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Abstract 

 

 Placental insufficiency (PI) induced intrauterine growth restriction (IUGR) 

increases the risk of mortality and morbidity in both newborns and adults. PI causes a 

progressive, chronic, and severe decline in the maternal-fetal nutrient transport starting in 

mid-gestation, which results in fetal hypoxemia and hypoglycemia. Unfortunately, the 

decline in nutrient availability occurs concurrently with critical myogenic windows in 

fetal development establishing the proper complement of skeletal muscle mass in utero. 

Thus, IUGR fetuses are also afflicted with sarcopenia that persists into adulthood and 

predisposes offspring to metabolic diseases. Recent evidence indicates that the metabolic 

capacity of the skeletal muscle of IUGR fetuses is lowered in response to low nutrient 

availability. IUGR skeletal muscle adaptations to low nutrient availability includes lower 

protein synthesis rates as well as lower fractional glucose oxidation and amino acid 

oxidation rates.  

 In the current studies, we test the hypothesis that mitochondria isolated from 

IUGR fetal sheep skeletal muscle have defects in both nutrient oxidation and energy 

production. Previous findings have linked hypoglycemia and hypoxemia to lower glucose 

oxidation rates in the IUGR fetus. It was postulated that pyruvate oxidation was hindered 

in IUGR skeletal muscle mitochondria due to the inhibition pyruvate dehydrogenase 

(PDH), the first step in pyruvate metabolism. However, we show PDH activity is 67% 

higher in IUGR skeletal muscle. Moreover, the abundance of Mitochondrial Pyruvate 

Carrier 2 (MPC2), the primary mitochondrial pyruvate transporter, as well as the 

abundances of rate-limiting Tricarboxylic Acid Cycle (TCA) enzymes, isocitrate 

dehydrogenase and oxoglutarate dehydrogenase, are lower in IUGR mitochondria 
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compared to controls (P<0.05). The lower abundances of enzymes involved in substrate 

oxidation in IUGR fetuses are accompanied by a 47% lower complex-I mediated oxygen 

consumption rate (OCR) and 18% lower Complex I activity, both of which indicate 

impaired electron transport chain (ETC) function. Reduced pyruvate oxidation in IUGR 

fetal skeletal muscle is the result of concomitant decreases in pyruvate transport, TCA 

cycle function, and ETC function.  

 Fetal adaptations to nutrient restriction program metabolic dysfunction in 

postnatal skeletal muscle in IUGR individuals. We hypothesized that mitochondria 

isolated from myotubes which are differentiated from 30-day old IUGR lamb satellite 

cells have a 44% lower complex-I mediated OCR compared to controls. The lower OCR 

in IUGR myotube mitochondria is associated with lower abundances of ETC Complex III 

and IV subunit abundances. Although the mitochondrial metabolic changes observed in 

IUGR myotubes differ from the metabolic changes observed in IUGR fetal skeletal 

muscle mitochondria, these results show the persistence of skeletal muscle mitochondrial 

dysfunction in IUGR individuals from birth into postnatal life.  
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1.1 Intrauterine Growth Restriction in Humans  

 

 Birthweight is an indicator of long-term future health (1,2). Epidemiological 

studies have demonstrated that perturbations to the in-utero environment, leading to 

lower birth weight, increases an individual’s risk of developing metabolic diseases later 

in life such as type 2 diabetes, cardiovascular disease, obesity, and glucose intolerance 

(3–6). In humans, small for gestation age (SGA) is defined as a birth weight of less than 2 

standard deviations of the mean (1). A more refined approach to fetal growth restriction 

has identified intrauterine growth restriction (IUGR) as a contributor to SGA (7).  

However, in contrast to SGA, IUGR specifically a reduces growth trajectory, and the 

fetus fails to reach their genetic size potential (8).  

 IUGR is a continual public health issue, especially in developing countries. 

World-wide estimates of IUGR prevalence in 1998 estimated ~24% newborns born in 

developing countries are born IUGR (9). Additionally, this study showed Africa and Asia 

bear the highest burden of IUGR, accounting for ~75% of all IUGR pregnancies which 

occurred worldwide (9). Within the realm of IUGR, there are two classifications of fetal 

growth restriction: symmetrical and asymmetrical. Symmetrical IUGR comprises ~25% 

of all occurrences of IUGR, and it is characterized by growth restriction occurring early 

in gestation leading to proportionately reduced organ size in relation to body size. 

Alternatively, asymmetric IUGR, encompassing ~75% of all IUGR pregnancies, is 

characterized by growth restriction later in gestation resulting in thin fetuses with greater 

head circumference to abdominal circumference ratio (10,11).  The latter, and more 

prevalent form, demonstrates fetal adaptation during IUGR to spare the brain at the 

expense of other organs. 
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A multitude of factors can attribute to the development of IUGR including 

medical complications (e.g. maternal hypertension or infection), environmental factors 

(e.g. smoking or alcohol), or other conditions such as genetics(7). Commonly, many 

cases of asymmetric IUGR are caused by placental insufficiency (PI), and it is 

distinguished as a smaller than normal placenta which limits blood flow and the 

maternal-fetal transfer of oxygen and nutrients (12,13). For the IUGR fetus, PI is 

postulated to cause preferential redistribution of nutrients/oxygen from peripheral tissues 

to metabolically inflexible organs, such as the brain (10). As a result, skeletal muscle 

growth in these fetuses is preferentially restricted through metabolic adaptations (14,15).  

   

1.2 Skeletal Muscle: A Primary Metabolic Organ 

 

 

 The metabolic rate in organs such as the kidney or brain experience little 

fluctuation. Alternatively, adult skeletal muscle metabolism can drastically vary from 20-

30% of whole-body oxygen consumption during rest, to ~90% of whole-body oxygen 

consumption during exercise (16). Skeletal muscle comprises ~40% of body mass (in 

non-obese adults) and has a major impact on whole-body energy homeostasis (17). 

 Skeletal muscle is responsible for a majority of an adult’s energy expenditure 

through thermogenesis, nutrient uptake, muscle contraction, and protein synthesis. Adult 

skeletal muscle also regulates nutrient concentrations in the blood (18–20). Studies in 

healthy adults demonstrate that skeletal muscle is responsible for ~80% of post-prandial 

glucose uptake, ~20% of post-prandial amino acid uptake, and ~4% of triacylglyceride 

uptake (21–24). However, during the fasting state, plasma glucose concentrations are 

lower, and free fatty acid concentrations are elevated. As a result, skeletal muscle 
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primarily uses lipids in the fasting state, deriving ~85% of its energy needs from lipid 

oxidation (25). The metabolic flexibility of skeletal muscle between feeding  periods 

allows substrate inflexible tissues, like the brain, to utilize glucose.  

Numerous studies have shown resting energy expenditure is highly correlated 

with the lean mass percentage of the individual (26). Moreover, because protein turnover 

is a major contributor to resting energy expenditure in adults, increased lean mass to fat 

mass ratio may prevent the development of metabolic disorders such as obesity and type 

2 diabetes (27,28). Finally, substantial cross-talk occurs between the skeletal muscle, 

brain, and other organs, including adipose tissue. Myokines and metabolites released 

from the skeletal muscle have been shown to modulate a variety of non-muscle events 

including increasing hippocampal neurogenesis, positively regulating sleep and sleep 

recovery, modulating hepatic gluconeogenesis, and increasing adipose energy 

consumption (29). Thus, an inadequate amount of lean mass in adults has important 

implications for adverse health outcomes including metabolic dysfunction seen in 

obesity, dyslipidemia, and type 2 diabetes.  

 

1.3 Skeletal Muscle Development in Humans 

 

 

1.3.1 Normal Development.  Skeletal myofiber number is set by birth, making the 

in-utero generation of myofibers critical to long-term health outcomes (30,31). The 

generation of skeletal muscle during fetal development occurs in two myogenic phases. 

Multipotent skeletal muscle progenitors, satellite cells, are first derived from mesodermal 

precursor cells originating from the somite-derived myotome during embryogenesis (32). 

As development progresses, the self-renewing proliferation of satellite cells gives rise to 
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a unipotent population of myoblasts as well as maintains a stable population of satellite 

cells. At ~0.2 of gestation in humans, temporal and spatial signaling gives rise to primary 

myogenesis: the first wave of myoblast differentiation and fusion into multinucleated 

myofibers (33). This population of myofibers subsequently forms the basic scaffold on 

which succeeding generations of myoblasts—still derived from satellite cells—

proliferate, differentiate, and fuse to form secondary myotubes (secondary myogenesis) at 

~0.35 of gestation (33,34). At the end of secondary myogenesis, nearly all of the 

postnatal skeletal myofiber number is established along with a compliment of quiescent 

satellite cells (30,31,35). Thus, primary myogenesis early in gestation establishes the 

basic muscle pattern, secondary myogenesis later in gestation is critical for the growth, 

development, and maturation of skeletal muscle (36,37). Postnatal muscle growth is 

defined by myofiber hypertrophy from the fusion of active satellite cells (30,31,35).  

1.3.2 The Potential Impact of PI-IUGR on Muscle Development. Lower skeletal 

muscle mass to bodyweight ratio is a defining characteristic of human PI-IUGR, putting 

these individuals at greater risk of developing insulin resistance, type 2 diabetes, and 

cardiovascular disease later in life (14,15,38–41). Myofiber number is established in-

utero, and perturbations to fetal myogenesis may have lasting results as this loss of lean 

mass is not postnatally recovered (42–44). If nutrient/oxygen restriction occurs in early 

pregnancy, both primary and secondary myogenesis are at risk of disruption. 

Alternatively, asymmetric IUGR results from PI that begins in early pregnancy but 

results in progressive, chronic, and severe reductions in maternal-fetal nutrient flux with 

late-gestation fetal nutrient restriction resulting in skeletal muscle growth restriction 

(Figure 1). Therefore, PI disproportionately impacts secondary myogenesis, growth 
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potential of fetal skeletal muscle, and the potential metabolic homeostasis of fetal skeletal 

muscle (45–51).  

 

1.4 Skeletal Muscle Metabolism 

 

1.4.1 Overview. Skeletal muscle produces energy from nutritive sources in the 

form of adenosine triphosphate (ATP). Sustained metabolism of any tissue, including 

skeletal muscle, is dependent on its ability to balance ATP demand with ATP supply. 

ATP demand in the skeletal muscle consists of the sum of energy consuming activities 

which are central to all cellular processes including ion transport, biochemical synthesis, 

cellular trafficking, and protein turnover. As ATP is used in the skeletal muscle for these 

processes, its stores must be replenished in parallel to its utilization in order to maintain 

homeostasis. ATP resynthesis from ADP can be accomplished through 3 main 

mechanisms: creatine phosphate (short-term supply), glycolysis (intermediate-term 

supply), and oxidative phosphorylation (long-term supply). During periods of immediate 

energy need, such as muscle contraction, creatine phosphate acts as a nearly 

instantaneous phosphate donor which can quickly regenerate ATP without consuming 

oxygen. However, the concentration of creatine phosphate in the skeletal muscle is 

limited. Moreover, cellular processes in the developing fetus, such as protein synthesis, 

require a constant, enduring supply of ATP which cannot be matched by creatine 

phosphate alone (52). Therefore, long-duration, but higher yield, metabolic systems, such 

oxidative phosphorylation, are needed for ATP synthesis.  

  Adult and fetal skeletal muscle utilize different fuel substrates and require 

different metabolic pathways. Adult skeletal muscle preferentially uses fatty acids as a 
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fuel source in the fasting state, and glucose in the post-prandial state, due to the natural 

changes in feeding behavior. Alternatively, the placental unit provides the fetus with an 

uninterrupted nutrient and oxygen supply. The developing fetus is colloquially referred to 

as a “glucose-dependent parasite”. As the name implies, carbohydrates are the primary 

fuel source for the fetus, with glucose and lactate accounting for ~80% of fetal energy 

consumption (53,54). Secondary to carbohydrate  metabolism, the remaining 20% of fetal 

energy consumption is provided by amino acids, ketones, some fatty acids, and others 

(55). Therefore, fetal metabolism relies heavily on glucose oxidation pathways, with 

some supplementation from amino acid oxidation, for growth and development. 

 1.4.2 Glucose. Glycolysis is the catabolic glucose pathway occurring in the 

cytoplasm (Figure 2). The rate and conversion of glucose into pyruvate (the end product 

of glycolysis) is determined by two main cellular needs: ATP demand and carbon 

substrates for synthetic reactions (such as glycogenesis or fatty acid synthesis). Although 

it is not strictly an oxygen-dependent process, cellular oxygen levels dictate the 

glycolytic end products  in the skeletal muscle. 

During glycolysis, each glucose results in a net production of 2 ATP molecules 

and 2 NADH, which can be transported into the mitochondrion via the malate-aspartate 

shuttle, as well as 2 pyruvate molecules. Under adequate oxygen tension, each pyruvate 

molecule is then transported into the mitochondrion and further catabolized into acetyl-

CoA and 1 NADH via pyruvate dehydrogenase (PDH)(56). Each NADH molecule is then 

oxidized in the mitochondrion, via oxidative phosphorylation, to produce additional 2.5 

ATP molecules per NADH. Thus, complete oxidation of glucose via glycolysis produces 
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~ 12 ATP molecules (4NADH + 2ATP molecules produced per pyruvate) along with 

carbon skeletons (acetyl-CoA) needed for oxidative phosphorylation.  

Glycolysis under anaerobic conditions results in the same production of 2 

pyruvate molecules per glucose, but pyruvate is converted to lactate, via lactate 

dehydrogenase (LDH). The conversion of pyruvate to lactate comes at the cost of 1 

NADH molecule per pyruvate. While the conversion of pyruvate to lactate is important as 

it replenishes NAD+ needed to sustain glycolysis, low-oxygen-glycolysis only nets 2 

ATP per glucose molecule. The primary benefit of using anaerobic glycolysis opposed to 

aerobic glycolysis is that it provides a convenient source of ATP production when 

oxygen availability is low  

1.4.3 Regulation of Pyruvate Conversion. Cellular energetics, along with substrate 

availability, dictate the metabolic endpoint of pyruvate and its conversion into either 

lactate, acetyl-CoA, or oxaloacetate (Figure 2). The conversion of pyruvate to acetyl-CoA 

leads to pyruvate (glucose) oxidation. PDH is a trimeric protein complex comprised of E1 

(pyruvate dehydrogenase), E2(dihydrolipoyl transacetylase), and E3 (dihydrolipoyl 

dehydrogenase) subunits that are dependent upon vitamin B1 as a cofactor. PDH 

decarboxylates pyruvate, using NAD+ and CoA as cofactors, thereby producing NADH, 

acetyl-CoA, and CO2. Because this step is central to the aerobic metabolism of glucose, 

its activity is tightly regulated by phosphorylation and dephosphorylation of the E1 

subunit in concert with energy demand. The phosphorylation sites that regulate PDH 

activity are Ser293 (site 1), Ser300 (site 2), or Ser232 (site3) of the E1α, and 

phosphorylation of any one of these sites by pyruvate dehydrogenase kinase (PDK) 1-4 

inactivates the PDH complex. Alternatively, PDH is active when all 3 sites are not 
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phosphorylated, and the dephosphorylation of PDH is controlled by pyruvate 

dehydrogenase phosphatase (PDP) 1 and 2.  

Products of the PDH reaction (acetyl-CoA and NADH), along with low oxygen 

tension, inhibit PDH because they activate PDKs (56). Alternatively, substrates (pyruvate 

and NAD+) inhibit PDKs (56). During starvation, tissues, such as the skeletal muscle, 

increase PDK transcription and decrease PDP transcription (57). This prevents the 

skeletal muscle from oxidizing glycolytic end products. Moreover, it promotes a shift to 

fatty acid and amino acid oxidation, thereby sparing glucose. In summary, PDH is 

regulated at multiple points, including expression and enzyme activity, to regulate 

pyruvate oxidation rate.  

Pyruvate can be converted into oxaloacetate, a necessary TCA cycle intermediate. 

The ATP and biotin-dependent carboxylation of pyruvate into oxaloacetate is performed 

by pyruvate carboxylase (PC), and the function of PC in non-gluconeogenic cells, such as 

skeletal muscle, is to promote pyruvate transfer into the TCA cycle intermediates for the 

maintenance of oxaloacetate-acetyl CoA condensation (58–60). PC is allosterically 

activated by high acetyl-CoA and ATP concentrations. Interestingly, high acetyl-CoA 

and ATP concentrations also act as indirect inhibitors of PDH. Thus, increased acetyl-

CoA and ATP concentrations act as a signal to the cell that energy needs are met, and 

pyruvate flux into the TCA cycle is adjusted accordingly. 

1.4.4 Regulation of Lactate Conversion. LDH is regulated by substrate 

equilibrium opposed to post-translational modification like PDH. Human LDH is a 

tetrameric enzyme complex formed by the combination of two subunits “M”, known as 

the muscle isoform, and “H”, known as the heart isoform. The M and H isoforms are 
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encoded by the LDHA and LDHB genes, respectively, and differ in their affinities to 

catalyze the pyruvate:lactate interconversion. LDHA has a higher affinity for converting 

pyruvate to lactate, while LDHB has a higher affinity for converting lactate to pyruvate. 

These two subunits can form five possible tetramers: 4H, 4M, 3H:1M, 2H:2M, and 

1H:3M. Each isomer has a different overall affinity for the direction of performing 

pyruvate:lactate interconversion based upon the ratio of M:H isoforms. In skeletal 

muscle, the 4M isozyme predominates, and it facilitates the conversion of pyruvate to 

lactate. Under times of PDH inactivation in the skeletal muscle, pyruvate is preferentially 

shuttled down its concentration gradient towards lactate, which can then be released into 

circulation. Accordingly, skeletal muscle shunts pyruvate towards lactate production to 

sustain glycolytic capacity. 

1.4.5 Amino Acids. The average 70kg adult man contains ~12kg of protein and 

~200g of free amino acids (61,62). Skeletal muscle comprises ~40% of total mass, 

comprises ~60% of protein stored in the body, and ~50% of free amino acids are found in 

the intracellular space of skeletal muscle (61). Although skeletal muscle sequesters a 

about half of all free amino acids in the body, the fractional protein synthesis rate of adult 

human and pig skeletal muscle is relatively low,  ~1% per day(63–65).  

Studies on diurnal cycling of protein turnover in adults shows overnight fasting 

produces a moderate net protein breakdown in muscle (synthesis < degradation) (65–67). 

In contrast to the liver, where most of the twenty amino acids that are present in human 

proteins are readily oxidizable, rat and human skeletal muscle can only oxidize six of the 

twenty: asparagine, aspartate and glutamate, and the branched-chain amino acids (BCAA: 

leucine, isoleucine, valine (68–72). Therefore, it can be assumed that amino acids that are 
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released from the fasting skeletal muscle are released in proportion to their occurrence in 

skeletal muscle protein. Human skeletal muscle does not exhibit a net release aspartate, 

asparagine, glutamate, or BCAAs (61). Instead, the skeletal muscle releases much more 

glutamine (48% of total release), alanine (32% of total release) than is expected from 

their occurrences in muscle alone (each comprise ~8% of skeletal muscle). This process 

is beneficial as these amino acids are gluconeogenic and can, therefore, supplement 

hepatic gluconeogenesis during fasting. Moreover, the preferential release of 

glutamine/alanine, compared to the normal composition of the skeletal muscle, implies 

amino acid interconversion exists within the muscle for the de novo synthesis of 

glutamine and alanine(73).  

Under protein-balance, hyperinsulinemic conditions, adult rat skeletal muscle 

perfused with [U-14C]valine produced no radiolabeled lactate, pyruvate, glutamine, or 

alanine (74). Because valine can only enter the TCA cycle as succinyl-CoA, this shows 

TCA cycle intermediates are not converted into pyruvate. More importantly, this also 

implies that the other oxidizable amino acids that do not enter the TCA cycle as acetyl-

CoA (e.g. asparagine, aspartate, glutamate, leucine, and isoleucine) cannot be used for 

complete oxidation, as complete oxidation can only occur if a substrate enters as acetyl-

CoA (73).   

 The fetal skeletal muscle primarily uses amino acids in the circulation for protein 

synthesis and accretion (75,76). Therefore, combined with negligible rate of hepatic 

glucose production in normal fetuses, it is not thought that fetal skeletal muscle produces 

substantial quantities of glutamine or alanine (77). It is also unknown at what capacity 

amino acids serve as TCA cycle intermediates in fetal skeletal muscle, although amino 
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acids may be used in fetal skeletal muscle as they serve as precursors for other 

biosynthetic reactions such as purine (α-ketoglutarate) or pyrimidine (oxaloacetate) 

production.  

1.4.6 Energy Needs in the Fetal Skeletal Muscle. Glycolysis is useful in anaerobic 

situations where aerobic oxidation may be unable to provide energy to the muscle due to 

limited oxygen availability. Pyruvate generated in aerobic glycolysis must be transported 

across the mitochondrial membrane and then subsequently oxidized. However, in most 

tissues, the energy produced from anaerobic glycolysis is too low to sustain resting 

metabolic homeostasis. Unsurprisingly, glycolytic flux in resting adult skeletal muscle is 

low, and studies performed in anoxic skeletal muscle shows glycolytic flux alone is 

insufficient to generate enough ATP to meet ATP demand (78,79). This rate has not been 

measured in fetal skeletal muscle; however,  it is assumed that glycolysis cannot sustain 

fetal skeletal muscle metabolism as it is an actively developing and growing tissue. 

Therefore, in the growing skeletal muscle of the fetus, ATP demand must be met through 

aerobic metabolism (oxidative phosphorylation).  

1.4.7 Oxygen, Oxidative Phosphorylation, and the Powerhouse of the Cell. 

Aerobic respiration in the mitochondrion (oxidative phosphorylation) is the principle 

method for ATP synthesis. Oxidative phosphorylation yields ~30 ATP molecules per 

glucose (80). As is implied by the name, aerobic metabolism relies on the presence of 

oxygen to function. However, unlike nutritive substrates (glucose, amino acids, lipids) 

which are transported in the blood plasma or bound to carrier proteins, oxygen is 

transported in mammalian circulation bound to hemoglobin found in erythrocytes. The 
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supply of oxygen must also be constant as there are minimal oxygen stores in the tissues 

of most mammalian species.  

 But, why is oxygen critical to oxidative phosphorylation? The answer to this 

question lies in the electron transport chain (ETC). Within the mitochondrion, on the 

inner mitochondrial membrane, sits the electron transport chain which is comprised of 

Complex I-IV and ATP synthase. As nutrients (e.g. glucose or amino acids) are oxidized 

in their respective pathways, reducing equivalents (NADH or FADH2) are produced. 

These reducing equivalents are oxidized at the electron transport chain at Complexes I 

and II, respectively. As the reducing equivalents are oxidized, two events occur: electrons 

are donated to the electron transport chain, and protons are released into the 

mitochondrial matrix. The electrons donated to Complex I/II, from the oxidation of 

NADH/FADH2, flow down the ETC according to increasing redox potential. First, they 

are transferred to Complex III, then Complex IV, then donated onto singular, relatively 

more electropositive, oxygen  (Complexes I/II → Complex III → Complex IV → O●). 

The protons released by NADH/FADH2 oxidation flow from the matrix into the 

intermembrane space, building a proton gradient (proton motive force) that ATP synthase 

uses to drive ATP production from ADP and Pi. Thus, the energy generated by the proton 

motive force is captured as a high energy phosphate bond in ATP. Importantly, because 

oxygen is the terminal electron donor in the ETC, this process can only occur in the 

presence of oxygen.  

 In cells with a normal partial pressure of oxygen (1-10mmHg at the mitochondrial 

surface), mitochondrial respiration rate is determined by ATP utilization (81,82). Thus, to 

maintain ATP homeostasis, the rate of ATP synthesis is synchronized with the rate of 
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ATP utilization. A majority of ATP consumption can be accounted for by 3 processes: 

Na+/K+ ATPases (up to 30% of O2 consumption), protein synthesis (up to 28% of O2 

consumption), and Ca2+ ATPases (~8% of O2 consumption) (83). ATP synthesis for these 

processes is primarily handled by oxidative phosphorylation, but, how are these processes 

regulated under times of energy stress caused by hypoxia or low nutrient conditions as is 

seen in IUGR fetuses?  

1.4.8 Energy Regulation Under Energy Stress. Intuitively, reducing the demand 

for ATP-dependent  processes during stress (e.g. malnutrition) would reduce the demand 

for ATP and therefore maintain cellular energy balance. Cellular processes that demand 

ATP differentially regulated. This is exemplified in studies that partially inhibit cellular 

oxygen consumption through sub-inhibitory doses of ETC inhibitors.  When using sub-

inhibitory doses of ETC inhibitors, partial inhibition of ATP synthesis occurs, and 

DNA/RNA/protein synthesis rates are drastically lowered; however, ion transport rates 

are only slightly impacted (84–86). Importantly, it is not until the severe inhibition of 

ATP synthesis that transport capacities of Na+/K+ ATPases and Ca2+ ATPases (the 

processes governing the ion-motive forces) are significantly affected (84,85). It is from 

these two observations that a biological hierarchy emerges for ATP demand in 

descending order: protein synthesis > RNA/DNA synthesis and substrate oxidation > Na+ 

cycling and Ca2+ cycling > other ATP consumers and mitochondrial proton leak (85). 

This pattern implies that those processes most important to cell survival, such as 

maintaining the ion-motive force, will continue to function at low [ATP], while other 

processes, such a protein synthesis, are, at least acutely, expendable.  
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 Although lowering ATP utilization is beneficial to survival under energy stress 

conditions, energy supply must be similarly coordinated to maintain cellular homeostasis. 

This has been substantially studied in hypometabolic animals that undergo conditions 

such as torpor or hibernation. In hibernating ground squirrels, skeletal muscle [ATP] 

decreases by ~40%, and both protein synthesis and proteolysis are lowered to conserve 

energy (87–89). The reductions in energy demanding pathways in these animals are also 

matched by lower activity rates of glycolytic enzymes, including phosphofructokinase 

and pyruvate kinase (90–92). Reductions in both energy supplying and energy demanding  

pathways are also observed in the skeletal muscle of the African lungfish during 

aestivation (summer hibernation), where glycolytic enzyme and mitochondrial state 3 and 

state 4 respiration rates are both lowered relative to non-aestivation periods (93). Changes 

in energy demand and supply are also observed in hepatopancreas cells isolated from 

aestivating snails where mitochondrial oxygen consumption rates decrease ~60% relative 

to non-aestivation (94). Bioenergetic analysis of the hypometabolic state in these snails 

shows ~ 75% of the total mitochondrial respiration was due to changes in the kinetics of 

substrate oxidation (glycolysis, TCA cycle, ETC), and the remaining ~25% was related to 

changes in ADP phosphorylation and utilization (94). The hypometabolic state represents 

a concomitant lowering of energy supply and demand. As the mitochondria are central to 

the production of ATP, the modulation of energy homeostasis during mal-nutritive states 

involves modulating substrate oxidation, lowering mitochondrial ATP synthesis, and 

lowering ATP demand. IUGR fetuses exist in an environment of chronically lower 

nutrient and oxygen supplies, not unlike hibernation. Thus, reducing mitochondrial 
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bioenergetics and substrate kinetics to induce a hypometabolic state may be a central 

adaptation needed for adaptation to low substrate conditions. 

 

1.5 Global Metabolic Adaptation in IUGR Fetuses 

  

The IUGR fetus must develop metabolic adaptations in response to placental 

restriction. Although glucose is the primary fuel for the fetus, the flux of glucose, oxygen, 

and amino acids,  is reduced with PI in IUGR pregnancies (95–97). Moreover, and likely 

due to hypoxia associated with low oxygen flux across the placenta, human IUGR fetuses 

exhibit hypercatecholinemia (98,99). IUGR fetuses also exhibit smaller pancreatic beta 

cell masses resulting in hypoinsulinemia (100–103). Insulin functions to promote tissue 

growth by increasing glucose oxidation in peripheral tissues such as skeletal muscle (16). 

However, IUGR fetuses have increased peripheral insulin sensitivity (104–106). Thus, 

the lower insulin concentrations, but increased insulin sensitivity, leads to normal glucose 

clearance in IUGR fetuses (76). Understanding how IUGR skeletal muscle adapts to low 

nutrient and oxygen availability may be key to understanding why these individuals are 

predisposed to metabolic syndromes later in life.  

 The abnormal metabolic and physiologic factors that cause IUGR confer a 

predisposition to metabolic pathologies later in life because, in part, IUGR fetuses have 

lower lean masses (107–112). The reduction in lean mass at birth is retained into 

adulthood, despite adequate nutrition, and adipose tissue in these individuals is 

preferentially deposited opposed to skeletal muscle accretion (107,109,110,113–115). 

