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Maternal nutrient restriction causes small for gestational age (SGA) offspring, which
exhibit a higher risk for metabolic syndrome in adulthood. Fetal skeletal muscle is
particularly sensitive to maternal nutrient restriction, which impairs muscle mass and
metabolism. Using a 50% nutrient restriction treatment from gestational day (GD) 35 to
GD 135 in sheep, we routinely observe a spectral phenotype of fetal weights within the
nutrient-restricted (NR) group. Thus, our objective was to evaluate the effect of maternal
NR on muscle mass, myofiber hypertrophy, myonuclear dotation, and molecular markers
for protein synthesis and degradation, while accounting for the observed fetal weight
variation. Within the NR group, we classified upper-quartile fetuses into NR(Non-SGA)
(n ¼ 11) and lower-quartile fetuses into NR(SGA) (n ¼ 11). A control group (n ¼ 12)
received 100% of nutrient requirements throughout pregnancy. At GD 135, fetal plasma
and organs were collected, and gastrocnemius and soleus muscles were sampled for
investigation. Results showed decreased (P < 0.05) absolute tissue/organ weights,
including soleus and gastrocnemius muscles, in NR(SGA) fetuses compared to NR(Non-
SGA) and control. Myofiber cross-sectional area was smaller in NR(SGA) vs control for
gastrocnemius (P ¼ 0.0092) and soleus (P ¼ 0.0097) muscles. Within the gastrocnemius
muscle, the number of myonuclei per myofiber was reduced (P ¼ 0.0442) in NR(SGA)
compared to control. Cortisol may induce protein degradation. However, there were no
differences in fetal cortisol among groups. Nevertheless, for gastrocnemius muscle,
cortisol receptor (NR3C1; P ¼ 0.0124), and FOXO1 (P ¼ 0.0131) were upregulated in
NR(SGA) compared to control while NR(Non-SGA) did not differ from the other 2 groups.
KLF15 was upregulated (P ¼ 0.0002) in both NR(SGA) and NR(Non-SGA); while FBXO32,
TRIM63, BCAT2 or MSTN did not differ. For soleus muscle, KLF15 mRNA was upregulated
(P ¼ 0.0145) in NR(SGA) compared to control, and expression of MSTN was increased (P ¼
0.0259) in NR(SGA) and NR(Non-SGA) compared to control. At the protein level, none of
the mentioned molecules nor total ubiquitin-labeled proteins differed among groups (P >

0.05). Indicators of protein synthesis (total and phosphorylated MTOR, EI4EBP1, and
RPS6KB1) did not differ among groups in either muscle (P > 0.05). Collectively, results
highlight that maternal NR unequally affects muscle mass in NR(SGA) and NR(Non-SGA)
fetuses, and alterations in myofiber cross-sectional area and myonuclei number partially
explain those differences.
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1. Introduction

Insults that alter the uterine environment can set up an
alternative programming trajectory for fetal development.
Among them, maternal nutrient restriction causes small for
gestational age (SGA) offspring, which exhibit a greater risk
for developing metabolic syndrome in adulthood [1,2].
Several fetal organs can be affected by maternal nutritional
restriction [3–6], but skeletal muscle is among the most
susceptible because of nutrient prioritization to vital or-
gans [7]. Usually, SGA offspring have reduced muscle mass
caused by decreased myofiber number [8], impaired hy-
pertrophy [9], or both [10]. Skeletal muscle represents
about 40% of body mass in healthy individuals, and it is
responsible for roughly 80% of insulin-mediated glucose
uptake, playing an essential role in oxidative and glucose
metabolism, [11,12]. A decrease in muscle mass may lead to
metabolic alterations [13,14], and in livestock species, it will
lead to less availability of animal protein for human con-
sumption, ultimately impacting human health [15].

Myofiber formation is an active process, occurring in
early to mid-gestation [16] through myoblast proliferation
and fusion. Skeletal muscle is a postmitotic tissue, so myo-
nuclei do not divide within the myofibers. The myonuclear
domain hypothesis suggests that eachmyonucleus supports
a limited amount of cytoplasm within the myofiber [17].
Thus, the increase in nuclei through myoblast fusion allows
for greater myofiber volume. Muscle growth continues
throughhypertrophy in late gestation, and it is also an active
process postnatally [18], so prenatal alterations of muscle
hypertrophy could be compensated after birth, but it has
been demonstrated that reductions in muscle mass persist
until adulthood in low-birth-weight humans [13].

Skeletal muscle hypertrophy occurs primarily through
protein synthesis and degradation [19]. The availability of
total amino acids is essential to supportmuscle hypertrophy
because they act as building blocks for protein synthesis.
Mechanistic target of rapamycin (MTOR) is a central regu-
lator of protein synthesis, and its activity relies on nutrient
sufficiency, the stimulatory effect of the amino acids leucine
and arginine, and anabolic signals, such as insulin and
insulin-like growth factor 1 (IGF1) [20]. Myostatin (MSTN)
and glucocorticoids inhibit MTOR signaling [21,22], and
downregulation of this pathway has been reported in sheep
fetal skeletal muscles in response to maternal nutrient re-
striction [10]. It has also been found that protein degrada-
tion markers are upregulated in fetal muscles following
glucose restriction through the final 40% of pregnancy [23],
suggesting that protein degradation occurs in fetal muscles
during prenatal nutrient restriction [24].

