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Abstract 
Fifty-four Angus-cross steers (297 kg ± 12) were stratified by body weight (BW) to pens (six steers per pen) to determine the effects of supple-
mental Zn on posttransit growth performance and blood and muscle metabolites. Dietary treatments started 25 d before trucking: control (CON; 
analyzed 54 mg Zn/kg DM), industry (IND; CON + 70 mg supplemental Zn/kg DM), and supranutritional Zn (SUPZN; CON + 120 mg supplemen-
tal Zn/kg DM). Supplemental Zn was bis-glycinate bound Zn (Plexomin Zn; Phytobiotics North America, Cary, NC). On day 0, steers were loaded 
onto a commercial trailer and transported in 18 h (1,822 km). Individual BW was recorded on days –26, –25, –1, and 0 (pre-transit), 1 (posttransit), 
6, 27, and 28. Blood was collected on days –1, 1, 6, and 27. Longissimus thoracis biopsies were collected on days –1, 1, and 28. Daily individual 
feed disappearance was recorded via GrowSafe bunks. Data were analyzed using Proc Mixed of SAS with fixed effect of diet and steer as the 
experimental unit (growth performance, blood: n = 18 steers per treatment; muscle: n = 12 steers per treatment). Individual initial BW was 
used as a covariate in BW analysis. Contrast statements to test linear, quadratic, and Zn effects were used to analyze performance and blood 
parameters. Repeated measures analysis was used for posttransit DMI recovery and weekly posttransit DMI and Zn intake with the repeated 
effect of time. MetaboAnalyst 5.0 was utilized for statistical analysis of day 1 (off truck) muscle metabolites. Plasma Zn linearly increased due 
to Zn on days 1, 6, and 27 (P = 0.01), and off-truck (day 1) serum lactate increased over day –1 by 20%, 0%, and 20% in CON, IND, and SUPZN, 
respectively (Quadratic: P = 0.01). Muscle lactate tended to increase posttransit in CON and IND (P ≤ 0.07) but not SUPZN. Muscle metabolites 
relating to amino acid and nitrogen metabolism were increased in all treatments posttransit (P ≤ 0.02), and alanine-glucose cycle metabolites 
tended to increase in CON and IND (P ≤ 0.07). Steers supplemented with Zn recovered pretransit DMI quicker than CON (by d 2: P = 0.01), while 
IND had greater overall posttransit DMI than CON with SUPZN intermediate (P = 0.04), and Zn-fed steers had greater ADG posttransit (P = 0.04). 
Zinc supplementation mitigated muscle or serum lactate increases due to transit and increased posttransit ADG.

Lay summary 
Transportation is an inevitable event in the lives of beef cattle, but practical management strategies could mitigate negative effects of transit on 
growth performance and cattle welfare. This study investigated the effects of dietary zinc prior to and after trucking on growth performance and 
blood and muscle metabolites of steers after an 18-h transit event. Steers fed supplemental zinc had better feed intake and growth after transit 
than steers not fed supplemental zinc. Muscle metabolites relating to energy metabolism were greater posttransit in all steers regardless of 
treatment. Interestingly, blood and muscle lactate, an indicator of muscle fatigue, was decreased in zinc-fed steers. Supplementing zinc prior to 
trucking may help mitigate muscle fatigue and improve cattle welfare during the receiving period.
Key words: behavior, cattle, feedlot, muscle, transportation, zinc
Abbreviations: ADG, average daily gain; AUC, area under the curve; BW, body weight; DM, dry matter; FC, fold change; FRAP, ferric reducing antioxidant power; 
G:F, gain to feed; GCMS, gas chromatography-mass spectrometry; LDH, lactate dehydrogenase; NASEM, National Academies of Sciences, Engineering, and 
Medicine; NEFA, nonesterified fatty acid; NIST, National Institute of Standards and Technology; SUN, serum urea nitrogen; TMR, total mixed ration

