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Abstract 
 

 Placental insufficiency (PI) restricts the nutrient and oxygen transfer to the fetus 

and causes fetal growth restriction (FGR) and compromises skeletal muscle growth. 

Consequently, infants with FGR have reduced skeletal muscle mass throughout life, 

increasing their risk for developing metabolic diseases. Fetal adaptation to PI-FGR 

disrupt postnatal skeletal muscle metabolism and growth. Postnatal muscle growth is 

regulated by growth factors such as transforming growth factor beta (TGFɓ) and insulin-

like growth factor 1 (IGF-1). TGFɓ functions in skeletal muscle cell differentiation and 

fusion of myofibers by inhibiting the expression of multiple muscle-specific proteins like 

MyoG. We show precocious fusion rates in satellite cells stimulated with TGFɓ, 

suggesting impaired TGFɓ activity. IGF-1 regulates both anabolic and catabolic 

pathways in skeletal muscle. IGF-1 increases skeletal muscle protein synthesis via 

PI3K/AKT/mTOR pathways. Also, PI3K/AKT can inhibit FoxOs and suppress 

transcription of E3 ubiquitin ligases that regulate ubiquitin proteasome system mediated 

protein degradation. Together, TGFɓ regulate cellular differentiation whereas IGF-1 

regulate both protein synthesis and degradation pathways and gene expression 

changes in signaling can greatly affect skeletal muscle myofiber size and function. 

Another key regulator of gene expression is DNA methylation. Methylation of cytosines 

change DNAs hydrophobic property and inhibit interactions with transcriptional 

activators and repressors. We hypothesize that reduced TGFɓ responsiveness in 

satellite cells from lambs with FGR is due to promoter DNA methylation inducing higher 

expression of genes in PI3K/AKT signaling pathways leading to impaired satellite cell 

differentiation. Lambs with PI-induced FGR were generated by exposing pregnant ewes 
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to environmental hyperthermia during mid-gestation. At birth, FGR (3.2± 0.3 kg) lambs 

were lighter (P<0.05) than control (CON; 4.5 ± 0.2 kg) lambs. At 30 days old FGR (10±1 

kg) lambs weighed less than CON (12.8±0.4 kg) lambs and no changes in 

semitendinosus muscle weight relative to body weight was found. Satellite cells were 

isolated from 30-day old lambs. To test their responsiveness to TGFɓ, we measured cell 

fusion rates on control and FGR satellite cells treated with either TGFɓ inhibitor (A8301) 

or untreated during differentiation. Additionally, dose-response curves were performed 

on control and FGR satellite cells with increasing concentrations of TGFɓ (0-10ng/ml). 

To test TGFɓ-induced transcriptional activity, we performed RNA seq analysis to 

satellite cells treated with either TGFɓ (3ng) or no TGFɓ (0ng) and RNA was collected. 

Then, to capture epigenetic changes, we collected genomic DNA from CON and FGR 

satellite cells to perform DNA methylation analysis on differentially promoter regions. 

Lastly, we performed ChIP-qPCR against RNA polymerase II to validate gene 

transcription.  

The percent of cellular fusion was higher (P<0.01) in satellite cells treated with a TGFɓ 

inhibitor (A 83-01; 64.2±3.8%) compared to untreated cells (42.3±4.4%) from control 

lambs. A greater percent of cell fusion was found in cells from FGR lambs (55.4±1.7%), 

which was not affected with the TGFɓ inhibitor. Dose-response curves for TGFɓ 

showed that satellite cells from GGR lambs were less responsive to TGFɓ. RNAseq 

identified 1,033 DE genes in CON-0ng vs CON-3ng and 1163 DE genes in FGR-0ng vs 

FGR-3ng. DNA methylation analysis identified 2,372 differentially methylated promoter 

regions. Transcriptomic and DNA methylation data identified similar pathways such as 

TGFɓ, PI3K/AKT, WNT, RAS signaling and cell cycle and apoptosis.  
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Dose-response curves revealed that TGFɓ responsiveness was blunted in satellite cells 

from FGR lambs leading to increased fusion rates by impaired TGFɓ activity. 

Transcriptome data from satellite cells stimulated with TGFɓ revealed increased gene 

expression of PI3K/AKT pathways suggesting it as a main regulator of muscle 

differentiation after TGFɓ stimulation. The TGFɓ-SMAD4 signaling in FGR satellite cells 

was not different from controls leading to the assumption that stimulation with TGFɓ 

increased PI3K/AKT gene expression. Therefore, we evaluated epigenetic changes in 

CON and FGR satellite cells which resulted in hypomethylated promoters of genes in 

PI3K/AKT signaling. These data suggest that reduced TGFɓ responsiveness in FGR 

satellite cells is due to enhancement of PI3K/AKT signaling pathway. TGFɓ regulates 

fundamental processes in lowering skeletal muscle mass during FGR by increasing 

differentiation rates and lowering satellite cell pools. This represents a critical 

mechanism that is responsible for mediating programming events in satellite cells from 

FGR lambs.   
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CHAPTER 1 
 

Introduction 
 

Developmental Origin of Adult Disease 
 

The developmental origin of adult disease hypothesis states that adverse 

influences early in development can result in permanent changes in physiology and 

metabolism leading to an increased risk for non-communicable diseases in adulthood. 

This hypothesis originated from observations reported by Barker and colleagues in 

regions of England that documented birthweight and infant mortality and morbidity in the 

early twentieth century[1]. At this time, the most common cause of infant death was low 

birthweight. Studies in men born in Sheffield and Hertfordshire in the first quarter of the 

20th century showed a relationship between death from coronary heart disease and 

lower birthweight [2]. This study has been replicated in women as well[3]. Initially, it was 

thought that low birthweight and coronary heart disease were caused by lifestyle or 

environmental factors, and that individuals who suffered poor growth early in life would 

continue to be exposed to these factors. Nevertheless, changes in lifestyle and Western 

diet introduced during the last century increased the incidence of coronary heart 

disease suggesting that adult lifestyle risk factors for coronary heart disease are also 

predictive of who will develop the disease.  

 

The association between low birth weight and reduced muscle strength was initially 

reported in the Hertfordshire Ageing Study, a birth cohort study of women and men born 

in between 1920 and 1930 in Hertfordshire UK and still living there after 60 to 70 
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years[4]. They recorded weight at birth and at one year old and were traced through the 

National Health Service Central Registry in Southport UK. Measurement of current size 

and markers of ageing in different body systems including grip strength were collected 

from 717 people. Lower birth weight and weight at one year were significantly 

associated with lower grip strength in later life. The relationships found remained 

significant after allowing for adult size which suggested that an adverse early 

environment affects muscle quality and quantity.[4] A more recent study has shown a 

similar effect size of birth weight on adult muscle strength in young women between 20 

and 34 years of age[5]. 

 

Additional studies investigating the relationship between growth in early life and 

muscle mass have shown consistent findings that link low birth weight and reduced 

muscle mass. A study of elder men part of the Hertfordshire Cohort study revealed that 

birth weight was significantly positively associated with fat-free mass but not with 

measures of adult fat mass[6]. Recent studies on the Helsinki birth cohort has replicated 

the relationship between small size at birth, lower muscle mass and reduced grip 

strength in older people[7]. Studies of birth weight and muscle mass in early life show 

similar findings for children[8], teenagers[9] and young adults[10]. There is considerable 

interest in which aspects of the early environment underlie these epidemiological 

associations. Previous cohort studies have sufficiently detailed data on prenatal and 

postnatal environmental influences at critical periods of development that lead to long 

term effects on muscle mass. 
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Fetal Programming 

 

Fetal programming was a concept postulated to explain a permanent or long-

term change to physiology, morphology, or metabolism of a fetus in response to a 

specific insult or stimulus at a critical period during development leading to greater risk 

of later diseases in adulthood[11]. Developmental programming of postnatal 

physiological function has been demonstrated in numerous experiments and in a 

number of species using a range of techniques to compromise the in utero environment 

to alter fetal development[12]. The different studies confirm the Barker hypothesis that 

fetal nutrition during the intrauterine life, as indicated by birth weight, plays a relevant 

role in early prenatal life to program the susceptibility and the risk for adverse health 

outcomes in later life. The link between changes in early development and susceptibility 

to adult diseases can be represented by the ability of epigenetic factors to change the 

expression of key genes during gestation, leading to a more permanent alteration of 

cellular proliferation and differentiation processes[13], ending with persisting structural 

and metabolic changes in organs and tissues. According to Barker, the impairment in 

structure development and function of multiple organs can pose clinical consequences.  

 

Indeed, animal studies have also demonstrated that the timing, duration, and 

nature of the insult during development are important determinants of the pattern of 

intrauterine growth and physiological outcomes[14]. It has been shown that insults occur 

at critical periods on which tissues and organs are being developed and coincides with 

the timing of cell differentiation[13]. The existence of critical periods during which 

nutritional influences can have long-term consequences for growth and metabolism has 
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also been remarked by McCance and Widdowson [15] who showed that early 

undernutrition had permanent effect on the subsequent growth rate of rats, whereas 

later undernutrition had a transient effect. Similarly, rickets, a condition that affects bone 

development has long demonstrated that undernutrition at early age leads to persistent 

changes in bone structure[11]. These studies have shown that undernutrition affect birth 

weight and can alter subsequent cardiovascular and metabolic function. Altogether, 

epidemiological data in humans show that a wide range of individual tissues and whole 

organ systems can be programmed in utero resulting in adverse consequences for their 

physiological functions in adulthood.  

 

Small for Gestational Age (SGA) 
 

For many decades, low birth weight has been recognized to pose as a risk factor 

for stillbirth and infant morbidity[16]. The World Health Organization defines low birth 

weight as a weight < 2500 grams. This definition includes preterm infants who generally 

have an appropriate size for their gestational age as well as infants born at term with 

small birth size. Small for gestational age (SGA) is a term used to describe infants with 

a birth weight lower than the normal range for gestational age. SGA is usually described 

as birth weight below the 10th percentile for gestational age. Among the known causes 

of SGA are maternal health and obstetric factors, placental insufficiency, and epigenetic 

factors. 

Placental Function 

During pregnancy, the human fetus is reliant on the placenta, a transient 

extracorporeal organ that serves as the interface between fetal and maternal circulation. 
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The placenta can transfer gases, electrolytes, hormones, maternal antibodies, fetal 

waste, and nutrition such as water, amino acids, glucose, vitamins, and free fatty acid. 

For this to occur, placental adherence and uterine arterial remodeling must be 

established to ensure nutrient delivery to the growing fetus. A successful placentation 

includes the remodeling of the uterine arteries.  

 

After fertilization, the blastocyst develops, comprising an inner cell mass destined 

to form the fetus and an outer shell known as the trophoblast that becomes the fetal 

portion of the placenta. To facilitate placental attachment, the cytotrophoblast, an inner 

component of the trophoblast, releases matrix metalloproteinases that degrade the zona 

pellucida. Adherence is promoted through the formation of anchoring villi and the 

expression of adhesion molecules[17]. This invasion of uteroplacental arteries leads to 

their remodeling into dilated, low-resistance, inelastic vessels lacking maternal 

vasomotor control, enhancing uteroplacental perfusion to meet fetal demands[18]. Any 

disruption in this remodeling process can lead to increased uteroplacental vascular 

resistance, resulting in placental hypoperfusion and subsequent complications such as 

coagulation activation, endothelial dysfunction, placental thrombosis, and fibrin 

deposition, all implicated in fetal growth restriction[18, 19]. Moreover, loss of focal 

adhesion of the endovascular trophoblasts can reduce placental surface area, 

contributing to placental insufficiency. This reduction, coupled with placental thickening, 

results in a globular placental appearance, hypothesized as a compensatory 

mechanism for placental insufficiency[20]. 
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Placental Insufficiency-induced Fetal Growth Restriction (PI-FGR) 
 

A successful pregnancy requires normal placentation early in pregnancy to 

sustain placental function in the second half of the pregnancy. Abnormal placentation 

creates defective remodeling of the uteroplacental arteries resulting in inadequate 

uteroplacental blood flow[21]. Placental insufficiency (PI) is a condition where there is a 

failure of placental vascular remodeling, leading to a failure of placentation. This results 

in a progressive deterioration in the placental capacity to transfer of oxygen and 

nutrients to the fetus culminating in fetal hypoxemia and hypoglycemia. 

 

Fetal hypoxemia lowers the metabolic demands to preserve what nutrients are 

already accessible resulting in fetal growth restriction (FGR). In response to hypoxemia, 

the fetal ductus venosus dilates to shunt oxygenated blood from the umbilical vein away 

from the liver to ensure adequate supply of oxygen and nutrients to the heart and the 

brain[22]. Redistribution of blood flow to these vital organs occurs at the expense of 

nutrient and oxygen delivery to the periphery[23]. The reduction in maternal-fetal 

transfer of nutrients, mainly, glucose, amino acids, and minerals, leads to lesser 

deposition of glycogen in the liver and muscles and minerals in bones. Consequently, 

the limited resources available for muscle growth lead to a notable decrease in the 

number of muscle fibers present at birth[24]. The resulting fetal hypoxia is thought to be 

a major stimulus involved in asymmetric growth restriction as an attempt to reduce the 

metabolic demands of skeletal muscle[25].  
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FGR can be caused by maternal, placental, or fetal insults, with the most 

common etiology thought to be PI. FGR affects ~8% of all pregnancies and this 

condition is associated with increased perinatal mortality, long-term childhood mortality, 

a range of cardiovascular and metabolic diseases in adulthood[26]. When compared 

with normal-grown fetuses, FGR fetuses exhibit six times higher risk of perinatal death 

and a three-fold greater risk of spontaneously occurring preterm delivery[27]. In 

approximately 75% of cases of asymmetrical FGR, the intrauterine growth restriction 

typically occurs after the second trimester of pregnancy[28]. Moreover, the incidence of 

FGR is six time higher in underdeveloped/developing countries when compared to 

developed countries[29]. Therefore, there is a higher risk of developing non-

commutable diseases in infants born low birth weight due to the incidence of FGR [30].  

 

Skeletal Muscle 
 

Skeletal muscle represents about 40% of body mass and plays an important role 

in metabolic homeostasis[31, 32]. It also contains 50-75% of all body proteins and 

accounts for 30-50% of whole-body protein turnover[33]. Skeletal muscle functions are 

to produce movement, sustaining body posture and position, storing nutrients, 

stabilizing joints, and maintaining body temperature[34]. The main metabolic roles of 

skeletal muscle are to regulate basal energy metabolism, serving as the primary site for 

glucose uptake and glycogen storage [33]. Skeletal muscle is also responsible for 

glucose consumption and its metabolic function relies on endocrine regulation, making it 

the prime location for glucose and oxygen conservation during nutrient restriction. 

Furthermore, skeletal muscle is the primary location for insulin-stimulated glucose 
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uptake accounting for 70% of the whole-body glucose disposal[35], making it the 

primary driver of whole-body insulin resistance. 

 

Skeletal Muscle PI-FGR 
 

In FGR fetuses, reduced placental supply induces an adaptive response that 

redistributes essential nutrients to vital organs. Consequently, available resources for 

muscle growth are significantly reduced, resulting in a reduction in muscle mass. This 

phenotype cannot be entirely compensated through postnatal growth, leading to a 

permanent reduction in muscle mass and persistent impairment in muscle function 

throughout their life course increasing the risk of diseases such as sarcopenia, obesity 

and diabetes[24].   

