Effects of ractopamine hydrochloride on nutrient digestibility and nitrogen
excretion of finishing beef cattle
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ABSTRACT: The objective was to quantify the
effects of the beta-adrenergic agonist (3-AA)
ractopamine hydrochloride (Actogain, Zoetis,
Parsippany, NJ) on nitrogen excretion and nu-
trient digestibility in feedlot cattle. In experiment
1, 12 Simmental X Angus steers were blocked by
bodyweight (531 * 16 kg) and used in a random-
ized complete block design. Dietary treatments
included: 1) a control without p-AA (CON) or
2) 400 mg/steer/d ractopamine hydrochloride
(RAC) for 35 d before slaughter. Diets contained
(DM basis) 55% dry-rolled corn, 20% corn silage,
15% modified wet distillers grains with soluble,
and 10% supplement. For each block, total col-
lection of feed, orts, feces, and urine were con-
ducted for two 5 d sampling periods during week
2 and 4 of RAC supplementation. No interaction
(P > 0.21) between treatment and collection
period was observed for any parameter evaluated.
Dietary treatment had no effect (P = 0.51) on
DMI, but RAC had decreased fecal DM output
(P = 0.04) compared with CON. Thus, RAC
had greater apparent total tract DM digestibility
(77.2 vs. 73.5%; P < 0.01), N digestibility (72.4 vs.
69.4%; P = 0.01), and NDF digestibility (65.6 vs.
60.2%; P < 0.01) than CON. Although treatment

did not affect nitrogen intake (P = 0.52), RAC
tended to reduce total nitrogen excretion (113.3
vs. 126.7 g/d; P = 0.10) compared with CON due
to a tendency for decreased fecal nitrogen output
(53.9 vs. 61.3 g/d; P = 0.10). However, dietary
treatment had no effect (P = 0.53) on urinary ni-
trogen output or percentage of urinary nitrogen
excreted as urea (P = 0.28). Experiment 2 was
an in vitro experiment conducted to validate the
effects of RAC on nutrient digestibility using
Simmental X Angus heifers (451 = 50 kg). Rumen
fluid was collected individually by stomach tube
from CON- (n = 9) and RAC-fed (n = 10) heifers
to inoculate bottles containing a CON or RAC-
containing substrate in a split-plot design. No
interaction between rumen fluid source and in
vitro substrate was observed. Greater IVDMD
(P = 0.01) was observed in rumen fluid from
RAC-fed heifers compared with rumen fluid from
CON-fed heifers. The inclusion of RAC in the
in vitro substrate increased IVDMD (P < 0.01).
Overall, feeding RAC increased microbial diges-
tion of the dry-rolled corn-based finishing diet
to increase total tract dry mater digestion by 5%
and reduce nitrogen excretion by 10.6% in the 35
d period prior to slaughter.
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INTRODUCTION

Improving the environmental sustainability of
beef production has come under increasing pro-
ducer, consumer, and regulatory scrutiny (Johnson
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and Johnson, 1995; Capper, 2011). Feedlot cattle
production systems are considered a major source
of excess nitrogen excretion in the environment
(Schréoder et al., 2005). Ammonia and methane
emissions, nutrient runoff, nitrate leaching, and soil
denitrification have surfaced as primary targets in
the efforts to mitigate and minimize the environ-
mental effects of intensive beef production systems
(Hristovetal.,2011; Pradosetal., 2016). Indications
for beta-adrenergic agonists (f-AA) such as rac-
topamine hydrochloride (RAC; Actogain, Zoetis,
Parsippany, NJ) and other growth-promoting tech-
nologies (GPT) include improvements in efficiency
of BW gain and carcass leanness. Furthermore,
GPT have enabled producers to use fewer land
and feed resources while reducing manure output
and greenhouse gas emissions compared with
steers raised without GPT (Cooprider et al., 2011;
Capper and Hayes, 2012). Despite these secondary
improvements in environmental sustainability as-
sociated with the use of B-AA, relatively little is
known about the direct effects of 3-AA on nitrogen
excretion, methane emissions, and nutrient digest-
ibility. Beta-agonists are proven to increase car-
cass protein concentration by up to 8% in finished
steers, improving retail cut yields (Boler et al., 2009;
Hilton et al., 2009). If B-AA can increase carcass
protein accretion, then nitrogen retention should
be increased, thereby reducing nitrogen excretion
into the environment. However, the efficaciousness
of B-AA is known to decrease over time because
of receptor desensitization (Hausdorff et al., 1990).
Therefore, the objective was to quantify the effects
of RAC and period of RAC inclusion (d 8-13 vs
d 22-27) on nitrogen excretion and nutrient di-
gestibility through a pair of in vivo and in vitro
experiments.

MATERIALS AND METHODS

Animal procedures were approved by the
University of Illinois Institute of Animal Care and
Use Committee (IACUC 14278) and followed the
guidelines recommended in the Guide for the Care
and Use of Agricultural Animals in Agricultural
Research and Teaching (FASS, 2010).

Experiment 1: Nitrogen Excretion and Nutrient
Digestibility

Twelve Simmental X Angus crossbred steers
were used in a randomized complete block de-
sign to evaluate the effects of ractopamine hydro-
chloride (Actogain, Zoetis, Parsippany, NJ).

