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Simple Summary: The present study aimed to determine the effects of maternal dietary supplemen-
tation combining hydroxytyrosol and n3 polyunsaturated fatty acids (n3-PUFA) from day 35 to day
100 of gestation on the fatty acid (FA) composition of the offspring tissues of the Iberian pig. No
effects were found in the plasma FA composition of the dams but higher levels of n3-PUFA were
found in the plasma and different tissues (muscle, liver, and brain) of the supplemented fetuses. These
findings may have important implications for piglets’ health and may offer guidance for achieving
human dietary n3-PUFA recommendations.

Abstract: Intrauterine Growth Restriction (IUGR) is a major problem in pig production and different
strategies, mainly maternal supplementation with different agents, are currently being studied. The
combination of hydroxytyrosol and n3-PUFA seems to be a promising treatment to counteract IUGR,
since the combination may help improve n3-PUFA composition and lower the inflammatory status of
IUGR piglets. The aim of the present study is to determine the effects of a maternal supplementation,
from day 35 to day 100 of pregnancy, with linseed oil and hydroxytyrosol on the fetal FA composition.
The results showed higher n3 levels, including eicosapentaenoic and docosahexaenoic FA in the
offspring from treated gilts, which showed lower n6-PUFA/n3-PUFA (n6/n3) ratios. Saturated and
monounsaturated fatty acids were also affected by treatment, especially in the muscle and brain.
Thus, a maternal supplementation with linseed oil and hydroxytyrosol affected the fetal FA tissue
composition, which could have implications in pig production due to the improvement of the piglets’
health status.

Keywords: hydroxytyrosol; linseed oil; progeny; swine

1. Introduction

Maternal nutrition during pregnancy is critical for the adequate fetal growth and the
metabolism of the offspring, with important implications during the offspring’s lifetime [1].
Concerning the importance of pigs in both animal production and translational research,
different nutrients have been tested in pregnant sows to improve their offspring’s fetal
status and postnatal development [2].
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Essential fatty acids (EFA) are studied because some polyunsaturated fatty acids
(PUFA) are indispensable for adequate tissue development during fetal stages and, there-
fore, pregnancy success [3]. In particular, n3-PUFAs are being studied as a supplement
for gilts and sows due to their positive effects of improving offspring growth and devel-
opment [4], metabolism [5], and immune response [6]. Thus, dietary supplementation
with n3-PUFAs during pregnancy may be useful for the prevention of events related to
intrauterine growth restriction (IUGR), low-birth weight, and mortality [7]. The utilization
of n3-PUFA in pig nutrition is also drawing attention due to the resemblance between the
FA composition of feed and the tissues in pigs. Thus, aiming to meet the World Health
Organization (WHO) recommendations of a n6-PUFA/n3-PUFA (n6/n3) ratio of 4:1 [8], it
is possible to implement feeding strategies to increase the n3-PUFA content of pork and
thereby increase the n3-PUFA consumption by the human population [9,10]. However, the
possible detrimental effects of an excessive intake of PUFA during fetal stages (especially
referring to the effects on desaturases and elongases) must be considered in any livestock
and human beings prior to any recommendation [11,12], so further research on this subject
is needed.

Furthermore, PUFA are easily oxidized due to their high degree of unsaturation, so
their combination with an antioxidant is recommended [13,14]. Hydroxytyrosol is being in-
creasingly studied in pigs because of its high antioxidant capacity and its anti-inflammatory,
immune, and metabolism-modulatory properties [15]. Previous results indicated that hy-
droxytyrosol supplementation may improve the development and metabolism of piglets
both pre and postnatally, especially in case of IUGR [16–19].

The combination of n3-PUFA and hydroxytyrosol has been previously studied in pigs,
showing an improvement in the lipidemic and glycemic profiles at the fetal stages, which
triggers positive effects on the litter size [20]. Animals obtained from mothers treated with
hydroxytyrosol and α-linolenic acid (ALA) showed better growth and lipidemic indexes at
postnatal stages, but with controversial results when considering the fatty acid composition
of tissues [21].

In view of these considerations, the current study aimed to determine the effects of a
maternal supplementation with linseed oil and hydroxytyrosol from day 35 to day 100 of
pregnancy on the FA composition of the plasma and different tissues of fetuses.

2. Materials and Methods
2.1. Ethic Statement

The experiment was performed according to the Spanish Policy for Animal Protection
(RD 53/2013), which meets the European Union Directive 2010/63/UE on the protection
of research animals. The INIA Committee of Ethics in Animal Research assessed and
approved the experimental procedures (report CEEA 2013/036, 19 February 2014). Gilts
were housed at INIA animal facilities that are in accordance with local, national, and
European requirements for Scientific Procedures Establishments.

2.2. Animals and Experimental Procedures

The study involved a total of 131 fetuses obtained from 14 Iberian gilts that were
pregnant after cycle synchronization with altrenogest (Regumate®, MSD Animal Health,
Boxmeer, The Netherlands) and artificial insemination with cooled semen from the same
purebred boar.

During pregnancy, gilts were fed a standard grain-based diet formulated to supply
the following mean component values (g/kg of feed): dry matter, 910.7 g/kg; crude
protein, 122.8 g/kg; fat, 35.5 g/kg; metabolizable energy, 2910.4 kcal/kg. From the start
of the experimental period (insemination day—day 0) to gestational day 35 (day 35), feed
allocations were adjusted to fulfill individual daily maintenance requirements based on
data from the National Research Council [22]. The most abundant FAs (FA) in the diet were
linoleic acid (LA; 41.5 g/100 g total FA), palmitic acid (20.6 g/100 g total FA), and oleic acid
(19.3 g/100 g total FA).
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On day 35, all gilts were weighed, and their feed allocation adjusted to fulfill 50%
of daily maintenance requirements until delivery. On this same day (35) of pregnancy,
the females were pair-matched by body weight to obtain two homogeneous groups of
seven gilts per group. Therefore, there were no differences in mean body weight between
groups (149.64 ± 7.47 kg vs. 146.57 ± 2.51 kg; p = 0.80). Maternal adiposity was also similar
(46.67 ± 4.40 vs. 44.57 ± 2.80 mm; p = 0.86), which was estimated in terms of backfat
depth measured at 4 cm from the midline and transversal to the head of the last rib with
a multifrequency linear-array ultrasonographic probe (SV1 Wireless scanner, SonopTek,
Beijing, China). One of the groups remained on the same diet (group C), whereas the
other group (group T) received an isocaloric diet including 4% of linseed oil and 1.5 mg
hydroxytyrosol/kg feed (Supplementary Table S1). The component values of the diet in
the treated group were (g/kg feed): dry matter, 910.3 g/kg; crude protein, 123.5 g/kg;
fat, 62.3 g/kg; and metabolizable energy, 2909.1 kcal/kg. In the treatment diet, the most
prominent FAs were LA (32.3 g/100 g total FA), α-linolenic acid (ALA, 29 g/100 g total FA),
and palmitic acid (11.8 g/100 g total FA). The FA methyl esters in the diet were identified
by gas chromatography (Hewlett Packard HP-6890, Avondale, PA, USA) with a flame
ionization detector and a capillary column (HP-Innowax, 30 m × 0.32 mm i.d. and 0.25 µm
polyethylene glycol-film thickness) [23], after extraction and methylation by the one-step
procedure proposed by Sukhija and Palmquist [24]. The n6-PUFA intake was 14.78 g/kg
and 20.47 g/kg of diets C and T, respectively, and the n3 total intake was 2.37 g/kg and
18.72 g/kg of diets C and T, respectively.

Fetuses were obtained on gestational day 100 (which corresponds approximately to
90% of the 112-days gestation typical of this breed). Of the 131 fetuses obtained, 60 were
from control females (group C) and 71 from treated females (group T). On this day, blood
samples were drawn from the orbital sinus of the gilts with sterile EDTA 10 mL vacuum
tubes (VacutainerTM Systems Europe, Meylan, France) after 16 h of fastening. Samples
were immediately centrifuged at 1500× g for 15 min; afterwards, the plasma was separated
and biobanked into polypropylene vials at −80 ◦C until they were assayed for plasma FA
composition.

