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Linseed supplementation during uterine and early post-natal life markedly
affects fatty acid profiles of brain, liver and muscle of lambs
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Alberto Cesarani® (), Salvatore Pier Giacomo Rassu®, Giuseppe Pulina® (® and Gianni Battacone®

“Dipartimento di Agraria, Sezione di Scienze Zootecniche, University of Sassari, Viale Italia 39, 07100, Sassari, Italy; Agroscope,
Institute for Livestock Sciences ILS, Posieux, 1725, Switzerland

ABSTRACT

This study investigated the effects of maternal linseed supplementation during gestation and
lactation on muscle, brain and liver tissues composition and fatty acid (FA) profile in lambs. In a
2 x 2 factorial design, a total of 36 Sarda dairy ewes were fed a control diet (CON, n=18) or a
diet containing linseed (LIN, n=18) during the last 8 weeks of gestation. After lambing, 9 ewes
per group changed to the other diet, moving from CON to LIN and vice-versa. The single-born
lambs (n=36) were reared exclusively on milk and were slaughtered at 4 weeks of age and
samples of muscle, brain, and liver tissues were collected. Data were analysed with a general lin-
ear model to test the effects of mothers’ gestation and lactation diets, their interaction and the
effect of lamb sex. Experimental results evidenced that lambs from mothers fed LIN diet during
lactation had a greater content of almost all C18:1 and conjugated linoleic acid (CLA) isomers,
both in muscle (P<.01) and in the liver (P<.05), than those from mothers fed CON. Linseed
supplementation during gestation generally increased the content of C22:5n3 (P<.01) and
C22:6n3 in the brain. In conclusion, experimental results evidenced that the supplementation of
ewes’ diet with linseed during lactation strongly affected the muscle and liver FA profile of
lambs. The effect of linseed was effective also during gestation, especially on brain tissue, but to
a minor extent.
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HIGHLIGHTS

e Results of the present work confirm the large impact of maternal diet on the fatty acid com-
position of lamb tissues

e Linseed supplementation during gestation generally increased the content of PUFA n3 in the
brain of lambs

e Linseed supplementation of mothers during lactation affects the muscle and liver FA profile
of sucking lambs

Introduction 2001; Petit 2010; Kouba and Mourot 2011). Although
several studies investigated the genetic background of
milk and meat FA profile in sheep and its improve-
ment through genetic and genomic selection
(Rovadoscki et al. 2018; Cesarani et al. 2019), the
manipulation of the diet during pregnancy and lacta-
tion appears as an attractive way to program offspring

performance in livestock, especially through foetal

The quality of the fatty acids (FA) profile of livestock
products (milk and meat) is commonly improved by
the inclusion of lipid sources in the diet of animals. In
particular, the main goal is to increase the proportion
of FA considered beneficial for human health, i.e. poly-
unsaturated FA (PUFA), vaccenic and rumenic acids.
Among the lipid sources, linseed is one of the main

ones because of its richness in C18:3n3 (alpha-linolenic
acid, ALA) (Nudda et al. 2020) which increases the
content of omega-3FA in meat and milk (Wachira
et al. 2002; Doreau and Ferlay 2015), since it contains
about 40% of oil with 55% of 18:3n3 (Cheng et al.

programming. In fact, there are no doubts about the
role of early life environment on programming post-
natal life (Tarry-Adkins and Ozanne 2011). As pointed
out by Barker (1999) in the “fetal programming
hypothesis”, also called the “Barker hypothesis”, each
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adaptation in adult life originates as a consequence of
metabolic, cardiovascular and endocrine foetus adapta-
tion to stimuli from foetal environment that prepare
itself for postnatal life (Barker 1999). Some of these
adaptations can be reversible if occur during the period
of “"plasticity” (Barker 1999; Vieau 2011) others lead to
irreversible body changes that persist in life whenever
the intrauterine environmental change persists
(Gluckman et al. 1990; Gluckman and Hanson 2005).

Among ruminants, sheep have been amply studied
to investigate the effect of maternal nutrition during
early and mid-gestation (Zhou et al. 2008; Roque-
Jimenez et al. 2020; Oviedo-Ojeda et al. 2021), end of
pregnancy (Elmes et al. 2004; Capper et al. 2006;
Carranza-Martin et al. 2018; Coleman et al. 2018) or at
lambing (Capper et al. 2007; Radunz et al. 2009; Fisher-
Heffernan et al. 2015) on the development of foetus
and on the programming of offspring performance.

Concerning the role of nutrition on FA composition
of milk and meat, particular attention has been posed
to the role of some individual components of the
maternal diet (omega-3 PUFA, ALA and n-3 long-chain
PUFA (LCPUFA), eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA); Roque-Jiménez et al.
2021); which all play a crucial role in several metabolic
pathways, being a component of the phospholipids
membrane and storing triacylglycerols. The LCPUFA
ensure the plasticity and the fluidity of neural cells,
some of which, like DHA and 20:4n6 (arachidonic acid,
ARA), when included as a supplement in the early life
diet of mother and offspring, positively affect the
development of the central nervous system (Bazinet
and Layé 2014; Madore et al. 2014).

Maternal nutrition during foetal life is essential,
also, for the development of skeletal muscle and
hence for the hyperplasic increase in the number of
muscular fibres (Zhu et al. 2004; Du et al. 2010) which
represents the goal of meat production; in fact, during
postnatal growth, the development of skeletal muscle
stops and depends only on the hypertrophic increase
of size in native muscle fibre number (Karunaratne
et al. 2005; Du et al. 2010). However, during uterine
life, the development of skeletal muscle is particularly
vulnerable (Zhu et al. 2006) and nutrients are mainly
driven to the energy-demanding organs like the brain,
heart, and liver (Du et al. 2010). In addition to the
development, also the composition of the muscle, in
terms of muscle FA profile, is affected by the maternal
diet (Coleman et al. 2018; Shao et al. 2020). Indeed,
maternal grass or linseed-based diet during pregnancy
and lactation improves meat FA profile, in terms of
LCPUFA and total conjugated linoleic acid (CLA), in

lamb meat (Fusaro et al. 2019; Mateo et al. 2021), with
FA composition similar to that of their mother’'s milk
(Fusaro et al. 2019).

Nutrition during foetal life may have long-term
effects on hepatic functions, especially on lipid accu-
mulation, glucose and lactate release and the synthe-
sis of cholesterols (Khanal and Nielsen 2017). In the
liver, blood non-esterified fatty acids (NEFA) can be
oxidised completely to provide energy in form of
adenosine triphosphate (ATP) or, partially, leading to
the formation of beta-hydroxybutyric acid or choles-
terol. Furthermore, FA can also be accumulated in the
liver after conversion of NEFA into triglycerides. In
addition, there are other important lipid-related meta-
bolic pathways, such as the synthesis of cholesterol
and phospholipids. Under mother undernutrition con-
ditions or during the transition period, characterised
by a negative energy balance, body fat mobilisation is
essential to provide energy. Producing more ATP,
through the NEFA oxidation, and reducing the trigly-
ceride synthesis is critical for the health of mother and
offspring. In terms of lipid accumulation, some studies
evidenced that early life nutrition can modulate the
ability of offspring to metabolise excess fat when
exposed to a high-fat diet (Hyatt et al. 2011). A mater-
nal late pregnancy 18:2n6 diet increased (40%) the
20:4n6 content in lamb foetal liver (EImes et al. 2004).
Other studies observed that maternal undernutrition
in early and mid-gestation increased the concentration
of 20:5n3 and 22:5n3 in liver lamb tissues (Zhou et al.
2008). In early gestating ewes, the supplementation
with EPA and DHA increased the content of EPA and
DHA in lamb liver foetus (Roque-Jimenez et al. 2020).
Previous works reported an important elongation-
desaturation pathway in the liver that leads to the for-
mation of LCPUFA from the substrates linoleic and
alpha-linolenic acids, proved by the high concentra-
tions of ARA, docosapentaenoic acid (DPA) and EPA in
this organ (da Costa et al. 2014; He et al. 2015).

The feeding regime in gestation and lactating peri-
ods is really important in shaping the FA profile, espe-
cially the omega-3 LCPUFA, of brain, liver, and muscle
fat. Thus, the aim of this work was to investigate how
the supplementation of maternal diet with linseed as
the omega-3 source, during feeding in gestation and/
or lactation, can affect the fatty acid profile of differ-
ent tissues in the suckling lambs.

Materials and Methods

All procedures were carried out in accordance with
the European Union legislation for the protection of



animals used for scientific purposes (2010/63/EU
Directive). For this study, no animals were killed for
purposes other than slaughter - as such, University
ethics approval was also not required. The lambs (i.e.
the experimental units of this work) came from a com-
mercial farm and were killed in a commercial slaugh-
terhouse. Animal husbandry and handling procedures
were performed in accordance with the local ethics
committee, in agreement with the Guidelines for the
Use of Laboratory Animals issued by the Italian
Ministry of Health.

