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Nutritional Strategies to Improve Pig Growth and Performance 

 

Kellie Kroscher 

 

ABSTRACT 

 

Many factors influence the efficiency of muscle growth including genetics, nutrition, and 

environment. The neonatal period is characterized as a time of rapid growth. Growth rate is 

reduced during neonatal nutrient restriction possibly due to altered satellite cell activity which can 

permanently alter growth potential. Therefore, optimal nutrition is important for maximizing the 

growth potential of the animal. Heat stress leads to changes in digestion and metabolism, thus 

alters nutrient availability to muscle. Heat stress is a prevalent problem in the agriculture industry 

resulting in great economic losses due to reduced growth, fertility, and increased morbidity. The 

use of functional feed additives is a potential strategy to mitigate these negative effects. The 

objective of this dissertation was to investigate nutritional strategies to improve growth in pigs 

during key malleable periods. Three nutritional studies were conducted to discern the optimal 

inclusion levels of calcium phosphate, energy, and protein in the diet to maximize neonatal muscle 

growth. Adequate dietary calcium phosphate was most efficient for satellite cell function which 

may be mediated by micro-RNA. Differentiation promoting miR-206 and correspondingly the 

fusion rate was highest in adequate calcium phosphate diets. Excess protein diets enhanced body 

and muscle growth, while deficient protein was detrimental to growth. Dietary protein treatments 

altered energy metabolism genes, and genes regulating protein degradation were upregulated in 

deficient protein diets. Dietary energy levels did not influence body weight, however feed 

efficiency improved with energy balance. Excess energy diets had the lowest fusion rates and the 

lowest differentiation promoting miR-1 expression. These data suggest that nutrient inclusion 

levels are important for satellite cell function and may mediate satellite cell activity through the 



 
 

expression of micro-RNAs.  The final study sought to discern the ability of supplementation of an 

artificial high-intensity sweetener and capsicum oleoresin to mitigate the negative effects of heat 

stress on pig performance. Heat stress leads to increased body temperature and respiration and was 

detrimental to metabolic flexibility. Supplementation helped improve feed efficiency and maintain 

metabolic flexibility. These data indicate that supplementation may be an efficient strategy to 

mitigate heat stress.  

 

Keywords: Satellite Cell, Neonatal Nutrition, Calcium and Phosphorous, Energy, Protein, Heat 

Stress, Artificial Sweetener, Capsicum Oleoresin, Skeletal Muscle 

  



 
 

General Audience Abstract 

 

Muscle is an important tissue to consider when optimizing growing conditions in feed 

animals due to its function as a consumer good. Many factors influence the efficiency of muscle 

growth including genetics, nutrition, and environment. Fractional growth rates are highest during 

the neonatal period and animals require adequate nutrients to facilitate this growth. Nutrient 

restriction reduces growth rate and can lead to permanent changes the animals’ body size and 

composition later in life. Therefore, optimal nutrition is important for maximizing the growth 

potential of the animal. While the nutrients in feed can be controlled to improve growth, other 

factors are more difficult to regulate. Heat stress is a prevalent problem in the agriculture industry 

resulting in great economic losses due to reduced growth, fertility, and increased morbidity. The 

use of functional feed additives is a potential strategy to alleviate these negative effects. The 

objective of this dissertation was to investigate nutritional strategies to improve growth in pigs 

during key malleable periods. Three nutritional studies were conducted to determine the optimal 

inclusion levels of calcium phosphate, energy, and protein in the diet to maximize neonatal muscle 

growth. Satellite cells are muscle-specific stem cells that help facilitate the growth of muscle. 

Altering the ability of satellite cells to proliferate and fuse impairs the ability of muscle to grow 

and repair. Adequate dietary calcium phosphate was most efficient for satellite cell function. 

Excess protein diets enhanced body and muscle growth, while deficient protein was detrimental to 

growth. Dietary protein treatments altered energy metabolism genes, and genes regulating protein 

degradation were upregulated in deficient protein diets. Dietary energy levels did not influence 

body weight, however, feed efficiency improved with energy balance. Satellite cells from excess 

energy diets had the lowest fusion rates. These data suggest that nutrient inclusion levels are 

important for satellite cell function and growth.  The final study sought to discern the ability of the 



 
 

supplementation of an artificial high-intensity sweetener and capsicum oleoresin to mitigate the 

negative effects of heat stress on pig performance. Heat stress leads to increased body temperature 

and respiration and was detrimental to metabolic flexibility. Supplementation helped improve feed 

efficiency and maintain metabolic flexibility. These data indicate that supplementation may be an 

efficient strategy to mitigate heat stress. 
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Introduction 

Muscle is a multinucleated post-mitotic tissue; therefore, postnatal muscle growth occurs 

mainly through muscle hypertrophy of existing fibers. In pigs, the majority of muscle fibers are 

formed in utero, and muscle fiber number is set at birth. The neonatal period is characterized by 

rapid growth and protein deposition of skeletal muscle (Carr et al., 1978; Davis et al., 1989; Davis 

et al., 1996). To keep up with the protein demands of the growing fiber, resident muscle stem cells 

called satellite cells donate their nuclei and ribosomes to existing fiber to increase the capacity for 

protein synthesis (Fiorotto et al., 2014). Therefore, optimizing growth during the neonatal period 

through improving satellite cell activity can have lasting impacts on muscle mass and body 

composition. 

Growing organisms exposed to unfavorable conditions adapt to their circumstances. While 

these adaptions may help with survival, they can have lasting effects that influence subsequent 

growth and function of the animal (Barker, 2007). Nutrient restriction leads to decreases in growth 

and composition of growing pigs with the type and severity of nutrient restriction influencing the 

adaptive responses. While older animals are relatively able to cope with nutrient deficiencies and 

recover so that they are not different from their unrestricted counterparts, restriction during the 

neonatal period influences weaning weight which is correlated to altered carcass composition.   

Animals undergoing heat stress counter high environmental temperatures with adaptive 

responses to reduce hyperthermia (Black et al., 1993). However, these responses can have negative 

consequences to muscle and growth. Heat stress alters body composition and reduces growth rates 

which are detrimental and costly to producers (Baumgard and Rhoads, 2013a). Therefore, 

alleviating the negative consequences of heat stress is of importance to animal health and 

production. Many management strategies have been implemented to lessen the effects of heat 



 
 

stress. However, these strategies can be costly to producers. Nutritional supplementation has 

emerged as a potential method to increase nutrient digestion in pigs to improve nutrient availability 

and growth.  

While an abundance of studies demonstrates the importance of nutrition to growth, less is 

known regarding how nutritional interventions during critical periods such as neonatal growth and 

heat stress affect muscle growth. This study sought to discern 1) the effects of nutrient inclusion 

levels on muscle growth in neonatal pigs, and the mechanisms that control these changes, and 2) 

the impact of supplementation with an artificial sweetener and capsicum oleoresin to mitigate the 

negative consequences of heat stress.  

 

  



 
 

Chapter 1: Literature Review 

 

Dietary Calcium and Phosphorus 

Calcium (Ca) and phosphorous (P) are the two most abundant minerals in the body. The 

skeleton contains 98% of the bodies calcium in the form of calcium phosphate (CaPO4). The 2% 

of remaining calcium is found throughout the body in extracellular and cellular fluids and preforms 

key functions in neuromuscular signaling, metabolism, and enzyme activation (Soares Jr, 1995a; 

Pond et al., 2005). The skeleton stores 80% of the phosphorous in the body with the remaining 

20% serving essential functions including cell membrane composition, metabolism, cell 

differentiation, and maintaining acid-base buffering (Soares Jr, 1995b). In the cell, phosphorus is 

a component of nucleic acids, nucleotides like adenosine triphosphate (ATP), phospholipids, and 

phosphoproteins (Kebreab and Vitti, 2005). Phosphorus is an essential nutrient, however only 40% 

of P consumed is utilized. Phosphorus reserves are finite so inefficient utilization can lead to 

depletion of the supply which may be exhausted in as little as 50-100 years (Cordell et al., 2009). 

The metabolism of Ca and P are interconnected and insufficient or excess concentrations in either 

mineral will impede efficient utilization and metabolism of the other (Kebreab and Vitti, 2005).  

Calcium Phosphate Supplementation 

Diets consisting of grain-oilseed lack enough Ca for non-ruminant requirements, and 

phytates in cereal grains and oilseed meal can reduce the availability of Ca and P. Therefore, Ca 

and P must be provided as a supplement in non-ruminant diets (Näsi, 1990; Veum et al., 2007; 

Veum and Ellersieck, 2008). Dietary Ca is mainly supplemented as ground limestone (CaCO3) 

which is the most abundant source of calcium on earth (McDowell, 2003). Phosphorus is extremely 

unstable and reactive. Consequently, all P in nature are found as phosphates or orthophosphates 

(McDowell, 2003). Calcium supplements are found relatively cheap compared to phosphate 



 
 

supplements, causing the selection of phosphate supplements to be taken under careful 

consideration to ensure that adequate availability and efficient Ca:P ratio is provided (Hoenderop 

et al., 2005). Adequate amounts of these minerals are especially important for nursery pigs because 

of their involvement in skeletal structure development, muscle tissue deposition, and muscle 

contraction. Because of the economic cost and the environmental concerns, phosphorus has a low 

safety margin in nursery pig diets. Conversely, calcium levels are typically high in nursery diets 

due to the low cost of calcium, unaccounted for contributions from carriers, and variability in 

estimates of concentrations in feed. However, excessive calcium have a pronounced negative 

effect on growth performance (González-Vega et al., 2016). Diets with excessive calcium and 

reduced or deficient phosphorous levels have an even greater impact on growth performance 

(González-Vega et al., 2016; Wu et al., 2018a). To maintain optimal efficiency and animal growth, 

a Ca:P ratio should be maintained at 1.10:1 to 1.25:1 total Ca to total P ratio or between 1:20 to 

1.40:1 digestible Ca to digestible P ratio (González-Vega et al., 2016). Phosphorous requirements 

as estimated by the NRC in 2012 have emerged to be greater than recommendations of digestible 

phosphorus as a percentage of the diet (Vier et al., 2017; Wu et al., 2018b). Phytase is the essential 

enzyme that hydrolyses phytate. Because it is insufficiently secreted in avian and mammals, but is 

abundant in microbial systems, it is important to provide feed with high P availability (Selle and 

Ravindran, 2008). Although providing adequate P availability in the diet will ensure adequate P 

nourishment, it also leads to the potential to have excessive excretion of P, expensive feed, and 

increased demand for P (Selle and Ravindran, 2008) 

Dietary calcium and phosphorous absorption  

Many factors affect the absorption of dietary Ca and P from the GIT including 

concentrations of both Ca and P, the ratio between the two, phytase activity, and the physiological 



 
 

state of the animals. The majority of Ca and P absorption occurs in the duodenum and jejunum of 

both ruminants and non-ruminants (Partridge, 1978; Liu et al., 2000; Pfeffer et al., 2005). The low 

pH (5-6) present in the lumen of the duodenum and jejunum stimulates the ionization and efficient 

absorption of Ca.  In swine, Ca and P are absorbed in small amounts in the caecum, but not in the 

colon (Liu et al., 2000). To enhance Ca and P absorption in non-ruminants, vitamin D must first 

be converted to its active form, calcitrol (1,25(OH)2D3) (DeLuca, 2008) About half the Ca is 

absorbed by two methods of transport; active and saturable, and passive and non-saturable in the 

small intestine. When calcium levels are low, the predominant transport of calcium is the active 

and saturable method. The saturable transport is mediated by calcium binding proteins. One such 

binding protein, TRPV6, is present in highest concentrations on the apical side of the intestinal 

epithelium which stimulates calcium uptake into the cell through the formation of a selective 

calcium channel (den Dekker et al., 2003). Calcitriol stimulates the expression of the TRPV6 gene 

through the vitamin D receptor.  Once inside the cell, Ca is bound to calbindin D9k and transported 

to the basolateral side membrane where it then dissociates from calbindin and are actively 

transported out of the cell by the high-affinity membrane Ca2+-ATPase into the interstitial lumen 

and portal circulation (Bronner et al., 1986). Activity of the vitamin D receptor also regulates the 

expression of calbindin and activity of membrane Ca2+-ATPase, and therefore, calcitriol is the 

primary regulator of this Ca transport method (Bringhurst and Leder, 2006). When intraluminal 

Ca is high, passive, non-saturable movement of Ca is the predominant method to transport Ca 

across the interstitial lumen through paracellular channels (Karbach, 1992). Endogenous calcium 

from bile and other digestive juices moves into the interstitial lumen, and their excretion is scarcely 

affected by dietary or serum calcium levels. The net absorption of calcium from the digestive tract 

characterizes the differences between active and passive absorption and endogenous intestinal 



 
 

secretions (Anderson et al., 2016). Animals are able to adjust the efficiency of Ca absorption to 

meet changes in requirements (Soares Jr, 1995a). Young animals absorb more Ca than mature 

animals (Hansard and Crowder, 1957; Horst et al., 1978)  

Like calcium absorption, phosphorous absorption in the jejunum contains a saturable, 

active, sodium-dependent absorption that responds to vitamin D and a non-saturable passive 

paracellular transport. The active transport method on the luminal brush border is stimulated by 

calcitriol, like Ca, to increase expression of the sodium phosphate transporter (Ontjes, 2011). 

Without vitamin D basal absorption of phosphate is much higher than calcium indicating that 

passive absorption is the preferred method (Cross et al., 1990). Endogenous losses of phosphorus 

increases with the animals weight (Pettey et al., 2006).  

Calcium and phosphorous homeostasis and regulation 

The movement between calcium stores in bones, inside cells and in extracellular fluid is 

controlled by parathyroid hormone (PTH), calcitriol, and calcitonin. The parathyroid gland 

secretes PTH which stimulates the resorption of Ca by the kidneys, from bones into the 

extracellular fluid, and stimulates production of calcitriol. Calcitriol increases Ca and P absorption 

by the GIT, as well as stimulation resorption from bones. While calcitriol and PTH increase 

resorption from bone, calcitonin increases the uptake of Ca into bone. Calcium excretion by the 

kidneys is inhibited by all three hormones.  

 The homeostasis of intracellular calcium is tightly regulated by active pumps and 

exchanges to keep cytoplasmic concentrations at 0.1M, while extracellular fluids and 

intracellular compartments like the endoplasmic/sarcoplasmic reticulum (ER/SR) and lysosomes 

contain much higher concentrations. Opening Ca channels in the plasma membrane or an 

intracellular store can cause a rapid flux of Ca into the cytoplasm quickly increasing the 



 
 

concentration of Ca. Closing these channels and using pumps and exchanges to remove Ca from 

the cytoplasm will quickly reduce the Ca concentrations. However, this is an energy consuming 

process, and prolonged cytoplasmic exposure to high Ca concentrations can cause toxicity and cell 

damage with precipitation of CaPO4, and damage to Ca sensitive kinases and phosphatases that 

control cellular functions (Orrenius et al., 2003).   

Calcium and phosphorous in skeletal muscle 

In all muscle, Ca is used as the primary regulatory and signaling molecule. In skeletal 

muscle, contraction and relaxation of muscle is controlled by Ca through the troponin-tropomyosin 

system that is associated with actin filaments. During the resting state, the intracellular Ca 

concentration of the myofiber is maintained at ~50nM. Calcium is released from the SR from two 

channels, the IP3 receptor (IPR) and the ryanodine receptor (RyR). In skeletal muscle, voltage 

gated L-type Ca channels are activated when an action potential depolarizes the surface membrane 

and t-tubules. The L-type Ca channels undergoes a conformation change that directly causes 

activation and opening of the RyR and release of Ca from the SR to increase local cytosolic Ca 

concentrations to ~100 fold higher levels. Once released, Ca binds to one of the troponin subunits 

(troponin C) eliciting a conformational change to allow for crossbridge cycling and initiation 

muscle contraction. To terminate contraction, the sarco/endoplasmic reticulum calcium-ATPase 

(SERCA) actively pumps Ca back into the SR, and the muscle relaxes as Ca concentrations decline 

back to resting levels (Sandow, 1952; Endo, 1977).   

  In addition to muscle contraction, Ca also regulates the provisions of ATP controlling the 

energetics of muscle. The stimulation of the sarcolemma results in activation of second 

messengers, including calcium which binds to intracellular calcium-binding proteins. These 

binding proteins can act on specific calcium sensitive proteins or indirectly via phosphorylation. 



 
 

One such, calmodulin activates calcium-calmodulin-dependent protein kinase which in turn 

phosphorylates the target protein with ATP. It has also been proposed that calcium signaling in 

muscle may increase glucose uptake and GLUT4 translocation through contraction-stimulated 

glucose transport (Holloszy and Hansen, 1996).  

 Deficiencies in PO4 result in a reduction in muscle and skeletal tissue growth (Cromwell 

et al., 1995; Jendza et al., 2005). The timing of when these deficiencies occur impacts their 

severity. Deficiencies in PO4 early in life are more detrimental to growth than deficiencies later in 

life. (Driver et al., 2006). During dual Ca and PO4 deficiencies, PO4 has a greater impact on muscle 

and bone growth (Shapiro and Heaney, 2003). Dietary PO4 has been shown to reduce proliferation 

of satellite cells in neonatal pigs (Alexander et al., 2012). 

Protein Metabolism 

Pigs are monogastric animals that derive the protein and energy needed from feed. Protein 

is a macronutrient essential to growth, but it is an expensive component to swine diets. To 

maximize profitability, producers reduce protein content. However, the effects of reduced protein 

can impact growth rate.  

Protein Digestion 

Dietary protein digestion begins in the stomach with the protease pepsin by hydrolyzing 

protein’s peptide bonds into smaller polypeptides. Pepsin partially digests 10-15% of dietary 

protein (Binder and Reuben, 2005; Devlin, 2006). The partially digested protein then enters the 

small intestine where the pancreas secretes pancreatic protease and bicarbonate to neutralize 

stomach acid and bring the pH to a more optimal level for protease activity. Pancreatic proteases 

trypsin, chymotrypsin, elastase and carboxypeptidases continue to cleave polypeptides into 

oligopeptides and amino acids. Oligopeptides are further cleaved one amino acid (AA) at a time 



 
 

by exopeptidases, resulting in protein digestion into 30% free amino acids and 70% oligopeptides 

2-8 amino acids in length (Binder and Reuben, 2005). Transport proteins on intestinal enterocytes 

facilitate amino acids and di- and tripeptides across the brush border. Some of the di- and 

tripeptides are then hydrolyzed within the cells to free AA by intracellular peptidases. Free amino 

acids enter circulation through the basolateral membrane and can be taken up by other tissues 

(Binder and Reuben, 2005).   

Protein in muscle  

 In skeletal muscle, protein serves as building blocks for contractile proteins and as a source 

of energy in situations where other energy sources are not available. Muscle growth occurs when 

the rate of protein synthesis is greater than the rate of degradation. Muscle mass and protein 

synthesis is mainly regulated through the insulin-like growth factor -1 (IGF1)- protein kinase-b 

(AKT)/ mammalian target of rapamycin (mTOR) pathway. Signaling begins with the IGF1 ligand 

binding to its receptor, which causes recruitment of insulin receptor substrates that activate 

phosphoinositide 3-kinases (PI3K) to produce phosphatidylinositol-3,4,5 triphosphates (PIP3). 

PIP3 activates AKT proteins which phosphorylates mTOR rendering it active. Activated mTOR 

complexes with the protein regulatory associated protein of mTOR complex 1 (RPTOR) to form 

mTOR complex 1 (mTORC1), and RPTOR independent companion of MTOR complex 2 

(RICTOR) to form mTOR complex 2 (mTORC2).  The formation of mTORC1 results in the 

positive regulation of genes involved in protein translation and synthesis, and the negative 

regulation of inhibitors of protein synthesis (Schiaffino and Mammucari, 2011). Increased 

activation of this pathway produces increased muscle hypertrophy.  

Leucine stimulates protein synthesis through activation of the translation process. Amino 

acid depletion and starvation results in the inhibition of the translation initiation complex through 



 
 

eukaryotic initiation factor 4E (eIF4E) being bound and inactivated by eiF4E binding protein 

(4EBP1). Leucine activates mTORC1 kinase which then phosphorylates 4EBP1 leading to active 

eIF4E allowing for translation and protein synthesis (Ribeiro et al., 2015).  

Protein impacts on animal growth 

For decades, the environmental impact of swine production has been a concern (Carpenter 

et al., 2004). Excess dietary protein in the diet is excreted in the urine and feces as nitrogen. A 

portion of this nitrogen is emitted into the atmosphere when it is oxidized to nitrous oxide (N2O) 

contributing to greenhouse gasses. It has been suggested that a 1% reduction in crude protein (CP) 

by substituting with crystalline amino acids would reduce excreted nitrogen in feces by 8% (Kerr 

and Easter, 1995). However, providing too little dietary protein leads to deficits in growth (Hansen 

and Lewis, 1993; Chen et al., 1999). 

Growing pigs require differing levels of dietary CP, amino acids (AA), and nitrogen (N) to 

meet the physiological demands for maintenance and growth (Escobar et al., 2004; Humphrey and 

Klasing, 2004). Increasing CP levels has been associated with improvements in average daily gain 

(ADG) (Hansen and Lewis, 1993; Chen et al., 1999). Protein requirements start at 26% crude 

protein (CP) in young pigs and decrease with age. Low protein diets are beneficial in swine due to 

a reduction in nitrogen secretion, hindgut fermentation, and diarrhea, and are thus advantageous 

to the swine industry as a strategy for improving efficiency. In piglets, reducing CP by 55% 

reduced nitrogen excretion but did not have detrimental effects to performance and body 

composition (Le Bellego and Noblet, 2002). However, low protein diets can also lead to altered 

carcass composition with increased adipose tissue and decreased lean mass (Kerr et al., 1995). Pigs 

fed a high amino acid diet in the grower phase had increased growth rate and less backfat than pigs 

on a low amino acid diet (Chiba et al., 2002). Young pigs will exhibit a period of compensatory 



 
 

growth following a period of dietary restriction that offsets their deficit so they are not different 

from their counterparts (Chiba, 1995). However, the ability of the pig to engage in compensatory 

growth is limited by the diets provided after restriction. Many factors influence the degree and 

longevity of the response such as severity of the restriction, duration, stage of growth, and 

composition of other nutrients. In fact, Low CP  diets improved weaning pig growth performance 

when the diet contained a high metabolizable energy level (Fang et al., 2019).  

Energy Metabolism 

Energy is the principle driver of metabolism. Without sufficient energy, dietary protein is 

diverted towards energy production instead of converted into body protein which negatively 

impacts growth. Animals must consume sufficient energy to support the demands of the body for 

maintenance, growth, and tissue function.  Free energy in muscle is required for protein synthesis 

and degradation. Alterations to energy supply may affect protein deposition rate, and changes in 

the rate protein turnover will change energy requirements (Siems et al., 1984; Summers et al., 

1988). Metabolizable energy intake increases protein synthesis rate in muscle beyond protein 

degradation rate.   

Muscle tissue derives energy from both extra- and intra-muscular fuel sources. Extra-

muscular fuel sources include glucose, lactate, non-esterified fatty acids (NEFA), volatile fatty 

acids (VFA), triglycerides (TG), and ketone bodies. Intra-muscular fuel sources consist of 

glycogen and TGs. The utilization of these fuel sources mainly depends on their availability and 

the energy demands of the cell, however, is also influenced by the animal’s activity and enzyme 

activity. The two main fuel sources utilizes by skeletal muscle to generate ATP are carbohydrates 

and fat (Romijn et al., 1993).  



 
 

Glucose metabolism 

Dietary carbohydrates are hydrolyzed in the small intestine to monosaccharides like 

glucose or galactose where they cross the brush-border membrane through the sodium glucose 

transporter SGLT1. To enter into the blood stream, glucose is transported out of the enterocyte 

through GLUT2 (Röder et al., 2014). In circulation, glucose is transported to other tissues to be 

catabolized for energy.  

Skeletal muscle consumes the most glucose in the body, however glucose fractional 

extraction rates average 9% in growing pigs (Wray-Cahen et al., 1995)  as a result of lactate release 

from muscle Wray-Cahen et al., 1995). Lactate is also taken up for oxidation or glycogenesis in 

oxidative fibers (McCullagh et al., 1996). Glucose transport into muscle fibers is facilitated by 

glucose transporter 4 (GLUT4). This receptor resides inside the cell during basal conditions where 

upon stimulation is rapidly transported to the cell surface (Aschenbach et al., 2009). Once inside 

the muscle fiber, glucose can follow many metabolic pathways depending on the needs of the cell. 

Glucose may undergo direct oxidation, glycolysis to L-Lactate to be released back into circulation, 

or glycogen synthesis when the energy demands of the cell are met and is the major fate of glucose 

(Hocquette et al., 1998). Low ATP or lactate in the cell initiates glycolysis through activation of 

6-Phosphofructo-1-kinase (PFK) (Regen et al., 1964). Aerobic oxidation of glucose is regulated 

by the pyruvate dehydrogenase (PDH) complex which is inhibited by acetyl-CoA and ATP. 

Glucose uptake is stimulated by insulin for storage and oxidation by stimulating GLUT4, glycogen 

synthase and PDH.  

Lipid metabolism   

Dietary lipids are initially digested in the stomach through lipase activity and continue in 

the small intestine. Lipase activity degrades fatty acids to produce free fatty acids and 2-



 
 

monoglycerides (Bach and Babayan, 1982; Carey et al., 1983). Medium-chain fatty acids are 

broken down into either a glycerol backbone with 3 fatty acids or absorbed intact into the small 

intestine and transported to the liver through the portal vein. Long chain fatty acids are emulsified 

with bile salts and cross into enterocytes to be converted back into TGs. Triglycerides are then 

incorporated into chylomicrons and enter the lymphatic system (You et al., 2008).    

Oxidative metabolism utilizes both lipids and products of glycolysis and serves as the 

primary source of energy production for sustained energy demands (Eaton et al., 1996). 

Lipoprotein lipase (LPL) hydrolyzes TG from circulating lipoproteins generating NEFAs to be 

taken up and metabolized by tissues. Uptake of NEFA into hindlimbs is linearly correlated to 

arterial concentrations. Fatty acids can be partially digested to form acyl-CoA by peroxisomes and 

transported into the mitochondria by the rate limiting carnitine palmitoyl transferase I (CPT I). 

Within the mitochondria, fatty acids are converted by -oxidation enzymes into acetyl-CoA which 

then enters the citric acid cycle. The by-products of fatty acid oxidation and the citric acid cycle 

are then used by the electron transport chain to generate ATP (Kunz, 2001).   

Energy impacts on animal growth 

Dietary energy concentration can impact feed intake as high energy levels can decrease 

feed intake, while low energy level can decrease the deposition of protein. Protein deposition and 

intake is related to the concentration of energy provided. It is difficult to determine the energy 

requirements of young pigs because of their varying average daily feed intake (ADFI) and 

physiological stressors like weaning.  From birth to 56 days of age, piglets have low digestive 

enzyme activity for protein and energy. Therefore much of the provided protein and energy cannot 

be digested (Jensen et al., 1997).  



 
 

In general, prolonged periods of negative energy balance results in a decrease in total body 

mass. While the major change in body composition due to restricted energy is loss of fat, piglets 

at birth lack fat deposits and have a high demand for energy (Pastorelli et al., 2009). Therefore, 

negative energy balance can be especially detrimental to piglets. Well-fed piglets synthesize TGs 

rapidly results in a body-lipid increase from 1% to 14% in 2 weeks (Wu et al., 2004). Early nutrient 

restriction in chickens causes reduced growth that results in a lower body weight later in life (Palo 

et al., 1995). Nutrient restriction reduces satellite cell number and activity as well as decreases the 

expression of myogenic genes and reduces muscle mass (Halevy et al., 2000; Halevy et al., 2003; 

Jeanplong et al., 2003). In weaning pigs, a decrease in dietary energy level increased feed intake 

and decreased efficiency, which is costly to producers (Fang et al., 2019). Conversely, high energy 

diets also can lead to an increase in adipose tissue and altered body composition which leads to an 

undesirable carcass. In piglets, high energy density diets impair intestinal function and influence 

amino acid utilization which reduces weight gain at weaning (Adebowale et al., 2019). Reduced 

weaning weight is associated with a decrease in carcass quality and thus reduces profitability. 

There is an increasing body of evidence indicating that these changes to growth and composition 

due to altered nutrition are a result of altered satellite cell function (D'Souza et al., 2015; MacGhee 

et al., 2017). A low plane of nutrition in newborn calves resulted in reduced growth and altered 

satellite cell activity (MacGhee et al., 2017).  

Satellite Cells 

Satellite cells are the resident stem cell population in muscle that reside beneath the basal 

lamina but outside of muscle fibers (Mauro, 1961). Satellite cells constitute ~1% of the nuclei in 

muscle (Lepper et al., 2011; Yin et al., 2013b). These satellite cell populations remain quiescent 

until activated in response to damage, overuse, mechanical stretch or growth factors where they 



 
 

will then begin to proliferate (Webster et al., 2016). Satellite cells have the ability to differentiate 

and fuse, as well as to self-renew to maintain a stable stem cell population despite multiple rounds 

of regeneration stimulus (Wang and Rudnicki, 2012). Through this process, nuclei accumulate in 

muscle fibers allowing for increased protein synthesis and muscle hypertrophy.  

Satellite cell quiescence  

Quiescent satellite cells express the satellite cell marker Paired Box 7 (Pax7), a 

transcription factor that maintains quiescence and inhibits differentiation. (Seale et al., 2000; 

Olguin and Olwin, 2004). Satellite cell quiescence is an active process (not a default state) which 

occurs through the activation of NOTCH and WNT inhibition of myoblast determination protein 

1 (MyoD) (Bjornson et al., 2012). Additionally, myogenic genes are transcribed and sequestered 

rapidly (Hausburg et al., 2015).  

Satellite cell activation 

Activation of satellite cells is stimulated by hepatocyte-growth factor (HGF) which is 

localized in the extracellular domain of uninjured skeletal muscle fibers (Allen et al., 1995; 

Tatsumi et al., 1998). When HGF is released from its sequestered location in the extracellular 

matrix, it binds to the intracellular signaling c-mesenchymal–epithelial transition receptor 

(Tatsumi et al., 2001). In order to catalyze HGF release, matrix metalloproteinases are activated 

by nitric oxide synthase- mediated nitric oxide production (Yamada et al., 2008).  

Upon receiving environmental signals to activate, satellite cells enter the cell cycle and 

proliferate characterized by the expression of PAX7 and MyoD, MyoG, and Myf5 expression 

(review by (Yin et al., 2013b). Once activated, satellite cells phosphorylate p38/ which 

phosphorylates MK2 resulting in phosphorylation and inhibition of tristetraprolin (TPP). By 

inhibiting TPP, which functions to degrade mRNA, MyoD is stabilized allowing for its translation 



 
 

and function as a myogenic transcription factor  (Cooper et al., 1999; Jones et al., 2005). After 

expansion, myoblasts begin terminally differentiating to fuse with existing fibers through down 

regulation of MYF5 and later MyoD. A subset of satellite cells will return to quiescence to self-

renew and maintain the satellite cell pool (Kuang et al., 2007). 

Satellite cells incur metabolic fluctuations as their cell fate changes. Differentiation leads 

to alterations in mitochondria, glucose homeostasis, protein metabolism, and redox signaling 

(Fulco et al., 2003; Fulco and Sartorelli, 2008) It has been proposed that satellite cell activation 

from quiescence to an activated state occurs due to metabolic changes in lipid homeostasis, 

mitochondrial activity and ATP production. As satellite cells become activated, their metabolism 

shifts away from fatty acid and pyruvate oxidation towards glycolysis. (Fukada et al., 2007; Ryall, 

2013).   

MicroRNA in Skeletal Muscle 

Increased skeletal muscle development early in life can lead to an increased growth 

potential of the animal. Postnatal muscle growth has been characterized as a hypertrophic event 

because fiber numbers are determined prenatally and become fixed around the time of birth. 

However, during postnatal growth muscle fibers display a substantial increase in DNA content 

such that muscle accumulates between 50-99% of the total DNA after birth depending on the 

species and muscle type (Allen et al., 1979). Nuclei within muscle fibers are post-mitotic and the 

postnatal accumulation of DNA is due to the division and fusion of satellite cells (skeletal muscle 

stem cells) to myofibers (Moss and Leblond, 1971). The expression of muscle-specific regulatory 

factors controls myogenic progression of satellite cells, via the reprograming of gene expression. 

MicroRNAs (miRNA) function to regulate these genes at the post-transcriptional level to control 

cell proliferation, differentiation, and lineage (Friedman et al., 2009). The incorporation of 



 
 

miRNAs by myogenic transcription factors expands the complexity and precision in gene 

regulation of muscle development. Identifying the role myogenic miRNA’s play in the regulation 

of skeletal muscle development will enhance the understanding of growth and provide the basis 

for future therapies.  