2.3. Sampling of Fetuses

Gilts were euthanized in compliance with RD 53/2013. The content of the uterus was
exposed, and fetal sex was determined by visual inspection immediately after recovery.
A sample of fetal blood was drawn from the heart and/or umbilical cord using EDTA
syringes and processed as previously described for gilts. Then, samples were taken from
longissimus dorsi muscle, liver, and brain and stored at −20 ◦C for FA composition analysis.

2.4. Fatty Acid Composition of Plasma and Tissues

Plasma, longissimus dorsi, liver, and brain fat were extracted as described by Segura et al. [25]
after lyophilization and homogenization, with fat content in each tissue calculated and
expressed as a percentage. In the case of the intramuscular tissue, liver, and brain fat,
the neutral lipid fraction (triglycerides) and polar lipid fractions (phospholipids) were
separated using aminopropyl minicolumns previously activated with 7.5 mL of hexane [26].
The FA composition of all three tissues and plasma were analyzed using gas chromatogra-
phy [23]. The quantities of individual FAs expressed as g/100 g of total FA content were
used to calculate the proportions of saturated FAs (SFA), monounsaturated FAs (MUFA),
polyunsaturated FAs (PUFA), and total n3 and n6-PUFA. The n6-PUFA/n3-PUFA (n6/n3)
and the MUFA/SFA ratios were also calculated. The unsaturation index (UI) was deter-
mined as follows: 1[%monoenoics] + 2[%dienoics] + 3[%trienoics] + 4[%tetraenoics] +
5[%pentaenoics] + 6[%hexaenoics] [27,28].

Assessment of the activity of the stearoyl-CoA desaturase enzyme 1 was performed us-
ing the ratio C18:1/C18:0 (DI; [29]), while the total Stearoyl-CoA desaturase and Palmitoyl-
CoA desaturase activity (D9) was assessed with the formula (C16:1n7 + C18:1n9)/(C16:1n9
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+ C18:1n7 + C18:0 + C16:0). The enzyme activities for n6 and n3 FAs were calculated by the
ratio C20:4n6/C18:2n6 (DN6) and C20:5n3/C18:3n3 (DN3), respectively.

2.5. Statistical Analysis

Data were analyzed using SPSS 25.0 (IBM Corp., Armonk, NY, USA). Verification of
normal distribution was completed with a Kolmogorov–Smirnov test. The homogeneity of
variances was studied with an F-test. Data from gilts were analyzed using the Student’s t
test. To analyze fetal data, effects of diet (control vs. treatment) and sex (female vs. male) on
developmental traits, adiposity, FA composition, oxidative stress, and metabolic status were
assessed using three-factor ANOVA for diet, sex, and litter size. Due to the bias between
treatment and litter size previously described [20], litter size was also considered an effect.
Animals were grouped by their litter sizes after determining the mean number of fetuses
per litter (9.25 ± 1.42 piglets per sow) and defining small litters as those with ≤9 piglets
and large litters as those with >9 piglets.

Relationships between maternal plasma and fetal plasma FAs were determined using
Pearson correlation procedure. Statistical significance was considered when p < 0.05,
whereas a trend was considered when 0.1 > p > 0.05.

3. Results
3.1. Fat Content of the Different Tissues

No differences between the treatments were found in the total fat of the longissimus dorsi
(9.25 ± 0.14% in group C vs. 9.30 ± 0.15% in group T), livers (15.18 ± 0.72% in group C vs.
14.30 ± 0.59% in group T), or brains (37.83 ± 0.90% vs. 37.44 ± 0.81%) of the fetuses.

3.2. Fatty Acid Composition of the Plasma of the Gilts and Fetuses

No significant differences were found in the fatty acid (FA) compositions of the plasma
of the control and treated gilts at day 100 of gestation (Table 1). However, the maternal
treatment affected the plasma FA proportions of the fetuses (Supplementary Table S2).
Regarding SFA, the group T fetuses had higher levels of myristic (C14:0) and palmitic acids
(C16:0). The stearic acid (C18:0) showed a triple interaction between treatment*sex*litter
size (p < 0.05). Hence, group C males had higher C18:0 concentrations than group C females
in small litters, while group T females had higher values than group C males in large litters;
females had greater concentrations than males in both treatment groups. Individual MUFA
such as cis-7 hexadecenoic acid (C16:1n9) were affected by the litter size (p < 0.05, higher
concentration in small than large litters), while other MUFA such as palmitoleic (C16:1n7)
and vaccenic acids (C18:1n7) were affected by sex (higher concentrations in males than
females and p < 0.05 for C16:1n9 and p < 0.01 for C18:1n7).

Table 1. Fatty acid composition of the plasma at day 100 of gestation of control gilts (group C) or gilts
treated with hydroxytyrosol and n3-PUFA from day 35 to day 100 of gestation (group T).

Fatty Acid (g/100 g
Total FA) Group C Group T Pooled S.E.M. p-Value

C14:0 2.73 3.20 0.54 0.682
C16:0 18.98 20.45 1.83 0.705
C16:1n9 2.20 3.50 0.43 0.137
C16:1n7 2.99 4.34 0.86 0.999
C17:0 1.99 2.06 0.68 0.710
C17:1 2.43 1.59 0.71 0.805
C18:0 14.50 16.19 1.88 0.670
C18:1n9 20.14 14.37 2.23 0.207
C18:1n7 2.77 2.44 0.23 0.490
C18:2n6 (LA) 12.99 11.49 2.48 0.777
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Table 1. Cont.

Fatty Acid (g/100 g
Total FA) Group C Group T Pooled S.E.M. p-Value

C18:3n6 1.32 1.28 0.35 0.620
C18:3n3 (ALA) 1.67 2.25 0.37 0.805
C18:4n3 1.12 1.50 0.25 0.209
C20:1n9 2.45 2.82 0.55 0.747
C20:3n6 1.00 1.15 0.20 0.730
C20:4n6 (ARA) 3.25 3.10 0.42 0.865
C20:5n3 (EPA) 1.22 2.07 0.34 0.227
C22:4n6 2.76 2.54 0.43 0.815
C22:5n3 (DPA) 2.20 2.26 0.42 0.945
C22:6n3 (DHA) 1.30 1.38 0.16 0.806
SFA 38.20 41.91 3.02 0.561
MUFA 32.98 29.07 1.60 0.236
PUFA 28.83 29.03 2.54 0.969
UI 1.24 1.25 0.08 0.987
MUFA/SFA 0.86 0.69 0.08 0.302
n3 7.51 9.47 1.20 0.437
n6 21.32 19.56 2.27 0.716
n6/n3 2.84 2.07 0.75 0.165

LA = linoleic acid; ALA = α-linolenic acid; ARA = arachidonic acid; EPA = eicosapentaenoic acid;
DPA = docosapentaenoic acid; DHA = docosahexaenoic acid; SFA = sum of saturated fatty acids; MUFA = sum
of monounsaturated fatty acids; PUFA = sum of polyunsaturated fatty acids; UI = unsaturation index; n3 = sum
of n3-PUFA; n6 = sum of n6-PUFA.