One of the effects of glucocorticoids is to trigger protein
degradation in adult muscle tissues [22], and this action has
also been demonstrated in fetalmuscles [25]. Glucocorticoids
can act through binding to the glucocorticoid receptor
(NR3C1) to upregulate the starvation-sensitive Kruppel-like
factor 15 (KLF15), forkheadboxO1 (FOXO1), and the ubiquitin
ligases F-box protein 32 (FBXO32) and tripartite
motif-containing 63 (TRIM63) [26]. KLF15 also orchestrates
metabolic adaptations to protect glucose homeostasis during
starvation [27,28], although, to our knowledge, its respon-
siveness to starvation has not been described in the fetus.
The majority of studies in this area have considered
fetuses from nutrient restriction dams as a single experi-
mental group regardless of their rates of growth [6,9,29–
31]. However, in our studies, the nutrient restriction
sheep model routinely shows a spectral phenotype of fetal
growth [32], leading to the appearance of SGA and normal-
weighted fetuses (Non-SGA). Other authors have reported a
similar response of fetal weight to maternal nutrient re-
striction in cattle [31]. Hence, the objective of this study
was to evaluate the effect of maternal nutrient restriction
on muscle mass, myofiber hypertrophy and myonuclear
dotation, and molecular markers for protein synthesis and
degradation in skeletal muscle, while accounting for vari-
ations in fetal weight within the NR group.

2. Materials and methods

All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Texas A&M
University.

2.1. Animal handling and experimental group design

Mature Hampshire ewes of similar parity, frame size, and
initial body composition were fed to meet 100% of their
National Research Council (NRC) nutritional requirements
and used as embryo transfer recipients. Ewes were syn-
chronized into estrus, and singleton pregnancies were
generated by the transference of a single embryo from a
superovulated Hampshire donor ewe of healthy body con-
dition into the recipient uterus on Day 6 post-estrus. Preg-
nancy was diagnosed by ultrasound on a gestational day
(GD) 28 All eweswere individually housed on concrete from
Days 28 to 135 of gestation and fed once daily. Beginning on
GD28 of gestation, body weight was measured weekly, and
feed intake was adjusted based on changes in body weight.
On Day 35 of pregnancy, ewes were randomly assigned to
either a control-fed group (100% NRC requirements) or a
nutrient-restricted (NR) group (50% NRC requirements). The
composition of the diet has been published previously [33].
NecropsieswereperformedonGD135between7:00AMand
4:00 PM. Fetuses were extracted from the euthanized dam,
and immediately after that, blood samples were collected
into heparin from the fetal umbilical vein heart to obtain
plasma. Fetal weight, crown-rump length (CRL), and sternal
circumference were measured as indicators of fetal growth.
Individual organweights were recorded, and relative organ/
tissueweightwas calculated using fetalweight as a covariate
in the statistical model. Soleus and gastrocnemius muscles
were isolated from origin to insertion, and sections were
snap-frozen or preserved OCT for further investigation.

Fetuses from ewes fed 100% NRC formed the Control
group (n¼ 12). As previously categorized by Keith et al [32],
fetuses within the NR group were segregated into quartiles
based on fetal weight distribution. The highest (NR(Non-
SGA) group; n ¼ 11) and lowest (NR(SGA) group; n ¼ 11)
quartiles were selected for further investigation.

2.2. Immunofluorescence

Immunofluorescence was used to measure myofiber
area and count myonuclei number per myofiber in both
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gastrocnemius and soleus muscles. For the myofiber area,
one 8 mm cross-section was obtained per sample using a
cryostat at �16�C on an OCT-preserved tissue section. A
modification of a previously described staining protocol
[34] was used. Briefly, each section was fixed in cold
methanol for 10 min and blocked using 10% normal goat
serum for 1 h at room temperature. After that, an anti-
laminin antibody (1:300, catalog number L9393, Sigma, St.
Louis, MO) was added for overnight incubation at 4�C.
Rabbit IgG was substituted for the primary antibody as a
negative control. A secondary antibody (1:500, Alexa Fluor
594, Thermo Fisher Scientific, Waltham, MA) was then
added for 1 h of incubation at room temperature. Slides
were overlaid using Prolong Antifade (Life Technologies,
Carlsbad, CA) without DAPI. Eight nonoverlapping areas
were imaged per section, using a Nikon Eclipse Ni-E fluo-
rescence microscope and NIS-Elements AR 4.30.02 64 bit
Software (Nikon Instruments Inc, Melville, NY). For quan-
tification, the cross-sectional area of 10 randomly selected
myofibers was measured in each of the eight areas and
averaged to get a representative value.

A similar approach was used for counting myonuclei per
myofiber in gastrocnemius and soleus muscles, but these
slides were first subjected to a TUNEL staining protocol
(DeadEnd, Promega, Madison, WI) according to manufac-
turer recommendations, then stained with laminin as
described before, and overlaid using Prolong Antifade (Life
Technologies, Carlsbad, CA)withDAPI to stain themyonuclei.
TUNEL staining was conducted for purposes beyond the ob-
jectives of this study, so results are not shown. For imaging,
eight nonoverlapping areas were captured per each section,
using a Nikon Eclipse Ni-E fluorescencemicroscope and NIS-
Elements AR 4.30.02 64 bit Software (Nikon Instruments Inc,
Melville, NY). For quantification, an automated protocol was
designed for NIS-Elements AR 4.30.02 64 bit Software
following a similar approach to a previously described pro-
tocol for a different software [35]. The algorithm was
designed to track laminin staining for myofiber identifica-
tion, and to recognize DAPI staining within myofibers as a
positive count for myonuclei. Representative values for each
sample were obtained by averaging the myonuclei and
myofiber countswithineachof the 8nonoverlapping images.
Resultswere expressedasa ratiobetweenaveragemyonuclei
number and average myofiber number.

