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Abstract

We previously reported that undernutrition in late fetal life reduced whole-body insulin sensitivity in adult sheep,
irrespective of dietary exposure in early postnatal life. Skeletal muscle may play an important role in control of insulin action.
We therefore studied a range of putative key muscle determinants of insulin signalling in two types of skeletal muscles
(longissimus dorsi (LD) and biceps femoris (BF)) and in the cardiac muscle (ventriculus sinister cordis (VSC)) of sheep from the
same experiment. Twin-bearing ewes were fed either 100% (NORM) or 50% (LOW) of their energy and protein requirements
during the last trimester of gestation. From day-3 postpartum to 6-months of age (around puberty), twin offspring received
a high-carbohydrate-high-fat (HCHF) or a moderate-conventional (CONV) diet, whereafter all males were slaughtered.
Females were subsequently raised on a moderate diet and slaughtered at 2-years of age (young adults). The only long-term
consequences of fetal undernutrition observed in adult offspring were lower expressions of the insulin responsive glucose
transporter 4 (GLUT4) protein and peroxisome proliferator-activated receptor gamma, coactivator 1o (PGC7a) mRNA in BF,
but increased PGC1a expression in VSC. Interestingly, the HCHF diet in early postnatal life was associated with somewhat
paradoxically increased expressions in LD of a range of genes (but not proteins) related to glucose uptake, insulin signalling
and fatty acid oxidation. Except for fatty acid oxidation genes, these changes persisted into adulthood. No persistent
expression changes were observed in BF and VSC. The HCHF diet increased phospholipid ratios of n-6/n-3 polyunsaturated
fatty acids in all muscles, even in adults fed identical diets for 1% years. In conclusion, early postnatal, but not late gestation,
nutrition had long-term consequences for a number of determinants of insulin action and metabolism in LD. Tissues other
than muscle may account for reduced whole body insulin sensitivity in adult LOW sheep.
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Introduction studies have shown that LBW is associated with distinct changes in
protein expression patterns with down-regulation of key markers

A rapid burst of fetal growth takes place during late-gestation, of skeletal muscle insulin sensitivity, such as glucose transporter 4
and maternal nutritional restriction during this period can reduce (GLUTH4), phosphatidylinositol 3-kinases (PI3k%) and protein kinase
fetal growth rate and result in low birth weight (LBW) of the new- C zeta (PKCC) [10]. In addition, decreased transcription of the
borns [1,2]. It is well-known that LBW is associated with increased nuclear transcription factor peroxisome proliferator-activated
risk of type II diabetes, obesity, and other metabolic disorders later receptor gamma, coactivator 1 alpha (PGCIa) has been associated
in life [3,4,5,6]. However, it is not fully understood, to what extent with muscle insulin resistance in patients with overt type II
different dietary combinations in pre— and postnatal life can diabetes [11], in LBW twins [12] and in short-term over-fed LBW
contribute to the development of whole-body insulin resistance in singletons [13]. Muscle is therefore believed to be a key target
LBW individuals [4,7,8]. organ for fetal programming, which contributes to the develop-
The molecular-biological mechanisms which are linking a LBW ment of whole-body insulin resistance later in life in LBW subjects.
phenotype to increased risk of developing metabolic disorders in In addition to transcriptional and protein expression pathways,

later life, are only partially understood [9]. Both human and rat modifications of lipid content and phospholipid (PL) fatty acid (FA)
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composition are also believed to play a role in the development of
muscle insulin resistance. Increased intramyocellular lipid content,
and the often associated mitochondrial oxidative stress, are highly
linked to skeletal muscle insulin resistance [14,15,16]. Further-
more, insulin sensitivity in muscle has also been reported to be
correlated to the content of omega-3 polyunsaturated fatty acids
(n-3 PUFA) in skeletal muscle PL [17,18]. It has, however, not
been clarified, if this association between muscle insulin sensitivity
with muscle lipid content or FA-composition in fact reflect direct
cause-and-effect relationships.

The choice of animal model is an important issue when muscle
development during the late-gestation period is in focus. Com-
pared to the rat, where secondary myogenesis continues in the
postnatal period, fetal muscular development in sheep is more
comparable to that of humans, where secondary myotube
formation is completed before entering the third trimester
[19,20,21]. We have previously reported from our Copenhagen
sheep model that offspring exposed to undernutrition during late
gestation (LOW) developed insulin insensitivity in postnatal life,
whereas exposure in early postnatal life to a high-carbohydrate-
high-fat (HCHT) diet impaired the ability to secrete insulin. When
combining the prenatal LOW and postnatal HCHF nutritional
exposures, clear indications of glucose intolerance were observed.
[22,23]. We hypothesised that muscle glucose-insulin signalling
and oxidative pathways as well as muscle lipidomes are key targets
for and/or determinants of fetal programming induced by late-
gestation undernutrition, which in turn predisposes for insulin
insensitivity later in life. We also hypothesised that early-postnatal
over-nutrition can modify the phenotypic manifestations of the
fetal programming induced in late-gestation. To dissect the
differential contributions of different muscle types in the develop-
ment of whole-body insulin insensitivity and glucose intolerance
[24,25,26], three distinct muscle types were investigated in our
sheep model, namely two skeletal muscles, biceps femoris (BF, type 1
fibre dominating, oxidative) and longissimus dorsi (LD, type 1II fibre
dominating, glycolytic); and one cardiac muscle, ventriculus sinister

cordis (VSC).

Materials and Methods

Experimental Animals and Treatments

All the experimental animal handling protocols were approved
by The Danish National Committee on Animal Experimentation.
The animal experiments were conducted at the experimental farm
Rorrendegéard of the Faculty of Health and Medical Sciences,
University of Copenhagen, Denmark. Detailed information about
the Coopenhagen sheep model and experimental procedures have
been reported previously [23]. An overview of the experimental
2x2 factorial design is shown in Information S1. In short, 40
Shropshire lambs from 20 multiparous twin-bearing dams were
housed indoors in individual pens. Four lambs died before they
reached 6-months of age, and the remaining 36 lambs were
included in the present experiment. During the last six weeks of
gestation, equivalent to the last trimester (term = 147 days), ten of
the dams were fed a diet fulfilling their requirements for energy
and protein (NORM), whereas the other ten ewes were fed
restricted amounts of the same diet corresponding to only 50% of
the NORM diet (LOW). Three days after birth, the dams were
removed and the lambs were housed in individual pens. From 3-
days until 6-months of age, one lamb from each twin pair received
a conventional diet (CONV) consisting of milk replacer (until
weaning at 8-weeks of age) and artificially dried green hay.
Amounts were adjusted weekly to achieve constant and moderate
daily growth rates throughout the differential feeding period
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(250 g/day). The other twin lamb was assigned to a high-
carbohydrate-high-fat diet (HCHF) consisting of popped maize
(max. 1 kg/day), dairy cream (38% fat; max. 0.5 L./day), and milk
replacer (max. 2.0 L/day during the first eight weeks and 0.5 L/
day from 8-weeks to 6-months of age). This 2x2 factorial design
resulted in four experimental groups: NORM/CONV, NORM/
HCHF, LOW/CONV, and LOW/HCHEF. All lambs had free
access to water and a vitamin-mineral mix. At 6-months of age,
half of the lambs were slaughtered from each treatment group
(around puberty, lambs; n =17, including 14 males and 3 females;
all females were in the NORM/CONYV group; see Information
S1). The rest of the lambs (exclusively females) were managed as
one flock and fed a moderate grass-based diet, until they were
slaughtered at 2-years of age (young adulthood, sheep; n =19, all
of them were females; see Information S1). After slaughtering,
biopsies from BF, LD, and VSC muscles were quickly dissected
out, weighed, and snap frozen in liquid nitrogen. Samples were
kept at —80°C until further analyses.

Protein Extraction and Western Blotting

Protein lysate was prepared as described by Friedrichsen et al.
[27]. All chemicals were obtained from Sigma-Aldrich (Brendby,
Denmark). Total protein content was measured by the bicinch-
oninic acid assay according to the manufacturers recommended
procedures (Thermo Fisher Scientific, Waltham, MA, USA).