Experimental design, animals and feeding

All animal procedures (experimental design, animals
and feeding) used in this work were previously
described by Nudda et al. (2015). Briefly, the experi-
ment was carried out on a private farm located in the
north of Sardinia (ltaly) and involved 36 multiparous
Sarda dairy ewes. The dietary treatments started at 8
weeks before lambing and lasted for the first 4 weeks
of lactation. During the last 8 weeks of gestation,
pregnant ewes with one foetus were fed a control
diet (CON; 18 ewes) or a diet containing linseed (LIN;
18 ewes). After lambing, 9 ewes of each group contin-
ued to receive the same diet (i.e. CON or LIN), whereas
the other 9 ewes within each group were fed the
other diet. Throughout the trial, animals were kept in
two groups, with 18 ewes each, according to the diet
they were eating (CON and LIN). The graphical repre-
sentation of the 2 x 2 factorial design is shown in
Figure 1.

The CON and LIN diets were formulated to meet
the energy and protein requirements of late-gestating

' o

CON )
CON
n =18 ewes

] n=9 ewes
T

LIN o
n=9 ewes Yal X
)

)

@\:b LIN

] n=9 ewes A
.

CON

n=9 ewes y/my

Last 8 weeks

from lambing Lactation

Figure 1. Graphical representation of the 2 x 2 experimental
design. A total of 36 Sarda dairy ewes were fed a control diet
(CON, n=18) or a diet containing linseed (LIN, n=18) during
the last 8 weeks of gestation. During the first 4 weeks of lac-
tation, 9 ewes changed diet, moving from CON to LIN group
and vice-versa.
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and lactating ewes using the Small Ruminant Nutrition
Model (Tedeschi et al. 2010) and consisted of 2 isolipi-
dic, isonitrogenous and isoenergetic pelleted concen-
trates (Table 1). The pelleted concentrate contained
the following ingredients: CON=wheat bran, alfalfa
meal, distilled from wheat, sunflower extraction meal,
corn germ cake, dried sugar beet pulp, calcium car-
bonate, soybean meal, maize, sodium chloride and
sodium bicarbonate, magnesium oxide; LIN =soybean
hulls, extruded linseed, wheat bran, sunflower seeds
flour, alfalfa meal, dried sugar beet pulp, corn gluten
feed, calcium carbonate, soybean meal, maize, sodium
chloride, sodium bicarbonate, magnesium oxide.
Based on the objective of the study, the two pelleted
concentrates differed mainly in terms of FA compos-
ition. In the CON diet the most abundant FA was pal-
mitic (16:0), stearic (18:0) and linoleic acid (LA, 18:2n6),
being the 31, 27 and 23% of total FA methyl esters
(FAME), respectively. Due to the presence of 1509
extruded linseed per kg of the pelleted, in the LIN diet
the most abundant FA was the ALA, showing a con-
centration of 34,2% of FAME, followed by LA and oleic
(18:1 cis9) fatty acids (26,3 and 20,6% of FAME,
respectively). The daily dose of 150g of extruded lin-
seed was used to supply about 50g/d of fat per head
from this lipid source (Table 1).

Table 1. Chemical composition and fatty acid profile of the
pelleted concentrates used in the two experimental diets:
control (CON) and extruded linseed (LIN).

Pelleted concentrate’

Item CON LIN

Chemical composition?
Dry matter (DM), % 89.4 89.4
CP, % of DM 18.4 18.4
NDF, % of DM 429 42.0
ADF, % of DM 26.0 284
ADL, % of DM 6.0 5.5
Ash, % of DM 8.9 8.6
Lipid extract, % of DM 7.3 7.0
NE_, MJ/kg DM 7.1 6.9

Fatty acid, mg/100g of total FAME
C12:0, lauric acid 1.0 0.1
C14:0, myristic acid 1.1 0.2
C16:0, palmitic acid 315 10.3
C18:0, stearic acid 274 6.1
C18:1 cis-9, oleic acid 10.7 20.6
C18:2 n-6, linoleic acid 22.8 263
C18:3 n-3, alpha-linolenic acid 2.0 34.2

"The pelleted concentrate contained the following ingredients:
CON =wheat bran, alfalfa meal, distilled from wheat, sunflower extrac-
tion meal, corn germ cake, dried sugar beet pulp, calcium carbonate,
soybean meal, maize, sodium chloride and sodium bicarbonate, magne-
sium oxide; LIN = soybean hulls, extruded linseed, wheat bran, sunflower
seeds flour, alfalfa meal, dried sugar beet pulp, corn gluten feed, calcium
carbonate, soybean meal, maize, sodium chloride, sodium bicarbonate,
magnesium oxide. Mineral and vitamin supplements.

2CP =crude protein; NDF = neutral detergent fibre; ADF =acid detergent
fibre; ADL=acid detergent lignin; NE: net energy for lactation;
FAME = fatty acid methyl esters.
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During both late-gestating and lactating periods,
except for the hay (mixed hay fed within the group),
all the other ingredients of the diet were individually
fed and were completely eaten by the ewes: 1kg of
pelleted concentrate was offered individually (333g x
3 times per day) with mixed hay and water available
ad libitum (the DM content was 910 g/kg, those of CP,
NDF, ADL, EE and ash were 80, 550, 180, 16, 80g/kg
of DM, respectively). Water was available ad libitum.
As previously reported by Nudda et. (2015), the aver-
age individual daily hay intake was estimated at 250
and 1100g of dry matter (DM) for the last month of
gestation and early lactation, respectively. In addition,
in order to support the increased energy requirements
for foetal growth, 150g/d of cornflour was supplied
during the last 4 weeks of gestation.

At birth, the average lamb body weights were 3.61
and 3.5 for lambs born from ewes fed CON or LIN dur-
ing gestation, respectively (Nudda et al. 2015). The
lambs were reared by their dams and therefore
ingested exclusively milk until slaughter at d 28
of age.

Tissues sampling

On the day of slaughter, lambs were weighed and
then transferred to an authorised commercial abattoir
to be slaughtered according to the guidelines of the
Directive 2010/63/EU on the protection of animals
used for scientific purposes. After exsanguination, the
whole Longissimus dorsi (LD) muscles were excised
from the right side of each carcase, and the liver and
brain were collected. All samples were immediately
cooled with liquid nitrogen and then stored at —80°C
until analysis.

Determination of brain, liver, and muscle
proximate composition

Moisture, ash, total protein, and fat contents were
determined for the considered lamb tissues. About
509 of each tissue, after 72h of freeze-drying, were
used to determine moisture. Total ash and crude pro-
tein (CP) contents were determined according to the
Association of Official Analytical Chemists (AOAC)
method (2000), whereas total fat content according to
Folch et al. (1957).

Fatty acid analysis of the brain, liver and muscle

Lipids were extracted according to Folch et al. (1957)
from the freeze-dried liver, brain and LD samples. The

FA composition was determined by gas chromatog-
raphy as previously described by Nudda et al. (2015).
Fatty acids were expressed as a proportion of total FA
(% of total FA). Groups of FA were calculated consider-
ing the same FA profile for all samples: saturated FA
(SFA), the sum of the individual saturated FA; mono-
unsaturated FA (MUFA), the sum of the monounsatu-
rated FA; PUFA, the sum of the polyunsaturated FA;
PUFAN6, the sum of the PUFA belonging to the n-6
family; PUFAN3, the sum of the PUFA belonging to the
n-3 family; other PUFA, the difference between PUFA
and the sum of PUFAN3 + PUFANG; trans-FA (TFA), the
sum of the trans-FA, except CLA isomers and t11-
C18:1; odd- and branched-chain FA (OBCFA), the sum
of odd- and branched-chain FA. In addition, the n-6 to
n-3 ratio and the atherogenic (Al) and thrombogenic
(T1) indices according to Ulbricht and Southgate (1991)
and Nudda et al. (2013) were calculated as follow:

Al = [12:0+(4%x14:0)+16
:0]/[(PUFA) + (MUFA)];
Tl = (14:0+16:0)/[(0.5 x MUFA) + (0.5 x n — 6)
+(3xn-3)+(n-3:n-6)];

hypocholesterolemic to a hypercholesterolemic ratio
(h/H) was calculated according to Fernandez et al.
(2007) as follows:

h/H = [(sum of 18: 1cis—9, 18: 1cis — 11,

18:2n6, 18:3n6,18:3n3, 20:3n6, 20:4n6, 20
:5n3, 22 :4n6, 22 :5n3 and 22
:6n3)/(14:0 + 16:0)].

