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Mitochondrial function, fatty acid metabolism, and immune system
are relevant features of pig adipose tissue development. Physiol
Genomics 44: 1116-1124, 2012. First published September 25,
2012; doi:10.1152/physiolgenomics.00098.2012.—The molecular
mechanisms underlying the genetic control of fat development in
humans and livestock species still require characterization. To gain
insights on gene expression patterns associated with genetic propen-
sity for adiposity, we compared subcutaneous adipose tissue (SCAT)
transcriptomics profiles from two contrasted pig breeds for body
fatness. Samples were obtained from Large White (LW; lean pheno-
type) and Basque pigs (B; low growth and high fat content) at 35 kg
(n = 5 per breed) or 145 kg body weight (n = 10 per breed). Using
a custom adipose tissue microarray, we found 271 genes to be
differentially expressed between the two breeds at both stages, out of
which 123 were highly expressed in LW pigs and 148 genes were
highly expressed in B pigs. Functional enrichment analysis based on
gene ontology (GO) terms highlighted gene groups corresponding to
the mitochondrial energy metabolism in LW pigs, whereas immune
response was found significantly enriched in B pigs. Genes associated
with lipid metabolism, such as ELOVLG6, a gene involved in fatty acid
elongation, had a lower expression in B compared with LW pigs.
Furthermore, despite enlarged adipocyte diameters and higher plasma
leptin concentration, B pigs displayed reduced lipogenic enzyme
activities compared with LW pigs at 145 kg. Altogether, our results
suggest that the development of adiposity was associated with a
progressive worsening of the metabolic status, leading to a low-grade
inflammatory state, and may thus be of significant interest for both
livestock production and human health.

adipokine; genotype; inflammation; lipid metabolism; microarray.

EVIDENCE HAS NOW ACCUMULATED to indicate that white adipose
tissue plays a major role in the regulation of body fat and
energy metabolism. It is now well established that this tissue is
not only a site of energy storage but is also an active metabolic
and endocrine organ that secretes a number of bioactive peptides
or proteins collectively named adipokines and exhibiting numer-
ous functional roles (11, 37). In humans, the increase in the
prevalence of obesity, now considered as epidemic (OECD obe-
sity update 2012; http://www.oecd.org/dataoecd/1/61/49716427.
pdf), highlights the need to prevent and/or treat adipose tissue
disturbance that is associated with increased risks of developing
metabolic disorders. In the meat industry, body fat content and
distribution in growing animals are of special interest for produc-
tion efficiency and meat quality (27). Taken together, these ob-
servations indicate that a better control of fat mass development is
of upmost importance for both humans and animals and empha-
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size the need to elucidate the molecular mechanisms underlying
adipose tissue development.

The pig has been recognized for a long time as a suitable
animal model for several human disorders (30, 42) because of
its similar metabolic features, cardiovascular systems, and
organ sizes. Therefore, investigation of pig adipose tissue may
be very helpful to understand the generic biological processes
underlying the development of adiposity. Ascertaining the
transcriptome expression profiles variations between breeds
exhibiting great differences in adiposity should improve our
knowledge of these processes. There is only limited informa-
tion on the association between transcriptomics profiles and
genetic propensity for fat accumulation in this species (29, 36,
38), but all these studies indicate that transcriptional regulation
may play a major role in adipose tissue accretion.

In this current study, gene expression profiles of adipose
tissue from two genetically distant pig breeds with a contrasted
adiposity (1, 26) were compared. For this purpose, we devel-
oped a custom porcine microarray to get a better understanding
of the regulation of adipogenesis and lipid metabolism. To
further improve our knowledge on the biological mechanisms
associated with fat deposition, we also determined lipogenic
capacities of adipose tissue and plasma metabolic indicators in
the two breeds.

MATERIALS AND METHODS

Animals and sample collection. The care and use of pigs were
performed in compliance with the European Union legislation (direc-
tive 86/609/CEE) and the French legislation (Décret n°2001-464
29/05/01; http://ethique.ipbs.fr/sdv/charteexpeanimale.pdf; agreement
for animal housing number C-35-275-32). Moreover, the technical
and scientific staff obtained an individual agreement from the French
Veterinary Services to experiment on living animals. All pigs used in
this study were males, surgically castrated at 7 days of age, and
weaned at around 4 wk of age. Piglets from the Large White (LW)
breed, the most predominant European pig breed used for its high lean
growth rate and low fat content, and from the Basque (B) breed, an
indigenous French breed with high body fat content and high meat
quality, were obtained from selective operators (INRA GEPA, Saint-
Pierre-d’ Amilly, France for LW pigs and Anhaux and Lantabat,
France, for B pigs). Animals of both breeds entered our experimental
facilities (Saint Gilles, France) at 7-8 wk of age and were reared in a
conventional housing system (slatted floor, 1.0 m?/pig). They were fed
the same standard diets based on cereals according to the following
scale: 2.5 kg/day/pig between 35 and 110 kg, and 3.0 kg/day/pig
between 110 and 145 kg.

