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Abstract

The objective of this study was to determine if zinc, when added in combina-
tion with ractopamine hydrochloride (RH), would stabilize the interaction of
RH with the f-adrenergic receptor, as indicated by altered cAMP concentra-
tions, mRNA quantity, or protein abundance. Cultured bovine skeletal mus-
cle cells were established and treated after 120 h for 6, 24, and 96 h with dif-
ferentiation media of specific treatments. Treatments were applied in a fac-
torial arrangement with two levels of zinc (0 uM or 1 pM) and two levels of
RH (0 uM or 10 uM) in differentiation media. cAMP levels were measured at
6, 24, and 96 h, while mRNA and protein were measured at 24 and 96 h. At 6
h, no differences (P > 0.05) were detected in cAMP levels between the treat-
ments. However, at 24 h the 10 uM RH, 1 pM zinc treatment had the greatest
concentrations of cAMP (P < 0.05). At 96 h the 10 uM RH, 0 uM zinc treat-
ment had a lower concentration of cAMP (P = 0.05) compared to the control.
No differences were detected in mRNA (fi-adrenergic receptor, A-adenergic
receptor, AMPKa, myosin heavy chain I, myosin heavy chain IIA, and myo-
sin heavy chain IIX) concentrations between treatments. Protein quantity of
the Bi-adrenergic receptor and f-adrenergic receptor did not differ between
treatments. These results indicate that zinc, in combination with RH, may
help sustain the RH response during prolonged exposure as indicated by in-
creased cAMP concentrations.
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1. Introduction

pf-adrenergic agonists (S-agonists) are growth promotants commonly used in the

beef cattle industry. S-agonists elicit a response by increasing lean tissue deposi-
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tion, increasing rate of gain, and improving feed efficiency through an interac-
tion with the f-adrenergic receptors [1] [2] [3]. After binding of a f-agonist to a
f-adrenergic receptor, a downstream enzymatic cascade is initiated and the ef-
fects of the growth promotant will be carried out [4] [5]. The overall effect of
f-agonists causes a shift in the nutrient partitioning of an animal from lipogene-
sis to muscle accretion [5] [6]. Ractopamine hydrochloride is a widely used
[-agonist in the swine and beef cattle industries that bind with the S-adrenergic
receptor, specifically the pAi-adrenergic receptor (B AR) and possibly the
p.-adrenergic receptor (AAR), and initiates CAMP production [7]. The increase
in cAMP production initiates an enzyme cascade that results in protein accretion
through increased protein synthesis and reduced protein degradation [5].

The p-adrenergic receptor loses functionality as total time of stimulation with
an agonist increases. Pippig et al [8] showed that in cell culture studies, desensi-
tization leads to a decrease in cAMP production as a result of down-regulation
of adenylyl cyclase activity. Another form of desensitization has been reported
that causes the receptor to sequester within an intracellular vesicle, thus, losing
its functionality to bind extracellular agents and couple with intracellular me-
chanisms necessary for normal activity [9] [10].

It has been shown that the S-adrenergic receptor, which is the predominant
P-adrenergic receptor found in beef cattle skeletal muscle and adipose tissue,
potentially has multiple allosteric binding sites for zinc [11]. There are two main
binding sites on the S-adrenergic receptor; one affects the agonists ability to bind
to the receptor, while the other affects the antagonists ability to bind the receptor
causing an increase in cAMP production [12]. It has been postulated that zinc
binding to the receptor causes a conformational change that affects receptor
functionality. However, it is not known how the combination of RH and Zn
would influence the S-adrenergic receptors ability to produce cAMP, and its
regulation of downstream mRNA and protein synthesis. Our objective was to
determine if Zn, when administered in combination with RH, resulted in a pro-
longed, extended production of cAMP that could be verified by downstream al-

tered mRNA and protein expression.

2. Materials and Methods

Bovine muscle satellite cell isolation.

Satellite cell isolation was performed following previous protocols outlined by
Johnson et al. [13]. Muscle tissue samples were extracted from the semimem-
branosus muscle of market age cattle at harvest using sterile techniques. The tis-
sue was then subjected to satellite cell extraction procedures in order to isolate
satellite cells from muscle tissue. Under a sterile hood, connective and adipose
tissue was removed from the muscle, followed by passing the muscle sample
through a sterile meat grinder that was soaked in ethanol the night before. The
ground muscle is then incubated in a solution consisting of 0.1% pronase (Cal-
biochem, La Jolla, CA) and Earl’s Balanced Salt Solution (EBSS) (Sigma, St.
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Louis, MO) for 1 h at 37°C. Every 10 minutes, the samples in solution were sha-
ken vigorously. After incubation differential centrifugation was performed on
the cell solution. The solution mixture was centrifuged at 1500 x g for 4 minutes
at room temperature. The supernatant was poured off and the pellet was sus-
pended in PBS (Invitrogen, Grand Island, NY; 140 mA/NaCl, 3 mA Na,-H-PO,)
and then centrifuged at 500 x g for 10 minutes. The supernatant was poured into
another container and centrifuged at 15,000 x g for 10 minutes. The supernatant
was poured into another container and centrifuged at 15,000 x g for 10 minutes
to form a pellet consisting of mononucleated cells. Differential centrifugation
and the PBS wash were repeated a total of two additional times. The mononuc-
leated cells were then suspended in cold Dulbecco’s Modified Eagle Medium
(DMEM; Invitrogen, Grand Island, NY) that had 10% fetal bovine serum (FBS;
Invitrogen, Grand Island, NY) and 10% dimethylsulfoxide (Sigma, St. Louis,
MO). These cells were then stored in liquid nitrogen.

