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Simple Summary 

Nutrition during pregnancy plays an important role in the growth and development of the fetus. 
When pregnant animals do not receive enough nutrients, it can affect how tissues such as muscle 
develop in their offspring. This study examined how reduced maternal nutrition during early to mid-
gestation affects skeletal muscle development in Boer goat offspring. The results showed that 
maternal undernutrition impairs muscle fiber development and alters key genes involved in muscle 
growth and development, which may influence animal growth efficiency and meat quality. 

Abstract 

Maternal undernutrition during gestation can impair fetal muscle development, inducing lasting 
consequences for offspring growth and carcass quality. This study evaluated the effects of early- to 
mid-gestation nutrient restriction on postnatal skeletal muscle development in Boer goat offspring. 
Pregnant does (n = 12 per treatment) were assigned to either a control diet (CON; 100% of NRC 
recommendations) or a nutrient-restricted diet (NR; 60% of CON) from days 45 to 100 of gestation, 
then all does were realimented to the CON diet until parturition; male offspring (n = 6 per treatment) 
were maintained on a CON diet until 5 months of age. Longissimus dorsi muscle samples were 
collected for histological evaluation of fiber number, diameter, and collagen content, and for gene 
expression analysis of insulin receptor (IR), insulin receptor substrate-1 (IRS1), glucose transporter-4 
(GLUT4), myogenic regulatory factors (MYF5, MYF6, MYOD, MYOG), and collagen genes (COL1A1 
and COL3A1) using RT-PCR. Plasma glucose and cortisol were also measured. Muscle fiber number 
tended to be reduced (p = 0.06) in NR offspring, accompanied by decreased MYOG expression (p < 
0.05) and trends for reduced MYF5 and MYF6 expression (p < 0.10), as well as reduced IR expression 
(p < 0.05). Collagen content did not differ, although COL3A1 expression was increased in NR 
offspring. Plasma glucose was lower (p < 0.05) at 3 months, and cortisol tended to be higher (p < 0.10) 
at 5 months. These results indicate that maternal undernutrition during early- to mid-gestation alters 
postnatal skeletal muscle development in Boer goats by reducing muscle fiber number and affecting 
myogenic and metabolic signaling pathways. Such changes may negatively affect the efficiency of 
muscle growth and meat quality. 

Keywords: Boer goat; maternal undernutrition; nutrient restriction; skeletal muscle; muscle fiber 
number; insulin signaling 
 

1. Introduction 

Demand for goat meat and products continues to increase in the US, whereas the domestic goat 
inventory has decreased over the past decade. This continued growth in demand has resulted in a 
significant importation of sheep and goat meat, costing about $1.53 billion in 2023 [1]. Rangelands 
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where most small ruminants are produced often experience periods of scarcity in good quality and 
quantity of forage, leaving these animals predisposed to prolonged periods of undernutrition, 
especially during the winter months and times of drier conditions [2]. When animals become 
pregnant during these periods, the resulting maternal undernutrition during gestation (MUDG) 
represents a significant challenge in livestock production, with major problems for the development 
of vital organ systems in offspring, a phenomenon referred to as fetal programming [3,4]. Nutritional 
deprivation during critical periods of fetal development may lead to redirecting the nutritive supply 
to support development of vital organs such as the fetal brain and heart, at the expense of other 
organs, including skeletal muscle tissue, eventually leading to muscle fiber dysfunction and fewer 
fibers being formed in the offspring. This muscle fiber reduction may lead to low carcass weight and 
composition [5,6], significantly affecting the producerʹs economic returns [7]. Evidence from several 
ruminant breeds suggests that MUDG reduced offspring birth weight in sheep [8], goats [9], and beef 
cattle [10]. In addition, it may lead to intrauterine growth retardation (IUGR) [7,11], which is 
associated with increased neonatal morbidity and mortality, changes in postnatal growth rate, 
decreased carcass quality, adipose tissue dysfunction, and changes in feed efficiency [12] and, more 
importantly, programs the body to metabolic dysfunction postnatally [11,13,14]. These adverse 
outcomes could be due to a significant reduction in fetal blood supply [15]. However, in as much as 
the adverse effects of exposure to undernutrition during fetal life on skeletal muscle dysfunction 
phenotype are well established in ruminants [5,16,17], the early in utero mechanisms leading to fetal 
and offspring muscle dysfunction are poorly understood. 