To determine protein expression, western blotting was per-
formed as recommended by the manufacturer (Invitrogen,
Carlsbad, CA, USA). In short, 20 pg of muscle protein from
each sample was separated on 10% Bis-Tris gels (Invitrogen), and
blotted on nitrocellulose membranes (Invitrogen). As loading
control we used B-tubulin (Cell Signalling Technology, Danvers,
MA, USA). However, the protein expression of B-tubulin was
unstable and hence not suitable for loading control (Information
S2). Therefore, we applied another method as described by
Romero-Calvo et al. [28]. The total protein content on the
membranes were determined as the colour intensity of the
Ponceau S stain between 37.1-82.2 kDa (according to Bench
Mark pre-stained protein ladder from Invitrogen). After the
Ponceau S staining, the membranes were divided at 60 kDa to
facilitate incubation with multiple antibodies. Membranes were
blocked in 5% skimmed milk prior to incubation with other
antibodies and subsequently incubated overnight with the
antibodies against PRKC{ (SC-216, Santa Cruz, CA, USA; see
Information S3, S5, and S6 for band specificity and quality),
insulin receptor beta subunit (INVSRP)SC-711, Santa Cruz; see
Information S3, S5, and S6 for band specificity and quality),
phosphoinositide 3 kinase-p85 regulatory subunit (PIZA-p85)(06—
195, Millipore, Billerica, MA, USA; see Information S4 for band
specificity and quality), and phosphoinositide 3 kinase-p110
catabolic subunit (PI3R=p110)(SC-602, Santa Cruz; see Informa-
tion S4 for band specificity and quality), or were incubated with
the antibody against GLUT4 (ab37445, AbCam, Cambridge, UK
see Information S3, S5, and S6 for band specificity and quality).
Subsequently, membranes were incubated with horseradish
peroxidase-conjugated anti-rabbit antibodies (#7074, Cell Signal-
ling Technology). The signal was detected with LumiGLO reagent
(Cell Signalling Technology), and the staining was visualized with
a LAS-3000 Image-reader (Fujifilm, Tokyo, Japan), and quantified
by MultiGauge version 2.0 software (Fujifilm). Protein contents
were expressed in arbitrary units, which were relative to a sheep
muscle standard-sample that was loaded in duplicates on each gel
(intra-assay variation <10% for each protein analyzed). Assay
linearity between signal and protein quantity was verified for each
antibody and for the Ponceau S staining. The standards were
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loaded to wells at the same position of each gel, and the samples
were randomly loaded to wells at the rest of the positions.

RNA Extraction and cDNA Synthesis

Total mRNA was extracted by the following procedures: About
30 mg of muscle biopsy was homogenized (TissueLyser II,
QIAGEN, Hilden, Germany) in TRI Reagent (Sigma-Aldrich).
The Sigma-Aldrich’s protocol for TRI Reagent was followed, until
the colourless upper aqueous phase was acquired through the
phase separation step using 1-Bromo-3-Chloropropane (Sigma-
Aldrich). This aqueous phase was transferred to a fresh Eppendorf
tube, mixed with 500 ul isopropanol (Sigma-Aldrich) by vortexing,
and then incubated at —20°C overnight. Afterwards, the
supernatant was transferred to SV Total RNA Isolation System
(Promega, Madison, WI, USA) for further RNA extraction,
according to the protocol provided by Promega. Quantity and
concentration of isolated RNA were determined by measuring its
absorbance on Nanodrop (Thermo Fisher Scientific, Waltham,
MA, USA), and integrity of isolated RNA was confirmed by
Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) with Agilent RNA 6000 Nano Kit (Agilent Technologies).
RNA samples were used for cDNA synthesis only when RIN
values were =6.5.

For ¢cDNA synthesis of each sample, 1 pg of total RNA was
reverse transcribed (RT). The RT reaction master mix was made
up of 1pg total RNA, 5ul M-MLV 5 x Reaction Buffer
(Promega), 1.3 ul ANTP Mix (Promega), 0.2 ul Random Primers
(Promega), 0.4 ul Oligo(dT);5 Primer (Promega), 0.8 ul RNasin
Ribonuclease Inhibitor (Promega), and 1 pul M-MLV reverse
transcriptase (Promega). The total reaction volume was made up
to 25 ul using nuclease-free water (Promega). For each RT
reaction, negative controls (no mRNA template or no reverse
transcriptase) were included to ensure that there was no genomic
DNA contamination. All ¢cDNA samples were stored at —80°C
until further analysis.

Quantitative Real-time PCR (qPCR)

The mRNA expression levels of target genes in muscles were
determined by qPCR. For each gene, a six-point standard curve
was made for each muscle type. The efficiencies of primers were
between 1.8 and 2.1 (this equals an increase between 80% and
110% of target nucleic acid in each amplification cycle) (Table 1),
and all coefficients of determination =0.99. LightCycler 480
SYBR Green I Master (Roche Applied Science, Penzberg,
Germany), LightCycler 480 Multiwell Plate 384, clear (Roche
Applied Science), and LightCycler 480 instrument (Roche Applied
Science) were used for gPCR. The reaction volume of each well
was 10 pl, which contained 2 pl ten-times diluted cDNA, 5 ul 2 x
SYBR Green I master mix (Roche Applied Science), 1 pl 10 pM
forward primer (TAG Copenhagen, Copenhagen, Denmark), 1 ul
10 uM reverse primer (I'AG Copenhagen), and 1 pl nuclease-free
water (Roche Applied Science). Samples and negative controls (no
cDNA template) were run in triplicates. The program of each
qPCR amplification cycle included: denaturation at 95°C for
30 sec, annealing at 60°C for 30 sec, elongation at 72°C for
45 sec; this cycle was repeated 40 times in each qPCR reaction.
Melting curves of PCR products were checked by LightCycler 480
instrument ver. 2.0 software (Roche Applied Science) to ensure
uniformity of the PCR-product. Data were analyzed using the
advanced relative quantification method provided by the Light-
Cycler 480 instrument ver. 2.0 software. Beta-actin was used as the
reference gene to normalize expression levels of target genes. The
original source of published primer sequences are listed in Table 1.
The primer pair for insulin receptor substrate 1 ([RS/) was

PLOS ONE | www.plosone.org

Nutrition Affects Sheep Muscle Metabolism

designed by Primer3 ver. 0.40 (http://frodo.wi.mit.edu/primer3/
input.htm) [29]. The primer sequences for IRSI were forward 5'-
cac ttc gee tac cat tte ¢-3" and reverse 5'-tge att tee aga cec teet-3'.
The primer sequences of carnitine palmitoyl transferase I (CPT1),
leptin, and peroxisome proliferator-activated receptor gamma,
coactivator beta isoform (PGCIf) were provided by Dr. Jacob B.
Hansen, Department of Biomedical Sciences, Faculty of Health
and Medical Sciences, University of Copenhagen. Primer
sequences of CPTI were forward 5'-gatctatctgtctggggtcagg-3'
and reverse 5'-ccacgttgtagcaggagga-3'; primer sequences of lepiin
were 5'-cctetectgagtttgtccaag-3' and reverse 5'-gegaggatctgttggta-
gatt-3'; and primer sequences of PGC1f were 5'-cagtggtgcccaga-
gaact-3' and reverse 5'-agggcecteattctcactgte-3'.

Lipid and Sphingolipid Analysis

Total lipid were extracted from the muscle samples according to
the Folch procedure, with addition of internal standards to the
chloroform:methanol (Merck KGaA, Darmstadt, Germany) mix-
ture prior to extraction [30]. The internal standards were glyceryl
trinonadecanoate (Sigma-Aldrich), nonadecanoic acid, glycero-
phoshorylcholine di-nonadecanoyl (Larodan, Limhamn, Sweden),
and ceramide with C-17 long-chained base (Avanti Polar Lipids,
Alabaster, AL, USA) was added to the extraction medium (Merck
KGaA, Darmstadt, Germany). PL and triglyceride (T'G) were
analysed as described earlier [31]. In brief, PL. and TG were
isolated using thin layer chromatography, visualized with 2,7-
dichlorofluoresceine, scraped into glass tubes, and trans-methyl-
ated, and analysed using GLC-FID as described by Drachmann
et al [31]. Peaks were identified using authentic standards, and
quantification was based on peak areas of the internal standards.
Ceramide (Cer) analysis was performed as earlier described [31],
with the exception that Cer content was quantified using the
above-mentioned ceramide C-17 as internal standard.

Statistical Analysis

Statistical tests on qPCR and western blotting data were
performed in SAS software version 9.2 (SAS Institute, Cary, NC,
USA); qPCR data were logarithm-transformed to fit normal
distribution. The data sets were analysed by Proc Mixed models,
which included maternal diet, postnatal diet, age, and their
interactions as fixed effects, and the interaction of ewe and lamb as
the random effect; derived from the combinations of maternal diet,
postnatal diet and age, eight classes were formed (ie.
6moNORM/CONYV, 6moNORM/HCHF, 6moLOW/CONV,
and 6moLOW/HCHF; 2yrNORM/CONYV, 2yrNORM/HCHF,
2yrLOW/CONYV, and 2yrLOW/HCHF). The qPCR and west-
ern blotting results were presented as least square mean =
standard error of the mean. Muscle lipidome data were analysed
by two-way ANOVA with Prism 5 software (GraphPad Software,
San Diego, CA, USA), and results were presented as mean =
standard deviation. Data for lipid FA-composition were analyzed
by principal component analysis (PCA) using the LatentiX ver 1.0
Software Package (Latentb, Copenhagen, Denmark, http://www.
latentix.com,), and graphs were generated from Prism 5 software
(GraphPad Software, USA). P<<0.05 was considered significant for
all analysis.

