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ABSTRACT 

Mitochondria are vital to the proper growth and function of muscle cells since they’re 

responsible for the majority of ATP production used for cellular energy. Previous studies have 

investigated how differences in mitochondrial function affects feed efficiency (FE) in broilers 

phenotyped for High and Low FE. Low FE broilers have been shown to have increased levels of 

reactive oxygen species (ROS), thus contributing to higher levels of oxidative stress and damage 

seen in these birds. Global gene and protein expression studies conducted on breast muscle of the 

High FE and Low FE phenotypes have suggested that differences in mitochondrial function and 

hormone signaling play a role in feed efficiency. In mammalian muscle cells, hormones such as 

the neuropeptide orexin are known to affect mitochondrial function. Therefore, the focus in this 

study was to determine whether hormones can affect mitochondrial dynamics in avian muscle 

cells, compare the expression of genes involved in muscle growth and insulin signaling in the 

High FE and Low FE phenotypes, and determine whether hormone receptors are present in the 

mitochondria of avian muscle cells. The actions of hormones and their receptors play an 

important role in the regulation of growth and metabolism. Investigation of orexin expression in 

avian muscle cells revealed that the hormone and its receptor are expressed in muscle. Orexin 

was also shown to be secreted by muscle cells and caused differential expression of a number of 

mitochondrial-related genes. Based on predictions generated by the results obtained from global 

expression studies, qRT-PCR analysis revealed several differentially expressed genes between 

the High and Low FE phenotype that are associated with muscle growth/development and the 

insulin signaling pathway. Lastly, due to the lack of scientific literature concerning the 

expression of hormone receptors in the mitochondria of avian muscle cells, studies were 

conducted that do indicate the presence of receptors in muscle mitochondria. 
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1. INTRODUCTION 

 Mitochondria are essential to cellular growth, development, and function. These 

organelles account for ~90% of the ATP that is produced and used as energy to carry out 

numerous cellular actions (Lehninger et al., 1993). In addition to its role in energy production, 

mitochondria also function in regulating cell metabolism, antioxidant protection, heat 

production, and apoptosis among a number of other cellular processes. Therefore, the 

mitochondria are vital to the overall health and well-being of eukaryotic organisms. 

Mitochondrial dysfunction is typically caused by mutations in mitochondrial proteins that are 

encoded by either nuclear DNA or mitochondrial DNA (mtDNA), oxidative damage as a result 

of the production of reactive oxygen species, and the natural aging process. This can result in 

impaired growth and development, and a number of human diseases such as Parkinson’s disease, 

diabetes, and Alzheimer’s disease (Pieczenik and Neustadt, 2007).   

One research area of interest is the stimulation and enhancement of mitochondrial 

function due to the effects of hormones and their respective receptors on the organelle. When 

hormones bind to their receptors the complex serves as a transcription factor that has the ability 

to bind to DNA and activate or repress specific genes and signaling pathways. The activation of 

genes by hormones and their receptors typically occurs through binding to hormone response 

elements (HREs), which are DNA sequences located in the promoter region of the gene (Wu et 

al., 2001; Scheller and Sekeris, 2003). The positive effects of steroid and thyroid hormones on 

mammalian mitochondrial function have been well documented, as evidenced by increases in 

mitochondrial respiration, gene expression, and biogenesis (Weber et al., 2002; Bassett et al., 

2003; Dai et al., 2013; Liao et al., 2015)  One particular hormone of interest is the neuropeptide 

orexin, which has been shown to regulate a variety of physiological processes in mammals, 
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including energy and glucose homeostasis, lipid metabolism, heart rate and blood pressure, and 

food and water intake (Sakurai, 1999; Zhang et al., 2005; Tsuneki et al., 2012; Shen et al., 2013). 

In recent studies the hormone orexin has also been shown to regulate mitochondrial biogenesis in 

addition to brown adipose tissue differentiation and thermogenesis in mammals (Sellayah et al., 

2011; Swami, 2011). 

Hormonal effects on muscle growth, development, and enhanced mitochondrial function 

have been well-illustrated in mammals. However, comparatively little is known about the 

inherent distribution and function of hormones and their respective receptors in the tissues of 

avian species, and how they affect mitochondrial dynamics. It is possible that a clearer 

understanding of the interactions between hormone signaling and mitochondrial function in birds 

reared specifically for meat production (i.e. broilers) could be beneficial currently and in the 

future. This type of information could be valuable to the poultry industry, where cost effective 

meat production is a cornerstone of maintaining the industry’s viability. 

One persistent issue facing the poultry industry is how to raise broilers to market weight 

for meat production in an efficient manner that does not incur excessive costs. The cost of feed 

that is required to raise birds to market weight generally accounts for 70% of the total costs 

(Willems et al., 2013).  As a result, feed efficiency (FE), which is the amount of body weight 

gained over the amount of feed consumed (gain:feed), is very important when considering 

selection of animals with the desired production traits. Over the past several decades, vast 

improvements to FE and growth rate of birds within the poultry industry have been made due to 

improvements in genetic selection of animals and nutrition management, with as much as a 

300% increase in FE being observed (Havenstein et al., 1994; 2007). However, despite these 
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improvments in poultry production, there are still issues with variation both within and between 

strains of broilers.  

Prior research investigating broilers within the same genetic line that were phenotyped as 

having high or low FE showed that mitochondrial perturbations were a characteristic of the low 

FE phenotype. In studies conducted using isolated breast muscle and mitochondria isolated from 

duodenal tissue, low FE broilers displayed impaired mitochondrial function that occurred in the 

form of decreased respiratory chain coupling, increased electron leak from the electron transport 

chain, and increased hydrogen peroxide production (Bottje et al., 2002; Ojano-Dirain et al., 

2004). This formation of hydrogen peroxide by the mitochondria leads to the generation of 

reactive oxygen species (ROS) such as superoxide and hydroxyl radicals which cause damage to 

DNA, lipids and proteins. Subsequent analysis of various tissues from high and low FE broilers 

(breast muscle, gut, leg muscle, heart, liver, and lymphocytes) indicated that the low FE broilers 

had elevated levels of protein carbonyls, which are an indicator of protein oxidation and damage 

(Iqbal et al., 2004, 2005; Ojano-Dirain et al., 2005, 2007; Lassiter et al., 2006; Tinsley et al., 

2010). Based on these reports, the conclusion can be drawn that the low FE phenotype is more 

susceptible to the production of damaging oxygen radicals that occur as a result of defects in the 

mitochondrial electron transport chain. 

Even though high levels of ROS are very damaging to cellular components, at low levels 

these molecules are an important component of signal transduction and the control of cell growth 

and proliferation through control of physiological processes such as mitochondrial biogenesis, 

growth factor signaling, and insulin sensitivity (Finkel, 2011). As a result, changes in the levels 

of ROS can have an impact on the expression of genes and proteins. Based on this observation, 

breast muscle from the high and low FE broilers were subjected to analysis of global gene (Kong 
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et al., 2011; Bottje et al., 2012) and protein expression (Kong et al., 2016) in order to develop a 

more comprehensive understanding of how FE is chararcterized at the cellular level. 

