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Abstract 

The meat industry must increase production output with fewer agricultural inputs to sustain 

the growing global population. Innovative strategies to improve feed efficiency in swine can 

reduce production expenses and feed requirements. Skeletal muscle is responsible for up to 90% 

of all glucose use in meat producing animals, and therefore has become a target to improve nutrient 

utilization efficiency. For example, an increase in muscle oxidative capacity is associated with 

lower feed efficiency in pigs. To define the metabolic changes in skeletal muscle that accompany 

maturation, samples were collected from the longissimus dorsi (LD, glycolytic muscle), latissimus 

dorsi (LAT, mixed muscle), and masseter (MS, oxidative muscle) at 20, 53, 87, 120, and 180 days 

of age from DNA 600 x 241 (DNA Genetics) castrated male pigs that weighed an average of 5.7, 

20.8, 42.2, 83.4, and 130.5 kg, respectively. Ages correspond to the end of each phase diet typical 

of those fed in commercial production, which are formulated to meet nutrient requirements to 

support each period of growth.  Muscles were assessed to determine the abundance of several 

metabolic enzymes through Western blotting. Additionally, mitochondria were isolated and 

incubated with [13C3]-pyruvate in an in vitro tracing model to analyze isotopomer enrichment 

patterns of tricarboxylic acid cycle (TCA) intermediates to investigate how mitochondria 

metabolize pyruvate. Glucose-6-phosphate dehydrogenase decreased at 87, 120, and 180 d in MS 

compared to LAT and LD (P < 0.01), which suggests glycolytic muscles increase intermediate 

allocation to the pentose phosphate pathway at this time whereas oxidative muscles do not. 

Moreover, pyruvate carboxylase (PC) increased at 53 d compared to 20, 87, 120, and 180 d (P < 

0.01), while pyruvate dehydrogenase increased at 120 d compared to 53 d (P < 0.05) indicating 

there was a shift in pyruvate entry into the TCA cycle. Oxaloacetate M3 mole percent excess and 



  

citrate synthase increased at 120 d (P < 0.01), while citrate M3 mole percent excess decreased at 

120 d (P < 0.01). These data suggest pyruvate-derived citrate exits the TCA cycle at 120 d by an 

unidentified cataplerotic reaction. Additionally, alpha-ketoglutarate M3 mole percent excess 

increased at 180 d in LD and LAT compared to MS (P < 0.01), and abundance of glutamate 

dehydrogenase increased at 180 d (P < 0.05), which indicates a portion of pyruvate-derived 

carbons could be exiting the TCA cycle at 180 d through glutamate dehydrogenase. These findings 

have established a metabolic fingerprint associated with muscle hypertrophy and provides the 

framework to uncover the regulatory mechanism that modulates nutrient allocation to major 

metabolic pathways in growing muscle. Elucidating this mechanism will aid in providing 

innovative strategies to improve feed efficiency in the swine industry.   
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Chapter 1 - Literature Review 

 Introduction 

The global population is projected to reach nearly nine billion people by 2050 (Tripathi, 

2019), which compromises the amount of arable land available to sustain this rate of population 

growth (Zahid et al., 2016). Therefore, innovative approaches are necessary to produce more food 

with less resources to feed our growing population. While all agricultural products face this 

challenge, an increase in global wealth permits additional meat consumption in populations that 

were once limited to plant-based diets. As such, the livestock industry must increase production 

by 38% from 2020 to 2050 to accommodate more meat-eaters and an increase in population 

(Komarek et al., 2021). To date, scientists have utilized growth promotants, feed additives, 

improved nutrition, and genetic selection to increase meat-animal production (Wu et al., 2011; 

Khanal et al., 2019). Although successful and essential for continued improvements, innovative 

strategies are necessary to further improve production efficiency with less resources. 

Understanding the biochemical mechanisms that regulate nutrient utilization in major metabolic 

pathways of skeletal muscle in meat producing animals holds great potential to improve feed 

efficiency (FE).  

Skeletal muscle accounts for 40-50% of body weight and is responsible for up to 80% of 

an animal’s glucose use (Guo, 2019; Merz and Thurmond, 2021). Skeletal muscle cells utilize 

nutrients to produce ATP or conversely as building blocks in anabolic processes that facilitate 

muscle growth. Although the former is necessary under certain physiological circumstances, the 

latter is a requisite for efficient lean deposition. For example, complete oxidation of nutrients 

results in ATP, CO2, heat, and water, which results in a net loss of carbon by the animal. On the 

other hand, glycolytic metabolism can conserve carbon backbones to support the synthesis of 
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amino acids or fatty acids.  However, the mechanism that dictates nutrient allocation in skeletal 

muscle of livestock species remains elusive. Therefore, this literature review aims to give an 

overview of the major metabolic pathways in muscle and discuss the implications of different 

metabolic characteristics on the efficiency of substrate utilization.  

 Implications of Skeletal Muscle Metabolism on Production Efficiency  

Skeletal muscle is a dynamic tissue that responds to extrinsic and intrinsic stimuli. 

Although several aspects of muscle physiology are plastic, changes in muscle metabolism have 

implications on the efficiency of an animal’s nutrient utilization, and thus FE. Skeletal muscle 

metabolism is a set of complex biochemical pathways that are orchestrated by a variety of signaling 

events in response to changing stimuli (de Lange et al., 2007). For example, activity level, 

nutrition, environmental conditions, species, and genetics influence muscle metabolism (Picard et 

al., 2002; Buzala et al., 2015; Niyas et al., 2015). These factors dictate the degree to which muscle 

relies on glycolysis or oxidative phosphorylation. The dynamic interplay between these two major 

metabolic pathways allows muscle to adjust its metabolic profile and gives rise to a heterogenous 

population of muscle fibers, which can be classified by metabolism (oxidative or glycolytic) and 

contractile speed (slow or fast). While slow fibers (type I) rely heavily on oxidative metabolism, 

presumably to fuel long or continuous bouts of work, fast fibers (type IIa, IIx, and IIb) vary in their 

metabolic capability and can range from having a high oxidative capacity to a high glycolytic 

capacity. In fact, mitochondrial content ranges from approximately 5 – 25 percent of total fiber 

volume in type II fibers (Mishra et al., 2015). For example, type IIb fibers are on the lower end of 

the range of mitochondrial content and have a high abundance of glycolytic enzymes (Schiaffino 

and Reggiani, 2011). On the other hand, type IIa fibers have a high abundance of mitochondria 

and oxidative enzymes. The heterogeneity of muscle results in a wide range of metabolic 
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characteristics and plays a vital role in how nutrient such as amino acids, carbohydrates, and fatty 

acids are utilized to meet the animal’s needs (Frontera and Ochala, 2015).  

