Journal of Animal Science, 2020, Vol. 98, No. 6, 1-15

doi:10.1093/jas/skaal68

Advance Access publication May 19, 2020
Received: 21 March 2020 and Accepted: 13 May 2020
AMERICAN SOCIETY OF ANIMAL SCIENCE Animal Health and Well Being

ANIMAL HEALTH AND WELL BEING

Heat stress-induced deficits in growth,
metabolic efficiency, and cardiovascular function
coincided with chronic systemic inflammation
and hypercatecholaminemia in ractopamine-

supplemented feedlot lambs

Rebecca M. Swanson,' Richard G. Tait, * Beth M. Galles,! Erin M. Duffy,?
Ty B. Schmidt,' Jessica L. Petersen,’ and Dustin T. Yates"?

'Department of Animal Science, University of Nebraska-Lincoln, Lincoln, NE 68583, *Bioinformatics and Biostatistics,
Neogen GeneSeek, Lincoln, NE 68504, IISchool of Veterinary Medicine and Biomedical Sciences, University of Nebraska-
Lincoln, Lincoln, NE 68583

!Corresponding author: dustin.yates@unl.edu

ORCiD numbers: 0000-0002-2379-7740 (R. G. Tait); 0000-0001-5438-8555 (J. L. Petersen).

Abstract

Heat stress hinders growth and well-being in livestock, an effect that is perhaps exacerbated by the 1 agonist ractopamine. Heat
stress deficits are mediated in part by reduced feed intake, but other mechanisms involved are less understood. Our objective was
to determine the direct impact of heat stress on growth and well-being in ractopamine-supplemented feedlot lambs. Commercial
wethers were fed under heat stress (40 °C) for 30 d, and controls (18 °C) were pair-fed. In a 2 x 2 factorial, lambs were also given a
daily gavage of 0 or 60 mg ractopamine. Growth, metabolic, cardiovascular, and stress indicators were assessed throughout the
study. At necropsy, 9th to 12th rib sections (four-rib), internal organs, and feet were assessed, and sartorius muscles were collected
for ex vivo glucose metabolic studies. Heat stress increased (P < 0.05) rectal temperatures and respiration rates throughout the
study and reduced (P < 0.05) weight gain and feed efficiency over the first week, ultrasonic loin-eye area and loin depth near

the end of the study, and four-rib weight at necropsy. Fat content of the four-rib and loin were also reduced (P < 0.05) by heat
stress. Ractopamine increased (P < 0.05) loin weight and fat content and partially moderated the impact of heat stress on rectal
temperature and four-rib weight. Heat stress reduced (P < 0.05) spleen weight, increased (P < 0.05) adrenal and lung weights,

and was associated with hoof wall overgrowth but not organ lesions. Ractopamine did not affect any measured indicators of
well-being. Heat stress reduced (P < 0.05) blood urea nitrogen and increased (P < 0.05) circulating monocytes, granulocytes, and
total white blood cells as well as epinephrine, TNFaq, cholesterol, and triglycerides. Cortisol and insulin were not affected. Heat
stress reduced (P < 0.05) blood pressure and heart rates in all lambs and increased (P < 0.05) left ventricular wall thickness in
unsupplemented but not ractopamine-supplemented lambs. No cardiac arrhythmias were observed. Muscle glucose uptake did
not differ among groups, but insulin-stimulated glucose oxidation was reduced (P < 0.05) in muscle from heat-stressed lambs.
These findings demonstrate that heat stress impairs growth, metabolism, and well-being even when the impact of feed intake

is eliminated by pair-feeding and that systemic inflammation and hypercatecholaminemia likely contribute to these deficits.
Moreover, ractopamine improved muscle growth indicators without worsening the effects of heat stress.
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Abbreviations

BW body weight

EDTA ethylenediaminetetraacetic acid
HDL high-density lipoprotein

KHB Krebs-Henseleit buffer

TNFa tumor necrosis factor alpha
WBC white blood cells
Introduction

Environmental heat stress diminishes growth efficiency and
jeopardizes the well-being of livestock, particularly in feedlot
animals (Renaudeau et al., 2012). Engineering interventions
such as construction of artificial pen shade, water misters,
and pen sprinklers are effective approaches for cooling
pens, but the benefits are somewhat inconsistent and the
financial cost to producers can be prohibiting (Boyd et al.,
2015; Hagenmaier et al.,, 2016). We postulate that a better
understanding of the physiological mechanisms mediating
health and performance deficits could lead to more effective
strategies for offsetting the detrimental effects of heat stress
on livestock. Much of the impact of heat stress is facilitated
by reduced energy intake (Brown-Brandl et al., 2003, 2017), but
our research team recently found that skeletal muscle-specific
glucose metabolism was also impaired in lambs exposed
to chronic heat stress (Barnes et al., 2019). Similar findings
were reported in heat-stressed pigs (Zhao et al., 2018), which
also had impaired skeletal muscle fatty acid metabolism.
Inflammatory factors are regulators of muscle growth and
metabolism (Cadaret et al., 2017, 2019a), and our earlier study
revealed evidence of systemic inflammation as a component
of chronic heat stress (Barnes et al., 2019). Thus, the present
study sought to determine the role of systemic inflammation
and other stress responses in heat stress-induced deficits
when the effect of reduced feed intake was eliminated by pair-
feeding. In addition, feedlot cattle are often supplemented
with the 1 adrenergic agonist ractopamine HCl during the
last 28 to 40 d of the feedlot phase, which stimulates muscle
growth and reduces adiposity (Bittner et al., 2016, 2017). Such
growth promoters help producers fulfill the U.S. and global
demands for high-quality protein, which by proxy benefits the
economic sustainability of the beef industry. However, studies
in cattle and pigs indicate that ractopamine may (James et al.,
2013; Hagenmaier et al., 2017) or may not (Baszczak et al,,
2006; Mendoza et al., 2017) modify the animal’s response to
external stressors. Moreover, although transient episodes of
tachycardia and arrhythmias have been noted in humans
when beginning or changing dosages of certain {3 agonists for
respiratory ailments (Sears, 2002), the effects of ractopamine
on cardiovascular function in livestock have not been fully
elucidated. It is worth noting that ruminant cardiac tissues
express moderate amounts of (1 adrenergic receptors
(Odore et al.,, 2007) and that ractopamine has some affinity
for the more common (2 adrenergic receptors (Colbert et al.,
1991). Because of the social and economic importance of a
supplement that has the ability to produce more lean meat
from fewer animals, it is imperative to define the additional
risk, if any, of supplementing ractopamine to livestock during
exposure to environmental heat stress. The objective of this
study was to comprehensively assess the individual and
interacting effects of 30-d heat stress and daily ractopamine
supplementation on growth, metabolic efficiency, and

well-being and to identify mechanisms for these effects in
the absence of differential feed intake in finishing lambs,
which are an effective model for studying ruminant growth
and metabolism in place of cattle (Sewell et al., 2009; Lundy
et al., 2015).

