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ABSTRACT
Two experiments were conducted to evaluate the effects of zinc propionate and vitamin A status
on feedlot steer growth performance, carcass characteristics, and muscle fiber characteristics.
First, a randomized complete block design experiment with 32 yearling crossbred steers (average
BW = 442 ± 17.0 kg) fed a steam-flaked corn-based diet was used to evaluate the effects dietary
Zn (KemTRACE® Zinc Propionate 27; Kemin Industries, Inc. Des Moines, IA) supplementation
on growth performance, skeletal muscle fiber, and beta-adrenergic receptor (β-AR)
characteristics during the finishing phase. Steers were blocked by BW (n = 4 blocks; 8
steers/block), assigned to pens (n = 4 steers/pen), and randomly assigned to the following
treatments: control (CON; 0.0 g/ [hd · d] of additional Zn) or additional dietary Zn (ZnP; 1.0
g/[hd · d] additional Zn). The basal diet contained Zn (60 ppm DM basis) from ZnSO4;
additional Zn was top-dressed at feeding. Ractopamine hydrochloride (RH; Optaflexx: Elanco
Animal Health, Greenfield, IN) was included at 300 mg/ (hd · d) for the final 28 d of the 111 d
feeding period. Longissimus muscle biopsy samples, BW, and blood were obtained on d 0, 42,
79, and 107. Final BW was collected prior to shipping on d 111. Biopsy samples were used for
immunohistochemical (IHC), mRNA, and protein analysis. Serum urea- N (SUN) and NEFA
concentrations were detected. Steers fed ZnP had greater ADG (P = 0.02) and G:F (P = 0.03)
during the RH feeding period compared to CON. Fiber type I and IIA had no differences for
cross-sectional area; however, IIX area was greater (P < 0.04) for CON compared to ZnP, and
increased (P < 0.02) over time. A treatment × day interaction was observed in β2-adrenergic
receptor density (β2-AR; P = 0.02) and β3-adrenergic receptor density (β3-AR; P = 0.02) during
the RH feeding period, where the abundance of the receptors increased with ZnP but did not
change in CON. Compared to CON, ZnP had greater (P < 0.01) mean NEFA concentrations.
vii
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Mean SUN concentrations did increase over time (P < 0.01). These data indicated that additional
dietary Zn, supplied as Zn propionate, upregulates β2-AR and β3-AR, and improves growth
performance in feedlot steers during the RH feeding period, likely through a shift of resource
utilization from lipogenesis to muscle maintenance.
The second study utilized a randomized complete block design with 30 yearling
crossbred steers (average BW = 436.3 ± 39.8 kg) fed a steam-flaked corn-based diet was used to
evaluate the effects of dietary vitamin A (Rovimix® A 1000; DSM Nutritional Products Ltd.,
Sisseln, SUI) depletion (phase 1) and repletion (phase 2) on cattle growth performance during
the finishing phase. Steers were blocked by BW (n = 5 blocks; 6 steers/block), assigned to pens
(n = 2 steers/pen), and randomly assigned to one of the following treatments: no added dietary
vitamin A (0IU; 0.0 IU/kg [DM basis] of vitamin A), vitamin A supplemented at the estimated
dietary requirement (2,200IU; 2,200 IU/kg of dietary DM of additional vitamin A), and vitamin
A supplemented at 5× the estimated dietary requirement (11,000IU; 11,000 IU/kg of dietary DM
of additional vitamin A). The basal diet included minimal vitamin A dietary activity (< 200 IU of
vitamin A activity/kg of dietary DM) via the provitamin A, beta-carotene. After all treatments
underwent a 91-d vitamin A depletion period, additional vitamin A was top-dressed at feeding
via a ground corn carrier. Liver biopsy samples, BW, and blood were obtained on d -91, -35, 0,
28, 56, 84, and 112. Final BW was collected prior to shipping on d 112. Carcass data was
collected by trained personnel upon harvest. Sera and liver samples were used to monitor
circulating vitamin A and evaluate true vitamin A status of the cattle. Vitamin A status did not
effect, interim ADG or G:F (P > 0.05). Throughout the duration of the study, DMI for the 0IU
cattle was depressed (P < 0.05). Overall G:F was lower in the 0IU cattle compared to 2,200IU
viii
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and 11,000IU. A treatment × day interaction occurred for both sera retinol and liver retinol (P <
0.01) during phase 2 of the trial. The treatments and sera retinol levels were incorporated into a
repletion model, resulting in an estimation of liver retinol changes (P < 0.01; R2 = 0.682).
However, models used to evaluate depleted animals were less effective. Expression for MHC-I
diminished and rebounded (P = 0.04) from the beginning to the end of the trial. The intermediate
fiber type, MHC-IIA, had a similar pattern of expression (P = 0.01) to that of MHC-I. On d 84,
C/EBPβ expression was also the greatest (P = 0.03). The pattern of PPARγ (P < 0.01) and
PPARδ (P < 0.01) expression seemed to more closely mimic that of MHC-I expression,
increasing from d 84 to d 112. Distribution of MHC-IIA demonstrated a treatment × day
interaction (P = 0.02). Although the proportion of MHC-IIA fibers equalized across treatments
by d 112, the distribution of this muscle fiber type varied greatly across treatments and time. The
distribution for MHC-I differed among treatments (P = 0.02): 2,200IU cattle maintained the
greatest proportion of MHC-I, 11,000IU had the least MHC-I fibers, and 0IU was intermediate.
Muscle fiber cross-sectional area increased for each MHC (P < 0.01) with the notable increase
between d 28 and d 56. Among treatments, MHC-I had a tendency to have the greatest crosssectional area in the 2,200IU steers and the smallest cross-sectional area in the 0IU cattle, with
the 11,000IU cross-sectional area being intermediate. For both MHC-IIA and MHC-IIX,
myofiber cross-sectional area was not different for the 11,000IU and 2,200IU treatments, but
both were greater than the 0IU treatment (P = 0.03 and P < 0.01, respectively). Total nuclei
density decreased (P < 0.01) gradually over time. Cells positive for only Myf5 increased (P <
0.01) in density early in the feeding period, then declined. There was a treatment × day
interaction (P = 0.04) for PAX7-positive cells. Initially the 0IU treatment had the greatest PAX7
ix
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density; however, by d 56, the PAX7 density had declined, and there was no longer a difference
among treatments. The dual positive (PAX7+Myf5) nuclei also increased through d 56 prior to a
decline to d 112. As Myf5 positive cells, these nuclei are no longer pluripotent and will be
readily collected into the muscle. The wax and wane of these transcription factors seemed to be
unaffected by the vitamin A status of the animal. Rather, each cell type appeared to follow an
expected pattern as animals mature. These data indicate that vitamin A should be supplemented
in the diet at a concentration no less than 2,200 IU vitamin A/kg diet DM to prevent a loss in
growth performance, and that oxidative gene expression may be independent of vitamin A status.
Moreover, animals with an inadequate vitamin A status do not deposit protein as well as those
animals that have adequate vitamin A.
Key Words: beef, zinc propionate, vitamin A, fiber type, gene expression, satellite cells
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CHAPTER I
INTRODUCTION
As the population and consumer awareness grows, the cattle feeding industry strives to
increase animal efficiency to spare natural resources. Growth enhancing technologies such as
beta-adrenergic agonists (β-AA) and steroid hormones have resulted in improved live and
carcass performance. However, few ground-breaking strides have been made since the discovery
and use of these technologies, requiring the industry to investigate more complementary avenues
that have positive effects on meat quality and palatability. Additionally, many modern consumers
prefer meat produced without growth enhancing technologies, such as β-AA and steroids. Three
primary factors affect consumer palatability: tenderness, juiciness, and flavor. Tenderness has
been identified as the most important of these (Savell et al., 1987; Miller et al., 1995). Flavor has
been the next most investigated, regarding palatability, while data on perceived juiciness is
slightly more limited (Brooks et al., 2012). Juiciness is the next most important determinant for
palatability (Winger and Hagyard, 1994). In combination, these characteristics determine
desirability of a cut of meat, and fat and muscle fiber characteristics affect all three traits.
To better hone the science of efficiently feeding beef cattle, investigations in to
micronutrients and their interactions with synthetic technologies have flourished. Due to the
mode of action of β-AA, the influence of Zn on the beta-adrenergic receptors (β-AR) has been
proposed as a potential enhancer of ligand binding. This activity is likely due to allosteric
binding sites on the receptors, predominantly β2-AR (Swaminath, 2003). If the relationship of Zn
and β-AA is elucidated, β-AR desensitization may be combatted via Zn supplementation
allowing for increased muscle hypertrophy.
1
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Vitamin A, an essential vitamin, also has a role in fat and muscle development. Vitamin
A is defined by compounds with biological activities of retinol (Conaway et al., 2013). Vitamin
A is a fat-soluble, long chained vitamin with five double bonds, and has a variety of biological
activity, which is a direct result of each isoform: retinyl esters, retinol, retinaldehyde, and
retinoic acid. In cattle, it is usually formed from carotenoids. Carotenoids, or provitamin A, are
converted to various forms of vitamin A in the body via enzymatic activity (Conaway et al.,
2013). Common carotenoids include α-carotene, β-carotene, γ-carotene, and cryptoxanthin, with
β-carotene being the most commonly consumed and easily converted by ruminants (Church,
1979). While retinol is the most abundant isoform, it may be converted to and from retinal, the
aldehyde form. The most active isoform is the acidic form, retinoic acid. Esterified forms of
vitamin A are also commonly found in the body and supplemented in the diet (Conaway et al.,
2013).
Several countries restrict vitamin A in the diet of cattle to maximize marbling; however,
trials evaluating the effect of vitamin A have conflicting results. Recent studies have indicated
that vitamin A promotes oxidative muscle fiber development, both in live animals and cell
culture (Kim, 2018; Wang, 2018). Oxidative muscle fibers tend to be thinner in diameter;
therefore, supplemental vitamin A could potentiate more tender meat.

2
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CHAPTER II
REVIEW OF LITERATURE
ZINC
Trace minerals are required for vitamin synthesis, hormone production, enzyme activity,
collagen formation, tissue synthesis, oxygen transport, and energy production associated with
animal maintenance, health, growth, and reproduction (Paterson and Engle, 2005). Enzyme
activity is often dependent on the catalytic roles of metalloenzymes, of which minerals like Zn
are a structural component. Metalloenzymes are metabolically relevant in energy production,
protein digestion, cell replication, and antioxidant activity, making the mineral components of
these enzymes critical when formulating animal rations.
ZINC SOURCES
The source of a trace mineral impacts digestion, absorption, and metabolism. The
absorption of Zn is homeostatically controlled, where the demand of the animal prescribes
uptake (Miller, 1975). This requirement is recommended to be 30 mg of Zn/kg of dietary DM for
beef cattle. While plant sources may contain between 50 to 70 mg/kg DM Zn, cereal grains
usually contain only 20 to 30 mg/kg, making additional Zn sources necessary in the feedlot
setting (NASEM, 2016). Organic sources of minerals are usually more bioavailable than
inorganic sources (Spears, 2003). Zinc oxide, Zn sulfate, Zn methionine, and Zinc proteinate are
common available feed-grade options for supplementation. Kegley and Spears (1992) expressed
Zn oxide and sulfate to have similar utilization in ruminants. However, the metabolization of Zn
methionine and other chelated forms of the mineral appear to be metabolized differently than the
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inorganic standards (Spears, 1989). More recently, Zn propionate has been used in the industry,
but little data is available on its activity in the animal compared to other Zn sources.
ZINC METABOLISM AND CELLULAR FUNCTION
Availability of Zn
Trace minerals are required for structural and muscular development (Suttle, 2010).
Engle et al. (1997) observed a decrease in fractional protein degradation and protein accretion as
well as muscle protein degradation when Zn was depleted for 21 d. The growth performance of
the Zn depleted steers subsequently suffered, resulting in decreases in BW, ADG, and feed
efficiency by approximately 7 kg, .32 kg, and 0.05, respectively. Engle et al. (1997) also
observed that the decline in growth performance manifested prior to a change in Zn- blood or
liver levels. This indicates that Zn may not be made readily available when cattle are in a
deficient state in spite of its ubiquity throughout the body (Paterson and Engle, 2005). Haase and
Rink (2011) explained that the majority of Zn in the body is bound to proteins, supporting the
idea that most Zn with in the body is not readily available. Rather, Zn is often incorporated into
Zn binding proteins, such as metallothionein, where Zn is encased in cysteine residues (Peroza et
al., 2009). Maret (2009) suggested that metallothionein may act as a Zn reservoir, indicating that
Zn is closely regulated within the body. Additionally, metallothionein serves as a transport
protein within the intermembrane space of the mitochondria, making it essential for respiratory
function (Ye et al., 2001).
Nuclear Activity

4
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Although Zn is predominantly found intracellularly throughout the body, its role and
availability are different across tissues (Haase and Maret, 2003). Zinc is a component of several
enzymes required for the synthesis of DNA and RNA, which dictate cellular function (Spears
and Weiss, 2008). According to Wu and Wu (1987), reverse transcriptase and transcription factor
IIIA contain Zn, as does RNA polymerase, which was later elucidated by Wu et al. (1992). In
addition to this role in DNA and RNA synthesis, the structure of DNA, RNA, and chromosomes
require stability via Zn-containing metalloenzymes to carry out their biological functions
(Chesters, 1991). Specifically, DNA-enzyme binding in eukaryotic cells is often facilitated by a
phenomenon called Zn finger domains (Valle and Auld, 1995). MacDonald (2000) describes the
structure as a loop that forms in a polypeptide chain by linking cysteine and histidine via a Zn
ion.
OVERVIEW OF ZINC WITH BETA ADRENERGIC AGONISTS
Beta-Adrenergic Agonists
Beta-adrenergic agonists (β-AA) are synthetic catecholamines used to improve growth
and carcass characteristics in beef cattle via the increase in protein synthesis and decrease in
protein degradation (Mersmann, 1998). The use of β-AA also increases lipolysis and decreases
lipogenesis, rerouting energetics to protein anabolism (Mersmann, 1998; Miller et al. 2012;
Tokach, 2011). An interaction with the beta-adrenergic receptors (β-AR) stimulates a secondary
messenger signal cascade (Johnson, 2004). This cascade activates cyclic adenosine
monophosphate (cAMP), increasing protein accretion and lipolysis (Mersmann, 1998; Miller et
al. 2012; Tokach, 2011). The β2-AR is prominent in beef cattle skeletal muscle and may be
bound by the industry approved β-AA, zilpaterol HCl (ZH) and ractopamine HCl (RH). Ligand
5
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binding can result in the phosphorylation of the intracellular portion of the receptor or the
internalization of the β-AR, which are both forms of receptor desensitization. Hausdorff et al.
(1990) explains that the uncoupling of G-proteins results from protein kinase A (PKA) and β-AR
kinase (β-ARK) activity, down-regulating the cell signaling cascade. The more chronic receptor
desensitization results from a conformational change in the β-AR, drawing it from the exterior to
the interior of the cell membrane (Lohse et al., 1990).
Beta-Adrenergic Receptors
Swaminath et al. (2002) discussed that multiple allosteric binding sites exist for Zn2+ on
β2-AR. In 2003, Swaminath and others identified these binding sites, clarifying that one affects
that ability for agonist binding, and the other affects antagonist binding causing an increase in
cAMP production. One of the discovered Zn2+ binding sites occurred at His-269 of the β-AR;
without this amino acid, cAMP production was not affected by Zn2+. With the potential to
improve receptor longevity, Zn supplementation in conjunction with β-AA could facilitate
prolonged protein accretion. In a recent study, steers supplied 60 ppm ZnSO4 + 60 ppm Znamino acid complex with and without the addition of a β-AA demonstrated greater nitrogen
retention compared to their control counter-parts (Carmichael et al., 2018). The N retention for
these steers was also positively correlated (r = 0.46) to the Zn.
Zinc and Beta-Adrenergic Agonists
Harris (2013) evaluated the effect of Zn and RH on cultured bovine skeletal muscle cells
and reported no differences in insulin-like growth factor (IGF)-1, myosin heavy chain (MHC)-I,
MHC-IIA, or MHC-IIX gene expression of cells treated with Zn and RH up to 96 h. However, at
120 h, Tokach (2011) observed increased abundance of IGF-I and MHC-IIX mRNA in ZH
6
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treated cells. In pigs fed RH and Zn, Paulk et al. (2014) reported a linear decrease in the percent
of MHC-IIA fibers and Zn concentration increased. In a similar study, swine carcasses from RH
diets with added Zn tended to have increased loin eye area compared to animals fed only RH
(Burnett et al., 2016). That study further suggested that Zn may prolong the expression of IGF-1
and β1-AR. Conversely to the swine study, in calf-fed Holsteins supplemented Zn methionine
(ZnMet) and ZH, Hergenreder et al. (2016) observed in increase and a tendency for an increase
in the proportion MHC-I and MHC-IIA fibers, respectively, and a decrease in MHC-IIX fibers.
The ZnMet cattle also had decreased abundance of β1-AR, suggesting that the effect of Zn in
combination with RH may be different than with ZH.
VITAMIN A
Vitamin A is defined by compounds with biological activity of retinol, and was first
discovered as a fat-soluble component of milk by McCollum and Davis in the early 1900’s
(Conaway et al., 2013; McDowell, 2008; McCollum and Davis, 1915). Vitamin A is a fatsoluble, long chained vitamin with five double bonds, but rarely found in the herbivorous diet of
cattle. Rather, carotenoids are found in plants. Carotenoids, or provitamin A, are converted to
various forms of vitamin A in the body via enzymatic activity (Conaway et al., 2013). Common
carotenoids include α-carotene, β-carotene, γ-carotene, and cryptoxanthin, with β-carotene being
the most commonly consumed and easily converted by ruminants (Church, 1979).
SOURCES, ISOFORMS, AND AVAILABILITY OF VITAMIN A
Vitamin A Isoforms

7
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Vitamin A has a variety of biological activities, which is a direct result of each isoform:
retinyl esters, retinol, retinaldehyde, and retinoic acid (Figure 2.1; Conaway et al., 2013). The
alcohol form of vitamin A, retinol, is the most abundant isoform. When quantifying vitamin A in
blood and tissue, it is presented as retinol because in the isolation process lipids are saponified in
ethanol to reduce esters to the alcohol form (Conaway et al., 2013). When an aldehyde group is
included in the vitamin A molecule, it is retinal. The most active isoform is the acidic form,
retinoic acid. Vitamin A is also commonly found in the body in esterified forms. Retinyl
palmitate and retinyl acetate are commonly supplemented in animal feeds. Both cis- and transforms of vitamin A exist with all-trans-retinoic acid being the parent retinoid. In addition to
vitamin A, provitamin A sources are found in plants; these are known as carotenoids.
Approximately 50 carotenoids are biologically active, but cattle consume predominantly βcarotene (Church, 1979).