The degree to which cells rely on glycolysis or oxidative phosphorylation influences FE of 

pigs. For example, muscle in pigs with high FE exhibit lower abundance of oxidative enzymes 

than those with low FE (Fu et al., 2017).  Further, ractopamine supplementation increases protein 

accretion, which is attributed to several factors including nutrient repartitioning from adipose 

tissue to muscle and a metabolic shift to increase glycolytic metabolism in muscle (Halsey et al., 

2011; James et al., 2013a; Costa-Lima et al., 2015). Commercial diets, which are subject to 

continuous optimization for FE, also influence muscle metabolic characteristics. High 

carbohydrate and energy dense diets result in an increased glycolytic metabolism (Cline et al., 

2022), and in fact, muscle mitochondrial networks are quite responsive to nutrient changes. For 

example, isolated type IIX/B single muscle fibers cultured ex vivo in high glucose media exhibit 

punctate mitochondria whereas those in media containing acetate and no glucose form extensive 

networks after an overnight incubation (Mishra et al., 2015). Amino acid profile in swine diets 

also impact metabolic enzyme expression in muscle. Pigs supplemented with excess methionine 

for 2 weeks before slaughter increases lactate dehydrogenase and decreases citrate synthase (CS) 

abundance in muscle (Gondret et al., 2021), which are respective glycolytic and oxidative 

enzymes. These findings depict the dynamic nature of muscle and highlight an area of muscle 

physiology that can be exploited to aid in the effort to improve FE of livestock, although the 

underlying mechanism that facilitates these changes remains unclear. 

 Glycolysis 

Glycolysis converts glucose to pyruvate through a series of stepwise enzymatic reactions 

in the sarcoplasm of muscle cells. During periods of nutrient surplus, such as those after feeding, 
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glucose is taken up by muscle cells through glucose transporter type 4 (GLUT4) and rapidly 

converted to glucose-6-phosphate (G6P) by hexokinase to permit additional glucose uptake. 

During short bouts of nutrient scarcity, such as those between feedings, myofibers metabolize 

glycogen reserves to generate glucose-1-phosphate, which is converted to G6P to continue to 

supply glycolytic intermediates to generate ATP. At this stage, G6P can continue through 

glycolysis or branch off into the pentose phosphate pathway (PPP). Entry into this anabolic 

pathway is catabolized by glucose-6-phosphate dehydrogenase (G6PDH) and produces 5-carbon 

precursors for nucleic acid and amino acid synthesis. In fact, mammalian target of rapamycin 

complex 1 (mTORC1) activation of  sterol regulatory element binding proteins (SREBPs) 

increases flux through the PPP, which provides nicotinamide adenine dinucleotide phosphate 

(NADPH) and carbon-rich precursors for nucleotide synthesis associated with muscle hypertrophy 

(Liu and Sabatini, 2020).  

However, the bulk of G6P will continue to be metabolized through subsequent glycolytic 

reactions to generate pyruvate, which can enter the Cori Cycle or the tricarboxylic acid (TCA) 

cycle depending on cellular needs. In the Cori Cycle, lactate dehydrogenase alpha (LDHa) 

converts pyruvate to lactate that is exported from muscle and shuttled to the liver for 

gluconeogenesis. Greater abundance of LDHa and reliance on the Cori Cycle occurs 

predominately in glycolytic muscle. In fact, it has been reported that there is an increase in LDHa 

and an improved FE in pigs fed ractopamine (James et al., 2013a, b). On the other hand, pyruvate 

can be oxidized fully in the TCA cycle to produce ATP during periods of high energy demand or 

oxidized partially for use as a precursor for biosynthetic reactions.  



5 

 Tricarboxylic Acid Cycle 

The TCA cycle is a series of enzymatic reactions that catabolize pyruvate, amino acids, 

and fatty acids to generate reducing equivalents that are oxidized in the electron transport chain 

(ETC) to produce ATP. The TCA cycle is not a carbon sink, and as such, entry and exit of 

intermediates from the TCA cycle are coupled. Anaplerotic enzymes are those that result in an 

influx of intermediates, such as pyruvate dehydrogenase (PDH) or pyruvate carboxylase (PC) that 

facilitate pyruvate entering the TCA cycle. The former results in acetyl-CoA and CO2, which 

represents a net loss of carbon by the animal, whereas the latter consumes HCO3- to produce 

oxaloacetate. Although the majority of pyruvate anaplerosis occurs through PDH, PC mediated 

entry does not expel CO2 and is necessary under certain circumstances. During periods of high 

acetyl-CoA levels, such as during a fed state, pyruvate entry shifts from PDH to PC because acetyl-

CoA is a positive allosteric regulator of PC (Shi and Tu, 2015). Oxaloacetate produced from PC 

can be used in the TCA cycle or converted to malate to exit mitochondria through for fatty acid 

synthesis (White et al., 2019). In fact, muscle in high FE pigs exhibit a higher abundance of PC 

than low FE pigs (Fu et al., 2017).  

For continued anaplerosis, an efflux of intermediates termed cataplerosis is required. For 

example, glutamic-oxaloacetic transaminase 2 (GOT2) is a cataplerotic enzyme that converts 

oxaloacetate to aspartate through transamination. Aspartate is shuttled out of mitochondria through 

the glutamate-aspartate antiporter where it can be converted to glutamate, which can be used to 

synthesis other amino acids or be catabolized to produce ATP (Cruzat and Tirapegul, 2015). 

Glutamate dehydrogenase (GDH) catalyzes a reversible reaction that converts a-ketoglutarate to 

glutamate, consumes NH4+, and oxidizes NADPH to NADP+ when acting as a cataplerotic enzyme. 

Conversely, glutamate anaplerosis generates NH4+ and NADPH, which is used in other 
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biosynthetic reactions including fatty acid synthesis. (Plaitakis et al., 2017). The TCA cycle has 

long been depicted as a robust and all-consuming catabolic pathway; however, these dynamic 

enzymes are orchestrated by intermediate flux, which is changing continuously depending on 

cellular energy status.  

 Electron Transport Chain 

Reducing equivalents generated in glycolysis or the TCA cycle are oxidized to produce 

ATP by the ETC (Balaban, 1990), which consists of five complexes in the inner membrane of 

mitochondria. These are complex I (NADH-ubiquinone oxidoreductase), complex II 

(succinate:ubiquinone oxidoreductase), complex III (ubiquinol-cytochrome c reductase), complex 

IV (cytochrome c oxidase), and complex V (ATP synthase). Two electron carriers shuttle electrons 

from complex I/II to III and from complex III to IV termed ubiquinone and cytochrome c, 

respectively. To generate the membrane potential that powers mitochondria, complex I and II 

oxidize NADH and FADH2 to produce NAD+ and FADH. These oxidized electron carriers are 

then reduced in glycolysis or the TCA cycle to continue to facilitate these processes. Cytochrome 

c shuttles electrons to complex IV where oxygen is reduced to H2O. Additionally, complexes I, 

III, and IV pump protons across the inner membrane to generate the mitochondrial membrane 

potential. The majority of protons re-enter the matrix through ATP synthase (complex V), which 

harnesses this energy to synthesize ATP from ADP and inorganic phosphate (Frazier, 2011; 

Tabassum, 2020). This is termed coupled respiration or ATP-linked respiration, whereas protons 

that re-enter the matrix through an alternative route is termed uncoupled respiration.  

