaipén. De todos los acidos grasos, el que muestra
una correlacion mas elevada con la consistencia gexsa del cerdo es el C18:0 seguido del C18:2n-
6, si bien en los limites de variacibn mas proxarlos valores comerciales es éste ultimo el praicip
responsable. Algunos trabajos clasicos realizadad &eino Unido con carne fresca o destinada a la
produccion de bacon establecen un umbral critit@%s# en la concentracién de C18:2n-6 en la grasa
subcutanea del cerdo, valor a partir del cual emapiea presentarse problemas de grasas blandas o
aceitosas o “floppy meat” (Wood et al., 1978). Liarg mayoria de autores coinciden con esta
recomendacién para carne fresca. En partidas de abgstinadas a la elaboracion de embutidos
(Stiebing et al., 1993) y jamones crudos maduréBoslard et al., 1995) establecen un limite del 12%
para el C18:2n-6. Este es un valor de referenaia wa buen nimero de industriales chacineros en el

area Mediterranea. Mas préximo a nuestro entounggue sea un problema ligeramente diferente, es el
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caso del Cerdo Ibérico destinado a la elaboracgdaohdcinas, donde el limite maximo recomendable

(incluso en los cerdos alimentados con piensos uestps) se establece en el 9-10%.

El control de la concentracion de C18:2n-6 en ksgrdel cerdo puede abordarse desde dos
perspectivas diferentes atendiendo al control ddifaentacion. Se debera analizar por una parte, el
nivel de inclusién del mismo en la grasa y, poa,o#d tiempo de administracion de cierta dietaaser
las condiciones del mercado en cada caso, y dldevexigencia de la concertacion final de C18:2n-6
los que permitan el disefio de la estrategia masuade, como la elaboracion de una mezcla de grasas
que se administre durante toda la fase de crediodgaibo o administrar raciones de alto contenido en
C18:2n-6 hasta un momento determinado antes déficacy restringir a partir de ahi el aporte dsee

nutriente afadiendo o no nutrientes que incremdatsimtesisle novade FA.

Queda por mencionar que, dentro de la grasa sulgaytde pueden encontrar varias capas o
niveles con diferente composicién. Fundamentalmsathabla de una capa externa pegada a la piel
(OUTER) y una capa mas interna por debajo de kriant{INNER). Aunque los procesos metabdlicos
que conducen a diferencias en la composicion nocsompletamente conocidos, se estima que la
adaptacion a la temperatura externa debe influencigblemente. Bee et al. (2002), Camara et al.
(1996) y Lefaucheur et al. (1991), entre otros @stoobservaron que en la capa OUTER existe un
menor metabolismo lipidico que en la INNER. Estama exhibe en mayor medida los efectos de la
sintesigde novode FA lo que provoca que la acumulacion de losARiFincipalmente C18:2n-6) de
la dieta quede diluida en esta capa y se obserjar mela OUTER. Ademas, generalmente se puede
comprobar que el indice de insaturacion (Ul) signgradiente negativo desde la piel hacia el interi

(Bee et al., 2002; Monziois et al., 2006).

2.4.3. Papel de la grasa en la calidad sensorial y tecngiéa de la carne y productos
elaborados.
La grasa (especialmente la IMF) contribuye a la$igad de la carne y productos cérnicos
mejorando la lubricacion del bolo alimenticio dusta masticacion, evitando las pérdidas de agua

durante el cocinado y estimulando la salivacion dd/et al., 1986). El efecto de lubricacion durdate
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masticacion es especialmente importante en eldmpooductos que han sufrido un proceso de secado,
como el jamon, donde la grasa se convierte enmeépdeterminante de la jugosidad (Ruiz et al. 0200
Del mismo modo, existe una relacion entre el cadteen IMF de la carne y su terneza. Parece ser que
dicha relacién tiene que ver con la mejora de dg@gidad, con el efecto protector sobre las prateina
carnicas durante el cocinado (disminuyendo su daeigu, y por lo tanto disminuyendo la dureza) y
con una disminucién global de la densidad de laecabtros autores han postulado que la IMF, por
situarse en el tejido conectivo perimisial, dismyi@la resistencia del mismo a ser cortado durante |

masticacion (Essén-Gustavsson et al., 1992).

Por otro lado, la composicion en FA de la carneatdo influye también en otros aspectos de
calidad relacionados con la consistencia y fluidieta grasa, el desarrollo del aroma de la misg@no
la susceptibilidad a que se desarrollen procesiasivos. La consistencia y fluidez de la grasadgue
medirse mediante la determinacion del punto dedfusi de deslizamiento que es inversamente
proporcional al nimero de insaturaciones y direetagmproporcional a la longitud de la cadena (Smith
et al., 1998). De esta forma, cuanto mayor esdpgrcion de FA insaturados de la grasa presentera u
mayor fluidez, lo que afecta a la textura y aspeetda misma (L{Ruiz-Carrascal, 2000 #430}6pez-
Bote et al., 2002). Si la grasa presenta una adaopcion de PUFA, a temperaturas de refrigeraseén
encontrara en estado liquido. Esto no sélo aféetspecto de la carne, sino que en el caso deédzap
empleadas en la produccién de jamones o paletagasa al formar una capa exterior hidréfoba,
dificulta la difusion de sal y agua, afectando demfa significativa al proceso de salazén y

deshidratacién de las piezas (Ruiz-Carrascal ,2@00).

La oxidacion lipidica es una de las reaccionespgegenta un mayor interés desde el punto de
vista de la calidad de la carne. Este tipo de paxee inician tras el sacrificio del animal, motoem
el que se inactivan los mecanismos biol6gicos deepcion. Con la muerte del animal se desencadena
una secuencia de hechos caracterizados por efleeffejo sanguineo, la acumulacién de acido lactic
en los tejidos, el descenso del pH y el cese dadasinismos celulares capaces de controlar losgwsc
oxidativos (Morrissey et al., 1996). A medida quenanta el niumero de dobles enlaces de los FA crece

la susceptibilidad de los mismos a sufrir procesddativos, de manera que los PUFA son altamente
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sensibles, mientras que los SFA apenas se oxidamw({tt] 1986). Asi, un incremento en la proporcion
de PUFA en la composicion de los lipidos del misduhce que éste presente una menor estabilidad a
las reacciones de oxidacion. Esta es una de laseazjue explican como los procesos oxidativos en e
musculo se inician en la membranas de las célutieslgs organulos citoplasméaticos, donde se ubican
los fosfolipidos que contienen una mucho mayor @r@pn de PUFA (Ashgar et al., 1988) y ademas
esta localizacién favorece la interaccion con engim compuestos como el hierro que actian como

catalizadores de la oxidacion.

Como consecuencia de la oxidacion lipidica se farmdroperéxidos, que posteriormente se
descomponen dando lugar a una amplia variedadndpuEstos volatiles y no volatiles con importantes
repercusiones en el aroma y sabor de la carnea Earhe cruda, como consecuencia de este tipo de
reacciones, se originan olores y sabores desadesdalor a rancio, sabores anémalos, etc.), gelesu
acompafiar a los procesos de alteracion de la game,con decoloracion y pérdida de uniformidad en
el color, derivados de la oxidacion de determingmgsentos de la carne, y alteraciones de la taxtur
y de la apariencia al producirse exudado, por ragta membranas celulares o por formacion de enlace
cruzados entre proteinas (Buckley et al., 1989an@a la carne cocinada recibe un nuevo tratamiento
térmico, tras un periodo prolongado de almacenamiem refrigeracion o congelacion, se aceleran las
reacciones de oxidacion dando lugar a aromas iabkEse Los olores y el perfil de compuestos
aromaticos, derivados de la oxidacién lipidica ame cruda son diferentes, pero se piensa que los
compuestos responsables son los mismos y la Uaréacion es la relativa a las concentraciones (St
Angelo et al., 1987). En mdltiples experienciashaguesto de manifiesto el papel de la oxidacén d
componente lipidico en el desarrollo arométicopidde productos carnicos fermentados y curados

(Lammers et al. 2011; Martin et al. 2009; Sotd.e2@L10).

No obstante, y a pesar de su implicacion positd@aesel aspecto, la jugosidad y la terneza,
un veteado excesivo no es valorado positivamentgigdos consumidores consideran que este elevado

contenido graso perjudica su salud (Miller, 1994).
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Puede concluirse que, las estrategias encaminadiamanuir el contenido graso en la carne
pueden repercutir negativamente sobre atributo®darjugosidad, la textura y el sabor de la misma,
propiciando carnes mas secas, duras y fibrosagbstante, hay que tener en cuenta que la acumulacio
de la IMF parece tener lugar fundamentalmente a&pestrelativamente tardias del cebo del animal, lo
que implica que para que su contenido sea altaceificio de los animales debe llevarse a cabesap
elevados. En el caso de carne de cerdo blancagasamo en fresco, el sacrificio a pesos muy elevad

implicaria un aumento de otros depdsitos gras@scdeso valor comercial.

2.5 Gilicerol en alimentacién animal.

2.5.1. Generalidades.
El glicerol es un subproducto de las industriastrdesformacion de grasas animales o
vegetales en biodiesel y, puesto que esta indwedttécreciendo en los Ultimos afos, el volumen de

glicerol disponible es cada vez mayor y, por tastioprecio asequible.

Su nombre sistematico es 1,2,3-propanotriol y ebquido viscoso incoloro, inodoro y con
sabor dulce. Es completamente soluble en aguaohales y parcialmente en muchos disolventes
organicos comunes como acetato de etilo, dietil @telioxano e insoluble en hidrocarburos. Sus
temperaturas de ebullicion y fusién a presion atémws son 290 y 17 °C respectivamente. Tiene una

densidad de 1.26 g/ml a 25 °C y un peso molecel®2duma (McGraw-Hill, 2005).

El biodiesel se produce por transesterificacidigmesas animales o vegetales (Figura 2.19).
En condiciones optimas de procesado, 100 litrogrdea o aceite producirian 100 L de biodiesel y 10
L de glicerol, aunque al requerirse posteriormeptraciones de refinado la recuperacién es dedéd g

glicerol por cada litro de biodiesel.
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Figura 2.19. Transesterificacion de un triglicéridmediante metanol. Obtencién de glicerol
y ésteres metilicos de acidos grasos.

2.5.2. Metabolismo del glicerol.

En condiciones fisiolégicas, el glicerol provengnel catabolismo de TAG se convierte en
glucosa via fosforilacion a glicerol-3-fosfato @#ado por glicerol-kinasa) y entra en la rutalae
gluconeogénesis en el higado (Mourot et al., 199dando es suministrado en la dieta, es absorbido
via difusién pasiva. En trabajos realizados ensr@ato et al., 2005) se ha puesto en evidencia la
existencia de un sistema transportadof-tgpendiente en el intestino delgado. El glicdegdria al
higado via vena porta y actdaria como precursaogkngénico de la misma manera que lo hace el
glicerol enddgeno proveniente del catabolismo d&TBsto dota al cerdo de una fuente de energia lo
cual podria ser interesante para lechones recigtetddos que se encuentran en estado de déficit

energético.

Por otra parte, el glicerol puede ser utilizadaparsintesis de FAs de un modo similar al de
los carbohidratos. No obstante, al no estar reguachivel en plasma por la insulina, la dispordhi
de glicerol por las células, y su uso para finesab@@icos, es muy diferente al de la glucosa. Enités
generales, una parte importante del glicerol imigetiérmina siendo utilizado para la mencionad&sist
endogena de FA. El incremento de la oferta dergli@n los Ultimos afios facilita su utilizacion pée
alimentacion animal como una alternativa para el depdsito de FA de nueva sintesis (en especi

para incrementar la proporcion de C16:0, C18:0 §:01-9).

2.5.3. Inclusion de glicerol en la dieta del cerdo.
A lo largo de la década de los 90 del pasado siglcealizaron un considerable namero de

investigaciones referentes a la incorporacion d=egll en la dieta de porcino que permitieron un
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considerable avance en este campo. Principalmermiensprobd que la adicion de entre un 5y un 10 %
de glicerol en cebo provocaba un aumento en eboooy ganancia media diaria de peso. Este resultado
puede deberse tanto al sabor dulce del glicerobata mejora en la estructura del pienso que gedu
su incorporacion (Kijora et al., 1995; Kijora y Kagh 1996). Un exceso de glicerol se excreta por la
orina, probablemente debido a la activacion delizeml-kinasa a glicerol-3-fosfato que limita su
absorcion (Doppenber y Van der Aar 2007). Kijora9@) realizdé un estudios con la inclusion de un
10% de glicerol en la dieta de cerdos y obtuvo lezneon un menor espesor de grasa dorsal y un

aumento de las concentraciones de C16:0 y C18®raisma.

Lammers et al. (2007) comprobaron que el gliceodli@ incorporarse en la alimentacion de
lechones sin alterar su crecimiento y desarrolldoppenberg y Van der Arr (2007) sugirieron su
conveniencia en dieta de cerdas lactantes ya gddapprevenir una excesiva pérdida de grasa,
promover un mejor uso de los aminoacidos y redzlginetabolismo de proteinas incrementando asi la
produccién de leche, el contenido proteico de knmiy la fertilidad. Mourot et al. (1994) observaro
que la inclusién de glicerol en la dieta provocabaaumento en la capacidad de retencion de agua
(CRA) de ciertos musculos del cerdo lo que conbbevana diminucion en las pérdidas por exudado o
al cocinarla. Doppenberg y Van der Arr (2007) tagnbobservaron un aumento de la capacidad de
retencion de agua al incorporar glicerol en latadide acabado lo que puede ser de gran inter@$apar

industria de procesado de la carne.

2.6  Andlisis reoldgico de la grasa.

2.6.1. Generalidades.

La Reologia es la ciencia que estudia la deformad@los materiales sometidos a la accion
de fuerzas externas (Bird, 1998). El estudio dehgmrtamiento reolégico es esencial en numerosos
campos y para multiples aplicaciones (como mecamhécauelos, fatiga de materiales, procesado de
polimeros, procesos interfaciales, etc.), incletde la Tecnologia de los Alimentos. Sin embasgo,
aplicacién en el &mbito alimentario, especialmemntel caso de los alimentos solidos, es muy liroitad
y en muchos casos su analisis se reduce a pardmekagionados con la textura. En la elaboracién

industrial, en cualquier sector, el analisis remldgcontribuye a: (1) Controlar los procesos, (2)
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Optimizar el disefio de maquinas y equipos de peutes(3) Adecuar las caracteristicas de una

produccion y (4) Controlar la calidad de producto.

A pesar de que el comportamiento reolégico dellogatos es complejo, su conocimiento es
de gran utilidad, debido al importante papel queed®eiia en muchas fases del procesado y
manipulacién. Su estudio comprende las propieda@esinicas, y esta intimamente relacionado con la
textura del alimento. De una forma general, podeicirse que para un material dado al que se aplica
una determinada fuerza, las propiedades mecarécéimisan a su respuesta ante dicha fuerza, las
reoldgicas explican su deformacion vy flujo, y Iattea se cifie a las impresiones sensoriales pdasbi
en la boca. Por tanto, las propiedades mecaniotig, las que se encuentrartdaacidad la durezay
la fragilidad, dependen de la resistencia de un material frante aplicacion de distintas fuerzas
(traccion, compresién, impacto, etc.), y la text@s una sensacion subjetiva provocada por el
comportamiento mecanico y reolégico del aliment@dte la masticacion y la deglucion. En conjunto,
el comportamiento reoldgico esta condicionado @w taracteristicas fisicas del material, que

ultimamente dependen de la estructura del mismo.

2.6.2. Andlisis del perfil de textura (TPA).

La textura de un alimento se define como el conjualat atributos mecanicos, geométricos y
superficiales de un producto, perceptibles mediesteptores mecénicos, tactiles y, si es apropiado,
visuales y auditivos (ISO 5491992). La textura es una de las caracteristicaosafes mas valoradas
por el consumidor (Bourne, 2002) y juega un impuggapel en el establecimiento de preferencias
individuales por determinados alimentos. En esticd® pequefias diferencias de textura entre

productos similares pueden ser determinantesgnaéb de aceptacion del alimento por el consumidor.

Entre los métodos instrumentales empleados padeterminacion de la textura, el mas
extendido es, sin duda, el ensayo de imitacionatdedcompresion denominado de forma genérica
analisis de perfil de textura (TPAexture Profile Analys)sDiversos estudios (Bourne 2002; Honikel,
1998) recogen su empleo en una amplia gama derdbsigunto con las condiciones de ensayo. El

éxito de este método se debe a que proporcionas ditb comportamiento mecanico (dureza,
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cohesividad, viscosidad, elasticidad, adhesivideatturabilidad, masticabilidad y gomosidad) que
pueden relacionarse de forma razonablemente preaisal proceso de masticacion (Bourne, 1978 y
2002) y con la percepcion sensorial. En la bocalimlento se somete fundamentalmente a fuerzas de
compresion (entre los dientes y lengua y palagmetracién y corte (dientes). A este respecto,
analizadores de textura, como el texturometro deefa Foods o de ensayo universal Instron, se
disefiaron para simular el proceso de masticaci@anz€Sniak, 1963; Bourne, 1978, 2002). En la
actualidad, con esta concepcion, se encuentramtdsstequipos o texturémetros. Estos equipos
permiten un estudio amplio del comportamiento denateriales ante distintas solicitaciones. En el
TPA, la masticacién se imita sometiendo las muesgieneralmente a dos ciclos de compresion
descompresion sucesivos. El comportamiento de é&straise recoge en gréaficas en las que se relaciona

la fuerza aplicada y el tiempo de ensayo (Figu2a)2.

Los pardmetros de compresién obtenidos son: dufégafuerza maxima necesaria para
comprimir la muestra; elasticidad (m), capacidatbdauestra de recuperar su forma tras la retdada
la fuerza de deformacién; adhesividad (N-s), ara ta abscisa tras la primera compresion;
cohesividad, punto hasta el cual la muestra puefterdarse antes de su ruptura; gomosidad (N),duerz
para desintegrar una muestra de carne semisoliddeptucion (dureza - cohesividad); masticabilidad
(J), trabajo necesario para masticar la muestes algt la deglucion (dureza - cohesividad - eldatigi

(Figura 2.20).

Estos pardmetros se han utilizado ampliamente eerstis alimentos (carnicos, quesos,
ovoproductos, etc.) como indicadores de la caldigdoroducto final, asi como para la seleccion de
ingredientes, mejora de formulaciones o establerituide condiciones de procesado (Bruna et al.,
2000; Gimeno et al., 2000; de la Hoz et al., 200dndoza et al., 2001; Muguerza et al., 2001; Tunick

2000; Visessanguan et al., 2004).
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Figura 2.20. Grafica caracteristica del andlisis deerfil de textura (TPA) y principales
parametros obtenidos.

En nuestro caso, es conocido que cambios en laaziongn del tejido adiposo de cerdo
pueden causar problemas en los procesos tecnadgécelaboracion de productos carnicos al haber
cambios en la consistencia y estabilidad oxidaterdos mismos. Houben y Kroll (1980) analizaron el
efecto del almacenamiento en la consistencia dgdsa y Gandemer (2002) y Maw et al. (2003)
observaron que los productos carnicos manufactarada grasas blandas mostraban defectos de
calidad como: secado insuficiente, apariencia alencidez temprana o falta de cohesividad entre
musculos y tejido adiposo al cortar. Una revisiéhghpel de las propiedades fisicas y reolégicda de

grasa en la calidad de los productos carnicos edbe fue publicada por Hugo y Roodt (2007).
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Planteamiento y Objetivos

El sector porcino es el primero de la ganaderiafedp con una produccion anual que supera
los 4.000 millones de euros, lo que sitta a Espafi@ el segundo productor de la Unién Europea. La
produccion de carne de este sector se destinaiagaaamente en un 60 % al consumo directo y en un
40% a la produccion industrial de derivados casjicon un considerable valor afiadido. La industria
carnica ocupa el primer lugar del sector de alioent bebidas y representa el primer subsector
exportador de la parcela agroalimentaria espafi@jpafia ocupa el cuarto lugar en la produccién de
elaborados cérnicos en la UE. Dada la relevancaduica, social y comercial de la industria carnica
en especial de la de porcino, sus demandas y dadesi ejercen una gran influencia en todo el sector
productivo, condicionando la mayor parte de lassilates técnicas y econdémicas. Ante la creciente
competitividad de los paises del Este de Europardgeccion y el desarrollo del sector porcino en e
ambito de la Union Europea depende en gran medibddedarrollo tecnoldgico que permita producir
derivados céarnicos diferenciados, con caracteatstitie se adapten a las preferencias del consumidor
europeo y que presenten una calidad uniforme yastada. Por tanto, resulta interesante establecer
estrategias de produccién encaminadas a incremestparametros de calidad de la carne de porcino
y de los productos derivados. En este sentidagsagntramuscular y el perfil de &cidos grasoggue
un papel especialmente importante ya que reperditectamente tanto en la aptitud tecnoldgica de la

carne como en la calidad sensorial y particulaedautricionales de los productos derivados.

En este contexto, el autor de esta tesis plantaledjo de investigacidn que se recoge en la
misma con el objetivo principal de determinar ecéd del tipo de grasa (palma y manteca en cerdos
blancos y manteca con os in adicion de gliceratasgl y montanera en ibéricos), utilizada en tana
fase del cebo en distintos atributos del componigitico (intramuscular y de depoésito) de su carne
de los productos derivados (jamén curado). Paoegecucion de este proposito se afrontaron los

siguientes objetivos parciales:

1. Determinar el efecto de la fuente de grasazatih en la alimentacion de los animales en la

cantidad de grasa intramuscular.
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2. Analizar la distribucién de acidos grasos enttagicéridos de animales cebados con

distintos tipos de grasas

3. Estudiar las caracteristicas reologicas de daagsubcutanea de cerdos alimentados con

distintos tipos de grasa y establecer su relagdrna morfologia de los triglicéridos.

En el desarrollo experimental de esta tesis, y lastéificultades y deficiencias halladas en
las técnicas de cuantificacion de la grasa intraoiesy de estudio de la estructura de los trigiicés
gue se encuentran en la bibliografia cientificatiga, se abordaron, de forma paralela, los sigesent

objetivos metodoloégicos:

a. — Desarrollar un método preciso, rapido y de bagtecde ejecucion para la cuantificacion
de grasa intramuscular.
b. — Seleccionar el método mas adecuado para el iangdisuctural de triglicéridos de la

grasa de porcino.

En conjunto, la tesis doctoral se planificO parardar objetivos de caracter cientifico y
técnico. Por una parte, se pretendia incrementaoredcimiento existente sobre la estructura de los
triglicéridos de grasa de porcino alimentados dstintios tipos de grasa y su relacion con atribai®
textura, como dureza, cohesividad, adhesividadstieldad, masticabilidad y gomosidad, y con
caracteristicas fisicas, como el punto de fusiéreskidio se ha realizado tanto en carne frescacom
tras su procesado para obtener jamén curado. iBeagie esta parte del trabajo, constituye un grime
paso para el establecimiento y disefio de dietada(@éitima etapa del cebo) que permitan obtener

animales con un componente graso con determinadasteristicas reoldgicas.

De otro lado, en el desarrollo experimental deesast se considerd la necesidad de plantear
metodologias alternativas a las actualmente ulidiggara la cuantificacion de grasa intramuscules,
empleando material comun de laboratorio, permitetizar un nimero elevado de muestras por unidad
de tiempo y requieran un minimo consumo de distégerPara el estudio de la estructura de la maécul

de triglicéridos se estan utilizando fundamentabmetios métodos, sin que se hayan encontrado

92



Planteamiento y Objetivos

referencias de trabajos en los que se contrasseresoltados derivados de ambos procedimientos o se
proceda a valorar su viabilidad para el andlisidadgrasa de porcino. En el afan de subsanar estas
carencias y optimizar la metodologia para el estddilos triglicéridos en porcino, se ha realizado

analisis comparativo de los mencionados métodamétizos y se ha procedido a su adecuacion para

abordar las experiencias planteada en esta tagisrdo
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4.1 CAPITULO 1: A laboratory efficient method for intr amuscular fat analysis.

Los resultados del presente capitulo se recogen @rsiguiente articulo:

A laboratory efficient method for intramuscular fat analysis.
J. Segura y C.J. Lopez-Bote
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A new procedure to extract intramuscular fat (IMF) was developed to minimize sample amount, solvent
use and time of analysis. Lyophilised samples (200 mg) were accurately weighed in a safe-lock micro test
tube, homogenized in 1.5 mL dichloromethane-methanol (8:2) and mixed in a mixer mill (MM400,
Retsch technology). The final biphasic system was separated by centrifugation (8 min, 10,000 rpm).
The extraction was repeated three times. Solvent was evaporated under nitrogen stream and lipid
content was gravimetrically determined. Results from 64 determinations were compared to those
obtained with other referred method and showed a linear response over the whole range of IMF content
(1.6-6.9 g/100 g sample). Moreover, the analysis with different methodology of six replica from the same
sample showed lowest variability (standard deviation intra-method) for the new methodology proposed
over a wide range of IMF content. A cost and time efficient lipid extraction procedure was developed

Low solvent volume

without loss of precision and accuracy and with a fatty acid profile comparable to other protocols.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Intramuscular fat (IMF) content is an important characteristic
that affects consumer acceptability of pork (Fernandez, Monin,
Talmant, Mourot & Lebret, 1999) and it is largely variable accord-
ing to breed, sex, diet, age and weight at slaughter (Bosch, Tor
Reixach, & Estany, 2012; Gou, Guerrero, & Arnau, 1995; Olivares,
Daza, Rey, & Lopez-Bote, 2009). A certain amount is required to
ensure acceptability and tenderness of pork (Bejerholm & Barton-
Gade, 1986; Cannata et al., 2010), but the optimal IMF content of
meat and products is dependent on the country (Ngapo, Martin,
& Dransfield, 2007a), the consumer (Ngapo, Martin, & Dransfield,
2007b, Font-i-Furnols et al. 2012) and the technological process
(Ventanas, Ruiz, Garcia, & Ventanas, 2007).

Therefore, considerable research effort is being carried out to
obtain the target level adequate for each market, which requires
fast, low cost and accurate methodology to quantify IMF fat. How-
ever, this is not easy to achieve, since IMF distribution within the
muscle and anatomical location is very variable (Faucitano, Rivest,
Daigle, Lavesque, & Gariepy, 2004), thus usually leading to a coef-
ficient of variation above 25-30%.

The standard methodology has been for decades solid-liquid
extraction procedures (Bligh & Dyer, 1959; Folch et al., 1957).
These are based on a solvent (hydrophilic or hydrophobic, acidic,
neutral or basic) added to a solid. Insoluble material can be
separated by gravity or vacuum filtration, and soluble material is
‘extracted’ into the solvent.

* Corresponding author. Tel.: +34 913943781; fax: +34 913943824.
E-mail address: clemente@vet.ucm.es (C.J. Lopez-Bote).
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Although pure lipids are soluble in a wide range of organic
solvents, the model solvent or solvent mixture for extracting lipids
should be polar enough to remove such lipids from their associa-
tion with cell membranes and tissue constituents, but also not so
polar that the solvent does not readily dissolve all triacylglycerols
and other nonpolar lipids and, of course, should not react
chemically with the extract (Christie & Han, 2010).

For decades the most referenced and used methods in quantita-
tive lipids extraction have been Folch, Lees, and Stanley (1957) and
Bligh and Dyer (1959). Both methods are based on chloroform
(CHCl3)/methanol (MeOH) mixtures added directly to the meat
sample. Marmer and Maxwell (1981) developed a dry column
method for the determination of the total fat content of meat
and meat products as an alternative, allowing the separation in
neutral (mostly cholesterol and triacylglycerols) and polar lipids
(mostly phospholipids) but nowadays, this technique has been ful-
filled by solid phase extraction minicolumns (Ruiz et al., 2004,
Pérez-Palacios, Ruiz, & Antequera, 2006). All these conventional
protocols are time consuming and require a large amount of sam-
ple and solvent, which makes them frequently not suitable for rou-
tine analysis. In addition, CHCl3 has a very low safety limit in the
work place air (1-2 ppm; International Labor Organization, 2009)
due to its negative impact on the environment and human health.

Other methods, such as the one proposed by Sukhija and
Palmquist (1988), extract and methylate fatty acids in a
Toluene-Methanol/HCl solution in a rapid one-step procedure.
The total fatty acid content is quantified using an internal standard.

The search for new and accurate lipid extractions methods in
meat and meat products is a very demanded topic. In fact, depend-
ing on the tissue source, multiple groups adapted the conventional
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protocols or developed new ones. Pérez-Palacios, Ruiz, Martin,
Muriel and Antequera (2008) compared some methods for total li-
pid quantification in meat and meat products and Iverson, Lang and
Cooper (2001) developed a comparison between Folch et al. (1957)
and Bligh and Dyer (1959) methodologies applied to marine tissues.
Moreover, Metherel, Taha, Izadi and Stark (2009) put into practice
the application of ultrasounds to increase lipid extraction from
solid matrix samples and decrease time consumed. Remarkable is
the use of supercritical carbon dioxide extraction (Supercritical
fluid extraction), an alternative technology that does not use sol-
vents. Sahena et al. (2009) reviewed the commercial applications
and recent developments of this technique in the food industry.

With this whole range of possibilities, the objective of this study
was to develop an accurate method to quantify IMF, which allowed
us to treat a large number of samples in the shortest time, using
non sophisticated inexpensive equipment and minimizing solvent
use.

2. Materials and methods
2.1. Experiment design

Longissimus dorsi samples (200 g) at the level of the last rib from
a group of 64 Landrace x Large White pigs (32 each gender)
slaughtered at 120 live weight were used for analysis. A first exper-
iment was carried out in which IMF content was analysed in each
sample following the methodology proposed by Folch et al. (1957),
Sukhija and Palmquist (1988) one-step protocol and the new
method proposed in this manuscript. The whole muscle samples
were minced before sampling for each method. According to the
results obtained in the first experiment, four samples of castrated
barrows with different intramuscular fat concentration were
selected by dividing the whole range of IMF content in four groups
and selecting in each one the one with IMF content closest to the
mean and a second experiment was carried out: six replicates of
each sample were analyzed by five different protocols in order to
compare the accuracy, precision and capacity of differentiation
between them. A fatty acids profile was obtained in each case.

2.2. Methodology proposed by (FOL)

Lipid extractions following FOL were carried out using the origi-
nal extraction ratio of 20 parts Folch et al. (1957) CH3Cl:MeOH
(2:1, v/v) to 1 part sample. Briefly, five representative grams of
fresh meat taken from a 50 g transversal chop finely minced were
mixed with 100 mL of CH5Cl:MeOH (2:1, v/v). The mixture was
homogenized and filtered. Five mL of 0.9% NaCl solution was added
to the filtrate and the new mixture was shaken vigorously. The
final biphasic system was allowed to separate and two phases were
collected by siphoning. The upper aqueous phase was eliminated.
The lower phase was filtered through anhydrous sodium sulphate
and collected. Solvent was evaporated with a rotary evaporator un-
der vacuum and further evaporated under nitrogen. Lipid content
was then gravimetrically determined.

2.3. Folch-lyophilised Method (L-FOL)

The original extraction ratio of 20 parts CH3Cl:MeOH (2:1, v/v)
to 1 part sample was preserved. Briefly, 700 mg of lyophilised sam-
ple were mixed with 21 mL of chloroform and shaken vigorously
for 10 min. Then, 10 mL of methanol were added and shake was
maintained for 10 more minutes. The mixture was filtered through
anhydrous sodium sulphate and collected. Solvent was evaporated
by means of a rotary evaporator under vacuum and further evapo-
rated under nitrogen. Lipid content was then gravimetrically
determined.

2.4. Sukhija and Palmquist (1988) one-step protocol (OS)

Pentadecanoic acid (C15:0) (Sigma-Aldrich, Madrid, Spain) was
used as internal standard. Briefly, 200 mg of lyophilised sample
were mixed with 1 mL of toluene containing 1 mL of internal stan-
dard of 10 mg/mL concentration, 1 mL of toluene and 3 mL of
freshly made 5% methanolic HCl (prepared by slowing adding
10 mL of acetyl chloride to 100 mL of anhydrous methanol) in a
culture tube. After being tightly capped, the tubes were vortexed
for 1 min and heated for 2 h in a shaking water-bath at 70 °C. After
tempering, 5 mL of 5% potassium carbonate solution were slowly
added. The mixture was vigorously vortexed and centrifuged
(5 min, 3000 rpm). The upper phase (3 phases are formed) was
dried with anhydrous sodium sulphate and collected.

2.5. Marmer and Maxwell (1981) (MM) dry-column method

Fresh sample (3 g) was ground in a 750 mL porcelain mortar
with anhydrous sodium sulphate (20g) and then Celite 545
(15 g). The resulting mixture was packed above a 1:9 CaHPO,4/Cel-
ite 545 trap (10 g) in a glass chromatography column (id 35 mm).
The columns were charged with CH,Cl;:MeOH (9:1) and 150 mL of
eluate was collected in a 250 mL flask. Solvent was evaporated by
means of a rotary evaporator under vacuum and further evapo-
rated under nitrogen. Lipid content was then gravimetrically deter-
mined. In order to isolate Neutral and Polar Lipids by sequential
elution, the column was packed in the same manner, but it was
charged first with 150 mL of CH,Cl, instead of 9:1 solvent mixture.
At the point when the last of the CH,Cl, reached the top of the
column packing, the flask containing the collected eluate (neutral
lipid) was replaced by a second 250 mL volumetric flask, and the
column was charged with 150 mL of the 9:1 solvent mixture. The
eluate was collected until the column was solvent stripped.

2.6. New method (NW)

In a 2 mL safe-lock micro test tube, 200 mg of lyophilised sam-
ple were accurately weighed. Two steel balls (2 mm @) and 1.5 mL
of CH,Cl;:MeOH 8:2 mixture were added. After being tightly
capped, the tubes were placed on the adapters and homogenized
for 2 min at 20 Hz in a Mixer Mill MM400 (Retsch technology,
Haan, Germany). The final biphasic system was allowed to separate
by centrifugation (8 min, 10,000 rpm). The solvent was decanted
into a previously weighed 4 mL vial. The extraction was repeated
three times. Solvent was evaporated under nitrogen stream at
25°C. All the samples were kept in a desiccator until constant
weight (2 h). Lipid content was then gravimetrically determined.

2.7. Esterification of fatty acids (methylation)

Total lipid extracts were subjected to esterification by dissolv-
ing the sample in 1 mL of sodium methylate-methanol mixture
5% in culture tubes (Olivares et al., 2009). After being tightly
capped, the tubes were vortexed and heated for 1h at 70 °C,
shaking every 15 min. After tempering, 1 mL of 5% sulphuric
acid-methanol solution was slowly added. The tubes were
vortexed and were heated for 1 h at 70 °C again, shaking every
15 min. After tempering, the fatty acids methyl esters (FAMEs)
were extracted two times with 1.5 mL of petroleum ether and
directly injected in GC system.

2.8. Gas-liquid chromatography conditions
The FAMEs were separated using a gas chromatograph (HP 6890

Series GC System) equipped with flame ionization detector.
Separation was performed with a J&W GC Column, HP-Innowax
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Polyethylene Glycol (30 m x 0.316 mm x 0.25 pm). Nitrogen was
used as a carrier gas. After injection at 170 °C, the oven tempera-
ture was raised to 210 °C at a rate 3.5 °C/min, then to 250 °C at a
rate of 7 °C/min and held constant for 1 min. The flame ionization
was held at 250 °C. FAME peaks were identified by comparing their
retention times with those of authentic standards (Sigma-Aldrich,
Alcobendas, Spain).

2.9. Lyophilization

Removing moisture from samples was required in some partic-
ular methods. This was carried out by including 50 g of minced
fresh meat in a Lyophylizer (Lyoquest, Telstar, Tarrasa, Spain).

2.10. Statistical analysis

Response data were evaluated using the General Linear Model
(GLM) of SAS version 9.1 (SAS, 2002). The linear regressions were
carried out with the PROC REG procedure contained in SAS. Bonfer-
roni’s test was used to separate treatment means.

3. Results and discussion

In experiment 1, IMF concentration of L. dorsi muscle from
120 kg Landrace x Large White pigs, was obtained from different
analytical procedures. A representative number of samples
(n=64) was used to compare response under a wide range of
IMF content. Since it is well known that pig gender affects IMF
content (Alonso, Campo, Espafiol, Roncalés, & Beltran, 2009;
Barton-Gade, 1987; Latorre, Lazaro, Gracia, Nieto, & Mateos,
2003), gilts (n=32) and barrows (n=32) meat samples were used
in order to assess the ability of each method to discriminate gender
groups. Results of IMF content and comparison between genders
are shown in Table 1. All methods separated samples according
to gender and the response was similar in all cases. As expected,
FOL and NW procedures obtained higher concentration than the
0S because the latter quantifies exclusively intramuscular fatty
acids, while FOL and NW extract all liposoluble compounds and
this also includes complex lipids. No differences were observed
between FOL and NW procedures (Table 1).

In order to compare response of different analytical procedures
in the whole range of samples, regression analysis was used and it
is shown in Fig. 1. It is noteworthy that response was linear
throughout the whole range of IMF content in all cases. Results
suggest a validity of NW method similar to FOL or OS which is of
interest because these two procedures are widely used both in sci-
entific and technical works.

A second experiment was carried out to compare accuracy and
precision of NW with other analytical procedures. Four samples
with different fat content were selected from the previous experi-
ment and identified as: Low, Mid-Low, Mid-High and High. Each
sample was analyzed six times with five different protocols: FOL,
L-FOL, OS, MM and NW. FOL was used as generic model reference
due to its wide dissemination and use, L-FOL was developed in or-
der to check out if lyophilization affects either the extraction or the

Table 1

Quantification of intramuscular fat (mean * s.d) concentration (g fat/100 g meat) from
three analytical methods: Folch et al. (1957) (FOL), Sukhija and Palmquist (1988) (OS)
and New Method proposed (NW) (n =32) (experiment 1).

Method Gilt Barrow P

FH 2.98+0.93 3.73+0.68 0.0004
NW 2.67 £0.98 3.44+0.59 0.0002
0S 2.08 £0.91 2.76 £ 0.63 0.0007
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Fig. 1. Regression equations and coefficient of determination (R?) between values
of intramuscular fat (% IMF) obtained from different methodologies: Folch et al.
(1957) (FOL), Sukhija and Palmquist (1988) (OS) and New Method proposed (NW).

fatty acids profile. OS was chosen as a model of direct extraction
and methylation in acidic conditions and MM as a dry column
methodology. Analysis time, solvent use and results of all these
methods were compared to those obtained with NW.

Table 2 shows results for lipid extractions (% IMF, mean # s.d.)
depending on the method employed and fat level sample. No
marked differences between methods were observed in extracting
ability within each IMF range. Nevertheless, NW, FOL, L-FOL and OS
were able to discriminate between the IMF levels. MM differenti-
ated between High and Low but not between them and their
respective closer level.

Attending to similarity between methods, it can be observed
that at High IMF level, the NW shows higher extracting ability, fol-
lowed closely by FOL and OS. MM is the method with the lowest
extracting power and the highest standard deviation. At Mid-high
level, NW still has the highest extraction ability followed by the
other four methods with not significant differences among them.
By decreasing the level of fat to Mid-low or Low level, NW loses
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Table 2
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Quantification of intramuscular fat (mean + s.d) concentration (g fat/100 g meat) in four pork samples containing different fat levels (low, mid-low, mid-high or high). Each
sample was analyzed six times by five analytical procedures: Folch et al. (1957) from fresh sample (FOL) or lyophylised ones (L-FOL), Sukhija and Palmquist (1988) (0S), Marmer

and Maxwell (1981) (MM) and New Method proposed (NW)! (experiment 2).

Method LOW MID-LOW MID-HIGH HIGH Mean
NW €2.14 +0.03¢ AB3.03 +0.05¢ A4.47 +0.05° A6.77 +0.06° A4.10+0.05
FOL A2.91+0.31¢ A3,59 +0.23° 84,04 +0.26" ABG.11 +0.092 A4.16 +0.22
MM AB2 57 +0.31° 52.68 +0.78" 83,78 +0.31° €480 £0.87° A3.46 057
Mean 2.34+0.16 3.04+0.31 3.95+0.16 5.98 +0.26

1 Different uppercase letters (A - D) within a column indicate differences between analytical procedures and different lowercase letters (a — d) within a row indicate

differences between sample groups.

Table 3

Fatty acid composition of intramuscular fat (g fatty acid/100 g total fatty acids) analyzed by five analytical procedures: Folch et al. (1957) from fresh (FOL) or lyophylised samples
(L-FOL), Sukhija and Palmquist (1988) (0S), Marmer and Maxwell (1981) (MM) and the New Method proposed (NW)' (experiment 2).

0s NW FOL L-FOL MM
C16:0 24.94+1.22° 25.60 + 1.04%° 25.65 +0.80%° 26.06 * 0.69° 25.61+0.43%®
C16:1 3.84 £ 0.36% 3.54 +0.27° 3.61+0.22° 3.62 +0.37"¢ 4,02 +0.24%
C18:0 14.07 £ 0.33° 14.82 +0.61%° 14.89+0.312 14.50 + 0.76%° 14.04 + 0.67°
C18:1 45.27 £2.52° 45.15 +1.80° 44.77 £2.32° 45.90 £2.32% 47.07 £0.90°
C18:2n—6 8.11 244 7.53 £2.23% 8.28 +1.89% 7.32 £1.83% 6.62 +0.79°
C18:3n -3 0.29 + 0.08? 0.32 +0.06° 0.32 + 0.06° 0.29 +0.03? 0.34+0.10°
€20:0 0.22 +0.07¢ 0.30 + 0.04° 0.31+0.03° 0.25 +0.05° 0.38 +0.09°
C20:1n -9 0.65 +0.15° 0.91 £ 0.05° 0.48 +0.28° 0.87 +0.06° 0.78 +0.26°
SFA? 40.45 +1.13¢ 41.66 + 0.85% 41.95 +0.76° 41.65 + 1.34% 40.88 +0.89
MUFA? 49.20 £2.12% 48.54 +1.42° 48.37 £ 1.90° 48.94 +2.26° 50.48 + 0.76°
PUFA® 8.18 £2.40% 7.65 £1.85% 8.38£1.83% 7.42 £1.81% 6.79 £ 0.86"
UNSAT? 57.37 £0.47% 56.19 + 0.96° 56.75 % 0.68%" 56.36 +1.13" 57.27 £ 0.60°

! Different letter (a — d) within the same row indicates difference between methods.
2 SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; UNSAT, unsaturated fatty acids.

part of its extracting ability in comparison to other methods but
maintains the lowest standard deviation.

It is interesting to highlight that, NW shows the lowest variabil-
ity throughout the whole range of IMF content, while MM shows
the highest. It is also interesting to note a limited effect of lyophi-
lization on IMF extracting ability and a lower variability in the
response.

