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Abstract: Maternal supplementation with hydroxytyrosol, a polyphenol present in olive leaves and
fruits, is a highly promising strategy to improve the oxidative and metabolic status of fetuses at risk
of intrauterine growth restriction, which may diminish the appearance of low-birth-weight neonates.
The present study aimed to determine whether hydroxytyrosol, by preventing lipid peroxidation, may
influence the fat accretion and energy homeostasis in the liver, as well as the fatty acid composition in
the liver and muscle. The results indicate that hydroxytyrosol treatment significantly decreased the
energy content of the fetal liver, without affecting fat accretion, and caused significant changes in the
availability of fatty acids. There were significant increases in the amount of total polyunsaturated
fatty acids, omega-3 and omega-6, which are highly important for adequate fetal tissue development.
However, there were increases in the omega-6/omega-3 ratio and the desaturation index, which
make further studies necessary to determine possible effects on the pro/anti-inflammatory status of
the fetuses.
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1. Introduction

Offspring affected by a low-birth-weight (LBW) after suffering processes of intrauterine growth
restriction (IUGR) are a concerning issue for both human and veterinary medicine, due to the short-term
(increased mortality and morbidity of neonates) and long-term consequences of LBW (decreased
growth patterns, health status and performance of individuals). Thus, there is a strong necessity for
strategies to alleviate the occurrence and consequences of IUGR.

A possible approach is the use of antioxidant agents. The main cause for IUGR is the inadequate
supply of nutrients and oxygen to the fetus, by either placental insufficiency or maternal malnutrition
(which also causes placental insufficiency [1,2]). Both placental insufficiency and maternal malnutrition
cause hypoxia, and hypoxia increases oxidative stress and aggravates IUGR [3,4]. In turn, IUGR fetuses
have a weakened antioxidant defense system [5,6] which exacerbates the condition. Hence, antioxidant
agents may be useful to improve the antioxidant/oxidative status during pregnancy.
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Polyphenols are potent antioxidants with a double action, scavenging reactive oxygen species
and inhibiting their formation, and hence may be useful in compromised pregnancies since they
increase the plasma antioxidant capacity [7,8] and therefore diminish placental oxidative stress [9].
However, the study of the possible usefulness and/or risks of polyphenols for reproductive health and
pregnancy is only just starting [7]. Our group has recently shown, in a swine model of IUGR [10], the
usefulness of a maternal supplementation with hydroxytyrosol, a polyphenol present in olive leaves
and fruits [11,12], to improve oxidative and metabolic status of IUGR fetuses [13] and to counteract the
appearance of LBW neonates [14].

Previous studies using our swine IUGR model [15] evidenced that maternal undernutrition
diminishes antioxidant capacity and increases lipid peroxidation of fetuses from early stages of
pregnancy, prejudicing lipids and fatty acid availability at later stages of gestation. Lipids, mainly
essential fatty acids, are crucial for adequate fetal development and an excess of lipid peroxidation
may compromise their availability to the fetus [6,16], worsening IUGR [17,18], because excessive
oxidative stress causes the degradation of fatty acids and mainly of polyunsaturated fatty acids (PUFAs),
which produce a variety of aldehydes, alkanals, alkenes, and alkanes of pathological significance [19].
Moreover, fatty acids and specifically PUFAs are involved in the regulation of different enzymes
and cytokines and therefore metabolic processes [20]. Moreover, in the case of oxidative stress,
metabolic and inflammatory status may be even worsened by a higher oxidation of amino acids,
specifically L-arginine, which increases production of nitric oxide (NO). NO is a free radical which main
physiological functions but causing pathological (pro-inflammatory) condition in case of excess [21].

Phenolic antioxidants avoid formation of free oxygen radicals by donating hydrogen [19].
In agreement with this premise, fetuses from pregnancies supplemented with hydroxytyrosol have
a higher antioxidant capacity. Such higher antioxidant capacity is related to enhancement of the
glutathione route. Glutathione is a main antioxidant agent which prevents lipid peroxidation [22] and
counteract the DNA hypomethylation induced by oxidative stress [13]. Hypomethylation produces
fetal liver steatosis and impaired fatty acids profile by impaired (3-oxidation in both liver and muscle,
which in turns causes long-term epigenetic metabolic dysregulations [23]. The liver is the largest
organ that modulates systemic energy homeostasis [24] and, concomitantly, fat is its major energy
reserve [25]. Alterations of hepatic energy homeostasis are also related to long-term epigenetic
metabolic dysregulations [26]. Hence, we aimed to determine whether maternal hydroxytyrosol
supplementation may influence fat accretion and energy homeostasis in the liver and fatty acid
availability in both the muscle and the liver of the offspring.

2. Materials and Methods

2.1. Animals and Experimental Procedure

The study was performed according to the Spanish Policy for Animal Protection RD53/2013, which
complies with the European Union Directive 2010/63/UE on the protection of animals used for research.
The experimental procedures were specifically assessed and approved by the INIA Committee of
Ethics in Animal Research (report CEEA 2013/036). Sows were housed at the INIA facilities, which
meet local, national and European policy for Scientific Procedure Establishments.

The study involved 13 pregnant Iberian sows. From gestation Day 1 to 35 their individual daily
maintenance requirements were fulfilled with a standard grain-based feed with the following mean
nutrient composition: dry matter, 89.8%; crude protein, 15.1%; fat, 2.8%; and metabolizable energy,
3.0 Mcal/kg. Diet analysis showed that the most abundant fatty acids (FA) were palmitic (18.7%), oleic
(23.2%) and linoleic acids (46.5%), as detailed in Table 1.

Pregnancy diagnosis was performed at Day 35 after artificial insemination, following estrous
synchronization for assuring the same gestational age of all fetuses. Afterwards, the sows were
weighed and pair-matched according to body weight. The amount of food offered to each sow was
adjusted to 50% of its daily maintenance requirements (1 kg of food per animal and day), which
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has been previously found to impose a nutritional challenge inducing IUGR in the offspring [10,27].
Seven females remained as untreated control group (group C) whilst six females (group HTX) acted as
the treated group by receiving 1.5 mg of hydroxytyrosol per kg of feed per day, so the daily dose of
hydroxytyrosol was 1.5 mg. The compound was mixed with the food and food was offered, in both
control and treated groups, in individual feeders in order to ensure that each animal ate all its available
diet; there were no refusals.

At Day 100 of pregnancy, corresponding to approximately 90% of a 112-day gestation length
typical for this breed, the fetuses were obtained in compliance with RD53/2013 and position and sex
were assessed. Day 100 of pregnancy was chosen because, from Day 90 onwards, fetal metabolism
becomes independent from maternal signals and is highly affected by nutrient availability [28]. A total
of 55 and 45 fetuses were obtained, respectively, in the C group (31 female, 56.4%, and 24 male fetuses,
43.6%) and HTX group (26 female, 57.8%, and 19 male fetuses, 42.2%).

Table 1. Fatty acid composition (g/100 g total fatty acids) of the experimental diet.

Fatty Acid C14:0 C16:0 C16:1n-9 C16:1n7 C17:0 C17:1 C18:0 C18:1n-9 C18:1n-7
Percentage 0.488 18.722 0.173 0.578 0.540 0.126 3.706 23.201 0.906
Fatty Acid C18:2n-6 C18:3n-3 C20:In-9 C20:4n-6 C20:5n-3 C22:In-9 C22:5n-3 (C22:6n-3
Percentage 46.492 3.355 0.648 0.000 0.123 0.268 0.297 0.377

2.2. Evaluation of Liver Energy and Adiposity and Fat Composition in Liver and Muscle of Fetuses

Gross energy content of the fetal liver was determined in duplicate with an isoperibolic bomb
calorimeter (Parr Instrument Co., Moline, IL USA) in freeze-dried homogenized samples from the
right lateral lobe. Fat accretion of the liver (in terms of percentage) and fatty acid composition of
liver and muscle were determined as previously described [29], in samples from the longissimus dorsi
muscle and from the right lateral lobe of the liver. Intramuscular and liver fat were extracted from
300 mg of lyophilized and homogenized samples using the Ball-mill procedure [30]. Fatty acids
in the total lipid extracts were identified and quantified by gas chromatography (HP6890, Hewlett
Packard, Avondale, PA, USA) after methylation as previously described [30,31]. Neutral lipid fractions
(triglycerides) and polar lipid fractions (phospholipids) were analyzed using gas chromatography
after passing them through aminopropyl minicolumns previously activated with 7.5 mL of hexane [30].
Fatty acid methyl esters were fractionated on a cross-linked polyethylene glycol capillary column
(30 cm x 0.32 mm x 0.25 um, Hewlett Packard Innowax) and a temperature gradient from 170 °C to
245 °C. The injector and detector were maintained at 250 °C. The percentages of individual fatty acids
were used to calculate proportions of SFA, MUFA and PUFA, as well as total n-3 and n-6 and their
ratio (}'n-6/).n-3). The unsaturation index (UI) was obtained from the ratio of MUFA to SFA, and the
activity of the stearoyl-CoA desaturase enzyme 1 (SCD1) was inferred from the ratio of the enzyme
product, oleic acid (C18:1n-9), to the enzyme substrate, stearic acid (C18:0).