All pigs were anesthetized by electrical stunning and killed by
jugular exsanguination at the average live weight of 35 kg (91 = 1
days of age and 121 = 3 days of age for LW and B pigs, respectively;
n = 5 per breed) or 145 kg (229 = 19 days of age and 319 = 20 days
of age for LW and B pigs, respectively; n = 10 per breed). This latter
weight was selected because it corresponds to the average slaughter

1094-8341/12 Copyright © 2012 the American Physiological Society
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weight of B pigs. Immediately after death, blood samples were
collected on EDTA and obtained plasma was stored at —20°C until
analyses. Backfat thickness was measured with a ruler between the
third and the fourth vertebra from the last rib on the carcass. Dorsal
subcutaneous adipose tissue (SCAT) samples comprising all fat layers
were then taken, cut into small pieces, and frozen in liquid nitrogen.
Additional samples were placed on flat sticks and frozen in liquid
nitrogen for adipocyte diameter measurements. SCAT samples were
stored at —75°C until analyses.

Adipose tissue cellularity. Histological methods were used to de-
termine adipocyte mean diameters. Briefly, frozen adipose tissue was
sectioned at 10 wm thicknesses with a cryostat at —30°C, mounted on
slides, and stained with oil red O solution to reveal lipids into cells, as
previously described (13). Images of adipocytes were obtained at a
X10 magnification with a digital camera system. Two slides were
prepared per adipose tissue sample, and five images from one slide
with the best membrane integrity were retained for cellularity analy-
sis. Adipocyte cross-sectional area of each cell in the image was
measured with a digitizing table and a computer image analysis
(Visilog 6.0 imaging software; Noesis, Courtaboeuf, France). Results
corresponding to the mean of determinations in each adipose tissue
sample were expressed as diameter (pm), considering adipocytes as
spherical cells.

Enzyme assays. Frozen adipose tissue samples (500 mg) were
homogenized in 1.5 ml of ice-cold 0.25 M sucrose solution containing
I mM EDTA and 1 mM DTT. The mixtures were then centrifuged at
100,000 g for 1 h at 4°C. The cytosolic fractions (below the fat cakes)
were collected and stored at —75°C until use. Specific activities of
fatty acid synthase (FAS; EC: 2.3.1.85) as the key lipogenic enzyme,
and of malic enzyme (ME, EC: 1.1.1.40) as the main supplier of
NADPH in the pig were assayed spectrophotometrically at 340 nm
absorbance (2). Substrate quantities (15-200 wl) were optimized to
ensure the linearity of reactions. Protein content of the cytosolic
fractions was determined by Bradford reagent with bovine serum
albumin as a standard reference (5). Enzyme activities were then
expressed as nanomoles of NADPH per min and per mg of cytosolic
proteins. Activities were also expressed per gram of fresh tissue (12).

Plasma parameters. For each parameter, all samples were analyzed
in a single batch. Glucose, triglycerides, and nonesterified fatty acids
(NEFA) were measured in plasma using a clinical chemistry analyzer
Konelab 20i (Thermo Fischer Scientific, Cergy-Pontoise, France).
Glucose and triglyceride kits were obtained from BioMérieux (Marcy
I’Etoile, France), and the NEFA kit was purchased from Randox
(Maugui, France). Intra-assay coefficients of variation (CV) for
Konelab measurements were <5%. Plasma insulin concentrations
were measured using a radioimmunoassay (RIA) kit (INSULIN-CT;
CisBio Bioassays, Codolet, France). The intra-assay CV was <5% at
70 wUI/ml. Plasma leptin concentrations were quantified using the
multispecies RIA kit (Millipore, St Charles, MO). Intra-assay CV was
<6%. Plasma interleukin-6 (IL6) concentrations were measured with
a sandwich enzyme immunoassay technique using a polyclonal anti-
body specific for porcine IL6 (R&D Systems, Oxford, UK). The
sensitivity of the assay was 2 pg/ml and the intra-assay CV was 5.1%
at 54 pg/ml.

Total RNA extraction. Samples of frozen adipose tissue (100-300
mg each) were homogenized in TRIzol reagent (Invitrogen, Cergy-
Pontoise, France) using a TissueLyser (Qiagen, Courtaboeuf, Paris)
and treated according to the manufacturer’s instructions for RNA
extraction. Afterwards, RNA was purified using a silica-membrane
technology (Nucleospin RNA II kit; Macherey Nagel, Hoerdt, France)
and quantified using a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific, Illkirch, France). The integrity of total RNA was
assessed using the Agilent RNA 6000 Nano kit with an Agilent 2100
Bioanalyzer (Agilent Technologies, Massy, France). For later analy-
ses, RNA with RNA Integrity Number >7 and A260/280 ratio >1.8
were considered.
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Agilent 15K custom porcine microarray. A custom microarray with
15,017 60-mer oligonucleotides was designed to investigate porcine
adipose tissue transcriptome. Briefly, we used 33,000 consensus
contig sequences from SIGENAE pig transcript assembly (SIGENAE
v8, http://www.sigenae.org) selected from 12 skeletal muscle and one
adipose tissue libraries in the PEDE database (Pig EST Data Explorer;
http://pede.dna.affrc.go.jp/). These contig sequences were submitted to
eARRAY online software v4.5 (Agilent Technologies, http://earray.
chem.agilent.com/earray) to design one to two 60-mer probe(s) per
contig sequence (average of 1.33 probes per contig). Analysis of test
SCAT RNA samples using all designed probes allowed the selection
of 6,845 informative probes. Then, microarray hybridization using
SCAT RNA and either NRSP8-Qiagen array (52) or AGENAE 9K
microarray (4) allowed, respectively, the selection of 7,834 and 321
additional probes. Lastly, 17 additional probes were selected from the
literature. Microarrays were manufactured by in situ synthesis on
glass slides using an Agilent 15K (8-plex) microarray format (Agilent
Technologies). This repertoire has been deposited in the National
Center for Biotechnology Information (NCBI) Gene Express Omni-
bus (GEO) website (http://www.ncbi.nlm.nih.gov/geo/). The acces-
sion number of this new platform is GPL14908.