Aspects to consider when comparing methodologies are time
consumption and amount of solvent used. In our laboratory condi-
tions, considering simultaneous analysis of 20 samples, it was eval-
uated that FOL and MM required approximately 40 min/sample,
while 25 and 15 min/sample were needed for OS and NW respec-
tively. NW methodology lies in: a previous lyophilization, 2 min
of sample and solvent shaking, 8 min of centrifugation, solvent
evaporation and the three times each extraction is repeated.
Thereby, it has been estimated a total of 300 min each 20 samples.
Obviously, a large decrease in time consumed.

Regarding solvent utilization, FOL and MM used 150-200 mL
per sample, while only 5 and 4.5 mL were required per sample
by OS and NW, respectively.

Moreover, two additional operational aspects should be no-
ticed: the use of chloroform in routine procedures is called into
question due to its possible carcinogenic behaviour in humans,
and the use of chloroform-methanol mixtures in fresh samples
introduce a third solvent, water, that makes more difficult the li-
quid phase separation.

OS and MM protocols were developed, according to their
authors, to decrease the amount of time, solvent and sample
consumed. In both cases, the existing problem with the slow and
unclear phase separation was solved. Other advantages of OS lie
in the use of lower amount of sample, the limited amount of
solvent used and the concomitant products obtained which are
methanol, water and inorganic salts of potassium and carbonate.
Nevertheless, acid esterification is criticized since it may produce
migration of conjugated double bonds in unsaturated fatty acids

10z

Moreover, since extraction and esterification is carried out in a
single one-step procedure, this method do not allow carrying out
further analysis of IMF, such as fractionation into lipids classes.
In the case of MM, the sample quantity was also reduced but the
solvents and the by-products obtained still were in a considerable
amount. Faced with all these difficulties, we might approach
the problem from different angles and find different solutions.
Lyophilization of meat prior to analysis allowed us to work with
lower amount of sample and to avoid the tedious water-phase
separation. This is in agreement with Dunstay, Volkman and Barret
(1993) who found no deleterious effect of lyophilization on fatty
acid or sterols content and only detected a small decrease of neu-
tral lipids extracted in Oyster Crassostrea-Gigas.

The amount of sample used in our experiment was 5 g for the
FOL, 3 g for the MM and 700 mg (4 g of fresh sample), 500 (3 g of
fresh sample) and 200 mg (1.2 g of fresh sample)for the L-FOL,
0S and NW procedures respectively. However, coefficient of varia-
tion (CV =sd*100/mean) of analysis were respectively 5.29, 16.4
for FOL and MM procedures, and 3.1, 4.2 and 1.22 for L-FOL, OS
and MW respectively (Table 2).

Lipids of low polarity are freely soluble in ethers, hydrocarbon
solvents, CHCl3 and CH,Cl,. Unsaturated lipids dissolve in most sol-
vents more readily than saturated. In contrast, polar lipids are only
soluble in hydrocarbon solvents if other lipids are present, but they
dissolve readily in more polar solvents such as methanol or etha-
nol. Currently, there are many restrictions for CHCl; use. It has
been classified as a probable human carcinogenic. Dichlorometh-
ane (CH,Cl,) has a threshold limit in the workplace 20-25 time
higher than CHCls. In addition, it is 15-18% cheaper. Cequier-San-
chez, Rodriguez, Ravelo, and Zarate (2008) validated the use of
CH,Cl, as an effective extraction solvent in fatty acid studies.

After comparing different competent extraction methods, it was
needed to check that the fatty acid profile was not altered by the
different used protocol. For FOL, L-FOL, NW and MM, the methylate
of the different fatty acids were obtained by a method described in
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literature and were analyzed by Gas-liquid chromatography. Ta-
ble 3 summarizes fatty acid profile obtained for the different meth-
ods. Two major (C16:0, C18:1), three middle (C16:1, C18:0, C18:2)
and three minor (C18:3, C20:0, C20:1) fatty acids were selected.
Furthermore, total saturated, monounsaturated and polyunsatu-
rated fatty acids were included. No differences in major fatty acids
composition and fatty acid classes were found between FOL, L-FOL
and NW. This result confirms the suitability of NW as an alterna-
tive to FOL to quantify IMF.

4. Conclusions

The objective of this study was to develop an accurate method
for lipid extraction. It has been shown that the NW protocol allow
the analyst to treat a large number of samples in a shorter time
than FOL. Attending to fat content, NW offers analogous results
to FOL method in quantity, but it shows lower variability. In case
that the fatty acid profile was the pursued goal, OS showed a sim-
ilar speed than NW but results obtained with NW are closest to
those obtained with the FOL procedure, which is attributed to
the strong acid methylation of OS protocol.

Fewer amounts of sample and solvent used are additional ben-
efit of NW over FOL, thus leading to greener qualities for environ-
ment and health.
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4.2 CAPITULO 2: Alternative method for intramuscular fat analysis using

common laboratory equipment.

Los resultados del presente capitulo se recogen en el siguiente articulo:

Alternative method for intramuscular fat analysis using common laboratory equipment
J. Segura, L. Calvo, C. Ovilo, A. Gonzalez-Bulnes, A. Olivares, M.I. Cambero, C.J. Lopez-Bote.

Meat Science, 103 (2015), 24-27.
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A procedure to quantify intramuscular fat was developed using common inexpensive laboratory equipment.
Three homogenization methods of lyophilized muscle samples (Ball-mill, Grinder and Mortar) and two
extraction methods (Ball-mill or Vortex) were used in turkey meat and pork. Two-hundred mg of lyophilized
and homogenized samples were accurately weighed and mixed with 1.5 mL of dichloromethane-methanol
(8:2) and shaken either in a Mixer Mill (MM400, Retsch Technology) or in a Vortex. The final mixture was
separated by centrifugation. Solvent was evaporated under a nitrogen stream and lipid content was gravimetri-
cally determined. Besides, it was checked that the fatty acid profile was not altered by the protocol used. More-
over, the analysis of 4 replicas from the same sample showed different variation coefficients (16-29%) for the
new procedures proposed over a wide range of IMF content. The combination of Grinder and Vortex methodol-
ogies can be proposed as a simple and inexpensive alternative to previous ones.

© 2015 Published by Elsevier Ltd.

1. Introduction

Intramuscular fat (IMF) content affects the flavor and juiciness of
meat (Fernandez, Monin, Talmant, Mourot, & Lebret, 1999). Moreover,
in dry-cured meat products, the IMF content and composition are
considered of critical importance due to its relationship with technolog-
ical processes along salting and drying and it is also positively linked to
the acceptability characteristics of meat products (Isabel et al., 2003).

However, accurate quantification of IMF is not accomplished easily,
since IMF distribution within the muscle and anatomical location is var-
iable (Faucitano, Rivest, Daigle, Lavesque, & Gariepy, 2004 ), thus usually
leading to coefficients of variation over 25-30%. To quantify IMF, solid-
liquid extraction procedures are frequently used (Bligh & Dyer, 1959;
Folch, Lees, & Stanley, 1957). These methods are based on chloroform
(CHCl3)/methanol (MeOH) mixtures added directly to the fresh meat
sample, thus introducing a third liquid component to the mixture,
water, immiscible with the mixture of organic solvents, that makes
the liquid phase separation more difficult. This is finally done by using
separation funnels, but the procedure is time consuming. Moreover,
large amounts of solvents are required, which makes them frequently
not suitable for routine analysis. In addition, CHCl5 has a very low safety

* Corresponding author. Tel.: +34 913943781; fax: 434 913943824.
E-mail address: clemente@vet.ucm.es (CJ. Lopez-Bote).
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limit in the work place air (1-2 ppm; International Labor Organization,
2009) due to its negative impact on the environment and human health.
Although different non-invasive methodologies for IMF quantification
are emerging such as ultrasounds (Ayuso, Gonzalez, Hernindez,
Corral, & Izquierdo, 2013) or near infrared hyperspectral images
(Huang, Liu, Ngadi, & Gariépy, 2014) further studies of extracted IMF
(such as fatty acid profile) cannot be made.

We have recently developed a procedure based on water removal
through lyophilization and a two-step subsequent analysis (Segura &
Lopez-Bote, 2014). The first step consists of the homogenization of dry
meat samples to achieve a uniform powder which allows the use of a
small and representative sample for analysis. Subsequently, a second
step follows consisting of IMF extraction in small (1.5 mL) centrifuga-
tion tubes with a combination of dichloromethane (CH,Cl,)/MeOH.
The main advantages of this procedure are low solvent use and fastness
because solvent separation is done by centrifugation. Moreover, an
important advantage of the protocol developed by Segura & Lopez-
Bote is its lower variability compared to other solid-liquid (Bligh &
Dyer, 1959; Folch et al,, 1957; Marmer & Maxwell, 1981) extraction pro-
cedures. However, such method requires the use of a Mixer Mill
(MM400, Retsch Technology, Haan, Germany), which is not common
in many food analysis laboratories.

The final objective of this study was to optimize an analytical
procedure using common inexpensive laboratory equipment to


http://crossmark.crossref.org/dialog/?doi=10.1016/j.meatsci.2014.12.011&domain=pdf
http://dx.doi.org/10.1016/j.meatsci.2014.12.011
mailto:clemente@vet.ucm.es
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quantify IMF, which allows treating a large number of samples in a short
time and obtaining comparable results to those achieved with the ball
miller equipment.

2. Materials and methods
2.1. Experimental design

Twenty-seven samples of turkey breast (representative of meat with
low IMF content) and 27 samples of Iberian pig loins (representative of
meat with high IMF content) were used for analysis. The procedure
described by Segura and Lopez-Bote (2014) was used to quantify IMF
content. In each meat type, samples were sorted out according to their
IMF content and divided into three groups (high, medium or low IMF
content). A factorial arrangement of three homogenization procedures
(Ball-mill, Grinder and Mortar) and two IMF extraction procedures
(Ball-mill and Vortex) were used, thus producing six different analytical
protocols (Ball-mill/Ball-mill, Ball-mill/Vortex, Grinder/Ball-mill,
Grinder/Vortex, Mortar/Ball-mill and Mortar/Vortex). Each of the
lyophilized samples was analyzed in duplicate. Fatty acids were quanti-
fied in each sample.

In addition, a second experiment was carried out to analyze
variability in the results (precision) of each analytical procedure. A
single representative sample of turkey or pig meat with low, medium
or high IMF content was analyzed four consecutive times by the six
experimental protocols and coefficient of variation was calculated.

2.2. Lyophilization

Removing moisture was carried out in 30 g of fresh meat (previously
frozen and merely cut in approximately 1 cm? pieces) in a lyophilizer
(Lyoquest, Telstar, Tarrasa, Spain) until constant weight (72 h).

2.3. Homogenization procedures

2.3.1. Ball-mill procedure

Approximately 1 g of lyophilized sample and two stainless steel balls
(7 mm @) were introduced in a 25 mL mill-jar. After being capped, the
jars were placed on the adapters and shaken for 2 min at 30 Hz in a
Mixer Mill MM400 (Retsch Technology, Haan, Germany).

2.3.2. Grinder procedure

Approximately, 1 g of lyophilized sample was introduced in a
common coffee grinder (Moulinex knife mill, Model A843). After
being capped, the sample was ground for 30 s.

2.3.3. Mortar procedure
In a 50 mL porcelain Mortar, approximately 1 g of lyophilized sample
was crushed and homogenized by a pestle for 1 min.

2.4. IMF extraction

2.4.1. Ball-mill procedure (Segura & Lopez-Bote, 2014)

In 2 mL safe-lock micro test tubes, 200 mg of lyophilized samples
was accurately weighed. Two steal balls (2 mm @) and 1.5 mL of a
CH,Cl,-MeOH 8:2 mixture were added. After being tightly capped, the
tubes were placed on the adapters and homogenized for 2 min at
20 Hz in a Mixer Mill MM400 (Retsch Technology, Haan, Germany).
The final mixture was allowed to separate by centrifugation (8 min,
10,000 rpm). The solvent was decanted into a previously weighed
4 mL vial. The extraction was repeated 3 times. Solvent was evaporated
under a nitrogen stream at 25 °C. All the samples were kept in a
desiccator until constant weight (2 h). Lipid content was then
gravimetrically determined.

10¢

24.2. Vortex method

In 2 mL safe-lock micro test tubes, 200 mg of lyophilized samples
were accurately weighed. 1.5 mL of a CH,Cl,-MeOH 8:2 mixture were
added. After being tightly capped, the tubes were vortexed for 30 s
and the mixture, solvent separation and evaporation were carried out
the same way as the previous protocol (see above).

2.5. Fatty acid esterification (methylation)

Total lipid extracts were subjected to acid-catalyzed methylation by
dissolving the sample in 1 mL of a 5% sodium methylate-MeOH mixture
in culture tubes (Olivares, Daza, Rey, & Lopez-Bote, 2009). After being
tightly capped, the tubes were vortexed and heated for 1 h at 70 °C,
shaking every 15 min. After tempering, 1 mL of a 5% sulphuric acid-
MeOH solution was slowly added. The tubes were vortexed and were
heated for 1 h at 70 °C again, shaking every 15 min. After tempering,
the fatty acid methyl esters (FAMEs) were extracted 2 times with
1.5 mL of petroleum ether and directly injected in a gas chromatography
system.

2.6. Gas-liquid chromatography conditions

The FAMEs were separated by means of a gas chromatograph (HP
6890 Series GC System) equipped with a flame ionization detector.
Separation was performed with a J&W GC Column, HP-Innowax
Polyethylene Glycol (30 m x 0.316 mm x 0.25 pm). Nitrogen was
used as a carrier gas. After injection at 170 °C, the oven temperature
was raised to 210 °C at a rate of 3.5 °C/min and then to 250 °C at a
rate of 7 °C/min and held constant for 1 min. The flame ionization was
held at 250 °C. FAME peaks were identified by comparing their retention
times with those of authentic standards (Sigma-Aldrich, Alcobendas,
Spain).

2.7. Statistical analysis

Data were evaluated using the General Linear Model (GLM) of SAS
version 9.2 (SAS, 2009). Main effects (fat analysis, homogenization
and extraction procedures) and interactions were analyzed by a
3 x 3 x 2 factorial arrangement. The linear regressions were carried
out using the PROC REG procedure contained in SAS. Duncan's test
was used to separate treatment means. Coefficients of variation (CV)
were calculated as (CV = S.D. = 100 / mean) and also a GLM procedure
was used to evaluate them.

3. Results and discussion

Fifty four samples (n = 27 each type) were used to compare a wide
range of IMF content values. They were analyzed by the proposed meth-
odology of Segura and Lopez-Bote (2014) (coincident with Ball-mill/
Ball-mill procedure) and the obtained mean + standard deviation
were 2.69 + 1.14 for turkey meat samples and 6.50 4+ 3.03 (g/100 g
fresh meat) in Iberian pig muscle.

The twenty-seven samples from each origin were sorted out
according to their IMF content and divided into high, medium or low
IMF content. The combination of three homogenization procedures
and two extraction methodologies led to six different analytical
protocols. Table 1 shows results for lipid extractions (% IMF) depending
on the method employed, fat level sample and meat type. As expected, a
clear differentiation, induced by our selection, was observed among fat
content levels.

According to the homogenization methodology, in pork samples no
effect of homogenization procedures was observed. Although not
significant, a numeric tendency in favor of Grinder as the method
which led to the highest amount of quantified fat was observed (6.91%
in Grinder vs 5.96 and 6.69% in Ball-mill and Mortar respectively). In
the case of turkey meat, significant differences were obtained among
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Table 1

Mean intramuscular fat concentration (g/100 g meat) in turkey and pork samples (n = 9)
with low, medium or high fat content. Each sample was analyzed by three homogeniza-
tion (Hom) methods (Ball-mill, Grinder and Mortar) and two extraction (Ext) methods
(Ball-mill and Vortex)'.

Turkey Pork

Fat content

Low 1.7¢ 3.3¢

Medium 2.8° 6.0°

High 3.7° 10.8%
Homogenization method

Ball-mill 3.3 6.0

Grinder 2.8° 6.9

Mortar 2.1¢ 6.7
Extraction method

Ball-mill 2.7 6.5

Vortex 2.8 6.5
SEM? 0.11 0.32
p Value

Fat 0.001 0.001

Hom 0.001 0.065

Ext 0.555 0.974

Fat+ Hom 0.001 0.277

Homs« Ext 0.911 0.729

Fats Ext 0.859 0.942

Fat+ Hom = Ext 0.968 0.980

1 Different letters within the same column indicates difference between methods.
2 SEM = pooled standard error (n = 9).

methods. Thus, homogenization with Ball-mill led to a higher amount of
extracted fat than Grinder and Mortar (3.29 vs 2.83 and 2.06%). Mention
should be made about the interaction between fat amount and homog-
enization method in turkey meat (p < 0.0001). This interaction was due
to the lack of differentiation between high, medium or low IMF amount
when Mortar homogenization was applied. No other interactions were
detected. A possible explanation is that Mortar homogenization is
based on breaking up the sample by compression with a pestle against
its walls. In samples with low IMF amount (turkey meat), tiny fibrous
tissue strands are formed during the disaggregation, which may hinder
solvent-fat interaction. In samples with higher fat content (pork) or
when Grinder or Ball-mill are used, less quantity of fibrous tissue is
formed or reduced to a smaller grain size which allows the solvent
greater accessibility to solute. It is also noteworthy that, assuming that
the time taken for cleaning and preparing the different materials is ap-
proximately equal in the three methodologies, excessive time
consumption has not been observed as a limiting stage of the process
for any of the three options.

No significant differences between extraction methods (Ball-mill or
Vortex) were observed in turkey meat or in pork (2.68 and 2.77% IMF
respectively for turkey breasts and 6.52% in both cases in pork). In
terms of capacity of extraction, there seems to be no difference. Besides,
no significant interaction with fat content or homogenization method
was found. Time consumption was the only disadvantage detected in
relation to the extraction methods. Shaking with Vortex implies the
use of 30 s per sample while Ball-mill is able to shake 20 samples
simultaneously.

After comparing different competent extraction methods, further
analysis of fatty acid composition was done to observe the possible
effects of the analytical procedures used to homogenize or extract IMF.
The methylates of the different fatty acids were obtained and analyzed
by gas-liquid chromatography. Table 2 summarizes the fatty acid
profiles obtained for the different methods. Major (C16:0, C18:0,
C18:1n—9 and C18:2n—6) and highly unsaturated FA are presented.
Furthermore, total saturated (SFA), monounsaturated (MUFA) and
polyunsaturated fatty acids (PUFA) and unsaturation index (UI) were
included. In both meat types, no differences in fatty acid composition
and fatty acid classes were found according to homogenization or
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Table 2

Fatty acid composition of intramuscular fat (g fatty acid/100 g total fatty acids) analyzed
by three homogenization (Hom) techniques (Ball-mill, Grinder and Mortar) and two
extraction (Ext) methods (Ball-mill and Vortex)®.

Homogenization Extraction SEM p Value
Ball-mill Grinder Mortar Ball-mill Vortex Hom Ext

Turkey

C16:0 26.0 26.0 26.2 26.0 26.1 0.12 0.277 0.859
C16:1 5.8 6.2 5.8 5.8 6.1 0.17 0.111 0.101
C18:0 10.9 10.9 109 11.0 10.7 027 0.111 2.267
C18:1n—9 26.9 276 27.5 26.9 278 0.80 0.490 0.240
C18:In—7 2.6 2.5 24 2.6 2.4 0.68 0.330 0.280
C18:2n—6 225 226 22.2 22.6 224 0.27 0.920 0.895
C18:3n—3 0.8 1.0 1.0 0.9 0.9 0.05 0.119 0.733
C20:0 0.1 0.1 0.1 0.1 0.1 0.03 0.860 0.887
C20:1n—9 04 0.5 0.5 0.5 0.5 0.03 0473 0317
C20:3n—6 0.5 0.4 0.5 0.4 04 0.05 0.245 0.879
C20:4n—6 15 14 15 15 15 0.20 0.337 0.488
SAT 41.0 40.6 40.6 41.2 40.1 0.44 0.950 0.074
MUFA 371 38.2 375 37.2 38.0 051 0.129 0.095
PUFA 21.8 21.2 21.9 21.5 218 0.22 0.095 0.286
Ul 81.2 81.1 81.7 80.6 82.2 0.74 0.847 0.179
Pork

C16:0 253 25.2 25.2 25.1 254 031 0.988 0.613
C16:1 39 3.6 3.7 3.7 3.8 0.06 0.102 0.346
C18:0 125 12.6 124 125 1255 0.12 0444 0.840
C18:1n—9 43.7 43.6 439 443 43.1 0.63 0.955 0.182
C18:In—7 43 5.4 4.2 42 5.0 0.54 0.392 0.299
C18:2n—6 54 5.0 5.6 53 5.4 0.34 0.540 0.939
C18:3n—3 0.2 0.2 0.2 0.2 0.2 0.05 0.618 0.919
C20:0 0.2 0.2 0.2 0.2 0.2 0.02 0.116 0.552
C20:1n—-9 0.8 0.9 0.8 0.8 0.8 0.02 0.155 0.930
C20:3n—6 0.1 0.1 0.1 0.1 0.1 0.03 0.141 0.969
C20:4n—6 1.1 0.9 1.1 1.0 1.0 0.08 0.460 0.893
SAT 399 39.9 39.8 39.7 40.0 0.40 0.971 0.639
MUFA 53.1 53.7 53.0 534 53.1 026 0.213 0.381
PUFA 7.0 6.4 7.2 6.8 6.9 0.46 0.537 0.930
Ul 69.6 68.5 69.9 69.4 69.2 0.11 0.720 0.909

SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; PUFA, total
polyunsaturated fatty acids; Ul, unsaturation index.
@ SEM = pooled standard error (n = 9)

extraction methodology and no interaction between them was detect-
ed. This supports the validity of any of these methodologies to obtain
a fatty acid profile.

In a second experiment three samples with different fat content
were selected from the previous experiment and identified as: low,
medium and high. Three replicas of each sample were analyzed by
three different homogenization procedures (Ball-mill, Grinder and
Mortar) and two extraction methods (Ball-mill and Vortex) in order to
compare the precision among them. Such comparison was carried out
in terms of coefficients of variation which are shown in Table 3. It can
be observed that Mortar is the methodology that leads to the highest
variability in the results in both turkey meat and pork (25.5 and 28.7%,
p = 0.010 and p = 0.045 respectively) and it was confirmed that the
values rise with increasing IMF content. This result could also be
attributable to the fact that Mortar does not allow a fine enough homog-
enization. In turkey breast, a meat with low IMF, no remarkable differ-
ences between Ball-mill and Grinder were observed. Nevertheless, in
pork, the homogenization with Grinder resulted to be the most
precise (lowest CV, 14.7%) and the Ball-mill method stands close to
this value (19.0%). These samples had a high amount of IMF and it
seems that the finer the grinding is, the easier the extraction results.
This can be probably attributed to the formation of a smaller grain size
powder when Grinder is used thus allowing a larger contact surface
with the solvent. As an extraction technique, Vortex showed a similar
behavior to Ball-mill.

Consequently, we propose the Grinder/Vortex procedure as an alter-
native to the Ball-mill/Ball-mill methodology developed by Segura and
Lopez-Bote (2014). In Fig. 1, regression between both procedures was
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Table 3

Coefficient of variation of a single representative sample from turkey or pig meat with low,
medium or high intramuscular fat content analyzed 3 consecutive times by one of the six
experimental protocols differing in the homogenization (Ball-mill, Grinder or Mortar) and
extraction (Ball-mill and Vortex) procedures’.

Turkey Pork

Fat content

Low 18.8 28.1

Medium 21.0 19.2

High 193 16.7
Homogenization method

Ball-mill 17.2° 19.0%

Grinder 16.4° 14.7°

Mortar 25.5% 28.7°
Extraction method

Ball-mill 193 21.1

Vortex 20.1 20.5
SEM? 0.89 1.81
p Value

Fat 0.696 0.161

Hom 0.010 0.045

Ext 0.728 0.805

Fatx Hom 0.558 0.139

Homs Ext 0.829 0.656

Fats Ext 0.364 0.654

Fat« Hom = Ext 0.966 0.958

1 Different letters within the same column indicates difference between methods.
2 SEM = pooled standard error (n = 9).

shown. It can be observed that the response was linear throughout the
whole range of IMF content in all cases. It thus (R? = 0.94, p < 0.0001
and slope line close to 1 in both cases) supports the validity of the
Grinder/Vortex method as an alternative to the Ball-mill/Ball-mill one.

a) Turkey meat.

% IMF, Grinder/Vortex
W

Y Grinder/Vortex = (1.02 £ 0.04) Xpait-mityatt-min + (0.04 +0.12)
R2=0.94, P <0.0001.

0 1 2 3 4 5 6
% IMF, Ball-mill/Ball-Mill
b) Pork.
14
12
g
5 10
2
Z 8
=
S 6
=
Z 4
g Yairinder Vortex = (1.07 £ 0.05) Xpaiimity/Batt-min - (0.27 £ 0.32)
<, R2=0.94, P < 0.0001.
0
0 2 4 6 8 10 12 14

% IMF, Ball-mill/Ball-mill

Fig. 1. Regression equations and coefficient of determination (R?) between values of
intramuscular fat (% IMF) of turkey meat and pork, obtained by Ball-mill homogenization
and extraction methods (Ball-mill/Ball-mill) as proposed by Segura and Lopez-Bote
(2014) or by grinder homogenization followed by vortex extraction (Grinder/Vortex).

11C

The amount of sample and solvent used is not discussed because it
has been maintained equal in all methodologies.

4. Conclusions

The objective of this study was to optimize the analytical procedure
using common inexpensive laboratory equipment to quantify IMF. It
has been shown that extraction with Vortex is achievable with little
extra consumed analytical time.

In samples with high IMF amount (pork), the three homogenization
methodologies (Ball-mill, Grinder or Mortar) offered similar results, but
when turkey samples were considered (low amount of fat), Mortar re-
sults were different from the other procedures. Variability in the results
was highest for Mortar extraction, but Grinder and Ball-mill showed
similar values.

Therefore, Grinder/Vortex is proposed as an inexpensive alternative
to Ball-mill/Ball-mill methodology. All methodology combinations
showed no significant differences in FA profile.
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4.3 CAPITULO 3: Comparison of analytical techniques for the determination
of the positional distribution of fatty acids in triacylglycerols — relationship

with pig fat melting point and hardness.

Los resultados del presente capitulo se recogen en el siguiente articulo:

Comparison of analytical techniques for the determination of the positional distribution of fatty

acids in triacylglycerols - relationship with pig fat melting point and hardness.
J. Segura, N. Ruiz-Lopez, D. Menoyo, M.I. Cambero, C.J. Lopez-Bote.
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SUMMARY: This study was conducted to compare two of the most widely used methods for the determina-
tion of the positional distribution of fatty acids within the triacylglycerol molecules from fats of animal origin.
Method A involves incubation of the triacylglycerol fraction with an aqueous suspension of the lipase enzyme,
separation of the reaction products by thin-layer chromatography (TLC), and analysis of fatty acid methyl
esters by gas-liquid chromatography. Method B eliminates the need for TLC. This technique makes use of the
fact that methanolic-NaOH methylates only fatty acids esterified to glycerol. Our results demonstrated that
method A data were in line with previous literature. Additionally, method A showed good correlations between
fatty acid positional distribution and fat melting point and hardness. However, method B showed an underesti-
mation of palmitic acid and lacked correlation with selected physical properties.
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RESUMEN: Comparacion de técnicas analiticas usadas para la determinacion de la distribucion posicional de
dcidos grasos en los triacilglicéridos. Relacion con el punto de fusion y la dureza de la grasa de cerdo. Este estudio
se realizo con el objetivo de comparar los dos métodos mas cominmente utilizados en la determinacién de la
distribucion posicional de acidos grasos en las moléculas de triacilglicéridos de grasas de origen animal. El
método A consiste en la incubacion de los triacilglicéridos en una suspension acuosa de la enzima lipasa, la
separacion de los productos por cromatografia de capa fina (TLC), y el posterior analisis de los ésteres metilicos
de 4cidos grasos de cada fraccion mediante cromatografia gas-liquido. El método B elimina la separacion por
TLC. Este método se basa en que la metilacion basica (NaOH) unicamente metila los acidos grasos esterificados
al glicerol. Cuando analizamos grasa subcutanea de cerdo, nuestros resultados demuestran que los datos obteni-
dos con el método A estuvieron en concordancia con resultados publicados anteriormente. Ademas el método
A mostro una buena correlacion entre la distribucion de los acidos grasos y el punto de fusion y dureza de las
grasas analizadas. Sin embargo, el método B condujo a una subestimacion del acido palmitico y a resultados
carentes de correlacion con las propiedades fisicas citadas.
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1. INTRODUCTION

Triacylglycerols (TAGs) consist of a glycerol back-
bone to which three fatty acids (FAs) are esterified.
The positions are numbered by a stereo-chemical
numbering system: sn-1-, sn-2- and sn-3 (Figure 1).
It is well known that natural TAGs exist in the form
of a large number of distinct molecular species. The
possible number of dlfferent TAGs (including enan-
tiomers) in a mixture is 7°, where n is the number of
different FAs. Even cons1der1ng a fat containing a
limited number of FAs (low n); there would be a very
large amount of different TAG molecules to analyze.

Quantitatively, the TAG fraction constitutes
the most important lipid component in meat and
meat products. Other minor fat constituents include
phospholipids, free fatty acids, sterols (including
cholesterol) and fat-soluble vitamins. Under normal
circumstances, the human digestive system is able to
digest TAGs and to absorb them with high efficiency
(more than 95%). It has been proven that dietary FA
composition and stereo-specific positioning of these
FAs in TAG molecules are important factors in
FA digestion and absorption (Mu and Hoy, 2004).
Besides that, the distribution of FAs within the
TAG molecules also affects the physical properties
of the adipose tissue. This fact has many technologi-
cal implications in the processing of meats which are
closely linked to the quality features of final prod-
ucts (Smith et al., 1998). Recent studies have shown
that the position of the FAs within the TAG mol-
ecule might affect the incidence of illnesses such as
obesity, diabetes or hypertension (Ponnampalam
et al., 2011; Gouk et al., 2013) in humans. Hunter
(2001) reviewed how the stereo-specific structure of
dietary TAGs may affect human lipid metabolism

which implies their involvement in the progress of
different cardiovascular diseases.

Although FA positional distribution is a topic of
interest in fats from animal origin, little information
exists on interventional studies aimed to alter this
distribution. Moreover, marked differences due to
diverse analytical methodologies exist, leading to
erratic scientific information on this topic.

Several methods are used for TAG analysis.
They can be divided into four categories: enzymatic
hydrolysis, chemical, spectroscopic and spectromet-
ric methods. The enzymatic approaches use lipases
which specifically hydrolyze esterified FAs from the
sn-1and sn-3 positions of the TAG glycerol backbone
(Figure 1) and are followed by the determination of
the FA profile of the residual 2-monoacylglycerol
(2-MAG) fraction and/or other resulting fractions
like free fatty acids. The chemical method involves
partial deacylation of the TAGs with a Grignard
reagent (Becker et al., 1993). Nuclear Magnetic
Resonance (NMR) is the basic spectroscopic way to
regiospecifically characterizes FAs (Redden et al.,
1996) and HPLC coupled with mass spectrometry
(Kuksis and Itabashi, 2005) is the fourth approach
to determine the position of FAs into the TAG
backbone. Every one of these four methods offers
some advantages and disadvantages. The enzymatic
methods are time consuming and they only inform
about the FA profiles at the sn-2 and sn-1,3 posi-
tions, making it impossible to distinguish between
TAG enantiomeric forms. However, the stereochem-
ical distribution of fatty acids in triacylglycerols
has been described by calculating the asymmetric
o. coefficient from the sn-2 fatty acid, and triacyl-
glycerol composition of the oil (Martinez-Force
et al., 2004). This coefficient reflects the relative

l// """"" \ |CHZOOCR1 T)HZOOCFR1
|
1 1 1 2
CHZOOCR (sn-1) Enzymaticl CHZOH 1: |CHOOCR ICHOH CH200CR1
| lipolysis | | , HOOCRY  H.oH CH,00CR?
CHOOCR? (8N-2) mmmm—p | CHOOCRZ + |+ 2 + Ve + CHOOCR?
| [ HOOCR? I P
CH,00CR? (sn-3) I CH,0H : |CH20H |CH2000R CH,00CR?
: | CHOOCR2  CHOH
1 1 I I
! | CH,00CR®  CH,00CR?
| |
TAGs \ sn-2 MAGs FFAs /l sn-1,2&2,3 DAGs sn-1,3 DAGs Remaining
\____1 _____ A (partial lipolysis) I TAGs
Most abundant products of Isomerization
TAG lipolysis
FIGURE 1. Schematic representation of TAG enzymatic lipolysis and its reaction products.

TAG positions are defined by a ‘stereo-specific numbering’ (sn) system as sn-1, sn-2 and sn-3 where R', R’, and R’ represent saturated
or unsaturated hydrocarbon chains. When TAGs are incubated with a specific llpase and an appropriate buffer fatty acids are hydrolyzed
from the primary positions leaving 2-monoacylglycerol molecules, which can be isolated for the determination of its fatty acid
composition. Additionally, sn-1,2 and sn-2,3 diacylglycerols resulting from partial TAG lipolysis are also generated.

These molecules could be isomerized with the generation of sn-1,3 diacylglycerols. Abbreviations: DAGs,
diacylglycerols;, FFA, free fatty acids, M AGs, monoacylglycerols;, TAGs, triacylglycerols.
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content of fatty acids at the sn-1 and sn-3 positions.
The compositions of positions sn-1 and sn-3 were
initially obtained by complex “stercospecific” pro-
cedures with many steps involving degradation, syn-
thesis, enzymatic hydrolysis and chromatographic
separation of the products (Brockerhoff, 1965).
This o coefficient reflects the relative content of
fatty acids at the sn-1 and sn-3 positions. Nowadays,
this task has been improved by the development of
methods involving chiral chromatography (Christie,
1992). On the other hand, enzymatic methods are
relatively simple and non-expensive; additionally
they do not need any special equipment. For these
reasons the enzymatic methods are regularly used
for the study of the positional distribution of FAs
in TAG molecules.

Two enzymatic procedures are extensively used
for TAG molecule studies. One of the methods uses
the lipase treatment followed by thin-layer chroma-
tography (TLC) separation of the reaction products
and by acid methylation of the 2-MAG fraction
(Luddy et al., 1964). The second method is faster
and easier to use as it eliminates the separation
of the fractions by the TLC used in the standard
technique.

This second method makes use of two different
methylation procedures. After lipase reaction, it is
possible to determine the free fatty acids by com-
paring the FA contents of the two methylation reac-
tions (Williams et al., 1995). The objective of the
present study is to compare these two procedures
when analyzing pig fat samples.

2. MATERIALS AND METHODS
2.1. Materials

All solvents were purchased from Scharlab
(Barcelona, Spain) and used as received. All other
reagents were purchased by Sigma-Aldrich (Madrid,
Spain) including: Tris/HCI buffer, lipase from por-
cine pancreas (Type II, 100-500 units/mg protein),
lipase from Rhizopus arrhizus (lyophilized powder,
>300 units/mg solid), primuline, silica gel TLC plates
and sodium deoxycholate.

2.2. Experimental design

Pigs (Landrace X Large White (25% Pietrain))
were randomly selected at 80 kg body weight for
the experiment. The pigs were fed a commercial diet
containing 2.41 Mcal-kg™' Net Energy, 162 g Crude
Protein, 37 g-kg™' Crude Ash. The source of dietary
fat was lard (3.2%). The dietary fatty acid compo-
sition was 0.97% palmitic acid, 0.43% stearic acid,
1.64% oleic and and 0.95% linoleic acid. The calcu-
lated dietary FA composition was 0.97% (palmitic
acid), 0.43% (stearic acid), 1.64% (oleic acid) and
0.95% (linoleic acid). Pigs were fed the commercial

diet ad libitum for 32 days and then slaughtered
at 110 (£2.98) kg of body weight. The right thigh
from each pig was obtained by cutting (24 h after
slaughter) and processed in a traditional manner for
approximately 12 months to produce a dry-cured
ham (Santos ez al., 2008), which were subsequently
deboned. The subcutaneous fat at the level of the
biceps femoris muscle was carefully taken from each
dry-ham. The SF samples were stored at 4 °C until
analysis. Samples were analyzed in the 1st week of
storage.

2.3. Triacylglycerol purification

The total lipids of the subcutaneous fat were
extracted following Segura and Lépez-Bote (2014)
and Segura et al. (2015) protocols. The TAG frac-
tion was purified (as Sayanova et al., 2012) by TLC
using silica gel plates (0.25 mm thickness) that were
developed using hexane: ethyl ether: acetic acid
(75:25:1 by volume). The TLC plates were sprayed
with a 0.05% solution of primuline in acetone: water
(80:20 by volume) to identify the position of the
TAG fraction on the plates. The TAG fraction was
scraped off the plates and eluted from silica with
hexane: ethyl ether (95:5 by volume).

2.4. Positional analysis of FAs in TAGs-Method A

A positional analysis of purified TAGs was per-
formed as previously described by Luddy et al.
(1964) and adapted by Mancha and Vazquez (1970).
Samples containing 10 mg TAGs were dried under
nitrogen and re-suspended in 1 mL of 1 mM Tris/HCI
(pH 8.0). Samples were sonicated for 60 sec to ensure
complete emulsification of the lipid. Then 0.1 mL
of 22% CaCl, and 0.25 mL of 0.1% deoxycolate
were added. The samples were warmed at 40 °C for
30 sec. Fat hydrolysis started after the addition of
2 mg pancreatic lipase (Sigma-Aldrich). The sam-
ples were vortexed for 1-2 min. The reaction was
stopped when approximately 60% of the TAGs were
hydrolyzed by adding 0.5 mL of 6 N HCI (to prevent
diacylglycerol isomerization). The total lipids were
extracted three times with 1.5 mL diethyl ether,
evaporated at 40 °C under nitrogen, and separated
into lipid classes by TLC as above. The spots cor-
responding to 2-MAG and remaining TAGs were
scraped off the plate and directly transmethylated
for GC-FID analysis. The validity of the proce-
dure was confirmed by comparing the FA composi-
tion of the intact TAG sample and those remaining
after the partial hydrolysis (Martinez-Force et al.,
2009). The mean composition of FAs in the sn-1,3
positions was calculated using the composition of
an aliquot of the initial TAGs and the formula:

Mean sn-1,3 % = [(3%X% FAs in TAGs)
- (% FAs in 2-MAG)]/2.
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Fatty acid methyl esters (FAMEs) were obtained
from isolated lipids by heating the samples at 80 °C for
1 hin 3 mL of methanol: toluene: H,SO, (88:10:2 by
volume) as in Garcés and Mancha, 1993. After cool-
ing, I mL of hexane was added and the samples were
mixed. FAMESs were recovered from the upper phase.
FAMEs were separated and quantified using a gas
chromatograph (Agilent, HP 6890 Series GC System)
equipped with a flame ionization detector. Separation
was performed with a J&W GC Column, HP-Innowax
Polyethylene Glycol (30 mx0.316 mmX0.25 pm).
Nitrogen was used as a carrier gas. After injection
at 170 °C, the oven temperature was raised to
210°C at a rate 3.5 °C'min ", then to 250 °C at a
rate of 7 °C'min "' and held constant for 1 minute. The
flame ionization was held at 250 °C. The split ratio
was 1:40. FAME peaks were identified by comparing
their retention times with those of authentic stan-
dards (Sigma-Aldrich, Madrid, Spain).

2.5. Positional analysis of FAs in TAGs -Method B

Extracted TAGs were digested with Rhizopus
arrhizus lipase (Sigma-Aldrich, Spain) following the
protocol of Williams et al. (1995), as modified by
Smith et al. (1998). Lipids (2 p.LL) were added to 1 mL
of buffer containing I mg-mL™" Triton X-100, 0.05 M
borate, 0.04 M Tris (pH 7.2). Samples were sonicated
for 60 s to ensure a complete emulsification of the
lipids. Onehalf of the suspension was transferred to
a clean tube. Two hundred units of R. arrhizus lipase
were added to the tube. The remaining portion of
the suspension was analyzed without digestion. Both
sets of tubes were incubated at 37 °C for 60 min. The
reaction was terminated with 0.5 mL of 1 N acetic
acid and 3 mL of chloroform:methanol (2:1 by
volume). The lipids were extracted three times with
chloroform:methanol and evaporated under N,. The
complete digestion of TAGs was confirmed by TLC.

Lipase hydrolysis products were trans-methylated
by incubating with 1 mL of 0.1 M NaOH in methanol
for 30 min at 65 °C. After cooling, 1 mL of hexane
was added and the samples were mixed. FAMEs were
recovered from the upper phase, separated and quan-
tified by GC as shown in 2.3 (see above). The NaOH/
methanol methylation procedure does not methylate
non-esterified FAs. Therefore, the fatty acid composi-
tions of the lipase-digested (recognized as FAs in sn-2
position) and undigested (FAs in total lipids) fractions
were used to calculate the average composition of the
FAs in the sn-1,3 positions (Smith et al., 1998):

Average sn-1,3 % =(3X% FAs in total lipids)
—(2%x% FAs in sn-2 position)

2.6. Determination of melting Point
Triplicate subcutaneous fat samples were inde-

pendently collected from each dry-cured ham.
Samples were melted at 80 °C and 1 cm was drawn

into capillary tubes while still warm. The capillary
tubes containing the samples were stored at 4 °C
overnight and then placed vertically in a chilled
water bath. The temperature v was gradually increased
in the water bath (2 °C'min”"). The temperature at
which the lipid began to move up the capillary tube
was recorded (ISO 6321-2002).

2.7. Texture profile analysis

A texture profile analysis (TPA) was performed
using a TA.XT2i SMS Stable Micro Systems Texture
Analyzer (Stable Microsystems Ltd., Surrey, England)
with the Texture Expert programmes. Textural tests
of dry-cured ham subcutaneous fat were carried out
in quadruplicate at about 22 °C. Briefly, four cylin-
ders of 1.5 cm high and 1 cm wide were prepared
from every sample. A slice of 1.5 cm of subcutane-
ous fat from the Biceps femoris level was cut and the
cylinders were made using a stainless steel cutting
cylindrical device made for that porpous. A dou-
ble compression cycle test was performed with up to
50% compression of the original portion height using
an aluminium cylinder probe of 2 cm in diameter.
A time of 5 seconds was allowed to elapse between
the two compression cycles. Force-time deformation
curves were obtained with a 25 kg load cell applied
at a cross-head speed of 2 mm-s . Hardness (N),
measured as the maximum force requlred to com-
press the sample, was quantified (Bourne, 1978).