In order to estimate the desaturase and elongase
activity, some indices were calculated using the prod-
uct/precursor ratio of the percentage of individual FA
as follows: delta-9 desaturase activity (16:1¢is9/16:0,
D16; 18:1cis9/18:0, D18; C18:2cis-9trans-11/C18:1trans-
11, D-CLA); delta-5 desaturase activity (C20:4n6/
C20:3n6 D5) and delta-6 desaturase activity (C22:6n3/
C22:5n3 D6). The elongase (EL) activity was calculated
as EL2n6 = AdA/ARA (C22:4n6/C20:4n6) and
EL2n3 = DPA/EPA(C22:5n3/C20:5n3).

In order to estimate elongase and desaturase activ-
ities on the C18:3n3 the following ratio were calcu-
lated: EPA/ALA = C20:5n3/C18:3n3; DPA/ALA = (C22:5n3
/C18:3n3; DHA/ALA =(C22:6n3/C18:3n3; DHA/EPA=
C22:6n3/C20:5n3. The elongase and desaturase activity
on the C18:2n6 (LA) was calculated as follow: ARA/
LA =C20:4n6/C18:2n6.



Statistical analysis

Each investigated variable (proximate composition and
FA) was analysed within tissue using the following
2 x 2 factorial linear model:

y = p + GEST + LACT + GEST#LACT + s +¢

where y was the independent variable (i.e. the FA); p
was the general mean; GEST was the fixed effect of
the gestation diet of the ewe (2 levels, CON and LIN);
LACT was the fixed effect of the lactation diet of the
ewe (2 levels, CON and LIN); GEST*LACT was the inter-
action between GEST and LACT effects; s was the fixed
effect of the sex of the lamb (2 levels, male and
female); € was the residual error. Differences in means
were declared significant when the P-value of ANOVA
test was lower than .05. According to Murtaugh
(2014), P-value higher than .05 and lower than .10
were considered suggestive, even if inconclusive.
When the diet effect was found to be significant,
least-squares means were separated using the Tukey
honestly significant difference test (significance
declared for P < .05).

A principal component analysis (PCA) was carried
out in R software (R Core Team 2020) using prcomp
function applied to all samples together (n=108, 36
lambs x 3 tissues). According to the number of con-
sidered FA (twenty-eight sums and ratio), a total of 28
principal components (PC) were extracted. Variables
were scaled to have unit variance before the analysis.

Results and discussion

Details about the effect of experimental diets on
growth performance and carcase traits of lambs and
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milk and muscle (LD) FA profile were previously
reported by Nudda et al. (2015). Briefly, the body-
weight of lambs at slaughter (~9-10kg) did not differ
between groups and was almost three times greater
than the weight at birth (~3.5kg). In addition, lambs
born from mothers fed a linseed-based diet during
pregnancy showed suggestive lower daily gain and
cold carcase weight (Nudda et al. 2015).

Proximate composition

The effects of the experimental diets during gestation
and lactation and their interaction on the proximate
composition of the LD muscle, liver and brain are
reported in Table 2. The inclusion of extruded linseed
in the diet of mothers did not affect (P>.05) the
chemical composition of lambs’ tissues during gesta-
tion. Compared with the CON, LIN supplementation
during lactation decreased moisture and increase pro-
tein content in muscle (Table 2). The sex of lambs did
not affect the lamb’s tissues composition (P > .05).

Fatty acid composition of Longissimus
dorsi muscle

Linseed supplementation during lactation strongly
affected the FA profile of LD (Table 3). The effect of
linseed was effective also during gestation, even
though it was significant for a minor number of FA
compared to the lactation. Only one minor FA
(C18:2cis-9,trans-12) was affected by sex, with larger
values found for female lambs (data not shown).

In general, the FA composition of the lamb muscles
was similar to that of maternal milk, as confirmed by
several experiments (Valvo et al. 2005; Nudda et al.

Table 2. Proximate composition of tissues (muscle, brain and liver) of lambs born from Sarda ewes fed a control diet (CON) or a
diet containing linseed (LIN) during the last 8 weeks of gestation and for the first 4 weeks of lactation.

GEST' LACT' P-values
[tem? CON? LIN® CON LIN SEM GEST LACT GEST * LACT SEX
Muscle
Moisture 76.32 76.14 76.58 75.83 0.169 0.40 0.03 0.56 0.41
Fat 1.65 1.69 159 1.76 0.055 0.60 0.17 0.51 0.62
Protein 19.94 20.12 19.78 20.32 0.112 0.28 0.02 0.49 0.62
Ash 1.19 1.19 1.19 1.19 0.001 0.78 0.67 0.15 0.90
Brain
Moisture 81.69 81.79 81.5 82.01 0.151 0.45 0.11 0.65 0.25
Fat 6.04 6.01 6.24 578 0.146 0.60 0.15 0.84 0.18
Protein 9.84 9.81 9.88 9.76 0.072 0.87 0.42 0.90 0.86
Ash 1.24 1.26 1.26 1.24 0.009 0.46 0.39 0.46 0.83
Liver
Moisture 71.62 71.76 71.95 7142 0.196 0.83 0.21 0.63 0.65
Fat 4.94 481 467 5.09 0.139 0.51 0.14 0.58 0.57
Protein 19.83 19.83 19.68 20.00 0.152 0.78 0.34 0.83 0.42
Ash 157 1.61 158 1.60 0.025 0.77 0.75 0.24 0.25

'GEST = gestation diets; LACT = lactation diets.
?Data are expressed as g/100 g fresh tissue.
3CON = control diet; LIN = linseed supplementation.
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Table 3. Fatty acid composition (% of total fatty acids) in muscle (Longissimus dorsi; LD) of lambs born from Sarda ewes fed a
control diet (CON) or a diet containing linseed (LIN) during the last 8 weeks of gestation and for the first 4 weeks of lactation.