Transcripts targeted by each of the 60-mer probes were identified
on the basis of probe and contig sequence homology searches using
transcripts of pigs (NCBI Sus Scrofa RefSeq http://www.ncbi.nlm.
nih.gov/RefSeq/; UniProt, http://www.uniprot.org/) or related species
(Homo sapiens, Bos taurus, and Mus musculus). Annotation was
based on similarity and quality criteria: at least 18 consecutive base
pairs within 60-mer probe sequence and 85% of homology (6). The
WEB-based GEne SeT AnaLysis Toolkit (http://bioinfo.vanderbilt-
.edu/webgestalt/) was then used for the categorization of Gene On-
tology (GO) terms for biological process (BP).

Labeling of mRNA and microarray hybridization. Each sample was
individually labeled with Cy3 dye. In addition, a reference pool
composed of an equal amount of total RNA isolated from all 30
samples was labeled with Cy5 dye to normalize gene expression
between samples. For each sample, total RNA (350 ng) was labeled
using the Quick-Amp Labeling kit (Agilent Technologies) following
the manufacturer’s instructions. Briefly, fluorescent complementary
RNA (cRNA) was generated by a two-step procedure using T7 RNA
polymerase, which simultaneously amplified target and incorporated
cyanine-labeled CTP. Samples were then purified with an RNeasy
mini elute kit (Qiagen, Hilden, Germany). Microarray hybridizations
were carried out at 65°C for 17 h in Agilent’s SureHyb hybridization
chambers containing 300 ng of Cy3-labeled cRNA sample and 300 ng
of Cy5-labeled reference pool per hybridization, using Agilent’s Gene
Expression Hybridization kit. After being washed, microarrays were
scanned at 5 wm/pixel resolution using the Agilent DNA Microarray
Scanner G2505B, and images were analyzed with Agilent Feature
Extraction Software (version 10.5.1.1, protocol GE2_105_Dec08).
Microarray data have been approved, and the GEO Series Entry
(GSE34161) provides access to all data.

Microarray data analysis. All analyses were performed using the R
software version 2.10.0 (R Development Core Team, 2008). Raw spots
intensities were first submitted to quality filtration based on four criteria:
intensity, uniformity, saturation, and outlier detection. Intensities of
filtered spots were transformed into log2(Cy3/CyS5), and data were
normalized within chips by subtraction of the sample median value across
all probes from all raw values and between chips using the “Rquantile”
method of the Limma R package (41) to obtain experimentally consoli-
dated gene expression values. The Rquantile method was used since the
red channel was a common reference throughout the experiment. To
focus on breed effect, we analyzed the two sets of normalized data (35
and 145 kg) separately. Data were submitted to an analysis of variance
using the fixed effects of breed (LW or B), slide (4 different slides), and
their interaction (breed X slide). Data were then submitted to Benjamini
and Hochberg (BH) multiple testing correction procedure (3) with an
adjusted P value cutoff of 0.1.
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Functional analysis. To decipher the genetic basis of adipose tissue
development, we chose differentially expressed genes at both 35 kg
and 145 kg growth stages for further analysis. These genes were
arranged into two lists: one with overexpressed genes in B pigs and
one group with overexpressed genes in LW pigs. To get these lists
more structured and informative, an enrichment analysis for specific
GO terms for BP and Kyoto Encyclopedia Genes and Genomes
(KEGG) pathways, was carried out using the Database for Annota-
tion, Visualization and Integrated Discovery (DAVID) bioinformatics
resources (http://david.abce.nciferf.gov/home.jsp; 10, 20). In DAVID
analysis, the GO terms_FAT were selected to filter the broadest terms
without overshadowing the more specific ones. The two lists of genes
were uploaded using ENTREZ gene ID (http://www.ncbi.nlm.nih.
gov/gene). The P values for enrichment were computed by the BH
multiple testing correction technique, using our custom microarray
(i.e., 9,532 human ENTREZ gene ID) as background.