Interpretation of the data generated from these global expression studies was performed using the 

online software program Ingenuity Pathway Analysis (IPA; http://apps.ingenuity.com) as a way 

to generate predictions that illustrate the genomic and proteomic networks that are associated 

with high and low FE. In the microarray analysis of gene expression, multiple aspects of 

hormone signaling were determined to be involved in FE. A number of genes that take part in the 

insulin signaling pathway (i.e. AMPK, PI3K, PDK1, S6K, mTORC1) were predicted to be 

upregulated in the high FE phenotype (Bottje et al., 2014). Subsequent analysis of the same 

genomic dataset also suggests that progesterone signaling within avian mitochondria is 

associated with the divergence of the high and low FE broiler phenotype (Bottje et al., 2017). 

Shotgun proteomic analysis of high and low FE breast muscle also points to hormone signaling 

as being involved in the determination of FE. In addition to enhanced mitochondrial expression 

in the high FE broilers, Kong et al. (2016) also identified several molecules involved in hormone 

signaling, such as insulin receptor, insulin like growth receptor 1, progesterone, and 

triiodothyronine (T3) as being activated in high FE broilers. The predictions based on these 

global expression datasets indicate that enhanced mitochondrial function and hormone signaling 

are characteristics of the high FE phenotype. 

Based on the results obtained from the global expression data, it would be interesting to 

see whether hormone signaling has a direct action on the expression and function of 

mitochondria in chickens. This has been studied in mammals, where receptors for steroid and 

thyroid hormones have been identified in the mitochondria (Demonakos et al., 1993; Dai et al., 

2013; Wrutniak-Cabello et al., 2001). Additionally, HREs for mammalian steroid and thyroid 

http://apps.ingenuity.com/
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hormones have also been identified within the mtDNA (Demonakos et al., 1995; Chen et al., 

2005; Psarra et al., 2006). The presence of hormone receptors and HREs in the mitochondrial 

genome enhances gene and protein expression, thus enhancing energy production and 

mitochondrial function. However, searches of the current literature do not report the presence of 

hormone receptors in avian species. If these receptors are present in avian mitochondria, it would 

give further insight into how function of the organelle is controlled and whether it is related to 

genetic traits such as FE. 

1.2 OBJECTIVES 

 The objectives of my research in this dissertation were to investigate if the presence of 

hormones and their respective receptors in avian muscle cells are involved in mitochondrial 

physiology, determine whether differences in FE can be partially attributed to differences in the 

expression of components of hormone signaling pathways, and to determine whether hormone 

receptors are present within the mitochondria of avian muscle cells. 

Specific objectives for this dissertation are as follows: 

1.        To investigate whether the orexin system is expressed in avian muscle and its potential    

role in the regulation of muscle mitochondrial dynamics, biogenesis, and function. 

2.        To conduct targeted analysis of genes involved in muscle development, protein synthesis, 

and energy metabolism; particularly genes in part of the myostatin and insulin signaling 

pathways that are differentially expressed in breast muscle obtained from broilers 

exhibiting a high or low FE phenotype. 

3.         To determine whether the mitochondrial hormone receptors for progesterone, estrogen, 

glucocorticoid, thyroid, and insulin are present in both an avian muscle cell line and 

intact avian muscle cells.  
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2. REVIEW OF THE LITERATURE 

2.1 OREXIN 

Orexin, which regulates wakefulness, energy homeostasis, and appetite/feeding behavior 

based on nutritional status, is a neuropeptide hormone that was originally discovered in the 

hypothalamus of rats by investigating orphan G protein-coupled receptors (de Lecea et al., 1998; 

Sakurai et al., 1998). Orphan receptors are those whose ligand and physiological actions are 

unknown (Stadel et al., 1997). The term orexin originates from the Greek word “orexis”, 

meaning appetite. There are two known orexin peptides (ORX-A and ORX-B), both of which are 

formed by proteolytic cleavage of the precursor prepro-orexin (Sakurai et al., 1998). The 

synonymous terms “hypocretin 1 and 2” were coined by de Lecea et al. (1998), where hypo 

refers to the peptide’s origin in the hypothalamus and cretin refers to the similarity of the 

peptide’s amino acid sequence with the gut hormone secretin. When initially discovered in rats, 

the precursor peptide prepro-orexin was shown to be a 130-residue polypeptide from which the 

mature peptides ORX-A and ORX-B were formed, with ORX-A containing 33 amino acids and 

a molecular weight 3.562 kDa and ORX-B containing 28 amino acids and a molecular weight of 

2.937 kDa (Sakurai et al., 1998). When comparing the two peptides, ORX-B was shown to be 

forty-six percent identical in amino acid sequence to ORX-A. However, when comparing 

mammalian species (human, rat, mouse, pig, and cow), the sequence and structure of both 

peptides is highly conserved (Sakurai, 1998). A number of studies have also shown that the 

structures of ORX-A and ORX-B in chicken and certain types of fish are conserved when 

compared to their mammalian counterparts (Shibahara et al., 1999; Alvarez and Sutcliffe, 2002; 

Sakurai, 2005; Tsujino and Sakurai, 2009).     
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2.1.1 OREXIN RECEPTORS 

ORX-A and ORX-B signal through the G protein-coupled receptors orexin receptor 1 

(ORXR1) and orexin receptor 2 (ORXR2). These two ubiquitously expressed receptors were first 

identified in human brain tissue through expressed sequence tags combined with database 

searching using tBLASTn (Soppet et al., 1996; Sakurai et al., 1998). In humans it has been 

shown that the amino acid sequence for ORXR1 and ORXR2 is more than sixty percent 

identical, making them more similar to each other than to other G protein-coupled receptors 

(Sakurai et al., 1998). The same study also showed that both receptors are highly conserved 

between humans and rats, with the sequence identity being greater than ninety percent for both. 

The two orexin peptides have different binding affinities for the two orexin receptors. ORX-A is 

able to bind to both receptors but has a higher affinity for ORXR1, while ORX-B binds to 

ORXR2 with the same affinity as ORX-A (Tsujino and Sakurai, 2009). Several studies have 

indicated that the binding of orexins to orexin receptors activates multiple G proteins. In studies 

conducted using humans (Karteris et al., 2001; Randeva et al., 2001) and rats (Karteris et al., 

2005), it was shown that the binding of ORXR2 activates Gi, Gs, Go, and Gq proteins in adrenal 

cortical tissue. It appears that the responses to orexin receptor signaling are highly diverse. The 

activation of the various G proteins can lead to a variety of cellular responses such as the 

regulation of protein/lipid kinases (Hepler and Gilman, 1992; Gautam et al., 1998). In the case of 

orexin stimulation activation of G proteins can lead to the excitation of neurons that affect the 

regulation of ion channels, the activation of signaling cascades that regulate the activity of 

adenylyl cyclase, phospholipases, and activation of cell death pathways (reviewed by Kukkonen, 

2013; Kukkonen and Leonard, 2014). 
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2.1.2 OREXIN EXPRESSION IN MAMMALIAN PERIPHERAL TISSUES 

As stated previously, orexin was initially discovered to be produced by neurons in the 

hypothalamus of rats. Additional studies have shown that the axons of these orexin-producing 

neurons are extensively distributed throughout the central nervous system (Peyron et al., 1998; 

Nambu et al., 1999; van den Pol, 1999), along with expression of both orexin receptors (Trivedi 

et al., 1998; Marcus et al., 2001). This indicates that the expression of orexin and its receptors is 

vital to the proper function of the central nervous system.  

