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ABSTRACT 

 

Growth promotants have been shown to positively impact production parameters 

such as live performance and efficiency, carcass characteristics, and ultimately 

profitability.  Therefore, the objectives of this study were to elucidate the molecular 

mechanisms by which these growth promotants affect production.  To asses’ 

performance, feeding efficiency parameters were monitored followed by carcass 

characteristic evaluation at harvest.  Real-time quantitative reverse transcription 

polymerase chain reaction, immunohistochemistry, and western blots were preformed on 

all tissue samples.  There was no difference in growth performance or carcass 

characteristics of steers supplemented with a zinc-methionine complex (ZnMet) or heifers 

administered recombinant bovine somatotropin (rBST; P > 0.05).  Bovine satellite cells, 

steers and heifers administered the beta-adrenergic agonist, zilpaterol HCl (ZH) increased 

the abundance of myosin heavy chain (MHC)-IIX mRNA (P < 0.05).  Treatment with ZH 

or ZnMet did not affect the protein abundance of beta-adrenergic receptors (β-AR) in 

tissue or satellite cells.  Zinc-methionine supplemented animals had a greater abundance 

of MHC-II protein (P < 0.05).  The administration of rBST and the supplementation of 

ZH and ZnMet increased MHC-I, IIA, and IIX fiber cross-sectional area (P < 0.05).  

Zilpaterol HCl and rBST decreased the proportion of MHC-I fibers (P < 0.05) and 

increased the proportion of MHC-IIX fibers (P < 0.05).  The ZnMet treatment increased 

the proportion of MHC-I fibers (P < 0.05) and decreased the proportion of MHC-IIX 

fibers (P < 0.05) in comparison to steers just supplemented with ZH.  Supplementation of 

ZH and ZnMet tended to decrease the density of β2-AR (P < 0.10) and increase the 
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density of internalized β2-AR in skeletal muscle (P < 0.10).  The rBST had no affect on 

β-AR or satellite cell density (P > 0.05).  The density of Myf5 satellite cells was 

decreased (P < 0.05) in ZH heifers.  Steers supplemented with ZnMet had a greater 

density of Pax7 satellite cells (P < 0.05).  Overall, these data revealed that different 

growth promotants impact cellular muscle metabolism via multiple cellular mechanisms, 

and these cellular differences may ultimately impact performance and profitability. 

Key Words: Myosin heavy chain, recombinant bovine somatotropin, zilpaterol 

hydrochloride, zinc-methionine complex 
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CHAPTER I 

INTRODUCTION 

 

Growth promotant technologies are used internationally in livestock and meat 

animal production and are known to positively impact production parameters such as live 

performance and efficiency, carcass characteristics and ultimate profitability.  These 

growth promotant technologies impact cellular muscle metabolism via multiple cellular 

mechanisms and ultimately impact myosin isoforms (Strydom et al., 2009; Mersmann, 

1998).  The most recently approved growth promotants are beta-adrenergic agonists (β-

AA), and they are used mainly in the swine and cattle industries.  The synthetically 

produced β-AAs bind to the same receptors as the indigenous catecholamines 

norepinephrine and epinephrine associated with the flight or fight reaction (Mills and 

Mersmann, 1995).  These receptors are known as beta-adrenergic receptors (β-AR), and 

there are three subtypes: β1 (β1AR), β2 (β2AR), and β3 (β3AR; Mills and Mersmann, 

1995).  Distribution of subtypes and proportion of the β-ARs varies greatly between 

tissue types within a species (Mersmann, 1998).  Beta-adrenergic receptors are part of the 

G-protein-coupled receptors family, and contain seven hydrophobic, transmembrane 

domains.  Beta-adrenergic receptors are activated when a β-AA binds to its specific 

receptor.   

Ractopamine HCl (RH: Optaflexx
®
; Elanco Animal Health, Greenfield, IN) was 

the first β-AA approved by the U.S. FDA in 2003 for use in beef cattle, and this 

compound is approved to be fed for the final 28 - 42 d of the finishing period (Gruber et 

al., 2007; Vogel et al., 2009).  Zilpaterol HCL (ZH) was approved for use in cattle in 
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2006 under the trade name of Zilmax® (Merck Animal Health) and is fed at a rate of 6.8 

g/ton for the last 20 – 40 days of the finishing phase with a 3 d withdrawal prior to 

slaughter (Rathmann et al. 2012).  These β-AA have been reported to increase protein 

synthesis and decrease protein degradation while simultaneously decreasing lipogenesis 

and increasing lipolysis (Mersmann, 1998).  Studies have reported that β-AA improve 

gain to feed, hot carcass weight, and dressing percentage when administered orally to 

cattle (Vasconcelos et al., 2008; Strydom et al., 2009). 

Another growth promotant used in the cattle industry is bovine somatotropin 

(bST) that was originally approved for use in the dairy industry in 1993 to increase the 

production of marketable milk (U.S. Food and Drug Administration, 1993).  Bovine 

somatotropin has been reported to stimulate growth in immature cattle (Vastergaard et al., 

1995; McShane et al., 1989; Sandles and Pell, 1987).  Cattle treated with bST have 

exhibited improvements in ADG (Vastergaard et al., 1995; Sandles and Pell, 1987) and 

feed efficiency (FE; Dalke et al., 1992).  Dalke et al. (1992) reported an increase in 

percent protein and a decrease in percent fat from the 9-10-11
th

 rib section of steers as a 

weekly dose of rbST increased in concentration. 

Zinc is another compound that is commonly supplemented to cattle, which can 

provide a variety of positive effects such as growth performance, health, and immunity 

(Haase and Rink, 2009; Chein et al., 2006; Spears and Kegley, 2002).  Zinc is one of the 

essential micronutrients in animal and human cellular metabolism (Salgueiro et al., 2000; 

Aggett and Comerford, 1995), and is required for a plethora of biological functions, such 



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

3 
 

as the stabilization and structure of nucleic acids, DNA and RNA (Brown et al., 2002; 

Salgueiro et al., 2000).   

The majority of research done on these growth promotants has been in 

performance and carcass characteristics.  Therefore, further investigation is needed to 

elucidate how growth promotant technologies affect myosin isoforms and satellite cell 

populations in multiple muscle tissues of the bovine.   
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CHAPTER II 

REVIEW OF LITERATURE 

 

Overview of Myosin Isoforms 

 

 Initial classification of myosin isoforms began with visual recognition of red and 

white muscles (Aalhus et al., 2009).  Denny-Brown (1929) stated that in 1678 Stefano 

Lorenzini noticed a distinct difference in the color between muscles of the rabbit limb.  

Studies conducted by Ranvier in the 1870’s and 1880’s revealed the first initial 

characterization of red and white muscle fibers (Denny-Brown, 1929).  Part of the 

recognition of the red and white muscles was that they had obvious differences in 

physiological function; the red muscles primarily had a postural role having a greater 

resistance to fatigue, slower contraction and a high oxidative capacity, while white 

muscle fibers have fast contraction speed and high anaerobic or glycolytic activity 

(Aalhus et al., 2009).   

Red fibers typically have a greater triglyceride store and low glycolytic activity; 

while white fibers have low amounts of triglycride stores and increased glycolytic 

activity (Esśen-Gustavsson et al., 1992; Ogata and Yamasaki, 1985).  These differences 

in fat stores and enzymatic activity helped when identifying fiber types using 

histochemistry.  The first method used for staining the different fiber types was the Sudan 

staining (Denny-Brown, 1929).  Sudan staining identified the different myosin isoforms 

by identifying varying levels of lipid within the fiber.  Staining myosin isoforms using 

adenosine triphosphate activity in histochemistry was first attempted in 1945 by Glick 

and Fischer; however, this method was not used for several years because the specificity 
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was questioned due to possible structural damage from freezing (Padykula and Herman, 

1955).  Glick and Fishers method was later used by Friedenwald and White in 1952 on 

unfixed frozen sections avoiding any speculation of inactivation possibly caused by 

paraffin embedding or fixation (Padykula and Herman, 1955).  Padykula and Herman 

(1955) further developed that method shortening the incubation period to further avoid 

any speculation of inactivation due to the long incubation periods.   

Engel and Irwin (1967) later reported tonic fibers had weak myofibrillar ATPase 

activity associated with slow contraction speeds, and twitch fibers had a high myofibrillar 

ATPase activity.  This lead to the division of fibers into two major subgroups that 

correlated with diameter, forming a basis for characterizing fiber types histochemically 

(Engel and Irwin, 1967).  The classifications of fibers were then grouped as slow or fast 

twitch based on contraction speed and ATPase activity (Guth and Samaha, 1969).  The 

classification of fibers into two groups did not adequately describe all of the fiber types 

though.   

Denny-Brown (1929) stained fibers from the soleus and gastrocnemius in cats to 

identify relative fiber size and granule content (darkness, opacity), but noticed the 

presence of dark, medium, and light fibers.  Several researchers reported intermediate 

fibers having high glycolytic capacity and high or intermediate oxidative capacity awhile 

maintaining fast contraction speed (Cassens and Cooper, 1971; Samaha et al., 1970; Guth 

et al., 1970).  Samaha et al. (1970) was first to propose the classification of α and β fibers 

based on metabolic activity.  Prior to this α and β classification, fibers were identified by 

A, B, or C or Type I and Type II and were used depending on the field of study (Samaha 
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et al., 1970; Engle, 1962).  The α fibers were previously classified as C or Type II fibers, 

which had increased enzymatic activity, the β fibers were classified as B or Type I fibers, 

and had decreased enzymatic activity.  The αβ fibers formerly classified as A fibers were 

the intermediate fibers (Samaha et al., 1970; Engel, 1962).  The classifications of fibers 

using Type I or II did not suffice because both glycolytic and intermediate fibers were 

simply Type II fibers without distinguishing the differences in the two different fibers 

(Engel, 1962).  Brooke and Kaiser (1970,a) further characterized the fibers of the human 

biceps into the classic Type I and II fibers, breaking Type II fibers into Type IIA and IIB 

based on pH inhibition, using the different glycolytic potentials of the different fiber 

types.  Later that year the classes of Type II fibers were further broken down; identifying 

2 major groups and 1 minor group (Brooke and Kiaser, 1970, b).  The two major groups 

were IIA and IIB and the minor group was IIC (Brooke and Kaiser, 1970, b).  To create a 

more detailed nomenclature to identify muscle fibers across fields of study that would 

span species, Ashmore and Doerr (1971) pooled the ATPase activity with the oxidative 

succinic dehydrogenase.  Ashmore and Doerr (1971) proposed the use of α to identify 

fast twitch fibers and β for slow twitch regarding ATPase activity and for metabolic 

activity “R” designated strong and “W” weak; therefore classifying slow, oxidative fibers 

as βR, fast, glycolytic fibers as αW and fast, oxidative, glycolytic fibers as αR replacing 

intermediate fibers (Ashmore and Doerr, 1971).  By the mid 1980’s the Type IIX fiber 

had been identified (Schiaffino et al., 1989).  The IIX fibers had similar acid stability to 

IIB, and oxidative capacity between IIB and IIA fibers (Klont et al., 1998).  In the mid 

1980’s and early 1990’s the use of poly and monoclonal antibodies were used in 
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immunohistochemical analysis against myosin preparations of muscle to identify fast and 

slow fibers (Gorza, 1990; Schiaffino et al., 1989), thus using immunohistochemistry to 

identify Type I, IIA, IIX and IIB fibers.  With increased studies of several different 

mammal researchers have identified a variety of fiber types.  In mammals 11 myosin 

heavy chain (MHC) isoforms have been identified in adult extrafusal fibers (Pette and 

Staron, 2000).  The predominant or “pure fiber type” isoforms are Type I, IIA, IIX, and 

IIB (Pette and Staron, 2000; Talmadge, 2000; Schiaffino and Reggiani, 1996; Weiss and 

Leinwand, 1996).  The other 7 MHC isoforms found in mammals or “hybrid fiber types” 

contain 2 or more MHC isoforms.  Pette and Staron (2000) reported the following 

isoforms: isoforms considered fast-twitch: MHCIIb (fiber types IIB, IIBX, IIAB), 

MHCIIx (fiber types IIX, IIBX, IIXA), MHCIIa (fiber types MHCIIA, IIAB, IIXA, IIC, 

IC), MHCeom (located in extraocular and laryngeal muscles), and MHCm (located in 

masticatory muscles); slow-twitch: MHCIβ (fiber types I, IC, IIC), MHCIα (located in 

extraocular, diaphragm, masseter muscles, fast-to-slow transforming fibers), MHCIa 

(located in plantaris, soleus, slow-to-fast transforming fibers); slow-tonic: MHCIton ( 

located in extraocular, laryngeal, and tympani muscles); embryonic: MHCemb (located in 

extraocular muscles); neonatal: MHCneo ( located in extraocular and masseter muscles).   

Fiber types were first identified based on their differences in contraction speed 

and metabolic activity; however, there are also structural and cellular differences between 

fiber types.  Overall, βR or Type I fibers are smaller diameter, have high activity of 

oxidative enzymes, low glycolytic activity, greater myoglobin content, capillary and 

mitochondrial density, large mitochondria, and greater triglyceride store (Esśen-
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Gustavsson et al., 1992; Ogata and Yamasaki, 1985).  Additionally, βR fibers have a low 

volume sarcoplasmic reticulum, often times a lesser density of connective tissue, and 

denser Z-lines (Marchand et al, 2002; Esśen-Gustavsson et al., 1992).  The αW fibers or 

Type IIB fibers are large in diameter, contain low concentrations of myoglobin, have low 

capillary density, have high activity of glycolytic enzymes, have low activity of oxidative 

enzymes due to limited amounts of triglyceride stores and fewer mitochondria (Esśen-

Gustavsson et al., 1992; Ogata and Yamasaki, 1985).  Due to their mostly anaerobic 

nature, αW fibers have an extensive sarcoplasmic reticulum that provide binding sites for 

glycolytic enzymes in the membranous vesicles and efficiently sequester calcium ions 

(Xu and Becker, 1998; Goldstein et al., 1985).  Moreover, αW fibers also have less dense 

Z-lines and a greater density of connective tissue (Marchand et al, 2002).  The αR or 

Type IIA fibers act intermediate of βR and αW fibers.  The Type IIA fibers are fast 

twitch, therefore having similarities to αW for glycolytic metabolism, but they are also 

capable of oxidative metabolism (Aalhus et al., 2009).  Since αR fibers are capable of 

oxidative metabolism they have myoglobin and mitochondria at lesser densities then βR 

fibers, and are intermediate of βR and αW fibers in terms of diameter (Aalhus et al., 

2009).  In terms of the different phenotypes of these fibers, Guth et al. (1970) first 

concluded that α and αβ fibers could be converted to β fibers, and β and αβ fibers could 

be converted to α fibers; however α and β fibers are normally not converted to αβ fibers.  

Conversely, Pierobon-Bormiolo et al. (1981) purposed that muscle fibers may change in a 

sequential manner from I→IIA→IIB.  Pette and Staron (2000) reported that changes can 

induce myosin isoform expression in the direction of fast-to-slow or slow-to-fast 
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(I→IIA→IIX→ IIB and vice versa) depending on the conditions such as increased or 

decreased neuromuscular activity, mechanical loading and unloading, altered hormonal 

profiles, and aging.   

Species Differences in Fiber Type 

 As previously stated in mammals, 11 myosin heavy chain (MHC) isoforms have 

been identified in adult extrafusal fibers (Pette and Staron, 2000).  Myosin heavy chain 

Iβ, IIa, IIx, and IIb are expressed in several skeletal muscles, while MHCIIm, MHCeom, 

MHCIton, MHCIα, MHCIa, MHCemb, and MHCneo are expressed in a muscle-specific 

manner (Pette and Staron, 2000).  Aigner et al. (1993) and Hämäläinen and Pette, (1995) 

reported an increase in the expression of slower isoforms and a decrease in the expression 

fast contraction isoforms as body mass increased.  In humans, previously classified IIB 

fibers were renamed to IIX based on the resemblance to MHCIIx in rats (Ennion et al., 

1995; Smerdu et al., 1994).  Chikuni et al. (2004) and Maccatrozzo et al. (2004) reported 

that MHCIIb was not expressed in bovine skeletal muscle.  Myosin heavy chain IIb was 

found to only be expressed in extraocular muscles of cattle (Maccatrozzo et al., 2004).  

Smaller mammals such as pigs, rabbits, mice and rats express all four of the predominant 

isoforms (Pette and Staron, 2000; Ennion et al., 1995).  Aalhus et al. (2009) reported a 

greater proportion of αW and decrease βR fibers in domesticated animals.  This change in 

proportion of fiber types is thought to be the result of selected breeding in domesticated 

animals for increased growth and muscle (Aalhus et al., 2009).  Furthermore 

domesticated pigs had the greatest proportion of αW fibers (Aalhus et al., 2009).  In 
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addition, nondomesticated species had lower proportions of αW and βR fibers compared 

to domesticated animals and a greater proportion of αR fibers (Aalhus et al., 2009).    

Muscle Fiber Type Differences 

 The function of an individual muscle plays an enormous role in the fiber type 

composition of that muscle.  A greater proportion of oxidative, slow twitch fibers are 

mostly found in muscles involved in posture, like the muscles that rest over joints to 

resist flexion (Ogata and Yamasaki, 1985).  Typically, the greatest proportions of slow 

twitch, oxidative fibers are found deeper in the muscle nearest to the joint in which the 

muscle controls and the closest to blood supply (Aalhus et al., 2009).  Muscles used for 

locomotion and rapid acceleration have a greater proportion of glycolytic, fast twitch 

fibers (Johnson et al., 1986).  The greatest proportion of fast twitch, glycolytic fibers are 

found towards the outer edges of the muscle for use during intense activity to generate 

more power (Aalhus et al., 2009). 

Armstrong et al. (1987) reported that the deepest muscles of the limbs typically 

have the greatest percentage of Type I fibers, and the superficial muscles have the 

greatest percentage of glycolytic fibers in pigs.  In the semimembranosus (SM) of cattle 

Brandstetter et al. (1997) reported a decrease in glycolytic activity and increased 

oxidative activity towards the distal extremity.  The proportion of Type I fibers became 

more abundant from the proximal to the distal regions in the SM of cattle (Brandstetter et 

al., 1997).  Livestock animal’s muscles usually have both postural and locomotive 

functionality, and the proportion and arrangement of muscle fibers varies from muscle to 

muscle (Aalhus et al., 2009).    
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Hunt and Hedrick (1977) evaluated the proportion and area of βR, αR, and αW 

fibers in the longissimus dorsi (LD), psoas major (PM), gluteus medius (GM), outer 

semitendinosus (OST), inner semitendinosus (IST), outer semimembranosus (OSM), and 

inner semimembranosus of steers.  Hunt and Hedrick (1977) reported that the PM had the 

greatest proportion of βR fibers and the least αW fibers of all the muscles.  The OST had 

the greatest proportion of αW fibers, and the ISM had the least βR fibers.  The LD and 

GM muscles were intermediate to the PM and the SM and ST in terms of proportions of 

βR, αR, and αW fibers.  The αW fibers had the greatest fiber area in all of the muscles, 

and the αR fibers had the least area in all muscles with the exception of the ISM.  

Kirchofer et al. (2002) did more extensive work to identify the fiber type composition of 

38 bovine muscles (12 from the round and 26 from the chuck) from 4 A-maturity, Select-

grade carcasses.  Kirchofer et al. (2002) classified all of these muscles as red, white, or 

intermediate, when greater than 40% of the fibers within a muscle was βR, αW, or αR 

fiber types.  In the round 9 of the 12 muscles were classified as white muscles and the 

other 3 were intermediate muscles (Kirchofer et al., 2002). In the chuck there was a more 

even distribution of muscle types with 10 of the 26 muscles classified as red muscles, 9 

intermediate muscles, and 7 white muscles.  These results were expected because the 

muscles from the round are used mainly for locomotion, and typically have a greater 

proportion of white fibers (Kirchofer et al., 2002; Hunt and Hedrick, 1977).  More of the 

muscles in the chuck are used for posture instead of locomotion, increasing the 

percentage of red fibers within the muscle (Kirchofer et al., 2002; Ogata and Yamasaki, 

1985). 
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Breed and Gender effects on Fiber Type Composition of Cattle 

 There has been limited research comparing breed and gender differences in 

skeletal muscle fiber type composition of cattle.  However, the available literature 

suggests that breed and gender may play a role in fiber type proportions.  Johnston et al. 

(1975) reported Charolais steers had a greater αW fiber area than Angus steers in the LD, 

and there was no difference in the proportions of βR, αR, and αW fibers between the 2 

breeds.  When comparing steers and heifers, heifers had a greater proportion of αW fibers 

in the LD (Johnston et al., 1981).  When comparing breeds, Simmental cross cattle had a 

smaller αW fiber diameter in the LD, and a smaller αR and αW fiber diameters in the SM 

compared to Angus cattle (Johnston et al., 1981).  

Effect of Beta-Adrenergic Agonists on Fiber Type 

Beta-adrenergic receptors (β-AR) are a member of the G-coupled protein receptor 

family and are responsible for binding endogenous catecholamines and synthetically 

produced β-adrenergic agonists (β-AA; Mersmann, 1998).  These β-AA are established 

growth promoters that increase muscle accretion by causing hypertrophy of the muscle 

fiber, decrease lipogenesis, and improve feed efficiency when fed to finishing cattle and 

pigs (Mersmann, 1998).  Zilpaterol HCL (ZH) was approved by the U.S. FDA for use in 

cattle in 2006 under the trade name of Zilmax® (Merck Animal Health) and is fed at a 

rate of 6.8 g/ton for the last 20 – 40 days of the finishing phase with a 3 d withdrawal 

prior to slaughter (Rathmann et al. 2012).  Ractopamine HCl (RH: Optaflexx
®
; Elanco 

Animal Health, Greenfield, IN) was the first β-AA approved by the U.S. FDA in 2003 for 

use in beef cattle and is fed for the final 28 - 42 d of the finishing phase (Gruber et al., 
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2007; Vogel et al., 2009).  Studies have reported that there was no change in the 

expression of MHC-I mRNA (Baxa et al., 2010; Rathmann et al., 2009) when ZH was 

fed.  Walker et al. (2010) reported a decrease in the expression of MHC-IIA mRNA in 

LD and BF biopsy samples when RH was fed.  Moreover, Baxa et al. (2010) and 

Rathmann et al. (2009) reported steers administered ZH exhibited decreased expression 

of MHC-IIA and an increased expression of MHC-IIX in the SM. 

Zilpaterol HCl increased the proportion of MHC-IIX fibers in the LD, increased 

the proportion of MHC-IIX, and decreased the proportion of MHC-I in the GM (Knobel, 

2014).  Zilpaterol HCL also increased the proportion of MHC-IIA and decreased the 

proportion of IIX in the SM of steers fed ZH (Knobel, 2014).  Malten et al. (1990) 

reported no change in proportion of fast glycolytic (FG) and fast oxidative glycolytic 

(FOG) fibers in the triceps brachii (TB) and SM of bulls fed Clenbuterol, and Gonzalez 

et al. (2007) reported no change distribution of MHC-I and II in the LD of cows fed RH.  

However, the proportion of MHC-I fibers was increased in the IF of cows fed RH 

(Gonzalez et al., 2008).   

Knobel (2014) reported ZH decreased fiber cross-sectional area of MHC-I and 

increased in MHC-IIX fibers in the GM, and ZH tended to increase the fiber cross-

sectional area of MHC-IIA and IIX in the LD.  Kellermeir et al. (2009) reported that ZH 

increased the cross-sectional area of the LD of steers fed ZH.  A previous study reports 

the cross-sectional area FG and FOG in the TB and SM of bulls fed Clenbuterol was 

increased (Malten et al., 1990).  Ractopamine HCl increased the fiber cross-sectional area 

of MHC-I in the IF and LD and MHC-IIA in the IF and SM of cows (Gonzalez et al., 
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2008; Gonzalez et al., 2007).  Conversely, Gonzalez et al. (2010) reported no change in 

cross-sectional area of the LD, AD, VL, SM, gracilis and rectus femoris.  Overall, β-AA 

can affect myosin isoforms in a myriad of ways, from increasing the mRNA abundance 

of MHC-IIX, and decreasing the abundance of MHC-IIA and I mRNA.  Furthermore, β-

AA can change the proportion of myosin isoforms found in muscles and increase fiber 

cross-sectional area. 

Effects of Zinc on Fiber Type 

Zinc is a key component in major biochemical pathways, including transcription 

of DNA, translation of RNA, and cell division (Brown et al., 2002; Aggett and 

Comerford, 1995).  Furthermore, Zn is an essential micronutrient in animal and human 

health (Salgueiro et al., 2000; Aggett and Comerford, 1995).  In bovine satellite cell 

culture work, the addition of RH and Zn had no effect on MHC-I, MHC-IIA, MHC-IIX 

mRNA concentrations (Harris, 2013).  Paulk et al. (2014) reported a linear decrease in 

the percent of MHC-IIA fibers as Zn concentration increased in pigs supplemented with 

RH and Zn.  Also, a tendency was observed for an increase in the percentage of MHC-

IIX fibers when supplemental Zn was fed in combination with RH (Paulk et al., 2014).  

While the effect of Zn on myosin isoforms has not been extensively researched, from the 

literature referenced we can conclude that Zn has very little effect on myosin isoforms.  

However, when Zn is fed in combination with a β-AA, Zn can alter the proportion of 

myosin isoforms in a muscle. 

Effects of Recombinant Bovine Somatotropin on Fiber Type 
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 Somatotropin is a hormone produced in the hypothalamus by somatotrophs and 

lactosomatotrophs that is secreted into the anterior lobe of the pituitary gland that 

functions in a myriad of physiological processes including the regulation of growth 

(Baumen, 1992).  Bovine somatotropin (bST) was originally approved for use in the dairy 

industry in 1993 to increase the production of marketable milk (U.S. Food and Drug 

Administration, 1993).   

Dalke et al. (1992) reported an increase in percent protein and a decrease in 

percent fat from the 9-10-11
th

 rib section of steers as a weekly dose of rbST increased in 

concentration.  Maltin et al. (1990) reported no change in cross-sectional area of fast 

twitch glycolytic (FG), and fast twitch oxidative glycolytic (FOG) fibers in the SM of 

veal calves administered Growth Hormone (GH) at 3-5 mg for ~105 d; however, FOG 

fibers in the triceps brachii was increased by GH treatment.  No differences in fiber area 

were reported in the LD of heifers 3 to 6 d prior to harvest administered 15 mg/d rbST for 

15 weeks (Vastergaard et al., 1995).  Furthermore, the proportion of fibers in the LD, 

SM, and triceps brachii was not affected due to rbST administration for 15 weeks in 

heifers or for GH treatment for ~105 d in veal steers (Vestergaard et al., 1995; Maltin et 

al., 1990).  Bovine somatotropin has been shown to increase the percent of protein in 

muscle; nonetheless bST has little affect on fiber cross-sectional area. 

Overview of Satellite Cells 

 

 Postnatal muscle hypertrophy and muscle regeneration in mammals is accredited 

to a small distinct population of cells located between the basement membrane and the 

plasma membrane of the muscle cell called satellite cells (Zammit et al., 2006; Oustanina 
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et al., 2004; Zammit et al., 2002; Seale et al., 2000).  Satellites cells were discovered by 

Mauro (1961) in the skeletal muscle of frogs via electron microscopy.  Mauro (1961) 

observed a cell lodged between the basement membrane and the plasma membrane of the 

cell.  Reporting the satellite cells shape being similar to that of the nucleus making it 

difficult to distinguish between the two (Mauro, 1961).  Moss and Leblond (1971) 

reported that satellite cells were the source of new myonuclei in myofibers and the nuclei 

present in muscle fibers was post-mitotic, stating that the division and fusion of satellite 

cells to myofibers is responsible for the accumulation of postnatal DNA.  Several studies 

have reported satellite cells in the skeletal muscle of several different species (Schultz 

and McCormick, 1994; Feldman and Stockdale, 1991; Campion et al., 1981; Mauro, 

1961).  Snow (1977a) reported a decrease in satellite populations as animal’s age, stating 

a population of 4.6% in the soleus of 8 month old mice to 2.4% in 30 month old mice.  

Campion et al. (1981) also reported a decrease in satellite cell population and an increase 

in myonuclei as the pigs aged.  Satellite cells are active in young growing animals aiding 

in muscle hypertrophy and become quiescent in adult animals unless activated by a 

critical event such as a need for muscle repair or hypertrophic growth (Rhoads et al., 

2009; Schultz et al., 1978). 

