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Our 1st and 2nd studies assessed the impact of mid-gestation maternofetal 

inflammation on growth, skeletal muscle glucose metabolism, and inflammatory tone in 

the late gestation ovine fetus. The objective was to determine if inducing maternofetal 

inflammation during peak placental growth would lead to more profound IUGR 

characteristics in the fetus. MI-IUGR fetuses exhibited reduced body and skeletal muscle 

weights and hallmark asymmetric growth at late gestations. Fetuses had higher baseline 

glucose:insulin ratios and reduced glucose-stimulated insulin secretion. Moreover, 

hindlimb glucose oxidation was impaired independent of glucose uptake. Skeletal muscle 

specific glucose uptake and oxidation was reduced in MI-IUGR fetuses. MI-IUGR 

fetuses also had increased circulating cytokines and cytokine receptor content in skeletal 

muscle. Therefore, targeting inflammation during mid- to late gestation is an area of 

interest for future IUGR therapeutic treatments. 

 Our 3rd study examined the differentially expressed genes in neonatal skeletal 

muscle transcriptome in response to maternofetal inflammation (MI-IUGR) or maternal 

hyperthermia (PI-IUGR) during gestation. Although PI-IUGR lambs exhibited a more 

severe IUGR phenotypically, skeletal muscle of MI-IUGR exhibited showed more 

transcriptomic changes.  Regardless of the source of maternal stress, a large percentage of 



 

genes and pathways impacted in the IUGR fetus were related to inflammation. These data 

further support the role of the inflammatory pathway in IUGR pathologies.  

 Our final study examined the changes in tissue composition of the sheep hindlimb 

across different stages of development. We found that 40% of the tissue in the fetal 

hindlimb is skeletal muscle compared to 65% of the tissue in the juvenile lamb. This was 

an important gap in the literature not previously addressed, and could help us more 

accurately interpret the results of in vivo metabolic studies. 
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CHAPTER 1 – Literature Review 

 

Portions of this chapter were published as a review in Frontiers in Animal Science, which 

is a peer-reviewed publication 

 

Hicks, Z.; Yates, D.; Going Up Inflame: Reviewing the Underexplored Role of 

Inflammatory Programming in Stress-Induced Intrauterine Growth Restricted Livestock: 

Review article. Front. Anim. Sci. Vol. 2. 2021 

https://doi.org/10.3389/fanim.2021.761421 

 

Abstract 

The impact of intrauterine growth restriction (IUGR) in humans is well known. It is the 

2nd leading cause of perinatal mortality worldwide, and it is associated with deficits in 

metabolism and muscle growth that increase lifelong risk for hypertension, obesity, 

hyperlipidemia, and type 2 diabetes in survivors. Comparatively, the impact of IUGR in 

food animals is less recognized by the industry. Livestock born with low birthweight due 

to IUGR are beset with greater early death loss, inefficient growth, and reduced carcass 

merit. These animals exhibit poor feed-to-gain ratios, less lean mass, and greater fat 

deposition, which collectively increase production costs and decrease value. Ultimately, 

this reduces the amount of meat produced by each animal and threatens the economic 

sustainability of livestock industries. IUGR is most commonly the result of fetal 

programming responses to placental insufficiency, but the exact mechanisms by which 

this occurs are not well understood. In uncompromised pregnancies, inflammatory 

cytokines produced at normal rates by placental and fetal tissues play an important role in 

fetal development. However, unfavorable intrauterine conditions can cause their activity 

to be excessive during critical windows of fetal development. Our recent evidence 

indicates that this impacts developmental programming of muscle growth and 

https://doi.org/10.3389/fanim.2021.761421
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metabolism and contributes to the IUGR phenotype. In this review, we outline the role of 

inflammatory cytokine activity during normal and IUGR pregnancies. We discuss the 

fetal origins of inflammatory cytokines and how each may contribute to this phenotype. 

Finally, we highlight the contributions of sheep and other animal models in identifying 

mechanisms for IUGR pathologies. 

 

1. Introduction 

Intrauterine growth restriction (IUGR) frequently results from stress-induced 

placental insufficiency, which reduces O2 and nutrients available to the fetus and 

consequently stunts growth of the highly metabolic fetal muscle tissues (Yates et al., 

2018; Pendleton et al., 2021). In livestock, low birthweight due to stress-induced IUGR 

causes substantial economic losses for the industry due to greater neonatal mortality, less 

metabolic efficiency, and lower carcass quality (Reynolds et al., 2010; Liu and He, 2014; 

Ji et al., 2017; Yates et al., 2018). Estimates indicate low birthweight-related losses at 

approximately 8% of the potential annual product for US producers and up to 20% of the 

global annual product (Wu et al., 2006; Flinn et al., 2020). Thrifty metabolic adaptations 

associated with IUGR cause offspring to be disadvantaged at birth due to insufficient 

energy stores and poor thermoregulation, which often results in reduced nursing success 

and a failure to thrive throughout the early neonatal period (Dwyer et al., 2016; Yates et 

al., 2018). IUGR-born offspring that survive exhibit reduced feed efficiency, making it 

cost more to get them to harvest weight (Bérard et al., 2008; Yates et al., 2018; Gibbs et 

al., 2020). Thrifty programming also manifests as reduced muscle growth capacity and 

increased fat deposition (Greenwood et al., 2000; D T Yates et al., 2012; Gibbs et al., 
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2020), which lowers carcass yield and affects meat quality parameters such as tenderness, 

muscle pH, meat color, and cooking loss (Liu and He, 2014; Matyba et al., 2021). Similar 

to livestock, IUGR afflicts human pregnancies as well (Saleem et al., 2011; Marcondes 

Machado Nardozza et al., 2017). Estimates indicate that upward of 53 million infants 

worldwide are born IUGR each year (Sedgh et al., 2014). These babies are at increased 

risk for perinatal morbidity and mortality (Aucott et al., 2004; Alisi et al., 2011; 

Alisjahbana et al., 2019) as well as life-long health problems such as asthma, type II 

diabetes, cardiovascular disease, obesity, and neurocognitive disorder that begin in early 

childhood and reduce life expectancy and quality of life (Briana and Malamitsi-Puchner, 

2009; Marcondes Machado Nardozza et al., 2017; Darendeliler, 2019; Xing et al., 2020).  

 The scientific community recognized by the late 1950s that individuals with 

metabolic disease often exhibited physiological indicators of predispositions as early as 

shortly after birth (Neel, 1962). However, it was the work of Hales and Barker in the 

early 1990s and the subsequent publication of their Thrifty Phenotype hypothesis that 

popularized the link between fetal developmental programming and lifelong metabolic 

health (Hales et al., 1991; Hales and Barker, 1992). In the almost three decades since, a 

number of studies in humans and animal models have confirmed this link and begun to 

uncover details regarding how stress before birth causes tissue-specific programming of 

growth and metabolism (Morrison, 2008; Posont et al., 2017; Yates et al., 2018; Posont 

and Yates, 2019; Pendleton et al., 2021). These nutrient-sparing fetal adaptations help to 

increase the chances for survival in utero but also create permanent changes that are 

detrimental to long-term health of the offspring (Sharma et al., 2016a; Kesavan and 

Devaskar, 2019; Posont and Yates, 2019). Identifying the exact mechanistic facilitators of 
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these changes has been challenging, but one likely potential mechanism that has recently 

come to light is inflammatory programming (Cadaret et al., 2018; Posont et al., 2018; 

Posont et al., 2021). This review highlights the findings that provide insight for how fetal 

stress leads to programmed changes in the inflammatory pathways that regulate growth 

and metabolism, with a primary focus on the implications for meat animals. 

 

2. Causes and Progression of IUGR 

2.1 IUGR is the developmental response to maternofetal stress 

Clinical IUGR, alternatively termed fetal growth restriction (FGR; Marcondes 

Machado Nardozza et al., 2017), is characterized by less intrauterine growth of the fetus 

or fetal tissues relative to its expected growth potential (Sharma et al., 2016b; Reynolds et 

al., 2019). It is a pathological condition brought on by fetal nutrient restriction or other 

maternofetal stress, although genetic abnormalities can increase the risk (Sharma et al., 

2017), and it is a leading cause for small-for-gestational age (SGA) offspring (Chu et al., 

2020). In the research field of developmental origins of health and disease (DOHaD), 

IUGR is often used to describe the broader pathological phenotype resulting from chronic 

fetal stress, which typically but not always includes measurable reductions in placental 

function and birthweight (Sharma et al., 2016b). A number of different maternal 

conditions can result in placental stunting when coinciding with critical windows for 

placental growth and development (Sharma et al., 2016b; Yates et al., 2018). In livestock, 

common factors include environmental stress, illness or forage toxicity, nutritional 

imbalances, young age of the dam, uterine trauma from previous pregnancies, twin/triplet 

pregnancies, and side effects from assisted reproductive technologies (Greenwood and 
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Bell, 2003; Greenwood and Cafe, 2007). Such stressors often redirect maternal blood 

flow from the gravid uterus, thus reducing nutritional support for placental hyperplasia 

and vasculogenesis (Burton and Jauniaux, 2018). Placental functional capacity is 

determined in large part by the successful establishment of uteroplacental circulation via 

the rapid development of villous blood vessels beginning toward the end of the first 

trimester and continuing throughout the second trimester (Regnault et al., 2003; Burton 

and Jauniaux, 2018). Indeed, it is during this critical window that the placenta is most 

vulnerable to insults that may lead to reduction in its surface area and production of 

proteins needed for maternal-fetal nutrient exchange (Regnault et al., 2005; Burton and 

Jauniaux, 2018). During such insults, placental tissues are typically characterized by 

unusually high levels of inflammation, oxidative stress, and apoptotic cells (Cotechini 

and Graham, 2015; Burton and Jauniaux, 2018).  

 The diminished maternofetal interface associated with placental insufficiency 

ultimately reduces O2 transfer to the fetus, and reductions in placental glucose and amino 

acid transporters likewise reduce the availability of these nutrients to the fetus (Brown, 

2014a; Yates et al., 2018; Beede et al., 2019). Indeed, fetal hypoxemia and hypoglycemia 

in heat stress-induced sheep models of placental insufficiency can exceed 50% reductions 

near term (Macko et al., 2016; Wai et al., 2018; Stremming et al., 2020), creating the 

need for changes in metabolic processes and growth trajectories (Lackman et al., 2001; 

Gagnon, 2003). The phenomenon of fetal hypoglycemia can be partially mimicked by 

sustained maternal undernutrition, which can decrease fetal growth despite little or no 

impact on the size or vascularity of the placenta (Lemley et al., 2012; Eifert et al., 2015; 

Edwards et al., 2020). Interestingly, diminished placental transfer of amino acids due to 
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the downsizing of system A and L transporters does not necessarily manifest in reduced 

fetal blood concentrations (Pantham et al., 2016; Wai et al., 2018), as the IUGR fetus 

compensates by slowing its protein utilization and accretion rates (Rozance et al., 2018b; 

Wai et al., 2018; Stremming et al., 2020).  

 The hypoxic and hypoglycemic conditions resulting from placental insufficiency 

cause a robust hormone-driven stress response by the IUGR fetus. Low blood O2 

concentration detected by O2-sensitive K+ channels on the chromaffin cells of the adrenal 

medulla stimulates secretion of the catecholamines, norepinephrine and epinephrine 

(Adams and McMillen, 2000), inducing the hallmark hypercatecholaminemia that 

progressively worsens over the 3rd trimester of pregnancy. Catecholamines act as strong 

inhibitors of insulin secretion, which together with hypoglycemia results in a chronic 

state of fetal hypoinsulinemia (Chen et al., 2017; Limesand and Rozance, 2017). Fetal 

hypoxemia also leads to an increase in circulating inflammatory cytokines (Krajewski et 

al., 2014; Visentin et al., 2014), which will be discussed in detail in later sections. 

Additional inflammatory components such as chemokine C-C motif ligand 16 (CCL16) 

and acute phase protein C-reactive protein (CRP) have also been found to be increased in 

IUGR fetuses (Mäkikallio et al., 2012; Visentin et al., 2014). 

 

2.2 IUGR impairs growth capacity and metabolic function 

In most cases, the fetus is able to survive the unfavorable conditions created by 

placental insufficiency by altering the development of growth and metabolic processes to 

reduce metabolic demands in several ways (Gagnon, 2003). First, the combined 

endocrine response to the low fetal blood O2 content causes a redirection of blood flow 
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away from skeletal muscle and other less vital tissues to maintain support for the brain, 

liver, adrenals, and pancreas (Gagnon, 2003; Poudel et al., 2014). Indeed, greater 

vascular resistance in muscle-dense areas such as the hindlimb can reduce blood flow to 

the area by as much as 45%, which in turn reduces O2 delivery by up to 40% (Rozance et 

al., 2018b). Secondly, hypoinsulinemia reduces glucose utilization by the insulin-

sensitive muscle tissue (Davis et al., 2020). Interestingly, this can lead to transient 

enhancement of insulin sensitivity in the early neonatal period as a compensatory 

response (Soto et al., 2003; Ong et al., 2004). However, this wanes relatively quickly 

(Mericq et al., 2005), exposing underlying impairment of insulin action (Jensen et al., 

2002). 

2.2.1 Poor skeletal muscle growth leads to asymmetric body composition 

The intentional reduction in nutrient supply to IUGR fetal skeletal muscle cause it 

to develop more conservative growth rates that are apparent in late gestation but also 

persist throughout the lifetime of the animal. Indeed, IUGR fetal sheep and rats were 

found to have smaller muscle fiber areas near term for all fiber types (Yates et al., 2016; 

Cadaret et al., 2019a), indicating that less muscle hypertrophy was occurring during 

gestation. Intrinsic functional deficits in muscle stem cells called myoblasts are a major 

underlying factor for impaired muscle growth capacity (Yates et al., 2014a; Soto et al., 

2017; Posont et al., 2018). In ruminants and humans, muscle hyperplasia is completed 

early in the 3rd trimester, and subsequent muscle growth is the result of myofiber 

hypertrophy (Maier et al., 1992; Wilson et al., 1992). Indeed, postnatal muscle growth 

results from the accumulation of new nuclei within muscle fibers from fusion with 

myoblasts, which increases capacity for protein synthesis by the fiber (Allen et al., 1979; 
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Davis and Fiorotto, 2009). Some fetal myoblasts form quiescent populations between the 

sarcolemma and the basal lamina of muscle fibers. These latent myoblasts are called 

satellite cells and can later be activated to serve as progenitors for further muscle growth 

(Davis and Fiorotto, 2009; Yin et al., 2013). Before fusing, myoblasts undergo several 

cycles of proliferation and then terminal differentiation, which are rate-limiting 

functional stages for muscle growth (Allen et al., 1979; Allen and Boxhorn, 1989). 

However, myoblasts from IUGR fetal sheep and rats exhibited reduced proliferation and 

differentiation capabilities (Yates et al., 2014; Soto et al., 2017; Posont et al., 2018; 

Cadaret et al., 2019a), leading to reduced muscle mass at birth and throughout postnatal 

life (Figure 1).  

 Offspring born with low birthweight due to IUGR initially continue to exhibit 

slower postnatal growth. For example, lambs born IUGR due to maternal heat stress or 

maternofetal inflammation remained about 20% smaller at 30 days of age, with 

comparable reductions in average daily gain (Cadaret et al., 2019b; Yates et al., 2019; 

Posont et al., 2021). As IUGR-born offspring reach the juvenile stage, many begin to 

exhibit postnatal catch-up growth, whereby their bodyweights equalize with 

uncompromised herd mates. Indeed, bodyweights and average daily gain for lambs born 

IUGR due to maternal heat stress were reduced by only about 12% by 60 days of age 

(Gibbs et al., 2020), and IUGR-born beef cattle were about 8% lighter at 30 months of 

age (Greenwood et al., 2005; Greenwood and Cafe, 2007). However, this does not 

typically equate to recovery of muscle growth, and thus body composition remains 

impaired; 60-day old IUGR lambs had smaller loin eye areas, reduced muscle protein, 

and greater fat-to-protein ratios (Gibbs et al., 2020), and 30-month old IUGR beef cattle 
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had smaller carcass weight, ribeye area, and longissimus muscle weight, resulting in less 

retail yield (Greenwood and Cafe, 2007). Estimates from these cattle indicate that each 1-

kg reduction in birthweight equated to a 4.4-kg reduction in slaughter weight (Robinson 

et al., 2013; Greenwood and Bell, 2019). 

 

2.2.3 Thrifty muscle glucose metabolism 

In concert with conservative muscle growth, the IUGR fetus undergoes a glucose-

conserving, muscle-centric metabolic shift characterized in by reduced oxidation and 

greater glycolytic lactate production. When IUGR fetal sheep were made hyperglycemic 

or hyperinsulinemic near term, whole-body glucose oxidation was decreased even though 

whole-body glucose utilization remained unchanged (Limesand et al., 2007; Brown et al., 

2015). Later studies in sheep confirmed that the reduction in glucose oxidation rates were 

muscle-specific and persisted after birth (Cadaret et al., 2019b; Yates et al., 2019; Gibbs 

et al., 2021; Posont et al., 2021). Four-fold greater circulating lactate concentrations 

together with greater hepatic expression of gluconeogenic genes in the IUGR fetal sheep 

(Brown et al., 2015) indicate that lactate produced in greater amounts by IUGR skeletal 

muscle supports hepatic glucose production. This process, called the Cori cycle, 

seemingly provides a benefit to the nutrient-restricted IUGR fetus by engaging an 

otherwise inactive source for glucose (Thorn et al., 2009; Davis et al., 2021). However, it 

is important to note that the reduction in glucose oxidation arises from a programmed 

change in mitochondrial functional capacity that does not appear to be reversible. 

Although pyruvate dehydrate functional activity was increased in IUGR fetal sheep 

muscle (Pendleton et al., 2019), mitochondrial O2 consumption and electron transport 
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chain Complex 1 activity were impaired (Pendleton et al., 2020). Gene expression for 

isocitrate dehydrogenase, mitochondrial pyruvate carrier, and other integral components 

of mitochondrial oxidative metabolism were also reduced in IUGR muscle, whereas gene 

expression for lactate dehydrogenase B (converts pyruvate to lactate) was increased 2.5-

fold (Pendleton et al., 2020). It is worth noting that reduced glucose oxidation rates do 

not appear to be offset by compensatory amino acid oxidation (Pendleton et al., 2021). In 

fact, oxidation rates for the representative amino acid, leucine, were slightly reduced in 

IUGR fetal sheep (Brown et al., 2012; Wai et al., 2018). Moreover, impaired glucose 

oxidation coincided with reduced proportions of oxidative myofibers in hindlimb muscles 

of IUGR fetal sheep (Yates et al., 2016). 

 

2.2.4 Insulin dysfunction 

 Growth and metabolic deficits in IUGR skeletal muscle are at least partially a 

product of disruptions in insulin signaling through Akt-mediated pathways. Insulin is a 

primary promotor of muscle growth, as it enhances protein synthesis (Davis and Fiorotto, 

2009) and is a well-established stimulator of proliferation and differentiation in adult 

myoblasts (Allen et al., 1985; Sumitani et al., 2002). More recent studies found that 

hyperinsulinemia also increases myoblast function in fetal sheep (Brown et al., 2016; 

Soto et al., 2017). Additionally, skeletal muscle is the primary tissue for insulin-mediated 

glucose uptake from the blood (Baron et al., 1988; Brown, 2014a). This is facilitated 

when circulating insulin binds to receptors on the muscle fiber surface and initiates rapid 

mobilization of sequestered glucose transporter 4 (Glut-4) to the cell membrane, where 

they facilitate glucose diffusion into the cell (Kubota et al., 2011). In addition to its 
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effects on glucose uptake, insulin stimulation increased skeletal muscle glucose oxidation 

rates 1.5 to 4-fold in fetal sheep (Brown et al., 2015; Cadaret et al., 2019) and 2 to 8-fold 

in growing lambs (Barnes et al., 2019; Cadaret et al., 2019b; Swanson et al., 2020; Posont 

et al., 2021). However, several studies have indicated that insulin/Akt signaling is 

impaired in IUGR muscle. Insulin activates Akt by serine463 phosphorylation, but the 

proportion of phosphorylated Akt was reduced in flexor digitorum superficialis muscle 

from IUGR fetal and neonatal sheep (Cadaret et al., 2019; Posont et al., 2021). This 

deficit was observed at both low and high insulin concentrations and did not coincide 

with any reductions in insulin receptor content (Thorn et al., 2009; Yates et al., 2019). 

IUGR skeletal muscle also exhibited reduced content of the insulin-sensitive glucose 

transporter, Glut-4, before and after birth (Limesand et al., 2007; Yates et al., 2019), 

likely due to epigenetic mechanisms such as DNA methylation at the Glut-4 promoter 

region or histone modifications (Raychaudhuri et al., 2008; Wang et al., 2016). 

 

2.2.5 Dysfunction in non-muscle tissues 

Stress conditions resulting from placental insufficiency induce programming in 

other tissues that further compounds muscle-centric dysfunction. Chief among these 

affected tissues are pancreatic islets, which are diminished in both development and 

functionality (Boehmer et al., 2017). Near term, IUGR fetal sheep islets are reduced in 

size by 40% (Rozance et al., 2015; Brown et al., 2016), and β cell mass is reduced by 

60% due to a 40 to 60% reduction in mitosis (Limesand et al., 2005; Brown et al., 2016). 

In addition to being smaller, these β cell populations are less productive, as IUGR fetal 

islets contain only about 20% the amount of insulin found in normal fetal islets 
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(Limesand et al., 2006). Deficits in islet microanatomy are preceded by insufficient islet 

vascular formation, which is observable early in the 3rd trimester (Rozance et al., 2015). 

Islet under-development may be due in part to the less profound HGF paracrine activity 

originating from islet endothelial cells (Rozance et al., 2015; Brown et al., 2016), which 

appears particularly necessary for β cell development and performance (Dai et al., 2005; 

Johansson et al., 2009). Like muscle, IUGR fetal islets are also less capable of glucose 

oxidation, which is the impetus for glucose-stimulated insulin secretion (Limesand et al., 

2006). These programmed deficits persist is offspring, as islets from IUGR-born lambs 

maintained substantially reduced insulin content and glucose stimulus-secretion coupling 

(Yates et al., 2019), leading to impairments in glucose-stimulated insulin secretion that 

are comparable to the fetus (Cadaret et al., 2019b; Yates et al., 2019). Interestingly, α cell 

mass is reduced in IUGR fetal islets, but not to the same magnitude observed for β cells. 

Moreover, their capacity to appropriately secrete glucagon appears to be unaffected 

(Limesand et al., 2005). 

 

3 The role of inflammatory cytokines in IUGR outcomes 

3.1 Cytokines regulate muscle growth and metabolism 

Cytokines are a broad class of peptide chemical messengers produced by a wide 

array of cell and tissue types, often as a response to the presence of pathogens, toxins, 

enterotoxins, free radicals, or other sources of stress (Tracey and Cerami, 1993; Reid and 

Li, 2001). Among their other immune functions, inflammatory cytokines modify 

metabolic activity in muscle and other tissues in order to reappropriate O2, glucose, and 

other energy substrates (Li and Reid, 2001; Cadaret et al., 2017). They are also potent 
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regulators of muscle growth via their complex impact on myoblast function and insulin 

sensitivity (Otis et al., 2014; Posont et al., 2018). This makes the broad cytokine milieu 

integral to metabolic homeostasis and, in turn, general metabolic health.  