Dietary treatments were blended with 0.45 kg
ground corn per steer and top-dressed on diets
daily and included: 1) a control without ractopa-
mine hydrochloride (CON) or 2) 400 mg/steer/d
ractopamine hydrochloride (RAC) for 35 d before
slaughter. Steers receiving only a single implant
after weaning containing 80 mg trenbolone acetate
and 16 mg estradiol (Component TE-IS; Elanco
Animal Health, Greenfield, IN) were used, to iso-
late observations of the potential treatment effects.
Steers were split into a heavy (initial BW = 534 £
22 kg) and light (initial BW = 529 £ 8 kg) block by
weight and metabolism trial procedures were con-
ducted sequentially beginning with the heavy block
and 4 weeks later with the light block. All steers
were fed in separate pens for 1 week to determine
individual feed intake and acclimated to metab-
olism stalls prior to trial initiation.

The basal diet contained 55% dry-rolled corn,
20% corn silage, 15% modified wet distillers grains
with solubles, 10% supplement (DM basis, Table
1), and was formulated to meet or exceed National
Academies of Sciences, Engineering, and Medicine
(NASEM, 2016) recommendations. Diets were fed
once daily with the amount of feed offered continu-
ally adjusted throughout the experiment to ensure
ad libitum intake and complete ingestion of racto-
pamine while minimizing feed wastage. Water was
available on an ad libitum basis. Steers were housed
in metabolism tie stalls at the University of Illinois
Beef Cattle and Sheep Field Research Laboratory
in Urbana, IL. Stalls (2.3 X 1.3 m) were equipped
with individual feed bunks and non-siphoning,
automatic water bowls. Stalls also contained the
Ruminant Emission Monitoring System (REMS)

Table 1. Diet and nutrient composition of feedlot
diet in Exp. 1

Ingredient Inclusion, %DM
Dry-rolled corn 55
Corn silage 20
MWDGS 15
Supplement” 10
Analyzed nutrient content, % DM
DM 54.0
CP 14.1
NDF 254
Ether extract 4.2

“Supplement contained: 74.4% ground corn, 17.1% limestone, 6.5%
urea, 0.98% trace mineral, and vitamin premix (8.5% Ca, 5% Mg, 7.6%
K, 6.7% Cl, 10% S, 0.5% Cu, 2% Fe, 3% Mn, 3% Zn, 278 mg/kg Co,
250 mg/kg I, 150 mg/kg Se, 2.205 KIU/kg Vit A, 662.5 KIU/kg Vit D,
22,047.5 IU/kg Vit E.) 0.81% liquid fat, 0.17% Rumensin 90 (Elanco
Animal Health, Greenfield, IN), 0.11% Tylan 40 (Elanco Animal
Health, Greenfield, IN).
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for determination of eructated gas emissions (Maia
et al., 2015b). The barn was equipped with heat,
ventilation, and air-conditioning systems, pro-
viding a controlled environment (18.3°C) for steers
on trial.

Sample collection. For each block, two-5 d col-
lection periods were conducted on d 8-13 and d
22-27 with a one-week rest period between collec-
tions. Additionally, a one-week treatment adapta-
tion period was observed prior to the first collection
of each block to allow steers to acclimate to feeding
in metabolism stalls. Control or RAC diets were
fed continuously during the 35 d period including
adaptation and rest weeks. Feed samples were col-
lected for each day of the collection period (d 1-5).
Orts were weighed to determine daily feed intake
and were sampled as well. Feed and ort samples
were stored at —20°C until analysis.

On the second day of each collection period,
fecal bags were attached to each steer to determine
fecal output for the entire 5 d period. Feces were
collected in waterproof canvas bags connected to
the steer by a leather harness, removed from fecal
bags twice daily, and weighed at 0600 h the fol-
lowing morning. A 5% subsample of the total daily
fecal weight was added to a composite sample for
the entire collection period. Fecal composite sam-
ples were stored at —20°C until analysis.

Urine collection funnels were attached to steers
on d 1 of the collection period and used to collect
urine for the entire 5 d period. Silicone urine funnels
were positioned around the steer’s sheath. Continuous
vacuum suction was applied to the funnel system to
aid in the collection of urine into 18.9 L plastic col-
lection vessels via plastic hoses. During the 5 d of
urine collection, steers were observed to ensure fun-
nels and collection system remained in place and
collections accurately represented total urine output.
On d 1, urine was collected without acidification in
containers placed on ice for analysis of nitrogen spe-
cies. During the remaining days of urine collection,
urine was acidified by adding 175 mL of 6 N HCl in
urine containers. Urine was weighed twice daily at
0600 and 1800 h and a 2% subsample of each weigh
periods urine output was added to a composite
sample representative of the entire collection period.
Urine was stored at —20°C.

Eructation analysis. Head-box style respir-
ation chambers were used to measure respira-
tory gas exchange for a single continuous 24 h for
each block on d 16 between periods. Steers were
placed into one of six (1 steer per chamber) posi-
tively pressurized ventilated hood-type REMS