2.3. Statistical Analysis

Data were analyzed using SPSS® 22.0 (IBM, Armonk, NY, USA). Effects of maternal diet (control
vs. treated) and fetal sex (female vs. male) and the interaction sex* treatment on adiposity and fatty-acid
composition were assessed by two-way ANOVA. Duncan’s post-hoc test was performed to check
differences among groups in multiple comparisons. The sow was considered the experimental unit for
all variables in order to avoid biasing the results according to litter size: Fetuses with the same sex
from the same sow were averaged together, giving one data point per sow. All results were expressed
as mean + SEM and statistical significance was accepted from P < 0.05, while P-values between 0.05
and 0.09 were considered to indicate a tendency.



Nutrients 2019, 11, 1534 40f 13

3. Results

The assessment of fatty acid composition showed significant and highly consistent effects of the
hydroxytyrosol supplementation on gross energy content of the liver and on both the neutral and polar
fatty acid fractions of both the liver and the longissimus dorsi muscle.

3.1. Effects on Energy and Fat Content of the Liver

Maternal hydroxytyrosol supplementation diminished the gross energy content of the fetal liver
when compared to the group C (5162.2 + 148.3 vs. 5249.5 + 184.3 cal/g dry matter, respectively;
P < 0.001). Such difference was driven by fetal sex, with males of group HTX showing lower energy
levels than males of group C (5146.2 + 227.7 vs. 5257.9 + 303.7 cal/g dry matter, respectively; P < 0.05).
Conversely, there were no differences in fat content between C and HTX fetuses (13.6 vs. 13.7% of dry
matter, respectively).

3.2. Effects on Fatty Acid Composition of Liver

Maternal hydroxytyrosol supplementation was related to very few common changes in the neutral
and polar fractions of the fetal liver (Tables 2 and 3); there was only a lower proportion of SFA and
similar increases in eicosenoic (C20:1n-9) and adrenic (C22:4n-6) acids. Main changes were found only
at the polar fraction where HTX supplementation increased PUFA (with a decrease also in MUFA),
2n-3, Xn-6 and Ul, and the relative contents of gamma-linolenic (C18:3n-6), arachidonic (C20:4n-6),
adrenic and docosapentaenoic (C22:5n-3) and docohexaenoic (C22:6n-3) acids. On the other hand, the
content of palmitic (C16:0), cis-vaccenic (C18:1n-7), palmitoleic (C16:1n-7), heptadecanoic (C17:1) and
oleic (C18:1n-9) acids was lower in treated fetuses. The neutral fraction showed higher activity of
stearoyl-CoA desaturase enzyme 1 (SCD1), lower content of stearic acid (C18:0) and higher content of
cis-7 hexadecenoic (C16:1n-9), oleic, linoleic, eicosenoic and adrenic acids. Other fatty acids which
content was increased in treated fetuses were myristic (C14:0), palmitic and palmitoleic acids. Finally,
these fetuses showed a higher MUFA content and UI than controls.

These changes were similar in both sexes, with an interaction sex-treatment for the polar fraction,
but with no effects on the neutral fraction. At the polar fraction, hydroxytyrosol decreased the amount
of SFA in males, whilst females showed a lowered Ul and SCD1 activity.

3.3. Effects on Fatty Acid Composition of Longissimus Dorsi Muscle

Maternal hydroxytyrosol supplementation was related, at both neutral and polar fractions of
the fetal longissimus dorsi muscle (Tables 4 and 5), with a significant decrease in SFA and significant
increases in PUFA, Xn-3, ¥n-6, Xn-6/Xn-3 ratio and UL Specifically, fetuses from sows supplemented
with hydroxytyrosol showed, at both neutral and polar fractions, a lower content of stearic and oleic
acids and higher content of gamma-linolenic, adrenic and docosapentaenoic) acids than control fetuses.
The neutral fraction also showed a significantly higher activity of SCD1 and higher contents of cis-7
hexadecenoic, linoleic (C18:2n-6) and eicosenoic acids in fetuses from supplemented sows. The polar
fraction of these fetuses had higher contents of myristic, arachidonic and eicosapentaenoic acids
(C20:5n-3) and lower palmitic, heptadecanoic, cis-vaccenic and linolenic acids.

These changes in both neutral and polar fractions were similar in both sexes and there were no
major significant differences between males and females within the same treatment group. Interactions
between sex and treatment were more evident in treated males, which showed significant increases in
the content of PUFA, ¥n-3, ¥n-6 and Ul at the neutral fraction and ¥n-3 at the polar fraction.
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Table 2. Effects and differences between sexes, of maternal hydroxytyrosol supplementation on the fatty acid profile of the fetal liver. Mean values (+SEM) of neutral
lipids in female (F) and male (M) fetuses of the treated (HTX) and the control group (C).

HTX C p-Value
Fatty Acids (/100 g HTX vs. C Same Sex (HTX vs. C) Same Experimental Group (F vs. M)
Total Fatty Acids) Mean Female Male Mean Female Male Global  HTXvs.C HTXvs.C Fvs. Mwithin  Fvs. M within
Females Males HTX Group C Group
C14:0 298+0.09 288+0.09 3.09+018 250+0.07 255+0.10 243+0.10 0.000 0.020 0.001 0.192 0.384
C16:0 2498 +0.27 2478 +£031 2512+051 2413+039 2424+048 24.1+0.65 0.086 0.307 0.170 0.339 0.861
C16:1n-9 1.88+0.06 1.89+0.08 183+0.12 1.33+0.05 140+0.07 1.26+0.06 0.000 0.000 0.000 0.815 0.135
C16:1n-7 820+0.17 787+019 859+030 7.23+0.11 739+017 7.04+0.14 0.000 0.060 0.000 0.025 0.126
C17:0 123+0.04 126+0.06 122+0.07 131+0.04 129+005 1.32+0.06 0.172 0.537 0.170 0.519 0.742
C17:1 1.09+0.02 1.09+0.03 110+0.04 1.06+0.02 1.06+0.02 1.05+0.02 0.210 0.380 0.380 0.753 0.601
C18:0 14.87 £037 1532+041 1439+0.67 19.41+048 18.77+0.69 20.28+0.63 0.000 0.000 0.000 0.190 0.121
C18:1n-9 1779 +035 17.61+047 1783+0.58 15.61+040 1591+0.55 15.37+0.59 0.000 0.011 0.004 0.767 0.508
C18:1n-7 752+014 736+014 779+025 726+0.07 718+0.10 736+0.11 0.077 0.307 0.134 0.155 0.235
C18:2n-6 289+0.07 292+0.08 284+013 265+008 267+010 259+0.12 0.022 0.057 0.199 0.363 0.601
C18:3n-3 0.24+0.01 023+001 025+0.01 023+001 022+0.01 0.23+0.01 0.173 0.372 0.290 0.367 0.499
C20:1n-9 0.34+0.01 033+001 035+0.02 027+001 028+0.02 0.27+0.02 0.000 0.007 0.004 0.500 0.813
C20:3n-6 038+0.01 0.38+0.01 037+0.02 037+0.01 037+0.02 0.37+0.02 0.954 0.900 0.960 0.613 0.892
C20:4n-6 10.83+£0.35 11.17+041 1054+0.64 11.68+0.57 11.66+0.72 11.55+0.93 0.221 0.447 0.337 0.311 0.924
C20:5n-3 021+0.03 024+005 017+0.01 020+0.01 020+0.02 0.20+0.02 0.869 0.704 0.539 0.569 0.897
C22:4n-6 061+£0.03 059+0.04 0.62+0.04 050+0.02 050+0.03 049 +0.04 0.004 0.066 0.024 0.55 0.873
C22:5n-3 039+002 039+002 039+003 036003 037004 035+0.04 0.516 0.995 0.347 0.606 0.654
C22:6n-3 359+0.13 372+0.15 352+026 3.89+023 392+031 3.75+0.34 0.287 0.415 0.492 0.364 0.710
SFA 44.06+0.21 4423+026 43.81+035 4735+0.61 46.86+0.76 48.13+0.98 0.000 0.004 0.001 0.538 0.302
MUFA 36.82+0.63 36.14+0.75 3749+1.14 32.77+056 3322+081 32.34=+0.76 0.000 0.006 0.000 0.296 0.441
PUFA 19.12+£054 19.63+0.63 187+1.03 19.88+091 1992+1.16 19.53+1.46 0.497 0.680 0.581 0.329 0.832
Ul 1.14 £ 0.02 116 £0.02 1.13+0.04 1.15+0.04 1.15+0.05 1.13 + 0.06 0.903 0.890 0.962 0.414 0.727
PUFAn-3 442+015 457+018 433+029 468+025 472+034 453+0.38 0.408 0.513 0.607 0.411 0.712
PUFAn-6 147 +040 15.06+047 1437+074 152+0.66 152+0.83 1499 +1.09 0.540 0.758 0.577 0.309 0.881
Xn-6/Zn-3 337+£0.04 333+£0.05 339+007 346+011 346+0.17 348+0.15 0.483 0.611 0.637 0.626 0.954
C18:1/C18:0 1.80+0.09 1.69+0.09 193+0.18 123+0.05 129+0.07 1.15+0.05 0.000 0.001 0.000 0.200 0.119
MUEFA/SFA 0.84+0.02 0.82+0.02 0.86+0.03 0.7 £0.01 071 +£0.02 0.68 +£0.02 0.000 0.000 0.000 0.298 0.159