8
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Figure 2.1. Isoforms of vitamin A and enzymes, and schematic conversions between them
(Adapted from Palace, 2006).
Vitamin A Activity
Vitamin A isoforms and carotenoid source directly affect nutrient bioactivity. In cattle,
the conversion of β-carotene to international units (IU) of vitamin A is 1 mg to 400 IU. This is
24 percent of the standard for vitamin A activity (McDowell, 1999). Vitamin A is sensitive to
light and oxygen; therefore, the isoform retinyl palmitate (0.55µg retinyl palmitate = 1 IU
vitamin A) is commonly supplemented as a source of vitamin A, to correct for an insufficient
quantity of available β-carotene in the diet (NASEM, 2016). Like cattle, humans consume βcarotene and maintain a conversion of 1 mg to 556 IU, making them 9.3 percent more efficient
than cattle, while rats are considered the standard for conversion of 1 mg to 1667 IU of vitamin
A activity (McDowell, 1999). In addition to provitamin A, omnivorous and carnivorous animals
consume pre-formed vitamin A via dairy, fish, and meat, an intake advantage cattle lack. Fish
9
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liver oil is reported as one of the richest natural sources of vitamin A (250,000 IU/g), but often
creates palatability issues or may not be supplemented to animals (McDowell, 2008). Without
the inclusion of supplementary vitamin A, cattle rely on the conversion of β-carotene (Table 2.1;
Palace, 2006). Alosilla et al., (2007) evaluated the bioavailability of several commercially
available vitamin A supplements in Angus-brahman cross cattle. They reported that ruminal
retinol losses might be up to 80%, but that two of the commercially produced supplements
(Microvit A, Lallemand, Rexdale, ON, CA and Rovamix A, DSM, Heerlen, NL) were still
available to cattle.

10
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Table 2.1 Vitamin A content of feedstuffs based on carotene conversion for cattle (400 IU/mg of
carotene content).
Feeds

Vitamin A Activity (IU/kg)

Alfalfa hay, sun-cured, ground

54,000

Alfalfa leaves, sun-cured

30,800

Alfalfa meal, dehydrated, 17% protein

52,400

Barley grain

800

Corn distiller grains, dried

1,200

Corn distillers soluble, dried

400

Corn gluten feed

2,800

Corn gluten meal

7,200

Corn grain

1,200

Cottonseed meal

0

Grain sorghum grain

400

Soybean

0

Rye grain

0

Wheat bran

1,200

Wheat grain

0

Adapted from Cullison, 1982
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Digestion and Absorption
The fat-solubility and hydrophobicity of vitamin A and carotenoids allows the initial
metabolism of vitamin A to occur in the small intestine during lipid digestion and absorption
(D’Ambrosio et al., 2011). Like other lipid compounds, the emulsification of the free form of
vitamin A and carotenoids after being acted upon by pancreatic lipase, retinyl ester hydrolase,
and cholesteryl ester hydrolase, is required for micelle formation and subsequent absorption into
the enterocyte (McDowell, 1999; Reboul, 2013). β-carotene is usually absorbed via scavenger
receptor class B type 1 (SR-B1) (Conaway et al., 2013). Upon enterocyte absorption, carotenoids
may be converted into retinal via beta-carotene oxygenase I (BTCO I) or transported with other
lipids via chylomicrons (Bauernfeind, 1981; D’Ambrosio et al., 2011).
In cattle, the majority of vitamin A and provitamins are absorbed from the
gastrointestinal (GI) tract, but between 40 to 70% of dietary vitamin A and carotenoids do not
reach the small intestine due to ruminal fermentation (Ullrey, 1972). However, cattle have the
unique ability to synthesize small quantities of vitamin A in other tissues, like the lungs
(Conaway et al., 2013; Kim, 2017). It is also proposed that biological activity of vitamin A varies
in accordance with the percent concentrate in the diet compared to the percent roughage, with a
greater percent of concentrate resulting in more activity (Rode et al., 1990). One study reported
that in dairy cattle diets approximately 78% of the forage carotene is digested (Wing, 1969).
According to NASEM (2016) the carotene in a standard forage diet should satisfy the vitamin A
activity requirement, 2,200 IU Vitamin A/kg diet DM.
Vitamin A Status and Storage
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In humans, vitamin A status is often measured via a relative dose-response test (Institute
of Medicine, 2001). Plasma retinol concentration is also used in various species to indicate
vitamin a status, but it only reflects true vitamin A status of the animal when liver stores are
almost depleted, and the animal is no longer able to mobilize the various isoforms (Bryant et al.,
2010; Ross et al., 2006). In humans, a plasma retinol concentration lower that 200 ng/mL
indicates deficiency; whereas, cattle normally range between 200 to 300 ng/mL (Bryant et al.,
2010; Institute of Medicine, 2001). For beef feedlot cattle, pregnant cattle, and lactating cows or
breeding bulls, the required IU of vitamin A / kg of dry feed is 2,200, 2,800, and 3,900,
respectively (NASEM, 2016). Vitamin A and carotene can be stored in fat, liver, and other
tissues for later utilization, like winter or drought conditions (Brink, 1987). The primary storage
site for vitamin A is the liver. Between 50 to 90% of vitamin A is stored within hepatic stellate
cells as retinyl esters in lipid droplets, while the remaining percentage is distributed among the
kidneys, lungs, adrenals, and blood. This distribution of vitamin A varies across species, where
the kidney may store large amounts of vitamin A as well (Conaway et al., 2013). Depletion of
vitamin A after the suspension of vitamin A and carotenoid intake varies between classes of
cattle, ranging from as little as 40 days in light feeder steers to as many as 150 days in mature
cows (Sewell, 1993). Liver biopsy studies have shown that 133 µg of retinol/g (DM basis) of
liver tissue can sustain cattle upward of 120 days on a vitamin A deficient feedlot diet (Bryant et
al., 2010). Cattle fed a forage or grass diet also store large amounts of carotene, coloring their fat
a deep-yellow (McDowell, 2008).
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FUNCTIONS OF VITAMIN A IN ANIMALS
Vitamin A is known for four distinct functions in many species: rhodopsin formation in
the retina, bone growth and maturation, reproductive functions, spermatogenesis in males and
pregnancy maintenance in females, and growth and differentiation of epithelial tissues. Retinal is
used as the prosthetic group of rhodopsin and iodopsin, a 7-transmembrane g-coupled receptors,
in the retina of the eye, used for dim light vision and bright light and color vision, respectively
(Bownds, 1967). The greater concern of these proteins is rhodopsin because the lack of 11-cisretinal causes xerophthalmia, or night blindness, handicapping the cattle and humans (Ross,
2010; Wang et al., 1980). Although bone growth and maturation are generally attributed to
vitamin D, Wolbach (1947) discussed that vitamin A has a role in the activity of epiphyseal
chondrocytes, which are responsible for long-bone growth and maturation. In addition to
spermatogenesis, vitamin A is necessary in all vertebrates beginning in the embryo. This demand
is maintained through the weaning of mammals, through physiological maturation, and lactation
(Ross et al., 2000). When insufficient quantities of vitamin A are available, the mother will either
reabsorb the fetus or produce progeny with low liver reserves of vitamin A, causing
multigenerational vitamin A deficiency symptoms (Mactier and Weaver, 2005; Swanson et al.,
2000). In instances of vitamin A deficiency, epithelial tissue keratinization is often a symptom.
Keratinization prevents specialized epithelial cells from producing various secretions and other
protective functions in the alimentary, urinary, reproductive, and respiratory tracts, which
increases the risk of eye, lung, and GI diseases (Mactier and Weaver, 2005; Twining et al.,
1997). Additional functions of vitamin A at the cellular level for both species is still unclear.
Investigations on the effect of vitamin A supplementation on the incidence of lung cancer in
14

Texas Tech University, Kimberly B. Wellmann, May 2019
humans have been conducted, but early studies did not show that vitamin A supplementation aids
in the prevention of cancer (Cancer Prevention Study Group, 1994).
SKELETAL MUSCLE AND VITAMIN A
Muscle development
Postnatal muscle growth is a product of hypertrophy. The incorporation of DNA into the
myofiber is required to control this protein accretion. This donation comes from mononucleated
progenitor cells located between the basal lamina and sarcolemma of myofibers, called satellite
cells (Mauro, 1961). Satellite cells can produce daughter cells through mitosis and differentiate
into myofibers or other cell types (Yin et al., 2013). This function is important for the postnatal
muscle growth because myofibers are post-mitotic in neonatal and more mature animals. The
muscle fiber number is fixed prenatally. In adult animals, these stem cells remain quiescent until
environmental stress or molecular signaling stimulates cellular function (Le Grand and Rudnicki,
2003). The expression of the transcription factor, paired box 7 (PAX7) indicates the status of a
stem cell as a true satellite cell (Seale et al., 2000).
As a result of environmental stress, such as muscle damage or strain, satellite cells exit
the quiescent stage to aid in the process of recovering muscle fibers. One compound, hepatocyte
growth factor (HGF), is known to activate satellite cells and stimulate proliferation (Allen et al.,
1995). The effectiveness of this stimulation is partially due to the presence of the HGF receptor,
c-Met, expressed during early stage of satellite cell activation (Wozniak and Anderson, 2007).
The autocrine signaling compound, sphingosine-1-phosphate, is also necessary for re-entry into
the cell cycle for satellite cell activation (Le Grand and Rudnicki, 2003). Fibroblast growth factor
(FGF) is also a satellite cell activator that stimulates the mitogen-activated protein kinase
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(MAPK) signaling pathway. Signaling molecules p38α and β MAPK can also stimulate the
MAPK pathway, which subsequently activates satellite cells (Bennett and Tonks, 1997).
As previously mentioned, satellite cells express Pax7, but satellite cells are
heterogeneous. During myogenic differentiation of satellite cells, basic helix-loop-helix (bHLH)
transcription factors, myogenic factor 5 (Myf5) and myoblast determination protein (MyoD) play
an important role (Wang and Rudnicki, 2012). One review explained that MyoD has a family of
related genes, MyoD, myogenin, Myf5, and MRF4 (or Myf6), which are responsible for the
initiation of myogenesis (Tapscott and Weintraub, 1991). Satellite cells that express Pax7 may
produce either Myf5+ or Myf5- satellite cells. However, only cells that express both Pax7 and
Myf5 are capable of myogenic differentiation, while Pax7 positive, Myf5 negative satellite cells
can still proliferate (Punch et al., 2009).
Muscle Fiber Types and Myosin Isoforms
Muscle fibers are categorized based on color, red or white, and contraction speed, fast or
slow (Schiaffino and Reggiani, 2011). Dubowitz (1965) categorized muscle fibers into two
general classes oxidative and glycolytic based on histochemical differences in enzymatic activity
of myofibrillar ATPase at pH 9.4 (Dubowitz, 1965). With the advancement of technology,
different myosin heavy chain isoforms were discovered in different animal species (Bárány,
1967). Myosin, specifically the heavy chains, are primarily responsible for contraction speed in
myofibers. The myosin protein in skeletal muscle consists of two heavy and four light chains and
serves as a structural component of the sarcomere (Craig and Woodhead, 2006). Type I, slowtwitch fibers with oxidative metabolism and type II, fast-twitch fibers with glycolytic
metabolism became apparent (Cassens and Cooper, 1971). Subsequently, type II fibers were
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subdivided based on glycolytic activity: type IIB with the most glycolytic activity and IIA being
intermediate to that of type I and IIB (Brooke and Kaiser, 1970). Another fiber type, IIX, was
identified by Schiaffino, et al. (1989) as another intermediate fiber, with glycolytic activity
between IIA and IIB. As immunohistochemical techniques progressed, 11 myosin heavy chain
(MHC) isoforms became apparent, including fast-twitch: MHC IIb (IIB, IIBX, IIAB), MHCIId
(IIX, IIBX, IIXA), MHCIIa (IIA, IIAB, IIXA, IIC, IC), MHC eom, MHCm; slow twitch: MHCIβ
(I, IC, IIC), MHCIα, MHCIa; slow-tonic: MHCIton; embryonic: MHCemb; neonatal: MHCneo
(Pette and Staron, 2000). Muscle fibers can be converted from slow to fast twitch (MHC I > IIA
> IIX > IIB) or vice versa as a response to prolonged environmental stressors, hormonal
stimulation, and maturation (Pette and Staron, 2000). In cattle, only three types of MHC
isoforms including MHCI, MHCIIA, and MHCIIX are expressed in skeletal muscle. The most
glycolytic skeletal muscle fiber type in humans and swine, MHCIIB, is not found in cattle
(Chikuni et al., 2004). However, MHCIIB is present in the bovine extraocular muscle, which
controls movement of the eye (Maccatrozzo et al., 2009).
Vitamin A in the muscle
Peroxisome proliferator-activated receptors (PPAR), a member of the nuclear hormone
receptor superfamily, include three isoforms, γ, α, and δ, that each play a significant role in
specific types of cell metabolism. In a recent in vitro study by Kim et al. (2018), it was proposed
that retinoic acid may upregulate oxidative metabolism in the muscle through the activation of
peroxisome proliferator-activated receptor (PPAR)δ. If true, this activity would increase the
proportion of oxidative muscle cells, which facilitate marbling development due to their energy
preference. Peroxisome proliferator-activated receptor-δ, or β, plays a critical role in energy
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homeostasis of skeletal muscle. Several genes, including FABP3, lipoprotein lipase, FAT,
carnitine O-palmitoyl transferase-I (CPT-I), long chain acylCoA dehydrogenase and uncoupling
protein (UCP-I), are controlled by PPARδ (Bedu et al., 2005). Kim (2017) suggests the
overexpression of PPARδ in skeletal muscle promotes oxidative metabolism by upregulating βoxidation- related gene expression, preferentially increasing the formation of MHC I positive,
oxidative muscle fibers (Feige et al., 2006 and Luquet et al., 2003). It is also reported that alltrans retinoic acid (ATRA) is a high affinity ligand for PPARδ and results in activation of
transcription by promoting the coactivator SRC-1; but other isoforms, PPARα and PPARγ are
not activated by ATRA (Shaw et al., 2003). Wang et al., (2018) took a different approach,
evaluating PPARγ coactivator-1 (PGC-1α) upon neonatal vitamin A injection in cattle. This
study and another proposed that PGC-1α activates calcineurin signaling which leads to the
formation of type I fibers, which would result in some change in PPARγ as well (Amin et al.,
2010; Zierath et al., 1998; Park et al., 1997). The abundance of PPARγ in human skeletal muscle
is usually 5% or less than that of adipocytes (Loviscach, et al., 2000). Expression of PPARγ
mRNA in skeletal muscle has also been shown to increase in response to insulin treatment (Park
et al., 1997). All of the studies suggested that increased vitamin A supplementation shifted
muscle fibers to be more oxidative, but maintain different theories on the mode of action through
which this is achieved.
OVERVIEW OF VITAMIN A ON ADIPOSE TISSUE
Adipose Development
Adipogenesis, regulated by diverse transcription factors and proteins, is characterized by
two phases: determination and differentiation (Lefterova and Lazar, 2009). Adipocytes are
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derived from mesenchymal stem cells. Mesenchymal cells undergo determination, or the
commitment to becoming a preadipocyte. Upon the transformation into preadipocytes, the cells
express preadipocyte factor- 1 (Pref-1) and lose their multipotency (Symonds, 2011). After the
exposure of the preadipocyte to differentiation inducers, a basic-leucine zipper factor,
Ccaat/enhancer-binding protein (C/EBP)- β, is expressed. Peroxisome proliferator-activated
receptor (PPAR)γ, a nuclear hormone receptor, is activated by C/EBP- β and heterodimerizes
with the retinoid X receptor (RXR). Additionally, C/EBP-β also activates C/EBP-α, which
induces adipocyte protein 2 (AP2), lipoprotein lipase (LPL), and stearoyl CoA desaturase (SCD)
gene expression, all of which are important for cellular nutrient inlet and energetics (Kim, 2017).
As the cells progress through differentiation, they become an adipocyte without lipid fill. A
basic-loop-helix leucin zipper that regulates transcription related to cholesterol and fatty acid
metabolism, sterol regulatory element-binding protein (SREBP), is expressed. For the production
of oleic acid or palmitoleic acid from stearic acid or palmitic acid, promoting de novo fatty acid
synthesis and adipocyte hypertrophy, SCD is expressed. A transport protein family for fatty
acids, FABP4/AP2 is also expressed. The expression of these genes allows lipid fill to occur in
the immature adipocyte, allowing for adipocyte hypertrophy and maturation.
Dietary Influence on Adipose Development
A primary dietary difference in the development of intramuscular fat rather than
subcutaneous fat is feeding a concentrate-based diet that is rich in soluble carbohydrates rather
than a roughage-based diet that employs cellulolytic bacteria. Rumen fermentation maintains a
high acetate:proprionate ratio when digesting more fibrous substrates compared to starchy
complexes, which leads to subcutaneous and intermuscular fat deposition, rather than marbling
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(Smith and Crouse, 1984). Grain feeding promotes marbling deposition by increasing propionate
production (Smith and Crouse, 1984). Due to the increased fermentation of carbohydrates in the
rumen and subsequent absorption of VFAs for energy, cattle do not have a post-prandial insulin
spike, a hormonal change that is critical for nutrient uptake in non-ruminants. Rather, this
relatively low intestinal glucose absorption, sends the animal into a constant state of
gluconeogenesis, dictated by the hormone glucagon. In the gluconeogenesis pathway, 3 carbon
molecules, or multiples thereof, like propionate are preferred (Lin et al., 1992). This glucose
production from the liver increases blood-glucose concentration enough to stimulate insulin.
Insulin dependent GLUT4 is translocated to muscle cell membranes to allow for an influx of
glucose into the cell (Lin et al., 1992). Upon the completion of glycogen loading, oxidative
muscle cells will start facilitating the development of intramuscular fat deposition. Acetate, the 2
carbon VFA, is ideal for packing into longer fatty acids and triglycerides for storage. These types
of lipids are transmitted via chylomicrons through the lymphatic system where they more
directly reach body adipose stores, resulting in an increase in subcutaneous fat (Smith and
Crouse, 1984).
Influence of Vitamin A on Adipose Development
Although there are many other factors that have been proposed to affect marbling and
subcutaneous fat development, vitamin A is of particular interest. In beef cattle, several studies
have considered the effect of vitamin A on marbling in beef cattle, but the results are unclear
(Gorocica-Buenfil et al., 2008). Retinoic acid signaling is regulated by retinoic acid receptor
(RAR) and retinoid X receptor (RXR). The natural ligands for RAR are all-trans-retinoic acid
and its stereoisomers, 9-cis-retinoic acid and 13-cis-retinoic acid. However, RXR is more limited
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with its natural ligand being only 9-cis retinoic acid (Marill et al., 2003). The RAR and RXR
families each have three isoforms, α, β, and γ (Marill et al., 2003). All-trans retinoic acid binds to
RAR with a high affinity and blocks the heterodimerization of PPARγ/RXR (Villarroya et al.,
1999). Because PPARγ must bind to RXR to regulate adipogeneic-related gene expression,
retinoic acid blocks the function of PPARγ as an adipogenic differentiation regulator (Marill et
al., 2003). Most research attributes the decrease in fat deposition to the activation of retinoic
acid receptor (RAR) via retinoic acid, a form of vitamin A. The RAR forms a heterodimer with
RXR, preventing the RXR:PPAR-gamma heterodimer. Therefore, all-trans-retinoic acid is
negatively associated with the development of adipose tissue in various livestock animals
(Villarroya et al., 1999; Suryawan and Hu, 1997; Ohyama et al., 1998).
The previously mentioned study by Kim et al. (2018) suggests an increase in oxidative
muscle fibers. Although this muscle fiber type tends to use the intramuscular fat, preventing long
term marbling, investigations into retinoic acid antagonists could be conducted to combat this
effect. Kim et al. (2018) also showed that lipid fill in cells treated with the antagonist after
treatment with retinoic acid rebounded compared to cells not treated with the antagonist. This in
conjunction with a high concentrate diet could potentiate an increase in the rate of marbling
development while keeping subcutaneous fat development relatively low.
VITAMIN A IN BEEF CATTLE
In beef cattle, several studies have considered the effect of vitamin A on marbling in beef
cattle, but the results are unclear (Bryant et al., 2010; Gorocica-Buenfil et al., 2008).
Gorocica-Buenfil et al. (2008) demonstrated the effects of two doses of dietary vitamin A
(2700 IU/kg and <1300 IU/kg) on Angus-cross bred steers (n = 68) . Low dietary vitamin A did
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not alter ADG, DMI, or G:F. Quality grade tended to increase in the low vitamin A group, but
back fat thickness and yield grade were not affected by vitamin A. Bryant et al. (2010) evaluated
vitamin A (0, 1103, 2205, 4410, and 8820 IU/kg of DM) with 360 black yearling steers. Growth
performance variables were not affected by dietary vitamin A for the overall feeding period
(Bryant et al., 2010). The vitamin A treatments also had no impact on marbling score, HCW, LM
area, back fat thickness, or USDA carcass grades. Pickworth et al. (2012) conducted a feedlot
trial using 168 Angus crossbred cattle to evaluate the effects of two concentrations of vitamin A
(3750 IU/kg dietary DM or 1860 IU/kg dietary DM). The low dose of vitamin A decreased
retinol concentration in blood serum, the liver, and adipose cells. Interestingly, retinol
concentration of the intramuscular adipose tissue was 38% lower than that of the subcutaneous
adipose tissue. Vitamin A did not affect the DMI, ADG, or G:F; however, enhanced quality
grade and marbling score manifested in the low vitamin A treatment.
In a recent in vitro study using a primary bovine satellite cell culture experiment
by Kim et al. (2018), it was proposed that retinoic acid may upregulate oxidative metabolism in
the muscle through the activation of PPARδ. There was in increase in the expression of MHC I
and a decline in MHC IIX in cultured muscle cells treated with all-trans-retinoic acid. An in vivo
study where angus steers were administered 150,000 IU of vitamin A (retinyl palmitate)
intramuscularly at birth and 1 month of age, reported an increase in Pax7 satellite cells and an
increase in the marker genes, Pax7, Myf5, MyoD, and MyoG. Increased myogenesis and
oxidative fibers were observed for the vitamin A group compared to the control. The study also
reported an increase in PGC-1α, which was activated by retinoic acid, reinforcing the multiple
study consensus that vitamin A shifts muscle development toward oxidative metabolism.
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CHAPTER III
EFFECTS OF ZINC PROPIONATE SUPPLEMENTATION ON SKELETAL
MUSCLE FIBER AND RECEPTOR CHARACTERISTICS IN BEEF STEERS

