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RESUMO

Foram conduzidos trés estudos para avaliar ososféid suplementacdo com fontes
naturais de antioxidantes em vacas leiteiras reckbedietas ricas em acidos graxos
poli-insaturados. O primeiro estudo foi realizadargy avaliar os efeitos da
suplementacdo de dois produtos, 6leo de soja (@S)lep de soja + polpa citrica
(OS+PC) em dois locais, riumen ou abomaso. Paragsairo vacas da raca Holandés,
fistuladas no ramen, foram distribuidas em um cadalrLatino 4 x 4 com arranjo
fatorial 2 x 2 dos tratamentos: 1) OS (0,2 kg/dhézido no ramen; 2) OS (0,2 kg/d)
perfundido no abomaso; 3) OS+PC (0,2+1,0 kg/d)doido no ramen e 4) OS+PC
(0,2+1,0 kg/d) perfundido no abomaso. A ingestdal tde MS tendeu a reduzir com a
perfusdo abomasal de OS e OS+PC. Nao houve efeiforatiuto ou local sobre a
producdo e composicdo do leite, no entanto, assvaca foram perfundidas no
abomaso apresentaram maiores propor¢cfes de acmbassgpoli-insaturados no leite
resultando em aumento no indice promotor de salRf®) (do mesmo. A perfusdo
abomasal aumentou a producéo de dienos conjugadiesten O pH e o N amoniacal
no liquido ruminal foram similares entre os tratatne, mas a producdo de acidos
graxos volateis foi reduzida quando OS foi forneamb ramen. Em conclusédo, nédo
foram observadas vantagens no fornecimento de BS ®o rimen ou no abomaso em
relacdo as propriedades antioxidantes no leite,oeamb fornecimento de OBypass
tenha aumentado a proporcédo de acidos graxosnsalitirados e o IPS no leite. O
segundo e o terceiro estudos foram gerados a partim Gnico experimento no qual
foram utilizadas oito vacas da raga Holandés, |idas no rumen, distribuidas em
duplo quadrado Latino 4 x 4 com arranjo fatoriak 2 dos tratamentos: 1) racao

controle (sem farelo de linhaca-FL) sem perfusamasal de 6leo de linhaca (OL); 2)



racao contendo 124 g FL/kg (com base na MS); 3aapntrole + perfusdo abomasal
de 0,25 kg/d de OL; 4) racdo contendo 124 g ded-[dbm base na MS) + perfuséo
abomasal de 0,25 kg/d de OL. O segundo estude#&tizado para avaliar os efeitos de
antioxidantes provenientes do farelo de linhaca) $tibre o desempenho estatus
oxidativo de vacas leiteiras perfundidas com oleolidhaca (OL) no abomaso. A
ingestdo de MS foi maior para vacas que recebelamaFracdo e menor nas vacas
perfundidas com OL no abomaso. A gordura do letevaicas alimentadas com FL
apresentou maiores propor¢cdes de acidos graxos imsatrados e 6mega-6. A
perfusdo abomasal de OL aumentou as proporc¢desdies fraxos poli-insaturados no
leite melhorando o seu IPS. O fornecimento de Fb afierou a concentracdo de
TBARS no plasma e no leite, a duracaolatp phasee a taxa de oxidacdo de dienos
conjugados (DC) no plasma. No entanto, a perfusfmmasal de OL aumentou a
concentracdo de TBARS no plasma e no leite e, neduduracdo déag phasepara
formacéao de DC no plasma. A capacidade antioxidatdé no plasma nao foi alterada
pelos tratamentos. De forma geral, os resultadgsrem que a suplementacédo com FL
para vacas recebendo fontegpassde acidos graxos poli-insaturados ndo promove
beneficios para a protecdo do organismo animal, bemo do leite, contra a
lipoperoxidacao. O terceiro estudo foi realizadmapavaliar o efeito da suplementacéo
com FL sobre a atividade das enzimas catalaseatiglnd peroxidase e superéxido
dismutase no sangue e tecido mamario, bem comprasséo de genes relacionados a
defesa antioxidante e a lipogénese no tecido mardérivacas perfundidas com OL no
abomaso. A atividade da catalase tendeu a ser roamrsuplementacdo de FL. A
perfusdo abomasal de OL néo teve efeito sobrevidadie ou sobre a expressao génica
das enzimas antioxidantes bem como dos genesamdaltis a lipogénese na glandula
mamaria, exceto para o gene GPX1 cuja expressa@nifogéntada pelo FL, mas somente
quando o OL nao foi perfundido no abomaso. Os t&do$ sugerem que a
suplementacao de vacas leiteiras com 124 g FL&gerfusdo abomasal de 0,25 kg/d
de OL nao induzem mudancas significativas na adeddas enzimas antioxidantes no
sangue e no tecido mamario, bem como na expressagahes que codificam para

enzimas antioxidantes e dos genes relacionadpsg@éliese no tecido mamario.

Palavras-chave: farelo delinhaca, lipoperoxidacédo, perfusdo abomapalpa citrica



ABSTRACT

Three studies were conducted to evaluate the sffettnatural antioxidant
sources on performance, milk quality and plasma raiikl lipoperoxidation of dairy
cows given high polyunsaturated diets. The fitatdg was performed to investigate
the effects of supplementing two products, SBO g&d) or SBO+CPP (0.2+1.0
kg/d), at two different sites, rumen or abomasum, tbe transfer of antioxidant
properties to milk, milk FA profile, milk productn, and ruminal fermentation. Four
ruminally fistulated lactating Holstein cows werssigned to a 4 x 4 Latin square
design with a 2 x 2 factorial arrangement of treatta: 1) SBO administered in the
rumen; 2) SBO infused in the abomasum; 3) SBO+QfRrastered in the rumen; and
4) SBO+CPP infused in the abomasum. Total DM irtpatled to be decreased with
abomasal infusion of SBO and SBO+CPP. Product aeadtsupplementation had no
effect on milk production and composition. Howewvesws infused in the abomasum
compared to those administered in the rumen shoWweggther proportions of
polyunsaturated which resulted in enhanced heatimpting index (HPI) of milk.
Ruminal pH and ammonia N concentration were simalaong treatments, but total
volatile FA production was reduced when SBO wasiathtered in the rumen. There
was no advantage to supplement SBO and CPP imuthenror the abomasum on milk
antioxidant properties although rumen bypass of SB@eased the proportion of
polyunsaturated FA in milk fat and enhanced milklHFR he second and the third
studies were from the same experiment in whichteighinally fistulated lactating
Holstein cows were assigned to a double 4 x 4 Lsfjnare design with a 2 x 2
factorial arrangement of treatments: 1) no FM ia dret and no abomasal infusion of

FO; 2) diet containing 124 g FM/kg (dry matter (DbBsis) and no abomasal infusion



Xii

of FO; 3) no FM meal in the diet + abomasal infasf 0.25 kg/d FO; 4) diet
containing 124 g /kg FM (DM basis) + abomasal snda of 0.25 kg/d FO. The second
study was conducted to evaluate the effects ofadieaintioxidants from FM on
performance and antioxidant status in dairy covissed with FO in the abomasum.
Intake of DM was increased for cows fed FM and oedufor cows infused with FO.
Milk production and milk composition did not diffexmong treatments except for
lactose concentration that was increased by FCk fdilfrom cows fed FM had higher
monounsaturated and lower omega-6 FA proportionsordasal infusion of FO
increased proportions of polyunsaturated FA andravgd the HPI. Feeding FM did
not change plasma and milk TBARS concentration #red lag phase duration of
formation and oxidation rate of conjugated diemeplasma as well. Neither FM nor
FO affected total antioxidant capacity in plasmaefll, the results suggest that FM
supplementation to dairy cows receiving a sourcpatyunsaturated FA that bypasses
the rumen does not provide any benefits for protgccows and milk against
lipoperoxidation. The third study was performecet@luate the effects of antioxidants
from FM and abomasal infusion of FO on the activitiy antioxidant enzymes
(superoxide dismutase, catalase and glutathionexjlase (GPX)) in blood and
mammary tissue and the mRNA abundance of antiokidad lipogenic-related genes
in mammary tissue of dairy cows were determinedal@se activity in erythrocytes
tended to increase when cows were fed FM. Abomagadion of FO had no effect on
activity and gene expression of antioxidant enzyares gene expression of lipogenic-
genes in mammary tissue, except for an increa&PX1 expression in the absence of
FM. The results suggest that feeding 124 g FM/kgdfd infusing 0.25 kg/d FO in the
abomasum of dairy cows does not induce significatminges in the activity of
antioxidant enzymes in blood and mammary tissué,expression of antioxidant and
lipogenic-genes in mammary tissue. However, mandies are required to determine
any beneficial effects of natural antioxidants sashFM on the oxidative status of
cows supplemented with polyunsaturated fatty acwdsich could lead to feeding
strategies to prevent diseases affecting the hetdths of dairy cattle.

Keywords: abomasal infusion, citrus pulp, flax meal, lipopedation



| - INTRODUCAO

A gordura do leite bovino € importante fonte derieates e energia na
alimentacdo humana. No entanto, seu consumo éasneizes, associado a aumentos
no risco de doencas cardiovasculares em humanosapea de sua alta proporcao de
acidos graxos saturados, aproximadamente 72%,xa pabporcdo de acidos graxos
mono e poli-insaturados, aproximadamente 24% e “¥pectivamente (Bu et al.,
2007).

Por este motivo, ao longo dos anos muitas pesgs&asealizadas na busca por
novos ingredientes e novas tecnologias que melhareomposicdo da gordura do leite.
Para isto, uma das ferramentas da ciéncia animaitéizacdo de perfusdo abomasal de
Oleos ricos em acidos graxos poli-insaturados. Emlesta pratica ndo seja viavel em
fazendas comerciais, em nivel de pesquisa é delgnatilidade e permitiu inUmeras
inferéncias, ndo somente sobre a utilizacdo deedigntes da dieta animal, mas
também sobre os efeitos do fornecimento de gortypasse sobre o metabolismo
lipidico em ruminantes

Estudos com perfusdo abomasal de Oleos vegetais eim acidos graxos poli-
insaturados tém demonstrado que o fornecimentomted lipidicadypassé capaz de
melhorar a composicdo da gordura do leite com atowersignificativos na
concentracdo dos acidos graxos 6mega-6 (Lithedarad., 2005) e 6mega-3 (Kazama
et al., 2010; Cortes et al., 2011).

Diversos estudos em humanos demonstraram que amonde acidos graxos
poli-insaturados proporciona diversos beneficiosadde (Cicero et al., 2012). A
ingestdo de acidos graxos 6mega-3, por exemplo,stdémassociada a prevencéo de
doencas cardiovasculares, cancer de prostata, aldnama (Simopoulos, 2002;
Simopoulos, 2003; Abeywardena & Patten, 2011; Nadet al., 2013). Desta forma,



0 consumo de leite com maior proporgdo destes sigjixos poderia ser interessante a
saude humana caso sua estabilidade no produtséjapreservada.

No entanto, a mudanca na quantidade e na compadoalpidios na dieta pode
afetar o metabolismo celular e diversos sistenssldigicos. Estudos realizados tendo
ratos como modelo demonstraram que acidos graXbmpaturados, especialmente 0s
acidos graxos omega-3, desempenham funcdes deagéguhegativa sobre genes
relacionados a lipogénese e regulacdo positivaxttm®a rede de genes que codificam
para enzimas envolvidas com a oxidacdo de acidasogr(Takahashi et al., 2002;
Lapillonne et al., 2004).

Além disso, a ingestado de dietas ricas em acidasogr poli-insaturados pode
predispor os tecidos do organismo animal, bem cotede, a lipoperoxidacdo mediada
por radicais livres (Shiota et al., 1999; Chen let 2004; Gobert et al., 2009). Tal
condicdo pode ser agravada diante da suposta cégulaegativa de genes que
codificam para enzimas relacionadas a eliminacadoadeais livres do organismo
conforme previamente demonstrado em ratos (Sreeketa., 2002). Estes primeiros
registros sao corroborados pelos resultados deeesticente (Cortes et al., 2012a), no
qual a expressdo dos genes das enzimas catalasdiogh peroxidase e superdxido
dismutase foram regulados negativamente pela @erfabomasal de 6leo de linhaca
em vacas leiteiras. No caso de vacas leiteiradtdegpaducéo, esta situacao pode ser
agravada, tendo em vista que estas sdo naturalmesite suscetiveis ao estresse
oxidativo (Bernabucci et al., 2005; Castillo et @D05) por causa das diversas reagdes
oxidativas realizadas de forma mais intensa panavepamento dos nutrientes
necessarios a producéo de leite.

Em mamiferos, a fosforilagdo oxidativa convergeasods etapas oxidativas
iniciais do catabolismo de carboidratos, amino&iddipidios para gerar a energia a
necessaria a sintese de ATP. No entanto, 0 metatmlbxidativo que embora seja de
vital importancia para a sobrevivéncia celularz teonsigo um efeito colateral que
consiste na sintese de radicais livres. Estesteéima, moléculas ou ions que possuem
um ou mais elétrons desemparelhados nos orbifaisi@is ou moleculares (Carocho &
Ferreira, 2013) e, podem promover transferéncieldeons através de reacdes de
oxidacdo e reducdo (Halliwell & Gutteridge, 20005 principais radicais livres em
organismos vivos sao as espécies reativas de axigB®S) geradas em diversas

reacOes realizadas na presenca de oxigénio mai¢@y)aEntretanto, ROS é um termo



usado por cientistas para descrever ndo somentadizis livres hidroxila (OB,
superoéxidos (@), o6xido nitrico (NO) e peroxila (ROQ, mas também nao radicais
como peroxido de hidrogénio £68,) e ozénio (@)(Aruoma, 1994).

De acordo com Woijcik et al. (2010), ROS podem sané&dos de quatro formas
diferentes: 1) na mitocondria, na qual a fosfoéitapxidativa ocorre, resultando na
formacdo de ROS como subprodutos das reacdes rdden@ncia de elétrons; 2) nas
células que realizam fagocitose, tais como nelbjfeosinofilos e macréfagos; 3) nos
peroxissomos que produzem unicameng®isob condigbes fisiologicas; e 4) nas
enzimas citocromo P450 que oxidam acidos graxaguredos e reduzem o oxigénio
molecular ao anion superoxido e/oy@d. A superproducdo de ROS promove um
desequilibrio entre espécies oxidantes e reduteras meio intracelular, com
predominéncia das primeiras. Isto resulta em mmadibes quimicas nas
macromoléculas biolégicas como DNA celular, prasire lipidios (Lindahl, 1993;
Ridnour et al., 2004) podendo promover efeitostdeles aos sistemas bioldgicos.

A ocorréncia de peroxidacdo em lipidios dependeattaposicdo e concentracao
de acidos graxos, temperatura, presenca de meadniniciacdo e catélise, presséo
de oxigénio e, especialmente, da disponibilidadéideogénio captavel dos lipidios e
outras fontes (Schaich, 2005). Em esséncia, est®§s0 consiste na incorporacdo de
oxigénio molecular a um acido graxo para produairhidroperoxido lipidico (LOOH).
Nos sistemas biologicos a peroxidagéo de lipidamecorrer por multiplas vias, entre
as quais se destacam a via enzimatica envolvendixlasoxigenases e lipoxigenases
na oxidacdo dos acidos graxos e a peroxidacdo ndondica, que envolve a
participacdo de ROS, metais de transicao e oudidisais livres (Al-Mehdi et al., 1993;
Porter et al., 1995).

O radical hidroxila € um dos principais radicaisva@widos no processo de
lipoperoxidacdo produzidos em sistemas biologi€@mdcho & Ferreira, 2013). Outro
radical livre formado a partir do oxigénio que at@bre acidos graxos € o radical
peroxila (ROO), cuja forma mais simples é a hidroperoxila (HDQue consiste na
configuracdo protonada (acido conjugado) do supdoofD,’) (Valko et al., 2007).
Radicais hidroperoxila iniciam a oxidacdo de &cidosxos e sdo documentados em
estudos como iniciadores da lipoperoxidacdo porong& seguinte equacdo: LH +
HOO = L" + H,0, (Carocho & Ferreira, 2013). Peroxidos lipidicosigm também ser

formados a partir da acdo do oxigénio single'®,)( sobre &cidos graxos poli-



insaturados. No entanto, esta via ndo € consideieddaciacdo porque o oxigénio reage
com o acido graxo ao invés de abstrair um atombidi®génio como ocorre com 0s
radicais hidroxila, por exemplo (Carocho & Ferrez@13).

De forma geral, a oxidacao de lipidios pode seidiia em trés fases, iniciacao,
propagacédo e terminacdo (Figura 1). Na fase d&gdio, o acido graxo sofre o ataque
de uma espécie que é suficientemente reativa jpsteas um atomo de hidrogénio a
partir de um grupo metileno (-GH, formando um radical lipidico {J. Quanto maior o
namero de duplas ligacBes presentes em um acido,gneais facil € a remocado de
atomos de hidrogénio e, consequentemente, mails &aaiformacdo de um radical.
Desta forma, os acidos graxos saturados e monoragas sdo mais resistentes aos

radicais livres que acidos graxos poli-insaturados.

R ~"r LH
Iniciagao
-H*
R ] R L
Propagacao R = — /\R' o W'
0, , OOH  LooH
/ — — —— 1]
R | /\R R /’\R
00" Loo*
Terminagdo L*+L" = LL
LOO® + LOO*— L-OH + L=0
LOO " +L" - LOOL

Figura 1. Esquema das principais reag0es ocorddemte o0 processo de peroxidacao
lipidica
Fonte: Lima & Abdalla (2001).

Apo6s a remocao de atomos de hidrogénio, o radjidido é estabilizado por um
rearranjo molecular para formar um dieno conjugamo,seja, duas duplas ligacdes

intercaladas por uma ligacdo simples (Halliwell &utteéridge, 2007). Em meio



aerodbico, o radical lipidico formado anteriormerdembina com o oxigénio formando
um radical peroxila lipidico (LOY). Os LOO sdo moléculas altamente reativas que
podem propagar reacoes em cadeia de peroxidaddadipou seja, podem abstrair
atomos de hidrogénio de moléculas circunvizinhasna outro acido graxo poli-
insaturado, formando um novo radical & um hidroperéxido lipidico (LOOH),
promovendo assim a fase de propagacdo. Os LOOHuzdm$ sdo chamados de
produtos primarios da oxidacgao.

A fase de terminacdo se da pela eliminacdo dogaiadformados originando
produtos n&o radicais (Schaich, 2005). Nesta thss,radicais formados nas duas fases
iniciais reagem e formam os chamados produtos décs da oxidacao, tais como
aldeidos, cetonas e acidos. Os produtos secundd@@oslipoperoxidacdo sé&o
considerados potencialmente téxicos e responsgws surgimento de odores e
sabores indesejaveis e reduzem a qualidade e seguahmentar (Moure et al., 2001).
Entre os aldeidos produzidos na fase de terminegi@o o malonaldeido (MDA) e o 4-
hidroxi-2-nonenal (HNE). O MDA é documentado enudses como agente mutagénico
para as células em mamiferos (Valko et al., 200HINE, por sua vez, ndo possui acao
mutagénica tao intensa como o MDA, mas é apresem@atho o maior produto toxico
da peroxidacéo lipidica (Valko et al., 2007).