FA (g/100 g Total FA) = Fatty Acids (g/100 g Total Fatty Acids); SFA = Saturated fatty acids. Includes: C14:0, C16:0, C17:0 and C18:0; MUFA = Monounsaturated fatty acids. Includes:
C16:1n-9, C16:1n-7, C17:1, C18:1n-9, C18:1n-7, C20:1n-9; PUFA = Polyunsaturated fatty acids. Includes: C18:2n-6, C18:3n-3, C20:3n-9, C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n-6,

(C22:5n-3 and C22:6n-3; UI = Unsaturation index; Includes: C18:2n-6, C20:4n-6 and C22:4n-6; Includes: C18:3n-3, C20:5n-3 and C22:6n-3.



Nutrients 2019, 11, 1534

60f13

Table 3. Effects and differences between sexes, of maternal hydroxytyrosol supplementation on the fatty acid profile of the fetal liver. Mean values (+SEM) of polar
lipids in female (F) and male (M) fetuses of the treated (HTX) and the control group (C).

HTX C p-Value
Fatty Acids (/100 g HTX vs. C Same Sex (HTX vs. C) Same Experimental Group (F vs. M)
Total Fatty Acids) Mean Female Male Mean Female Male Global  HTXvs.C HTXvs.C Fvs. Mwithin  Fos. M within
Females Males HTX Group C Group
C14:0 197+004 193+004 206+010 209+0.05 2.08+0.07 2.07+0.08 0.089 0.038 0.806 0.132 0.767
C16:0 23.17+0.18 23.02+022 2333+030 2429+040 24.00+048 24.72+0.69 0.020 0.082 0.127 0.204 0.340
C16:1n-9 128+0.020 1.30+0.03 127+0.05 1.31+0.03 134+0.04 1.27+0.04 0.532 0.534 0.796 0.406 0.316
C16:1n-7 474+0.08 464+010 494+018 522+0.10 526+0.13 514+0.11 0.000 0.001 0.172 0.07 0.472
C17:0 139+0.04 141+006 137+0.06 133+0.04 133+006 1.32+0.06 0.300 0.387 0.590 0.602 0.823
C17:1 0.69+0.01 0.69+002 0.69+0.03 078+0.02 079+0.03 0.77+0.02 0,000 0.015 0.006 0.489 0.547
C18:0 19.72+£020 1992+025 1937+037 20.09+026 198+0.39 20.55+0.25 0.280 0.614 0.006 0.131 0.113
C18:1n-9 10.65+0.14 10.69+02 1047 +026 11.55+027 11.61+0.35 11.64+040 0.007 0.108 0.027 0.443 0.778
C18:1n-7 682+0.10 675+010 7.13+040 725+014 723+009 714+0.14 0.019 0.026 0.424 0.234 0.495
C18:2n-6 2.4 +0.05 243 +0.06 236+010 233+0.04 235+005 229+0.05 0.269 0.276 0.697 0.174 0.311
C18:3n-3 0.19+0.00 019+001 020+0.01 021+001 021+0.01 0.20=+0.01 0.342 0.221 0.989 0.600 0.460
C20:1n-9 046 +0.01 046+001 046+0.02 041+001 042+0.01 0.41+0.02 0.001 0.015 0.041 0.633 0.648
C20:3n-6 1835+0.19 1848 +0.21 1813+0.38 16.14+0.54 1636+0.66 15.79+0.93 0.001 0.006 0.032 0.485 0.572
C20:4n-6 0.25+0.01 024+001 025+0.01 022+001 022+0.01 0.21+0.01 0.008 0.118 0.029 0.615 0.585
C20:5n-3 0.06+0.00 0.06+0.0  0.07+0.00 0.06+0.00 0.06+0.01 0.06+0.00 0.372 0.986 0.045 0.220 0.679
C22:4n-6 086+0.04 082+0.05 091+0.07 0.62+003 065+004 059+0.04 0.000 0.009 0,000 0.200 0.367
C22:5n-3 0.62+0.02 061+002 0.63+0.03 052+0.03 053+0.04 0.49+0.04 0.002 0.102 0.008 0.234 0.358
C22:6n-3 6.36+010 635+010 637+019 560+023 576+028 535+0.39 0.006 0.090 0.032 0.853 0.335
SFA 46.25+0.12 4627 +0.15 46.13+025 4779+0.52 4721+0.64 48.66+0.83 0.010 0.243 0.014 0.847 0.139
MUFA 24.64+023 2453+024 2495+055 2652+04 2665+055 26.37+0.6 0.000 0.002 0.046 0.597 0.737
PUFA 29.1+£0.27 2924027 2892+053 25.69+081 2614+099 2497+14 0.000 0.009 0.018 0.713 0.439
Ul 1.32 +0.01 1.32 +0.01 1.32+0.02 1.20+£003 122+0.04 1.17+0.05 0.001 0.027 0.015 0.892 0.343
PUFAn-3 724+010 722+010 727+019 638+025 656030 6.09+043 0.004 0.087 0.022 0.678 0.305
PUFAn-6 21.86 +0.19 21.98+0.2 21.65+0.38 1931+0.57 19.58+0.70 18.88 +0.99 0.000 0.003 0.019 0.457 0.516
Xn-6/Zn-3 3.04+£003 3.06+0.03 3.00+0.06 311+0.05 3.05+0.06 3.21+0.08 0.233 0.679 0.054 0.326 0.078
C18:1/C18:0 0.89+0.02 0.88+0.02 092+0.04 095+0.02 097+0.04 091+0.02 0.066 0.040 0.894 0.321 0.235
MUEFA/SFA 053+0.01 053+0.01 0.54 £ 0.01 056+0.01 057+0.01 0.54 £ 0.01 0.019 0.016 0.635 0.578 0.092

FA (g/100 g Total FA) = Fatty Acids (g/100 g Total Fatty Acids); SFA = Saturated fatty acids. Includes: C14:0, C16:0, C17:0 and C18:0; MUFA = Monounsaturated fatty acids. Includes:
C16:1n-9, C16:1n-7, C17:1, C18:1n-9, C18:1n-7, C20:1n-9; PUFA = Polyunsaturated fatty acids. Includes: C18:2n-6, C18:3n-3, C20:3n-9, C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n-6,

(C22:5n-3 and C22:6n-3; UI = Unsaturation index; Includes: C18:2n-6, C20:4n-6 and C22:4n-6; Includes: C18:3n-3, C20:5n-3 and C22:6n-3.
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Table 4. Effects and differences between sexes, of maternal hydroxytyrosol supplementation on the fatty acid profile of the fetal longissimus dorsi muscle. Mean values

(+SEM) of neutral lipids in female (F) and male (M) fetuses of the treated (HTX) and the control group (C).