During early gestation, skeletal muscle development is governed by intricate processes of 
myoblast proliferation, differentiation, and fiber formation, all of which are highly susceptible to 
nutrient limitations [18–21]. Studies show that muscle fiber formation occurs early in life and only 
increases in size later [22]. Therefore, it is critical to manipulate muscle fiber early to increase carcass 
weight and quality at market age. Improving nutrition and optimizing environmental factors during 
gestation, especially during critical periods of cellular differentiation and myogenesis, can influence 
muscle fiber number and composition postnatally, impacting offspring growth and meat quality [12]. 
Considering the metabolic dysfunction outcomes induced by MUDG and its consequences on the 
offspring and the limited information available on the early mechanisms, especially on the skeletal 
muscle that determines carcass quantity and quality in meat goat, the objective of this study was to 
investigate the impact of gestational nutrient restriction from days 45–100 of gestation on skeletal 
muscle development in meat goat. Because NR fetuses are exposed to a low level of nutrition supply 
during early to mid-gestation[23], we hypothesized that MUDG would reduce offspring muscle fiber 
number and alter muscle myogenic regulatory factors (MRFs) gene expression. 

2. Materials and Methods 

2.1. Animals and Experimental Design 

All experimental animal procedures were approved by Langston University Institutional 
Animal Care and Use Committee (Approval number 23 – 011). 24 Multiparous Boers goats of similar 
age and body weights were bred at the American Institute of Goat Research (AIGR-Langston 
University) as previously described [24]. Estrus was synchronized using a controlled internal drug 
release (CIDR) vaginal device (EAZI-breed™ CIDR®, Pfizer Animal Health, Auckland, New 
Zealand) and PGF2α (Lutalyse, 10 mg dinoprost tromethamine i.m., Zoetis Animal Health, 
Parsippany-Troy Hills, NJ, USA). Does were bred naturally using one of three genetically related 
Boer bucks (one buck per eight does). Pregnant does were assigned randomly into control (CON) and 
nutrient-restricted (NR) groups, adjusting for age (mean ± SEM: CON 4.22 ± 0.3 vs. NR 3.15 ± 0.5 
years), body weight (CON 53.03 ± 2.5 vs. NR 57.61 ± 2.4 kg), and body condition score (CON 2.7 ± 
0.05 vs. NR 2.6 ± 0.05). The diet consisted of a total mix of rations (TMR) (69.4% of total digestible 
nutrients (TDN) and 16.0% of crude protein (CP); dry matter (DM) basis) (Table 1). 
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Table 1. The diet composition used in the experiment consists of a total mix of rations (TMR). 

Diet Composition   

Ingredients (%)   
Mixed grass hay 50.00% 

Ground corn 28.290% 
Soybean meal 17.33% 

Liquid molasses 2.500% 
Limestone. Calcium carbonate 0.900% 

Ammonium sulfate 0.252% 
Mineralized salt 0.560% 

Magnesium chloride 0.10 

Vitamin A, D, E premix1 0.050% 

Rumensin 90 0.011% 
Estimated composition   

CP (% DM) 16.0 
UIP (% DM) 5.6 
UIP (% CP) 34.7 

RDP (% DM) 10.15 
TDN (% DM) 69.4 
RDP (% TDN) 15.1 
NDF (% DM) 37,0 
eNDF (% DM) 33.4 

Ca (% DM) 0.72 
P (% DM) 0.37 

Ca:P 1.97 
S (% N) 10.0 

1 8,800,000 IU/kg vitamin A, 1,760,000 IU/kg vitamin D3, and 1,100 IU/kg vitamin E; 
NB-8006, Nutra Blend, Nesosho, MO (air-dry basis). 