  

In periods of fetal hypoxia and hypoglycemia, the fetus needs to have a 

protective mechanism to conserve glucose and oxygen. Combination of low insulin 

concentrations and elevated catecholamines contribute to hyperlactatemia, acidosis, 

and hypercarbia in the fetus[36]. This adaptive mechanism is accompanied by 

increased utilization of non-glucose substrates for energy production, such as amino 

acids[37, 38], and lower skeletal muscle energy requirements for protein synthesis and 

accretion. Hepatic glucose production is induced and utilizes lactate produced by 

anaerobic glycolysis in skeletal muscle as a substrate for glucose production [39, 40]. 

Chronic hypoglycemia increases protein breakdown and amino acid oxidation rates, 

lowers plasma insulin and glucose uptake, and slows fetal growth rate[37]. Reponses 

are transient and recovered with the reestablishment of euglycemia[37]. However, after 
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suffering chronic hypoglycemia and hypoxia (placental insufficiency), euglycemic 

correction alone fails to restore glucose homeostasis or improve fetal growth rate. 

Actually, this condition worsens hypoxemia and hypoinsulinemia, resulting in 

acidosis[41] making it clear that metabolic changes are dependent on placental oxygen 

supply. Therefore, development is altered, and growth is slowed in fetuses with PI.  

 

Impact of PI-FGR on Muscle Growth 
 

In FGR fetuses and neonates, body composition analyses have shown 

reductions of 25-40% in muscle mass when compared to appropriate for gestational age 

individuals[42, 43]. Adults that were affected by FGR suffer from lifelong reductions in 

muscle mass[44] and lower muscle to fat ratios when compared to higher birth weight 

group[7, 45]. These findings suggest that postnatal muscle growth can be restricted by 

molecular events occurring during development. Animal studies indicate that insults 

during late gestation are more profound to fetal and postnatal skeletal muscle than 

those that take place in early gestation[46, 47]. Maternal nutrient insults during the first 

and second trimesters in sheep overlap with myofiber formation and lowers the total 

number of myofibers[47]. Notably, nutrient restriction happening in the last trimester of 

pregnancy after myofiber number is static[48], results in offspring with smaller muscles 

near term and after birth due to smaller myofibers and not to fewer myofibers[46, 49]. In 

young animals, myofiber size stays proportional to myonuclear content during rapid 

growth[50] and increased protein synthesis is driven by increased myonuclear 

accumulation. Studies in sheep FGR fetuses have shown smaller myofibers and less 
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relative DNA but the number of fibers does not change[49, 51] indicating reduced 

myonuclear accumulation can slow hypertrophic muscle growth[52].  

 

Additionally, we have found reduced myoblast proliferation rates in fetuses with 

FGR that might help explain smaller semitendinosus myofibers and less muscle mass 

near term[53]. In contrast, fetal myoblast ability to differentiate was similar between 

control and FGR fetuses[53]. These results indicate that reduced myoblast proliferation 

in FGR fetuses is a response that allows them to maintain lower nutritional demands by 

suppressing muscle growth. In addition, for myofiber hypertrophy to occur, myonuclei 

have to accumulate via myoblast incorporation[50] and myoblast must replicate and 

differentiate to facilitate myonuclear accumulation. Smaller population of differentiating 

myoblast indicate that myonuclear accumulation is impaired. Reduced number and/or 

function of myoblast can explain the smaller myofibers cross-sectional area in FGR 

fetuses. In fact, slower postnatal muscle growth in FGR offspring indicates that 

myoblast suffered an adaptive response during development. Reduced fetal skeletal 

muscle growth and insulin resistance may contribute to long term morbidities as a result 

of FGR, such as type 2 diabetes[54, 55].  

 

Skeletal Muscle in Insulin Resistance 
 
 

In skeletal muscle, insulin stimulates the transport of glucose from the 

bloodstream into the tissue by translocating the insulin-regulated glucose transporter 4 

(GLUT4). Skeletal muscle is responsible for ~80% of insulin-stimulated glucose uptake 

from glucose ingestion[56, 57]. In humans, 75-80% of insulin-stimulated muscle glucose 



 22 

disposal during a euglycemic insulin clamp is converted to glycogen, whereas the 

remaining 20-25% is oxidized to CO2 and H20[58]. In type 2 diabetes, impaired glycogen 

synthesis followed by reduced glycogen synthase activity are the early detectable 

metabolic defects[58, 59]. Also, insulin resistance in skeletal muscle has been linked to 

lipid accumulation, consequently, to defects in fatty acid metabolism, which may include 

alterations in fatty acid (FA) uptake, triacylglycerol (TAG) synthesis, lipolysis, fatty acid 

oxidation[60-64]. Studies have shown that insulin is associated with alteration in lipid 

metabolism. Usually, this process is manifested as elevated circulating levels of FAs 

and TAGs and increased intracellular accumulation of lipid intermediates[64]. The 

accumulation of lipid intermediates like long-chain saturated FA species (such as 

palmitic, stearic, and arachidic esters) rather than long-chain unsaturated FA species 

has been associated with defects in the insulin signaling cascade[65]. 

 

Lastly, changes in these cellular signaling have been associated with a decrease 

in insulin-stimulated glucose uptake and metabolism, thus, causing insulin 

resistance[66]. Remediating insulin resistance in the muscle alone can restore whole-

body glucose homeostasis when the defect is located in skeletal muscle[56]. Insulin 

resistance can disrupt the amount of glucose uptake by the muscle as well as the timing 

of the uptake[33]. Under normal conditions, postprandial glucose uptake into the muscle 

increases linearly with time. However, hyperinsulinemic-euglycemic clamp studies have 

demonstrated that in individuals with insulin resistance and type 2 diabetes have 

delayed insulin action, leading to diminished overall glucose uptake[33].  
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Overall, understanding how fetal skeletal muscle growth adjusts to nutrient availability 

due to PI is crucial for assessing fetal programming and its later risk for developing 

metabolic diseases in adulthood.  
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CHAPTER 2 
 

Skeletal Muscle Structure 
 

Skeletal muscle consists of bundles of muscle fibers known as myofibers, each 

containing multiple myofibrils. Each myofiber represents a muscle cell where the basic 

unit of cells is the sarcomere. Myofiber bundles form fascicles, and bundles of fascicles 

constitute the muscle tissue. Muscle fibers are striated and multinucleated cells with its 

nuclei peripherally adjacent to the sarcolemma. The sarcolemma separates the 

extracellular and intracellular compartments with its tubular sheath that defines each 

muscle fiber. Muscle fibers have invaginations within the sarcolemma called transverse 

tubules that facilitate the ion exchange. Myofibrils are composed of myosin (thick 

filaments), actin (thin filaments), and support proteins that create the striated 

appearance through their longitudinal arrangement of myosin and actin which create the 

sarcomere. The arrangement includes the M line, Z disk, H band, A band, and I band. 

 

The Z disk is the terminal boundary of the sarcomere, where alpha-actinin serves 

as an attachment point for the actin filaments. Myosin filaments are bound together 

through binding sites within the myosin filament located in the M line. The central region 

of the sarcomere is the H band, which contains the M line. The A band constitutes a 

larger portion of the sarcomere containing myosin fibers with overlapping regions of 

actin and myosin. The I band contains solely actin filaments and covers the terminal 

regions of two adjacent sarcomeres. During contraction, the H and I bands shorten, 

while A band remains consistent in length[67].  
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Muscle fibers are categorized in three groups. Type I fibers, or oxidative fibers, 

are slow twitching fibers. These fibers have a low glycogen content and are the smallest 

fiber type. Type I fibers have a low rate of fatigue, low myosin ATPase activity, slow 

contractile speed, making them best for constant contraction. Type IIa fibers, or fast 

oxidative fibers, are fast twitching fibers with a high myosin ATPase activity and 

intermediate rate of fatigue. These fibers are best suited for medium duration and 

moderate movement actions. Type I and IIa fibers are called red fibers given thein high 

myoglobin content. They contain a high density of mitochondria and capillaries where 

they obtain ATP primarily from oxidative phosphorylation. Type IIb fibers, or fast 

glycolytic fibers, are fast-twitching fibers. They are the largest fibers in diameter due to 

their high density of actin and myosin proteins. These fibers are called white fibers due 

to their low myoglobin content and have fewer mitochondria compared to Type I and IIa. 

Their ATP requirements come primarily from anaerobic glycolysis and have a higher 

rate of fatigue. These fibers are best for short-duration, intense movements. 

 

Skeletal Muscle Development in Humans 
 

In humans, skeletal muscle derives from progenitor cells that originate in the 

somites[68]. These progenitors are satellite cells which arise from the dorsolateral 

regions of the somites that differentiate into dermomyotomes. Next, satellite cells give 

rise to unipotent population of myoblast cells by self-renewing proliferation. During 

differentiation, myoblast cells fuse to generate multinucleated cells or myotubes which 

ultimately differentiate into myofibers. There are two types of myotubes during 
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development, the primary and secondary myotubes. At 7-9 weeks of fetal life, primary 

myotubes form after myoblast present during development fuse and the second 

generation of myotubes forms using primary myotubes as a scaffold for their formation 

at 11-15th week of gestation[69, 70]. From the 16th to 22nd week of gestation the cells 

forming mature myotubes become packed with myofibrils. At 24 weeks of gestation, 

fusion of undifferentiated cells seems to be the last stages of human myogenesis, 

resulting in immature muscle fibers. Postnatal muscle mass is determined by prenatal 

muscle fiber formation and early stages of hypertrophy, without forming new muscle 

fibers[71]. Postnatal growth occurs mainly by muscle fiber hypertrophy, driven by 

myonuclear accumulation via incorporation of resident satellite cells[50]. 

 

Skeletal Muscle Development in Sheep 
(Myogenesis is finalized in early third trimester) 

 

Myogenesis determines the number of fibers at birth and occurs in 3 distinct 

phases and is completed early in third trimester[72]. In the first trimester, primary 

myotubes are generated after progenitor cells fuse into primary myotubes creating a 

scaffold which secondary myotubes will be formed near the end of the first trimester. A 

final wave of secondary myotubes fill spaces not occupied by existing myofibers and 

completes myogenesis early in third trimester. Nutritional insults during first early or 

mid-gestation interfere with myotube formation and reduce fiber density in skeletal 

muscle[73]. This study revealed that sheep maternal nutrient restriction between mid-

first and mid-second trimester lowers the number of secondary myofibers per fasciculi in 

the fetal longissimus dorsi muscle[73]. Malnourishment during the peri-conception 
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period was studied on the development of ovine fetal muscle where lower secondary 

fiber density was found in fetal semitendinosus muscle[74]. Even though FGR can result 

from maternal undernutrition during early gestation, placental insufficiency does not 

cause fetal hypoglycemia and hypoxemia until later stages of gestation, most likely after 

myogenesis is completed[49, 51]. Instead, placental insufficiency will result in reduced 

muscle mass by impairing fiber growth to a greater extent than total fiber number. 

 

Figure 1. Overlap between the three phases of skeletal muscle myogenesis and heat 

stress-induced placental insufficiency followed by FGR effects in the third trimester. 

 

Skeletal Muscle Proliferation and Differentiation 
 

Satellite cells are responsible for postnatal muscle growth and repair. Satellite 

cells are in a quiescent state expressing paired box protein 7 (Pax7)[75], while lying 

between the basal lamina and sarcolemma of the muscle fiber[76]. This is normal in 

healthy and mature muscle tissue. In response to stress or injury, satellite cells exit the 

quiescent state and then proliferate, differentiate, and fuse with exciting muscle 

fibers[77].There are genes capable of converting somites cells to active myoblast, and 

ultimately myotubes. Signals such as Wingless and Int (Wnt) and Sonic hedgehog 

regulate expression of paired box (Pax) 3, Pax7, and Glioma-associated oncogenic 
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homolog 1[78], which then initiate expression of myogenic regulatory factors (MFRs)[79, 

80]. This family includes MyoD, myogenin, Myf5 and MRF4. When satellite cells are 

activated, they co-expressed Pax7 and MyoD[81]. While no expression of any MFRs is 

detected in quiescent adult rat satellite cells[81]. In proliferating myoblast, MyoD 

expression is induced by FoxO3, Six1/4 and Pax3 and Pax7 where they end exiting the 

cell cycle and undergo terminal differentiation continuing to express MyoD. Myoblast 

initiate the expression of myogenin, which is necessary for the formation of 

multinucleated myotubes. Ultimately, differentiating cells promote muscle growth but to 

maintain proliferating pools, some satellite cells withdraw from both the cell cycle and 

immediate myogenic differentiation returning to a quiescent state[82]. Together, MRFs 

cooperate to regulate myogenesis, forming a mature muscle fiber.  

 

Figure 2. Skeletal muscle myogenesis. In the middle of first trimester, the primary state 

of muscle fiber formation begins by fusion of myogenic precursor cells into primary 

myotubes. Myotubes form a scaffold for subsequent myotube formation. From the 

second trimester to beginning of third trimester, the secondary stage of myogenesis 

occurs by rapid proliferation of myoblast that differentiate and fuse to form 
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multinucleated myotubes and secondary myofibers. In the third trimester, muscle grows 

by myofibrillar protein synthesis and hypertrophy of myofibers. Figure created using 

Biorender.com. 

 

Molecular Regulation of Skeletal Muscle 
 

Skeletal muscle growth is controlled by hormones, growth factors and other 

biomolecules such as insulin-like growth factor-1 (IGF-1) and transforming growth 

factor-beta (TGFɓ). IGF-1 is a key growth factor that regulates both, anabolic (growth) 

and catabolic (degradation) pathways in skeletal muscle. IGF-1 regulates skeletal 

muscle protein synthesis via PI3K/AKT/mTOR and PI3K/Akt/GSK2ɓ pathways.  

Upon binding to IGF-1, IGF-1 receptor (IGF-1R) phosphorylates an intracellular adaptor 

protein insulin receptor substrate-1 (IRS-1), which recruits and phosphorylates 

phosphatidylinositol 3-kinase (PI3K) [83, 84]. PI3K phosphorylates the membrane 

phospholipid phosphatidylinositol-4,5-biphosphate to phosphatidylinositol-3,4,5-

triphosphate (PIP3) from phosphopinositide-4,5-biphosphate (PIP2), creating a lipid 

binding site on the cell membrane for serine/threonine kinase called AKT (Protein 

kinase B). Direct and indirect targets downstream of AKT include glycogen synthase 3 

(GSK3), the mammalian target of rapamycin (mTOR), p70S6K, PHAS-1 (4EBP-1), key 

regulatory proteins involved in translation and protein synthesis[85-87]. Akt activates 

protein synthesis via activation of ribosomal protein S6 and the translation initiation 

factor eIF4E downstream of mTOR complex-1 (mTORC1), and activation of ɓ-catenin 

and eIF2B downstream GSK3ɓ. All these steps take place in the inner surface of the 

plasma membrane. 
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In mammalian cells, mTOR is downstream of AKT, and its activity is regulated by 

amino acid availability to the cells. Amino acids are required to build proteins, nucleic 

acid, glucose, and ATP in the body, therefore, mTOR activity is highly correlated with 

the protein synthesis/degradation homeostasis. Experimental observations have 

highlighted the importance of IGF-1/AKT/mTOR pathways in promoting muscle 

hypertrophy[88].  

 

AKT phosphorylates and inhibits tuberous sclerosis 1 and 2 (TSC1/TSC2) that 

result in activation of small G protein Ras homolog enriched in bran (Rheb) via its 

binding to GTP. GPT-bound Rheb activated mTORC1 which results in phosphorylation 

of p70S6k promoting protein synthesis by activation of ribosomal protein S6. Additionally, 

mTORC1 phosphorylated 4EBP1, leading to its release from the inhibitory complex with 

the translation initiation factor eIF4E, the cap binding protein, permitting the binding of 

eIF4E to eIF4G to form the translation initiation complex[89]. Lastly, AKT can 

phosphorylate glycogen synthase kinase-3 beta (GSK3ɓ) and inhibits its activity, 

leading to activation of eIF2B and transcriptional activator b-catenin[90] preventing 

muscle atrophy[91]. 