Tendo em vista que a producéo de radicais livresrglanismos vivos € intensa e
constante, existe a necessidade do desenvolvindenscstemas de defesa antioxidante
capazes de inibir a oxidacdo das moléculas bid&gi©s antioxidantes interrompem as
reacdes em cadeia eliminando os radicais livresnmadiarios e inibindo outras reacdes
de oxidacao (Halliwell & Gutteridge, 2007). Istacénseguido através da sua prépria
oxidagdo, pelo que os antioxidantes sao frequemtemagentes de reducéo (Sies,
1997). Os tipos de antioxidantes s&o bastantestisepodendo ser sintetizadosvivo
ou derivados da dieta e podem ser encontrados @as &s células (Sordillo & Aitken,
2009).

Entre os antioxidantes que podem ser sintetizadlosquganismo animal estao as
enzimas catalase (CAT), superdxido dismutase (S®©Blutationa peroxidase (GPX).
Estas enzimas constituem o sistema de defesa iatide primario (Carocho &
Ferreira, 2013), sendo, portanto, de crucial ingpaita aos organismos vivos (Alia et
al., 2003). Entre os antioxidantes, as enzimasosamais eficientes podendo catalisar
diretamente a reducédo de diferentes tipos de RQ@&Ii(® & Aitken, 2009). Por



exemplo, a CAT esté envolvida na detoxificacdo eyxido de hidrogénizdmocky
& Koller, 1999; Chelikani et al., 2004). A GPX chta a reducdo de hidroperoxidos
lipidicos e peroxidos de hidrogénio pela glutatiorduzida (Forstrom et al., 1978;
Ursini et al., 1985). A superoxido dismutase é uiamailia de metaloenzimas que
catalizam a dismutacdo do,Qpara oxigénio moleculae peréxido de hidrogénio
(Bannister et al., 1987; Zelko et al., 2002).

Além dos antioxidantes enzimaticos existem os ma&ameticos, 0s quais podem
ser obtidos a partir da dieta. Entre estes, ermonse o acido ascorbico (vitamina C),
tocoferol (vitamina E), glutationa, carotenoideslifenois (Valko et al., 2007; Wojcik
et al., 2010) e também antioxidantes sintéticos,quais quando adicionados aos
alimentos permitem que estes resistam a varioanteaitos e condicbes, bem como
tenham a vida de prateleira prolongada (Caroche®&ekra, 2013).

Entre os antioxidantes naturais estdo os polifegaes sdo um grupo amplo e
heterogéneo de moléculas formadas como produtasidg@ios do metabolismo de
vegetais superiores (Manach et al., 2004) e destaaf sdo encontrados em diversos
alimentos de origem vegetal constituintes da diatmal. Estruturalmente, polifenol é o
termo usado para nominar moléculas com uma ou hdrexilas ligadas ao anel
aromatico bezenoide (Wojcik et al., 2010). Assian sliversos os tipos de polifendis
existentes e estes sdo qualificados de acordo e@mmestrutura. Por exemplo, os
flavonoides possuem dois anéis benzenoides (A BgBJlos por meio de trés carbonos
(estrutura difenilpropano) enquanto as lignanas $&dionadas por dois anéis
benzenoides ligados por duas unidades difenilpmpéfigura 2). A atividade
antioxidante dos polifendis se da pela eliminac&oradicais livres com especial

impacto sobre os radicais hidroxila e peroxila ¢€ho & Ferreira, 2013).

Flavonoide Lignana

Figura 2. Estrutura quimica de flavonoides e ligisan
Fonte: Wojcik et al. (2010) e Landete (2012).



Muitas pesquisas na ciéncia animal sdoo focadabusaa por protecdo dos
tecidos animais e da gordura do leite contra apépaxidacdo. De fato, estudos
demonstraram que a inclusdo de antioxidantes ra uielhora os efeitos negativos da
oxidacao dos lipidios pelo sequestro de peréxiBoankel, 2005), previne a oxidagéo e
o desenvolvimento de odores e sabores indesejénelsites enriquecidos com acidos
graxos poli-insaturados (Barrefors et al., 1995a@nenta o desempenho estatus
oxidativo de vacas leiteiras (Vazquez-Anon et24(8).

A suplementacédo de antioxidantes sintéticos demaast uma ferramenta eficaz,
como pode ser constatado no estudo realizado perg\Wa al. (2010), no qual foi
observado que statusoxidativo de vacas leiteiras suplementadas coeratites fontes
bypassde acidos graxos é melhorado com a suplementagdonth mistura de
etoxiquina e butil-hidroquinona terciaria.

No entanto, mesmo com a comprovada eficacia dexaadintes sintéticos, existe
a tendéncia a busca pela utilizacdo de moléculzsxatantes de ocorréncia natural por
causa de questdes relacionadas a seguranca alxigaditivos alimentares. Gobert et
al. (2009) observaram que a suplementacdo de vitaBiassociada aos polifendis de
origem vegetal reduz a lipoperoxidacdo plasmatinavacas leiteiras recebendo dietas
ricas em acidos graxos 6mega-3. Conclusdes simifaram obtidas a partir do estudo
realizado por Gladine et al. (2007), no qual qualiferentes tipos de polifendis de
origem vegetal se mostraram eficientes em limitdipaperoxidacdo plasmatica em
ovelhas recebendo dietas ricas em acidos graxosgabfe Adicionalmente, o0s
antioxidantes sdo também documentados como regekagositivos da expressdo de
genes que codificam para enzimas envolvidas nairglgdo de radicais livres do
organismo (McCord, 1994; Abarikwu et al., 2013).

Tais resultados sugerem que a suplementacdo conediegtes ricos em
antioxidantes naturais poderia ser uma forma dseprar ostatusoxidativo de vacas
leiteiras quando estas se encontram em condic@soporas da sintese de radicais
livres no organismo, tais como o periodo de traéwsigu a suplementagdo com &cidos
graxos poli-insaturados. Neste sentido, muitoseltos ou produtos de origem vegetal
sdo estudados como fontes naturais de moléculasxidantes, tais como o0s
flavonoides e as lignanas, que tém apresentadofaaes propriedades antioxidantes
(Hagerman et al., 1998; Kitts et al., 1999).



Frutas citricas s@o consideradas ricas fontes dkcolas antioxidantes e
dependendo da espécie podem conter flavonoides coanimgina, esperidina e
tangeritina (Bampidis & Robinson, 2006; Tsai et, &007) e beta-criptoxantina
(Manthey & Grohmann, 2001; Tanaka et al., 2010)laranja Citrus sinensiy por
exemplo é a fruta citrica cuja casca é rica enofiaides como a esperidina (Kanaze et
al., 2008), que € documentada como pontente adénte (Wilmsen et al., 2005; Al-
Ashaal & El-Sheltawy, 2011). O processamento imdalstla laranja gera grandes
guantidades de coprodutos no mundo todo. No Brpsit, exemplo, este fruto é
abundamente utilizado para a producdo de suca@gefznente a este processo, existe
também a producéo de 6leo essencial, que consist®mpostos volateis, basicamente
hidrocarbonetos (aproximadamente 99% m/m) comoriano e mirceno (Verzera et
al., 2004), utilizado no mercado interno e extepaca diversas aplicagcbes, as quais
incluem fabricagdo de produtos quimicos, solventgemas, fragrancias, tintas e
cosmeéticos.

Apoés o processamento do suco, as cascas, semeoligas e demais residuos,
gue equivalem a aproximadamente 50% do peso defregdaWidmer et al., 2010),
sdo prensados para remover a umidade. A tortaapbtignbém chamada de polpa
citrica, pode ser submetida a secagem e comeedalizomo suplemento para a
alimentac&o animal, por exemplo. No caso de vagtesrhs, a polpa citrica desidratada
se destaca como importante alimento e pode subgtifios com carboidratos altamente
fermentaveis (Santos et al., 2001; Assis et ab4pMevendo principalmente ao fato da
polpa citrica ser boa fonte de pectina, cerca 22 @kg de MS (Bampidis &
Robinson, 2006), cuja fermentacdo produz maior tipete de acido galacturdnico ao
invés de acido lactico, como ocorre com alimentossrem amido. A partir do acido
galacturdnico sdo produzidos &cidos graxos volaeisuns a fermentacdo ruminal e,
desta forma, o fornecimento de polpa citrica aaxia prevencdo de acidose ruminal
(Arthington et al., 2002) e, pode melhorar a eficiéa de utilizacdo dos alimentos para a
producéao leiteira (Miron et al., 2002).

Tendo em vista que a polpa citrica € composta pordg proporcdo de casca e
que esta, geralmente, ndo sofre tratamento conergely durante a extracdo do Oleo
essencial, é possivel que esta seja também fomtpotencial de antioxidantes na
alimentacdo animal. Todavia, sdo poucos os trabaliue avaliam os efeitos da

utilizacdo de polpa citrica como fonte de antiorida na dieta de vacas leiteiras. Em



um estudo realizado por Tanaka et al. (2010) feseokado aumento na concentracéo de
um composto com antioxidantes (beta-criptoxantima)leite e no plasma de vacas
recebendo silagem de polpa citriGit{us unshiuMarc.) na racdo total misturada. Tais
resultados sugerem que a polpa citrica poderidaseibém utilizada como fonte de
antioxidantes para vacas leiteiras.

Outro alimento amplamente conhecido por ser umatefotle moléculas
antioxidantes é o grao de linhaca. Este € ricoignahas vegetais que, em humanos ou
animais monogastricos, sdo metabolizadas em dyreankas mamiferas, enterodiol (ED)
e enterolactona (EL), sob a acdo da microfloradonc(Setchell et al., 1980; Saarinen
et al., 2002). No caso de vacas leiteiras, os mgarosmos do rimen desempenham um
importante papel no metabolismo das lignanas deadia (Gagnon et al., 2009). Cortes
et al. (2012b) observaram maior concentracao dera@attona na urina, plasma e leite
em vacas suplementadas com casca de linhaca. Rajesh (2006), usando ratos como
modelo de estudo, relataram que as lignanas osut@dinhaca regulam positivamente
a expressao dos genes das enzimas SOD, CAT e GBies Eesultados séo
corroborados pelo estudo realizado por Coértes.ef28l2a), no qual foi observado
aumento na abundancia de mRNA dos genes CAT, S@R, ia glandula mamaria de
vacas suplementadas com casca de linhaca.

Apoés a extracdo do Oleo a partir do gréo de linhaciarelo resultante € usado
como suplemento proteico na alimentacdo animalémAbe sua finalidade como
alimento proteico, o farelo de linhaca € tambérm em lignanas vegetais e quando este
alimento foi inserido na dieta de vacas em lactabaave aumento linear na
concentracdo de enterolactona no leite (Petit et28009). De acordo com Prasad
(2000), concentracdes milimolares de lignanas neasdfj4 sdo suficientes para inibir
oxidagdo induzida por ROS avaliada por incubagaeitro de sangue venoso. Desta
forma, a fornecimento de farelo de linhaca podesfieiente na protecdo do organismo
animal e o leite em condic¢des de predisposicaadagao.

Assim, o estudo do fornecimento de fontes naturaiantioxidantes, tais como a
polpa citrica e o farelo de linhaca, para vacasaetacdo suplementadas com fontes de
acidos graxos poli-insaturados, podera ser de gratitidade na busca pela producao
do leite como alimento funcional e na busca peléhona dostatusantioxidante de

vacas leiteiras.
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II - OBJETIVOS GERAIS

Este trabalho foi realizado com os objetivos de liavaos efeitos da
suplementacdo com antioxidantes provenientes daaputrica sobre o desempenho,
qualidade do leite statusoxidativo do leite de vacas recebendo dietas eoascidos
graxos 6mega-6 oriundos do Oleo de soja e avaiafeitos da suplementacdo com
antioxidantes do farelo de linhaca sobre o desehmpemualidade do leite,
lipoperoxidacdo no plasma e no leite, atividadeedeimas antioxidantes (catalase,
superoéxido dismutase, glutationa peroxidase) ngume tecido mamario, abundancia
de mRNA de genes que codificam para enzimas adaates e lipogénicas no tecido
mamario de vacas recebendo dietas ricas em acrdeesgémega-3 provenientes do

Oleo de linhaca.



[11 - Effect of abomasal or ruminal supplementation of citrus pulp and
soybean oil on production performance, fatty acid profile and
antioxidant properties of milk and ruminal fermentation
characteristicsof dairy cows

(Normas: Animal Feed Science and Technology)

Abstract

Soybean oil (SBO) is rich in polyunsaturated fattyds (FA) and rumen bypass
of SBO can contribute to increase polyunsatura®&dofoportion in milk. Citrus pulp
(CPP) is a source of antioxidants but there iglittformation on its effects on milk
properties and milk production and composition. Tdim of this research was to
investigate the effects of supplementing two presiu§BO (0.2 kg/d) or SBO+CPP
(0.2+1.0 kg/d), at two different sites, rumen oomasum, on the transfer of antioxidant
properties to milk, milk FA profile, milk productn, and ruminal fermentation. Four
ruminally fistulated lactating Holstein cows werss@gned to a 4 x 4 Latin square
design with a 2 x 2 factorial arrangement of treatta: 1) SBO administered in the
rumen; 2) SBO infused in the abomasum; 3) SBO+GRRirastered in the rumen; and
4) SBO+CPP infused in the abomasum. Intake of daiten (DM) of the basal diet was
decreased due to administration of SBO+CPP inuheen. Basal DM intake and total
DM input tended to be decreased with abomasal imfusf SBO and SBO+CPP.
Product and site of supplementation had no effeanok production and composition.
Concentrations of total polyphenols and flavonoi@slucing power and production of
conjugated diene (CD) hydroperoxides in milk wer affected by products but
infusion in the abomasum compared to administrationthe rumen increased
production of CD. Milk fat FA profile was not affeszi by products. However, cows
infused in the abomasum compared to those admiedsia the rumen showed lower
proportions of short-chain and monounsaturated F#A &igher proportions of
polyunsaturated, omega 3 and omega 6 FA, whichlteesun enhanced health-
promoting index (HPI) of milk. Higher plasma contrations of high- and low-density
lipoproteins and total cholesterol were observederwltows were infused in the
abomasum. Ruminal pH and ammonia N concentratiae sienilar among treatments,

but total volatile FA production was reduced wh&0OSvas administered in the rumen.
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There was no advantage to supplement SBO and Ce mumen or the abomasum on
milk antioxidant properties although rumen bypakSBO increased the proportion of

polyunsaturated FA in milk fat and enhanced milkd.HP

Keywords: flavonoids, polyphenols, conjugated diene, hepfttmoting index,

abomasal infusion, fat supplementation

Abbreviations: FA, fatty acids; SBO, soybean oil; CPP, citruspp®MI, dry matter
intake; DM, dry matter; CD, conjugated diene; EHjee extract; GAE, gallic acid
equivalent; HPI, health-promoting index; HDL, hidknsity lipoprotein; LDL, low-
density lipoprotein; QE, quercetin equivalent; SGGmatic, cell count; TTAD, total
tract apparent digestibility; VFA, volatile FA.

L.Introduction

Milk fat is an important dietary source of nutrierdnd energy. However, milk
consumption has been linked to higher risk of @aascular diseases in humans
because of its high proportion of saturated fatigs (FA) (~72%) and low proportions
of monounsaturated and polyunsaturated FA (~24%48adrespectively; (Bu et al.,
2007). Therefore, recent research has focusedeommportance of supplying lactating
dairy cows with polyunsaturated FA to increasertpeoportion in milk fat since they
are considered health promoting (Ulbricht and Sgafi, 1991). However,
supplementation with dietary lipids such as soybedan(SBO) may result in both
positive and adverse changes in the nutritionaldiatetic properties of milk as shown
by increased unsaturated FA proportion and incceag&lation susceptibility (Chen et
al., 2004; Bobe et al., 2007). The oxidative deration of milk fat containing a high
unsaturated FA proportion can increase the devedopmf rancid odors and flavors in
milk (Timmons et al., 2001), which results in protkiof lower nutritional quality and
safety due to the formation of secondary, potdgtimixic compounds (Moure et al.,
2001; Chen et al., 2004).

However, the presence of antioxidants such ca®copherol may prevent
oxidation of milk enriched in polyunsaturated FAdathe development of oxidized
flavor as shown by Barrefors et al. (1995). Rec®ntdies have demonstrated that

antioxidants are effectively transferred from thet to milk when cows are fed flaxseed
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byproducts (Petit et al., 2009; Coértes et al., 20Mbreover, although Gagnon et al.
(2009) reported that rumen microorganisms play raportant role in the transfer of
antioxidants from flaxseed hulls to milk thereitflé information on the importance of
the rumen for the absorption of antioxidants. Gladet al. (2007) has reported that,
contrary to monogastrics, ruminants can benefinfemtioxidants and that the ruminal
microbiota may be involved in the metabolism of iaxitants although further
experiments should be performed to better undedstia® role of microorganisms and
the metabolic pathways of antioxidants in ruminants

Agricultural and industrial byproducts are attraeti sources of natural
antioxidants (Moure et al., 2001). Citrus pulp (GR® a byproduct from the food
processing industry that has been widely usedraghaenergy feed in diets of lactating
dairy cows (Bampidis and Robinson, 2006). Citrugppis also a source of the
flavonoids hesperidin and naringin, which are aatlants (Williams et al., 2004;
Bampidis and Robinson, 2006). However, there tke linformation on the effects of
CPP on the properties of milk and the role of thmen on the absorption of antioxidant
from CCP. Thus, the overall aim of carrying outsthesearch was to investigate the
effect of supplementing soybean oil (SBO) or soybeih + citrus pulp (SBO+CPP) in
the rumen or the abomasum on the transfer of adaox in milk and on its properties.
Performance, milk production and composition, plasmarameters and ruminal

fermentation were also evaluated.

2.Material and methods

2.1 Cows, diets, and experimental procedures

Four multiparous lactating Holstein cows fittedlwitiminal cannulas (10 cm, Bar
Diamond Inc., Parma, ID, USA) were assigned toxa#4Latin square design with a 2
x 2 (two products and two sites of supplementatfanorial arrangement of treatments
and four 21 d periods balanced for residual effestghe beginning of the experiment,
the cows averaged 92 + 13 days in milk, 29.0 k& 2f milk/d, and 559 + 67 kg of
body weight. Cows were housed in individual staligh free access to water. All cows
were fed with the same total mixed ration (Tabléwiite a day (07:00 and 14:00 h) for
ad libitum intake (10% of refusals on as fed basis). The wet formulated to meet
requirements for cows producing 30 kg/d of milk@8 g/kg of fat (NRC, 2001).
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Tablel

Ingredients, chemical composition, and fatty adidfife of the total mixed diet, citrus
pulp, and soybean oil.

Item Total Citrus Soybean
mixed diet pulp oil

Ingredient (g/kg DM)

Corn silage 600.2

Ground corn 183.1

Soybean meal 197.0

Mineral supplement 15.0

Dicalcium Phosphate 0.1

Limestone 0.9

Ca bicarbonate 3.7

Chemical analysfs
DM (g/kg) 525.1 887.5
CP (g/kg DM) 163.7 58.4
Ether extract (g/kg DM) 25.2 17.7
aNDF (g/kg DM) 389.5 189.3
ADF (g/kg DM) 220.2 160.2
NE. (MJ/kg DM)® 7.11 8.28
Total polyphenols (mg/100g) - 783.5
Flavonoids (mg/100g) - 161.5

Fatty acid (g/kg of total fatty acids)
14:0 2.4 8.4 13.5
16:0 165.5 295.5 117.9
18:0 37.0 50.3 20.0
cis9-18:1 301.1 202.2 257.6
cis9cisl2-18:2 432.0 341.9 545.0
Cis6,cis9cisl2-18:3 62.0 79.0 46.1
20:0 ND* 5.3 ND
cisl3-22:1 ND 5.7 ND
24:0 ND 11.8 ND

Contained (per kg, as-is basis): Ca 240 g, P #0gg15.0 g, S 18.0 g, Na 78.0, Fe 2,200 mg, Zn 3.800
mg, Cu 680 mg, Mn 1.105 mg, | 40 mg, Co 10 mg, Seng, vitamin A 100,000 IU, vitamin D3 66,700

IU, and vitamin E 1,000 IU.

