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Simple Summary: An experiment to determine the effect of sheep breed on subcutaneous fatty acid
composition was carried out at the Butalcura Research Station, Chiloé, Chile. To this end, two breeds
of lambs were challenged to graze a typical, naturalized pasture of the Chiloé Archipelago, Chile,
from 60 d to 120 d after birth. The animals were sacrificed to collect samples from subcutaneous fat
(SCF) from the back, and tail fat (TF) to determine the effect of breed on transcriptional expression of
lipogenic enzymes and fatty acid profile in these two fat depots. The results showed that although
mRNA expression of enzymes was similar in both breeds, there were differences in certain protein
levels in the SCF, partially related with the fatty acid profiles, thus affecting the selection of lamb
breed either for human consumption or experimental purposes.

Abstract: This experiment was carried out to determine the effect of breed on mRNA and protein
expression levels of lipogenic enzymes acetyl-CoA carboxylase α (ACC), fatty acid synthase (FAS),
stearoyl-CoA desaturase 1 (SCD1) plus sterol regulatory element binding transcription factor 1c
(SREBP1c) in the subcutaneous fat (SCF) from the back of the animal, and tail fat (TF) of both Chilota
and Suffolk Down lambs grazing Calafatal. Eight Chilota and six Suffolk Down 2-month-old male
lambs were allocated to graze a “Calafatal”, a typical secondary succession of Chiloé Archipelago,
Chile. After 62 d, lambs were slaughtered according to Chile’s meat industry standards. Fatty acid
profile, RT-qPCR, and Western blot analyses from SCF and TF samples were performed. Although the
mRNA expression levels of ACC, FAS, SCD1 and SREBP1c in SCF did not differ significantly between
breeds (p > 0.05), a trend to higher mRNA expression of FAS and SREBP1c in TF from Chilota lambs
was observed (p = 0.06). On the other hand, FAS levels in SCF were higher in Chilota than in Suffolk
Down lambs (p < 0.02), although Suffolk Down showed higher fat contents and saturated fatty acid
(SFA) proportions than Chilota lambs (p < 0.01). The FAS protein expression in TF was similar in
both breeds (p > 0.05). Although the fat content was higher in Suffolk Down than in Chilota lambs
(p < 0.01), the SFA proportions were similar in both breeds. Finally, it can be concluded that although
mRNA expression of enzymes was similar in both breeds, there were differences in some protein
levels in the SCF, partially related with the fatty acid profiles, thus affecting the selection of lamb
breed either for human consumption or experimental purposes.
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1. Introduction

Chilota, a sheep breed present only in Chiloé Archipelago, Chile, is the product of an intensive
genetic differentiation and environmental adaptation process [1], acquiring some unique physical and
functional characteristics which have allowed it to be recognized it as a new breed of sheep [2], and
nowadays, it constitutes one of the last remnants of Iberian genetic traits without any selection.

After an adaptive process of this type, a high rusticity, not only of health, but also concerning feed
intake [3], is expected. In Chiloé Archipelago, the main feed resource for domestic and wild animals
is the Calafatal pasture (CP), a secondary succession dominated by shrubs which derives from the
anthropic intervention of the native forest coupled to low sheep grazing intensities (2 o.e. ha−1 year.
The ovine equivalent (o.e.) is a measure of the stocking rate corresponding to the energetic requirements
of a sheep (55 Kg LW) rearing a 100-day-old suckling lamb [4].

It has been reported that the fatty acids present in the meat are influenced by the breed [5,6].
However, unlike feeding concentrates, a diet based on forage increases the n-3 polyunsaturated
fatty acids (n-3 PUFA) proportions in the meat [5,7–9], thus improving food quality intended for
human consumption [10]. Changes in the fatty acid profile, related to increased PUFA proportions,
could be explained by changes in the expression levels of some genes associated with fatty acid
metabolism [11–13]. In this regard, a tissue-specific response has been described in both muscle and
adipose tissues [6].

To date, regarding the effect of breed on the transcriptional expression of genes in sheep, there
are few studies comparing mRNA expression of lipogenic enzymes between breeds [14] or between
species [15]. Our hypothesis is that the lamb breed should influence the transcriptional expression
levels of lipogenic enzymes in the subcutaneous fat (SCF) from the back of the animal, and tail fat (TF),
which is ultimately reflected on the fatty acid profiles. The objective of this study was to evaluate the
effect of lamb breed on mRNA and protein expression levels of some key lipogenic enzymes, such as
acetyl-CoA carboxylase α (ACC), fatty acid synthase (FAS), stearoyl-CoA desaturase 1 (SCD1), and
sterol regulatory element binding transcription factor 1 (SREBP1c) and its final effect on the fatty acid
profile in SCF and TF from Chilota and Suffolk Down lambs fed on Calafatal.

2. Materials and Methods

2.1. Animals and Sampling

The experiment was conducted at the Butalcura Research Station (Chiloé, Chile) from October
to December 2011. The methodology used in this study was approved by the Committee for the
Ethical Use of Animals in Experiments of the Universidad Austral de Chile. This study was part of the
doctoral thesis of Maria Gallardo, which was approved by the Bioethics Committee of the Universidad
Austral de Chile (N◦09/2012). Fourteen 2-month-old lambs, i.e., eight Chilota, and six Suffolk Down,
uncastrated males, no twin, similar body condition score (BCS) and their mothers, were randomly
selected from a large free-grazing flock of Chilota and Suffolk Down sheep and subjected to grazing
on CP. No significant differences in live weight (LW) or BCS between treatments, at the beginning
(LW and BCS mean: 14.91 ± 0.79 kg and 2.74 ± 0.08, respectively) and at the end of the experiment
(LW and BCS mean: 32.10 ± 2.22 kg and 3.19 ± 0.14, respectively), were found. After 62 d, the lambs
were slaughtered in MAFRISUR slaughterhouse, according to Chile’s meat industry standards, using
electric desensitization and fast bleeding by carotid arteries puncture.