Reverse transcription and quantitative real-time PCR. The expres-
sion of nine genes found to be differentially expressed between LW
and B pigs by the microarray study was further analyzed. Expression
of four genes overexpressed in the B pigs, i.e., FBJ murine osteosar-
coma viral oncogene homolog (FOS); interleukin 6 (IL6); cathepsin S
(CTSS); colony stimulating factor 1 receptor (CSF1R); and of five
genes overexpressed in the LW pigs: elongation of very long chain
fatty acids elongase 6 (ELOVL6); fatty acid binding protein 3, muscle
and heart (FABP3); ATP synthase, H"* transporting, mitochondrial F1
complex, beta polypeptide (ATP5B); ubiquinol-cytochrome ¢ reduc-
tase core protein 1 (UQCRCI); and insulin-like growth factor 2
(IGF2) were quantified by quantitative real-time PCR (qPCR). The
expression of the tumor necrosis factor (TNF)-a gene, which was not
included in the custom microarray, was also determined. cDNA was
synthesized from 1 pg of total RNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA).
Primers (Table 1) were designed from porcine sequences using Primer

ADIPOSE TISSUE TRANSCRIPTOME AND PORCINE BREEDS

Express software 3.0 (Applied Biosystems). For each primer pair, the
amplification efficiency of qPCR reaction was determined by calibra-
tion curves generated with six decreasing concentrations of cDNA
pool samples (12.5-12.5E7%% ng RNA). Amplification reaction was
performed in triplicate in 12.5 wl with 2.5 ng of reverse-transcribed
RNA and both forward and reverse primers (200 nM each) in 1 X PCR
buffer (Fast SYBR Green Master Mix, Applied Biosystems), using a
StepOnePlus Real Time PCR system (Applied Biosystems). Thermal
cycling conditions were as follows: 50°C for 2 min, 95°C for 20 s,
followed by 40 cycles of denaturation at 95°C for 3 s, and annealing
at 60°C for 30 s. Specificity of the amplification products was checked
by dissociation curves analysis. Three genes were retained as the most
stable reference genes for normalization using geNorm algorithm
(45): hypoxanthine phosphoribosyltransferase 1 (HPRT1), beta 2
microglobulin (B2M), and TATA box binding protein (TBP). For
each sample, a normalization factor (NF) was calculated using geNorm
algorithm and used for subsequent normalization. For each gene, the
normalized expression level N was calculated according to the following
formula: N = E~4€d Gample — calibraton)/NF where E was calculated from
the slope of calibration curve, Cq was the quantification cycle, and
calibrator was a pool of all the SCAT samples.

Statistical analysis for nonmicroarray data. Adipose tissue cellularity,
plasma parameter levels, and qPCR data were submitted to an analysis of
variance considering the fixed effect of breed in the model (R software
version 2.10.0, R Development Core Team, 2008). Differences were
considered significant at P = 0.05. P value between 0.05 and 0.10 was
discussed as a trend.

RESULTS

Adipose tissue and plasma features at 145 kg body weight.
Mean backfat thickness was 2.5-fold higher (P < 0.001), and
mean diameters of subcutaneous adipocytes were also greater

Table 1. Primer sequences used for analysis of gene expression by gPCR

Gene Symbol Accession Number Primer Sequence (5" 3")
ELOVLG6 AK232309 F: GGATGCAGGAAAACTGGAAGAA

R: GCCGACCGCCAAAGATAAA
FABP3 J416019 F: GCACTTACGAGAAAGAGGCATGA

R: GCTGAGTCCAGGAGTAGCCAATT
ATP5B ENSSSCT00000000438 F: GGGTACCATGCAGGAAAGAATC

R: GGCACATAGATGGCCTGTACAG
UQCRCI1 ENSSSCG0000012433 F: TGCACCAGTGCCACAGAGA

R: GAGTGGTGCCATCCAGATGA
IGF2 X56094 F: AGGGCATCCAAACCACAAAC

R: GGGTTCAATTTTTGGTATGTAACTTG
FOS ENSSSCT00000002650 F: GACACACTCCAAGCGGAGACA

R: TGGCGATCTCAGTCTGCAAA
1L6 ENSSSCT00000016760 F: CTGGCAGAAAACAACCTGAACC

R: TGATTCTCATCAAGCAGGTCTCC
CTSS ENSSSCT00000007284 F: TGGTCGGCTACGGTAACCTT

R: AGTCCCCAGCTGTTTTTCACA
CSFIR ENSSSCG00000015787 F: CGCCCTGACCACAAACAAC

R: ATGGTCTTTGACATACAGGTGGAT
TNF M29079 F: GGTTATCGGCCCCCAGAA

R: TGGGCGACGGGCTTATC
HPRT1* DQ845175 F: TACCTAATCATTATGCCGAGGATTT

R: AGCCGTTCAGTCCTGTCCAT
B2M* DQ178123 F: AAACGGAAAGCCAAATTACC

R: ATCCACAGCGTTAGGAGTGA
TBP* DQ845178 F: AACAGTTCAGTAGTTATGAGCCAGA

R: AGATGTTCTCAAACGCTTCG

Accession numbers are from the National Center for Biotechnology Information (NCBI) and Ensembl project databases for pig sequences. F and R indicate
forward and reverse primers, respectively. *Gene used as reference for normalization. ELOVL6, elongation of very long chain fatty acid protein 6; FABP3, fatty
acid binding protein 3; ATP5B, ATP synthase subunit beta, mitochondrial; UQCRC1, ubiquinol-cytochrome c reductase core protein 1; IGF2, insulin-like growth
factor 2; FOS, proto-oncogene c-fos; IL6, interleukin 6; CTSS, cathepsin S; CSF1R, colony stimulating factor 1 receptor; TNF, tumor necrosis factor- a; HPRT1,
hypoxanthine phosphoribosyltransferase 1; B2M, beta 2 microglobulin; TBP, TATA box binding protein.
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Table 2. Subcutaneous adipose tissue features, plasma
parameters, and expression of lipid metabolism genes in LW
and B pigs at 145 kg

per GO term
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Lw B P Value
Subcutaneous adipose tissue features

