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ABSTRACT 

 The impacts of administration of chromium propionate (CrP) on live 

performance, blood metabolites, carcass characteristics, gene expression, protein 

expression, and various cellular parameters were evaluated.  Supplementation of 

chromium propionate (CrP) resulted in a positive linear relationship (P < 0.05) between 

amount of supplemental CrP and BW from d 56 until harvest, with animals receiving 

0.45 mg Cr/kg diet DM having the heaviest BW.  Additionally, ADG, feed efficiency, 

and HCW had positive linear responses (P = 0.01) to supplementation of CrP.  No 

difference (P > 0.10) was detected in blood parameters due to CrP administration.  The 

relative mRNA and protein expression of GLUT4 was not different (P > 0.10) between 

control or CrP treatments, but the density of GLUT4 internalized in skeletal muscle fibers 

was increased (P = 0.07) due to supplementation of CrP.  No differences (P > 0.10) in 

skeletal muscle fiber type distribution, cross-sectional area, satellite cell populations, or 

nuclei density due to CrP supplementation were observed.  Administration of CrP 

resulted in improved live performance, no change in blood glucose concentrations, and 

fewer GLUT4 on the cell surface.  This indicates CrP is able to allow GLUT4 to be more 

efficient at transporting extracellular glucose into the cell, resulting in improved growth.    
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CHAPTER I. 

INTRODUCTION 

 In mid-20th century, chromium was determined to be an essential nutrient for 

mammals (Schwarz and Mertz, 1959).  When animals are deficient in Cr, diabetes may 

develop (Schroeder, 1966).  In humans diagnosed with diabetes, Cr supplementation can 

improve tolerance of glucose (Glinsmann and Mertz, 1966).  Chromium has been shown 

to be an important component of chromodulin, a protein which stimulates insulin 

signaling (Davis and Vincent, 1997).  Chromium is approved in the United States to be 

fed to cattle as Cr propionate (CrP) at concentrations no more than 0.5 mg Cr/kg diet 

DM.  Studies have shown Cr supplementation improves response to glucose or insulin 

tolerance tests in cattle (Bunting et al., 1994; Kegley et al., 1997b; Kegley et al., 2000; 

Bernhard et al., 2012a).  Glucose transport into cells is dependent upon glucose 

transporters (GLUT), and distribution of subtypes of GLUT vary from tissue to tissue 

throughout the body.  In skeletal muscle and adipose tissue, GLUT4 is the most abundant 

(Bell et al., 1990; Aerni-Flessner et al., 2012).  Glucose transporter 4 is unique as it is 

stimulated by insulin signaling (James et al., 1988).  The expression of GLUT4 has been 

shown to alter the body composition of mice, which could have implications for livestock 

production for meat (Shepherd et al., 1993; Katz et al., 1995). 

 Skeletal muscle fibers are multinucleated cells no longer capable of cellular 

division (Li et al., 2011).  These fibers can be described by the isoform of myosin heavy 

chain (MHC) expressed.  Isoforms of MHC found in bovine skeletal muscle are types I, 

IIA, and IIX (Chikuni et al., 2004).  The expression of these isoforms can shift 
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throughout an animal’s lifetime.  Causes of this shift include age, activity level, and 

administration of growth promoting compounds (Joubert, 1956; Tuma et al., 1962; 

Johnston et al., 1975).  The ability to shift skeletal muscle growth and expression via 

growth promoting compounds, such as beta-adrenergic agonists, has been shown with 

varied results.  At birth, skeletal muscle fiber number increase ceases and remains fixed 

throughout the life of the animal (Trenkle et al., 1978).  This causes any increase in 

skeletal muscle mass to be due to growth, or hypertrophy, of the existing skeletal muscle 

fibers.  As skeletal muscle fibers increase in protein mass, there must also be an increase 

in nuclei fusing in to the fiber, as the ratio of DNA:protein is highly regulated (Cheek et 

al., 1971).  This increase in nuclei associated with the muscle fiber is due to satellite cell 

proliferation and differentiation (Moss and LeBlond, 1971).   

 The effect of Cr on glucose transport and insulin sensitivity has been thoroughly 

researched.  Because of this, Cr has been established as an essential mineral.  However, 

little to no research has been conducted on the impact of Cr supplementation on skeletal 

muscle fiber characteristics or GLUT4 activity in beef cattle, which facilitates the need 

for further investigation. 
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CHAPTER II. 

Review of Literature 

Chromium as a Nutrient 

The element Cr is ubiquitous throughout nature, with several possible oxidation 

states ranging from -2 to +6.  The most common forms are trivalent (III) and hexavalent 

(VI) ions.  Chromium (VI) is commonly associated with Cr toxicity and as a carcinogen, 

while trivalent Cr is the most stable ionized form.  Fortunately, it has been determined Cr 

(III) is not oxidized to Cr (VI) in vivo, reducing carcinogenic concerns from consumption 

of Cr (Mertz, 1998). 

Mineral sources can be described as being either inorganic or organic.  This 

classification is determined by whether the molecule the mineral ion is bound to contains 

carbon.  Inorganic minerals are salts, with an anion bound to a cation; organic minerals 

are bound to carbon-containing molecules.  The form of the mineral source can impact 

bioavailability of the mineral to the animal to which the mineral is supplemented.  A 

study comparing the bioavailability of Cr sources by feeding various inorganic and 

organic Cr sources to rats (Anderson et al., 1996).  Sources fed were: Cr chloride, Cr 

acetate, Cr potassium sulfate, Cr trihistidine, Cr triglycine, Cr trinicotinic acid, Cr 

dinicotinic acid dihistidine, Cr picolinate, and a Cr-amino acid complex.  Chromium 

picolinate, Cr-amino acid complex, and Cr acetate treatments, all three being organic Cr 

sources, had increased liver Cr concentration while the other treatments were not 

different from the control group which was not fed a Cr source.  Inorganic Cr, in the form 
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of chromic oxide (Cr2O3), can be used as a marker of digestibility due to the lack of 

absorption of chromic oxide by the gastrointestinal  tract.  Methods were developed 

which were able to recover 98.0-100.4% of the known concentration of chromic oxide 

(Kimura and Miller, 1957).  Therefore, to provide bioavailable supplemented Cr to 

animals, an organic form of the mineral should be offered. 

Chromium in mammals 

Chromium (III) has been established as an essential nutrient for mammalian 

species.  As reviewed by Mertz (1998), it was determined that while selenium aided in 

mitigation of dietary liver necrosis, a separate factor was involved to maintain normal 

glucose tolerance.  This factor was determined to be Cr (Schwarz and Mertz, 1959).  In 

rats raised to be extremely Cr deficient, they developed diabetes and died earlier in life 

than control animals (Schroeder, 1966).  Glinsmann and Mertz (1966) measured glucose 

tolerance in healthy adult humans and in adult humans with diabetes mellitus before, 

during, and after administration of trivalent Cr.  Supplementation of Cr (III) for less than 

7 days showed no improvement in glucose tolerance.  In diabetic patients, glucose 

tolerance showed improvement after 72 days of Cr supplementation.  This demonstrated 

Cr is essential for glucose tolerance in mammals, and supplementation of the mineral 

may be beneficial. 

Chromium in beef cattle 

No requirement for Cr intake has been established for beef animals (The National 

Academies of Sciences, Engineering, and Medicine, 2016).  However, the advised 
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maximum concentration of dietary Cr was 1000 mg/kg of the diet for beef cattle 

(National Research Council, 1980).  In 2009, the United States Food and Drug 

Administration (FDA) approved the use of Cr, specifically Cr propionate, in beef diets 

with a maximum inclusion rate of 0.5 mg/kg of feed on a dry matter basis.  This form of 

Cr is marketed as KemTRACETM, 0.04% (Kemin Animal Industries, Inc., Des Moines, 

IA).  To test the effects of Cr supplementation above FDA limits, dairy cows were either 

assigned to a control diet with no added Cr or a diet containing 2 mg Cr/kg of feed, which 

is 4 times the legal limit (Lloyd et al., 2010).  While organ Cr concentrations were 

increased in cows receiving supplemental Cr, Cr concentrations in milk, fat, and muscle 

were not different between treatment groups.  Therefore, increased dietary Cr did not 

cause the tissues which constitute meat to be unfit for human consumption. 

Chromium supplementation research in beef cattle has focused on nutrient 

metabolism, immune response, and growth effects.  Nutrient metabolism studies tend to 

concentrate on the impacts of Cr on carbohydrate and lipid metabolism.  Several studies 

have demonstrated an improvement in glucose tolerance due to Cr supplementation.  

Bunting et al. (1994) supplemented steers and heifers with Cr picolinate at the rate of 

0.37 mg Cr/kg diet.  Glucose clearance was improved for both steers and heifers 

supplemented with Cr picolinate after both glucose and insulin tolerance tests, which 

were performed on both d 70 and 80 of the experiment.  Before weaning, dairy calves 

were given either a control diet or a diet containing 0.4 mg Cr/kg of the diet (Kegley et 

al., 1997b).  Chromium was provided as either Cr chloride or Cr nicotinic acid complex.  

Both forms of Cr enabled calves to have increased circulating glucose clearance 
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following intravenous insulin administration than calves given the control diet; however, 

Cr supplementation did not affect glucose clearance after calves were given an 

intravenous glucose infusion.  These results indicate Cr potentiates the insulin response.  

Another form of Cr, Cr-L-methionine, was fed to beef calves at either 0.4 mg Cr/kg of 

the diet or 0.8 mg Cr/kg of the diet (Kegley et al., 2000).  Calves were challenged with 

glucose followed by insulin for 22-24 days after Cr supplementation.  A quadratic effect 

was observed for glucose clearance following glucose infusion with the 0.4 mg/kg 

treatment having the greatest glucose clearance rate, while a positive linear effect of Cr 

supplementation on glucose clearance was detected after administration of insulin.  In 

newly received feedlot steers fed Cr propionate (CrP) at levels to target 0.0 mg Cr/kg diet 

or 0.2 mg Cr/kg diet, no difference between treatments was observed after a glucose 

tolerance test (Bernhard et al., 2012).  Glucose concentrations following an insulin 

sensitivity test were increased in steers fed Cr, glucose clearance rate only tended to 

increase (P = 0.06).  However, in feedlot steers administered 0.3 mg Cr/kg of diet, no 

difference was seen for concentrations of glucose or insulin after glucose tolerance tests 

(Kneeskern et al., 2016). 

Chromium has been shown to impact lipid metabolism in beef animals.  

Chromium picolinate supplementation decreased plasma cholesterol in dairy steers and 

heifers, but did not impact non-esterified fatty acid (NEFA) plasma concentrations 

(Bunting et al., 1994). In young Holstein calves, addition of Cr picolinate to either milk 

replacer or a starter ration reduced the amount of circulating NEFA, but the impact was 

reduced in older animals (Depew et al., 1998).  Bernhard et al. (2012) subjected receiving 
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feedlot steers to a glucose tolerance test and an insulin tolerance test.  Steers 

supplemented with 0.2 mg Crkg diet in the form of CrP had lowered circulating NEFA 

levels before and after both metabolic challenges.   

Stress negatively impacts growth and performance of animals.  Common sources 

of stress include shipping and illness.  Chang and Mowat (1992) fed Cr in the form of 

high-Cr yeast to newly received feedlot steers and measured the stress and immune 

response.  Steers fed a diet of soybean meal-corn silage ration supplemented with high-Cr 

yeast had reduced serum cortisol and increased total immunoglobulins, suggesting this Cr 

product mitigated the stress which occurs during the receiving period.  Another study 

transported steers after 56 days of supplementation of Cr-nicotinic acid complex to target 

0.4 mg Cr/kg, then subjected them to an immune challenge after returning to the home 

feedlot on d 58 (Kegley et al., 1997).  However, the researchers found no improvement in 

stress response or immune function due to Cr supplementation.  In beef steers 

supplemented with CrP to target 0.2 mg Cr/kg of diet, feed intake and weight gain was 

improved following a lipopolysaccharide challenge compared with challenged animals 

not receiving Cr (Bernhard et al., 2012).  Steers given Cr also had increased glucose peak 

concentration and circulating NEFA levels. 

Many studies have evaluated the impacts of Cr supplementation on feedlot cattle 

performance and carcass characteristics.  High-Cr yeast was given to feedlot steers, and 

an observed decrease in body weight was seen in the 0.4 mg Cr/kg diet compared with 

steers administered the 0.2 mg/kg or control treatments (Pollard et al., 2002).  The 

heaviest carcass weights were seen in the 0.2 mg/kg treatment, and the lowest marbling 
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scores were observed for the 0.4 mg/kg group.  In Brahman-cross bull calves fed in 

Mexico, Cr methionine supplementation at an average dosage of 0.39 mg Cr/kg diet 

improved body weight, average daily weight gain, feed intake, and hot carcass weight 

during the cool season, but only improved body weight and average daily weight gain 

during the hot season (Barajas et al., 2008a; Barajas et al., 2008b).  No improvement in 

live performance or carcass characteristics was seen in steers fed a combination of zinc 

propionate (1 g·steer-1·d-1) and CrP (3 mg·steer-1·d-1) for the final 35 d of the feeding 

period compared with controls (Bohrer et al., 2014).  Similar results were shown by 

Edenburn et al. (2016), where the addition of Cr did not augment the response seen in 

cattle fed ractopamine.  When animals were only given CrP and no ractopamine, Cr only 

increased dressing percentage with no other impact on growth performance or carcass 

characteristic (Kneeskern et al., 2016).   

