
ABSTRACT 

STERN, RACHEL ALLYSA. Myogenic Response to Ammonia Differs Between Avian and 

Mammalian Species. (Under the direction of Dr. Paul Mozdziak). 

 

Sarcopenia, or severe muscle wasting, is associated with numerous diseases, including 

liver failure.  In mammalian models of liver disease and cirrhosis, hyperammonemia, or an 

increase in circulating ammonia concentration, consistently increases myostatin expression, and 

is followed by skeletal muscle atrophy, apoptosis, and reduced protein synthesis.  Previous 

studies designed to determine the effects of hyperammonemia on muscle development in avian 

embryos have shown that hyperammonemia effects avian skeletal muscle differently than all 

previous mammalian models.  Specifically, myostatin expression was reduced in avian skeletal 

muscle in response to hyperammonemia, suggesting a positive myogenic environment.  The 

overall objective of the current dissertation research was to elucidate differences in ammonia 

toxicity and metabolism between avian and mammalian species in vitro.   

The objective of the first study was to determine if the positive response to ammonia that 

was observed in avian embryos was an effect of a liver-muscle axis, or specific to muscle.  

Cellular response to applied ammonia was observed in primary avian myoblasts and hepatocytes, 

compared to mouse (C2C12) myoblasts and (AML12) hepatocytes.  No significant differences 

were observed in cytotoxicity of avian and mammalian hepatocytes in response to applied 

ammonia.  These data revealed that the differential response to ammonia in avian species was 

specific to muscle, which demonstrated increased cell viability after 24 hours of treatment, and a 

reduction in myostatin expression, when compared to mammalian response to ammonia. 

The goal of the second study was to compare primary avian and primary mammalian 

myotube response to applied ammonia, and to determine if differences in ammonia metabolism 

was an effect of myofiber phenotype.  Primary breast and thigh myotubes were compared to 



primary rat and C2C12 myotubes for response to applied ammonia.  Increased myostatin 

expression was consistent in both rat and C2C12 myotubes after applied ammonia, while 

myostatin was decreased, or unchanged, in avian myotubes.  Further, alterations in myostatin 

expression had a functional effect on myotube size, such that mammalian myotubes 

demonstrated atrophy after applied ammonia, while avian myotube diameter increased in size.  

These experiments also revealed that there was a differential shift in myotube phenotype 

between species.  Avian myotubes established a fast fiber type shift after applied ammonia, while 

mammalian myotubes demonstrated a slow phenotype shift.  Intracellular glutamine 

concentration was increased in avian myotubes in response to applied ammonia, which suggests 

that avian myotubes utilize applied ammonia to produce glutamine.  

The final experiment was designed to assess alterations in glutamine synthetase 

expression and glutamine production between avian and mammalian myotubes in response to 

applied ammonia, and to determine if there is a differential response to excess glutamine 

between species.  These experiments reveal that glutamine synthetase protein expression is 

upregulated in avian myotubes, but not mammalian myotubes, in response to ammonia.  Further, 

intracellular glutamine concentration is significantly increased after ammonia application in 

avian myotubes, further supporting the hypothesis that avian myotubes utilize ammonia to 

produce glutamine.  Similar to previous experiments, ammonia caused myotube atrophy in 

mammalian myotubes, while myotube diameter was increased in avian myotubes.  Interestingly, 

glutamine application to mammalian myotubes had no effect on myotube diameter, whereas 

myotube diameter was increased in response to glutamine in avian myotubes, which suggests 

species differences in response to applied glutamine.  



This research has described differences in ammonia toxicity and metabolism between 

avian and mammalian muscle in vitro.  These data support the previous in vivo experiments and 

begins to explain intrinsic mechanisms used in avian muscle that allow for a positive response to 

ammonia.  Continued study of the avian model has potential to improve muscle growth in avian 

species and will provide insight to designing novel strategies to combat muscle wasting 

associated with hyperammonemia in mammalian species.  
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INTRODUCTION 

Skeletal muscle is a dynamic organ that contributes to physiological and biochemical 

balance within the body, in addition to its role in motion.  Muscle wasting is associated with 

numerous diseases, including chronic liver failure and cirrhosis, and contributes to poor 

outcomes.  Therefore, it is essential to understand the mechanisms that contribute to muscle 

wasting, termed sarcopenia, to develop strategies to prevent degenerative decline.  Classically, 

mammalian species are utilized to create models of muscle wasting associated with disease.  In 

mammalian models, it has been widely demonstrated that chronic liver disease has a negative 

impact on skeletal muscle status, and results in muscle deterioration.  Based on a previous model 

of liver failure in the chick embryo, it is possible that avian skeletal muscle possesses an 

undefined protective mechanism to escape the deleterious effects of excess ammonia in skeletal 

muscle.  Understanding the mechanism that allows avian muscle to thrive under conditions 

which are harmful to mammalian muscle will provide useful knowledge to improve avian muscle 

growth and will offer useful insight to developing novel strategies to combat muscle wasting in 

mammalian species. 

 

AMMONIA 

In living organisms, ammonia is derived from the breakdown of proteins, specifically, the 

deamination of amino acids, mainly from dietary sources.  Ammonia, which is typically referred 

to as the sum of ammonia (NH3) and ammonium (NH4
+), has a pKa of 9.1-9.2 in blood at 37oC, 

which dictates that in physiological conditions 99% of the ammonia pool in circulation is in the 

ionized form (Cooper and Plum 1987; Dimski 1994).  Because it is lipid soluble, ammonia (NH3) 

can freely cross cellular membranes, but ammonium (NH4
+) is not able to easily diffuse cell 
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membranes, and therefore, requires cell membrane transport proteins to enter cells, such as Na+ 

/K+-ATPase (active transport) and Na+ K+ 2Cl- -cotransporter (facilitated diffusion) (Cooper and 

Plum 1987; Martinelle and Häggström 1993).   In addition, there is evidence that ammonia can 

cross the blood-brain barrier preferentially by active transport (Sørensen 2013).  While the 

gastrointestinal tract is the predominant site of ammonia generation, through the catabolism of 

dietary proteins, ammonia is generated by multiple organs and biological processes, including 

skeletal muscle during exercise (Graham and MacLean 1992).  Ammonia is a precursor molecule 

for nitrogen incorporation into animal tissue and is, therefore, an essential substrate for 

biosynthesis of amino acids, proteins, and nucleic acids (Dimski 1994).  However, it is critical 

that circulating ammonia is consumed, or metabolized to be excreted as waste, as high 

concentrations of ammonia has a variety of negative effects, most notably as a potent neurotoxic 

compound.  

 

Ammonia Metabolism 

Under normal physiological conditions, the liver plays a central role in nitrogen 

metabolism and ammonia detoxification.  In humans, and other ureotelic species, ammonia 

detoxification begins in periportal hepatocytes via a series of enzymatic reactions commonly 

referred to as the urea cycle, which produces non-toxic urea from ammonia and bicarbonate.  

The urea cycle enzymes, specifically the first mitochondrial enzyme carbamoyl-phosphate 

synthase I (CPS1), has a low affinity for ammonia (Km = 1-2 mM) but is in high capacity in 

hepatocytes, therefore acts as the primary method of ammonia detoxification (Deuel et al. 1978; 

Meijer et al. 1990).  In addition to ornithine-cycle enzymes, a small population, 7-10%, of 

centrally located hepatocytes, which lack urea cycle enzymes, express the enzyme glutamine 
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synthetase (GS) (Meijer et al. 1990).  GS catalyzes the condensation of glutamate and ammonia 

to form glutamine.  In contrast to CPS1, GS has a high affinity (Km = 0.2 mM)  for ammonia, 

and scavenges any ammonia that escapes urea synthesis before it can enter circulation (Deuel et 

al. 1978; Meijer et al. 1990).  GS is also found in the brain a skeletal muscle, playing a role in 

ammonia detoxification outside of the liver when circulating ammonia is high (Cooper and Plum 

1987).   

Uricotelic species, including birds, excrete excess nitrogen in the form of uric acid, rather 

than urea.  However, this is not the only difference in nitrogen metabolism between avian and 

mammalian species.  In addition to other urea cycle enzymes, uricotelic species lack the 

mitochondrial enzyme CPS1, which catalyzes the first reaction of ammonia detoxification (Mora 

et al. 1965).  Instead, uricotelic species rely on the mitochondrial enzyme GS as a primary means 

of ammonia detoxification (Vorhaben and Campbell 1972; Campbell and Vorhaben 1976).  The 

nitrogen group of glutamine, which is synthesized to detoxify ammonia, is utilized in purine ring 

biosynthesis, donating the amide group to N-9, the first enzymatic reaction, and later to N-3 

(Vorhaben and Campbell 1972).  Further, it has been previously shown that GS is broadly 

distributed in avian liver, congruent to the distribution of CPS1 in rat liver, whereas GS is 

restricted to the perivenular region in mammalian liver (Smith and Campbell 1988).  Thus, the 

role of GS in nitrogen metabolism and ammonia detoxification in avian species is critical. 

 

Liver Dysfunction 

As previously described, most of the metabolically-generated ammonia is detoxified by 

the liver.  In the portal vein, ammonia concentrations can be 5-10 times higher than systemic 

circulation, further supporting the critical role of the liver in ammonia detoxification (Abdo 
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2006).  Diseases that alter the functionality of the liver, including acute liver failure, chronic liver 

disease, cirrhosis, and portal-systemic shunting, results in inadequate ammonia detoxification 

and increased blood ammonia concentration, termed hyperammonemia.  Differently than the 

aforementioned diseases, which are all acquired, acute hyperammonemia is also seen in children 

with urea cycle deficiencies, a consequence of genetic disorders that results in missing urea cycle 

enzymes (Mew et al. 2015).  While hyperammonemia is widely accepted as toxic, because the 

liver also plays a role in metabolism and clearing of other factors, including mediators of 

inflammatory and oxidative stress cascades, it can be difficult to evaluate the effects of ammonia 

independent of these other factors when using in vivo models of disease (Dasarathy et al. 2017).   

During hepatic insufficiency, extrahepatic ammonia detoxification occurs in other organs, 

including the brain and skeletal muscle, which possess the enzyme glutamine synthetase.  It has 

been well documented that both brain and skeletal muscle increase ammonia detoxification 

during hyperammonemia (He et al. 2010; Sørensen 2013).  The cataplerotic conversion of α-

ketoglutarate to glutamate, and then glutamate to glutamine removes 2 moles of ammonia for 

each α-ketoglutarate.  While this process does eliminate ammonia from circulation, it comes at 

the cost of utilizing a key component of the TCA cycle, α-ketoglutarate, which ultimately 

impairs mitochondrial function and ATP synthesis.   

 

Ammonia Toxicity 

Hyperammonemia, is considered toxic having wide effects on organ function, 

intracellular and extracellular pH, and causes neurological dysfunction.  Most notably, 

hyperammonemia can result in hepatic encephalopathy (HE), a syndrome marked by psychiatric 

abnormalities, confusion and memory loss, and coma, if left untreated (American Association for 
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the Study of Liver Diseases and European Association for the Study of the Liver 2014).  

Hyperammonemia causes HE by altering pH and electrolyte balances in the brain, particularly in 

astrocytes because they possess GS which allows for brain detoxification of ammonia, leading to 

cellular swelling, brain edema, and metabolic dysfunction of neural cells (Martinez-Hernandez et 

al. 1977; Bosoi and Rose 2009).  In addition, microglia, the immune cells of the brain, are 

activated in response to hyperammonemia, resulting in the release of pro-inflammatory 

mediators that contribute to brain edema (Ransohoff and Cardona 2010; Rangroo Thrane et al. 

2012).   

In clinical observation, and in mammalian models of chronic hyperammonemia, there is 

overwhelming evidence that excess ammonia in circulation, or ammonia applied to myotubes in 

culture, is detrimental to myogenic status, resulting in muscle wasting, termed sarcopenia 

(Dasarathy 2012).  Clinically, sarcopenia is a marker of poor outcomes because it contributes to 

the morbidity and mortality of disease (García et al. 2010; Han and Mitch 2011).  Patients with 

cirrhosis experience a decline in both muscle mass and muscle strength (Jones et al. 2012).  

Skeletal muscle uptake of ammonia for detoxification, via glutamine synthesis and the enzyme 

glutamine synthetase, increases in hyperammonemia, as muscle becomes the predominant organ 

in ammonia detoxification (Wilson et al. 1968; Dejong et al. 1994; Olde Damink et al. 2002; 

Chen and Dunn 2016).   

The mechanisms of ammonia toxicity, and resulting muscle degeneration, in mammalian 

skeletal muscle are only partially understood, therefore efforts to identify signaling cascades and 

design of therapeutic inhibitors to prevent skeletal muscle deterioration are ongoing.  Ammonia 

can cause severe skeletal muscle dysfunction, reducing cell proliferation and protein synthesis, 

inducing mitochondrial dysfunction, and increasing autophagy (Taylor et al. 2001; Mariño and 
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Kroemer 2010; Qiu et al. 2012, 2013; Davuluri et al. 2016a; Kumar et al. 2017).  Further, in both 

clinical observation and mammalian models, there is a direct link between hyperammonemia and 

increased myostatin expression (Dasarathy et al. 2004; Qiu et al. 2012, 2013; Tsien et al. 2015; 

Kumar et al. 2017).  Myostatin, a well-known negative regulator of muscle synthesis, plays a 

pivotal role in degenerative decline if muscle, therefore the myostatin regulatory pathway is an 

important target for developing therapies for sarcopenia associated with cirrhosis (García et al. 

2010; Han and Mitch 2011; Dasarathy 2012; Dasarathy et al. 2017; Dasarathy and Hatzoglou 

2018). 

 

Ammonia Toxicity in Birds 

While many research efforts have classified the effects of circulating ammonia 

concentration in mammals, due to mammalian species being the primary models for 

hyperammonemia, the same is not true for circulating ammonia toxicity in birds.  Wilson et al. 

(1968) examined the differences in toxicity of exogenous ammonia between uricotelic species 

and ureotelic species, using young chicks and mice.  They found that after intraperitoneal 

administration of ammonia, there was no significant difference in ammonia toxicities between 

chicks and mice (LD50 of 10.44 mmol/kg for chicks, and 10.84 mmol/kg for mice) (Wilson et al. 

1968).  Differently, ammonia administered by intravenous injection showed that chicks were 

more susceptible to ammonia toxicity when compared to mice (LD50 of 2.72 mmol/kg and 5.64 

mmol/kg, for chicks and mice, respectively) (Wilson et al. 1968).  Much of the knowledge 

regarding ammonia toxicity in birds refers to environmental ammonia gas in poultry houses, 

which is applicable to commercial poultry practices, where the continual release of ammonia 

from litter in poultry houses can create dangerous levels of ammonia gas.  Thus, considerable 
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effort is associated with improving ventilation efforts in commercial poultry houses to reduce 

atmospheric ammonia concentration.  Atmospheric ammonia concentrations can reach as high as 

200ppm in poorly ventilated poultry houses, and exposure to levels as low as 20 ppm for 

extended periods of time can have negative impacts on poultry health (Beker et al. 2004).   

The most notable adverse effects of high atmospheric ammonia are to the nasal cavity 

and eyes of chickens due to the high alkalinity of ammonia gas (Beker et al. 2004; Maliselo and 

Nkonde 2015).  Additionally, one study showed that longtime exposure to high concentrations 

(75 ± 3 µL/L) of atmospheric ammonia can trigger chronic hepatic injury, resulting in alterations 

in hepatic protein profiles (Zhang et al. 2015).  Specific to muscle, one study which assessed 

carcass traits associated with high atmospheric ammonia concentration reported that breast 

muscle percentage and eviscerated yield percentage were lower in 25 ± 3 and 50 ± 3 mg/kg 

ammonia treated broilers, compared to controls at 42 days of age (Xing et al. 2016).  

Interestingly, at exposure rates of 75 ± 3 mg/kg breast muscle percentage was not different from 

controls.  Conversely, thigh muscle percentage was not different at 25 ± 3 and 50 ± 3 mg/kg 

ammonia, but was significantly lower at 75 ± 3 mg/kg (Xing et al. 2016).  These data show that 

the relationship between increased atmospheric ammonia and muscle size are inconsistent and 

not linear.  In addition, theses data suggest that ammonia metabolism may be different between 

skeletal muscle fiber types.   

 

SKELETAL MUSCLE 

Skeletal Muscle Growth- An Overview 

Skeletal muscle comprises approximately 40% of total body mass in mammals, and 

contributes to metabolic and hormonal regulation, and glycemic control, in addition to its central 
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role in movement.  Post-natal muscle is a heterogenous organ comprised of multinucleated 

muscle fibers and extracellular matrix that is highly adaptive to external stimuli, which allows it 

to serve various functional demands.  Muscle growth can be characterized by two phases of 

growth: hyperplasia, an increase in cell number, and hypertrophy, and increase in cell size.  

Muscle fiber number is established during embryonic development, which is apparent in 

newborn muscles  which have the same fiber number as adult muscles (Wigmore and Stickland 

1983).  Therefore, postnatal muscle growth is predominantly due to hypertrophy of existing 

fibers (Wigmore and Stickland 1983; Remignon et al. 1995).  Protein synthesis, myonuclear 

accretion, and external factors, including mechanical load, and anabolic hormonal stimuli are 

responsible for increase in fiber size (Mozdziak et al. 1997; Schiaffino et al. 2013).  The 

regulation of fiber size, and therefore muscle mass, is a result of protein turnover, or the balance 

of protein synthesis and degradation, within muscle fibers.  However, because muscle fibers are 

multinucleated, protein turnover may also be affected by nuclear turnover, which is a balance of 

nuclear apoptosis and myonuclear accretion of satellite cells (Mozdziak et al. 1997; Schiaffino et 

al. 2013). 

Satellite cells are quiescent mononucleated cells which lie between the sarcolemma and 

basal lamina of terminally-differentiated muscle.  Satellite cells maintain their proliferative 

capacity, unlike myofibers which are post-mitotic, and respond to external stimuli to donate 

myonuclei required for muscle growth and regeneration (Schultz 1996; Mozdziak et al. 1997).  

Satellite cells can re-enter the cell cycle, in response to a variety of molecular stimuli from 

exercise, injury, and disease, to proliferate, providing myoblasts for myonuclear donation and 

replenishing the satellite cell population (Schultz 1996).  Quiescent satellite cells express the 

paired box 7 (PAX7) transcription factor, and remain quiescent until activation (Seale 2000; 
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Schiaffino and Reggiani 2011; Wang and Rudnicki 2012; Lee et al. 2012).  While the paired box 

transcription factor 3 (PAX3), has specific functions during embryonic development of muscle, 

PAX3 may only be expressed in satellite cells from specific muscle groups, whereas PAX7 is 

expressed in all satellite cells (Seale 2000; Relaix et al. 2004).   

Similar to embryonic myoblasts, which proliferate and differentiate only during 

embryonic development, satellite cells are activated by myogenic regulator factors (Wang and 

Rudnicki 2012).  Myogenic regulatory factors (MRFs) are a subfamily of the basic helix-loop-

helix superfamily of transcription factors that dictate satellite cell activation and progression 

through myoblast maturation and myotube fusion (Figure 1.).  Though there is a small population 

of satellite cells that maintains a stem cell-like fate, myogenic regulatory factor 5 (MyF5) is 

expressed in satellite cells that are committed to the muscle lineage, similar to embryonic 

myoblasts (Rudnicki et al. 1993; Kablar et al. 1997; Wang and Rudnicki 2012).  Following 

activation by MyF5, myogenic determination factor1 (MyoD) is expressed.  The expression of 

these proteins together, signals satellite cells to re-enter the cell cycle and proliferate as 

myoblasts (Sabourin and Rudnicki 2000; Wang and Rudnicki 2012).  Myogenin (MYOG), a 

downstream target of MyoD, is the major determinant of myoblast differentiation, which is 

described as the transition of myoblasts into myocytes and myotubes (Hasty et al. 1993; 

Nabeshima et al. 1993). Together with myogenic factor 4 (MRF4, also known as myogenic 

factor 6, MyF6), these secondary myogenic factors are responsible for terminal differentiation, 

and incorporation of satellite cells into muscle fibers.   