Protein-protein Interaction (PPI) Networks Analyses for
Candidate Genes

The 22 candidate genes studied here are known gene targets/
biomarkers of muscle energy metabolism. It could be hypothesised
that if the pre- and postnatal nutritional insults can modify the
expression levels of these markers, it would also affect the genes/
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markers that are very closely co-regulated along with our target
genes. This would result in corresponding changes in proteins/
metabolite abundance in different tissues. In order to study the
regulatory and interaction networks including our target genes (in
Table 1), we built PPI networks by anchoring target genes and
derived known and predicted interactions by running the network
analyses. It was implemented in STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins; http://string.embl.de/)
[32], which is a database of known and predicted protein
mteractions. STRING uses one protein per gene. If there is more
than one isoform per gene, the longest isoform is selected, unless
there is information to suggest that another isoform is better
annotated. The interactions include direct (physical) and indirect
(functional) associations; they are derived from four sources:
Genomic context, High-throughput experiments, Coexpression
databases and previous knowledge (text mining).

Results

There were no significant interactions between pre- and
postnatal nutrition exposures for any of the studied parameters
unless explicitly stated.

Birth Weight of Lambs, and Phenotypic Manifestation of
Glucose-insulin Axis Function in Adolescent Lambs and
Young Adult Sheep

Results for whole-body insulin sensitivity and glucose tolerance
in the experimental animals have been reported elsewhere [22]. A

PLOS ONE | www.plosone.org

Table 1. References and efficiencies of the primer sequences that were used for gPCR.
Genes and Accession Number in NCBI GenBank (reference) Efficiency®

BF LD VsC
Insulin receptor-beta subunit (INSRf, Y16092) [52] 1.90 1.92 1.85
Insulin receptor substrate 7 (IRS7, XM_581382.3) 1.86 1.80 1.82
Glucose transporter 4 (GLUT4, AB005283.1) [24] 1.98 2.04 1.84
Carnitine palmitoyltransferase | (CPT7, NM_001009259) 2.06 2.07 ND
Uncoupling protein 3 (UCP3, unknown) [53] 2.02 1.86 1.98
Peroxisome proliferator-activated receptor alpha (PPARx, AY369138) [54] 1.89 2.00 1.94
Peroxisome proliferator-activated receptor gamma (PPARy, NM_001100921) [24] 2.01 1.83 1.91
Peroxisome proliferator-activated receptor delta (PPARS, unknown) [53] 1.98 2.01 1.89
Peroxisome proliferator-activated receptor gamma coactivator alpha isoform (PGC7o, NM_177945) [24] 1.91 1.99 1.91
Peroxisome proliferator-activated receptor gamma coactivator 1 beta isoform (PGC1, XR_027478) 2.06 1.91 2.06
Leptin (U84247) 2.10 2.10 ND
Fat mass and obesity-associated protein (FTO, EU072419.1) [55] 2.02 2.00 ND
Glucose transporter 1 (GLUT1, U89029.1) [24] ND ND 1.90
AMP-activated protein kinase alpha-2 (AMPKo.2, NM_214266) [24] ND ND 1.96
Voltage-dependent anion-selective channel protein 1 (VDAC7, NM_001126352) [24] ND ND 1.88
Fatty acid binding protein 3 (FABP3, NM_174313) [24] ND ND 1.98
Alpha-1 andrenegic receptor (ADRx1, NM_174498) [24] ND ND 1.95
Beta-1 andrenegic receptor (ADR1, NM_194266) [24] ND ND 1.81
Beta-2 andrenegic receptor (ADRf2, NM_174231) [24] ND ND 2.00
Glucocorticoid receptor (GR, X70407.1) [24] ND ND 1.97
Beta-actin (ACTB, AY141970) [56] 1.97 1.90 1.97
The three muscles were: biceps femoris (BF), longissimus dorsi (LD), and ventriculus sinister cordis (VSC).
ND = not determined.
2Efficiency = 10~ V/(slope of standard curve) Efficiancy was calculated by LightCycler software (ver 2.0, Roche Applied Science, Penzberg, Germany).
doi:10.1371/journal.pone.0065452.t001

summary of the main findings are given here, as it is considered
necessary to allow interpretation of the muscle related parameters
reported in the present study. In short, the maternal LOW diet
significantly reduced the birth weight of female lambs, and tended
to reduce the birth weight of male lambs [23]. At 6-months of age,
the HCHF lambs had become obese (>30% fat in soft tissue), and
had impaired glucose-stimulated secretion of insulin. However,
they were still normoglucotolerant indicative of compensatory
mechanisms in peripheral target tissues to increase insulin
sensitivity and normalize glucose uptake. Clearance of exogenous
mnsulin was also reduced in the HCHF lambs during the initial
phase after an intra-venous bolus injection. The prenatally
undernourished LOW lambs, however, had increased glucose-
stimulated pancreatic insulin secretion without any improvement
of glucose clearance, indicating reduced peripheral insulin
sensitivity. If LOW lambs were exposed to the mismatching
HCHF diet (LOW/HCHLF), glucose tolerance developed, indicat-
ing that the HCHF diet repressed the compensatory up-regulation
of pancreatic insulin secretion observed in the LOW/CONV
animals. There were no gender specific effects for any of those
indicators of glucose-insulin axis function in the 6-months old
animals, where both male and female lambs were studied. The
detrimental effects of the HCHF diet on glucose-insulin axis
function could no longer be visualized in the young adult sheep
(only females were studied at this age) after they had been fed a
moderate (and for HCHF sheep: obesity correcting) diet for 1.5-
years. Negative impacts of a history of prenatal under-nutrition,
however, continued to be evident in the adult LOW ewes, as they
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cleared exogenously administrated insulin less efficiently compared
to the NORM ewes.

In the following it must be born in mind that gender specific
effects could not be evaluated for the muscle specific parameters
studied, since muscle samples from slaughtered 6-months old
animals were derived from primarily males, and samples from 2-
year old animals were derived from exclusively females.

Protein Expressions of Insulin Signalling Molecules in BF,
LD, and VSC Muscles

Protein expressions of INSRf, PKC{, and GLUT4 were
measured in all the three muscle types. In VSC muscle the
protein expressions of PISK~p85 and PISK-pI10 were also
measured.

We observed clear effects of the prenatal nutrition on expression
of all the studied proteins in the 6-months old lambs (predomi-
nantly males), but the consequences of exposure to a LOW level of
nutrition during prenatal life were differentially manifested in the
different muscle types (Figure 1):

INSRp protein expression (Figure 1A) was increased in LOW
lambs in all the three muscle types (BF, £=0.01; LD, P=0.03;
VSC, P=0.03) (Figure 1A). In BF, this could be ascribed to high
INSRp protein expression in the LOW/HCHF lambs.

PRC( protein expression (Figure 1B) was reduced in LOW
lambs in BF (P=0.04), increased in LD (P=0.02), and it was also
increased in VSC, but only in the LOW/CONV lambs (LOW/
CONYV vs. NORM/CONV, P=0.02).

GLUT4 protein expression (Figure 1C) was reduced in LD
(P=0.02) in LOW lambs.

PISK-p85 protein expression was reduced by 10% in VSC of
LOW compared to NORM lambs (P=0.01), while that of PISK-
p110 was unaffected by the prenatal diet (data not shown).

A long-term effect of exposure to the prenatal LOW level of
nutrition was observed only for GLUT4, where protein expression
in BF was significantly reduced in 2-years old LOW compared to
NORM sheep (P=0.05), when the data sets from the 6-months
old lambs and the 2-years old sheep were combined (data not
shown).

The HCHF diet provided in early postnatal life had no clear
effect on protein expressions in neither the male lambs nor in the
adult females.

The mRNA Expressions of Target Genes in BF, LD, and
VSC Muscles

The postnatal diet was the main factor influencing mRNA
expressions of target genes in skeletal muscle, in contrast to what
was observed for protein expressions, and the glycolytic LD muscle
was more responsive to the HCHF diet than the oxidative BF
muscle. Thus, in LD, the HCHF diet enhanced expression of a
range of genes involved in regulation of glucose uptake, insulin
signalling and fatty acid oxidation: INSRf, (P=0.06), IRSI
(P=0.02), GLUT# (P=0.02), CPTI (P<0.0001), uncoupling
protein 3 (UCP3, P=0.07), and peroxisome proliferator-activated
receptor alpha (PPARo, P=0.04) (Figure 2A). The mRNA
expressions of INSRf (P=0.007), IRS! (P=0.01), and GLUT4
(P=0.05) continued to be higher in the adult HCHF compared to
CONYV sheep, even after 172 years on the same moderate and (for
HCHEF sheep body-fat correcting) diet (Figure 2B).