Materials and Methods

Animals and experimental design

This study was approved by the Institutional Animal Care
and Use Committee at the University of Nebraska-Lincoln
(UNL). Studies were performed at the UNL Animal Science
Complex, which is accredited by AAALAC International.
Twenty-six crossbred Rambouillet wethers averaging 43 =
1 kg were utilized in this study. Lambs were purchased from
a commercial feedlot and given a 21-d acclimation period
during which they were housed at 25 °C and transitioned
to a pelleted lamb grower/finisher diet (Complete B30;
Purina Animal Nutrition, St. Louis, MO) that contained 30 g/
ton lasalocid. Lambs were then individually penned and
randomly assigned to thermoneutral conditions of 18 °C, 15%
relative humidity (controls; n = 14) or heat stress conditions
of 40 °C, 35% relative humidity for 12 h and 30 °C, 35% relative
humidity for 12 h/d (heat-stressed; n = 12) conditions for a
period of 30 d. High temperatures within the thermally
regulated environmental chambers were transitioned to 32 °C
on day -1 and then to 40 °C thereafter. Heat-stressed lambs
were fed ad libitum and controls were pair-fed to the average
of the heat-stressed group beginning on day -5. In a 2 x 2
factorial, lambs also received an oral capsule bolus containing
no supplement (n = 14) or ractopamine HCI (60 mg/d; n = 12)
delivered once daily at 0700 hours via gavage. Daily dry matter
intake and water intake were determined as previously
described (Barnes et al., 2019). Lambs were weighed on
days -7, 0, 14, 21, and 30, and these body weights (BW) were
used to calculate average daily gain and gain-to-feed ratios.
Respiratory rates and rectal temperatures were determined
at 0700, 1300, and 1900 hours on days -1, 2, 7, 14, 21, and 30.
To estimate carcass characteristics, ultrasonic measurements
were performed on days 0, 14, and 30. On day 31, lambs were
euthanized by double barbiturate overdose and necropsied in
random order. Loin and rib cutouts were taken from the left
side of the carcass. Loins were removed between the 12th rib
and the connection point of the hip bone and weighed. Four-
rib cutouts were trimmed at the leading edge of the 9th rib
and the distal edge of the 12th rib, weighed, and dissected
into muscle, fat, and bone components. Organs were weighed
and tissue samples of liver, kidney, heart, adrenal, lung,
bladder, rumen, and ileum along with all feet were examined
for pathologies by the UNL Veterinary Diagnostics Center.

Ultrasonic carcass measurements

Back fat (subcutaneous) thickness, loin depth, loin-eye area,
and body wall thickness between the 12th and 13th ribs
were estimated by ultrasonography using National Sheep
Improvement Program techniques as previously described
(Emenheiser et al., 2010; Tait, 2016). Ultrasonic images were
captured from each lamb’s left loin area with a Classic Scanner
200 and an ASP-18 transducer (Classic Medical Supply, Tequesta,
FL). A standoff guide used for measurements other than
body wall thickness. Vegetable oil was used as a couplant.
Measurements were interpreted from single images frozen in
real time.



Cardiovascular measurements

Heart rates, cardiac rhythms, and blood pressures were
determined on days -1, 2,7, 14,21, and 30 with a multi-parameter
veterinary monitor (Cardell 9500, Midmark, Dayton, OH) as
previously described (Lopes et al., 2016). Briefly, lambs remained
in their pens and were manually restrained by the head, which
they had been conditioned to during the acclimation period.
Alligator clips were used to attach the leads to shorn areas of the
skin. Lead 1 was attached over the cervical vertebrae, lead 2 was
attached on the fore flank, and the ground lead was attached
on the rear flank. One-minute electrocardiograms were recorded
based on the manufacturer’s recommendations for waveform
speed and sensitivity and were professionally evaluated for
arrhythmias by a veterinarian. Heart rates were averaged across
the 1-min period. An SV 4 vinyl cuff (Midmark) was placed around
the metacarpal area of the forelimb equidistance between
the knee and fetlock, and five consecutive blood pressure
readings were recorded at 1-min intervals, per manufacturer’s
recommendations. Values for systolic blood pressure, diastolic
blood pressure, and mean arterial blood pressure were averaged
across these five readings. At necropsy, hearts were dissected
as previously described (Antolic et al., 2015) and left ventricle
thickness, right ventricle thickness, and septum thickness were
measured using a digital caliper (Traceable, Webster, TX).

Blood parameters

Blood was collected via jugular venipuncture into ethylen-
ediaminetetraacetic acid (EDTA) vacutainer tubes (~6 mlL)
and heparinized syringes (~0.5 mlL) for the analysis of blood
components as previously described (Barnes et al, 2019).
Samples collected in EDTA tubes were used to quantify total
and differential white blood cell (WBC) concentrations using
HemaTrue Veterinary Hematology Analyzer (Heska, Loveland,
CO). Samples collected into heparinized syringes were used
to quantify blood glucose, lactate, pH, O,, CO,, HCO,, Ca*, Na*,
and K* using an ABL 90 FLEX blood gas analyzer (Radiometer,
Copenhagen, Denmark). Plasma was isolated from the
remaining blood in the EDTA tube by centrifugation at 14,000 x
g for 5 min, and commercial ELISA kits were used to determine
plasma concentrations of insulin (Alpco Diagnostics, Windham,
NH), epinephrine (LDN, Nordhorn, Germany), tumor necrosis
factor alpha (TNFa; Wuhan Fine Biotech, Wuhan, China), and
cortisol (Oxford Biomedical Research, Riviera Beach, FL) in
duplicate. Intra-assay and inter-assay coefficients of variance
were less than 12% for all ELISA. Plasma concentrations of
urea nitrogen, cholesterol, high-density lipoprotein cholesterol,
and triglycerides were determined by a Vitros-250 Chemistry
Analyzer (Ortho Clinical Diagnostics, Linden, NJ) by the
University of Nebraska Biomedical and Obesity Research Core.

Skeletal muscle glucose metabolism

Sartorius muscle isolation

At necropsy, sartorius muscles were collected intact (i.e., tendon
to tendon) from both hindlimbs at necropsy. Longitudinal strips
(~400 mg) were used to measure ex vivo skeletal muscle glucose
uptake and oxidation rates as previously described (Cadaret
etal., 2017; Yates et al., 2019). Briefly, muscle strips were stratified
by mass and placed in 6-well tissue culture plates. Muscle strips
were then preincubated at 37 °C for 1 h in gassed (95% O,, 5%
CO,) Krebs-Henseleit bicarbonate buffer (KHB) containing O
(basal) or 5 mU/mL insulin (Humulin-R, Eli Lilly, Indianapolis,
IN). Preincubation media also contained 5 mM glucose, 35 mM
mannitol, and 0.1% bovine serum albumin (Sigma-Aldrich, St.
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Louis, MO). Muscle strips were then washed in the respective
basal or insulin-spiked KHB media with no glucose, 40 mM
mannitol, and 0.1% bovine serum albumin at 37 °C for 20 min.