 Tumor necrosis factor α (TNFα) is perhaps the most comprehensively studies 

inflammatory cytokine. It is produced in greatest quantities by circulating monocytes and 

their tissue counterparts, macrophages, but are produced by glycolytic skeletal muscle 

fibers and fat cells as well (Tracey and Cerami, 1993; Li and Reid, 2001; Plomgaard et 

al., 2005; Dyck et al., 2006). Basal circulating TNFα concentrations are typically low but 

increase rapidly and profoundly when stimulated (Tracey and Cerami, 1993; Li and Reid, 

2001). Pathological metabolic states such as excessive fat deposition, insulin resistance, 

and hyperglycemia are associated with substantially greater production and secretion of 

TNFα (Saghizadeh et al., 1996; Lo et al., 2007), as is pathological muscle atrophy (Li and 

Reid, 2001). Most cell types express one or both of two surface TNFα receptor isoforms 

(TNFR1, TNFR2), and TNFR1 is predominant for muscle (Popa et al., 2007). Once 

activated by TNFα, the intracellular domain of TNFR1 binds and activates TNF receptor-

associated death domain (TRADD) protein (Popa et al., 2007), which in turn activates 

Fas-associated death domain (FADD) pathways and TNF receptor-associated factor 2 

(TRAF2)/NF-κB pathways (Popa et al., 2007). In skeletal muscle, these pathways are 

most associated with protein catabolism, lipolysis, and metabolic suppression (Cheema et 

al., 2000; Li and Reid, 2001; Popa et al., 2007). It also decreases synthesis of the 

myofibril components myosin and actin as well as sarcoplasmic proteins (Cheema et al., 

2000; Li and Reid, 2001; Lang et al., 2002) . In differentiating myoblasts, TNFα inhibits 

MyoD expression, which impedes their progression, and in mature fibers it increases 
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protein catabolism, which reduces the content of myosin and other integral proteins for 

muscle function (Li and Reid, 2001). Both of these outcomes appear to be mediated by 

the canonical nuclear factor-κB (NFκB) pathway (Li and Reid, 2001; Remels et al., 

2015). TNFα-activated NFκB pathways also increase the proportion of glucose 

undergoing glycolytic lactate production in muscle through the activity of hypoxia-

inducible factor-1α (HIF-1α), which was concurrent with reduced glycogen synthesis 

(Boscá and Corredor, 1984; Rhoades et al., 2005; Remels et al., 2015). The effect of 

TNFα on glucose oxidation rates are more complex, as exposure appears to be 

stimulatory when acute but inhibitory when sustained (Gao et al., 2012; Cadaret et al., 

2017; Cadaret et al., 2019). In addition to the direct effects on muscle growth and 

metabolism, TNFα also impairs insulin sensitivity. In rats, this diminished the effects of 

insulin on skeletal muscle glucose uptake by 50% (Youd et al., 2000; Li and Reid, 2001), 

perhaps by increasing the content of diacylglyceride (DAG) a potent activator of the 

insulin antagonist protein kinase C (Bruce and Dyck, 2004; Dyck et al., 2006).  In 

pancreatic islet cells, TNFα exposure was shown to reduce glucose metabolism in β cells 

and, in turn, glucose-stimulated insulin secretion (Oleson et al., 2015).  

 The interleukin IL-6 is produced by leukocytes and muscle cells, often in 

response to rising TNFα concentrations (Tracey and Cerami, 1993; Haddad et al., 2005). 

Consequently, circulating IL-6 concentrations follow similar patterns as TNFα during 

sub-acute and chronic inflammatory conditions (Wolsk et al., 2010). When bound, the 

soluble IL-6 receptor (sIL-6R) forms a heterodimer with the downstream messenger 

gp130 (Wang et al., 2013), which primarily activates the JAK/STAT3 pathway but can 

also activate the PI3K/Akt/mTOR and Ras/Raf/MEK/ERK pathways (Wang et al., 2013; 
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Johnson et al., 2018). Elevated IL-6 activity limits hypertrophic muscle growth by 

interfering with growth hormone and IGF-I activity and also increases muscle protein 

catabolism, thus contributing to muscle atrophy (Haddad et al., 2005; Bodell et al., 2009). 

Although it may increase myoblast proliferation at some concentrations, IL-6 also 

reduced the progression of differentiation in primary fetal sheep myoblasts (Haddad et 

al., 2005; Posont et al., 2018). The predominant aspects of metabolic regulation by IL-6 

are similar to those of TNFα. First, the exact nature of IL-6 effects on skeletal muscle 

appear to be dependent on the magnitude and duration of exposure, as evidence indicates 

that sustained exposure is substantially more detrimental. Additionally, IL-6 is associated 

with pathological metabolic states, presumably due to its propensity to decrease skeletal 

muscle carbohydrate metabolism in favor of fatty acid oxidation and to disrupt insulin 

signaling (Bruce and Dyck, 2004; Wolsk et al., 2010; Knudsen et al., 2017). Finally, IL-6 

is detrimental to pancreatic islet function, as overexpression of IL-6 in β cells resulted in 

alterations to islet structure, increased fibrosis, and decreased insulin production 

(Campbell et al., 1994).  

 Additional inflammatory cytokines appear to have roles in muscle regulation but 

have been less extensively studied. For example, IL-1β is involved in collagen 

degradation, muscle protein catabolism, and branched-chain amino acid metabolism 

(Nawabi et al., 1990; Dinarello, 2000; Li et al., 2009). Consequently, it is associated with 

reduced myofiber width, myofibril construction, and actin content (Li et al., 2009). In 

islets, IL-1β promotes β cell apoptosis, which impairs glucose-stimulated insulin 

secretion (Harms et al., 2015; Oleson et al., 2015). IL-18, IL-8, and TWEAK appear to 

have similar roles in regulating muscle growth and metabolism. 
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3.2 Inflammatory tone in the IUGR fetus 

Studies in a multitude of mammalian species show that IUGR fetuses exhibit 

greater circulating leukocyte and cytokine concentrations, which correlate closely with 

hypoxemia and can adversely affect tissue development (Romero et al., 2008; Rong Guo 

et al., 2010; Cadaret et al., 2019; Oh et al., 2019). Increased TNFα, IL-6, and IL-18 were 

observed in cord blood of IUGR infants at delivery and in blood serum at 24 hours after 

delivery (Krajewski et al., 2014; Visentin et al., 2014). In fact, high concentrations of 

inflammatory cytokines in cord blood are considered reliable clinical markers for 

diagnosing fetal inflammatory response syndrome (FIRS; Kemp, 2014). In IUGR fetal 

sheep, greater circulating TNFα in the mid-3rd trimester coincided with increased 

monocytes, granulocytes, and total white blood cells (Cadaret et al., 2019). Similarly, 

IUGR fetal rodents exhibited elevated blood concentrations of TNFα, IL-6, and IFNγ, as 

well as greater leukocyte activity (Hudalla et al., 2018; Cadaret et al., 2019a).  In addition 

to circulating concentrations, cytokine expression is elevated in IUGR tissues including 

lungs, brain, skeletal muscle, and white blood cells (Kemp, 2014; Cadaret et al., 2019a), 

but not necessarily in pancreatic islets (Kelly et al., 2017). 

3.3 Enhanced inflammatory sensitivity in IUGR tissues 

Some rodent models of IUGR indicate that greater circulating cytokine 

concentrations are maintained into adulthood. Indeed, IUGR-born rat and mice offspring 

exhibited greater circulating TNFα, IL-6, and IL-1β from birth to adulthood (Desai et al., 

2009; Riddle et al., 2014; Chisaka et al., 2016; Oliveira et al., 2017). However, recent 

findings indicate that enhanced cytokine signaling pathways in muscle and other tissues 
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maintain increased inflammatory tone even when elevated circulating cytokines subside 

after birth. We have postulated that this enhanced responsiveness to cytokines contributes 

to the persistent dysregulation of muscle growth and metabolic function observed in 

IUGR-born offspring (Yates et al., 2018; Posont and Yates, 2019). At term, skeletal 

muscle from IUGR rat pups exhibited greater gene expression for TNFR1, IL6R, and 

Fn14 (Cadaret et al., 2019a). Moreover, muscle from IUGR-born mice and rats exhibited 

greater TNFα and IL-6 gene expression at 2 and 12 months after birth (Sutton et al., 

2010; Tarry-Adkins et al., 2016). In sheep, proliferation and differentiation rates of 

primary IUGR fetal myoblast were reduced when exposed to basal or high TNFα or IL-6 

concentrations (Posont et al., 2018). Additional unpublished data from these samples 

indicate increased gene expression for TNFR1 and IL6R in IUGR myoblasts and 

semitendinosus muscle, as well as reduced muscle IκBα protein content and increased c-

Fos protein content. As neonates, IUGR-born lambs exhibited increased TNFR1 protein 

content in semitendinosus muscle and greater circulating concentrations of monocytes, 

granulocytes, and platelets (Posont et al., 2021). Transcriptomics was subsequently 

performed in muscle samples from these lambs, and preliminary findings indicate that 

gene expression for numerous components of TNFα, IL-6, IL-1β, and IL-12 pathways are 

upregulated, as summarized in Table 1. This paralleled similar transcriptomics findings in 

skeletal muscle from IUGR fetal sheep (Cadaret et al., 2019; Posont and Yates, 2019). 

Interestingly, these IUGR-born lambs also exhibited greater muscle IκBα protein content 

and a 50% reduction in circulating TNFα, perhaps as a compensatory mechanism for the 

enhanced cytokine sensitivity (Posont et al., 2021). Although additional studies are 

needed to fully understand the magnitude and nature of inflammatory programming in 
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IUGR skeletal muscle, it is clear that such enhanced activity would help to explain the 

deficits in myoblast function, muscle growth, body composition, insulin action, and 

metabolic efficiency described in earlier sections. 

 

3.4 Targeting inflammatory adaptations may improve IUGR outcomes 

Inflammatory programming is likely one of several underlying mechanisms for 

IUGR-associated pathologies, but its ability to be targeted makes it of particular interest. 

In fact, several studies have provided fundamental evidence that treating IUGR fetuses 

and IUGR-born offspring with anti-inflammatory nutrients or pharmaceuticals can help to 

mitigate or improve growth and metabolic deficits. In mice, maternal supplementation of 

the anti-inflammatory nutraceutical folic acid reduced the frequency and severity of 

IUGR resulting from maternal inflammation (Zhao et al., 2013). These mice receiving 

folic acid also exhibited a less severe increase in amniotic concentrations of IL-6 and 

other cytokines and well as nitric oxide. Although not assessed in muscle, the 

enhancement of cytokine signaling pathways observed in IUGR placental tissues was 

mitigated by folic acid (Zhao et al., 2013). In sheep, direct daily infusion of the anti-

inflammatory nutraceutical eicosapentaenoic acid (EPA) into the bloodstream of IUGR 

fetuses during the mid-3rd trimester of gestation for 5 days resulted in less severe fetal 

hypoxia, hypoglycemic, and hyperlactatemia (Beer et al., 2021). In addition, the greater 

lactate production observed for IUGR fetuses during hyperglycemia was improved 

substantially, perhaps indicating a less severe metabolic shift to glycolytic lactate 

production by muscle (Lacey et al., 2021). This coincided with an improvement in fetal 

growth and body symmetry. EPA infusion also improved whole hindlimb mass as well as 
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loin and flexor digitorum superficialis muscle mass in the IUGR fetuses, which is 

indicative of improved muscle growth during late gestation (Lacey et al., 2021). It is 

worth noting that growth was not recovered for all muscles, which may have been due to 

the natural differences in size, insulin sensitivity, and metabolic phenotypes among 

muscle groups (Kirchofer et al., 2002). After IUGR fetuses had been infused with EPA 

for 5 days, they exhibited improved basal and glucose-stimulated insulin secretion, 

indicating partial rescue of pancreatic islet function (Lacey et al., 2021). These fetuses 

also exhibited improvements in blood pH, HCO+, Na+, and Ca++ concentrations, which 

indicate improved fetal health and wellbeing (Lacey et al., 2021). In addition to nutrient 

compounds, maternal delivery of anti-inflammatory pharmaceuticals may also represent 

an effective intervention strategy. A recent clinical study showed that high doses of the 

nonsteroidal anti-inflammatory drug (NSAID) aspirin taken by pregnant women during 

critical windows of fetal development reduced the frequency of IUGR (Roberge et al., 

2017). Of course, the benefits of such drugs must be considered in combination with 

potential side effects for fetal development. Inflammatory programming can also be 

targeted in offspring, which is of particular interest in livestock. Dietary supplementation 

of the anti-inflammatory nutraceutical curcumin to IUGR-born neonatal pigs and mice 

mitigated the elevated concentrations of blood TNFα, IL-6, and IL-1β, which improved 

insulin sensitivity, lipid homeostasis, and neonatal growth (Niu et al., 2019a; Niu et al., 

2019c; Niu et al., 2019b). 
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4 Implications 

The link between maternofetal stress, IUGR-induced low birthweight, and 

postnatal deficits in metabolic efficiency and growth potential are well established in 

livestock, but scientific advancements regarding the molecular mechanisms underlying 

this link have been lacking. However, recent studies provide evidence that systemic fetal 

inflammation and developmental programming that enhances tissue sensitivity to 

inflammatory cytokines are contributing factors to growth and metabolic deficits, 

particularly those that are muscle centric. Although inflammatory programming is likely 

one of many underlying mechanisms, it is of particular interest to the livestock industry 

because it is both identifiable and treatable. Indeed, there are a number of currently-

marketed nutritional supplements and pharmaceuticals with anti-inflammatory properties, 

which could provide producers a number of options for mitigation and treatment 

strategies. Food animals born with low birthweight due to stress-induced IUGR are 

persistently one of the greatest barriers to US and global livestock production. Moreover, 

the emergence of climate change will likely increase the incidence of environmental 

stress on pregnant animals, creating a greater challenge for sustainable livestock 

production. As the global population continues to increase, recovering growth, efficiency, 

and meat production in low birthweight animals through practical management strategies 

represents one of the most realistic options for increasing meat production without greater 

land and water resource inputs. Although more work is warranted, early evidence 

indicates that treatment of enhanced inflammatory tone in IUGR-born animals may be an 

effective approach. 
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Figure 1.1. Functional steps of myoblasts (muscle stem cells) and their facilitation of hypertrophic growth in normal and 

IUGR skeletal muscle. 
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Figure 1.2. Summary of major effects that key inflammatory cytokines elicit in tissues affecting growth and efficiency in meat 

animals. 
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CHAPTER 2 – Mid-gestation maternofetal inflammation causes intrauterine 

growth restriction in part by reducing myoblast function in the late gestation ovine 

fetus 

 

 

Abstract 

 

Maternofetal inflammation occurring in the 3rd trimester causes fetal intrauterine growth 

restriction (IUGR) in part by impairing peak muscle growth. However, the impact of 

maternofetal inflammation occurring at mid-gestation, which precedes peak muscle 

growth but coincides with peak placental growth, has not been explored. Therefore, the 

objective of this study was to examine this impact on fetal growth, body composition, and 

myoblast function. Pregnant ewes were injected every 3rd day from the 50th to the 65th d 

of gestational age (dGA; term=150 dGA) with saline placebo (control; n=12) or with 

bacterial lipopolysaccharide endotoxin (0.1 µg/kg) to induce maternofetal inflammation 

and fetal IUGR (MI-IUGR; n=15). Fetuses were surgically catheterized on dGA 118 to 

collect daily blood samples and necropsied on dGA 125 to assess growth metrics. Cross 

sections of the semitendinosus muscle were fixed for immunohistochemistry. Primary 

myoblasts were isolated from upper hindlimb muscles. MI-IUGR fetuses had reduced (P 

< 0.05) partial pressure of O2 and increased (P < 0.05) TNFα and IL-6 compared to 

controls. At necropsy, bodyweights were 23% lighter (P < 0.05), hindlimbs were 25% 

smaller (P < 0.05), and cannon bones were 6% shorter (P < 0.05) for MI-IUGR fetuses 

compared to controls. MI-IUGR fetuses also had lighter (P < 0.05) semitendinosus, flexor 

digitorum superficialis, and longissimus dorsi muscles compared to controls. Heart, liver, 
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and brain mass did not differ between control and MI-IUGR fetuses, but 

brain/bodyweight and heart/bodyweight were greater (P < 0.05) for MI-IUGR fetuses. 

MI-IUGR fetuses tended to have 14% fewer (P = 0.06) proliferating myoblasts and had 

32% fewer (P < 0.05) differentiating myoblasts in the semitendinosus, independent of 

total myoblasts present. Furthermore, semitendinosus muscle fibers were 13% smaller (P 

< 0.05) for MI-IUGR fetuses than controls. Ex vivo proliferation rates were increased (P 

< 0.05) and differentiation rates were reduced (P < 0.05) for myoblasts isolated from MI-

IUGR fetuses compared to controls. We conclude that sustained maternofetal 

inflammation during peak placental development reduced myoblast functional capacity 

by impairing normal differentiation, which in turn contributed to reduced skeletal muscle 

mass and asymmetrical body composition near term. This reflects the growth phenotype 

in models of placental insufficiency-induced IUGR and implicates inflammation as a 

major factor in the adaptive growth restriction of skeletal muscle in IUGR fetuses. 

 

 

Introduction 

Intrauterine growth restriction (IUGR) is a worldwide health problem that 

impacts up to 53 million babies each year (Wu et al., 2006; Sedgh et al., 2014; Flinn et 

al., 2020). The same condition in animals causes a 20% reduction in the global annual 

product from livestock species (Wu et al., 2006). IUGR-born offspring exhibit reduced 

feed efficiency, increased proportional fat deposition, and reduced muscle growth, which 

increase the cost to produce the animal and decrease the value of the carcass (Greenwood 

et al., 2000; Bérard et al., 2008; Yates et al., 2012; Yates et al., 2018; Gibbs et al., 2020). 
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In humans, IUGR-born individuals are at increased risk for metabolic dysfunction as a 

result of adaptive fetal programming, which leads to reduced quality of life and life 

expectancy (Briana and Malamitsi-Puchner, 2009; Marcondes Machado Nardozza et al., 

2017; Darendeliler, 2019; Xing et al., 2020). Sustained fetal inflammation is a common 

underlying state across IUGR animal models (Hicks and Yates, 2021). Elevated 

circulating inflammatory cytokines in particular have been observed in IUGR fetuses of 

several species and from several maternal-stress causes (Kemp, 2014; Krajewski et al., 

2014; Visentin et al., 2014; Hudalla et al., 2018; Cadaret et al., 2019; Hicks and Yates, 

2021). These cytokines, including TNFα and IL-6, impair myoblast differentiation, 

reduce accretion of skeletal muscle protein, and increase the rates of protein catabolism 

and muscle atrophy (Cheema et al., 2000; Dinarello, 2000; Haddad et al., 2005; Popa et 

al., 2007; Bodell et al., 2009; Posont et al., 2018; Alvarez et al., 2020; Hicks and Yates, 

2021).  

 Studies by us and others have shown that the heightened inflammatory regulation 

of IUGR fetal and neonatal tissues occurs on multiple levels, as detailed in our recent 

review (Hicks and Yates, 2021). Indeed, studies in a multitude of species demonstrate 

increased circulating monocytes and other white blood cells as well as circulating 

inflammatory cytokines in IUGR fetuses (Romero et al., 2008; Rong Guo et al., 2010; 

Caitlin N. Cadaret et al., 2019; Oh et al., 2019; Hicks and Yates, 2021). Additionally, 

studies have identified increases in cytokines within IUGR tissues, including the lungs, 

brain, skeletal muscle, and white blood cells (Kemp, 2014; Cadaret et al., 2019a).s 

Furthermore, transcriptomic analyses show that IUGR skeletal muscle exhibits enhanced 

cytokine signaling pathways, even when circulating cytokines are no longer elevated 
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postnatal (Hicks and Yates, 2021). Thus, stress-induced programming of inflammatory 

pathways appears to be a chief mechanism for IUGR muscle growth dysregulation when 

it occurs in late gestation when muscle growth is at its peak. However, it is unclear 

whether inflammation occurring prior to peak muscle growth but during peak placental 

growth and development affects subsequent fetal and fetal muscle growth. Therefore, the 

objective for our study was to determine the impact of mid-gestation maternofetal 

inflammation on the growth, body composition, and myoblast function of fetuses during 

late gestation. We hypothesized that inducing maternofetal inflammation earlier in 

gestation would induce more profound placental stunting, which would in turn lead to 

larger growth deficits in the MI-IUGR fetus during late gestation. 

 

 

Materials and Methods 

 

Animals and Experimental Design 

This study was approved by the Institutional Animal Care and Use Committee at 

the University of Nebraska-Lincoln (UNL). Animal studies were performed at the UNL 

Animal Science Complex, which is accredited by AAALAC International. Polypay cross 

ewes were purchased from a single commercial source and were time-mated to a single 

sire. Twenty-seven pregnant ewes were identified via blood pregnancy tests at 30 d 

gestational age (dGA) and were randomly assigned to the control group or MI-IUGR 

group. All ewes were individually housed under thermoneutral conditions and maintained 

on a diet of commercial alfalfa pellets. Ewes were given ad libitum access to water and 
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mineral supplements. MI-IUGR fetuses were produced as previously described by 

Cadaret et al. (2019), with minor modifications. Briefly, ewes were injected IV with 

bacterial lipopolysaccharide (LPS) endotoxin (100 ng/kg bodyweight in 1 ml saline; 

Escherichia coli O55:B5; MilliporeSigma, St. Louis, MO) every 72 h from the 50th to the 

65th dGA. Ewes carrying control fetuses were injected every 72 h with 1 ml saline carrier 

only. Maternal body (rectal) temperatures and blood samples (jugular venipuncture) were 

collected at 0, 3, 6, 12, 24, 48, and 72 h after each injection to assess maternal responses 

to LPS administration. Blood was collected into heparinized and EDTA syringes. 

Glucose, lactate, pH, partial pressure of CO2 (pCO2), partial pressure of O2 (pO2), HCO3
-

, oxyhemoglobin, carboxyhemoglobin, Na+, K+, Cl-, and Ca2+ were measured in 

heparinized whole blood with an ABL90 FLEX blood gas analyzer (Radiometer, Brea, 

CA). Total and differential white blood cells (WBC), hematocrit, mean corpuscular 

volume, red blood cell distribution width, hemoglobin, mean corpuscular hemoglobin 

concentration, red blood cells, platelets, and mean platelet volume were measured in 

EDTA-treated whole blood with a HemaTrue Veterinary Hematology Analyzer (Heska 

Corp, Loveland, CO). Plasma was separated from EDTA-treated whole blood via 

centrifuge (14,000 x g, 2 min) and stored at -80°C. Fetal hindlimb catheterization 

surgeries were performed at 118 ± 2 dGA. Maternal venous and fetal arterial blood 

samples were collected twice daily at 800 (fasted) and 1400 (unfasted) from dGA 119 to 

125. Ewes were euthanized by double barbiturate overdose and fetuses were necropsied 

at 125 ± 2 dGA. Fetal bodyweights were recorded at necropsy, as were the weights of the 

hindlimb, heart, lungs, brain, liver, kidneys, and the biceps femoris, semitendinosus, 

flexor digitorum superficialis, soleus, longissimus dorsi skeletal muscles. Rear cannon 
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bone length was also measured. Cross-sectional samples from the mid-region of the fetal 

semitendinosus were collected for immunohistochemistry and upper hindlimb muscle 

was used to isolate myoblasts.  

 

Fetal Surgical Hindlimb Preparation 

A partial caesarian was performed to place fetal femoral arterial and venous 

catheters as previously described (Cadaret et al., 2019). Briefly, ewes were fasted 

overnight, induced by IV injection of ketamine (10 mg/kg bodyweight) and midazolam 

(0.11 mg/kg bodyweight), intubated, and maintained under anesthesia by inhalation of 

1% to 5% isoflurane gas in O2. Fetal hindlimbs were exteriorized and indwelling 

catheters (Tygon ND-100-80 Flexible Plastic Tubing; outer diameter, 1.4 mm, inner 

diameter, 0.9 mm; US Plastics, Lima, OH) were were placed with the tip advanced into 

the external iliac artery via the femoral artery and into the common iliac vein via the 

femoral vein. Catheters were filled with heparinized saline (30 U/ml, 0.9% NaCl, Nova-

Tech, Inc., Grand Island, NE) and were tunneled through the abdominal-facing wall of 

the uterus and subcutaneously to the flank. They were exteriorized through a skin incision 

and kept in a plastic mesh pouch sutured to the skin. Ewes were administered 6,600 U/kg 

penicillin G procaine, 10 mg/kg phenylbutazone, and 4 mg/kg atropine at the time of 

surgery. Postoperative phenylbutazone was continued for a minimum of 3 d following 

surgery, and ewes were allowed to recover for 1 d before performing studies. Catheters 

were flushed twice daily with heparinized saline. Fetal arterial blood was collected via 

catheters into EDTA-treated syringes (~1.0 ml) and heparinized syringes (~0.4 ml). 

Blood plasma was isolated from the EDTA-treated whole blood by centrifugation at 
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14,000 × g for 2 min. Plasma was utilized to assess circulating TNFα and IL-6 

concentrations using commercial ELISA kits (Sheep TNFα ELISA, Fine Biotech, Ltd., 

Wuhan, China; Sheep High Sensitivity Interleukin 6 [HSIL6] ELISA Kit, 

MyBioSource.com, San Diego, CA, respectively). Whole blood partial pressures of 

oxygen (pO2) were determined via ABL90 FLEX blood gas analyzed (Radiometer, Brea, 

CA) from 90-µl aliquots of filtered whole blood collected into heparinized syringes. 

 

Immunohistochemistry 

The cross-sectional fetal semitendinosus sample collected at necropsy was fixed 

in 4% paraformaldehyde (MilliporeSigma) in phosphate-buffer saline (PBS), embedded 

in OTC Compound (Fisher Scientific, Waltham, MA), and frozen at -80°C as previously 

described (Yates et al., 2016). Ten-μm cross sections prepared via cryostat were mounted 

on Fisherbrand Superfrost Plus microscope slides (Fischer Scientific). Slides were dried 

at 37°C for 2 h, washed in PBS, and steamed/cooled with 10 mM citric acid (pH 6; 

MilliporeSigma) for antigen retrieval. Nonspecific binding was blocked with 0.5% NEN 

blocking buffer (Perkin-Elmer, Waltham, MA). Primary antiserum diluted in PBS + 1% 

bovine serum albumin was applied overnight at 4°C. Primary antiserum was excluded for 

negative controls. Muscle sections were stained with mouse antiserum raised against 

pax7 (1:10; Developmental Studies Hybridoma Bank (DSHB), Iowa City, IA) to identify 

myoblasts and counterstained with rabbit antiserum raised against Ki67 (1:400; Cell 

Signaling Technologies, Danvers, MA) to identify proliferating myoblasts. Additional 

sections were stained with mouse antiserum raised against myogenin (1:5; DSHB) to 

identify differentiated myoblasts and with rabbit antiserum raised against dystrophin 
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(1:100; Cell Signaling Technologies, Danvers, MA) to assess muscle fiber area. 