 

The forkhead box (FoxO) is a family of transcription factors that regulate target 

genes involved in metabolism, apoptosis, and cell cycle progression[92]. PI3K/AKT can 

also inhibit protein degradation by the phosphorylation of FoxOs transcription factors on 

multiple sites leading to suppression of transcription of E3 ubiquitin ligases that regulate 
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ubiquitin protease system (UPS)-mediated protein degradation[93]. FoxO factors are 

required for the transcriptional regulation of the ubiquitin ligases atrogin-1, and muscle 

ring finger (MuRF1), leading to the ubiquitylation of myosin and other muscle proteins, 

and their degradation via the proteosome. FoxO is also required for the transcriptional 

regulation of the microtubule-associated protein 1 light chain 3 (LC3), which together 

with BCL2/adenovirus E1B interacting protein 3 (BNIP3) is essential for the activation of 

the autophagy-lysosome pathway.  

 

IGF-1 increases both proliferation and differentiation of cultured myoblast[94]. In 

a proliferative stage, IGF-1 increased the expression of cell-cycle progression factors, 

whereas IGF-1 enhanced myoblast differentiation when cells are withdrawn from the 

cell cycle by upregulated expression of myogenin (MyoG). In L6A1 (subclone of rat 

neonatal myoblast cell line L6) cell line from rats, blockage of MAPK inhibited IGF-1 

mediated myoblast proliferation, whereas blockade of PI3K or mTOR abolished 

myoblast differentiation[95]. Studies in mouse models of IGF-I receptor deficiency led to 

neonatal death with muscle hypoplasia and weakness[96]. In contrast, IGF-I 

overexpression in skeletal muscle increased muscle mass and elicited pronounced 

hypertrophy of all classes of myofibers and also indicated a shift in myofiber type toward 

more oxidative fiber types[97].Therefore, continuing impairment in insulin secretion or 

action in early postnatal life is unlikely to support the catch-up growth that occurs in 

infants that were growth restricted in utero.  
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In contrast, TGFɓ family members, including myostatin, are negative regulators 

of skeletal muscle growth. TGFɓ signaling pathway inhibits cell proliferation and delay 

muscle development[98], thus preventing activation of positive regulators of myoblasts, 

such as MyoD and myogenin[99]. TGFɓ1 binds to the TGFɓ type I receptor (TɓRI/ALK-

5) or the activin like kinase-1 (ALK-1) receptor which binds to the TGFɓ type II receptor 

(TɓRII), which forms a complex of two TɓRI and two TɓRII subunits[100]. Following 

formation of receptor complex, TɓRII subunits phosphorylate TɓRI subunits at several 

serine and threonine residues within the receptor kinase domain, which leads to its 

activation and downstream activation of the SMAD proteins[100]. SMAD2 and SMAD3 

are the main substrates for TGFɓ receptors, referred to as receptor-regulated SMADs, 

or R-SMADs[101]. SMADs are unique proteins responsible for transducing the signal 

from activated receptor into the nucleus. SMAD proteins are characterized by the 

presence of two domains, MH1 which contains DNA binding sequence and MH2, 

capable of interacting with activated TGFɓ receptors, co-activators and co-repressors. 

R-SMADS interact via their MH2 with MH2 of SMAD4 which form a SMAD complex that 

is then translocated from the cytosol to the nucleus to regulate the transcription of target 

genes[102-104]. Adding to the regulation are inhibitory SMADs (I-SMADs), SMAD6 and 

SMAD7 that block R-SMAD phosphorylation by TɓRI[101]. SMAD6 prevents interaction 

between R-SMAD and SMAD4 by competing with R-SMAD2 for binding to SMAD4 and 

is activated by the bone morphogenic proteins (BMP) type 1 receptors ALK-3 and ALK-

6. While SMAD7 inhibits both BMP- and TGFɓ- induced SMAD signaling[105]. 
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The role of TGFɓ signaling pathway in myogenic differentiation has been extensively 

studied using in vitro cultured primary myoblast or myoblast cell lines, such as C2C12. 

In rat primary myoblast, exogenous TGFɓ1 was shown to prevent differentiation, fusion 

and myotube formation[106] and increased proliferation in C2C12 myoblast. Myostatin 

was found a key regulator of muscle mass in a knocked-out mice model. The resulting 

ñmighty miceò exhibited muscle enlargement due to both increased number of muscle 

fibers (hyperplasia) and increased size of individual muscle fibers (hypertrophy)[98] 

These effects on muscle overgrowth are persistent throughout the animal lifespan. 

Interestingly, myostatin was found to be a key signaling molecule that signals to the 

quiescence of satellite cells and myoblasts. Analysis of myostatin mutant mice showed 

an increased number of satellite cells per single myofiber and a higher number of 

activated satellite cells compared to wild-type mice[107]. Other signaling molecules in 

the TGFɓ family such as SMAD3 has been known to interfere with the bHLH domain of 

MyoD preventing MyoD/E protein dimerization and subsequent binding to E-box[99]. 

SMAD3 has the ability to interact with MEF2, and this interaction prevents association of 

this factor with the MyoD/E-47 dimer resulting in repressed myogenin expression[108]. 

Moreover, SMAD2/3 can inhibit the transcription factor JunB, which normally promotes 

muscle growth and inhibits muscle atrophy by blocking FoxO3[109]. In addition to 

regulating cell proliferation and differentiation, the apoptotic effect of TGFɓ is also 

critical for tissue growth and development[110]. The interaction of muscle cells with their 

extracellular matrix environment is key for cell survival, proliferation and differentiation 

due to its capacity to transduce signals to the cells via integrins (transmembrane cell 

adhesion receptors)[111]. A study in chicken satellite cells showed that the addition of 
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exogenous TGFɓ1 reduced ɓ1 integrin expression and altered its localization. 

Additionally, it increased number of apoptotic cells analyzed by annexin V suing flow 

cytometry supporting the evidence that TGFɓ induces satellite muscle cell apoptosis by 

ɓ1 integrin-mediated cell signaling pathway[112]. Thus, TGFɓ signaling impact 

myoblast proliferation, differentiation and apoptosis via different routes.  

 

Although, TGFɓ signals mainly via SMAD proteins it was demonstrated that TGFɓ can 

act via SMAD-independent pathway that includes PI3K/AKT signaling pathway[113]. 

 

Crosstalk Between TGFɓ and PI3K-AKT Signaling Pathways 
 

In addition to canonical SMAD pathway, there are other intracellular pathways 

that TGFɓ receptors can initiate via either phosphorylation or direct signaling 

intermediates. These non-SMAD signaling pathways involve PI3K/AKT and mitogen 

activated protein kinases (MAPKs) pathways. Studies in epithelial-like cells have shown 

that TGFɓ stimulation activates PI3K signaling by phosphorylation of its downstream 

effector AKT[114, 115].  Immunoblot analyses with specific antibodies to 

phosphorylated form of AKT showed TGFɓ-induced phosphorylation of AKT at Ser-472 

within 30 mins. This activation appears to be independent of SMAD2/3 activation[116], 

which has suggested a direct involvement of PI3K in TGFɓ-receptor-initiated 

intracellular signaling[117]. TGFɓ-induced SMAD signaling results from activation of the 

TɓRI, which downstream from the type II receptor (a result of TɓRII-mediated activation 

of the TɓRI kinase). Although, SMADS are activated by TɓRI, several responses have 
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been linked to type II receptors without the functional requirement of the TɓRI kinase 

activity[118]. 

 

To examine whether the TGFɓ-induced activation of AKT depended directly on the 

kinase activity of TɓRI, SB431542, a kinase inhibitor was used. This inhibitor binds the 

ATP-binding site of TɓRI and does not inhibit TɓRII. Experiment prevented TGFɓ-

induced activation of AKT by PI3K; this finding shows that the TɓR1 activity is required 

for this pathway[117]. A recent study indicated that TɓRI associates with p85 regulatory 

subunit of PI3K, thus enabling activation of the p110Ŭ catalytic subunit of PI3K[119]. 

TGFɓ stimulated PI3K/AKT activated downstream effectors like mTOR, which is a key 

regulator of protein synthesis via phosphorylation of S6 kinase (S6K) and 4E-BP1[119]. 

Several cell types, including murine mammary gland epithelial cells have proven the 

TGFɓ-induced activation of mTOR by treating cells with rapamycin, an inhibitor of 

mTOR which inhibited TGFɓ-induced protein content[117].  

 

Nevertheless, PI3K/AKT activity is known to alleviate TGFɓ-induced apoptosis and/or 

cell cycle arrest in multiple types of cells in response to insulin, IGF, interleukin, and 

viral proteins[110, 120-122]. Although AKT is activated by TGFɓ, AKT can also block 

TGFɓ responses through multiple mechanisms. AKT blocks TGFɓ responses by 

inhibiting phospho-activation of SMAD3, but not SMAD2[122]. Two other groups also 

reported that AKT blunted TGFɓ, through a mechanism involving the direct binding of 

AKT to SMAD3, where in the presence of insulin, activated AKT forms a higher affinity 

complex with SMAD3 that is resistant to dissociation by TGFɓ. This association blocks 
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activation of SMAD3 by sequestering SMAD3 from TɓRI-mediated phosphorylation[123, 

124]. This prevents formation of the SMAD3/SMAD4 heteromeric complex; therefore, it 

inhibits SMAD3-mediated transcription. Strong inhibition of SMAD3-mediated 

transcription by AKT blocks TGFɓ/SMAD induced apoptosis and promotes cellular 

survival[123].  

 

Additionally, FoxO is required for the formation of a nuclear SMAD/FoxO transcriptional 

complex for proliferation[125]. Upon activation of PI3K/AKT, FoxO is phosphorylated by 

AKT, which inhibits localization of FoxO. Lack of nuclear FoxO impairs TGFɓ-induced 

growth inhibition[126].  In conclusion, these two pathways show extensive crosstalk, 

and they regulate each other both positively and negatively. 

 

Figure 3. Crosstalk between TGFɓ and IGF-1 signaling pathway. TGFɓ stimulation can 

induces phosphorylation of AKT at Ser-472 via TɓRI association to p85 regulatory 
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subunit of PI3K. AKT can block TGFɓ signaling by preventing phosphorylation of 

SMAD3 or by sequestering SMAD3 from TɓRI preventing cascade activation. Figure 

was created using Biorender.com.  

 

Epigenetic Regulation of Skeletal Muscle Function 
 

Epigenetic regulation is a specialized mechanism of programming which involves 

gene silencing, genomic imprinting and/or transcriptional regulation of tissue-specific 

genes during cell differentiation[127]. The epigenetic control of gene expression 

depends on regulation of chromatin structure and accessibility to transcription factors. 

This control is gained by different mechanisms, such as methylation of cytidine-

guanosine (CpG) islands in gene promoter regions, acetylation-deacetylation of lysine 

residues of core histones in the nucleosome and production of miRNAs that interfere 

with protein synthesis[128].  

 

DNA methylation is accomplished by DNA-methyltransferases at CpG dinucleotides 

which catalyze the addition of a methyl group to the cytosine ring to form a methyl 

cytosine, using S-adenosylmethionine as a methyl donor[129]. DNA methyltransferase-

1 (DNMT1) is the predominant mammalian DNA methylating enzyme that is responsible 

for the restoration of hemi-methylated sites to full methylation. This is referred as 

maintenance methylation and occurs after DNA methylation. DNMT3A and DNMT3B 

are mainly involved in methylation of new sites, knowns as the de novo 

methylation[130]. The presence of methyl groups is necessary to direct the assembly of 

DNA into a closed chromatin structure affecting the access of RNA polymerase II 
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through densely methylated exons[131]. In mammals, DNA modification occurs 

predominantly on cytosines that follow a guanosine in the DNA sequence. These 

dinucleotides can be clustered in small stretches of DNA and are termed CpG islands, 

which are often associated with promoter regions. In 98% of the genome, CpGs are 

roughly located once per 80 dinucleotides. In contrast, CpG islands, comprise 1-2% of 

the genome and are approximately 200 base pairs to several kilo bases in length. 

Nearly all DNA methylation occurs in CpG islands. 

 

DNA methylation on these islands correlate with transcriptional repression[132] resulting 

in downregulation of gene expression. Methylation in promoter sites inhibit their 

recognition by transcription factors and RNA polymerases, as methylated cytosines 

preferentially bind to protein known as methyl cytosine binding protein[133]. DNA 

methylation is an important epigenetic regulation of gene expression in many genes that 

are critical for skeletal muscle development, cell fate commitment and differentiation. As 

skeletal muscle development is orchestrated by MRFs and transcription factors, such as 

Pax7 and myogenic regulators factors such as MyoD[134].  

 

Studies revealed that when DNA methylation prolife of proliferating and differentiating 

myoblast cells were compared to adult skeletal muscle, they reported a loss of 90% of 

the hypermethylated sites in mature fibers[135]. Miyata et al. (2015) found significant 

increase in global DNA methylation as myogenesis progressed from myoblast to 

myotube stage. The majority of hypermethylated regions were in promoters associated 

with genes involved in muscle contraction and other processes[136]. Further studies 
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demonstrate that demethylation of enhancers is essential for MyoD and Myf5 activation 

during skeletal muscle myogenesis and muscle-stem cell differentiation suggesting that 

DNA methylation is a key driver of myogenesis[137, 138] 

 

Epigenetics provides another level of regulation that, combined with genetic differences, 

mediates the relationship between genotype and environmental factors. Numerous 

external cues influence DNA methylation, which may determine disease onset or 

progression. For instance, a high fat diet given to pregnant mice induces 

hypermethylation of the peroxisome proliferative activated receptor, gamma, coactivator 

1 alpha (PGC1Ŭ) promoter in skeletal muscle of the offspring; this epigenetic 

modification is maintained until 12 months in the offspring and correlated with reduced 

expression of PGC1Ŭ mRNA and increased metabolic dysfunctions with age[139]. In 

addition, there is strong experimental evidence indicating that specific epigenetic 

hallmarks represent fingerprints of fetal programming that can persist into adulthood 

increasing the susceptibility to metabolic diseases occurring later in life[140].  

 

SMAD signaling can control methylation of histone H3 lysine K4 (H3K4). In hESCsd, 

SMAD2/3 cooperate with the pluripotency factor NANOG to recruit DPY30, which is a 

subunit of the histone methyltransferase complex COMPASS to promote H3K4 

trimethylation at promoters of pluripotency and mesondoderm genes[136]. 

The relationship between genes related to muscle repair with altered CpG methylation 

in the FGR offspring and altered functional changes in transcript level is understudied. 
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In TGFB signaling, SMAD4 is translocated into the nucleus where it interacts with other 

DNA binding factors to modify the transcription of genes[102, 103]. SMAD complex 

binds to the palindromic sequence 5ô-GTCTAGAC-3ô, called SMAD-binding element 

(SBE) that are recognized by MH1 domains[125]. Previous study reported that SMAD4 

targets such as RunX1T1 is genetically silenced by DNA methylation in the promoter 

site in ovarian cancer cell line. RunX1T1 has three SBE in its promoter region were 

showed methylation in varying degrees in ovarian cancer cell lines compared to 

immortalized ovarian surface epithelial (IOSE) cell line that showed unmethylated 

RunX1T1 promoter region[141]. Previous study identified atrogin-1 (FBXO32) as a 

TGFB/SMAD target gene in IOSE cells. FBXO32 is a member of the F-box protein 

family and recent findings suggest that FBXO32 is a novel apoptosis regulator[142] and 

is negatively regulated by a prosurvival signal[143]. Study found FBXO32 gene 

expression was downregulated in ovarian cancer cells. Additionally, they found 

promoter hypermethylation of FBXO32 and constitutive SMAD4 nuclear translocation.   