The supplementation affected the LA levels in the PUFA content; therefore, fetuses
in group T had higher concentrations than fetuses in group C (p < 0.05). Sex also had an
important effect on the FA composition of the offspring’s plasma (Figure 1). Thus, males had
a higher n6/n3 ratio than females (p < 0.05) due to their higher concentration of ARA and
lower levels of ALA, EPA, and docosapentaenoic acid (C22:5n3; DPA; p < 0.05 for all except
ALA; p < 0.01). On the other hand, dihommo-gamma-linolenic acid (C20:3n6) showed a
treatment*sex interaction (p < 0.05). Males from Group T had a higher concentration of
C20:3n6 than those in Group C (p < 0.05), with no differences in females.
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Figure 1. Significant differences in the n3 and n6-PUFA series in plasma samples between female
and male fetuses obtained at 100 days of gestation born from control gilts or from gilts treated
with hydroxytyrosol and linseed oil from day 35 to day 100 of gestation. ALA = α-linolenic acid;
ARA = arachidonic acid; EPA = eicosapentaenoic acid; DPA = docosapentaenoic acid; n3 = total sum of
n3-Polyunsaturated fatty acid; n6 = total sum of n6-Polyunsaturated fatty acid. * p < 0.05; ** p < 0.01.
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Differences were also observed between small and large litters, especially in the PUFA
group. Small litters had lower levels of n3-PUFA but a higher percentage of n6-PUFA when
compared to large litters; therefore, small litters also showed a higher n6/n3 ratio (p < 0.05
for n6-PUFA difference and p < 0.001 for n3-PUFA and n6/n3 PUFA ratios). Again, those
dissimilarities were mainly due to different concentrations of ALA and EPA, which were
higher in large litters than in small litters (p < 0.01,), and ARA (p < 0.001; being higher in
small litters than in large litters). Adrenic acid (C22:4n6) showed a treatment*sex interaction
(p < 0.05). Among the group C fetuses, small litters had a greater percentage of this FA than
large litters (p < 0.001), but small and large litters from group T had similar values.

3.3. Fatty Acid Composition of the Longissimus Dorsi Muscle of the Fetuses
3.3.1. Neutral Fraction

The total SFA was similar between the groups in the neutral fraction of the longissimus dorsi
muscle (LD; Figure 2 and Supplementary Table S3), but there were differences when
assessing SFA individually. Concretely, the content of palmitic acid (C16:0) was higher in
the fetuses of group C than in group T (p < 0.05), while both heptadecanoic acid (C17:0)
and C18:0 showed a treatment*litter-size interaction (p < 0.05 for both). In both FAs, group
C showed a greater concentration in small than in large litters (p < 0.05), whilst there was a
greater concentration of C17:0 in the large litters than in the small ones in group T. Content
of MUFA was higher in fetuses of group C when compared to fetuses of group T (p < 0.001).
Concretely, C16:1n9, oleic acid (C18:1n9) and C18:1n7 for MUFA were higher in the group C
fetuses (p < 0.001 for C18:1n7 and p < 0.05 for the others). On the other hand, heptadecenoic
acid (C17:1) showed a treatment*litter size interaction (p < 0.05), with large litters having
greater values than small litters in group T (p < 0.05) and similar concentrations in group
C. A treatment*litter size interaction was found in the DI (p < 0.05). Thus, there were
differences between group C and group T animals from large litters (p < 0.01, greater values
in the group C fetuses), but no differences were found in small litters.
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Figure 2. Significant differences in the n3 and n6-PUFA series of the neutral fraction of the longissimus
dorsi muscle between fetuses obtained at 100 days of gestation born from control gilts (group C) or
from gilts treated with hydroxytyrosol and linseed oil from day 35 to day 100 of gestation (group
T). LA = linoleic acid; ALA = α-linolenic acid; DHA = docosahexaenoic acid; n3 = total sum of
n3-Polyunsaturated fatty acid; n6 = total sum of n6-Polyunsaturated fatty acid. *** p < 0.001.

Total PUFA, as well as n3 and n6-PUFA and UI, were again higher in the fetuses of
group T than in group C (p < 0.001 for all). Differences among the n3-PUFA were mostly
driven by ALA (p < 0.001), DPA (p < 0.01), and DHA (p < 0.001), all of them having greater
content in group T than in group C. Furthermore, the LA, gamma linolenic acid (C18:3n6),
and C20:3n6 were also in higher concentrations in the fetuses of group T (p < 0.001 for all).
The n6/n3 ratio suffered a treatment*litter size interaction (p < 0.05), with fetuses in group
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C having similar values, but there were higher values for the fetuses in the small litters of
group T than in the small ones of group C (p < 0.01). The activity of DN3 was higher in the
fetuses of group C than in group T (p < 0.05).

3.3.2. Polar Fraction

The total SFA showed no differences in the polar fraction of the LD (Supplementary
Table S4). However, C17:0 showed a treatment*litter size interaction (p < 0.001): within the
small litters, only a trend wherein the group C fetuses had a higher C17:0 concentration
was found (p = 0.065); whereas within the large litters, group T had higher concentrations
than the group C fetuses (p < 0.001). Furthermore, C18:0 was in a greater proportion in
group C than in the group T fetuses (p < 0.05) and in large than small litters (p < 0.01).

Regarding MUFA content, eicosenic acid (C20:1n9) was higher in the group C than
in the group T fetuses (p < 0.05). The litter size affected C16:1n9, which was in greater
proportions in the small litters than in the large ones (p < 0.001). In addition, C18:1n7
showed a treatment*litter size interaction (p < 0.05), with similar results between the large
and small litters in group C, but with a higher concentration in the large litters than in the
small ones within group T (p < 0.01). There was also a treatment*litter size interaction in
D9 (p < 0.05). There was a numerically higher value in the large litters than in the small
ones in group C, whereas small litters had a numerically higher D9 activity than large ones
within group T.

The content of n3-PUFA was higher in the group T than in the group C fetuses
(p < 0.001; Figure 3). Individual n3-PUFA ALA, EPA, and DPA were in greater concentra-
tions in the group T fetuses (p < 0.001), while the DHA showed a significant treatment*litter
size interaction (p < 0.05): it had similar values within litter sizes in the group C fetuses, but
in group T animals it was in a higher concentration in the large litters than in the small ones
(p < 0.01). The total n-6 showed no significant difference, as LA and C20:3n6 were higher in
the group T fetuses and ARA was higher in the group C ones (p < 0.001). The n6/n3 ratio
showed a treatment*litter size interaction (p < 0.05). Thus, group C fetuses showed similar
values between litter sizes, while group T fetuses showed greater values in small than in
large litters (p < 0.05). The DN3 activity was higher in the group T fetuses, and the DN6
activity was greater in the group C than in the group T animals (p < 0.001 for both).
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Figure 3. Significant differences in the n3 and n6-PUFA series of the polar fraction of the longissimus dorsi
muscle between fetuses obtained at 100 days of gestation born from control gilts (group C) or from
gilts treated with hydroxytyrosol and linseed oil from day 35 to day 100 of gestation (group T).
ALA = α-linolenic acid; ARA = arachidonic acid; EPA = eicosapentaenoic acid; n3 = total sum of
n3-Polyunsaturated fatty acid. *** p < 0.001.
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3.4. Fatty Acid Composition of the Liver of the Fetuses
3.4.1. Neutral Fraction

In the neutral fraction of the liver (Figure 4 and Supplementary Table S5), the total
SFA was affected by a treatment*litter size interaction (p < 0.05), with small litters having
higher a concentration of SFA than in the large litters within the group C fetuses (p < 0.001),
whereas within the group T fetuses, this outcome was similar between the small and large
litters. At the individual FA level, only C17:0 showed differences between treatment groups
(p < 0.05; higher levels in group T fetuses) and litter sizes (p < 0.05; higher concentration in
small litters).
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Figure 4. Treatment*litter size interactions in the n3 and n6-PUFA series of the liver between fetuses
obtained at 100 days of gestation born from control gilts (group C) or from gilts treated with hy-
droxytyrosol and linseed oil from day 35 to day 100 of gestation (group T). ARA = arachidonic acid;
DHA = docosahexaenoic acid; PUFA = sum of polyunsaturated fatty acids; n6 = sum of n6-PUFA.
** p < 0.01; *** p < 0.001.

On the other hand, MUFA were in a higher proportion in the large than in the small litters
(p < 0.05). When analyzed individually, C17:1 was in a greater concentration in the group T than
the group C fetuses, whereas C18:1n7 was higher in the group C than group T fetuses (p < 0.01
for both). The MUFA/SFA ratio and D9 activity were more affected by the litter size, having
greater values in large than small litters (p < 0.01 and p < 0.05, respectively).

