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Abstract: Due to the central role of liver tissue in partitioning and metabolizing of nutrients, molecular
liver-specific alterations are of considerable interest to characterize an efficient conversion and usage
of feed in livestock. To deduce tissue-specific and systemic effects on nutrient metabolism and
feed efficiency (FE) twenty-four animals with extreme phenotypes regarding residual feed intake
(RFI) were analyzed. Transcriptome and fatty acid profiles of liver tissue were complemented with
measurements on blood parameters and thyroid hormone levels. Based on 803 differentially-abundant
probe sets between low- and high-FE animals, canonical pathways like integrin signaling and lipid
and carbohydrate metabolism, were shown to be affected. Molecular alterations of lipid metabolism
show a pattern of a reduced hepatic usage of fatty acids in high-FE animals. Complementary analyses
at the systemic level exclusively pointed to increased circulating triglycerides which were, however,
accompanied by considerably lower concentrations of saturated and polyunsaturated fatty acids
in the liver of high-FE pigs. These results are in accordance with altered muscle-to-fat ratios usually
ascribed to FE animals. It is concluded that strategies to improve FE might favor a metabolic shift
from energy storage towards energy utilization and mobilization.

Keywords: feed efficiency; gene expression; lipid metabolism; liver; nutrient utilization;
resource efficiency

1. Introduction

The efficient usage of resources is a major concern in agri-food production. It has been
shown that feed efficiency (FE) of pigs is largely influenced by husbandry environment including
dietary composition and dietary energy concentration [1,2]. Moreover, animal-intrinsic factors play
an important role in improvement of FE. This is reflected by considerable improvement of FE due to
the implementation of genetic information in breeding programs over the last decades [3]. However,
recent genetic analyses still revealed moderate heritabilities for most common FE measurements
indicating a substantial genetic potential for further improvement [4]. Indeed, the estimated heritability
for complex traits indicating FE like feed conversion ratio (FCR; ratio of feed intake and weight gain)
and residual feed intake (RFI; used as a metric for FE, which gives the differences between actual and
predicted feed intake) ranged between 0.3 and 0.4 in three different pig breeds, analyzed in a recent
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study [4]. In the same study, the analyses of genetic parameters of FE-related traits showed strong
correlations between both FE traits (RFI and FCR) and daily feed intake. Accordingly, FE is dependent
on systemic processes, which primarily rely on (i) the regulation of appetite via the hypothalamus and
gut hormones, (ii) absorption processes in the intestine, (iii) partitioning and metabolizing of nutrients
in the liver, and (iv) accumulating both muscle and adipose tissue to increase gain in body mass.
Specifically, the liver plays a prominent and central role regarding the quantitative and qualitative
utilization of absorbed nutrients, including storage, de-novo synthesis, and recycling of nutritive
components. Macronutrients like carbohydrates and proteins are metabolized in the liver ensuring
a homeostatic maintenance of the nutrient ratio in the peripheral blood. Therefore, the liver is able to
store nutrients for later release into the blood (e.g., triacylglycerols), but also has synthesis capacities
(e.g., ketone bodies). Lipids primarily bypass the porcine liver [5]. Nevertheless, a considerable hepatic
influx of lipids is expected to occur due to the high caloric diet of finishing pigs [6,7]. Adaptation
to variable nutrient levels is ensured via the interrelated metabolic routes comprising hepatic lipid,
carbohydrate, and protein utilization. There is an increasing body of evidence that the genetic selection
towards FE in pigs employs an array of molecular mechanisms, which mainly rely on the routes to
utilize macronutrients [8,9] and provoke a direct molecular response at the level of the liver [10]. Indeed,
characteristics of lipid metabolism such as lipid and fatty acid profiles [11,12], enzyme activities [13],
and associated transcript abundances [11,14-16] have been reported to be altered in FE-divergent
animals. Consistently, previous studies have suggested that FE classification is related to the processing
of carbohydrates [14,17]. The consequences of improved FE on the protein metabolism of the pig
are ambiguous but need further investigations due to environmental implications [11,18,19].
Complementary analysis at the phenotypic level showed that high-FE pigs tended to have less
body and intramuscular fat and higher lean meat percentage [20,21]. However, there are still many
knowledge gaps about the underlying host-based molecular mechanisms. Hence, the critical and
central role of hepatocytes regarding both nutrient partitioning and health aspects (e.g., detoxification,
oxidative stress) has to be further investigated in FE-divergent animals as suggested previously [22].
The goal of this study was to determine whether hepatic phenotypic traits and hepatic expression
profiles reflect FE traits in pigs. Hence, the analyses comprise performance traits, fatty acid
concentrations, and transcript abundances deduced from liver tissue of RFI-divergent full-sib pigs.

2. Results

The current study investigated growth performance, physiological parameters, and hormones, as
well as hepatic fatty acid concentration and hepatic transcript abundance, in pigs divergent in their RFL

2.1. Affected Phenotypic Traits Due to Residual Feed Intake (RFI) Classification

Due to FE measurements and subsequent RFI classification, high-FE animals showed significantly
(p < 0.05) decreased average daily feed intake (ADFI) and decreased FCR when compared to low-FE
animals (Table 1). Moreover, high-FE animals exhibited a significantly increased liver weight. Body
weight, average daily weight gain (ADG), and backfat measurements were unaltered between
the experimental groups.

Regarding the physiological blood parameters, high-FE animals showed significantly increased
triglyceride concentrations in serum when compared to low-FE animals. Parameters reflecting liver
function and metabolism such as albumin, glucose, gamma-glutamyl transferase (GGT), glutamate
pyruvate transaminase (GPT), glutamate oxaloacetate transaminase (GOT), urea, lactate dehydrogenase
(LDH), total cholesterol, and total protein, remained unaltered by FE classification. Moreover,
the measured serum T3 and T4 levels did not differ significantly between the experimental groups.
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Table 1. Phenotypic records obtained from animals divergent in feed efficiency (FE; measured by
residual feed intake) at day 140 of life.

High-FE Low-FE

Item Unit (Mean =+ SE) (Mean = SE) p-Value
Performance (n = 24)

Body weight kg 9496 +2.14 91.13 + 3.56 0.311
ADG (day 70-day 140) kg/d 0.98 £ 0.02 0.94 £+ 0.04 0.653
ADFI (day 70-day 140) kg/d 1.90 + 0.04 2.25 £ 0.06 <0.001
FCR (day 70-day 140) kg/kg 1.94 +0.03 2.40 £ 0.06 <0.001

RFI kg —0.20 £+ 0.02 0.21 £ 0.03 <0.001

Backfat mm 4.78 +0.23 478 £0.31 0.650

Liver weight kg 1.82 £ 0.08 1.65 £ 0.08 0.028
Blood parameters (1 = 24)

Albumin g/dL 452 +0.11 424 +£0.11 0.181

Glucose mg/dL 145.67 4+ 29.26 110.25 £+ 12.05 0.183

GGT U/L 49.83 £5.74 47.25 +£3.99 0.600

GPT U/L 41.50 £ 1.89 37.58 +2.07 0.175

GOT U/L 49.08 £ 4.59 41.50 £ 3.39 0.175

Urea mg/dL 10.89 £+ 0.97 10.37 £ 0.44 0.155

LDH U/L 179.42 + 15.41 165.00 £+ 15.19 0.408

Triglyceride mg/dL 39.92 £+ 5.58 24.75 + 3.66 0.001

Total cholesterol mg/dL 107.92 £ 5.45 107.83 £ 6.81 0.739

Total protein g/dL 6.44 £0.11 6.56 = 0.18 0.916

Amylase U/L 828.17 £ 55.49 805.92 + 55.36 0.553

Lipase U/L 51.75 £ 7.05 50.08 £ 6.76 0.859

Hormones (n = 12)
Triiodothyronine (T3) ng/mL 0.59 + 0.09 0.47 + 0.06 0.269
Thyroxine (T4) ng/mL 15.62 + 1.60 15.67 +2.70 0.262

Associations exceeding significance threshold (p < 0.05) are highlighted in bold. ADG: average daily gain; ADFI:
average daily feed intake; FCR: feed conversion ratio; RFI: residual feed intake; GGT: gamma-glutamyl transferase;
GPT: glutamate pyruvate transaminase; GOT: glutamate oxaloacetate transaminase; LDH: lactate dehydrogenase.