The diets were individually measured and delivered to both treatment groups twice daily (at 
8:00 am and 5 pm) on a DM basis to meet the TDN required to maintain a pregnant doe (National 
Research Council (NRC) requirements) [25]. Body weights were recorded weekly, and rations were 
adjusted for each animal. 

To generate offspring, pregnant does were housed in individual pens and fed either 60% of NRC 
(NR group, n=12) by restricting the total diet allowance or 100% NRC requirements (CON group, 
n=12) from day 45 to 100 of gestation. From day 101 till term ~150 days, both groups (CON and NR) 
were fed a diet as per NRC (2007) requirements. At parturition, only one randomly selected male 
offspring was used from each doe if there were multiple kids. Kidsʹ body weights were measured 
once every 2 weeks till the end of the trial. Does and their kids were housed individually for the first 
3 days after birth and then group-housed with other pairs of ids in a pen with a creep feeder till 
weaning (3 months of age). After weaning, male offspring were fed a control diet to meet their growth 
and maintenance requirements until five months of age. Animals (n = 6/group) were slaughtered for 
tissue collection (Figure 1). 
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Figure 1. Experimental design and effects of MUDG on maternal and offspring body weight. Schematic diagram 
of the experimental design. Pregnant does (n = 12 per group) were assigned to either a nutrient restriction (NR) 
diet or a control (CON) diet to generate male offspring. At the experimental endpoint (5 months of age), animals 
were slaughtered, and longissimus dorsi muscle samples were collected. Tissues were either flash-frozen and 
stored at −80 °C for molecular analyses or fixed for histological analyses. 

2.2. Blood and Muscle Sample Collection 

Plasma samples were collected at 3 and 5 months of age after overnight fasting via jugular 
venipuncture in vacutainer tubes (blood was collected into tubes with sodium heparin as an 
anticoagulant, preventing blood clotting and driving plasma), then immediately centrifuged at 2,500 
x g for 15 minutes at 4°C, and the plasma was stored at -80°C until analyzed. Male offspring were 
slaughtered for tissue harvest at Homestead Meats & Processing (Coyle, OK). Immediately after 
slaughter, the longissimus dorsi (LD) muscle samples (between the 12th and 14th ribs) were 
immediately collected from the left side of the carcass. Muscle samples (~3 grams each) were either 
snap-frozen in liquid nitrogen and stored at –80°C until utilized for molecular analysis or fixed in 
10% formalin and paraffin-embedded for histological analyses. 

2.3. Plasma Glucose and Cortisol Analysis 

Plasma glucose was analyzed in triplicate using 96-well plates using validated colorimetric 
hexokinase assays (Pointe Scientific Glucose (Hexokinase) Liquid Reagents, Thermo Fisher Scientific, 
USA) according to the manufacturerʹs instructions as previously described [26]. The test was 
completed in a single assay with a sensitivity of 0.1 mg/dL and a mean intra-assay and CV of 4.83%. 
Plasma cortisol levels were measured in duplicate using 96-well plates using an ELISA kit. (Enzo Life 
Sciences; Farmingdale, NY, USA) According to the manufacturerʹs instructions. The test was 
completed in a single assay with a sensitivity of 56.72 pg/ml and a mean intra-assay and CV of 3.18%. 

2.4. Skeletal Muscle Morphometry 

Samples of the LD muscle were collected and fixed in 10% formalin for 48 hours, dehydrated 
with ethanol, cleared in xylene, and embedded in paraffin. Tissue sections were cut at 5 µm using a 
rotary microtome (Leica Biosystems). To determine muscle fiber number and diameter, two muscle 
sections per animal, separated by 100 µm, were stained with a hematoxylin and eosin staining kit 
(Abcam Inc., Waltham, MA). The number and diameter of muscle fibers were quantified by 
measuring fiber cross-sections from five randomly chosen images of each section, which were 
acquired by a THUNDER Imager 3D (Leica Microsystems) microscope at 40X magnification and 
quantified using Image J software (NIH, Bethesda, MD). To examine the development of fibrosis in 
muscle tissues, two sections 100 µm apart were stained with Masson’s trichrome staining (Abcam, 
ab150686) according to the manufacturer’s instructions. Ten randomly chosen images of each section 
were acquired by THUNDER Imager 3D microscope and analyzed using ImageJ software (NIH, 
Bethesda, MD). Fibrotic tissue quantification was performed as previously described [27]. 
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2.5. RNA Extraction, cDNA Synthesis, and mRNA Expression Analysis 