There are two main signaling pathways that contribute to muscle growth.  The insulin-

like growth factor 1 (IGF-1)→ phosphoinositide-3-kinase→ Akt/protein kinase B→ mammalian 

target of rapamycin pathway (PI3K/Akt/mTOR) is a positive regulator of muscle growth 
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(Schiaffino and Mammucari 2011).  Inhibition of the IGF-1 ligand in muscle impairs muscle 

growth by reducing muscle fiber number and size (Mavalli et al. 2010).  IGF-1 is also known to 

activate the mitogen-activated kinase→ extracellular signal-regulated kinase (MAPK/ERK) 

pathway, which stimulates myoblast proliferation and differentiation (Li and Johnson 2006).  

Conversely, the myostatin→ Smad (MSTN/Smad) signaling pathway is a negative regulator of 

muscle growth.  Myostatin is a powerful negative regulator of muscle development and growth 

having inhibitory roles on myoblast proliferation and differentiation (McPherron and Lee 1997; 

McPherron et al. 1997; Lee and McPherron 1999). 

 

Myostatin 

Myostatin, also known as growth differentiation factor 8, is a member of the transforming 

growth factor-β (TGF- β) superfamily.  Unlike other TGF-β family members, myostatin is 

expressed predominantly in skeletal muscle, and is well known to inhibit muscle growth in 

embryonic development and adult muscle growth.  Myostatin, and many TGF-β family 

members, are transcriptionally regulated by the NFκB pathway (Qiu et al. 2013; Schiaffino et al. 

2013).  Tumor necrosis factor- α (TNF-α) is a signaling ligand of the cell-surface receptors that 

initiate the NFκB signaling cascade, and has been shown to upregulate myostatin expression 

(Reid et al. 2001; Zhou et al. 2007; Bonetto et al. 2011).  TNF-α is a polypeptide cytokine that is 

associated with muscle pathology and inflammatory diseases, including cancer (Reid et al. 

2001). 

Increased myostatin expression has been shown to be detrimental to myoblast 

proliferation and differentiation by activation or inhibition of numerous pathways (Figure 2.).  

Myostatin binds to the activin type IIB cell surface receptor, and activates the Smad signaling 
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cascade, by phosphorylation of Smad2 and Smad3 (Elkina et al. 2011).  Smad2 and Smad3 form 

a heterodimer and complex with Smad4, which is required for nuclear localization of the smad 

complex.  The Smad2,3,4 complex can then translocate to the nucleus and inhibits transcription 

of myogenic regulatory factors required for myoblast proliferation and differentiation (Lee and 

McPherron 2001; Langley et al. 2002; Moustakas and Heldin 2009; Akita et al. 2013).  

Myostatin also inhibits myogenesis by down-regulating the Akt/mTOR signaling pathway, a 

previously discussed pathway responsible for inducing proliferation and differentiation of 

myoblasts (Amirouche et al. 2009; Trendelenburg et al. 2009; Hitachi et al. 2014).  Myostatin 

has an auto-regulatory feedback mechanism during normal muscle development, utilizing the 

Smad7 pathway, which inhibits Smad3 phosphorylation and Smad2/3 complexing with Smad4 

(Forbes et al. 2006).  Because myostatin has been shown to be upregulated in a variety of 

diseases which lead to muscle wasting, including liver disease, cirrhosis, chronic obstructive 

pulmonary disease, cancer, and heart failure, therapies to interrupt myostatin signaling cascades 

and myostatin expression are of great importance in combating sarcopenia (Dasarathy et al. 

2004; Costelli et al. 2008; Han and Mitch 2011; Ju and Chen 2012a; Qiu et al. 2012, 2013; Smith 

and Lin 2013; Thapaliya et al. 2014; Kumar et al. 2017). 

 

Glutamine and Skeletal Muscle 

Glutamine plays a major role in inter-organ nitrogen transport, and glutamine synthesis is 

an important mechanism of ammonia detoxification in liver and skeletal muscle.  During hepatic 

insufficiency skeletal muscle production of glutamine, via glutamine synthetase, becomes 

essential as the primary method of ammonia detoxification (Wu et al. 1991; Dejong et al. 1994; 

Olde Damink et al. 2002; He et al. 2010).  Several studies have revealed that glutamine synthesis 
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and glutamine utilization differs between species, and between tissues of the same species (Wu 

1963; Lund and Goldstein 1969; Meister 1985).  While glutamine synthesis is important in 

detoxifying ammonia, preventing the negative effects of increased ammonia in circulation, there 

is evidence that glutamine supplementation may also help prevent muscle degeneration.   

As previously mentioned, myostatin is upregulated in association with numerous diseases 

causing skeletal muscle wasting as a secondary disorder.  Glutamine is a well-known 

anticatabolic agent, and it has been suggested that glutamine supplementation to patients 

following surgical trauma may reduce skeletal muscle depletion (Hickson et al. 1995).  Excess 

glutamine added to mouse myotube cultures prevented the hyperexpression of myostatin, and 

prevents hypercatabolism (Bonetto et al. 2011).  Specifically, several studies have shown that 

glutamine represses expression of TNF-α, a previously mentioned ligand that activates myostatin 

transcription signaling cascade, suggesting glutamine supplementation can inhibit myostatin 

expression (Reid et al. 2001; Boelens et al. 2001; Zhou et al. 2007; Bonetto et al. 2011).  In 

addition, glutamine my inhibit myostatin signaling by increasing heat shock protein 70 (HSP70) 

expression, which upregulates smad7, the inhibitory smad-family protein that prevents smad2/3 

phosphorylation, and smad2/3/4 complexing necessary for myostatin signaling (Wischmeyer et 

al. 2001, 2003; Zhu et al. 2004; Hamiel et al. 2009; Raspé et al. 2013).  There is also evidence 

that glutamine activates the Ras/Raf/MEK/ERK pathway; increased ERK phosphorylation 

(particularly ERK2), which activates protein synthesis, has a positive effect on myotube growth 

(Shi et al. 2008; Ayush et al. 2016).  Altogether, these data suggest that glutamine has inhibitory 

effects on myostatin, which plays a significant role in skeletal muscle degeneration, suggesting 

increased glutamine would have a positive effect on myogenic status.  
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Skeletal Muscle Fiber Types and Metabolism 

Historically, mammalian skeletal muscle fibers were classified based on their myoglobin 

content and speed of contraction as slow twitch/red/Type I or fast twitch/white/Type II.  More 

recently, research has shown that the characterization of muscle fibers is much more complex, 

and there are some intermediate fibers that have contractile properties of fast fibers but utilize 

metabolic processes more similar to slow fibers, which has led to further classification of type II 

fibers (Table 1).  Myoglobin, a cytoplasmic hemoprotein that binds and delivers oxygen to 

muscle, is more concentrated in muscles that utilize oxidative metabolism.  The high 

concentration of myoglobin in these muscles, which gives them a red appearance, and use of 

oxidative metabolism makes these fibers highly resistant to fatigue (Schiaffino and Reggiani 

2011; Wang and Pessin 2013).  On the other hand, fibers that utilize glycolytic metabolism, and 

therefore do not require high concentration of myoglobin, are white in appearance.  These fibers 

have faster contraction speeds, but do not have resistance to fatigue like fibers that utilize 

oxidative metabolism (Schiaffino and Reggiani 2011; Wang and Pessin 2013).   

To correctly identify fiber types histological staining of the inner mitochondrial enzyme 

succinate dehydrogenase (SDH), to determine metabolic classification, and staining for 

adenosine triphosphatase (ATPase), to determine fast or slow twitch contractions, must be done 

(Wiskus et al. 1976; Schiaffino and Reggiani 2011).  In addition, muscle fiber type can be 

identified by the expression of specific myosin heavy chain (MyHC) isoforms.  Myosin is an 

essential part of the contractile machinery in muscle and is composed of heavy and light chains. 

Myosin heavy chains are the motor proteins that make up the thick filament.  The heavy chains, 

which are encoded by a multigene family, are the where functional differences in isoforms reside 
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(Weiss et al. 1999; Pette and Staron 2000).  In general, fibers that have slow MyHC isoforms 

have smaller fiber diameter, compared to fast isoform fibers (Schiaffino and Reggiani 2011).   

Avian skeletal muscle fibers are more accurately classified based on their metabolic 

properties, rather than appearance.  Classical fiber typing experiments classify turkey skeletal 

muscle fiber as β (slow-twitch, type I) or α (fast-twitch, type II), based on histochemical staining 

of ATPase, and as red (R) or white (W) (Table 2.)  (Wiskus et al. 1976; Nierobisz et al. 2010).  

Fibers having low ATPase activity correspond to slow contraction speeds, while those having 

high ATPase activity are fast-twitch fibers.  SDH staining is utilized to determine metabolic 

classification because it is an important enzyme in the TCA cycle.  SDH concentration is high in 

fibers having greater oxidative potential, because of either more numerous or larger 

mitochondria (Wiskus et al. 1976; Nierobisz et al. 2010).  Additionally, fiber content in muscles 

is heterogenous, which contributes to more complex metabolic classification of avian skeletal 

muscle.  While the pectoralis major is predominantly composed of type IIb (or, αW) fibers, all 

three fiber types are found in the biceps femoris, therefore the biceps femoris must be considered 

having an intermediate metabolic profile, rather than strictly oxidative (Wiskus et al. 1976).  

While a third class of skeletal muscle fibers exists in chickens, tonic (Type III A and B), these 

fibers are only present in a few muscles, such as the anterior latissimus dorsi (ALD), the type I 

and type II fiber classifications are consistent to mammalian species (Barnard et al. 1982). 

Much of fiber type distribution is determined based on the functional requirements of the 

specific muscle, muscle fibers are dynamic structures that can alter their phenotype in response 

to external stimuli, both mechanical and molecular in nature.  Neurological stimulus plays a large 

role in fiber type specification, as denervated muscle often switch fiber types, and reinnervation 

of fast or slow muscle with the opposite nerve type also shifts the fiber specification (Pette and 



   

16 

 

Staron 2000).  Exercise training is also a potent stimulus for mechanical adaptation of muscle.  

Mechanical loading often results in an increase in the slow fraction of fibers and, thus, fast-to 

slow fiber transitions.  Differently than neurological stimuli, in mechanical unloading, slow 

muscles shift to a fast phenotype due to a decrease in slow fiber concentration, while fast 

muscles are seemingly unaffected on fiber phenotype (Pette and Staron 2000).   

Several signaling pathways also provide stimuli that results in a shift in fiber phenotype.  

It is well known that activation of the NFκB pathway, as seen in cancer cachexia, diabetes, 

sarcopenia, and aging, type II, fast-twitch fibers are more susceptible to atrophy (Elkina et al. 

2011; Schiaffino and Reggiani 2011; Wang and Pessin 2013; Kumar et al. 2017).  Further, 

myostatin-null rodents show a decrease in both slow-oxidative (type I) and fast-oxidative (type 

IIA) fibers and a corresponding increase in fast-glycolytic (type IIB/X) fibers (Girgenrath et al. 

2005; Hennebry et al. 2009).  The Forkhead box O (FoxO) transcription factors, which are 

upregulated in catabolic conditions such as denervation/immobilization, fasting, sepsis, and 

cancer cachexia, results in the atrophy of primarily fast twitch fibers (Wang and Pessin 2013).  

Peroxisome proliferator-activated receptor-γ coactivator-1 (PGC1α), a signaling ligand that is 

important for mitochondrial biogenesis, has a bi-directional effect on fiber type.  At 

physiological levels, PGC1α protects type IIb fibers from atrophy, however overexpression of 

PGC1α can cause atrophy, especially to type IIb fibers (Wang and Pessin 2013).  Activation of 

the Ras/Raf/MEK/ERK pathway, which leads to increased ERK2 phosphorylation, is associated 

with increased expression of fast MyHC isoforms (Shi et al. 2008; Ayush et al. 2016).  

Altogether, it is apparent that environmental stimuli, such as physical load, stress, and disease 

signaling, plays a large role in the phenotypic, and consequently, functional characteristics of 

skeletal muscle fibers.   
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RESEARCH OBJECTIVES 

The overall objective of the current dissertation research was to determine species 

differences in ammonia toxicity and metabolism between mammalian and avian cells in vitro.  

Based on our previous study utilizing avian embryos, there is evidence that the avian system is 

able to metabolize ammonia more efficiently, which leads to a positive response in skeletal 

muscle, whereas ammonia is detrimental to mammalian muscle (Dasarathy et al. 2004; Qiu et al. 

2012, 2013; Thapaliya et al. 2014; Stern et al. 2015).  Our first aim is to evaluate ammonia 

toxicity in hepatocytes and myotubes of avian and mammalian origin to determine if the 

previously observed positive response in embryonic muscle is a result of liver or muscle 

ammonia detoxification.  The second aim is to evaluate ammonia metabolism in avian and 

mammalian myotubes to determine if skeletal muscle glutamine synthesis is differentially 

activated in myotubes, and to determine if skeletal muscle fiber phenotype plays a role in the 

metabolic capacity of myotubes.  The final aim is to determine if glutamine synthetase 

expression in avian and mammalian myotubes differs in response to ammonia and glutamine 

treatments.  Based on the previous findings of Stern et al. (2015) it is expected that ammonia 

metabolism is different in avian species, specifically in avian muscle, which allows for applied 

ammonia to be utilized for a positive myogenic response. 
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Figure 1.1. Myogenic regulatory factor role in satellite cell proliferation and maturation. 
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Figure 1.2. Myostatin regulation and inhibition of myogenesis and protein synthesis. 
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Table 1.1. Fiber type specificity and metabolism in mammalian muscle. 

 

 

 

Type I 

Type II 

Type IIa 

 

Type IIx/d 

 

Type IIb 

Color Red Red White White 

MyHC isoform MyHCI MyHCIIa MyHCIIx/d MyHCIIb 

Contractile speed Slow Intermediate Intermediate Fast 

Fatigue resistant High High Low Low 

Metabolism Oxidative Oxidative Glycolytic Glycolytic 

Myoglobin and 

Mitochondria content 

High High Low Low 
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Table 1.2. Fiber type specificity and metabolism in avian muscle. 

 

  

 

 

Type I 

(βR) 

Type IIa 

(αR) 

Type IIb 

(αW) 

Color Red Red White 

MyHC isoform MyHCI MyHCIIa MyHCIIb 

Contractile speed Slow Intermediate Fast 

Fatigue resistant High High Low 

Metabolism Oxidative Oxidative & 

Glycolytic 

Glycolytic 

Myoglobin and 

Mitochondria content 

High High Low 
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CHAPTER 2: AMMONIA ELICITS A DIFFERENT MYOGENIC RESPONSE IN 

AVIAN AND MURINE MYOTUBES1 
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ABSTRACT 

Increased myostatin expression, resulting in muscle loss, has been associated with 

hyperammonemia in mammalian models of cirrhosis.  However, there is evidence that 

hyperammonemia in avian embryos results in a reduction of myostatin expression, suggesting a 

proliferative myogenic environment.  The present in vitro study examines species differences in 

myotube and liver cell response to ammonia using avian and murine derived cells.  Primary 

myoblasts and liver cells were isolated from embryonic day 15 and 17 chick embryos, to be 

compared with mouse myoblasts (C2C12) and liver (AML12) cells.  Cells were exposed to 

varying concentrations of ammonium acetate (AA, 2.5mM, 5mM, or 10mM), to determine the 

effects of ammonia on the cells.  Relative expression of myostatin mRNA, determined by 

quantitative real-time PCR, was significantly increased in AA (10mM) treated C2C12 myotubes 

compared to both ages of chick embryonic myotube cultures after 48 hours (P < 0.02).  Western 

blot analysis of myostatin protein confirmed an increase in myostatin expression in AA treated 

C2C12 myotubes, compared to the sodium acetate (SA) controls, while myostatin expression 

was decreased in the chick embryonic myotube cultures when treated with AA.  Myotube 

diameter was significantly lower in AA treated C2C12 myotubes, compared to controls, while 

avian myotube diameter increased with AA treatment (P < 0.001).  There were no significant 

differences between avian and murine liver cell viability, assessed using 2’, 7’- bis-(2-

carboxyethyl)-5-(and-6-)-carboxyfluorescein, acetoxymethyl ester, when treated with AA.  

However, after 24 hours, AA treated avian myotubes showed a significant increase in cell 

viability compared to the C2C12 myotubes (P < 0.05).  Overall, it appears that there is a positive 

myogenic response to hyperammonemia in avian myoblasts, compared to rodent myoblasts, 

which supports a proliferative myogenic environment.  
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INTRODUCTION 

Metabolic dysregulation of nitrogen metabolism, as seen in liver failure, has numerous 

negative impacts on patient survivability.  In mammalian species, it is well known that the liver 

is the major organ of ammonia detoxification, via the urea cycle.  Hyperammonemia associated 

with cirrhosis has been shown to have negative effects on skeletal muscle status in humans and 

in mammalian models, both in vivo and in vitro (Dasarathy et al. 2004; Qiu et al. 2012, 2013).  

Sarcopenia, or muscle wasting, unrelated to age, has been  described in numerous diseases, 

including liver disease, heart failure, lung failure (Dasarathy et al. 2004; Murphy et al. 2010; Ju 

and Chen 2012b; Qiu et al. 2012; Thapaliya et al. 2014).  It has been shown that 

hyperammonemia, in humans and mammalian models, results in an upregulation of myostatin 

(MSTN) expression, which is a well demonstrated negative regulator of myogenesis that impacts 

both embryonic and postnatal muscle (Lee and McPherron 2001; Amthor et al. 2004; Dasarathy 

et al. 2004; García et al. 2010).  MSTN has an inhibitory effect on myogenic regulatory factor 

(MRF) gene expression, such as myogenic determination factor 1 (MyoD), myogenic factor 5 

(MyF5), and myogenin (MYOG), which are responsible for myoblast proliferation and 

differentiation, further contributing to a negative myogenic status (Langley et al. 2002; Amthor 

et al. 2004).  In addition to overexpression of MSTN, increased autophagy has been associated 

with hyperammonemia.  In murine models, and in treated C2C12 cells, it has been shown that 

ammonium acetate treatment mirrored hyperammonemia by inducing autophagy, which 

contributed to loss in skeletal muscle mass (Qiu et al. 2012).  Therefore, understanding the 

myostatin-mediated mechanisms of sarcopenia related to hyperammonemia is important to 

design medical interventions.   
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A previous study has shown that induced hyperammonemia in chick embryos results in a 

significant downregulation of MSTN, which implies a positive impact on muscle status in avian 

species (Stern et al. 2015).  Thus, there are differences between mammalian and avian models on 

the effects of induced hyperammonemia pertaining to sarcopenia.  In avian species, as well as 

mammalian models of liver failure, production of glutamine, via glutamine synthetase 

(glutamate-ammonia ligase, GLUL), in skeletal muscle is an important mechanism of ammonia 

detoxification (Olde Damink et al. 2002; He et al. 2010).  Glutamine contributes to the metabolic 

activity of muscle and has been shown to inhibit MSTN expression (Salehian et al. 2006; 

Bonetto et al. 2011).  With data suggesting that GLUL is highly expressed in avian tissues, 

glutamine production in response to hyperammonemia has potential to negatively regulate 

MSTN expression (Campbell and Vorhaben 1976).  Skeletal muscle uptake of ammonia may 

result in net differences in ammonia utilization between species, as it has been shown that 

mammalian models of hyperammonemia utilize this mechanism only in a hyperammonemic state 

(Dejong et al. 1994).  The present study was designed to investigate species differences, utilizing 

murine and avian derived cells, in myogenic and hepatocellular response to hyperammonemia. 