HTX C p-Value
Fatty Acids (/100 g HTX vs. C Same Sex (HTX vs. C) Same Experimental Group (F vs. M)
Total Fatty Acids) Mean Female Male Mean Female Male Global  HTXvs.C HTXvs.C Fvs. Mwithin  Fvs. M within
Females Males HTX Group C Group
C14:0 330+£0.05 325+0.05 329+0.05 331+009 325+007 3.24+0.06 0.436 0.65 0.521 0.841 0.923
C16:0 29.89+0.20 29.85+021 29.85+0.25 2993+034 29.79+03 29.93+0.31 0.905 0.875 0.99 0.841 0.748
C16:1n-9 293+013 260+004 291016 296+024 266+0.04 252+0.06 0.012 0.118 0.056 0.874 0.05
C16:1n-7 654+0.15 684+013 655+018 652+027 685+0.18 6.83+0.18 0.125 0.248 0.352 0.918 0.921
C17:0 134+0.04 137+003 133+0.05 137+005 138+004 1.35+0.04 0.608 0.414 0.795 0.618 0.572
C17:1 1.20+0.04 115+0.04 122+0.06 116+0.06 112+0.06 1.20+0.05 0.482 0.424 0.658 0.476 0.37
C18:0 11.13+0.12 1238+0.14 11.00+0.13 11.32+0.22 1221+0.16 12.58+0.25 0,000 0,000 0.001 0.196 0.202
C18:1n-9 2262015 23.06+0.15 2289+020 2225+023 2298+021 23.16+023 0.048 0.752 0.009 0.04 0.574
C18:1n-7 722009 743+006 711+011 738+014 735+0.08 7.52+0.09 0.056 0.081 0.38 0.14 0.13
C18:2n-6 450+011 378+011 4.60+015 435+0.17 375+0.18 3.82+0.12 0,000 0.001 0.012 0.295 0.764
C18:3n-3 0.32+0.01 031+001 032+0.01 032+0.02 0.30+0.01 0.32+0.01 0.405 0.302 0.984 0.813 0.378
C20:1n-9 046 +0.01 043+001 045+0.01 047+0.01 043+0.01 0.42+0.02 0.035 0.34 0.05 0.176 0.677
C20:3n-6 058 £0.01  0.49+0.01 057+0.02 058+0.02 051+0.02 047 +0.02 0,000 0.04 0,000 0.866 0.163
C20:4n-6 517+0.17 464+023 512+0.21 524+029 485+035 4.38+0.29 0.081 0.529 0.046 0.742 0.316
C20:5n-3 0.19+0.01 0.19+0.01 0.19 £ 0.01 020+£0.01 0.20+0.01 0.18 £ 0.01 0917 0.275 0.172 0.26 0.188
C22:4n-6 1.27+003 1.03+005 126+0.03 128+0.04 1.07+0.07 0.97+0.05 0,000 0.025 0,000 0.678 0.238
C22:5n-3 045+0.01 036+002 046+0.01 045+0.02 040+0.03 0.32+0.03 0.001 0.126 0.001 0.858 0.114
C22:6n-3 0.89+0.02 083+004 0.88+0.03 091+004 0.87+0.05 0.79+0.04 0.195 0.879 0.059 0.524 0.249
SFA 45.67 +0.20 46.84+027 4547+024 4593+0.32 46.64+0.38 47.10+0.39 0.001 0.015 0.031 0.252 0.399
MUFA 4097 +£0.21 41.51+024 41.13+025 40.74+034 414+036 41.65+0.30 0.093 0.555 0.052 0.35 0.606
PUFA 13.37£028 11.64+042 1339+037 1333+042 1196+064 11.25+0.53 0.002 0.068 0.005 0911 0.406
Ul 0.85+0.01 0.80+0.02 0.85+0.01 085+0.02 082+£0.02 0.79+0.02 0.009 0.185 0.014 0.942 0.316
PUFAn-3 186 +0.03 1.70+0.06 1.84+0.04 1.88+0.05 177+0.10 1.61+0.08 0.042 0.523 0.011 0.61 0.213
PUFAn-6 11.51+£025 995+036 11.55+0.33 11.45+0.38 10.19+055 9.64+0.45 0.001 0.047 0.005 0.845 0.456
Xn-6/Zn-3 6.20 £ 0.08 590 +0.1 6.27+0.10 6.10+£0.12 578+0.14 6.05+0.14 0.025 0.009 0.795 0.257 0.201
C18:1/C18:0 270+0.04 248+003 274+0.04 264+006 249+0.03 2.46=+0.05 0,000 0,000 0.017 0.16 0.515
MUEFA/SFA 0.9 +£0.01 0.89 £ 0.01 0.91 £ 0.01 0.89+0.01 0.89+0.01 0.89 £ 0.01 0.207 0.114 0.862 0.162 0.797

FA (g/100 g Total FA) = Fatty Acids (g/100 g Total Fatty Acids); SFA = Saturated fatty acids. Includes: C14:0, C16:0, C17:0 and C18:0; MUFA = Monounsaturated fatty acids. Includes:
C16:1n-9, C16:1n-7, C17:1, C18:1n-9, C18:1n-7, C20:1n-9; PUFA = Polyunsaturated fatty acids. Includes: C18:2n-6, C18:3n-3, C20:3n-9, C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n-6,

(C22:5n-3 and C22:6n-3; UI = Unsaturation index; Includes: C18:2n-6, C20:4n-6 and C22:4n-6; Includes: C18:3n-3, C20:5n-3 and C22:6n-3.
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Table 5. Effects and differences between sexes, of maternal hydroxytyrosol supplementation on the fatty acid profile of the fetal longissimus dorsi muscle. Mean
values (+SEM) of polar lipids in female (F) and male (M) fetuses of the treated (HTX) and the control group (C).