2.8. Statistical analysis.

Response data were evaluated using the General
Linear Model (GLM) of SAS version 9.2 (SAS Inst.
Inc., Cary, NC, 2009). The Pearson linear correlation
matrix was carried out with the Proc Corr Pearson
procedure contained in SAS.

3. RESULTS AND DISCUSSION

The firmness of the fatty tissue in pork meat is
one of the most important criteria of meat qual-
ity (Enser, 1983). The composition in saturated
FAs principally dictates the melting point of a
fat (firmness), with a highly saturated fat having
a higher melting point (firmer) than an unsatu-
rated fat. In this study, subcutaneous fat samples
had and average slip point value of 29.9 (Table 1).
This value is in agreement with previous records
published in the Codex Alimentarius (1999) and
Silva et al. (2009). Additionally, the hardness of
these samples varied between 14.2 and 40.2 N,
which is within the range of the values described
by Herrero et al. (2007) in fermented sausages and
Herrero et al. (2008) in cooked meat sausages, all
of them high-fat meat products. Table 2 shows the
average, standard deviation and range of main
FAs in the TAG fraction from those samples, as
well as the values for the sum of all saturated
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TABLE 1. Mean, standard deviation (SD) and range of
melting point and hardness of dry-cured ham subcutaneous fat

Mean SD Range
Slip point® (°C) 29.9 1.3 27.8-32.5
Hardness” (N) 229 6.8 14.2-40.2

“Data obtained from twenty ham samples analyzed in triplicate.
Data obtained from four ham samples analyzed in quadruplicate.

fatty acids (SFA), monounsaturated fatty acids
(MUFA) and polyunsaturated fatty acids (PUFA).
There were no remarkable differences between the

subcutaneous TAG fractions which were to be eval-
uated using method A or B.

There is not a general agreement on the rec-
ommended methodology to assess the positional
distribution of FAs within the TAGs in fats from
animal origin (Smith ez al., 1998; Perona and Ruiz-
Gutierrez, 2004). In table 2, the positional distribu-
tions of major FAs within TAG fractions are shown
as obtained by the two different analytical methods
under evaluation. Both methods start by the lipase
digestion of the TAGs using lipases which are spe-
cific for the primary ester bond of acylglycerols
(sn-1,3 specific). As a result, lipase hydrolysis mainly

TABLE 2. Fatty acid (2:100g™") composition' of intact triacylglycerides from the subcutaneous
fat of dry-cured hams and TAG sn-2 and sn-1,3 fatty acid compositions
obtained from the two analytical methods under evaluation

Method A Method B
MeantSD Range MeantSD Range P value
TAGs
16:0 249+1.2 23.3-27.7 254+1.9 23.6-30.0 ns
16:1 2.610.3 1.8-3.1 2.2+0.2 1.8-2.6 ns
18:0 13.8%£2.0 10.5-20.3 13.8+3.5 11.1-19.3 ns
18:17-9 48.912.5 42.8-53.8 46.11£2.6 37.7-49.0 *
18:2n-6 5.5£1.8 2.7-8.5 7.6x1.6 7.0-10.9 *
Others 4.410.6 2.74.9 5.0£0.3 4.3-5.7 ns
SFA 40.8£3.0 37.0-50.0 41.0£3.2 34.1-50.0 ns
MUFA 53.4+2.7 47.1-58.5 50.7+2.8 41.2-54.2 *
PUFA 5.9%1.9 2.9-9.0 7.2£1.9 8.1-11.8 *
sn-2 position
16:0 43.216.2 31.0-52.9 22.8%2.1 16.6-25.5 HkE
16:1 3.1+0.4 24-38 3.310.3 2.6-39 ns
18:0 7.7+1.1 5.8-10.7 8.6£1.0 7.1-10.8 ok
18:17-9 31.8+4.6 24.5-42.2 47.5%2.1 42.0-50.8 ok
18:2n-6 3.9+1.1 2.2-5.7 11.8+2.2 8.6-16.0 ok
Others 10.413.4 6.2-16.2 6.1£0.5 5.2-7.5 ok
SFA 57.1£5.9 42.4-65.4 33.5+%2.9 25.5-38.2 ok
MUFA 36.0+4.8 28.3-47.6 52.1+2.2 46.2-55.1 ok
PUFA 6.8+1.7 4.9-10.0 14.4+2.5 10.9-19.4 ok
sn-1,3 positions
16:0 15.4£3.0 9.6-20.0 30.5+5.2 22.8-41.0 ok
16:1 2.2+0.4 1.2-2.9 0.3+x0.4 0.1-1.4 ok
18:0 16.412.9 12.6-25.7 27.1£5.9 12.0-37.7 ok
18:17-9 55.8+4.5 47.7-66.1 37.3+8.2 18.3-55.3 Rl
18:2n-6 6.2+2.2 2.7-9.7 52124 0.3-10.5 ns
Others 4.1£0.9 1.6-4.9 1.7£0.5 0.3-2.5 Rl
SFA 33.4+5.2 24.5-45.3 56.2+10.0 30.1-75.0 ok
MUFA 60.4+4.9 51.4-70.4 39.0+8.6 20.5-58.9 HkE
PUFA 6.312.2 2.8-9.8 5.312.6 1.3-10.9 ns

*P<0.05, ***P<0.005.

'Each value is the mean + SD from three independent experiments.

Abbreviations: MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids SFA, saturated

fatty acids; SD, standard deviation.
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produces free fatty acids and 2-MAGs. Method A
is based on the TLC separation of the hydrolysis
products, followed by the acid trans-methylation
of 2-MAG and initial TAG fractions. As TAG
hydrolysis may not be completely random and as
there may be some contamination from FAs liber-
ated from position sn-2 following acyl migration to
positions sn-1,3 (see isomerization in Figure 1), the
free fatty acid released after lipase hydrolysis may
be somewhat different from the composition origi-
nally present in the primary positions (sn-1,3) of the
TAGs. Thus, the mean composition of each fatty
acid in positions sn-1 and sn-3 was calculated from
its proportion in the intact TAG and in position
sn-2, using the relationship previously described by
Luddy et al. (1964) (see Materials and Methods 2.3).

Method B is simpler and quicker than method A.
This method is easier to use as it eliminates the
TLC used in method A and it can be performed
on smaller samples using less lipase. This method
also starts by using a lipase that de-esterifies FAs
from the sn-1,3 position. However, method B makes
use of the fact that methanolic-NaOH methylates
only FAs that are esterified to the glycerol backbone
and converts free fatty acids to aqueously soluble
sodium salts. After lipase treatment the difference
between the fatty acid composition of the two meth-
ylation reactions (intact and lipase treated samples)
is a quantitative measure of the fatty acids released
by the enzyme. Therefore, the fatty acid composition
of the lipase-digested and undigested (total) frac-
tions are used to calculate the average composition
of FAs at the sn-1,3 TAG positions as described by
Smith et al. (1998) (see Materials and Methods 2.4).

These two analytical methods (A and B) were
applied on TAG fractions obtained from dry-cured
ham subcutaneous fat (Table 2). Surprisingly, the
fatty acid distributions obtained by both methods
were significantly different. The fatty acid profile
obtained with method A showed that palmitic acid
(16:0) is mainly located in the sn-2 position of TAGs
(43.2% of total FAs in sn-2 versus 15.4% of total
FAs in sn-1,3), while a different saturated fatty acid,
stearic acid (18:0), is mainly esterified at the exter-
nal positions (sn-1,3) of the TAGs, as well as oleic
acid (18:1n-9) and linoleic acid (18:21-6). Similar
distribution has been reported earlier in a variety
of pig tissues. Fatty acids are not randomly esteri-
fied to the glycerol hydroxyl groups in animal fats.
In the adipose tissue of pigs and in human milk the
sn-2-position of TAGs is mostly occupied by SFA,
mainly palmitic acid (Christie and Moore, 1970;
Innis and Nelson, 2013). Furthermore, this prefer-
ence for the sn-2 position is used for species differ-
entiation (Mottram et al., 2001; Szabo et al., 2007).
However, results obtained when using method B
were completely different. Method B indicated
that oleic acid is the major fatty acid at the sn-2
position in pork TAGs (average 47.5%) and more

importantly, it showed that palmitic acid is prefer-
entially esterified to positions sn-1,3. Similar results
were obtained by King et al. (2004) who used the
same methodology of analysis (Method B). Method
B underestimates the concentration of palmitic
acid in sn-2, which obviously affects the rest of the
fatty acid evaluation. Method B essentially relies
on two facts (1) that, the lipase digestion is ideal,
and only a mixture of 2-MAGs and free fatty acids
are obtained after lipolysis and (2) that a basic
trans-methylation would lead to the correspondent
FAME:s of exclusively the fatty acid components
of the 2-MAGs. Although we have not completely
elucidated the reasons for such underestimation, a
likely explanation is that this method does not take
into account the minority fractions resulting from
the partial lipolysis (sn-1,2 DAGs and sn-2,3 DAGs)
of the products from the sn-1,3 DAG isomerization
and intact TAGs (non hydrolyzed) when FAs are
methylated and mistakenly accounted for as fatty
acids from 2-MAGs. It is likely that either under
lipase digestion or under basic trans-methylation
conditions, the translocation of FAs from sn-2 to
external positions could be facilitated, as earlier
described by Mattson and Volpenhein (1961). This
translocation would diminish the concentration of
palmitic acid in the sn-2 position of TAGs which
ultimately would underestimate the real value of the
whole FAs occurrence in the internal (sn-2) position.

As a further step, we aimed to optimize a method
for predicting the melting point of a pig fat. Wood
et al. (1978) attributed the content in stearic acid as
the best predictor of melting point and Lea et al.
(1970) considered the relationship between MUFA
and SFA the best index. In general, higher pro-
portions of stearic acid and lower proportions of
linoleic acid led to a harder fat. Hugo and Roodt
(2007) reviewed the significance of porcine fat qual-
ity and reported that both linoleic acid and palmitic
acid are important in terms of firmness. Lopez-Bote
et al. (2002) found that an increase in dietary SFA
entailed a rise in fat firmness. Isabel ez al. (2003) and
Hallenstvedt e al. (2012) revealed that changes in
dietary fat, specifically in PUFA, MUFA and SFA
levels, had a direct effect on shoulder fat firmness.
Smith et al. (1998) and King et al. (2004) analyzed
the effect caused by changes in dietary fat on the
positional distribution of FAs in TAGs and they
related some of such observed changes with varia-
tions in adipose tissue melting points. They reported
that palmitic acid and stearic acid accumulated in
sn-1,3 positions increased the slip and melting points
in bovine adipose tissue.

In Table 3, a Person matrix linear correlation of
melting point and hardness against the main FAs
resulted from both methods is shown. The results
indicate that the fatty acid profiles of TAGs were
not high-quality indicators of fat melting point or
hardness, and that the content in palmitic acid was
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TABLE 3.

Pearson’s linear correlation coefficients for
melting point and hardness values against fatty acid
compositions from both analytical methods in
dry-cured ham subcutaneous fat

Melting point Hardness
Method A Method B Method A Method B
TAGs
16:0 0.453 0.617** 0.584* 0.461
16:1 —-0.131 0.219 —-0.378 0.476*
18:0 0.338 0.341 0.690** 0.388*
18:12-9 -0.225 0.180 —0.490* 0.148
18:2n-6  —0.088 —-0.296 —0.532* —0.470%*
SFA 0.329 0.008 0.708%** 0.280
MUFA -0.297 0.199 —0.451* 0.172
PUFA  —0.090 —-0.309 —0.545%* —0.489%*
sn-2 position
16:0 —0.445% 0.226 —-0.070 0.000
16:1 —0.145 —0.003 —0.510* 0.153
18:0 0.114 0.480 —-0.099 -0.109
18:17-9 0.587**%  0.013 0.137 0.460*
18:2n-6 0.212 —0.356* —-0.262 —-0.362
SFA —0.517* 0.336 —0.101 —0.046
MUFA 0.565*%*  0.014 0.143 0.463*
PUFA 0.185 —0.401 —0.065 —-0.353
sn-1,3 position
16:0 0.582%%  (.492%* 0.356 0.183
16:1 —-0.085 0.012 —-0.182 0.407
18:0 0.311 —-0.162 0.715%* 0.012
18:1#n-9 —0.505* 0.164 —-0.470 —-0.104
18:2n-6 —0.162 0.064 —0.586* —0.042
SFA 0.564*  —0.186 0.632%* 0.103
MUFA —0.527* 0.184 —0.435 —-0.078
PUFA  —-0.162 —0.043 —0.596* —-0.233

*P<0.05, **P<0.005.
Abbreviations: MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids SFA, saturated fatty acids.

the best indicator for fat melting point and stearic
acid was the best indicator for hardness.

The examination of both methods by them-
selves, with no more variability sources other than
the intrinsic biological variation of the samples,
was able to establish similar relationships between
melting point and hardness and main FAs to those
already reported by recently cited authors. Method
A led to correlations between the fat melting point
and oleic acid, total MUFA, internal TAG (sn-2)

position contents, or the palmitic acid content at the
external positions. However, Method B results only
showed one positive and significant correlation: the
palmitic acid content at the sn-1,3 position and the
fat melting point. Regarding hardness, it seems that
the sn-2 fatty acids in TAGs are not good indica-
tors (for both methods). However, stearic and total
SFA contents in the sn-1,3 TAG positions showed a
positive correlation with hardness when TAGs were
analyzed by method A but not when method B was
used. In fact, none of the contents of FAs in TAGs
from internal or external positions analyzed by
method B showed any significant correlation with
hardness values.

From our point of view, it is clear that method B
underestimates the proportion of palmitic acid in
the sn-2 position of TAGs from pork fat samples.
For that reason, it was not possible to get any high-
quality correlation of the fatty acids with the fat
melting point or hardness when this method was
used.

4. CONCLUSIONS

After the comparison of two commonly used
methods for the determination of the positional
distribution of fatty acids within triacylglycerols
obtained from subcutaneous fat samples it was
found that method A (based in TLC followed by
acid trans-methylation of 2-monoacylglycerol prod-
ucts of a previous lipase digestion and of intact
triacylglycerols) led to results which are in line
with the most recent findings in the literature.
Additionally, this method’s results showed positive
correlations between the positional distribution of
FA and the physical properties of subcutaneous
fat. Method B was founded on the fact that a basic
trans-methylation would only methylate fatty acids
esterified to glycerol molecules, and this method
led to entirely different results which were lacking
correlation with selected physical fat properties.
We concluded that these inexact results were likely
due to an underestimation of sn-2 palmitic acid
concentration by method B.
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4.4 CAPITULO 4: Effect of fatty acid composition and positional distribution
within the triglyceride on selected physical properties of dry-cured ham

subcutaneous fat.

Los resultados del presente capitulo se recogen en el siguiente articulo:

Effect of fatty acid composition and positional distribution within the triglyceride on selected

physical properties of dry-cured ham subcutaneous fat.

J. Segura, R. Escudero, M.D. Romero de Avila, M.I. Cambero, C.J. Loépez-Bote.
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Analysis of fatty acid (FA) positional distribution within the triglyceride (TG) and selected physical properties of
dry-cured ham subcutaneous fat (SF) were carried out. The slip point (SP) of the SF was related to the concentra-
tion and positional distribution of FA. When C16:0 was in Sn-2, the SP depended on the FA present in Sn-1,3.
Hardness was related to the FA concentration in external positions of TG. A significant direct linear correlation
between hardness against C18:0, SFA and average chain length (ACL) and inverse against C18:1, C18:2 and
PUFA and unsaturation index (UI) in external positions was found. Adhesiveness was related to SFA, C16:0,
C18:0, C18:1, MUFA, Ul and ACL exclusively in Sn-2 position. A different role of FA in Sn-2 and Sn-1,3 positions
on SP and texture properties of fat was found.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Variation in technological properties of meat largely depends on the
productive conditions of pig (including genetics and feeding) and
processes of muscle conversion into meat (Candek-Potokar & Skrlep,
2011) and it is an important drawback in the commercial setting.

Lipids markedly affect the quality of dry-cured hams and other meat
products not only because of their importance in oxidation and flavor
development (Soto et al,, 2010) but also because the physical character-
istics of fat affect technological properties (Houben & Krol, 1983; Hugo
& Roodt, 2007) and final acceptability (Fernandez, Mourot, Lebret,
Gilbert, & Monin, 2000). Lean swine genotypes are prone to produce
soft, oily and floppy fat (Wood, 1984) with dramatic undesirable
consequences in salting, flavor development and consistency of dry-
cured meat products (Gandemer, 2002; Isabel et al., 2003; Maw,
Fowler, Hamilton, & Petchey, 2003). High linoleic acid (C18:2 n—6)
and low saturated fatty acid (SFA) concentration have been associated
to low consistency, oiliness and soft texture (Bosi & Russo, 2004).
Therefore, a number of feeding practices are implemented in different
consortium rules aimed to the production of quality meat products,
which emphasizes the importance of maintenance of C18:2n—6 and
SFA within certain limits in pig tissues (Candek-Potokar & Skrlep, 2011).

* Corresponding author. Tel.: +34 913943745; fax: 434 913943743.
E-mail address: icambero@vet.ucm.es (M.l Cambero).
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On the other hand, physical properties of adipose tissue are also
affected by positional distribution of fatty acids (FA) within the triacyl-
glycerol (TG) structure, those FA in the external position of the molecule
(Sn-1 and Sn-3) having a higher effect on consistency and melting point
(Smith, Yang, Larsen, & Tume, 1998). Moreover, evidence exists that
dietary treatment may alter the proportion of FA in external (Sn-1 and
Sn-3) and internal (Sn-2) position of the TG (King, Behrends,
Jenschke, Rhoades, & Smith, 2004).

The aim of this study was to establish a relationship between the
main FA and TG structure with physical and textural properties of
subcutaneous fat in dry-cured hams.

2. Materials and methods
2.1. Experiment design

The experiment was conducted using 10 castrated barrows and 10
gilts (Landrace x Large White (25% Pietrain)), randomly selected at
80 kg body weight. Pigs were fed a commercial diet containing 2.41
Mcal/kg net energy and 162 g/kg crude protein. The source of dietary
fat was lard (added 3.2%), rapeseed meal (8%) and soybean meal
(10.7%). The calculated dietary fatty acid composition as 100 g fed was
0.97% (palmitic acid), 0.43% (stearic acid), 1.64% (oleic acid) and 0.95%
(linoleic acid). Pigs had free access to diets. At 110 (£2.98) kg of body
weight, the pigs were slaughtered. The right thigh from each pig was
obtained at cutting (24 h after slaughter) and processed in a traditional
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manner for approximately 12 months to produce a dry-cured ham
(Santos, De la Hoz, Cambero, Cabeza, & Ordéfiez, 2008), which were
subsequently deboned. The subcutaneous fat (SF) at level of biceps
femoris muscle was carefully taken from each dry-ham. The SF samples
were stored at 4 °C until use.

2.2. Triacylglyceride purification

The total lipids of SF were extracted (Segura & Lopez-Bote, 2014)
and the TG were purified by thin-layer chromatography (TLC) on silica
gel plates (0.25 mm thickness) that were developed with hexane/
ethyl ether/acetic acid (75:25:1 by volume). To detect the position of
the TG, the TLC plates were sprayed with primuline acetone/water
(80:20 by volume) 0.05% solution. TG fractions were scraped off the
plates and eluted from silica with hexane/ethyl ether (95:5 by volume).
In each case, the samples of purified TG were analyzed both by GC and
lipase hydrolysis.

2.3. Lipase hydrolysis

For the positional analysis of TG Sn-2 fatty acids, 10 mg of purified
TG was hydrolyzed with 2 mg of pancreatic lipase in 1 ml of 1 M Tris—
HCl buffer (pH 8), 0.1 ml CaCl, (22%), and 0.25 ml deoxycholate
(0.1%) . The reaction was stopped when approximately 60% of the TGs
were hydrolyzed (1-2 min) by adding 0.5 ml of 6 N HCl. The lipids
were extracted three times with 1.5-ml aliquots of ethyl ether, and the
reaction products were separated by TLC (see above). Free fatty acids
and Sn-2-monoacylglycerol bands representing the positions Sn-1,3
and Sn-2 of TG were scraped off the plate and transmethylated (see
below).

The validity of the procedure was confirmed by comparing the fatty
acid composition of the original TG and those remaining after the partial
hydrolysis.

2.4. Lipid analysis

Fatty acid methyl esters (FAME) were obtained from isolated lipids
by heating the samples at 80 °C for 1 h in 3 ml of methanol/toluene/
H,S0, (88:10:2 by volume) (Garcés & Mancha, 1993). After cooling,
1 ml of hexane was added and the samples were mixed. The fatty acid
methyl esters were recovered from the upper phase, separated and
quantified using a gas chromatograph (HP 6890 Series GC System)
equipped with a flame ionization detector. Separation was
performed with a J&W GC Column, HP-Innowax Polyethylene Glycol
(30 m x 0.316 mm x 0.25 um). Nitrogen was used as a carrier gas.
After injection at 170 °C, the oven temperature was raised to 210 °C at
a rate of 3.5 °C/min, then to 250 °C at a rate of 7 °C/min and held
constant for 1 min. The flame ionization was held at 250 °C. The split
ratio was 1:40. FAME peaks were identified by comparing their
retention times with those of authentic standards (Sigma-Aldrich,
Alcobendas, Spain).

Unsaturation index (UI) was calculated as follows: 1 (%
monoenoics) + 2 (% dienoics) + 3 (% trienoics) + 4 (% tetraenoics) + 5
5 (% pentaenoics) + 6 (% hexaenoics).

Average chain length (ACL) was calculated as 3 (n x (% fatty
acid),) / 100, n = number of atoms of carbon.

2.5. Slip point

The lipids (extracted as mentioned in Section 2.2) were drawn 1 cm
into capillary tubes while still warm. Triplicate capillary tubes were
collected for each sample. The samples in the capillary tubes were
stored at 4 °C overnight and then placed vertically in a chilled water
bath. The temperature was increased gradually in the water bath (1-2
°C/min), and the temperature was recorded at the moment when the
lipid began to move up the capillary tube (ISO 6321-2002). 124

2.6. Moisture and water activity (a,,)

Moisture was determined by drying the sample at 110 °C to a
constant weight and the results were expressed as a percentage
(AOAC, 2006). Water activity (a,) was measured using a Decagon CX1
hygrometer (Decagon Devices Inc., Pullman, WA, USA) at 25 °C.

2.7. Texture profile analysis (TPA)

The texture analysis was performed according to previous works
(Herrero et al.,, 2007). TPA was performed using a TA.XT2i SMS Stable
Micro Systems Texture Analyzer (Stable Microsystems Ltd., Surrey,
England) with Texture Exponet programmes. Textural tests were
carried out at about 22 °C. The TPA was assayed in cylinders (1 cm
high by 1.5 cm wide). The following parameters were quantified
(Bourne, 1978; Herrero et al., 2007): hardness (N), maximum force
required to compress the sample; springiness (m), ability of the sample
to recover its original form after deforming force was removed; adhe-
siveness (N x s), area under the abscissa after the first compression;
cohesiveness, extent to which the sample could be deformed prior to
rupture; gumminess (N), force to disintegrate a semisolid meat sample
for swallowing (hardness x cohesiveness); and chewiness (J), work
required to masticate the sample before swallowing (hardness x
cohesiveness x springiness).

2.8. Statistical analysis

The results of physicochemical analysis, FA concentration and TPA
data were presented as the mean values of the samples from 20 dry-
cured hams, standard deviation and range. Chemical and TPA analyses
were carried out in triplicate. The simple and multiple linear regressions
were performed to determine the relationships between data obtained
by TPA, physico-chemical analysis, slip point and lipid analysis.
These analyses were carried out with the PROC REG procedure
contained in SAS. Surface models were obtained by a regression
analysis to estimate the response function as is shown below: Y =
Bo + P1X1 + PaXa + B11X2 + PaaX3 + R12Xq X2, where Y is the estimat-
ed parameter value, g is a constant and 1, B2, B11, P22 and 1, are the
coefficients estimated from regression. They represent the linear,
quadratic and cross-product effects of X; and X, on the response. The
coefficient of determination (R?) was the parameter considered to ob-
tain a regression model. Variables were selected in the multivariate
model using the backward elimination procedure, which is based on
the start of the multiple regression using all of the predictors, then
multiple regressions were performed with each X variable removed in
turn. The X variable whose removal causes the smallest decrease in R?
is eliminated. This process continues until removal of any X variable
would cause a significant decrease in R? (Chatterjee & Hadi, 2006).
The significance of the equation parameters for each response variable
was assessed by the F-test.

3. Results and discussion
3.1. Moisture, a,, and fatty acid analysis

As it was expected, the moisture values (Table 1) varied between 2.2
and 6.7 g/100 g since TGs are the major component present in adipose
tissue forming up to 95% of its weight. The average a,, value of SF was
0.80 (Table 1) which was similar to those detected by other authors
(Romero de Avila, Escudero, Ordéfiez, & Cambero, 2014) in adipose
tissue of dry cured ham.

Since there were no changes in the diet, the variability shown in the
data was caused by differences between the animals themselves.
Table 1 also shows the mean, standard deviation and range of main
fatty acids, total saturated (SFA), monounsaturated (MUFA) and poly-
unsaturated fatty acids (PUFA), unsaturation index (UI) and average
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Table 1

Mean, standard deviation (S.D.) and range of slip point, a,,, moisture, texture parameters,
fatty acid concentration (g/100 g), fatty acid group and their positional distribution for
subcutaneous fat of dry-cured ham.

Mean S.D. Range
Slip point (°C) 29.93 1.27 [27.80, 32.50]
aw 0.80 0.04 [0.73,0.88]
Moisture (g/100 g) 430 1.29 [2.2,6.73]
Hardness (N) 22.90 6.82 [14.16, 40.19]
Adhesiveness (N x s) —0.16 0.05 [—0.31, —0.06]
Springiness (x10~3) (m) 2.85 0.54 [2.00, 3.75]
Cohesiveness 0.28 0.06 [0.12,0.42]
Gumminess (N) 6.33 322 [2.46, 15.80]
Chewiness (x1072) (J) 1.87 0.99 [0.70,3.99]
TOTAL
C16:0 24.94 1.18 [23.26, 27.67]
C16:1 2.55 0.33 [1.84,3.14]
C18:0 13.76 2.01 [10.53,20.31]
C18:1 48.88 2.55 [42.76, 53.83]
C18:2n—6 5.51 1.80 [2.69, 8.53]
SFA 40.78 2.99 [36.9, 50]
MUFA 5341 271 [47.12, 58.53]
PUFA 5.89 1.91 [2.88,9.04]
Ul 0.66 0.04 [0.53,0.72]
ACL 9.30 042 [8.49, 10.32]
Sn-2
C16:0 4236 7.02 [26.79, 52.87]
C16:1 3.06 042 [2.39,3.82]
C18:0 7.65 1.13 [5.83,10.74]
C18:1 31.81 4.62 [24.45, 42.15]
C18:2n—6 3.88 1.09 [2.15,5.73]
SFA 57.12 5.90 [42.4, 65.38]
MUFA 36.04 4.84 [28.33,47.61]
PUFA 6.85 1.69 [4.95,9.99]
ul 0.56 0.09 [0.45, 0.77]
ACL 11.87 0.65 [10.56, 12.86]
Sn-1,3
C16:0 15.73 3.29 [9.56, 22.21]
C16:1 223 0.44 [1.23,2.91]
C18:0 16.35 2.88 [12.61, 25.72]
c18:1 55.78 451 [47.71,66.07]
C18:2n—6 6.16 2.20 [2.66, 9.69]
SFA 3343 521 [24.53, 45.27]
MUFA 60.36 4.89 [51.37,70.35]
PUFA 6.32 2.18 [2.82,9.83]
ul 0.73 0.06 [0.58, 0.84]
ACL 833 0.71 [6.72,9.69]

SFA (saturated fatty acids), MUFA (monounsaturated fatty acids), PUFA (polyunsaturated
fatty acids), Ul (unsaturation index), ACL (average chain length). TOTAL (in the whole
triglyceride; comprising all positions), Sn-2 (in 2-position of triglyceride), and Sn-1,3
(average of 1 and 3-positions of triglyceride).

chain length (ACL) in the whole TG (TOTAL; comprising all positions), in
2-position (Sn-2) and the average of 1 and 3-positions (Sn-1,3) of TG of
SF in order to establish the composition and global structure of TG and
working interval considered. It can be observed that palmitic acid
(C16:0) was located mainly in the Sn-2 position, while stearic acid
(C18:0) esterified the external positions (Sn-1,3) of the TG. Mono
(mainly oleic acid (C18:1)) and polyunsaturated fatty acids (mainly
C18:2n—6) were also located preferentially at the Sn-1,3 positions. It
is also noticeable that C18:2n—6 showed preference for external
position within the TG. Similar results were reported in various pig
tissues (Christie & Moore, 1970), human milk and substitutes (Christie
& Clapperton, 1982) and plasma and milk of rat and rabbit (Christie,
1985). As is known, FA are not esterified at random to the glycerol
hydroxyl groups in animals. In pigs and human milk, as opposed to
most species, the 2-position in the adipose tissue TG is occupied by a
saturated fatty acid, mainly C16:0 (Christie & Moore, 1970).

3.2. Slip point analysis

The consistency of fat is often estimated as the slip point. Enser
(1983) considered consistency as one of the most important criteria of
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fat quality and indicated that slip point (SP) could indicate this property
of the back fat. The fat tissue used in this research showed an average SP
value of 29.93 (range of 27.80 to 32.50). This result is in agreement with
the results published by several authors (Silva, Cotting, Poltronieri,
Balcao, & Gioielli, 2009) and in Codex Alimentarius (1999), which
describes a large range of temperatures (28 to 40 °C).

The C18:0 content (Wood et al., 1978) and relationship between
MUFA and SFA (Lea, Swoboda, & Gatherum, 1970) have been consid-
ered as the best predictor of the SP. In general, a higher proportion of
C18:0 and a lower proportion of C18:2n — 6 acids led to a harder fat
(Lea et al., 1970). As can be observed in Table 2 and Fig. 1, not only
the FA itself, but also its positional distribution in TG played an impor-
tant role in SP. It can be observed for C18:0 a significant correlation
between the SP and TG structure with opposite signs for each position
(Table 2). C18:0 and total SFA showed a direct contribution when they
are located in external positions but C16:0 and C18:0 produced a
decrease in SP when located in Sn-2 (Table 2). Total MUFA concentra-
tion in Sn-2 also showed a direct contribution to SP while ACL in Sn-2
and Ul in Sn-1,3 were inversely proportional to SP.

When multicolinearity between the predictor variables and/or a
significant lack of fit of the first-order model (R? with P> 0.05) was
detected, second-order response surface was used to evaluate the SP
behavior. This technique allowed an easy view of how SP changes
with the positional distribution of FA within the triglyceride.

The surface representation and respective regression equations
were shown in Fig. 1. In this figure only the cases with significant
(P <0.05) coefficients of determination are recorded.

In general, it was observed that the slip point values of the SF were
affected by the concentration and positional distribution of FA within
TG. As it has been mentioned, C16:0 is the main component of Sn-2
position (Table 1). In this case, the behavior of the SP is apparently
dependent of the FA present in Sn-1,3 (Fig. 1. a, b, ¢). Maximum SP
could be observed in fat with a high concentration of TG with C16:0 in
both positions of TG (Fig. 1. b) and/or when C18:0 is in the external po-
sition (Fig. 1. ¢). The decrease of the SP could be produced by an increase
of the presence of C18:1 in the external position (Fig. 1. a). It could be
verified that C18:0 in the Sn-2 position did not conduct to any signifi-
cant model, in fact, it has been mentioned that it is not a main FA in
this position (Christie & Moore, 1970) so its importance was related to
the Sn-1,3 positions.

In Fig. 1. d and e, the possible combinations with C18:1 in the Sn-2
position were shown. It could be observed (Fig. 1. d) that higher SP
value can be related to the presence of C18:1 in both positions. Never-
theless, no effect of C18:1 concentration in Sn-2 was observed at low
concentrations of C18:1 in Sn-1,3 (Fig. 1. d). This relationship was
inverse when C18:1 was replaced by C18:0 in the external positions
(Fig. 1. e). Moreover, the model (not shown) with C18:2n—6 in the
external position, although significant (P < 0.05), only had an adjusted
R? of 0.35.

Models of combinations with C18:2n — 6 in the Sn-2 position, did
not explain more than 30% of the variation (model not shown) with
the exception of the one with C16:0 in Sn-1,3 which led to an adjusted
R? of 0.61 (P < 0.05). Nevertheless, this model only confirmed the
independence of SP of C18:2n— 6 in Sn-2 as the variation is provided
by C16:0 in Sn-1,3 (Fig. 1. f).

These results emphasize the importance of the FA location to predict
SP values. The results obtained were in agreement with Smith et al.
(1998) who reported in bovine adipose tissue that C16:0 and C18:0
accumulated in the Sn-1,3 positions increased the slip and melting
points. In our work range, the results were coincident but, as it has
been shown, it is not accurate to simplify the SP behavior to only one
FA concentration and it is necessary to consider the FA positional distri-
bution. A possible explanation could be that when SFA are located in the
Sn-1,3 positions, van der Waals forces between methylene carbons are
maximized (folds and turns in unsaturated fatty acid structures hinder
these hydrophobic interactions), therefore, a more organized structure
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Table 2
Simple and multiple linear regression analysis of the slip point, hardness or adhesiveness
value versus fatty acid concentration (g/100 g) in Sn-2 or Sn-1,3 positions of the

triglyceride.

Dependent R? SE Independent Regression tvalue Pvalue
variable variable coefficient
Slip point 0.57"**  2.38 Constant 37.99 15.95 0.0001
0 0.03 C16:0,Sn-2 —0.18  —5.66 0.0001
0.18 C18:0,Sn-2 —049  —274 0.0131
0.06 C18:0,5n-1,3 0.22 3.75 0.0014
044™ 393 Constant 45.11 11.47 0.0001
0.36 ACL, Sn-2 —0.88  —242 0.0249
3.64 UL Sn-13 —645  —1.77 0.0912
032" 145 Constant 2535  306.32 0.0001
. 0.04 SFA,Sn-1,3 0.14 10.17 0.0042
031" 170 Constant 2458  208.89 0.0001
0.05 MUFA, Sn-2 0.15 10.03  0.0045
Hardness 062" 7.80 Constant 8.51 1.09 0.2896
(N) 0.37 C18:0,5n-1,3 1.28 350 0.0026
048 C18:2n-6,5n-13 —1.14  —2.35 0.0303
053" 1328 Constant 66.04 497 0.0001
023 C18:1,5n-1,3 —058  —249 0.0230
049 C18:2n—6, —175 —3.53 0.0024
) Sn-1,3
056" 885 Constant 1241 140 0.1778
021 SFA, Sn-13 0.56 2.67 00156
0.52 PUFA, Sn-1,3 —134  —258 0.0190
050" 13.15 Constant 68.64 522 0.0001
021 MUFA, Sn-1,3 —056  —267 00155
0.48 PUFA, Sn-1,3 —190  —3.95 0.0009
050" 11.84 Constant 76.31 644 0.0001
16.18 UL Sn-1,3 —7325  —453 0.0002
020" 1572 Constant —1138  —0.72 04781
1.88 ACL Sn-1,3 412 219 0.0415
Adhesiveness ~ 0.54™* 13,66 Constant —8353  —6.12 0.0001
(1072) (N - 5) 0.18 C16:0, Sn-2 0.92 5.16 0.0001
0.84 C18:0,Sn-2 2.88 342 0.0031
0.79 C18:2n—6,Sn-2 1.49 1.88 0.0760
035" 7.65 Constant —583  —0.76 0.4548
027 C18:1,5n-2 —101  —3.74 0.0014
1.03 C18:2n—6, Sn-2 2.30 223 0.0382
. 0.36 C18:0,5n-1,3 0.79 221 0.0393
020" 1036 Constant —4153  —4.01 0.0006
0.18 SFA, Sn-2 0.45 250 0.0206
023" 7.79 Constant 3.81 049 0.6300
0.22 MUFA, Sn-2 —054  —252 0.0199
0.20" 6.64 Constant 0.20 0.03 0.9759
1194 Ul Sn-2 —2886  —242 0.0248
0.18*  19.96 Constant —5878  —294 0.0077
1.67 ACL, Sn-2 3.62 2.16 0.0423

SE = standard error of the estimate; R? = coefficient of determination. P-Value for R? was
determined using F-test.
SFA (saturated fatty acids), MUFA (monounsaturated fatty acids), PUFA (polyunsaturated
fatty acids), Ul (unsaturation index), ACL (average chain length). Sn-2 (in 2-position of
triglyceride), Sn-1,3 (average of 1 and 3-positions of triglyceride), TOTAL (in whole
triglyceride; comprising all positions).
* P<0.05.

** p<0.001.

K P<0,001.

is reached. These forces are diminished with a slight increase in the
distance between acyl chains so the presence of cis double bounds
increase the occupied volume by the FA, thus increasing the distance
between a FA and its neighboring acyl chain and decreasing the associ-
ation (Brenner, 1984; Cook, 1991). Interestingly, C18:2n — 6 and total
PUFA were not directly correlated to SP but, an increase in Ul in external
positions implied a decrease in SP values (Table 2). The more unsaturat-
ed the FA, the less it is able to rotate around its carbon-carbon bonds
and, consequently, the more it influences acyl packing (Brenner, 1984;
Cook, 1991). PUFA contain in their structure more folds or turns that
further hamper the intermolecular associations mentioned above.
Besides, it was found that SP tended to increase when the external posi-
tions were occupied by longer FA and tended to decrease if they were
located in Sn-2 which is also related with the degree of packaging of
TG in fat tissue. Longer FA have less freedom of movement than shorter
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ones, thus intermolecular van der Waals association is more effective
(Brenner, 1984; Cook, 1991).

3.3. TPA parameters

The results of TPA showed that hardness varied between 14.16 and
40.19 N and adhesiveness between —0.31 and —0.06 Ns. The means
of springiness, cohesiveness, gumminess and chewiness were
2.85-1073m, 0.28,6.33 N and 1.87 - 10~2 ] respectively (Table 1). In
general, the estimated texture parameters of SF are within the range
of values described by Herrero et al. (2007) in fermented sausages and
Herrero et al. (2008) in cooked meat sausages, all of them high-fat
meat products.

Springiness and adhesiveness showed a negative correlation
(P<0.05 R? = —0.586 and R? = —0.50, respectively) to a,, while
cohesiveness showed a positive one (R?> = 0.40, P < 0.05). This correla-
tion was also observed by Herrero et al., 2007 in fermented sausages, a
meat product with high-fat content.

Table 2 shows the simple and multiple linear analyses with signifi-
cant coefficients of determination (R?) corresponding to the effect of
the FA in different positions of the TGs in the texture parameters. It
was revealed that hardness was the texture property with a major
correlation with fatty acids and TG structure (Table 2). Hugo and
Roodt (2007) reviewed the significance of porcine fat quality and
reported that C18:2n—6 and C16:0 were important in firmness terms.
Lépez-Bote, Isabel, and Daza (2002) found that an increase in dietary
SFA entailed a rising in fat firmness and Hallenstvedt, Kjos, Overland,
and Thomassen (2012) revealed that changes in dietary fat, specifically
in PUFA, MUFA and SFA levels, had a direct effect in shoulder fat firm-
ness. In the present work, the results (Table 2) obtained also showed
that C18:1 and C18:2n—6 were associated to hardness (directly related
with firmness).

As it was expected, the hardness of SF was related to the TG structure
because, being adipose tissue composed by more than 95% of TGs, their
level of packaging affected its behavior when compressive force was
applied (Tables 2). Unlike SP, which seems to have dependence with
the relationship of concentrations in each position, hardness is more
correlated to total FA and mainly with the FA concentration in Sn-1,3
(Table 2). Concurrently with SP, total SFA, Ul and ACL located in Sn-
1,3 showed the same effect on hardness. Simple linear regression
analysis also showed that the coefficients of determination (R?)
between UI (R?> = 0.50, P < 0.0001) and ACL (R?> = 0.20, P < 0.05) in
Sn-1,3 positions and hardness were significant (Table 2).

The statistical significance (R> = 0.62, p < 0.001) of the multiple
linear regression when C18:0 and C18:2n—6 in Sn-1,3 positions were
related to hardness indicated that the positional distribution of FA
plays an important role in the textural behavior of SF (Table 2). Regres-
sion equation of hardness against C18:1 and C18:2n—6, in Sn-1,3 also
showed a significant correlation (R? = 0.53, P < 0.001). TGs with C
18:0 in the external position increased the hardness value while an
unsaturated acid (C18:1 or C18:2n—6) produced a decrease. Hugo
and Roodt (2007), Lépez-Bote et al. (2002) or Hallenstvedt et al.
(2012) have already shown a dependence of fat hardness and consis-
tency with FA. This behavior seemed to be focused in the Sn-1,3
positions of the TG molecule.

Adhesiveness seemed to be related to total SFA, C16:0, C18:0, C18:1,
total MUFA, Ul and ACL exclusively in the Sn-2 position. The higher
concentration of SFA or C18:2n—6 in the Sn-2 position, the higher adhe-
siveness of adipose tissue was observed. Casutt, Scheeder, Escher, Dufey,
and Kreuze (1999) in bovine kidney fat and Nishioka and Irie (2005) in
chilled porcine fat found similar results without considering the
position in the TGs.

Differences in the relationship of hardness and adhesiveness with
the composition of FA are undoubtedly linked to the behavior of the
TGs, depending on the FA positional distribution, to the application of
compressive forces. Hardness is referred to the required strength to
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Fig. 1. Response surface plot showing the relationship between fatty acid concentration (g/100 g) in Sn-2 or Sn-1,3 positions of triglyceride and slip point (°C) for subcutaneous fat of dry-
cured ham. R? = determination coefficient; R?* = adjusted determination coefficient; Y = slip point (°C); A = C16:0 concentration (%) in Sn-2; B = fatty acid concentration (%) in Sn-1,3;
C = (18:1 concentration (%) in Sn-2; D = C18:2n—6 concentration (%) in Sn-2; Sn-2 (2-position of triglyceride); and Sn-1,3 (average of 1 and 3-position of triglyceride).

compress food between molars or between tongue and palate, while
adhesiveness represents the necessary work to unstick the sample
from a surface (palate) (Civille & Szcesniak, 1976). In case of hardness,
the structural component or packaging properties of the TG must play
the most important role to predict its value, thus FA in external positions
of the TG are the most correlated with it. Nevertheless, for adhesiveness,
the correlation was formed with FA in the Sn-2 position, suggesting the
importance of the FA position within the TG. Future research should
confirm this finding.

No remarkable effect of FA was observed either in springiness and
cohesiveness or in gumminess or chewiness. Serra, Ruiz-Ramirez,
Arnau, and Gou (2005) also observed this behavior in biceps femoris
muscle samples.