 

MATERIALS AND METHODS 

Cells 

Myoblast cells 

Myoblasts were cultured at 37oC, 5% CO2 in proliferation media consisting of 

Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma Aldrich), 10% fetal bovine serum (FBS 

Advantage, Atlanta Biologicals, Flowery Branch, GA), 1% Antibiotic Antimycotic Solution 

(A5955, Sigma Aldrich).  Myoblast differentiation media contained DMEM (Sigma Aldrich), 
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10% horse serum (Hyclone, Logan, UT), 1% Antibiotic Antimycotic Solution (A5955, Sigma 

Aldrich).  Mouse myoblast (C2C12) cells were purchased from ATCC (CRL-1772, Manassas, 

VA).  C2C12 cells a have been widely used for in vitro models of studying sarcopenia, and are 

consistent with primary mouse and in vivo data (Taylor et al. 2001; Qiu et al. 2012, 2013).  

Chicken myoblasts were isolated from the pectoralis major of embryonic day (ED) 15 and 17 

embryos.  ED 15 and ED17 embryos were chosen based on developmental stages where 

myofiber formation is most active, and the satellite cell population is forming (Stockdale et al. 

1981; Hartley et al. 1992; Maier 1993).  Egg shells were thoroughly cleaned with 70% EtOH.  

Embryos were removed from the shell and placed in a sterile dish where they were euthanized by 

cervical dislocation. A sample of the pectoralis major was dissected aseptically and placed in 

sterile Hanks Balanced Salt Solution (pH 7.4, HBSS, Sigma Aldrich).  After removing the 

HBSS, the tissue was mechanically disassociated with sterile scissors.  Minced muscle tissue was 

suspended in a pre-warmed solution of HBSS containing 0.17% trypsin (Sigma Aldrich, St. 

Louis, MO) and 0.085% collagenase (Sigma Aldrich), and incubated at 37oC, 5% CO2 for 25 

minutes to enzymatically dissociate myoblast cells from the muscle tissue.  After incubation, the 

muscle homogenate was centrifuged for 5 minutes at 18,000 RPM.  The sample was washed 

twice by removing the supernatant, then resuspending the pellet in complete proliferation media, 

followed by 3 minutes of centrifugation.  After the last wash, the pellet was resuspended in 

2.5mL proliferation media, mixed well, and passed through a sterile 100µm Nitex cloth (EMD 

Millipore Corporation, Darmstadt, Germany) to remove tissue debris.  A sample of the cell 

isolate was stained with trypan blue exclusion dye (Fisher Scientific, Pittsburgh, PA) and 

counted using a hemacytometer before plating cells at the appropriate density for the assay being 

performed.     
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Liver cells 

All liver cells were cultured at 37oC, 5% CO2 in media consisting of DMEM/Nutrient 

Mixture F-12 Ham (D8900, Sigma Aldrich), 10% FBS, 1% Antibiotic Antimycotic, 0.5% 

Insulin-Transferrin-Selenium (ITS, Mediatech, Inc., Manassas, VA), 0.04mg dexamethosone 

(MP Biomedicals, LLC, Solon, OH).  Mouse liver (AML12), and chicken liver (LMH) cells 

were purchased from ATCC (CRL-2254, CRL-2117, respectively).  Primary chicken embryo 

liver cells were isolated from ED15 and ED17 embryos.  Egg shells were sterilized using 70% 

EtOH and embryos were euthanized by cervical dislocation.  Sterile technique was used to 

expose livers and carefully dissected liver tissue was placed in phosphate buffered saline (PBS) 

and minced with sterile scissors.  Liver homogenate was washed 5 times with PBS to remove red 

blood cells, then incubated in pre-warmed PBS with 0.025% collagenase (C6885, Sigma 

Aldrich) at 37oC for 20 minutes to liberate cells.  Following incubation, the sample was 

centrifuged for 5 minutes at 18,000 RPM at room temperature.  The pellet was resuspended in 

complete liver media and centrifuged for 3 minutes.  Pellet washing, with complete media, and 

centrifugation was repeated 3 times to remove traces of collagenase from the cell pellet.  

Following the final wash, the cell pellet was resuspended in complete liver media and filtered 

through a 100µm Nitex cloth.  A sample of the filtered liver cell isolate was trypan blue stained 

and counted using a hemacytometer before plating at the appropriate density for the assay being 

performed.     

 

Myogenic marker assay 

Primary chick embryo myoblast cells were plated in myoblast proliferation media at a 

density of 150,000 cells/well in 6-well plates (Primaria, Becton Dickinson, Franklin Lakes, NJ) 
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coated with 0.1% gelatin.  Media was changed every 24 hours until cells reached 90% 

confluency, 72 hours.  C2C12 cells (passage 7) were plated similarly, but at a density 60% lower 

(60,000 cell/well).  Plating the C2C12 cells at 40% density of the primary cells achieved an equal 

time from plating to confluency, providing the opportunity for experiments to be done in parallel.  

At 90% confluency, the media was changed to differentiation media, and cells were allowed to 

differentiate into myotubes for 48 hours, this achieved approximately 80% differentiation for 

each cell type.  After 48 hours of differentiation, random plates were chosen for treatment media, 

either 10mM ammonium acetate (AA), or 10 mM sodium acetate (SA) with replicates of 6 wells 

per treatment.  Ammonium acetate (Sigma Life Science, St. Louis, MO) or sodium acetate 

(Fisher Scientific) were added to myoblast differentiation media at a concentration of 10mM 

with negligible effect on pH.  Cells were incubated in treatment media for 48 hours at 37oC, 5% 

CO2, at which point media was removed, cells were briefly washed with HBSS, and cells were 

dissociated using 0.025% trypsin-EDTA (Gibco, Burlington, ON, Canada).  The cell volume 

from each well was then divided in half and centrifuged at 18,000 rpm for 5 min.  One cell pellet 

from each well was used for RNA isolation for quantitative real-time polymerase chain reaction 

(PCR), while the other cell pellet was used for total protein isolation for Immunoblotting. 

 

Cell viability assay   

Cell viability was quantified using 2’, 7’-bis-(2-carboxyethyl)-5-(and-6)-

carboxyfluorescein, acetoxymethyl ester (BCECF, AM) using methods derived from the 

manufacturers guidelines (Invitrogen, Eugene, OR).  Upon arrival, BCECF was diluted as 

directed 1mg/mL in anhydrous DMSO (Fisher Scientific), aliquoted and stored at -20oC 

protected from light and moisture, where it is stable for 6 months.  For cell loading, the BCECF 
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stock solution was diluted 500-fold in Hanks Balanced Salt Solution, pH 7.4 (HBSS, Sigma 

Aldrich).   

Primary chick embryo myoblast cells were plated using myoblast proliferation media in 

0.1% gelatin coated 24-well plates (Primaria, Corning, Durham, NC) at a density of 75,000 

cells/well.  Media was changed every 24 hours until the cells reached confluency at 48 hours.  

C2C12 cells (passage 5) were plated similarly, but at a density of 30,000 cells/well.  After 48 

hours in myoblast proliferation media, the media was changed to differentiation media (10% 

horse serum) for 48 hours, which achieved approximately 80% myotube formation across the 3 

cell types.   

Primary chick liver cells were plated in 24-well plates (Corning) at a density of 100,000 

cells/well using complete liver media.  Media was changed every 24 hours until the cells reached 

80% confluency, 48 hours.  AML12 (passage 5), and LMH (passage 7) cells were plated using 

complete liver media at a density of 40,000 cells/well to achieve the same time to 80% 

confluency, 48 hours.  

For all myoblast and liver cell types, cell viability was assessed by the following 

protocol.  After myoblast or liver cells reached the desired density (described above), cells were 

loaded with equal amounts of BCECF in HBSS for 30 minutes at room temperature, protected 

from light. Cells were washed two times with HBSS, once with complete media, then 0.5mL 

media was added to each well.  Immediately after the washes, plates were read for an initial 

fluorescence intensity at excitation 485nm, emission 528nm.  Following the initial reading, each 

well was assigned to one of the following treatments: untreated (complete media only), 2.5mM 

AA, 5mM AA, 10mM AA, 2.5mM SA, 5mM SA, or 10mM SA.  For each treatment (AA or 

SA), a volume of 10mM treatment media was made in the appropriate complete media (myoblast 
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differentiation media, or liver media), and serial dilutions were performed for the lower 

concentrations.  Cells were exposed to treatment media for 24 or 48 hours, at which time the 

media was removed, and cells were loaded with BCECF as previously described to obtain a final 

fluorescence reading.  After analysis, cells were fixed with 70% EtOH.  Cell types of the same 

tissue origin were run in parallel, allowing incubator conditions and treatment media to be the 

same. Each cell type, treatment, and time combination has n=6 replicate wells.  Cell viability was 

assessed for each AA or SA treated well by the following equation: 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
(

𝐹𝑖𝑛𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝐹𝑖𝑛𝑎𝑙 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒

)

(
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒
)
 

 

RNA extraction, reverse transcription, and quantitative real-time PCR 

Total RNA was isolated from cell pellets of the myogenic marker assay using the RNeasy 

Mini Kit protocol (Qiagen, Venlo, Limburg).  Cell pellets were washed twice with PBS and 

resuspended in 350 µL of provided RLT buffer and homogenized using a Mini-Beadbeater-1 

(BioSpec Products, Bartlesville, OK).  Total RNA concentration was determined by absorbance 

at 260nm, and RNA quality was assessed using agarose gel electrophoresis.  Reverse 

transcription was performed using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems Inc., Grand Island, NY).  qPCR analysis was performed on 6 samples of each 

treatment, cell type combination as described by Stern et al., 2015.  Six myogenic markers, 

MSTN, MYOG, MyF5, MyoD, myogenic regulatory factor 4, (also known as MyF6), and paired 

box 7 (PAX7) were assessed based on their role in muscle development, as well as GLUL as an 

indicator of skeletal muscle ammonia detoxification via glutamine synthesis.  β-actin was used as 

an internal control for normalization of each sample.  All experiments were run in triplicate.  
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Fold changes were calculated using the Pfaffl method (Pfaffl 2001).  Primer sequences for each 

gene within species can be found in Table 1.  DNA sequencing was used to verify qPCR 

products for each gene (Eaton Bioscience, Research Triangle Park, NC) 

 

Protein extraction, SDS-PAGE, and Western blot 

Total protein was extracted from myotube pellets of the myogenic marker assay by 

methods described by Stern et al. (2015).  Protein concentration was assessed using the Bio-Rad 

Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories Inc., Richmond, CA).  Samples 

(20µg total protein) were boiled in Laemmli buffer (Bio-Rad Laboratories Inc.) and separated by 

SDS-PAGE using a 10% Mini-PROTEAN TGX precast gel (Bio-Rad Laboratories Inc.).  Protein 

was transferred to a polyvinylidene difluoride membrane (PVDF), and was probed with 

antibodies for MSTN (ab98337, ab97080, Abcam, Cambridge, MA).  The PVDF membrane was 

stripped, and re-probed with β-actin (MA5-15739, Thermo Scientific, Rockford, IL; SB1031-05, 

SouthernBiotech, Birmingham , AL) for a loading control, as described in Stern et al. (2015).  

Densitometry of four independent blots was performed using ImageJ software.     

 

Ammonia utilization assay 

Media collected from the AA treatment wells of the cell viability assay, after the 

designated incubation time (24 or 48 hours) was measured in triplicate to determine ammonia 

concentration post-incubation with an ammonia assay kit (A0100, Sigma Aldrich) using methods 

previously described by Qiu et al. (2013).  Briefly, media was diluted 1:4 in ultrapure water.  

Untreated basal media, diluted 1:4, was used for the assay blank.  The volume of blank, sample, 

and standard reactions were reduced by a factor of 5 to accommodate the volume of a 96-well 
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plate.  Provided enzyme, L-glutamate dehydrogenase was diluted 1:4 in a 0.1 M Phosphate 

buffer (KH2PO4; pH7.5) prior to each assay.  Ammonia concentration was calculated using the 

formula provided by the manufacturer. 

 

Myotube diameter 

Myotube diameter was assessed in fixed cultures from the 24-hour myotube viability 

studies.  The diameters of at least 69, or more, myotubes was measured for untreated, 10mM 

sodium acetate (SA), and 10mM ammonium acetate (AA) treated wells using ImageJ software, 

as previously described (Thapaliya et al. 2014).   

 

Statistical analysis 

Quantitative real-time PCR results are expressed as mean fold-changes of the ammonium 

acetate treated samples compared to the sodium acetate control samples, relative to the 

housekeeping gene, β-actin, ± SE (n = 6 replicates for each).  Pairwise comparisons of fold 

changes of each gene between cell types was assessed using Tukey-Kramer HSD test for 

multiple comparisons (α=0.05).  Letters represent significant differences between cell types for 

the identified gene of interest.  

Western blot densitometry is expressed as a mean of each band, relative to the 

housekeeping protein, β-actin, for that sample ± SE.  4 independent blots were analyzed and 

pairwise comparisons were done between treatments for each cell type using a Tukey-Kramer 

HSD test for multiple comparisons (α=0.05).  ** indicates (P< 0.01), other p-values are reported 

on the graph.   
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Cell viability data is expressed as a mean of 6 replicates ± SE for ammonium acetate or 

sodium acetate treated wells, relative to the average of 3 untreated wells per plate.  Statistical 

analysis of the entire model was done for each tissue type using ANOVA.  Though the 

assumption of homogeneity of variance was violated, we continued to analyze the pairwise 

comparisons between cell types for each treatment/concentration combination.  A Bonferroni 

adjustment was made to account for the multiple comparisons within tissue type (liver= 72 

comparisons; muscle= 36 comparisons) using the general liner model.  Significant differences 

between cell types, within each treatment/concentration combination are identified by labeling 

with different lower-case letters.   

Ammonia utilization assay samples were run in triplicate.  Data is expressed as the mean 

ammonia concentration of all samples ± SE.  Statistical analysis of pairwise comparisons 

between each cell type for every treatment/concentration combination was done using oneway 

ANOVA.  Statistical significance (P <0.05) between cell types are represented by different 

lower-case letters.  Cell type with the same letter for each treatment/concentration combination 

are not significantly different. 

Myotube diameter is expressed as a mean of ≥ 69 replicates ± SE for ammonium acetate, 

sodium acetate, and untreated wells.  Statistical analysis was performed on each treatment within 

cell type using ANOVA with Bonferroni adjustment for multiple comparisons. Significant 

differences between treatments of each cell type are identified by different lower-case letters. 

Statistical analysis for all experiments was performed using either JMP Pro 12 (SAS Institute 

Inc., Cary, NC) or SAS 9.4 (SAS Institute Inc.). 
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RESULTS 

Differential response of myostatin to ammonium acetate  

Quantitative real-time PCR was performed on selected myogenic markers to assess 

differences in myotube response to ammonium acetate treated media between murine and avian 

cell types.  As displayed in Figure 2.1., the relative MSTN expression in C2C12 differentiated 

myotube cultures was significantly increased with ammonium acetate treatment compared to 

both ages of primary chick myotube cultures (P < 0.02).  MyF5 was also increased in C2C12 

murine myotubes compared to both avian cell samples (P < 0.001).  All other differences in gene 

expression between cell types were negligible.    

Western blot analysis of MSTN protein was performed on total protein isolated from 

differentiated myotubes of each origin after treatment with ammonium acetate or sodium acetate 

(Figure 2.2. A).  The blot was probed for β-actin to demonstrate equal loading of samples.  

MSTN protein appeared higher in ammonium acetate treated C2C12 myotubes compared to the 

control (sodium acetate) treated samples.  In contrast to the C2C12 myotubes, both ages of chick 

embryonic myotubes showed a decrease in MSTN protein in ammonium acetate treated 

myotubes, compared to the controls.  Figure 2.2. B represents the densitometry measurements of 

MSTN bands for each treatment on 4 independent blots, relative to β-actin expression for each 

sample.   

 

Cell viability and ammonia utilization 

Assessment of cell viability, using BCECF-AM, was performed on differentiated 

myoblast and liver cells to determine if there were any species differences in ammonia-related 

cytotoxicity.  After 24 hours of treatment, avian derived myotubes showed a significant increase 
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in cell viability at each concentration of ammonium acetate treatment compared to the C2C12, 

murine, myotubes, suggesting no apparent cytotoxic effects of ammonium acetate on avian 

myotubes (Figure 2.3. A).  There were no significant differences in viability between murine or 

avian derived myotubes after 48 hours of treatment (Figure 2.3. B).  Similarly, no significant 

differences were found in liver cell viability (Figures 2.4. A and 2.4. B) between murine and 

avian cell types after 24 or 48 hours of treatment.  Media ammonia concentration post-treatment 

was not significantly different between any of the myogenic or hepatic cell groups, indicating 

that changes in cell viability or gene expression are not due to the amount of ammonia processed 

by the different cell types (Figure 2.5.).  

 

Myotube diameter follows myostatin expression 

Myotube diameter was assessed to verify that differential expression of MSTN (Figures 

2.1. and 2.2.) had an impact on myotube size.  Correlating with a significant increase in MSTN 

expression, C2C12 cells treated with 10mM ammonium acetate, for 24 hours, had a significant 

reduction in myotube diameter, compared to the untreated, and 10mM sodium acetate treated 

controls (P < 0.001) (Figure 2.6.).  Both ages of chicken myotubes had significantly larger mean 

myotube diameter (P < 0.001) than the controls, after 24 hours of 10mM ammonium acetate 

treatment (Figure 2.6.).  Representative micropictograph images (40x) are displayed for 10mM 

ammonium acetate and 10mM sodium acetate treated wells (Figure 2.7.). 

 

DISCUSSION 

Understanding the mechanisms of sarcopenia associated with hyperammonemia is of 

great importance to developing therapies for patients with cirrhosis.  Myostatin, a powerful 
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negative regulator of muscle growth, is expressed in embryonic and adult muscle, and is 

ubiquitous in its role and structure across many species, including mice and chickens 

(McPherron and Lee 1997).  However, there are many unanswered questions about the 

regulation of MSTN in development, aging, and disease.  Studies have shown that mutations in 

the MSTN gene result in a severe hypertrophic and hyperplasic response in cattle, sheep, mice, 

and dogs (McPherron and Lee 1997; McPherron et al. 1997; Grobet et al. 1997; Lee 2004; Clop 

et al. 2006; Mosher et al. 2007).  While these data demonstrate the importance of MSTN in 

regulation of muscle growth, MSTN knock-outs are not biologically relevant in agriculture or in 

understanding MSTN regulation.  MSTN regulation is a targeted therapy for sarcopenia and 

cachexia that is associated in many diseases (Dasarathy et al. 2004; Zhou et al. 2010; Han and 

Mitch 2011).  Additionally, transient down regulation of MSTN expression might be a more 

practical approach to increasing meat yield in agricultural species.   

There is consistent evidence that associates increased MSTN expression in mammalian 

models of hyperammonemia, as seen in cirrhosis, which contributes to muscle loss (Dasarathy et 

al. 2004, 2011; Qiu et al. 2013).  Additionally, in both ammonium acetate injected mice, and 

C2C12 differentiated myotubes, it has been demonstrated that hyperammonemia induces 

autophagy in skeletal muscle (Qiu et al. 2012).  A previous study suggested that induced 

hyperammonemia in avian embryos caused a downregulation in MSTN expression (Stern et al. 

2015).  As there are evolutionary differences in ammonia detoxification between birds and 

mammals, these findings have to potential to reveal novel strategies in therapies for sarcopenia.  