Satellite Cell Life Cycle 

 As previously stated satellite cells in mature or adult skeletal muscle is primarily 

quiescent or in the G0 phase of the cell cycle and most be provoked by an event to enter 

into the cell cycle.  Bischoff (1986) reported that after exposure to muscle mitogen, 

satellite cells entered DNA synthesis after 18 h and proliferated with a generation time of 
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12 h, confirming adult satellite cells are in G0 or an extended G1.  Schultz et al. (1978) 

reported satellite cells proliferated very little if at all in uninjured adult muscle.  However, 

after muscle trauma or exposure to mitogen satellite cells entered into the cell cycle 

within 24 h (Bischoff, 1986; Snow, 1977b).  Once the cells are activated they begin to 

proliferate creating progenitors (Yablonka-Reuveni, 2011; Rhoads et al., 2009).  After 

proliferation satellite cells either go back into quiescence or the myoblasts enter into the 

G1 phase of the cell cycle eventually differentiating and then contributing to the muscle 

mass either by fusion with a current muscle fiber aiding in muscle hypertrophy, or fusion 

with other myoblasts forming new myotubes and myofibers replacing damaged fibers 

(Yablonka-Reuveni, 2011; Rhoads et al., 2009, Zammit et al., 2006).    

Satellite Cell Detection 

 Several myogenic regulatory factors are used to identify quiescent satellite cells.  

The use of the paired box protein 7 (Pax7) is the most useful marker due to the fact of the 

high-quality antibody available (Seale et al., 2000).  Paired box protein 7 is expressed in 

adult muscle satellite cells, and is required for satellite cells to form and proliferate 

(Rhoads et al., 2009; Seale et al., 2000).  Mice without Pax7 expression in satellite cells 

had reduced fiber quality and muscle mass, demonstrating deficient postnatal skeletal 

muscle growth because satellite cells were not able to fuse with myofibers (Seale et al., 

2000).  Zammit et al. (2006) reported that quiescent satellite cells express Pax7 and when 

activated they coexpress Pax7 myogenic determination factor 1 (MyoD).  The cell then 

went through proliferation and cells either down regulated Pax7 and entered into 
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differentiation, or maintained Pax7 and stopped expressing MyoD and went back into a 

quiescent state (Zammit et al., 2006).  

 Myogenic factors can also be used to identify satellite cells. Myogenic factor 5 

(Myf5) and Pax3 are also important for the self-renewal of satellite cells (Zammit et al., 

2006).  The expression of Myf5 is the first MRF to be expressed in the mouse and is 

genetically upstream of MyoD during embryogenesis (Tajbakhsh et al., 1997).  Myogenic 

factor 5 is believed to regulate proliferation rate and homeostasis and remains active up to 

the fusion of myotubes (Zammit et al., 2006; Beauchamp et al., 2000); however it is still 

unknown if Myf5 is expressed in quiescent satellite cells (Rhoads et al., 2009).  Li et al. 

(2011) identified 3 distinct populations of satellite cells in young and adult bovine 

satellite cells (BSC) by dual immunofluorescent staining.  The three groups were a 

population of satellite cells simultaneously expressing Pax7 and Myf5 (Pax7+Myf5), a 

population immunopositive for Pax7 only and the third group immunopositive for Myf5 

only (Li et al., 2011).  Li et al. (2011) classified the Pax7 only cells as muscle stem cells 

and Pax7+Myf5 cells as muscle progenitor cells.  Li et al. (2011) reported that the 

population of Pax7+Myf5 cells in young BSC steadily decreased from 24 to 120 h in 

culture.  The population of Pax7+Myf5 cells in adult BSC remained the same from 24 to 

72 h and then began to decrease having the same population as young BSC by 120 h.  

Beta-Adrenergic Agonists Effects on Satellite Cells  

 Satellite cells must be able to respond to intrinsic and extrinsic factors to leave 

quiescence and repair, maintain, or grow muscle mass.  Harris (2013) reported no 

differences in IGF-1, MHC-I, MHC-IIA, MHC-IIX mRNA expression of BSC treated 



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

19 
 

with Zn and RH at 24 and 96 h.  Miller et al. (2012) reported no difference in satellite cell 

rate of proliferation or extent of differentiation of control bovine cells, when cells were 

treated with 1 µM ZH.  Tokach (2011) found that bovine cells treated with ZH increased 

the abundance of IGF-I mRNA; however, ZH decreased MHC-I mRNA abundance and 

increased MHC-IIX mRNA abundance compared to control cells at 120 h. Using 

immunohistochemistry in beef muscle tissue Knobel (2014) reported no change in the 

density of satellite cells in the LD, GM and SM of steers administered ZH.  In addition, 

Gonzalez et al. (2007) reported no change in the density of satellite cells in the LD of 

cows fed RH. 

Conclusion 

 There are several different factors that can have an effect on myosin isoforms and 

satellite cells from species to breed to individual muscle and that muscles purpose.  

Nonetheless, as an animal ages the muscle fibers undergo hypertrophy due to satellite 

cells merging with the muscle fibers to provide a greater amount of DNA.  As the muscle 

fibers grow they become more glycolytic changing the myosin isoforms.  Growth 

promotants can cause increased hypertrophy of muscle fibers ultimately having an effect 

on myosin isoforms and satellite cell populations. 
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CHAPTER III 

 

INTERACTIVE EFFECTS OF ZINC AND ZILPATEROL HYDROCHLORIDE ON 

BOVINE BETA-ADRENERGIC RECEPTORS 

  

Abstract 

 

The objective of this study was to determine if supplementing Zn in combination 

with zilpaterol HCL (ZH) affected the interaction of ZH with the beta2-adrenergic 

receptor (β-AR) by altering cAMP production, gene expression, and protein abundance.  

Cultures of bovine satellite cells were established and treated at 120 h with: 1) 0 µM 

Zn/ZH (CON); 2) 0 µM Zn/10 µM ZH (ZH); 3) 1 µM Zn-chloride/0 µM ZH (ZN); 4) 1 

µM Zn-chloride/10 µM ZH (ZN/ZH) in differentiation media for an additional 0, 6, 24, 

48 and 96 h.  Protein and mRNA were isolated and quantified at 24 and 96 h, and cAMP 

was measured at 0, 6, 24, 48 and 96 h.  At 0, 24, 48 and 96 h, no differences (P > 0.05) 

were detected in cAMP production.  At 6 h, ZN had the greatest concentration of cAMP 

(P < 0.05) compared to ZH treatments.  No differences (P > 0.05) were detected in 

mRNA abundance at 24 h.  At 96 h, ZH cells had an increased abundance of myosin 

heavy chain (MHC)-I mRNA (P < 0.05) compared to CON.  Furthermore, ZH had a 

greater abundance of MHC-IIX mRNA (P < 0.05) and a tendency for a greater 

abundance of IGF-1 mRNA (P < 0.15) compared to CON and ZN/ZH.  No differences (P 

> 0.05) were detected in the protein abundance of β1AR and the β2AR.  These results 

indicate Zn and ZH in combination did not have an additive affect on myogenic gene 

expression. 

Keywords: β-adrenergic receptor, bovine satellite cells, zilpaterol hydrochloride, zinc 



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

29 
 

Introduction 

 

Beta-adrenergic agonists (β-AA) are commonly used in the beef cattle feedlot 

industry to improve growth performance and carcass characteristics through increased 

protein synthesis and decreased protein degradation [11].  Beta-adrenergic agonists have 

also been reported to increase lipolysis and decrease lipogenesis in adipose tissue [11].  

These β-AA, work through an interaction with the beta-adrenergic receptors (β-AR) [1, 

2].  Zilpaterol HCl (ZH) was a commonly used β-AA in cattle that primarily bound with 

the β2-AR, which is the most predominant β-AR found in cattle muscle and adipose tissue 

[11].  Via a secondary messenger signal cascade event, cyclic adenosine monophosphate 

(cAMP) is activated thereby resulting in protein accretion and lipid catabolism [11].   

Overstimulation of the β-ARs by β-AA has been reported to result in receptor 

desensitization [9, 18].  Receptor desensitization results in a down regulation of adenylate 

cyclase catalytic activity resulting in a reduction of cAMP synthesis [13].  When the β-

ARs become desensitized, they are sequestered within an intracellular vesicle, thus losing 

the ability to induce signal transduction [9, 18]. 

Research has shown that the β2-AR potentially has multiple allosteric binding 

sites for zinc [11, 14].  According to Swaminath et al, [15], there are two main binding 

sites for Zn on the β-AR; one affects the agonist’s ability to bind to the receptor, while 

the other affects the antagonist’s ability to bind to the receptor thus increasing cAMP 

production.  Zinc also regulates adenylate cyclase (AC) and cyclic nucleotide 

phosphodiesterases (PDE) which are involved in the synthesis and degradation of cAMP 

after the β-AR is activated [4].  Several studies have reported the catalytic activity of AC 
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is inhibited by Zn; however, the mechanism responsible for this phenomenon is still 

unknown [3, 8, 7].  Von Bulow et al. [17] reported the addition of Zn to cellular lysate 

inhibits cyclic nucleotide degradation, signifying increases in cellular Zn will block PDE 

activity.   

Little is known about how the combination of ZH and Zn might influence the β-

AR’s ability to produce cAMP, and its regulation of mRNA and protein synthesis.  Thus, 

the objective was to determine if utilizing Zn in combination with ZH would affect the 

downstream signal transduction cascade events commonly associated with β-AA and 

altering cAMP activation, and mRNA and protein abundance. 

Materials and Methods 

 

Experimental Design and Treatments 

This experiment was conducted as a 2x2 factorial, and each replicate (n = 4) was 

plated and cultured simultaneously.  The cells were treated with a lab grade Zn-chloride, 

ZH, or a combination of the two.  Each well was randomly assigned to one of four 

treatments: 1) 0 µM Zn/ 0 µM ZH (CON); 2) 0 µM Zn/ 10 µM ZH (ZH); 3) 1 µM Zn/ 0 

µM ZH (ZN); 4) 1 µM Zn/ 10 µM ZH (ZN/ZH). 

Satellite Cell Isolation 

Satellite cell isolation was performed following procedures outlined by Johnson et 

al. [6].  Muscle tissue samples were extracted from the semimembranosus muscle of 

market age cattle at harvest.  Tissue was then subjected to satellite cell extraction 

procedures, to isolate satellite cells from muscle tissue.  Under a sterile hood, adipose and 

connective tissue was removed from the muscle as much as possible.  The muscle was 
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then run through a sterile grinder (the grinder was sterilized in 70% ethanol for 24 h prior 

to use).  Ground muscle was then incubated in a solution consisting of 0.1% pronase 

(Calbiochem, La Jolla, CA) and Earl’s Balanced Salt Solution (EBSS) (Sigma, St. Louis, 

MO) for 1 h at 37°C.  At 10 min intervals, the samples were shaken vigorously.  After the 

incubation period, differential centrifugation was performed on the sample at 1,500 x g 

for 4 min at 25°C.  Supernatant was removed, and the pellet was suspended in phosphate 

buffered saline (PBS; Invitrogen, Grand Island, NY; 140 mM NaCl, 3 mM Na2-H-PO4) 

the resulting pellet was centrifuged at 500 x g for 10 min at 25°C.  Supernatant was then 

transferred into another container and centrifuged at 15,000 x g for 10 min at 25°C to 

form a pellet consisting of mononucleated cells.  The differential centrifugation and the 

PBS wash steps were repeated twice more.  Total mononucleated cells were then 

suspended in cold Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen, Grand 

Island, NY) containing10% fetal bovine serum (FBS; Invitrogen, Grand Island, NY) and 

10% dimethylsulfoxide (DMSO; Sigma, St. Louis, MO).  The cell solution was then 

aliquoted into 1.8 mL nunc cryo tube vials (Fisher Scientific, Fair Lawn, NJ).  Cells were 

then placed in a -80°C freezer for 24 h and stored in liquid nitrogen until needed. 

Satellite Cell Culture 

Bovine satellite cells were cultured in 6-well plates (RNA and Protein analysis) or 

24-well plates (cAMP analysis).  Plates were coated with reduced factor matrigel 

(Matrigel; BD Biosciences, Bedford, MA) at least 1 h prior to plating cells and kept at 

37°C.  Cells were plated and placed in a 37°C incubator for 24 h in 10% Fetal Bovine 

Serum (FBS; GIBCO®; Invitrogen)/DMEM-3X antibiotic antimycotic (Invitrogen) 0.3X 



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

32 
 

gentamycin (Sigma) media.  Cells were then rinsed and left to proliferate for 120 h in 

10% FBS/DMEM-3X antibiotic antimycotic 0.3X gentamycin at 37°C.  At 120 h the 

cells’ media was changed from proliferation to differentiation media (3% Horse Serum 

(GIBCO®; Invitrogen)/DMEM-3X antibiotic antimycotic 0.3X gentamycin).  The 

treatment substrates were added to the differentiation media.  Cells that were designated 

for mRNA and protein quantification were treated and incubated for either 24 or 96 h in 

differentiation media, while cells destined for cAMP analysis were treated and incubated 

for a total of 0, 6, 24, 48, or 96 h in differentiation media. 

RNA isolation and Real-Time quantitive reverse transcription polymerase chain 

reaction 

At 24 or 96 h of treatment, cells from 6-well plates were harvested for mRNA 

analysis.  The cells were rinsed 3 times in phosphate-buffered saline (PBS), and then total 

mRNA was isolated with ice-cold buffer containing TRI Reagent® (Sigma, St. Louis, 

MO).  Approximately 200 mL of TRI Reagent® was added to each well, and were then 

incubated for 5 min at 25°C.  The wells were then scraped to ensure all cells were 

released from the bottom of the well.  Homogenate was then pipetted into a 

microcentrifuge tube, 100 µL of chloroform was added, vortexed for 30 s and incubated 

for 5 min at 25°C.  The sample was then centrifuged at 15,000 x g for 15 min that results 

in the samples separating into 3 layers.  The top supernatant layer was pipetted off and 

placed into a new microcentrifuge tube.  Ice cold isopropyl alcohol (250 μL) was added 

to the supernatant, shaken, and incubated for 10 min at 25°C.  The samples were then 

centrifuged at 15,000 x g for 10 min.  The supernatant was poured off, the RNA pellet at 
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the bottom of each tube were allowed to dry, and 500 µL of 75% ethanol was added to 

each tube to rinse and suspend the RNA pellet.  Samples were then placed in a -80°C 

freezer until needed (no longer than 3 months).  Samples were then removed from the 

freeze and thawed on ice.  Samples were then centrifuged at 15,000 x RPM for 10 min, 

ethanol was poured off, and the pellet was air dried.  Nuclease free water (30 μL) was 

then added to each sample to dissolve the RNA pellet.  The concentration of RNA was 

determined with a spectrophotometer at an absorbance of 260 nm using a NanoDrop 

1000 (NanoDrop products, Wilmington, DE).  Samples were then treated with DNAse to 

remove any DNA contaminants using a DNA-free kit (Life Technologies, Grand Island, 

NY).  The RNA was then subjected to reverse-transcription to produce cDNA.  The 

cDNA was then used for real-time quantitative reverse transcription-PCR (RT-qPCR) to 

measure the abundance of AMP-activated protein kinase alpha (AMPKα) , beta-1 

adrenergic receptor (β1AR), beta-2 adrenergic receptor (β2AR), insulin-like growth 

factor-I (IGF-I), myosin heavy chain-I (MHC) MHC-IIA, MHC-IIX, C-enhancer binding 

protein beta (CEBPβ),  G-protein coupled receptor 43 (GPR43), peroxisome proliferator-

activated receptor gamma (PPARγ), and stearoyl-CoA desaturase (SCD) mRNA relative 

to the abundance of Ribosomal protein subunit 9 (RPS9) mRNA in total RNA isolated 

from cells.  Bovine primers and probes for AMPKα, β1AR, β2AR, IGF-I, MHC-I, MHC-

IIA, MHC-IIX, GPR43, SCD, CEBPβ, and PPARγ are presented in Table 3.1.  Assays 

were performed in the GeneAmp 7900HT Sequence Detection System (Applied 

Biosystems, Life Technologies) using thermal cycling parameters recommended by the 

manufacturer (40 cycles of 15 s at 95°C and 1 min at 60°C). 
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Protein extraction and Western blots 

At 24 or 96 h of treatment, cells from 6-well plates were harvested for protein 

analysis.  The cells were rinsed 3 times with PBS.  Protein from cells was isolated with 

ice-cold buffer containing mammalian protein extraction reagent (M-PER; Fisher 

Scientific, Fair Lawn, NJ), Protein Inhibitor (Roche, Branchburg, NJ), and 2mM Na3VO4 

(Fisher Scientific).  Approximately 500 µL of M-PER was added to each well and 

incubated for 5 min at 25°C while shaking.  The wells were then scraped to ensure all 

cells were released from the bottom of the well.  The samples were centrifuged at 15,000 

x g for 15 min., separating the sample into 3 layers.  The middle supernatant layer was 

removed and placed into a microcentrifuge.  The protein samples were then diluted with 

either M-PER to determine protein concentration using the Pierce
TM

 BCA
TM

 protein 

assay (Thermo Fisher Scientific, Fairlawn, NJ).  Protein concentration was then 

determined using a NanoDrop 1000 spectrophotometer (NanoDrop technologies) at 562 

nm.  All samples were then diluted to the same concentration.  Modified Wangs tracking 

dye was added to samples for western blot analysis.  Samples were denatured with β-

mercaptoethanol and incubated for 2 min at 95°C.  Samples were then loaded onto Novex 

4 - 12% Bis-Tris gels (Invitrogen, Grand Island, NY), and protein was separated by gel 

electrophoresis.  The gels were run for approximately 35 min at 165V and 27 mA.  

Proteins were transferred onto a nitrocellulose membrane (Invitrogen) for 7 min.  

Following transfer, the membrane were incubated with non-fat dry milk (BIO RAD, 

Hercules, CA), 10% 10 x Tris-buffered saline (TBS) in NanoPure water for 1 h at 25°C 

to block non-specific antibody binding.  The blocking solution was then removed from 
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the membrane.  The appropriate primary antibody: 1:1,000 α-beta 1 AR, rabbit, IgG 

(abcam, Cambridge, MA); 1:1,000 α-beta 2 AR, goat, IgG (abcam) was mixed into 1 x 

TBS-Tween solution, added to the membrane and allowed to incubate for 2 h (β1AR) or 

1 h (β2AR) at 25°C.  The membrane was then rinsed 3 times for 10 min in TBS-Tween.  

The appropriate Alexa fluorescent antibodies: goat α-rabbit, IgG, Alexa-Fluor 633 

(Invitrogen); donkey α-goat, IgG, Alexa-Fluor 633 (Invitrogen) was then added at a 

dilution of 1:2,000 in TBS-Tween to the membrane and incubated for 1 h at 25°C in the 

absence of light.  The membranes were then rinsed 3 times for 10 min in TBS-Tween in 

unlighted conditions.  The membranes were then dried and visualized using Imager 

Scanner II and ImageQuant TL software.  Densitometry measurements were made on the 

bands corresponding to β1AR and β2AR using a molecular weight standard for reference 

(Precision Plus Protein
TM

 All Blue Standards; BIO RAD). 

cAMP Isolation and ELISA 

After 0, 6, 24, 48, and 96 h, cells from 24-well plates were harvested for cAMP 

analysis.  Cells were rinsed 3 times in PBS.  Then 100 µL of 0.1 M HCl was used to lyse 

the cells.  Cells were incubated for 5 min at 25°C while shaking.  The wells were then 

scraped to ensure all cells were lysed and released from the bottom of the well.  The 

sample was taken from the wells and placed into microcentrifuge tubes.  An enzyme-

linked immunosorbent assay (ELISA; Sigma, St. Louis, MO) was performed on samples 

to determine cAMP concentration, following instructions provided by the manufacturer.  

The results were read with a Spectra max 380pc plate reader and softmax pro software. 
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Statistical Analysis 

Data were analyzed using the GLIMMIX procedure of SAS (v.9.3, SAS Institute; 

Carey, NC).  The model included treatment as the fixed effect, and the Kenward-Roger 

adjustment was used to correct degrees of freedom.  Means were separated using the 

LSMEANS procedure PDIFF option and considered different when P ≤ 0.05.  

Tendencies for differences among treatment means were declared when 0.05 < P ≤ 0.15. 

Results and Discussion 

 

At 0, 6, 24, 48, and 96 h of treatment, cAMP was measured and there were no 

difference between treatments at 0, 24, 48, and 96 h (P > 0.05; Table 3.2).  However, at 6 

h, the ZN cells had a greater concentration of cAMP compared to ZH treatments (P < 

0.05; Table 3.2).  This is in contrast to that reported by Harris, [5], who reported no 

difference in cAMP concentration at 6 h between bovine cells treated with Zn and 

ractopamine HCl (RH).  In the study using Zn and RH, cells treated with 1 µM Zn/ 10 

µM RH exhibited the greatest cAMP concentration at 24 h and by 96 h the control group 

had a greater concentration of cAMP compared to the cells treated with just RH [5].  

Ractopamine HCl is a β-AA used in beef and pork production that primarily binds to 

β1AR.  Ractopamine HCl does not affect bovine cells as much as ZH because the 

majority of the β-AR are β2AR [11].  Klein et al. [8] reported decreased concentrations of 

cAMP in N18TG2 Neurblastoma cells treated with 300 µM Zn
2+

 and forskolin or PGE1 

for 2 h.  In the study when cells were only treated with Zn
2+

, there was no effect on 

cAMP concentration [8].  Swaminath et al. [14] reported Zn binds to the β2AR, causing 

increased agonist affinity and a greater production of cAMP.  Swaminath et al. [15] 
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further reported multiple binding sites on the β2AR for Zn, with the most prominent 

binding site for Zn causing an increase in agonist binding affinity and a decrease in 

antagonist affinity.   

Protein abundance of β1AR and β2AR showed no difference between treatments 

at either 24 or 96 h (P > 0.05; Table 3.3).  Our data support that of Harris [5], who 

reported no change in β1AR and β2AR protein abundance of bovine cells treated with Zn 

and RH for 24 and 96 h.  Miller et al. [12] reported a decrease in β2AR protein when 

bovine cells were treated with varying levels of ZH compared to control cells.  

Relative mRNA abundance of β1AR, β2AR, AMPKα, IGF-1, MHC-I, MHC-IIA, 

MHC-IIX, GPR43, SCD, CEBPβ, and PPARγ yielded no difference between treatments 

at 24 h (P > 0.05; Table 3.4).  At 96 h, ZH cells tended to increase the abundance of 

MHC-I mRNA (P < 0.10; Table 3.4) compared to CON.  In addition, ZH cells had a 

greater abundance of MHC-IIX mRNA (P < 0.05; Table 3.4) and a tendency for greater 

abundance of IGF-1 mRNA (P < 0.15; Table 3.4) compared to CON and Zn/ZH.  Harris 

[5] reported no differences in β1AR, β2AR, AMPKα, IGF-1, MHC-I, MHC-IIA, MHC-

IIX mRNA abundance of bovine cells treated with Zn and RH at 24 and 96 h.  However, 

Miller et al. [12] reported a decrease in β1AR and β2AR mRNA abundance compared to 

control bovine cells, when cells were treated with 1 µM ZH.  Tokach [16] found bovine 

cells treated with ZH increased the abundance of IGF-I mRNA; however, ZH decreased 

MHC-I mRNA abundance and increased MHC-IIX mRNA abundance compared to 

control cells at 120 h.  In the current study, ZH increased the abundance of MHC-IIX 
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mRNA (P<0.05) and tended (P < 0.15) to increase the abundance of MHC-I mRNA 

compared to control cells at 96 h. 

Just as Zn and ZH affected protein expression in the cells, the combination also 

affected product signal transduction events downstream of binding.  The increased 

binding affinity of ZH to the β2AR resulting from binding of Zn may consequently result 

in an inhibition of the synthesis of cAMP.  The cAMP data suggests that 1µM Zn/10 µM 

ZH may be inhibiting the production of cAMP.  Lynch et. al. [10] reported that Zn 

became inhibitory to cell growth at concentrations over 100 µM.  When β-AAs bind to a 

β-AR, intrinsic Zn is released.  With ZH having a high affinity to bind to β2ARs, which 

is the predominant β-AR found in beef cattle muscle and adipose tissue, and the β2AR 

potentially having multiple allosteric binding sites for Zn [14], the cell may be flooded 

with Zn from intrinsic and free sources of Zn.  This may in part cause Zn to become 

inhibitory towards AC thus reducing the amount of cAMP produced.  Since cAMP is a 

secondary messenger in the β-AR pathway that leads to an increase in myogenic mRNA 

transcription and ultimately muscle protein accretion, this could possibly explain the 

decreased myogenic activity we observed.  However, large concentrations of Zn increase 

the uptake of glucose and de novo lipogenesis [10], possibly partially elucidating the 

reason for increased adipogenic activity.    

Based on the results of this study, we can conclude that independently, Zn and ZH 

positively impact myogenic synthesis; however, cAMP production, β-AR protein and 

mRNA abundance may not be affected by the combination of the two compounds.  

Increasing Zn supplementation may increase the concentration of extracellular free Zn; 
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possibly increasing the binding affinity of the β-AA, therefore amplifying the signal 

transduction associated with β-AA.  This amplified affect may result in over stimulation 

of the β-AR, thereby activating AC causing an increased release of intracellular Zn, 

which negatively impacts the synthesis of cAMP.  While there is conflicting evidence on 

the implications between the interactions of Zn, β-AA and β-AR, these mechanisms are 

not fully understood, and future research should be conducted to further elucidate the 

molecular mechanisms that impact cellular muscle metabolism in biological processes 

involving Zn.   
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Tables 
Table 3.1. Sequence of bovine-specific PCR primers and TaqMan probes to be used for determination of expression 

of mRNA of AMPKα, MHC-I, MHC-IIA, MHC-IIX, IGF-I, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, Glut4, 

PPARγ, SCD and RPS9*. 

Primer Sequence (5’ to 3’) 

AMPkα (accession #NM_001109802)  

Forward ACCATTCTTGGTTGCTGAAACTC 

Reverse CACCTTGGTGTTTGGATTTCTG 

TaqMan probe 6FAM-CAGGGCGCGCCATACCCTTG-TAMRA 

MHC-I (accession #AB059400)  

Forward CCCACTTCTCCCTGATCCACTAC 

Reverse TTGAGCGGGTCTTTGTTTTTCT 

TaqMan probe 6FAM-CCGGCACGGTGGACTACAACATCATAG-TAMRA 

MHC-IIA (accession #AB059398)  

Forward GCAATGTGGAAACGATCTCTAAAGC 

Reverse GCTGCTGCTCCTCCTCCTG 

TaqMan probe 6FAM-TCTGGAGGACCAAGTGAACGAGCTGA-TAMRA 

MHC-IIX (accession # AB059399)  

Forward GGCCCACTTCTCCCTCATTC 

Reverse CCGACCACCGTCTCATTCA 

TaqMan probe 6FAM-CGGGCACTGTGGACTACAACATTACT-TAMRA 

IGF-I (accession #X15726)  

Forward TGTGATTTCTTGAAGCAGGTGAA 

Reverse AGCACAGGGCCAGATAGAAGAG 

TaqMan probe 6FAM-GCCCATCACATCCTCCTCGCA-TAMRA 

β1AR (accession #AF188187)  

Forward GTGGGACCGCTGGGAGTAT 

Reverse TGACACACAGGGTCTCAATGC 

TaqMan probe 6FAM-CTCCTTCTTCTGCGAGCTCTGGACCTC-TAMRA 

β2AR (accession #NM_174231)  

Forward CAGCTCCAGAAGATCGACAAATC 

Reverse CTGCTCCACTTGACTGACGTTT 

TaqMan probe 6FAM-AGGGCCGCTTCCATGCCC-TAMRA 

CEBPβ (accession #NM_176788)  

Forward CCAGAAGAAGGTGGAGCAACTG 

Reverse TCGGGCAGCGTCTTGAAC 

TaqMan probe 6FAM-CGCGAGGTCAGCACCCTGC-TAMRA 

GPR43 (accession #FJ562212)  

Forward GGCTTTCCCCGTGCAGTA 

Reverse ATCAGAGCAGCCATCACTCCAT 

TaqMan probe 6FAM-AAGCTGTCCCGCCGGCCC-TAMRA 

PPARγ (accession #NM_181024)  

Forward ATCTGCTGCAAGCCTTGGA 

Reverse TGGAGCAGCTTGGCAAAGA 

TaqMan probe 6FAM-CTGAACCACCCCGAGTCCTCCCAG-TAMRA 

SCD (accession #AB075020)  

Forward TGCCCACCACAAGTTTTCAG 

Reverse GCCAACCCACGTGAGAGAAG 

TaqMan probe 6FAM-CCGACCCCCACAATTCCCG-TAMRA 

RPS9 (accession #DT860044)  

Forward GAGCTGGGTTTGTCGCAAAA 

Reverse GGTCGAGGCGGGACTTCT 

TaqMan probe 6FAM-ATGTGACCCCGCGGAGACCCTTC-TAMRA 
*AMPKα = AMP-activated protein kinase alpha, MHC-I = myosin heavy chain-I, MHC-IIA = myosin heavy chain-

IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, β2AR = beta 2 adrenergic receptor, 

β3AR = beta 3 adrenergic receptor, CEBPβ = C-enhancer binding protein beta, GPR43 = G-protein coupled receptor 

43, GPR41 = G-protein coupled receptor 41, Glut4 = glucose transporter type 4, PPARγ = peroxisome proliferator-

activated receptor gamma, SCD = stearoyl-CoA desaturase and RPS9 = ribosomal protein S9. 
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Table 3.2. Relative cAMP concentration
1
 in bovine satellite cells treated with zinc (Zn) 

and zilpaterol hydrochloride (ZH). 