Regarding PUFA, there was a treatment*litter size interaction (p < 0.01). Within the
group C fetuses, large litters had higher values than small ones (p < 0.001); within the
group T fetuses, small litters had similar values to large ones. When studying n6-PUFA, a
treatment*litter size interaction was also observed, with the differences between treatment
groups being greater in large litters (p < 0.001, greater values in the group C fetuses),
whereas similar values in the group C and group T fetuses were observed in small litters.
This interaction was mainly due to the similar treatment*litter size interaction found in
ARA (p < 0.001). The total n3-PUFA did not show any significant difference, but DHA
showed a treatment*litter size interaction (p < 0.01), with the group C fetuses from large
litters having greater concentrations than the group C fetuses from small ones (p < 0.001)
and, in group T, small litters had higher values than large ones (p = 0.055). On the other
hand, C22:5n3 was higher in group T than in group C animals (p < 0.001).

3.4.2. Polar Fraction

In the polar fraction of the liver (Figure 5 and Supplementary Table S6), group T
fetuses and small litters had a higher SFA concentration than group C fetuses and large
litters (p < 0.05 and p < 0.01, respectively). Among individual FA, C14:0, C16:0 and C18:0
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showed different treatment*sex interactions (p < 0.05 for all). Assessment of C14:0 showed
similar concentrations in males from group C and T, but females in group T had higher
C14:0 values than females in group C (p < 0.05). Content of C16:0 was similar between both
sexes in group C, while females had higher levels than males in group T (p < 0.05). Finally,
C18:0 was higher in group C females than counterpart males and in group T males than
counterpart females, although significant differences were only found in group T (p < 0.05).
Furthermore, C14:0 was in greater content in small than large litters (p < 0.05), while C17:0
showed a treatment*litter size (greater differences between small and large litters in group
C whereas within group T it had similar concentration; p < 0.05).
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Figure 5. Treatment*sex interactions of the polar fraction of the liver in fetuses between fetuses
obtained at 100 days of gestation born from control gilts (group C) or from gilts treated with hy-
droxytyrosol and linseed oil from day 35 to day 100 of gestation (group T). ARA = arachidonic acid;
EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid; n3 = sum of n3-PUFA; n6 = sum of
n6-PUFA. ** p < 0.01; *** p < 0.001.

Treatment*sex interactions were observed in total MUFA, C16:1n7 and C18:1n9, as
well as D9 and DI (group C: higher values in males than females; group T: higher values
in females than males, p < 0.05 for both). On the other hand, C18:1n7 was in higher con-
centration in group C than group T animals (p < 0.001). Litter size also affected individual
MUFA such as C18:1n7 (p < 0.05, higher concentration in large litters) and C17:1, affected
by a treatment*litter interaction (p < 0.05). Concretely, in group C there were higher values
in small than large litters (p < 0.05) while in group T there was a similar concentration in
both litter sizes).

Total, n3- and n6-PUFA, UI and DN6 were affected by the same treatment*sex interac-
tion (group C: females had similar values to males; group T: males had significantly greater
values than females; p < 0.01). This same interaction was also found within individual n3
such as EPA (p < 0.05), DHA (p < 0.01) and within n6 FA such as C20:3n6 and ARA (p < 0.01
for both). In addition, a treatment*litter size interaction was found in total PUFA, n6 and
DN6, consisting of large litters having greater values than small ones within the group T
fetuses while within group C animals the values were more similar (p < 0.05 for PUFA,
p < 0.01 for n6-PUFA and p < 0.001 for DN6). Finally, the n6/n3 ratio was higher in group
C than the group T fetuses (p < 0.001), whereas DN3 activity was higher in group T than
group C animals (p < 0.001).
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3.5. Fatty Acid Composition of the Brain
3.5.1. Neutral Fraction

In the neutral fraction of the brain, the SFA was affected by sex (p < 0.01; greater values
in females than males). Similarly, C17:0 and C18:0 were in higher concentrations in females
when compared to males (p < 0.05 for both).

The total MUFA was similar among groups. However, at the individual FA level,
various treatment*litter size interactions were found. Thus, C16:1n9 was higher in the
group C than in the group T fetuses in small litters and in group T than in the group C
fetuses in large ones, although no significant differences were achieved between groups
(p < 0.05). A similar treatment*litter size interaction was found in the case of C16:1n7
(p < 0.05), with greater differences between treatment groups within small litters (p < 0.05),
whereas no significant differences were found in the large litters. Regarding C18:1n9, the
fetuses in group T had greater concentrations than in group C when considering small
litters (p < 0.05), whereas no differences were found in large litters (p < 0.01).

Regarding PUFA, C22:4n6 was affected by sex (p < 0.01, higher values in males than
females). The content of DHA showed a treatment*sex interaction: females had lower
concentrations in group C than in the group T fetuses, whereas males had greater DHA
concentrations within group C than in group T (p < 0.05). The n6/n3 ratio showed a
treatment*sex*litter size interaction (p < 0.05). In this case, in the small litters, both males
and females in group T had greater values than in group C, while females from group C
showed significantly higher values than females from group T in large litters; no differences
were found when comparing males.

3.5.2. Polar Fraction

The total SFA and MUFA/SFA were affected by a treatment*litter size interaction
(Figure 6 and Supplementary Table S7). On the one hand, the SFA showed higher levels
in the group C fetuses from small litters than in the group C fetuses from large ones
(p < 0.01), while the group T fetuses showed similar values among litter sizes (p < 0.01).
This interaction was also found for C16:0 (p < 0.001). On the other hand, the MUFA/SFA
ratio was higher in group T animals within small litters (p < 0.05) and similar between
treatments of large litters (p < 0.05). the total MUFA was affected by sex (p < 0.001; greater
values in males than females).
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Figure 6. Significant differences in the n3 and n6-PUFA series of the polar fraction of the brain between
female and male fetuses obtained at 100 days of gestation born from control gilts or from gilts treated
with hydroxytyrosol and linseed oil from day 35 to day 100 of gestation. ARA = arachidonic acid;
DHA = docosahexaenoic acid; n3 = sum of n3-PUFA. * p < 0.05; ** p < 0.01; *** p < 0.001.
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The total n6-PUFA showed a treatment*sex*litter size interaction: within small litters,
similar values between sexes were found in the group C fetuses, but females had greater
n6-PUFA concentrations in group T; within large litters, similar values between sexes were
found in group T, but females had a greater concentration than males in group C (p < 0.05).
On the other hand, the n3-PUFA concentration was affected by sex, as it was in higher
concentrations in females than males (p < 0.05). This difference was mainly due to the
higher percentage of DHA in females than males (p < 0.01), as this FA also affected by litter
size (p < 0.01; higher concentration in the large litters than in the small ones). The activity
of DN6 was affected by both sex (higher in males than females; p < 0.001) and litter size
(p < 0.01; higher values in small than large litters).

4. Discussion

The results of the present study indicate that maternal supplementation with n3-PUFA
in the form of linseed oil and hydroxytyrosol during gestation affects the plasma and
tissue FA composition of piglets. It must be considered that the maternal treatment diet
was a fat-enriched feed (35 g/kg and 62 g/kg for C and T groups respectively), so higher
concentrations of n6-PUFA and total n-3 PUFA were administered in group T. Thus, to
overcome such a difference, the FA composition of the tissues was expressed in relative
terms (g/100 g total FA) instead of absolute ones.

The assessment of the plasma FA composition of the gilts showed no significant differ-
ences between groups with or without supplementation, contrary to previous research [30].
However, there are several differences between our study and previous studies that may
be the cause of such dissimilarities. First, the animals had different ages and were from
different breeds (with presumptive differences in uterine and placental development [31]).
Second, they had different gestational ages (which may affect the maternal plasma FA com-
position, because the transplacental transport of lipids increases with fetal demands [32,33]).
Such differences may also be responsible for the lack of correlation between the plasma FA
composition of the mothers and fetuses. However, we cannot leave aside other plausible
explanations related to the lipogenic activity de novo that occurs in the adipose tissue and
the liver of the pig fetuses [34,35] or the high utilization of FAs in the synthesis of new
tissues during the fetal stages [36].