Gene expression in LD muscle tissue was determined by Real-time PCR (RT-PCR, n=6/group). Total 
RNA in the muscle tissue was isolated by the TRIzol reagent (Invitrogen, Carlsbad, CA). The extracted 
RNA was purified by RNeasy mini kits (Qiagen, Germantown, MD) according to the manufacturer’s 
instructions. The quantity and purity of the RNA were determined using a Nanodrop One 
spectrophotometer (Thermo Fisher Scientific, Hanover Park, Illinois), with an OD260/280 of 2.0, which 
indicates that good-quality RNA was achieved. One µg of RNA was reverse transcribed into cDNA using 
a cDNA synthesis kit (iScript™ Reverse Transcription Supermix Kit (Bio-Rad Systems, Hercules, CA). 
Considering MUDG may induce muscle fibrosis [20,28] and alter the insulin signaling pathway that 
regulates glucose uptake [29], the effects of MUDG on collagen types I and III (COLA1 and COLA3) and 
insulin receptor (IR), insulin receptor substrate 1 (IRS1), and glucose transporter protein type-4 (GLUT4) 
were determined. Since gestational undernutrition affects muscle development (myogenesis) [30,31], 
transcription factors known as MRFs, including MYF5, MYF6, MYOD, and myogenin (MYOG) [32], were 
examined. Gene expression levels were measured using SYBR Green-based QRT-PCR assay 
(SsoAdvanced Universal SYBR® Green Supermix, Bio-Rad Systems, Hercules, CA). RT-PCR was 
performed using CFX Duet Real-Time PCR System (Bio-Rad Systems, Hercules, CA). The primer 
sequences and their names are all previously published and listed in Table 2. 

Table 2. Forward and reverse primer sequences (5′–>3′) of gene expression. 

 

To ensure accuracy and confidence in the results, each gene was tested in triplicate, and the 
average was calculated. The expression of each gene was determined after normalization with the 
expression of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The 
relative amount of each transcript (in fold) was measured using the ΔΔCT method [33]. 

2.6. Statistical Analysis 

Analyses were performed using the mixed procedure of SAS (SAS Institute Inc., Cary, NC, USA) 
to account for the dependency of repeated measures. The model included the fixed effects of 
treatment, time, and their interaction. To verify the normality of the data, statistical outliers were 
excluded from the analysis using Grubbs’ test [34]. Prism (GraphPad Software Inc., La Jolla, CA) was 
used to make graphs. Data are presented as least square means (LSM) ± standard error of the mean 
(SEM), and differences were considered significant at P <0.05, tendencies at P ≤ 0.10. 
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3. Results 

3.1. Effect of MUDG on Body Weights 

Analyses of percentage (%) body weights (BW) revealed that CON dams gained more body 
weight than the NR group (15.04 ± 2.5 vs. 2.33 ± 1.5 % BW gain, respectively). Similar results were 
observed during the period from 100 to 135 days of gestation. CON dams also gained more (P < 0.003) 
% body weight than the NR group (29.3 ± 3.7 vs. 16.65 ± 1.6 % BW gain, respectively) (Figure 2A). 
Analyses of body weights for male offspring revealed a significant time effect (P <.0001), a trend in 
group effect (P = 0.10), and no significant group × time effect (P = 0.15). There was no significant 
difference in BW (P = 0.72) at birth between the NR vs. CON offspring. However, a significant 
difference (P < 0.05) in BWs was observed at time points of 10, 12, and 20 weeks of age (Male offspring 
from the NR group have lower body weight than controls) (Figure 2B). 