Chromodulin 

Some aspects of specificity of the mode of action of Cr have been elucidated with 

the discovery of low-molecular-weight Cr-binding substance, or chromodulin.  Mice 

were injected with potassium dichromate, and chromatography showed Cr in the cytosol 

of cells in both high-molecular weight form and low-molecular weight form (Yamamoto 

et al., 1981).  The low-molecular weight form appeared to be comprised of trivalent Cr 

bound to amino acids and other molecules.  Additionally, the low-molecular weight form 

of bound Cr remained at increased concentrations for longer than high-molecular weight 

forms.  In another experiment, the low-molecular weight form was more concentrated in 

the liver, followed by the kidneys (Yamamoto et al., 1984).  Furthermore, the amount of 
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low-molecular weight Cr was greater than the concentrations of high-molecular weight 

Cr in both tissues.  One molecule of chromodulin is able to bind to four Cr (III) ions 

(Amata, 2013).  It has been determined that Cr is ingested by the mammal, bound by 

transferrin for transportation from the gastrointestinal system to portal circulation, then 

bound by chromodulin.  The bound Cr will remain as part of the chromodulin 

polypeptide until excretion in the urine (Clodfelder et al., 2001).  Chromodulin then can 

activate insulin receptors through tyrosine kinase, which augments insulin response to 

circulating glucose (Davis and Vincent, 1997). 

Glucose Transport Proteins 

 Glucose is a nutrient which supplies energy for cellular function in multicellular 

organisms.  The glycolysis pathway, which breaks down glucose into adenosine 

triphosphate (ATP), occurs in the cytosol of the cell.  This location of metabolism 

requires transport of glucose from circulation to the interior of the cell.  Cellular 

membranes are composed of a phospholipid bilayer, meaning only hydrophilic 

molecules, such as glucose, require assistance to move into or out of the cell.  Glucose 

transporters (GLUTs) are the proteins which are responsible for this movement of 

glucose to the cytosol to increase the amount of ATP available for cellular processes.  As 

reviewed by Thorens and Mueckler (2010), at least 14 types of GLUTs have been 

discovered.  The structure of human glucose transport protein, later to be referred to as 

GLUT1, was first described by Mueckler et al. (1985).  It was determined that GLUT1 

has 12 membrane-spanning domains, allowing for movement of glucose molecules 

through the cellular membrane and into the cytosol.  This structure is conserved for all 
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discovered GLUT proteins.   There are several methods which allow GLUT to move 

glucose into the cell.  These methods can be used to classify GLUT proteins.  Of these 

known GLUT types, GLUT1, GLUT4, and GLUT8 are the most abundant in mammalian 

cardiac muscle (Aerni-Flessner et al., 2012).    

Glucose transporter 4 

Three decades ago, a new type of GLUT was determined to be responsive to 

insulin signaling (James et al., 1988).  Vesicles associated with GLUT capable of 

translocation within the cell were isolated were treated with insulin, which increased 

GLUT associated with the membrane up to 10-fold compared with vesicles not treated 

with insulin.  This response was seen in samples from cardiac muscle, skeletal muscle, 

and adipose tissue, which are tissues associated with insulin sensitivity, but not seen in 

erythrocyte, renal tissue, jejunum, or hepatic tissue samples.  This indicates GLUT4 is 

found in striated muscle and adipose tissue.  Furthermore, GLUT4 expression was greater 

in skeletal muscle samples than subcutaneous adipose tissue samples (Bell et al., 1990).  

This is in contrast with expression of GLUT1, GLUT2, GLUT3, and GLUT5, where the 

relative expression of these GLUT was increased in tissues that would be considered non-

carcass components, including brain, liver, kidney, small intestine, and placenta from 

full-term pregnancy compared to skeletal muscle and subcutaneous adipose tissue.  This 

implies GLUT4 could be considered the most important GLUT for carcass component 

tissues in livestock species. 

 In addition to being located within the cellular membrane, GLUT4 can also be 

located throughout the cell, including endosomes, vesicles, and other organelles.  Sano et 
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al. (2003) found insulin is able to elicit the translocation of GLUT4 from inside the cell to 

the cellular membrane via phosphorylation of AS160.  The protein AS160 is 

phosphorylated by Akt, an important kinase involved in intracellular signaling which is 

activated by insulin signaling.  By altering the sites of phosphorylation, the authors were 

able to observe a decrease in movement of GLUT4 from intracellular locations to the 

plasma membrane in differentiated 3T3-L1 cells following administration of insulin.   In 

both male and female GLUT4-null mice, glucose clearance was not different compared to 

control mice (Katz et al., 1995).  While glucose clearance was not impacted, GLUT4-null 

animals were less sensitive to insulin.  Additionally, GLUT4-null mice had decreased 

body weights, increased heart weights, and decreased adipose tissue deposits compared 

with control mice.  Shepherd et al. (1993) were able to increase the expression of GLUT4 

3-5 fold in brown adipose tissue and 6-9 fold in white adipose tissue.  Animals 

overexpressing GLUT4 were more efficient in glucose clearance compared to control 

littermates.  Additionally, an increase in fat deposits was observed; the number of 

adipocytes increased due to GLUT4 overexpression, but adipocyte size was not different 

compared to control.   

Skeletal Muscle Growth 

 Skeletal muscle fibers are multinucleated, striated cells.  These cells can cause 

growth of skeletal muscle tissue via two approaches- hyperplasia, or increase in cell 

number, and hypertrophy, an increase in cell size.  Muscle fiber number is fixed at birth, 

meaning hyperplasia of skeletal muscle fibers occurs in utero, whereas postnatal muscle 

growth occurs through hypertrophy (Trenkle et al., 1978).  The increase in muscle mass 
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postnatally can occur through the increase in length of a muscle fiber, leading to more 

overlap of skeletal muscle fibers, or cross-sectional area increase of muscle fibers 

(Wegner et al., 2000).  Through hypertrophy, additional nuclei must be added to the 

muscle fibers to support the increase in protein.  These nuclei are from satellite cells, 

which in addition to supporting hypertrophy can aid in repair of damaged muscle (Moss 

and LeBlond, 1971; Du and McCormick, 2009). 

Skeletal muscle fiber types 

 In the late 1800s, skeletal muscle fibers began to be classified.  Researchers often 

used visual differences, such as color, size, and translucency (Pette and Staron, 1990).  

More descriptive methods of fiber type identification were then developed, including 

histochemical staining for ATPase activity, metabolic enzyme presence, gene expression 

of structural proteins, and antibody staining.  Skeletal muscle fibers are now commonly 

classified by the isoform of the cytoskeletal protein myosin heavy chain (MHC) found 

within the fiber.  At least 11 isoforms of MHC have been documented in mammalian 

skeletal muscle fibers (Pette and Staron, 2000).  These fiber types are located throughout 

the body, but the distribution of these fibers is dependent upon muscle type, activity 

level, age of the animal, and myriad other factors. 

Of these, only MHC-I, MHC-IIA, and MHC-IIX have been found in bovine 

skeletal muscle (Chikuni et al., 2004; Toniolo et al., 2005; Fazarinc, 2009).  Type I fibers, 

classically referred to as red fibers, utilize β-oxidation to produce the ATP necessary for 

contraction.  Because of this form of metabolism, these fibers contain more lipid as well 

as more mitochondria.  The increased density of mitochondria of these fibers leads to a 
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darker, more red color; therefore, type I fibers were traditionally referred to as red fibers.  

Type I fibers on average have a smaller cross-sectional area, as well as a slower rate of 

contraction.   On the other end of the spectrum in bovine skeletal muscle are type IIX 

fibers.  These fibers utilize glycolytic metabolism to synthesize ATP for sarcomere 

contraction.  As the substrate for metabolism in these fibers is glycogen, there is 

decreased concentration of lipid and mitochondria in these fibers.  In comparison to the 

red type I fibers, type IIX fibers are considered to be white fibers.  Type IIX fibers 

exhibit larger cross-sectional area and faster contraction in relation to type I fibers.  Type 

IIA fibers serve as an intermediate fiber to type I and IIX.  These intermediate fibers are a 

transitory fiber between the other two types found in bovine skeletal muscle and have the 

capacity for both oxidative and glycolytic metabolism.   

While these fibers are distributed throughout every skeletal muscle, muscles can 

be predominantly one fiber type due to the type of work that muscle undergoes.  Type I 

fibers tend to be found in greater proportion in muscles used for posture, while type IIX 

fibers are found in a significant percentage in locomotive muscle (Du and McCormick, 

2009).  Furthermore, skeletal muscle fiber type distribution changes throughout the life of 

the animal.  It is traditionally understood that fibers will shift towards more type IIA or 

IIX fibers as an animal increases in age, but the degree of the shift is not clear (Johnston 

et al., 1975; Wegner et al., 2000).  In addition to a shift in fiber type as animals increase 

in age, the cross-sectional area of skeletal muscle fibers increases as animals progress to 

physiological maturity (Joubert, 1956; Tuma et al., 1962; Wegner et al., 2000).  As type 

IIX fibers are larger in cross-sectional area compared to type I fibers, the shift of fibers 
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from oxidative metabolism to glycolytic metabolism could contribute to an increase in 

total muscle mass as the fiber increases in size.  Additionally, the shift of muscle fiber 

types could affect oxidative capacity, total lipid content, cross-sectional area of fibers, 

marbling scores, and perceived tenderness of beef by consumers (Calkins et al., 1981; 

Platter et al., 2003).  

Satellite Cells 

 As stated previously, skeletal muscle fibers are multinucleated.  The ratio of 

DNA:protein is highly conserved in skeletal muscle (Cheek et al., 1971).  Therefore, for 

skeletal muscle mass to increase, the number of nuclei associated with the muscle fiber 

must also increase.  These additional nuclei which fuse into the muscle fiber originate 

from satellite cells (Moss and LeBlond, 1971).  Satellite cells were discovered by Mauro 

(1961) via electron microscopy of the tibius anticus of frogs.  Satellite cells are dormant 

mononuclear cells which lie between the basal lamina and sarcolemma capable of 

proliferation (Mauro, 1961; Chen and Goldhamer, 2003; Du and McCormick, 2009).  The 

ability for satellite cells to increase in number is crucial for skeletal muscle growth, as 

muscle fibers are postmitotic (Li et al., 2011).  The fusion of satellite cells to the muscle 

fiber to support hypertrophy of the fiber is thought to either prior to protein synthesis or 

concurrently (Trenkle et al., 1978).  Satellite cells are also necessary for skeletal muscle 

damage repair (Du and McCormick, 2009).  Unfortunately, as an animal ages, satellite 

cell populations decrease from approximately 30% of total skeletal muscle nuclei at birth 

to 2-10% in mature animals (Cardasis and Cooper, 1975). 
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 In order for satellite cells to exit quiescence for proliferation, differentiation, and 

fusion, a series of myogenic regulatory factors are expressed.  Of importance to this 

review are paired box proteins (PAX) 3 and 7, myogenic factor 5 (Myf5), myogenic 

determination factor 1 (MyoD), and myogenin.  In quiescent satellite cells, both PAX3 

and PAX7 have been found to be expressed upstream of other myogenic regulatory 

factors, but PAX7 has been the subject of more thorough investigation.  The expression 

of PAX7 reportedly stimulates in vitro differentiation of satellite cells to myotubes (Seale 

et al., 2000; Zammitt et al., 2006).  Cells expressing PAX7 are able to proliferate and 

produce daughter cells which express only PAX7 or both PAX7 and Myf5, referred to as 

asymmetrical self-renewal (Kuang et al., 2007).  It is believed the dual-positive cells will 

be fused into the skeletal muscle fiber.  Expression of Myf5 is hypothesized to be 

important for proliferation of satellite cells (Zammitt et al., 2006).  The role of Myf5 is 

still subject to investigation, but it is thought to be a determining factor for satellite cells 

which are committed to myogenesis (Beauchamp et al., 2000).   The expression of PAX7 

ends when the cell begins the process of fusion into the muscle fiber (Du and 

McCormick, 2009).  Cells which only express PAX7 can also exit the active state and re-

enter quiescence (Zammitt et al., 2006).  Detection of PAX7 and Myf5 is commonly used 

to evaluate satellite cell populations due to antibody availability for 

immunohistochemical staining (Seale et al., 2000).  Other myogenic regulatory factors 

expressed by the satellite cell once the fusion process begins are MyoD and myogenin.  

In addition to decreased satellite cell populations in older animals, the expression of 

MyoD and myogenin is decreased in older animals (Li et al., 2011).  This diminishing 
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expression of these downstream myogenic regulatory factors in physiologically mature 

animals indicates satellite cells in young, growing animals are able to fuse into existing 

skeletal muscle fibers more quickly than in older animals.  An increase in the population 

of satellite cells leaving the quiescent state to proliferate and differentiate can indicate the 

skeletal muscle is preparing for hypertrophy, as satellite cell fusion provides the 

additional nuclei to support increased protein synthesis in skeletal muscle (Cheek et al., 

1971; Schultz and Lipton, 1982; Gibson and Schultz, 1983; Mesires and Doumit, 2002; 

Li et al., 2011). 

Beta-adrenergic Agonists 

 Beta-adrenergic agonists (β-AA) are ligands which can be either endogenous in 

the body or synthetically produced and bind to β-adrenergic receptors (β-AR).  Beta-

adrenergic receptors are G-coupled protein receptors to which endogenous 

catecholamines, epinephrine and norepinephrine, or synthetic β-AA bind to elicit a 

cellular response (Mersmann, 1998).  Beta-adrenergic receptors are transmembrane 

receptors with seven membrane-spanning domains.  Mersmann (1998) has reviewed the 

signaling pathway of β-AR.  Once a β-AA has bound to a receptor, the Gs protein then 

activates adenylyl cyclase.  This activation allows for synthesis of cyclic adenosine 

monophosphate (cAMP), which is considered a second messenger system.  By increasing 

cAMP, protein kinase A is activated and phosphorylates downstream proteins which 

initiate transcription, allowing for increased cellular growth (Mersmann, 1998). 