In our study, in contrast to the gilts, fetuses in groups T and C showed differences in
the FA composition of all tissues (plasma, muscle, liver, and brain). The group T fetuses had
higher levels of n3-PUFA in all tissues, with higher concentrations of ALA and elongated
FAs such as EPA and DHA. Thus, even though the conversion rate from ALA to EPA and
DHA is only about 5% [37], the supplementation with ALA is confirmed as an effective
way to increase the concentrations of other n3-PUFA in Iberian pigs, in agreement with
previous research in other breeds [38,39].

The differences found in the PUFA compositions among the organs after maternal
supplementation may be derived from the differential tissue expression of the elongase-2
enzyme, which is vital for the final conversion of EPA to DHA [40]. Although organs such
as the brain or liver also showed an increase in n3-PUFA concentration in group T, muscle
was the tissue with the more prominent difference between treatments, in accordance with
previous studies [41]. Litter size also had important implications in the n3-PUFA concentra-
tions, as it was highly related to the treatment group. Previous studies with this population
have reported a trend for larger litters in group T than in group C (p = 0.075) [20], which
could explain this result. Sex also had important effects on the n3-PUFA accumulation.
Previous studies have shown that maternal supplementation has different implications for
males and females in swine [16,41], with offspring showing different metabolic adaptations
depending on their sex [42], so the diet restriction given in the present experiment could
have reinforced the differences between males and females regarding n3-PUFA accumula-
tion. There are sex-specific differences in essential n-3 essential fatty acid metabolism [43].
The latter authors observed that sex hormones may influence the enzymatic synthesis
of long-chain polyunsaturated fatty acids. On the other hand, Childs [44] reported that
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women have greater increases in their EPA status after ALA supplementation than men,
and a growing body of animal model research identifies the mechanism by which sex
hormones such as estrogen and progesterone interact with the synthesis of EPA and DHA.
However, further research is required in pigs to understand the effect of increasing ALA
levels during pregnancy, which in our study were different depending on the tissue.

Interestingly, n6-PUFAs were also affected by the treatment, as they were significantly
higher in the neutral fraction of the longissimus dorsi muscles of group T. This outcome
may be explained by the hydroxytyrosol supplementation, which is in agreement with
previous research in Iberian pigs at prenatal stages [17]. Supporting the data of Garcia-
Contreras et al. [17], and the study performed using oleuropeins by Rey et al. [45], our
results indicate a protective effect of the polyphenol over PUFAs. The different effect
of hydroxytyrosol at the muscle and at the organs may be related to the diet restriction
given in the experiment. In case of compromised fetal nutrition, as in the present study,
the growth of essential organs (the brain and liver) is protected at the expense of other
organs [30,46] and mainly at the expense of muscle development [47–49]. Hence, the effects
of hydroxytyrosol supplementation are more evident in the muscle than in other organs
such as the liver or the brain, as its development is more challenged.

In the current study, the concentrations of SFA and MUFA were also affected by the
treatment, although differently in each tissue. Fetuses can synthesize SFA and MUFA [50,51],
so it is possible that maternal supplementation affected the metabolic pathways of FA
accretion in different tissues. This outcome has been previously seen in piglets from gilts
supplemented during gestation and lactation with PUFA at postnatal stages [51]. In this
regard, dietary PUFA can affect the lipid metabolism of all kinds of FAs, possibly due to
their relationship with intracellular SFA, the higher affinity for carrier proteins such as the
FA binding protein, or the changes induced in the cellular membrane with implications in
the response to insulin [52,53].

The FA composition of different tissues at postnatal stages was previously studied
with a similar design [21]. The results indicated that, in the longissimus dorsi fat, a higher
percentage of PUFA in group T and higher n6/n3 ratio in group C were maintained at
60 days-old. However, the higher abundance of n3-PUFA was lost at this age. Later, at
180 days-old, there were no differences in n3 or total PUFA content in the intramuscular
fat, but a lower n6-PUFA concentration was found in group T. Conversely, differences
were maintained in the polar fraction of the liver over time. At 60 days-old, the higher
concentration of n3-PUFA found in the current study at the fetal stages was maintained;
however, at 180 days-old, both n3 and n6-PUFA concentrations were lower in group
T. Therefore, joining both current and such previous studies, the activity of enzymes
implicated in the elongation and desaturation of PUFAs may be affected by maternal
supplementation and such an effect may affect the pig during its lifetime through processes
of prenatal programming. However, further studies would be necessary to confirm such
a hypothesis.

5. Conclusions

The present study shows that maternal supplementation with n3-PUFA and hydroxy-
tyrosol modifies the FA composition of the different tissues of porcine offspring at the fetal
stages. These effects are strongly modulated by sex- and litter size. In brief, the supplemen-
tation increases the PUFA proportion, especially of n3-PUFA. Furthermore, SFA and MUFA
were also affected by the treatment. Thus, these results aid the understanding of the effects
of maternal supplementation on the progeny at prenatal stages and could have important
consequences for pig production. From a practical point of view, the improvement of the
PUFA profile, and above all n3-PUFA, can have positive implications for the health status
of piglets and, afterwards, for the meat characteristics. However, further studies from the
postnatal stages until the sacrifice for pork production would be needed to fully ascertain
the effects of the maternal supplementation given herein on the meat characteristics.



Animals 2022, 12, 2140 13 of 16

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani12162140/s1, Table S1. Estimated analysis (g/kg), ingredient (g/kg; left table), and fatty
acid composition (g/100 g total fatty acids) of the experimental diets of Control gilts (group C) and
treated with hydroxytyrosol and n3-PUFA (Treated; group T); Table S2A. Fatty acid composition
of the plasma of fetuses born from control gilts (group C) or gilts treated with hydroxytyrosol and
n3-PUFA from day 35 to day 100 of gestation (group T); Table S2B. Fatty acid composition of the
plasma of fetuses born from control gilts (group C) or gilts treated with hydroxytyrosol and n3-PUFA
from day 35 to day 100 of gestation (group T) and from small (≤9 piglets) or large (>9 piglets) litters;
Table S3A. Fatty acid composition of the neutral fraction of the longissimus dorsi intramuscular fat
of fetuses born from control gilts (group C) or gilts treated with hydroxytyrosol and n3-PUFA from
day 35 to day 100 of gestation (group T); Table S3B. Fatty acid composition of the neutral fraction of
the longissimus dorsi intramuscular fat of fetuses born from control gilts (group C) or gilts treated
with hydroxytyrosol and n3-PUFA from day 35 to day 100 of gestation (group T) and from small
(≤9 piglets) or large (>9 piglets) litters; Table S4A. Fatty acid composition of the polar fraction of
the longissimus dorsi intramuscular fat of fetuses born from control gilts (group C) or gilts treated
with hydroxytyrosol and n3-PUFA from day 35 to day 100 of gestation (group T); Table S4B. Fatty
acid composition of the polar fraction of the longissimus dorsi intramuscular fat of fetuses born from
control gilts (group C) or gilts treated with hydroxytyrosol and n3-PUFA from day 35 to day100 of
gestation (group T) and from small (≤9 piglets) or large (>9 piglets) litters; Table S5A. Fatty acid
composition of the neutral fraction of the liver of fetuses born from control gilts (group C) or gilts
treated with hydroxytyrosol and n3-PUFA from day 35 to day 100 of gestation (group T); Table S5B.
Fatty acid composition of the neutral fraction of the liver of fetuses born from control gilts (group C) or
gilts treated with hydroxytyrosol and n3-PUFA from day 35 to day 100 of gestation (group T) and from
small (≤9 piglets) or large (>9 piglets) litters; Table S6A. Fatty acid composition of the polar fraction
of the liver of fetuses born from control gilts (group C) or gilts treated with hydroxytyrosol and
n3-PUFA from day 35 to day 100 of gestation (group T); Table S6B. Fatty acid composition of the polar
fraction of the liver of fetuses born from control gilts (group C) or gilts treated with hydroxytyrosol
and n3-PUFA from day 35 to day 100 of gestation (group T) and from small (≤9 piglets) or large
(>9 piglets) litters; Table S7A. Fatty acid composition of the neutral fraction of the brain of fetuses
born from control gilts (group C) or gilts treated with hydroxytyrosol and n3-PUFA from day 35 to
day 100 of gestation (group T); Table S7B. Fatty acid composition of the neutral fraction of the brain
of fetuses born from control gilts (group C) or gilts treated with hydroxytyrosol and n3-PUFA from
day 35 to day 100 of gestation (group T) and from small (≤9 piglets) or large (>9 piglets) litters; Table
S8A. Fatty acid composition of the polar fraction of the brain of fetuses born from control gilts (group
C) or gilts treated with hydroxytyrosol and n3-PUFA from day 35 to day 100 of gestation (group T);
Table S8B. Fatty acid composition of the polar fraction of the brain of fetuses born from control gilts
(group C) or gilts treated with hydroxytyrosol and n3-PUFA from day 35 to day 100 of gestation
(group T) and from small (≤9 piglets) or large (>9 piglets) litters