The fatty acid contents of liver tissue are shown in Table 2. Decreased pig liver fat contents
were observed in the high-FE group compared to the low-FE group (2.36% vs. 2.57%). This is
predominantly based on significantly higher single and sum concentrations of saturated fatty acids
(SFA; C16:0 and C18:0) and polyunsaturated fatty acids (PUFA; C18:2 n-6, C18:3 n-6, C20:2 n-6, C20:5
n-3, and C22:5 n-3) in low-FE animals. In particular, both sum concentrations of n-3 PUFA and n-6 PUFA
were altered between the FE-divergent groups. Single and sum concentrations of monounsaturated
fatty acids (MUFA) were unaffected in liver tissue.

Table 2. Fatty acid content in liver tissue obtained from animals divergent in feed efficiency (FE;
measured by residual feed intake) at day 140 of life (n = 24). Values are displayed as mg/100 g liver.

Item High-FE (Mean =+ SE) Low-FE (Mean =+ SE) p-Value
Sum Fatty Acid Concentrations
Fat content (%) 2.36 + 0.08 2.57 +0.09 <0.001
SFA ! 912.04 £ 31.63 994.21 + 34.12 <0.001
MUFA 2 285.67 £ 10.68 315.63 £ 23.76 0.111
PUFA 3 1157.42 £+ 49.23 1261.92 £ 44.00 <0.001
n-3 PUFA 4 151.04 £+ 6.27 167.11 + 6.77 0.007
n-6 PUFA ° 1006.38 & 43.81 1094.81 4 40.86 0.001
Fatty Acid Concentrations

C10:0 2.05£0.18 222 £0.23 0.375
C12:0 1.46 +0.08 1.58 4+ 0.08 0.265

C13:0 0.40 £0.0 0.36 = 0.02 0.028
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Table 2. Cont.

Item High-FE (Mean =+ SE) Low-FE (Mean + SE) p-Value
Fatty Acid Concentrations

C14:0 6.24 £0.29 7.08 £0.98 0.333
C15:0 4.26 £0.29 3.70 £0.26 0.029
C16:0 297.99 £ 10.10 328.30 +17.03 0.008
C17:0 3049 +2.44 27.89 £+ 2.57 0.627
C18:0 546.46 + 27.46 597.87 £22.54 0.002
C16:1 cis-9 10.64 + 0.82 12.32 +1.76 0.225
C18:1 cis-9 223.17 £8.75 247.07 £ 20.32 0.130
C18:1 cis-11 31.95 £ 1.60 33.16 £1.97 0.222
C18:1 trans-9 4.07 £0.22 420 £0.24 0.342
C18:1 trans-11 1.85 +0.05 1.79 £0.10 0.259
C20:1 cis-11 4.01 £0.18 422 +0.18 0.094
C18:2n-6 397.90 + 23.34 460.20 £ 26.03 <0.001
C18:31-3 10.25 +0.93 14.13 +2.29 0.059
C18:3n-6 431 £0.19 5.24 £ 0.49 0.003
C20:2 n-6 12.55 4+ 0.92 14.23 +0.78 0.011
C20:3 n-6 26.11 £2.19 29.58 £1.90 0.081
C20:4 n-6 535.06 + 20.46 551.75 + 32.88 0.264
C20:5n-3 21.78 £ 1.64 26.20 £2.25 0.004
C22:4 n-6 29.56 £2.33 32.81 +1.64 0.144
C22:5n-3 64.30 £ 3.61 67.75 £ 2.77 0.015
C22:6 n-3 50.03 + 4.65 53.60 £ 4.67 0.324

1 Saturated fatty acid: sum of 10:0, 11:0, 12:0, 13:0, 14:0, 15:0, 16:0, 17:0, 18:0, 20:0, 21:0, 22:0, 23:0, 24:0;
2 Monounsaturated fatty acid: sum of 14:1, 15:1, 16:1, 17:1, 18:1¢, 18:1c9, 18:1c11, 22:1, 24:1; 3 Polyunsaturated
fatty acid: sum of 18:2t, 18:2n-6, 18:3n-3, 18:4n-3, 20:3n-6, 20:4n-6, 20:5n-3 22:4n-6, 22:5n-3, 22:6n-3, 18:2¢9, tr11CLA,
18:31-6, 20:21-6, 20:3n-3, 22:2n-6; * n-3 PUFA: sum of 20:31n-3, 22:61-3, 22:5n-3, 20:51n-3, 18:4n-3, 18:3n-3; ® n-6 PUFA:
sum of 22:2n-6, 20:2n-6, 18:3n-6, 22:4n-6, 20:3n-6, 18:2n-6, 20:4n-6; Associations exceeding significance threshold
(p < 0.05) are highlighted in bold.

2.2. Hepatic Gene Expression Pattern

The snowball microarray covers 47,845 probe sets, which correspond to 25,024 annotated genes.
The initial analyses as described above identified 36,473 probe sets (~76%) for further analysis resulting
in 15,486 annotated genes used for further analysis. Transcriptional differences were pronounced due
to effects mediated by FE classification. Expression profiling in liver tissue revealed 803 transcripts,
which showed significantly altered mRNA abundances between the experimental groups (Table S1).
Via integrating gene ontology information, the set of transcripts was used to apply a pathway analysis
(threshold: p < 0.01), which revealed an FE-dependent enrichment of integrin signaling, ephrin A
signaling, adipogenesis pathway, and insulin receptor signaling (Table 3). Enriched bio-functions of
“carbohydrate metabolism” revealed the uptake, oxidation, and quantity of carbohydrates as altered
between FE-divergent pigs (Table 4). Regarding the ‘lipid metabolism’ theme, differentially abundant
transcripts were found to be involved in the hepatic steroid metabolism and the altered concentration
of fatty acids in liver tissue. Exclusively, the “transport of neutral amino acid” bio-function was
significantly enriched in the “amino acid metabolism” theme. Gene annotations for the most
significantly FE-associated probe sets pointed to SQLE, FYN, and SLC7A9 (Table S1). Moreover,
genes involved in cell interaction like CLDN3, ITGA1, and ITGA5 and the regulation of carbohydrate
metabolism, like PDK2, were among the differentially-expressed genes.
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Table 3. Pathways altered between feed efficiency (FE; measured by residual feed intake)-divergent
animals in liver tissue at a significance level of p < 0.01.

Regulated Number of 1
Pathway Genes p-Value Involved Genes (Fold Change)
ARF5 (+1.34), ARHGAP5 (—1.34), ARPC5L (+1.36), BRAF
Integrin 13 0.001 (=1.37), FYN (—1.83), ILK (+1.41), ITGA1 (—1.52), ITGA5

Signaling (+1.61), MYLK2 (+1.27), PIK3C2A (—1.37), PIK3CB
(—1.49), PPPICB (—1.36), TSPANG (—1.48)

Ephrin A . 0.002 ADAM10 (—1.38), EPHA5 (+1.3), FYN (—1.83), PIK3C2A
Signaling ' (—1.37), PIK3CB (—1.49), VAV3 (—1.55)
Adivosenesis BMPR2 (—1.49), CLOCK (—1.65), DDIT3 (+1.35), FZD5
Pthg 9 0.002 (—1.35), GTF2H5 (—1.4), HDAC2 (—1.31), KLF3 (—1.34),
pathway SIRT1 (—1.42), TXNIP (—1.75)
Insulin CBL (—1.33), FYN (—1.83), INSR (—1.42), PIK3C2A
Receptor 8 0.010 (—1.37), PIK3CB (—1.49), PPP1CB (—1.36), PRKAG?2
Signaling (—1.33), PTPRF (+1.27)

1 Values in parentheses represent fold changes and indicate positive or negative transcript abundances
(+: high-FE > low-FE; —: high-FE < low-FE).

Table 4. Significantly enriched bio-functions of carbohydrate, lipid, and amino acid metabolism.

Themes/Biofunctions p-Value Involved Genes (Fold Change) !