 Treatment  
 

Hour Control 10 µM ZH 1 µM Zn 10 µM ZH/ 1 µM Zn SEM
2 

P – Value 

00 0.228 0.233 0.225 0.225 0.009 0.857 

06 0.336
ab 

0.322
b 

0.354
a
 0.327

b 
0.010 0.028 

24  0.265 0.241 0.266 0.248 0.014 0.231 

48 0.211 0.201 0.203 0.198 0.009 0.590 

96 0.202
 

0.198
 

0.206
 

0.204
 

0.014 0.955 
a, b Means in the same row having different superscripts are different,  P = 0.05. 
1Picomoles of cAMP/ml. 
2Pooled standard error of the mean.  
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Table 3.3. Relative protein abundance of beta1-adrenergic receptor (β1AR) and β2AR in 

bovine satellite cells treated with zinc (Zn) and Zilpaterol hydrochloride (ZH). 

 Treatment  
 

 Control 10 µM ZH 1 µM Zn 10 µM ZH/ 1 µM Zn SEM
2 

P – Value
 

24 Hour       

β1AR
1 

22521 22256 21880 21575 2266 0.976 

β2AR
1 

27676 27173 26441 26462 2741 0.961 

96 Hour       

β1AR
1 

21120 20173 20942 21012 2582 0.980 

β2AR
1 

26203 25588 25514 29001 3672 0.760 
1The values shown are the ratio of relative light units per second based on the intensity of the sample’s protein band 
2Pooled standard error of the mean.  
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Table 3.4. Relative mRNA abundance of AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, 

GPR43, SCD, CEBPβ, and PPARγ genes in bovine satellite cells treated with zinc (Zn) and zilpaterol 

hydrochloride (ZH). 

 Treatment  
 

Gene
*1 

Control 10 µM ZH 1 µM Zn 10 µM ZH/ 1 µM Zn SEM
2 

P – Value 

24 Hour       

AMPkα 0.792 0.819 1.134 0.862 0.206 0.328 

IGF-I 2.394 18.566 5.474 10.172 8.642 0.339 

MHC-I 34.292 40.735 46.494 43.229 36.289 0.843 

MHC-IIA 92.801 208.030 81.721 59.259 84.236 0.458 

MHC-IIX 39.623 76.555 31.411 36.516 55.969 0.676 

β1AR 0.431 1.014 0.808 0.497 0.557 0.681 

β2AR 0.611 0.342 0.613 0.583 0.219 0.550 

GPR43 0.037 4.179 0.836 0.455 2.300 0.168 

SCD 1.921 1.830 2.366 1.869 1.122 0.789 

CEBPβ 1.051 1.421 1.528 1.836 0.648 0.944 

PPARγ 0.133 1.699 0.403 0.393 0.760 0.148 

96 Hour       

AMPkα 1.074 1.232 1.522 1.120 0.621 0.511 

IGF-I 54.439 89.368 73.977 59.397 16.307 0.053 

MHC-I 54.265
 

106.870
 

74.478
 

58.965
 

23.594 0.054 

MHC-IIA 62.873 115.700 75.909 26.646 93.129 0.403 

MHC-IIX 31.955
b 

90.481
a 

52.485
ab 

17.720
b 

18.407 0.003 

β1AR 0.372 0.375 0.888 0.819 0.715 0.941 

β2AR 0.295 0.253 0.418 0.331 0.216 0.876 

GPR43 0.906 2.522 3.351 5.837 2.731 0.814 

SCD 2.579 3.239 1.841 2.154 2.347 0.913 

CEBPβ 1.626 1.523 1.529 2.235 1.108 0.593 

PPARγ 0.454 0.993 1.166 1.435 0.636 0.755 
a, b Means in the same row having different superscripts are significant at P = 0.05. 
*AMPKα = AMP-activated protein kinase alpha, IGF-1 = insulin like growth factor-1, MHC-I = myosin heavy chain-I, MHC-IIA = myosin heavy 
chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, β2AR = beta 2 adrenergic receptor, GPR43 = G-protein coupled 

receptor 43, SCD = stearoyl-CoA desaturase, CEBPβ = C-enhancer binding protein beta and PPARγ = peroxisome proliferator-activated receptor 

gamma. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, GPR43, SCD, CEBPβ, and PPARγ genes were normalized with 

the RPS9 endogenous control by using the change in cycle threshold (ΔCT). 
2Pooled standard error of the mean. 
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CHAPTER IV 

 

ZINPRO® SUPPLEMENTATION IMPACTS GENE AND PROTEIN EXPRESSION 

IN CALF-FED HOLSTEIN STEERS WITH MINIMAL IMPACT ON GROWTH AND 

CARCASS PERFORMANCE PARAMETERS 

 

Abstract 

 

  Calf-fed Holstein steers were supplemented with a Zn methionine complex 

(ZINPRO
®
; Zinpro Corporation, Eden Prairie, MN) for 115±5 d prior to harvest along 

with zilpaterol hydrochloride (ZH; Zilmax
®
; Merck Animal Health, DeSoto, KS) for the 

last 20 d to evaluate the effects on growth and carcass performance along with gene and 

protein expression. Steers (n=1,296; initial weight=468.5±0.5 kg) were sorted by weight, 

blocked by harvest date, and randomly assigned to pens (6/treatment) and treatment:  

Control (90 ppm ZnSO4) and ZINPRO
®
 (Control plus 720 mg Zn methionine/hd/d).  

There were no differences (P>0.05) in growth performance or carcass characteristics.  

ZINPRO cattle had an increased (P<0.05) abundance of myosin heavy chain (MHC)-I 

mRNA in muscle tissue.  Control cattle had an increased (P<0.05) abundance of MHC-

IIX, β1-adrenergic receptor (βAR), peroxisome proliferator-activated receptor gamma 

and stearoyl-CoA desaturase mRNA in muscle tissue.  ZINPRO cattle had a greater 

(P<0.05) abundance of MHC-II protein.  ZINPRO increased MHC-IIA and IIX cross-

sectional areas (P<0.05), increased the percentage of MHC-I fibers (P<0.05) and tended 

(P<0.10) to have a greater percentage of MHC-IIA fibers.  Control cattle had a greater 

(P<0.05) percentage of MHC-IIX fibers, nuclei density but had less total muscle cells.  

There was a greater (P<0.05) density of cells expressing Pax7, and tendency (P<0.10) for 

a greater density of β3AR and internalized β2AR in ZINPRO cattle.  Control cattle had 
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an increased (P<0.05) density of β2AR.  The addition of ZINPRO increases MHC-I and 

decreases MHC-IIX gene expression while increasing muscle hypertrophy and protein 

concentration.  

Keywords: β-adrenergic receptor, myosin heavy chain, zilpaterol hydrochloride, zinc 

methionine 

Introduction 

Chelated forms of Zn such as Zn oxide (ZnO), Zn sulfate (ZnSO), and Zn 

methionine (ZnMet) have been shown to possess greater bioavailability than organic 

forms of Zn [11].  Spears [12] reported that ZnO and ZnMet are absorbed to a similar 

extent, but are metabolized differently after absorption.  Lambs supplemented with 

ZnMet had a greater retention of Zn and nitrogen compared to lambs supplemented with 

ZnO [12].  Zinc methionine has been reported to increase growth and feed efficiency [13.  

Furthermore, ZnMet has reportedly improved carcass quality, increasing the percentage 

of cattle that grade USDA choice [1, 4, 10]. 

Zilpaterol hydrochloride (ZH) is a beta-adrenergic agonists (β-AA), which was 

approved for use in cattle in 2006 under the trade name of Zilmax® (Merck Animal 

Health), and is fed at a rate of 6.8 g/ton for the last 20 – 40 days of the finishing phase 

with a 3 d withdrawal prior to slaughter [9].  Zilpaterol HCl has been documented to 

improve feed to gain (F:G), hot carcass weight (HCW), and dressing percentage when 

administered orally to cattle [14, 16].   

The objective of this study was to determine the effect of supplementing a Zn 

methionine complex (ZINPRO
®
; Zinpro Corporation, Eden Prairie, MN) and zilpaterol 
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hydrochloride (Zilmax
®
; Merck Animal Health, Summit, NJ) on feedlot growth 

performance, carcass characteristics, gene expression, and protein synthesis of calf-fed 

Holstein steers. 

Materials and Methods 

 

International animal care and use committee approval was not needed for this 

study, as these animals were fed offsite from Texas Tech University at commercial beef 

cattle feed yard and harvested at a USDA inspected commercial abattoir.  

Animals and Management 

Holstein steers (n = 1,296; 481.5 ± 0.5 kg) were sourced in southern CA and fed 

in a commercial feed yard prior to study initiation.  Initial processing of steers occurred 

upon arrival, and cattle were subjected to vaccination and management practices in 

accordance with the protocols of the feedlot.  Initial processing procedures were typical 

for Holsteins fed in the Southwest U.S.  

Finishing rations were formulated to meet or exceed the National Research 

Council [6] requirements for growing - finishing beef cattle.  Ingredient composition of 

the finisher diets is shown in Table 4.1.  Treatment diets were fed ad libitum throughout 

the study.    

Complete ration composition profiles were obtained throughout the study (Table 

4.2).  Individual ration samples were sent to Michigan State University (Lancing, MI) for 

analyses.  Ration samples were analyzed for moisture, crude protein (CP), acid detergent 

fiber (ADF), calcium (Ca), phosphorus (P), potassium (K), and zinc (Table 4.2).  Pens 
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were observed daily by trained personnel to identify and remove steers with observable 

signs/symptoms of health and/or lameness issues. 

Experimental Design and Treatments 

Steers were randomized to pens by receiving lot at the time of terminal implant.  

Each pen (n = 6 pens/treatment) came from a lot that was sorted by body weight (BW) to 

form 2 pens (1 pen/treatment).  Steers were blocked by harvest date.  A total of 12 pens 

(n = 108 head/pen) were utilized and randomly assigned to one of two treatments: 1) 0 

mg∙steer
-1

∙d
-1

 of Zn-methionine (CON; n = 6 pens) or 720 mg∙steer
-1

∙d
-1

 of Zn-methionine 

(ZINPRO; n = 6 pens).  Treatment diets were administered the final 115 ± 5 d of the 

finishing period.  Zilpaterol HCl was fed for the final 20 d with a 3 d withdrawal.  Upon 

trial initiation, steers were weighed individually (initial BW was reduced by 4% to 

represent a standard industry shrink). 

Harvest and Carcass Evaluation 

  Prior to shipment to the abattoir, steers were weighed by pen on a platform scale 

(final BW was reduced by 4% to represent a standard industry shrink).  Steers were 

transported to a nearby commercial abattoir in southern CA and subsequently harvested 

under USDA-FSIS inspection.  Pens of cattle were maintained as lots when presented for 

harvest.   

Carcasses were chilled approximately 36 h prior to grading.  Individual carcass 

measurements included hot carcass weight (HCW), dressing percentage (DP), loin 

muscle area (LMA), and marbling score (MS) determined via a digital camera grading 

system.  Yield grade (YG) and quality grade (QG) information was recorded as assigned 
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by USDA.  Dressing percentage for each pen was calculated as the mean HCW/mean 

shrunk (4% pencil shrink) live weight x 100. 

Collection of muscle and adipose tissue 

Twenty steers per treatment from one block were randomly selected for 

biochemical analysis of muscle and adipose tissue.  Muscle and adipose tissue was 

collected from the semimembranosus of carcasses within 45 minutes of harvest.  The pre-

rigor semimembranosus sample was cut into thirds.  For immunohistochemical analysis, 

one of the samples was cut and placed in clear frozen section compound (VWR 

International, West Chester, PA); frozen using dry ice chilled 2-methyl-butane and then 

placed in a cooler of dry ice.  The other two samples were placed into a whirl-pack for 

either RNA or protein analysis, flash frozen in liquid nitrogen, and placed in a cooler of 

dry ice.  The adipose tissue was cut in half and placed in a whirl-pack bag for either RNA 

or protein analysis, flash frozen, and placed in a cooler of dry ice.  Samples were then 

shipped to Texas Tech University for analysis and were subsequently stored in -80ºC 

freezer until analysis. 

RNA isolation and Real Time quantitative reverse transcription polymerase chain 

reaction 

Ribonucleic acid from muscle and adipose tissue was isolated with ice-cold buffer 

containing TRI Reagent® (Sigma, St. Louis, MO).  Approximately 1.5 g of frozen tissue 

was homogenized with TRI Reagent® at a ratio of 0.5:1 grams of tissue to mL reagent.  

The homogenate was then pipetted into 2 microcentrifuge tubes (1 mL sample per tube), 

200 µL chloroform was added to each tube, vortexed for 30 s, and incubated for 5 min  
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The sample was then centrifuged at 15,000 x g for 15 min separating the sample into 3 

layers.  The top supernatant layer was pipetted off and placed into a new microcentrifuge 

tubes.  Ice cold isopropyl alcohol (250 μL) was added to the supernatant, shaken, and 

incubated for 10 min at 25°C.  The samples were then centrifuged at 15,000 x g for 10 

min.  The supernatant was poured off, the RNA pellet at the bottom of each tube were 

allowed to dry, and 500 µL of 75% ethanol was added to each tube to rinse and suspend 

the RNA pellet.  Samples were then placed in a -80°C freezer until needed (no longer 

than 3 months).  Samples were then removed from the freeze and thawed on ice.  

Samples were then centrifuged at 15,000 x RPM for 10 min, ethanol was poured off, and 

the pellet was air dried.  Nuclease free water (30 μL) was then added to each sample to 

dissolve the RNA pellet.  The concentration of RNA was determined with a 

spectrophotometer at an absorbance of 260 nm using a NanoDrop 1000 (NanoDrop 

products, Wilmington, DE).  Samples were then treated with DNAse to remove any DNA 

contaminants using a DNA-free kit (Life Technologies, Grand Island, NY).  The RNA 

was then subjected to reverse-transcription to produce cDNA.  The cDNA was then used 

for real-time quantitative reverse transcription-PCR (RT-qPCR) to measure the 

abundance of AMP-activated protein kinase alpha (AMPKα) , beta 1 adrenergic receptor 

(β1AR), beta 2 adrenergic receptor (β2AR), and beta 3 adrenergic receptor (β3AR), 

myosin heavy chain-I (MHC) MHC-IIA, MHC-IIX, C-enhancer binding protein beta 

(CEBPβ),  G-protein coupled receptor 43 (GPR43), G-protein coupled receptor 41 

(GPR41), Glucose transporter type 4 (Glut4), peroxisome proliferator-activated receptor 

gamma (PPARγ), and stearoyl-CoA desaturase (SCD) mRNA relative to the abundance 
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of Ribosomal protein subunit 9 (RPS9) mRNA in total RNA isolated from muscle tissue.  

Real-time RT-qPCR was used to measure the abundance of AMPKα, β2AR, GPR43, 

GPR41, Glut4, SCD, CEBPβ, and PPARγ mRNA relative to the abundance of RPS9 

mRNA in total RNA isolated from adipose tissue.  Bovine primers and probes for 

AMPKα, β1AR, β2AR, β3AR, MHC-I, MHC-IIA, MHC-IIX, GPR43, GPR41, Glut4, 

SCD, CEBPβ, and PPARγ are presented in Table 4.3.  Assays were performed in the 

GeneAmp 7900HT Sequence Detection System (Applied Biosystems, Life Technologies) 

using thermal cycling parameters recommended by the manufacturer (40 cycles of 15 s at 

95°C and 1 min at 60°C). 

Protein extraction, Western blots and SDS-PAGE gel electrophoresis 

Protein from muscle was isolated with whole muscle extraction buffer (WMEB; 

2% sodium dodecyl sulfate, 10 mM phosphate, pH 7.0).  Adipose tissue protein was 

isolated with ice-cold buffer containing tissue protein extraction reagent (T-PER; Fisher 

Scientific, Fair Lawn, NJ), Protein Inhibitor (Roche, Branchburg, NJ), and 2mM Na3VO4 

(Fisher Scientific) at a 1:5 ratio.  The homogenized samples were centrifuged at 15,000 x 

g for 15 min, separating the sample into 3 layers.  The middle supernatant layer was 

pipetted off and placed into microcentrifuge tubes.  The protein samples were then 

diluted with either T-PER or WMEB to determine protein concentration using the 

Pierce
TM

 BCA
TM

 protein assay (Thermo Fisher Scientific, Fairlawn, NJ).  Protein 

concentration was then determined using a NanoDrop 1000 spectrophotometer 

(NanoDrop technologies) at 562 nm.  All samples were then diluted to the same 

concentration.  Modified Wangs tracking dye was added to western blot samples, and 
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myosin heavy chain tracking dye was added to SDS-PAGE samples. Samples were 

denatured with β-mercaptoethanol and incubated for 2 min at 95°C.  Samples for western 

blots were then loaded onto Novex 4 - 12% Bis-Tris gels (Invitrogen, Grand Island, NY), 

and protein was separated by gel electrophoresis.  The gels were run for approximately 

35 min at 165V and 27 mA.  Proteins were transferred onto a nitrocellulose membrane 

(Invitrogen) for 7 min.  Following transfer, the membrane was incubated with non-fat dry 

milk (BIO RAD, Hercules, CA), 10% 10 x tris-buffered saline (TBS) in NanoPure water 

for 1 h at 25°C to block non-specific antibody binding.  The blocking solution was then 

removed from the membrane.  The appropriate primary antibody: 1:1,000 α-beta 1 AR, 

rabbit, IgG (abcam, Cambridge, MA); 1:1,000 α-beta 2 AR, goat, IgG (abcam); 1:1,000 

α-beta 3 AR, goat, IgG (abcam) was mixed into 1 x TBS-Tween solution, added to the 

membrane and allowed to incubate for 2 h (β1AR) or 1 hr (β2AR and β3AR) at 25°C.  

The membrane was then rinsed 3 times for 10 min in TBS-Tween.  The appropriate 

Alexa fluorescent antibodies: goat α-rabbit, IgG, Alexa-Fluor 633 (Invitrogen); donkey α-

goat, IgG, Alexa-Fluor 633 (Invitrogen) was then added at a dilution of 1:2,000 in TBS-

Tween to the membrane and incubated for 1 h at 25°C in the absence of light.  The 

membranes were then rinsed 3 times for 10 min in TBS-Tween in unlighted conditions.  

The membranes were then dried and visualized using Imager Scanner II and ImageQuant 

TL software.  Densitometry measurements were made on the bands corresponding to 

β1AR, β2AR, and β3AR using a molecular weight standard for reference (Precision Plus 

Protein
TM

 All Blue Standards; BIO RAD).    
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For SDS-PAGE gel electrophoresis 6% acrylamide separating gels, with 4% 

acrylamide stacking gels were made and set at 4°C for 4 – 24 h.  Samples were then 

loaded onto the gels, and protein was separated by gel electrophoresis.  The gels were run 

for approximately 72 h at 100V.  The gel was placed in 300 mL Coomassie® Fluor 

Orange (Life Technologies) for 30 min at 25°C in a opaque container.  The Coomassie® 

Fluor Orange was drained off the gel, and the gel was briefly rinsed in 7.5% acetic acid 

followed by NanoPure water.  The gels were then visualized using Imager Scanner II and 

ImageQuant TL software.  Densitometry measurements were made on the bands 

corresponding to MHC-II and MHC-I. 

Immunohistochemical analysis 

Twenty-four hours prior to sectioning, embedded muscle samples were moved 

from -80°C to a -20ºC freezer to thaw.  Muscle fiber distribution, area, β-adrenergic 

receptor and satellite cell abundance was determined on 10-µm-thick cross sections.  The 

sections were cut at -20°C using a Leica CM1950 cryostat (Lieca Biosystems, Buffalo 

Grove, IL) from the embedded muscle samples.  The sections were then mounted on 

positively charged glass slides (5 slides per sample/ 3 cryosections per slide; Superfrost 

Plus; VWR International).  Cryosections were fixed using 4% paraformaldehyde 

(Thermo Fisher Scientific) for 10 min at 25°C followed by 2 brief rinses and a single 5 

min rinse in phosphate buffered saline (PBS).  Cryosections were incubated with 5% 

horse serum (Invitrogen), 2% bovine serum albumin (MP Biomedical, Solon, OH), 0.2% 

Triton-X100 (Thermo Fisher Scientific) in PBS for 30 min at 25°C to block non-specific 

antibody binding.  Cryosections were then incubated for 1 h at 25°C in the following 
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primary antibodies: Slide 1- 1:100 α-dystrophin, rabbit, IgG (Thermo Scientific); 1:100 

supernatant anti-myosin heavy chain (MHC) type 1, IgG2b (BA-D5; Developmental 

Studies Hybridoma Bank, University of Iowa, Iowa City, IA);  and supernatant anti-MHC 

(all but type IIX IgG1; BF-35, Developmental Studies Hybridoma Bank); Slide 2- 1:750 

α-beta 1 AR, rabbit, IgG (abcam); 1:750 α-beta 2 AR, chicken, IgY (abcam); 1:500 α-

beta 3 AR, goat, IgG (abcam); Slide 3- 1:10 supernatant anit-Pax7, mouse α-chicken 

(Developmental Studies Hybridoma Bank); 1:100 Myf-5, rabbit, IgG (Santa Cruz 

Biotechnology, Dallas, TX).  Slides were then rinsed 3 times for 5 min in PBS.  

Cryosections were incubated for 30 min at 25°C in opaque boxes in the following 

secondary antibodies: Slide 1- 1:1,000 goat α-rabbit, IgG, Alexa-Fluor 488 (Invitrogen);  

1:1,000 goat α-mouse, IgG1, Alexa-Fluor 546 (Invitrogen); 1:1,000 goat α-mouse, 

IgG2b, Alexa-Fluor 633 (Invitrogen); Slide 2- 1:1,000 goat α-chicken, IgY, H & L, 

Alexa-Fluor 488 (abcam); 1:1,000 donkey α-rabbit, IgG, Alexa-Fluor 546 (Invirtogen); 

1:1,000 donkey α-goat, IgG, Alexa-Fluor 633 (Invitrogen); Slide 3- 1:1,000 goat α-rabbit, 

IgG, Alexa-Fluor 488 (Invitrogen);  1:1,000 goat α-mouse, IgG1, Alexa-Fluor 546 

(Invitrogen).  Slides were then rinsed 3 times for 5 min in PBS.  Finally, cryosections 

were incubated in 1 μg/mL 4',6-diamidino-2-phenylindole (DAPI, Thermo Fisher 

Scientific) for 1 min followed by 2 brief PBS rinses.  Slides were cover-slipped with 

mounting media (Aqua Mount; Lerner Laboratories, Pittsburgh, PA) and thin glass cover 

slips (VWR International), and dried at 4°C for 24 h.  All slides were imaged within 48 h 

of staining.   
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 The slides were imaged at 200x working difference magnification using an 

inverted fluorescence microscope (Nikon Eclipse, Ti-E; Nikon Instruments Inc., 

Mellville, NY) equipped with a UV light source (Nikon Intensilight Inc.; C-HGFIE).  The 

images were captured by a CoolSnap ES
2
 monochrome camera, and artificially colored 

and analyzed using NIS Elements® Imaging software.   

 Five random images were taken of cryosections from each slide of the 

semimembranosus.  All MHC type I, IIA, and IIX muscle fibers in each image were 

identified and expressed as a percentage of the total number of muscle fibers.  The cross-

sectional area of each fiber in each image was measured using NIS Elements software 

(Nikon Instruments Inc.) and expressed on a square mm basis.  The total number of 

DAPI-stained cells in each image were enumerated to determine the nuclear density on a 

per square mm basis.  All β-AR, Pax7, Myf5, and Pax7+Myf5 satellite cells were 

identified on the respective slides stained for them, counted, and densities are reported on 

a square mm basis. 

Statistical Analysis 

Performance and carcass data were analyzed using the GLIMMIX procedure of 

SAS (v.9.3, SAS Institute; Carey, NC).  The model included block as a random effect, 

and treatment served as a fixed effect.  Pen served as the experimental unit for feedlot 

performance and carcass characteristics.  Initial weight was used as a covariate.  

Treatment means were separated using the LSMEANS procedure with PDIFF option and 

considered different at P < 0.05.  Tendencies for differences among treatment means 
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were declared when 0.05 > P ≤ 0.10.  Yield grade and quality grade distributions were 

analyzed using the FREQUENCY procedure of SAS using the chi-square option.  

For all lab analysis, data were analyzed using the GLIMMIX procedure of SAS 

(v.9.3, SAS Institute; Carey, NC).  The model included treatment as the fixed effect; steer 

served as the experimental unit, and the Kenward-Roger adjustment was used to correct 

degrees of freedom.  Means were separated using the LSMEANS procedure with the 

PDIFF option and considered different when P ≤ 0.05.  Tendencies for differences among 

treatment means were declared when 0.05 > P ≤ 0.10. 

Results and Discussion 

 

There were no differences (P > 0.05; Table 4.4) in starting and final weights, dry 

matter intake (DMI), average daily gain (ADG) and feed to gain ratios (F:G).  Spears [12] 

reported differences in weight of heifers supplemented with ZnO or ZnMet when 

compared to control.  However, when ZnO and ZnMet were supplemented to lambs ADG 

and F:G was improved with Zn supplementation [12].  Zinc methionine has been reported 

to increase rate of gain and feed efficiency of heifers [13].  Greene [1] and Rust [10] 

reported no difference in gain or feed efficiency when steers were supplemented ZnO or 

ZnMet.  In a more recent study, the addition of Zn on ADG in heifers was unaffected [4].  

There was, however, an interaction between Zn and implant when Zn was supplemented 

to heifers and steers [4].  In the heifers, ADG was 26% greater in non-implanted heifers 

fed ZnMet than implanted heifers fed ZnMet [4].  When ZnSO4 was the supplemented Zn 

source, it did not have an effect on ADG, and the implanted heifers had a greater ADG 

regardless of ZnSO4 supplementation [4].  When steers were implanted and supplemented 
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a Zn source, the results were different [4].  Implant improved ADG in steers fed a control 

diet or supplemented with ZnSO4, but did not affect ADG of implanted steers 

supplemented ZnMet [4].  Furthermore, in the current study there was no difference (P > 

0.05; Table 4.5) in HCW, DP, LMA, MS and YG between the ZINPRO and CON cattle.  

There were no differences between YG and QG distributions (P > 0.05; Table 4.6).  

Greene et al. [1] reported that ZnMet increased the percent of kidney, pelvic and heart fat, 

MS, overall QG and tended to increase backfat thickness.  Rust [10] reported that steers 

supplemented with ZnMet graded 47% USDA Choice compared to control at 37%, and 

Greene et al. [1] reported ZnMet steers graded 79% USDA Choice compared to control at 

57% and ZnO at 40%.  While our distributions were not significant, 4% of ZINPRO 

supplemented steers graded USDA Prime compared to the 1% of CON.  Huerta et al. [4] 

reported that heifers supplemented ZnMet graded 70% USDA Choice compared to 50% 

USDA Choice in control heifers and 30% USDA Choice in ZnSO4 heifers.  However, 

there were no differences in carcass grades or other carcass characteristics of steers 

supplemented with ZnMet or ZnSO4 [4].  

In the semimembranosus tissue, ZINPRO cattle contained a greater abundance of 

MHC-I mRNA (P < 0.05; Table 4.7) and tended to have a greater abundance of β1AR 

mRNA (P < 0.10; Table 4.7).  Control cattle had a greater (P < 0.05) abundance of MHC-

IIX and β1AR mRNA.  Peroxisome proliferator-activated receptor gamma and SCD 

mRNA abundance were greater (P < 0.05) in CON cattle.  There were no changes (P > 

0.05; Table 4.7) in AMPKα, MHC-IIA, β2AR, β3AR, CEBPβ, GPR43, GPR41, and 

Glut-4 mRNA between treatments.  Knobel [5] reported that ZH increased MHC-IIX and 
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decreased β1AR mRNA abundance in gluteus medius muscle and tended to decrease 

β2AR abundance in psoas major muscle.  In data collected from our lab in bovine 

satellite cells treated with ZH and Zn, we discovered that the combination of Zn and ZH 

96 h post-treatment decreased MHC-IIX and tended to decrease MHC-I mRNA 

abundance [3].  In bovine satellite cell culture work the addition of ractopamine HCl 

(RH) and Zn had no effect on β1AR, β2AR, AMPKα, IGF-1, MHC-I, MHC-IIA, MHC-

IIX mRNA abundance [2].  Ractopamine HCl is another β-AA used in beef and pork 

production.  Analysis of the adipose tissue in this study revealed a greater abundance of 

Glut-4 mRNA in CON cattle (P < 0.05; Table 4.8) when compared to ZINPRO.  Analysis 

of AMPKα, β2AR, CEBPβ, GPR43, GPR41, PPARγ, and SCD revealed no differences 

(P > 0.05) between treatments.  Oh and Choi [7] reported an increase in PPAYγ2 mRNA 

expression in bovine intramuscular adipocytes when Zn sources were added to the 

differentiation media at a concentration of 50 and 100 µM.   