Immediately after slaughtering, the animals were sampled, taking 1 g SCF from the left side of the
carcass at a height between the 10th and 13th rib, and 1 g TF; the samples were kept in liquid nitrogen
until analysis.

2.2. Lipid Extraction and Fatty Acid Analysis

Fatty acids were determined from SCF and TF samples. Total lipids were extracted in duplicate
according to a modified procedure [16]; 1 g SCF and 1 g TF were extracted with methanol/
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dichloromethane/distilled water (2:1:0.8; v/v/v) by homogenization (Ultra Turrax, 3× 15 s, 12,000 rpm)
at room temperature, and methylation with methanolic NaOH solution. The fatty acid analysis
of the fatty acid methyl esters (FAME) were performed using a capillary GC column (RT-2560,
100 m × 0.15 mm, 0.20 µm, Supelco, USA) installed in a Shimadzu gas chromatograph (GC 2010,
Shimadzu, Japan) with a flame ionization detector and split injection. The initial oven temperature
was 140 ◦C, and the temperature was increased to 240 ◦C at a rate of 3 ◦C min−1. Helium was
used as the carrier gas at a flow rate of 1 mL min−1. The split ratio was 1:100, and the injector
and detector were set at 250 ◦C and 280 ◦C, respectively. A reference standard FAME mixture
C4-C24 (1000 µg/mL each component in n-hexane, analytical standard, 49453-U, Supelco, USA),
C4-C24 unsaturated (wt. % varied, analytical standard, 18919-1AMP, Supelco, USA), linoleic acid, and
conjugated linoleic methyl ester (05632, Sigma, USA) were used. All solvents and other chemicals used
for GC were of HPLC grade.

2.3. qRT-PCR Analysis

Briefly, qRT-PCR analysis was accomplished using a Lightcycler Mx3005P (Agilent Technologies,
California, CA, USA). RNA was extracted from 50 mg of SCF and TF tissue samples, analyzed for
quantity/purity, and reverse transcribed with the M-MLV Reverse Transcriptase cDNA Synthesis Kit
(Invitrogen, California, CA, USA). Subsequent qRT-PCR analysis was performed by subjecting reaction
mixes of 5 µL Brilliant II SYBR® Green Master Mix (Agilent Technologies, California, CA, USA), 0.5 µL
forward/reverse (which were designed using Primer-BLAST and further analyzed by the Amplifx
tool), primer solution (0.2 µmol/L), and 1 µL cDNA template (diluted 1:5) to a thermo cycling program
for 10 s at 95 ◦C, 30 s at 60 ◦C, and 45 s at 70 ◦C (45 cycles). Specific oligonucleotides for ACC, FAS,
SCD1, and SREBP1c genes were designed (Table 1) [15]. Relative mRNA expression was calculated
with the comparative efficiency-corrected ∆∆CT method [17]. β-actin gene was stably expressed and
served as a reference gene for gene expression normalization in these experiments. p-values were
calculated for all comparisons.

Table 1. Primer specifications.

Gene
Forward Primer Sequence

Accession Number
Amplicon

Reverse Primer Sequence Length

ACC
F: ATGTGGCCTGGGTAGATCCT NM_001009256.1 261 bp

R: ACGTAACCAGGCTGATGGTG

FAS
F: GGAAGGCGGGACTATATGGC XM_004013447.1 278 bp
R: CATGCTGTAGCCTACGAGGG

SCD1
F: GGCGTTCCAGAATGACGTTT NM_001009254.1 251 bp

R: TGAAGCACAACAGCAGGACA

SREBP1
F: GTCTACCACAAGCTGCACCAG XM_004013336.1 216 bp
R: GCTCAGGAAGAAGCGTGTCA

β-Actin
F: TGAAGTGTGACGTGGACATCCGTA NM_001009784.1 108 bp
R: AGGTGATCTCCTTCTGCATCCTGT

ACC, acetyl-CoA carboxylase alpha; FAS, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1; SREBP1c, sterol
regulatory element binding transcription factor 1c.

2.4. Western Blot Analysis

In a few words, 200 mg of each SCF and TF tissue were added to 500 µL of RIPA buffer (50 mM
Tris-HCl, pH 7.4; 150 mM NaCl; 1% Nonidet P-40; 1 mM EDTA; 1 mM EGTA), supplemented with
1× mixture of protease inhibitors and 10 mM of PMSF, (Winkler, USA), homogenized and frozen
in liquid nitrogen and sonicated for 5–10 s. The tissue homogenate was centrifuged at 13,000 rpm
for 30 min at 4 ◦C. The supernatant (~300 µL) was collected and stored at −20 ◦C. The protein
fractions were quantitated using the Bicinchoninic Acid Assay (BCA). An aliquot containing proteins
(25 µg/lane) was added to an equal volume of 2× loading buffer, heated at 95 ◦C for 5 min, and the
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proteins were separated by electrophoresis in a 6% SDS-PAGE for 30 min at 70 V, and 130 min at
90 V until the fall of the front. Following electrophoresis, the samples were transferred at 400 mA
onto a PDVF (FAS, SCD1) or nitrocellulose membrane (ACC, SREBP1c, actin) for 1.5 h. Non-specific
binding sites were blocked with 5% BIO-RAD Blotting-Grade Blocker in TBS- 0.05% Tween, for 1 h
at room temperature. The polyclonal antibodies to ACC (H76, sc-30212, Santa Cruz Biotechnology,
dilution 1:300), FAS (H-300, sc20140, Santa Cruz Biotechnology, dilution 1:100), SCD1 (H300, sc-30081,
Santa Cruz Biotechnology, dilution 1:300), and SREBP1c (A-4, sc-365513, Santa Cruz Biotechnology,
dilution 1:300) were diluted in a 1X PBS and 0.1% Tween 20 antibody dilution buffer containing
0.1% casein, 1x PBS, and 0.1% Tween 20. The nitrocellulose membrane was incubated with primary
antibodies overnight at 8 ◦C. The membrane was washed with TBST. All membranes were incubated
with the secondary antibody donkey anti-rabbit IgG-HRP (sc-2077, Santa Cruz Biotechnology), except
SREBP1c which was incubated with anti-mouse antibody (610-1302, Rockland) diluted 1:5000 for 1 h
at room temperature, followed by washing three times with TBST and one time with TBS. Western
blot analyses were performed to pooled samples formed by triplicate extractions from each sample,
being each lamb breed represented by 4 to 6 samples, and applied to all of the 12 or 14 protein
samples from Chilota and Suffolk Down lambs in each gel. Antibodies were detected using a
Westar Supernova chemiluminescent substrate (Cyanagen). Membranes were scanned with an Imager
Genesys V1.2.8.0, and band intensities were densitometrically evaluated using ImageJ [18]. To exclude
chemiluminescent protein signal intensity differences as factors influencing protein expression data,
individual protein expression values were normalized to β-actin intensity (Thermo, PA5-16914, diluted
1:5000). The intensity variability of the β-actin band in each lane was due to the inhomogeneous
performance by each of the sample extractions; however, by taking the precaution of avoiding the
use of β-actin and target protein results from different extractions during the analyses, the internal
proportion between β-actin and target protein was not affected. Since the size of SCD1 and β-actin
is similar, a new (not stripped) membrane was employed, taking the precaution of using the same
extraction for each analysis.