“One sample obtained from four pool samples prepayemmpositing eight daily samples from d 14 to
21.

3Calculated using described published values of flegaedients (NRC, 2001).

“ND = not detected.
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Milking times were 06:30 and 16:00 h, and milk gliehas recorded at each
milking. The Animal Care and Use Committee of thewdrsidade Estadual de Maringa
approved all animal procedures.

The experimental treatments consisted of: 1) 0/8 kfi SBO administered in the
rumen and 15.0 kg/d of tap water infused in thenadsum; 2) 0.2 g/d of SBO and 15.0
kg/d of tap water infused in the abomasum; 3) @&l lof SBO and 1.0 kg/d of CPP
administered in the rumen and 15.0 kg/d of tap wiateised in the abomasum; 4) 0.2
kg/d of SBO, 1.0 kg/d of CPP and 14.0 kg/d of tatexinfused in the abomasum.

To perform abomasal infusions, an infusion line weserted through the ruminal
cannula and the sulcus omasi as described by @yesshl. (2006). Plastisol discs (12
cm in diameter and 9 mm in height) were used tohandhe infusion line, and
placement of infusion lines was monitored dailyettsure postruminal delivery. Two
different infusion lines were used to pump oil avater, each at a constant flow rate, in
a larger line using a Y-shape connection line legdb the abomasum as previously
reported by Kazama et al. (2010). Abomasal infusioonsisted of 15 kg/d of solution
(water or water + CPP) and they were daily prepaedg an electric mixer (Fisatom,
Séo Paulo, SP, Brazil). Dried citrus pulp is a camially available product from
orange Citrus sinensisjuice industrie and was ground through a 1 mneestrfor the
infusion.

Variable-speed peristaltic pumps (Provitec, Saold?abP, Brazil) were used to
deliver the infusion mixtures at a rate of 1.25hkdgDuring the first 7 days of each
period, only 50% of the experimental dose of solutnd oil was supplied over a 6-h
period (from 07:00 to 13:00 h). From day 8 to 2ie abomasal infusion was conducted
with 100% of the experimental dose of solution andver a 12 h (from 07:00 to 19:00
h) period. Oil was pumped into the abomasum usimpegréstaltic pump. The ruminal
administration was performed by adding one-thirdheaf oil dose and citrus pulp 3
times daily (07:00, 13:00, and 19:00 h).

Samples of RTM and citrus pulp were taken dailyrfrday 14 to 21 and pooled
within period. Samples of orts were taken dailyrirday 14 to 21 of each period and
feed intake was recorded. Samples of diet, citulg pand orts were frozen at “ZDfor
subsequent drying at %5. The samples were ground through a 1 mm screaWiley

mill and afterward were composited by cow withimipeé for further analysis.
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From day 11 to 19, a capsule of chromic oxide@gy was inserted in the rumen
once daily at 09:00 h, supplying a total of 10 gGmOs/d. Fecal grab samples were
taken twice daily at 08:30 and 16:30 h from daytd39 and a portion (about 100 g)
was dried for 48 h at 55°C and composited by cothiwiperiod for later component
analysis. Chromic oxide was dosed to the animalerding to Williams et al. (1962) to
predict fecal output and total tract apparent digesy (TTAD).

Milk samples were collected from two consecutivékings on day 18 and kept
separately for all analyses. Samples without pvesiee and with Na azide (0.2 g/kg)
were kept frozen at —20°C for determination of Féofple, and antioxidants (total
polyphenols and flavonoids) and conjugated dien@) (Rydroperoxides, respectively.
Another milk sample was stored at +4°C with a pnesteve (bronopol-B2) until
analysis for normal composition.

Blood was collected from all cows on day 18 onerladter the morning milking to
determine concentrations of very low-density lipmpm (VLDL), low-density
lipoprotein (LDL), high-density lipoprotein (HDLjptal cholesterol, triacylglycerol and
glucose. Blood was withdrawn from the tail veinoinvacutainer tubes (Becton
Dickinson and Cie, Rutherford, NJ, USA) containlmgparin. Tubes were immediately
centrifuged at 3,000 g for 20 min. Plasma was separated and frozen &C-26r
subsequent analysis.

On day 21, ruminal contents were collected fronfedgnt locations within the
rumen (the anterior dorsal, anterior ventral, mediuentral, posterior dorsal, and
posterior ventral locations) 0, 2, 4, and 6 h after morning meal. Rumen pH was
measured immediately after sample collection witlpatable pH meter (Tecnal,
Piracicaba, SP, Brazil). The ruminal contents when strained through four layers of
cheesecloth and two aliquots of strained ruminatfivere acidified to pH 2 with 50%
H.SO, and frozen at -20°C for later determination of vitgafatty acids (VFA) and

ammonia concentrations.

2.2 Chemical analysis

Dry matter in RTM, orts and feces samples was a@tetlaccording to method no.
934.01 of AOAC (1998). Organic matter was determibhg combustion in a muffle
furnace according to method no. 942.05 of AOAC @)99otal N was determined with
a Tecnal TE-036/1 (Tecnal, Piracicaba, SP, Br&ailpwing method no. 988.05 of the
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AOAC (1998) and crude protein (CP) was estimateN &s6.25. Ether extraction (EE)
in diets was conducted with Tecnal TE-044/1 acewydio procedure no. 920.39 of
AOAC (1998). The neutral detergent fiber (aNDF) wasluated as described by
Mertens (2002) using a heat-stablamylase and sodium sulphite. The ADF content
was determined according to method 973.18 of AOAE98). The aNDF procedure
was adapted for use of an AnkSthFiber Analyzer (Ankom Technology Corp.,
Fairport, NY, USA).

Protein, lactose, fat and urea N concentrationsiilik were analyzed by infrared
spectrophotometry (Bentley model 2000; Bentleyrimsent Inc., Chaska, MN, USA).
Milk somatic cells counts (SCC) were obtained usingelectronic counter (Somacount
500, Chaska, MN, USA). Fat in milk was separateccéytrifugation as described by
Murphy et al. (1995) and FA were methylated aceaydd method 5509 of ISO (1978)
using KOH/methanol (Synth, S&o Paulo, Brazil) arteptane (Vetec, Rio de Janeiro,
RJ, Brazil). Fatty acid methyl esters were quagdifby gas chromatography (Trace GC
Ultra, Thermo Scientific, West Palm Beach, FloriddSA) equipped with an
autosampler, a flame-ionization and a Rt-2560 fusskech capillary column (100 m and
0.25 mm i.d., 0.20 pum film thickness). The columnapzeters were as follows: initial
column temperature of 65°C was maintained for 8;ntlire temperature was then
programmed at 50°C/min to 170°C; this temperatuas waintained for 40 min and
then increased 50°C/ min to 240°C and remained®&%5 min. Injector and detector
temperatures were 220 and 245°C, respectively. gd= flow was 1.5 ml/min for
hydrogen (carrier gas), 30 ml/min for, Nauxiliary gas), 35 ml/min for fHand 350
ml/min for compressed air. Fatty acid peaks wemmntified using pure methyl ester
standards (Sigma, Sao Paulo, SP, Brazil).

Content of total polyphenols of citrus pulp and kmitas determined using the
Folin—Ciocalteu technique (Singleton and Rossi,5)9&ith elimination of interfering
substances using polyvinylpolypyrrolidone as regbrby Han et al. (2011).
Polyphenols were extracted from citrus pulp by mgxi g of sample (ground through 1
mm screen) with methanol/water (90:10, v/v) andwbkeime was made up to 100 mL.
From milk, polyphenols were extracted by mixing 1L mf each sample with
methanol/water (90:10, v/v), the volume was madeasg0 mL). The extracts were
then filtered on a 0.22 um PTFE membrane filterri¢3gn, Shanghai, China) into a

tube protected from light. The assay was perforomedg a UV-Vis spectrophotometer
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(Spectrum SP2000, Shanghai Spectrum, China). Teagillh compound content was
reported as gallic acid equivalents (GAE; pg/mimitk and mg /100g of citrus pulp).

Flavonoid content of citrus pulp and milk sampleaswneasured at 425 nm by
spectrophotometry after reaction with aluminum ddi® as described by Woisky and
Salatino (1998) and modified by Sanchez et al. Q20Flavonoids were extracted from
citrus pulp and milk samples using the procedurdeed for polyphenols. Quercetin
was used as standard for the calibration curverasdits were reported as quercetin
equivalents (QE; pg/mL of milk and mg/100 g of ustpulp).

Total reducing power was determined as describedhoyet al. (2002) with some
modifications. Milk proteins were precipitated bydang 1 mL of a trichloroacetic acid
solution (20%; v/v) to 1 mL of milk. The mixture wavortex-mixed for 10 min and
centrifuged at 1,058 g for 10 min at 20°C. Absorbance was measured anfd@n a
UV-Vis spectrophotometer (Spectrum SP2000, Shandbgectrum, China) and
reducing power was reported as GAE (ug/mL). Pradnovf conjugated diene (CD)
hydroperoxides in milk was used to measure lipidation according to the method of
Kiokias et al. (2006) with some modifications. Bife samples (50 pL) were added to a
mixture of 2.5 mL isooctane/2-propanol (2:1 v/vilamortexed for 10 sec. Samples then
were filtered on a 0.22 um PTFE membrane filterri¢dgn, Shanghai, China). The
absorbance was measured at 232 nm using a UV-\gsc{@&m SP2000, Shanghai
Spectrum, China). The production of CD was caledats follows: CD (mmol/kg of
fat) = (A/27)/[(a*b)/100000*(c + b/1000)]; where: A absorbance at 232 nm; a = milk
fat proportion (g/100 g); b = sample volume (pL)da = mixture volume (mL).

The health-promoting index (HPI) was calculatedhasinverse of the atherogenic
index (Ulbricht and Southgate, 1991) accordinghi equation described by Chen et
al. (2004), where the concentration of total unsdéid FA is divided by the sum of
12:0, 16:0, and 4 x 14:0.

Plasma triacylglycerol concentration was determibg@dn enzymatic colorimetric
method using glycerol-3-phosphate oxidase at 500(kiml5710; Diasys Diognostic
Systems, Holzheim, Germany). The HDL and LDL comedions were analyzed by
colorimetric assays at 600 nm (kits 13521 and 14i@4pectively; Diasys Diognostic
Systems). The VLDL concentration was estimatedibglthg TG concentration by five
as described by Friedewald et al. (1972). Conceots of total cholesterol (kit 11300;
Diasys Diognostic Systems) and glucose (kit 1230i@sys Diognostic Systems) were
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analyzed at 500 nm using enzymatic photometricyasaad urea concentration (kit
1301, Diasys Diognostic Systems) was determingdl@mnm.

Ruminal concentration of ammonia N was analyzedessribed by Preston (1995).
Samples of ruminal fluid were centrifuged at 15,00@ at 4£C for 50 min before
determination of volatile FA (VFA) concentration.(A1 ul aliquot was injected into a
HP 5890 Series Il gas chromatograph (Hewlett-PagRataldbronn, Germany) with a
silic column (2 m x 0.2 mm i.d., 0.20 um film thiess) packed with 10% SP 1200/1%
H3PO, on 80/100 Chromasorb W AW silica column (2 m x thmd.) packing and
fitted with an autosampler (Hewlett Packard 689€ieSelnjector, Milford, MA, USA)
and flame-ionization detection. The column, inlabd adetector temperatures were
maintained at 115, 160, and 190°C, respectivelg. ddrrier gas (N flow rate was 25

mL/min and total time of the analysis was 15 misute

2.3 Statistical Analysis

All results were analyzed using the MIXED procedofeSAS (SAS 2000; SAS
Institute) within a 2 x 2 factorial arrangementi@atments. Data were analyzed using a
4 x 4 Latin square design with the following gehenadel:

Yi =M+ G+ B+ T+ g

Where:Yjj, the dependent variable; p, overall mean;r&hdom effect of cowi € 1 to
4); B, fixed effect of periodj(= 1 to 4);Ti, fixed effect of treatment andyerandom
residual error. Factorial contrasts were used $b tiee main effects of supplement
(soybean oilversussoybean oil + citrus pulp), site of supplementatjoumenversus
abomasum), and their interaction. Data on milk pobidn and milk composition were
initially analyzed as repeated measurements atldeiuanalyzed without the time effect
when time was not significant. Data on ruminal fentation (pH, ammonia N and
VFA) were analyzed as repeated measurements andri@ose structures were
modeled. The most appropriate covariance structa® fitted based on the smallest
values of fit statistics for Akaike’s informatiorriterion, and Akaike’s information
criterion corrected. Results are reported as Isqséres means and SEM. When the
interaction between product and site was significdre SLICE option of the MIXED
procedure was used to examine the differential aesp of infusion of oil in the
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abomasum to FM supplementation. Significant diffeesnwere set aP<0.05 and
trends at 0.05R<0.10.

3.Results

There was no interaction between product and sitéenfake of DM and TTAD of
nutrients (Table 2). Dry matter intake of the badadt, expressed in kg/day and
percentage of body weight, was significantly reduwaden cows where supplemented
with SBO+CPP compared to SBO. Infusion in the alsuma tended (P=0.07) to
decrease the basal DM intake and total DM inputesged in kg/day, and they were
significantly decreased when expressed as a pagemtf body weight. There was no
significant effect of product and site on TTAD oiVDand aNDF (Table 2). However,
TTAD of CP tended (P=0.09) to be lower when produstre administered in the
rumen compared to when they were infused in thenalsom. There was a significant
effect of product for TTAD of EE with higher TTADof cows supplemented with
SBO+CPP compared to those supplemented with SB onl

Table?2

Dry matter intake (DMI) and total tract apparergeditibility (TTAD) of Holstein cows
supplemented with soybean oil (SBO) or soybear+ aitrus pulp (SBO+CPP) in the
rumen (RUM) or in the abomasum (ABO).

Treatments
SBO SBO+CPP P
Item RUM ABO RUM ABO SEM Product Site P xS
Basal DMI (kg/d) 1764 1693 16.64 16.37 0.84 0.01 0.07 0.36
Total DM input (kg/d) 1784 17.13 17.78 17.51 0.84 049 0.07 0.36

Basal DMI (g/kg of BW) 329 312 314 30.1 220 0OD. 0.01 0.74
Total DM input(g/kg of BW) 33.2 31.6 335 322 220 023 0.01 0.79
TTAD (g/kg MS)

Dry matter 656.2 682.7 640.6 6554 146 016 0.18 0.68
Crude protein 668.8 699.4 653.2 6709 155 0.12 0.09 0.61
Ether Extract 753.6 758.6 796.3 7853 170 0.03 082 0.55

Neutral detergent fiber 496.0 518.2 440.0 464.7 23.1 0.11 0.36 0.96
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Abomasal infusion was carried out only over a 1j2ehiod. Therefore, samples of
milk were analyzed separately for the morning avehang samples to determine if the
response to treatment was similar for both milkings there was no interaction
between sampling time (a.m. and p.m.) and treatni@ntmilk composition, only
average values are reported (Table 3).

Table3

Milk production (kg/d) and milk composition of Hoésn cows supplemented with
soybean oil (SBO) or soybean oil + citrus pulp (SBPP) in the rumen (RUM) or in
the abomasum (ABO).

Treatments
SBO SBO+CPP P

ltem RUM ABO RUM  ABO SEM Product Site P xS
Milk production 24.5 24.4 24.0 23.5 2.78 0.33 0.620.80
Milk composition (g/kg)

Protein 311 30.4 30.8 30.7 1.22 0.98 0.280.42

Fat 37.8 33.8 35.8 35.0 2.31 0.80 0.190.35

Lactose 45.8 46.1 46.4 46.0 1.94 0.30 0.570.15

Total solids 124.9 119.3 1224 120.8 4.42 0.80 0.110.32

Urea N(mg/dL)  14.3 15.1 141  14.6 0.73 0.63 0.390.85
Milk yield (kg/d)

Protein 0.76 0.74 0.74 0.72 0.07 0.30 0.181.00
Fat 0.93 0.83 0.87 0.84 0.11 0.46 0.170.30
Lactose 1.14 1.14 1.14 1.10 0.16 0.54 0.640.49
Total solids 3.07 2.93 2.98 2.87 0.37 0.34 0.140.82
scs 2.03 1.84 1.82 2.02 0.33 0.94 0.990.33
Polyphenol$ 47.3 52.1 49.4 49.2 2.63 0.89 0.390.35
Flavonoidg 119.4 112.0 118.6 129.6 13.9 0.56 0.90.52
Reducing powér 37.6 29.2 28.1 44.5 6.01 0.63 051 0.17
CD’ (mmol/kg fat) 29.8 31.3 28.3 29.6 2.99 0.11 0.04 0.89

ISomatic cell score = log somatic cell codfiiptal Polyphenols = gallic acid equivalent (ug GAE);
®Flavonoids = quercetin equivalent (ng EQ/miBeducing power = gallic acid equivalent (ug GAE/mL)
®Conjugated Diene.

There was no interaction between product and %te nfilk production and

composition, yield and concentrations of milk comeots, concentration of total
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polyphenols and flavonoids, reducing power and pctidn of CD hydroperoxides.
Product and site of supplementation had no effacindk production, proportion and
yield of milk components, concentration of totallymtenols and flavonoids, and
reducing power. However, there was a significafeéatfof site for CD production in
milk, with infusion in the abomasum resulting ingher production compared to
administration in the rumen.

There was no significant interaction between prodund site for milk FA profile
(Table 4). Milk fat from cows infused in the abomas tended to have higher
proportions of 4:0, 8:0, 10:0 and 12:0 than milk flam those supplemented in the
rumen (Table 4). Proportions of 11:0; 13:0; 14c(9-14:1; 15:0; 15:1; 17:0; 18:0;
tran9-18:1; tranV transl2-18:2;cisO transl1-18:2, 20:0; 20:1¢isl1cisl4cisl7-20:3
andcis5,cis8,cisl1cisl4-20:4 in milk fat were similar among treatmenifalfle 4). The
proportions of 16:0,cis9-16:1, 17:1 andcis9-18:1 were decreased and those of
cis9,cisl2-18:2 andtis9,cisl2 cis15-18:3 were increased when cows were infuseden th
abomasum compared to the rumen. There was a tfend.G6) for an interaction
between product and site fors6,cis9,cis12-18:3 as a result of lower proportion for
cows infused with SBO+CPP in the abomasum comptrdgtiose infused SBO only
while administration of SBO and SBO+CPP in the ramesulted in similar proportions
but higher ones than when they were infused inath@masum. Cows infused in the
abomasum had higher proportions of short-chainyyssaturated, omega 3, and omega
6 FA than those administered with products in theen and the inverse was observed
for proportions of monounsaturated FA. There was al tendency (P=0.06) for lower
proportions of saturated FA in milk fat when infusiwas performed in the abomasum
compared to administration in the rumen. Cows dusith products in the abomasum
showed higher milk health-promoting index (HPI) g@ared to those which received
products in the rumen.

There was no interaction between product and sitebfood parameters and
treatments had no effect on concentrations of gleicariacylglycerol and VLDL in
plasma (Table 5). Plasma concentrations of HDL, Lddd total cholesterol were not
affected by product but cows infused in the abommasampared to those administered
with products in the rumen had higher concentratiasi HDL, LDL and total

cholesterol.
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Table4

Milk fatty acid concentration (g/kg of total fatgcids) of Holstein cows supplemented
with soybean oil (SBO) or soybean oil + citrus p(BO+CPP) in the rumen (ABO) or
in the abomasum (ABO).