Carbohydrate Metabolism

CBL (—1.33), CYLD (—1.51), DPP4 (—1.45), EGLN3 (+1.32),
GNAS (+1.65), HGF (—1.42), IDH1 (—1.38), INSR (—1.42),

Uptake of D-glucose <0.001 MYOIC (+1.36), PDK2 (+1.54), PIK3C2A (—1.37), PIK3CB
(—1.49), PPM1A (—1.34), PTPRF (+1.27), SIRT1 (—1.42),
TXNIP (—1.75)

GNAS (+1.65), IL6ST (—1.38), INSR (—1.42), LIFR (—1.34),
NR1H4 (—1.34), RPS6KA3 (—1.32), SC5D (—1.35), XPA (—1.39)

CBL (—1.33), CYLD (—1.51), DPP4 (—1.45), EGLN3 (+1.32),
GNAS (+1.65), HGF (—1.42), IDH1 (—1.38), INSR (—1.42),

Uptake of carbohydrate 0.002 MYOIC (+1.36), NR1H4 (—1.34), PDK2 (+1.54), PIK3C2A
(—1.37), PIK3CB (—1.49), PPM1A (—1.34), PTPRF (+1.27),
SIRT1 (—1.42), TXNIP (—1.75)

ESRRG (+1.33), INSR (—1.42), PDK2 (+1.54), PNPLAS (—1.34),
SIRTI (—1.42)

ESR1 (+1.36), FOXAI (+1.32), GNAS (+1.65), GPR39 (+1.39),
HGF (—1.42), IL6ST (—1.38), INSR (—1.42), ITPR2 (—1.32),
KDM3A (—1.46), LIFR (—1.34), NR1H4 (—1.34), PNPLAS8
Quantity of carbohydrate 0.010 (—1.34), PSEN2 (—1.39), RPS6KA3 (—1.32), SC5D (—1.35),
SGMS2 (—1.50), SIRT1 (—1.42), SLC25A13 (+1.30), SLC3A2
(+1.39), STEAP3 (+1.37), TXNIP (—1.75), VPS13C (—1.33),

Quantity of glycogen 0.001

Oxidation of carbohydrate 0.003

XPA (—1.39)
Disposal of D-glucose 0.010 INSR (—1.42), NR1H4 (—1.34), PTPRF (+1.27)
Oxidation of D-glucose 0.012 ESRRG (+1.33), INSR (—1.42), PDK2 (+1.54), PNPLAS (—1.34)
Phosphorylation of
phosphatidylinositol 0.015 FAMI26A (—1.37), PIK3C2A (—1.37), PIK3CB (—1.49)
Import of carbohydrate 0019 BAGALT1 (+1.35), ESRI (+1.36), INSR (—1.42), PRKAG2

(—1.33), TXNIP (—1.75)
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Table 4. Cont.

Themes/Biofunctions p-Value Involved Genes (Fold Change) !

Lipid Metabolism

ACATI (~1.31), BMPR2 (—1.49), ESRI (+1.36), FOXAI (+1.32),
HGF (—1.42), NR1H4 (—1.34), PDESA (—1.31), PRKAG2

Synthesis of steroid 0.004 (—1.33), SIRT1 (~1.42), SLCIA3R?2 (+1.33), TLR3 (—1.34),
TLR4 (—1.40), TRERF1 (—1.37)
Steroidogenesis of cells 0.004 SLC9A3R2 (+1.33), TLR3 (—1.34), TLR4 (—1.40)
Synthesis of thromboxane 0.005 NTNT1 (+1.32), PIK3CB (—1.49), PNPLAS8 (—1.34)
CBL (—1.33), GNAS (+1.65), IDHI (—1.38), INSR (—1.42),
Concentration of fatty acid 0.006 ITGAT (—1.43), KDM3A (—1.46), NR1H4 (—1.34), NTN1

(+1.32), PNPLAS (—1.34), SIRT1 (—1.42), SLC25A13 (+1.30),
SNRK (—1.35), TXNIP (—1.75), XPA (—1.39)

CBL (—1.33), FOXAI (+1.32), GNAS (+1.65), HGF (—1.42),
IDH1 (—1.38), INSR (—1.42), ITGAT (—1.43), KDM3A (—1.46),
0.016 NR1H4 (—1.34), PDK2 (+1.54), PNPLAS (—1.34), SGMS2

Concentration of

acylglycerol (—1.5), SIRT1 (—1.42), SLC25A13 (+1.30), SNRK (—1.35),
TXNIP (—1.75)
CBL (—1.33), FOXAI (+1.32), GNAS (+1.65), HGF (—1.42),
Concentration of 0017 IDH1 (—1.38), INSR (—1.42), ITGAT (—1.43), KDM3A (—1.46),
triacylglycerol : NR1H4 (—1.34), PDK2 (+1.54), PNPLAS (—1.34), SIRT1 (—1.42),
SLC25A13 (+1.30), SNRK (—1.35), TXNIP (—1.75)
Amino Acid Metabolism
Transport of neutral 0.013 SLC1A4 (—1.66), SLC3A2 (+1.39), SLC7A9 (+1.50)

amino acid

1 Values in parentheses represent fold changes and indicate positive or negative transcript abundances
(+: high-FE > low-FE; —: high-FE < low-FE). Bio-functions represented by less than three molecules were excluded.

2.3. Verification of Microarray Results

To verify differences in mRNA abundance of selected transcripts, the results obtained via
microarray and quantitative real-time PCR (RT-qPCR) were analyzed (Table 5). Both the similarity
of fold changes (FC) and correlations of expression values between the two systems suggest reliable
results. Spearman rank correlation coefficients ranged from 0.69 to 0.94. Taken together, the RT-qPCR
results indicate reproducibility of both the microarray data and subsequent statistical analyses.

Table 5. Comparison of microarray and quantitative real-time PCR (RT-qPCR) results for selected
transcripts to verify microarray data; Fold change (FC).

Transcript Microarray RT-gPCR Correlation
Gene 1 1 . .

Symbol Probe-Set ID FC p-Value g-Value FC p-Value  Coefficient p-Value
ITGA5  SNOWBALL_006991  +1.61 <0.001 0.028 +1.82 0.011 0.94 <0.001
NR1H4  SNOWBALL_007505 —1.34 0.002 0.181 -1.29 0.048 0.69 0.013
SLC1IA4 SNOWBALL_005484 —1.66 <0.001 0.022 -1.69 0.003 0.91 <0.001
SLC7A9  SNOWBALL_026778  +1.87 <0.001 0.010 +1.87 0.017 0.85 0.001
SQLE SNOWBALL_000764  —1.82 <0.001 0.004 —1.89 0.005 0.91 <0.001

! Fold change (+: high-FE > low-FE; —: high-FE < low-FE).

3. Discussion

This study clearly shows that full-sib pigs differ considerably in their FE traits as expressed by
RFI, ADF], and FCR values. Similar differences have been reported in selection experiments based on
RFI values as well as in extensively phenotyped animal populations [13,14,23].
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3.1. Fatty Acid Concentrations in Feed Efficiency (FE)-Divergent Pigs

Animals classified as highly feed efficient have proven to be leaner [17,24], which is indicated
by increased muscle to fat ratio. This implies alterations of corresponding metabolic processes [8,17].
In this study backfat thickness was unaffected by experimental group at day 140, which is different
from previous reports [14,16]. However, considerable alterations of fatty acid concentrations were
found in liver tissue. Overall, pigs classified as high-FE exhibited less hepatic fat content than their
low-FE counterparts, which was predominantly based on significantly decreased concentrations
of long-chain SFA such as C16:0 and C18:0 and PUFA like C18:2n-6 and C20:51-3. The observed
effects were consistent among these fatty acids with higher levels in low-FE pigs. Odd-chain fatty
acids (i.e., C13:0 and C15:0), which were more prominent in the high-FE group, are discussed as
biomarkers for dietary food intake and play a yet unclear role in metabolism [25]. Importantly, a part
of saturated fatty acids (C16:0, C18:0) and all PUFAs are known to be de novo synthesized, which
primarily takes place in adipose and muscle tissues in pigs [5,26]. Thus, results of this study provide
evidence for altered usage of SFA and PUFA in the liver. This could be either driven by decreased
incorporation of fatty acids in lipid bilayers of hepatocytes or reduced uptake/storage of fatty acids
in the liver of high-FE pigs. Interestingly, the serum level of triglycerides was significantly increased
in high-FE animals, thus supporting the latter hypotheses of higher mobilization rates of fatty acids.
The FE-divergent pigs showed unaffected transcript abundances of genes involved in lipogenesis such
as fatty acid synthase (FASN), stearoyl-CoA desaturase (SCD), ATP citrate lyase (ACLY), acetyl-CoA
carboxylases (ACACA, ACACB), sterol regulatory element-binding protein (SREBP-1c), and fatty acid
elongases (ELOVL1, ELOVL3, ELOVL5, ELOVLY?). Expression levels of genes, known to be involved
in fatty acid transport, like cluster determinant 36 (CD36), fatty acid transport proteins, and fatty
acid binding proteins, did also not differ significantly between FE-divergent groups. Interestingly,
apolipoprotein A2 (APOA2), which is known to be a major high-density lipoprotein (HDL) particle was
found to be differentially expressed between groups at a nominal significance level (p = 0.028). APOA2
is proposed as a candidate gene affecting fatty acid composition, albeit results were deduced from
adipose tissue [27]. Expression of transcripts associated with hepatic lipid metabolism and utilization
like SIRT1, NR1H4, and SQLE differed significantly between experimental groups. SIRT1 is involved
in the regulation of lipid metabolism via cross-talk with the LKV1/AMPK signaling pathway [28].
Consequently, the lower abundance of SIRT1 in high-FE animals might lead to reduced hepatic fatty
acid oxidation compared to low-FE pigs, and eventually results in the development of hepatic steatosis
under high-fat diets [29]. However, the integration of expression profiles provide no hints for altered
inflammatory processes related to FE status at the level of the liver. Both NR1H4 and SQLE are involved
in bile acid metabolism. The former gene encodes the bile acid receptor, which mediates the expression
of genes contributing to the synthesis and transport of bile acid. The squalene epoxidase encoding
SQLE is involved in sterol biosynthesis as a precursor for hepatic bile acid production. Therefore,
transcriptional alterations regarding lipid metabolism reveal a pattern of reduced hepatic usage of
fatty acids in high-FE animals.