2.5. Statistical Analysis

To assess the breed effect on the fatty acid profile, mRNA and protein expression, the least square
means were estimated using the general linear model procedures (GLM) of SAS statistical software
(Version 9.1.3, SAS Institute Inc., 2006). T-test was performed to assess significant differences between
means at p-value ≤ 0.05. The statistical model used was: yij = µ + ti + eij, where yij = observation
ij; µ = the overall mean; ti = the effect of breedi, and eij = random error; i = 1, 2; and j = 1, . . . , n.
Relative gene expression was calculated with the comparative efficiency-corrected ∆∆CT method
(REST© 2009; Relative Expression Software Tool, Version V2.0.13); and P-values were estimated with
the fold change data.

3. Results

3.1. Relative mRNA Expression

The relative mRNA expression levels of ACC, FAS, SCD1, and SREBP1c in SCF and TF from
Chilota and Suffolk Down lambs were similar (p > 0.05) (Table 2). However, FAS and SREBP1c showed
a trend (p = 0.06) to be upregulated in TF from Chilota in contrast to Suffolk Down lambs.
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Table 2. Relative mRNA expression level differences (expressed as fold change, FC) in subcutaneous
and tail fat samples from Chilota (n = 8) and Suffolk Down (n = 6) lambs grazing Calafatal pasture.

Breed
Subcutaneous Fat (SCF) p Tail Fat (TF) p

Chilota Suffolk Down Chilota Suffolk Down

Enzymes (FC) LSM 1 ± SEM LSM 1 ± SEM LSM 1 ± SEM LSM 1 ± SEM

ACC 1.75 ± 0.78 1.50 ± 0.35 0.78 3.83 ± 1.71 0.64 ± 0.11 0.09
FAS 0.92 ± 0.29 1.49 ± 0.24 0.16 2.24 ± 0.70 0.70 ± 0.19 0.06

SCD1 1.07 ± 0.32 1.25 ± 0.17 0.63 1.66 ± 0.50 0.79 ± 0.08 0.12
SREBP1c 1.08 ± 0.34 1.50 ± 0.28 0.36 2.37 ± 0.77 0.76 ± 0.19 0.06

1 Normalization to β actin mRNA; p < 0.05.

3.2. Protein Expression

The protein expression analyses of SCF samples (Figure 1) showed that the breed effect was only
observed in FAS protein expression levels (0.71 ± 0.17 vs. 0.03 ± 0.03 AU, respectively; p < 0.02).
The protein expression analyses of TF (Figure 2) did not show any significant difference between
breeds (p > 0.05).
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Figure 1. Protein expression levels of ACC, FAS, SCD1, and SREBP1c in subcutaneous fat from
Chilota (n = 8) and Suffolk Down lambs (n = 6) grazing Calafatal pasture; analyzed by western blot.
The LSM ± SEM values are shown above each bar of the graph. Normalized to β actin expression;
** p < 0.05.



Animals 2019, 9, 64 6 of 11Animals 2018, 8, x  6 of 11 

 

 
Figure 2. Protein expression levels of ACC, FAS, SCD1 and SREBP1c in tail fat from Chilota (n = 8) 
and Suffolk Down (n = 4) lambs grazing Calafatal pasture; analyzed by western blot. The LSM ± SEM 
values are shown above each bar of the graph. Normalized to β actin expression; p < 0.05. 

3.3. Fatty Acid Composition. 

3.3.1. Fatty Acid Composition in Subcutaneous Fat 

Table 3 compares the fatty acid composition in SCF and TF of Suffolk Down lambs with the data 
reported for Chilota lambs grazing Calafatal. In Suffolk Down lambs, both SCF and TF showed 
different fat contents and fatty acid profiles. Regarding SCF, Suffolk Down lambs showed higher fat 
contents, sum of SFA (p < 0.01), and well as single fatty acids (FA) proportions 14:0, 16:0 and 18:0. On 
the other hand, Chilota lambs showed higher sum of PUFA (p < 0.03), sum of monounsaturated fatty 
acids (MUFA) (p < 0.01), and single FA concentrations 16:1 and 18:1 cis-9. 

Table 3. Fatty acid composition (%) of subcutaneous (from the back) and tail fats of Suffolk Down 
lambs compared with the reported data for Chilota lambs grazing Calafatal. 