4. Conclusions

Dependence exists between the fat physical properties and the
structure of triglyceride. While C18:0 is preferentially located in the
Sn-1,3, C16:0 is located predominantly in the Sn-2 position. C18:1 and
(C18:2n—6 preferentially occupy the Sn-1,3 positions. The slip point of
the subcutaneous fat is related to the concentration and positional
distribution of fatty acids within the TG. When C16:0 is in Sn-2, the
behavior of the slip point depends on the fatty present in Sn-1,3. An in-
crease of the slip point is possible if C16:0 or C18:0 are located in Sn-1,3

and a decrease when C18:1. A positive correlation between hardness
and C16:0, C18:0, SFA and ACLin the Sn-1,3 positions exist. The opposite
for C18:2n—6 and total PUFA was found. Adhesiveness is related to fatty
acids in the Sn-2 position, directly with C16:0, SFA and ACL and inverse
with C18:1, MUFA and UL

The results obtained allow us to conclude that the rheological behav-
iors of subcutaneous fat depend on the positional distribution of fatty
acids within the triglyceride molecule, therefore, the achievement of a
method to modify the fatty acid positional distribution could be an
interesting way to modify the physical properties of fat.
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4.5 CAPITULO 5: Effect of sex, dietary glycerol or dietary fat during late
fattening on fatty acid composition and positional distribution of fatty acids

withing the triglyceride in pigs.

Los resultados del presente capitulo se recogen en el siguiente articulo:

Effect of sex, dietary glycerol or dietary fat during late fattening on fatty acid composition and

positional distribution of fatty acids within the triglyceride in pigs.

J. Segura, ML.I. Cambero, C.J. Lopez-Bote.

Que se encuentra en correccion en la revista: Animal (2015)






Effect of sex, dietary glycerol or dietary fat during late fattening on fatty acid
composition and positional distribution of fatty acids within the triglyceride in pigs

J. Segura’”’, M.I. Cambero23, and C.J. L6pez-Bote'3

7 Departamento de Produccion Animal, Universidad Complutense de Madrid, 28040 Madrid, Spain, ? Departamento de Nutricion
¥ Bromatologia, Universidad Complutense de Madrid, 28040 Madrid, Spain; ¢ CEl Campus Moncloa, UCM-UPM, 28040 Madrid,
Spain.

The effect of sex, source of saturated fat (lard vs palm oil) and glycerol inclusion in the fattening diet on
composition and fatty acid distribution within the ftriglyceride was studied in pigs from 78 to 110 kg body weight.
Average daily gain and carcass characteristics, including ham and loin weight, were not affected by dietary
treatment. A marked effect of sex was observed on backfat depth (P < 0.01). An inferaction sex x glycerol was
observed; dietary glycerol increased lean content in gilts, but had no effect in barrows (P < 0.05 for the interaction).
Individual and fotal saturated fatty acid (SFA) concentrations were greater in barrows than in gilts. In contrast, the
concentration of fotal polyunsaturated fatty acids (PUFA), C18:2n-6, C18:3n-3, C20:3n-9 and C20:4n-6 in the
inframuscular fat (IMF) was higher (P < 0.05) in gilts than in barrows. Sex, however, did not affect fotal
monounsaturated fatty acids (MUFA) concentration in the IMF. In the subcutaneous fat (SF), barrows had a higher
proportion of SFA than gilts (P < 0.001). The individual SFA concentration were affected by sex only for C14.:0 and
C16:0 (P < 0.001). Dietary fat did not affect total SFA, MUFA or PUFA of the IMF. Dietary fat did not affect the
subcutaneous concentration of SFA or PUFA but that of MUFA tended fo be higher (P = 0.079) in pigs fed lard.
Dietary glycerol increased total MUFA and C18.:1n-9 concentration in the IMF. Also, glycerol inclusion increased
total MUFA and decreased and C18:2n-6, C18:3n-3 total PUFA concentrations in the SF. The data indicate that the
potential for altering the fatty acid composition at the 2- position of the triglyceride molecule, by dietary intervention

aduring the fattening phase, is very limited.

Keywords: dietary fat, glycerol, intramuscular fat, pig, positional fatty acid distribution.

Implications. Introduction

The structure and composition of Control of fatty acid (FA) profile of pig
triacylglycerides is highly related to the quality of dry- tissues is a matter of interest in the production of
cured hams and other meat products. Besides, the meat aimed for the production of high quality meat
structure of triglyceride molecule is markedly related products (D’Arrigo et al., 2002; Candek-Potokar and
to the development of ilinesses as obesity, type 2 Skrlep, 2012). An important objective is to limit the
diabetes and hypertension. Information on concentration of linoleic acid (C18:2n-6) in pig fat to
mechanisms and metabolic control over these improve fat consistency, reduce the susceptibility to

E.mail: josesegu@ucm.es oxidation and development of undesirable flavor and

reduce the incidence of technological problems (such
variables could help to improve the quality of meat o i

as hampered water migration) (Lépez-Bote, 1998;

Lépez-Bote et al.,, 2002; Isabel et al., 2003). A

reduction in C18:2n-6 concentration is normally

products and the prevention of certain diseases.
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achieved through the incorporation of saturated fats
that
synthesis in fattening diets (Farnworth and Kramer,
1987; Wood et al., 2004; Duran-Montgeé et al. , 2008).

Among saturated fats, lard and palm oil are

or ingredients enhance endogenous fat

frequently used because of their low C18:2n-6
concentration together with a high concentration of
saturated and monounsaturated FA (De Blas et al.,
2010). Both fat sources have a similar saturated +
unsaturated FA to polyunsaturated FA ratio, although
palm oil had a higher proportion of C16:0 (45.6 vs.
24.5%) and lower of C18:1 (39.9 vs. 49.8%) than lard.
In addition, both fat sources differ markedly in the
location of individual FA within the triglyceride (TG)
molecule, something that usually, is not taken into
consideration by swine nutritionists. While in lard
most of the C16:0 present concentrates in the
internal Sn-2 position, palm oil locates it in the
external (Sn-1 and Sn-3) positions of the TG (Small,
1991; Innis, 2011). This information might be relevant
because the distribution of FA within the TG molecule
affects the physical properties of the adipose tissue
(Smith et al., 1998; Segura et al.,, 2014). Recent
studies have shown that the position of the FA within
the TG molecule might affect the incidence of
illnesses such as obesity, diabetes or hypertension
(Ponnampalam et al., 2011; Gouk et al., 2013).

Glycerol is a co-product of the bio-fuel
industry commonly used in swine nutrition. It has
been reported to affect pH, water holding capacity
and other quality characteristics of potential interest
in the production of dry-cured hams (Mourot et al.,
1994). Moreover, it enhances FA synthesis and thus,
reduces the concentration of C18:2n-6 in pig tissues

increasing fat firmness (Schieck et al., 2010).

This research aimed to study the effect of
diet on profile and positional distribution of FA within
the TG molecule of subcutaneous fat of pigs. Diets
containing glycerol (which enhances de novo FA

synthesis) and two fat sources (lard vs palm oil)
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differing in the FA distribution within the TG were
used in fattening gilts and barrows.

Material and methods
All the experimental procedures used in this
Ethics

Committee of Universidad Politécnica de Madrid, in

research were approved by the Animal

compliance with the Spanish guidelines for the care
and use of animals in research (Boletin Oficial del
Estado, 2007).

Husbandry, diets and experimental design

In total, 160 crossbred pigs (40.3+0.78 kg
BW) obtained from a commercial farm were used in
this experiment. The female line (Syra, Gene+, Erin,
France) used included blood from Large White,
Landrace and Duroc and the sire line was PIC L65
(PIC, Barcelona, Spain). Upon arrival at the
experimental farm, pigs were housed in groups of 10
(5 gilts and 5 barrows) in a naturally ventilated
finishing barn in 16 pen replicates (4 m x 3 m). All
pigs received a common pre-experimental diet
containing 20 g C18:2n-6/ kg diet for 38 days
(79.04£6.58 kg BW). Then, pigs received for 32 days
their respective experimental diets consisted in four
finishing diets with similar nutritive value but differed
in the fat source (palm oil or lard) and the
concentration of glycerol (0 vs 50g/kg). All diets in the
finishing period contained low concentration of
C18:2n-6 (10 g/kg). Diets were provided for ad libitum
consumption and were formulated according to De
Blas et al. (2013). The ingredient composition and the
calculated (De Blas ef al,, 2010) nutrient content of
the diets are shown in Table 1. Dietary FA distribution
within the TG molecule of the fat sources used is

shown in Table 2.



Table 1. Ingredient composition and calculated analysis1 of the experimental diets (g/kg diet as fed basis unless

otherwise indicated).

79 to 109 kg BW

Glycerol, 0% Glycerol, 5%
40 to 79 kg BW  Palm Qil Lard Palm Oil Lard
Ingredients
Barley 300 300 300 342 342
Wheat 322 303 303 200.5 200.5
Rye 120 150 150 150 150
Glycerol-85 - - - 50 50
Rapeseed meal (34%) 60 80 80 80 80
Soyabean meal (47%) 134 107 107 122 122
Soyabean oll 32 - - - -
Lard - - 32 - 32
Palm Oil - 32 - 32 -
Lysine (50%) 6 54 54 4.8 4.8
DL-Methionine 0.7 0.6 0.6 0.6 0.6
L-Threonine (99%) 1.1 1 1 0.9 0.9
Choline (60%) 0.2 0.2 0.2 0.2 0.2
Calcium carbonate 11.8 11.6 11.6 11.6 11.6
Monocalcium phosphate 1 - - - -
Sodium chloride 4 4 4 1.2 1.2
Formic acid, 75% activity 2 - - - -
Premix? 5.2 5.2 5.2 5.2 5.2
Calculated composition?2
Net energy (kcal/kg) 2410 2410 2410 2430 2430
Crude protein 163 162 162 162 162
Crude ash 38 37 37 40 40
C16:0 12.4 15.9 9.7 15.8 9.6
C18:0 5.4 1.7 4.3 1.7 4.3
C18:1 22.6 15.1 16.4 15.0 16.3
C18:2n-6 26.1 9.5 9.5 9.2 9.2

1Supplied per kg diet: 7,000 IU vitamin A (trans-retinyl acetate); 1,600 IU vitamin D3 (cholecalciferol); 20 1U vitamin E (all-rac-
tocopherol-acetate); 1.0 mg vitamin Ks (bisulphate menadione complex); 0.7 mg thiamine (thiamine-mononitrate); 3.0 mg
riboflavin; 9 mg of pantothenic acid (D-Ca pantothenate); 15 mg vitamin B3 (niacin); 150 mg choline (choline chloride); 1 mg
pyridoxine (pyridoxine HCI); 0.016 mg vitamin B12 (cobalamin); 16.5 copper (CuSO4-5H20); 75 mg iron (FeSO47H20); 40 mg
manganese (MnOz2); 110 mg zinc (Zn0O); 0.3 mg selenium Se (Na2SeOs); 0.8 mg iodine [Ca(IOz3)2] and 125 mg ethoxiquin. Phytase
(500 FTU; Natuphos 5,000, Basf Espafiola, Barcelona, Spain)

2 According to Fundacion Espafola Desarrollo Nutricion Animal (2010) (supplied per kg of diet).
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Table 2. Total (whole triglyceride), position 2 (Sn-2)
and position 1,3 (Sn-1,3) fatty acid composition of fat

sources used in this experiment.

Palm oil Lard
TOTAL!
C16:0 45.6 245
C18:0 4.7 13.2
C18:1n-9 39.9 49.8
C18:2n-6 9.8 12.5
Sn-21
C16:0 12.5 70.8
C18:0 2.9 9.3
C18:1n-9 65.6 16.5
C18:2n-6 19.0 34
Sn-1,32
C16:0 62.2 1.4
C18:0 5.7 15.2
C18:1n-9 27.0 66.5
C18:2n-6 5.1 171

1(g/100g of total present fatty acids).
2 (g/100g of total present fatty acids calculated as
Sn-1,3 = (3 x %Total — %Sn-2) / 2).

Growth performance

Individual BW per pen was recorded at the
beginning and at the end of the finishing period.
Excess of feed was removed from the feeders and
weighed and feed disappearance was determined.
Feed wastage was not measured. From these data
average daily gain (ADG), average daily feed intake
(ADFI) and feed conversion ratio (FCR) per pen were

calculated.

Carcass measurements and primal cuts yield

The day before slaughter, pigs were
weighed, fasted for 15 h and transported 300 km to a
commercial abattoir (Incarlopsa, Cuenca, Spain)
where they were allowed to rest for 4 h with full
access to water but not to feed. Pigs were stunned in
a 90% CO2 atmosphere and then slaughtered,
exsanguinated and scalded at 65 °C according to
standard commercial procedures. Lean percentage,

backfat depth and the weight and yield of fresh hams
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of four carcasses per pen chosen at random, were
measured using the Autofom classification system
SL.,
described by Busk ef al (1999). Then, carcasses

(Carometec Spain, Barcelona, Spain) as
were eviscerated and splitted down the center of the
spine. Hot carcass weight was individually recorded
and used to calculate carcass yield. Carcasses were
suspended in the air and refrigerated at 2 °C (1 m/s;
90% relative humidity) for 2 h. At 2 h post mortem,
the subcutaneous BF depth between the third and
fourth last ribs, including the skin, was measured at
the thinnest point in the left side of each carcass
using a flexible ruler with a precision of 0.5 mm.
Carcasses were processed according to standard
commercial procedures. Hams were kept in the
chilled room at 4 °C for 24 h and the weights of the
untrimmed hams and loins were recorded (chilled
weight). Then, hams were trimmed of external fat and
weighed again (trimmed weight). The trimming
consisted of eliminating part of the external fat and
skin to fit commercial requirements and was
performed by qualified personnel as described by
Serrano et al. (2009). Data on ham and loin weights
were used to calculate chilled and trimmed ham yield
and chilled loin yield. Because of the design of the
processing line of the slaughterhouse and the
method of carcass dissection, shoulder weights could
not be recorded.

After collection of carcass data, a 300 g
150 g of

subcutaneous fat (SF) were excised at the last rib.

sample of Longissimus dorsi and

The meat samples were stored in individual plastic
-20 °C until

subsequent meat analyses. The intramuscular fat

bags and vacuum packaged at

(IMF) was quantified as proposed by Segura and
Lépez-Bote (2014). The total lipids were extracted
from the subcutaneous outer backfat layer and the
triacylglycerol (TG) were purified by thin-layer
chromatography (TLC) on silica gel plates (0.25 mm
thickness) that were developed with hexane/ethyl
ether/acetic acid (75:25:1 by volume). To detect the
position of the TG, the TLC plates were sprayed with
primuline acetone/water (80:20 by volume) 0.05%

solution. TG fractions were scraped off the plates and



eluted from silica with hexane/diethyl ether (95:5 by
volume). In each case, the samples of purified TG
were analyzed by gas chromatography after lipase
hydrolysis. For the positional analysis of TG Sn-2
fatty acids, 10 mg of purified TG was hydrolyzed with
2 mg of pancreatic lipase in 1 ml of 1 M Tris—HCI
buffer (pH 8), 0.1 ml CaCl2 (22%), and 0.25 ml
deoxycholate (0.1%) . The reaction was stopped
when approximately 60% of the TG were hydrolyzed
(1-2 min) by adding 0.5 ml of 6 N HCI. The lipids were
extracted three times with 1.5-ml aliquots of ethyl
ether, and the reaction products were separated by
TLC FA Sn-2-
monoacylglycerol bands representing the positions

(see above). Free and
Sn-1,3 and Sn-2 of TG were scraped off the plate and
transmethylated. The validity of the procedure was
confirmed by comparing the FA composition of the
original TG and those remaining after the partial
hydrolysis (Perona and Ruiz-Gutiérrez, 2004).

Fatty acid methyl esters (FAME) were obtained from
isolated lipids by heating the samples at 80 °C for 1
h in 3 ml of methanol/toluene/H2SO4 (88:10:2 by
volume) (Garcés and Mancha, 1993). After cooling,
1 ml of hexane was added and the samples were
mixed. FAME were recovered from the upper phase,
separated and quantified using a gas chromatograph
(HP 6890 Series GC System) equipped with flame
ionization detector. Separation was performed with a
J&W GC Column, HP-Innowax Polyethylene Glycol
(30m x 0.316 mm x 0.25 m). Nitrogen was used as a
carrier gas. After injection at 170 °C, the oven
temperature was raised to 210 °C at a rate 3.5
°C/min, then to 250 °C at a rate of 7 °C/min and held
constant for 1 min. The flame ionization was held at
250 °C. The split ratio was 1:40. FAME peaks were
identified by comparing their retention times with
those of authentic standards (Sigma - Aldrich,

Alcobendas, Spain).

Statistical analyses

All data were analyzed as a completely
randomized design with dietary fat source, glycerol
as main effects and their

level and gender

interactions, by using the GLM procedure of SAS 9.2

135

(SAS Inst. Inc., NC, 2009). A factorial arrangement
was used for productive data (2 fat sources x 2
glycerol levels) and carcass and meat quality data (2
fat sources x 2 glycerol levels x 2 sexes). The
growth

performance traits (gilt and barrows together, n=4)

experimental unit was the pen for
and the individual pig for carcass and meat quality
traits (two pigs of each gender chosen at random

from each pen, n=8).

Results and discussion

As expected, ADG was not affected by
dietary treatment (Table 3) and no interaction
between fat and glycerol on growth performance was
detected. A number of experiments carried out in
recent years have demonstrated that glycerol
inclusion levels of 50
(Doppenberg and Van Der Aar, 2007), 80 (Zijlstra et

al., 2009) or 100 g/kg diet have not adverse effect on

in finishing diets at

productivity (Lammers et al, 2008; Zijlstra et al,
2009). The FCR increased with the inclusion of
glycerol (Table 3), which is also in agreement with
(1996)
observed that ADFI of pigs increased by 7.5% in all

previous research. Kijora and Kupsch
groups that received glycerol compared to the control
group, but no effect was observed in the finishing
period. Zijlstra et al. (2009) reported that the inclusion
of 80 g glycerol/kg diet as a wheat replacement,
increased ADFI and ADG, but had no effect on FCR.
Possible reasons for the higher intake of diets
the

improvement in feed structure of the diets and the

containing glycerol are the sweet taste,
lower than planned net energy content of the glycerol
containing diet.

The effect of fat source or glycerol inclusion
in the diet on carcass characteristics of pigs is shown
in Table 4. As expected, a marked effect of sex was
observed on backfat depth (Peinado ef al, 2008;
Latorre et al, 2009), but neither fat source nor
glycerol inclusion in the diet affected carcass
characteristics, pH or ham or loin weights (Table 4).
Previous results on the effect of dietary glycerol on
carcass fatness are controversial, probably due to

the differences reported on feed intake, which may



affect carcass fatness. Kijora et a/. (1995) reported
that dietary glycerol did not affect carcass leanness
but in a second experiment, Kijora ef al (1997)
reported a decrease in backfat thickness. On the
other hand, Zijlstra et a/. (2009) reported that glycerol
supplementation increased backfat depth. In the
current experiment, no effect of glycerol was found
on carcass fatness, but an interesting sex x glycerol
interaction was observed, in which dietary glycerol
increased lean content in gilts, but had no such effect
in barrows. More research on the different response
between sexes should be carried out to confirm this

effect and to determine if it is due to a specific effect

of sex or to different effectiveness of glycerol
according to the lean growth capacity of the pig.
Moreover, possible relationship of feed intake with
differential response according to sex could also be
involved.

Dietary treatment did not affect IMF content
in agreement with data of Kijora and Kupsch (1996)
who did not observed any effect of dietary glycerin on
meat quality. In contrast, Kijora ef al. (1997) reported
a slight increase in backfat and marbling. Zijlstra ef
al. (2009) reported that glycerol supplementation
increased backfat depth, but decreased loin marbling

and carcass leanness.

Table 3. Effect of dietary fat source (Fat) and glycerol (Gly) inclusion on growth performance of pigs during the last

32 days of fattening®.

Fat Gly SEM PValue?
Palm Lard 0% 5% (n=4)2 Fat Gly
Initial BW (kg) 78.90 79.00 79.60 78.40 0.32 0.940 0.472
Final BW (kg) 108.50 109.10 108.80 108.70 0.87 0.749 0.965
ADG (kg) 0.92 0.94 0.91 0.95 0.01 0.563 0.213
ADFI (kg) 2.87 2.83 2.73 2.98 0.04 0.650 0.026
FCR 3.1 3.01 2.98 3.14 0.04 0.247 0.085

BW = body weight, ADG = average daily gain, ADFI| = average daily feed intake, FCR = feed conversion ratio

2 Four pens per treatment of 10 pigs each. 3 No significant interaction Fat x Gly was detected.

Table 4. Effect of sex, dietary fat source (Fat) and glycerol (Gly) inclusion on carcass quality and meat composition.

Gly Fat Sex SEM PValue!

0% 5% Palm Lard Gilt  Barrrow (n=8) Sex Fat Gl

Carcass weight (kg) 90.00 89.70 89.20 90.60 88.10 91.00 1.36 0.011 0.175 0.9¢
Fat thickness (mm)

Last rib 25.00 2450 24.80 24.80 23.30 25.70 1.26 0.015 0.947 0.6¢

Gluteus medjus 16.20 16.70 16.50 16.30 15.10 17.30 1.10 0.010 0.973 0.5¢

Cascass lean (%)2 54.00 54.10 54.00 54.10 54.80 53.40 0.80 0.043 0.658 0.9:

pH 24 h 5.76 5.77 574 579 5.74 5.78 0.06 0.505 0.570 0.9

Fresh ham weight (kg) 14.30 14.10 14.10 14.30 13.90 14.40 0.19 0.001 0.299 0.3¢

Trimmed ham weight (kg) 13.00 12.90 12.90 13.00 12.70 13.10 0.16 0.001 0.386 0.6:

Loin weight (kg) 544 544 545 544 5.40 5.47 0.12 0.457 0.886 0.9:

1 Although otherwise stated, no significant interactions for main effects were detected (~> 0.05).

2 Interaction Sex x Gly (P = 0.055) was detected (mean values Gilt-5% Gly = 55.2, Gilt-0% Gly=54.3, Barrow-5%

Gly=53.1, Barrow-0% Gly=53.8)
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The effects of dietary treatment and sex on
FA composition of the intramuscular or subcutaneous
in Table 5 and 6
respectively. The FA profile of the IMF of the

outer backfat are shown
longissimus dorsi muscle was affected by sex, with
all the individual and total saturated fatty acid (SFA)
concentration being higher in barrows than in gilts (P
< 0.001). On the contrary, the concentration of total
PUFA, C18:2n-6, C18:3n-3, C20:3n-9 and C20:4n-6
in the IMF was higher in gilts than in barrows.
However, sex did not affect total MUFA
concentration. In the SF, a marked effect of sex on
total SFA was found with barrows showing also
higher values than gilts (P < 0.001). Individual SFA
concentrations were affected significantly by sex only
in the case of C14:0 and C16:0 (P < 0.001). As
reported for IMF, no effect of sex on total MUFA was
observed, but total PUFA (P = 0.099) and C18:2n-6
(P =0.077) concentration tended to be higher in gilts
than in barrows. Piedrafita et al. (2001) reported that
gender affected the proportion of FA, as gilts showed
a higher proportion of C18:2n-6 than barrows and
barrows had a lower proportion of unsaturated FA
than gilts. Also, Alonso et al. (2009) observed in
Semimembranous muscle that C18:2n-6, total n-6 FA
and total PUFA proportions were higher (P < 0.05) in
gilts than in barrows, although C16:0, C18:1n-9, total
SFA and
numerically lower (P > 0.05) in gilts. Barea et al.
(2013), Latorre et al. (2009) and Serrano et al. (2008)
that C16:0, C18:0 and SFA
concentrations in SF were higher and C18:2n-6 and

total MUFA proportions were only

observed total
total PUFA proportions were lower in barrows than in
gilts. Warnants et al. (1999) reported that barrows
had higher percentages of SFA, C14:0 and C16:0,
compared to gilts, with no differences in C18:1n-9
and total MUFA between sexes. Also Nuernberga et
al. (2005) observed that SF from gilts had lower total
SFA and higher total PUFA proportions than barrows.
Generally, fatter pigs receiving the same diet have
always lower essential FA concentration (C18:2n-6
and C18:3n-3) and higher proportion of C18:1n-9 in
their tissues. Concurrently, the final explanation

about sex differences lies in the fact that barrows
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intake is higher and therefore endogenous FA
synthesis is also higher.

No effects of dietary fat on intramuscular
total SFA, MUFA or PUFA were observed. In
agreement with these results, no effect of dietary fat
was observed on subcutaneous SFA or PUFA, but a
0.079) for higher total MUFA
concentration was observed in pigs fed diets

tendency (P =

containing lard (Table 6).

Dietary glycerol tended to increase total
MUFA and C18:1n-9 in IMF, in agreement with most
published data. A tendency to lower total PUFA (P =
0.087) and C18:2n-6 (P = 0.062) concentration was
also observed in pigs fed diets containing glycerol
(Table 5). Similarly, glycerol increased total MUFA (P
= 0.013) and decreased PUFA (P =0.001) in SF
(Table 6). The concentration of C18:2n-6 and
C18:3n-3 was markedly affected by dietary glycerol
in SF (P <0.001). Mourot ef al. (1994) observed that
dietary glycerol increased C18:1n-9 and reduced
C18:2n-6 in backfat and the Semimembranosus
muscle in pigs. Kijora ef al. (1997) did not observe
any significant effect of glycerol on the SFA profile of
the backfat, but reported a moderate increase in
C18:1n-9, accompanied by a decrease in C18:2n-6
and C18:3n-3 concentrations, thus reducing the
PUFA to MUFA ratio in this tissue. No significant
interactions between main effects were detected.

Schieck ef al (2010) compared in pigs a
control diet (31 to 128 kg BW), a diet with 8% glycerol
during the last 8 weeks of the fattening period (45 to
128 kg BW) and the same diet with 16% glycerol for
the last 16 weeks (31 to 128 kg). The authors
reported that feeding glycerol during the last 8 weeks
before slaughter resulted in similar growth
performance, with little concomitant effect on carcass
composition or pork quality. These authors did not
report a potential effect of dietary treatment on FA
composition, but observed that glycerol inclusion
enhanced belly firmness when compared to pigs fed
the corn-soybean meal control diet. These results are
consistent with those observed in the current

experiment.



Table 5. Effect of sex, dietary fat source (Fat) and glycerol (Gly) inclusion on fatty acid profile of the intramuscular

fat!.
Sex Fat Gly SEM PValue?

Gilt  Barrow Palm Lard 0% 5% (n=8) Sex Fat Gly
IMF(mg/g) 7465 82.35 80.28 76.72 76.09 80.91 7.22 0.049 0.484 0.317
C10:0 0.21 0.18 0.20 0.20 020 0.19 0.02 0.043 0.835 0.207
C12:0 0.07 0.06 0.06 0.07 0.06 0.07 0.02 0.319 0.778 0.335
C14:0 1.17 1.25 1.21 1.21 1.21 1.22 0.26 0.563 0.280 0.259
C16:0 2293 23.86 23.51 23.28 23.39 23.40 0.44 0.001 0.842 0.500
C16:1n-9 0.15 0.06 0.11 0.10 0.12  0.08 0.05 0.001 0.213 0.555
C16:1n-7 3.08 3.23 3.12 3.20 3.10 3.21 0.14 0.050 0.221 0.324
C17:0 0.35 0.31 0.33 0.33 0.33 0.33 0.02 0.009 0.806 0.866
C17:1 0.25 0.23 0.24 0.24 023 025 0.15 0.178 0.314 0.198
C18:0 12.86 13.38 1322  13.02 13.27 1297 0.42 0.212 0.106 0.721
C18:1n-9 39.16 39.48 39.33  39.31 38.74 39.89 0.83 0.208 0.587 0.074
C18:1n-7 3.40 3.29 3.27 3.41 3.34 335 0.14 0.029 0.365 0.308
C18:2n-6 11.68 10.43 11.01  11.10 11.41  10.70 0.73 0.007 0.686 0.062
C18:3n-3 0.50 0.46 0.48 0.48 049 047 0.02 0.004 0.759 0.144
C18:4n-3 0.08 0.07 0.07 0.08 0.07 0.08 0.01 0.415 0.361 0.750
C20:0 0.17 0.20 0.19 0.19 0.19 0.18 0.02 0.023 0.547 0.692
C20:1n-9 0.70 0.73 0.71 0.71 0.71  0.71 0.03 0.048 0.739 0.798
C20:3n-9 0.45 0.41 0.43 0.44 045 0.41 0.04 0.007 0.844 0.283
C20:4n-6 2.78 2.36 2.51 2.64 266 249 0.49 0.019 0.630 0.769
SFA 37.82 39.27 38.74 38.34 38.63 38.45 0.55 0.001 0.156 0.733
MUFA 46.74 46.93 46.83 46.84 46.26 47.41 0.88 0.389 0.617 0.099
PUFA 15.44  13.81 1443  14.82 1511 1414 1.03 0.016 0.413 0.087

'IMF, (intramuscular fat), SFA (total saturated fatty acids), MUFA (total monounsaturated fatty acids), PUFA (total

polyunsaturated fatty acids).

2 No significant interactions were detected.

The effect of sex or dietary treatment on FA
location within the TG in SF is shown in Table 6. It
can be observed that, in any case, C16:0 was mainly
located in Sn-2 position, while C18:0, C18:1n-9 and
C18:2n-6 preponderantly occupied the external
positions (Sn-1,3) of the TG. Similar results have
been reported in various pig tissues (Christie and
Moore, 1970), human milk and substitutes (Christie
and Clapperton, 1982) and plasma and milk of rat
and rabbit (Christie, 1985). As it is known, FA are not

esterified at random to the glycerol hydroxyl groups
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in animals. In pigs and human milk, as opposed to
what happens in most species, the 2-position in the
adipose tissue TGs is occupied by a saturated fatty
acid, mainly C16:0 (Christie and Moore, 1970).

One of the main findings of this research is
the very limited effect of either sex or dietary
treatment on the FAs located in the internal Sn-2
position. In fact, the only noticeable effect was the
higher concentration of C18:0 in Sn-2 position in pigs
fed the glycerol containing diets, a finding that was in
agreement with an increase in the endogenous

synthesis of FA induced by carbohydrates (Ovilo ef



al. 2014). On the other hand, a marked effect of sex
on Sn-1,3 position for C18:0, C18:2n-6 and C18:3n-
3 FA concentrations was observed. Reasonably, the
effect of sex on FAs of the TAG should be also
reflected in the position where the FA is majoritarian.
Besides, in external positions, lower concentration of
C16:0 and a tendency to higher concentration of
C18:0 and C20:1n-9 were observed.

As shown in Table 2, a marked difference in
FA composition in Sn-2 position exist between lard
and palm oil, but composition of Sn-2 position in
stored lipids seems to be highly metabolically
regulated and lack of response was observed. Little
information on this topic is available. In an
experiment with weaned piglets, Innis ef a/ (1997)
provided diets differing in total FA content and
distribution within the TG and observed a marked
effect of dietary treatment on chylomicron FA
composition (including those located in the Sn-2
position). However, the authors also studied FA
composition in liver lipids and reported limited effect
of dietary treatment, thus suggesting metabolic
regulation of fatty acid composition in Sn-2 position.
that dietary FA

distribution

It has been shown
composition and positional is an
important determinant in FA digestion and absorption
(Mu and Hoy, 2004). Gastric and pancreatic lipases
hydrolyze FA from the 1,3 position of the TG and
Hunter (2001), Mu and Porsgaard (2005) and Innis
(2011) observed that around 70 % of FAs located in
sn-2 is conserved unaltered in chylomicrons, which
suggest that it might be also conserved in the
subcutaneous fat. In our experiment, lard contains
about 25% C16:0 and most of it is esterified in the

internal Sn-2 position (approximately 70% of Sn-2
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FA). the C16:0
predominantly esterified at the 1,3 position, while

In contrast, in palm oil is
C18:1n-9 and C18:2n-6 are located preferentially in
the internal Sn-2 position (Table 2). As a result,
formation of free FA and 2-monoglycerides during the
digestion of fat is markedly different depending on the
dietary fat source (Innis and Nelson, 2013). In our
case, the use of palm oil should involve higher
restructuration of TG in SF after digestion and
absorption in order to keep constant the previously
Sn-2 positional distribution described. Consequently,
the lower availability of C16:0 and the higher of C18:0
to conform Sn-1,3 must have implications in the final
TG structure.

In bovine tissue, dietary intervention has
been proven to alter FA in the external Sn-1,3
position of the TG rather than the Sn-2 location.
Smith et al/ (1998) observed that depressing the

desaturase enzyme activity increased the
concentration of C18:0 located in the external Sn-1,3
position in bovine adipose tissue, but limited

response was observed on Sn-2 position. There is
limited possibility of altering the FA composition at
the Sn-2 location of the TG by dietary intervention
during the fattening phase. This is a matter of
interest, because it is believed that saturated FA in
the Sn-2 position have more detrimental health effect
than those located in the external Sn-1,3 location
2009),

consumer acceptability. More research efforts are

(Berry, thus negatively affecting pork
needed to elucidate the possible effect of productive
circumstances, including genetic or more prolonged
feeding regimens on Sn-2 fatty acid composition in

pig fat.



Table 6. Effect of gender (Sex), dietary fat source (Fat) and glycerol (Gly) inclusion on the subcutaneous fat in total
(whole triglyceride), position 2 (Sn-2) and position 1,3 (Sn-1,3) fatty acid composition?.
Sex Fat Gly SEM P VALUE*
Gilt Barrow Palm Lard 0% 5% (n=8) Sex Fat Gly

Total?
C14:0 1.20 1.31 118 1.13 1.18 1.15 0.03 0.001 0.297 0.185
C16:0 21.88 22.54 2259 2257 22.31 22.85 0.38 0.001 0.922 0.584
C16:1 2.58 2.54 253 2.58 265 2.46 0.03 0.001 0.998 0.434
C18:0 10.69 11.72 11.58 10.83 11.01 11.40 0.55 0.459 0.464 0.429
C18:1 43.55 44.31 43.99 43.86 43.79 44.09 0.76 0.818 0.119 0.075

C18:2n-6 14.93 13.42 14.01 1456 14.77 1405 0.57 0.077 0.531 0.001
C18:3n-3 0.13 0.15 0.14 0.14 025 0.14 0.05 0.341 0.897 0.001

C20:0 0.32 0.33 0.23 0.41 0.41 0.23 0.01 0.148 0.623 0.144
C20:1n-9 0.83 0.91 090 1.22 0.81 0.92 0.03 0.840 0.040 0.799
SFA 35.55 36.56 36.27 35,57 35.61 36.23 0.51 0.001 0.453 0.650
MUFA 47.78 48.25 4791 4819 47.76 47.96 0.69 0.638 0.079 0.043
PUFA 16.67 15.19 15.82 16.24 16.63 15.81 0.65 0.099 0.619 0.001
Sn-22
C14:.0 3.01 3.23 295 2.89 3.00 2.90 0.83 0.217 0.160 0.130
C16:0 61.28 63.51 63.98 63.01 62.59 64.40 2.25 0.143 0.860 0.915
C16:1 2.99 3.02 297 3.04 3.15 2.86 0.86 0.960 0.564 0.141
Cc18:.0 6.95 7.32 714 714 6.97 7.31 1.12 0.779 0.239 0.010
C18:1 16.38 16.14 15.92 16.60 16.98 15.54 4.65 0.932 0.643 0.115

C18:2n6 3.61 3.50 3.35 3.76 344 3.66 0.98 0.217 0.902 0.752
C18:3n3 0.11 0.09 0.11 0.10 0.10 0.10 0.03 0.584 0.171 0.548

C20:0 0.13 0.10 012 0.11 0.12 0.1 0.03 0.247 0.960 0.917
C20:1n-9 0.57 0.47 0.51 0.53 0.51 0.53 0.17 0.020 0.169 0.148
SFA 7556  75.75 76.13 7519 74.73 7658 21.82 0.395 0.548 0.587
MUFA 20.38  20.09 19.84 20.64 21.12 1935 592 0.277 0.481 0.814
PUFA 4.05 4.15 4.03 4.18 414 4.06 1.13 0.666 0.960 0.134
Sn-1,33
C14:0 0.30 0.35 029 0.26 0.27 0.28 0.08 0.263 0.288 0.949
C16:0 2.18 2.06 1.90 234 216 2.08 0.59 0.854 0.004 0.876
C16:1 2.37 2.30 231 236 240 226 0.67 0.231 0.087 0.325
C18:0 12.56 13.93 13.81 12.68 13.03 1345 0.86 0.001 0.064 0.562
C18:1 57.14  58.39 58.03 57.50 57.19 58.36  4.73 0.099 0.483 0.147

C18:2n-6  20.60 18.39 19.34 19.96 2043 19.25 246 0.020 0.179 0.077
C18:3n-3 0.14 0.17 0.15 0.16 0.32 0.16 0.04 0.053 0.344 0.993

C20:0 0.41 0.44 0.28 0.57 0.56 0.29 0.20 0.387 0.003 0.095
C20:1n-9 0.95 1.12 1.10 157 096 1.12 0.30 0.003 0.006 0.105
SFA 15.55 16.96 16.35 15.76 16.05 16.06  4.62 0.001 0.233 0.683
MUFA 61.48 62.33 61.95 6196 61.07 6226 0.86 0.129 0.498 0.094
PUFA 2297  20.70 2171 2228 2287 2168 6.12 0.026 0.120 0.098

1 SFA (Saturated fatty acids), MUFA (monounsaturated fatty acids), PUFA (polyunsaturated fatty acids).
2 (9/100g of total present fatty acids).
3 (g/100g of total present fatty acids calculated as Sn-1,3 = (3 x % Total - %Sn-2) / 2).

4 No significant interactions were detected.
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4.6 CAPITULO 6: Effect of sex, glycerol or dietary fat on fatty acid
composition, their positional distribution within the triglyceride and selected

physical properties of dry-cured ham subcutaneous fat.

Los resultados del presente capitulo se recogen en el siguiente articulo:

Effect of sex, glycerol or dietary fat on fatty acid composition, their positional distribution

within the triglyceride and selected physical properties of dry-cured ham subcutaneous fat.

J. Segura, R. Escudero, M.D. Romero de Avila, Olivares, A., M.I. Cambero, C.J. Lépez-Bote.

Enviado a la revista: Journal of Food Science and Technology.






Effect of sex and dietary treatment on composition and rheological

properties of dry-cured ham subcutaneous fat
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The effect of sex, source of dietary fat (lard vs palm oil) and glycerol inclusion in fattening diet on
composition, fatty acid distribution within the triglyceride (TAG) and slip point and textural parameters
was studied on dry-cured hams subcutaneous fat. A marked effect of sex on saturated fatty acids (SFA) was
found with barrows showing higher values than gilts. No effect of dietary fat on subcutaneous SFA or
polyunsaturated fatty acids (PUFA) was observed. Dietary glycerol increased monounsaturated fatty acids
and decrease total PUFA in subcutaneous fat. Besides, the possibility of altering fatty acid composition at
the 2- position of the TAG by dietary intervention during the fattening phase is very limited. Partial
restructuration was observed in external positions of the TAG. All these changes had their effect on slip
point and textural parameters. It was observed an increase of hardness and a decrease of adhesiveness

when palm oil was used as dietary fat.

1. Introduction. improves most aspects of meat quality but that
may negatively impact on the nutritional value.
On the contrary, high C18:2n-6 and low SFA
levels have been associated to low consistency,
oiliness and soft texture compromising
technological and sensory quality of pork meat
and meat products. Therefore, a number of
feeding practices are implemented in different
consortium rules aimed to the production of
quality meat products, which emphasizes the
importance of maintenance of C18:2n-6 and SFA
within certain limits in pig tissues (Candek-
Potokar and Skrlep 2011).

Principal efforts of pork industry have
been focused in decrease the total amount of
deposited fat in pigs and the modification of its
fatty acid (FA) composition to better match in
nutritional value for human diet and
technological requirements. Quality of dry-cured
hams and other meat products depends on lipid
composition of the raw material for both their
flavor development (Soto et al. 2010) and
subsequent industrial processing (Hugo and
Roodt 2007).

Fatty acid composition is completely
related to meat quality (Wood et al. 2008). It
influences tissue firmness (Hallenstvedt et al.
2012; Lopez-Bote et al. 2002) and stickiness
(Nishioka and Irie 2005), shelf life, eating quality
and flavor (Lopez-Bote et al. 2002; Wood et al.
2008). Generally, a high ratio of saturated (SFA)
to polyunsaturated fatty acids (PUFA),
fundamentally  linoleic acid (C18:2n-6),

The subcutaneous fat (SF) is largely
composed by around 95% of adipocytes (lipids
storage) separated by a network of connective
tissue fiber, predominantly collagen fibers and
small quantities of elastic and reticular ones
(Sumena et al. 2010), which contribute to the
texture features, mainly cohesiveness and
toughness. It is fully accepted that FA
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composition of pig adipose tissue is dependent
upon the FA profile of the diet (Mitchaothai et al.
2007). Control of C18:2n-6 concentration is
currently carried out through the incorporation of
saturated fats or ingredients that enhance
endogenous fat synthesis in fattening diets
(Farnworth and Kramer 1987; Wood et al. 2008).
Among saturated fats, lard and palm oil are
frequently used because of their low C18:2n-6
concentration together with a high concentration
of SFA and monounsaturated fatty acids
(MUFA) (De Blas et al. 2013). Glycerol is a co-
product of the bio-fuel industry which is now
fully available for swine nutrition. It has been
proven to enhance FA synthesis, thus reducing
the concentration of C18:2n-6 in pig tissues
(Mourot et al. 1994), and increasing meat
firmness (Schieck et al. 2010).

Lard and palm oil are considered of
similar nutritional value, but it is noticeable that
location of FA within the triglyceride (TAG) is
markedly different. While lard concentrates most
C16:0 in the internal (sn-2) position, palm oil
locates C16:0 in the external (sn-1 and sn-3)
positions of the TAG (Innis and Nelson, 2013;
Small, 1991). This may be an aspect of interest,
since distribution of FA within the TAG may
affect physical properties of adipose tissue
(Segura et al. 2015b; Smith et al. 1998) and,
recently, implications with illnesses as obesity,
diabetes or hypertension have been detected
(Gouk et al. 2013).

This research was undertaken to study
the effect of diet on profile and positional
distribution of FA within the TAG molecule of
SF in dry-cured hams. Diets containing glycerol
(which enhances de novo FA synthesis) and two
fat sources (lard vs palm oil) differing in the FA
distribution within the TAG were used in
fattening gilts and barrows.