2.3. Cortisol concentration and total levels in fetal plasma

Cortisol concentration in plasma was measured using
radioimmunoassay (Catalog number CRCT-1000V-100/500,
IVD Technologies, Orange County, CA) according to manu-
facturer recommendations. Briefly, plasma samples and
standards provided by the kit were pipetted into cortisol-
coated tubes and incubated for 1.5 h at 37�C in a water
bath. After incubations, tubes were washed and read in a
gamma-counter. Cortisol content in samples and standards
was inversely correlated to the readings for radioactivity.

2.4. RNA extraction and qPCR

Trizol (Gibco-BRL, Bethesda, MD) was used for RNA ex-
tractions. RNAquantitywas assessedbyspectrophotometry,
and quality was evaluated based on RNA Integrity Number
(RIN) after running the samples on a bioanalyzer. cDNAwas
made by reverse transcription using SuperScript II kit and
oligo-dT primers (Invitrogen, Carlsbad, CA) by reverse PCR
in an Eppendorf Mastercycler Nexus Thermal Cycler
(Thermo Fisher Scientific, Waltham, MA). The absence of
genomic DNA contamination was verified by running
negative and positive reverse transcriptase reactions (�RT
and þRT). Newly synthesized cDNA was used to measure
relative gene expression by qPCR using a 7,900 HT fast real-
time PCR system (Applied Biosystems, Foster City, CA). SYBR
Green (Applied Biosystems, Foster City, CA) was added as a
detector, and signalswere integrated using SDS2.4 software.
Primers were designed to quantify the expression of the
glucocorticoid receptor (NR3C1), Kruppel like factor 15
(KLF15), forkhead box O1 (FOXO1), F-box protein 32
(FBXO32), tripartite motif-containing 63 (TRIM63),
branched-chain amino acid transaminase 2 (BCAT2), and
myostatin (MSTN). EEF1A2 (gastrocnemius) or SF3A1 (so-
leus) were used as housekeeping genes [36] (Table 1).
Relative mRNA expression was quantified using the DD CT
method, as previously described [37].

2.5. Protein extraction and western blots

Total protein from soleus and gastrocnemius muscles
were extracted using tissue homogenization in lysis buffer
on snap-frozen samples. Protein concentration was
measured by Bradford protein assay (Bio-Rad Laboratories,
Inc, Hercules, CA) with BSA as the standard. Protein content
of total NR3C1, KLF15, ubiquitin-labeled proteins, and
MSTN, and total and phosphorylated forms of FOXO1,
mechanistic target of rapamycin (MTOR), eukaryotic trans-
lation initiation factor 4E binding protein 1 (EIF4EBP1), ri-
bosomal protein S6 kinase B1 (RPS6KB1), and mitogen-
activated protein kinase (MAPK3/MAPK1) were quantified.
The primary antibody for NR3C1(1:1,000, PA1-511A) was
purchased from Invitrogen, Carlsbad, CA. Antibodies for
KLF15 (1:1,000, catalog number ab167192), and ubiquitin-
labeled proteins (1:1,000, catalog number ab140601) were
purchased from Abcam, Cambridge, MA. The primary anti-
body for MSTN (1:1,000, catalog number 19142-1-AP) was
purchased from Proteintech, Rosemont, IL. Antibodies for
total and phosphorylated FOXO1 (1:1,000, catalog numbers
2880 and 2486, phosphorylation site Ser319), MTOR
(1:1,000, catalog numbers 2972 and 2971, phosphorylation
site Ser2448), EIF4EBP1 (1:1,000, catalog numbers 9452 and
9455, phosphorylation site Thr70), RPS6KB1 (1:1,000, cat-
alog numbers 9202 and 9206, phosphorylation site Thr389),
and MAPK3/MAPK1 (1:1,000, catalog numbers 9102 and
9101, phosphorylation sites Thr202/Tyr204) were pur-
chased from Cell Signaling Technology, Danvers, MA. Pro-
teins were quantified by western blots as previously
described [38] using 50 mg of protein. Total and phosphor-
ylatedMTORproteinswere transferred overnight at 4�C and
30V, while all the other proteins were transferred at 100V
for 1.5 h in a cold chamber. An IgG-horseradish peroxidase-
conjugated antibody (1:20,000 of 1 mg/mL stock) (KPL,
Bethesda, MD) followed by incubation on SuperSignalTM
West Dura (Thermo Scientific, Waltham, MA) was used to
detect immunoreactive proteins by chemiluminescence.



