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HIGHLIGHTS

e Maternal feed restriction during distinct stages of gestation.
o Alterations in offspring’s skeletal muscle transcriptome.
o Genes related to satellite cells, insulin sensitivity and composition of intramuscular fat were identified.

ARTICLE INFO ABSTRACT
Keywords: We investigated how feed restriction at 50% of maintenance requirements during different stages of gestation
Caprine affects the transcriptome of newborn goats’ skeletal muscle. Fourteen pregnant dams were randomly assigned

Fetal programming
RNA-seq

Muscle metabolism
Undernutrition

into one of the following dietary treatments: animals fed at 50% of maintenance requirement from 8-84 d of
gestation and then fed at 100% of maintenance requirement from day 85 of gestation to parturition (RM, n = 6),
and animals fed at 100% of maintenance requirement from 8-84 d of gestation and then fed at 50% of main-
tenance requirement from day 85 of gestation to parturition (MR, n = 8). At birth, samples of offspring’s
Longissimus muscle were collected for total RNA extraction and sequencing. Our data showed 66 differentially
expressed (DE) genes (FDR < 0.05). A total of 6 genes were upregulated and 60 downregulated (FDR < 0.05) in
the skeletal muscle of the newborns resulting from treatment RM compared with MR. Our results suggest that the
DE genes upregulated in newborn goats’ skeletal muscle from the RM group compared to MR, included genes
related to satellite cells, and genes that indicates impaired insulin sensitivity and changes in the composition of
intramuscular fat. The DE genes upregulated in newborn goats’ skeletal muscle from the MR group compared to
RM, are also related to impaired insulin sensitivity, as well as a predominantly oxidative metabolism and cellular
oxidative stress. However, protective mechanisms against insulin sensitivity and oxidative stress may have been
augmented in the skeletal muscle of offspring from MR treatment compared to RM, in order to maintain cellular
homeostasis.

1. Introduction stimuli or insults during critical periods of prenatal development may
result in permanent changes in the structure and metabolism of an or-
Fetal programming is based on the hypothesis that environmental ganism, leading to long term consequences (Barker, 1992). Previous
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studies have shown that the skeletal muscle tissue is affected by
maternal feed restriction during gestation (He et al., 2013; Zhang et al.,
2015; Paradis et al., 2017). Also, skeletal muscle is one of the most
dynamic and plastic tissues (Frontera and Ochala, 2015), extremely
susceptible to variations in nutrient supplies during the prenatal stage
compared to other vital tissues. The early to mid-gestation is crucial for
fetal skeletal muscle development, due to the increase of muscle cells
number (hyperplasia), which develops exclusively during the prenatal
stage. Concomitantly with secondary myogenesis, adipogenesis begins
during mid to late gestation, and although there is evidence of an in-
crease in fat cells after birth, the density of pluripotent cells decreases
over time (Du et al., 2010).

Energy metabolism in the offspring’s skeletal muscle may also be
impaired by maternal nutrition during gestation (Yang et al., 2016),
leading to changes in metabolic flexibility, altering the substrate sources
for ATP synthesis. These skeletal muscle adaptations are consistent with
the hypothesis of the “thrifty phenotype”, which postulates that when
fetal nutrition is poor, an adaptive response occurs that leads to altered
metabolism (Hales and Barker, 2001). For example, Selak et al. (2003)
observed a mitochondrial deficiency, which contributes to the decrease
of ATP synthesis and compromises glucose transport and utilization in
the skeletal muscle of intrauterine growth-retarded rats.

Besides the numerous studies demonstrating alteration in several
signaling pathways in the offspring’s skeletal muscle, changes in
maternal nutrition occurring at different gestational stages can lead to
different physiological outcomes in the offspring (Moisa et al., 2015). In
this context, real-time qPCR tools are frequently used to determine the
relative expression of specific target genes. However, this targeted
approach, does not allow for the identification of a global set of genes.
Thus, sequencing-based methods, such as RNA-sequencing (RNA-seq)
are powerful tools which allow us to evaluate a set of transcripts
(transcriptome) in a given tissue, identify new genes and quantify the
differentially expressed (DE) genes during development and under
different conditions (Wang et al., 2009). Therefore, RNA-seq can be an
advantageous tool that can provide more comprehensive knowledge and
identify potentially new mechanisms altered by maternal feed restric-
tion observed in the offspring’s skeletal muscle.

Our previous study did not identify phenotypic differences in the
offspring resulting from maternal feed restriction between the experi-
mental groups (Costa et al., 2019), however, molecular mechanisms
may have sustained compensatory growth and contributed to the lack of
physical differences. In this context we hypothesized that maternal feed
restriction during different stages of gestation alters the transcriptome
profile in the skeletal muscle of newborn goats. Thus, the objective of
this study was to utilize RNA-seq to identify the global differential gene
expression profiles and biological processes of the skeletal muscle in
newborn goats affected by maternal feed restriction during the first and
second half of gestation.