Introduction
All cattle are likely transported at least once in their lives 
(Gonzalez et al., 2012; Schuetze et al., 2017). Long hours of 
standing combined with the vibrations of the trailer (Gebre-
senbet et al., 2011; Morris et al., 2021) can lead to muscle 
fatigue. Gosker and Schols (2008) described muscle fatigue as 
the “reversible loss of muscle force due to work over time”. 
Lactate is a valuable biomarker of muscle fatigue and is cre-
ated from pyruvate, which is an anaerobic ATP production 
end product (Van Hall, 2010). Before entering the Cori Cycle 

pathway to support the energy demands of muscle during 
exercise (Sharma et al., 2019; Strachecka et al., 2019), lactate 
can be converted back into pyruvate via the Zn-dependent 
enzyme lactate dehydrogenase (Price, 1962). As such, a prac-
tical solution to improve the transition into the feedlot may 
be increasing the dietary Zn concentration of calves before 
long-duration transportation to the feedlot.

Though the current national recommendation for dietary 
Zn concentration is 30  mg Zn/kg DM (NASEM, 2016), a 
survey reported that, on average, consulting nutritionists rec-
ommend supplementing 109 mg Zn/kg DM in receiving diets, 
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and most nutritionists utilize a blend of organic and inor-
ganic mineral sources (Samuelson et al., 2016). It is typical 
to assume increased bioavailability of minerals from organic 
sources. In fact, Zn status has been shown to increase with 
supplementation of an organic Zn source (Spears et al., 2004; 
Deters et al., 2021).

The objective of this study was to investigate the effects 
of increasing concentrations of dietary Zn prior to trucking 
on the posttransit performance, blood and muscle metabolite 
profiles, and gene expression of growing beef feedlot steers. 
The hypothesis for this study was that steers fed supplemen-
tal Zn from Plexomin Zn (Phytobiotics North America, Cary, 
NC) would have improved growth performance and decreased 
indicators of muscle fatigue, such as blood and muscle such as 
lactate, compared to steers fed no supplemental Zn.

Materials and Methods
The Iowa State University Institutional Animal Care and Use 
Committee approved all experimental procedures for this 
study (IACUC Log Number 20-139).

Animals and experimental design
Fifty-four steers from a single source in Iowa were utilized 
for this study; the management of the steers prior to their 
arrival at the Iowa State University Beef Nutrition Research 
Unit (Ames, IA) is unknown. Steers were housed in partially 
covered concrete pens with six steers in each pen (7.4 m2 per 
steer). Pens were equipped with GrowSafe bunks (GrowSafe 
Systems LTD., Airdrie, Alberta, Canada), and steers were 
adapted to the single-feeder system over 14 d prior to the start 
of trial. On day –26, steers were individually weighed. Those 
bodyweights (BW) were used to stratify steers to treatments to 
begin the trial (18 steers per treatment). Steers were weighed, 
given an implant (Component TE-IS; 80 mg trenbolone ace-
tate + 16 mg estradiol; Elanco Animal Health, Greenfield, IN), 
sorted into trial pens, and began treatment diets on day –25 
(initial BW: 297 kg ± 2.8). Treatments were control (CON; 
basal diet containing 54 mg Zn/kg DM), industry (IND; CON 
+ 70 mg Zn/kg DM), and supranutritional (SUPZN; CON + 
120 mg Zn/kg DM) concentrations of zinc. Zinc was supple-
mented via Plexomin Zn (Phytobiotics North America, Cary, 
NC). Concentrations for the IND treatment were determined 
based on the average concentration of Zn in receiving diets, 
according to a survey of consulting nutritionists (Samuelson et 
al., 2016). The SUPZN dietary Zn concentrations were based 
on findings suggesting greater carcass-adjusted final BW and 
average daily gain (ADG) for steers fed 150 mg Zn/kg DM 
(Genther-Schroeder et al., 2016). Zinc treatments were mixed 
into a corn-silage-based total mixed ration (TMR); treatment 
diets are shown in Table 1.