The aim of this study was to investigate, in parallel, species differences in myogenic status, cell 

viability, and ammonia utilization in murine and avian derived myoblasts and hepatic cells.   
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Our current studies have shown that ammonium acetate treatment induced a 

transcriptional upregulation of MSTN in differentiated C2C12 myotubes that was significantly 

different from both ages of chick embryo myotubes.  Western blot analysis of MSTN protein 

confirmed an upregulation in ammonium acetate treated C2C12 myotubes, as compared to the 

sodium acetate administered controls, while the avian myotubes had reduced MSTN expression 

when ammonium acetate was applied.  In addition, myotube diameter data supports that the 

upregulation of MSTN, as a result of ammonium acetate treatment, results in a negative response 

in the mouse myotubes.  Conversely, myotube diameter was increased in ammonium acetate 

treated avian myotubes, where a downregulation of MSTN was observed.  All together, these 

results support our previous assessments of a proliferative myogenic environment in response to 

induced hyperammonemia in avian species, while rodent models demonstrate a negative impact 

on muscle tissue (Qiu et al. 2012, 2013; Stern et al. 2015).  All together, these data show that 

regulation of MSTN expression is variable between mice and chicken models, highlighting the 

importance of investigating regulatory pathways across many species for practical applications. 

After 24 hours of treatment, avian myotube cultures showed a significantly improved cell 

viability in response to ammonium acetate treatment of varying concentrations, suggesting that 

there is an initial difference in cytotoxicity between avian and murine cells.  Sodium acetate 

treated chick primary myotubes were also observed to have increased viability compared to 

C2C12 myotubes after 24 hours of treatment.  However, cell viability was greater in ammonium 

acetate, compared to sodium acetate, treated chick myotubes, indicating that ammonia had a 

positive effect of the cell viability in the chick myotubes. Ammonia concentration of media 

collected post-treatment showed no significant differences between cell types, indicating that 

varying cytotoxic effects are not due to the amount of ammonia metabolized by the cells.   All of 
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these findings are consistent with previous studies, which show that myogenic response to 

induced hyperammonemia is inconsistent between avian and mammalian species (Dasarathy et 

al. 2004, 2011; Qiu et al. 2013; Stern et al. 2015).      

One possible explanation for reduced MSTN expression in the avian species is increased 

glutamine production, which is known to directly inhibit MSTN, in skeletal muscle as a primary 

method of ammonia detoxification (Olde Damink et al. 2002; Salehian et al. 2006; He et al. 

2010; Bonetto et al. 2011).  While there were no observed differences in GLUL expression 

between species, qPCR analysis cannot confirm if basal levels of avian GLUL were increased in 

the avian derived cells compared to the C2C12 cells.  Therefore, whether there is increased 

utilization of the GLUL-mediated mechanism of ammonia detoxification in skeletal muscle of 

avian species, as compared to mammalian models, cannot be determined within the scope of this 

study.  The authors concede that use of established murine cell lines compared to primary avian 

cells may have affected the variance of the collected data, however, the all of the data is 

consistent with the findings of previous models of hyperammonemia.  Understanding the 

biochemical mechanisms of this differential response in avian species has great potential for 

novel approaches to sarcopenia therapy, and agricultural production, which warrant further 

investigation.  

 

CONCLUSIONS 

In summary, the results of the current study have demonstrated that myogenic response to 

induced hyperammonemia is different in our avian models, as compared to rodent models of 

cirrhosis.  qPCR and Western blot analysis showed a reduction in MSTN expression in avian 

myotubes challenged with ammonium acetate, while murine myotubes had increased MSTN 
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expression.  Reduced MSTN expression in response to hyperammonemia, as seen in avian 

models, has a positive impact on avian myotubes, and shows potential for increasing muscle 

mass.     

 

ABBREVIATIONS 

AA, ammonium acetate; BCECF, AM, 2’, 7’- bis-(2-carboxyethyl)-5-(and-6-)-

carboxyfluorescein, acetoxymethyl ester; DMEM, Dulbecco’s Modified Eagle’s Medium; ED, 

embryonic day; GLUL, glutamate-ammonia ligase; HBSS, Hanks Balanced Salt Solution; MRF, 

myogenic regulatory factor; MSTN, myostatin; MyF5, myogenic factor 5; MyF6, myogenic 

regulatory factor 4, myogenic factor 6; MyoD, myogenic determination factor 1; MYOG, 

myogenin; PAX7, paired box 7; PBS, phosphate buffered saline; PVDF, polyvinylidene 

difluoride membrane; SA, sodium acetate 
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Table 2.1. Primer sequences for real-time qPCR. Primers were designed using Primer-BLAST 

for myostatin (MSTN), myogenic determination factor 1 (MyoD), myogenic factor 5 (MyF5), 

myogenin (MYOG), myogenic regulatory factor 4 (MyF6), paired box 7 (PAX7), Glutamine 

synthetase (GLUL), and β-actin (β-ACT). 

  

  

Species Primer                    Sequence % Eff   bp size Spans Exon/Exon 

Boundary 

 

Avian MSTN F 5'-CGGAGAATGCGAATTTGTGTTTC-3' 106   110 NO  

 
 

R 5'-GGGACATCTTGGTGGGTGTG-3'        

Avian MyoD F 5'-CGCAGGAGAAACAGCTACGA-3' 99   104 YES  

 
 

R 5'-ATGCTTGAGAGGCAGTCGAG-3'        

Avian MyF5 F 5'-TGAGGGAACAGGTGGAGAACT-3' 98   185 YES  

 
 

R 5'-ACTCTGCTCCGTCGCGTA-3'        

Avian MYOG F 5'-CAGCCTCAACCAGCAGGAG-3' 93   166 YES  

 
 

R 5'-ACTGCTCAGGAGGTGATCTG-3'        

Avian MyF6 F 5'-AGGCTGGATCAGCAGGACAAAA-3' 92   139 YES  

 
 

R 5'-CGCGGGAATGGTCGGAAG-3'        

Avian PAX7 F 5’-GAAGGCCTTTGAGAGGACCC-3’ 63   158 YES  

 
 

R 5’-GGTTGAATGCTGCGAGTTGG-3’        

Avian 
 

 

Avian 

GLUL 
 

 

β-ACT 

F 5’-ACCCCAAGGTCCGTACTACT-3’ 
R 5’-CTGGCATCACTTCTGCGTTG-3’ 

 

F 5'-GTCCACCTTCCAGCAGATGT-3' 
R 5'-TAAAGCCATGCCAATCTCG-3'  

103 
 

 

85 

  131 
 

 

168 

YES 
 

 

NO 
 

 

 

Murine 
 

 

Murine 
 

 

Murine 
 

 

Murine 
 

 
Murine 

 

 
Murine 

 

 
Murine 

 

 
Murine 

MSTN 
 

 

MyoD 
 

 

MyF5 
 

 

MYOG 
 

 
MyF6 

 

 
PAX7 

 

 
GLUL 

 

 
β-ACT 

F 5’-TCACGCTACCACGGAAACAA-3’ 
R 5’-AGGAGTCTTGACGGGTCTGA-3’ 

 

F 5’-GCTCTGATGGCATGATGGATT-3’ 
R 5’-CTATGCTGGACAGGCAGTCG-3’ 

 

F 5’-AACTATTACAGCCTGCCGGG-3’ 
R 5’-GCTGGACAAGCAATCCAAGC-3’ 

 

F 5’-GTGCCCAGTGAATGCAACTC-3’ 
R 5’-CGAGCAAATGATCTCCTGGGT-3’ 

 
F 5’-AGAAATTCTTGAGGGTGCGG-3’ 

R 5’-GCCCCTGGAATGATCCGAAA-3’ 

 
F 5’-AGTTCGATTAGCCGAGTGCT-3’ 

R 5’-CATCCAGACGGTTCCCTTTGT-3’ 

 
F 5’-GACCCCAAGGCCCGTATTACT-3’ 

R 5’-CTCCCATTCGGATCCCCTCA-3’ 

 
F 5’-AGATCAAGATCATTGCTCCTCC-3’ 

R 5’-AGCTCAGTAACAGTCCGCCTA-3’  

77 
 

 

95 
 

 

89 
 

 

96 
 

 
108 

 

 
95 

 

 
90 

 

 
90 

  166 
 

 

150 
 

 

198 
 

 

94 
 

 
76 

 

 
142 

 

 
180 

 

 
170 

YES 
 

 

YES 
 

 

YES 
 

 

YES 
 

 
YES 

 

 
YES 

 

 
YES 

 

 
YES 
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Figure 2.1. Relative gene expression of ammonium acetate treated myotubes.  mRNA 

expression of MSTN, MRFs, and GLUL in differentiated myotubes, from C2C12 cells, and 

primary cultured myoblasts isolated from the pectoralis major of embryonic day 15 (ED 15) and 

embryonic day 17 (ED 17) chicken embryos, after 48 hours of treatment with ammonium acetate 

(AA, 10mM) media.  mRNA expression was measure by quantitative real-time PCR and each 

samples was normalized to β-actin as an internal control.  The reference line at 1 represents 

normal gene expression.  Letters indicate significant differences between cell types for each 

relative fold change (P< 0.05). 
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Figure 2.2. Western blot of treated myotubes. A) Western blot analysis of MSTN protein 

isolated from myotubes, from C2C12 cells, and primary cultured myoblasts isolated from the 

pectoralis major of ED 15 and ED 17 chicken embryos, after 48 hours of treatment with 

ammonium acetate (AA, 10mM) or sodium acetate (SA, 10mM) media. B) Densitometry of 

MSTN bands from independent blots (n=4), relative to β-actin expression of each sample.  ** 

indicates (P< 0.01) 
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Figure 2.3. Relative cell viability of ammonium acetate treated myotubes.  Relative cell 

viability, using BCECF, AM, of differentiated myotubes, from murine C2C12 cells, and primary 

cultured myoblasts isolated from the pectoralis major of embryonic day 15 and embryonic day 

17 chicken embryos, treated with 2.5, 5, and 10 mM ammonium acetate (AA) or sodium acetate 

(SA) after A) 24 hours B) 48 hours.  Letters indicate significant differences between cell types 

for each treatment/concentration combination (P< 0.05). 
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Figure 2.4. Relative cell viability of ammonium acetate treated hepatocytes.  Relative cell 

viability, using BCECF, AM, of hepatic cells, from murine AML12 cells, and primary cultured 

hepatocytes of embryonic day 15 and embryonic day 17 chicken embryos, treated with 2.5, 5, 

and 10 mM ammonium acetate (AA) or sodium acetate (SA) after A) 24 hours B) 48 hours.  

Letters indicate significant differences between cell types for each treatment/concentration 

combination (P< 0.05). 
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Figure 2.5. Ammonia utilization of myotubes and hepatocytes.  Ammonia concentration of 

ammonium acetate treatment media post-incubation of A) myotube cultures B) hepatocyte 

cultures that were assessed for cell viability.  Letters indicate significant differences between cell 

types for each ammonium acetate (AA) treatment concentration (P< 0.05). 
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Figure 2.6. Myotube diameter.  Myotube diameter of C2C12, ED15, and ED17 myotubes after 

untreated, sodium acetate treated (10mM), or ammonium acetate treated (10mM) media was 

applied for 24 hours.  Letters indicate significant differences between treatments within each cell 

type (P< 0.001).  
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Figure 2.7. Myotube micropictographs.  Representative images (40X) of C2C12, ED 15, and 

ED 17 myotubes after treatment with ammonium acetate (10mM) or sodium acetate (10mM) for 

24 hours.   
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CHAPTER 3: AMMONIA INDUCES A MYOSTATIN-MEDIATED ATROPHY IN 

MAMMALIAN MYOTUBES, BUT INDUCES HYPERTROPHY IN AVIAN 

MYOTUBES1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1RA Stern, S Dasarathy, PE Mozdziak. 2018.  Submitted to Frontiers in Sustainable Food 

Systems. 
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ABSTRACT 

Ammonia, a byproduct of protein catabolism that is generally regarded as toxic, is 

processed by the liver for excretion.  In diseases resulting in hepatic insufficiency, circulating 

ammonia levels increase dramatically, resulting in secondary disorders.  Sarcopenia, or loss of 

muscle mass, is commonly associated with hyperammonemia.  In mammalian models of 

cirrhosis, increased myostatin is consistent, contributes to muscle autophagy, and reduces 

satellite cell activation and differentiation, whereas, avian species show a positive myogenic 

response to ammonia.  The objective of the study was to elucidate the effect of ammonia in 

chicken, mouse, and rat derived myotubes.  Primary myoblasts were isolated from the pectoralis 

major and biceps femoris of embryonic day 17 chicken embryos, and from the hindlimbs of 3-

day old rat pups.  C2C12 cells were used for mouse myoblasts.  Myotubes were exposed to 10 

mM ammonium acetate (AA) or 10 mM sodium acetate (SA) for 24 hours to determine 

myogenic response to ammonia.  Relative expression of myostatin mRNA, determined by 

quantitative real-time PCR, was significantly higher in mammalian myotubes compared to 

chicken myotubes (P < 0.001).  Western blot analysis of myostatin protein confirmed a 

significant increase in ammonia treated rat myotubes, while pectoralis major myotubes showed a 

significant decrease in myostatin (P < 0.05).  Myotube diameter significantly increased in 

pectoralis major and biceps femoris cultures treated with ammonia, while diameter was 

significantly reduced in mouse and rat myotubes (P < 0.05).  Intracellular glutamine was 

significantly higher in biceps femoris, but not pectoralis major, myotubes treated with AA 

compared to SA treated myotubes (P < 0.05).  To investigate fiber type differences in ammonia 

metabolism, Western blot analysis of protein from AA and SA treated myotubes was examined 

for fast and slow myosin heavy chain isoforms.  AA treatment resulted in a higher ratio of fast to 
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slow isoforms of myosin heavy chain in both types of chicken myotubes, while fast isoforms 

were decreased in AA treated mouse and rat myotubes.  Altogether, these data demonstrate that 

chicken myotubes respond positively to ammonia while rodent myotubes respond negatively.  

Further, there is evidence that ammonia induces a fast fiber type shift in avian muscle, but a slow 

phenotype shift in mammalian muscle. 
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INTRODUCTION 

In health, or normal physiological conditions, ammonia, which is produced during the 

breakdown of proteins to amino acids, is predominantly metabolized in the liver and excreted as 

waste.  In patients with hepatic insufficiency, or in diseases, such as cirrhosis, ureagenesis is 

impaired, resulting in increased circulating ammonia levels, termed hyperammonemia (Rudman 

et al. 1973; Shangraw and Jahoor 1999).  Hyperammonemia has also been reported in advanced 

heart failure, and chronic obstructive pulmonary disease (Bessman and Evans 1955; Calvert et al. 

2008).  While not significantly utilized in healthy individuals, skeletal muscle ammonia 

detoxification occurs during hyperammonemia through the production of glutamine, through 

glutamine synthetase (Wilson et al. 1968; Wu et al. 1991; Dejong et al. 1994; Olde Damink et al. 

2002).  Excess ammonia, a result of cirrhosis, causes functional impairment of skeletal muscle as 

it becomes the predominant organ in ammonia detoxification (Olde Damink et al. 2002; Chen 

and Dunn 2016).  The functional impairment, and associated muscle deterioration, has clinical 

significance, and contributes to rapid decline of patient health and adversely affects patient 

survival (García et al. 2010; Han and Mitch 2011; Dasarathy 2012). 

Several studies have shown a direct link between hyperammonemia and sarcopenia, or 

muscle wasting, in mammalian models of cirrhosis both in vivo and in vitro (Dasarathy et al. 

2004; Qiu et al. 2012, 2013; Tsien et al. 2015; Stern et al. 2017; Kumar et al. 2017).  

Specifically, ammonia causes skeletal muscle dysfunction and muscle wasting by reducing 

protein synthesis and cell proliferation, inducing mitochondrial dysfunction, and increasing 

autophagy (Taylor et al. 2001; Mariño and Kroemer 2010; Qiu et al. 2012, 2013, Davuluri et al. 

2016b, a; Kumar et al. 2017).  Myostatin, a powerful inhibitor of skeletal muscle proliferation 

and differentiation, has been shown to be consistently upregulated in patients and mammalian 
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models of hyperammonemia, and is therefore a targeted gene therapy for muscle wasting 

associated with numerous diseases (McPherron et al. 1997; Taylor et al. 2001; Dasarathy et al. 

2004; McFarland et al. 2006; Ju and Chen 2012a; Qiu et al. 2012, 2013; Stern et al. 2017).  

Strategies for myostatin inhibition are of particular interest in cirrhotic sarcopenia, as it plays a 

pivotal role in degenerative decline (García et al. 2010).  In contrast to mammalian models, 

previous in vivo and in vitro studies have shown that avian muscle responds positively to 

ammonia (Stern et al. 2015, 2017).  Specifically, myostatin expression is reduced in avian 

muscle, when challenged with ammonia, which suggests a positive myogenic environment, 

prompting questions of physiological differences in ammonia metabolism between avian and 

mammalian species, including the role of skeletal muscle in ammonia detoxification, skeletal 

muscle synthesis and storage of glutamine, and potential differences in ammonia metabolism 

across muscle fiber types.   

The objective of the study was to identify differences in ammonia metabolism between 

species, specifically, alterations in myostatin expression and resulting consequences in myotube 

characterization in relation to glutamine production, and myofiber phenotype.  It is important to 

understand mechanisms of ammonia metabolism that allow avian muscle to respond positively, 

which will provide useful insight to therapeutic targets for sarcopenia in mammalian species and 

may be relevant to enhance avian myoblast culture methods. 

 

MATERIALS AND METHODS 

Cell cultures and treatments 

Differentiated myotubes of primary chicken (pectoralis major, biceps femoris), primary 

rat, and C2C12 cells were used in this study to evaluate species, and fiber type differences in 
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skeletal muscle ammonia metabolism.  This study was carried out in accordance with the 

recommendations of The AVMA Guidelines for the Euthanasia of Animals, American 

Veterinary Medical Association. The protocol was approved by the North Carolina State 

University Institutional Animal Care and Use. 

 

Cells 

Primary chicken myoblasts were isolated from the pectoralis major (Breast), or biceps 

femoris (Thigh) of embryonic day 17 broiler embryos as described by Stern et al. (2017).  Rat 

myoblasts (Rat) were isolated from the hindlimbs of 3-day old CD rat pups (Charles River Labs, 

Wilmington, MA).  Upon arrival, pups were euthanized by decapitation, the hindlimbs were 

washed with 70% EtOH, and the skin was removed using sterile technique.  All muscles of the 

hindlimbs were surgically removed, avoiding tendons, and placed in a sterile beaker containing 

Hanks’ Balanced Salt Solution (HBSS, Sigma Life Science, St. Louis, MO) with 1% antibiotic-

antimycotic (Sigma Aldrich).  The remainder of the cell isolation protocol was performed as 

described by Stern et al. (2017).  Mouse myoblasts (C2C12) used in this experiment were 

passage 5-7 (ATCC, Manassas, VA).   

 

Cell culture media 

All proliferation, differentiation, and treatment media were supplemented with 1 mM L-

glutamine to evaluate ammonia metabolism in the absence of excess glutamine. 

Cells were cultured at 37oC and 5% CO2 for the duration of the experiments.  Chicken 

and C2C12 myoblasts were cultured in proliferation media consisting of Dulbecco’s Modified 

Eagle’s Medium without L-glutamine (DMEM, Sigma Aldrich), 15% fetal bovine serum (FBS, 
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Genclone, San Diego, CA), 1% Antibiotic Antimycotic Solution (Sigma Aldrich), 1 mM L-

glutamine (L-Glutamine, Gibco, Burlington, Ontario, Canada).  Proliferation media for rat 

myoblasts consisted of Hams-F10 media (F10, Sigma Aldrich), 20% FBS (Genclone), 1% 

Antibiotic Antimycotic solution (Sigma- Aldrich), and 2.5ng/mL Recombinant Human FGF 

basic protein (R&D Systems, Minneapolis, MN).  Rat proliferation was not supplemented with 

L-glutamine because the Hams-F10 formulation included 1 mM L-glutamine.  Myoblast 

differentiation media for all cell types contained DMEM without L-glutamine, 10% horse serum 

(Hyclone, Logan, UT), 1% Antibiotic Antimycotic Solution (Sigma Aldrich), 1mM L-glutamine 

(Gibco).   