In livestock species, synthetic β-AA are utilized as growth promoting compounds.  

As reviewed by Mersmann (1998), metabolism shifts from lipogenesis to protein 
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synthesis in animals administered β-AA.  This shift in nutrient partitioning can lead to 

increased feed efficiency.  Long term administration of β-AA compounds leads to 

overstimulation and downregulation of β-AR, meaning efficacy of the compound 

decreases (Waldo et al., 1983; Hadcock and Malbon, 1988; Lohse et al., 1990).  Because 

of this effect, β-AR approved for use in livestock species are administered at the end of 

the finishing period to optimize growth. 

 In the United States, there are two β-AA approved by the Food and Drug 

Administration for use in beef cattle.  Ractopamine HCl was approved for use in feedlot 

cattle in 2003 under the trade name Optaflexx (Elanco Animal Health, Greenfield, IN).  

Ractopamine is approved to be fed for the final 28-42 days of the finishing phase with no 

withdrawal prior to harvest (Gruber et al., 2007).  Zilpaterol HCl (Zilmax, Merck Animal 

Health, Summit, NJ), received federal approval for administration to feedlot cattle in 

2006.  It is approved to be fed to cattle for the final 20-40 days of the finishing phase with 

a required withdrawal no less than three days prior to harvest (Rathmann et al., 2012).  

These β-AA result in different magnitudes of effect on skeletal muscle growth due to β-

AR binding specificity.  Three subtypes of β-AR have been documented- β1-AR, β2-AR, 

and β3-AR.  Sillence and Matthews (1994) reported to find β2-AR in the greatest 

abundance in bovine skeletal muscle and adipose tissue samples.   

 Ractopamine and zilpaterol have both been shown to increase skeletal muscle 

mass in feedlot cattle, but the degree of response varies between the two compounds.  

One study compared ractopamine, zilpaterol, and clenbuterol administration to control 

cattle (Strydom et al., 2009).  Final live weight was not different between treatments, but 
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feeding clenbuterol and zilpaterol resulted in heavier carcasses compared to control, with 

carcasses from animals administered with ractopamine being intermediate.  Additionally, 

carcasses from the clenbuterol and zilpaterol treatments had less back fat and larger 

longissimus muscle areas compared to ractopamine and control groups.  However, 

marbling scores were also decreased in zilpaterol and clenbuterol carcasses.  This shift in 

muscle accretion versus fat deposition is descriptive of how β-AA shift metabolism by 

repartitioning nutrients in the body. 

 Expression of MHC is also impacted by β-AA.  Decreased expression of MHC-

IIA mRNA was detected from administration of ractopamine in longissimus or biceps 

femoris samples (Walker et al., 2010).  Treatment with zilpaterol resulted in a similar 

decrease in MHC-IIA mRNA, but also exhibited increased MHC-IIX mRNA expression 

(Rathmann et al., 2009).  While gene expression can be altered by administration of β-

AA, shifts in cross-sectional area of skeletal muscle fibers have not been observed.  

Gonzalez et al. (2007) reported no difference due to treatment with ractopamine in cross-

sectional area of fibers from samples of six different beef muscles.  In animals fed 

zilpaterol, no difference was detected in cross-sectional area of skeletal muscle fibers 

when compared to samples from control animals (Hosford et al., 2015). 

Conclusions 

 Chromium is an essential nutrient for mammalian metabolism of carbohydrates, 

with decreased performance in deficient animals.  Insulin signaling is crucial for glucose 

clearance, and Cr can augment this signaling via chromodulin.  Glucose uptake in 

skeletal muscle and adipose tissue is primarily through GLUT4, which is an insulin-
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dependent transporter.  The activity and expression of GLUT4 can alter body 

composition in animals, indicating modification of GLUT4 in livestock can alter carcass 

composition.  Growth promotants can alter skeletal muscle characteristics, but any 

increase in skeletal muscle growth is dependent upon satellite cell activity.  Limited 

research has evaluated the impact of Cr supplementation on GLUT4 activity and skeletal 

muscle characteristics, particularly in beef animals.   

Literature Cited 

Aerni-Flessner, L., M. Abi-Jaoude, A. Koenig, M. Payne, and P. W. Hruz. 2012. GLUT4, 

GLUT1, and GLUT8 are the dominant GLUT transcripts expressed in the murine 

left ventricle. Cardiovasc. Diabetol. 11:63–73. 

Amata, I. A. 2013. Chromium in livestock Nutrition. Glob. Adv. Res. J. Agric. Sci. 

2:289–306. 

Anderson, R. A., N. A. Bryden, M. M. Polansky, and K. Gautschi. 1996. Dietary 

chromium effects on tissue chromium concentrations and chromium absorption in 

rats. J. Trace Elem. Exp. Med. 9:11–25. 

Barajas, R., B. J. Cervantes, E. A. Velazquez, J. A. Romo, F. Juarez, and P. J. Rojas. 

2008a. Chromium methionine supplementation on feedlot performance and 

carcass characteristics of bulls: I. Results during the cool season in the northwest 

of Mexico. Proceedings, West. Sect. Am. Soc. Anim. Sci. 59:383–386. 

Barajas, R., B. J. Cervantes, E. A. Velazquez, J. A. Romo, P. J. Rojas, and F. R. Pena. 

2008b. Chromium methionine supplementation on feedlot performance and 



Texas Tech University, Jessica O. Baggerman, August 2017 

20 

 

carcass characteristics of bulls: II. Results including through hot and humidity 

season in the northwest of Mexico. 2Proceedings, West. Sect. Am. Soc. Anim. 

Sci. 59:374–377. 

Beauchamp, J. R., L. Heslop, D. S. Yu, S. Tajbakhsh, R. G. Kelly, A. Wernig, M. E. 

Buckingham, T. A. Partridge, and P. S. Zammitt. 2000. Expression of Cd34 and 

Myf5 defines the majority of quiescent adult skeletal muscle satellite cells. J. Cell 

Biol. 151:1221. 

Bell, G. I., T. Kayano, J. B. Buse, C. F. Burant, J. Takeda, D. Lin, H. Fukumoto, and S. 

Seino. 1990. Molecular biology of mammalian glucose transporters. Diabetes 

Care 13:198–208. 

Bernhard, B. C., N. C. Burdick, R. J. Rathmann, J. A. Carroll, D. N. Finck, M. A. 

Jennings, T. R. Young, and B. J. Johnson. 2012a. Chromium supplementation 

alters both glucose and lipid metabolism in feedlot cattle during the receiving 

period. J. Anim. Sci. 90:4857–4865. 

Bernhard, B. C., N. C. Burdick, W. Rounds, R. J. Rathmann, J. a Carroll, D. N. Finck, M. 

A. Jennings, T. R. Young, and B. J. Johnson. 2012b. Chromium supplementation 

alters the performance and health of feedlot cattle during the receiving period and 

enhances their metabolic response to a lipopolysaccharide challenge. J. Anim. Sci. 

90:3879–88.  

Bohrer, B. M., B. M. Edenburn, A. C. Dilger, T. L. Felix, D. D. Boler, B. M. Bohrer, and 

D. D. Boler. 2014. Effect of feeding ractopamine hydrochloride (Optaflexx) with 



Texas Tech University, Jessica O. Baggerman, August 2017 

21 

 

or without supplemental zinc and chromium propionate on growth performance, 

carcass characteristics, and meat quality of finishing steers. J. Anim. Sci. 

92:3988–3996. 

Bunting, L. D., J. M. Fernandez, D. L. J. Thompson, and L. L. Southern. 1994. Influence 

of chromium picolinate on glucose usage and metabolic criteria in growing 

Holstein calves. J. Anim. Sci. 72:1591–1599. 

Calkins, C. R., T. R. Dutson, G. C. Smith, Z. L. Carpenter, and G. W. Davis. 1981. 

Relationship of fiber type composition to marbling and tenderness of bovine 

muscle. J. Food Sci. 46:708–710.  

Cardasis, C. A., and G. W. Cooper. 1975. An analysis of nuclear numbers in individual 

muscle fibers during differentiation and growth: A satellite cell-muscle fiber 

growth unit. J. Exp. Zool. 191:347–358. 

Chang, X., and D. N. Mowat. 1992. Supplemental chromium for stressed and growing 

feeder calves. J. Anim. Sci. 70:559–565. 

Cheek, D. B., A. B. Holt, D. E. Hill, and J. L. Talbert. 1971. Skeletal muscle mass and 

growth: the concept of the deoxyribonucleic acid unit. Pediat. Res. 5:312–328. 

Chen, J. C. J., and D. J. Goldhamer. 2003. Skeletal muscle stem cells. Reprod. Biol. 

Endocrinol. 1:101–107. 

Chikuni, K., S. Muroya, and I. Nakajima. 2004. Myosin heavy chain isoforms expressed 

in bovine skeletal muscles. Meat Sci 67:87–94.  



Texas Tech University, Jessica O. Baggerman, August 2017 

22 

 

Clodfelder, B. J., J. Emamaullee, D. D. D. Hepburn, N. E. Chakov, H. S. Nettles, and J. 

B. Vincent. 2001. The trail of chromium(III) in vivo from the blood to the urine: 

The roles of transferrin and chromodulin. J. Biol. Inorg. Chem. 6:608–617. 

Davis, C. M., and J. B. Vincent. 1997. Chromium oligopeptide activates insulin receptor 

tyrosine kinase activity. Biochemistry 36:4382–4385. 

Depew, C. L., L. D. Bunting, J. M. Fernandez, D. L. J. Thompson, and R. W. Adkinson. 

1998. Performance and metabolic responses of young dairy calves fed diets 

supplemented with chromium tripicolinate. J. Dairy Sci. 81:2916–2923. 

Du, M., and R. J. McCormick. 2009. Applied Muscle Biology and Meat Science. 

Edenburn, B. M., S. G. Kneeskern, B. M. Bohrer, W. Rounds, D. D. Boler, A. C. Dilger, 

and T. L. Felix. 2016. Effects of supplementing zinc or chromium to finishing 

steers fed ractopamine hydrochloride on growth performance, carcass 

characteristics, and meat quality. J. Anim. Sci. 94:771–779. 

Fazarinc, G. 2009. Enzyme-immunohistochemical aspects of muscle fiber type 

classification in mammals. Slov. Vet. Res 46:61–70. 

Gibson, M. C., and E. Schultz. 1983. Age-related differences in absolute numbers of 

skeletal muscle satellite cells. Muscle Nerve 6:574–580. 

Glinsmann, W. H., and W. Mertz. 1966. Effect of trivalent chromium on glucose 

tolerance. Metabolism. 15:510–520. 



Texas Tech University, Jessica O. Baggerman, August 2017 

23 

 

Gonzalez, J. M., J. N. Carter, D. D. Johnson, S. E. Ouellette, and S. E. Johnson. 2007. 

Effect of ractopamine-hydrochloride and trenbolone acetate on longissimus 

muscle fiber area, diameter, and satellite cell numbers in cull beef cows. J. Anim. 

Sci. 85:1893–1901. 

Gruber, S. L., J. D. Tatum, T. E. Engle, M. A. Mitchell, S. B. Laudert, A. L. Schroeder, 

and W. J. Platter. 2007. Effects of ractopamine supplementation on growth 

performance and carcass characteristics of feedlot steers differing in biological 

type. J. Anim. Sci. 85:1809–1815. 

Hadcock, J. R., and C. C. Malbon. 1988. Down-regulation of beta-adrenergic receptors: 

agonist-induced reduction in receptor mRNA levels. Proc. Natl. Acad. Sci. U. S. 

A. 85:5021–5. 

Hosford, A. D., J. E. Hergenreder, J. K. Kim, J. O. Baggerman, F. R. B. Ribeiro, M. J. 

Anderson, K. S. Spivey, W. Rounds, and B. J. Johnson. 2015. Effects of 

supplemental lysine and methionine with zilpaterol hydrochloride on feedlot 

performance, carcass merit, and skeletal muscle fiber characteristics in finishing 

feedlot cattle. J. Anim. Sci. 93:4532–4544. 

James, D. E., R. Brown, J. Navarro, and P. F. Pilch. 1988. Insulin-regulatable tissues 

express a unique insulin-sensitive glucose transport protein. Nature 333:183–185. 

Johnston, D. M., D. F. Stewart, W. G. Moody, J. Boling, and J. D. Kemp. 1975. Effect of 

breed and time on feed on the size and distribution of beef muscle fiber types. J. 

Anim. Sci. 40:613–620. 



Texas Tech University, Jessica O. Baggerman, August 2017 

24 

 

Joubert, D. M. 1956. An analysis of factors influencing post-natal growth and 

development of the muscle fibre. J. Agric. Sci. 47:59–102. 

Katz, E. B., A. E. Stenbit, K. Hatton, R. Depinhot, and M. J. Charron. 1995. Cardiac and 

adipose tissue abnormalities but not diabetes in mice deficient in GLUT4. Nature 

377:151–155. 

Kegley, E. B., D. L. Galloway, and T. M. Fakler. 2000. Effect of dietary chromium-L-

methionine on glucose metabolism of beef steers. J. Anim Sci. 78:3177–3183. 

Kegley, E. B., J. W. Spears, and T. T. J. Brown. 1997a. Effect of shipping and chromium 

supplementation on performance, immune response, and disease resistance of 

steers. J. Dairy Sci. 75:1956–1964. 

Kegley, E. B., J. W. Spears, and J. H. Eisemann. 1997b. Performance and glucose 

metabolism in calves fed a chromium-nicotinic acid complex or chromium 

chloride. J. Dairy Sci. 80:1744–1750. 

Kimura, F. T., and V. L. Miller. 1957. Improved Determination of Chromic Oxide in 

Cow Feed and Feces. J. Agric. Food Chem. 5:216–216. 