MicoRNA Processing  

MicroRNA (miRNA) are a family of short single stranded noncoding RNA, ranging in 

length from 18-25 nucleotides (Friedman et al., 2009). These miRNA function to inhibit translation 

or promote messenger RNA (mRNA) degradation by binding to target mRNA with complete or 

partially complete base pairing (Hamilton and Baulcombe, 1999; Reinhart et al., 2000; Krol et al., 

2004). A single miRNA has the ability to bind to several hundred mRNAs, and conversely a single 

mRNA can be bound by several different miRNAs (Friedman et al., 2009). An increase in a 

specific miRNA would consequently result in a decrease in protein product. Since a miRNA can 

bind to several targets, the consequence is not a one-to-one relationship between an increase in 

miRNA and a decrease in protein (Wang, 2013). Therefore, miRNAs function to fine tune gene 

expression patterns. 

Both mRNA and miRNAs are transcribed from genomic DNA in the nucleus. First, 

miRNA is transcribed as primary miRNA (pri-miRNA) characterized as several kilobases long 

(Bartel, 2004) and mostly from independent transcripts. However, some pri-miRNAs originate 

through RNA splicing (Yang and Lai, 2011). The expression of miRNA is regulated through their 

promoter regions, and transcriptional regulation of an individual miRNA can be controlled through 

numerous different transcription factors. Some transcription factors have the ability to bind to pri-

miRNA rather than miRNA promoter and affect further processing (Goljanek-Whysall et al., 2012) 

including SMAD proteins, which regulate TFG/BMP signaling, that have been shown to bind to 



 
 

a range of pri-miRNAs to control their processing (Davis et al., 2008; Davis et al., 2010). 

Approximately one third of miRNAs are imbedded in introns of protein-coding genes and 

processed after splicing (Van Rooij and Olson, 2007). The long pri-miRNA undergo cleavage still 

in the nucleus to form a 60-70 nucleotide intermediate called pre-miRNA by the nuclear protein 

DiGeorge critical region 8 (DGCR8). This DGCR8 protein recognizes the sequence and the 

ribonuclease Drosha cuts the pri-miRNA and leaves a 5’ phosphate and a two-nucleotide overhang 

on the 3’ strand. The activity of Drosha provides another level of regulation by being dependent 

of the sequence of the pri-miRNA so that not all are processed with equal efficiency (Feng et al., 

2011a; Feng et al., 2011b). The cleavage by Drosha results in the formation of miRNA transcripts 

that fold back on themselves to produce a hairpin structure that can be transported out of the 

nucleus to the cytoplasm through the export receptor Exportin-5 (Lee et al., 2003). In the 

cytoplasm, the hairpin structured pre-miRNA is further processed by the RNase Dicer to excise 

the miRNA from the hairpin stem, which yields a ~22 nucleotide duplex miRNA (Lee et al., 2003; 

Friedman et al., 2009). This double stranded miRNA is unwound by helicase before one strand, 

often the one with the less thermodynamically stable 5’ end, is transported into the RNA induced 

silencing complex (RISC) (Schwarz et al., 2002; Khvorova et al., 2003).  

RNA Silencing  

Once formed, the mature miRNA is incorporated into a RISC, which is a multiprotein 

complex that functions to prevent translation or promotes mRNA degradation (Figure 1.1). The 

RISC includes an Agronaute protein, that binds the miRNA to facilitate mRNA recognition. 

Argonaute proteins have distinct activities and expression patterns which provide another level of 

regulation in the miRNA pathway by determining their specificity and functionality (Czech and 

Hannon, 2011). The miRNA guides the RISC to the 3’ untranslated region (UTR) of the target 



 
 

mRNA. Nucleotides 2-8 of the miRNA, called the seed region, will bind to the target mRNA with 

complete or partially complete base pairing (Doench and Sharp, 2004; Lewis et al., 2005). Due to 

imperfect pairing each miRNA is estimated to regulate about 200 targets (Lewis et al., 2003), and 

an estimated 60% of mRNAs may be regulated by one or more miRNAs (Friedman et al., 2009). 

Once bound to the target mRNA, the RISC complex will either degrade the mRNA if there is near-

perfect base pairing between the guide miRNA and the target mRNA, or will repress translation if 

there is imperfect base pairing. Direct cleavage of the mRNA is performed by the agronaute protein 

which cleaves the target nucleotides that pair with the 10th and 11th bases on the guide miRNA 

(Yuan et al., 2005). Translational repression occurs though inhibition of translation initiation by 

blocking the pre- initiation complex on the target mRNA, degrading the poly-A tail, or by directing 

target mRNAs to P-bodies, which are inactive structures that store or degrade mRNA (Behm-

Ansmant et al., 2006; Eulalio et al., 2008; Iwasaki et al., 2009). Individual miRNAs do not have 

Figure 1.1 Biosynthesis of miRNA and miRNA mechanism of action 



 
 

the ability to act alone in degradation or inhibition of translation of mRNA, nor do they target one 

single mRNA. 

 

Expression of miRNA in Skeletal Muscle  

Skeletal muscle development begins with cells from somites committing to the myogenic 

lineage, proliferating, then terminally differentiating and fusing into multinucleated myofibers. 

Recently, miRNAs have emerged as key factors in the regulation of muscle development. A loss 

of function mutation in Dicer in mice is embryonically lethal by day 7.5 (Bernstein et al., 2003). 

The deletion of a conditional dicer allele in skeletal muscle was created to circumvent the lethality 

associated with the total deletion of Dicer. These transgenic mice die perinatally and exhibit 

decreased skeletal muscle mass due to hypoplasia, increased apoptosis of muscle cells, and 

abnormal myofiber morphology (O'Rourke et al., 2007). Due to Dicer’s control of miRNA 

maturation, these observations support a key role for miRNA muscle development.  

Several key processes in muscle tissue are governed by miRNAs such as myogenesis, fiber 

type shifts, muscle growth as well as atrophy. This group of miRNA’s that are enriched in cardiac 

and/or skeletal muscle are called MyomiRs (McCarthy, 2011). While myomirs are enriched in 

muscle, some may be found in other tissues and can be considered either muscle exclusive or non-

exclusive depending on the tissue and function. MyomiRs are members of the miR1/206 and miR-

133 families and include three of the most studied miRNAs being miR-1, miR-133, and miR-206. 

These three miRNA’s are expressed from three chromosomal loci as bicistronic transcripts (Chen 

et al., 2006). Mirco RNA-1 and miR-133 are clustered together on the same chromosome and 

transcribed together with post transcriptional modification dictating the production of either 

miRNA (Chen et al., 2006).  Both miR-1/miR-133 are specifically expressed in cardiac and 



 
 

skeletal muscle tissues, but were absent in other tissues examined (Lagos-Quintana et al., 2002). 

The expression of miR-206 and miR-133b are expressed specifically in skeletal muscle and is 

thought to be controlled by an upstream regulatory region that is enriched for MyoD binding (Rao 

et al., 2006). Micro RNA-1 and miR-206 differ from each other by four nucleotides outside the 

seed region, and share many gene targets (Dey et al., 2011).  

The Role of miRNA in Muscle Development 

Myogenic miRNAs regulate fundamental aspects of muscle development. Myoblast 

proliferation is increased by miR-133a which inhibits serum response factor (SRF), a transcription 

factor that regulates many genes involved in cell cycle, growth, and differentiation (Chen et al., 

2006).  The interaction of miR-133a and SRF establishes a feedback loop in which SRF 

upregulates the expression of miR-133a causing increased repression of SRF and increased 

proliferation. Repression of miR-133 in mice enables satellite cells to differentiate into brown 

adipose tissue (Trajkovski et al., 2012; Yin et al., 2013a). In satellite cells, miR-133 maintains 

satellite cells to the myogenic lineage by inhibiting Prdm16, a zinc-finger transcription factor that 

is necessary and sufficient to establish the brown adipose lineage (Seale et al., 2007). Conversely, 

overexpression of miR-133 in preadipocytes causes a reduction in brown adipose specific 

thermogenic gene expression (Yin et al., 2013a).  

The primary function of miR-1/206 is to promote the differentiation of mesodermal and 

muscle lineages. Mutations introduced into the miR-1 seed sequence abolishes its ability to 

activate myogenic gene expression (Chen et al., 2006). Myoblast differentiation is stimulated by 

miR-1/206 through targeting follistatin and utrophin, which both act to maintain myoblasts in 

proliferative states (Rosenberg et al., 2006). Differentiation is also promoted through miR1/206 

inhibition of histone deacetylase 4 (HDAC4) (Chen et al., 2006). Histone deacetylase 4 is a 



 
 

transcriptional repressor of muscle gene expression, mainly by inhibiting an essential muscle 

transcription factor, MEF2C (Lu et al., 2000). Thus, by inhibiting HDAC4 with miR-1, MEF2C 

transcription factor activity is increased which leads to myocyte differentiation. Differentiation is 

increased by miR-206 through downregulation of the helix-loop-helix protein Id, which represses 

MyoD. The inhibition of the helix-loop helix protein Id through miR-206 enhances MyoD 

expression and promotes myogenic lineage differentiation (Kim et al., 2006).  

Other miRNAs that are not in the myomiR family play a role in muscle development 

through regulation of the cell cycle and genes controlling proliferation and differentiation. One 

such is miR-24 which promotes differentiation but is negatively regulated by TGF- (Sun et al., 

2008).  TGF- inhibits satellite cell differentiation through repression of transcriptional activity of 

the muscle regulator factors (MRF) family. The MRF family includes MyoD, myogenin, Myf5, 

and MRF4, and bind to regions upstream of myomiRs to regulate their expression (Rao et al., 

2006; Sweetman et al., 2008). Signal transduction of TGF- promotes retention of Smad proteins 

2 and 3 in the nucleus in complex with Smad 4 to control the expression of target genes. One such 

target is HDAC4, a negative regulator of myogenic commitment by repressing MRF’s and is 

regulated by miR-206 and miR-29 (Winbanks et al., 2011). TGF- downregulates five miRNAs 

that are involved in the transcription of myogenic differentiation genes; miR-1, -22, -29, -133, and 

-206. TGF- suppresses the levels of miR-206 and -29 to relieve translational suppression of 

HDAC4 to inhibit differentiation. Increasing the levels of miR-206 and -29 can then work against 

TGF- and prevent HDAC4 from repressing differentiation (Winbanks et al., 2011) thus 

increasing the progression through the myogenic lineage. TGF-I is targeted by miR-21. During 

prenatal development in pigs, miR-21 is expressed in skeletal muscle tissue and has been found 

affect the activity of PI3K/Akt/mTOR signaling by targeting TGF-I. The expression of miR-21 



 
 

and TGF-1 are negatively correlated suggesting that miR-21 targets TGF-1 to regulate muscle 

development (Bai et al., 2015). This high level of crosstalk is important to understand the 

mechanism of action of satellite cells progressing through their cell lineage.  

miRNA in Muscle Growth and Function 

Postnatal muscle growth and muscle regeneration is dependent upon satellite cells 

(Buckingham, 2007). Satellite cells are characterized by their expression of Pax7, which is 

required for satellite cell survival, proliferation and the prevention of differentiation (Relaix et al., 

2006). Satellite cell proliferation is inhibited, and myoblast differentiation is promoted by miR- 

1/miR-206 targeting of Pax-7 (Dey et al., 2011). During satellite cell differentiation, miR-1 and 

miR-206 are greatly upregulated but become downregulated during muscle regeneration. 

Additionally, premature overexpression of miR-1/miR-206 inhibits proliferation of satellite cells 

and increases their differentiation due to Pax7 targeting (Chen et al., 2006). The action of Pax7 is 

also mediated by miR-486, which acts as a regulator of satellite cell quiescence by suppressing an 

oncogene, Dek, that is as asymmetrically inherited by the more differentiated daughter cell 

(Cheung et al., 2012).  When satellite cells are induced to differentiate, Pax7 is required for the 

initial activation of Myf5 and MyoD. Activation of MyoD stimulates miR-1 and miR-206, which 

represses Pax7 and initiates terminal differentiation into myocytes (Chen et al., 2006).  

MyomiR transcription is controlled by many factors like aging or disease, damage, level 

of physical activity, and nutrition (Drummond et al., 2008; Drummond et al., 2009; Nielsen et al., 

2010; Drummond et al., 2011). In adult skeletal muscle, miR-206 has been proposed to promote 

myogenesis by downregulating tissue inhibitor of metalloprotease 3 (TIMP3), which acts as a 

repressor of myogenesis. Downregulation of TIMP3 allows for the expression of myogenic genes 

through the upregulation of TNF and activation of MAPK (Liu et al., 2010).  



 
 

Insulin-like Growth Factor-1 (IGF-I) regulates muscle growth and development and acts 

as both a target and a regulator of miR-1. A feedback loop exists between IGF and miR-1 in which 

IGF-I binding to its receptor activates signaling pathways that lead to the activation of AKT. Active 

AKT phosphorylates and inhibits the transcription factor Foxo3a, that works to stimulates the 

expression of miR-1 (Elia et al., 2009). Furthermore, miR-206 targets the 3’UTR region of IGF-I, 

and reductions in miR-206 levels causes an increase in IGF-I levels (Yan et al., 2013). The receptor 

for IGF-I (IGF-IR) had a conserved binding site for miR-133 in the 3’UTR. Increasing miR-133 

in C2C12 cells suppresses IGF-IR protein levels at the post-transcriptional level (Ge et al., 2011), 

therefore decreasing the activation of AKT and the IGF/PI3K/AKT pathway.  

Another role of miRNA in muscle is their function in the differentiation of muscle fiber 

types. At least three slow and cardiac myosin heavy chain (MyHC) genes have miRNAs encoded 

in their introns that control muscle myosin content, myofiber identity and muscle performance 

(Van Rooij et al., 2009). The intron of Myh7, which encodes the -myosin heavy-chain protein, 

includes the miR-208b, and miR-499 is derived from the intron of the Myh7b gene. Expression of 

the miRNA is directly related to the expression of the host gene, so miR-208 is enriched in slow-

twitch type I muscles. These miRNAs regulate the expression of transcription factors that repress 

the slow twitch fiber type such as Sox6 (Hagiwara et al., 2007; Van Rooij et al., 2009). A feedback 

loop is formed where miR-208b regulates the expression of Sox6, which in turn represses Myh7 

expression, which is the host gene of miR-208b. Thus, these miRNAs work by inhibiting the 

repressor and promoting the slow twitch phenotype. Inactivation of these miRNAs cause a 

reduction in Type I fibers and a decrease in -MyHC expression and an increase in Sox6 expression 

in the soleus muscle of mice (Van Rooij et al., 2009). Over expression of miR-499 in the soleus 

leads to a complete conversion to Type I fibers (Van Rooij et al., 2009). 



 
 

Micro RNAs may be an important target to improve the performance in agricultural species 

by playing critical roles in skeletal muscle hypertrophy. Myostatin, a negative regulator of muscle 

mass, has target sites for several miRNAs. Both miR-208a and miR-499 are capable of reducing 

the expression of myostatin (Callis et al., 2009; Bell et al., 2010). Furthermore, myostatin may in 

turn regulate the expression of miRNAs as it has been shown that myostatin null mice have 

increased expression of miR-133a, -133b, -1 and, -206 (Rachagani et al., 2010). Texel sheep are 

known for their enhanced muscle mass due to a mutation in myostatin that causes a single 

nucleotide polymorphism in the 3’ UTR which creates a target site for miR-1 and miR-206 

(Georges et al., 2006). This causes the translational repression of myostatin, which increases 

muscle hypertrophy contributing to the muscular phenotype of Texel sheep. Therefore, miRNAs 

play a key role in the development and growth of skeletal muscle by controlling the expression of 

myogenic genes. 

Micro RNAs play a key role in the regulation of genes involved in every aspect of skeletal 

muscle development. Proper skeletal muscle development does not occur in the absence of 

miRNA, resulting in perinatal lethality and altered muscle morphology. Myoblast differentiation 

is enhanced by miR-1 and miR-206, while proliferation is promoted by miR-133. Skeletal muscle 

hyperplasia is particularly critical during development, as increased muscle fiber number can 

increase the growth potential of an animal. Identification of the role and regulation of miRNA in 

skeletal muscle development will enhance the understanding of skeletal muscle biology which 

may allow for improvements in the efficiency of meat production, as well as lead to new treatments 

for muscle related diseases.  



 
 

Heat Stress in Animal Agriculture 

Animal agriculture experiences great economic losses with animals undergoing heat stress, 

as animals will divert energy from productive mechanisms into adaptive mechanism (Nardone et 

al., 2010). This leads to reduced growth rates (Hahn, 1999; Marai et al., 2007), decreased fertility 

(Hennessy and Williamson, 1984; Nardone et al., 2006; Hansen, 2009), as well as increased 

morbidity and mortality (D'Allaire et al., 1996; Bishop-Williams et al., 2015). A push for 

productivity in agriculture has led to industry wide increases in growth rates, milk yield, and egg 

production, however, heat stress challenges these developments by reducing efficiency as nutrients 

are diverted toward lowering body temperature (Baumgard and Rhoads, 2013b). Almost two 

decades ago, losses associated with heat stress were estimated to be greater than $300 million (St-

Pierre et al., 2003). With ever increasing global temperatures since that time, and a push for raising 

animals in subtropical environments as demand for animal products rise (Delgado, 2005), losses 

today would be much greater. Economic losses to the United States swine industry during the 

summer months, despite attempts to alleviate heat stress, were estimated to be $900 million 

(Pollman, 2010). Heat stress is a seasonal problem in temperate climates but a consistent challenge 

in tropical and subtropical environments where it presents as the greatest limiting factor of 

production efficiency (Renaudeau et al., 2008).  

Elevated environmental temperatures cause high thermal loads in humans and livestock 

that can lead to acute, chronic, and lethal heat related disorders such as heat stress (Wilkins and 

Wheeler, 2004). Homeothermic animals maintain a thermoneutral core body temperature within a 

narrow range in which cellular processes and enzymatic reactions function optimally and energy 

expenditure is minimal. Outside of this range total heat load exceeds the capacity for heat 

dissipation, reactions slow and high temperatures may cause a breakdown in proteins and cell 



 
 

death (Wilkins and Wheeler, 2004; Bernabucci et al., 2010). When an animal is unable to dissipate 

excess heat effectively, heat stress occurs. The effect of elevated temperatures is further aggravated 

by high humidity because of a reduced capacity for evaporative heat dissipation (Marai et al., 

2007). Environmental conditions including air temperature, solar radiation, air flow, and relative 

humidity exceeding the animals thermoneutral zone limits cause core body temperature to 

increase. While animals have the ability to adapt to climatic stressors, the response mechanisms 

used are often detrimental to the productivity and growth (Pragna et al., 2018).  

Adaptive mechanisms and consequences to heat stress 

Heat stress responses are largely conserved across species and lead to physiological 

adaptions. Heat stress causes increases in core body temperatures, decreases in growth rates, 

reproductive efficiencies, and overall health.  During heat stress both male and female reproductive 

functions are negatively impacted causing decreased pregnancy rates, increased embryonic losses, 

and sperm abnormalities (Hansen, 2009). Heat stress causes decreased milk production and 

consequently offspring growth rates decline (Black et al., 1993; West, 2003). Pigs are especially 

susceptible to heat stress due to a lack of functional sweat glands with heat regulation occurring 

mainly by respiration through evaporative cooling (Ingram, 1965; Curtis, 1983). Pigs also have a 

relatively large layer of subcutaneous fat that contributes to less effective heat dissipation and a 

less tolerant heat response. As a result, heat tolerance in pigs occurs primarily through behavioral 

changes (Bernabucci et al., 2010). Modern strains of pigs have undergone genetic selection 

towards increased lean mass and greater reproductive potential at the cost of increased metabolic 

rate and elevated endogenous thermogenesis thus increasing their susceptibility for heat stress 

related conditions (Nienaber et al., 1997; Baumgard and Rhoads, 2013b).  



 
 

Heat dissipation during heat stress 

Respiration rate increases during hyperthermia, which is used to increase evaporative 

cooling through the mouth. Excess heat is expelled by vaporizing more moisture through 

respiratory and cutaneous cooling mechanisms (Berman, 2006). Blood hemoglobin increases with 

environmental temperature in order to accommodate for the increased oxygen circulation due to 

the increased respiratory rate (Haque et al., 2013; Okoruwa, 2014). Radiant heat dissipation 

through the skin is assisted by a repartitioning of blood from splanchnic organs towards peripheral 

blood flow by vasoconstriction of the gastrointestinal tract (Lambert, 2009). Consequently, 

reduced blood and nutrient flow compromises intestinal epithelium integrity and function (Yan et 

al., 2006; Pearce et al., 2013a; Pearce et al., 2013c). Weakened intestinal integrity leads to 

increased permeability associated with changes in nutrient digestibility and absorption as well as 

endotoxemia, hypoxia, and inflammation (Hall et al., 2001; Pearce et al., 2013b). While increased 

respiratory rates and radiant heat dissipation are used to increase cooling, other adaptive 

mechanisms are used to decrease heat production.  

Behavioral adaptions in pigs 

Behavioral changes occur in response to heat stress to minimize heat production such as a 

reduction in locomotion to decrease mechanical heat production, and a voluntary reduction in feed 

intake to reduce the thermic effect of feed and metabolism (Renaudeau et al., 2008; Baumgard and 

Rhoads, 2013a). In pigs, reduced feed intake is observed at temperatures above 23.9oC (Kouba et 

al., 2001). Heat stress causes an upregulation in leptin and adiponectin, adipokines that regulate 

the hypothalamic axis to reduce feed intake (Hoyda et al., 2012; Morera et al., 2012).  Duration of 

heat stress has an effect on feed intake in which acute heat stress causes a greater reduction than 

chronic heat stress; 64% vs 36% reduction respectively (Qu and Ajuwon, 2018). This reduction in 



 
 

feed intake reduces growth and reproductive performances impairing profitability (Nienaber et al., 

1997).  

Gastrointestinal effects  

A consequence of heat stress is the shunting of blood away from splanchnic organs towards 

peripheral blood flow to support increased radiant heat dissipation through the skin. As a result, 

the gastrointestinal tract (GIT) integrity is compromised (Lambert, 2009; Pearce et al., 2013c). 

Decreased blood flow to the GIT reduces nutrient and oxygen delivery causing hypoxia and 

incomplete barrier function of the tight junction in the epithelial lining. Decreased oxygen delivery 

can result in hypoxia in cells that leads to damage and apoptosis through acidosis, depletion of 

ATP, and altered on pump activity (Lambert, 2009). As a result, heat stress impairs GIT integrity 

leading to a “leaky gut” allowing the permeation of endotoxin and proinflammatory cytokines 

from intestinal bacteria into the blood stream (Hall et al., 2001; Yan et al., 2006). Endotoxin 

mediates its effects in tissues by binding to the Toll-like 4 receptor (TLR4) (Frost et al., 2004). In 

skeletal muscle, TLR4 activation results in reduced fatty acid metabolism, and decreased 

metabolic flexibility (Frisard et al., 2010). Endotoxin induced inflammation, similar to heat stress, 

causes a shift in post-absorptive fuel selection by decreasing fatty acid oxidation and promoting 

glycolytic metabolism (O'Neill, 2011; Baumgard and Rhoads, 2013a). Therefore, targeting GIT 

health has potential to alleviate the negative consequences to performance and composition seen 

in heat stressed animals. 

The impact of heat stress on carcass composition, meat quality, and safety  

The shift in nutrient absorption and nutrient partitioning due to heat stress increases muscle 

degradation and alters carcass composition resulting in reduced carcass prices (Baumgard and 

Rhoads, 2013b). Animals raised in heat stress conditions have reduced muscle mass and increase 



 
 

adipose tissue as seen in pigs (Close et al., 1971; Verstegen et al., 1978; Heath, 1983; Collin et al., 

2001), poultry (Geraert et al., 1996; Ryder et al., 2004) and rodents (Katsumata et al., 1990). 

Lactating animals and younger animals are more resistant to heat stress induced changes to carcass 

composition due to their different thermal neutral zone, while larger animals are heavily impacted 

(Christon, 1988; Collin et al., 2001). While animals reared in heat stress conditions have decreased 

feed intake, previous studies have shown that their altered metabolism and body composition 

cannot exclusively be attributed to this feed restriction (Wheelock et al., 2010; Pearce et al., 

2013b). Animals raised in thermoneutral conditions on a feed restricted diet will deposit protein at 

the expense of lipid accretion so that the carcass becomes leaner (Le Dividich et al., 1980; Van 

Milgen and Noblet, 2003; Oresanya et al., 2008; Zhao et al., 2018). The opposing nutrient 

partitioning between heat stressed animals and feed restricted animals is indictive of altered 

metabolism in heat stressed pigs.  

In addition to the alterations in carcass composition, heat stress prior to slaughter can have 

profound impacts on meat quality. Stress responses due to hyperthermia occur mainly through the 

autonomic nervous system mediated by catecholamines. While catecholamines facilitate the 

increase in respiratory rates and redistribution of blood flow, they also promote energy utilization 

from body reserves by increasing glycogenolysis in muscle and repressing energy storage (Minton, 

1994; Gregory, 2010; Afsal et al., 2018). Catecholamines accelerate glycogenolysis in muscle by 

stimulating the 2-receptors which activates glycogen phosphorylase and inhibits glycogen 

synthase. This causes activation of glycogenolysis and prevents glycogenesis (Roach, 1990; 

Franch et al., 1999). Acute heat stress immediately before slaughter leads to pale soft and exudative 

(PSE) meat due to an accelerated muscle glycogenolysis, accumulation of protons, and a rapid pH 

decline early post-mortem (Owens et al., 2009; Matarneh et al., 2017). This is most commonly 



 
 

observed in swine and poultry (Santos et al., 1997; Adzitey and Nurul, 2011; Freitas et al., 2017), 

however, can also become a problem in cattle (Kim et al., 2014; Warner et al., 2014). Chronic heat 

stress results in dry firm and dark (DFD) meat due to a depleted muscle glycogen reserve resulting 

in a slow pH decline and a high final pH with high water holding capacity (Gregory, 2010; Adzitey 

and Nurul, 2011). While this mainly occurs in ruminants (Mitlohner et al., 2002; Kadim et al., 

2008), it is also observed in swine (D'Souza et al., 1998). Additionally, the risk of diminished 

safety increases in meat from heat stress animals because of reduced shelf life due to altered lipid 

and protein oxidation as well as bacterial growth and shedding (Mujahid et al., 2007; Wang et al., 

2009). Heat stressed animals exhibit great bacterial shedding and increased risk of carcass 

contamination which has been observed in pigs (Moro et al., 2000), poultry (Skarp et al., 2016), 

and cattle (Renter et al., 2008).  Summer months have a greater prevalence of foodborne illness 

outbreaks (Self et al., 2017); however, the underlying mechanism have not been fully elucidated 

as bacterial shedding and an increased presence of bacteria during summer is confounded with 

handling and transport practices. Nevertheless, it is likely that the impaired gastrointestinal 

function observed during heat stress and meat contamination are related (Lambert, 2009; Gabler 

and Pearce, 2015).  The impact of heat stress on meat quality and food safety poses a threat to 

health and profitability. 

Metabolic modifications due to heat stress 

Protein  

During heat stress, protein deposition is reduced through downregulation of protein 

synthesis at the transcriptional level (Jacob, 1995). Heat stress leads to protein denaturation, which 

causes protein to aggregate in the nucleus altering many molecular and cellular functions like DNA 

synthesis, replication and repair, heat stress represses RNA content, proteolytic rates, muscle 



 
 

protein turnover (Streffer, 1988; Higashikubo et al., 1993; Temim et al., 2000; Hahn, 2012). 

Duration of heat stress influences protein metabolism. Acute heat stress increases protein 

catabolism, and reduces protein synthesis and nitrogen retention (Tabiri et al., 2000). Chronic heat 

stress decreases protein synthesis and protein deposition (Geraert et al., 1996; Temim et al., 2000).  

Lipid 

Despite reductions in feed intake due to heat stress, several studies have demonstrated 

decreases in fat oxidation and reductions in plasma non-esterified fatty-acid (NEFA) 

concentrations in rodents (Sanders et al., 2009), pigs (Pearce et al., 2013b), sheep (Sano et al., 

1983), and cattle (Ronchi et al., 1999; Shwartz et al., 2009). Lipolytic enzyme activities are 

downregulated in poultry and swine which may help to alleviate heat generation (Geraert et al., 

1996) despite heat stress increases in lipolytic agents; epinephrine, glucagon, and cortisol 

(Febbraio, 2001). However, lipoprotein lipase activity in adipose tissue is increased which may 

suggest a greater storage capacity for triglycerides in heat stressed animals (Sanders et al., 2009). 

During feed restriction, animals use free fatty acids (FFA) mobilized from adipose tissue to spare 

glucose for skeletal muscle deposition (Baumgard and Rhoads, 2013a). Feed restricted animals 

increase FFA concentration and fatty acid oxidation. However, in heat stress conditions, regardless 

of decreased feed intake, animals have been shown to have decreased FFA concentrations and 

fatty acid oxidation compared with thermoneutral feed restricted animals (Sano et al., 1983; 

Elsasser et al., 2009; Shwartz et al., 2009; Pearce et al., 2013b; Zhao et al., 2018). Despite a low 

plane of nutrition in heat stressed animals, they are unable to efficiently utilize FFA.  

Carbohydrates 

Heat stress increases hepatic glucose output as a result of increased glycogenolysis 

(Febbraio, 2001) and increased gluconeogenesis (Collins et al., 1980). Dietary carbohydrate 



 
 

consumption prevents hepatic glucose production under normal conditions, however, in heat stress 

conditions exogenous sugars do not impede glucose output by the liver (Angus et al., 2001).  This 

indicates that during heat stress, animals have an increased reliance on glucose as their fuel 

substrate over lipids (Rhoads et al., 2013). Hepatic pyruvate carboxylase is the rate-limiting 

enzyme that regulates alanine and lactate entry into gluconeogenesis. During heat stress the 

expression of pyruvate carboxylase and the input of lactate into the gluconeogenesis pathway is 

increased (Collins et al., 1980; Rhoads et al., 2009; O’brien et al., 2010; Wheelock et al., 2010). 

Heat stressed animals also exhibit increased plasma lactate levels (Streffer, 1988) and most lactate 

is taken up by extrahepatic tissues to use for energy (Baumgard and Rhoads, 2012) perhaps as a 

mechanism to spare glucose for tissues who utilize it as their obligate fuel source.  

Insulin  

Although heat stressed animals experience decreased feed intake, which is traditionally 

observed with a reduction in insulin, and that heat stress is a catabolic condition, an increase in 

basal insulin levels is observed in multiple species (Torlińska et al., 1987; Itoh et al., 1998; 

Wheelock et al., 2010; Pearce et al., 2013b; Sanz Fernandez et al., 2015). Previous studies have 

demonstrated that in addition to increased circulating insulin, insulin sensitivity is also increased 

(Rhoads et al., 2009; Sanz Fernandez et al., 2015). This increase in insulin is a result of increased 

pancreas secretion and not reduced circulating insulin removal (Baumgard and Rhoads, 2012). 

This increase in circulating insulin results in decreased blood glucose levels, despite increases in 

hepatic glucose output. In thermoneutral conditions, increased insulin concentrations shifts 

metabolism to favor glucose utilization and decreases fat oxidation because of insulins antilipolytic 

activity which reduces adipose tissue export of NEFA and increases cellular glucose uptake 

(Carpentier et al., 2005). Therefore, during heat stress, animals have a limited ability to mobilize 



 
 

fat and are thus less able to support fuel substrate switches and creates metabolic inflexibility (Zhao 

et al., 2018).  

Metabolic flexibility during heat stress 

Skeletal muscle constitutes a large portion of body mass and can influence whole body 

metabolism through its fuel substrate usage. Metabolic flexibility describes the ability to switch 

between fuel substrates to adapt according to changes in activity, prevailing conditions, or energy 

demands (Goodpaster and Sparks, 2017). Substrate metabolism and energy utilization are 

synchronized processes and specific tissues have differing demands and fuel substrate preferences. 

Skeletal muscle tissue is responsible for the majority of glucose disposal and increases glucose 

utilization during heat stress. Fuel substrate preference switches from mostly lipid to mostly 

carbohydrate in during exercise heat stress in humans, and environmental heat stress in pigs and 

sheep (Sano et al., 1983; Febbraio et al., 1994; Hargreaves et al., 1996; Jentjens et al., 2002; Zhao 

et al., 2018) due to changes in blood flow away from fat stores while increasing flow from liver to 

muscle. In a previous study, heat stress reduced metabolic flexibility further evidencing that 

skeletal muscle may not use FFA as its primary fuel source during heat stress (Zhao et al., 2018). 

This indicates that under stress condition, muscle is less able to adapt causing negative 

consequences to muscle growth and function, which may be due to alterations in gut function.  