Immunocomplexes were detected with affinity-purified immunoglobulin antiserum 

conjugated to AlexaFluor 488, AlexaFluor 555, or AlexaFluor 594 (1:1000; Cell 

Signaling Technologies, Danvers, MA). Immunofluorescent images were visualized on 

an Olympus IX73 and digitally captured with a DP80 microscope camera (Olympus 

Corp., Center Valley, PA). Images were analyzed with Olympus cellsSens Dimension 

software to determine myoblast population profiles and muscle fiber area. Animal 

identifications and experimental designations were de-identified prior to analyses. 

Myoblast populations within each muscle were assessed from a minimum of 800 nuclei 

across 3 non-overlapping fields of view. Average fiber area for each muscle was 

determined from a minimum of 100 muscle fibers across 3 non-overlapping fields of 

view. 

 

Myoblast Isolation 

Primary fetal myoblasts were isolated from fetal hindlimb muscle collected at 

necropsy as previously described by Posont et al. (2022). Briefly, ~50 g of muscle from 

the biceps femoris and semitendinosus from each fetus were trimmed of adipose and 

connective tissue and washed in cold PBS containing 1% antibiotic-antimycotic (AbAm; 

Gibco Life Technologies, Grand Island, NY) and 0.5% gentamicin (Gibco). Muscle was 

finely minced and divided into 50-ml conical tubes (5 g/tube). Minced muscle was then 

washed in fresh PBS, resuspended in PBS containing 1.25 mg/ml protease type XIV from 

Streptomyces griseus (MilliporeSigma), and digested at 37°C for 1 h to liberate 

myoblasts. After digestion, samples were serial-centrifuged (500 × g for 10, 8, and 1 min) 
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at room temperature. After each centrifugation, the supernatant containing the liberated 

myoblasts was collected into a separate tube by aspiration. The supernatant was then 

centrifuged (1500 × g, 5 min) to pellet the isolated myoblasts. Pellets were re-suspended 

in commercial DMEM (Gibco Life Technologies, Grand Island, NY) containing 10% 

fetal bovine serum (FBS; Atlas Biologicals, Ft. Collins, CO) and incubated for 2 h (37°C; 

95% O2, 5% CO2) to remove fibroblasts. Purified myoblasts were then grown in complete 

growth media (DMEM containing 20% FBS, 1% AbAm, 0.5% gentamycin, and 0.4% 

fungizone) on fibronectin-coated culture plates (10 µg/ml; MilliporeSigma) for 24 h. 

Myoblasts were expanded for 24 h, lifted from plates with Accutase (MilliporeSigma), 

and pre-plated in DMEM + 10% FBS (3 x 2 h) to increase purity. They were then 

resuspended in complete growth media containing 10% dimethyl sulfoxide (DMSO; 

MilliporeSigma), slowly frozen to -80°C, and stored in liquid nitrogen.   

 

Myoblast Functional Studies 

To determine myoblast purity, myoblasts were quickly thawed at 37°C, plated in 

DMEM containing 10% FBS for 2 h (37°C; 95% O2, 5% CO2), and then collected into 

tubes. A subsample of 5,000 cells was stained in suspension for the myoblast marker 

pax7 as previously described (Cadaret et al., 2017). Isolates from all fetuses were 

determined to be ≥85% myoblasts before use in studies.  

 Proliferative capacity was estimated as previously described by Posont et al., 

(2022). Briefly, 5,000 myoblasts were seeded into each well of fibronectin-coated 6-well 

tissue culture plates, grown in complete growth media for 3 d, and then incubated in 

complete growth media containing 1% bovine serum albumen (BSA; MilliporeSigma) 
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and either 0 (i.e., basal) or 5 mU/ml insulin (Humulin R; Lilly, Indianapolis, IN). 

Myoblasts were then pulse-labelled for 2 h with EdU (10 nM; Thermo Fischer), which is 

incorporated into the DNA of replicating cells during DNA synthesis. Myoblasts were 

then lifted from plates with Accutase and fixed in suspension with 4% PFA for 10 min. 

Proliferation rates were calculated as the percentage of myoblasts incorporating EdU (i.e., 

undergoing DNA synthesis) during the 2-h pulse period. These cells were identified by 

staining for EdU in suspension using the ClickIT EdU Alexa Fluor 555 Cell Proliferation 

Assay Kit (Thermo Fisher) according to the manufacturer’s recommendations. Fixed 

cells were incubated in 200 µl of a permeabilization/blocking buffer consisting of PBS 

containing 1% BSA, 2% FBS, and 0.5% Triton X-100 (MilliporeSigma) for 10 min at 

4°C. Cells were then pelleted by centrifugation (400 × g, 5 min) and resuspended in 200 

µl of ClickIT reaction cocktail prepared according to manufacturer’s recommendation. 

After incubating at room temperature for 30 min, cells were pelleted, washed twice, and 

resuspended in MoxiCyte Reagent (ORFLO Technologies, Ketchum, ID) for analysis. 

 Differentiation capacity was estimated as previously described by Posont et al., 

(2022). Briefly, 20,000 cells per well were seeded in fibronectin-coated 6-well tissue 

culture plates, grown overnight, and incubated for 96 h in differentiation media (DMEM 

containing 2% FBS, 1% AbAm, and 0.5% gentamycin) that contained 1% BSA and 0 

(i.e., basal) or 5 mU/ml insulin. Media were replaced daily. At the end of the 

differentiation period, cells were lifted from plates using Accutase and fixed in 4% PFA. 

Differentiated myoblasts were identified by staining with antiserum raised in the mouse 

against myogenin (F5B; 1:50; Pharmingen) and desmin (DE-U-10; 1:250; GeneTex). 

Primary antibodies were diluted in permeabilization/blocking buffer and applied in 
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suspension for 1 h at room temperature. Afterward, myoblasts were pelleted, washed, and 

incubated for 1 h at room temperature with a secondary affinity-purified anti-mouse IgG 

PE-Conjugate antibody (1:250; Cell Signaling). Cells were then washed twice and 

resuspended in MoxiCyte Reagent. All samples analyzed for purity, proliferation, and 

differentiation were analyzed on a zEPI flow cytometer (ORFLO Technologies), with 

gates set from negative controls produced by incubating a subset of cells from each fetus 

in permeabilization/blocking buffer containing no primary antibody.  

 

Statistical Analysis 

Immunohistochemistry and other data collected at necropsy were analyzed by 

ANOVA using the mixed procedure of SAS 9.4 (SAS Institute, Cary, NC) for the fixed 

effects of experimental group, sex, and the number of fetuses/pregnancy. Interactions 

among these effects were not included due to insufficient power. However, all sex and 

fetal number categories were represented in both groups. Fetus was considered the 

random variable. Fisher’s LSD test was used for mean separation. Fetal blood 

components assessed over time were analyzed using the mixed procedure with repeated 

measures to analyze the effects of experimental group, day, time of day, and the 

interactions, as well as sex and fetal number. Best-fit statistics were used to select 

appropriate covariance structures. Fetus was considered the experimental unit. Maternal 

data were analyzed with the mixed procedure to determine effects of experimental group 

(saline vs. LPS-injected), with ewe as the experimental unit. Significant differences for 

all analyses were identified by P-values of ≤ 0.05, and tendencies toward differences 
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were indicated by P-values of ≤ 0.10. All data are presented as least-squares means ± 

standard error of the mean. 

 

Results 

Maternal Inflammatory Response to LPS Injections 

There were experimental group x time interactions observed (P < 0.05) for 

maternal total WBC, lymphocytes, monocytes, granulocytes, and rectal body 

temperatures during the LPS challenge. Maternal total WBC were decreased (P < 0.05) in 

LPS-injected ewes compared to control ewes when measured at 3 h after each injection 

and did not differ between groups prior to the 1st injection and at 6 h after all but the 2nd 

injection (Figure 2.1). However, WBC were increased (P < 0.05) in LPS-injected ewes 

compared to control ewes at all other time points assessed. Maternal lymphocyte 

concentrations were decreased (P < 0.05) in LPS-injected ewes at 3 h after the 2nd and 3rd 

injection and at 3 and 6 h after the 6th injection (Figure 2.2). Lymphocytes did not differ 

between groups at 0, 3, and 6 after the 1st injection, at 6 h after the 2nd and 3rd injection, 

and at 3 and 6 h after the 4th and 5th injections, and they were increased (P < 0.05) at all 

other timepoints. Maternal monocyte concentrations were reduced (P < 0.05) in LPS-

injected ewes at 3 h after the 1st through 4th injections, did not differ at 6 h after the 1st 

through 4th injections or at 3 or 6 h after the 5th and 6th injections, and were increased (P < 

0.05) in LPS-injected ewes at all other timepoints (Figure 2.3). Maternal granulocytes 

were reduced (P < 0.05) in LPS-injected ewes at 3 h after all injections and at 6 h after 

the 2nd injection (Figure 2.4). Granulocytes did not differ between groups at 6 h after all 

but the 2nd injection and were increased (P < 0.05) in LPS-injected ewes at all other 
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timepoints. Rectal body temperatures were increased (P < 0.05) in LPS-injected ewes 

compared to controls at 3 h after all injections and at 6 h after the 1st, 2nd, 3rd, and 5th 

injections, but they did not differ between groups at any other timepoints (Figure 2.5). 

Maternal plasma TNFα concentrations did not differ between groups prior to the 3rd 

injection but were increased (P < 0.05) in LPS-injected ewes at all timepoints after the 3rd 

injection (Figure 2.6). Hematocrit, hemoglobin, red blood cells, and platelets were 

greater (P < 0.05) and mean corpuscular hemoglobin concentration was reduced (P < 

0.05) in LPS-injected ewes compared to control ewes, regardless of timepoint (Table 

2.1). Mean corpuscular volume, red cell distribution width, and mean platelet volume did 

not differ between groups during the LPS injections.  

 There were experimental group x time interactions observed (P < 0.05) for 

maternal blood glucose, pH, pCO2, HCO3
-, base excess, O2-bound hemoglobin, K+, Cl-, 

and pO2 during the LPS challenge. Maternal blood glucose concentration was reduced (P 

< 0.05) in LPS-injected ewes at 6, 12, 24, and 48 h after the 1st injection, at 6 and 12 h 

after the 2nd injection, and at 3, 6, and 12 h after the 3rd, 4th, and 5th injections, but glucose 

did not differ between groups at any other timepoints (Figure 2.7). Maternal blood pH 

was elevated (P < 0.05) in LPS-injected ewes at 12 and 24 h after the 1st injection, at 6 

and 12 h after the 2nd injection, at 6, 12, and 24 h after the 3rd injection, at 12 h after the 

4th injection, and at 6 and 12 h after the 5th injection, but pH did not differ between 

groups at any other time point (Figure 2.8). Maternal blood pCO2 was reduced (P < 0.05) 

in LPS-injected ewes at 6 h after the 1st and 3rd injection but elevated (P < 0.05) at 48 and 

72 h after the 1st, 2nd, 3rd, 5th, and 6th injections and at 12 and 24 h after the 4th injection 

(Figure 2.9). Blood pCO2 did not differ between groups at any other timepoints. 



36 

 

 

Maternal blood HCO3
- concentration was reduced (P < 0.05) in LPS-injected ewes at 6 h 

after the 1st injection and elevated (P < 0.05) at 24 and 72 h after the 1st injection, at 12 

and 24 h after the 2nd and 3rd injections, at 6, 12, and 24 h after the 4th injection, at 12 and 

72 h after the 5th injection, and at 24 h after the 6th injection (Figure 2.10). Blood HCO3
- 

did not differ between groups at any other timepoint. Maternal blood base excess was 

reduced (P < 0.05) in LPS-injected ewes at 6 h after the 1st injection but elevated (P < 

0.05) at 24 h after the 1st injection, at 12 and 24 h after the 2nd and 3rd injections, at 6, 12, 

and 24 h after the 4th injection, at 12 h after the 5th injection, and at 12 and 24 h after the 

6th injection (Figure 2.11). Maternal base excess did not differ between groups at any 

other timepoints. Maternal oxyhemoglobin was elevated (P < 0.05) in LPS-injected ewes 

at 6 and 24 h after the 1st injection and at 6 h after the 2nd and 3rd injections and was 

decreased (P < 0.05) at 72 h after the 2nd injection, 48 and 72 h after the 3rd injection, 3 h 

after the 5th injection, and 3, 24, and 72 h after the 6th injection (Figure 2.12). Maternal 

blood K+ concentration was elevated (P < 0.05) in LPS-injected ewes 12 h after the 1st 

injection but reduced (P < 0.05) at 3 h after all injections, at 12 h after the 3rd injection, 

and at 48 h after the 6th injection (Figure 2.13). Maternal blood Cl- concentration was 

elevated (P < 0.05) in LPS-injected ewes at 0 h but was reduced (P < 0.05) at 12 h after 

the 2nd injection, at 12 and 48 h after the 3rd injection, at 12 and 24 h after the 4th 

injection, at 6 h after the 5th injection, and at 12 h after the 6th injection (Figure 2.14). 

Maternal pO2 was elevated (P < 0.05) in LPS-injected ewes at 6 h after the 2nd and 3rd 

injections and reduced (P < 0.05) at 48 and 72 h after the 2nd injection, at 24, 48, and 72 h 

after the 3rd injection, and at 24 and 72 h after the 6th injection (Figure 2.15). Maternal 

blood lactate concentrations, hemoglobin concentrations, and hematocrit were elevated 
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(P < 0.05) and carboxyhemoglobin and blood Ca2+ concentration were reduced (P < 0.05) 

in LPS-injected ewes compared to control ewes, regardless of timepoint (Table 2.2). 

Blood Na+ concentrations did not differ between groups. 

 

Fetal Blood pO2 and Inflammatory Cytokines 

Daily fetal blood pO2 was reduced (P < 0.05; Figure 2.16) and fetal plasma TNFα 

and IL-6 concentrations were increased (P < 0.05; Figures 2.17A and B) for MI-IUGR 

fetuses compared to control fetuses. 

Fetal Metrics 

At necropsy, fetal bodyweights and hindlimb weights were less (P < 0.05) for MI-

IUGR fetuses compared to controls (Figures 2.18 and 2.19A). Hindlimb 

weight/bodyweight tended to be less (P = 0.08) for MI-IUGR fetuses compared to 

controls (Figure 2.19B). Semitendinosus, flexor digitorum superficialis, and longissimus 

dorsi were lighter (P < 0.05) for MI-IUGR fetuses compared to controls, but biceps 

femoris and soleus did not differ in weight between experimental groups (Figure 2.20A-

E). The average total mass of the muscles assessed in this study was lighter (P < 0.05) for 

MI-IUGR fetuses compared to controls (Figure 2.20F). No differences in heart, liver, 

kidney, or brain weights were observed between experimental groups (Figure 2.21). 

However, heart/bodyweight, liver/bodyweight, kidney/bodyweight, and brain/bodyweight 

were greater (P < 0.05) for MI-IUGR fetuses compared to controls (Figure 2.22). Lung 

weights were lighter (P < 0.05) for MI-IUGR fetuses compared to controls, but no 

differences in lung/bodyweight was observed between experimental groups (Figure 

2.23). Rear cannon bones were shorter (P < 0.05) for MI-IUGR fetuses compared to 
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controls (Figure 2.24). Hindlimb/bodyweight tended to be greater (P = 0.08) for females 

compared to males, regardless of experimental group. Furthermore, heart/bodyweight 

was greater (P < 0.05) and rear cannon bones were longer (P < 0.05) for males compared 

to females (Table 2.3). 

 

Myoblast Profiles 

Total myoblasts (i.e., % pax7+ nuclei) present in the semitendinosus did not differ 

between control and MI-IUGR fetuses (Figure 2.25). However, the percentages of 

proliferating myoblasts (i.e., Ki-67+/pax7+ nuclei) tended to be less (P = 0.06) and 

differentiated myoblasts (i.e., % myogenin+ nuclei) in the semitendinosus were less (P < 

0.05) for MI-IUGR fetuses compared to controls (Figures 2.26 and 2.27). Furthermore, 

average semitendinosus myofiber cross-sectional areas were smaller (P < 0.05) for MI-

IUGR fetuses compared to controls (Figure 2.28). Average primary myoblast purity (i.e., 

% pax7+ myoblasts) for all isolates was 86.3% ± 1.6% (data not shown). Myoblast 

proliferation rates (i.e., % EdU+ myoblasts/2 h) were increased (P < 0.05) in MI-IUGR 

fetuses compared to controls (Figure 2.29A). Regardless of group, myoblast proliferation 

rates were reduced (P < 0.05) in insulin-spiked media compared to basal media (Figure 

2.29B). The percentage of differentiated nuclei expressing myogenin (i.e., % myogenin+) 

and the percentage expressing desmin (i.e., % desmin+) were reduced (P ≤ 0.05) in MI-

IUGR myoblasts compared to controls (Figure 2.30A-B). 
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Discussion 

In this study, we showed that sustained maternofetal inflammation occurring at 

mid-gestation produced asymmetric fetal growth restriction near term. Lighter fetal 

bodyweights for our MI-IUGR fetal sheep coincided with only mild reductions in heart, 

liver, kidney, and brain weights and in bone growth but with more severe decreases in 

hindlimb and skeletal muscle weights. In concert with disproportional muscle growth 

restriction, myoblast differentiation capacity appeared to be deficient in MI-IUGR 

fetuses, despite normal relative numbers of myoblasts in the muscle. The reduction in this 

rate-limiting function of myoblasts almost certainly contributes to the smaller average 

myofiber size observed in MI-IUGR fetuses and helps to explain the disproportionate 

deficit in muscle mass. Moreover, poor function persisted when isolated MI-IUGR fetal 

myoblasts were studied in culture, which demonstrates that the deficits are intrinsically 

programmed. Together, these findings show that maternofetal inflammation at mid-

gestation produces the stereotypical IUGR growth phenotype reported for clinical IUGR 

cases in humans and observed in other IUGR animal models. Moreover, the study 

demonstrates a primary role for heightened fetal inflammation in the disproportionate 

reduction of skeletal muscle growth in the IUGR fetus. 

 Pregnant ewes mounted a robust inflammatory response to serial LPS 

administration that did not appear to wane in intensity for the later injections. The pattern 

of circulating leukocytes and other indicators observed at mid-gestation in the present 

study was similar to patterns observed when serial LPS injections were administered to 

ewes at the start of the 3rd trimester of gestation (Cadaret et al., 2019). In hallmark 

fashion, circulating lymphocytes, monocytes, and granulocytes concentrations transiently 
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dropped in the hours immediately following each LPS injection before spiking to peak 

elevated concentrations 12 to 24 hours later and then gradually decreasing toward 

baseline near the 72-hour mark. These patterns reflect the abrupt migration of white 

blood cells out of circulation and into tissues upon exposure to the endotoxin, followed 

by the increased mobilization of stored white blood cells into the bloodstream from bone 

marrow (Yates et al., 2011; Cadaret et al., 2019; Dickson et al., 2019). Additionally, the 

magnitude of the observed response was generally maintained for all six LPS injections 

in the series, which comparable to when the same injection regimen was performed in 

pregnant ewes much later in pregnancy (Cadaret et al. 2019a), This indicated that the 

ewes did not develop any particular desensitization to the repeated doses of the 

endotoxin, unlike pregnant rats in a previous study (Cadaret et al., 2019a). Interestingly, 

the initial injection of LPS did not elevate circulating TNFα levels, which was somewhat 

unexpected considering the marked febrile response. However, circulating TNFα rose 

after the 2nd LPS injection and remained elevated throughout the rest of the 

administration period.  

 Maternofetal inflammation disproportionately restricted skeletal muscle growth 

relative to overall growth, which is a mechanism by which MI-IUGR fetuses conserve 

nutrients for vital organ and tissue growth. To illustrate, MI-IUGR fetuses were 20% 

lighter than normal, but their lungs were only 12% lighter, and the other vital organs, the 

heart, liver, kidney, and brain were not reduced in size compared to uncompromised 

fetuses. Moreover, these organs comprised as much as 22% more of the MI-IUGR 

fetuses’ total bodyweight. Conversely, MI-IUGR fetal hindlimbs, which are comprised of 

about 40% skeletal muscle (Hicks and Yates, 2021), were 25% smaller than normal and 



41 

 

 

comprised 4% less of the total fetal bodyweight for MI-IUGR fetuses than 

uncompromised fetuses. Although effects differed among individual muscle groups, the 

skeletal muscles assessed in this study comprised an average of 14% less of the total 

bodyweight for MI-IUGR fetuses. Skeletal growth was also preserved, as cannon bone 

length was reduced by a meager 5% in MI-IUGR fetuses. Nutrient repartitioning to 

prioritize the most vital tissues is one of the chief hallmarks presented by fetuses where 

IUGR results from placental insufficiency (Gagnon, 2003). Thus, our observation of 

asymmetrical fetal growth restriction in these fetuses likely indicates the occurrence of 

placental stunting. Indeed, daily fetal blood draws demonstrated a chronic state of 

hypoxemia in these MI-IUGR fetuses, which is a primary pathology associated with 

placental insufficiency. Placental stunting was not an unexpected outcome considering 

the maternal response to endotoxin injections. Specifically, elevated maternal circulating 

concentrations of inflammatory cytokines were sustained over a time that coincided with 

peak placental development. Previous studies have shown that cytokines such as TNFα, 

IL-6, and IL-1β disrupt tissue growth and increase degradation of collagen and other 

cellular proteins (Nawabi et al., 1990; Dinarello, 2000; Li et al., 2009). This supports our 

postulation that even when inflammation is transient, placental vasculature, surface area, 

and transporter content are irreparably compromised, thus causing placental insufficiency 

in late gestation (Hicks and Yates, 2021).  

 The hypoxemic state of the MI-IUGR fetuses in late gestation almost certainly 

contributed to their heightened systemic inflammation. Low-O2 conditions have been 

shown to induce whole-body and tissue-specific inflammatory responses (Eltzschig and 

Carmeliet, 2011; Watts and Walmsley, 2019). In adult humans, for example, high 
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altitude-induced hypoxemia resulted in increased serum concentrations of IL-6, C-

reactive protein, and other inflammation mediators (Hartmann et al., 2000; Eltzschig and 

Carmeliet, 2011). In guinea pig fetuses, chronic hypoxemia increased circulating IL-6 

and TNFα as well as mRNA expression of these cytokines in fetal brain and heart (Dong 

et al., 2009). Human placental tissues exposed to hypoxia in vitro released more damage 

associated molecular patterns (DAMP) molecules and inflammatory cytokines including 

TNFα, IL-6, and IL-1β (Baker et al., 2021). Hypoxemic conditions cause translocation of 

the α and β subunits of hypoxia-inducible factor (HIF), which bind to the hypoxia 

response promoter element (HRE) to promote transcription of genes involved in 

inflammation including nuclear factor κB (NF-κB) and toll-like receptors (TLR; 

Eltzschig and Carmeliet, 2011). Of course, other factors in addition to hypoxemia could 

have contributed to elevated fetal cytokines. Although it appears that most bacterial LPS 

does not cross the placenta in sheep (Gomez-Lopez et al., 2018), it almost certainly 

increases placental production of inflammatory cytokines. Previous studies in pregnant 

mice and in human placental extravillous trophoblast cells have shown that exposure to 

LPS increased the production of IL-1β, IL-6, IL-8, and TNF-α (Anton et al., 2012; Fricke 

et al., 2018), some of which may presumably be entering fetal circulation. Furthermore, 

LPS transiently increases circulating cortisol in ewes (Yates et al., 2011), which can cross 

the placenta and suppress fetal inflammation during maternal inflammation (Dixon et al., 

1970). Such sustained fetal exposure to higher concentrations of cortisol would likely 

reduce cortisol sensitivity in the MI-IUGR fetus, which would in turn result in 

compensatory overproduction of fetal cytokines later in gestation (Brooks et al., 1992; 

Katsu and Baker, 2021).    
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Systemic inflammation observed in MI-IUGR fetuses during late gestation was 

associated with reductions in fetal skeletal muscle growth. Previous studies have shown 

that heightened exposure to inflammatory cytokines promotes skeletal muscle atrophy by 

reducing protein accretion and causing myoblast dysfunction (Cheema et al., 2000; 

Haddad et al., 2005; Popa et al., 2007; Li et al., 2009; Posont et al., 2018). Indeed, the 

disproportional decreases in many (although not all) muscles observed in MI-IUGR 

fetuses in the present study appeared to have been due in large part to rate-limiting 

disruption of myoblast function. This was characterized by the 14% reduction in 

myoblasts exhibiting proliferation and the 32% reduction in differentiated myoblasts in 

the semitendinosus at the time of necropsy, which coincided with a 13% reduction in 

average muscle fiber size. Interestingly, ex vivo myoblast proliferation was increased 

13% in MI-IUGR fetuses, which is consistent with enhanced inflammatory 

responsiveness (Posont et al., 2022) and indicates that poor myoblast proliferation in vivo 

was not an intrinsic deficit. Rather, myoblast proliferation was presumably dampened in 

vivo by circulating hormones or other factors that were not present ex vivo. Previous 

studies of cultured myoblasts have shown that incubation of control or IUGR fetal 

myoblasts with serum from IUGR fetal sheep reduced proliferation rates and myoD 

mRNA expression (Yates et al., 2014a). This previous study did not identify the bioactive 

component in IUGR fetal serum. However, it is possible that circulating cytokines 

concentrations in MI-IUGR fetuses were elevated enough to inhibit proliferation in vivo, 

as very high concentrations has been shown to be inhibitory (Steyn et al., 2019). 