Satellite Cell Culture.

Bovine satellite cells were cultured in either 6 well (RNA and Protein analysis)
plates or 24 well (cAMP analysis) plates coated with reduced growth factor ma-
trigel (Matrigel; BD Biosciences, Bedford, MA). The concentration of cells was
approximately 0.2 g/cm?. Cells were incubated for 24 h in 10% FBS/DMEM fea-
turing 3X antibiotic-antimycotic (Invitrogen, Grand Island, NY) and 3X genta-
mycin (Sigma, St. Louis, MO; growth media). After 24 h, cells were rinsed in se-
rum-free DMEM and then the growth media was reapplied. At 120 h the cells
were rinsed 3 times with serum-free DMEM and the medium was changed from
proliferation to differentiation medium (3% Horse Serum [Sigma, St. Louis,
MO]/DMEM-3 X antibiotic 3 X gentamycin; differentiation media) plus one of
the four treatments. Preliminary data were collected from dose titrations of ZnCl
and RH to establish the optimum biological effect of each molecule; these data
were used to derive treatment concentrations. Treatments were arranged in a 2 x
2 factorial including control (0 uM RH/OpM Zn), 10 pM RH/0uM Zn, 0 pM
RH/1pM Zn, and 10 pM RH/1pM Zn. Cells that were designated for cAMP
harvest were treated for a total of 6, 24, or 96 h in differentiation media, while
cells destined for mRNA and protein quantification were treated for a total of
either 24 or 96 h in differentiation media.

cAMP isolation and ELISA.

After treating for appropriate times, cells were rinsed 3 times in PBS and 0.1
M HCI was used to lyse bovine satellite cells. The cells were incubated for 5 mi-
nutes, shaken during incubation, and then the HCI solution was removed from
the wells and placed into microcentrifuge tubes. The solution was removed from
the wells with a pipette and was scraped vigorously to ensure all cells were re-
moved from the bottom of the well. An enzyme-linked immunosorbent assay
(ELISA; Sigma, St. Louis, MO) was performed on cell suspensions of HCI to de-
termine cAMP concentration, following instructions provided by the manufac-
turer. The results were read with a plate reader (SpectraMax 340PC**, Molecular
Devices, LLC, Sunnyvale, CA).
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RNA isolation.

After 24 or 96 hours of treatment, cells from 6-well plates were harvested for
mRNA analysis. Total RNA was isolated with Tri-reagent (Sigma, St. Louis,
MO). After cells were rinsed 3 times in PBS, they were then subjected to incuba-
tion for 5 minutes in Tri-reagent. Total mRNA concentration was determined at
an absorbance of 260 nm using a NanoDrop 1000 Spectrophotometer (Nano-
Drop Technologies, LLC, Willmington, DE). Following RNA quantification, all
samples were DNAsed. One pug of RNA was reverse transcribed from each sam-
ple into cDNA by use of TagMan Reverse Transcription Reagents and Multi-
scribe (Applied Biosystems, Foster City, CA). Random hexamers were used as
primers for cDNA synthesis.

Real-time quantitative PCR.

Real-time quantitative PCR (RTQ-PCR) was performed to measure relative
mRNA abundance of the fi-adrenergic receptor, the S-adrenergic receptor,
AMPKa, myosin heavy chain I (MHCI), myosin heavy chain IIA (MHCIIA) and
myosin heavy chain IIX (MHCIIX). Ribosomal protein S9 (RPS9) was used an
endogenous control to provide baseline values for mRNA. The solution used in
the RTQ-PCR machine comprised TagMan Universal PCR Master Mix (Applied
Biosystems, Foster City, CA), 900 nM of the appropriate forward and reverse
primers, 200 nm of the appropriate TagMan forward and reverse primers, 200
nM of the appropriate TagMan detection probe, (Table 1) and 1 uL of cDNA
mixture. The cDNA was amplified by use of the ABI Prism 7000 detection sys-
tem (Applied Biosystems, Foster City, CA) at the appropriate thermal cycling
variables recommended by the manufacturer. These cycling variables were 40
cycles of 15 s at 95°C and 1 min at 60°C.