Ex vivo glucose uptake

Glucose uptake was measured in one subset of sartorius muscle
strips by determining the incorporation rate of radiolabeled
2-deoxyglucose as previously described (Cadaret et al., 2017,
2019a). After the wash incubation, these muscle strips were
incubated in their respective basal or insulin-spiked KHB
media containing 1 mM [*H]2-deoxyglucose (300 pCi/mmol)
and 39 mM [1-**C] mannitol (1.25 pCi/mmol) at 37 °C for 20 min.
Plates containing the muscle strips were then cooled at -20 °C
for 2 min and placed on ice. Muscle strips were washed three
times in ice-cold phosphate-buffered saline (7.4 pH) and lysed
in 2 M NaOH at 37 °C for 1 h. Ultima Gold scintillation fluid
(Perkin-Elmer, Inc.; Waltham, MA) was added to the lysate,
and the specific activity of *H and *C was measured by liquid
scintillation with a BC 1900 TA LC counter (Beckman-Coulter;
Brea, CA). The specific activity *H was used to determine the
amount of 2-deoxyglucose that had accumulated, and **C was
used to estimate the amount of extracellular fluid in the sample,
as mannitol is not taken up by muscle. The specific activity of
the media was also determined from the average of six 10-uL
aliquots mixed with 500 pL distilled water and scintillation fluid.
Glucose uptake rates over the 20-min period were normalized to
the mass of the muscle strip.

Ex vivo glucose oxidation

Glucose oxidation was measured in the second subset of sartorius
muscle strips by determining the production rate of radiolabeled
CO, from radiolabeled glucose as previously described (Cadaret
etal., 2017,2019a). After the wash incubation, muscle strips were
placed in one side of sealed dual-well chambers and incubated
in their respective basal or insulin-spiked KHB media containing
5 mM [“C-U] p-glucose (0.25 pCi/mmol; Perkin-Elmer) at 37 °C for
2 h. In the adjacent well, 2 M NaOH was placed to capture CO,.
After 2 h, chambers were cooled at —20 °C for 2 min and 2 M HCI
was added to the media through the seal. The chambers were
then incubated at 4 °C for 1 h. Afterward, NaOH was collected
from the chamber and mixed with UltimaGold scintillation fluid
to determine the specific activity of #CO, via liquid scintillation.
Glucose oxidation in pmol was calculated from dpm counts
for “CO, using the specific activity of the media, which was
determined as described above. Glucose oxidation rates over the
2-h period were normalized to the mass of the muscle strip.

Statistical analysis

All data except histopathology data were analyzed using
the mixed procedure of SAS 9.4 (SAS Institute, Cary, NC) to
determine the effects of environmental condition, supplement,
and their interaction in a 2 x 2 factorial design. Lamb was
considered the experimental unit, and repeated measures
(day) were used for serial measurements such as BW and blood
components. Ex vivo data were analyzed with environmental
condition and supplement as main effects and media insulin
level as a repeated measure. Glucose uptake and oxidation rates
were each measured in six technical reps per media condition
for each lamb, which were then averaged. Histopathological
data were analyzed for differences due to environmental
conditions or dietary supplements by Chi-squared test using
the frequency procedure of SAS. Fisher’s exact test was used for
frequency analysis in which more than 25% of cells contained
expected frequencies of less than 5. These data are presented
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as the frequency of occurrence (%). All other data are presented
as means * standard error. Variables for which 2-way and 3-way
interactions were observed are denoted in the Results section.
For variables where interactions were not observed, the results
for main effects are presented. The threshold for significance
was P < 0.05, and tendencies are noted when P < 0.10.

Results

Growth and body composition

No environmental condition x supplement interactions
were observed for dry matter intake, average daily gain, or
gain-to-feed ratios over any of the measured timeframes.
Dry matter intake did not differ between thermoneutral
controls and heat-stressed lambs (1.09 + 0.03 vs. 1.12 =
0.08 kg/d, respectively) due to pair feeding and did not differ
between supplement groups. Average daily gain between
days -7 and O (i.e., just before starting the study) did not
differ between control and heat-stressed lambs (0.129 + 0.018
vs. 0.110 + 0.023, respectively) or between unsupplemented
and ractopamine-supplemented lambs (0.112 + 0.021 vs.
0.120 + 0.022, respectively), and there was no environmental
condition x supplement interaction over this period. Average
daily gain and gain-to-feed ratios between days 0 and 7 were
reduced (P < 0.05) in heat-stressed lambs when compared
with controls but did not differ subsequently (Table 1). No
two-way or three-way interactions were observed among
environmental conditions, supplement, or day for any
ultrasonic measurements. Ultrasonic measurements for back
fat thickness were initially less (P < 0.05) for ractopamine-
supplemented lambs than unsupplemented lambs (2.47 + 0.10
vs. 3.32 + 0.28 mm, respectively) at the start of the study, but
the changes over time did not differ between environmental
conditions or supplements. Ultrasonic measurements for loin-
eye area and loin depth indicated reduced (P < 0.05) growth
(i.e., change in size) in heat-stressed lambs over the course
of the 30-d study, regardless of supplementation (Table 2).
Ultrasonic measurements for body wall thickness did not
differ between environmental conditions or supplements.

Loin mass and loin mass/BW did not differ between
environmental conditions but were greater (P < 0.05) in
ractopamine-supplemented lambs thanin unsupplemented lambs
(Table 3). Four-rib mass was less (P < 0.05) in heat-stressed lambs
than in controls, regardless of the supplement. An environmental
condition x supplement interaction was observed (P < 0.05) for
four-rib mass/BW, which was greater (P < 0.05) in unsupplemented
controls than ractopamine-supplemented controls and was
reduced (P <0.05) in heat-stressed lambs regardless of supplement.
Bone mass and fat mass from the dissected four-rib cutout were
less (P < 0.05) for heat-stressed lambs than for controls, and fat
masses were greater (P < 0.05) in ractopamine-supplemented
compared with unsupplemented lambs. Dissected four-rib muscle
mass did not differ among any groups, but an environmental
condition x supplement interaction was observed (P < 0.05) for
four-rib muscle mass/BW, which were reduced (P < 0.05) in all
heat-stressed lambs compared with unsupplemented controls
but not ractopamine-supplemented controls. Proximate analysis
of the longissimus dorsi revealed environmental condition x
supplement interactions (P < 0.05) for moisture, protein, and
fat percentages. Moisture percentage was greater (P < 0.05) in
muscle from unsupplemented heat-stressed lambs than any
other group and did not differ among ractopamine-supplemented
heat-stressed lambs, unsupplemented controls, or ractopamine-
supplemented controls. Protein percentage was greater (P < 0.05)
in muscle from all heat-stressed lambs than controls but was also
greater (P < 0.05) in ractopamine-supplemented heat-stressed
lambs compared with unsupplemented heat-stressed lambs. Fat
percentage was less (P < 0.05) in all heat-stressed lambs compared
with controls but was also less (P < 0.05) in unsupplemented
heat-stressed lambs compared with ractopamine-supplemented
heat-stressed lambs.