During uncoupled respiration, protons do not flow through complex V but rather cross the 

membrane through membrane uncoupling proteins (UCPs) or by non-specific transmembrane flux, 

termed mitochondrial proton leak. Leaks can occur from a variety of sources and are primarily 
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activated by fatty acids, superoxide, or peroxidation products (Jastroch et al., 2010). Uncoupled 

respiration is necessary under certain physiological conditions, such as through the nicotinamide 

nucleotide transhydrogenase that reduces NADP+ to NADPH to combat reactive oxygen species 

in the glutathione and thioredoxin pathways. However, mitochondrial proton leak may be a source 

of mitochondrial inefficiency that has negative implications on FE. Indeed, broilers with high FE 

have a greater glutamate-stimulated respiratory control ratio than low FE broilers (Bottje et al., 

2002), which is indicative of coupled respiration. In another example, low residual feed intake 

steers have a greater glutamate- and succinate- stimulated respiratory control ratio than high 

residual feed intake steers (Kolath et al., 2006). These data demonstrate changes in mitochondrial 

respiration also have implications on FE in broilers and cattle.  

 Skeletal muscle growth 

Nutrient distribution to different tissues in a growing animal change from birth to maturity 

and can be divided into four phases. After birth, phase I is characterized by growth and nutrient 

allocation to vital organs, bone development, visceral fat and the nervous system. The next phase 

of growth allocates nutrients to support rapid muscle growth whereas the last two phases end 

muscle growth and increase fat deposition (Gerrard and Grant, 2003). To optimize FE, the swine 

industry utilizes a programmed feeding schedule that is based on tissue specific energy needs 

throughout a pig’s life (Tokach et al., 2016), and commercial swine diets are formulated to support 

these phases of growth. For example, essential amino acids and high quality ingredients are fed in 

the first phase, whereas carbohydrates are primarily fed in the final growth phases for optimal lean 

muscle growth and fat laydown (Tokach et al., 2016). The last phase requires significant energy 

to deposit fat. In fact, it takes four times the amount of energy to deposit one pound of fat compared 

to a pound of muscle (Schumacher et al., 2022). Therefore, understanding the physiological 
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changes that facilitate porcine growth is imperative to continue to improvement feed conversion 

in commercial swine operations.  

Skeletal muscle growth is a delicate balance of anabolic and catabolic reactions that support 

muscle hypertrophy (Glass, 2005). The insulin-like growth factor-1 (IGF-1) / 

phosphatidylionositol-3 kinase (PI3K) / Akt signaling pathway and myostatin pathway are two 

major regulatory pathways that promote and inhibit protein accretion, respectively (Stitt et al., 

2004; Glass, 2005). Binding of IGF-1 to its receptor stimulates the activation of PI3K, which 

phosphorylates phosphatidylinositol-4-5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-

trisphophate (PIP3) to create a lipid binding site for phosphoinositide-dependent kinase 1 (PDK1) 

to activate Akt. Many downstream targets are regulated by Akt including several regulatory targets 

for protein synthesis, such as mammalian target of rapamycin (mTOR). In fact, muscle lacking 

mTOR exhibit severe metabolic dysregulation and a myopathy that mimics muscular dystrophy 

(Risson et al., 2009). Further, activation of Akt inhibits phosphorylation of forkhead box O3 

(FOXO3) protein to inhibit proteolysis and stimulates protein synthesis through the activation of 

mTOR (Zhao et al., 2007). Stimulation of IGF-1 results in protein synthesis through activation of 

the PI3K-Akt pathway, whereas inactivation of IGF-1 and the overexpression of FOXO3 induces 

muscle atrophy (Zhao et al., 2007). Further, overexpression of IGF-1 in muscle results in a higher 

rate of glucose disposal and higher respiratory quotient (volume of carbon dioxide released over 

the volume of oxygen absorbed), which suggests carbohydrates are the preferred nutrient source 

in IGF-1 mediated hypertrophy (Christoffolete et al., 2015). Indeed, GLUT4 abundance increased 

2-fold and a shift from type IIA to type IIB occurred in extensor digitorum longus muscles 

overexpressing IGF-1 (Christoffolete et al., 2015). These data demonstrate IGF-1 activity in 

muscle provokes metabolic changes within muscle as well as impacts global glucose disposal. 
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Further, nutrient intake influences circulating IGF-1 levels, which can also impact muscle 

characteristics. For example, circulating IGF-1 levels are greater in lambs with low residual feed 

than lambs with high residual feed intake (Montelli et al., 2021). These findings highlight the 

underlying metabolic changes that accompany hypertrophic signaling in muscle.  

Myostatin, a negative regulator of skeletal muscle growth, is an important mediator of 

catabolic pathways and is essential for cell homeostasis (Carnac et al., 2007).  Since the PI3K/Akt 

cascade is found in both IGF-1 and myostatin signaling, cross-communication between these 

pathways regulates normal muscle growth by balancing muscle atrophy and hypertrophy. 

Overexpression of myostatin decreases muscle hypertrophy through downregulation of the mTOR 

pathway (Amirouche et al., 2009), whereas myostatin deficiency increases rates of protein 

synthesis and skeletal muscle hypertrophy (Lipina et al., 2010). In addition to being a potent 

regulator of muscle mass, myostatin also has implications on muscle metabolism. For example, 

hypertrophy in muscle lacking myostatin is accompanied by a decrease in oxidative capacity and 

a shift towards a glycolytic phenotype (Mouisel et al., 2014). In normal muscle physiology, 

myostatin plays a delicate role in modulating muscle mass and seemingly plays a role in muscle 

metabolism, although it is unclear if myostatin is a direct mediator of metabolism or an adaptation 

to support the extensive hypertrophy. Overall, the interplay between these muscle mass regulatory 

pathways has implications on hypertrophy and the underlying metabolic characteristics of muscle. 

 Summary 

Skeletal muscle is a dynamic tissue that is responsive to external and internal stimuli. 