ABSTRACT
A randomized complete block design experiment with 32 yearling crossbred steers (average BW
= 442 ± 17.0 kg) fed a steam-flaked corn-based diet was used to evaluate the effects dietary Zn
(KemTRACE® Zinc Propionate 27; Kemin Industries, Inc. Des Moines, IA) supplementation on
live growth performance, skeletal muscle fiber, and beta-adrenergic receptor (β-AR)
characteristics during the finishing phase. Steers were blocked by BW (n = 4 blocks; 8
steers/block), assigned to pens (n = 4 steers/pen), and randomly assigned to the following
treatments: control (CON; 0.0 g/ (hd · d) of additional Zn) or additional dietary Zn (ZnP; 1.0
g/(hd · d) additional Zn). The basal diet contained Zn (60 ppm DM basis) from ZnSO4;
additional Zn was top-dressed at feeding. Ractopamine hydrochloride (RH; Optaflexx: Elanco
Animal Health, Greenfield, IN) was included at 300 mg/ (hd · d) for the final 28 d of the 111 d
feeding period. Longissimus muscle biopsy samples, BW, and blood were obtained on d 0, 42,
79, and 107. Final BW was collected prior to shipping on d 111. Biopsy samples were used for
immunohistochemical (IHC), mRNA, and protein analysis. Serum urea- N (SUN) and NEFA
concentrations were measured. Steers fed ZnP had greater ADG (P = 0.02) and G:F (P = 0.03)
during the RH feeding period compared to CON. There were no differences (P > 0.05) in other
growth performance variables, carcass traits, mRNA abundance, or relative protein concentration
for fiber type and β-AR. Fiber type I and IIA had no differences for cross-sectional area;
however, IIX area was greater for CON (P < 0.04) compared to ZnP, and increased (P < 0.02)
over time. There were no differences between treatments for β1-adrenergic receptor density (β1AR; P > 0.05) in skeletal muscle tissue throughout the study. A treatment × day interaction was
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observed in β2-adrenergic receptor density (β2-AR; P = 0.02) and β3-adrenergic receptor density
(β3-AR; P = 0.02) during the RH feeding period, where the abundance of the receptors increased
with ZnP but did not change in CON. Compared to CON, ZnP had greater (P < 0.01) mean
NEFA concentrations. Mean SUN concentrations did increase by day (P < 0.01). Additional
dietary Zn, supplied as Zn propionate, upregulates β2-AR and β3-AR, and improves growth
performance in feedlot steers during the RH feeding period, likely through a shift of resource
utilization from lipogenesis to muscle maintenance and hypertrophy.

Key Words: beef, beta agonist, fiber type, ractopamine, steer, zinc propionate
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INTRODUCTION
Increasing trace mineral supplementation is become increasingly more popular in feedlot
diets to improve health and maximize growth potential. Within that class, zinc has been one of
the most heavily researched, as it is an intracellular signaling molecule, required in a multitude
of cellular functions (Fukada et al., 2011). The Zn requirement for beef cattle is 30 mg Zn/kg
DM (NASEM, 2016). However, no Zn may be readily mobilized from tissue, because it is
bound intracellularly; therefore, an increase in dietary Zn may improve Zn availability to the
animal (Miao et al., 2013). Several studies have reported improvements in ADG and feed
efficiency, as well as heavier body weights in steers, heifers and lambs with supplementation of
Zn beyond the level of requirement (Spears, 1989; Nunnery et al., 2007). Other research has
concluded that Zn is intricately involved in protein synthesis and regulatory functions during
transcription, and has increased bioavailability when supplied in an organic form, rather than an
inorganic form (Brinkhaus et al., 1998; NASEM, 2016). The effects of zinc propionate on
skeletal muscle growth and development have been minimally investigated; however, it was
hypothesized that Zn propionate may alter muscle development and growth metabolism.
Therefore, a study was designed to determine the effects of dietary zinc (KemTRACE Zinc
Propionate 27: Kemin Industries, Inc., Des Moines, IA) supplementation on feedlot growth
performance, carcass characteristics, blood metabolites, and β-adrenergic agonists (β-AR) during
the finishing phase of feedlot steers.

MATERIALS AND METHODS
Animal management and treatments
All procedures were approved by the Texas Tech University Institutional Animal Care
and Use Committee (Protocol Number: 15016-02). Bos Taurus cross-bred steers (n = 32; 442 ±
17 kg) were obtained from a commercial feedlot and processed upon arrival at the Burnett Center
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of Texas Tech University, Idalou, TX. Steers received ear tags for identification, were treated
with anthelmintics, and vaccinated in accordance with Texas Tech University health protocols.
Steers were blocked by initial BW and organized in a randomized complete block design (4
steers/pen; 8 pens total; 4 pens/treatment). Pens within block were randomly assigned 1 of 2
treatments: (1) control (0.0 g/(hd · d) of additional zinc; CON) or (2) zinc-added (KemTRACE
Zn to provide 1.0 g/(hd · d) additional dietary zinc; Kemin Industries Inc., Des Moines, IA;
ZnP). Steers were fed ad libitum, using clean bunk management, with a 90% concentrate
finishing diet designed to meet NRC (1996) requirements for growing-finishing beef cattle
(Table 3.1) that contained 14% CP (DM basis), NRC (2000) recommended levels of
supplemental vitamins and minerals, monensin (Rumensin: Elanco Animal Health, Greenfield,
IN; 30 g/ton of DM) and tylosin tartrate (Tylan: Elanco Animal Health; 10 g/ton of DM) were
used. All steers were fed ractopamine hydrochloride (Optaflexx: Elanco Animal Health) at 300
mg/(hd · d), the final 32 d of the feeding period. Animal health and welfare were monitored
daily. The basal diet contained Zn (60 ppm DM basis) from ZnSO4. The zinc propionate,
incorporated into a ground corn carrier, was added as a daily top dress in each ZnP pen (0.45
kg/(pen · d). Daily feed deliveries were recorded, and orts were weighed weekly to calculate feed
intake.
Sample collection
Body weights for all cattle were measured prior to the time of feeding on d 0, 42, 79, 107,
and 111. Skeletal muscle tissue and blood samples were acquired on d 0, 42, 79, and 107 from a
subset of black-hided steers that were closest to the mean pen BW (2 hd/pen; n = 16).
Skeletal muscle samples were obtained via biopsy from the longissimus muscle to
evaluate biochemical and physiological changes. During the biopsy procedure, steers were
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restrained using a hydraulic squeeze chute. The area surrounding the incision site was shaved
using a disposable razor, then sanitized using a solution of water, 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 administered subcutaneously in a 6 cm2
rhombus-shaped pattern (4 injection sites, 2 mL lidocaine HCl per site) no less than 5 minutes
prior to the biopsy incision. The area was sterilized using 70% ethanol and sterile gauze postnumbing, then 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 to be taken to the sample
preparation area. The incision was closed using veterinary tissue adhesive (VetBond, 3M
Animal Care Products, St. Paul, MN) and coated with a protective aerosol bandage (AluShield,
Neogen Corp, Lexington, KY) to aid in infection prevention during the healing process. The
initial biopsy punctured the longissimus between the 12th and 13th rib. Subsequent consecutive
biopsies alternated laterally across the spine. Subsequent alternate biopsies progressed anteriorly
along the spine to avoid previous surgery sites.
In the sample preparation area, the tissue was divided into portions for three purposes:
immunohistochemical analysis, RNA analysis, and protein analysis. The immunohistochemical
sample was analyzed under a magnifying glass, and muscle fibers were identified. The fibers
were placed parallel to each other on a 1×1.5 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,
Lubbock, TX. The portions for RNA analysis and protein analysis, were sealed in sample bags,
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frozen in liquid-N, and stored on dry ice until transport back to Texas Tech University. All
skeletal muscle samples were stored at -80°C until further processing.
Blood samples were collected via jugular venipuncture using non-additive 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 at 1,200 × g for 15 min to
separate serum. Serum samples were then stored at -20°C until laboratory analysis.
Steers were transported 288 km to a commercial abattoir for harvest on d 111 after
undergoing a 4-d observational period to allow for withdrawal from lidocaine. Carcass data were
collected by West Texas A&M University Beef Carcass Research Center personnel and included
hot carcass weight, 12th rib fat thickness, longissimus muscle area, percent kidney/pelvic/heart
fat, yield grade, and marbling score.
Sample Processing
Longissimus biopsy sample processing and analysis for immunohistochemistry, RNA,
and protein were adapted from standard operating procedures in the Texas Tech University
laboratory, previously established by Hergenreder et al. (2016).
Immunohistochemical Analysis
Embedded longissimus samples for immunohistochemical staining and analysis were
moved from -80°C to -20°C to thaw for 24 h. Samples were removed from cork, cut into 10 µmthick cross sections at -20°C using a Leica CM1950 cryostat (Leica Biosystems, Buffalo Grove,
IL) and affixed to 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) (Thermo Fisher Scientific) for 10 min at room temperature, then
rinsed briefly twice in PBS followed by one 10 min bath in PBS at room temperature. A
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blocking solution consisting of 2% bovine serum albumin (MD Biomedical, Solon, OH), 5%
horse serum (Invitrogen), and 0.2% Triton-X 100 (ThermoFisher Scientific) 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. Slide 1 was evaluated using the
following primary antibodies: 1:100 α-dystrophin, rabbit, IgG (Thermo Scientific); 1:100
supernatant anti-myosin heavy chain (MHC) I, mouse, IgG2b (BA-D5; Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA); and supernatant anti-MHC all except type
IIX, mouse, IgG1 (BF-35, Developmental Studies Hybridoma Bank). For slide 2, 1:750 α-beta 1
AR, rabbit, IgG (abcam); 1:750 α-beta 2 AR, chicken, IgY (abcam); 1:500 α-beta 3 AR, goat,
IgG (abcam) were used. The cross sections were rinsed in PBS for 5 min at room temperature
three times. Secondary antibodies in blocking solution were then applied to the cryosections for
30 min at room temperature in the dark. Slide 1 was treated with 1:1,000 goat α-rabbit, IgG,
Alexa-Fluor 488 (Invitrogen); 1:1,000 goat α-mouse, IgG1, Alexa-Fluor 546 (Invitrogen);
1:1,000 goat α-mouse, IgG2b, Alexa-Fluor 633 (Invitrogen). Slide 2 was treated with 1:1,000
goat α-chicken, IgY, H & L, Alexa-Fluor 488 (Abcam); 1:1,000 donkey α-rabbit, IgG, AlexaFluor 546 (Invitrogen); 1:1,000 donkey α-goat, IgG, Alexa-Fluor 633 (Invitrogen). Following the
incubation period, the slides were rinsed three times with PBS for 5 min at room temperature.
Muscle fiber type and area slides were then cover-slipped using ProLong® Gold with 4’6diamidino-2-phenylindole (DAPI) mounting media (Life Technologies) and thin glass cover slips
(VWR International). Slides were then left to cure in the dark for 36 h at room temperature.
Slides used for beta-adrenergic receptor density were cover-slipped with Aqua-Mount mounting
media (Thermo Scientific), and stored at 4°C for 24 h to cure.
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Slides underwent 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 obtained using a CoolSnap ES2 monochrome
camera. Five images of the longissimus IHC sections were randomly captured from each slide.
Images were artificially colored and analyzed with NIS Elements® Imaging software. Muscle
fibers in each image were identified and reported as a percentage of the total number of muscle
fibers. The cross-sectional area of each fiber in each image was measured using NIS Elements
software (Nikon Instruments Inc.) and reported on a square µm basis. Beta-adrenergic receptors
(β-AR) were identified on the slide respectively stained, counted, and densities are reported on a
square mm basis.
RNA isolation and Real-time quantitative reverse transcription polymerase chain reaction
Ribonucleic acid from longissimus tissue was isolated with cold buffer containing TRI
Reagent® (Sigma, St. Louis, MO). Approximately 1.5 g of frozen tissue was homogenized with
TRI Reagent® at a ratio of 0.5:1 grams of tissue to milliliter reagent. The homogenate was
pipetted into two microcentrifuge tubes (1 mL sample per tube), 200 μL chloroform was added
to each tube, vortexed for 30 s, and incubated for 5 min. The sample was then centrifuged at
15,000 × g for 15 min. The most superficial supernatant layer was pipetted into new
microcentrifuge tubes. Cold isopropyl alcohol (250 μL) was added to the supernatant, mixed, and
incubated for 10 min on ice. The samples were then centrifuged at 15,000 × g for 10 min. The
supernatant was decanted, and the RNA pellet at the bottom of each tube were allowed to dry.
Then, 500 μL of 75% ethanol was added to each tube to rinse and suspend the RNA pellet.
Samples were then placed in a −80 °C freezer. Upon further analysis, samples were removed
from the freezer and thawed on ice. Samples were then centrifuged at 15,000 × RPM for 10 min,
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ethanol was poured off, and the pellet was air dried. Nuclease-free water (30 μL) was then added
to each sample to dissolve the RNA pellet. The concentration of RNA was determined with a
spectrophotometer at an absorbance of 260 nm using a NanoDrop 1000 (NanoDrop products,
Wilmington, DE). Samples were then treated with DNAse to remove any DNA contaminants
using a DNA-free kit (Life Technologies, Grand Island, NY). The RNA then underwent reverse
transcription to synthesize cDNA. The cDNA was used for real-time quantitative reverse
transcription-PCR (RT-qPCR) to measure the abundance of myosin heavy chain (MHC)-I,
MHC-IIA, and MHC-IIX mRNA as a fraction of total RNA isolated from muscle tissue. Bovine
primers and probes for MHC-I, MHC-IIA, and MHC-IIX were the same as those presented in
Winterholler et al. (2007). Assays were performed in the GeneAmp 7900HT Sequence Detection
System (Applied Biosystems, Life Technologies) using thermal cycling parameters
recommended by the manufacturer (40 cycles of 15 s at 95 °C and 1 min at 60 °C).
Protein extraction, Western Blots, and SDS-PAGE gel electrophoresis
Protein from the longissimus muscle was isolated with whole muscle extraction buffer
(WMEB; 2 % sodium dodecyl sulfate, 10 mM phosphate, pH 7.0). The samples were centrifuged
at 15,000 × g for 15 min. The middle supernatant of the three layers was pipetted off and placed
into microcentrifuge tubes. The protein samples were then diluted with WMEB to determine
protein concentration using the Pierce™ BCA™ protein assay (Thermo Fisher Scientific,
Fairlawn, NJ). Protein concentration was determined using a NanoDrop 1000 spectrophotometer
at 562 nm. All samples were then diluted to the same concentration. Modified Wang’s tracking
dye was added to western blot samples, and MHC tracking dye was added to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) samples. Samples were denatured with
β-mercaptoethanol and incubated for 2 min at 95 °C.
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Samples for western blots were loaded onto Novex 4–12 % Bis-Tris gels (Invitrogen,
Grand Island, NY), and protein was separated by gel electrophoresis. The gels were run for
approximately 35 min at 165 V. Proteins were transferred onto a nitrocellulose membrane
(Invitrogen) for 7 min. Following transfer, the membrane was incubated with non-fat dry milk
(BIO RAD, Hercules, CA) in 1 × trisbuffered saline (TBS) for 1 h at room temperature to block
non-specific antibody binding. The blocking solution was then removed from the membrane. The
appropriate primary antibodies 1:1000 α-beta 1 AR, rabbit, IgG (Abcam®, Cambridge, MA);
1:1000 α-beta 2 AR, goat, IgG (Abcam); and 1:1000 α-beta 3 AR, goat, IgG (Abcam) were
mixed into 1 × TBS-Tween (0.04%) solution, added to the membrane and incubated for 2 h (β1AR) or 1 h (β2-AR and β3-AR) at room temperature. The membrane was then rinsed three times
for 10 min in TBS-Tween. Alexa fluorescent antibodies, goat α-rabbit, IgG, Alexa-Fluor 633
(Invitrogen) and donkey α-goat, IgG, Alexa-Fluor 633 (Invitrogen), were then added at a dilution
of 1:2000 in TBS-Tween to the membrane and incubated for 1 h at room temperature in
darkness. The membranes were then rinsed three times for 10 min in TBS-Tween in unlit
conditions. The membranes were dried and visualized using the Imager Scanner II and
ImageQuant TL programs. Densitometry measurements were made on the bands corresponding
to β1-AR, β2-AR, and β3-AR using a molecular weight standard for reference (Precision Plus
Protein™ All Blue Standards; BIO RAD).
For SDS-PAGE, 6 % acrylamide separating gels with 4 % acrylamide stacking gels were
prepared and allowed to polymerize at 4 °C for 24 h. Gels were loaded with samples, and protein
was separated by gel electrophoresis, approximately 72 h at 100 V. Gels were placed in 300 mL
Coomassie® Fluor Orange (Life Technologies) for 30 min at room temperature in an lightprotected container. The Coomassie® Fluor Orange was drained off each gel, then the gel was
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briefly rinsed in 7.5% acetic acid followed by 18-ω filtered water. The gels were then visualized
using the Imager Scanner II and ImageQuant TL programs. Densitometry measurements were
made on the bands corresponding to MHC I and II.
Sera non-esterified fatty acids and urea-N
Blood serum samples were analyzed for non-esterified fatty acid (NEFA) content using
the NEFA-HR(2) kit (Wako Diagnostics, Richmond, VA), glucose concentrations using a
enzymatic Autokit Glucose kit (Wako Diagnostics), insulin levels using a bovine-specific insulin
ELISA (Alpco Diagnostics, Salem, NH), and serum urea-N (SUN) using a Urea Nitrogen LiquiUV® kit (Stanbio Laboratory, Boerne, TX).
Statistical analyses
Growth performance and carcass data continuous in nature were analyzed as a
randomized complete block design using the GLIMMIX procedure of SAS 9.4 (SAS Inst. Inc.,
Cary, NC), considering pen as the experimental unit. The statistical model included the fixed
effect of treatment, while block was considered a random effect. Least squares means were
generated using the LSMEANS statement of SAS. Data were separated and denoted to be
different using the pairwise comparisons PDIFF and LINES option of SAS when a significant
preliminary F-test was detected. An α level of 0.05 was used to determine significance, with
tendencies discussed at P-values between 0.05 and 0.15.
Beta-adrenergic agonist receptor and sera metabolite data were analyzed as a randomized
complete block design with repeated measures over time, using the MIXED procedure of SAS
9.4 (SAS Inst. Inc., Cary, NC). Pen was considered the experimental unit for β-AR and sera
metabolite data. The statistical model for the effect of treatment and days on feed for β-AR and
sera metabolites included the fixed effect of implant, day, and the interaction of implant × day.
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Block was included as a random effect. A repeated statement was used and included day as the
repeated variable. The covariance structure with the lowest Akaike information criterion (AIC)
was used. All results are reported as least-squares means. Data were separated using the PDIFF
option of SAS if a significant preliminary F-test was detected. The Kenward-Roger adjustment
was utilized to correct the degrees of freedom. An α-level of 0.05 was used to determine
significance, with tendencies discussed at P-values between 0.05 and 0.15.