In BF, only 2 genes were affected by the postnatal diet. CPT1
mRNA expression (P=0.03) was increased in 6-months old
HCHTF compared to CONV lambs (data not shown) just as seen in
LD, whereas PGCloo mRNA expression (P=0.03) was depressed
(Figure 3A). These postnatal diet induced changes did not persist
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into adulthood after diet correction. In BF, the prenatal diet
affected expression of the PGCIa, but not of other genes, however
this prenatal effect was only manifested in adulthood, where LOW
sheep had markedly lower expressions compared to NORM sheep
(P=0.005, Figure 3A).

Pre- and postnatal nutrition impacts on mRNA expression for
the PGClo gene were differentially expressed in the three different
types of muscle as well as with age: expression was depressed in BF
by the HCHF diet in lambs but not by the prenatal LOW
nutrition exposure in adult ewes, there was no impact of pre- or
postnatal nutrition at all on expression in LD (Figure 3B), and
PGClo mRNA expression was upregulated in VSC in both lambs
and adult ewes with a history of late-gestation undernutrition
(LOW) (P=0.003, Figure 3C).

Pre-and postnatal nutrition did not affect mRNA expression for
any other genes in VSC with the exception of PPARS as described
in the following.

In the 6-months old lambs, postnatal diet induced changes in
mRNA expression for two genes, peroxisome proliferator-activat-
ed receptor delta (PPARS) and leptin (determined as a marker for
intramuscular adipocytes in muscle) depended on the prenatal
nutrition history (Figure 4). Thus, in LOW/HCHF lambs
compared to lambs from other treatment groups, PPAR) mRNA
expression was increased in the VSC muscle (LOW/HCHF vs.
NORM/CONYV, P=0.06; LOW/HCHF vs. NORM/HCHF,
P=0.03; LOW/HCHF vs. LOW/CONYV, P=0.005) (Figure 4A)
and in the LD muscle (P=0.03) (Figure 4B), whereas leptin mRNA
expression was halved in LOW/HCHF as compared to LOW/
CONV lambs (P=0.04) (Figure 4C).

The mRNA expressions of the peroxisome proliferator-activat-
ed receptor gamma (PPARy), PGCIf, and fat mass and obesity
associated protein (F70) were unaffected by both the prenatal diet
and the early postnatal diet in all the muscles studied (data not
shown).

Lipid Content and Fatty Acid Compositions of BF, LD, and
VSC Muscles

No effect of the prenatal nutrition on muscle lipid content or
lipid fatty acid compositions were observed in neither lambs nor
adult sheep.

The HCHEF diet increased total TG and Cer contents in all the
three muscles of 6-months old lambs (all P<<0.05) (Table 2).
LOW/HCHF lambs accumulated more TG in BF muscle
compared to the NORM/HCHT lambs (P<0.05). At 2-years of
age, the total TG content in the BF muscle of HCHF sheep was
still higher than that observed for the CONV sheep (P<<0.05),
whereas the total TG content in the LD and VSC muscle from
HCHF sheep had returned to similar levels as that for CONV
sheep (data not shown). In the 2-years old sheep, there was no
difference in Cer content among the four groups for any of the
three muscles (data not shown).

Visualized by PCA, the HCHF diet as expected had substantial
impact on the FA-composition in the PL fraction of each muscle
type in 6-months old lambs (data not shown). Interestingly, after
dietary correction and feeding with the same diet for 1.5 years,
these remarkable differences in PL FA-composition were still
evident in 2-years old sheep (Figure 5).

For TG and PL FA-compositions, the HCHF diet caused a
pronounced increase in the omega-6 polyunsaturated fatty acid (n-
6 PUFA) content that was associated with decreased n-3 PUFA
content in TG and PL. This led to substantially higher n-6/n-3
PUFA ratios in the three muscle types in the HCHF lambs
(Figure 6A), while the total PL. PUFA content in lambs and sheep
were unaffected by the HCHF diet. The impacts of the HCHF

June 2013 | Volume 8 | Issue 6 | 65452



Nutrition Affects Sheep Muscle Metabolism

LD vsc

BF

CONV vs. HCHF

Relative INSRp protien expression

Relatvie INSRp protein expression >
Relative INSRp protien expression

BE VSC

<0.05

2.0

-
(3]

Relative PKCC protein expression
Relative PKCC protein expression
Relative PKCC protein expression

=
% © v o
T

%,

BF LD VSC
<0.05

Relative GLUT4 protein expression
Relative GLUT4 protien expression
Relative GLUT4 protein expression

Figure 1. Protein expressions of insulin signalling molecules in muscles of 6-months old lambs. The three muscles were: biceps femoris
(BF), longissimus dorsi (LD), and ventriculus sinister cordis (VSC). Panel A, insulin receptor-3 subunit (INSRS); panel B, protein kinase zeta (PKC(); panel C,
glucose transporter 4 (GLUT4). Muscle types are labelled on top of each graph. Data are the ratios of sample to the loading control for each target.
Data are expressed as least square mean = standard error of the mean. Experimental factors with P-values <0.05 are shown at the top-right corner
for each graph. NORM/CONV, NORM/HCHF, LOW/CONV, LOW/HCHF refer to experimental treatment groups. NORM and LOW refer to the prenatal
nutrition offered to the twin-pregnant dams and fulfilling 100% and 50%, respectively, of daily requirements for energy and protein. CONV and HCHF
refer to a moderate or high-carbohydrate-high-fat diet, respectively, fed during the first 6 months of postnatal life.
doi:10.1371/journal.pone.0065452.g001

HCHF sheep showed no significant reduction in n-6 PUFA
content in the PL fraction, whereas the VSC muscle of adult

diet on n-6 and n-3 PUFA contents were seen to different extents
in the adult sheep (Figure 7). The 2-years old HCHF sheep

continued to have both higher n-6 PUFA and lower n-3 PUFA
contents in the skeletal muscles BF and LD, and therefore higher
n-6/n3 PUFA ratio in the PL fraction compared to that of CONV
sheep (Figure 6B). The cardiac VSC muscle of the 2-years old

PLOS ONE | www.plosone.org

HCHF sheep had lower n-3 PUFA content compared to that of
the CONV sheep. Therefore, the cardiac VSC muscle of 2-years
old HCHF sheep also had an elevated n-6/n-3 PUFA ratio as
observed in BF and LD muscles (Figure 6B).
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Figure 2. mRNA expressions of selected genes in /ongissimus dorsi muscle of 6-months and 2-years old progenies. The mRNA
expression of the following genes are shown: insulin receptor-beta subunit (INSRp), insulin receptor substrate 1 (IRST), glucose transporter 4 (GLUT4),
carnitine palmitoyltransferase | (CPT1), uncoupling protein 3 (UCP3), and peroxisome proliferator-activated receptor alpha (PPARx). Panel A, data of 6-
months old lambs; panel B, data of 2-years old sheep. These genes were all significantly up-regulated by the HCHF diet in 6-months old lambs, but
only INSRf, IRS1, and GLUT4 were significantly up-regulated by the HCHF diet in 2-years old sheep. Data are logarithm transformed for statistical
analysis, back-transformed, and expressed as least square mean * standard error of the mean. NORM/CONV, NORM/HCHF, LOW/CONV, LOW/HCHF
refer to experimental treatment groups. NORM and LOW refer to the prenatal nutrition offered to the twin-pregnant dams and fulfilling 100% and
50%, respectively, of daily requirements for energy and protein. CONV and HCHF refer to a moderate or high-carbohydrate-high-fat diet, respectively,
fed during the first 6 months of postnatal life. Legends for both panels are shown at the top-right corner of panel A. “*” indicates significant

differences between individual groups (P<<0.05).
doi:10.1371/journal.pone.0065452.9002

Protein-protein Interaction Networks Analyses

We used STRING to investigate interactions of our target genes
that are known to be involved in muscle energy metabolism,
similarly to how it was reported by Kadarmideen and Janss [33]
for stress related candidate genes in pigs, and by Kadarmideen
[34] for genes involved in mammalian reproduction. The
STRING analyses revealed many (some 30) other candidate genes
that are likely to be involved in the fetal and postnatal nutrition
programming of insulin signalling and energy metabolism in
muscle. The actual results of PPI networks are given in two
formats: a network with varying levels of confidence (Figure 8) and
a network showing various evidences that support interactions
(Figure 9). The input nodes are coloured and nodes of a higher
iteration/depth are in white. Each family of proteins is assigned a
different colour.

In the confidence view of the network (Figure 8), the confidence
score for each interaction is the approximate probability that a
predicted link exists between two nodes in the same metabolic map
in the KEGG database. The thicker the line, the higher the
confidence. In the evidence network (Figure 9), the edges, i.e.