Backfat thickness, mm 18713 454 +2.4 <0.001
Mean adipocyte diameter, pm 68.26 = 1.76 92.61 =2.12  <0.001
Malic enzyme

nmol/min/mg prot 1124 = 89 667 = 34 <0.001

nmol/min/g tissue 2944 + 333 940 *= 58 <0.001
Fatty acid synthase

nmol/min/mg prot 315 28+ 4 0.609

nmol/min/g tissue 904 £ 17 444+ 8 0.02

Plasma parameters

Triglycerides, mg/l 592 =51 569 = 23 0.680
NEFA, pmol/l 356 = 58 488 * 46 0.093
Glucose, pmol/ml 5.67 £0.34 531 +0.24 0.394
Insulin, pUl/ml 225 %22 304 =4 0.102
Leptin, ng/ml 27+02 3.6 04 0.035

Microarray expression levels of genes involved in fatty acid metabolism

ACSL1 1.96 = 0.22 0.86 = 0.09  <0.001
FABP4 0.84 = 0.05 1.09 = 0.04 0.003
APOE 1.17 = 0.09 1.59 = 0.05 <0.001

Data are presented as means * SE (n = 10/breed). P value, level of
significance of the difference between breeds. LW, Large White; B, Basque;
NEFA, nonesterified fatty acids. Levels of mRNA (microarray data) for
acyl-CoA synthetase long chain family, member 1 (ACSL1), fatty acid binding
protein 4 (FABP4), and apolipoprotein E (APOE) were normalized to the
median value across all probes.

(P < 0.001) in B than in LW pigs (Table 2). Specific activity
of malic enzyme (ME) was lower (P < 0.001) in B than in LW
pigs, whereas specific activity of FAS was similar in the two
breeds. When expressed per weight of SCAT, the two lipo-
genic enzyme activities were reduced (P < 0.05) in B com-
pared with LW pigs. To provide additional information on lipid
metabolism in these breeds, other blood parameters were
investigated (Table 2). Circulating leptin concentrations were
higher (P < 0.05) in B than in LW pigs. Plasma concentrations
of insulin and NEFA tended to be higher (P = 0.1) in B than
in LW pigs, whereas plasma concentrations of glucose and
triglycerides did not differ between breeds.

Custom porcine microarray. With the 15K porcine microar-
ray developed in this study, we validated at least one annota-
tion for 12,120 probes (80%), corresponding to 9,532 human
Entrez gene ID. In the web-based GEne SeT AnaLysis Toolkit
for the categorization of GO BP terms, the GO-slim (i.e.,
representing high-level GO) terms was used to focus on the
most important processes. As shown in Fig. 1, the 9,532 genes
of the microarray encoded proteins involved in 13 biological
processes. The metabolic process category represented almost
50% of the genes of the microarray, whereas the GO category
including genes related to growth accounted for <3% of the
genes. About 25% of the genes were not related to any BP.

Transcriptomes of adipose tissue in B and LW pigs at 35 kg
and 145 kg. Among the 8,369 probes kept for statistical
analysis after filtration for spot quality, 1,108 (13%) probes
were differentially expressed (adjusted P value < 0.1) between
B and LW pigs at 35 kg and 1,474 (18%) probes were
differentially expressed at 145 kg (Fig. 2). For example, at 145
kg, the microarray expression level of acyl-CoA synthetase

number of genes

4%

Fig. 1. Microarray biological process (GO Slim) classification. Each biological
process category is represented by a bar. The height of the bar represents the
number of genes observed in the category. The percentage of genes per
category is indicated upon the bar text.

(ASCL1) was lower in B than in LW pigs, whereas expressions
of fatty acid binding protein 4 (FABP4) and apolipoprotein E
(APOE) were greater in B pigs than in LW pigs (Table 2).
Expression levels of these genes did not differ between the two
breeds at 35 kg body weight.

Out of the breed-differentially expressed probes, 359 had
significant different expression at both physiological stages.
They were thus considered of high interest to highlight breed
specific differences and retained for further analyses. Among
these 359 probes representing 271 genes, 152 probes repre-
senting 123 genes were overexpressed in LW pigs (Supple-
mental Table S1), whereas 207 probes representing 148 genes
were overexpressed in B pigs (Supplemental Table S2).! Fold-
changes (FC; i.e., expression ratio between B and LW breeds)
varied from 1.1 to 6.5, with median FC of 1.3 for genes
overexpressed in LW pigs and of 1.5 for genes overexpressed
in B pigs (Fig. 3).

Functional analysis of differentially expressed genes be-
tween breeds. To identify the main BP terms related to breed
specificities, the two lists of genes highly expressed either in
LW (i.e., 123) or in B pigs (i.e., 148) were submitted to an
enrichment analysis for GO BP using DAVID bioinformatics
resources. The KEGG pathway database was used to identify

! The online version of this article contains supplemental material.