Protein extraction.

After either 24 or 96 h of treatment, total protein was extracted from bovine
satellite cells by use of Mammalian Protein Extraction Reagent (M-PER; Pierce
Biotechnology, Rockford, IL). Cells were first rinsed with PBS 3 times and then
M-PER was administered to each well. Cells were incubated for 5 minutes in
M-PER while shaking. The solution was removed from the wells with a pipette
and was scraped vigorously to ensure all cells were removed from the bottom of
the well. After collection, the cells were then centrifuged for 5 min at 14,000 x g
Once centrifuged, the protein concentration was then measured with the Nano-
Drop 1000 Spectrophotometer.

Western blot analysis.

Protein concentrations of samples were all normalized. The addition of so-
dium dodecyl sulfate (SDS)-S-mercaptoethanol (Invitrogen, Grand Island, NY)
was used to denature proteins and the samples were incubated in this solution
for 2 min at 95°C. To separate proteins based on molecular weight, samples were
run through Novex 10% - 20% Tris-Glycine Gels (Invitrogen, Grand Island, NY)
for 120 min at 120 V. After separating proteins, they were then transferred onto
a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, Hercules, CA) for 120

min at 4°C. Once transfer was completed, the membranes were blocked in a
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Table 1. Forward and reverse primers for RTQ-PCR for myogenic gene expression.

Item

Sequence (5 to 3°)

AMPKa (accession # NM_001109802)

Forward
Reverse
TaqMan Probe

IGF-I (accession # X15726)
Forward
Reverse
TagMan Probe

MHC-I (acession # AB059400)
Forward
Reverse
TagMan Probe

MHC-IIa (accession # AB059398)
Forward
Reverse
TaqMan Probe

MHC-IIx (accession # AB059399)
Forward
Reverse
TagMan Probe

P1-AR (accession # AF188187)
Forward
Reverse
TagMan Probe

2-AR (accession # NM_174231)
Forward
Reverse
TaqMan Probe

RPS9 (accession # DT860044)
Forward
Reverse

TagMan Probe

ACCATTCTTGGTTGCTGAAACTC
CACCTTGGTGTTTGGATTTCTG

6FAM-CAGGGCGCGCCATACCCTTG-TAMRA

TGTGATTTCTTGAAGCAGGTGAA
AGCACAGGGCCAGATAGAAGAG

6FAM-TGCCCATCACATCCTCCTCGCA-TAMRA

CCCACTTCTCCCTGATCCACTAC
TTGAGCGGGTCTTTGTTTTTCT

6FAM-CCGGCACGGTGGACTACAACATCATAG-TAMRA

GCAATGTGGAAACGATCTCTAAAGC
GCTGCTGCTCCTCCTCCTTG

6FAM-TCTGGAGGACCAAGTGAACGAGCTGA -TAMRA

GGCCCACTTCTCCCTCATTC
CCGACCACCGTCTCATTCA

6FAM-CGGGCACTGTGGACTACAACATTACT-TAMRA

GTGGGACCGCTGGGAGTAT
TGACACACAGGGTCTCAATGC

6FAM-CTCCTTCTTCTGCGAGCTCTGGACCTC-TAMRA

CAGCTCCAGAAGATCGACAAATC
CTGCTCCACTTGACTGACGTTT

6FAM-AGGGCCGCTTCCATGCCC-TAMRA

GAGCTGGGTTTGTCGCAAAA
GGTCGAGGCGGGACTTCT

6FAM-ATGTGACCCCGCGGAGACCCTTC-TAMRA

blocking solution for 1 h and primary antibody (Abcam) against the f-AR and

P-AR were then applied. The membrane was incubated in primary antibody

overnight at 4°C. After overnight incubation, the membrane was brought to

room temperature (25°C) for 30 min and then rinsed 3 times in 1X concentra-
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tion TBS-Tween. After rinsing was completed, the appropriate secondary anti-
bodies (Abcam, Cambridge, MA; Flourescent) were placed on the membrane for
1 h. After the 1 h incubation in secondary antibody, the membranes were rinsed
3 times again in 1X concentration TBS-Tween and then dried. After drying, the
membranes were then viewed with QuantityOne software.

Statistical methods.

Data were analyzed using the PROC GLM function in SAS (SAS Inst., Cary,
NC). The statistical model had cAMP dependent on the fixed effects of RH, Zn,
and an interaction of RH and Zn. The LSMeans procedure of SAS was used to

determine significance between treatments (£ < 0.05).