2. Material and methods
2.1. Animals and sampling

All experimental procedures were approved by the Ethical Com-
mittee on Animal Use of the Department of Animal Science at Uni-
versidade Federal de Vicosa, Minas Gerais, Brazil (protocol number 09/
2017).

The experiment was a continuation of a study investigating the ef-
fects of maternal feed restriction during different stages of gestation on
the skeletal muscle of the offspring previously described in Costa et al.
(2019). Briefly, 14 nulliparous dairy goats, weighing 50 + 13 kg, at 19
+ 7 months of age (mean + SD) were submitted to estrus synchroniza-
tion and artificially inseminated using semen from a single male. The
day of insemination was considered day O of gestation. The dams were
housed in individual pens and submitted to an adaptation period of 7
d receiving the experimental diet and water ad libitum. After the
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adaptation period, the dams were randomly assigned into one of the
following dietary treatments: animals fed at 50% of maintenance
requirement from 8 to 84 d of gestation and then fed at 100% of
maintenance requirement from day 85 of gestation to parturition (term
~ 150d; RM, n = 6), and animals fed at 100% of maintenance require-
ment from 8 to 84 d of gestation and then fed at 50% of maintenance
requirement from day 85 of gestation to parturition (MR, n = 8).
Experimental diets were adjusted weekly based on the body weight and
gestational age of the dams and consisted in 111.6 g/kg of crude protein
(CP) and 676 g/kg of total digestible nutrients (TDN) on dry matter (DM)
basis, composed of corn silage (723 g/kg DM basis), soybean meal (96
g/kg DM basis), ground corn (165 g/kg DM basis) and mineral mixture
(16 g/kg DM basis), considering the nutritional requirements for preg-
nant dairy goats (NRC, 2007).

After birth, male newborn goats were immediately separated from
the dams and following approved guidelines stunned using a non-
penetrating captive bolt pistol, and exsanguinated. In the case of
twins, we selected the heaviest newborn goat. Skeletal muscle samples
were collected from the Longissimus dorsi muscle and stored in liquid
nitrogen for further RNA extraction and sequencing.

2.2. RNA extraction, library generation and sequencing

Total RNA was extracted using RNeasy Fibrous Tissue Mini Kit
(Qiagen Inc., Germantown, MD, USA) following the manufacturer’s
recommendation. The RNA quantification and integrity were deter-
mined by Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa
Clara, CA, USA). Samples with RNA integrity number (RIN) higher than
8 were sent to Novogene (Sacramento, CA, USA) for library preparation
and sequencing on an Illumina HiSeq4000 instrument, following the
150 bp paired-end protocol. An average of approximately 23 million raw
reads/sample (150 bp paired-end reads) were generated (Table 1).

2.3. Quality control and assembly

The quality control of raw sequences was evaluated by the FastQC
program (Andrews, 2010) and poor sequences were filtered with the
Trimmomatic software version 0.36 (Bolger et al., 2014). The illumina
adapters were removed, allowing 2 seed mismatches, a palindrome clip
threshold of 30, and a simple clip threshold of 10. To remove low quality
reads, we used a sliding window trimming that scanned 4 bases each and
removed them when the Phred score average was bellow 15. Short reads
were also removed. Reads 50 bases or longer were retained after trim-
ming. After the quality control measures, an average of 21 million
trimmed reads/sample remained, corresponding to 93% of raw reads
(Table 1).

Trimmed reads were aligned to the goat reference genome (Capra
hircus, assembly ARS1) available at NCBI (www.ncbi.nlm.nih.gov) with
ID GCA_001704415.1 using TopHat 2.1.1 software (Trapnell et al.,
2009) with Bowtie2 (Langmead and Salzberg, 2012) for alignment. An
average of 76% of trimmed reads were successfully mapped (Table 1).

2.4. Differential expression analysis

The Cuffdiff tool (Cufflinks 2.2.1) was used to count reads, normalize
transcript expression by fragments per kilobase of transcript model per
million reads mapped (FPKM), and identify the differentially expressed
genes between treatments. Input included the mapped reads, the
indexed genome (generated by the Bowtie2 software) and the reference
annotation file. Cuffdiff uses a model for fragment counts based on the
beta negative binomial distribution to control cross-replicate variability
and read mapping ambiguity. The P-values reported by Cufffdiff were
corrected for multiple testing by using the false discovery rate (FDR)
method (Benjamini and Hochberg, 1995), and differentially expressed
(DE) genes were deemed significant when FDR < 0.05. The data quality
assessment of principal component analysis (PCA) from the RNAseq
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Table 1
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Summary of sequenced reads, trimmed reads and mapped reads to the goat reference genome.