Although, SBE cannot be methylated due to lack of CG, DNA methylation affects the 

access of RNA polymerase II to initiate transcription. These results indicate that DNA 

methylation influences SMAD4 interaction with SBE motif to promote aberrant 

TGFB/SMAD4 signaling affecting normally occurring cellular processes.  

 

Animal Models of FGR 
 

Experimental models of FGR use either interventions in the mother (limitation of 

maternal energy and protein intake, uterine blood flow) or regulating placental function. 

Different species have been used as model of fetal growth restriction. One of the first 
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models described by Wigglesworth in 1964 was induction of uteroplacental insufficiency 

by uterine artery ligation in rodents; this model was followed by the use of cigarette 

smoke during pregnancy in rats in 1969. Various animal models have been developed 

throughout the years and currently 60% of the models now are rats, 10% mice, 12% 

sheep, 8% pigs, 2% monkeys and 2% chick embryos. There are a range of maternal 

interventions capable of creating FGR in animal models. The most used interventions 

directly alter the uterine circulation, reducing maternal oxygen and nutrient transport to 

the placenta. 

 

Rat Models of FGR 
 

Rats provide a relevant model for human FGR, making it easy to translate human 

diseases. Rats also have shorter life span making it an advantage for studying trans-

generational effects. They also have shorter gestation lengths and are large enough for 

complex surgical interventions such as uterine artery ligation[144]. The most studied 

small animal of uterine growth restriction is ligating the uterine artery of one horn. 

Although, this model comes with high incidence of fetal death and resorption among the 

fetuses manipulated horn[145]. Research revealed significant reduction in body weight, 

liver weight and placental weight in the fetuses with ligated horn compered to non-

ligated horn[146].  

 

Studies have demonstrated that uteroplacental insufficiency created by uterine artery 

ligation (UAL) alter skeletal muscle gene expression and function to metabolize glucose 

by reduced ATP availability. To test their hypothesis, they measured the mRNA 
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concentration of three important mitochondrial proteins; NADH-ubiquinone-oxireductase 

subunit 4L (ND-4L), subunit C of the F1F0-ATP synthase (SUC), and adenine nucleotide 

translocator 1 (ANT1) in fetal and juvenile control and FGR rats. In the fetus, mRNA 

concentration levels of three proteins were increased in FGR skeletal muscle whereas 

in juvenile rats were significantly decreased. This experimental study demonstrated that 

metabolic alterations are associated with uteroplacental insufficiency because fetal and 

postnatal muscle mitochondrial mRNA expression and postnatal mitochondrial function 

were decreased[147].  

 

Moreover, Lane and collaborators found increased mitochondrial gene expression and 

reduced mitochondrial NAD+/NADH ratios in FGR rats thus impairing function of 

mitochondrial ɓ-oxidation enzymes[148]. Increased mRNA concentration of CPTI, 

UCP3, HADHA were increased in FGR rats. Additionally, triglycerides concentrations 

were increased in FGR skeletal muscle. These adaptations provide molecular 

mechanism that contribute to the poor growth, reduced lipid metabolism and increased 

energy expenditure due to an increase in oxygen consumption and oxygen/ATP ratio by 

ɓ-oxidation in FGR rat[149]. Furthermore, UAL rats have lower concentration of 

glucose, branched-chain amino acids, insulin, IGF-1, and oxygen[150]. These studies 

demonstrate developmental programming mechanism that link in utero environment and 

impaired skeletal muscle metabolism in FGR offspring. 
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Pig Models of FGR 
 

Pigs provide an adequate animal model to investigate implications of FGR, as it shows 

similarities with humans regarding, metabolism and postnatal growth rate[151]. Pigs 

with FGR have reduced birth weights mainly caused by placental insufficiency resulting 

in asymmetrical growth and lower muscle weight at birth[152-154]. This attribute is due 

to lower muscle fiber number, the smaller muscle fiber diameter and muscle cross-

sectional area observed in FGR pigs at birth[155]. Postnatal myogenesis in pigs was 

investigation from newborn to 100-days-old between normal weight (NW) and FGR pigs 

where IGF and myogenic regulatory factors (Pax7, Myf5. MyoD, and MyoG) gene 

expression was measured. When evaluated at different time points within the same 

treatment group, NW pigs only IGF1 was found upregulated in the skeletal muscle from 

100-day-old pigs compared to the newborn pigs in this group but no differences were 

observed in myogenic genes. During the same period, in FGR skeletal muscle samples, 

myogenic genes were found downregulated in 100-days-old pigs compared to newborn 

pigs[156]. These mechanisms revealed delayed expression of signals that induce 

myogenesis in FGR offspring. 

 

Sheep Models of FGR 
 

The sheep is a long-standing model for studying placental-fetal interactions due to their 

large body size suitability for fetal chronic canulation. The development trajectory of 

muscle in sheep follows a similar progression to humans. Although, gestational length 

differs somewhat (sheep: 147days; humans 280 days), developmental events such as 
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brain and cardiovascular development occur at comparable time points during 

gestation[157]. Like in the human, organogenesis occurs during early gestation and the 

cardiovascular and renal systems are functionally mature by ate gestation[158-160]. 

The relative developmental milestones of the sheep fetus are similar to human fetus, 

and their propensity for singleton or twin pregnancies avoiding cofounding factors of 

litter bearing in rodents and pigs. Different experimental approaches can be used to 

mimic human FGR in sheep. These techniques rely on inducing PI by either 

mechanically diminishing placental structure/function or stunting placental development. 

 

To mechanically diminish placental structure, researchers use umbilical artery ligation, 

carunclectomy and, microsphere embolization. The three techniques disrupt 

uteroplacental blood flow during placental development. Surgical procedures to ligate 

the umbilical artery or to remove endometrial caruncles from the uterus reduce placental 

efficacy.  

 

Single umbilical artery ligation (SUAL) where the fetus is exteriorized, exposing the 

umbilical cord allowing the umbilical artery to be ligated is performed early in third 

trimester of pregnancy and reduces fetal growth by ~22%[161]. SUAL in fetal sheep 

decreases most organ weights but spares the brain and adrenal glands. Postnatal 

increases in blood pressure and mobilization of free fatty acid, and glucose are blunted 

compared to control animals[162].  
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Caruncletomy involve the surgical removal of all but four functional endometrial 

caruncles from the uterus of the non-pregnant ewe prior to breeding. This approach 

restricts the number of placentomes formed from the beginning of the pregnancy, thus 

limiting placental growth and function throughout pregnancy and reducing fetal growth 

by ~26% near term[163, 164]. Additional cohort showed lower fetal weight at 141-144 

days of gestation and lower protein content in quadriceps muscle after placental 

restriction by caruncletomy[165]. 

 

The sheep model of placental insufficiency, using umbilicoplacental embolization has 

been extensively used to investigate the effects of the malfunctioning placenta on fetal 

development. In this model, microspheres are embedded into placental capillaries by 

infusing them into surgically catheterized descending aorta of the fetus restricting the 

umbilical placental perfusion[166]. It is well established that this model causes fetal 

hypoxaemia, hypoglycemia and hypercortisolemia[167, 168], similar to human fetuses 

suffering from uteroplacental insufficiency. Microsphere embolization causes an 

increase of 40% in placental vascular resistance and reduce placental blood flow by 

33%[166] making it similar to PI-FGR model[169].  

 

Mid gestation hyperthermia stunts placental function and is a well-characterized sheep 

model of PI-FGR[170, 171]. PI-FGR is created by exposing pregnant ewes to 12 hours 

of hyperthermia (40°C for 12hr and 35°C for 12hr, 35% relative humidity) during mid-

gestation for ~60-80 consecutive days(~40 days gestation to ~100 days gestation[171]. 

Ewes exposed to environmental hyperthermia exhibit ~50% reduction in umbilical blood 
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flow[170], reduced placental size and placental transport capacity of oxygen, glucose 

and amino acids[171] compared to thermoneutral ewes. Reduced placental mass and 

size leads to the progressive decline in fetal glucose (21% to 33% less) and oxygen 

(25% to 46% less) concentration over the final third of gestation, when the fetal growth 

rate is at maximum[172]. 

 

In sheep, maternal-fetal interface area expands to enhance placental transport capacity 

throughout pregnancy and the placental barrier thins to promote the exchange and 

permeability of metabolic substrates. Oxygen, glucose and amino acids are transported 

across the placenta by passive diffusion, facilitated diffusion and, active transport 

respectively[173]. Placental transport is also dependent on umbilical and uterine blood 

flow, making it difficult in FGR pregnancies to meet the metabolic demands of the 

growing fetus due to the decrease of nutrient delivery from the mother.  

 

Placental clearance is also diminished in PI-FGR due to low permeability for metabolic 

substrates. Oxygen and glucose permeability is reduced due to a smaller placenta with 

less surface area. However, transport capacity maintained because transplacental 

gradients are greater for oxygen and glucose in PI-FGR fetuses compared to control 

fetuses. Further compensatory mechanism includes increased uterine-to-umbilical blood 

flow ratio in FGR fetuses. The absolute placental flux of amino acids to the fetus is 

reduced ~80% in ewes exposed to heat stress compared to control fetuses[174]. These 

data indicated that hyperthermia-induced placental insufficiency decreased placental 

mass and function, even though fetal adaptation may assist with placental deficiencies. 
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The main advantage of this PI-FGR model is that it recapitulates the human 

pathophysiology, representing a unique model for understanding placental-fetal 

physiology that cannot be assess in other species.  
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CHAPTER 3 
 

Introduction 
 

FGR affects ~8% of all pregnancies and this condition is associated with long-

term complications impacting the quality of life[26]. FGR is defined as a condition in 

which the fetus fails to achieve its full growth potential leading to a greater risk of 

perinatal morbidity and mortality[175]. The most common cause of FGR is placental 

insufficiency (PI) with its associated decrease in utero placental perfusion[176]. In PI 

there is a progressive deterioration in placental function such that oxygen and nutrient 

transfer to the fetus via the placenta is decreased, resulting in fetal hypoxia and 

hypoglycemia[177]. In response to decreasing fetal oxygenation, the fetal ductus 

venosus dilates to shunt oxygenated blood from the umbilical vein away from the liver to 

ensure an adequate supply of oxygen and nutrients to the heart and the brain[22]. 

Redistribution of blood flow to the vital organs such as the brain occurs at the expense 

of nutrient and oxygen delivery to the periphery[23]. These selective reductions in blood 

flow and oxygen delivery to the peripheral musculature likely contribute to 25-40% 

reduction in muscle mass observed in FGR fetuses and neonates when compared to 

their appropriate for gestational age infants[42, 178-180]. Epidemiological studies show 

that FGR infants have deficits in skeletal muscle mass that persist into adulthood[7, 45, 

181, 182]. Skeletal muscle is the primary tissue contributing to whole-body insulin-

mediated glucose disposal[183], where malfunctions lead to the development of type 2 

diabetes. Satellite cells ensure tissue homeostasis by proving myoblast for growth, 

maintenance, repair and regeneration[184]. They can be quickly activated to re-enter 
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the cell cycle and proliferate in response to extrinsic signals including IGF, promoting 

their proliferation[185] and muscle growth. Given their key role, it is crucial that satellite 

cell pool is maintain throughout life. Therefore, there are direct links between reduced 

satellite cells and glucose intolerance that predispose offspring with FGR to metabolic 

disorders[9, 183, 186-188]. One of the mechanisms of programming is the epigenetic 

modification of genes involved in metabolic pathways. Strong evidence indicates that 

specific hallmarks represent fingerprints of developmental programming. The muscle is 

a target of metabolic programming, undergoing structural, function, and epigenetic 

changes as a result of early exposure of an inadequate nutrient environment. We 

hypothesize that TGFɓ responsiveness is reduced in satellite cells from lambs with FGR 

due to DNA methylation in TGFɓ target genes leading to enhancement in PI3K/AKT 

signaling pathway.  

 

Material and Methods 
 

Ethical approval  

All animal procedures were approved by The University of Arizona Institutional 

Animal Care and Use Committee and were conducted in accordance with the Guide for 

the Care and Use of Laboratory Animals. Animal experiments were performed at 

Agricultural Research Center (Tucson, AZ, USA) in facilities approved by the 

Association for Assessment and Accreditation for Laboratory Animal Care International. 
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Animal Preparation 

Columbia-Rambouillet crossbred ewes pregnant with singletons were confirmed 

by ultrasonography prior to acceptance into the study. Upon acceptance, pregnant ewes 

were randomly assigned to one of two experimental groups, CON or FGR, as previously 

described[189]. Control lambs were from ewes maintained in a thermoneutral 

environment (22±1°C), and pair-fed to the average ad libitum feed intake of ewes in the 

FGR group. Placental insufficiency induced FGR lambs were created by exposing 

pregnant ewes to elevated ambient temperatures (40°C for 12h; 35°C for 12h; dew point 

of 22°C) from 38±1 to 87±2 days of gestational age (term=149 dGA). All ewes were fed 

Standard-Bread alfalfa pellets (Sacate Pellet Mills) supplemented with trace minerals for 

sheep (Code #1131-Z, Maid Rite Feeds, Willcox AZ) and provided water and white salt 

ad libitum. After delivery, lambs were removed from the ewe to eliminate confounding 

maternal variability and raised in individual pens adjacent from each other. 

 

Tissue collection and satellite cell isolation 

At 30 days of age, lambs were euthanized with an intravenous overdose of 

pentobarbital sodium (86 mg/kg) and phenytoin sodium (11 mg/kg; Euthasol, Virbac 

Animal Health, Fort Worth, TX). Organs were dissected, weighed, snap frozen in liquid 

nitrogen, and stored at -80°C. Skeletal muscle tissue (semitendinosus) was collected, 

and myoblast cells were isolated for in vitro experiments.  

 

Satellite cells were isolated from muscle according to protocol adapted from Allen 

et al. [190] with modification by Lees et al. [191]. Briefly, trimmed muscle was vigorously 
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minced in cold Dulbeccoôs phosphate buffered saline (D-PBS, Thermo Fisher Scientific 

Inc., Waltham, MA) for 20 minutes on ice. Minced muscle was then centrifuged at 1500 

x g for 5 minutes. Once completed, the supernatant was removed and replaced with 

warm protease buffer (sterile D-PBS with 1.25mg/mL protease type XIV from 

Streptomyces griseus, Sigma Aldrich, USA) to liberate the satellite cells from muscle 

fragments and form a homogenous mixture. This mixture was placed in a 37° C water 

bath for 75 minutes. It was again centrifuged at 1500 x g for 5 minutes and supernatant 

was collected. Warm PBS (37°C) was added to dislodge and homogenize the pellet. 