chambers. Features of the individual chambers
included thermal environmental control to main-
tain animal comfort, fresh air supply for carbon
dioxide (CO,) control, and measurement of in-
coming ventilation volumetric flow rate (Maia
et al., 2015b). Lastly, gas sampling was conducted
via a solenoid multiplexer to infrared photoacous-
tic gas analyzer (INNOVA 1412; LumaSense
Technologies, Inc., Santa Clara, CA), configured
with methane (CH,), ammonia (NH,), and sulfur
hexafluoride (SF) optical filters. More informa-
tion regarding the REMS, including system de-
scription, operation, sampling integration time,
and detection limits of the optical filters are re-
ported by Maia et al. (2015a) and Ramirez et al.
(2014). The last 5 of 10 gas concentration and
thermal environment measurements at each sam-
pling location (6 chambers and barn [incoming])
were averaged every 86 min for approximately 24
h. Before and after each period the steers were in
the REMS, a mass recovery test was performed to
verify mass measurement was within the expected
range for these chambers. Methane emission rates
were normalized to 24 h following a trapezoidal
integration of the computed ER, resulting in a
single CH, emission (g/d) for each steer within
each period. Methane and ammonia emissions
were also expressed relative to DMI during the 24
h gas collection, DMI during the 5 d prior emis-
sion collection, and the digested DM and NDF
using the prior 5-d DMI and the digestion coeffi-
cients that preceded the emission measurements.
Feed and water were provided inside the chamber
for ad libitum intake.

Laboratory analysis. Feed, orts, and fecal sam-
ples were composited within collection period and
lyophilized (FreeZone, Labconco, Kansas City,
MO) and ground using a Wiley mill (1-mm screen,
Arthur H. Thomas, Philadelphia, PA). Ground
feed samples, orts, and feces were analyzed for DM
(24 h at 105°C), NDF (Ankom200 Fiber Analyzer,
Ankom Technology, Macedon, NY) using the
Ankom method 5, nitrogen by combustion (Leco
TruMac, LECO Corporation, St. Joseph, MI), fat
(Ankom Technology, Macedon, NY) using the
Ankom method 2, and total ash (12 h at 500°C;
HotPack Muffle Oven 770750, HotPack Corp.,
Philadelphia, PA). Urine was analyzed for total
nitrogen using the same nitrogen by combustion
procedure as feed sample and urea content using a
Beckman Coulter AU analyzer (Beckman Coulter,
Brea, CA) at the University of Illinois Veterinary
Diagnostic Laboratory. Results for total nitrogen
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analysis were deemed acceptable at a coefficient of
variation of <5% within duplicates of feed, orts,
urine, and feces.

Slaughter and carcass characteristics. On d
35, steers were transported to the University of
Illinois abattoir and humanely slaughtered under
USDA inspection. At approximately 24 h postmor-
tem, carcasses were evaluated for 12th-rib backfat
thickness, LM area, percent KPH, ribeye lean ma-
turity score, and ribeye marbling score by trained
personnel.

Experiment 2: Ruminal and In Vitro Fermentation

An additional experiment was conducted to
validate nutrient digestibility results with a 2 X 2
factorial arrangement of treatments in split—plot
design. A contemporary group of heifers (N =
19) were fed the same diet as steers in experiment 1
(Table 1) and whole plot treatments (dietary inclu-
sion) were top-dressed including a control without
ractopamine hydrochloride (CON, n = 9) or 400
mg/heifer/d ractopamine hydrochloride (RAC, n =
10). Heifers were adapted to the diet for 21 d prior
to rumen fluid collection. Immediately prior to
feeding, rumen fluid was collected by stomach tube
from CON- and RAC-fed heifers, strained through
four layers of cheesecloth, flushed with CO,, sealed
in individual bottles, and transported to the labora-
tory in a warmed, insulated container to maintain
temperature and limit oxygen exposure. Saliva con-
tamination was minimized by disposing the ini-
tial 100 mL of collected rumen fluid. Ten heifers
were sampled on d 22 in run 1 while the remaining
9 heifers were sampled the following day for run 2
to minimize time from sample collection to in vitro
inoculation. Individual rumen fluid samples from
each CON- and RAC-fed heifers was buffered in
a 1:2 ratio (rumen fluid: buffer) with McDougall’s
artificial saliva (McDougall, 1948). The buffered
rumen fluid inoculum (105 mL) was added to 125
mL bottles fitted with a rubber stopper and a one-
way valve. Each bottle contained 2.1 g of the ly-
ophilized, ground diet, with subplot treatment (in
vitro inclusion) of no ractopamine hydrochloride
(IVCON) added to the ground diet substrate
or ractopamine hydrochloride added (IVRAC).
Ractopamine was included at a concentration of
3.9 mg/L to align with previous research (Walker
and Drouillard, 2010) and the 400 mg RAC dose
fed to the heifers. An incubator (Thermo Scientific,
Waltham, MA) was used to maintain the fermenta-
tion bottles at 39°C under anaerobic conditions for
24 h. The ground substrate consisted of the same

mixture as the diet in Exp. 1. The effect of RAC
feeding to heifers was evaluated in triplicate using
blank bottles at 0 h to evaluate differences in rumi-
nal characteristics over the 21 d adaptation period.
The in vitro treatments (IVCON and IVRAC) were
each evaluated in triplicate bottles at 24 h with
blanks included for 0 h to correct for DM, volatile
fatty acids (VFA), and ammonia contained in the
ruminal fluid inoculum from each animal. At the
end of 24 h, the pH of each bottle was determined
using a benchtop pH meter (Accumet Basic AB1S,
Fisher Scientific, Hampton, NH) and fermentation
was terminated by the addition of 6 N HCI. Samples
were filtered and dried at 60°C for at least 24 h be-
fore allowed to cool in desiccators and then weighed
to determine dry matter disappearance. Aliquots
of acidified fluid were used to determine VFA and
ammonia concentrations. Volatile fatty acids were
determined according to Erwin et al. (1961) by gas
chromatography (HP1850 series gas chromatog-
raphy Hewlett-Packard, Wilmington, DE) on a
glass column. Ammonia-N was determined by col-
orimetric procedures described by Broderick and
Kang (1980) using a UV-visible spectrophotometer
(Perkin-Elmer Model 2380, Waltham, MA).