Upon fresh isolation, or recovery from frozen storage, cells were plated on 6-well plates 

(Primaria, Corning, Durham, NC) coated on 0.1% gelatin (Fisher Scientific, Waltham, MA).  

Primary rat and chicken myoblasts were plated at a density of 175,000 cells/well, while C2C12 

cells were plated at 50,000 cells/well; this allowed primary and C2C12 cells to reach 90% 

confluency at the same rate, 5 days, feeding every 48 hours.  At 90% confluency, cells were 

placed in differentiation media, and fed every 24 hours for 3 days; this achieved 70-80% 

myotube fusion in all cell types.   

 

Treatments and chemicals 

After differentiation for 72 hours, the myoblast cultures were 70-80% myotubes.  

Myotubes were then exposed to 10 mM ammonium acetate (AA, Sigma Aldrich) or 10 mM 

sodium acetate (SA, Fisher Scientific) in differentiation media for 24 hours.  Treatment media 

was made fresh, and immediately used, to ensure concentration of ammonium or sodium acetate 

was accurate.  After 24 hours of treatment, images were captured using light microscopy (20x, 
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Leica Microsystems Inc., Buffalo Grove, IL) and SPOT camera (SPOT Imaging, Sterling 

Heights, MI), for visual presentation and myotube diameter measurements prior to harvesting.  

Treated cells were then removed from the 6-well plates for mRNA extraction, or total protein 

isolation. 

 

Quantitative real-time polymerase chain reaction (qPCR) 

Analysis of mRNA expression of myogenic markers was measured to understand 

alterations in myogenic status between species when treated with ammonia.  After 24 hours of 10 

mM AA or 10 mM SA treatment, myotubes were removed from the well using 0.25% trypsin-

EDTA (Sigma Aldrich).  Cell pellets were washed twice with ice cold PBS and total mRNA was 

extracted from the cell pellets using the RNeasy Mini Kit (Qiagen, Venlo, Limberg) per the 

manufacturer’s protocol and as previously described in Stern et al. (2017).  Total RNA 

concentration was determined by absorbance at 260 nm, and RNA quality was assessed using 

agarose gel electrophoresis.  Reverse transcription was performed using the High Capacity 

CDNA Reverse Transcription Kit (Applied Biosystems, Grand Island, NY).  qPCR was 

performed on 5 samples from each treatment and cell type combination as described by Stern et 

al. (2015).  Six myogenic markers, myostatin (MSTN), myogenin (MYOG), myogenic factor 5 

(MyF5), myogenic determination factor 1 (MyoD), myogenic regulatory factor 4 (also known as 

MyF6), and paired box 7 (PAX7) were assessed based on their role in regulating muscle growth 

and myoblast proliferation and differentiation.  β-actin was used as an internal control for 

normalization of each sample.  All experiments were run in triplicate.  Fold changes were 

calculated using the Pfaffl method (Pfaffl 2001) using SA treated samples as the control.  Primer 

sequences for each gene, species can be found in Table 1.  
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Protein extraction and quantitation 

Total protein was extracted from the myotube cultures for Western blotting of MSTN 

protein and fast and slow myosin heavy chain (MHC) isoforms, and for quantitation of 

intracellular glutamine concentration.  Briefly, 6 well plates were washed with ice cold PBS, and 

placed on ice.  While on ice, cold IP lysis buffer (200 µL) was added to each well.  Cells were 

detached from plate by using a cell scraper.  The myotube suspensions were passed through a 

pipet several times, then placed in a bead-beater tube on ice.  Each sample was homogenized, 

without the addition of beads, using a Mini-Beadbeater-1 (Biospec Products, Bartlesville, OK), 

and placed on ice.  Samples were centrifuged at 12,000 x g for 8 minutes at 4oC to remove 

undissolved tissue debris.  Protein supernatant was removed and placed in a fresh tube for 

quantitation.  The lysate was diluted 1:20 in dH20 and quantified using the Bio-Rad Protein 

Assay Dye Reagent Concentration (Bio-Rad Laboratories Inc, Richmond, CA).  Protein assay 

standards were also made in 1:20 IP Lysis buffer. 

 

Western blotting 

Western blotting was performed to assess relative changes in protein expression of 

MSTN and fast and slow MHC isoforms in AA and SA treated myotubes.  Total protein samples 

(40 µg total protein) were boiled 1:1 in Laemmli Buffer (Bio-Rad Laboratories Inc.) and 

separated by SDS-PAGE using a 10% Mini-PROTEAN TGX stain-free precast gel (Bio-Rad 

Laboratories Inc.) with a Prometheus Full-Range Protein Ladder (Genesee Scientific, San Diego, 

CA).  Protein was transferred to a PVDF membrane (Merck Millipore, Burlington, MA) and 

stained with Ponceau-S stain to verify equal protein loading and transfer of samples.  Procedures 

for antibody staining have been previously described in full by Stern et al. (2015).  For relative 



   

76 

 

MSTN expression analysis, blots were first stained for MSTN (ab98337 (1:250), Abcam, 

Cambridge, MA; goat-anti-rabbit, 111-035-003 (1:10,000), Jackson ImmunoResearch 

Laboratories Inc., Jennersville, PA), stripped and re-probed for β-actin (MA5-15739 (1:1000), 

Thermo Scientific, Rockford, IL; donkey-anti-mouse, A16017 (1:10,000), Thermo Scientific).   

For relative expression of fast (F59) and slow (S35) MHC isoforms, blots were first 

stained with either F59-c (1:300), or S35-s (1:5) primary antibodies, using donkey-anti-mouse 

(1:10,000) secondary antibody, stripped, then re-probed for the other MHC isoform, stripped 

again, and finally re-probed for β-actin as previously described.  F59 was deposited to the DSHB 

by Stockdale, F.E. (DSHB Hybridoma Product F59).  S35 was deposited to the DSHB by 

Stockdale, F.E. (DSHB Hybridoma Product S35).  To evaluate differences in MHC expression 

between cell types, F59 to S35 expression ratio was evaluated for 6 independent samples treated 

with sodium acetate from each cell type.  MHC evaluation of treatment differences was 

performed in 5 independent blots, each with one ammonium acetate-treated and one sodium 

acetate-treated sample for each cell type, the F59:S35 ratio for ammonium acetate treatment was 

normalized to the sodium acetate treatment to correct for blot to blot variations in band intensity. 

After secondary incubation and washes, blots were incubated with WesternSure® 

PREMIUM Chemiluminescent Substrate (LI-COR Biosciences, Lincoln, NE), and images were 

captured using the C-DiGit Blot Scanner (LI-COR Biosciences).  Densitometry was assessed 

using ImageJ software (imagej.nih.gov/ij/list.html) of 5 independent blots for MHC relative 

expression.  Relative expression was calculated using β-actin densitometry to normalize each 

sample.  For MSTN relative expression, the mean ± SE (n  = 4) was calculated for each 

treatment.  MHC relative expression is presented as the ratio of fast (F59):slow (S35) mean ± SE 

for each treatment. 
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Intracellular glutamine assay 

Protein isolated from myotube cultures treated with 10 mM AA or 10 mM SA were 

evaluated for intracellular glutamine concentration to evaluate glutamine synthesis as a method 

of ammonia detoxification.  Total protein (40 µg) was evaluated of 6 independent experiments of 

each treatment and cell type combination using the EnzyChrom™ Glutamine Assay Kit (EGLN-

100, BioAssay Systems, Hayward, CA).  All samples were run in duplicate, with one sample 

blank to account for any changes in intracellular glutamate that could affect the assay results, per 

the manufacturer’s guidelines.  Intracellular glutamine was calculated using the provided 

manufacturer equation, subtracting the sample blank from the average of the duplicate samples.  

Data are presented as the mean intracellular glutamine concentration of the 6 samples ± SE. 

 

Myotube diameter 

Myotube diameter was assessed to evaluate differences in physical changes between 

treatment groups.  For each treatment (10mM AA, 10mM SA) and cell type (Breast, Thigh, 

C2C12, Rat) combination, the diameter of 100 myotubes, 10 random myotubes from 10 

independent wells was measured using ImageJ software (imagej.nih.gov/ij/list.html).  For 

consistency, diameters were measured at the widest diameter of each linear myotube in the visual 

field (Stern et al. 2017). 

 

Statistical analysis  

All statistical analysis was performed using JMP 13.2 (SAS Institute Inc., Cary, NC).   

Quantitative real-time PCR data is expressed as mean fold-changes of the ammonium 

acetate treated samples compared to the sodium acetate control samples, relative to the 
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housekeeping gene, β-actin, ± SE (n = 5 replicates for each).  Pairwise comparisons of fold 

changes of each gene between avian and mammalian species was assessed using Tukey-Kramer 

HSD test for multiple comparisons (α = 0.05).  Asterisks represent significant differences in fold 

change between species (* = P < 0.05; ** = P < 0.01).  Pairwise comparisons between cell types 

for each gene was performed using the non-parametric Kruskal-Wallis test for multiple 

comparisons (α = 0.05).   

MSTN Western blot densitometry is expressed as a mean of bands, relative to the 

housekeeping protein, β-actin, for each sample ± SE.  Four independent blots were analyzed, and 

pairwise comparisons were done between treatments for each cell type using a Tukey-Kramer 

HSD test (α = 0.05).  Western blot densitometry for MHC isoform expression is expressed as a 

mean ratio of F59:S35 relative to the housekeeping protein, β-actin, for each sample.  Cell type 

differences in fast to slow MHC ratio (SA treatment only) are expressed as a mean ± SE of 6 

independent samples of each cell type.  Statistical analysis was done using a Tukey-Kramer HSD 

test (α = 0.05).  For MHC evaluation of treatment differences 5 independent blots were assessed, 

the F59:S35 ratio for ammonium acetate treatment was normalized to the sodium acetate 

treatment to correct for blot to blot variations in band intensity.  Relative densitometry is 

expressed as the mean F59:S35 ratio ± SE.  Pairwise comparisons between treatments for each 

cell type was performed using the non-parametric Kruskal-Wallis test.  Significance between 

treatments are represented by asterisks (* = P < 0.05; ** = P < 0.01).   

Intracellular glutamine is presented as the mean ± SE (n =6).  Pairwise comparisons 

between treatments was done using a Tukey-Kramer HSD (α = 0.05).  Significant differences 

between means (P < 0.05) are represented by letters.   



   

79 

 

Myotube diameter was measured for 10 random myotubes from 10 independent wells 

from each treatment and cell type combination.  The mean diameter from each well was 

calculated and used to compare means between treatments for each cell type (n = 10 wells per 

treatment).  Diameter data is presented as the mean ± SE.  Differences between treatments for 

each cell type was assessed using Tukey-Kramer HSD (α = 0.05) and are expressed with letters. 

 

RESULTS 

Myogenic response to ammonia differs between avian and mammalian species 

Ammonia upregulates myostatin expression in mammalian myotubes 

Primary avian (breast, thigh), primary rat, and C2C12 myoblasts were cultured and 

differentiated (70-80% myotube formation) and treated with ammonium acetate or sodium 

acetate to evaluate species, and fiber type differences in ammonia metabolism.  Quantitative real-

time PCR was used to evaluate changes MSTN, and myogenic regulatory factor gene expression 

in myotubes treated with ammonia.  As displayed in Figure 3.1, relative MSTN was significantly 

higher (2-3 fold) in C2C12 and primary rat myotube cultures, compared to both primary avian 

myotube cultures (P < 0.001).  MyoD and MYOG expression was also increased (P < 0.05, and P 

< 0.001, respectively) in mammalian cultures, with rat myotube cultures having higher 

expression than C2C12.  Interestingly, while MSTN expression in thigh myotubes treated with 

ammonium acetate was not changed, relative to sodium acetate treated myotubes, MSTN 

expression was significantly lower in breast myotubes compared to thigh myotubes (P < 0.05). 

To further evaluate the effect of ammonia on myostatin expression, Western blot analysis 

of MSTN protein was assessed in avian and mammalian myotubes (Figure 3.2.).  MSTN protein 

was significantly higher in rat myotubes treated with AA compared to the SA-treated controls (P 
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< 0.05).  MSTN expression in C2C12 myotubes treated with AA was not significantly higher 

compared to treated controls.  In contrast, MSTN expression in breast myotubes was 

significantly lower (P < 0.05), and MSTN expression was unchanged in thigh myotubes.  Figure 

3.3 represents the relative densitometry measurements of MSTN bands, compared to each 

sample β-actin band, for 4 independent blots.   

 

Myotube diameter is increased in avian myotubes treated with ammonia 

To assess functional effects of altered MSTN expression (Figures 3.1-3.3), myotube 

diameter was measured in AA and SA-treated wells.  For each cell type, treatment combination 

100 myotubes were measured (10 random myotubes from 10 independent wells); mean myotube 

diameter is presented in Figure 3.4.  Correlating with increased MSTN expression, myotube 

diameter significantly decreased in C2C12 and rat myotube cultures treated with AA, compared 

to the SA-treated controls (P < 0.001).  In contrast, avian myotubes treated with AA, both breast 

and thigh, had a significantly increased mean myotube diameter compared to myotubes in 

control-treated wells (P < 0.02, P < 0.001, respectively).  Representative micropictograph images 

(40x) of each cell type and treatment are displayed in Figure 3.5.  

 

Ammonia metabolism effects myotube composition differently in avian and mammalian 

species 

Intracellular glutamine increases in ammonia-treated avian myotubes 

Intracellular glutamine concentration was measured in avian and mammalian myotubes to 

determine if glutamine synthesis is a mechanism of ammonia detoxification when myotubes are 

treated with ammonia.  Five independent experiments were evaluated for each treatment and cell 



   

81 

 

type.  Intracellular glutamine data for all cell types is reported in Figure 3.6.  Thigh myotubes 

showed a significant increase in intracellular glutamine after treatment with ammonium acetate, 

compared to sodium acetate-treated controls (P < 0.01).  Intracellular glutamine concentration 

was not significantly higher in Breast myotubes after ammonium acetate treatment (P = 0.16).  

Intracellular glutamine was unchanged in C2C12 and Rat myotubes treated with ammonium 

acetate (P > 0.48, and P > 0.79, respectively). 

 

Treatment with ammonia causes a differential shift in fiber type between species 

Western blot analysis for fast (F59) and slow (S35) myosin heavy chain isoforms was 

performed to evaluate fiber type differences in myotubes of different species and tissue origin, in 

addition to effects of treatment on fiber type.   

To evaluate fiber type differences between cell origin, sodium acetate-treated myotube 

cultures were evaluated for fast to slow myosin MHC ratio, mean relative densitometry of 

F59:S35 ratio is presented in Figure 3.7.  There was a significantly increased fast to slow ratio in 

breast myotubes, compared to Rat and C2C12 myotubes (P < 0.001).  Thigh fast to slow ratio 

was also decreased compared to breast myotube cultures (P < 0.05).   

To determine if treatment with ammonium acetate influenced fiber type in the myotube 

cultures, sodium acetate and ammonium acetate-treated samples were evaluated from 5 

independent experiments (Figure 3.8.).  Treatment with ammonium acetate significantly 

impacted the myotube phenotype in all cell types (P < 0.05), mean relative densitometry of 

F59:S35 ratio can be seen on Figure 3.9.  Both types of avian myotube cultures had a 

significantly higher fast to slow ratio after treatment with ammonium acetate compared to 

sodium acetate-treated controls (Breast P < 0.05; Thigh P < 0.01).  Conversely, both C2C12 and 
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Rat myotube cultures had a significantly lower fast to slow ratio after treatment with ammonium 

acetate (P < 0.01). 

 

DISCUSSION 

It is well known that myostatin is a powerful negative regulator of muscle development 

and postnatal muscle growth (McPherron et al. 1997; Lee and McPherron 1999; Amthor et al. 

2004).  In diseases such as heart failure, chronic obstructive pulmonary disease, and end-stage 

liver disease, severe muscle wasting, or sarcopenia, contributes to patient decline and poor 

outcomes (Bessman and Evans 1955; Calvert et al. 2008; Dasarathy 2012).  It has been well-

demonstrated in clinical observation and mammalian models of cirrhosis that myostatin 

expression is upregulated in response to hyperammonemia, contributing to severe muscle decline 

(Dasarathy et al. 2004; Qiu et al. 2012, 2013; Tsien et al. 2015).  Additionally, myostatin has 

been shown to reduce satellite cell proliferation and differentiation in vitro in mammalian and 

avian species, alike (Taylor et al. 2001; McFarland et al. 2006, 2007).  Therefore, regulation of 

myostatin expression is a targeted therapy for muscle wasting associated with disease and is 

important for propagation of myoblasts and muscle tissue in culture. 

In contrast to all mammalian models of cirrhosis, which demonstrate that 

hyperammonemia, or the application of ammonia to myotubes in vitro, causes an increase in 

myostatin expression and decline in myogenic capacity, previous studies have shown that 

ammonia application to avian muscle results in a decrease in myostatin expression (Dasarathy et 

al. 2004; Qiu et al. 2012, 2013, Stern et al. 2015, 2017).  Though it has been previously 

demonstrated that C2C12 myotubes and primary breast myotubes have a differential response to 

ammonia (Stern et al. 2017), comparison of primary avian and primary mammalian myotubes 
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has not previously reported.  Additionally, these findings left possible differences in ammonia 

metabolism between muscle fiber phenotypes in question.  Therefore, the central aim of this 

study was to assess primary avian and primary mammalian myotube cultures, in parallel, for 

differential responses to applied ammonia between species and myofiber phenotype. 

Consistent with previous studies, these studies have shown a transcriptional upregulation 

of MSTN expression in C2C12 and primary rat myotubes after 24 hours of ammonia application, 

that was significantly different than primary avian (Breast and Thigh) myotube expression of 

MSTN.  Interestingly, primary breast and primary thigh myotubes also showed a differential 

response to ammonia application.  Expression of MSTN was significantly reduced in primary 

breast myotubes after 24 hours of exposure to ammonia, while primary thigh myotubes showed 

no change in MSTN gene expression.  Western blot analysis of MSTN protein confirmed qPCR 

data, showing MSTN reduced in breast myotubes, unchanged in thigh myotubes, and increased 

in rat myotube cultures after 24 hours of exposure to ammonium acetate, compared to sodium 

acetate-treated controls.  In C2C12 ammonium acetate treated myotubes, the increase in MSTN 

protein was not statistically different from sodium acetate treated myotubes, which may be due 

to time of treatment incubation.  It has been repeatedly shown that exposing C2C12 myotubes to 

ammonia increases MSTN protein expression, concurrent with an increase in MSTN mRNA 

expression (Qiu et al. 2013; Stern et al. 2017).  While it is well known that increased myostatin 

expression has a negative effect on myofiber size, both in vivo and in vitro, myotube diameter of 

ammonium acetate and sodium acetate-treated myotubes was measured to assess functional 

impacts of altered MSTN expression.  These data demonstrate that increased MSTN expression 

resulting from applied ammonia in C2C12 and primary rat myotubes, significantly reduces 

myotube diameter.  In contrast, where MSTN expression was reduced or unchanged in avian 
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myotubes treated with ammonium acetate, there was a significant increase in myotube diameter 

following ammonia treatment.   