HTX C p-Value
Fatty Acids (/100 g HTX vs. C Same Sex (HTX vs. C) Same Experimental Group (F vs. M)
Total Fatty Acids) Mean Female Male Mean Female Male Global  HTX0s.C HTXuvs.C Fos. Mwithin  Fos. M within
Females Males HTX Group C Group
C14:0 250+0.03 230+0.03 245+0.03 257+005 231+004 230+0.04 0.000 0.009 0.000 0.036 0.784
C16:0 237+0.11 2450+0.19 2359+0.16 23.87+0.13 2426+025 24.8+0.28 0.001 0.034 0.008 0.206 0.157
C16:1n-9 207+0.05 204+0.05 2.02+005 214+010 2.09+0.09 1.97 + 0.05 0.671 0.479 0.116 0.241 0.267
C16:1n-7 373+0.08 387+0.08 3.63+0.09 386+014 386+0.12 3.87+0.08 0.215 0.152 0.923 0.174 0.938
C17:0 129+0.03 130+0.03 129+004 129+005 131+004 1.30+0.03 0.781 0.781 0.930 0.947 0.895
C17:1 091+0.03 1.05+004 0.89+0.03 095+0.06 1.00+0.05 1.11+0.06 0.12 0.078 0.080 0.379 0.223
C18:0 1196 £0.08 12.66 +0.13 1210+0.11 11.76 +0.11 1257 +0.18 12.78+0.18 0.000 0.038 0.000 0.036 0.418
C18:1n-9 22.88+0.13 23.82+0.18 2296+0.19 2278+0.16 2375+026 23.92+0.25 0.000 0.021 0.001 0.503 0.644
C18:1n-7 650+0.06 692+0.09 646+0.08 654+011 683011 7.02+0.14 0.000 0.010 0.012 0.570 0.281
C18:2n-6 523+0.11 500+0.07 532+012 511+019 499+0.10 5.01+0.09 0.058 0.036 0.612 0.345 0.865
C18:3n-3 0.19+0.01 022+001 019+0.01 020+0.01 0.23+0.01 0.20+0.01 0.017 0.004 0.899 0.283 0.082
C20:1n-9 019+0.01 019+000 019+0.01 020+001 0.19+0.01 0.19+0.01 0.829 0.626 0.381 0.141 0.859
C20:3n-6 0.85+0.01 0.78+0.02 0.86+0.01 085+0.03 079+£0.02 0.78+0.02 0.001 0.012 0.055 0.752 0.818
C20:4n-6 13.17+0.11 11.14+0.33 1325+0.10 13.07+0.21 11.5+0.47 10.69 + 0.46 0.000 0.001 0.000 0.400 0.234
C20:5n-3 0.30+0.01 027+001 030+0.01 031+001 028+0.01 0.26+0.01 0.017 0.358 0.009 0.539 0.238
C22:4n-6 1.85+0.02 154+006 184+002 186+0.03 159+0.08 1.48+0.08 0.000 0.004 0.000 0.48 0.326
C22:5n-3 0.78+0.01 0.63+003 077+0.01 078+0.02 0.66+0.04 0.58+0.04 0.000 0.026 0.000 0.784 0.18
C22:6n-3 1.89+0.02 1.77+0.04 190+0.03 1.86+0.04 180+0.05 1.74+0.06 0.018 0.088 0.116 0.371 0.508
SFA 39.46 +£0.13 40.77+0.27 3943 +0.18 3949+0.17 4045+0.37 41.17+040 0.000 0.023 0.001 0.802 0.192
MUFA 3628+0.19 37.89+026 36.14+024 3647+030 37.73+038 38.09+0.35 0.000 0.001 0.002 0.396 0.503
PUFA 2426+016 21.34+048 2443+0.19 24.03+0.27 21.82+0.69 20.74+0.67 0.000 0.001 0.000 0.229 0.272
Ul 1.27 £ 0.01 1.17+0.02  1.27 +0.01 1.26 + 0.01 1.18 £ 0.03 1.14 + 0.03 0.000 0.003 0.000 0.331 0.25
PUFAn-3 316+0.03 289+0.08 316+0.04 315+0.05 297+011 279+0.11 0.003 0.122 0.007 0.874 0.246
PUFAn-6 21.1+0.15 1846+041 2127+017 20.88+025 1886+0.59 17.96+0.57 0.000 0.000 0.000 0.194 0.284
Xn-6/Zn-3 6.70£0.06 645+0.07 6.74+0.08 6.64+010 6.41+0.11 6.50 £ 0.10 0.012 0.019 0.305 0.417 0.56
C18:1/C18:0 246+0.02 243+0.02 244+0.03 250+0.03 244+0.02 243+0.03 0.305 0.955 0.096 0.191 0.731
MUEFA/SFA 092+0.01 093+0.01 0.92 £ 0.01 092+0.01 093+0.01 0.93 £ 0.01 0.263 0.194 0.884 0.645 0.504

FA (g/100 g Total FA) = Fatty Acids (g/100 g Total Fatty Acids); SFA = Saturated fatty acids. Includes: C14:0, C16:0, C17:0 and C18:0; MUFA = Monounsaturated fatty acids. Includes:
C16:1n-9, C16:1n-7, C17:1, C18:1n-9, C18:1n-7, C20:1n-9; PUFA = Polyunsaturated fatty acids. Includes: C18:2n-6, C18:3n-3, C20:3n-9, C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n-6,

(C22:5n-3 and C22:6n-3; UI = Unsaturation index; Includes: C18:2n-6, C20:4n-6 and C22:4n-6; Includes: C18:3n-3, C20:5n-3 and C22:6n-3.
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4. Discussion

The results of the present study indicate that the administration of hydroxytyrosol to pregnant
sows induces significant changes on the energy content and the fatty acid composition in fetal tissues.

The maternal hydroxytyrosol supplementation decreases, in a sex-dependent way, the energy
content of the liver, with treated male fetuses showing a lower energy content than their control male
counterparts. Energy reserves are mostly constituted by fat [25], but there were no differences in the
total hepatic fat content between groups. Hence, the difference in energy content may be more related
to differences in protein and/or carbohydrate contents; a hypothesis that we cannot support with the
data from the current study, and which makes necessary the development of further research. In any
case, we have to highlight that in our previous studies on the effects of hydroxytyrosol supplementation
we found that the liver, in both fetuses [13] and neonates [14], were smaller in treated offspring,
especially in males, than in controls. Such findings, plus the current results of lower energy content,
support the need for further studies on possible deleterious effects of hydroxytyrosol on the male
liver development.

The main effects of hydroxytyrosol supplementation on the fatty acid composition were found at
both the neutral and polar fractions of the longissimus dorsi muscle, where the amount of SFA was
decreased whilst the amounts of PUFA, ¥n-3 and Xn-6, the ratio ¥n-6/%~n-3 and the unsaturation index
(UI) were increased. The liver also showed a decrease of SFA at both the neutral and polar fractions but,
conversely to the longissimus dorsi, there were few main effects on the neutral fraction. Main changes
were found at the polar fraction where, similarly to the muscle, hydroxytyrosol increased PUFA, ¥n-3,
Yn-6 and UL

The neutral fraction of fatty acids is mainly composed of triglycerides, which are an essential
energy source for the fetus [32], while the polar fraction is composed by phospholipids, which constitute
cell membranes and are essential for tissue development [32]. Our results indicate that maternal
hydroxytyrosol supplementation modifies the polar fraction of fatty acids protecting PUFA from
oxidation (i.e., intervenes in the development of cells and tissues, and therefore the organ) in both
muscle and liver. However, its effects on the neutral fraction (i.e., in energy partitioning) are mostly
restricted to the muscle. A possible explanation for these stronger effects of maternal hydroxytyrosol
supplementation on the muscle than on the liver may be related to the fact that, in case of compromised
fetal nutrition, as in the present study, the growth of essential organs (brain, liver) is protected
at the expenses of other organs [33,34] and mainly at the expense of muscle development [35-37].
Hence, muscle development would be more challenged than liver development and the effects of
hydroxytyrosol supplementation would be more evident.

Fetal availability of fatty acids is more dependent on its own synthesis from precursors transferred
by the mother than on direct maternal transfer [38—42]. However, essential fatty acids (EFAs), which
are required for adequate fetal tissue development and pregnancy success [43], must be obtained
from maternal diet, since animals are unable to synthesize them. The most important EFAs are
polyunsaturated fatty acids (PUFAs); both short-chain PUFA (linolenic acid, an Xn-3 FA, and linoleic
acid, an Xn-6 FA) and long-chain PUFA (eicosapentaenoic and docosahexaenoic acids, £n-3 FA, and
gamma-linolenic and arachidonic acids, ¥n-6 FA).

The results obtained in the current trial show that maternal hydroxytyrosol supplementation
increases the amounts of total PUFA and total £n-3 and Xn-6 in both lipid fractions of the muscle and
the polar fraction of the liver. Moreover, in our study, EFAs were also specifically increased by the
maternal hydroxytyrosol treatment; the amounts of linolenic, gamma-linolenic and arachidonic acids
were increased in the polar fractions of both muscle and liver, while linoleic, eicosapentaenoic and also
gamma-linolenic acids were increased in the neutral fraction of muscle and docosahexaenoic acid was
increased in the polar fraction of the liver. There were no major effects of fetal sex on these changes,
which were modulated by the fetal sex only in the case of the muscle neutral fraction.

The higher availability of EFAs in fetuses from pregnancies with maternal hydroxytyrosol
supplementation may be related to the antioxidant effects triggered by the treatment, since our previous
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data indicated that offspring exposed to hydroxytyrosol have increased antioxidant activity [14], which
decreases lipid peroxidation and increases its availability.

A higher availability of omega-6 fatty acids in developing fetuses was is related to critical changes
during vascular development [44], while a higher availability of Xn-3 or omega-3 FA may improve
insulin function, pro-/anti-inflammatory status and physical and mental development during the
first years of life [45-48]. In fact, as previously described, it is currently recognized that fatty acids
(specifically PUFAs) are relevant for the early immune development and maturation by regulating the
gene expression of different enzymes and cytokines and numerous metabolic processes [20]. Specifically,
a higher availability of omega-3 PUFAs (docosahexaenoic and eicosapentaenoic acids) is related to
a higher availability of anti-inflammatory lipids mediators which reduce pathological risks [49,50].
Conversely, a higher availability of £n-6 or Xn-6 PUFAs (gamma-linolenic and arachidonic acids) is
related to a higher availability of pro-inflammatory lipids mediators [51]; which it is not necessarily
negative for pregnancy since mid-stage requires anti-inflammatory cytokines for uterine quiescence
and optimum fetal growth, but earlier and later stages of pregnancy requires an increased production
of pro-inflammatory cytokines for pregnancy establishment and labor stimulation, respectively [52].
However, these data, in addition to other emerging evidence of prolonged gestations and increased
birth weights, also support the necessity of establishing appropriate doses of omega-3 and omega-6
PUFAs in different stages of pregnancy [52].