No differences were detected (P > 0.05; Table 4.9) in β1AR, β2AR and β3AR 

protein abundance between treatments in semimembranosus tissue.  There were also, no 

differences (P > 0.05; Table 4.10) in β2AR and β3AR protein abundance between 

treatments in adipose tissue.  These results are supported by data from our lab, where we 

found no difference in β1AR or β2AR protein abundance of cells treated with ZH and Zn 

[3].  Furthermore, Harris [2] also reported no changes in β1AR, β2AR protein abundance 

of cells treated with RH and Zn.  ZINPRO cattle had greater (P < 0.05; Table 4.11) 

MHC-II protein abundance than CON.  In addition, ZINPRO cattle had an increased fiber 

cross-sectional area of MHC-IIA and IIX fibers (P < 0.05; Table 4.12).  There was no 
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difference (P > 0.05; Table 4.11) in MHC-I protein abundance and fiber cross-sectional 

area (P > 0.05; Table 4.12) between treatments.  Knobel [5] reported ZH decreased fiber 

cross-sectional area of MHC-I and increased in MHC-IIX fibers in the gluteus medius, 

and ZH tended to increase the fiber cross-sectional area of MHC-IIA and IIX in the 

longissimus lumborum.   

ZINPRO cattle had a greater percent of MHC-I fibers (P < 0.05; Table 4.13), and 

tended to have a higher percent of MCH-IIA fibers (P < 0.10; 47.01% vs. 47.83% 

respectively).  Control cattle had a greater percentage of MHC-IIX fibers (P < 0.05; 

Table 4.13).  Zilpaterol HCl increased the percent of MHC-IIX fibers in the longissimus 

lumborum, increased the percent of MHC-IIX and decreased the percent of MHC-I in the 

gluteus medius, and increased the percent of MHC-IIA and decreased the percent of IIX 

in the semimembranosus [5].  Paulk et al. [8] reported a linear decrease in the percent of 

MHC-IIA fibers as Zn concentration increased in pigs supplemented with RH and Zn.  

There was a tendency for the percentage of MHC-IIX fibers to increase when 

supplemental Zn was fed in combination with RH [8]. 

Control cattle had a greater density of nuclei (P < 0.05; Table 4.14).  ZINPRO 

cattle had a greater density of cells expressing Pax7 (P < 0.005; Table 4.14).  There was 

no difference in the density of cells expressing Myf5 and pax7/Myf5 between treatments 

(P > 0.05).  Knobel [5] reported that ZH supplementation decreased nuclei density in the 

longissimus lumborum, gluteus medius and semimembranosus.  Zilpaterol HCl did not 

affect satellite cell populations in the longissimus lumborum, gluteus medius and 

semimembranosus [5]. 
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ZINPRO cattle had more total muscle cells compared to CON (P < 0.05; Table 

4.15).  When evaluating β1AR, internalized β1AR and internalized β3AR, no differences 

were detected (P > 0.05).  Control cattle had a greater density of β2AR (P < 0.05), while 

ZINPRO cattle tended to have a greater density of internalized β2AR (P < 0.10).  

Furthermore, ZINPRO cattle tended to have a greater density of β3AR (P < 0.10).  In 

preliminary data from our lab, we discovered a decrease in the density of β2AR on the 

cell surface and increased the density of internalized β2AR in several different muscles 

from heifers supplemented ZH. 

The data shows that combining ZINPRO and ZH did not affect growth 

performance; however, the combination numerically increases marbling and the percent 

of cattle that graded USDA Prime (1.30% and 4.35%; respectively CON vs ZINPRO).  

While the mechanisms by which Zn enhances hypertrophy when supplemented with βAA 

have not been fully elucidated, there is speculation that β2AR potentially have multiple 

allosteric binding sites for Zn [15], allowing ZH to bind more efficiently to β2AR and 

elicit a greater affect on muscle hypertrophy.  The increased internalization of the β2AR 

in the ZINPRO cattle suggests that these receptors were desensitized and are sequestered 

within an intracellular vesicle.  When evaluating the protein abundance of MHC and 

cross-sectional area of the fibers, the ZINPRO cattle had a greater abundance of MHC-II 

protein and had greater cross-sectional areas for MHC-IIA and IIX fibers.  The ZINPRO 

treatment also increased the percentage of MHC-I and IIA fibers while decreasing the 

percent of MHC-IIX fibers, indicating that Zn supplementation may have positive 

impacts on myogenic synthesis by increasing the percentage of the more oxidative fibers.  



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

62 
 

While there is little data on the interactions of Zn source, βAA and βAR on growth and 

the biological process involved in these changes, we know that ZnMet supplementation 

often times increases fat thickness, as well as MS and QG which may possibly having an 

economic impact.  Overall, the combination of ZINPRO and ZH elicited minimal effects 

on performance and carcass characteristics while affecting myosin heavy chain isoforms 

and fiber cross-sectional area.  Based on results from previous studies and the results 

from this study, the mechanisms by which ZnMet and ZH interact to elicit effects on 

performance, lipid metabolism, and myogenic activity may be classified as a magic 

phenomenon, and future research should be conducted to further elucidate the molecular 

mechanisms that impact muscle and adipose metabolism in biological processes 

involving ZnMet and other growth promotants technologies.   
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Tables 

 

Table 4.1. Ingredient composition (DM basis) of the 

experimental finishing diets
1, 2

. 

Ingredient, % Diet 1
3 

Diet 2
3 

Sudan Hay 7.54 7.66 

Bakery Waste 8.17 8.30 

Steam flaked corn - 57.24 

Flaked wheat  60.72   - 

Wheat straw 2.45 2.49 

Liquid urea - 0.64 

Dried Distillers Grain 9.91 13.43 

Fat, yellow grease 5.88 4.78 

El Toro 1 - 10 5.33 5.46 
1
Diets were formulated to meet or exceed NRC (1996) requirements for 

growing – finishing beef cattle. 
2
 Diets contained 6.8 g/ton zilpaterol hydrochloride (Zilmax: Merck, DeSoto, 

KS) when fed for the final 20 d of the finishing period. 
3
Diet 1 was fed from trial initiation (March 11, 2013)  – August 31, 2013 , diet 

2 was fed from September 01, 2013 – October 08, 2013 
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Table 4.2. Calculated nutrient and laboratory analysis of diet samples
1,2

. 

 Diet Designation 

Nutrient Formulated Control Finishing
 

ZINPRO Finishing
 

Dry matter, % 83.5 86.60 85.40 

Crude protein, % 13.3 15.80 15.70 

Acid detergent fiber, %  - 10.00 10.90 

Neutral detergent fiber, % - 19.00 20.80 

Calcium, % 0.74 0.96 0.85 

Phosphorus, % 0.41 0.45 0.43 

Magnesium, % 0.25 0.25 0.25 

Potassium, % - 1.02 1.00 

Sodium, % - 0.28 0.29 

Sulfur, % 0.24 0.27 0.26 

Iron, ppm - 317 352 

Zinc, ppm 94/160
a 

122 163 

Copper, ppm 23 28 28 

Manganese, ppm 61 77 72 

Molybdenum, ppm - 1.00 1.20 

Cobalt, ppm 0.70 1.40 1.30 

Selenium, ppm 0.40 0.60 0.59 

Iodine, ppm 0.80 1.10 1.14 
1
Samples analyzed by Forage Testing Laboratory, Ithaca, NY, except for Se and I which were analyzed 

by Michigan State University, Diagnostic Center for Population and Animal Health. 
2
 Diets contained 6.8 g/ton zilpaterol hydrochloride (Zilmax: Merck, DeSoto, KS) when fed for the final 

20 d of the finishing period. 
a
Formulated Zn levels for CON and ZINPRO diets, respectively. 
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Table 4.3. Sequence of bovine-specific PCR primers and TaqMan probes to be used for determination of 

expression of mRNA of AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, 

GPR41, Glut4, PPARγ, SCD and RPS9
*
. 

Primer Sequence (5’ to 3’) 

AMPkα
*
 (accession #NM_001109802)  

Forward ACCATTCTTGGTTGCTGAAACTC 

Reverse CACCTTGGTGTTTGGATTTCTG 

TaqMan probe 6FAM-CAGGGCGCGCCATACCCTTG-TAMRA 

MHC-I
*
 (accession #AB059400)  

Forward CCCACTTCTCCCTGATCCACTAC 

Reverse TTGAGCGGGTCTTTGTTTTTCT 

TaqMan probe 6FAM-CCGGCACGGTGGACTACAACATCATAG-TAMRA 

MHC-IIA
*
 (accession #AB059398)  

Forward GCAATGTGGAAACGATCTCTAAAGC 

Reverse GCTGCTGCTCCTCCTCCTG 

TaqMan probe 6FAM-TCTGGAGGACCAAGTGAACGAGCTGA-TAMRA 

MHC-IIX
*
 (accession # AB059399)  

Forward GGCCCACTTCTCCCTCATTC 

Reverse CCGACCACCGTCTCATTCA 

TaqMan probe 6FAM-CGGGCACTGTGGACTACAACATTACT-TAMRA 

β1AR
*
 (accession #AF188187)  

Forward GTGGGACCGCTGGGAGTAT 

Reverse TGACACACAGGGTCTCAATGC 

TaqMan probe 6FAM-CTCCTTCTTCTGCGAGCTCTGGACCTC-TAMRA 

β2AR
*
 (accession #NM_174231)  

Forward CAGCTCCAGAAGATCGACAAATC 

Reverse CTGCTCCACTTGACTGACGTTT 

TaqMan probe 6FAM-AGGGCCGCTTCCATGCCC-TAMRA 

β3AR
*
 (accession #X85961)  

Forward AGGCAACCTGCTGGTAATCG 

Reverse GTCACGAACACGTTGGTCATG 

TaqMan probe 6FAM-CCCGGACGCCGAGACTCCAG-TAMRA 

CEBPβ
*
 (accession #NM_176788)  

Forward CCAGAAGAAGGTGGAGCAACTG 

Reverse TCGGGCAGCGTCTTGAAC 

TaqMan probe 6FAM-CGCGAGGTCAGCACCCTGC-TAMRA 

GPR43
*
 (accession #FJ562212)  

Forward GGCTTTCCCCGTGCAGTA 

Reverse ATCAGAGCAGCCATCACTCCAT 

TaqMan probe 6FAM-AAGCTGTCCCGCCGGCCC-TAMRA 

GPR41
*
 (accession #FJ562213)  

Forward TGCTCCTCAGCACCCTGAA 

Reverse TTGGAACCCAGATGATGAGAAA 

TaqMan probe 6FAM-TCCTGCGTCGACCCCCTTGTCTAC-TAMRA 

Glut4
*
 (accession #D63150)  

Forward CCTCGGCAGCGAGTCACT 

Reverse AAACTGCAGGGAGCCAAGAA 

TaqMan probe 6FAM-CCTTGGTCCTTGGCGTATTCTCCGC-TAMRA 

PPARγ
*
 (accession #NM_181024)  

Forward ATCTGCTGCAAGCCTTGGA 

Reverse TGGAGCAGCTTGGCAAAGA 

TaqMan probe 6FAM-CTGAACCACCCCGAGTCCTCCCAG-TAMRA 
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Table 4.3. Sequence of bovine-specific PCR primers and TaqMan probes to be used for determination of 

expression of mRNA of AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, 

GPR41, Glut4, PPARγ, SCD and RPS9
*
. 

Primer Sequence (5’ to 3’) 

SCD
*
 (accession #AB075020)  

Forward TGCCCACCACAAGTTTTCAG 

Reverse GCCAACCCACGTGAGAGAAG 

TaqMan probe 6FAM-CCGACCCCCACAATTCCCG-TAMRA 

RPS9
*
 (accession #DT860044)  

Forward GAGCTGGGTTTGTCGCAAAA 

Reverse GGTCGAGGCGGGACTTCT 

TaqMan probe 6FAM-ATGTGACCCCGCGGAGACCCTTC-TAMRA 
*
AMPKα = AMP-activated protein kinase alpha, MHC-I = myosin heavy chain-I, MHC-IIA = myosin heavy 

chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, β2AR = beta 2 adrenergic 

receptor, β3AR = beta 3 adrenergic receptor, CEBPβ = C-enhancer binding protein beta, GPR43 = G-protein 

coupled receptor 43, GPR41 = G-protein coupled receptor 41, Glut4 = glucose transporter type 4, PPARγ = 

peroxisome proliferator-activated receptor gamma, SCD = stearoyl-CoA desaturase and RPS9 = ribosomal 

protein S9. 
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Table 4.4. Effect of ZINPRO® in combination with zilpaterol hydrochloride on growth 

performance of calf-fed Holstein steers. 

 Control ZINPRO SEM
1 

P - Value 

Start wt, kg 482 481 3.54 0.837 

Final wt, kg 618 615 4.81 0.634 

Pen start wt, kg 52057 51974 382.63 0.838 

Pen final wt, kg 65539 65425 1041.42 0.916 

Mortality, n 3 1 0.88 0.309 

DOF 114 114 0.45 0.602 

DMI, kg 8.38 8.40 0.04 0.666 

ADG, kg 1.14 1.16 0.04 0.750 

F:G 7.61 7.34 0.33 0.465 

G:F 0.13 0.13 0.01 0.638 
1
Pooled standard error of the mean 
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Table 4.5. Effect of ZINPRO® in combination with zilpaterol hydrochloride on carcass 

characteristics of calf-fed Holstein steers.  

 Control ZINPRO SEM
1 

P - Value 

HCW, kg 389 388 2.75 0.794 

Dress, % 62.9 63.0 0.53 0.858 

Marbling 475 487 6.83 0.139 

LMA, cm
2
 82.35 81.83 0.47 0.317 

Yield Grade 2.8 2.8 0.03 0.835 
1
Pooled standard error of the mean.

 

 

  



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

71 
 

Table 4.6. Effect of ZINPRO® in combination with zilpaterol hydrochloride on quality 

and yield grade of calf-fed Holstein steers. 

Grade, % Control ZINPRO SEM
1 

P - Value 

Prime 1.30 4.35 1.70 0.134 

Choice 78.39 76.07 2.66 0.423 

Select 19.78 18.75 2.38 0.682 

No Roll 0.52 0.82 0.32 0.396 

Yield Grade 1 6.13 3.96 1.97 0.322 

Yield Grade 2 57.90 62.40 2.74 0.161 

Yield Grade 3 34.96 33.13 3.70 0.642 

Yield Grade 4 1.20 1.20 0.48 1.000 
1
Pooled standard error of the mean. 
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Table 4.7. Effect of ZINPRO® in combination with zilpaterol hydrochloride on 

relative mRNA abundance of AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, 

β2AR, β3AR, CEBPβ, GPR43, GPR41, Glut4, PPARγ, and SCD genes in 

semimembranosus tissue. 

 Treatment   

Gene
*1 

Control ZINPRO SEM
2 

P - Value 

AMPkα 1.746 1.613 0.207 0.525 

MHC-I 0.649
 

1.025
 

0.166 0.030 

MHC-IIA 2.517 2.208 0.438 0.485 

MHC-IIX 1.514
 

1.085
 

0.165 0.013 

β1AR 7.163
 

3.101
 

1.457 0.008 

β2AR 0.894 1.282 0.194 0.053 

β3AR 33.133 41.718 9.752 0.397 

CEBPβ 5.670 4.838 1.157 0.476 

GPR43 2.391 0.873 1.292 0.247 

GPR41 38.694 38.257 16.807 0.979 

Glut4 1.035 1.123 0.095 0.363 

PPARγ 3.020
 

1.749
 

0.540 0.024 

SCD 9.745
 

2.303
 

3.052 0.019 
*
AMPKα = AMP-activated protein kinase alpha, MHC-I = myosin heavy chain-I, MHC-IIA = 

myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic 

receptor, β2AR = beta 2 adrenergic receptor, β3AR = beta 3 adrenergic receptor, CEBPβ = C-

enhancer binding protein beta, GPR43 = G-protein coupled receptor 43, GPR41 = G-protein 

coupled receptor 41, Glut4 = glucose transporter type 4, PPARγ = peroxisome proliferator-

activated receptor gamma, and SCD = stearoyl-CoA desaturase. 
1
Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, 

CEBPβ, GPR43, GPR41, Glut4, PPARγ, and SCD genes were normalized with the RPS9 

endogenous control by using the change in cycle threshold (ΔCT). 
2
Pooled standard error of the mean. 
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Table 4.8. Effect of ZINPRO® in combination with zilpaterol hydrochloride on 

relative mRNA abundance of AMPKα, β2AR, CEBPβ, GPR43, Glut4, PPARγ, 

and SCD genes in adipose tissue. 

 Treatment   

Gene
*1 

Control ZINPRO SEM
2 

P - Value 

AMPkα 0.944 0.895 0.130 0.708 

β2AR 0.947 0.866 0.263 0.758 

CEBPβ 0.467 0.675 0.231 0.373 

GPR43 210.230 356.230 169.240 0.400 

Glut4 0.843
 

0.545
 

0.136 0.035 

PPARγ 0.895 0.999 0.176 0.558 

SCD 2.358 2.355 1.016 0.997 
*
AMPKα = AMP-activated protein kinase alpha, β2AR = beta 2 adrenergic receptor, CEBPβ = 

C-enhancer binding protein beta, GPR43 = G-protein coupled receptor 43, GPR41 = G-protein 

coupled receptor 41, Glut4 = glucose transporter type 4, PPARγ = peroxisome proliferator-

activated receptor gamma, and SCD = stearoyl-CoA desaturase. 
1
Relative abundance of the AMPKα, β2AR, CEBPβ, GPR43, GPR41, Glut4, PPARγ, and SCD 

genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2
Pooled standard error of the mean. 

 

 

 

  



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

74 
 

Table 4.9. Effect of ZINPRO® in combination with zilpaterol hydrochloride on relative 

protein abundance of β1AR, β2AR, and β3AR in semimembranosus tissue. 

 Treatment   

Receptor Control ZINPRO SEM
1 

P - Value 

β1 3435 3311 109.34 0.266 

β2 31924 32008 1018.98 0.934 

β3 9235 9612 461.14 0.418 
1
Pooled standard error of the mean. 
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Table 4.10. Effect of ZINPRO® in combination with zilpaterol hydrochloride on relative 

protein abundance of β2AR and β3AR in adipose tissue. 

 Treatment   

Receptor Control ZINPRO SEM
1 

P - Value 

β2 36354 36198 1429.45 0.913 

β3 35159 34662 1027.68 0.631 
1
Pooled standard error of the mean. 
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Table 4.11. Effect of ZINPRO® in combination with zilpaterol hydrochloride on relative 

protein abundance of myosin heavy chain type I and II semimembranosus tissue. 

 Treatment   

MHC Control ZINPRO SEM
1 

P - Value 

Type I 16539 18851 2305.27 0.322 

Type II 34742
 

38362
 

2021.73 0.001 
1
Pooled standard error of the mean. 
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Table 4.12. Effect of ZINPRO® in combination with zilpaterol hydrochloride on fiber 

cross-sectional area, (µm
2
) in semimembranosus tissue. 

 Treatment   

Item Control ZINPRO SEM
1 

P - Value 

Type I
 

2609.37 2525.98 89.756 0.353 

Type IIA
 

2578.90
 

2745.67
 

50.977 0.001 

Type IIX
 

3297.58
 

3486.55
 

59.431 0.001 
1
Pooled standard error of the mean. 
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Table 4.13. Effect of ZINPRO® in combination with zilpaterol hydrochloride on muscle 

fiber type composition in semimembranosus tissue. 

 Treatment   

Item, % Control ZINPRO SEM
1 

P - Value 

MHC-I 11.86
 

12.92
 

0.026 0.001 

MHC-IIA
 

47.01 47.83 0.017 0.069 

MHC-IIX 41.13
 

39.25
 

0.017 0.001 
1
Pooled standard error of the mean. 
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Table 4.14. Effect of ZINPRO® in combination with zilpaterol hydrochloride on nuclei 

and satellite cell density in semimembranosus tissue. 

 Treatment   

Item, mm
2
 Control ZINPRO SEM

1
 P - Value 

Total Nuclei  658.99
 

596.10
 

16.902 0.001 

Myofiber Nuclei 577.58 509.38 16.806 < 0.001 

Pax7
 

1.81
 

3.71
 

0.669 0.005 

Myf5 66.66 70.84 3.245 0.199 

Pax7+Myf5 12.92 12.16 1.583 0.628 
1
Pooled standard error of the mean. 
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Table 4.15. Effect of ZINPRO® in combination with zilpaterol hydrochloride on β-

adrenergic receptor density in semimembranosus tissue. 

 Treatment   

Item, mm
2
 Control ZINPRO SEM

1
 P - Value 

Total cells 242.90
 

266.33
 

7.933 0.003 

β1AR 270.84 265.72 9.052 0.572 

β1AR-internalized 0.13 0.26 0.189 0.476 

β2AR 350.77
 

308.81
 

10.537 0.001 

β2AR-internalized 0.06 0.61 0.297 0.068 

β3AR 120.67 132.66 6.309 0.058 

β3AR-internalized 0.06 0.26 0.148 0.175 
1
Pooled standard error of the mean. 
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CHAPTER V 

 

 

LOW DOSE RECOMBINANT BOVINE SOMATOTROPIN ALTERS MYOSIN 

HEAVY CHAIN ISOFORMS AND BETA-ADRENERGIC RECEPTORS IN 

SKELETAL MUSCLE OF FEEDLOT HEIFERS WITH LITTLE IMPACT ON LIVE 

OR CARCASS PERFORMANCE 

 

Abstract 

 

  The objective of this was to determine if recombinant bovine somatotropin (rbST) 

could enhance performance and biological activity in skeletal muscle of feedlot heifers 

during the finishing phase.  Heifers (n = 16; initial BW = 457 ± 3 kg) were randomly 

assigned to pens (4 pens/treatment; 2 head/pen) and treatment: 1) no rBST (CON); 2) 500 

mg/hd of sometribove zinc at d 0 and 14 (rBST; Posilac
®
; Elanco Animal Health).  

Longissimus muscle biopsies for gene expression and protein abundance were conducted 

on d 0, 14, 28, 42 and 56.  On d 88 (102 DOF), heifers were harvested and carcass data 

were collected.  Average daily gain, DMI and G:F were not affected by treatment (P > 

0.05).  There were no differences in final BW, HCW or DP (P > 0.05); however, there 

was a tendency for control cattle to have greater marbling and decreased KPH (P < 0.10).  

Loin muscle area, fat thickness, and yield grade did not differ (P > 0.05) between 

treatments.  The rBST cattle had the greatest abundance of AMPKα mRNA (P < 0.05) on 

d 0.  While there were no treatment effects, there was a day effect on MHC-IIA, MHC-

IIX, β2AR, PPARγ and SCD (P < 0.05).  All cattle had the greatest abundance of MHC-

IIA mRNA on d 56 and the greatest abundance of MHC-IIX mRNA on d 14, 28, and 42 

(P < 0.05).  The abundance of β2AR mRNA were the greatest on d 56 (P < 0.05), while 

the greatest abundance of PPARγ and SCD mRNA were on d 0 and 56 (P < 0.05).  No 
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differences (P > 0.05) were observed in mRNA between treatments for MHC-I, β1AR, 

β3AR, GPR41 or Glut4.  The βAR were quantified at their greatest abundance on d0 for 

β1AR, d 0 and 42 for β2AR, and d 0 and 28 for β3AR (P < 0.05).  Day had a significant 

effect of muscle fiber area and proportion (P < 0.05).  As DOF increased the area of 

MHC-I fibers decreased, while MHC-IIA and IIX area increased (P < 0.05).  The 

proportion of MHC-I fibers were the greatest at d 0 (P < 0.05), MHC-IIA on d 28 (P < 

0.05), and the greatest proportions of MHC-IIX on d 42 and 56 (P < 0.05).  The rBST 

decreased the proportion of MHC-I fibers and increased the proportion of MHC-IIX 

fibers (P < 0.05).  Day also increased the density of β1AR, β2AR and β3AR, with the 

greatest density of β1AR on d 28 and 42 (P < 0.05), β2AR on d 42 and 56 (P < 0.05), and 

β3AR on d 56 (P < 0.05).  The greatest density of PAX7 positive cells was on d 0, 28 and 

42(P < 0.05), and the greatest density of Myf5 positive cells on d 42 and 56 (P < 0.05).  

Also, the greatest density of cells positive for PAX7+Myf5 was measured on d 28 (P < 

0.05).  These data indicate that as DOF increase, the effects of skeletal muscle biological 

activity may not be solely dependent on rBST administration but may be due to 

physiological changes occurring as the animal reaches physiological maturity.  However, 

further investigation is needed to determine the processes that effect muscle anabolism 

during the finishing period and their interactions with growth promotants.    

Keywords: β-adrenergic receptor, myosin heavy chain, recombinant bovine somatotropin 

 

Introduction 

 

Somatotropin is a hormone produced in the hypothalamus by somatotrophs and 

lactosomatotrophs that is secreted into the anterior lobe of the pituitary gland that 
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functions in a myriad of physiological processes including the regulation of growth 

(Baumen, 1992).  Recombinant derived bovine somatotropin (rbST) as well as bovine 

somatotropin (bST) must be injected in cattle in order to be biologically active.  Bovine 

somatotropin was originally approved for use in the dairy industry in 1993 to increase the 

production of marketable milk (U.S. Food and Drug Administration, 1993).   

Just as bST has been reported to increase milk production, bST has been reported 

to stimulate growth in immature cattle (Vastergaard et al., 1995; McShane et al., 1989; 

Sandles and Pell, 1987).  Cattle treated with bST have exhibited improvements in ADG 

(Vastergaard et al., 1995; Early et al., 1990a; Enright et al., 1990; Sandles and Pell, 

1987).  Feed efficiency (FE) has also been improved when bST was administered to 

cattle (Dalke et al., 1992; Moseley et al., 1992; Grings et al., 1990; Malten et al., 1990; 

Fabry et al., 1987; Sejrsen et al., 1986).  Early et al. (1990 a,b) reported that weights 

gains of steers administered 20.6 mg/d rbST were primarily accrued by non-carcass 

components.  However, Vastergaard et al. (1995) reported increased carcass weights and 

decreased fat trim of heifers administered 15 mg/d rbST for 15 weeks.  Dalke et al. 

(1992) reported an increase in percent protein and a decrease in percent fat from the 9-10-

11
th

 rib section of steers as a weekly dose of rbST increased in concentration.  Previously, 

no differences in fiber area and the proportion of fibers have been reported in heifers 3 to 

6 d prior to harvest administered 15 mg/d rbST for 15 weeks (Vastergaard et al., 1995).  

Previous studies have primarily focused on the growth and carcass effects of daily rbST 

administration and not on the effects of minimal dosage on muscle biological activity 

throughout the finishing phase.  Thus, the objective of this study was to determine if rbST 
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enhanced performance and biological activity in the skeletal muscle of heifers during the 

finishing phase when 500 mg/hd of rbST was administered on d 0 and 14. 

Materials and Methods 

 

 This study was conducted at the Texas Tech University Burnett Center (New 

Deal, TX).  All animal procedures in the following experiment were reviewed and 

approved by the Texas Tech University Institutional Animal Care and Use Committee 

(approval #T11043). 

Animals and Management 

Fed, British and British x Continental crossbred heifers (n = 16) were sourced 

from 2 locations in the Texas panhandle.  Heifers were received at the Texas Tech 

University Burnett Center at New Deal, TX on June 20
th

 of 2013.  Heifers were provided 

access to water and a moderate-concentrate mixed diet upon arrival and placed in dirt 

pens.  Initial processing occurred on June 23
th

 2013 in which each heifer was weighed, 

tagged.  Heifers were assigned to pen based on weight and source and moved to 

confinement slated floor pens where they were allowed to acclimate for 14 d prior to trial 

initiation.  Diets were formulated to meet or exceed the National Research Council 

(1996) requirements for finishing beef cattle (Table 5.1) and were fed ad libitum 

throughout the study.    

Ration samples were obtained from the feed bunks at feedings to assess DM diet 

composition on a weekly basis.  A monthly composite was put together from a portion of 

these samples that was submitted for nutrient analysis (Servi-Tech Laboratories, 

Amarillo, TX).  Ration samples were analyzed for moisture, CP, acid detergent fiber 
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(ADF), calcium (Ca) and phosphorus (P), (Table 5.1).  During the weighing period, orts 

were collected, weighed and samples were dried to analyze DM content.  Pens were 

observed daily by trained personnel to identify and remove heifers with observable 

signs/symptoms of health and/or lameness issues. 

Experimental Design and Treatments  

 Heifers were stratified by BW and sorted into 4 BW blocks, each block consisting 

of 2 pens (2 heifers per pen).  Heifers within a block were obtained from the same source.  