Organ size and pathology

Adrenal weights (5.1 £ 0.7 vs. 2.6 + 0.6 g), adrenal weight/BW
(0.026 + 0.006 vs. 0.049 + 0.007 g/kg), lung weights (893 + 91 vs.
566 + 80 g), and lung weight/BW (8.7 + 1.0 vs. 5.5 + 0.9 g/kg)
were greater (P < 0.05) in heat-stressed lambs than in controls,
regardless of ractopamine supplementation. Spleen weights
(170 + 21 vs. 250 + 18 g) and spleen weight/BW (1.6 + 0.2 vs.

Table 1. Growth and efficiency metrics in heat-stressed lambs fed concentrate diets supplemented with ractopamine for 30 d*

Variable Control Heat stress P-value
No Suppl. Ractopamine No Suppl. Ractopamine Envir. Suppl. E*S
Dry matter intake,? kg/d
Day O to 7 0.89 + 0.04 0.96 + 0.02 1.07 +0.09 1.05 + 0.09 0.06 NSs? NS
Day 7 to 14 1.05 £ 0.05 1.06 + 0.04 1.07 +0.17 1.08 + 0.08 NS NS NS
Day 14 to 21 1.19+0.03 1.19 + 0.03 1.06 +0.21 1.16 £ 0.11 NS NS NS
Day 21 to 30 1.21 +0.02 1.15 + 0.06 1.25+0.04 1.19+0.10 NS NS NS
Average daily gain,? kg/d
DayOto7 0.019 + 0.037 0.024 + 0.067 -0.122 + 0.071 -0.144 + 0.097 0.04 NS NS
Day 7 to 14 0.093 + 0.022 0.127 + 0.031 0.155 + 0.038 0.095 + 0.063 NS NS NS
Day 14 to 21 0.084 + 0.015 0.100 + 0.020 0.106 + 0.039 0.089 + 0.043 NS NS NS
Day 21 to 30 0.053 + 0.009 0.090 + 0.026 0.080 + 0.029 0.047 + 0.036 NS NS NS
Gain-to-feed ratios?
DayOto7 0.018 + 0.036 0.029 + 0.072 —-0.120 + 0.061 -0.165 + 0.106 0.03 NS NS
Day 7 to 14 0.091 + 0.024 0.126 + 0.029 0.117 + 0.027 0.078 + 0.056 NS NS NS
Day 14 to 21 0.069 + 0.026 0.091 + 0.026 0.073 + 0.030 0.074 + 0.028 NS NS NS
Day 21 to 30 0.044 + 0.007 0.030 + 0.027 0.062 + 0.023 0.032 + 0.027 NS NS NS

‘Ractopamine HCI (60 mg/d) was bolused daily.
’Daily averages over each period.
NS, not significant.
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Table 2. Ultrasound-estimated loin growth in heat-stressed lambs fed concentrate diets supplemented with ractopamine for 30 d*

Variable Control Heat stress P-value
No Suppl. Ractopamine No Suppl. Ractopamine Envir. Suppl. E*S
Loin-eye area, cm?
Day 0 129+ 0.3 12.0+ 0.4 13.9+0.7 13.0+ 0.7 0.07 NS? NS
Day 14 13.3+0.5 129+0.3 13.6 £ 0.6 13.2+£0.8 NS NS NS
ADay 0 to 14? +0.4+0.6 +0.9+05 -03+04 +0.2+04 NS NS NS
Day 30 14.5+ 0.6 13.1+£ 0.5 125+ 0.6 13.1+0.7 0.09 NS NS
ADay 0 to 30 +1.6 +0.7 +1.2+0.6 -1.4+0.7 +0.1+0.4 0.002 NS NS
Loin depth, mm
Day 0 249+0.5 245+0.1 26.8+1.0 26.7 £ 0.8 0.008 NS NS
Day 14 257 +0.7 251+05 259+1.0 26.2+1.0 NS NS NS
ADay 0 to 14 +0.8 +0.7 +0.6 + 0.5 -0.9+0.6 -0.5+0.9 0.05 NS NS
Day 30 26.1+0.5 255+0.7 246 +0.6 249+0.8 0.09 NS NS
ADay 0 to 30 +1.2+0.5 +1.0+0.7 -2.2+06 -1.8+1.0 <0.001 NS NS

‘Ractopamine HCI (60 mg/d) was bolused daily.
27\, change over time; NS, not significant.

Table 3. Primal cut metrics and composition in heat-stressed lambs fed concentrate diets supplemented with ractopamine for 30 d*

Variable Control Heat stress P-value
No Suppl. Ractopamine No Suppl. Ractopamine Envir. Suppl. E*S
Four-rib?
Mass, g 488.8 + 18.8 506.4 + 24.1 422.7 +20.2 4476 +17.1 0.006 NS3 NS
Mass/BW 13.6 £0.72 10.2 £ 0.8° 7.1+0.9¢ 83+0.7¢ — — 0.009
Bone mass, g 120.1+5.4 113.2+5.1 884 +9.1 99.5+6.6 0.003 NS NS
Fat mass, g 1357 +7.3 155.6 £ 6.5 109.4 + 5.0 1174+ 2.9 <0.001 0.02 NS
Lean mass, g 219.3+6.1 2189 +11.1 209.8 +13.1 203.0+7.5 NS NS NS
Loin
Mass, g 526.1 +19.5 583.1+14.7 497.4 +19.3 594.4 +43.5 NS 0.009 NS
Mass/BW 11.1+ 0.5 129+ 0.5 10.2+ 0.6 129+ 0.5 NS <0.001 NS
% Moisture 71.6 +0.3* 71.5+0.1* 72.7 +0.2° 71.3+0.1° — — 0.003
% Protein 20.2 £0.12 20.0 £0.12 20.5+0.1° 21.0+0.1¢ — — 0.006
% Fat 7.0+0.3® 7.1+0.12 53+0.2° 6.4 +0.2¢ — — 0.03

‘Ractopamine HCI (60 mg/d) was bolused daily.