Conversely, the amount of cytokines in culture would be limited to what is produced by 

the myoblasts themselves. Alternatively, the chronically-hypoxemic MI-IUGR fetuses 
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could have been affected by heightened in vivo activation of the hypoxia-inducible factor-

1 (HIF-1) pathway, which is a negative regulator of myoblast proliferation (Li et al., 

2007). In myoblast cultures, O2 saturation is maintained at normal atmospheric 

conditions, which presumably do not increase HIF-1 activation. Unlike proliferation, 

primary myoblast differentiation rates were reduced across ex vivo conditions, as the 

percentage of myogenin+ MI-IUGR myoblasts after 96-h differentiation was reduced by 

55%, and the percentage of desmin+ MI-IUGR myoblasts was reduced by 24%. This is 

strong evidence that myoblast differentiation in MI-IUGR myoblasts was impaired by 

programmed intrinsic factors, as differentiation rates were not recovered ex vivo. 

Myoblast function is rate-limiting for muscle hypertrophy in late gestation and beyond, 

and thus their proliferation and differentiation rates are major determinants of skeletal 

muscle mass near term and after birth (Yates et al., 2014a; Posont et al., 2018). 

Overexposure to inflammatory cytokines is known to reduce myoblast functionality. 

Specifically, TNFα and IL-6 at high concentrations or for sustained periods decrease 

myoblast differentiation (Li and Reid, 2001; Haddad et al., 2005; Posont et al., 2018; 

Alvarez et al., 2020), and IL-1β has been linked to decreased myofiber diameter (Li et al., 

2009). Disrupted myoblast function and the consequent decrease in muscle fiber 

hypertrophy has been documented pre- and postnatal (Haddad et al., 2005; Bodell et al., 

2009). We interpret the outcomes from this study as conclusive evidence for the role of 

systemic fetal inflammation in the hallmark growth deficits of IUGR skeletal muscle. 

Together, our findings indicate that mid-gestation maternofetal inflammation 

creates unfavorable intrauterine conditions that subsequently result in fetal growth 

restriction, skeletal muscle deficits, and myoblast dysfunction later in gestation. These 
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poor outcomes appeared to be driven in large part by the increased systemic 

inflammation of the MI-IUGR fetus, although other stress conditions such as moderate 

hypoxemia were also presumable contributors. The increase in circulating fetal 

inflammatory cytokines, regardless of their origin, persisted in late gestation, which was 

comparable to fetal conditions from known causes of placental insufficiency and IUGR 

such as heat stress. This further establishes the underlying role of systemic fetal 

inflammation in the development of hallmark IUGR pathologies (Romero et al., 2008; 

Rong Guo et al., 2010; Krajewski et al., 2014; Visentin et al., 2014; Caitlin N. Cadaret et 

al., 2019; Oh et al., 2019). Interestingly, inducing maternofetal inflammation at mid-

gestation to coincide with peak placental growth and development produced outcomes 

that were only minimally dissimilar to those observed with late-gestation induction of 

maternofetal inflammation. Nevertheless, increased proportional weights of vital organs 

together with decreased skeletal muscle mass were consistent with the hallmark 

asymmetric fetal growth restriction known to result from placental insufficiency. This 

study provides the basis for future work aimed at leveraging fetal inflammation as a 

target for therapeutic interventions and treatments to prevent or improve IUGR deficits.  
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Tables and Figures 

  

Figure 2.1. Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for whole 

blood concentrations of white blood cells. Effect of maternal injections (GRP), time of 

blood draw relative to initiating injections (DRAW), and the interaction (G*D) are noted 

when significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Figure 2.2 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for whole 

blood concentrations of lymphocytes. Effect of maternal injections (GRP), time of blood 

draw relative to initiating injections (DRAW), and the interaction (G*D) are noted when 

significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05).  
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Figure 2.3 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for whole 

blood concentrations of monocytes. Effect of maternal injections (GRP), time of blood 

draw relative to initiating injections (DRAW), and the interaction (G*D) are noted when 

significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05).  
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Figure 2.4 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for whole 

blood concentrations of granulocytes. Effect of maternal injections (GRP), time of blood 

draw relative to initiating injections (DRAW), and the interaction (G*D) are noted when 

significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Figure 2.5 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for rectal 

body temperatures. Effect of maternal injections (GRP), time of blood draw relative to 

initiating injections (DRAW), and the interaction (G*D) are noted when significant. 

Arrows denote when injections were administered. Time points that are significant are 

denoted (*P < 0.05).  
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Figure 2.6 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

plasma TNF-α concentrations. Effect of maternal injections (GRP), time of blood draw 

relative to initiating injections (DRAW), and the interaction (G*D) are noted when 

significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Table 2.1. The main effect of group on maternal whole blood counts assessed during 

the induction of maternofetal inflammation. Ewes were injected I.V. with E. coli 

O55:B5 LPS (MI-IUGR) or saline controls every 72 h from dGA 50 to 65. 

 Control  

(n=11) 

MI-IUGR  

(n=18) 

P-value 

Hematocrit 28.45±0.26 30.51±0.12 <0.001 

Mean Corpuscular Volume  32.03±0.13 32.07±0.07 NS 

Red Cell Distribution Width 20.56±0.10 20.56±0.05 NS 

Hemoglobin 10.75±0.10 11.46±0.05 <0.001 

Mean Corpuscular Hemoglobin 

Concentration 

38.02±0.06 37.65±0.06 <0.001 

Red Blood Cells 8.91±0.08 9.53±0.04 <0.001 

Platelets 152±2 165±2 <0.001 

Mean Platelet Volume  5.19±0.01 5.17±0.01 NS 

NS = not significant (P > 0.05) 
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Figure 2.7 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood glucose. Effect of maternal injections (GRP), time of blood draw relative 

to initiating injections (DRAW), and the interaction (G*D) are noted when significant. 

Arrows denote when injections were administered. Time points that are significant are 

denoted (*P < 0.05).  
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Figure 2.8 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood pH. Effect of maternal injections (GRP), time of blood draw relative to 

initiating injections (DRAW), and the interaction (G*D) are noted when significant. 

Arrows denote when injections were administered. Time points that are significant are 

denoted (*P < 0.05). 
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Figure 2.9 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood partial pressure of CO2. Effect of maternal injections (GRP), time of 

blood draw relative to initiating injections (DRAW), and the interaction (G*D) are noted 

when significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Figure 2.10 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood HCO3
-. Effect of maternal injections (GRP), time of blood draw relative 

to initiating injections (DRAW), and the interaction (G*D) are noted when significant. 

Arrows denote when injections were administered. Time points that are significant are 

denoted (*P < 0.05). 
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Figure 2.11 Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood base excess. Effect of maternal injections (GRP), time of blood draw 

relative to initiating injections (DRAW), and the interaction (G*D) are noted when 

significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Figure 2.12. Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood oxyhemoglobin percentage. Effect of maternal injections (GRP), time of 

blood draw relative to initiating injections (DRAW), and the interaction (G*D) are noted 

when significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Figure 2.13. Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood K+ concentration. Effect of maternal injections (GRP), time of blood draw 

relative to initiating injections (DRAW), and the interaction (G*D) are noted when 

significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Figure 2.14. Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood Cl- concentration. Effect of maternal injections (GRP), time of blood 

draw relative to initiating injections (DRAW), and the interaction (G*D) are noted when 

significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Figure 2.15. Maternal responses to serial administration of LPS during the early 2nd 

trimester of pregnancy. Ewes were injected I.V. with E. coli O55:B5 LPS (MI-IUGR; 

n=18) or saline controls (n=11) every 72 h from dGA 50 to 65. Data are shown for 

maternal blood O2 partial pressures. Effect of maternal injections (GRP), time of blood 

draw relative to initiating injections (DRAW), and the interaction (G*D) are noted when 

significant. Arrows denote when injections were administered. Time points that are 

significant are denoted (*P < 0.05). 
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Table 2.2. The main effect of group on maternal blood gases and metabolites assessed 

during the induction of maternofetal inflammation. Ewes were injected I.V. with E. 

coli O55:B5 LPS (MI-IUGR) or saline controls every 72 h from dGA 50 to 65. 

 Control (n=11) MI-IUGR (n=18) P-value 

Lactate 0.77±0.04 1.03±0.03 <0.001 

Hemoglobin 10.91±0.11 11.84±0.05 <0.001 

Hematocrit 33.43±0.34 36.24±0.17 <0.001 

CO-Hb 1.71±0.05 1.43±0.02 <0.001 

Na+ 156.8±0.3 156.9±0.2 NS 

Ca2+ 1.19±0.00 1.15±0.00 <0.001 

NS = not significant (P > 0.05) 
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Figure 2.16 Daily partial pressure O2 in arterial blood collected from control (n=12) or 

MI-IUGR fetuses (n=13) from 120 dGA to 125 dGA. There was no interaction between 

group and day (P > 0.05). 
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Figure 2.17 Fetal plasma (A) TNFα and (B) IL-6 concentrations assessed from 120 dGA 

to 125 dGA in control (n=11) and MI-IUGR (n=13) fetuses. There was no significant 

interaction between group and day (P > 0.05).  
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Figure 2.18. Whole body weight of fetuses exposed to mid-gestation maternofetal 

inflammation (MI-IUGR; n=15) or controls (n=12) assessed at dGA 125 (P < 0.05) 
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Figure 2.19. (A) Hindlimb weights and (B) proportional hindlimb weights of fetuses 

exposed to mid-gestation maternofetal inflammation (MI-IUGR; n=15) or controls 

(n=12) assessed at dGA 125. 
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Figure 2.20 Weight of (A) Biceps femoris, (B) Semitendinosus, (C) Flexor digitorum 

superficialis, (D) Soleus, (E) Longissimus dorsi, and (F) total muscle collected in fetuses 

exposed to mid-gestation maternofetal inflammation (MI-IUGR; n=15) or controls 

(n=12) assessed at dGA 125. 
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Figure 2.21 Weight of fetal (A) heart, (B) liver, (C) kidneys, and (D) brain in fetuses 

exposed to mid-gestation maternofetal inflammation (MI-IUGR; n=15) or controls 

(n=12) assessed at dGA 125. 
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Figure 2.22 The proportional weight of the (A) heart/bodyweight, (B) liver/bodyweight, 

(C) kidneys/bodyweight, and (D) brain/bodyweight in fetuses exposed to mid-gestation 

maternofetal inflammation (MI-IUGR; n=15) or controls (n=12) assessed at dGA 125. 
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Figure 2.23 The weight of (A) lungs and proportional weight of (B) lungs/bodyweight in 

fetuses exposed to mid-gestation maternofetal inflammation (MI-IUGR; n=15) or 

controls (n=12) assessed at dGA 125. 
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Figure 2.24 Rear cannon bone length in fetuses exposed to mid-gestation maternofetal 

inflammation (MI-IUGR; n=15) or controls (n=12) assessed at dGA 125. 
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Table 2.3. The main effect of fetal sex on morphometric data collected from control 

fetuses (n=12) or fetuses exposed to mid-gestation maternofetal inflammation (n=15) 

collected at dGA 125. 

Variable 

Female 

(n=15) 

Male 

(n=12) 

P-value 

Absolute Mass    

Cannon Bone Length (mm) 163.9±2 170.6±2 0.02 

Proportional Mass (g tissue/kg bodyweight)    

Hindlimb 94.1±1.5 90.2±1.5 0.08 

Heart 8.47±0.16 9.01±0.16 0.02 
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Figure 2.25 Myoblast profiles and skeletal muscle fiber size in mid-gestation MI-IUGR 

fetuses. Cross-sectional samples of semitendinosus muscle were collected at dGA 125 

from control (n=11) or MI-IUGR (n=11) fetuses. Data are presented for the percentage of 

cells expressing Pax7.  
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Figure 2.26 Myoblast profiles and skeletal muscle fiber size in mid-gestation MI-IUGR 

fetuses. Cross-sectional samples of semitendinosus muscle were collected at dGA 125 

from control (n=11) or MI-IUGR (n=11) fetuses. Data are presented for the percentage of 

Pax7+ myoblasts expressing Ki67.  
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Figure 2.27 Myoblast profiles and skeletal muscle fiber size in mid-gestation MI-IUGR 

fetuses. Cross-sectional samples of semitendinosus muscle were collected at dGA 125 

from control (n=11) or MI-IUGR (n=11) fetuses. Data are presented for the percentage of 

myoblasts expressing myogenin.  
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Figure 2.28 Myoblast profiles and skeletal muscle fiber size in mid-gestation MI-IUGR 

fetuses. Cross-sectional samples of semitendinosus muscle were collected at dGA 125 

from control (n=11) or MI-IUGR (n=11) fetuses. Data are presented for the muscle fiber 

area. 
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Figure 2.29 Proliferation and differentiation rates for MI-IUGR fetal myoblasts. Primary 

myoblasts were isolated from upper hindlimb muscles collected from control (n=5) or 

MI-IUGR fetuses (n=5) at dGA 125. Proliferation was determined by 2h EdU pulse after 

24h incubation in complete growth media with no additive (basal) or 5 mU/mL insulin. 

There were no interactive effects between experiment group and media (P > 0.05). The 

main effects of (A) group and (B) media are presented above.  
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Figure 2.30 Proliferation and differentiation rates for MI-IUGR fetal myoblasts. Primary 

myoblasts were isolated from upper hindlimb muscles collected from control (n=5) or 

MI-IUGR fetuses (n=5) at dGA 125. Differentiation was assessed by the percentages of 

myoblasts expressing (A) myogenin or (B) desmin after a 96h incubation in 

differentiation media containing no additive (basal) or 5 mU/mL insulin. There were no 

interactive effects between experiment group and media (P > 0.05). The group main 

effect is presented above.  
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CHAPTER 3 – Maternofetal inflammation at mid-gestation effects subsequent fetal 

glucose-stimulated insulin secretion, skeletal muscle glucose metabolism, and 

inflammatory tone during late gestation 

 

Abstract 

Maternofetal inflammation occurring in the 3rd trimester of pregnancy causes fetal 

intrauterine growth restriction (IUGR) in part by disproportionately restricting muscle 

growth. However, the impact of maternofetal inflammation occurring at mid-gestation, 

which precedes peak muscle growth and development but coincides with peak placental 

growth, has not been explored. Therefore, the objective of this study was to examine the 

impact of sustained inflammation at mid-gestation on fetal inflammatory status, insulin 

secretion, and metabolism. Pregnant ewes were injected every 3rd day from the 50th to the 

65th d of gestational age (dGA; term=150 dGA) with saline placebo (control; n=12) or 

with bacterial lipopolysaccharide endotoxin (0.1 µg/kg) to induce maternofetal 

inflammation and fetal IUGR (MI-IUGR; n=15). Fetuses were surgically catheterized on 

dGA 118 to collect daily blood samples and conduct metabolic studies. Glucose-

stimulated insulin secretion (GSIS) and hindlimb hyperinsulinemic-euglycemic clamp 

(HEC) studies were performed at dGA 122 and 123, respectively. At 125 dGA, fetuses 

were necropsied, ex vivo HEC studies were performed on primary muscle, and ex vivo 

fatty acid mobilization was measured in primary abdominal adipose tissue. Circulating 

white blood cells, lymphocytes, and red blood cells were reduced (P < 0.05) and 

granulocytes and platelets were increased (P < 0.05) in MI-IUGR fetuses compared to 

controls. Blood lactate and methemoglobin were increased (P < 0.05) and HCO3
-, 

hematocrit, hemoglobin, oxyhemoglobin, carboxyhemoglobin, K+, and partial pressure of 
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O2 (pO2) were decreased (P < 0.05) in MI-IUGR fetuses. Maternofetal gradients for 

blood glucose were reduced (P < 0.05) but gradients for blood lactate, Na+, Cl-, pO2, and 

K+ were increased (P < 0.05) in MI-IUGR pregnancies compared to controls. Fetal 

plasma TNFα and IL-6 were increased (P < 0.05) in MI-IUGR fetuses. Additionally, MI-

IUGR fetal skeletal muscle had increased (P < 0.05) protein content for TNFR1 and IL6R 

and tended to have increased (P = 0.06) TLR4 protein content. Adrβ2 skeletal muscle 

protein content was similar between groups. Basal plasma insulin did not differ between 

groups, but glucose-stimulated insulin secretion was reduced (P < 0.05) in MI-IUGR 

fetuses. In vivo hindlimb glucose uptake was similar between groups, but hindlimb 

glucose oxidation was reduced (P < 0.05) in MI-IUGR fetuses. Basal glucose: insulin 

ratio was increased (P < 0.05) in MI-IUGR fetuses. Ex vivo glucose uptake, glucose 

oxidation, and phospho-Akt were reduced (P < 0.05) in MI-IUGR muscle, and ex vivo 

fatty acid mobilization was decreased (P < 0.05) in MI-IUGR adipose tissue. Skeletal 

muscle glycogen content tended to be increased (P = 0.06) in MI-IUGR fetuses. We 

conclude that sustained maternofetal inflammation during peak placental development 

reduced fetal glucose-stimulated insulin secretion and impaired capacity for skeletal 

muscle glucose oxidation and fat mobilization. This reflects the thrifty metabolic 

phenotype observed following placental insufficiency-induced IUGR and implicates 

inflammation as a major factor in the adaptive metabolism of skeletal muscle and adipose 

tissue in IUGR individuals. 
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Introduction 

Intrauterine growth restriction (IUGR) is a health problem that impacts as many 

as 1 in 5 babies each year worldwide (Wu et al., 2006; Sedgh et al., 2014; Flinn et al., 

2020). Adaptive fetal programming in IUGR-born individuals makes them at increased 

risk for lifelong metabolic dysfunction, which leads to reduced quality of life and a 

shorter life expectancy (Briana and Malamitsi-Puchner, 2009; Marcondes Machado 

Nardozza et al., 2017; Darendeliler, 2019; Xing et al., 2020) This same perinatal 

condition in livestock species creates as much as a 20% loss in yearly global annual 

product (Wu et al., 2006). IUGR-born livestock have increased input costs to get the 

animal through the production system due to their reduced feed efficiency, and they 

produce lower-value carcasses due to increased fat deposition and reduced muscle growth 

(Greenwood et al., 2005; Greenwood and Cafe, 2007; Robinson et al., 2013; Greenwood 

and Bell, 2019). Despite varying etiologies, IUGR fetuses typically have a common 

underlying state of sustained systemic inflammation (Hicks and Yates, 2021). Indeed, 

IUGR fetuses across various species and methods of inducing maternal stress have been 

found to exhibit elevated circulating inflammatory cytokines (Kemp, 2014; Krajewski et 

al., 2014; Visentin et al., 2014; Hudalla et al., 2018; Cadaret et al., 2019; Cadaret et al., 

2019a; Hicks and Yates, 2021). These cytokines, including TNFα and IL-6, create a shift 

in skeletal muscle metabolism by reducing oxidative metabolism by as much as 50% and 

proportionally increasing glycolytic lactate production (Boscá and Corredor, 1984; 

Rhoades et al., 2005; Remels et al., 2015; Hicks and Yates, 2021). Likewise, cytokines 

decrease glucose oxidation in pancreatic β cells (the impetus for insulin stimulus-

secretion coupling), thus impairing glucose stimulated-insulin secretion (Youd et al., 
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2000; Reid and Li, 2001; Harms et al., 2015; Oleson et al., 2015; Hicks and Yates, 2021). 

Our recent review details the multiple levels of heightened inflammatory regulation and 

responsiveness in IUGR fetal and neonatal tissues observed in our studies and others 

(Hicks and Yates, 2021). For example, studies in a multitude of mammalian species have 

demonstrated an increase in circulating monocytes and other white blood cells occurring 

in concert with heightened circulating inflammatory cytokines in IUGR fetuses (Romero 

et al., 2008; Rong Guo et al., 2010; Cadaret et al., 2019; Oh et al., 2019; Hicks and Yates, 

2021). Additional studies have shown that IUGR lung, brain, skeletal muscle, and white 

blood cells have elevated cytokine production and content (Kemp, 2014; Cadaret et al., 

2019a). Further transcriptomic analyses have elucidated enhanced programming of 

cytokine signaling pathways in IUGR skeletal muscle that persists even when circulating 

cytokines are no longer elevated postnatally (Hicks and Yates, 2021). Thus, systemic 

inflammation-induced programming of inflammatory signaling pathways appears to be a 

mediator for IUGR metabolic dysfunction when the inflammation is sustained in late 

gestation. However, it is unclear whether inflammation occurring at mid-gestation prior 

to peak muscle growth but during peak placental growth and development would affect 

the subsequent metabolic characteristics of the fetus and offspring. Thus, the objective of 

this study was to determine the impact of mid-gestation maternofetal inflammation on 

fetal inflammatory tone, β cell function, and skeletal muscle-specific glucose metabolism 

during late gestation. We hypothesized that inducing maternofetal inflammation at this 

stage in gestation would result in profound placental stunting, which in turn would lead to 

larger metabolic deficits in the maternofetal inflammation-induce IUGR (MI-IUGR) 

fetus during late gestation.  
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Materials and Methods 

Animals and Experimental Design 

This study was approved by the Institutional Animal Care and Use Committee at 

the University of Nebraska-Lincoln (UNL). All animal studies were performed at the 

University of Nebraska-Lincoln Animal Science Complex, which is accredited by 

AAALAC International. Polypay-cross ewes were purchased from a single commercial 

source and were time-mated to a single sire. Twenty-four pregnant ewes were identified 

via blood pregnancy tests at 30 d of gestational age (dGA) and were randomly assigned 

to the control or MI-IUGR groups described below. All ewes were individually housed at 

ambient temperatures and fed a diet consisting of alfalfa pellets. Ewes were given ad 

libitum access to water and mineral supplements. The MI-IUGR fetuses (n = 15) were 

produced by injecting ewes with IV bacterial lipopolysaccharide (LPS) endotoxin (100 

ng/kg bodyweight suspended in 1 ml saline; Escherichia coli O55:B5; Sigma Aldrich, St. 

Louis, MO) every 72 h from the 50th to the 65th dGA. Ewes carrying control fetuses (n = 

12) were injected every 72 h with 1 ml saline only. Fetal hindlimb catheterization 

surgeries were performed on dGA 118 ± 2. Twice-daily maternal and fetal blood samples 

were collected from dGA 119 to 125 at 800 and 1400. Each set of simultaneous maternal 

venous (jugular venipuncture) and fetal arterial blood samples were collected into EDTA 

syringes (~1.5 ml/sample) and heparinized syringes (~0.4 ml/sample). Fetal metabolic 

studies were performed on dGA 122 and 123, respectively. Ewes were euthanized by 

double barbiturate overdose and fetuses were necropsied on dGA 125 ± 2.  
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Fetal Surgical Hindlimb Preparation 

Fetal femoral arterial and venous catheters were surgically placed as previously 

described (Cadaret et al., 2018). Briefly, ewes were fasted overnight, induced by IV 

injection of ketamine (10 mg/kg bodyweight) and midazolam (0.11 mg/kg bodyweight), 

intubated, and maintained under anesthesia by inhalation of 1% to 5% isoflurane gas in 

O2. The fetal hindlimbs were exteriorized by partial cesarean, and indwelling catheters 

(Tygon ND-100-80 Flexible Plastic Tubing; outer diameter, 1.4 mm, inner diameter, 0.9 

mm; US Plastics, Lima, OH) were surgically placed in the descending aorta and inferior 

vena cava via the femoral artery and vein of each hindlimb. Catheters were filled with 

heparinized saline (30 U/ml, 0.9% NaCl, Nova-Tech, Inc., Grand Island, NE) and were 

tunneled subcutaneously to the flank, exteriorized through a skin incision, and kept in a 

plastic mesh pouch sutured to the skin. Ewes were administered 6,600 U/kg penicillin G 

procaine, 10 mg/kg phenylbutazone, and 4 mg/kg atropine at the time of surgery. 