3. Results

CAMP Analysis

The study was designed to look at both acute and sustained effects of Zn and
RH on stimulated cAMP production. Early on, production of cAMP at 6 hours
showed no difference between treatments (Figure 1(A)). However, at 24 and 96
h of treatment, differences were observed among treatments (Figure 1(B) and
Figure 1(C)). Cells that were provided treatments for 24 h revealed that cultures
administered a combination of 10 uM RH/1pM Zn produced more (P < 0.05)
cAMP than other treatments (Figure 1(B)). At 96 hours, more variation among
treatments were found; the control group (0 uM RH/0uM Zn) produced more (P
< 0.05) cAMP than cells treated with just RH (10 pM RH/OuM Zn) (Figure
1(C)). Depicted in Figure 1(C) as well are the values for cAMP production by 0
uM RH/1yM Zn and 10 pM RH/1pM Zn which were not different (P > 0.05)
from other treatments. Compiled data over the entire 96 h period showed that in
all cells administered RH, the addition of Zn sustained cAMP production rela-
tive to control (Figure 2). At 6 h of treatment cAMP production was nearly
identical for the two treatments, however, at 24 h cells that were treated with Zn
in combination produced more (P < 0.05) cAMP than those treated with only
RH. The cAMP levels grew closer together at 96 h and no difference (2> 0.05)
was observed between treatments at 96 hours of treatment.

RNA and protein

RNA quantification was performed by RTQ-PCR techniques were used to de-
termine if effects mediated by RH would alter transcription. Genes that were
quantified included the S AR, the /AR, AMPKa, myosin heavy chain I (MHCI),
myosin heavy chain ITA (MHCIIA), and myosin heavy chain IIX (MHCIIX).
Cells were harvested after either 24 or 96 h of treatment with varying levels of
RH and Zn. Different treatment levels of RH and/or Zn did not influence RNA
levels, as relative quantities of genes did not differ (7> 0.05) between treatments
at 24 or 96 h (Figure 3 and Figure 4, respectively).

Protein analysis was performed to determine if cCAMP dependent pathways
were affected by RH and Zn administration. Cells were treated with varying le-
vels of RH and Zn and harvested after either 24 or 96 h of treatment. Western
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Figure 1. Effect of ractopamine hydrochloride (RH) and zinc (Zn) on cyclic AMP
(cAMP) production in bovine satellite cells. Cells were administered RH and Zn after
reaching 80% confluence. Treatments were provided along with 3% Horse Se-
rum/Dulbeco’s Modified Eagles Medium that contained 3% Antibiotic-Antimiotic and
0.3% Gentamycin. cAMP production was measured by use of an enzyme linked immu-
nosorbent assay after (A) 6 hours of treatment, (B) 24 hours of treatment, and (C) 96
hours of treatment. Bars represent pooled standard error of the mean. There was no
effect (P> 0.05) of treatment on cAMP production after 6 hours of treatment adminis-
tration.
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Figure 2. Effect of ractopamine hydrochloride (RH) and zinc (Zn) on cyclic AMP
(cAMP) production in bovine satellite cells. Cells were administered RH and Zn after
reaching 80% confluence. Treatments were provided along with 3% Horse Se-
rum/Dulbeco’s Modified Eagles Medium that contained 3% Antibiotic-Antimiotic and
0.3% Gentamycin. cAMP production was measured by use of an enzyme linked immu-
nosorbent assay after 6, 24, and 96 hours of treatment which are represented by points on
the graph. Standard error of the mean (SEM) represents the largest value. Points
represented by an asterisk differ (< 0.05) between treatments at a common time-point.
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Figure 3. Effect of varying micromolar concentrations of zinc (Zn) and ractopa-
mine-hydrochloride (RH) on mRNA levels of (A) the S-adrenergic receptor, (B) the
P-adrenergic receptor, (C) AMPKa, (D) the myosin heavy chain I isoform, (E) the myo-
sin heavy chain ITA isoform, and (F) the myosin heavy chain IIX isoform after 24 hours
of treatment. Bars represent the standard error of the mean.
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Figure 4. Effect of varying micromolar concentrations of zinc (Zn) and ractopamine-hydrochloride (RH) on mRNA le-
vels of (A) the fi-adrenergic receptor, (B) the A-adrenergic receptor, (C) AMPKa, (D) the myosin heavy chain I isoform,
(E) the myosin heavy chain ITA isoform, and (F) the myosin heavy chain IIX isoform after 96 hours of treatment. Bars

represent the standard error of the mean.

blotting procedures were conducted to quantify the S AR receptor and SHAR.
Protein analysis results showed that the S AR protein did not differ (2 > 0.05)
depending on treatment at neither 24 nor 96 h of treatment (Figure 5(B) and

Figure 6(B), respectively). /AR protein quantity was also not altered (2> 0.05)
by differing treatments after 24 or 96 h of treatment (Figure 5(D) and Figure

6(D), respectively).