On day 0, all 54 steers were loaded as groups into five 
compartments of a commercial livestock trailer (Silverstar 
PSDLC-402; Wilson Trailer Company, Sioux City, IA) at 
approximately 1300  h; treatment groups were evenly dis-
persed throughout trailer compartments (average loading 
density: 1.96 m2/steer). Steers were transported continuously 
for 18 h (1,822 km) within the state of Iowa (mostly on state 
highways); steers had no access to feed or water during trans-
port. No bedding was used in the trailer, and airflow was not 
restricted as no sides were boarded up. Upon return to the 
feedlot (~0700 h), steers were immediately weighed off-truck 
and sorted back into original treatment pens to continue to 

receive treatment diets for a 28-d posttransit period. Muscle 
biopsies from the longissimus thoracis were collected on day 
–1, 1, 6, and 28, relative to transit, using methods described by 
Pampusch et al. (2003) and Messersmith and Hansen (2021). 
Steers were allowed feed access prior to muscle biopsies on all 
collection days to prevent excessive time restricted from feed.

Measurements
Bodyweight, ADG, and gain to feed (G:F) were determined. 
Steers were individually weighed on the days –26, –25, –1, 
0, 1, 6, 27, and 28, relative to transit. Weights were recorded 
prefeeding except on day 0, which was collected immediately 
before transit (~1100 h). The d 1 BW was directly after tran-
sit. Percent weight loss (shrink) due to transit was calculated 
using days 0 and 1 BW.

Blood was collected prior to feed access via jugular veni-
puncture from all steers on days –1, 1, 6, and 27, relative to 
transit. Blood was kept on ice and transported to a campus 
laboratory for centrifugation. Serum was allowed to clot at 
room temperature for 90 min before centrifugation. Plasma 
and serum were centrifuged for 20 min at 4 °C at 1000 × g. 
After centrifugation, plasma and serum were aliquoted, and 

Table 1. Nutrient composition of diets fed before and after an 18-h transit 
event for beef feedlot steers