GEST' LACT' P-values
Fatty acid? CON? LIN® CON LIN SEM GEST LACT GEST * LACT SEX
C10:0 0.11 0.11 0.12 0.10 0.005 0.83 0.14 0.05 0.47
C12:0 0.28 0.32 0.33 0.27 0.015 0.26 0.08 0.24 0.43
C13:0 0.01 0.02 0.02 0.02 0.001 0.35 0.50 0.25 0.29
C14:0 3.43 3.48 3.46 3.45 0.123 0.85 0.95 0.14 0.99
C15:0 0.32 0.32 0.32 0.32 0.007 0.96 0.54 0.64 0.93
C16:0 19.88 19.71 21.18 18.24 0.372 0.66 <0.01 0.15 0.72
C17:0 0.60 0.63 0.58 0.65 0.011 0.17 <0.01 0.06 0.91
C18:0 139 13.97 13.94 13.92 0.179 0.93 0.97 0.24 0.76
€20:0 0.18 0.15 0.18 0.15 0.008 0.05 0.14 0.65 0.47
€22:0 0.03 0.03 0.03 0.03 0.002 0.81 0.39 0.78 0.36
C24:0 0.12 0.06 0.12 0.05 0.011 <0.01 <0.01 0.10 0.93
is0C14:0 0.03 0.04 0.03 0.04 0.002 0.32 0.51 0.21 0.71
is0C15:0 0.09 0.08 0.08 0.09 0.003 0.65 0.06 0.38 0.18
is0C16:0 0.14 0.14 0.14 0.14 0.003 0.74 0.35 0.42 0.30
is0C17:0 0.41 0.44 0.40 0.46 0.011 0.08 <0.01 0.27 0.61
anteisoC15:0 0.11 0.11 0.11 0.11 0.003 0.96 0.35 0.10 0.61
anteisoC17:0 0.30 0.30 0.29 0.31 0.006 0.79 0.06 0.50 0.09
C14:1¢9 0.11 0.11 0.11 0.11 0.006 0.92 0.41 0.03 0.37
C16:1t6 +t7 0.03 0.03 0.03 0.03 0.001 0.80 0.01 0.55 0.52
C16:1t8 0.04 0.03 0.03 0.04 0.002 0.27 0.02 0.26 0.56
C16:1t9 0.17 0.19 0.11 0.25 0.015 0.42 <0.01 0.79 0.95
C16:1t10 0.03 0.03 0.02 0.03 0.001 0.72 <0.01 0.97 0.49
C16:1¢c7 0.36 0.35 0.34 0.37 0.007 0.77 0.04 0.94 0.80
C16:1¢9 1.26 1.18 132 1.1 0.054 0.61 0.04 0.07 0.41
C16:1¢10 0.07 0.08 0.07 0.08 0.002 0.17 0.00 0.16 0.20
C17:1c8 0.04 0.04 0.04 0.04 0.002 0.73 0.52 0.24 0.67
C17:1¢9 0.32 0.32 0.33 0.31 0.008 0.93 0.52 0.77 0.65
C18:1t4 0.07 0.09 0.07 0.09 0.005 0.01 0.02 0.91 0.12
C18:1t6 + 18 0.26 0.28 0.20 0.34 0.015 0.16 <0.01 0.13 0.09
C18:1t9 0.32 0.35 0.27 0.41 0.014 0.06 <0.01 0.07 0.37
C18:1t10 0.56 0.55 0.41 0.72 0.063 0.91 0.01 0.43 0.93
C18:1t11 1.99 2.15 1.17 3.08 0.190 0.34 <0.01 0.39 0.51
C18:1¢9 30.93 30.57 31.02 30.43 0.405 0.66 0.49 0.83 0.99
C18:1¢11 130 129 1.23 136 0.027 0.86 0.02 0.24 0.69
C18:1¢12 0.90 0.99 0.68 1.25 0.055 0.04 <0.01 0.20 0.11
C18:1c13 0.08 0.08 0.07 0.09 0.004 0.30 <0.01 0.53 0.16
C18:1c14 0.11 0.14 0.10 0.16 0.009 0.01 <0.01 0.27 0.79
C18:1c15 0.11 0.13 0.08 0.17 0.009 0.08 <0.01 0.72 0.86
€20:1n9 0.16 0.14 0.16 0.14 0.005 0.16 0.13 0.74 0.98
C18:2t8¢13 0.17 0.20 0.14 0.23 0.009 <0.01 <0.01 0.31 0.75
C18:2t912 0.72 0.75 0.56 0.93 0.034 0.15 <0.01 0.58 0.08
C18:2¢c9t12 0.24 0.22 0.19 0.28 0.018 1.00 0.01 0.27 0.04
C18:2n6 10.13 10.41 1032 10.23 0.262 0.45 0.82 0.11 0.53
CLAC11c13 0.05 0.05 0.04 0.06 0.003 0.80 <0.01 0.37 0.86
CLACOt11 1.07 1.17 0.76 1.52 0.085 0.38 <0.01 0.82 0.84
CLAt10c12 0.05 0.05 0.02 0.08 0.006 0.46 <0.01 0.25 0.78
€20:2n6 0.08 0.08 0.09 0.07 0.003 0.80 0.02 0.72 0.94
C22:2n6 0.07 0.04 0.07 0.04 0.007 0.01 0.04 0.27 0.19
C18:3n3 0.99 118 0.71 1.51 0.079 0.03 <0.01 0.75 0.80
C18:3n6 0.09 0.08 0.09 0.07 0.004 0.38 0.04 0.46 0.29
€20:3n3 0.05 0.05 0.05 0.05 0.003 0.46 0.47 0.33 0.12
€20:3n6 0.31 0.28 0.34 0.24 0.018 0.39 0.01 0.83 0.74
€20:3n9 0.60 0.37 0.60 0.35 0.067 0.02 0.06 0.33 0.31
C18:4n3 0.03 0.03 0.03 0.03 0.001 0.89 0.25 0.35 0.52
€20:4n3 0.02 0.03 0.02 0.03 0.002 0.09 0.21 0.30 0.11
€20:4n6 (ARA) 3.82 3.26 414 2.84 0.242 0.16 0.01 0.87 0.67
C22:4n6 0.29 0.18 0.29 0.17 0.021 <0.01 <0.01 0.47 0.55
€20:5n3 (EPA) 0.46 0.69 0.52 0.66 0.044 0.01 0.07 0.96 0.42
€22:5n3 (DPA) 0.80 0.91 0.90 0.81 0.051 0.39 0.51 0.98 0.36
€22:6n3 (DHA) 0.38 0.47 0.43 0.42 0.030 0.19 0.93 0.67 0.53
SFA 39.78 39.73 41.14 3821 0.438 0.78 <0.01 0.27 0.69
MUFA 39.50 39.51 3833 40.81 0.407 0.81 <0.01 0.84 0.60
PUFA 20.72 20.76 20.54 20.97 0.598 0.98 0.72 0.58 0.94
OBCFA 2.02 2.06 1.95 2.14 0.031 0.25 <0.01 0.82 0.43
né6/n3 6.08 4.94 6.46 439 0.253 <0.01 <0.01 1.00 0.29

'GEST = gestation diets; LACT = lactation diets.

’Data are expressed as % of total fatty acids (FA). ARA=arachidonic acid; EPA=eicosapentaenoic acid; DPA=docosapentaenoic acid;
DHA = docosahexaenoic acid; SFA=sum of saturated FA; MUFA=sum of monounsaturated FA; PUFA sum of polyunsaturated FA; n6/n3 =ratio

between PUFA belonging to the n6 family and PUFA belonging to the n3 family.
3CON = control diet; LIN = linseed supplementation.



2015; Fusaro et al. 2019). Linseed supplementation
during lactation lowered (P < .01) the concentration of
C16:0 and C16:1cis9. An opposite pattern was
observed for the concentration of most C16:1, C18:1
and the CLA isomers. In particular, the concentration
of C18:1trans11 (vaccenic acid, VA) and C18:2cis-
9,trans-11 (rumenic acid, RA) increased (P<.01) in
muscles of lamb suckling milk from mothers fed lin-
seed during lactation. These FA are mainly derived
from the biohydrogenation of dietary FA occurring in
the rumen, in particular on C18:3n3 (Chilliard et al.
2007). The increase of dietary C18:3n3 leads to a
rumen accumulation of its biohydrogenation inter-
mediates, such as vaccenic acid (Correddu et al. 2015),
that can be also retrieved in milk (Correddu et al.
2016) and, in turn, in the muscle of sucking lambs
(Bessa et al. 2007). In particular, the CLA isomer
C18:2cis-9,trans-11, increased in the LIN group during
lactation partly because of a direct transfer from milk
to muscle and partly from the endogenous synthesis
in intramuscular fat by desaturation of C18:1trans11
(vaccenic acid, VA). Consistently, a strong correlation
between C18:2cis-9,trans-11 and its  precursor
C18:1trans11 was already reported (Nudda et al. 2019).
As expected, the concentration of C18:3n3 increased
in the muscle of lambs whose mothers were fed
extruded linseed, both during gestation and lacta-
tion (P < .05).

Fatty acid profile of muscle was less affected when
extruded linseed was included in the mother diet dur-
ing gestation. The transfer of FA from mother to foe-
tus is regulated by the permeability of the placenta,
and a crucial role is played by the fatty acid-binding
protein ( FABPpm; Campbell et al. 1994; Larqué et al.
2013; Jones et al. 2014; Desantadina et al. 2018).
Environmental or animal factors affecting the expres-
sion and activity of FABPpm could explain differences
among studies. As an example, feeding late gestating
dairy cows a diet supplemented with oilseed reduced
placental fatty acid transporters expression, likely due
to changes in fatty acid-activated transcription factors,
such as peroxisome proliferator-activated receptors
(PPARs; Salehi and Ambrose 2017).

Even though the effect of linseed offered during
gestation appeared to be less evident than that of lac-
tation, it was observed a positive effect on the content
of C18:1t4 and C18:1c12 and C18:1c14, increased.
Among LCPUFAN3, the C20:5n3 (EPA) was increased in
muscle by linseed supplementation during gestation
(P<.01) and showed a suggestive greater value
(P<.10) with linseed supplementation during lacta-
tion. On the other hand, the linseed supplementation
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during gestation reduced or showed a suggestive
reduction of the concentration of those belonging to
the n-6 family C22:2n6 (P <.01), C22:4n6 (P <.01). The
C20:4n6 (ARA; P <.10) was reduced by linseed supple-
mentation only during lactation. It appears that the
supplementation of extruded linseed during gestation
produced an overall inverse relationship between
C18:3n3 and PUFANn6 derivatives. The opposite rela-
tionship, between C18:2n6 and PUFANn3 derivatives,
has been observed on prepartum cows supplemented
with linoleic acid source (Garcia et al. 2014). This
relationship could be partially explained with a com-
petition among C18:2n6 and C18:3n3 for the A6-desa-
turase in the long chain PUFA conversion pathway in
different species.

Fatty acid composition of brain

The inclusion of extruded linseed in the diet during
gestation and/or lactation had a weak effect on the
fatty acid composition of the lamb’s brain (Table 4).
Almost all FA in the brain were not influenced by diet-
ary treatments, except for the important LCPUFA and
minor FA (C24:0, C16:1t9, and C18:1t10). In particular,
the concentrations of C20:3n6, C22:5n3 (DPA) and
C22:6n3 (DHA) were increased, whereas C24:0 was
decreased in a group with LIN supplementation during
gestation. A positive effect of linseed on DPA and
DHA was observed also during lactation, suggesting a
synergic effect on the brain of lambs whose mothers
were fed linseed during both gestation and lactation.
This is very important from a nutritional point of view
because it highlights and confirms the importance of
an adequate supply of essential FA (e.g. ALA and
LCPUFAN3) during gestation in animals and humans
as well (Allen and Harris 2001; Niculescu et al. 2011).
Indeed, there is an important accumulation of LCPUFA
during the last trimester of pregnancy to support the
rapid growth and brain development of children
(Gibson et al. 2011; Harris and Baack 2015).