4. Discussion

Ractopamine hydrochloride (RH) is a widely used growth promotant in beef cattle
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Figure 5. (A) A representative Western blot of the fi-adrenergic receptor. (B) Effect of
ractopamine hydrochloride (RH) and zinc (Zn) on Si-adrenergic receptor protein inten-
sity in bovine satellite cells. (C) A representative Western blot of the 5-adrenergic recep-
tor. (D) Effect of ractopamine hydrochloride (RH) and zinc (Zn) on f-adrenergic recep-
tor protein intensity in bovine satellite cells. Cells were administered RH and Zn after
reaching 80% confluence. Treatments were provided along with 3% Horse Se-
rum/Dulbeco’s Modified Eagles Medium that contained 3% Antibiotic-Antimiotic and
0.3% Gentamycin. Cyclic AMP production was measured by use of an enzyme linked
immunosorbent assay after 24 hours of treatment. Bars represent pooled Standard error
of the mean.
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Figure 6. (A) A representative Western blot of the fi-adrenergic receptor. (B) Effect of
ractopamine hydrochloride (RH) and zinc (Zn) on fi-adrenergic receptor protein inten-
sity in bovine satellite cells. (C) A representative Western blot of the f-adrenergic recep-
tor. (D) Effect of ractopamine hydrochloride (RH) and zinc (Zn) on B-adrenergic recep-
tor protein intensity in bovine satellite cells. Cells were administered RH and Zn after

reaching 80% confluence. Treatments were provided along with 3% Horse Se-
rum/Dulbeco’s Modified Eagles Medium that contained 3% Antibiotic-Antimiotic and
0.3% Gentamycin. Cyclic AMP production was measured by use of an enzyme linked

immunosorbent assay after 96 hours of treatment. Bars represent pooled Standard error

of the mean.
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that increases lean muscle accretion by redirecting nutrients away from lipogen-
seis and towards muscle hypertrophy [4] [5]. Reports by Swaminath et al [11]
showed that Zn binds to the £AR and provided evidence that Zn not only binds
to the receptor, but that it also causes an increase in agonist affinity, resulting in
greater production of the secondary messenger cAMP. In 2003, a second study
by Swaminath ef al [12] identified multiple possible binding sites for Zn, with
the most prominent one causing an increase in agonist binding affinity and a
decrease in antagonist affinity. At 6 h of treatment, results were inconclusive on
whether cAMP production was affected by Zn administration with RH; however,
at 24 h of treatment, an increase (P < 0.05) in receptor activity was shown in
those cells provided a combination of both RH and Zn. At 96 h of treatment, a
possible desensitization response was observed. Cells administered RH alone
produced less (P < 0.05) cAMP than those that were not treated with RH or Zn.
Cells treated with Zn, or a combination of RH and Zn, did not differ from any
other treatments at 96 h, concluding that cAMP production may be sustained
due to the potential allosteric binding effect of Zn, or other potential down-
stream regulation. Furthermore, when data is compiled from the three different
time period treatments and cAMP production is compared over time, activity of
the SAR appears to be maintained by Zn when comparing the 10 uyM RH/0 pM
Zn treatment to the 10 uM RH/1 uM Zn treated cells. This sustained production
of zinc, along with data reported by Sawminath et a [11] [12] leads to the con-
clusion that it is possible that zinc’s interaction with the SAR stabilizes it and
keeps it from becoming insensitive to agonist binding.

The mRNA and protein data results were not as conclusive as the cAMP re-
sults. Genes measured by RTQ-PCR were the S AR, the £,AR, AMPKa, MHC I,
MHC ITA, and MHC IIX; protein levels quantified by Western blotting were the
PAR and the SAR. In order to determine if there was a short-term effect of
cAMP, gene transcription and protein quantity were measured after 24 h of
treatment. There were no differences (P> 0.05) in gene relative quantity between
treatments and no differences (P > 0.05) in protein intensity. To determine if
there were long term effects of cAMP on gene or protein levels, RTQ-PCR and
Western blots were performed at 96 h of treatment as well. The same genes and
proteins were measured at 96 h as were measured at 24 h. Consistent with the
short-term data, genes measured at 96 h of treatment did not differ (2 > 0.05)
depending on treatment.

Miller et al [14] showed similar SAR mRNA results in bovine satellite cells
treated with zilpaterol hydrochloride (another S-agonist). In a dose titration of
zilpaterol hydrochloride, Miller ef a/ did not see a difference in $-AR or $-AR
mRNA levels, however, in another trial the group compared how zilpaterol hy-
drochloride and ICI (a AR antagonist) treatments affect bovine satellite cells.
The results indicated that RH showed an increase in mRNA abundance of the
PAR, but no difference in /AR mRNA abundance when compared to control
steers [15]. In separate study, Winterholler et al [16] showed that there was a
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tendency for RH to increase SiAR mRNA. In exception to the study performed
by Winterholler et al [16], a live animal study looking at the efficacy of RH in
feedlot heifers showed that there was no effect of RH on AR mRNA, however,
PS-AR mRNA tended to increase with RH feeding [17]. Further data has sup-
ported a decrease in the expression of S/ AR mRNA in steers fed RH in differing
muscles [18] [19]. Walker et al. [19] also observed a reduction in /AR mRNA in
steers when fed RH for 14 days, however, after feeding RH for 28 days an in-
crease in /AR mRNA was observed.