Kneeskern, S. G., A. C. Dilger, S. C. Loerch, D. W. Shike, and T. L. Felix. 2016. Effects 

of chromium supplementation to feedlot steers on growth performance, insulin 

sensitivity, and carcass characteristics. J. Anim. Sci. 94:217–26.  

Kuang, S., K. Kuroda, F. Le Grand, and M. A. Rudnicki. 2007. Asymmetric self-renewal 

and commitment of satellite stem cells in muscle. Cell 129:999–1010.  



Texas Tech University, Jessica O. Baggerman, August 2017 

25 

 

Li, J., J. M. Gonzalez, D. K. Walker, M. J. Hersom, A. D. Ealy, and S. E. Johnson. 2011. 

Evidence of heterogeneity within bovine satellite cells isolated from young and 

adult animals. J Anim Sci 89:1751–1757.  

Lloyd, K. E., V. Fellner, S. J. McLeod, R. S. Fry, K. Krafka, A. Lamptey, and J. W. 

Spears. 2010. Effects of supplementing dairy cows with chromium propionate on 

milk and tissue chromium concentrations. J. Dairy Sci. 93:4774–4780. 

Lohse, M. J., L. Benovic, G. Caron, and J. Lefkowitz. 1990. Pathways of Rapid Receptor 

Desensitization their contributions. Biol. Chem. 265:3202–3209. 

Mauro, A. 1961. Satellite cell of skeletal muscle fibers. J. Biophys. Biochem. Cytol. 

9:493–495. 

Mersmann, H. J. 1998. Overview of the Effects of Beta-Adrenergic Receptor Agonists on 

Animal Growth Including Mechanisms of Action. J. Anim. Sci. 76:160–172. 

Mertz, W. 1998. Chromium research from a distance: from 1959 to 1980. J. Am. Coll. 

Nutr. 17:544–547. 

Mesires, N. T., and M. E. Doumit. 2002. Satellite cell proliferation and differentiation 

during postnatal growth of porcine skeletal muscle. Am. J. Physiol. Cell Physiol. 

282:C899–C906. 

Moss, F. P., and C. P. LeBlond. 1971. Satellite cells as the source of nuclei in muscles of 

growing rats. Anat. Rec. 170:421–435. 



Texas Tech University, Jessica O. Baggerman, August 2017 

26 

 

Mueckler, M., C. Caruso, S. A. Baldwin, M. Panico, I. Blench, H. R. Morris, W. J. 

Allard, G. E. Leinhard, and H. F. Lodish. 1985. Sequence and structure of a 

human glucose transporter. Science. 229:941–945. 

National Academies of Sciences, Engineering, and Mathematics. 2016. Nutrient 

Requirements of Beef Cattle. Eighth Rev. National Academy Press, Washington 

DC. 

National Research Council. 1980. Mineral Tolerance of Domestic Animals. National 

Academy Press, Washington DC. 

Pette, D., and R. S. Staron. 1990. Cellular and molecular diversities of mammalian 

skeletal muscle fibers. Rev. Physiol Biochem. 116:1–76. 

Pette, D., and R. S. Staron. 2000. Myosin isoforms, muscle fiber types, and transitions. 

Microsc. Res. Tech. 50:500–509. 

Platter, W. J., J. D. Tatum, K. E. Belk, P. L. Chapman, J. A. Scanga, and G. C. Smith. 

2003. Relationships of consumer sensory ratings, marbling score, and shear force 

value to consumer acceptance of beef strip loin steaks. J. Anim. Sci. 81:2741–

2750. 

Pollard, G. V., C. R. Richardson, and T. P. Karnezos. 2002. Effects of supplemental 

organic chromium on growth, feed efficiency and carcass characteristics of 

feedlot steers. Anim. Feed Sci. Technol. 98:121–128. 



Texas Tech University, Jessica O. Baggerman, August 2017 

27 

 

Rathmann, R. J., B. C. Bernhard, R. S. Swingle, T. E. Lawrence, W. T. Nichols, D. a. 

Yates, J. P. Hutcheson, M. N. Streeter, J. C. Brooks, M. F. Miller, and B. J. 

Johnson. 2012. Effects of zilpaterol hydrochloride and days on the finishing diet 

on feedlot performance, carcass characteristics, and tenderness in beef heifers. J. 

Anim. Sci. 90:3301–3311. 

Rathmann, R. J., J. M. Mehaffey, T. J. Baxa, W. T. Nichols, D. A. Yates, J. P. Hutcheson, 

J. C. Brooks, B. J. Johnson, and M. F. Miller. 2009. Effects of duration of 

zilpaterol hydrochloride and days on the finishing diet on carcass cutability, 

composition, tenderness, and skeletal muscle gene expression in feedlot steers. J. 

Anim. Sci. 87:3686–3701. 

Sano, H., S. Kane, E. Sano, C. P. Miinea, J. M. Asara, W. S. Lane, C. W. Garner, and G. 

E. Lienhard. 2003. Insulin-stimulated phosphorylation of a Rab GTPase-

activating protein regulates GLUT4 translocation. J. Biol. Chem. 278:14599–

14602. 

Schroeder, H. A. 1966. Chromium deficiency in rats: a syndrome stimulating diabetes 

mellitus with retarded growth. J Nutr 88:439–445. 

Schultz, E., and B. H. Lipton. 1982. Skeletal muscle satellite cells: changes in 

proliferation potential as a function of age. Mech. Ageing Dev. 20:377–383. 

Schwarz, K., and W. Mertz. 1959. Chromium (III) and the glucose tolerance factor. Arch. 

Biochem. Biophys. 86:292–295. 



Texas Tech University, Jessica O. Baggerman, August 2017 

28 

 

Seale, P., L. A. Sabourin, A. Girgis-Gabardo, A. Mansouri, P. Gruss, and M. A. 

Rudnicki. 2000. Pax7 is required for the specification of myogenic satellite cells. 

Cell 102:777–786. 

Shepherd, P. R., L. Gnudi, E. Tozzo, H. Yang, F. Leach, and B. B. Kahn. 1993. Adipose 

cell hyperplasia and enhanced glucose disposal in transgenic mice overexpressing 

GLUT4 selectively in adipose tissue. J. Biol. Chem. 268:22243–22246. 

Sillence, M. N., and M. L. Matthews. 1994. Classical and atypical binding sites for beta-

adrenoceptor ligands and activation of adenylyl cyclase in bovine skeletal muscle 

and adipose tissue membranes. Br. J. Pharmacol. 111:866–872. 

Strydom, P. E., L. Frylinck, J. L. Montgomery, and M. F. Smith. 2009. The comparison 

of three beta-agonists for growth performance, carcass characteristics and meat 

quality of feedlot cattle. Meat Sci. 81:557–564. 

Thorens, B., and M. Mueckler. 2010. Glucose transporters in the 21st century. Am J 

Physiol Endocrinol Metab 298:E141-145. 

Toniolo, L., L. Maccatrozzo, M. Patruno, F. Caliaro, F. Mascarello, and C. Reggiani. 

2005. Expression of eight distinct MHC isoforms in bovine striated muscles: 

evidence for MHC-2B presence only in extraocular muscles. J Exp Biol 

208:4243–4253.  

Trenkle, A., D. L. DeWitt, and D. G. Topel. 1978. Influence of age, nutrition and 

genotype on carcass traits and cellular development of the M. Longissimus of 

cattle. J Anim Sci 46:1597–1603. 



Texas Tech University, Jessica O. Baggerman, August 2017 

29 

 

Tuma, H. J., J. H. Venable, P. R. Wuthier, and R. L. Henrickson. 1962. Relationship of 

fiber diameter to tenderness and meatiness as influenced by age. J. Anim. Sci. 

21:33–36. 

Waldo, G. L., J. K. Northup, J. P. Perkins, and T. K. Harden. 1983. Characterization of an 

altered membrane form of the β-adrenergic receptor produced during agonist-

induced desensitization. J. Biol. Chem. 258:13900–13908. 

Walker, D. K., E. C. Titgemeyer, T. J. Baxa, K. Y. Chung, D. E. Johnson, S. B. Laudert, 

and B. J. Johnson. 2010. Effects of ractopamine and sex on serum metabolites and 

skeletal muscle gene expression in finishing steers and heifers. J. Anim. Sci. 

88:1349–1357. 

Wegner, J., E. Albrecht, I. Fiedler, F. Teuscher, H.-J. Papstein, and K. Ender. 2000. 

Growth- and breed-related changes of muscle fiber characteristics in cattle. J 

Anim Sci 78:1485–1496. 

Yamamoto, A., O. Wada, and T. Ono. 1984. Distribution and chromium-binding capacity 

of a low-molecular-weight, chromium-binding substance in mice. J. Inorg. 

Biochem. 22:91–102. 

Yamamoto, A., O. Wada, T. Ono, and G. Maehashi. 1981. A low-molecular weight, 

chromium-binding substance in mammals. Toxicol. Appl. Pharmacol. 59:515–

523. 



Texas Tech University, Jessica O. Baggerman, August 2017 

30 

 

Zammitt, P. S., F. Relaix, Y. Nagata, A. P. Ruiz, C. A. Collins, T. A. Partridge, and J. R. 

Beauchamp. 2006. Pax7 and myogenic progression in skeletal muscle satellite 

cells. J. Cell Sci. 199:1824–1832. 

 

 

 



Texas Tech University, Jessica O. Baggerman, August 2017 

31 

 

CHAPTER III. 

CHROMIUM PROPIONATE SUPPLEMENTATION IMPROVES FEEDLOT 

PERFORMANCE AND CARCASS CHARACTERISTICS IN FEEDLOT STEERS 

Abstract 

The objective of this study was to evaluate the effects of increasing concentrations of 

chromium propionate (CrP) on feedlot performance, blood parameters, and carcass 

characteristics in feedlot steers.  Crossbred steers (n=32; 367 ± 2.5 kg; 16 pens; 2 

steers/pen) were blocked by BW, and each pen was randomly assigned to one of four 

treatments: 1) 0 mg Cr/kg diet DM (control), 2) 0.15 mg Cr/kg diet DM (Cr propionate; 

KemTRACETM Chromium, 0.04%, Kemin Industries, Des Moines, IA), 3) 0.30 mg Cr/kg 

diet DM, and 4) 0.45 mg Cr/kg diet DM.  Steers were fed a steam-flaked corn based 

finishing diet daily ad libitum, and the treatment was top-dressed at the time of feeding.  

Body weights and blood samples were collected before feeding on d 0, 28, 56, 91, 119, 

and 147.  Blood sera were harvested for analysis of glucose, insulin, serum urea nitrogen 

(SUN), and NEFA concentrations.  Pen was the experimental unit for live and carcass 

data and steer was the experimental unit with day as a repeated measure for laboratory 

analysis.  , For the entire duration of the trial, a 14.3% linear increase in ADG (P = 0.01) 

and 7.7% improvement in G:F was observed (P = 0.01) with no change in DMI (P = 

0.11) as the level of dietary Cr propionate was increased.  A linear increase in HCW of 

28.3 kg (P ≤ 0.01) with no other changes in carcass composition were noted (P ≥ 0.38) as 

the level of dietary Cr propionate was increased. There was no effect of treatment on any 

blood parameters measured (P > 0.10).  Collectively, these results indicated 
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supplementation of 0.45 mg of CrP/kg of DM increases BW, ADG, and HCW, without 

changes in circulating blood parameters. 

Introduction 

Chromium was identified as an essential trace mineral for mammalian species due 

to increased glucose tolerance during addition of Cr3+ (Schwarz and Mertz, 1959).  The 

only U.S. F.D.A approved form of chromium which can be supplemented to cattle is 

chromium propionate (CrP), which can be fed up to 500 ppb in complete mixed rations.  

Addition of either Cr-L-methionine or CrP improved glucose tolerance in feedlot cattle 

subjected to a glucose tolerance test (Kegley et al., 2000; Spears et al., 2012).  

Additionally, a positive linear response in ADG was observed when steers were 

supplemented CrP up to 0.30 mg/kg, as well as improvement in immune parameters 

(Bernhard et al., 2012b).  Several studies have shown improved live performance and 

carcass characteristics in cattle supplemented with various forms of Cr for numerous 

duration (Pollard et al., 2002; Barajas et al., 2008a; Barajas et al., 2008b; Kneeskern et 

al., 2016).  However, previous studies have only supplemented CrP up to 0.30 mg/kg of 

the total mixed ration.  Therefore, the objective of this study was to measure changes in 

live performance, carcass characteristics, and blood parameters of steers receiving 

increasing levels of CrP, approaching the U.S. legal limit of 0.5 mg/kg. 

Materials and Methods 

The experimental protocol was approved by Texas Tech University Animal Care and Use 

Committee (#14067).   
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Animals 

Continental crossbred steers (n=32; 367 ± 2.5 kg) were obtained from a single 

source and processed after arrival at the Texas Tech New Deal Farm.  Steers were 

vaccinated (Vista® 5 SQ, Merck Animal Health, Summit, NJ; Vision® CD, Merck Animal 

Health; Myco-Bac® B, Texas Vet Lab, Inc., San Angelo, TX), treated for parasites 

(Dectomax® Pour-On soluction, Zoetis USA, Florham Park, NJ), and given an unique 

individual ear tag for identification.  Steers were transitioned from the step-up ration to a 

final finishing ration (Table 1.1) on d 7, and both were formulated to meet or exceed 

dietary requirements described by the NRC (2000).  The ration was mixed daily, and 

steers were fed ad libitum once daily at 0800 h throughout the feeding trial.  Orts were 

observed daily, and feed calls were adjusted to target approximately 0.45 kg DM orts 

remaining prior to next feed delivery.  Feed was delivered to each pen via a tractor-pulled 

mixer (Rotomix, Dodge City, KS).  Steers were implanted on d 0 and d 88 using 

Synovex® Choice (14 mg estradiol benzoate and 100 mg trenbolone acetate; Zoetis 

USA).  Beginning on d 119, all steers received 300 mg·steer-1·d-1 of ractopamine HCl 

(Optaflexx, Elanco Animal Health, Greenfield, IN) mixed into the basal ration until the 

conclusion of the experiment.  Animals were monitored daily for signs of illness or 

lameness.   