Increased reactive oxygen species during heat stress 

Reduced oxidative glucose capacity observed in skeletal muscle during heat stress may be 

due to mitochondrial dysfunction. Mitochondria are the principle site of O2 consumption and are 

also primary source of reactive oxygen species (ROS) that are produced as a byproduct of 

respiration (Cadenas and Davies, 2000; Turrens, 2003). The production of ROS occurs during the 

electron transport chain in the redox center of the four enzyme complexes by reducing oxygen into 



 
 

superoxide anion (Barja, 1999; Genova et al., 2003). Accumulation of ROS like superoxide occurs 

when production exceeds the cells capacity to detoxify and can lead to damage to proteins, DNA 

and lipids (Halliwell, 1990; Apel and Hirt, 2004). Heat stress has been shown to increase ROS 

production leading to oxidative stress and damage in pigs (Montilla et al., 2014; Liu et al., 2015a), 

dairy cattle (Bernabucci et al., 2002), sheep (Chauhan et al., 2014). Damage to mitochondria can 

be especially detrimental because they are the main source of energy production within most cells 

so that damage can weaken the capacity to adapt to increased energy demands due to stressors 

(Hubbard, 1989). This may be a result of heat stress decreasing protein expression, thermal 

deactivation of antioxidant enzymes, or regulatory proteins. Superoxide and ROS production can 

be mitigated by uncoupling the electron transport chain though uncoupling proteins or by 

increasing non-enzymatic antioxidants and antioxidant enzymes (Birben et al., 2012). Heat stress 

can alter the principal mitochondrial antioxidant pathway by inactivating superoxide dismutase 

activity (Yang and Lin, 2002; Belhadj Slimen et al., 2014), and can reduce the expression of 

uncoupling proteins (Mujahid et al., 2006). Because uncoupling proteins can help to control the 

amount of superoxide in the cell, their downregulation due to heat stress can lead to their 

accumulation, however, this may be a mechanism to reduce heat production since uncoupling 

proteins are responsible for non-shivering thermogenesis (Brand and Esteves, 2005). Uncoupling 

protein-3 (UCP3) is the main uncoupling protein found in skeletal muscle, and aside from 

thermogenesis and preventing ROS production, also functions to regulate the mitochondrial fatty 

acid oxidation (Cioffi et al., 2009). Without UCP3 mice have a lower ability to oxidize fat which 

may contribute to increased accumulation and storage of fatty acids. There is evidence that UCP3 

may participate as a fatty acid anion carrier by translocating fatty acids out of the mitochondrial 

matrix (Goglia and Skulachev, 2003). Furthermore, leptin has been shown to increase the 



 
 

expression of UCP3 in muscle (Henry et al., 2011). Since heat stress increases leptin  (Morera et 

al., 2012), it is curious that UCP3 should be downregulated, however the necessity to conserve 

heat production may surpass the relationship between the two.  

Methods to alleviate heat stress 

Many management strategies have been implemented to alleviate the negative symptoms 

of heat stress in pig production, though few are effective and economically practical. Fans and 

evaporative cooling systems have been used to decrease ambient temperature, while floor cooling, 

drip cooling, and snout cooling have been used to increase animal heat loss (McGlone et al., 1988; 

Silva et al., 2006). Other strategies such as genetic selection for heat stress tolerance can be used 

to improve resistance to heat stress (Gourdine et al., 2006). However, these management strategies 

can be costly to producers, and even with these abatement interventions, the annual economic 

losses to the US swine industry during summer months were estimated to be $900 million 

(Pollman, 2010). Nutritional interventions could be implemented to mitigate heat stress, by the use 

of low increment diets or high-density diets that are correctly balanced (Renaudeau et al., 2008). 

Nutritional interventions are of particular interest due to the behavioral adaption of reduced feed 

intake during heat stress which reduces core body temperature, however, leads to negative 

consequences in performance and altered post absorptive nutrient metabolism. Therefore, the use 

of functional feed additives may provide an effective strategy to improve animal performance and 

gut functionality without increasing core body temperature.       

Lipoic acid  

Lipoic acid functions as a cofactor for mitochondrial enzymes that perform oxidative 

decarboxylation, can scavenge reactive oxygen species and nitrogen species, as well as improve 

cellular glucose uptake (Reed, 1974; Packer et al., 1995; Diesel et al., 2007). Lipoic acid mimics 



 
 

insulin and can enhance cellular glucose uptake during thermoneutral conditions as seen in poultry 

and swine (Maddock et al., 2003; Hamano, 2006). Additionally, during heat stress administration 

of -lipoic acid (ALA) to broiler chickens reduced oxidative stress (Imik et al., 2012). 

Furthermore, there is promising evidence that pretreatment with ALA may help to protect the 

intestinal epithelium from damage due to heat stress thus preserving its integrity (Varasteh et al., 

2018).  

Chromium   

Chromium is an essential micronutrient that augments insulin through facilitating receptor 

binding of insulin to enhance its action on glucose, lipid, and protein metabolism (Mertz, 1993; 

Davis et al., 1997). A typical metabolic response of chromium supplementation is reduced plasma 

cortisol, especially during stress conditions, which may indicate chromium’s alterations to insulin 

activity may be mediated by cortisol levels, since cortisol increases during stress and acts as an 

insulin antagonist (Chang and Mowat, 1992; Borgs and Mallard, 1998; Samanta et al., 2008). 

Chromium has been used in swine diets to improve growth performance and carcass 

characteristics, and has been shown to help to ameliorate the impact of heat stress when 

supplemented in summer months (Hung et al., 2014). Furthermore, supplementing pigs with 

chromium during cyclic heat stress conditions decreased rectal temperature and respiration rate 

(Liu et al., 2015b). Improvements to the heat stress response were also seen in dairy cow when 

supplemented with chromium by reducing weight loss, increasing milk production and reducing 

plasma NEFA concentrations (Soltan, 2010). Chickens had improved feed intake, weight gain, and 

carcass composition during heat stress when supplemented (Toghyani et al., 2012).  



 
 

Antioxidants  

Feed additives like vitamins and micro minerals that have antioxidant functions are 

promising supplements to reduce oxidative stress caused by heat stress (Renaudeau et al., 2012). 

Two groups of antioxidants exist; non-enzymatic and antioxidant enzymes. Non-enzymatic 

enzymes such as vitamin E, vitamin C, polyphenols, uric acid, and glutathione possess reducing 

abilities, while antioxidant enzymes such as catalase, superoxide dismutase, and glutathione 

peroxidase can neutralize free radicals or their metabolites (Cottrell et al., 2015). Giving 

antioxidant supplements during heat stress improved the physiological response in sheep (Chauhan 

et al., 2014), poultry (Maini et al., 2007), dairy cattle (Calamari et al., 2011), and pigs (Adenkola 

et al., 2009). In fact, at supra-nutritional levels of vitamin E was shown to alleviate the negative 

effects of heat stress by decreasing rectal temperature, respiration rates and increasing feed intake 

and improving oxidative balance in sheep (Chauhan et al., 2014). In pigs, vitamin C 

supplementation reduced rectal temperature (Adenkola et al., 2009), while zinc supplementation 

as well as vitamin E and selenium improved gut function (Fernandez et al., 2014; Pearce et al., 

2015; Liu et al., 2016). Since animals with inadequate antioxidant defenses are more likely to be 

negatively affected by heat stress (Finch and Turner, 1996; Bottje and Carstens, 2009), providing 

sufficient antioxidant supplementation can aid in easing the negative effects of heat stress.  

Artificial sweeteners 

Supplementation with high-intensity artificial sweetener has been shown to improve gut function 

and feed intake, which are impaired with heat stress. Taste can influence feed consumption and is 

especially important when feeding behaviors are suppressed (Hellekant and Danilova, 1999). 

Supplementing with artificial sweeteners enhances chewing behavior in growing pigs, at the 

expense of exploratory behavior (Day et al., 1996). This may help to enhance the behavioral 



 
 

adaption of decreased locomotion observed during heat stress. Despite reports of the artificial 

sweetener saccharin not being able to stimulate the cranial nerve and pigs having a difficult time 

tasting saccharin (Hellekant and Danilova, 1999), supplementation increased average daily gain 

and feed intake of in piglets (Lei et al., 2017) which are depressed during heat stress.  

Artificial sweeteners improve gut integrity by working though taste receptors in the 

intestinal epithelium. These taste receptors can sense sugars and artificial sweeteners which 

increases the secretion of the gut hormone glucagon-like peptide (GLP)-2 and upregulates 

expression of the Na+/glucose co-transporter 1 (SGLT-1) through stimulating the G-coupled 

receptor (Drucker, 1996). Glucagon-like peptide-2 improves gut function and is a potent 

gastroprotective agent that increases blood flow (Stephens et al., 2006), stimulates mucosal growth 

(Moran et al., 2010; Vegge et al., 2013), reduces the inflammatory response (Cani et al., 2009), 

prevents cell death during stress (Burrin et al., 2007), and helps to maintain glucose homeostasis 

(Bahrami et al., 2010; Shi et al., 2013).  A subset of enteroendocrine cells expressing these taste 

receptors excrete GLP-2, which contributes to the upregulation of SGLT-1. This upregulation of 

SGLT-1 by supplementing artificial sweeteners enhances the capacity of the gut to absorb dietary 

sugar, electrolytes, and water. Increased SGLT-1 is associated with an improved gut morphology 

via increases villus and tight junction strength in pigs and ruminants (Moran et al., 2010; Moran 

et al., 2014). This improved morphology and upregulation of SGLT1 from including artificial 

sweeteners in the diet provides protection against disease challenges such as e.coli and 

cryptosporidium parvum (Connor et al., 2017; Moran et al., 2019) by reducing morbidity and 

improving gut absorption. Therefore, this improved intestinal health and nutrient absorption can 

be targeted as a potential strategy to decrease the negative impacts of heat stress.   



 
 

Capsicum  

In addition to artificial sweeteners, Capsicum oleoresin has been shown to improve gut 

function. This feed additive is derived from hot peppers with the principle component, Capsaicin, 

being the major pungent hydrophobic alkaloid of the pepper (Cichewicz and Thorpe, 1996). The 

activity of capsaicin varies depending on the site of activation. The biological effects of capsaicin 

are carried out by “capsaicin-sensitive” sensory nerve (CPSN) fibers (Buck, 1986). Capsaicin 

binds to the transient receptor potential cation channel subfamily V member 1 (TrpV1) located on 

sensory nerve endings which causes the channel to open and the nerve endings depolarizes causing 

a burning sensation (Caterina et al., 1997). Along with capsaicin, noxious heat and acidic pH are 

able to activate the TRPV1 receptor, eliciting a response (Hinman et al., 2006). Repeated exposure 

to capsaicin causes a desensitization of the receptor and neurons become irresponsive to noxious 

stimuli (Liu and Simon, 1996; Koplas et al., 1997; Caterina et al., 1999; Yao and Qin, 2009). 

Stimulation of CPSN fibers enhances blood flow to the area (Holzer, 1988). A dense plexus of 

CPSN is found in the gastric submucosal blood vessels and play an important role in the regulation 

of blood flow to the gastric mucosa (Sharkey et al., 1984; Sternini et al., 1987; Grhkn and Dockray, 

1988). Increased blood flow provides the gastric mucosa with a protective mechanism against 

noxious stimuli in the stomach (Yonei et al., 1990). Because of its vasodilatation effects, capsaicin 

can be used against heat stress to induce smooth muscle vasodilation (Chen et al., 1992). During 

heat stress, blood flow is diverted to the periphery, supplementing with capsaicin may help to 

maintain blood flow to the gut, therefore protecting against compromised integrity of the GIT.  

When ingested, capsaicin binds to the TrpV1 receptor and is passively absorbed in the 

stomach and upper portion of the small intestine with greater than 80% efficiency (Kawada et al., 

1984; Iwai et al., 2003). When in circulation, capsaicin is transported to the adrenal gland by 



 
 

albumin and stimulates catecholamine release (Kawada et al., 1988). Previous studies have found 

that capsaicin stimulated catecholamine release improves lipolysis in adipocytes, liver 

glycogenolysis in the liver, and substrate oxidation in muscle tissue (Kawada et al., 1984; 

Watanabe et al., 1994; Reinbach, 2008) which may help relieve the alterations to substrate 

metabolism and utilization caused by heat stress.  

Capsicum is able to aid in digestion and protects against bacterial infection in the gut. 

Previous studies have shown capsicum is capable of stimulating digestive enzymes and bile 

secretion (Platel and Srinivasan, 2000) and increasing fluid intake (Curtis and Stricker, 1997). The 

antimicrobial properties of capsaicin have been investigated as a natural alternative to antibiotic 

use in livestock (Meunier et al., 2007). Capsaicin effects the resistance to Salmonella enteritidis 

infection through altering pH and histological changes in chickens and has been shown to activate 

lipid metabolism networks in the intestinal intraepithelial lymphocytes (Kim et al., 2010). 

Capsicum oleoresin has anti-inflammatory effects on lymphocytes in the intestinal mucosa by 

modulating transcription of inflammatory genes (Kim et al., 2010; Nevius et al., 2012). When fed 

to weaned piglets, capsicum oleoresin decreased the incidence of diarrhea and decreased the 

severity of immune response when challenged with e. coli (Liu et al., 2013b), and improved growth 

performance and immune responses when challenged with porcine reproductive and respiratory 

syndrome virus (Liu et al., 2013a). The antimicrobial properties of capsicum along with its ability 

to increase blood flow and alter metabolism make it a promising product to alleviate heat stress. 

While nutritional interventions may not ameliorate all the negative consequences of heat stress, 

they are an economic solution to improve the health and performance of the animal during a time 

when losses are great.  



 
 

Conclusion 

In summary, muscle growth is a complex process that is impacted by both external 

environment and nutrition. Altering diet composition can lead to improved efficiency or have 

detrimental consequences. Understanding the impacts of nutrition in early life and alleviating 

environmental stressors during growth can provide valuable information on optimizing 

production. 
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Chapter 2: Different dietary calcium and phosphorus inclusion levels alter satellite cell 

activity in neonatal pigs 

  



 
 

Abstract 

Postnatal skeletal muscle growth requires satellite cell activation and fusion with existing 

myofibers. Delay or absence of satellite cell proliferation and differentiation leads to a reduction 

in postnatal muscle hypertrophy and reduced growth potential. Calcium and phosphate are 

necessary for normal muscle development, and deficiencies cause altered satellite cell function 

and reduced muscle accumulation. Dietary PO4 deficiencies were shown to cause decreased 

satellite cell proliferation in vitro while excess PO4 caused increased proliferation. The objective 

of this study was to determine proliferation and differentiation of satellite cells in response to 

combined Ca-PO4 deficient, adequate, and excess diets in neonatal pigs. Twenty-seven newborn 

piglets (24h±6h age) were assigned to dietary treatments, based on NRC requirements, containing 

either an adequate Ca-PO4 available diet (CaPA), a 25% deficient Ca-PO4 available diet (CaPD), 

or a 25% excess Ca-PO4 available diet (CaPE) over a 16-day trial. Feed intake and body weight 

were recorded daily, and blood samples collected at 8d and 16d. Oral bromodeoxyuridine (BRDU) 

was administered 18hrs prior to sacrifice. Following sacrifice, longissimus dorsi muscle (LD) was 

collected for immunohistochemistry and satellite cell (SC) isolation. Isolated SC were cultured for 

in vitro proliferation and differentiation assays. There were no differences in average daily gain 

between treatments. The expression of Pax7 tended to differ between treatments (P=0.09) with 

CaPA pigs having 15% greater expression than CaPD pigs. CaPD pigs tended to have a 23% 

greater expression of Mef2a than CaPE pigs (P=0.09). Dietary deficiency reduced proliferating 

satellite cells (BRDU/MyoD+) in vivo (P=0.02) compared to CaPA and CaPE diets. However, in 

vitro SC from CaPE diets tended to proliferate 13.7% (P= 0.08) less than SC from CaPA diets with 

deficient diets being intermediate and not different from the two. Similarly, myoblast fusion rates 

were greatest in CaPA diets with deficient diets having 9.2% lower fusion rates (P= 0.05), and 



 
 

CaPE diets exhibiting 20.7% lower than those fed CaPA diets (P<0.001). The progression of 

satellite cells through the myogenic lineage requires precise control of gene expression, in part, 

facilitated by micro-RNAs (miRNA) to post-transcriptionally regulate gene expression. 

Differentiation is stimulated by miR-206, which in this study tended to be upregulated by 9% in 

differentiating satellite cells from CaPA pigs than CaPD and CaPE (P=0.07). This corresponds 

with the increase in fusion index in CaPA pigs. These data indicate that diets deficient in Ca-PO4 

decrease satellite cell activity which may lead to a reduction in postnatal muscle growth. 

Additionally, CaPE appears to reduce satellite cell proliferation and differentiation in vitro. Diets 

CaPA in Ca-PO4 have the greatest proliferation and differentiation rates which may improve the 

growth potential of the animal.  

 

  



 
 

Introduction 

While both calcium and phosphorus are critical for bone growth and development, 

phosphorus is also essential for the growth of all soft tissues such as muscle, fat, and connective 

tissue. Approximately 20% of the phosphorus found in the body is found in soft tissues in the form 

of phosphoproteins, phospholipids, and nucleic acids (Bertram, 1995). Even minor dietary 

phosphorus restriction to growing pigs reduces bone and muscle growth as well as increases body 

fat content (Shelton et al., 2004). Additionally, dietary phosphorus restriction has also been shown 

to stimulate fat accumulation in rainbow trout and crucian carp (Sugiura et al., 2011). 

Early-life nutritional deficiencies of calcium and phosphorus may have lifelong 

consequences. Early-life nutritional restriction of muscle growth has been shown to reduce lifetime 

feed efficiency and alter body composition in animals (Ji et al., 2017). A potential mechanism by 

which early-life nutrition may impact lifelong growth outcomes is through the programming of 

the tissue-specific stem cells required for growth. Neonatal phosphorus deficiency altered the 

activity and differentiation potential of satellite cells (SCs), which are required for muscle 

hypertrophy during growth (Alexander et al., 2010). To date, the examination of the effect of dual 

deficiencies of calcium and phosphorus on the activity and functionality of tissue-specific stem 

cells in neonates has been conducted.  

Calcium and phosphorus homeostasis is inextricably linked with and orchestrated through 

intestinal uptake, bone turnover, and kidney excretion and resorption. Imbalances in dietary 

calcium and phosphorus concentrations can have significant impacts on intestinal absorption as 

well as in the endocrine regulation of mineral homeostasis. In adult animals, calcium and 

phosphorus homeostasis is regulated by a few key hormones: parathyroid hormone (PTH), 

fibroblast growth factor 23 (FGF23), calcitriol, frizzled-related protein 4, and matrix extracellular 



 
 

phosphoglycoprotein. However, this endocrine regulation is not well characterized in neonates and 

has significant differences from what occurs in older animals (Zimmerman et al., 1960). Promoting 

appropriate bone and soft tissue growth in neonates is important for both human health and animal 

agriculture. In humans, this is done with the goal of reducing the incidence of osteoporosis and 

obesity, and in animal agriculture to maintain animal welfare as well as the sustainability of the 

production of animal products. In this study, we hypothesized that different calcium and 

phosphorus amounts would affect bone development and muscle growth through tissue-specific 

stem cell activities. We examined the impact of different dietary calcium and phosphorus 

concentrations in neonatal pig diets on the growth and proliferation and differentiation of MSCs 

and SCs. 

Methods 

Animals  

All animal protocols were approved by University of Maryland Animal Care and Use 

Committee. A total of 30 female commercial piglets (24±6 h old, 1.46±0.04 kg initial body weight) 

were individually housed and assigned to 1 of 3 treatments based on their body weight and litter. 

Piglets received milk replacer diets that varied in their calcium and phosphorus concentrations: 

deficient (0.78% Ca and 0.60% P; CaPD), adequate (1.08% Ca and 0.84% P; CaPA), or excess 

(1.38% Ca and 1.08% P; CaPE). The calcium and phosphorus concentrations in CaPA were based 

on sow-milk composition and an extrapolation of the NRC requirement (NRC, 2012) for older 

pigs (Table 2.1). The ratio of calcium to phosphorus was kept constant at 1.3, and all other nutrients 

were consistent across the treatments. Dietary calcium and phosphorus concentrations in the milk 

replacers were altered with the addition of monobasic and dibasic calcium phosphate (Sigma).  The 

liquid milk replacer was reconstituted with distilled and deionized water (175 g dry milk replacer 



 
 

reconstituted to 1 kg of liquid milk replacer) and provided 8 times/d (08:00–23:00 h) through a 

gravity-flow liquid feed delivery system as described previously (Cooper et al., 2006) All piglets 

were limit-fed equal quantities of milk replacer designed to match the growth rate of sow-reared 

piglets. Piglets were on trial for 16 d. Four pigs with poor growth performance due to health issues 

unrelated to the dietary treatments were excluded from the study, which left a total of 26 pigs with 

9 pigs in each of CaPD and CaPA groups and 8 pigs in the CaPE group. All pigs received 

bromodeoxyuridine (BrdU; Sigma) orally at 25 mg/kg body weight 15 h before tissue collection 

for in vivo MSC and SC proliferation evaluation.  

SC Isolation  

SC isolations from individual pigs were obtained (Alexander et al., 2012) and cultured  as 

described previously (Chen et al., 2017)and were verified to be >95% Pax7+.Cryopreserved SCs 

were cultured in growth media (MEM+10%FBS+antibiotics) at 37◦C in a humidified environment 

containing 5% CO2 in 15-cm plates coated with Matrigel matrix (Corning) with complete media 

changes every other day until 80% confluence. Cells were then trypsinized and replated at a density 

of 2×103 cells/cm2 for evaluation of proliferation, and at a density of 2.5×104 cells/cm2 for 

determination of differentiation.  

SC Proliferation and Differentiation  

For analysis of in vitro differentiation, SCs were cultured in differentiation media 

(MEM+2% horse serum+antibiotics) for 3 d. At the end of differentiation cells were subjected to 

immunocytochemical staining for the presence of myosin heavy chain. Briefly, cells were fixed 

with 4% paraformaldehyde for 15 min and washed twice with ice-cold PBS. The samples were 

then incubated for 10 min with PBS containing 0.25% Triton X-100 (PBST) and washed in PBS 

3 times for 5 min. Cells were blocked in1% BSA in PBST, and incubated with mf20 antibody 



 
 

(Developmental Studies Hybridoma Bank) overnight at 4◦C. On the second day, samples were 

washed in PBS 3 times for 5 min, incubated with Dylight 488second antibody (Thermo Fisher 

Scientific) for 1 h, and washed in PBS 3 times for 5 min. Nuclei were stained with 4′,6-diamidino-

2-phenylindole (DAPI; Sigma-Aldrich) in PBS. Pictures were taken at 20×magnification. The total 

number of nuclei were counted, and the fusion index was presented as a ratio of nuclei within 

myotubes compared with the total nuclei. In vitro SC proliferation was determined at 0, 24, 48, 

and 72 hours using the CyQUANT™ NF Cell Proliferation Assay Kit (Thermo Fisher Scientific) 

according to the manufacturer’s instructions.  

Gene Expression Analysis 

Analysis of gene expression was performed as described previously (Rhoads et al., 2013). 

Briefly, total RNA was isolated from ~50 mg of longissimus dorsi tissue using TRIzol reagent 

(Invitrogen, Waltham, MA).  Micro RNA was isolated from ~50 mg of longissimus dorsi tissue 

and satellite cells at 24 hours and 72 hours of differentiation using the mirVana™ miRNA Isolation 

Kit (Life Technologies, Carlsbad, CA) according to manufacturer’s instructions. Quantity and 

quality of RNA was verified using the Experion System (Bio-Rad Laboratories, Hercules, CA). 

All RNA had an RNA integrity number above 8. The eluted miRNA was quantified by absorbance 

at 260 nm and 1,000ng of RNA and miRNA were reverse transcribed with iScript reverse 

transcriptase (Bio-Rad Laboratories, Hercules, CA). Micro RNA were reverse-transcribed using 

the stem loop method previously described by Kramer in 2011 by including a stem-loop primer in 

the reaction mix. Traditional PCR requires a template that is at least two times the length of the 

primers. Since miRNA’s are 17-24 nucleotides in length, a stem loop primer is provided to bind 

to miRNA and increase their length to allow polymerase to bind and replicate. Real-time SYBR 

green PCR assays were performed with RNA and miRNA-specific primers (Tables 2.2 and 2.3). 



 
 

PCR reactions were performed in a 20l volume using SsoAdvanced universal SYBR Green 

Supermix (Bio-Rad Laboratories, Hercules, CA). Reactions contained a 1-l primer set and diluted 

cDNA (10 ng). Each sample was quantified in triplicate. SYBR Green fluorescence was quantified 

with the CFX96 Touch Real Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA). 

A total of 40 PCR cycles were run, and a dissociation curve was included to verify the amplification 

of a single PCR product. Muscle tissue relative mRNA expression was calculated using the 2-ΔΔCT 

method with the average of 18S and API5 abundance used for normalization. A standard curve 

was generated with oligonucleotides of the mature miRNAs measured to quantify miRNA 

abundance. All primer sets were evaluated for adequate efficiency before use in this study.  

Statistical Analysis 

The normality for all data was tested using the Proc Univariate procedure of SAS. 

Homogeneity of variance was evaluated by Levene’s test. Body weight, feed efficiency, and bone 

parameters were analyzed by Proc glimmix procedure with dietary treatment as the main effect. 

Tukey’s test was used for multiple comparison tests. Both in vivo and in vitro proliferations of 

SCs and MSCs were analyzed using the Proc Mixed procedure of SAS, with dietary treatment as 

the fixed effect for the in vivo analysis, and dietary treatment and time as fixed effects for the in 

vitro studies. The differentiation of SCs was analyzed using the Proc Mixed procedure of SAS, 

with dietary treatment as the fixed effect for in vivo studies, and dietary treatment and time as 

fixed effects for the in vitro analysis. Real time PCR data for total RNA were analyzed using the 

2-CT method after normalization with the geometric mean of TOP2B and API5 expression. Gene 

expression was normalized back to the adequate treatment group for tissue gene expression, and 

adequate treatment on 24 hours for satellite cell miRNA gene expression. The relative quantity (2-

CT) values were subjected to ANOVA analysis. Gene expression as analyzed by Proc mixed 



 
 

procedure with different diet treatments as the main effect. Tukey’s test was used for pairwise 

comparison if there is significant diet or time effects. Tukey’s test was used for multiple means 

comparisons for all analyses. Differences were considered significant at P<0.05. 

Results 

Body Weight  

At the completion of the study, piglets had reached 4.3 ±0.09 kg of body weight and body 

weight gain per kilogram of feed intake was 1.15±0.09. There was no significant effect of dietary 

treatment on body weight gain or feed efficiency (Zhang et al., 2020). 

SC Proliferation and Differentiation  

SCs isolated from CaPD-fed pigs had reduced in vivo proliferating SCs [BrdU/myoblast 

determination protein 1 (MyoD)+] by 19% (P<0.05) compared with those from CaPA- and CaPE-

fed pigs, which were not statistically different from each other (Figure 2.1) (Zhang et al., 2020). 

However, in vitro, SCs isolated from pigs fed the CaPE diet had a 13% lower proliferation rate 

compared to those from CaPA-fed pigs (P=0.08) with those from the CaPD fed pigs being 

intermediate and not different from SCs from pigs fed the other diets (Figure 2.1). To evaluate in 

vitro differentiation, fusion rates were evaluated by comparing the number of nuclei within a 

myotube with total nuclei present. Myoblast fusion rates were greatest among cells isolated from 

CaPA-fed pigs, and cells isolated from CaPE-fed pigs exhibited 19% lower fusion rates than those 

from the CaPA-fed pigs (P<0.05) (Figure 2.2). SCs isolated from CaPD fed pigs had fusion rates 

that were not different from those of cells from CaPA-fed pigs but tended to be ∼11% greater than 

those from CaPE-fed pigs (P=0.08) (Figure 2.2). 



 
 

Gene Expression  

Dietary inclusion level of CaP did not influence the expression of MyoD, MyoG, 

myostatin, IGF1 (Figure 2.3). The expression of Pax7 tended to differ between treatments (P=0.09) 

with CaPA pigs having 15% greater expression than CaPD pigs. CaPD pigs tended to have a 23% 

greater expression of Mef2a than CaPE pigs (P=0.09).  There were no differences in SDH, AMPK, 

CS, or calcineurin expression (Figure 2.4). CaPD had a tendency (P=0.07) to have 29% greater 

expression of 4EBP1 than CaPE pigs. Myosin heavy chain expression did no differ between 

treatments for any isoform (Figure 2.5).  

Micro-RNA 

There were no differences between dietary treatments in any miRNA analyzed in tissue 

from the longissimus dorsi muscle (Figure 2.6). In response to differing CaP levels in the diet, 

miR-206 had a tendency to be 9% higher in differentiating satellite cells from CaPA pigs than 

CaPD and CaPE (P=0.07). There were no differences in miR-1, -133a, or -133b in differentiating 

satellite cells in response to diet or time (Figure 2.7).  

Discussion 

Although calcium and phosphorus nutrition are critical for both appropriate bone and soft 

tissue growth, their role in bone growth and development has received the greatest attention. We 

have also demonstrated that dietary phosphorus deficiency during neonatal development reduced 

body growth rate and feed conversion efficiency, as well as altering the in vivo proliferations of 

SCs (Alexander et al., 2010). In this study, we examined a dual deficiency of calcium and 

phosphorus in neonatal pigs. Our data support that even a marginal calcium and phosphorus 

deficiency impacts satellite cell function. 



 
 

Early-life nutrient restriction reduces SC numbers and activity, as well as reduces overall 

muscle growth (Halevy et al., 2000). Reductions in SC numbers in early life cause lifetime deficits 

in muscle accretion (Fiorotto and Davis, 2018). Both calcium and phosphorus are necessary for 

muscle development, and deficiencies in either nutrient can cause a decrease in muscle growth due 

to altered SC function (Alexander et al., 2012; Tu et al., 2016). In both pigs and chickens, early-

life phosphorus restriction has been shown to have a greater impact on carcass composition than 

phosphorus restriction in later life (Driver et al., 2006; Alexander et al., 2010; Alexander et al., 

2012). In the current study, dietary deficiency of calcium and phosphorus resulted in a decrease in 

SC proliferation in vivo. However, our in vitro results indicate that SCs isolated from CaPE-fed 

pigs had compromised in vitro proliferation. In vitro proliferation rate in cells isolated from pigs 

fed the CaPD diet was slightly higher than those from the CaPE group but significantly lower than 

those from the CaPA-fed pigs. The ability of SCs to proliferate and progress through their 

myogenic lineage is key to the development and growth of neonatal muscle (Relaix and Zammit, 

2012). While differing results occurred in vitro versus in vivo, alterations in calcium and 

phosphorus in neonatal diets alters SC activity. Alterations in SC activity can impact the lean 

growth potential of animals. Our data indicate that dietary calcium and phosphorus deficiency 

reduces SC proliferation and progression through their myogenic lineage, which will lead to a 

reduction in muscle growth.  

Satellite cells are characterized by Pax7 expression. During quiescence, Pax7 functions to 

maintain the growth-arrested state and inhibit differentiation, and its expression is high. Once the 

satellite cell is activated its expression remains high throughout proliferation, and is downregulated 

as satellite cells progress through the myogenic lineage (Buckingham, 2007; Kuang et al., 2007). 

In this study, CaPA pigs had higher expression of Pax7 in tissue which could indicate a greater 



 
 

number of satellite cells. This coincides with satellite cells from the CaPA treatment having the 

highest proliferation rate (Zhang et al., 2020).  

Progression of satellite cells through the myogenic lineage is accomplished through the 

precise expression patterns of myogenic genes. During the process of stem cell commitment to the 

myogenic lineage, miRNAs function to facilitate and refine the complex expression pattern of 

myogenic genes through inhibition of translation or marking target mRNAs for degradation. 

Micro-RNA -1 and -206 differ from one another by one nucleotide that resides outside of the seed 

sequence, therefore the two miRNAs share many of the same targets (Dey et al., 2011). 

Differentiation is promoted by miR-1/206 through targeting histone deacetylase 4 (HDAC4), a 

transcriptional repressor of myogenic genes mainly inhibiting the transcription factor MEF2A and- 

C, which are important in differentiation and muscle hypertrophy (Lu et al., 2000; Ikeda et al., 

2009). In this study Mef2a had the highest expression in tissue in CaPD diets over CaPE. This 

corresponds with CaPD diets also having higher fusion index than CaPE diets. The concentration 

of miR-206 in satellite cells tended to be higher in CaPA treatment which parallels the highest 

fusion index in CaPA pigs (Zhang et al., 2020).  

Conclusion 

 
The data from this study provide strong support for the importance of neonatal calcium and 

phosphorus nutrition for muscle development. Even a relatively minor deficiency in calcium and 

phosphorus altered the function of the stem cells responsible for muscle growth. Alterations in the 

function of tissue-specific stem cells that play important roles in regulating lifetime lean growth 

potential highlight the importance of neonatal nutrition and the need to further our understanding 

of the long-term effects of calcium and phosphorus nutrition in neonates. 
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Tables and Figures 

 
 

Table 2.1 Composition of the CaPD diet.   