Postoperative phenylbutazone was continued for 3 d following surgery, and ewes were 

allowed to recover for 1 d before performing studies. Catheters were flushed twice daily 

with heparinized saline. 

 

In Vivo Metabolic Studies 

Glucose-Stimulated Insulin Secretion 

A square-wave hyperglycemic clamp was performed at 122 dGA to measure basal 

(i.e., resting) and 2nd-phase glucose-stimulated insulin secretion as previously described 

(Posont et al., 2021; Cadaret et al., 2022; Gibbs, 2023). Briefly, a series of three arterial 

blood samples were collected in 5-min intervals to measure basal blood glucose and 



85 

 

 

plasma insulin concentrations. Afterward, an intravenous bolus of 33% dextrose (Vet 

One; Boise, ID) in saline was administered to deliver 250 mg/kg glucose. The bolus was 

followed immediately by the initiation of a continuous, variable-rate 33% dextrose 

infusion until the targeted steady-state hyperglycemic condition (2.5-fold basal glucose 

concentration ± 15%) was achieved. At a minimum of 20 min from the dextrose bolus, 

another three arterial blood samples were collected during steady-state hyperglycemia in 

5-min intervals. Due to catheter failures and loss of some fetuses, hyperglycemic clamp 

studies were performed on 11 controls and 11 MI-IUGR fetuses.  

 

Hindlimb Glucose Metabolic Flux 

A hyperinsulinemic-euglycemic clamp (HEC) was performed at dGA 123 to 

assess hindlimb-specific glucose metabolism under basal and insulin-stimulated 

conditions as previously described (Cadaret et al., 2019; Posont et al., 2021; Cadaret et 

al., 2022; Gibbs, 2023). Briefly, fetuses were infused with [14C(U)-D-glucose (37.2 

µCi/ml; PerkinElmer Life Sciences, Boston, MA) suspended in saline at 1 ml/h following 

a 1-ml bolus. After 40 min, basal arterial and venous blood samples were simultaneously 

collected in 5-min intervals (4 paired samples total). Hyperinsulinemia was then induced 

by a 2-ml bolus of insulin (250 mU/kg; HumulinR; Lilly, Indianapolis, IN) followed by a 

constant infusion at 4 mU/min/kg. Fetal euglycemia was concurrently maintained with a 

33% dextrose infusion that was adjusted in response to arterial plasma glucose 

concentration measured every 5 to 10 min until fetal glycemic conditions were at steady 

state. Beginning at least 1 h after hyperinsulinemia/euglycemia was initiated, 4 additional 

sets of simultaneous arterial and venous blood samples were collected at 5-min intervals. 
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Hindlimb-specific glucose utilization and oxidation rates were estimated by the Fick 

Principle as previously described (Rozance et al., 2018a). Glucose utilization was 

estimated using the arteriovenous differences in glucose concentration from paired 

samples. Differences were normalized to hindlimb weight at necropsy. Glucose oxidation 

rates were determined using 3 technical replicates of whole blood from each arterial and 

venous sample. Blood from each sample was added to microcentrifuge tubes, each 

containing 2 M HCl and suspended inside a sealed 20-ml scintillation vial over a pool of 

1 M NaOH. The HCl allowed CO2 to be released from the blood and captured by the 

NaOH at the bottom of the scintillation vial. After 24-h incubation at room temperature, 

the centrifuge tube was removed and UltimaGold scintillation fluid (PerkinElmer Inc, 

Waltham, MA) was added to the scintillation vial. Concentrations of 14CO2 captured from 

each sample were determined using a Beckman-Coulter 1900 TA LC counter (Beckman 

Coulter, Fullerton, CA). Glucose oxidation rates were estimated from the difference 

between venous and arterial 14C-specific activities. The amount of glucose oxidized in 

nmol was calculated by normalizing blood 14C values to the 14C-specific activity of the 

infusate. The calculated amount of glucose oxidized was then normalized to the hindlimb 

weight determined at necropsy. Due to loss of catheters or fetuses, hindlimb glucose 

metabolism was measured in 10 controls and 11 MI-IUGR fetuses. 

 

Blood Component Analyses 

Concentrations of total white blood cells, lymphocytes, monocytes, granulocytes, 

red blood cells, hematocrit, hemoglobin, and platelets were determined from 125 µl of 

EDTA-treated whole blood via a HemaTrue Veterinary Hematology Analyzer (Heska, 
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Loveland, CO) using the manufacturer-recommended ovine software specifications, as 

previously described (Cadaret et al., 2019). Blood glucose, lactate, pH, partial pressure of 

CO2 (pCO2), partial pressure of O2 (pO2), HCO3
-, base excess, oxyhemoglobin, 

carboxyhemoglobin, Na+, K+, Cl-, and Ca2+ were measured from 90 µl of filtered 

heparinized whole blood with an ABL90 FLEX blood gas analyzer (Radiometer, Brea, 

CA). Plasma was separated from EDTA-treated whole blood via centrifuge (14,000 × g, 5 

min). Plasma insulin (Bovine Insulin; Alpco, Windham, NE), TNFα (Sheep TNFα 

ELISA; Fine Biotech, Ltd., Wuhan, China; CAT#ESH0025), IL-6 (Sheep High 

Sensitivity Interleukin-6 ELISA Kit; MyBioSource.com, San Diego, CA 

;CAT#MBS9362722), and non-esterified fatty acids (NEFA; NEFA-HR(2); Fujifilm, 

Richard, VA) concentrations were determined in duplicate by commercial ELISA kits as 

previously described (Cadaret et al., 2019; Gibbs, 2023). Intra-assay coefficients of 

variance were less than 15% for insulin and less than 20% for all others. Inter-assay 

coefficients of variance were less than 15% for all assays.  

 

Ex Vivo Skeletal Muscle Glucose Metabolism 

At necropsy, the flexor digitorum superficialis (FDS) muscles were collected and 

used to assess ex vivo glucose metabolism as previously described (Cadaret et al., 2019; 

Posont et al., 2021; Cadaret et al., 2022; Gibbs, 2023). Briefly, muscles were split into 

longitudinal strips (33.4 ± 1.05 mg). Strips were pre-incubated for 1 h at 37.5°C and 5% 

CO2 in Krebs-Henseleit Buffer (KHB; Sigma-Aldrich, St. Louis, MO) with 5 mM 

glucose (Sigma-Aldrich), 0.1% bovine serum albumin (BSA; Sigma-Aldrich) and either 

no additional stimulant (basal), 5 mU/ml insulin (HumulinR), or 10 ng/ml TNFα (Sigma-
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Aldrich). Following pre-incubation, muscle strips were washed in glucose-free KHB with 

the respective additive for 20 min. To measure glucose oxidation, muscle strips were 

placed in sealed dual-well chambers and incubated in KHB media containing the 

respective additive and 5 mM [14C-U]-D-glucose (0.25 µCi/mmol) that was gassed with 

95% O2 for 2 h. The adjacent well of each chamber contained 1 M NaOH (Sigma-

Aldrich). After the incubation, chambers were cooled on ice and the wells containing 

KHB were injected with 2M HCl (Sigma-Aldrich) and allowed to incubate at 4°C for an 

additional 1 h. This allowed 14CO2 to be released from the media and captured by the 

NaOH in the adjacent well. The NaOH was collected into a 20-ml scintillation vial and 

combined with UltimaGold. The 14C specific activity was determined using liquid 

scintillation, and 14C specific activity of the media used to calculate the 14CO2 content. To 

measure glucose uptake, muscle strips were incubated in KHB media containing the 

respective additives and 1 mM [3H]2-deoxyglucose (300 µCi/mmol) and 39 mM 14C-

mannose (1.25 µCi/mmol) for 20 min. After incubation, muscle strips were cooled on ice, 

washed in cold PBS, placed in a 20-ml scintillation vial, and lysed in 2M NaOH. 

UltimaGold was then added to the scintillation vials and 3H specific activity was 

determined by liquid scintillation. The concentration of intracellular [3H]2-deoxyglucose 

was estimated from the 3H specific activity of the media. The volume of extracellular 

fluid in the muscle lysate was calculated using the 14C specific activity. The contribution 

of the extracellular fluid to the 3H specific activity was subtracted from the total 3H 

specific activity to create a lysate total. Ex vivo glucose uptake and oxidation rates were 

normalized to incubation time and muscle strip mass.  
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Akt Western Immunoblots 

Insulin-signaling responsiveness in FDS muscle was estimated from proportions 

of phosphorylated Akt to total Akt protein as previously described (Cadaret et al., 2022). 

In parallel with glucose uptake incubations, additional muscle strips were incubated in 

basal or insulin-spiked KHB media for 20 min at 37.5°C and 5% CO2 and then snap 

frozen. These muscle strips were homogenized in muscle lysis buffer (MLB) comprised 

of 20 mM TRIS, 1 mM EDTA, 0.1% SDS, 1% Triton-X 100, and 10% glycerol and 

containing manufacturer-recommended concentrations of protease and phosphatase 

inhibitors (2.5%; ThermoFisher). Homogenates were sonicated for 30 sec and centrifuged 

(14,000 × g, 5 min, 4°C). Total protein concentrations were determined from the 

supernatant using a Pierce BCA Protein Assay Kit (ThermoFisher). Protein (35 µg) was 

combined with BioRad 4X Laemmli Sample Buffer to make a 1X solution, heated for 5 

min at 95°C, and separated by SDS-PAGE. Gels were transferred to polyvinylidene 

fluoride low-fluorescent membranes (PVDF; BioRad Laboratories, Hercules, CA), 

incubated in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) for 1 h at 

room temperature, and washed with 1X TBS-T (20 mM Tris-HCl + 150 mM NaCl + 

0.01% Tween 20). Membranes were then incubated with rabbit antiserum raised against 

Akt (1:1,000; Cell Signaling Technologies, Danvers, MA; CAT#9272) and Ser473 

phosphorylated Akt (1:2,000; Cell Signaling Technologies; CAT#4060) at 4°C overnight 

as previously described (Posont et al., 2021; Cadaret et al., 2022). Finally, membranes 

were incubated with goat anti-rabbit IR800 IgG secondary antiserum (1:10,000; LI-COR) 

at room temperature for 1 h, scanned with the Odyssey Infrared Imaging System, and 

analyzed with Image Studio Lite Software Ver 5.2 (LI-COR). 
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Ex Vivo Fatty Acid Mobilization 

Fatty acid mobilization was determined as previously described (Beard, 2020) 

using a protocol adapted from Raclot and Groscolas (1993). At necropsy, visceral adipose 

tissue (~15 g) was collected and immediately placed in modified Krebs Ringer buffer (15 

mM NaHCO3, 3.32 mM CaCal2, and 4% fatty acid-free bovine serum albumin; Sigma-

Aldrich) that had been warmed to 37°C. Tissue was minced with scissors and filtered to 

remove excess buffer, and 400 mg was transferred to a 50-ml conical tube containing 5 

ml fresh buffer warmed to 37°C and spiked with 0 to 10 µM epinephrine (Sigma-

Aldrich). Tubes were incubated for 2 h at 37°C in a shaking water bath. After incubation, 

the contents were filtered with a glass microfiber filter (VWR, West Chester, PA; 

CAT#28297-978). Filtrate was allocated into 1.5-ml Eppendorf tubes and stored at -80°C. 

The amount of fatty acid mobilized during the incubation period was estimated from the 

concentration in the buffer, which was determined using a commercial assay kit (Free 

Fatty Acid Quantification Kit, Sigma-Aldrich; CAT#MAK044-1KT). 

 

Skeletal Muscle Glycogen Content 

Intramuscular glycogen content was quantified from snap-frozen semitendinosus 

muscle collected at necropsy as previously described (Yates et al., 2019; Gibbs, 2023). 

Briefly, 10 mg of muscle was homogenized in double-distilled water via sonification for 

30 sec, heated at 95°C for 5 min, and centrifuged (14,000 × g, 5 min, 4°C). Glycogen 

content was quantified in duplicate from 50-µl aliquots of supernatant with a commercial 
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assay kit (Glycogen Assay Kit, Sigma-Aldrich; CAT#MAK016). Intra-assay coefficient 

of variance was less than 15%.  

 

Skeletal Muscle Protein Expression 

Total protein was isolated from semitendinosus muscle that was snap-frozen in 

liquid nitrogen at necropsy and used to determine relative myosin heavy chain (MyHC) 

content as previously described (Yates et al., 2016; Gibbs, 2023). Briefly, muscle 

samples were homogenized via sonification (3 × 30 sec) in MLB containing 

manufacturer-recommended concentrations of protease and phosphatase inhibitors and 

then centrifuged (14,000 × g, 5 min, 4°C). Total protein concentration was quantified 

from the supernatant utilizing a Pierce BCA Assay Kit (ThermoFisher). To estimate 

MyHC proportions, 40 µg of protein was combined with Bio-Rad 4X Laemmli sample 

buffer to create a 1X sample, which was heated at 70°C for 10 min. Proteins were 

separated via electrophoresis, with an upper running buffer comprised of 100 mM Tris, 

150 mM glycine, 0.1% SDS, and 0.07% β-mercaptoethanol in distilled water and a lower 

running buffer comprised of 50 mM Tris, 75 mM glycine, and 0.05% SDS in distilled 

water. Electrophoresis was performed at room temperature for 3 h at a constant voltage of 

110 V. Gels were stained overnight with Gel-Code Blue (ThermoFisher) at room 

temperature, washed in double-distilled water, and imaged using an Odyssey infrared 

imaging system (LI-COR Biosciences). Quantification of bands for MyHC-1, MyHC-2a, 

and MyHC-2x was completed by densitometry (Image Studio Lite Ver 5.2; LI-COR) to 

estimate fiber type ratios. 



92 

 

 

 For western immunoblots, snap-frozen semitendinosus samples collected at 

necropsy were extracted in MLB buffer containing manufacturer-recommended 

concentrations of protease and phosphatase inhibitors (ThermoFisher) as previously 

described (Yates et al., 2019; Cadaret et al., 2022; Gibbs, 2023). Homogenates were 

sonicated for 30 sec and centrifuged (14,000 × g, 5 min, 4°C). Total protein 

concentrations were determined from the supernatant using a Pierce BCA Protein Assay 

Kit (ThermoFisher). Protein aliquots (40 to 50 µg) were combined with BioRad 4X 

Laemmli Sample Buffer to make a 1X solution, heated for 5 min at 95°C, cooled to room 

temperature, and separated by SDS-PAGE as described above. Gels were transferred to 

PVDF or nitrocellulose membranes (BioRad Laboratories), incubated in Odyssey 

blocking buffer (LI-COR Biosciences) for 1 h at room temperature, and washed with 1X 

TBS-T (20 mM Tris-HCl + 150 mM NaCl + 0.01% Tween 20). Membranes were then 

incubated with rabbit antiserum raised against the β2 adrenoceptor (Adrβ2; 1:500; 

Cohesion Biosciences, London, UK; CAT#CPA3116), TNFα receptor 1 (TNFR1; 1:250; 

Cell Signaling Technologies; CAT#3736S), toll-like receptor 4 (TLR4; 1:500; 

ProteinTech, Rosemont, IL; CAT#19811-1-AP), or IL-6 receptor (IL6R; 1:1000; Abcam, 

Boston, MA; CAT#ab271042) at 4°C overnight as previously described (Posont et al., 

2021; Cadaret et al., 2022). Membranes were then incubated with goat anti-rabbit IR800 

IgG secondary antiserum (1:10,000; LI-COR; CAT#926-32211) at room temperature for 

1 h, scanned with the Odyssey Infrared Imaging System, and analyzed with Image Studio 

Lite Software Ver 5.2 (LI-COR). 
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Statistical Analysis 

All data were analyzed by analysis of variance (ANOVA) using the mixed 

procedure of SAS 9.4 (SAS Institute, Cary, NC) to determine the effect of the 

experimental group, sex, and the number of fetuses/pregnancy. Interactions among these 

effects were not included in the model due to insufficient power. However, all sex and 

fetal number categories were represented in both groups. Fetus was considered the 

random variable. Fisher’s LSD test was used for mean separation. Daily maternal and 

fetal blood samples were analyzed for the effects of the experimental group, day of 

sample, time of sample, and their interactions, as well as for sex and fetal number with 

repeated measures. Best-fit statistics were used to select appropriate covariance 

structures. Fetus was considered the experimental group. Data from in vivo metabolic 

studies and ex vivo metabolic studies were likewise analyzed using the mixed procedure, 

with study period and incubation condition as the respective repeated measures. For each 

period of the in vivo metabolic studies, the samples were averaged, and the mean is 

reported. Similarly, the technical reps/incubation condition in the ex vivo metabolic 

studies were averaged, and the mean is reported. Significance was reported at P ≤ 0.05 

and tendencies were declared at P ≤ 0.1. All data are presented as the mean ± the standard 

error of the mean (SEM). 

 

Results 

Daily Fetal Physiological Parameters and Maternofetal Gradients 

There was a group × draw time interaction observed (P < 0.05) for daily fetal 

pCO2, but there were no interactions observed for any other fetal blood parameters or 
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maternofetal gradients. Regardless of day of gestational age or time of day, MI-IUGR 

fetuses had lower (P < 0.05) concentrations of white blood cells, lymphocytes, and red 

blood cells but greater (P < 0.05) granulocyte concentrations compared to controls 

(Figure 3.1A-D). MI-IUGR fetuses also tended to have lower (P < 0.1) platelet 

concentrations than controls (Figure 3.1E). Monocytes, hematocrit, mean corpuscular 

volume (MCV), red cell distribution width (RDWa), hemoglobin, mean corpuscular 

hemoglobin concentration (MCHC), and mean platelet volume (MPV) did not differ 

between groups (Table 3.1). Regardless of day, MI-IUGR fetuses had lower (P < 0.05) 

pCO2 than controls, however, the magnitude of this difference was more profound at 

0800 than at 1400. MI-IUGR fetuses had greater (P < 0.05) blood lactate concentrations 

and methemoglobin but lower (P < 0.05) HCO3
-, hematocrit, hemoglobin, 

oxyhemoglobin, carboxyhemoglobin, K+, and pO2 compared to control fetuses (Figures 

3.3 and 3.4). Blood glucose, pH, base excess, Na+, Cl-, and Ca2+ concentrations did not 

differ between groups (Table 3.2).  

 MI-IUGR pregnancies had smaller (P < 0.05) maternofetal gradients for blood 

glucose, but there was no difference in maternofetal glucose ratios compared to controls 

(Figure 3.5). MI-IUGR pregnancies had larger (P < 0.05) maternofetal gradients and 

ratios for lactate, Na+, Cl-, and pO2 (Figures 3.6, 3.7, 3.8, and 3.9). MI-IUGR 

pregnancies also had larger (P < 0.05) maternofetal K+ proportion, but similar 

maternofetal K+ gradients (Figure 3.10). All other maternofetal gradients and ratios were 

similar between groups. 
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Fetal Inflammatory Tone 

 MI-IUGR fetuses had greater (P < 0.05) circulating plasma TNFα and IL-6 

compared to controls (Figure 3.11) as well as greater (P ≤ 0.05) expression of TNFR1 

and IL6R in semitendinosus muscle and a tendency (P = 0.06) for greater TLR4 

expression (Figure 3.12A-C). β2 adrenoceptor protein content in semitendinosus did not 

differ between groups (Figure 3.12D). 

 

In vivo Metabolic Studies 

Fetal Glucose-Stimulated Insulin Secretion 

During the square-wave hyperglycemic clamp, there were group × period 

interactions observed (P < 0.05) for plasma insulin, blood carboxyhemoglobin, and blood 

K+ but not for any other components. Plasma insulin concentrations during the basal 

period did not differ between groups but were less (P < 0.05) for MI-IUGR fetuses than 

for controls during hyperglycemia (Figure 3.13). Blood glucose did not differ between 

groups and was by design greater (P < 0.05) at hyperglycemia compared to basal (Figure 

3.14). Lactate was also greater (P < 0.05) at hyperglycemia compared to basal, regardless 

of experimental group (Figure 3.15). Blood pO2 was less (P < 0.05) for MI-IUGR fetuses 

than controls regardless of period (Figure 3.16). Blood K+ was less (P < 0.05) for MI-

IUGR fetuses than controls by 8.2% under basal conditions and by 6.8% at 

hyperglycemia (Figure 3.17). Carboxyhemoglobin was less (P < 0.05) for MI-IUGR 

fetuses than controls by 38% under basal conditions and by 35% at hyperglycemia 

(Figure 3.18). Regardless of period, MI-IUGR fetuses had lower (P < 0.05) blood 

concentrations of HCO3
-, hemoglobin, and hematocrit compared to controls (Table 3.3). 
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Blood pH, pCO2, oxyhemoglobin, methemoglobin, Na+. Cl-, and Ca2+ did not differ 

between groups. Regardless of experimental group, blood pH, pCO2, HCO3
-, 

methemoglobin, and Cl- were less (P < 0.05) and hemoglobin, hematocrit, and 

oxyhemoglobin were greater (P < 0.05) under basal conditions compared to 

hyperglycemia, and blood Na+ and Ca2+ concentrations did not differ between periods 

(Table 3.4).  

 

Fetal Hindlimb Glucose Metabolism 

During the HEC, there was a group × period interaction observed (P < 0.05) for 

arterial glucose: insulin ratio and a tendency for an interaction observed (P = 0.07) for 

hindlimb glucose oxidation, but no interactions were observed for any other output. 

Hindlimb glucose uptake rates did not differ between groups and were greater (P < 0.05) 

at hyperinsulinemia compared to the basal period (Figure 3.19). Regardless of period, 

hindlimb glucose oxidation rates were reduced (P < 0.05) for MI-IUGR fetuses compared 

to control fetuses (Figure 3.20). By design, circulating plasma insulin was greater (P < 

0.05) during hyperinsulinemia compared to the basal period, regardless of experimental 

group (Figure 3.21). Likewise, blood glucose was by design not different between 

groups or period (Figure 3.22). Glucose: insulin ratios were greater (P < 0.05) for MI-

IUGR fetuses compared to controls at basal conditions but did not differ during 

hyperinsulinemia (Figure 3.23). Arterial blood lactate was greater (P < 0.05) at 

hyperinsulinemia compared to the basal period and tended to be less (P = 0.06) for MI-

IUGR fetuses compared to controls (Figure 3.24). Blood pO2 was less (P < 0.05) for MI-

IUGR fetuses compared to controls, regardless of period, and was lower (P < 0.05) at 
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hyperinsulinemia compared to basal conditions, regardless of group (Figure 3.25). 

Venous blood glucose did not differ between groups and tended to be greater (P = 0.08) 

during hyperinsulinemia than the basal period (Figure 3.26). Venous blood lactate was 

reduced (P = 0.05) for MI-IUGR fetuses compared to controls and was greater (P = 0.05) 

during hyperinsulinemia compared to the basal period (Figure 3.27). Venous pO2 was 

reduced (P < 0.05) for MI-IUGR fetuses compared to controls and was less (P < 0.05) at 

hyperinsulinemia than basal conditions (Figure 3.28).  

 Blood pH, HCO3
-, oxyhemoglobin, and K+ was reduced (P < 0.05) for MI-IUGR 

fetuses in both arterial and venous blood samples (Table 3.5). Carboxyhemoglobin was 

greater (P < 0.05) for MI-IUGR fetuses in arterial blood samples but not venous blood 

samples compared to controls. Methemoglobin was greater (P < 0.05) for MI-IUGR 

fetuses than controls in arterial and venous samples. Blood pCO2, hemoglobin, 

hematocrit, Na+, Cl-, and Ca2+ did not differ between groups in arterial or venous samples 

(Table 3.5). Regardless of group, blood pCO2, methemoglobin, Na+, Cl-, and Ca2+ were 

greater (P < 0.05) and pH, HCO3
-, hemoglobin, and oxyhemoglobin were lower (P < 

0.05) at hyperinsulinemia compared to basal conditions. Arterial hematocrit and venous 

carboxyhemoglobin were less (P < 0.05) at hyperinsulinemia (Table 3.6).  

 

Ex vivo Metabolic Studies 

There was a group × media interaction observed (P < 0.05) for fatty acid 

mobilization but not for any other ex vivo output. Ex vivo glucose uptake was reduced (P 

< 0.05) for primary muscle from MI-IUGR fetuses compared to controls, regardless of 

media (Figure 3.29A). Glucose uptake was greatest (P < 0.05) for muscle incubated in 
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insulin-treated media, lowest (P < 0.05) for muscle incubated in TNFα-treated media, and 

intermediate for muscle incubated in basal media, regardless of group (Figure 3.29B). Ex 

vivo glucose oxidation was reduced (P < 0.05) for muscle from MI-IUGR fetuses 

compared to controls, regardless of media (Figure 3.30A). Moreover, glucose oxidation 

was greatest (P < 0.05) for muscle incubated in insulin-treated media, least (P < 0.05) for 

muscle incubated in basal media, and intermediate for muscle incubated in TNFα-treated 

media, regardless of group (Figure 3.30B). Phospho-Akt/total Akt protein content was 

less (P < 0.05) for muscle from MI-IUGR fetuses compared to controls, regardless of 

media, and was increased (P < 0.05) for muscle incubated in insulin-treated media 

compared to basal media (Figure 3.32A and B). Fatty acid mobilization was less (P < 

0.05) for adipose tissue from MI-IUGR fetuses than controls by 30% in basal media, by 

52% in media containing 100 mM epinephrine, and by 42% in media containing 1 µM 

epinephrine (Figure 3.33). Fatty acid mobilization did not differ between groups when 

incubated in media containing 10 µM epinephrine.  