Therefore, production practices ranging from genetics to environmental stressors influence muscle 

physiology, which have implications on an animal’s growth performance. As outlined in this 

chapter, conditions that provoke greater bouts of hypertrophy are associated with a shift towards 
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glycolytic metabolism. Although it is unclear what underlying mechanism facilitates a shift in 

metabolism, it is apparent that glycolysis can generate ATP while conserving carbon backbones 

to be used in anabolic pathways. For example, glycolytic intermediates can branch into the PPP to 

generate 5-carbon precursors for nucleotide synthesis or its final product, pyruvate, can be 

converted to lactate in the Cori cycle. On the other hand, oxidative metabolism has the capacity to 

generate more ATP per mole of pyruvate and is necessary in certain physiological conditions but 

generates CO2, heat, and H2O, which represents an area of inefficiency to the animal in converting 

nutrients to muscle. However, mitochondrial metabolism is more complex in nature than simply 

acting as a cellular furnace. In fact, TCA intermediates can exit at several points in the cycle 

through cataplerotic reactions (Martinez-Reyes and Chandel, 2020), which plays an important role 

in several biosynthetic processes. Therefore, a deeper understanding of how muscle coordinates 

these metabolic pathways to facilitate hypertrophy will aid in the effort to improve the efficiency 

of lean deposition in meat producing animals. 
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Chapter 2 - Investigating the metabolic changes that accompany 

skeletal muscle maturation 

 Introduction 

Scientists predict global livestock production must increase 38% from 2020 to 2050 to 

satisfy the growing demand for meat (Komarek et al., 2021). Since the 1950s, continuous 

advancements in genetics, nutrition, and precision agriculture have revolutionized animal 

production. In the US swine industry today, market pigs require 4% less feed and have a 17% 

heavier carcass than those reared three decades ago (Tokach et al., 2016). While traditional 

production strategies are unarguably imperative for continued advancements, additional 

improvements are becoming more difficult to obtain. For example, feed conversion ratios 

decreased 26% on feeder-to-finish operations from 1992 to 2004 but only decreased 3% from 2004 

to 2009 (McBride and Key, 2013), which is presumably a result of exhausting the current 

technologies and strategies to improve feed conversion ratios.  Feed production and transportation 

represent the largest environmental impact and financial burden associated with pork production 

(Patience et al., 2015; Andretta et al., 2021). Therefore, innovative strategies to further improve 

feed efficiency (FE) are imperative to increase pork production with the growing constraints on 

agricultural land from population growth and urbanization.  

Skeletal muscle accounts for 40-50% of body mass and is responsible for up to 80% of an 

animal’s glucose use (Guo, 2019; Merz and Thurmond, 2021), and thus has significant impacts on 

feed utilization given swine diets are carbohydrate-based. Muscle is composed of a heterogenous 

population of muscle fibers that are classified by contractile speed (slow-twitch or fast-twitch) and 

metabolism (glycolytic or oxidative). Slow-twitch muscle fibers rely on oxidative metabolism, 
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while fast-twitch can range from highly oxidative to highly glycolytic (Julien et al., 2018). These 

metabolic characteristics influence nutrient utilization efficiency. For example, muscle in pigs with 

high FE exhibit a lower abundance of oxidative enzymes than those with low FE (Fu et al., 2017). 

It is apparent the degree to which muscle fibers rely on glycolysis or oxidative phosphorylation 

influences efficiency of lean growth; however, metabolic changes that accompany porcine muscle 

growth remain undefined.  

Nutrient distribution to tissues in a growing animal change from birth to maturity and can 

be divided into four phases. After birth, phase I is characterized by growth and nutrient allocation 

to vital organs, bone development, and the nervous system. The next phase of growth allocates 

nutrients to support rapid muscle growth, whereas the last two phases end muscle growth and 

increase fat deposition (Gerrard and Grant, 2003). These distinct tissue growth phases explain why 

intensive feeding during finishing does not facilitate greater lean deposition but rather increases 

fat deposition (Bikker et al., 1994; Wagner et al., 1999). The last two phases of growth represent 

the biological ceiling for lean deposition, and as such, extending days to market results in fatter, 

not heavier, muscled carcasses. Further, the last phase requires about 4 times the amount of energy 

to deposit a pound of fat compared to a pound of muscle (Schumacher et al., 2022). To account 

for these vastly different nutritional needs, commercial swine operations use feeding programs that 

are developed to provide optimal nutrients associated with each growth phase (Tokach et al., 

2016), which demonstrates the need to understand the physiological changes that control nutrient 

allocation and use to support lean accretion. Therefore, the objective of this study is to investigate 

the metabolic changes that accompany skeletal muscle hypertrophy.  
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 Materials and Methods 

Animal Harvest and Sample Collection 

The protocol used in this experiment was approved by the Kansas State University Institutional 

Animal Care and Use Committee. The study utilized castrated male pigs (DNA 600 x 241; DNA 

Genetics, Columbus, NE) that were housed at the Kansas State University Swine Teaching and 

Research Center in Manhattan, KS. Pigs were provided ab libitum access to feed and water with 

each pen containing a single, dry self-feeder and nipple waterer. Prior to harvest, pigs consumed 

corn-soybean meal-based diets typical of those fed in commercial production that were formulated 

to meet or exceed the National Research Council (2012) estimates for nutrient requirement for pigs 

of the given weight range. In order to meet the nutrient requirements for these growing pigs, phase-

feeding was implemented to ensure optimal growth. At 20, 53, 87, 120, and 180 days of age, pigs 

were transported to the KSU Meat Lab and harvested. Samples from the longissimus dorsi (LD), 

latissimus dorsi (LAT), and masseter (MS) were collected within fifteen minutes after 

exsanguination. Samples were divided and snap frozen in liquid nitrogen, frozen for histology, or 

used to isolate mitochondria. Samples snap frozen in liquid nitrogen were stored at -80°C until 

further analysis. Histology samples were submerged in plastic molds containing Optimal Cutting 

Media (Fisher Scientific, Hampton, NH), frozen in liquid nitrogen cooled isopentane, and stored 

at -80oC. Mitochondria were immediately isolated for metabolite tracing.  

Backfat Measurement 

Backfat thickness (BF) was measured using a Renco Lean-Meater Digital Backfat Indicator 

(Renco Corporation, Golden Valley, MN). Five barrows of corresponding ages (25 d, 58 d, 92 d, 

130 d, and 180 d) were ultrasonically measured for backfat. To determine the correct location for 

the BF measurement, the last rib was found and an oil spot 65 mm below the spine was marked. 



18 

Each barrow was measured twice, one measurement for each side of the loin and averaged 

together.  

Histochemistry 

Five-micron thick sections were cut using a 550 HM microm (ThermoFisher Scientific, Waltham, 

MA) and placed on saline coated slides. Slides were submerged in 1% hematoxylin (Fisher 

Scientific, Hampton, NH) for 3 min and rinsed in running deionized water. Slides were submerged 

in 50% eosin (Fisher Scientific, Hampton, NH) for 1 sec and rinsed with deionized water. Slides 

were submerged in increasing concentrations of ethanol, rinsed in xylene for 7 sec, dried with a 

Kimwipe (Kimberly-Clark Professional Kimtech Science, Fisher Scientific, Hampton, NH) and 

mounted with Epredia™ Shandon-Mount (Fisher Scientific, Hampton, NH). Images were taken 

with a Nikon Eclipse Ti2 inverted microscope (Nikon, Melville, NY) and analyzed with Nikon-

Elements software.  

Mitochondria Isolation  

Mitochondria were isolated using the differential centrifugation method as described by Scheffler 

et al. (2014) and Matarneh et al. (2021) with minor modifications. Briefly, muscles were finely 

minced with scissors at 1.5:10 (wt/vol) in ice-cold homogenization buffer (pH 7.4) containing 

100 mM sucrose, 180 mM KCl, 50 mM Tris, 5 mM MgCl2, 10 mM EDTA, and 1 mM K-ATP. 