Ingredient % 
Whey 52.7 

Whey Protein Concentrate 19.9 

11/45 MR High Fat Blend1 24.3 

Limestone 0.05 

Dicalcium Phosphate 0.03 

Mineral Premix2 1.28 

Vitamin Premix3 0.11 

Lysine 0.11 

Methionine 0.08 

Citric Acid 1.00 

Flavor 0.01 

Lecithin Blend 0.43 

  

Composition, calculated  
Crude Protein 25.0 

Crude Fat 13.0 

Ca 0.78 

P 0.60 

 
1Provided by Milk Specialties, Eden Prairie, MN.  

2Mineral Premix was 7.275% Ca, 0.215% P, 0.111% Na, 12.309% Cl, 9.970% K, and provided 

725.5 mg Cu, 9.216 g Zn, 23.53 mg Se, 78.43 mg Co, 0.157g I, 7.84 g Fe, and 1.961 g Mn per kg 

of premix. 
3Vitamin Premix provides 22,046 IU Vitamin A, 4,409 IU Cholecalciferol, 110 IU Vitamin E per 

gram of premix.  It also provides 3.41 g Vitamin K, 1.36 g Thiamine, 5.59 g Riboflavin, 2.66 g 

Pyridoxine, 29.33 mg Vitamin B12, 19.99 g Pantothenic acid, 22.05 g Niacin, 1.84 g Folic acid, 

78 g Vitamin C, and 44 mg Biotin per Kg of premix.   

 

 



 
 

Table 2.2 Nucleotide sequences for real-time PCR primers  

Target Direction Sequence 

18S Forward GTAACCCGTTGAACCCCAT 

 Reverse CCA TCC AAT CGG TAG TAG CG 

API5 Forward GCATTTTTAGTAGCATAGGCCCTTT 

 Reverse AACTTGAGGGAAGATTAACTGTGGAA 

AMPKinase Forward ACGGAGCAAGTAACCCCAGC 

 Reverse GCCACGAGGATGACGATGAA 

IGF-1 Forward GCACATCACATCCTCTTCGC 
 Reverse GCCTCCTCAGATCACAGCTC 

MEF2A Forward TGAATACCCAGAGGATAAGCAGTT 

 Reverse TAATCGGTGTTGTAGGCGG 

MyHC I Forward AAGGGCTTGAACGAGGAGTAGA  

 Reverse TTATTCTGCTTCCTCCAAAGGG  

MyHC IIa Forward GCTGAGCGAGCTGAAATCC  

 Reverse ACTGAGACACCAGAGCTTCT  

MyHC IIb Forward ATGAAGAGGAACCACATTA  

 Reverse TTATTGCCTCAGTAGCTTG  

MyHC IIx Forward AGAAGATCAACTGAGTGAACT  

 Reverse AGAGCTGAGAAACTAACGTG 

MSTN Forward CCAGAGAGATGACAGCAGTGATG 

 Reverse TTCCTTCCACTTGCATTAGAAGATC 

MyoD Forward GCGTGCAAACGCAAGACCACTAA   
 Reverse AGTCTCGAAGGCCTCGTTGACTTT  

MyoG Forward TGACCCTACAGATGCCCACAATCT   
 Reverse GTTGGGCATGGTTTCATCTGGGAA  

Pax7 Forward CAACCACATCCGCCACAAGATAGT  
 Reverse AGAGGATCTTGGAGACACAGCCAT  

SDH Forward TGGCCGGCACAGCTCCCAAT 

  Reverse GCACGTTCCCTGCTCTCCCG 



 
 

Table 2.3 Nucleotide sequences for miRNA real-time PCR primers 

Target  Primer Primer sequences (5'-3') 

ssc-miR-1 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTACATA 

Forward  GGCGGCTGGAATGTAAAGAAG 

Reverse CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TGGAATGTAAAGAAGTATGTA 

ssc-miR-133a-

3p 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGCTG 

Forward  TTGCGTTGGTCCCCTTCA 

Reverse  CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TTGGTCCCCTTCAACCAGCTG 

ssc-miR-133b 

Stem-loop GCGTGGTCCACACCACCTGAGCCGCCACGACCACGCATAGCTGG 

Forward  CCAGCCTTTGGTCCCCTTC 

Reverse  TCCACACCACCTGAGCCG 

Oligonucleotide TTTGGTCCCCTTCAACCAGCTAT 

ssc-miR-206 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACAC 

Forward  CCGCGTGGAATGTAAGGAAGT 

Reverse CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TGGAATGTAAGGAAGTGTGTGA 

 

 

  



 
 

 
Figure 2.1 Effects of dietary inclusion level of CaPO4 on satellite cell proliferation. A) 

Percentage of BrdU positive cells from the longmissus dorsi muscle of neonatal pigs fed a 25% 

deficient Calcium Phosphate (CaPD), adequate Calcium Phosphate (CaPA), or a 25% excess 

Calcium Phosphate (CaPE) diet. Results are means ±SEM. Treatments without a common letter 

are different at P≤0.05. B) Proliferation rate of satellite cells from neonatal pigs fed CaPD, 

CaPA, or a CaPE diet at 0, 24, 48 and 72 hours.  Results are means ±SEM. Timepoints without a 

common uppercase letter are different at P≤0.05. Means without a common lower-case letter are 

different among treatments within each timepoint at P≤0.05. (Previously published (Zhang et al., 

2020) 
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Figure 2.2 The effect of CaPO4 inclusion levels on satellite cell differentiation. A) 

Representative images of myogenic differentiation of satellite cells from neonatal pigs fed a 25% 

deficient Calcium Phosphate (CaPD), adequate Calcium Phosphate (CaPA), or a 25% excess 

Calcium Phosphate (CaPE) diet. Immuno-labelling in satellite cell-derived myotubes at day 3 of 

differentiation. Original to the manuscript. B) Fusion index expressed as the percentage of total 

nuclei that are located in myotubes of satellite cells of pigs fed a diet containing either a CaPD, 

CaPA, or CaPE diet. Values are means ± SEMs. Means at a time without a common letter differ 

P < 0.05. 
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Figure 2.3 The effect of CaPO4 inclusion levels on mRNA expression of genes involved in 

muscle growth in the longissimus dorsi muscle. Pigs were fed a diet containing either 25% 

deficient (CaPD), (CaPA), or a 25% excess Calcium Phosphate (CaPE) diet. Results are means ± 

SEM. Means without a common letter are different at P<0.05 (a>b). 
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Figure 2.4 The effects of dietary CaPO4 on mRNA expression of genes involved in energy 

sensing in the longissimus dorsi muscle. Pigs were fed a diet containing either 25% deficient 

(CaPD), adequate (CaPA), or a 25% excess CaPO4 (CaPE) diet. Results are means ± SEM. 

Means without a common letter are different at P<0.05 (a>b).  
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Figure 2.5 mRNA expression of myosin heavy chain (MyHC) isoforms in the longissimus dorsi 

muscle of pigs fed a diet containing either 25% deficient Calcium Phosphate (CaPD), adequate 

Calcium Phosphate (CaPA), or a 25% excess Calcium Phosphate (CaPE) diet. Results are means 

± SEM. Means were considered different at P<0.05.  
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Figure 2.6 Expression of miR-1, miR-133a, miR-133b, and miR-206 in longissimus dorsi 

muscle of pigs fed differing levels of CaPO4. Pigs were fed a diet containing either 25% deficient 

(CaPD), adequate (CaPA), or a 25% excess Calcium Phosphate (CaPE) diet. Results are means ± 

SEM. Means were considered different at P<0.05.  
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Figure 2.7 Expression of miR-1 (A), miR-133a (B), miR-133b (C), and miR-206 in satellite cells 

of pigs fed differing levels of CaPO4. Pigs were fed a diet containing either 25% deficient 

Calcium Phosphate (CaPD), adequate Calcium Phosphate (CaPA), or a 25% excess Calcium 

Phosphate (CaPE) diet at 0 hours and 72 hours of differentiation. Results are means ± SEM. 

Means without a common letter are different at P<0.05. 
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Chapter 3: Dietary Protein Inclusion Levels Enhances Neonatal Pig Growth and Alters 

Satellite Cell Activity 

 

  



 
 

Abstract 

Nutrition during neonatal life impacts developmental growth programing by altering SC 

activity. Growth as a percentage of body weight is highest during the neonatal period and 

restricting neonatal nutrition can lead to permanent muscle growth deficits. Despite this, our 

knowledge of the nutritional requirements needed to support this rapid growth is limited. The 

heightened responsiveness of protein synthesis during the neonatal period is mediated mainly by 

the activation of translation initiation factors. Post-transcriptional regulation of RNA is mediated 

in part by micro-RNAs (miRNA) that prevent translation and/or promote degradation and are 

known to be important modulators of stem cell activity. The objective of this study was to 

determine the impact of a protein deficient, adequate, and excess diet on muscle growth. Twenty-

eight piglets obtained at 1d of age received either an adequate protein diet (A), a 25% deficient 

diet (D), or a 25% excess protein (E) diet over a 17-day trial. Piglet starting weights were not 

different however, final body weight and ADG were increased in excess pigs than deficient 

(5.60±0.27 kg vs 4.75±0.27 kg and 0.27±0.01 kg/d vs 0.21±0.01kg/d) despite an equal feed intake 

across treatments. Histological analysis indicated that longissmus dorsi (LD) muscle had 

significantly greater (P=0.02) muscle cross-sectional area and fiber cross-sectional area in excess 

than deficient treatment (muscle CSA E: 6.53±0.31 cm2; D: 5.23±0.31; Fiber CSA E: 

691.05±67.99 m2; D: 462.07±28.36 m2). Gene expression in the LD was evaluated by qPCR. 

There were no differences in myogenic genes MyoD and MyoG between treatments; however, 

IGF1 was lower in excess pigs than adequate and deficient pigs (P=0.006; D: 1.1649±0.08; A: 

1.02±0.08, E: 0.76±0.09) despite the increased growth rates of excess treatment pigs. However, 

oxidative capacity marker SDH tended to be greater in excess pigs than deficient and excess 

(P=0.076) (D: 1.05±0.16; A: 1.04±0.16, E: 1.58±0.018). There were no differences in degradation 



 
 

pathway genes muRF-1 or atrogin-1, but FOXO was increased in deficient pigs (P=0.016; D: 

1.15±0.07; A: 1.02±0.07, E: 0.82±0.008) which may contribute to the reduced growth rate of 

deficient pigs. Energy sensing AMPK was decreased in deficient pigs (P=0.041; D: 0.7164±0.0.11; 

A: 1.04±0.11, E: 1.1196±0.012). The translational repressor 4EBP1 was upregulated in deficient 

pigs (P=0.005; D: 1.304±0.0.08; A: 1.03±0.08, E: 0.85±0.09). The differences in growth response 

may be due to post-transcriptional regulation; however, no differences were observed in miRNA 

expression in LD muscle tissue. The differentiation promoting miRs-1, 133b and 206 and 

proliferation promoting miR-133a were not different. While miRNA expression was not different 

between treatments in muscle tissue, miRNAs may still play a role in the differences observed in 

growth between deficient and excess treatments through their activity and rate of binding to their 

target mRNAs. Satellite cell proliferation was not different between treatments. As expected, 

satellite cell proliferation tended to increase over time (P=0.08). A diet by time interaction 

(P<0.01) was noted for myoblast fusion rates in which all treatments at day three had a lower 

myoblast fusion index than day 0 adequate and deficient diets. At day 3 of differentiation, deficient 

treatment had the lowest in myoblast fusion rates compared to adequate and excess treatments 

(P<0.01). Diet had a tendency to be interactively influenced by time (P=0.06) in which 

differentiating satellite cells in excess pigs at day 0 had higher levels of expression of 

differentiation promoting miR-1, and adequate pigs at day 3 had the lowest expression compared 

to other diets at each timepoint. Expression of miR-133a, -133b, and 206 were not different 

between diets in differentiating satellite cells. These findings suggested that dietary protein levels 

in excess of what is currently considered required during the neonatal period allows for improved 

growth and feed efficiency. Additionally, early dietary protein deficiency delays muscle growth. 



 
 

Introduction 

Animal fractional growth rate and body protein deposition are at its highest during neonatal 

period. Skeletal muscle growth and gain in protein mass occurs at a faster rate than other tissues 

during this period with high fractional rates of protein synthesis (Davis et al., 1989; Davis et al., 

1996). Dietary amino acids utilization is highly efficient in the neonate and decline with ages likely 

due to an enhanced stimulation response to feeding during this period (McCracken et al., 1980; 

Davis et al., 1996; Davis et al., 1997). Muscle growth is driven by protein accretion, myonuclear 

incorporation, and accumulation of extracellular matrix (Allen et al., 1979; Laurent et al., 1985; 

Mozdziak et al., 1997). Satellite cells provide nuclei for incorporation into myofibers to facilitate 

the increased demand for protein production during hypertrophy. Remaining quiescent until 

activated, satellite cells proliferate, differentiate, and fuse to form new fibers or join with existing 

fibers (Miersch et al., 2017). In order to maintain the satellite cell pool, they are also capable of 

self-renewal. In order to undergo these changes, genes must be highly coordinated. Non-coding 

RNAs like micro RNA (miRNA) are highly involved in the myogenic process and function to fine-

tune gene expression through translation inhibition and/or degradation (Hamilton and Baulcombe, 

1999; Reinhart et al., 2000; Krol et al., 2004)  

Skeletal muscle constitutes a large proportion of body mass and muscle growth attributes 

to a majority part of the mass increase, which is sensitive to dietary crude protein level. It has been 

well established that neonatal nutrition exerts a life-long impact on growth rate, bone development, 

and overall health later in life. Dietary protein can be metabolized in the stomach and small 

intestine, and a majority of amino acids (AA) are absorbed by the duodenum and jejunum, which 

constitute AA pools in the body. Animal growth could be directly stimulated by either the increases 

in AA pool, or indirectly enhanced by hormonal secretion such as insulin and growth hormone 



 
 

(Davis and Fiorotto, 2009). Serum urea nitrogen level is a good indicator for the protein status and 

reflects protein metabolism and utilization.  

Protein is an expensive resource for animal husbandry, and excess dietary crude protein 

could exceed the capacity of the hepatic and renal system to metabolism. As a result, excess 

nitrogen is excreted causing environment concerns. However, protein deficiency has adverse 

effects on animal growth. Previous studies showed that 6% unit reduction of protein in a 50-day 

trial decreased average daily gain and feed: grain ratio and muscle growth growing-finishing pigs 

(Li et al., 2016). Due to the lack of evidence in ideal protein supplementation level in neonatal 

pigs, this study sought to understand how different dietary protein levels alter animal growth 

through the regulation of muscle growth. 

Methods 

Animals 

All pig protocols were approved by University of Maryland Animal Care and Use 

Committee. 30 1-day-old female commercial pigs (24±6h old, 1.47±0.1 kg initial body weight) 

were individually caged and assigned to 3 groups based on their body weight and genetic 

information. All pigs received an isocaloric diet with different protein levels. Dietary protein levels 

were adjusted by mixing milk replacer with different levels of whey protein supplementation to 

prepare feed that is either 25% deficient (19%) adequate (26%), or 25% excess (33%), in protein 

requirement. The energy level was adjusted by administering different levels of PEF, and lactose. 

Protein level in the adequate group was based on sow milk composition and an extrapolation of 

the NRC requirement for older pigs (NRC, 2012). Liquid weaning diet was provided 8 times a day 

from 8am to 11pm by reconstituting 145g of low protein milk replacer with different level of whey 

protein isolate, PEF, and lactose supplementation in 1 kg of water. The amount of feed provided 



 
 

daily was designed to mimic the normal growth rate under sow-reared conditions. Pigs were grown 

to 17 days of age. Intravenous blood was collected at day 11 and day 17 for serum IGF-1 metabolite 

analyses. Pigs were euthanized using penetrating captive bolt gun followed by complete 

exsanguination. Longissimus dorsi (LD) muscle was collected for satellite cell isolation, gene 

expression, protein expression, and cross-sectional area (CSA) measurements.  

Serum Hormone Concentrations 

Serum concentrations of hormones related to protein and energy metabolism were 

measured.  For instance, serum urea nitrogen, phosphate concentration, and IGF1 (LSBio, LS-

F23280) were measured at both d11 and d17 according to the manual instructions. Urea is a main 

waste product of protein catabolism. To determine serum urea nitrogen concentration, a series of 

urea nitrogen standards was prepared at the concentration of 0, 0.25, 0.5, 1, 2, 3, 5, 7 mg/100 ml. 

Phenolphthalein indicator was prepared by adding 10g phenolphthalein in 600 mL of methanol 

and then adding 400 ml of water. Diacetylmonoxime reagent was prepared by dissolving 10 g of 

Arsenic Pentoxide and 7g of NaOH in 800mL of DI H2O. After the solution was dissolved, 2 drops 

of phenolphthalein indicator were added to turn the solution into pink. Concentrated H2SO4 was 

then added until the pink color just disappears following additional 28 mL of concentrated H2SO4. 

When the solution was cooled to room temperature, 3 g of antipyrine phenazone, 5g of 

diacetylmonoxime, and additional H2O were added to bring the solution up to 1L.  Serum samples 

were then diluted 10-fold. Ten ul of sample dilutions and standards were mixed with 990 ul of 

diacetylmonoxime reagent respectively and heated at 100 degree for 15 min. After cooling, 

absorbance was measured at 460 nm with 200 ul of the standards and samples within 15 min.  



 
 

Muscle Morphology 

In order to evaluate muscle fiber cross-section area, LD muscle was sectioned at 10 m 

thickness and stained with 10 g/mL anti-dystrophin antibody (Sigma, D8168). Muscle fiber 

cross-sectional area was measured using ZenPro automated image analysis. Cross-sectional area 

of the LD was determined by tracing the loin at the 12th rib and importing the image to ImageJ to 

calculate the area. 

Satellite Cell isolation  

Satellite cells were isolated (Alexander et al., 2012) and cultured (Chen et al., 2017) from 

individual pigs as previously described and were verified to be >95% Pax7+. Cryopreserved SCs 

from adequate treatment pigs were cultured in growth media containing DMEM + 10% Serum + 

antibiotics. The serum used in the media were serum collected from each of the pigs at days 11 

and 17 and pooled according to treatment. Cells were grown at 37◦C in a humidified environment 

containing 5% CO2 in 15-cm plates coated with ECL Cell Attachment Matrix (MilliporeSigma, 

Burlington, MA) with complete media changes every other day until 80% confluence. Cells were 

then trypsinized and replated at a density of 3 × 103 cells/cm2 for evaluation of proliferation, and 

at a density of 2.5 × 104 cells/cm2 for determination of differentiation and miRNA analysis.  

Satellite Cell Proliferation and Differentiation  

For analysis of in vitro differentiation SCs were cultured in differentiation media (DMEM 

+ 2% serum + antibiotics) for 3 d. At the end of differentiation cells were subjected to 

immunocytochemical staining for myosin heavy chain. Briefly, cells were fixed with 4% 

paraformaldehyde for 15 min and washed twice with ice-cold PBS. The samples were then 

incubated for 10 min with PBS containing 0.25% Triton X-100 (PBST) and washed in PBS 3 times 

for 5 min. Cells were blocked in 1% BSA in PBST, and incubated with mf20 antibody 



 
 

(Developmental Studies Hybridoma Bank) overnight at 4◦ C. On the second day, samples were 

washed in PBS 3 times for 5 min, incubated with Dylight 488 second antibody (Thermo Fisher 

Scientific) for 1 h, and washed in PBS 3 times for 5 min. Nuclei were stained with 4′,6-diamidino-

2- phenylindole (DAPI; Sigma-Aldrich) in PBS. Pictures were taken at 20× magnification. The 

total number of nuclei were counted, and the fusion index was presented as a ratio of nuclei within 

myotubes containing 2+ nuclei compared with the total nuclei. In vitro SC proliferation was 

determined at 0, 24, 48, and 72 h using the CyQUANT NF Cell Proliferation Assay Kit (Thermo 

Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions.  

Gene Expression Analysis 

Analysis of gene expression was performed as described previously (Rhoads et al., 2013). 

Briefly, total RNA was isolated from ~50 mg of longissimus dorsi tissue using TRIzol reagent 

(Invitrogen, Waltham, MA).  Micro RNA was isolated from ~50 mg of longissimus dorsi tissue 

and satellite cells at day 0 and day 3 of differentiation using the mirVana™ miRNA Isolation Kit 

(Life Technologies, Carlsbad, CA) according to manufacturer’s instructions. The eluted RNA and 

miRNA were quantified by absorbance at 260 nm and 1,000ng were reverse transcribed with 

iScript reverse transcriptase (Bio-Rad Laboratories, Hercules, CA). Micro RNA were reverse-

transcribed using the stem loop method previously described by Kramer in 2011 by including a 

stem-loop primer in the reaction mix. Traditional PCR requires a template that is at least two times 

the length of the primers. Since miRNA’s are 17-24 nucleotides in length, a stem loop primer is 

provided to bind to miRNA and increase their length to allow polymerase to bind and replicate. 

Real-time SYBR green PCR assays were performed with RNA and miRNA-specific primers 

(Table 3.1 and 3.2). PCR reactions were performed in a 20l volume using SsoAdvanced universal 

SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA). Reactions contained a 1-l primer 



 
 

set and diluted cDNA (10 ng). Each sample was quantified in triplicate. SYBR Green fluorescence 

was quantified with the CFX96 TouchReal Time PCR Detection System (Bio-Rad Laboratories, 

Hercules, CA). A total of 40 PCR cycles were run, and a dissociation curve was included to verify 

the amplification of a single PCR product. Muscle tissue relative mRNA expression was calculated 

using the 2-ΔΔCT method with the average of RPL4 and 18S abundance used for normalization. A 

standard curve was generated with oligonucleotides of the mature miRNAs measured to quantify 

miRNA abundance. All primer sets were evaluated for adequate efficiency before use in this study.  

Statistical analysis 

Statistical analysis was performed in SAS (version 9.4; SAS Institute, Inc.). The normality 

for all data was tested using the Proc Univariate procedure of SAS. Data were transformed if 

necessary. Homogeneity of variance was evaluated by Levene’s test. Body weight, average daily 

gain, feed efficiency, and were analyzed by Proc glimmix procedure with different diet treatments 

as the main effect. Tukey’s test was used for multiple comparison tests if there is significant 

treatment effect. Proc mixed was used to analyze cross-sectional area. Proc mixed was used to 

analyze satellite cell proliferation and differentiation as repeated measures with day as the repeated 

effect. The compound symmetry, unstructured, toeplitz, variance components, and autoregressive 

1 and heterogeneous versions of covariance structures were tested and the most appropriate (lowest 

Akaike’s information criterion, Akaike’s information criterion with correction, and Bayesian 

information criterion values) was used for each analysis. Model included treatment, day, and 

interactions.  

Real time PCR data were analyzed using the 2-ΔΔCT method after normalization with the 

geometric mean of 18S and RPL4 expression. Gene expression was normalized back to the 

adequate treatment group for tissue gene expression and adequate treatment on day 0 for satellite 



 
 

cell miRNA gene expression. The relative quantity (2-CT) values were subjected to ANOVA 

analysis. Gene expression as analyzed by Proc mixed procedure with different diet treatments as 

the main effect. Tukey’s test was used for pairwise comparison if there is significant diet or time 

effects.  

Results 

Growth Parameters 

Protein is an efficient resource for the energy metabolism and muscle synthesis.  Our study 

demonstrated that animal daily weight gain (D: 0.21±0.01; A: 0.24±0.01; E: 0.27±0.01), feed 

efficiency as indicated by average daily feed intake to average daily gain (D: 1.03±0.04; A: 

0.89±0.05; E: 0.78±0.04), and final body weight (D: 4.75±0.27; A: 5.15±0.28; E: 5.60±0.27) were 

associated with crude protein level in the diet and all significantly higher in the Excess group than 

the Deficient group (Table 3.3). Feed efficiency in the adequate group was also significantly 

greater than the Deficient group. Changes in the phenotypic characters could be due to alternations 

in serum parameters responding to the differences in protein intake. Serum urea nitrogen is an 

indicator for global protein status. Our results indicated that dietary protein level significantly 

increased serum urea nitrogen level in a dose dependent manner at both d11 and d17 (Table 3.4). 

Protein is a great stimulator for IGF1 that promotes cell proliferation and differentiation, which is 

primarily secreted by the liver. Here, serum IGF1 increased with increasing protein level but didn’t 

reach a significant level.  Protein supplementation has been indicated to change serum phosphate 

and calcium level.  

Muscle Morphology  

Protein is a potent stimulator for muscle growth. Here we evaluated LD muscle cross-

section area (CSA) and fiber CSA. There was significantly higher muscle fiber area in the Excess 



 
 

than the Deficient group (E: 691.05±67.99 um2; D: 462.07±28.36 um2) (Figure 3.1). This is also 

observed in the total muscle cross sectional area of the LD in which Excess had a larger loin CSA 

than Deficient diets (E: 6.53±0.31 cm2; D: 5.23±0.31) (P=0.02).  

Satellite Cell Proliferation and Differentiation 

Satellite cell proliferation was not different between treatments and time (Figure 3.2). To 

evaluate in vitro differentiation, fusion rates were evaluated by comparing the number of nuclei 

within a myotube containing 2+ nuclei with total nuclei present. An interaction between diet and 

time (P<0.01) occurred in which all treatments at day three had a lower myoblast fusion index 

than day 0 adequate and deficient diets but was not different from excess (Figure 3). 

Gene Expression 

There were no differences in expression between treatments for the myogenic genes MyoD, 

MyoG, myocyte enhancer factor 2 (MEF2A), and Pax7, as well as the negative regulator of muscle 

growth, MSTN (Figure 4). Excess treatments had a greater SDH expression level than Adequate 

and Excess treatments (P=0.076) (Figure 5). Excess treatments had a lower expression of IGF1 

than adequate and deficient treatments (P=0.006). Deficient treatments had a lower expression of 

AMPK than adequate and excess treatments (P=0.04). Atrogin and PPAR were not different 

between treatments (Figure 3.6). Deficient diets had the greatest expression of FOXO while excess 

diets had the lowest, and adequate diets intermediate and not different between the two (P=0.016). 

Deficient diets had greater expression of 4EBP1 than adequate and excess diets (P=0.005). Citrate 

synthase expression was greater in deficient pigs than excess pigs, with adequate being 

intermediate (P=0.035). Myosin heavy chain expression (MyHC) type-I was not different between 

treatments (Figure 3.7). Excess treatment had lower expression of MyHC-IIA than Adequate and 

Deficient treatments (P=0.003). MyHC-IIX tended to be different between treatments (P=0.08), 



 
 

with adequate treatments having the higher expression than excess diets, with deficient diets being 

intermediate. Excess diets had higher expression of MyHC-IIB than adequate and deficient diets 

(P=0.002). 

miRNA Expression 

 Longissimus dorsi tissue miRNA expression was not different between treatments for any 

miRNA analyzed (Figure 3.8). Satellite cell miRNA’s -133a, -133b, - 206 did not differ between 

treatment. However, miR-1 had a tendency to have an interaction (P=0.06) between treatment and 

time, in which Excess treatment at day 0 had the highest expression while day 3 adequate had the 

lowest and all other treatment by time combinations were intermediate and not different from the 

two (Figure 3.9).  

Discussion 

Protein imbalance in early life has significant effect on animal health and growth. A 

previous study indicated that growth rate and feed efficiency were limited in neonatal pigs fed an 

ad libitum diet consisting of 10.2% of protein from 3 to 28 days of age, but improved as the protein 

level increased up to 22.4 percent (Becker et al., 1954).  In sow milk, the protein level is about 27 

% at dry matter basis, which could vary with the age and breeds of the sow (Pond et al., 1962). 

Since nutrition requirements in neonatal pigs have not been well documented, we have designed 

an experiment to evaluate impact of different protein levels on animal growth, feed efficiency, and 

bone development with protein requirement in the adequate group based on the sow milk 

composition. Our results suggested that animal growth performances were improved with the 

increase of protein supplementation; particularly, with 33% protein supplementation piglets had 

highest animal growth rate and feed efficiency. Increased protein intake increases amino acid 

oxidation and subsequent nitrogen excretion. Serum urea nitrogen concentration was significantly 



 
 

increased from deficient to adequate and adequate to excess groups, which is positively correlated 

to our body weight gain. These results suggested that our excess group with 33% protein 

supplementation had greater protein utilization efficiency and optimal growth. On the other hand, 

what we considered adequate protein level (26%) is not sufficient for maximizing lean growth. 

Future practice could improve animal growth efficiency with higher protein level during the 

neonatal period.  

Skeletal muscles are highly adaptive to environmental and nutritional changes via the 

adjustment of muscle volume and metabolic and fiber compositions. Dietary protein level is a great 

stimulator for muscle development. The same phenomenon has been found in our study, where the 

Excess treatments had significantly larger muscle fiber cross-section area than the deficient group, 

suggesting that high protein level increased muscle volume. This corresponded with increased LD 

muscle CSA. The relationship between nutrition and muscle fiber composition haven’t been 

thoroughly studied, especially during neonatal development.  

Pig skeletal muscle consists of four different fiber types (I, IIA, IIX, IIB) (Lefaucheur et 

al., 1998). These fiber types are classified by their myofibril ATPase, oxidative capacity, color, 

and size. Type I fibers are known as the most oxidative, have a small cross-sectional area, and are 

slow twitch, while type IIB fibers are large, glycolytic, and fast twitch. Types IIA and IIX are fast 

twitch oxidative-glycolytic intermediate to type I and IIB (Klont et al., 1998). Animals given a diet 

deficient in protein exhibited a greater expression of MyHC-IIA while excess protein had the 

greatest expression of MyHC-IIB. Type IIB fibers are generally larger than IIA. This corresponds 

with the differences observed in the fiber CSA with deficient animals having a smaller fiber CSA, 

and excess diets having the largest fiber CSA. This is consistent with previous reports of pigs fed 

high protein diets exhibiting a higher proportion of glycolytic fibers (Karlsson et al., 1993). Type 



 
 

IIB fibers grow approximately twice as fast as type I fibers after birth, therefore, having a greater 

distribution of type IIB fibers positively correlated to body weight and muscle weight.(Oksbjerg 

et al., 1994; Choi and Kim, 2009).   

Succinate dehydrogenase (SDH) is a marker of skeletal muscle oxidative capacity, which 

varies by fiber types depending on differences in energy demands and reliance on mitochondrial 

oxidative phosphorylation activities, such as type I > type 2A>type 2X>type 2B (Martin et al., 

1985; Old and Johnson, 1989; Bloemberg and Quadrilatero, 2012). It helps to regulate metabolism 

through transcriptional control over metabolism-related genes in mitochondria and promotes 

metabolism of glucose and lipids. In the current study, the expression of SDH tended to be greater 

in excess pigs than deficient and adequate. Previous reports demonstrated that pigs fed a high 

protein diet may exhibit increased total respiration and ATP production (Adeola and Young, 1989).  

Citrate synthase is a mitochondrial enzyme that is used as a marker for oxidative potential 

and is a key regulator of aerobic energy production in cells (Chaudhary et al., 1992). Citrate 

synthase activity is most closely related to type IIA fibers and exhibits a relationship ranking of 

type IIA > I > IIX > IIB (Delp and Duan, 1996). In the present study, citrate synthase expression 

was highest in deficient treatments and lowest in excess. This corresponds with the expression of 

MyHC-IIA being highest in deficient animals and lowest in excess. However, given that most 

enzymes are not regulated through transcription, drawing conclusions using SDH and citrate 

synthase as markers for fiber types warrants further investigation.  

 Slow oxidative fibers contain selectively active MEF2A proteins, and fibers transitioning 

from glycolytic fibers to oxidative had enhanced MEF2A activity; therefore, MEF2A may be 

responsible for the formation of slow-twitch fibers (Wu et al., 2000; Wu et al., 2001; Wu and 

Olson, 2002). Additionally, PPARd is higher in oxidative type I fibers compared with glycolytic 



 
 

fibers (Wang et al., 2004). There were no differences in expression of MEF2A or PPARd which 

is consistent with a lack of differences observed in the expression of MyHC-I between treatments. 

Furthermore, myostatin has been suggested to regulate MEF2A expression. Absence of myostatin 

resulted in the downregulation of the MEF2A gene (Hennebry et al., 2009). In this study no 

differences in myostatin were observed between treatments.  