Human IUGR neonates have higher respiratory rates and greater energy expenditure, 
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indicative of a thrifty metabolic phenotype in response to relative nutrient overabundance 

(116–118).  

Considering growth is dictated by the balance between energy production and 

energy utilization, and this relationship is governed by ATP, these observations imply 

defects in the prenatal environment lays the molecular foundation for postnatal growth; 

failure to increase adequate muscle mass in adulthood potentiates adiposity through a 

disjointed metabolic phenotype (119–124).  Additionally, the greater adiposity may serve 

as a comorbidity that exacerbates or causes additional strain throughout the life-course 

(125). These observations imply mitochondrial metabolism is altered in the skeletal 

muscle of IUGR individuals, and exposure to low nutrient and oxygen availability in 

utero may disrupt skeletal muscle mitochondrial function. However, to clearly parse the 

mechanisms of IUGR skeletal muscle mitochondrial metabolism and function, animal 

models that recapitulate the human IUGR phenotype are needed.  

 

1.6 Animal Models of IUGR 

  

1.6.1 Overview. Animal models are critical to understanding the 

pathophysiological mechanisms of skeletal muscle adaptation in IUGR fetuses. Using 

animal models of IUGR allows investigators to study the acute and chronic effects of 

nutrient restriction on metabolism while simultaneously avoiding ethical issues involved 

in human IUGR studies. Human IUGR fetuses are afflicted with hypercatecholinemia, 

hypoinsulinemia, hypoglycemia, hypoxia, and sarcopenia (126,127). Thus, it is critical to 

select an animal model that recapitulates most, if not all, of these pathophysiological 

conditions. Common animal models of IUGR include rats, pigs, and sheep; importantly, 
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the maternal or placental nutrient supply in each model system can be manipulated 

differently to produce IUGR.  While each animal can produce fetal growth restriction, the 

resulting physiology of that fetus is not equal across species or methods used to induce 

growth restriction. The common IUGR animal model systems are discussed below.  

1.6.2 Rats. The short lifespans and generation lengths of the rats make it 

beneficial for exploring relationships between fetal growth restriction and persistent 

metabolic complications from an IUGR pathology. Three well-defined rat models of 

IUGR show lasting metabolic consequences in skeletal muscle due to reduced nutrient 

availability during gestation. Maternal dietary restriction is used in a variety of animal 

models, and IUGR can be produced through either global caloric restriction or singular 

nutrient (e.g. protein) restriction. A 50% caloric restriction (CR) of  dams during mid to 

late gestation results in a ~10% reduction in bodyweight at or near the time of birth, as 

well as lower β cell mass and insulin content (121,128–130). Feeding dams an isocaloric, 

low protein (LP) diet starting from mid-gestation results in a 40-50% reduction in pup 

bodyweight, highlighting the importance protein availability for fetal tissue accretion 

(131,132). Both CR and LP diet lead to IUGR by restricting the maternal supply of 

nutrients; however, in these models, fetal oxygen availability is unaffected. Alternatively, 

uterine artery ligation (UAL) at embryonic day 19 (E19) causes acute decreases in both 

oxygen and nutrient availability to the fetus by E20-21 resulting in a 10-20% reduction in 

pup bodyweight (113,133). These studies demonstrate the connection between low 

nutrient availability and restricted fetal mass that may affect fetal metabolism.  

 Although the exact mechanisms are unclear, the progression of metabolic 

dysfunction from fetal life into adulthood is portrayed in rat models of IUGR. Here, rat 
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pups afflicted with IUGR due to CR, UAL, or LP diet possess defects in metabolic 

profiles, such as oxidative phosphorylation or nutrient signaling, in the skeletal muscle 

likely due to in utero adaptations to a nutrient restricted environment 

(114,115,139,121,128,133–138). The persistent disparity in lean mass may serve as an 

IUGR trait that underscores defects in skeletal muscle metabolic function leading to 

glucose intolerance, fatty liver disease, and altered amino acid metabolism in juveniles 

with IUGR (115,129,136,140–144).  

1.6.3 Piglets. The relative metabolic and functional similarities of pig and human 

physiology is advantageous for studying the postnatal consequences of perinatal 

complications such as IUGR (145–147). Natural runting of piglets (IUGR) arises from a 

disproportionate supply of nutrients along the uterine horn causing growth restriction of 

15-20% of piglets from each litter (148). As a result of in utero nutrient restriction, runt 

piglets exhibit metabolic perturbances which lasts into adulthood (149). Moreover, the 

runt piglet possesses pathologies similar to common occurrences of human IUGR: 

asymmetric growth restriction, an increased brain:liver ratio, and reduced bodyweight at 

birth (150–152).  

  Similar to other animal models of IUGR, IUGR piglets are born with less lean 

mass than their normally grown counterparts, which limits the extent of postnatal lean 

mass (153,154). Consistent with this observation, IUGR piglets also have a lower 

capacity for skeletal muscle protein accretion and protein synthesis evidenced by a 

greater abundance of proteasomes, and a lower abundance of translation-initiating 

enzymes (155,156).  The impact of IUGR not only skeletal muscle growth, but also the 

abundances of proteins involved in energy production in the skeletal muscle, potentially 
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altering cellular redox state in the skeletal muscle of IUGR piglets (155). As adults, 

energy production, amino acid catabolism, and glucose metabolism remain dysregulated 

in both the skeletal muscle (149,157). Although it is unclear how IUGR broadly affects 

metabolic homeostasis, clues to metabolic adaptation of IUGR piglets may be found in 

supplementation studies. Specifically, while mid-gestation arginine/glutamine 

supplementation of gilts reduces the number of IUGR piglets per litter, neonatal 

supplementation of amino acids to IUGR piglets results in hyperammonemia, elevated 

blood urea concentrations, and death (156,158). Alternatively, during the first 21 days 

post-parturition, postnatal glucose injections increased IUGR piglet bodyweight 

compared to non-supplemented IUGR piglets (159). Based on these observations, IUGR 

piglets may have predetermined fuel preferences that is programmed in utero. Thus, in 

IUGR piglets the asymmetric growth restriction coupled with metabolic dysfunction, 

indicates underlying defects in mitochondrial function that continues postnatally (160–

165). 

1.6.4 Sheep. Experiments in fetal sheep are advantageous for studying placental-

fetal metabolism during normal pregnancy and in pregnancies with complications that 

represent human pathologies. Sheep have the propensity to have singleton or twin 

pregnancies, eliminating the confounding factor(s) of large litters found in other models 

such as rats and pigs. Moreover, a variety of experimental models are available to induce 

asymmetric IUGR in sheep, and generally these models are created by one of two 

methods: reducing placental structure/function or preventing normal placental 

development. Reducing placental structure/function can be accomplished through either 

surgical removal of uterine caruncles (carunclectomy) or mechanical manipulation of 



 

35 

 

placental blood flow (placental embolization and single umbilical artery ligation). These 

methods mimic placental insufficiency and yield fetuses with 15-66% growth restriction 

compared to matched controls (166–168). Alternatively, methods that inhibit placental 

development (such as maternal hyperthermia) lead to IUGR of the fetus. Subsequently, 

fetal weights in these sheep models of IUGR are reduced by 30-60% (169–172). 

However, slight differences between sheep models in relation to human IUGR exists. 

 In the ovine carunclectomy model, the number of placentomes is limited through 

surgical removal of endometrial caruncles from the uterus of non-pregnant ewes prior to 

mating. Thus, the number of placentomes that form during pregnancy are limited, thereby 

limiting placental, fetal growth, and lean mass (173).The carunclectomy model induces 

both fetal hypoglycemia and hypoxia (~23% decrease in glycaemia, and ~40% decrease 

in oxygen tension vs control (174–176). Moreover, umbilical blood flow in the 

carunclectomy model is reduced ~40% compared to controls, and circulating 

norepinephrine concentrations are nearly doubled (175,177). This model produces growth 

restricted fetuses with similar nutrient supply and blood gas profiles of human infants that 

are born SGA (173). 

The placental embolization model mimics the onset of IUGR in late gestation 

through repeated injections of microspheres into the placenta via the umbilical artery at 

~0.7 of gestation (178,179). As a result, the microspheres physically block the maternal-

fetal transfer of nutrients resulting in a progressive onset of chronic hypoxia (~40% 

decrease over 20 days), hypoglycemia (~50% decrease over 20 days), as well as 3-4 fold 

increase of fetal plasma norepinephrine over 20 days, resulting in IUGR (179–182).  
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The single uterine artery ligation (SUAL) model involves ligating an umbilical 

artery in close proximity to the fetal abdomen at approximately 0.75 of gestation (183). 

SUAL mechanically inhibits blood flow of the placenta, reducing umbilical flood blow 

by ~30%, and resulting in a reduced capacity of the placenta to transfer nutrients to the 

fetus (183,184). The resulting fetus is growth restricted, as lower lean mass, and exhibits 

hypoxemia. 

The hyperthermia-induced model of placental insufficiency reduced fetal growth 

by exposing pregnant ewes to elevated ambient temperatures in a diurnal cycle (40 °C for 

12 h and 35 °C for 12 h) during mid-gestation (~40 days gestation to ~90 days gestation) 

(185). Ewes placed in ambient hyperthermic environments redistribute blood flow to the 

periphery, leading to ~50% reduction in umbilical blood flow and lower placental mass 

(185). As a result of mid-gestation insult to placental growth, the IUGR fetus must cope 

with a progressive decline in placental transport of nutrients, which is progressively 

worsened by increasing fetal weight, and results in metabolic adaptations that aim to 

conserve energy expenditure in utero. As such, placental insufficiency-induced IUGR 

sheep fetuses are afflicted with severe nutrient restriction in late gestation that results in 

severe hypoxemia (~50% lower compared to controls) , hypoglycemia (~50% lower 

compared to controls), hypercatecholinemia(4-5 fold increase compared to controls), 

hypoinsulinema (~75% lower compared to controls), and reduced transport of amino 

acids (185–189).  

1.6.5 Sheep: Models of IUGR. Due to their aptitude to in utero surgical 

manipulation, potential for chronic catheterization of the fetus, and capability of serial 

blood sampling from both mother and fetus, sheep models of IUGR provide important 
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insights into the maladaptive metabolic developments of IUGR.  Compared to rodent 

models, gestation is longer in sheep, which affords experiments on the progression of 

IUGR pathologies during gestation (190–192). Sheep also have a propensity for 

precocial, singleton pregnancies, unlike pigs and rats, which have litters. Importantly, in 

sheep, primary myogenesis begins at ~0.2 of gestation and secondary myogenesis begins 

at ~0.27 of gestation (33,34,193). Both of these events parallel human myogenesis (0.2 

and 0.35 for primary and secondary myogenesis, respectively (33,34,193). 

The mid-gestation maternal hyperthermia model best mimics the gradual onset of 

placental insufficiency found in human cases of IUGR. As a result, the slowing of fetal 

growth in this model results from fetal adaptations which match progressive, chronic 

decreases in placental function and subsequent lower nutrient supply. Alternatively, the 

sheep carunclectomy model restricts blood and nutrient flow to the fetus throughout 

gestation, the SUAL and embolization models only restrict blood and nutrient flow 

starting later in gestation (~0.75 of gestation). The SUAL, embolization, and 

carunclectomy models do not capture the  progressive pathology of IUGR. Therefore, the 

mid-gestation maternal hyperthermia sheep model most accurately recapitulates the 

human pathophysiology of PI-IUGR.  

1.6.6 Metabolic Consequences of IUGR Using the Maternal Hyperthermia Sheep 

Model. In the maternal hyperthermia sheep model of IUGR, the conservation and 

scavenging of oxygen and nutrients from expendable metabolic processes, such as 

systemic growth, is a necessary adaptation to meet basal metabolic demands. 

Accordingly, because protein synthesis during the latter half of gestation accounts for 

~18% of fetal oxidative metabolism, and protein synthesis is an ATP consuming process, 
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slowing protein accretion may be a primary mechanism of conserving energy, oxygen, 

and nutrients in PI-IUGR fetuses (194,195). This is evidenced by lower skeletal muscle 

accretion and fractional synthetic rates, but normal amino acid oxidation rates in ovine 

IUGR fetuses (76). Furthermore, in an attempt to redirect energy requirements to vital 

organs, ovine IUGR fetuses have greater peripheral insulin sensitivity, but lower 

fractional glucose oxidation rates relative to glucose utilization (76,104,196–199). 

Strikingly, hepatic glucose production also develops to fulfill the placental deficiencies in 

glucose uptake and is resistant to insulin (200).The in-utero adaptations lead to postnatal 

metabolic dysfunction where young lambs afflicted with IUGR continue to have lower 

lean masses and skeletal muscle protein contents, altered glucose metabolism, and greater 

adiposity (106,201–204). These observations show that metabolic adaptations that impact 

growth and energy balance of the fetus persist postnatally. Considering many of these 

catabolic processes occur in the mitochondria, where a majority of ATP production and 

oxygen consumption takes place, these adaptations imply IUGR fetuses have altered 

skeletal muscle mitochondrial function. 

 

1.7 Overview of Specific Aims 

 

 The pathophysiology of human IUGR results from a progressive decrease in 

placental function and nutrient transport, and animal models that mimic the human 

condition must also possess similar progressive declinations leading to adaptation.  

Within the realm of IUGR animal models, the hyperthermic sheep model represents a 

unique model for studying IUGR physiology that cannot be accomplished by any other 

species.  
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 The hypoglycemia and hypoxemia present in IUGR sheep fetuses due to placental 

insufficiency leads to unique fetal adaptations of the skeletal muscle such as sarcopenia 

and lower fractional glucose oxidation rates relative to glucose utilization. Moreover, the 

upregulation of glucose transporters in  the brain and the heart of these fetuses indicates 

mechanisms exist  to increase glucose extraction in non-peripheral tissues (196,205). 

However, because glucose transporters are not upregulated in skeletal muscle, the 

redistribution of glucose may also depend on alterations in glucose metabolism (43,206).  

Glucose is the primary fuel for the developing fetus and altering skeletal muscle 

glucose metabolism can have profound consequences on fetal development. However, 

because IUGR skeletal muscle is growth restricted, and has lower fractional glucose 

oxidation rates, the IUGR fetus may be restricting skeletal muscle glucose oxidation in an 

attempt to conserve glucose and oxygen for vital tissues. These adaptations to glucose 

homeostasis may also cause reductions in energy production in the IUGR skeletal 

muscle. Mitochondria are the central organelle for glucose oxidation, and the first step of 

non-glycolytic (post-glycolysis) glucose oxidation begins with the conversion of pyruvate 

to acetyl-CoA via PDH. As such, we test the hypothesis that pyruvate metabolism 

skeletal muscle mitochondria is inhibited in IUGR fetuses as an adaption to low glucose 

and oxygen availability. Therefore, in AIM 1: The activity and expression of PDH, and 

the expressions of the positive and negative regulators of  PDH, were determined in order 

to define the extent of inhibition of pyruvate oxidation in IUGR skeletal muscle.  

 Next, to fully understand the bioenergetic landscape of IUGR mitochondria, it 

will be important to understand how overall energy production may be impacted by low 

substrate and low oxygen conditions. As reviewed above, glucose oxidation, while the 
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primary fuel of the fetus, does not exclusively fulfill fetal energy needs. Alternatively, 

fetuses derive ~20% of their energy from amino acid oxidation (55,207). Growth 

restricted ovine fetuses lower the rates of protein synthesis, protein accretion, and growth 

in response to low nutrient and oxygen availability (76). Thus, IUGR fetuses may adapt 

to low nutrient availability in a similar manner as hibernating animals in that skeletal 

muscle ATP utilization and ATP synthesis are concomitantly lowered in order to permit 

survival.  However, this places the fetal skeletal muscle in an overall “lower energy 

state”. Substrate oxidation, TCA cycle, and electron transport chain enzyme abundances 

are all postulated to be lower in IUGR skeletal muscle mitochondria. Therefore, in AIM 

2: the oxygen consumption rates, and ETC subunit activities were measured in isolated 

skeletal muscle mitochondria as a means to quantitatively measure ETC function. 

Additionally, whole-mitochondrial bioenergetics will be evaluated by measuring 

differences in protein abundances within the mitochondria-proteome between IUGR and 

control fetuses. 

 Although the sheep model is a well-established animal model for the study of 

IUGR, both pig and rat models of IUGR are used for fetal and neonatal research. 

However, comparisons of fetal skeletal muscle mitochondrial metabolism between 

animal models of IUGR has not been established and gaps in our knowledge remain. 

Therefore, in AIM 3: comparisons were drawn between the animal models of IUGR 

(rats, sheep, humans) in an attempt to accurately describe mitochondrial metabolism in 

skeletal muscle and liver of IUGR fetuses.  

 IUGR results in severe growth restriction of the skeletal muscle. This reduced 

lean mass persists even after compensatory postnatal catch up growth, ands skeletal 
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muscle hypertrophy can only partially compensate for reductions in fiber number.  Low 

lean mass at birth is compelling linked to the risk of developing metabolic discordance 

later in life. In IUGR fetuses, the fetal environment is known to influence postnatal 

quality of life. PI disproportionately impacts fetal skeletal muscle growth and, in 

combination with the low nutrient/substrate environment of IUGR fetal development, 

leads to changes in global fetal substrate metabolism in the skeletal muscle such as lower 

fractional glucose oxidation rates and lower protein synthesis rates. Alterations to global 

metabolism persist into the postnatal environment where neonates have lower adiposity, 

lower lean mass, but enhanced skeletal muscle glucose disposal.  These observations 

imply that alterations to substrate availability in utero may program alterations to 

postnatal metabolism.  Substrate utilization is intrinsically tied to the mitochondria, 

IUGR environment in which fetal skeletal muscle develops in utero may negatively 

impact postnatal skeletal muscle mitochondrial metabolism. Therefore, in AIM 4: oxygen 

consumption rates were measured in mitochondria isolated from differentiated myotubes 

of 30- day old lambs to quantitatively measure ETC function in postnatal skeletal muscle. 

Additionally, whole-mitochondrial bioenergetics were evaluated by measuring 

differences in protein abundances within the mitochondria-proteome between IUGR and 

control lambs. 
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Figure 2. Summary figure of skeletal muscle metabolism. An outline of skeletal muscle 

metabolism is presented for glucose metabolism and glycolysis (1.4.2),  regulation of 

pyruvate metabolism (1.4.3), regulation of lactate metabolism (1.4.4), amino acid metabolism 

(1.4.5), and oxidative phosphorylation (1.4.6). Figure created using Biorender.com. 
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Chapter 2 

 
 

 

Increased Pyruvate Dehydrogenase Activity in Skeletal Muscle of Growth-Restricted 

Ovine Fetuses.  

 

The contents of this chapter have been accepted for publication in the American Journal 

of Physiology-Regulatory, Integrative, and  Comparative Physiology.  
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2.1 Abstract 

 

Fetal sheep with placental insufficiency-induced intrauterine growth restriction 

(IUGR) have lower fractional rates of glucose oxidation and greater gluconeogenesis, 

indicating lactate shuttling between skeletal muscle and liver. Suppression of pyruvate 

dehydrogenase (PDH) activity was proposed because of greater pyruvate dehydrogenase 

kinase (PDK) 4 and PDK1 mRNA concentrations in IUGR muscle. Although PDK1 and 

PDK4 inhibit PDH activity to reduce pyruvate metabolism, PDH protein concentrations 

and activity have not been examined in skeletal muscle from IUGR fetuses. Therefore, 

we evaluated the protein concentrations and activity of PDH and the kinases and 

phosphatases that regulate PDH phosphorylation status in the semitendinosus muscle 

from placenta insufficiency-induced IUGR sheep fetuses and control fetuses. 

Immunoblots were performed for PDH, phosphorylated PDH (E1α), PDK1, PDK4, and 

pyruvate dehydrogenase phosphatase 1 and 2 (PDP1 and PDP2, respectively). 

Additionally, the PDH, lactate dehydrogenase (LDH), and citrate synthase (CS) 

enzymatic activities were measured. Phosphorylated PDH concentrations were 28% 

lower (P < 0.01) and PDH activity was 67% greater (P < 0.01) in IUGR fetal muscle 

compared with control. PDK1, PDK4, PDP1, PDP2, and PDH concentrations were not 

different between groups. CS and LDH activities were also unaffected. Contrary to the 

previous speculation, PDH activity was greater in skeletal muscle from IUGR fetuses, 

which parallels lower phosphorylated PDH. Therefore, greater expression of PDK1 and 

PDK4 mRNA did not translate to greater PDK1 or PDK4 protein concentrations or 

inhibition of PDH as proposed. Instead, these findings show greater PDH activity in 
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IUGR fetal muscle, which indicates that alternative regulatory mechanisms are 

responsible for lower pyruvate catabolism. 

 

2.2 Introduction 

 

Placental insufficiency-induced intrauterine growth restriction (IUGR) causes 

deficits in oxidative glucose metabolism and a reduction in the lean mass (189,208). The 

deterioration of placental function leading to fetal growth restriction is a leading cause of 

perinatal death, and those surviving the perinatal period are at greater risk of developing 

metabolic syndromes (189,209–211). Our ovine model of hyperthermia-induced placental 

insufficiency successfully recapitulates several aspects of the human IUGR phenotype 

(185). The IUGR fetus has reductions in skeletal muscle mass and other peripheral tissues 

relative to neural tissues, as a result of lower plasma glucose and insulin concentrations 

and lower blood oxygen content (212–217)   

Glucose and lactate are the primary fuels in the fetus and their oxidation accounts 

for ~50% of the fetal oxygen consumption in normally grown fetuses (218). Although 

IUGR fetuses are hypoxemic compared to control fetuses, IUGR fetuses have normal or 

near normal rates of weight-specific oxygen consumption (185,219,220). Though IUGR 

fetal oxygen uptake rates are normal or near-normal, weight-specific rates of fetal 

glucose uptake are depressed in IUGR fetuses with placental insufficiency resulting in 

measurable rates of endogenous glucose production to maintain normal rates of glucose 

utilization (76,104,196,221). Upregulation of glucose transporters in the brain and heart 

indicate mechanisms are enhanced to improve glucose extraction (196,205,222). 

However, alterations in glucose transporters are not evident in all tissues, which indicates 
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that redistribution of glucose may also depend on changes in glucose metabolism 

(43,206,223). IUGR fetuses oxidize a smaller fraction of glucose and have lower glucose 

oxidation rates, even though glucose utilization rates are normal, compared to control 

fetuses (196,197,200). These findings have led to the hypothesis that IUGR fetuses have 

higher expression of enzymes that hinder pyruvate oxidative metabolism in skeletal 

muscle to promote lactate transfer to the liver to support glucose production 

(196,197,200).  

The findings to date indicate a central role for inhibition of pyruvate oxidation 

after glycolysis in skeletal muscle, which is regulated by the phosphorylation status of the 

pyruvate dehydrogenase (PDH) complex. PDH complex converts pyruvate into acetyl-

CoA, which is an obligatory process for pyruvate catabolism in the Tricarboxylic Acid 

(TCA) cycle. PDH complex activity is regulated by phosphorylation, and pyruvate 

dehydrogenase kinases (PDK 1-4) and pyruvate dehydrogenase phosphatases (PDP 1-2) 

modulate pyruvate catabolism in response to nutrient and endocrine stimuli (224). 

Phosphorylation of the PDH complex at any of the three serine residues: Ser293 (site 1), 

Ser300 (site 2), or Ser232 (site3) of the E1α subunit lowers the activity of the PDH 

complex, and dephosphorylation of these sites by PDP1 or PDP2 rescues function (224). 

PDK1-4 are capable of phosphorylating site 1 (Ser293) of the PDH complex, and this site 

serves as a primary regulatory site of the PDH complex in skeletal muscle (225–227).   

Due to the importance of PDH complex activity for glucose homeostasis, it is not 

surprising that previous IUGR studies show greater PDK4 mRNA expression in fetal 

skeletal muscle as either a metabolic consequence of, or fetal adaptation to, low glucose 

and insulin concentrations (197,200). Although not previously studied in IUGR fetal 
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skeletal muscle, PDK1 may also play a role in pyruvate metabolism. Therefore, our 

objective was to measure protein and mRNA concentrations of PDH, PDP1, PDP2, 

PDK1, and PDK4 to determine the regulation of PDH complex activity in skeletal muscle 

of IUGR fetuses. Based on normal glucose utilization and higher glucose production rates 

in IUGR fetuses, we hypothesize that IUGR fetal skeletal muscle will have greater 

PDK1,4 and lower PDP1,2 protein and mRNA concentrations to lower PDH complex 

activity and promote lactate production.  

 

2.3 Materials and Methods 

 

2.3.1 Fetal Sheep Model of IUGR. Studies on pregnant Columbia-Rambouillet 

ewes were approved by the University of Arizona Institutional Animal Care and Use 

Committee and performed at the Agricultural Research Complex, which is accredited by 

the American Association for Accreditation of Laboratory Animal Care International. 

Ewes (n=16) carrying singleton pregnancies were determined with ultrasonography prior 

to randomly assigning pregnant ewes to an experimental group, either control (n=8) or 

IUGR (n=8). IUGR fetuses were created by exposing pregnant ewes to elevated ambient 

temperatures (40°C for 12 h; 35°C for 12 h; dew point maintained at 22°C) from 40 ± 1 

to 91 ± 1 days gestational age as described previously (172). Control fetuses were from 

ewes maintained 22 ± 1°C that were fed alfalfa pellets to the average ad libitum feed 

intake of ewes in the IUGR group. Water and salt were available to ewes ad libitum. 

After the hyperthermic exposure, all ewes were maintained in a thermoneutral 

environment alongside ewes in the control group. 
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2.3.2 Surgical Preparation and Fetal Physiological Studies. At day 123±1, each 

fetus underwent a surgical procedure to place indwelling, polyvinyl arterial and venous 

catheters for blood sampling and infusion as described previously (196). Animals were 

allowed to recover for at least 5 days prior to in vivo physiological experiment to 

determine rates of fetal glucose, oxygen, and lactate umbilical uptakes. Fetal catheters for 

blood sampling were placed in the abdominal aorta via hindlimb pedal arteries and the 

umbilical vein. Infusion catheters were placed in the femoral veins via the saphenous 

veins. Maternal catheters were placed in the femoral artery and vein for arterial sampling 

and venous infusions. All catheters were tunneled subcutaneously to the ewe’s flank, 

exteriorized through a skin incision, and kept in a plastic mesh pouch sutured to the ewe’s 

skin. Catheters were flushed daily with heparinized saline solution (100 U/mL heparin in 

0.9% NaCl solution, Vedco, Inc, St. Joseph, MO, USA).  

Rates of umbilical uptakes for O2, glucose, and lactate were measured at 130 ± 1 

days gestational age. Umbilical blood flows were measured by steady state tritiated water 

diffusion methods (New England Nucleotides; PerkinElmer Life Sciences, Boston, MA). 

After a priming bolus of 50 μCi 3H2O, the intravenous 3H2O infusion (0.83 μCi/min) 

began 60 minutes before sampling commenced. Six sets of blood samples were collected 

at 10-min intervals to determine blood flow, blood gasses, blood oximetry, plasma 

metabolites, and hormone concentration. At the start of tracer infusion, an infusion of 

maternal blood (8-10mL/h) was given to the fetus to avoid fetal anemia from sampling. 

2.3.3 Biochemical Analysis. Arterial blood gases and oximetry were measured 

with an ABL 825 (Radiometer, Copenhagen, Denmark), and values were temperature-

corrected to 39.1°C. Plasma glucose and lactate concentrations were measured with the 
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YSI model 2700 SELECT Biochemistry Analyzer (Yellow Springs Instruments, Yellow 

Springs, OH, USA). Additionally, plasma concentrations of insulin (ovine insulin ELISA; 

ALPCO Diagnostics, Windham, NH; intra- and inter-assay coefficients of variation <6%; 

sensitivity 0.14 ng/mL) and norepinephrine (noradrenaline ELISA; Labor Diagnostika 

Nord GmbH & Co., KG, Germany; intra- and inter-assay coefficients of variation <14%; 

sensitivity 35 pg/mL) were quantified. 

2.3.4 Tissue Collection. At day 134±1, the ewe and the fetus were euthanized 

with an intravenous administration of sodium pentobarbital (86 mg/kg) and phenytoin 

sodium (11 mg/kg; Euthasol; Virbac Animal Health). Organs and skeletal muscles 

(biceps femoris and semitendinosus) from control and IUGR fetuses were dissected and 

weighed. These tissues were then snap frozen in liquid nitrogen and stored at -80°C for in 

vitro experiments.  