In addition to expression in the central nervous system, subsequent studies have pointed 

to the expression of orexins and orexin receptors in various mammalian peripheral tissues. 

Kirchgessner and Liu (1999) first reported the presence of ORX-A in human intestinal mucosa 

and pancreas. The presence of ORX-A in human plasma is another indicator of widespread 

orexin activity outside of the central nervous system (Arihara et al., 2001; Dalal et al., 2001). 

The distribution of ORX-A in human peripheral tissues was extensively studied by Nakabayashi 

et al. (2003) who showed that immunoreactivity for the peptide was present in several tissues 

that include ganglion cells of the thoracic sympathetic trunk, endocrine cells of the 

gastrointestinal tract, islet cells of the pancreas, and syncytiotrophoblasts and decidual cells of 

the placenta. Additionally, the expression of both orexin receptors (ORXR1 and ORXR2) has 

been identified in adipose tissue (Digby et al., 2006) as well as different areas of the male 

reproductive tract (Karteris et al., 2004) of humans.  

Orexin and orexin receptors have also been detected in a number of peripheral rat and mouse 

tissues. Prepro-orexin mRNA was detected in rat testis (Sakurai et al., 1998) and duodenum 

(Naslund et al., 2002). Johren et al. (2001) investigated the presence of prepro-orexin and orexin 

receptor mRNA in peripheral rat tissues and was able to detect prepro-orexin mRNA in the testis, 
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low levels of ORXR1 mRNA in the kidney, adrenal, thyroid, testis, ovaries and jejunum, plus 

low levels of ORXR2 mRNA in the lung and pituitary. In addition, ORXR1 and ORXR2 mRNA 

have been detected in mouse adipose tissue (Skrzypski et al., 2011), and orexin produced in the 

placenta of mice is believed to be an important contributor to the prenatal development of brown 

adipose tissue (Sellayah et al., 2011). The presence of orexin and orexin receptors in mammalian 

peripheral tissues suggests that the system plays a part in other physiological roles in addition to 

the regulation of feeding behavior and wakefulness (Peyron et al., 1998).  

2.1.3 EFFECTS OF OREXIN IN MAMMALS 

 Orexin has been shown to regulate a variety of processes in mammals. After the initial 

discovery of the peptide, one of the first observations made was that intracerebroventricular 

administration of ORX-A in rats causes an increase in food (Sakurai et al., 1998; Sakurai, 1999) 

and water (Kunii et al., 1999) consumption. Subsequent research by Edwards et al. (1999) 

indicated that ORX-A is a more potent stimulator of food intake than ORX-B in rats. In addition, 

the administration of an orexin receptor antagonist in rats and mice causes a decrease in food 

consumption, providing further evidence of orexin’s stimulatory effect on food intake (Haynes et 

al., 2000, 2002). One of the other central effects of orexin is the control it exerts on sleep and 

wakefulness (Chemelli et al., 1999; Lin et al., 1999; Mignot and Thorsby, 2001). Studies have 

shown that the orexin-producing neurons in the hypothalamus are activated during the awake 

period (Tsujino and Sakurai, 2009). These neurons increase their activity/discharging during 

active waking and stop firing during periods of sleep (Lee et al., 2005; Mileykovskiy et al., 2005; 

Takahashi et al., 2008). In addition, orexin-producing neurons project to the majority of brain 

regions that are involved in regulating wakefulness (see review Alexandre et al., 2013). 

Specifically, cholinergic neurons located in the basal forebrain, whose involvement is also 
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important in regulating sleep and arousal, are directly excited by orexins. Evidence has shown 

that the central injection of ORX-A induces excitation of cholinergic neurons, which in turn 

promotes wakefulness (Eggermann et al., 2001; Xi et al., 2001 Takahashi et al., 2002;). Since 

orexin signaling is involved in controlling feeding behavior and sleep/wake cycles, it is 

inherently involved in control of circadian rhythms in mammals (Mieda et al., 2004; Kantor et 

al., 2009). Neurons located in the suprachiasmatic nucleus (SCN) of the brain serve as the 

control center of the circadian clock. It appears that input from neurons in the SCN to orexin 

neurons exerts regulation over the control of arousal and appetitive states in circadian rhythms 

(Inutsuka and Yamanaka, 2013; Belle et al., 2014). 

 Another central effect of orexin in mammals is the ability to regulate glucose homeostasis 

and energy balance when hypothalamic neurons sense changes in the circulating levels of 

glucose (Tsuneki et al., 2010; 2012). There are several lines of evidence to support the 

relationship between orexin expression and glucose levels. Energy balance in animals has a 

profound input on the orexin system. For example, studies have shown that the extracellular 

presence of glucose and leptin inhibits the excitability of orexin neurons; whereas the presence of 

ghrelin along with decreased glucose and energy levels causes stimulation of orexin neurons 

(Yamanaka et al., 2003; Burdakov et al., 2005). Burdakov et al. (2006) provides further evidence 

of this by showing that the physiological changes in glucose levels that occur between meals is 

reflected in the variations of the firing rate of orexin neurons. Also, the increase in mRNA levels 

of prepro-orexin seen under hypoglycemic conditions supports the idea that orexin is glucose-

responsive (Griffond et al., 1999). The effect of orexin expression in the brain on glucose 

homeostasis and energy balance can be seen in mammals affected with the orexin-deficient 

condition narcolepsy. Humans identified with the condition are known to have decreased energy 
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intake, yet there is an increase in body mass index (BMI), leading to an increase in the 

occurrence of type 2 diabetes (Honda et al., 1986; Schuld et al., 2000). Similarly, transgenic 

mice that were deficient in orexin neurons displayed late-onset obesity even though they 

consumed less food than their non-transgenic counterparts (Hara et al., 2001).  