Glutamine is known to be a major carrier of nitrogen in inter-organ transport, and 

glutamine synthesis plays a key role in detoxifying ammonia in skeletal muscle, particularly in 

states of hepatic insufficiency (Wu et al. 1991; Dejong et al. 1994; Olde Damink et al. 2002; He 

et al. 2010).  Additionally, glutamine is an essential amino acid in many cell culture applications, 

which show that it has a significant impact on optimal cell proliferation (Yamamoto and Niwa 

1993).  Several studies have shown that glutamine synthesis and glutamine utilization differs 

dramatically between species, and between tissues of the same species (Wu 1963; Lund and 

Goldstein 1969; Meister 1985).  Intracellular glutamine was measured in ammonium acetate and 

sodium acetate-treated myotubes to determine if glutamine production was initiated in response 

to applied ammonia.  These results demonstrate that intracellular glutamine is increased in avian 

myotubes when ammonium acetate is applied, suggesting glutamine synthesis as a method of 

ammonia utilization in avian muscle.  Glutamine has been previously shown to prevent 

hyperexpression of MSTN, which suggests that increased glutamine synthesis in avian myotubes 

may contribute to an improved response to ammonia, compared to mammalian myotubes 

(Salehian et al. 2006; Bonetto et al. 2011).  Concurrent with a study by Watford and Wu (2005), 

which states that glutamine synthetase activity is higher in chick leg muscle compared to chick 

breast muscle, glutamine synthesis in thigh myotube cultures exceeded that of breast myotube 

cultures.  These data, in addition to differences in MSTN mRNA expression between breast and 

thigh myotube cultures after application of ammonia, suggest that ammonia metabolism may 

differ between muscle fiber phenotypes within and between species.   
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To evaluate differences in muscle fiber phenotype between cell origins and between 

treatments, Western blotting of fast (F59) and slow (S35) myosin heavy chain isoforms was 

evaluated from total protein isolates.  As expected, based on origin of myoblast cells, control-

treated primary breast myotube cultures had a significantly higher F59:S35 ratio compared to 

myotubes cultures originating from thigh muscle.  Similarly, breast myotube cultures also had a 

higher F59:S35 ratio when compared to both primary rat and C2C12 myotube cultures.  

Interestingly, there was a differential response to applied ammonia between species.  Both breast 

and thigh myotube cultures had a significantly increased F59:S35 ratio in ammonium acetated-

treated myotubes, compared to sodium acetate-treated controls, indicating that ammonia induced 

a fast fiber type shift in avian myotubes.  Increased F59:S35 ratio in breast myotubes can be 

explained by a significant reduction in myostatin, as it has been shown that myostatin-null 

rodents have a significant increase in type II, particularly type IIb glycolytic, fibers (Girgenrath 

et al. 2005; Hennebry et al. 2009).  However, myostatin is not significantly reduced in thigh 

myotube cultures, which like breast myotube cultures, exhibited a fast fiber type shift, and 

increase in myotube diameter.   

Both breast and thigh myotubes demonstrated a significant increase in intracellular 

glutamine concentration in response to 10mM applied ammonia, therefore, glutamine synthesis 

is a significant mediator of ammonia metabolism in avian muscle.  Interestingly, glutamine has 

also been reported to activate the Ras/Raf/MEK/ERK pathway, increased ERK phosphorylation 

(particularly ERK2) has been shown to be increased in fast MHC fiber types in C2C12 cells (Shi 

et al. 2008; Ayush et al. 2016).  Therefore, it is predicted that ammonia is utilized by avian 

myotubes to produce glutamine, which further supports a fast fiber-type shift in cultured 

myotubes.   
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Conversely, C2C12 and primary rat myotube cultures had a significantly decreased 

F59:S35 ratio when treated with ammonium acetate, suggesting a slow fiber type shift.  It is well 

understood that in mammalian models of cachexia and sarcopenia that upon activation of the 

NFκB pathway, type II, or fast-twitch fibers, are more susceptible to atrophy (Elkina et al. 2011; 

Schiaffino and Reggiani 2011; Wang and Pessin 2013).  Relating to cirrhosis, specifically, a 

previous study has shown that the portacaval anastomosis rat, which is a model for 

hyperammonemia, has shown that increased circulating ammonia is correlated with an increase 

in type I, or slow, muscle fibers in vivo (Kumar et al. 2017).  Altogether, these data suggest that 

muscle fiber phenotype may play a role in differences in ammonia metabolism and the outcome 

of hyperammonemia on muscle phenotype between avian and mammalian species. 

 

CONCLUSIONS 

These findings provide new evidence that avian muscle responds differently to applied 

ammonia when compared to mammalian muscle.  Myostatin regulation is not only a targeted 

gene therapy for numerous muscle wasting conditions, but significantly impacts muscle cell 

proliferation and differentiation in vitro.  This study shows that reduced MSTN expression in 

avian myotubes has a significant impact on myotube diameter, supporting the positive response 

of avian muscle to ammonia.  Therefore, identification of mechanisms that allows for a positive 

response in avian muscle is imperative for developing novel strategies to combat muscle wasting 

associated with hyperammonemia.   In addition to reducing myostatin expression, applied 

ammonia increased the production of glutamine in avian myotubes.  Glutamine is an essential 

amino acid in cell culture systems, for optimal proliferation of cultured cells, further suggesting 

that ammonia may be beneficial to avian muscle cells in culture.   
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Table 3.1. Primer sequences for qPCR. Primers were designed using Primer-BLAST for 

myostatin (MSTN), myogenic determination factor1 (MyoD), myogenic factor 5 (MyF5), 

myogenin (MYOG), myogenic regulatory factor 4 (MyF6), paired box 7 (PAX7), and β-actin (β-

ACT). 
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R 5'-ATGCTTGAGAGGCAGTCGAG-3' 
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R 5'-ACTCTGCTCCGTCGCGTA-3' 
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R 5'-ACTGCTCAGGAGGTGATCTG-3' 

 

F 5'-AGGCTGGATCAGCAGGACAAAA-3' 
R 5'-CGCGGGAATGGTCGGAAG-3' 

 

F 5’-GAAGGCCTTTGAGAGGACCC-3’ 
R 5’-GGTTGAATGCTGCGAGTTGG-3’ 

 

F 5'-GTCCACCTTCCAGCAGATGT-3' 
R 5'-TAAAGCCATGCCAATCTCG-3' 

 

F 5’-TCACGCTACCACGGAAACAA-3’ 
R 5’-AGGAGTCTTGACGGGTCTGA-3’ 

 
F 5’-GCTCTGATGGCATGATGGATT-3’ 

R 5’-CTATGCTGGACAGGCAGTCG-3’ 

 
F 5’-AACTATTACAGCCTGCCGGG-3’ 

R 5’-GCTGGACAAGCAATCCAAGC-3’ 

 

F 5’-GTGCCCAGTGAATGCAACTC-3’ 

R 5’-CGAGCAAATGATCTCCTGGGT-3’ 

 
F 5’-AGAAATTCTTGAGGGTGCGG-3’ 

R 5’-GCCCCTGGAATGATCCGAAA-3’ 

 
F 5’-AGTTCGATTAGCCGAGTGCT-3’ 

R 5’-CATCCAGACGGTTCCCTTTGT-3’ 

 
F 5’-AGATCAAGATCATTGCTCCTCC-3’ 

R 5’-AGCTCAGTAACAGTCCGCCTA-3’ 

 
F 5’-ACAGCAGTGACGGCTCTTTG-3’ 

R 5’-ATCCACAGCTGGGCCTTTACC-3’ 

 
F 5’-TACGACGCCGCCTACTACAG-3’ 

R 5’-GCGCTCCACTATGCTGGACA-3’ 

 
F 5’-GCTTTGACAGCATCTACTGCCC-3’ 

R 5’-GTCCTGAAGAGCCAACTCGGAT-3’ 

 
F 5’-GGGGCAATGCACTGGAGTTTG-3’ 

R 5’-GTCCACGATGGACGTAAGGGA-3’ 

 
F 5’-ACCGGCTGGATCAGCAAGAG -3’ 

R 5’-CACCAGGCCCCTGGAATGAT-3’ 

 
F 5’-GTGCCCTCAGTGAGTTCGATT-3’ 

R 5’-AGTGGGAGGTCGGGTTCTGA-3’ 

 
F 5’-CCTCTGAACCCTAAGGCCAACC-3’ 

R 5’-ACACAGCCTGGATGGCTACG-3’ 

106 
 

 

99 
 

 

98 
 

 

93 
 

 

92 
 

 

63 
 

 

85 
 

 

77 
 

 
95 

 

 
89 

 

 

96 

 

 
108 

 

 
95 

 

 
90 

 

 
99 

 

 
90 

 

 
88 

 

 
97 

 

 
96 

 

 
97 

 

 
99 

 

  110 
 

 

104 
 

 

185 
 

 

166 
 

 

139 
 

 

158 
 

 

168 
 

 

166 
 

 
150 

 

 
198 

 

 

94 

 

 
76 

 

 
142 

 

 
170 

 

 
175 

 

 
99 

 

 
137 

 

 
101 

 

 
149 

 

 
191 

 

 
94 

NO 
 

 

YES 
 

 

YES 
 

 

YES 
 

 

YES 
 

 

YES 
. 

 

NO 
 

 

YES 
 

 
YES 

 

 
YES 

 

 

YES 

 

 
YES 

 

 
YES 

 

 
YES 

 

 
YES 

 

 
YES 

 

 
YES 

 

 
YES 

 

 
YES 

 

 
YES 

 

 
YES 

 



   

95 

 

 

 

 

 

 

Figure 3.1. Relative gene expression of myotubes treated with ammonium acetate.  mRNA 

expression of MSTN, MyF5, MyF6, MyoD, MYOG, and Pax7 in primary breast, primary thigh, 

C2C12, and primary rat differentiated myotubes after 24 hours of treatment with ammonium 

acetate (10mM) measured by quantitative real0time PCR.  Fold changes were calculated using 

myotubes treated with 10mM sodium acetate as control samples, and all samples were 

normalized using β-actin as a reference gene.  Fold changes are expressed as a mean (n = 5) ± 

SE. The reference line at 1 represents normal gene expression.  Asterisks represent significant 

differences between cell or species gene expression (* = P < 0.05; ** = P < 0.01). 
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Figure 3.2. MSTN Western blot of treated myotubes.  Western blot images of MSTN protein 

isolated from myotubes from C2C12 cells, primary breast, primary thigh, or primary rat cultures 

after treatment with ammonium acetate (10mM) or sodium acetate (10mM) for 24 hours. 
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Figure 3.3. MSTN Western blot densitometry.  Relative densitometry of MSTN protein from 

myotubes from C2C12 cells, primary breast, primary thigh, or primary rat cultures after 

treatment with ammonium acetate (10mM) or sodium acetate (10mM) for 24 hours (n = 4 

independent samples).  MSTN expression is relative to β-actin for each sample.  Asterisks 

represent significant differences between treatments of each cell type (* = P < 0.05; ** = P < 

0.01). 
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Figure 3.4. Myotube diameter.  Myotube Diameter of primary breast, primary thigh, C2C12, 

and primary rat myotubes (n = 100 myotubes from 10 independent wells) treated with sodium 

acetate (10mM) or ammonium acetate (10mM) for 24 hours.  Asterisks represent significant 

differences between treatments for each cell type (** = P < 0.01). 
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Figure 3.5. Micropictograph myotube images.  Representative micropictograph images of 

myotubes from primary breast, primary thigh, C2C12, and primary rat cultures after treatment 

with sodium acetate (10mM) or ammonium acetate (10mM) for 24 hours. 
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Figure 3.6. Intracellular glutamine concentration.  Intracellular glutamine concentration of 

primary breast, primary thigh, C2C12, and primary rat myotube cultures treated with sodium 

acetate (10mM) or ammonium acetate (10mM) for 24 hours (n = 6 independent samples).  

Asterisk represent significant differences between treatments for each cell type (** = P < 0.01). 
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Figure 3.7.  Fast to Slow MHC ratio between cell types.  Western blot densitometry of sodium 

acetate (10mM) treated myotubes from primary breast, primary thigh, C2C12, and primary rat 

cultures for fast (F59) and slow (S35) myosin heavy chain isoforms (n = 6).  Relative MHC 

expression is  presented as a ratio of fast to slow MHC isoform expression.  Asterisk represent 

significant differences between treatments for each cell type (** = P < 0.01). 
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Figure 3.8. Myosin heavy chain Western blot images.  Western blot images of fast (F59) and 

slow (S35) myosin heavy chain protein isolated from myotubes from C2C12 cells, primary 

breast, primary thigh, or primary rat cultures after treatment with ammonium acetate (10mM) or 

sodium acetate (10mM) for 24 hours.  Blots were probed with β-actin to demonstrate equal 

loading between treatments.   

 

  



   

103 

 

 

 

 

 
 

 

Figure 3.9. Fast to Slow MHC ratio between treatments.  Western blot densitometry of 

sodium acetate (10mM) or ammonium acetate (10mM) treated myotubes from primary breast, 

primary thigh, C2C12, and primary rat cultures for fast (F59) and slow (S35) myosin heavy 

chain isoforms (n = 5).  Relative MHC expression is presented as a ratio of fast to slow MHC 

isoform expression.  Asterisk represent significant differences between treatments for each cell 

type (** = P < 0.01). 
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CHAPTER 4: GLUTAMINE SYNTHETASE IN AVIAN MUSCLE CONTRIBUTES TO 

A POSITIVE MYOGENIC RESPONSE TO AMMONIA COMPARED TO 

MAMMALIAN MUSCLE1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1RA Stern and PE Mozdziak. 2018.  Submitted to American Journal of Physiology- Regulatory, 

Integrative, and Comparative Physiology. 
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ABSTRACT 

In mammalian models of cirrhosis, plasma ammonia concentration increases having numerous 

adverse effects, including sarcopenia.  The objective of this study was to identify differences 

between avian and mammalian myogenic response to applied ammonia and glutamine.  Primary 

chicken breast and thigh, primary rat, and C2C12 myotubes were treated with ammonium acetate 

(AA, 10mM) or glutamine (G, 10mM) for 24 hours, and compared to sodium acetate (SA, 

10mM) and untreated (U) controls.  Myostatin mRNA was significantly higher in C2C12 and rat 

myotubes treated with AA compared to G and controls (P<0.01), while myostatin was 

unchanged in chicken myotubes.  AA-treated C2C12 myotubes had significantly higher 

glutamine synthetase (GS) mRNA expression, compared to controls, but glutamine synthetase 

protein expression was unchanged.  In contrast, GS mRNA expression was unchanged in thigh 

myotubes, but GS protein expression was significantly higher, in AA-treated thigh myotubes 

(P<0.05).  In both breast and thigh myotubes, intracellular glutamine concentration was 

significantly increased in AA and G treated myotubes compared to controls but was only 

increased in G-treated C2C12 and rat myotubes (P<0.05).  Glutamine concentration was 

significantly higher in all treatment media collected from avian myotube cultures, compared to 

both C2C12 and rat media (P<0.01).  Myotube diameter was significantly larger in avian 

myotubes after treatment with both AA and G (P<0.05).  C2C12 and rat myotubes had a 

significantly smaller myotube diameter after AA treatment (P<0.001).  Altogether, these data 

support species differences in skeletal muscle ammonia metabolism and suggest that glutamine 

synthesis is a mechanism of ammonia utilization in avian muscle.  
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INTRODUCTION 

Sarcopenia, or severe muscle wasting, is a serious secondary disorder, that contributes to patient 

decline, associated with numerous diseases, including cirrhosis and liver failure.  In advanced 

liver disease and cirrhosis, as well as chronic obstructive pulmonary disease and heart failure, 

normal nitrogen metabolism is disrupted, resulting in increased levels of circulating ammonia, 

termed hyperammonemia (Bessman and Evans 1955; Rudman et al. 1973; Shangraw and Jahoor 

1999; Calvert et al. 2008; Han and Mitch 2011).  In clinical observation, and both in vivo and in 

vitro mammalian models, hyperammonemia results in severe muscle decline, and is consistent 

with increased myostatin expression (Dasarathy et al. 2004, 2011; Han and Mitch 2011; Qiu et 

al. 2012, 2013; Thapaliya et al. 2014).  Myostatin is a powerful negative regulator of embryonic 

and post-natal muscle growth, that inhibits muscle hyperplasia and hypertrophy (McPherron and 

Lee 1997; McPherron et al. 1997; Lee and McPherron 1999, 2001).  Because of myostatin’s 

inhibitory role on muscle growth, and its consistent upregulation associated with numerous 

diseases that lead to sarcopenia, myostatin-targeted therapies are essential for alleviating muscle 

wasting conditions.   

Previous in vivo and in vitro studies have shown that avian muscle responds differently than 

mammalian muscle to ammonia.  Specifically, myostatin mRNA and protein expression is 

reduced in response to ammonia, whereas, myostatin is increased in mammalian models (Stern et 

al. 2015, 2017).  Thus, it is evident that there are species differences in nitrogen metabolism that 

allows avian muscle to respond positively to applied ammonia.   

Under normal physiological conditions, ammonia is detoxified in the liver, via ureagenesis, in 

mammalian species (Vorhaben and Campbell 1972).  Due to the lack of carbamoyl phosphate 

synthetase I in uricotelics, glutamine synthetase (GS; also known as glutamate-ammonia ligase) 
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is the primary enzyme responsible for ammonia detoxification in avian species (Vorhaben and 

Campbell 1972; Campbell and Vorhaben 1976; Smith and Campbell 1988).  While glutamine 

synthesis occurs in many mammalian tissues, including skeletal muscle, it is only necessary in 

catabolic states, or when circulating ammonia levels rise (Olde Damink et al. 2002; He et al. 

2010).   

In addition to the essential role of glutamine in interorgan nitrogen, carbon, and energy transport, 

glutamine contributes to the metabolic activity of skeletal muscle, and has been shown to prevent 

muscle atrophy (Hickson et al. 1995; Penna et al. 2015).  Additionally, it has been previously 

demonstrated that glutamine supplementation, can directly downregulate myostatin expression, 

and prevents apoptosis (Ropeleski et al. 2005; Salehian et al. 2006; Bonetto et al. 2011; Penna et 

al. 2015).  Further, in several studies, glutamine has been shown to inhibit activation of the 

NFκB pathway, which is suggested to control myostatin expression in response to ammonia 

(Singleton and Wischmeyer 2008; Bonetto et al. 2011; Lesueur et al. 2012; Qiu et al. 2013; 

Penna et al. 2015)  In avian species specifically, glutamine has been shown to prevent protein 

degradation in chick skeletal muscle, further supporting the positive role in skeletal muscle 

homeostasis (Wu et al. 1989; Wu and Thompson 1990).   

The objective of this study was to elucidate species differences in skeletal muscle 

ammonia metabolism, as previous studies have demonstrated differences in myostatin response 

to applied ammonia between avian and mammalian species (Qiu et al. 2012, 2013, Stern et al. 

2015, 2017).  Because GS is the primary enzyme in the liver associated with ammonia 

detoxification, the hypothesis is that skeletal muscle GS play a critical role in ammonia 

utilization in avian muscle.  Myotube cultures were exposed to ammonium acetate to determine 

differences in GS mRNA and protein expression, and glutamine synthesis between avian and 
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mammalian myotubes.  Additionally, myotubes were exposed to excess glutamine to investigate 

species differences in myotube growth when exposed to excess glutamine, as it has been reported 

that glutamine supplementation can inhibit myostatin expression and contributes to muscle 

growth (Salehian et al. 2006; Bonetto et al. 2011; Penna et al. 2015) (Figure 1).  Overall, this 

study provides evidence that avian myotubes respond positively to applied ammonia, while 

ammonia is detrimental to mammalian myotubes.  In avian myotubes, the enzyme GS is 

upregulated, which utilizes ammonia for production of glutamine.  In addition, the study 

demonstrates that increased glutamine positively impacts avian myotube growth, compared to 

mammalian myotubes. 

 

MATERIALS AND METHODS 

Cell culture  

Differentiated myotubes of primary chicken (pectoralis major, biceps femoris), primary rat, and 

C2C12 cells were used for comparison.  All animal experiments were approved by the North 

Carolina State University Institutional Animal Care and Use. 

 

Animals 

Fertilized broiler eggs (Ross 708 x Ross 344) were incubated at 37oC, 95% humidity to 

embryonic day (ED) 17 for primary myoblast isolation.  For primary rat myoblast isolations, a 

litter of 3-day-old CD rat pups, with mother, was ordered (Charles River Labs, Wilmington, MA) 

and euthanized upon arrival for cell isolation procedures.  For all cell culture experiments, cells 

used to generate replicate experiments were isolated from at least two different animals.   
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Cell culture media. 