2. Material and Methods.
2.1 Experiment design

The experiment was conducted using 20
barrows and 20 gilts randomly selected at 80 kg
body weight. The female line (Syra, Gene+, Erin,
France) used included blood from Large White,
Landrace, and Duroc and the sire line was PIC
L65 (PIC, Barcelona, Spain). Four finishing diets
differing in the fat source (palm oil or lard) and
the concentration of glycerol (0 vs 50g/kg) were
provided for 32 days until slaughter. All diets
contained low concentration of C18:2n-6 (10
g/kg). Diets were provided for ad libitum
consumption and were formulated according to
Fundacion Espafiola Desarrollo  Nutricion
Animal (De Blas et al. 2013). The ingredient
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composition and the calculated (De Blas et al.
2013) nutrient content of the diets are shown in
Table 1. Dietary fatty acid distribution within the
TAG of fat sources used in this experiment is
shown in Table 2.

At 110 (£ 2.98) kg of body weight, the
pigs were slaughtered. The right thigh from each
pig was obtained at cutting (24 h after slaughter)
and processed in a traditional manner for
approximately 12 months to produce a dry-cured
which were subsequently deboned. The SF at
level of biceps femoris muscle was carefully
removed from each deboned dry-cured ham and
samples were stored at 4 °C until use.

2.2 Triglyceride purification.

The total lipids of SF were
extracted (Segura and Lopez-Bote, 2014) and the
TAG were purified by thin-layer
chromatography (TLC) on silica gel plates (0.25
mm thickness) that were developed with
hexane/ethyl ether/acetic acid (75:25:1 by
volume). To detect the position of the TAG, the
TLC plates were sprayed with primuline
acetone/water (80:20 by volume) 0.05 %
solution. TAG fractions were scraped off the
plates and eluted from silica with hexane/ethyl
ether (95:5 by volume). In each case, the samples
of purified TAG were analyzed by both gas
chromatography and lipase hydrolysis (Perona
and Ruiz-Gutiérrez, 2004).

2.3 Lipase hydrolysis.

For the positional analysis of TAG sn-2
fatty acids, 10 mg of purified TAG was
hydrolyzed with 2 mg of pancreatic lipase in 1
ml of 1 M Tris—HCI buffer (pH 8), 0.1 ml
CaCl, (22%), and 0.25 ml deoxycholate (0.1%) .
The reaction was stopped when approximately
60% of the TAGs were hydrolyzed (1-2 min) by
adding 0.5 ml of 6 N HCIL The lipids were
extracted three times with 1.5 ml aliquots of
ethyl ether, and the reaction products were
separated by TLC (see above). Free fatty acids
(FFA) and sn-2-monoacylglycerol  bands
representing the positions sn-1,3 and sn-2 of
TAG were scraped off the plate and
transmethylated (see below).The validity of the
procedure was confirmed by comparing the fatty
acid composition of the original TAG and those
remaining after the partial hydrolysis.

2.4 Lipid analysis.

Fatty acid methyl esters (FAME) were
obtained from isolated lipids by heating the
samples at 80 °C for 1 h in 3 ml of
methanol/toluene/H>SO4 (88:10:2 by volume).
After cooling, 1 ml of hexane was added and the
samples were mixed. The FAME were recovered
from the upper phase, separated and quantified
using a gas chromatograph (HP 6890 Series GC



Table 1. Ingredients and calculated analysis® of diets (g/kg diet as fed basis).

79 to 109 kg BW

Glycerol, 0% Glycerol, 5%
40to 79 kg BW  Palm Qil Lard Palm Oil Lard
Ingredients
Barley 300 300 300 342 342
Wheat 322 303 303 200.5 200.5
Rye 120 150 150 150 150
Glycerol-85 - - - 50 50
Rapeseed meal (34%) 60 80 80 80 80
Soyabean meal (47%) 134 107 107 122 122
Soyabean oil 32 - - - -
Lard - - 32 - 32
Palm Oil - 32 - 32 -
Lysine (50%) 6 54 54 4.8 4.8
DL-Methionine 0.7 0.6 0.6 0.6 0.6
L-Threonine (99%) 1.1 1 1 0.9 0.9
Choline (60%) 0.2 0.2 0.2 0.2 0.2
Calcium carbonate 11.8 11.6 11.6 11.6 11.6
Monocalcium phosphate 1 - - - -
Sodium chloride 4 4 4 1.2 1.2
Formic acid, 75% activity 2 - - - -
Premix! 5.2 5.2 5.2 5.2 5.2
Calculated composition2
Net energy (kcal/kg) 2410 2410 2410 2430 2430
Crude protein 163 162 162 162 162
Crude ash 38 37 37 40 40
C16:0 12.4 15.9 9.7 15.8 9.6
C18:0 54 1.7 4.3 1.7 43
C18:1 22.6 15.1 16.4 15.0 16.3
C18:2n-6 26.1 9.5 9.5 9.2 9.2

ISupplied per kg diet: 7,000 IU vitamin A (trans-retinyl acetate); 1,600 IU vitamin D3 (cholecalciferol); 20 TU vitamin
E (all-rac-tocopherol-acetate); 1.0 mg vitamin K3 (bisulphate menadione complex); 0.7 mg thiamine (thiamine-
mononitrate); 3.0 mg riboflavin; 9 mg of pantothenic acid (D-Ca pantothenate); 15 mg vitamin B3 (niacin); 150 mg
choline (choline chloride); 1 mg pyridoxine (pyridoxine HCI); 0.016 mg vitamin Bi2 (cobalamin); 16.5 copper
(CuS04:5H20); 75 mg iron (FeSO4:7H20); 40 mg manganese (MnO); 110 mg zinc (ZnO); 0.3 mg selenium Se
(Naz2Se0s); 0.8 mg iodine [Ca(I03)2] and 125 mg ethoxiquin. Phytase (500 FTU; Natuphos 5,000, Basf Espafiola,
Barcelona, Spain)

2 According to Fundacién Espafiola Desarrollo Nutricién Animal (2010) (supplied per kg of diet).

149



System) equipped with flame ionization
detector. Separation was performed with a J&W
GC Column, HP-Innowax Polyethylene Glycol
(30m x 0.316 mm x 0.25 um). Nitrogen was used
as a carrier gas. After injection at 170 °C, the
oven temperature was raised to 210 °C at a rate
3.5 °C/min, then to 250 °C at a rate of 7 °C/min
and held constant for 1 minute. The flame
ionization was held at 250 °C. The split ratio was
1:40. FAME peaks were identified by comparing
their retention times with those of authentic
standards (Sigma — Aldrich, Alcobendas, Spain).

Table 2. Total (whole triglyceride), position 2
(Sn-2) and position 1,3 (Sn-1,3) fatty acid
composition of fat sources used in this
experiment.

Palm oil  Lard
TOTAL!
C16:0 45.6 245
C18:0 4.7 13.2
C18:1n-9 39.9 49.8
C18:2n-6 9.8 12.5
Sn-21
C16:0 12.5 70.8
C18:0 29 9.3
C18:1n-9 65.6 16.5
C18:2n-6 19.0 3.4
Sn-1,32
C16:0 62.2 1.4
C18:0 57 15.2
C18:1n-9 27.0 66.5
C18:2n-6 5.1 17.1

! (g/100g of total present fatty acids).
2 (g/100g of total present fatty acids calculated as
Sn-1,3 = (3 x %Total — %Sn-2) / 2).

2.5 Slip Point determination.

Triplicate SF samples were
independently collected from each dry-cured
ham. Samples were melted at 80 °C and drawn 1
cm into capillary tubes while still warm.

Capillary tubes containing the samples were
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stored at 4 °C overnight and then placed
vertically in a chilled water bath. The
temperature was increased gradually in the water
bath (2 °C/min). The temperature when the lipid
began to move up the capillary tube was
recorded (ISO 6321-2002).

2.6 Moisture and  water

activity (aw).

Moisture was determined by drying the
sample at 110 °C to a constant weight and the
results were expressed as a percentage (AOAC,
2006). Water activity (aw) was measured using a
Decagon CX1 hygrometer (Decagon Devices
Inc., Pullman, WA, USA) at 25 °C.

2.7 Texture Profile Analysis
(TPA).

TPA was performed using a TA.XT2i
SMS Stable Micro Systems Texture Analyser
(Stable Microsystems Ltd., Surrey, England)
with the Texture Exponent programs. Textural
tests were carried out at about 22 °C. Briefly,
three cylinders of 1 cm height and 1.5 cm
diameter were prepared from every sample. A
double compression cycle test was performed up
to 50% compression of the original portion
height with an aluminum cylinder probe of 2 cm
diameter. A time of 5 seconds was allowed to
elapse between the two compression cycles.
Force-time deformation curves were obtained
with a 30 kg load cell applied at a cross-head
speed of 2 mm/s. The following parameters were
1978): N,

maximum force required to compress the

quantified (Bourne hardness
sample; springiness (m), ability of the sample to
recover its original form after deforming force
was removed; adhesiveness (N x s), area under
the abscissa after the first compression;

cohesiveness, extent to which the sample could

be deformed prior to rupture; gumminess (N),



force to disintegrate a semisolid meat sample for
swallowing (hardness x cohesiveness); and
chewiness (J), work required to masticate the
sample before swallowing (hardness x
cohesiveness X springiness).

2.8 Statistical analysis.

Chemical and TPA analyses were
carried out by triplicate. Response data were
analyzed as a completely randomized design
with dietary fat source, glycerol level and gender
as main effects and their interactions, by using
the GLM procedure of SAS 9.2 (SAS Inst. Inc.,
NC, 2009). A factorial arrangement was used for
meat quality data (2 fat sources x 2 glycerol
levels x 2 sexes). The experimental unit was the
individual pig for meat quality traits (five pigs of

each sex chosen at random).

3. Results and Discussion.

3.1 Moisture, aw, pH and fatty acid profile

As it was expectable, moisture values
of the samples were around 4% and aw and pH
around 0.8 and 5.8 respectively (Table 3) which
were similar to those obtained by other authors
(Romero de Avila et al. 2014). As it is also

shown in Table 3, such three variables remained

unaffected by sex (Sex) or dietary fat (Fat)
although an interaction Sex*Fat was observed in
moisture and ay. In gilts an increase of moisture
and a decrease of aw was observed when animals
were fed with lard in comparison to palm oil, in
barrows the opposite happened. These results are
in agreement with Tabilo et al. (1999) who found
higher moisture in hams of female pigs although
Mitchaothai et al. (2007) did not found
differences in pH, moisture or drip loss in pigs
fed either with beef tallow or sunflower oil.
Glycerol inclusion in the diet led to a significant
increase of aw and a decreasing tendency of pH
of SF of dry-cured hams. Mourot et al. (1993)
found a reduction in water and cooking losses in
Large White pigs fed 5 % glycerol from 30 to
100 kg of live weight. It was attributed to
glycerol action on cell osmotic pressure, what
would increase the water content. Thus, muscle
fibers would be hyperhydrated reducing protein
denaturation during heat treatment, which
provide value to meat processor. Similar results
were described by Doppenberg and Van Der Aar
(2007) who also found a reduction in this
parameter in meat from pigs fed glycerol. An
interaction sex VS glycerol inclusion (Gly) was

observed in aw. Thus, barrows fed with glycerol

showed higher values of ay than gilts.

Table 3. Effect of sex (Sex), dietary fat source (Fat) and glycerol inclusion (Gly) on moisture, aw, pH and

slip point of subcutaneous fat of dry-cured ham.

PALM LARD
0% GLY 5% GLY 0% GLY 5% GLY SEM P VALUE!
Gilt Barrow  Gilt Barrow  Gilt Barrow  Gilt Barrow  (n=5) Sex  Fat  Gly Sex*Fat Sex*Gly Fat*Gly
Moisture 552 422 524 4.02 3.99 426 3.98  5.00 0.569  0.4040 02372 0.8612 0.0137 05735 04172
au 0.81 081 0.79 084 0.80 0.78 0.82 081 0.012  0.5297 0.2350 0.0338 0.0136  0.0356 0.2384
pH 597 601 579 581 580 594 588 577 0.092  0.7343 0.4155 0.0620 0.8790 0.2702 0.2593
Slippoint 2925 2868 2959 29.50 2920 29.71 2841 29.51 0406 03687 0.8546 0.8745 0.0361 03062 0.0479

'No significant triple interactions for main effects were detected (P > 0.05).
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The SF composition of dry-cured ham

will be fundamentally based on TAG,
phosphoglycerides, and higher concentration of
monoglycerides and FFA due to lipolytic
processes occurred during processing than fresh
fat (Narvaez-Rivas et al. 2009). Effects of
dietary treatment and sex on FA composition of
total SF are shown in Table 4. A marked effect
of sex on total SFA was found, barrows showing
higher values than gilts. The most marked effect
induced by sex on SFA was observed for C14:0,
C15:0, C16:0, C17:0 and C20:0. No differences
were observed for C18:0. Total and individual

PUFA as C18:2n-6, C18:3n-3, C20:3n-9 and

C20:4n-3 concentrations were higher in gilts
when compared to barrows. No effect of sex was
observed for MUFA and Cl18:1
Piedrafita et al. (2001) found that gender affected

isomers.

the proportion of FA, as gilts showed a higher
proportion of C18:2n-6 than barrows and
barrows had lower proportion of unsaturated FA
than gilts. Latorre et al. (2009) observed that, in
SF, C16:0, C18:0 and total SFA were higher and
C18:2n-6 and total PUFA proportions were
lower in barrows than in gilts. Nuernberga et al.
(2005) observed that SF from gilts had lower
SFA and higher PUFA proportions than barrows.

Table 4. Effect of sex (Sex), dietary fat source (Fat) and glycerol inclusion (Gly) on fatty acid profile of

the subcutaneous fat of dry-cured ham?.

SEX FAT GLY SEM P VALUE?
Gilt Barrow Palmoil Lard 0% 5% (n=5) Sex Fat Gly
C14:0 1.14 130 1.19 1.25 1.22 1.22 0.051 0.0001 0.1726 0.8364
C15:0 0.06  0.05 0.06 0.05 0.06  0.06 0.005 0.0001 0.3976 0.8610
C16:04 22.10 23.01 2248  22.87 22,67 2244 0.320  0.0001 0.4404 0.2597
C16:1n-9 0.28  0.21 0.22 0.23 023  0.26 0.018  0.0001 0.0085 0.0016
C16:1n-7 207 242 2.18 2.21 220 230 0.135 0.0003 0.4055 0.2559
C17:0 041 031 0.38 0.35 036  0.36 0.033 0.0001 0.6035 0.8224
C17:1 041 034 0.37 0.37 037  0.38 0.023 0.0001 0.2355 0.6099
C18:0 11.66 11.52 11.74 11.69 11.71 11.46 0.493 0.6671 0.8036 0.4386
C18:1n-9 44770 44.93 4380 4472 4426 4538 0.902  0.6940 0.7897 0.0610
C18:1n-7 229 246 2.37 2.30 234 241 0.157  0.1059 0.7198 0.4941
C18:2n-6* 1143  10.07 11.71 1046  11.08 10.43 0.612  0.0014 0.8255 0.1056
C18:3n-3 090 0.82 0.94 0.84 089  0.83 0.051 0.0174 0.5066 0.1182
C18:4n-3 0.13  0.13 0.12 0.13 0.12  0.13 0.005 0.2358 0.0008 0.0332
C20:0 021 024 0.22 0.24 023 0.22 0.011 0.0001 0.4565 0.2018
C20:1n-9 1.06  1.14 1.08 1.18 1.13 1.07 0.048  0.0156 0.1351 0.0446
C20:3n-9 021 0.18 0.19 0.18 0.19  0.20 0.009  0.0001 0.0400 0.0762
C20:4n-3 0.16 0.15 0.17 0.16 0.16  0.15 0.008  0.0166 0.0399 0.0019
SFA 35.68 36.55 36.17  36.56  36.36 35.86 0.649  0.0458 0.9776 0.2394
MUFA 50.82  51.50 50.03  51.01 50.52 51.79 1.055 0.3240 0.8048 0.0684
PUFA3#4 13.50 11.96 13.80 1243 1312 12.34 0.687  0.0012 0.6849 0.0885
U 0.80  0.77 0.79 0.77 0.78  0.78 0.875 0.0001 0.6288 0.5553

ISFA (total saturated fatty acids), MUFA (total monounsaturated fatty acids), PUFA (total polyunsaturated fatty

acids), UI (unsaturation index).

2 Although otherwise stated, no significant interactions for main effects were detected (P > 0.05).

3 Interaction Sex*Fat observed (P < 0.05).
4 Interaction Fat*Gly detected (P < 0.01).
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No effect of dietary fat was observed on
FAs profile. Attending to glycerol dietary
inclusion, on FA profile only tendencies were
observed on increase of total MUFA and
C18:1n-9 and a decrease in total PUFA and
C18:2n-6 concentration, which is in agreement
to literature. Mourot et al. (1994) observed that
dietary glycerol increased C18:1n-9 and reduced
C18:2n-6 in backfat and semimembranous
muscle tissue of pigs. Kijora et al. (1997) did not
observe any significant change in the SFA
profile of the backfat, but reported a moderate
in Cl18:1n-9,
C18:2n-6

increase accompanied by a

decrease  in and Cl18:3n-3
concentrations, thus producing a decline in the
PUFA/MUFA ratio

Sex*Fat and Fat*Gly in total PUFA and C18:2n-

in backfat. Interaction
6 concentrations were detected (Table 4). The
lower concentration in barrows was more
noticeable in animals fed with palm oil and the
glycerol inclusion in palm oil diet produced a
higher decrease of PUFA concentration than the
addition to lard diet. These results seemed

expectable considering that the SFA/PUFA palm

oil ratio is higher than the lard one.

3.2. Positional analysis of fatty acid within

Triacylglyceride

As it is known, FA are not esterified at
random by the glycerol hydroxyl groups in
animals. In contrast to other species, the sn-2 in
the TAG of adipose tissue of pigs and pigs and
human milk is occupied by C16:0 mainly
(Christie and Moore 1970; Innis and Nelson
2013). Table 5 shows the concentration of main
FA, total SFA, MUFA and PUFA and
unsaturation index (UI) in the whole TAG, in sn-
2 and the average of 1 and 3-positions (sn-1,3). It
can be observed that C16:0 is located mainly in
the sn-2 position, while C18:0 esterifies the

external positions of the TAG. Monounsaturated
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FAs (mainly C18:1) were located preferentially
at the sn-1,3 position and PUFA (C18:2n-6) are
almost at random located with slight preference
for sn-1,3 position. Similar results were reported
in various pig tissues (Christie and Moore, 1970),
human milk and substitutes (Innis and Nelson
2013) and plasma and milk of rat and rabbit
(Christie 1985).

It is noticeable that the significant
differences in FA profile between sexes showed
in Table 4, which are in agreement with the
literature, were not reflected in the whole TAG
analysis (Table 5). All lipolytic and oxidation
reactions happened during dry-curing process
together with an increase of variability produced
by the method of analysis made the observed
changes not  significant.  Nevertheless,
numerically the same behavior was observed
when the position where there were more
abundant was isolated. Interestingly, the increase
of C16:0 and total SFA and the decrease of
C18:2n-6 and total PUFA (all of them in sn-2)
became again significant. Differently, dietary fat
did not show any effect in SF (Table 4) but, as
can be seen in Table 5, in the whole TAG, C16:0,
C18:2n-6, total PUFA and UI were affected. In
origin, changes in dietary fat should affect TAG
composition (Mitchaothai et al. 2007). After all
biochemical reactions happened during dry-
curing process, changes in dietary fat must be
conserved in residual TAG and therefore
detectable when TAG was previously isolated.
Higher concentration of C18:2n-6 and total
PUFA were found in animals fed with lard and
this increase was fundamentally reflected in sn-
1,3. C16:0 was higher in animals fed with palm
diet without any effect on the positions and it was

remarkable the increase of stearic acid (C18:0)

only in sn-1,3 position.



Table 5. Effect of gender (Sex), dietary fat source (Fat) and glycerol (Gly) inclusion on the fatty acid

composition of dry-cured ham subcutaneous fat in the whole triglyceride (TAG), position 2 (Sn-2) and

position 1,3 (Sn-1,3)1.

SEX FAT GLY SEM P Value?
Gilt Barrow Palmoil Lard 0% 5% (n=5) Sex Fat Gly
TAG
C16:0 25.74 25.38 25.88 24.60 25.54 2524 0.876 0.6534 0.0454 0.5910
Cl6:1 2.46 2.52 2.35 2.55 2.61 2.45 0.127 0.4798 0.1335 0.0632
C18:0 13.16 13.41 13.99 13.14 13.70  13.57 0.785 0.5434 0.1728 0.7884
C18:1 4743 47.49 47.46 48.55 48.61 48.01 1.358 0.6548 0.2647 0.4956
C18:2n-6 597 5.83 5.76 6.86 558 631 0.665 0.8924 0.034 0.0958
SFA 41.67 41.67 41.96 39.79 41.27 40.87 1.535 0.9185 0.0645 0.6927
MUFA 51.49 51.70 51.95 52.95 52.88 52.45 1.377 0.8422 0.3173 0.6304
PUFA 6.83 6.62 6.17 7.33 5.93 6.75 0.710 0.8534 0.0377 0.1796
Ul 0.68 0.67 0.65 0.68 0.65  0.67 0.020 0.9870 0.0279 0.2935
Sn-2
C16:0 43.19 45.63 43.67 42.43 43.00 43.05 0.402 0.0395 0.0439 0.7754
Cl6:1 3.29 3.28 3.37 3.12 332 324 0.152 0.9642 0.9846 0.4068
C18:0 7.85 7.54 8.14 7.61 7.52  7.88 0.557 0.3919 0.1802 0.3275
C18:1 3232 29.73 29.88 31.41 31.41 30.64 1.225 0.0913 0.3227 0.4809
C18:2n-6  4.49 4.21 4.54 4.52 416 4.53 0.132 0.0842 0.0537 0.1087
SFA 56.52  59.30 58.38 57.14 58.06 57.76 1.499 0.0396 0.7466 0.6442
MUFA 36.50 34.17 34.70 35.55 3555 35.12 1.780 0.1129 0.9468 0.7662
PUFA 7.34 6.53 6.92 7.32 6.75  7.12 0.413 0.0301 0.0391 0.0925
Ul 0.58 0.52 0.53 0.56 0.55 0.55 0.027 0.2027 0.0984 0.8645
Sn-1,3
C16:0 17.01 15.26 16.50 15.26 16.39 15.88 1.634 0.1035 0.3499 0.6299
Clé6:1 2.05 2.14 1.80 221 2.19  2.00 0.192 0.4305 0.1550 0.1390
C18:0 15.81 16.34 16.50 15.51 16.15 16.00 1.129 0.4739 0.0396 0.8382
C18:1 5498 56.37 55.04 55.69 5598 55.37 2.240 0.3424 0.2982 0.6722
C18:2n-6  6.71 6.64 6.26 7.84 6.30  7.05 0.358 0.1970 0.0293 0.2080
SFA 3425 32.86 34.41 31.99 3391 33.20 1.695 04115 0.1211 0.6737
MUFA 58.98 60.47 59.27 60.12 59.76  59.69 1.443 0.3308 0.3745 0.9670
PUFA 6.98 6.57 6.43 7.99 6.44 721 0.313 0.0499 0.0318 0.0927
Ul 0.73 0.74 0.72 0.76 0.73 0.74 0.031 0.5411 0.056 0.4545

1SFA (total saturated fatty acids), MUFA (total monounsaturated fatty acids), PUFA (total polyunsaturated fatty

acids), UI (unsaturation index).

2 No significant interactions for main effects were detected (P > 0.05).

Although, as shown in Table 2, a
marked difference in FA composition in sn-2
exists between lard and palm oil, FA profile of
sn-2 position in stored lipids seems to be high
metabolically  regulated and  positional
distribution proportions are constant despite
dietary fat. Little information exists on this topic.
Innis et al. (1997) provided diets differing in total
FA composition and distribution within the TAG,
studied the liver lipids of piglets, and reported
limited effect of dietary treatment, thus
suggesting metabolic regulation of fatty acid
composition in sn-2 position. Segura et al. 2015
(unpublished results) also found a limited effect
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of either sex or dietary treatment on the FAs
located in the internal sn-2 position. Gastric and
pancreatic lipases hydrolyze FA from the
external positions of the TAG. Lard contains
about 25% C16:0 and most of it is esterified in
the internal sn-2 position (approximately 70% of
sn-2 FAs). In contrast, the C16:0 in palm oil is
predominantly esterified at the 1,3 position,
while C18:1 and C18:2n-6 fatty acids are located
preferentially in the internal sn-2 position (Table
2). As a result, formation of FFA and 2-
monoglycerides during the digestion of fat is
markedly different depending on the dietary fat
source (Innis and Nelson 2013) so that the



rebuild of the TAG could not be convergent. In
bovine tissue, dietary intervention has also been
proven to alter FA in the external sn-1,3 position
of the TAG rather than the sn-2 location. Smith
et al. (1998) observed that depressing desaturase
enzyme activity increased the concentration of
C18:0 located in the external sn-1,3 position in
bovine adipose tissue, but limited response was
observed on sn-2.

Inclusion of glycerol in the diet did not
produce any effect on positional distribution of
FA within TAG (Table 5). This finding supports
the theory that there is a limited possibility of
altering FA composition at the sn-2 location of
the TAG by dietary intervention during the
fattening phase (Segura et al. 2015). This is a
matter of interest, because it is believed that SFA
in the sn-2 position have more detrimental health
effect than those located in the external sn-1,3
location (Berry 2009), thus negatively affecting
pork consumer acceptability. Nevertheless,
further studies are needed.

3.3. Slip point and textural parameters

Slip point was not directly affected by
dietary treatment, sex or glycerol inclusion
(Table 3). Daza et al. (2009) found no effect on
slip point of outer, inner and subinner
subcutaneous backfat in Iberian pigs fed with
acorns of a formulated diet rich in C18:1n-9. An
interaction Sex*Fat in slip point was found
(Table 3). Thus, gilts fed with palm oil had larger
values than barrows in this variable. The opposite
change occurred in animals fed with lard. It has
to be noted that the same interaction occurs for
C18:2n-6 and total PUFA (Table 4). There is a
marked decrease of concentration of PUFA in
barrows fed with palm oil which is not such in
lard. In general, higher proportions of C18:0 and
lower of C18:2n-6 led to a harder fat and higher
melting point (Lea et al. 1970; Wood et al. 2008).
Lopez-Bote et al. (2002) also found an increase
on slip point when PUFA were substituted by
MUFA. In slip point values, also an interaction
Fat*Glycerol was detected. In animals fed diets
containing palm oil, an increase in slip point
value was found when glycerol was included
(29.0 to 29.5 °C) but the opposite occurred when
lard was used. It is remarkable that again, same
interaction was detected for C16:0, C18:2n-6,
total PUFA and UI (Table 4). In case of palm oil
diet, an increase of C16:0 and decrease of
C18:2n-6 and total PUFA concentration was
found in SF when glycerol was present in the diet
and in lard total PUFA remained almost
unaltered but C16:0 concentration decreased
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which could justify the slip point values
obtained.

Although Hallenstvedt et al. (2012) found
that female pigs showed significantly higher
firmness scores than male pigs, no differences
due to sex in TPA considered properties were
found. Changes in dietary fat affected hardness
and adhesiveness. Pigs fed with palm oil
exhibited larger values for hardness and lower for
adhesiveness than pigs fed with lard. Despite no
effect was found in FA of SF due to different fat
source. Segura et al. (2015b) confirmed that
hardness and adhesiveness behavior was
influenced by FA positional distribution within
the TAG and in Table 5 was shown a plausible
redistribution of FA depending on dietary fat. In
fact, animals fed diets containing palm oil
showed higher concentration of 18:0 and lower
of C18:2n-6 in sn-1,3 position which could cause
an increase of hardness value (Segura et al.
2015b; Smith et al. 1998) and an increase of total
PUFA concentration and a tendency to higher Ul
value in sn-2 which could be a cause for
decreasing adhesiveness (Segura et al. 2015b).
Glycerol inclusion in the diet caused a significant
decrease in all considered rheological properties
values (Table 6). Possible factors that could help
the explanation for this behavior were, in first
place, the increase of aw detected when glycerol
was included in the diet. Serra et al. (2005) for
muscle biceps femoris and Segura et al. (2015b)
for SF of dry-cured ham found a negative
correlation of hardness and chewiness with aw.
Besides, a tendency to a lower final pH was
another effect of dietary glycerol inclusion. A
lower final pH could be an indicative of higher
proteolysis  happened  during processing
(Candek-Potokar and Skrlep 2011). Moreover, a
higher ay implies less inhibition of enzymatic
activity (Morales et al. 2007). In any case,
collagen fibers and other protein matrixes would
suffer longer proteolysis, which would affect the
rheological  properties. In  springiness,
interactions Sex*Fat and Sex*Glyc were
detected and also in gumminess as interaction
Sex*Fat was observed. Although there is no
available information, they are possibly related to
different behavior of ay and total PUFA (same
interactions found) for gilts and barrows. Gilts
fed with palm oil showed higher values of aw and
lower of total PUFA than barrows; in lard, such
differences were not detected. Springiness and
gumminess were higher in palm-fed gilts than in
barrows. Gumminess was also higher in gilts fed
diets containing glycerol than in barrows while
there were not such differences when glycerol
was not included in the diet.



Table 6. Effect of gender (Sex), dietary fat source (Fat) and glycerol (Gly) inclusion on the texture

parameters of dry-cured ham subcutaneous fat.

SEX FAT GLY SEM P VALUE
Gilt Barrow  PalmOil  Lard 0% 5% (n=5) Sex Fat Gly
Hardness(N) 16.13 15.46 17.75 13.84 2371 789 2265 0.6476 ~ 0.0107  0.0001
Adhesiveness (Nxs) -0.08 -0.09 -0.08 -0.10 0.13 -0.04  0.018 0.2696  0.0853  0.0001
Springiness (107%) (m)" 223 221 2.14 2.30 284 1.60  0.173 0.8493  0.1517  0.0001
Cohesiveness 0.25 0.27 0.26 0.25 027 024 0016 0.0615  0.2741  0.0091
Gummingss (N)! 3.04 4.12 3.48 3.68 632 085  0.863 0.0604 0.7182  0.0001
Chewiness 107 () 0.97 1.06 0.87 0.75 173 030 0212 0.5054 03134 0.0001

1 Interaction Sex*Fat was detected (P <0.01).
2 Interaction Sex*Gly was detected (P < 0.05)

4. Conclusions.

The combination of glycerol with different
dietary fat sources could be a regulatory system
of rheological properties of subcutaneous fat of
dry cured ham without a remarkable effect on
positional distribution of the fatty acids of the
triglyceride molecule. The use of two fat sources
with different fatty acid positional distribution
but similar nutritional value (lard vs palm oil)
caused a restructuration of fatty acids within the
triglyceride molecule and an increase of hardness
and a decrease of adhesiveness when palm oil
was used. Slip point showed changes on its
behavior according to changes detected in
positional distribution of fatty acids within
triglyceride molecule.
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4.7 CAPITULO 7: Extensive feeding with acorn and grass alters fatty acid

composition at the sn-2 position of the triglyceride in pigs.

Los resultados del presente capitulo se recogen en el siguiente articulo:

Extensive feeding with acorn and grass alters fatty acid composition at the sn-2 position of the

triglicyeride in pigs.

J. Segura, R. Escudero, M.D. Romero de Avila, A. Olivares, M.1. Cambero, C.J. Lopez-Bote.

Enviado a la revista: Journal of Food Science and Agriculture.






Extensive feeding with acorn and grass alters fatty acid composition at the sn-2

position of the triglyceride in pigs
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BACKGROUND: Although considerable information exists on dietary interventions of swine diets to alter adipose
tissue fatty acid profile, studies aimed to control fatty acid positional distribution by dietary intervention in pigs
are scarce and evidence that fatty acid in the internal sn-2 position is highly regulated.

RESULTS: A study about the range of variation of fatty acid concentration in the triglyceride positions in
subcutaneous fat from Iberian pigs fattened extensively on acorn and grass and their effect on textural properties
of subcutaneous fat was carried out. Moderate dietary enrichment with C18:1n-9 in mixed diets does not alter
regulation of sn-2 position of triglyceride (approximately 69 % C16:0 and 15 % CI18:1n-9). However, the
extremely high intake of C18:1n-9, C18:2n-6 and C18:3n-3 in extensively reared pigs fed on acorn and grass
surpasses this regulation, thus modifying fatty acids in such position (approximately 55 % C16:0 and 27 %
C18:1n-9).

CONCLUSION: Iberian pig raised extensively has a more favorable nutritional lipid profile and distinctive fat
rheological properties than pigs fed conventional diets.

Keywords: Iberian pig, subcutaneous fat, fatty acid, positional distribution, textural parameters.

. - Introduction. manipulation .13 thus maintaining a narrow range
of variation.

Considerable information exists on dietary The extensive traditional feeding of Iberian
interventions of swine diets in order to alter adipose pigs involves the intake of natural resources, mainly
tissue fatty acid (FA) profile " and its effect on acorns and pasture. '* Acorns provide high-levels of
technological properties of meat and derived monounsaturated fatty acids (MUFA) (mainly oleic
products, 3¢ shelf life, eating quality and flavor. 8 acid) thus leading to an extremely high concentration

of MUFA in pig tissues (frequently surpassing 55 g
oleic acid/ 100 g total FA) whereas the grass is a
recognized source of n-3 FAs (mainly linolenic acid)
and o~tocopherol. '* Extraordinary sensory features
characterize Iberian dry-cured hams and they are
mainly attributable both to the genetic background of
the animals and the traditional outdoor feeding
system. 13

Such feeding regime is not always feasible.
The availability of the natural resources is limited by
environmental factors. Therefore alternative feeding
systems are also used which generally involve using
mixed diets high in MUFA content 3 in order to
imitate the favorable effects of the traditional
extensive feeding system on meat quality
characteristics.”

Contrary to other animal fats, pig locates
preferentially saturated fatty acids (SFA) in the
internal sn-2 position of the triglyceride molecule
(TAG), reaching a concentration over 75 g SFA/100
g total FA (Segura J, unpublished ). This is
considered a drawback for pig meat quality, since
high concentration of SFA concentration in this
position in human diet is related to obesity, diabetes
and cardiovascular disease. *'© Moreover,
technological properties of pig fat are also affected
by FA distribution within the sn-2 position. '

Studies aimed to control FA distribution by
dietary intervention in pigs are scarce and evidence
that FA in the internal sn-2 position is highly
regulated and slightly reflective to dietary
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To date, no information exists about
positional distribution of FAs of subcutaneous fat of
Iberian pigs raised extensively on acorn and grass
and its relationship with SF physical properties.
Taking into consideration the outstanding
concentration of MUFA in subcutaneous fat from
theses pigs, this experiment was carried out to study
range of variation in FA within TAG positions in
subcutaneous fat from Iberian pigs fattened
extensively on acorn and grass and their effect on
textural properties. Three additional groups of pigs
differing in the dietary fat source were used to
compare.

2. — Material and Methods.
2.1 Experimental design.

Four groups of 8 barrows Iberian x Duroc
were used: a) Pigs reared indoors and fed a diet
containing lard (40 g / kg diet) from 90 kg live weigh
to slaughter (150 kg) (LARD), b) Pigs reared indoors
and fed a diet containing high-oleic sunflower oil
(115 g/kg of diet) during 3 weeks previous to
slaughter (120 to 150 kg) (S-SUN), c) Pigs reared
indoors and fed a diet containing high-oleic
sunflower oil (115 g/kg of diet) during 6 weeks
previous to slaughter (from 90 to 150 kg) (L-SUN)
and d) Pigs produced extensively in free-range
conditions according to the traditional way with
acorn and grass from 90 kg to slaughter (150 kg)
(EXT). ' Fatty acid composition of fat sources used
in the experiment (triglyceride, position 2 (sn-2) and
positions 1 and 3 (snl, 3)) are shown in table
1.Animals were slaughtered by electrical stunning
and exsanguinated at a local slaughterhouse.
Sampling was carried out within the hour following
slaughter.

2.2 Triacylglyceride purification.

The total lipids of SF were extracted '¢ and
the TAG were purified by thin-layer
chromatography (TLC) on silica gel plates (0.25 mm
thickness) that were developed with hexane/ethyl
ether/acetic acid (75:25:1 by volume). To detect the
position of the TAG, the TLC plates were sprayed
with primuline acetone/water (8:2 by volume) 0.05
% solution. TAG fractions were scraped off the
plates and eluted from silica with hexane/ethyl ether
(95:5 by volume). In each case, the samples of
purified TAG were analyzed by both gas
chromatography (GC) and lipase hydrolysis. '

2.3 Lipase hydrolysis.

For the positional analysis of TAG sn-2 FAs,
10 mg of purified TAG was hydrolyzed with 2 mg of
pancreatic lipase in 1 ml of 1 M Tris—HCI buffer (pH
8), 0.1 ml CaCl, (22%), and 0.25 ml deoxycholate
(0.1%) The reaction was stopped when
approximately 60% of the TAGs were hydrolyzed
(1-2 min) by adding 0.5 ml of 6 N HCI. The lipids
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were extracted three times with 1.5-ml aliquots of
ethyl ether, and the reaction products were separated
by TLC (see above). Free fatty acids (FFA) and sn-
2-monoacylglycerol  bands representing  the
positions sn-1,3 and sn-2 of TAG were scraped off
the plate and transmethylated (see below).The
validity of the procedure was confirmed by
comparing the FA composition of the original TAG
and those remaining after the partial hydrolysis.

2.4 Lipid analysis.

Fatty acid methyl esters (FAME) were
obtained from isolated lipids by heating the samples
at 8 °C for 1 h in 3 ml of
methanol/toluene/H,SO4 (88:10:2 by volume). '8
After cooling, 1 ml of hexane was added and the
samples were mixed. The FAME were recovered
from the upper phase, separated and quantified using
a gas chromatograph (HP 6890 Series GC System,
Agilent, Avondale, PA) equipped with flame
ionization detector. Separation was performed with
a J&W GC Column, Innowax Polyethylene Glycol
(30m x 0.316 mm x 0.25 pum, Hewlett Packard).
Nitrogen was used as a carrier gas. After injection at
170 °C, the oven temperature was raised to 210 °C at
arate 3.5 °C/min, then to 250 °C at a rate of 7 °C/min
and held constant for 1 minute. The flame ionization
was held at 250 °C. The split ratio was 1:40. FAME
peaks were identified by comparing their retention
times with those of authentic standards (Sigma —
Aldrich, Alcobendas, Spain).

2.5 Melting Point determination.

Melting point was determined as slip point.
The lipids were drawn 1 cm into capillary tubes
while still warm. Triplicate capillary tubes were
collected for each sample. The samples in the
capillary tubes were stored at 4 °C overnight and then
placed vertically in a chilled water bath. The
temperature was increased gradually in the water
bath (2 °C/min), and the temperature at which the
lipid began to move up the capillary tube was
recorded . !’

2.6 Texture Profile Analysis (TPA).

TPA was performed using a TA.XT2i SMS
Stable Micro Systems Texture Analyzer (Stable
Microsystems Ltd., Surrey, England) with the
Texture Expert programs. Textural tests were carried
out at about 22 °C. Briefly, four cylinders of 1 cm
height and 1.5 cm diameter were prepared from
every sample. A double compression cycle test was
performed up to 50% compression of the original
portion height with an aluminum cylinder probe of 2
cm diameter. A time of 5 seconds was allowed to
elapse between the two compression cycles. Force-
time deformation curves were obtained with a 30 kg
load cell applied at a crosshead speed of 2 mm/s. The
following parameters were quantified : 2° hardness
(N), maximum force required to compress the



sample; springiness (m), ability of the sample to
recover its original form after deforming force was
removed; adhesiveness (N x s), area under the
abscissa after the first compression; cohesiveness,
extent to which the sample could be deformed prior
to rupture; gumminess (N), force to disintegrate a
semisolid meat sample for swallowing (hardness x
cohesiveness); and chewiness (J), work required to
masticate the sample before swallowing (hardness x
cohesiveness x springiness).

2.5 Statistical analysis.

Chemical and TPA analyses were carried out
by triplicate. Response data were analyzed as a
completely randomized design with dietary
treatment as main effect by using the GLM
procedure of SAS 9.2 2! and Bonferroni’s test was
used to separate treatment means. Positional
distribution of FAs was analyzed by repeated
measurements considering position and treatment as
dependent variables.

Table 1. Triglyceride, position 2 (sn-2) and
position 1 and/or 3 (sn-1,3) fatty acid composition of
fat sources (lard, high oleic sunflower oil and
acorns) used in this experiment.

High oleic
Lard sunf%ower oil Acom

TAG

C16:0 24.5 18.7 15.4

Cl18:0 14.2 12.5 2.7

C18:1 n-9 48.8 61.7 61.9

C18:2 n-6 12.5 7.0 18.0
sn-2

Cl16:0 70.8 21.7 1.8

C18:0 9.3 14.4 0.3

C18:1 n-9 16.5 58.9 66.1

C18:2 n-6 34 5.1 30.7
sn-1,3

C16:0 1.6 17.3 22.2

C18:0 15.2 11.6 3.9

C18:1 n-9 65.5 63.1 59.9

C18:2 n-6 17.7 8.0 11.7
1. — Results and Discussion.

The FA profiles of the TAG molecules of
subcutaneous fat of each treatment are shown in
Table 2. The lowest concentration of myristic
(C14:0), palmitic (C16:0), stearic (C18:0), arachidic
acid (C20:0) and SFA was found for EXT group. No
significant differences in these FAs were found
between LARD and SUN treatments. Regarding to
MUFA concentration, no differences between
LARD and SUN diets were found for palmitoleic
(Cl16:1n-7) and eicosenoic acid (C20:1n-9)
concentrations (2.5 % and 1.24 % respectively).
Oleic acid (C18:1n-9) showed the highest
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concentration (58 %) in EXT diet while S-SUN and
L-SUN concentrations were intermediate and
statistically different (49 % and 52 % respectively).
The lowest value for C18:1n-9 was shown in LARD
group (48 %). For total MUFA concentration and
unsaturation index (UI), no differences were found
between LARD and S-SUN diets. The L-SUN group
showed intermediate values and the EXT group the
highest. In TAG molecule, linoleic acid (C18:2n-6)
and linolenic acid (C18:3n-3) concentrations and
total polyunsaturated fatty acid (PUFA) showed the
highest values in the EXT group, probably due to the
high concentration of grass on the diet . 14

Ruiz et al., ?%. Timén et al., > Carrapiso et al.
24 and Ventanas et al., > reported similar results to
our EXT group by studying the FA profiles of
adipose tissues from free-range-reared Iberian pigs.
Muriel et al., *° Isabel et al., 7 and Ventanas et al.,
found similar results to our SUN groups by working
on tissues from Iberian pigs fed diets containing
elevated levels of MUFA. In agreement with such
literature, in SUN diets an increase of C18:1n-9 was
accompanied with a concomitant decrease of PUFAs
and SFAs when compared to EXT pigs.