Statistical Analysis

Data from Exp. 1 were analyzed as a random-
ized, complete block design with fixed effects of
treatment, time (collection period), their interaction
and random effect of block. Data for one steer in
the first period was partially removed as an outlier
based on urinary nitrogen values as well as the as-
sociated variables such as absorbed and retained ni-
trogen. Experiment 2 was analyzed as a split-plot
design with whole plot of heifer dietary treatment
and the split-plot of in vitro substrate. Volatile fatty
acid concentration and ammonia were measured at
0 h in blank bottles and included in the split—plot
model as a covariate. Random effects for experiment
2 included run and the interaction between heifer
treatment and run. Both experiments were ana-
lyzed using the MIXED procedure of SAS (v 9.4;
SAS Institute Inc., Cary, NC). Treatment effects and
interactions were considered significantly different at
P <0.05 and trends were discussed at 0.05 < P <0.10.

RESULTS

Experiment 1

Nutrient digestibility. Although RAC inclu-
sion had no effect (P = 0.51) on DMI, RAC-fed
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Table 2. Effects of ractopamine hydrochloride on intake, digestion, and nitrogen balance of finishing steers

in Exp. 14
CON RAC P
Item Per. 1 Per. 2 Per. 1 Per. 2 SEM Trte Time® Trt X time
DMI, kg/d 9.0 9.9 8.9 9.3 0.74 0.51 0.22 0.66
Fecal DM, kg/d 23 2.7 2.1 2.1 0.22 0.04 0.36 0.37
Urine output, kg/d 8.4 6.6 6.7 8.4 1.53 0.99 0.96 0.25
Total tract digestion, %
DM 74.3 72.7 76.7 77.6 1.15 <0.01 0.76 0.27
oM 75.5 74.0 77.9 79.1 1.15 <0.01 0.88 0.28
N 68.2 70.6 70.7 74.0 1.97 0.01 0.01 0.65
NDF 58.9 61.5 62.3 69.0 1.93 <0.01 <0.01 0.21
Nitrogen
N intake, g/d 189.3 214.7 187.9 202.1 16.55 0.52 0.08 0.61
N absorption, g/d¢ 134.4 152.0 132.6 149.5 13.58 0.76 0.02 0.96
N retention, g/d 73.4 84.8 74.4 89.1 18.24 0.78 0.18 0.86
% of N intake 35.6 39.1 39.1 439 6.85 0.28 0.27 0.86
% of N absorbed 52.0 55.4 55.2 59.4 8.87 0.52 0.50 0.94
Total N output, g/d’ 123.5 129.9 113.4 113.1 8.49 0.10 0.71 0.67
Fecal N, g/d 59.9 62.7 55.3 52.6 4.19 0.10 0.99 0.53
Urinary N, g/d 60.4 67.2 58.2 60.4 7.22 0.53 0.53 0.76
Urea N, g/d 49.8 53.8 457 49.5 7.08 0.51 0.54 0.98
Urea N, % urine N 74.7 79.4 78.7 81.0 2.65 0.28 0.17 0.64

aSteers received a top-dress containing no ractopamine hydrochloride (CON, n = 6) or 400 mg/steer/d ractopamine hydrochloride (RAC, n =
6) for 35 d before slaughter. Two collection periods (Per.) were conducted on d 8-13 (Per. 1) and d 22-27 (Per. 2).

PTrt = effect of RAC inclusion in the diet. Time = effect of period.
“Calculated as Intake N (g/d) — Fecal N (g/d).
Calculated as Fecal N (g/d) + Urinary N (g/d).

steers had decreased fecal DM output (2.1 vs.
2.5 kg DM/d; P = 0.04) compared with CON-
fed steers (Table 2). Moreover, RAC-fed steers
had greater apparent total tract DM digestibility
(77.1% vs. 73.5%; P < 0.01), and NDF digestibility
(65.6% vs. 60.2%; P < 0.01) than CON-fed steers.
Furthermore, RAC-fed steers also had greater (P
< 0.01) OM digestibility than CON-fed steers.
Reflecting the tendency for decreased nitrogen ex-
cretion, RAC-fed steers demonstrated greater ap-
parent total tract nitrogen digestibility (72.4% vs.
69.4%; P = 0.01) than CON-fed steers.

Sampling period had no effect (P > 0.22), on
DMI, fecal or urinary output, apparent total tract
DM or OM digestibility. However, fiber (NDF and
N) digestibility was greater during the second col-
lection period (P < 0.01) than the first collection
period.