3.2. Carbohydrate and Protein Metabolism in FE-Divergent Pigs

Serum levels of glucose, amylase, urea, and total protein remained unaffected by FE traits.
However, high-FE pigs showed a significantly higher abundance of PDK2. In fact, the protein encoded
by PDK?2 is known to inhibit the hepatic pyruvate dehydrogenase complex (PDH), which acts as
a gatekeeper in carbohydrate metabolism. Hence, transcriptional responsiveness of PDK2 might target
the acetyl-CoA production mediating a key metabolic switch from glucose utilization towards increased
fat metabolism. Additionally, hepatic glucose transporter 2 (SLC2A2) was decreased in abundance in
high-FE animals (p = 0.02), albeit not significantly after multiple testing correction. The transcriptional
clues are in line with the assumption that high-FE animals favor energy storage as carbohydrates
(e.g., glycogen) rather than as lipids [21,30]. Indeed, complementary studies focusing on muscular
phenotypes showed that high-FE pigs exhibited increased muscle glycogen content, lowered pH
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post-mortem, and higher glycolytic potential [9,17]. In the current study, lower transcript abundance
of NR1H4 might account for modulations in carbohydrate/glycogen metabolism in high-FE pigs [31].
Unless the transcript abundance of amino acid transporters (SLC1A4, SLC7A9) were different between
groups, the results of the current study did not show definite clues regarding their consequences for
protein metabolism based on differences in FE, as they have been discussed previously [19].

3.3. FYN as a Putative Hub Molecule Regulating FE

The hepatic transcriptome analyses indicate a high responsiveness of metabolic routes and
signaling pathways related to cell-cell interaction and cellular growth. Indeed, liver cells are prone
to improve cellular infrastructure and intercellular communication as a response to metabolic
requirements [24], which directly affects growth and development of the organ [32]. In particular,
FYN plays a prominent role in the biological pathways designated in Table 3 and was identified
as one of the transcripts exhibiting the highest responsiveness to FE traits. Correspondingly;,
transcriptomic analyses of adipose tissue revealed deceased mRNA abundances of FYN in highly
efficient animals [24]. Based on the functional annotations of FYN, it is involved in cell growth, cell
adhesion, integrin-mediated signaling, cytoskeletal remodeling, cell motility, and immune response.
Moreover, FYN was proposed as major factor regulating fatty acid utilization and glucose homeostasis
via effects on AMP-activated protein kinase (AMPK) activity [33]. Mouse models lacking functional
FYN showed a markedly reduced adipose tissue mass [34], producing a phenotype similar to high-FE
animals [24,35]. Indeed, the mouse model revealed reduced triglyceride concentrations in liver and
peripheral organs [34], which are consistent with results reported in this study. Interestingly, under
fasting conditions these mice exhibited a marked increase in fatty acid utilization and showed higher
rates of energy expenditure compared to wild-type controls [34]. As such, the observed decrease
in the mRNA abundance of FYN in high-FE pigs might represent a molecular adaptation to permanent
dietary availability of energy sources. Thus, it is conceivable that FE traits represent a metabolic shift
from energy storage towards energy utilization and mobilization. Indeed, high-FE sows underwent
considerable losses in fat mass and body weight and exhibited an impaired energy balance during
lactation [36].

Furthermore, FYN has been shown to affect carbohydrate metabolism via increased insulin
sensitivity and glucose metabolism, which have been induced under fasting conditions [34]. In this
study, the insulin receptor signaling pathway comprising FYN and INSR was altered between
the FE-divergent groups at the transcriptional level. As such, FYN might play a central role in mediating
the balance in lipid and carbohydrate metabolism. Consequently, previous studies highlighted FYN as
a putative hub molecule for processes regulating fatty acid metabolism [37].

3.4. Implication on Systemic Integrity of FE-Divergent Pigs

Measurements of blood parameters such as transaminases, LDH, and albumin showed that
hepatic liver function was unaffected by FE traits. This provides evidence for the integrity of the liver
despite improvements in FE under normal husbandry conditions. In this context it has to be noted that
high-FE animals might be prone to metabolic disturbances when facing challenges, such as pregnancy
or caloric restriction [16,36]. Moreover, elevated levels of triglycerides, as revealed for high-FE animals
in this study, are one of the known risk factors for long-term health consequences such as the metabolic
syndrome [38,39].

However, the molecular and physiological findings represent insights for putative strategies to
increase FE. As such, high-FE animals might favor metabolic routes employing a higher mobilization
and lowered storage of nutrients and an increased cellular communication and infrastructure
in hepatocytes, adipocytes, and myocytes [16,40]. Highly efficient animals have been reported to
exhibit elevated T3 levels [16], whereas in our study T3 was only numerically increased in high-FE pigs.
Indeed, elevated T; levels stimulate both lipogenesis and lipolysis culminating in fat loss [41] which
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reflects the phenotype of high-FE animals. Hence, the systemic effects mediated by thyroid hormones
might induce a metabolic shift characterized by increased lipolysis and gluconeogenesis [41-43].

4. Materials and Methods

4.1. Animals, Feed Conversion Testing and Sampling

The pig trial was conducted under project licenses PPL 2751 (16 August 2013) and PPL 2781
(27 November 2014) obtained from the Department of Health, Social Services, and Public Safety
(DHSSPS). The study was in accordance with the Animals (Scientific Procedures) Act 1986 and followed
European Union regulations outlining minimum standards for the protection of pigs (91/630/EEC)
and concerning the protection of animals kept for farming purposes (98/58/EC).

Eight F1 sows (Large White x Landrace) were artificially inseminated with semen from four
Hylean Maxgro sires (Hermitage Genetics, Kilkenny, Ireland) divergent in their breeding values for
FCR. The offspring, comprising 87 piglets of both sexes, were penned by litter after weaning at day
28. Pigs were weighed weekly and feed intake was recorded between days 70 and 140 using Feed
Intake Recording Equipment (FIRE) feeding systems (Schauer Agrotronic, Prambachkirchen, Austria).
Average body weights of pigs at the start (day 70) and end (day 140) of the trial were 27.8 + 4.8 kg
and 93.9 & 10.9 kg. During the test period, water and a common pelleted finisher diet (Table S2) were
provided ad libitum. The health status of pigs was checked twice per day by observation; signs of
illness and treatments were documented. Backfat thickness was measured at day 98, day 119, and
day 140 via a non-invasive SonoScape device (Model L3 Veterinary Flat Linear Array, SonoScape,
Shenzhen, China). The measurements were taken between the 3rd and 4th last rib, i.e., 5 cm and 7 cm
from the midline. Individual FE was assessed by RFI values, including phenotypic measurements
obtained between day 70 and day 119 of age. Specifically, the residuals were retrieved from a least
squares regression model of average daily feed intake and average daily gain including phenotypic
information of metabolic live weight, gender, backfat, and muscle-depth, as described previously [44].

Based on RFI values, pigs were classified as either high-FE (low RFL; mean & SE: —0.200 £ 0.024)
or low-FE (high RFI; mean + SE: +0.207 £ 0.031). At day 140 of life, all animals were weighed
and 24 extremes for FE were selected for sampling under postprandial conditions. The selection
considered a balanced design for sex (12 males and 12 females) and litter (eight litters sired by four
boars) leading to the sampling of most FE-divergent siblings of the same sex. Selected pigs were in
good condition regarding health status and vitality. Pigs were slaughtered by CO, stunning followed
by exsanguination. Blood samples were collected from trunk blood. Serum was prepared and samples
were stored at —80 °C until use. Liver weight was recorded. Tissue samples of the right liver lobe
(Lobus Spigelii) were dissected. Tissue samples were snap frozen in liquid nitrogen and stored at -80 °C
until RNA and lipid extraction.