Treatments
SBO SBO+CPP P
Item RUM ABO RUM ABO SEM Product Site PxS
4:0 34 46 3.8 49 0.62 0.48 0.07 0.90
6:0 7.3 179 15 219 223 0.14 0.007 0.52
8:.0 5.7 6.9 6.2 84 1.01 0.27 0.08 0.48
10:0 6.1 6.3 5.2 95 1.43 0.33 0.09 0.10
11:0 28 15 25 45 1.41 0.27 0.75 0.20
12:0 20.6 21.3 209 26.7 2.75 0.14 0.09 0.14
13:0 24 19 2.4 24 042 0.45 0.59 0.53
14:0 16 1.3 1.8 1.5 021 0.57 0.36 0.73
cis9 14:1 111.9 110.1 116.1 116.6 6.73 0.12 0.89 0.34
15:0 86 6.7 8.9 6.9 1.24 0.85 0.14 0.95
15:1 126 12.2 13.0 119 8.2 0.98 0.44 081
16:0 337.3 303.9 335.9 308.6 14.7 0.91 0.01 0.35
cis9 16:1 13.6 10.1 13.3 9.4 3.30 0.40 0.0007 0.99
17:0 6.3 6.7 6.6 6.9 0.32 0.61 0.15 0.68
17:1 1.3 0.7 1.2 0.4 0.24 0.30 0.004 0.78
18:0 130.0 123.2 1275 111.2 8.61 0.27 0.15 0.67
Cis9-18:1 277.8 260.8 277.6 2414 1543 0.22 0.02 0.50
trans9-18:1 20.8 225 23.3 17.0 1.89 0.43 0.31 0.10
Cis9cis12-18:2 18.9 65.8 20.7 74.0 951 0.54 0.0009 0.65
tran9 transl2-18:2 18 15 1.9 21 0.24 0.23 0.99 0.36
cis9transl1-18:2 4.0 4.5 4.3 3.7 031 0.36 0.96 0.15
cis9,cisl2cis15-18:3 1.7 5.7 2.0 6.5 0.84 0.51 0.002 0.67
Cis6,cis9,cis12-18:3 08 07 0.7 02 0.14 0.01 0.0002 0.06
20:0 14 1.9 1.6 1.7 0.23 0.86 0.10 0.71
20:1 0.0 0.3 0.0 0.2 0.21 0.75 0.24 0.75
cisllcisl4cisl7-20:3 0.3 0.2 0.2 0.2 0.22 0.83 099 0.71
cisbcisB,cisl1cisl4-20:4 0.9 0.8 0.9 1.1 031 0.18 0.54 0.14
SFA! 554.8 524.6 552.7 535.7 14.76  0.49 0.06 0.27
MUFA? 415.6 393.0 416.4 3729 9.31 0.34 0.005 041
PUFA? 29.7 824 30.9 914 1053 054 0.0009 0.67
SCFA 16.9 30.5 25,6 36.6 3.52 0.07 0.01 0.79
MCFA® 538.0 494.7 533.7 518.3 26.74 0.46 0.11 0.27
LCFA® 4451 474.8 440.7 445.1 28.71 0.37 0.26 0.60
Omega 3 1.7 5.7 2.0 6.5 0.83 0.51 0.002 0.67
Omega & 22.7 69.0 245 77.7 9.92 0.54 0.001 0.64
HPI® 1.20 1.39 1.22 1.32 1.03 0.59 0.03 0.37

IMUFA = monounsaturated fatty acid®UFA = polyunsaturated fatty acid§FA = saturated fatty acid®SCFA =
short-chain fatty acidSMCFA = medium-chain fatty acid$L.CFA = long-chain fatty acidscis9,12,15-18:3 +
Cis5,8,11,14,17-20:5 + 22:8¢cis9,12-18:2 +cish,9,12-18:3 +¢is11,14-20:2 +cis8,11,14-20:3 «is5,8,11,14-20:4.
®Health-promolting index: (sum of % of unsaturatatyf acids)/[12:0 + (4 x 14:0) + 16:0]; (Chen ef aD04).
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Table5

Blood parameters (mg/100mL) of Holstein cows sum@eted with soybean oil (SBO)
or soybean oil + citrus pulp (SBO+CPP) in the runfRyM) or in the abomasum
(ABO).

Treatments
SBO SBO+CPP P
ltem RUM ABO RUM ABO SEM Product Site PxS
Glucose 62.0 66.0 66.0 635 231 0.76 0.76 0.21
Triacylglycerol 108 145 123 123 192 0.84 0.35 0.35
HDL 79.8 85.3 79.3 863 323 083 0.002 0.3
LDL 61.8 83.8 68.0 840 790 043 0.003 0.47
VLDL 2.2 2.9 2.5 25 038 0.85 0.35 0.35

Total cholesterol 143.8171.8 149.8 172.8 10.25 0.38 0.0005 0.53

The pH and ammonia N concentration in the rumenewsmilar among
treatments (Table 6). There was an interaction éetw product and site of
supplementation for VFA in ruminal fluid; the SLIGEocedure showed that SBO+CPP
increased (P=0.035) VFA concentration when adnerest in the rumen, while it had
no effect (P=0.74) when infused in the abomasum.

A significant interaction between product and sias observed for acetate,
propionate and butyrate molar proportions, andaaedb propionate ratio, as well. The
SLICE procedure showed that ruminal administrattdnSBO+CPP reduced acetate
(P=0.007) molar proportion and acetate to prop®nmatio (P=0.004), and increased
propionate (P=0.005) and butyrate (P=0.04) molap@rtions. A significant interaction
between treatment and sampling time for ruminalpproons of acetate (P=0.002),
butyrate (P<0.0001) and valerate (P<0.0001). Cenisig the mean across all sampling
times, there was no difference for isobutyrate isndalerate molar proportions whereas
valerate molar proportion tended to be lower whesdpcts were administered in the

abomasum.
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Table6

Rumen fermentation characteristics of Holstein cawpplemented with soybean oll
(SBO) or soybean oil + citrus pulp (SBO+CPP) in thenen (RUM) or in the
abomasum (ABO).

Treatments
SBO SBO+CPP P
Item RUM  ABO RUM ABO SEM Product Site P xS
pH 6.29 6.38 6.33 6.34 0.05 0.98 0.67 0.69
Ammonia N 2098 19.31 19.92 19.60 3.84 0.98 0.71 0.77
(mg/100ml)
VFA (mmol/L) 135.99 164.67 156.58 163.15 3.13 0.020.001 0.01
Molar proportions (mmol/mol)
Acetate* 66.87 65.55 65.67 65.78 0.22  0.07 0.03 0.02
Propionate 18.67 19.89 19.81 1943 0.25 0.23 0.14 0.02
Butyrate* 9.58 10.19 10.02 1043 0.12 0.05 0.006 0.05
Isobutyrate 1.18 0.78 0.87 0.92 0.07 0.19 0.12 0.13
Valerate* 146 161 1.56 1.61 0.04 0.33 0.06 0.32
Isovalerate 223 197 2.08 196 0.10 041 0.11 0.51
Acetate:propionate 3.58 3.30 3.32 3.39 0.06 0.17 0.09 0.02

*Interaction between treatment and sampling tinTe0(B5).

4. Discussion

The lower basal DM intake with SBO+CPP supplem@matompared with SBO
was likely a result of the additional energy preaddby the citrus pulp, which may be
confirmed by the lack of a product effect on tdd input. However, infusion in the
abomasum compared to administration in the rumemedsed DM intake. Over the
years, it has been recognized that abomasal imfusioils has had negative effects on
DM intake (Benson et al., 2001; Matrtin et al., 2008rtes et al., 2011). According to
these reports, such negative effects are relatethéoincreased concentration of
polyunsaturated FA in the small intestine, whictsweovided by the abomasal infusion
of soybean oil in the present experiment. The postral delivery of polyunsaturated
FA has been previously reported to increase plasomgentration of gut hormones,
such as cholecystokinin and pancreatic polypepfleoi and Palmquist, 1996) and
glucagon-like peptide-1 (Relling and Reynolds, 20Which are related to postprandial
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satiety signals and gut motility reduction (Litleartl et al., 2005) and decreased DM
intake as observed in the present experiment.

The trend for lower TTAD of CP when the productsrevadministered in the
rumen suggests that soybean oil was responsiblehtordepression in digestion of
protein. Similar decreases have been reported wheap were supplemented with flax
(Ikwuegbu and Sutton, 1982) and corn (Jenkins astduhi, 1990) oils. However, the
response to free oil supplementation in the runemms to be variable and unclear so
far, since no effects have been observed when ewmws supplemented with soybean
(Bateman and Jenkins, 1998) and flax (Kazama e2@10) oils. Other factors such as
the basal diet and a reduction in protozoa numbee tbeen known also to influence
TTAD of CP (Ikwuegbu and Sutton, 1982).

Supplementation with SBO+CPP compared to SBO leldigbher TTAD of EE.
Although citrus pulp has a low ether extract coh{@able 1), the actual administration
of oil was increased by 20 g/d. Lipids from citqusp contain mainly unsaturated FA
(Table 1) which are known to be more digestiblentlsaturated FA (Borsting et al.,
1992). Therefore, the additional amount of digdstiBE from citrus pulp may have
contributed to the increase TTAD of EE.

The lack of a treatment effect on milk productior a&omposition disagrees with
the effects of abomasal infusion of high polyunssted FA oil on milk components
usually reported. For example, Drackley et al. @Odfused increasing amounts (O,
250, 500, 750, and 1,000 g/d) of high oleic sunfowil in the abomasum and reported
increased proportions of fat and total solids itknBremmer et al. (1998) also reported
an increase in milk fat proportions due to the $ida of 445 g/d of soybean oil in the
abomasum of dairy cows. On the other hand, 400o0f/lax oil administered three
times daily in the rumen or infused over a 23 hiqeein the abomasum has had no
effect on milk yield and composition (Kazama et aD10) as observed in the present
experiment.

Although citrus pulp is rich in antioxidants (Maathand Grohmann, 1996), its
supplementation in the rumen and abomasum ledntdasi antioxidant properties of
milk. Gladine et al. (2007) suggested that the blydis of the glycosidic fraction of
naringin, which like hesperidin is found in citrus required before absorption although
that, in contrast with monogastrics, it is likelyat the hydrolysis of the glycosidic

fraction occurred in the rumen rather than in trge intestine. However, the presence
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of naringin in the plasma of sheep was obtaineldfohg administration in the rumen
of an acute dose of citrus extract in the experin@nGladine et al. (2007), which
suggests that a greater amount of citrus pulp neayeQuired in the diet to positively
affect antioxidant properties of milk.

It is also possible that the absorption of flavaisooccurs similarly in the rumen
and the intestine as formonentin and daidzein ftoenisoflavone family are absorbed
in the rumen (Lundh, 1990) and the small intesfivalsh et al., 2009). Infusing citrus
pulp in the rumen or directly in the small intestinvould then lead to similar
antioxidant properties of milk as observed in thespnt experiment.

Production of CD represents the ability of antiaits to delay oxidation of
polyunsaturated FA (Gladine et al., 2007). Our ltesshowed that milk from cows
infused with products in the abomasum was moreegite to lipoperoxidation than
milk from those administered with products in thienen, which agrees with the higher
polyunsaturated FA proportion in milk fat when cowsre on the former treatment. As
previously shown by Shiota et al. (1999) and Chemle(2004) milk fat richer in
polyunsaturated FA is more prone to oxidation.

Changes in FA profile of milk fat were typical dfase reported in studies where
cows were infused in the abomaswersusthe rumen with supplemental fats rich in
polyunsaturated FA (Drackley et al., 2007; Kazarnalg 2010; Coértes et al., 2011).
The increased proportion ofs9-18:1 when cows were administered with products in
the rumen was likely related to the higher rumisapplementation of linoleic acid
(18:2), which increases biohydrogenation of 18:® id8:0 (Bauman and Griinari,
2003). Thereafter, 18:0 can be desaturatecis®18:1 by the action of the mammary
stearoyl-CoA A9) desaturase (Kinsella, 1972). About 40% of tlearst acid taken up
by the mammary gland is desaturated, thus coningpudb more than 50% of the oleic
acid that is secreted into milk fat (Enjalbert &t 4998; Bretillon et al., 1999).
Furthermore, biohydrogenation may be incompleté wie production ofransisomers
of 18:1 that are transferred to milk (Bauman andn@ri, 2003). Although they were
not detected in the present experiment, some utifigehtrans isomers of 18:1 may
have been among the total 18:1. About 5 to 15%itafl t18:1 is oftrans configuration
in milk (Storry and Rook, 1965; Selner and Schul@30). An increased supply of 18:1
to mammary cells decreasel® novo synthesis of short- and medium-chain FA

(Chilliard et al., 2003), which may explain the emproportion of short-chain FA and
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the trend for decreased 10:0 and 12:0. A massraetfifect on esterification also has
been reported by (Drackley et al., 2007) as a ptessxplanation for reductions of short
and medium-chain FA when mammary cells are highjypsed with 18:1. According
to these authors, esterification of oleic acid b8 ah-positions of glycerol to synthetize
milk triglycerides would compete with short-chaiA Ehat are found almost exclusively
at the sn-3 position, thus decreasing the shoitadh& proportion.

Cows infused with soybean oil in the abomasum hgtden milk fat proportions
of cis9,cisl2-18:2, cis6,cis9-18:3 and omega 3 and omega 6 FA than those
administered with oil in the rumen as expected fittva rumen bypass of oil. Indeed,
soybean oil is a great source oi9,cisl2-18:2 (54.27 g/100g; Table 1) with a
significant concentration otis6,cis9-18:3 (4.57 g/100g), which may contribute to
improve milk FA profile. Moreover, as HPI is thevarse of the atherogenic index
(Chen et al., 2004), results of the present expartnmay suggest that enrichment of
milk due to the rumen bypass of SBO and SBO+CPRdcasult in milk and dairy
products with benefits to human health, such as grevention of cardiovascular
diseases (Noakes et al., 1996; Poppitt et al., 2002

That plasma total cholesterol increased with abamedusion of soybean oil
agrees with the results of Drackley et al. (1992pownfused long-chain FA in the
abomasum and with those of Weiss and Wyatt (2008) fed a protected source of
polyunsaturated FA as roasted whole soybeans te.ddigher plasma concentration of
total cholesterol with abomasal infusion of soybeaih is typical of cows fed
supplemental fat (Grummer and Carroll, 1991) duthéocontribution of LDL and HDL
concentrations (Storry et al., 1980), which wersoahcreased by abomasal infusion.
According to Rindsig and Schultz (1974), increagkedma cholesterol concentration is
required to support the transport of larger amouwnftsirculating 18:2 FA and total
lipids, which may be the case in the present erpent as abomasal infusion of soybean
oil likely increased the amount of 18:2 reaching simall intestine due to rumen bypass.

Over the years, it has been reported that suppleisoybean oil affects rumen
VFA production in dairy cows (Jenkins et al.,19%@ng et al.,2009). Gagnon et al.
(2009) also reported lower VFA concentration wheghhpolyunsaturated FA oil was
administered in the rumemersusthe abomasum. These changes in rumen VFA
production may be a result of an increased avdiialboif free polyunsaturated FA in the

rumen which can modulate the microbial populatiamd ahus affecting ruminal



34

fermentation (Yang et al., 2009). However, in thesent study, ruminal administration
of SBO+CPP led to higher VFA compared to ruminalCS8nly. This suggests that
citrus pulp supported total VFA synthesis and comspéed the negative effect of
unprotected soybean oil placed in the rumen. 4 lbeen well established that citrus
pulp is degraded very rapidly and extensively ir tumen owing to its high

concentration of pectin, about 223 g/kg (Bampidigl &Robinson, 2006). Ruminal
fermentation of pectin produces mainly galacturagad and then VFA unlike starch
which leads to a high yielding of lactate. Thus #dditional amount of fermentable
carbohydrates provided by citrus pulp could exptamhigher total VFA concentration
in rumen fluid.

The observed changes in molar proportions of VFAumen fluid may indicate
that unsaturated FA from soybean oil could haverfated with ruminal fermentation.
Data on literature yields variable results on tfieot of dietary oil supplementation on
ruminal VFA molar proportions have been variabler Example, Sullivan et al. (2005)
reported that the acetate molar proportion andatietate to propionate ratio increases
linearly with increased dietary free FA from whaettonseed. Similarly, Avila et al.
(2000) reported that supplemental fat from yellowage or tallow tended to increase
(P<0.10) molar proportions of acetate, decreased di butyrate (P=0.02), and
increased (P<0.01) the acetate to propionate r#ticcontrast, Yang et al. (2009)
reported increased propionate and decreased baitgralar proportions, whereas the
acetate proportion was not affected by supplemgnbit from soybean or flax.
However, when there is a change in normal rumieahéntation patterns due to the
toxic effect of unsaturated FA in the rumen (Yahgle 2009), there is also a decrease
in fiber digestibility and milk fat production (Jeins, 1993). The lack of difference in
TTAD and milk yield among treatments in the presstudy may suggest that the

changes in ruminal fermentation characteristiceveddittle biological importance.

5. Conclusions

Supplementation of soybean oil and citrus pulp40.@ kg/d) in the rumen or the
abomasum had no influence on milk antioxidant prioge However, the abomasal
infusion of soybean oil increased the proportiorpofyunsaturated FA in milk fat and

resulted in enhanced HPI.
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|V - Effect of antioxidants from flax meal on the production
performance and oxidative status of dairy cows infused with flax oil in
the abomasum

(Normas: Animal Feed Science and Technology)

Abstract

Flax oil (FO) is rich in omega-3 fatty acids (FA)daits rumen bypass contributes
to increase polyunsaturated FA proportion in mikax meal (FM) is a source of
antioxidants that could reduce oxidative damagmims given omega-3 FA. The aim of
this research was to investigate the effects otadpeantioxidants from FM on
performance and antioxidant status in dairy cowssed with FO in the abomasum.
Eight ruminally fistulated lactating Holstein cowsre assigned to a double 4 x 4 Latin
square design with a 2 x 2 factorial arrangemeiteaitments: 1) no FM in the diet and
no abomasal infusion of FO; 2) diet containing I2EM/kg (dry matter (DM) basis)
and no abomasal infusion of FO; 3) no FM in the di@bomasal infusion of 250 g /d
FO; 4) diet containing 124 g /kg FM (DM basis) bomasal infusion of 250 g/d FO.
Intake of DM and total DM input were increased ¢ows fed FM and reduced for cows
infused with FO. Milk production and milk compositi did not differ among treatments
except for lactose concentration that was increagedlO. Milk fat from cows fed FM
had higher monounsaturated and lower omega-6 Fpoptions. Abomasal infusion of
FO increased proportions of polyunsaturated, ontegad omega-3 FA. When cows
where fed only FM, the omega-6 to omega-3 FA ratimilk fat was higher compared
to those infused with FO only or infused with FOdaied FM. Milk fat from cows
infused with FO showed the highest health promoimdex. Feeding FM did not
change plasma and milk TBARS concentration, whelféagcreased these values. The
lag phase duration of formation and oxidation w@Hteonjugated dienes in plasma were
not affected by treatment, but FO reduced the lzse duration. Neither FM nor FO
affected total antioxidant capacity in plasma. @llerthe results suggest that FM
supplementation to dairy cows receiving a sourcpatyunsaturated FA that bypasses
the rumen does not provide any benefits for protgctcows and milk against

lipoperoxidation.