2.3.5 Quantitative PCR. PDK1, PDK4, PDH, PDP1, and PDP2 mRNA 

concentrations were measured with qPCR on IUGR (n = 8) and control (n = 8) fetuses on 

semitendinosus muscle. Total cellular RNA was extracted from semitendinosus muscle as 

described previously(228). RNA concentration and purity were determined from 

absorbance measurements with a NanoDrop ND-1000 Spectrophotometer (NanoDrop, 

Wilmington, DE), and RNA quality (RNA integrity number >9.5) was measured with an 

Experion Automated Electrophoresis Station (Bio-Rad). Messenger RNA (1 μg total 

cellular RNA per reaction) was reverse transcribed, in triplicate, into cDNA with 

Superscript III reverse transcription (Invitrogen, Carlsbad, CA). cDNA was amplified 

using a QuantiTect SYBR® Green PCR Kit (Qiagen, Venlo, Netherlands) and a CFX 

Connect Real-Time PCR Detection System (Bio-Rad). Optimal annealing temperatures 
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for primer pairs were determined. Primer specificity was confirmed with nucleotide 

sequencing of the cloned PCR products (pCR 2.1-TOPO vector; catalog no. K4510oo20; 

Thermo Fisher Scientific). Primer efficiencies and sensitivities were measured with serial 

cDNA dilutions. All primers had efficiency ≥85%, and threshold cycles were linear over 

six orders of magnitude. After an initial 15-minute denaturation incubation at 96°C, all 

reactions went through 40 cycles at 96°C (30 seconds), annealing temperature (30 

seconds), and 72°C (10 seconds) extension and read. Primers synthesized for qPCR are as 

follows: PDK1 (F, 5’- TGGAGCATCACGCTGACAAA -3’, R, 5’- 

CTCAGAGGAACACCACCTCC -3’), PDK4 (F, 5’- CCCAGAGGACCAAAAGGCAT -3’, 

R, 5’- GGGTCAGCTGTACAGGCATC -3’), PDHE1α (F, 5’- 

GGTGGCATCCCGTCATTTTG -3’, R, 5’- CGAACGGTCTGCATCATCCT -3’), PDP1 

(F, 5’- GTTGTGGATGTTGTCGGCTC -3’, R, 5’- TGCAGTGCCATAGATTCTGCT -3’), 

PDP2 (F, 5’- CTGCTGTTTGGCATCTTCGAC -3’, R, 5’- 

CTTTCCATGGCCTCCTCCATT -3’), YWHAZ (F, 5’-AGACGGAAGGTGCTGAGAAA-

3’, R, 5’-CGTTGGGGATCAAGAACTTT-3’), TBP (F, 5’- 

AGAATAAGAGAGCCCCGCAC-3’, R, 5’- TTCACATCACAGCTCCCCAC-3’), RPS15 

(F, 5’- ATCATTCTGCCCGAGATGGTG -3’, R, 5’- TGCTTTACGGGCTTGTAGGTG -

3’), GAPDH (F, 5’- CTGGCC AAGGTC ATCCAT-3’,  R, 5’- ACA 

GTCTTCTGGGTGGCAGT -3’). Expression values for the genes of interest were 

normalized to the geometric mean of reference genes: TATA-binding protein (TBP), 

Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta 

(YWHAZ), ribosomal protein S15 (RPS15), and Glyceraldehyde-3-Phosphate 

Dehydrogenase (GAPDH). Results were normalized to the geometric mean of the 
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reference genes using the comparative change of threshold cycles (ΔCT) method (CT 

gene of interest – CT reference gene)(229). The ΔCT values were calculated for group 

comparisons. Gene analysis was performed adhering to  MIQE guidelines (230). 

2.3.6 Western Blot Analysis. Protein lysates were prepared from semitendinosus 

muscle in ice-cold CelLytic MT Buffer (Sigma-Aldrich, St Louis, MO) containing 

additional protease and phosphatase inhibitors: 0.5 mM phenylmethane sulfonyl fluoride 

(Thermo Fisher Scientific), 2µg/mL Aprotinin (Sigma-Aldrich), 2.5µg/mL Leupeptin 

(Sigma-Aldrich), 100µM DL-Dithiothreitol (Sigma-Aldrich), and 5mM sodium vanadate 

(Thermo Fisher Scientific). Protein concentrations were measured with a Pierce BCA 

Protein Assay Kit (ThermoFisher Scientific). Fifty µg of protein from each animal was 

separated on a 10% polyacrylamide gel and transferred onto PVDF membranes (Bio-Rad, 

Hercules, CA). The membranes were blocked in a 5% (w/v) non-fat milk in Tris-buffered 

saline, 0.1% Tween (TBS-T) solution for 30 minutes at room temperature and then 

incubated overnight at 4°C with primary antibodies in 5% nonfat milk in TBS-T. The 

primary antibodies used are as follows: anti-Pyruvate Dehydrogenase Phosphatase 1 

(1:3000; Abcam, ab198261, RRID:AB_2756338), anti- Pyruvate Dehydrogenase 

Phosphatase 2 (1:3000; Abcam, ab99170, RRID:AB_10670444), anti- Pyruvate 

Dehydrogenase-E1α (1:3000; Abcam, ab110334, RRID:AB_10866116), anti-phospho- 

Pyruvate Dehydrogenase-E1α (SER293, 1:3000; Abcam, ab177461, 

RRID:AB_2756339), anti-Pyruvate Dehydrogenase Kinase 1(1:3000; Abcam, ab90444, 

RRID:AB_2161150), anti-Pyruvate Dehydrogenase Kinase 4(1:3000; Abcam, ab110336, 

RRID:AB_10863042). Goat anti-rabbit IgG secondary antibodies conjugated with 

horseradish peroxidase (1:15,000; BioRad RRID AB_11125142) were detected with 
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Thermo Scientific™ SuperSignal West Pico Chemiluminescent Substrate and exposed to 

Blue Lite Autorad Film (VWR, Radnor, PA). Protein abundances were quantified using 

photographed images and densitometric analyses (Scion Image Software, Frederick, 

MD). Protein abundances of PDP1, PDP2, PDHE1α, phospho- PDHE1α, PDK1, and 

PDK4 were normalized to β-Tubulin (1:3000, Fisher Thermo Scientific, RB-9249-P, 

RRID:AB_722291). Phosphorylated PDHE1α was normalized to total PDHE1α. All 

samples were evaluated in triplicate and data are presented relative to control values. 

2.3.7 Enzymatic Assays. PDH activity was measured in Biceps Femoris and 

Semitendinosus skeletal muscle, in triplicate, with the PDH Activity Assay Kit 

(MAK183, Sigma-Aldrich). Skeletal muscle (100mg) was homogenized in 1mL of ice-

cold PDH Assay buffer, and 10µL of lysate was measured in triplicate reactions. 

Reactions were carried out at 37°C, and A450 was recorded every 5 minutes for 30 

minutes. PDH activity rates are reported in nmol/min/mL as per assay protocol.  

LDH activity was measured in Biceps Femoris and Semitendinosus skeletal 

muscle, in triplicate, with the LDH Activity Assay Kit (ab102526, abcam). Skeletal 

muscle (100mg) was homogenized according to the manufacturer’s instructions. 

Reactions were carried out at 37°C, and A450 was measured every 2 minutes for 30 

minutes. LDH activity rates are reported in nmol/min/mL, as per assay protocol. 

CS activity was measured in Biceps Femoris and Semitendinosus skeletal muscle, 

in triplicate, with the Citrate Synthase Assay Kit (CS0720, Sigma-Aldrich) as described 

previously (201). Rates for citrate synthase are reported as nmol/min/mg protein.  

2.3.8 Calculations and Statistical Analysis. The rate of umbilical blood flow (f; 

ml·min−1·kg−1) was calculated using the transplacental steady-state diffusion technique, 
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with tritiated water as the blood flow indicator, and normalized to fetal weight during the 

study(187). Net umbilical uptakes rates (Rf,p; μmol·min−1·kg−1) for oxygen, glucose, and 

lactate by the fetus from the placenta were calculated as the product of the umbilical 

blood (or plasma) flow and concentration difference between the umbilical vein (Cv) and 

umbilical artery (Ca) blood (O2) or plasma (glucose and lactate) concentrations [Rf,p = 

f(Cv − Ca)]. 

Significant differences (p < 0.05) between groups (control and IUGR) were 

determined with a post hoc general linear means ANOVA and post hoc least significant 

distance test using general linear means procedures in the JMP Software System (JMP®, 

Version 14.0.0, SAS Institute Inc., Cary, NC, 1989-2018). Normality and skewness were 

ensured using a D'Agostino-Pearson normality test. The variance between groups for 

each condition (e.g. immunoblot and qPCR for each gene/protein) was equal between all 

groups in all conditions except for the immunoblot values for PDP1 (Levene’s Test) and 

analyzed using the Wilcoxon Rank Sum test. Linear regression analyses for mRNA 

expression were performed using JMP14.  Data are presented as mean ± standard error of 

the mean (SEM). 

2.4 Results 

 

2.4.1 Placental Insufficiency Causes an IUGR Phenotype. In IUGR fetuses blood 

oxygen, plasma glucose, plasma norepinephrine, and plasma insulin concentrations were 

lower than controls, while plasma lactate concentrations were not different (Table 1). 

Umbilical blood flow and rates of net umbilical oxygen uptake were not different 

between groups (Table 1). Rates of net umbilical glucose and lactate uptakes were 

significantly lower in IUGR fetuses compared to control fetuses (Table 1).  
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Fetal and placental mass were lower in IUGR fetuses than control fetuses (Table 

2). Semitendinosus muscles weighed 51% less in IUGR fetuses than control fetuses but 

were similar relative to fetal weight (Table 2). Similarly, although brain weights in IUGR 

fetuses were 16% lower in IUGR fetuses, brain weight relative to fetal weight was 53% 

higher in IUGR fetuses compared to controls (Table 2).   

2.4.2 Greater PDK1 and PDK4 mRNA expression in IUGR skeletal muscle. 

PDK1 and PDK4 mRNA concentrations were 1.3 and 2.8 fold greater, respectively, in 

IUGR semitendinosus muscle compared to control muscle (Figure 3). PDH, PDP1, and 

PDP2 mRNA concentrations were not different between groups (Figure 3).  

PDK1 and PDK4 mRNA concentrations were positively associated with the 

transplacental (maternal-fetal) arterial oxygen concentration difference and negatively 

associated with fetal mass (Figure 4 a-d). PDH mRNA concentrations were negatively 

associated with the transplacental arterial oxygen concentration difference and positively 

associated with fetal mass (Figure 4 e-f). PDK1 mRNA concentrations were negatively 

associated with fetal oxygen content (R2=0.3010, P<0.05). PDK4 mRNA was also 

negatively associated with fetal oxygen content (R2=0.3788, P<0.05). PDH mRNA 

concentrations were positively associated with fetal oxygen content (R2=0.4180, P<0.05) 

and fetal [glucose] (R2=0.2884, P<0.05). 

2.4.3 Lower phosphorylation status leads to greater PDH activity in IUGR 

muscle. No difference in PDK1, PDK4, PDP1, PDP2, or PDH protein concentrations 

were detected between groups (Table 3). Phosphorylated PDH (S293) concentrations were 

28% lower in IUGR semitendinosus muscle compared to control muscle (Figure 5). PDH 
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complex activity was 67% greater in IUGR muscle compared to control muscle (Figure 

6A). CS and LDH activities were not different between groups (Figure 5B and 5C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

57 

 

Table 1. Fetal metabolic parameters of control and IUGR fetuses  

Measurement Control (8) IUGR (8) 

Umbilical Blood Flow (mL/min/kg) 186 ± 23.3 159 ± 9.01  

Arterial Blood O2 Content (mM) 3.5 ± 0.1 1.4 ± 0.1* 

Umbilical O2 Uptake (umol/min/kg) 357 ± 16.7 313 ± 22.7 

Arterial [Glucose] (mM) 1.02 ± 0.04 0.61 ± 0.06* 

Umbilical Glucose Uptake 

(umol/min/kg) 

27.3 ± 2.24 22.1 ± 0.97* 

Arterial [Lactate] (mM) 2.34 ± 0.66 1.75 ± 0.21 

Umbilical Lactate Uptake 

(umol/min/kg) 

16.9 ± 3.23 8.35 ± 1.97* 

Δ Maternal-Fetal O2 Content (mM) 2.32 ± 0.13 4.58 ± 0.20* 

Arterial Norepinephrine (pg/mL) 712 ± 183 4310 ± 920* 

Arterial Insulin (ng/mL) 0.36 ± 0.06 0.16 ± 0.05* 

 

Table 1. Fetal metabolic parameters of control and IUGR fetuses. Values are expressed as 

means ±SEM. * less than P<0.01  
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Table 2. Biometric measurements of control and IUGR fetuses  

Measurement Control (8) IUGR (8) 

Percent male fetuses (%) 50 37 

Age at necropsy (days) 134 ± 1 133 ± 1 

Fetal Weight (kg) 3.37 ± 0.16 1.57 ± 0.25* 

Placental Weight (g) 363 ± 35.1 117 ± 14.3* 

Brain Weight (g) 48.9 ± 1.24 41.4 ± 1.76* 

Brain Weight (g)/ Fetal 

Weight (kg) 

15.9 ± 0.86 27.5 ± 1.93* 

Total Semitendinosus Weight 

(g) 

12.5 ± 1.16 6.17 ± 0.69* 

Semitendinosus Weight (g) / 

Fetal Weight (kg) 

4.01 ± 0.20 3.71 ± 0.12 

Total Biceps Femoris Weight 

(g) 

32.1 ± 1.74 16.2 ± 2.28* 

Biceps Femoris Weight (g) / 

Fetal Weight (kg) 

9.74 ± 0.54 8.93 ± 0.37 

 

Table 2. Biometric measurements of control and IUGR fetuses. Values are expressed as 

means ±SEM. * less than P<0.01  
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Table 3. Protein Concentrations Relative to Control Fetuses  

Protein Control (8) IUGR (8) 

PDK1 1.0±0.06 0.97±0.04 

PDK4 1.0±0.09 0.85±0.08 

PDH 1.0±0.06 0.94±0.03 

pPDH(ser293):PDH ratio 1.0±0.08 0.74±0.04* 

PDP1 1.0±0.06 0.96±0.03 

PDP2 1.0±0.04 1.1±0.05 

Table 3. Protein concentrations relative to control fetuses. Values are relative to control 

and expressed as means ± SEM. * less than P<0.05 
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Figure 3. Fold change for mRNA expression relative to control fetuses. Fold changes 

relative to control mRNA concentrations are presented for PDK1, PDK4, PDH, PDP1, 

and PDP2. Values are expressed as means ± SE. *Differences (P < 0.05) between groups. 

IUGR, intrauterine growth restriction; PDH, pyruvate dehydrogenase; PDK, pyruvate 

dehydrogenase kinase; PDP, pyruvate dehydrogenase phosphatase. 
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Figure 4. Gene expression correlates with parameters of placental insufficiency and 

intrauterine growth restriction (IUGR). Correlations are presented for pyruvate 

dehydrogenase kinase (PDK)1, PDK4, and pyruvate dehydrogenase (PDH) with the 

maternal-fetal arterial O2 content difference (millimolar; A–C) and with fetal weight 

(grams; D–F). The maternal-fetal O2 content gradient was used as a marker of placental 

insufficiency and fetal weight was used as a measure of IUGR for mRNA correlations. 

mRNA data (y-axis) are presented as the comparative change of threshold cycles (ΔCT) 

values of the gene of interest relative to the geometric mean of the reference genes for 

control (closed triangles, n = 8) and IUGR (open diamonds, n = 8). Linear regression was 

performed with JMP 14 and R2, and P values are indicated. 
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Figure 5. Lower phosphorylated pyruvate dehydrogenase (PDH) E1α (p-PDHE1α) 

(Ser293) concentrations in intrauterine growth restriction (IUGR) semitendinosus muscle. 

p-PDH (Ser293) concentrations are presented relative to total PDH for the semitendinosus 

muscle from control and IUGR fetuses (n = 8/group). Representative immunoblots are 

shown for p-PDH (Ser293) and β-tubulin in four control and four IUGR fetal muscle 

samples. Values are expressed as means ± SE. *Differences (P < 0.05) between groups. 
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Figure 6. Pyruvate dehydrogenase (PDH), lactate dehydrogenase (LDH), and citrate 

synthase (CS) activity in control and intrauterine growth restriction (IUGR) skeletal 

muscles. PDH activity (A), CS activity (B), and LDH activity (C) were measured in 

semitendinosus and biceps femoris muscles from control and IUGR fetuses (n = 8/group). 

Individual fetal muscle activities are presented with the means ± SE for the groups. The 

asterisks and bar indicate differences between groups within muscles (P < 0.05). 
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2.5 Discussion 

 

Although our data are consistent with previous reports showing greater PDK4 

mRNA expression in IUGR skeletal muscle, protein concentrations of PDK4 did not 

parallel mRNA expression (197,200). Instead, we demonstrate that the PDH complex has 

a reduced phosphorylation status and greater enzymatic activity in skeletal muscle from 

IUGR fetuses. Furthermore, PDK1 mRNA concentrations were elevated in IUGR skeletal 

muscle, but the increase in PDK1 mRNA is also incongruent with PDK1 protein 

concentrations. We also show that the depressed phosphorylation status of PDH (E1α 

S293) was not explained by increases in mRNA and protein concentrations of PDH, 

PDP1 and PDP2 in muscle from IUGR fetuses. These findings indicate that skeletal 

muscle pyruvate metabolism may be higher due to increased PDH complex activity, a 

response that likely normalizes metabolism in the hypoglycemic IUGR fetus (76).  

  Transcription of both PDK1 and PDK4 are regulated, in part, by hypoxia, which 

explains the higher mRNA expression in IUGR fetuses  (231–235). Under acute hypoxic 

conditions, HIF-1α increases the expression of these kinases, which serves to maintain 

ATP production under low oxygen tension by promoting gene expression for anaerobic 

metabolism and reducing mitochondrial oxygen consumption (231–233,236–239). 

Interestingly, although there is evidence of increased prolyl hydroxylase domain (PHD) 

expression in IUGR fetuses, HIF-1/2α activity is increased in IUGR fetuses compared to 

control fetuses(240–242). This most likely represents a new hypoxic set-point in response 

to chronic hypoxemia in IUGR tissues; consequently,  the expression of genes regulated 

by hypoxia-response element (HRE), such as PDK1, are increased in IUGR fetuses (240–

244). PDK1, through altered hypoxemic signaling may contribute to the reprogramming 
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of glucose metabolism in skeletal muscle from oxidative phosphorylation to anaerobic 

glycolysis by increasing the activities of hexokinase and phosphofructose kinase 1, the 

latter is known to be expressed at greater concentrations in muscle from IUGR fetuses 

(197,200,240,245). In contrast to PDK1, PDK4 transcription is also regulated by insulin 

(246,247). High insulin concentrations decreased PDK4 mRNA expression skeletal 

muscle, and increase glucose catabolism in accordance with availability 

(231,232,245,248–252). Considering that the IUGR fetus is hypoglycemic, hypoxemic, 

and hypoinsulinemic, the upregulation of both PDK1 and PDK4 mRNA are plausible 

metabolic adaptations to a challenging in utero environment. 

Greater PDK1 and PDK4 mRNA expression in the semitendinosus muscle of 

IUGR fetuses did not translate into increased protein concentrations or activities. 

Interestingly, greater PDH complex activity in IUGR muscle may explain in vivo 

observations that show the lactate + glucose-oxygen quotient is maintained across the 

hindlimb of the IUGR fetus, even though the individual quotients indicate higher rates of 

glucose uptake and lactate output per mole of oxygen consumed by the IUGR hindlimb 

(76). Reduced phosphorylation of PDH is explained by decreased pyruvate 

dehydrogenase kinase activity or increased pyruvate dehydrogenase phosphatase activity 

in IUGR skeletal muscle rather than their actual protein concentrations. Short-term, 

transient pyruvate dehydrogenase kinase activity is regulated by allosteric effectors such 

as high acetyl-CoA:CoA and NADH:NAD+ concentration ratios, and is suppressed by 

high pyruvate or lactate concentrations generated by glycolysis (253). Furthermore, 

PDP1/2 is transiently activated by insulin-dependent phosphorylation by Protein Kinase 

C (PKC), and this is thought to be the major mechanism of activation for these 
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phosphatases in both the liver and skeletal muscle (254). Since we do not observe a 

difference in protein concentration for pyruvate dehydrogenase kinases or phosphatases 

between groups, we hypothesize that the activities of these kinases would be decreased in 

IUGR skeletal muscle.  

Pyruvate dehydrogenase activity is higher in IUGR skeletal muscle, but may not 

correct the defect in whole body fractional glucose oxidation (196,197). Although the 

IUGR fetuses are hypoinsulinemic, they have been shown to have greater insulin 

sensitivity in skeletal muscle (104,196,216). Greater insulin sensitivity might explain the 

disconnect between fractional glucose oxidation rates and PDH complex activity as 

insulin would activate PDP1 and PDP2 and inactivate PDK4 (254). Also, since this 

demonstrates a mechanism by which the IUGR fetus adapts to sustained hypoglycemia, it 

might also adapt to chronic hypoxemia. Likewise, changes in pyruvate carboxylase (PC) 

regulation would affect the glucose oxidation fraction. Decreased PC expression, or 

activity, while having normal PDH expression and activity, would cause shunting of 

pyruvate to lactate production. The shunting of pyruvate to lactate would provide a 

sufficient glycolytic-derived carbon source to maintain plasma glucose concentration via 

the Cori Cycle; however, we found no differences in LDH activity between groups in 

both semitendinosus and biceps Femoris skeletal muscle (255,256). Although there are 

no differences in plasma lactate concentrations, or LDH activity, between groups, this 

might be representative of a new metabolic set point between skeletal muscle lactate 

production and hepatic gluconeogenesis in the IUGR fetus (196).  

We have previously shown less type I oxidative muscle fibers, but no differences 

in type II muscle fibers, in semitendinosus and biceps femoris muscle in IUGR fetuses 
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compared to controls (215). Skeletal muscles can undergo fiber type switching in 

response to mitochondrial dysfunction, namely type I to type II; this is an effective 

adaptation in IUGR fetuses as type II muscle fibers have lower mitochondrial contents 

compared to type I fibers(257,258). Therefore, it is expected that skeletal muscles that 

have less type I fibers will have reduced glucose metabolism and decreased PDH 

expression and/or activity. However, using citrate synthase activity measurements as a 

proxy for mitochondrial number, our findings do not support dramatic changes in 

mitochondrial content of these representative, mixed fiber type muscles similar to 

previous observations (223). Therefore, we propose that the change in PDH activity and 

phosphorylation status outweigh the potential fiber type switching in the skeletal muscles 

of IUGR fetuses, and this may be a direct result of decreased PDK activity rather than 

expression (259,260). 

The findings in this study demonstrate that IUGR fetal sheep have higher PDH 

complex activity. Despite greater PDK1 and PDK4 mRNA concentrations in IUGR 

skeletal muscle, there were no differences in protein concentrations of the kinases and 

phosphatases that regulate the PDH complex. In fact, phosphorylation of PDH Eα1 was 

lower and enzymatic activity higher in skeletal muscle from IUGR fetuses. These data 

indicate that the PDH complex is upregulated to normalize pyruvate metabolism in IUGR 

fetuses with hypoglycemia.  
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Chapter 3 

 
 

Lower Oxygen Consumption and Complex I Activity in Mitochondria Isolated from 

Skeletal Muscle of Fetal Sheep with Intrauterine Growth Restriction 

 

The contents of this chapter have been accepted for publication in the American Journal 

of Physiology-Endocrinology and Metabolism.  

 

The full citation is given below.  

 

Pendleton AL, et al. Lower oxygen consumption and Complex I activity in Mitochondria 

Isolated from Skeletal Muscle of Fetal Sheep with Intrauterine Growth Restriction. 

Accepted for publication in Physiology- Endocrinology and Metabolism (2020). 
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3.1 Abstract 

 

 Fetal sheep with placental insufficiency-induced intrauterine growth restriction 

(IUGR) have lower hind-limb oxygen consumption rates (OCR), indicating depressed 

mitochondrial oxidative phosphorylation capacity in their skeletal muscle. We 

hypothesized that OCRs are lower in skeletal muscle mitochondria from IUGR fetuses 

due to reduced electron transport chain (ETC) activity and lower abundances of 

Tricarboxylic Acid (TCA) cycle enzymes. IUGR sheep fetuses (n=12) were created with 

mid-gestation maternal hyperthermia and compared to control fetuses (n=12). At 132±1 

days of gestation, biceps femoris muscles were collected, and the mitochondria were 

isolated. Mitochondria from IUGR muscle have 47% lower State 3 (Complex-I 

dependent) OCRs than controls, while State 4 (proton leak) OCRs were not different 

between groups. Furthermore, Complex I, but not Complex II or IV, enzymatic activity 

was lower in IUGR fetuses compared to controls. Proteomic analysis (n=6/group) 

identified 160 differentially expressed proteins between groups with 107 upregulated and 

53 downregulated mitochondria proteins in IUGR fetuses compared to controls. Although 

no differences were identified in ETC subunit protein abundances, abundances of key 

TCA cycle enzymes (IDH3B, SUCLA2, and OGDH) were lower in IUGR mitochondria. 

IUGR mitochondria had a greater abundance of a hypoxia inducible protein, NADH 

dehydrogenase 1 alpha subcomplex 4-like 2, NDUFA4L2, which is known to incorporate 

into Complex I and lower Complex I-mediated NADH oxidation. Our findings show that 

mitochondria from IUGR skeletal muscle adapts to hypoxemia and hypoglycemia by 

lowering Complex I activity and TCA cycle enzymes concentrations, which together act 

to lower OCR and NADH production/oxidation in IUGR skeletal muscle. 
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3.2 Introduction 

 

Intrauterine growth restricted (IUGR) fetuses have reduced lean mass and 

impaired glucose metabolism compared to normally growing counterparts (213). Many 

cases of IUGR are caused by reductions in placental function leading to fetal nutrient 

restriction resulting in fetal hypoglycemia, hypoxemia, and maladaptive sarcopenia 

(96,261–263). Moreover, it has been proposed that nutrient and oxygen restriction to the 

fetus during development is associated with permanent alterations in whole-body 

metabolism, and a fixed functional capacity of vital organs in postnatal life (264,265). 

Our ovine model of hyperthermia-induced placental insufficiency successfully 

recapitulates several aspects of the human IUGR phenotype (185). These maladaptations 

to IUGR in-utero can eventually lead to complications later in life, as these adults are 

more prone to develop metabolic syndrome (266).  

Normally, the oxidation of glucose and lactate accounts for >50% of whole-fetus 

oxygen consumption, underscoring the importance of these substrates in fetal metabolism 

(218). When placental transport capacity for glucose and oxygen are limited, the IUGR 

fetus prioritizes growth of neurological tissues at the expense of peripheral tissue growth 

through metabolic and endocrine adaptations(14,15,267). This is evidenced in the IUGR 

fetus by lower hindlimb skeletal muscle mass and weight-specific oxygen consumption 

rates (OCRs) even though hindlimb weight-specific glucose uptake is similar to uptake in 

control fetuses (76). Body weight-specific glucose utilization rates are also similar 

between IUGR and control fetuses despite lower fractional glucose oxidation rates that 

have been shown to persist in skeletal muscle of IUGR lambs (196,197,268). Importantly, 

higher glucose extraction efficiencies and expression levels of glycolytic enzymes 
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maintain normal hindlimb glucose-oxygen quotients, but further reduction in the lactate-

oxygen quotient indicates greater lactate output per mole of oxygen consumed  

(76,104,269). These findings imply that IUGR fetuses have lower skeletal muscle 

oxidative metabolic capacity. 

 Mitochondria, the site of cellular respiration and oxidative phosphorylation, are 

central to metabolism. Within the mitochondrial matrix, the conversion of pyruvate, the 

primary metabolite from glucose, into acetyl-CoA is the first step in a series of redox 

steps that ultimately lead to the production of NADH and FADH2 within the 

Tricarboxylic Acid (TCA) cycle (270). Although the TCA cycle does not directly 

consume oxygen, it is considered aerobic because the NADH and FADH2 produced by 

acetyl-CoA metabolism must transfer their electrons to the electron transport chain (ETC) 

at Complexes I and II, respectively, in order to regenerate NAD+ and FADH for further 

revolutions of the TCA cycle (271,272). Regeneration of these redox cofactors through 

oxidation at the ETC relies upon the terminal electron transfer to oxygen at Complex IV 

(273–275). Thus, the TCA cycle is indirectly dependent upon oxygen for function. If 

sufficient electron transfer does not occur within the ETC (e.g. post-translational 

modification of ETC subunits), mitochondrial oxygen consumption rates decrease; 

however, this leads to alterations in cellular metabolism and substrate selection that 

hinder TCA cycle function  (276–280). As such, the TCA cycle and the ETC are linked, 

and decreasing mitochondrial metabolism to conserve oxygen would concomitantly 

lower glucose metabolism. 