 CON1 IND1 SUPZN1 

DM, % of feed  55.1  55.1  54.2

Ingredient, % DM

 � Corn silage  40.0  40.0  40.0

 � Sweet Bran2  40.0  40.0  40.0

 � Dried distiller’s grains with solubles  15.0  10.0  10.0

 � Microingredient premix3  5.0  5.0  5.0

 � Zn treatment premix6 –  5.0  5.0

Analyzed composition4, % DM

 � Crude protein  18.4  18.0  17.9

 � NDF  31.3  29.7  29.3

 � Ether extract  3.92  3.86  2.90

Calculated NEg
7, Mcal/kg DM  1.30  1.30  1.30

Analyzed trace mineral5, mg/kg DM

 � Cu  14  13  14

 � Fe 143 145 141

 � Mn  40  39  39

 � Zn  54 116 162

1Dietary treatments: CON – no supplemental Zn; IND – 70 mg 
supplemental Zn/kg DM as Plexomin Zn (Phytobiotics North America, 
Cary, NC); SUPZN – 120 mg supplemental Zn/kg DM as Plexomin Zn 
(NASEM, 2016).
2Branded wet corn gluten feed (Cargill Corn Milling, Blair, NE).
3Vitamin and mineral premix provided per kilogram of the diet DM: 0.15-
mg Co (cobalt carbonate), 10-mg Cu (Plexomin Cu; Phytobiotics), 20-mg 
Mn (Plexomin L-Mn; Phytobiotics), 0.1-mg Se (sodium selenite), 0.5 mg 
I (calcium iodate), and 2,200 IU vitamin A and 25 IU vitamin E (DSM 
Nutritional Products, Ames, IA). Provided as a percentage of total diet 
DM: dried distiller’s grains with solubles (3.05%), limestone (1.50%), salt 
(0.31%), and Rumensin 90 (0.015%).
4From TMR analysis by Dairyland, Inc. (Arcadia, WI).
5Analyzed via inductively coupled plasma optical emission spectrometry 
(ICP Optima 7000 DV, Perkin Elmer, Waltham, MA).
6Dried distiller’s grains with solubles used as a carried to deliver 70-mg 
supplemental Zn/kg DM as Plexomin Zn (Phytobiotics) to IND and 120-
mg supplemental Zn/kg DM to SUPZN.
7Feedstuff NEg values obtained from the Nutrient Requirements of Beef 
Cattle.
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serum was stored at –80 °C and plasma at –20 °C for future 
analyses. Serum urea nitrogen (SUN), lactate, ferric reducing 
antioxidant power (FRAP), nonesterified fatty acids (NEFA), 
and glucose were measured on samples from days –1, 1, and 
6. Plasma was used to assess Zn concentrations in samples 
from each blood collection day. Commercially available kits 
were used to analyze SUN (Teco Diagnostics, Anaheim, CA; 
intra-assay CV = 3.68%, interassay CV = 3.40%), L-lactate 
(Biomedical Research Service Center, Buffalo, NY; intra-assay 
CV = 4.29%, inter-assay CV = 5.44%), FRAP (#K043-H1, 
Arbor Assays, Ann Arbor, MI; intra-assay CV = 5.28%, inter-
assay CV = 3.86%), NEFA (FUJIFILM Wako Diagnostics, 
Lexington, MA; intra-assay CV = 3.53%, interassay CV = 
1.40%), and glucose (FUJIFILM Wako Diagnostics; intra-as-
say CV = 2.15%, interassay CV = 4.19%).

Plasma trace mineral concentrations were determined on 
days –1, 1, 6, and 27, TMR, and muscle zinc concentrations 
were determined on day 28 using methods described by Pogge 
and Hansen (2013) and Messersmith and Hansen (2021). A 
known trace element serum control (UTAK, Valencia, CA) was 
used for plasma analysis and bovine liver from the National 
Institute of Standards and Technology (Gaithersburg, MA) 
was used for TMR and muscle analysis to verify the accuracy 
of the inductively coupled optical emission spectrometer (ICP 
Optima 7000 DV, Perkin Elmer, Waltham, MA). Yttrium was 
added to each sample and standard as an internal standard.

Muscle samples from d -1 and 1 were used for total metab-
olite analysis at the W. M. Keck Metabolomics Research Lab-
oratory at Iowa State University (Ames, IA). Approximately 
25  mg (wet basis) of powdered muscle tissue was weighed 
into a 2.0  L microcentrifuge tube, and 10 µL of internal 
standard (adonitol; 1.0  mg/mL) was added. Cold metha-
nol (0.50 mL) was added, and samples were kept on ice for 
10 min. Samples were sonicated in an ice-cold water bath for 
10  min before being vortexed for 5  min. Centrifugation at 
12,000 × g at 4 °C for 10 min occurred before removing 100 
µL of supernatant. Afterward, 0.40 mL of cold chloroform 
was added, and samples were vortexed for 3 min. Cold HPLC 
grade water was added (0.34 mL) before samples were again 
vortexed for 10 min and then sonicated in an ice-cold water 
bath for 10 min. Samples were then vortexed for 3 min fol-
lowed by centrifugation for 7 min, as previously described. 
The polar (top) fraction was then transferred to a GC vial 
and stored at –80 °C. To derivatize samples for gas chroma-
tography-mass spectrometry (GCMS), polar samples were 
dried to completion using a speed vac overnight. After drying, 
50-µL methoxyamine (dissolved in pyridine at 20  mg/mL) 
was added before incubating samples for 90 min at 30 °C. 
Then, 70 µL of bis-trimethyl silyl trifluoroacetamide with 1% 
trimethylchlorosilane was added for silylation, and samples 
were incubated at 60 °C for 30 min.