It has been discovered that orexins are also involved in other physiological processes. A 

number of studies have shown that the orexin system is involved in lipid metabolism. Kukkonen 

(2014) reports that one of the significant ways of signaling for orexin receptors is through lipid 

cascades such as phospholipase C and phospholipase D pathways. In other studies, 

administration of ORX-A, but not ORX-B has the greatest effect on lipid metabolism. ORX-A 

has been shown to decrease levels of lipid peroxidation and apoptosis in rat hypothalamic cells 

(Butterick et al., 2012). ORX-A administration also inhibits lipolysis and stimulates lipogenesis 

in the adipocytes of rats (Skrzypski et al., 2011; Shen et al., 2013) and pigs (Pruszynska-

Oszmalek et al., 2018). Orexins have also been implicated in exerting some control over 

cardiovascular regulation of heart rate and blood pressure in mammals. Central injection of 

orexin in rats causes an increase in sympathetic nerve activity (Shirasaka et al., 1999; Ciriello et 

al., 2003) as well as an increase in heart rate and mean arterial blood pressure (Samson et al., 

1999; Zhang et al., 2005). In addition to changes in sympathetic nerve activity, orexin is also 

involved in the neuroendocrine stress response and the secretion of stress hormones such as 

adrenocorticotropic hormone (ACTH) and corticosterone (Samson et al., 2002, 2007). In mice it 

has been shown that the binding and activation of ORXR2 is more prominent in inducing a stress 

response as opposed to activation of ORXR1 (Yun et al., 2017). Under stress-inducing 

conditions, mobilization of the orexin system causes a stress response that includes associated 

anxiety behavior as well as other endocrine and cardiorespiratory responses (see review Johnson 
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et al., 2012). As a consequence, abnormal function of the orexin system is a factor in psychiatric 

and behavioral disorders. Hyperactivity of the orexin system contributes to anxiety and panic 

disorders, whereas hypoactivity of the system is associated with decreased motivational behavior 

and depression (James et al., 2017). 

2.1.4 EFFECTS OF OREXIN IN MAMMALIAN MITOCHONDRIA 

 In mammals, orexin has been shown to induce differentiation of brown adipose tissue 

(BAT), subsequently leading to thermogenesis (Sellayah et al., 2011; Swami, 2011). One of the 

effects orexin has in this process is the regulation of genes involved in mitochondrial biogenesis. 

The study by Sellayah et al. (2011) revealed several changes in the mitochondrial dynamics of 

mouse preadipocytes treated with ORX-A. The expression of a number of genes involved in 

mitochondrial biogenesis (i.e. PGC-1α, PGC-1β, PPARγ1, and UCP1) were up-regulated 

following treatment. These findings were further supported when subsequent 

immunofluorescence staining revealed an increase in mitochondrial abundance of the treated 

cells. Studies using other cell types treated with ORX-A have also shown effects on 

mitochondrial function. Human neuroblastoma cells treated with ORX-A had increased 

mitochondrial membrane potential (Pasban-Aliabadi, et al., 2017). Additionally, in studies using 

human hepatoma cells (Wan et al., 2017) and human embryonic kidney cells (Sikder and 

Kodadek, 2007), treatment with ORX-A resulted in increased ATP production that shifted from 

glycolysis in the cytoplasm to oxidative phosphorylation in the mitochondria. Taken all together, 

these studies indicate that orexin is able to enhance mitochondrial function, biogenesis, and ATP 

production. 
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2.1.5 OREXIN SYSTEM IN AVIAN SPECIES   

 Significantly fewer studies concerning the orexin system have been conducted in avian 

species when compared to mammals. Chicken prepro-orexin was first cloned, sequenced, and 

characterized by Ohkubo et al (2002). In that study, chicken orexin cDNA was shown to be 

expressed in the periventricular and lateral hypothalamic areas and consisting of 658 bp that 

encode 148 amino acids. Also, chicken ORX-A and ORX-B are evolutionary conserved with 

their mammalian counterparts, showing approximately 85% and 65% similarity at the amino acid 

level (Ohkubo et al., 2002). Characterization of the chicken orexin receptor shows that its cDNA 

has a length of 1869 bp that encode 501 amino acids, which corresponds to mammalian ORXR2  

with an 80% homology (Ohkubo et al., 2003). Studies looking at tissue distribution of orexin and 

orexin receptors in chickens show that the peptides are expressed in the brain (Ohkubo et al., 

2002; Ohkubo et al., 2003; Miranda et al., 2013; Godden et al., 2014), pituitary gland, adrenal 

gland, testis and ovary (Ohkubo et al., 2003), and the stomach and intestine (Arcamone et al., 

2014). 

 Orexin does not appear to elicit the same responses in birds as it does in mammals. One 

of the most noted actions that centrally administered orexin has in mammals is that it stimulates 

feeding/food intake (Sakurai et al., 1998; Edwards et al., 1999; Sakurai, 1999; reviewed by 

Tsujino and Sakurai, 2009). However, central administration of ORX-A or ORX-B did not 

stimulate feed intake in neonatal broiler and layer chicks (Furuse et al., 1999; Katayama et al., 

2010) or adult pigeons (da Silva et al., 2008). Studies examining mRNA expression of prepro-

orexin in the hypothalamus of chicken (Ohkubo et al., 2002) and quail (Phillips-Singh et al., 

2003) following 24h fasting showed no increase in expression, providing further evidence for the 

lack of a stimulatory effect on feeding behavior in birds. The study conducted by Song et al. 
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(2012) did show an increase in prepro-orexin mRNA, but this was measured after 48h fasting, 

which would be an extreme fasting condition for broiler chickens. 

 As stated previously, another hallmark of orexin function in mammals is its effects on the 

regulation of sleep/wakefulness, where a dysfunction in the orexin system is associated with the 

sleep condition narcolepsy (Chemelli et al., 1999). Studies investigating the effects of orexin on 

arousal in birds have been conducted with mixed results. It has been concluded that either 

hypothalamic orexin does not play a role in arousal of the sleep/wake cycle (Miranda et al., 

2013), or that only ORX-A in conjunction with the enzyme monoamine oxidase-A (MAO-A) 

increases arousal in layer chicks only and not broiler chicks (Katayama et al., 2010; Katayama et 

al., 2011). Multiple studies investigating orexin in avian species theorize that the peptide appears 

to be more involved in the regulation of energy balance than feed intake and sleep/wake cycles 

(Miranda et al., 2013; Song et al., 2013; Godden et al., 2014). 

2.2 FEED EFFICIENCY IN POULTRY PRODUCTION 

 Feed efficiency (FE) is one of the most important traits in domestic poultry when 

selecting animals for commercial breeding programs and consumer use. FE is defined as the ratio 

of body weight gained to the amount of feed consumed (gain:feed). Feed conversion ratio (FCR) 

is the inverse of FE (feed:gain) and is the most commonly used term in commercial animal 

production. One of the primary reasons that FE is so important is that feed accounts for up to 

70% of the costs needed to rear an animal to market weight (Willems et al., 2013). Studies 

investigating changes in FE in poultry production have shown that there has been significant 

improvements over the last several decades. The work conducted by Havenstein et al. (1994) is 

one of the hallmark studies illustrating this, where the comparison of broiler strains from 1957 

and 1991 showed that the 1991 strain had a 250 to 300% increase in FE and body weight. A 
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subsequent study showed that 2001 commercial broilers had improved FE when compared to 

1957 broilers regardless of whether they were fed either one of the diets that were representative 

of the two time periods (Havenstein et al., 2003). The increase in growth rates and FE seen over 

the years can be attributed to genetic selection by commercial breeding programs and 

improvements in nutrition and management of nutrition (Havenstein et al., 2007). However, 

despite the improvements seen in growth rate and FE, variations still remain both within and 

between strains of broilers (Emmerson, 1997). Therefore, additional research using modern 

techniques to investigate molecular interactions with genomic and proteomic expression and how 

it affects FE is still needed.  