Given that the IUGR fetuses have less lean body mass than their appropriately 

grown counterparts, it is not surprising that previous studies have shown that IUGR 
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skeletal muscle metabolically adapts in-utero (76,77,197,214,268). Glucose metabolism 

and oxygen consumption are linked through the TCA cycle and subsequent oxidative 

phosphorylation, and previous findings in IUGR models with placental restriction 

indicates reduced mitochondrial function in the fetal skeletal muscle (77,223). However, 

mitochondrial metabolic capacity has not yet been examined comprehensively in the 

skeletal muscle of IUGR fetuses.  

The objective of this study was to uncover differences between IUGR and control 

skeletal muscle mitochondrial metabolism by: 1) measuring OCRs and ETC subunit 

activities on isolated mitochondria as a means to quantitatively measure ETC function, 

and 2) using a proteomic-based approach to measure differences in protein abundances 

within the mitochondria-proteome between IUGR and control fetuses. Since IUGR 

fetuses have previously been reported to possess lower hind-limb OCRs, we tested the 

hypothesis that OCRs are lower in skeletal muscle mitochondria from IUGR fetuses due 

to reduced ETC activity and lower abundances of TCA cycle enzymes. 

 

3.2 Materials and Methods 

 

3.2.1 Fetal Sheep Model of IUGR. Studies on pregnant Columbia-Rambouillet 

ewes were approved by the University of Arizona Institutional Animal Care and Use 

Committee and performed at the Agricultural Research Complex, which is accredited by 

the American Association for Accreditation of Laboratory Animal Care International. 

The experimental design of this study was performed in accordance with the Animals in 

Research: Reporting In Vivo Experiments (ARRIVE) guidelines (281). Columbia-

Rambouillet crossbred ewes with singleton pregnancies were purchased from the 
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University of Arizona Sheep Unit and transported to the laboratory at 35 ± 2 days of 

gestation age (dGA). The ewes were two to four years of age with unknown parity. 

Singleton fetuses were determined by ultrasonography prior to group assignment. Ewes 

were assigned by a simple randomization method into one of two groups, control and 

IUGR. Placental insufficiency-induced IUGR fetuses (n=15) were created by exposing 

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

22 °C) from 40 ± 1 dGA to 91 ± 1 dGA (term 149 dGA) as described previously (172). 

Control fetuses (n=12) were from ewes maintained 22 ± 1°C that were fed alfalfa pellets 

to the average ad libitum feed intake of ewes in the IUGR group. Water and salt were 

available to ewes ad libitum. After the hyperthermic exposure, all ewes were maintained 

in a thermoneutral environment alongside ewes in the control group. Three IUGR fetuses 

were lost prior to surgery, making the final animal numbers for the experimental groups: 

Control (n=12), and IUGR (n=12).  

3.2.2 Surgical Preparation and Fetal Physiological Studies. At day 123±1, each 

fetus underwent a sterile, surgical procedure to place indwelling, polyvinyl arterial and 

venous catheters for blood sampling and infusion as described previously (196). Animals 

were allowed to recover for at least 5 days prior to in vivo physiological experimentation 

to determine rates of fetal glucose, oxygen, and lactate umbilical uptakes. Fetal catheters 

for blood sampling were placed in the abdominal aorta via hindlimb pedal arteries and the 

umbilical vein. Infusion catheters were placed in the femoral veins via the saphenous 

veins. Maternal catheters were placed in the femoral artery and vein for arterial sampling 

and venous infusions. All catheters were tunneled subcutaneously to the ewe’s flank, 

exteriorized through a skin incision, and kept in a plastic mesh pouch sutured to the ewe’s 
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skin.  At induction of all surgical procedures, ewes received an intramuscular injection of 

penicillin G procaine injectable suspension (24,000 units/kg; Agri-Cillin, Huvepharma, 

Inc., Peachtree City, GA) and intravenous injection of Ketofen (2 mg/kg; Zoetis 

Kalamazoo, MI). Ewes were given post-operative analgesics intravenously (10 

mg/kg/day phenylbutazone, VetOne Boise, ID) for 3 days. The vascular catheters were 

flushed daily with heparinized saline solution (100 U/mL heparin in 0.9% NaCl solution, 

Vedco, Inc, St. Joseph, MO). 

Rates of umbilical (net fetal) uptake for oxygen, glucose, and lactate were 

measured at 130±1 days of gestation. Umbilical blood flows were measured by steady 

state tritiated water diffusion and normalized to fetal weight for the study (New England 

Nucleotides; PerkinElmer Life Sciences, Boston, MA). After a priming bolus of 50 μCi 

3H2O, the intravenous 3H2O infusion (0.83 μCi/min) began 60 minutes before sampling 

commenced. Four sets of blood samples were collected at 10-min intervals to determine 

umbilical blood flow, blood gasses, blood oximetry, plasma metabolites, and hormone 

concentration. At the start of tracer infusion, an infusion of maternal blood (10 mL/h) was 

given to the fetus to avoid fetal anemia from sampling. Two control and two IUGR 

animals were not included in the physiological studies due to failure of catheter patency. 

The animal numbers for blood gas, hormone, and metabolite collection were: Control 

(n=10) and IUGR (n=10). 

Arterial blood gases and oximetry for each sample was measured with an ABL 

825 (Radiometer, Copenhagen, Denmark), and values were temperature-corrected to 

39.1°C. Plasma glucose and lactate concentrations were measured with the YSI model 

2700 SELECT Biochemistry Analyzer (Yellow Springs Instruments, Yellow Springs, 
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OH, USA). Additionally, plasma concentrations of insulin (ovine insulin ELISA; ALPCO 

Diagnostics, Windham, NH; intra- and inter-assay coefficients of variation <6%; 

sensitivity 0.14 ng/mL) and norepinephrine (noradrenaline ELISA; Labor Diagnostika 

Nord GmbH & Co., KG, Germany; intra- and inter-assay coefficients of variation <14%; 

sensitivity 35 pg/mL) were measured. 

3.2.3 Tissue Collection. At day 132±1, the ewe and the fetus were euthanized 

with an intravenous administration of sodium pentobarbital (86 mg/kg) and phenytoin 

sodium (11 mg/kg; Euthasol; Virbac Animal Health). Fetal organs and skeletal muscles 

(biceps femoris) were dissected and weighed. The tissue that was not used immediately 

for mitochondrial isolations was then snap frozen in liquid nitrogen and stored at -80°C 

for in vitro experiments.  

The large muscle groups of the body (e.g. biceps femoris, latissimus dorsi, etc) 

have a proportionally greater impact on glucose metabolism due to mass compared with 

smaller muscles. Additionally, these large muscle groups are also comprised of mixed 

fiber types (215,282–284).  Therefore, we chose the biceps femoris (BF) muscle as the 

representative muscle group for this study.  

3.2.4 Skeletal Muscle Moisture Content. Tissue water content was quantified with 

the wet/dry ratio utilizing the BF muscle. 300 mg of BF muscle (n=12/group) was placed 

drying oven set at a temperature of +40°C until reaching constant weight. Muscles were 

then reweighed (dry weight), and the percentage of water mass was calculated using the 

following equation: (wet weight – dry weight)/wet weight * 100. 

3.2.5 Isolation of Mitochondria. Fresh BF muscle from each fetus was cleaned of 

fascia and three grams of cleaned BF was minced, homogenized, and mitochondria were 
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isolated by density gradient centrifugation according to established protocols using  

“Isolation Buffer 1 “ and “Isolation Buffer 2”(285). Isolation Buffer 1 consists of a final 

concentration of:  67mM sucrose, 50mM Tris/HCl, 50mM 1 M KCl, 10mM EDTA, and 

.02% w/v BSA, in distilled water and adjusted to pH 7.4. Isolation Buffer 2 consists of a 

final concentration of: 250mM sucrose, 3mM EGTA, and 1mM Tris, in distilled water 

and adjusted to pH 7.4. Oxygen consumption rates were measured in “Experimental 

Buffer” which was prepared by mixing: 10 mM Tris/HCl, 5 mM MgCl2, 2 mM Pi, 0.02 

mM EGTA, and 250 mM sucrose, in distilled water and adjusted to pH 7.4. 

3.2.6 Mitochondrial Oxygen Consumption Rate. Following isolation, 

mitochondria were incubated on ice in Isolation Buffer 2 for 30 minutes prior to OCR 

measurements to ensure sufficient wash-out of respiratory substrates (285). For each 

OCR analysis, pelleted mitochondria were resuspended in 1:3 (v/v) in Experimental 

Buffer that was prewarmed to 39.1⁰C. The resulting solution was divided evenly into  

three separate chambers of a Fluorescence Lifetime Micro Oxygen Monitoring System 

(Instech Laboratories, Inc., Plymouth Meeting, PA, USA) that were prewarmed to 

39.1⁰C, as previously described (286).  

Partial pressure of O2 (PO2) in each chamber was recorded over time using fiber 

optic sensors and NeoFox viewer software (Instech Laboratories, Inc.). Oxygen 

consumption rates (OCRs; nmol O2 min−1) were determined from the slope of PO2 

disappearance over time for State 3 and State 4 and were calculated using the average of 

triplicate measurements for each condition. Maximum Complex I-linked respiration 

(State 3) was measured in the presence of 5 mM glutamate, 5 mM malate, and 100 µM 

ADP. For each mitochondria preparation, OCRs were recorded for 5 minutes prior to the 
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addition of ADP (+glutamate/malate, -ADP; State 4 Low  ADP), to ensure sufficient 

use/washout of respiratory substrates for each sample prior to the addition of 100 µM 

ADP, State 3 measurements. To measure OCR in the absence of oxidative 

phosphorylation (State 4Oligomycin), an ATP synthase inhibitor, oligomycin A (5µM final 

concentrations) was added after State 3 measurements (287). All OCRs at State 4Low  ADP 

were not different of their respective State 4Oligomycin measurements. The respiratory 

control ratio (RCR) was calculated as the ratio of State 3 to State 4Oligomycin OCRs (287).  

 Integrity of the mitochondria preparations of each sample was determined by the 

addition of 100µM cytochrome c during State 3 OCR measurements and confirmed by 

less than a 16% increase in OCRs (Sigma).  Following OCR analysis, the isolated 

mitochondria were collected from each chamber, and protein concentrations were 

measured with a Pierce BCA Protein Assay Kit (Thermo Fisher) for OCR normalization 

to protein concentration. 

3.2.7 In-solution Tryptic Digestion of Mitochondria. To determine changes in the 

mitochondrial proteome associated with IUGR, 50 µg of mitochondrial isolates were 

supplemented with dithiothreitol (DTT) at a final concentration of 5 mM and incubated at 

56°C for 30 minutes. Samples were cooled to room temperature for 10 minutes and 

incubated with 15 mM acrylamide for 30 minutes at room temperature while protected 

from light. The samples were supplemented with additional DTT at a final concentration 

of 5 mM and incubated in the dark for 15 minutes to quench the alkylation reaction. Six 

volumes of pre-chilled 100% acetone were added to the samples and incubated for one 

hour at -20°C to precipitate proteins followed by centrifugation at 16,000 x g for 10 

minutes at 4°C. 400 L of pre-chilled 90% acetone was added to the protein pellet and 
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vortexed followed by centrifugation at 16,000 x g for 5 minutes at 4°C. The remaining 

acetone was removed, and the protein pellets were air dried for 2-3 minutes. The protein 

pellet was resuspended in 50 µL of Digestion Buffer (50 mM NH4HCO3, 1% sodium 

deoxycholate (SDC)) and sonicated for 5 minutes. One g of Lys-C was added to each 

sample and incubated at 37°C for 2 hours while shaking at 300 rpm. Afterwards, 50 L 

of 50mM ammonium bicarbonate and 2 µg of trypsin were added to each sample and 

incubated at 37°C overnight while shaking at 300 rpm. 14.7 µL of 40% Formic Acid 

(FA) /1% Heptaflourobutyrate (HFBA) was added to each sample and incubated for 10 

minutes (final concentration is 4% FA/0.1% HFBA) to simultaneously stop trypsin 

digestion and cause precipitation of the SDC contained in the digestion buffer. The SDC 

was pelleted by centrifuging at 12,000 x g for 10 minutes and the peptide-containing 

solution was extracted. The samples were desalted with Pierce Peptide Desalting Spin 

Columns per the manufacturer’s protocol (ThermoFisher Scientific, cat no. 89852) and 

the peptides were dried by vacuum centrifugation. The dried peptides were resuspended 

in 20 µL of 0.1% FA (v/v) and the peptide concentration was determined with the Pierce 

Quantitative Colorimetric Peptide Assay Kit per the manufacturer’s protocol 

(ThermoFisher Scientific, cat no. 23275). 600 ng of the final sample was analyzed by 

mass spectrometry. 

3.2.8 Mass Spectrometry and Data Processing. HPLC-ESI-MS/MS was 

performed in positive ion mode on a Thermo Scientific Orbitrap Fusion Lumos tribrid 

mass spectrometer fitted with an EASY-Spray Source (Thermo Scientific, San Jose, CA). 

NanoLC was performed using a Thermo Scientific UltiMate 3000 RSLCnano System 

with an EASY Spray C18 LC column (Thermo Scientific, 50cm x 75 μm inner diameter, 
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packed with PepMap RSLC C18 material, 2 µm, cat. # ES803); loading phase for 15 min 

at 0.300µL/min; mobile phase, linear gradient of 1–34% Buffer B in 119 min at 0.220 µL 

/min, followed by a step to 95% Buffer B over 4 min at 0.220 µL /min, hold 5 min at 

0.250 µL/min, and then a step to 1% Buffer B over 5 min at 0.250 µL /min and a final 

hold for 10 min (total run 159 min); Buffer A = 0.1% FA/H2O; Buffer B = 0.1% FA in 

80% Acetonitrile. All solvents were liquid chromatography mass spectrometry grade. 

Spectra were acquired using XCalibur, version 2.3 (ThermoFisher Scientific).  

3.2.9 Label-free Quantitative Proteomics. Progenesis QI for proteomics software 

(version 2.4, Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK) was used to perform 

ion-intensity based label-free quantification similar to as previously described (288). In 

brief, in an automated format, .raw files were imported and converted into two-

dimensional maps (y-axis = time, x-axis =m/z) followed by selection of a reference run 

for alignment purposes. An aggregate data set containing all peak information from all 

samples was created from the aligned runs, which was then further narrowed down by 

selecting only +2, +3, and +4 charged ions for further analysis. The samples were then 

grouped in Control versus IUGR. A peak list of fragment ion spectra was exported in 

Mascot generic file (.mgf) format and searched against the Ovis aries UniProt database 

(27,372 entries) using Mascot (Matrix Science, London, UK; version 2.6). The search 

variables that were used were: 10 ppm mass tolerance for precursor ion masses and 0.5 

Da for product ion masses; digestion with trypsin; a maximum of two missed tryptic 

cleavages; variable modifications of oxidation of methionine and phosphorylation of 

serine, threonine, and tyrosine; 13C=1. The resulting Mascot .xml file was then imported 

into Progenesis, allowing for peptide/protein assignment, while peptides with a Mascot 
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Ion Score of <25 were not considered for further analysis. Precursor ion-abundance 

values for peptide ions were normalized to all proteins. For quantification, proteins must 

have possessed at least one or more unique, identifying peptide. 

The subcellular localization database, COMPARTMENTS, was used to identify 

mitochondrial proteins using a confidence score of 3 or greater (289). Of those 

mitochondrial specific proteins, comparisons were made to identify differential 

expression (DE) between groups. Perseus software platform was used to generate PCA 

plots and heat maps to compare and visualize differences between samples, and a pseudo-

count of 1 was added to the abundance scores to avoid a logarithm of zero (290). Volcano 

plot visualizations were constructed to summarize protein abundance between the two 

experimental groups. The figure was generated using statistical software R (v3.3.3), and 

plotting fold change (x-axis, log2 scale) against p-value (y-axis, -log10 scale) obtained 

from conducting a two-sample t-test on the log (base 2) normalized abundances.   

DAVID  was used to identify the significant biological themes within Gene 

Ontology (GO) Terms and KEGG pathways, for DE proteins (Supplemental Tables S2-

S5) (291–297). Graphs for the individual, significantly enriched annotations within GO 

sub-ontologies (Biological Processes (BP), Cellular Component (CC), and Molecular 

Function (MF)) and KEGG pathways were plotted as fold enrichments against log10 

adjusted P-values. Pathways were summarized to reduce redundant non-physiologically 

relevant terms.  

3.2.10 Enzymatic Assessment of Mitochondrial Function. Complex I, II, and IV 

activities were measured in biceps femoris muscle from the same subset of 12 animals 

used for proteomic analysis (n=6/group). Measurements were recorded, in triplicate, with 
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the Complex I (cat # ab109721, Abcam), Complex II (cat # ab109908, Abcam), Complex 

IV (cat # ab109909, Abcam) Enzyme Activity Kits and all were analyzed using a 

SpectraMax M2 plate reader (Molecular Devices, San Jose CA). Skeletal muscle (100 

mg) was homogenized in cold Phosphate Buffered Saline (PBS), and the protein 

concentration was measured using a Pierce BCA Protein Assay Kit. Samples were 

adjusted to recommended protein concentrations, and the proteins were extracted from 

the samples using 10X detergent provided by the manufacturer. Samples were then 

centrifuged at 12000 x g for 20 minutes at 4°C. Sample concentrations were verified to 

be ~5 mg/mL. Samples were loaded into the wells at a concentration of 100 µg/200µL 

(Complex I Assay), 60µg/50µL (Complex II), or 10µg/200µL (Complex IV), along with 

appropriate positive and negative controls. 

For each assay, plates were incubated at recommended temperatures, and activity 

was extrapolated by optical density in a kinetic mode: Complex I (1-minute intervals at 

450nm for 30 min), Complex II (20 second intervals at 600 nm for 60 min), and Complex 

IV (1-minute intervals at 550 nm for 120 min). The linear rate of absorbance was then 

calculated and normalized to whole protein concentration. 

3.2.11 Western Blot Analysis. Mitochondrial protein expression was evaluated in 

the same subset of 12 animals used for proteomic analysis (n=6/group). Protein lysates 

were prepared from biceps femoris muscle or isolated mitochondria in ice-cold CelLytic 

MT Buffer (Sigma-Aldrich, St Louis, MO) containing additional protease and 

phosphatase inhibitors: 0.5 mM phenylmethane sulfonyl fluoride (Thermo Fisher 

Scientific), 2µg/mL Aprotinin (Sigma-Aldrich), 2.5µg/mL Leupeptin (Sigma-Aldrich), 

100µM DTT, and 5mM sodium vanadate (Thermo Fisher Scientific). Protein 
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concentrations were measured with a Pierce BCA Protein Assay Kit. 50 µg of protein 

from each animal was separated on a 15% polyacrylamide gel and transferred onto PVDF 

membranes (Bio-Rad, Hercules, CA). The membranes were blocked in a 5% (w/v) non-

fat milk in Tris-buffered saline, 0.1% Tween (TBS-T) solution for 30 minutes at room 

temperature and then incubated overnight at 4°C with primary antibodies in 5% nonfat 

milk in TBS-T. The primary antibodies used on isolated mitochondrial preps are as 

follows: anti-COXIV (1:3000; RRID: AB_879754), anti-IDH3B (1:3000; 

RRID:AB_2819360) , anti-NDUFA4L2 (1:3000; RRID: AB_2761150), anti-OGDH 

(1:3000; RRID:AB_2156766), anti-SUCLA2 (1:3000; RRID:AB_2819117). The primary 

antibodies used on whole BF protein lysate are as followed: Total OXPHOS Rodent WB 

Antibody Cocktail (1:3000; RRID: AB_2629281). Specificity of antibodies was verified 

by the presence of a single band at the expected molecular weight, and Total OXPHOS 

antibody mixture was used as previously described (298). Goat anti-rabbit or anti-mouse 

IgG secondary antibodies conjugated with horseradish peroxidase (1:15,000; BioRad 

RRID AB_11125142) were detected with Thermo Scientific™ SuperSignal West Pico 

Chemiluminescent Substrate and exposed to Blue Lite Autorad Film (VWR, Radnor, 

PA). Protein concentrations were quantified using photographed images and 

densitometric analyses (Scion Image Software, Frederick, MD). Protein concentrations 

were normalized to Citrate Synthase (1:3000, Santa Cruz, RRID: AB_2813783). All 

samples were evaluated in triplicate and data are presented relative to control values. 

3.2.12 Measurements for Skeletal Muscle Mitochondria Density. Mitochondrial 

DNA (mtDNA) was co-purified with genomic DNA (nDNA) from 100 mg of biceps 

femoris from the same subset of 12 animals used for proteomic analysis (n=6/group). 
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DNA concentration and purity were determined from absorbance measurements with a 

NanoDrop ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE). 12.5 ng of total 

DNA was used per reaction. DNA was amplified using a QuantiTect SYBR® Green PCR 

Kit (Qiagen, Venlo, Netherlands) and a CFX Connect Real-Time PCR Detection System 

(Bio-Rad). Optimal annealing temperatures for primer pairs were determined. Primer 

specificity was confirmed with nucleotide sequencing of the cloned PCR products (pCR 

2.1-TOPO vector; Thermo Fisher Scientific). Primer efficiencies and sensitivities were 

measured with serial cDNA dilutions. All primers had efficiency ≥93%. After an initial 

15-minute incubation at 96°C, all reactions went through 40 cycles of denaturation (96°C 

for 30 seconds), annealing temperature (60°C for 30 seconds), and extension and read 

(72°C for 10 seconds). Primers synthesized for PCR are as follows for mtDNA and 

nDNA, respectfully: ND1 [Forward (F): 5’-CCAGCATGACCCCTAGCAAT-3’, 

Reverse (R): 5’-AGAATAGGGCGAATGGTCCG-3’], S15 [Forward(F, 5’-

TGAGCAACTGATGCAGCTATACA-3’), Reverse (R): 5’-

AAGGTCTTGCCGTTGTAGACG-3’]. mtDNA copy number was calculated using a 

standard curve and normalizing to nDNA copy number. Gene analysis was performed 

adhering to MIQE guidelines (230). 

Citrate synthase (CS) activity was measured, in triplicate, in whole biceps femoris 

muscle with the Citrate Synthase Assay Kit (cat. no. CS0720, Sigma-Aldrich), as 

described previously (201). Rates for CS are reported as nmol·min−1·mg of muscle 

protein−1. 

3.2.13 Statistical Analysis. Significant differences (P < 0.05) between groups 

(control and IUGR) for morphometric data were determined with an ANOVA and post 



 

84 

 

hoc least-significant difference test using general linear model procedures in JMP 

Software (version 14.0.0; SAS Institute, Cary, NC). Data for OCRs, enzyme assays, 

immunoblots, DNA ratio, was analyzed using unpaired t-test between groups after testing 

for the homogeneity of variance. Normality and skewness were ensured using a 

D’Agostino-Pearson normality test. The variance between groups for each condition 

(e.g., morphometry, OCR, immunoblot, etc) was similar between groups in all conditions.  

The male to female ratio (male:female) ratio for OCR experiments and biometric 

measurements (n=12/group) was 5:7 for both IUGR and Control groups. The male to 

female ratio for blood flow studies (n=10/group) was 4:6 for both IUGR and Control 

groups. The male to female ratio for the first 6 animals per group used in the proteomic 

analysis, enzymatic activities, mitochondria density comparison, and immunoblots was 

3:3 for both IUGR and Control groups. When data were analyzed to include fetal sex as a 

variable in our ANOVA, we did not find significant differences and sex was, therefore, 

not included in the model. Data are presented as mean ± standard error of the mean 

(SEM).  

 

3.3 Results 

 

3.3.1 Placental Insufficiency Lowers Glucose Uptake and Fetal Weight. Blood 

oxygen, plasma glucose, and plasma insulin concentrations were lower in IUGR fetuses 

than controls (Table 4). Plasma norepinephrine concentrations were 5.6-fold higher in 

IUGR fetuses compared to controls, similar to our previous studies and other models of 

IUGR (172,185,187,269,299). Plasma lactate concentrations were not different between 

groups. Weight-specific umbilical blood flow and umbilical (net fetal) oxygen uptakes 
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were not different between groups. In IUGR fetuses, rates of umbilical glucose and 

lactate uptakes were 24%, and 46% lower than controls, respectively.  

Fetal and placental masses were 48% and 56% lower, respectively, in IUGR 

fetuses compared to control fetuses (Table 5). Gestational age at necropsy was not 

different between the groups. Total BF muscle weight was 55% lower in IUGR fetuses 

than control fetuses; however, BF moisture content was not different between groups 

(Table 5). Although brain weight was lower in IUGR fetuses compared to controls, brain 

weight relative to fetal body weight was 68% higher in IUGR fetuses.   

3.3.2 Lower Mitochondrial Oxygen Consumption Rates in IUGR Skeletal Muscle. 

Mitochondrial respiration rates in State 3 conditions were 47% lower in mitochondria 

isolated from the IUGR skeletal muscle than controls (Figure 7A). No differences were 

observed between groups for State 4oligomycin conditions (Figure 7B). The RCR was 40% 

lower for IUGR mitochondria compared to control fetuses (Figure 7C). In the biceps 

femoris muscle, mitochondrial DNA copy number and CS activity were not different 

between groups (Figure 8). 

3.3.3 Lower Complex I Electron Transport Chain Activity in IUGR Mitochondria. 

In a subset of animals (n=6/group), function and expression of the individual complexes 

in the ETC were evaluated. Complex I activity was 18% lower in IUGR muscle 

compared to control muscle (Figure 9A). No differences in activity between groups were 

found for Complexes II or IV (Figure 9B-C). To assess total ETC expression, 

representative OXPHOS (Complexes I-V) proteins were evaluated by immunoblot 

analysis on whole BF muscle lysates; however, there were no differences in the 

abundances of representative OXPHOS proteins between groups (Figure 9D). 
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Furthermore, Complex I activity was positively associated with State 3 OCRs for both 

groups (Figure 10). 

3.3.4 IUGR Mitochondria Proteomic Profiles Identify Mechanisms for Complex I 

Inhibition. Within our 12 samples, proteomic analysis identified 2691 total, unique 

proteins. Of those, 1112 were identified as mitochondrial specific proteins by a 

confidence of 3 or greater using COMPARTMENTS (Supplemental Table S1)(289). 

Within the mitochondrial-specific proteins, organic, hierarchical clustering of the DE 

proteins grouped the control and IUGR samples showing 107 upregulated proteins and 53 

downregulated proteins in IUGR mitochondria compared to control mitochondria (Figure 

11 A-C). Enriched GO terms for the differentially expressed proteins were found in all 

three GO sub-ontologies (biological process (BP), cellular component (CC), and 

molecular function (MF)) as well as KEGG Pathways (Figure 5D). GO-BP and KEGG 

Pathways each had 10 enriched pathways, and both overlap in the terms: “TCA Cycle”, 

“Glycolysis/Gluconeogenesis”, and “Pyruvate Metabolism” (Supplemental Table S2 and 

S5). GO-CC and GO-MF each had 3 and 9 enriched pathways, respectively 

(Supplemental Table S3 and S4).  

KEGG pathway analysis of the 160 DE proteins showed 17 proteins were 

connected to “Carbon Metabolism”: 7 proteins were upregulated and 10 proteins were 

downregulated in IUGR mitochondria compared to controls (Supplemental Table S5). 

Furthermore, KEGG pathway analysis identified 8 proteins connected to “TCA Cycle”, 

and all 8 of these proteins were downregulated in IUGR mitochondria, and all 8 proteins 

were found within “Carbon Metabolism” pathway (Supplemental Table S5). 
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Additionally, of these 8 downregulated proteins, 5 overlap with “2-oxocarboxylic Acid 

Metabolism” (Supplemental Table S5). 

Proteomic analysis also showed a downregulation of proteins involved in 

pyruvate flux into the TCA cycle in IUGR mitochondria. These proteins include 

Mitochondrial Pyruvate Carrier 2 (MPC2), Pyruvate Dehydrogenases 2 and 3 (PDK2,3), 

and pyruvate carboxylase (PC; Figure 12). Additionally, the results identified lower 

abundances of enzymes involved in amino acid metabolism such as Branched Chain 

Aminotransferase 2 (BCAT2) and Branched Chain Keto Acid Dehydrogenase Kinase 

(BCKDK) in IUGR mitochondria compared to controls (Figure 12).  