Protease from Bacillus licheniformis (Sigma Aldrich, St. Louis, MO) was added to the tissue 

suspension at a final concentration of 5 mg/ml and homogenized using a Potter-Elvehjem tissue 

homogenizer system (Glas-Col, Terre Haute, IN. USA). Homogenates were diluted with 

homogenization buffer to ~40 ml/g of tissue and filtered through cheesecloth. Filtered 

homogenates were centrifuged at 2,000 × g for 10 min, and supernatants were filtered again 

through cheesecloth. Filtered supernatants were centrifuged at 8000 × g for 10 min. Mitochondrial 
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pellets were resuspended in a modified KHEB buffer (pH 7.2) containing 120 mM KCl, 0.2 mM 

KH2PO4, 1 mM HEPES, and 0.5 mM EGTA. Mitochondrial protein concentration was determined 

by Thermo Scientific™ Pierce™ BCA Protein Assay Kit (Pierce, Rockford, IL) according to the 

manufacturer's instructions.  

In vitro Metabolism Model  

In a microcentrifuge tube, 3 mg of mitochondria were added to 1 mL KHEB containing 1 mM 

malic acid, 5 mM ADP, and 1 mM sodium pyruvate-13C3 (Sigma Aldrich, St. Louis, MO). 

Unlabeled control reactions contained 1 mM sodium pyruvate. After incubation at 37°C on a 

rocker at 40 rpm for 45 min incubation, samples were mixed with 2 M perchloric acid, incubated 

on ice for 15 min, and centrifuged at 12,000 x g for 5 min. The supernatant was immediately 

transferred to new tubes, neutralized with 3 M KOH, and stored at -80°C until further analysis  

(Bergmeyer, 1984; Matarneh et al., 2021).   

Mass Spectrometry of TCA metabolites 

Samples and TCA intermediate standards were prepared for gas chromatography-mass 

spectrometry (GM-MS) using the deproteinization and derivatization method described by 

Metarneh et al. (2021). Briefly, 5 M hydroxylamine hydrochloride was added to the samples 

followed by the addition of 4 M KOH. At a basic pH, samples were sonicated and then acidified 

with 6 N HCl. Ethyl acetate was added to samples to extract the organic phase of the supernatant 

after centrifugation. Samples were evaporated to dryness under compressed N2 at 40°C. Once 

dried, equal amounts of N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) and 

ethyl acetate were added to form the tertiary-butyldimethylsilyl (tBDMS) derivatives during a 1 

hr incubation period at 65°C. Samples were separated using gas chromatography (Agilent 6890N; 

Agilent, Santa Clara, CA, USA) on a J&W HP-5ms GC Column (HP-5MS, 30 m, 0.25 mm, 0.25 
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µm film; Agilent Technologies) as previously described by El-Kadi et al. (2009) with minor 

modifications. Intermediate ions with mass-to-charge (m/z) were evaluated using the single ion 

monitoring method with a mass spectrophotometer (Agilent 5973N; Agilent, Santa Clara, CA, 

USA). Ions monitored included: pyruvate 274.10, succinate 289.10, fumarate 287.10, malate 

419.20, oxaloacetate 432.10, a-ketoglutarate 446.20, and citrate 591.40. Mole percent excess 

(MPE) are calculated as (M + i / M + 0) * 100, where M+ i is defined as the isotopic enrichment 

of a molecule. 

Western Blotting 

Muscle samples were pulverized in liquid nitrogen, homogenized in ice-cold IntactProtein™ lysis 

buffer (GenuIN Biotech, Blacksburg, VA) according to manufacturer’s instructions, and 

centrifuged at 13,000 x g for 10 min at 4°C. Supernatants were collected and protein concentration 

was determined with a BCA Protein Assay Kit as mentioned previously. Samples were diluted in 

2X laemmli sample buffer containing 2-mercaptoethanol, sodium dodecyl sulfate, glycerol, tris-

chloride, bromophenol blue, and protease inhibitor mini tablets (Cat #. PIA32955, Fisher 

Scientific, Hampton, NH). Equal amounts of protein were separated using SDS-PAGE and 

transferred to PVDF or nitrocellulose membranes. Membranes were blocked with OneBlock 

blocking buffer (Prometheus Protein Biology Products, Genesee Scientific, San Diego, CA) and 

incubated with the corresponding primary antibody overnight at 4°C. Antibodies used for Western 

blot analysis include anti-LDHa (Cat #: NBPI-48336SS, Novus Biologicals, Centennial, CO), 

anti-GDH (Cat #: PIPA569381, Fisher Scientific, Hampton, NH), anti-G6PDH (Cat# NBPI-

89805, Novus Biologicals, Centennial, CO), anti-GOT2 (Cat# NBP2-32241, Novus Biologicals, 

Centennial, CO), anti-PDHA1 (Cat# AV48137, Sigma Aldrich, St. Louis, MO), anti-CS (Cat# 

TA308265, OriGene, Rockville, MD), and anti-PC (Cat# NBPI-49536SS). Secondary antibodies 



21 

used include Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa 

Fluor™ Plus 647, Invitrogen™ (Cat# PIA32733, Fisher Scientific, Hampton, NH), and Goat anti-

rabbit IgG antibody (H+L) HRP conjugate (Cat# AP307P, Sigma Aldrich, St. Louis, MO). Total 

protein abundance was measured with Invitrogen ™ No-Stain™ Protein labeling reagent 

(ThemroFisher Scientific, Walham, MA) following the manufacturer’s instructions. Prior to 

imaging, ProSignal Pico ECL reagent (Prometheus Protein Biology, Genesee Scientific, San 

Diego, CA) was added to the membranes imaged with chemiluminescence for 45 sec and then 

drained. Membranes were imaged with the IBright Imaging System (ThermoFisher Scientific, 

Waltham, MA). Images were analyzed using Thermo Fisher iBright Analysis Software and 

normalized to the total protein abundance. 

Real-Time PCR 

Muscle samples were pulverized in liquid nitrogen, and DNA was extracted using Zymo Research 

Quick-DNA™ Miniprep Plus Kit following the manufacturer’s solid tissue protocol (Zymo 

Research, Irvine, CA, USA). Concentration of DNA was determined with a Biotek Take3 Micro-

Volume Plate (Agilent Technologies, Santa Clara, CA) using the Biotek Gen5 software. Primers 

from Lopez-Andreo et al. (2005), Taqman™ Fast Advanced Master Mix (Thermo Fisher, 

Waltham, MA), and MGB Applied Biosystems probes were used with sequences described in 

Table 1. QuantStudio3 Real-Time PCR system (ThermoFisher Scientific, Waltham, MA, USA) 

was used to carry out the qPCR reaction. Quantification was performed using the DDCT method.  