The ARA and DHA make up a considerable portion
(more than 70%) of the LCPUFA in the lamb brain tis-
sues (about 30 and 40%, respectively). As pointed out
by Rajion et al. (1985), considering their low concen-
trations, at trace levels, in maternal blood and milk
lipid fractions (Nudda et al. 2015), they are unlikely to
be derived directly from the maternal unesterified FA.
Then, these FA are more likely to be synthesised,
through intense elongase and desaturase activities,
from linoleic (C18:2n6) or linolenic (C18:3n3) acid
either in the placental or foetal tissues, or both, as
suggested by the studies of Shand and Noble (1979,
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Table 4. Fatty acid composition (% of total fatty acids) of the brain of lambs born from Sarda ewes fed a control diet (CON) or
a diet containing linseed (LIN) during the last 8 weeks of gestation and for the first 4 weeks of lactation.

GEST' LACT' P-values

Fatty acid? CON3 LIN® CON LIN SEM GEST LACT GEST * LACT SEX

C12:0 0.11 0.06 0.12 0.04 0.029 0.15 0.20 0.72 0.15
C14:0 153 126 1.62 1.13 0.185 0.17 0.22 0.87 0.08
C15:0 0.18 0.15 0.18 0.14 0.013 0.08 0.25 0.85 0.09
C16:0 234 22.81 23.38 22.76 0.250 0.11 0.23 0.35 0.28
C17:0 0.32 0.31 0.32 0.30 0.015 0.38 0.45 0.41 0.06
C18:0 153 1536 153 15.37 0.100 0.67 0.79 0.90 0.67
€20:0 0.36 0.38 0.37 0.37 0.010 0.41 0.72 0.39 0.88
€22:0 0.13 0.14 0.14 0.14 0.006 0.23 0.88 0.69 0.76
C24:0 1.04 0.51 0.79 0.73 0.056 <0.01 0.21 0.78 <0.01
is0C15:0 0.03 0.03 0.04 0.03 0.003 0.38 0.21 0.18 0.12
is0C16:0 3.12 3.22 3.10 3.26 0.099 0.37 0.46 0.50 0.24
is0C17:0 0.10 0.10 0.11 0.08 0.010 0.67 0.30 0.42 0.13
anteisoC17:0 0.09 0.08 0.09 0.08 0.008 0.51 0.46 0.18 0.09
C16:1t6 + t7 0.03 0.04 0.03 0.03 0.002 0.30 0.93 0.71 0.95
C16:1t8 0.10 0.10 0.10 0.11 0.004 0.37 0.17 0.42 0.54
C16:1t9 0.07 0.07 0.06 0.08 0.004 0.34 <0.01 0.39 0.43
C16:1t10 0.02 0.02 0.02 0.02 0.002 0.59 0.90 0.40 0.31
C16:1¢7 0.73 0.72 0.70 0.75 0.010 0.72 0.01 0.37 0.76
C16:1¢9 0.53 0.51 0.55 0.49 0.022 0.27 0.21 0.98 0.14
C16:1¢10 0.05 0.05 0.05 0.05 0.002 0.58 0.16 0.84 0.45
C17:1¢9 0.13 0.13 0.14 0.12 0.006 0.26 0.26 0.19 0.03
C18:1t4 0.07 0.07 0.07 0.07 0.004 0.82 0.87 0.56 0.01
C18:1t6 + 18 0.09 0.09 0.10 0.09 0.006 0.87 0.43 0.54 0.66
C18:1t9 0.06 0.05 0.07 0.04 0.010 0.32 0.28 0.34 0.15
C18:1t10 0.17 0.18 0.13 0.22 0.016 0.83 <0.01 0.37 0.35
C18:1t11 0.40 0.33 0.41 0.31 0.046 0.22 0.33 0.17 0.13
C18:1¢9 1933 19.26 19.93 18.58 0.439 0.44 0.17 0.54 0.04
C18:1¢11 3.76 3.76 3.63 3.90 0.098 0.54 0.23 0.76 0.05
C18:1c12 0.10 0.10 0.09 0.11 0.010 0.62 0.23 0.21 0.10
C18:1c13 0.09 0.09 0.09 0.10 0.003 0.90 0.20 0.96 0.08
C24:1c15 0.04 0.04 0.04 0.04 0.002 0.37 0.64 0.96 0.60
€20:1n9 121 1.29 1.22 129 0.044 0.26 0.49 1.00 0.44
C18:2n6 0.94 0.97 0.98 0.93 0.064 0.70 0.83 0.79 0.08
CLAC11c13 0.03 0.04 0.04 0.04 0.002 0.31 0.83 0.47 0.43
CLACOt11 0.18 0.18 0.17 0.19 0.023 0.67 0.55 0.25 0.12
€20:2n6 0.17 0.20 0.17 0.20 0.008 0.11 0.08 0.26 0.68
C22:2n6 0.29 0.26 0.26 0.29 0.012 0.29 0.17 0.71 0.09
C18:3n3 0.06 0.06 0.07 0.06 0.013 0.68 0.77 0.30 0.23
C18:3n4 0.05 0.05 0.05 0.05 0.003 0.72 0.50 0.75 0.04
C18:3n9 0.08 0.08 0.08 0.09 0.004 0.71 0.23 0.74 0.08
€20:3n3 0.03 0.03 0.03 0.04 0.002 0.79 0.03 0.48 0.55
€20:3n6 0.28 0.36 0.31 0.34 0.014 <0.01 0.23 0.24 0.93
€20:3n9 0.54 0.50 0.50 0.55 0.022 0.65 0.24 0.58 0.16
C16:4n1 141 152 143 150 0.056 0.24 0.55 0.80 0.60
€20:4n6 (ARA) 5.15 5.06 493 5.30 0.168 0.67 0.35 0.43 0.04
C22:4n6 3.04 264 2.80 2.86 0.103 0.19 0.95 0.44 0.01
€20:5n3 (EPA) 0.39 0.44 0.40 0.44 0.016 0.08 0.22 0.44 0.67
€22:5n3 (DPA) 0.60 0.85 0.63 0.85 0.037 <0.01 <0.01 0.27 0.35
€22:6n3 (DHA) 6.99 8.22 7.22 8.10 0.278 <0.01 0.09 0.30 0.11
SFA 45.44 4410 4529 4412 0.361 0.01 0.11 0.53 0.19
MUFA 27.09 26.96 27.51 26.48 0.426 0.41 0.29 0.39 0.06
PUFA 20.78 22.00 20.58 2235 0.521 0.05 0.10 0.39 0.06
OBCFA 3.88 3.93 3.88 3.93 0.052 0.51 0.70 0.66 0.69
né6/n3 126 1.02 1.18 1.08 0.033 <0.01 0.04 0.56 0.52

TGEST = gestation diets; LACT = lactation diets.

’Data are expressed as % of total fatty acids. ARA=arachidonic

acid; EPA =eicosapentaenoic acid; DPA = docosapentaenoic acid;

DHA = docosahexaenoic acid; SFA=sum of saturated FA; MUFA=sum of monounsaturated FA; PUFA sum of polyunsaturated FA; n6/n3 =ratio
between PUFA belonging to the n6 family and PUFA belonging to the n3 family.

3CON = control diet; LIN = linseed supplementation.

1981). The increase in DHA concentration and the lack
of effect on ARA, are consistent with the greater sup-
ply of C18:3n3 in lambs nutrition, due to the inclusion
of extruded linseed in the diet of mothers.

Although the diet was not able to affect the con-
centration of OBCFA (P> .05), the high concentration

of these FA in brain tissues was quite surprising.
Indeed, the mean values of the sum of OBCFA were
3.91+0.32, in the brain, mainly ascribed to the con-
centration of a fatty acid that has been identified as
isoC16:0 (3.18£0.61, mean £ SD). In humans branched-
chain fatty acids could be considered valuable markers



of dairy fat intake. In fact, OBCFA is mainly of micro-
bial origin and their concentrations in milk have often
been used as a proxy of the ruminal microbial activity,
also in response to different diets (Vlaeminck et al.
2006). However, suckling lambs can be considered
functionally non-ruminant (Lane et al. 2000; Osorio
et al. 2007), and the concentration could be partly
derived from suckled milk. The OBCFA can be also
produced endogenously by mammals, when propionyl-
CoA and methyl-malonyl-CoA are used as substrates for
the FA synthesis instead of acetyl-CoA and malonyl-
CoA, respectively (Dewulf et al. 2019). Accumulation of
OBCFA in sheep tissues, including the brain, has been
related to the Cobalt-Vitamin B;, deficiency (Kennedy
et al. 1994), often associated with a Cobalt-deficient
diet. Considering that the concentration of OBCFA in
the lamb brains was not affected (P>.05) by the
mother diet, we can exclude that our nutritional treat-
ment was involved. Then, further investigation should
be conducted to highlight the reasons for the high
concentration of these FA in the brain (in particular of
isoC16:0) retrieved in the present work.