Breed 
Subcutaneous Fat (SCF) Tail Fat (TF) 

Suffolk Down 
Diff 1 p 

Suffolk Down 
Diff 2 p 

Fatty acids (%) LSM ± SEM (n = 6) LSM ± SEM (n = 6) 
Fat content (%) 40.65 ± 3.03 −2.82 0.01 67.57 ± 3.12 −4.49 0.01 

14:0 6.77 ± 0.29 −1.38 <0.01 7.04 ± 0.32 −0.63 0.09 
16:0 23.40 ± 0.49 −3.43 0.01 24.14 ± 0.54 −0.70 0.27 
16:1 1.79 ± 0.18 +2.25 <0.01 2.17 ± 0.12 +0.03 0.86 

Figure 2. Protein expression levels of ACC, FAS, SCD1 and SREBP1c in tail fat from Chilota (n = 8)
and Suffolk Down (n = 4) lambs grazing Calafatal pasture; analyzed by western blot. The LSM ± SEM
values are shown above each bar of the graph. Normalized to β actin expression; p < 0.05.

3.3. Fatty Acid Composition.

3.3.1. Fatty Acid Composition in Subcutaneous Fat

Table 3 compares the fatty acid composition in SCF and TF of Suffolk Down lambs with the
data reported for Chilota lambs grazing Calafatal. In Suffolk Down lambs, both SCF and TF showed
different fat contents and fatty acid profiles. Regarding SCF, Suffolk Down lambs showed higher fat
contents, sum of SFA (p < 0.01), and well as single fatty acids (FA) proportions 14:0, 16:0 and 18:0.
On the other hand, Chilota lambs showed higher sum of PUFA (p < 0.03), sum of monounsaturated
fatty acids (MUFA) (p < 0.01), and single FA concentrations 16:1 and 18:1 cis-9.
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Table 3. Fatty acid composition (%) of subcutaneous (from the back) and tail fats of Suffolk Down
lambs compared with the reported data for Chilota lambs grazing Calafatal.

Breed
Subcutaneous Fat (SCF) Tail Fat (TF)

Suffolk Down
Diff 1 p Suffolk Down

Diff 2 p
Fatty Acids (%) LSM ± SEM (n = 6) LSM ± SEM (n = 6)

Fat content (%) 40.65 ± 3.03 −2.82 0.01 67.57 ± 3.12 −4.49 0.01
14:0 6.77 ± 0.29 −1.38 <0.01 7.04 ± 0.32 −0.63 0.09
16:0 23.40 ± 0.49 −3.43 0.01 24.14 ± 0.54 −0.70 0.27
16:1 1.79 ± 0.18 +2.25 <0.01 2.17 ± 0.12 +0.03 0.86
18:0 20.64 ± 1.50 −8.15 0.01 20.90 ± 1.15 +0.76 0.63

18:1cis-9 38.39 ± 2.06 +9.80 0.01 36.41 ± 1.62 −0.06 0.98
18:2n-6 1.72 ± 0.11 −0.06 0.85 1.64 ± 0.05 +0.26 <0.01
18:3n-3 0.97 ± 0.04 +0.13 0.09 1.08 ± 0.04 +0.26 <0.01

CLAcis-9, trans-11 1.72 ± 0.39 +1.29 0.01 2.34 ± 0.15 −0.11 0.57
20:2n-6 0.03 ± 0.01 0.00 0.89 0.03 ± 0.01 0.00 0.35
20:3n-3 0.01 ± 0.00 0.00 0.92 0.01 ± 0.00 0.01 0.06
20:4n-6 0.25 ± 0.13 −0.15 0.21 0.14 ± 0.03 −0.06 0.06
20:5n-3 0.05 ± 0.01 +0.01 0.62 0.05 ± 0.01 −0.01 0.74
22:6n-3 0.09 ± 0.05 −0.04 0.39 0.05 ± 0.02 −0.01 0.20

Sum SFA † 53.67 ± 2.09 −13.57 <0.01 54.94 ± 1.69 −0.35 0.88
Sum MUFA ‡ 41.23 ± 2.13 +12.46 0.01 39.44 ± 1.64 −0.02 0.99
Sum PUFA § 5.10 ± 0.39 +1.11 0.03 5.62 ± 0.23 +0.37 0.20

Sum n-6 PUFA ¶ 2.17 ± 0.24 −0.30 0.36 1.98 ± 0.04 +0.26 0.01
Sum n-3 PUFA ‖ 1.12 ± 0.09 +0.10 0.40 1.20 ± 0.05 +0.23 0.09

n-6/n-3PUFA ratio 2.07 ± 0.40 −0.52 0.25 1.65 ± 0.05 −0.09 0.30
† Sum SFA (14:0; 15:0; 16:0, 17:0; 18:0; 20:0; 22:0; 23:0; 24:0); ‡ Sum MUFA (14:1; 15:1; 16:1; 17:1; 18:1cis-9; 18:1trans-9;
18:1cis-11; 20:1; 22:1; 24:1); § Sum PUFA (18:2trans; 18:2n-6; CLAcis-9, trans-11, 18:3n-3; 20:2n-6; 20:3n-6; 20:3n-3;
20:4n-6; 22:2n-6; 20:5n-3; 22:6n-3); ¶ sum n-6 PUFA (18:2n-6; 18:3n-6; 20:2n-6; 20:3n-6; 20:4n-6; 22:2n-6; ‖ sum n-3
PUFA: 18:3n-3; 20:3n-3; 20:5n-3; 22:6n-3; Diff 1: Difference 1: Chilota lambs minus Suffolk Down lambs; Diff 2:
Difference 2: Chilota lambs minus Suffolk Down lambs (the fatty acid composition in SCF and TF from Chilota
lambs grazing Calafatal has already been published (20)).

3.3.2. Fatty Acid Composition in Tail Fat

In TF, the fat content was higher in Suffolk Down than in Chilota lambs (p < 0.01). The SFA
proportions were similar in both breeds. The sum n-6 PUFA proportions were higher in Chilota than in
Suffolk Down lambs, as well as the single FA 18:2 n-6 (p < 0.01). A trend to higher proportions of 20:4n-6
was observed in Chilota vs Suffolk Down lambs (p = 0.06). Although the sum n-3 PUFA proportions
showed no significant differences between breeds, the Chilota lambs showed higher proportions of
18:3n-3 (p < 0.01), and also a trend to higher 20:3n-3 proportions was observed when compared to
Suffolk Down lambs (p = 0.06).