4.2. Physiological Parameters and Hormones in Serum

Serum samples obtained from animals (1 = 24) at day 140 were used to analyze physiological
parameters (albumin, amylase, GGT, glucose, GOT, GPT, lactate dehydrogenase, lipase, total
cholesterol, total protein, triglyceride, urea) via commercial assays (Fuji DriChem 4000i, FujiFilm,
Minato, Japan). Serum thyroid hormones T3 (triiodothyronine) and T4 (thyroxine) were determined
in duplicate using a commercially available magnetic bead-based quantitative immunoassay (MAGPIX
system) according to manufacturer’s protocols (Merck Millipore, Darmstadt, Germany).

4.3. Lipid Extraction and Fatty Acid Profiling

After mincing of frozen liver samples (1 = 24), approximately 250 mg, 8 mL chloroform/methanol
(2:1, v/v) were added. Total lipids were extracted by the use of Ultra Turrax T25 (IKA, Staufen,
Germany), homogenizing in three cycles of 15 s each (12,000 rpm at room temperature). The solution
contained C19:0 as an internal standard. The detailed sample preparation procedure has been
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previously described [45]. Briefly, all of the solvents contained 0.005% (w/v) of t-butylhydroxytoluene
to prevent the oxidation of PUFA. The extraction mixtures were stored at 5 °C for 18 h in the dark and
subsequently washed with 0.02% CaCl, solution. The organic phase was separated and dried with
NaySO4 and K,;CO3 (10:1, w/w), and the solvent was subsequently removed under gentle nitrogen
at room temperature. The lipid extracts were redissolved in 300 uL of toluene, and a 25 mg aliquot
was used for methyl ester preparation. Total lipids were stored at —18 °C until transmethylation of
fatty acids. Next, 2 mL of 0.5 M sodium methoxide in methanol was added to the samples, which were
shaken in a 60 °C water bath for 10 min. Subsequently, 1 mL of 14% boron trifluoride (BF3) in methanol
was added to the mixture, which was then shaken for an additional 10 min at 60 °C. Saturated NaHCOj3
solution (2 mL) was added, and the fatty acid methyl esters (FAMEs) were extracted three times in
2 mL of n-hexane. The n-hexane extract were dried with Na,SO4 and K,COj3 (10:1, w/w), and after
filtration reduced to dryness using a vacuum centrifuge (2000 rpm, 30 °C, 30 min). The FAMEs
were resuspended in 100 pL of n-hexane and stored at —18 °C until used for gas chromatography
(GC) analysis.

The fatty acid analysis of the liver lipids was performed using capillary GC with a CP-Sil
88 CB column (100 m x 0.25 mm, Chrompack-Varian, Lake Forest, CA, USA) that was installed
in a PerkinElmer gas chromatograph CLARUS 680 with a flame ionization detector and split
injection (PerkinElmer Instruments, Shelton, CT, USA). The detailed GC conditions were recently
described [46]. Briefly, the initial oven temperature was 150 °C, which was held for 5 min. Subsequently,
the temperature was increased to 175 °C and then to 200 °C at a rate of 2 °C min~! and held for 10 min.
Finally, the temperature was increased to 225 °C at a rate of 1.5 °C min~! and held for 25 min. Hydrogen
was used as the carrier gas at a flow rate of 1 mL min~!. The split ratio was 1:20, and the injector and
detector were set at 260 °C and 280 °C, respectively. The quantification of fatty acids was done by
the use of C19:0 as internal standard. For the calibration procedure the reference standard mixture
“Sigma FAME” (Sigma-Aldrich, Deisenhofen, Germany), the methyl ester of C18:1cis-11, C22:5n-3
and C18:2cis-9, trans-11 (Matreya, State College, PA, USA), C22:4n-6 (Sigma-Aldrich, Deisenhofen,
Germany) and C18:4n-3 (Larodan, Limhamn, Sweden) were used. The five-point calibration of single
fatty acids ranged between 16 and 415 mg/mL and was checked after GC analysis of five samples.
Fatty acid concentrations are displayed as mg/100 g liver tissue.

4.4. RNA Isolation

For expression analyses, a subset of animals was selected aiming for a balanced design in terms
of sex, litter, and boar. Accordingly, out of the twenty-four sampled animals, twelve animals divergent
in RFI values were selected for microarray analyses, producing six individual samples per RFI group
(high RFI, low RFI). Total RNA was extracted from liver samples using TRI reagent (Sigma-Aldrich,
Taufkirchen, Germany). Samples were treated with DNasel (Roche, Mannheim, Germany) and purified
with a column-based RNA extraction kit (NucleoSpin RNAII, Macherey-Nagel, Diiren, Germany)
according to manufacturer’s protocols. Quantity and purity were checked using a NanoDrop ND-1000
photospectrometer (NanoDrop, Peqlab, Erlangen, Germany). RNA integrity was assessed after
separation of nucleic acids on agarose gels. No signs of a significant degradation of 28S and 185
bands were observed from agarose gels and all samples had 260/280 ratios above 2.1 indicating good
RNA quality. Samples were checked for contamination by genomic DNA and showed no amplification
of specific DNA targets.

4.5. Microarray Analysis

For the microarray experiment, biotin-labelled and fragmented single stranded cDNA was
synthetized using an Affymetrix WT Plus Expression Kit (Affymetrix, Santa Clara, CA, USA).
Pre-processed samples were subsequently hybridized to porcine snowball arrays (Affymetrix), which
were designed to obtain individual genome-wide transcriptome profiles [47]. Processing of arrays
followed manufacturer’s instructions using the GeneChip Hybridization, Wash, and Stain Kit
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(Affymetrix). After scanning, raw data were generated with Affymetrix GCOS 1.1.1 software
(Affymetrix). Raw data have been deposited in a minimum information about a microarray experiment
(MIAME)-compliant database, the National Center for Biotechnology Information Gene Expression
Omnibus (Available online: www.ncbi.nlm.nih.gov/geo) (accession numbers: GSE95223).

4.6. Quantitative Real-Time PCR (RT-qgPCR)

First-strand cDNA synthesis was carried out in a reaction with random primers, oligo d(T) 13VN,
Superscript Ill reverse transcriptase (Invitrogen, Karlsruhe, Germany) and RN AsinPlus RNase Inhibitor
(Promega, Heidelberg, Germany) using 1.5 ug of total RNA. The cDNA samples were diluted in 200 pL
aqua dest. and stored at —20 °C until further analyses. Transcript levels of selected target (ITGAS5,
NR1H4, SLC1A4, SLC7A9, SQLE) and reference genes (RPL10, RPL32) were quantified by RT-qPCR.
Individual mRNA samples (1 = 12) were analyzed in duplicate on a LightCycler 480 system using the
LightCycler 480 SYBR Green I Master (Roche, Mannheim, Germany) according to the manufacturer’s
instructions. Reactions were carried out in a final volume of 12 pL and included 6.0 pL of LightCycler
480 SYBR Green I Master (Roche), 0.6 pL (10 pM) of each primer (Table S3), 2 uL cDNA, and 2.8 uL
of Aqua dest. After an initial denaturation step at 95 °C for 10 min, 40 PCR cycles were performed
including denaturation at 95 °C for 15 s, annealing for 10 s (temperatures as indicated in Table S3) and
extension/fluorescence acquisition at 72 °C for 15 s. The absence of non-specific products was verified
employing melting curve analyses and gel electrophoresis. Threshold cycles were converted to copy
numbers using a standard curve made by amplifying serial dilutions of a corresponding reference
amplificate (107-10% copies). RPL10 and RPL32 were used as housekeeping genes and correlations of
normalized expression values were estimated using Spearman rank correlation (n = 12).

4.7. Phenotype Data Analyses

To compute the individual phenotypic observations (body weight, FE, physiological parameters,
hormones, fatty acid profiles), a linear mixed-effect model was applied (R language, v3.2.3, package
Ime4). Data were weighted as a function of RFI values. Furthermore, random effects represented by
dam and sire were included. The body weight related traits (liver weight, backfat) were corrected for
live weight used as a covariate. Differences were considered significant at p < 0.05.