This step was repeated three more times at 500 x g for 8 minutes, 4 minutes, and then 

1-minute spins. The collected supernatant was filtered and centrifuged at 1500 x g for 5 

minutes. Warm Dulbeccoôs Modified Eagle Medium (DMEM, Gibco, USA) with 10% fetal 

bovine serum (FBS, Atlas Biologicals, USA) was added to break up the pellet containing 

the cells. Cells were added to uncoated tissue culture treated plates and incubated for 2 

hours at 37° C. Plating cells onto uncoated plates removes fibroblasts from the isolation 

as fibroblasts will adhere to plates more readily than satellite cells. Medium with non-

adhered cells was removed after 2 hours and again centrifuged at 1500 x g for 5 

minutes. The satellite cells were resuspended in 20% FBS in DMEM media and plated 

(1 x 106 cells per plate) on 150 mm culture dishes coated with poly-L-lysine (100 ɛg/ml 

diluted in sterile D-PBS; MP Biomedicals, LLC, Solon, Ohio) and fibronectin (10 mg/ml 

diluted in sterile D-PBS; Corning, Corning, NY). Satellite cells were cultured for 2-3 days 

until ~ 70% confluent and then frozen in culture media with 10% DMSO. When aliquots 

were thawed, satellite cells were immunostained for Pax7 and used for subsequent 

studies if >95% Pax7 positive. 
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Myoblast cell culture 

Lamb myoblasts were grown at a density of 200,000 cells/plate in a 15 cm dish 

coated with Poly-L-Lysine (10mg/ml in water; MP Biomedicals #150176) and 

Fibronectin (1 mg/ml in Dulbeccoôs PBS; BD 356008).  Myoblasts were cultured at 37ÁC 

with 5% CO2 for 48 hours in growth media (McCoyôs 5A (Gibco 16600-082), 20% FBS 

(Peak Serum PS-FB1), 1% Antibiotic-Antimycotic Solution (Cellgro 30-004-Cl) and 0.5% 

Gentamicin (Gibco 157-10-064)) to no more than 50% confluency.   

After 48 hours, myoblasts cells were rinsed twice in Dulbeccoôs PBS (D-PBS, Thermo 

Fisher 28374) to remove serum and were lifted from the plate using warm TrypLE 

(Thermo 12563029) for 7 minutes at 37°C.  The enzymatic reaction was slowed by 

adding serum containing media. The myoblasts were pelleted at 1500 x g for 5 minutes, 

re-suspended and counted on a hemocytometer.   

 

TGFɓ responsiveness 

Cells were plated in triplicate onto wells coated with Matrigel (Corning 354230, 

50 µl/cm2 growth area) at a density of 50,000 cells/well for a 6 well plate and 10,000 

cells/well for a 24 well plate. They were then grown in growth media for an additional 48 

hours prior to treatment.  On the day of treatment, myoblasts were washed twice with 

differentiation media (DMEM Low Glucose (Gibco 11885-084), 2% Horse Serum 

(Hyclone SH30074.03), 1% Antibiotic-Antimycotic Solution (Cellgro 30-004-Cl) and 

0.5% Gentamicin (Gibco 157-10-064)) to remove the growth media.  The triplicate wells 

were treated with recombinant human Transforming Growth Factor-ɓ1 (TGFɓ) 

(Peprotech 100-21, Rocky Hill, NJ) in differentiation media at concentrations of 0 ng/ml, 
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0.1875 ng/ml, 0.375 ng/ml, 0.75 ng/ml, 1.5 ng/ml, and 3 ng/ml.  One set of triplicate 

wells was treated with TGFɓ type 1 receptor kinase inhibitor (A83-01[192], 0.1µg/ml, 

Sigma SML0788, 1 mM in DMSO).  Following treatment, myoblast cells were cultured 

for 24 hours or 48 hours in treatment conditions.  For the cells being cultured for 48 

hours, the treatment media was replaced with fresh treatment media after 24 hours.  

 

Following the treatment period, protein was collected from the myoblasts.  Cells were 

rinsed twice in DPBS to remove serum and lifted from the plate using cold Accutase 

(Sigma A6964).  Cells were pelleted at 800 x g for 5 min.  The supernatant was 

removed and the pellet for protein was re-suspended in 100 ɛl Cell Lytic MT (Sigma 

C3228) with 0.5 mM phenylmethane sulfonyl fluoride (Thermo Fisher Scientifc), 2µg/ml 

Aprotinin (Roche Diagnostics, 10236624001), 2.5µg/ml Leupeptin (Roche Diagnostics, 

11017101001), 1mM dl-dithiothreitol (Sigma-Aldrich), and 5 mM sodium vanadate 

(Thermo Fisher Scientific).  The pellet for RNA was re-suspended in 350 ɛl RLT + ɓ-

mercaptoethanol (Qiagen, 79216).  

 

Western Blot Analysis 

Protein concentrations were measured with a Pierce BCA Protein Assay Kit- 

Reducing Agent Compatible (Thermo Fisher Scientific, 23250). Protein was separated 

on a 14% polyacrylamide gel and transferred onto PVDF membranes (Bio-Rad). The 

membranes were blocked in a 5% (wt/vol) nonfat milk in Tris-buffered saline, 0.1% 

Tween 20 solution for 30 min at room temperature and then incubated overnight at 4°C 

with primary antibodies in 1% nonfat milk in Tris-buffered saline, 0.1% Tween 20. The 

primary antibodies used are as follows: anti-Myogenin (0.45 ɛg/ml; DSHB, cat. no. F5D, 
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RRID: AB_2146602) and anti-Beta tubulin (1:1000; Thermo Fisher, cat. No, RB9249, 

RRID: AB_722291).  Goat anti-rabbit and anti-mouse IgG secondary antibodies 

conjugated with horseradish peroxidase (1:20,000; Bio-Rad RRID: AB_11125142) were 

detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) 

and exposed to Blue Lite Autorad Film (VWR, Radnor, PA). Protein abundances were 

quantified using photographed images and densitometric analyses (Image Studio Lite; 

LI-COR Biosciences).  

 

RNA sequencing 

Myoblast cells were plated at a density of 80,000 cells/well in 6-well plates 

coated with Poly-L-Lysine and fibronectin. Cells were cultured for 24 hours in growth 

media. After 24 hours, cells were cultured in differentiation media for 48 hours. Then, 

the media was replaced with fresh differentiation media containing 0ng or 3ng TGFɓ-1 

or with A83-01. RNA was collected using RNeasy Mini Kit (Qiagen, 74104). High-

throughput RNA sequencing was performed by the University of Arizona Genetics Core. 

Messenger RNA was selected and double-stranded cDNA libraries with ligated 

sequencing adapters were constructed with the Illumina TruSeq RNA Sample Prep Kit 

(Illumina Inc), following manufacturerôs instructions. Myoblast cells were sequenced 

from CON (n=6; 3 males, 3 females) and FGR (n=6; 3 males, 3 females). Cluster 

generation was conducted with the Ilumina TruSEquation 100bp PE (paired-end) cluster 

kit before running on the Ilumina HiSeq2500. Quality controls on raw data were done 

using the FASTQC (Babraham Bioinformatics, Babraham Institude, Cambridgr, UK) 

tool. Adapter sequences were trimmed using Trimmomatic to remove low quality bases 

using the options: SLIDINGWINDOW:4:20 MINLEN:35[193]. Trimmed reads were again 
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quality checked using FASTQC tool. The remaining high-quality reads were aligned to 

the reference ovine (Oar_Rambouillet1.0) genome using STAR tool (2.7.3a)[194]. 

Paired-reads ranged from 20-38 million pairs and were mapped with an overall uniquely 

mapped rate of 75- 88%. All mapped reads were assembled into transcripts using 

featureCounts from the Bioconductor package Rsubread[195] and normalized by 

rlogTransformation. Differential expression analysis of the genes was performed using 

DESeq package in R software (version 4.2.1). Significantly differentially expressed 

genes between any two arbitrary samples were identified based on the following 

thresholds: basemean >10 and p-adjusted <0.05 (Benjamini and Hochberg 

method)[196]. Sheep genes were mapped to a direct human ortholog using Ensembl 

Biomart tool. Humanized genes were model into pathways using KOBAS[197]. The 

enriched biological processes in gene ontology terms (GO) were identified using 

ClusterProfiler package in R[198].  

  
 
 

SMAD4 activity 

Cells were plated in replicates of eight, in a 96 well white, clear bottom, tissue culture 

treated plated at a density of 12,000 cells/well and grown for 24 hours. After 24 hours of 

growth in the 96 well plates and prior to transfection, the myoblasts were 60-70% 

confluent. The transfection reagents were prepared as follows. Two reaction mixtures 

were prepared separately in equal volume. The first reaction mixture (Diluted 

Lipofectamine) included Lipofectamine 3000 (Thermo Fisher Scientific, L3000008) 

diluted in Opti-MEM Medium (Thermo Fisher Scientific, 11058021) to a final transfection 

dilution of 0.3 µl/well. The second reaction mixture (Diluted Plasmid) included the 
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plasmids for transfection, SBE4-Luc (Addgene, 16495) at a final concentration of 95 

ng/well, pGL4.73 [hRluc/SV40] (Promega, E6911) at a final concentration of 5 ng/well, 

P3000 Reagent (Component in the Lipofectamine 3000 Kit) and Opti-MEM Medium. 

The individual mixtures were mixed thoroughly, and the diluted plasmid mixture was 

added to the diluted lipofectamine mixture (1:1 Ratio). The combined mixture was 

incubated at room temperature for 15 minutes prior to transfection of the myoblasts. 

During this incubation period, the growth media was removed from the myoblasts and 

65 µl of growth media was applied to the cells. Following the 15-minute incubation of the 

transfection mixture, 10 µl of transfection mixture was added to the myoblast wells 

containing 65 µl of lower serum containing media (75 µl final volume). To control for the 

effects of the lipofectamine on the cells, 4 control wells were treated exclusively with 0.3 

µl/well Lipofectamine and no plasmids.  Four positive control wells were included that 

were transfected with 95 ng/well pGL4 SV40 Luc and 5 ng/well pGL4.73 [hRluc/SV40] 

(Promega, E6911). The myoblasts were incubated in the transfection mixture at 37°C 

with 5% CO2 for 24 hours.  

Following the 24-hour transfection, myoblasts were 90-100% confluent and the 

transfection mixture was removed.  Prior to TGFɓ treatment, the myoblasts were 

incubated for 1 hour in 75 µl differentiation media supplemented with TGFɓ-1 at 

concentrations of 0 ng/ml, 0.156 ng/ml, 0.3125 ng/ml, 0.625 ng/ml, 1.25 ng/ml and 2.5 

ng/ml, 5ng/ml, and 10 ng/ml.  One set of replicate wells was treated with A83-01. The 

myoblasts were cultured for 18 hours in treatment media. 

 



 57 

DUAL-GLO luciferase assay 

Following the 18-hour treatment, the firefly (SBE4-Luc) and Renilla (pGL4.73 

[hRluc/SV40]) luciferase signal was measured using the Dual-Glo Luciferase Assay 

System (Promega, E2940). Cells and all reagents for the assay were brought to room 

temperature prior to beginning the assay. A black plate seal was adhered to the bottom 

of the plate to prevent light loss. To measure firefly luciferase, 75 µl of Dual-Glo 

Reagent was added to the myoblasts growing in 75 µl treatment media.  After mixing, 

the plates were incubated at room temperature for 20 minutes after which luminescence 

was read on a Biotek Clarity Luminometer. Each well had a 1 second shake followed by 

a 1 second luminescence read.  Next, 75 µl of the Dual-Glo Stop and Glo Reagent was 

added. The plates were incubated at room temperature for 20 minutes after which 

Renilla (pGL4.73 [hRluc/SV40]) luminescence was read on a Biotek Clarity 

Luminometer. Each well had a 1 second shake followed by a 1 second luminescence 

read. 

 

DNA methylation sequencing 

DNA methylation analysis was conducted using NEBNext Enzymatic Methyl-Seq 

Kit for Illumina. The peak signal was transformed into sequence data by base calling, 

then the raw reads were quality-filtered to obtain clean reads. Following, quality check, 

reads were trimmed, and calculated GC content. Trimmed reads were passed to the 

read-alignment step using a default setting of Bismark software [199] which maps 

bisulfite sequencing reads to the sheep reference genome (Ensembl 

Oar_rambouillet_v1.0.102) using the short-read aligner Bowtie2 that further performs 

methylation calls for each cytosine in CpG, CHG, and CHH context (where H is A, C, or 
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T). Seqmonk software was used to identify differentially methylated regions between 

CON and FGR samples. Differentially methylated regions (DMRs) in promoters were 

considered following Logistic Regression test. KOBAS software was used to test the 

significance of DMR-related gene enrichment in the KEGG pathway analysis. Pathways 

with a corrected P-value < 0.05 were considered to be significantly enriched. 

 

Chromatin immunoprecipitation (ChIP)-qPCR 

Cells were plated at a density of 2x106 cells/plate in a 10cm tissue culture treated 

plate for 24 hours for two different experiments. Cells were treated with differentiation 

media supplemented with either TGFɓ-1 (3ng.ml) or A83-01 for 6 hours and collected 

for ChIP. ChIP was performed using the Pierce Magnetic ChIP kit (Cat 26157, Thermo 

Fisher). After 4 hours of treatment, cells were fixed with 1% formaldehyde for 10 min at 

room temperature, followed by 5 min incubation with 2.5M glycine solution. Cells were 

washed twice with PBS. Sonication of chromatin was performed with 10 cycles of 30 

sec ñonò and 30 sec ñoffò on ice to obtain 100-200 bp chromatin fragments. Anti-RNA 

Polymerase II Antibody (Cat MA1-46093, Thermo Fisher) were added to samples and 

were incubated overnight at 4°C with mixing. Then, antibody was coupled to 20µl of 

ChIP Grade Protein A/G Magnetic beads (Thermo Fisher) for every immunoprecipitation 

reaction and incubated for 2 hours at 4°C with mixing. After incubation, the magnetic 

beads were washed sequentially by IP wash buffer 1 (Thermo Fisher) and IP wash 

buffer 2 (Thermo Fisher). After washing, the magnetic beads were eluted in 150µl of 1X 

IP Elution Buffer (Thermo FIsher). The ChIP DNA was reverse cross-linked and purified 

according to the manual from the Pierce Magnetic ChIP Kit protocol. Input, IP, and 

NoAb fractions were analyzed by RT-qPCR with primers designed to up to 1000bp 
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upstream of transcription start site to amplify products of 150-240 bp in length, 

corresponding to the promoter region of target genes. Primer sequences used for ChIP-

qPCR are described in Table 1.  

 

Table 1. Oligonucleotide primer sequences and quantitative PCR parameter for DNA 

promoters in ovine genes. 

 

 

Statistical Analyses 

Experimental groups included lambs from control (n=6; 3 males) and FGR (n=6; 

3 males). Fetal weights, fusion rates, dose-response curves, and SBE4 luciferase 

activity were analyzed by two-sample t-test for group (control and FGR). Fetal sex was 

not included in the model and removed if not significant. Differentially methylated 

regions were calculated using Seqmonk that models the methylation level of the 

promoter region using logistic regression. Analysis of ChIP-qPCR data was calculated 

as fold enrichment with the 2 -ȹȹCT.  
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Results 
 

Fetal weights 

Body weights for FGR (3.2±0.3 kg) lambs were lighter at birth (P<0.05) than 

control (4.5±0.2 kg) lambs (Figure 4A). Similarly, body weight at necropsy for FGR 

(12.8±0.4 kg) lambs were lower (P<0.05) than control (10±1 kg) lambs (Figure 4B). 

Semitendinosus muscle weight from FGR (31.4±4.8 kg) lambs was not different to 

control (40±3.7 kg) lambs. Similarly, semitendinosus (ST) muscle weight relative to 

body weight was not significantly different between control (3.10±0.2 kg) and FGR 

(3.09±0.2) lambs since body weights tend to be lighter similar to muscle tissue (Figure 

4C).  