Few FA were affected by sex, with C17:1cis9 and
C18:1cis9 higher in males, whereas C18:1t4, C18:3n4,
C20:4n6, C22:4n6, and C24:0 higher in females (data
not shown). In general, the effect of sex on FA com-
position differs greatly among works (Tejeda et al.
2008), making difficult the interpretation of the results.
Even if molecular mechanisms have still not been
completely elucidated, differences are likely attribut-
able to the sex hormones that can influence the fatty
acid metabolism and the related gene expression
(Starcevic et al. 2017).

Fatty acid composition of liver

Regarding the FA profile of the liver (Table 5), it was
possible to observe that linseed supplementation dur-
ing lactation strongly affected the liver FA profile of
lambs. The effect was more evident compared to that
on muscle FA profile. In general, the effect of linseed
offered during gestation was weaker than that of lac-
tation. In addition, only two minor FA were affected
by the sex of the lambs: C18:1c12 and C20:2n6, which
were both higher in females (data not shown). The lin-
seed supplementation during lactation did not affect
the concentration of short-chain fatty acids (SCFA) and
medium-chain fatty acids (MCFA), except for that
C16:0 that decreased (P <.01) and for some isomers of
C16:1, especially the trans-palmitoleic acid (C16:1
trans9), that exhibited an opposite trend. The positive
effect of linseed on C16:1 trans9 could be of great
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interest, for promising health benefits highlighted
recently by Guillocheau et al. (2020). The linseed
offered during lactation affected also the odd C17:0
and branched anteisoC17:0 that increased (P <.01). The
amount of almost all the identified trans and cis C18:1
isomers increased with linseed supplement. In particu-
lar, the linseed fed during lactation increased the pro-
portion of VA (value in LIN 2-3-fold greater than CON
group), confirming the results observed in muscle sam-
ples. Also, almost all identified isomers of CLA were
greater in groups receiving linseed during lactation,
with the c9,t11-CLA being the most abundant isomer
in both groups. From these results, it appears clear that
the variation of these liver FA in lambs responds to the
diet of mothers during the suckling period.
Interestingly the high differences compared to the con-
trol group were observed when LIN was included in
the diet of the mothers only post-partum. It should be
noticed that some effects can be ascribed to the differ-
ent forage to concentrate ratios between the diets
offered during the prenatal or postnatal period, as
reported in the previous work (Nudda et al. 2015).

The concentration of C18:3n3 in lactation was
almost doubled (P <.05) in the LIN compared to the
CON group, whereas no effect on LCPUFANn3 was
detected. Feeding lambs with protected linseed
enhanced both liver concentrations of C18:3n3 and
LCPUFANn3 (Demirel et al. 2004; Kim et al. 2007),
whereas supplementing Australian prime lambs with
linseed oils did not change C18:3n3 but increased
LCPUFAN3 concentration (Nguyen et al. 2017).
Differences between studies could be related to intake
of linseed directly from lambs rather than conveyed
through mothers’ milk, as in our trial. Consequently,
the intake of C18:3n3 by lambs belonging to the dif-
ferent experiments should be very different.
Considering an average of 1.2kg/day of suckled milk
with 4.1% of fat and 2.36% of C18:3n3 on total fat
(Nudda et al. 2015), the estimated 1.2g/d of C18:3n3
intake was markedly lower than 25g/d in the experi-
ment of Nguyen et al. (2017). In the present study, the
low hepatic ALA concentration (0.71g/100g FA) and
the relatively high LCPUFANn3 concentration (2.999g/
100g FA) were in line with a previous study on cattle
(da Costa et al. 2014) and could be explained by
highly active desaturation and elongation activities on
ALA acid occurring in this organ, that can be consid-
ered important for the biosynthesis of LCPUFAN3.

Multivariate analysis comparison of tissues

Multivariate statistical analysis has been demonstrated
to be a useful approach to reduce the complexity of
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Table 5. Fatty acid composition (% of total fatty acids) of the liver of lambs born from Sarda ewes fed a control diet (CON) or a
diet containing linseed (LIN) during the last 8 weeks of gestation and for the first 4 weeks of lactation.

GEST' LACT' P-values
Fatty acid? CON? LIN® CON LIN SEM GEST LACT GEST * LACT SEX
C5:0 0.02 0.02 0.02 0.02 0.001 0.30 0.04 0.88 0.56
C6:0 0.16 0.17 0.15 0.17 0.014 0.76 0.51 0.73 0.86
€80 0.01 0.02 0.02 0.02 0.001 0.10 0.76 0.35 0.70
C9:0 0.02 0.02 0.02 0.02 0.001 0.74 0.12 0.93 0.75
C10:0 0.03 0.04 0.04 0.03 0.003 0.21 0.12 0.43 0.53
C11:0 0.02 0.02 0.01 0.02 0.002 0.62 0.34 0.95 0.58
C12:0 0.21 0.23 0.23 0.21 0.015 0.99 0.46 0.81 0.15
C13:0 0.02 0.02 0.02 0.02 0.001 0.79 0.94 0.94 0.53
C14:0 1.21 1.23 1.24 1.20 0.053 0.88 0.79 0.73 0.27
C15:0 0.27 0.25 0.25 0.27 0.008 0.20 0.11 0.96 0.89
C16:0 17.85 175 18.71 16.51 0.369 0.22 <0.01 0.56 0.05
C17:0 0.69 0.71 0.65 0.76 0.017 0.40 <0.01 0.31 0.45
C18:0 24.56 25.54 25.65 24.45 0.578 0.35 0.32 0.71 0.83
€20:0 0.18 0.18 0.17 0.19 0.006 0.57 0.27 0.84 0.14
€22:0 0.07 0.08 0.07 0.08 0.003 0.09 0.08 0.77 0.40
C24:0 0.10 0.06 0.09 0.06 0.013 0.24 0.18 0.19 0.17
anteisoC15:0 0.06 0.06 0.06 0.06 0.002 0.79 0.50 0.21 0.90
anteisoC17:0 0.29 0.30 0.27 0.32 0.011 0.70 0.02 0.53 0.77
is0C13:0 0.01 0.01 0.01 0.01 0.001 0.77 0.91 0.76 0.07
is0C14:0 0.01 0.02 0.01 0.01 0.001 0.20 0.53 0.90 0.26
is0C15:0 0.06 0.06 0.06 0.07 0.003 0.44 0.20 0.74 0.81
is0C16:0 0.33 0.29 0.35 0.27 0.017 0.35 0.01 0.27 0.24
is0C17:0 0.42 0.46 0.39 0.50 0.019 0.34 <0.01 0.33 0.60
C10:1 0.02 0.02 0.02 0.02 0.002 0.90 0.31 0.59 0.90
C14:1¢9 0.03 0.03 0.03 0.03 0.002 0.83 0.52 0.63 0.76
C15:1 0.05 0.06 0.05 0.07 0.009 0.91 0.16 0.98 0.38
C16:1t6 +t7 0.09 0.10 0.07 0.12 0.010 0.61 0.02 0.46 0.92
C16:1t8 0.07 0.06 0.05 0.08 0.004 0.40 <0.01 0.02 0.34
C16:1t9 0.21 0.22 0.13 0.32 0.020 0.71 <0.01 0.46 0.79
C16:1t10 0.03 0.03 0.02 0.04 0.002 0.89 <0.01 0.16 0.09
C16:1¢7 0.55 0.52 0.48 0.59 0.023 0.47 0.02 0.59 0.61
C16:1¢9 0.67 0.65 0.71 0.60 0.040 0.49 0.22 0.91 0.17
C16:1¢10 0.08 0.09 0.07 0.10 0.005 0.97 <0.01 0.22 0.08
C17:1¢c8 0.04 0.03 0.04 0.03 0.002 0.55 0.73 0.86 0.65
C17:1¢c9 0.22 0.21 0.22 0.21 0.013 0.64 0.58 0.43 0.42
C18:1t4 0.11 0.10 0.11 0.10 0.005 0.19 0.44 0.98 0.49
C18:1t6 + t8 0.17 0.15 0.11 0.21 0.011 0.58 <0.01 0.06 0.15
C18:1t9 0.31 0.32 0.28 0.36 0.012 0.68 <0.01 0.02 0.42
C18:1t10 0.30 0.28 0.21 0.38 0.034 0.67 0.01 0.28 0.98
C18:1t11 2.23 237 1.35 337 0.215 0.57 <0.01 0.65 0.90
C18:1¢9 23.56 23.72 23.43 23.89 0.637 0.84 0.66 0.50 0.32
C18:1¢10 0.29 0.34 0.14 0.50 0.042 0.23 <0.01 0.23 0.26
C18:1¢11 0.82 0.79 0.78 0.83 0.015 0.73 0.14 0.95 0.14
C18:1c12 0.75 0.78 0.52 1.04 0.053 0.28 <0.01 0.26 0.03
C18:1c13 0.09 0.08 0.07 0.10 0.005 0.20 <0.01 0.48 0.08
C18:1c14 0.22 0.22 0.18 0.27 0.013 0.65 <0.01 0.71 0.18
C18:1c15 0.05 0.05 0.03 0.07 0.005 0.92 <0.01 0.23 0.16
€20:1n9 0.24 0.25 0.26 0.24 0.011 0.47 0.31 0.29 0.24
C22:1n11 0.21 0.23 0.21 0.23 0.012 0.33 0.29 0.24 0.84
C24:1c15 0.03 0.04 0.04 0.03 0.002 0.54 0.83 0.35 0.65
C18:2t8¢13 0.17 0.18 0.14 0.21 0.012 0.73 <0.01 0.16 0.85
C18:2t9t12 0.77 0.79 0.58 1.00 0.049 0.80 <0.01 0.37 0.96
C18:2t9¢12 0.04 0.05 0.05 0.04 0.005 0.80 0.77 0.03 0.99
C18:2¢9t12 0.25 0.26 0.24 0.28 0.008 0.35 <0.01 0.06 0.65
C18:2n6 8.41 8.20 8.59 7.97 0.301 0.95 0.28 0.65 0.37
CLAC11c13 0.03 0.02 0.02 0.03 0.001 0.86 0.01 0.74 0.08
CLACOt11 0.77 0.79 0.58 1.00 0.072 0.89 <0.01 0.99 0.99
CLAt10c12 0.03 0.03 0.01 0.05 0.005 0.74 <0.01 0.62 0.99
CLAt11t13 0.03 0.02 0.01 0.04 0.003 0.42 <0.01 0.16 0.50
€20:2n6 0.12 0.12 0.13 0.11 0.005 0.64 0.02 0.76 0.03
C22:2n6 0.04 0.04 0.04 0.04 0.002 0.08 0.15 0.75 0.38
C18:3n3 0.68 0.73 0.51 0.93 0.062 0.53 <0.01 0.85 0.68
C18:3n4 0.02 0.02 0.01 0.02 0.002 0.86 <0.01 0.05 0.79
C18:3n6 0.08 0.07 0.09 0.06 0.005 0.44 <0.01 0.33 0.31
C18:4n3 0.03 0.03 0.03 0.04 0.002 0.64 0.30 0.96 0.67
€20:3n3 0.04 0.04 0.04 0.04 0.002 0.59 0.59 0.57 0.26
€20:3n6 0.24 0.24 0.26 0.22 0.017 0.52 0.13 0.48 0.15
€20:3n9 0.19 0.16 0.20 0.15 0.011 0.21 0.01 0.05 0.32