4. Discussion

The mechanisms associated to fatty acid modification in ruminant adipose tissue have not been
completely explained [19–22]. This situation is particularly true when looking at comparison between
breeds [14,23,24]. In particular, there was some progress in the knowledge regarding the comparison
between different species [15].

It is known that the changes in the fatty acid profile related to increases in the PUFA proportions
could be explained by changes in the expression levels of some proteins related to fatty acid
metabolism [11–13,25]. Previous studies have shown that n-3 PUFA supplementation decreases
the gene expression of the mature form of SREBP1c, a transcription factor gene with a critical role in the
transcriptional control of genes related to in vivo and in vitro fatty acid synthesis in the liver [26,27],
and hence, reduces the expression of lipogenic genes, such as ACC and FAS [28,29], which play a role
in the synthesis of triglycerides, a primary energy storage source and transport. During energy excess,
ACC will convert acetyl CoA to malonyl-CoA, which is used by FAS to form palmitic acid, being able
to be desaturated to palmitoleic acid (by SCD1) or elongated to stearic acid (by the long chain fatty
acyl elongase). Stearic acid also can be desaturated to oleic acid (by SCD1) [30].
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The mRNA expression levels measured showed no statistically significant differences at p < 0.05,
although some differences were observed at p = 0.06, with 3.2- and 3.1-fold increases in FAS and SREBP1
levels of TF from Chilota lambs. However, these results do not reflect the levels of their corresponding
proteins, confirming the information reported by Castro-Carrera et al. [31], who supplemented ewes
with 25 g sunflower oil/kg diet and determined that the mRNA expression had a minimal contribution
to the lipid metabolism in fat depots, and hence suggested that the response is mediated by other
genes or post-transcriptional mechanisms. Regarding the effect of breed on the transcriptional level,
Kashani et al. [32] working on 4 breeds of lambs supplemented with high and low spirulina proportions,
reported no significant effects of breed or sex on the mRNA expression of FASN in the subcutaneous
adipose tissue and Longissimus muscle.

Regarding the fatty acid composition, the statistically significant 23-fold increase in FAS levels of
SCF from Chilota lambs, measured as Western Blot protein, would not be in agreement with a higher
fat content and SFA proportion in this breed when compared to Suffolk Down lambs (p < 0.01). In fact,
Chilota lambs showed a 40% of the stearic acid or 15% of the palmitic acid content present in SCF
from Suffolk Down lambs (p < 0.01). However, Chilota lambs showed higher palmitoleic, oleic acid,
CLAcis-9,trans-11 (57%), PUFA (12%), and MUFA (23%) proportions than Suffolk Down lambs, but
this was not evidenced by a significant SCD1 protein increase (p > 0.12).

With respect to fatty acid composition in TF, an increase in linoleic and linolenic acid contents
(14% and 20%, respectively) was observed in Chilota vs. Suffolk Down lambs. It is possible to
argue that Chilota may have a better fixation of these two essential fatty acids obtained from the
diet. The results obtained are reinforced by the total content of n-6 PUFA (Sum n-6 PUFA), showing
a significant increase of 12% in TF of Chilota lambs, and a tendency to increase by 16% in the total
content of n-3 PUFA (p = 0.09). In the case of SCF, no significant breed differences were observed for
these parameters.

Regarding de novo synthesis, the higher sum SFA and single FA 14:0 16:0 and 18:0 found in
SCF from Suffolk Down compared to Chilota lambs should be explained by an effect other than
SREBP1c [33]. The transcriptional modulation performed by SRBP1 on its target genes is very
complex and dependent on other transcriptional factors, modulator molecules and metabolic status.
For example, the promoter regions of SCD1 genes have been characterized in various species such as
human, mice, chicken, and bovine, noticing that numerous transcription factors can bind to the SCD1
promoter to perform a fine regulation of its expression [34]. The transcription factors include SREBP1c,
LXR, PPAR-a, C/EBP-a, NF-1, NF-Y, AP-1, Sp1, TR and PGC1-a. Moreover, among modulator
molecules and metabolic status, a high carbohydrate diet, insulin, peroxisome proliferators and
cholesterol have been identified as positive effectors of SCD1 transcription whereas, triiodothyronine
(T3), estrogen, PUFAs and leptin have been described as inhibitors. According to this, increased
carbohydrate intake associated to diet, and depending upon carbohydrate composition, can strongly
increase the endogenous fatty acid synthesis through increasing the expression of ACC, FAS and
elongase Elovl6 [30,35], promoting the conversion of acetyl CoA into 16:0 and its elongation to 18:0 in
SCF tissue of Suffolk Down lambs, which is in agreement with the higher fat content when compared
to Chilota lambs. Ward et al. [23], working with Aberdeen Angus and Limousin crossbred steers
reported a significant relationship between ACC and FAS expression and the SFA proportions, relating
its amounts with the intramuscular fat content. It has been described that FAS protein expression
would show specificity according to species and tissue [36,37].

It is known that ACC and FAS are key enzymes involved in de novo lipid synthesis, being SCD1
a critical enzyme related to desaturation processes [38] such as MUFA and conjugated linoleic acid
(CLA) cis-9,rans-11 biosynthesis.

The analysis of protein expression showed higher FAS levels in SCF of Chilota vs Suffolk Down
lambs; nonetheless, the expression levels of mRNAs were similar (p > 0.05). Differences between the
expression levels of mRNAs and its respective proteins have been attributed to the mechanisms that
contribute to the steady state level of the proteins, these include, RNA splicing, RNA transport, RNA
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stability, translation efficiency and protein stability [39]. The antibodies used were heterologous (ACC,
FAS and SCD1 anti-rabbit, and SREBP1c anti-mouse), which could also be a source of discordance
with the transcriptional expression. Thus, although not according to the transcriptional expression, the
fatty acid profile was partially reflected by a higher expression of FAS in SCF of Chilota vs. Suffolk
Down lambs. Xu et al. [40] reported special differences related to FAS protein expression between tail
adipose and subcutaneous adipose tissues, and also between breeds, being somewhat consistent with
their transcriptional expression, which did not happen in the present study.