 

Skeletal Muscle Metabolic Phenotype 

Proportional content of MyHC-1, MyHC-2a, and MyHC-2x in fetal 

semitendinosus muscles was similar across experimental groups (Figure 3.34). However, 

glycogen content of the semitendinosus tended to be greater (P = 0.06) in MI-IUGR 

fetuses compared to controls (Figure 3.35). 
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Discussion 

In this study, we showed that sustained maternofetal inflammation occurring 

during the early 2nd trimester of pregnancy resulted in the subsequent impairment of fetal 

glucose metabolism and metabolic homeostasis in late gestation. The disruption in 

glucose metabolism was in large part skeletal muscle-specific, as MI-IUGR fetuses 

exhibited a 27% reduction in hindlimb glucose oxidation, which was independent of 

glucose uptake and was recapitulated in primary muscle incubations. Deficient glucose 

oxidation was compounded by poor responsiveness of muscle to insulin, as MI-IUGR 

hindlimb glucose oxidation was normal under resting insulinemic conditions. The 32.5% 

greater basal glucose: insulin ratios further indicate insulin resistance in MI-IUGR 

fetuses, as does the diminished phospho-activation of the insulin signaling hub, Akt, in 

MI-IUGR primary muscle. However, defects in insulin responsiveness were not solely 

responsible for poor metabolism, as glucose uptake and oxidation rates in primary muscle 

from MI-IUGR fetuses were comparably impaired whether incubated under basal, 

insulin-stimulated, or TNFα-stimulated conditions. Additionally, MI-IUGR fetuses 

exhibited poor β cell function that reduced the circulating insulin available to drive 

glucose clearance, as glucose-stimulated insulin secretion was reduced 23% in MI-IUGR 

fetuses. Mechanistically, MI-IUGR fetuses showed strong evidence of increased 

inflammatory tone that persisted long after experimental maternofetal inflammation had 

subsided, which helps to explain many of the observed metabolic deficits. The sustained 

systemic fetal inflammation was comparable to that previously observed in ovine fetuses 

where sustained maternofetal inflammation had been induced early in the 3rd trimester 

(Cadaret et al., 2019). We postulate that in both studies, fetal inflammation near term was 
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due in part to placental stunting and placental-mediated inflammation, as LPS bacterial 

endotoxins and maternal cytokines are typically unable to permeate the ovine placenta 

(Aaltonen et al., 2005; Gomez-Lopez et al., 2018). Although MI-IUGR fetuses were not 

hypoglycemic, their moderate hypoxemia and larger maternofetal gradients for O2, 

lactate, Na+, K+, and Cl- were consistent with placental deficiency (Rozance et al., 2018a; 

Yates et al., 2018; Caitlin N. Cadaret et al., 2019). Together, these findings demonstrate 

that maternofetal inflammation induced early in the 2nd trimester by serial LPS injections 

resulted in the same hallmark fetal metabolic phenotype observed in IUGR human 

pregnancies and in other IUGR animal models (Limesand et al., 2007; Brown et al., 

2015; Cadaret et al., 2019). The persistently-heightened fetal inflammatory tone exhibited 

by these fetuses illustrates the underlying inflammation that occurs during placental 

insufficiency-induced IUGR and provides a potential mechanistic target for treating or 

preventing IUGR-related metabolic deficits.  

 Pancreatic islet dysfunction in near-term MI-IUGR fetuses following maternofetal 

inflammation at mid-gestation was characterized by impaired insulin stimulus-secretion 

coupling. This deficit resulted in normal circulating insulin concentrations under resting 

glycemic conditions but marked impairment of the normal spike in circulating insulin 

when fetuses were made hyperglycemic. Previous studies found that pancreas from 

severely IUGR fetal sheep had smaller islets (Rozance et al., 2015; Brown et al., 2016) 

with fewer β cells (Limesand et al., 2005; Brown et al., 2016) and poorer insulin 

secretion (Limesand et al., 2006; Boehmer et al., 2017). Additionally, IUGR fetal 

pancreatic islets had impaired glucose oxidative capacity, which directly mediated less 

glucose-stimulated insulin secretion (Limesand et al., 2006; Hicks and Yates, 2021). 
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Hypoxemia impairs β cell function both directly and by increasing circulating 

catecholamines that inhibit glucose-stimulated insulin secretion through α2 adrenergic 

signaling pathways (Yates et al., 2012; Macko et al., 2016; Boehmer et al., 2017). 

Likewise, hypoxemia can chronically increase circulating inflammatory cytokines, which 

are also detrimental to pancreatic islets (Hicks and Yates, 2021). Culture studies show 

that TNFα reduces β cell glucose oxidation, glucose-stimulated insulin secretion, and 

insulin sensitivity (Youd et al., 2000; Li and Reid, 2001; Oleson et al., 2015). Thus, the 

combination of hypoxemia and the consequent increase in adrenergic and inflammatory 

tone likely resulted in the reduction of pancreatic function in MI-IUGR fetuses. When 

maternal hyperthermia was used to induce placental insufficiency and fetal IUGR (PI-

IUGR), fetuses exhibited reductions in both basal and glucose-stimulated insulin 

secretion during late gestation (Limesand et al., 2006; Limesand et al., 2013; Boehmer et 

al., 2017). Fetal hypoxemia and inflammation appear to be common pathologies between 

PI-IUGR and MI-IUGR fetuses (Yates et al., 2012; Macko et al., 2016; Boehmer et al., 

2017; Cadaret et al., 2019; Hicks and Yates, 2021; Posont et al., 2022). However, PI-

IUGR fetuses also experience chronic hypoglycemia (Limesand et al., 2013), which was 

not present in MI-IUGR fetuses in our present or previous study (Cadaret et al., 2019). 

Because basal glucose concentrations were reduced by as much as 50% in PI-IUGR 

fetuses, basal insulin concentrations also fell in response (Limesand et al., 2006; 

Limesand et al., 2013). Additionally, hypoglycemia in PI-IUGR fetuses can also increase 

adrenal cortisol and norepinephrine secretion, which would further inhibit glucose-

stimulated insulin secretion (Morrison, 2008; Yates et al., 2012; Macko et al., 2016).  
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 MI-IUGR fetal sheep exhibited a hallmark reduction in skeletal muscle glucose 

oxidation that was consistent with thrifty metabolic fetal programming. When normalized 

to the weight of the fetal hindlimb, which is about 40% skeletal muscle (Hicks et al., 

2021), reduced glucose oxidation rates in MI-IUGR fetuses occurred independently of 

hindlimb glucose uptake rates. Thus, MI-IUGR fetal muscle appeared to have lost about 

¼ of its capacity for glucose oxidation despite normal utilization rates and normal 

glucose availability in circulation. Rather, the reduction in glucose oxidation could have 

been precipitated by reduced O2 availability, as MI-IUGR fetuses consistently had 12 to 

16% less blood O2 than normal. Evidence indicates that hypoxemic fetuses readily 

reappropriate O2 from skeletal muscle in favor of more vital brain, heart, and endocrine 

tissues (Yates et al., 2012; Jones et al., 2019). Thus, less glucose utilized by MI-IUGR 

fetal muscle undergoes oxidative metabolism and is instead redirected to one of two 

likely fates: anaerobic glycolytic metabolism or storage as glycogen. Glucose undergoing 

anaerobic glycolytic metabolism will ultimately be converted into lactate (Rogatzki et al., 

2015), and indeed circulating lactate was increased by ~14% in our MI-IUGR fetuses. 

Previous studies in IUGR fetal sheep found increased hepatic glucose production, which 

utilizes muscle-derived lactate through the Cori cycle (Limesand et al., 2007). This 

allows the fetus to utilize the lactate produced from glycolytic glucose metabolism to 

produce more glucose, as glucose itself cannot be secreted by muscle (Limesand et al., 

2007; Thorn et al., 2009). This also prevents the IUGR fetus from experiencing 

dangerous hyperlactatemia (Limesand et al., 2007; Yates et al., 2012). Glucose that is 

taken up by skeletal muscle but not immediately utilized for metabolism is converted into 

glycogen for storage (Blanco and Blanco, 2017). In addition to increased apparent lactate 
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production, our MI-IUGR fetal semitendinosus muscles exhibited about 63% grater 

glycogen content.   

In primary muscle experiments, glucose uptake and oxidation rates were reduced 

in MI-IUGR skeletal muscle regardless of the inclusion of insulin or TNFα in incubation 

media. This illustrates that MI-IUGR skeletal muscle has inherent metabolic deficits that 

are not necessarily dependent upon stimulation. This may be due in part to impaired 

signaling pathways for insulin and other growth factors, as inflammatory cytokines can 

interfere with IRS-PI3K-Akt pathways independent of their degree of ligand-driven 

activation (Wei et al., 2008). Indeed, the ratio of phospho-activated Akt in MI-IUGR fetal 

muscle was reduced comparably when incubated at basal and high insulin concentrations. 

Furthermore, inclusion of inflammatory cytokines in incubations did not further reduce 

glucose uptake or oxidation in MI-IUGR muscle, which we postulate reflects an already 

dampened glucose metabolism due to enriched inflammatory signaling that is not further 

inhibited by greater presence of inflammatory cytokines. This is similar to recent findings 

in IUGR fetal myoblast function (Posont et al., 2022) and further indicates that targeting 

enhanced inflammatory pathways in MI-IUGR fetuses could improve deleterious 

metabolic outcomes. Interestingly, a reduction in glucose uptake was observed in MI-

IUGR skeletal muscle in culture that was not seen in vivo, perhaps because the hindlimb 

is comprised of adipose tissue and connective tissues in addition to skeletal muscle 

(Hicks et al., 2021). Local regulation of hindlimb glucose utilization by products secreted 

from these other tissues, particularly adipocytes, may have masked muscle-specific 

deficits in glucose uptake capacity (Gastaldelli et al., 2017). Indeed, IUGR-born animals 
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ultimately develop increased adiposity (Posont and Yates, 2019; Gibbs, 2023), which 

illustrates a lack of programmed growth restriction for fat tissues (Sarr et al., 2012). 

 The loss of glucose oxidation capacity occurred without changes in skeletal 

muscle metabolic phenotype, as myosin heavy chain ratios indicated no changes in fiber 

type composition. Although this differs from previous observations of aberrant fiber type 

ratios in PI-IUGR fetuses (Yates et al., 2016), normal fiber type ratios have been reported 

for MI-IUGR fetal rats (Cadaret et al., 2019a) and sheep (Cadaret et al., 2019) following 

maternofetal inflammation in late gestation. It is important to remember that fiber type is 

determined by the content of oxidative enzymes, which does not necessarily reflect the 

enzymes’ functional rates (Schiaffino and Reggiani, 2011).s Nevertheless, cytokines have 

been shown to reduce glucose oxidative metabolism and increase anaerobic glycolysis 

and glycogen synthesis (Boscá and Corredor, 1984; Rhoades et al., 2005; Al-Khalili et 

al., 2006; Remels et al., 2015; C N Cadaret et al., 2017; Hicks and Yates, 2021).  

Fetal growth restriction observed in this study appeared to be the result of 

placental stunting, as MI-IUGR fetuses were hypoxemic and had larger maternofetal 

gradients for O2 and other blood components. In fact, the maternofetal gradients observed 

for these MI-IUGR fetuses were reasonably similar to those recently observed for PI-

IUGR fetal sheep (Beer, 2022). One noteworthy exception was the maternofetal gradient 

for glucose, which was greater for PI-IUGR pregnancies in the previous study but was 

actually smaller for our MI-IUGR pregnancies. This unexpected observation was not 

consistent with gradients for O2 and other indicators of placental insufficiency, but it does 

help to explain why MI-IUGR fetuses were normoglycemic. Glucose is transported 

across the placenta by glucose transporters (GLUT) (Stanirowski et al., 2018), and 
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different stressors may reduce placental GLUT expression to differing magnitudes 

(Sandovici et al., 2012).   

  In addition to systemic inflammation, MI-IUGR fetuses exhibited evidence of 

enriched inflammatory sensitivity in muscle tissue, as protein content for TNFR1, IL6R, 

and TLR4 were elevated in the semitendinosus. Importantly, elevated circulating 

cytokines and skeletal muscle signaling components were observed well after the 

experimental maternofetal inflammation had been lifted. The greater fetal inflammatory 

tone was unlikely to have been derived from placental transfer of maternal cytokines or 

LPS endotoxin, as neither readily cross the ovine placenta (Zaretsky et al., 2004; 

Aaltonen et al., 2005; Gomez-Lopez et al., 2018). However, it is almost certain that LPS 

exposure would have stimulated cytokine production by the placenta, which may have 

been released into fetal circulation. Previous studies of pregnant mice and primary 

placental extravillous trophoblast cells from humans found that administration of LPS 

increased placental production of inflammatory cytokines (Anton et al., 2012; Fricke et 

al., 2018). Additionally, human placental tissues exposed to hypoxia in vitro released 

more inflammatory cytokines (Baker et al., 2021). Most likely, however, fetal cytokine 

production itself was increased as a result of the stressful intrauterine conditions brought 

on by placental stunting. Regardless of the model, IUGR fetuses experience a hypoxemic 

state, which is a powerful stimulant of whole-body and tissue-specific inflammatory 

responses (Hartmann et al., 2000; Dong et al., 2009; Eltzschig and Carmeliet, 2011; 

Watts and Walmsley, 2019). Activation of hypoxia-inducible factors (HIF) cause them to 

bind to hypoxia response promoter elements (HRE), which promote the transcription of 

genes involved in inflammation such as cytokines and nuclear factor κB (NF-κB; 
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Eltzschig and Carmeliet, 2011). As a result, fetal plasma TNFα and IL-6 were increased 

by 29% and 49%, respectively, in our MI-IUGR fetuses. Moreover, TNFR1 and IL6R 

content in MI-IUGR fetal skeletal muscle was increased by 2.40-fold and 1.51-fold, 

respectively. The combined increases in circulating cytokines and tissue receptor content 

create an enhanced inflammatory tone in the IUGR fetus. Furthermore, MI-IUGR fetuses 

had increased circulating white blood cells and platelets, but decreased red blood cells. 

During the formation of blood cells (hematopoiesis), common myeloid progenitor cells 

give rise to granulocytes, macrophages, megakaryocytes (i.e., cells that produce 

platelets), and erythrocytes in regulated proportions (Akashi et al., 2000). Extracellular 

signals from myriad different pathways, including TNFα/NF-κB and interferons/JAK-

STAT dictate differentiation into the different blood cell types (Dzierzak and Bigas, 

2018). Exact mechanisms that drive differentiation into each of these cell types has not 

fully been elucidated, but several studies have identified inflammatory cytokines as 

factors in the production and differentiation of myeloid progenitor cells (Hume and 

MacDonald, 2012; Maltby et al., 2014; Behrens and Alexander, 2018; Su et al., 2020). 

We postulate that increased differentiation of these progenitor cells into white blood cells 

results in less erythrocytes in response to increased inflammatory status.  

 Experimental induction of maternofetal inflammation at mid-gestation produced 

similar indicators of fetal inflammation near term as previously observed when 

maternofetal inflammation was induced later in gestation, as maternofetal inflammation 

in the 3rd trimester elevated white blood cells, monocytes, granulocytes, and circulating 

TNFα (Cadaret et al., 2019). However, inflammatory tone begins to shift postnatal, as 

granulocytes, monocytes, and platelets were elevated in MI-IUGR neonatal lambs but 
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circulating TNFα was reduced by 50% (Posont et al., 2021). This shift was likely a 

compensatory response to the high prenatal cytokine exposure demonstrated in the 

present study. Importantly, however, TNFR1 protein content was still elevated in MI-

IUGR neonatal skeletal muscle, which is evidence that enhanced cytokine sensitivity is 

programmed in IUGR muscle (Posont et al., 2021). Our study corroborates this by 

demonstrating that increased fetal inflammatory tone persisted months after LPS 

injections were discontinued. 

From this study, we conclude that maternofetal inflammation during the critical 

window for peak placental development results in fetal inflammation throughout the rest 

of gestation. Moreover, these findings show that the enhanced skeletal muscle 

inflammatory sensitivity previously observed in IUGR-born neonates develops before 

birth as a developmental programming response to fetal conditions and not as a postnatal 

compensatory response. Furthermore, placental insufficiency and the resulting fetal 

hypoxemia appeared to be a primary impetus for fetal inflammation, although other 

sources cannot be completely ruled out. Regardless, this study provides substantial 

evidence that fetal inflammation could be a promising prenatal target to prevent 

inflammatory programming and improve metabolic outcomes of IUGR. 
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Tables and Figures 

 

  
Figure 3.1 Daily (A) white blood cell, (B) lymphocyte, (C) granulocyte, (D) red blood 

cell, and (E) platelet concentration in arterial blood collected from control (n=12) or MI-

IUGR fetuses (n=13) from 120dGA to 125 dGA. There was no interaction between group 

and day (P > 0.05). 
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Table 3.1 Daily fetal arterial complete blood cell counts for control and MI-IUGR 

fetuses from 120 dGA to 125 dGA. 

 Control (n=12) MI-IUGR (n=13) P-value 

Monocytes 0.205 ± 0.009 0.205 ± 0.011 NS 

Hematocrit 28.7 ± 0.7 27.3 ± 0.9 NS 

MCV 46.93 ± 0.33 47.82 ± 0.48 NS 

RDWa 31.9 ± 0.4 31.2 ± 0.5 NS 

Hemoglobin 9.66 ± 0.21 9.19 ± 0.29 NS 

MCHC 33.9 ± 0.1 33.8 ± 0.2 NS 

MPV 5.43 ± 0.04 5.48 ± 0.03 NS 

NS = not significant (P > 0.05) 
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Figure 3.2 Daily partial pressure of carbon dioxide in arterial blood collected from 

control (n=12) or MI-IUGR fetuses (n=13) from 120 dGA to 125 dGA at 0800 (A.M.) 

and 1400 (P.M.). There was a significant interaction between group and time of draw 

(G*T P < 0.05). 
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Figure 3.3 Daily (A) lactate, (B) bicarbonate, (C) hematocrit, (D) hemoglobin, (E) 

potassium ion, and (F) partial pressure O2 in arterial blood collected from control (n=12) 

or MI-IUGR fetuses (n=13) from 120dGA to 125 dGA. There was no interaction between 

group and day (P > 0.05). 
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Figure 3.4 Daily percentages of (A) oxyhemoglobin (B) carboxyhemoglobin and (C) 

methemoglobin in arterial blood collected from control (n=12) or MI-IUGR fetuses 

(n=13) from 120dGA to 125 dGA. There was no interaction between group and day (P > 

0.05). 
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Table 3.2 Daily blood gas and metabolite values in control or MI-IUGR fetuses from 

120 dGA to 125 dGA 

 Control (n=12) MI-IUGR (n=13) P-value 

Glucose 1.00 ± 0.03 0.95 ± 0.02 NS 

pH 7.365 ± 0.002 7.360 ± 0.005 NS 

Base Excreted 3.1 ± 0.3 3.1 ± 0.3 NS 

Na+ 148.4 ± 0.8 149.2 ± 0.7 NS 

Cl- 110.4 ± 0.8 111.1 ± 0.7 NS 

Ca2+ 1.384 ± 0.009 1.372 ± 0.012 NS 

NS = not significant (P > 0.05) 
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Figure 3.5 Difference (P < 0.05) between blood glucose concentration in maternal 

venous blood and fetal arterial blood collected from control (n=12) or MI-IUGR fetuses 

(n=13) from 120dGA to 125 dGA. There was not a significant interaction between group 

and time of draw (P > 0.05).  
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Figure 3.6 (A) Difference (P < 0.05) between blood lactate concentration in maternal 

venous and fetal arterial blood and (B) proportion (P < 0.05) of blood lactate in maternal 

venous and fetal arterial blood collected from control (n=12) or MI-IUGR fetuses (n=13) 

from 120dGA to 125 dGA. There was not a significant interaction between group and 

time of draw (P > 0.05). 
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Figure 3.7 (A) Difference (P < 0.05) between sodium ion concentration in maternal 

venous and fetal arterial blood and (B) proportion (P < 0.05) of sodium ions in maternal 

venous and fetal arterial blood collected from control (n=12) or MI-IUGR fetuses (n=13) 

from 120dGA to 125 dGA. There was not a significant interaction between group and 

time of draw (P > 0.05). 
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Figure 3.8 (A) Difference (P < 0.05) between chloride ion concentration in maternal 

venous and fetal arterial blood and (B) proportion (P < 0.05) of chloride ions in maternal 

venous and fetal arterial blood collected from control (n=12) or MI-IUGR fetuses (n=13) 

from 120dGA to 125 dGA. There was not a significant interaction between group and 

time of draw (P > 0.05). 
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Figure 3.9 (A) Difference (P < 0.05) between partial pressure of oxygen in maternal 

venous and fetal arterial blood and (B) proportion (P < 0.05) of oxygen in maternal 

venous and fetal arterial blood collected from control (n=12) or MI-IUGR fetuses (n=13) 

from 120dGA to 125 dGA. There was not a significant interaction between group and 

time of draw (P > 0.05). 
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Figure 3.10 The proportion of potassium ions present in maternal venous blood and 

glucose concentrations in arterial blood collected from control (n=12) or MI-IUGR 

fetuses (n=13) from 120dGA to 125 dGA. There was not a significant interaction 

between group and time of draw (P > 0.05). 
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Figure 3.11 Fetal plasma (A) TNFα and (B) IL-6 concentrations assessed from 120 dGA 

to 125 dGA in control (n=11) and MI-IUGR (n=13) fetuses. There was no significant 

interaction between group and day (P > 0.05). 
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Figure 3.12 The protein levels of (A) toll-like receptor 4 (TLR4), (B) tumor necrosis 

factor receptor 1 (TNFR1), (C) interleukin-6 receptor (IL6R), and (D) adrenergic 

receptor β2 (ADRB2),) in the semitendinosus muscle of control (n=11) or MI-IUGR 

(n=11) fetuses at 125 dGA.  
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Figure 3.13 The circulating arterial plasma insulin concentration of control (n=11) or 

MI-IUGR fetuses (n=11) in response to basal or hyperglycemic conditions (PER) during 

the fetal glucose-stimulated insulin secretion study completed at 122 dGA. 
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Figure 3.14 The arterial blood glucose concentration of control (n=11) or MI-IUGR 

fetuses (n=11) in response to basal or hyperglycemic conditions (PER) during the fetal 

glucose-stimulated insulin secretion study completed at 122 dGA. 
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Figure 3.15 The arterial blood lactate concentration of control (n=11) or MI-IUGR 

fetuses (n=11) in response to basal or hyperglycemic conditions (PER) during the fetal 

glucose-stimulated insulin secretion study completed at 122 dGA. 

  

1.42

1.85

1.13

1.51

0

0.5

1

1.5

2

2.5

Basal Hyperglycemic

L
ac

ta
te

 (
m

M
)

Control MI-IUGR

PER < 0.001



125 

 

 

 

Figure 3.16 The arterial oxygen partial pressure of control (n=11) or MI-IUGR fetuses 

(n=11) in response to basal or hyperglycemic conditions (PER) during the fetal glucose-

stimulated insulin secretion study completed at 122 dGA. 
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Figure 3.17 The arterial potassium ion concentration of control (n=11) or MI-IUGR 

fetuses (n=11) in response to basal or hyperglycemic conditions (PER) during the fetal 

glucose-stimulated insulin secretion study completed at 122 dGA. 
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Figure 3.18 The arterial percentage of carbon monoxide-bound hemoglobin of control 

(n=11) or MI-IUGR fetuses (n=11) in response to basal or hyperglycemic conditions 

(PER) during the fetal glucose-stimulated insulin secretion study completed at 122 dGA. 
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Table 3.3 Arterial blood gas and metabolite concentrations of control and MI-IUGR 

fetuses during the glucose-stimulated insulin secretion studies. 