Table 2
Absolute values of fetal growth indicators and organ weights per group at
GD 135.c

Indicator/Tissue Control NR(Non-SGA) NR(SGA) P-value

Fetal weight (Kg) 5.6 � 0.14a 5.4 � 0.16a 3.8 � 0.16b <0.0001
CRLd (cm) 64 � 0.65a 63 � 0.75a 57 � 0.75b <0.0001
Stern. Circ.e (cm) 39 � 0.54a 38 � 0.62a 33 � 0.62b <0.0001
Heart (g) 32 � 1.24a 32 � 1.44a 25 � 1.44b 0.0043
Left ventricle (g) 10 � 0.58a 9.9 � 0.67a 8.4 � 0.67a 0.1825
Right ventricle (g) 11 � 0.48a 12 � 0.55a 9 � 0.55b 0.0031
Heart septum (g) 9.4 � 0.48a 8.2 � 0.56a 6.3 � 0.56b 0.0030
Lungs (g) 164 � 6.97a 172 � 8.0a 118 � 8.0b 0.0003
Thymus (g) 6.9 � 0.86a 8.3 � 1.0a 3.4 � 1.0b 0.0087
Brain (g) 53 � 0.85a 53 � 0.97a 48 � 0.97b 0.0046
Liver (g) 142 � 6.79a 126 � 7.84a 80 � 7.84b <0.0001
Spleen (g) 9.1 � 0.73a 6.6 � 0.84b 5.7 � 0.84b 0.0170
Pancreas (g) 4.3 � 0.18a 3.9 � 0.21a 3.0 � 0.21b 0.0011
Kidneys (g) 25 � 1.65a 26 � 1.91a 19 � 1.91b 0.0412
Adrenal (g) 0.47 � 0.03a 0.38 � 0.03a 0.36 � 0.03a 0.0567
BAT4 (g) 16 � 0.92a 15 � 1.03a 13 � 1.06a 0.0918
Gastrocnemius (g) 11 � 0.43a 11 � 0.50a 7.7 � 0.50b <0.0001
Soleus (g) 4.3 � 0.18a 4.3 � 0.20a 2.9 � 0.2b <0.0001
L. Dorsi (g) 42 � 1.76a 38 � 2.03a 26 � 2.03b <0.0001
Intestine (g) 178 � 10a 163 � 12ab 133 � 12b 0.0462

Abbreviations: BAT, Brown adipose tissue; CRL, Crown-rump length;
Stern. Circ., Sternal circumference.
Different superscripts indicate P < 0.05 between pairs of means.

c Data is shown as X � SEM.

Table 1
Primers used for qPCR analysis.a

Target Forward/Reverse primers (5030) Amplicon length (bp) Accession no. or reference

NR3C1 ATGGATGTTCCTCATGGCGTT
CAGATCAGGAGCAAAACACAGC

85 NM_001114186.1

KLF15 ACCTTCTCGTCGCTGAAACG
GAACACAGGGTTTGCGAGTC

143 XM_027957891.1

FOXO1 AAATGATGACCCCCAGCTCC
GGGCCAGAGGCACTTGTAAA

159 XM_027973596.1

FBXO32 AAAGTCCTTGAAGACCAGCAA
AAGCACAAAGGCAGGTCTGT

232 Brown et al, 2014 [23]

TRIM63 CATGTGCAAGGTGTTCGGAG
GATGGTCTGCACACGGTCAT

133 XM_012115257.2

BCAT2 GAGCCCTCCTGTTCGTCATT
GCCCGGATGAATGATGGATCT

100 XM_027978581.1

MSTN AACGTTTGGCTTGGCGTTAC
GCCAGCAACAAGCAGCATAA

145 AM992883.1

EEF1A2 CCTTTGCACCCGTGAACATC
TCTTCACGTTGAAGCCGACA

105 XM_027976945.1

SF3A1 TCCATCTCAGCCTTCGACCT
CTGGTAGTTGCGCTGCTCTT

111 XM_027980265.1

a Forward and Reverse Primers were designed using Primer-BLAST Tool from NCBI with the showed accession numbers as sequence input. Primer sets
having a citation instead of accession number were obtained from published articles. All primers were tested for specificity using the BLAST tool from NCBI
and dissociation curve analysis to confirm the amplification of a single product. Standard curves were used to optimize the efficiency of the assay for each
primer set.
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Proteins were quantified using Quantity One 4.6.1 Software
(Biorad Laboratories, Inc, Hercules, CA) with tubulin
(1:10,000, catalog number Ab8291, Abcam, Cambridge,MA)
and GAPDH (1:10,000, catalog number 2118, Cell Signaling
Technologies, Danvers, MA) as loading controls for
gastrocnemius and soleus, respectively.

2.6. Statistical analysis

Data were analyzed using JMP Pro 14 software (SAS
Institute Inc, Cary, NC). One-way ANOVA (a¼ 0.05) analysis
was used to compare the means of control, NR(SGA) and
NR(Non-SGA) groups, and differences between specific
means were evaluated using Tukey’s test. A P < 0.05 was
considered significant, while a P < 0.1 was considered a
statistical tendency.

3. Results

3.1. Fetal and organ weights

Fetal weights at GD 135, as well as crown-rump length,
and sternal circumference were not different between the
control and NR(Non-SGA) groups, while it was lower (P <

0.0001) in the NR(SGA) group (Table 2). Absoluteweight for
most organs/tissues, including gastrocnemius and soleus
muscles, also showed no differences between control and
NR(Non-SGA) groups, while both groups had a highermean
weight than the NR(SGA) group (P < 0.05; Table 2). There
were no differences (P > 0.05) in relative organ/tissue
weight in relation to fetal weight for any of the measured
organs (Supplementary Table 1).

3.2. Myofiber cross-sectional area

For both gastrocnemius and soleus muscles, average
myofiber cross-sectional area was decreased (P ¼ 0.0092
and P ¼ 0.0097, respectively) in NR(SGA) group compared
to control, while the NR(Non-SGA) group had intermediate
values and were not different from either control or
NR(SGA) groups (Fig. 1A and 1B, and Table 3).