Oligonucleotide Sequence (5’ to 3’) 

Porcine mitochondrial t-Glu gene 
forward primer 

GAA AAA TCA TCG TTG TAC TTC AAC TAC A  

Porcine mitochondrial cyt B gene 
reverse primer 

GGT CAA TGA ATG CGT TGT TGA T  

Consensus eukaryotic 18S RNA 
gene nuclear forward primer 

AGC CTG CGG CTT AAT TTG AC 



22 

Consensus eukaryotic 18S RNA 
gene nuclear reverse primer 

CAA CTA AGA ACG GCC ATG CA 

Consensus porcine cyt B gene 
mitochondrial probe 

CCA CCC ACT AAT AAA 

Consensus eukaryotic 18S RNA 
gene nuclear probe 

AGG ATT GAC AGA TTGA G  

 

 Statistics section  

Data were analyzed using a mixed effects model with fixed effects of muscle, age, and their 

interaction, and a random effect of pig. Data were considered significant when P £ 0.05 and means 

were separated by pairwise comparisons using Tukey’s HSD. Data are presented as the least 

squares means +/- standard error. All data were analyzed using R (version 4.2.1, Indianapolis, IN). 

Western blot data were log transformed to normalize the residuals. Data are presented as the back-

transformed values. 
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 Results and Discussion 

Postnatal growth can be divided into phases that prioritize growth of different tissues 

beginning with vital organs, bone, muscle, and then adipose tissue. Muscle hypertrophy makes up 

the bulk of an animal’s growth (Mohammadabadi et al., 2021), and as such, is the focus of our 

investigation. Additionally, the metabolic profile of skeletal muscle influences an animal’s 

efficiency of nutrient utilization, and thus has implications on FE (Bottje et al., 2002; Kolath et al., 

2006; Fu et al., 2017). Therefore, a growth model was used to evaluate changes in skeletal muscle 

metabolism from weaning to market. Ages were selected based on the completion of each phase 

diet fed at the Kansas State University Swine Unit, and pigs were harvested prior to moving on to 

the next phase of feeding. These phases are characterized by the essential nutrients a pig needs 

during that period of growth. For example, pigs are fed high quality amino acids to support high 

energy demands after weaning until 53 d, which are then reduced between 53 d and 87 d. Pigs are 

then moved to the finishing barn where diets are supplemented with carbohydrates, which are 

further increased at 120 d to meet high energy demands during finishing to reach market weight. 

Within each age group, three muscles with different inherent metabolic profiles were assessed to 

determine if underlying metabolic characteristics influence nutrient allocation and utilization in a 

growing animal. To evaluate muscle and adipose tissue growth at each age point, muscle cross 

sectional area (CSA) and BF thickness were measured.  

Body weights, BF thickness, and muscle CSA were measured to evaluate muscle 

hypertrophy and fat growth at each age point. Our data showed a gradual increase in BW between 

20 and 87 d, followed by a rapid increase in BW from 87 to 180 d (Figure 1A; P < 0.01). Similarly, 

BF thickness increased 2-fold from 120 to 180 d (Figure 1B; P < 0.01), which indicates a period 

of intensive adipose tissue growth. Cross sectional area was assessed to determine fiber size at 
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each age. Fibers in LD and LAT muscles increased at each age point after 53 d, while MS increased 

after 120 d (Figure 1C; P < 0.01).  Of note, MS fiber size appears to stall between 87 and 120 d 

and 120 and 180 d, which is a period of rapid hypertrophy in LAT and LD muscle (Figure 1C; P 

< 0.01). This may be attributed to smaller fiber size in oxidative muscles compared to glycolytic 

muscles (Schiaffino and Reggiani, 2011) or location of the MS muscle in the body. Mitochondrial 

DNA (mtDNA) was assessed in the LD, LAT, and MS and used as an indicator of mitochondrial 

content to characterize metabolic changes that accompany muscle hypertrophy. Regardless of 

muscle, mtDNA copy number increased at 87 d compared to 20, 53, and 180 d and decreased from 

87d to 180 d (Figure 1D; P < 0.01), which may indicate a period of metabolic remodeling that 

occurs at an age where hypertrophy is beginning to intensify. These data demonstrate intensive 

muscle hypertrophy begins at 53 d in LD and 87 d in LAT, while minimal hypertrophy occurs in 

MS. Additionally, 120 d marks the beginning of intensive adipose tissue growth.  

Muscle allocates and uses nutrients in biochemical reactions that can aid in anabolic growth 

or be catabolized to meet energy demands. While both are necessary depending on cellular needs, 

the latter metabolizes intermediates in the TCA cycle and electron transport chain to produce ATP, 

heat, and CO2, which represents a net loss of carbon that could otherwise be used for anabolic 

reactions that support muscle growth (Kong and Adeola, 2014). Glycolysis has the potential to 

conserve these carbon backbones. For example, glycolytic intermediates can branch into the 

pentose phosphate pathway (PPP) to generate 5-carbon precursors for nucleic acid and amino acid 

synthesis or the end product, pyruvate, can be recycled in the Cori cycle (Liu and Sabatini, 2020). 

To determine if growing muscle facilitates glycolytic intermediate allocation to the PPP, 

abundance of glucose-6-phosphate dehydrogenase (G6PDH) was assessed, which is a PPP entry 

point that converts glucose 6-phosphate to 6-phosphogluconolactone. Our results demonstrate the 
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abundance of G6PDH was lower at 87, 120, and 180 d in MS compared to LAT and LD (Figure 

2A; P < 0.01), which suggests glycolytic muscles have a greater reliance on this anabolic pathway 

than oxidative muscles at these time points. To investigate changes in pyruvate entering the Cori 

cycle, lactate dehydrogenase alpha (LDHa) was assessed. Abundance of LDHa decreased in MS 

compared to LAT and LD regardless of age (Figure 2C; P < 0.01), which is not surprising 

considering glycolytic muscles have a greater pyruvate flux through LDHa (Washington et al., 

2004). Additionally, LDHa decreased from 20 to 87 d regardless of muscle (Figure 2D; P < 0.01), 

which may be attributed to muscles being more glycolytic at weaning from lactose in a milk based 

diet (Menegat et al., 2019). These data showed glycolytic muscles have a greater abundance of 

enzymes associated with anabolism than oxidative muscles.  

To establish a more comprehensive understanding of how muscles allocate and utilize 

nutrients to support muscle hypertrophy, we implemented an in vitro stable isotope tracing model 

adapted from Matarneh et al. (2021) to uncover changes in pyruvate-derived TCA intermediate 

flux. After incubation of isolated mitochondria with [13C3]-pyruvate and unlabeled malate, 

isotopomer enrichment patterns of TCA intermediates were analyzed (Figure 4). Briefly, the 

number of labelled carbons (or 13C) in TCA intermediates derived from [13C3]-pyruvate can be 

detected using GC-MS. The enrichment patterns depict the number of 13C in each intermediate 

that originated from [13C3]-pyruvate. Values for M + i represents the isotopomer proportions of a 

given metabolite, and therefore do not provide information on the total amount of metabolites in 

each sample but rather the contribution of pyruvate to the TCA cycle. For example, M + 2 citate 

is indicative of two 13C in the citrate molecule originating from the labelled pyruvate molecule 

(Figure 4). These data, in combination with enzyme abundance of several oxidative enzymes, 
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provides a unique perspective on the metabolic adaptations that take place in muscle of a growing 

animal.  