 
Figure 2. A: Maternal body weight change (%) during gestation in CON and NR groups. B: Body weights of 
offspring from birth to 20 weeks of age (n = 6 per group). Data were analyzed using mixed procedures in SAS, 
and values are presented as LS Means ± SEM. *P < 0.05 indicates a significant difference between the groups. 

3.2. Effect of MUDG on Plasma Glucose and Cortisol Concentrations 

There was a significant reduction (P < 0.05) in glucose concentration in the NR vs. CON offspring 
at three months of age, and glucose concentrations were similar between the groups at five months 
of age (Figure 3A). Cortisol concentration showed no significant differences at three months of age. 
However, there was a trend increase (P = 0.068) in cortisol concentration in the NR vs. CON offspring 
(Figure 3B). 

 
Figure 3. Effects of MUDG on A: offspring plasma glucose concentration and B: offspring plasma cortisol 
concentration (n=6 per group). Data were analyzed by mixed procedures of SAS, presented as LS Means ± 
SEM.*P ≤ 0.05; #P ≤ 0.10. 
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3.3. Effect of MUDG on Muscle Fiber Number, Diameter, and Collagen Content 

Histological analysis of the LD muscles showed a trend (P = 0.06) toward a decrease in the 
number of muscle fibers (Figure 4B). However, no significant differences were observed in muscle 
fiber diameter or collagen accumulation (Figure 4C and 4E, respectively). 

 

Figure 4. Effects of MUDG on muscle morphology and collagen deposition. 

A: Representative hematoxylin and eosin–stained cross-sections of LD muscle from control 
(CON) and NR groups. B: Number of muscle fibers. C: Fiber diameter. D: Representative collagen 
staining of LD muscle sections. E: Quantification of collagen area (blue). Images were acquired at 40X 
magnification. Scale bar: 50 µm. Data was analyzed by mixed procedures of SAS, presented as LS 
Means ± SEM (2 sections/animal; 5 images per section; n = 6 per group) #P ≤ 0.10. 

3.4. Effect of MUDG on Myogenic Determination Factors 

MYF5 and MYF6 gene expression showed a trend toward reduced mRNA expression in NR 
compared with CON offspring (P = 0.07 and P = 0.09, respectively) (Figure 5A and 5B). However, 
MYOG gene expression was significantly decreased in NR compared with CON offspring (P < 0.05) 
(Figure 5D). No significant difference was observed in MYOD mRNA expression between the groups 
(P = 0.16) (Figure 5C). 
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Figure 5. Effects of MUDG on Myogenic Regulatory Factors expression. mRNA expression levels of A MYF5, B: 
MYF6, C: MYOD, D: MYOG. Gene expression values were normalized to GAPDH, the housekeeping gene, to 
calculate fold changes. Data was analyzed by mixed procedures of SAS, presented as LS Means ± SEM (n = 6 per 
group) *P ≤ 0.05; #P ≤ 0.10. 

3.5. Effect of MUDG on Insulin Signaling and Extracellular Matrix Gene Expression 

Gene expression of IR was significantly reduced (P < 0.05) in NR offspring compared with CON 
(Figure 6A). However, no significant differences were observed in the mRNA expression of IRS1 and 
GLUT4 between the groups (Figure 6B and 6C, respectively). Gene expression analysis of fibrosis 
mediators showed no significant difference in COLA1 mRNA expression (P = 0.17), while COLA3 
mRNA expression tended to increase (P = 0.06) in NR compared with CON offspring (Figure 6D and 
6E, respectively). 

 
Figure 6. Effects of MUDG on insulin signaling and extracellular matrix gene expression. mRNA expression 
levels of A: IR, B: IRS1, C: GLUT4, D: COLA1, and E: COLA3. Gene expression values were normalized to 
GAPDH, the housekeeping gene, to calculate fold changes. Data was analyzed by mixed procedures of SAS, 
presented as LS Means ± SEM (n = 6 per group) *P ≤ 0.05; #P ≤ 0.10. 