 In addition to FE and FCR, there are also other methods used to evaluate efficiency in 

commercial animal production. Another common method of evaluating efficiency is a 

measurement termed residual feed intake (RFI). The basic definition of RFI is the difference 

between actual feed intake and predicted feed intake which is based on the regression of 

requirements for production (body weight gain) and the maintenance of body weight (Van Der 

Werf, 2004). The original concept of RFI was introduced by Byerly (1941) and used by Luiting 

(1990) in the production of poultry eggs. Since FE and FCR are ratio-based traits, it is possible 

that while their use selects for larger animals, it can also lead to increased feed costs. On the 

other hand RFI is phenotypically independent of body weight and weight gain and can be used to 

select for animals that have reduced feed intake yet are able to still meet production goals (Bottje 

and Carstens, 2009: Aggrey et al., 2010). A number of alternative methods for measuring 

efficiency have also been reported in recent studies (Willems et al., 2013). These include residual 

maintenance energy (RMEM) which measures energetic efficiency without including feed intake, 

residual gain (RG) that is calculated from linear regression of average daily gain on feed intake 
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and body weight, and residual intake and gain (RIG) which is calculated using both RFI and RG 

(Romero et al., 2009; Berry and Crowley, 2012). 

2.2.1 MITOCHONDRIA, OXIDATIVE STRESS, AND FEED EFFICIENCY IN POULTRY 

 Mitochondria are the major source of cellular energy production and generate about 90% 

of the ATP needed to meet the cell’s demands (Lehninger et al., 1993). In addition to cellular 

energy production, mitochondria are also involved in apoptosis, thermogenesis, and the 

maintenance of calcium homeostasis in the cell (Rossignol et al., 2000). ATP is produced by the 

electron transport chain (ETC) located on the inner mitochondrial membrane. The ETC consists 

of five multi-subunit protein complexes (complex I-V). Electrons from energy substrates move 

down the ETC from complex I to complex IV where they are transferred to oxygen (O2), the 

final electron acceptor. This movement of electrons is coupled to the movement of protons into 

the intermembrane space. The accumulation of protons sets up a proton motive force that drives 

ATP synthesis as the protons are pumped through complex V into the mitochondrial matrix 

(Lehninger et al., 1993).  

 In addition to its involvement in ATP production, the ETC is a major source of reactive 

oxygen species (ROS) production and endogenous oxidative stress (Yu, 1994). ROS include 

compounds such as superoxide, hydrogen peroxide, and hydroxyl radicals. ROS are formed in 

the mitochondria due to electrons leaking from the ETC before they are able to reach the 

terminal electron acceptor (O2). Instead of being completely reduced to water, 2 to 4% of the O2 

used by mitochondria may only be partially reduced to superoxide (Boveris and Chance, 1973; 

Chance et al., 1979). Complex I and complex III are considered to be the primary producers of 

superoxide within the ETC (Chen et al., 2003; Drose and Brandt, 2012). Superoxide is typically 

converted to the less reactive hydrogen peroxide by the enzyme superoxide dismutase. However, 
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when hydrogen peroxide is in the presence of iron (Fe2+) and copper (Cu2+) it can be converted 

into highly reactive hydroxyl radicals. The accumulation of ROS can lead to the oxidative 

damage of DNA, lipids, and proteins that exacerbate inefficiencies in the mitochondria, thus 

initiating a continuous cycle of cellular damage and ROS production.  

 Several studies have been conducted to investigate the relationship between 

mitochondrial function and feed efficiency in broilers. Bottje et al. (2002) was the first study to 

show that in the comparison of breast muscle isolated from broilers with low FE and high FE, the 

low FE broilers had impaired mitochondrial function. The impaired function was observed in the 

form of lower respiratory chain coupling that was possibly due to decreased activity of 

Complexes I and II in the ETC, greater electron leak from the ETC, and increased hydrogen 

peroxide production. This study was significant because the broilers came from the same genetic 

line and were fed the same diet. Additional studies by Iqbal et al. (2004, 2005) indicated that 

ETC complex activities were significantly lower in muscle and liver mitochondria of low FE 

broilers. In a subsequent study by the same group, mitochondria were isolated from the 

duodenum of broilers phenotyped for low and high FE and similar to the observations in breast 

muscle, the production of oxygen radicals was higher in low FE mitochondria (Ojano-Dirain et 

al., 2004). Since increased levels of hydrogen peroxide were consistently observed in 

mitochondria from low FE broilers, it would be logical to hypothesize that oxidation of proteins 

would also be higher. One method to determine the presence of protein oxidation is to quantify 

the levels of protein carbonyls, which serve as an indicator (Stadtman and Levine, 2000). In a 

number of studies, breast muscle mitochondria as well as homogenate from gut, leg, heart, liver, 

and lymphocytes of low FE broilers displayed increased amounts of protein carbonyls when 

compared to high FE broilers, further supporting the evidence that the mitochondria and tissue of 
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low FE birds are more susceptible to protein oxidation/damage (Iqbal et al., 2004, 2005; Ojano-

Dirain et al., 2005, 2007; Lassiter et al., 2006; Tinsley et al., 2010). 

 Despite the oxidative damage that is caused by high levels of ROS, low levels of these 

molecules are actually important in signal transduction and control various physiological 

processes (e.g. growth factor signaling, mitochondrial biogenesis, insulin sensitivity) that affect 

cell growth and proliferation (see review Finkel, 2011). The mitochondria in particular are 

thought to play a role in the control of these processes through redox signaling, since they 

possess both a system for generating ROS and for antioxidant protection (Chandel, 2010; Finkel, 

2012). As mentioned earlier, the generation of superoxide occurs primarily in complex I and 

complex III. It is believed that the superoxide produced by complex I is released into the 

mitochondrial matrix where ROS are the most damaging since they can easily react with 

mitochondrial DNA and other molecules easily affected by oxidative damage; whereas ROS 

generated via complex III is released into the intermembrane space where it is converted into 

hydrogen peroxide that diffuses into the cytosol where it can act as a second messenger in 

cellular signaling (Bleier and Rose, 2013; Bleier et al., 2015). Since ROS can function in signal 

transduction and secondary messaging, it is possible that the low FE phenotype broilers, 

characterized by increased ROS levels, may show differences in gene and protein expression of 

key molecules when compared to the high FE phenotype. 