Treatment Sample Total Reads Trimmed Reads % Trimmed Reads Mapped Reads % Mapped Reads
MR 1 22,656,017 21,344,634 94.2 F: 17,401,220 81.5
R: 16,797,503 78.7
2 23,128,719 20,057,993 86.7 F: 15,560,823 77.6
R: 15,051,444 75.0
3 21,494,772 20,199,413 94.0 F: 15,395,237 76.2
R: 14,913,742 73.8
4 28,790,577 27,141,345 94.3 F: 20,624,787 76.0
R: 19,967,572 73.6
5 21,449,097 20,295,123 94.6 F: 17,479,414 86.1
R: 16,903,700 83.3
6 18,219,469 17,046,120 93.6 F: 12,508,113 73.4
R: 4842,492 28.4
7 25,875,331 24,188,442 93.5 F: 19,890,066 82.2
R: 19,251,243 79.6
8 27,355,478 25,047,818 91.6 F: 18,877,288 75.4
R: 18,189,586 72.6
RM 1 20,195,795 19,068,867 94.4 F: 15,238,057 79.9
R: 14,766,121 77.4
2 23,001,254 21,695,246 94.3 F: 17,309,988 79.8
R: 16,718,451 77.1
3 21,389,732 20,072,421 93.8 F: 16,067,259 80.0
R: 15,505,893 77.2
4 21,483,827 20,191,419 94.0 F: 16,017,808 79.3
R: 15,489,336 76.7
5 25,402,784 23,967,043 94.3 F: 19,699,811 82.2
R: 19,017,998 79.4
6 25,070,539 23,443,609 93.5 F: 18,109,868 77.2
R: 17,540,294 74.8

MR = treatment maintenance-restriction; RM = treatment restriction-maintenance; F = forward; R = reverse.

analysis was performed using R package (v 3.4.4) (Team, 2013) and
plotted using the GraphPad Prism software (version 5.01 for Windows,
GraphPad Software, San Diego California USA, www.graphpad.com).

2.5. Gene ontology (GO) and network analyses

Gene Ontology (GO) enrichment and network analyses were built
using the ClueGo 2.5.3 (Bindea et al., 2009) application from Cytoscape
3.7.2 (https://cytoscape.org). We assessed the enriched biological pro-
cesses shared by the DE genes identified in both treatments based on an
unilateral hypergeometric test and Benjamini-Hochberg correction (Bei
and Hong, 2013; Lewin and Grieve, 2006). Only the biological processes
and molecular functions identified with a FDR < 0.05 were considered.
The edges connecting the nodes were based on the Kappa statistic
(Kappa score = 0.4) (Huang et al., 2009; McHugh, 2012).

3. Results
3.1. Differential gene expression in newborn goats’ skeletal muscle

From a total of 20,359 transcripts obtained in the skeletal muscle of
newborn goats, 3.8% (766) and 5.6% (1146) of the transcripts were
found exclusively in the treatments RM and MR, respectively. These
exclusive genes were not explored in the present study, due to the fact
that the GO, pathways, and network analyses showed that the same
pathway (KEGG pathway) was enriched in both treatments, while no GO
was associated to the exclusive genes. Despite the difference in the pools
of exclusive genes between the treatments RM and MR, the pathway
analysis indicated that neuroactive ligand-receptor pathways
(0as04080) is enriched in both treatment groups (RM FDR = 0.0013; MR
FDR = 2.35E-06). For differential expression analyses, we tested a total
of 18,447 transcripts (90.6% from the total) corresponding to the
common transcripts present in both treatments. By using a FDR adjusted
cutoff of 0.05, a total of 66 genes showed differential expression be-
tween the treatments (Table 2). Particularly, six genes were upregulated
and 60 downregulated in RM compared with MR (Table 2; Fig. 1).

3.2. Gene set enrichment analyses

We performed enrichment analyses of the DE genes, in order to assess
the biological processes (BP), and molecular functions (MF) that could
be differentially regulated between treatments. Upregulated genes (FDR
< 0.05) did not share common BP or MF, and therefore, individual gene
function will be further discussed. The six upregulated (FDR < 0.05)
genes in RM in relation to MR, were: CYTL1 (cytokine like 1),
LOC102180330 (myelin P2 protein), LOC108637521 (uncharacterized),
and LOC108637838 (glutathione S-transferase theta-1), NPNT (neph-
ronectin), and UGT8 (UDP glycosyltransferase 8).