Author Contributions: Conceptualization: A.H.-M., C.Ó., B.I. and A.G.-B.; methodology, A.H.-M.,
R.E., J.L.P.-P., S.A., C.G.-C., M.V.-G., C.Ó., B.I. and A.G.-B.; formal analysis, A.H.-M., R.E., S.A.,
B.I. and A.G.-B.; investigation, A.H.-M., R.E., J.L.P.-P., S.A., C.G.-C., M.V.-G., C.Ó., B.I. and A.G.-B.;
writing—original draft preparation, A.H.-M. and A.G.-B.; writing—review and editing, R.E., J.L.P.-P.,
S.A., C.G.-C., M.V.-G., C.Ó. and B.I.; project administration, A.G.-B.; funding acquisition, A.G.-B. All
authors have read and agreed to the published version of the manuscript.

Funding: The experimental work was supported by funds from the Ministry of Economy and
Competitiveness (project AGL2013–48121-C3-2-R and AGL2016–79321-C2–1-R), co-funded by FEDER.
AHM, CGC, and MVG were backed by the Spanish Government (AHM: FPI National Program Grant
BES-2017-080541; CGC: FPI National Program Grant BES-2014-070464; MVG: FPU National Program
Grant FPU014/01285).

Institutional Review Board Statement: The experiment was performed according to the Spanish
Policy for Animal Protection (RD 53/2013), which meets the European Union Directive 2010/63/UE
on the protection of research animals. The INIA Committee of Ethics in Animal Research assessed
and approved the experimental procedures (report CEEA 2013/036, 19 February 2014).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

https://www.mdpi.com/article/10.3390/ani12162140/s1
https://www.mdpi.com/article/10.3390/ani12162140/s1


Animals 2022, 12, 2140 14 of 16

Acknowledgments: The authors thank the INIA animal staff for their assistance with animal care,
Victoria Nataly Vásquez and Irene Moreno for laboratory assistance, and Pedro Cuesta and Iagoba
Cano (Department of Research Support, Universidad Complutense de Madrid) for statistical analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wu, G.; Bazer, F.W.; Cudd, T.A.; Meininger, C.J.; Spencer, T.E. Maternal nutrition and fetal development. J. Nutr. 2004, 134,

2169–2172. [CrossRef] [PubMed]
2. Huting, A.M.S.; Middelkoop, A.; Guan, X.; Molist, F. Using nutritional strategies to shape the gastro-intestinal tracts of suckling

and weaned piglets. Animals 2021, 11, 402. [CrossRef]
3. Leskanich, C.O.; Noble, R.C. The comparative roles of polyunsaturated fatty acids in pig neonatal development. Br. J. Nutr. 1999,

81, 87–106. [CrossRef] [PubMed]
4. Lavery, A.; Lawlor, P.G.; Miller, H.M.; Magowan, E. The effect of dietary oil type and energy intake in lactating sows on the fatty

acid profile of colostrum and milk, and piglet growth to weaning. Animals 2019, 9, 1092. [CrossRef] [PubMed]
5. Egert, S.; Baxheinrich, A.; Lee-Barkey, Y.H.; Tschoepe, D.; Wahrburg, U.; Stratmann, B. Effects of an energy-restricted diet rich in

plant-derived α-linolenic acid on systemic inflammation and endothelial function in overweight-to-obese patients with metabolic
syndrome traits. Br. J. Nutr. 2014, 112, 1315–1322. [CrossRef]

6. Swiatkiewicz, S.; Arczewska-Wlosek, A.; Jozefiak, D. The relationship between dietary fat sources and immune response in
poultry and pigs: An updated review. Livestock Sci. 2015, 180, 237–246. [CrossRef]

7. Milligan, B.N.; Fraser, D.; Kramer, D.L. Within-litter birth weight variation in the domestic pig and its relation to pre-weaning
survival, weight gain, and variation in weaning weights. Livest. Prod. Sci. 2002, 76, 181–191. [CrossRef]

8. World Health Organization (W.H.O.). Interim summary of conclusions and dietary recommendations on total fat & fatty
acids. In Proceedings of the Joint FAO/WHO Expert Consultation on Fats and Fatty Acids in Human Nutrition 2008, Geneva,
Switzerland, 10–14 November 2008.

9. Nuernberg, K.; Fischer, K.; Nuernberg, G.; Kuechenmeister, U.; Klosowska, D.; Eliminowska-Wenda, G.; Fiedler, I.; Ender, K.
Effects of dietary olive and linseed oil on lipid composition, meat quality, sensory characteristics and muscle structure in pigs.
Meat Sci. 2005, 70, 63–74. [CrossRef]

10. Wood, J.D.; Enser, M.; Fisher, A.V.; Nute, G.R.; Richardson, R.I.; Sheard, P.R. Manipulating meat quality and composition. Proc.
Nutr. Soc. 1999, 58, 363–370. [CrossRef]

11. Amusquivar, E.; Rupérez, F.J.; Barbas, C.; Herrera, E. Low arachidonic acid rather than α-tocopherol is responsible for the delayed
postnatal development in offspring of rats fed fish oil instead of olive oil during pregnancy and lactation. J. Nutr. 2000, 130,
2855–2865. [CrossRef]

12. Thorsdottir, I.; Birgisdottir, B.E.; Halldorsdottir, S.; Geirsson, R.T. Association of fish and fish liver oil intake in pregnancy with
infant size at birth among women of normal weight before pregnancy in a fishing community. Am. J. Epidemiol. 2004, 160, 460–465.
[CrossRef]

13. Cortinas, L.; Barroeta, A.; Villaverde, C.; Galobart, J.; Guardiola, F.; Baucells, M.D. Influence of the dietary polyunsaturation level
on chicken meat quality: Lipid oxidation. Poult. Sci. 2005, 84, 48–55. [CrossRef]

14. Valk, E.E.; Hornstra, G. Relationship between vitamin E requirement and polyunsaturated fatty acid intake in man: A review. Int.
J. Vitam. Nutr. Res. 2000, 70, 31–42. [CrossRef] [PubMed]

15. Wani, T.A.; Masoodi, F.A.; Gani, A.; Baba, W.N.; Rahmanian, N.; Akhter, R.; Wani, I.A.; Ahmad, M. Olive oil and its principal
bioactive compound: Hydroxytyrosol–A review of the recent literature. Trends Food Sci. Technol. 2018, 77, 77–90. [CrossRef]