2.2.2 GENOMIC AND PROTEOMIC EXPRESSION ANALYSIS OF FEED EFFICIENCY IN 

POULTRY 

 Since the previously cited studies have shown that low FE broilers are more susceptible 

to elevated levels of ROS production and oxidative stress due to defects in mitochondrial 

function, and that changes in the levels of ROS can have an impact on genomic and proteomic 
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expression, global expression studies have also been conducted to determine which genes and 

proteins are affected in order to develop a comprehensive understanding of the cellular basis of 

FE. Analysis of global gene (Kong et al., 2011; Bottje et al., 2012; Zhou et al., 2015) and protein 

(Kong et al., 2016) expression was conducted on breast muscle acquired from high and low FE 

broilers. The online software program Ingenuity Pathway Analysis (IPA; 

http://apps.ingenuity.com) was used in these studies to interpret the data and generate predictions 

that provide a visualization of the networks of genes and proteins that are associated with FE. In 

the initial microarray analysis of gene expression, the findings from Kong et al. (2011) and 

Bottje et al. (2012) indicated that the high FE phenotype is derived from the upregulation of 

genes associated with growth-promoting anabolic processes, signal transduction pathways, and 

enhanced energy sensing and energy production; whereas genes upregulated in the low FE 

phenotype were associated with muscle fiber development and function, organization of 

cytoskeletal architecture, fatty acid oxidation, growth factors, and genes induced in response to 

oxidative stress. Subsequent analysis of genomic data obtained from the same group of high and 

low FE broilers also indicated that a number of genes involved in insulin signaling (i.e. AMPK, 

PI3K, PDK1, S6K, mTORC1) were predicted to be upregulated in the high FE phenotype (Bottje 

et al., 2014). In the same study, myostatin, which is a well-known inhibitor of muscle growth and 

development (McPherron et al., 1997; Kollias and McDermott, 2008) was predicted to be 

upregulated in the low FE phenotype. Interestingly, progesterone signaling within avian 

mitochondria also appears to be associated with the divergence seen in the broiler FE phenotype 

(Bottje et al., 2017). 

 Shotgun proteomic analysis conducted on the high and low FE phenotype breast muscle 

samples by Kong et al. (2016) revealed some interesting results. A number of mitochondrial 

http://apps.ingenuity.com/


23 
 

proteins were identified as being upregulated in the high FE phenotype, indicating that 

mitochondrial expression was greater in this group. Also, based on the differential expression of 

proteins it was predicted that molecules involved in hormone signaling (i.e. insulin receptor, 

insulin like growth receptor 1, progesterone, triiodothyronine) would be activated in the high FE 

phenotype. Subsequent analysis of the dataset revealed that a mitochondrial isoform of creatine 

kinase as well as proteins involved in energy production and transfer (i.e. ANT, VDAC, ETC 

proteins) were upregulated in the high FE phenotype (Bottje et al., 2017a). Furthermore, it was 

revealed that the enrichment of mitochondrial ribosomal proteins and proteins involved in 

ribosomal assembly were enhanced in the high FE phenotype (Bottje et al., 2017b). The 

collective results obtained from the proteomic analysis of breast muscle from the high and low 

FE phenotype suggests that the high FE phenotype is characterized by enhanced mitochondrial 

expression in breast muscle, an enhanced ability to maintain the energy requirements needed in 

skeletal muscle mitochondria, and enhanced translation of proteins. 

2.3 MYOSTATIN AND INSULIN SIGNALING IN MUSCLE GROWTH AND 

DEVELOPMENT 

 Myostatin (MSTN), initially referred to as growth/differentiation factor-8 (GDF-8), is an 

inhibitor of muscle growth and development that was first reported by McPherron et al. (1997) 

where myostatin-null mice showed an increase in muscle mass due to both hyperplasia and 

hypertrophy of muscle fibers. Myostatin is a member of the transforming growth factor-β (TGF-

β) superfamily. TGF-β members are involved in growth and differentiation and play an 

important role in regulating development in embryos, and maintenance of tissue homeostasis in 

adult animals (McPherron and Lee, 1996). In mice, the myostatin protein was characterized as 

being 376 amino acids in length and containing a signal sequence for secretion, a proteolytic 
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processing site, and a carboxy-terminal region of conserved cysteine residues, which is 

characteristic of TGF-β proteins (McPherron et al., 1997). In the same article it was also reported 

that myostatin is highly conserved across species, including mammals as well as chickens.  

Myostatin’s role as a negative regulator of muscle growth has been illustrated in a 

number of species, including cattle, humans, sheep, and dogs, where mutations in the myostatin 

gene that lead to a loss of function have resulted in a significant increase of muscle mass 

(Kambadur et al., 1997; Schuelke et al., 2004; Clop et al., 2006; Mosher et al., 2007). It has been 

shown that myostatin’s negative effect on muscle growth is caused by its ability to prevent the 

proliferation and differentiation of myoblasts into myotubes (Thomas et al., 2000). The 

mechanism by which this happens appears to be dependent on more than one signaling pathway 

in the cell. A good illustration of initial myostatin signaling is provided by Lee and Glass (2011). 

Myostatin first binds to either one of two activin type-II receptors (ActRIIA, ActRIIB), and 

subsequently one of the two type-I receptors (ALK4, ALK5) which leads to 

phosphorylation/activation of one or both of the transcription factors SMAD2 and SMAD3. The 

activation of SMAD2, SMAD3 ultimately leads to the blockage of the transcription factor 

MyoD, thereby inhibiting differentiation and proliferation of myoblasts (Zhu et al., 2004; Allen 

and Unterman, 2007). Inhibition of this signaling pathway occurs when myostatin binds to either 

the protein follistatin (FSTN) or the soluble form of the ActRIIB receptor (ActRIIB-Fc) instead 

of the true membrane-bound receptors (Lee and McPherron, 2001; Lee and Glass, 2011).   

The regulation of muscle growth by myostatin is also linked to components of the insulin 

signaling pathway, where it is intricately involved in signaling via the protein kinase Akt (see 

reviews Elkina et al., 2011; Elliott et al., 2012). Akt is able to influence either protein synthesis 

or protein degradation through multiple routes during insulin signaling that can be affected by 



25 
 

the expression of myostatin. Typically, Akt promotes myoblast differentiation and myotube 

hypertrophy through the subsequent activation of mTOR and p70s6K. However, signaling by 

myostatin through Akt can activate the transcription factor Forkhead box O (FoxO), which leads 

to an increase in expression of the proteasome ubiquitin ligase atrogin-1 that induces protein 

degradation and the loss of muscle mass. The regulation of muscle growth and development 

through signal transduction involving myostatin and the insulin pathway is complex since it 

involves multiple pathways and is not yet fully understood, particularly in avian species.  