40

Keywords:flaxseed, conjugated diene, health-promoting inddomasal infusion, fat
supplementation, omega-3

Abbreviations:DM, dry matter; DMI, dry matter intake; CD, conpatgd diene; HPI,
health-promoting index; FA, fatty acids; FM, flaxeal; FO, flax oil; MDA,
malondialdehyde; SCC, somatic cell counts; TBARBpHarbituric acid reactive

substances; TEAC, trolox equivalents antioxidapicity; VFA, volatile fatty acids.

1. Introduction

Consumption of omega-3 fatty acids (FA) has beaoa@ated with a decrease in
risk factors of coronary diseases (Simopoulos, aD@2d cancer (Simopoulos, 2002b).
Scientific investigations have shown increased waodaturated FA, including omega-3
FA, in milk fat of dairy cows infused with flax oihto the abomasum (Kazama et al.,
2010; Cortes et al., 2011). Although a higher prtpn of polyunsaturated FA in milk
fat is desirable for consumers due to potentiallthebenefits, this also increases
oxidation of milk fat (Shiota et al., 1999; Chenagt 2004). Indeed, milk enriched in
omega-3 FA may be more susceptible to oxidatiorh e development of rancid
odors and flavors (Timmons et al.,, 2001; Puppeblet 2012), thus decreasing the
nutritional quality and shelf life of milk and dgiproducts.

Additionally, feeding omega-3 diets to dairy cowaynrender tissues susceptible
to free radical-mediated lipid peroxidation which further aggravated in high
producing cows that are naturally prone to oxidatsiress (Bernabucci et al., 2005;
Castillo et al., 2005). However, studies have destrated that inclusion of antioxidants
in the diet diminishes the negative effects of @ad fat by scavenging peroxides and
reducing peroxidation of FA (Frankel, 2005) and ardes lactation performance and
antioxidant status of cows (Vazquez-Anon et alQ80For example, plant polyphenols
associated with vitamin E decrease lipoperoxidatiamage generated by the oxidative
stress generated by diets containing flax oil (KGbbert et al., 2009). Similarly,
supplementation with the antioxidants ethoxyquird aertiary butylhydroquinone
improves the oxidative status of dairy cows fed eaAnert FA (Wang et al., 2010).

Flax products are rich in plant lignans, which hawe®ng antioxidant properties
(Landete, 2012). Plant lignans are metabolizedche ttvo main mammalian lignans,

enterodiol and enterolactone, under the actiorhefrumen microbiota (Gagnon et al.,



41

2009a). Feeding flax hulls to cows increases canagon of enterolactone in urine,
plasma and milk (Cértes et al., 2012) and thereaidinear increase in milk
enterolactone concentration with the proportiorflat meal (FM) in the diet (Petit et
al., 2009). Previous results have shown that aitao®t activity of plant and mammalian
lignans is greater than that of vitamin E (Prag2&d)0). Moreover, Rajesha et al. (2006)
demonstrated in a rat model that flax lignans upliadg the expression of hepatic genes
encoding for enzymes such as superoxide dismutestlase, and glutathione
peroxidase which are involved in defence mechanismgainst oxidative stress.
Therefore, we hypothesized that dietary antioxisldram FM reduce plasma and milk
oxidation damage in dairy cows supplemented witlegern3 FA. Thus, the aim of the
experiment was to investigate the effects of djetantioxidants from FM on

performance and antioxidant status in dairy coviissied with flax oil in the abomasum.

2. Material and methods

2.1 Cows, diets, and experimental procedures

Eight multiparous lactating Holstein cows fittedtlwruminal cannulas (10 cm,
Bar Diamond Inc., Parma, ID, USA) were assignead teplicated 4 x 4 Latin square
design with a 2 x 2 factorial arrangement of tresaita and four 21 d periods balanced
for residual effect. The experimental treatmentsenas follows: 1) no FM in the diet
and no abomasal infusion of FO (CO-0); 2) diet aonbg 124 g/kg FM (dry matter
(DM) basis) and no abomasal infusion of FO (FM3Z)no FM in the diet + abomasal
infusion of 250 g/d FO (CO-250); 4) diet containidig@4 g/kg FM(DM basis) +
abomasal infusion of 250 g/d FO (FM-250). Flax @intained, on total fatty acids
basis, 50 g/kg of 16:0, 42 g/kg of 18:0, 174 g/kd.&:1cis-9, 149 g/kg of 18:2cis-9,cis-
12, 534 g/kg of 18:3cis-9,cis-12,cis-15 and 51 gikgthers. Flax meal contained, on
DM basis, 374 g/kg of crude protein, 263 g/kg ofitnal-detergent fiber, 182 g/kg of
acid-detergent fiber, 13.2 g/kg of fat lipids and4 1g/kg of secoisolariciresinol
diglucoside (SDG).

Cows were weighed on the first and last day of eaqgberiment period. Cows
averaged 108 + 39 days in milk, 32.6 + 5.6 kg ofkfdi and 759 * 44 kg of body
weight at the beginning of the experiment. Cowsenssused in individual stalls with
free access to water and were fed twice a day Q0&n@ 19:00 h) foad libitumintake

(100 g/kg of refusals as fed). The diets (Tablevé)e formulated to meet requirements
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for cows producing 30 kg/d of milk with 35 g/kg fat (NRC, 2001). The oil was stored
at +4°C and was mixed before infusion. Milking tsneere 06:30 and 19:30 h, and
milk yield was recorded at each milking. Cows weaged for in accordance with the
guidelines of the Canadian Council on Animal Cait®93) and all experimental

procedures were approved by the local Animal CanaGittee.

Tablel

Composition of total mixed diets of Holstein coveslfno flax meal (CO) or 124 g/kg
flax meal (FM) in the dry matter (DM).

ltem (6{0) FM

Ingredient (g/kg DM§
Grass, silage 301 300
Corn, silage 303 301
Corn, grain (cracked) 185 183
Beet pulp 66 28
Soybean, meal (480 g/kg CP, solvent) 88 -
Flax, meal - 124
Top supplemefit 40 46
Mineraf 13 14
Ca carbonate 4 4

Chemical Analysis

DM (g/kg) 530 529
CP (g/kg DM) 189 196
Fat (g/kg DM) 33.8 34.3
aNDF (g/kg DM) 340 344
ADF (g/kg DM) 241 240
NE, (MJ/kg DM 6.9 6.9

®Actual values obtained by precise weighing of dietagredients.

Contained (per kg as is basis): Contained 200 gaabla meal, 250 g of corn gluten meal, 340 g of
soybean meal, and 210 g of brewer’s corn

“Contained (per kg, as-is basis): Ca 92.3 g, P ¢8Mg 47.8 g, S 15.2 g, Na 53.9, K 13.7, Fe 2,04 m
Zn 2,657 mg, Cu 1,068 mg, Mn 1,796 mg, | 23 mg,57omg, Se 19.6 mg, vitamin A 441,606 IU,
vitamin D3 66,700 IU, and vitamin E 2,630 IU.

9One sample obtained from four pool samples prepayezbmpositing seven daily samples from days 15
to 21. DM = dry matter, CP = crude protein, aNDheutral detergent fiber inclusive of residual ash,
ADF = acid detergent fiber inclusive of residuahaNE = net energy for lactation.

® Net energy for lactation as calculated using higld values of feed ingredients (NRC, 2001).
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To perform abomasal infusions, an infusion line weerted through the ruminal
cannula and the sulcus omasi as described by @yesshl. (2006). Plastisol discs (12
cm in diameter and 9 mm in height) were used tohandhe infusion line, and
placement of infusion lines was monitored daily énsure postruminal delivery.
Variable-speed peristaltic pumps (Masterflex L/®jgzParmer Canada Inc., Montreal,
QC, Canada) were used to deliver FO in the abomaduanrate of 10.86 g/h. Cows
were infused from days 8 to 21 with 100% of theeskpental dose of oil over a 23-h
period (from 13:00 to 12:00 h).

Feed intake was recorded daily and samples of toteéd diets and FM were
taken daily from days 15 to 21 and pooled by cowhiwi period. All samples were
frozen at -20°C for subsequent drying at 55° C gmoaind through a 1 mm screen in a
Wiley mill for further analyses.

On day 19, ruminal contents were collected 0, 24, 6 h after the morning meal
from different locations within the rumen (the arde dorsal, anterior ventral, medium
ventral, posterior dorsal, and posterior ventrahtmns). Ruminal pH was monitored
immediately after sample collection with a portalpld meter (OAKTON; Eutech
Instruments, Singapor). The ruminal contents wiem tstrained through four layers of
cheesecloth. Two aliquots of strained ruminal fliidm each sampling time were
acidified to pH 2 with HSO, (0.5, v/v) and frozen at -20°C for later determio@tof
volatile fatty acids (VFA) and ammonia concentrasio Aliquots of strained ruminal
fluid were stored at -8€ with Na azide (0.2 g/kg) for further analysistisibbarbituric
acid reactive substances (TBARS).

Milk samples were collected from two consecutivékmgs on day 20 and pooled
within cow and period relative to yield at each kimfj. Milk samples were stored at
+4°C with a preservative (2-bromo-2-nitropropan-1d®l) and then sent to a
commercial laboratory (Valacta Laboratories Inde-8nne-de-Bellevue, QC, Canada)
for analyses of fat, protein, lactose, urea N amahatic cell counts (SCC). Milk FA
profile was determined on samples pooled on milddyibasis and frozen without
preservative at -20°C. Another milk sample was lkepB0°C with Na azide (0.2 g/kg)
for TBARS analysis.

On day 20 of each period, blood samples were delfiefrom the tail vein before
(0 h) and 3 h after the morning meal using vacetainbes (Becton Dickinson and Cie,
Rutherford, NJ, USA) containing s3keDTA (0.47 M) for determination of TBARS,
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plasma lipids and FA profile (only at 3 h), lithiuteparin (18.75 IU/ml) for
determination of total antioxidant status (TAS) aha citrate (105 mM) for
measurement of the kinetic ah vitro copper induced conjugated diene (CD)
production (only at O h). Plasma and erythrocytses were isolated from blood by
centrifugation at 1800 g for 12 min at +4°C and stored at -80°C until TBAR®AS

and CD analysis.

2.2 Chemical analysis

The DM of the diets was determined in a forcedeagn according to procedure
934.01 of AOAC (1990). Total N content was detemxiby combustion according to
procedure 990.03 of AOAC (1990) and crude prot@€R)(was estimated as N x 6.25.
Concentrations of neutral detergent fiber (aNDRylusive of residual ash were
measured according to procedure 5.1 of NFTA (1983)g a heat-stable-amylase,
but without sodium sulphite in the neutral detetgeplution. Concentrations of acid
detergent fiber (ADF) inclusive of residual ash &vdetermined according to procedure
4.1 of NFTA (1993 ). Concentrations of ether extiaaliets were conducted according
to procedure Ba 3-38 of AOCS (1997). The analydisSDG in flax meal was
performed according to the procedures describeduiy and Westcott (2000).

Concentration of VFA in ruminal fluid was measureding a gas-liquid
chromatograph (Hewlett Packard Model 6890, Agiléathnologies, Santa Clara, CA,
USA) fitted with auto sampler, flame ionization eetor, and split inlet (split ratio
1:50). Chromatography was performed using a Zeh@FFAP (Phenomenex,
Torrance, CA, USA) fused silica capillary columrO (6, 0.32 mm i.d., 1.0 um film
thickness). The initial column temperature was T50and then it was increased to
210°C at 15°C/min, then held for 2 min. Injectodasetector temperatures were 190
and 256C, respectively. The carrier gas was Helium atrl/Bnin. Hydrogen flow to
the detector was 30 ml/min, airflow was 350 mL/mand the flow of N make-up gas
was 25 ml/min. VFAs were identified by comparisohtloe retention times of the
sample with that of the standards (Sigma-Aldri€akville, ON, Canada).

Protein, fat, lactose, and urea N concentrationsilk samples were analyzed by
infrared spectrophotometry (System 6000 MilkoS¢ass Electric, Hillergd, Denmark)
following method 972.16 of AOAC (1990). Milk SCC wabtained using an electronic
counter (Foss FC, Foss Electric, Hillerad, Denmark)
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Fat in milk was separated and methylated accorttingethod 996.06 of AOAC
(1990). Fatty acids in FO were methylatedibysitu transesterification according to
method 996.06 of AOAC (1990). Fatty acid methykestwere quantified using a gas
chromatograph (Agilent 6890 PLUS, Agilent Ltd., Bissauga, ON, Canada) equipped
with an autosampler, a flame-ionization and a"SB560 fused-silica capillary column
(100 m and 0.25 mm i.d., 0.20 pum film thickness)e T@mperature program was: level
one, 146C held for 5 min; level two, 14Q to 24GC at 4.6C/min increments, then
held for 15 min. Injector temperature was set &@°@5 and the detector was set at
260°C. Column head pressure was set at 40.24 psi.|I@Gasdtes were: helium (carrier)
1.1 ml/min, helium (make up) 25 ml/min, compresagd350 ml/min, and hydrogen 35
ml/min. The carrier gas was helium at the flow maftd..1mL/min, linear velocity of 20
cm/s and split ratio of 100:1. Fatty acid peaksemelentified using pure fatty acids
methyl ester standards (Supelco 37 component FAN¥Eamd Nu-Check prep GLC
Reference Standard #569 and 463).

The health-promoting index (HPI1) was calculatethasinverse of the atherogenic
index (Ulbricht and Southgate, 1991) accordingh® equation described by (Chen et
al., 2004) where concentration of total unsatur&t@dis divided by the sum of 12:0,
16:0, and 4 x 14:0. The measurement of TBARS ik,nplasma and rumen fluid was
performed at 532 nm using a kit (OXltek, ZeptoMetorporation, Buffalo, NY,
USA). Results were expressed in terms of malondigide (MDA) equivalents
(nmol/mL).

To determine FA profiles in plasma, samples (200 were accurately weighed
in culture tubes. Toluene (1 mL) containing 0.1 mig/of heneicosanoic acid (21:0), as
internal standard, and 0.05 mg/mL of butylated bygitoluene was added to each tube
followed by the addition of 2 mL of sodium methoey{.5 M in methanol). Tubes
were carefully vortexed at 700 rpm for 10 sec armalibated at 70°C for 60 min. After
cooling down for 5 min, 3 mL of HCI 5% (v/v) werelded and tubes were vortexed
(700 rpm; 10 sec) and incubated at 50°C for 30 mfter cooling down for 5 min, 1
mL of hexane and 4 mL of a saturated NaHCOS3 soluttere added. Tubes were then
centrifuged at 832 g for 5 min. The upper organic phase of each tube twamsferred
to a new tube through a disposable Pasteur pipekedawith silica gel. A second

extraction with 2 mL of hexane was performed anth lmoganic phases were combined.
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Solvent was evaporated and FA methyl esters weasoldied in 200 pL of hexane and
transferred to a 500-uL GC vial insert and the g&gped prior to analysis.

Fatty acid methyl esters were quantified using & gg@omatograph (Agilent 7890A,;
Agilent Technologies, Santa Clara, CA, USA) equgppeith a 100-m CP-Sil-88
capillary column (0.25 um i.d., 0.20um film thiclese Agilent Technologies Canada
Inc., Mississauga, Canada), and a flame ionisat&tactor as described by Gervais et al
(2009).

Determination of peroxidation susceptibility of ghaa polyunsaturated FA was
based on the production of CD according to the otethf Schnitzer et al. (1995) with
some modifications. Briefly, plasma samples wetateld 50 fold and degassed with
0.01M PBS (pH 7.4). Thereafter, the oxidation regctvas induced at 37°C by adding
10 mMof a freshly prepared agueous copper chloride isolGobert et al., 2009). The
CD absorbance was continuously recorded at 245 omi140 min at 37°C using a
Biochrom Libra (Biochrom, Holliston, MA, USA) doublbeam spectrophotometer
(Scislowski et al., 2005; Gobert et al., 2009). kireetic of CD generation was divided
into two phases (Esterbauer et al., 1989), fronclwvitvvo parameters were calculated:
The first parameter was the length of lag phasa)mwvhich is the resistance time of
polyunsaturated FA against peroxidation and thersone was the maximum rate of
peroxidation (Asgmin), which corresponds to the slope of the cuame denotes the
speed of the propagation phase.

Plasma TAC was determined at 405 nm using a comahéit (CS0790, Sigma-
Aldrich , Oakville, ON, Canada) based on the foiorabf a ferryl myoglobin radical
from metmyoglobin and hydrogen peroxides, whichdzds ABTS (2,2 -azinobis-(3-
ethylbenzthiazoline-6-sulfonic acid) to produceadical cation, ABTS. Trolox was
used as standard for the calibration curve andlteesmere reported as Trolox

equivalents antioxidant capacity (mmdaifEAC).

2.3 Statistical Analysis
All results were analyzed using the MIXED procedafeSAS (SAS 2000; SAS
Institute) within a 2 x 2 factorial arrangementi@atments. Data were analyzed using a

double 4 x 4 Williams Latin square design with tbikowing general model:
Yin=H+S+ Gy +R+T +au
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Where:Yjj, the dependent variable; p, overall meanfiged effect of squara € 1 to

2); Gi), random effect of cow within square=(1 to 4); R, fixed effect of periodk = 1

to 4); T, fixed effect of treatment, andxe random residual error. Treatments were
compared to provide factorial contrasts: 1) wigrsuswithout FM, 2) withversus
without abomasal infusion of FO, and 3) the intBoecbetween FM and abomasal
infusion of FO. Data on ruminal fermentation chéeastics {.e., pH, ammonia N and
VFA), TBARS in plasma and ruminal fluid and TEAC neeanalyzed as repeated
measurements and covariance structures were modefetately for each variable.
Values of fit statistics for Akaike’s informationriterion (AIC) and Akaike’s
information criterion corrected (AICC) were useddetermine the most appropriate
covariance structures. Results were reported a$ $g@ares means and standard error
of the mean (SEM). When the interaction between &M FO was significant, the
SLICE option of the MIXED procedure was used torexe the differential response
of infusion of oil in the abomasum to FM supplenagion. Significant differences
were set aP<0.05 and trends at 0.0B<0.10.

3. Results

The actual amounts of oil infused in the abomasvenaged 248 g/d compared to
the preplanned amount of 250 g/d. There was noactien between FM and FO for
total input and intake of DM (Table 2). Intake oMDexpressed in kg/day and as a
percentage of body weight, was significantly ineeghfor cows fed FM. Conversely,
DM intake was reduced when cows were infused widhi-the abomasum. Total input
of DM was increased by FM and decreased by FOiimfus

There was no interaction (P>0.10) between samplimg and treatment for
ruminal fermentation characteristics (data not showherefore, only mean values are
presented (Table 2). Ruminal pH, ammonia N and W& were not affected by FM.
However, molar proportion of acetate tended (P=0t6%e reduced, whereas that of
propionate was increased and of isovalerate waseaeed with FM supplementation.
The acetate to propionate ratio was lower in caasFM than in those fed the control
diets. Abomasal infusion of FO had no effect oninahconcentration of ammonia N
but tended (P=0. 07) to increase ruminal pH andedse total VFA concentration.
Abomasal infusion of FO tended to increase molapertion of acetate (P=0.10) and
isobutyrate (P=0.09) and the acetate to propioraie (P=0.08).
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Table?2

Total input of DM (intake of DM + flax oil infusedhio the abomasum), intake of DM
and ruminal fermentation characteristics of Hotsteiows fed total mixed diets
containing no flax meal (CO) or 124 g/kg flax m@aM) in the DM and infused or not
with flax oil (250 g/d) in the abomasum.