RESULTS AND DISCUSSION
Effects of zinc propionate on growth performance and carcass characteristics
Steers fed ZnP had greater ADG (P = 0.02; Table 3.2) and G:F (P = 0.03) during the beta
agonist feeding period compared to CON, but other growth performance variables did not differ
(P > 0.05). Numerically, mean final body weight for ZnP was 13-kg heavier than CON. Spears
(1989) reported improved ADG and G:F in lambs, and greater BW in heifers supplemented Zn as
ZnO and Zn-methionine (ZnMet). A tendency for improved feed efficiency for ZnP, compared to
CON, occurred during the d 43-79 interim period (P = 0.15) and tended to be preserved in the
analysis of the total study, d 0-111 (P = 0.13). Nunnery et al. (2007) reported an improvement in
feed efficiency during a 168 d finishing period in heifers supplemented zinc. Supplementation
ZnP resulted in a 6.8% increase in ADG and 5.1% improvement in feed efficiency compared to
non-supplemented heifers (Nunnery et al., 2007). However, another study detected no
differences for BW, DMI, ADG, or G:F in Holstein steers fed zilpaterol hydrochloride
(Hergenreder et al., 2016).
No differences (P > 0.05; Table 3.3) in HCW, REA, fat thickness, yield grade, marbling
score, or dressing percentage between ZnP and CON. There was a tendency (P = 0.14) for ZnP
cattle to have a greater percentage of KPH. A study by Lynch et al. (2001) revealed an increase
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in glucose uptake and de novo lipogenesis augmented by Zn. The lipogenesis stimulation has
been attributed to the insulin-like activity of Zn in adipocytes, such as glucose transporter
translocation and cAMP phosphodiesterase activation, independent to that of insulin signaling
(Norouzi et al., 2017). This insulin-mimetic activity supports the slight tendency for an increase
in KPH observed in the current study. Recently, studies supplementing 300 mg Zn/kg diet DM,
as ZnSO4 and ZnO, with and without β-AA, in steers and heifers showed various carcass traits
indicating an increase in fat deposition as a result of Zn (Van Bibber-Krueger et al., 2017a; Van
Bibber-Krueger et al., 2017b). An interaction for LM area and USDA yield grade occurred,
where heifers without RH had reduced LM area and yield compared to the other treatments (Van
Bibber-Krueger et al., 2017a). Steers supplemented with 300 mg Zn/kg diet DM, with and
without zilpaterol hydrochloride, had tendency to have greater KPH and grade USDA over steers
receiving 60 mg (Van Bibber-Krueger et al., 2017b). Although sex of the animals must be
considered, the effectiveness of RH at maintaining lean tissue accretion in heifers fed high levels
of Zn in notable, because no interactions resulted from zilpaterol hydrochloride supplementation.
Current study results indicate that there is improved live weight gain and fat development in
animals fed greater levels of Zn but no effect on carcass characteristics.

Myosin heavy chain fiber type distribution, area, and relative expression
No treatment × day interactions (P > 0.05) or treatment effects (P > 0.05) were detected
for percentage of muscle fiber type (Table 3.4). There was a tendency (P = 0.08) for a decrease
in the percentage of MHC I fibers on d 42. However, MHC IIA and IIX fibers did not differ (P >
0.05) over time. No differences in treatment or day and no treatment × day interactions (P >
0.05) were detected for area of MHC I or IIA (P > 0.05; Table 3.5). There was a difference (P =
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0.04) between treatments for MHC IIX fiber area, where control cattle averaged a greater type
IIX cross-sectional area. The percentage of IIX fibers also increased (P = 0.02) over time, which
is expected as steers mature. Hergenreder et al. (2016) observed an increase for MHC I
distribution and decrease for MHC IIX fibers in ZnMet compared to control, which contradicted
the results of the current study. Based on the differences between the absorption and metabolism
of propionate and methionine, these equivocal results is likely due to the different sources of
complexed Zn. The analysis of mRNA for MHC I, IIA, and IIX revealed no differences (P >
0.05; Table 3.6) between ZnP and CON. Hergenreder et al. (2016) reported a decrease in MHC
IIX mRNA concentrations in ZnMet compared to control. There was no difference (P > 0.05;
Table 3.7) in MHC I or II relative protein concentrations between treatments. The addition of Zn
and RH to bovine satellite cells in a cell culture experiment did not affect MHC I, IIA, and IIX,
or β1-AR and β2-AR, supporting the results in the current study (Hergenreder et al., 2016).
These results suggest that the utilization of ZnMet and ZnP differ in the cattle, which is may be
due to the absorption differences between methionine and propionate.
Influence of zinc propionate on β-adrenergic receptor density and expression
As determined by IHC staining (Figure 3.1), there were no interactions or differences
between treatments for β1-AR (P > 0.05; Figure 3.2) in longissimus muscle tissue. A decrease in
β1-AR has been shown in response to ZnMet (Hergenreder et al., 2016). There was a tendency
for a treatment × day interaction for β2-AR (P = 0.15; Figure 3.3) as well as β3-AR (P = 0.09;
Figure 3.4) throughout the RH phase. A treatment × day interaction was observed in β2-AR (P =
0.02) and β3-AR (P = 0.02) during the RH feeding period, where the abundance of the receptors
increased with ZnP but did not change in CON. Western blotting of β1-AR, β2-AR and β3-AR
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revealed no differences (P > 0.05; Table 3.7) in β1-AR, β2-AR and β3-AR relative protein
concentrations between treatments.
It has been shown that multiple allosteric binding sites for zinc are available on β2-AR
(Mersmann, 1998; Swaminath et al., 2002). These allosteric sites affect both agonist affinity and
the ability of an antagonist to bind (Swaminath et al., 2003). Avendaño-Reyes et al. (2006)
discussed the desensitization of β-AR as a result of prolonged administration of β-adrenergic
agonists. These data suggest an upregulation of β2-AR and β3-AR occurs in feedlot steers during
the RH feeding period in response to ZnP supplementation, which may prevent the
desensitization of β-AR during the beta agonist-feeding period. The desensitization due to the
conformational shift of the receptor post-ligand binding may be combatted by the ability of Zn to
allosterically stabilize the protein shape, which would allow the continued presence of receptor
for ligand binding over time. This rebound of β2-AR and β3-AR density in longissimus muscle in
ZnP indicates agonist affinity maintenance through the allosteric effect of zinc.
Alterations of sera concentrations of non-esterified fatty acids and urea-N
There was no treatment × day interaction (P > 0.05) for either NEFA or SUN, while ZnP
fed cattle had greater (P < 0.01) NEFA compared to control (Figure 3.5). Such pattern was not
observed (P = 0.26) for SUN concentrations between treatments. Regardless of dietary treatment,
SUN concentrations increased by day (P < 0.01; Figure 3.6), while NEFA tended (P = 0.13) to
shift over time., with d 107 increasing relative to samples taken prior.
In the current study, a numerical greater mean NEFA values were observed for ZnP from
d 0, which indicated group variation not associated with treatment. However, the tendency for all
steers’ NEFA concentrations to increase during the β-AA feeding period, indicated an expected
metabolic shift from lipogenesis to the mobilization of fatty acids to support the energetic
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demands of protein accretion (Abney et al., 2007). Parr et al. (2014) reported a temporary
increase in NEFA concentrations during the zilpaterol hydrochloride feeding period, and
explained this as an increase in the muscular demand for energy. However, Bryant et al. (2010)
observed no effect on NEFA concentrations in steers fed RH. In both studies, the use of a β-AA
resulted in decreased SUN concentrations, which was attributed to the anabolic state caused by
β-AA (Bryant et al., 2010; Parr et al., 2014). A more recent study by Carmichael et al. (2018)
showed that steers supplemented with a Zn-amino acid complex or fed RH had increased
nitrogen retention. As β-AA affected animals metabolically, they retained nitrogen for muscleprotein accretion. However, the cause of the nitrogen retention for the Zn-amino acid fed cattle
was not determined. Despite the conflicting results of the previous studies, as animals mature,
dietary protein is utilized less for lean muscle accretion and N is left in circulation, supporting
the increased SUN over time in this study.

CONCLUSION
Zinc propionate supplementation improved growth performance of finishing steers during
the beta agonist-feeding period. Results indicated ZnP supplementation modified fat metabolism,
but did not mitigate the increased NEFA levels during RH-feeding. Although the muscle fiber
type data did not elucidate how ZnP affects protein deposition or muscle fiber development, the
decrease in cross-sectional area for type IIX fibers in treatment cattle indicates further
investigation would be beneficial. The ZnP supplementation may aid the prevention of β-AR
desensitization through upregulation of β2-AR and β3-AR occurring in feedlot steers during the
RH feeding period. Further investigation of the effect of ZnP, and its interaction with βadrenergic agonists, is warranted.
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TABLES AND FIGURES
Table 3.1. Description of experimental diets (DM basis)1
Ingredients, % DM
Steam-flaked corn
Alfalfa hay, chopped
Cottonseed meal
Molasses
Supplement
Fat (yellow grease)
Urea
Calcium carbonate
Chemical Composition, DM4
DM, %
Crude protein, %
ADF, %
NDF, %
Ash, %
Total digestible nutrients, %
NEm, Mcal/kg
NEg, Mcal/kg

Value
75.10
10.38
4.97
2.94
2.30
2.43
0.97
0.91
81.3
14.9
8.7
14.4
4.4
89.9
2.24
1.55

1

Diets were formulated to meet or exceed NRC (2000)
requirements for growing – finishing beef cattle.
2
Supplement composition (DM basis): 67.755% Cottonseed
meal, 15.000% NaCl, 10.000% KCl, 3.760% Urea, 0.986%
Zinc sulfate, 0.750% Rumensin-90 (Elanco, Greenfield,
IN), 0.506 Tylan-40 (Elanco), 0.500% Endox (Kemin
Industries, Des Moines, IA), 0.196% Copper sulfate,
0.167% Manganese oxide, 0.157% vitamin E (500 IU/g),
0.125% selenium premix ( 0.2% Se), 0.083% iron sulfate,
0.010% vitamin A (1,000,000 IU/g), 0.003%
ethylenediamine dihydroiodide, and 0.002% cobalt
carbonate.
4
Values as measured by proximate analysis of bunk samples
on a dry matter basis except Diet DM (Servi Tech
Laboratories, Amarillo, TX).
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Table 3.2. Effects of zinc propionate supplementation in combination with ractopamine
hydrochloride on feedlot growth performance
TREATMENT1
CON
ZnP
422
420
577
590

Item
Initial BW2, kg
Final BW3, kg
d 0-424

SEM

P-VALUE

1.98
9.95

0.32
0.28

ADG, kg
DMI, kg
G:F

1.7
9.4
0.183

1.8
9.3
0.197

0.12
0.15
0.0110

0.48
0.50
0.33

ADG, kg
DMI, kg
G:F

1.7
9.8
0.179

1.8
9.9
0.192

0.08
0.08
0.0070

0.19
0.75
0.15

ADG, kg
DMI, kg
G:F

0.7a
8.8
0.087a

0.9b
9.0
0.107b

0.04
0.09
0.0050

0.02
0.20
0.03

ADG, kg
DMI, kg
G:F

1.4
9.3
0.157

1.5
9.3
0.172

0.08
0.06
0.0070

0.16
0.77
0.13

d 43-79

d 80-111

d 0-111

1

CON = 0 g/(hd · d) of additional Zinc; ZnP = 1 g/(hd · d) of additional Zinc
No shrink applied to initial BW.
3
Final BW with 2% shrink.
4
To adjust for fill, a 4% shrink was applied to interim BW for growth performance calculations.
ab
Means within the same row with different superscripts are statistically different.
2
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Table 3.3. Effects of zinc propionate supplementation in combination with ractopamine
hydrochloride on carcass characteristics
Treatment1
Item*
HCW, kg
REA, cm2
FT, cm
KPH, %
USDA Yield grade
Marbling score2
DP, %3

CON
377
91.2
1.24
1.8
2.8
460
65.3

ZnP
387
92.0
1.09
1.9
2.6
435
65.6

SEM
6.72
2.06
0.130
0.53
0.08
18.8
0.45

P - Value
0.27
0.74
0.28
0.14
0.18
0.28
0.88

*

Hot carcass weight (HCW), ribeye area (REA), fat thickness (FT), kidney pelvic heart fat (KPH), dressing percent
(DP)
1
CON = 0 g/(hd · d) of additional Zinc; ZnP = 1 g/(hd · d) of additional Zinc
2
400 = USDA Small00, 500 = USDA Modest00
3
Calculated using HCW/Final BW with 2% shrink.

Table 3.4. Effects of zinc propionate supplementation in combination with ractopamine
hydrochloride on fiber type distribution of longissimus biopsies of feedlot steers
Treatment1
CON
d0
d 42
d 79
d 107
ZnP
d0
d 42
d 79
d 107
SEM
P-values
Treatment
Day
Trt×Day

Percent Fiber Type
Type I
Type IIA
Type IIX
25.09
21.46
26.40
26.93

39.27
39.60
39.20
37.27

35.63
38.94
34.41
35.80

25.67
19.10
24.40
26.23
9.676

36.15
43.90
40.54
37.27
10.963

38.18
37.00
34.36
36.50
8.271

0.658
0.078
0.935

0.831
0.426
0.698

0.867
0.606
0.841

1

CON = 0 g/(hd · d) of additional Zinc; ZnP = 1 g/(hd · d) of additional
Zinc
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Table 3.5. Effects of zinc propionate supplementation in combination with ractopamine
hydrochloride on fiber type area of longissimus biopsies of feedlot steers
Treatment1
CON
d0
d 42
d 79
d 107
ZnP
d0
d 42
d 79
d 107
SEM
P-values
Treatment
Day
Trt×Day

Type I

Area, µm2
Type IIA

Type IIX

4018.7
4186.5
4887.0
4480.2

4177.1
5133.6
5511.8
5375.3

5752.7b
6811.5ab
6759.7ab
7752.0a

4097.8
4878.2
4073.6
4795.7
63.61

4778.7
5399.8
4739.1
5162.5
60.03

5255.8b
6287.8ab
5719.0b
5684.7b
74.24

0.500
0.232
0.250

0.790
0.186
0.227

0.038
0.015
0.294

1

CON = 0 g/(hd · d) of additional Zinc; ZnP = 1 g/(hd · d) of additional
Zinc.
ab
Means within the same column with the same superscript are not
statistically different.