2.4 MECHANISMS OF HORMONE ACTIONS IN MAMMALIAN MITOCHONDRIA 

 Steroid and thyroid hormones influence a number cellular processes in mammals such as 

growth, development, and metabolism. Once a hormone binds to its respective receptor it 

functions as a transcription factor whose influence on the activation or repression of certain 

genes is mediated by hormone response elements (HREs). HREs are short DNA sequences 

typically located in the promoter region of genes, where binding of the hormone/receptor 

complex to the HRE initiates activation of the gene (Wu et al., 2001; Scheller and Sekeris, 2003). 

In addition to the classical activation of nuclear-encoded genes, evidence also indicates that 

hormones may act on mitochondria as well by 2 mechanisms, either an indirect or a direct 

mechanism. In the indirect mechanism, once a hormone binds to its respective receptor, it is 

translocated to the nucleus where binding to HREs leads to the activation of nuclear-encoded 

mitochondrial transcription factors (e.g. peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α); mitochondrial transcription factor A (mtTFA)), and nuclear-

encoded mitochondrial proteins of the electron transport chain (see reviews by Wrutniak-Cabello 

et al., 2001; Chen et al., 2005; Psarra et al., 2006). The activation of these nuclear-encoded genes 
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that function in the mitochondria exerts a positive effect on mitochondrial biogenesis, as well as 

metabolism, growth, and development.  

In the direct mechanism, instead of initially signaling through the nucleus, hormones bind 

directly to receptors located on or within the mitochondria. Studies show that mammalian 

mitochondria contain receptors for progesterone (Dai et al., 2013; Feng et al., 2014), 

glucocorticoid (Demonakos et al., 1993; Moutsatsou et al., 2001; Du et al., 2009), thyroid 

(Wrutniak et al., 1995; Wrutniak-Cabello et al., 2001), and estrogen (Chen et al., 2004a,b). The 

hormone/receptor complex then binds to mitochondrial DNA (mtDNA), where it has been shown 

that mtDNA also contains HREs similar to their nuclear counterparts. HREs located within 

mtDNA have been identified for steroid hormones such as estrogen, progesterone, and 

glucocorticoids, as well as thyroid hormones (Demonakos et al., 1995; reviewed by Chen et al., 

2005 and Psarra et al., 2006). Since mtDNA encodes for a number of the protein subunits located 

in the electron transport chain, the presence of hormone receptors and HREs within the 

mitochondrial genome provides another avenue for the translation of mitochondrial-encoded 

proteins, thereby enhancing energy production and mitochondrial function. 

2.4.1 EFFECTS OF HORMONES ON MAMMALIAN MITOCHONDRIAL FUNCTION 

 Studies have been conducted in various mammalian tissue types to further understand the 

effects that hormone/receptor signaling have on mitochondrial physiology. For instance, 

progesterone signaling is typically associated with the reproductive process in females, however 

research has shown that the hormone and its receptor is influential in the function of 

mitochondria. A truncated progesterone receptor localized to the outer mitochondrial membrane 

was first recognized by Dai et al. (2013) in human heart tissue. In the same study, expression of 

this mitochondrial receptor was accompanied by an increase in cellular respiration (increased 
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membrane potential and O2 consumption). A similar study using human uterine cells also 

showed an increase in mitochondrial membrane potential following treatment with progestin 

(Feng et al., 2014). Also, mitochondria isolated from rat brain and treated with progesterone and 

estrogen showed enhanced respiratory function and reduced oxidative damage (Irwin et al., 

2008). The estrogen receptor is also known to be localized to the mitochondria in human and rat 

tissues (Yang et al., 2004) and is beneficial to mitochondria through the modulation of 

mitochondrial metabolism and gene expression (Liao et al., 2015; Chmielewska et al., 2017).       

Overall these studies indicate that the actions of progesterone and estrogen signaling positively 

affect mitochondrial function. 

 Glucocorticoid receptors have been identified in mammalian mitochondria using 

immunoblotting, immunofluorescence, and immunogold electron microscopy (Demonakos et al., 

1993; Scheller et al., 2000). The receptor is normally located in the cytoplasm and upon binding 

with the hormone is translocated to the mitochondria (Scheller et al., 2002). Translocation of the 

receptor to the mitochondria is chaperoned by heat shock proteins and Bcl-2-associated 

athanogene (Bag-1) (Du et al., 2009). This association of glucocorticoid receptors with Bcl-2 

proteins plays a role in regulating apoptosis in the mitochondria (Prenek et al., 2017). Reports 

have also illustrated how glucocorticoid receptors present in the mitochondria affect energy 

production and activity. Application of the synthetic glucocorticoid dexamethasone stimulated 

mitochondrial biogenesis in rat skeletal muscle and cultures of C2C12 cells (Weber et al., 2002). 

Transfected HepG2 that overexpress mitochondrial-targeted glucocorticoid receptors showed an 

increase in mitochondrial ATP production, RNA synthesis, and expression of the electron 

transport chain protein cytochrome oxidase subunit I (Psarra and Sekeris, 2011). There has even 

been evidence presented that the presence of a mitochondria-specific isoform of the 
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glucocorticoid receptor causes an increase in mitochondrial mass, oxygen consumption, and ATP 

production (Morgan et al., 2016). 

 Thyroid hormones are an important component in normal growth, development, and the 

regulation of metabolism (Yen, 2001). Similar to steroid hormone receptors, thyroid hormone 

receptors function as ligand-activated transcription factors by interacting with DNA-binding sites 

that regulate gene and protein expression (Psarra et al., 2006). It has been discovered that 

mammalian mitochondria contain two mitochondria-specific isoforms of the thyroid alpha 

receptor. These two truncated thyroid receptor alpha isoforms (p28 and p43) have been shown to 

increase mitochondrial gene expression, oxidative phosphorylation, thermogenesis (Bassett et al., 

2003), and influence cell differentiation and apoptosis (Wrutniak-Cabello et al., 2017). The p43 

isoform, which is located in the mitochondrial matrix and has direct contact with the HREs of the 

mitochondrial DNA appears to be the primary effector on mitochondrial function (Wrutniak et 

al., 1995). 

 Currently, there is no scientific literature published indicating that the insulin receptor is 

present in mammalian mitochondria. However reports do show that insulin signaling affects 

mitochondrial function. Studies in human neuronal cells show that the binding of insulin to its 

receptor induces the production of ROS, specifically H2O2, by mitochondria (Pomytkin, 2012). 

This H2O2 is generated primarily by the oxidation of succinate at complex II within the ETC and 

leads to the autophosphorylation and subsequent activation of the insulin receptor. The 

subsequent phosphorylation cascade within the insulin signaling pathway affects cellular 

mechanisms that help to regulate proliferation, metabolism, and differentiation in the cell. 