Dietary FA composition and positional
distribution is an important determinant in FA
digestion and absorption. 2’ As it is shown in Table
1, a marked difference in FA positional distribution
exists between lard and high oleic sunflower oil or
acorns. It can be seen that lard is characterized by
around 49% of C18:1n-9 preferably located in sn-
1,3, 25 % of C16:0 almost fully occupying sn-2
position and approximately similar concentrations
(12-14 %) of C18:0 and C18:2n-6 located almost in
2:1 ratio external vs internal position. High oleic
sunflower and acorns have similar concentration of
C18:1n-9 (62%) which is located with a slight excess
in sn-1,3 in sunflower and in sn-2 in acorns, similar
concentration of C16:0 that is almost fully located in
sn-1,3 in acorns and randomly distributed in
sunflower oil. C18:0 and C18:2n-6 are also located
in a randomized way in sunflower oil. Acorns have
the lowest concentration of C18:0 and it is
quantitatively located in sn-1,3 position, and the
highest of 18:2n-6, mostly occupying sn-2 location.

Positional distribution within the TAG
molecule of subcutaneous pig fat is given in Table 3.
Apart from C20:3n-6, the rest of FAs showed a
significant different allocation between positions (P
<0.0001). In contrast to other species, the sn-2 in the
TAG of pig adipose tissue is occupied by mainly
C16:0. 2% Stearic acid is mainly esterified at the sn-
1,3 of the TAGs, as well as C18:1n-9 and C18:2n-6.
Similar distribution has been reported earlier in a
variety of pig tissues, 2® human milk substitutes, 3%3!
plasma, and milk of rat and rabbit, 3 thus indicating
that fatty acids are not randomly esterified to the
glycerol hydroxyl groups in animal fats.



Table 2. Effect of treatments on fatty acid profile of triglycerides of subcutaneous fat'.

LARD S-SUN L-SUN EXT SEM P
Cl14:0 145 ° 143 ° 142 ° 1.06 ° 0.028  0.0001
C15:0 0.05 * 0.06 ° 0.04 " 0.06 °  0.003 0.0147
C16:0 245 ° 243 ° 242 ° 182 ° 0292 0.0001
Cl6:ln-7 258 ° 237 ° 259 ° 205 " 0.060 0.0001
C17:0 027 ° 032 ° 025 ° 028 ° 0013 00174
C17:1 031 * 033 * 027 " 027 ° 0.013 0.0107
C18:0 124 ° 12.1 ° 11.8 ° 786 ° 0274  0.0001
C18:1n-9 480 ° 489 ° 519 ° 579 °  0.482  0.0001
Cc182n6 771 ° 747 ° 7.40 ° 944 *  0.133  0.0001
Cl18:3n-3  0.60 ° 052 " 0.56 " 071 *  0.034  0.0090
C20:0 0.20 * 0.20 * 0.20 * 0.17 °  0.010 0.1062
C20:1n9 122 ° 127 ° 125 ° 138 ° 2381 0.0050
C20:3n-6  0.51 0.62 0.57 0.49 0.048  0.1684
C20:4n-6  0.14 0.14 0.14 0.15 0.006  0.3814
SFA 389 ° 384 ° 379 ° 276 ° 0.550  0.0001
MUFA 52.1 ¢ 529 ¢ 56.0 ° 61.6 °  0.524  0.0001
PUFA 8.97 ° 8.75 ° 8.68 ° 10.79 *  0.145  0.0001
Ul 715 ¢ 718 ¢ 747 ° 847 0.752  0.0001

SFA (saturated fatty acids), MUFA (monounsaturated fatty acids), PUFA (polyunsaturated fatty acids), Ul (unsaturation
index).LARD: Iberian x Duroc (IB x DR) pigs reared indoors and fed with lard as fat source. S-SUN: IB x DR pigs reared

indoors and fed on a diet containing high-oleic sunflower oil (115 g/kg of diet) during 3 weeks. L-SUN: IB x DR pigs reared

indoors and fed on a diet containing high-oleic sunflower oil (115 g/kg of diet) during 6 weeks. EXT: IB x DR breed pigs free-

range reared and exclusively fed on acorns and grass according to the traditional feeding system.

! Different letters within the same raw indicate difference between groups (P < 0.05).

2 SEM= pooled standard error (n=8).

The treatments caused different effect on the
positional distribution of FAs. In Figure 1, it can be
observed the interaction treatment x position. LARD
and SUN treatments were only different in dietary fat
which caused an increase of TAG C18:1n-9 and a
decrease of TAG C18:3n-3 mainly reflected in sn-
1,3 location (Table 3). Therefore, total MUFA index
was reduced in TAG and sn-1,3 when LARD was
used, total PUFA was reduced in TAG without
interaction with the positions when LARD and SUN
diets were compared to EXT and also in this case,
the decrease of total SFA was again reflected in TAG
and sn-1,3 position. EXT treatment differed from the
others in reared treatment and diet (mainly C18:1n-9
provided by acorns and C18:2n-6 and C18:3n-3 from
grass). The increase of PUFA and C20:1n-9 and the
decrease of C14:0 was reflected equally in both
positions. Nevertheless, the strong decrease of C16:0
and the marked increase of C18:1n-9 in EXT
treatment were both mainly located in sn-2 (Table 3
and Figure 1).

164

Hunter, ** Mu & Porsgaard 3* and Innis 3!

reported that TAG sn-2 position suffers little
alteration during digestion, as approximately 70 %
of FAs located in such position are conserved in
chylomicrons. Little information exists on this topic.
Innis et al., 3° provided diets differing in total FA
composition and distribution within the TAG,
studied the liver lipids of piglets and reported limited
effect of dietary treatment, thus suggesting
metabolic regulation of FA composition in sn-2
position. Besides, during lactation, the presence of
C16:0 in sn-2 of the dietary TAG in human infants
and piglets seems to be of importance for the
adequate development of the organism. 303136
Gastric and pancreatic lipases hydrolyze FAs from
the external positions of the TAG. With the
positional distribution of dietary fat sources shown
in Table 1, formation of FFAs and 2-monoglycerides
during the digestion of fat is markedly different
depending on the dietary fat source, ?° so that the
reassembly of the TAG could not be convergent.



Table 3. Triacylgliceride sn-2 and sn-1,3 fatty acid composition(g-kg™) profile and positional distribution (Pos)

of subcutaneous fat of considered treatments (Diet).

LARD S-SUN  L-SUN EXT SEM  SEM* P value

Diet Pos

Cl14:0  sn-2 3.54 ° 3.60 ° 361 ° 285 " 0.072 0223  0.0001 0.0001
sn-1,3 037 ° 038 ° 032 ° 017 *  0.025 0.0001

C16:0 sn-2 69.2 ° 68.0 ° 70.7 *° 550 ° 0.692  2.652  0.0001 0.0001
sn-1,3 1.96 ° 213 ° 1.16 ° 0.57 ¢ 0.239 0.0045

C16:1n-7 sn-2 3.76 ° 3.65 ° 376 ° 369 ° 0170 0.118 09521 0.0001
sn-1,3 218 ° 164 ° 204 ° 123 ° 0.098 0.0001

CI8:0  sn2 431 ° 417 ° 3.01 ° 356 ° 0212 0582  0.0010 0.0001
sn-1,3 159 ° 159 ° 151 ° 10.0 °  0.406 0.0001

C18:1n9 sn-2 137 ° 15.1 ° 140 ° 272 % 0488  1.777  0.0001 0.0001
sn-1,3 655 ¢ 65.4 ¢ 68.2 ° 732 0.497 0.0001

C18:2n-6 sn-2 333 ° 3.05 ° 2.82 ° 523 % 0276 0405  0.0001 0.0001
sn-1,3 100 ° 9.71 ° 9.28 ° 11.6 * 0.139 0.0001

C18:3n-3 sn-2 033 ° 031 ° 0.30 ° 053 * 0.031 0015  0.0001 0.0001
sn-1,3 076 ° 0.61 ° 0.67 ° 079 *  0.050 0.0506

C20:0  sn-2 0.14 * 0.12 * 0.13 * 0.09 ° 0.037  0.002  0.1418 0.0001
sn-1,3 023 ° 023 ° 027 ° 021 °  0.014 0.0587

C20:1n9 sn-2 0.15 ° 0.17 ° 0.16 ° 022 * 0.007 0.006  0.0001 0.0001
sn-1,3 173 ° 1.82 ° 1.78 ° 1.95 *  0.039 0.0032

C20:3n-6 sn-2 0.46 0.64 0.54 0.47 0.090  0.055  0.3883 0.9407
sn-1,3 0.64 0.51 0.58 0.51 0.082 0.7955

C20:4n-6 sn-2 0.11 0.11 0.11 0.14 0.013  0.001  0.2892 0.0015
sn-1,3 0.17 0.15 0.16 0.16 0.009 0.5074

SFA sn-2 77.8 * 76.5 ° 78.0 ° 62.1 ° 0.839  3.643  0.0001 0.0001
sn-1,3 18.7 ° 199 ° 16.1 ° 108 © 0474 0.0001

MUFA  sn-2 18.0 ° 19.4 ° 183 ° 31,5 0.647 2771 0.0001 0.0001
sn-1,3  69.7 ¢ 69.1 ¢ 733 ° 76.6 © 0.590 0.0001

PUFA  sn2 423 ° 412 ° 3.76 ° 636 °  0.191  0.463  0.0001 0.0001
sn-1,3 116 ° 1.0 ° 10.7 ° 13.0 * 0279 0.0001

Ul sn-2 274 ° 28.8 ° 26.9 ° 455 °  1.079  7.859  0.0001 0.0001
sn-1,3 946 * 925 ¢ 96.1 ° 1042 * 0.857 0.0001

SFA (saturated fatty acids), MUFA (monounsaturated fatty acids), PUFA (polyunsaturated fatty acids), Ul (unsaturation index),
sn-2 (in 2-position of triglyceride), sn-1,3 (average of 1 and 3- position of triglyceride).LARD: Iberian x Duroc (IB x DR) pigs
reared indoors and fed with lard as fat source. S-SUN: IB x DR pigs reared indoors and fed on a diet containing high-oleic
sunflower oil (115 g/kg of diet) during 3 weeks. L-SUN: IB x DR pigs reared indoors and fed on a diet containing high-oleic
sunflower oil (115 g/kg of diet) during 6 weeks. EXT: IB x DR breed pigs free-range reared and exclusively fed on acorns and
grass according to the traditional feeding system.

! Different letters within the same raw indicate difference between groups (P < 0.05).

2 SEM= pooled standard error (n=8).

3 SEM*= pooled standard error (n=16) of repeated measurement analysis.
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The treatments caused different effect on the
positional distribution of FAs. In Figure 1, it can be
observed the interaction treatment x position. LARD
and SUN treatments were only different in dietary fat
which caused an increase of TAG C18:1n-9 and a
decrease of TAG C18:3n-3 mainly reflected in sn-
1,3 location (Table 3). Therefore, total MUFA index
was reduced in TAG and sn-1,3 when LARD was
used, total PUFA was reduced in TAG without
interaction with the positions when LARD and SUN
diets were compared to EXT and also in this case,
the decrease of total SFA was again reflected in TAG
and sn-1,3 position. EXT treatment differed from the
others in reared treatment and diet (mainly C18:1n-9
provided by acorns and C18:2n-6 and C18:3n-3 from
grass). The increase of PUFA and C20:1n-9 and the
decrease of C14:0 was reflected equally in both
positions. Nevertheless, the strong decrease of C16:0
and the marked increase of C18:1n-9 in EXT
treatment were both mainly located in sn-2 (Table 3
and Figure 1).

Hunter, ** Mu & Porsgaard 34 and Innis !
reported that TAG sn-2 position suffers little

alteration during digestion, as approximately 70 %
of FAs located in such position are conserved in
chylomicrons. Little information exists on this topic.
Innis et al., 3 provided diets differing in total FA
composition and distribution within the TAG,
studied the liver lipids of piglets and reported limited
effect of dietary treatment, thus suggesting
metabolic regulation of FA composition in sn-2
position. Besides, during lactation, the presence of
C16:0 in sn-2 of the dietary TAG in human infants
and piglets seems to be of importance for the
adequate development of the organism. 303136
Gastric and pancreatic lipases hydrolyze FAs from
the external positions of the TAG. With the
positional distribution of dietary fat sources shown
in Table 1, formation of FFAs and 2-monoglycerides
during the digestion of fat is markedly different
depending on the dietary fat source, ?° so that the
reassembly of the TAG could not be convergent.

Figure 1. Interaction Treatment x Position of main fatty acid positional distribution.
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*(P<0.001), ** (P <0.0001) of the interaction Position x Treatment. LARD: Iberian x Duroc (IB x DR) pigs reared indoors
and fed with lard as fat source. S-SUN: IB x DR pigs reared indoors and fed on a diet containing high-oleic sunflower oil
(115 g/kg of diet) during 3 weeks. L-SUN: IB x DR pigs reared indoors and fed on a diet containing high-oleic sunflower oil
(115 g/kg of diet) during 6 weeks. EXT: IB x DR breed pigs free-range reared and exclusively fed on acorns and grass
according to the traditional feeding system. sn-2 (in 2-position of triglyceride), sn-1,3 (average of 1 and 3- position of

triglyceride).
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In bovine tissue, dietary intervention has also
been proven to alter FA in the external sn-1,3
position of the TAG rather than the sn-2 location.
Smith et al., ! observed that depressing desaturase
enzyme activity increased the concentration of
C18:0 located in the external sn-1,3 position in
bovine adipose tissue, but limited response was
observed on sn-2 and Segura J (unpublished)
observed that the substitution of lard by palm oil as
dietary fat only produced slight changes in sn-1,3. In
this research, only in EXT diet the high increase of
TAG C18:1n-9 and decrease of C16:0 had higher
effect in sn-2 position than in sn-1,3. Further
research is needed to clarify whether this behavior
was completely due to special feeding conditions.

Moisture  percentage, melting  point
(measured as slip point) and results of textural
profile analysis of each diet are shown in Table 4.
Moisture and adhesiveness did not show statistical
difference between both SUN groups. The lowest
values of moisture, melting point, hardness and
adhesiveness were shown by subcutaneous fat of
pigs of EXT treatment while the highest was found
in LARD diet. Melting point values were different
for each diet, the highest (30.5 °C) was obtained for
LARD treatment, the lowest one (26.4 °C) was
shown by subcutaneous fat of pig fed EXT while S-
SUN and L-SUN showed intermediate and different
values (30.0 and 29.4 °C respectively, P < 0.0001).
Springiness,  cohesiveness, = gumminess  and
chewiness also showed their highest value in LARD
diet and the lowest in pigs fed EXT but not clear
differences were observed if S-SUN or L-SUN diets
were considered.

The decrease of fat moisture in a diet enriched
with MUFA was also observed by Ventanas et al., >’
the higher saturated the fat is, the higher moisture
level presents. Similar behavior was observed for
melting point. In fact, the C18:0 content ® and
relationship between MUFA and SFA 3 have been
considered the best predictor of the melting point.
Besides, Segura et al., '* analyzed the effect of
positional distribution within the TAG molecule on
selected physical properties of subcutaneous fat of
dry-cured hams and concluded that melting point
oscillations were related to the concentration and
positional distribution of FAs. When C16:0 is
preponderant in sn-2, the behavior of the melting
point depends largely on the FA present in sn-1,3.
An increase of slip point is observed when C16:0 or
C18:0 are located in sn-1,3 (LARD group) and a
decrease when C18:1n-9 increases in this position.
But, when C18:1n-9 concentration in sn-2 increases,
C18:0 of sn-1,3 do not cause a marked impact, it was
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the increase of C18:1n-9 and C18:2n-6 in sn-1,3
which caused a strong decrease (L-SUN and EXT
treatments).

In the case of hardness, generally, higher
proportion of C18:0 and lower proportion of C18:2n-
6 acids led to a harder fat. 3% Segura et al., ' also
observed that hardness was correlated with FAs of
external positions of TAG molecule. Authors found
a positive correlation between hardness and C16:0,
C18:0 and SFA in sn-1,3 position and negative for
C18:2n-6 and total PUFA. In our case, the lowest
value of hardness in EXT treatment was coincident
with the lowest value of C18:0 and the highest of
C18:1n-9, C18:2n-6 and ACL in sn-1,3 whereas the
opposite was observed in LARD diet. Between
LARD and S-SUN groups, only difference in sn-1,3
was found in total PUFA while between S-SUN and
L-SUN also in C18:1n-9, total MUFA and total SFA
changes were detected and could cause the observed
changes on hardness.

Casutt et al., ¥ (1999) in bovine kidney fat
and Nishioka & Irie ® found that the higher
concentration of SFA or C18:2n-6, the higher
adhesiveness of adipose tissue was observed and
Segura et al., ' added that adhesiveness was
dependent of FA concentration in sn-2, directly to
C18:0 and C18:2n-6 and inversely proportional to
C18:1n-9. The strong decrease in EXT group
compared to the others could be explained by the
strong increase of C18:2n-6 and decrease of SFA in
sn-2.

A direct dependence of springiness and
cohesiveness on FAs has not been clarify in our
results. In fact, Sumena et al., *° concluded that the
contribution to the texture features, mainly
cohesiveness, was the network of connective tissue
fiber, predominantly the collagen fibers and small
quantities of elastic and reticular fibers and not the
adipocyte composition itself.

4. Conclusions.

In agreement with previous literature, sn-2
position of the triglyceride is highly regulated and
concentrates C16:0 around 70g /100g fatty acids.
Moderate dietary enrichment with CI18:1n-9 in
mixed diets does not alter this regulation. However,
the extremely high intake of C18:1n-9 (and also
C18:2n-6 and C18:3n-3) in extensively reared pigs
fed on acorn and grass surpasses this regulation, thus
modifying fatty acids in the sn-2 position. Iberian pig
raised extensively has a more favorable nutritional
lipid profile and distinctive fat rheological properties
than pigs fed mixed diets.



Table 4. . Effect of proposed treatments on moisture, melting point and textural parameters of pig

subcutaneous fat'.

LARD SSUN L-SUN EXT SEM P
Moisture (%) 65" 60" 57° 480 ° 016  0.0001
Melting Point (°C) 305 4 300 ° 204 ° 264 ° 019  0.0001
Hardness(N) 41 420 ° 406" 329 ° 114 00039
Adhesiveness (Nxs) 041 © 028 " 027" 007 © 004  0.0001
Springiness (10%) m) 111 ° 092" 047" 067 " 020 0.1001
Cohesiveness 056 ° 055" 059 ° 050 ° 002 00225
Gumminess (N) 250 % 227" 240 ° 166 ° 167  0.0038

282 189 °  LI1° 109 ° 049  0.0400

Chewiness 107 (J)

LARD: Iberian x Duroc (IB x DR) pigs reared indoors and fed with lard as fat source. S-SUN: IB x DR pigs reared indoors
and fed on a diet containing high-oleic sunflower oil (115 g/kg of diet) during 3 weeks. L-SUN: IB x DR pigs reared indoors
and fed on a diet containing high-oleic sunflower oil (115 g/kg of diet) during 6 weeks. EXT: IB x DR breed pigs free-range
reared and exclusively fed on acorns and grass according to the traditional feeding system.

1 Different letters within the same raw indicate difference between groups (P < 0.05).

2 SEM= pooled standard error (n=8).
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5. DISCUSION GENERAL.







Discusion general

5.1Propuesta y optimizacion de un nuevo método de exircion de grasa

intramuscular.

La grasa intramuscular es un indicador de calidald darne puesto que le proporciona sabor,
aroma, jugosidad, y una adecuada consistenciagf@ez et al., 1999). La utilizacién de diferentes
cruces y razas ha permitido la obtencion de ansndke elevada eficacia productiva. Pardmetros
productivos, como la ganancia media diaria, elcedie transformacion del alimento, el rendimiento y
proporcién de magro de la canal y la proporciénpddes nobles, son de gran interés, tanto para
productores como industriales. En la bibliograféa encuentran referencias que sefialan que para
mantener los atributos de calidad 6ptimos, es gwegiie la carne contenga al menos un 2% de grasa
intramuscular. Aunque, nuestras costumbres gastrieas y la tradicién en el procesado de la carne,
hacen que en nuestra area de produccion se prefiaraes con un contenido claramente superior,
especialmente en carnes destinadas a la elabodeaerivados carnicos. Asi, estudios basadossen te
sensoriales, han mostrado que los consumidoreasgmetarnes con un nivel de grasa intramuscular no

inferior al 3% mientras en el sector del cerdoidméra industria busca valores por encima del6-7

La determinacion precisa de la grasa intramuspuésenta considerables dificultades, ya que
varia tanto dentro del propio musculo como corotalizacién anatomica (Faucitano et al., 2004),
obteniéndose con frecuencia coeficientes de vanaemntre 25-30 %. Este hecho, no s6lo complica su
cuantificacion, también obstaculiza el desarroboedtrategias de produccién animal para tratar de
modificarla. Sin embargo, hemos podido comprobar lojuena parte de la variabilidad asociada a la

cuantificacion de la grasa intramuscular se delpecgledimiento analitico empleado.

Los procedimientos de andlisis habitualmente erdpkegara la cuantificacién de la grasa
intramuscular (Blig y Dyer, 1959; Folch et al., Z9®%1armer y Maxwell, 1981) son lentos, ya que
implican sucesivas extracciones solido-liquido nweclas de disolventes (comunmente cloroformo-
metanol). Estos métodos tienen un coste elevadeqgakrir el empleo de cantidades importantes de
disolventes y de muestra, derivando, sin embarge®iltados que, como se ha mencionado, presentan
elevada variabilidad. Sukhija y Palmquist (19883ateollaron un método en un solo paso bastante,

utilizado en analisis de piensos (generalmentermaateca) pero Unicamente cuantifica por metilacion
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directa de los acidos grasos presentes en la rawestiposibilita cualquier tratamiento de los mismo

o la obtencién de otro tipo de lipidos.

Ante estos inconvenientes y, puesto que la extaccie grasa intramuscular es un
procedimiento de rutina en muchos laboratorios, plasteamos desarrollar un método de extraccion

que solventara, en la medida de lo posible, loblpnaas encontrados.

Asi pues, comprobamos que uno de los mayores isoc@gves, de la metodologia existente,
era la utilizacion de muestra fresca ya que intcaawn tercer disolvente en la mezcla, el agua,
dificultando y ralentizando las separaciones. Patar este factor, nos planteamos la posibilidad d
trabajar con muestras previamente liofilizadase Hstocedimiento ya habia conducido a buenos
resultados en el trabajo de Dunstan et al. (1228ljofilizacion permitiria, a su vez, reducir lartidad
de muestra empleada y, por tanto, el volumen delvdistes. Ademas, sustituimos el cloroformo
empleado por diclorometano, menos volatil, mas meglbarato y que ya habia sido empleado por

Céquier-Sanchez et al. (2008) en trabajos de extrade acidos grasos.

El siguiente paso fue optimizar tanto la homogeasi@ade la muestra como la extraccion
solido-liquido. Con este objetivo, se trabajo paomseguir un tamafio de particula final y un
procedimiento de agitacion mas uniforme, que redugevariabilidad del método y facilitara la forma
de proceder. Para ello, se opto por utilizar utesia Mixer Mill MM400 (Retsch technology, Haan,
Alemania) que cubria los requerimientos inicialeglgmas permitia procesar varias muestras a la vez,

con el consiguiente reduccién del tiempo de asalisi

Por altimo, se comprobéd que la filtracion finah @tra etapa limitante del método original.
Aprovechando que se habia reducido la cantidadugstna de partida, el proceso podia llevarse a cabo
en tubos conicos de eppendorf que podian centragdirectamente para la separacion, sencilla y
rapida, de la matriz sélido del disolvente de exdi@n. Se estructuré asi el método descrito ertieliéo

Segura y Lopez-Bote (2014).

Los resultados derivados de la aplicacion del numéiodo (NW) disefiaron se han

contrastado y comparado con los obtenidos por otédedos establecidos. En primer lugar, un conjunto
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de 64 muestras de lomo de cerdo blanco LandraeegelWhite (32 de cada género) se analizaron por
el método NW, por propuesto por Folch et al. (19%0QL) y por el de un solo paso propuesto por

Sukhija y Palmquist (1988) (OS). En esta expergereiobservo:

- Una significativa P < 0.05) regresion lineal entre los datos obtenjmwsel método NW y

los otros referenciados {Bntre 0.88 y 0.93).

- No existieron diferencia®?(> 0.05) en la cantidad de grasa extraida por &doéNW y

FOL.

- El método OS extrajo menor cantidad de grdsa (0.05) que los otros dos métodos

utilizados, ya que Unicamente es valido para clieentios acidos grasos.

- Los tres métodos permitieron detectar diferensigsificativas P < 0,05) entre sexos en el

contenido de grasa intramuscular (Alonso et abD928arton-Gade, 1987; Latorre et al., 2003)

De acuerdo con los resultados obtenidos, utilizdadoantificacion por el método de Folch
et al (1957), se dividieron las muestras en 4 gypse eligié la mas préxima a la media de cada uno
Estas cuatro muestras (con Bajo, Medio-bajo, Mattmy Alto contenido en grasa intramuscular) se
analizaron por sextuplicado por los tres métoddsdesios: el método propuesto por Marmer y
Maxwell (1988) (MM), FOL, por una adaptacién delsmb con muestra liofilizada (L-FOL) y el
método desarrollado en esta tesis doctoral (NM)s fesultados se muestran en la Tabla 5.1. Se pudo
asi comprobar que, aunque significativas, no @xistiiferencias cuantitativas muy notorias entre
métodos en cuanto a la capacidad de extracciormradm.gAdemas, a excepcion de MM, todos los
métodos pudieron diferenciar los distintos nivelegrasa establecidos. Analizando las similitudege
metodologias, se pudo observar que, a niveles@dtasasa intramuscular, NW, junto con FOL y OS,
mostrd la mayor capacidad de extraccién. MM fueé&lodo con menor rendimiento de extraccién. En
el nivel Medio-alto, NW fue, el método que mas mad de grasa extraj® (< 0,05) seguido por los
otros 4 métodos, entre los que no hubo diferersigasficativas. Al disminuir el contenido en grasa,

NW fue perdiendo parte de su poder de extraccion.
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Tabla 5.1.Cuantififacion de la concentracion (g/10@e carne) de grasa intramuscular de cuatro muestde
lomo de cerdo analizadas por sextuplicado por 5ga@imientos analiticos: Folch et al., (1957) con nstia fresca (FOL)
o liofilizada (L-FOL), Sukhija y Palmquist (1988) (8), Marmer y Maxwell (1981) (MM) y el nuevo métodoopuesto
(NW).

Método Bajo Medio-bajo Medio-alto Alto Media
NW €2.14 AB3.03 AQ.47P AG.THR 4.10
FOL A2.91 A3.5% B4.04 ABG.1T 4.16
L-FOL B2.52 A3.48 B3.73 B5.76 3.87
oS D1.58! 82.40 B3.74 ABG.45 3.53
MM AB2 57 B2.68 B3.78¢ €4.80 3.46
Media 2.34 3.04 3.95 5.98

Letras diferentes en mayusculas (A-D) en la misatanena indican diferencias (P < 0.05) entre proceiinto analitico y
letras en minascula (a-d) en la misma fila indichferencias entre grupos de contenido de grasamtrscular.

Por otra parte, no se encontraron diferencias £pédiles de acidos grasos atribuibles a las
distintas metodologias empleadas. En este mismadiestse comprobd que NW reducia muy
significativamente la variabilidad de los resultadfigura 5.1). Este hallazgo se considera de gran

relevancia ya que es un buen indicador de la éxdale las determinaciones y de la eficacia debdwat

En conjunto, el método desarrollado en esta TesitdBal presenta considerables ventajas
frente a otros procedimientos utilizados para teaexidn de grasa intramuscular. Su desarrollo perm
utilizar una cantidad mucho menor de disolventduce la variabilidad de los resultados y un ahorro
notable del tiempo de andlisis, con una elevadsm@f en la extraccidn de grasa. A estos hechos
contribuye la liofilizacion de las muestras y quese requieran complejas separaciones soélido-agua-
disolvente organico asi como el empleo del sistbiixe@r Mill MM400 para la homogeneizacion y
agitacidon de las muestras. Se propone, por todpa@imo un método alternativo para la extraccion de

grasa intramuscular.
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Figura 5.1. Coeficiente de variacion de la concentiédn de grasa intramuscular de cuatro muestras denb de
cerdo analizadas por sextuplicado por 5 procedim@n analiticos: Folch et al., (1957) con muestra $oa (FOL) o
liofilizada (L-FOL), Sukhija y Palmquist (1988) (OSMarmer y Maxwell (1981) (MM) y el nuevo método puesto (NW).

10

MM FOL oS L-FOL NwW

Bajo ® Medio-bajo = Medio-alto = Alto

Letras diferentes en mayusculas (A-D) indican difeias (P < 0.05) entre coeficientes de variacid@l d

procedimiento analitico.

A partir de la publicacién del mencionado métodegiBa y Lopez-Bote, 2014), varios
investigadores se pusieron en contacto con nuegstrpo solicitando mas informacion sobre su
desarrollo, especialmente por desconocer el egdiger Mill MM400, que es poco comun en los

laboratorios de andlisis de carne.

Por este motivo, consideramos que era necesdristpieda de alternativas que condujeran a
resultados similares pero con la utilizacion deequipamiento mas comun y asequible. Para ello, nos
plantearnos para la homogeneizacion de las mudistiiizadas, la utilizacion de un molinillo de féa
simple y el triturado con mortero. Como sistemagiéacion para la extraccion con disolventes sb@ro
un agitador de tubos (tipo vortex). Se tratabatpoto de materiales habituales o comunes entre el
material de laboratorio. En el disefio experimesgalealizaron diversas combinaciones para establece

seis métodos de analisis: Mixer Mill/Mixer Mill (mespondiente al procedimiento NW y considerado
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como referencia), Mixer Mill/Vortex, Molinillo/Mixe Mill, Molinillo/Vortex, Mortero/Mixer-mill y

Mortero/Vértex.

Como material de estudio se seleccionaron 27 nagegér pechuga de pavo (como muestra de
carne con bajo contenido de grasa intramuscular)muestras de lomo de cerdo ibérico (como muestra
de carne con alto contenido). El analisis de lasstnas por NW, como método de referencia, permitié
Su agrupacion en tres niveles de grasa (bajo, yeadio). En la comparacion de los resultados athten
por los distintos métodos de agitacion, no se enmam diferencias significativas entre los derbad
del uso de un Voértex y los del empleo de Mixer Millcuanto a cantidad de grasa extraida. Atendiendo
al método de homogeneizacion, cabe destacar qusoetiel equipo Mixer Mill o de un Molino,
proporcionan mayor extraccion de grasa que el jwaaun Mortero. Ademas, se comprobd que con
la homogeneizacion por Mortero se perdia la capdcik discriminacion entre distintos niveles de

grasa.

En cuanto al coeficiente de variacion (Figura S&)comprobd que la utilizacion del Mortero
proporcionaba la mayor variabilidad mientras que eloMolinillo se obtuvieron los resultados con la

menor. No se detectaron diferencias significateragste parametro atribuibles al método de agitacio

No se observaron diferencias en el perfil de aciptasos de la grasa extraida por cualquiera

de los métodos mencionados.

A la vista de estos resultados se propone el pimieato Molinillo/Vortex como alternativa
al método Mixer-mill/Mixer-mill (Segura y LoOpez-Bmt 2014), para la extraccion de grasa
intramuscular, ya que ofrece la ventaja de tralzajammaterial de laboratorio mas asequible obteloien

resultados y empleando cantidades similares dévdiges, aunque el tiempo de andlisis es mayor.
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Figura 5.2. Coeficiente de variacion de la concertidn de grasa intramuscular de tres muestras delpea
de pavo y tres muestras de lomo de cerdo analizadagriplicado por 6 procedimientos analiticos Mix-Mill/Mixer-Mill,
Mixer-Mill/VVortex, Molinillo/Mixer-Mill, Molinillo/ Vértex, Mortero/Mixer-mill y Mortero/Vértex.

Pavo
300 ¢ A B B
250 F
200 F
150 F
100 F
50 ¢
00 + t t t t 3
2, . 2 = 2 2 =3 ]
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BRI N
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300 ¢ 4B B A
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0.0 4 4 ' I I d '
o o o o =
| 5|22 |9 |£|7 &
= ) = g ) o
3|2 3
Contenido en grasa Horoge neizacién Extraccién

Letras diferentes en mayusculas (A-D) indican difefas (P < 0.05) entre coeficientes de variaci@l d
procedimiento de homogeizacion.
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5.2Comparativa de técnicas analiticas para la determercion de la distribucion

posicional de acidos grasos en la molécula de tiiggrido.

Mediante modificaciones en el tipo de grasa dddtadla industria porcina ha conseguido

modificar los acidos grasos presentes tanto erakagntramuscular como en la subcutanea.

Las propiedades fisicas (fundamentalmente puntimglén) de los acidos grasos son muy
variables y por consiguiente también las de |aggi¢éridos. El control del perfil de &cidos grases
hace necesario tanto por aspectos nutricionale® qmn su interés para la industria de derivados

carnicos.

Durante los ultimos afos, diversos estudios harodeado que la distribucién posicional de
acidos grasos en la molécula de triglicérido afewacadamente a la digestibilidad de la grasa (Mu y
Hoy, 2004). Ademds, puede afectar la incidenciaediermedades como obesidad, diabetes o
hipertensién (Gouk et al., 2013; Ponnampalam eR@ll1). Es conocido que durante la lactacién, la
presencia de C16:0 en posicion 2 del triglicériddaldieta, tanto en humanos como en lechones, es
fundamental para el buen desarrollo del organisbhoigtie y Clapperton, 1982; Innis et al., 199%ii$n

2011). Por tanto, las implicaciones metabolicascamnplejas y de gran trascendencia practica.

En este contexto, pensamos que seria de gransirtendprobar si las modificaciones de la
dieta podian alterar la posicion de los acidosagr&h la molécula de triglicérido ya que existeapoc
informacién sobre estudios dedicados a modificetnalireparto. Sin embargo, tras analizar las tésnica
disponibles para cuantificar la distribucion pamigl, pudimos comprobar que tampoco existia en la
literatura acuerdo sobre el mejor método de detexoidn. La digestion del triglicérido con una lipas
la obtencion del perfil de acidos grasos en lagh@si2 de forma directa y el correspondiente a las
posiciones 1y 3 por diferencia, es una metodolsegiilla y relativamente barata y rapida. Los poco
trabajos existentes de produccion animal han atitzun procedimiento analitico basado en la
metilacion en medio basico, tras la reaccion cdipésa y posterior caracterizacion por cromatagraf

de gases (Williams et al, 1995). Este procedimipatte de la suposicion de que en medio basice no s
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metilan los acidos grasos libres y, por tanto, sélobtendran los ésteres metilicos de los acideeg
ubicados en posicidén sn-2. Los resultados de Kiitag) €2004) en cerdos blancos alimentados con sebo
de vacuno o aceite de maiz concluyen que el CIBédsn-el 4cido graso mayoritario en posicion 2,
mientras que C18:2n-6 y C18:3n-3 lo son en sngif3.embargo, C18:0 y C16:0 se distribuyen por
igual entre las distintas posiciones. Diaz et96) y Viera-Alcaide et al. (2007) obtienen resats
similares en cerdo Ibérico. Estos trabajos propoarn resultados diferentes a los obtenidos pos otro
autores Christie, 1985; Christie & Clapperton, 1982; Chest Moore, 1970; Innis 20)Igue
describen que, tanto en la grasa de cerdo coma keche humana, la posicién 2 del triglicérido esta
ocupada principalmente por C16:0 mientras que Cast€rifica las posiciones externas. El C18:1n-9
se encuentra preferentemente localizado en sn-L38y2n-6 y otros poliinsaturados se encuentran

distribuidos casi por igual entre las posiciondemmas e interna con cierta preferencia por sn-1,3.

Resulta interesante comprobar que en trabajostades a alimentacion humana o en
laboratorios de analisis de aceites, la metodolagdéitica para cuantificar la posicion de acidesgs
en el triglicérido es diferente a la utilizada pilliam et al. (1995). Unos autores han utilizado |
separacion de los productos de reaccion de lipotigdiante cromatografia de capa fina, posterior
metilacién en medio acido y caracterizaciéon pomatografia de gases (Luddy et al., 1964). Los
resultados obtenidos en este caso estan de acumrda distribucion propuesta por Christie (1985),

Christie y Clapperton (1982), Christie y Moore (@P€ Innis (2011).

La grasa subcutanea de 20 jamones curados (tomadatara del musculbiceps femoris
se analizé por el método propuesto por Luddy etl@64) y posteriormente adaptado por Mancha y
Vazquez (1970) (método A) y por el protocolo praggaepor Williamns et al. (1995) y modificado
posteriormente por Smith et al. (1998) (métodd B} resultados del método A fueron consistentes con
la mayoria de los referenciados en la literatuderas, se encontré una correlacion entre la disidh
posicional de los acidos grasos, propiedades $isamano el punto de fusion (determinado como punto
de deslizamiento) y la dureza de la grasa. Sin gobal método B condujo a un conjunto de resultado

bastante dispares, tanto con el método A comoasoad la mayoria de bibliografia publicada al regpe
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y carentes de correlacion con las propiedadesafisisencionadas. Comprobamos que este hecho

fundamentalmente se debia a una subestimaciéridel @almitico existente en sn-2.

Por todo ello, decidimos utilizar la metodologianoiminada A para nuestros posteriores

estudios.

182



Discusion general

5.3Distribuciéon posicional de acidos grasos en la maléla de triglicérido y
algunas propiedades fisicas de la grasa, como elnpo de fusion y el perfil de

textura: Relacion y modificacion.

Tanto en la comercializacion de la carne frescaocemlos procesos tecnoldgicos destinados
a la obtencion de productos cérnicos, la consistethe la grasa tiene una gran relevancia por su
importante papel en la apariencia y en la facilidadnanipulacion. La consistencia de la grasa dkpen
fundamentalmente de la proporcidon de triglicériqos se encuentran en forma liquida o sélida a una
determinada temperatura, es decir, del nUmerosaéuraciones de las cadenas de acidos grasossque lo

constituyen (Enser 1984; Glaser et al., 2004).

De todos los &cidos grasos, el que muestra unel@cidn mas elevada con la consistencia de
la grasa del cerdo es el C18:0, seguido del C1®;2nbien en los limites de variacibn mas préximos

los valores comerciales es éste Ultimo el pringigsphbonsable (Glaser et al., 2004).

La gran mayoria de los autores (Warnants et al9,1%@od et al. 2008) coinciden con
recomendar un maximo de un 15 % en la concentral@d18:2n-6 para carne fresca, mientras que en
partidas de carne destinadas a la elaboracion detetos crudos madurados, Stiebing et al. (1993)
establecen un limite del 12% para el C18:2n-6,aqueondiciones excepcionales se puede aumentar
hasta el 14%. En el caso de jamones crudos madyrBdalard et al. (1995) recomiendan un valor
maximo del 12%. Este es un valor de referencia padauen nimero de industriales chacineros en el
area Mediterrdnea. En el caso del cerdo ibéricondet® a la elaboraciéon de chacinas, el limite maxi

recomendable (incluso en los cerdos alimentadopiemsos compuestos) se establece en el 9-10%.

La consistencia de la grasa ha sido considerad@ cora de las medidas de calidad mas
importantes y el punto de fusiébn como la propiefisita mas relacionada con ella (Enser, 1984).
Aunque para determinar el punto de fusion existeersias metodologias, en el caso de grasas una de
las més utilizadas es la medida en capilar abeefpunto de deslizamiento” (ISO 6321:2002), ya que
los triglicéridos de la grasa estan compuestosdijerentes acidos grasos lo cual provoca que en la

obtencion del punto de fusion, como “cambio dedestésico”, se obtengan intervalos amplios carentes
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de utilidad practica. El contenido en C18:0 (Wobdlg 1978) y la relacién entre MUFA y PUFA (Lea
et al., 1970) han sido considerados como los nejmexlictores del punto de deslizamiento. En génera
una alta proporcion de C18:0 y baja proporcion d8:2h-6 conduce a grasas mas duras, mas

consistentes y con mayor punto de deslizamientsdiEl984; Glaser et al., 2004).

Por otra parte, como se ha mencionado en el agaratderior, la distribucidén posicional de
los &cidos grasos dentro de la molécula de trigtioéha adquirido gran importancia durante lasnds
décadas por estar involucrada tanto en la digkgtitide los triglicéridos (y por tanto en su abgor
y probablemente su metabolismo) como en la incidede diversas enfermedades cardiovasculares
(Mu y Hoy, 2004). Por todo ello, nos planteamds sibicacion de los &cidos grasos en la molécula de
triglicérido podria también influir en el punto figsion (deslizamiento) y en algunas propiedades
reoldgicas de la grasa (dureza, adhesividad, @ldesti, cohesividad, gomosidad y masticabilidadiaso
ellas variables de interés tecnoldgico para lastréicarnica y en el caso de ser asi, qué estaateg

nutricionales se podrian seguir para modificarntiatar dichas variables.

5.3.1 Estudio de la distribucién posicional de los acidograsos.

A partir de la grasa de jamones curados (tomadaatura del musculbiceps femorijs
provenientes de cerdos cebados con manteca comtefde grasa, se ha obtenido la distribucion
posicional de los 4cidos grasos por el método mstpupor Luddy et al. (1964) y posteriormente
adaptado por Mancha y Vazquez (1970) cuya idonesdatiscutio en el apartado anterior, midiéndose

ademas el punto de fusidbn como punto de deslizamielos principales parametros de textura.

5.3.1.1 Relacion con el punto de fusién (determinado commfo de deslizamiento).

La matriz de correlaciones de Pearson en la qoelagona la posicion de los acidos grasos
en los triglicéridos y distintas caracteristicasctis de la grase de estos valores (Tabla 5.2) g®ne
manifiesto que el punto de deslizamiento se cari@ha tanto con la posicion sn-2 como con las
posiciones sn-1,3 del triglicérido. Se ha podidmpmbar también que las concentraciones de los
diferentes acidos grasos considerados en las iésrposiciones mostraban colinealidad. En pasticul

en el caso de C16:0, sn-2, C16:0, sn-1,3 y C18:2, £18:2n-6, sn-2 y C18:2, sn-1,3; SFA, MUFA,
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PUFA y Ul con independencia de la posicion considary en las regresiones lineares multiples se

evitaron las combinaciones mencionadas.

Tabla 5.2. Matriz de correlaciones lineales de Pgam del punto de deslizamiento, actividad de agaa)

parametros de textura frente a los principales axsdgrasos.