No upregulated proteins in IUGR mitochondria were directly involved in the TCA 

cycle, Amino Acid Metabolism, or β-oxidation. However, two upregulated proteins in 

IUGR mitochondria were identified as potential regulatory factors for metabolism: 

NDUFA4L2 and LDHB, which are centrally located in mitochondrial metabolism 

(Figure 12). 

3.3.5 Immunoblot Confirm Reductions in TCA Cycle Enzymes and Elevated 

NDUFA4L2. NADH dehydrogenase 1 alpha subcomplex 4-like 2 (NDUFA4L2) was 

selected as an upregulated protein in IUGR mitochondria that also affects ETC function 

at Complex I. NDUFA4L2 concentrations were 3-fold higher in IUGR mitochondria 

compared to control mitochondria (Figure 13A). 

TCA cycle enzymes, Isocitrate Dehydrogenase 3B (IDH3B), Succinate-CoA 

Ligase ADP-Forming Subunit Beta (SUCLA2), and, Oxoglutarate Dehydrogenase 

(OGDH), were validated with immunoblots (Figure 13 B-D). IDH3B, SUCLA2, and 
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OGDH abundances were 55%, 38%, and 54% lower in IUGR mitochondria, respectively, 

compared to Control (Figure 13 B-D).  

 

Data supplements can be found here: 

 https://figshare.com/s/15f93a5720ba0e300c8c 
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Table 4. Metabolic and hormone concentrations, and umbilical uptakes for control and 

IUGR fetuses  

Measurement Control (10) IUGR (10) 

Male to Female Ratio (Male: Female) 4:6 4:6 

Umbilical Blood Flow (mL/min/kg) 200.9 ± 24.2 167.6± 8.6 

Blood O2 Content (mM) 3.4 ± 0.1 1.1 ± 0.1* 

Umbilical Oxygen Uptake 

(µmol/min/kg) 

355.1± 16.4 318.7 ± 14.0 

Plasma Glucose (mM) 1.03 ± 0.04 0.63 ± 0.05* 

Umbilical Glucose Uptake 

(µmol/min/kg) 

30.4 ± 0.8 23.2 ± 1.2* 

Plasma Lactate (mM) 2.15 ± 0.12 2.73 ± 0.39 

Umbilical Lactate Uptake 

(µmol/min/kg) 

19.3 ± 2.2 10.4 ± 1.8* 

Plasma Norepinephrine (pg/mL) 770 ± 140 4340 ± 1020* 

Plasma Insulin (ng/mL) 0.37 ± 0.02 0.15 ± 0.02* 

 

Values are expressed as means ± SE. Significant differences (P < 0.05) between groups 

were determined by ANOVA and post hoc least-significant difference test using general 

linear model procedures. IUGR, intrauterine growth restriction. 
*P < 0.05, difference between groups. 
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Table 5.  Body and organ masses of control and IUGR fetuses at necropsy. 

 

Measurement Control (12) IUGR (12) 

Male to Female Ratio (Male: Female) 5:7 5:7 

Age at necropsy (days) 132± 1 132 ± 1 

Fetal Weight (kg) 3.33 ± 0.21 1.73 ± 0.12* 

Placental Weight (g) 425 ± 43.4 188 ± 47.2* 

Brain Weight (g) 51.9 ± 1.4 43.0 ± 1.5* 

Brain Weight (g)/ Fetal Weight (kg) 15.2 ± 0.8 25.6± 2.8* 

Total Biceps Femoris Weight (g) 34.5 ± 1.3 15.6 ± 1.6* 

Total Biceps Femoris Weight (g)/ Fetal 

Weight (kg) 

10.9 ± 0.4 8.94 ± 0.3* 

Biceps Femoris Wet/Dry Ratio (%) 77.7 ± 2.1 75.8 ± 2.6 

 

Values are expressed as means ± SE. Significant differences (P < 0.05) between groups 

were determined by ANOVA and post hoc least-significant difference test using general 

linear model procedures. IUGR, intrauterine growth restriction. 
*P < 0.05, difference between groups. 
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Figure 8. Mitochondrial density was unaffected in intrauterine growth restriction (IUGR) 

skeletal muscle. Left: mitochondrial DNA copy number to nuclear DNA copy number in 

the biceps femoris muscle is represented as a ratio of NADH-ubiquinone oxidoreductase 

subunit 1 (ND1):(RPS15) genes for control (CON; n = 6) and IUGR (n = 6) fetuses. Right: 

citrate synthase (CS) activity normalized to milligrams of whole biceps femoris tissue is 

presented for CON and IUGR fetuses. The data were analyzed using unpaired t test 

between groups, and data are presented as the means ± SE; there were no significant 

differences observed between groups. 
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Figure 9. Reduced electron transport chain activity rates, but not complex abundances in 

intrauterine growth restriction (IUGR) mitochondria. Complex I (A), Complex II (B), and 

Complex IV (C) activities of the electron transport chain (ETC) were determined for 

biceps femoris muscle of IUGR and control (CON) fetuses. D: representative immunoblots 

are presented for Complex I [NADH dehydrogenase 1β subcomplex subunit 8 

(NDUFB8)], Complex II [succinate dehydrogenase B (SDHB)], and Complex IV (COX4) 

subunits and citrate synthase (CS) for whole biceps femoris muscle protein lysate. No 

differences in protein concentrations were observed between groups by immunoblot 

analysis. For each group, males are represented by open symbols, and females are 

represented by closed symbols. The data were analyzed using unpaired t test between 

groups after testing for equal variance, and the data are presented as the means ± SE. *P < 

0.05 denotes significance differences between groups. mOD denotes milli optical density. 
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Figure 10. Correlation of mitochondrial oxygen consumption rates (OCRs) 

and State 3 Complex I activity. State 3 oxygen consumption rates (OCRs) 

plotted against Complex I activity rates for the subset of intrauterine growth 

restriction (IUGR; squares, n = 6) and control (CON; circles, n = 6). For each 

group, males are represented by open symbols, and females are represented by 

closed symbols. Linear regression was performed with JMP 14, and R2 and P 

values are indicated. mOD denotes milli-optical density. 
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Figure 11. Proteomic analysis reveals 160 differentially expressed proteins in intrauterine growth 

restriction (IUGR) skeletal muscle mitochondria. A: expression patterns for the differentially expressed 

(DE) proteins are present in the heatmap that shows organic, hierarchical clustering of the significant 

DE proteins between control (CTRL) and IUGR mitochondria. Lower protein abundances are shown in 

red, and higher protein abundances are shown in green for IUGR versus control comparison. 

Hierarchical clustering of the 107 upregulated (blue) and 53 downregulated (red) for control versus 

IUGR comparison is displayed on either side of the heatmap. B: a principal component analysis (PCA) 

plot shows distinct separation between control (blue) and IUGR (red) mitochondria protein abundances. 

C: for the control and IUGR comparison, the volcano plot for log2 fold change plotted against log10 

adjusted P values identifies all significant DE proteins with lower (red) and higher (green) protein 

abundances of IUGR mitochondria. D: the P values for each Gene Ontology (GO) term and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway for all DE proteins (both up- and 

downregulated) for the control vs. IUGR comparison were graphed against their individual fold 

enrichment scores. The protein list for each GO term or KEGG pathway can be found in Supplemental 

Tables S2–S5. 
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Figure 13. Immunoblots of differentially expressed (DE) proteins confirm proteomic 

results. Representative immunoblots are presented for NADH dehydrogenase 1α 

subcomplex 4-like 2 (NDUFA4L2; A), succinate-CoA ligase ADP-forming subunit β 

(SUCLA2; B), oxoglutarate dehydrogenase (OGDH; C), and isocitrate dehydrogenase 

(NAD+) 3 noncatalytic subunit β (IDH3B; D). The relative abundances to citrate 

synthase (CS) are shown for control (CON) and intrauterine growth restriction 

(IUGR; n = 6/group). For each group, males are represented with open symbols, and 

females are represented by closed symbols. The data were analyzed using unpaired t 

test between groups after testing for equal variance, and the data are presented as the 

means ± SE. *P < 0.05 denotes significance differences between groups. 
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3.4 Discussion 

 

 To adapt to low nutrient and oxygen conditions in-utero, skeletal muscle 

mitochondria from IUGR fetuses have a lower maximal Complex I-mediated respiratory 

rates and reduced Complex I activity compared to controls. The reductions in Complex I 

activity in IUGR mitochondria was associated with greater NDUFA4L2 concentrations 

because abundances of other representative ETC proteins remain unchanged. Induction of 

NDUFA4L2 during hypoxia has been shown to decrease cellular respiration by reducing 

the functional capacity of Complex I(300–302). ETC function, and subsequent energy 

production, relies on adequate supplies of reducing equivalents, primarily from the TCA 

cycle (271,303). Interestingly, our proteomic and western analysis shows that 

mitochondria isolated from skeletal muscle of IUGR fetuses have lower concentrations of 

TCA cycle enzymes compared to controls. Lower OCR, Complex I activity, and TCA 

cycle enzyme abundances in IUGR skeletal muscle mitochondria may serve as an avenue 

for substrate (e.g. pyruvate) conservation in IUGR skeletal muscle in response to nutrient 

and oxygen restriction induced by placental insufficiency.  

 3.4.1 Mitochondrial Oxygen Consumption. Glucose metabolism and oxygen 

consumption are entwined via mitochondrial metabolism. IUGR fetuses are not only 

hypoxemic, hypoglycemic, and smaller than control fetuses, but they also exhibit 

decreased rates of growth, protein accretion, as well as lower whole-fetus glucose 

oxidation rates (76,95,185,197,206,221,263,304,305). In the present study, mitochondria 

from IUGR skeletal muscle have lower State 3 (Complex-I mediated) OCRs compared to 

controls, supporting previous observations of globally reduced energy status in their 

skeletal muscle and lower fetal hind-limb oxygen consumption rates (76,77). The 



 

99 

 

reduction in State 3 OCR of IUGR mitochondria was independent of Complex II and IV 

activities, but OCRs correlated with lower Complex I activity (Figure 4). State 4 OCRs 

(proton leak) were not different between groups, thus showing that the lower NADH-

coupled respiration in IUGR mitochondria was due to lower State 3 OCRs (Figure 1). 

Furthermore, the defect in IUGR State 3 OCR was also independent of ETC proteins 

because abundances examined by immunoblots and proteomic analyses were not 

different for several protein subunits of the ETC complexes. Together, these findings 

indicate that lower mitochondria respiration rates in IUGR skeletal muscle are, in part, 

related to inhibition of Complex I of the ETC.  

 Complex I mediated oxygen consumption, which accounts for the majority of 

mitochondrial oxygen consumption, relies upon an adequate supply of O2, NADH, Pi, 

and ADP (306). Consisting of 45 subunits, Complex I is the largest, most complicated, 

and least understood component of the ETC, and its activity is regulated in response to 

nutrient and oxygen availability (127,307). The regulation of Complex I activity has yet 

to be fully elucidated, but it appears to be governed by its active/dormant (A/D) transition 

state in response to substrate and oxygen supply: the A-form operates at physiological 

temperatures and substrates, but Complex I transitions into the D-form if 

oxygen/substrates become limiting (308–310). The mechanism behind the Complex I 

A/D transition is unknown, but it may be due to post translational modifications or a 

decrease in core catalytic subunit expression (306,311,312). Intriguingly, our proteomic 

analysis of isolated mitochondria indicates that neither of these mechanisms is 

responsible for reduced State 3 OCRs in IUGR mitochondria. However, we observed 

greater NDUFA4L2 abundance in skeletal muscle mitochondria from IUGR fetuses, 
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which has been shown to inhibit Complex I activity and may serve as a potential adaptive 

response mechanism to conditions of placental insufficiency and IUGR(300–302). 

The expression of NDUFA4L2 is stimulated by hypoxia inducible factor 1α (HIF-1α), the 

expression of which is a primary adaptive response to decreases in available oxygen 

(300,301). Although IUGR fetuses are hypoxemic, increased prolyl hydroxylase domain 

expression, which opposes the actions of HIF-1α, is observed in IUGR tissues; however, 

increased prolyl hydroxylase domain expression is matched by increased HIF1/2α 

activity in IUGR tissues, which most likely represents a new metabolic set-point in 

response to chronic hypoxia in IUGR fetuses (240–244). While the physiological 

function of NDUFA4L2 remains to be fully elucidated, when it is expressed, NDUFA4L2 

is inserted into Complex I and reduces ROS generation and oxygen consumption by 

decreasing electron flux (300,301). Furthermore, due to its strategic position downstream 

of NADH production, increased NDUFA4L2 expression would reduce OCRs regardless 

of fuel origin. Importantly, increased NDUFA4L2 expression would keep total substrate 

oxidation lower thereby conserving substrates for vital tissues at the expense of skeletal 

muscle metabolism.  

IUGR fetal skeletal muscle is depleted in purines, ribose, oxygen, glucose 

metabolites, and key amino acids, indicating a lower energy status (76,77). However, a 

depletion of skeletal muscle metabolites may be consequential to, and not a cause of, 

decreased skeletal muscle mass in IUGR fetuses. One mechanism likely to reduce 

accretion rates and metabolism is a reduction in skeletal muscle OCR. Since the rate of 

oxygen consumption by mitochondria in vivo is determined by the phosphorylation 

potential (log(ATP/ADP*Pi)), electrons will only be donated to oxygen if ADP is 
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concomitantly phosphorylated to ATP (313–316). As such, the rate of oxidative 

phosphorylation is coupled to the rate of ATP utilization. Therefore, a reduction in OCR 

will reduce ATP production and force established fetal muscle fibers to reduce energy 

(ATP) expenditure, of which a significant portion is devoted to protein synthesis (317–

319). Taken together, the adaptation of IUGR skeletal muscle to a hypoxic, nutrient 

restricted environment decreases its need for energy and metabolic requirements at the 

expense of its growth.  

 Although Complex I activity and State 3 (Complex I mediated) OCRs were highly 

correlated (Figure 4), the magnitude of reduction in IUGR fetuses was not equivalent for 

each measurement (18% lower Complex I activity vs 47% lower State 3 OCRs in IUGR 

fetuses compared to controls). The measurements of Complex I activity demonstrates a 

lower rate in the NADH redox capability; however, the ability of Complex I to transfer 

protons to the intermembrane space or transfer electrons within Complex I (or between 

Complex I and coenzyme Q) was not investigated. Alterations in either of these processes 

may explain the discrepancy between State 3 OCR and Complex I activity measurements 

in this study. Interestingly, in vivo experiments show weight-specific hindlimb oxygen 

uptakes are 29% lower in IUGR fetuses compared to controls (76). Although these in 

vivo hindlimb OCRs are higher than the State 3 OCRs for isolated mitochondria, this 

result is expected because the in vivo measurements include Complex II activity (FADH 

redox), which also contributes to the total OCR. In contrast, the in vitro State 3 OCRs for 

isolated mitochondria were performed in the absence of Complex II activity.  

 3.4.2 The link between the Electron Transport Chain and Energy Conservation. 

Due to the low energy status of IUGR skeletal muscle, it is not surprising that the TCA 
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cycle enzyme abundances are lower in IUGR mitochondria (Figure 12)(77). A decrease 

in OCRs would result in a reduction in electron flow through the ETC, and this would 

subsequently inhibit the flow of glycolytic substrates through mitochondrial metabolism 

since oxidative phosphorylation is dependent upon reducing equivalents, namely NADH. 

Consequently, reduced ETC function reduces NADH oxidation, increases the 

[NADH]:[NAD+] ratio, and inhibits key TCA cycle enzymes such as IDH and OGDH, 

both of which, along with CS, represent the rate-limiting steps of the TCA cycle(320). 

Interestingly, both IDH and OGDH are downregulated in IUGR mitochondria (Figure 

13). Although NADH and ATP only allosterically inhibit IDH and OGDH, the 

downregulation of these proteins in our data set could represent adaptation to a lower 

energy requirement in IUGR skeletal muscle (77).  

 Intriguingly, IUGR mitochondria appear to conserve glutamate by decreasing the 

abundances of enzymes which use glutamate, or glutamate derivatives, such as BCAT2, 

GPT2, OGDH, and BCKDK (Figure 6). Since amino acid oxygen quotients are lower in 

the IUGR hindlimb, these fetuses may conserve amino acids rather than use them in 

energy producing pathways, such as the TCA cycle. Although these data are consistent 

with current studies, speculation on amino acid metabolism in IUGR skeletal muscle 

mitochondria is beyond the scope of this study (76,77).  

 Due to their relative mass, larger muscle groups have a proportionally greater 

impact on glucose metabolism and are composed of mixed fiber types (282–284). The BF 

was chosen as the representative muscle group for this study. However, the IUGR BF 

muscle has fewer Type I fibers compared to control BF muscle, and Type 1 fibers are 

known to have higher mitochondrial density compared to Type II fibers, which indicates 
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that changes in muscle composition might impact mitochondrial content (215). The 

citrate synthase activity assay, along with other measurements in whole BF muscle (DNA 

ratio and immunoblots for mitochondrial ETC proteins) performed in this study serve as 

proxies for mitochondrial density. Furthermore, using both immunoblot and proteomic 

measurements, no differences in citrate synthase abundances were observed between 

groups. This implies that mitochondrial density in the biceps femoris is similar between 

groups, and the abundance of citrate synthase per mitochondria is similar between 

groups. Together, these measurements do not support reductions in mitochondrial content 

in the BF muscle of IUGR fetuses. This might reflect that in the IUGR sheep fetus, there 

is a smaller proportion of Type 1 fibers to total fiber number, and the 5% reduction in this 

population, which is <20% in the BF muscle, does not lead to major declines in 

mitochondrial density (215). 

 3.4.3 Pyruvate Metabolism and OCR. Although we found a decrease in the 

abundances of various TCA cycle enzymes, we did not find a significant increase in the 

abundances of the enzymes that inhibit pyruvate catabolism into acetyl-CoA. In fact, the 

abundances of Pyruvate Dehydrogenase, Pyruvate Dehydrogenase Phosphatase 1, and 

Pyruvate Dehydrogenase Phosphatase 2 were not different between groups 

(Supplemental Table S1). Furthermore, the abundances of Pyruvate Dehydrogenase 

Kinases were either lower or unchanged in IUGR mitochondria compared to controls, 

supporting our previous findings (269) (Figure 12, Supplemental Table S1). However, we 

did find lower pyruvate carboxylase (PC) abundance in IUGR mitochondria, which may 

be due to the decrease in demand of NADH by the ETC.  
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 Increased, or normal, pyruvate catabolism in IUGR skeletal muscle runs contrary 

to speculation of IUGR glucose metabolism and activation of the Cori cycle (197,221). 

Intuitively, increased pyruvate catabolism should increase substrate available to the ETC, 

though greater NDUFA4L2 expression is expected to limit the capacity of IUGR skeletal 

muscle to oxidize NADH. Remarkably, we show lower Mitochondrial Pyruvate Carrier 2 

(MPC2) abundance in IUGR mitochondria compared to controls. MPC2 and 

Mitochondrial Pyruvate Carrier 1 (MPC1) are highly conserved pyruvate transporters, 

and are thought to be the primary pyruvate transporters on the inner mitochondrial 

membrane (321,322). Regulation of MPC2 is yet to be fully understood; however, it is 

hypothesized that acetylation of MPC2 occurs under hypoxia, thereby reducing oxygen 

consumption under stress (303,323). Although IUGR skeletal muscle has increased PDH 

activity, this may be a result of decreased pyruvate flux across the mitochondrial 

membrane due to decreased MPC2 abundance (269). Therefore, the increase in PDH 

activity in IUGR skeletal muscle mitochondria may act to maintain pyruvate flux to meet 

minimal skeletal muscle energy requirements. The reduction in MPC2, along with the 

reduction in ETC function via NDUFA4L2, may represent a co-adaptive response by 

IUGR skeletal muscle mitochondria as a coping mechanism to a low nutrient 

environment. 
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Chapter 4 

 
 

Dimming the Powerhouse: Mitochondrial Dysfunction in Liver and Skeletal Muscle of 

Intrauterine Growth Restricted Fetuses 

 

The contents of this chapter have been submitted for publication in Frontiers in 

Endocrinology.  
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4.1 Abstract 

 

Intrauterine growth restriction (IUGR) of the fetus, resulting from placental 

insufficiency (PI), is characterized by low fetal oxygen and nutrient concentrations that 

stunt growth rates of metabolic organs. Numerous animal models of IUGR recapitulate 

several of the pathophysiological conditions found in human fetuses with IUGR. These 

models provide insight into the metabolic dysfunction in skeletal muscle and liver. For 

example, cellular energy production and metabolic rate are decreased in the skeletal 

muscle and liver of IUGR fetuses. These metabolic adaptations demonstrate that the 

fundamental processes of mitochondria, such as substrate utilization and oxidative 

phosphorylation, are tempered in response to low oxygen and nutrient availability. As a 

central metabolic organelle, mitochondria coordinate cellular metabolism by coupling 

oxygen consumption to substrate utilization in concert with tissue energy demand and 

accretion. In IUGR fetuses, reducing mitochondrial metabolic capacity in response to 

nutrient restriction is advantageous to ensure fetal survival. If permanent, however, these 

adaptations may predispose IUGR fetuses toward metabolic diseases throughout life. 

Furthermore, these mitochondrial defects may underscore developmental programming 

that results in the sequela of metabolic pathologies. In this review, we will examine how 

reduced nutrient availability in IUGR fetuses impacts skeletal muscle and liver substrate 

catabolism, and discuss how enzymatic processes governing mitochondrial function, such 

as the Tricarboxylic Acid Cycle and Electron Transport Chain, are regulated. Considering 

the importance of the skeletal muscle and the liver to later life metabolic dysfunction, 

understanding the deficiencies in oxygen and substrate metabolism in response to 

placental restriction is essential to understanding the pathogenesis of IUGR.  
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4.2 Introduction 

 

Many cases of intrauterine growth restriction (IUGR) of the fetus are caused by 

reductions in placental mass and function resulting in lower fetal nutrient and oxygen 

availability. Fetal development and growth are particularly vulnerable to perturbations in 

the in utero environment, and it is proposed that lower nutrient availability during 

gestation significantly impacts short- and long-term metabolic regulation (46,266,324–

326). Glucose is an important and primary substrate for oxidative metabolism in the fetus 

(53,218). Consequently, early studies in “small for gestational age” or IUGR neonates 

have focused on describing the negative effects from hypoglycemia and malnutrition on 

neonatal growth and metabolism (207,327–331). These studies laid the foundation for our 

understanding of neonatal metabolism and the potential responses associated with fetal 

growth restriction. However, there are gaps in our knowledge regarding how organ 

specific effects coordinate whole-body substrate utilization in the IUGR fetus. 

Prenatal development establishes the foundation for global metabolic regulation 

and substrate utilization in fetal tissues. Glucose, lactate, and amino acids comprise the 

primary oxidizable substrates used for energy production and tissue growth in the fetus 

(332). When the placental transport capacity for nutrient and oxygen flux becomes 

limited in IUGR pregnancies, metabolic and endocrine responses are initiated in the fetus 

to ensure survival (188,333). As a result, two major physiological responses occur out of 

necessity: stunted growth and metabolic adaptation. Slowing growth lowers the global 

metabolic burden on the fetus and prioritizes substrate availability for essential organs 

such as the brain and heart. The skeletal muscle and liver each comprise a small amount 

of the total fetal weight near term (~10% for skeletal mass, and 3-4% for liver mass) 
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(334–337). However, combined, these tissues are responsible for 40-50% of the total fetal 

oxygen consumption, underscoring their importance as two of the largest metabolic 

organs in the fetus (334,338). Therefore, these tissues are at greater risk for developing 

persisting metabolic adaptations when IUGR occurs. 

IUGR neonates are born with less muscle and liver masses (107–112,339). The 

deficiencies in lean mass are retained through adulthood, despite adequate nutrient 

availability after birth (107,109,110,113–115). This observation is especially important 

considering that tissue growth is dictated by energy homeostasis, and this balance is 

governed by substrate utilization and oxidative phosphorylation (119,120,122,123). 

Interestingly, IUGR infants have higher rates of resting energy expenditure, measured 

within the first few weeks after delivery, and are predicted to increased body mass (catch-

up growth) (116,117). However, these neonates fail to increase adequate muscle mass, 

which potentiates subcutaneous and hepatic fat deposition, and represents a modified 

metabolic phenotype (119–124,340,341). The greater adiposity may further serve as a 

comorbidity that exacerbates the metabolic strain throughout the life-course, including 

the predisposition to nonalcoholic fatty liver disease (39,125,340–343). The life-long 

metabolic strain induced by postnatal catch up growth manifests as an increased risk of 

developing impaired glucose tolerance, dyslipidemia, and hypertension (342,344). Thus, 

individuals born IUGR are at risk of increased morbidities due to impaired substrate 

metabolism combined with lower lean mass and greater adiposity. These observations 

highlight that prenatal conditions from placental restriction negatively affect postnatal 

energy balance.   
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Comprehensive studies evaluating whole-body metabolism and the coordinated 

tissue-specific responses in IUGR fetuses are beginning to define the impacts of nutrient 

and oxygen restriction during gestation. However, despite the growing number of 

experimental models and studies investigating IUGR metabolism, much remains 

unknown. Given the importance and centrality of mitochondria to substrate utilization 

and energy balance, the metabolic aberrations observed in IUGR fetuses implies 

mitochondrial metabolism is adjusted to low nutrient and oxygen concentrations. In this 

review, we will discuss our current understanding of mitochondrial metabolism in the 

skeletal muscle and liver of IUGR fetuses and present gaps in the field. 

4.2.1 Maintenance of Oxidative Phosphorylation in Mitochondria. Oxidative 

metabolism is predicated on mitochondrial function. Within the mitochondria, 

carbohydrate (pyruvate), amino acid, and fatty acid metabolism intersect in the 

Tricarboxylic Acid (TCA) cycle, which requires oxygen, to produce the primary cellular 

energy currency: adenosine triphosphate (ATP). However, utilization of substrates within 

the mitochondrion is not equal. Some metabolites, like lysine and leucine, only enter the 

TCA cycle only as acetyl-CoA, while other substrates, like valine and glutamate, can 

only enter as TCA cycle intermediates via specific carriers (anaplerosis). Oxidative 

phosphorylation is generally limited by the presentation of ADP to the mitochondrion 

(free ADP), and changes in the concentration of any one substrate would affect the 

utilization of other substrates (345).  

In the mitochondrion, ATP is synthesized from the oxidation of carbohydrates, 

proteins, and lipids. To be utilized, these substrates must diffuse through, or be 

transported across, the outer and inner mitochondrial membranes. Once inside the 
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mitochondrial matrix, metabolic substrates can enter the TCA cycle as acetyl-CoA or as 

an intermediate; however, the oxidation of acetyl CoA produces a majority of the cellular 

NADH/FADH2, as less NADH is produced from intermediates that enter later in the TCA 

cycle compared to acetyl-CoA. The NADH produced from each pass through the TCA 

cycle is subsequently oxidized at the electron transport chain (ETC) to produce ATP.  

While the oxidative potential of TCA cycle intermediates is not as great as acetyl-CoA , a 

greater abundance of TCA cycle intermediates is beneficial for several reasons. First, 

these anaplerotic reactions increase the acetyl CoA “carrying capacity” of the TCA cycle, 

allowing more acetyl CoA to be oxidized. Additionally, anaplerotic reactions refill TCA 

cycle intermediates that are lost through cataplerosis. Therefore, substrate oxidation and 

anaplerotic inputs ensure efficient TCA cycle function, where it continuously works to 

produce NADH and FADH2 for the ETC. 

The net effects of catabolism and anabolism on energy production define 

mitochondrial function. The TCA cycle and ETC are intrinsically linked through the 

redox cycle of NADH and FADH2 (271,278). Normally, the flow of electrons starts with 

the oxidation of NADH and FADH2, at Complexes I and II, respectively. As electrons are 

transported through the ETC, protons move from the matrix to the intermembrane space, 

creating the proton motive force. The journey of electrons through the ETC ends with 

their terminal transfer onto oxygen at Complex IV (oxygen consumption). 

Simultaneously, the proton motive force is used by ATP synthase to catalyze ATP from 

ADP and inorganic phosphate (Pi). The integrated nature of the ETC and TCA cycle 

means the rate of oxygen consumption in mitochondria is coupled to the phosphorylation 

potential (log [ATP]/[ADP] [Pi]), which means ATP production and utilization is coupled 
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to oxygen consumption rate (OCR) (235,272,273,278,346–348). As such, conditions that 

reduce the electron flux through the ETC will also reduce the production of ATP as well 

as the regeneration of NAD+/FADH due to reduced NADH/FADH2 oxidation 

(235,272,278). Consequently, both cytosolic and mitochondrial enzymes that rely on 

hydrogen carriers to function, including those in the TCA cycle, are impacted by 

perturbations in ETC function, which subsequently reduces oxygen consumption and 

energy production.  