In this sense, our study evidences the positive effects of hydroxytyrosol supplementation
on the availability of omega-3 and omega-6 PUFAs but also gives a warning on their adequate
balance, addressing the necessity of further studies to evaluate the safety of the treatment proposed.
Hydroxytyrosol supplementation increases the ratio ¥n-6/>n-3 and the unsaturation index (UI) at both
neutral and polar fractions of the fetal longissimus dorsi muscle and the Ul at the neutral fraction of
the liver. An excessively increased omega-6 to omega-3 ratio may induce a pro-inflammatory stage, as
described in the previous paragraph, while an excessively high Ul is currently considered as a potential
biomarker of metabolic risk [53,54]. Moreover, Ul correlates with the activity of fatty acids desaturases
and mainly with SCD1, the enzyme that catalyses the conversion of saturated to monounsaturated
fatty acids. Increased SCD1 activity has been related to metabolic disorders; mainly alterations in
lipogenesis and insulin regulation in both adult humans [53-56] and pigs [57,58]. Fetal sex modulated
the UI and the activity of SCD1 at the polar fraction of the liver which, suggesting a more protective
effect, were decreased in treated females when compared to controls.

In conclusion, the data from the present study evidence that maternal hydroxytyrosol
supplementation changes significantly the energy content of the liver and the fatty acid profile
of the fetal tissues. Changes in fatty acids profile were mainly driven by increases in the amount of total
PUFAs, omega-3 and omega-6, with increases also in the ratio omega-6/omega-3 and the unsaturation
index (UI) at both the neutral and polar fractions of the longissimus dorsi muscle and the polar
fraction of the liver. These results give preliminary preclinical evidence that maternal hydroxytyrosol
supplementation, or consumption of hydroxytyrosol-rich food like olive oil, may be beneficial, on
the whole, for improving the metabolic status of fetuses and, specifically, for [IUGR-compromised
pregnancies. These results may be of clinical relevance but there is not yet enough evidence for
counseling its clinical use. In fact, there is a scarcity of experimental data on both the realistic
benefits and potential hazards of hydroxytyrosol supplementation during gestation, like with other
polyphenols. Hence, additional studies on the safety of polyphenol consumption during pregnancy
should be therefore performed prior to its application. Specifically, for hydroxytyrosol, the possible
consequences of high omega-6/omega-3 ratio and UI make further studies necessary for determining
possible deleterious effects on the pro/anti-inflammatory status of fetuses.
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TE. S.A., A.G.-B. and B.I. analyzed the data; C.G.-C., A.G.-B. and B.I. wrote the original draft; all authors revised
and approved the manuscript.



Nutrients 2019, 11, 1534 11 of 13

Funding: The experimental work was supported by funds from the Ministry of Economy and Competitiveness
(project AGL2013-48121-C3-R and AGL2016-79321-C2-2-R), co-funded by FEDER. MVG, CGC, ZP and AHM
were backed by the Spanish Government (MVG: FPU National Program Grant Number FPU014/01285. CGC:
FPI National Program Grant Number BES-2014-070464. ZP and AHM: FPI National Program Grant Number
BES-2017-081486 and BES-2017-080541, respectively).

Acknowledgments: The authors thank the INIA animal staff for his assistance with animal care and P. Cuesta and
I. Cano (Department of Research Support, Universidad Complutense de Madrid) for statistical analyses.

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

References

1. Brodsky, D.; Christou, H. Current concepts in intrauterine growth restriction. J. Intensive Care Med. 2004,
19, 307-319. [CrossRef] [PubMed]

2. Nardozza, L.M.; Araujo Junior, E.; Barbosa, M.M.; Caetano, A.C.; Lee, D.J.; Moron, A.F. Fetal growth
restriction: Current knowledge to the general Obs/Gyn. Arch. Gynecol. Obstet. 2012, 286, 1-13. [CrossRef]
[PubMed]

3.  Parraguez, VH.; Atlagich, M.; Araneda, O.; Garcia, C.; Munoz, A.; De Los Reyes, M.; Urquieta, B. Effects of
antioxidant vitamins on newborn and placental traits in gestations at high altitude: Comparative study in
high and low altitude native sheep. Reprod. Fertil. Dev. 2011, 23, 285-296. [CrossRef] [PubMed]

4. Sales, F; Peralta, O.A.; Narbona, E.; McCoard, S.; De Los Reyes, M.; Gonzalez-Bulnes, A.; Parraguez, V.H.
Hypoxia and Oxidative Stress Are Associated with Reduced Fetal Growth in Twin and Undernourished
Sheep Pregnancies. Animals 2018, 8, 217. [CrossRef] [PubMed]

5. Gupta, P; Narang, M.; Banerjee, B.D.; Basu, S. Oxidative stress in term small for gestational age neonates
born to undernourished mothers: A case control study. BMC Pediatrics 2004, 4, 14. [CrossRef]

6. Biri, A.; Bozkurt, N.; Turp, A.; Kavutcu, M.; Himmetoglu, O.; Durak, I. Role of oxidative stress in intrauterine
growth restriction. Gynecol. Obstet. Investig. 2007, 64, 187-192. [CrossRef] [PubMed]

7. Ly, C,; Yockell-Lelievre, J.; Ferraro, Z.M.; Arnason, ].T.; Ferrier, J.; Gruslin, A. The effects of dietary polyphenols
on reproductive health and early development. Hum. Reprod. Update 2015, 21, 228-248. [CrossRef]

8. Prior, RL.,; Gu, L.; Wu, X,; Jacob, R.A_; Sotoudeh, G.; Kader, A.A.; Cook, R.A. Plasma antioxidant capacity
changes following a meal as a measure of the ability of a food to alter in vivo antioxidant status. J. Am.
Coll. Nutr. 2007, 26, 170-181. [CrossRef]

9.  Chen, B,; Tuuli, M.G; Longtine, M.S,; Shin, ].S.; Lawrence, R.; Inder, T.; Michael Nelson, D. Pomegranate
juice and punicalagin attenuate oxidative stress and apoptosis in human placenta and in human placental
trophoblasts. Am. J. Physiol. Endocrinol. Metab. 2012, 302, E1142-E1152. [CrossRef]

10. Gonzalez-Bulnes, A.; Astiz, S.; Ovilo, C.; Lopez-Bote, C.J.; Torres-Rovira, L.; Barbero, A.; Ayuso, M.;
Garcia-Contreras, C.; Vazquez-Gomez, M. Developmental Origins of Health and Disease in swine:
Implications for animal production and biomedical research. Theriogenology 2016, 86, 110-119. [CrossRef]

11.  Tundis, R,; Loizzo, M.R.; Menichini, F,; Statti, G.A.; Menichini, F. Biological and pharmacological activities of
iridoids: Recent developments. Mini Rev. Med. Chem. 2008, 8, 399-420. [CrossRef] [PubMed]

12. Rigacci, S.; Stefani, M. Nutraceutical Properties of Olive Oil Polyphenols. An Itinerary from Cultured Cells
through Animal Models to Humans. Int. J. Mol. Sci. 2016, 17, 843. [CrossRef] [PubMed]

13. Garcia-Contreras, C.; Vazquez-Gomez, M.; Barbero, A.; Pesantez, J.L.; Zinellu, A.; Berlinguer, E;
Gonzalez-Anover, 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. . Mol. Sci. 2019, 20, 1187. [CrossRef] [PubMed]