Table 3.6. Effects of zinc propionate supplementation in combination with ractopamine
hydrochloride on relative mRNA concentrations of myosin heavy chain (MHC)-I, MHC-IIA,
and MHC-IIX genes in longissimus tissue
Treatment1
Gene
MHC I
MHC IIA
MHC IIX
1

CON
0.673
1.705
0.992

ZnP
0.602
1.314
0.976

CON = 0 g/(hd · d) of additional Zinc; ZnP = 1 g/(hd · d) of additional Zinc.
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Table 3.7. Effects of zinc propionate supplementation in combination with ractopamine
hydrochloride on relative protein concentrations of β1-AR, β2-AR, β3-AR and myosin heavy
chain (MHC) I and II in longissimus tissue1
Treatment2
CON1

Item
Receptor
β1
β2
β3
MHC
I
II
1

SEM

P - Value

8182.7
16819.1
13496.0

8559.2
16481.0
12860.1

290.51
629.02
526.28

0.42
0.77
0.55

26628.4
31076.8

28091.8
33280.6

862.37
1094.97

0.51
0.45

β1-, β2-, β3-adrenergic receptor protein was quantified.
CON = 0 g/(hd · d) of additional Zinc; ZnP = 1 g/(hd · d) of additional Zinc.

CON

2

ZnP2

β1-AR
β2-AR

ZnP

β3-AR

0

79

107

Days on Feed
Figure 3.1. Immunohistochemical staining of skeletal muscle for β-adrenergic receptors in Zn
propionate supplemented and control finishing steers pre- and post-ractopamine hydrochloride
feeding.
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CON

ZnP

180

β1-AR per mm2

150
120

90
60
30
0

Pre-RH
SEM = 4.70
TRT, P = 0.93
Day, P < 0.01
TRT×Day, P = 0.59

0

RH
SEM = 4.34
TRT, P = 0.14
Day, P = 0.29
TRT×Day, P = 0.25

42
79
Days on Feed

107

Figure 3.2. Effects of zinc supplementation on β1-adrenergic receptor (β1-AR) density prior to
and during the ractopamine hydrochloride feeding period (RH; d 79-107). CON: control 0 g
additional dietary zinc (n = 8). ZnP: zinc added at approximately 1 g/ (hd ·d) via zinc propionate
top dress (KemTRACE Zn, Kemin Industries Inc., Des Moines, IA). Mean receptor density for
β1-AR declined (P < 0.01; pooled standard error of the mean (SEM) = 4.70) prior to RH, but did
not change (P = 0.29) during the RH. For the last 28 d, a numerical difference between
treatments was seen, but no interaction was detected (P = 0.25).

54

Texas Tech University, Kimberly B. Wellmann, May 2019

CON

ZnP

240

β2-AR per mm2

210
180
150
120
90
60
30
0

Pre-RH
SEM = 8.06
TRT, P = 0.93
Day, P < 0.01
TRT×Day, P = 0.26

0

RH
SEM = 4.13
TRT, P = 0.02
Day, P = 0.39
TRT×Day, P = 0.02

42
79
Days on Feed

107

Figure 3.3. Effects of zinc supplementation on β2-adrenergic receptor (β2-AR) density prior to
and during the ractopamine hydrochloride feeding period (RH; d 79-107). CON: control 0 g
additional dietary zinc (n = 8). ZnP: zinc added at approximately 1 g/(hd · d) via zinc propionate
top dress (KemTRACE Zn, Kemin Industries Inc., Des Moines, IA). Mean receptor density was
different between over time for β2-AR declined (P < 0.01; pooled standard error of the mean
(SEM) = 8.06) prior to RH. An interaction (P = 0.02) was detected during RH.
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CON

ZnP

β3-AR per mm2

105
90
75
60
45
30
15

Pre-RH
SEM = 3.46
TRT, P = 0.46
Day, P < 0.01
TRT×Day, P = 0.55

RH
SEM = 3.46
TRT, P = 0.68
Day, P = 0.29
TRT×Day, P = 0.02

0
0

42
79
Days on Feed

107

Figure 3.4. Effects of zinc supplementation on β3-adrenergic receptor (β3-AR) density prior to
and during the ractopamine hydrochloride feeding period (RH; d 79-107). CON: control 0 g
additional dietary zinc (n=8). ZnP: zinc added at approximately 1 g/(hd · d) via zinc propionate
top dress (KemTRACE Zn, Kemin Industries Inc., Des Moines, IA). Mean receptor density for
β3-AR declined (P < 0.01; pooled standard error of the mean (SEM) = 3.46) prior to RH. An
interaction (P = 0.02) was detected during RH.
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0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

a

b

a
a

a

b

b

b

C
ZN

0

42

79

107

Days on Feed
Figure 3.5. Effects of zinc supplementation on serum NEFA on d 0, 42, 79 and 107. CON:
control 0 g additional dietary zinc (n = 8). ZnP: zinc added at approximately 1 g/(hd · d) via zinc
propionate top dress (KemTRACE Zn, Kemin Industries Inc., Des Moines, IA). Mean
concentrations of NEFA were different between treatments (CON = 0.068 mmol/mL and ZnP =
0.071 mmol/mL; P = 0.001; pooled standard error of the mean (SEM) = 0.001).
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Figure 3.6. Effects of zinc propionate supplementation on serum urea-N (SUN) concentration on
d 0, 42, 79 and 107. CON: control 0 g additional dietary zinc (n = 8). ZnP: zinc added at
approximately 1 g/(hd · d) via zinc propionate top dress (KemTRACE Zn, Kemin Industries Inc.,
Des Moines, IA). There was no difference in mean SUN concentrations between treatments (P =
0.263). However, mean SUN concentrations did increase by day (P < 0.001). Days with the same
superscript are not different. The error bar denotes the pooled standard error of the mean (SEM =
0.513).
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CHAPTER IV
EVALUATION OF THE DIETARY VITAMIN A REQUIREMENT OF FINISHING
STEERS VIA SYSTEMATIC DEPLETION AND REPLETION, AND ITS EFFECT ON
PERFORMANCE AND CARCASS CHARACTERISTICS
ABSTRACT
A randomized complete block design experiment with 30 yearling crossbred steers (average BW
= 297.6 ± 32.8 kg) fed a steam-flaked corn-based diet was used to evaluate the performance and
carcass characteristics of finishing steers provided with different concentrations of vitamin A
(Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI) subsequent to a depletion
phase. Steers were blocked by BW (n = 5 blocks; 6 steers/block), assigned to pens (n = 2
steers/pen), and randomly assigned to one of the following dietary treatments: no added vitamin
A (0IU; 0.0 IU/kg [DM basis] of additional vitamin A), vitamin A supplemented at the estimated
requirement (2,200IU; 2,200 IU/kg of dietary DM of additional vitamin A), and vitamin A
supplemented at 5× the estimated requirement (11,000IU; 11,000 IU/kg of dietary DM of
additional vitamin A). The basal diet included minimal vitamin A activity (< 200 IU of vitamin
A activity/kg of dietary DM) via the provitamin A, beta-carotene. After all animals underwent a
91-d vitamin A depletion period, additional vitamin A was top-dressed at feeding via a ground
corn carrier. Liver biopsy samples, BW, and blood were obtained on d -91, -35, 0, 28, 56, 84,
and 112. Final BW was collected prior to shipping on d 112. Carcass data was collected by
trained personnel upon harvest. Sera and liver samples were used to monitor circulating vitamin
A and evaluate true vitamin A status of the cattle. Vitamin A status did not affect interim ADG
or G:F (P > 0.05). Throughout the duration of the study, DMI for the 0IU cattle was depressed (P
= 0.01). Overall G:F efficiency was numerically lower in the 0IU cattle compared to 2,200IU and
11,000IU. No differences were observed across treatments for HCW, REA, back fat thickness
59

Texas Tech University, Kimberly B. Wellmann, May 2019
(FT), KPH%, marbling score or dressing percent (P ≥ 0.08). A treatment × day interaction
occurred for both (P < 0.01) sera retinol and liver retinol during phase 2 of the trial. The
treatments and sera retinol levels were incorporated into a repletion model, resulting in an
estimation of liver retinol changes (P < 0.01; R2 = 0.682). However, models used to evaluate
depleted animals were less effective. The current vitamin A requirement recommendation
(NASEM) should be sustained.
Key Words: beef, vitamin A, performance, steer, liver biopsy, depletion
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INTRODUCTION
The role of vitamin A in fat and muscle development and consequent effects on carcass
characteristics is equivocal. Research has shown that retinoic acid, an active form of vitamin A,
inhibits adipogenesis, subsequently reducing marbling (Ohyama et al. 1998; Kawada et al.,
2000). Therefore, several countries restrict vitamin A in the finishing diet in attempts to produce
highly marbled beef (Oka et al., 1998). However, trials evaluating the effect of vitamin A have
conflicting results. Steers fed varying doses of vitamin A did not differ for carcass characteristics
(Bryant et al., 2010). However, studies by Gorocica-Buenfil et al. (2008) and Pickworth et al.
(2012) did see improvements in quality grade for cattle fed decreased levels of vitamin A.
The current NASEM (2016) recommends beef cattle diets should contain 2,200 IU
vitamin A/kg of DM, which is congruent to the recommendation from the 1996 NRC. However,
a review by Vasconcelos and Galyean (2007) stated that nutritionists recommend 5,215 IU of
vitamin A/kg of DM on average. As of 2016, consulting nutritionists still recommended the
supplementation of vitamin A at more than double the NASEM requirement (NASEM, 2016;
Samuelson et al., 2016). This is likely due to the historically low cost of vitamin A
supplementation. Several studies have suggested that the quality of feed cattle receive during the
stocker phase affects their demand for vitamin A (Bryant et al., 2010). Animals entering feedlots
from lush pasture, compared to those supplemented hay during winter or drought conditions, will
likely have increased concentrations of vitamin A in the liver (Kohlmeier and Burroughs, 1970).
Depletion of vitamin A after the suspension of vitamin A and carotenoid intake varies between
classes of cattle, ranging from as little as 40 days in light feeder steers to as many as 150 days in
mature cows (Sewell, 1993). The rate of depletion is likely a product of the animals’ vitamin A
status at initiation. The process of repletion of vitamin A in finishing cattle starting with a
critically low vitamin A status has not previously been investigated. It was hypothesized that
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animals with a depleted vitamin A status would not perform as well as those with an elevated
vitamin A status, nor have improved marbling. Therefore, a study was designed to evaluate the
performance and carcass characteristics of finishing steers provided with different concentrations
of vitamin A subsequent to a depletion phase.
MATERIALS AND METHODS
Animal management and treatments
All procedures were approved by the Texas Tech University Institutional Animal Care
and Use Committee (Protocol Number: 18003-01). Bos Taurus cross-bred steers (n = 30; initial
average BW = 297.6 ± 32.8 kg) were obtained for a 2-phase, 210-d finishing trial from a
commercial cattle company and processed upon arrival at the Burnett Center of Texas Tech
University, Idalou, TX. Steers received ear tags for identification, were treated with
anthelmintics, and vaccinated in accordance with Texas Tech University health protocols. Phase
1 of this trial was a 91-d vitamin A depletion period, during which animals were group housed
on dirt pens (n = 10/pen) and fed a growing diet (65 % concentrate). Phase 2 was a 119-d
finishing period. Between phases, animals were gradually adapted (4 steps) to new diets starting
on d -21 (Table 4.1). Steers were fed ad libitum, using clean bunk management. Dietary
ingredient selection was consistent between phases. The 90% concentrate finishing diet was
designed to deplete vitamin A while meeting the remaining NASEM (2016) requirements for
growing-finishing beef cattle, and contained 12.5% CP (DM basis), recommended levels of
supplemental vitamins (except Vitamin A) and minerals, monensin (Rumensin: Elanco Animal
Health, Greenfield, IN; 30 g/ton of DM) and tylosin tartrate (Tylan: Elanco Animal Health; 10
g/ton of DM). Depletion diet phase and CON treatment during finishing phase contained
minimal vitamin A activity (< 200 IU of vitamin A activity/kg of dietary DM) via the provitamin
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A, beta-carotene. No beta-adrenergic agonist was fed, nor were steers provided with implants
during the finishing phase to minimize any factors that could influence growth performance data
beyond the dietary treatments. Animal health and welfare were monitored daily. Based on
previous research, it was estimated that it would require a minimum of 90 days to deplete liver
retinol levels. In order to monitor the vitamin A status samples were analyzed within 2 weeks of
collection. Therefore, liver retinol from d-35 were used to estimate the vitamin A status of the
animals prior to initiating phase 2, allowing time for sample analysis, treatment allocation, and
pen transfer. The steers (average BW = 436.3 ± 39.8 kg) were blocked by initial BW and
organized in a randomized complete block design (2 steers/pen; 15 pens total; 5 pens/treatment).
Animals within block were randomly assigned to pens administered 1 of 3 dietary treatments: no
added vitamin A (0IU; 0.0 IU/kg [DM basis] of additional vitamin A), vitamin A supplemented
at the estimated requirement (2,200IU; 2,200 IU/kg of dietary DM of additional vitamin A;
Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI), and vitamin A supplemented
at 5× the estimated requirement (11,000IU; 11,000 IU/kg of dietary DM of additional vitamin
A). Additional vitamin A for phase 2 treatments was top-dressed at feeding time via a ground
corn carrier (0.45 kg/pen/d) for which the concentration of vitamin A inclusion was adjusted
according to the average weekly DMI. Daily feed deliveries were recorded, and orts were
weighed weekly to calculate feed intake.
Animal Removal
One steer (11,000IU) contracted chronic pneumonia resulting in death on d 114. Day 112
liver retinol and blood as well as carcass data were unable to be recorded for this animal. The
steer was not an outlier for any data recorded up to the time of death; therefore, data
contributions for this steer from d -91 through d 84 remained in the analyses.
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Sample collection
All data were collected on a designated sampling day prior to feeding. Body weights for
all cattle were measured on d -91, -35, 0, 28, 56, 84, 112 and on day 119 prior to shipping. Liver
tissue and blood samples were acquired on d -91, -35, 0, 28, 56, 84, 112.
Liver samples were obtained via biopsy to monitor steady-state vitamin A status. During
the biopsy procedure, steers were restrained using a hydraulic squeeze chute. The area
surrounding the incision site was shaved using a disposable razor, then sanitized using a solution
of water, 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
administered subcutaneously in a 6 cm2 rhombus-shaped pattern (4 injection sites, 2 mL
lidocaine HCl per site) no less than 5 minutes prior to the biopsy incision. The area was
sterilized using 70% ethanol and sterile gauze post-numbing, then a 1 cm incision was made
using a sterile scalpel. A sterile 16.5 cm long, 6-mm diameter custom designed trocar and
sharpened cannula biopsy instrument (SurgiPro, Minneapolis, MN) was used to collect
approximately 0.4 g of liver tissue using a procedure similar to that used by Chapman et al.
(1963) (Figure 4.1). Liver biopsies were collected from an incision made in the 11th intercostal
space where it intersects with a line made from the tuber coxae and the point of the shoulder. The
incision was closed using veterinary tissue adhesive (VetBond, 3M Animal Care Products, St.
Paul, MN) and coated with a protective aerosol bandage (AluShield, Neogen Corp, Lexington,
KY) to aid in infection prevention during the healing process. The sample was placed on sterile
foil in a covered plastic container to be taken to the sample preparation area, where it was placed
in a light protected microcentrifuge tube and frozen on dry ice.
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Blood samples were collected via jugular venipuncture using non-additive silicone coated
glass vacuum blood collection tubes (Vacutainer, BD Diagnostics, Franklin Lakes, NJ). Tubes
were stored at 4°C overnight to allow for clotting, and then centrifuged at 1,200 × g for 15 min to
separate serum. Serum samples were then stored at -20°C until laboratory analysis.
Steers were transported 203 km to a commercial abattoir for harvest on d 119 after
undergoing a 7-d observational period to allow for withdrawal from lidocaine. Carcass data were
collected by West Texas A&M University Beef Carcass Research Center personnel and included
hot carcass weight, 12th rib fat thickness, longissimus muscle area, percent kidney/pelvic/heart
fat, yield grade, and marbling score.
Statistical analysis
Liver retinol, blood parameters, and carcass data were analyzed as a randomized
complete block design using the GLIMMIX procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC),
considering animal as the experimental unit. The vitamin A treatment was the concentration of
vitamin A included in the diet, rather than a targeted amount per hd/d; therefore, the treatment
was applied to each individual steer. However, pen served as the experimental unit for growth
performance data, because that was the feeding unit. The statistical model for the effect of
treatment and days on feed included the fixed effect of implant, day, and the interaction of
implant × day, while block was considered a random effect. Least squares means were generated
using the LSMEANS statement of SAS. Data were separated and denoted to be different using
the pairwise comparisons PDIFF and LINES option of SAS when a significant preliminary F-test
was detected. An α level of 0.05 was used to determine significance, with tendencies discussed at
P-values between 0.05 and 0.15. The covariance structure with the lowest Akaike information
criterion (AIC) was used. All results are reported as least-squares means. Data were separated
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using the PDIFF option of SAS if a significant preliminary F-test was detected. The KenwardRoger adjustment was utilized to correct the degrees of freedom. An α-level of 0.05 was used to
determine significance, with tendencies discussed at P-values between 0.05 and 0.10.
The Proc REG procedure of SAS was used to evaluate potential relationships between
sera and liver concentrations. A simple linear model was initially used to estimate retinol
concentration in the liver using sera. There was evidence of nonlinearity detected in the residual
analysis of this model; therefore, a logarithmic model was utilized in each of three scenarios:
phase 1 (d -91 to 0; short duration depletion), phase 2 (d 0 to 112; repletion), and phase 1&2 (d 91 to 112 for the 0IU cattle) as displayed in models 1 through 3:
Model 1: log(𝑙𝑖𝑣𝑒𝑟 𝑟𝑒𝑡𝑖𝑛𝑜𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑑𝑢𝑟𝑖𝑛𝑔 𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛) = 𝛽0 + 𝛽1 𝑠𝑒𝑟𝑎 + 𝜀
Model 2: log(𝑙𝑖𝑣𝑒𝑟 𝑟𝑒𝑡𝑖𝑛𝑜𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑑𝑢𝑟𝑖𝑛𝑔 𝑟𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 ) = 𝛽0 + 𝛽1 𝑠𝑒𝑟𝑎 + 𝛽2 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 +
𝜀
Model 3: log(𝑙𝑖𝑣𝑒𝑟 𝑟𝑒𝑡𝑖𝑛𝑜𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑓𝑜𝑟 0𝐼𝑈 𝑑𝑢𝑟𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒 1&2) = 𝛽0 + 𝛽1 𝑠𝑒𝑟𝑎 +
𝜀
RESULTS AND DISCUSSION
Vitamin A status did not effect, interim ADG or G:F (P > 0.05), however, DMI for the
0IU cattle was depressed throughout the duration of the study (P < 0.05; Table 4.2).
Additionally, overall G:F was lower in the 0IU cattle compared to 2,200IU and 11,000IU. No
differences (P ≥ 0.18); were observed across treatments for HCW, REA, back fat thickness (FT),
KPH%, marbling score or dressing percent (Table 4.3). However, 2,200IU tended (P = 0.08) to
have an increased calculated yield grade compared to 0IU, with 11,000IU being intermediate.
This tendency did not occur with the USDA yield grade; therefore, this slight detriment to the
increased vitamin A diets may have been a result of the numerical difference in FT. Decreased
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efficiency over time and depressed intake, as well as the minor differences in growth
performance bring doubt to the idea that the cattle were unaffected by vitamin A depletion. No
differences between the 2,200IU or 11,000IU treatments were observed. However, this could
have been partly due to the inability of the steers to return or surpass their original vitamin A
status, diluting any difference that may have been observed between the treatments with
additional dietary vitamin A.
In beef cattle, several studies have considered the negative effect of vitamin A on
marbling in beef cattle, but the results are unclear. Gorocica-Buenfil et al. (2008) demonstrated
that low dietary vitamin A (<1,300, compared to 2,700 IU/kg [DM basis]) did not alter ADG,
DMI, or G:F. Quality grade tended to increase in the low vitamin A group, but back fat thickness
and yield grade were not affected by vitamin A dietary concentration. Bryant et al. (2010)
evaluated vitamin A (0, 1103, 2205, 4410, and 8820 IU/kg [DM basis]), but live growth
performance variables were not affected. The vitamin A treatments also had no impact on
marbling score, HCW, LM area, back fat thickness, or USDA carcass grades.; However, the
2,200IU vitamin A treatment enhanced quality grade and marbling score (Bryant et al., 2010).
To evaluate the complete vitamin A status of the steers, sera and liver tissue were
analyzed for retinol concentration. A treatment × day interaction occurred for both (P < 0.01)
sera retinol and liver retinol during phase 2 of the trial. The sera retinol concentration for the 0IU
cattle remained distinctly reduced, compared to both the 2,200IU and 11,000IU treatments which
increased over time (Figure 4.2.). In contrast, the liver retinol concentrations for 0IU and
2,200IU remained much lower than the 11,000IU cattle during realimentation (Figure 4.3).
Because the sera concentration for retinol increased with the 2,200IU inclusion, and the liver
retinol concentration did not rebound, it can be hypothesized that dietary vitamin A for those
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animals is being readily used in the body, rather than being stored. This indicates that 2,200 IU
of vitamin A/kg diet DM is honed to the requirement of the animal. The variation in the sera data
compared to that of the liver retinol values suggests that the prediction of an animal’s actual
vitamin A status may not be accurate if estimated from circulating blood concentrations.
The relationship between liver retinol and sera retinol was evaluated by the phases of the
study (Table 4.4.). Phase 1, or the depletion phase, used all the steers (n=30) to investigate the
probability of estimating liver retinol concentrations based on the retinol concentrations of the
sera. Although an acceptable model was found (P = 0.06), it could only account for 4.4% of the
variation in liver retinol concentration (R2 = 0.044). Liver and sera retinol concentrations from
the 0IU treatment were evaluated throughout the duration of phase 1 and 2, allowing the model
to account for a greater period of time and vitamin A status fluctuation. This resulted in a more
appropriate model (P < 0.01; R2 = 0.370), estimating that one unit change of the sera would
change the liver concentrations by 1.598%. The vitamin A feeding period was also used to
investigate the sera-liver retinol relationship. In addition to sera, the treatments, 0IU, 2,200IU,
and 11,000IU, were incorporated into the repletion model, resulting in the best estimation of
changes in liver retinol (P < 0.01; R2 = 0.682). These data suggested that the detection of an
animal with critically low vitamin A concentrations may be difficult to detect using circulating
concentrations because for normal functions, animals must maintain their circulating levels of
nutrients. Contrariwise, sera did respond to supranutritional levels of dietary vitamin A. The
increase in liver concentrations for 11,000IU was reflected in the sera. A study by
Montreewasuwat and Olson (1979) discovered no correlation between serum retinol
concentrations and liver concentrations, unless the value was below 5 µg/g. Additionally, serum
retinol concentrations did not serve as an indicator of liver stores of vitamin A. Other studies
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evaluating copper and selenium observed a more accurate deficiency diagnosis based on plasma
concentration. In the copper study, 96% of the cattle with plasma copper levels less than 0.5
µg/ml had liver copper levels less than 40 ppm, which indicated a deficient status (Claypool et
al., 1975). In the study evaluating selenium, poor selenium status was determined by both blood
and liver concentrations. On the same sample population, 80% of the animals were estimated to
be deficient according to blood selenium concentrations, and 73% of the animals were estimated
to be deficient according to liver selenium concentrations (Pavlata et al., 2001). This relationship
did not occur in the current study, likely due to the different storage mechanisms and metabolism
for the fat-soluble vitamin A and trace minerals. This supports the current conclusion that sera
would be the most withstanding measurement for vitamin A concentration available to tissue,
regardless of plummeting values in the liver.
CONCLUSION
Vitamin A is an essential component in maintaining healthy feedlot animals. High
vitamin A supplementation did not negatively impact carcass quality, but animals with vitamin A
depleted diets suffered from depressed intake and decreased feed efficiency. No differences were
observed between steers consuming the recommended dietary inclusion of vitamin A or those
consuming a supranutritional quantity. Feeding high levels of vitamin A in feedlot should be
further investigated, focusing on maximizing vitamin A storage, rather than depletion. The sera
and liver concentration changes of steers fed moderate and high inclusions of vitamin A reflected
the quantity of vitamin A in the diet. A model was developed, based on this small sample of
cattle, to estimate a percent change in the liver concentration of retinol based on unit changes in
the sera. Depleted animals were more difficult to evaluate, displaying unexplained variation, as
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the sera concentrations of retinol changed little in comparison to the livers’ evacuation of vitamin
A.
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TABLES AND FIGURES
Table 4.1. Description of experimental diets (DM basis).1
Ingredients, % DM
Steam-flaked corn
Wet corn gluten feed
Cottonseed hulls
Native grass hay, chopped
Fat (yellow grease)
Supplement
Limestone
Urea
Chemical Composition, DM4
DM, %
Crude protein, %
Acid detergent fiber, %
Neutral detergent fiber, %
Ash, %
Total digestible nutrients, %
NEM, Mcal/kg
NEG, Mcal/kg
Vitamin A Activity, IU5