Each pair of pen replicates within a block was randomly assigned to recombinant bovine 

somatotropin treatments: 1) no rBST (CON) or 2) 500 mg∙heifer
-1

 of sometribove zinc at 

d 0 and 14 (rBST; Posilac
®
; Elanco Animal Health, Greenfield, IN).  The experimental 

design yielded 4 BW blocks and 4 pen replicates per treatment. 

 On treatment initiation date, heifers were individually weighed (initial BW was 

reduced by 4% to represent a standard industry shrink) and longissimus muscle biopsy 

samples were taken in addition to serum collection.  Samples were collected at 

approximately 0700 CST on d 0, 14, 28, 42, and 56 with a certified squeeze chute.   

Biopsy Procedure 

To collect biopsies, animals were harnessed in a hydraulic chute and their backs 

were shaved over the longissimus muscle between the 10
th

 and 13
th

 rib and the area was 

disinfected with a 70% ethanol solution.  Local anesthetic (lidocaine HCL; 20 mg/mL; 8 

mL per biopsy) was administered subcutaneously in a 1
2
 inch diamond pattern (4 

injection sites; 2 mL per site), and 10 min were allotted to ensure numbness.  The area 

was disinfected with 70% ethanol solution, sterile gauze was placed over the biopsy site, 
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and an approximately 1-cm incision was made with a sterile scalpel.  The longissimus 

tissue sample was extracted utilizing a sterile 4 mm Bergstrom biopsy needle.  The tissue 

taken from the animal was then placed in a plastic container (Rubbermaid, Mogadore, 

OH) on sterile gauze.  The sample was aliquoted into three samples: one intended for 

real-time quantitative reverse transcription- polymerase chain reaction (RT-qPCR), 

another was used for protein quantification via western blotting.  These samples were 

placed in whirl-pack bags, and snap frozen in liquid nitrogen and placed into a cooler of 

dry ice for storage and transportation.  The final sample was used for 

immunohistochemical analysis.  The sample was placed under magnifying glass, and 

muscle fibers were taken from the sample following fiber direction.  The fibers were 

placed in clear frozen section compound (VWR International, West Chester, PA), on a 1 ˣ 

1.5 cm piece of cork board, frozen using dry ice, chilled 2-methyl-butane chilled, placed 

in a whirl-pack bag, and then placed in a cooler of dry ice.  All samples were transported 

to Texas Tech University prior to analysis and stored at -80°C.  After tissue extraction, 

the biopsy site was cleaned and disinfected.  The incision was sealed with Vetbond™ 

tissue adhesive (3M Animal Care Products, St. Paul, MN) and sprayed with AluShield 

aerosol bandage (Neogen Corp., Lexington, KY) to reduce the risk of infection and to 

protect the site from foreign contaminants.  All heifers were monitored for 72 h post-

biopsy for signs of infection and swelling.  None of the heifers were removed from the 

trial due to infection/swelling.  This procedure was performed on d 0, 14, 28, 42, and 56; 

location of the site was alternated between sides of the animal for subsequent biopsy 

collections.   
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Harvest and Carcass Evaluation 

The morning of shipping (88 d after treatment initiation date), heifers were 

individually weighed (final BW was reduced by 4% to represent a standard industry 

shrink).  Heifers were then transported approximately 180 km and harvested under 

USDA-FSIS inspection at a commercial abattoir. 

Carcasses were chilled approximately 25 h prior to grading.  Individual carcass 

measurements included HCW, 12
th

 rib back fat (BF), LMA, KPH %, and marbling score 

(MS) determined via Texas Tech University trained personal.  Dressing percentage for 

each heifer was calculated as the HCW/shrunk (4% pencil shrink) live weight x 100. 

RNA isolation and Real Time quantitative reverse transcription polymerase chain 

reaction 

Ribonucleic acid from the longissimus tissue biopsy was isolated with ice-cold 

buffer containing TRIreagent (Sigma, St. Louis, MO). Approximately 0.5 - 1g of frozen 

tissue was homogenized with TRI Reagent at a ratio of 0.5:1 grams of tissue to mL 

reagent.  The homogenate was then pipetted into 2 microcentrifuge tubes (1 mL sample 

per tube), 200 µL chloroform was added to each tube, vortexed for 30 s, and incubated 

for 5 min  The sample was then centrifuged at 15,000 x g for 15 min separating the 

sample into 3 layers.  The top supernatant layer was pipetted off and placed into a new 

microcentrifuge tubes.  Ice cold isopropyl alcohol (250 μL) was added to the supernatant, 

shaken, and incubated for 10 min at 25°C.  The samples were then centrifuged at 15,000 

x g for 10 min.  The supernatant was poured off, the RNA pellet at the bottom of each 

tube were allowed to dry, and 500 µL of 75% ethanol was added to each tube to rinse and 



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

88 
 

suspend the RNA pellet.  Samples were then placed in a -80°C freezer until needed (no 

longer than 3 months).  Samples were then removed from the freeze and thawed on ice.  

Samples were then centrifuged at 15,000 x RPM for 10 min, ethanol was poured off, and 

the pellet was air dried.  Nuclease free water (30 μL) was then added to each sample to 

dissolve the RNA pellet.  The concentration of RNA was determined with a 

spectrophotometer at an absorbance of 260 nm using a NanoDrop 1000 (NanoDrop 

products, Wilmington, DE).  Samples were then treated with DNAse to remove any DNA 

contaminants using a DNA-free kit (Life Technologies, Grand Island, NY).  The RNA 

was then subjected to reverse-transcription to produce cDNA.  The cDNA was then used 

for real-time quantitative reverse transcription-PCR (RT-qPCR) to measure the 

abundance of AMP-activated protein kinase alpha (AMPKα), beta 1 adrenergic receptor 

(β1AR), beta 2 adrenergic receptor (β2AR), beta 3 adrenergic receptor (β3AR), myosin 

heavy chain-I (MHC) MHC-IIA, and MHC-IIX, insulin like growth factor-I (IGF-I), G-

protein coupled receptor 43 (GPR43), G-protein coupled receptor 41 (GPR41), glucose 

transporter type 4 (Glut4), stearoyl-CoA desaturase (SCD), C-enhancer binding protein 

beta (CEBPβ), and peroxisome proliferator-activated receptor gamma (PPARγ) mRNA 

relative to the abundance of RPS9 mRNA in total RNA.  Bovine primers and probes for 

AMPKα, β1AR, β2AR, β3AR, IGF-I, MHC-I, MHC-IIA, MHC-IIX, GPR43, GPR41, 

Glut4, SCD, CEBPβ, and PPARγ are presented in Table 5.2.  Assays were performed in 

the GeneAmp 7900HT Sequence Detection System (Applied Biosystems, Life 

Technologies) using thermal cycling parameters recommended by the manufacturer (40 

cycles of 15 s at 95°C and 1 min at 60°C).   
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Protein extraction, Western blots and SDS-PAGE gel electrophoresis 

Protein from longissimus tissue was isolated with whole muscle extraction buffer 

(WMEB; 2% sodium dodecyl sulfate, 10 mM phosphate, pH 7.0).  The tissue was 

homogenized with WMEB at a ratio of 1:5 g of tissue to mL of WMEB.  The 

homogenized samples were centrifuged at 15,000 x g for 15 min, separating the sample 

into 3 layers.  The middle supernatant layer was pipetted off and placed into 

microcentrifuge tubes.  The protein samples were then diluted with either T-PER or 

WMEB to determine protein concentration using the Pierce
TM

 BCA
TM

 protein assay 

(Thermo Fisher Scientific, Fairlawn, NJ).  Protein concentration was then determined 

using a NanoDrop 1000 spectrophotometer (NanoDrop technologies) at 562 nm.  All 

samples were then diluted to the same concentration.  Modified Wangs tracking dye was 

added to western blot samples, and myosin heavy chain tracking dye was added to SDS-

PAGE samples. Samples were denatured with β-mercaptoethanol and incubated for 2 min 

at 95°C.  Samples for western blots were then loaded onto Novex 4 - 12% Bis-Tris gels 

(Invitrogen, Grand Island, NY), and protein was separated by gel electrophoresis.  The 

gels were run for approximately 35 min at 165V and 27 mA.  Proteins were transferred 

onto a nitrocellulose membrane (Invitrogen) for 7 min.  Following transfer, the 

membrane was incubated with non-fat dry milk (BIO RAD, Hercules, CA), 10% 10 x 

tris-buffered saline (TBS) in NanoPure water for 1 h at 25°C to block non-specific 

antibody binding.  The blocking solution was then removed from the membrane.  The 

appropriate primary antibody: 1:1,000 α-beta 1 AR, rabbit, IgG (abcam, Cambridge, 

MA); 1:1,000 α-beta 2 AR, goat, IgG (abcam); 1:1,000 α-beta 3 AR, goat, IgG (abcam) 
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was mixed into 1 x TBS-Tween solution, added to the membrane and allowed to incubate 

for 2 h (β1AR) or 1 hr (β2AR and β3AR) at 25°C.  The membrane was then rinsed 3 

times for 10 min in TBS-Tween.  The appropriate Alexa fluorescent antibodies: goat α-

rabbit, IgG, Alexa-Fluor 633 (Invitrogen); donkey α-goat, IgG, Alexa-Fluor 633 

(Invitrogen) was then added at a dilution of 1:2,000 in TBS-Tween to the membrane and 

incubated for 1 h at 25°C in the absence of light.  The membranes were then rinsed 3 

times for 10 min in TBS-Tween in unlighted conditions.  The membranes were then dried 

and visualized using Imager Scanner II and ImageQuant TL software.  Densitometry 

measurements were made on the bands corresponding to β1AR, β2AR, and β3AR using a 

molecular weight standard for reference (Precision Plus Protein
TM

 All Blue Standards; 

BIO RAD).    

For SDS-PAGE gel electrophoresis 6% acrylamide separating gels, with 4% 

acrylamide stacking gels were made and set at 4°C for 4 – 24 h.  Samples were then 

loaded onto the gels, and protein was separated by gel electrophoresis.  The gels were run 

for approximately 72 h at 100V.  The gel was placed in 300 mL Coomassie® Fluor 

Orange (Life Technologies) for 30 min at 25°C in a opaque container.  The Coomassie® 

Fluor Orange was drained off the gel, and the gel was briefly rinsed in 7.5% acetic acid 

followed by NanoPure water.  The gels were then visualized using Imager Scanner II and 

ImageQuant TL software.  Densitometry measurements were made on the bands 

corresponding to MHC-II and MHC-I. 
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Immunohistochemical analysis 

Twenty-four hours prior to sectioning, embedded muscle samples were moved 

from -80°C to a -20ºC freezer to thaw.  Muscle fiber distribution, area, β-adrenergic 

receptor and satellite cell abundance was determined on 10-µm-thick cross sections.  The 

sections were cut at -20°C using a Leica CM1950 cryostat (Lieca Biosystems, Buffalo 

Grove, IL) from the embedded muscle samples.  The sections were then mounted on 

positively charged glass slides (5 slides per sample/ 5 cryosections per slide; Superfrost 

Plus; VWR International).  Cryosections were fixed using 4% paraformaldehyde 

(Thermo Fisher Scientific) for 10 min at 25°C followed by 2 brief rinses and a single 5 

min rinse in phosphate buffered saline (PBS).  Cryosections were incubated with 5% 

horse serum (Invitrogen), 2% bovine serum albumin (MP Biomedical, Solon, OH), 0.2% 

Triton-X100 (Thermo Fisher Scientific) in PBS for 30 min at 25°C to block non-specific 

antibody binding.  Cryosections were then incubated for 1 h at 25°C in the following 

primary antibodies: Slide 1- 1:100 α-dystrophin, rabbit, IgG (Thermo Scientific); 1:100 

supernatant anti-myosin heavy chain (MHC) type 1, IgG2b (BA-D5; Developmental 

Studies Hybridoma Bank, University of Iowa, Iowa City, IA);  and supernatant anti-MHC 

(all but type IIX IgG1; BF-35, Developmental Studies Hybridoma Bank); Slide 2- 1:750 

α-beta 1 AR, rabbit, IgG (abcam); 1:750 α-beta 2 AR, chicken, IgY (abcam); 1:500 α-

beta 3 AR, goat, IgG (abcam); Slide 3- 1:10 supernatant anit-Pax7, mouse α-chicken 

(Developmental Studies Hybridoma Bank); 1:100 Myf-5, rabbit, IgG (Santa Cruz 

Biotechnology, Dallas, TX).  Slides were then rinsed 3 times for 5 min in PBS.  

Cryosections were incubated for 30 min at 25°C in opaque boxes in the following 
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secondary antibodies: Slide 1- 1:1,000 goat α-rabbit, IgG, Alexa-Fluor 488 (Invitrogen);  

1:1,000 goat α-mouse, IgG1, Alexa-Fluor 546 (Invitrogen); 1:1,000 goat α-mouse, 

IgG2b, Alexa-Fluor 633 (Invitrogen); Slide 2- 1:1,000 goat α-chicken, IgY, H & L, 

Alexa-Fluor 488 (abcam); 1:1,000 donkey α-rabbit, IgG, Alexa-Fluor 546 (Invirtogen); 

1:1,000 donkey α-goat, IgG, Alexa-Fluor 633 (Invitrogen); Slide 3- 1:1,000 goat α-rabbit, 

IgG, Alexa-Fluor 488 (Invitrogen);  1:1,000 goat α-mouse, IgG1, Alexa-Fluor 546 

(Invitrogen).  Slides were then rinsed 3 times for 5 min in PBS.  Finally, cryosections 

were incubated in 1 μg/mL 4',6-diamidino-2-phenylindole (DAPI, Thermo Fisher 

Scientific) for 1 min followed by 2 brief PBS rinses.  Slides were cover-slipped with 

mounting media (Aqua Mount; Lerner Laboratories, Pittsburgh, PA) and thin glass cover 

slips (VWR International), and dried at 4°C for 24 h.  All slides were imaged within 48 h 

of staining.   

 The slides were imaged at 200x working difference magnification using an 

inverted fluorescence microscope (Nikon Eclipse, Ti-E; Nikon Instruments Inc., 

Mellville, NY) equipped with a UV light source (Nikon Intensilight Inc.; C-HGFIE).  The 

images were captured by a CoolSnap ES
2
 monochrome camera, and artificially colored 

and analyzed using NIS Elements® Imaging software.   

 Five random images were taken of cryosections from each slide of the 

longissimus.  All MHC type I, IIA, and IIX muscle fibers in each image were identified 

and expressed as a percentage of the total number of muscle fibers.  The cross-sectional 

area of each fiber in each image was measured using NIS Elements software (Nikon 

Instruments Inc.) and expressed on a square mm basis.  The total number of DAPI-



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

93 
 

stained cells in each image were enumerated to determine the nuclear density on a per 

square mm basis.  All β-AR, Pax7, Myf5, and Pax7+Myf5 satellite cells were identified 

on the respective slides stained for them, counted, and densities are reported on a square 

mm basis. 

Statistical Analysis 

All data were analyzed using version 9.2 of SAS (SAS Institute, Inc., Car, NC).  

For all analysis, treatment and day were the fixed effects; block served as random effect; 

heifer served as the experimental unit; initial weight was used as a covariate, and the 

Kenward-Roger adjustment was used to correct degrees of freedom.  Performance, RT-

qPCR, western blot data and SDS-PAGE was analyzed using the MIXED procedure of 

SAS (SAS Institute, Cary, NC).  Means were separated using the LSMEANS procedure 

and considered different at P < 0.05.  Tendencies for differences among treatment means 

were declared when 0.06 ≤ P ≤ 0.10.  All immunohistochemical data was analyzed using 

the GLIMMIX procedure of SAS.  Means were separated using the LSMEANS 

procedure PDIFF option and considered significantly different when P ≤ 0.05.  

Tendencies for differences among treatment means were declared when 0.05 > P ≤ 0.10. 

Results and Discussion 

 

Feedlot performance was not affected by rBST treatment (P > 0.05; Table 5.3).  

There was no effect on ADG, final BW, and G:F due to treatment (P > 0.05).  These 

results are not common with what has been previously reported.  This lack of effect is 

likely because the heifers in this study were only administered 500 mg/hd rbST twice 

instead of continuously for extended periods, which is in contrast to previous studies 



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

94 
 

(Vastergaard et al., 1995; Preston et al., 1994; Malten et al., 1990).  The heifers were also 

housed on slatted floors at heavy body weights and worked every 2 wk resulting in 

possible stressors from handling and biopsy procedures.  Studies reported cattle treated 

with bST exhibited increased ADG from 6 – 27% (Vastergaard et al., 1995; Preston et al., 

1994; Dalke et al., 1992; Sejrsen et al., 1986).  Preston et al. (1994), Dalke et al. (1992) 

and Moseley et al. (1992) reported that feed DMI decreased when rbST was administered 

to steers.  In our study we saw no difference in DMI (P > 0.05).  Moreover, feed 

efficiency in previous studies was improved from 3 – 25% (Moseley et al., 1992; Early et 

al., 1990a; Enright et al., 1990; Malten et al., 1990; Fabry et al., 1987;).  Grings et al. 

(1990) reported that heifers treated with rbST gained 0.18 kg/d faster than control heifers 

during a 5 month treatment period; however, after that treatment period the control 

heifers gained 0.12 kg/d faster.  Similar to the results of this study, Peters (1986) reported 

no difference in growth performance of steers during a 4 week trial when steers were 

administered 38 IU/d for 29 d.   

Carcass traits were not affected by rBST treatment (P > 0.05; Table 5.4).  There 

was no difference in DP, HCW, LMA, BF, and YG (P > 0.05).  However, CON heifers 

tended to have a greater MS (P < 0.10) and a decreased KPH (P < 0.10).  Several studies 

reported no change in HCW between control and rbST treated steers (Dalke et al., 1992; 

Moseley et al., 1992; Early et al., 1990a).  However, Vastergaard et al. (1995) and 

Sandles and Peel (1987) reported an increase in HCW in prepubertal heifers administered 

rbST.  Additionally, several studies reported rbST decreased BF and MS (Vastergaard et 

al., 1995; Preston et al., 1994; Dalke et al., 1992; Moseley et al., 1992; Early et al., 1990; 
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McShane et al., 1988; Peters, 1986).  Moseley et al. (1992) reported a 4 - 15% increase in 

LMA of rbST steers.   

No treatment effects were observed when analyzing the mRNA abundance of 

MHC-IIA, MHC-IIX, β2AR, PPARγ and SCD; however, a day effect was revealed (P < 

0.05; Table 5.5).  These changes with day were expected as the animal reached 

physiological maturity and the muscles underwent hypertrophy increasing cell size and 

the expression of MHC-IIA and IIX.  All heifers had the greatest abundance of MHC-IIA 

mRNA on d 56 and the greatest abundance of MHC-IIX mRNA on d 14, 28, and 42 (P < 

0.05).  Abundance of β2AR mRNA were the greatest on d 56 (P < 0.05), while the 

greatest abundance of PPARγ and SCD mRNA were on d 0 and 56 (P < 0.05).  No 

differences (P > 0.05) were observed in mRNA between treatments for MHC-I, β3AR, 

GPR41 or Glut4.  Maltin et al. (1990) also reported no increase in mRNA of steers 

administered GH.  There is no literature evaluating the changes in mRNA expression of 

several genes in cattle administered somatotropin.  Taaffe et al. (1996) reported no 

changes in IGF-I mRNA concentrations after a 14-wk pretreatment or after treatment of 

elderly men administered recombinant human growth hormone (rhGH).  However, 

Turner et al. (1988) reported an eightfold increase in IGF-I mRNA concentrations in 

skeletal muscle on d 80 of rats implanted with growth hormone-secreting GH3 cells. 

There were no changes in blood serum IGF-I concentrations (P > 0.05; Table 5.6).  

The lack of change in IGF-1 was not expected as several studies have reported increased 

serum IGF-I with increased rbST administration (Preston et al., 1994; Dalke et al., 1992; 

Moseley et al., 1992).  In addition, Vastergaard et al. (1995) reported rbST treatment of 
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heifers increased serum IGF-I concentrations.  Draghia-Akli et al. (1999) reported that 

pigs administered protease-resistant porcine growth hormone-releasing hormone 

enhanced growth hormone secretion and serum IGF-I levels by three to sixfold in 3 week 

old piglets. Furthermore, serum concentrations of GH and IGF-I were unchanged during 

a 4-wk control period or the course of a 21-wk strength training period of elderly women 

(Hakkinen et al., 2001).   

Western blotting of β1AR and β2AR revealed no interactions between treatment 

and day in β1AR, β2AR, and β3AR protein abundance across both treatments (P > 0.05; 

Table 5.7).  There was a day effect on protein abundance (P < 0.05) as was expected.  

The βAR were quantified at their greatest abundance on d0 for β1AR, d 0 and 42 for 

β2AR, and d 0 and 28 for β3AR (P < 0.05).  No, previous studies examining the changes 

in βAR abundance when somatotropin is administered were located in published 

literature. 

There was not a significant treatment effect on MHC-I and MHC-II protein 

abundance; however there was a day effect (P < 0.05; Table 5.8).  The greatest 

abundance of MHC-I and MHC-II were on d 28 and the lowest abundance on d 0 (P < 

0.05).   

For immunohistochemistry fiber area and fiber proportion, there was a treatment 

effect (P < 0.05; Figures 5.1 and 5.2), day effect (P < 0.05) and treatment by day effect 

(P < 0.05).  Control heifers had the greatest MHC-I cross-sectional fiber area on d 0 (P < 

0.05; Figure 5.1).  However, on d 42 and 56 CON heifers had the smallest MHC-I cross-

sectional area (P < 0.05).  On d 28 rBST heifers and the greatest MHC-IIA fiber cross-
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sectional area (P < 0.05), on d 42 CON and on d 0 CON and rBST heifers had the 

smallest MHC-IIA fiber cross-sectional areas (P < 0.05).  On d 28 through d 56 of the 

finishing phase, rBST heifers had a greater fiber cross-sectional area in MHC-IIX fibers 

(P < 0.05).  Taaffe et al. (1996) reported an increase in MHC-I and MHC-II fibers of 

elderly men after a 14-wk training period but did not see a difference after the men were 

administered rhGH.  The proportion of MHC-I fibers decreased, (P < 0.05; Figures 5.2, 

5.5 and 5.6) in CON and rBST heifers as DOF increased.  Control heifers had the least 

MHC-I fibers on d 56 (P < 0.05).  This trend was also seen with the proportion of MHC-

IIA fibers, with the greatest proportions on d 0 in CON and rBST heifers (P < 0.05).  

Conversely, as DOF increased the proportion of MHC-IIX fibers increased (P < 0.05), 

the greatest proportion of MHC-IIX fibers were in rBST heifers on d 42 (P < 0.05).  This 

is commonly seen as animals mature and muscle size increases due to hypertrophy 

(Johnston et al., 1975).  Maltin et al. (1990) reported no change in cross-sectional area of 

fast twitch glycolytic (FG), and fast twitch oxidative glycolytic (FOG) fibers in the 

semimembranosus of veal calves administered GH at 3-5 mg for ~105 d; however, FOG 

fibers in the triceps brachii was increased by GH treatment.  The administration of rbST 

in this study decreased the proportion of MHC-I fibers (P < 0.05), increased the 

proportion of MHC-IIX fibers (P < 0.05) and increased the area of MHC-I, IIA and IIX 

(P < 0.05).  Vestergaard et al. (1995) reported no differences in MHC fiber area when 

heifers were administered 15 mg rbST for 15 weeks.  The proportion of fibers in the 

longissimus dorsi, semimembranosus and triceps brachii was not affected due to rbST 
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administration for 15 weeks in heifers or for GH treatment for ~105 d in veal steers 

(Vestergaard et al., 1995; Maltin et al., 1990).   

Recombinant bST heifers had the greatest density of nuclei on d 28 (P < 0.05; 

Figure 5.3).  Day had a significant effect on the density of β1AR, β2AR and β3AR, as 

well as satellite cell populations.  The greatest density of β1AR was on d 28 and 42 (P < 

0.05; Table 5.9), β2AR on d 42 and 56 (P < 0.05) and β3AR on d 56 (P < 0.05).  In 

satellite cells, the greatest density of PAX7 positive cells was on d 0, 28 and 42(P < 0.05; 

Figure 5.4), the greatest density of Myf5 positive cells on d 42 and 56 (P < 0.05), and the 

greatest density of cells positive for PAX7+Myf5 on d 28 (P < 0.05).  There has been 

limited research conducted in cattle examining βAR and satellite cell activity in skeletal 

muscle during somatotropin administration. 

The data in this study reveal that rbST administration had no effect on growth 

performance or carcass characteristics.  The lack of effect could possibly be exacerbated 

by the small number of animals involved in the current study and animal variation.  These 

data indicate that as DOF increase, the effects of skeletal muscle biological activity may 

not be solely dependent on rBST administration but may be in part due to physiological 

changes occurring as the animal reaches maturity.  Recombinant bST administration 

affected skeletal muscle biological activity increasing the proportion of MHC-IIX fibers 

and decreasing the proportion of MHC-I fibers, as well as increasing the cross-section 

area of MHC-I, IIA and IIX fibers.  Overall, we may conclude that the administration of 

rbST at 500 mg/hd at two time points may not be the most effective supplementation 

strategy to improve feedlot and carcass performance as well as profitability.  However, 
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further investigation is needed to elucidate interactions between concentration and dosage 

intervals of rbST given to heifers that most effectively enhances muscle anabolism during 

the finishing period.  
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Tables and Figures 

 

Table 5.1. Ingredient composition (%, DM 

basis) of the experimental design
1
. 

Ingredients Control and rBST 

Ingredient  

Corn 83.05 

Alfalfa 4.48 

Cotton seed hulls 4.62 

Supplement 2.24 

Calcium 1.55 

Urea 0.72 

Fat 3.13 

Analyzed Composition  

DM, % 77.60 

CP,% 13.60 

ADF,% 8.20 

TDN, % 86.50 

Fat, % 5.20 

Ca,% 0.49 

P, % 0.39 
1
Diets were formulated to meet or exceed NRC (1996) 

requirements for growing – finishing beef cattle. 
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Table 5.2. Sequence of bovine-specific PCR primers and TaqMan probes to be used for determination of 

expression of mRNA of AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, 

GPR41, Glut4, PPARγ, SCD and RPS9
*
. 

Primer Sequence (5’ to 3’) 

AMPkα
*
 (accession #NM_001109802)  

Forward ACCATTCTTGGTTGCTGAAACTC 

Reverse CACCTTGGTGTTTGGATTTCTG 

TaqMan probe 6FAM-CAGGGCGCGCCATACCCTTG-TAMRA 

MHC-I
*
 (accession #AB059400)  

Forward CCCACTTCTCCCTGATCCACTAC 

Reverse TTGAGCGGGTCTTTGTTTTTCT 

TaqMan probe 6FAM-CCGGCACGGTGGACTACAACATCATAG-TAMRA 

MHC-IIA
*
 (accession #AB059398)  

Forward GCAATGTGGAAACGATCTCTAAAGC 

Reverse GCTGCTGCTCCTCCTCCTG 

TaqMan probe 6FAM-TCTGGAGGACCAAGTGAACGAGCTGA-TAMRA 

MHC-IIX
*
 (accession # AB059399)  

Forward GGCCCACTTCTCCCTCATTC 

Reverse CCGACCACCGTCTCATTCA 

TaqMan probe 6FAM-CGGGCACTGTGGACTACAACATTACT-TAMRA 

β1AR
*
 (accession #AF188187)  

Forward GTGGGACCGCTGGGAGTAT 

Reverse TGACACACAGGGTCTCAATGC 

TaqMan probe 6FAM-CTCCTTCTTCTGCGAGCTCTGGACCTC-TAMRA 

β2AR
*
 (accession #NM_174231)  

Forward CAGCTCCAGAAGATCGACAAATC 

Reverse CTGCTCCACTTGACTGACGTTT 

TaqMan probe 6FAM-AGGGCCGCTTCCATGCCC-TAMRA 

β3AR
*
 (accession #X85961)  

Forward AGGCAACCTGCTGGTAATCG 

Reverse GTCACGAACACGTTGGTCATG 

TaqMan probe 6FAM-CCCGGACGCCGAGACTCCAG-TAMRA 
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Table 5.2. Sequence of bovine-specific PCR primers and TaqMan probes to be used for determination of 

expression of mRNA of AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, 

GPR41, Glut4, PPARγ, SCD and RPS9
*
. 