The same instrument (Agilent Technologies Model 6890 
GC coupled to Model 5975 MS) was used to run all sam-
ples; the retention index calibrator was a hydrocarbon mix 
(C8-C40). A GC-MS column (Agilent-HP5MSI; 30 m × 250 
µM × 0.25 µM) completed sample separation. For the oven 
program, an initial temperature of 50 °C for 1 min, a 5 °C/
min increase to 100 °C, and a 20 °C/min increase to 320 °C, 
and a final hold for 5 min was used with inlet and interface 
temperature controlled at 250 °C. The detection mass range 
was set to 50–600 m/z, and the GC–MS was controlled by 
the Agilent ChemStation software. The 2017 mass spectral 
library from the National Institutes of Standards and Tech-

nology was used for reference for building the known metab-
olite library.

Muscle samples from the days –1 and 1 were used to 
assess quantitative gene expression in all treatments. As 
previously described by McGill et al. (2016), RNA was iso-
lated from muscle samples using Trizol Reagent (Life Tech-
nologies, Carlsbad, CA, USA), and, after RNA isolation, 
cDNA was created using Superscript III Reverse Transcrip-
tase and random primers (Invitrogen, Waltham, MA, USA) 
following the manufacturer’s instructions. Gene expression 
analysis was performed using a 96.96 Dynamic Array Inte-
grated Fluidic Circuit (Fluidigm, San Francisco, CA, USA) 
as previously described by Suasnavas et al. (2015). Supple-
mental Table S1 lists the 24 targeted genes used for analysis. 
Using the 2-ΔΔCt method described by Livak and Schmittgen 
(2001), two housekeeping genes [eukaryotic translation 
elongation factor 1 alpha 2 (EEF1A2) and ribosomal pro-
tein S9 (RPS9)] were used as a reference for relative gene 
expression.

Feed ingredient and TMR samples were collected weekly 
for dry matter (DM) analysis. Subsamples were dried for 48 h 
in a forced air oven at 70 °C. Dried samples were ground using 
a 2-mm screen and composited by diet and month. Compos-
ites were sent to Dairyland Laboratories (Arcadia, WI) for 
macronutrient analysis (methods 990.03 and 920.39, AOAC, 
1996). Individual DMI was calculated for each steer based on 
GrowSafe feed disappearance and weekly TMR DM. Due to 
intermittent data recording issues with the GrowSafe system 
in the first few weeks of the trial, DMI was not calculated 
from day –25 to –6. DM intake leading up to the transit event 
(days –5 to –2) was used as a baseline to determine the per-
centage of previous intake steers were consuming posttran-
sit. Individual G:F (feed efficiency) was calculated using each 
steer’s average ADG and DMI for the period.

Video was recorded for all pens via mounted cameras 
(LaView Security, Industry, CA) as described by Heiderscheit 
et al. (2022). Videos were randomized and played back on a 
VLC media player, pausing at timepoints. Two trained observ-
ers, blinded to treatments, assessed steer standing behavior 
from day 1 (when steers arrived back to pens) to dusk on 
day 5 by counting the number of steers standing in the pen 
using instantaneous scan sampling every 15 min from dawn 
(0730 hours) to dusk (1600 hours) from each day. Due to the 
simplicity of the behavior recorded, the inter- and intra-ob-
server reliability were 1.0. The 15-min interval was chosen 
because Mitlohner et al. (2001) determined scan sampling at 
15-min intervals did not yield different results than continu-
ous sampling. Dawn to dusk observations were used as cat-
tle typically rest overnight with little activity (Kilgour, 2012). 
Standing behavior disregarded motion (i.e., walking or idle), 
and laying behavior disregarded posture (i.e., lateral or ster-
nal recumbency).

CowManager tags (Select Sires, Inc., Plain City, OH) were 
placed on all animals and recorded time spent ruminating, 
active, and nonactive as described by Heiderscheit et al. 
(2022). CowManager data from arrival back to the farm on 
day 1 (~0700 hours) to the beginning of the day 6 weighing 
event (~0700) were utilized to calculate the area under the 
curve (AUC) using R. For every 6 h, an AUC value was calcu-
lated so that four AUC values were obtained for each behav-
ior in a 24-h period for each steer. This compiling technique 
decreased the data points equal to zero while maintaining the 
ability to assess changes in behavior over time each day.