(continued)
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GEST' LACT' P-values
Fatty acid? CON? LIN® CON LIN SEM GEST LACT GEST * LACT SEX
€20:4n3 0.01 0.02 0.01 0.02 0.002 0.06 0.08 0.41 0.55
€20:4n6 (ARA) 459 3.87 493 3.41 0315 0.39 0.01 0.24 0.20
C22:4n6 0.37 0.19 0.39 0.15 0.035 <0.01 <0.01 0.01 0.13
€20:5n3 (EPA) 0.34 0.41 0.32 0.44 0.034 0.18 0.10 0.55 0.46
C22:5n3 (DPA) 1.20 1.04 1.22 0.99 0.094 0.69 0.16 0.57 0.14
C22:6n3 (DHA) 141 142 1.55 1.28 0.129 0.66 0.26 0.38 0.23
SFA 46.22 46.86 48.11 4483 0.679 0.86 0.02 0.57 0.41
MUFA 31.41 31.68 29.55 33.78 0.768 0.98 <0.01 0.31 0.46
PUFA 20.11 19.01 20.18 18.81 0.881 0.80 0.38 0.66 0.23
OBCFA 2.18 2.18 2.08 231 0.040 0.81 <0.01 0.49 0.61
né6/n3 4.60 426 453 430 0.225 0.25 0.69 0.86 0.26

TGEST = gestation diets; LACT = lactation diets.
’Data are expressed as % of total fatty acids.

ARA = arachidonic

acid; EPA =eicosapentaenoic acid; DPA=docosapentaenoic acid;

DHA = docosahexaenoic acid; SFA=sum of saturated FA; MUFA=sum of monounsaturated FA; PUFA sum of polyunsaturated FA; n6/n3 =ratio
between PUFA belonging to the n6 family and PUFA belonging to the n3 family.

3CON = control diet; LIN = linseed supplementation.

data; for this reason, this statistical analysis has shown
interesting applications in the study of the FA com-
position in different matrices. In particular, PCA is used
to reduce the variance of the system in a smaller num-
ber of new variables (extracted principal components),
and it is particularly useful to cluster observations
based on the correlation with the new variables
(Correddu et al. 2021). Application of PCA on the FA
profile of lamb meat allowed to differentiate lambs
reared in different forage systems (Ye et al. 2020).
Recently, in cattle, PCA allowed a clear separation
among tissues, based exclusively on their FA profile
and contributed to highlighting differences in lipid
metabolism (da Costa et al. 2014).

Results of the principal component analysis carried
out in the present work are reported in Table 6 and
Figure 2. The first 5 extracted PC accounted for 90%
of the total variance (Table 6). PC1, which explained
45% of the total variance, showed a clear separation
between the brain, at negative values, and muscle
and liver, at positive values (Figure 2(A)). The meaning
of the distinction between brain samples and that of
liver and muscle, highlighted by the PC1 scores,
should be searched in the separation operated by the
same PC on the original variables (Table 6 and Figure
2(B)). In particular, PC1 showed larger negative values
for the elongase and desaturase indices and, among
FA groups, for PUFAn3 and OBCFA; on the contrary,
PC1 showed the largest positive values for n6/n3 and
MUFA. These clusterizations are associated with the
different values of these variables in the considered
tissues. Brain tissue showed a lower value of n6/n3
compared to both liver and muscle. On the contrary,
for the variables with the most negative loadings for
PC1 (i.e. ARA/LA and DHA/EPA) brain showed larger
values compared to the other two considered tissues.

Thus, variables with positive loadings for PC1 (i.e. n6/n3)
showed low values for the brain and high for liver and
muscle, whereas the variables with negative loadings for
PC1 (i.e. ARA/LA and DHA/EPA) showed the opposite
pattern. This was confirmed also by the correlation
between PC1 scores and the amount of the considered
variables: n6/n3 had a positive correlation (0.86),
whereas ARA/LA and DHA/EPA had negative correlations
(both —0.94). In general, these results indicate that the
largest differences among tissues are related to the
metabolism of the FA, specifically by the elongase and
desaturase activities. In particular, the highest activity of
these enzymatic pathways can be retrieved in the brain,
whereas the lowest (or no activity) in muscle, with the
liver being intermediate. This result is in accordance
with the typical high concentration of LCPUFA and, in
addition, to the low content of alpha-linolenic acid in
brain tissue and agrees to a previous report on brain FA
composition in lambs (Celik et al. 1999).

PC2 accounted for 18% of the total variance; SFA,
Tl and Al showed the lowest value, whereas PUFA and
PUFA/SFA were the highest ones (Table 6). Thus, PC2
can be considered associated with the quality of FA
composition from a nutritional point of view. Indeed,
a high concentration of PUFA and high values of
PUFA/SFA and h/H ratios are associated with a health-
ier fatty acid profile. No clear pattern can be observed
among tissues according to PC2 scores (Figure 2A), in
agreement with the slight differences observed in the
amount of these FA in the three considered tissues.
However, it could be argued that this PC may be
related to the different diets involved in this study:
PC2 scores of lambs born from ewes fed CON or LIN
during lactation were significantly different with Tukey
HSD test (P<.05), whereas no differences were
observed in gestation. Moreover, the pseudo-
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Table 6. Loadings of the first 5 principal components (PC) extracted from the 30 considered variables. Standard deviations, pro-
portion of variance (i.e. eigenvalue) and cumulative proportion of reported PC