Treatments
(6{0) FM P

ltem 0 250 0 250 SEM Meal Oil MxO
Total input of DM (kg/d) 315 304 326 32.1 0.35 0.0010.03 0.38
Intake of DM (kg/d) 315 30.2 326 31.8 0.35 0.0010.01 0.38
Intake of DM (% BW) 3.9 3.8 4.1 40 0.05 0.01 0.020.93
pH 6.31 6.40 6.32 6.41 0.041 0.86 0.07 0.95
Ammonia N (mg/100ml)  12.8 12.5 135 132 0.82 0.42 0.680.98
VFA (mmol/L) 131.8 1255 132.3 128.0 2.21 0.50 0.03 0.66
Molar proportions (mmol/mol)

Acetate 63.7 64.4 63.2 63.7 035 0.09 0.100.82

Propionate 19.8 19.1 20.2 20.0 0.28 0.04 0.130.35

Butyrate 120 11.9 123 12.0 0.19 0.31 0.420.57

Isobutyrate 1.1 1.2 1.1 1.2 0.03 0.56 0.090.38

Valerate 1.6 1.5 1.6 15 0.04 0.82 0.240.38

Isovalerate 1.8 1.8 1.6 1.6 0.07 0.03 0.650.88
Acetate:propionate 3.3 3.4 3.2 3.2 0.05 0.04 0.080.44

DM = dry matter.

Table3

Milk production and composition of Holstein cowsl feotal mixed diets containing no
flax meal (CO) or 124 g/kg flax meal (FM) in theydnatter and infused or not with of
flax oil (250 g/d) in the abomasum.

Treatments
CO FM P
ltem 0 250 0 250 SEM Meal Oil Mx O

Milk production (kg/d) 31.2 314 329 320 172 0.19 0.73 0.55
Milk composition (g/kg)

Protein 36.3 36.6 367 368 080 024 084 073
Fat 426 387 409 370 3.00 051 014 0.99
Lactose 441 452 441 454 050 0.66 0.001 0.71
Urea N (mg/dL) 143 14.1 141 141 073 070 0.88 0.97
Milk yield (kg/d)

Protein 1.12 1.12 120 1.17 0.055 0.11 064 0.70
Fat 1.33 1.17 1.32 1.17 0.102 0.97 015 0.96
Lactose 1.38 1.43 145 146 0.089 0.23 056 0.61
scs 211 1.96 222 201 0174 052 0.18 0.82

#Somatic cell score = log somatic cell count.
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There was no interaction between FM and FO for getodn of milk and
concentration and yield of milk components (protéat and lactose). Milk production
was similar among treatments (Table 3). Conceatradf milk components was not
affected by treatments, except for lactose which imareased by abomasal infusion of
FO. Urea N concentration and log somatic cell scarere not affected by treatments.

There was no significant interaction between FM &@l for milk FA profile
(Table 4). Proportions of 6:0, 8:0, 10:0, 12:0,117:8:0,cis11-18:1,trans9-18:1, 20:0,
cisllcisl4cisl7-20:3, 24:0 andisl5-24:1 in milk fat were similar among treatments.
Dietary FM increased milk fat proportion ois9-18:1, reduced that afis9,cis12-18:2
and tended to decrease proportion of 16:0.

Proportions of monounsaturated and omega-6 FA tigteer in milk fat of cows
fed FM. Milk fat from cows infused with FO in thé@masum had lower proportions of
11:0, 14:0,cis9-14:1, 15:0, 16:0¢is9-16:1, 17:0,transl1-18:1, cis6,cis9,cisl2-18:3,
19:0, cisB,cisl1cisl4-20:3 and higher proportions ois9,cis12-18:2,cis9,cisl2 cisl5-
18:3, cisb,cis8,cisllcisl4cisl7-20:5, 22:0cis13-22:1 andcisl3cisl6-22:2. Infusion
of FO increased proportions of polyunsaturatedgionain, omega-3, and omega-6 FA
and lowered those of saturated, monounsaturatedratiium-chain FA in milk fat.
There was a significant interaction between FM B@dfor the omega-6 to omega-3 FA
ratio in milk fat; FM supplementation reduceé<Q.0001) omega-6 to omega-3 FA
ratio in the absence of FO abomasal infusion wiseitthad no effectR=0.99) when
FO was infused in the abomasum. Milk fat from coinfused with FO in the
abomasum had the highest milk HPI.

Neither FM dietary FM nor abomasal infusion of aféel concentrations of
TBARS in ruminal flud O and 2 h after feeding biit was reduced by FM
supplementation 4 and 6 h after feeding (Tabld-&&ding FM had no effect on plasma
and milk TBARS concentration, whereas abomasalsinfu of FO increased plasma
TBARS concentration before feeding and 3 h aftediieg. Milk TBARS concentration

was increased by abomasal infusion of FO.
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Table4

Milk fatty acid concentration (g/kg of total fatacids) in milk fat of Holstein cows fed
total mixed diets containing no flax meal (CO) @41g/kg flax meal (FM) in the dry
matter and infused or not with of flax oil (250 pid the abomasum.

Treatments =
CO FM

ltem 0 250 0 250 SEM Meal Oil MxO
6:0 3.0 2.8 3.2 3.0 0.20 0.18 0.15 0.72
8:0 7.3 7.4 7.4 7.4 0.30 0.74 0.84 0.83
11:0 3.3 2.8 3.3 3.0 0.10 0.35 0.0003 0.36
11:0 3.3 2.8 3.3 3.0 0.10 0.35 0.0003 0.36
12:0 418 41.1 424 42.6 1.6 0.25 0.80 0.62
14:0 134.8 118.2 133.8 120.9 0.28 0.64 <0.0001 0.31
cis9-14:1 10.8 6.6 9.0 7.7 0.89 0.67 0.0009 0.05
15:0 13.9 105 139 11.0 0.60 0.53 <0.0000.46
16:0 365.9 305.3 357.2 296.6 7.11 0.07 <0.0001 0.99
cis9-16:1 12.3 9.5 12.0 9.2 1.43 0.78 0.02 0.99
17:0 5.0 4.7 5.4 4.0 0.42 0.66 0.02 0.14
17:1 0.49 0.16 0.00 0.00 0.1310.08 0.37 0.37
18:0 105.1 110.6 111.8 1115 3.9 0.14 0.31 0.25
cis9-18:1 198.4 193.5 2049 201.2 4.74 0.01 0.12 0.82
cisl1-18:1 4.9 4.4 4.5 4.3 0.34 0.33 0.20 0.73
tran9-18:1 12.4 10.3 11.6 10.8 1.12 0.88 0.17 0.53
transl1-18:1 9.5 9.1 9.9 8.9 0.59 0.75 0.04 0.34
cis9cisl2-18:2 229 421 20.4 40.0 0.13 0.0002 <0.0000.77
tran9 transl2-18:2 2.5 2.0 2.7 2.6 0.28 0.12 0.141 0.39
cis9,cisl2cis15-18:3 6.5 78.3 7.8 74.0 0.24 0.49 <0.0000.19
Cis6,cis9,cis12-18:3 4.7 3.7 4.6 3.7 0.19 0.84 <0.000D.81
19:0 1.2 0.8 1.1 0.8 0.2 0.48 0.04 0.76
cisllcisl4cisl7-20:3 0.1 0.0 0.01 0.07 0.05 0.23 0.89 0.23
cisB,cisl1cis14-20:3 1.3 0.5 1.2 0.7 0.09 0.54 <0.000D.24
cis5cisB,cisll1, cisl4, 0.2 0.8 0.0 0.9 0.11 0.65 <0.00010.50
cisl7-20:5

22:0 0.2 2.1 0.08 1.9 0.22 0.27 <0.000D0.65
cisl3-22 :1 0.3 0.5 0.4 0.5 0.12 0.14 0.01 0.40
cisl3cisl6-22:2 0.3 0.9 0.0 1.0 0.13 0.35 <0.000D.19
Other$ 2.0 1.8 2.0 1.8 0.21 0.87 0.38 0.88
SFA 712.4 637.5 7109 634.7 6.71 0.61 <0.0001 0.88
MUFA® 248.9 234.0 252.0 2425 45 0.52 0.0003 0.33
PUFA 38.7 128.5 37.1 122.8 3.34 0.15 <0.0001 0.41
SCFA’ 10.3 10.2 10.6 104 0.43 0.39 0.54 0.77
MCFA' 611.7 523.5 600.7 521.2 9.13 0.29 <0.0001 0.46
LCFA® 378.0 466.3 388.7 468.4 9.74 0.32 <0.0001 0.48
Omega-B 6.8 79.2 7.8 75.0 241 0.45 <0.00010.23
Omega-6 29.2 47.2 26.3 453 1.21 <.0001 <0.000D.31
Omega-6/0mega-3 4.3 0.6 3.4 0.6 1.22 0.0005 <@.0000005
HPY 0.30 0.45 0.31 0.45 0.013 0.93 <0.0001 0.73

®Others = 20:0 + 24:0 €is15-24:1;"MUFA = monounsaturated fatty acid®UFA = polyunsaturated
fatty acids;"SFA = saturated fatty acid®CFA = short-chain fatty acid$ICFA = medium-chain fatty
acids;’LCFA = long-chain fatty acids.

"cis9,12,15-18:3 +is5,8,11,14,17-20:5 + 22:5.

'cis9,12-18:2 +cis6,9,12-18:3 cisl1,14-20:2 +cis8,11,14-20:3 «is5,8,11,14-20:4.

'Health-promolting index: (sum of unsaturated faityds)/[12:0 + (4 x 14:0) + 16:0].
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Table5

Concentration of TBARS (nmol MDA equivalent/hin biological fluids of Holstein
cows fed total mixed diets containing no flax m@gD) or 124 g/kg flax meal (FM) in
the dry matter and infused or not with of flax @50 g/d) to the abomasum.

Treatments
CO FM P

Item 0 250 0 250 SEM Meal Oil Mx O
Ruminal fluid

Oh 22.2 23.7 20.1 21.7 1.21 0.13 0.28 0.87
2h 18.7 21.0 19.0 194 131 0.61 0.29 0.49
4 h 23.0 20.5 205 17.8 1.26 0.008 0.17 0.92
6 h 20.5 22.0 19.6 17.7 124 001 0.81 0.13
Plasma

Oh 571 6.42 569 6.52 0.322 0.89 0.03 0.85
3h 4.62 5.05 569 6.52 0.212 0.85 0.01 0.94
Milk 32.3 35.0 322 356 151 0.87 0.05 0.82

MDA = malondialdehyde.

Dietary FM supplementation did not affect plasmacamtration of saturated and
polyunsaturated FA, but increased monounsaturadaid reduced omega-6 FA
concentrations (Table 6). Abomasal infusion of EQuced saturated, monounsaturated
and omega-6 FA whereas it increased polyunsaturBfedand polyunsaturated to
saturated FA ratio. There was a significant inteoacbetween FM and FO for omega-3
FA; FM supplementation increase®=0.006) omega-3 FA in the absence of FO
abomasal infusion whereas it had no effdet(Q.54) when FO was infused in the
abomasum. The peroxidizability index, the duratidrthe lag phase of CD formation
and oxidation rate of CD in plasma were not affédig FM supplementation (Table 6)
but infusion of FO in the abomasum reduced theplaase duration. Neither dietary FM

nor abomasal infusion of FO affected plasma antiaxi capacity.
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Table6

Fatty acid composition, lipid susceptibility to pgrdation and antioxidant capacity in
plasma of Holstein cows fed total mixed diets cmitgy no flax meal (CO) or 124 g/kg
flax meal (FM) in the dry matter and infused or moth of flax oil (250 g/d) into the

abomasum.

Treatments
CcO FM P
ltem 0 250 0 250 SEM Meal Oll Mx O
Fatty acids (g/100g of total methyl esters)
SFA 384 338 389 346 091 0.29 <0001 0.82
MUFA 83 64 92 6.7 029 0.04 <0001 0.34
PUFA 53.3 59.8 519 587 1.08 0.12 <.0001 0.89
n-6 46.0 40.3 434 389 1.06 0.01 <.0001 0.42
n-3 73 195 85 198 0.32 0.02 <.0001 0.10
PUFA/SFA 14 19 1.3 1.7 0.06 0.14 <.0001 0.82

Peroxidizability index 71.3 86.2 714 851 14 0.61 <0001 0.49
Conjugated dienes

Lag phase (min) 15,9 136 15.2 139 0.49 0.69 0.001 0.34
Oxidation rate 74 7.6 68 74 030 0.23 0.18 0.55
(Az4gmin)

Antioxidant capacity (mmol/TEAC)*
Oh 091 093 0.93 1.04 0.057 031 0.29 0.43
3h 1.09 106 1.04 1.00 0.070 0.36 0.58 0.99

Trolox equivalent antioxidant capacity.

4. Discussion

That FM supplementation increased DM intake anal ioput of DM agrees with
the results of Gagnon et al. (2009b) for cows féd @/’kg FM (DM basis). It suggests
that flax meal has a positive effect on intake ljikas a result of good nutrient
composition and good acceptability. Converselynadeal infusion of FO lowered DM
intake and total input of DM, which was likely asudt of the increased concentration of
polyunsaturated FA in the small intestine provithgdthe rumen bypass of oil. Indeed,
postruminal delivery of polyunsaturated FA increag#gasma concentration of gut
hormones such as cholecystokinin, pancreatic pphge (Choi and Palmquist, 1996)
and glucagon-like peptide-1 (Relling and Reynol@§07) that are related to
postprandial satiety signals and gut motility rechrc(Litherland et al., 2005).

Feeding FM tended to decrease molar proportionsacgftate and increased
propionate in the rumen, which accounted for tlteicgon in the acetate to propionate

ratio. Results of the present study were consistéht those previously found in dairy
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cows fed flax products. Silva-Kazama et al. (20Epported similar effects for cows fed
flax hulls and Ueda et al. (2003) reported higheppnate proportion when cows were
supplemented with 30 g/kg FO. These results aresistamt with those reported by
Gonthier et al. (2004), where lower acetate to jmogie ratio was observed in cows fed
flax seed-based diets. Changes in ruminal fermentatharacteristics may be partly
due to the residual content of polyunsaturated frflax meal after flax processing for
oil extraction, and mainly to that of linolenic dcilndeed, this fatty acid has been
shown to reduce population oFibrobacter succinogenes and Ruminococcus
flavefaciens, Ruminococcus albus and Butyrivibfwigolvensin the rumen(Yang et
al., 2009) which are responsible for cellulosd hemicellulose fermentation (Russell
et al., 2009), which may directly affect acetatetbgsis (Russell and Rychlik, 2001).

Cows infused with FO in the abomasum had lowerl to8A concentration,
which likely accounted for the higher ruminal pH.bdmasal infusion of
polyunsaturated FA does not change ruminal fernientalue to the rumen bypass of
the fat source (Gagliostro and Chilliard, 1991; i€ensen et al., 1994; Bremmer et al.,
1998). However, as abomasal infusion of FO lowddddl intake, changes in ruminal
fermentation characteristics were likely associataith the negative effect of FO on
DM intake. Although DM intake decreased with FOusibn, milk production of cows
was not affected by treatments, which supportsctmeept that milk production drives
DMI rather than the other way around (NRC, 2001}ji€cet al., 2006).

Although milk lactose concentration is barely imfhced by diet, the increase in
lactose concentration obtained for cows infusedh WD in the abomasum agrees with
some experiments where dairy cows were fed flaxdymts. For example, Petit and
Cortes (2010) reported higher lactose concentratiomilk from cows supplemented
with whole or ground flax seed at 72 g/kg DM conggato those fed no flax seed.
Another study showed that milk lactose concentnati@s increased when cows were
fed 104-108 g/kg DM whole flax seed compared tes¢hted 38-40 g/kg DM calcium
salts of palm oil (Petit, 2002). Linolenic acidhmh represents more than 534 g/kg of
total FA in flax seed, could have interfered withetmetabolism of glucose, thus
increasing gluconeogenesis and lactose concemtratimilk. Indeed, the highest rate of
gluconeogenesis among long chain FA has been ezpfot linolenic acid (Mashek and
Grummer, 2003).
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Even though FM contains little fat (13.2 g/kg DM@eding 124 g/kg DM was
enough to increase milk fat proportiona$9-18:1 and decrease thatai$9,cis12-18:2
with a trend (P=0.07) for lower proportion of 16:8s a result, proportions of
monounsaturated and omega-6 FA were higher andrloegpectively, in milk fat of
cows fed FM. As flax products are rich in linolercid compared to other vegetable
feed ingredients (He and Armentano, 2011; Kazans. e2010; Mustafa et al., 2002)
linolenic acid supplied by FM may have increaseal phoportion ofcis9-18:1 in milk
fat. Indeed, ruminal biohydrogenation of linoleracid produces 18:0 (Lock and
Bauman, 2004), which can be transformed ico&®-18:1 in the mammary gland by
stearoyl-CoA A9) desaturase enzyme (Kinsella, 1972). A possibggative correlation
between proportions a@fis9-18:1 and 16:0 could explain the observed tendemtywer
16:0 proportion in milk fat as it have been showrgoat milk (Chilliard et al., 2003).
The lower proportion o€is9,cis12-18:2 in milk fat of cows fed FM was likely due t
the replacement of a feed ingredient richer inlémwacid {.e., soybean meal) for FM.

Changes in milk FA profile are consistent with #adeund previously in dairy
cows infused with FO in the abomasum (Kazama gP@l0; Cortes et al., 2011) or fed
whole flax seed (Petit and Cortes, 2010). As comagan of FA in milk fat depends on
the source and amount of fat reaching duodenumli@dtiet al., 2000), rumen bypass
of FO will directly affect milk FA profile. The imease incis9cisl2-18:2 and
cis9,cisl2cis15-18:3 proportions in milk fat coupled with a ghaeduction in 16:0 may
account for the lower proportion of medium-chain KA cows infused with FO.
Increases in long-chain FA at the expense of medibain FA such as 16:0 have been
previously reported for dairy cows supplementedchw#O (Petit and Coértes, 2010;
Cortes et al.,, 2011) and may be explained by a @etssn effect on esterification
processes (Drackley et al., 2007). As long-chan(&g, 18:2) may occupy the same
snypositions as 16:0 in triacylglycerol molecules (Stie and Clapperton, 1982), a
potential competition for thenpositions promoted by the increased long-chain FA
supply to mammary cells could reduce 16:0 proporittomilk fat.

That FM supplementation reduced omega-6 to ome§&3ratio just in the
absence of FO abomasal infusion may be explainddast partially by a possible
higher supply of linolenic acid in the small iniest provided by dietary
supplementation of FM compared to those not fed which agrees with the results of

Cortes et al. (2011) which fed flax hulls for daicpws infused with FO in the
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abomasun. Moreover, due soybean meal replacingMbytlie supply of linoleic acid
was likely lower for cows fed FM than for those f€®, which may have reduced the
proportion ofcis9,cis12-18:2 in milk fat and may accounted for the lowerega-6 to
omega-3 FA ratio.

Polyunsaturated FA (especially n-3 FA) have po#tnantiatherogenic and
anticarnogenic roles while some saturated FA (12800 and 16:0) have negative
effects on human health (Kinsella et al.,, 1990; kéatin, 1999; Parodi, 1999;
Simopoulos, 2002b). In the present study, abomasasion of FO sharply increased
and decreased, respectively, proportions of pobaumated saturated FA which
improved the HPI of milk fat from cows infused F®the abomasum.