On the other hand, in the present study we reported significant differences between breeds related
to the sum PUFA in SCF (p < 0.03) and the sum n-6 PUFA in TF (p < 0.01). However, Maleki et al. [41]
reported significant differences with respect to the sum PUFA and n-6 PUFA proportions in SCF but
not in TF (p > 0.05) between breeds. Thus, the higher sum MUFA (p < 0.01) and sum PUFA (p < 0.03)
found in SCF of Chilota vs. Suffolk Down lambs were not the result of a higher protein expression
of SCD1 in this tissue [5,42]. However, the SCD1 protein expression levels could be influenced by
breed and also by a tissue specific response of the sampled tissue [14], as in this case, by the SCF tissue.
Dance et al. [6] studied the effect of genotype on the fatty acid composition and SCD1 expression in
muscle and SCF tissue from 5 breeds of steers, and reported that the patterns which regulate SCD1
expression and CLA levels were tissue-specific.

5. Conclusions

Although the mRNA expression levels were similar in both lamb breeds, there were differences
in the protein expression levels between them, which were partially related with the fatty acid
profiles. This confirms that some breed-related variables are involved in determining the expression
differences observed in the enzymes of the SCF and TF of these animals. This finding can be a
useful parameter to determine the selection of a breed either for human consumption or experimental
purposes; however, further research is necessary, including enzyme activity measurements, for a
comprehensive clarification of the lipid metabolism in muscle and adipose tissues in lambs.

Author Contributions: Conceptualization, M.G.; methodology, D.F.; software, L.A.-D.; validation, formal analysis,
L.A.-D.; investigation, M.G.; resources, J.C.; data curation, L.A.-D.; writing—original draft preparation, M.G.;
writing—review and editing, M.G.; supervision, J.C.; project administration, J.C.; funding acquisition, J.C.

Funding: This research was funded by “FONDECYT 1150934” and “FONDAP 15110027”.

Acknowledgments: We would like to thank Dirk Dannenberger, Beate Hiller and Karin Nuernberg for their
scientific guidance.

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

References

1. De la Barra, R.; Martinez, M.E.; Carvajal, A.M. Genetic relationship between Chilota and Spanish native
sheep breeds of Chiloé. J. Livest. Sci. 2012, 3, 79–84.

2. De la Barra, R.; Uribe, H.; Latorre, E.; San Primitivo, F.; Arranz, J. Genetic structure and diversity of four
Chilean sheep breeds. Chilean J. Agric. Res. 2010, 70, 646–651. [CrossRef]

3. Martínez, M.E.; Calderón, C.; Uribe, H.; De la Barra, R. Effect of management practices in the productive
performance of three sheep breeds in the Chiloé Archipelago, Chile. J. Livest. Sci. 2012, 3, 57–66.

4. De la Barra, R. Efecto de la introducción de la ganadería en el archipiélago de Chiloé, Chile. Doctoral
Dissertations, Departamento de Ecología y Departamento de Producción Animal, Universidad de León,
León, Spain, 2008.

5. Scollan, N.; Hocquette, J.F.; Nuernberg, K.; Dannenberger, D.; Richardson, I.; Moloney, A. Innovations in
beef production systems that enhance the nutritional and health value of beef lipids and their relationship
with meat quality. Meat Sci. 2006, 74, 17–33. [CrossRef] [PubMed]

6. Dance, L.J.E.; Matthews, K.R.; Doran, O. Effect of breed on fatty acid composition and stearoyl-CoA
desaturase protein expression in the Semimembranosus muscle and subcutaneous adipose tissue of cattle.
Livest. Sci. 2009, 125, 291–297. [CrossRef]

http://dx.doi.org/10.4067/S0718-58392010000400016
http://dx.doi.org/10.1016/j.meatsci.2006.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22062713
http://dx.doi.org/10.1016/j.livsci.2009.05.009


Animals 2019, 9, 64 10 of 11

7. Dannenberger, D.; Nuernberg, G.; Scollan, N.; Schabbel, W.; Steinhart, H.; Ender, K.; Nuernberg, K. Effect of
Diet on the Deposition of n-3 Fatty Acids, Conjugated Linoleic and C18:1trans Fatty Acid Isomers in Muscle
Lipids of German Holstein Bulls. J. Agric. Food Chem. 2004, 52, 6607–6615. [CrossRef] [PubMed]

8. Nuernberg, K.; Nuernberg, G.; Ender, K.; Dannenberger, D.; Schabbel, W.; Grumbach, S.; Zupp, W.;
Steinhart, H. Effect of grass vs. concentrate feeding on the fatty acid profile of different fat depots in
lambs. Eur. J. Lipid. Sci. Technol. 2005, 107, 737–745. [CrossRef]

9. Nuernberg, K.; Fischer, A.; Nuernberg, G.; Ender, K.; Dannenberger, D. Meat quality and fatty acid
composition of lipids in muscle and fatty tissue of Skudde lambs fed grass versus concentrate. Small Rum. Res.
2008, 74, 279–283. [CrossRef]

10. Popova, T. Effect of the rearing system on the fatty acid composition and oxidative stability of the M.
longissimus lumborum and M. semimembranosus in lambs. Small Rum. Res. 2007, 71, 150–157. [CrossRef]

11. Herdmann, A.; Nuernberg, K.; Martin, J.; Nuernberg, G.; Doran, O. Effect of dietary fatty acids on expression
of lipogenic enzymes and fatty acid profile in tissues of bulls. Animal 2010, 4, 755–762. [CrossRef]