 

Figure 4. Birth and postmortem weights from control and FGR lambs. Means (±SEM) 

and error bars represent the SEM, and asterisk denote statistically significant 
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differences among groups (P<0.05). A) Birth lamb weight, B) lamb weight at necropsy 

and C) Semitendinosus (ST) muscle weight relative to body weight.   

 

TGFɓ responsiveness  

Fusion rates of satellite cells into myotubes were increased (Figure 5A) in FGR 

compared to control satellite cells, where FGR satellite cells differentiated more 

extensively and formed longer myotubes in culture. Addition of A83-01 (TGFɓ-1 receptor 

kinase inhibitor) increased fusion rates of satellite cells from control lambs, but satellite 

cells from FGR lambs were unchanged by A83-01 (Figure 5A). A dose-response curve 

for TGFɓ-1 was performed to determine the potency of TGFɓ-1 inhibition of control and 

FGR satellite cell differentiation. To measure satellite cell differentiation, we measure 

myogenin protein abundance by western blot. TGFɓ1 inhibition of myoblast differentiation 

was shifted to the right for FGR satellite cells. From these data we calculated the half 

maximal inhibitory concentration (IC50) and showed a 2.5-fold increase in TGFɓ 

concentrations (103±58 pg/m in control and 237±150 pg/ml in FGR myoblast cells) in 

FGR indicating that FGR myoblasts are less responsive to TGFɓ. 
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Figure 5. Disrupted TGFɓ signaling in PI-FGR myoblast. Satellite cell-derived myoblast 

cells were isolated from 30-day old lambs with PI-FGR and compared to controls. 

Myoblast were differentiated in low serum media. A) For the first 24 hours in low serum 

media, cultures contained either no inhibitor or TGFɓ inhibitor A83-01 (0.1µg/ml, x-axis). 

At 4 days the cells were fixed, Giemsa stained, and nuclei in fused cells were counted 

as a percent of total nuclei (n=6/group). Difference (P<0.05) between growths and 

culture conditions were denoted with different letters. B) Dose-response curves for 

TGFɓ1 inhibition myoblast differentiated are present for PI-FGR and control myoblast 

cultures. Differentiation was measure using myogenin (MYOG) protein expression 

following 24 hours in low serum media. C) IC50 (half maximal inhibitory concentration). 

A 2.5-fold reduction in the IC50 for TGFɓ was found in PI-FGR myoblast. 
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Unaffected SMAD4 activity in FGR myoblast 

Our previous experiment showed reduced TGFɓ responsiveness in FGR satellite 

cells. To test where the dysfunction in TGFɓ-SMAD4 signaling is, we transfected 

satellite cells with SBE4-Luc plasmid containing four copies of the SMAD binding site to 

measure TGFɓ- induced luciferase activity. Luciferase activity was expressed as fold 

induction over cells with 0ng TGFɓ. The exogenous reporter system showed TGFɓ-

induced SMAD4 transactivation was not different between control and FGR satellite 

cells (Figure 6). At a TGFɓ-1 dose of 2.5ng/ml, SBE-luc myoblast cells have a 2-fold 

increase in luciferase activity compared to cells with 0ng TGFɓ which recognizes the 

total range of inhibition. Results indicate that dysregulation of TGFɓ signaling in the 

FGR satellite cells is caused by another mechanism and not due to a disruption in 

TGFɓ-SMAD4 intracellular signaling mechanism. These findings emphasize the 

importance in genomic DNA epigenetic modifications of TGFɓ-SMAD4 transactivation 

as a primary mechanism. 

 

 

Figure 6. SMAD4 activity in satellite cells. Satellite cells from lambs were transiently 

transfected with SBE4-Luc plasmid, which is a plasmid with a luciferase reporter 

containing four copies of the SMAD DNA binding motif. We measured the TGFɓ-
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induced luciferase activity in satellite cells from control (n=6, 3 males) and PI-FGR (n=6, 

3 males) lambs. With this exogenous reporter system, we found no differences in TGFɓ 

responsiveness between experimental groups. 

 

RNA Sequencing 

 

Gene expression in response to TGFɓ stimulation 

High throughput RNA sequencing was applied to compare the transcriptomic 

profiles of satellite cell adaptations in control and FGR lambs. RNA sequencing results 

from control and FGR satellite cells stimulated with 0ng or 3ng of TGFɓ detected a total 

of 13,816 gene transcripts.  

 

CON-0ng vs CON-3ng comparison 

TGFɓ stimulation determined in the CON-0ng vs CON-3ng comparison, identified 

1,033 differentially expressed genes (597 upregulated genes and 436 downregulated 

genes) (Figure 7, Supplemental table 1). Eighty-eight biological processes were 

significant for this comparison and included muscle development, cell-substrate 

adhesion, multicellular organismal homeostasis, muscle cell differentiation, extracellular 

structure organization, positive regulation of catabolic processes, Ras protein signal 

transduction, activation of protein kinase activity, regeneration, positive regulation of 

MAPK kinase activity, endoplasmic reticulum (ER) to Golgi vesicle-mediated transport, 

response to insulin and cellular response to TGFɓ stimulus (Figure 8 and Figure 9A, 

Supplemental table 2). Additionally, 1,033 DEGs were modeled into KOBAS for 

pathway enrichment pathways and found 170 significantly enriched pathways (Figure 

14). We manually curated 32 signaling pathways based on their biological relevance 
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and remove pathways that were enriched based on overlapping genes found in other 

significant pathways (Figure 9B, Supplemental table 3).  

 

 

Figure 7. Genes detected by RNA-sequencing analysis between CON-0ng vs CON-

3ng. Fold change is presented on the x-axis (Log Base 2) and the P value (negative Log 

Base 10) is represented on the y-axis. Each dot represents a gene, with dots greater 

than 0 denoting upregulated DEGs in CON-3ng and dots less than 0 representing 

downregulated DEGs in CON-3ng. 
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Figure 8. Biological processes identified using humanized DEGs from CON-0ng vs 

CON-3ng comparison. The plot shows the relationship between individual GO terms 

and genes found in the biological processes. Larger nodes represent individual GO 

terms; smaller nodes represent individual genes. Node size reflects the number of 

significantly enriched genes in the node, and color indicates the fold change in CON-

3ng. 

 

 

Figure 9. GO and pathway enrichment in CON-0ng vs CON-3ng. A)13 significantly 

enriched biological processes between CON-0n vs CON-3ng. Gene ratio is presented 

on the x-axis and significantly enriched biological processes are represented on the y-
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axis. Significance (P-adjusted) is represented by a color chart. Larger dots represent 

higher gene count on the biological process and smaller dots represent lower gene 

count. B) Significantly enriched pathways identified by KOBAS. Gene count is 

represented on the x-axis and pathway names are represented on the y-axis. Bar color 

represents significance (P-adjusted). 

 

FGR-0ng vs FGR-3ng comparison 

TGFɓ stimulation identified 1,163 differentially expressed (648 upregulated 

genes and 515 downregulated genes) between FGR-0ng and FGR-3ng (Figure 10, 

Supplemental table 4). Fifty-four biological processes were significant for this 

comparison and included muscle cell differentiation, actin filament organization, 

regulation of GTPase activity, response to decrease oxygen levels, Ras protein signal 

transduction, activation of protein kinase activity, regeneration, positive regulation of 

MAP kinase activity, muscle cell proliferation, positive regulation of protein kinase B 

signaling, negative regulation of TGFɓ signaling, myoblast fusion, and negative 

regulation of Notch signaling (Figure 11 and Figure 12A, Supplemental table 5). 

Additionally, 1,163 DEGs were modeled into KOBAS for pathway enrichment pathways 

and 159 significantly enriched pathways were identified (Figure 15).  We identified 31 

significantly enriched curated pathways (Figure 12B, Supplemental table 6).  
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Figure 10. Genes detected by RNA-sequencing analysis between FGR-0ng vs FGR-

3ng. Fold change is presented on the x-axis (Log Base 2) and the P value (negative Log 

Base 10) is represented on the y-axis. Each dot represents a gene, with dots greater 

than 0 denoting upregulated DEGs in FGR-3ng and dots less than 0 representing 

downregulated DEGs in FGR-3ng. 

   

Figure 11. Biological processes identified using humanized DEGs from FGR-0ng vs 

FGR-3ng comparison. The plot shows the relationship between individual GO terms and 
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genes found in the biological processes. Larger nodes represent individual GO terms; 

smaller nodes represent individual genes. Node size reflects the number of significantly 

enriched genes in the node, and color indicates the fold change in FGR-3ng. 

  

 

Figure 12. GO and pathway enrichment in FGR-0ng vs FGR-3ng. A)13 significantly 

enriched biological processes. Gene ratio is presented on the x-axis and significantly 

enriched biological processes are represented on the y-axis. Significance (P-adjusted) 

is represented by a color chart. Larger dots represent higher gene count on the 

biological process and smaller dots represent lower gene count. (B) Significantly 

enriched pathways identified by KOBAS. Gene count is represented on the x-axis and 

pathway names are represented on the y-axis. Bar color represents significance (P-

adjusted). 

 

Overlapping pathways in CON-0ng vs CON-3ng and FGR-0ng vs FGR-3ng 

To filter genes commonly activated by TGFɓ in CON-0ng vs CON-3ng and FGR-

0ng vs FGR-3ng comparison, we compared them using a Venn diagram. There were 

1,033 differentially expressed genes between CON-0ng and CON-3ng (Figure 10). 

Additionally, 1,163 differentially expressed genes were found between FGR-0ng and 

FGR-3ng (Figure 13). 608 differentially expressed genes overlap between the two main 

comparisons (Figure 13, Supplemental table 10). To evaluate the disrupted response 

in FGR satellite cells to TGFɓ stimulation, we analyzed the 555 DEG that do not overlap 
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with CON-0ng vs CON-3ng comparison (Figure 13, Supplemental table 10) in further 

analysis. We also compared significantly enriched pathways between comparisons 

(Figure 14, Supplemental table 11). Pathways identified were TGFɓ, PI3k-Akt, Wnt, 

mTOR, MAPK, pluripotency of stem cells and FoxO signaling pathways (Figure 14, 

Supplemental table 11).  

 

 

Figure 13. TGFɓ activates similar genes in stimulated CON and FGR myoblast. Venn 

diagram showing unique and common genes between comparisons. The 425 DEGs 

found in CON-0ng vs CON-3ng were classified as genes that lost TGFɓ responsiveness 

in FGR. The 555 DEGs found uniquely in FGR-0ng vs FGR-3ng were classified as 

genes that gain TGFɓ responsiveness in FGR. 
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Figure 14. TGFɓ activates similar pathways in CON and FGR satellite cells stimulated 

with TGFɓ. Venn diagram representing enriched pathway (Padj<0.05) in CON-0ng vs 

CON-3ng and FGR-0ng vs FGR-3ng using KOBAS database. There are 143 commonly 

enriched pathways that include metabolic pathway, focal adhesion, Rap1, MAPK, PI3K-

AKT, WNT, calcium, Ras, Phospholipase D, FoxO, TNF, mTOR, TGFɓ, p53 signaling 

pathways and cellular senescence, apoptosis, and cell cycle. 

 

Unique DEGs in CON-0ng vs CON-3ng (425) 

To investigate differing responses to TGFɓ between FGR and control satellite 

cells, we performed a pathway enrichment analysis in the 425 DEG uniquely found in 

the control comparison. We identified 90 significantly enriched pathways but removed 

pathways that contained redundant genes. The 10 curated pathways included Wnt, 

VEGF, Rap1, PI3K/AKT, Phospholipase D, mTOR, MAPK, EGFR signaling pathways 

and DNA replication and cellular senescence (Figure 15, Supplemental table 7). 

These pathways suggest a normal response to TGFɓ in control satellite cells that were 

lost in FGR satellite cells. 
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Figure 15. Significantly enriched pathways identified in unique DEGs for CON-0ng vs 

CON-3ng. Direction of significance is represented on the x-axis and pathway names are 

represented on the y-axis. Dot size represents genes involved in the pathway and color 

represents significance (P-adjusted). 

 

Unique DEGs in FGR-0ng vs FGR-3ng (555) 

Lastly, we investigated DEGs in FGR-0ng vs FGR-3ng that were not found in 

control samples to search for abnormal gene expression after TGFɓ stimulation in FGR 

cells. These 555 DEGs found exclusively in FGR comparison were classified as genes 

that gain response to TGFɓ. The 555 DEGs were modeled into KOBAS pathways for 

enrichment analysis. We found 78 significantly enriched pathways in FGR but curated 

into 29 pathways. The main enriched pathways were Wnt, TNF, TGFɓ, Ras, Rap1, 

PI3K/AKT, phospholipase D, mTOR, MAPK signaling pathways, pathways regulating 

pluripotency of stem cells and apoptosis (Figure 16, Supplemental table 8). We found 

genes coding for proteins that influence myoblast differentiation include NR4A1, 

PIK3CD, CTNNB1, DAXX, BAMBI, SMAD6 and TGFɓR1 for further analysis (Figure 

17). These genes represent the gained response of FGR satellite cells to TGFɓ 

stimulation. 
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Figure 16. Significantly enriched pathways identified in 555 unique DEGs for FGR-0ng 

vs FGR-3ng. Direction of significance is represented on the x-axis and pathway names 

are represented on the y-axis. Dot size represents genes involved in the pathway and 

color represents significance (P-adjusted). 



 74 

 

 

Figure 17. 555 DEGs that gain response to TGFɓ in FGR satellite cells. Genes belong 

to PI3K/AKT, Ras and TGFɓ signaling and apoptosis pathways. Genes for further 

analysis are INSR, NR4A1, PIK3CD, CTNNB1, DAXX, BAMBI, SMAD6 and TGFɓR1. 

  

DNA Methylation 
 

DNA methylation analysis was conducted to identify differentially methylated 

promoter regions in CpG islands between CON and FGR lambs. The sequencing depth 

ranged from 4.5 - 9.5 million pairs of reads with a unique alignment percentage of 81. 

Total analyzed Cytosines ranged from 111 - 250 million. The average cytosines 

methylated in CpG context was 66% (Figure 18) whereas methylation in CHG and CHH 

ranged from 2-3%. Most of the DNA methylation occurred in CpG islands.  

 

Log10 (c ounts+ 1)
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Figure 18. Methylated genomic sites in CON and FGR lambs. The CG, CHH and CHG 

(where H is a A, C, or T) methylation levels were different. 

 

To evaluate the promoter regions, we analyzed 5000 base pairs upstream of the 

transcription start site of annotated genes in the sheep genome. We identified 2,372 

probes for promoters differentially methylated between CON and FGR lambs. Genes of 

the differentially methylated promoter regions were analyzed for pathway enrichment 

and identified 12 pathways that included PI3K/AKT, EGFR, MAPK, RAS, and insulin 

signaling pathway to be hypomethylated in FGR whereas WNT, TGFɓ, mTOR, FoxO, 

and phospholipase D signaling pathway and cell cycle, apoptosis were found 

hypermethylated in FGR (Figure 19, Supplemental table 9). Genes that were 

hypomethylated in FGR were INSR, AKT1, IRS1, WNT1, PIK3CD, MAPK3K1, FGFR2, 

and MYC, whereas SMAD6 and DAXX were hypermethylated in FGR. 
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Figure 19. Pathway enrichment gene promoters with methylated regions in FGR 

compared to control. The ordinate represents the enriched pathways, and the abscissa 

represents direction of corresponding pathways; the size of the dots represents the 

number of genes related to DMRs enriched in each pathway, and the color of the dot 

represents the corrected P-value for each pathway.  