 

4.3 Animal Models of IUGR with Metabolic Dysfunction 

 

Measuring whole-body, tissue, and cellular metabolism requires invasive 

experiments. As a result, animal models that recapitulate human IUGR are needed to 

study the link placental insufficiency and the metabolic phenotype IUGR fetuses. Similar 

to human IUGR, several animal models of IUGR have been developed that exhibit 

reductions in lean body mass, lower blood nutrient and/or oxygen concentrations, and 

develop metabolic syndromes later in life (129,141,149,349,350).  

4.3.1 Rats. Three well-defined rat models of IUGR show fetal and persistent 

postnatal metabolic consequences in skeletal muscle and hepatic tissue due to reduced 

nutrient availability during gestation. Gestational maternal caloric restriction (CR), 

gestational maternal low protein (LP), and uterine artery ligation (UAL) at embryonic 

day 19 (E19), each cause significant (10-50%) reductions in lean mass which persist into 

adulthood (113,121,128,129,131–133). The persistent disparity in lean mass may serve as 

an IUGR trait that underscores metabolic defects in skeletal muscle and liver function 

leading to glucose intolerance, fatty liver disease, and altered amino acid metabolism in 
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juveniles with IUGR (115,129,136,140–144). In addition to low bodyweight, IUGR fetal 

rats possess defects in oxidative phosphorylation and nutrient signaling in both the 

skeletal muscle and liver (114,115,139,351,121,128,133–138). Therefore, although the 

exact mechanisms behind the development of metabolic dysfunction in IUGR rats are 

unclear, altered mitochondrial function acquired during fetal life is a likely a contributing 

cause to the development of metabolic aberrations later in life. 

4.3.2 Sheep. Experimental models have been developed to induce IUGR in sheep 

by either reducing placental structure/function or preventing normal placental 

development. Models that reduce placental structure or function, such as carunclectomy 

or placental embolization, mimic placental insufficiency and yield fetuses with 15-66% 

growth restriction compared to matched controls (166–168). Models that inhibit placental 

development, such as maternal hyperthermia and over-nourished adolescent ewes, also 

produce IUGR of the fetus. Fetal weights in these sheep models of IUGR are reduced by 

30-60% when measured at 0.9 gestation (169,171,172,352).  

Factors that match closely with the gradual onset of IUGR found in human 

pregnancies are recapitulated in sheep models (190–192). Placental insufficiency-induced 

IUGR sheep fetuses have severe nutrient restriction in late gestation that results in 

hypoxemia, hypoglycemia, as well as reduced transport of amino acids (185–189). To 

ensure survival, the IUGR sheep fetus copes with lower nutrient and oxygen availability 

by slowing skeletal muscle growth and increasing hepatic glucose production rates 

(76,200,214). These in-utero adaptations lead to postnatal metabolic dysfunction where 

young lambs afflicted with IUGR continue to have lower lean masses and skeletal muscle 

protein contents, altered glucose metabolism and liver function, and greater adiposity 
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(106,201–204). Considering mitochondria are the primary site for oxidative metabolism, 

these adaptations imply IUGR fetuses have altered hepatic and skeletal muscle 

mitochondrial function. 

4.3.3 Piglets. Natural runting of piglets (IUGR) arises from a disproportionate 

supply of nutrients along the uterine horn causing growth restriction of 15-20% of piglets 

from each litter (148). As a result of in utero nutrient restriction, runted piglets exhibit 

asymmetric growth restriction, increased liver:brain weight ratio, reduced bodyweight at 

birth, and metabolic perturbances which last into adulthood (149–152). Consistent with 

human IUGR pathophysiology, the lower lean mass present in IUGR piglets at birth is 

never fully rectified in adulthood (153,154). IUGR piglets at term also have a lower 

capacity for skeletal muscle protein accretion and protein synthesis (155,156).  The 

impact of IUGR not only decreases liver and skeletal muscle growth, but also decreases 

the abundances of proteins involved in intermediate metabolism in the liver and energy 

production in the skeletal muscle (155). As adults, energy production, amino acid 

catabolism, and glucose metabolism remain dysregulated in both the liver and skeletal 

muscle (149,157).  

Clues to metabolic adaptation of IUGR piglets may be found in studies using 

nutrient supplementations. Specifically, mid-gestation arginine/glutamine 

supplementation of pregnant gilts simultaneously increases litter size and reduces the 

number of IUGR piglets per litter (156). Alternatively, neonatal supplementation of 

amino acids to IUGR piglets results in hyperammonemia, elevated blood urea 

concentrations, and death (158). Moreover, during the first 21 days post-parturition, 

postnatal glucose injections increased IUGR piglet bodyweight compared to non-
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supplemented IUGR piglets (159). Based on these observations, IUGR piglets may have 

predetermined fuel preferences that is programmed in utero. Thus, in IUGR piglets, the 

asymmetric growth restriction and metabolic dysfunction indicates defects in 

mitochondrial function that continue postnatally (160–165). 

 

4.4 Mitochondrial Metabolism and Dysfunction in Animal Models of IUGR  

 

 The conservation and scavenging of oxygen and nutrients from expendable 

metabolic processes, such as systemic growth, is a necessary adaptation during IUGR to 

meet basal metabolic demands. Accordingly, because protein synthesis during the latter 

half of gestation accounts for ~18% of fetal oxidative metabolism, and protein synthesis 

is an ATP consuming process, slowing protein accretion may be a primary mechanism of 

conserving energy, oxygen, and nutrients in IUGR fetuses (194,195). On the other hand, 

IUGR fetuses have increased rates of hepatic glucose production, an ATP demanding 

process, that is activated to counteract hypoglycemia (221,351). These two observations 

show that differential metabolic adaptations are needed to IUGR fetal survival. Further, 

these pathways likely  have tissue-specific regulation that depends on differential enzyme 

expression in skeletal muscle and liver. From this, a critical question arises: how are these 

metabolic processes regulated in skeletal muscle and the liver of IUGR fetus?  

4.4.1 Skeletal Muscle. In fetal sheep with IUGR, reductions in skeletal muscle 

oxidative phosphorylation result from chronic reductions in both the ETC activity and 

TCA cycle protein abundances (353). A modulator of electron transfer to the ETC is 

NADH dehydrogenase 1 alpha subcomplex, 4-like 2 (NDUFA4L2) (301,302). 

NDUFA4L2 is driven by hypoxia-inducible factor 1α (HIF1α), and it incorporates into 
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Complex I and lowers the electron flux through the ETC by functioning as an inhibitor of 

oxidative phosphorylation (Figure 14) (300–302,353). NDUFA4L2 expression is 

increased in skeletal muscle of IUGR sheep fetuses, likely due to chronically sustained 

HIF1α activity, thereby exerting a global impact on suppressing whole-body metabolism 

(240–242). First, the lower electron flux through the ETC and complex 1 will lower the 

production of reactive oxygen species (ROS), which will potentially protect against 

oxidative stress found in several pathologies, including IUGR, as a result of chronic 

hypoxia ((1), Figure 14) (302,354). Second, the lower electron flux through the ETC will 

reduce OCR, as evidenced by the lower Complex I activity and state 3 (Complex I-

mediated) flux observed in the skeletal muscle mitochondria of IUGR sheep fetuses ((2), 

Figure 14) (353). Third, lower ETC electron flux and lower OCR will reduce 

NADH/FADH2 regeneration thereby inhibiting TCA cycle enzymes that use NAD+ as a 

cofactor ((3), Figure 14). This is evidenced by lower abundances of key NAD+ 

consuming TCA cycle enzymes isocitrate dehydrogenase (IDH) and 2-oxo-glutarate 

dehydrogenase (OGDH) (Figure 14) (353). Fourth, and finally, concomitantly lowering 

NADH/FADH2 production and oxidation may place the skeletal muscle in a lower steady 

state by limiting energy (ATP) production and ADP rephosphorylation, and may have 

significant consequences on global cellular metabolic rates ((4), Figure 14). The impact 

of NDUFA4L2 on whole-body metabolism is demonstrated in transgenic mice with 

NDUFA4L2 overexpression in skeletal muscle (302). NDUFA4L2 reduces skeletal 

muscle mass by ~20%, mirroring the slow muscle growth in IUGR fetuses (302). These 

adjustments to mitochondrial function lowers rates of ATP production in sync with other 

processes, such as lower Na+/K+ ATPase activity, and depresses protein synthesis and 
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accretion in IUGR skeletal muscle (355). While skeletal muscle in IUGR fetuses has 

lower ETC flux to match lower oxygen availability, this process is tied to ADP/ATP 

utilization, and the IUGR skeletal muscle may have lower ADP availability to match 

lower ATP utilization. 

Alterations to energy homeostasis in the IUGR skeletal muscle are made more 

interesting in the context of substrate oxidation, which are associated with hypoxemia 

and subsequently greater NDUFA4L2 expression. Oxygen uptake relative to hindlimb 

mass is 29% lower in IUGR fetuses compared to control which is consistent with 

depressed metabolic rates based on oxygen consumption (76). The lower oxygen uptake 

rates in IUGR fetuses also implies lower substrate utilizations. Substrate utilization 

relative to the metabolic rate (substrate oxygen quotients) were comprehensively 

evaluated in IUGR fetal sheep (76). Here, substrate oxygen quotients were calculated by 

dividing the whole blood arterial–venous difference in substrate concentration by the 

arterial–venous difference in oxygen content, then multiplying by the number of oxygen 

molecules needed to oxidize one molecule of the nutrient (76,356). Despite similar 

glucose + lactate oxygen quotients across the hindlimb of the IUGR fetal sheep, the 

glucose uptake and lactate output per mole of oxygen consumed by the hind limb are 

greater (76). Interestingly, the hindlimb amino acid oxygen quotient is significantly 

reduced in IUGR fetal sheep (76). When the sum of these oxidizable substrates is 

calculated, they modestly exceed the oxygen consumption rate (nutrient to oxygen 

quotient is approximately 1), meaning the substrates are meeting the minimal energy 

requirement of the muscle, but are not contributing to tissue accretion (76). The results 

from the fetal sheep hindlimb reflect findings in the whole fetus where lower fetal uptake 
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of amino acids is the dominant factor limiting growth and is associated with hypoxemia 

(356). Although the hypoxic induction of NDUFA4L2 will lower oxygen consumption in 

the mitochondria, additional mechanisms are likely responsible for the reduction in amino 

acid uptake and oxidation (76,213,300,302,356). As a result, the skeletal muscle of IUGR 

fetuses is in a lower metabolic state that is fine-tuned towards maintenance rather than 

growth by matching oxygen availability to substrate utilization (76,77). 

4.4.2 Liver. In the IUGR fetus, the liver also has lower rates of growth, modified 

protein synthesis rates, and a lower mitochondrial redox state coupled with lower 

concentrations of TCA cycle intermediates (104,114,155,357). Although IUGR sheep 

hepatocytes are postulated to have lower energy production, the abundances of the 

hepatic ETC and TCA cycle metabolites appear unaffected, although the expression 

profile of ETC enzyme abundances are presently unknown (Figure 15) (357). Moreover, 

the IUGR sheep liver has a lower abundance of IDH mRNA which may slow TCA cycle 

functionality upstream of α-ketoglutarate(357). These differences may reflect the 

dynamic role of the liver during placental restriction. Unlike muscle, the liver must 

maintain energy requirements for gluconeogenesis. However, achieving this metabolic 

goal presents a unique problem to the IUGR liver when trying to conserve nutrients and 

energy utilization. Specifically, energy production relies on constant revolutions of the 

TCA cycle to reduce cofactors, but the high rate of gluconeogenesis demands a high flux 

of oxaloacetate out of the TCA cycle as well as energy (ATP and NADH). To complicate 

the matter further, as oxaloacetate leaves the mitochondrial matrix, it must be replenished 

to retain the functionality of the TCA cycle. Pyruvate is both the primary source for 

energy production (via acetyl-CoA) and gluconeogenesis (via oxaloacetate), and 
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increased lactate flux from the skeletal muscle likely counterbalances pyruvate deficits in 

the IUGR liver (197,200). Even so, increased HGP likely requires additional TCA cycle 

intermediates for both the gluconeogenic substrates and the energy production 

requirements needed to sustain gluconeogenesis. This may include increased utilization 

and oxidation of amino acids to supply the carbon and energy substrates for 

gluconeogenesis, as demonstrated in studies with hypoglycemia-induced gluconeogenesis 

in the fetus (338). The lower IDH mRNA abundance in the IUGR liver may act to 

redirect pyruvate flux towards gluconeogenesis, but allow downstream substrates, like 

amino acids, to enter the TCA cycle. Thus, in the IUGR fetus the liver may have an 

increased reliance upon anaplerotic substrates compared to skeletal muscle. 

 

4.5 Pyruvate: Differential Regulation of Pyruvate Oxidation in IUGR Tissues. 

 

Glucose and lactate oxidation account for ~65% of oxygen consumption in the 

normally developing sheep fetus (218,358). However, glucose metabolism in the skeletal 

muscle and liver are distinctly regulated. In the fetus, the muscle is major consumer of 

glucose, in contrast to the liver which is small net consumer of glucose and is capable of 

producing glucose.  

The IUGR fetus has tissue specific differences in insulin sensitivity for glucose 

metabolism(359). IUGR fetuses, studied under basal conditions, have normal or near 

normal rates of weight-specific, whole-body glucose utilization even with ~30% lower 

umbilical glucose uptake (53,196). This reflects the early activation of endogenous 

glucose production to meet the fetal demand for glucose utilization(200,360). 

Furthermore, at the whole-body level, IUGR fetuses have increased insulin sensitivity for 
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glucose utilization given the normal utilization of glucose at lower insulin levels and 

higher utilization rates at high insulin doses when tested under hyperinsulinemic-

euglycemic conditions to measure insulin sensitivity(221,360). Lastly, the early 

activation of hepatic glucose production in IUGR fetuses is not suppressed by insulin, 

demonstrating the early development of liver-specific insulin resistance 

(104,196,206,216,221,361). Together, these studies demonstrate that tissues like skeletal 

muscle are insulin-sensitive for glucose utilization, while the liver has developed insulin 

resistance and produces glucose for the IUGR fetus. 

The utilization of pyruvate, the oxidative product of glycolysis, has profound 

effects on energy status, redox state, and overall homeostasis. After glycolysis, pyruvate 

has two primary fates: entrance into the TCA cycle or conversion into lactate. For TCA 

cycle entry, pyruvate flux is regulated by pyruvate carboxylase (PC) and pyruvate 

dehydrogenase (PDH). PDH converts pyruvate to acetyl CoA, and PC is used for the 

anaplerotic “backfill” of oxaloacetate. Alternatively, lactate dehydrogenase (LDH) 

facilitates the interconversion of pyruvate and lactate, both of which can be excreted. The 

pyruvate flux into the mitochondrion is regulated by PDH, and PDH activity is inhibited 

its phosphorylation status via pyruvate dehydrogenase kinases (PDKs) and pyruvate 

dehydrogenase phosphatases (PDPs), which inactivate or activate PDH, respectively. In 

IUGR sheep fetuses, skeletal muscle and liver glycolytic capacity appears normal or 

increased (77,197,352). However, because the skeletal muscle and liver have different 

metabolic roles in normal fetuses and during IUGR, adaptations in enzymes that regulate 

pyruvate metabolism are expected to differ (Figures 14 and 15) (197,352,353). 
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4.5.1 Skeletal Muscle. Although the skeletal muscle of IUGR fetal sheep has 3-4 

fold higher PDK4 mRNA expression than controls, it has normal PDK4 protein 

abundance and higher PDH activity (197,352,353). Conversely, the protein and mRNA 

expression of PC is lower in the IUGR sheep skeletal muscle (197,353). The lower PC 

expression and higher PDH activity in the skeletal muscle is conflicting as the lower 

expression of PC represents lower anaplerosis and the higher activity PDH pathway 

represents enhanced pyruvate oxidation. However, this response may indicate, in part, 

that the minimal needs of the muscle can be met with pyruvate conversion to acetyl CoA 

making the IUGR skeletal muscle less reliant upon anaplerotic reactions through PC. 

These data may explain the disassociation between glucose utilization and oxidation 

discussed above.  

Alternatively, normal rates of pyruvate oxidation with greater PDH activity 

indicates deficiencies in pyruvate transport into the mitochondria of IUGR skeletal 

muscle.  The abundance of mitochondrial pyruvate carrier 2 (MPC2) is lower in IUGR 

sheep skeletal muscle mitochondria (Figure 14) (353). Less MPC2 will restrict the 

transport of pyruvate into the mitochondria for PDH conversion. Due to the normal 

glycolytic capacity in IUGR sheep skeletal muscle, the inhibition of pyruvate flux into 

the mitochondrial matrix will lead to multiple metabolic outcomes (77). First, pyruvate 

will be converted to lactate prior to the TCA cycle, and this outcome is associated with 

greater intramuscular pyruvate concentrations and normal or increased plasma lactate 

concentrations in IUGR sheep fetuses (77). Second, by preventing pyruvate entry into the 

mitochondrial matrix, the matrix pyruvate concentrations will be lower, which will 

inhibit PDK4 activity, thereby leading to higher PDH activity, as evidenced by lower 
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phosphorylation of PDH in IUGR sheep skeletal muscle (352). Another fate for pyruvate 

may be conversion to alanine, consistent with increased Cahill cycling and is associated 

with higher plasma alanine concentrations in the human and sheep IUGR fetus (77,324). 

Cahill cycling will keep skeletal muscle pyruvate oxidation low while also providing 

gluconeogenic substrates to the liver (357).  

4.5.2 Liver. In the fetal liver, under normal conditions, substrates are stored in the 

form of glycogen, used in protein synthesis, or used for energy production. Importantly, 

the fetal liver also normally has a high uptake of gluconeogenic substrates, yet it does not 

perform gluconeogenesis. The largest carbon sources for the fetal liver come from amino 

acids and lactate, with lesser contribution from  glucose and a net output of pyruvate 

(338,362,363).  However, under abnormal conditions, such as IUGR, increased 

gluconeogenesis is required to subsidize placental deficits in glucose supply to the fetus. 

While the carbon sources for increased gluconeogenesis are not known, if the IUGR fetus 

used pyruvate or lactate, this would  necessitate an increased pyruvate to glucose 

conversion by modulating the abundances of enzymes that govern hepatic pyruvate 

metabolism to support gluconeogenic flux (Figure 15). In support of this, the IUGR sheep 

liver has increased PFK1 (Phosphofructokinase 1), PDK4, PC mRNA expression when 

compared to controls, along with increased gluconeogenic genes, Phosphoenolpyruvate 

carboxykinase 1 and 2  (PCK1 and PCK2) (197). Curiously, IUGR fetuses also have 

increased LDHA mRNA expression which is suspected to increase intrahepatic lactate 

production(197). Taken together, these data suggest that increased PDK4 inhibits PDH 

and, with increased PC, favors conversion of pyruvate to oxaloacetate. Oxaloacetate is 

shuttle to the cytosol where PCK1 catalyzes the rate limiting step in gluconeogenesis and 
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the resulting phosphoenolpyruvate (PEP) is used to synthesize glucose. Increased PCK2 

also may catalyze the mitochondrial conversion of Oxaloacetate to PEP. Additionally, 

increased LDHA may be important to produce lactate and regenerate NAD+ to sustain 

increased glycolysis via predicted increased PFK1 activity and maintain redox balance. 

Overall, these adaptations would permit a shift in substrate metabolism and energy 

production to support glucose production. 

4.5.3 Liver-Muscle Crosstalk. Evidence supports tissue-specific responses in liver 

and skeletal muscle metabolism and crosstalk between these organs. Insight into 

interdependent metabolic regulation is realized from experiments from genetically 

engineered mice utilizing a skeletal muscle knockout (skmKO) of the MPC1 gene. Here, 

utilizing a skmKO of MPC1 reduces pyruvate flux through the MPC complex because  

MPC1 and MPC2 are both necessary and sufficient for the functional MPC (323). 

Moreover, a knockout of MPC1 leading to a dysfunctional MPC, may result in an 

increased reliance upon pyruvate-alanine cycling for forward TCA cycle flux, rather than 

anaplerotic filling via PC, as well as adaptive glutaminolysis (364). The former parallels 

the enzyme profile and predictions for alanine production in IUGR skeletal muscle, 

whereas the latter pathway is not expected in IUGR muscle for reasons presented below 

(Figure 14) (364). Furthermore, this knockout model exhibits greater skeletal muscle 

lactate production, hepatic glucose production, and peripheral glucose disposal, all of 

which are found in the IUGR fetus (364). MPC1skm-/- mice also have greater skeletal 

muscle fatty acid oxidation which acts to supplement acetyl CoA and succinate; this 

adaptation is likely specific to adult—rather than fetal—physiology (364). Due to lower 

rates of fatty acid oxidation in fetal tissues, the same metabolic flexibility observed in 
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adult skeletal muscle is not likely to exist in IUGR fetuses. Nonetheless, the MPC1 

mutation in skeletal muscle enhances Cori and Cahill Cycle activity and indicates an 

intricate level of metabolic regulation between the skeletal muscle and liver that may be 

representative of aspects found in IUGR metabolism.  

 

4.6 Amino Acids: Divergent Metabolic Responses in Skeletal Muscle and Liver of the 

IUGR Fetus. 

 

 The metabolic potential of amino acids is fully realized through 

anaplerotic/cataplerotic reactions within the mitochondrion and support oxidative 

phosphorylation and gluconeogenesis. Within the mitochondrial matrix, all 20 standard, 

proteinogenic amino acids (except cysteine, alanine, and histidine) have metabolic 

pathways which enter the TCA cycle. Though cysteine, alanine, and histidine do not enter 

matrix, they can be converted into pyruvate, or other amino acids, which can then be 

degraded in the TCA cycle. In normally developing fetuses, amino acids are critical 

oxidative substrates and the accretion of amino acids into proteins is an essential 

component for fetal growth. Studies measuring amino acid metabolism and 

concentrations in IUGR fetuses remains conflicting. However, a common, overlapping 

feature between human IUGR and animal models of IUGR is reduced placental transfer 

of certain essential amino acids (104,365–368). Although amino acids are critical 

substrates, specific mitochondrial amino acid metabolism in skeletal muscle and liver of 

IUGR fetuses is largely unexplored. Furthermore, tissue-specific differences for amino 

acid utilization are expected in the IUGR fetus.  
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4.6.1 Skeletal Muscle. In skeletal muscle of IUGR sheep fetuses, substrate 

oxidation is modified through lower isocitrate dehydrogenase 3B (IDH3B), Succinate 

CoA ligase (SUCLA2), and OGDH abundance (Figure 14). Within the TCA cycle, IDH 

and OGDH act as rate limiting enzymes that regulate the rate the oxidation to meet the 

energy needs of the cell. Moreover, OGDH and SUCLA2 act as key anaplerotic gateways 

controlling much of the amino acid flux into the TCA cycle through the oxidation of α-

ketoglutarate and Succinyl-CoA, respectively. Therefore, downregulating the abundances 

of all of these enzymes establishes a complex substrate regulating system: the oxidation 

of upstream TCA cycle intermediates, including acetyl CoA, is inhibited by low IDH and 

OGDH abundances, and the anaplerotic flux of amino acids into downstream TCA cycle 

intermediates is inhibited by low OGDH and SUCLA2 abundances. In addition to the 

lower IDH, OGDH, and SUCLA2 concentrations, abundances of enzymes involved in 

BCAA metabolism are lower, which will further reduce TCA cycle activity as BCAAs 

enter as acetyl CoA (Leucine and Isoleucine) or succinyl CoA (Isoleucine and Valine). 

Not only is TCA cycle activity depressed in IUGR fetal skeletal muscle, but it also 

appears to be less reliant upon amino acid substrates (76,77)  

IUGR sheep fetal hindlimbs have lower net uptake rates of a variety of amino 

acids such as BCAAs, alanine, glycine, and glutamine (77). Coupled with the observation 

of lower abundances of mitochondrial enzymes associated with amino acid metabolism, 

amino acid oxidation is generally lower in IUGR skeletal muscle (76). In the muscle 

mitochondria of the IUGR sheep fetus, the first step of BCAA metabolism appears to be 

hindered by low expression of branched-chain aminotransferase 2 (BCAT2) 

(77,353)(Figure 16). Conversely, the expression of the negative regulator, Branched 
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Chain Keto Acid Dehydrogenase Kinase (BCKDK), is either lower or unchanged in both 

rat and sheep IUGR models (133,353). These observations are conflicting, but clues to 

why these adaptations are advantageous to the IUGR skeletal muscle may lie within 

nitrogen disposal (Figure 16). In IUGR sheep fetuses, the abundance of glutamate-

pyruvate transaminase 2 (GPT2) is lower in skeletal muscle mitochondria, but the 

abundances of glutamate dehydrogenase (GDH), glutamate synthetase (GLS), and 

aspartate amino transferase (GOT2) are all unchanged (77,353). Together, these 

alterations to enzyme abundances may represent an adaption by IUGR skeletal muscle to 

increase nitrogen disposal and increase the efflux gluconeogenic amino acids to the liver 

as they are all linked through the use of α-ketoglutarate and glutamate (77). 

Unfortunately, on its own, this enzyme profile is insufficient to decipher substrate flux, 

which identifies critical gaps for future studies to elucidate the amino acids metabolism in 

IUGR skeletal muscle. 

4.6.2 Liver. In normally growing fetuses, the hepatic uptake of essential and 

gluconeogenic amino acids is high (362,363). Though amino acids are necessary to fetal 

metabolism, studies in fetal lambs and neonatal piglets show lower amino acid 

degradation and lower mitochondrial activity in the IUGR liver (357,369). Further 

metabolomic studies of hepatic amino acid utilization in IUGR sheep fetuses shows 

higher concentrations of BCAAs and alanine, while aspartate concentrations are 

comparably lower (357). Interestingly, although amino acid degradation is lower in the 

IUGR liver, the lower amino acid degradation was primarily associated arginine, 

histidine, proline, and tryptophan metabolic pathways—these first three pathways 

converge exclusively at α-ketoglutarate and indicate lower anaplerotic flux through α-



 

126 

 

ketoglutarate (Figure 17) (133). Furthermore, lower hepatic aspartate concentrations 

observed in the IUGR liver are indicative of adaptations intended to mitigate high 

nitrogen concentrations. Specifically, the IUGR skeletal muscle continually provides the 

liver with ammoniagenic amino acids such as glutamine and alanine as an adaptation to 

rid itself of ammoniagenic amino acids, but also provide energy substrates for 

gluconeogenesis (77). 

 As the liver uses ammoniagenic amino acids as energy substrates, they are 

deaminated, and ammonia is produced as a byproduct. Ammonia is toxic and is therefore 

typically excreted from the liver as innocuous urea. As a result, a common complication 

of being born IUGR is hyperammonaemia (370,371). This indicates that increased 

deamination of ammoniagenic amino acids may persist due to lower abundances of 

enzymes responsible for the preceding steps of hepatic urea production in the 

mitochondria (Figure 17) (370–373). This presents a difficult situation for the IUGR 

liver. The IUGR skeletal muscle excretes excess ammonia in the form of gluconeogenic 

amino acids. However, due to costs associated with high hepatic gluconeogenesis in the 

IUGR fetus, the liver must use those ammoniagenic amino acids, but it becomes 

inundated with ammonia. Therefore, additional mechanisms are needed to manage excess 

hepatic ammonia concentrations. One relevant pathway to manage nitrogen balance is the 

malate-aspartate shuttle, which is also a primary energy shuttle between the mitochondria 

and cytosol (Figure 15).  

Gluconeogenesis relies on oxaloacetate as a substrate. However, the 

mitochondrial membrane is impermeable to oxaloacetate, and oxaloacetate must be 

converted to either malate or aspartate for transport (Figure 15). Although commonly 
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grouped together as the “malate-aspartate shuttle,” each component has a distinct 

function. The malate shuttle requires a reducing step to carry oxaloacetate and electrons 

in the form of malate. Alternatively, the aspartate shuttle relies on the availability of 

glutamate and α-ketoglutarate to carry oxaloacetate and nitrogen in the form of aspartate. 

These distinctions are important as the proportion of oxaloacetate carried by each of the 

shuttles additionally depends on the cytosolic redox state (NADH:NAD+ ratio) as well as 

the mitochondrial redox state. Moreover, the source of gluconeogenic fuels impacts 

which shuttle is used. If pyruvate is derived from lactate, the cytosolic NADH/NAD+ 

ratio will remain stable or increase, and the need for cytosolic reducing equivalents will 

be low, so oxaloacetate transport via the aspartate shuttle will predominate. Conversely, 

if pyruvate is derived from amino acids, no cytosolic reducing equivalents are produced. 