29th to 12th rib section.

NS, not significant.

“Means with different superscripts differ (P < 0.05).

2.4 + 0.2 g/kg) were less (P < 0.05) in heat-stressed lambs than
in controls, regardless of supplement. Kidney weights, kidney
weight/BW, liver weights, liver weight/BW, heart weights, and
heart weight/BW did not differ among groups.

Histopathological diagnoses of hepatic multifocal neutrophilic
aggregates, renal nephrosis or tubule mineralization, illeal Peyer’s
patch lymphoid follicles, and myocardial, adrenal, or pulmonary
focal lymphoid infiltrates did not differ in frequency between heat-
stressed lambs and controls or between ractopamine-supplemented
and unsupplemented lambs. No pathological conditions were
diagnosed in bladder or rumen tissues in any lambs. Hoof wall
overgrowth was more prevalent (P < 0.05) in heat-stressed lambs
than controls (91% vs. 7%) but did not differ in prevalence between
ractopamine-supplemented and unsupplemented lambs. Laminitis
of the hoof did not differ in prevalence among any groups.

Rectal temperature, respiration rates, and water
consumption

An environmental condition x supplement x day interaction
was observed (P < 0.05) for morning rectal temperatures and
environmental condition x day interactions were observed

(P < 0.05) for evening rectal temperatures, evening water
consumption, and respiratory rates at all three times of the
day. Morning rectal temperatures were greater (P < 0.05) in
heat-stressed lambs than controls on days 2, 7, and 14 and
were greater (P < 0.05) in unsupplemented heat-stressed
lambs than lambs in the other three groups on days 21 and 30
(Figure 1A). Midday rectal temperatures were greater (P < 0.05)
in heat-stressed lambs than controls and were less (P = 0.05)
in ractopamine-supplemented lambs than unsupplemented
lambs (Figure 1B). Evening rectal temperatures were greater
(P < 0.05) in heat-stressed lambs than controls for all days
except day -1 (Figure 1C). Morning respiratory rates did not
differ between groups on day -1 but were greater (P < 0.05) in
heat-stressed lambs than controls on all other days, regardless
of supplement (Figure 1D). Midday and evening respiratory
rates (Figure 1E and F, respectively) were greater (P < 0.05) in
heat-stressed lambs than controls for all days, regardless of the
supplement. Morning and mid-day water consumption rates
(Figure 1G and H, respectively) were greater (P < 0.05) in heat-
stressed lambs than controls, regardless of the supplement.
Evening water consumption rates were greater (P < 0.05) in
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Figure 1. Physiological responses in heat-stressed lambs fed concentrate diets supplemented with ractopamine for 30 d. Data are shown for rectal temperatures (A, B,
and C), respiratory rates (D, E, and F), and H,O intake (G, H, and I). Assessments were performed in the morning (0700 hours), at midday (1300 hours), and in the evening
(1900 hours). Lambs were fed in a 2 x 2 factorial: unsupplemented controls (n = 7), controls supplemented with 60 mg/d ractopamine HCI (n = 7), unsupplemented heat-
stressed lambs (n = 6), and heat-stressed lambs supplemented with ractopamine HCI (n = 6). Effects of environmental condition (Envir.), dietary supplement (Suppl.),

day, and the interaction (E * S * D) are noted when significant (P < 0.05).

heat-stressed lambs compared with controls but only on days
2 and 14 (Figure 1I).

Blood metabolites and hormones

Blood plasma epinephrine concentrations were greater
(P < 0.05) in heat-stressed lambs compared with controls,
regardless of ractopamine supplementation (Figure 2A). An
environmental condition x supplement x day interaction was
observed (P < 0.05) for plasma TNFa concentrations. Plasma
TNFa did not differ among groups for day -1 or 2 but were
greater (P < 0.05) in unsupplemented heat-stressed lambs than
lambs from the other three groups on day 14 and were greater
(P < 0.05) in all heat-stressed lambs than controls on day 30
(Figure 2B). Plasma cortisol and insulin concentrations did not
differ among any groups (Figure 2C and D, respectively). Blood
glucose concentrations (4.25 + 0.09 vs. 4.46 + 0.04 mM) tended
to be less (P = 0.07) in heat-stressed lambs than controls, and
an environmental condition x day interaction was observed
(P < 0.05) for glucose-to-insulin ratios. These ratios (5.8 + 1.1 vs.

9.0 + 1.3 mmol/U) were less (P < 0.05) in heat-stressed lambs
than controls on day 30 but did not differ on any other days.
Blood lactate concentrations did not differ among any groups.
Blood plasma urea nitrogen concentrations (Figure 3A) were
reduced (P < 0.05) and plasma triglyceride, cholesterol, and high-
density lipoprotein (HDL)-cholesterol concentrations (Figure 3B,
C, and D, respectively) were greater (P < 0.05) in heat-stressed
lambs than in controls, regardless of the supplement.

Blood gasses and electrolytes

Blood O, partial pressures and hemoglobin-bound O, (Figure 4A
and B, respectively) were greater (P < 0.05) in heat-stressed
lambs compared with controls and were greater (P < 0.05) in
ractopamine-supplemented compared with unsupplemented
lambs. Hemoglobin-bound CO, was greater (P < 0.05) in heat-
stressed lambs compared with controls and was less (P < 0.05)
in ractopamine-supplemented compared with unsupplemented
lambs (Figure 4D). Environmental condition x day interactions
were observed (P < 0.05) for blood CO, partial pressures
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Figure 2. Circulating hormone concentrations in heat-stressed lambs fed
concentrate diets supplemented with ractopamine for 30 d. Data are shown for
plasma epinephrine (A), TNFa (B), cortisol (C), and insulin (D) concentrations.
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Where interactions were observed, means with differing superscripts differ
(P < 0.05) within each day.

(Figure 4C), HCO, concentrations (Figure 4E), and base excesses,
which did not differ among groups on day -1 but were greater
(P <0.05) for heat-stressed lambs than controls on all other days,
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regardless of supplementation. Blood pH did not differ among
any groups. Blood Na* concentrations (Figure 4F) did not differ
among any groups, but blood K* concentrations (Figure 4G)
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(P < 0.05) within each day.

were greater (P < 0.05) in heat-stressed lambs regardless of
supplement, and blood Ca* concentrations (Figure 4H) were
less (P < 0.05) in ractopamine-supplemented lambs regardless of
environmental condition.