4.8. Transcript Data Analyses

The quality of microarray data was assessed using the R language for statistical computing
v3.2.3 [48]. Raw intensity data were normalized using the Robust Multichip Average (RMA) approach.
To improve statistical power [49], inappropriate probe sets were excluded from further analyses,
i.e., probe sets with a low and high standard deviation (lower 10% quantile among all samples and
upper 10% quantile within each experimental group). Differential expression was determined using
the linear models for microarray analysis (limma) package within the R environment. To achieve
the transcriptional contrast related to FE, the model included the RFI class as a fixed effect. Due to
the balanced selection of RFI-divergent siblings of the same sex for microarray analysis, no further
effects were considered. To account for multiple testing, g-values were calculated based on the p-value
distribution using the FDR approach designed for large datasets [50]. The threshold level for g-values
was set at g < 0.30, which corresponds to a p-value < 0.01. Fold changes displaying differences
in mRNA abundances were calculated from least square means (positive FC: high-RFI < low-RF],
i.e., low-efficient animals < high-efficient animals; negative FC: high-RFI > low-RFI, i.e., low-efficient
animals > high-efficient animals). The probe-set to gene symbol assignment was obtained from
the developers of the snowball microarray [47]. For Ingenuity Pathway Analysis (IPA; Ingenuity
Systems, Redwood City, CA, USA), orthologous human gene identifiers were retrieved using the
BiomaRt R package. Pig and human genome assemblies were employed (Sus Scrofa 10.2 and
GRCh38.p7). Lists of altered transcripts were evaluated with IPA in order to visualize canonical
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pathways and bio-functions. Data referring to RI-qPCR were factorial normalized and statistically
analyzed as done for microarray data (RFI class as a fixed effect).

5. Conclusions

Taken together, the experimental data of the presumably-altered nutrient utilization in
FE-divergent animals complements existing phenotypic findings on the molecular level. In particular,
the hepatic profiles of fatty acids and expressed genes reveal that high-FE animals might favor
metabolic shifts comprising lipid and carbohydrate utilization when compared to low-FE animals.
The improvements in FE traits might be driven by intensified cellular infrastructure, as suggested
by transcriptome data. Consequently, understanding physiologic requirements, such as processes
mediating nutrient absorption, storage, and excretion will be essential to induce different and stable
phenotypes towards an optimized nutrient supply and the highest standards of animal health and
welfare in livestock production.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1674/s1.

Acknowledgments: The authors thank Hannelore Tychsen, Janine Wetzel, Angela Garve, Annette Jugert,
Nicole Gentz, Birgit Jentz, and Maria Dahm for their excellent technical help. This work was funded by
the European Union Seventh Framework Programme (FP7/2007-2013) as part of the ECO-FCE project under
grant agreement No. 311794. The Leibniz Institute for Farm Animal Biology provided its own matched funding.

Author Contributions: Klaus Wimmers, Elizabeth Magowan and Henry Reyer conceived, designed and
supervised the experiments; Elizabeth Magowan, Siriluck Ponsuksili, Dirk Dannenberger and Henry Reyer
performed the experiments; Henry Reyer, Michael Oster and Dirk Dannenberger analyzed the data;
Klaus Wimmers, Elizabeth Magowan and Dirk Dannenberger contributed reagents/materials/analysis tools;
Henry Reyer and Michael Oster wrote the paper.

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

Abbreviations

FE Feed efficiency

RFI Residual feed intake

FCR Feed conversion ratio

ADG Average daily weight gain
ADFI Average daily feed intake
SFA Saturated fatty acids

MUFA Monounsaturated fatty acids
PUFA Polyunsaturated fatty acids
References

1.  Patience, J.E; Rossoni-Serao, M.C.; Gutiérrez, N.A. A review of feed efficiency in swine: Biology and
application. J. Anim. Sci. Biotechnol. 2015, 6, 1. [CrossRef] [PubMed]

2. Douglas, S.; Szyszka, O.; Stoddart, K.; Edwards, S.; Kyriazakis, I. Animal and management factors influencing
grower and finisher pig performance and efficiency in European systems: A meta-analysis. Animal 2015, 9,
1210-1220. [CrossRef] [PubMed]

3.  Fix, ].S,; Cassady, ].P; van Heugten, E.; Hanson, D.].; See, M.T. Differences in lean growth performance of
pigs sampled from 1980 and 2005 commercial swine fed 1980 and 2005 representative feeding programs.
Livest. Sci. 2010, 128, 108-114. [CrossRef]

4. Do, D.N; Strathe, A.B; Jensen, J.; Mark, T.; Kadarmideen, H.N. Genetic parameters for different measures of
feed efficiency and related traits in boars of three pig breeds. J. Anim. Sci. 2013, 91, 4069—-4079. [CrossRef]
[PubMed]

5. Dodson, M.V,; Hausman, G.J.; Guan, L.; Du, M.; Rasmussen, T.P.; Poulos, S.P.; Mir, P; Bergen, W.G.;
Fernyhough, M.E.; McFarland, D.C. Lipid metabolism, adipocyte depot physiology and utilization of meat
animals as experimental models for metabolic research. Int. |. Biol. Sci. 2010, 6, 691-699. [CrossRef] [PubMed]


www.mdpi.com/1422-0067/18/8/1674/s1
http://dx.doi.org/10.1186/s40104-015-0031-2
http://www.ncbi.nlm.nih.gov/pubmed/26251721
http://dx.doi.org/10.1017/S1751731115000269
http://www.ncbi.nlm.nih.gov/pubmed/25737212
http://dx.doi.org/10.1016/j.livsci.2009.11.006
http://dx.doi.org/10.2527/jas.2012-6197
http://www.ncbi.nlm.nih.gov/pubmed/23825329
http://dx.doi.org/10.7150/ijbs.6.691
http://www.ncbi.nlm.nih.gov/pubmed/21103072

Int. ]. Mol. Sci. 2017, 18, 1674 13 0f 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Jakobsdottir, G.; Xu, J.; Molin, G.; Ahrne, S.; Nyman, M. High-fat diet reduces the formation of butyrate,
but increases succinate, inflammation, liver fat and cholesterol in rats, while dietary fibre counteracts these
effects. PLoS ONE 2013, 8, €80476. [CrossRef] [PubMed]

Kerr, B.J.; Kellner, T.A.; Shurson, G.C. Characteristics of lipids and their feeding value in swine diets. J. Anim.
Sci. Biotechnol. 2015, 6, 30. [CrossRef] [PubMed]

Grubbs, J.; Dekkers, J.; Huff-Lonergan, E.; Tuggle, C.; Lonergan, S. Identification of potential serum
biomarkers to predict feed efficiency in young pigs. J. Anim. Sci. 2016, 94, 1482-1492. [CrossRef] [PubMed]
Gilbert, H.; Billon, Y.; Brossard, L.; Faure, ].; Gatellier, P; Gondret, F,; Labussiere, E.; Lebret, B.; Lefaucheur, L.;
Le Floch, N. Review: Divergent selection for residual feed intake in the growing pig. Animal 2017, 1-13.
[CrossRef] [PubMed]

Le Naou, T.; Le Floch, N.; Louveau, I.; Gilbert, H.; Gondret, F. Metabolic changes and tissue responses to
selection on residual feed intake in growing pigs. J. Anim. Sci. 2012, 90, 4771-4780. [CrossRef] [PubMed]
Madeira, M.S.; Pires, V.M.; Alfaia, C.M.; Lopes, P.A.; Martins, S.V.; Pinto, R.M.; Prates, J.A. Restriction of
dietary protein does not promote hepatic lipogenesis in lean or fatty pigs. Br. J. Nutr. 2016, 115, 1339-1351.
[CrossRef] [PubMed]

Kasprzyk, A.; Tyra, M.; Babicz, M. Fatty acid profile of pork from a local and a commercial breed. AAB 2015,
58,379. [CrossRef]

Gondret, E; Louveau, I.; Mourot, J.; Duclos, M.; Lagarrigue, S.; Gilbert, H.; van Milgen, J. Dietary energy
sources affect the partition of body lipids and the hierarchy of energy metabolic pathways in growing pigs
differing in feed efficiency. J. Anim. Sci. 2014, 92, 4865-4877. [CrossRef] [PubMed]

Vigors, S.; Sweeney, T.; O’Shea, C.; Kelly, A.; O'Doherty, J. Pigs that are divergent in feed efficiency, differ
in intestinal enzyme and nutrient transporter gene expression, nutrient digestibility and microbial activity.
Animal 2016, 10, 1848-1855. [CrossRef] [PubMed]

Jégou, M.; Gondret, F,; Vincent, A.; Tréfeu, C.; Gilbert, H.; Louveau, I. Whole blood transcriptomics is relevant
to identify molecular changes in response to genetic selection for feed efficiency and nutritional status
in the pig. PLoS ONE 2016, 11, e0146550. [CrossRef] [PubMed]