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac246#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac246#supplementary-data
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Statistical analysis
Steer was the experimental unit for all analyses. Proc Mixed 
of SAS 9.4 was used. The fixed effect of treatment was used 
in all models. Individual initial BW (day –25) was used as 
a covariate for BW analysis. Proc IML was used to gener-
ate coefficients for contrast statements to test the linear and 
quadratic effects of increasing dietary Zn concentrations and 
the nonZn supplemented treatment (CON) vs. the Zn sup-
plemented treatments (IND and SUPZN) on performance, 
CowManager behavior minutes, and trace minerals and 
metabolites in the blood. The number of steers standing in 
a pen at each timepoint was used to calculate AUC in R. 
Repeated measures analysis was used for posttransit DMI 
recovery, weekly posttransit DMI, weekly posttransit Zn 
intake, standing behavior AUC, and gene expression with 
the repeated effect of time; the covariance structure with 
the lowest Akaike information criterion was used for each 
parameter. Outliers were determined using Cook’s D; data 
with a Cook’s D value of 0.5 or greater were removed from 
the analysis. Significance was determined at P ≤ 0.05, while 
tendencies were decided at 0.05 < P ≤ 0.10.

For metabolomics, the internal standard adonitol was 
used to normalize and quantify MS peaks for each metabo-
lite, and MetaboAnalyst 5.0 (Chong et al., 2018; Xia Lab, 
McGill, CA) was used for statistical analysis of metabo-
lites. Metabolites that were missing >30% of values were 
removed from the data set. The half minimum method was 

used to replace any missing values in the metabolites con-
taining ≤30% missing values. Differential abundance classi-
fication and a student’s t-test were used to analyze identified 
metabolites; differences were reported as fold changes (FC 
≥ 1.25; P ≤ 0.1). Potential biomarkers were identified using 
the biomarker analysis feature of MetaboAnalyst. Metab-
olites with AUC values greater than 0.7 were considered a 
potential biomarker (Xia et al., 2013).

Results
Growth performance data are reported in Table 2. There 
were no linear effects of increasing dietary Zn concentrations 
on BW for any timepoint (P ≥ 0.15) and no effects on BW 
of the Zn vs. No Zn contrast (P ≥ 0.15), though there were 
tendencies for a quadratic effect on days 0 and 1 with IND 
having lesser BW than CON and SUPZN (P ≤ 0.07). Treat-
ment did not affect pretransit (days –25 to –1) and early post-
transit (days 1 to 6) ADG (P ≥ 0.13). However, from days 
6 to 28, ADG linearly increased with increasing dietary Zn 
(P = 0.02), and steers supplemented with Zn had greater 
ADG than CON (P = 0.02). There was a tendency (P = 0.10) 
for posttransit ADG (days 1 to 28) to linearly increase with 
increasing dietary Zn, and steers supplemented with Zn had 
greater posttransit (days 1 to 28) ADG than steers with no Zn 
supplementation (No Zn vs Zn: P = 0.04). There were no dif-
ferences in off-truck shrink (P ≥ 0.69) or G:F at any timepoint  

Table 2. Treatment averages of individual body weights (BW), average daily gain (ADG), off-truck shrink percentage, pretrucking dry matter intake (DMI), 
and feed efficiency (G:F) of feedlot steers fed increasing concentrations of supplemental Zn