35 kg 145 kg

Stages of growth

Fig. 2. Venn diagram of differentially expressed probes between subcutaneous
adipose tissue of Large White (LW) and Basque (B) pigs at 35 and 145 kg.
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Fig. 3. Range of differential gene expression between LW and B pigs at 145 kg.

additional molecular interaction and reaction networks. In LW
pigs, 12 GO BP terms were overrepresented (P value <
8.4E~% and fold enrichment >5.9) relative to microarray
background (Table 3). Among them, two GO BP terms were
associated with translation, whereas all the other terms were
related to mitochondrial energy metabolism. Among them, the
generation of precursor metabolites and energy was the cate-
gory including the greatest number of associated genes with 18
genes encoding four mitochondrial electron transfer chain
complex subunits. Furthermore, the KEGG oxidative phos-

ADIPOSE TISSUE TRANSCRIPTOME AND PORCINE BREEDS

phorylation pathway was also overrepresented in LW pigs.
This pathway included 17 genes encoding subunits of the
electron transfer chain complexes I, III, IV, and V.

For B pigs, six GO BP terms were overrepresented (P value <
54E7% and fold enrichment >2.3) relative to microarray
background (Table 4). Among these enriched categories, the
immune response and intracellular signaling cascade were the
most significant. The immune response category included IL6
and various chemokines, such as chemokine (C-X-C motif)
ligand 2 (CXCL2), chemokine (C-C motif) ligand 4 (CCL4),
and chemokine (C-C motif) ligand 19 (CCL19). A significant
enrichment in two terms related to the actin cytoskeleton was
also observed in B breed. Finally, response to cytokine stim-
ulus and cell-motion BP were also enriched in B pigs.

qPCR confirmations. Up- or downregulations in B vs. LW
pigs of nine genes selected for their role in relevant functional
categories, such as mitochondrial electron transport (UQCRC1),
immune response (IL6, CTSS, CSFIR, FOS), fatty acid metabolic
process (ELOVL6, FABP3, ATP5B), and regulation of transcrip-
tion (IGF2), was further confirmed by qPCR. In agreement with
microarray analyses, target genes related to immune response
were overexpressed in B pigs at 145 kg (P < 0.1), whereas those
related to mitochondrial and fatty acid metabolisms were down-
regulated (P < 0. 05) in B compared with LW pigs (Fig. 4). The
expression level of TNF that encodes a multifunctional proinflam-
matory cytokine tended (P < 0.1) to be greater in B pigs than in
LW pigs at 145 kg.

DISCUSSION

The comparison between a lean-type and a fat-type pig
breed, both raised under the same nutritional conditions, al-
lowed the identification of the main molecular pathways asso-
ciated with a genetic propensity for body fat accumulation. Data
available in this area of research in humans and rodents are based
mainly on investigations in adults. With the pig being recognized
as a suitable animal model for several human disorders (30, 42),
the current findings in growing pigs are thus relevant to enrich our
knowledge regarding the dynamic changes in adipose tissue
development according to genetic background.

Table 3. Relevant GO BP and KEGG pathways significantly enriched in the subcutaneous adipose tissue of LW pigs

1D Name nG FE P Value
BP
6412 translation 25 7.2 3E 1!
6414 translational elongation 16 13.8 1.1IE~10
6119 oxidative phosphorylation 13 12.3 1.1IE~%7
6091 generation of precursor metabolites and energy 18 5.9 1.3E70°
45333 cellular respiration 9 8.1 24E %
427175 mitochondrial ATP synthesis coupled electron transport 7 11.5 41E7%
42773 ATP synthesis coupled electron transport 7 11.5 41E°%
15986 ATP synthesis coupled proton transport 6 14.3 6.7E7 %3
15985 energy coupled proton transport, down electrochemical gradient 6 14.3 6.7E- %3
22904 respiratory electron transport chain 7 9.7 8.4E 03
6120 mitochondrial electron transport, NADH to ubiquinone 6 12.6 1E-%3
34220 ion transmembrane transport 6 12.6 1E-%3
KEGG

190 oxidative phosphorylation 17 8.3 6.1E1°

BP, biological process; ID, Gene Ontology (GO) BP or KEGG pathway identification number; ng, number of genes in the category; FE, fold enrichment. i.e.,
% of differentially expressed genes vs. % of genes in background population; P value, enrichment P value after multiple testing correction according to

Benjamini-Hochberg.
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Table 4. Relevant GO BP significantly enriched in the subcutaneous adipose tissue of B pigs

Category ID Ontology Name nG FE P value
BP 6955 immune response 15 3.6 24E02
7242 intracellular signaling cascade 25 2.3 29702

30029 actin filament-based process 11 4.7 3.1E792

30036 actin cytoskeleton organization 11 5 3.5E702

34097 response to cytokine stimulus 7 10.4 5.3E7°2

6928 cell motion 14 33 5.4E72

For definition of abbreviations, see Table 3.