PLOS ONE | www.plosone.org

predicted functional links, consist of up to seven lines: one colour
for each type of evidence. A red line indicates the presence of
fusion evidence; a green line - neighbourhood evidence; a blue line
- co-occurrence evidence; a purple line - experimental evidence; a
yellow line — text mining evidence; a light blue line - database
evidence; a black line - coexpression evidence. In the original
interactive network, it is possible to hover over an edge that will
display the combined association score, and clicking on it can give
the detailed evidence breakdown. From the STRING gene/
protein network analyses, it is clear that more molecular markers
very strongly interact with the target genes/markers we studied
here and it includes, for example, Insulin-like growth factor 1
receptor (IGFIR), forkhead box protein Ol (FOXOI), growth
factor receptor-bound protein 2 (GRB2), lymphocyte cytosolic
protein 2 (LCP2), son of sevenless homolog 1 (SOST), target of
rapamycin complex subunit LST8 (MLST8 and mammalian
target of rapamycin (MTOR). It is recommended that future
studies include these target genes to validate their effects in sheep
and other animal models.
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Figure 3. mRNA expressions of peroxisome proliferator activated receptor gamma coactivator 1 alpha isoform (PGC72) in muscles.
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for each graph. Legends for all panels are shown at the lower-right corner of panel A.

doi:10.1371/journal.pone.0065452.g003

Discussion

In the present study, we aimed to investigate whether the
previously observed phenotypic alterations of glucose-insulin axis
function (i.e. insulin sensitivity, glucose tolerance, and pancreatic
insulin secretion) by pre- and postnatal nutritional insults in sheep
[22] can be ascribed to metabolic programming of muscle
functions. We have previously reported results from i vivo studies
of glucose-insulin axis function in the experimental animals, which
are published elsewhere [24], and in interpretation of these results
we took into careful consideration that gender effects could only be
evaluated in adolescent lambs, where both females and males were
studied. Furthermore, age effects could only be evaluated in female
animals, due to the experimental design. For the results reported
in the present paper on muscle specific traits for molecular
metabolism and lipid composition, it must be born in mind that we
are not able to separate the effects of gender and ageing, since
lambs slaughtered at 6-months of age were predominantly males,
and the 2-years old adult sheep were exclusively females. Even
though we measured only a selection of markers reported to be
well-correlated with insulin sensitivity in LBW human and rodent
subjects, we considered that other markers could potentially also
contribute to the development of muscle insulin resistance. This
idea was subsequently supported by the PPI network analyses of
our targets. Thus, the interfering effect of fetal programing could
probably disturb the protein-protein interactions between our
targets and other candidate genes. With these considerations in
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mind, our findings suggest that exposure to prenatal undernutri-
tion had only marginal effects on key markers of muscle energy
metabolism. Thus, the exposure to a prenatal LOW level of
nutrition affected insulin signalling molecules only in muscles of
lambs, but not in adult sheep, although signs of insulin resistance
were clearly revealed only in the adult sheep and not in the lambs,
as previously reported [24]. Muscle phospholipid fatty acid
composition reflected dietary fatty acid composition from the
feeds provided during the early postnatal life. These compositional
changes on structural lipids could, however, not be related to the
expressional changes of key markers of muscle energy metabolism,
nor could they be readily related to the observed changes in whole-
body insulin sensitivity, which in adults were affected by pre- and
not postnatal nutrition as previously mentioned. The muscle type
was found to determine the nature of metabolic adaptations to
nutritional exposures during the late-gestation and early-postnatal
life.

Late-gestation under-nutrition had only Marginal Effects
on Key Markers of Muscle Energy Metabolism, but did
Affect Insulin Signalling Proteins

The prenatal LOW nutrition exposure permanently reduced
GLUTH4 protein in the BF muscle of the young sheep progenies,
which agrees with observations from the maternal low-protein rat
model and low-birth weight young men, where skeletal muscle
GLUT4 protein expression were also depressed by prenatal
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Figure 4. mRNA expressions that affected by the interaction of maternal LOW diet and postnatal HCHF diet. Panel A, peroxisome
proliferator-activated receptor (PPARI) mRNA expression in ventriculus sinister cordis (VSC); panel B, PPARC mRNA expression in longissimus dorsi (LD);
Panel C, leptin mRNA expression in LD. Data are the ratio of target to beta-actin. Data are logarithm transformed for statistical analysis, back-
transformed, and expressed as least square mean = standard error of the mean. NC, NH, LC, LH refer to experimental treatment groups. N and L refer
to the prenatal nutrition offered to the twin-pregnant dams and fulfilling 100% and 50%, respectively, of daily requirements for energy and protein. C
and H refer to a moderate or high-carbohydrate-high-fat diet, respectively, fed during the first 6 months of postnatal life. Experimental factors with P-
values <0.05 are shown at the top-right corner for each graph. Legends for all panels are shown at the upper-right corner of panel B.
doi:10.1371/journal.pone.0065452.9004

nutrition [10]. The contribution of this single muscle or the developed signs of glucose transportation deficiency prior to
oxidative skeletal muscle type to whole-body insulin sensitivity and significant changes in whole-body insulin and glucose homeostasis.
glucose clearance in sheep is not known in quantitative terms, but To our surprise, our results did not support the existence of a
our observations indicate that sheep oxidative skeletal muscle can link between the late-gestation LOW level of nutrition and

Table 2. Total triglyceride (TG) and ceramide (Cer) contents in muscles of 6-months old lambs.

BF LD VsC

TG Cer TG Cer TG Cer
NORM/CONV 16.0 (+6.66) 32.7 (£4.16) 12,6 (£6.87) 43.3 (£3.50) 3.9 (+3.28) 33.(*2.89)
LOW/CONV 9.3 (+0.96) 32.7 (£3.04) 12.5 (+6.76) 424 (+4.51) 4.8 (£4.60) 38.1 (+2.41)
NORM/HCHF 32.6 (£7.48) 424 (+=4.1) 39.4 (£15.6) 54.9 (£5.36) 6.6 (=8.08) 52.8 (£3.26)
LOW/HCHF 46.5 (£6.34) 45.5 (£4.51) 50.0 (+15.4) 55.4 (+6.53) 9.2 (£3.22) 56.2 (*£7.67)

The three muscles were: biceps femoris (BF), longissimus dorsi (LD), and ventriculus sinister cordis (VSC).

Data are expressed as means * standard deviations. Unit for total TG content is mg per gram tissue (mg/g), and unit for total Cer content is nmol per gram tissue (nmol/
g). Both TG and Cer contents for each of the muscles were significantly increased by the HCHF diet. NORM/CONV, NORM/HCHF, LOW/CONV, LOW/HCHF refer
toexperimental treatment groups. NORM and LOW refer to the prenatal nutrition offered to the twin-pregnant dams and fulfilling 100% and 50%, respectively, of daily
requirements for energy and protein. CONV and HCHF refer to a moderate or high-carbohydrate-high-fat diet, respectively, fed during the first 6 months of postnatal
life.

doi:10.1371/journal.pone.0065452.t002
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Figure 5. Principal component analysis score and loading plots for muscle phospholipid components of 2-years old sheep. Panel A
and B, biceps femoris; panel C and D, longissimus dorsi; panel E and F, ventriculus sinister cordis. Panels A, C, and E are score plots; panels B, D, and F are
loading plots. The first two principle components (PC) are plotted. NC, NH, LC, LH refer to experimental treatment groups. N and L refer to the
prenatal nutrition offered to the twin-pregnant dams and fulfilling 100% and 50%, respectively, of daily requirements for energy and protein. C and H
refer to a moderate or high-carbohydrate-high-fat diet, respectively, fed during the first 6 months of postnatal life. Legends for all panels are shown at

the bottom of panel E.
doi:10.1371/journal.pone.0065452.g005

development of overall muscle metabolic dysfunctions and
subsequently whole-body insulin insensitivity. In human and rat
LBW individuals, such a link has been found, and observations
have suggested a link to altered expressions of muscle insulin
signalling molecules and PGClo [10,12,35]. Although protein
expressions of insulin signalling molecules were reduced in muscles

PLOS ONE | www.plosone.org

10

of LOW lambs, these changes were not evident in the young adult
sheep, except for GLUT4, but it was only in these young adult
sheep that signs of whole-body insulin resistance were clearly
detected [22]. The PGCIo mRINA expression in different muscle
types was differentially affected by pre- and postnatal nutrition
exposures, and only in VSC did the altered expressions persist into
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Figure 6. The ratio of omega-6/omega-3 (n-6/n-3) polyunsaturated fatty acids in the phospholipid fraction of muscles. Panel A, data
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daily requirements for energy and protein. CONV and HCHF refer to a moderate or high-carbohydrate-high-fat diet, respectively, fed during the first 6
months of postnatal life. Legends for all panels are shown at the bottom of the figure.

doi:10.1371/journal.pone.0065452.g006

adulthood. We are therefore unable to establish any cause-and- any major effect of the late-gestation LOW nutrition exposure in
effect relationship between prenatal undernutrition and later our sheep model does not necessarily contradict observations from
development of muscle insulin insensitivity in the present study. the rat or the human LBW model. Instead, our observations