Experimental Design, Treatments, and Pen Assignment 

 A completely randomized block design was utilized.  Steers were weighed 7 d and 

3 d prior to initiation of the experiment.  An average of the two body weights were used 

to stratify steers into 4 weight blocks with 4 pens in each block and 2 steers per pen.  
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Steers were housed in concrete, partially slatted floor pens (5.5 × 2.9 m, 2.4 m of linear 

bunk space) and had ad libitum access to water.  Within each block, pens were randomly 

assigned to treatment: 1) 0 mg Cr/kg diet DM (control), 2) 0.15 mg Cr/kg diet DM, 3) 

0.30 mg Cr/kg diet DM, and 4) 0.45 mg Cr/kg diet DM.  Treatments were formulated 

using chromium propionate (KemTraceTM, Kemin Industries, Inc., Des Moines, IA) and 

ground corn as a carrier with separate top-dress mixtures for each treatment.  The control 

treatment topdress consisted of 100% ground corn.  Treatments were administered to 

pens by top-dressing the ration daily immediately following feed delivery and thoroughly 

mixed into each pen’s feed by hand.  Orts were collected weekly, dried for 24 h at 100°C, 

and weighed to measure intake.  Bunk samples were obtained for each interim period and 

proximate analysis was performed (Servi-Tech Laboratories, Amarillo, TX; Table 1.1). 

Sample and Data Collection 

Body weights and blood samples were collected on d 0, 28, 56, 91, 119, and 147.  

Blood samples were obtained using jugular venipuncture using silicone coated glass 

vacuum blood collection tubes (Vacutainer, BD Diagnostics, Franklin Lakes, NJ).  Tubes 

were stored at 4°C overnight to allow for clotting, then centrifuged for 20 min at 1500×g 

to separate serum.  Sera samples were then stored at -20°C until laboratory analysis.  

Blood serum samples were analyzed for NEFA content using the NEFA-HR(2) kit (Wako 

Diagnostics, Richmond, VA), glucose using a enzymatic Autokit Glucose kit (Wako 

Diagnostics), insulin using a bovine-specific insulin ELISA (Alpco Diagnostics, Salem, 

NH), and serum urea nitrogen (SUN) concentrations using a Urea Nitrogen Liqui-UV® 

kit (Stanbio Laboratory, Boerne, TX). 
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 Steers were transported 288 km to a commercial abattoir for harvest on d 150.  

Carcass data was collected by West Texas A&M University Beef Carcass Research 

Center personnel and included hot carcass weight, subcutaneous fat thickness opposite 

the longissimus muscle at the 12th rib, longissimus muscle area at the 12th rib, 

kidney/pelvic/heart fat percentage of hot carcass weight, calculated yield grade, and 

marbling score.  Dressing percentage was calculated as hot carcass weight divided by 

BW on d 150.  Carcass ADG was calculated assuming an initial dressing percentage of 

58% on d 0, as suggested by Rathmann et al. (2012).  Equations described by Guiroy et 

al. (2002) were used to calculate empty body fat percentage (EBF), empty body weight 

(EBW), and final BW when EBF was adjusted to 28%.   

Statistical Analysis 

 All statistical analysis was performed using SAS version 9.4 (SAS Institute, Inc., 

Cary, NC).  For feedlot performance data, pen was experimental unit, block was a 

random effect, and treatment was the mixed effect.  For blood parameter data, animal 

served as the experimental unit, and the random effect of block and fixed effect of 

treatment were used.  Due to poor feed intake and performance, one pen was removed 

from live and carcass data analysis.  Day was used as a repeated measure for blood serum 

data, and the covariate structure of best fit was utilized.  The GLIMMIX procedure was 

utilized with the Kenward-Roger adjustment was used to correct the degrees of freedom 

and the LSMEANS procedure and PDIFF option to separate means.  Means were 

determined to be significantly different when P ≤ 0.05.  When 0.05 > P ≤ 0.10, a 

tendency was declared. 
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Results and Discussion 

Live Performance 

Supplementation of Cr improved BW and ADG.  The 0.45 mg of Cr/kg of DM 

treatment was significantly heavier (P < 0.05) starting on d 56 and remained the heaviest 

treatment group throughout the remainder of the experiment (Table 1.2).  There was also 

a significant linear treatment effect (P ≤ 0.01) for BW on d 56 until d 147.  For the first 

56 d of the experiment, there was a significant linear treatment relationship (P < 0.05) for 

ADG with the 0.45 mg/kg treatment having the greatest ADG.  This trend was also 

present for the first 119 d (P < 0.01) and the duration of the trial (P = 0.03).  However, 

there was no difference in ADG for d 119-147 (P > 0.10) during ractopamine 

supplementation.  There was no effect on DMI (P > 0.10) throughout the entire feeding 

period, but feed efficiency was linearly different for the entire feeding period with the 

0.45 mg/kg treatment having the lowest G:F (P = 0.01).  The observation of improved 

BW is similar to results reported in Mexico, where bulls fed Cr-methionine were 

significantly heavier than the control group for animals fed in both the cool and hot, 

humid season (Barajas et al., 2008a; Barajas et al., 2008b).  Additionally, the present 

study supports previous data where supplementation of CrP during the receiving period 

of feedlot steers resulted in a positive linear response for ADG (Bernhard et al., 2012).  

Supplementation of high Cr-yeast also improved ADG in stressed feeder calves 

(Moonsie-Shangeer and Mowat, 1993).  The lack of difference between treatments during 

the ractopamine period is similar to several studies where no difference was observed in 

cattle fed ractopamine only or a combination of CrP and ractopamine (Bohrer et al., 
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2014; Edenburn et al., 2016).  This is interesting, as the modes of action for CrP and 

ractopamine elicit response through different pathways.  Chromium augments the insulin 

response through the protein chromodulin, which activates the tyrosine kinases of insulin 

receptors to improve clearance of circulating glucose from the blood to the cells (Davis 

and Vincent, 1997).  Ractopamine increases protein synthesis by binding to beta-

adrenergic receptors and activating cyclic-AMP (Mersmann, 1998).  Due to these 

different pathways, it would be expected to observe an additive response due to 

ractopamine administration while supplementing Cr.  It could be hypothesized that the 

cattle in the present study had maximized their growth prior to initiation of the 

ractopamine period, resulting in no difference in ADG between treatments beginning on 

d 119.  Moonsie-Shangeer and Mowat (1993) found that supplementation of high Cr-

yeast increased DMI, which is in contrast to the present study.  However, the steers in the 

present study were heavier at trial initiation and were not subjected to the same distance 

of transportation prior to arrival at the feedlot.  The lack of stress could explain the 

contrasting results of DMI. 

Carcass Performance   

As shown in Table 1.3, the pattern present for live weight continued with a 

positive linear response for hot carcass weight (P < 0.01).  Carcasses from cattle 

supplemented with 0.45 mg/kg chromium were 28.3 kg heavier than control carcasses.  

There was a numerically linear increase in marbling scores, however no significant effect 

of treatment on marbling score was identified (P > 0.10).  There was no difference (P > 

0.10) for any other carcass characteristic.  This is comparable to previous data where 
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supplementation of chromium resulted in heavier carcass weight (Kneeskern et al., 2016).  

However, the level of chromium supplementation was 0.30 mg/kg in previous studies, 

compared with increments up to 0.45 mg/kg in the present study.  which is in agreement 

with several studies (Barajas et al., 2008a; Barajas et al., 2008b; Bohrer et al., 2014; 

Edenburn et al., 2016).  It should be noted the present study had a smaller sample size 

than other studies evaluating the effects of Cr supplementation on carcass characteristics, 

and increasing the sample size could allow for detection of differences in carcass 

characteristics, particularly marbling score.  The action of Cr supplementation increasing 

glucose uptake by cells could allow for increased marbling, as intramuscular adipocytes 

which constitute marbling have been shown to prefer glucose as a substrate for lipid 

accumulation (Smith and Crouse, 1984). 

Estimated Carcass Performance 

When ADG is compared on a carcass basis, the impact of CrP supplementation 

was similar to what was seen for live ADG.  A linear effect was seen (P = 0.01; Table 

1.4) with carcass ADG increasing as CrP supplementation also increases.  However, 

when G:F is evaluated on a carcass basis, a tendency (P = 0.09) for a linear effect of 

treatment was observed.  When evaluating the ratio of carcass ADG to live ADG, no 

difference (P > 0.10) in feed efficiency between treatment groups was detected.  No 

difference (P > 0.10) between treatments was shown for percent empty body fat.  

Similarly to live BW and HCW, a linear effect (P = 0.01) was seen for the effect of CrP 

on empty body weight, with increased values with increased CrP supplementation.  When 

final shrunk BW was adjusted to a constant 28% empty body fat, no difference (P > 0.10) 



Texas Tech University, Jessica O. Baggerman, August 2017 

39 

 

existed between treatment groups.  It has been shown that the use of anabolic implants 

can increase the mature size of beef cattle as well as increase deposition of lean tissue 

(NRC, 2000).  Additionally, when animals are finished to similar body compositions, 

implanted animals have heavier final shrunk BW than unimplanted animals (Perry et al., 

1991; Hutcheson et al., 1997; Guiroy et al., 2002).  The results indicate supplementation 

of CrP does not alter body composition or adjusted final shrunk body weight in a manner 

similar to anabolic implants.  Another growth promoting compound, zilpaterol HCl, has 

been shown in increase empty BW, decrease empty body fat percentage, and increase the 

final shrunk BW when empty body fat is adjusted to 28% (Rathmann et al., 2012).  

Furthermore, the ratio of carcass ADG:live ADG is increased, meaning more weight gain 

is directed towards carcass tissues than the whole body.  The present study did not see 

this response due to CrP supplementation, meaning the observed increases in BW and 

HCW were due to whole body growth rather than specifically growth of carcass tissues. 

Blood Parameters 

 There was no treatment effect nor interaction of treatment and day (P > 0.05) on 

the blood parameters measured.  However, a significant day effect (P < 0.05) was 

observed for insulin, SUN, and NEFA concentrations, while day tended to affect glucose 

levels (P < 0.10), as shown in Table 1.5.  This is similar to previous research showing no 

difference in blood metabolites in receiving steers after 56 d of CrP supplementation 

(Bernhard et al., 2012).   Additionally, in native Korean cattle, supplementation of Cr-

methionine to low forage diets did not affect circulating urea nitrogen, insulin, or glucose 

(Sung et al., 2015).  However, these cattle were not subjected to glucose or insulin 
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tolerance tests.  The observed results differ from previous research where chromium 

supplementation improved glucose clearance by decreasing the levels of circulating 

glucose (Kegley et al., 2000; Spears et al., 2012).  It should be noted that glucose or 

insulin tolerance tests were not administered to cattle in this study, therefore no 

difference in the level of these circulating metabolites was not surprising. 

Implications 

Supplementation of CrP to feedlot cattle for 150 d improved average daily gain, 

feed efficiency, and hot carcass weight.  No impact due to treatment on the circulating 

blood metabolites measured was observed.  The calculations indicate CrP increases 

carcass ADG and empty body weight.  The lack of impact on the ratio of carcass 

ADG:live ADG shows the ADG of carcass and non-carcass components was not 

impacted by CrP.  Therefore, these results indicate addition of chromium above basal 

levels could improve growth performance in feedlot steers, resulting in increased hot 

carcass weights.  
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Table 1.1. Description of experimental diets1 

Ingredients2, % DM Step-up3 Final3 

   Steam-flaked corn 67.85 75.10 

   Alfalfa hay, chopped 14.64 10.38 

   Cottonseed meal 7.00 4.97 

   Molasses 3.71 2.94 

   TTU mineral supplement 2.00 2.29 

   Fat 3.01 2.43 

   Urea 0.89 0.97 

   Calcium carbonate 0.90 0.91 

Nutritional Profile, DM4   

   DM, % 83.5 81.3 

   Crude protein, % 14.8 14.9 

   Acid detergent fiber, % 10.8 8.7 

   Neutral detergent fiber, % 16.1 14.4 

   Ash, % 4.6 4.4 

   Total digestible nutrients, % 87.7 89.9 

   NEM, Mcal/kg 2.18 2.24 

   NEG, Mcal/kg 1.50 1.55 
1Diets were formulated to meet or exceed NRC (2000) requirements for 

growing – finishing beef cattle. 
2Treatments were added to the basal ration at the rate of  0.227 g/hd daily 

via a ground-corn based topdress mixture. 
3Step-up ration was fed until d 7.  Final ration was fed starting on d 8 

through remainder of experiment. 
4As measured by proximate analysis of bunk samples 
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Table 1.2. Effects of chromium propionate supplementation on live performance of feedlot steers 