From the 60 downregulated genes (FDR < 0.05) in RM in relation to
MR, 21 genes were assigned to BP, sub BP, and MF, according to the
previous established criteria in ClueGO (FDR< 0.05; Kappa score = 0.4).
Significant BP (FDR < 0.05; Table 3) are related to skeletal muscle tissue
development (ATF3, BTG2, FOS, MAFF, and METTL21C), muscle cell
proliferation (CNN1, HMOX1, NR4A3, PPARD, and TRIB1), gluconeo-
genesis (ATF3, LOC102191654, PCK2, and SESN2), cellular response to
metal ion (FOS, HMOX1, JUNB, and LOC102184306), regulation of
extrinsic apoptotic signaling pathway via death domain receptor (ATF3,
HMOX1, and ITPRIP) and positive regulation of myeloid leukocyte dif-
ferentiation (FOS, TRIB1, and RUNX1; Fig. 2). The enriched sub BP (FDR
< 0.05; Table 3) are related to fatty acid oxidation (NR4A3, PPARD, and
SESN2), glucose transmembrane transport (NR4A3, SESN2, and TRIB3),
regulation of smooth muscle cell proliferation (CNN1, HMOX1, NR4A3,
and TRIB1), regulation of extrinsic apoptotic signaling pathway (ATF3,
HMOX1, HYAL2, ITPRIP, and TNFRSF12A) and positive regulation of
extrinsic apoptotic signaling pathway (ATF3, HYAL2, and TNFRSF12A;
Fig. 2). The enriched MF (FDR < 0.05; Table 3) are related to nuclear
receptor activity (NR4A2, NR4A3, and PPARD), and protein kinase in-
hibitor activity (HYALZ2, ITPRIP, and TRIBI; Fig. 2). The downregulated
genes, represented as triangles, bonded with their respective enriched
biological process and molecular function, represented as circles, can be
better visualized in Fig. 2.
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Table 2
Differentially expressed genes in the skeletal muscle of the offspring.

Gene symbol NCBI ID Gene description MR (FPKM) RM (FPKM) log2(fold change)! FDR?