While our findings did not show any differences in RH driven myosin heavy
chain isoforms, it has been reported that RH had differing effects when fed at
varying levels on myogenic mRNA in the semimembranosus muscle (SM) of cull
cows fed RH [20]. When fed at 100 mg/head/day, RH decreased AR, MHC I
and MHC IIX mRNA content in the SM, while when fed at 200 mg/head/day,
RH tended to increase /AR and MHC IIX mRNA concentration in the SM [20].
Myosin heavy chain IIA mRNA expression has been shown to decrease in steers
fed RH [18]. RH’s effects on MHC IIA mRNA are not seen only in cattle, but in
pigs as well. Depreux et al [21] demonstrated that pigs fed RH expressed lower
levels of MHC IIA than pigs that were not fed RH.

In contrast to the mRNA results, Miller et al. [14] showed protein levels for
the £AR in bovine satellite cells treated with zilpaterol hydrochloride were in-
creased when compared to the control cells. Both of these changes in mRNA
were seen with administration of zilpaterol hydrochloride, a different SAR
agonist than RH. Protein analysis performed on porcine muscle showed that RH
did not affect protein SAR number in skeletal muscle [22].

Zinc has been reported to increase performance in cattle supplemented with
various concentrations of the mineral [23] [24]. Performance variables that were
affected by zinc supplementation included increased ADG, decreased feed to
gain, heavier hot carcass weights, and greater dressing percentage [23] [24]. Zinc
has not been associated with increased performance in cattle that were fed RH
with supplemental Zinc [25]. Steers fed RH and supplemented with zinc at
159.73 mg/kg (DM basis) versus steers fed RH and not supplemented with zinc
at 49.82 mg/kg (DM basis) did not differ in performance characteristics [25].
However, the bioavailability of zinc at the muscle fiber level is unknown and a
larger difference in DM zinc concentration may have been required to elicit an
effect of zinc on performance.

From our results, the SAR appears to be affected by zinc treatment in combi-
nation with RH. Zinc’s interaction with the SAR causes a maintained production
of cAMP over 96 h of treatment. Since the receptor’s function is mediated
through use of this secondary messenger, an increase in mRNA and protein le-
vels that are affected by the receptor would be expected as other research has
shown that [14] [15] [16] [22]. It is possible that our results did not show this
because it takes longer than the maximum length trial (96 h) to elicit a response

in mRNA and protein abundance. It is also possible that an unknown mechan-
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ism is responsible for a change in mRNA and protein levels.

As our in vitro results indicated, the use of Zn in combination with RH could
have benefits for enhanced growth response with RH feeding. An increase in to-
tal cAMP production over the RH feeding period could prove to have many pos-
itive effects in vivo. A reduction in SAR desensitization may lead to a new, and
possibly better, feeding program for RH in beef cattle.

Supported

Supported in part by funding from Zinpro Corporation, Eden Prairie, Minneso-
ta, and the Gordon W. Davis Regent’s Chair in Meat and Muscle Biology En-

dowment at Texas Tech University, Lubbock.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this

paper.

References

[1] Abney, C.,, Vasconcelos, J.T., McMeniman, J.P., Keyser, S.A., Wilson, K.R., Vogel,
G.J. and Galyean, M.L. (2007) Effects of Ractopamine Hydrochloride on Perfor-
mance, Rate, and Variation in Feed Intake, and Acid-Base Balance in Feedlot Cattle.
Journal of Animal Science, 85, 90-3098. https://doi.org/10.2527/jas.2007-0263

[2] Avendafio-Reyes, L., Torres-Rodriguez, V., Meraz-Murillo, F.J., Perez-Linares, C., Fi-
gueroa-Saavedra, F. and Robinson, P.H. (2006) Effects of Two S-Adrenergic Agonists
on Finishing Performance, Carcass Characteristics, and Meat Quality of Feedlot
Steers. Journal of Animal Science, 84, 3259-3265.
https://doi.org/10.2527/jas.2006-173

[3] Scramlin, S.M., Platter, W.]., Gomez, R.A., Choat, W.T., McKeith, F.K. and Killefer,
J. (2010) Comparative Effects of Ractopamine Hydrochloride and Zilpaterol Hy-
drochloride on Growth Performance, Carcass Traits, and Longissimus Tenderness
of Finishing Steers. Journal of Animal Science, 88, 1823-1829.
https://doi.org/10.2527/jas.2009-2405

[4] Mersmann, H.J. (1995) Species Variation in Mechanisms for Modulation of Growth
by Beta-Adrenergic Receptors. The Journal of Nutrition, 125, 1777S-1782S.