=]

o aw Dureza  Adhesividad Elasticidad Cohesividad Gomosidad Masticabilidad
deslizamiento
P. deslizamiento 0.307 10505 © -0.130 -0.123 0.011 -0.035
aw 0.145 0495 * -0.586 *  0.399 0.144 -0.169
C16:0 toTAL 0.253 0.058 0.584 * 0.015 0.122 -0.016 0.365 0.450 *
Sn-2 -0.445 * 0.449 * -0.070 0450 *  0.402 -0.205 -0.088 0.181
Sn-1,3 0582 ™ 0421 0.356 -0.401 -0.287 0.169 0.263 0.066
Clel ToTAL -0.131 -0.027  -0.378 -0.157 -0.033 0.276 0.216 0.063
Sn-2 -0.145 0.363  -0.510 * 0.235 0463 *  -0.140 -0.134 0.009
Sn-1,3 -0.085 0.083  -0.182 -0.245 -0.196 0.337 0.287 0.080
C18:0 toTAL 0.338 0.056 0.690 ™ 0.151 0.033 -0.308 -0.061 0.164
Sn-2 0.114 0.138  -0.099 0.146 -0.260 -0.036 -0.183 -0.123
Sn-1,3 0.311 -0.021 0715 ™ 0.164 0.133 -0.339 -0.045 0.203
Cl81l ToTAL -0.225 0326  -0.490 ©  -0.283 -0.312 0.278 -0.085 -0.309
Sn-2 0.587 ™ 0.310 0.137 0467 ©  -0.255 0.145 0.111 -0.101
Sn-1,3 -0.505 * -0.010  -0.470 0.074 -0.008 0.093 -0.144 -0.165
C18:2 toTAL -0.088 0502 © -0532 " 0.042 0.220 -0.042 -0.091 -0.106
Sn-2 0.212 0337 -0.262 -0.069 0.133 -0.023 0.003 -0.042
Sn-1,3 -0.162 0543 © -0.586 " 0.082 0.257 -0.058 -0.119 -0.115
SFA  TOTAL 0.329 0.053 0708 ™ 0125 0.076 -0.221 0.103 0.293
Sn-2 0517 * 0352 -0.101 0.487 ©  0.287 -0.164 -0.113 0.137
Sn-1,3 0.564 * 0.256 0632 ™  -0.169 -0.119 -0.079 0.146 0.155
MUFA  toTAL -0.297 0321  -0451 °  -0.180 -0.270 0.287 -0.051 -0.260
Sn-2 0.565 ™ 0.353 0.143 0482 " -0.233 0.121 0.085 -0.129
Sn-1,3 0527 " -0.031  -0.435 0.142 0.008 0.110 -0.102 -0.114
PUFA  toTAL -0.090 0512 * -0.545 * 0.049 0.246 -0.046 -0.093 -0.105
Sn-2 0.185 0.207  -0.065 -0.303 -0.325 0.222 0.147 -0.105
Sn-1,3 -0.162 -0.553 * -0.506 " 0.087 0.273 -0.062 -0.126 -0.120
ul TOTAL -0.267 0289  -0736 7 -0.054 0.084 0.121 -0.115 -0.245
Sn-2 0.388 0439 *  0.101 0479 7 -0.410 0.241 0.158 -0.140
Sn-1,3 0522 * 0403  -0724 7 0172 0.197 0.042 -0.167 -0.172
ACL  TOTAL 0.206 -0.334 0.480 * 0.308 0.319 -0.291 0.060 0.292
Sn-2 0597 ™ 0221  -0.118 0429 * 0174 -0.110 -0.103 0.072
Sn-1,3 0.478 * -0.035 0474 *  -0.023 0.046 -0.123 0.124 0.173

*P<0.05, **P<0.001, SFA (a4cidos grasos saturad®s))FA (4cidos grasos monoinsaturados), PUFA (acidossos
poliinsaturados), Ul (indice de insaturacién), AQangitud media de la cadena). TOTAL (en todo glitérido; incluyendo todas las

posiciones), Sn-2 (en posicion 2 del triglicéridan;1,3 (promedio de posiciones 1y 3 del triglax.
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Las regresiones lineares se obtuvieron medianpeasedimiento de “paso a paso” hacia atras.
Se ha podido comprobar que, para el punto de desknto, los modelos con elevados coeficientes de
determinacion incluyen la concentracion de &cid@sa@s en ambas (ver Tabla 2, capitulo 4 de
resultados). Estos resultados estan en concordemeibas conclusiones de Enser 1984, Glaser et al.,
2004 o Lea et al., 1970 en las que, los acidogrsaturados generalmente aumentaban el punto de
fusién mientras que los mono y poliinsaturados itmméhuyen. Por otra parte, Wood et al. (2004)
encontraron que el acido graso con mayor rela@éretpunto de fusion y con otras propiedadesdssic
era el C18:0. Sin embargo, resulta destacableaqueste Ultimo acido graso, el comportamiento es
diferente en funcion de la posicidon que ocupa etnigdicérido. Se podria deducir, por tanto, que la
relacion del punto de fusion con los acidos grasode mayor complejidad que la que proporciona un

modelo lineal.

Dado que las variables estimadas mostraron un adampi@nto no ajustable a un modelo de
primer orden (distribucion no definida por un plagaue la multicolinealidad limitaba el andlisis d
regresion lineal simple y multiple optamos porizdit modelos de superficie de respuesta de segundo
orden. Estos modelos son mas flexibles y permitajuste de datos experimentales en los que existe
curvatura y representar la interaccion entre vigfcomo producto del cruce de las mismas). Los
modelos obtenidos pueden consultarse en la Figilebchpitulo 4 de resultados. Los modelos obtenido
mediante este procedimiento podrian utilizarse patimar el punto de fusidén de la grasa conociendo

la composicion y posicion de los 4cidos grasosdgdsa de porcino.

El estudio de intervenciones sobre animales coenaidn de modificar la distribucidn
posicional de &cidos grasos ha sido poco desatooliasta el momento. Sin embargo, la modificacion
enzimatica o quimica de dicha disposicion es fretimente utilizada a nivel industrial para obtener,
por ejemplo, nuevos sustitutos de leche matermas(B011; Innis et al., 2013; Zou et al., 2014)|c=n
que, en la especie humana, es necesario que € §d4.éncuentre casi con exclusividad en la posiciéon
sn-2. Otra aplicacion que cabe mencionarse estémaibn de mantequillas y derivados, con diferente
composicién y propiedades (especialmente para madifa consistencia y, por tanto, el punto de

fusidn), para diversificar la oferta de (Sonwaalket 2014; Yusoff et al., 2013). Por tanto, los elod
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planteados pueden ser un primer paso de futuradiestpara controlar punto de deslizamiento y su

comportamiento.

5.3.1.2 Relacién con parametros de textura.

Siguiendo el mismo esquema de trabajo que en elaalpaanterior, la matriz de correlacion
de Pearson (Tabla 5.2), y en general el analigisgtesion lineal, que la dureza Unicamente retadia
significativamente con los acidos grasos en lascjpoes externas del triglicérido mientras que los
posicionados en el interior (sn-2) lo hacen ccedlaesion, siendo por tanto los que mejor predisten e

atributo de textura de la grasa.

En este caso, la relacion entre caracteristicasxtigra y la estructura de los triglicéridos se
ajustdé a modelos lineares mdltiples, en los gaedureza resulté directamente proporcional a la
concentracion de C18:0 y SFA e inversamente prapuata C18:1n-9, C18:2n-6, MUFA, PUFA y Ul
(Figura 5.3). La adhesividad fue directamente prcipoal a C18:0 y C18:2n-6 mientras presentd una
relacion inversa con C18:1 en sn-2. En la Figutas®. muestran modelos de superficie de respuesta

correspondiente a la dureza, cuyas ecuacionesaergran en la Tabla 2 del capitulo 4 de resultados

Con el procedimiento seguido, la dureza queda ideficomo la resistencia a la compresion
(Bourne, 1978). En la grasa fresca, mas del 90trigicéridos. La asociacion entre ellos se poedu
por medio de fuerzas de Van der Waals que son taasoefectivas cuanto menor es la distancia entre
moléculas. Esta distancia depende del volumen doupar cada acido graso que va en aumento con el
namero de insaturaciones y la longitud de la cadBnenner, 1984; Cook, 1991). Asi pues, cuanto
mayor sea la cadena del acido graso y mayor el mio insaturaciones, mayor sera el volumen
ocupado, mayor la distancia entre triglicéridosgnor la interaccidén entre ellos. Esta mayor diséanc

provocara una menor resistencia a la compresipontanto, una menor dureza.

En comparacion con la dureza, los modelos paralhesadn frente a la estructura de los
triglicéridos de la grasa, aunque significativagsentaron coeficientes de determinacion inferjqres

lo que explican un menor porcentaje de la varidddlide esta caracteristica de textura. El resuttado
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su dependencia con los acidos grasos que ocujpasiEon interna del triglicérido necesita de mayor

estudio para su correcta descripcion y explicacion.

Figura 5.3. Modelos de superficie que muestran lda@én entre la distribucion posicional de C18:0, C18y/o C18:2n-6

en el triglicérido y la dureza (N) de grasa subcn&a de jamon curado.
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R?=coeficiente de determinacion?Rcoeficiente de determinacion corregido; Y=Duregy (
A=concentracion (%) de C18:0 en sn-1,3; B=conceitira(%) de C18:2n-6 en sn-1,3;

C= concentracion (%) de C18:1 en sn-1,3; sn-2 ¢ps2 del triglicérido), sn-1,3 (promedio de pa&icl y 3 del triglicérido).

Tanto en el caso de la elasticidad como de la ontlad, no se encontré una relacién clara
con los &cidos grasos Yy la estructura de los ¢égtios. De hecho, Sumena et al. (2010) concluyeron
gue ambas variables, principalmente la cohesivielstdpan relacionadas con la red de tejido commectiv
predominantemente fibras de colageno y pequendisiades de fibras reticulares y elasticas y no con

la composicion lipidica del adipocito.

Podemos pues deducir que la dureza depende dendartwacion y tipo de acido graso
presente en posiciones externas del triglicéridmtras que la adhesividad depende de la composicion
de acidos grasos presente en la posicion intetmauro de deslizamiento depende de la distribugion
concentracién de cada acido graso en ambas lotialies. Ademas, de las superficies de respuesta
obtenidas cabe suponer que para obtener cambiosicsigjvos en el punto de deslizamiento se
necesitan modificaciones de mayor magnitud (enrgéneoeficientes de determinacion menores asi

como pendientes méas bajas) que para cambiar laad(meyores coeficientes). Es decir, un pequefio
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cambio en la distribucién de acidos grasos en jprss externas podria provocar un cambio marcado
en la dureza de la grasa. Sin embargo, este cambde no ser suficiente para provocar modificasione

en el punto de deslizamiento.

5.3.2 Estrategias nutricionales para modificar la distribucién posicional de acidos grasos.
Para analizar el efecto de la dieta en la estractelos triglicéridos de la grasa subcutanea se

llevo a cabo un primer experimento (capitulo 5Sajwrtado de resultados) se escogieron 160 cerdos
blancos (40.3 + 0.78 kg de peso vivo). La linealtrenfSyra, Gene+, Enrin, Francia) utilizada incluia
sangre de Large White, Landrace y Duroc y la limegho fue PIC L65 (PIC, Barcelona, Espafa).
Recibieron una dieta pre-experimeradtlibitumdurante 38 dias (79.0 + 6.58 kg de peso) que oiante
20 g C18:2n-6/kg de dieta y, posteriormente, cudigtas experimentalesl-libitumque diferian en el
tipo de grasa (aceite de palma o manteca) y laerdraxion de glicerol (0 6 50 g/kg) durante 32 dias
hasta el sacrificio. Todas las dietas de acabadteeian 10 g/kg de C18:2n-6. Mediante este disefio
experimental se conseguiria teéricamente un elevamtitenido en C18:2n-6 tanto en grasa
intramuscular como subcutanea durante la etapeederéento para posteriormente, durante la etapa de
cebo, reducirlo a niveles comunes mediante el emgidegrasas mas saturadas combinadas o no con
glicerol que estimularia la sintesis endogena disygndo por tanto los PUFA. Nuestra hipotesis de
partida se baso en que el empleo de dos grasaadag(palma&s manteca) con similar energia neta
(FEDNA, 2010; INRA, 2002) pero con distinta distrifidn posicional de acidos grasos en la molécula
de triglicérido, conllevaria variaciones de la diifn y absorcion de los mismos vy, por tanto, @odri

conducir a diferentes estructuras del triglicéattnacenado en la grasa del cerdo.

En un segundo experimento (capitulo 6 del apadedesultados) se trabajé con los jamones
curados de 50 de los cerdos anteriores. Se sepgrada subcutadnea a nivel del masbiteps femoris
y se analizé su composicién y distribucion posialate los acidos grasos en los triglicéridos ademas
de la humedad, actividad de agua, punto de fugi@aido como punto de deslizamiento) y su perfil de
textura (dureza, adhesividad, elasticidad, cohdsdi gomosidad y masticabilidad). Mediante estos

analisis se podria comprobar si también se cungpial io similiar distribucion posicional de acidos
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grasos en la molécula de triglicérido y ver qué&tefda tenido la dieta sobre ésta y sobre algunas

propiedades fisicas.

En el desarrollo de esta Tesis Doctoral se llex@® un tercer con 32 cerdos cruzados Ibérico
x Duroc alimentados con manteca o aceite de girakol oleico en condiciones intensivas o en
montanera (capitulo 7 del apartado de resulta@us).este estudio se pretendia analizar otra egtate
nutricional muy diferente a la anterior y muy atiida en el cerdo ibérico. La manteca, el girasol al
oleico o las bellotas y hierba ingeridas en caatainiento tienen una composicion muy diferente de
acidos grasos y una distribucion posicional tambiéw distinta y, por lo tanto, era de esperar amaay
de estructuras de triglicéridos diferentes. Seajaomprobar tanto la distribucion posicional dd@s
grasos, las propiedades reoldgicas de la grasposidle efecto sobre ellas que pudiera tenestinth

alimentacion.

5.3.2.1 Efectos sobre la distribucion posicional de acidpasos.

En los tres experimentos mencionados, se ha padidgrobar que el C16:0 se localiza
principalmente en sn-2 mientras que el C18:0 disted sn-1,3 del triglicérido. Los acidos grasasm
(principalmente C18:1n-9) y poliinsaturados (prnramente C18:2n-6) se localizan preferentemente en
posiciones externas (Figura 5.4). Es conocido ggiédidos grasos no esterifican de forma aledtwia
grupos hidroxilo del glicerol en grasas animales.cBntraste con otras especies, la posicion sni-2 de
triglicérido en grasa de cerdo y en leche matalar@p de cerdos como de humanos, esta ocupada
principalmente por C16:0 (Christie y Moore 197(itny Nelson 2013) al igual que los triglicéridos

analizados de plasma y leche de rata y conejaqii&hri985).

Aunque se trata de una comparacion en la que estdlucradas las variables dieta, sexo,
raza, localizacion anatomica y producto crudo @adoy en la Figura 3.2 se puede apreciar a grandes
rasgos que existe una diferencia muy consideratite & distribucion posicional de acidos grasos de
la grasa de jamon curado y las grasas frescas agigye manteniéndose la relacion de concentracione

en sn-2 C16:0 > C18:1n-9 > C18:0 ~ C18:2n-6.
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Si bien es cierto que no son realmente compardheglistribuciones posicionales del
experimento 1y 2 por tratarse de diferente loaaltm anatémica (grasa dorsal y grasa a la alelra d
biceps femorijs se trata del mismo tejido adiposo y autores cBDmminguez et al. (2014) y Franco et
al. (2006) han observado que como maximo la diféaesanese nivel es como maximo de 1-2% en acidos
grasos como C18:1n-9 y/o C18:2n-6. Por lo tantodierencias mayores se podrian atribuir a praceso
de oxidacion vy lipolisis ocurridos durante el cuwra@n este contexto, se ha podido deducir que el
proceso de curado produce una modificacion susthrdg la distribucion de &acidos grasos.
Fundamentalmente se ha observado una disminucigndestacable de acido linoleico total tras el
proceso de curado y centrado sobre todo en lasipass externas del triglicérido y una recolocacion
de &cido palmitico desde sn-2 a sn-1,3. Estos gososoinciden con la descripcion de Narvaez-Rivas
et al (2007), Raclot (2003) y Vestergaard et &9@) que concluyen que, si bien las enzimas lipakt
actlan sobre las posiciones 1 y 3 del triglicérigiaste cierto control hacia la hidrdlisis previa d
triglicéridos mas polares (més insaturados); delaldisminucion de C18:2n-6, y, tras la primera
hidrdlisis, si las condiciones son las adecuadapraduce una traslocacién del 4cido graso presente
posiciéon 2 hacia una posicion externa. Este heohduxiria a la reubicacion fundamentalmente del

C16:0, al ser el mayoritario en sn-2 y por su megraso molecular, que favorece su movilidad.

En los dos primeros trabajos experimentales (dapifuy 6 del apartado de resultados) se ha
podido comprobar que la utilizacion de gliceroll@uieta no produce modificacion en la distribucion
posicional de acidos grasos en la grasa subcutioeaiste informacion previa al respecto, porue q
estos resultados apoyan las conclusiones de l@ntes trabajos de Linares et al. (2014) y Orerigo e
al. (2014) que afirman que el glicerol puede wifse en alimentacion porcina sin alteraciones en la

calidad de la grasa del cerdo.

Por otra parte, en estas experiencias tambiéa serhprobado que la utilizacion de aceite de
palma o manteca provoca pequefias modificaciondeseacidos grasos localizados en sn-1,3. En
concreto, la utilizacion de palma como fuente desgren la dieta produce una tendencia a acumular

mayor cantidad de &cidos grasos saturados (prinu@pée estearico) en posiciones externas del
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triglicérido (Figura 5.4). Tampoco existe bibliofjfeasobre esta cuestion aunque, King et al. (2004)
concluy6 que en cerdos alimentados con dietasueuidas con acido linoleico conjugado se producia
un aumento de acidos grasos saturados (posiblenpenténhibicion de enzimas desaturasas) en

posiciones sn-1,3.

Por ultimo, el desarrollo del tercer trabajo exmenital (capitulo 7 del apartado de resultados)
ha permitido observar que al suministrar una dietaen acido oleico, (administrado como aceite de
girasol alto oleico, con cerca del 62% del totagsle acido distribuido con un ligero exceso efcpns
externa del triglicérido), se produce un aumentéadmncentracion de dicho acido en posiciones sn-
1,3 del triglicérido (Figura 5.4). Sin embargo, rda el sistema de alimentacion fue la montaner, qu
incluye alimentacion fundamentalmente por belldtae también tienen aproximadamente un 62% de
concentracion total de oleico pero con exceso €),snhierba se produce un gran aumento de C18:1n-
9 en posicion sn-2. En la Figura 5.4 también sel@uebservar diferencias sustanciales entre cerdo
blanco e ibérico cruzado, en relacion con una meoocentracion de estearico en estos ultimos,
localizada principalmente en sn-2. Estos resultadtdn en consonancia con los hallazgos de Barea et
al. (2013), Ventanas et al. (2007), Muriel et aD42) o Isabel et al. (2003) y ponen de manifiesto

papel de la genética en la distribucion posicialeaficidos grasos en la molécula de triglicéridos.

En conjunto, los resultados obtenidos permitenlaimgue las intervenciones sobre la grasa
de la dieta puede modificar la ubicacion de lod@igrasos en las posiciones externas del triglmér
Sin embargo, la posicién sn-2 est4 sometida aewaéb control metabdlico, no obstante, cuando el
suministro de &cido oleico es muy elevado, y esfraeinte cuando se encuentra en la posicion sn-2 de
un triglicérido, se puede llegar a producir modifiones de la concentracién en sn-2. Por otra,mrte
proceso de curado y la genética son también facue pueden alterar la distribucion posicional.
Somos conscientes que con el desarrollo de esis Destoral, se han dado los primeros pasos en un
campo de investigacion en el que es necesariorsteghajando para esclarecer el papel de factores
genéticos y metabolicos y determinar su poteneied fa produccion animal y la obtencion de canales

mas saludables y con un mejor comportamiento tégic.
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Figura 5.4. Andlisis global de los distintos perfilég distribucién posicional de los acidos grasod&molécula

de triglicéridos (promedio) obtenidos en los distia trabajos experimentales realizados.
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5.3.2.2 Efecto sobre el punto de deslizamiento.

En el andlisis conjunto de los resultados obtenidas se han detectado diferencias
significativas en el punto de fusion de la grasatd fresca como procedente del producto curado,
debidas al sexo o a la dieta (pamsananteca y sus combinaciones con glicerol). Endaayfresca el
punto de fusion vario dentro del intervalo 27.9328, mientras que en la grasa de jamon curado el
intervalo de valores estuvo comprendido entre 296 °C. Diversos autores, como Daza et al. (009
Lépez-Bote et al. (2002) y Olivares et al. (204@) habian comprobado que las variaciones en 4cidos
grasos producidas en la capa de grasa mas extariteafpente de grasa de la dieta no son suficgente
para producir modificaciones notorias en el purdusion. En la grasa de jamoén curada analizada en
el segundo trabajo de la presente Tesis Doctotaisencontrado interacciones entre el sexo \elatéu
de grasa de la dieta y entre la fuente de gradaglicerol incorporado en la dieta. Las hembras
alimentadas con aceite de palma mostraron mayateses de punto de fusion que los machos mientras
que en los cerdos alimentados con manteca el cémmpiento fue opuesto. Por otra parte, los cerdos
alimentados con palma mostraron grasa con mendo menfusién que los alimentados con palma y
glicerol. Sin embargo, cuando los animales fuetmneatados con manteca el resultado fue contrario.
Isabel et al. (2003) encontraron un aumento delopde fusion de la grasa cuando se sustituia @ta di
rica en &cidos grasos poliinsaturados por unariceidos grasos monoinsaturados y Wood et al8§200
ya concluyeron que mayor proporcion de C18:0 dajielo y menor de C18:2n-6 conducia a mayores

puntos de fusion.

Es interesante destacar que el curado es el prapesanayor cambio ha incluido en la
estructura de los triglicéridos. La determinaciéhpglinto de deslizamiento de la fraccion de trégido
aislada condujo a valores entre 26.6 y 28.1 °Gtierido Unicamente diferencias significativas para
grasa de cerdos alimentados con palma, que masteanmayor valor, y cuyo triglicérido contenia
mayor concentracion de C18:0 en posiciones extetadiferencia existente entre el punto de fusion
del triglicérido aislado y el del conjunto del tijiadiposo indica que los acidos grasos libresonyon
diglicéridos formados durante el proceso de cutadién tienen un papel importante y activo en la

consistencia de la grasa y, por tanto en el vadbpdnto de fusién, como se ha observado.
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En el trabajo realizado con cerdo ibérico, se tdidmocomprobar que, si bien es cierto que el
aumento de acidos grasos insaturados disminuyargb pde fusion de la grasa, es necesaria una
variacion de la distribucién posicional de acidossgs de mayor magnitud para provocar un cambio

significativo en el valor del mismo.

No hay que olvidar que la grasa subcutanea estpumsta por adipocitos separados por una
red de tejido conectivo, formado predominantemeotefibras de coldgeno y pequefnas cantidades de
fibras elasticas y reticulares (Sumena et al., P(HE$te aspecto se encuentra actualmente en egtudio
que a la vista de los resultados estas fibras,ususg encuentran en una concentracién minoritatig,

probablemente también juegan un papel fundamemtal gercepcion punto de fusion.

5.3.2.3 Efecto sobre el perfil de textura.

El analisis del perfil de textura se realiz6 en stiaes de grasa de jamoén curado de cerdo blanco
(capitulo 6 del apartado de resultados) y en gltassal fresca de cerdo ibérico (capitulo 7 deltadar
de resultados). La finalidad de estos estudiosiadénto el obtener un conjunto de valores de durez
adhesividad, elasticidad, cohesividad, gomosidathagticabilidad como el poder comprobar que
mediante distintas estrategias nutricionales egblgosambiar la distribucion posicional de acidos
grasos en los triglicéridos constituyentes de dsaly, por consiguiente, modificar su comportarient

reoldgico.

Previamente ya se ha discutido la relacién encdateatre la dureza y la adhesividad con la
distribucion posicional de los &cidos grasos enrighcéridos de la grasa subcutdnea de jamordoura
de cerdo blanco. Los modelos obtenidos en esteprasentaron coeficientes de determinaciéf) (R
con valores no superiores a 0.6. En el trabajor@rpatal con cerdos ibéricos (capitulo 7 del aplarta
de resultados) es en el que se ha observado car glayidad cémo las modificaciones de los acidos
grasos ubicados en las posiciones externas digérigo, inducidas por la dieta (aumento de C18:1n
9), se traducen en una disminucién de la durepaei8bargo, el cambio producido en la posicion sn-2
en los cerdos ibéricos de montanera (aumento del@®§ se traduce en una apreciable disminucién

de la adhesividad. En el caso de la cohesividadlasticidad, ya se habia comprobado que laiéelac

195



Discusion general

y dependencia de los 4cidos grasos era mucho nesloe. suponer que estas dos propiedades presenten
una mayor dependencia del grado de desarrollosdiblas de colageno en el tejido adiposo, asociado
al peso y edad de los animales de los que proeedraducto. Conforme aumenta la edad de sacrificio
del animal, la red de tejido conectivo se hace aefisa y el coldgeno se vuelve mas insoluble (Gkrrar

y Grant, 2003; Fang et al., 1999), aumentandaasisistencia de las estructuras.

En el caso de la grasa de jamo6n curado, la mayezdwapreciada en la grasa de los cerdos
alimentados con palma coincide con la presenciaagr concentracion de C18:0. Sin embargo, en
este estudio lo mas remarcable fue la variacionsgifiéeron las propiedades reolégicas debido a la
inclusion de glicerol en la dieta. Este efecto reumayores ya que, si bien existe bibliograflzsel
papel de la ingesta de glicerol en los musculos jaecarne cruda, no se han encontrado referencias
sobre los cambios en la grasa de productos frescosados asociados a su inclusion en la dietae Cab
afiadir que existe cierta controversia sobre etef@el consumo de glicerol en el museulo Aunque la
mayoria de los autores coinciden en que no se peodtambios significativos en parametros de calidad
de la carne (Linares et al., 2014) o en el peditektura (Schieck et al. 2010), otros investigasor
como Lammers et al. (2008) o De la Casa et al.qpBan detectado un pequefio aumento de la terneza
de la carne. En la mayoria de los estudios setkatddo que el pH y la capacidad de retencién da ag
de la carne tienden a incrementarse cuando ergjlies incluido en la dieta del animal (Mourot kt a
1994). Todo parece indicar que el consumo de estpuesto produce una hiperhidratacion del tejido
muscular, que se ha asociado a modificacionessdw ¢giedades osmaéticas del mismo. A la luz de los
resultados obtenidos en esta Tesis Doctoral baoajatios hipotesis para explicar los resultados
obtenidos: la primera basada en que la mayor riéterme agua podria haber permitido durante el
proceso de curado una actividad proteolitica malepgada en el tiempo y, una segunda centrada en la
posibilidad de que la tedrica hiperhidrataciontdigdio pudiera haber conducido a diferente dispasic
y desarrollo de la red de tejido conectivo, queesti podria ser afectada de distinta forma durante
proceso de curado. En ambos caso, seria factilbéalleccion de las propiedades de textura que se ha

detectado.
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1. Gran parte de la variabilidad encontrada eruéntficacion de la grasa intramuscular se
debe al procedimiento analitico empleado, pudiéandeducir el coeficiente de variacion desde un 30%

hasta un 15% modificando las condiciones de muegtdeterminacion.

2. La liofilizacion de muestras procedentes defecansversal de musculongisimus dorsi
su posterior homogeneizado, extraccion sucesivaunarmezcla diclorometano:metanol (8/2 viv) y
centrifugacién minimizan la variabilidad, el tiempte analisis y el gasto de disolventes en la
cuantificacién de grasa intramuscular. Esta forrmgbceder se integra en el disefio de un nuevo

método de determinacién de esta fraccion lipidica.

3. El empleo de lipasa pancreética, separaciorcionatografia de capa fina de tri-, di- y
monoglicéridos, metilacion en medio acido y postadentificacion de los acidos grasos presentes po
cromatografia de gases es un procedimiento faciemeproducible y preciso para la estimacion de la

distribucion posicional de acidos grasos en laggdasporcino.

4. La distribucion posicional de &cidos grasos @&mblécula de triglicérido modifica el

comportamiento reolégico de la grasa subcutangéanaen curado de la siguiente forma:

a) El punto de fusién de la grasa aumenta cuantiopmsicion interna se ubica principalmente
el 4cido palmitico y en las externas se combinanaltidos palmitico y esteérico. Sin embargo, la

presencia de acido oleico en estas Ultimas posisitmdisminuye.

b) La dureza de la grasa depende fundamentalmen#s ghosiciones externas y se encuentra
incrementada cuando aumenta el grado de saturgciongitud de la cadena de los acidos grasos

presentes.

¢) La adhesividad de la grasa se incrementa cgradb de saturacion de los acidos grasos

ubicados en la posicion interna.

5. Lainclusion en el pienso de la Ultima fasec#dlo del cerdo de grasas con similar perfil de

acidos grasos pero diferente reparto de los mignda molécula de triglicérido (palnva manteca)
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produce la reorganizacién posicional de este misomponente de la grasa subcutanea del animal,

especialmente de las posiciones externas.

6. El proceso seguido para la produccién de janubado produce una translocacién de los
acidos grasos en la molécula de triglicérido dgrésa subcutanea reduciéndose en posicion inerna |
concentracién de acido palmitico y aumentando laleleo. No obstante, el comportamiento reolégico
de la grasa de jamoén curado se relaciona con @ldégpgrasa (mantecss palma) utilizado en la
alimentacion en la Ultima fase del cebo de los al@mempleados para su produccion, con mayor dureza
en los productos procedentes del uso de aceitalo@frente a los derivados de la dieta con manteca
La inclusion de glicerol en el pienso reduce laedar adhesividad, elasticidad y gomosidad de los

productos.

7. La alimentacion de cerdos Ibéricos en la Ultetegpa de cebo con piensos con aceite de
girasol alto oleico incrementa la concentraciénedie acido graso en las posiciones externas de la
molécula de triglicérido de la grasa subcutanesdyce la dureza, la adhesividad y el punto derusio

de este tejido.

8. La grasa subcutanea de los cerdos Ibéricos rattles en montanera presentan mayor
contenido de acido oleico en las posiciones exseeniaterna de la molécula de triglicérido asi como
valores mas bajos de dureza, adhesividad y puntfusién que el mismo tejido de los animales

alimentados con pienso.

Conclusioén final:

Las variaciones convencionales de la fuente deaglalspienso en la etapa de cebo conducen
a reordenacion o modificacion de la concentraciénadidos grasos en posiciones externas de la
molécula del triglicérido en la grasa subcutanaagdsicion sn-2 parece tener una mayor regulacion
metabdlica. La utilizacion de montanera como siatele produccion y/o el proceso de curado si que
lograron una modificacién de la distribucion pasicl de acidos grasos tanto en posicién sn-2 como
en sn-1,3. Las variaciones en la concentracionciliog grasos conllevaron modificaciones en el

comportamiento reoldgico de la grasa subcutanediasi.
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8.1Resumen ampliado.

8.1.1 Introduccién.

El perfil de acidos grasos de la grasa subcutéema tina importante repercusion en la calidad
nutricional, caracteristicas sensoriales y progleddecnoldgicas de la carne y productos derivaltos,
aqui el interés de su control en la produccionig animal. Cambios en la composicién de la grasa se
han relacionado con la dieta y el sexo del ani®alefecto se ha comprobado en aspectos diversos
como, la velocidad de salado y secado de los jasnoea la formacion de compuestos aromaticos y en
las propiedades organolépticas finales. Reciengtgdies han demostrado que, ademas de la
composicién en acidos grasos, su posicion en la&guld de triglicérido esta con las propiedades
reoldgicas finales de los productos carnicos \etietportantes implicaciones nutricionales (Goudl et

2014).

La grasa corporal en el cerdo se acumula mayeuitemmte debajo de la piel (grasa subcutanea)
y en localizaciones intracavitarias (grasa peratemesentérica, etc.), pero también en adipocitos
localizados entre las fibras musculares. Es lam@raxla grasa intramuscular (Kouba y Sellier 2011;
Monziois et al., 2007). Esta ultima es un indicaderla calidad de la carne puesto que proporciona
sabor, consistencia, aroma y jugosidad (Fernandalz,1999), a la vez que reduce la percepciéon de
dureza. Durante las ultimas décadas, la industrieinma se ha encaminado a producir canales con un
elevado contenido en tejido magro y baja presedeiadiposo. En la bibliografia se encuentran
indicaciones que sefialan que, para mantener ibsitas de calidad, es preciso que la carne contenga
al menos un 2% de grasa intramuscular (BejerhdBaryon-Gade, 1986), si bien, nuestras costumbres
gastronémicas y la tradicidén en el procesado dmiae hacen que en nuestra area de produccion se
prefieran carnes con un contenido claramente supezspecialmente en aquellas destinadas a la
elaboracion de derivados carnicos. Asi, estudieadis en andlisis sensoriales, han mostrado que los

consumidores prefieren carnes con un nivel de grasaferior al 3% (Fernandez et al., 1999).

En la produccién porcina actual se tiende a utiliggensos con un elevado contenido
energeético y alta concentracion de nutrientes. 5 @ntexto, es frecuente adicionar, como prihcipa
aporte caldrico, cantidades relativamente elev@tié8o) de grasa, ya sean de origen animal, conw seb
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0 manteca, o vegetal, como aceite de soja o deogi(&lachowsky et al., 2008). Las principales
diferencias entre las grasas animales mas comunes gceites vegetales residen en el grado de
saturacion de sus acidos grasos y en la distribyogSicional de los mismos en las moléculas de

triglicéridos

Los &cidos grasos presentes en los tejidos anirpedggnen, bien de la acumulacion directa
de los presentes en el pienso, sin apenas modificax de la sinteside novoa partir de hidratos de
carbono y aminoacidos (Shorland, 1952). Los anisnalenogastricos soélo sintetizede novoacidos
grasos saturados y monoinsaturados a partir de pstoursores y el perfil de acidos grasos dedsagr
de la dieta se refleja marcadamente en la compaosite acidos grasos de los tejidos (Jorgensen et al
1996). Por tanto, en porcino el tipo de grasa idolen la dieta afecta considerablemente la caligad
su carne y, en general, se ha relacionado la sirdesgrasa enddgena con la elevada inclusion de
carbohidratos en la dieta. En la actualidad, seisstementando la inclusion en la dieta de glicence

también promueve la lipogénesis.

Para la cuantificacion de la grasa intramuscularamte décadas se ha recurrido
fundamentalmente a la extraccion sélido-liquidos Ineétodos desarrollados por Folch (1957) y por
Bligh y Dyer (1959) han sido los mas referenciagasados en la extraccion cuantitativa de los dipid
durante afios. Marmer y Maxwell (1981) desarrollavonmétodo que permitia la separacion, en
columna de gel de silice, de lipidos neutros (magaite colesterol y triglicéridos) y lipidos polares
(sobre todo fosfolipidos) a partir de una muestacdrne o producto cérnico y, por adicion, la
determinacion de contenido total de grasa. Otrdsaod, como el propuesto por Sukhija y Palmquist
(1988), extraen y metilan los acidos grasos emlmpaso mediante la utilizacion de disolucionedaic

y mezclas de tolueno-metanol.

La busqueda de nuevos y més precisos métodosrde@ah de lipidos en carne y productos
cérnicos es un campo que no pierde vigencia. Deoheada grupo de investigacion adapta los métodos
tradicionales a las caracteristicas de las muesstasliadas y condiciones de trabajo, desarrollando
nuevos protocolos. Pérez-Palacios et al. (2008)zagan un andlisis comparativo de los distintos

utilizados para la cuantificacion de lipidos tosada carne y productos carnicos e Iverson et @D1(2
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compararon entre las metodologias de Folch etl@67) y Bligh y Dyer (1959) aplicadas a tejidos

marinos.

En la comercializacion de la carne fresca la gsabautanea juega un importante papel; cabe
indicar que su consistencia condiciona la apargemi@ un determinado corte y contribuye a su
manipulacién. De todos los acidos grasos, el questras una correlacibn mas elevada con la
consistencia de la grasa del cerdo es el C18:0ckedel C18:2n-6, si bien en los limites de vabaci
mas proximo a los valores comerciales es ésteaikinprincipal responsable (Bosi y Russo, 2004). El
control de la concentracién de C18:2n-6 en la gdas&erdo puede abordarse desde dos perspectivas
diferentes, ambas desde la intervencion de su.detrauna parte, el nivel de inclusién de ese &cido
graso en la grasa de la racién y, por otra, elpeeme administracion de cierta dieta. Seran los
requerimientos del mercado en cada caso, y el deveigencia de la concertacion final de C18:2n-6,
los que condicionaran el disefio de la estrateggadécuada, como la elaboracion de mezclas desgrasa
para su administracion durante toda la fase déngiertto/cebo o el suministro de raciones de alto
contenido en C18:2n-6 hasta un momento determipadstringir a partir de ahi su aporte, afiadiendo

0 no nutrientes que incrementen la sintdsisovade 4cidos grasos.

Los triglicéridos constituyen cuantitativamentdrkccion lipidica mayoritaria de la carne y
productos derivados, mientras que constituyentasorae son los mono y diglicéridos, fosfolipidos,
glicolipidos, esteroles, acidos grasos libres gmmihas liposolubles. Se ha demostrado que tanto la
composicién de acidos grasos de la dieta comgstalicion posicional estereoespecifica de éstos en
la molécula de triglicérido son factores de impacta en la digestion y absorcion de acidos grados (

y Hoy, 2004). Ademas, la distribucion posicionahtaén afecta a las propiedades fisicas del tejido
adiposo lo cual tiene diversas implicaciones temgiohs en el procesado de carnes y, por tant@ en |
calidad de los productos finales (Smith et al.,8/9%ambién se ha comprobado en estudios recientes
que la posicion de los acidos grasos en la molédeal#riglicérido podria afectar al desarrollo de

enfermedades como obesidad, diabetes o hipertef@Gauk et al., 2013; Ponnampalam et al, 2011).

Las técnicas cromatograficas (gases y liquidosd fmicaracterizacion de los triglicéridos
fueron ampliamente revisadas por Andrikopoulos 2208uchgraber et al. (2004), Perona y Ruiz-
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Gutiérrez (2004) y mas recientemente por Kalo y ggimen (2012). Otra técnica con frecuencia
utilizada en la gran mayoria de laboratorios esdanatografia de capa fina (TLC). Touchstone (1995)
Sherma (2000) y Fuch et al. (2011) han llevaddba excelentes revisiones de las aplicaciones de est

técnica en el andlisis lipidico.

Para obtener la informacion estructural de lodi¢dgdos de una grasa, mas all4 del mero
perfil de acidos grasos, se requiere un procedimida andlisis mas o menos complejo, que podria
incluir los siguientes pasos: (1) analisis por atografia de gases para obtener la composicién en
acidos grasos previo aislamiento de los triglia#sjq2) degradacion de la fraccion de triglicéridas
sn-2-monoacilglicerol, mediante hidrdlisis enziroat{o una degradacién de Grignard), (3) aislamiento
del monoglicérido, por ejemplo por TLC y (4) pogieianalisis de los &cidos grasos de esta fraccion
por cromatografia de gases. Este procedimientocoprigma el perfil de acidos grasos total, el de los
que ocupan la posicién interna (sn-2) y, por difei®, los que estan ocupando las posiciones esterna

(sn-1 o sn-3).

La composicién de la grasa estd relacionada coroseportamiento reolégico y mas
concretamente con su textura. Esta caracteridgicalimento se define como el conjunto de atributo
mecanicos, geomeétricos y superficiales de un ptodperceptibles mediante receptores mecanicos,
tactiles y, si es apropiado, visuales y auditiv8€(54922008). La textura es una de las caracteristicas
sensoriales mas valoradas por el consumidor (Bow2062) y juega un importante papel en el
establecimiento de preferencias individuales paeerdgnados alimentos. En este sentido, pequefias
diferencias de textura entre productos similaresipn ser determinantes en el grado de aceptadion de

alimento por el consumidor.

Entre los métodos instrumentales empleados padetiErminacion de la textura, el mas
extendido es, sin duda, el ensayo de imitaciénaldedcompresion denominado de forma genérica
analisis de perfil de textura (TPA, Texture Profilealysis). Diversos estudios (Bourne 1982; Honikel
1998) recogen su empleo en una amplia gama derdgbsigunto con las condiciones de ensayo. El
éxito de este método se debe a que proporciona dib comportamiento mecanico (dureza,

cohesividad, viscosidad, elasticidad, adhesivideatturabilidad, masticabilidad y gomosidad) que
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pueden relacionarse de forma razonablemente pregisal proceso de masticacién (Bourne, 1978 y

2002) y con la percepcién sensorial.

Como es conocido, cambios en la composicion delotgjdiposo de cerdo pueden causar
problemas en los procesos tecnoldgicos de elaldordei productos carnicos, debido fundamentalmente
a modificaciones en la consistencia y en la estiaoiloxidativa de los mismos. Houben y Kroll (1980)
analizaron el efecto del almacenamiento en la stergiia de la grasa, Gandemer (2002) y Maw et al.
(2003) observaron que los productos carnicos matwidos con grasas blandas mostraban defectos
de calidad como: secado insuficiente, aparieneasal, rancidez temprana o falta de cohesividad entr

musculos y tejido adiposo al cortar.

8.1.2 Obijetivos.

El desarrollo de esta tesis doctoral engloba dotegauna metodoldgica orientada a la
optimizacioén de los métodos de extraccion y cuieatifon de la grasa intramuscular y otra en lasgue
analiza el efecto de distintos factores del aniynde la dieta en la composicion de acidos grasos,
estructura de los triglicéridos y comportamientoldgico de la grasa intramuscular y de depdsito

subcutaneo, afrontdndose los siguientes objetivos:

- Desarrollar un método preciso, rapido y de bagtede ejecucion para la cuantificacion de

grasa intramuscular.

- Seleccionar el método mas adecuado para el Bnédisuctural de triglicéridos de la grasa

de porcino.

- Determinar el efecto de la fuente de grasa atlizen la alimentacion de los animales en la

cantidad de grasa intramuscular.

- Analizar la distribucion de &cidos grasos en tliglicéridos de animales cebados con

distintos tipos de grasas.

- Estudiar las caracteristicas reoldgicas de laagsubcutanea de cerdos alimentados con

distintos tipos de grasa y establecer su relagidria morfologia de los triglicéridos.
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8.1.3 Material y Metodologia.