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

15. Garcia-Contreras, C.; Vazquez-Gomez, M.; Astiz, S, Torres-Rovira, L.; Sanchez-Sanchez, R.;
Gomez-Fidalgo, E.; Gonzalez, |.; Isabel, B.; Rey, A.; Ovilo, C.; et al. Ontogeny of Sex-Related Differences
in Foetal Developmental Features, Lipid Availability and Fatty Acid Composition. Int. ]. Mol. Sci. 2017,
18,1171. [CrossRef] [PubMed]


http://dx.doi.org/10.1177/0885066604269663
http://www.ncbi.nlm.nih.gov/pubmed/15523117
http://dx.doi.org/10.1007/s00404-012-2330-6
http://www.ncbi.nlm.nih.gov/pubmed/22526452
http://dx.doi.org/10.1071/RD10016
http://www.ncbi.nlm.nih.gov/pubmed/21211461
http://dx.doi.org/10.3390/ani8110217
http://www.ncbi.nlm.nih.gov/pubmed/30463237
http://dx.doi.org/10.1186/1471-2431-4-14
http://dx.doi.org/10.1159/000106488
http://www.ncbi.nlm.nih.gov/pubmed/17664879
http://dx.doi.org/10.1093/humupd/dmu058
http://dx.doi.org/10.1080/07315724.2007.10719599
http://dx.doi.org/10.1152/ajpendo.00003.2012
http://dx.doi.org/10.1016/j.theriogenology.2016.03.024
http://dx.doi.org/10.2174/138955708783955926
http://www.ncbi.nlm.nih.gov/pubmed/18473930
http://dx.doi.org/10.3390/ijms17060843
http://www.ncbi.nlm.nih.gov/pubmed/27258251
http://dx.doi.org/10.3390/ijms20051187
http://www.ncbi.nlm.nih.gov/pubmed/30857182
http://dx.doi.org/10.1371/journal.pone.0177593
http://www.ncbi.nlm.nih.gov/pubmed/28545153
http://dx.doi.org/10.3390/ijms18061171
http://www.ncbi.nlm.nih.gov/pubmed/28561768

Nutrients 2019, 11, 1534 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.
39.

Kamath, U.; Rao, G.; Kamath, S.U.; Rai, L. Maternal and fetal indicators of oxidative stress during intrauterine
growth retardation (IUGR). Indian J. Clin. Biochem. IJCB 2006, 21, 111-115. [CrossRef] [PubMed]

Bobinski, R.; Mikulska, M. The ins and outs of maternal-fetal fatty acid metabolism. Acta Biochim. Pol. 2015,
62,499-507. [CrossRef]

Herrera, E.; Ortega-Senovilla, H. Lipid metabolism during pregnancy and its implications for fetal growth.
Curr. Pharm. Biotechnol. 2014, 15, 24-31. [CrossRef]

Brewer, M.S. Natural antioxidants: Sources, compounds, mechanisms of action, and potential applications.
Compr. Rev. Food Sci. Food Saf. 2011, 10, 221-247. [CrossRef]

Mozaffarian, D.; Wu, J.H. Omega-3 fatty acids and cardiovascular disease: Effects on risk factors, molecular
pathways, and clinical events. J. Am. Coll. Cardiol. 2011, 58, 2047-2067. [CrossRef]

Soufli, I.; Toumi, R.; Rafa, H.; Touil-Boukoffa, C. Overview of cytokines and nitric oxide involvement
in immuno-pathogenesis of inflammatory bowel diseases. World ]. Gastrointest. Pharmacol. Ther. 2016,
7,353-360. [CrossRef] [PubMed]

Pompella, A.; Visvikis, A.; Paolicchi, A.; De Tata, V.; Casini, A.F. The changing faces of glutathione, a cellular
protagonist. Biochem. Pharm. 2003, 66, 1499-1503. [CrossRef]

Gueant, J.L.; Elakoum, R.; Ziegler, O.; Coelho, D.; Feigerlova, E.; Daval, J.L.; Gueant-Rodriguez, R.M.
Nutritional models of foetal programming and nutrigenomic and epigenomic dysregulations of fatty acid
metabolism in the liver and heart. Pflug. Arch. 2014, 466, 833-850. [CrossRef] [PubMed]

Kuo, T.; McQueen, A.; Chen, T.C.; Wang, J.C. Regulation of Glucose Homeostasis by Glucocorticoids.
Adv. Exp. Med. Biol. 2015, 872, 99-126. [CrossRef] [PubMed]

Frayn, K.N.; Arner, P; Yki-Jarvinen, H. Fatty acid metabolism in adipose tissue, muscle and liver in health
and disease. Essays Biochem. 2006, 42, 89-103. [CrossRef] [PubMed]

Zhou, X.; Yang, H.; Yan, Q.; Ren, A.; Kong, Z.; Tang, S.; Han, X.; Tan, Z.; Salem, A.Z.M. Evidence for liver
energy metabolism programming in offspring subjected to intrauterine undernutrition during midgestation.
Nutr. Metab. (Lond.) 2019, 16, 20. [CrossRef] [PubMed]

Gonzalez-Bulnes, A.; Ovilo, C.; Lopez-Bote, C.].; Astiz, S.; Ayuso, M.; Perez-Solana, M.L.; Sanchez-Sanchez, R.;
Torres-Rovira, L. Gender-specific early postnatal catch-up growth after intrauterine growth retardation by
food restriction in swine with obesity/leptin resistance. Reproduction 2012, 144, 269-278. [CrossRef]

Walsh Hentges, L.S.; Martin, R.J. Serum and lipoprotein lipids of fetal pigs and their dams during gestation
as compared with man. Biol. Neonate 1987, 52, 127-134. [CrossRef]

Marmer, W.N.; Maxwell, R.J. Dry column method for the quantitative extraction and simultaneous class
separation of lipids from muscle tissue. Lipids 1981, 16, 365-371. [CrossRef]

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

Lopez-Bote, C.J.; Rey, A.L; Sanz, M.; Gray, ].I.; Buckley, D.J. Dietary vegetable oils and alpha-tocopherol
reduce lipid oxidation in rabbit muscle. J. Nutr. 1997, 127, 1176-1182. [CrossRef] [PubMed]

Herrera, E.; Amusquivar, E.; Lopez-Soldado, I.; Ortega, H. Maternal lipid metabolism and placental lipid
transfer. Horm. Res. 2006, 65 (Suppl. 3), 59-64. [CrossRef]

Rudolph, A.M. The fetal circulation and its response to stress. J. Dev. Physiol. 1984, 6, 11-19. [PubMed]
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. Circ. Res. 2005, 96, 12-14. [CrossRef] [PubMed]

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

Alvarenga, A.L.; Chiarini-Garcia, H.; Cardeal, P.C.; Moreira, L.P,; Foxcroft, G.R.; Fontes, D.O.; Almeida, FR.
Intra-uterine growth retardation affects birthweight and postnatal development in pigs, impairing muscle
accretion, duodenal mucosa morphology and carcass traits. Reprod. Fertil. Dev. 2013, 25, 387-395. [CrossRef]
Pardo, C.E.; Berard, J.; Kreuzer, M.; Bee, G. Intrauterine crowding impairs formation and growth of secondary
myofibers in pigs. Animal 2013, 7, 430-438. [CrossRef]

Biezenski, J.]. Fetal lipid metabolism. Obstet. Gynecol. Annu. 1975, 4, 39-70.

Fain, J.; Scow, R. Fatty acid synthesis in vivo in maternal and fetal tissues in rat. Am. J. Physiol. 1966, 210, 19.
[CrossRef]


http://dx.doi.org/10.1007/BF02913077
http://www.ncbi.nlm.nih.gov/pubmed/23105580
http://dx.doi.org/10.18388/abp.2015_1067
http://dx.doi.org/10.2174/1389201015666140330192345
http://dx.doi.org/10.1111/j.1541-4337.2011.00156.x
http://dx.doi.org/10.1016/j.jacc.2011.06.063
http://dx.doi.org/10.4292/wjgpt.v7.i3.353
http://www.ncbi.nlm.nih.gov/pubmed/27602236
http://dx.doi.org/10.1016/S0006-2952(03)00504-5
http://dx.doi.org/10.1007/s00424-013-1339-4
http://www.ncbi.nlm.nih.gov/pubmed/23999818
http://dx.doi.org/10.1007/978-1-4939-2895-8_5
http://www.ncbi.nlm.nih.gov/pubmed/26215992
http://dx.doi.org/10.1042/bse0420089
http://www.ncbi.nlm.nih.gov/pubmed/17144882
http://dx.doi.org/10.1186/s12986-019-0346-7
http://www.ncbi.nlm.nih.gov/pubmed/30923555
http://dx.doi.org/10.1530/REP-12-0105
http://dx.doi.org/10.1159/000242701
http://dx.doi.org/10.1007/BF02534964
http://dx.doi.org/10.1016/j.foodchem.2013.08.131
http://dx.doi.org/10.1093/jn/127.6.1176
http://www.ncbi.nlm.nih.gov/pubmed/9187633
http://dx.doi.org/10.1159/000091507
http://www.ncbi.nlm.nih.gov/pubmed/6707438
http://dx.doi.org/10.1161/01.RES.0000152391.45273.A2
http://www.ncbi.nlm.nih.gov/pubmed/15576647
http://dx.doi.org/10.2527/jas1984.5961651x
http://dx.doi.org/10.1071/RD12021
http://dx.doi.org/10.1017/S1751731112001802
http://dx.doi.org/10.1152/ajplegacy.1966.210.1.19

Nutrients 2019, 11, 1534 13 of 13

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.
50.
51.