Nitrogen balance and nitrogen species. No inter-
action (P > 0.53) between treatment and time was
observed for any nitrogen balance parameter evalu-
ated (Table 2). Although RAC inclusion did not af-
fect nitrogen intake (P = 0.52), there was a tendency
for RAC-fed steers to excrete less total nitrogen
as urine and feces (113.3 vs. 126.7 g/d; P = 0.10)
than CON-fed steers. This was primarily due to a

tendency for decreased fecal nitrogen output (53.9
vs. 61.3 g/d; P = 0.10) of RAC-fed steers compared
with CON-fed steers. Nonetheless, RAC inclusion
had no effect (P = 0.53) on urinary nitrogen output.
There was no difference (P = 0.78) in nitrogen re-
tention between RAC- and CON-fed steers, despite
the difference in nitrogen excretion. No difference
(P = 0.76) in absorbed nitrogen was observed be-
tween RAC- and CON-fed steers. A time effect was
observed (P = 0.02) for N absorption with steers
exhibiting greater absorption during the second
sampling period than the first. This was likely due
to the tendency (P = 0.08) for greater N intake in
the second period. Nitrogen retention findings
were unchanged when expressed as a percentage
of nitrogen intake (P = 0.28) or as a percentage of
absorbed nitrogen (P = 0.52) with no difference be-
tween RAC- and CON-fed steers.

Expressed both in g/d and as a percentage of
total urine nitrogen, urea-nitrogen excretion was
not affected by RAC inclusion (P > 0.28) or sam-
pling period (P 2 0.17). No interaction between
RAC inclusion and sampling period was observed
(P 2 0.64) for urinary urea-nitrogen excretion.

Gaseous emissions. Ractopamine inclusion
had no effect (P = 0.15) on methane emission
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Table 3. Effects of ractopamine hydrochloride on
eructated gaseous emissions of finishing steers in
Exp. 1

Treatment*

Item CON RAC SEM P-value
Methane, g/d 172.5 209.5 16.78 0.15
Methane, g/lkg DMI 39.5 38.2 6.80 0.77
during 24 h test
Methane, g/kg 5d 19.8 24.5 222 0.08
average DMI
Methane, g/kg 5d 26.6 31.9 2.66 0.08
average DM digested
Methane, g/kg 5 d 33.8 39.3 3.96 0.14
average NDF digested

Ammonia, g/d 7.5 5.3 2.97 0.21
Ammonia, glkg DMI 1.5 0.8 0.29 <0.01
during 24 h test
Ammonia, g/kg 5d 0.8 0.6 0.24 0.16
average DMI
Ammonia, g/lkg 5d 1.1 0.8 0.33 0.13
average DM digested
Ammonia, g/kg 5 d 1.4 0.9 0.38 0.09
average NDF digested

“Steers received a top-dress containing no ractopamine hydro-
chloride (CON, n = 6) or 400 mg/steer/d ractopamine hydrochloride
(RAC, n = 6) for 35 d before slaughter.

via eructation when expressed in g/d (Table 3).
Because changes in DMI affect methane produc-
tion (Johnson and Johnson, 1995; Benchaar et al.,
2001), emissions were also expressed in g/kg of
DMI during the 24 h test period as well as g/kg of
DMI averaged over the previous 5 d. No differences
(P = 0.77) in CH, emission were observed when
calculated in g/kg of in-chamber DMI. However,
when expressed as g/kg of 5 d average DMI, there
was a tendency (P = 0.08) for RAC-fed steers to
have greater CH, production than CON-fed steers.
This tendency for a difference in CH, emission be-
tween CON- and RAC-fed steers was similarly re-
flected when adjusted for digested DM (P = 0.08).
However, no differences in CH, were observed when
expressed as g/kg of digested NDF (P = 0.14).
Ractopamine inclusion also had no effect (P
= 0.21) on ammonia emissions through eructation
when expressed in total g/d, although RAC-fed
steers demonstrated numerically lesser NH, produc-
tion than CON-fed steers. This numerical trend was
supported when expressed as a g/kg of in-chamber
DMI basis, with RAC-fed steers emitting less (P <
0.01) NH, through eructation than CON-fed steers.
Removing the variability associated with DMI dur-
ing the 24 h collection, when expressed in g/kg of 5
d average DMI, differences in NH, eructation are
reduced (P = 0.16). As above, when expressed as g

NH,/kg of digested DM no difference (P = 0.13)
were observed. Nonetheless, when corrected for di-
gested NDF, a tendency for greater (P = 0.09) am-
monia emission in CON-fed steers was observed.

Carcass characteristics. No difference (P >
0.16) in HCW, dressing %, 12th-rib fat thickness,
or LM area of CON- and RAC-fed steers was ob-
served (Supplementary Table S1). Despite a lack
of statistical significance, the LM area of RAC-fed
steers was 5.03 cm? greater than CON-fed steers.
Nonetheless, no differences (P > 0.31) in calculated
USDA yield grade was observed, an expected re-
sponse given the lack of difference in 12th-rib fat
thickness. There was a tendency (P = 0.06) for car-
casses from RAC-fed steers to have greater KPH
than those from CON-fed steers. From a meat
quality standpoint, RAC usage had no effect (P >
0.16) on the marbling score.

Experiment 2

Ruminal and in vitro fermentation. Dictary in-
clusion of RAC directly affected in vivo ruminal
fermentation by decreasing (P < 0.01) ruminal
pH collected 24 h after feeding in RAC-fed heifers
compared with CON-fed heifers (7.04 vs. 7.16, re-
spectively) and tending to increase (P = 0.06) total
VFA concentration in RAC-fed heifers (Table 4).
Furthermore, there was a tendency (P = 0.08) for a
decreased molar percentage of propionate in RAC-
fed heifers than CON-fed heifers prior to feeding.
Dietary ractopamine inclusion did not affect (P
> (0.15) molar percentage of acetate or butyrate;

Table 4. Effects of ractopamine hydrochloride in-
clusion on ruminal fermentation in vivo®

Treatment”

Item CON RAC SEM P-value
pH 7.16 7.04 0.06 <0.01
Ammonia N, mM 0.90 1.02 0.20 0.67
Total VFA, mM 75.84 90.30 2.64 0.06
VFA, mol/100 mol

Acetate 45.34 48.05 1.31 0.15

Propionate 40.31 33.82 2.55 0.08

Butyrate 9.98 13.43 1.55 0.13

Isobutyrate 1.07 1.34 0.27 0.18

Valerate 1.45 1.43 0.08 0.84

Isovalerate 1.83 1.93 0.18 0.68
Acetate:propionate 1.16 1.54 0.14 0.07

“Rumen fluid samples were collected by stomach tube from CON-
and RAC-fed heifers prior to feeding.