Para el desarrollo de un nuevo método de extraabgdgrasa se utiliz6 como material de
estudio muscultongisimus dorside cerdo blanco y el mismo musculo de cerdo Ibéripechuga de
pavo, como muestras con alto y bajo nivel de grasamuscular, para la adecuacion de dicho método
al empleo de materiales comunes de uso. La grasatdmea de jamoén curado a la altura del musculo
Biceps femorigue recogida para la comparacion de métodos amoidin de la distribucion posicional

de acidos grasos en la molécula de triglicérido.

Los métodos para la extraccion de grasa intramaisatilizados como referencia fueron:
Folch et al (1957), Marmer y Maxwell (1981) y Sykhi Palmquist (1988). El analisis de la distrildurci
posicional de acidos grasos se llevé a cabo cqrttecolos descrito por Luddy et al. (1964) y Vdiths

et al. (1995).

Para el andlisis del efecto de distintos factoreeomposicion y propiedades fisicas de la

grasa, se utilizaron:

a) Cerdos cruzados (40.3 £ 0.75 kg de peso vivi@nitos de una granja comercial. La linea
hembra (Syra, Gene+, Enrin, Francia) utilizadauizcbangre de Large White, Landrace y Duroc y la
linea macho fue PIC L65 (PIC, Barcelona, Espafi@)o$ los animales recibieron una dieta comuan pre-
experimental que contuvo 20 g C18:2n-6/ kg de dlatante 38 dias (79.0 = 0.58 kg peso vivo). Luego
recibieron durante 32 dias su respectiva dietarampatal a voluntad y consistente en cuatro didéas
acabado con similar valor nutritivo pero con diféeefuente de grasa (aceite de palma o manteca) y
concentracién de glicerol incluido (0 vs 50 g/k@jpdas las dietas de acabado contuvieron baja
concentracion de C18:2n-6 (10g/kg). Las dieta®sadlaron de acuerdo a De Blas et al. (2013). Los
cerdos se sacrificaron con aproximadamente 1100&K)) kg de peso vivo. Por una parte se tomaron
muestras de muscul@ngisimus dorsy grasa subcutanea en el matadero y, por otsgpse0 por corte
el pernil derecho de cada cerdo (24 h tras elfgag)iy se procesé de manera tradicional durante
aproximadamente 12 meses para producir el jam@uouSantos et al., 2008). Se deshueso la pieza y
se tomo cuidadosamente la grasa subcutanea alelvelisculBiceps femorisTodas las muestras se

guardaron a 4 °C hasta su analisis.
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b) Cerdos cruzados Ibéricos x Duroc. Tres grupcaisgentaron con pienso con manteca o
aceite de girasol alto oleico como fuente de gdasante la etapa de cebo y un cuarto grupo tuvo su
etapa de cebo en montanera. También se tomaronrasiel® muasculdongisimus dorsiy grasa

subcutanea dorsal en el matadero tras el sacnfismguardaron a 4°C hasta su andlisis.

De las muestras anteriores se estudié la compasit#dla molécula de triglicérido por el
método de Luddy et al. (1964) actualizado por PesoRuiz-Gutiérrez (2004), se analiz6 el punto de

fusion (ISO 63321-2002) y se obtuvo el perfil dedea (Bourne, 1978).

8.1.4 Resultados.

Los resultados obtenidos se recogen en los 7 ldi@n los que se ha estructurado esta
memoria. A lo largo de dos trabajos metodolégiam$ia desarrollado un nuevo procedimiento para
extraer grasa intramuscular que permitié redudatgtidad de muestra empleada, el disolvente adidiz
y el tiempo de andlisis. Se basa en la liofilizadi@ la muestra, posterior homogeneizado, extmaccio

de la grasa mediante una mezcla diclorometano:wie@i2) y posterior centrifugacion.

En un tercer trabajo metodoldgico se ha realizadesiudio comparativo los dos métodos
mas utilizados en la determinacion de la distribugosicional de acidos grasos en las moléculas de
triglicérido de grasas de origen animal. Uno dese(método A) consiste en la incubacién de
triglicéridos con una suspension acuosa de la entipasa, la separacion de los productos por
cromatografia de capa fina y el posterior andtigidos ésteres metilicos de &cidos grasos de cada
fraccion mediante cromatografia gas-liquido. Ebqgtrocedimiento (método B) se basa en que la
metilacion basica unicamente metila los &cidosagrasterificados al glicerol, por lo que no es sada
la separacion previa de los triglicéridos. EI métédmostré una buena correlacion entre la distidouc
de los &cidos grasos y el punto de fusion y dudezias grasas analizadas. Sin embargo, el método B
condujo a una subestimacion del acido palmitico sesultados carentes de correlacion con las

propiedades fisicas citadas.

En el estudio de la relacion de ciertas propiedagi@i®gicas de la grasa con la distribucion

posicional de los &cidos grasos en la moléculaigleérido, cuyos resultados se recogen en urntcuar
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articulo, se ha encontrado que el punto de fusitedido como punto de deslizamiento) se relaciona
tanto con la concentracion como con la distribugidsicional de acidos grasos. Sin embargo, la durez
se relacion6 exclusivamente con los acidos grasseptes en las posiciones externas (sn-1y sek3) d
triglicérido mientras que la adhesividad lo hizacAmente con los presentes en la posicion intema (

2).

Los ultimos tres trabajos de la presente tesisodgalcse centraron en la modificacidn del tipo
de grasa de la dieta y/o la inclusion de glicerolla misma y se analiz6 tanto los cambios en la
distribucion posicional de los &cidos grasos emdéecula de triglicérido como las repercusiones que
tenian estos cambios sobre las propiedades reafddie la grasa. Un primer experimento se llevé a
cabo con cerdos blancos alimentados con 4 dietasteazadas por la inclusion de 2 tipos de grasa,
con similar perfil de acidos grasos (palma y maajtpero distinta distribucion posicional en la ncalé
de triglicérido, y la inclusion o no de glicerol s mismas. En lineas generales se comprobé que co
esta estrategia de alimentacion, la posicion sxp2rémentaba pocas modificaciones mientras que en

las posiciones sn-1y sn-3 se producia cierta esa@dn.

En el andlisis de las propiedades reoldgicas deaka subcutanea de jamén curado, se volvid
a comprobar que Unicamente las posiciones extemasian afectadas por el tipo de grasa. La dureza
de la grasa se vio incrementada en cerdos alimesitazh aceite de palma, y tanto ésta como las otras
tres caracteristicas de textura (adhesividad,ieldest y gomosidad) disminuyeron con la inclusién d

un 5% de glicerol en el pienso.

Para finalizar, se realiz6 un trabajo experimeataél que se alimentaron cerdos ibéricos en
montanera y con tres dietas diferentes de ceboe€mnestudio se pretendia comprobar si la inelusio
en la dieta de grasas con sustanciales difereanigerfil total de acidos grasos (manteca vs adeite
girasol alto oleico vs montanera) podia modifiégni§icativamente la distribucion de los &cidossgra
en la molécula de triglicéridos y las propiedadesidgicas de la grasa. Los resultados obtenidos
pusieron de manifiesto que la administracion delistintos piensos provocaba Unicamente cambios en

las posiciones externas del triglicérido, con waneémento significativo de la concentracion de Ci8:1
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9 mientras que la montanera afectaba también lgiposnterna. Estos cambios también produjeron

una reduccioén de las propiedades de la grasa@memte mencionadas.

8.1.5 Discusion.
En la presente tesis doctoral se ha afrontador@oparte, mejoras metodoldgicas en el campo
de andlisis de la fraccion lipidica y por otragsfudio de distintos factores de la dieta y dehahien

la composicion, estructura y comportamiento reaidgie la grasa.

Respecto al primer punto, la determinacion precisala grasa intramuscular presenta
considerables dificultades, ya que varia tantorded¢l propio musculo como con la localizacion
anatémica (Faucitano et al., 2004), obteniéndosdreguencia coeficientes de variacion elevados (25
30 %). Este hecho, no sé6lo complica su cuantift@adiambién obstaculiza el desarrollo de estrategia
de produccién animal para tratar de modificarla. &nbargo, se ha comprobado que gran parte de la
variabilidad asociada a su cuantificacion se déh@waedimiento analitico empleado. Teniendo en
cuenta la metodologia existente en este camp@rsddsarrollado nuevos protocolos de determinacion
de la grasa intramuscular, en los cuales se padeatoma de muestras representativa (corte gesasv
de la zona anatémica a analizar) previamenteifiafibs y se procede a la extraccion del componente
lipidico con una mezcla diclorometano-metanol. Raraomogenizacion de la muestra y extraccion
sélido-liquido se propone el uso de un sistema Mk MM400 (Retsch technology, Haan, Alemania)
gue permite la disgregacion de las muestras eftpas muy finas y procesar varias muestras ada ve
La separacion de solido y disolvente de extracs®mealiza en eppendorf por centrifugacion. Para
adaptar este procedimiento a material de laboratoés asequible, el sistema Mixer-mill/Mixer-mill
puede sustituirse por la reduccion a polvo de lasstnas liofilizadas en un Molinillo y un sisten®a d
agitaciéon de tubos tipo Vortex. En conjunto, el vaueprocedimiento de analisis reduce los
requerimientos de disolvente, la variabilidad derlesultados y el tiempo de andlisis, con una dieva
eficacia en la extraccion de grasa. Se proponetquw ello, como un método alternativo para la

extraccion de grasa intramuscular.

Otro de los campos donde existe considerable giaooda en la metodologia empleada vy
sobre todo en los resultados obtenidos, es erab$arde la distribucion posicional de los acigossos
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en las moléculas de triglicéridos. Con este olbjetdn el desarrollo de la presente tesis docterabs
elegido un procedimiento basado en la digestionridgicérido con una lipasa, la obtencion del perf
de &cidos grasos en la posicion 2 de forma dirgahcorrespondiente a las posiciones 1y 3 por

diferencia. Se trata de una metodologia sencilidativamente barata y rapida.

Respecto al estudio del efecto de factores alimiesten particularidades de la grasa, tomando
como punto de partida la hipétesis en la que ssidera que el empleo de grasas saturadas conrsimila
energia neta pero con distinta distribucion posii de acidos grasos en la molécula de triglicérid
conllevaria variaciones de la digestion y absoradénlos mismos y, por tanto, podria conducir a
diferentes estructuras del triglicérido almacenadda grasa del cerdo, se ha podido comprobar, con
distintas dietas, que el C16:0 se localiza prifoipate en sn-2 mientras que el C18:0 esterifica las
posiciones externas del triglicérido. Los &cidosasgs mono (principalmente C18:1n-9) vy
poliinsaturados (principalmente C18:2n-6) se laeali preferentemente en posiciones externas. Es
conocido que los acidos grasos no esterifican dea@leatoria los grupos hidroxilo del glicerol en
grasas animales. En contraste con otras espexigssition sn-2 del triglicérido en grasa de cgrda
leche materna, tanto de cerdos como de humanésp@sgpada principalmente por C16:0 (Christie y

Moore 1970; Innis y Nelson 2013).

En concreto se ha observado que la utilizacionadiea como fuente de grasa en la dieta
produce una tendencia a acumular mayor cantidadides grasos saturados (principalmente esteérico)
en posiciones externas del triglicérido. Aunques@&ba encontrado bibliografia relacionada, Kirgj.et
(2004) concluyeron que en cerdos alimentados cstaglienriquecidas con acido linoleico conjugado
se producia un aumento de acidos grasos satugmkislémente por inhibicidn de enzimas desaturasas)
en las posiciones sn-1y sn-3. Con el suministnandedieta rica en acido oleico se consigue un atome
de la concentracion de dicho acido en las posisienéernas del triglicérido. Sin embargo, en cerdos
ibéricos, cuando el sistema de alimentacion eslatamera, se produce un gran aumento de C18:1n-9

en posicion sn-2.

La utilizacién de glicerol en la dieta no ha podiddacionarse con modificaciones en la

distribucion posicional de acidos grasos en laagraghcutanea. No existe informacién previa al
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respecto, por lo que estos resultados apoyan redusiones de los recientes trabajos de Linarak et
(2014) y Orengo et al. (2014) que afirman que iekgbl puede utilizarse en alimentacion porcina sin

alteraciones en la calidad de la grasa del cerdo.

Por otra parte, se ha podido apreciar que existedifierencia muy considerable entre la
distribucion posicional de acidos grasos de laggdesjamon curado y las grasas frescas, aunque sigu
manteniéndose la relacion de concentraciones énGhs:0 > C18:1n-9 > C18:0 ~ C18:2n-6. Se es
consciente de que se trata de dos localizacioregdraitas diferentes, no obstante, diversos autores
como Dominguez et al. (2014) y Franco et al. (200&) observado que las diferencias a ese nivel son
como maximo de 1-2%, en acidos grasos como C183-18:2n-6. Por tanto, las diferencias
mayores se podrian atribuir a procesos de oxidacidpolisis ocurridos durante el curado. En este
contexto, se ha podido deducir que el proceso dedouproduce una modificacion sustancial de la
distribucion de acidos grasos. Fundamentalmenta sdservado una disminucion muy destacable del
acido linoleico total tras el proceso de curadceeytado sobre todo en las posiciones externas del
triglicérido y una reubicacion de &cido palmiticesde sn-2 a posiciones externas. Estos procesos
coinciden con la descripcién de Narvaez-Rivas €2@0D7), Raclot (2003) y Vestergaard et al. (1999)
que concluyen que, si bien las enzimas lipoliteczidan sobre las posiciones 1y 3 del triglicériste
cierto control hacia la hidrélisis previa de trigliidos mas polares (mas insaturados); de ahi la
disminucién de C18:2n-6, y, si las condicioneslasradecuadas, se produce una translocacién del 4ci
graso presente en posicién 2 hacia una posici@rrext Este hecho conduciria a la reubicacion en
especial del C16:0, por ser el mayoritario en gngdr tener un peso molecular inferior a los acidos

grasos de mayor longitud de cadena. Ambos heclasefcerian su movilidad.

En conjunto, los resultados obtenidos permitenlaimgue las intervenciones sobre la grasa
de la dieta puede modificar la ubicacion de lod@igrasos en las posiciones externas del triglmér
Sin embargo, la posicién sn-2 est4 sometida aewaéb control metabdlico, no obstante, cuando el
suministro de &cido oleico es muy elevado, y esfraeinte cuando se encuentra en la posicion sn-2 de
un triglicérido, se puede llegar a producir modifiones de la concentracién en sn-2. Por otra,rte

proceso de curado y la genética son también factpre pueden modificar la distribucion posicional.
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Respecto a las caracteristicas fisicas de la graba, encontrado una relacion entre la posicién
de los &cidos grasos en los triglicéridos y diatirtaracteristicas fisicas de la grasa de jamonadas.
Los resultados obtenidos ponen de manifiesto qysueto de fusidn se correlaciona tanto con la
posicion interna como con las externas del trigiite Los modelos de regresion obtenidos podrian
utilizarse para estimar el punto de fusion de ésgiconociendo la composicidn y posicion de ladodci
grasos de la grasa de porcino. Estos resultadéds estconcordancia con las conclusiones de Enser
(1983), Glaser et al. (2004) o Lea et al. (1970Jasnque, los &cidos grasos saturados generalmente
aumentan el punto de fusion mientras que los mopoliinsaturados lo disminuyen. Por otra parte,
Wood et al. (2004) encontraron que el acido grasawayor relacion con el punto de fusion y consotra
propiedades fisicas era el C18:0. Sin embargoltaedastacable que, en este Ultimo acido graso, el

comportamiento es diferente en funcion de la pdsigue ocupa en el triglicérido.

El analisis de regresién lineal ha revelado quedimeza Unicamente se relaciona
significativamente con los 4cidos grasos en lagcjpoes externas del triglicérido, sin embargo, los
posicionados en el interior 1o hacen con la adimedié dureza resulté directamente proporcional a la
concentracion de C18:0 y SFA e inversamente prapuata C18:1, C18:2n-6, MUFA, PUFA y UL.

La adhesividad fue directamente proporcional a €38C18:2n-6 mientras presentd una relacion
inversa con C18:1n-9 en sn-En el caso de la elasticidad y de la cohesividadsenencontré una
relacion clara con los acidos grasos y la estraderlos triglicéridos. De hecho, Sumena et alL@20
concluyeron que ambas variables, principalmentolesividad, estaban relacionadas con la red de
tejido conectivo, predominantemente fibras de aslagy pequefias cantidades de fibras reticulares y

elasticas y no con la composicidn lipidica del adip.

8.1.6 Conclusiones.
1. Gran parte de la variabilidad encontrada eruéntificacion de la grasa intramuscular se
debe al procedimiento analitico empleado, pudiéndeducir el coeficiente de variacion desde un 30%

hasta un 15% modificando las condiciones de muegtdeterminacion.

2. La liofilizacion de muestras procedentes defecensversal de musculongisimus dorsi

su posterior homogeneizado, extraccion sucesivaunarmezcla diclorometano:metanol (8/2 viv) y
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centrifugacién minimizan la variabilidad, el tiempte analisis y el gasto de disolventes en la
cuantificacién de grasa intramuscular. Esta forrmgbceder se integra en el disefio de un nuevo

método de determinacién de esta fraccion lipidica.

3. El empleo de lipasa pancreética, separaciorcionatografia de capa fina de tri-, di- y
monoglicéridos, metilacion en medio acido y postdadentificacion de los acidos grasos presentes po
cromatografia de gases es un procedimiento facibmeproducible y preciso para la estimacion de la

distribucion posicional de acidos grasos en laaggdesporcino.

4. La distribucion posicional de &cidos grasos @&mblécula de triglicérido modifica el

comportamiento reolégico de la grasa subcutangéanaen curado de la siguiente forma:

a) El punto de fusion de la grasa aumenta cuantiopasicion interna se ubica principalmente
el acido palmitico y en las externas se combinanaltidos palmitico y estearico. Sin embargo, la

presencia de acido oleico en estas Ultimas posisitmdisminuye.

b) La dureza de la grasa depende fundamentalmenée ghosiciones externas y se encuentra
incrementada cuando aumenta el grado de saturgciongitud de la cadena de los &cidos grasos

presentes.

c) La adhesividad de la grasa se incrementa cgradb de saturacion de los &cidos grasos

ubicados en la posicion interna.

5. La inclusion en el pienso de la Ultima fasec#dlo del cerdo de grasas con similar perfil de
acidos grasos pero diferente reparto de los mignda molécula de triglicérido (palmva manteca)
produce la reorganizacion posicional de este misamponente de la grasa subcutéanea del animal,

especialmente de las posiciones externas.

6. El proceso seguido para la produccion de janubado produce una translocacién de los
acidos grasos en la molécula de triglicérido dgréesa subcutanea reduciéndose en posicién interna |
concentracion de acido palmitico y aumentando laleleo. No obstante, el comportamiento reoldgico

de la grasa de jamoén curado se relaciona con @ldipgrasa (manteoss palma) utilizado en la
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alimentacion en la Ultima fase del cebo de los al@mempleados para su produccion, con mayor dureza
en los productos procedentes del uso de aceitalo@frente a los derivados de la dieta con manteca
La inclusion de glicerol en el pienso reduce laedar adhesividad, elasticidad y gomosidad de los

productos.

7. La alimentacion de cerdos Ibéricos en la Ultetegpa de cebo con piensos con aceite de
girasol alto oleico incrementa la concentraciénedie acido graso en las posiciones externas de la
molécula de triglicérido de la grasa subcutanezdyce la dureza, la adhesividad y el punto deriusio

de este tejido.

8. La grasa subcutanea de los cerdos Ibéricos rattles en montanera presentan mayor
contenido de acido oleico en las posiciones exseeniaterna de la molécula de triglicérido asi como
valores mas bajos de dureza, adhesividad y puntiusién que el mismo tejido de los animales

alimentados con pienso.
Conclusion final:

La intervencion nutricional en la Gltima etapa debo del cerdo permite la reorganizacion
posicional de los triglicéridos de la grasa submesdy modificar su comportamiento reolégico tamo d

tejido fresco como de los productos elaboradosdjaourado).

244



Extended abstract

8.2Extended abstract.

8.2.1 Introduction.

Fatty acid profile has as significant impact inritignal quality, sensorial characteristics and
technological properties of meat and meat procustge the interest of its control in animal proguct
Changes in fat composition have been related taliteand sex of the animal. Their effect has been
proven in several aspects such as salting andgliiretics of hams or in the formation of volatile
compounds that affect final organoleptic propertidscent studies have demonstrated that not oely th
composition but also the molecular structure of flteseem to be related to the final rheological

properties and even to important nutritional imalions (Gouk et al. 2014).

Pig fat is mainly located under the skin (subcubasefat), in intracavitary locations
(perirrenal, mesenteric fat ...) and in adipocytested in muscular fibers (intramuscular fat) (Kouba
y Sellier 2011; Monziois et al., 2007). This lagie of fat is an indicator of meat quality sincpribvides
flavor, aroma, consistency and juiciness and resihaedness perception (Fernandez et al., 1999J. Ove
the last decades, pork industry has been focuséijimlean carcasses production. In the literature,
indications that it is necessary to keep at lea&¥%aof intramuscular fat (Bejerholm y Barton-Gade,
1986) can be found. Nevertheless, our gastronousitoms and tradition in meat processing make that,
in our production area, meats with higher intramlescfat are preferred. Studies based on sensorial
analysis have demonstrated that consumers prefleigth fat level not under 3 % (Fernandez et al.,

1999).

In current swine production, it is tended to usedBewith high energetic content and high
concentration of nutrients. In this context, ifiequent to add relatively high fat amount (4-6 %),
either animal (beef tallow or lard) or plant origgoya or sunflower oils) (Flachowsky et al., 2008)e
main differences between common animal fats analt gids lie in the saturation degree of their fatty

acids and the positional distribution within thighyceride molecule of them.
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The sources of the fatty acids of tissues are itleetddeposition of the fatty acids present in
dietary fat orde novaosynthesis from aminoacids and carbohydrates (&har[1952). The monogastric
animals only synthesize saturated and monounsatufatty acids from such precursors and, together
with fatty acids of dietary fat, are reflected isstie composition (Jorgensen et al., 1996). Thereio
swine production, dietary fat significantly affeqierk quality and, in general, the endogenous fat
synthesis has been related with a high inclusiaadfohydrates in the diet. At present, the inclusif

glycerol in the diet has increased, that also ptembpogenesis.

The standard methodology has been for decades-lgplid extraction procedures. For
decades, the most referenced and used methodsuititgtive lipids extraction have been Folch et al.
(1957) and Bligh & Dyer (1959). Marmer & Maxwell981) developed a dry column method for the
determination of the total fat content of meat anet products as an alternative, allowing the seijoar
in neutral (mostly cholesterol and triacylglycejobnd polar lipids (mostly phospholipids. Other
methods, such as the one proposed by Sukhija &qRadtn(1988), extract and methylate fatty acids in

a Toluene-Methanol/HCI solution in a rapid one-gtepcedure.

The search for new and accurate lipid extractioagods in meat and meat products is a very
demanded topic. In fact, depending on the tisswecso multiple groups adapted the conventional
protocols or developed new ones. Pérez-Palaciak €008) compared some methods for total lipid
guantification in meat and meat products and Iversbal. (2001) developed a comparison between

Folch et al. (1957) and Bligh & Dyer (1959) methludpes applied to marine tissues.

Subcutaneous fat plays an important role in fregatnprocessing and marketing, as it
conditions the cut appearance and manipulatiorh Hngleic acid (C18:2 n-6) and low saturated fatty
acid (mainly C18:0) concentration have been assatiso low consistency, oiliness and soft texture
(Bosi & Russo, 2004). The regulation of C18:2n-6antration in pig fat can be approached from two
different perspectives, both based on dietary wetation. On one part, the level of inclusion oflsuc
fatty acid on dietary fat and, on the other, thmimistration time. It would be the market requirerse
in each case and the level of exigency of final:2a& concentration, which will determine the most

adequate strategy, such as the elaboration ofifatiras for their administration during the whotesé
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(growing and/or fattening) or the supply of a ligiol enriched diet during certain period and a

subsequent restriction, adding or not nutrienttvimcrease fatty acide novosynthesis.

Quantitatively, the triglyceride fraction consti#stthe most important lipid component in meat
and meat products. Other minor fat constituentsh&iphospholipids, free fatty acids, sterols {idlahg
cholesterol) and fat-soluble vitamins. Under normiedumstances, the human digestive system is able
to digest triglycerides and to absorb them witthhégficiency (more than 95%). It has been provext th
dietary fatty acid composition and stereo-spegbsitioning of these FAs in triglyceride molecudes
important factors in fatty acid digestion and apson (Mu and Hoy, 2004). Besides that, the
distribution of fatty acids within the triglyceridaolecules also affects the physical propertiethef
adipose tissue and this has many technologicaléatfns in the processing of meats, which areetjos
linked to quality features of the final productsnig et al., 1998). Recent studies have shownttieat
position of the FAs within the triglyceride moleeumight affect the incidence of illnesses such as

obesity, diabetes or hypertension (Ponnampalarh, &@0d4.1; Gouk et al., 2013) in humans.

Andrikopoulos (2002), Buchgraber et al. (2004),0Per& Ruiz-Gutiérrez (2004) and more
recently by Kalo & Kemppinen (2012) reviewed therarthatographic techniques for triglyceride
characterization. Another frequent technique usethost laboratories is thin-layer chromatography

(TLC). Touchstone (1995), Sherma (2000) and Fucth. €2011) have carried out excellent revisions.

In order to obtain structural information of trighrides, a complex analysis procedure is
required: (1) acquisition of fatty acid profile dofiglycerides by gas-liquid chromatography, (2)
degradation of triglycerides in sn-2-monoacilglydes by enzymatic hydrolysis (or Grignard
degradation), (3) monoglyceride isolation by TLCda(4) analysis of fatty acid profile of 2-
monoglyceride fatty acids. Total and 2-monoglyceritty acid profile are obtained with this

procedure, fatty acids of external positions (s1-8n-3) are obtained by difference.

Rheological behavior (mainly texture) is dependemt fat composition. This food
characteristic is defined as the set of mechanmgadmetrical and surface attributes of a product,

measurable by mechanical, tactile, visual or acowsteptors (ISO 5492-2008). The texture is one of
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the sensory qualities most valued by the consuBeurfie, 2002) and plays an important role in the
establishment of individual preferences for a pattir food. In this way, small differences in textu

parameters between similar products can be detanmin the consumer’s degree of acceptance.

Among the instrumental methods used for texturerd@hation, the most spread assay is the
double compression technique, generically refeasd@exture Profile Analysis (TPA). Several studies
(Bourne 1982; Honikel, 1998) collect informationitswses in foods. The success of such methodology
comes from the fact that provides data of mechabiehavior (hardness, adhesiveness, cohesiveness,
viscosity, springiness, breakage, gumminess an@iokes) that can be related to the chewing process

(Bourne 1978 and 2002) and sensory perception.

It is well known that changes in composition ofpamdie tissue of pigs can cause some problems
on technological processes of meat products eléiboramainly due to changes in consistency and
oxidative stability. Houben and Kroll (1980) anadyzthe effect of storing on fat consistency and
Gandemer (2002) and Maw et al. (2003) observed rtfest products manufactured with soft fats
showed quality defects as inadequate drying, @lyearance, early rancidity or lack of cohesiveness

between muscles and adipose tissue when cutting.

8.2.2 Objetives.
The development of this doctoral thesis is fundetiio parts, a methodological one focused
on the optimization of extraction methods and giiaation of intramuscular fat, and other based on
the analysis of the effect of different animal adigtary factors on the fatty acid composition,

triglyceride structure and rheological behaviofaif dealing with the following objectives:

- Development of a precise, fast and low-cost mefbothtramuscular fat quantification.

- Selection of the most adequate methodology forcgiral analysis of triglycerides from
pig fat.

- Analysis of the effect of dietary fat source usednimal nutrition on intramuscular fat

concentration.

248



Extended abstract

- Analysis of positional distribution of fatty acidsthe triglycerides of animals fatted with
different fat types.
- Rheological behavior of subcutaneous fat from [bagk with different fat sources and

establishment of triglyceride morphology.

8.2.3 Material and Methods.

In the development of a new method for extractibintramuscular fatLongisimus dorsi
muscle of white pig was used as work material #mlsame muscle of Iberian pig and turkey breast as
samples with high and low level of intramuscularféa the development of an alternative method for
analysis using common laboratory equipment. Subeatas fat of dry-cured ham Biceps femoris
level was taken for the comparison of methods tainlihe fatty acid positional distribution withiine

triglyceride molecule.

Reference methods for intramuscular fat extracti@re Folch et al (1957), Marmer &
Maxwell (1981) and Sukhija &Palmquist (1988). Thealysis of fatty acid positional distribution was

carried out with the protocols described by Ludtigle(1964) and Williams et al. (1995).

In the analysis of the effect of different factorsthe composition and rheological properties

of fat were used:

a) Crossbred pigs (40.3 £ 0.78 kg body weight (B@trined from a commercial farm were
used. The female line (Syra, Gene+, Erin, Fransefl included blood from Large White, Landrace and
Duroc and the sire line was PIC L65 (PIC, BarceloBpain). All pigs received a common pre-
experimental diet containing 20 g C18:2n-6/ kg daet 38 days (79.0 + 6.58 kg BW). Then, pigs
received for 32 days their respective experimetiietls consisted in four finishing diets with simila
nutritive value but differed in the fat source fpabdil or lard) and the concentration of glycerolv&®
50g/kg). All diets in the finishing period contathéow concentration of C18:2n-6 (10 g/kg). ). Diets
were provided for ad libitum consumption and wevenfulated according to Fundacion Espafiola
Desarrollo Nutricion Animal (De Blas et al., 2018).110 (+ 2.98) kg of BW, the pigs were slaughtere

On one hand, samples lobngisimus dorsmuscle and subcutaneous fat were taken and, aoiltiee,
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the right thigh from each pig was obtained at ogt{24 h after slaughter) and processed in a ioadit
manner for approximately 12 months to produce acdrgd ham (Santos et al., 2008), which were
subsequently deboned. The subcutaneousfat atdél@deps femorisnuscle was carefully taken from

each deboned dry-cured ham and samples were stb4etC until use.

b) Crossbred pigs Iberiax Duroc were used. Three groups were fed with feith lard or

high oleic sunflower oil as fat source during faitey period and a fourth group had fattening peiiod
montaneralLongisimus dorsmuscle and subcutaneous fat samples were talsaughter and stored

at 4 °C until use.

In mentioned subcutaneous fat samples, the steuofuriglyceride molecule was carried out
by methodology described by Luddy et al (1964) tgdidy Perona and Ruiz-Gutiérrez (2004), the

melting point (ISO 63321-2002) and texture profB®urne, 1978) were obtained as well.

8.2.4 Results.

The obtained results are recorded on the sevemtsiiepapers contained in this
memorandum. Along two methodological works, a neacedure for extraction of intramuscular fat
was developed. It let to minimize the sample amoant solvent and time used. It is based on the
lyophilization of the sample, subsequent homogéioiza fat extraction with a mixture

dichloromethane:methanol (8:2) and finally a céagation.

In a third methodological work, a comparative stoflywo methods for fatty acid positional
distribution within triglyceride molecule in animtsts was carried out. Two enzymatic procedures are
extensively used for triglyceride molecules stud@se of the methods uses the lipase treatment
followed by thin-layer chromatography (TLC) sepamatof the reaction products and the acid
methylation of the 2-monoglyceride fraction (Ludgthyal. 1964). The second method is faster andreasie
to use as it eliminates the separation of theifrastby TLC used in the standard technique. Thisrsa
method makes use of a basic methylation proceddir. lipase reaction, it is possible to determtine
free fatty acids by comparing the FA contents efttho reactions of methylation (Williams et al. 539

Method B underestimated the proportion of palndttd insn2 position of triglycerides from pig fat
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samples. For that reason, it was not possible tame high-quality correlation of the fatty acid#hw

fat melting point or hardness when this method usesl.

In a fourth article, the existing dependence betwfae physical properties and the structure
of triglyceride was analyzed. The melting pint gsfioint) of the subcutaneous fat is related to the
concentration and positional distribution of fadisids. Correlation between hardness and fatty aeids

sn-1,3 positions exists. Adhesiveness is relatdatty acids in sn-2 position.

The last three works of this doctoral thesis wereu$ed on the modification of dietary fat
source and/or the inclusion of glycerol and weralyed both: changes in fatty acid positional
distribution and their implications in rheologidmhavior of fat. A first experiment was carried with
white pigs with four different diets based in 2feient types of fat with similar fatty acid profifpalm
oil and lard) but different positional distribution triglyceride molecule, and the inclusion or dt
glycerol. Overall, it was proven that, with thigfng strategy, sn-2 position suffered little madifions

while sn-1,3 positions suffered a reorganization.

In the analysis of subcutaneous fat of dry-curemd)dt was also proven that only external
positions were affected by dietary fat. Hardness wareased in pigs fed with palm oil and either

hardness or adhesiveness and springiness wereadedreith the inclusion of 5 % glycerol.

To complete, an experimental work with Iberian digd in fattening period in montanera or
with three different diets was developed. This gtwds used to check whether the inclusion in te¢ di
of fats with substantial differences in total fadiyid profile (lardvs high oleic sunflowevs montanera)
could significantly modify the distribution of fattacids with in the triglyceride molecule and the
rheological properties of the fat. The obtainedultssbrought to light that the supply of different
feedstuffs only altered sn-1,3 positions, with gn#icant increase of C18:1n-9 concentration while
montanera feeding system also affected sn-2 posilibese changes also let a decrease of textural

properties of fat.
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8.2.5 Discussion.
In the present doctoral thesis, it has been tackledne hand, methodological improvements
in the field of the analysis of lipids and, on thtber, the study of the effect of different factofghe

diet and the animal on the composition, structumek rheological behavior of fat.

With regard to the first point, the precise quacgifion of intramuscular fat presents several
difficulties, since it varies in both inside the mmuscle and with anatomical location (Faucitanal et
2004). This fact leads frequently to high coeffitief variation (25-30%) and complicates not otig t
guantification but also the development of straegn animal production to modify the intramuscular
fat. Nevertheless, it has been proven that a lgage of variability found in the quantification of
intramuscular fat is due to the analytical procedused. Having in mind the existing methodology in
this field, new protocols for intramuscular fat mdtion have been developed. They depart from
representative sampling (a cross-section cut frben dnatomical part to analyze) and previously
lyophilized and the extraction is carried out wahmixture of dichloromethane:methanol. For the
homogenization of the sample and the solid-liquittaetion, it is proposed the use of the Mixer Mill
MM400 technology (Retsch technology, Haan, Germémg allows the disaggregation of the samples
in very fine particles, shaking and processing sv@&amples at the same time. The separation of the
solid from the extraction solvent is carried outejppendorf by centrifugation. In order to adaps thi
procedure to common laboratory equipment, the Mmidrsystem can be substituted by the reduction

to dust of the lyophilized samples in a common@®iGrinder and a Vortex as a shaking system.

The analysis of fatty acid positional distributiasithin the triglyceride molecues is another
field where also exists a discrepancy in both usedhodology and obtained results. With such
objective, along the development of this doctdnaists, it has been chosen a procedure based on the
digestion of the triglyceride with a lipase, thguaisition of the fatty acid profile of sn-2 positidirectly

and the correspondent to sn-1,3 by difference. dt inethodology simple, fast and relatively cheap.

Attending to the study of the effect of dietarytfas on the fat characteristics, it was taken as
a starting point the hypothesis, which consideas the use of saturated fats with similar grossgne

but different fatty acid positional distributionthin the triglyceride molecule would lead to chamge
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the digestion and absorption of them, thus leattirdjfferent structures of the triglyceride storegbig

fat. Despite the different diets, it was observed palmitic acid was located mainly in the sn-8ipon,
while stearic acid esterified the external posgiodono (mainly oleic acid) and polyunsaturatedyfat
acids (mainly C18:2n-6) were also located preféaiptat the sn-1,3 position. As is known, fattyds
are not esterified at random to the glycerol hygit@toups in animals. In pigs and human milk, as
opposed to most species, the 2-position in theoadifissue is occupied by a saturated fatty acihlyn
C16:0 (Christie & Moore, 1970; Innis & Nelson 2013)

Specifically, it has been observed that when palwas used as dietary fat source a trend to
accumulate higher concentration of saturated fatigs (mainly stearic) in sn-1,3 appeared. Little
information exists about this topic, King et al0(2) concluded that in pigs fed with enriched dveth
conjugated linoleic acid, an increase of saturéatlgt acids (probably due to inhibition of desa@ga
enzymes) in sn-1 and sn-3 was observed.

With the supply of an oleic acid enriched dietjraarease of such fatty acid was observed in
sn-1,3 positions of the triglyceride. Nevertheless,lberian pigs, when the feeding system was
montanera, an increase also in sn-2 position wasrsh

The use of dietary glycerol did not affect fattydagositional distribution in subcutaneous fat.
There is no previous information; consequentlys¢éheesults support the conclusions of recent works
of Linares et al. (2014) and Orengo et al (20149 absert that glycerol can be used in swine nortriti
without alterations in fat quality.

Moreover, it can be appreciated that exists a Bugmt difference between fatty acid
positional distribution of dry-cured ham fat anéddhn one, although the concentrations ratio in sn-2
C16:0>C18:1n-9 > C18:0 ~ C18:2n-6 is still showithough there is sense that these are two diftere
anatomical locations, authors as Dominguez eRall4) and Franco et al. (2006) have observed that
differences at that lever are at most of 1 — 2 %18:1n-9 and/or C18:2n-6. Therefore, the largest
differences could be attributable to oxidation dipdlysis processes occurred when curing. In this
context, it has been able to deduce that the cymingess produce a substantial change of fatty acid
positional distribution. Mainly, it has been obssha remarkable decrease of linoleic acid concamtra
in sn-1,3 positions and a relocation of palmiticddoom sn-2 to external positions. These proceases
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coincident with the results of Narvaez-Rivas €R807), Raclot (2003) y Vestergaard et al. (19989 w
concluded that, even though lipolytic enzymes ackio-1,3 positions, a preference for hydrolysis in
first place of more polar (more unsaturated) tiégljdes was observed; hence the decrease of C18:2n-
6 concentration, and, when the conditions are aatega translocation of the sn-2 fatty acid to ek
positions can take place. This fact would lead telacation mainly of C16:0 because it is majoidtar

in sn-2 position and has less molecular weight thaim longer analogous. Both facilitating its mdii

Altogether, the results lead to the conclusion thatary fat interventions can modify fatty
acid location in external positions of the triglyide. Nevertheless, sn-2 position is subjectedsivang
metabolic control. However, when the supply of okseid is very high, and especially when it is teda
in sn-2 position of a triglyceride, modificationgits concentration in sn-2 can be achieved. Beaside
dry-curing process and genetics are also determiaictors of the positional distribution.

Attending to rheological behavior of fat, it hahdound a relationship between fatty acid
location in the triglyceride and different physigabperties in dry-cured ham subcutaneous fat. The
obtained results bring to light that the meltingpe correlated with both internal and externasiions
of the triglyceride. The developed regression nedelld be used to estimate the melting point ef th
pig fat in knowledge on the compositions and faityd positional distribution. These results are in
concordance with the conclusion of Enser (1983asé et al. (2004) or Lea et al. (1970). They
concluded that saturated fatty acids usually irsgethe melting point value while mono and
polyunsaturated ones decrease it. Wood et al. {Z004d that C18:0 concentration showed the highest
correlation with melting point and other physicebjperties. Nevertheless, it is remarkable thathis
last case, the behavior is different depending®location in the triglyceride molecule.

The regression analysis also revealed that hardeessdy significantly correlated with fatty
acids located in external potions while adhesivenaade with the ones located in sn-2 position.
Hardness was directly proportional to C18:0 andltsaturated fatty acid concentration and inversely
proportional to unsaturated fatty acids. Adhesigsngas positively correlated with C18:0 and C18:2n-
6 and presented a negative correlation with C18:imsn-2 position. The relationship with the fatty

acid composition of springiness and cohesivenesswgclear. In fact, Sumena et al (2010) concluded

254



Extended abstract

that both variables, mainly cohesiveness, werde@lto the connective tissue net (mainly collagen
fibers and small quantities of reticular and etaiers and not to the lipid composition of thepadyte.
8.2.6 Conclusions.
1. A large part of variability found in the quaiddtion of intramuscular fat is due to the
analytical procedure used. The coefficient of oiacan be decreased from a 30% to a 15 % by

modifying the sampling and analysis conditions.

2. The lyophilization of a cross-section bbngisimus dorsimuscle samples, subsequent
homogenization, successive extraction with dichieethane:methanol (8:2 v/v) mixture and
centrifugation minimize the variability, analysisne and used solvent in the quantification of
intramuscular fat. This procedure is integratethim development of a new method for determination

of this lipid fraction.

3. The use of pancreatic lipase, thin-layer chrogw@phy separation of tri-, di- and
monoglycerides, acid metilation and subsequent &atid identification by gas-liquid chromatography

is an easily reproducible and precise method imagt the fatty acid positional distribution in ga.

4. The fatty acid positional distribution within ethtriglyceride molecule modifies the

rheological behavior of dry-cured ham subcutandatuas follows:

a) The melting point of fat increases when in titerinal position locates mainly palmitic acid
and in the external palmitic and stearic acid amlmned. Nevertheless, the presence of oleic acid i

such positions causes a decrease.

b) Hardness of fat depends mainly on the exterositipns and increases when the saturation

degree or chain length of present fatty acids asme

¢) Adhesiveness increases with the saturation deagfriatty acids located in internal position.

5. The inclusion of fats during late fattening pedrwith similar fatty acid profile but different
distribution in the triglyceride molecule (palm @#lard) causes a positional reorganization, mainly in

external positions.
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6. The followed process to the production of dryecsham produces a translocation of the
fatty acids in the triglyceride molecule of subawgaus fat decreasing the concentration of palmadid
in internal position and increasing oleic acid ddewever, the rheological behavior of dry-cured ham
subcutaneous fat is related with the dietary fate® (palm oils/slard) used in late fattening period of
the animal, with larger hardness in the producis derive from the use of palm oil over those ca@mnin
from lard. The inclusion of glycerol decreases hlaedness, adhesiveness, springiness, cohesiveness,

gumminess and chewiness.

7. The feeding of Iberian pigs during late fattenjperiod with feedstuffs with high oleic
sunflower oil increases the concentration of sattyfacid in external positions of triglyceride molle

of subcutaneous fat and decreases the hardnessiagttess and melting point of such tissue

8. The subcutaneous fat of Iberian pigs fed in rwo@ta shows larger concentration of oleic
acid in both external and internal positions of thglyceride molecule as well as lower values of

hardness, adhesiveness and melting point tharathe 8ssue of animals fed with feedstuff.

Final conclusion:

The nutritional interventions during late fattenipgriod allow a positional reorganization of
subcutaneous fat triglycerides and the modificatibthe rheological behavior in both fresh and dry-

cured tissue.
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