To evaluate the effects of treatments without excess glutamine, all media was supplemented with 

1mM L-glutamine. 

Both chicken and C2C12 myoblasts were cultured in proliferation media consisting of 

Dulbecco’s Modified Eagle’s Medium without L-glutamine (DMEM, Sigma Aldrich), 15% fetal 

bovine serum (FBS, Geneclone), 1% Antibiotic Antimycotic Solution (Sigma Aldrich), 1 mM L-

glutamine (L-Glutamine, Gibco).  Proliferation media for rat myoblasts consisted of Hams-F10 

media (F10, Sigma Aldrich), 20% FBS (Geneclone), 1% Antibiotic Antimycotic solution 

(Sigma- Aldrich), and 2.5ng/mL Recombinant Human FGF basic protein (R&D Systems).  The 

Hams-F10 formulation included 1mM L-glutamine, so L-glutamine was not added to rat 

proliferation media.  Myoblast differentiation media for all cell types contained DMEM without 

L-glutamine, 10% horse serum (Hyclone, Logan, UT), 1% Antibiotic Antimycotic Solution, 

1mM L-glutamine.   

 

Cells 

Primary chicken myoblasts were isolated from the pectoralis major (Breast), or biceps femoris 

(Thigh) of embryonic day 17 embryos as described by Stern et al. (28).  Rat myoblasts were 

isolated from hindlimbs of 3-day old CD rat pups (Charles River Labs, Wilmington, MA).  Upon 

arrival, pups were euthanized by decapitation.  The hindlimbs were sprayed with 70% ethanol, 

and the skin was removed using sterile technique.  All muscles from both hindlimbs were 

removed, avoiding tendons, and placed into a sterile beaker with Hanks’ Balanced Salt Solution 

(HBSS).  The remainder of the rat cell isolation followed the procedure described by Stern et al. 

(Stern et al. 2017).  C2C12 cells, a subclone of the mouse myoblast cell line originally 
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established by Yaffe and Saxel (1977), were used for a second mammalian myotube comparison 

(CRL-1772; passage 5-7, American Type Culture Collection, Manasas, VA). 

Upon fresh isolation, or recovery from frozen storage, cells were plated on 6-well plates 

(Primaria, Corning, Durham, NC) coated on 0.1% gelatin (Fisher Scientific, Waltham, MA).  

Primary rat and chicken myoblasts were plated at a density of 175,000 cells/well, while C2C12 

cells were plated at 50,000 cells/well; this allowed primary and C2C12 cells to reach 90% 

confluency at the same rate, 5 days, feeding every 48 hours.  At 90% confluency, cells were 

switched to differentiation media, and fed every 24 hours for 3 days; this achieved 70-80% 

differentiation in all cell types.   

 

Treatment media 

After differentiation for 72 hours, myoblast cultures had differentiated into myotubes in all cell 

types equivalent to 70-80% in each well.  To evaluate the effects of ammonia and glutamine in 

the myotube cultures, fresh preparations of differentiation media were prepared with either 

10mM ammonium acetate (AA, Sigma Aldrich), or 10mM L-glutamine (G, Gibco Inc.).  Control 

treatments were prepared in fresh differentiation with 10mM sodium acetate (SA, Fisher 

Scientific), or untreated (U, fresh differentiation media only).  Treatment media was exposed to 

myotube cultures for 24 hours, then images were captured using light microscopy (20x, Leica 

Microsystems Inc., Buffalo Grove, IL) and SPOT camera (SPOT Imaging, Sterling Heights, MI), 

for visual presentation and myotube diameter measurements prior to harvesting.  From all wells 

and treatments, 1mL of culture media was collected for analysis of media glutamine 

concentration, then myotube cultures were prepared for mRNA extraction for quantitative real-



   

111 

 

time PCR analysis, or protein extraction for Western blot analysis, and evaluation of intracellular 

glutamine. 

 

RNA extraction, reverse transcription, and quantitative real time-PCR 

Analysis of mRNA expression of myogenic markers and glutamine synthetase was performed to 

understand the effects of ammonia, or glutamine, on myogenic status in avian and mammalian 

myotubes.  After 24 hours, treated and control cultures were removed from the well using 0.25% 

trypsin-EDTA (Sigma Aldrich).  Total RNA was isolated from cell pellets and reverse 

transcription was performed using methods previously described by Stern et al. (28).  qPCR 

analysis was performed on 5 samples of each treatment, cell type combination as described by 

Stern et al. (27).  Myostatin (MSTN) was assessed based on its inhibitory role in regulation of 

myoblast proliferation, differentiation, and muscle growth.  Glutamine synthetase (GS), the 

enzyme that catalyzes the condensation of glutamate and ammonia to form glutamine, was also 

assessed.  β-actin was used as an internal control for normalization of each sample.  All 

experiments were run in triplicate.  Fold changes were calculated using the Pfaffl method (Pfaffl 

2001).  Primer sequences for each gene within species can be found in Table 1.  DNA 

sequencing was used to verify qPCR products for each gene (Eton Bioscience, Research Triangle 

Park, NC).  Quantitative real-time PCR results are expressed as mean fold-changes of the treated 

samples (G, AA, SA) compared to the untreated control samples, relative to the housekeeping 

gene, β-actin, ± SE (n = 5 replicates for each). 
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Total protein extraction and quantitation 

Total protein was extracted from treated myotube cultures for Western blotting of GS protein, 

and for quantitation of intracellular glutamine concentration.  Briefly, 6 well plates were washed 

with ice cold PBS, and placed on ice.  While on ice, cold Pierce IP lysis buffer (200 µL; 

ThermoFisher Scientific) was added to each well.  Cells were detached from plate by using a cell 

scraper.  The myotube suspensions were passed through a pipet several times, then placed in a 

bead-beater tube on ice.  Each sample was homogenized, without the addition of beads, using a 

Mini-Beadbeater-1 (Biospec Products, Bartlesville, OK), and placed on ice.  Samples were 

centrifuged at 12,000 x g for 8 minutes at 4oC to remove tissue debris.  Protein supernatant was 

removed and placed in a fresh tube for quantitation.  The lysate was diluted 1:20 in dH20 and 

quantified using the Bio-Rad Protein Assay Dye Reagent Concentration (Bio-Rad Laboratories 

Inc, Richmond, CA).  Protein standards were also made up in 1:20 IP Lysis Buffer to assure 

accurate absorbance measurements.   

    

Western blotting 

Western blotting was performed to evaluate changes in GS protein expression between glutamine 

and ammonium acetate-treated myotube cultures compared to control-treated myotube cultures 

for each cell type.  Samples (40µg total protein) were boiled in Laemmli buffer (Bio-Rad 

Laboratories Inc.) and separated by SDS-PAGE using a 10% Mini-PROTEAN TGX stain-free 

precast gel (Bio-Rad Laboratories Inc.) with a Prometheus Full-Range Protein Ladder (Genesee 

Scientific, San Diego, CA).  Protein was transferred to a polyvinylidene difluoride membrane 

(PVDF, Merck Millipore, Burlington, MA), and was stained with Ponceau-S stain to verify 
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equal protein loading between samples.  Procedures for antibody staining have been previously 

described in full by Stern et al. (28).  

For relative expression of GS, blots were first probed for GS (PA5-28940 (1:1,1000), Thermo 

Scientific; goat-anti-rabbit, 111-035-003 (1:10,000), Jackson ImmunoResearch Laboratories 

Inc.), stripped and re-probed for β-actin (MA5-15739 (1:1000), Thermo Scientific; donkey-anti-

mouse, A16017 (1:10,000), Thermo Scientific).  Western blot stripping was done according to 

the stripping for reprobing protocol (Abcam, Cambridge, MA) using the mild stripping buffer. 

After secondary incubation and washes, blots were incubated with WesternSure® PREMIUM 

Chemiluminescent Substrate (LI-COR Biosciences, Lincoln, NE), and images were captured 

using the C-DiGit Blot Scanner (LI-COR Biosciences).  Densitometry was assessed using 

ImageJ software (imagej.nih.gov/ij/list.html) of two independent blots GS relative expression.  

Western blot densitometry is expressed as a mean of each band, relative to the housekeeping 

protein, β-actin, for that sample ± SE (n = 4 independent samples).     

 

Intracellular glutamine assay 

Total protein isolated from myotube cultures from the four treatments (10mM G, 10mM AA, 

10mM SA, U) was evaluated for glutamine concentration to assess glutamine uptake and 

synthesis between treatment.  Glutamine concentration of total protein (40 µg) was measured for 

6 independent experiments of each treatment and cell type combination using the EnzyChrom™ 

Glutamine Assay Kit (EGLN-100, BioAssay Systems, Hayward, CA).  All samples were run in 

duplicate, with one sample blank to account for any changes in intracellular glutamate that could 

affect the assay results.  Intracellular glutamine was calculated using the provided manufacturer 
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equation, subtracting the sample blank from the average of the duplicate samples.  Intracellular 

glutamine concentration is expressed as a mean ± SE for 6 independent samples.   

 

Media glutamine assay 

Glutamine concentration of treatment and control media, after 24 hours of incubation, was 

assessed to evaluate differences in media glutamine concentration between cell types, and 

between treatments for each cell type.  Media samples (1mL) collected after treatment were 

centrifuged at 8,000 x g for 3 minutes to remove any cellular debris from the media sample.  The 

EnzyChrom™ Glutamine Assay Kit (EGLN-100, BioAssay Systems) was used to measure 

media glutamine concentration per the manufactured guidelines.  Standards were made up in 

complete differentiation media without added glutamine to properly correct for any absorbance 

disruption the phenol red, serum, or antibiotic added produced.  All media samples (U, SA, AA) 

were run in triplicate.  Media glutamine concentration is expressed as a mean ± SE of 6 

independent samples.   

 

Myotube diameter 

Myotube diameter was assessed to evaluate differences in physical changes between treatment 

groups (Thapaliya et al. 2014).  For each treatment (10mM G, 10mM AA, 10mM SA, untreated) 

and cell type (Breast, Thigh, C2C12, Rat) combination, the diameter of 100 myotubes, 10 

random myotubes from 10 independent wells was measured using ImageJ software 

(imagej.nih.gov/ij/list.html).  For consistency, diameters were measured at the widest diameter of 

each linear myotube in the visual field.  Myotube diameter is expressed as a mean ± SE of 100 

myotubes (10 random myotubes from 10 independent experiments) for all treatments.  Mean 



   

115 

 

myotube diameter was calculated for the 10 replicate experiments for statistical analysis (n = 10) 

of each treatment, cell type combination.   

 

Statistical analysis 

Statistical analysis for all experiments was performed using JMP Pro 13 (SAS Institute Inc., 

Cary, NC), and all graphics were prepared using Graph Pad Prism 7 (GraphPad Software, La 

Jolla, CA).  All data was assessed using the nonparametric Kruskal-Wallis test and post hoc 

Tukey-Kramer HSD test for multiple comparisons (α = 0.05)  Sample sizes are indicative of 

replicate wells, and myoblasts used for replicate experiments were isolated from at least two 

separate animals.  Letters represent significant differences (P < 0.05) between treatments within 

each cell type.  Bars without letters are not statistically significant from other treatments.  Media 

glutamine data was assessed by pairwise comparisons across all treatment, cell type 

combinations in the same manner.     

 

RESULTS 

Applied ammonia brings a different response of myostatin expression in avian and 

mammalian myotubes 

Primary breast, primary thigh, C2C12, and primary rat myoblasts were utilized to elucidate 

species differences in myogenic response to ammonia and glutamine in vitro.  Quantitative real-

time PCR was used to evaluate changes in MSTN and GS expression in myotubes treated with 

ammonium acetate or glutamine, compared to sodium acetate and untreated control myotubes.  

In both C2C12 and primary rat myotubes, applied ammonia resulted in a significantly higher 

MSTN expression (greater than 2-fold, P < 0.01) compared to sodium acetate treated control 
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myotubes (Figure 2A).  In contrast, MSTN expression in ammonium acetate-treated avian 

myotubes is not changed compared to control treated myotubes. GS expression was significantly 

higher in ammonium acetate-treated C2C12 myotubes (P <0.05), but no significant difference 

was found in primary avian or primary rat myotubes in response to applied ammonia (Figure 

2B). 

 

Ammonia applied to avian myotubes induces glutamine synthesis 

Western blot analysis of glutamine synthetase protein from primary breast, primary thigh, 

C2C12, and primary rat myotube total protein isolates was performed to evaluate treatment 

effects of applied glutamine or ammonia on glutamine synthetase expression.  Representative 

Western blot images of glutamine synthetase (GS) and β-actin probed blots are presented in 

Figure 3.  Relative densitometry of GS protein, normalized to β-actin, for each cell type, 

treatment combination (n = 4 independent samples) is presented in Figure 4.  GS expression was 

significantly higher in primary thigh myotubes treated with ammonium acetate, compared to all 

other treatments (P < 0.05).  Similarly, GS protein was higher in primary breast myotubes treated 

with ammonium acetate, compared to glutamine-treated myotubes (P < 0.05).  GS protein was 

significantly lower in C2C12 myotubes treated with glutamine, compared to ammonium acetate 

treated myotubes (P < 0.05).  No significant differences were found in GS expression in primary 

rat myotubes between treatments.    

Intracellular glutamine concentration was measured to evaluate the possibility that GS 

expression has a functional impact on glutamine concentration within treated myotubes (Figure 

5).  Across all cell types, myotubes treated with glutamine had a significantly higher intracellular 

glutamine concentration compared to all other treatments (P <0.01).  In both primary breast and 
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primary thigh myotubes, ammonium acetate treated myotubes had a significantly higher 

concentration of glutamine compared to untreated control myotubes (P < 0.05).  In contrast, 

intracellular glutamine concentration of ammonium acetate treated mammalian myotubes was 

not different from control-treated myotubes.   

Glutamine concentration of ammonium acetate, sodium acetate, and untreated media was 

evaluated post-treatment incubation (24 hours) to determine if glutamine concentration was 

different between cell types, or between treatments of each cell type (Figure 6).  Media 

glutamine concentration reflects a combination of myotube usage of exogenously supplied 

glutamine, in addition to glutamine synthesis by myotubes.  Across cell types, media glutamine 

concentration was significantly higher in all treatments of primary avian myotubes, compared to 

mammalian myotube cultures (P < 0.01).  Media glutamine concentration was not significantly 

different between treatments for any cell type. 

 

Ammonia treatment has a differential effect on myotube growth between mammalian and 

avian myotubes 

Myotube diameter was measured post treatment in primary breast, primary thigh, C2C12, and 

primary rat myotubes to determine if applied ammonia or applied glutamine had an impact on 

myotube growth.  Representative micropictograph images (40x) of each cell type and treatment 

is presented in Figure 7.  Myotube diameter (n =10 means from independent experiments) for 

each cell type is presented in Figure 8.   Correlating with significantly higher MSTN expression, 

applied ammonia resulted in a significant reduction in myotube diameter in both mammalian 

myotube cultures, compared to sodium acetate-treated and untreated controls (P < 0.01).  In 

contrast, both primary breast and primary thigh myotubes treated with ammonium acetate 
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showed a significant increase in myotube diameter compared to control-treated myotubes (P < 

0.01).  In primary breast myotubes, but not primary thigh, myotube diameter was significantly 

increased in glutamine treated myotubes compared to ammonium acetate treated myotubes (P < 

0.05). 

 

DISCUSSION 

Loss of skeletal muscle mass, termed sarcopenia, is a common secondary disorder associated 

with numerous diseases, including cirrhosis and liver disease, that contributes to rapid patient 

decline.  While the specific mechanisms that cause sarcopenia in chronic hepatic insufficiency 

have yet to be described, clinical observations, and mammalian models have consistently shown 

that sarcopenia is a result of increased blood ammonia concentration, termed hyperammonemia 

(Dasarathy et al. 2004; Qiu et al. 2012, 2013; Thapaliya et al. 2014).  Previous studies 

consistently demonstrate that hyperammonemia results in increased muscle atrophy, autophagy, 

and increased myostatin expression (Dasarathy et al. 2004, 2011, Qiu et al. 2012, 2013; 

Thapaliya et al. 2014).  Myostatin, a member of the transforming growth factor β (TGF-β) 

superfamily, is a well-known powerful negative regulator of muscle mass (McPherron and Lee 

1997; McPherron et al. 1997).  While myostatin expression is essential in regulating skeletal 

muscle development and growth, overexpression of myostatin, a result of numerous diseases, has 

a detrimental effect on muscle homeostasis.  Therefore, understanding the myostatin regulatory 

pathway in response to hyperammonemia is important to develop strategies to combat sarcopenia 

associated with cirrhosis.    

While increased myostatin expression, and consequent muscle deterioration, is consistently 

demonstrated in mammalian models of hyperammonemia, previous studies have suggested that 
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avian species respond differently to hyperammonemia (Stern et al. 2015, 2017).  Specifically, 

these in vivo and in vitro studies show that myostatin expression is downregulated in response to 

applied ammonia.  These interesting findings suggest there are species differences in nitrogen 

metabolism that provide avian species with a unique ability to utilize ammonia, whereas 

ammonia is detrimental, causing muscle wasting, in mammalian species.  Species differences in 

nitrogen metabolism between ureotelic species, including mammals, and uricotelic species, 

including birds, are well described.  Because uricotelic species lack the urea cycle enzyme 

carbamoyl phosphate synthetase-I (CPS1), glutamine synthetase is the primary enzyme 

responsible for ammonia detoxification, and glutamine synthesis is an intermediate step in uric 

acid synthesis in avian species (Vorhaben and Campbell 1972; Campbell and Vorhaben 1976).  

While the majority of glutamine synthetase activity is found in the liver of avian species, 

glutamine synthetase is also found in other tissues, including skeletal muscle (Smith and 

Campbell 1988). A previous in vitro study by Stern et al. (28) demonstrated that the differential 

effect of ammonia on myogenic status is specific to muscle.  Glutamine supplementation has 

been shown to directly downregulate myostatin expression, reduces hypercatabolism, and 

prevents apoptosis both in vivo and in vitro (Ropeleski et al. 2005; Salehian et al. 2006; Bonetto 

et al. 2011; Penna et al. 2015).  Further, glutamine supplementation to cultured avian muscle has 

an anabolic effect, which further supports that glutamine has a positive effect on growth in 

muscle cultures (Wu and Thompson 1990).  Therefore, the central aim of this study was to 

elucidate species differences in myotube response to ammonia, specifically myostatin and 

glutamine synthetase expression, and glutamine synthesis.  Secondly, to identify if glutamine 

administration has a differential effect of myogenic status between species.   
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Concurrent with previous data, the present study shows that applied ammonia to both C2C12 and 

primary rat myotubes causes a more than 2-fold increase in MSTN expression, compared to 

sodium acetate treated controls.  In contrast, both primary breast and primary thigh myotubes 

show no significant difference in MSTN expression after ammonia is applied.  Previous studies 

have shown that MSTN protein expression consistently follows changes in mRNA expression 

and has an effect on myogenic capacity in cultured myotubes (Qiu et al. 2013; Stern et al. 2017).  

This data further supports previous findings and provides additional evidence that there are 

species differences in ammonia metabolism between avian and mammalian muscle.   

In all myotube types, treatment with ammonium acetate resulted in an increase in GS mRNA 

expression, however, it was only statistically different in C2C12 myotubes.  Glutamine 

synthetase protein expression was evaluated by Western blot analysis to assess treatment 

differences within each cell type.  Interestingly, GS expression was significantly higher in thigh 

myotube cultures treated with ammonia compared to control treatments.  This, paired with GS 

mRNA expression which was not statistically different, suggests that ammonia may have post-

transcriptional regulation on GS protein expression.  While primary breast myotubes treated with 

ammonium acetate appeared to have a higher GS protein expression, GS expression was not 

statistically different from control treated breast myotubes.  Therefore, it is possible that there are  

differences in fiber type origin of chicken myoblasts, which is supported by a previous study that 

reports glutamine synthetase activity is higher in chicken thigh muscle compared to breast 

muscle (Watford and Wu 2005).  In both C2C12 and primary rat myotubes, ammonium acetate 

treatment did not significantly alter GS protein expression compared to control treatments.     