Pyruvate is an intermediate with multiple fates that can feed into the Cori cycle, as 

mentioned previously, or enter the TCA cycle through pyruvate dehydrogenase (PDH) or pyruvate 

carboxylase (PC). When pyruvate is converted to acetyl-CoA by PDH, CO2 is produced and 

represents a loss of carbon to the animal. In the in vitro tracing model, an increase in M + 2 citrate 

suggests an increase in pyruvate entering the TCA cycle through PDH (Inigo et al., 2021). When 

unlabeled oxaloacetate combines with M + 2 acetyl-CoA, which is derived from PDH, M + 2 

citrate is produced (Figure 4, black circles). On the other hand, PC converts pyruvate to 

oxaloacetate and consumes HCO3-, which produces M + 3 oxaloacetate in the tracing model 

(Figure 4, grey circles). In fact, PC abundance is higher in high-FE pigs than low-FE pigs (Fu et 

al., 2017), which depicts this anaplerotic enzyme as playing an important role in conserving 

carbons during carbohydrate oxidation. These labelling patterns can be traced throughout 

subsequent TCA reactions (Inigo et al., 2021), which are depicted theoretically as black or grey 

circles in Figure 4. 

Enrichment fractions of oxaloacetate, citrate, alpha ketoglutarate, and succinate are 

reported. Our results show an increase in M2 (Figure 5D; P < 0.05) and M4 (Figure 5F; P < 0.05) 

citrate in LAT and MS mitochondria at 87 d compared to LD mitochondria. Regardless of muscle, 

citrate M3 increased at 87 d compared to 20, 53, and 120 d, while 180 d is intermediate (Figure 

5E;  P < 0.01). These data suggest at 87 d LD mitochondria may have a greater reliance on pyruvate 

entry into the TCA cycle through PC. Although no differences in PDH were found in LD at 87 d 

(Figure 3A; P <0.05), activity of PDH is regulated by phosphorylation through pyruvate 

dehydrogenase kinase 4 (Kiilerich et al., 2010), which has not been measured at this time. 
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However, PDH abundance increased in MS at 53 and 180 d and increased at 120 d compared to 

53 and 180 d (Figure 3A; P < 0.05). Further, abundance of PC did not increase at 87 d, and in fact, 

was greatest at 53 d (Figure 3D; P < 0.01) and corresponds to an increase in PDH at this age point 

compared to 53 d in LD and LAT mitochondria (Figure 3A; P < 0.05). Although isotopomer 

labeling patterns are indicative of enzymatic changes that would facilitate changes in intermediate 

use, the complex interplay between regulation of enzyme expression and activity increases the 

burden of elucidating these molecular mechanisms.   

Further, M2, M3, and M4 citrate decreased between 87 and 120 d in all mitochondria 

(Figure 5D-F; P < 0.05), which corresponds to an increase in citrate synthase (CS) at 120 d (Figure 

3G; P < 0.01). Additionally, abundance of CS was highest in MS compared to LD and LAT (Figure 

3F; P < 0.01). These data suggest an increase in citrate production at this age, but the decrease in 

labelled citrate indicates citrate may be derived from other unlabeled metabolites or pyruvate-

derived citrate is exiting the TCA cycle at this time. However, oxaloacetate M2, M3, and M4 

increased in LD and LAT mitochondria at 120 d (Figure 5A-C; P < 0.01), which suggests the 

latter. Additionally, alpha-ketoglutarate M2 (Figure 6A; P < 0.01) and M3 (Figure 6B; P < 0.01) 

increased in LD and LAT compared to MS at 180 d, while alpha-ketoglutarate M4 increased in 

LD compared to MS at 180 d (Figure 6C; P < 0.01). Succinate M2 (Figure 6D; P < 0.01), M3 

(Figure 6E; P < 0.01), and M4 (Figure 6F; P < 0.01) increased at 87 d, 120 d, and 180 d regardless 

of muscle. These data suggest pyruvate-derived citrate may be exiting the TCA cycle. In fact, 

citrate export from mitochondria is a source of cytosolic acetyl-CoA, which can be used for fatty 

acid synthesis or a precursor for histone acetylation. Since 120 d marks the beginning of an 

intensive period of adipose tissue growth, this represents a potential pathway that warrants further 

investigation as it may play a role in regulating nutrient partitioning. 
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Additionally, our findings showed an increase in M2 and M3 alpha-ketoglutarate at 180 d 

in LD and LAT mitochondria compared to MS (Figure 6A-B; P < 0.01). Interestingly, M2, M3, 

and M4 succinate increased at 87, 120, and 180 d regardless of muscle (Figure 6D-F; P < 0.1). 

These data suggest a loss of labeled carbon in LD and LAT mitochondria before alpha-

ketoglutarate is converted to succinate. To determine if a subset of alpha-ketoglutarate is exiting 

the TCA cycle, we investigated the abundance of glutamate dehydrogenase (GDH), which showed 

an increase in LD compared to MS (Figure 7A; P < 0.01) and decrease at 137 d compared to 20 

and 197 d (Figure 7B; P < 0.05). These data suggest alpha ketoglutarate exits the TCA cycle in 

glycolytic muscles presumably through GDH at 180 d. In fact, Hou and Wu (2018) reported L-

glutamate is an important amino acid to maintain muscle growth in market weight swine, and as 

such is supplemented in finishing diets. Further, to investigate other enzymes that are involved in 

amino acid metabolism, abundance of glutamic-oxaloacetic transaminase 2 (GOT2) was assessed, 

which converts oxaloacetate to aspartate. Abundance of GOT2 increased in MS compared to LD 

(Figure 7D; P < 0.01) and increased at 120 d compared to 20 d in all muscles but was not different 

between 87 and 120 d (Figure 7E; P < 0.01), which may be attributed to the minimal muscle 

hypertrophy at weaning. These findings establish a foundation to investigate metabolic signaling 

that facilitate skeletal muscle hypertrophy; however, additional research is needed to uncover these 

mechanisms.  

 Conclusion 

Our findings reveal changes in skeletal muscle metabolism that are accompanied by 

maturation. Our results indicate muscles characterized by glycolytic metabolism have a greater 

reliance on the PPP, which branches off glycolysis and supports muscle growth. Additionally, 

pyruvate entry and use within the TCA cycle varies at different age points and supports the notion 
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that muscle adjusts its metabolic characteristics to support different phases of muscle hypertrophy. 

Our findings also illustrate the complex dynamics between cataplerosis and anaplerosis of TCA 

intermediates, which have long been overlooked in muscle physiology of meat producing animals. 