 Treatment1  Contrasts

CON IND SUPZN SEM Linear Quadratic No Zn vs Zn 

n = 18 steers n = 18 steers n = 18 steers

BW2, kg

 � days –26/25 297 297 297 2.8 0.91 0.99 0.93

 � Day 03 359 355 362 2.5 0.58 0.07 0.80

 � Day 14 330 327 332 2.1 0.56 0.07 0.83

 � Day 6 361 361 363 3.0 0.78 0.78 0.89

 � Days 27/28 404 412 414 5.1 0.15 0.76 0.15

ADG, kg/d

 � Day –25 to –1 2.40 2.31 2.47 0.10 0.69 0.29 0.94

 � Days 1 to 6 6.22 6.84 6.05 0.38 0.86 0.13 0.63

 � Days 6 to 28 1.93 2.31 2.34 0.13 0.02 0.39 0.02

 � Days 1 to 28 2.73 3.15 3.03 0.14 0.10 0.16 0.04

Trucking shrink, % 8.10 7.97 8.13 0.30 0.98 0.69 0.89

DMI5, kg/d

 � Days –5 to –16 9.5 9.8 9.6 0.36 0.75 0.53 0.58

G:F

 � Days 1 to 66 0.765 0.751 0.647  0.039 0.15 0.40 0.32

 � Days 6 to 286 0.215 0.238 0.231  0.015 0.41 0.46 0.29

 � Days 1 to 286 0.319 0.329 0.304  0.021 0.66 0.47 0.91

1Dietary treatments were: control (CON; no supplemental Zn), industry (IND; 70 mg supplemental Zn/kg DM), and supranutritional Zn (SUPZN; 120 mg 
supplemental Zn/kg DM); all supplemented Zn provided via Plexomin Zn (Phytobiotics, Cary, NC).
2Days –26/25 BW covariate was applied during analysis.
3On-truck – BW recorded after feeding and directly before loading onto trailer for 18-h transportation event.
4Off-truck – BW recorded directly after unloading prior to feed access.
5Posttransit DMI data are displayed in Figures 1 and 2.
6Outliers removed: DMI (days –5 to –1) – 1 IND; G:F (days 1 to 6) – 1 CON, 1 SUPZN; G:F (days 6 to 28) – 1 SUPZN; G:F (days 1 to 28) – 1 SUPZN
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(P ≥ 0.15). DM intake from days –5 to –1 was not differ-
ent among treatments (P ≥ 0.53). Posttransit (days 1 to 5) 
DMI recovery is displayed in Figure 1. Treatment did not 
affect DMI recovery on days 1, 3, or 5 (P ≥ 0.24), but IND 
and SUPZN had returned to pretransit DMI by day 2 with 
CON remaining below pretransit intakes (P = 0.01). While 
there was no treatment by week effect for posttransit DMI  
(P = 0.94), IND had overall greater daily DMI in the posttran-
sit period than CON while SUPZN was not different from 
either CON or IND (P = 0.04; Figure 2). There was a week 
effect for posttransit DMI with intakes increasing in the sec-
ond half of the feeding period (week 1: 8.7  kg/d, week 2: 
9.1 kg/d, week 3: 10.2 kg/d, week 4: 10.0 kg/d, SEM: 0.30; 
P = 0.01). There was a treatment by week effect on daily Zn 
intake. Zinc intake increased over time with SUPZN having 
the greatest Zn intake, IND being intermediate, and CON 
having the lowest Zn intake. Zinc intake in CON remained 
similar to weeks 2 and 4, and the greatest Zn intake for IND 
and SUPZN steers was the third week posttransit (treatment 
× week: P = 0.01; Figure 3).

Standing behavior AUC data are displayed in Figure 4. There 
was no interaction of treatment and day for standing behav-
ior (P = 0.57), nor did Zn treatment affect standing AUC  
(P = 0.34). However, standing was affected by days posttransit 
as steers stood less on day 1 than days 3 to 5 with day 2 being 
intermediate (Day; P = 0.01). Summary statistics of behavior 
data collected via CowManager tags are reported in Table 3. 
There was no difference due to treatment in total minutes spent 
ruminating, active, or nonactive on any day recorded (P ≥ 0.14).