In the rat LBW model, nutritional insults are normally indicate that the time-window of exposure may determine the
introduced very early in gestation and persist throughout the extent to which fetal programming impact on postnatal muscle
whole gestation period. However, the secondary myogenesis is not functions, and muscle development and maturation may not be
concluded during gestation but continues into the lactation period particularly vulnerable to nutritional insults during late fetal life.

in rat pups, whereas it is terminated before entering the late-
gestation period in sheep and humans [19,20,21]. Recent human High-carbohydrate-high-fat Diet, Phospholipid Fatty Acid
studies have suggested that fetal growth during late-gestation is not Composition, and Muscle Insulin Signalling

a.major determinant, hor associated with Fhe risk, of type II Fatty acids are important components of cells, and PL FA-
dlz.letCS, but su.ch associations could be established to fetal growth composition is especially critical for the structure and function of
prior to the tl.nr.d trimester [7>36]~ Thus, as we apply mater.nal cell membranes [37]. It is well-known that dietary supply of
nutrition restriction only durlng the last six weeks of gestation polyunsaturated fatty acids directly can influence the FA-
which is equivalent to the last trimester of pregnancy, the lack of composition in skeletal and cardiac muscles [38,39]. Thus, high

Il n-3 PUFA n-6 PUFA

70, BF \ . LD Vv

eier oos8 SINN
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Figure 7. Phospholipid omega-6 and omega-3 polyunsaturated fatty acids (PUFA) contents of adult sheep. The percentile of omega-6
(n-6) or omega-3 (n-3) PUFA are shown for biceps femoris (BF), longissimus dorsi (LD), and ventriculus sinister cordis (VSC). Data are shown as means =
standard deviations. NORM/CONV, NORM/HCHF, LOW/CONV, LOW/HCHF refer to experimental treatment groups. NORM and LOW refer to the
prenatal nutrition offered to the twin-pregnant dams and fulfilling 100% and 50%, respectively, of daily requirements for energy and protein. CONV
and HCHF refer to a moderate or high-carbohydrate-high-fat diet, respectively, fed during the first 6 months of postnatal life. Legends are shown at
the upper-right corner of the figure.

doi:10.1371/journal.pone.0065452.9g007
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other.
doi:10.1371/journal.pone.0065452.g008

dietary supply of one kind of polyunsaturated fatty acid (n-3 or n-6)
can specifically increase the muscle content of this PUFA-type at
the expense of the other type. The major PUFA source of the
CONYV lamb diet was hay, whereas the major PUFA source of the
HCHF lamb diet was maize. Both hay and maize have high n-6
PUFA contents (hay, approximately 60 g linoleic acid per 100 g
fat; maize, approximately 61 g linoleic acid per 100 g fat), but hay
has higher n-3 PUFA content than maize (hay, approximately 16g
a-linolenic acid per 100g fat; maize, approximately 0.7 g a-
linolenic acid per 100g fat) [40]. Thus, for our 6-months old
HCHF lambs, the changes in muscle TG and PL FA-composi-
tions, especially the changes on n-6/n-3 PUFA ratio, were
expected due to the FA-composition of the early postnatal diet.
It was surprising, however, that the PL FA-compositions of
adult sheep skeletal muscles continued to reflect the differences
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introduced by the lamb diet, even though all the sheep had been
fed on the same identical (and for HCHF sheep body fat
correcting) diet for 1.5 years. The most obvious explanation for
this long-term effect is the extremely low turnover of phospholipid
PUFA and hence delayed ‘washing-out’ of previously incorporated
fatty acids in skeletal muscle cell membranes. To the best of our
knowledge, the PUFA turnover rate in the skeletal muscle PL
fraction has never been reported in humans or sheep. Our
observations suggest that the PUFA half-life in the sheep skeletal
muscles’ PL faction might be as long as 1.5 years. The fact that the
n-6 PUFA content in VSC muscle was identical among the four
groups, while the n-3 PUFA content was still reduced in the
HCHF individuals at 2-years of age, showed that PUFA
composition in cell membranes is regulated differently in cardiac
muscle than in the skeletal muscles. Further investigations are
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line - database evidence.
doi:10.1371/journal.pone.0065452.g009

required to clarify whether alterations of muscle PUFA metabo-
lism priorities, which subsequently influences FA-composition of
muscle lipids, could be a possible target of programming by early-
life nutrition.

The link between long-chained PUFA composition in skeletal
muscle PL and whole-body insulin sensitivity, which is suggested
by human studies, might be coinciding with obesity induced
whole-body insulin resistance [17,18,41]. In our study, muscle n-
6/n-3 PUFA ratio was strongly increased in HCHF lambs, but
irrespective of this, peripheral insulin sensitivity was increased in
these lambs as compared to CONV fed lambs, as they were able to
maintain normal glucose tolerance despite a markedly reduced
ability to secrete insulin in response to an intravenous glucose
challenge [24]. A similar uncoupling of insulin sensitivity from FA
composition in muscle PL’s was observed in the young adult sheep,
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where the early-life HCHI diet still affected muscle PL FA-
composition, but the impact of the postnatal diet on whole-body
insulin sensitivity and glucose tolerance had disappeared in the
adult HCHF sheep after 172 years on a body-fat correcting diet.
Thus, the n-6/n-3 PUFA ratio disagreed with changes in glucose-
insulin axis function in our sheep model, regardless of the degree
of fatness of the individuals. We do not rule out that the observed
alterations of muscle PL. FA-composition can affect other aspects
of muscle function like contractility [42,43], but our studies do not
support that pre- and postnatal induced changes in PL FA
composition should be major determinants of skeletal muscle
insulin signalling or sensitivity later in life.
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Role of Muscle Type on Metabolic Adaptations to
Nutrition

The three muscle types responded differentially to nutritional
insults. As we expected, the expressions of energy metabolism
related genes for cardiac muscle were in general quite resistant to
pre- and especially postnatal nutritional insults. This observation
agrees with reports from another sheep model, where the cardiac
muscle energy metabolism related gene expression pattern was
unaffected by early-mid gestation nutrition restriction [24].

Previous reports have proposed that the oxidative skeletal
muscle types may be more sensitive with respect to exposures
leading to intrauterine growth restriction [26,44,45] or towards
postnatal high-fat feeding [25,46,47] compared to the glycolytic
skeletal muscle types. We did observe that the BF muscle had a
greater ability than the other muscles to accumulate TG upon
exposure to the postnatal HCHF diet, and BF was the only muscle
in HCHF sheep that continued to have a high TG content after
dietary (and body-fat) correction. This could indicate that the
plasticity of fatty acid metabolism in the oxidative muscle (type-I
fibre rich) BF is more prone towards perinatal and postnatal
nutritional programming than the glycolytic LD (type-II fibre rich)
and the cardiac VSC muscles. But there is no doubt that we in our
studies observed the most dramatic effects of late gestation
nutrition on protein expression, and of early postnatal nutrition
on expression of mRINA, for a wide range of targets in the
glycolytic LD muscle (Figures 1 and 2). We have no definite
explanation for this discrepancy compared to earlier studies, but
different metabolic properties of sampled muscles might explain
differential observations in our sheep study compared to the
above-mentioned rodent studies. Muscle biopsies are typically
sampled from leg and arm muscles in human studies, and from leg
muscles in rodent studies, and the LD muscle is rarely if ever
sampled in species other than farm animals such as sheep, cattle
and pigs.

Late-gestation undernutrition caused differential PGCIo mRNA
expression changes in the three investigated muscle types
(Figure 3). The PGClo gene is one of the key regulatory factors
that coordinates mitochondrial biogenesis and maintains the
mitochondrial network [48], and reduced skeletal muscle PGC-
I expression is believed to be associated with impaired whole-
body insulin sensitivity [11]. Our observations on PGClo suggest
that the adaptations of muscle oxidative metabolism upon
exposure to a prenatal LOW level of nutrition are muscle type-
dependent, and these differential adaptations may be associated
with specific metabolic properties of the muscle and prenatal
blood-flow re-partitioning [49,50,51].

Conclusions

We conclude that early postnatal, but not late-gestation,
nutrition had long-term consequences for glucose, insulin and fat
oxidation markers in LD and for lipidomes of all the studied
muscles. Muscle did therefore apparently not contribute signifi-
cantly to the previously reported development of adult whole-body
insulin insensitivity induced by late-gestation under-nutrition in
our sheep model. Other tissues or organs must clearly be
responsible for this. Systems biology analyses revealed more
molecular markers e.g. (GRB2, FOXOI, IGFIR) that very strongly
interacted with the target genes we investigated. Future studies
should include these target genes to validate their effects in sheep
as compared to other experimental models and humans. Further
mnvestigations are required to elucidate the role played by the
muscle lipidome on long-term metabolic programming of muscle
development and function. The results add to the mounting
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evidence of quite diverse metabolic adaptability among different
muscle types.