 Control (n=11) MI-IUGR (n=11) P-value 

pH 7.357 ± 0.009 7.356 ± 0.004 NS 

pCO2 49.00 ± 0.70 49.65 ± 0.39 NS 

HCO3
- 27.73 ± 0.53 26.26 ± 0.33 0.03 

Hemoglobin 11.30 ± 0.32 9.01 ± 0.52 <0.001 

Hematocrit 34.98 ± 0.97 27.10 ± 1.72 <0.001 

O2-Hb 61.47 ± 2.14 60.78 ± 2.26 NS 

MetHb 0.42 ± 0.03 0.31 ± 0.06 NS 

Na+ 138.4 ± 0.84 137.87 ± 0.52 NS 

Cl- 101.73 ± 0.77 100.33 ± 0.89 NS 

Ca2+ 1.52 ± 0.02 1.53 ± 0.02 NS 

NS = not significant (P > 0.05) 
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Table 3.4 Arterial blood gas and metabolite concentrations of control and MI-IUGR 

fetuses during the glucose-stimulated insulin secretion studies at either basal or 

hyperglycemic conditions. 

 Basal Hyperglycemic P-value 

pH 7.373 ± 0.005 7.340 ± 0.005 <0.001 

pCO2 48.31 ± 0.43 50.34 ± 0.40 <0.001 

HCO3
- 27.38 ± 0.31 26.61 ± 0.31 <0.001 

Hemoglobin 10.28 ± 0.31 10.03 ± 0.30 <0.001 

Hematocrit 31.42 ± 1.00 30.67 ± 0.98 <0.001 

O2-Hb 62.45 ± 1.46 59.79 ± 1.72 <0.001 

MetHb 0.33 ± 0.03 0.40 ± 0.04 0.01 

Na+ 138.03 ± 0.50 138.25 ± 0.56 NS 

Cl- 100.38 ± 0.63 101.68 ± 0.59 0.001 

Ca2+ 1.52 ± 0.01 1.53 ± 0.01 NS 

NS = not significant (P > 0.05) 
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Table 3.5. Arterial and venous blood gas concentrations of control and MI-IUGR fetuses 

during the hyperinsulinemic-euglycemic clamp study.  

 Arterial Venous 

 Control 

(n=10) 

MI-IUGR 

(n=11) 

P-value Control 

(n=10) 

MI-IUGR 

(n=11) 

P-value 

pH 7.365±0.002 7.359 ± 0.002 0.02 7.336±0.002 7.329±0.002 0.03 

pCO2 50.4±0.3 50.6±0.2 NS 55.0±0.3 55.3±0.3 NS 

HCO3
- 28.37±0.20 27.81±0.07 0.01 28.9±0.2 28.3±0.1 0.01 

Hemoglobin 8.99±0.22 8.88±0.05 NS 9.00±0.22 8.94±0.05 NS 

Hematocrit 27.56±0.68 27.25±0.15 NS 28.02±0.50 28.81±2.37 NS 

O2-Hb 50.13±1.08 46.77±0.69 0.01 32.88±0.92 29.29±0.71 0.006 

CO-Hb 3.35±0.05 3.53±0.07 0.05 2.92±0.05 2.88±0.06 NS 

MetHb 0.584±0.026 0.739±0.024 <0.001 0.803±0.020 0.933±0.024 <0.001 

Na+ 147.8±0.5 147.2±0.6 NS 152.4±0.8 150.8±0.7 NS 

K+ 3.60±0.04 3.43±0.03 0.005 3.56±0.04 3.41±0.03 0.009 

Cl- 109.5±0.7 109.2±0.4 NS 112.4±0.8  112.0±0.7 NS 

Ca2+ 1.425±0.006 1.422±0.009 NS 1.385±0.008 1.396±0.009 NS 

NS = not significant (P > 0.05) 
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Table 3.6. Arterial and venous blood gas concentrations of control and MI-IUGR fetuses at 

either basal or hyperinsulinemic-euglycemic conditions during the hyperinsulinemic-

euglycemic clamp study. 

 Arterial Venous 

 Basal HEC P-value Basal HEC P-value 

pH 7.376±0.002 7.348±0.002 <0.001 7.348±0.002 7.317±0.002 <0.001 

pCO2 49.6±0.2 51.4±0.2 <0.001 54.0±0.3 56.3±0.3 <0.001 

HCO3
- 28.46±0.15 27.71±0.15 0.001 29.0±0.1 28.2±0.1 <0.001 

Hemoglobin 9.21±0.16 8.66±0.16 0.02 9.25±0.16 8.70±0.16 0.02 

Hematocrit 28.23±0.49 26.58±0.49 0.02 30.34±1.71 26.49±1.71 NS 

O2-Hb 51.37±0.89 45.52±0.89 <0.001 34.56±0.8 27.61±0.8 <0.001 

CO-Hb 3.46±0.06 3.41±0.06 NS 3.02±0.06 2.78±0.06 0.005 

MetHb 0.596±0.025 0.728±0.025 <0.001 0.804±0.022 0.931±0.022 <0.001 

Na+ 146.7±0.6 148.4±0.6 0.04 150.1±0.7 153.1±0.7 0.007 

K+ 3.94±0.04 3.08±0.04 <0.001 3.92±0.04 3.05±0.04 <0.001 

Cl- 108.4±0.6 110.3±0.6 0.03 110.6±0.7 113.8±0.7 0.004 

Ca2+ 1.397±0.008 1.451±0.008 <0.001 1.370±0.009 1.411±0.009 0.002 

NS = not significant (P > 0.05) 
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Figure 3.19 Hindlimb specific glucose uptake of control (n=10) or MI-IUGR fetuses 

(n=11) in response to basal or hyperinsulinemic conditions. 
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Figure 3.20 Hindlimb specific glucose oxidation of control (n=10) or MI-IUGR fetuses 

(n=11; GRP) in response to basal or hyperinsulinemic conditions (PER). 
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Figure 3.21 Circulating plasma insulin concentration of control (n=10) or MI-IUGR 

fetuses (n=11) in response to basal or hyperinsulinemic conditions (PER). 
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Figure 3.22 Arterial blood glucose concentration of control (n=10) or MI-IUGR fetuses 

(n=11) in response to basal or hyperinsulinemic conditions. 
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Figure 3.23 The ratio of arterial blood glucose and insulin concentration of control 

(n=10) or MI-IUGR fetuses (n=11; GRP) in response to basal or hyperinsulinemic 

conditions (PER). 
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Figure 3.24 Arterial lactate concentration of control (n=10) or MI-IUGR fetuses (n=11; 

GRP) in response to basal or hyperinsulinemic conditions (PER). 
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Figure 3.25. Arterial partial pressure of oxygen of control (n=10) or MI-IUGR fetuses 

(n=11; GRP) in response to basal or hyperinsulinemic conditions (PER). 
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Figure 3.26. Venous glucose concentration of control (n=10) or MI-IUGR fetuses (n=11; 

GRP) in response to basal or hyperinsulinemic conditions. 
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Figure 3.27. Venous lactate concentration of control (n=10) or MI-IUGR fetuses (n=11; 

GRP) in response to basal or hyperinsulinemic conditions (PER). 
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Figure 3.28. Venous partial pressure of oxygen of control (n=10) or MI-IUGR fetuses 

(n=11; GRP) in response to basal or hyperinsulinemic conditions (PER). 
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Figure 3.29. Ex vivo glucose uptake of fetal flexor digitorum superficialis muscle after 

isolation on dGA 125 and incubation in media without (basal) or with 5 mU/mL insulin 

(insulin) or with 10 ng/mL TNFα (TNFα). There was no interaction between incubation 

media and group (P > 0.05); (A) Main effect of group (P < 0.05) or (B) main effect of 

media (P < 0.05). 
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Figure 3.30. Ex vivo glucose oxidation of fetal flexor digitorum superficialis muscle after 

isolation on dGA 125 and incubation in media without (basal) or with 5 mU/mL insulin 

(insulin) or with 10 ng/mL TNFα (TNFα). There was no interaction between incubation 

media and group (P > 0.05); (A) Main effect of group (P < 0.05) or (B) main effect of 

media (P < 0.05). 
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Figure 3.31. Ex vivo glucose oxidation of fetal soleus muscle after isolation on dGA 125 

and incubation in media without (basal) or with 5 mU/mL insulin (insulin). There was no 

interaction between incubation media and group (P > 0.05); (A) Main effect of group (P 

> 0.05) or (B) main effect of media (P < 0.05). 
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Figure 3.32. Ex vivo Akt phosphorylation of fetal flexor digitorum superficialis muscle 

after isolation on dGA 125 and incubation in media without (basal) or with 5 mU/mL 

insulin. There was no interaction between incubation media and group (P > 0.05); (A) 

Main effect of group (P < 0.05) or (B) main effect of media (P < 0.05). 
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Figure 3.33. The concentration of ex vivo non-esterified fatty acids (NEFAs) mobilized 

from perirenal adipose tissue collected at 125 dGA and treated with 0 nM, 100 nM, or 

1000 nM epinephrine (MEDIA) from control (n=11) or MI-IUGR (n=11) fetuses (GRP). 
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Figure 3.34. The proportion of myosin heavy chain 1 (MyHC1), myosin heavy chain 2a 

(MyHC2a) and myosin heavy chain 2x (MyHC2x) present in the semitendinosus muscle 

of control (n=11) and MI-IUGR fetuses (n=11) at 125 dGA. 
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Figure 3.35. The amount of glycogen present in the semitendinosus muscle of control 

(n=11) and MI-IUGR fetuses (n=11) at 125 dGA.   
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CHAPTER 4 – Maternofetal inflammation and maternal hyperthermia during 

gestation alter the transcriptome of the semitendinosus muscle in neonatal lambs 

 

 

Abstract 

The phenotypic changes in IUGR-born animals are well-documented, but the 

underlying changes in tissue-specific gene expression have not been elucidated. 

Therefore, the objective of our study was to identify differentially expressed loci and 

their potential effects on biological pathways in skeletal muscle from IUGR-born lambs 

following maternofetal inflammation or maternal hyperthermia. Semitendinosus muscle 

was collected from 30-d old lambs following no experimental prenatal insult (controls; n 

= 9) or following IUGR induced by maternal hyperthermia and placental insufficiency 

(PI-IUGR, n = 4) or maternofetal inflammation during late gestation (MI-IUGR, n = 5). 

Total RNA was isolated and sequenced. Transcript counts were statistically analyzed 

with DESeq2 and pathway analysis was conducted using genes that were differentially 

expressed at an adjusted P-value (Padj) of ≤ 0.10. This allowed elucidation of molecular 

pathway changes via the database for annotation, visualization, and integrated discovery 

(i.e., DAVID) Knowledgebase version v2023q1. For MI-IUGR lambs, 37 potential 

skeletal muscle pathways were impacted (P < 0.10) compared to controls. These included 

pathways associated with inflammation, metabolism, and growth. Only 1 gene was 

upregulated (Padj < 0.10) in MI-IUGR muscle, but 12 genes were downregulated (Padj < 

0.10) compared to controls. These included IFI6, ISG15, ENO3, which are associated 

with inflammation, and RAMP1, which is associated with muscle growth. For PI-IUGR 

lambs, the insulin resistance pathway was predicted to be impacted (P < 0.10) compared 
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to controls. Additionally, expression for the PGAM1 and LOC121816987 genes was 

upregulated (Padj < 0.10) in PI-IUGR muscle compared to controls. Only one skeletal 

muscle gene, the growth-associated S100A2, was differentially expressed in both IUGR 

models. These findings identify several specific genes involved in inflammatory 

signaling, glucose metabolism, and skeletal muscle growth that were altered in their 

expression patterns by IUGR. Understanding the identity of these genes and the 

associated pathways helps to explain the mechanistic causes for IUGR pathologies and 

provides potential therapeutic targets for improving IUGR outcomes. 
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Introduction 

Maternal stress during pregnancy induces permanent fetal adaptations that impair 

skeletal muscle growth capacity, dysregulate oxidative metabolism, and yield changes in 

body composition throughout the life of the offspring (Yates et al., 2018). These 

permanent adaptations, which are characterized by fetal intrauterine growth restriction 

(IUGR) and low birthweight, put afflicted humans at risk for metabolic diseases such as 

obesity and type II diabetes and reduce feed efficiency, carcass merit, and value in 

livestock (Powell and Aberle, 1980; Barker et al., 1993; Greenwood et al., 2000; Gondret 

et al., 2005; Gatford et al., 2010; Yates et al., 2018). Skeletal muscle is the most abundant 

tissue in the body and is responsible for utilizing around 65% of the body’s total glucose 

supply (Defronzo et al., 1981; Merz and Thurmond, 2020). Muscle is also the main tissue 

responsible for clearing glucose from circulation, as it accounts for 85% of insulin-driven 

glucose uptake (Brown, 2014b). Thus, it is the chief tissue involved in the development 

of insulin resistance (Merz and Thurmond, 2020). Dysregulation and disruption of the 

insulin signaling pathway in skeletal muscle leads to insulin resistance and, ultimately, 

type II diabetes (Merz and Thurmond, 2020). Animal studies have shown that IUGR-born 

offspring have deficits in skeletal muscle insulin responsiveness, growth, and oxidative 

metabolism following intrauterine stress (reviewed in detail by Yates et al. (2018)). 

Several techniques for inducing maternal stress have been utilized to create animal-based 

IUGR models (Beede et al., 2019). Maternal heat stress in pregnant ewes is perhaps the 

most popular and best characterized large-animal IUGR model, as it effectively and 

naturally induces predictable degrees of placental stunting and fetal IUGR (Yates et al., 

2018). However, our lab has recently shown that maternofetal inflammation in pregnant 
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ewes reliably produces a comparable IUGR phenotype (Cadaret et al., 2019; Posont et al., 

2021). Although the phenotypic outcomes of IUGR have been well documented, the 

mechanisms by which these deficits occur are still largely unknown. Transcriptomic 

studies allow the identification of shifts in gene expression that can help elucidate the 

specific biological mechanisms impacted by IUGR. Therefore, the objective of this study 

was to investigate the skeletal muscle transcriptome of IUGR-born neonatal sheep that 

were produced by experimental maternofetal inflammation during late gestation or 

hyperthermia-induced placental insufficiency and to identify the specific pathways and 

genes affected. 
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Materials and Methods 

Animals and Experimental Design 

All animal studies were approved by the Institutional Animal Care and Use 

Committee at the University of Nebraska-Lincoln, which is accredited by AAALAC 

International. Portions of the semitendinosus muscle were collected from a total of 20 

lambs necropsied at 30 ± 1 d of age. Lambs were produced from two previous IUGR 

studies that resulted in 4 experimental groups: controls (n = 10; Posont et al., 2021; 

Cadaret et al., 2022), maternofetal inflammation-induced IUGR (MI-IUGR; n = 5; 

Posont et al., 2021), and placental insufficiency-induced IUGR (PI-IUGR; n = 6; Cadaret 

et al., 2022; Table 1). Semitendinosus portions were collected, flash frozen in liquid 

nitrogen, and stored at -80°C. 

 

RNA Extraction 

RNA extraction was completed as previously described (Beer, 2022). Briefly, 

total RNA was extracted using TRIzol reagent (Sigma-Aldrich, St. Louis, MO) following 

the protocol from a RNeasy Plus Mini Kit. Per manufacturer’s instructions, RNA was 

washed and eluted on columns with DNase I treatment (Direct-zol RNA MiniPrep Plus, 

Zymo, Irvine, CA). RNA integrity and concentrations were determined via Agilent 

Bioanalyzer (Agilent, Santa Clara, CA). Illumina TruSeq stranded, Poly-A selected 

libraries were prepared and 100 bp paired-end sequencing was performed to a targeted 

depth of 20 million reads/sample at the Oklahoma Medical Research Foundation Clinical 

Genomics Center (Oklahoma City, OK). Raw reads for all samples were trimmed using 

TrimGalore (Barbraham Bioinformatics – Trim Galore!) and counts were estimated as 
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transcripts per million with STAR (Dobin et al., 2013) based on the following 

parameters: minimum 20 read quality and 35 bp minimum output read. 

 

Data Processing and Analysis 

Transcript counts were statistically analyzed with DESeq2 (Love et al., 2014). 

Samples that had counts of 50 or above were analyzed. In addition to the assessment of 

gene expression of pairwise combinations via heatmap, where the cutoff of an average 

correlation of 0.75 or lower was utilized, a variance-stabilizing transformation was 

applied to the normalized count matrix to aid in identifying outliers. The matrix was then 

rlog transformed and inserted into the rrcov R package PcaGrid, thereby detecting 

outliers via robust principal component analysis (Todorov and Filzmoser, 2009). Outliers 

or any sample with an orthogonal distance or score distance outside of default parameter 

cutoff values were removed. Differentially expressed genes were defined as those genes 

with an adjusted-P-value (Padj) ≤ 0.1. Differentially expressed loci with a raw P-value ≤ 

0.01 and were used to elucidate molecular pathway changes via the database for 

annotation, visualization, and integrated discover (DAVID) Knowledgebase version 

v2023q1 (Huang et al., 2009a; Huang et al., 2009b). 
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Results 

For these analyses, the average read depth across all experimental groups was 

14,298,220.5 reads per sample, with 86.6% uniquely mapped reads included in analyses. 

The semitendinosus of MI-IUGR neonates had a mean RNA integrity number (RIN) of 

9.46. There were no outliers removed from the MI-IUGR group. PI-IUGR neonates had a 

mean RIN of 9.32. There were 2 outliers removed from the PI-IUGR group as they were 

highly correlated with each other (R2 ≥ 0.9) but lowly correlated with the rest of the 

samples (R2 ≤ 0.75).  Control neonates had a mean RIN of 9.5. There was 1 outlier 

removed from the control group as it was lowly correlated with the rest of the samples 

(R2 ≤ 0.75).  

 A total of 40 molecular pathways within the semitendinosus were predicted to be 

altered (P < 0.1) among the three experimental groups: 37 pathways differed (P < 0.1) 

between MI-IUGR and controls and 3 pathways differed (P < 0.1) between PI-IUGR and 

controls (Table 2). A total of 6 loci were differentially expressed (Padj < 0.05) (Table 3). 

These included 4 genes that differed (Padj < 0.05) between MI-IUGR and controls and 2 

genes that differed (Padj < 0.05) between PI-IUGR and controls. An additional 9 loci 

tended to be differentially expressed (Padj < 0.1), which included 8 genes that differed 

between MI-IUGR and controls and 1 gene that differed between PI-IUGR and controls 

(Table 3). All 4 differentially-expressed genes in MI-IUGR muscle (Beta 2 

microglobulin, 60S ribosomal L37a, S100A2, and LOC114109685) were downregulated 

(Padj < 0.05) compared to controls. Seven of the genes that tended to be differentially 

expressed in MI-IUGR muscle (IFI6, ENO3, ISG15, LOC101120797, LOC105607887, 

RAMP1, and GCNT1) were downregulated (Padj < 0.1) and 1 gene (CSTL1) was 
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upregulated (Padj < 0.1). For PI-IUGR neonates, both genes that were differentially 

expressed (NADH-ubiquinone oxidoreductase chain 5-like and PGAM1) were 

upregulated (Padj < 0.05) compared to controls, and the gene that tended be differentially 

expressed (S100A2) was downregulated (Padj < 0.1). 
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Discussion 

In this study, we found gene expression patterns by IUGR neonatal skeletal 

muscle that help to explain the growth and metabolic deficits that follow prenatal stress. 

The specific genes and biological pathways affected were not identical between IUGR 

lambs produced by maternal hyperthermia and those produced by maternal inflammation. 

For both models, however, the greatest number of changes occurred for genes and 

pathways associated with inflammatory responses and metabolism. Interestingly, lambs 

made IUGR by maternofetal inflammation in utero exhibited notably more differentially-

expressed genes than did those made IUGR by maternal hyperthermia, despite the latter 

having the more severe growth-restricted phenotype (Posont et al., 2021; Cadaret et al., 

2022). Nevertheless, pathway analyses indicated extensive modification of inflammation-

oriented pathways in both models of IUGR. Indeed, 67.5% of the pathways impacted in 

MI-IUGR and nearly 67% of pathways impacted in PI-IUGR lambs were relating to 

inflammation, such as the HIF-1 signaling pathway, antigen processing and presentation, 

and a host of autoimmune and infectious disease pathways. Of the remaining pathways 

impacted, the majority (20% of MI-IUGR pathways and 33% of PI-IUGR pathways) 

were related to metabolism or metabolic dysfunction. This helps to confirm the 

underlying role of muscle-centric inflammatory programming in the hallmark growth and 

metabolic deficits of IUGR-born offspring. 

 The semitendinosus transcriptome of MI-IUGR neonatal lambs revealed that little 

upregulation of genes occurred as part of the programming response to maternofetal 

inflammation in late gestation. Indeed, the only gene found to be upregulated was CSTL1, 

which codes for cystatin-like 1, a member of the superfamily of cysteine protease 
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inhibitors (RefSeq - CSTL1, 2023). Some CSTL are nonfunctional pseudogenes and is 

important to note that the functionality of cystatin-like 1 has not yet been established, but 

other members of the superfamily have been linked to cellular apoptosis and 

inflammation (Magister and Kos, 2013). Thus, the upregulation of CSTL1 in MI-IUGR 

neonates could reflect the known heightened inflammatory state of these animals (Posont 

et al., 2018).  

 Several of the genes that were downregulated in MI-IUGR skeletal muscle were 

associated with immune function and inflammatory responses, presumably as 

compensatory responses to heightened prenatal inflammation and enhanced cytokine 

signaling pathways (Cadaret et al., 2019; Hicks and Yates, 2021; Posont et al., 2021). 

LOC114108604 is predicted to code for β2-microglobulin (RefSeq - LOC114108604, 

2022), which is a ubiquitously-expressed component of the major histocompatibility 

complex (MHC) class I molecule (Tarrant, 2017). Presence of the MHC Class I molecule 

on the surface of the animal’s own cells allows immune cells to distinguish them from 

foreign cells (Becar and Kasi, 2023). However, MHC-I expression can be disrupted by 

the canonical inflammatory cytokine signaling hub, NF-κB, which binds to the MHC-I 

gene promoter region (Cadaret et al., 2018; Taylor and Balko, 2022). Another 

downregulated gene, LOC114109685, codes for the protein proteasome maturation 

protein-like, as it is 97.7% analogous with the proteasome maturation protein (POMP; 

RefSeq - LOC114109685). Little has been documented about the function of proteasome 

maturation protein-like and whether it differs from POMP. However, POMP functions as 

a chaperone for the assembly of proteasome 20S, the proteasome responsible for 
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degrading antigenic proteins into peptides that can be displayed on the MHC Class I 

molecule (Sijts and Kloetzel, 2011).  

IFI6, also downregulated in MI-IUGR muscle, is a well-studied gene of interest in 

many different cancers, autoimmune diseases such as lupus, and microbial infections, 

with 272 papers since 1992 that investigate the loci or protein cross-referenced in 

PubMed. IFI6 codes for interferon alpha-inducible protein 6 (RefSeq - IFI6, 2023), which 

is an interferon-stimulated gene (ISG) that regulates cellular apoptosis by preventing the 

release of mitochondrial cytochrome c (Cheriyath et al., 2007; Villamayor et al., 2023). 

More recent studies have shown that IFI6 negatively regulates retinoic acid-inducible 

gene-1 (RIG-1) activation, which would limit the activation of inflammatory pathways 

including IFN regulatory factors 3 and 7 (IRF-3 and IRF-7) and NF-κB (Villamayor et 

al., 2023). Likewise, the ubiquitin-like modifier interferon-stimulated gene 15, coded by 

the downregulated ISG15 gene (RefSeq - ISG15, 2023), is another ISG that plays a role 

in stabilizing proteins, intracellular trafficking, cell cycle control, and immune 

modulation (Perng and Lenschow, 2018). It also promotes cell signaling (Zhang et al., 

2015) and neutrophil chemotaxis (Owhashi et al., 2003; Perng and Lenschow, 2018). The 

function of ISG15 has been robustly explored, with 2,425 publications listed in PubMed 

on this gene/protein since 1982. ISG15 is among the earliest and most abundant genes 

upregulated in response to infections (Munnur et al., 2022), lipopolysaccharides (LPS), 

and other pathogenic stimuli (Perng and Lenschow, 2018). Extracellular ISG15 also acts 

as a cytokine by inducing natural killer cell production and dendritic cell maturation and 

by stimulating the production of IFN-γ (D’Cunha et al., 1996; Padovan et al., 2002; 

Owhashi et al., 2003; Perng and Lenschow, 2018). Similar to IFI6, ISG15 typically 
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inhibits the production of inflammatory cytokines, particularly during viral infections 

(Perng and Lenschow, 2018).  

The downregulated gene LOC101120797,  which codes for the protein caspase-14 

(RefSeq - LOC101120797, 2021) has been identified in inflammatory dysfunction 

(Markiewicz et al., 2021). Although the caspase protein family is mostly comprised of 

proteins that promote cellular apoptosis, caspase-14 is involved in preventing cellular 

apoptosis (Markiewicz et al., 2021). Because caspase-14 was originally identified in 

mammalian skin, many studies have examined its role in skin-related disorders 

(Mikolajczyk et al., 2004; Nenci et al., 2006; Jung et al., 2014; Markiewicz et al., 2021). 