"Heifers received a dietary top-dress containing no ractopamine
hydrochloride (CON, n = 9) or 400 mg/heifer/d ractopamine hydro-
chloride (RAC, n = 10).
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however, a tendency (P = 0.07) for greater acetate:-
propionate ratio was observed in RAC-fed heifers
compared with CON-fed heifers. No differences (P
=0.67) in in vivo ruminal NH, were observed.

In vitro fermentation after 24 hincubation of the
same dietary substrate was also influenced by both
dietary and in vitro ractopamine inclusion (Table
5). A dietary RAC X in vitro RAC interaction (P =
0.05) was detected for final pH. Although in vitro
pH was decreased in bottles containing the [IVRAC
substrate compared with IVCON substrate regard-
less of inoculation with rumen fluid of CON- or
RAC-fed heifers, a greater magnitude of decrease
between IVCON and IVRAC bottles was observed
when inoculated with rumen fluid from RAC-fed
heifers. No other interactions (P > 0.16) between
dietary and in vitro ractopamine inclusion were ob-
served. In vitro inclusion of ractopamine affected
NH, production with decreased (P < 0.01; 4.73
vs. 6.11 mM) NH, observed in bottles containing
the IVRAC substrate than those containing the
IVCON substrate. Although neither dietary nor in
vitro ractopamine inclusion affected (P > 0.31) total
VFA concentration, differences in VFA molar per-
centages were observed. Similar to in vivo results,
a tendency was observed for bottles inoculated
with rumen fluid of RAC-fed heifers to exhibit a
decreased (P = 0.10) molar percentage of propi-
onate and increased (P = 0.10) acetate:propionate
ratio compared with bottles inoculated with rumen
fluid of RAC-fed heifers. However, whereas in vitro
inclusion of ractopamine had no effect (P > 0.33)

on molar percentages of acetate or propionate,
a slightly greater (15.18% vs. 14.75%; P = 0.04)
molar percentage of butyrate was observed in bot-
tles containing the IVRAC substrate than in those
with IVCON substrate. Decreased (P < 0.01) molar
percentages of both valerate and isovalerate were
observed in bottles containing the IVRAC sub-
strate compared with in those containing [IVCON
substrate.

Dietary inclusion of RAC affected IVDMD
with greater (64.0% vs. 58.6%; P = 0.01) DM dis-
appearance observed in bottles containing rumen
fluid from RAC-fed heifers than bottles con-
taining rumen fluid from CON-fed heifers (Figure
1). In vitro inclusion of ractopamine also affected
IVDMD with greater (63.1% vs. 59.5%; P < 0.01)
DM disappearance observed in bottles containing
the IVRAC substrate than in those with IVCON
substrate. Despite significant main effects, no inter-
action (P = 0.44) between dietary ractopamine
inclusion and in vitro ractopamine inclusion was
observed.

DISCUSSION

Recent consumer and policy-maker interest
in environmental sustainability has spurred new
interest in developing methods to decrease the en-
vironmental footprint of multiple industries, includ-
ing beef production. On average, only 10-20% of
fed nitrogen is retained in animal tissue with excess

Table 5. Effects of ractopamine hydrochloride inclusion on in vitro fermentation after 24 h incubation in

Exp. 2°
Dietary CON Dietary RAC P-value
IVCON IVRAC IVCON IVRAC SEM Diet INV D x INV

pH™ 6.20° 6.05¢ 6.15% 5.91¢ 0.03 0.04 <0.01 0.05
Ammonia N, mM 6.03 4.72 6.19 4.72 2.19 0.98 <0.01 0.40
Total VFA, mM 78.06 78.24 80.06 81.25 1.75 0.31 0.44 0.56
Molar percentage

Acetate 43.01 42.60 42.27 42.07 0.67 0.49 0.33 0.75

Propionate 37.13 37.45 36.22 35.62 0.57 0.10 0.66 0.16

Butyrate 14.43 14.80 15.08 15.57 0.90 0.58 0.04 0.76

Isobutyrate 1.10 1.12 1.29 1.27 0.08 0.14 0.96 0.32

Valerate 2.65 2.52 2.98 2.83 0.15 0.12 <0.01 0.75

Isovalerate 2.08 1.91 2.47 2.30 0.17 0.06 <0.01 0.99
Acetate:propionate 1.16 1.14 1.18 1.21 0.02 0.10 0.86 0.26

“Heifers received no ractopamine hydrochloride (CON, n = 9) or 400 mg-heifer-1-d-1 ractopamine hydrochloride (RAC, n = 10). Rumen fluid
samples were collected by stomach tube from CON- and RAC-fed heifers prior to feeding. In vitro treatments including negative control (IVCON)
and ractopamine hydrochloride (IVRAC) were added to the in vitro substrate.