 The energy sensor, AMPK, maintains energy stores by refining anabolic and catabolic 

pathways, and its activation signifies a low energy balance in the cell (Hardie et al., 2012). In this 

study, deficient diets had decreased expression of AMPK compared to adequate and excess dietary 

treatments. The increase in AMPK in excess and adequate groups indicates greater energy 

demands in response to significant body weight gain. In addition, AMPK is involved in various 

singling pathways to regulate energy homeostasis such as lipogenesis and muscle protein 

synthesis. Translation initiation is regulated by eukaryotic initiation factor 4E binding proteins 

(4EBP1) through its binding and inhibition of eIF4E. Activity of 4EBP1’s is regulated through its 

phosphorylation in response to changes in growth factors and nutrients (Haghighat et al., 1995; 

Khaleghpour et al., 1999). While its activity regulates translation initiation, total 4EBP1 can also 

influence translation control. Rats fed a sulfur amino acid-deficient diet had 2-4 fold increases in 

expression and protein abundance of 4EBP-1 (Sikalidis et al., 2013). Consistent with this, protein 

deficient diets in this study led to an upregulation of 4EBP-1 in muscle.  

Muscle growth occurs when protein accretion exceeds protein degradation. When 

degradation surpasses accretion, atrophy occurs and is mediated by genes referred to as atrogenes. 

The expression of two atrogenes, MuRF1 and Atrogin-1, increase the most during muscle atrophy. 

Atrophy due to fasting increases Atrogin-1 8-40 fold (Bodine et al., 2001). In this study, dietary 

treatment did not lead to differences in MuRF-1 or Atrogin-1. However, FOXO promotes the 



 
 

transcription of atrogenes.  In the present study, FOXO1 was elevated in deficient diet pigs 

compared to excess pigs. This is consistent with previous findings that FOXO 1 and 3 mRNA 

levels rise in atrophying muscle due to fasting (Furuyama et al., 2003; Lecker et al., 2004). While 

the increase in FOXO-1 in deficient pigs was not enough to increase the expression of Atrogin-1, 

FOXO  itself has been shown to be sufficient to cause atrophy of myotubes and mature muscle due 

to the increase in FOXO and may indicate atrophy and be contributing to the reduction in fiber 

CSA in pigs fed a protein deficient diet fibers (Sandri et al., 2004). Similarly, in humans, a short 

term protein restriction led to a reduction in transcription of genes associated with satellite cell 

proliferation and increased transcript levels of genes associated with the ubiquitin-dependent 

protein catabolism and apoptosis (Thalacker-Mercer et al., 2010).  

It is widely accepted that IGF-I serum concentrations are positively correlated with growth 

rate (Lund-Larsen and Bakke, 1975; Whang et al., 2003; CHO et al., 2008). In agreement with 

previous studies, increasing dietary protein increased serum IGF-I; however, IGF-I expression was 

not increased in muscle tissue with increasing dietary protein. Furthermore, increased IGF-1 is 

correlated with increased growth rates also observed in this study. 

 Postnatal muscle growth through incorporation of satellite cells requires a highly 

coordinated process that requires precise expression of gene regulatory factors. Micro RNAs 

function to fine-tune the expression of genes by preventing translation and/or promote degradation 

of the target mRNA. Micro-RNAs play a key role in muscle development and satellite cell activity. 

Micro-RNA-133a enhances proliferation of satellite cells, while miR-1/206 promotes 

differentiation. During satellite cell differentiation, miR-1 and -206 are greatly upregulated (Chen 

et al., 2006) and target Pax7. Insulin-like Growth Factor-1 acts as both a target and a regulator of 

miR-1 through a feedback loop in which IGF-I binding to its receptor activates signaling pathways 



 
 

that lead to the activation of AKT. Active AKT phosphorylates and inhibits the transcription factor 

Foxo3a, working to stimulate the expression of miR-1 (Elia et al., 2009).  While miRNA 

expression in muscle tissue were not influenced by diet, they may still influence gene expression 

through their activity. In this study, miR-1 in satellite cells tended to have an interaction between 

diet and time. At day 0 of differentiation, excess dietary protein had the lowest myoblast fusion 

rate, however; at day 3 it was not different from adequate treatment. Interestingly, excess protein 

treatments had elevated miR-1 at day 0, which may contribute to the recovery of fusion rates at 

day 3 of differentiation.  

Postnatal muscle growth relies on satellite cell incorporation to enhance the transcriptional 

capacity for future hypertrophy. Altering satellite cell function can lead to a reduction in growth 

potential. Previous in vitro studies report that branch chain amino acids and leucine availability 

can promote myocyte proliferation and differentiation (Averous et al., 2012; Dai et al., 2015; Duan 

et al., 2017). However, in this study varying dietary inclusion levels of protein did not influence 

satellite cell proliferation. A decrease in fusion is observed at day 3 of differentiation which may 

be due in part to myotubes beginning to contract and detach from the plate. While Deficient diets 

had the highest fusion rates at day 0, they also had the lowest expression of miR-1 at that timepoint. 

Consequently, at day 3, deficient diets had the lowest fusion rates, which may be due to the low 

expression of the differentiation miR-1 at day 0.  

Conclusion 

Taken together, the current study indicates that deficient protein supplementation is not 

enough for optimal animal growth. The Excess protein diet with 33% protein supplementation 

improved feed efficiency and body weight gain, which is largely due to muscle growth regulated 

by different genes at both transcriptional and translational levels. This study has practical 



 
 

implications for future animal production and provides insights into further research on muscle 

growth and the roles of satellite cells in muscle development.  
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Tables and Figures 

 

Table 3.1 Nucleotide sequences for real-time PCR primers 

Target Direction Sequence 

18S Forward GTAACCCGTTGAACCCCAT 

 Reverse CCA TCC AAT CGG TAG TAG CG 

AMPKinase Forward ACGGAGCAAGTAACCCCAGC 

 Reverse GCCACGAGGATGACGATGAA 

Atrogin-1 Forward CAGCTCACATCCCTGAGTGG 

 Reverse GACTTGCCGACTCTCTGGAC 

FOXO1 Forward CAAGAGCGTGCCCTACTTCA 

 Reverse GGTTGAGCATCCACCAGGAA 

IGF-1 Forward GCACATCACATCCTCTTCGC 
 Reverse GCCTCCTCAGATCACAGCTC 

MEF2AA Forward TGAATACCCAGAGGATAAGCAGTT 

 Reverse TAATCGGTGTTGTAGGCGG 

MyHC I Forward AAGGGCTTGAACGAGGAGTAGA  

 Reverse TTATTCTGCTTCCTCCAAAGGG  

MyHC IIa Forward GCTGAGCGAGCTGAAATCC  

 Reverse ACTGAGACACCAGAGCTTCT  

MyHC IIb Forward ATGAAGAGGAACCACATTA  

 Reverse TTATTGCCTCAGTAGCTTG  

MyHC IIx Forward AGAAGATCAACTGAGTGAACT  

 Reverse AGAGCTGAGAAACTAACGTG 

MSTN Forward CCAGAGAGATGACAGCAGTGATG 

 Reverse TTCCTTCCACTTGCATTAGAAGATC 

Murf-1 Forward CATGTGCAAGGAGCACGAAG 

 Reverse TGGAGATGCGGTTACTCAGC 

MyoD Forward GCGTGCAAACGCAAGACCACTAA   
 Reverse AGTCTCGAAGGCCTCGTTGACTTT  

MyoG Forward TGACCCTACAGATGCCCACAATCT   
 Reverse GTTGGGCATGGTTTCATCTGGGAA  

Pax7 Forward CAACCACATCCGCCACAAGATAGT  
 Reverse AGAGGATCTTGGAGACACAGCCAT  

PPARd Forward GAAGAACCGCAACAAGTGCC 

 Reverse TTCCTTTTCTCTGCCTCGGG 

RPL4 Forward AGGAGGCTGTTCTGCTTCTG 

 Reverse CCTTCAGAAACATCCCTGGA 

SDH Forward TGGCCGGCACAGCTCCCAAT 

  Reverse GCACGTTCCCTGCTCTCCCG 



 
 

 

Table 3.2 Nucleotide sequences for miRNA real-time PCR primers 

Target  Primer Primer sequences (5'-3') 

ssc-miR-1 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTACATA 

Forward  GGCGGCTGGAATGTAAAGAAG 

Reverse CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TGGAATGTAAAGAAGTATGTA 

ssc-miR-

133a-3p 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGCTG 

Forward  TTGCGTTGGTCCCCTTCA 

Reverse  CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TTGGTCCCCTTCAACCAGCTG 

ssc-miR-

133b 

Stem-loop GCGTGGTCCACACCACCTGAGCCGCCACGACCACGCATAGCTGG 

Forward  CCAGCCTTTGGTCCCCTTC 

Reverse  TCCACACCACCTGAGCCG 

Oligonucleotide TTTGGTCCCCTTCAACCAGCTAT 

ssc-miR-206 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACAC 

Forward  CCGCGTGGAATGTAAGGAAGT 

Reverse CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TGGAATGTAAGGAAGTGTGTGA 

 

 

  



 
 

Table 3.3 Impact of deficient, adequate, and excess protein levels on growth performance of 

neonatal pigs1  

 Deficient Adequate Excess 

Initial BW (kg) 1.47±0.10 1.46±0.10 1.46±0.10 

Final BW (kg) 4.75±0.27b 5.15±0.28ab 5.60±0.27a 

ADG (kg)1 0.21±0.01b 0.24±0.01ab 0.27±0.01a 

FCR2 1.03±0.04a 0.89±0.05b 0.78±0.04b 
1 Values are means ± SEMs. Labeled means in a row without a common letter differ, P < 0.05 (a 

> b) 
2Average Daily Gain 
3Feed Conversion Ratio calculated by weight gain (kg)/ feed consumed (liquid, g) 

 

  



 
 

Table 3.4 Effects of dietary protein levels on serum parameters in neonatal pigs1 

    Deficient Adequate Excess 

Urea Nitrogen 
Day11 2.81±0.40c 6.50±0.42b 12.36±0.40a 

Day17 3.87±0.40c 6.77±0.40b 12.06±0.38a 
    

IGF1 level (ng/ml) 
Day11 96.3±10.0 115.6±10.0 120.2±10.0 

Day17 153.1±14.3 172.9±14.3 195.6±14.3 
    

Phosphate (mg/dL) 
Day11 10.37±0.24 10.45±0.22 10.38±0.27 

Day17 10.98±0.23 11.46±0.24 11.99±0.22 

 
1 Values are means ± SEMs. Labeled means in a row without a common letter differ, P < 0.05 (a 

> b). IGF1, Insulin-like Growth Factor-1.  

 

 

  



 
 

 

 
Figure 3.1 Cross sectional area analysis of the longissimus dorsi muscle and fibers of pigs fed 

differing levels of dietary protein. Muscle cross sectional area (B), fiber cross sectional area (C) 

and representative images of fiber cross sectional area (A) of pigs fed a diet containing either 

25% deficient protein, adequate protein, or a 25% excess diet. Results are means ± SEM. Means 

without a common letter are different at P<0.05. 

 

  



 
 

 
Figure 3.2 Satellite cell proliferation of pigs fed a diet containing either 25% deficient protein, 

adequate protein, or a 25% excess diet at 24, 48, and 72 hours. Results are means ± SEM. 
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Figure 3.3 Satellite cell differentiation from the longissimus dorsi muscle of pigs fed varying 

levels of dietary protein. Fusion index expressed as the percentage of total nuclei that are located 

in myotubes of satellite cells of pigs fed a diet containing either 25% deficient protein, adequate 

protein, or a 25% excess protein diet. Values are means ± SEMs. Means at a time without a 

common letter differ P < 0.05. 
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Figure 3.4 mRNA expression of genes involved in muscle growth in the longissimus dorsi 

muscle of pigs fed differing levels of protein. Pigs were fed a diet containing either 25% 

deficient protein, adequate protein, or a 25% excess diet. Results are means ± SEM. Means 

without a common letter are different at P<0.05.  
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Figure 3.5 mRNA expression of genes involved in energy sensing in the longissimus dorsi 

muscle of pigs fed differing levels of protein. Pigs were fed a diet containing either 25% 

deficient protein, adequate protein, or a 25% excess diet. Results are means ± SEM. Means 

without a common uppercase letter are different at P<0.05 (A>B).  Means without a common 

lowercase letter are different at P<0.10 (a>b).  
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Figure 3.6 mRNA expression of genes involved in muscle degradation in the longissimus dorsi 

muscle of pigs fed differing levels of protein. Pigs were fed a diet containing either 25% 

deficient protein, adequate protein, or a 25% excess diet. Results are means ± SEM. Means 

without a common letter are different at P<0.05.  
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Figure 3.7 mRNA expression of the myosin heavy chain (MyHC) isoforms in the longissimus 

dorsi muscle of pigs fed differing levels of protein. Pigs were fed a diet containing either 25% 

deficient protein, adequate protein, or a 25% excess diet. Results are means ± SEM. Means 

without a common uppercase letter are different at P<0.05. Means without a common lowercase 

letter are different at P<0.10. 
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Figure 3.8 Expression of miRNA in the longissimus dorsi muscle of pigs fed differing levels of 

protein. Pigs were fed a diet containing either 25% deficient protein, adequate protein, or a 25% 

excess diet. Results are means ± SEM. Means without a common letter are different at P<0.05. 
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Figure 3.9 Expression of miR-1 (A), miR-133a (B), miR-133b (C), and miR-206 (D) in satellite 

cells of pigs fed differing levels of protein. Pigs were fed a diet containing either 25% deficient 

protein, adequate protein, or a 25% excess diet at 0 hours and 72 hours of differentiation. Results 

are means ± SEM. Means without a common lowercase letter are different at P<0.10. 
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Chapter 4: Caloric Intake Affects Energy Metabolism and Satellite Cell Fusion Through 

Micro-RNA Expression in Neonatal Pigs 

 

  



 
 

Abstract 

Growth as a percentage of body weight is highest during the neonatal period and restricting 

neonatal nutrition can lead to permanent muscle growth deficits. Nutrient restriction during the 

neonatal period has been shown to decrease growth rate by altering satellite cell function. 

Insufficient muscle development during early postnatal period can permanently alter later growth, 

muscle contraction and metabolic maturation. Furthermore, undernutrition during this period 

affects muscle growth more so than overall body weight, suggesting that more vital tissues have 

higher priority during restriction. Energy metabolism is altered by postnatal undernutrition through 

reduced glycolytic capacity and increased potential for -oxidation. Conversely, high nutritional 

intake has the ability to induce oxidative stress. This study sought to discern the impact of dietary 

energy balance on muscle growth during the neonatal period. Twenty-six piglets obtained at 1 day 

of age received either an adequate energy diet, a 25% deficient diet, or a 25% excess energy diet 

over a 17-day trial. Piglet starting weights were 1.36kg ±0.09 for deficient and 1.34kg±0.09 for 

adequate and 1.33kg±0.09 for excess treatments. Final body weight and ADG were not different 

between treatments. However, feed efficiency improved with energy balance with Excess diets 

being the most efficient, and deficient diets being the least (P<0.001). Histology analysis indicated 

that LD muscle and fiber cross-sectional area were not different between treatments. Postnatal 

skeletal muscle growth requires satellite cell activation and fusion with existing myofibers. Delay 

or absence of satellite cell proliferation and differentiation leads to a reduction in postnatal muscle 

hypertrophy and reduced growth potential. Satellite cell proliferation was not different between 

treatments. As expected, proliferation increased over time (P=0.03). There was an interaction 

between diet and time (P=0.01) in which deficient diets had the highest fusion index (FI) in both 

timepoints. Satellite cells from adequate pigs at 24 hours had the lowest FI, but at d3 it was not 



 
 

different from deficient or excess treatments. Excess pigs were intermediate between adequate and 

excess diets at 24 hours, but at 72 hour had the lowest FI. The differences in satellite cell activity 

may be due to post-transcriptional regulation with micro-RNAs (miRNA). Expression of miR-

133b, and 206 were not different between diets in differentiating satellite cells. However, the 

differentiation promoting miR-1 was expressed 18% more in adequate pigs than excess pigs, with 

deficient pigs being intermediate. Excess had the lowest fusion index and similarly the lowest 

expression of miR-1. The proliferation promoting miR-133a was interactively influenced by diet 

and time (P=0.03) in which diets deficient in energy at 72 hours had the highest expression of 

miR-133a over all other treatments - with the exception of excess diets at 72 hours which was not 

different from deficient 72 hours and all other treatment time combinations. While growth rates 

and final weight were similar between treatments, diet may impact growth potential later in life. 

Muscle fiber CSA as well as satellite cell differentiation were influenced by diet, both of which 

are important contributors to muscle growth.   



 
 

Introduction 

Growing organisms exposed to unfavorable conditions adapt to their circumstances, 

however, these adaptive changes during critical periods of growth can lead to adverse, permanent 

changes (Barker, 2007). Neonatal piglets are generally born with low energy reserves and poor 

insulative protection, which lead to high mortality (Curtis, 1974). Nutrient restriction can lead to 

the development of a “thrifty” phenotype which later alters body composition, growth rates, and 

insulin sensitivity (Gluckman et al., 2008). One such critical time is the neonatal period. The 

majority of growth in the early neonate is due to skeletal muscle hypertrophy, and during this 

period skeletal muscle growth occurs at a faster rate than other tissues (Davis et al., 1989; Davis 

et al., 1996). 

Energy status can be altered through changes in energy expenditure and energy intake 

(Dauncey and Ingham, 1990). Postnatal skeletal muscle is impacted by both and changes due to 

energy status can result in lasting impacts on muscle function and growth. Skeletal muscle 

comprises 50% of body mass and close to 25% of basal metabolic rate. Altering the metabolic 

properties of muscle during the neonatal phase is associated with early muscle growth and 

myofiber maturation (Henriksson, 1990; Lefaucheur et al., 1998). Increasing metabolizable energy 

intake leads to increases in muscle net protein gain (Oddy, 1993), and nitrogen retention in 

neonatal pigs is linearly related to energy intake (Campbell and Dunkin, 1982). However, nutrient 

restriction leads to a decrease in expression of myogenic regulatory factors and muscle size. 

Nutrient restriction also reduces satellite cell number and activity. The population of satellite cells 

is greatest during the early neonatal period. Nutritional restriction during this period can lead to 

low weaning weights which is correlated to reductions in lean tissue growth. 



 
 

Fractional growth and protein deposition occur at the highest rate during the neonatal 

period, and muscle grows faster than other tissues during this time (Davis et al., 1989; Davis et al., 

1996). In order to support the high demand for muscle growth during the neonatal period, satellite 

cell incorporation provides increased capacity for protein accretion. Alterations to satellite cell 

proliferation and differentiation can lead to a reduction in muscle growth potential. Highly 

coordinated gene expression patterns progress satellite cells through the myogenic lineage to fuse 

with existing fibers. In order to refine the synchronization of gene expression, microRNA’s 

(miRNA) function to inhibit translation and/or target mRNAs for degradation (Hamilton and 

Baulcombe, 1999; Reinhart et al., 2000; Krol et al., 2004). A group of miRNAs expressed in 

muscle called myoMIRs are highly involved in the myogenic process.  

Sufficient energy is necessary for piglet survival and growth during the postnatal period 

due to their lack of adipose tissue and high energy demands to maintain body temperature and 

locomotion. Optimizing growth early in life is important to maximize the growth potential of the 

animal. Nutrient restriction early in life can lead to negative consequences to muscle growth, while 

high nutrient intake during the neonatal period can accelerate growth and maturity of skeletal 

muscle (Hu et al., 2018). In this study we hypothesized that different levels of dietary gross energy 

would impact muscle growth through satellite cell activity in neonatal pigs.  

Methods 

Animals 

All pig protocols were approved by University of Maryland Animal Care and Use 

Committee. Thirty 1-day-old female commercial pigs (24±6h old, 1.34±0.1 kg initial body weight) 

were individually housed and assigned to 1 of 3 treatments based on their body weight and litter 

information. All pigs received an isonitrogenous diet with different energy levels with consistent 



 
 

ratio of energy from carbohydrate:fat among diets. Piglets received milk replacer that varied in 

their energy level: 25% deficient, adequate, or 25% excess.  The energy level in the adequate group 

was based on sow milk composition and an extrapolation of the NRC requirement for older pigs 

(NRC, 2012). The liquid milk replacer was reconstituted with distilled and deionized water (175g 

dry milk replacer with or without lactose supplementation to 1kg of liquid milk replacer) provided 

8 times/day (8am - 11pm). All piglets received the same amount of milk replacer, which was 

designed to allow a similar growth rate to that seen with sow-rearing. The amount of feed provided 

daily was designed to mimic the normal growth rate under sow-reared conditions. Pigs were on 

trial for 16 days. Pigs were euthanized using a penetrating captive bolt gun followed by complete 

exsanguination. Longissimus dorsi (LD) muscle was collected for satellite cell isolation, gene 

expression, protein expression, and cross-sectional area (CSA) measurements.  

Muscle Morphology 

In order to evaluate muscle fiber CSA, LD muscle was sectioned at 10 μm thickness and 

stained with 5.0 μg/mL Wheat Germ Agglutinin Alexa FluorTM 488 (Invitrogen, Carlsbad, CA) 

and cross stained for nuclei with 4′,6-diamidino-2-phenylindole (DAPI). Cross-sectional area of 

the LD was determined by tracing the loin at the 12th rib. Images of the LD and muscle fibers were 

analyzed for cross-sectional area using ImageJ (Rasband, 1997). 

Satellite Cell Isolation  

Satellite cells were isolated (Alexander et al., 2012) and cultured (Chen et al., 2017) from 

individual pigs as previously described and were verified to be >95% Pax7+. Cryopreserved SCs 

from adequate treatment pigs were cultured in growth media containing DMEM + 10% Serum + 

antibiotics. The serum used in the media were serum collected from each of the pigs at days 11 

and 17 and pooled according to treatment. Cells were grown at 37◦C in a humidified environment 



 
 

containing 5% CO2 in 15-cm plates coated with ECL Cell Attachment Matrix (MilliporeSigma, 

Burlington, MA) with complete media changes every other day until 80% confluence. Cells were 

then trypsinized and replated at a density of 3 × 103 cells/cm2 for evaluation of proliferation and 

at a density of 2.5 × 104 cells/cm2 for determination of differentiation and miRNA analysis.  

Satellite Cell Proliferation and Differentiation  

For analysis of in vitro differentiation SCs were cultured in differentiation media (DMEM 

+ 2% serum + antibiotics) for 3 days. At the end of differentiation cells were subjected to 

immunocytochemical staining for myosin heavy chain. Briefly, cells were fixed with 4% 

paraformaldehyde for 15 min and washed twice with ice-cold PBS. The samples were then 

incubated for 10 min with PBS containing 0.25% Triton X-100 (PBST) and washed in PBS 3 times 

for 5 min. Cells were blocked in 1% BSA in PBST, and incubated with mf20 antibody 

(Developmental Studies Hybridoma Bank) overnight at 4◦ C. On the second day, samples were 

washed in PBS 3 times for 5 min, incubated with Dylight 488 second antibody (Thermo Fisher 

Scientific) for 1h, and washed in PBS 3 times for 5 minutes. Nuclei were stained with 4′,6-

diamidino-2- phenylindole (DAPI; Sigma-Aldrich) in PBS. Pictures were taken at 20× 

magnification. The total number of nuclei were counted, and the fusion index was presented as a 

ratio of nuclei within myotubes containing 2+ nuclei compared with the total nuclei. In vitro 

satellite cell proliferation was determined at 0, 24, 48, and 72 h using the CyQUANT NF Cell 

Proliferation Assay Kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s 

instructions.  

Gene Expression Analysis 

Analysis of gene expression was performed as described previously (Rhoads et al., 2013). 

Briefly, total RNA was isolated from ~50 mg of longissimus dorsi tissue using TRIzol reagent 



 
 

(Invitrogen, Waltham, MA).  Micro RNA was isolated from ~50 mg of longissimus dorsi tissue 

and satellite cells at 24 hours and 72 hours of differentiation using the mirVana™ miRNA Isolation 

Kit (Life Technologies, Carlsbad, CA) according to manufacturer’s instructions. Quantity and 

quality of RNA was verified using the Experion System (Bio-Rad Laboratories, Hercules, CA). 

All RNA had an RNA integrity number above 8. The eluted miRNA and RNA were diluted to 

1,000ng and were reverse transcribed with iScript reverse transcriptase (Bio-Rad Laboratories, 

Hercules, CA). Micro RNA were reverse-transcribed using the stem loop method previously 

described by Kramer in 2011 by including a stem-loop primer in the reaction mix. Traditional PCR 

requires a template that is at least two times the length of the primers. Since miRNA’s are 17-24 

nucleotides in length, a stem loop primer was provided to bind to miRNA and increase their length 

to allow polymerase to bind and replicate. Real-time SYBR green PCR assays were performed 

with RNA and miRNA-specific primers (Tables 4.1 and 4.2). PCR reactions were performed in a 

20l volume using SsoAdvanced universal SYBR Green Supermix (Bio-Rad Laboratories, 

Hercules, CA). Reactions contained a 1-1 primer set and diluted cDNA (10 ng). Each sample was 

quantified in triplicate. SYBR Green fluorescence was quantified with the CFX96 Touch Real 

Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA). A total of 40 PCR cycles 

were run, and a dissociation curve was included to verify the amplification of a single PCR product. 

Muscle tissue relative mRNA expression was calculated using the 2-ΔΔCT method with the average 

of TOP2B and API5 abundance used for normalization. A standard curve was generated with 

oligonucleotides of the mature miRNAs measured to quantify miRNA abundance. All primer sets 

were evaluated for adequate efficiency before use in this study.  



 
 

Statistical Analysis 

Statistical analysis was performed in SAS (version 9.4; SAS Institute, Inc.). The normality 

for all data was tested using the Proc Univariate procedure of SAS. Homogeneity of variance was 

evaluated by Levene’s test. Body weight, average daily gain (ADG), feed conversion ratio (FCR), 

and CSA area were analyzed by Proc mixed procedure with dietary treatment as the main effect. 

Tukey’s test was used for multiple comparison tests. Proc mixed was used to analyze satellite cell 

proliferation and differentiation as repeated measures, with day as the repeated effect. The 

compound symmetry, unstructured, toeplitz, variance components, and autoregressive 1 and 

heterogeneous versions of covariance structures were tested and the most appropriate (lowest 

Akaike’s information criterion, Akaike’s information criterion with correction, and Bayesian 

information criterion values) was used for each analysis. Model included treatment, day, and 

interactions. Differences were considered significant when probability level P<0.05. 

Real time PCR data for total RNA were analyzed using the 2-ΔΔCT method after 

normalization with the geometric mean of TOP2B and API5 expression. Gene expression was 

normalized back to the adequate treatment group for tissue gene expression and adequate treatment 

on 24 hours for satellite cell miRNA gene expression. The relative quantity (2-CT) values were 

subjected to ANOVA analysis. Gene expression as analyzed by Proc mixed procedure with 

different diet treatments as the main effect. Tukey’s test was used for multiple comparisons. 

 

Results 

Growth Parameters 

Energy in important for metabolism and growth. Initial body weight did not differ between 

treatments (P=0.98; Deficient: 1.36±0.09; Adequate: 1.34±0.09; Excess: 1.33±0.09.) Final body 



 
 

weight (Table 4.3) did not differ between treatments (P=0.68; Deficient: 4.46±0.15; Adequate: 

4.80±0.17; Excess: 4.36±0.18). Average daily gain (ADG) did not differ between treatments 

(P=0.34; Deficient 0.19±0.01; Adequate 0.21±0.01; Excess 0.21±0.01). Feed efficiency calculated 

by weight gain (kg)/feed consumed (liquid, g) was different between treatments with excess pigs 

having the highest feed efficiency and deficient pigs having the lowest (P<0.001; Deficient: 

0.73±0.04; Adequate: 0.89±0.04; Excess: 1.13±0.04).  

Cross-Sectional Area 

High energy intake has been shown to improve muscle growth and maturity in neonatal 

pigs (Hu et al., 2018). In this study, we evaluated LD muscle cross-sectional area (CSA) and fiber 

CSA (Figure 4.1).  There were no differences in either LD muscle CSA or LD fiber CSA between 

treatments.  

Satellite Cells 

 Satellite cell proliferation was not different between dietary treatment, however, as 

expected satellite cell proliferation increased over time (P=0.03) (Figure 4.2). Fusion index was 

interactively influenced by diet and time, in which deficient diets at 72 hours had the highest fusion 

index, while adequate at 24 hours had the lowest with all other treatment by time combinations 

being intermediate between the two (P=0.01) (Figure 4.3).  

Gene Expression 

This study evaluated the expression of Insulin-like Growth Factor-1 (IGF1), Myogenic 

Differentiation 1 (MyoD), Myogenin (MyoG), Myocyte Enhancer Factor 2A (MEF2A), 5' 

adenosine monophosphate-activated protein kinase (AMPK), Myostatin, Eukaryotic translation 

initiation factor 4E-binding protein 1 (4EBP1), Citrate Synthase (CS), Succinate Dehydrogenase 

(SDH), Paired Box 7 (Pax7) and Myosin Heavy Chain (MyHC) isoforms. Dietary energy intake 



 
 

did not influence the expression of IGF1, MyoD, MyoG, MEF2A, AMPK, myostatin, 4EBP1, 

AMPK, or CS (Figures 4.4 and 4.5). Deficient diets had a higher expression of SDH compared to 

adequate and deficient diets (P<0.01). Deficient diets also exhibited a greater expression (P=0.04) 

of Pax7 than adequate and deficient diets. Energy intake has been shown to influence skeletal 

muscle fiber type. No differences in Myosin Heavy Chain (MyHC)-I, IIA, IIB between dietary 

treatments were found (Figure 4.6). Diets consisting of excess and deficient energy had a lower 

expression of MyHC-IIX than adequate diets (P=0.03). 

Micro-RNA expression  

 Micro-RNAs play an important role in the progression of satellite cells through the 

myogenic lineage. In this study, diet did not influence the expression of miR-133b and miR-206 

(Figure 4.7). However, miR-1 expression was increased in deficient diets compared to excess diets 

(P=0.02). Furthermore, the expression of miR-1 increased with time during differentiation. The 

expression of miR-133a was interactively influenced by diet and time in which deficient diets at 

72 hours of had the highest expression compared to other treatment by time combinations, with 

the exception of excess diets at 72 hours, which was intermediate between deficient 72 hours and 

other diet by time combinations.   

Discussion 

Undernutrition during the neonatal period can have significant consequences on animal 

health and growth. Because piglets lack fat deposits or brown fat, piglets need a sufficient supply 

of energy to maintain thermoregulation and locomotion (Pastorelli et al., 2009). Energy is the first 

limiting factor in young pigs and is required for maintenance and deposition of protein and fat. It 

is not well understood how energy levels in the neonatal pig influence growth and muscle 

development. Previous work found that muscle growth is more affected by undernutrition than 



 
 

body weight gain (Lefaucheur et al., 1998). Restricted nutrition during the postnatal period leads 

to a 12% reduction in weaning weight (Beaulieu et al., 2010; Douglas et al., 2014). In this study, 

gross energy was manipulated through lactose and fat and content in the diet. The utilization of 

metabolizable energy from fat is more efficient than the metabolizable energy from protein, starch, 

or fiber (Just, 1982; Just et al., 1983; Noblet and Perez, 1993). Low energy intake can have lasting 

effects on body composition, as previous studies report that piglets weighing 15kg fed a 40% 

deficient energy diet until reaching 25kg had reduced protein content and increased fat at slaughter 

(Skiba et al., 2001). In the current study, feed conversion ratio did improve with increasing energy 

levels. Providing 25% excess dietary energy to neonatal pigs did not improve growth rate or final 

body weight. Conversely, feeding a 25% deficient energy diet was not detrimental to growth rate 

of final body weight, indicating that the recommended dietary energy is sufficient to sustain 

growth. However, it may also indicate that the levels fed were not extreme enough to produce a 

response.  

Pig skeletal muscle consists of four different fiber types (I, IIA, IIX, IIB) (Lefaucheur et 

al., 1998). These fiber types are classified by their myofibril ATPase, oxidative capacity, color, 

and size. Skeletal muscle oxidative capacity, which varies by fiber types depending on differences 

in energy demands and reliance on mitochondrial oxidative phosphorylation activities, for instance 

type I > type 2A>type 2X>type 2B (Martin et al., 1985; Old and Johnson, 1989; Bloemberg and 

Quadrilatero, 2012). While total number of muscle fibers is not affected by undernutrition, fiber 

type shifts and differences in hypertrophy are observed. Fiber type transitions occur in an 

obligatory pathway for that orders I > IIa> IIx > IIb (Pette and Staron, 2000). In pigs, 

undernutrition between 3-7 weeks causes an increase in the proportion of slow type 1 fibers in the 

rhomboideus while the longissimus was not affected (Harrison et al., 1996). Consistently, this 



 
 

study did not observe any differences in type I or IIA expression between dietary treatments in the 

longissimus dorsi muscle.  

Undernutrition leads to reduced hypertrophy in IIa fibers (Lefaucheur et al., 1998). 