CYTLI1 102,190,869 cytokine like 1 1.06 4.78 2.18 1.36E-02
LOC102180330 102,180,330 myelin P2 protein 2.21 7.51 1.77 1.36E-02
UGT8 102,174,638 UDP glycosyltransferase 8 0.69 1.96 1.51 1.36E-02
NPNT 102,172,699 nephronectin 1.49 3.86 1.38 1.36E-02
LOC108637521 108,637,521 uncharacterized 2.54 5.68 1.16 1.36E-02
LOC108637838 108,637,838 glutathione S-transferase theta-1 28.37 59.34 1.06 1.36E-02
RABI11FIP5 102,186,696 RABL11 family interacting protein 5 12.38 6.35 —0.96 4.62E-02
JUNB 102,181,201 JunB proto-oncogene, AP-1 transcription factor subunit 30.97 15.74 —0.98 3.15E-02
SLC35E4 102,170,260 solute carrier family 35 member E4 86.10 43.72 -0.98 2.22E-02
KLF15 102,179,715 Kruppel like factor 15 100.24 50.77 —0.98 3.93E-02
TRIB1 102,172,644 tribbles pseudokinase 1 20.20 10.21 —0.98 2.22E-02
S0X18 106,502,775 SRY-box transcription factor 18 43.41 21.50 -1.01 2.22E-02
HYAL2 102,172,212 hyaluronidase 2 27.15 13.20 -1.04 3.93E-02
ID1 102,182,889 inhibitor of DNA binding 1, HLH protein 46.45 22.37 —1.05 1.36E-02
MAFF 102,182,388 MAF bZIP transcription factor F 67.94 32.57 —-1.06 2.22E-02
CREM 100,861,259 cAMP responsive element modulator 67.23 32.03 -1.07 1.36E-02
ADRB2 102,179,381 adrenoceptor beta 2 10.28 4.88 -1.08 3.15E-02
ZSWIM4 102,174,646 zinc finger SWIM-type containing 4 3.51 1.60 -1.14 2.22E-02
SGK1 102,176,607 serum/glucocorticoid regulated kinase 1 8.53 3.84 -1.15 2.22E-02
METRNL 102,173,882 meteorin like, glial cell differentiation regulator 26.59 11.96 -1.15 1.36E-02
PPARD 102,174,518 peroxisome proliferator activated receptor delta 26.81 11.86 -1.18 1.36E-02
LOC108634753 108,634,753 collagen alpha-1(I) chain 49.65 21.18 -1.23 1.36E-02
SIK1 102,191,654 salt inducible kinase 1 48.79 20.41 -1.26 1.36E-02
CNN1 102,190,599 calponin 1 12.88 5.37 -1.26 1.36E-02
LOC102188626 102,188,626 cytospin-B 11.62 4.79 -1.28 1.36E-02
LOC102184306 102,184,306 ras GTPase-activating protein 4 3.77 1.54 -1.29 2.22E-02
BTG2 102,187,789 BTG anti-proliferation factor 2 32.44 13.27 -1.29 1.36E-02
ATF3 102,183,991 activating transcription factor 3 100.35 40.49 -1.31 4.62E-02
SNAI3 102,188,886 snail family transcriptional repressor 3 3.44 1.27 -1.44 2.22E-02
ITPRIP 102,190,930 inositol 1,4,5-trisphosphate receptor interacting protein 13.30 4.84 —1.46 1.36E-02
RFLNB 102,173,226 refilin B 5.95 2.15 —1.47 1.36E-02
C15H110rf96 102,181,701 chromosome 15 C110rf96 homolog 63.85 22.02 —1.54 1.36E-02
PCK2 102,179,952 phosphoenolpyruvate carboxykinase 2, mitochondrial 6.34 2.14 -1.57 1.36E-02
FOs 102,171,520 Fos proto-oncogene, AP-1 transcription factor subunit 133.51 44.15 -1.60 1.36E-02
HIPIR 102,178,295 huntingtin interacting protein 1 related 9.33 3.05 -1.61 3.93E-02
CREB5 102,190,378 cAMP responsive element binding protein 5 4.32 1.39 -1.64 4.62E-02
CSRNP1 102,186,348 cysteine and serine rich nuclear protein 1 32.27 10.05 —1.68 1.36E-02
AMPD3 102,176,807 adenosine monophosphate deaminase 3 21.78 6.74 —1.69 1.36E-02
HMOX1 100,860,951 heme oxygenase 1 65.29 19.88 -1.72 1.36E-02
HSPA6 102,185,412 heat shock protein family A (Hsp70) member 6 2.46 0.73 -1.76 2.22E-02
PSPH 102,184,397 phosphoserine phosphatase 10.42 3.07 -1.77 1.36E-02
RRAD 102,175,153 RRAD, Ras related glycolysis inhibitor and calcium channel regulator 301.21 85.57 -1.82 1.36E-02
NR4A3 102,188,043 nuclear receptor subfamily 4 group A member 3 3.64 1.02 -1.84 1.36E-02
TNFRSF12A 102,177,022 TNF receptor superfamily member 12A 234.70 65.34 -1.84 1.36E-02
LOC102168687 102,168,687 interferon-induced protein with tetratricopeptide repeats 1 0.93 0.22 -2.07 2.22E-02
METTL21C 102,180,054 methyltransferase like 21C 5.87 1.35 —-2.12 1.36E-02
RUNX1 102,178,020 RUNX family transcription factor 1 2.52 0.58 -2.13 4.62E-02
ADAMTS4 102,176,281 ADAM metallopeptidase with thrombospondin type 1 motif 4 2.13 0.48 —2.16 1.36E-02
TMEM154 102,188,161 transmembrane protein 154 1.84 0.41 -2.17 3.93E-02
SLC16A10 102,181,685 solute carrier family 16 member 10 8.20 1.76 —2.22 1.36E-02
TRIM63 102,172,216 tripartite motif containing 63 758.52 162.15 —2.23 1.36E-02
HSD17B7 102,179,058 hydroxysteroid 17-beta dehydrogenase 7 3.00 0.62 —2.28 1.36E-02
ARID5A 102,174,482 AT-rich interaction domain 5A 9.82 1.88 -2.38 1.36E-02
LOC102171344 102,171,344 uncharacterized 4.41 0.84 —2.40 1.36E-02
NTSR2 102,186,972 neurotensin receptor 2 3.85 0.73 —2.41 1.36E-02
NR4A2 102,169,808 nuclear receptor subfamily 4 group A member 2 6.98 1.24 -2.50 1.36E-02
RAB20 102,183,802 RAB20, member RAS oncogene family 41.48 6.74 —2.62 1.36E-02
LOC102175876 102,175,876 hemoglobin subunit beta-A-like 7.70 1.23 —2.64 1.36E-02
TNFRSF6B 102,169,607 TNF receptor superfamily member 6b 6.18 0.96 -2.69 1.36E-02
PTX3 102,179,601 pentraxin 3 10.87 1.58 -2.78 3.15E-02
TRIB3 102,181,514 tribbles pseudokinase 3 3.52 0.44 -3.01 1.36E-02
LOC102188072 102,188,072 metallothionein-2 75.95 7.52 -3.34 1.36E-02
CHAC1 102,173,008 ChacC glutathione specific gamma-glutamylcyclotransferase 1 6.89 0.54 —3.68 1.36E-02
BDNF 102,180,782 brain derived neurotrophic factor 5.55 0.40 -3.81 1.36E-02
SESN2 102,175,632 sestrin 2 5.48 0.30 —4.20 1.36E-02
FOSL1 102,172,040 FOS like 1, AP-1 transcription factor subunit 8.81 0.21 -5.39 1.36E-02

MR = Maintenance-restriction; RM = Restriction-maintenance; FPKM = Fragments per kilobase of transcript model per million reads.
1Positive and negative log2 (fold change) indicates genes up and downregulated in the treatment RM compared to MR.
2FDR: False discovery rate; Adjusted P-value for multiple testing with the Benjamini-Hochberg procedure.
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Fig. 1. Volcano plot comparing gene expression fold changes (FC) between
treatments (ratio RM /MR). Differentially expressed (DE) genes (FDR < 0.05)
are highlighted in red and green. DE genes highlighted in green are upregulated
and DE genes highlighted in red are downregulated.