In addition to GS expression, intracellular glutamine concentration was assessed to determine if 

glutamine production was utilized as a method of ammonia detoxification.  In both primary 
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breast and primary thigh myotube cultures, intracellular glutamine concentration was 

significantly higher in ammonium acetate treated cultures compared to untreated controls, which 

suggests glutamine synthesis is a method of skeletal muscle ammonia utilization.  Evaluation of 

media glutamine concentration post-treatment indicated that media glutamine concentration was 

higher in avian myotubes, compared to C2C12 and primary rat myotubes.  It seems plausible that 

increased glutamine synthetase activity in avian myotubes, which allows for a lower media 

glutamine utilization, may allow for avian myotubes to more effectively detoxify applied 

ammonia, which is detrimental to mammalian myotubes.  Additional studies to determine 

quantitative glutamine synthetase activity are necessary to confirm this hypothesis.   

To evaluate functional effects of ammonia and glutamine treatments on myotube cultures, 

myotube diameter was measured.  Ammonium acetate treated C2C12 and primary rat myotubes 

had significantly smaller myotube diameters, compared to all other treatments, indicating that 

that applied ammonia, and subsequent increase in MSTN expression, has a negative myogenic 

outcome.  In contrast, myotube diameter was larger in primary breast and primary thigh 

myotubes treated with ammonium acetate, compared to control treatments.  In addition, 

glutamine treated avian myotubes also had larger myotube diameters compared to controls, while 

C2C12 and primary rat myotubes were not significantly larger, which suggests that there may be 

a differential response to glutamine between species.  While previous studies have shown that 

mammalian muscle benefits from glutamine supplementation, these data suggest that there are 

acute differences in myogenic response to glutamine between avian and mammalian myotubes 

(Salehian et al. 2006; Bonetto et al. 2011; Chamney et al. 2013; Penna et al. 2015).  The positive 

response of avian myotubes to glutamine supplementation, which significantly increased 

intracellular glutamine concentration across all myotubes cultures, and the increase in 
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intracellular glutamine concentration after treatment with ammonium acetate, supports the 

hypothesis that avian myotubes are utilizing ammonia, via glutamine synthetase, to produce 

glutamine, which has a positive impact on the myogenic environment.   

 

PERSPECTIVES AND SIGNIFICANCE 

It is widely accepted that excess circulating ammonia is toxic, having negative impacts on many 

tissues and cell types throughout the body [for review, see Dasarathy et al. (2017)].  Specifically, 

clinical observations and mammalian models of cirrhosis demonstrate that hyperammonemia 

induces myostatin-mediated sarcopenia, which contributes to poor outcomes.  While, previous 

studies have suggested avian muscle responds differently (Stern et al. 2015, 2017), this study has 

demonstrated species differences in ammonia response in primary chicken and primary rat 

myotubes in parallel.  These data suggest that glutamine synthetase expression, and glutamine 

production as a method of ammonia utilization within avian myotubes, contributes to the positive 

response in avian muscle and increases myotube growth.  Additional studies to identify the 

intrinsic properties of avian muscle that allows for ammonia to be utilized for growth, and 

downstream targets of glutamine, which allow for a positive response in avian myotubes, are 

required to fully understand species differences in myogenic response.  Identifying the specific 

pathways that are activated in avian muscle are essential to improve muscle growth in avian 

species, and to develop novel therapies for hyperammonemia-induced sarcopenia in mammalian 

species. 
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Table 4.1. Primer sequences for real-time qPCR. Primers were designed using Primer-BLAST 

for myostatin (MSTN), glutamine synthetase (GS), and β-actin (β-ACT). % Eff indicates the 

amplification efficiency of the primer set.  bp size indicates the number of bases for each qPCR 

product. 

 

  

Species Primer Sequence % Eff   bp size Spans Exon-Exon 

Boundary 

 

Chicken 

 
 

Chicken  

 
 

Chicken  

 
 

Mouse 
 

 

Mouse 
 

 

Mouse 
 

 

Rat 
 

 

Rat 
 

 

Rat 
 

 

 

MSTN 

 
 

GS 

 
 

β-ACT 

 
 

MSTN 
 

 

GS 
 

 

Β-ACT 
 

 

MSTN 
 

 

GS 
 

 

Β-ACT 

F 5'-CGGAGAATGCGAATTTGTGTTTC-3' 

R 5'-GGGACATCTTGGTGGGTGTG-3' 
 

F 5’-ACCCCAAGGTCCGTACTACT-3’ 

R 5’-CTGGCATCACTTCTGCGTTG-3’ 
 

F 5'-GTCCACCTTCCAGCAGATGT-3' 

R 5'-ATAAAGCCATGCCAATCTCG-3' 
 

F 5'-TCACGCTACCACGGAAACAA-3' 
R 5'-AGGAGTCTTGACGGGTCTGA -3' 

 

F 5’-GACCCCAAGGCCCGTATTACT-3’ 
R 5’-CTCCCATTCGGATCCCCTCA-3’ 

 

F 5’-AGATCAAGATCATTGCTCCTCC-3’ 
R 5’-AGCTCAGTAACAGTCCGCCTA-3’ 

 

F 5’-ACAGCAGTGACGGCTCTTTG-3’ 
R 5’-ATCCACAGCTGGGCCTTTACC-3’ 

 

F 5’- ACCCATCCATCATCCTGCCG-3’ 
R 5’- AGAGTACGGGTCTTGCAGCG-3’ 

 

F 5’-CCTCTGAACCCTAAGGCCAACC-3’ 
R 5’-ACACAGCCTGGATGGCTACG-3’  

106 

 
 

103 

 
 

85 

 
 

77 
 

 

90 
 

 

90 
 

 

99 
 

 

90 
 

 

100 
 

  110 

 
 

131 

 
 

168 

 
 

166 
 

 

180 
 

 

170 
 

 

175 
 

 

185 
 

 

94 

NO 

 
 

YES 

 
 

NO 

 
 

YES 
 

 

YES 
 

 

YES 
 

 

YES 
 

 

YES 
 

 

YES 
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Figure 4.1. Mechanism of ammonia utilization and myostatin inhibition in avian myotubes.  

Ammonia is utilized by the enzyme glutamine synthetase to produce glutamine (GLN) from 

glutamate (GLU).  GLN reduces myostatin (MSTN) expression by inhibition of the NF-κB 

pathway.  
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Figure 4.2. Relative gene expression of treated myotubes.  mRNA expression of (A) 

myostatin (MSTN) and (B) glutamine synthetase (GS) in primary breast, primary thigh, C2C12, 

and primary rat differentiated myotubes after treatment with sodium acetate (SA, 10mM), 

ammonium acetate (AA, 10mM), or glutamine (G, 10mM) for 24 hours measured by quantitative 

real-time PCR.  Fold changes are calculated using untreated myotubes as control samples, and all 

samples were normalized using β-actin as a reference gene.  Fold changes are expressed as a 

mean (n =5) ± SE.  Lowercase letters represent significant differences between treatments for 

each cell type (P < 0.05). 
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Figure 4.3. Western blot of glutamine synthetase protein.  Western blot images of glutamine 

synthetase (GS) protein isolated from (A) primary breast, (B) primary thigh, (C) C2C12, and (D) 

primary rat differentiated myotubes after exposure to untreated (U), sodium acetate (SA, 10mM), 

ammonium acetate (AA, 10mM), or glutamine (G, 10mM) treated media for 24 hours.  Each blot 

was stripped and re-probed with β-actin to demonstrate equal protein loading.   
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Figure 4.4. GS Western blot densitometry.  Relative densitometry of glutamine synthetase 

(GS) Western blots of protein isolated from primary breast, primary thigh, C2C12, and primary 

rat differentiated myotubes after exposure to untreated (U), sodium acetate (SA, 10mM), 

ammonium acetate (AA, 10mM), or glutamine (G, 10mM) treated media for 24 hours (n = 4 

independent samples).  GS expression is relative to β-actin for each sample, and expressed as a 

mean ± SE.  Lowercase letters represent significant differences between treatments of each cell 

type (P < 0.05). 
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Figure 4.5. Intracellular glutamine concentration of treated myotubes.  Glutamine 

concentration of total protein isolated from primary breast, primary thigh, C2C12, and primary 

rat myotube cultures after treatment with untreated (U), sodium acetate (SA, 10mM), ammonium 

acetate (AA, 10mM), or glutamine (G, 10mM) treated media for 24 hours (n = 6 independent 

samples).  Data is presented as the mean ± SE for each cell type, treatment.  Lowercase letters 

represent significant differences between treatments for each cell type (P < 0.05). 
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Figure 4.6. Media glutamine concentration post-treatment.  Glutamine concentration of 

treatment untreated (U), sodium acetate (SA, 10mM), ammonium acetate (AA, 10mM) media 

after 24 hours of exposure to primary breast, primary thigh, C2C12, and primary rat myotube 

cultures (n = 6 independent samples).  Data is presented as the mean ± SE for each cell type, 

treatment.  Lowercase letters represent significant differences between treatments for each cell 

type (P < 0.05). 
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Figure 4.7. Myotube micropictograph images.  Representative micropictograph images of 

myotubes from primary breast, primary thigh, C2C12, and primary rat cultures after 24 hours of 

exposure to untreated (U), sodium acetate (SA, 10mM), ammonium acetate (AA, 10mM), or 

glutamine (G, 10mM) treated media. 
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Figure 4.8. Myotube diameter.  Myotube diameter was measured for primary breast, primary 

thigh, C2C12, and primary rat myotubes (n = 100 myotubes from 10 independent wells) after 24 

hours of exposure to untreated (U), sodium acetate (SA, 10mM), ammonium acetate (AA, 

10mM), or glutamine (G, 10mM) treated media.  Lowercase letters represent significant 

differences between treatments for each cell type (P < 0.05). 
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CHAPTER 5: SUMMARY AND FURTHER STUDIES 
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SUMMARY 

Sarcopenia, or severe muscle wasting, along with cachexia, is the most common 

complication of cirrhosis, and adversely effects patient survival.  Despite the prevalence of 

sarcopenia of cirrhosis, there is much about this complication that is poorly understood.  It has 

been well demonstrated that hyperammonemia, and ammonia applied to mammalian myotubes in 

culture, is associated with muscle atrophy, apoptosis, and decreased protein synthesis (Dasarathy 

et al. 2004; Qiu et al. 2012, 2013; Thapaliya et al. 2014).  Previous studies have consistently 

shown that hyperammonemia induces myostatin-mediated sarcopenia in mammalian species 

(Dasarathy et al. 2004; Qiu et al. 2012, 2013; Thapaliya et al. 2014; Davuluri et al. 2016a; 

Kumar et al. 2017).  Specifically, hyperammonemia has been shown to activate myostatin, a 

powerful inhibitor of muscle growth, via the NF-κB pathway (Qiu et al. 2013).  Figure 5.1 

summarizes the pathways in mammalian species that result in activation of myostatin synthesis 

by hyperammonemia and the inhibitory role of myostatin on muscle growth (see Chapter 1 for 

review).   

Unlike mammalian models of cirrhosis, Stern et al. (2015) demonstrated that inducing 

hyperammonemia in avian embryos results in a reduction in myostatin expression.  Those 

conflicting results prompt questions of species differences in ammonia metabolism, and 

ammonia utilization within avian muscle.  The research presented in this dissertation was 

designed to reveal species differences in ammonia toxicity and metabolism between avian and 

mammalian species in vitro.  These collective studies provide insight into species differences in 

ammonia detoxification and differential effects of excess ammonia in avian and mammalian 

muscle. 
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The initial study (Chapter 2) was designed to determine if the positive response to 

hyperammonemia, previously observed in an embryonic model, in avian muscle was a result of 

liver or skeletal muscle specific mechanisms of ammonia detoxification.  The data presented in 

Chapter 2 demonstrates that there are intrinsic properties of avian skeletal muscle that allow for 

ammonia utilization which elicits a positive myogenic response.  Specifically, when compared to 

C2C12 mouse myotubes, avian myotubes demonstrated improved cell viability after 24 hours of 

treatment with ammonium acetate.  Additionally, myostatin expression was reduced in response 

to applied ammonia in avian myotubes, resulting in an increase in myotube diameter, whereas 

myostatin expression was increased in C2C12 myotubes, which caused myotube atrophy. 

The second study (Chapter 3) was designed to demonstrate myogenic response to 

ammonia using primary mammalian and primary avian myotubes in parallel, and to determine if 

fiber type origin of myoblasts effected ammonia metabolism within myotubes.  These data reveal 

that both primary rat and C2C12 myotubes respond negatively to applied ammonia, which 

induces an upregulation in myostatin expression and subsequent atrophy of myotubes.  

Differently, myostatin is reduced, or unchanged, in avian myotubes in response to applied 

ammonia, which results in an increase in myotube diameter.  This study also revealed that 

intracellular glutamine concentration is increased in avian myotubes after applied ammonia, 

suggesting glutamine production as a method of ammonia detoxification in avian skeletal 

muscle.  In addition, there is a differential shift in fiber type between avian and mammalian 

species after applied ammonia.  Ammonia induces a fast fiber type shift in avian myotubes, but a 

slow fiber type shift in mammalian myotubes, which further supports species differences in 

skeletal muscle ammonia metabolism. 
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The final study (Chapter 4) was designed to investigate glutamine synthesis, via the 

enzyme glutamine synthetase, as a method of skeletal muscle ammonia detoxification and to 

determine if there are species differences to applied glutamine.  Similar to previous studies, these 

data confirm an upregulation in myostatin expression in mammalian myotubes, but not avian 

myotubes, in response to applied ammonia.  Glutamine synthetase mRNA expression was only 

increased in C2C12 myotubes after 24 hours of treatment with ammonium acetate.  However, 

glutamine synthetase protein expression was not increased in C2C12 myotubes, but was 

increased in thigh myotubes, which suggests that there are differences in the properties and 

regulation of glutamine synthetase protein in avian muscle.  In both breast and thigh myotubes, 

intracellular glutamine was increased after applied ammonia, further supporting glutamine 

synthesis as a method of ammonia utilization in avian muscle.  In addition, media glutamine 

concentration across all treatments was increased in avian treatment media, compared to 

mammalian treatment media, which suggests that avian myotubes utilize less media glutamine.  

Functional analysis of myotube diameter revealed avian myotubes responded positively to 

applied ammonia, whereas myotube diameter atrophy was observed in both C2C12 and rat 

myotubes.  Interestingly, species differences were also noted in response to applied glutamine.  

Myotube diameter was significantly increased after treatment with glutamine in both breast and 

thigh myotubes, compared to controls, but was not significantly increased in C2C12 or rat 

myotubes, which suggests there may be acute differences in the anabolic effect of glutamine on 

skeletal muscle between species. 

Altogether, the data presented in this dissertation supports differences in ammonia 

toxicity of skeletal muscle between avian and mammalian species, and more importantly, reveals 

intrinsic properties of avian muscle which allow for ammonia to be utilized in skeletal muscle for 
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growth.  Specifically, ammonia applied to avian myotubes increased glutamine synthesis, 

increased glutamine synthetase expression, reduced myostatin expression, and had a positive 

impact on myotube growth (Figure 5.2).  Understanding the cellular mechanisms which allow 

avian muscle to utilize ammonia for growth has potential to improve commercial production 

practices for optimizing avian muscle growth.   

 

FURTHER STUDIES 

While the data presented in this dissertation provides evidence of species differences in 

ammonia toxicity and suggests glutamine synthesis is a method of ammonia utilization in avian 

muscle, additional studies are required to utilize these findings to improve avian growth and to 

develop therapies for sarcopenia.   

The first relevant topic to explore is quantitative differences in glutamine synthetase 

activity between avian and mammalian species.  While the data presented here suggests 

glutamine synthetase expression is increased avian muscle after treatment with ammonium 

acetate, Western blot analysis is not sufficient for making inferences about glutamine synthetase 

across species.  A quantitative enzymatic assay would be useful to compare basal levels of 

glutamine synthetase activity between species and to quantify glutamine synthetase alterations 

after treatment with ammonium acetate.  Additionally, can upregulating glutamine synthetase 

activity in mammalian muscle allow for effective ammonia utilization, and have similar results 

on inhibiting myostatin expression as seen in avian muscle? 

Secondly, determining the downstream targets of increased intracellular glutamine, 

including the cellular pathways activated that are responsible for avian muscle growth would 

further classify the potential benefits of ammonia for optimizing growth.  There are several 
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relevant questions associated with this hypothesis (Figure 5.3): Is increased glutamine 

responsible for regulating myostatin synthesis by inhibiting the NFκB pathway?  Can glutamine 

inhibit the myostatin signaling pathway through upregulation of smad7, the inhibitor smad that 

prevents nuclear localization of the smad 2/3/4 complex that allows for myostatin to 

downregulate myogenic regulatory factor gene expression?  Are there intermediate molecules, 

such as HSP70, that allow for glutamine to inhibit myostatin signaling pathways that could be 

used as therapies for myostatin-mediated sarcopenia?  What are the signaling cascades activated 

in avian muscle that lead to acute differences in muscle growth after glutamine supplementation? 

Differences in fiber phenotype shift must also be explored further.  Is the differential shift 

in fiber phenotype due to specific catabolic versus anabolic pathways being activated, such as 

glutamine activating the Ras/Raf/MEK/ERK pathway in avian muscle which induces growth and 

synthesis of glycolytic fibers (Figure 5.3)?  Otherwise, is the slow phenotype shift observed in 

mammalian myotubes due to glycolytic fibers being more susceptible to atrophy? Or are there 

other metabolic processes that can explain differences in fiber phenotype regulation between 

avian and mammalian species?   

Functional approaches to utilizing these findings for optimizing avian growth are also 

necessary.  Initially, an in vitro dose-response analysis would provide useful information to the 

capacity of avian muscle ammonia detoxification.  Practical application assessment is also 

necessary for utilizing this metabolic process as a strategy for growth.  Is injection of ammonium 

acetate, or infusing ammonia gas into incubators, a viable method to increase avian muscle 

potential during muscle development, i.e. increased myofiber number, in ovo without inhibitory 

effects on neurological aspects, viability, or hatchability?  Can ammonium acetate be 
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administered during avian growth through feed or water in small amounts to positively impact 

growth potential without adverse systemic effects? 

While the current research has explained species differences in skeletal muscle ammonia 

toxicity, the proposed studies in this chapter will provide necessary data to benefit from the 

intrinsic properties of avian muscle ammonia metabolism. Identifying the specific pathways that 

are activated in avian muscle are essential to improve muscle growth in avian species, and to 

develop novel therapies for hyperammonemia-induced sarcopenia in mammalian species.   
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Figure 5.1 Mechanism of ammonia-induced myostatin upregulation in mammalian species 

and myostatin inhibition on muscle growth.  Ammonia increases myostatin (MSTN) 

expression by activation of the NF-κB pathway.  Myostatin inhibits myogenesis responsible 

genes and protein synthesis via activation of the Smad signaling pathway. 
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Figure 5.2 Mechanism of ammonia utilization for myostatin suppression in avian muscle.  

Avian myotubes utilize ammonia to produce glutamine (GLN) from glutamate (GLU), via the 

enzyme glutamine synthetase, which is upregulated after applied ammonia, which decreases 

myostatin (MSTN) expression and has appositive impact on myotube growth. 
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Figure 5.3 Possible pathways of positive myogenic response to ammonia in avian species.  

Intracellular glutamine is increased in avian myotubes after applied ammonia.  Future studies 

should be designed to investigate the positive impacts of increased glutamine on muscle growth. 
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