 Treatment, mg Cr/kg1     Contrasts 

Item 0.00 0.15 0.30 0.45  SE2 P-value Linear Quadratic 

Weight, kg          

 d 0 366.1 365.7 368.1 368.0  2.48 0.65 0.27 0.94 

 d 28 418.6 416.2 426.2 430.4  9.18 0.31 0.10 0.64 

 d 56 464.6b 464.0b 481.4ab 493.6a  11.45 0.03 <0.01 0.42 
 d 91 535.1b 521.8b 541.5ab 562.8a  11.80 0.01 0.01 0.04 

 d 119 574.8bc 559.1c 590.8ab 615.4a  15.27 <0.01 <0.01 0.06 

 d 147 602.3b 594.5b 615.3ab 638.0a  15.18 0.02 0.01 0.15 

ADG, kg          

 d 0-56 1.76b 1.76b 2.00ab 2.24a  0.192 0.04 0.01 0.37 

 d 56-119 1.75 1.51 1.74 1.94  0.176 0.10 0.14 0.08 
 d 0-119 1.76b 1.63b 1.87ab 2.08a  0.122 <0.01 <0.01 0.05 

 d 119-147 0.98 1.27 0.94 0.81  0.288 0.40 0.33 0.30 

 d 0-147 1.61b 1.56b 1.69ab 1.84a  0.098 0.03 0.01 0.15 

DMI, kg          

 d 0-56 8.1 7.9 8.4 8.3  0.28 0.35 0.20 0.86 

 d 56-119 9.1 8.8 9.1 9.8  0.47 0.26 0.15 0.18 
 d 0-119 8.6 8.4 8.8 9.1  0.36 0.30 0.14 0.31 

 d 119-147 8.6 8.5 8.6 9.3  0.47 0.33 0.16 0.27 

 d 0-147 8.6 8.4 8.8 9.1  0.34 0.23 0.11 0.25 

G:F          

 d 0-56 0.219 0.220 0.228 0.269  0.0203 0.09 0.02 0.32 

 d 56-119 0.193 0.170 0.194 0.200  0.0203 0.47 0.50 0.34 

 d 0-119 0.204b 0.193b 0.214ab 0.229a  0.0095 0.02 0.01 0.07 

 d 119-147 0.114 0.151 0.111 0.087  0.0394 0.43 0.33 0.29 

 d 0-147 0.196b 0.193b 0.201ab 0.211a  0.0052 0.03 0.01 0.11 
abMeans within same row with different superscripts differ (P < 0.05) 
1Treatments were formulated to consist of 0.00 mg Cr/kg DM, 0.15 mg Cr/kg diet DM, 0.30 mg Cr/kg diet DM, and 0.45 

mg Cr/kg diet DM (Cr propionate;KemTraceTM, Kemin Industries, Inc., Des Moines, IA).   
2Pooled standard error 
Table 1.3. Effects of chromium supplementation on carcass characteristics of feedlot steers. 

 Treatment, mg Cr/kg1     Contrasts 
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Item 0.00 0.15 0.30 0.45  SE2 P-value Linear Quadratic 

Hot Carcass Weight, kg 394.5b 395.0b 404.4ab 422.8a  10.54 0.02 <0.01 0.22 

Dressing Percentage 62.89 63.87 63.08 63.46  1.431 0.89   0.83 0.76 

Marbling score3 485.0 502.5 520.4 521.3  48.3 0.83   0.38 0.80 

12th rib fat thickness, cm 1.47 1.30 1.12 1.42  0.361 0.38   0.73 0.31 

Ribeye area, cm2 87.7 92.3 91.0 92.9  4.58 0.79   0.44 0.81 

KPH, % 2.1 2.2 2.1 2.1  0.21 0.94   0.70 0.64 

Calculated yield grade 2.73 2.95 2.71 3.24  0.487 0.64   0.38 0.65 
abMeans within same row with different superscripts differ (P < 0.05) 
1Treatments were formulated to consist of 0.00 mg Cr/kg DM, 0.15 mg Cr/kg diet DM, 0.30 mg Cr/kg diet DM, and 0.45 

mg Cr/kg diet DM (Cr propionate (KemTraceTM, Kemin Industries, Inc., Des Moines, IA).   
2Pooled standard error 
3400 = Small00, 500 = Modest00 
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Table 1.4. Effects of chromium supplementation on estimated carcass characteristics on a live basis of feedlot steers1 

 Treatment, mg Cr/kg2     Contrasts 

Item 0.00 0.15 0.30 0.45  SE3 P-value Linear Quadratic 

Carcass ADG, kg 1.21b 1.22b 1.27ab 1.40a  0.069 0.03 0.01 0.23 

Carcass G:F 0.148 0.151 0.151 0.160  0.0070 0.30 0.09 0.56 

Carcass ADG:Live ADG, % 70.0 72.4 70.0 70.4  3.43 0.87 0.90 0.67 

Empty body fat,4 % 30.84 29.79 29.26 30.92  1.792 0.69 0.96 0.25 

Empty body weight,5 kg 551.4b 552.1b 564.5ab 588.7a  13.87 0.02 0.01 0.22 

28% adjusted final BW,6 kg 504.8 523.5 534.3 541.9  34.67 0.68 0.23 0.80 
abMeans within same row with different superscripts differ (P < 0.05) 
1Carcass ADG, carcass G:F, and carcass ADG:live ADG were calculated assuming a 58% dressing percentage on d 0. 
2Treatments were formulated to consist of 0.00 mg Cr/kg DM, 0.15 mg Cr/kg diet DM, 0.30 mg Cr/kg diet DM, and 0.45 mg Cr/kg diet DM 

(Cr propionate (KemTraceTM, Kemin Industries, Inc., Des Moines, IA).   
3Pooled standard error 
4Empty body fat (%) = 17.76207 + (4.68142 × 12th-rib fat thickness) + (0.01945 × HCW) + (0.81855 × quality grade) – (0.06754 × ribeye 

area).  Numerical quality grade was assigned where low Choice = 5 to 6 and average Choice = 6 to 7; Guiroy et al. (2002). 
5Empty body weight = (1.316 × HCW) + 32.29; Guiroy et al. (2002). 
6Final shrunk body weight adjusted to 28% empty body fat = empty body weight = [(28 – empty body fat) × 14.26]/0.891; Guiroy et al. 

(2002). 
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Table 1.5. Effects of chromium supplementation on blood serum metabolites of feedlot steers. 

 Day   Treatment, mg/kg Cr1   P – values# 

Item* 0 28 56 91 119 147 SEM  0 0.15 0.30 0.45 SEM2  D T D×T 

Glucose 104.6 97.9 94.4 101.9 90.1 86.4 7.48  100.5 93.1 90.4 99.5 6.38    0.07 0.26 0.46 

Insulin 1.99wx 2.44xy 2.70y 3.41z 2.98yz 1.44w 0.700  2.37 2.86 1.98 2.76 0.625  <0.01 0.50 0.76 
SUN 11.9x 11.9x 17.1z 14.4y 13.8y 15.0y 0.86  13.7 14.3 14.5 13.7 1.07  <0.01 0.82 0.21 

NEFA 0.29xy 0.24x 0.26xy 0.30y 0.37z 0.27xy 0.030  0.31 0.27 0.29 0.29 0.038  <0.01 0.75 0.94 
wxyzMeans within same row with different superscripts differ for effect of day (P < 0.05) 

* Glucose- mg/dL; insulin- ng/mL; SUN- serum urea nitrogen, mg/dL; NEFA- non-esterified fatty acids, mmol/L 
#D- day, T- treatment, D×T- day by treatment interaction 
1Treatments were formulated to consist of 0.00 mg Cr/kg DM, 0.15 mg Cr/kg diet DM, 0.30 mg Cr/kg diet DM, and 0.45 mg Cr/kg diet DM (Cr propionate (KemTraceTM, Kemin 

Industries, Inc., Des Moines, IA).   
2Pooled standard error 
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CHAPTER IV. 

SUPPLEMENTATION OF CHROMIUM PROPIONATE ALTERS SKELETAL 

MUSCLE GLUT-4 ACTIVITY IN FEEDLOT STEERS 

Abstract 

The present study was conducted to evaluate the impact of chromium propionate 

supplementation on skeletal muscle fiber characteristics, GLUT4 density and activity, 

and satellite cell populations in feedlot steers.  Steers (n = 32, 2 steerspen) were blocked 

by body weight and randomly assigned to treatment.  Treatments were: 1) 0 mg Cr/kg 

diet DM (control), 2) 0.15 mg Cr/kg diet DM (Cr propionate; KemTRACETM Chromium, 

0.04%, Kemin Industries, Des Moines, IA), 3) 0.30 mg Cr/kg diet DM, and 4) 0.45 mg 

Cr/kg diet DM.  Longissimus biopsies were collected on d 0, 28, 56, 91, 119, and 147 for 

gene expression, protein expression, and immunohistochemical analysis.  Statistical 

analysis was performed using SAS 9.4, with animal as experimental unit, treatment as 

fixed effect, block as random effect, and day as repeated measure.  No difference was 

detected for gene or protein expression of GLUT4 due to CrP supplementation (P > 

0.05).  For skeletal muscle fiber distribution and cross-sectional area, there was no effect 

of treatment (P > 0.05).  Density of total GLUT4 decreased over time for all treatments 

(P < 0.05), with no difference between treatments (P > 0.05).  Internalization of GLUT4 

was increased in the 0.30 mg/kg and 0.45 mg/kg treatments (P < 0.01).  For total nuclei 

density and myonuclei density, there were treatment × day interaction tendencies (P = 

0.08 and 0.08), where the 0.45 mg/kg treatment exhibited a greater density of total nuclei 

and myonuclei on d 147.  Supplementation of CrP did not alter density of satellite cells 
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(P > 0.05).  Supplementation of CrP did not impact GLUT4 expression, but did decrease 

the number of transporters located in the sarcolemma of skeletal muscle fibers, implying 

fewer proteins were needed to transport extracellular glucose to the interior of the muscle 

fiber.  Therefore, chromium supplementation may augment cellular function and growth 

via increased efficiency of GLUT4. 

Introduction 

Chromium propionate (CrP) was approved for use in cattle in 2009 by the FDA to 

be fed up to 0.5 mg/kg diet DM and is currently the only approved source of chromium to 

be fed to livestock in the US.  Previous research revealed a linear improvement in ADG 

when supplementing CrP up to 0.30 mg/kg to receiving steers, as well as reducing 

impacts of morbidity (Bernhard et al., 2012b).  Kegley et al. (2000) showed chromium 

supplementation augmented glucose clearance in beef steers.  Glucose clearance was also 

improved in feedlot heifers due to chromium supplementation (Spears et al., 2012).  In 

receiving steers subjected to an insulin tolerance test, glucose clearance increased in CrP 

animals (Bernhard et al., 2012a)  This increased clearance of glucose can possibly be 

attributed to CrP increasing insulin sensitivity (Spears et al., 2012).  Glucose transporter 

type 4 (GLUT4) is the most prevalent glucose transporter for skeletal muscle as 

evidenced by the knockout of GLUT4 leading to increased insulin resistance and 

intolerance of glucose (Zisman et al., 2000).  Impacts of supplementation of organic 

chromium sources for performance in feedlot cattle have reported mixed data (Pollard et 

al., 2002; Barajas et al., 2008a; Barajas et al., 2008b; Bohrer et al., 2014a; Sánchez-

Mendoza et al., 2014; Sung et al., 2015; Edenburn et al., 2016; Kneeskern et al., 2016; 
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VanBibber-Krueger et al., 2016).  The complete effect of CrP supplementation on 

skeletal muscle growth and metabolism is not completely understood, therefore the 

objective of this study was to determine the effects of increasing dietary inclusion levels 

of CrP on skeletal muscle fiber distribution, cross-sectional area, and GLUT4 receptor 

characteristics in steers. 

Materials and Methods 

 Experimental protocols were approved by the Texas Tech University Animal Care 

and Use Committee (#14067).  The experiment occurred concurrently on the same cattle 

used in chapter III. 

Animals 

 Single-source, black-hided crossbred steers (n = 32, 367 ± 2.5 kg) were received, 

vaccinated (Vista® 5 SQ, Merck Animal Health, Summit, NJ; Vision® CD, Merck Animal 

Health; Myco-Bac® B, Texas Vet Lab, Inc., San Angelo, TX), treated for parasites 

(Dectomax® Pour-On soluction, Zoetis USA, Florham Park, NJ), and given an individual 

ear tag for identification.  Animals were transitioned to the final finishing ration which 

was formulated to meet or exceed dietary requirements as described by the NRC (2000). 

Feed was manufactured daily, and delivered once daily to provide ad libitum access.  All 

steers were implanted on d 1 and d 88 with Synovex® Choice (14 mg estradiol benzoate, 

100 mg trenbalone acetate; Zoetis USA), and received 300 mg·steer-1·d-1 of ractopamine 

HCl (Optaflexx, Elanco Animal Health, Greenfield, IN) beginning on d 119 until harvest.  

Steers were observed daily for indications of lameness or illness. 
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Experimental Design and Treatments 

 Steers were arranged in a complete randomized block design.  An average of body 

weights from 7 d and 3 d prior to trial initiation was used to stratify animals into weight 

blocks and pen within block (blocks = 4, pens per block = 4, steers per pen = 2).  Animals 

were housed in concrete floor, partially slatted pens (2.9 × 5.5 m, 2.4 m of linear bunk 

space).  Treatment was randomly assigned to pen within each block: 1) 0 mg Cr/kg diet 

DM (control), 2) 0.15 mg Cr/kg diet DM (Cr propionate; KemTRACETM Chromium, 

0.04%, Kemin Industries, Des Moines, IA), 3) 0.30 mg Cr/kg diet DM, and 4) 0.45 mg 

Cr/kg diet DM.  Treatments were administered via a top-dress mix comprising of CrP 

(KemTraceTM, Kemin Industries, Inc., Des Moines, IA) and ground corn as a carrier and 

mixed thoroughly into each pen’s daily feed delivery to meet targeted chromium 

concentrations. 