 

Comparison between transcriptomic and DNA methylation data 

To address relationships between methylation status and RNAseq data, we 

compared methylation status of CON vs FGR and transcriptomic data from FGR-0ng 

and FGR-3ng. Figure 20 and Table 2 represent similarities between transcriptomic data 

and DNA methylation. Interestingly, Ras, PI3K-AKT, MAPK, and insulin signaling 

pathways were found hypomethylated in FGR compared to control and were found 

upregulated in FGR-3ng. The addition of TGF-ɓ1 upregulated these pathways to a 

greater extent in FGR suggesting that its promoters where accessible for transcription. 

In contrast, cell cycle and apoptosis were hypermethylated in FGR and downregulated 
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expression in FGR-3ng. There is a high correlation between DNA methylation status in 

myoblast cells and active genes in transcriptome analysis suggesting that DNA 

methylation is regulating the expression of important genes involved in myoblast 

differentiation in FGR myoblast.  

 

 

Figure 20. Comparison of 555 DEGs unique in FGR-0ng vs FGR-3ng and differentially 

methylated promoter regions (DMPR) pathway analysis (Padj<0.05) in KOBAS. There 

were 78 enriched pathways in 555 unique DEGs in FGR and 136 enriched pathways in 

DMPR analysis. 

Table 2. Pathway enrichment comparison between RNAseq data and DNA methylation 

data. RNAseq results were obtained comparing FGR-0ng vs FGR-3ng whereas DNA 

methylation was comparing CON and FGR myoblast cells.  

 

Pathway RNAseq FGR-0ng vs FGR-3ng DNA methylation CON vs FGR

MAPK signaling pathway Upregulated Hypomethylated

Wnt signaling pathway Upregulated Hypermethylated

Phospholipase D signaling pathway Upregulated Hypermethylated

PI3K-Akt signaling pathway Upregulated Hypomethylated

TGF-beta signaling pathway Upregulated Hypermethylated

Ras signaling pathway Upregulated Hypomethylated

mTOR signaling pathway Upregulated Hypermethylated

FoxO signaling pathway Upregulated Hypermethylated

Insulin signaling pathway Upregulated Hypomethylated

Cell cycle Downregulated Hypermethylated

Apoptosis Downregulated Hypermethylated
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ChIP-qPCR  

To validate gene transcription and accessibility of RNA pol II to gene promoters, 

we performed ChIP-qPCR. The fold enrichment of INSR, PIK3CD and WNT1 were 

increased in FGR satellite cells treated with TGF-ɓ1 compared to FGR myoblast treated 

with TGFɓ inhibitor with no changes in control cells (Figure 21). Whereas fold 

enrichment for DAXX was decreased in FGR myoblast cells treated with TGF-ɓ1 and 

correlates with its downregulation in gene expression. 

 

 

 

Figure 21. ChIP-qPCR for RNA Pol II antibody enrichment at promoters of the target 

genes. Analysis was performed on control and FGR satellite cells treated with either 

TGF-ɓ1 or A8301, a TGFɓ inhibitor in differentiation media for 4 hours. The values are 

plotted as means of fold change normalized to the no-antibody (IgG) control.  
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Discussion 

 
In this study we show that TGFɓ responsiveness is reduced in satellite cells from 

FGR lambs due to aberrant epigenetic regulation of TGFɓ signaling, which explains the 

increased fusion rates in FGR satellite cells. Dose-response curves for TGFɓ inhibition 

of differentiation required higher concentration of TGFɓ in FGR satellite cells than 

control to inhibit differentiation. These findings indicate that the precocious fusion rates 

in FGR myoblast are due to impaired TGFɓ activity. Nevertheless, our exogenous 

reporter system shows that SMAD4 transactivation activity is normal in FGR satellite 

cells. These data suggest that dysregulation of TGFɓ signaling in FGR satellite cells can 

be due to epigenetic modifications at Smad binding elements or Smad4 target genes. 

Our functional analysis of differentially expressed genes in satellite cells from 

FGR identified pathways related to muscle growth and metabolism such as PI3K/AKT to 

be significantly enriched compared to controls. Moreover, we observe hypomethylation 

of PI3K/AKT signaling pathway in FGR satellite cells. Hypomethylated genes in 

PI3K/AKT included INSR, PIK3CD and WNT1 and are associated with increased levels 

of expression in FGR satellite cells. These results suggest that DNA methylation in 

PI3K/AKT signaling is a consequence of FGR environment and persist in lamb satellite 

cells. 

 

Aberrant TGFɓ responsiveness in FGR satellite cells 

The rates of satellite cell differentiation into myotubes in vitro were greater in 

FGR satellite cells which differentiated more extensively and formed larger syncytium of 

myotubes, with fewer non-fused cells remaining. Although fusion rates are higher, this 
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precocious differentiation in vivo is expected to reduce the pool of proliferating myoblast 

and thereby reduce the rate of myonuclear accretion explaining smaller muscle weight 

in FGR lambs. 

TGFɓ responsiveness was blunted in satellite cells from FGR lambs. The 

addition of A83-01(TGFɓ1 receptor kinase inhibitor), increased differentiation rates of 

satellite cells from control lambs but satellite cells from FGR lambs were unaffected by 

A83-01. These data suggested that precocious fusion rates in FGR satellite cells were 

due to impaired TGFɓ to SMAD4 intracellular signaling by reduced SMAD4 activity. 

Considering that SMAD4 is recognized as the canonical cofactor for TGFɓ signaling and 

its translocation to the nucleus depends on association to phosphorylated R-SMADs 

(SMAD2/3), where together with chromatin modifiers and other transcriptional co-factors 

regulate expression of target genes[200]. Increased differentiation rates were also 

supported by increased IC50 in FGR satellite cells upon TGFɓ stimulation.  

Translocation of SMAD4 into the nucleus is essential to regulate TGFɓ 

transcriptional responses. Therefore, to test where SMAD4 signaling was disrupted, we 

stimulated satellite cells with TGFɓ and used an exogenous reporter system to measure 

TGFɓ-induced SMAD4 transactivation and found similar activity in both control and FGR 

satellite cells. Previous studies revealed that aberrant TGFɓ/SMAD4 signaling mediated 

the silencing of TGFɓ target genes though DNA methylation in ovarian cancer[201].  

Together, these data suggest that the irregular responses to TGFɓ in FGR 

satellite cells are due DNA methylation modifications. Although, the mechanism 

underlying these changes is not fully understood, epigenetic modifications play an 

important role regulating gene transcription during satellite cell differentiation[202]. 
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These epigenetic changes achieve differential gene expression by controlling the 

accessibility of the transcriptional machinery to specific loci[202]. Therefore, we studied 

stimulated and non-stimulated satellite cell transcriptome during cellular differentiation. 

Our transcriptomic data showed upregulation of mRNA expression in TGFɓ 

signaling pathways including genes such as TGFɓRI, BAMBI and SMAD6. Their 

expression was increased in FGR myoblast followed by TGFɓ treatment. SMAD6 

competes with SMAD4 to interact with pSMAD1/5/8 complex [203], resulting in SMAD6-

pSMAD1/5/8 complex. A previous study showed that competition between SMAD6 and 

SMAD4 to interact with pSMAD1/5/8 would lead to an increase availability of SMAD4 to 

interact with SMAD2/3 and increase intranuclear translocation of SMAD4/2/3 

complex[203]. As a consequence, overexpression of SMAD6 can be responsible for 

impaired proliferation and precocious differentiation by increasing the intracellular 

translocation of SMAD4-pSMAD2/3 complexes [204]. Similarly, balance between BMP 

and TGFɓ has been described as a key regulator of muscle mass since BMP can inhibit 

SMAD2/3[205]. Furthermore, TGFɓRI is the most potent fibrotic factor and its 

expression is augmented in muscle dystrophy and inflammation[206]. Additionally, to 

TGFɓ inhibitory effects on cell differentiation, studies have shown the opposite effect by 

TGFɓRI involvement in PI3K signaling by direct activation of AKT[117]. Inhibition of 

TGFɓRI activity with a chemical inhibitor prevented TGFɓ-induced activation of AKT by 

PI3K, suggesting that TɓRI is required for this pathway[117]. Lastly, BAMBI is 

implicated in myogenesis, muscle tissue maintenance and repair through effects on 

muscle stem cell proliferation and differentiation[207]. BAMBI can interfere with TɓRI 
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and TɓRII inhibiting interaction with SMAD3[208]. Interestingly. BAMBI contains SMAD-

binding elements and is transcriptionally upregulated by TGFɓ[209]. 

BAMBI over expression upregulates mRNA expression of Wnt target genes such 

as ɓ-catenin (CTNNB1). Wnt pathway plays an essential role during skeletal muscle 

homeostasis and while its activity promotes myogenesis and induce myotube formation 

in C2C12 cells due to nuclear CTNNB1 interaction with MyoD [210]. Additionally, 

knockdown of BAMBI using siRNA impaired expression of MyoD, MyoG, and the 

formation of myotubes, indicating that BAMBI plays an important role regulating mouse 

myoblast cell (C2C12) myogenic differentiation[211]. Our results suggest that TGFɓ 

stimulation induces activation of Wnt signaling and can be used as a defense 

mechanism promoting satellite cell differentiation. 

 

TGFɓ can induce apoptosis in muscle satellite cells making it a mechanism of 

interest in our study. Apoptosis is a critical mechanism that allows multicellular 

organisms to maintain tissue integrity and function. However, inappropriate satellite cell 

apoptosis can contribute to the degeneration associate with various muscular 

dystrophies[212].  Increased concentrations of TGFɓ reduced expression apoptosis-

related genes in FGR satellite cells such as DAXX and endonuclease G (EndoG) which 

are key regulators of inducing DNA fragmentation and apoptosis[213]. It is known that a 

certain level of apoptosis normally occurs during myoblast differentiation[214]. 

Interestingly, decrease apoptotic even in FGR satellite cells suggests apoptosis-

resistance. Differentiated skeletal muscle cells are more resistant to apoptosis than 

undifferentiated cells. Although, how this resistance is acquired is not completely 
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understood. Studies have shown that myofibroblast treated with TGFɓ prevented 

influence of pro-apoptotic genes expression and promoted survival[215]. Our 

transcriptomic analysis supports this evidence, and we suggest that FGR myoblast cells 

can develop apoptosis-resistant phenotype by decreasing expression of pro-apoptotic 

genes upon TGFɓ stimulation. The underlying mechanism remains to be determined. 

 

Our transcriptomic data highlights an upregulation in Ras signaling pathway in 

FGR satellite cells. Ras proteins are small GTPases that act as molecular switches by 

cycling between inactive GDP-bound and active GTP-bound states. It functions as a 

transducer of the cell signals from the membrane receptor to the intracellular pathway 

that controls cell proliferation, differentiation, and survival[216]. Depending on the 

cellular needs, Ras signaling  can antagonize TGFɓ-induced growth arrest and 

apoptosis by suppressing the TGFɓ-Smad signaling[217]. It was reported that Ras, 

acting through MEK1 and ERK kinases, induced the phosphorylation of SMAD2/3 at a 

cluster of Ser/Thr-Pro sites in the linker region. The Ras-induced phosphorylation in the 

linker region prevents the accumulation of SMAD2/3 in the nucleus suppressing the 

TGFɓ signaling[218]. More recently, a mechanism of how Ras up-regulates the TGF-ɓ 

signaling was proposed: Ras interacts with the newly identified TɓRII negative regulator 

SPSB1, a novel negative regulator of the TGF-ɓ signaling pathway[219], and causes its 

degradation via ubiquitination. This leads to the enhanced TɓRII levels and 

consequently increased TGFɓ signaling activity. Lastly, Ras can interact directly with 

the catalytic subunit of PI3K, leading to its activation[220].  
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 These data suggest that Ras is directly targeting TGFɓ signaling regulatory 

components to enhance and control its signaling activity. Ras network neutralizes 

TGFɓïmediated cell cycle inhibition leading to the assumption that dysregulated TGFɓï

Ras signaling can trigger anti-apoptotic effect dysregulating the differentiation process 

in FGR satellite cells. 

 

Upregulation in PI3K-AKT enhances muscle differentiation in FGR satellite cells 

Importantly, we found PI3K-AKT signaling pathway upregulated in FGR myoblast 

cells stimulated with TGFɓ. It is known that skeletal muscle hypertrophy is characterized 

by myofiber enlargement with no change in myofiber number or hyperplasia. An 

anabolic stimulus, such as IGF can trigger muscle hypertrophy through PI3K/AKT 

pathway stimulating protein synthesis. In addition to initiating the synthesis of protein, 

AKT inhibits protein degradation by suppressing FoxO family maintaining a balance 

between protein synthesis and degradation. 

One proposed mechanism is that NUR77 upregulation is activating PI3K-AKT 

signaling pathway in FGR satellite cells. NUR77 (NR4A1) is a key regulator of 

PI3K/AKT signaling under hypoxia. Studies have shown that NR4A1 siRNA efficiently 

blocked hypoxia-induced p100a expression in both mRNA and protein levels, and also 

AKT phosphorylation while overexpression of NR4A1 exhibited the opposite effects, 

indicating that hypoxia activated p100a/AKT in a NR4A1-dependent manner. These 

ideas suggest that hypoxia is responsible for this mechanism where NR4A1 increases 

p100a/AKT expression. Similar effects of NR4A1 were seen in mTOR activity where 

phosphorylation was decrease with NR4A1 siRNA presence.  
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Second proposed mechanism is the initial interaction of insulin with muscle via a 

receptor located in the plasma membrane. INSR directs insulin to the muscle and 

initiated a response. The INSR is overexpressed in several malignancies determining 

abnormal responses to insulin, proinsulin and insulin-like growth factors[221]. The 

expression of insulin is increased in FGR skeletal muscle from fetal sheep. This 

mechanism was expected since it is a natural compensatory response to low levels of 

insulin in all insulin-responsive cells[222]. Our transcriptomic data showed increased 

expression of INSR in FGR stimulated with TGF-ɓ, which coincide with previous 

findings suggesting a metabolic programming that can aid survival and enhance protein 

synthesis in the presence of nutrient restriction. 

 

As part of the insulin signaling, we have the PI3K molecule that is composed of 

the p110 catalytic subunit. PIK3CD encodes for the PI3K catalytic subunit p110Ŭ. 

Catalytic subunit can bind to any of the regulatory subunits and response to 

extracellular signals. TɓRI was found to be associated with p85 regulatory subunit of 

PI3K, thus enabling activation of the p110Ŭ catalytic subunit of PI3K[119]. In our RNA-

seq data, PIK3CD was upregulated in FGR after TGF-ɓ treatment. These results 

suggest that TGF-ɓ stimulation is having no inhibitory effects on genes controlling 

differentiation in FGR satellite cells. This can be due to epigenetic modification in Smad 

binding elements that prevent SMAD4 binding to its regulatory sites. Thus, enhancing 

muscle formation by activating multiple genes in the PI3K/AKT signaling pathway.  
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DNA methylation in satellite cells from FGR lambs 

We confirmed through transcriptome analysis that numerous genes and 

pathways related to muscle growth were differentially expressed between control and 

FGR myoblast. Therefore, the genome-wide DNA methylation profile of lamb muscle 

was investigated by whole-genome bisulfite sequencing (WGBS) to elucidate the 

relationship between altered gene expression in FGR lambs and DNA methylation. We 

hypothesized that TGFɓ/SMAD4 signaling was disrupted and responsible for the 

reduced TGFɓ activity in FGR satellite cells. Although our proposed mechanism for 

adverse TGFɓ signaling focused on post-translational modifications of SMAD4, 

experimental evidence showed that TGFɓ/SMAD4 signaling was normal in the PI-FGR 

satellite cells from lambs. These data indicate that dysregulation of TGFɓ signaling in 

the PI-FGR satellite cells is caused by another mechanism and not due to a disruption 

in TGFɓ/SMAD4 intracellular signaling. Of note, these findings emphasize the 

importance in epigenetic modifications of TGFɓ/SMAD4 transactivation as a primary 

mechanism. Our focus was on DNA methylation due to its epigenetic stability and its 

main role in regulating gene expression. 