Hematology

Blood WBC, monocyte, and granulocyte concentrations
(Figure 5A, B, and C, respectively) were greater (P < 0.05) in
blood from heat-stressed lambs than from controls. An

environmental condition x supplement x day interaction
was observed (P < 0.05) for blood lymphocyte concentrations
(Figure 5D), which did not differ among any groups on days
-1, 7, 21, or 30 but were greater (P < 0.05) in all heat-stressed
lambs and ractopamine-supplemented controls compared with
unsupplemented controls on days 2 and 14. Blood hematocrit,
hemoglobin, mean corpuscular volume, mean corpuscular
hemoglobin concentration, mean packed cell volume, red blood
cell concentrations, and platelet concentrations did not differ



Variable P-value
Envir.

<0.001

=
o

o
n

n
wn

>
th O

o White Blood Cells, cells/uL >
(=2}
=

.

Variable P-value

0.6 Envir. 0002
. ] Day 0.007
05 ]

2]
3 ]
204
2]
[#] 4
=] 4
503 1
= ]

0.2 -

C. Variable P-value

] Envir. 0.02
3.0 1 Day <0.001

Granulocytes, cells/uL
(8]
(=]

".J\ . .
sl a g daga

1.0
D. ] Variable P-value | © Control, No Supplement
. 4.8 1 g*s+p 0.01 o Control, Ractopamine
= ] e Heat Stress, No Supplement
% 4.3 ] m Heat Stress, Ractopamine
[¥] J
% 3.8 -
E, 1
233 1
= ]
528
2.3

-5 0 5 10 15 20 25 30
Day

Figure 5. Circulating leukocyte concentrations in heat-stressed lambs fed
concentrate diets supplemented with ractopamine for 30 d. Data are presented for
total WBC (A), monocyte (B), granulocyte (C), and lymphocyte (D) concentrations
in whole blood. Lambs were fed in a 2 x 2 factorial: unsupplemented controls
(n = 7), controls supplemented with 60 mg/d ractopamine HCl (n = 7),
unsupplemented heat-stressed lambs (n = 6), and heat-stressed lambs
supplemented with ractopamine HCI (n = 6). Effects of environmental condition
(Envir.), dietary supplement (Suppl.), day, and the interaction (E * S * D) are noted
when significant (P < 0.05). Where interactions were observed, means with
differing superscripts differ (P < 0.05) within each day.
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among any groups. An environmental condition x supplement
x day interaction was observed (P < 0.05) for red blood cell
distribution width, which did not differ among any groups on
days -1, 2, 7, and 14 but was less (P < 0.05) in ractopamine-
supplemented and unsupplemented heat-stressed lambs
and in ractopamine-supplemented controls compared with
unsupplemented controls on day 21 (18.3 + 0.3%, 17.8 + 0.5%,
18.1+0.4%, and 19.2 + 0.4%, respectively) and day 30 (18.6 + 0.3%,
17.8 + 0.4%, 18.9 + 0.4%, and 19.5 + 0.6 %, respectively).

Cardiovascular parameters

Representative electrocardiograms are reported in Figure 6A. No
pathological abnormalities in cardiac rhythms were detected
from electrocardiograms. No interactions among environmental
condition, supplement, and day were observed for blood
pressures. Systolic arterial blood pressures (Figure 6B) and mean
arterial blood pressures (93.0 + 1.1 vs. 97.8 = 1.1 mmHg)) were
less (P < 0.05) in heat-stressed lambs and diastolic arterial blood
pressures (Figure 6C) tended to be less (P = 0.09) in heat-stressed
lambs compared with controls. An environmental condition x
day interaction was observed (P < 0.05) for pulse rate (Figure 6D),
which did not differ among groups on days -1, 2, or 30 but was
less (P < 0.05) in heat-stressed lambs compared with controls on
days 7, 14, and 21.

Environmental condition x supplement interactions were
observed (P < 0.05) for left ventricular thickness and left
ventricle/septum, which were greater (P < 0.05) in all heat-
stressed lambs than controls but were greatest (P < 0.05)
in unsupplemented heat-stressed lambs (Table 4). Right
ventricular thickness, septum thickness, and left ventricle/right
ventricle tended to be greater (P < 0.10) in heat-stressed lambs,
regardless of the supplement. Right ventricle/septum did not
differ among groups.

Skeletal muscle glucose metabolism

No interactions between environmental condition, supplement,
and media condition were observed for ex vivo skeletal muscle
glucose uptake rates (Figure 7A), which were greater (P < 0.05) in
insulin-spiked media compared with basal media but did not
differ among any groups. An environmental condition x media
condition interaction was observed (P < 0.05) for ex vivo skeletal
muscle glucose oxidation rates (Figure 7B). In basal media,
glucose oxidation did not differ among groups. In insulin-spiked
media, glucose oxidation was less (P < 0.05) in muscle from heat-
stressed lambs than controls, regardless of the supplement.

Discussion

In this study, we found that heat stress sustained over a 30-d
period reduced muscle growth, impaired metabolism, and
altered cardiovascular function in feedlot lambs independently
of its effects on dietary intake. Heat-stressed lambs exhibited
reduced weight gain and growth efficiency compared with their
pair-fed thermoneutral counterparts early in the feeding period
and presented smaller ultrasound-estimated ribeye areas
and loin depths by the end of the feeding period. At necropsy,
they possessed lighter primal cuts with less intramuscular
fat content. Muscle strips isolated from heat-stressed lambs
were impaired in their capacity for glucose metabolism,
which coincided with hyperlipidemia throughout the study.
Heat stress not only produced predictable physiological
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Figure 6. Cardiovascularresponsesinheat-stressed lambs fed concentrate diets
supplemented with ractopamine for 30 d. Representative electrocardiograms
are shown for controls and heat-stressed lambs (A). Data are presented for
systolic blood pressure (B), diastolic blood pressure (C), and heart rates (D).
Lambs were fed in a 2 x 2 factorial: unsupplemented controls (n = 7), controls
supplemented with 60 mg/d ractopamine HCI (n = 7), unsupplemented
heat-stressed lambs (n = 6), and heat-stressed lambs supplemented with
ractopamine HCI (n = 6). Effects of environmental condition (Envir.), dietary
supplement (Suppl.), day, and the interaction (E * S * D) are noted when
significant (P < 0.05). Where interactions were observed, means with differing
superscripts differ (P < 0.05) within each day.

responses, including hyperthermia, hyperventilation, adrenal
hypertrophy, and hypercatecholaminemia, but also induced
chronic systemic inflammation that was characterized by
increased circulating leukocytes and TNFa. Surprisingly,
circulating cortisol concentrations were similar between heat-
stressed and thermoneutral lambs throughout the study,
perhaps because pair-feeding equalized nutritional status. It
appeared that heat-stressed lambs developed left-ventricular

hypertrophy despite having lower peripheral blood pressures
and heart rates throughout the study. Although heat stress
did not increase the prevalence of any internal organ lesions,
it did increase adrenal and lung size, reduce spleen size, and
was associated with greater prevalence of hoof wall overgrowth.
Daily supplementation of the 31 adrenergic agonist ractopamine
resulted in moderate improvements in muscle growth but did
not improve growth efficiency or metabolic function, although
the fact that feed intake was reduced may have contributed
to its limited effectiveness. Importantly, ractopamine did not
cause cardiovascular abnormalities, internal organ lesions, or
hoof pathologies. It also did not worsen the negative effects of
heat stress on well-being or performance and in some cases
moderated them. Together, these findings demonstrate that
heat stress impairs growth and efficiency in feedlot lambs
via physiological mechanisms that are independent of and in
addition to reduced feed intake. Two such mechanisms indicated
by the results of this study are sustained systemic inflammation
and hypercatecholaminemia. In addition, ractopamine
supplementation during heat stress did not present a greater
apparent risk to animal well-being than supplementation under
thermoneutral conditions.