Primer Sequence (5’ to 3’) 

IGF-I (accession #X15726)  

Forward TGTGATTTCTTGAAGCAGGTGAA 

Reverse AGCACAGGGCCAGATAGAAGAG 

TaqMan probe 6FAM-GCCCATCACATCCTCCTCGCA-TAMRA 

CEBPβ
*
 (accession #NM_176788)  

Forward CCAGAAGAAGGTGGAGCAACTG 

Reverse TCGGGCAGCGTCTTGAAC 

TaqMan probe 6FAM-CGCGAGGTCAGCACCCTGC-TAMRA 

GPR43
*
 (accession #FJ562212)  

Forward GGCTTTCCCCGTGCAGTA 

Reverse ATCAGAGCAGCCATCACTCCAT 

TaqMan probe 6FAM-AAGCTGTCCCGCCGGCCC-TAMRA 

GPR41
*
 (accession #FJ562213)  

Forward TGCTCCTCAGCACCCTGAA 

Reverse TTGGAACCCAGATGATGAGAAA 

TaqMan probe 6FAM-TCCTGCGTCGACCCCCTTGTCTAC-TAMRA 

Glut4
*
 (accession #D63150)  

Forward CCTCGGCAGCGAGTCACT 

Reverse AAACTGCAGGGAGCCAAGAA 

TaqMan probe 6FAM-CCTTGGTCCTTGGCGTATTCTCCGC-TAMRA 

PPARγ
*
 (accession #NM_181024)  

Forward ATCTGCTGCAAGCCTTGGA 

Reverse TGGAGCAGCTTGGCAAAGA 

TaqMan probe 6FAM-CTGAACCACCCCGAGTCCTCCCAG-TAMRA 

SCD
*
 (accession #AB075020)  

Forward TGCCCACCACAAGTTTTCAG 

Reverse GCCAACCCACGTGAGAGAAG 

TaqMan probe 6FAM-CCGACCCCCACAATTCCCG-TAMRA 
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Table 5.2. Sequence of bovine-specific PCR primers and TaqMan probes to be used for determination of 

expression of mRNA of AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, 

GPR41, Glut4, PPARγ, SCD and RPS9
*
. 

Primer Sequence (5’ to 3’) 

RPS9
*
 (accession #DT860044)  

Forward GAGCTGGGTTTGTCGCAAAA 

Reverse GGTCGAGGCGGGACTTCT 

TaqMan probe 6FAM-ATGTGACCCCGCGGAGACCCTTC-TAMRA 
*
AMPKα = AMP-activated protein kinase alpha, MHC-I = myosin heavy chain-I, MHC-IIA = myosin heavy 

chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, β2AR = beta 2 adrenergic 

receptor, β3AR = beta 3 adrenergic receptor, CEBPβ = C-enhancer binding protein beta, GPR43 = G-protein 

coupled receptor 43, GPR41 = G-protein coupled receptor 41, Glut4 = glucose transporter type 4, PPARγ = 

peroxisome proliferator-activated receptor gamma, SCD = stearoyl-CoA desaturase and RPS9 = ribosomal 

protein S9. 
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Table 5.3. Growth performance response of finishing heifers 

administered recombinant bovine somatotropin (kg). 

 Treatments
1 

  

 Control rBST SEM
2 

P-Value 

Start Weight 459.32 454.24 14.91 0.740 

Day 56 487.55 498.43 20.22 0.602 

Final Weight 534.95 543.66 20.26 0.676 

ADG, D 0-56 0.50 0.78 0.18 0.159 

ADG, D 0-88 0.86 1.01 0.10 0.154 

DMI 7.39 7.39 0.04 0.965 

G:F, D 56 0.09 0.11 0.02 0.478 

G:F, D88 0.12 0.14 0.01 0.159 
1Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 mg/hd sometribove zinc 

at d 0 and 14 (Posilac®; Elanco Animal Health). 
2Pooled standard error of the mean. 
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Table 5.4. Carcass trait response of finishing heifers administered 

recombinant bovine somatotropin. 

 Treatments
1  

 

 Control rBST SEM
2 

P - Value 

HCW, kg 337.81 344.59 12.55 0.600 

LMA, cm
2
 88.38 94.83 4.84 0.223 

FT, cm 1.62 1.87 0.23 0.275 

KPH, % 1.9 2.1 0.10 0.088 

Marbling 498 441 28.46 0.073 

Yield Grade 2.9 3.0 0.40 0.890 

Dress, % 63.19 63.38 0.60 0.760 
1Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 mg/hd sometribove zinc at d 

0 and 14 (Posilac®; Elanco Animal Health). 
2Pooled standard error of the mean. 
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Table 5.5. Effect of recombinant bovine somatotropin on relative mRNA abundance of AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, 

β2AR, β3AR, CEBPβ, GPR43, GPR41, Glut4, PPARγ, and SCD genes in longissimus tissue. 
 Treatment

1 
  

 Control  rBST  P-Value 

Gene
*2 

Day 0 Day 14 Day 28 Day 42 Day 56  Day 0 Day 14 Day 28 Day 42 Day 56 SEM
3 

Trt Day Trt*Day 

AMPkα 1.97
c 

2.34
bc 

2.74
bc 

2.77
bc 

3.50
ab  

4.59
a 

2.49
bc 

3.43
ab 

3.44
ab 

2.48
bc 

0.71 0.049 0.450 0.011 

IGF-I 1.04
x 

0.79
yz 

0.41
z 

0.45
z 

0.99
xy  

1.53
x 

0.84
yz 

0.68
z 

0.48
z 

1.08
xy 

0.31 0.185 0.002 0.821 

MHC-I 1.69
 

1.97
 

2.02
 

2.45
 

2.31
  

2.60
 

1.78
 

2.03
 

2.89
 

2.18
 

0.44 0.291 0.113 0.345 

MHC-IIA 2.46
z 

3.50
z 

2.15
z 

2.94
z 

6.19
y  

3.77
z 

2.98
z 

3.59
z 

3.46
z 

5.97
y 

1.19 0.350 0.001 0.658 

MHC-IIX 0.30
z 

0.83
xy 

1.00
x 

1.16
x 

0.74
yz  

0.72
z 

1.10
xy 

1.39
x 

1.09
x 

0.72
yz 

0.24 0.077 0.001 0.465 

β1AR 76.71
 

8.45
 

31.49
 

3.98
 

186.59
  

97.85
 

53.34
 

51.83
 

117.48
 

100.84
 

60.15 0.388 0.058 0.213 

β2AR 0.41
z 

0.74
y 

0.48
yz 

0.60
yz 

1.13
x  

0.51
z 

0.79
y 

0.66
yz 

0.67
yz 

0.90
x 

0.17 0.682 0.001 0.525 

β3AR 182.76
p 

33.23
p 

281.45
p 

94.08
p 

221.73
p  

175.97
o 

486.32
o 

365.88
o 

279.74
o 

608.45
o 

213.31 0.006 0.253 0.221 

CEBPβ 2.07
 

2.47
 

2.22
 

2.70
 

3.96
  

1.38
 

2.85
 

2.45
 

2.99
 

3.99
 

1.14 0.919 0.059 0.955 

GPR43 0.27
 

0.07
 

1.54
 

0.06
 

3.45
  

0.21
 

1.37
 

1.53
 

1.83
 

1.60
 

1.23 0.660 0.064 0.223 

GPR41 5.23 0.10 1.95 0.04 4.08 
 

0.37 1.76 2.29 2.76 2.89 3.01 0.837 0.709 0.370 

Glut4 0.67 0.67 0.56 0.65 0.53 
 

0.58 0.52 0.67 0.75 0.69 0.15 0.669 0.868 0.452 

PPARγ 2.07
x 

0.46
z 

0.12
z 

0.19
z 

0.97
y  

2.00
x 

0.40
z 

0.17
z 

0.78
z 

1.40
y 

0.51 0.386 0.001 0.813 

SCD 1.62
x 

0.39
yz 

0.03
z 

0.08
yz 

0.25
y  

1.48
x 

0.26
yz 

0.07
z 

0.21
yz 

0.87
y 

0.35 0.493 0.001 0.486 
a, b, c Means in the same row having different superscripts are significant at P ≤ 0.05 due to Trt*Day interaction. 
o, p Means in the same row having different superscripts are significant at P ≤ 0.05 due to Trt. 
x, y, z Means in the same row having different superscripts are significant at P ≤ 0.05 due to Day. 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = Insulin-like growth factor, MHC-I = myosin heavy chain-I, MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, 

β1AR = beta 1 adrenergic receptor, β2AR = beta 2 adrenergic receptor, β3AR = beta 3 adrenergic receptor, CEBPβ = C-enhancer binding protein beta, GPR43 = G-protein coupled receptor 43, 

PPARγ = peroxisome proliferator-activated receptor gamma, and SCD = stearoyl-CoA desaturase. 
1Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 mg/hd sometribove zinc at d 0 and 14 (Posilac®; Elanco Animal Health). 
2Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous 

control by using the change in cycle threshold (ΔCT). 
3Pooled standard error of the mean. 
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Table 5.6. Effect of recombinant bovine somatotropin on IGF-I concentration
1
 in blood serum. 

 Treatment
2 

  

 Control  rBST  P-Value 
 

Day 0 Day 14 Day 28 Day 42 Day 56  Day 0 Day 14 Day 28 Day 42 Day 56 SEM
3 

Trt Day Trt*Day 

IGF-I 168.00
 

144.81
 

120.59
 

162.67
 

133.07
 

 180.30
 

172.43
 

174.98
 

130.49
 

134.58
 

24.87 0.246 0.193 0.146 
1Picomoles of IGF-I/mL 
2Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 mg/hd sometribove zinc at d 0 and 14 (Posilac®; Elanco Animal Health). 
3Pooled standard error of the mean. 
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Table 5.7. Effect of recombinant bovine somatotropin on relative protein abundance of β1AR, β2AR, and β3AR in longissimus tissue. 
 Treatment

1 
    

 Control  rBST  P-Value 

Receptor Day 0 Day 14 Day 28 Day 42 Day 56  Day 0 Day 14 Day 28 Day 42 Day 56 SEM
2 

Trt Day Trt*Day 

β1AR 11325
a 

8839
b 

5315
c 

6103
c 

8676
b 

 12125
a 

8328
b 

5596
c 

6339
c 

7728
b 

975.34 0.947 0.001 0.714 

β2AR 9051
a 

8452
b 

7599
b 

9536
a 

7658
b 

 10653
a 

7635
b 

8308
b 

10010
a 

7959
b 

947.59 0.273 0.001 0.471 

β3AR 16662
a 

13645
b 

17457
a 

11438
c 

13858
b 

 16899
a 

14360
b 

18733
a 

11631
c 

14047
b 

1609.07 0.460 0.001 0.984 
a, b, c Means in the same row having different superscripts are significant at P ≤ 0.05 due to Day. 
1Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 mg/hd sometribove zinc at d 0 and 14 (Posilac®; Elanco Animal Health). 
2Pooled standard error of the mean. 
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Table 5.8. Effect of recombinant bovine somatotropin on relative protein abundance of myosin heavy chain type-I and II in longissimus 

tissue. 
 Treatment

1 
    

 Control  rBST  P-Value 

MHC Day 0 Day 14 Day 28 Day 42 Day 56  Day 0 Day 14 Day 28 Day 42 Day 56 SEM
2 

Trt Day Trt*Day 

Type-I 14854
c 

23057
ab 

28578
a 

21771
b 

26946
ab 

 15391
c 

21890
ab 

26707
a 

22655
b 

25635
ab 

2989.36 0.702 0.001 0.964 

Type-II 22984
d 

40952
ab 

42908
a 

29860
cd 

36240
bc 

 24551
d 

40295
ab 

50816
a 

29643
cd 

32967
bc 

2959.03 0.595 0.001 0.389 
a, b, c, d Means in the same row having different superscripts are significant at P ≤ 0.05 Day. 
1Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 mg/hd sometribove zinc at d 0 and 14 (Posilac®; Elanco Animal Health). 
2Pooled standard error of the mean. 
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Figure 5.1. Effect of recombinant bovine somatotropin on fiber cross-sectional area (µm2) in longissimus tissue.  
a, b, c, d, e 

Means in the 

same column group having different superscripts are significant at P ≤ 0.05.  Control = 0 mg/hd recombinant bovine somatotropin; 

rBST = 500 mg/hd sometribove zinc at d 0 and 14 (Posilac
®
; Elanco Animal Health). 
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Figure 5.2. Effect of recombinant bovine somatotropin on muscle fiber type composition in longissimus tissue.  
a, b, c, d, e 

Means in the 

same row having different superscripts are significant at P ≤ 0.05.  Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 

mg/hd sometribove zinc at d 0 and 14 (Posilac
®
; Elanco Animal Health). 
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Table 5.9. Effect of recombinant bovine somatotropin on β-adrenergic receptor density in longissimus tissue. 
 Treatment

1 
  

 Control  rBST  P-Value 

Item
*
, mm

2
 Day 0 Day 14 Day 28 Day 42 Day 56  Day 0 Day 14 Day 28 Day 42 Day 56 SEM

2 
Trt Day Trt*Day 

β1AR 129.19
bc 

64.67
f 

143.10
ab 

161.62
a 

98.31
de  

129.19
bc 

92.46
e 

144.58
ab 

142.85
ab 

110.33
cde 

10.80 0.712 0.001 0.012 

β1ARI 0.00 7.81
b 

11.15
b 

0.00 0.00 
 

0.00 17.68
a 

0.38
c 

0.00 0.00 3.22 0.776 0.005 0.003 

β2AR 141.94
cd 

95.74
f 

146.46
c 

172.39
ab 

157.91
bc  

117.17
e 

123.79
de 

151.75
c 

151.95
c 

182.35
a 

10.57 0.579 0.001 0.001 

β2ARI 7.94 9.52 10.40 0.00 0.00 
 

9.27 11.97 22.74 0.00 0.00 6.99 0.714 0.159 0.925 

β3AR 45.61
cd 

31.94
f 

44.27
cde 

49.99
c 

58.75
b  

33.11
f 

38.87
def 

37.92
ef 

46.00
cd 

66.58
a 

3.89 0.333 0.001 0.001 
a, b, c, d, e, f Means in the same row having different superscripts are significant at P ≤ 0.05. 
* β1AR = beta-1-adrenergic receptor, β1ARI = beta-1-adrenergic receptor, internalized, β2AR = beta-2-adrenergic receptor, β2ARI = beta-2-adrenergic receptor, internalized,  β3AR = beta-3-

adrenergic receptor, β3ARI = beta-3-adrenergic receptor, internalized.  
1Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 mg/hd sometribove zinc at d 0 and 14 (Posilac®; Elanco Animal Health). 
2Pooled standard error of the mean. 
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Figure 5.3. Effect of recombinant bovine somatotropin on nuclei density in longissimus tissue.  
a, b, c, d, e 

Means in the same column 

group having different superscripts are significant at P ≤ 0.05.  Control = 0 mg/hd recombinant bovine somatotropin; rBST = 500 

mg/hd sometribove zinc at d 0 and 14 (Posilac
®
; Elanco Animal Health). 
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Figure 5.4. Effect of recombinant bovine somatotropin on nuclei density and satellite cell density in longissimus tissue.
 a, b, c, d, e 

Means 

in the column group row having different superscripts are significant at P ≤ 0.05 due to Trt*Day interaction. 
y, z

 Means in the same 

column group having different superscripts are significant at P ≤ 0.05 due to Day. Control = 0 mg/hd recombinant bovine 

somatotropin; rBST = 500 mg/hd sometribove zinc at d 0 and 14 (Posilac
®
; Elanco Animal Health). 
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Figure 5.5. Immunohistochemical detection on a muscle cross section of the longissimus biopsy from heifers administered 

recombinant bovine somatotropin demonstrates sarcolemma by dystropin in green, myosin heavy chain type I positive muscle fibers in 

red, myosin type I and IIA in orange, and myosin type IIX in gray (negative for myosin heavy chain type I and IIA), (A) day 0, (B) 

day 14, (C) day 28, (D) day 42, (E) day 56.    
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Figure 5.6. Immunohistochemical detection on a muscle cross section of the longissimus biopsy from control heifers demonstrates 

sarcolemma by dystropin in green, myosin heavy chain type I positive muscle fibers in red, myosin type I and IIA in orange, and 

myosin type IIX in gray (negative for myosin heavy chain type I and IIA), (A) day 0, (B) day 14, (C) day 28, (D) day 42, (E) day 56. 
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CHAPTER VI 

 

ZILPATEROL HYDROCHLORIDE AFFECTS MYOSIN ISOFORMS AND 

CELLULAR MUSCLE METABOLISM OF MUSCLES USED FOR BOTH SUPPORT 

AND LOCOMOTIVE FUNCTIONS IN FEEDLOT HEIFERS 

 

Abstract 

 

Beta-adrenergic agonists (βAA) such as zilpaterol HCl (ZH) are known to 

increase carcass protein deposition while simultaneously decreasing fat deposition.  

Recently, much attention has been aimed toward ZH and the possibility that it may cause 

lameness in beef cattle.  In response to these concerns, the objective of this study was to 

determine if zilpaterol HCl altered muscle metabolism in muscles used for both support 

and locomotive functions in crossbred heifers.  Heifers (n = 19) were assigned to 

treatment: no ZH (Control; n = 10) or supplemented with ZH (n = 9).  Ten muscles were 

collected (Thoracic: infraspinatus (IF), pectoralis profundi (PP), subscapularis (SS); 

Dorsal: latissimus dorsi (LA), longissimus dorsi (LD), trapezius (TP); Pelvic: adductor 

femoris (AD), biceps femoris (BF), gluteus medius (GM), semitendinosus (ST)) at 

harvest.  All muscle samples were subjected to RT-qPCR to determine the mRNA 

abundance of AMPkα, IGF-I, MHC-I, IIA and IIX, β1-adrenergic receptor (βAR) and 

β2AR.  As well as, western blotting to determine the protein abundance of β1AR, β2AR, 

MHC-I and MHC-II, and immunohistochemistry analysis to determine cross-sectional 

area and proportion of myosin isoforms, β1AR, β2AR, β3AR, nuclei, and satellite cell 

density.  There were no differences in AMPkα, MHC-I, β1AR or β2AR mRNA abundance 

between treatments across all muscles (P > 0.05).  Zilpaterol HCl decreased the 

abundance of IGF-I in the LD (P < 0.05) and tended to decrease somatomedin in the AD 
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(P < 0.10).  Myosin heavy chain-IIA mRNA abundance was decreased in LD, AD, LA, 

SS (P < 0.05) and tended to decrease in the IF (P < 0.10) of ZH samples.  Zilpaterol HCl 

increased the mRNA abundance of MHC-IIX in the GM and SS (P<0.05).  There was no 

difference in β1AR or β2AR protein abundance between treatments across all muscles (P 

> 0.05).  There was no difference in MHC-I or MHC-II protein abundance between 

treatments across all muscles (P > 0.05) with the exception of the PP containing a greater 

abundance of MHC-II protein in the ZH treatment (P < 0.05).  The ZH supplemented 

heifers had increased fiber cross-sectional area of MHC-I in muscles except GM and LA 

(P < 0.05), MHC-IIA in all the muscles (P < 0.05) and MHC-IIX in all the muscles 

except LD, BF and SS (P < 0.05).  Zilpaterol HCl decreased the proportion of MHC-I 

fibers in all muscles except LD, BF and LA (P < 0.05), increased the proportion of MHC-

IIA in all muscles except LA and IF (P < 0.05), and increased the proportion of MHC-IIX 

fibers in GM, LA, PP, TP and TF.  Supplementation decreased the density of β1AR in all 

muscles except LD and BF (P < 0.05), and increased the density of internalized β2AR in 

all muscles except for BF, SS, PP and IF (P<0.05).  The density of Myf5 satellite cells 

was decreased in all muscles except GM and IF (P < 0.05) in ZH heifers.  Muscle 

affected mRNA concentration of MHC-I, IIA, IIX and β1AR, protein concentration of 

β1AR, β2AR, MHC-I and, II.  Furthermore, muscle affected the proportion of fiber type, 

fiber cross-sectional area and the densities of nuclei, β1AR, β2AR, β3AR, and satellite 

cells (P < 0.05).  Overall, these data reveal that ZH positively impacts cellular muscle 

metabolism and myogenic activity that manifests itself in carcass lean protein deposition 

and ultimate profitability.   
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Keywords: β-adrenergic receptor, myosin heavy chain, zilpaterol hydrochloride 

Introduction 

 

Zilpaterol hydrochloride is a βAA that is commonly used in beef cattle to increase 

lean tissue deposition on the carcass while simultaneously improving feedlot performance 

and profitability.  This compound has been reported to increase protein synthesis and 

decrease protein degradation while simultaneously decreasing lipogenesis and increasing 

lipolysis (Mersmann et al., 1998).  Zilpaterol HCL was approved for use in cattle in 2006 

under the trade name of Zilmax® (Merck Animal Health) and is fed at a rate of 6.8 g/ton 

for the last 20 – 40 days of the finishing phase with a 3 d withdrawal prior to slaughter.   

Rathmann et al. (2012) as well as other studies reported that ZH  improved feed to gain, 

HCW, dressing percentage and LMA while decreasing back fat thickness (Scramlin et al., 

2010; Vasconcelos et al., 2008; Strydom et al., 2009).   

Beta-adrenergic agonists work through an interaction with the β-AR (Avendaño-

Reyes, et al., 2006, Abney et al., 2007).  These receptors are responsible for binding 

endogenous catecholamines such as epinephrine and norepinephrine (Mills and 

Mersmann, 1995).  Zilpaterol HCl affects myofibers by binding to the β2-AR, which is 

the predominant β-AR found in beef cattle muscle and adipose tissue (Mersmann et al., 

1998).  These βAR, via a secondary messenger signal cascade event, activate cyclic 

adenosine monophosphate (cAMP) thereby resulting in protein accretion and lipid 

catabolism.  Overstimulation of the β-ARs by β-AA has been reported to result in 

receptor desensitization (Lohse et al., 1990; Waldo et al., 1983).  Receptor desensitization 

elicits down regulation of adenylate cyclase catalytic activity, thereby resulting in a 
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reduction of cAMP synthesis (Pippig et al., 1993).  When the β-ARs become 

desensitized, they are sequestered within an intracellular vesicle and lose the ability to 

propagate the signal transduction pathway (Lohse et al., 1990; Waldo et al., 1983). 

In terms of cellular muscle metabolism, ZH has been reported to increase the proportion 

of MHC-IIX fiber (Knobel, 2014).  Additionally, βAA have been reported to increase 

fiber cross-sectional area in muscles such as the longissimus dorsi, gluteus medius, 

semimembranosus and triceps brachii (Knobel, 2014; Maltin et al., 1990).  

   Therefore, the objective of this study was to determine if zilpaterol HCl alters 

muscle metabolism in muscles used for both support and locomotive functions in 

crossbred heifers. 

Materials and Methods 

 

International animal care and use committee approval was not needed for this 

study, as these animals were fed offsite from Texas Tech University and harvested at a 

USDA inspected abattoir.  

Experimental Design and Treatments 

A total of 19 heifers were utilized and randomly assigned to one of two 

treatments: 1) no ZH (CON; n = 10) or ZH (ZH; n = 9).  Treatment diets were 

administered the final 20 d of the finishing period.   

Harvest and collection of muscle tissue  

Heifers were transported to the Loeffel Meat Laboratory at the University of 

Nebraska-Lincoln, Lincoln, NE and subsequently harvested under USDA-FSIS 

inspection.  Muscle tissue was collected from the infraspinatus (IF), pectoralis profundi 
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(PP), subscapularis (SS), latissimus dorsi (LA), longissimus dorsi (LD), trapezius (TP); 

Pelvic: adductor femoris (AD), biceps femoris (BF), gluteus medius (GM) and 

semitendinosus (ST) of carcasses within 1 h of harvest.  The pre-rigor samples were cut 

into thirds.  For immunohistochemical analysis, one of the samples was cut and placed in 

clear frozen section compound (VWR International, West Chester, PA), frozen using 2-

methyl-butane, chilled with dry ice, and then placed in a cooler of dry ice.  The other two 

samples were placed into a whirl-pack for either RNA or protein analysis, flash frozen in 

liquid nitrogen, and placed in a cooler of dry ice.   

RNA isolation and Real Time quantitative reverse transcription polymerase chain 

reaction 

Ribonucleic acid from muscle and adipose tissue was isolated with ice-cold buffer 

containing TRI Reagent® (Sigma, St. Louis, MO).  Approximately 1.5 g of frozen tissue 

was homogenized with TRI Reagent® at a ratio of 0.5:1 grams of tissue to mL reagent.  

The homogenate was then pipetted into 2 microcentrifuge tubes (1 mL sample per tube), 

200 µL chloroform was added to each tube, vortexed for 30 s, and incubated for 5 min  

The sample was then centrifuged at 15,000 x g for 15 min separating the sample into 3 

layers.  The top supernatant layer was pipetted off and placed into a new microcentrifuge 

tubes.  Ice cold isopropyl alcohol (250 μL) was added to the supernatant, shaken, and 

incubated for 10 min at 25°C.  The samples were then centrifuged at 15,000 x g for 10 

min.  The supernatant was poured off, the RNA pellet at the bottom of each tube were 

allowed to dry, and 500 µL of 75% ethanol was added to each tube to rinse and suspend 

the RNA pellet.  Samples were then placed in a -80°C freezer until needed (no longer 
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than 3 months).  Samples were then removed from the freeze and thawed on ice.  

Samples were then centrifuged at 15,000 x RPM for 10 min, ethanol was poured off, and 

the pellet was air dried.  Nuclease free water (30 μL) was then added to each sample to 

dissolve the RNA pellet.  The concentration of RNA was determined with a 

spectrophotometer at an absorbance of 260 nm using a NanoDrop 1000 (NanoDrop 

products, Wilmington, DE).  Samples were then treated with DNAse to remove any DNA 

contaminants using a DNA-free kit (Life Technologies, Grand Island, NY).  The RNA 

was then subjected to reverse-transcription to produce cDNA.  The cDNA was then used 

for real-time quantitative reverse transcription-PCR (RT-qPCR) to measure the 

abundance of AMP-activated protein kinase alpha (AMPKα), insulin-like growth factor 

one (IGF-I), beta 1 adrenergic receptor (β1AR), beta 2 adrenergic receptor (β2AR), 

myosin heavy chain-I (MHC) MHC-IIA and MHC-IIX mRNA relative to the abundance 

of Ribosomal protein subunit 9 (RPS9) mRNA in total RNA isolated from muscle tissue.  

Bovine primers and probes for AMPKα, IGF-I, β1AR, β2AR, MHC-I, MHC-IIA and 

MHC-IIX are presented in Table 6.1.  Assays were performed in the GeneAmp 7900HT 

Sequence Detection System (Applied Biosystems, Life Technologies) using thermal 

cycling parameters recommended by the manufacturer (40 cycles of 15 s at 95°C and 1 

min. at 60°C). 

Protein extraction, Western blots and SDS-PAGE gel electrophoresis 

Protein from muscle was isolated with whole muscle extraction buffer (WMEB; 

2% sodium dodecyl sulfate, 10 mM phosphate, pH 7.0).  Adipose tissue protein was 

isolated with ice-cold buffer containing tissue protein extraction reagent (T-PER; Fisher 
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Scientific, Fair Lawn, NJ), Protein Inhibitor (Roche, Branchburg, NJ), and 2mM Na3VO4 

(Fisher Scientific) at a 1:5 ratio.  The homogenized samples were centrifuged at 15,000 x 

g for 15 min, separating the sample into 3 layers.  The middle supernatant layer was 

pipetted off and placed into microcentrifuge tubes.  The protein samples were then 

diluted with either T-PER or WMEB to determine protein concentration using the 

Pierce
TM

 BCA
TM

 protein assay (Thermo Fisher Scientific, Fairlawn, NJ).  Protein 

concentration was then determined using a NanoDrop 1000 spectrophotometer 

(NanoDrop technologies) at 562 nm.  All samples were then diluted to the same 

concentration.  Modified Wangs tracking dye was added to western blot samples, and 

myosin heavy chain tracking dye was added to SDS-PAGE samples. Samples were 

denatured with β-mercaptoethanol and incubated for 2 min at 95°C.  Samples for western 

blots were then loaded onto Novex 4 - 12% Bis-Tris gels (Invitrogen, Grand Island, NY), 

and protein was separated by gel electrophoresis.  The gels were run for approximately 

35 min at 165V and 27 mA.  Proteins were transferred onto a nitrocellulose membrane 

(Invitrogen) for 7 min.  Following transfer, the membrane was incubated with non-fat dry 

milk (BIO RAD, Hercules, CA), 10% 10 x tris-buffered saline (TBS) in NanoPure water 

for 1 h at 25°C to block non-specific antibody binding.  The blocking solution was then 

removed from the membrane.  The appropriate primary antibody: 1:1,000 α-beta 1 AR, 

rabbit, IgG (abcam, Cambridge, MA); 1:1,000 α-beta 2 AR, goat, IgG (abcam) was 

mixed into 1 x TBS-Tween solution, added to the membrane and allowed to incubate for 

2 h (β1AR) or 1 hr (β2AR and β3AR) at 25°C.  The membrane was then rinsed 3 times 

for 10 min in TBS-Tween.  The appropriate Alexa fluorescent antibodies: goat α-rabbit, 
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IgG, Alexa-Fluor 633 (Invitrogen); donkey α-goat, IgG, Alexa-Fluor 633 (Invitrogen) 

was then added at a dilution of 1:2,000 in TBS-Tween to the membrane and incubated for 

1 h at 25°C in the absence of light.  The membranes were then rinsed 3 times for 10 min 

in TBS-Tween in unlighted conditions.  The membranes were then dried and visualized 

using Imager Scanner II and ImageQuant TL software.  Densitometry measurements 

were made on the bands corresponding to β1AR, β2AR, and β3AR using a molecular 

weight standard for reference (Precision Plus Protein
TM

 All Blue Standards; BIO RAD).    