[5] Mersmann, H.J. (1998) Overview of the Effects of Beta-Adrenergic Receptor Agonists
on Animal Growth Including Mechanisms of Action. Journal of Animal Science, 76,
160-172. https://doi.org/10.2527/1998.761160x

[6] Bridge, K.Y., Smith, C.K. and Young, R.B. (1998) Beta-Adrenergic Receptor Gene
Expression in Bovine Skeletal Muscle Cells in Culture. Journal of Animal Science,
76, 2382-2391. https://doi.org/10.2527/1998.7692382x

[7] Mills, S.E, Kissel, J., Bidwell, C.A. and Smith, D.]. (2003) Stereoselectivity of Por-
cine S-Adrenergic Receptors for Ractopamine Stereoisomers. Journal of Animal
Science, 81, 122-129. https://doi.org/10.2527/2003.811122x

[8] Pippig, S., Andexinger, S., Daniel, K., Puzicha, M., Caron, M.G., Lefkowitz, R.J. and
Lohse, M.J. (1993) Overexpression of Beta-Arrestin and Beta-Adrenergic Receptor
Kinase Augment Desensitization of Beta 2-Adrenergic Receptors. The Journal of
Biological Chemistry, 268, 3201-3208.

[9] Lohse, M.]., Benovic, J.L., Caron, M.G. and Lefkowitz, R.J. (1990) Multiple Path-

DOI: 10.4236/0jas.2020.103027

444 Open Journal of Animal Sciences


https://doi.org/10.4236/ojas.2020.103027
https://doi.org/10.2527/jas.2007-0263
https://doi.org/10.2527/jas.2006-173
https://doi.org/10.2527/jas.2009-2405
https://doi.org/10.2527/1998.761160x
https://doi.org/10.2527/1998.7692382x
https://doi.org/10.2527/2003.811122x

T. L. Harris et al.

(10]

[12]

[13]

(17]

(21]

ways of Rapid f-Adrenergic Receptor Desensitization. The Journal of Biological
Chemistry, 265, 3202-32009.

Waldo, G.L., Northup, J.K., Perkins, J.P. and Harden, T.K. (1983) Characterization of
an Altered Membrane Form of the B-Adrenergic Receptor Produced during Agon-
ist-Induced Desensitization. The Journal of Biological Chemistry, 258, 13900-13908.

Swaminath, G., Steenhuis, J., Kobilka, B. and Lee, T.W. (2002) Allosteric Modula-
tion of A-Adrenergic Receptor by Zn*". Molecular Pharmacology, 61, 65-72.
https://doi.org/10.1124/mol.61.1.65

Swaminath, G., Lee, T.W. and Kobilka, B. (2003) Identification of an Allosteric
Binding Site for Zn** on the A Adrenergic Receptor. The Journal of Biological
Chemistry, 278, 352-356. https://doi.org/10.1074/jbc.M206424200

Johnson, B.J., Halstead, N., White, M.E., Hathaway, M.R., DiCostanzo, A. and Day-
ton, W.R. (1998) Activation State of Muscle Satellite Cells Isolated from Steers Im-
planted with a Combined Trenbolone Acetate and Estradiol Implant. Journal of
Animal Science, 76, 2779-2786. https://doi.org/10.2527/1998.76112779x

Miller, E.K., Chung, K.Y., Hutcheson, J.P., Yates, D.A., Smith, S.B. and Johnson, B.J.
(2012) Zilpaterol Hydrochloride Alters Abundance of S-Adrenergic Receptors in Bo-
vine Muscle Cells But Has Little Effect on de novo Fatty Acid Biosynthesis in Bovine

Subcutaneous Adipose Tissue Explants. Journal of Animal Science, 90, 1317-1327.
https://doi.org/10.2527/jas.2011-4589

Winterholler, S.J., Parsons, G.L., Reinhardt, C.D., Hutcheson, J.P., Nichols, W.T., Yates,
D.A., Swingle, R.S. and Johnson, B.J. (2007) Response to Ractopamine-Hydrogen
Chloride Is Similar in Yearling Steers across Days on Feed. Journal of Animal Science,
85, 413-419. https://doi.org/10.2527/jas.2006-555

Winterholler, S.J., Parsons, G.L., Walker, D.K., Quinn, M.]., Drouillard, J.S. and
Johnson B.J. (2008) Effect of Feedlot Management System on Response to Racto-
pamine-HCL in Yearling Steers. Journal of Animal Science, 86, 2401-2414.
https://doi.org/10.2527/jas.2007-0482