Table 3

Biological processes and Molecular functions associated with the downregulated
genes in the skeletal muscle of the offspring from treatment RM compared to the
treatment MR.

GO ID GO Term FDR' Associated Genes”
Biological
Process
G0:0,033,002 muscle cell proliferation 1.54E- [CNN1, HMOX1,
04 NR4A3, PPARD,
TRIB1]
G0:0,048,660 regulation of smooth muscle 2.08E- [CNN1, HMOX1,
cell proliferation 04 NR4A3, TRIB1]
G0:0,006,094 gluconeogenesis 2.29E- [ATF3,
04 LOC102191654,
PCK2, SESN2]
G0:0,007,519 skeletal muscle tissue 2.29E- [ATF3, BTG2, FOS,
development 04 MAFF, METTL21C]
G0:1,902,041 regulation of extrinsic 3.81E- [ATF3, HMOX1,
apoptotic signaling pathway 04 ITPRIP]
via death domain receptors
G0:2,001,238 positive regulation of 3.94E- [ATF3, HYAL2,
extrinsic apoptotic signaling 04 TNFRSF12A]
pathway
G0:0,071,248 cellular response to metal 4.08E- [FOS, HMOX1, JUNB,
ion 04 L0C102184306]
G0:2,001,236 regulation of extrinsic 4.21E- [ATF3, HMOX1,
apoptotic signaling pathway 04 HYAL2, ITPRIP,
TNFRSF12A]
G0:0,002,763 positive regulation of 6.95E- [FOS, RUNX1, TRIB1]
myeloid leukocyte 04
differentiation
G0:0,019,395 fatty acid oxidation 1.33E- [NR4A3, PPARD,
03 SESN2]
GO:1,904,659 glucose transmembrane 1.33E- [NR4A3, SESN2,
transport 03 TRIB3]
Molecular
Function
G0:0,004,860 protein kinase inhibitor 3.98E- [HYALZ2, ITPRIP,
activity 04 TRIB1]
GO0:0,004,879 nuclear receptor activity 3.98E- [NR4A2, NR4A3,
04 PPARD]

! FDR: False discovery rate; Adjusted P-value for multiple testing with the
Benjamini-Hochberg procedure.
2 Downregulated genes in treatment RM compared to MR treatment.

4. Discussion

Maternal plane of nutrition programs fetal growth and development,
through epigenetic modulation, leading to changes in gene or protein
expression. Changes in the offspring phenotype may vary according to
the type and extent of maternal insult during gestation. Studies have
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suggested that an adequate plane of nutrition during gestation after a
period of restriction may sustain a state of compensatory growth and
normalize the phenotype between restricted and non-restricted
offspring (Costa et al., 2019; Gonzalez et al., 2013). Although there
may be no apparent fetal phenotypic responses to maternal feed re-
striction, the offspring may show adaptation mechanisms at molecular
levels (Paradis et al., 2017). In the current study, the RNA-seq tech-
nology allowed the identification of DE genes in the skeletal muscle of
the offspring from dams which experienced two different feed restriction
protocols during gestation. The effect of maternal feed restriction was
previously reported by Costa et al. (2019). The dams which experienced
feed restriction during the first or second half of gestation presented loss
in the average daily gain of maternal tissues in the respective periods of
restriction. Since the newborns were harvested soon after birth for
sampling, the discussion is based on sequencing data of the newborns’
skeletal muscle to predict postnatal phenotype.

Among the DE genes, CYTL1, NPNT, and UGT8 were upregulated in
the skeletal muscle of the offspring from treatment RM compared to MR.
CYTL1 is widely expressed in a variety of cells, including CD34+ he-
matopoietic stem cells (Yang et al., 2018). Beauchamp et al. (2000)
showed that CD34 is also present in the majority of quiescent skeletal
muscle satellite cells. When required, satellite cells undergo the process
of activation, proliferation, differentiation, and fusion (Chargé and
Rudnicki, 2004). During the process of differentiation, the abundance of
NPNT, an extracellular matrix protein involved in cellular adhesion is
increased and it stimulates the myoblast fusion (Sunadome et al., 2011).
The upregulation of CYTLI in the offspring resulting from mothers that
experienced feed restriction during early-to-mid gestation (RM) in
comparison to MR may have provided greater number of quiescent
satellite cells and the upregulation of NPNT may contribute to myoblast
fusion and consequently form new myofibers later in life. Moreover, it
was also demonstrated that CYTLI and NPNT may contribute to the level
and composition of fatty acid in the skeletal muscle. Low marbled meat
presented high expression of NPNT (Clark et al., 2011). While the
downregulation of CYTLI was observed in broilers that displayed high
polyunsaturated fatty acids percentage in the skeletal muscle (Yang
et al., 2018). Thus, the upregulation of CYTLI and NPNT may contribute
to the decrease in the intramuscular fat deposition accompanied by the
decrease in polyunsaturated fatty acid concentration in the skeletal
muscle of the offspring from RM compared to MR group.