By pair-feeding thermoneutral controls to heat-stressed
lambs, we were able to demonstrate that the early deficits
in growth efficiency and the sustained deficits in muscle
growth occurred in the absence of reduced dietary intake. The
consequences of heat-stressed livestock going off of feed are
well-characterized across many species (Mader, 2003; Wheelock
etal., 2010; Zhao et al., 2018), and in an earlier study, we observed
that heat stress caused lambs to consume about 21% less of a
high-concentrate diet when offered ad libitum (Barnes et al,,
2019). However, growth rates in our previous study were reduced
by 36%, which provides evidence that mechanisms other than
just eating less were contributing to heat stress-induced growth
restriction. In the present study, growth indicators were indeed
impaired when reduced feed intake was eliminated as a cause.
In fact, heat-stressed lambs lost weight over the first week of
this study, although their average daily gain and feed efficiency
recovered and stabilized thereafter, indicating at least some
acclimation to heat-stress conditions. It is important to note
that this study does not discount the role of reduced feed intake
in heat stress-induced growth deficits but in fact confirms its
importance, as growth restriction here was less severe than in
the previous study. Moreover, the rates of gain in our pair-fed
thermoneutral lambs were only a fraction of those observed in
ad libitum-fed thermoneutral lambs from our previous study
(Barnes etal., 2019). Nevertheless, muscle growth rates estimated
by ultrasonic loin measurements progressively worsened over
the 30-d period, resulting in diminished size of primal cuts
by the end of the study and demonstrating conclusively the
existence of direct mechanisms of heat stress.

Daily supplementation of the (1 adrenergic agonist
ractopamine at the recommended dosages did not impact the
rate of gain or feed efficiency for lambs housed under either
environmental condition, but it did increase indicators of muscle
growth. When we failed to observe effects on growth or efficiency
from ractopamine or zilpaterol included in the feed rations in
our previous study (Barnes et al., 2019), we speculated that it
was due to potential variation among lambs in the amount or
timing of supplement consumed or to the short (21 d) duration
of the feeding period. However, administering exact doses of
ractopamine by gavage and extending the feeding period to 30 d
in the present study likewise did not affect weight gain or growth
efficiency. Recent studies have reported that supplementing
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Table 4. Heart metrics in heat-stressed lambs fed concentrate diets supplemented with ractopamine for 30 d*

Variable Control Heat stress P-value

No Suppl. Ractopamine No Suppl. Ractopamine Envir. Suppl. E*S
Heart mass, g 282 + 32 274 + 32 351 +38 318 + 34 0.10 NS? NS
Heart mass/BW 2.7+0.3 2.7+0.3 33+04 3.1+0.3 NS NS NS
L. ventricular wall?, mm 16.7 + 0.9? 18.1 + 1.3% 22.9 + 0.8° 20.3 £ 0.6 — — 0.03
R. ventricular wall?, mm 7.5+0.6 7.1+0.6 9.4 +0.7 7.6 +0.6 0.08 NS NS
Septum, mm 175+1.1 17.4 + 0.9 189+ 0.9 19.4 + 0.9 0.09 NS NS
L. ventricle/septum 0.96 + 0.02 1.04 + 0.06 1.24 + 0.05 1.05 + 0.04 — — 0.01
R. ventricle/septum 0.43 +0.01 0.41 +0.02 0.51+0.08 0.40 + 0.05 NS NS NS
L. ventricle/R. ventricle 2.25+0.15 2.53£0.15 2.59 £0.18 2.75+0.16 0.09 NS NS

‘Ractopamine HCI (60 mg/d) was bolused daily.
2L, left; NS, not significant; R, right.
“Means with different superscripts differ (P < 0.05).
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Figure 7. Ex vivo glucose metabolism in skeletal muscle from heat-stressed
lambs fed concentrate diets supplemented with ractopamine for 30 d. Data
are presented for glucose uptake (A) and glucose oxidation (B) rates in
intact sartorius muscle strips incubated with 0 (basal) or 5 mU/mL insulin.
Lambs were fed in a 2 x 2 factorial: unsupplemented controls (n = 7), controls
supplemented with 60 mg/d ractopamine HCl (n = 7), unsupplemented
heat-stressed lambs (n = 6), and heat-stressed lambs supplemented with
ractopamine HCI (n = 6). Effects of environmental condition (Envir.), dietary
supplement (Suppl.), media, and the interaction (E * S * M) are noted when
significant (P < 0.05). Where interactions were observed, means with differing
superscripts differ (P < 0.05).

ractopamine to bulls (Consolo et al., 2016; Antonelo et al., 2017)
or steers (Bittner et al., 2017) for around 30 d increased average
daily gain by up to 28% and feed efficiency by up to 30%, which
makes it tempting to speculate that sheep are less responsive
to 1 agonists than cattle. However, ractopamine did increase
loin growth by about 15% in our lambs, which was comparable
to the gain in loin muscle size observed in cattle. It also partially
mitigated the loss of intramuscular fat due to heat stress, which
was unexpected considering that it reduces marbling in cattle
under normal environmental conditions (Gonzalez et al., 2010;
Bittner et al., 2016).

Muscle isolated from heat-stressed lambs at the end of
the feeding period exhibited intrinsically impaired capacity
for insulin-stimulated glucose oxidation, although glucose
oxidation rates under unstimulated conditions were normal.
Impaired responsiveness of glucose oxidation to insulin
confirmed our previous observations in lambs heat stressed for
21 d (Barnes et al., 2019) as well as a recent study in pigs heat
stressed for 7 d (Zhao et al., 2018). Moreover, this impairment
occurred in the presence of normal insulin-responsiveness
glucose uptake, which demonstrates inefficient glucose
metabolism that presumably contributes to poor growth
efficiency. Although we did not assess skeletal muscle glucose
uptake rates in our previous study, we did observe indicators of
compensatory insulin sensitivity in muscle from heat-stressed
lambs (Barnes et al., 2019). Moreover, skeletal muscle gene
expression in pigs after 8-d heat stress indicated that oxidative
metabolism capacity was reduced despite normal or even
greater insulin-responsive glucose clearance (Sanz Fernandez
et al., 2015; Victoria Sanz Fernandez et al., 2015). Thus, we
speculate that impaired insulin-stimulated glucose oxidation by
heat stress is not a product of disruption in canonical insulin
signaling and, in fact, may be the impetus for enhanced insulin
sensitivity. Daily supplementation of ractopamine had no effect
on glucose uptake or oxidation rates, which is not surprising
considering our previous observations of its effects on skeletal
muscle metabolism (Cadaret et al., 2017).