16. Garcia-Contreras, C.; Vazquez-Gomez, M.; Barbero, A.; Pesantez, J.; Zinellu, A.; Berlinguer, F.; Gonzalez-Añover, P.; Gonzalez, J.;
Encinas, T.; Torres-Rovira, L.; et al. Polyphenols and IUGR Pregnancies: Effects of Maternal Hydroxytyrosol Supplementation
on Placental Gene Expression and Fetal Antioxidant Status, DNA-Methylation and Phenotype. Int. J. Mol. Sci. 2019, 20, 1187.
[CrossRef] [PubMed]

17. Garcia-Contreras, C.; Vazquez-Gomez, M.; Pardo, Z.; Heras-Molina, A.; Pesantez, J.L.; Encinas, T.; Torres-Rovira, L.; Astiz, S.;
Nieto, R.; Ovilo, C.; et al. Polyphenols and IUGR pregnancies: Effects of maternal hydroxytyrosol supplementation on hepatic fat
accretion and energy and fatty acids profile of fetal tissues. Nutrients 2019, 11, 1534. [CrossRef]

18. Vazquez-Gomez, M.; Garcia-Contreras, C.; Torres-Rovira, L.; Pesantez, J.L.; Gonzalez-Añover, P.; Gomez-Fidalgo, E.; Sanchez-
Sanchez, R.; Ovilo, C.; Isabel, B.; Astiz, S.; et al. Polyphenols and IUGR pregnancies: Maternal hydroxytyrosol supplementation
improves prenatal and early-postnatal growth and metabolism of the offspring. PLoS ONE 2017, 12, e0177593. [CrossRef]

19. Vazquez-Gomez, M.; Heras-Molina, A.; Garcia-Contreras, C.; Pesantez-Pacheco, J.L.; Torres-Rovira, L.; Martinez-Fernandez,
B.; Gonzalez, J.; Encinas, T.; Astiz, S.; Ovilo, C.; et al. Polyphenols and IUGR Pregnancies: Effects of maternal hydroxytyrosol
supplementation on postnatal growth, metabolism and body composition of the offspring. Antioxidants 2019, 8, 535. [CrossRef]
[PubMed]

20. Heras-Molina, A.; Pesántez-Pacheco, J.L.; Garcia-Contreras, C.; Vázquez-Gómez, M.; López, A.; Benítez, R.; Núñez, Y.; Astiz,
S.; Óvilo, C.; Isabel, B.; et al. Maternal supplementation with polyphenols and omega-3 fatty acids during pregnancy: Prenatal
effects on growth and metabolism. Animals 2021, 11, 1699. [CrossRef]

http://doi.org/10.1093/jn/134.9.2169
http://www.ncbi.nlm.nih.gov/pubmed/15333699
http://doi.org/10.3390/ani11020402
http://doi.org/10.1017/S0007114599000215
http://www.ncbi.nlm.nih.gov/pubmed/10450326
http://doi.org/10.3390/ani9121092
http://www.ncbi.nlm.nih.gov/pubmed/31817675
http://doi.org/10.1017/S0007114514002001
http://doi.org/10.1016/j.livsci.2015.07.017
http://doi.org/10.1016/S0301-6226(02)00012-X
http://doi.org/10.1016/j.meatsci.2004.12.001
http://doi.org/10.1017/S0029665199000488
http://doi.org/10.1093/jn/130.11.2855
http://doi.org/10.1093/aje/kwh239
http://doi.org/10.1093/ps/84.1.48
http://doi.org/10.1024/0300-9831.70.2.31
http://www.ncbi.nlm.nih.gov/pubmed/10804454
http://doi.org/10.1016/j.tifs.2018.05.001
http://doi.org/10.3390/ijms20051187
http://www.ncbi.nlm.nih.gov/pubmed/30857182
http://doi.org/10.3390/nu11071534
http://doi.org/10.1371/journal.pone.0177593
http://doi.org/10.3390/antiox8110535
http://www.ncbi.nlm.nih.gov/pubmed/31717349
http://doi.org/10.3390/ani11061699


Animals 2022, 12, 2140 15 of 16

21. Heras-Molina, A.; Pesantez-Pacheco, J.L.; Astiz, S.; Garcia-Contreras, C.; Vazquez-Gomez, M.; Encinas, T.; Óvilo, C.; Isabel, B.;
Gonzalez-Bulnes, A. Maternal supplementation with polyphenols and omega-3 fatty acids during pregnancy: Effects on growth,
metabolism, and body composition of the offspring. Animals 2020, 10, 1946. [CrossRef]

22. National Research Council. Nutrient Requirements of Swine, 11th ed.; The National Academies Press: Washington, DC, USA, 2012.
[CrossRef]

23. Lopez-Bote, C.; Rey, A.; Ruiz, J.; Isabel, B.; Sanz Arias, R. Effect of feeding diets high in monounsaturated fatty acids and
α-tocopheryl acetate to rabbits on resulting carcass fatty acid profile and lipid oxidation. Anim. Sci. 1997, 64, 177–186. [CrossRef]

24. Sukhija, P.S.; Palmquist, D.L. Rapid method for determination of total fatty acid content and composition of feedstuffs and feces.
J. Agric. Food Chem. 1988, 36, 1202–1206. [CrossRef]

25. Segura, J.; Lopez-Bote, C.J. A laboratory efficient method for intramuscular fat analysis. Food Chem. 2014, 145, 821–825. [CrossRef]
[PubMed]

26. Ruiz, J.; Antequera, T.; Andres, A.I.; Petron, M.J.; Muriel, E. Improvement of a solid phase extraction method for analysis of lipid
fractions in muscle foods. Anal. Chim. Acta 2004, 520, 201–205. [CrossRef]

27. Segura, J.; Escudero, R.; de Ávila, M.R.; Cambero, M.; López-Bote, C. Effect of fatty acid composition and positional distribution
within the triglyceride on selected physical properties of dry-cured ham subcutaneous fat. Meat Sci. 2015, 103, 90–95. [CrossRef]
[PubMed]

28. Hulbert, A.J.; Pamplona, R.; Buffenstein, R.; Buttemer, W.A. Life and death: Metabolic rate, membrane composition, and life span
of animals. Physiol. Rev. 2007, 87, 1175–1213. [CrossRef]

29. Hulver, M.W.; Berggren, J.R.; Carper, M.J.; Miyazaki, M.; Ntambi, J.M.; Hoffman, E.P.; Thyfault, J.P.; Stevens, R.; Dohm, G.L.;
Houmard, J.A. Elevated stearoyl-CoA desaturase-1 expression in skeletal muscle contributes to abnormal fatty acid partitioning
in obese humans. Cell Metabol. 2005, 2, 251–261. [CrossRef] [PubMed]

30. Tanghe, S.; Missotten, J.; Raes, K.; De Smet, S. The effect of different concentrations of linseed oil or fish oil in the maternal diet on
the fatty acid composition and oxidative status of sows and piglets. J. Anim. Physiol. Anim. Nutr. 2015, 99, 938–949. [CrossRef]

31. Gonzalez-Añover, P.; Encinas, T.; Torres-Rovira, L.; Pallares, P.; Muñoz-Frutos, J.; Gomez-Izquierdo, E.; Sanchez-Sanchez,
R.; Gonzalez-Bulnes, A. Ovulation rate, embryo mortality and intrauterine growth retardation in obese swine with gene
polymorphisms for leptin and melanocortin receptors. Theriogenology 2011, 75, 34–41. [CrossRef]

32. Thomas, C.R.; Lowy, C. The interrelationships between circulating maternal esterified and non-esterified fatty acids in pregnant
guinea pigs and their relative contributions to the fetal circulation. J. Dev. Physiol. 1987, 9, 203–214.