Biopsy Sample Collection 

 To evaluate biochemical changes in skeletal muscle, biopsy samples were 

obtained from the longissimus on d 0, 28, 56, 91, 119, and 147, prior to feeding.  Pen 

order for sampling was consistent throughout the trial, while within pen sampling order 

was random.  To collect the skeletal muscle biopsy sample, steers were restrained using a 

hydraulic squeeze chute where the area surrounding the incision site was shaved using a 

disposable razor.  The area was then cleaned using water, a 7.5% povidone iodine 

surgical scrub (Betadine, Purdue Products, L.P., Stamford, CT), and 70% ethanol.  A 

local anesthetic (lidocaine HCl, 20 mg/mL, 8 mL per biopsy) was injected into the 

subcutaneous fat layer in a 6 cm2 square-shaped pattern (4 injection sites, 2 mL lidocaine 
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HCl per site), and a minimum of 5 min was allowed before proceeding.  After 5 min, 

70% ethanol and sterile gauze was used to sterilize the area, and a 1 cm long incision was 

made using a sterile scalpel.  A sterile 6-mm diameter Bergstrom biopsy needle was used 

to collect approximately 2 g of longissimus tissue.  The sample was placed on sterile 

gauze in a covered plastic container and taken to a sample preparation area.  The incision 

was closed using veterinary tissue adhesive (VetBond, 3M Animal Care Products, St. 

Paul, MN) and a protective spray (AluShield, Neogen Corp, Lexington, KY) was applied 

to aid in preventing infection during the healing process.  Biopsies alternated sides of the 

animal and the incision site moved anterior to the previous incision on that side to ensure 

each biopsy was collected from a unique location. 

 Once the sample was taken to the sample preparation area, the tissue was divided 

into three portions.  One portion to be used for immunohistochemical analysis was 

analyzed under a magnifying glass, and muscle fibers were identified.  The fibers were 

placed parallel to each other on a 1 cm by 1.5 cm piece of cork board and frozen in clear 

frozen section compound (VWR International, West Chester, PA) using isopentane 

cooled with dry ice.  The samples on cork pieces were wrapped in foil, placed in sample 

bags (Whirl-Pak, NASCO, Fort Atkinson, WI), and stored on dry ice until transport back 

to Texas Tech University.  The other two portions, one for RNA analysis and the other 

for protein analysis, were placed in sample bags, frozen in liquid nitrogen, and stored on 

dry ice until transport back to Texas Tech University.  All skeletal muscle samples were 

stored at -80°C until further processing. 

RNA Isolation and RT-qPCR 
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 To isolate RNA, approximately 0.5 g of each sample was homogenized with 3 mL 

of TRI-reagent (Sigma, St. Louis, MO.), then chloroform was added.  The mixture was 

centrifuged, and the upper aqueous layer was transferred to a new microcentrifuge tube.  

To precipitate the RNA from solution, ice-cold isopropanol was added.  After 

centrifugation, the supernatant was removed.  The RNA pellet was allowed to air dry, and 

then 70% ethanol was added to the tube.  To quantify RNA concentration, the supernatant 

was again removed, and the pellet was allowed to air dry.  The pellet was dissolved in 

nuclease-free water, and RNA concentration and purity was measured using a NanoDrop 

1000 spectrophotometer (NanoDrop Products, ThermoFisher Scientific, Waltham, MA).  

Synthesis of cDNA and removal of possible genomic DNA contamination was performed 

using the QuantiTect Reverse Transcription kit (Qiagen, Germantown, MD.) according to 

manufacturer’s recommendations.  The expression of AMP-activated protein kinase alpha 

(AMPKα), glucose transporter 4 (GLUT4), insulin like growth factor I (IGF-I), myosin 

heavy chain isoform I (MHC-I), myosin heavy chain isoform IIA (MHC-IIA), myosin 

heavy chain isoform IIX (MHC-IIX), and peroxisome proliferator-activated receptor 

gamma (PPARγ; Table 2.1) were determined using real-time quantitative PCR on a 

GeneAmp 7900HT Sequence Detection System (Applied Biosystems, ThermoFisher) 

with ribosomal protein subunit 9 as the housekeeping gene.  Cycle length, temperature, 

and repetition was run according to manufacturer’s recommendation for TaqMan Master 

Mix polymerase (ThermoFisher).  

Protein Isolation and Western Blotting 
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 Samples to be used for protein expression analysis were homogenized with whole 

muscle extraction buffer (WMEB; 2% w/v sodium dodecyl sulfate, 10 mM phosphate, pH 

7.0).  For each g of tissue, 5 mL of WMEB was used.  After centrifugation of the 

homogenate, the middle aqueous layer was extracted and placed in microcentrifuge tubes.  

Concentration of total protein was determined with a PierceTM BCATM protein assay 

(ThermoFisher) and spectrophotometry (NanoDrop 1000, ThermoFisher).  Samples were 

then diluted to a constant concentration using WMEB and added to a modified Wang’s 

Tracking Dye.  To create reducing conditions, β-mercaptoethanol was added.  Five µg of 

total protein per sample were loaded into precast Novex 4-12% Bis-Tris gels (Invitrogen, 

ThermoFisher), and run in MES buffer (ThermoFisher) according to manufacturer 

directions.  An iBlot transfer device was used to transfer proteins from the gel to a 

nitrocellulose membrane (ThermoFisher).  Non-specific antibody binding was inhibited 

by incubating membranes with 5% non-fat dry milk (BIO RAD, Hercules, CA) in 1x Tris 

buffered saline (TBS) at room temperature for 1 h.  Diluted primary antibody in 1x TBS-

0.04% Tween (1:1000 α-GLUT4, rabbit IgG; Abcam, Cambridge, MA) was added to 

each membrane and allowed to incubate while gently rocking overnight at 4° C.  

Membranes were rinsed with TBS-0.04% Tween, then incubated in the dark with a 

fluorescent secondary antibody (1:2000 Alexa-Fluor 633, goat α-rabbit IgG; 

ThermoFisher) for 1 h at room temperature.  After rinsing with TBS-0.04% Tween, 

membranes were dried, preventing light exposure, then imaged with a VersaDoc Image 

Scanner II and ImageQuant TL software.  Densitometry values for each sample were 

normalized to an internal reference standard present on each membrane and reported as a 
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ratio.  Bands corresponding to the target protein were identified using a molecular weight 

standard present on each gel (Precision Plus Protein, All Blue Standards; BIO RAD). 

Immunohistochemical Analysis 

Embedded samples for immunohistochemical staining to determine muscle fiber 

distribution, area, GLUT4 density, and satellite cell populations were moved from -80°C 

to -20°C to thaw for 24 h.  Samples were removed from the cork and cut into 10 µm-thick 

cross sections at -20°C with a Leica CM1950 cryostat (Leica Biosystems, Buffalo Grove, 

IL) and placed on positively charged glass slides (4 slides per sample, 5 cross sections per 

slide; Superfrost Plus, VWR International).  Cross sections were fixed with 4% 

paraformaldehyde in phosphate buffered saline (PBS) (ThermoFisher) for 10 min at room 

temperature, then rinsed in PBS at room temperature.  A blocking solution consisting of 

2% bovine serum albumin (MD Biomedical, Solon, OH), 5% horse serum (Invitrogen), 

and 0.2% Triton-X 100 (ThermoFisher) in PBS was then applied to the fixed cross 

sections and allowed to incubate for 30 min at room temperature to prevent non-specific 

antibody binding.  The cross sections were incubated with primary antibodies in blocking 

solution for 1 hr at room temperature.  The following primary antibodies were used: slide 

1- 1:100 α-dystrophin, rabbit, IgG (ThermoFisher); 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- 1:500 GLUT4 (Abcam); and 

slide 3- 1:10 anti-PAX7 supernatant (mouse α-chicken; Developmental Studies 

Hybridoma Bank), and 1:100 Myf-5 (rabbit IgG; Santa Cruz Biotechnology, Dallas, TX).  
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The cross sections were rinsed in PBS at room temperature.  The following secondary 

antibodies in blocking solution were then applied to the cryosections for 30 min at room 

temperature in the dark: slide 1- 1:1,000 goat α-rabbit, IgG, Alexa-Fluor 488 

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

goat α-mouse, IgG2b, Alexa-Fluor 633 (ThermoFisher); slide 2- 1:1000 rabbit α-mouse, 

IgG2a, Alexa-Fluor 546 (ThermoFisher); and slide 3- 1:1000 Alexa-Fluor 488 (goat α-

rabbit IgG; ThermoFisher), and 1:1000 Alexa-Fluor 546 (goat α-mouse IgG1; 

ThermoFisher).  Following the incubation period, the slides were rinsed 3 x with PBS for 

5 min at room temperature.  The slides used for muscle fiber type and area were then 

cover-slipped using thin glass cover slips (VWR International) and ProLong® Gold with 

4’6-diamidino-2-phenylindole (DAPI) mounting media (ThermoFisher) and allowed to 

cure in the dark for 36 h at room temperature.  Slides used for GLUT4 density and 

satellite cell populations were cover-slipped with AquaMount mounting media (Lerner 

Laboratories, Pittsburgh, PA) and thin glass cover slips (VWR International) and cured 

for 24 h at 4°C in the dark.  The slides were imaged at 200x magnification with an 

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

Mellville, NY) using a UV light source (Nikon Intensilight Inc.; C-HGFIE), and images 

were taken using a CoolSnap ES2 monochrome camera.  The images were then 

artificially colored and analyzed with NIS Elements® AR software. 

Statistical Analysis 

 All statistical analysis was performed using SAS version 9.4 (SAS Institute, Inc., 

Cary, NC).  Animal served as the experimental unit, and the random effect of block and 
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fixed effect of treatment were used.  For gene expression analysis, samples were run in 

triplicate and averaged.  For immunohistochemical staining, five images were taken of 

each sample.  For fiber type distribution, satellite cell density, and GLUT4 density, the 

measurements from the five images per sample were averaged.  For fiber cross-sectional 

area, the area of each fiber type per sample was averaged.  The average of each fiber type 

for each sample was then subjected to statistical analysis.  Day was used as a repeated 

measure, and selection of covariate structure was determined by best fit.  The GLIMMIX 

procedure was utilized with the Kenward-Roger adjustment was used to correct the 

degrees of freedom and the LSMEANS procedure and PDIFF option to separate means.  

Means were determined to be significantly different when P ≤ 0.05.  When 0.5 > P ≤ 

0.10, a tendency was declared. 

Results and Discussion 

Data describing live performance, carcass characteristics, and blood metabolite 

parameters are shown in chapter III. 

Gene and Protein Expression 

 No interaction of day and treatment was observed; only main effects will be 

discussed (Table 2.2).  No difference in expression of AMPKα was detected across 

treatments (P > 0.05; Table 2), but a tendency for a day effect was seen (P = 0.054).  

Significant differences in expression of IGF-I, MHC-I, MHC-IIA, MHC-IIX, and PPARγ 

were seen over time (P < 0.05).  The only gene for which expression was significantly 

changed due to treatment was PPARγ (P = 0.05), where expression was decreased in the 
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0.15 mg/kg and 0.30 mg/kg treatments.  This is in comparison to data where PPARγ 

mRNA expression was not changed due to addition of CrP to the culture media of bovine 

satellite cells (Tokach et al., 2015).  However, Tokach et al. (2015) reported no change in 

expression of AMPKα, MHC-I, MHC-IIA, or MHC-IIX, in agreement with the present 

study. 

 As shown in Figure 2.1, gene and protein expression of GLUT4 was impacted by 

day (P < 0.001), but not altered by supplementation of chromium (P > 0.05).  This is 

similar to findings by Tokach et al. (2015), where skeletal muscle satellite cells were 

incubated with media containing various concentrations of CrP with no differences in 

mRNA expression for GLUT4.  In the same study, addition of CrP decreased protein 

expression of GLUT4.  However, when rat L6 myoblasts were treated with chromium 

and insulin, there was an increase in GLUT4 mRNA expression compared with controls 

(Qiao et al., 2009).  These prior findings were observed in vitro, while the in vivo data of 

the present study where animals were supplemented with chromium with no impact on 

total expression of GLUT4. 

Immunohistochemical Analysis 

 For the fiber type distribution, there were no interactions of treatment and day 

present (P < 0.05).  As presented in Figure 2.2, the proportion of MHC-I and MHC-IIA 

fibers tended to increase from d 0 to d 147 (P = 0.062 and 0.075, respectively).  A 

significant day effect was observed for MHC-IIX fibers, with the proportion of MHC-IIX 

fibers decreasing until d 119, then increasing on d 147, which was not different from d 0.  

This reflects the mRNA expression data of no change in expression of any of the three 
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skeletal muscle fiber types found in cattle.  This is congruent with established data where 

fiber type proportions were not different in animals harvested after varying days on feed 

(Johnston et al., 1975).  

 No interaction between treatment and day was observed for cross-sectional area 

for all three fiber types.  Supplementation with CrP did not significantly change cross-

sectional area for any fiber type found in bovine skeletal muscle (P > 0.05; Figure 2.3).  

However, as days on feed increased, the cross-sectional area of all three fiber types 

increased (P < 0.001).  This is expected, as it has been shown that skeletal muscle fiber 

cross-sectional area in the longissimus dorsi increases as animals advance in age (Joubert, 

1956; Tuma et al., 1962; Johnston et al., 1975).  This hypertrophy of skeletal muscle 

fibers is the cause of skeletal muscle growth postnatally, as the number of skeletal muscle 

fibers remains fixed after birth. 

 For the total density of GLUT4, there was a tendency for an interaction observed 

between treatment and day (P < 0.05).  The density of GLUT4 decreased from d 0 to 147 

for all treatments, but the density in samples from the control treatment decreased more 

than the three treatments receiving chromium (Figure 2.5, panel A).  Internalization of 

GLUT4 was also measured, as exhibited in panel B of Figure 2.5.  No interaction of 

treatment and day occurred (P > 0.05).  However, there were significant treatment (P < 

0.01) and day effects (P < 0.001).  There was a greater density of internalized GLUT4 on 

d 147 compared with d 0, and the 0.45 mg/kg and 0.30 mg/kg treatments had greater 

densities of internalized GLUT4 than the control treatment.  When GLUT4 is found 
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inside the cell, the protein is not able to transport extracellular glucose into the cell for 

metabolism.   