Diet = the effect of dietary inclusion of RAC. INV = the effect of RAC inclusion in the in vitro substrate. D X INV = interaction between dietary

RAC inclusion and in vitro RAC inclusion.

"Treatments lacking common superscripts (a-d) differ (P < 0.05).
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68 - Dietary treatment (CON vs. RAC) FP=0.01
In vitro treatment (IVCON vs. IVRAC) P < 0.001 65.59
66 - Interaction P=044
F 7
62.51 [ V
64 -
60.62 |
2 62 I I
2 60 7
g 56.57
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CON/IVCON CON/IVRAC RAC/IVCON RAC/IVRAC

Figure 1. Effects of dietary and in vitro inclusion of ractopamine
hydrochloride on in vitro dry matter disappearance (IVDMD) of fin-
ishing beef heifers Exp. 2. White bars correspond to heifers that re-
ceived no ractopamine hydrochloride (CON, n = 9) and dark bars
correspond to heifers that received 400 mg-heifer-1-d-1 ractopamine
hydrochloride (RAC, n = 10). Bars without stripes correspond to the in
vitro negative control (IVCON) treatment containing no ractopamine
and bars with stripes correspond to the in vitro ractopamine hydro-
chloride treatment (IVRAC) which was added to the substrate.

nutrient excretion not only reducing profits through
forfeited feed costs, but also creating environmental
challenges as well. Formation and volatilization of
the nitrogenous molecules NH, and N,O are major
contributors to air, soil, and water pollution in both
terrestrial and aquatic ecosystems contributing to
increased aerosol formation, soil acidity, and eu-
trophication (Hristov et al., 2011).

Considering 57-67% of the total excreted ni-
trogen is lost to volatilization (Bierman et al.,
1999), excess excretion has serious environmental
implications. In Exp. 1, RAC feeding resulted in a
10.6% decrease in nitrogen excretion. Others have
reported similar findings for nitrogen excretion re-
gardless of ractopamine dosage. Although N ex-
cretion was not different, Carmichael et al. (2018)
observed a 10.9% numerical decrease in nitrogen
excretion of steers fed 300 mg/steer/d RAC for 28
d and Walker et al. (2007) observed a 10.8% de-
crease in steers fed 200 mg/steer/d- RAC. Data have
revealed little difference in nitrogen absorption of
RAC-fed steers (Walker et al., 2007; Carmichael
et al., 2018), indicating a limited likelihood of
absorption-linked effects. Nonetheless, in Exp.1 a
time effect was observed for greater N absorption.
However, changes in N absorption over time are
likely tied to a tendency for slightly greater N in-
take in sampling period two than one.

Effects of 3-AA use on urea kinetics and total
N output are less well defined in the literature.
Representing 60-90% of total urinary nitrogen
excreted in cattle (Bristow et al., 1992), urea ni-
trogen is highly susceptible to volatilization as

NH, given the abundance of ureolytic compounds
present in manure and soil (Hristov et al., 2011).
Cole et al. (2005) demonstrated urinary N excre-
tion was highly correlated (» = 0.83) to environ-
mental ammonia losses. Although no decrease in
urea nitrogen was observed in Exp. 1, Walker et al.
(2007) reported reduced urea nitrogen in urine of
RAC-fed steers. However, when standardized for
differences in nitrogen intake between treatments,
urea nitrogen effects were considerably dimin-
ished. Nonetheless, a study evaluating the effects
of B-AA on urea recycling reported a tendency for
decreased urea-nitrogen entry rate and urea-nitro-
gen recycled to the gastrointestinal tract in zilpa-
terol-fed steers when adjusted for nitrogen intake
(Brake et al., 2011). Given these findings and the
lack of nitrogen absorption effects observed be-
tween treatments, data suggest nitrogen reparti-
tioning effects observed in RAC-fed steers may be
a result of reduced urea production and recycling.

Steers fed RAC in Exp. 1 exhibited less pro-
nounced effects on nitrogen retention compared
with earlier reports of 14% and 28% increases in
nitrogen retention reported by Carmichael et al.
(2018) and Walker et al. (2007), respectively.
Although carcass effects traditionally associated
with the use of ractopamine were not observed in
Exp. 1 due to the smaller number of animals used in
metabolism trials, numerical improvements in the
LM area were observed suggesting greater nitrogen
incorporation through increased protein accretion.
This assumption is supported when considering
the observed 2.6 g daily increase in nitrogen reten-
tion over a 35 d period approximately equates to an
additional 0.5 kg of carcass protein accretion (as-
suming a nitrogen conversion factor of 6.25).

Walker and Drouillard (2010) revealed grain
processing methods, used to improve starch utiliza-
tion of feed ingredients, may be another important
consideration when evaluating nitrogen and urea
kinetics in RAC-fed finishing steers. An in vivo
experiment reported ruminal ammonia concentra-
tions were more affected by RAC supplementation
in diets containing dry rolled corn than in diets con-
taining steam-flaked corn (Walker and Drouillard,
2010). Although ruminal ammonia concentrations
were not evaluated in Exp. 1, decreased ruminal
ammonia concentrations associated with RAC
usage when feeding DRC, as observed by Walker
and Drouillard, (2010), suggest greater bypass pro-
tein or microbial crude protein availability.