In conclusion, these data depict the intricacies of muscle metabolism and highlight potential 

avenues in mitochondria metabolism that may be necessary for optimal nutrient utilization during 

lean deposition that warrant further investigation to improve FE in the swine industry.  
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Figure 1. Growth characteristics of pigs at each age point. (A) Body weight (B) and backfat 

thickness of pigs at 20, 53, 87, 120, and 180 d. (C) Muscle cross sectional area (CSA) of LD, LAT, 

and LD muscles collected from pigs at each age point. (D) Muscle mitochondrial DNA (mtDNA) 

copy number at each age point. Data are means ± SE. Five barrows per age group (n = 5). Means 

lacking a common letter (a, b, c) differ within a time point (p < 0.05). X, Y, Z represent differences 

between ages. 
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Figure 2. Relative abundance of glycolytic enzymes. (A) Relative abundance of glucose-6-

phosphate dehydrogenase (G6PDH). (B) Representative images of Western blots quantified in (A). 

(C-D) Relative abundance of lactate dehydrogenase alpha (LDHa) in each (C) muscle and (D) age 

group. (E) Representative images of Western blots quantified in (C-D). Abundance of proteins of 

interest were normalized to total protein. Data are means ± SE. Five barrows per age group (n = 

5). Means lacking a common letter differ within a time point (p < 0.05). 

 

  

G
6P

D
H

 R
el

at
iv

e 
Ab

un
da

nc
e

b

a
a

a
a

b

a a

b

p < 0.01
muscle x age

0

0.2

0.4

0.6

0.8

1

20 53 87 120 180
LD LAT MS

A

C

20 d

53 d

87 d

120 d

180 d

LD MS LAT

a

ab b
ab ab

p < 0.01

Days of Age

0

0.1

0.2

0.3

0.4

0.5

0.6

20 53 87 120 180

LD
H
α 

R
el

at
iv

e 
Ab

un
da

nc
e

LD
H
α 

R
el

at
iv

e 
Ab

un
da

nc
e

p < 0.01

0.0

0.1

0.2

0.3

0.4

0.5

LD LAT MS
Muscle

a a

b

B

ED

20 d

53 d

87 d

120 d

180 d

LD MS LAT



37 

 

Figure 3. Relative abundance of several oxidative enzymes. (A) Relative abundance of pyruvate 

dehydrogenase (PDH). (B) Representative images of Western blots quantified in (A). (C-D) 

Relative abundance of pyruvate carboxylase (PC) in each (C) muscle and (D) age group. (E) 

Representative images of Western blots quantified in (C-D). (F-G) Relative abundance of citrate 

synthase (CS) in each (F) muscle and (G) age group. (H) Representative images of Western blots 

quantified in (F-G). Abundance of proteins of interest were normalized to total protein. Data are 
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means ± SE. Five barrows per age group (n = 5). Means lacking a common letter differ within a 

time point (p < 0.05). 

 

 
Figure 4. Schematic of theoretical labeling patterns of TCA intermediates after isolated 

mitochondria are incubated with [13C3]-pyruvate. Black circles are 13C derived from [13C3]-

pyruvate that enter the TCA cycle through pyruvate dehydrogenase (PDH). Grey circles indicate 
13C derived from [13C3]- pyruvate that enter the TCA cycle through pyruvate carboxylase (PC). 

White circles represent unlabeled carbon atoms (12C). Dashed lines indicate enzymatic reactions 

involved in amino acid metabolism.  
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Figure 5. [13C3]-pyruvate derived isotopomer enrichments in isolated mitochondria. (A-C) 

Enrichment of (A) M2, (B), M3, and (C) M4 oxaloacetate in LD, LAT, and LD mitochondria 

isolated from pigs at each age point. (D-F) Enrichment of (A) M2, (B), M3, and (C) M4 citrate in 

LD, LAT, and LD mitochondria isolated from pigs at each age point. Data are means ± SE. 

Mitochondria were isolated from LD, LAT, and MS muscles of five barrows per age group (n=5). 

0
20
40
60
80

100
120
140
160
180

20 53 87 120 180
LD LAT MS

M
ol

e 
Pe

rc
en

t E
xc

es
s

Citrate M4
p < 0.05

muscle x age

0

50

100

150

200

20 53 87 120 180

Citrate M3

a

c
c c

b

Days of Age

M
ol

e 
Pe

rc
en

t E
xc

es
s

p < 0.01

A

M
ol

e 
Pe

rc
en

t E
xc

es
s a

a

b

0
10
20
30
40
50
60
70
80

20 53 87 120 180
LD LAT MS

Oxaloacetate M2
muscle x age

p < 0.01

0
5

10
15
20
25
30
35
40
45
50

20 53 87 120 180
LD LAT MS

M
ol

e 
Pe

rc
en

t E
xc

es
s

Oxaloacetate M3

a a

b

muscle x age
p < 0.01

0

100

200

300

400

500

600

20 53 87 120 180
LD LAT MS

Citrate M2

M
ol

e 
Pe

rc
en

t E
xc

es
s

b

a
a

p < 0.05
muscle x age

0

5

10

15

20

25

20 53 87 120 180
LD LAT MS

Oxaloacetate M4

M
ol

e 
Pe

rc
en

t E
xc

es
s

a a

muscle x age
p < 0.01

b

B

a a

b

C D

E F

Y Y Y Y

X

Y Y
Y

X

Y

Y Y Y

X

Y

X

Y

Z
Z Z

X

X

Y Y
Y



40 

Means lacking a common letter (a, b, c) differ within a time point (p < 0.05). X, Y, Z represent 

differences between ages.  

 
Figure 6. [13C3]-pyruvate derived isotopomer enrichments in isolated mitochondria. (A-C) 

Enrichment of (A) M2, (B), M3, and (C) M4 alpha ketoglutarate in LD, LAT, and LD mitochondria 

isolated from pigs at each age point. (D-F) Enrichment of (A) M2, (B), M3, and (C) M4 succinate 

in LD, LAT, and LD mitochondria isolated from pigs at each age point. Data are means ± SE. 
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Mitochondria were isolated from LD, LAT, and MS muscles of five barrows per age group (n=5). 

Means lacking a common letter (a, b, c) differ within a time point (p < 0.05). X, Y, Z represent 

differences between ages. 

 
 

 
Figure 7. Relative abundance of enzymes involved in amino acid metabolism. (A-B) Relative 

abundance of glutamate dehydrogenase (GDH) in each (A) muscle and (B) age group. (C) 

Representative images of Western blots quantified in (A-B). (D-E) Relative abundance of 

glutamic-oxaloacetic transaminase (GOT2) in each (D) muscle and (E) age group. (F) 

Representative images of Western blots quantified in (D-E). Abundance of proteins of interest 

were normalized to total protein. Data are means ± SE. Five barrows per age group (n = 5). Means 

lacking a common letter differ within a time point (p < 0.05). 
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