4. Discussion 

The main findings of this study indicated that MUDG affects skeletal muscle development in the 
male offspring of Boer goats by decreasing the number of muscle fibers. This reduction was 
associated with decreased expression of the Myogenic regulatory factors (MRFs) MYF5, MYF6, and 
MYOG, as well as reduced IR gene expression in NR offspring compared to controls. Collectively, 
these results suggest impaired muscle development, altered glucose metabolism, and reduced insulin 
sensitivity. These changes likely induced metabolic dysfunction in the male kids, leading to 
decreased carcass yield at harvest. 
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4.1. Impact of MUDG on Skeletal Muscle Morphology 

The skeletal muscle development begins in the embryonic stage with mesenchymal cells 
committing to the myogenic lineage, which is regulated by several complex signaling pathways and 
myogenic regulatory factors (MRFs) [5,35,36] that eventually lead to the formation of muscle fibers 
[36]. During fetal development, myogenesis occurs in two stages, involving the primary and 
secondary myofibers, and no new muscle fibers are formed postnatally. After birth, muscle growth 
occurs through an increase in muscle fiber size only [5]. The effects of MUDG generally depend on 
several factors, including the level of nutrition restriction, its duration, and timing during gestation 
[37]. Consistent with other similar maternal nutrient restriction studies, our results showed no 
difference in neonatal body weights between the groups. However, shortly before and at slaughter 
(weeks 10, 12, and 20), body weights of restricted offspring were lower than those of the control [38]. 
Reduced fetal and offspring body weights resulting from gestational undernutrition have been 
widely reported [37]. Notably, gestational nutrient restriction at 50% of the control levels from 
conception to mid-gestation (day 75) in sheep resulted in fetuses with 30% less body weight 
compared to their controls. [39]. Interestingly, when these ewes were re-alimented to 100% of their 
nutritional requirements from day 75 of pregnancy until lambing, the resulting neonatal lambs from 
both NR and control ewes showed similar phenotypes, including no difference in bodyweight. 
Alterations in myofiber development and muscle growth induced by the poor maternal diet during 
gestation have also been reported in several studies [40,41]. In the present study, these effects were 
seen in a trend of reduction in muscle fiber number, while no differences were observed in muscle 
fiber diameter. The trend in reduced muscle fiber number may be related to the small sample size. In 
contrast, Zhou et al. [31], reported a significant increase in muscle fiber area and altered muscle fiber 
type in the Vastus Lateralis of restricted fetuses following a 40% dietary restriction in pregnant 
Liuyang black goats from days 45 to 100 of gestation. These findings were explained as possible 
evidence of compensatory hypertrophy. Compared with the findings of Zhou et al., our results 
suggest that compensatory mechanisms were absent or less pronounced in the present study. 
Differences in muscle groups may cause these differences to be realized; developmental stages (post-
weaning vs. fetal and early postnatal), and genetic background (Boer vs. Liuyang black) may also 
lead to confounding results. Nevertheless, both studies support the concept that maternal 
undernutrition can cause adverse effects in muscle development in offspring [31,42]. 