Conflicting studies have reported that undernutrition leads to a selective preservation of the CSA 

of type I and IIA fibers as they are more resilient to energy deficiency, while others report no 

differences between the reduction of the CSA between fiber types (Harrison et al., 1996; 

Lefaucheur et al., 1998). The conflicting reports may be due to differences in the age or severity 

of the deficiency, indicating that muscle fibers in early postnatal period are more susceptible to 

energy deficiencies than weaning age. In this study, no differences in fiber CSA found CSA 

between treatments, however, the CSA of specific fiber types was not measured. Furthermore, no 

differences were observed in MyHC expression with the exception of type IIX. Adequate energy 

treatment had the greatest expression of MyHC IIX. Muscle fibers are responsive and capable of 

adapting to environment, growth factors, and functional demands. While expression may be 

different, fiber type transitions require time to remove myosin heads and replace with the new 

form. Therefore, MyHC expression is not indicative of fiber type, but can provide insight into the 

transitions. Deficient diets may have greater oxidative fibers, while excess energy may have more 

glycolytic IIB fibers.  

Oxidative potential is often measured by CS activity because of its role as a key regulator 

for aerobic energy production (Chaudhary et al., 1992). Citrate synthase activity is most closely 

related to type IIA and type I fibers (Delp and Duan, 1996). In this study, CS was not affected by 

dietary energy levels, which is consistent with previous studies indicating that undernutrition did 

not influence overall oxidative capacity (Lefaucheur et al., 1998). Moreover, undernutrition 

decreased muscle protein concentration and selectively reduced the CSA of the future fast-twitch 



 
 

glycolytic fibers in longissimus lumborum muscle. Another marker for skeletal muscle oxidative 

capacity is SDH due to its role in regulating metabolism-related genes and promotion of glucose 

and lipid metabolism. In the current study, SDH was upregulated in deficient diets, which may 

indicate that deficient diets are needing to upregulate genes involved in glucose and lipid 

metabolism through increased SDH. Activation of AMPK signifies low energy balance in the cell, 

and helps to maintain energy stores by refining anabolic and catabolic pathways (Hardie et al., 

2012). However, in this study, no differences were found in AMPK expression level. Translation 

initiation is regulated by the phosphorylation of 4EBP1 through its binding to eIF4E in response 

to changes in nutrients and growth factors (Haghighat et al., 1995; Khaleghpour et al., 1999). 

Growth rate is highly correlated with IGF-I serum concentrations (Lund-Larsen and Bakke, 1975; 

Whang et al., 2003; CHO et al., 2008). In this study, no differences were observed in either growth 

rate, or IGF-I concentrations. 

During the process of stem cell commitment to the myogenic lineage, miRNAs function to 

facilitate and refine the complex expression pattern of myogenic genes through inhibition of 

translation or marking target mRNAs for degradation. Differentiation is promoted through miR-

1/206. Micro-RNA -1 and -206 differ from one another by one nucleotide that resides outside of 

the seed sequence, therefore, the two miRNAs share many of the same targets (Dey et al., 2011). 

One such target is histone deacetylase 4 (HDAC4), a transcriptional repressor of myogenic genes, 

mainly inhibiting the transcription factor MEF2A and- C, which are important in differentiation 

and muscle hypertrophy (Lu et al., 2000; Ikeda et al., 2009). In this study, there were no differences 

in expression level of MEF2A in muscle tissue, however that does not indicate that miR-1 is not 

playing a role in its translation.  



 
 

In this study, dietary energy level did not influence the expression of miR-206 in satellite 

cells. Deficient diets had the greatest expression of the differentiation promoting miR-1 and, 

correspondingly, the greatest fusion index. Excess diets had the lowest expression of miR-1 and 

the lowest fusion index. While at 24 hours, adequate dietary treatment had the lowest fusion rate, 

at 72 hours it surpassed the excess diet fusion rate, which corresponded with an increase in miR-1 

expression at 72 hours in adequate treatment.  

Another target of miRNA-1/206 is the satellite cell marker, Pax7. Satellite cells are 

characterized by their expression of Pax7, which is required for maintaining quiescence, 

proliferation, and inhibits the precocious differentiation. Down regulation of Pax7 allows for 

progression of the myogenic lineage (Buckingham, 2007; Kuang et al., 2007). While Pax7 

expression was highest in deficient diets, the increased abundance of miR-1 in satellite cells may 

be functioning to repress translation. The increase in Pax7 in deficient diets could also be indicative 

of a greater number of satellite cells present in the muscle tissue due to enhanced proliferation. 

However, proliferation rates were not different between treatments, which may indicate 

diminished function due to deficient energy.   

Conclusion 

 Our data indicate that deficient energy during the postnatal period does not lead to changes 

in growth rate but may be detrimental to satellite cell function and therefore growth potential. 

Providing excess energy did improve feed efficiency, however, did not enhance growth or satellite 

cell activity, indicating that the level of energy provided to neonatal pigs is sufficient for proper 

growth. These data have practical implications as alterations to the behavior of satellite cells can 

have sustained impacts on growth and composition. This highlights that sufficient energy should 

be provided to maintain satellite cell function in neonatal pigs. 
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Tables and Figures 

 

Table 4.1 Nucleotide sequences for real-time PCR primers 

Target Direction Sequence 

API5 Forward GCATTTTTAGTAGCATAGGCCCTTT 

 Reverse AACTTGAGGGAAGATTAACTGTGGAA 

AMPKinase Forward ACGGAGCAAGTAACCCCAGC 

 
Reverse GCCACGAGGATGACGATGAA 

IGF-1 Forward GCACATCACATCCTCTTCGC 
 Reverse GCCTCCTCAGATCACAGCTC 

MEF2A Forward TGAATACCCAGAGGATAAGCAGTT 

 Reverse TAATCGGTGTTGTAGGCGG 

MyHC I Forward AAGGGCTTGAACGAGGAGTAGA  

 Reverse TTATTCTGCTTCCTCCAAAGGG  

MyHC IIa Forward GCTGAGCGAGCTGAAATCC  

 
Reverse ACTGAGACACCAGAGCTTCT  

MyHC IIb Forward ATGAAGAGGAACCACATTA  

 Reverse TTATTGCCTCAGTAGCTTG  

MyHC IIx Forward AGAAGATCAACTGAGTGAACT  

 Reverse AGAGCTGAGAAACTAACGTG 

MSTN Forward CCAGAGAGATGACAGCAGTGATG 

 Reverse TTCCTTCCACTTGCATTAGAAGATC 

MyoD Forward GCGTGCAAACGCAAGACCACTAA   
 Reverse AGTCTCGAAGGCCTCGTTGACTTT  

MyoG Forward TGACCCTACAGATGCCCACAATCT   

 Reverse GTTGGGCATGGTTTCATCTGGGAA  

Pax7 Forward CAACCACATCCGCCACAAGATAGT  

 Reverse AGAGGATCTTGGAGACACAGCCAT  

SDH Forward TGGCCGGCACAGCTCCCAAT 
 Reverse GCACGTTCCCTGCTCTCCCG 

TOP2B Forward AACTGGATGATGCTAATGATGCT 

  Reverse TGGAAAAACTCCGTATCTGTCTC 

  



 
 

Table 4.2 Nucleotide sequences for miRNA real-time PCR primers 

Target  Primer Primer sequences (5'-3') 

ssc-miR-1 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTACATA 

Forward  GGCGGCTGGAATGTAAAGAAG 

Reverse CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TGGAATGTAAAGAAGTATGTA 

ssc-miR-133a-

3p 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGCTG 

Forward  TTGCGTTGGTCCCCTTCA 

Reverse  CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TTGGTCCCCTTCAACCAGCTG 

ssc-miR-133b 

Stem-loop GCGTGGTCCACACCACCTGAGCCGCCACGACCACGCATAGCTGG 

Forward  CCAGCCTTTGGTCCCCTTC 

Reverse  TCCACACCACCTGAGCCG 

Oligonucleotide TTTGGTCCCCTTCAACCAGCTAT 

ssc-miR-206 

Stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACAC 

Forward  CCGCGTGGAATGTAAGGAAGT 

Reverse CAGTGCAGGGTCCGAGGTAT 

Oligonucleotide TGGAATGTAAGGAAGTGTGTGA 

 

  



 
 

Table 4.3 Impact of excess energy levels on growth performance of neonatal pigs1 

  Deficient Adequate Excess 

Initial BW (kg) 1.36±0.09 1.34±0.09 1.33±0.09 

Final BW (kg) 4.46±0.15 4.80±0.17 4.36±0.18 

ADG (kg)2 
0.19±0.01 0.21±0.01 0.21±0.01 

FCR3 0.73±0.04 c 0.89±0.04 b 1.13±0.04 a 

1 Values are means ± SEMs. Labeled means in a row without a common letter differ, P < 0.05 (a 

> b ) 
2 Average Daily Gain 
3 Feed Conversion Ratio calculated by weight gain (kg)/ feed consumed (liquid, g) 

  



 
 

 

 
Figure 4.1 Cross sectional area (CSA) analysis of the longissimus dorsi muscle and fibers of 

pigs fed differing energy levels. Cross sectional area of muscle (B), fiber cross sectional area (C), 

and representative images of fiber cross sectional area (A) of pigs fed a diet containing either 

25% deficient energy, adequate energy, or a 25% excess energy diet. Results are means ± SEM. 

Means without a common letter are different at P<0.05. 

  



 
 

 

 
Figure 4.2 Satellite cell proliferation of pigs fed differing energy levels at 24, 48, and 72 hours. 

Pigs were fed a diet containing either 25% deficient energy, adequate energy, or a 25% excess 

energy diet at 24, 48, and 72 hours. Results are means ± SEM. Timepoints without a common 

letter are different at P<0.05.  

  



 
 

 
Figure 4.3 Satellite cell differentiation from the longissimus dorsi muscle of pigs fed varying 

levels of dietary energy. Fusion index is expressed as the percentage of total nuclei that are 

located in myotubes. Pigs were fed a diet containing either 25% deficient energy, adequate 

energy, or a 25% excess energy diet. Values are means ± SEMs. Means at a time without a 

common letter differ P < 0.05. 
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Figure 4.4 mRNA expression of genes involved in muscle growth in the longissimus dorsi 

muscle of pigs fed differing levels of dietary energy. Pigs were fed a diet containing either 25% 

deficient energy, adequate energy, or a 25% excess energy diet. Results are means ± SEM. 

Means without a common letter are different at P<0.05 (A>B).  
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Figure 4.5 mRNA expression of genes involved in energy sensing in the longissimus dorsi 

muscle of pigs fed differing levels of dietary energy. Pigs were fed a diet containing either 25% 

deficient energy, adequate energy, or a 25% excess energy diet. Results are means ± SEM. 

Means without a common letter are different at P<0.05 (A>B).  
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Figure 4.6 mRNA expression of the myosin heavy chain (MyHC) isoforms in the longissimus 

dorsi muscle of pigs fed differing levels of dietary energy. Pigs were fed a diet containing either 

25% deficient energy, adequate energy, or a 25% excess energy diet. Results are means ± SEM. 

Means without a common letter are different at P<0.05 (A>B).  

 

  



 
 

 

 
Figure 4.7 Expression of miR-1 (A), miR-133a (B), miR-133b (C), and miR-206 (D) in satellite 

cells of pigs fed differing levels of dietary energy. Pigs were fed a diet containing either 25% 

deficient energy, adequate energy, or a 25% excess energy diet at 0 hours and 72 hours of 

differentiation. Results are means ± SEM. Means without a common letter are different at 

P<0.05. 
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Chapter 5: The use of artificial sweetener and capsicum oleoresin to alleviate the negative 

effects of chronic heat stress on pig performance 

 

 

  



 
 

Abstract 

Substantial economic losses in animal agriculture result from animals undergoing heat 

stress. Pigs are especially susceptible to heat stress which results in reductions in average daily 

gain, altered body composition, and decreased gut function. To alleviate the negative effects of 

heat stress, feed additives such as capsicum oleoresin can modify inflammation and the immune 

response, while artificial sweeteners work to improve intestinal morphology and nutrient 

absorption. In this study, the supplementation of an artificial high-intensity sweetener and 

capsicum oleoresin (CAPS-SUC; TakTik X-Hit, Pancosma, Switzerland) to mitigate the negative 

effects of heat stress on pig performance was examined. Forty cross bred barrows (16.2 kg±6 kg) 

were assigned to one of five treatments: heat stress conditions and ad libitum feed with (HS+) or 

without (HS-) supplementation, thermal neutral conditions (22°C±1.2°C; 38%-73% relative 

humidity) with ad libitum feed (C), pair-fed to heat stress (PF), pair-fed to HS+ with 

supplementation (PF+). Pigs in heat stressed treatments were exposed to a cyclical environmental 

temperature of 12 hours at 35°C±1.2°C with 27-45% relative humidity and 12 hours at 30°C±1.1°C 

with 24-35% relative humidity for 21 days. Supplementation (0.1g/kg feed) began 7 days before 

the initiation of environmental treatment. Rectal temperatures (RT) and respiration rates 

(RR;breaths/minute) were recorded thrice daily, and feed intake (FI) was recorded daily. Prior to 

the start and at the termination of environmental treatments, a muscle biopsy of the longissimus 

dorsi was taken for metabolism analyses. Blood samples were collected every week and animals 

were weighed every 3 days during treatment. Pigs in HS- conditions exhibited increased RT 

(~0.5°C) and RR (~2 fold) compared to TN and PF groups (P < 0.001). Supplementation in HS+ 

pigs did not affect RR. Heat stress reduced FI by 12% (P<0.001), while supplementation did not 

affect feed intake. Feed efficiency (gain:feed) was not affected by heat stress, however, was 



 
 

reduced by 34% in PF- animals (P<0.02). Supplementation tended to increase feed efficiency 

(P=0.0833). Average daily gain (ADG) was decreased 56% due to PF (P<0.001).  Metabolic 

flexibility was retained after environmental treatment in all groups except for HS, which decreased 

flexibility by 8% (P=0.053). There was no change in any measure of fatty acid oxidation 

(complete/incomplete/total) between treatments. Citrate synthase and cytochrome C oxidase 

activities were lower in HS- animals after treatment, compared to control (P<0.01). Blood glucose 

was lower in the HS- and PF group (P=0.05). Supplementation increased monocyte number in PF+ 

animals (P=0.02). CAPS-SUC supplementation helped to maintain metabolic flexibility during 

heat stress, and improved feed efficiency and immune response during nutrient restriction.  

Introduction 

Elevated environmental temperatures cause high thermal loads in humans and livestock 

that can lead to acute, chronic, and lethal heat related disorders such as heat stress (Wilkins and 

Wheeler, 2004). Homeothermic animals maintain a thermal neutral core body temperature within 

a narrow range in which cellular processes and enzymatic reactions function optimally. Outside of 

this range, high temperatures may cause a breakdown in proteins and cell death (Wilkins and 

Wheeler, 2004). As a result of reduced growth rates during periods of heat stress, major economic 

losses in animal production are observed (Hahn, 1999; Marai et al., 2007; Renaudeau et al., 2011), 

decreased fertility (Hennessy and Williamson, 1984; Nardone et al., 2006; Hansen, 2009; Mayorga 

et al., 2020), as well as increased morbidity and mortality (D'Allaire et al., 1996; Bishop-Williams 

et al., 2015).  

Heat stress responses are largely conserved across species. Respiration rate increases 

during hyperthermia, which is used to increase evaporative cooling through the mouth (Anderson 

and Bates, 1984; Patience et al., 2005). Radiant heat dissipation through the skin is assisted by a 



 
 

repartitioning of blood from splanchnic organs towards peripheral blood flow (Lambert, 2009). 

Pigs are especially susceptible to heat stress due to the negligible amount of cooling through 

sweating with heat regulation occurring mainly by respiration through evaporative cooling 

(Ingram, 1965). Modern strains of pigs have undergone genetic selection towards increased lean 

mass at the cost of increased metabolic rate and elevated endogenous thermal genesis thus 

increasing their susceptibility for heat stress related conditions (Nienaber et al., 1997; Baumgard 

and Rhoads, 2013a). Consequently, reduced blood and nutrient flow compromises intestinal 

epithelium integrity and function (Yan et al., 2006; Pearce et al., 2013a; Pearce et al., 2013c), 

which leads to changes in nutrient digestibility and absorption as well as endotoxemia, hypoxia, 

and inflammation (Hall et al., 2001; Pearce et al., 2013b). Behavioral changes such as a reduction 

in locomotion and a voluntary reduction in feed intake to reduce the metabolic thermic effect. 

However, this reduces growth and reproductive performances impairing profitability (Nienaber et 

al., 1997).  

Many management strategies have been implemented to alleviate the negative symptoms 

of heat stress in pig production. Fans and evaporative cooling systems have been used to decrease 

ambient temperature, while floor cooling, drip cooling, and snout cooling have been used to 

increase animal heat loss (McGlone et al., 1988; Silva et al., 2006). Nutritional interventions could 

be implemented to mitigate heat stress and are of particular interest due to the behavioral adaption 

of reduced feed intake during heat. Therefore, altering the composition of diets to reduce metabolic 

heat and increase available energy may help to reduce the heat stress response (Renaudeau et al., 

2008). Alternative to modifying the composition of the diet, functional feed additives can be added 

to feed in a low dose to help combat environmental conditions. Functional feed additives including 

plant extracts, essential oils, pre- and prebiotics have been used in livestock as alternatives to 



 
 

antibiotics because of their potential to improve gut health. These additives  modify immune 

functions, improve intestinal epithelium tight junctions, and alter the gut microbiome (De Lange 

et al., 2010).  Therefore, the use of functional feed additives may provide a cost-effective strategy 

to improve animal performance and gut functionality.       

Supplementation with feed additives such as high-intensity artificial sweetener improve 

gut function. Sugars and artificial sweeteners can stimulate taste receptors in the intestinal 

epithelium which increases the secretion of the gut hormone glucagon-like peptide (GLP)-2 and 

upregulates expression of the Na+/glucose co-transporter 1 (SGLT-1) (Drucker, 1996). Both GLP-

2 and SGLT-1 improve gut function and integrity as well as improve absorption. (Burrin et al., 

2007; Bahrami et al., 2010; Moran et al., 2010; Shi et al., 2013; Vegge et al., 2013). Therefore, 

artificial sweeteners improve intestinal health and nutrient absorption, and can be applied as a 

potential strategy to decrease the negative impacts of heat stress.   

In addition to artificial sweeteners, capsicum oleoresin, derived from hot peppers, has also 

been shown to improve gut function (Iwai et al., 2003; Leung, 2008). The principle component, 

Capsaicin, increases blood flow to tissues including gastric mucosa and provides a protective 

mechanism against noxious stimuli (Yonei et al., 1990). Capsicum oleoresin has anti-inflammatory 

properties on lymphocytes in the intestinal mucosa by modulating transcription of inflammatory 

genes (Kim et al., 2010; Nevius et al., 2012). When fed to weaned piglets, capsicum oleoresin 

improved growth performance, decreased the incidence of diarrhea and decreased the severity of 

immune response when challenged with Escherichia coli and porcine reproductive and respiratory 

syndrome virus (Liu et al., 2013a; Liu et al., 2013b).  

The use of a combination of artificial sweeteners and capsicum oleoresin (CAP-SUC) was 

found to improve feed efficiency over non-supplemented pigs during a 3 day heat stress period 



 
 

(Biggs et al., 2020). This increased efficiency resulted in supplemented animals gaining 0.12 kg 

more body weight per kilogram of feed than their non-supplemented counterparts. Increased body 

weight gain is mainly driven by skeletal muscle growth. As a result, skeletal muscle substrate 

usage can influence whole body metabolism. Metabolic flexibility is the ability to metabolize and 

switch between fuel substrates in order to adapt to changes in energy demands and activity 

(Goodpaster and Sparks, 2017). As a result of heat stress, muscle becomes less metabolically 

flexible and has limited use of non-esterified fatty acids (Zhao et al., 2018). The increased feed 

efficiency in CAP-SUC supplemented animals may be due to retained skeletal muscle metabolic 

flexibility.  

This study sought to ascertain the effects of feeding a combination of capsicum oleoresin 

and a high-intensity artificial sweetener on the ability to alleviate the negative effects of a chronic 

period of heat stress in growing pigs. We hypothesized that supplementation would improve 

growth performance and metabolic flexibility of challenged pigs and mitigate the severity of the 

heat stress response.   

Materials and Methods 

Animals and Treatments 

All procedures utilizing animals was approved by the Virginia Polytechnic Institute and 

State University Institutional Animal Care and Use Committee. Forty cross bred barrows were 

transported to Litton-Reaves Hall at 16.2kg±6kg and individually housed in one of similarly 

configured rooms. Both rooms were held at a 12 hour light dark cycle where light was provided 

between 0800 h and 2000 h. All animals were allowed a 7 day acclimation period in which rooms 

were maintained in thermal neutral conditions with ad libitum access to feed commercial diet based 

on NRC requirements and thermal neutral conditions (22°C) (Figure 5.1).  Animals (n=40) were 



 
 

weighed and assigned to one of five treatments upon arrival based on average body weight. The 

five treatments consisted of an ad libitum feed with heat stress conditions (HS), ad libitum feed 

with supplementation and heat stress conditions (HS+), pair-fed to heat stress in thermal neutral 

conditions (PF), pair-fed to HS+ in thermal neutral conditions with supplementation (PF+), and a 

thermal neutral control with ad libitum access to feed (C). Pigs in thermal neutral conditions were 

maintained at 22°C±1.2°C with 38%-73% relative humidity. Pigs in heat stressed treatments were 

exposed to a cyclical environmental temperature of 12 hours at 35°C±1.2°C with 27% to 45% 

relative humidity and 12 hours at 30°C±1.1°C with 24% to 35% relative humidity for 21 days. 

A feed additive containing >90% sodium saccharide and 0.18% capsaicinoids (CAPS-

SUC; TakTik X-Hit, Pancosma, Switzerland) was supplemented by mixing into feed at an 

inclusion rate of 0.1g/kg for the corresponding treatments upon arrival. Feed intake was recorded 

daily through a weigh back method by weighing feeders containing refused feed at 8am subtracted 

by empty feeder weight. Refused and discarded feed was subtracted from the amount given the 

previous day to determine feed intake. After the start of environmental treatments, the percent 

reduction in feed intake for pigs in the heat stress environment were determined daily for both 

dietary treatments (HS-and HS+), based on the animals average feed intake during the thermal 

neutral acclimation week. The average percent reduction for each treatment was then applied 

individually to the pair-fed animals accordingly.  

Temperature and humidity of each room were measured (Acurite model Thermal  Hygro, 

Bellingham, WA) and recorded three times daily (8am, 2pm, and 8pm). Heat and constant air 

circulation were maintained in the heat stress room using an electric forced air heater (model 

F3F551QT, TPI Corporation). Animals were monitored for signs of distress throughout the 

experiment three times daily (8am, 2pm, and 8pm). Rectal temperatures were monitored with 



 
 

(SureTemp  Plus, Welch Allyn, Skaneateles Falls, NY) and respiration rates (breaths/minute) 

via visual observation and a stopwatch were recorded at these times. Body weights were recorded 

upon arrival, before the advent of environmental treatments, and every 3 days after the start of 

environmental treatments until completion of the study using a Raytec AH300 Way Pig market 

hog scale (Ephrata, PA). 

Skeletal Muscle Biopsy  

Skeletal muscle biopsies were performed as described previously (Zhao et al., 2018). Prior 

to the start of environmental treatments pigs were fasted for 8 hours and placed under general 

anesthesia using isoflurane. An initial scan with Dual-energy X-ray absorptiometry (DEXA) 

(Prodigy Advance, General Electric, Boston, MA) was performed while animals were in sternal 

recumbency. Muscle biopsy of the Longissimus Dorsi (LD) was taken at approximately the first 

lumbar vertebrae. Biopsy sites were shaved and cleaned with betadine and 70% ethanol. A small 

incision (~1cm) was made with a scalpel and 10 gauge X 9 cm long Varcora Biopsy probe (Bard, 

Murray Hill, New Jersey) was inserted to collect the biopsy. Muscle samples from the biopsies 

were used for metabolism analysis at the Metabolic Phenotyping Core at Virginia Tech, and 

another stored at -80C for further analysis.  Substrate oxidation and metabolic flexibility were 

performed as previously described (Zhao et al., 2018). After tissue collection, the incisions sites 

were sutured with PGA Violet Braided Polyglycolic Absorbable Suture (Oasis, Mettawa, IL) and 

disinfected with Alushield (VetOne, Pasadena, CA).  

 At the termination of environmental treatments, animals were again DEXA scanned and a 

muscle biopsy of the contralateral LD was taken. Two days after environmental treatments 

ceased blood samples were collected, and animals were euthanized with sodium pentabartol 

under anesthesia. Tissues were collected within 10 minutes of death. The liver and the right 



 
 

longissimus dorsi (LD) muscle were removed and weighed. A one-inch section of the liver was 

rinsed with PBS and stored in phosphate buffered formalin for future histological analysis. 

Sections of the liver and LD were flash frozen in liquid nitrogen and stored at -80°C for further 

analysis.  

Blood Chemistry  

Blood samples were collected from the jugular vein using two 10mL BD vacutainer tubes 

containing either lithium heparin or EDTA (BD, Franklin Lakes NJ) under general anesthesia with 

isoflurane before the onset of environmental treatment and once every week for the remainder of 

the study. After each blood sample collection, plasma was separated from blood from the lithium 

heparin tube spun at 1500 x g at 4°C for 10 minutes aliquoted and stored at -80oC or sent to the 

Virginia-Maryland Regional College of Veterinary Medicine Animal Laboratory Services for 

blood metabolite analysis using a small animal profile (SAP), along with whole blood with EDTA 

for complete blood count (CBC). The SAP measured glucose, urea nitrogen, creatine, phosphorus, 

calcium, total protein, albumin, globulin, alanine aminotransferase, alkaline phosphatase (ALKP), 

Gamma-glutamyl transferase (GGT), total bilirubin, creatine kinase, cholesterol, triglycerides, 

sodium, potassium, chloride, CO2, and anion gap. The CBC measured red blood cell count (RBC), 

hemoglobin, hematocrit, pack cell volume (PCV), mean corpuscular volume (MVC), mean cell 

hemoglobin (MVH), mean corpuscular hemoglobin concentration (MCHC), red blood cell 

distribution width (RDW), nucleated red blood cells (nRBC), reticulocyte number, reticulocyte 

percent, blood cell count, monocytes, basophils, platelets, mean platelet volume (MPV), plasma 

protein, and fibrogenin.  

Statistical Analysis 



 
 

 Data analysis was performed using PRISM analytical software (version 8.1.0 for Windows, 

GraphPad Software, La Jolla California USA).  Sequential measures were analyzed through a 

mixed-effects model (REML) with time (daily: weight, RR, rectal temperature, and feed 

intake/weekly: blood chemistry/pre-post: skeletal muscle metabolism) factored as a repeated 

measure for individual animals.  Single point measures were evaluated using one-way ANOVA.  

Tukey multiple comparison analysis was used to evaluated differences between individual groups 

within the mixed-effects and one-way ANOVA models. The treatments TN, PF, and HS were 

compared with 2-way ANOVA with repeated measures when applicable. PF, PF+, HS, HS+ were 

analyzed with a 3-way ANOVA repeated measure ANOVA or 2-way ANOVA for single point 

measures. Statistical significance was set at an alpha value of 0.05.   

Results 

Rectal Temperature and Respiratory Rates 

Environmental conditions significantly altered rectal temperature (Figure 2) measures for 

overall average (P<0.001), daily high average (P <0.001), and daily low average (P <0.001).  With 

HS increasing all measures and PF decreasing all measures compared to TN controls (Table 5.1).  

Administration of product significantly altered average low temperature (P =0.032) driven mainly 

by increased average low temperatures of supplemented PF pigs (+0.29oC, P <0.001).  This 

increase in average low temperature of supplements PF pigs led to a significant interaction between 

product and environment for average temperatures (P =0.024) and average low temperatures 

(P=0.005).  RRs were also significantly altered by environment (P <0.0001), with RRs of HS pigs 

nearly double those of TN and PF pigs.  Product supplementation presented no detectible influence 

over RR (Table 5.2). 



 
 

Growth Performance  

Feed intake (P<0.001), feed efficiency (P <0.001), and average daily gain (P <0.001) were 

significantly altered by environment (Figure 5.3).  Feed intake was reduced in HS- pigs by ~12% 

which was matched in PF- pig (Table 5.1).  Supplementation did not affect feed intake (Table 2).  

Differences in feed efficiency were driven by decreases in PF- pigs (34%) as the feed efficiency 

of HS- pigs did not statistically differ from TN (50% vs 59%, respectively).  These results were 

mirrored by average daily gain with PF- pigs presenting with a much lower daily growth rates 

(0.66 kg/day) compared to HS- and TN pigs (0.54 kg/day vs 0.66 kg/day respectively).  

Supplementation trended to increase feed efficiency (P =0.083) but had no effect on average daily 

gain.  Neither environment nor supplementation influenced body-fat percentage (P =0.674), fat 

mass (P =0.307), lean mass (P=0.1808), or bone mineral content (P=0.184) (Tables 5.3 and 5.4).   

Environment altered liver weight (P =0.001) with both HS- and PF- pigs having reduced 

liver weights compared to TN (Figure 4).  This was matched with altered ALT expression due to 

environment (P=0.039).  With PF- increasing ALT expression over HS- and TN pigs (45.4±1.1, 

34.3±2.0, and 39.5.29±1.0, respectively).  Supplementation significantly altered liver weight 

(P=0.040) causing a strong interaction (P=0.037) with environment.  This interaction was driven 

mainly by the restoration of liver weight of PF animal due to supplementation (0.80±0.03 kg vs 

1.03±0.07kg, PF- vs PF+).  Supplementation trended to decrease ALT levels (P=0.0816), with 

supplementation reducing the ALT levels of PF animals (45.1±1.0 vs 37.4±0.6, P=0.0127).  Other 

liver function markers, bilirubin, urea nitrogen, and ALKP, were unaffected by environment or 

supplementation (Table 5.5 and 5.6).  



 
 

Muscle Dynamics 

Muscle oxidative measures were highly influenced by environmental conditions (Figure 

5.5).  PF- pigs exhibited reduced pyruvate oxidation from week one to week four (P=0.003).  Pigs 

under HS exhibited reduced citrate synthase (CS) (P=0.008), and Cytochrome C (CytoC) 

(P=0.002) activity and trended on a reduction in metabolic flexibility (P=0.054) from week one to 

four (Figure 5.6). Supplementation reduced pyruvate oxidation (P=0.012) and exhibited an 

interaction effect by ameliorating losses in metabolic flexibility of supplement HS pigs (P=0.537).   

Blood Chemistry 

Blood glucose (P=0.0185), and blood calcium (P=0.049) levels were reduced by HS and 

PF compared to TN.  Creatine kinase (CK) (P=0.002) levels were elevated by HS and reduced by 

PF compared to TN.  An interaction effect was observed between time, environmental condition 

and, supplementation (P=0.0363) for blood calcium levels driven mainly by the 9.4% increase in 

supplemented PF animals form week one to week four. An interaction (P=0.026) was also 

observed between time and supplementation for creatine kinase levels as well as an interaction of 

time by environment by supplementation (P=0.035). 

Discussion  

Supplementation with CAP-SUC during acute heat stress improved feed:gain ratio in pigs 

(Biggs et al., 2020). Due to this, the current study sought to examine the efficacy of CAPS-SUC 

to mitigate the negative effects heat stress on pig performance and muscle metabolism during 

chronic heat stress. By design, our heat stress protocol resulted in marked hyperthermia. Our 

protocol utilized temperatures of 35oC for 12 hours during the day and 30oC for 12 hours during 

the night to mimic a natural circadian pattern while maintaining a consistently higher heat load 

than that of the thermal neutral controls. As expected, pigs subjected to heat stress exhibited a 0.4  



 
 

oC increase in rectal temperature accompanied by a higher respiratory rate than pigs in thermal 

neutral conditions, which has been consistently observed in both chronic and acute heat stress 

(Boddicker et al., 2014; Ganesan et al., 2017; Volodina et al., 2017). A persistent, elevated rectal 

temperature was observed for the duration of the 28-day environmental treatment. Increased 

respiratory rate in heat stressed animals helps to regulate body temperature during heat stress 

through evaporative cooling and moisture loss in the airways (Baumgard and Rhoads, 2013b). 

While CAP-SUC increased respiratory rate in heat stressed animals during acute heat stress (Biggs 

et al., 2020), no differences between HS- and HS+ were observed in this study. During periods of 

heat stress, visceral blood flow is directed towards the skin to increase heat loss (Lambert, 2009). 