Supporting Information

Information S1 Experimental design of the Copenhagen
sheep model. NORM/CONV, NORM/HCHF, LOW/
CONV, LOW/HCHF refer to experimental treatment groups.
NORM and LOW refer to the prenatal nutrition offered to the
twin-pregnant dams and fulfilling 100% and 50%, respectively, of
daily requirements for energy and protein. CONV and HCHF
refer to a moderate or high-carbohydrate-high-fat diet, respec-
tively, fed during the first 6 months of postnatal life.

(TIFF)

Information S2 p-tubulin cannot serve as loading con-
trol of western blotting. One of the gels and its associated
membrane are used as an example. The colour intensities of
coomassie staining, Ponceau S staining, and B-tubulin protein
expression are shown in the top graph. Data are shown as the ratio
of sample value to the mean value of the muscle standards (stand.).
The lanes on gel/membrane are aligned to the sample name
shown on the top graph. Legend and coeflicient of variance (CV)
are given at the top-right corner.

(TIFF)

Information S3 Quality and specificity of western
blotting of biceps femoris. Target proteins are insulin
receptor-beta subunit (INMSRe), protein kinase zeta (PRCY), and
glucose transporter 4 (GLUT4). The data shown here are derived
from the same membrane.

(TIFF)

Information S4 Quality and specificity of western
blotting of longissimus dorsi. Target proteins are insulin
receptor-beta subunit (INVSRf), protein kinase zeta (PRC(), and
glucose transporter 4 (GLUT4). The data shown here are derived
from the same membrane.

(TIFF)

Information S5 Quality and specificity of western
blotting of ventriculus sinister cordis. Target proteins are
insulin receptor-beta subunit (ZVSRp), protein kinase zeta (PKCY),
and glucose transporter 4 (GLUT4). The data shown here are
derived from the same membrane.

(TIFF)

Information S6 Quality and specificity of western
blotting of ventriculus sinister cordis. Target proteins are
phosphoinositide 3 kinase-p85 regulatory subunit (PI3A~p85) and
phosphoinositide 3 kinase-pl10 catabolic subunit (PISK-p110).
The data shown here are derived from the same membrane.

(TIFF)

Acknowledgments

The authors wish to acknowledge the expert technical and scientific
assistance delivered by M.P. Tygesen, S. Husted, V.G. Christensen, R.
Jensen, and D.S. Jensen, who helped with the handling of animals, tissue
sampling and analysis. We thank B.S. Mentz and M.L.D. Andersen for
technical assistances on RNA purification and PCR work, and J.B. Hansen
and K. Dixen for providing qPCR primer sequences. We thank E. Neilson
and A.S. Jacobsen for valuable discussions on PCR work. We thank M.
Modest for her technical assistance with protein purification and H.H.
Phua and Prof. M. Oliver (University of Auckland, New Zealand) for
valuable discussions about western blotting. We thank A.M. Nepper and
J.F. Agersten for their contributions regarding lipid extraction and fatty
acid profiling. Finally, we thank S. Safayi and B. Markussen for their kindly
help on statistics and P. Menzel for proofreading of the manuscript.

June 2013 | Volume 8 | Issue 6 | e65452



Author Contributions

Conceived and designed the experiments: LH AHK LIH HNK AV MON.
Performed the experiments: LH AHK SMG TKT MF LIH HNK.
Analyzed the data: LH LIH HNK AV MON. Contributed reagents/

References

1.

20.

21.

22.

24.

Tygesen MP, Nielsen MO, Norgaard P, Ranvig H, Harrison AP, et al. (2008)
Late gestational nutrient restriction: effects on ewes’ metabolic and homeorhetic
adaptation, consequences for lamb birth weight and lactation performance. Arch

Anim Nutr 62: 44-59.

. Husted SM, Nielsen MO, Tygesen MP, Kiani A, Blache D, et al. (2007)

Programming of intermediate metabolism in young lambs affected by late
gestational maternal undernourishment. Am J Physiol Endocrinol Metab 293:
E548-557.

. Barker DJ, Eriksson JG, Forsen T, Osmond C (2002) Fetal origins of adult

disease: strength of effects and biological basis. Int J Epidemiol 31: 1235-1239.

. Lucas A (1991) Programming by early nutrition in man. Ciba Found Symp 156:

38-50; discussion 50-35.

. McMillen IC, Rattanatray L, Duffield JA, Morrison JL, MacLaughlin SM, et al.

(2009) The early origins of later obesity: pathways and mechanisms. Adv Exp
Med Biol 646: 71-81.

. Morrison JL (2008) Sheep models of intrauterine growth restriction: fetal

adaptations and consequences. Clin Exp Pharmacol Physiol 35: 730-743.

. Vielwerth SE, Jensen RB, Larsen T, Holst KK, Molgaard C, et al. (2008) The

effect of birthweight upon insulin resistance and associated cardiovascular risk
factors in adolescence is not explained by fetal growth velocity in the third
trimester as measured by repeated ultrasound fetometry. Diabetologia 51: 1483~
1492.

. Hales CN, Barker DJ (1992) Type 2 (non-insulin-dependent) diabetes mellitus:

the thrifty phenotype hypothesis. Diabetologia 35: 595-601.

. Armitage JA, Khan IY, Taylor PD, Nathaniclsz PW, Poston L (2004)

Developmental programming of the metabolic syndrome by maternal
nutritional imbalance: how strong is the evidence from experimental models
in mammals? J Physiol 561: 355-377.

. Ozanne SE, Jensen CB, Tingey K]J, Storgaard H, Madsbad S, et al. (2005) Low

birthweight is associated with specific changes in muscle insulin-signalling
protein expression. Diabetologia 48: 547-552.

. Patti ME, Butte AJ, Crunkhorn S, Cusi K, Berria R, et al. (2003) Coordinated

reduction of genes of oxidative metabolism in humans with insulin resistance and
diabetes: Potential role of PGC1 and NRF1. Proc Natl Acad Sci U S A 100:
8466-8471.

. Ling C, Poulsen P, Carlsson E, Ridderstrale M, Almgren P, et al. (2004) Multiple

environmental and genetic factors influence skeletal muscle PGC-lalpha and
PGC-1beta gene expression in twins. J Clin Invest 114: 1518-1526.

Brons C, Jacobsen S, Nilsson E, Ronn T, Jensen CB, et al. (2010)
Deoxyribonucleic acid methylation and gene expression of PPARGCIA in
human muscle is influenced by high-fat overfeeding in a birth-weight-dependent
manner. J Clin Endocrinol Metab 95: 3048-3056.

. Perseghin G, Scifo P, De Cobelli F, Pagliato E, Battezzati A, et al. (1999)

Intramyocellular triglyceride content is a determinant of in vivo insulin
resistance in humans: a 1H-13C nuclear magnetic resonance spectroscopy
assessment in offspring of type 2 diabetic parents. Diabetes 48: 1600-1606.

. Krssak M, Falk Petersen K, Dresner A, DiPietro L, Vogel SM, et al. (1999)

Intramyocellular lipid concentrations are correlated with insulin sensitivity in
humans: a 1H NMR spectroscopy study. Diabetologia 42: 113-116.

. Abdul-Ghani MA, DeFronzo RA (2010) Pathogenesis of insulin resistance in

skeletal muscle. J Biomed Biotechnol 2010: 476279.

. Haugaard SB, Vaag A, Hoy CE, Madsbad S (2008) Sex and muscle structural

lipids in obese subjects - an impact on insulin action? Eur J Clin Invest 38: 494—
501.

. Haugaard SB, Madsbad S, Hoy CE, Vaag A (2006) Dietary intervention

increases n-3 long-chain polyunsaturated fatty acids in skeletal muscle
membrane phospholipids of obese subjects. Implications for insulin sensitivity.
Clin Endocrinol (Oxf) 64: 169-178.

. Wilson §J, McEwan JC, Sheard PW, Harris AJ (1992) Early stages of myogenesis

in a large mammal: formation of successive generations of myotubes in sheep
tibialis cranialis muscle. J Muscle Res Cell Motil 13: 534-550.

Tomanek R]J, Colling-Saltin AS (1977) Cytological differentiation of human fetal
skeletal muscle. Am J Anat 149: 227-245.

Ross JJ, Duxson M]J, Harris AJ (1987) Formation of primary and sccondary
myotubes in rat lumbrical muscles. Development 100: 383-394.

Kongsted AH, Tygesen MP, Husted SM, Oliver MH, Jensen AT, et al. (2013)
Programming of the glucose-insulin axis: long-term consequences of prenatal
versus early postnatal nutrition insults. Envidence from a sheep model. Acta
Physiologica. doi: 10.1111/apha.12080.