In Exp. 1, feeding RAC resulted in an improve-
ment in nutrient digestibility. However, of the rela-
tively few studies evaluating the effects of feeding
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-AAs on nutrient digestibility and ruminal fer-
mentation, mixed results have been observed.
Several studies in lambs have shown no difference
in DM digestion when fed cimaterol (10 mg/kg;
Kim et al., 1989) or RAC (Lopez-Carlos et al.,
2010) compared with control-fed lambs. In beef,
Strydom et al. (2009) reported steers fed RAC (30
mg/kg) exhibited DM and CP digestion similar to
control-fed steers. More similar to the findings of
Exp. 1, Walker et al. (2007) reported a 2% improve-
ment in DM digestibility of RAC-fed steers fed 200
mg/steer/d RAC over control-fed steers.

Improvements in nutrient digestion related to
-AAs have been hypothesized to be a response to
the binding of beta-adrenergic receptors present in
the gut, inhibiting ruminal contractions, resulting
in greater retention time and greater ultimate diges-
tion (Brikas, 1989).

An alternative hypothesis for the mechanism
behind greater nutrient digestibility of RAC-fed
steers is that RAC usage may have a direct effect
on non-mammalian cells. Previous in vitro research
has confirmed the stimulatory effects of catechol-
amines on bacterial species. Both Lyte and Ernst
(1992) and Kinney et al. (2000) demonstrated cat-
echolamines dramatically increased gram-negative
bacterial species. Results of a series of in vivo stud-
ies evaluating the effects of RAC usage on food-
borne pathogens in lambs, pigs, and feedlot cattle
indicated RAC may affect gut microflora popula-
tions. Edrington et al. (2006a) demonstrated in-
creased Escherichia coli O157:H7 fecal shedding in
experimentally inoculated lambs administered RAC
and decreased Salmonella shedding in inoculated
pigs administered RAC. In a separate experiment,
Edrington et al. (2006b) reported decreased E. coli
0O157:H7 shedding in inoculated feedlot cattle fed
RAC, but increased Salmonella shedding. A series
of in vitro experiments by Walker and Drouillard
(2010) provided further evidence for the effects of
RAC on ruminal fermentation. Similar to results of
Exp. 2, Walker and Drouillard (2010) demonstrated
greater [VDMD of the ground diet included in bot-
tles inoculated with rumen fluid containing RAC.
However, given the additive effects of dietary and in
vitro RAC inclusion in Exp. 2 (Figure 1), it appears
improvements in IVDMD may be the result of
different mechanisms. Ungemach (2004) reported
peak blood plasma concentration for ractopamine
at 0.5-2 h after dosing and elimination half-life at
6-7 h after initial dosing. With rumen fluid having
been collected prior to feeding, significant effects
observed in the whole plot (heifer) would possibly
be the result of long-term selection pressure on the

microbial population such that microbiota present
in rumen fluid of RAC-fed heifers better digested
the diet substrate.

Effects of 3-AAs on nutrient digestibility may
also be somewhat dosage dependent. Walker and
Drouillard (2010) observed both greater IVDMD
and gas production with increasing RAC concen-
trations, up to a certain point, lending credence
to a greater increase in DM digestibility observed
in Exp. 1 (400 mg/steer/d) compared with the
Walker et al. (2007) study (200 mg/steer/d). Given
the increase in fermentative gas production with
greater RAC concentrations observed by Walker
and Drouillard (2010), it is possible changes in
ruminal fermentation may slightly increase the
amount of eructated methane in vivo. The theory
is further supported by the absence of a concomi-
tant increase in VFA production observed by
Walker and Drouillard (2010) suggesting meth-
anogen species may be responsible for increased
gas production.

Although no differences in total eructated
methane and ammonia were observed between
control and RAC-fed cattle, methane emissions
in beef cattle are dependent on several fac-
tors including animal size, dietary composition,
and feed intake (Johnson and Johnson, 1995;
Beuchemin and McGinn, 2006). As individual
feed intake differences were observed during the
gaseous emission test, data were corrected for
DMI during the 24 h test period. On comparison
to other respiration calorimetry literature eval-
uating eructated methane (Hales et al., 2012),
elevated heat production values and depressed
respiratory quotient values (data not shown) ob-
served in Exp. 1. indicated steers were moderately
uncomfortable during the 24 h test period. For
this reason, authors chose to also standardize
methane and ammonia emission data for DMI of
the 5 d prior to the emission test. Furthermore,
given RAC-fed steers exhibited greater NDF di-
gestibility, CH, and NH, production were also
expressed as g/kg of NDF digested. Matching
total methane production results, no difference
in methane standardized for 5-d average digested
DM and NDF was observed between CON- and
RAC-fed steers.

Results of Exp. 1. indicated feeding RAC re-
sulted in a 10.6% reduction in total nitrogen excre-
tion over the 35 d feeding period. Despite minor
differences in nutrient digestibility and N absorp-
tion over time, overall data does not suggest 3-AA
receptor desensitization were observed after feeding
RAC for 27 d. Improvements in total tract nutrient

Translate basic science to industry innovation



10 Harsh et al.

digestion of RAC-fed steers were unexpected given
previous research. However, these findings were
supported by Exp. 2. results demonstrating greater
IVDMD in bottles incubated with rumen fluid
from RAC-fed heifers and bottles containing a sub-
strate with RAC. These findings indicate ractopa-
mine inclusion can impact microbial digestion of a
dry-rolled corn-based finishing diet and reduce N
output in feedlot cattle.

SUPPLEMENTARY DATA

Supplementary data are available at

Translational Animal Science online.
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