However, because gluconeogenesis requires glyceraldehyde-phosphate dehydrogenase, 

and this enzyme requires NADH, transport of oxaloacetate via the malate shuttle is 

necessary.  

In IUGR sheep fetuses, the proportions of lactate and amino acids used for hepatic 

gluconeogenesis is unknown (104,206,357,359). Studies investigating liver bioenergetics 

in IUGR rat fetuses have found uncoupled cytosolic and mitochondrial redox states 

(113,114). Lower cytosolic, but higher mitochondrial, redox states suggest the malate 

shuttle is the preferred system used by IUGR mitochondria to produce cytosolic reducing 

equivalents and sustain gluconeogenesis. However, the aspartate shuttle may also be used 

to rid the IUGR hepatic mitochondria of excess ammonia (357). Additional investigations 

on mitochondrial metabolomics and proteomics are required to define adaptations in liver 

mitochondrial function.   
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4.7 Lipids: A Minor Role in Fetal Metabolism 

 

Compared to other metabolites discussed lipid metabolism remains relatively 

unexplored in both normally grown and IUGR fetuses. During pregnancy, maternal 

triglyceride (TAG) and free fatty acids (FFAs) concentrations in the plasma range from 

0.2-0.3 M for rats, sheep, and humans (374). Fetal plasma concentrations of FFAs are 

substantially lower than maternal concentrations: 0.16 M  for rats, 0.04 M for sheep, and 

0.1 M for humans (374). The concentration gradient might reflect low rates of placental 

transfer, although small FFAs are able to cross the human placenta (375). However, fetal 

uptakes of FFA represent <10% of the total daily umbilical carbon uptake in both sheep 

and human fetuses (332,376). Predictably, the FFA oxidation rate in the fetus is relatively 

low indicating FFA are incorporated into membranes or stored in the liver (377,378). 

Despite low lipid oxidation rates, based on the relative contribution to the fetal metabolic 

rate (oxygen consumption), a small contribution to energy production may potentially 

affect the IUGR fetal outcomes. Interestingly, hepatic lipid content in IUGR fetal sheep is 

similar to controls (357), yet some studies demonstrate increased hepatic lipid 

accumulation in SGA or preterm human neonates (340,341). Furthermore, the expression 

of lipid synthesis enzymes are lower in IUGR sheep fetuses suggesting that any lipids 

stored in the liver are exogenous and are supplied from the placenta(357). Conversely, 

maternal nutrient restriction in pregnant ewes leads to greater intramuscular triglyceride 

(IMTG) stores of the fetus (379). These observations imply that lipid oxidation, although 

already low in normal fetuses, is further reduced in IUGR fetuses. Moreover, the IUGR 

skeletal muscle and liver have different mechanisms to reduce lipid oxidation. In skeletal 

muscle, IUGR sheep fetuses have a lower abundance of Carnitine-acylcarnitine 
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translocase (CACT), which is responsible for the transport of carnitine and carnitine-fatty 

acid complexes across the inner mitochondrial membrane (Figure 14) (353). Lower 

CACT concentrations would promote acetyl CoA oxidation from pyruvate or amino acids 

rather than FFAs. Therefore, lipid oxidation is likely regulated in a tissue-specific manner 

in IUGR fetuses.  

4.8 Conclusion 

 

Animal models of IUGR provide valuable insight into the developmental origins 

of metabolic dysfunction. These models, while diverse in their etiology of IUGR, provide 

considerable evidence of irregularities in mitochondrial function. Skeletal muscle and 

liver serve as major metabolic tissues but exhibit distinct metabolic responses to fetal 

conditions causing IUGR. In skeletal muscle of the IUGR fetus, the adaptations 

culminate in the creation of a “thrifty phenotype” that is slow growing with a low-energy 

demand. Phenotypic changes in IUGR muscle indicate that rates of glucose utilization 

and oxidation disjointed and that the metabolic rate, measured with hindlimb oxygen 

consumption, is depressed. The greater utilization rates were hypothesized to promote 

anaerobic energy production via glycolysis(197). However as presented in this review, 

mitochondrial dysfunction is a primary site for metabolic dysregulation and 

programming. Specifically, in IUGR skeletal muscle there is evidence for reduced TCA 

and ETC activity. Evidence for lower TCA is founded on reduced abundances of several 

enzymes and MPC2, whereas the ETC inhibition of Complex 1 activity result from the 

induction of the hypoxic-induced NDUFA4L2 inhibition. In contrast, to meet the 

increased energy demands associated with hepatic glucose production, the IUGR liver 

must utilize gluconeogenic substrates, likely a combination of pyruvate and amino acids, 
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to provide the carbon substrates and energy co-factors to fuel gluconeogenesis. The 

mitochondrial metabolic adaptations of the skeletal muscle and liver are important in 

ensuring minimal energy requirements in the IUGR fetus. However, as global metabolic 

aberrations develop in the fetus, they promote persistent adaptations that are deleterious 

throughout the individual’s life course. 
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Figure 14. Enzymatic profile for skeletal muscle mitochondria in the IUGR fetus. The schematic 

outlines major mitochondrial enzymes and their processes in the tricarboxylic acid (TCA) cycle and in 

the electron transport chain (ETC). Lower abundances (red text) and greater abundances (blue text) for 

IUGR mitochondria are indicated, whereas enzymes that are not different from control mitochondria 

are in black text. Proposed decreased metabolic fluxes in IUGR mitochondria are shown with red 

(lower) and blue (higher). ACO1/2†, aconitate hydratase 1/2(353); CACT†, Carnitine-Acylcarnitine 

Carrier(353); CPT2†, carnitine palmitoyltransferase 1,2(353); CS†, citrate synthase(353); FH†, fumarate 

hydratase(353); GOT1, Glutamic-oxaloacetic transaminase 1; GOT2†, Glutamic-oxaloacetic 

transaminase 2(353); IDH†, Isocitrate Dehydrogenase(353); LDHA‡, lactate dehydrogenase A(353); 

LDHB†, lactate dehydrogenase B(353); MDH1, malate dehydrogenase 1(353); MDH2†, malate 

dehydrogenase 2(353); MPC2†, mitochondrial pyruvate carrier 2(353); NDUFA4L2†, NDUFA4 

Mitochondrial Complex Associated Like 2(353); OGDH†, Oxoglutarate Dehydrogenase(353); PC#, 

pyruvate carboxylase(77,353); PDH†, pyruvate dehydrogenase(353); PDK1-4#, pyruvate 

dehydrogenase kinases 1-4(352,353); SDHA–D†, succinate dehydrogenase A–D(353); SUCLA2†, 

succinate-CoA ligase ADP-forming subunit β(353).  †denotes protein data, ‡denotes mRNA data, 
#denotes protein and mRNA data. The image was created in BioRender.com. 
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Figure 15. Enzymatic profile for liver mitochondria in the IUGR fetus. The schematic outlines major 

mitochondrial enzymes and their processes in the tricarboxylic acid (TCA) cycle and electron transport 

chain (ETC). Lower abundances (red text) and greater abundances (blue text) for IUGR mitochondria 

are indicated, whereas enzymes that are not different from control mitochondria are in black 

text(197,357,373). Proposed decreased metabolic fluxes in IUGR mitochondria are shown with red 

(lower) and blue (higher) arrows. ACO1/2, aconitate hydratase 1/2; CACT, Carnitine-Acylcarnitine 

Carrier; CPT2, carnitine palmitoyltransferase 1,2; CS, citrate synthase; FH, fumarate hydratase; GOT1, 

Glutamic-oxaloacetic transaminase 1; GOT2●, Glutamic-oxaloacetic transaminase 2 (373); IDH, 

Isocitrate Dehydrogenase; LDHA‡, lactate dehydrogenase A; LDHB, lactate dehydrogenase B; MDH1, 

malate dehydrogenase 1; MDH2, malate dehydrogenase 2; MPC2, mitochondrial pyruvate carrier 2; 

OGDH, Oxoglutarate Dehydrogenase; PC‡, pyruvate carboxylase(197); PDH‡, pyruvate 

dehydrogenase(197); PDK1-4‡, pyruvate dehydrogenase kinases 1-4 (197); SDHA–D, succinate 

dehydrogenase A–D; SUCLA2, succinate-CoA ligase ADP-forming subunit β.  ‡denotes mRNA data, 
●denotes activity data. The image was created in BioRender.com. 
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Figure 16. Amino acid and nitrogen-balance enzymes in IUGR skeletal muscle. The 

schematic outlines major mitochondrial enzymes and their processes in amino acid 

metabolism and nitrogen balance, created using BioRender.com. Lower abundances 

(red text) and greater abundances (blue text) are indicated for IUGR mitochondria 

compared to control mitochondria, whereas enzymes that are not different are in black 

text(77,157,353). Proposed decreased metabolic fluxes in IUGR mitochondria are 

shown with red (lower) and blue (higher) arrows. ASPG, Asparaginase; BCAT2#, 

Branched Chain Amino Acid Transaminase 2(77,353); BCKDK†, Branched Chain 

Keto Acid Dehydrogenase Kinase(353); GDH†, Glutamate dehydrogenase(353); GLS‡, 

Glutaminase(77); GOT2†, Aspartate aminotransferase(353); GPT2†, Alanine 

aminotransferase 2(353); GS#, Glutamine Synthetase(77,353). †denotes protein data, 
‡denotes mRNA data, #denotes protein and mRNA data. The image was created in 

BioRender.com. 
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Figure 17. Amino acid and nitrogen-balance enzymes in IUGR liver. The schematic 

outlines major mitochondrial enzymes and their processes in amino acid metabolism and 

nitrogen balance, created using BioRender.com. Lower abundances (red text) and greater 

abundances (blue text) are indicated for IUGR mitochondria compared to control 

mitochondria, whereas enzymes that are not different are in black text(373). Proposed 

decreased metabolic fluxes in IUGR mitochondria are shown with red (lower) and blue 

(higher) arrows. ASPG, Asparaginase; BCAT2, Branched Chain Amino Acid 

Transaminase 2; BCKDK, Branched Chain Keto Acid Dehydrogenase Kinase; CPS1†, 

Carbamoyl-Phosphate Synthase 1(373); GDH†, Glutamate dehydrogenase(373); GLS, 

Glutaminase; GOT2†, Aspartate aminotransferase(373); GPT2, Alanine aminotransferase 

2(353); GS, Glutamine Synthetase;  NAGS, N-Acetylglutamate Synthase. †denotes 
protein data. The image was created in BioRender.com 
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Figure 18. Skeletal muscle and liver metabolic interaction in IUGR fetuses. The 

schematic outlines the tissue metabolism outcomes due to mitochondrial adaptation in the 

skeletal muscle and liver of IUGR fetuses, created using BioRender.com. Lower 

responses (red) and greater responses (blue) are shown for IUGR mitochondria and whole 

tissue.  
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Chapter 5 

 
 

Lower Oxygen Consumption Rate in Mitochondria Isolated from Satellite Cell-Derived 

Myotubes of Growth Restricted Lambs. 
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5.1 Introduction 

 

 Skeletal muscle accounts for ~40% of the body’s mass and is a major determinant 

of energy expenditure (380–382). Individuals born small-for-gestational age (SGA) are at 

higher risk for sedentarism and low sports performance due to lower muscle mass 

compared to those born appropriate for gestational age (AGA) (383–389). Reduced 

skeletal muscle mass at birth persists and results in early exercise fatigue, decreased 

muscle strength, and impaired aerobic fitness (326,383,390–392). As a result, intrauterine 

growth restriction (IUGR) has been linked to the development of metabolic diseases later 

in life such as obesity, type 2 diabetes, and metabolic syndrome (393).  

Placental insufficiency (PI), a common cause of IUGR, begins early in gestation 

and leads to a progressive reduction in the fetal nutrient supply by mid-gestation 

(394)(10,14,15). Low nutrient and oxygen availability in the fetus lowers metabolic 

requirements in peripheral tissues to ensure development of vital organs, and skeletal 

muscle growth is preferentially restricted (15,41,109,267).  Fetal skeletal muscle adapts 

to placental restriction by lowing fractional glucose oxidation rates, fractional protein 

synthesis rates, and hind-limb oxygen consumption rates despite exhibiting greater 

insulin sensitivity for glucose uptake (76,196,360). Nutrient availability normalizes after 

birth, and PI-IUGR neonates typically experience compensatory catch-up growth; 

however, the body mass gain favors adipose deposition opposed to lean mass 

(110,342,349,395). Therefore, defects in skeletal muscle metabolism persist into 

postnatal life, which is evidenced by lower lean masses and fractional glucose oxidation 

rates IUGR lambs and lay the foundation for the onset of metabolic dysfunction later in 

life (102). 
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 At the end of myogenesis (~110 days of gestation in sheep), the number of 

myofibers is established along with a complement of quiescent satellite (30,31,35).  After 

this developmental milestone, skeletal muscle growth occurs by hypertrophy through the 

differentiation and fusion of satellite cells to myotubes (396). In adulthood, skeletal 

muscle is typically stable, and sporadic fusion of satellite cells compensates for muscle 

turnover caused by daily, sustained mechanical injury (30,31,35,51,397–399). Thus, 

satellite cells are critical to repair and the maintenance of lean mass in adulthood. In 

several animal models, nutrient restriction during mid to late-gestation lowers fetal 

myoblast proliferation, and reduced myofiber size at birth (214,400–402). Although the 

continued limitations in lean mass imply developmental programming of satellite cells, 

the effects of IUGR on this stem cell population are unknown.  

When activated satellite cells proliferate, differentiate, and fuse with myocytes, 

differentiation also includes mitochondrial biogenesis, which is a prerequisites for 

myofiber growth (36,403)(403–407). In the IUGR fetus, metabolic abnormalities in 

skeletal muscle mitochondria lower mitochondrial oxygen consumption rate, inhibit 

Complex 1 activity, and reduce abundances of Mitochondrial Pyruvate Carrier 2 (MPC2) 

and  key Tricarboxylic Acid Cycle enzymes (352,353) (76,77). Together, these 

adaptations concomitantly lower energy production (e.g. substrate oxidation) and 

specifically lower glucose oxidation in the IUGR fetus. In 1-month old IUGR lambs, the 

lower fractional glucose oxidation rates are coupled with normal skeletal muscle citrate 

synthase activity (102). This indicates that defects in mitochondria, specifically glucose 

oxidation, persist in IUGR offspring and are due to impaired oxidative phosphorylation. 

Moreover, the fusion of metabolically compromised satellite cells into existing muscle 
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fibers may explain the persistent onset of metabolic dysfunction observed in IUGR 

individuals. 

We hypothesized that satellite cell-derived myotubes isolated from 1-month old 

IUGR lambs will resemble the bioenergetic profile of fetal skeletal muscle with lower 

TCA cycle enzyme abundances and lower ETC function. Our ovine model of 

hyperthermia-induced placental insufficiency and IUGR successfully recapitulates 

several aspects of human IUGR, including reduced skeletal muscle mass and impaired 

fractional glucose oxidation that persists postnatally. Oxygen consumption rates (OCRs) 

were measured on whole cell-derived myotubes and isolated myotube mitochondria from 

IUGR and control lambs. Finally, a proteomic-based approach was employed to identify 

differentially expressed proteins in mitochondria from IUGR myotubes. 

 

5.2 Methods 

 

5.2.1 Ethical Approval and Experimental Groups. Animal procedures were 

approved by the Institutional Animal Care and Use Committee at The University of 

Arizona and conducted at the Agricultural Research Center, which is accredited by the 

American Association for Accreditation of Laboratory Animal Care International. 

Pregnant Columbia–Rambouillet crossbred ewes were purchased from Nebeker Ranch 

(Lancaster, CA, USA), and those carrying singleton pregnancies were identified by 

ultrasonography prior to being assigned to an experimental group. Ewes were transported 

to the laboratory at 35 ± 2 days of gestation age (dGA) and were 2–4 years of age with 

unknown parity. Animal husbandry was managed as previously described (268). Ewes 

(45 ± 2 kg) were assigned by a simple randomization method to the thermoneutral control 
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group or the placental insufficiency‐induced IUGR group. Lambs in the placental 

insufficiency‐induced IUGR group (IUGR lambs; n = 14) were produced using the 

maternal hyperthermia model(268). Briefly, pregnant ewes were exposed to elevated 

ambient temperatures (40°C for 12 h; 35°C for 12 h; dew point 22°C) from 38 ± 1 to 87 ± 

1 days of gestation. Following the environmental heat stress, ewes were maintained at 22 

± 1°C until parturition. Lambs born from the control group (n=15) were from ewes that 

were maintained at 22 ± 1°C and pair fed to the average ad libitum feed intake of the 

hyperthermic group. All sheep were given ad libitum access to water and salt. 

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

maternal variability and raised in individual pens adjacent to each other. Lambs received 

colostrum before being placed solely on milk replacer (Milk Specialties, Dundee, IL) 

with ad libitum access. Birth weights were measured within 3 h of birth, usually before 

the lamb suckled. Growth rates, physiological parameters, and in vivo experiments 

evaluating glucose homeostasis in these lambs were reported previously as part of a 

larger cohort (268). Lambs used in this study were blocked by sex (3 male and 3 female 

in each group) and selected at random.    

5.2.2 Satellite Cell Isolation. The semimembranosus muscle was removed, 

washed in cold PBS containing 1% antibiotic–antimycotic (AbAm; Gibco Life 

Technologies, Grand Island, NY, USA) and 0.5% gentamicin (Gibco), and then hand-

minced. Satellite cells were liberated from minced muscle with Protease type XIV from 

Strept. griseus (1.25 mg ml−1; Sigma-Aldrich, St Louis, MO, USA) as previously 

described (214). Satellite cells were cultured on fibronectin-coated tissue culture plates 

(10 mg ml−1; Sigma-Aldrich) in growth media: DMEM (GlutaMAX, Gibco) 
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supplemented with 20% fetal bovine serum (FBS, Atlas Biologicals, Ft Collins, CO, 

USA), 1% AbAm, and 0.5% gentamicin. At 50% confluency, satellite cells were 

removed from plates with 0.25% trypsin (Gibco), centrifuged (1500 × g, 5 min), and 

frozen in growth media with 10% dimethyl sulfoxide (Sigma-Aldrich). Viability was 

determined in thawed myoblasts by Trypan Blue (0.4% solution; MP Biomedicals, Solon, 

OH, USA). Purity (>90%) was determined with Pax7 immunostaining (AbCam, 

Cambridge, MA, USA) as previously described(214). 

5.2.3 Satellite Cell-Derived Myotubes. For all experiments, satellite cells were 

plated in tissue-culture treated 150mm plates at 250,000 cells per plate. Satellite cells 

were grown in McCoy’s media, supplemented with 20% FBS, until 70% confluent. 

Media was then changed to low glucose DMEM supplemented with 2% horse serum 

(Sigma Aldrich, USA) and treated with 1µmol/l A83-01, a TGFβ inhibitor. After 24 

hours of inhibitor treatment, media was changed with fresh low glucose DMEM 

supplemented with 2% horse serum. After 48 hours (a total of 72 hours after the addition 

of A83-01), myotubes were harvested for oxygen consumption rate (OCR) or 

mitochondrial isolation experiments.  

5.2.4 Oxygen Consumption Rates in Myotubes. Myotubes were washed once with 

warm PBS (37°C) and dissociated from the plate using TrypLE (30°C). Cells were 

centrifuged at 1200g for 5 minutes. Pelleted myotubes were resuspended in media, 

counted with a hemocytometer, and washed a second time to adjust the media volume. 

Oxygen consumption rates were measured on 1x106 cells in DMEM with 10% FBS using 

a Fluorescence Lifetime Micro Oxygen Monitoring System (Instech Laboratories, Inc., 

Plymouth Meeting, PA) that was maintained at 39.1°C).  



 

142 

 

Partial pressure of O2 (Po2) in each chamber was recorded over time with the 

NeoFox viewer software (Instech Laboratories, Inc.). Oxygen consumption rates 

(nanomole O2 per minute) were determined from the slope of Po2 disappearance over 

time for State 3DMEM and State 3CCCP and were calculated using the average of triplicate 

measurements for each condition. OCRs were recorded for 5 min in DMEM (State 

3DMEM) before the addition of CCCP (State 3CCCP). The respiratory reserve capacity 

(RRC) was calculated as the percent change State 3DMEM -to- State 3CCCP OCRs. 

5.2.5 Oxygen Consumption Rates in Mitochondria. Satellite cell-derived 

myotubes were washed once with PBS pre-warmed to 37°C and dissociated from the 

plate with TrypLE (30°C). Mitochondria were isolated by density gradient centrifugation, 

according to established protocols using “Isolation Buffer : Cell” (55). Isolation Buffer 

Cell consists of a final concentration of the following:  0.5 M sucrose, 10 mM Tris-

MOPS, 1mM EGTA in distilled water and adjusted to pH 7.4.  

Following isolation, mitochondria were incubated on ice in “Isolation Buffer : 

Cell” for 30 min before OCR measurements to ensure sufficient washout of respiratory 

substrates (55). For each OCR analysis, pelleted mitochondria were resuspended in 1:3 

(v/v) Experimental Buffer that was prewarmed to 39.1°C. Experimental Buffer pH 7.4 

contains 10 mM Tris/HCl, 5 mM MgCl2, 2 mM inorganic phosphate (Pi), 0.02 mM 

EGTA, and 250 mM sucrose. The resulting solution was divided evenly into three 

separate chambers of a Fluorescence Lifetime Micro Oxygen Monitoring System , which 

was prewarmed to 39.1°C, as previously described (56). 

Mean OCRs (nanomole O2 per minute) were determined for State 3 and State 4, 

in triplicate for each animal. Maximum Complex I-linked respiration (State 3) was 
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measured in the presence of 5 mM glutamate, 5 mM malate, and 100 µM ADP. Before 

the addition of ADP (+glutamate/malate, −ADP; State 4Low ADP), OCRs were recorded for 

5 min to ensure sufficient use/washout of respiratory substrates for each sample. To 

measure OCR in the absence of oxidative phosphorylation (State 4Oligomycin), an ATP 

synthase inhibitor, oligomycin A (5 µM final concentrations) was added after State 3 

measurements. All OCRs at State 4Low ADP were not different of their respective State 

4Oligomycin measurements.  

Integrity of the mitochondria preparations of each sample was determined by the 

addition of 100 µM cytochrome c during State 3 OCR measurements and confirmed by 

less than a 15% increase in OCRs (Sigma). Following OCR analysis, the isolated 

mitochondria were collected from each chamber, and protein concentrations were 

measured with a Pierce Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Fisher) for 

OCR normalization to protein concentration. 

5.2.6 In-solution Tryptic Digestion of Mitochondria. To determine changes in the 

mitochondrial proteome associated with IUGR, 50 µg of mitochondrial isolates were 

supplemented with dithiothreitol (DTT) at a final concentration of 5 mM and incubated at 

56°C for 30 minutes. Samples were cooled to room temperature for 10 minutes and 

incubated with 15 mM acrylamide for 30 minutes at room temperature while protected 

from light. The samples were supplemented with additional DTT at a final concentration 

of 5 mM and incubated in the dark for 15 minutes to quench the alkylation reaction. Six 

volumes of pre-chilled 100% acetone were added to the samples and incubated for one 

hour at -20°C to precipitate proteins followed by centrifugation at 16,000 x g for 10 

minutes at 4°C. 400 µL of pre-chilled 90% acetone was added to the protein pellet and 
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vortexed followed by centrifugation at 16,000 x g for 5 minutes at 4°C. The remaining 

acetone was removed, and the protein pellets were air dried for 2-3 minutes. The protein 

pellet was resuspended in 50 L of Digestion Buffer (50 mM NH4HCO3, 1% sodium 

deoxycholate (SDC)) and sonicated for 5 minutes. One µg of Lys-C was added to each 

sample and incubated at 37°C for 2 hours while shaking at 300 rpm. Afterwards, 50 µL 

of 50mM ammonium bicarbonate and 2 µg of trypsin were added to each sample and 

incubated at 37°C overnight while shaking at 300 rpm. 14.7 µL of 40% Formic Acid 

(FA) /1% Heptaflourobutyrate (HFBA) was added to each sample and incubated for 10 

minutes (final concentration is 4% FA/0.1% HFBA) to simultaneously stop trypsin 

digestion and cause precipitation of the SDC contained in the digestion buffer. The SDC 

was pelleted by centrifuging at 12,000 x g for 10 minutes and the peptide-containing 

solution was extracted. The samples were desalted with Pierce Peptide Desalting Spin 

Columns per the manufacturer’s protocol (ThermoFisher Scientific, cat no. 89852) and 

the peptides were dried by vacuum centrifugation. The dried peptides were resuspended 

in 20 µL of 0.1% FA (v/v) and the peptide concentration was determined with the Pierce 

Quantitative Colorimetric Peptide Assay Kit per the manufacturer’s protocol 

(ThermoFisher Scientific, cat no. 23275). 600 ng of the final sample was analyzed by 

mass spectrometry. 

5.2.7 Mass Spectrometry and Data Processing. HPLC-ESI-MS/MS was 

performed in positive ion mode on a Thermo Scientific Orbitrap Fusion Lumos tribrid 

mass spectrometer fitted with an EASY-Spray Source (Thermo Scientific, San Jose, CA). 

NanoLC was performed using a Thermo Scientific UltiMate 3000 RSLCnano System 

with an EASY Spray C18 LC column (Thermo Scientific, 50cm x 75 μm inner diameter, 
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packed with PepMap RSLC C18 material, 2 µm, cat. # ES803); loading phase for 15 min 

at 0.300 µL/min; mobile phase, linear gradient of 1–34% Buffer B in 119 min at 0.220 

µL /min, followed by a step to 95% Buffer B over 4 min at 0.220 µL /min, hold 5 min at 

0.250 µ L/min, and then a step to 1% Buffer B over 5 min at 0.250 µL /min and a final 

hold for 10 min (total run 159 min); Buffer A = 0.1% FA/H2O; Buffer B = 0.1% FA in 

80% Acetonitrile. All solvents were liquid chromatography mass spectrometry grade. 

Spectra were acquired using XCalibur, version 2.3 (ThermoFisher Scientific).  

5.2.8 Label-free Quantitative Proteomics. Progenesis QI for proteomics software 

(version 2.4, Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK) was used to perform 

ion-intensity based label-free quantification similar to as previously described (288). In 

brief, in an automated format, .raw files were imported and converted into two-

dimensional maps (y-axis = time, x-axis =m/z) followed by selection of a reference run 

for alignment purposes. An aggregate data set containing all peak information from all 

samples was created from the aligned runs, which was then further narrowed down by 

selecting only +2, +3, and +4 charged ions for further analysis. The samples were then 

grouped in Control versus IUGR. A peak list of fragment ion spectra was exported in 

Mascot generic file (.mgf) format and searched against the Ovis aries UniProt database 

(27,372 entries) using Mascot (Matrix Science, London, UK; version 2.6). The search 

variables that were used were: 10 ppm mass tolerance for precursor ion masses and 0.5 

Da for product ion masses; digestion with trypsin; a maximum of two missed tryptic 

cleavages; variable modifications of oxidation of methionine and phosphorylation of 

serine, threonine, and tyrosine; 13C=1. The resulting Mascot .xml file was then imported 

into Progenesis, allowing for peptide/protein assignment, while peptides with a Mascot 
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Ion Score of <25 were not considered for further analysis. Precursor ion-abundance 

values for peptide ions were normalized to all proteins. For quantification, proteins must 

have possessed at least one or more unique, identifying peptide. 

The subcellular localization database, COMPARTMENTS, was used to identify 

mitochondrial proteins using a confidence score of 3 or greater (289). Of those 

mitochondrial specific proteins, comparisons were made to identify differential 

expression (DE) between groups.  

5.2.9 Statistical Analysis. Significant differences (P < 0.05) between groups 

(control and IUGR) for morphometric and OCR data were determined with an unpaired t 

test using general linear model procedures in JMP software (version 14.0.0; SAS 

Institute, Cary, NC) after testing for the homogeneity of variance. Normality and 

skewness were ensured using a D’Agostino-Pearson normality test. The variance between 

groups for each condition (e.g., morphometry, OCR, etc.) was similar between groups in 

all conditions. No sex differences were identified, and the effect was removed from each 

analysis.  

5.3 Results 

 

5.3.1 Lambs with IUGR Remains Smaller. At birth, IUGR lambs weighed 28% 

less than control lambs (Table 6). Age at necropsy was not different between the groups, 

but IUGR lambs remained 30% smaller than controls.  