52.

53.

54.

55.

56.

57.

58.

Hansen, A.E.; Wiese, H.F.; Adam, D.J.; Boelsche, A.N.; Haggard, M.E.; Davis, H.; Newsom, W.T.; Pesut, L.
Influence of Diet on Blood Serum Lipids in Pregnant Women and Newborn Infants. Am. J. Clin. Nutr. 1964,
15,11-19. [CrossRef]

Johnston, P.V.; Johnson, O.C.; Kummerow, F.A. Non-transfer of trans fatty acids from mother to young.
Proc. Soc. Exp. Biol. Med. Soc. Exp. Biol. Med. 1957, 96, 760-762. [CrossRef] [PubMed]

Moore, L.G.; Niermeyer, S.; Zamudio, S. Human adaptation to high altitude: Regional and life-cycle
perspectives. Am. J. Phys. Anthropol. 1998, 107 (Suppl. 27), 25-64. [CrossRef]

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]

Menon, N.K.; Moore, C.; Dhopeshwarkar, G.A. Effect of essential fatty acid deficiency on maternal, placental,
and fetal rat tissues. J. Nutr. 1981, 111, 1602-1610. [CrossRef] [PubMed]

Ananthakrishnan, A.N.; Khalili, H.; Konijeti, G.G.; Higuchi, L.M.; de Silva, P.; Fuchs, C.S.; Willett, W.C.;
Richter, ].M.; Chan, A.T. Long-term intake of dietary fat and risk of ulcerative colitis and Crohn’s disease.
Gut 2014, 63, 776-784. [CrossRef] [PubMed]

Rombaldi Bernardi, J.; de Souza Escobar, R.; Ferreira, C.F.; Pelufo Silveira, P. Fetal and neonatal levels of
omega-3: Effects on neurodevelopment, nutrition, and growth. Sci. World J. 2012, 2012, 202473. [CrossRef]
Tomasello, G.; Mazzola, M.; Leone, A.; Sinagra, E.; Zummo, G.; Farina, F; Damiani, P; Cappello, E; Gerges
Geagea, A.; Jurjus, A,; et al. Nutrition, oxidative stress and intestinal dysbiosis: Influence of diet on gut
microbiota in inflammatory bowel diseases. Biomed. Pap. Med. Fac. Univ. Palacky Olomouc Czech Repub. 2016,
160, 461-466. [CrossRef]

Coletta, ].M.; Bell, S.J.; Roman, A.S. Omega-3 Fatty acids and pregnancy. Rev. Obs. Gynecol. 2010, 3, 163-171.
Mori, T.A. Dietary n-3 PUFA and CVD: A review of the evidence. Proc. Nutr. Soc. 2014, 73, 57-64. [CrossRef]
Calder, P.C. Polyunsaturated fatty acids and inflammatory processes: New twists in an old tale. Biochimie
2009, 91, 791-795. [CrossRef]

Enke, U,; Seyfarth, L.; Schleussner, E.; Markert, U.R. Impact of PUFA on early immune and fetal development.
Br. J. Nutr. 2008, 100, 1158-1168. [CrossRef] [PubMed]

Akerele, O.A.; Cheema, S.K. A balance of omega-3 and omega-6 polyunsaturated fatty acids is important in
pregnancy. J. Nutr. Intermed. Metab. 2016, 5, 23-33. [CrossRef]

Attie, A.D.; Krauss, RM.; Gray-Keller, M.P,; Brownlie, A.; Miyazaki, M.; Kastelein, ].J.; Lusis, A.].;
Stalenhoef, A.F,; Stoehr, ].P.; Hayden, M.R ; et al. Relationship between stearoyl-CoA desaturase activity and
plasma triglycerides in human and mouse hypertriglyceridemia. J. Lipid Res. 2002, 43, 1899-1907. [CrossRef]
[PubMed]

Poudyal, H.; Brown, L. Stearoyl-CoA desaturase: A vital checkpoint in the development and progression of
obesity. Endocr. Metab. Immune. Disord. Drug Targets 2011, 11, 217-231. [CrossRef] [PubMed]

Roden, M.; Price, T.B.; Perseghin, G.; Petersen, K.F.,; Rothman, D.L.; Cline, G.W.; Shulman, G.I. Mechanism of
free fatty acid-induced insulin resistance in humans. J. Clin. Investig. 1996, 97, 2859-2865. [CrossRef]
Hulver, M.W,; Berggren, J.R.; Carper, M.].; Miyazaki, M.; Ntambi, ].M.; Hoffman, E.P.; Thyfault, ]J.P;
Stevens, R.; Dohm, G.L.; Houmard, ].A ; et al. Elevated stearoyl-CoA desaturase-1 expression in skeletal
muscle contributes to abnormal fatty acid partitioning in obese humans. Cell Metab. 2005, 2, 251-261.
[CrossRef]

Barbero, A.; Astiz, S.; Lopez-Bote, C.J.; Perez-Solana, M.L.; Ayuso, M.; Garcia-Real, I.; Gonzalez-Bulnes, A.
Maternal malnutrition and offspring sex determine juvenile obesity and metabolic disorders in a swine
model of leptin resistance. PLoS ONE 2013, 8, €78424. [CrossRef]

Gonzalez-Bulnes, A.; Astiz, S.; Ovilo, C.; Lopez-Bote, C.J.; Sanchez-Sanchez, R.; Perez-Solana, M.L.;
Torres-Rovira, L.; Ayuso, M.; Gonzalez, ]J. Early-postnatal changes in adiposity and lipids profile by
transgenerational developmental programming in swine with obesity/leptin resistance. J. Endocrinol. 2014,
223, M17-29. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/ajcn/15.1.11
http://dx.doi.org/10.3181/00379727-96-23601
http://www.ncbi.nlm.nih.gov/pubmed/13505852
http://dx.doi.org/10.1002/(SICI)1096-8644(1998)107:27+&lt;25::AID-AJPA3&gt;3.0.CO;2-L
http://dx.doi.org/10.1017/S0007114599000215
http://www.ncbi.nlm.nih.gov/pubmed/10450326
http://dx.doi.org/10.1093/jn/111.9.1602
http://www.ncbi.nlm.nih.gov/pubmed/7277037
http://dx.doi.org/10.1136/gutjnl-2013-305304
http://www.ncbi.nlm.nih.gov/pubmed/23828881
http://dx.doi.org/10.1100/2012/202473
http://dx.doi.org/10.5507/bp.2016.052
http://dx.doi.org/10.1017/S0029665113003583
http://dx.doi.org/10.1016/j.biochi.2009.01.008
http://dx.doi.org/10.1017/S000711450801413X
http://www.ncbi.nlm.nih.gov/pubmed/18590581
http://dx.doi.org/10.1016/j.jnim.2016.04.008
http://dx.doi.org/10.1194/jlr.M200189-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/12401889
http://dx.doi.org/10.2174/187153011796429826
http://www.ncbi.nlm.nih.gov/pubmed/21831035
http://dx.doi.org/10.1172/JCI118742
http://dx.doi.org/10.1016/j.cmet.2005.09.002
http://dx.doi.org/10.1371/journal.pone.0078424
http://dx.doi.org/10.1530/JOE-14-0217
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals and Experimental Procedure 
	Evaluation of Liver Energy and Adiposity and Fat Composition in Liver and Muscle of Fetuses 
	Statistical Analysis 

	Results 
	Effects on Energy and Fat Content of the Liver 
	Effects on Fatty Acid Composition of Liver 
	Effects on Fatty Acid Composition of Longissimus Dorsi Muscle 

	Discussion 
	References