Phase 1
39.4
17.0
10.0
27.0
3.0
2.0
1.0
0.6
81.18
11.54
31.49
35.20
5.68
72.00
1.74
1.12
192

Phase 2
64.72
19.92
4.00
3.94
3.08
1.95
1.88
0.51
78.88
12.53
10.10
17.30
4.63
84.50
2.15
1.48
167

Diets were formulated to meet or exceed NASEM (2016) requirements for growing – finishing beef
cattle with the exception of vitamin A requirements.
2
Supplement composition (DM basis): 67.755% Ground corn, 15.000% NaCl, 10.000% KCl, 3.760%
Urea, 0.986% Zinc sulfate, 0.750% Rumensin-90 (Elanco, Greenfield, IN), 0.506 Tylan-40 (Elanco),
0.500% Endox (Kemin Industries, Des Moines, IA), 0.196% Copper sulfate, 0.167% Manganese
oxide, 0.157% vitamin E (500 IU/g), 0.125% selenium premix ( 0.2% Se), 0.083% iron sulfate,
0.003% ethylenediamine dihydroiodide, and 0.002% cobalt carbonate.
4
Values as measured by proximate analysis of bunk samples on a dry matter basis except Diet DM
(Servi Tech Laboratories, Amarillo, TX), and TDN was determined as in NASEM (2016).
5
Vitamin A activity was calculated based on ingredient beta-carotene content, and its conversion in
cattle.
1
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Table 4.2 Effects of vitamin A supplementation on feedlot performance
TREATMENT1
2
Item
0IU
2,200IU
11,000IU
SEM
Initial BW, kg
437
435
438
3.37
Final BW, kg
558
579
583
7.09
d 0-112
ADG, kg
1.0
1.2
1.2
0.116
b
a
a
DMI, kg
8.1
9.2
9.2
0.119
G:F
0.12
0.14
0.13
0.006

P-value
0.80
0.47
0.14
0.01
0.39

1

IU indicates the IU of additional vitamin A per kg diet DM.
No shrink shrink was applied to interim BW for performance calculations.
ab
Means within the same row with different superscripts are statistically different (P ≤ 0.05).
2

Table 4.3. Effects of vitamin A supplementation on carcass characteristics.
Item2
HCW, kg
REA, cm2
FT, cm
KPH, %
USDA Yield grade
Calculated Yield grade
Marbling score3
DP, %4

0IU
348.3
98.8
1.07
1.95
3.05
2.06
457
63.77

Treatment1
2,200IU
359.2
91.0
1.54
1.95
3.52
2.90
492
62.32

11,000IU
353.6
89.8
1.30
2.06
3.28
2.70
469
62.80

SEM
5.28
0.25
0.040
0.046
0.100
0.152
16.2
0.004

P - Value
0.79
0.18
0.18
0.62
0.19
0.08
0.79
0.61

1

IU indicates the IU of additional vitamin A per kg diet DM.
Hot carcass weight (HCW), ribeye area (REA), fat thickness (FT), kidney pelvic heart fat (KPH), dressing
percent (DP)
3
400 = USDA Small00, 500 = USDA Modest00
4
Calculated using HCW/Final BW with 2% shrink.
2

Table 4.4. Relationship between liver and sera retinol in various feeding phases.
Phase1
12
23
1 and 24

Day
d -91 to d 0
d 0 to d 112
d -91 to d 112

β1 value
-0.00468
0.00220
0.01586

β 2 value
-0.0001618
--

1

R2 value
0.0438
0.6821
0.3696

Feeding phases required different models for best fit.
log(liver content during depletion period) = β0 + β1 sera + ε
3
log(𝑙𝑖𝑣𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑑𝑢𝑟𝑖𝑛𝑔 𝑟𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 ) = 𝛽0 + 𝛽1 𝑠𝑒𝑟𝑎 + 𝛽2 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 + 𝜀.
4
log(𝑙𝑖𝑣𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑓𝑜𝑟 0 𝑔𝑟𝑜𝑢𝑝 𝑜𝑣𝑒𝑟 𝑏𝑜𝑡ℎ 𝑝𝑒𝑟𝑖𝑜𝑑𝑠) = 𝛽0 + 𝛽1 𝑠𝑒𝑟𝑎 + 𝜀.
2
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P-value
0.059
<0.001
<0.001
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Figure 4.1. The custom biopsy instrument (SurgiPro, Minneapolis, MN) consisted of a
sharpened trocar and cannula with a working shaft length of 17.5 cm and a cannula diameter of
6mm. The combine instrument was inserted through the 11th intercostal space of the animal until
the hepatic membrane was pierced, then the trocar was withdrawn, the cannula was inserted into
the liver tissue, and the exterior opening of the cannula was covered as the instrument was
retrieved from the animal. The negative pressure created by covering the exterior opening
aspirated approximately 0.4 g of liver tissue.