Evaluating the effects of calorie restriction in rats’ skeletal muscle,
Obanda et al. (2015) observed that, although there was no reduction of
lipid deposition in the skeletal muscle of calorie-restricted rats, sphin-
golipids metabolism was altered and caused effects in insulin sensitivity.
The enzyme UGTS8 catalyzes the transfer of galactose to ceramide to
synthesize the sphingolipids galactosylceramide (GalCer) (Marcus and
Popko, 2002), which is negativelly correlated with insulin sensitivity
and positively with pro-inflammatory responses (Pillon et al., 2018). In
this context, the upregulation of UGT8 in the skeletal muscle of RM
offspring compared to MR group, could cause insulin resistance, which
can be characterized for many factors including impaired glucose
transport, glucose phosphorylation, and reduced glucose oxidation and
glycogen synthesis (Abdul-Ghani and Defronzo, 2010). The enzyme
responsible for glucose phosphorylation in the skeletal muscle is HKII.
Although, insulin resistance would lead to decrease HKII activity, our
previous study (Costa et al., 2019) showed that HKII mRNA abundance
was increased in the treatment RM compared to MR. Due to such
inconsistency the main role of the gene UGTS8 in the skeletal muscle of
feed restricted offspring needs further investigations.

Among the downregulated genes in the skeletal muscle of the
offspring from treatment RM compared to MR, methyltransferase like
21C (METTL21C) is involved in the biological process of skeletal muscle
tissue development. The protein methyltransferases perform multiple
functions in the muscle, modifying histones and cytoplasmic proteins
(for review see: Clarke, 2013). Elevated abundance of the protein
METTL21C regulates protein turnover during various situations, such as,
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hypertrophy and starvation (Wiederstein et al., 2018). There is evidence
that METTL21C expression is absent during myogenesis, is limited to
mature type I myofibers (Wang et al., 2019a), and also the protein
encoded by the gene METTL21C correlates positively with the amount of
slow type I fibers (Wiederstein et al., 2018), which have oxidative
characteristics. The lack of difference between treatments regarding the
expression of the marker of slow type I fibers observed in our previous
study (Costa et al., 2019) may be due to the molecular markers that was
chosen (MYH1), since METTL21C expression is restricted to slow
MYH?7-positive muscle fibers (Wiederstein et al., 2018). Regarding
muscle fiber types, the nuclear transcription factor peroxisome
proliferator-activated delta (PPARS), downregulated in skeletal muscle
of the offspring from treatment RM compared to MR participates in
biological processes related to muscle cell proliferation and fatty acid
oxidation. Specifically, the protein encoded by PPARS regulates the
skeletal muscle fiber phenotype, coordinating the increase in oxidative
enzymes and mitochondrial biogenesis, and, consequently, an increase
in the proportion of slow type I fibers (Wang et al., 2004). Moreover,
PPARS regulates the transcription of the mitochondrial phosphoenol-
pyruvate carboxykinase 2 (PCK2) (Idrees et al., 2019), also down-
regulated in the skeletal muscle of the offspring from treatment RM
compared to MR. PCK2 is related to the gluconeogenesis biological

process and is an important enzyme that catalyzes the conversion of
mitochondrial oxaloacetate to phosphoenolpyruvate, which is involved
in glucose synthesis (gluconeogenesis) or in generating precursors for
triglyceride synthesis (glyceroneogenesis) (Beale et al., 2007). Hence,
PCK2 plays an important role in both energy metabolism and lipid ho-
meostasis. Taken together, the skeletal muscle of the offspring resulting
from maternal feed restriction during mid-to-late (MR) gestation, may
have a greater proportion of oxidative myofibers compared to RM.
Moreover, the percentage of number and area of type I fibers was
positively correlated with intramuscular fat (IMF) content (Joo et al.,
2017), which would possibly contribute for increase in IMF content and
consequently the improvement in meat quality in MR offspring
compared to RM group.