12. Hiller, B.; Herdmann, A.; Nuernberg, K. Dietary n-3 fatty acids significantly suppress lipogenesis in bovine
muscle and adipose tissue: A functional genomics approach. Lipids 2011, 46, 557–567. [CrossRef]

13. Hiller, B.; Hocquette, J.; Cassar-Malek, I.; Nuernberg, G.; Nuernberg, K. Dietary n-3 PUFA affect lipid
metabolism and tissue function related genes in bovine muscle. Br. J. Nutr. 2012, 108, 858–863. [CrossRef]
[PubMed]

14. Bakhtiarizadeh, M.R.; Moradi-Shahrbabak, M.; Ebrahimie, E. Underlying functional genomics of fat
deposition in adipose tissue. Gene 2013, 521, 122–128. [CrossRef] [PubMed]

15. Tsiplakou, E.; Flemetakis, E.; Kalloniati, C.; Zervas, G. Differences in mRNA lipogenic gene expression in the
subcutaneous adipose tissue of sheep and goats under the same dietary treatments. Small Rumin. Res. 2011,
99, 110–115. [CrossRef]

16. Bligh, E.G.; Dyer, J.W. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959,
37, 911–917. [CrossRef] [PubMed]

17. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−∆∆CT Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

18. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods
2012, 9, 671–675. [CrossRef] [PubMed]

19. Dervishi, E.; Serrano, C.; Margalida, J.; Serrano, M.; Rodellar, C.; Calvo, J.H. Effect of the feeding system
on the fatty acid composition, expression of the ∆9-desaturase, peroxisome proliferator-activated receptor
alpha, gamma, and sterol regulatory element binding protein 1 genes in the semitendinous muscle of light
lambs of the Rasa Aragonesa breed. BMC Vet. Res. 2010, 6, 40. [CrossRef]

20. Dervishi, E.; Serrano, C.; Joy, M.; Rodellar, C.; Calvo, J.H. The effect of feeding system in the expression of
genes related with fat metabolism in semitendinosus muscle in sheep. Meat Sci. 2011, 89, 91–97. [CrossRef]

21. Conte, G.; Jeronimo, E.; Serra, A.; Bessa, R.J.B.M.; Mele, M. Effect of dietary polyunsaturated fatty acids on
stearoyl CoA-desaturase gene expression in intramuscular lipids of lamb. Ital. J. Anim. Sci. 2012, 11, e79.
[CrossRef]

22. Gallardo, M.A.; Dannenberger, D.; Rivero, M.J.; Pulido, R.; Nürnberg, K. Fatty acid profile of plasma,
muscle and adipose tissues in Chilota lambs grazing on two different low quality pasture types in Chiloé
Archipelago (Chile). Anim. Sci. J. 2014, 85, 935–941. [CrossRef] [PubMed]

23. Ward, R.E.M.; Woodward, B.; Otter, N.; Doran, O. Relationship between the expression of key lipogenic
enzymes, fatty acid composition, and intramuscular fat content of Limousin and Aberdeen Angus cattle.
Livest. Sci. 2010, 127, 22–29. [CrossRef]

24. Shirouchi, B.; Albrecht, E.; Nuernberg, G.; Maak, S.; Olavanh, S.; Nakamura, Y.; Sato, M.; Gotoh, T.;
Nuernberg, K. Fatty acid profiles and adipogenic gene expression of various fat depots in Japanese Black
and Holstein steers. Meat Sci. 2014, 96, 157–164. [CrossRef] [PubMed]

25. Gallardo, M.A.; Cárcamo, J.G.; Hiller, B.; Nuernberg, G.; Nuernberg, K.; Dannenberger, D. Expression of
lipid metabolism related genes in subcutaneous adipose tissue from Chilota lambs grazing on two different
pasture types. Eur. J. Lipid. Sci. Technol. 2015, 117, 23–30. [CrossRef]

26. Worgall, T.S.; Sturley, S.L.; Seo, T.; Osborne, T.F.; Deckelbaum, R.J. Polyunsaturated fatty acids decrease
expression of promoters with sterol regulatory elements by decreasing levels of mature sterol regulatory
element-binding protein. J. Biol. Chem. 1998, 273, 25537–25540. [CrossRef]

http://dx.doi.org/10.1021/jf049511l
http://www.ncbi.nlm.nih.gov/pubmed/15479030
http://dx.doi.org/10.1002/ejlt.200501141
http://dx.doi.org/10.1016/j.smallrumres.2007.07.009
http://dx.doi.org/10.1016/j.smallrumres.2006.06.001
http://dx.doi.org/10.1017/S1751731110000431
http://dx.doi.org/10.1007/s11745-011-3571-z
http://dx.doi.org/10.1017/S0007114511006179
http://www.ncbi.nlm.nih.gov/pubmed/22093548
http://dx.doi.org/10.1016/j.gene.2013.03.045
http://www.ncbi.nlm.nih.gov/pubmed/23523858
http://dx.doi.org/10.1016/j.smallrumres.2011.03.050
http://dx.doi.org/10.1139/y59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1186/1746-6148-6-40
http://dx.doi.org/10.1016/j.meatsci.2011.04.003
http://dx.doi.org/10.4081/ijas.2012.e79
http://dx.doi.org/10.1111/asj.12227
http://www.ncbi.nlm.nih.gov/pubmed/24964067
http://dx.doi.org/10.1016/j.livsci.2009.09.005
http://dx.doi.org/10.1016/j.meatsci.2013.06.027
http://www.ncbi.nlm.nih.gov/pubmed/23896150
http://dx.doi.org/10.1002/ejlt.201400033
http://dx.doi.org/10.1074/jbc.273.40.25537


Animals 2019, 9, 64 11 of 11

27. Horton, J.D.; Goldstein, J.L.; Brown, M.S. SREBPs: transcriptional mediators of lipid homeostasis. Cold Spring
Harb. Symp. Quant. Biol. 2002, 67, 491–498. [CrossRef]