Figure 4.2. Effects of vitamin A supplementation on sera retinol concentrations in feedlot steers
on d -91, -35, 0, 28, 56, 84 and 112 in relation to treatment initiation (n = 30). Treatments were 0
IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg diet DM (Rovimix® A 1000; DSM Nutritional
Products Ltd., Sisseln, SUI), and 11,000 IU vitamin A/kg diet DM. The dotted lines indicate
phase 1, a 91 d vitamin a depletion phase, while the solid lines represent phase 2, where two of
the treatments have entered vitamin A repletion.
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Figure 4.3. Effects of vitamin A supplementation on liver retinol concentrations in feedlot steers
on d -91, -35, 0, 28, 56, 84 and 112 in relation to treatment initiation (n = 30). Treatments were 0
IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg diet DM (Rovimix® A 1000; DSM Nutritional
Products Ltd., Sisseln, SUI), and 11,000 IU vitamin A/kg diet DM. The dotted lines indicate
phase 1, a 91 d vitamin a depletion phase, while the solid lines represent phase 2, where two of
the treatments have entered vitamin A repletion.
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CHAPTER V
EVALUATION OF VITAMIN A STATUS ON MYOGENIC GENE EXPRESSION AND
MUSCLE FIBER CHARACTERISTICS.
ABSTRACT
A randomized complete block design experiment with 30 yearling crossbred steers (average BW
= 436.3 ± 39.8 kg) fed a steam-flaked corn-based diet was used to evaluate the effects dietary
vitamin A (Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI) supplementation on
myogenic gene expression and skeletal muscle fiber characteristics during the finishing phase.
Steers were blocked by BW (n = 5 blocks; 6 steers/block), assigned to pens (n = 2 steers/pen),
and randomly assigned to one of the following treatments: no added vitamin A (0IU; 0.0 IU/kg
of dietary DMI of additional vitamin A), vitamin A supplemented at the estimated requirement
(2,200IU; 2,200 IU/kg of dietary DM of additional vitamin A), and vitamin A supplemented at
5× the estimated requirement (11,000IU; 11,000 IU/kg of dietary DM of additional vitamin A).
The basal diet included minimal vitamin A activity (< 200 IU of vitamin A activity/kg of dietary
DM) via the provitamin A, beta-carotene. After all treatments underwent a 91-d vitamin A
depletion period, additional vitamin A was top-dressed at feeding via a ground corn carrier.
Blood, longissimus muscle and liver biopsy samples were obtained on d 0, 28, 56, 84, and 112.
Biopsy samples were used for immunohistochemical (IHC) and mRNA analysis. Sera and liver
samples were used to monitor circulating vitamin A and true vitamin A status of the cattle.
Expression for MHC-I diminished and rebounded (P = 0.04) from the beginning to the end of the
trial. The intermediate fiber type, MHC-IIA, had a similar pattern of expression (P = 0.01) to that
of MHC-I. On d 84, C/EBPβ expression was also the greatest (P = 0.03). The pattern of PPARγ
(P < 0.01) and PPARδ (P < 0.01) expression seemed to more closely mimic that of MHC-I
expression, increasing from d 84 to d 112. Distribution of MHC-IIA demonstrated a treatment ×
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day interaction (P = 0.02). Although the proportion of MHC-IIA fibers equalized across
treatments by d 112, the distribution of this muscle fiber type varied greatly across treatments
and time. The distribution for MHC-I differed among treatments (P = 0.02): 2,200IU cattle
maintained the greatest proportion of MHC-I, 11,000IU had the least MHC-I fibers, and 0IU was
intermediate. Muscle fiber cross-sectional area increased for each MHC (P < 0.01) with the
notable increase between d 28 and d 56. Among treatments, MHC-I had a tendency to have the
greatest cross-sectional area in the 2,200IU steers and the smallest cross-sectional area in the 0IU
cattle, with the 11,000IU cross-sectional area being intermediate. For both MHC-IIA and MHCIIX, myofiber cross-sectional area was not different for the 11,000IU and 2,200IU treatments,
but both were greater than the 0IU treatment (P = 0.03 and P < 0.01, respectively). There was no
interaction for treatment × day in total nuclei, Myf5-positive-Pax7-negative, or dual positive
myonuclei. Total nuclei density decreased (P < 0.01) gradually over time. Cells positive for only
Myf5 increased (P < 0.01) in density early in the feeding period, then declined, indicating that
satellite cells were fusing into existing fibers. There was a treatment × day interaction (P = 0.04)
for PAX7-positive cells. Initially the 0IU treatment had the greatest PAX7 density; however, by
d 56, the PAX7 density had declined, and there was no longer a difference between treatments.
The dual positive (PAX7+Myf5) nuclei also increased through d 56 prior to a decline to d 112.
As Myf5 positive cells, these nuclei are no longer pluripotent and will be readily collected into
the muscle. The wax and wane of these transcription factors seemed to be unaffected by the
vitamin A status of the animal. Rather, each cell type appeared to follow an expected pattern as
animals mature. These data indicated that oxidative gene expression may be independent of
vitamin A status. Moreover, animals with an inadequate vitamin A status do not deposit protein
in skeletal muscle as well as those animals that have adequate vitamin A.
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INTRODUCTION
Postnatal skeletal muscle growth is primarily a product of hypertrophy, or the
accumulation of protein within existing myofibers. This accumulation of muscle mass is
determined by many factors, one of which is muscle fiber type. As they develop and undergo
various environmental changes, hormonal stimulation, and maturation, muscle fibers in cattle can
be converted from slow twitch, oxidative fibers to fast twitch, glycolytic fibers [myosin heavy
chain (MHC) I to IIA to IIX], or vice versa (Pette and Staron, 2000). As cattle mature and crosssectional myofiber area increases, the muscle fibers tend to become more glycolytic (Pette and
Staron, 2000). Increased fiber diameter may increase yield, but also reduces tenderness, which is
the most economically relevant meat attribute (Savell et al., 1987; Miller et al., 1995). The
investigation of muscle energetics provides an opportunity to optimize the balance between meat
yield and quality.
Peroxisome proliferator-activated receptor (PPAR) δ, or β, plays a critical role in energy
homeostasis of skeletal muscle. In a recent in vitro study by Kim et al. (2018), it was proposed
that retinoic acid may upregulate oxidative metabolism in the muscle through the activation of
PPARδ. Kim et al. (2018) observed an increase in oxidative cultured muscle fibers as a result of
treatment with retinoic acid (10 nM all-trans-retinoic acid). Wang et al., (2018) took a different
approach, evaluating PPARγ coactivator-1 (PGC-1α) upon neonatal vitamin A injection in cattle.
Several studies proposed that PGC-1α activates calcineurin signaling, which leads to the
formation of type I fibers, likely resulting in a measurable change in PPARγ (Amin et al., 2010;
Zierath et al., 1998; Park et al., 1997). The current study was developed to evaluate the effect of
vitamin A status on myogenic gene expression, muscle fiber type, and cross-sectional myofiber
area.
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Additionally, to accumulate protein, sufficient DNA must be incorporated into the muscle
cell (Mauro, 1961). This is done through the integration of satellite cells into the myofiber. These
stem cells remain quiescent until environmental stress or molecular signaling indicates that more
DNA is needed (Le Grand and Rudnicki, 2003). Satellite cells are heterogeneous, with the ability
to express Pax7 and Myf5. During myogenic differentiation of satellite cells, basic helix-loophelix (bHLH) transcription factors, myogenic factor 5 (Myf5) play an important role (Wang and
Rudnicki, 2012). One review explained a family of related genes, MyoD, myogenin, Myf5, and
MRF4 (or Myf6), are responsible for the initiation of myogenesis, but each individual gene could
initial myogenesis (Tapscott and Weintraub, 1991). Satellite cells that express Pax7 may produce
either Myf5+ or Myf5- satellite cells. However, only cells that express both Pax7 and Myf5 are
capable of myogenic differentiation, while Pax7 positive, Myf5 negative satellite cells can still
proliferate (Punch et al., 2009). A recent study experienced an increase in Pax7 positive satellite
cells as a result of neonatal vitamin A injection (Wang et al., 2018). Based on this research, it
was hypothesized that dietary vitamin A supplementation would alter satellite cell activity.
Therefore, one of the objectives of the current study was also to evaluate the effect of different
levels of dietary vitamin A on satellite cell expression of Pax7 and Myf5.
MATERIALS AND METHODS
Animal management and treatments
All procedures were approved by the Texas Tech University Institutional Animal Care
and Use Committee (Protocol Number: 18003-01). Bos Taurus crossbred steers (n = 30; average
BW = 297.6 ± 32.8 kg) were obtained from a commercial cattle company and processed upon
arrival at the Burnett Center of Texas Tech University, New Deal, TX. Steers received ear tags
for identification, were treated with anthelmintics, and vaccinated in accordance with Texas Tech
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University health protocols. After a 91-d vitamin A depletion period, the steers (average BW =
436.3 ± 39.8 kg) were blocked by initial BW and organized in a randomized complete block
design (2 steers/pen; 15 pens total; 5 pens/treatment). Pens within block were randomly assigned
1 of 3 treatments: no added vitamin A (0IU; 0.0 IU/kg of dietary DMI of additional vitamin A),
vitamin A supplemented at the estimated requirement (2,200IU; 2,200 IU/kg of dietary DM of
additional vitamin A), and vitamin A supplemented at 5× the estimated requirement (11,000IU;
11,000 IU/kg of dietary DM of additional vitamin A). Steers were fed ad libitum, using clean
bunk management, with a 90% concentrate finishing diet designed to deplete vitamin A, while
meeting the remaining NASEM (2016) requirements for growing-finishing beef cattle (Table
5.1). The diet contained 12.5% CP (DM basis), recommended levels of supplemental vitamins
and minerals, monensin (Rumensin: Elanco Animal Health, Greenfield, IN; 30 g/ton of DM) and
tylosin tartrate (Tylan: Elanco Animal Health; 10 g/ton of DM). No beta-adrenergic agonist was
fed, nor were steers provided with implants during the finishing phase to minimize any factors
that could influence muscle fiber characteristics beyond the dietary treatments. Animal health
and welfare were monitored daily. The basal diet included minimal vitamin A activity (< 200 IU
of vitamin A activity/kg of dietary DM) via the provitamin A, beta-carotene. Additional vitamin
A was top-dressed at feeding via a ground corn carrier (0.45 kg/pen/d). Daily feed deliveries
were recorded, and orts were weighed weekly to calculate feed intake.
Animal Removal
One steer (11,000IU) contracted chronic pneumonia resulting in death on d 114. Day 112
liver retinol, blood, and muscle were unable to be collected for this animal. The data
contributions for this steer from d 0 through d 84 remained in the analyses.
Sample collection
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All data were collected on a designated sampling day prior to feeding. Body weights for
all cattle were measured on d 0, 28, 56, 84, 112 and on day 119 prior to shipping. Skeletal
muscle tissue, liver tissue, and blood samples were acquired on d 0, 28, 56, 84, 112.
Longissimus muscle samples were obtained via a well-established biopsy procedure to
evaluate muscle fiber type (Dunn et al., 2003). During the biopsy procedure, steers were
restrained using a hydraulic squeeze chute. The area surrounding the incision site was shaved
using a disposable razor, then sanitized using a solution of water, 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 administered subcutaneously in a 6 cm2
rhombus-shaped pattern (4 injection sites, 2 mL lidocaine HCl per site) no less than 5 minutes
prior to the biopsy incision. The area was sterilized using 70% ethanol and sterile gauze postnumbing, then 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 to be taken to the sample
preparation area. The incision was closed using veterinary tissue adhesive (VetBond, 3M
Animal Care Products, St. Paul, MN) and coated with a protective aerosol bandage (AluShield,
Neogen Corp, Lexington, KY) to aid in infection prevention during the healing process. The
initial biopsy punctured the longissimus between the 12th and 13th rib. Subsequent consecutive
biopsies alternated laterally across the spine and progressed anteriorly along the spine to avoid
previous surgery sites.
In the sample preparation area, the tissue was divided into portions for
immunohistochemical and mRNA analysis. The immunohistochemical sample was analyzed
under a magnifying glass, and muscle fibers were identified. The fibers were placed parallel to
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each other on a 1×1.5 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, Lubbock, TX. The
portions for RNA analysis were sealed in sample bags, frozen in liquid-N, and stored on dry ice
until transport back to Texas Tech University. All skeletal muscle samples were stored at -80°C
until further processing.
Steers were transported 203 km to a commercial abattoir for harvest on d 119 after
undergoing a 7-d observational period to allow for withdrawal from lidocaine. Carcass data
were collected by West Texas A&M University Beef Carcass Research Center personnel and
included hot carcass weight, 12th rib fat thickness, longissimus muscle area, percent
kidney/pelvic/heart fat, yield grade, and marbling score.
Sample Processing
Longissimus biopsy sample processing and analysis for immunohistochemistry, RNA,
and protein were adapted from standard operating procedures in the Texas Tech University
laboratory, previously established by Hergenreder et al. (2016).
Immunohistochemical Analysis
Embedded longissimus samples for immunohistochemical staining and analysis were
moved from -80°C to -20°C to reduce brittleness for 24 h. Samples were removed from cork, cut
into 10 µm-thick cross sections at -20°C using a Leica CM1950 cryostat (Leica Biosystems,
Buffalo Grove, IL) and affixed to 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) (Thermo Fisher Scientific) for 10 min at
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room temperature, then rinsed briefly twice in PBS followed by one 10 min bath 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 Scientific) 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 muscle fiber type and
cross-sectional area slides were evaluated using the following primary antibodies: 1:100 αdystrophin, rabbit, IgG (Thermo Scientific); 1:100 supernatant anti-myosin heavy chain (MHC)
I, mouse, IgG2b (BA-D5; Developmental Studies Hybridoma Bank, University of Iowa, Iowa
City, IA); and supernatant anti-MHC all except type IIX, mouse, IgG1 (BF-35, Developmental
Studies Hybridoma Bank). The cross sections were rinsed in PBS for 5 min at room temperature
three times. Secondary antibodies in blocking solution were then applied to the cryosections for
30 min at room temperature in the dark. Slides were then treated with 1:1,000 goat α-rabbit, IgG,
Alexa-Fluor 488 (Invitrogen); 1:1,000 goat α-mouse, IgG2b, Alexa-Fluor 546 (Invitrogen);
1:1,000 goat α-mouse, IgG1, Alexa-Fluor 633 (Invitrogen). Following the incubation period, the
slides were rinsed three times with PBS for 5 min at room temperature. Muscle fiber type and
area slides were then cover-slipped using ProLong® Gold with 4’6-diamidino-2-phenylindole
(DAPI) mounting media (Life Technologies) and thin glass cover slips (VWR International).
Slides were then left to cure in the dark for 36 h at room temperature. The satellite cell slides
were evaluated using primary antibodies, 1:100 aniti-Myf5, rabbit, IgG (Abcam) and 1:100 antiPax7, mouse, IgG1 (PAX7; Developmental Studies Hybridoma Bank, University of Iowa, Iowa
City, IA). The cross sections were rinsed in PBS for 5 min at room temperature three times.
Secondary antibodies in blocking solution were then applied to the cryosections for 30 min at
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room temperature in the dark. Slides were then treated with 1:1,000 goat α-rabbit, IgG, AlexaFluor 488 (Invitrogen) and 1:1,000 goat α-mouse, IgG1, Alexa-Fluor 546 (Invitrogen).
Following the incubation period, the slides were rinsed three times with PBS for 5 min at room
temperature. Post-rinse, slides were incubated in a 1:1,000 4’6-diamidino-2-phenylindole (DAPI)
PBS solution for 5 min. Slides were briefly rinsed 2 times for approximately 30 seconds, then
cover-slipped using Aqua-Mount mounting media (Thermo Scientific), and thin glass cover slips
(VWR International). Slides were then left to cure in the dark for 24 h at room temperature.
Muscle fiber type and cross-sectional area slides underwent 100x magnification and
satellite cell slides underwent 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 obtained using a CoolSnap ES2 monochrome
camera. Five images of the longissimus IHC sections were randomly captured from each slide.
Images were artificially colored and analyzed with NIS Elements® Imaging software. Muscle
fibers in each image were identified and reported as a percentage of the total number of muscle
fibers. The cross-sectional area of each fiber in each image was measured using NIS Elements
software (Nikon Instruments Inc.) and reported on a square µm basis. Total nuclei, Pax7
positive, Myf5 positive, and dual positive were quantified using NIS Elements software (Nikon
Instruments Inc.) and reported on a density per square mm basis.
RNA isolation and Real-time quantitative reverse transcription polymerase chain reaction
Ribonucleic acid from longissimus tissue was isolated with cold buffer containing TRI
Reagent® (Sigma, St. Louis, MO). Approximately 0.8 g of frozen tissue was homogenized with
TRI Reagent® at a ratio of 0.5:1 grams of tissue to milliliter reagent. The homogenate was
pipetted into 1 microcentrifuge tube (1 mL sample per tube), 200 μL chloroform was added to
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each tube, vortexed for 30 s, and incubated for 5 min. The sample was then centrifuged at 15,000
× g for 15 min. The most superficial supernatant layer was pipetted into new microcentrifuge
tubes. Cold isopropyl alcohol (250 μL) was added to the supernatant, mixed, and incubated for
10 min on ice. The samples were then centrifuged at 15,000 × g for 10 min. The supernatant was
decanted, and the RNA pellet at the bottom of each tube were allowed to dry. Then, 500 μL of
75% ethanol was added to each tube to rinse and suspend the RNA pellet. Samples were then
placed in a −80 °C freezer. Upon further analysis, samples were removed from the freezer and
thawed on ice. Samples were then centrifuged at 15,000 × RPM for 10 min, ethanol was poured
off, and the pellet was air dried. Nuclease-free water (30 μL) was then added to each sample to
dissolve the RNA pellet. The concentration of RNA was determined with a spectrophotometer at
an absorbance of 260 nm using a NanoDrop 1000 (NanoDrop products, Wilmington, DE).
Samples were then treated with gDNA wipeout to remove any DNA contaminants using a
QuantiTect Reverse Transcription Kit (Qiagen, Gaithersburg, MD). The RNA then underwent
reverse transcription to synthesize cDNA. The cDNA was used for real-time quantitative reverse
transcription-PCR (RT-qPCR) to measure the abundance of myosin heavy chain (MHC)-I, MHCIIA, MHC-IIX, Ccaat-enhancer-binding protein (C/EBP)β, lipoprotein lipase (LPL), peroxisome
proliferator activated receptor (PPAR)γ, PPARδ, and eukaryotic elongation factor 1-alpha 2
(EEF1A2) mRNA as a fraction of total RNA isolated from muscle tissue (Table 5.2). Expression
for EEF1A2 was not different across tissue samples, therefore it was used as the endogenous
control to normalize gene expression. Assays were performed in the GeneAmp 7900HT
Sequence Detection System (Applied Biosystems, Life Technologies) using thermal cycling
parameters recommended by the manufacturer (40 cycles of 15 s at 95 °C and 1 min at 60 °C).
Statistical analysis
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Cross-sectional fiber area, fiber type, and satellite data were analyzed as a randomized
complete block design using the GLIMMIX procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC),
considering animal as the experimental unit. The vitamin A treatment was the concentration of
vitamin A included in the diet, rather than a targeted amount per hd/d; therefore, the treatment
was applied to each individual steer. For fiber type distribution and satellite cell data the mean of
the measurements from 5 images were used. The area of each fiber type per sample was
averaged for fiber cross-sectional areas prior to statistical analysis. The statistical model for the
effect of treatment and days on feed included the fixed effect of implant, day, and the interaction
of implant × day, while block was considered a random effect. Least squares means were
generated using the LSMEANS statement of SAS. Data were separated and denoted to be
different using the pairwise comparisons PDIFF and LINES option of SAS when a significant
preliminary F-test was detected. An α level of 0.05 was used to determine significance, with
tendencies discussed at P-values between 0.05 and 0.15. The covariance structure with the lowest
Akaike information criterion (AIC) was used. All results are reported as least-squares means.
Data were separated using the PDIFF option of SAS if a significant preliminary F-test was
detected. The Kenward-Roger adjustment was utilized to correct the degrees of freedom. An αlevel of 0.05 was used to determine significance, with tendencies discussed at P-values between
0.05 and 0.10.
RESULTS AND DISCUSSION
There were no treatment × time interactions for MHC-I, IIA, or IIX, PPARγ or δ, C/EBPβ,
or LPL gene expression (Table 5.3). Several genes did demonstrate a day effect. Expression for
MHC-I diminished and rebounded (P = 0.04) from the beginning to the end of the trial. The
intermediate fiber type, MHC-IIA, had a similar pattern of expression (P = 0.01) to that of MHC88
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I, with its peak on d 84. The addition of retinoic acid altered gene expression of myosin heavy
chains in an in vitro study using a primary bovine satellite cell culture (Kim et al. 2018).
Expression of MHC I, which is associated with oxidative, slow twitch muscle fiber types,
increased with the inclusion of all-trans-retinoic acid. Additionally, retinoic acid downregulated
the expression of MHC IIA and IIX (Kim et al., 2018). It is reported that all-trans retinoic acid
has a high affinity for PPARδ and results in activation of transcription by promoting the
coactivator SRC-1 (Shaw et al., 2003). The increased expression of oxidative genes, compared to
glycolytic genes, reported by Kim et a. (2008) may be attributed to this phenomenon. Wang et al.
(2018) reported a similar occurrence in calves injected with vitamin A at birth and one month of
age. To better understand this mode of action, PPARγ coactivator-1 (PGC-1α) was evaluated
upon the neonatal vitamin A injection. This study and others proposed that PGC-1α activates
calcineurin signaling, leading to the formation of type I fibers, which would result in some
subsequent change in PPARγ (Amin et al., 2010; Zierath et al., 1998; Park et al., 1997).
However, the effect of retinoic acid on PPARγ is thought to be indirect for both activation and
suppression of the gene (Shaw et al. 2003). The pattern of PPARγ (P < 0.01) and PPARδ (P <
0.01) expression seemed to more closely mimic that of MHC-I expression, increasing from d 84
to d 112, supporting the previously reported data.
Accompanying the expression of the myosin heavy chains, C/EBPβ expression was also
the greatest (P = 0.03) on d 84, prior to the genes more associated with oxidative metabolism.
Discussion regarding C/EBPβ is most often associated with the cascade of signaling that occurs
during adipogenesis. Similar to satellite cell activation, adipogenesis requires determination and
differentiation of multipotent cells (Lefterova and Lazar, 2009). Upon the expression of
preadipocyte factor-1, these cells lose their pluripotency and succumb to the expression of
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C/EBPβ, post-clonal expansion (Symonds et al., 2011). As a result of C/EBPβ expression,
PPARγ is activated, eventually leading to the maturation of adipocytes. The close proximity of
intramuscular fat (IMF) and muscle fibers, and the ability of the muscle to utilize IMF for energy
may result in an indirect manipulation of the surrounding muscle fiber types related to
adipogenic gene expression. The increase in C/EBPβ expression seems to preface the more
oxidative gene expression, indicating that the transcription factor, C/EBPβ, plays a role in
oxidative metabolism in the muscle. Pickworth et al. (2012) conducted a feedlot trial using two
concentrations of vitamin A (3750 IU/kg dietary DM or 1860 IU/kg dietary DM). Retinol
concentration of the intramuscular adipose tissue was 38% lower than that of the subcutaneous
adipose tissue. Indicating that vitamin A storage in intramuscular fat may be influenced by
muscle metabolism.
There was no interaction for treatment × day in total nuclei, Myf5-positive-Pax7negative, or dual positive myonuclei. Total nuclei density decreased (P < 0.01) gradually over
time (Figure 5.1), an expected result of the incorporation of DNA into muscle for the process of
hypertrophy. Cells positive for only Myf5 increased (P < 0.01) in density early in the feeding
period, before plateauing at d 56 (Figure 5.2). These cells did not mirror the steady decline in
totally nuclei, as they are only a fraction of the total nuclei. These cells, predestined to become
myofibers, were about 10 times more prevalent that either the PAX7 or dual positive nuclei.
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 (Schultz and
Lipton, 1982; Gibson and Schultz, 1983). As satellite cell fusion provides the additional nuclei to
support increased protein synthesis in skeletal muscle, nuclei density will inherently decline
(Cheek et al., 1971; Mesires and Doumit, 2002; Li et al., 2011). Unlike Myf5 positive cells,
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PAX7-positive, Myf5-negative satellite cells are still proliferative. There was a treatment × day
interaction (P = 0.04) for PAX7-positive cells. Initially the 0IU treatment had the greatest PAX7
density; however, by d 56, the PAX7 density had declined and there was no longer a difference
between treatments (Figure 5.3). The dual positive (PAX7+Myf5; Figure 5.4) nuclei also
increased through d 56 prior to a decline to d 112 (Figure 5.5) As Myf5 positive cells, these
nuclei are no long pluripotent and will be readily collected into the muscle.
Wang et al. (2018) observed an increase in PAX7-positive satellite cells in 2-month old
calves injected with vitamin A intramuscularly. Considering the rapid growth of neonatal
animals, it is critical that satellite cells maintain their proliferative capabilities. The same study
used an anti-desmin stain to determine if the mononuclear cells were myogenic, similar to the
evaluation of Myf5 positive cells in the current study (Wang et al., 2018). The basis for the
increase in PAX7-positive satellite in the vitamin A treated calves was not discussed by Wang et
al. (2018), but recorded an increase in oxidative muscle fibers in the same group of calves. Lin et
al. (2002) states that the activation of PPARγ coactivator-1α upregulates the transcription and
translation of oxidative muscle fibers. This transcription factor is activated by the all-trans
retinoic acid form of vitamin A. This sequence was demonstrated in primary myogenic cells
(Kim et al., 2018; Wang et al., 2018). The combination of vitamin A activation of oxidative
muscle fibers in conjunction with the growth stage of the younger animals likely resulted in the
PAX7 positive satellite cell increase reported by Wang et al. (2018). Animals entering the feedlot
are have progressed further in chronological maturity than you, pre-weaned calves and the rate of
muscle hypertrophy and rate of satellite cell proliferation has begun to slow (Berg and
Butterfield, 1968). This supports the trend of the PAX7-positve cells in the current study and
accounts for the differences in the data between the calves and growing steers.
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Additionally, the increase in Myf5-positive and dual positive satellite cells, followed by a
decline in density supports the idea that muscle maximum muscle hypertrophy for that state of
animal had been achieved. Moss and Leblond (1971) explained the crucial role of the satellite
cell in muscle growth. Because the steers in the current study were not implanted, nor fed betaadrenergic agonists, the stimulation for late stage muscle hypertrophy did not exist (Johnson et
al., 1988). Therefore, the activation of myogenic satellite cells decreased.
Muscle fiber distribution (Figure 5.6) for MHC-IIX did not have a treatment × day
interaction, or an effect for treatment or day (P > 0.05). However, MHC-IIA distribution did
demonstrate a treatment × day interaction (P = 0.02). Although the proportion of MHC-IIA
fibers equalized across treatments by d 112, the distribution of this muscle fiber type varied
greatly across treatments and time. Each treatment assumes its own pattern over time, where 0IU
MHC-IIA seems to remain relatively low until d 112 and 11,000IU appears to maintain the
proportion of MHC-IIA the most consistently. Wang et al. (2018) also reported an increase of
this intermediately oxidative fiber type as a result of intramuscular vitamin A injection.
However, in an in vitro study using retinoic acid, MHC-IIA decreased in response to the vitamin
A metabolite. This may be caused by differences in energy usage by cells in in living animals
compared to those in cell culture.
The distribution for MHC-I differed among treatments (P = 0.02). The 2,200IU cattle
maintained the greatest proportion of MHC-I, 11,000IU had the least MHC-I fibers, and 0IU was
intermediate. This somewhat challenged the hypothesis for the current study, but may be
explained by the vitamin A status of the steers. Upon arrival, steers from all treatments had liver
retinol values greater than 140 µg/g of liver tissue. By day zero, after the depletion phase, liver
concentrations for all treatments were below 30 µg/g of liver tissue. The liver retinol
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concentration for the 0IU and 2,200IU treatments remained below 30 µg/g of liver tissue for the
duration of the feeding period. Even the 11,000IU treatment group did not fully recover to their
original vitamin A status, only returning to above 100 µg of retinol/g of liver tissue at d 112.
Although sera retinol levels did reflect the dietary vitamin A inclusions, the steers’ ability to
accrue protein is nutritionally dependent. If animals suffer from a deficiency, intake may be
depressed, reducing the available nutrients for anabolism. As a result, animals that are meeting
their nutritional requirements may experience a greater amount of muscle hypertrophy which
results in more glycolytic fibers.
There were no interactions for treatment × time for any of the MHC cross-sectional areas
(P > 0.05). However, the main effects of treatment and time were evaluated for each myosin
isoform (Figure 5.7). Overtime, muscle fiber cross-sectional area increased for each MHC (P <
0.01) with a notable increase between d 28 and d 56. As animals mature and accumulate protein,
muscle hypertrophy begins to manifest (Dayton and White, 2008). Among treatments, MHC-I
had a tendency to have the greatest cross-sectional area in the 2,200IU steers and the smallest
cross-sectional area in the 0IU cattle, with the 11,000IU cross-sectional area being intermediate.
As the more glycolytic fiber types were evaluated, it was apparent that the 0IU treatment
produced the smallest cross-sectional areas. For both MHC-IIA and MHC-IIX, myofiber crosssectional area was not different for the 11,000IU and 2,200IU treatments, but both were greater
than the 0IU treatment (P = 0.03 and P < 0.01, respectively). This is a logical occurrence,
because of the depleted status of the 0IU animals and their lack of ability to support anabolic
activity (Figure 5.8).
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CONCLUSION
As the cattle in this study matured, their total myonuclei density decreased. This is
common for maturing animals, because an increased DNA:protein ratio is necessary to potentiate
muscle growth (Moss and Leblond, 1971). The trends expressed in these data indicate satellite
cell proliferation occurred more in the beginning of the feeding phase and was followed by their
incorporation into the muscle midway through the finishing phase. Although PAX7 cells still
have proliferative capabilities, the physiological maturation the animal in which it resides may
reduce the functionality and density of these nuclei. The current study also indicates that vitamin
A status may have less of an effect on myogenesis via satellite cell activation in mature animals
compared to their younger counterparts.
These data indicate that oxidative gene expression may be independent of vitamin A
status. Vitamin A status of the steers did not affect myogenic gene expression. Moreover,
animals with an inadequate vitamin A status do not deposit protein as well as those animals that
have adequate vitamin A. Steers deficient in vitamin A had thinner muscle fibers, while the
steers that were fed to meet their vitamin A requirements had larger muscle fibers that tended to
be more glycolytic. Another evaluation of these parameters should be completed using
supranutritional amounts of vitamin A in animals not previously depleted.
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TABLES AND FIGURES
Table 5.1. Description of experimental diets (DM basis).1
Ingredients, % DM
Value
Steam-flaked corn
64.72
Wet corn gluten feed
19.92
Cottonseed hulls
4.00
Native grass hay, chopped
3.94
Fat (yellow grease)
3.08
Supplement
1.95
Limestone
1.88
Urea
0.51
Chemical composition, DM4
DM, %
78.88
Crude protein, %
12.53
Acid detergent fiber, %
10.1
Neutral detergent fiber, %
17.30
Ash, %
4.63
Total digestible nutrients, %
84.5
NEM, Mcal/kg
2.15
NEG, Mcal/kg
1.48
1