Lower TBARS concentration 4 and 6 h after feedimgumen fluid of cows fed
FM suggests that antioxidants from FM could previee¢ radical activity in rumen
fluid from 4 h postfeeding. Conversely, flax aniaants were not efficient to inhibit
lipoperoxidation in plasma and milk of cows infuseith FO as suggested by the lack
of treatment effects on TBARS, TAC and CD produttidlthough FM (Petit et al.,
2009) and flax products (Gagnon et al., 2009a; €30¢t al., 2012) have been shown to
increase antioxidant molecules such as enterolagtomilk and plasma of dairy cows ,
results of the present experiment suggest thaehigimounts of FM may be required to
inhibit lipid oxidation in blood and milk. This wddi agree with the results of
Matumoto-Pintro et al. (2011) who reported thaha@ligh enterolactone concentration
was increased in milk when cows were fed 150g/kg, FEMIk oxidation was not
affected.

That higher TBARS concentrations in plasma and mitlen cows were infused
with FO in the abomasum suggest that polyunsawir&d from FO increased
lipoperoxidation susceptibility. This is supporteyl the higher plasma concentration of
polyunsaturated FA coupled with the higher plasraeoxidizability index showed by
cows after abomasal infusion. Additionally, theueeld lag phase for CD production in
plasma due to FO abomasal infusion may help toa@xghis higher lipoperoxidation
susceptibility. A reduced lag phase denotes lessistemce to initiation of
lipoperoxidation, and our results are consisterthwiose found previously in dairy
cows fed extruded flax seeds (Gobert et al., 2@0@) in sheep infused with FO in the
duodenum (Gladine et al., 2007) where increasedcegptibility to plasma

lipoperoxidation was observed.
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5. Conclusions

Similar to previous studies, abomasal infusion Ofikcreased milk fat proportion
of polyunsaturated FA and susceptibility to lipapedation as shown by Coértes et al.
(2011) and Gladine et al. (2007). Plasma suscdptibtio lipoperoxidation also
increased with abomasal infusion of FO. Feeding d/&¢ DM FM to dairy cows has
no effect on milk yield and composition and doe$ moprove the oxidative status.
Feeding FM to dairy cows receiving a source of posaturated FA that bypasses the
rumen has no benefits when the main objective iprgect cows and milk from
lipoperoxidation. However, further studies are niegph with higher amounts of FM in
the diet (124 g/kg DM) to determine if beneficidleets on lipoperoxidation in milk
and plasma could be observed at such proportiomsipoove the oxidative status of

COWS.
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V - Effect of antioxidants from flax meal on gene expression and
activity of antioxidant enzymesin mammary tissue and blood of dairy
cowsinfused with flax oil in the abomasum

(Normas: British Journal of Nutrition)

Short title: Flax meal and gene expression

Abbreviations. ACACA, acetyl-coenzyme A carboxylase alpha; ACTdgtin beta;
CAT, catalase; CD36, cluster of differentiation &), control diet; DM, dry matter;
FASN, fatty acid synthase; FM, flax meal; FO, fla; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GPX, glutathione peroxid#d., lipoprotein lipase; Nrf2,
nuclear factor (erythroid-derived 2)-like 2; PPIlAeptidylprolyl isomerase A;
PPARG1, peroxisome proliferator-activated recepelor PPARG2, peroxisome
proliferator-activated recepet@?; PPPAR:, peroxisome proliferator-activated receptor
alpha; PUFA, polyunsaturated fatty acids; RG, eziee genes; ROS, reactive oxygen
species; SCD, stearoyl-coA desaturase; SOD, sxiperalismutase; SREBP1, sterol

regulatory element binding transcription factotJBQ, ubiquitine.

Abstract

The effects of antioxidants from flax meal (FM) astbmasal infusion of flax oil (FO)
on the activity of antioxidant enzymes (superoxiifmutase, catalase and glutathione
peroxidase (GPX)) in blood and mammary tissue dmel mMRNA abundance of
antioxidant and lipogenic-related genes in mammisgue of dairy cows were
determined. Eight ruminally fistulated lactating Istein cows were assigned to a
double 4 x 4 Latin square design with a 2 x 2 faat@rrangement of treatments: 1) no
FM in the diet (control); 2) diet containing 12.4%; 3) no FM in the diet and 250 g
FO/d infused in the abomasum; 4) diet containing%®2FM and 250 g FO/d infused in
the abomasum. Catalase activity in erythrocytedddrio increase when cows were fed
FM. Abomasal infusion of FO had no effect on atyivand gene expression of
antioxidant enzymes and gene expression of lipeggemnes in mammary tissue, except
for an increase in GPX1 expression in the absefdeMo The results suggest that

feeding 12.4% FM and infusing 250 g of FO/d in #imasum of dairy cows does not
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induce significant changes in the activity of axilant enzymes in blood and
mammary tissue, and expression of antioxidant grogdyénic-genes in mammary tissue.
However, more studies are required to determine laaryeficial effects of natural
antioxidants such as FM on the oxidative status cofvs supplemented with
polyunsaturated fatty acids, which could lead tedfeg strategies to prevent diseases

affecting the health status of dairy cattle.
Key words: Lignan: Flaxseed: mRNA abundance: Omega-3

Introduction

Supplying rumen bypass vegetable oils to dairy colanges milk composition and
enhances the concentration of polyunsaturated fatigs (PUFA) in milk fdt' % 2
However, changes in the amount or composition aftady fat impacts cellular
processes, which affect many physiological systdbimsts with a high PUFA content
may be easily oxidizét and their consumption may render tissues susdeptiipid
peroxidation as previously reported for the plasofiadairy cow$ as a result of
increased production of free radicals such asiteaokygen species (RO8)

Studies in which rats were used as a model hawershtitat PUFA, especially those
from the omega-3 FA family, play a role in the demgulation of lipogenic-related
genes and the up-regulation of an extensive netwbrgenes involved in fatty acid
oxidatiort” ®. Although oxidative metabolism is essential foll sarvival, a side effect
of this dependence is the production of free rddliaad other ROS that cause oxidative
changes. Such conditions may be further aggravayea putative down-regulation of
genes involved in free radical scavenging proviogdUFA as reported for r&ts This
is corroborated by results from a recent investigdf’ with dairy cows where catalase
(CAT), glutathione peroxidase (GPX) and superoxiliemutase (SOD) genes were
down-regulated by infusion of flax oil (FO) in th@bomasum. Conversely, up-
regulation of the expression of genes encodingefmymes involved in free radical
scavenging, which is achieved by supplementingoaitant$' 2 is thought to be a
way to preserve the oxidative status of dairy ¢BwsFlax lignans, such as
secoisolariciresinol diglucoside, are strong arntlamts™®, have been shown to up-
regulate the expression of genes encoding for SOBT and GPX in the liver of

ratd*®. Moreover, Cortest al*® have reported an increase in mRNA abundance of
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CAT, GPX1 and SOD1 genes in mammary tissue of deows when diets were
supplemented with flax lignans.

Flax meal (FM) is a protein supplement with higleencentration of lignans than
flax seed owing to oil extraction. Under the actafrihe rumen microbiota, flax lignans
are metabolized in two main mammalian lignans, rediel and enterolactoffe,
which have stronger antioxidant properties thaiir fhecursors. Moreover, increasing
proportions of FM in the diet of dairy cows haveebereporte@® to have a linear
positive effect on milk enterolactone concentratidde hypothesized that dietary
antioxidants from FM could up-regulate the expm@ssf genes encoding for enzymes
involved in free radical scavenging in mammaryues®f dairy cows supplemented
with FO, a rich source of omega-3 fatty acids. éndn of FO in the abomasum was
used as a tool to increase lipoperoxidation ofutissas previously carried &ut
Therefore, the present study was performed to ataluhe effects of dietary
antioxidants from FM and abomasal infusion of higihega-3 FA oil on: (1) the activity
of antioxidant enzymes (SOD, CAT and GPX) in blad mammary tissue; (2) the
MRNA abundance of antioxidant genes in mammaryueissand (3) the mRNA
abundance of lipogenic-related genes in mammasydisf dairy cows.

Materials and methods

Animal, diets and experimental treatments

Eight multiparous lactating Holstein cows fittedthviruminal cannulas (10 cm, Bar
Diamond Inc.) were assigned to a replicated 4 xatinLsquare with a 2 x 2 factorial
arrangement of treatments and four 21 d periodanibald for residual effect. The
experimental treatments were: 1) control diet with FM (CO); 2) diet containing
12.4% FM (FM); 3) CO and infusion of 250 g FO/dthee abomasum; 4) FM and
infusion of 250 g FO/d in the abomasum. The CO Rkiddiets were designed to have
similar composition (Table 1). Flax oil (Brenntagr@da, Inc.) contained, expressed as
a percentage of total fatty acids, 5.0% of C16:@%tof C18:0, 17.4% of C1&is-9,
14.9% of C18:2is-9,cis-12, 53.4% of C18ds-9,cis-12cis-15 and 5.1% of others. Flax
meal contained, expressed as a percentage of DM%3a@f crude protein, 26.3% of
neutral-detergent fiber, 18.2% of acid-detergeterfi 1.3% of fat and 0.14% of

secoisolariciresinol diglucoside (SDG).
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At the beginning of the experiment, cows average8 e 39) d in milk, 32.6 §e
5.6) kg of milk/d, and 759s€ 35) kg of body weight. Cows were housed in indiabd
stalls with free access to water. Diets were offdveice a day (08.00 and 19.00 hours)
for ad libitumintake (10% of refusals on as fed basis) and nglkimes were 06.30 and
19.30 hours. Feed intake and milk yield were réedrdaily throughout the experiment
and data from day 15 to day 21 of each period vesexaged over the 7 days and

subjected to analysis of variance.

Table 1. Ingredient and nutrient composition of experimediats for lactating cows

ltem (6{0) FM

Ingredient (g/kg DM)
Grass, silage 301 300
Corn, silage 303 301
Corn, grain (cracked) 185 183
Beet pulp 66 28
Soybean, meal (480 g/kg CP, solvent) 88 -
Flax meal - 124
Top supplemenit 40 46
Mineraf 13 14
Ca carbonate 4 4

Chemical compositioh
DM (g/kg) 530 529
Crude protein (g/kg DM) 175 181
Fat (g/kg DM) 31.3 31.7
Neutral-detergent fibre (g/kg DM) 315 319
Acid-detergent fibre (g/kg DM) 224 222
NE. (MJ/kg DM)! 6.9 6.9

CO, cows fed no flax meal; FM, cows fed flax meal.
Actual values obtained by precise weighing ofatigingredients.

T Contained (per kg as is basis): Contained 200 gaobla meal, 250 g of corn gluten meal, 340 g of
soybean meal, and 210 g of brewer’s corn

¥ Contained (per kg, as-is basis): Ca 92.3 g, P ¢8Mg 47.8 g, S 15.2 g, Na 53.9, K 13.7, Fe 2,01¢ m
Zn 2,657 mg, Cu 1,068 mg, Mn 1,796 mg, | 23 mg,37omg, Se 19.6 mg, vitamin A 441,606 U,
vitamin D3 66,700 U, and vitamin E 2,630 IU.

80One sample obtained from four pool samples prepayembmpositing seven daily samples from days 15
to 21. DM = dry matter, CP = crude protein, aNDmReutral detergent fiber inclusive of residual ash,
ADF = acid detergent fiber inclusive of residuahaNE = net energy for lactation.

" Net energy for lactation as calculated using paliglil values of feed ingredients (NRC, 2001).
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The diets were formulated to meet requirementsdovs producing 30 kg of milk/d
with 35 g of fat/k§®. The oil was stored at 4°C and mixed before baifgsed. Cows
were cared for in accordance with the guidelineshef Canadian Council on Animal
Caré' and all experimental procedures were approvedHeylocal Animal Care
Committee.

To perform abomasal infusions, an infusion line weserted through the ruminal
cannula and the sulcus omasi as described by @yesshl. (2006). Plastisol discs (12
cm in diameter and 9 mm in height) were used tohandhe infusion line, and
placement of infusion lines was monitored daily énosure postruminal delivery.
Variable-speed peristaltic pumps (Masterflex L/$jezParmer Canada Inc.) were used
to deliver flax oil in the abomasum at a rate 0of8680g/h. Cows were infused from day
8 to day 21 with 100% of the experimental doseilbbwer a 23 h period (from 13.00 to
12.00 hours).

Sampling

Samples of total mixed diets and FM were takenydedm day 15 to day 21 and pooled
by cow within period. All samples were frozen ab “Z for subsequent drying at 55°C
and analyzed following the procedures used by G&tal®Y. The analysis of SDG in
flax meal was performed according to the procedudescribed by Muir and
Westcotf®?.

Blood samples from each cow were collected fromtélevein on day 20 before (0
h) and 3 h after the morning meal using 10 ml vaioet tubes (Becton Dickinson and
Cie) containing K-EDTA (0.47 M). Plasma and erythrocytes were igmdrom blood
by centrifugation at 180@ for 12 min at 4°C and stored at -80°C until analysr
activity of antioxidant enzymes.

On day 21, samples of mammary tissue were obtduyebiopsies from the upper
portion of the hindquarters of the udder. To avaitbtmmation problems, the left and
right hindquarters were alternated from one petmdnother and a site at least 10 cm
apart from the first one was chosen when the guarés used for the second time.
After biopsies, mammary tissues were immediatatgad with sterile saline solution
(phosphate buffered saline (pH 7.4) + heparinetaave any red blood cells and clots,
and then cut into 2 portions. One portion was imiatety frozen in liquid N and stored

at —80°C for analysis of relative mMRNA abundandee Bther portion was immediately
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divided in three parts (200 mg) and suspended agggiin 2 ml of collecting buffer for
CAT (50 mM potassium phosphate (pH 7.0) + 1 mM EDTBPX (50 mM Tris-HCI
(pH 7.5) + 5 mM EDTA + 1mM DTT) and SOD (1 mM EGTA210 mM mannitol +
70 mM sucrose; pH 7.2). Samples were then homogeéron ice for 15 sec using a
Polytron homogenizer (Kinematica Inc.) and cengéd at 10,00Q for 15 min (4°C)
for CAT and GPX analyses and at 1,59Gor 5 min (4°C) for SOD analysis. The

supernatants were collected and stored at -80°@llfassays.

Enzyme Activity

The activities of CAT, GPX and SOD in plasma, ergtytes and supernatants obtained
from mammary tissue were determined as reportedqusly by Corteset al“® using
commercial assay kits (kits 707002, 703102 and @R6Qespectively; Cayman
Chemical). Total protein concentration was deteadinin samples of plasma,
erythrocytes and supernatants using a bicinchomicid protein assay (kits BCA1 and
B 9643, Sigma-Aldrich) as reported previously byrt€s et al®®. Data were
normalized per milligram of total protein conteat £ach sample.

RNA extraction and complementary DNA synthesis

Extraction of total RNA from mammary tissue and o¢bElynthesis was performed as
previously described by Labrecqaeal®®. Integrity and putrity of extracted RNA was
assessed using a NanoDrop ND-1000 spectrophotoniseatoDrop Technologies

Inc.).

Real-time PCR amplifications

The target genes were: SOD1, SOD2, SOD3, GPX1, GRS, nuclear factor
Kappa-B1 (NF«B1) and nuclear factor (erythroid-derived 2)-like(19rf2), acetyl-
coenzyme A carboxylase alpha (ACACA), lipoproteipake (LPL), stearoyl-coA
desaturase, sterol regulatory element binding ¢rgpteon factor 1 (SREBP1), fatty acid
synthase (FASN), cluster of differentiation 36 (@)3 peroxisome proliferator-
activated receptoyd (PPARG1), peroxisome proliferator-activated retepy2
(PPARG2), and peroxisome proliferator-activateceptoro (PPARY).



67

Table 2. Primer sequences used for real-time PCR amplifinatof reference gene and genes encoding for afioixenzymes in mammary
gland biopsies

Genes Primer sequenceg5’'—3) GenBank Accession no.Product size (nt)  Primer (nM)  Amplification efficiey (%)

GAPDH (F) TGACCCCTTCATTGACCTTCA NM_001034034 66 150 97.83
(R) AACTTGCCGTGGGTGGAAT 300

PPIA (F) GAGCACTGGAGAGAAAGGATTTG NM_178320 71 300 95.12
(R) GGCACATAAATCCCGGAATTATT 150

UBQ (F) TGGAGCCCAGTGACACCAT NM_ 174133 111 300 96.48
(R) GGCCATCTTCCAGCTGCTT 300

ACTB (F) GCGTGGCTACAGCTTCACC NM_173979.3 54 900 93.20
(R) TTGATGTCACGGACGATTTC 900

NF«B1 (F) CTCAAAGCAGCAGGAGCAGA NM_001076409 102 300 97.68
(R)CGGTACGACCCCTTCATCC 900

Nrf2 (F) GTACCCCTGGAAATGTCAAACAG NM_001011678 88 900 98.94
(R) TGTGATGACGACAAAGGTTGGA 900

CAT (F) GCTCCAAATTACTACCCCAATAGC NM_001035386 104 900 94.34
(R) GCACTGTTGAAGCGCTGTACA 300

SOD1 (F) TGTTGCCATCGTGGATATTGTAG NM_174615 102 900 98.93
(R) CCCAAGTCATCTGGTTTTTCATG 900

SOD2 (F) CGCTGGAGAAGGGTGATGTT NM_201527 99 900 95.20
(R) GATTTGTCCAGAAGATGCTGTGA" 900

SOD3 (F) GCAGCAGATGGGCTCCAA NM_001082610 80 900 92.17
(R) GCATCATCTCCTGCCAGATCTC 900

GPX1 (F) GCAAGGTGCTGCTCATTGAG NM_174076 82 900 109.67
(R) CGCTGCAGGTCATTCATCTG 900

GPX3 (F) GTCAACGTGGCCAGCTACTGA NM_174077 93 900 90.73
(R) CAGAATGACCAGACCAAATGGTT 900

"ACTB, actin beta; CAT, catalase; FA, fatty acid; BBH, glyceraldehyde-3-phosphate dehydrogenase; @lRthione peroxidase; NEB1, nuclear factor Kappa-B1; Nrf2,
nuclear factor (erythroid-derived 2)-like 2; PPeptidylprolyl isomerase A SOD, superoxide dismeitddBQ, ubiquitine.
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Table 3. Primer sequences used for real-time PCR amplifinatof lipogenic-related genes in mammary glangdies

Genes Primer sequencég5’'—3) GenBank Accession no.Product size (nt) Primer (nM) Amplification efficiency (%)

ACACA GAGTTCCTCCTTCCCATCTACCA NM_174224 123 900 96.87
GGTGCGTGAAGTCTTCCAATC 900

CD36 ACCTCCTGGGCCTGGTAGA NM_174010 89 300 94.54
TGATCTGCATGCACAATATGAAATC 900

LPL TAAGGCCTACCGGTGCAATTC NM_001075120 100 900 98.67
CTTGTTGATCTCGTAGCCCATGT 900

PPARG1 AAGTCCCCTTGCTTAGTTGTTCAG Y12419 102 900 102.14
AGGAATGACACTTGTTTACGGAAAC 900

PPARG2 TGAACGGAACTGGCCTTTTG AF288373 94 900 99.57
TCCCAGAGTTTCACCCATCAC 900

PPARu GACAAAGCCTCTGGCTACCACTA NM_001034036 80 900 92.47
TTCAGCCGAATCGTTCTCCTA 900

SCD CCTGTGGAGTCACCGAACCT NM_173959 146 900 96.53
GGTCGGCATCCGTTTCTG 900

SREBP1 TTTCTTCGTGGATGGCAACTG NM_001113302 130 900 93.61
TGCTCGCTCCAAGAGATGTTC 900

FASN AGCCCCTCAAGCGAACAGT NM_001012669 100 900 97.23
CGTACCTGAATGACCACTTTGC 900

"ACACA, acetyl-coenzyme A carboxylase alpha; FAityfaacid; CD36, cluster of differentiation 36; FNSfatty acid synthase; LPL, lipoprotein lipase; AR&G1,
peroxisome proliferator-activated recepettir- PPARG2, peroxisome proliferator-activated retepg2; PPPAR, peroxisome proliferator-activated receptor alpha;

SREBP1, sterol regulatory element binding transionpfactor 1; SCD, stearoyl-coA desaturase
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The relative mRNA abundance of target genes wasrmétied using real-time PCR
amplifications. PCR amplification, detection andadanalyses were performed with an
ABI 7500 Fast Real-time PCR System (PE Applied B&i&ms). All primers (Tables 2
and 3) used in the present study were derived Bosy Tauruggenome (GenBank) and
were designed using the Primer Express softward D Applied BioSystems). The
PCR was performed in triplicate using a 10 pl neacmixture per well, containing 5 pl
of 2x Power SYBRGreen Master Mix (PE Applied Biotyss), 3 ul of 15x diluted
cDNA, and 0.05 ul of AmpErase (PE Applied BioSyssgnmplification involved one
cycle at 50°C for 2 min, followed by 10 min at 95 initial denaturation, and then 40
cycles at 95°C for 3 sec, followed by annealingg@C for 30 sec. Specificity of
amplification was performed by analysis of meltiogrves after each amplification.
Four reference genes (RG), glyceraldehyde-3-phaspbehydrogenase (GAPDH),
peptidylprolyl isomerase A (PPIA), actin beta (AQT&hd ubiquitine were assessed as
an endogenous control. Ubiquitine was chosen asnak control based on NormFinder
algorithm®? results, which showed that ubiquitine was the R@st affected by
treatments. Data were analyzed using the compar@ivmethod, by which the amount
of target genes normalized to ubiquitine and redato a calibrator (known individual
value) is calculated as*2“' as described in the User Bulletin #2 (Applied B&isms
1997; ABI PRISM 7700 Sequence Detection System).