Lkhagvadorj, S.; Qu, L.; Cai, W.; Couture, O.P; Barb, C.R.; Hausman, G.J.; Nettleton, D.; Anderson, L.L.;
Dekkers, ].C.; Tuggle, C.K. Gene expression profiling of the short-term adaptive response to acute caloric
restriction in liver and adipose tissues of pigs differing in feed efficiency. Am. |. Physiol. Regul. Integr. Comp.
Physiol. 2010, 298, 494-507. [CrossRef] [PubMed]

Faure, J.; Lefaucheur, L.; Bonhomme, N.; Ecolan, P.,; Meteau, K.; Coustard, S.M.; Kouba, M.; Gilbert, H.;
Lebret, B. Consequences of divergent selection for residual feed intake in pigs on muscle energy metabolism
and meat quality. Meat Sci. 2013, 93, 37—45. [CrossRef] [PubMed]

Harris, A.; Patience, ].E; Lonergan, S.M.; JM Dekkers, C.; Gabler, N.K. Improved nutrient digestibility and
retention partially explains feed efficiency gains in pigs selected for low residual feed intake. J. Anim. Sci.
2012, 90, 164-166. [CrossRef] [PubMed]

Hewitt, D.; de Lange, C.; Antonick, T.; Dekkers, J.; Pendleton, A.; Rakhshandeh, A. Effect of divergent
selection for residual feed intake on whole body protein turnover in growing gilts fed either adequate or
lysine deficient diets. J. Anim. Sci. 2016, 94, 108-109. [CrossRef]

Miar, Y.; Plastow, G.; Bruce, H.; Moore, S.; Manafiazar, G.; Kemp, R.; Charagu, P; Huisman, A,
van Haandel, B.; Zhang, C. Genetic and phenotypic correlations between performance traits with meat
quality and carcass characteristics in commercial crossbred pigs. PLoS ONE 2014, 9, e110105. [CrossRef]
[PubMed]

Lefaucher, L.; Lebret, B.; Ecolan, P.; Galian, M.; Damon, M.; Louveau, I.; Prunier, A.; Sellier, P.; Gilbert, H.
Divergent selection on “residual feed intake” in pigs: Impact on growth performance, muscle compositional
traits and meat quality. AAB 2008, 40, 83-84.

Tizioto, P.C.; Coutinho, L.L.; Decker, J.E.; Schnabel, R.D.; Rosa, K.O.; Oliveira, P.S.; Souza, M.M.; Mourao, G.B.;
Tullio, R.R.; Chaves, A.S. Global liver gene expression differences in Nelore steers with divergent residual
feed intake phenotypes. BMC Genom. 2015, 16, 242. [CrossRef] [PubMed]

Grubbs, ].K,; Fritchen, A.; Huff-Lonergan, E.; Dekkers, J.C.; Gabler, N.K.; Lonergan, S.M. Divergent genetic
selection for residual feed intake impacts mitochondria reactive oxygen species production in pigs. J. Anim.
Sci. 2013, 91, 2133-2140. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0080476
http://www.ncbi.nlm.nih.gov/pubmed/24236183
http://dx.doi.org/10.1186/s40104-015-0028-x
http://www.ncbi.nlm.nih.gov/pubmed/26207182
http://dx.doi.org/10.2527/jas.2015-9692
http://www.ncbi.nlm.nih.gov/pubmed/27136007
http://dx.doi.org/10.1017/S175173111600286X
http://www.ncbi.nlm.nih.gov/pubmed/28118862
http://dx.doi.org/10.2527/jas.2012-5226
http://www.ncbi.nlm.nih.gov/pubmed/22871936
http://dx.doi.org/10.1017/S0007114516000453
http://www.ncbi.nlm.nih.gov/pubmed/26927728
http://dx.doi.org/10.5194/aab-58-379-2015
http://dx.doi.org/10.2527/jas.2014-7995
http://www.ncbi.nlm.nih.gov/pubmed/25253805
http://dx.doi.org/10.1017/S1751731116000847
http://www.ncbi.nlm.nih.gov/pubmed/27173889
http://dx.doi.org/10.1371/journal.pone.0146550
http://www.ncbi.nlm.nih.gov/pubmed/26752050
http://dx.doi.org/10.1152/ajpregu.00632.2009
http://www.ncbi.nlm.nih.gov/pubmed/19939971
http://dx.doi.org/10.1016/j.meatsci.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22910803
http://dx.doi.org/10.2527/jas.53855
http://www.ncbi.nlm.nih.gov/pubmed/23365317
http://dx.doi.org/10.2527/msasas2016-230
http://dx.doi.org/10.1371/journal.pone.0110105
http://www.ncbi.nlm.nih.gov/pubmed/25350845
http://dx.doi.org/10.1186/s12864-015-1464-x
http://www.ncbi.nlm.nih.gov/pubmed/25887532
http://dx.doi.org/10.2527/jas.2012-5894
http://www.ncbi.nlm.nih.gov/pubmed/23478830

Int. ]. Mol. Sci. 2017, 18, 1674 14 0f 15

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Louveau, L; Vincent, A.; Tacher, S.; Gilbert, H.; Gondret, F. Increased expressions of genes and proteins
involved in mitochondrial oxidation and antioxidant pathway in adipose tissue of pigs selected for a low
residual feed intake. J. Anim. Sci. 2016, 94, 5042-5054. [CrossRef] [PubMed]

Jenkins, B.; West, J.A.; Koulman, A. A review of odd-chain fatty acid metabolism and the role of
pentadecanoic acid (c15: 0) and heptadecanoic acid (c17: 0) in health and disease. Molecules 2015, 20,
2425-2444. [CrossRef] [PubMed]

Dannenberger, D.; Nuernberg, K.; Nuernberg, G.; Priepke, A. Impact of dietary protein level and source of
polyunsaturated fatty acids on lipid metabolism-related protein expression and fatty acid concentrations
in porcine tissues. J. Agric. Food Chem. 2014, 62, 12453-12461. [CrossRef] [PubMed]

Ballester, M.; Revilla, M.; Puig-Oliveras, A.; Marchesi, J.; Castello, A.; Corominas, J.; Fernandez, A.; Folch, J.
Analysis of the porcine APOA2 gene expression in liver, polymorphism identification and association with
fatty acid composition traits. Anim. Genet. 2016, 47, 552-559. [CrossRef] [PubMed]

Hou, X.; Xu, S.; Maitland-Toolan, K.A.; Sato, K.; Jiang, B.; Ido, Y.; Lan, F.; Walsh, K.; Wierzbicki, M.;
Verbeuren, T.J. Sirt1 regulates hepatocyte lipid metabolism through activating AMP-activated protein kinase.
J. Biol. Chem. 2008, 283, 20015-20026. [CrossRef] [PubMed]

Purushotham, A.; Schug, T.T.; Xu, Q.; Surapureddi, S.; Guo, X.; Li, X. Hepatocyte-specific deletion of SIRT1
alters fatty acid metabolism and results in hepatic steatosis and inflammation. Cell Metab. 2009, 9, 327-338.
[CrossRef] [PubMed]

Lonergan, S.M.; Huff-Lonergan, E.; Rowe, L.; Kuhlers, D.; Jungst, S. Selection for lean growth efficiency
in Duroc pigs influences pork quality. J. Anim. Sci. 2001, 79, 2075-2085. [CrossRef] [PubMed]

Jiao, Y;; Lu, Y,; Li, X.Y. Farnesoid X receptor: A master regulator of hepatic triglyceride and glucose
homeostasis. Acta Pharmacol. Sin. 2015, 36, 44-50. [CrossRef] [PubMed]

Loewenstein, W.R. Junctional intercellular communication and the control of growth. Biochim. Biophys. Acta
1979, 560, 1-65. [CrossRef]

Vatish, M.; Yamada, E.; Pessin, J.E.; Bastie, C.C. Fyn kinase function in lipid utilization: A new upstream
regulator of ampk activity? Arch. Physiol. Biochem. 2009, 115, 191-198. [CrossRef] [PubMed]

Bastie, C.C.; Zong, H.; Xu, J.; Busa, B.; Judex, S.; Kurland, 1.].; Pessin, J.E. Integrative metabolic regulation
of peripheral tissue fatty acid oxidation by the src kinase family member fyn. Cell Metab. 2007, 5, 371-381.
[CrossRef] [PubMed]

Boddicker, N.; Gabler, N.; Spurlock, M.; Nettleton, D.; Dekkers, J. Effects of ad libitum and restricted feeding
on early production performance and body composition of Yorkshire pigs selected for reduced residual feed
intake. Animal 2011, 5, 1344-1353. [CrossRef] [PubMed]