3.3. Myonuclei per myofiber

For gastrocnemius samples, the ratio of myonuclei per
myofiber was lower (P ¼ 0.0442) in NR(SGA) compared to
control fetuses. No differences (P > 0.05) were observed
within soleus muscle sections (Fig. 2, Table 4).



Fig. 1. Myofiber Cross-sectional Area in Gastrocnemius and Soleus Muscles at GD 135. Representative pictures of immunoreactive protein for Laminin (Red) are
shown for Gastrocnemius (A) and Soleus (B) in control, NR(Non-SGA), and NR(SGA) groups. Laminin was used as a plasma membrane marker to delineate
myofiber cross-sectional area (CSA). Magnified pictures show details of CSA per group, showing smaller areas for myofibers in the NR(SGA) group. CSA quan-
tifications are shown in Table 3. For the IgG control, normal rabbit IgG was substituted for the primary antibody. Pictures were taken at 20� magnification. Scale
bar equals 25 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.4. Cortisol levels in fetal plasma

Cortisol concentration (mg/dL) in fetal plasma was not
different (P ¼ 0.2026) among groups (Table 5).
3.5. mRNA expression

Within gastrocnemius muscle, NR3C1 and FOXO1mRNAs
were upregulated in NR(SGA) fetuses (P ¼ 0.0124 and P ¼
0.0131, respectively) compared to control, while NR(Non-
SGA) did not differ from the other groups. KLF15 mRNA was
upregulated (P¼ 0.0002) in bothNR groups compared to the
Table 3
Myofiber cross-sectional area per group in gastrocnemius and soleus
muscles at GD 135.c

Tissue Control
(mM2)

NR(Non-SGA)
(mM2)

NR(SGA)
(mM2)

P-value

Gastrocnemius 1,150 � 71a 991 � 63ab 838 � 61b 0.0092
Soleus 853 � 55a 719 � 60ab 586 � 60b 0.0097

Different superscripts indicate P < 0.05 between pairs of means.
c Means represent measured areas within each muscle for Control,

NR(Non-SGA), and NR(SGA) groups. Data is shown as X � SEM.
control group. Therewere no differences (P> 0.05) for BCAT2
or MSTN mRNA levels between groups (Fig. 3). Likewise, no
differences were found for FBXO32 and TRIM63 mRNA levels
(Supplementary Fig. 1). Within the soleus muscle, there was
an upregulation (P ¼ 0.0145) of KLF15mRNA in the NR(SGA)
group compared to control, while the NR(Non-SGA) group
did not differ from either control or NR(Non-SGA) groups.
BCAT2 mRNA expression was upregulated (P < 0.0001) in
bothNR(Non-SGA)andNR(SGA)groups compared to control.
MSTN mRNA was upregulated (P ¼ 0.0259) in NR(SGA)
compared to control (Fig. 3). No differences in mRNA levels
were observed for NR3C1 or FOXO1 (Fig. 3), or FBXO32 and
TRIM63 (P > 0.05; Supplementary Fig. 1).

3.6. Protein expression

For both gastrocnemius and soleus, there were no dif-
ferences (P > 0.05) in total ubiquitin-labeled proteins
(Fig. 4). Likewise, there were no differences (P > 0.05) for
total and phosphorylatedMTOR, RPS6KB1, and EIF4EBP1, or
their ratios (Fig. 5). Total NR3C1, KLF15, andMSTN, and total
and phosphorylated FOXO1 and MAPK3/1 were also not
different between groups in gastrocnemius and soleus



Fig. 2. Output of Automated Myonuclei Counts in Gastrocnemius and Soleus Muscles at GD 135. A representative picture showing staining for laminin (red) and
total nuclei (blue) is presented for gastrocnemius (A) and soleus (C) muscles. The outputs for the automated myonuclei counting protocol are shown in (B) and (D)
for gastrocnemius and soleus muscles, respectively. Each recognized myofiber is marked as purple by the designed algorithm, and each myonucleus within a
myofiber is shown as cyan or yellow, depending on the location of the nuclei within the myofiber. For calculation of myonuclei per myofiber number, the total
counts for myonuclei (cyan and yellow) were divided by the total number of myofibers identified by the algorithm. The green staining seen in pictures (B) and (D)
correspond to the TUNEL nuclear staining (orange dots output), whose results were beyond the purpose of this study. Green channel was excluded from the
overlaid pictures (A) and (C) to facilitate visualization of the images. Pictures were taken at 20� magnification. Scale bar equals 25 mm. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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muscles, but there was a tendency (P ¼ 0.07) for KLF15
protein content to be higher in NR(SGA) within gastroc-
nemius muscle (Supplementary Figs. 2 and 3).
4. Discussion

The objective of this study was to evaluate the effect of
maternal nutriental restriction on fetal organ growth,with a
focus on skeletal muscle mass, hypertrophy, myonuclei
dotation, and selected molecular markers for protein syn-
thesis and degradation, while accounting for variations in
fetal weight within the NR group. These features are
involved in the regulation of lean mass in the body, and
Table 4
Myonuclei per myofiber in gastrocnemius and soleus muscles at GD 135.c

Tissue Control
(Myo/
Myofiber)

NR(Non-SGA)
(Myo/
Myofiber)