33. Herrera, E.; Amusquivar, E.; López-Soldado, I.; Ortega, H. Maternal lipid metabolism and placental lipid transfer. Horm. Res.
2006, 65 (Suppl. S3), 59–64. [CrossRef]

34. Kasser, T.R.; Martin, R.J.; Allen, C.E. Effect of gestational alloxan diabetes and fasting on fetal lipogenesis and lipid deposition in
pigs. Neonatology 1981, 40, 105–112. [CrossRef] [PubMed]

35. Mersmann, H.J. Glycolytic and gluconeogenic enzyme levels in pre- and postnatal pigs. Am. J. Physiol. 1971, 220, 1297–1302.
[CrossRef] [PubMed]

36. Clandinin, M.T.; Chappell, J.E.; Heim, T.; Swyer, P.R.; Chance, G.W. Fatty acid utilization in perinatal de novo synthesis of tissues.
Early Hum. Dev. 1981, 5, 355–366. [CrossRef]

37. Schmitz, G.; Ecker, J. The opposing effects of n-3 and n-6 fatty acids. Prog. Lipid Res. 2008, 47, 147–155. [CrossRef]
38. de Quelen, F.; Boudry, G.; Mourot, J. Linseed oil in the maternal diet increases long chain-PUFA status of the foetus and the

newborn during the suckling period in pigs. Br. J. Nutr. 2010, 104, 533–543. [CrossRef]
39. Tanghe, S.; Millet, S.; De Smet, S. Echium oil and linseed oil as alternatives for fish oil in the maternal diet: Blood fatty acid

profiles and oxidative status of sows and piglets. J. Anim. Sci. 2013, 91, 3253–3264. [CrossRef]
40. Bazinet, R.P.; McMillan, E.G.; Cunnane, S.C. Dietary alpha-linolenic acid increases the n-3 PUFA content of sow’s milk and the

tissues of the suckling piglet. Lipids 2003, 38, 1045–1049. [CrossRef]
41. Lugarà, R.; Realini, L.; Kreuzer, M.; Giller, K. Effects of maternal high-energy diet and spirulina supplementation in pregnant and

lactating sows on performance, quality of carcass and meat, and its fatty acid profile in male and female offspring. Meat Sci. 2022,
187, 108769. [CrossRef]

42. Barbero, A.; Astiz, S.; Lopez-Bote, C.J.; Perez-Solana, M.L.; Ayuso, M.; Garcia-Real, I.; Gonzalez-Bulnes, A. Maternal malnu-
trition and offspring sex determine juvenile obesity and metabolic disorders in a swine model of leptin resistance. PLoS ONE
2013, 8, e78424. [CrossRef]

43. Decsi, T.; Kennedy, K. Sex-specific differences in essential fatty acid metabolism. Am. J. Clin. Nutr. 2011, 94, 1914s–1919s.
[CrossRef] [PubMed]

44. Childs, C.E. Sex hormones and n-3 fatty acid metabolism. Proc. Nutr. Soc. 2020, 79, 219–224. [CrossRef] [PubMed]
45. Rey, A.I.; de-Cara, A.; Calvo, L.; Puig, P.; Hechavarría, T. Changes in plasma fatty acids, free amino acids, antioxidant defense,

and physiological stress by oleuropein supplementation in pigs prior to slaughter. Antioxidants 2020, 9, 56. [CrossRef] [PubMed]
46. Haugen, G.; Hanson, M.; Kiserud, T.; Crozier, S.; Inskip, H.; Godfrey, K.M. Fetal liver-sparing cardiovascular adaptations linked

to mother’s slimness and diet. Circul. Res. 2005, 96, 12–14. [CrossRef]
47. Pardo, C.; Bérard, J.; Kreuzer, M.; Bee, G. Intrauterine crowding impairs formation and growth of secondary myofibers in pigs.

Animal 2013, 7, 430–438. [CrossRef]

http://doi.org/10.3390/ani10111946
http://doi.org/10.17226/13298
http://doi.org/10.1017/S1357729800015691
http://doi.org/10.1021/jf00084a019
http://doi.org/10.1016/j.foodchem.2013.08.131
http://www.ncbi.nlm.nih.gov/pubmed/24128551
http://doi.org/10.1016/j.aca.2004.04.059
http://doi.org/10.1016/j.meatsci.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25644667
http://doi.org/10.1152/physrev.00047.2006
http://doi.org/10.1016/j.cmet.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16213227
http://doi.org/10.1111/jpn.12243
http://doi.org/10.1016/j.theriogenology.2010.07.009
http://doi.org/10.1159/000091507
http://doi.org/10.1159/000241478
http://www.ncbi.nlm.nih.gov/pubmed/7284496
http://doi.org/10.1152/ajplegacy.1971.220.5.1297
http://www.ncbi.nlm.nih.gov/pubmed/4324941
http://doi.org/10.1016/0378-3782(81)90016-5
http://doi.org/10.1016/j.plipres.2007.12.004
http://doi.org/10.1017/S0007114510000772
http://doi.org/10.2527/jas.2012-5874
http://doi.org/10.1007/s11745-006-1159-9
http://doi.org/10.1016/j.meatsci.2022.108769
http://doi.org/10.1371/journal.pone.0078424
http://doi.org/10.3945/ajcn.110.000893
http://www.ncbi.nlm.nih.gov/pubmed/22089435
http://doi.org/10.1017/S0029665119001071
http://www.ncbi.nlm.nih.gov/pubmed/31416488
http://doi.org/10.3390/antiox9010056
http://www.ncbi.nlm.nih.gov/pubmed/31936246
http://doi.org/10.1161/01.RES.0000152391.45273.A2
http://doi.org/10.1017/S1751731112001802


Animals 2022, 12, 2140 16 of 16

48. Aberle, E. Myofiber differentiation in skeletal muscles of newborn runt and normal weight pigs. J. Anim. Sci. 1984, 59, 1651–1656.
[CrossRef]

49. Alvarenga, A.; Chiarini-Garcia, H.; Cardeal, P.; Moreira, L.; Foxcroft, G.; Fontes, D.; Almeida, F. Intrauterine growth retardation
affects birth-weight and postnatal development in pigs, impairing muscle accretion, duodenal mucosa morphology and carcass
traits. Reprod. Fertil. Dev. 2013, 25, 387–395. [CrossRef]

50. Fain, J.N.; Scow, R.O. Fatty acid synthesis in vivo in maternal and fetal tissues in the rat. Am. J. Physiol. Leg. Cont. 1966, 210, 19–25.
[CrossRef]

51. Vicente, J.G.; Isabel, B.; Cordero, G.; Lopez-Bote, C.J. Fatty acid profile of the sow diet alters fat metabolism and fatty acid
composition in weanling pigs. Anim. Feed Sci. Technol. 2013, 181, 45–53. [CrossRef]

52. Pan, D.A.; Hulbert, A.J.; Storlien, L.H. Dietary fats, membrane phospholipids and obesity. J. Nutr. 1994, 124, 1555–1565. [CrossRef]
53. Liu, S.; Baracos, V.E.; Quinney, H.A.; Clandinin, M.T. Dietary omega-3 and polyunsaturated fatty acids modify fatty acyl

composition and insulin binding in skeletal-muscle sarcolemma. Biochem. J. 1994, 299 Pt 3, 831–837. [CrossRef] [PubMed]

http://doi.org/10.2527/jas1984.5961651x
http://doi.org/10.1071/RD12021
http://doi.org/10.1152/ajplegacy.1966.210.1.19
http://doi.org/10.1016/j.anifeedsci.2013.02.002
http://doi.org/10.1093/jn/124.9.1555
http://doi.org/10.1042/bj2990831
http://www.ncbi.nlm.nih.gov/pubmed/8192673

	Introduction 
	Materials and Methods 
	Ethic Statement 
	Animals and Experimental Procedures 
	Sampling of Fetuses 
	Fatty Acid Composition of Plasma and Tissues 
	Statistical Analysis 

	Results 
	Fat Content of the Different Tissues 
	Fatty Acid Composition of the Plasma of the Gilts and Fetuses 
	Fatty Acid Composition of the Longissimus Dorsi Muscle of the Fetuses 
	Neutral Fraction 
	Polar Fraction 

	Fatty Acid Composition of the Liver of the Fetuses 
	Neutral Fraction 
	Polar Fraction 

	Fatty Acid Composition of the Brain 
	Neutral Fraction 
	Polar Fraction 


	Discussion 
	Conclusions 
	References