4.2. Impact of MUDG on Muscle Myogenic Regulatory Factors 

Myogenic regulatory factors (MRFs) are a family of transcription factors that regulate skeletal 
muscle development and play roles not only during fetal development but also in postnatal muscle 
fiber maturation and growth [43,44]. Our results showed a trend toward reduced MYF5, MYF6, and 
MYOD gene expression in NR offspring. These regulatory factors are known for their role in 
increasing and developing muscle fiber during the early life of embryonic and fetal development, as 
well as postnatal muscle maturation [45]. In addition, they are also involved in regulating myogenic 
precursor cells; therefore, their reduced expression may indicate impaired proliferation and 
expansion of myoblasts, which could partially explain the observed reduction in muscle fiber number 
in the NR offspring [46]. Myogenin (MYOG), a myogenic regulatory factor responsible for 
differentiation of myocytes, was significantly reduced in the NR offspring, suggesting impaired 
myogenic differentiation [47]. Previous studies have reported that maternal undernutrition can alter 
offspring MYF5 mRNA expression through increased DNA methylation of its promoter region [31], 
as well as downregulation of MYF5 and MYOG gene expression on days 85 and 135 of gestation after 
implementing 75% dietary restriction in the LD muscle [48]. These findings together indicate that 
maternal undernutrition disrupted the early and late phases of muscle fiber formation [21]. The 
rationale for applying feed restriction between days 45 and 100 of gestation was to target the period 
of myofibril formation. Previous ovine studies indicate that myofibril formation occurs 
approximately between days 50 and 90 of gestation, whereas after day 100, myofibrils mainly increase 
in size rather than number [49]. Severe undernutrition during pregnancy (greater than 50%) can 
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reduce placental growth and often lead to pregnancy failure [50]. In contrast, the effects of moderate 
(30–40%) or mild (less than 20%) undernutrition are often less noticeable. By modifying the maternal 
diet from days 45-100 of gestation, this lines up with the second myofiber formation, which makes 
up for ~95% of total muscle fibers [51,52]. Nutrient deficiency during this period may therefore lead 
to a permanent reduction in fiber number, since myofiber hyperplasia only occurs during the prenatal 
period [53]. These findings support the hypothesis that mid-gestational undernutrition can have 
lasting effects on skeletal muscle development and may reduce muscle fiber number in the offspring. 

4.3. Impact of MUDG on Insulin and Glucose Signaling 

The skeletal muscle makes up to 40-50% of total body weight and plays a major role in metabolic 
function [54], particularly in glucose uptake and insulin signaling [55,56]. Several studies suggest a 
link between undernutrition during gestation and long-lasting adverse effects on the offspringʹs 
glucose and insulin homeostasis as well as metabolic programming [57]. In the present study, we 
observed a significant decrease in IR gene expression in the LD muscle of NR offspring, which may 
contribute to reduced insulin sensitivity or signaling efficacy in the skeletal muscle [58]. This contrasts 
with the expression of GLUT4 and IRS1, both downstream targets of insulin signaling, which did not 
show a significant difference. The reduction in the IR gene expression is evidence that early 
disruption at the receptor levels can result in permanent changes in skeletal muscles, including 
muscle structure, metabolism, and function [59]. This is consistent with other findings; studies from 
various animal models have reported a decreased IR expression in the offspring skeletal muscle 
induced by maternal undernutrition [60–62]. 

Furthermore, the plasma glucose concentration of the NR offspring was significantly lower than 
that of the control group at 3 months of age, indicating impaired glucose regulatory capacity 
potentially caused by disrupted Insulin signaling [63]. However, this contrasted with 5-month-old 
offspring, where there was no significance found in the glucose levels; this provides evidence of 
compensatory metabolic adaptations by restoring homeostasis. Cortisol concentrations were similar 
between the NR and the CON groups at 3 months. At 5 months of age, NR offspring exhibited a trend 
in an increase in cortisol concentration, which could be because NR animals experienced a greater 
stress response than the CON induced by MUDG. These findings support that mid-gestational 
maternal undernutrition can lead to an early metabolic phenotype in the offspring [31,42]. 

5. Conclusions 

The significance of this research is that it helps understand how maternal undernutrition impacts 
offspring carcass value in the Boer goat, being the primary meat breed in the United States. This study 
is unique, as it represents the first investigation to pinpoint how nutritional stress during early-to-
mid gestation permanently ʺreprogramsʺ offspring muscle characteristics. It demonstrates that the 
reduction in offspring skeletal muscle fiber in NR offspring is driven by downregulation of the IR, 
which affects signaling required for myoblast proliferation, rather than by fibrosis, since the 
dominant collagen COLA1 was unchanged. Although COLA3 was upregulated, this did not affect 
muscle histology. By identifying this specific signaling defect, the study shows that future muscle 
growth is actually decided by biological switches during gestation on Boer goat. This gives farmers 
a new strategy by focusing on nutrition at the right time during pregnancy to ensure their kids are 
born with the highest possible potential for meat production. 
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