NR(SGA)
(Myo/
Myofiber)

P-
value

Gastrocnemius 0.84 � 0.02a 0.80 � 0.02ab 0.75 � 0.02b 0.0442
Soleus 0.77 � 0.05a 0.79 � 0.05a 0.77 � 0.06a 0.9498

Abbreviation: Myo, Myonuclei.
Different superscripts indicate P < 0.05 between pairs of means.

c Means represent the number of myonuclei per myofiber within each
muscle for Control, NR(Non-SGA), and NR(SGA) groups. Data is shown as X
� SEM.
permanent reductions in lean mass are associated with a
greater predisposition to metabolic dysregulation. Results
highlight reduced muscle mass in NR(SGA) fetuses
compared to NR(Non-SGA) and control, and reduced myo-
fiber cross-sectional area in NR(SGA) fetuses compared to
control, without differences in the evaluated molecular
markers for protein synthesis or degradation. Within
gastrocnemius muscle, a reduction of myonuclei per myo-
fiber in NR(SGA) compared to control fetuses suggests that
impairedmyoblast fusionmaybe correlated to the observed
reduction in cross-sectional area. A decrease in myonuclear
dotation may also be the result of impaired myoblast dif-
ferentiation [39], or decreased myoblast proliferation,
which has already been described in a sheep model of fetal
growth induced by hyperthermia [40,41]. The potential ef-
fect of our treatment on those early development processes
was beyond the scope of this study, but it warrants further
investigation.
Table 5
Fetal plasma concentration and total content of cortisol at GD 135.b

Hormone Control NR(Non-SGA) NR(SGA) P-value

Cortisol (mG/dL) 1.60 � 0.24a 1.70 � 0.25a 2.2 � 0.25a 0.2026

Different superscripts indicate P < 0.05 between pairs of means. Total
content of cortisol was estimated based on fetal blood volume.

b Data is shown as X � SEM.



Fig. 3. mRNA Expression of Selected Genes in Gastrocnemius and Soleus
Muscles at GD 135. Relative mRNA expression for NR3C1, KLF15, FOXO1,
BCAT2, and MSTN are shown in (A), (C), (E), (G), and (I) for gastrocnemius,
and in (B), (D), (F), (H), and (J) for soleus. Data is shown as X � SEM. Bars
without a common superscript between Control, NR(Non-SGA), and
NR(SGA) differ (P < 0.05).
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Soleus muscle, however, did not present differences in
the content of myonuclei per myofiber. This finding sup-
ports the relative resistance of soleus muscle to prenatal
undernutrition that has previously been described in the
literature [42,43]. The majority of myofibers in the soleus
are formed during primary myogenesis, which occurs in
early pregnancy, likely been relatively protected from the
effects of maternal NR during the critical period of forma-
tion of the muscle cell. However, most of the developing
muscles, including the gastrocnemius, are composed of a
higher proportion of secondary myofibers, which begin to
form around mid-gestation in the sheep and are more
prone to be affected by maternal NR [42].

Several studies have previously described that fetal
weight and skeletal muscle mass are impaired by maternal
nutritional restriction [3,9,30,44]. However, the results of
the present study add to a growing body of literature
showing that maternal nutrient restriction induces a
spectral phenotype for fetal weight, which allows for the
identification of SGA and Non-SGA fetuses within the NR
group [31]. NR(SGA) fetuses exhibited a lower fetal weight,
reduced crown-rump length, and smaller sternal circum-
ference than both, NR(Non-SGA) and control fetuses.
Likewise, we found that maternal nutritional restriction
does not necessarily impair fetal organ growth, as most of
the absolute organ weights, including gastrocnemius and
soleus muscles, are not different in NR(Non-SGA) and
control fetuses, while they are lower in NR(SGA), indicating
an ability of some pregnant ewes to support normal levels
of fetal growth, despite limited nutritional intake.

For fetal muscles, our results show smaller myofiber
cross-sectional area in NR(SGA) compared to control fe-
tuses for both gastrocnemius and soleus muscles, indi-
cating that reduced muscle hypertrophy is one of the
factors leading to the lower muscle weight seen in fetuses
within the NR(SGA) group. Hypertrophy depends primarily
on the balance between protein synthesis and degradation
[45]. At the fetal stage, upregulation of mRNA expression of
the ubiquitin ligases FBXO32 and TRIM63 within skeletal
muscle has been found in a sheep model of prenatal
glucose restriction during the final 40% of pregnancy [23].
FBXO32 and TRIM63 can also be upregulated by glucocor-
ticoids and participate in the ubiquitin-proteasomal
degradation pathway, which is the major factor respon-
sible for myofibrillar protein degradation [46].

Cortisol is an endogenous glucocorticoid that plays an
essential role in prepartum fetal maturation [47] and its
secretion by the fetal adrenal gland can increase in response
to intrauterine stressors, such as hypoxia [48]. Since our
treatment represents nutritional stress, we considered that
it might trigger cortisol secretion and increase protein
degradation in fetal skeletal muscles through the upregu-
lation of ubiquitin ligases. However, our results showed
unaltered levels of fetal plasma cortisol, regardless of a
tendency for decreased absolute adrenal weight in both NR
groups and control fetuses. This may indicate greater pro-
duction of cortisol per gram of tissue. Interestingly, the
tendency for decreased fetal adrenal weight in both NR
groups also indicates that a similar programming effect was
induced irrespective of the apparent normal fetal weight of
NR(Non-SGA) fetuses. Further studies are required to eval-
uate if this observation may cause any postnatal conse-
quences for health and metabolism.