Determination of amplification efficiency

Amplification efficiency (E) for each gene was ass using a standard curve. A pool
of mammary tissue cDNA from all biopsies collecfad= 32) was used to prepare the
different dilutions (1, 5, 10, 20, 50, 100, 150 &t ng) needed for construction of the
standard curve. PCR reactions were performed irichip and repeated twice on
different days as described above and amplificaiorfor each target gene was

determined according to Cikes al .

Statistical Analysis

All results were analyzed using the MIXED procedufe SAS (SAS 2000; SAS
Institute) within a 2 x 2 factorial arrangementi@atments. Data were analyzed using a
double 4 x 4 Williams Latin square design with tbikowing general model:



70

Yi = + S+ Gg + R+ Ti + g
Where:Yi4, the dependent variable; p, overall meanfiged effect of square € 1 to
2); G, random effect of cow within square<(1 to 4); R, fixed effect of periodi = 1
to 4); T, fixed effect of treatment, andxe random residual error. Treatments were
compared to provide factorial contrasts: 1) wigrsuswithout FM, 2) withversus
without abomasal infusion of FO, and 3) the inteoac between FM and abomasal
infusion of FO. Data on enzyme activity were anatyas repeated measurements and
covariance structures were modeled separatelyaicn gariable. Values of fit statistics
for Akaike’s information criterion (AIC) and Akaike information criterion corrected
(AICC) were used to determine the most appropriateariance structures. Data on
MRNA abundance were analyzed using the normalizeahtgies and are presented as
relative quantification (RQ) of mRNA abundance gsihe comparative Ct method
comparing all treatment combinations to the CO dgsd here as reference. When the
interaction between FM and FO was significant, 8ldCE option of the MIXED
procedure was used to examine the differential aesp of infusion of oil in the
abomasum to FM supplementation. Significant diffeesnwere set aP<0.05 and
trends at 0.05R<0.10.

Results

DM intake and milk production

There was no interaction between FM and FO for Dithke and milk production.
Intake of DM was higher for cows fed FM than foosle fed CO and values averaged,
respectively, 32.2 kg/d and 30.9 kg/d, and 4.1% 208686 of body weight. Conversely,
DM intake was lower for cows infused with FO in tabomasum than for those not
infused, and values averaged 32.1 kg/d and 31.0, lagid 4.0% and 3.9% of body
weight, respectively. Milk production averaged 3k&d and was similar among

treatments.

Enzyme activity in plasma, erythrocytes and mamrissye
There was no interaction between hour and treatni@ntactivity of antioxidant
enzymes in plasma and erythrocytes (data not shovingrefore, only mean values for

the 2 h blood sampling period are presented (Téble
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Table 4. Activity of antioxidant enzymes in plasma, erythytes and mammary tissue of Holstein cows fed dietgaining no flax meal (CO)
or 12.4% flax meal (FM) in the dry matter and irddsr not with 250 g of flax oil/d in the abomasum

Treatments

CO FM P
Item 0 250 0 250 SEM Meal 0]] M x O
Plasma
CAT (nmol/min per mg of protein) 0.26 0.21 0.18 19D. 0.002 0.008 0.23 0.06
GPx (nmol/min per mg of protein) 0.97 1.08 1.07 9%0. 0.094 0.82 0.97 0.23
SOD (U/mg protein) 0.022 0.023 0.026 0.021 0.0022 0.69 0.40 0.17
Erythrocytes
CAT (nmol/min per mg of protein) 184.5 176.4 191.5 189.8 5.77 0.09 0.41 0.58
GPX (nmol/min per mg of protein) 173.4 182.2 183.2 176.8 2.54 0.15 0.22 0.008
SOD (U/mg protein) 32.2 30.9 29.6 32.2 1.71 0.72 .690 0.85
Mammary tissue
CAT (nmol/min per mg of protein) 55.79 47.42 55.42 46.20 5.866 0.92 0.14 0.96
GPx (nmol/min per mg of protein) 48.37 49.16 54.79 45.15 5.827 0.82 0.41 0.33
SOD (U/mg protein) 39.39 40.39 38.61 34.61 2897 270 0.61 0.40

"CAT, catalase; GPX, glutathione peroxidase; SOpermxide dismutase.
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There was a tendency for an interacti®*@.06) between FM supplementation and
infusion of FO in the abomasum for plasma actidfyCAT; FM reduced B=0.02)
plasma CAT activity in the absence of FO wheredmi no effectf=0.51) when FO
was infused in the abomasum. Plasma activity of GiRd SOD was similar among
treatments. There was a tendendy={.09) for increased activity of CAT in
erythrocytes when cows were fed FM compared toethiesl CO. There was an
interaction between FM supplementation and infussbnO in the abomasum for
erythrocytes activity of GPX; FM supplementatiorcreased #=0.01) plasma GPX
activity in the absence of infusion of FO wheretabad no effect#=0.15) when FO
was infused in the abomasum. SOD activity in epglites was not affected by
treatments. Activity of antioxidant enzymes in maamyntissue was similar among

treatments.

Table 5. Relative quantification (RQ)* of mRNA from antioxadt-related genes in
mammary tissue of Holstein cows fed diets contgimia flax meal (CO) or 12.4% flax
meal (FM) in the dry matter and infused or not w0 g of flax oil/d in the
abomasum

Treatments
CO FM P
Gene 0 250 0 250 SEM Meal Ol MxO
NFKB1 0.29 0.37 033 0.34 0.045 094 031 0.48
NFR2 0.22 0.31 0.27 0.26 0.051 0.99 047 0.37
CAT 0.37 0.42 0.37 035 0.034 0.27 0.60 0.29
GPX1 0.25 0.35 032 0.26 0.035 0.75 0.62 0.04
GPX3 0.07 0.17 0.09 0.08 0.043 040 0.32 0.18
SOD1 0.72 0.70 0.63 0.62 0.069 0.23 0.87 0.96
SOD2 0.18 0.19 0.18 0.22 0.058 0.71 0.70 0.84
SOD3 0.39 0.50 041 041 0.045 045 0.22 0.22

CAT, catalase; FA, fatty acid; GPX, glutathione gpédase; NF<B1, nuclear factor Kappa-B1; Nrf2,
nuclear factor (erythroid-derived 2)-like 2; SODpsroxide dismutase.

*RQ of mRNA abundance using the comparative cylsteghold method and the control (CO) treatment
as reference.
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Relative quantification of mRNA from antioxidantdahpogenic-related genes in
mammary tissue
Abundance of mRNA of the nuclear factors Nrf2 ang-®B1 and of the antioxidant

enzymes was not affected by treatments excepthfar af GPX1 which showed an
interaction P=0.04) between FM supplementation and infusion@fif-the abomasum
(Table 5). FM meal supplementation tended to redffe0.09) mRNA abundance of
GPX1 but only in the presence of oil. The abundasfa®@RNA lipogenic-related genes
(ACACA, CD36, FASN, LPL, SCD) and that of PPARGIPARG2, PPAR and
SREBP1 was similar among treatments (Table 6).

Table 6. Relative quantification (RQ) of mRNA from lipogerielated genes in
mammary tissue of Holstein cows fed diets contgmia flax meal (CO) or 12.4% flax
meal (FM) in the dry matter and infused or not w0 g of flax oil/d in the
abomasum.

Treatments
(6{0) FM P
Gene 0 250 0 250 SEM Meal 0] Mx O
ACACA 0.37 038 035 035 0.061 0.71 0.97 0.91
CD36 0.64 0.68 0.60 0.58 0.089 0.39 0.9 0.75
FASN 0.38 044 040 0.38 0.072 0.77 0.81 0.56
LPL 0.48 043 038 0.37 0.081 0.36 0.76 0.81

PPARG1 0.48 045 043 040 0.058 0.46 0.63 0.99
PPARG2 0.24 049 0.28 0.249 0.088 0.27 0.22 0.13
PPARa 0.32 041 033 035 0.030 0.36 0.12 0.26
SCD 0.39 045 041 036 0.068 0.58 0.96 0.43
SREBP1 0.54 045 044 038 0.062 0.19 0.20 0.83

"ACACA, acetyl-coenzyme A carboxylase alpha; FAtyfacid; CD36, cluster of differentiation 36;
FASN, fatty acid synthase; LPL, lipoprotein lipasBPARG1, peroxisome proliferator-activated
recepetoryl; PPARG2, peroxisome proliferator-activated retepg2; PPPAR, peroxisome
proliferator-activated receptor alpha; SREBP1,ddtezgulatory element binding transcription facigr
SCD, stearoyl-coA desaturase.

Discussion
The present study was especially designed to eleatha effect of antioxidants from
FM on activity and gene expression of antioxidartyenes and lipogenic-related genes

expression in mammary tissue of dairy cows infugeth FO in the abomasum.
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Oxidative stress conditions were achieved by img$tO in the abomasum to provide a
higher postruminal delivery of PUFA, which has beahown to increase
lipoperoxidation susceptibility of tissues in rumit'”. Although our main objective
was not to evaluate performance, it is worth notingt FM supplementation led to
higher DM intake. It has been suggested that FMahassitive effect on intake likely as
a result of good nutrient composition and good piatglity, which is supported by the
greater DM intake reported previouél; As observed in the present experiment,
studies have shown that abomasal infusion of higgatwrated fatty acid sources, such
flax® and soybedh oils, reduces DM intake of dairy cows. Abomasélision of FO
provides a greater postruminal delivery of PUFAjclhaccounts for increased plasma
concentration of gut hormones such as cholecystokpancreatic polypeptié and
glucagon-like peptide!®® that are related to postprandial satiety signaid gut
motility reductiori®).

Over the years, it has been well recognized thiatlae antioxidant enzymes (e.g.
CAT, GPX and SOD) are crucial components of theoaitant defense system in
animal§®. Catalase is involved in the detoxification of hygen peroxide, a ROS,
which is a toxic product of normal and pathogen@SRproductiofi® ¥ GPX catalyzes
the reduction of lipid hydroperoxides and free logsm peroxides and protects the cell
against oxidative damagé **) Superoxide dismutases are metaloenzymes thayzsita
the dismutation of superoxide anions into molecobaygen and hydrogen peroxiéés
35).

Literature shows variable results on the effectdiefary antioxydants on the activity
of antioxidant enzymes in dairy cows supplementéith WUFA. For example, in a
study with dairy cows fed diets containing soybednplasma GPX and SOD activity
was increased with antioxidant (ethoxyquin and iagrtbutyl-hydroquinone)
supplementatidf®. In contrast, no effect of flax hull antioxidantpplementation has
been reported on activity of CAT, GPX and SOD iaspha and erythrocytes whereas
SOD activity in mammary tissue tended to increaseerwFO was infused in the
abomasum of dairy coW¥. In the same study, the authors reported lowemmaGPX
activity and a trend for higher CAT activity in mamary tissue with FO infusion in the
abomasum. Results of the present experiment aferatit from those reported in
previous studies carried out with dairy cows. la firesent study, no benefits owing to

dietary FM were observed for antioxidant enzymesmammary tissue and plasma.
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Activity of CAT in plasma decreased with FM suppkartation but the decrease was
higher in the absence of abomasal infusion of siiralicated by the interaction that
tended to be significant. In this particular sitiga, feeding FM showed a depletion
effect on the protective role against oxidationypthby CAT. This disagrees with the
results of Cortest al®” who reported no effect of flax lignans and aborhasfasion
of FO on activity of CAT in plasma . At the preséinte, we do not have an appropriate
explanation for this unexpected result. Howeverthi present experiment, activity of
CAT in erythrocytes increased when cows were fed . FMoreover, FM
supplementation increased GPX activity in erythtesyf cows but only in the absence
of abomasal infusion of FO. Since antioxidant enggnare among the most potent
antioxidant®’, our results on CAT and GPX activity in erythraeytcould represent a
physiological response of the antioxidant defengstesn to face an increased
lipoperoxidation susceptibility, ensuring that pdtel oxidants are metabolized and
removed more promptly from the organism. Howeueg,gpecific mechanism by which
antioxidants increase the activity of antioxidamizymes remains unclear. The red
blood cells are one rich source of antioxidant emzy and they are also a significant
source of superoxide generation in biological syst®. As the production of
superoxide ions and oxygen peroxides occurs undétative stres€”, this may
suggest that cows fed CO were under greater stogghtions when infused with FO in
the abomasum as shown by increased GPX activigrythrocytes compared to those
not infused. Indeed, increases in erythrocyte GBWi&y have been observed in heat-
stressed cows as an indirect compensatory respoingells to increased oxidant
challenge during heat str&9% However, the lack of difference in activity of &fn
erythrocytes when FM was supplied with FO is radyeto explain; nevertheless, it is
possible to suppose that erythrocyte GPX is natlired in the homeostatic response as
suggested by Bernabuagi al“?.

Flax antioxidants have been reported to have rémyl@&ffects on the expression of
genes encoding for antioxidants enzyfffésFlax hulls are rich in lignans and previous
research has shown consistent increases in thelabca of mMRNA of CAT, GPX1 and
SOD1 in mammary tissue of dairy cdWs In contrast, the same study showed that flax
hulls reduced mRNA abundance of GPX3, SOD2 and SG@ip3pared to cows fed no
flax hulls. In the present study, increased GPX1 NARabundance with FM

supplementation was observed only in the absen&®©opfvhich could suggest that FM
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antioxidant supplementation combined with infustdr=O in the abomasum maintains
GPX1 expression. However, in general, we obsereesignificant variations in mRNA
abundance of antioxidant enzymes, which suggest FEh did not induce gene
expression in mammary tissue. This is supportedhieylack of treatment effect on
MRNA abundance of Nrf2 and N&B1, which are involved in modulation of genes

Yand modulated by phenolic compoufidls

encoding for many antioxidant enzyrités'
12 such as lignans. Furthermore, as lignans are-fibumd polyphenof&”, they are
present in higher amounts in flax hulls (0.99% DMS®G)'? than flax meal (0.14%
DM of SDG), which could explain discrepancies betweur results and those reported
previously*?.

In rats, omega-3 fatty acids play a putative irtiobi on the expression of
antioxidant-related gené$ . A recent resear&f? with dairy cows infused with 500 g
FO/d in the abomasum has corroborated this thétowever, the present study failed
to provide evidence supporting the inhibition effet abomasal infusion of FO as the
only significant effect of treatment was on the mRIdbundance of GPX1. Lower
amount of oil infused in our study (250 g/d) congehto that of the previous study (500
g/d) could explain discrepancies between experiment

Dietary supplementation of FM and abomasal infussérFO had no significant
effect on mRNA abundance of ACACA, FASN, CD36, L&hd SCD, thus suggesting
that lignans and PUFA have no effect on the moalatdf lipogenic-related genes in
mammary tissue. This hypothesis is supported byldbk of difference in mRNA
abundance of PPARG1, PPARG2 and SREBP1 genes, whadue proteins that play
roles in the regulation of lipogenic-related gen@émega-3 fatty acid supplementation
has been previously shown to down-regulate lipagesiated genes in rats However,
studies using rats as a model often imply the cmpsion of high doses of oil, which
could exceed the proportion of oil offered in dietslairy cows.

In conclusion, the present study suggests that &iéd at 12.4% of the diet does not
induce significant changes in the mRNA abundancantioxidant enzymes of dairy
cows that are infused in the abomasum with 250 gdfF@xcept for a significant
increase in GPX activity in erythrocytes and higB€rX1 gene expression in mammary
tissue, although the latter was observed only éenaiisence of abomasal infusion of FO.
Abomasal infusion of 250 g FO/d did not induce demin the activity and gene
expression of antioxidant enzymes and gene expressilipogenic-genes in mammary
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tissue, except for a significant increase in thpression of GPX1 in the absence of
dietary FM. However, studies such as the preseet are useful to determine any
beneficial effects of natural antioxidants suchflag meal on the oxidative status of
cows supplemented with sources of PUFA, which cdeddl to feeding strategies to

prevent diseases affecting the health status of dattle.
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VI - CONSIDERACOES FINAIS

O fornecimento de fontelBypassde acidos graxos poli-insaturados para vacas
leiteiras € eficaz em aumentar a concentragdo @ssnws na gordura do leite, mesmo
em situacfes em que a quantidade absoluta deibérado no intestino para absorgédo
nao € considerada alta. Este é o caso do pressiu@oe no qual foram utilizadas
quantidades diarias relativamente baixas de 6lgb k@ de Oleo de soja e 0,25 kg de
Oleo de linhaga) e foi observado melhora no ingimemotor de saude da gordura de
leite.

As alteracbes na composicdo de acidos graxos dhurgodo leite promovidas
pela suplementacdo de fonbypassde acidos graxos poli-insaturados permitem
agregacéo de valor ao leite como um produto pareatacdo humana. Entretanto, esta
pratica promove, concomitantemente, aumento naptibdtidade do leite e do plasma
a lipoperoxidacéao.

Por outro lado, os niveis de suplementacédo de potpaa (1,0 kg MS/d) bem
como de farelo de linhaca (120 g/kg MS) estudadmgpmesente trabalho ndo s&o
suficientes para promover efeito protetivo conttgpaperoxidacao tanto no leite como
no plasma de vacas leiteiras.

As alteracdes na atividade enzimatica e expreséama)no tecido da glandula
mamaria diante da suplementacdo de 120 g de fdeelbnhaca/kg MS sdo pouco
representativas, mas sugerem que as substanciasicarites presentes no farelo de
linhaca poderiam ter efeito modulador da atividad#a expressdo génica de enzimas

antioxidantes quando fornecido em maior quantidade.