Variables' PC1 PC2 PC3 PC4 PC5
TFA 0.208 0.052 —0.021 0.320 —0.254
SFA —0.070 —0.356 —0.221 0.064 0.171
MUFA 0.230 0.012 0.233 —0.011 —0.171
PUFA —0.083 0.381 —0.118 —0.140 0.083
PUFAN3 —0.256 0.140 0.019 0.002 0.002
PUFAN6 0.148 0.274 —0.194 —0.169 0.141
Other PUFA —0.157 0.223 0.217 0.033 —0.236
OBCFA —0.254 —0.048 0.129 0.076 —0.075
n6/n3 0.236 —0.080 —0.008 —0.059 0.248
PUFA/SFA —0.029 0.420 —0.012 —0.129 0.006
MUFA/SFA 0.204 0.146 0.251 —0.027 —0.182
Al —0.027 —0.290 0.251 —0.315 —0.038
Tl 0.101 —0.356 0.135 —0.203 0.081
HPPUFA —0.256 0.142 —0.015 —0.084 0.051
h/H 0.149 0.300 —0.172 0.106 —0.022
Delta-5 ARA —0.096 —0.060 —0.326 —0.303 —0.427
Delta-9 C16 0.221 0.034 0.173 —0.219 —0.066
Delta-9 C18 0.139 0.068 0.362 —0.273 —0.068
Delta-9 CLA —0.016 0.138 0.138 —0.527 0.291
EL2n6 —0.256 —0.057 0.117 —0.074 —0.099
EL2n3 0.015 —0.069 —0.393 —0.223 0.225
EPA/ALA —0.235 0.045 0.111 0.085 0.156
DPA/ALA —0.238 0.050 0.080 0.043 0.262
DHA/ALA —0.238 0.042 0.105 0.074 0.168
DHA/EPA —0.259 —0.057 0.029 —0.074 —0.056
Delta-6 DHA —0.252 —0.065 0.099 —0.018 —0.187
ARA/LA —0.260 0.021 0.077 0.010 —0.060
ARA/DGLN —0.096 —0.06 —0.326 —0.303 —0.427
Standard deviation 3.619 2.277 2.054 1.305 1.058
Proportion of Variance 0.468 0.185 0.151 0.061 0.040
Cumulative Proportion 0.468 0.653 0.803 0.864 0.904

TFA = sum of the individual trans-FA, except CLA isomers and t11-C18:1; SFA =sum of the individual saturated FA; MUFA = sum of the individual mono-

unsaturated FA; PUFA, sum of the individual polyunsaturated FA; PUFAn3, sum of the PUFA belonging to the n3 family; PUFAn6 sum of the PUFA
belonging to the n6 family; OBCFA =sum of individual odd- and branched-chain FA; n6/n3 =ratio between PUFA n6 and PUFAn3; Al = aterogenic
index; Tl trombogenic index; HPPUFA: high polyunsaturated PUFA; h/H hypocholesterolemic to hypercholesterolemic ratio; delta-5 ARA =index of delta-
5 desaturase activity calculated as: ARA/DGLN (arachidonic acid, C20:4n6/dihomo-gamma-linolenic acid, C20:3n6); delta-9 C16 =index of delta-9 desatur-
ase activity calculated as: C16:1¢is9/C16:0; delta-9 C18 =index of delta-9 desaturase activity calculated as: C18:1¢is9/C18:0; delta-9 CLA =index of delta-
9 desaturase activity calculated as: C18:2cis-9trans-11/C18:1trans-11; EL2n6 = elongase activity of elovI2 calculated as: AdA/ARA (adrenic acid, C22:4n6/
arachidonic acid, C20:4n6); EL2n3 = elongase activity of elovl2 calculated as: DPA/EPA (docosapentaenoic acid, C22:5n3/eicosapentaenoic acid, C20:5n3);
ALA = alpha-linolenic acid; DHA = docosahexaenoic acid (C22:6n3); delta-6 DHA =delta-6 desaturase activity calculated as: DHA/DPA (docosahexaenoic
acid, C22:6n3/docosapentaenoic acid, C22:5n3); LA =linoleic acid.

correlation between GEST diet and PC2 scores (i.e. the
correlation between observed scores and predicted
ones) was 0.26. Based on these considerations, it can
be pointed out that, irrespective of the tissue, lambs
from mother fed LIN during lactation showed a better
FA profile (i.e. the greater amount of PUFA, greater
ratio PUFA/SFA, and lower values of Al and TI) com-
pared to that from CON group. This was expected and
in agreement with the large literature existing on the
positive effects of the linseed dietary inclusion on the
ruminant’s tissues FA profile (Petit 2010; Nudda
et al. 2020).

PC3, which explains 15% of the total variance
(Table 6), had large positive values for PUFA, MUFA,
Al, MUFA/SFA and delta-9C18; large negative values
for PC3 were observed for SFA, ARA/DGLN Delta-5ARA
and EL2n3 (Table 6). The PC3 was able to separate
brain and muscle (with positive scores) from liver
(with negative scores) tissue samples (Figure 2(C)).

An interesting result can be observed by looking
at the plot of the scores (Figure 2(C)) and loadings
(Figure 2(D)) of the PC1 and PC3 that allows sepa-
rating the three tissues: the brain has negative val-
ues for PC1 and positive for PC3, muscle has
positive values for both PC1 and PC3, and liver has
positive values for PC1 and negative for PC3. In
general, it appears that the liver differs from muscle
and brain for a larger amount of SFA, but also for a
greater elongase activity of elovl2 (in particular on
the PUFAN3), calculated as a ratio between DPA/
EPA (C22:5n3/C20:5n3), and delta-5 desaturase
activity calculated as ARA/DGLA (C20:4n6/C20:3n6)
ratio; muscle differs from the other tissues for the
greater delta-9 desaturase activity on the C16:0 and
C18:0 to produce their corresponding monounsatu-
rated cis-9 isomers (C16:1cis-9 and C18:1cis-9,
respectively) and consequently showed high values
for MUFA concentration and for a greater MUFA/
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Figure 2. The plot of the scores (A) and loadings (B) for the first and second principal components. The plot of the scores (C) and
loadings (D) for the first and third principal components. Different shapes indicate samples belonging to different tissues . TFA = sum
of the individual trans-FA, except CLA isomers and t11-C18:1; SFA = sum of the individual saturated FA; MUFA = sum of the individual
monounsaturated FA; PUFA, sum of the individual polyunsaturated FA; PUFAN3, sum of the PUFA belonging to the n3 family; PUFAn6
sum of the PUFA belonging to the n6 family; OBCFA = sum of individual odd- and branched-chain FA; n6/n3 = ratio between PUFAn6
and PUFAN3; Al = aterogenic index; Tl trombogenic index; HPPUFA: high polyunsaturated PUFA; h/H hypocholesterolemic to hypercho-
lesterolemic ratio; delta-5ARA =index of delta-5 desaturase activity calculated as: ARA/DGLN (arachidonic acid, C20:4n6/dihomo-
gamma-linolenic acid, C20:3n6); delta-9 C16 = index of delta-9 desaturase activity calculated as: C16:1¢is9/C16:0; delta-9 C18 = index of
delta-9 desaturase activity calculated as: C18:1¢is9/C18:0; delta-9 CLA=index of delta-9 desaturase activity calculated as: C18:2cis-
9trans-11/C18:1trans-11; EL2n6 = elongase activity of elovl2 calculated as: AJA/ARA (adrenic acid, C22:4n6/arachidonic acid, C20:4n6);
EL2n3 =elongase activity of elovl2 calculated as: DPA/EPA (docosapentaenoic acid, C22:5n3/eicosapentaenoic acid, C20:5n3);
ALA = alpha-linolenic acid; DHA = docosahexaenoic acid (C22:6n3); delta-6 DHA = delta-6 desaturase activity calculated as: DHA/DPA
(docosahexaenoic acid, C22:6n3/docosapentaenoic acid, C22:5n3); LA = linoleic acid.

SFA ratio. On the other hand, as above described PUFANG), calculated as a ratio between adrenic acid
for PC1, the brain differs from the other tissues for (AdA) and ARA (C22:4n6/C20:4n6), OBCFA and
the greater activity of elovl2 (in particular on the PUFAN3 concentration, and for the greater activity



374 A. NUDDA ET AL.

of the desaturase and elongase activity occurring
on the alpha-linolenic acid (calculated as EPA/ALA,
DHA/ALA, DPA/ALA).

Conclusions

Results of the present work confirm the large impact
of maternal diet on the fatty acid composition of lamb
tissues, and the large effect of extruded linseed fed
during lactation in improving the concentration of
beneficial fatty acids at muscle and liver tissues level.
The effect of linseed was effective also during gesta-
tion, especially on brain tissue. The “memory effect” of
linseed supplementation during gestation was particu-
larly evident in the fatty acid composition of lamb
brain, which showed, compared to the control group,
increased values of long-chain polyunsaturated fatty
acids. The principal component analysis allowed to dif-
ferentiate the three considered tissues, based on the
metabolism occurring on the polyunsaturated fatty
acids. Brain differs from the other tissues for the high
elongase and desaturase activities on linoleic
(C18:2n6) or linolenic (C18:3n3) acids. The liver differs
from muscle and brain for a larger amount of SFA, but
also for a greater elongase activity on PUFANn3, and
delta-5 desaturase activity; muscle differs from the
other tissues for the greater delta-9 desaturase activ-
ity. Furthermore, irrespective of the tissues, lambs
whose mothers were fed extruded linseed both during
gestation and lactation periods evidenced a better FA
profile compared to the control.
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