Regardless of conserved cortisol plasma levels across
groups, an increase in intracellular glucocorticoid signaling



Fig. 4. Total Ubiquitin-labeled Proteins in Gastrocnemius and Soleus at GD 135. Quantifications for total ubiquitin-labeled proteins in gastrocnemius and soleus
muscles are shown in (A) and (B), respectively. Data is shown as X � SEM. Bars without a common superscript between Control, NR(Non-SGA), and NR(SGA) differ
(P < 0.05).
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may be occurring within the gastrocnemius muscle, based
on an upregulation in mRNA expression of NR3C1 in
NR(SGA) fetuses compared to control. This could upregu-
late the expression of the starvation-sensitive factor KLF15
and FOXO1, and further upregulate expression of FBXO32
and TRIM63 to induce ubiquitin-mediated protein degra-
dation [26]. Results for mRNA upregulation of KLF15, and
FOXO1 support this possibility. Our treatment, however, did
not affect protein expression of those markers or total
ubiquitin-labeled proteins in either gastrocnemius or so-
leus muscles. Accordingly, it has been previously described
that maternal nutritional restriction from GD 28 to 78 does
not increase ubiquitin-labeled protein in skeletal muscle
[10]. However, total ubiquitinated proteins depend on the
balance between ubiquitination and degradation of
ubiquitin-labeled proteins [49], so our data suggest that
there are no differences in the net pool of proteins that are
labeled to be degraded, but the actual rates of protein
degradation should be measured in the future to provide a
conclusive interpretation of our current data.

In addition to its role in protein degradation, KLF15
regulates energy metabolism in skeletal muscle, inducing a
switch toward fatty acid utilization in response to starva-
tion [50]. It is of interest that within the gastrocnemius
muscle, KLF15 mRNA expression was upregulated in both
NR(SGA) and NR(Non-SGA) groups compared to control.
This suggests a programming effect that occurs in response
to nutrient restriction, which may lead to metabolic alter-
ations in postnatal life regardless of compensation to a
healthy fetal weight. There was a tendency for increased
KLF15 protein content in NR(SGA) fetuses, which may
indicate a metabolic challenge already manifest in these
fetuses. The prenatal programming at the gene expression
level in both NR(SGA) and NR(Non-SGA), may lead to a
biological effect and metabolic dysregulations during
postnatal life. Metabolic characterization in NR(SGA) and
NR(Non-SGA) fetuses was beyond the scope of this study,
but it warrants further research as NR(Non-SGA) fetuses
may not be fully protected against metabolic dysregula-
tions despite having grown to a normal weight.

Another downstream target of glucocorticoid signaling
in skeletal muscle is BCAT2 [26], which mediates the first
step of branched-chain amino acids (BCAA) degradation in
muscle. This has an impact on glucose homeostasis, as
BCAAs are the primary donors of amino groups for the
synthesis and release of the glucogenic amino acids,
alanine, and glutamine, from skeletal muscle [51]. Our re-
sults showed an upregulation of BCAT2 mRNA in NR(SGA)
and NR(Non-SGA) fetuses within the soleus muscle. This
suggests an attempt to protect glucose homeostasis in
response to maternal nutrient restriction, independent of
fetal growth capacity. The whole-body effects of this



Fig. 5. Protein Expression of signaling molecules in MTOR pathways. Ratios between phosphorylated and total MTOR, RPS6KB1, and EIF4EBP1 are shown in (A),
(B), and (C) for gastrocnemius, and in (D), (E), and (F) for soleus. Data is shown as X � SEM. Bars without a common superscript between Control, NR(Non-SGA),
and NR(SGA) differ (P < 0.05). Individual phosphorylated and total protein levels were not different for any of the target proteins (data not shown).

C. Sandoval et al. / Domestic Animal Endocrinology 72 (2020) 106443 9
possibility remain unclear, as the majority of muscles are
metabolically comparable to gastrocnemius more than so-
leus muscle, and we did not observe differences in BCAT2
mRNA expression within gastrocnemius [52].

A cross-talk between the upregulation of BCAT2 and
MTOR has been previously described [26]. BCAA, particu-
larly leucine and arginine, activate MTOR, which induces
protein translation [53]. Since BCAT2 degrades BCAA, the
increase in its expression in soleus muscle may lead to in-
hibition of MTOR signaling [26]. Another negative regulator
of muscle mass through MTOR inhibition is MSTN, whose
mRNA expression was downregulated in NR(SGA)
compared to the control group in soleus muscle. We
interpret this result as a potential attempt to compensate
for low muscle mass in the NR(SGA) group, but other
feasible explanations are a downregulation of mRNA
expression of genes associated to the myogenic program
[54,55] or a reduced MSTN expression as a consequence of
decreased muscle mass. However, there were no differ-
ences in the protein levels of myostatin in the soleus
muscle, and just the precursor form of myostatin was
identified in fetal skeletal muscles in this study, which is
consistent with previous findings in the literature. This
indicates that the immature form of myostatin is predom-
inant in developing and adult skeletal muscle [56,57].
Mature myostatin protein exists as dimer and monomer
forms [58], but these forms were undetectable in fetal
muscles at GD 135.