Sissom, E.K., Reinhardt, C.D., Hutcheson, J.P., Nichols, W.T., Yates, D.A., Swingle,
R.S. and Johnson, B.]. (2007) Response to Ractopamine-HCI in Heifers Is Altered by
Implant Strategy across Days on Feed. Journal of Animal Science, 85, 2125-2132.
https://doi.org/10.2527/jas.2006-660

Walker, D.K., Titgemeyer, E.C., Sissom, E.K., Brown, K.R., Higgins, J.J., Andrews,
G.A. and Johnson, B.J. (2007) Effects of Steroidal Implantation and Ractopa-
mine-HCI on Nitrogen Tetention, Blood Metabolites and Skeletal Muscle Gene Ex-
pression in Holstein Steers. Journal of Animal Physiology and Animal Nutrition,
91, 439-447. https://doi.org/10.1111/j.1439-0396.2007.00675.x

Walker, D.K., Titgemeyer, E.C., Baxa, T.J., Chung, K.Y., Johnson, D.E., Laudert,
S.B. and Johnson, B.]J. (2010) Effects of Ractopamine and Sex on Serum Metabolites
and Skeletal Muscle Gene Expression in Finishing Steers and Heifers. Journal of
Animal Science, 88, 1349-1357. https://doi.org/10.2527/jas.2009-2409

Gonzalez, J.M., Dijkhuis, R.D., Johnson, D.D., Carter, ].N. and Johnson, S.E. (2008)
Differential Response of Cull Cow Muscles to the Hypertrophic Actions of Racto-
pamin-Hydrogen Chloride. Journal of Animal Science, 86, 3568-3574.

https://doi.org/10.2527/jas.2008-1049

Depreux, F.E.S., Grant, A.L., Anderson, D.B. and Gerrard, D.E. (2002) Paylean Al-
ters Myosin Heavy Chain Isoform Content in Pig Muscle. Journal of Animal
Science, 80, 1888-1894. https://doi.org/10.2527/2002.8071888x

DOI: 10.4236/0jas.2020.103027

445 Open Journal of Animal Sciences


https://doi.org/10.4236/ojas.2020.103027
https://doi.org/10.1124/mol.61.1.65
https://doi.org/10.1074/jbc.M206424200
https://doi.org/10.2527/1998.76112779x
https://doi.org/10.2527/jas.2011-4589
https://doi.org/10.2527/jas.2006-555
https://doi.org/10.2527/jas.2007-0482
https://doi.org/10.2527/jas.2006-660
https://doi.org/10.1111/j.1439-0396.2007.00675.x
https://doi.org/10.2527/jas.2009-2409
https://doi.org/10.2527/jas.2008-1049
https://doi.org/10.2527/2002.8071888x

T. L. Harris et al.

(22]

[25]

Spulrock, M.E., Cusumano, J.C,, Ji, S.Q., Anderson, D.B., Smith, C.K., Hancock,
D.L. and Mills, S.E. (1994) The Effect of Ractopamine on S-Adrenoceptor Density
and Affinity in Porcine Adipose and Skeletal Muscle Tissue. Journal of Animal
Science, 72, 75-80. https://doi.org/10.2527/1994.72175x

Nunnery, G.A., Vasconcelos, J.T., Parsons, C.H., Salyer, G.B., Defoor, P.J., Valdez,
F.R. and Galyean, M.L. (2007) Effects of Source of Supplemental Zinc on Perfor-
mance and Humoral Immunity in Beef Heifers. Journal of Animal Science, 85,
2304-2313. https://doi.org/10.2527/jas.2007-0167

Spears, ].W. and Kegley, E.B. (2002) Effect of Zinc Source (Zinc Oxide vs Zinc Pro-
teinate) and Level on Performance Carcass Characteristics, and Immune Response
of Growing and Finishing Steers. Journal of Animal Science, 80, 2747-2752.
https://doi.org/10.2527/2002.80102747x

Bohrer, B.M., Edenbur, B.M., Boler, D.D., Dilger, A.C. and Felix, T.L. (2014) Effect
of Feeding Ractopamine Hydrochloride (Optaflexx) with or without Supplemented
Zinc and Chromium Propionate on Growth Performance, Carcass Characteristics,
and Meat Quality of Finishing Steers. Journal of Animal Science, 92, 3988-3996.
https://doi.org/10.2527/jas.2014-7824

DOI: 10.4236/0jas.2020.103027

446 Open Journal of Animal Sciences


https://doi.org/10.4236/ojas.2020.103027
https://doi.org/10.2527/1994.72175x
https://doi.org/10.2527/jas.2007-0167
https://doi.org/10.2527/2002.80102747x
https://doi.org/10.2527/jas.2014-7824

	Zinc Alters Ractopamine HCl Response in Cultured Skeletal Muscle Cells
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	3. Results
	4. Discussion
	Supported
	Conflicts of Interest
	References