For SDS-PAGE gel electrophoresis 6% acrylamide separating gels, with 4% 

acrylamide stacking gels were made and set at 4°C for 4 – 24 h.  Samples were then 

loaded onto the gels, and protein was separated by gel electrophoresis.  The gels were run 

for approximately 72 h at 100V.  The gel was placed in 300 mL Coomassie® Fluor 

Orange (Life Technologies) for 30 min at 25°C in a opaque container.  The Coomassie® 

Fluor Orange was drained off the gel, and the gel was briefly rinsed in 7.5% acetic acid 

followed by NanoPure water.  The gels were then visualized using Imager Scanner II and 

ImageQuant TL software.  Densitometry measurements were made on the bands 

corresponding to MHC-II and MHC-I. 

Immunohistochemical analysis 

Twenty-four hours prior to sectioning, embedded muscle samples were moved 

from -80°C to a -20ºC freezer to thaw.  Muscle fiber distribution, area, β-adrenergic 

receptor and satellite cell abundance was determined on 10-µm-thick cross sections.  The 

sections were cut at -20°C using a Leica CM1950 cryostat (Lieca Biosystems, Buffalo 

Grove, IL) from the embedded muscle samples.  The sections were then mounted on 
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positively charged glass slides (5 slides per sample/ 3 cryosections per slide; Superfrost 

Plus; VWR International).  Cryosections were fixed using 4% paraformaldehyde 

(Thermo Fisher Scientific) for 10 min at 25°C followed by 2 brief rinses and a single 5 

min rinse in phosphate buffered saline (PBS).  Cryosections were incubated with 5% 

horse serum (Invitrogen), 2% bovine serum albumin (MP Biomedical, Solon, OH), 0.2% 

Triton-X100 (Thermo Fisher Scientific) in PBS for 30 min at 25°C to block non-specific 

antibody binding.  Cryosections were then incubated for 1 h at 25°C in the following 

primary antibodies: Slide 1- 1:100 α-dystrophin, rabbit, IgG (Thermo Scientific); 1:100 

supernatant anti-myosin heavy chain (MHC) type 1, IgG2b (BA-D5; Developmental 

Studies Hybridoma Bank, University of Iowa, Iowa City, IA);  and supernatant anti-MHC 

(all but type IIX IgG1; BF-35, Developmental Studies Hybridoma Bank); Slide 2- 1:750 

α-beta 1 AR, rabbit, IgG (abcam); 1:750 α-beta 2 AR, chicken, IgY (abcam); 1:500 α-

beta 3 AR, goat, IgG (abcam); Slide 3- 1:10 supernatant anit-Pax7, mouse α-chicken 

(Developmental Studies Hybridoma Bank); 1:100 Myf-5, rabbit, IgG (Santa Cruz 

Biotechnology, Dallas, TX).  Slides were then rinsed 3 times for 5 min in PBS.  

Cryosections were incubated for 30 min at 25°C in opaque boxes in the following 

secondary antibodies: Slide 1- 1:1,000 goat α-rabbit, IgG, Alexa-Fluor 488 (Invitrogen);  

1:1,000 goat α-mouse, IgG1, Alexa-Fluor 546 (Invitrogen); 1:1,000 goat α-mouse, 

IgG2b, Alexa-Fluor 633 (Invitrogen); Slide 2- 1:1,000 goat α-chicken, IgY, H & L, 

Alexa-Fluor 488 (abcam); 1:1,000 donkey α-rabbit, IgG, Alexa-Fluor 546 (Invirtogen); 

1:1,000 donkey α-goat, IgG, Alexa-Fluor 633 (Invitrogen); Slide 3- 1:1,000 goat α-rabbit, 

IgG, Alexa-Fluor 488 (Invitrogen);  1:1,000 goat α-mouse, IgG1, Alexa-Fluor 546 
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(Invitrogen).  Slides were then rinsed 3 times for 5 min in PBS.  Finally, cryosections 

were incubated in 1 μg/mL 4',6-diamidino-2-phenylindole (DAPI, Thermo Fisher 

Scientific) for 1 min followed by 2 brief PBS rinses.  Slides were cover-slipped with 

mounting media (Aqua Mount; Lerner Laboratories, Pittsburgh, PA) and thin glass cover 

slips (VWR International), and dried at 4°C for 24 h.  All slides were imaged within 48 h 

of staining.   

 The slides were imaged at 200x working difference magnification using an 

inverted fluorescence microscope (Nikon Eclipse, Ti-E; Nikon Instruments Inc., 

Mellville, NY) equipped with a UV light source (Nikon Intensilight Inc.; C-HGFIE).  The 

images were captured by a CoolSnap ES
2
 monochrome camera, and artificially colored 

and analyzed using NIS Elements® Imaging software.   

 Five random images were taken of cryosections from each slide of the 

semimembranosus.  All MHC type I, IIA, and IIX muscle fibers in each image were 

identified and expressed as a percentage of the total number of muscle fibers.  The cross-

sectional area of each fiber in each image was measured using NIS Elements software 

(Nikon Instruments Inc.) and expressed on a square mm basis.  The total number of 

DAPI-stained cells in each image were enumerated to determine the nuclear density on a 

per square mm basis.  All β-AR, Pax7, Myf5, and Pax7+Myf5 satellite cells were 

identified on the respective slides stained for them, counted, and densities are reported on 

a square mm basis. 
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Statistical Analysis 

All data were analyzed using the GLIMMIX procedure of SAS (v.9.3, SAS 

Institute; Carey, NC).  The model included treatment as the fixed effect; heifer served as 

the experimental unit.  The Kenward-Roger adjustment was used to correct degrees of 

freedom.  Means were separated using the LSMEANS procedure with the PDIFF option 

and considered different when P ≤ 0.05.  Tendencies for differences among treatment 

means were declared when 0.05 > P ≤ 0.10. 

Results and Discussion 

 

Zilpaterol HCl decreased the abundance of IGF-I mRNA in the LD (P < 0.05; 

Table 6.4) and tended to decrease IGF-I mRNA in the AD (P < 0.10; Table 6.8).  The 

abundance of MHC-IIA mRNA was decreased in the LD, AD, LA and SS (P < 0.05; 

Tables 6.4, 6.8, 6.9 and 6.10), and tended to decrease in the IF (P < 0.10; Table 6.13) in 

the ZH heifers.  Myosin heavy chain-IIX mRNA abundance was increased by ZH in the 

GM and SS (P < 0.05; Tables 6.5 and 6.10).  Zilpaterol HCl had no effect on AMPkα, 

MHC-I, β1AR and β2AR (P > 0.05; Tables 6.4 – 6.13) mRNA abundance in individual 

muscle.  Similarly, Parr et al. (2014) and Rathmann et al. (2009) reported that ZH did not 

affect mRNA abundance of β1AR and β2AR in LD and semimembranosus (SM).  

Walker et al. (2010) reported no change in the abundance of IGF-I, β1AR and β3AR 

mRNA in BF and LD biopsy samples of steers and heifers administered ractopamine HCl 

(RH).  Furthermore, Miller at al. (2012) reported no change in mRNA abundance of 

β1AR, β2AR and β3AR in bovine satellite cells treated with 1 µM ZH.  Studies also 

report there was no change in the abundance of MHC-I mRNA (Baxa et al., 2010; 
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Rathmann et al., 2009).  Walker et al. (2010) reported a decrease in the abundance of 

MHC-IIA mRNA in LD and BF RH biopsy samples.  Moreover, Baxa et al. (2010) and 

Rathmann et al. (2009) reported steers administered ZH exhibited a decrease in the 

abundance of MHC-IIA and an increased abundance of MHC-IIX in the SM. 

Muscle affected the abundance of MHC-I, IIA and IIX mRNA (P < 0.05; Figure 

6.3).  The greatest abundance of MHC-I mRNA was in the TP and the least in ST (P < 

0.05).  The greatest abundance of MHC-IIA and IIX mRNA was in the AD (P < 0.05), 

with the lowest abundance of MHC-IIA mRNA in the GM (P < 0.05) and MHC-IIX in 

the SS (P < 0.05).  The abundance of β1AR mRNA was the greatest in the TP and the 

least in the AD (P < 0.05; Table 6.34).  Muscle tended to affect the abundance of AMPkα 

(P < 0.10) mRNA with the most in the LD and least in the IF.  The abundance of IGF-I 

also tended (P < 0.10) to be affected by muscle, with the least in the BF and the greatest 

abundance in IF.  Muscle did not affect the abundance of β2AR (P > 0.05; Table 6.34) 

mRNA.  

Zilpaterol HCl had no affect on AMPkα, IGF-I and MHC-I mRNA abundance (P 

> 0.05; Table 6.34).  Control heifers had an increased abundance of MHC-IIA and a 

decreased abundance of MHC-IIX mRNA (P < 0.05) compared to ZH heifers.  Zilpaterol 

HCl decreased the abundance of β1AR mRNA (P < 0.05) and tended to increase the 

abundance of β2AR (P < 0.10) mRNA. 

Zilpaterol HCl had no affect on β1AR and β2AR protein abundance (P > 0.05; 

Table 6.2 and Figure 6.1).  These results are supported by data from our lab, where we 

discovered no difference in β1AR or β2AR protein abundance of cells treated with ZH 
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(Hergenreder et al. 2014).  Furthermore, ZH had no affect on MHC-I and MHC-II protein 

abundance (P > 0.05; Table 6.3 and Figure 6.2) with the exception of PP.  Myosin heavy 

chain-II protein abundance was increased in ZH heifers (P < 0.05; Table 6.2). 

Muscle had an effect on β1AR, β2AR, MHC-I and MHC-II protein abundance (P 

< 0.05; Figure 6.1 and 6.2).  The GM had the greatest protein abundance of β1AR and 

β2AR (P < 0.05; Figure 6.1).  The BF had the least of β1AR (P < 0.05) and the AD had 

the lowest abundance of β2AR (P < 0.05).  The GM and ST had the greatest protein 

abundance of MHC-I and the ST had the most MHC-II (P < 0.05; Figure 6.2).  The PP 

had the lowest abundance of MHC-I (P < 0.05) and the SS had the least MHC-II (P < 

0.05).   

Control heifers had a greater density of total nuclei across all muscles (P < 0.05; 

Tables 6.14 – 6. 22 and 6.35) except for TP (P > 0.05; Table 6.23).  In another study it 

was reported that nuclei density was decreased in the IF, LD and vastus lateralis (VL) of 

cows fed RH (Gonzalez et al., 2008).  Gonzalez et al. (2007) reported no change in nuclei 

density in the LD of cows administered RH 28 d prior to harvest.  Zilpaterol HCl 

decreased the total cell count in all muscles (P < 0.05; Tables 6.14 – 6.23 and 6.35) 

except for the LD, BF and SS (P > 0.05; Table 6.15, 6.19 and 6.21).  The proportion of 

MHC-I fibers was decreased by ZH in the GM, ST, AD, SS, PP, TP and IF (P < 0.05; 

Tables 6.14, 6.16, 6.17 and 6.20 – 6.23).  The proportion of MHC-I fibers was increased 

by ZH in the LD and BF (P < 0.05; Tables 6.15 and 6.19), and there was no difference in 

the LA (P < 0.05; Table 6.18).  Control heifers tended to have an increased proportion of 

MHC-IIA fibers in the LA (P < 0.10; Table 6.18) and there was no difference in the IF (P 
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< 0.05; Table 6.17).  Zilpaterol HCl increased the proportion of MHC-IIA in the LD, 

GM, BF, AD, SS and TP (P < 0.05; Tables 6.14 – 6.16 and 6.19 – 6.22) and tended to 

increase in the TP (P < 0.10; Table 6.23).  The proportion of MHC-IIX fibers were 

increased by ZH in the GM, LA, PP, TP and IF (P < 0.05; Tables 6.16 – 6.18, 6.20 and 

6.23), decreased in the LD and BF (P < 0.05; Tables 6.15 and 6.19), and no difference in 

the ST, AD, and SS (P > 0.05; Tables 6.14, 6.21 and 6.22).  Zilpaterol HCl increased the 

proportion of MHC-IIX fibers in the LD, increased the proportion of MHC-IIX, and 

decreased the proportion of MHC-I in the GM (Knobel, 2014).  Zilpaterol HCL also 

increased the proportion of MHC-IIA and decreased the proportion of IIX in the SM of 

steers fed ZH (Knobel, 2014).  Malten et al. (1990) reported no change in proportion of 

fast glycolytic (FG) and fast oxidative glycolytic (FOG) in the triceps brachii (TB) and 

SM of bulls fed Clenbuterol, and Gonzalez et al. (2007) reported no change distribution 

of MHC-I and II in the LD of cows fed RH.  However, the proportion of MHC-I fibers 

was increased in the IF of cows fed RH (Gonzalez et al., 2008).   

Control heifers had a decreased fiber cross-sectional area of MHC-I fibers in all 

muscles (P < 0.05; Tables 6.14, 6.16, 6.17 and 6.19 – 6.23) except for the BF and LA (P 

> 0.05; Tables 6.15 and 6.18).  Zilpaterol HCl increased the MHC-IIA fiber cross-

sectional area of all muscles (P < 0.05; Tables 6.14 – 6.20, 6.22 and 6.23), and tended to 

increase the MHC-IIA cross-sectional area in the SS (P < 0.10; Table 6.21).  

Additionally, ZH increased the MHC-IIX fibers in all muscles (P < 0.05; Tables 6.14, 

6.16 – 6.18, 6.22 and 6.23) except for the LD, BF and SS (P > 0.05; Tables 6.15, 6.19 

and 6.21) and tended to increase the MHC-IIX cross-sectional area in the PP (P < 0.10; 
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Table 6.20).  Knobel (2014) reported ZH decreased fiber cross-sectional area of MHC-I 

and increased in MHC-IIX fibers in the GM, and ZH tended to increase the fiber cross-

sectional area of MHC-IIA and IIX in the LD.  Kellermeir et al. (2009) reported that ZH 

increased the cross-sectional area of the LD of steers fed ZH.  A previous study reports 

the cross-sectional area FG and FOG in the TB and SM of bull fed Clenbuterol was 

increased (Malten et al., 1990).  Ractopamine HCl increased the fiber cross-sectional area 

of MHC-I in the IF and LD and MHC-IIA in the IF and SM of cows (Gonzalez et al., 

2008; Gonzalez et al., 2007).  Conversely, Gonzalez et al. (2010) reported no change in 

cross-sectional area of the LD, AD, VL, SM, gracilis and rectus femoris. 

Zilpaterol HCl decreased the proportion of MHC-I and increased the proportion 

of MHC-IIA and IIX fibers (P < 0.05; Figure 6.4 and 6.6).  In addition, ZH treatment 

increased the MHC-I, IIA and IIX fiber cross-sectional area (P < 0.05; Figure 6.5 and 

6.6).  Muscle also affected the proportions of MHC-I, IIA and IIX (P < 0.05; Figure 6.4 

and 6.6), and the fiber cross-sectional areas of MHC-I, IIA and IIX (P < 0.05; Figure 6.5 

and 6.6).  The SS had the greatest proportion of MHC-I and the ST had the lowest 

proportion (P < 0.05; Figure 6.4).  The AD had the greatest proportion of MHC-IIA and 

the PP had the lowest proportion (P < 0.05).  The ST had the greatest proportion of 

MHC-IIX, and the SS had the lowest proportion (P < 0.05).  In regards to fiber cross-

sectional area the PP had the greatest cross-sectional area of MHC-I and LA had the 

smallest area (P < 0.05; Figure 6.5).  The LD had the largest MHC-IIA fiber cross-

sectional area and least area was in the TP (P < 0.05).  Myosin heavy chain-IIX fiber 

cross-sectional area was the greatest in the ST and the smallest in the SS (P < 0.05).  
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Hunt and Hedrick (1977) evaluated the proportion and area of βR, αR, and αW fibers in 

the LD, psoas major (PM), GM, outer semitendinosus (OST), inner semitendinosus (IST), 

outer semimembranosus (OSM), and inner semimembranosus.  The PM had the greatest 

proportion of βR fibers and the least αW fibers of all the muscles (Hunt and Hedrick, 

1977).  The OST had the greatest proportion of αW fibers, and the ISM had the least βR 

fibers (Hunt and Hedrick, 1977).  This supports our current data, as the ST had the 

greatest proportion of MHC-IIX fibers.  The LD and GM muscles were intermediate to 

the PM and the SM and ST in terms of proportions of βR, αR, and αW fibers (Hunt and 

Hedrick, 1977).  The αW fibers had the greatest area in all of the muscles, and the αR 

fibers had the least area in all muscles with the exception of the ISM (Hunt and Hedrick, 

1977).  We found that the MHC-IIX fibers had the greatest area in all the muscles with 

the exception of the SS and TP.  The fibers with the greatest area in the SS were MHC-

IIA and MHC-I in the TP.  Kirchofer et al. (2002) did more extensive work identifying 

the fiber type composition of 38 bovine muscles (12 from the round and 26 from the 

chuck) from 4 A-maturity, Select-grade carcasses, including the 10 muscles that we 

sampled.  Kirchofer et al. (2002) classified all of these muscles as red, white, or 

intermediate, when greater than 40% of the fibers within a muscle was βR, αW, or αR 

fiber types.  Nine muscles from the round were classified as white and 3 were classified 

intermediate (Kirchofer et al., 2002).  The proportions of the fibers in the AD were 29.3, 

28.2, and 42.5, the BF were 21.7, 29.0, and 49.3, the GM wre 19.5, 24.9, and 55.6, and 

were ST 24.3, 26.0, and 49.7 (βR, αR, and αW), classifying them all as white muscles 

(Kirchofer et al., 2002).  This is contradictory to the current data, as none of these 
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muscles classified as white.  The proportion of the fibers in the AD were 23.02, 56.80, 

and 20.18, the BF were 30.55, 46.71, and 22.74, the GM were 49.55, 37.12, and 13.33, 

and the ST were 19.90, 45.78, and 34.24 (MHC-I, MHC-IIA, and MHC-IIX) classifying 

the AD, BF, and ST as intermediate and the GM as red in the current study.  In the chuck 

10 muscles were red, 9 were intermediate, and 7 were white.  The proportion of the fibers 

in the deep pectoral were 37.6, 25.3, and 37.1, the IF were 46.6, 28.5, and 24.9, the LA 

were 26.9, 29.0, and 44.1, the LD were 35.0, 21.8, and 43.2, the SS were 39.5, 33.1, and 

27.5, and the TP were 62.6, 21.5, and 16.0 (βR, αR, and αW), classifying the IF and TP 

as red, the deep pectoral, and SS as intermediate, and the LA and LD as white. In the 

current study the proportion of fibers in the PP were 41.08, 33.95, and 24.64, the IF were 

31.84, 48.85, and 19.64, the LA were 37.28, 41.90, and 20.79, the LD were 31.84, 46.74, 

and 21.42, the SS were 53.40, 43.46, and 3.11, and the TP were 52.99, 36.78, and 10.86 

(MHC-I, MHC-IIA, and MHC-IIX), classifying the PP, SS, and TP as red, and the IF, 

LA, and LD as intermediate.  These differences may be due to the fact all the samples in 

the current study came from heifers, and Kirchofer et al. (2002) randomly choose chuck 

and rounds from a commercial abattoir disregarding gender.   

The ZH heifers had a decreased density of β1AR in all muscles (P < 0.05; Tables 

6.24, 6.26 – 6.28, and 6.30 – 6.33), except for the LD (P > 0.05; Table 6.29) and the BF 

where the density of β1AR tended to increase with ZH (P < 0.10; Table 6.25).  Control 

heifers had increased densities of β2AR in the SS, PP and IF (P < 0.05; Tables 6.27, 6.30 

and 6.31) and tended to increase in the GM (P < 0.10; Table 6.26).  The density of 

internalized β2AR was increased in the LD, GM, ST, AD and LA (P < 0.05; Tables 6.24, 
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6.26, 6.28, 6.29 and 6.32) and tended to increase in the TP (P < 0.10; Table 6.33) of ZH 

heifers.  Zilpaterol HCl decreased the density of β3AR in the LD, BF, ST, SS, PP and IF 

(P < 0.05; Tables 6.25, 6.27, 6.28 and 6.30 – 6.32).  The density of internalized β3AR 

was increased in the LA (P < 0.05; Table 6.28), tended to increase in the AD and GM (P 

< 0.10; Tables 6.24 and 6.26), and tended to decrease in the PP in ZH heifers (P < 0.10; 

Table 6.30).  The density of Pax7 expressing satellite cells was increased in the LA (P < 

0.05; Table 6.28), and tended to increase in the AD (P < 0.10; Table 6.24) of CON 

heifers.  The density of Myf5 expressing satellite cells was decreased in all muscles (P < 

0.05; Tables 6.24, 6.25 and 6.28 – 6.33), except for the GM and IF of ZH heifers (P < 

0.05; Tables 6.26 and 6.27).  Knobel (2014) reported no change in the density of satellite 

cells in the LD, GM and SM of steers administered ZH.  In addition, Gonzalez et al. 

(2007) reported no change in the density of satellite cells in the LD of cows fed RH. 

Zilpaterol HCl decreased the density of β1AR, β2AR and β3AR, and the density 

of Myf5 expressing satellite cells (P < 0.05; Table 6.35), and increased the density of 

internalized β2AR (P < 0.05).  Muscle also affected the density of nuclei, total cells, 

β1AR, β2AR, β3AR, internalized β2AR and satellite cells (P < 0.05; Table 6.35).  The 

SS had the greatest density of nuclei and total cells (P < 0.05) and the ST had the least 

nuclei and total cells (P < 0.05).  Furthermore the SS had the greatest density of β1AR, 

β2AR and β3AR (P < 0.05) and the ST had the least β1AR, β2AR and β3AR (P < 0.05).  

The BF had the greatest density of internalized β2AR (P < 0.05) and the GM had the 

least (P < 0.05).  The IF had the greatest density of satellite cells expressing Pax7 (P < 

0.05) and the ST had the least (P < 0.05).  The greatest density of satellite cells 
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expressing Myf5 and both Pax7+Mfy5 was in the TP (P < 0.05) and the ST had the least 

satellite cells expressing Myf5 and Pax7+Myf5 (P < 0.05). 

Overall, ZH impacted skeletal muscle metabolism and protein expression.  While 

some differences were ascertained due to muscle, these were expected due to the function 

of each muscle.  The changes observed due to ZH supplementation do not indicate any 

changes in cellular muscle metabolism that may negatively impact locomotion.  The 

results of this study are in accordance with previous data and further solidify the positive 

impacts that zilpaterol elicits on muscle hypertrophy and protein synthesis.   
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Tables and Figures 

 
Table 6.1. Sequence of bovine-specific PCR primers and TaqMan probes to be used for determination of 

expression of mRNA of AMPKα, MHC-I, MHC-IIA, MHC-IIX, IGF-I, β1AR and β2AR, and RPS9
*
. 

Primer Sequence (5’ to 3’) 

AMPkα (accession 

#NM_001109802) 

 

Forward ACCATTCTTGGTTGCTGAAACTC 

Reverse CACCTTGGTGTTTGGATTTCTG 

TaqMan probe 6FAM-CAGGGCGCGCCATACCCTTG-TAMRA 

MHC-I (accession #AB059400)  

Forward CCCACTTCTCCCTGATCCACTAC 

Reverse TTGAGCGGGTCTTTGTTTTTCT 

TaqMan probe 6FAM-CCGGCACGGTGGACTACAACATCATAG-TAMRA 

MHC-IIA (accession #AB059398)  

Forward GCAATGTGGAAACGATCTCTAAAGC 

Reverse GCTGCTGCTCCTCCTCCTG 

TaqMan probe 6FAM-TCTGGAGGACCAAGTGAACGAGCTGA-TAMRA 

MHC-IIX (accession # AB059399)  

Forward GGCCCACTTCTCCCTCATTC 

Reverse CCGACCACCGTCTCATTCA 

TaqMan probe 6FAM-CGGGCACTGTGGACTACAACATTACT-TAMRA 

IGF-I (accession #X15726)  

Forward TGTGATTTCTTGAAGCAGGTGAA 

Reverse AGCACAGGGCCAGATAGAAGAG 

TaqMan probe 6FAM-GCCCATCACATCCTCCTCGCA-TAMRA 

β1AR (accession #AF188187)  

Forward GTGGGACCGCTGGGAGTAT 

Reverse TGACACACAGGGTCTCAATGC 

TaqMan probe 6FAM-CTCCTTCTTCTGCGAGCTCTGGACCTC-TAMRA 

β2AR (accession #NM_174231)  

Forward CAGCTCCAGAAGATCGACAAATC 

Reverse CTGCTCCACTTGACTGACGTTT 

TaqMan probe 6FAM-AGGGCCGCTTCCATGCCC-TAMRA 

RPS9 (accession #DT860044)  

Forward GAGCTGGGTTTGTCGCAAAA 

Reverse GGTCGAGGCGGGACTTCT 

TaqMan probe 6FAM-ATGTGACCCCGCGGAGACCCTTC-TAMRA 
*
AMPKα = AMP-activated protein kinase alpha, MHC-I = myosin heavy chain-I, MHC-IIA = myosin 

heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, β2AR = beta 2 

adrenergic receptor, β3AR = beta 3 adrenergic receptor, CEBPβ = C-enhancer binding protein beta, GPR43 

= G-protein coupled receptor 43, GPR41 = G-protein coupled receptor 41, Glut4 = glucose transporter type 

4, PPARγ = peroxisome proliferator-activated receptor gamma, SCD = stearoyl-CoA desaturase and RPS9 

= ribosomal protein S9. 
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Table 6.2. Effect of zilpaterol hydrochloride on relative protein abundance of beta1-adrenergic receptors 

(β1AR) and beta2-adrenergic receptors (β2AR) in muscle tissues. 

 β1AR     β2AR    

Muscle Control Zilpaterol  SEM
1 

P-Value  Control Zilpaterol  SEM
1 

P-Value 

Longissimus dorsi 7739 7532  833 0.866  8429 8151  874 0.829 

Gluteus medius 14816 14987  521 0.814  15141 15650  525 0.491 

Biceps femoris 5398 5243  288 0.708  5607 5605  277 0.996 

Semitendinosus 4457 4444  105 0.927  4822 4693  166 0.569 

Adductor femoris 4093 4315  251 0.529  4523 4698  300 0.679 

Latissimus dorsi 7739 7754  162 0.945  7690 7804  193 0.675 

Subscapularis 5349 5399  190 0.852  5515 5404  190 0.678 

Pectoralis profundi 9725 9547  197 0.532  9753 9577  235 0.604 

Trapezius 11063 11280  204 0.451  11240 11376  231 0.676 

Infraspinatus 9806 9998  217 0.540  9723 9865  238 0.681 
1Pooled standard error of the mean 
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Table 6.3. Effect of zilpaterol hydrochloride on relative protein abundance of myosin heavy chain (MHC) type 

I and II in muscle tissues. 