Additionally, studies in human skeletal muscle have shown that the infusion of insulin increases 

mitochondrial protein expression, ETC activity, and mitochondrial ATP synthesis (Stump et al., 
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2003; Asmann et al., 2006). Recent reports have shown that multiple members of the family of 

receptor tyrosine kinases (RTKs) translocate to the mitochondria where they phosphorylate 

mitochondrial proteins and regulate mitochondrial bioenergetics (Ding et al., 2012; Salvi et al., 

2013). The insulin receptor is a RTK and it is possible that it may translocate to the 

mitochondria, but to date has not been identified as such. 
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3.1 ABSTRACT 

Orexin A and B, orexigenic peptides produced primarily by the lateral hypothalamus that 

signal through two G-proteins coupled receptors, orexin receptors 1/2, have been implicated in the 

regulation of several physiological processes in mammals. In avian (non-mammalian vertebrates) 

species, however, the physiological roles of orexin are not well defined. Here we provide novel 

evidence that not only is orexin and its related receptors 1/2 (ORXR1/2) expressed in chicken 

muscle tissue and quail muscle (QM7) cell line, orexin appears to be a secretory protein in QM7 

cells. In vitro administration of recombinant orexin A and B (rORX-A and B) differentially 

regulated prepro-orexin expression in a dose-dependent manner with up-regulation for rORX-A 

(P<0.05) and down-regulation for rORX-B (P<0.05) in QM7 cells. While both peptides up-

regulated ORXR1 expression, only high dose of rORX-B decreased the expression of ORXR2 

(P<0.05). The presence of orexin and its related receptors and the regulation of its own system in 

avian muscle cells indicate that orexin may have autocrine, paracrine and/or endocrine roles. 

rORXs differentially regulated mitochondrial dynamics network. While rORX-A significantly 

induced the expression of mitochondrial fission-related genes (DNM1, MTFP1, MTFR1), rORX-

B increased the expression of mitofusin2, OPA1 and OMA1 genes that are involved in 

mitochondrial fusion. Concomitant with these changes, rORXs differentially regulated the 

expression of several mitochondrial metabolic genes (av-UCP, av-ANT, Ski and NRF-1) and their 

related transcriptional regulators (PPARγ, PPARα, PGC-1α, PGC-1β and FoxO-1) without 

affecting ATP synthesis. Taken together, our data represent the first evidence of the presence and 

secretion of orexin system in the muscle of non-mammalian species and its role in mitochondrial 

fusion and fission, probably through mitochondrial-related genes and their related transcription 

factors. 
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5.7 FIGURES 

 

Figure 5.1 Immunofluorescent staining of QM7 cells for visualization of mitochondrial receptors for; A) Progesterone, B) 

Glucocorticoid, C) Thyroid, D) Insulin and E) Estrogen. The nucleus was visualized with DAPI (blue), cytoplasm with Alexafluor 

(green), and mitochondria with Mitotracker® deep red CMX (red). The merged images with orange to yellow coloring represents the 

presence of mitochondrially located hormone receptors.  
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Figure 5.2 Verification of cell fractionation procedures. Gels are shown for A) Nucleolin (C23) 

(110 kDa) that was detected in nuclear fraction but not the mitochondrial fraction.  B) Voltage 

dependent activation channel (VDAC) that was detected in the mitochondrial fraction only, and 

C) Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) – present primarily in the cytoplasmic 

fraction but not in the mitochondrial fraction. 
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Figure 5.3 Hormone receptor expression in mitochondria isolated from breast muscle obtained from broiler for; (A) progesterone, (B) 

glucocorticoid, (C) thyroid hormone, (D) insulin, and (E) estrogen. The amount of protein loaded onto the gel for each lane was 75 µg.
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Figure 5.4 Hormone receptor expression in mitochondria isolated from breast muscle obtained 

from Japanese Quail for;  (A) progesterone, (B) thyroid, (C) insulin, and (D) estrogen. The 

amount of protein loaded onto the gel for each lane was 75 µg. 
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6. CONCLUSIONS 

 In this dissertation the expression of hormones and hormone receptors as it relates to 

mitochondrial function and feed efficiency in broilers was investigated. Hormonal action plays 

an important role in maintaining cellular function and contributing to muscle development and 

growth. However, studies of the relationship between hormones, mitochondria, and muscle have 

largely been confined to mammalian species; with very little information being present 

concerning avian species. Therefore, the overall goal of research in this dissertation was to 

determine if the hormone orexin is present in avian muscle cells and affects mitochondrial 

physiology, investigate whether differences in the feed efficiency of broilers can be partially 

attributed to differences in the expression of components of hormone signaling pathways, and to 

determine whether hormone receptors are present within the mitochondria of avian muscle cells.  

 We found that the neuropeptide orexin and its related receptors indeed are expressed in 

both intact avian muscle cells and an immortalized avian muscle cell line. Not only is orexin 

present, but is also secreted by these muscle cells, indicating that avian muscle tissue may use the 

hormone in an autocrine or paracrine role. The application of recombinant orexin impacted the 

expression of a number of genes involved in mitochondrial fission/fusion and metabolism. This 

study provides the first evidence of the orexin system being involved in avian muscle function. 

Based on these findings, future studies can be developed to investigate how other hormones and 

their receptors, particularly steroid and thyroid hormones, participate in the regulation of growth 

and mitochondrial function of avian muscle. 

 While investigating orexin in avian muscle, concurrent analysis of the high and low feed 

efficient broiler phenotype was also performed. Breast muscle isolated from both groups of birds 

was subjected to global gene and protein expression analysis. Based on the data obtained from 
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those studies, genes involved in regulating muscle hypertrophy as well as the insulin signaling 

pathway were predicted to be determinants of the high feed efficient phenotype. Using these 

predictions as a guideline, real-time qPCR was performed on breast muscle samples from both 

groups to investigate genes involved in muscle development and hypertrophy, in addition to 

insulin signaling. The results indicated that a number of genes involved in enhancing muscle 

growth and formation (i.e. AMPK, myogenin, creatine kinase) were upregulated in the high feed 

efficient phenotype, whereas genes known to inhibit muscle hypertrophy, differentiation, and 

fiber size (i.e. myostatin, caveolin-3, IGFBP-3) were downregulated in the high feed efficient 

phenotype. Additionally, several genes that are members of the insulin signaling pathway were 

differentially expressed between the two phenotypes, though no clear pattern was established. It 

must be noted that the insulin signaling pathway is very complex and not fully understood in 

mammalian species, even less so in avian species. Therefore future studies to elucidate the 

intricacies of the insulin pathway in avian species is warranted. This may lead to a better 

understanding of how the pathway is involved in muscle growth, mitochondrial function, and the 

determination of the high/low feed efficient phenotype.      

In the previous global protein expression analysis it was predicted that enhanced 

progesterone signaling within the mitochondria is a characteristic of the high feed efficient 

phenotype. Even though the presence of hormone receptors and hormone response elements have 

been identified in mammalian mitochondria, the same cannot be said for avian species. In the 

final study of this dissertation we were able to identify receptors for progesterone, estrogen, 

glucocorticoids, thyroid, and insulin in broiler and quail breast muscle tissue and an 

immortalized avian muscle cell line. Since the presence of hormone receptors has been shown to 

enhance energy production and gene/protein expression in mammalian mitochondria, in future 
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2. IACUC approval for gene expression study and hormone receptor study. 

 

 

 