Diets were formulated to meet or exceed NASEM (2016)
requirements for growing – finishing beef cattle.
2
Supplement composition (DM basis): 67.755% Ground
corn, 15.000% NaCl, 10.000% KCl, 3.760% Urea, 0.986%
Zinc sulfate, 0.750% Rumensin-90 (Elanco, Greenfield,
IN), 0.506 Tylan-40 (Elanco), 0.500% Endox (Kemin
Industries, Des Moines, IA), 0.196% Copper sulfate,
0.167% Manganese oxide, 0.157% vitamin E (500 IU/g),
0.125% selenium premix ( 0.2% Se), 0.083% iron sulfate,
0.003% ethylenediamine dihydroiodide, and 0.002% cobalt
carbonate.
4
Values as measured by proximate analysis of bunk samples
on a dry matter basis except Diet DM (Servi Tech
Laboratories, Amarillo, TX).
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Table 5.2 Primer and probe sequences for the gene expression analysis.
Genes1

Sequence (5’ to 3’)

MHC I
Forward
CCCACTTCTCCCTGATCCACTAC
Reverse
TTGAGCGGGTCTTTGTTTTTCT
TaqMan Probe
6FAM- CCGGCACGGTGGACTACAACATCATAG-TAMRA
MHC IIA
Forward
GCAATGTGGAAACGATCTCTAAAGC
Reverse
GCTGCTGCTCCTCCTCCTG
TaqMan Probe
6FAM- TCTGGAGGACCAAGTGAACGAGCTGA-TAMRA
MHC IIX
Forward
GGCCCACTTCTCCCTCATTC
Reverse
CCGACCACCGTCTCATTCA
TaqMan Probe
6FAM-CGGGCACTGTGGACTACAACATTACT-TAMRA
PPARγ
Forward
ATCTGCTGCAAGCCTTGGA
Reverse
TGGAGCAGCTTGGCAAAGA
TaqMan Probe
6FAM-CTGAACCACCCCGAGTCCTCCCAG-TAMRA
PPARδ
Forward
GCCCTTCAGTGACATCATTGAG
Reverse
CAGGTCACTGTCATCAAGTTCCA
TaqMan Probe
6FAM- CCAAGTTCGAGTTTGCCGTCAAGTTCAA –TAMRA
CEBPβ
Forward
CCAGAAGAAGGTGGAGCAACTG
Reverse
TCGGGCAGCGTCTTGAAC
TaqMan Probe
6FAM-CGCGAGGTCAGCACCCTGC-TAMRA
LPL
Forward
CGGACTCCAACGTCATCGT
Reverse
GCTTGGTGTACCCTGCAGACA
TaqMan Probe
6FAM-TCACGGGCCCAGCAGCATTATCC-TAMRA
EEF1A2
Forward
CAGGCCACCTCATCTACAAGTG
Reverse
CTCTGCTGCCTCCTTCTCAAA
TaqMan Probe
6FAM-CATCGACAAGCGGACCATCGAGAA-TAMRA
1
Abbreviations: MHC: Myosin Heavy Chain, C/EBPβ: CCAAT/enhancer-binding
protein β, PPAR: peroxisome proliferated activated receptor, LPL: Lipoprotein Lipase,
EEF1A2: eukaryotic elongation factor 1-alpha 2
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Table 5.3. Effects of vitamin A supplementation on relative mRNA concentrations of genes in longissimus tissue relative to EEF1A2.
Day
P – values
Treatment, IU/kg Vit.

A
Gene*

0

28

56

84

112

SEM

2,200 11,000 SEM
Day TRT*Day
TRT
IU
IU
MHC I
1.46ab 1.26abc
1.18c
1.23bc 1.46a
0.079 1.39 1.25
1.3
0.137
0.71
0.04
0.63
ab
bc
c
MHC IIA 1.06
0.81
0.61
1.12a
1.02ab
0.104 1.00 0.86
0.91
0.18
0.44
0.01
0.72
MHC IIX 1.76
1.67
1.67
1.67
1.56
0.097 1.74
1.6
1.66
0.167
0.28
0.54
0.37
PPARγ
0.23b
0.2b
0.32a
0.27ab 0.31a
0.20
0.027 0.25 0.28
0.25
0.047
0.93 <0.01
PPARδ
0.85c
0.93bc
1.07ab 0.75c
1.21a
0.076 0.99 0.93
0.96
0.132
0.62 <0.01
0.44
b
b
b
a
b
C/EBPβ
1.24
1.37
1.31
1.8
1.09
0.120 1.34 1.41
1.34
0.209
0.09
0.03
0.59
LPL
1.11
0.94
0.91
0.93
1.06
0.069 0.95 1.00
1.02
0.12
0.72
0.15
0.14
abc
Means within same row with different superscripts differ for effect of day (P < 0.05)
xy
Means within same row with different superscripts differ for effect of treatment (P < 0.05)
*Myosin Heavy Chain (MHC), Peroxisome-proliferator activated receptor (PPAR), Ccaat/enhancer binding protein (C/EBP),

and Lipoprotein lipase (LPL).
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Figure 5.1. Effects of vitamin A supplementation on muscle nuclei density (mm2) in feedlot
steers from longissimus biopsies collected on d 0, 28, 56, 84 and 112 of the feeding trial (n = 30).
Treatments were 0 IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg diet DM (Rovimix® A
1000; DSM Nutritional Products Ltd., Sisseln, SUI), and 11,000 IU vitamin A/kg diet DM. Cross
sections of skeletal muscle samples were stained by immunohistochemistry using 4’6-diamidino2-phenylindole (DAPI).
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TRT; P = 0.28
Day; P < 0.01
TRT*Day;
P = 0.86
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Figure 5.2. Effects of vitamin A supplementation on Myf5-positive, PAX7-negative myonuclei
density (mm2) in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 84 and 112 of
the feeding trial (n = 30). Treatments were 0 IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg
diet DM (Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI), and 11,000 IU
vitamin A/kg diet DM. Cross sections of skeletal muscle samples were stained by
immunohistochemistry using 4’6-diamidino-2-phenylindole (DAPI), anti-Myf5 antibodies, and
antil-PAX7 antibodies.
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Figure 5.3. Effects of vitamin A supplementation on Myf5- negative, PAX7- positive myonuclei
densities (mm2) in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 84 and 112
of the feeding trial (n = 30). Treatments were 0 IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg
diet DM (Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI), and 11,000 IU
vitamin A/kg diet DM. Cross sections of skeletal muscle samples were stained by
immunohistochemistry using 4’6-diamidino-2-phenylindole (DAPI), anti-Myf5 antibodies, and
antil-PAX7 antibodies.
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Figure 5.4. Effects of vitamin A supplementation on Myf5- PAX7 dual positive myonuclei
densities (mm2) in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 84 and 112
of the feeding trial (n = 30). Treatments were 0 IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg
diet DM (Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI), and 11,000 IU
vitamin A/kg diet DM. Cross sections of skeletal muscle samples were stained by
immunohistochemistry using 4’6-diamidino-2-phenylindole (DAPI), anti-Myf5 antibodies, and
antil-PAX7 antibodies.
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Figure 5.5. Immunohistochemical staining of skeletal muscle for Myf5, PAX7, and dual positive
myonuclei in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 84 and 112 of the
feeding trial (n = 30). Treatments were 0 IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg diet
DM (Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI), and 11,000 IU vitamin
A/kg diet DM. Cross sections of skeletal muscle samples were stained by immunohistochemistry
using 4’6-diamidino-2-phenylindole (DAPI), anti-Myf5 antibodies, and antil-PAX7 antibodies.
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a a
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Figure 5.6. Effects of vitamin A supplementation on skeletal muscle MHC-I, -IIA, and -IIX
distribution in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 84 and 112 of
the feeding trial (n = 30). Treatments were 0 IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg
diet DM (Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI), and 11,000 IU
vitamin A/kg diet DM. Cross sections of skeletal muscle samples were stained by
immunohistochemistry for presence of myosin heavy chain (MHC) isoforms. For distribution of
fiber type, 2,200IU had the greatest percentage of MHC-I, 11,000IU had the least, and 0IU was
intermediate (P = 0.02).

106

MHC-I cross-sectional
area (µm2)

Texas Tech University, Kimberly B. Wellmann, May 2019

9000
8000
7000
6000
5000
4000
3000
2000
1000
0

b

MHC-IIA cross-sectional
area (µm2)

ab

14000

a

a
a

10000 Day, P < 0.01
TRT*Day, P 0.70
8000

b

b

6000
4000
2000
0

b

12000

a

18000 SEM = 451.3
16000 TRT, P = 0.03

a

a
a

a

SEM = 595.2
TRT, P < 0.01
a
20000
Day, P < 0.01
15000 TRT*Day, P = 0.92

a

14000 Day, P < 0.01
12000 TRT*Day, P = 0.65

10000

10000

8000

b

b

8000

6000

6000

4000

4000

2000

2000

0

0

20000
15000

SEM = 331.3

12000 TRT, P = 0.09

14000

MHC-IIX cross-sectional
area (µm2)

a

a

a

b

10000

25000

b

a

b

10000
5000

5000
0

0
0IU

2,200IU

D0

11,000IU

D28
D56
D84
Daily Average

D112

Figure 5.7. Effects of vitamin A supplementation on skeletal muscle MHC-I, -IIA, and -IIX
cross-sectional area (µm2) in feedlot steers from longissimus biopsies collected on d 0, 28, 56, 84
and 112 of the feeding trial (n = 30). Treatments were 0 IU vitamin A/kg diet DM, 2,200 IU
vitamin A/kg diet DM (Rovimix® A 1000; DSM Nutritional Products Ltd., Sisseln, SUI), and
11,000 IU vitamin A/kg diet DM. Cross sections of skeletal muscle samples were stained by
immunohistochemistry for presence of myosin heavy chain (MHC) isoforms. The figure depicts
the main effects of treatment and day.
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Figure 5.8. Immunohistochemical staining of skeletal muscle for MHC fiber types in feedlot
steers from longissimus biopsies collected on d 0, 28, 56, 84 and 112 of the feeding trial (n = 30).
Treatments were 0 IU vitamin A/kg diet DM, 2,200 IU vitamin A/kg diet DM (Rovimix® A
1000; DSM Nutritional Products Ltd., Sisseln, SUI), and 11,000 IU vitamin A/kg diet DM. Cross
sections of skeletal muscle samples were stained by immunohistochemistry for presence of
myosin heavy chain (MHC) isoforms.
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CHAPTER VI
INTEGRATED SUMMARY
Zinc propionate supplementation improves performance and gain efficiency of finishing
steers during the beta agonist-feeding period. These results also indicated ZnP supplementation
altered lipid metabolism. An upregulation of β2-AR and β3-AR occurred in feedlot steers during
the RH feeding period in response to ZnP, indicating that ZnP supplementation may aid in the
prevention of β-AR desensitization. All cattle in this experiment were fed RH; therefore, a study
evaluating ZnP and RH with a 2×2 factorial arrangement of treatments. Further investigation of
the effect of ZnP, and its interaction with β-adrenergic agonists, is warranted. Additionally, the
decrease in cross-sectional area for type IIX fibers in treatment cattle indicates further
investigation would be beneficial. These changes could have positive impacts on meat quality
attributes of beef from cattle fed different levels of trace nutrients.
Feeding high levels of vitamin A in feedlot should be further investigated, focusing on
maximizing vitamin A storage, rather than depletion. The sera and liver concentration changes of
steers fed moderate and high inclusions of vitamin A reflected the quantity of vitamin A in the
diet. A model was developed to estimate a percent change in the liver concentration of retinol
based on unit changes in the sera. Depleted animals were more difficult to evaluate, as the sera
concentrations of retinol changed little in comparison to the livers’ evacuation of vitamin A. The
supplementation of vitamin A following a depletion phase manifested unexpected results.
Studies evaluating the many metabolic roles of vitamin A in fat and muscle development should
be continued.
Vitamin A has also been proposed to have an effect role in modify muscle fiber
characteristics. This study deemed that it is an essential component in maintaining healthy
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feedlot animals. High vitamin A supplementation did not negatively impact carcass quality, but
animals with vitamin A depleted diets suffered from depressed intake and decreased feed
efficiency. No differences were observed between steers consuming the recommended dietary
inclusion of vitamin A or those consuming a supranutritional quantity. These data indicated that
oxidative gene expression may be independent of vitamin A status. Vitamin A status of the steers
did not affect myogenic gene expression. Moreover, animals with an inadequate vitamin A status
do not deposit protein as well as those animals that have adequate vitamin A. Steers deficient in
vitamin A had thinner muscle fibers, while the steers that were fed to meet their vitamin A
requirements had larger muscle fibers that tended to be more glycolytic.
As the cattle in this study matured, their total myonuclei density decreased. This is
common for growing animals, because an increased DNA:protein ratio is necessary to potentiate
muscle growth. The trends expressed in these data indicate satellite cell proliferation followed by
their incorporation into the muscle midway through the finishing phase. Although PAX7 cells
still have proliferative capabilities, the physiological maturation the animal in which it resides
may reduce the functionality and density of these nuclei.
The results of these studies indicate that micronutrients play a distinct role in muscle fiber
development. The roles of micronutrients in skeletal muscle growth should be further evaluated
in an effort to support the drive of the American consumer toward a more “natural” product,
while maintaining and improving production efficiency.
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