28. Sekiya, M.; Yahagi, N.; Matsuzaka, T.; Najima, Y.; Nakakuki, M.; Nagai, R.; Ishibashi, S.; Osuga, J.; Yamada, N.;
Shimano, H. Polyunsaturated fatty acids ameliorate hepatic steatosis in obese mice by SREBP-1 suppression.
Hepatology 2003, 38, 1529–1539. [CrossRef]

29. Kaur, G.; Sinclair, A.J.; Cameron-Smith, D.; Barr, D.P.; Molero-Navajas, J.C.; Konstantopoulos, N.
Docosapentaenoic acid (22:5n-3) down-regulates the expression of genes involved in fat synthesis in liver
cells. Prostaglandins Leukot. Essent. Fatty Acids 2011, 85, 155–161. [CrossRef]

30. Browning, J.D.; Horton, J.D. Molecular mediators of hepatic steatosis and liver injury. J. Clin. Investig. 2004,
114, 147–152. [CrossRef]

31. Castro-Carrera, T.; Frutos, P.; Leroux, C.; Chilliard, Y.; Hervás, G.; Belenguer, A.; Bernard, L.; Toral, P.G.
Dietary sunflower oil modulates milk fatty acid composition without major changes in adipose and
mammary tissue fatty acid profile or related gene mRNA abundance in sheep. Animal 2014, 9, 582–591.
[CrossRef]

32. Kashani, A.; Behrens Holman, B.W.; Nichols, P.D.; Malau-Aduli, A.E.O. Effect of dietary supplementation
with Spirulina on the expressions of AANAT, ADRB3, BTG2 and FASN genes in he subcutaneous adipose
and Longissimus dorsi muscle tissues of purebred and crossbreed Australian sheep. J. Anim. Sci. Technol.
2015, 57, 8. [CrossRef] [PubMed]

33. Angulo, J.; Hiller, B.; Albrecht, E.; Olivera, M.; Mahecha, L.; Nuernberg, G.; Dannenberger, D.; Nuernberg, K.
Effect of different dietary fats on protein expression of sterol regulatory element-binding protein 1 (SREBP-1)
in mammary gland tissue of lactating cows. Livest. Sci. 2012, 143, 300–304. [CrossRef]

34. Mauvoisin, D.; Mounier, C. Hormonal and nutritional regulation of SCD1 gene expression. Biochimie 2011,
93, 78–86. [CrossRef] [PubMed]

35. Flowers, M.T.; Ntambi, J.M. Stearoyl-CoA desaturase and its relation to high carbohydrate diets and obesity.
Biochem. Biophys. Acta 2009, 1791, 85–91. [CrossRef] [PubMed]

36. Ding, S.T.; Schinckel, A.P.; Weber, T.E.; Mersmann, H.J. Expression of porcine transcription factors and genes
related to fatty acid metabolism in different tissues and genetic populations. J. Anim. Sci. 2000, 78, 2127–2134.
[CrossRef] [PubMed]

37. Xiong, W.Z.; Yang, F.; Zhou, A.G. Study of regulation of exogenous recombinant somatotropin on fat
metabolism in different cross-finishing pigs. Acta Vet. Zootech. Sin. 2001, 32, 1–4.

38. Bernard, L.; Leroux, C.; Chilliard, Y. Expression and nutritional regulation of lipogenic genes in the ruminant
lactating mammary gland. Adv. Exp. Med. Biol. 2008, 606, 67–108. [CrossRef]

39. Larsson, O.; Nadon, R. Gene expression-time to change point of view? Biotechnol. Genet. Eng. Rev. 2008, 25,
77–92. [CrossRef]

40. Xu, X.; Wei, X.; Yang, Y.; Niu, W.; Kou, Q.; Wang, X.; Chen, Y. mRNA transcription and protein expression of
PPARγ, FAS, and HSL in different parts of the carcass between fat-tailed and thin-tailed sheep. Electron. J.
Biotechnol. 2015, 18, 215–220. [CrossRef]

41. Maleki, E.; Kafilzadeh, F.; Meng, G.Y.; Rajion, M.A.; Ebrahim, M. The effect of breed on fatty acid composition
of subcutaneous adipose tissues in fat-tailed sheep under identical feeding conditions. S. Afr. J. Anim. Sci.
2015, 45, 12–19. [CrossRef]

42. Ropka-Molik, K.; Knapik, J.; Pieszka, M.; Szmatola, T. The expression of the SCD1 gene and its correlation
with fattening and carcass traits in sheep. Arch. Anim. Breed 2016, 59, 37–43. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1101/sqb.2002.67.491
http://dx.doi.org/10.1053/jhep.2003.09028
http://dx.doi.org/10.1016/j.plefa.2011.06.002
http://dx.doi.org/10.1172/JCI200422422
http://dx.doi.org/10.1017/S1751731114002882
http://dx.doi.org/10.1186/s40781-015-0047-3
http://www.ncbi.nlm.nih.gov/pubmed/26290728
http://dx.doi.org/10.1016/j.livsci.2011.10.008
http://dx.doi.org/10.1016/j.biochi.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20713121
http://dx.doi.org/10.1016/j.bbalip.2008.12.011
http://www.ncbi.nlm.nih.gov/pubmed/19166967
http://dx.doi.org/10.2527/2000.7882127x
http://www.ncbi.nlm.nih.gov/pubmed/10947099
http://dx.doi.org/10.1007/978-0-387-74087-4_2
http://dx.doi.org/10.5661/bger-25-77
http://dx.doi.org/10.1016/j.ejbt.2015.03.010
http://dx.doi.org/10.4314/sajas.v45i1.2
http://dx.doi.org/10.5194/aab-59-37-2016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals and Sampling 
	Lipid Extraction and Fatty Acid Analysis 
	qRT-PCR Analysis 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Relative mRNA Expression 
	Protein Expression 
	Fatty Acid Composition. 
	Fatty Acid Composition in Subcutaneous Fat 
	Fatty Acid Composition in Tail Fat 


	Discussion 
	Conclusions 
	References