Young, J.; Bergsma, R.; Knol, E.; Patience, J.; Dekkers, ]. Effect of selection for residual feed intake during
the grow/finish phase of production on sow reproductive performance and lactation efficiency. J. Anim. Sci.
2016, 94, 4120-4132. [CrossRef] [PubMed]

Sweeney, T.; Lejeune, A.; Moloney, A.P.; Monahan, EJ.; Mc Gettigan, P; Downey, G.; Park, S.D.; Ryan, M.T.
The application of transcriptomic data in the authentication of beef derived from contrasting production
systems. BMC Genom. 2016, 17, 746. [CrossRef] [PubMed]

Te Pas, M.E,; Koopmans, S.-].; Kruijt, L.; Calus, M.P,; Smits, M.A. Plasma proteome profiles associated with
diet-induced metabolic syndrome and the early onset of metabolic syndrome in a pig model. PLoS ONE
2013, 8, €73087. [CrossRef] [PubMed]

Grundy, S.M.; Brewer, H.B.; Cleeman, J.I.; Smith, S.C.; Lenfant, C. Definition of metabolic syndrome.
Circulation 2004, 109, 433-438. [CrossRef] [PubMed]

Kokta, T.; Dodson, M.; Gertler, A.; Hill, R. Intercellular signaling between adipose tissue and muscle tissue.
Domest. Anim. Endocrinol. 2004, 27, 303-331. [CrossRef] [PubMed]

Oppenheimer, J.H.; Schwartz, HL.; Lane, J.T.; Thompson, M.P. Functional relationship of thyroid
hormone-induced lipogenesis, lipolysis, and thermogenesis in the rat. . Clin. Investig. 1991, 87, 125.
[CrossRef] [PubMed]

Feng, X.; Jiang, Y.; Meltzer, P.; Yen, PM. Thyroid hormone regulation of hepatic genes in vivo detected by
complementary DNA microarray. Mol. Endocrinol. 2000, 14, 947-955. [CrossRef] [PubMed]

Miiller, M.; Seitz, H. Rapid and direct stimulation of hepatic gluconeogenesis by I-triiodothyronine (t3)
in the isolated-perfused rat liver. Life Sci. 1980, 27, 827-835. [CrossRef]


http://dx.doi.org/10.2527/jas.2016-0619
http://www.ncbi.nlm.nih.gov/pubmed/28046150
http://dx.doi.org/10.3390/molecules20022425
http://www.ncbi.nlm.nih.gov/pubmed/25647578
http://dx.doi.org/10.1021/jf504699a
http://www.ncbi.nlm.nih.gov/pubmed/25429687
http://dx.doi.org/10.1111/age.12462
http://www.ncbi.nlm.nih.gov/pubmed/27296287
http://dx.doi.org/10.1074/jbc.M802187200
http://www.ncbi.nlm.nih.gov/pubmed/18482975
http://dx.doi.org/10.1016/j.cmet.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19356714
http://dx.doi.org/10.2527/2001.7982075x
http://www.ncbi.nlm.nih.gov/pubmed/11518215
http://dx.doi.org/10.1038/aps.2014.116
http://www.ncbi.nlm.nih.gov/pubmed/25500875
http://dx.doi.org/10.1016/0304-419X(79)90002-7
http://dx.doi.org/10.1080/13813450903164348
http://www.ncbi.nlm.nih.gov/pubmed/19728795
http://dx.doi.org/10.1016/j.cmet.2007.04.005
http://www.ncbi.nlm.nih.gov/pubmed/17488639
http://dx.doi.org/10.1017/S175173111100036X
http://www.ncbi.nlm.nih.gov/pubmed/22440279
http://dx.doi.org/10.2527/jas.2015-0130
http://www.ncbi.nlm.nih.gov/pubmed/27898858
http://dx.doi.org/10.1186/s12864-016-2851-7
http://www.ncbi.nlm.nih.gov/pubmed/27654331
http://dx.doi.org/10.1371/journal.pone.0073087
http://www.ncbi.nlm.nih.gov/pubmed/24086269
http://dx.doi.org/10.1161/01.CIR.0000111245.75752.C6
http://www.ncbi.nlm.nih.gov/pubmed/14744958
http://dx.doi.org/10.1016/j.domaniend.2004.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15519037
http://dx.doi.org/10.1172/JCI114961
http://www.ncbi.nlm.nih.gov/pubmed/1985090
http://dx.doi.org/10.1210/mend.14.7.0470
http://www.ncbi.nlm.nih.gov/pubmed/10894146
http://dx.doi.org/10.1016/0024-3205(80)90076-4

Int. ]. Mol. Sci. 2017, 18, 1674 150f 15

44.

45.

46.

47.

48.

49.

50.

McCormack, U.M.; Curido, T.; Buzoianu, S.G.; Prieto, M.L.; Ryan, T.; Varley, P.; Crispie, F.; Magowan, E.;
Metzler-Zebeli, B.U.; Berry, D. Exploring a possible link between the intestinal microbiota and feed efficiency
in pigs. Appl. Environ. Microbiol. 2017. [CrossRef] [PubMed]

Dannenberger, D.; Nuernberg, K.; Nuernberg, G.; Priepke, A. Different dietary protein and pufa interventions
alter the fatty acid concentrations, but not the meat quality, of porcine muscle. Nutrients 2012, 4, 1237-1246.
[CrossRef] [PubMed]

Angulo, J.; Hiller, B.; Olivera, M.; Mahecha, L.; Dannenberger, D.; Nuernberg, G.; Losand, B.; Nuernberg, K.
Dietary fatty acid intervention of lactating cows simultaneously affects lipid profiles of meat and milk. J. Sci.
Food Agric. 2012, 92, 2968-2974. [CrossRef] [PubMed]

Freeman, T.C.; Ivens, A.; Baillie, ].K; Beraldi, D.; Barnett, M.W.; Dorward, D.; Downing, A.; Fairbairn, L.;
Kapetanovic, R.; Raza, S. A gene expression atlas of the domestic pig. BMC Biol. 2012, 10, 90. [CrossRef]
[PubMed]

Kauffmann, A.; Gentleman, R.; Huber, W. Arrayqualitymetrics—A bioconductor package for quality
assessment of microarray data. Bioinformatics 2009, 25, 415-416. [CrossRef] [PubMed]

Bourgon, R.; Gentleman, R.; Huber, W. Independent filtering increases detection power for high-throughput
experiments. Proc. Natl. Acad. Sci. USA 2010, 107, 9546-9551. [CrossRef] [PubMed]

Storey, ].D.; Tibshirani, R. Statistical significance for genomewide studies. Proc. Natl. Acad. Sci. USA 2003,
100, 9440-9445. [CrossRef] [PubMed]

@ © 2017 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/10.1128/AEM.00380-17
http://www.ncbi.nlm.nih.gov/pubmed/28526795
http://dx.doi.org/10.3390/nu4091237
http://www.ncbi.nlm.nih.gov/pubmed/23112912
http://dx.doi.org/10.1002/jsfa.5709
http://www.ncbi.nlm.nih.gov/pubmed/22549272
http://dx.doi.org/10.1186/1741-7007-10-90
http://www.ncbi.nlm.nih.gov/pubmed/23153189
http://dx.doi.org/10.1093/bioinformatics/btn647
http://www.ncbi.nlm.nih.gov/pubmed/19106121
http://dx.doi.org/10.1073/pnas.0914005107
http://www.ncbi.nlm.nih.gov/pubmed/20460310
http://dx.doi.org/10.1073/pnas.1530509100
http://www.ncbi.nlm.nih.gov/pubmed/12883005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Affected Phenotypic Traits Due to Residual Feed Intake (RFI) Classification 
	Hepatic Gene Expression Pattern 
	Verification of Microarray Results 

	Discussion 
	Fatty Acid Concentrations in Feed Efficiency (FE)-Divergent Pigs 
	Carbohydrate and Protein Metabolism in FE-Divergent Pigs 
	FYN as a Putative Hub Molecule Regulating FE 
	Implication on Systemic Integrity of FE-Divergent Pigs 

	Materials and Methods 
	Animals, Feed Conversion Testing and Sampling 
	Physiological Parameters and Hormones in Serum 
	Lipid Extraction and Fatty Acid Profiling 
	RNA Isolation 
	Microarray Analysis 
	Quantitative Real-Time PCR (RT-qPCR) 
	Phenotype Data Analyses 
	Transcript Data Analyses 

	Conclusions 