Supplementing CAP-SUC may redirect visceral blood flow back to the gut during heat stress by 

stimulating secretion of GLP-2, which has been shown to increase intestinal blood flow (Guan et 

al., 2006; Stephens et al., 2006),  and may result in the need for increased respiration to dissipate 

heat instead of through radiant heat dissipation. The diurnal heat stress pattern used in this study 

was not as aggressive of a heat stress as used in Biggs et al., 2020 which may account for the lack 

of differences in respiratory rates in supplemented animals. Rectal temperatures in pair-fed animals 

in thermal neutral condition were lower than control animals. The reduction in body temperature 

due to pair-feeding may be attributed to the reduced amount of metabolic heat production 

associated with the decline in plane of nutrition (Pearce et al., 2013b). 

In the current study, hyperthermia reduced feed intake regardless of supplementation. A 

reduction in feed intake due to heat stress has been well documented in pigs, cattle, sheep, chicken, 

and goats (Yalcin et al., 2001; Rhoads et al., 2009; Sohail et al., 2012; Pearce et al., 2013b; Salama 

et al., 2014). This immediate reduction in appetite may be an adaptive strategy to minimize 

metabolic heat production (Collin et al., 2001; Pearce et al., 2013b). Studies have shown nutrient 



 
 

restriction due to a reduced voluntary feed intake is not the sole cause of the negative effects of 

heat stress (Pearce et al., 2013b), and caloric restriction alone has its own effects on growth and 

metabolism. Many of the adverse consequences of heat stress are also observed with a low plane 

of nutrition, therefore, we used a pair-fed control in thermal neutral conditions to mimic the 

behavioral reduction in feed intake observed during heat stress to elucidate the indirect effects of 

plane of nutrition. However, it should be noted that feeding pattern may be different between 

groups, as heat stressed pigs may eat many small frequent meals throughout the day (Collin et al., 

2001; Zhao et al., 2018), while pair-fed pigs were given meals twice daily. 

Final body weight was not affected by heat stress with or without supplementation 

compared to the thermal neutral controls. Average daily gain was reduced in heat stressed and 

pair-fed animals.  Feed efficiency, calculated by the ratio of average weight of gain per day (kg) 

over average feed consumption per day (kg), was not impacted by heat stress, however, 

supplementation had a tendency to increase feed efficiency. This difference may indicate that 

supplementation was able to improve efficiency. This is consistent with our previous study in 

which supplementation with CAPS-SUC improved feed efficiency in heat stressed and pair-fed 

pigs (Biggs et al., 2020). Since pair-fed animals were given access to a limited amount of feed, the 

ability of PF+ animals to be more efficient than PF animals is of importance. Together with PF+ 

animals exhibiting a higher final body weight suggests that supplementation of CAPS-SUC was 

able to influence the ability of animals in nutrient restricted conditions to gain weight. It is well 

documented that reductions in feed intake have deleterious effects on intestinal health (Ferraris 

and Carey, 2000; Pearce et al., 2013a; Kvidera et al., 2017b), which may be the cause of reduced 

feed efficiency in PF animals. Supplementing with CAP-SUC has been previously shown to 

increase in feed efficiency, however, no significant morphological changes to the intestine were 



 
 

observed, which may be due to a shorter duration of heat stress treatment (Biggs et al., 2020). 

Previous studies have shown that acute heat stress can reduce the transepithelial electrical 

resistance, a measure of barrier function and integrity (Pearce et al., 2012). Although the study by 

Biggs et al. (2020) did not observe differences in intestinal morphology, CAP-SUC may help to 

improve the intestinal integrity and nutrient transport. Sugars and artificial sweeteners can 

stimulate the secretion of the gut hormone glucagon-like peptide (GLP)-2 and upregulates 

expression of SGLT-1 (Drucker, 1996). Glucagon-like peptide-2 is a potent gastroprotective agent 

that increases blood flow (Stephens et al., 2006), stimulates mucosal growth (Moran et al., 2010; 

Vegge et al., 2013), reduces the inflammatory response (Cani et al., 2009), prevents cell death 

(Burrin et al., 2007), and maintains glucose homeostasis (Bahrami et al., 2010; Shi et al., 2013).  

Supplementing artificial sweeteners upregulates SGLT-1 which enhances gut absorption, and 

improves gut morphology via increases villus and tight junction strength in pigs and ruminants 

(Moran et al., 2010; Moran et al., 2014).  During feed restriction, GLP-2 which has been shown to 

improve intestinal morphology (Kvidera et al., 2017b). Due to the voluntary reduction in feed 

intake that occurs in heat stress and the designed reduction in feed with pair-feeding, 

supplementing with artificial sweeteners like in CAP-SUC may improve gut function. 

Furthermore, SGLT-1 is the most sensitive glucose transporter in the gut to oxidative stress 

(Andrade et al., 2018), which occurs during heat stress. Since artificial sweeteners upregulate 

SGLT-1, it may provide increased absorption of glucose. Mechanistically, supplementation with 

CAPS-SUC may improve intestinal morphology and nutrient uptake to improve efficiency in feed 

restricted animals as seen in the present study and by Biggs et al., 2020.  

Maintaining metabolic flexibility is critical for overall metabolic health, loss of which is a 

key component in heat stress induced conditions (illness, mortality, etc.) (Meex et al., 2010; Zhao 



 
 

et al., 2018). Feed restricted animals utilize free fatty acids from adipose tissue as an additional 

energy source as well as a glucose sparing mechanism. In the current study, fatty acid oxidation 

was not different between treatments pre or post environmental treatments. However, pyruvate 

oxidation did decrease in treatments except for heat stressed pigs. In our previous study, heat stress 

decreased metabolic flexibility and limited the ability to use non-esterified fatty acids whereas 

pair-fed animals maintained metabolic flexibility and increased fatty acid oxidation (Zhao et al., 

2018). Consistent with this study, HS- animals did not retain metabolic flexibility. 

Supplementation supported metabolic flexibility and mitigated the negative effects of 

environment. Since pair-fed pigs had a similar metabolic flexibility to control pigs, heat stress pigs 

may not utilize fatty acids as their primary fuel source. This finding is consistent with previous 

studies that suggest FFAs from adipose tissue do not mobilize during periods of heat stress, and 

skeletal muscle does not utilize FFA as a fuel source. Activation of toll-like receptor 4 (TLR4) has 

been shown to alter metabolic flexibility and fatty acid oxidation (Frisard et al., 2010). It is possible 

that compromised gut integrity due to heat stress shunting blood away from the splenic bed leads 

to an increase in endotoxin release into the body, therefore causing altered metabolism and through 

the activation of TLR4.  

In the current study, glucose levels in circulation tended to decrease in heat stressed animals 

compared to control animals. A decrease in circulating glucose is consistent with previous studies 

using other species including cattle (Nardone et al., 1997; Itoh et al., 1998; Ronchi et al., 1999; 

O’brien et al., 2010), chickens (Rahimi, 2005), and rats (Mitev et al., 2005). Studies have attributed 

this decrease in glucose to a heat induced increase in circulating basal insulin concentrations in 

cattle, pigs and mice (Elsasser et al., 2009; O’brien et al., 2010; Wheelock et al., 2010; Baumgard 

and Rhoads, 2013b; Biggs et al., 2020). During acute heat stress, CAP-SUC supplementation had 



 
 

a tendency to decrease circulating glucose levels (Biggs et al., 2020). Previous studies have 

demonstrated that dietary capsaicin decreases circulating blood glucose, and increases glucose 

clearance (Karlsson et al., 1994; Tolan et al., 2001; Gram et al., 2005). However, other studies 

have reported an increase in blood glucose levels after heat stress in chickens (Garriga et al., 2006), 

rabbits (Marder et al., 1990), and sows (Prunier et al., 1997). It has been demonstrated that during 

acute heat stress in sows, ileal glucose transport activity increased after 24 hours with a tendency 

towards and increased GLUT-2 transporters (Pearce et al., 2013c). The response of blood glucose 

levels during heat stress may differ due to a variety of parameters, including species, duration and 

magnitude of heat stress, and stage of growth.  

Creatinine, creatine kinase (CK), and blood urea nitrogen (BUN) are end products of 

metabolism and their circulating levels often used as markers of muscle catabolism during stress 

(Hosten, 1990). In this study, there were no differences in creatinine levels between treatments, 

however, heat stress increased CK levels. These results are consistent with other heat stress studies 

(Kachadorian and Johnson, 1972; Marder et al., 1990; Pearce et al., 2013b; Biggs et al., 2020). 

Previous studies suggest that capsaicin reduced levels of BUN, creatinine, and CK, however in 

this study, supplementation had no effect on creatinine, CK, or BUN. Capsaicin supplementation 

reduced the levels of circulating creatinine and CK in mice after exercise demonstrating a decrease 

in muscle damage (Hsu et al., 2016). In this study BUN did not differ between treatments unlike 

previous studies in which BUN was initially increased after 1 day of heat stress and was reduced 

after day 3 (Pearce et al., 2013b). However, it is possible that our sampling timepoint after 7 days 

of heat stress did not capture this initial spike in BUN.   

Alanine amino-transferase (ALT) has been utilized as an indicator of liver necrosis as 

damaged hepatocytes leak ALT so that activity or amount in blood increase compared to animals 



 
 

with healthy hepatic function. ALT may also become elevated during muscle damage or necrosis 

(Janssen et al., 1989).  Previous reports have documented increased ALT during heat stress in 

sheep, goats, cattle, and rabbits (Georgie et al., 1973; More et al., 1980; Kataria and Bhatia, 1991; 

Abdelatif and Modawi, 1994; Nazifi et al., 2003). Herein, heat stressed animals had lower plasma 

ALT than control animals, and PF animals had higher ALT than their HS- counterparts. 

Supplementation further reduced plasma ALT. Gamma-glutamyl transferase (GGT) is an enzyme 

present in the hepatocytes and bile duct epithelial cells and is also used as an indicator of liver 

function (Abdelatif and Modawi, 1994). Elevated serum GGT are associated with bile duct lesions 

and liver damage. In this study, HS- did not increase GGT compared to control animals, however 

HS+ animals had elevated GGT over their non supplemented counterparts. Interestingly, 

ectoplasmic GGT has been associated with the generation of reactive oxygen species and oxidative 

stress (Drozdz et al., 1998), however, the correlation between cellular GGT and circulating GGT 

is not well understood. A basis for the discrepancy between evident liver health in the current study 

versus the literature is not readily apparent, however the susceptibility of the liver to damage and/or 

dysfunction during heat stress warrants further examination. 

Heat stress often leads to an immune response, which can reduce growth and productivity 

(Morrow-Tesch et al., 1994; Hall et al., 2001; Mashaly et al., 2004). Immuno-activation alters the 

nutrient partitioning away from economically important phenotypes and towards stimulated 

leukocytes which have a large energetic and amino acid requirement, contributing to reduced 

profitability (Johnson, 2012; Kvidera et al., 2017a). Capsaicin supplementation in dogs has been 

shown to reduce monocytes by 2.4x10-4 compared to control groups (Tolan et al., 2001). However, 

in a previous study, CAP-SUC supplementation during acute heat stress in pigs resulted in an 

increase in monocyte count in HS- groups when compared to PF animals (Biggs et al., 2020). This 



 
 

is consistent with the current study where PF reduced monocyte count compared to other 

treatments, however, supplementation was able to recover monocyte count in PF+ animals to that 

of TN animals. Biggs et al., (2020) also reported an increase in basophil levels when animals were 

supplemented regardless of environmental treatments, however, in the current study, no 

differences were observed between treatments. A reduction in lymphocyte count has been 

observed in previous studies when animals were exposed to heat stress treatments in pigs and in 

chickens (Mashaly et al., 2004; Biggs et al., 2020). The current study did not observe differences 

in lymphocyte number in heat stress treatments. It is likely that differences in the duration and 

severity of the heat stress treatments between the studies account for the differential observed 

immune response. Temporal investigations into the heat stress altered immune response may be 

critical to therapeutic applications designed to support the immune system in a time-dependent 

manner during heat stress. 

Conclusion 

Heat stress is a prevalent problem in agriculture that has marked consequences on animal health 

and performance. This study tested the efficacy of a capsicum oleoresin and artificial sweetener 

supplement on its ability to mitigate chronic heat stress and modulate muscle metabolism. 

Supplementation improved average daily gain during heat stress but did not improve final weight 

over those supplemented. Interestingly, supplementation supported the maintenance of metabolic 

flexibility during heat stress, and thus, the ability for differential use of fuel substrates. The benefits 

of enhanced metabolic flexibility in a production setting and in the face of stressors warrants 

further investigation.  
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Figures 

  
Figure 5.1 Schematic representation of experimental timeline 

 



 
 

 
Figure 5.2 The effects of a 21 day heat stress treatment on rectal temperatures and respiratory 

rates on CAPS-SUC supplemented and non-supplemented pig. Average rectal temperatures 

(A,B), and respiratory rates (C,D) of pigs subjected to HS- (heat stress), HS+ (heat stress with 

supplementation), PF (Pair-fed to heat stress), PF+ (Pair-fed to heat stress with supplementation), 

and TN (thermal neutral, ad. lib. fed).  Data are reported as means ± SEM. 

  

TN HS- PF-
38.0

38.5

39.0

39.5

40.0
R

e
c
ta

l 
T
e
m

p
e
ra

tu
re

 (
C

°)
Environment P<0.001

TN HS- PF-

0

20

40

60

80

100

R
e
s
p

ir
a
ti

o
n

 R
a
te

 (
b

p
m

)

Environment P>0.001

TN HS- PF-

0.0

0.5

1.0

1.5

F
e
e
d

 I
n

ta
k
e
 (

k
g

/d
a
y
)

HS- HS+ PF- PF+

38.0

38.5

39.0

39.5

40.0

R
e
c
ta

l 
T
e
m

p
e
ra

tu
re

 (
C

°)

Environment P<0.001

Time x Environment P<0.001

Environment x Product P=0.02

HS- HS+ PF- PF+

0

20

40

60

80

100

R
e
s
p

ir
a
ti

o
n

 R
a
te

 (
b

p
m

)

Environment P<0.001

Product P=0.03

Time x Environment P<0.001

HS- HS+ PF- PF+

0.0

0.5

1.0

1.5

F
e
e
d

 I
n

ta
k
e
 (

k
g

/d
a
y
)

A

C

E

B

D

F



 
 

 
Figure 5.3 Growth performance of pigs after a 21 day heat stress treatment with or without 

CAPS-SUC supplementation. Average group performance values for average daily gain (A,B), 

average daily feed intake (C,D), and average feed efficiency (E,F) of pigs assigned to HS- (heat 

stress), HS+ (heat stress with supplementation), PF (Pair-fed to heat stress), PF+ (Pair-fed to heat 

stress with supplementation), or TN (thermal neutral, ad. lib. fed).  Data are reported as means ± 

SEM.   

TN HS- PF-

0.0

0.2

0.4

0.6

0.8
A

v
e
ra

g
e
 D

a
il
y
 G

a
in

(k
g

/d
a
y
)

Enviornment P<0.0001

TN HS- PF-

0.0

0.5

1.0

1.5

F
e
e
d

 I
n

ta
k
e
 (

k
g

/d
a
y
)

TN HS- PF-

0.0

0.2

0.4

0.6

0.8

F
e
e
d

 E
ff

ic
ie

n
c
y
 (

in
ta

k
e
/g

ro
w

th
) Enviornment P=0.002

HS- HS+ PF- PF+

0.0

0.2

0.4

0.6

0.8

A
v
e
ra

g
e
 D

a
il
y
 G

a
in

(k
g

/d
a
y
)

Environment P=0.004

HS- HS+ PF- PF+

0.0

0.5

1.0

1.5

F
e
e
d

 I
n

ta
k
e
 (

k
g

/d
a
y
)

HS- HS+ PF- PF+

0.0

0.2

0.4

0.6

0.8

F
e
e
d

 E
ff

ic
ie

n
c
y
 (

in
ta

k
e
/g

ro
w

th
) Environment P=0.01

Product P=0.08

A

C

E

B

D

F



 
 

 
Figure 5.4 The effects heat stress on body, liver, and longissimus dorsi weight of CAPS-SUC 

supplemented and non-supplemented pigs. Average group performance values weight (A,B), 

longissimus dorsi weight (C,D), liver weight (E,F) of pigs assigned to HS- (heat stress), HS+ 

(heat stress with supplementation), PF (Pair-fed to heat stress), PF+ (Pair-fed to heat stress with 

supplementation), or TN (thermal neutral, ad. lib. Fed) Data are reported as means SEM.  
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Figure 5.5  The effects of heat stress on fatty acid oxidation on pigs with or without CAPS-SUC 

supplementation. Pre and post  heat stress values of complete fatty acid oxidation (FAO) (A,B), 

incomplete FAO (C,D), total FAO, (E,F), pyruvate oxidation (G,H), and metabolic flexibility 

(I,J) of pigs assigned to HS- (heat stress), HS+ (heat stress with supplementation), PF (Pair-fed 

to heat stress), PF+ (Pair-fed to heat stress with supplementation), or TN (thermal neutral, ad. lib. 

fed). Data are reported as means ±SEM.  
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Figure 5.6 The effects of heat stress on enzyme function on pigs with or without CAPS-SUC 

supplementation. Pre and post heat stress values of enzyme function for citrate synthase (A,B), 

malate dehydrogenase (C,D), and cytochrome C oxidase (E,F) of pigs assigned to HS- (heat 

stress), HS+ (heat stress with supplementation), PF (Pair-fed to heat stress), PF+ (Pair-fed to heat 

stress with supplementation), or TN (thermal neutral, ad. lib. fed). Data are reported as means 

±SEM. 
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Tables 

Table 5.1 Effects of heat stress supplementation on growth parameters and body composition 

measures in pigs. 

Measure Week 

Thermal 

Neutral Heat Stress 

Pair Fed to 

HS 

P-value 

Time Environment 
Time x 

Environment 

Weight (kg) 1 20.86±1.14 19.31±0.43 21.00±1.28 <0.001**** 0.154 <0.001**** 

  
4 36.71±1.92 31.13±0.93 29.69±1.55 

   

Average Temp (°C) 1-4 39.24±0.02 39.64±0.02 39.06±0.02 0.008** <0.001**** 0.006** 

Avg. High Temp (°C) 1-4 39.44±0.03 39.95±0.03 39.32±0.02 0.052" <0.001**** 0.010* 

Avg. Low Temp (°C) 1-4 38.98±0.04 39.32±0.02 38.77±0.03 0.158 <0.001**** 0.005** 

Respiratory rate (BPM) 1-4 46.01±0.54 86.32±1.52 46.72±0.49 0.035* <0.001**** <0.001**** 

Feed Intake (kg/day) 1-4 1.27±0.02 1.12±0.03 1.22±0.02 0.057 0.357 <0.001*** 

Feed efficiency 

(intake/growth) 
1-4 0.59±0.14 0.50±0.11 0.34±0.09 <0.001**** 0.002** 0.042* 

Avg. Daily Gain 

(kg/day) 
1-4 0.66±0.04 0.54±0.04 0.37±0.03 

 

<0.001*** 

 

LD (kg) 4 0.76±0.06 0.64±0.03 0.65±0.05 

 

0.186 

 

Liver (kg) 4 1.07±0.06 0.97±0.04 0.80±0.03 
  

0.001** 
  

 Measures of animal performance after 21-day treatment of heat stress, Pair-fed to heat stress, 

and thermal neutral, ad. lib. fed.  Data are reported as means ± SEM. Statistical differences were 

accepted as significant at P<0.05 or a tendency at P<0.10. 

  



 
 

Table 5.2 Effects of heat stress and CAPS-SUC supplementation on growth parameters and body composition measures in pigs. 

Measure Week Heat Stress 

Heat Stress + 

Product 

Pair Fed to 

HS 

Pair Fed to 

HS + Product 

P-value 

Time Environment Product 

Time x 

Environment 

Time x 

Product 

Environment 

x Product 

Time x 

Environment x 

Product 

Weight (kg) 1 19.31±0.43 19.5±1.06 21±1.28 20.17±1.25 <0.001**** 0.869 0.576 <0.001**** 0.054" 0.741 0.103 

  
4 31.13±0.93 31.56±1.81 29.69±1.55 32.08±2.12 

       

Average Temp 

(°C) 
1-4 39.64±0.02 39.6±0.02 39.06±0.02 39.29±0.02 0.009** <0.001**** 0.113 <0.001**** 0.892 0.024* 0.764 

Avg. High Temp 

(°C) 
1-4 39.95±0.03 39.92±0.03 39.32±0.02 39.51±0.04 0.041* <0.001**** 0.329 <0.001**** 0.35 0.158 0.248 

Avg. Low Temp 

(°C) 
1-4 39.32±0.02 39.28±0.02 38.77±0.03 39.06±0.02 0.286 <0.001**** 0.032* 0.002** 0.494 0.005** 0.821 

Respiratory rate 

(BPM) 
1-4 86.32±1.52 83.83±1.7 46.72±0.49 46.15±0.65 <0.001*** <0.001**** 0.697 <0.001**** 0.751 0.801 0.768 

Feed Intake 

(kg/day) 
1-4 1.12±0.03 1.14±0.02 1.22±0.02 1.21±0.02 0.019* 0.249 0.947 <0.001**** 0.771 0.757 0.868 

Feed efficiency 

(intake/growth) 
1-4 0.50±0.11 0.55±0.11 0.34±0.09 0.46±0.12 <0.001**** 0.013* 0.083" 0.454 0.444 0.57 0.162 

Avg. Daily Gain 

(kg/day) 
1-4 0.54±0.04 0.55±0.04 0.37±0.03 0.48±0.04 0.29 0.004** 0.124 

  

0.184 

 

LD (kg) 4 0.64±0.03 0.65±0.04 0.65±0.05 0.67±0.06 

 

0.713 0.825 

  

0.967 

 

Liver (kg) 4 0.97±0.04 0.96±0.07 0.8±0.03 1.03±0.07 
  

0.331 0.040* 
    

0.037* 
  

 Measures of animal body composition after 21-day treatment of heat stress, heat stress with supplementation, Pair-fed to heat stress, 

Pair-fed to heat stress with supplementation.  Data are reported as means ± SEM. Statistical differences were accepted as significant at 

P<0.05 or a tendency at P<0.10. 



 
 

Table 5.3 Effects of heat stress on body composition 

Measure Week Thermal Neutral Heat Stress Pair-fed to HS 

P-value 

Time Environment 
Time x 

Environment 

Body Fat% 1 6.13±0.47 5.7±0.27 6.4±0.51 <0.0001**** 0.6737 0.0089** 

  4 9.57±0.65 8.78±0.41 8.55±0.61 

   

Tissue (g) 1 21322±1256.12 19984.13±465.46 21470.25±1482.64 <0.0001**** 0.1793 <0.0001**** 

  4 35935.57±1777.9 32032.25±998.8 29287.63±1406.44 

   

Fat (g) 1 1343.86±170.36 1145.38±65.64 1431.75±203.94 <0.0001**** 0.307 0.0013** 

  4 3495.86±363.22 2829.5±174.63 2581.88±294.41 

   

Lean (g) 1 19978.43±1102.25 18838.75±435.75 20042.25±1285.98 <0.0001**** 0.1808 <0.0001 **** 

  4 32439.86±1486.82 29202.63±903.97 26906.25±1051.12 

   

Bone Mineral 
Composition 

(g) 

1 286.01±20.13 262.31±11.1 275.03±20.91 <0.0001**** 0.2805 0.0509" 

  
4 487.41±35.79 415.78±22.07 417.73±24.42 

   

Fat Free (g) 1 20264.43±1120.51 19226.13±452.28 20317.38±1302.71 <0.0001**** 0.1842 <0.0001**** 

  
4 32927.29±1518.32 29618.38±920.2 27324±1072.61 

      

Measures of animal body composition after 21-day treatment of heat stress, heat stress with 

supplementation, Pair-fed to heat stress, Pair-fed to heat stress with supplementation.  Data are 

reported as means ± SEM. Statistical differences were accepted as significant at P<0.05 or a 

tendency at P<0.10. 

  



 
 

Table 5.4 Effects of heat stress and CAP-SUC supplementation on body composition 

Measure Week Heat Stress 

Heat Stress + 

Product Pair Fed to HS 

Pair Fed to HS + 

Product 

P-value 

Time Environment Product 

Time x 

Environment 

Time x 

Product 

Environment 

x Product 

Time x 

Environment x 

Product 

Body Fat% 1 5.7±0.3 6.18±0.4 6.4±0.5 6.05±0.37 <0.001**** 0.921 0.647 0.202 0.389 0.697 0.235 

  4 8.78±0.41 9.13±0.56 8.55±0.61 8.97±0.87 

       

Tissue (g) 1 19984.1±465.5 20245.1±1023.9 21470.3±1482.6 20896.5±1027.9 <0.001**** 0.837 0.94 0.422 0.962 0.530 0.162 

  4 32032.25±998.8 29682.0±3466.0 29287.6±1406.4 31504.7±1797.3 

       

Fat (g) 1 1145.4±65.6 1269.38±129.22 1431.8±203.9 1282.0±124.7 <0.001**** 0.967 0.576 0.137 0.209 0.895 0.302 

  4 2829.5±174.6 3001.3±289.4 2581.9±294.4 2914.8±447.8 

       

Lean (g) 1 18838.8±435.8 18975.38±907.5 20042.3±1285.9 19614.5±930.9 <0.001**** 0.801 0.741 0.003** 0.183 0.783 0.124 

  4 29202.63±903.9 29180.88±1419.9 26906.3±1051.1 28589.83±1393.1 

       

Bone Mineral 

Composition 

(g) 

1 262.31±11.1 255.05±13.5 275.03±20.9 263.62±17.4 <0.001**** 0.648 0.709 0.848 0.814 0.932 0.660 

4 415.78±22.1 405.01±28.4 417.73±24.4 417.82±23.5 

       

Fat Free (g) 1 19226.1±452.3 19230.4±919.2 20317.4±1302.7 19878.2±947.0 <0.001**** 0.788 0.773 0.005** 0.171 0.763 0.157 

  4 29618.4±920.2 29586.0±1445.8 27324.0±1072.6 29007.3±1414.6               

Measures of animal performance after 21-day treatment of heat stress, heat stress with supplementation, Pair-fed to heat stress, Pair-

fed to heat stress with supplementation. Data are reported as means ± SEM. Statistical differences were accepted as significant at 

P<0.05 or a tendency at P<0.10. 



 
 

1 

Table 5.5 Effects of heat stress on blood chemistry parameter in pigs. 

Measure Week 

Thermal 

Neutral Heat Stress Pair Fed to HS 

P-value 

Time 
Environ-

ment 

Time x 

Environ-

ment 

Glucose 1 103.57±4.19 104.13±3.68 100±3.19 0.097" 0.019* 0.419 

(mg/dL) 2 111.17±2.37 104±6.84 100.88±3.28 

   

  3 108.17±2.51 98.88±4.59 95.5±2.49 

   

  4 107.57±3.41 96.88±4 90.5±2.72 

   

Urea Nitrogen 1 9.86±1.03 12.38±2.46 8.88±0.69 0.490 0.462 0.271 

(mg/dL) 2 10±1.1 10.6±0.93 8.75±1 

   

  3 10.33±1.09 9.5±0.65 9.13±0.61 

   

  4 9.71±0.89 9±0.63 9.63±0.78 

   

Creatinine 1 0.69±0.02 0.78±0.13 0.7±0.04 <0.001**** 0.205 0.096 

(mg/dL) 2 0.73±0.03 0.82±0.01 0.82±0.04 

   

  3 0.79±0.03 0.95±0.05 0.98±0.05 

   

  4 0.89±0.04 1.02±0.08 1.09±0.08 

   

Phosphorous 1 7.43±0.48 7.55±0.32 7.45±0.3 0.795 0.909 0.833 

(mg/dL) 2 7.7±0.3 7.24±0.42 7.25±0.25 

   

  3 7.17±0.32 7.6±0.09 7.56±0.15 

   

  4 7.37±0.33 7.46±0.32 7.15±0.3 

   

Calcium 1 10.24±0.25 10.03±0.18 9.85±0.22 0.155 0.049* 0.278 

(mg/dL) 2 10.1±0.19 9.98±0.15 9.99±0.26 

   

  3 10.47±0.2 10.04±0.14 9.84±0.16 

   

  4 10.87±0.21 10.04±0.17 10.01±0.13 

   

Total Protein 1 4.83±0.12 4.89±0.2 4.48±0.11 <0.001**** 0.526 0.429 

(g/dL) 2 5.13±0.13 5.04±0.09 5.06±0.2 

   

  3 5.47±0.13 5.44±0.11 5.26±0.19 

   

  4 5.59±0.19 5.45±0.13 5.34±0.22 

   

Albumin 1 2.41±0.11 2.54±0.11 2.21±0.12 <0.001**** 0.364 0.337 

(g/dL) 2 2.72±0.14 2.68±0.1 2.56±0.15 

   

  3 3±0.13 2.94±0.13 2.71±0.14 

   

  4 3±0.13 2.85±0.13 2.74±0.13 

   

Globulin 1 2.43±0.12 2.36±0.14 2.26±0.08 0.003** 0.995 0.636 

(g/dL) 2 2.42±0.13 2.36±0.04 2.5±0.1 

   

  3 2.5±0.09 2.51±0.13 2.55±0.1 

   

  4 2.6±0.15 2.61±0.18 2.63±0.13 

   

ALT 1 40.29±1.91 37.25±3.48 46.13±4.9 0.029* 0.039* 0.844 

(U/L) 2 41.67±3.31 37.6±5.52 46.63±4.27 

   

  3 39±2.35 33.63±1.65 46.75±5.06 

   

  4 37.14±1.75 28.88±1.65 42.25±4.05 

   

ALKP 1 217.14±15.69 224.88±13.71 234.88±10.52 0.005** 0.419 0.398 

(U/L) 2 207.17±15.88 187.6±19.21 217.88±8 

   

  3 188.83±18.89 187.38±20.84 203±13.44 

   

  4 204.71±19.77 172±20.48 212.38±7.86 

   

GGT 1 26.57±3 26.38±4.02 29.63±3.34 0.059" 0.331 0.356 

(U/L) 2 28.33±2.56 24.2±4.85 40.13±4.32 

   



 
 

  3 29.33±3.53 27.5±4.54 35.25±3.94 
   

  4 28.71±2.69 26.63±4.52 31.88±3.98 
   

Total Bilirubin  1 0.09±0.01 0.09±0.01 0.06±0.02 0.185 0.247 0.797 

(mg/dL) 2 0.1±0 0.1±0 0.08±0.02 
   

  3 0.1±0 0.1±0 0.1±0 
   

  4 0.09±0.01 0.09±0.01 0.09±0.01 
   

CK 1 614.57±116.37 1223.13±350.33 755.88±130.11 0.148 0.002** 0.111 

(U/L) 2 928±285.68 2443.8±724.56 681.75±191.51 
   

  3 1156.83±416.54 1312.63±283.85 559.13±140.18 
   

  4 1051.86±227.71 1127.63±233.63 386.38±56.8 
   

Cholestrol 1 70.71±3.52 70.88±5.36 76.25±2.51 0.174 0.464 0.735 

(mg/dL) 2 70±2.29 75.2±6.22 81.88±3.27 
   

  3 75.17±2.64 73.13±5.81 79.5±3.14 
   

  4 74.57±3.82 72.38±5.54 77.13±3.84 
   

TAG 1 49.29±4.52 50.75±5.57 48.75±5.86 0.651 0.536 0.458 

(mg/dL) 2 45.5±3.62 48.6±8.02 41.88±2.69 
   

  3 44.17±5.7 57.13±7.87 44±4.49 
   

  4 50.14±5.48 44.5±4.53 45.38±2.31 
   

Sodium 1 141.86±0.34 141.5±1.84 141.25±0.41 0.171 0.023* 0.268 

(mEq/L) 2 141.83±0.83 140.8±0.58 141.13±0.58 
   

  3 141.83±0.54 138.88±0.55 140.63±0.63 
   

  4 142.14±0.8 138.13±0.67 140.63±0.6 
   

Potassium 1 3.96±0.09 4.18±0.16 4.06±0.11 0.039* 0.849 <0.001**** 

(mEq/L) 2 3.8±0.05 4±0.11 3.96±0.07 
   

  3 3.83±0.07 3.84±0.06 4.11±0.1 
   

  4 4.39±0.11 3.89±0.06 3.96±0.1 
   

Chloride 1 102.29±0.52 102.13±0.88 102.75±0.16 0.008** 0.675 0.394 

(mEq/L) 2 101.67±0.8 102±0.32 102.13±0.55 
   

  3 101.83±0.98 101.5±0.53 101.88±0.58 
   

  4 102±0.58 100.25±0.49 101.13±0.44 
   

CO2 1 30.71±0.47 29.5±0.63 30.75±0.41 0.178 0.041* 0.172 

(mEq/L) 2 30.67±0.56 29.4±0.87 30±0.46 
   

  3 31.83±0.79 29.13±0.61 30.63±0.42 
   

  4 29.43±0.53 29±0.8 30.75±0.59 
   

Anion Gap 1 12.81±0.46 14.05±0.99 11.81±0.21 0.011* 0.176 0.009** 

(mEq/L) 2 13.3±0.34 13.4±0.54 12.96±0.35 
   

  3 12±0.34 12.09±0.62 12.24±0.35 
   

  4 15.1±0.58 12.75±0.58 12.71±0.62       

Measures blood chemistry during a 21-day treatment of HS- (heat stress), PF- (Pair-fed to heat 

stress), and TN (thermal neutral, ad. lib. fed). Data are reported as means ± SEM. Statistical 

differences were accepted as significant at P<0.05 or a tendency at P<0.10. 