Breed-associated differences in body fat phenotype were
clearly proved by the contrasted backfat thickness and large
variation in adipocyte mean diameters as reported previously
(1). Despite these large differences, plasma parameters associ-
ated with glucose and lipid metabolism differed only slightly
between B and LW pigs, indicating no signs of metabolic
disorders at this growth stage except a trend for higher insu-
linemia and circulating NEFA in B pigs compared with LW
pigs. The highest concentration in plasma leptin in B compared
with LW pigs confirms the role of leptin as a relevant marker
of adiposity in pigs, as in humans (39).

The porcine custom microarray developed in this study
allows the identification of marked differences in transcriptome
profile of adipose tissue, with >1,000 genes differentially
expressed between B and LW pigs exhibiting similar body
weights. These findings reinforce the view that transcriptional
regulation in adipose tissue is a key feature in genetically
related differences in adiposity, as shown by a recent study on
deep high-throughput sequencing of porcine adipose tissue
(29). The fact that only 25% of the differentially expressed
genes were commonly modulated at the two stages of growth

B LW

D Microarray
[l aPCR

Fold change

*

&
TNF

FOS

IL6
CTSS
CSF1R
ELOVL6
FABP3
ATP5B
UQCRC1
IGF2

Fig. 4. Differentially expressed genes identified by microarray or qPCR in
adipose tissue of LW and B pigs. Data were obtained from pigs sampled at 145
kg (n = 10/breed) and are expressed as the expression ratio of B to LW
samples. Ratios <1 are expressed as negative numbers (i.e., a ratio of 0.5 is
expressed as —2). Significance levels are reported on the plot as Benjamini-
Hochberg adjusted P value for microarray data, and as ANOVA P value for gPCR
data. *P value < 0.05, **P value < 0.01, ***P value < 0.001, ‘P value < 0.1.
ATP5B, ATP synthase subunit beta, mitochondrial; CSFIR, colony stimulating
factor 1 receptor; CTSS, cathepsin S; ELOVLG, elongation of very long chain fatty
acid protein 6; FABP3, fatty acid binding protein 3; FOS, Proto-oncogene c-fos;
IGF2, insulin-like growth factor 2; IL6, interleukin 6; UQCRCI, ubiquinol-
cytochrome ¢ reductase core protein 1; TNF, tumor necrosis factor-o.

considered in this study suggests that the temporal expression
pattern of many genes may differ between the two breeds. For
instance, the expression level of ACSLI, a gene encoding
lipogenic long-chain acyl-CoA synthetase 1 enzyme, was more
than twofold lower in B than in LW pigs at 145 kg, whereas its
expression was similar in 35 kg pigs of both breeds. Similarly,
a greater expression of APOE in adipose tissue of B compared
with LW pigs was found at 145 kg only. This observation
supports the idea that fatty acids may play a positive role in
enabling a continuous triacylglycerol accretion in adipose tis-
sue along growth in pigs with high body fat content. This gene,
encoding an endogenous apolipoprotein to facilitate tissue lipid
uptake from circulating lipoproteins (21), has also been re-
ported to correlate positively with cellular lipid content in
differentiated mouse adipocytes and human adipose tissue
(51). In contrast, high-throughput sequencing of adipose tissue
has indicated a greater expression level of APOE in lean pigs
than in adult obese pigs (29). Altogether, available data indi-
cate that the role of APOE needs further investigation. More-
over, because the expression level of APOE has been reported
to be greater in adults than in young pigs (29), the nature of the
breed-regulated genes involved in fatty acid metabolism are
likely partly dependent of the growth phase considered. Indeed,
when comparing SCAT lipogenic enzyme activities between
Meishan and LW pigs during growth, Mourot et al. (34)
reported an earlier maximum lipogenic capacity followed by a
progressive decrease during growth in Meishan pigs, whereas
maximum lipogenic capacity was obtained later and remained
higher in LW pigs with advancing age. We can thus hypothe-
size that adipose tissue, the main site of lipogenesis in the pig,
reached a maximum lipogenic capacity much earlier in B pigs
than in LW pigs, as found in Meishan pigs (34). This hypoth-
esis is supported by the finding of a lower ME activity in SCAT
of B than LW pigs at 145 kg, whereas activities of NADPH-
producing enzymes (ME and glucose-6-phosphate dehydroge-
nase) were positively associated with adiposity in 35 kg pigs of
the same two breeds (15). Analysis of genes that were com-
monly affected at the onset and at the end of the growing
period highlighted two additional genes involved in fatty acid
metabolism, ELOVL6 and FABP3, with low expression in B
pigs compared with LW pigs. The decreased expression of
ELOVLG6, which specifically catalyzes the elongation of long-
chain fatty acids from C12 to C18 agrees with data recently
obtained in dogs during the transition from a lean to an obese
phenotype (17). Moreover, ELOVL6-deficient mice have been
shown to become obese but without developing insulin resis-
tance, when fed a high-fat diet (32). Besides, the lower gene
expression of FAPB3 further supports a less active metabolism
of long chain fatty acids (14) in B compared with in LW pigs.
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Whatever the growth stage considered, the expression of
genes involved in immune-inflammatory response was mark-
edly higher in B than in LW pigs, whereas several genes
associated with mitochondrial energy metabolism exhibited a
low expression in B compared with LW pigs. In accordance
with our results, increased immune response and decreased
metabolism have been shown as the main molecular adapta-
tions in subcutaneous and visceral adipose tissue of humans
during the development of obesity and metabolic disorders
(25). In the pig, 60% of the genes expressed in isolated
adipocytes from SCAT have been reported to be of mitochon-
drial origin (8). The lower expression of genes associated to
mitochondrial energy and electron transport pathway in B than
LW pigs is also consistent with previous studies in humans (25,
28) or ob/ob mice (49), showing a decrease in the abundance of
numerous gene transcripts encoding mitochondrial proteins in
adipose tissue at the onset of obesity. In particular, the down-
regulation of silent mating type information regulation 2 ho-
molog 3 (SIRT3) in B pigs further suggests a reduced fat
oxidation in this fat-type breed compared with the lean-type
LW pigs (19), even though this gene is generally considered as
poorly expressed in white adipose tissue compared with brown
adipose tissue in other species (40). Importantly, studies show-
ing a crucial role of mitochondria in white adipose tissue
physiology and metabolism have been based on investigations
in humans or rodents exhibiting severe obesity-associated dis-
orders (9, 47), whereas experimental fat-type pigs in the
current study did not show any evidence of associated-meta-
bolic disorders.