5.3.2 Lower Maximal OCR in IUGR Myotubes. Satellite cell-derived myotube 

respiration rates in State 3DMEM were not different between groups (Figure 19). State 

3CCCP were lower in IUGR myotubes compared to controls (Figure 19). The reserve 
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respiratory capacity, State 3CCCP respiration: State 3DMEM, was 38% lower in IUGR 

myotubes compared to control myotubes (Figure 19).  

5.3.3 Lower OCR in Mitochondria Isolated from IUGR Myotubes. In isolated 

mitochondria, State 3glutamate+malate respiration rates were 44% lower in IUGR compared to 

controls (Figure 20). There was no difference for State 4Oligomycin conditions between 

groups. 

5.3.4 Proteomic Profiles Identify Mechanisms for Lower IUGR Myotube OCR. 

Within our 12 samples, proteomic analysis identified 4143 total, unique proteins. Of 

those, 1,033 proteins were identified as mitochondrial-specific proteins by a confidence 

of 3 or greater using COMPARTMENTS. Within the mitochondrial-specific proteins, 

including uncharacterized proteins, 15 proteins were differentially expressed between 

groups (Table 1). Nine proteins were down-regulated and five proteins were upregulated 

in IUGR mitochondria compared to control mitochondria.  
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Group (n) Control (6) IUGR (6) 

Sex (M:F) 3:3 3:3 

Birthweight (kg) 4.28 ± 0.28 3.23 ± 0.23* 

Necropsy Age (days) 29±1 29±1 

Necropsy Weight (kg) 12.5 ± 0.52 9.17 ± 0.78* 

Hindlimb Weight at Necropsy (g) 0.94±0.19 0.83±0.06* 

Semitendinosus Weight at 

Necropsy (g) 

42.57 ± 3.7 25.00 ± 1.6* 

Table 6: Morphometric data for IUGR and control lambs. Values are expressed as 

means ± SE. IUGR, intrauterine growth restriction *P < 0.01. 
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Protein Name Description Fold 

Change 

Relative 

to Control 

P-

Value 

PC Pyruvate carboxylase  -1.36 0.00302 

PARS2 Prolyl-tRNA synthetase 2, mitochondrial -1.58 0.00995 

HIBCH 3-hydroxyisobutyryl-CoA hydrolase, 

mitochondrial  

-1.30 0.0105 

SARDH Sarcosine dehydrogenase  +1.67 0.0205 

BCL2L2-

PABPN1 

BCL2L2-PABPN1 readthrough  -1.30 0.0251 

SPTLC2 Serine palmitoyltransferase long chain base 

subunit 2  

-1.30 0.0268 

W5P4K5_SHEEP Uncharacterized protein  +2.79 0.0275 

W5PZ57_SHEEP Uncharacterized protein  +1.52 0.0279 

AARS2 Alanyl-tRNA synthetase 2, mitochondrial  -1.82 0.0294 

NUDT2 Nudix hydrolase 2  +1.53 0.0296 

GSTK1 Glutathione S-transferase kappa  -1.52 0.0312 

CYB5B Cytochrome b5 type B  -1.38 0.0378 

MT-CO1 Cytochrome c oxidase subunit 1  -1.27 0.0430 

NIT1 Nitrilase 1  +3.80 0.0459 

W5Q285 Uncharacterized protein +1.52 0.0477 

Table 7: Proteomic analysis on isolated myotube mitochondria identifies 15 

differentially expressed proteins between groups. 
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Figure 19. Lower maximal oxygen consumption rate (OCR) and respiratory reserve 

capacity (RRC) in IUGR myotubes. Oxygen consumption rates were measured in satellite 

cell-derived myotubes from control and IUGR lambs (n=6/group). A) State 3DMEM OCR 

and uncoupled respiration (State 3CCCP) rates were determined in DMEM media containing 

10% FBS. B) The RRC was calculated by dividing State 3CCCP by State 3DMEM. Values for 

individual animals are presented for each condition. The data were analyzed using an 

unpaired t-test after testing for unequal variance, and the data are present as the mean ± 

SEM. Significant differences (P<0.05) between groups are indicated with *. 
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Figure 20. Lower oxygen consumption rate (OCR) in mitochondria isolated from IUGR 

myotubes. Mitochondria were isolated from satellite cell derived myotubes from control and 

IUGR lambs (n=6/group). A) OCR for mitochondria in State 3glutamate+malate conditions that 

include 100 µmole/l ADP. B) OCR at State 4Oligomycin. Values for individual animals are 

presented for each condition. The data were analyzed using an unpaired t-test after testing for 

unequal variance, and the data are present as the mean ± SEM. Significant differences 

(P<0.05) between groups are indicated with *. 
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5.4 Discussion 

 

 Prior reports have shown that skeletal muscle from IUGR lambs have defects in 

glucose oxidative metabolism that are associated with reduced muscle mass and 

mitochondrial dysfunction. Here, our experimental findings show that satellite cell-

derived myotubes from IUGR lamb skeletal muscle have lower maximal respiration rates, 

and that mitochondria isolated from the IUGR myotubes have lower State 3glutamate+malate 

OCR. IUGR mitochondria also have lower abundances of protein subunits comprising 

Complex III and Complex IV as well as lower abundances of Pyruvate Carboxylase (PC). 

Previous studies in fetal sheep show lower mitochondrial function in IUGR skeletal 

muscle due to lower Electron Transport Chain (ETC) function and lower Tricarboxylic 

Acid (TCA) Cycle  abundances. These mitochondrial adaptations are directly associated 

with the placental restriction that lowers fetal oxygen and glucose concentrations. 

Notably, this experiment demonstrated that in utero complications to placental restriction 

permanently impair mitochondria performance by programming the satellite cells of 

IUGR lambs because satellite cells were isolated from 1-month old lambs and examined 

in vitro under identical culture conditions. The persistence of mitochondrial dysfunction 

in the skeletal muscle stem cells indicate that these cells were developmentally 

programmed. Moreover, skeletal muscle growth occurs through hypertrophy, which 

requires the differentiation and fusion of satellite cells to existing myofibers. Therefore, 

continued fusion of satellite cells with mitochondrial dysfunction into existing myofibers 

is expected to facilitate the progressive decline of metabolic function seen in individuals 

diagnosed with IUGR. 
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Under basal conditions, the mitochondrial bioenergetics produce ATP to meet the 

homeostatic energy demands of the cell. In adult skeletal muscle ~50% of the maximal 

respiratory capacity is used to maintain basal respiration (408,409). However, 

mitochondria possess the capacity to increase ATP synthesis under high energy demand, 

such as exercise, to meet the needs of the cell. This extended mitochondrial capacity is 

known as the RRC (410). Without the reserve respiratory capacity, basal mitochondrial 

ATP synthesis rates cannot respond to increases in ATP demand, ATP insufficiency 

ensues, and cellular function is compromised.  

Mitochondrial metabolism is a dynamic process, and the range of the RRC is 

dependent upon multiple factors including ETC function and substrate oxidation. Briefly, 

the oxidation of NADH and FADH2 produced through the oxidation of substrates, 

primarily in the tricarboxylic acid (TCA) cycle, produces a protonmotive force to 

synthesize ATP. To function efficiently, oxidative phosphorylation depends upon 

coupling between complexes to permit electron and proton flow. Because the ETC 

functions as a unit, inhibition of a single complex will lower the maximal activity or the 

RRC, but it will not necessarily a lower the basal respiration rate (411–414). This 

phenomenon explains the similar OCR in State 3DMEM, but lower OCR in State 3CCCP, 

observed in IUGR myotubes compared to control myotubes. Specifically, the lower 

abundance of subunits in Complex III (Cytochrome b5b, CYB5B) and Complex IV (MT-

CO1) in IUGR mitochondria may be sufficient for basal rates of respiration but 

insufficient for maximal respiration rates. Isolated mitochondria from IUGR myotubes 

have lower State 3glutamate+malate OCR compared to controls. Although this result is 

expected due to the lower abundances of Complexes III and IV subunits in IUGR 
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mitochondria, it conflicts with normal State 3 DMEM OCRs in intact myotubes from IUGR 

satellite cells. The normal State 3 DMEM OCRs in IUGR myotubes can result from higher 

non-mitochondrial oxygen consumption in IUGR myotubes (415–417). This prediction is 

supported by normal State 4 OCR (proton-leak) in isolated IUGR mitochondria. 

Alternatively, the discrepancy between normal State 3DMEM OCR observed in IUGR 

myotubes and the lower State 3glutamate+malate OCR observed in IUGR mitochondria may be 

explained by the ETC. Complex I, III and IV form a super complex which is responsible 

for the efficiency of the ETC(418). However, complex II is not involved in super 

complex formation, likely as a consequence of its substantial role in the TCA cycle 

(succinate dehydrogenase activity) (418). The lower State 3glutamate+malate OCR in isolated 

IUGR myotube mitochondria can also represent reduced coupling between Complexes I 

and III/IV in the respiratory super complex in IUGR myotube mitochondria. Thus, the 

normal State 3 DMEM OCR in IUGR myotubes may be representative of an increased 

reliance upon Complex II mediated respiration to offset lower super complex coupling 

during basal respiration. However, maximal respiration rates cannot be maintained by 

Complex I or II mediated OCR due to lower Complex III and IV subunit abundances. 

Upstream of the ETC, substrate oxidation can influence the range of RRC. The 

lower RRC in IUGR myotubes indicates that substrate oxidation is also unable to 

adequately supply the ETC with necessary NADH/FADH for maximal respiration. 

Glucose is a principle substrate for myotubes, and the oxidation of pyruvate, the 

metabolic end product of glycolysis, is critical for ATP synthesis. Pyruvate has one of 

two routes in the cytosol of muscle cells: oxidation in the mitochondria or conversion to 

lactate and transport into the blood. The conversion of pyruvate to lactate is energetically 
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less favorable, and typically occurs in the muscle under hypoxic conditions, but it can 

also occur if pyruvate oxidation is inhibited (236,419). Pyruvate is the primary oxidizable 

glycolytic substrate in the muscle, and pyruvate enters the mitochondrial matrix through 

the Mitochondrial Pyruvate Carrier (MPC). Within the mitochondrion, pyruvate is 

oxidized into acetyl-CoA by pyruvate dehydrogenase (PDH), and acetyl-CoA enters the 

TCA cycle. During energy stress conditions where additional ATP is needed, such as 

exercise, both glycolysis and mitochondrial pyruvate oxidation are enhanced, thereby 

allowing the cell to increase its ATP synthesis capacity. The inhibition of any step of 

pyruvate oxidation (glycolysis, pyruvate transport through the MPC, or PDH activity) can 

lower the reserve respiratory capacity (420–422). Alternatively, the oxidation of pyruvate 

in the mitochondrial matrix is dependent upon the condensation of acetyl-CoA to 

oxaloacetate. A sufficient supply of oxaloacetate is required for TCA cycle activity, 

which is regulated in part by the carboxylation of pyruvate from PC. The lower 

abundance of PC in IUGR mitochondria is predicted to be sufficient to supply the TCA 

cycle with oxaloacetate to maintain basal respiration, but limiting under energy stress 

conditions when greater anaplerotic backfill of oxaloacetate is required. Additionally, 

matched with lower abundances of subunits for Complex III and IV, the lower reserve 

respiratory capacity due to lower electron flux through the ETC begin to explain 

metabolic limitations in IUGR myotubes. Together, these results are likely causative of 

higher plasma lactate concentrations, and lower fractional glucose rates, in IUGR lambs 

where pyruvate oxidation is inhibited by low PC and low ETC abundance. Instead, 

pyruvate is shunted to lactate and excreted from the cells. 
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To date, no human study has investigated mitochondrial function of IUGR 

individuals from birth through adulthood.  However, several studies with animal models 

of IUGR demonstrate that mitochondrial defects are induced during gestation and persists 

into neonatal life altering processes such as ETC enzyme abundances and substrate 

oxidation (351,423–426). In the present study, we show that satellite cell-derived 

myotubes from IUGR lambs have lower maximal respiration rates, as well as lower 

abundances of ETC subunits and PC. Moreover, isolated IUGR mitochondria have lower 

State 3glutamate+malate OCR which indicates that there is lower ETC coupling. Because these 

myotubes are comprised of differentiated satellite cells that are derived from 1-month old 

lambs, these findings underscore the profound impact of fetal oxygen and nutrient 

restriction on mitochondrial function following the in-utero insult. The fusion of 

metabolically dysfunctional satellite cells due to fetal programming may be causative of, 

or continual to, early muscle fatigue and low athletic performance observed in SGA and 

IUGR individuals. 
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Chapter 6 

 
 

Conclusions and Future Directions 
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IUGR is commonly caused by placental insufficiency, and is defined as a failure 

in fetal growth (189,427,428). Starting in mid-gestation, placental insufficiency  results in 

progressive decline of oxygen and nutrient transfer from the maternal supply to the 

developing fetus (429). Unfortunately, the decline in nutrient availability to the fetus 

coincides with the phase of exponential fetal growth and high skeletal muscle protein 

accretion rates (185,430,431). Thus, fetal adaptations are needed to temper nutrient 

utilization to maintain the pregnancy (44,395). Skeletal muscle in IUGR fetuses is a 

potential site for mitigating whole-fetal nutrient usage at the expense of growth (77,213). 

In IUGR fetuses, this is accomplished, in part, by lowering substrate oxidation, and this is 

evidenced by lowering fractional glucose oxidation rates, amino acid oxygen quotients, 

and protein synthesis rates (76,196,197). Although nutrient and oxygen availability 

normalizes after birth, IUGR neonates still experience defects in lean mass, glucose 

homeostasis, and energy expenditure (43,141,201,349). As primary metabolic organelles, 

mitochondria are central to substrate oxidation. Therefore, understanding IUGR 

mitochondrial metabolism may give insight into the treatment of the metabolic 

pathophysiology of IUGR.  

 Glucose and amino acids serve as primary fuels for energy production in the fetus 

(53,432). Placental insufficiency lowers oxygen and glucose transfer between mother and 

fetus and results in lower fetal blood glucose and oxygen concentrations (366,433). 

Human studies and animal models measuring fetal amino acid concentrations are 

conflicting, but a consistent feature of both is  the lower placental transfer of certain 

essential amino acids (366,368,433). Thus, fetal skeletal muscle must cope with lower 

nutrient and oxygen availability. To elucidate how IUGR impacts pyruvate flux into the 
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TCA cycle, as discussed in Chapter 2, pyruvate metabolism was investigated in the 

skeletal muscle of IUGR fetuses. Within the mitochondria, amino acids can also be 

oxidized to produce ATP. Because IUGR skeletal muscle is growth restricted, it is likely 

IUGR skeletal muscle mitochondria metabolism is adjusted to match lower energy needs. 

Therefore, in Chapter 3, we use proteomic approaches to define mitochondrial metabolic 

pathways and show defects in TCA enzyme abundances and ETC function. Skeletal 

muscle metabolism does not occur in a physiological vacuum; specifically,  there is 

significant cross-talk with the liver for whole-body metabolic homeostasis. In Chapter 4, 

the differences and similarities between hepatic and skeletal muscle mitochondrial 

adaptations in IUGR fetuses in a variety of animal models of IUGR are presented. 

Finally, defects in metabolic homeostasis persists in IUGR individuals at birth, and 

adaptations made to low nutrient availability in utero lead to long-term metabolic 

consequences that increase the odds of developing type 2 diabetes and obesity(434,435). 

In Chapter 5, the persistence of mitochondrial metabolic adaptation in response to IUGR 

was investigated in satellite cells from1-month old lambs.    

  The findings from these studies are critical to defining metabolic aberrations in 

IUGR skeletal muscle. Specific mechanisms of mitochondrial dysfunction in fetal and 

lamb skeletal muscle tissue are discussed below.  

6.1 Pyruvate Metabolism in IUGR fetuses. Defining the specific mechanism that 

lower glucose oxidation rates in IUGR fetuses can guide appropriate therapies to reduce 

metabolic maladaptations in IUGR fetuses and the long-term metabolic impact of being 

born IUGR. Previous studies have shown that IUGR fetuses have normal glucose 
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utilization rates, but lower fractional glucose oxidation rates, indicating glucose oxidation 

is deficient in the skeletal muscle (366,433).  

Although PDH is likely not an inhibitory point for pyruvate oxidation in IUGR 

fetal skeletal muscle, lower pyruvate transport across the mitochondria can severely limit 

pyruvate oxidation. The majority of pyruvate transport into the mitochondrial matrix is 

believed to be performed by the oligomeric complex formed by MPC1 and MPC2, which 

are both mandatory components for mitochondrial transport (321,322,436). A key finding 

in Chapter 3 was lower MPC2 abundance in IUGR mitochondria compared to control. 

Defects in MPC2 abundance are associated with higher lactate production, lower 

pyruvate oxidation, and deficiencies in ETC function (437). Interestingly, the lower MPC 

2 abundances in IUGR skeletal muscle are postulated to increase PDH activity as the 

concentration of pyruvate in the mitochondrial matrix is low due to inhibited pyruvate 

transport. Accordingly, involvement of additional regulatory mechanisms are expected to 

lower pyruvate oxidation in IUGR skeletal muscle, but pyruvate entry appears is a critical 

component. 

Once inside the mitochondrial matrix, pyruvate can be metabolized into acetyl 

CoA or catalyzed into oxaloacetate via ATP-dependent carboxylation. The ATP-

dependent carboxylation of pyruvate into oxaloacetate is performed by pyruvate 

carboxylase (PC), and the function of PC in non-gluconeogenic cells is to enhance 

pyruvate cycling through enhanced condensation of oxaloacetate and acetyl-CoA (58–

60). Enhanced pyruvate cycling would lead to an increase in ATP production through 

oxidative phosphorylation. However, PC expression is lower in IUGR fetal skeletal 

muscle. Although deficiencies in PC result in lactic acidemia, due an inability to oxidize 
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pyruvate (reduced acetyl-CoA condensation), reduced PC abundance in IUGR skeletal 

muscle may be beneficial. If pyruvate transport into the mitochondrial matrix is reduced 

by lower MPC2 abundance, the lower PC abundance, combined with higher PDH 

activity, would preferentially shunt pyruvate into acetyl-CoA production. While 

oxaloacetate production is expected to be lower in IUGR skeletal muscle due to lower PC 

abundance, the lower PC abundance does not completely diminish oxaloacetate 

production; oxaloacetate production still occurs—albeit—at a lower rate. If pyruvate 

oxidation in IUGR skeletal muscle was lowered only through the inhibition of PDH 

alone, pyruvate flux driven through uninhibited PC would lead to a buildup of 

oxaloacetate and carbon efflux from the TCA cycle (in the form of malate) would ensue. 

This option is energetically inefficient as pyruvate would not be oxidized. Because IUGR 

skeletal muscle is slower growing, and has lower rates of protein synthesis, it is likely in 

a lower energy utilizing state(77). Therefore, the lower PC abundance in combination 

with lower MPC2 abundance will act to finely regulate pyruvate oxidation in proportion 

with energy needs. IUGR fetal skeletal muscle does this by:  

1. Lowering pyruvate entry through MPC2, lowering the matrix pyruvate 

concentration 

2. Preferentially shunting pyruvate to acetyl-CoA via lower PC abundance 

and higher PDH activity 

This strategy is evidenced by similar glucose-oxygen quotients in IUGR skeletal muscle 

even though IUGR fetuses have lower hindlimb oxygen uptake (76).  
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Fetal skeletal muscle also oxidizes amino acids, in conjunction with pyruvate. 

Thus, alterations in mitochondrial ATP synthesis are needed to lower energy production 

from amino acids. These methods are discussed below.  

6.2 Mitochondrial Function and Metabolism in IUGR Fetuses. IUGR fetuses 

develop in a low nutrient, low oxygen environment. Mitochondria are central to nutrient 

oxidation, and limiting mitochondrial bioenergetics is key to limiting energy production. 

A key finding in Chapter 3 is lower State 3 (Complex I mediated) OCR in IUGR 

mitochondria, but similar State 4 OCR between groups. The lower State 3 OCR 

represents an adaptation to low nutrient and low oxygen availability by limiting oxidative 

phosphorylation. While limiting energy production is necessary to match lower energy 

utilization rates, lower State 3 OCR also lowers ROS production.  

 Although not explicitly measured in this study, oxidative stress is confidently 

linked with IUGR likely as a result hypoxia (438–440). The definite source of fetal ROS 

production is unknown, but, within the mitochondria, complex I and III represent major 

sites of ROS production (441). ROS are involved in numerous pathologies including 

DNA damage and mutation, but also act as acute second messengers in a variety of 

homeostatic processes (442–444). Under acute hypoxic conditions, Complex I is 

deactivated, ROS is produced from Complex I, and ROS mediates downstream responses 

such as ion channel opening/closing  (445,446). Alternatively, under chronic hypoxia, 

ROS production may be necessary to mediate long-term HIF1α activation(445,446). 

Despite upregulated HIF1α-mediated activity, IUGR fetuses have normal expression of 

HIF1α which may represent a hypoxia-driven “reprogramming” of the metabolic setpoint 

(242,244). NDUFA4L2, a HIF1α-mediated gene, has been shown to be protective against 
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ROS production(301,447). Thus, the increase in NDUFA4L2 in IUGR mitochondria may 

represent adaptation to attempt to lower ROS production and limit oxygen consumption 

by limiting Complex I activity. Downregulating ETC activity is a common strategy for 

mitigating the mismatch between normal ETC function and oxygen availability in 

hypoxic conditions (448,449). However, the lower OCR dictate lower substrate oxidation 

rates.   

 Fetal IUGR skeletal muscle mitochondria have lower abundances of IDH3B, 

OGDH, and SUCLA2. Both IDH and OGDH are rate limiting enzymes of the TCA cycle. 

Therefore, lowering the abundances of these key TCA cycle enzymes is necessary to 

reduce the production of reducing equivalents (and therefore OCR). Interestingly, OGDH 

also intersects with substrate oxidation and ROS production. Substrate oxidation by 

OGDH depends on 3 catalytic subunits to oxidize α-ketoglutarate and reduce NAD+. At 

the E1 subunit, α-ketoglutarate is oxidized and the electrons from α-ketoglutarate 

oxidation are eventually transferred to NAD+ at the E3 subunit. Additionally, the 

oxidation of α-ketoglutarate allows the E2 subunit to interact with CoA to produce 

Succinyl-CoA (450). The major electron transfer steps at E1 and E3 (α-ketoglutarate 

oxidation and NADH reduction) are naturally the ROS generating sites of OGDH due to 

incomplete electron transfer from the OGDH complex (leak) (450–452). However, the E2 

subunit is sensitive to changes in ROS concentration, and its activity is lowered in 

response to increased ROS (450,451). Thus, similar to the increased abundance of 

NDUFA4L2 in IUGR mitochondria, lower OGDH may serve two purposes in response to 

nutrient restriction: to lower substrate oxidation and to lower ROS production.  
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 Besides being critical components of the TCA cycle, OGDH and SUCLA2 also 

serve as the integration points for amino acid metabolism into the TCA cycle. The 

downregulation of these enzymes in IUGR skeletal muscle mitochondria, with other 

amino acid metabolism enzymes such as BCAT2, represents a lower reliance upon amino 

acids as oxidative fuels. This is evidenced by lower amino acid uptakes and lower amino 

acid oxygen quotients in the hindlimb of IUGR sheep fetuses (76,77). Interestingly, a 

chronic infusion of a mixed amino acid cocktail into IUGR sheep fetuses increases 

whole-body leucine oxidation rates, but does not impact fetal protein accretion rates 

(453). Amino acid oxidation in the mitochondrial matrix requires transporters on the 

mitochondrial membrane(s), and proteomic analysis indicates the abundances of amino 

acid transporters are not different between groups (454).  Although functional capacity of 

these transporters was not investigated, it is likely that amino acid transport is unhindered 

in IUGR skeletal muscle mitochondria. Moreover, lower ETC and TCA cycle 

abundances in IUGR skeletal muscle mitochondria may be the root causes of lower 

amino acid oxidation rates in IUGR fetuses. On a deeper level, this is consistent with the 

concept that fetal growth is  dictated by its oxygen, nutrient, and growth factor supply.  

In IUGR fetuses, growth is limited by low oxygen and nutrient availability. 

Therefore, boosting carbon substrate availability, such as a chronic amino acid infusion, 

without increasing oxygen availability is futile because oxygen supply remains limited. 

Future directions should focus on IUGR treatments which boost the fetal supply nutrients 

and oxygen. Importantly, the findings in chapter 2 and chapter 3, such as ETC function or 

enzyme abundances, can be used as markers for successful treatments in ameliorating  

IUGR pathophysiology. 
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6.3 Skeletal Muscle Mitochondrial Function and Metabolism in IUGR neonates. 

Conditions affecting fetal development,  such as nutrient or oxygen rarefaction, have 

been proposed to induce long-term impacts to health and overall metabolic homeostasis 

(435,455). Skeletal muscle is a major metabolic organ, and an adequate complement of 

skeletal muscle is needed in adulthood for physical function (locomotion) and energy 

balance (metabolic rate and nutrient disposal). However, IUGR fetuses are born with 

lower skeletal muscle masses (44,214,359). This adaptive growth restriction response by 

the skeletal muscle occurs during secondary myogenesis—a period where skeletal muscle 

mass is established through myoblast replication and fusion—which establishes myofiber 

number by the time of birth (33,456). Secondary myogenesis also establishes a 

complement of quiescent satellite cells within the myofiber network which are activated 

in postnatal life to grow skeletal muscle (33).  

 Proteomic results in Chapter 5 shows that mitochondria isolated from satellite 

cell-derived myotubes have lower abundances of enzymes involved in the ETC and 

pyruvate metabolism in IUGR lambs. Moreover, mitochondria isolated from IUGR lamb 

myotubes have lower State 3 (complex-I mediated) OCR. Both of these results mirror 

metabolic changes seen in IUGR fetal skeletal muscle mitochondria. However, there are 

two different adaptative responses that are responsible for lower State 3 OCR in the 

isolated mitochondria from lamb myotubes vs fetal skeletal muscle. In IUGR lamb 

myotube mitochondria, lower State 3 OCR is associated with lower abundances of 

subunits in Complex III and Complex IV. In IUGR fetal skeletal muscle mitochondria, 

higher NDUFA4L2 expression is associated with lower Complex I activity and a lower 

State 3 OCR. Curiously, at both ages, lower State 3 OCR also accompanies lower 



 

166 

 

abundances of enzymes associated with substrate oxidation. However, age-dependent 

differences are responsible for the potential reduction of nutrient oxidation. In IUGR 

lamb myotubes (AIM 3), TCA cycle rate is postulated to be lower due to lower PC 

abundance. Contrastingly, in IUGR fetal skeletal muscle (AIM 2), not only is PC 

abundance lower, but so are the abundances of metabolic enzymes in amino acid 

oxidation and the TCA cycle.  

Lamb satellite cells experience the postnatal environment, including “normalized” 

nutrient and oxygen concentrations, and this may positively impact the abundances of 

key nutrient oxidizing enzymes. On the other hand, IUGR fetal skeletal muscle is 

developing under conditions of low nutrient availability. Therefore, comparing the 

mitochondria from pluripotent satellite cells in IUGR lambs to the mitochondria in 

“mature” IUGR fetal skeletal muscle may not be a fair “feature-for-feature”  comparison. 

Instead, it is likely that fetal myoblasts isolated from IUGR fetuses more closely resemble 

IUGR skeletal muscle than lamb myoblasts. However, lamb satellite cells still retain 

similar defects associated with IUGR fetal skeletal muscle mitochondria. Because 

satellite cells contribute to the maintenance of adult muscle through activation and fusion 

events over the life course, this likely contributes to the progressive onset of adult 

metabolic disease associated with IUGR. 

6.4 Summary. These studies define metabolic adaptation of skeletal muscle 

mitochondria in IUGR fetuses, and outline how these maladaptations persist into 

postnatal life. Mitochondrial adaptation is crucial for IUGR fetal adaptation to low 

nutrient and oxygen conditions because these organelles are central to energy production. 

Because nutrient/oxygen transfer is lowered in IUGR pregnancies,  fetal skeletal muscle 
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mitochondria adaptations involve lowering substrate oxidation and energy production by 

lowering pyruvate entry, TCA cycle enzyme abundances, and ETC function. Moreover, 

these mechanisms may act supplementary to, or upstream of, skeletal muscle growth 

restriction. Lowering skeletal muscle growth and metabolic capacity in the IUGR fetus 

spares oxygen and nutrients for other vital tissues such as the brain and ensures that these 

vital organs are developed for life post parturition. However, metabolic adaptations 

acquired in utero may have lasting effects as defects in skeletal muscle mitochondria 

bioenergetics persist into postnatal life. Understanding these defects may be key in the 

development of treatments to treating fetal and postnatal consequences of IUGR. 
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