Among the downregulated genes in RM compared to MR, tribbles
homolog 3 (TRIB3) and tribbles homolog 1 (TRIB1) genes are related
with the glucose transmembrane transport and muscle cell proliferation
biological processes, respectively. Both increases and decreases in
glucose concentration in a skeletal muscle cell line were capable of
enhancing the expression of tribbles homolog 3 (TRIB3), considered an
energy sensor (Liu et al., 2010). Additionally, TRIB3 overexpression
inhibits the downstream insulin signaling pathway, reducing the glucose
transport system (Liu et al., 2010). As a consequence of impaired glucose
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oxidation, TRIB3, and TRIB1 contribute to the modulating of skeletal
muscle differentiation and lipid metabolism (Prudente et al., 2012).
Unlike TRIB3, other mechanisms that optimize glucose utilization in
order to return to energy homeostasis appear to be activated in the
skeletal muscle of the offspring in response to maternal feed restriction
during mid-to-late gestation (MR). This is the case for the orphan nu-
clear receptor subfamily 4 group A member 3 (NR4A3) gene, down-
regulated in RM compared to MR, which is involved in the regulation of
genes that control glucose and fatty acid utilization in the skeletal
muscle, in a way that improves insulin sensitivity, glucose tolerance and
transport and also results in reduced fat deposition (Zhang et al., 2014).
Thus, the mechanisms involved by TRIB3 of reducing glucose transport
and oxidation accompanied by the action of NR4A3 which in contrast
improves glucose utilization may characterize an attempt to reach en-
ergy balance in the skeletal muscle of the offspring from MR compared
to RM group.

The high metabolic capacity of skeletal muscle makes it susceptible
to oxidative stress, characterized by an imbalance between reactive
metabolites (ROS) and antioxidants, leading to cellular damage and
altering production of macromolecules including lipids, DNA, and pro-
teins (Meng and Yu, 2010). Also, increased ROS production impairs the
regenerative capacity of satellite cells (Fulle et al., 2004). A number of
downregulated genes in RM compared to MR are associated with
oxidative stress response and protective mechanisms that ensure cell
survival. The expression of B-cell translocation 2 (BTG2), and Tumor
necrosis factor (TNF) receptor superfamily member 12A (TNFRSF12A)
appears to be associated with the increase in cellular oxidative stress,
while Sestrin2 (SESN2), Heme oxygenase-1 (HMOX1), and the tran-
scriptional factors MAFF, FOS and JUNB are known to be activated in
response to oxidative stress and their activation results in decreased ROS
production and promote cell survival. BTG2 expression is upregulated
during oxidative stress (Imran and Lim, 2013; Rouault et al., 1996), has
an antiproliferative role, controlling cell-cycle, apoptosis, and differen-
tiation (Yuniati et al., 2019). Apoptosis mediated by BTG2 appears to
take place through activation of the nuclear factor kappaB (NFkB)
pathway (Imran and Lim, 2013). Upstream of the NFkB pathway,
signaling transduction can be initiated by the activation of the trans-
membrane family receptors TNFRSF12A (Blanco-Colio, 2014). In
differentiating muscle cells, NFkB and activating protein —1 (AP-1)
transcription factor family, that consists of JUN, FOS, MAF and ATF are
activated in response to oxidative stress (Zhou et al., 2001). The in-
duction of SESN2 mediated by oxidative stress, DNA damage, hypoxia,
and nutritional stress, triggers homeostatic mechanisms such as the
downregulation of ROS accumulation (Wang et al., 2019b). Moreover,
the biological effects of HMOX1 are associated with a decrease in ROS
production, improvement of cell survival, and proliferation under
oxidative stress (Kozakowska et al., 2012). Due to the increased
expression of established markers of cellular protective pathways
against excessive oxidative stress in the skeletal muscle of MR newborns,
we hypothesize that they experience higher levels of oxidative stress,
and therefore activate protective mechanisms against it, when compared
to the skeletal muscle of newborns resulting from maternal feed re-
striction during early-to-mid gestation.

5. Conclusion

In summary, the findings of the present study demonstrate that
maternal feed restriction during different stages of gestation alters the
transcriptome of the newborn goats’ skeletal muscle. It is important to
highlight that feed restriction, at some point, affected the expression of
genes associated with the skeletal muscle development and metabolism.
Specifically, feed restriction in the first half in comparison to feed re-
striction in the second half of gestation may have resulted in reduced
myoblast differentiation resulting in greater number of satellite cells in
the postnatal period. Also, based on the upregulated genes, maternal
feed restriction during the first half of gestation may have impact in
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insulin sensitivity, compromise intramuscular fat accumulation and
fatty acid composition in the skeletal muscle of the offspring, in com-
parison to feed restriction in the second half of gestation.

Compared to feed restriction during the first half of gestation, the
offspring resulting from maternal feed restriction during the second half
of gestation also may have impaired insulin sensitivity in the skeletal
muscle, however, it appears that protective mechanisms may be acti-
vated in order to improve insulin sensitivity and glucose tolerance.
Moreover, feed restriction during the second half of gestation may have
resulted in increased oxidative metabolism as compared to feed re-
striction during the first half of gestation, and generated a response
against the oxidative stress, promoting cell survival and homeostasis in
the skeletal muscle of the offspring.
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