The higher adiposity of B compared with LW pigs was
associated with the upregulation in SCAT of genes involved in
the immune response as reported in dog adipose tissue during
obesity development (17). Genes related to immune response
and inflammation were also found overrepresented in adipose
tissue of obese humans and rodents (18, 23, 25, 28, 50).
Because the whole adipose tissue was analyzed in the present
study, we cannot ascertain the cell type(s) involved in the
observed breed differences. Upregulation of some genes may
be related to macrophage infiltration in adipose tissue of B
pigs, as shown in rodent and human adipose tissue (48). We
have, however, no definitive evidence for such a macrophage
infiltration in adipose tissue. Indeed, only CSFIR, a macro-
phage-specific gene (35), was found overexpressed in B
pigs, whereas expression levels of genes such as CD6S,
CD14, C163, IRF5, or MSR1, described as macrophage-
specific markers (24), were similar in both breeds (data not
shown). It is also possible that other cells like preadipocytes
can convert into macrophages (7). Moreover, the adipocyte
production of proinflammatory cytokines TNF-a and IL6,
encoded by two genes that were found upregulated in adipose
tissue of B pigs, cannot be totally excluded. Indeed, porcine
adipocytes isolated from subcutaneous and perivisceral adipose
tissues have been shown to express TNF and IL6 genes during
development (13). In this study, we failed to demonstrate any
differences in circulating levels of IL-6 between the two
breeds, even though a strong relation between circulating
levels and adipose tissue expression of TNF and IL6 has been
found in obese humans (31). Actually, excessive fat accumu-
lation, and more generally obesity, is often considered as a
chronic state of low-grade inflammation. Although plasma
haptoglobin concentrations were similar in our B and LW pigs
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(33), expression levels of several genes are consistent with a
greater propensity to develop inflammation in the B pigs.
Indeed, the major acute phase protein (MAP)/inter-alpha-tryp-
sin inhibitor heavy chain family, member 4 (ITIH4), which had
a greater expression level in B than in LW pigs, was upregu-
lated during cytokine-mediated inflammation in porcine hepa-
tocytes (16). Moreover, the cytochrome P450, family 3, sub-
family A, polypeptide 4 (CYP3A4), found upregulated in B pigs,
could promote adipocyte proliferation and triglyceride accumula-
tion through reactive oxygen species production (46). Finally, B
pigs exhibiting lower expression of mitochondrial heat shock
protein 10 (HSP10), known to exert anti-inflammatory activity
(22), might be more prone to inflammatory process.

The current study also reveals that genes related to cytoskel-
eton may be important for the genetic propensity to develop
fat. There may be an extensive remodeling of extracellular
matrix. When adipocytes reach their maximal capacity for
triglyceride storage, a proportion of cells may undergo necrotic
cell death, which is thought to result in the recruitment of
macrophages to clear the necrotic debris and remodel the
enlarging adipose tissue (43). CTSS, a cysteine protease be-
longing to the cathepsin family, may play a significant role in
this pathway. Indeed, cathepsins have been shown to be in-
volved in atherogenesis and may interfere in the induction of
metabolic disorders (44), by acting as a link between adipose
tissue development and arterial alterations in human obesity.

In conclusion, the excessive accumulation of body fat in B
pigs was associated with modulations in biochemical charac-
teristics and transcriptional processes within adipose tissue
without any clear evidence of metabolic disorders. Gene ex-
pression profile suggests that the increase in body fat altered
the immune system and strengthened the relationships between
adipose tissue, immunity, and metabolism. In terms of dynam-
ics of development, the present results highlight lipogenesis as
the first metabolic process affected by fat accretion, accompa-
nied by a decline in the expression of genes linked to mito-
chondria functions. As a whole, fat accretion in B pigs oc-
curred through fatty acid depots and was progressively asso-
ciated with a worsening of metabolic status and an
inflammatory state that may lead to metabolic disorders in later
life. These new findings on the influence of genetic background
on fat accretion are of significant interest for both animal
breeding and human health.
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