For many of these, decreased caspse-14 expression was associated with unhealthy lesions 

or tissues (Mikolajczyk et al., 2004; Nicotera and Melino, 2007; Jung et al., 2014; 

Markiewicz et al., 2021). The down regulated RAMP1 codes for receptor activity 

modifying protein-1 (RefSeq - RAMP1, 2023), which has been shown in multiple tissues 

to prohibit the release of inflammatory cytokines such as TNFα, particularly in response 

to LPS (Tsujikawa et al., 2007; Inoue et al., 2018; Tsuru et al., 2020). Interestingly, both 

mRNA and protein expression of RAMP1 was downregulated in omental arteries of fetal 

rats when pregnancies were complicated by IUGR (Chauhan et al., 2016). 

 Together, the downregulated genes in MI-IUGR neonates further shows 

dysregulated immune function in general and inflammation in particular that is exhibited 

in IUGR animals (Cadaret et al., 2018; Hicks and Yates, 2021; Posont et al., 2021). 

Indeed, Posont et al. (2018) demonstrated that primary myoblast cells from MI-IUGR 

fetal lambs had heightened sensitivity to cytokines, as they were stimulated by much 

lower cytokine concentrations in culture. Moreover, the downregulation of both 
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inflammatory and anti-inflammatory genes in the MI-IUGR neonate suggests a 

compensatory response to high inflammatory conditions during gestation.  

MI-IUGR neonatal lambs exhibited downregulation of genes related to skeletal 

muscle growth and metabolic pathways. For example, LOC101121371 is predicted to 

code for the 60S ribosomal protein L37a (RefSeq - LOC101121371, 2021). Although 

LOC101121371 is underexplored in mammals, in yeasts this ribosomal protein is 

required for a recruitment step involved in forming the 60S subunit of ribosomes 

(Gamalinda et al., 2013). Another study that examined lower expression of 44 other 

ribosomal proteins in the 60S subunit have found that their absence in knockdown mice 

resulted in dysfunctional cell cycle regulation, cellular metabolism, cellular signal 

transduction, and ultimately cellular apoptosis or senescence (Luan et al., 2022). If L37a 

function is similar in mammals, its downregulation could contribute to the deficits in 

skeletal muscle growth exhibited in IUGR animals (Cadaret et al., 2019b; Posont et al., 

2021). The downregulated ENO3 condes for Enolase 3, an isoenzyme related to skeletal 

muscle development and regeneration (RefSeq - ENO3, 2022). Furthermore, mutations in 

this gene have been associated with glycogen storage disorders (Tarnopolsky, 2018), and 

it was downregulated in satellite cells derived from mice with metabolic myopathies 

(Ganassi and Zammit, 2022). This clear role in muscle growth means that downregulation 

of enolase 3 may contribute to skeletal muscle growth restriction and metabolic 

dysfunction present in IUGR animals (Yates et al., 2018). Little is known about the 

function of LOC105607887, the downregulated gene that codes for phytanoyl-CoA 

dioxygenase, peroxisomal-like (RefSeq - LOC105607887). However, the peroxisomal 

phytanoyl-CoA dioxygenase enzyme itself plays a role in the α-oxidative metabolism of 
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fatty acids (Gould, 2013). The downregulated GCNT1 gene codes for glucosaminyl (N-

acetyl) transferase 1, an enzyme responsible for post-translational modifications essential 

for the formation of Gal beta 1-3 (GlcNAc beta 1-6) structures and the core 2-O-glycan 

branch (RefSeq - GCNT1, 2023). The O-GlcNac glycosylation for nuclear proteins has 

been shown to substantially alter transcription of proteins linked with metabolic diseases 

such as type 2 diabetes (Cejas et al., 2019). Interestingly, a study in fast and slow-

growing poultry lines found that fast-growing chickens had lower expression of GCNT1 

in the pectoralis major muscle at hatching and that this correlated with greater 

intramuscular fat deposition in these birds (Liu et al., 2017). Thus, downregulation of the 

GCNT1 gene could be a potential therapeutic target, as IUGR-born animals develop 

increased fat deposition as they age (Posont et al., 2021; Gibbs, 2023). Collectively, the 

downregulated genes observed in skeletal muscle from MI-IUGR lambs help to explain 

how the phenotypic dysfunction in oxidative metabolism and increased fat deposition 

arise mechanistically in IUGR animals (Yates et al., 2018).  

Only a single gene, S100A2, was altered in IUGR lambs produced from maternal 

heat stress and those produced by maternofetal inflammation. This gene, which was 

downregulated in both groups of IUGR lambs, codes for S100 Calcium Binding Protein 

A2. This ubiquitously expressed protein plays a role in calcium sensing and modulation 

and thus influences diverse physiological processes including cell cycle progression and 

cellular differentiation (RefSeq - S100A2, 2023). Since 1996, almost 300 papers have 

been published on the functional significance of the S100A2 gene/protein, per PubMed. 

Many describe its involvement in inflammatory diseases such as psoriasis and cancers, 

and its degree of heightened expression appears to correlate with the degree of 
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inflammation present (Sugino and Sawada, 2022). The S100A2 protein has been shown 

to interact with S100A4, which in turn increases production of NF-κB, TNFα, and other 

inflammatory products (Sugino and Sawada, 2022). Another study found that S100A2 

overexpression increased anaerobic glycolysis (i.e., Warburg effect) and proliferation 

rates in colorectal cancer cells (Li et al., 2020). Interestingly, this gene was upregulated in 

fetal MI-IUGR adipose tissue (Beer, 2022), which could indicate how inflammatory 

pathways are impacted differently across tissues with different functionalities. 

 Two genes were found to be upregulated in skeletal muscle from PI-IUGR 

neonatal lambs. One of these, LOC121816987, is a pseudogene for NADH-ubiquinone 

oxidoreductase chain 5-like protein (RefSeq - LOC121816987, 2021). As a pseudogene, 

it does not code for a protein but could have a role in regulating the expression of other 

related proteins (Pink et al., 2011). Indeed, because LOC121816987 codes for a protein 

similar to NADH-ubiquinone oxidoreductase chain 5, a protein which is involved in the 

electron transport chain (RefSeq - MT-ND5, 2023), its ability to regulate such proteins 

could be linked to deficits in oxidative metabolism observed in skeletal muscle of IUGR-

born neonates (Cadaret et al., 2019b; Posont et al., 2021).  The other upregulated gene, 

PGAM1, codes for phosphoglycerate mutase 1 (RefSeq - PGAM1, 2023), which is an 

enzyme involved in the glycolytic metabolism pathway (Li and Liu, 2020). Studies in 

sheep Sertoli cells found that overexpression of PGAM1 increased cellular proliferation 

and expression of glycolytic genes in these cells but also increased expression of 

apoptotic genes (An et al., 2021). Furthermore, PGAM1 knockout mice exhibited less 

inflammatory response, apoptosis, and fibrosis in response to myocardial ischemia-

reperfusion procedures, further illustrating the role PGAM1 has in tissue inflammatory 
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responses (Wu et al., 2021). Based on this literature, we can presume that the greater 

expression of PGAM1 in PI-IUGR neonatal skeletal muscle is a factor in the previously-

observed deficits in myoblast proliferation (Yates et al., 2014b; Posont et al., 2022).  

 From our findings, we can conclude that skeletal muscle of IUGR-born neonatal 

lambs exhibited robust transcriptomic evidence of inflammatory programming, which 

helps to explain the mechanisms underlying poor growth and metabolism. These data 

show specific molecular mechanisms that represent biomarkers to improve our 

understanding of the programmed impacts of IUGR and may even help to identify 

biological targets for improving outcomes in IUGR-born humans and animals. Because 

IUGR pathologies progressively worsen as the afflicted individual ages, future studies 

exploring how transcriptomic changes may differ between fetal, neonatal, and adult 

stages appear to be warranted. In addition, examining other tissue types may help to 

better understand the nuances of IUGR pathologies on the more general outcomes of 

growth and metabolic health. 
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Tables and Figures 

Table 4.1 Number of animals in each experimental group collected and the number of 

samples analyzed after outliers were removed. 

Group Samples Collected Outliers Removed Samples 

Analyzed 

Control 10 1 9 

MI-IUGR 5 0 5 

PI-IUGR 6 2 4 
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Table 4.2 Predicted altered pathways in the semitendinosus muscle of MI-IUGR and PI-

IUGR neonatal lambs relative to uncompromised control lambs. 

Group KEGG Pathway Percentage of Loci P-value 

MI-IUGR Metabolic Pathways 14.3 0.000294 

 Chemical carcinogenesis – ROS 4 0.0018 

 Influenza A 3.3 0.0033 

 Epstein-Barr virus infection 3.7 0.004 

 Antigen processing and presentation 2.2 0.0063 

 Asthma 1.5 0.0075 

 Glycolysis/Gluconeogenesis 1.8 0.014 

 Biosynthesis of amino acids 4 0.017 

 Coronavirus disease – COVID-19 1.5 0.017 

 Folate biosynthesis 3.3 0.019 

 Thermogenesis 1.8 0.025 

 Leishmaniasis 2.6 0.025 

 Non-alcoholic fatty liver disease 3.7 0.026 

 Huntington disease 1.5 0.03 

 Intestinal immune network for IgA 

production 

1.8 0.031 

 Staphylococcus aureus infection 1.5 0.035 

 Allograft rejection 3.3 0.038 

 Parkinson disease 2.9 0.043 

 Human T-cell leukemia virus 1 infection 2.9 0.045 

 Ribosome 1.5 0.045 

 Type I diabetes mellitus 2.2 0.048 

 Systemic lupus erythematosus 2.2 0.046 

 Graft-versus-host disease 1.5 0.046 

 Oxidative phosphorylation 2.2 0.046 

 Ovarian steroidogenesis 1.5 0.046 

 Herpes simplex virus 1 infection 4 0.046 

 Inflammatory bowel disease 1.5 0.046 

 Autoimmune thyroid disease 1.5 0.046 

 Drug metabolism-cytochrome P450 1.5 0.046 

 HIF-1 signaling pathway 1.8 0.046 

 Pathways of neurodegeneration 4.4 0.046 

 Viral myocarditis 1.5 0.048 

 Diabetic cardiomyopathy 2.6 0.048 

 Amyotrophic lateral sclerosis 3.7 0.049 

 Carbon metabolism 1.8 0.052 

 Alzheimer disease 3.7 0.054 

 Drug metabolism – other enzymes 1.5 0.054 

PI-IUGR Viral carcinogenesis 3.5 0.093 

 Insulin resistance 2.7 0.098 

 Epstein-Barr virus infection 3.5 0.098 
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Table 4.3 Differentially expressed gene loci in the semitendinosus muscle of MI-IUGR and 

PI-IUGR neonatal lambs relative to uncompromised control lambs.  

Group Gene ID Log Fold 

Change 

Padj 

MI-IUGR β2-microglobulin -1.33 0.015 

 60S ribosomal protein L37a -2.31 0.015 

 S100A2 -1.38 0.021 

 Proteasome maturation protein-like -1.78 0.043 

 IFI6 -2.02 0.071 

 ENO3 -0.63 0.071 

 ISG15 -1.99 0.071 

 Caspase-14 -1.31 0.071 

 Phytanoyl-CoA dioxygenase, peroxisomal-like -4.28 0.073 

 RAMP1 -1.03 0.075 

 CSTL1 3.69 0.075 

 GCNT1 -1.14 0.098 

PI-IUGR NADH-ubiquinone oxidoreductase chain 5-like protein 3.40 0.003 

 PGAM1 0.80 0.030 

 S100A2 -1.42 0.081 
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CHAPTER 5 –  Hindlimb tissue composition shifts between the fetal and juvenile 

stages in the lamb 

 

This chapter was published in Translational Animal Science, which is a peer-reviewed 

publication as part of the Western Section Proceedings. 

 

Zena M Hicks and others, Hindlimb tissue composition shifts between the fetal and 

juvenile stages in the lamb, Translational Animal Science, Volume 5, Issue 

Supplement_S1, December 2021, Pages S38–S40, https://doi.org/10.1093/tas/txab164 

 

Abstract 

Knowing the composition of the hindlimb in lambs is important for understanding their 

growth progression and for studying hindlimb-specific metabolic rates, but there is 

currently no literature that reports the tissue composition of the hindlimb of the or 

juvenile lamb, which we postulate changes substantially between these stages.  Therefore, 

our objective was to determine the percentages of skin, bone, connective tissue, fat, and 

muscle in the hindlimb of fetal and juvenile lambs. To accomplish this, fetal (130 d of 

gestational age) and juvenile (60 d of age) lambs were necropsied, and hindlimbs were 

separated at the acetabulum joint and weighed. Hindlimbs were then dissected into skin, 

bone, connective tissue, fat, and muscle components. The mass of each component was 

measured, and its percentage of the hindlimb was calculated. Percentage of muscle was 

less (P < 0.05) for fetal hindlimbs (40.4% ± 0.7%) than for juvenile hindlimbs (63.9% ± 

1.0%). Likewise, percentage of fat was less (P < 0.05) for fetal hindlimbs (0.08% ± 

0.02%) than for juvenile hindlimbs (5.2% ± 0.7%). The percentage of connective tissue 

was greater (P < 0.05) for fetal hindlimbs (7.0% ± 0.7%) than for juvenile hindlimbs 

(4.8% ± 0.5%).  The percentages of skin and bone did not differ between fetal and 

juvenile hindlimbs. These findings demonstrate that the composition of the hindlimb is 

https://doi.org/10.1093/tas/txab164
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changes substantially as the animal grows and ages. Understanding these differences in 

composition help to explain differences in hindlimb metabolic rates in fetal and juvenile 

lambs, which is a major component of whole-body glucose and lipid homeostasis. 

 

Introduction 

The hindlimb plays an important role in glucose and lipid homeostasis and 

metabolic health of humans and animals (Bonen et al., 1994). Moreover, its advantageous 

location and structure make it useful for studying glucose metabolism under pathogenic 

conditions (Gardner et al., 2003; Rozance et al., 2018a; Caitlin N. Cadaret et al., 2019; 

Yates et al., 2019). Although an important driver of insulin sensitive metabolism due to 

its muscle mass, the hindlimb also contains substantial non-muscle tissues. However, 

exact composition of tissues in the hindlimb of lambs has not been studied at any stage of 

development despite the popularity of sheep as a biomedical model for growth and 

metabolism (Beede et al., 2019; Hamernik, 2019). In fact, only recently has the tissue 

composition of the beef hindlimb been reported (PAPER DR. YATES WAS TALKING 

ABOUT). Skeletal muscle is markedly more insulin-sensitive than most other tissues, and 

thus not knowing the tissue composition of the hindlimb is a barrier to understanding its 

role in metabolic homeostasis (Brown, 2014b; Deshmukh, 2016). 

When comparing fetal and juvenile animals, there are clear differences in both 

size and body composition. Fetal lambs have limited nutrient uptake that is reliant on 

maternal nutrient availability and placental functionality (Brett et al., 2014). 

Comparatively, juvenile lambs typically have ad libitum nutrient-dense diets, whether 

from milk while nursing or from calorie-dense grain diets. Adequate or even excess 
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calories from these diets can cause accumulation of triacylglycerides in the adipocyte 

(Dashty, 2013), and thus increased fat deposition. Additionally, hindlimb muscle is 

minimally utilized in utero, whereas juvenile lambs persistently utilize hindlimbs for 

locomotion causing the muscle to undergo hypertrophic growth (McGlory and Phillips, 

2015). Therefore, the objective of this project was to determine the tissue composition of 

the hindlimb from fetal and juvenile lambs and to compare their differences. Our 

hypothesis was that the composition of tissues in the hindlimbs will reflect greater muscle 

hypertrophy and fat deposition in the juvenile stage due to the different environment and 

nutritional opportunities.  

 

Materials and Methods 

These studies were approved by the Institutional Animal Care and Use Committee 

at the University of Nebraska-Lincoln, which is accredited by AAALAC International.  

Fetal (n = 10) and juvenile (n = 10) hindlimbs were collected at necropsy, exsanguinated, 

and dissected into skin, bone, connective tissue, fat, and muscle components. Briefly, 

whole-body weights were recorded for the fetuses at 130 days of gestational age and 

lambs at 60 days of age, and the hindlimb was then removed at the acetabulum joint. 

Hindlimbs were then hung to remove the remaining blood. Each hindlimb was then 

dissected by hand into its component parts, which were then weighed. The percentage of 

each component was calculated by dividing its weight by the weight of the hindlimb. 

Data were analyzed as an ANOVA using the PROC MIXED function of SAS version 9.4 

(SAS Institute, Inc., Cary, NC) to identify the effects of age. Lamb was the experimental 
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unit, and all data are presented as mean ± standard error. Differences between means 

were identified by P-values ≤ 0.05. 

 

Results 

Hindlimb mass was greater (P < 0.05) for juvenile lambs than for fetuses (Table 

5.1). Hindlimb mass/body mass was less (P < 0.05) for juvenile lambs than for fetuses. 

Hindlimb skin mass was greater (P < 0.05) for juvenile lambs than for fetuses, but skin 

mass/hindlimb mass did not differ between juvenile lambs and fetuses. The percentage of 

skin in the hindlimb did not differ between juvenile lambs and fetuses. Bone mass was 

greater (P < 0.05) for juvenile lambs than for fetuses, but bone mass/hindlimb mass did 

not differ between juvenile lambs and fetuses. Connective tissue mass was greater (P < 

0.01) for juvenile lambs than for fetuses, however, connective tissue mass/hindlimb mass 

was less (P < 0.05) for juvenile lambs than for fetuses. Fat mass was greater (P < 0.05) 

for juvenile lambs than for fetuses, and the fat mass/hindlimb mass was also greater (P < 

0.05) for juvenile lambs than for fetuses. Muscle mass was greater (P < 0.05) for juvenile 

lambs than for fetuses, and muscle mass/hindlimb mass was also greater (P < 0.05) for 

juvenile lambs than for fetuses. 

 

Discussion 

In this study, we show that hindlimbs from lambs contain a higher percentage of 

muscle and fat at the juvenile stage compared to their fetal stage. Conversely, fetal 

hindlimbs contain a higher percentage of connective tissue than juvenile lambs. 

Moreover, the percentage of skin and bone in the hindlimbs did not change as the lambs 
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grew from fetuses to juveniles. Together these finding demonstrate that composition of 

the hindlimb changes substantially as the lamb ages.  

By the time the lambs reach the juvenile stage, their hindlimb has developed 

markedly more muscle than was present in utero. On average, juvenile hindlimbs 

contained well over 800 g more muscle, which was equivalent to an 8.6-fold increase. 

Because the hindlimb itself grew only 5.3-fold, this represents a nearly 60% increase in 

hindlimb muscle percentage between the fetal and juvenile stage. We speculate that this 

is due to the differences in locomotion and the associated structural development in 

juvenile lambs compared to fetuses. Indeed, fetal lambs contract their hindlimb muscles 

at only a fraction of rate of offspring and therefore do not require as much metabolically-

expensive skeletal muscle. However, juvenile lambs increasingly utilize their hindlimb 

muscles, which fosters muscle hypertrophy (Bamman et al., 2018).  

In addition to muscle, juvenile lambs had developed a substantially greater 

percentage of hindlimb fat compared to fetal lambs. The additional 80 g of fat contained 

in the juvenile hindlimb equates to a 6,400% increase in fat percentage compared to 

fetuses, which were largely devoid of fat. We postulate that this is likely the result of 

increased nutrient availability for the juvenile lamb compared to the fetus. Fetal lambs 

typically only receive a certain level of nutrients from maternal circulation via that 

placenta and thus have a finite supply of energy. Juvenile lambs, however are often privy 

to a calorie-dense diet that may exceed their requirements for growth. Excess postnatal 

nutrient consumption presumably leads to greater fat deposition. 

As hindlimb proportions of muscle and fat increased with age, the proportion of 

connective tissue fell. Indeed, the 3.3-fold increase in hindlimb connective tissue mass 



173 

 

 

between the fetal and juvenile stage compared to the 5.3-fold increase in hindlimb mass 

equates to a 45% reduction in connective tissue proportion of the hindlimb. This rather 

striking reduction is likely due more to faster relative expansion of muscle and fat rather 

than slower connective tissue expansion.  

As expected, the hindlimbs of juvenile lambs contained more skin and bone mass 

than fetuses, but the percentage of bone and skin that composed the hindlimb did not 

change between the fetal to juvenile stages. This shows that hindlimb bone and skin 

continue to grow proportionally to the growth of the hindlimb itself, and thus; increased 

movement and nutrient intake do not necessarily affect how these nutrients are 

partitioned to skin and bone growth.  

 

Implications 

Numerous studies have focused on insulin-sensitive glucose metabolism in the hindlimb 

of lambs at several different stages of life without understanding the hindlimb tissue 

composition and how it changes with age. Thus, the present study is the first to 

demonstrate the changing composition of the hindlimb as lambs progress from the fetal 

stage to the juvenile stage. Identifying hindlimb composition will increase the accuracy 

of interpreting results when studying hindlimb-specific or even whole-body glucose 

metabolism. Moreover, documenting the changes in composition increases our 

understanding of the changes in metabolism between fetuses and offspring. Specifically, 

knowing the composition of skeletal muscle and fat, which are both insulin-sensitive 

tissues involved in glucose uptake, and how they vary between the fetal and juvenile 

hindlimb help explain previously observed differences in glucose metabolism.    
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Tables and Figures 

Table 5.1 Composition of hindlimb tissues in fetal and juvenile lambs. 

 Fetal Juvenile P-value1 

Mass (g)    

Hindlimb 281 ± 27 1512 ± 57 <0.01 

Skin 64.9 ± 3.5 383.6 ± 40.1 <0.01 

Bone 68.4 ± 11.6 336.3 ± 14.5 <0.01 

Connective Tissue 21.8 ± 3.4 73.0 ± 7.9 <0.01 

Fat 0.3 ± 0.2 80.5 ± 10.8 <0.01 

Muscle 110 ± 12.0 951 ± 45 <0.01 

Percentage (%)    

Hindlimb/BW 9.2 ± 0.2 7.1 ± 0.2 <0.01 

Skin/HL 23.4 ± 1.1 25.5 ± 1.7 NS 

Bone/HL 23.7 ± 2.2 22.3 ± 0.8 NS 

Connective Tissue/HL 7.0 ± 0.7 4.8 ± 0.5 0.02 

Fat/HL 0.1 ± 0.02 5.2 ± 0.70 <0.01 

Muscle/HL 40.4 ± 0.7 63.9 ± 1.0 <0.01 
1NS = not significant (P > 0.05) 
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CHAPTER 6 – Future Implications 

From these studies, we were able to further elucidate the role of maternofetal 

inflammation in the origin of growth and metabolic deficits experienced in the IUGR 

fetus. This underlying inflammation creates deficits in placental oxygen transfer, which 

creates a hypoxic environment for the growing fetus. This study helped solidify the role 

of hypoxemia in the developmental programming in the IUGR fetus. Thus, future 

research could look to mitigate the effects of maternofetal inflammation by 

supplementing pregnant ewes before, during, or after stress with a nutraceutical anti-

inflammatory compound to reduce the deleterious effects of inflammation. Potential 

compounds of interest could include ω-3 polyunsaturated fatty acids, niacin, zinc, 

Vitamin D, which could target the NF-κB pathway and mitigate inflammation.  

 Another potential pathway to target in this model could be a nutraceutical 

compounds that could help increase blood flow. Although this may not mitigate the 

impact of lesser vasculature developed in the IUGR placenta, supplementing ewes with a 

supplement like beet juice that is high in nitric oxide could work as a vasodilator and 

potentially increase the blood flow to the placenta. If this is given earlier in gestation 

either during or shortly after LPS exposure, the increased blood flow to the uterus and 

placenta could improve vasculature during critical placenta development. If it is 

supplemented in late gestation after the stress has occurred, increasing the blood flow 

could help reduce the oxygen gradient to the stressed fetus, potentially lessening the 

effects of hypoxemia. Other potential compounds of interest include anthocyanin, 

curcumin, or capsaicin.  
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 Additional research into the transcriptomic changes across different tissues for 

this study is also warranted. This data set would allow a greater number of samples and 

allow us to look at the molecular changes that could be occurring with exposure to 

maternofetal inflammation earlier in gestation. Looking into more tissues including the 

skeletal muscle, liver, and pancreatic tissues could help provide a better understanding 

into both growth and metabolic changes that could be occurring and elucidate a clearer 

pathway to target to help mitigate the effects of mid-gestation maternofetal inflammation.  

 Finally, completing further analyses into the placenta and cotyledons collected 

from this study including analyses focusing on the vasculature development, structural 

changes, metabolic parameters, cytokine and cytokine receptor content, and transporter 

expression in the placenta and/or cotyledons could help bolster our understanding of how 

the placenta itself is impacted by mid-gestation maternofetal inflammation. 

Transcriptomic data from the placenta may also highlight pathways by which the placenta 

in impacted to provide a target for therapeutic compounds to try to prevent IUGR from 

occurring.  
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