. Nielsen MO, Kongsted AH, Thygesen MP, Strathe AB, Caddy S, et al. (2012)

Late gestation undernutrition can predispose for visceral adiposity by altering fat
distribution patterns and increasing the preference for a high-fat diet in early
postnatal life. Br J Nutr. doi: 10.1017/80007114512004199.

Chan LL, Sebert SP, Hyatt MA, Stephenson T, Budge H, et al. (2009) Effect of

maternal nutrient restriction from early to midgestation on cardiac function and

PLOS ONE | www.plosone.org

Nutrition Affects Sheep Muscle Metabolism

materials/analysis tools: LIH HNK AV MON. Wrote the paper: LH LIH
HNK AV MON. Obtained permission for conducting animal experiment:
MON.

26.

27.

28.

30.

31

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

metabolism after adolescent-onset obesity. American Journal of Physiology -
Regulatory, Integrative and Comparative Physiology 296: R1455-1463.

. Blachnio-Zabielska A, Baranowski M, Zabielski P, Gorski J (2010) Effect of high

fat diet enriched with unsaturated and diet rich in saturated fatty acids on
sphingolipid metabolism in rat skeletal muscle. J Cell Physiol 225: 786-791.
Buhl ES, Jensen TK, Jessen N, Elfving B, Buhl CS, et al. (2010) Treatment with
an SSRI antidepressant restores hippocampo-hypothalamic corticosteroid
feedback and reverses insulin resistance in low-birth-weight rats. Am J Physiol
Endocrinol Metab 298: E920-929.

Friedrichsen M, Ribel-Madsen R, Wojtaszewski J, Grunnet L, Richter EA, et al.
(2010) Dissociation between skeletal muscle inhibitor-kappaB kinase/nuclear
factor-kappaB pathway activity and insulin sensitivity in nondiabetic twins. J Clin
Endocrinol Metab 95: 414-421.

Romero-Calvo I, Ocon B, Martinez-Moya P, Suarez MD, Zarzuelo A, et al.
(2010) Reversible Ponceau staining as a loading control alternative to actin in
Western blots. Anal Biochem 401: 318-320.

. Rozen S, Skaletsky H (2000) Primer3 on the WWW for general users and for

biologist programmers. Methods Mol Biol 132: 365-386.

Folch J, Lees M, Sloane Stanley GH (1957) A simple method for the isolation
and purification of total lipides from animal tissues. J Biol Chem 226: 497-509.
Drachmann T, Mathiessen JH, Pedersen MH, Hellgren LI (2007) The source of
dietary fatty acids alters the activity of secretory sphingomyelinase in the rat.
Eur J Lipid Sci Technol 109: 1003-1009.

Jensen L], Kuhn M, Stark M, Chaffron S, Creevey C, et al. (2009) STRING 8-a
global view on proteins and their functional interactions in 630 organisms.
Nucleic Acids Res 37: D412-416.

Kadarmideen HN, Janss LL (2007) Population and systems genetics analyses of
cortisol in pigs divergently selected for stress. Physiol Genomics 29: 57-65.
Kadarmideen HN (2008) Genetical systems biology in livestock: application to
gonadotrophin releasing hormone and reproduction. IET Syst Biol 2: 423-441.

. Jaquet D, Vidal H, Hankard R, Czernichow P, Levy-Marchal C (2001)

Impaired regulation of glucose transporter 4 gene expression in insulin resistance
associated with in utero undernutrition. J Clin Endocrinol Metab 86: 3266—
3271.

Pilgaard K, Hammershaimb Mosbech T, Grunnet L, Eiberg H, Van Hall G, et
al. (2011) Differential nongenetic impact of birth weight versus third-trimester
growth velocity on glucose metabolism and magnetic resonance imaging
abdominal obesity in young healthy twins. J Clin Endocrinol Metab 96: 2835
2843.

Hulbert AJ, Turner N, Storlien LH, Else PL (2005) Dietary fats and membrane
function: implications for metabolism and disease. Biol Rev Camb Philos Soc 80:
155-169.

Andersson A, Nalsen C, Tengblad S, Vessby B (2002) Fatty acid composition of
skeletal muscle reflects dietary fat composition in humans. Am J Clin Nutr 76:
1222-1229.

Valencak TG, Ruf T (2011) Feeding into old age: long-term effects of dietary
fatty acid supplementation on tissue composition and life span in mice. J Comp
Physiol B 181: 289-298.

Borsting CF, Weisbjerg MR, Hermansen JE (2003) Fedtomsatning i mave-
tarmkanalen. In: Hvelplund T, Norgaard P, editors. Kvagets ernzring og
fysiologi Foulum, Denmark: Danish Institute of Agricultural Sciences.
Haugaard SB, Madsbad S, Mu H, Vaag A (2010) Desaturation of excess
intramyocellular triacylglycerol in obesity: implications for glycemic control.
Int J Obes (Lond) 34: 500-510.

Price ER, Guglielmo CG (2009) The effect of muscle phospholipid fatty acid
composition on exercise performance: a direct test in the migratory white-
throated sparrow (Zonotrichia albicollis). Am J Physiol Regul Integr Comp
Physiol 297: R775-782.

McLennan PL, Owen AJ, Slee EL, Theiss ML (2007) Myocardial function,
ischaemia and n-3 polyunsaturated fatty acids: a membrane basis. J Cardiovasc
Med (Hagerstown) 8 Suppl 1: S15-18.

Costello PM, Rowlerson A, Astaman NA, Anthony FE, Sayer AA, et al. (2008)
Peri-implantation and late gestation maternal undernutrition differentially affect
fetal sheep skeletal muscle development. J Physiol 586: 2371-2379.

. Huber K, Miles JL, Norman AM, Thompson NM, Davison M, et al. (2009)

Prenatally induced changes in muscle structure and metabolic function facilitate
exercise-induced obesity prevention. Endocrinology 150: 4135-4144.

Marotta M, Ferrer-Martnez A, Parnau J, Turini M, Mace K, et al. (2004) Fiber
type- and fatty acid composition-dependent effects of high-fat diets on rat muscle
triacylglyceride and fatty acid transporter protein-1 content. Metabolism 53:
1032-1036.

Shortreed KE, Krause MP, Huang JH, Dhanani D, Moradi J, et al. (2009)
Muscle-specific adaptations, impaired oxidative capacity and maintenance of
contractile function characterize diet-induced obese mouse skeletal muscle.
PLoS One 4: €7293.

June 2013 | Volume 8 | Issue 6 | e65452



48.

49.

50.

Liang H, Ward WF (2006) PGC-1lalpha: a key regulator of energy metabolism.
Adv Physiol Educ 30: 145-151.

Burrage DM, Braddick L, Cleal JK, Costello P, Noakes DE, et al. (2009) The
late gestation fetal cardiovascular response to hypoglycaemia is modified by prior
peri-implantation undernutrition in sheep. J Physiol 587: 611-624.

Norrbom J, Sundberg CJ, Ameln H, Kraus WE, Jansson E, et al. (2004) PGC-
lalpha mRNA expression is influenced by metabolic perturbation in exercising
human skeletal muscle. J Appl Physiol 96: 189-194.

51. Gorski J, Hood DA, Terjung RL (1986) Blood flow distribution in tissues of
perfused rat hindlimb preparations. Am J Physiol 250: E441-448.

52. Muhlhausler BS, Morrison JL, McMillen IC (2009) Rosiglitazone increases the
expression of peroxisome proliferator-activated receptor-gamma target genes in
adipose tissue, liver, and skeletal muscle in the sheep fetus in late gestation.
Endocrinology 150: 4287-4294.

PLOS ONE | www.plosone.org 16

53.

54.

56.

Nutrition Affects Sheep Muscle Metabolism

Jorgensen W, Gam C, Andersen JL, Schjerling P, Scheibye-Knudsen M, et al.
(2009) Changed mitochondrial function by pre- and/or postpartum diet
alterations in sheep. Am J Physiol Endocrinol Metab 297: E1349-1357.
Bispham J, Gardner DS, Gnanalingham MG, Stephenson T, Symonds ME, et
al. (2005) Maternal nutritional programming of fetal adipose tissue development:
differential effects on messenger ribonucleic acid abundance for uncoupling
proteins and peroxisome proliferator-activated and prolactin receptors. Endo-
crinology 146: 3943-3949.

Sebert S, Hyatt M, Chan L, Yiallourides M, Fainberg P, et al. (2009) Influence
of prenatal nutrition and obesity on tissue specific fat mass and obesity-associated
(FTO) gene expression. Reproduction 139: 265-274.

Safayi S, Theil PK, Hou L, Engbaek M, Norgaard JV, et al. (2010) Continuous
lactation effects on mammary remodeling during late gestation and lactation in
dairy goats. J Dairy Sci 93: 203-217.

June 2013 | Volume 8 | Issue 6 | e65452