The relationship between DNA methylation and gene expression is highly 

complex, DNA methylation-silenced gene expression primary affects CpG island 

promoter region since regulation of expression is controlled by transcription factors that 

binding to the promoter[223]. To gain insight of SMAD4 activity in repressing myogenic 

genes, we need to understand where this DNA-protein interactions occur. Our 

investigation focused on finding differentially methylated promoter regions in FGR and 

CON satellite cells. Then, we analyzed the promoter regions to find SBE close to the 

transcription start site to investigate SMAD4 potential targets. Lastly, differentially 
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methylated promoter regions were modeled into KEGG pathways. This revealed 

hypomethylated pathways such as PI3K/AKT, MAPK, EGFR, RAS and insulin signaling 

pathways in FGR compared to control. PI3K/AKT, RAS and MAPK hypomethylation 

correlate with upregulation of such pathways in RNA-seq data, where hypomethylation 

indicates increased transcription levels. Checking the expression of genes associated 

with these pathways, the number of hypomethylated genes related to PI3K/AKT and 

MAPK pathway were higher than those among other pathways. Additional overlapping 

pathways between transcriptomic data and DNA methylation included cell cycle and 

apoptosis. Downregulation of genes in these pathways correlate to hypermethylation of 

its promoters. By joining the transcriptome data measured by RNA-seq, we were able to 

correlate most methylation variation between groups with gene expression levels. It 

indicated that DNA methylation influences differentiation by regulating gene expression 

of PI3K/AKT signaling pathways. 

 

In this study, we found INSR hypomethylated in FGR. Loss of function mutations 

of this gene can cause severe insulin resistance syndromes manifested by other 

studies[224]. Methylation levels of PIK3CD were lower in FGR that in controls. The PI3K 

triggers signaling cascade by activating AKT and its downstream effectors. Interestingly, 

AKT1 was found hypomethylated in FGR compared to controls. Given AKTôs essential 

role in insulin signaling, several studies have reported a defect in insulin-stimulated AKT 

activity in skeletal muscle from mice and humans with insulin resistance and type II 

diabetes correlation with a reduction in insulin stimulated glucose uptake[225-227]. Any 
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abnormalities in insulin signaling pathways may cause a reduction of its sensitivity, 

because of insulin resistance.  

 

To validate whether the identified DNA methylation alterations impact gene expression 

upon TGFɓ stimulation, we conducted ChIP-qPCR on muscle cells for specific genes 

within the PI3K-AKT pathway. Notably, the expression of four genes was found to 

correlate with changes in DNA methylation sites and transcriptomic data. 

Hypomethylated genes such as INSR, PIK3CD and WNT1 exhibited an increased fold 

enrichment in FGR cells treated with TGF-ɓ1 compared to satellite cells treated with 

TGF-ɓ1 inhibitor (A83-01). RNA pol II is bond to the target promoters suggesting that 

the gene is a potentially active gene, in which RNA pol II is paused at the promoter 

region, waiting for a cellular signal to start transcription (Figure 14). This may be cause 

by lack of SMAD4 binding to SBE of target genes leading to upregulation in genes 

related to myoblast differentiation. Moreover, fold enrichment for DAXX was decreased 

in FGR myoblast cells treated with TGF-ɓ1 and correlates with its downregulation in 

gene expression. These results validate that gene expression in FGR myoblast cells is 

affected by DNA methylation in gene promoters mediating an increase in gene 

expression of genes regulating cell differentiation as an adaptive mechanism of fetal 

growth restriction. 

 

In conclusion, these findings indicate that an initially reversible growth inhibitory 

effect of TGF-ɓ is programmed to favor terminal myoblast differentiation with permanent 

withdrawal from the cell cycle increasing muscle differentiation and growth in FGR 
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offspring. Developmental programming of skeletal muscle satellite cells in FGR offspring 

is mediated by increasing the expression of PI3K-AKT genes by TGF-ɓ signaling 

pathway enhancing muscle differentiation in FGR lambs. Moreover, the concept of 

FGR-mediated programming of DNA methylation in PI-FGR satellite cells is innovative 

and demonstrates a link between the DNA methylation and intrauterine events with 

diseases later on life[228]. 
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CHAPTER 4 
 

Conclusions and Future Directions 
 

Fetal growth restriction is commonly caused by placental insufficiency. Placental 

insufficiency begins early in pregnancy and can be caused by maternal chronic 

diseases, placental disorders and idiopathic causes[229]. These conditions result in 

increased placental vascular resistance and decreased diastolic flow in the umbilical 

artery[230]. In response to reduced umbilical blood flow and a decrease in fetal 

oxygenation, the fetus redistributes blood flow away from the liver to ensure adequate 

nutrient and oxygen supply to the vital organs such as heart and brain[22]. 

Redistribution of blood flow to the heart and brain occurs at the expense of oxygen and 

nutrient delivery to peripheral organs including the skeletal muscle[23]. These reduction 

in blood flow and oxygen supply to the skeletal muscle contributes to 25-40% reductions 

in muscle mass observed in FGR fetuses and neonates when compared to their 

appropriate for gestational age (AGA) counterpart[42, 178]. Reductions in muscle mass 

are due to the decline in nutrient and oxygen supply to the fetus overlapping with 

exponential fetal growth and high skeletal muscle protein accretion[171]. When nutrient 

and oxygen availability normalized after birth, reductions in skeletal muscle growth are 

not fully compensated. Thus, individuals born FGR have persistent reductions in muscle 

mass and strength into adulthood[231, 232]. Insufficient skeletal muscle mass caused 

by poor fetal growth and development increases the future risk of developing metabolic 

pathologies. Surprisingly, the literature contains little information about specific 

developmental adaptations that reduce skeletal muscle growth in FGR offspring.  
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Satellite cell pools are essential to maintain muscle mass by their addition of 

nuclei to existing myofibers, thus promoting muscle fiber hypertrophy[76]. Therefore, a 

tightly regulated balance between self-renewal and differentiation is required to maintain 

the satellite cell pool to support efficient growth[233]. TGFɓ regulates muscle growth by 

inhibiting satellite cell activation and impairing myoblast differentiation[234]. We show 

aberrant TGFɓ signaling in satellite cells isolated from lambs with FGR. Overall, our first 

experiment led us to hypothesize that reduced TGFɓ responsiveness slows muscle 

growth in lambs with FGR and defining the mechanism was our next step.  

4.1. TGFɓ responsiveness in vitro. We demonstrated reduced TGFɓ 

responsiveness and increased fusion rates in FGR satellite cells. This precocious 

differentiation in vivo is expected to reduce the pool of proliferating myoblast and 

thereby reduce the rate of myonuclear accretion over time. Therefore, we tested TGFɓ-

induced SMAD4 transactivation using an exogenous reported system and we did not 

find differences between control and FGR satellite cells. Based on our findings, we 

postulated that epigenetic modification occur to alter the TGFɓ function. As previously 

shown, resistance to TGFɓ-mediated growth inhibition is frequently observed in the 

early stages of ovarian cancer[235]. In more advanced stages of disease progression 

there is an increase in networking between TGFɓ and other growth-factor transduction 

pathways that promote tumor proliferation and invasion[236]. Studies in breast cancer 

cell lines that lack binding of TGFɓ ligand and loss of expression of TGFɓ-RII message 

correlates with resistance to TGFɓ growth inhibition, suggesting that loss of TGFɓ-RII 

expression occurs at the transcriptional level[237].  
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4.2 TGFɓ regulated gene expression. To elucidate the transcriptional profiles 

between control and FGR satellite cells stimulated with TGFɓ, we performed 

transcriptomic RNA sequencing. Our analysis of the transcriptomes found upregulated 

PI3K/AKT signaling upon TGFɓ stimulation in FGR satellite cells compared to control 

cells. Normally, TGFɓ inhibits PI3K/AKT signaling thus inhibiting muscle cell 

differentiation, but we have shown that FGR satellite cells do not respond to TGFɓ 

inhibitory effects. Studies have shown that TGFɓ-receptor complex can activate PI3K in 

response to TGFɓ stimulation. It can do it either through the kinase activity of TGFɓ-RI 

or by recruiting TRAF6, which polyubiquitylated the PI3K regulatory subunit p85a 

independently of the receptor kinase[119, 238]. Once PI3K is activated, it 

phosphorylated PIP2 into PIP3, leading to the activation of AKT though 

phosphorylation[114]. Activated AKT then targets a variety of substrates, including 

mTOR, GSK-3ɓ and FoxO transcription factors[239, 240]. Overall, the PI3K/AKT 

signaling pathway drives several cellular responses such as survival, metabolism, 

growth, proliferation, and differentiation in satellite cells[241].  

Despite previous studies, increased PI3K/AKT can be due to increased TGFɓ 

stimulation of PI3K target genes or by DNA methylation in Smad binding elements 

preventing that TGFɓ exhorts its inhibitory effects on target genes. Moreover, evidence 

has shown that impaired TGFɓ signaling can result in the formation of a repressive 

chromatin state and epigenetic suppression of target genes[201].  

Limitation in this step: Changes in RNA abundance or expression may not 

always correlate with changes in protein levels or biological function making it 

challenging to infer functional outcomes from transcriptome data alone. Also, limitations 
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occur in determining the up- or down-regulation of a pathway. It is essential to 

understand the function of each gene to determine the direction is exhorting stimulating 

or inhibitory effects on the pathway. While certain genes may act as activators, 

instigating the upregulation of the pathway, others may serve as inhibitors, resulting in 

downregulation. Having higher numbers of inhibitor genes been downregulated does 

not mean that the pathway is downregulated but that the major differentially expressed 

genes are inhibitory genes. Therefore, a comprehensive understanding of the functions 

and interactions of genes within the pathway is imperative for making informed 

judgements regarding its regulation. 

4.3 DNA methylation analysis. Although loss of TGFɓ-mediated growth inhibition 

has been shown to contribute to aberrant cell behavior[201], the epigenetic 

consequences of impaired TGFɓ/SMAD4 signaling on target genes has not been well 

established. In this study, we show that TGFɓ causes inhibition of satellite cell 

differentiation, induction of SMAD4 transactivation, and decreased expression of 

PI3K/AKT signaling control lambs. Conversely, higher rates of differentiation and 

increased PI3K/AKT signaling were shown in FGR satellite cells response to TGFɓ 

stimulation. Therefore, TGFɓ-SMAD4 transactivation was different between control and 

FGR satellite cells. Furthermore, FGR satellite cells show an active chromatin 

environment in PI3K/AKT related genes compared to control satellite cells. We link 

hypomethylation of PI3K/AKT related gene promoters to increased expression of 

PI3K/AKT related genes in FGR satellite cells. Previous evidence shows that TGFɓ 

signaling can result in the formation of a repressive chromatin and epigenetic 

suppression of target genes. Our results suggest that TGFɓ stimulation mediates 
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epigenetic modification in a different direction. In control satellite cells, TGFɓ activation 

represses PI3K/AKT to inhibit satellite cell differentiation, but in FGR satellite cells TGFɓ 

enhances PI3K/AKT to promote satellite cell differentiation. Moreover, analysis of 

PI3K/AKT promoters such as PIK3CD revealed Smad binding sites within 1000bp 

upstream of transcription start site that were significantly hypomethylated in FGR 

compared to controls. Our future direction is to analyze TGFɓ-mediated PIK3CD 

expression. We hypothesize that fetal growth restriction contributes to disruption of 

TGFɓ signaling and SMAD4-mediated transcriptional activation of PIK3CD in satellite 

cells. First, we will prove that interaction between SMAD4 and PIK3CD promoter occurs 

by using ChIP-qPCR. To address whether disrupted TGFɓ signaling may lead to 

epigenetic modifications in PIK3CD, we will examine promoter region of PIK3CD in 

response to siRNA knock-down of SMAD4 and measure mRNA concentrations of 

PIK3CD. Together, these experiments will respond to our original hypothesis that 

aberrant TGFɓ signaling mediates epigenetic modification in PI3K/AKT signaling, thus, 

promoting satellite cell differentiation in FGR satellite cells. 

 

As discussed above, placental insufficiency-induced fetal growth restriction 

causes the major medical problems in infants placing them at greater risk for perinatal 

complications and a lifetime of glucose intolerance. Currently, options are limited to treat 

FGR neonates, which represents an urgent need to develop tools to intervene when 

developmental programming remains. By confirming our hypothesis and demonstrating 

that TGFɓ regulates fundamental processes in lowering skeletal muscle mass during 

FGR by increasing differentiation rates and lowering satellite cell pools, we will identify a 



 95 

critical mechanism that is responsible for mediating programming events in satellite 

cells. Additionally, by defining that TGFɓ signaling is a target of epigenetic mechanisms, 

we will fill a major gap in our understanding of FGR-induced metabolic programming 

that has existed since the introduction of developmental programming three decades 

ago. Lastly, this knowledge will provide the foundation for potential therapeutic 

interventions aimed at improving muscle growth and maintaining myogenic progenitors 

to improve the quality of life in individuals born with PI-FGR. 
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Supplementary material 
 
Supplementary table 1. Differentially expressed genes between CON-0ng vs CON-3ng. Genes 
were filtered based on basemean>10 and padj<0.05. Human orthologs were obtained using 
Biomart tools in Ensembl. https://osf.io/ye6np 
Supplementary table 2. Enrichment of biological processes in gene ontology analysis in CON-
0ng vs CON-3ng differentially expressed genes. https://osf.io/tqv25 
Supplementary table 3. List of curated enriched pathways identified in CON-0ng vs CON-3ng 
comparison. Filtering of pathways included statistical significance (padj<0.05) and reducing 
number of pathways that share a significant number of gene. https://osf.io/5azjv 
Supplementary table 4. Differentially expressed genes between FGR-0ng vs FGR-3ng. Genes 
were filtered based on basemean>10 and padj<0.05. Human orthologs were obtained using 
Biomart tools in Ensembl. https://osf.io/hr45z 
Supplementary table 5. Enrichment of biological processes in gene ontology analysis in FGR-
0ng vs FGR-3ng differentially expressed genes. https://osf.io/szg9h 
Supplementary table 6. List of curated enriched pathways identified in FGR-0ng vs FGR-3ng 
comparison. Filtering of pathways included statistical significance (padj<0.05) and reducing 
number of pathways that share a significant number of gene. https://osf.io/pdba6 
Supplementary table 7. List of significant enriched pathways identified uniquely in CON-0ng vs 
CON-3ng differentially expressed genes. Uniquely means that overlapping genes with FGR 
comparison were not included for pathway enrichment. https://osf.io/nwb8a 
Supplementary table 8. List of significant enriched pathways identified uniquely in FGR-0ng vs 
FGR-3ng differentially expressed genes. Uniquely means that overlapping genes with CON 
comparison were not included for pathway enrichment. https://osf.io/bgesr 
Supplementary table 9. Differentially methylated promoter regions identified between CON vs 
FGR satellite cells. https://osf.io/pf436 
Supplementary table 10. Venn diagram comparison between CON-0ng vs CON-3ng and FGR-
0ng vs FGR-3ng differentially expressed genes. https://osf.io/a4znj 
Supplementary table 11. Venn diagram comparison between CON-0ng vs CON-3ng and FGR-
0ng vs FGR-3ng pathway enrichment. https://osf.io/2kj7f 
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