 MHC-I     MHC-II    

Muscle Control Zilpaterol  SEM
1 

P-Value  Control Zilpaterol  SEM
1 

P-Value 

Longissimus dorsi 29248 27252  1926 0.485  32065 31137  2132 0.768 

Gluteus medius 37701 36653  3043 0.805  37040 37909  3159 0.852 

Biceps femoris 33460 32311  2229 0.720  44773 39364  2844 0.197 

Semitendinosus 37470 34769  3214 0.540  52108 49399  3284 0.547 

Adductor femoris 33076 34129  2414 0.755  38645 38222  3236 0.925 

Latissimus dorsi 31501 29304  2312 0.500  36355 36546  3078 0.964 

Subscapularis 25323 29419  2647 0.290  25112 29435  2903 0.295 

Pectoralis profundi 21683 27315  2711 0.161  25160 29471  2588 0.001 

Trapezius 28883 29408  2693 0.889  28753 30648  2379 0.571 

Infraspinatus 28844 26116  2085 0.370  34599 32244  3414 0.633 
1Pooled standard error of the mean 
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Table 6.4. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

longissimus dorsi tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 2.36 1.97 0.24 0.262 

IGF-I 3.74 2.20 0.49 0.034 

MHC-I 3.90 3.58 0.51 0.643 

MHC-IIA 5.29 2.46 0.59 0.002 

MHC-IIX 1.42 1.69 0.24 0.417 

β1AR 186.70 65.00 77.90 0.261 

β2AR 1.67 1.39 0.31 0.518 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.5. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

gluteus medius tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 1.36 1.57 0.19 0.424 

IGF-I 2.10 1.96 0.31 0.746 

MHC-I 3.94 5.19 0.64 0.174 

MHC-IIA 2.75 1.60 0.55 0.148 

MHC-IIX 0.63 1.48 0.25 0.026 

β1AR 75.87 61.51 15.14 0.489 

β2AR 1.44 2.41 0.45 0.142 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.6. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

biceps femoris tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 1.49 1.32 0.22 0.573 

IGF-I 1.88 1.25 0.28 0.129 

MHC-I 1.88 2.09 0.35 0.680 

MHC-IIA 3.57 2.20 0.66 0.154 

MHC-IIX 1.44 1.35 0.26 0.787 

β1AR 66.12 43.77 15.13 0.273 

β2AR 1.30 1.59 0.32 0.525 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.7. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

semitendinosus tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 1.38 1.77 0.23 0.245 

IGF-I 2.12 1.77 0.48 0.600 

MHC-I 1.91 1.94 0.49 0.963 

MHC-IIA 2.68 2.85 0.70 0.862 

MHC-IIX 1.19 1.84 0.29 0.121 

β1AR 39.22 78.36 23.64 0.264 

β2AR 1.41 2.24 0.63 0.344 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.8. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

adductor femoris tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 1.75 1.63 0.22 0.709 

IGF-I 1.88 1.29 0.22 0.073 

MHC-I 2.48 2.14 0.50 0.620 

MHC-IIA 6.56 3.67 0.95 0.039 

MHC-IIX 1.22 1.91 0.31 0.118 

β1AR 58.07 41.36 12.72 0.340 

β2AR 1.10 1.50 0.20 0.166 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.9. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

latissimus dorsi tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 1.78 1.71 0.21 0.822 

IGF-I 1.88 1.74 0.47 0.830 

MHC-I 2.99 2.63 0.42 0.546 

MHC-IIA 3.92 2.14 0.48 0.019 

MHC-IIX 1.20 1.76 0.33 0.242 

β1AR 156.48 143.27 63.39 0.876 

β2AR 1.48 2.08 0.32 0.191 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.10. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

subscapularis tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 1.37 1.28 0.14 0.664 

IGF-I 2.30 1.80 0.30 0.247 

MHC-I 4.02 4.37 0.64 0.699 

MHC-IIA 3.68 1.87 0.49 0.017 

MHC-IIX 0.26 0.65 0.08 0.004 

β1AR 172.76 134.11 41.58 0.498 

β2AR 1.57 1.91 0.29 0.409 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.11. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

pectoralis profundi tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 1.73 1.94 0.36 0.683 

IGF-I 2.39 2.35 0.42 0.942 

MHC-I 4.08 3.48 0.75 0.571 

MHC-IIA 2.97 2.48 0.90 0.699 

MHC-IIX 0.99 0.96 0.18 0.920 

β1AR 198.29 97.18 42.96 0.118 

β2AR 1.23 1.51 0.25 0.432 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.12. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

trapezius tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 2.46 1.56 0.71 0.371 

IGF-I 3.33 2.15 0.85 0.331 

MHC-I 8.07 4.29 2.44 0.276 

MHC-IIA 4.66 1.58 1.28 0.101 

MHC-IIX 0.64 0.93 0.26 0.442 

β1AR 225.52 108.29 76.46 0.281 

β2AR 1.94 1.67 0.49 0.700 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.13. Effect of zilpaterol hydrochloride on relative mRNA abundance of 

AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in 

infraspinatus tissue. 

 Treatment   

Gene
*1 

Control Zilpaterol SEM
2 

P - Value 

AMPkα 1.20 1.19 0.16 0.987 

IGF-I 2.32 4.46 1.55 0.331 

MHC-I 2.93 2.59 0.42 0.573 

MHC-IIA 3.98 2.53 0.49 0.051 

MHC-IIX 0.63 1.09 0.25 0.213 

β1AR 69.81 30.10 16.52 0.102 

β2AR 1.64 1.64 0.27 0.984 
*AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, 

MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and 

β2AR = beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, 

Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle 

threshold (ΔCT). 
2Pooled standard error of the mean. 
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Table 6.14. Effect of zilpaterol hydrochloride on nuclei and cell density, muscle 

fiber type composition and fiber cross-sectional area in adductor femoris tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

540.56 493.68 13.65 < 0.001 

Myofiber Nuclei
* 

342.70 336.70 20.88 0.774 

Total cells
* 

236.09 206.36 9.37 0.002 

MHC-I
** 

23.79 22.04 0.33 0.008 

MHC-IIA
** 

55.73 58.16 0.02 0.002 

MHC-IIX
** 

20.48 19.80 0.03 0.237 

Type I
*** 

3107 3586 125.05 < 0.001 

Type IIA
*** 

3641 4379 97.78 < 0.001 

Type IIX
*** 

4462 5004 174.72 0.002 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.15. Effect of zilpaterol hydrochloride on nuclei and cell density, muscle 

fiber type composition and fiber cross-sectional area in biceps femoris tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

538.45 480.96 22.48 0.012 

Myofiber Nuclei
*
 346.80 336.40 25.94 0.689 

Total cells
* 

207.54 203.55 8.18 0.627 

MHC-I
** 

29.01 32.33 0.03 < 0.001 

MHC-IIA
** 

45.81 47.74 0.02 0.015 

MHC-IIX
** 

25.18 19.92 0.03 < 0.001 

Type I
*** 

3052 3285 117.48 0.048 

Type IIA
*** 

4039 4733 140.16 < 0.001 

Type IIX
*** 

5396 5483 229.73 0.706 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.16. Effect of zilpaterol hydrochloride on nuclei and cell density, muscle 

fiber type composition and fiber cross-sectional area in gluteus medius tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

595.82 519.59 18.24 < 0.001 

Myofiber Nuclei
*
 417.64 368.53 21.84 0.027 

Total cells
* 

236.63 207.56 9.48 0.002 

MHC-I
** 

52.65 45.64 0.02 < 0.001 

MHC-IIA
** 

35.23 39.51 0.02 < 0.001 

MHC-IIX
** 

12.07 14.92 0.04 < 0.001 

Type I
*** 

3358 3455 85.48 0.257 

Type IIA
*** 

3701 4617 120.37 < 0.001 

Type IIX
*** 

4263 5406 256.31 < 0.001 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.17. Effect of zilpaterol hydrochloride on nuclei and cell density, muscle 

fiber type composition and fiber cross-sectional area in infraspinatus tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

618.45 513.13 25.07 < 0.001 

Myofiber Nuclei
*
 407.81 340.59 29.94 0.027 

Total cells
* 

252.26 221.17 10.10 0.002 

MHC-I
** 

33.48 29.77 0.02 < 0.001 

MHC-IIA
** 

48.53 49.26 0.02 0.295 

MHC-IIX
** 

18.10 21.58 0.03 < 0.001 

Type I
*** 

3089 3463 102.65 < 0.001 

Type IIA
*** 

3208 3735 90.81 < 0.001 

Type IIX
*** 

2974 3919 149.02 < 0.001 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.18. Effect of zilpaterol hydrochloride on nuclei and cell density, 

muscle fiber type composition and fiber cross-sectional area in latissimus 

dorsi tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

588.40 502.21 16.90 < 0.001 

Myofiber Nuclei
*
 356.75 343.14 23.06 0.556 

Total cells
* 

238.79 214.74 8.86 0.008 

MHC-I
** 

37.28 37.28 0.02 0.999 

MHC-IIA
** 

42.47 41.18 0.02 0.073 

MHC-IIX
** 

20.14 21.60 0.03 0.017 

Type I
*** 

3034 2894 97.86 0.153 

Type IIA
*** 

3551 4423 124.47 < 0.001 

Type IIX
*** 

4565 5264 201.24 < 0.001 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.19. Effect of zilpaterol hydrochloride on nuclei and cell density, 

muscle fiber type composition and fiber cross-sectional area in longissimus 

dorsi tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

481.08 431.87 14.03 < 0.001 

Myofiber Nuclei
*
 277.04 270.71 18.06 0.726 

Total cells
* 

194.88 190.05 8.92 0.589 

MHC-I
** 

30.75 33.07 0.03 0.003 

MHC-IIA
** 

45.75 47.87 0.02 0.010 

MHC-IIX
** 

23.50 19.06 0.03 < 0.001 

Type I
*** 

3363 3662 120.96 0.013 

Type IIA
*** 

5073 5480 159.14 0.010 

Type IIX
*** 

5290 5423 221.31 0.548 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.20. Effect of zilpaterol hydrochloride on nuclei and cell density, 

muscle fiber type composition and fiber cross-sectional area in pectoralis 

profundi tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

566.06 512.68 19.85 0.008 

Myofiber Nuclei
*
 321.48 332.21 24.70 0.665 

Total cells
* 

211.60 187.21 8.47 0.005 

MHC-I
** 

43.56 38.56 0.02 < 0.001 

MHC-IIA
** 

33.17 34.75 0.03 0.035 

MHC-IIX
** 

23.27 26.04 0.03 < 0.001 

Type I
*** 

3379 3876 118.64 < 0.001 

Type IIA
*** 

4754 5100 172.68 0.045 

Type IIX
*** 

4981 5361 210.20 0.070 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.21. Effect of zilpaterol hydrochloride on nuclei and cell density, 

muscle fiber type composition and fiber cross-sectional area in subscapularis 

tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

703.03 586.36 18.50 < 0.001 

Myofiber Nuclei
*
 433.13 378.28 25.43 0.033 

Total cells
* 

256.03 247.47 8.45 0.314 

MHC-I
** 

54.34 52.18 0.02 0.005 

MHC-IIA
** 

42.45 44.76 0.02 0.003 

MHC-IIX
** 

3.20 2.99 0.07 0.367 

Type I
*** 

3027 3176 71.16 0.036 

Type IIA
*** 

3545 3716 97.11 0.078 

Type IIX
*** 

2599 2804 302.70 0.500 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.22. Effect of zilpaterol hydrochloride on nuclei and cell density, 

muscle fiber type composition and fiber cross-sectional area in 

semitendinosus tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

500.20 443.55 15.64 < 0.001 

Myofiber Nuclei
*
 341.41 331.13 21.54 0.635 

Total cells
* 

201.08 184.81 6.91 0.020 

MHC-I
** 

20.76 18.87 0.03 0.005 

MHC-IIA
** 

44.74 47.04 0.02 0.006 

MHC-IIX
** 

34.49 33.93 0.03 0.430 

Type I
*** 

2939 3300 150.12 0.016 

Type IIA
*** 

3851 4319 138.94 < 0.001 

Type IIX
*** 

5209 5639 182.95 0.019 
*
Reported in millimeters

2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.23. Effect of zilpaterol hydrochloride on nuclei and cell density, 

muscle fiber type composition and fiber cross-sectional area in trapezius 

tissue. 

 Treatment   

Item
 

Control Zilpaterol SEM
1 

P - Value 

Total Nuclei
* 

621.24 580.81 21.76 0.066 

Myofiber Nuclei
*
 320.42 378.28 25.78 0.027 

Total cells
* 

271.38 249.76 10.90 0.050 

MHC-I
** 

56.03 49.31 0.02 < 0.001 

MHC-IIA
** 

36.23 37.45 0.02 0.063 

MHC-IIX
** 

8.38 13.84 0.04 < 0.001 

Type I
*** 

3313 3615 84.42 < 0.001 

Type IIA
*** 

2724 2998 88.35 0.001 

Type IIX
*** 

2800 3537 186.29 < 0.001 
**

Reported in millimeters
2 

**
Reported as a percentage of the three fiber type compositions 

***
Reported in micrometers

2 

1
Pooled standard error of the mean. 
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Table 6.24. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in adductor femoris tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 352.59 303.78 10.37 < 0.001 

β1AR-internalized 1.75 9.12 7.24 0.311 

β2AR 341.55 316.50 15.87 0.118 

β2AR-internalized 2.01 13.01 4.85 0.025 

β3AR 78.38 74.52 10.20 0.706 

β3AR-internalized 0.26 1.34 0.55 0.056 

Pax7
 

11.41 8.28 1.68 0.069 

Myf5 187.68 147.25 15.52 0.010 

Pax7+Myf5 12.02 9.99 1.60 0.212 
1
Pooled standard error of the mean. 
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Table 6.25. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in biceps femoris tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 303.30 329.67 14.01 0.063 

β1AR-internalized 1.88 1.19 0.81 0.403 

β2AR 322.56 318.59 15.46 0.798 

β2AR-internalized 10.10 11.22 3.07 0.715 

β3AR 90.37 61.65 9.89 0.004 

β3AR-internalized 1.34 0.44 0.62 0.152 

Pax7
 

9.25 9.62 1.20 0.765 

Myf5 179.39 134.53 19.97 0.027 

Pax7+Myf5 9.59 10.83 1.39 0.378 
1
Pooled standard error of the mean. 
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Table 6.26. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in gluteus medius tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 346.80 310.96 11.50 0.002 

β1AR-internalized 1.48 1.34 0.80 0.868 

β2AR 340.74 318.74 11.93 0.068 

β2AR-internalized 2.01 5.83 1.50 0.012 

β3AR 105.32 96.07 12.69 0.468 

β3AR-internalized 0.13 0.89 0.45 0.098 

Pax7
 

12.22 12.54 1.84 0.859 

Myf5 164.18 138.97 19.51 0.199 

Pax7+Myf5 12.34 10.23 1.94 0.283 
1
Pooled standard error of the mean. 
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Table 6.27. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in infraspinatus tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 364.98 317.99 14.41 0.001 

β1AR-internalized 1.61 1.04 0.74 0.447 

β2AR 357.98 317.85 13.62 0.004 

β2AR-internalized 4.30 6.13 1.68 0.280 

β3AR 95.21 66.29 9.32 0.002 

β3AR-internalized 0.40 0.44 0.39 0.910 

Pax7
 

14.43 13.46 2.66 0.719 

Myf5 193.54 157.73 23.57 0.132 

Pax7+Myf5 12.53 11.07 1.57 0.360 
1
Pooled standard error of the mean. 
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Table 6.28. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in latissimus dorsi tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 347.61 322.93 11.87 0.040 

β1AR-internalized 1.21 1.49 0.80 0.723 

β2AR 315.96 331.16 13.33 0.257 

β2AR-internalized 3.23 11.97 2.43 < 0.001 

β3AR 70.84 63.15 9.47 0.419 

β3AR-internalized 0.00 1.04 0.45 0.022 

Pax7
 

13.01 9.13 1.74 0.030 

Myf5 213.84 146.20 23.07 0.004 

Pax7+Myf5 12.83 11.14 1.87 0.369 
1
Pooled standard error of the mean. 
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Table 6.29. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in longissimus dorsi tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 307.07 295.25 10.00 0.240 

β1AR-internalized 0.80 1.04 0.52 0.647 

β2AR 318.25 306.02 12.65 0.336 

β2AR-internalized 4.71 8.97 1.87 0.025 

β3AR 97.50 59.85 8.77 < 0.001 

β3AR-internalized 0.53 0.59 0.43 0.891 

Pax7
 

9.37 10.83 1.53 0.348 

Myf5 192.32 148.45 15.45 0.005 

Pax7+Myf5 10.10 12.43 1.45 0.114 
1
Pooled standard error of the mean. 
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Table 6.30. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in pectoralis profundi tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 347.61 299.59 16.15 0.003 

β1AR-internalized 1.07 1.19 0.82 0.885 

β2AR 345.19 307.37 17.70 0.035 

β2AR-internalized 5.79 6.13 2.20 0.876 

β3AR 90.63 68.38 10.74 0.041 

β3AR-internalized 0.80 0.14 0.35 0.069 

Pax7
 

11.14 9.50 1.92 0.399 

Myf5 229.76 174.30 22.90 0.017 

Pax7+Myf5 12.65 15.48 2.17 0.196 
1
Pooled standard error of the mean. 

  



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

170 
 

Table 6.31. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in subscapularis tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 385.59 334.85 13.40 < 0.001 

β1AR-internalized 1.48 1.34 0.81 0.870 

β2AR 386.26 340.74 13.54 0.001 

β2AR-internalized 4.03 4.37 1.56 0.829 

β3AR 111.92 87.54 10.71 0.025 

β3AR-internalized 0.67 0.67 0.483 0.999 

Pax7
 

11.84 11.04 1.50 0.598 

Myf5 253.87 192.93 23.56 0.014 

Pax7+Myf5 12.05 11.78 1.44 0.854 
1
Pooled standard error of the mean. 
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Table 6.32. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in semitendinosus tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 307.88 277.74 11.83 0.012 

β1AR-internalized 1.07 0.89 0.53 0.738 

β2AR 285.25 276.54 12.74 0.495 

β2AR-internalized 4.57 9.72 2.18 0.020 

β3AR 70.70 44.44 7.12 < 0.001 

β3AR-internalized 0.26 0.74 0.41 0.251 

Pax7
 

8.69 10.54 1.39 0.192 

Myf5 148.15 105.55 16.13 0.009 

Pax7+Myf5 9.79 10.61 1.48 0.582 
1
Pooled standard error of the mean. 

  



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

172 
 

Table 6.33. Effect of zilpaterol hydrochloride on nuclei and β-adrenergic 

receptor (β-AR) density in trapezius tissue. 

 Treatment   

Item, mm
2 

Control Zilpaterol SEM
1 

P - Value 

β1AR 386.40 341.58 13.92 0.001 

β1AR-internalized 2.55 2.01 1.36 0.693 

β2AR 367.95 364.81 16.38 0.848 

β2AR-internalized 4.44 8.41 2.13 0.066 

β3AR 87.81 86.86 11.82 0.936 

β3AR-internalized 0.53 0.84 0.43 0.485 

Pax7
 

12.39 11.32 2.03 0.603 

Myf5 283.07 184.34 26.31 < 0.001 

Pax7+Myf5 13.60 16.48 2.81 0.309 
1
Pooled standard error of the mean. 
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Table 6.34. Effect of zilpaterol hydrochloride on relative mRNA abundance of AMPKα, IGF-I, MHC-I, MHC-IIA, MHC-IIX, β1AR, and β2AR genes in muscle tissue. 

 Muscle*    Treatment   

Gene**1 AD BF GM IF LA LD PP SS ST TP SEM2 P - Value  Control Zilpaterol SEM2 P - Value 

AMPkα 1.69 1.40 1.47 1.19 1.75 2.16 1.83 1.32 1.57 2.01 0.34 0.055  1.69 1.59 0.14 0.513 

IGF-I 1.58 1.56 2.03 3.39 1.81 2.97 2.37 2.05 1.95 2.74 0.67 0.065  2.39 2.10 0.28 0.293 

β1AR 49.71ce 54.94bc 68.69bcd 49.95b 149.88ac 125.85abcd 147.74ad 153.43ab 58.79cde 166.90 50.79 0.016  124.88 80.26 20.78 0.033 
β2AR 1.30 1.45 1.93 1.64 1.78 1.53 1.37 1.74 1.83 1.80 0.40 0.748  1.48 1.80 0.16 0.060 
a, b, c, d, e, f Means in the same row having different superscripts are significant at P ≤ 0.05. 
*AD = adductor femoris, BF = biceps femoris, GM = gluteus medius, IF = infraspinatus, LA = latissimus dorsi, LD = longissimus dorsi, PP = pectoralis profundi, SS = subscapularis, ST = semitendinosus, TP = trapezius. 
**AMPKα = AMP-activated protein kinase alpha, IGF-I = insulin-like growth factor-I, MHC-I = myosin heavy chain-I, MHC-IIA = myosin heavy chain-IIA, MHC-IIX = myosin heavy chain-IIX, β1AR = beta 1 adrenergic receptor, and β2AR = 

beta 2 adrenergic receptor. 
1Relative abundance of the AMPKα, MHC-I, MHC-IIA, MHC-IIX, β1AR, β2AR, β3AR, CEBPβ, GPR43, GPR41, Glut4, PPARγ, and SCD genes were normalized with the RPS9 endogenous control by using the change in cycle threshold 

(ΔCT). 
2Pooled standard error of the mean. 
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Table 6.35. Effect of muscle on nuclei and β-adrenergic receptor and satellite cell density in muscle tissue. 

 Muscle*    Treatment   

Item, mm2 AD BF GM IF LA LD PP SS ST TP SEM1 P - Value  Control Zilpaterol SEM1 P - Value 

Total Nuclei 517.12ef 509.70f 557.71cd 565.79c 545.30cd 456.48g 539.37de 644.70a 471.87g 601.03b 13.61 < 0.001  575.33 506.48 5.98 < 0.001 
Myofiber Nuclei 339.70c 341.60bc 393.09a 374.20ab 349.94bc 273.87d 326.85c 405.71a 336.29c 349.35bc 17.18 < 0.001  356.52 341.60 7.56 0.048 

Total cells 221.23c 205.55d 222.10c 236.72b 226.76bc 192.46e 199.40de 251.75a 192.94e 260.57a 6.49 < 0.001  230.63 211.27 2.85 < 0.001 

β1AR 328.19bcd 316.48de 328.88bcd 341.49b 335.27bc 301.16ef 323.60cd 360.22a 292.81f 363.99a 9.33 < 0.001  344.98 313.43 4.07 < 0.001 
β1AR-internalized 5.43 1.54 1.41 1.33 1.35 0.92 1.13 1.41 0.98 2.28 1.74 0.284  1.49 2.07 0.77 0.455 

β2AR 329.02bc 320.58bc 329.74bc 337.91b 323.56bc 312.14c 326.28bc 363.50a 280.90d 366.38a 10.30 < 0.001  338.17 319.83 4.56 < 0.001 

β2AR-internalized 7.51ab 10.66a 3.92c 4.20bc 7.60ab 6.84bc 5.96bc 4.20bc 7.15abc 6.43bc 1.81 0.013  4.52 8.58 0.80 < 0.001 
β3AR 76.45bc 76.01bc 100.70a 80.75bc 66.99cd 78.68bc 79.51bc 99.73a 57.57d 87.33ab 7.25 < 0.001  89.87 70.87 3.21 < 0.001 

β3AR-internalized 0.80 0.89 0.51 0.42 0.52 0.56 0.47 0.67 0.50 0.68 0.33 0.917  0.49 0.71 0.14 0.133 

Pax7 9.84bc 9.43c 12.38ab 13.94a 11.07bc 10.10bc 10.32bc 11.44bc 9.61c 11.85abc 1.39 0.007  11.37 10.63 0.57 0.192 
Myf5 167.46d 156.96d 151.57de 175.63dc 180.02cd 170.39d 202.03bc 223.40ab 126.85e 233.71a 14.94 < 0.001  204.58 153.02 6.59 < 0.001 

Pax7+Myf5 11.01c 10.21c 11.29c 11.80bc 11.99bc 11.26c 14.07ab 11.91bc 10.20c 15.04a 1.42 0.002  11.75 12.01 0.60 0.671 
a, b, c, d, e, f, g Means in the same row having different superscripts are significant at P ≤ 0.05. 
*AD = adductor femoris, BF = biceps femoris, GM = gluteus medius, IF = infraspinatus, LA = latissimus dorsi, LD = longissimus dorsi, PP = pectoralis profundi, SS = subscapularis, ST = semitendinosus, TP = trapezius. 
1Pooled standard error of the mean. 
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Figure 6.1. Effect of zilpaterol hydrochloride on relative protein abundance of beta1-adrenergic receptors (β1AR) and beta2-

adrenergic receptors (β2AR) in muscle tissues.  AD = adductor femoris, BF = biceps femoris, GM = gluteus medius, IF = 

infraspinatus, LA = latissimus dorsi, LD = longissimus dorsi, PP = pectoralis profundi, SS = subscapularis, ST = semitendinosus, TP = 

trapezius. 
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Figure 6.2. Effect of zilpaterol hydrochloride on relative protein abundance of myosin heavy chain (MHC)-I and II in muscle tissues. 

 
AD = adductor femoris, BF = biceps 

femoris, GM = gluteus medius, IF = infraspinatus, LA = latissimus dorsi, LD = longissimus dorsi, PP = pectoralis profundi, SS = subscapularis, ST = semitendinosus, TP = 

trapezius. 

 

0 

10000 

20000 

30000 

40000 

50000 

60000 

AD BF GM IF LA LD PP SS ST TP Control Zilpaterol 

B
a

n
d

 I
n

st
it

y
, 

rl
u

/s
 

Muscle and Treatment 

MHC-I 

MHC-II 

MHC-I 

Muscle = < 0.001 

Treatment = 0.964 

 

MHC-II 

Muscle = < 0.001 

Treatment = 0.985 

ab 

bc 

abc 

bcd 

a bcd 

cde efg 
g 

ed ed 

bc 

e 

abc 

cde 

bcd 

 

a 

a 

ef 

defg 



Texas Tech University, Jerilyn E. Hergenreder, December 2014 

177 
 

 

 
Figure 6.3. Effect of zilpaterol hydrochloride on relative mRNA abundance of myosin heavy chain (MHC)-I IIA and IIX in muscle tissues. 

 
AD = adductor femoris, BF = biceps 

femoris, GM = gluteus medius, IF = infraspinatus, LA = latissimus dorsi, LD = longissimus dorsi, PP = pectoralis profundi, SS = subscapularis, ST = semitendinosus, TP = 

trapezius. MHC-I = myosin heavy chain-I, MHC-IIA = myosin heavy chain-IIA, and MHC-IIX = myosin heavy chain-IIX. 
1Relative abundance of the MHC-I, MHC-IIA, and MHC-IIX genes were normalized with the RPS9 endogenous control by using the change in cycle threshold (ΔCT). 
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Figure 6.4. Effect of zilpaterol hydrochloride on fiber cross-sectional area in muscle tissues.  AD = adductor femoris, BF = biceps 

femoris, GM = gluteus medius, IF = infraspinatus, LA = latissimus dorsi, LD = longissimus dorsi, PP = pectoralis profundi, SS = 

subscapularis, ST = semitendinosus, TP = trapezius. 
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Figure 6.5. Effect of zilpaterol hydrochloride on fiber proportion in muscle tissues. 

 
AD = adductor femoris, BF = biceps femoris, GM = gluteus medius, IF = infraspinatus, LA = 

latissimus dorsi, LD = longissimus dorsi, PP = pectoralis profundi, SS = subscapularis, ST = semitendinosus, TP = trapezius.
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Figure 6.6. Immunohistochemical detection on muscle cross sections from control 

heifers and heifers administered zilpaterol HCl, demonstrates sarcolemma by dystropin in 

green, myosin heavy chain type I positive muscle fibers in red, myosin type I and IIA in 

orange, and myosin type IIX in black (negative for myosin heavy chain type I and IIA). 

(A) trapezius of a control heifer, (B) trapezius of a heifer administered zilpaterol HCl, 

(C) longissimus dorsi of a control heifer, (D) longissimus dorsi of a heifer administered 

zilpaterol HCl, (E) semitendinousus of a control heifer, (F) semitendinousus of a heifer 

administered zilpaterol HCl. 
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CHAPTER VII 

CONCLUSION 

Overall, there are multiple factors that can affect performance, carcass 

characteristics, muscle growth and development, and ultimate profitability.  All growth 

and performance variables can be profoundly impacted by animal breed and environment 

along with a myriad of other factors.  The use of growth promotants is one of several 

production technologies available to producers to positively affect growth performance 

and carcass characteristics of their food-producing livestock to ensure animals are 

reaching their full potential.   

Based on the results of these studies, we can conclude that all three growth 

promotants used had an effect on muscle growth and development.  However, not all of 

these products effected growth and carcass performance.  Zilpaterol hydrochloride 

markedly impacted mRNA and protein expression in our studies.  Zilpaterol 

hydrochloride also increased the fiber cross-sectional area in several muscles, causing 

fiber proportions to shift to more glycolytic populations.  Zilpaterol also positively 

impacted growth and performance parameters. 

Furthermore, Zn or ZnMet is administered in combination with ZH, we see an 

increase in the expression of adipogenic mRNA, as well as increased marbling scores.  

While the combination of ZnMet and ZH may elicit minimal effects on performance and 

carcass characteristics, they heavily affect myosin heavy chain isoforms and fiber cross-

sectional area.  The shift in fiber type to more oxidative fibers in cattle fed ZnMet and ZH 

may explain the increased marbling and quality grades observed.  Zinc-methionine 

supplementation often times increases fat thickness, as well as MS and QG which may 
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possibly have an economic impact for packers and producers.  However, there is little 

data on the interactions of Zn and β-AAs, and how they may affect muscle growth and 

development. 

In addition, the administration of rbST at 500 mg/hd at two points during the 

finishing phase is not the most effective administration strategy to impact growth 

performance or carcass quality.  However, rbST administration did affect myosin 

isoforms increasing the proportion of MHC-IIX fibers and decreasing the proportion of 

MHC-I fibers, as well as increasing the cross-section area of MHC-I, IIA and IIX fibers.  

However, further investigation is needed to elucidate interactions between the 

concentration and dosage intervals of rbST administered to heifers to effectively enhance 

muscle anabolism during the finishing period.  

Nonetheless, as an animal reaches physiological maturity, the muscle fibers will 

undergo hypertrophy due to satellite cells merging with the muscle fibers to provide a 

greater quantity of DNA that can be incorporated into the fiber.  As these muscle fibers 

grow, they will become more glycolytic which will impact myosin isoform transitions.   

In conclusion, there are a plethora of growth promotants that operate in multiple 

biological pathways to effect growth performance and carcass characteristics.  These 

growth promotants and production technologies may also help shoulder a portion of the 

economic burden on producers, packers and consumers in today’s volatile marketplace of 

tight margins.   

 