Heat stress induced persistent systemic inflammation over
the 30-d period, which helps to explain the observed reductions
in muscle growth and metabolic function. Muscle growth requires
the incorporation of stem cells called myoblasts as well as
favorable rates of protein synthesis relative to protein degradation
(Rhoads et al., 2016). We were not able to assess myoblast function
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or protein synthesis in the present study, but we previously
observed that enhanced inflammatory tone impaired myoblasts
isolated from fetal sheep (Posont et al., 2018). Moreover, a recent
study in mice showed that chronicinflammation disrupts anabolic
protein turnover patterns (Ceelen et al., 2018). In a separate study,
we reported that in vitro exposure to inflammatory cytokines did
not affect insulin-responsive glucose uptake of muscle from adult
rats, but that insulin-responsive glucose oxidation was impaired
despite a stimulatory response to cytokines in the absence
of insulin (Cadaret et al., 2017). We also reported that chronic
inflammatory conditions in utero reduced glucose oxidation rates
in fetal muscle without affecting glucose uptake (Cadaret et al.,
2019a, 2019b). Although not conclusive, the present findings in
the context of our previous findings and the literature implicate
a role for inflammation in the growth and metabolic deficits
observed in our heat-stressed lambs.

Systemic inflammation and hypercatecholaminemia
may also explain hyperlipidemia in our heat-stressed lambs.
Catecholamines stimulate fat mobilization (Ferlay and Chilliard,
2018) and thus high circulating epinephrine in our heat-stressed
lambs helps to explain elevated circulating triglycerides.
Chronically elevated plasma epinephrine is also associated
with increased circulating cholesterol (Dimsdale et al., 1983).
Although we did not detect a reduction in back fat thickness
via ultrasound, heat-stressed lambs had reduced fat content in
primal cuts and reduced intramuscular fat percentages in the loin
muscle, perhaps due to greater rates of mobilization. In addition,
inflammation disrupts (3 oxidation of fatty acids (Remels et al.,
2010, 2013), which may have resulted in lipid accumulation in
the bloodstream. Blood plasma urea nitrogen concentrations
were reduced by heat stress in this study, which was consistent
with our previous findings in ad libitum-fed sheep near the end
of a 21-d heat-stress period (Barnes et al., 2019) but not with
other heat stress studies of shorter duration (Mahjoubi et al.,
2015, 2016; Yazdi et al., 2016). Blood urea nitrogen concentrations
are typically increased by undernutrition and high circulating
cortisol concentrations (Hammon et al., 2003; Buntyn et al.,
2016; Santana et al., 2020), neither of which were present in our
study. Daily supplementation of ractopamine had no impact on
skeletal muscle glucose metabolism, fat mobilization, or blood
urea nitrogen but reduced circulating Ca? levels by about 5%,
similar to findings in feedlot cattle (Abney et al., 2007).

Heat stress induced cardiovascular changes and was
associated with organ hypertrophy/atrophy and hoof
overgrowth, which demonstrates its detrimental effects on
well-being. Ractopamine supplementation, however, did not
diminish any well-being indicators and did not exacerbate any
of the ill-effects of heat stress. Heart rates were not initially
affected by heat stress but were reduced beginning 1 wk into
the study, despite the presence of adrenal hypertrophy and
hypercatecholaminemia. The literature indicates that heat
stress typically increases heart rate, especially during acute
periods (Crandall and Gonzalez-Alonso, 2010; Iguchi et al., 2012).
However, chronic hyperventilation by our heat-stressed lambs
caused them to be hyperoxemic, which in humans has been
shown to reduce heart rates by about 10% (Sinski et al., 2016).
Moreover, a study in Angus bulls reported that mild heat stress
(28.6 to 31.4 °C) for 10 d caused hyperventilation and reduced
heart rates by about 7% (Valente et al., 2013). Heat stress also
reduced peripheral blood pressures in the present study,
which has been observed in humans exposed to acute heat
stress (Crandall et al., 2008; Crandall and Gonzalez-Alonso,
2010; Iguchi et al., 2012) and is associated with hyperoxemia
(Jones et al., 1984). Relative hypertrophy of the left ventricle

in heat-stressed lambs was not consistent with the observed
hyperoxemia or hypotension and was most likely the product
of sustained systemic inflammation (Sani et al., 2018) and
hypercatecholaminemia (Kelm et al., 1996; Kinugawa et al., 1999).
Ractopamine supplementation moderated heat stress-induced
left ventricular hypertrophy, perhaps by reducing adrenergic
sensitivity in cardiac tissues (Odore et al., 2007; Badino et al.,
2008). Heat-stressed lambs also had larger lungs, which were
likely a product of sustained hyperventilation (Faridy and Yang,
1989), and smaller spleens, which were likely the product of
inflammation (Ohtsu et al., 2015). The hoof overgrowth observed
in heat-stressed lambs was perhaps due to greater peripheral
blood flow (Wheeler et al., 1972).

From these results, we conclude that heat stress reduces
growth and metabolic efficiency in finishing lambs at least in
part through chronic inflammatory and adrenergic responses,
as we previously postulated (Barnes et al., 2019). Even when the
effect of reduced feed intake was eliminated by pair-feeding,
heat stress reduced skeletal muscle growth, impaired glucose
metabolism, and compromised well-being in feedlot lambs.
Daily supplementation of the f1 agonist ractopamine did not
compromise well-being and, in fact, moderated the impact of
heat stress on several growth and health indicators. Ractopamine
also increased some indicators of muscle growth independent of
heat stress but did not affect any metabolic indicators. Achieving
optimal growth without compromising well-being remains a
priority for the livestock industry, even as it faces the challenges
of climate change, greater production demands, and expanding
scrutiny from consumers. Heat stress-induced reductions in feed
intake are difficult for producers to address, but the findings of
this study demonstrate that additional mechanisms independent
of nutritional intake contribute to deficits in growth and efficiency
associated with heat stress. Identifying physiological targets
such as systemic inflammation and hypercatecholaminemia is
a fundamental step for new strategies to improve outcomes in
heat-stressed livestock.
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