The importance of GLUT4 to skeletal muscle homeostasis has been established.  

Of the known GLUTs, GLUT4 is found most abundantly in skeletal muscle and adipose 

tissue (Bell et al., 1990).  In skeletal muscle and adipose tissue, GLUT4 is translocated to 

the cellular membrane in response to insulin signaling, allowing for transport of 

extracellular glucose to the cytosol (Sano et al., 2003).  When GLUT4 is disrupted in 

murine skeletal muscle, there is a drastic reduction in glucose transport, insulin 

sensitivity, and glucose tolerance (Zisman et al., 2000).  Supplementation with CrP has 

been shown to increase insulin sensitivity in beef cattle (Kegley et al., 2000; Spears et al., 

2012). The increase in cross-sectional area coupled with the increase of internalized 

GLUT4 transporters in the 0.45 mg/kg CrP treatment suggests that CrP supplementation 

increases the ability of GLUT4 to move glucose to the cytosol, resulting in fewer GLUT4 

needed at the cell surface.  

Tendencies for interaction of treatment and day were seen for density of both total 

nuclei and myonuclei, or nuclei associated with the muscle fiber (P = 0.08 and 0.08, 

respectively; Figure 2.6).  However, main effects will be discussed as the overall effects 

can be described more succinctly than the interaction.  There was no effect of CrP 

supplementation for either total nuclei density or for the density of myonuclei.  However, 

for both total nuclei and myonuclei densities, density of nuclei decreased from d 0 to d 

147.  These numbers are reflective of the increase in skeletal muscle fiber cross-sectional 

area, leading to a dilution of total nuclei as the protein:DNA unit increases.  Total nuclei 
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are composed of both nuclei fused into the muscle fiber as well as satellite cells which are 

next to the muscle fiber to fuse into the cell.    

For the satellite cell populations measured (Myf5-positive, PAX7-positive, and 

Myf5/PAX7-positive), no interaction of treatment and day was detected (Figure 2.7).  

Additionally, there was no change in satellite cell population due to chromium 

supplementation for the three populations (P > 0.05).  A significant change in the 

populations of Myf5-positive and PAX7-positive satellite cells due to day was observed 

(P < 0.001).  In Myf5-positive cells, the density increased from d 0 to d 147.  Conversely, 

the density of PAX7-positive cells decreased as days on feed increased.  This suggests 

there was an increase in the number of proliferative satellite cells coupled with an 

increase in fusion of satellite cells into the existing skeletal muscle fibers, as Myf5 is 

important for satellite cell proliferation while PAX7 is crucial for differentiation of 

satellite cells (Zammitt et al., 2006; Kuang et al., 2007).  Total number of skeletal muscle 

satellite cells decreases over time, from 30% of nuclei found in skeletal muscle at birth 

being associated with satellite cells to 2-10% of skeletal muscle nuclei in physiologically 

mature mice (Cardasis and Cooper, 1975).  These results suggest the animals in the 

present study were still capable of increased skeletal muscle growth, as the number of 

satellite cells increased over time.  The ratio of DNA:protein in skeletal muscle is highly 

conserved, and Cheek et al. (1971) stated change in the ratio of DNA:protein is 

determined by DNA and nuclei numbers. 

Implications 
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The combination of no change in total GLUT4 expression with an increase of 

translocation of GLUT4 from the sarcolemma to the interior of the skeletal muscle fibers 

due to chromium supplementation imply uptake of glucose by skeletal muscle fibers may 

become more efficient, thus requiring fewer glucose transporters on the surface of the 

fiber.  This implication is also suggested by previous research (Tokach et al., 2015).  This 

would allow for skeletal muscle fibers to direct nutrients away from glucose transporter 

synthesis towards synthesis of other proteins. 
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Table 2.1. Sequence for bovine PCR primers and TaqMan probes for genes of interest. 

Item Sequence (5’ to 3’) 

AMPK-α (accession no. NM_001109802)  

Forward  ACCATTCTTGGTTGCTGAAACTC  

Reverse  CACCTTGGTGTTTGGATTTCTG 

TaqMan probe  6FAM-CAGGGCGCGCCATACCCTTG-TAMRA  

GLUT4 (accession no. D63150) 

Forward CCTCGGCAGCGAGTCACT 

Reverse AAACTGCAGGGAGCCAAGAA 

TaqMan probe CCTTGGTCCTTGGCGTATTCTCCGC 

IGF-I (accession no. X15726)  

Forward   TGTGATTTCTTGAAGCAGGTGAA 

Reverse AGCACAGGGCCAGATAGAAGAG 

TaqMan probe  6FAM-TGCCCATCACATCCTCCTCGCA-TAMRA 

MHC-I (accession no. AB059400)  

Forward  CCCACTTCTCCCTGATCCACTAC 

Reverse  TTGAGCGGGTCTTTGTTTTTCT 

TaqMan probe  6FAM-CCGGCACGGTGGACTACAACATCATAG-TAMRA  

MHC-IIA (accession no. AB059398)  

Forward  GCAATGTGGAAACGATCTCTAAAGC  

Reverse GCTGCTGCTCCTCCTCCTG 

TaqMan probe  6FAM-TCTGGAGGACCAAGTGAACGAGCTGA-TAMRA  

MHC-IIX (accession no. AB059399) 

Forward GGCCCACTTCTCCCTCATTC 

Reverse CCGACCACCGTCTCATTCA 

TaqMan probe 6FAM-CGGGCACTGTGGACTACAACATTACT-TAMRA 

PPARγ (accession no. NM_181024) 

Forward ATCTGCTGCAAGCCTTGGA 

Reverse TGGAGCAGCTTGGCAAAGA 

TaqMan probe 6FAM-CTGAACCACCCCGAGTCCTCCCAG-TAMRA 

RPS9 (accession no. DT860044)  

Forward GAGCTGGGTTTGTCGCAAAA 

Reverse GGTCGAGGCGGGACTTCT 

TaqMan probe 6FAM-ATGTGACCCCGCGGAGACCCTTC-TAMRA 
1AMPKα = AMP-activated protein kinase alpha, GLUT4 = glucose transporter 4, 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, and RPS9 = ribosomal protein subunit 9. 
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Table 2.2. Effects of chromium supplementation on relative gene expression in longissimus biopsy samples of feedlot steers. 

 Day   Treatment, mg/kg Cr   P – values# 

Gene* 0 28 56 91 119 147 SEM  0 0.15 0.30 0.45 SEM  D T D×T 

AMPKα 2.75 2.70 1.90 1.93 2.31 3.28 0.771  3.11 2.64 2.32 1.83 0.575    0.06 0.14 0.74 

IGF-I 1.69bc 1.62bc 1.74bc 2.87a 2.35ab 1.47c 0.415  1.98 1.86 1.60 2.38 0.393  <0.01 0.26 0.85 

PPARγ 1.90b 4.47a 2.99ab 2.77ab 3.53a 3.77a 1.001  3.84x 3.13y 1.98y 4.02x 0.833  0.02 0.05 0.32 

MHC-I 2.17b 0.92c 2.00b 2.55b 3.45a 4.02a 0.730  2.57 2.81 2.50 2.19 0.433  <0.01 0.53 0.18 

MHC-IIA 2.19ab 0.86c 1.39bc 2.42a 3.08a 3.12a 0.832  1.94 2.68 2.19 1.89 0.510  <0.01 0.35 0.80 

MHC-IIX 3.46a 1.26c 1.59c 2.21b 3.18a 4.14a 0.816  2.48 2.85 2.90 2.33 0.511  <0.01 0.55 0.85 
abcMeans within same row with different superscripts differ for effect of day (P < 0.05) 
xyMeans within same row with different superscripts differ for effect of treatment (P < 0.05) 

*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, and RPS9 = ribosomal protein subunit 9. 
#D- day, T- treatment, D×T- day by treatment interaction 
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Figure 2.1. Effects of chromium propionate supplementation on relative gene and protein expression of GLUT-4 in 

longissimus biopsies of feedlot steers collected on d 0, 28, 56, 91, 119, an d147 of the feeding trial (n = 32). Treatments were 0 

mg Cr/kg diet DM, 0.15 mg Cr/kg diet DM (Cr propionate; KemTRACETM Chromium, 0.04%, Kemin Industries, Des Moines, 

IA), 0.30 mg Cr/kg diet DM, and 0.45 mg Cr/kg diet DM.  Differing superscripts indicate expression differs for day (gene P= 

0.04; protein P < 0.01). 
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Figure 2.2. Effects of chromium propionate supplementation on skeletal muscle fiber 

type distribution in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 91, 

119, an d147 of the feeding trial (n = 32). Treatments were 0 mg Cr/kg diet DM, 0.15 mg 

Cr/kg diet DM (Cr propionate; KemTRACETM Chromium, 0.04%, Kemin Industries, Des 

Moines, IA), 0.30 mg Cr/kg diet DM, and 0.45 mg Cr/kg diet DM.  Cross sections of 

skeletal muscle samples were stained by immunohistochemistry for presence of myosin 

heavy chain (MHC) isoforms.  Differing superscripts denote means within MHC isoform 

IIX differ by day (P = 0.01). 
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Figure 2.3. Effects of chromium propionate supplementation on skeletal muscle fiber area 

in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 91, 119, an d147 of 

the feeding trial (n = 32). Treatments were 0 mg Cr/kg diet DM, 0.15 mg Cr/kg diet DM 

(Cr propionate; KemTRACETM Chromium, 0.04%, Kemin Industries, Des Moines, IA), 

0.30 mg Cr/kg diet DM, and 0.45 mg Cr/kg diet DM.  Cross sections of skeletal muscle 

samples were stained by immunohistochemistry for presence of myosin heavy chain 

(MHC) isoforms.  Differing superscripts denote means within MHC isoform differ by 

day (P < 0.01). 
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Figure 2.4.  Immunohistochemical staining of skeletal muscle fibers in feedlot steers from longissimus biopsies (n = 32).  Panel 

A- d 0, 0 mg Cr/kg; panel B- d 147, 0 mg Cr/kg diet DM; panel C- d 0, 0.45 mg Cr/kg (Cr propionate; KemTRACETM 

Chromium, 0.04%, Kemin Industries, Des Moines, IA); panel D- d 147, 0.45 mg Cr/kg.  Green- sarcolemma, red- myosin 

heavy chain (MHC)-I fibers, yellow- MHC-IIA fibers, black- MHC-IIX fibers, blue- nuclei. 
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Figure 2.5. Effects of chromium propionate supplementation on GLUT4 density and 

characteristics in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 91, 

119, an d147 of the feeding trial (n = 32). Treatments were 0 mg Cr/kg diet DM, 0.15 mg 

Cr/kg diet DM (Cr propionate; KemTRACETM Chromium, 0.04%, Kemin Industries, Des 
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Moines, IA), 0.30 mg Cr/kg diet DM, and 0.45 mg Cr/kg diet DM.  Cross sections of 

skeletal muscle samples were stained by immunohistochemistry for presence GLUT4.  

Panel A depicts total GLUT4 density, and panel B shows the density of internalized 

GLUT4.  Differing superscripts denote means differ by day (P ≤ 0.01). 
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Figure 2.6. Effects of chromium propionate supplementation on nuclei density in feedlot 

steers from longissimus biopsies collected on d 0, 28, 56, 91, 119, an d147 of the feeding 

trial (n = 32). Treatments were 0 mg Cr/kg diet DM, 0.15 mg Cr/kg diet DM (Cr 

propionate; KemTRACETM Chromium, 0.04%, Kemin Industries, Des Moines, IA), 0.30 

mg Cr/kg diet DM, and 0.45 mg Cr/kg diet DM.  Cross sections of skeletal muscle 

samples were stained by immunohistochemistry for nuclei.  Differing superscripts denote 

means differ by day (P < 0.01). 
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Figure 2.7. Effects of chromium propionate supplementation on satellite cell population 

density in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 91, 119, an 

d147 of the feeding trial (n = 32). Treatments were 0 mg Cr/kg diet DM, 0.15 mg Cr/kg 

diet DM (Cr propionate; KemTRACETM Chromium, 0.04%, Kemin Industries, Des 

Moines, IA), 0.30 mg Cr/kg diet DM, and 0.45 mg Cr/kg diet DM.  Cross sections of 

skeletal muscle samples were stained by immunohistochemistry for satellite cell 

populations.  Differing superscripts denote means within satellite cell population differ by 

day (P < 0.01). 
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CHAPTER V. 

CONCLUSION 

The results of the present studies show supplementation of growth promoting compounds 

can alter skeletal muscle characteristics.  The magnitude of response due to these 

compounds can be impacted by many exogenous factors.  Supplementation of the 

experimental treatments may improve performance of beef cattle. 

 Supplementation of chromium propionate (CrP) resulted in increased body weight 

and improved rates of gain compared to control cattle.  There were no differences in 

DMI, but feed efficiency was improved with CrP administration.  This improvement of 

gain translated to heavier hot carcass weights from animals fed CrP, with a linear 

improvement as the amount of CrP fed increased.  No changes in blood metabolites were 

detected, but no glucose or insulin challenge was administered.  No differences were 

observed in expression of GLUT4 mRNA or protein, but the density of internalization of 

GLUT4 increased due to CrP supplementation.  The improvement in feed efficiency and 

hot carcass weight translates to potentially increased economic return for beef producers.  

The decrease in GLUT4 on the cell surface but no change in circulating glucose 

concentrations indicate CrP supplementation improves the efficiency of GLUT4 to 

uptake glucose into skeletal muscle fibers, possibly resulting in improved rates of gain in 

feedlot steers.  

  