 
 

Table 5.6 Effects of heat stress and CAPS-SUC supplementation on blood chemistry parameter in pigs. 

Measure Week Heat Stress 

Heat Stress + 

Product 

Pair Fed to 

HS 

Pair Fed to 

HS + Product 

P-value 

Time 

Environ-

ment Product 

Time x 

Environ-

ment 

Time x 

Product 

Environ-

ment x 

Product 

Time x 

Environ-

ment x 

Product 

Glucose 1 104.13±3.68 108.71±5.18 100.00±3.19 96.17±3.1 <0.01*** 0.45 0.68 0.13 0.93 0.36 0.18 

(mg/dL) 2 104±6.84 99.4±2.66 100.88±3.28 107.5±2.97 
       

  3 98.88±4.59 98.25±2.14 95.5±2.49 99.67±3.4 
       

  4 96.88±4 92.13±2.84 90.5±2.72 94.83±1.74 
       

Urea Nitrogen 1 12.38±2.46 10.29±1.92 8.88±0.69 7.83±1.01 0.37 0.26 0.13 0.07 0.88 0.58 0.77 

(mg/dL) 2 10.6±0.93 9.2±1.07 8.75±1 9±0.86 
       

  3 9.5±0.65 7.88±0.69 9.13±0.61 8.33±0.99 
       

  4 9±0.63 8.75±0.73 9.63±0.78 8.83±0.91 
       

Creatinine 1 0.78±0.13 0.78±0.06 0.7±0.04 0.66±0.07 <0.01**** 0.32 0.31 0.57 0.86 0.30 0.12 

(mg/dL) 2 0.82±0.01 0.9±0.06 0.82±0.04 0.75±0.07 
       

  3 0.95±0.05 0.97±0.04 0.98±0.05 0.82±0.08 
       

  4 1.02±0.08 1.06±0.05 1.09±0.08 0.92±0.1 
       

Phosphorous 1 7.55±0.32 6.46±0.46 7.45±0.3 7.63±0.27 0.14 0.36 0.83 0.34 0.14 0.11 0.37 

(mg/dL) 2 7.24±0.42 6.94±0.33 7.25±0.25 7.55±0.36 
       

  3 7.6±0.09 7.73±0.27 7.56±0.15 7.95±0.28 
       

  4 7.46±0.32 7.64±0.27 7.15±0.3 7.57±0.37 
       

Calcium 1 10.03±0.18 10.4±0.38 9.85±0.22 9.38±0.33 0.40 0.27 0.79 0.10 0.53 0.52 0.04* 

(mg/dL) 2 9.98±0.15 10.22±0.32 9.99±0.26 9.97±0.23 
       

  3 10.04±0.14 10.04±0.28 9.84±0.16 9.83±0.21  
      

  4 10.04±0.17 10.15±0.23 10.01±0.13 10.27±0.23 
       

Total Protein 1 4.89±0.2 4.87±0.14 4.48±0.11 4.72±0.25 <0.01**** 0.43 0.70 0.51 0.44 0.64 0.79 

(g/dL) 2 5.04±0.09 5.08±0.16 5.06±0.2 4.97±0.19 
       

  3 5.44±0.11 5.4±0.17 5.26±0.19 5.4±0.2 
       

  4 5.45±0.13 5.58±0.14 5.34±0.22 5.55±0.24 
       

Albumin 1 2.54±0.11 2.44±0.12 2.21±0.12 2.38±0.13 <0.01**** 0.54 0.73 0.54 0.13 0.39 0.53 

(g/dL) 2 2.68±0.1 2.68±0.19 2.56±0.15 2.55±0.16 
       

  3 2.94±0.13 2.68±0.18 2.71±0.14 2.7±0.19 
       



 
 

  4 2.85±0.13 2.69±0.18 2.74±0.13 2.78±0.2 
       

Globulin 1 2.36±0.14 2.39±0.14 2.26±0.08 2.37±0.13 <0.01**** 0.89 0.29 0.95 0.19 0.92 0.83 

(g/dL) 2 2.36±0.04 2.42±0.07 2.5±0.1 2.45±0.03 
       

  3 2.51±0.13 2.74±0.16 2.55±0.1 2.7±0.12 
       

  4 2.61±0.18 2.91±0.22 2.63±0.13 2.8±0.23 
       

ALT 1 37.25±3.48 29.86±1.94 46.13±4.9 38±3.88 0.077" <0.01** 0.08" 0.75 0.36 0.37 0.57 

(U/L) 2 37.6±5.52 34.2±1.85 46.63±4.27 38.33±3.19 
       

  3 33.63±1.65 32.63±1.75 46.75±5.06 35.67±4.42 
       

  4 28.88±1.65 29.63±1.05 42.25±4.05 37.5±5.13 
       

ALKP 1 224.88±13.71 256.57±20.82 234.88±10.52 243±18.01 <0.01**** 0.39 0.82 0.28 0.44 0.23 0.96 

(U/L) 2 187.6±19.21 199.2±13.59 217.88±8 203.83±16.99 
       

  3 187.38±20.84 196.63±11.72 203±13.44 178.67±16.15 
       

  4 172±20.48 182.88±11.98 212.38±7.86 196.17±15.21 
       

GGT 1 26.38±4.02 34.14±2.69 29.63±3.34 34.33±7.5 0.31 0.57 0.56 0.61 0.11 0.09" 0.40 

(U/L) 2 24.2±4.85 32.2±3.44 40.13±4.32 28.83±2.54 
       

  3 27.5±4.54 36.38±2.74 35.25±3.94 33.17±3.84 
       

  4 26.63±4.52 33.5±2.24 31.88±3.98 27.33±1.82 
       

Total Bilirubin  1 0.09±0.01 0.09±0.01 0.06±0.02 0.07±0.02 0.02* 0.13 0.99 0.42 0.54 0.75 0.99 

(mg/dL) 2 0.1±0 0.08±0.02 0.08±0.02 0.07±0.02 
       

  3 0.1±0 0.1±0 0.1±0 0.1±0 
       

  4 0.09±0.01 0.1±0 0.09±0.01 0.1±0 
       

CK 1 1223±350 571±76 756±130 509±53 0.16 <0.01** 0.70 0.12 0.03* 0.96 0.04* 

(U/L) 2 2444±724 1493±456 682±192 569±72 
       

  3 1313±284 2437±1035 559±140 432±65 
       

  4 1128±233 1418±429 386±57 388±51 
       

Cholestrol 1 70.88±5.36 68±4.12 76.25±2.51 68.67±2.75 0.06" 0.23 0.40 0.42 0.32 0.69 0.80 

(mg/dL) 2 75.2±6.22 68±3.33 81.88±3.27 76.5±1.23 
       

  3 73.13±5.81 72±3.34 79.5±3.14 74.5±4.89 
       

  4 72.38±5.54 73.75±2.66 77.13±3.84 76.17±5.15 
       

TAG 1 50.75±5.57 54.71±9.76 48.75±5.86 40±6.03 0.88 0.51 0.66 0.33 0.49 0.52 0.10 

(mg/dL) 2 48.6±8.02 47.8±10.16 41.88±2.69 58.33±9.15 
       

  3 57.13±7.87 50.25±4.73 44±4.49 49.33±7.64 
       

  4 44.5±4.53 48.5±3.81 45.38±2.31 52±5.83 
       



 
 

Sodium 1 141.5±1.84 141.86±0.91 141.25±0.41 141±0.52 <0.01*** 0.09" 0.42 0.16 0.88 0.65 0.52 

(mEq/L) 2 140.8±0.58 141.4±0.51 141.13±0.58 142.67±0.33 
       

  3 138.88±0.55 139.25±0.98 140.63±0.63 141±0.77 
       

  4 138.13±0.67 139.38±0.56 140.63±0.6 139.67±0.71 
       

Potassium 1 4.18±0.16 4.09±0.17 4.06±0.11 4.33±0.46 0.04* 0.51 0.85 0.91 0.25 0.92 0.29 

(mEq/L) 2 4±0.11 3.84±0.07 3.96±0.07 3.88±0.05 
       

  3 3.84±0.06 3.81±0.05 4.11±0.1 3.8±0.04 
       

  4 3.89±0.06 4.08±0.16 3.96±0.1 4.05±0.1 
       

Chloride 1 102.13±0.88 101.57±0.53 102.75±0.16 102.5±0.56 <0.01**** 0.42 0.67 0.59 0.87 0.67 0.17 

(mEq/L) 2 102±0.32 101.8±0.49 102.13±0.55 102.67±0.49 
       

  3 101.5±0.53 101.5±0.42 101.88±0.58 101.5±0.43 
       

  4 100.25±0.49 100.88±0.4 101.13±0.44 99.83±0.91 
       

CO2 1 29.5±0.63 31.57±0.48 30.75±0.41 30.33±0.42 0.30 0.03* 0.14 0.07" 0.82 0.33 0.19 

(mEq/L) 2 29.4±0.87 30±0.45 30±0.46 30.83±0.31 
       

  3 29.13±0.61 29.75±0.67 30.63±0.42 30.67±0.49 
       

  4 29±0.8 29.5±0.38 30.75±0.59 31.17±0.7 
       

Anion Gap 1 14.05±0.99 12.8±0.2 11.81±0.21 12.5±0.64 0.04* 0.29 0.88 0.08" 0.91 0.34 0.44 

(mEq/L) 2 13.4±0.54 13.44±0.52 12.96±0.35 13.05±0.56 
       

  3 12.09±0.62 11.81±0.29 12.24±0.35 12.63±0.87 
       

  4 12.75±0.58 13.08±0.38 12.71±0.62 12.72±0.4               

Blood chemistry measures during a 21-day treatment of HS- (heat stress), HS+ (heat stress with supplementation), PF (Pair-fed to heat 

stress), PF+ (Pair-fed to heat stress with supplementation). Data are reported as means ± SEM. Statistical differences were accepted as 

significant at P<0.05 or a tendency at P<0.10.  



 
 

Table 5.7 Effects of heat stress and CAPS-SUC supplementation on complete blood count in 1 
pigs. 2 

Measure Week 

Thermal 

Neutral Heat Stress Pair Fed to HS 

P-value 

Time 
Environ-

ment 

Time x 

Environ-

ment 

RBC 1 5.66±0.11 5.65±0.28 5.46±0.15 <0.001**** 0.479 0.024* 

x10^6 cells/uL  2 5.91±0.17 5.88±0.13 6.4±0.19 
   

  3 6.06±0.05 5.78±0.13 6.41±0.2 
   

  4 6.11±0.14 5.8±0.16 6.11±0.22 
   

Hemoglobin 1 9.59±0.23 9.51±0.38 9.01±0.19 <0.001**** 0.559 0.042* 

g/dL  2 10.02±0.25 9.83±0.06 10.29±0.18 
   

  3 10.41±0.24 10.08±0.22 10.31±0.19 
   

  4 10.53±0.4 9.9±0.34 9.71±0.28 
   

Hematocrit 1 31.77±0.73 30.89±1.41 29.34±0.57 0.001** 0.541 0.039* 

% 2 32±0.89 31.6±0.32 33.41±0.61 
   

  3 33.36±0.78 32.73±0.76 33.13±0.65 
   

  4 34.09±1.35 31.9±1 31.36±0.89 
   

PCV 1 30.39±0.7 30.1±1.02 29.19±0.54 <0.001*** 0.477 0.047* 

% 2 31.68±0.55 30.81±0.35 33.35±0.86 
   

  3 33.09±0.74 31.68±0.83 32.6±0.81 
   

  4 32.47±1.19 30.73±0.92 29.9±0.9 
   

MCV 1 56.11±1.06 54.8±1.07 53.94±1.22 0.0048** 0.1414 0.010* 

fL 2 54.2±1.67 53.88±1.23 52.39±1.03 
   

  3 55±1.08 56.65±0.83 51.91±0.86 
   

  4 55.71±1.28 55.01±1.07 51.45±0.92 
   

MCH 1 16.93±0.34 16.91±0.35 16.55±0.38 0.505 0.18 0.056" 

pg 2 16.98±0.58 16.76±0.4 16.14±0.35 
   

  3 17.17±0.34 17.45±0.33 16.14±0.31 
   

  4 17.19±0.38 17.06±0.44 15.93±0.29 
   

MCHC 1 30.17±0.37 30.86±0.21 30.71±0.16 0.023* 0.964 0.072" 

g/dL  2 31.26±0.3 31.08±0.18 30.76±0.13 
   

  3 31.21±0.14 30.8±0.14 31.14±0.19 
   

  4 30.89±0.07 31±0.35 30.93±0.14 
   

RDW 1 N/A 16.9±0.47 14.43±4.2 <0.001**** 0.913 0.749 

% 2 17.6±0.54 17.26±0.33 17.13±0.36 
   

  3 17.1±0.46 16.67±0.24 16.94±0.36 
   

  4 16.47±0.32 16.45±0.22 16.46±0.36 
   

nRBCs 1 0.71±0.36 1±0.33 0.5±0.33 0.161 0.236 0.249 

  2 0.4±0.24 0.38±0.18 0.25±0.16 
   

  3 1.14±0.34 0.17±0.17 0.25±0.16 
   

  4 0.43±0.2 0.14±0.14 0.38±0.26 
   

Reticulocyte 
#  

1 118.17±9.11 135.86±23.91 183.89±33.45 0.011* 0.471 0.024* 

x10^3 cells/uL  2 202.96±33.66 141.53±14.43 135.75±18.47 
   

  3 163.07±24.59 122.37±23.24 133.61±18.74 
   

  4 124.16±14.97 106±13.78 77.49±13.64 
   

Reticulocyte 
%  

1 2.11±0.13 2.98±0.42 3.37±0.6 0.002** 0.757 0.001** 

  2 3.4±0.48 2.39±0.22 2.13±0.3 
   



 
 

  3 2.64±0.4 2.08±0.37 2.07±0.27 
   

  4 2.02±0.22 1.86±0.27 1.64±0.22 
   

WBC 1 18.84±1.39 16.87±1.76 15.11±0.95 0.001*** 0.129 0.809 

x10^3 cells/uL  2 16.56±1.81 12.27±1.2 12.88±0.71 
   

  3 14.94±1.64 12.14±1.01 12.92±0.6 
   

  4 14.72±1.24 13.2±1.4 13.28±0.96 
   

Seg Neutrophil 1 7.15±0.55 8.91±1.72 7.53±0.86 0.016* 0.9445 0.188 

x10^3 cells/uL  2 4.68±1.24 4.33±1.11 6.57±0.67 
   

  3 7.36±1.12 5.97±0.94 4.8±0.52 
   

  4 6.36±1.37 5.99±1.41 5.52±0.51 
   

Band 
Neutrophil 

1 0.07±0.04 0.1±0.05 0.04±0.02 0.099" 0.401 0.434 

x10^3 cells/uL  2 0±0 0.01±0.01 0±0 
   

  3 0.1±0.05 0.01±0.01 0.02±0.02 
   

  4 0.03±0.03 0±0 0.02±0.02 
   

Lymphocyte 1 10.22±0.86 6.43±0.63 6.6±0.33 0.038* 0.005** 0.001** 

x10^3 cells/uL  2 10.82±1.65 5.49±1.18 5.36±0.64 
   

  3 6.11±0.65 4.8±0.49 6.9±0.28 
   

  4 7.25±0.86 6.05±0.8 6.61±0.77 
   

Monocytes 1 1.16±0.23 1.02±0.14 0.63±0.13 0.67 0.034* 0.32 

x10^3 cells/uL  2 1.78±1.07 0.72±0.15 0.65±0.13 
   

  3 1.04±0.15 1.19±0.12 0.69±0.15 
   

  4 0.88±0.19 0.98±0.13 0.66±0.09 
   

Eosinophils 1 0.18±0.09 0.32±0.14 0.24±0.06 0.30 0.0510" 0.32 

x10^3 cells/uL  2 0.14±0.08 0.08±0.04 0.23±0.06 
   

  3 0.23±0.07 0.13±0.05 0.4±0.09 
   

  4 0.12±0.05 0.14±0.03 0.34±0.07 
   

Basophiles 1 0.07±0.04 0.08±0.07 0.06±0.04 0.24 0.25 0.21 

x10^3 cells/uL  2 0.31±0.19 0.06±0.03 0.08±0.03 
   

  3 0.11±0.03 0.03±0.03 0.12±0.05 
   

  4 0.07±0.05 0.03±0.03 0.09±0.05 
   

Platelets 1 366.71±44.21 405.38±26.81 454.75±34.58 0.33 0.075" 0.025* 

x10^3 cells/uL  2 349.83±101.43 527.75±43.94 460.13±64.25 
   

  3 398.57±31.43 317.17±41.21 514.25±23.81 
   

  4 322.86±43.66 400.71±19.01 471.88±52.03 
   

MPV 1 0±0 3.59±1.76 4.46±1.69 <0.001**** 0.045* 0.084" 

x10^3 cells/uL  2 7.76±1.95 9.31±0.26 9.96±0.41 
   

  3 9.03±0.28 10.38±0.3 9.24±0.25 
   

  4 10.34±0.46 9.39±0.18 9.6±0.29 
   

Plasma Protein 1 5.2±0.11 5.28±0.23 4.86±0.12 <0.001**** 0.27 0.25 

g/dL  2 5.78±0.26 5.49±0.1 5.38±0.11 
   

  3 5.71±0.14 5.85±0.1 5.63±0.19 
   

  4 5.87±0.18 5.71±0.15 5.49±0.19 
   

Fibrinogen 1 214.29±40.41 237.5±18.3 200±26.73 0.34 0.56 0.49 

mg/dL 2 192±69.74 187.5±22.66 200±26.73 
   

  3 228.57±18.44 200±44.72 300±37.8 
   

  4 214.29±26.08 214.29±34.01 237.5±26.31       

Blood chemistry measures during a 21-day treatment of heat stress), pair-fed to heat stress, and 3 
thermal neutral, ad. lib. fed. Data are reported as means ± SEM. Statistical differences were 4 
accepted as significant at P<0.05 or a tendency at P<0.10. 5 



 
 

Table 5.8 Effects of heat stress and CAPS-SUC supplementation on complete blood count in pigs. 

Measure 

Wee

k Heat Stress 

Heat Stress + 

Product 

Pair Fed to 

HS 

Pair Fed to 

HS + Product 

P-value 

Time 

Environ

-ment 

Produc

t 

Time x 

Environ

-ment 

Time x 

Product 

Environ

-ment x 

Product 

Time x 

Environ

-ment x 

Product 

RBC 1 5.65±0.28 5.63±0.23 5.46±0.15 5.66±0.19 
<0.001***

* 
0.181 0.552 0.029* 0.217 0.866 0.506 

x10^6 cells/uL  2 5.88±0.13 5.71±0.21 6.4±0.19 6.06±0.14 
       

  3 5.78±0.13 5.95±0.16 6.41±0.2 6.16±0.19 
       

  4 5.8±0.16 5.83±0.11 6.11±0.22 6.08±0.2 
       

Hemoglobin 1 9.51±0.38 9.24±0.32 9.01±0.19 9.47±0.18 
<0.001***

* 
0.259 0.469 0.027* 0.262 0.200 0.527 

g/dL  2 9.83±0.06 9.29±0.26 10.29±0.18 10.15±0.23 
       

  3 10.08±0.22 9.67±0.29 10.31±0.19 10.2±0.38 
       

  4 9.9±0.34 9.45±0.17 9.71±0.28 10.12±0.43 
       

Hematocrit 1 30.89±1.41 30.01±1.06 29.34±0.57 30.4±0.64 <0.001*** 0.274 0.525 0.027* 0.543 0.218 0.819 

% 2 31.6±0.32 30.01±0.77 33.41±0.61 32.92±0.76 
       

  3 32.73±0.76 31.47±1.1 33.13±0.65 33.28±1.13 
       

  4 31.9±1 30.84±0.51 31.36±0.89 32.67±1.31 
       

PCV 1 30.1±1.02 29.24±0.88 29.19±0.54 30.42±0.75 <0.001*** 0.088" 0.529 0.084" 0.387 0.223 0.308 

% 2 30.81±0.35 29.5±0.76 33.35±0.86 31.83±1.02 
       

  3 31.68±0.83 30.4±0.81 32.6±0.81 33.32±1.4 
       

  4 30.73±0.92 29.34±0.72 29.9±0.9 31.42±1.24 
       

MCV 1 54.8±1.07 53.59±1.79 53.94±1.22 53.78±0.91 0.091" 0.489 0.959 0.112 0.264 0.232 0.104 

fL 2 53.88±1.23 52.89±1.69 52.39±1.03 54.35±0.74 
       

  3 56.65±0.83 53.06±1.86 51.91±0.86 54±0.76 
       

  4 55.01±1.07 53.09±1.54 51.45±0.92 53.68±0.72 
       

MCH 1 16.91±0.35 16.51±0.5 16.55±0.38 16.73±0.31 0.157 0.551 1.000 0.587 0.664 0.202 0.332 

pg 2 16.76±0.4 16.36±0.53 16.14±0.35 16.77±0.2 
       

  3 17.45±0.33 16.31±0.56 16.14±0.31 16.56±0.21 
       

  4 17.06±0.44 16.28±0.48 15.93±0.29 16.65±0.25 
       

MCHC 1 30.86±0.21 30.86±0.18 30.71±0.16 30.92±0.33 0.891 0.999 0.547 0.530 0.566 0.767 0.300 

g/dL  2 31.08±0.18 30.94±0.16 30.76±0.13 30.85±0.16 
       

  3 30.8±0.14 30.77±0.33 31.14±0.19 30.6±0.17 
       



 
 

  4 31±0.35 30.65±0.12 30.93±0.14 31±0.16 
       

RDW 1 16.9±0.47 17.7±0.49 14.43±4.2 22.37±5.04 0.257 0.803 0.070" 0.857 0.021* 0.211 0.040* 

% 2 17.26±0.33 17.6±0.6 17.13±0.36 17.2±0.72 
       

  3 16.67±0.24 16.96±0.53 16.94±0.36 16.64±0.49 
       

  4 16.45±0.22 16.75±0.47 16.46±0.36 16.47±0.41 
       

nRBCs 1 1±0.33 0.29±0.18 0.5±0.33 0.83±0.54 0.057" 0.805 0.609 0.490 0.909 0.392 0.236 

  2 0.38±0.18 0.43±0.2 0.25±0.16 0±0 
       

  3 0.17±0.17 0.14±0.14 0.25±0.16 0.4±0.4 
       

  4 0.14±0.14 0.13±0.13 0.38±0.26 0.33±0.21 
       

Reticulocyte 
#  

1 
135.86±23.9
1 

141.26±25.4
4 

183.89±33.45 
125.88±13.2
1 

<0.001*** 0.588 0.639 0.274 0.413 0.292 0.322 

x10^3 cells/uL  
2 

141.53±14.4
3 

173.14±29.5
2 

135.75±18.47 116.4±25.66 

       

  3 
122.37±23.2
4 

126.66±19.1 133.61±18.74 
101.98±15.3
4 

       

  4 106±13.78 100.2±11.5 77.49±13.64 98.03±11.3 
       

Reticulocyte 
%  

1 2.98±0.42 2.49±0.41 3.37±0.6 2.21±0.19 
<0.001***

* 
0.523 0.555 0.458 0.009** 0.436 0.808 

  2 2.39±0.22 3.05±0.53 2.13±0.3 2.26±0.2 
       

  3 2.08±0.37 2.14±0.31 2.07±0.27 1.65±0.24 
       

  4 1.86±0.27 1.71±0.19 1.64±0.22 1.61±0.17 
       

WBC 1 16.87±1.76 17.33±1.03 15.11±0.95 17.63±1.41 
<0.001***

* 
0.779 0.121 0.533 0.348 0.499 0.809 

x10^3 cells/uL  2 12.27±1.2 14.15±0.66 12.88±0.71 15.28±1.77 
       

  3 12.14±1.01 14.11±0.91 12.92±0.6 16.08±2.3 
       

  4 13.2±1.4 13.44±0.56 13.28±0.96 13.22±1.08 
       

Seg Neutrophil 1 8.91±1.72 8.55±1.18 7.53±0.86 8.04±1.88 0.004** 0.957 0.482 0.233 0.632 0.711 0.728 

x10^3 cells/uL  2 4.33±1.11 5.9±0.87 6.57±0.67 7.06±1.22 
       

  3 5.97±0.94 6.44±0.99 4.8±0.52 7.05±2.39 
       

  4 5.99±1.41 5.74±0.34 5.52±0.51 5.32±0.89 
       

Band 
Neutrophil 

1 0.1±0.05 0.06±0.04 0.04±0.02 0.02±0.02 0.142 0.780 0.594 0.408 0.083" 0.584 0.961 

x10^3 cells/uL  2 0.01±0.01 0.07±0.05 0±0 0.1±0.1 
       

  3 0.01±0.01 0±0 0.02±0.02 0±0 
       

  4 0±0 0±0 0.02±0.02 0.03±0.03 
       

Lymphocyte 1 6.43±0.63 7.43±0.87 6.6±0.33 8.47±1.1 0.069" 0.459 0.167 0.253 0.454 0.916 0.759 

x10^3 cells/uL  2 5.49±1.18 6.93±0.87 5.36±0.64 6.39±1.54 
       



 
 

  3 4.8±0.49 6.39±0.94 6.9±0.28 7.81±1.08 
       

  4 6.05±0.8 6.6±0.57 6.61±0.77 6.25±0.4 
       

Monocytes 1 1.02±0.14 0.94±0.25 0.63±0.13 0.81±0.07 0.802 0.397 0.178 0.015* 0.067 0.022* 0.651 

x10^3 cells/uL  2 0.72±0.15 0.84±0.17 0.65±0.13 1.47±0.24 
       

  3 1.19±0.12 1.02±0.19 0.69±0.15 0.87±0.08 
       

  4 0.98±0.13 0.76±0.15 0.66±0.09 1.03±0.21 
       

Eosinophils 1 0.32±0.14 0.3±0.09 0.24±0.06 0.24±0.05 0.365 0.189 0.587 0.086" 0.330 0.199 0.421 

x10^3 cells/uL  2 0.08±0.04 0.32±0.12 0.23±0.06 0.17±0.08 
       

  3 0.13±0.05 0.19±0.09 0.4±0.09 0.21±0.13 
       

  4 0.14±0.03 0.25±0.05 0.34±0.07 0.45±0.14 
       

Basophiles 1 0.08±0.07 0.04±0.04 0.06±0.04 0.08±0.03 0.562 0.344 0.426 0.778 0.553 0.990 0.849 

x10^3 cells/uL  2 0.06±0.03 0.08±0.04 0.08±0.03 0.08±0.06 
       

  3 0.03±0.03 0.08±0.03 0.12±0.05 0.14±0.1 
       

  4 0.03±0.03 0.12±0.04 0.09±0.05 0.15±0.07 
       

Platelets 1 
405.38±26.8
1 

439.71±51.7
3 

454.75±34.58 
433.67±42.5
3 

0.139 0.882 0.661 0.005** 0.878 0.049* 0.345 

x10^3 cells/uL  
2 

527.75±43.9
4 

530.86±28.3
1 

460.13±64.25 390.67±45.4 

       

  3 
317.17±41.2
1 

426.71±60.9
8 

514.25±23.81 415.6±46.6 

       

  4 
400.71±19.0
1 

481.63±44.3
2 

471.88±52.03 
350.67±58.6
7 

       

MPV 1 3.59±1.76 4.01±1.89 4.46±1.69 2.93±1.86 
<0.001***

* 
0.759 0.784 0.525 0.970 0.541 0.875 

x10^3 cells/uL  2 9.31±0.26 9.3±0.11 9.96±0.41 9.97±0.38 
       

  3 10.38±0.3 10.57±0.71 9.24±0.25 8.96±0.47 
       

  4 9.39±0.18 9.44±0.21 9.6±0.29 9.62±0.25 
       

Plasma Protein 1 5.28±0.23 5.23±0.14 4.86±0.12 5.1±0.23 
<0.001***

* 
0.168 0.780 0.459 0.786 0.504 0.884 

g/dL  2 5.49±0.1 5.51±0.13 5.38±0.11 5.48±0.22 
       

  3 5.85±0.1 5.83±0.14 5.63±0.19 5.78±0.2 
       

  4 5.71±0.15 5.76±0.13 5.49±0.19 5.62±0.25 
       

Fibrinogen 1 237.5±18.3 
185.71±34.0
1 

200±26.73 200±25.82 0.090" 0.294 0.953 0.086" 0.531 0.579 0.605 

mg/dL 2 187.5±22.66 
242.86±36.8
9 

200±26.73 200±25.82 

       

  3 200±44.72 
228.57±35.9
5 

300±37.8 300±31.62 

       



 
 

  4 
214.29±34.0
1 

212.5±22.66 237.5±26.31 200±25.82               

Blood chemistry measures during a 21-day treatment of heat stress, heat stress with supplementation, pair-fed to heat stress, Pair-fed 

to heat stress with supplementation. Data are reported as means ± SEM. Statistical differences were accepted as significant at P<0.05 

or a tendency at P<0.10. 

 



 
 

Chapter 6 Summary 

Muscle is a dynamic and adaptive tissue that responds to signals from its environment. 

Postnatal muscle growth occurs mainly through hypertrophy of existing fibers. Fractional growth 

during the neonatal period occurs at the highest rate as a percentage of body weight, requiring 

efficient satellite cell activity to facilitate the increased protein demand. Delay or absence of 

satellite cell activity leads to impaired growth potential of the animal. Neonatal pigs require 

sufficient nutrients to allow for this enhanced growth, and nutrient restriction can have lasting 

consequences on growth potential. Heat stress alters digestion and feed intake, causing changes in 

nutrient availability in muscle. Nutritional interventions have also been used as a strategy to 

improve pig growth performance during heat stress. Heat stress alters the metabolism of pigs 

resulting in decreased growth efficiency. The aim of this dissertation was to investigate nutritional 

interventions on growth performance of pigs.  

Dietary calcium phosphate inclusion levels in the diet did not have a significant effect on 

growth of neonatal pigs; however, these levels influence satellite cell activity. Dietary calcium 

phosphate deficiency reduced satellite cell proliferation and fusion rates indicating impaired 

function. This reduction in function can lead to diminished muscle growth and repair later in life. 

Adequate dietary calcium phosphate results in the greatest satellite cell proliferation and fusion 

rates, which may be mediated through an increase in the expression of differentiation enhancing 

miR-206.   

Altering dietary protein inclusion levels in the diet had the greatest impact on growth of 

the three neonatal nutritional studies. Growth rates increased with increasing protein levels. This 

resulted in increased body weight in excess protein pigs. Diets deficient in protein were detrimental 

to growth, and lead to an upregulation of protein degradation genes. Proliferation was not affected 



 
 

by protein level; however, fusion index was altered resulting in the highest fusion rates in satellite 

cells from adequate and deficient protein pigs early in differentiation. Fusion rates initially were 

the lowest in satellite cells from excess protein diets; however, by day 3 rates were recovered and 

not different from adequate satellite cell fusion rates. Correspondingly, the differentiation 

promoting miR-1 was upregulated in excess satellite cells at day 0 which may have caused the 

increased fusion rates by day 3.  

Dietary energy did not influence growth in neonatal pigs; however, it did impact satellite 

cell function. Fusion index was highest in satellite cells from deficient energy diets which 

corresponds with deficient energy diets having the highest expression of miR-1.  During 

differentiation, adequate diets had the lowest fusion index at day 0 and high expression of miR-1 

which lead to an increase in fusion index by day 3.  

Nutritional interventions may be a cost-effective way to improve growth during heat stress. 

Consequences of heat stress include altered growth, metabolism, and metabolic flexibility. 

Supplementing with an artificial sweetener and capsicum oleoresin helped to maintain metabolic 

flexibility and improve feed efficiency during heat stress. These findings suggest that this 

supplement may improve the health of heat stressed animals and allow them to better cope, and 

ultimately encouraging recovered growth rates.  

Nutrient restriction can lead to a reduction in growth and satellite cell function resulting in 

diminished muscle growth and repair later in life, however it is not known if these effects are 

sustained and for what duration. Future studies should seek to investigate the long-term effects of 

these nutritional interventions during the neonatal period in order to optimize growth. It appears 

from these data that micro-RNA play a key role in the effects nutritional status has on satellite cell 

function. Future studies are necessary to determine how miRNAs are influenced by nutrition. 



 
 

Furthermore, additional research should seek to determine if supplementing with artificial 

sweetener and capsicum oleoresin can further improve animal health and growth depending on the 

length and severity of heat stress and the duration of supplementation.
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