For both gastrocnemius and soleus muscles, there were
no differences in total or phosphorylated MTOR, or
EIF4EBP1or RPS6KB1, which are downstream targets of
MTOR. Overall, these results may indicate that the activ-
ities of pathways for protein synthesis were not altered by
our model. Conclusive data would be provided by mea-
surement of the rate of protein synthesis, which remains
to be done in future research using this model. While one
previous study noted a reduction in the longissimus dorsi
weight and a decrease in MTOR and RPS6KB1 protein
phosphorylation at GD 78 [10], our earlier findings at GD
125 were similar to the current study, showing no differ-
ences in MTOR signaling in the longissimus dorsi muscle
at GD 125 (Keith et al, unpublished results).



C. Sandoval et al. / Domestic Animal Endocrinology 72 (2020) 10644310
Overall, our results do not identify differences in the
evaluated molecular markers for protein degradation or
synthesis between our experimental groups, despite
decreased muscle mass and myofiber cross-sectional area
in NR(SGA) fetuses. Protein synthesis is an energetically
expensive process [59] that depends upon the availability
of amino acids as precursors. It has been demonstrated that
a 50% maternal NR in sheep reduced amino acid concen-
trations in maternal and fetal plasma, and allantoic and
amniotic fluids [6,30,44]. We have previously reported a
decrease in the total content of amino acids in fetal plasma
of NR(SGA) compared to both NR(Non-SGA) and control
fetuses at GD 125 [32]. This scarcity of building blocks in
NR(SGA) fetuses may limit protein synthesis rates regard-
less of lacking differences in MTOR activation [60]. This
would impair myofiber hypertrophy and muscle mass, as
well as fetal weight since amino acids play an essential role
in conceptus and fetal growth and survival [61]. A prom-
ising finding in this field was the observation that the
administration of sildenafil citrate to 50% NR ewes
increased amino acids in fetal serum, allantoic and amni-
otic fluids, and increased fetal growth [44].

Our previous results for amino acid profiles in control,
NR(SGA), and NR(Non-SGA) at GD 125 also showed a
decrease in the total content of arginine in NR(SGA) fetuses.
Arginine has been positively associated with fetal and
muscle growth by enhancing protein deposition [62].
Arginine also stimulates myoblast proliferation [63] and
fusion [64]. We found a decreased number of myonuclei
per myofiber in NR(SGA) compared to control within the
gastrocnemius muscle. As nuclei within a myofiber are
postmitotic, a decreased content of myonuclei likely in-
dicates impaired myoblast proliferation, differentiation, or
fusion within NR(SGA) fetuses [39–41]. This would affect
the myofiber cross-sectional area because it has been sug-
gested that each myonucleus can support a fixed amount of
cytoplasm within the multinucleated muscle cell [17]. The
addition of nuclei by fusion of myoblasts is a process that
occurs primarily prenatally. Hence, a prenatal program-
ming effect toward decreased nuclei dotation may have
permanent effects on myofiber cross-sectional area and
muscle mass. A long-lasting effect would also depend on
the satellite cell dotation in these muscles since these cells
maintain the ability to fuse with pre-existing myofibers
during postnatal life [65]. The prenatal programming effect
of our model on satellite cell dotation within skeletal
muscle requires further investigation. Also, muscle hyper-
trophy has been described to happen without the addition
of new myonuclei, which challenges the myonuclear
domain hypothesis [19]. The permanent effects of our
findings regarding myonuclei dotation remain to be
investigated.

In addition, the decreased myonuclear dotation within
gastrocnemius muscle may also indicate low commitment
toward the myoblastic lineage, leading to scarcity of pre-
cursors to fuse and form myofibers. Evidence supporting a
prenatal programing effect on the commitment of mesen-
chymal stem cells toward adipogenic over of myogenic
lineage has been provided from human fetal cells from
obese mothers [66]. In agreement, it has been shown that a
bovine model of prenatal nutritional restriction induced
the upregulation of adipogenic genes (CEBPB and FAS)
within developing fetal skeletal muscle [67]. Hence, our NR
treatment may also impair myofiber number in addition to
myofiber cross-sectional area. Previous studies in the field
have already found a decrease in myofiber number in
response to maternal nutritional restriction in the sheep
[8,10]. The additive effect of decreased cross-sectional area
and potentially lower myofiber number may fully explain
the lower muscle weight observed for NR(SGA) fetuses at
GD 135. Further studies are warranted to study the effect of
our model on myofiber formation and the long-lasting ef-
fects onmuscle mass in NR(SGA) and NR(Non-SGA) fetuses.

5. Conclusion

The field of developmental programming of the disease
has typically considered nutrient restricted subjects as a
single experimental group. However, the results of the
present study confirm our previous observations of a
spectral phenotype for fetal weight, leading to the
appearance of Non-SGA fetuses within the NR group. These
differences extend to most of the fetal organs, including
skeletal muscle, as absolute weights are decreased in
NR(SGA) fetuses, but do not differ between NR(Non-SGA)
and control groups. Interestingly, some of the evaluated
features, such as KLF15 and MSTN mRNA expression, are
upregulated in both NR(Non-SGA) and NR(SGA) fetuses.
This may indicate that being of normal fetal weight does
not necessarily represent an absence of the programming
induced by maternal nutritional restriction. Further
research is required to evaluate the long-lasting effects of
the decreased muscle mass described in this study and to
characterize the potential metabolic dysregulations in
skeletal muscle of NR(SGA) and NR(Non-SGA) fetuses.
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