Blood metabolites are reported in Table 4. There was no 
difference in lactate on days –1 or 6 (P ≥ 0.18), though there 
was a quadratic effect of Zn treatment on off-truck (day 1) 
serum lactate where CON and SUPZN had greater lactate 
concentrations than IND (Quadratic: P = 0.01) and Zn sup-
plemented steers had less lactate than CON (No Zn vs Zn:  
P = 0.04). Though there were no differences in serum glucose 
on day –1 or 1 (P ≥ 0.25), there was a quadratic effect of Zn 
treatment on serum glucose on day 6 where IND had lesser 
glucose concentrations than CON or SUPZN (Quadratic:  
P = 0.03). On day –1, there were linear effects of increasing 
Zn supplementation where SUN concentrations increased 
with increasing dietary Zn concentrations (Linear: P = 0.02). 
Also on day –1, SUN tended to be quadratically affected by 
Zn supplementation where steers fed SUPZN had the greatest 
concentration of SUN (Quadratic: P = 0.07). On day 1 (off-
truck), there was a tendency for SUPZN to have the greatest 
concentration of SUN (Quadratic: P = 0.06). On day 6, there 
was a linear increase in SUN as Zn supplementation increased 
(P = 0.01), and Zn supplemented steers had greater SUN than 
CON steers (P = 0.01). There were no differences due to treat-
ment for FRAP or NEFA on any day (P ≥ 0.13).

Plasma and muscle trace mineral concentrations are dis-
played in Table 5. There were no treatment differences 
in concentrations of plasma Cu or Fe at any timepoint  
(P ≥ 0.12). Plasma Zn on day –1 was not linearly or qua-
dratically affected nor affected by supplementation of Zn 
(P ≥ 0.15). Off-truck (day 1), Zn supplementation increased 
plasma Zn concentrations compared to CON (P = 0.01).  

Figure 1. Recovery of dry matter intake (DMI) after transportation of beef feedlot steers. Pretransit DMI was used to calculate the percent of DMI 
recovery. CON: no supplemental Zn (n = 18 steers); IND: 70-mg supplemental Zn/kg DM (n = 18 steers); SUPZN: 120 mg supplemental Zn/kg DM (n = 
18 steers). All supplemental Zn provided via Plexomin Zn (Phytobiotics, Cary, NC). a,bMeans with different superscripts in the same day are different (P ≤ 
0.05).
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Similarly, there was a linear increase in plasma Zn concen-
trations on days 6 and 27 as dietary Zn increased (P = 0.01), 
and Zn-supplemented steers had greater plasma Zn concen-
trations than CON (P = 0.01). There was a tendency for a 
linear decrease in day 28 muscle Zn concentrations where 
SUPZN had lesser muscle Zn than CON or IND (P = 0.09).

Steer muscle metabolites are presented in Table 6, and 
results from biomarker analysis of steer muscle metabolites 
are shown in Supplemental Table S2. Data are displayed in 
contrasts between dietary treatments and separated by pre- 
and posttransit timepoints. Contrasts between timepoints 
within dietary treatment are also reported. Notably, lactic 
acid tended to be greater in SUPZN than CON and IND prior 
to transit (P ≤ 0.06), and muscle glucose tended to be lesser 
in IND and SUPZN posttransit than CON (P ≤ 0.10). Metab-
olites related to amino acid and nitrogen metabolism (serine 
and allothreonine) were greater posttransit in all treatments 
(P ≤ 0.02). Metabolites involved in the glucose-alanine cycle 
tended to be greater posttransit in CON (glucose, glutamine, 
and alanine; P ≤ 0.07) and IND (alanine; P = 0.06).

Gene expression data are presented in Table 7. Transit 
increased the relative expression of metallothionein 2 and 
succinate dehydrogenase complex flavoprotein subunit A (P ≤ 
0.03), and tended to increase the relative expression of inter-
leukin 15 (P = 0.07). Transit decreased the relative expression 
of adenosine monophosphate deaminase 1, lactate dehydro-
genase B, mitogen-activated protein kinase 1, mitogen-acti-
vated protein kinase 3, myogenic differentiation 1, pyruvate 
dehydrogenase phosphatase catalytic subunit 1, solute car-
rier family 16 member 3, solute carrier family 2 member 4, 
solute carrier family 30 member 7, and solute carrier family 
39 member 8 (P ≤ 0.03), and tended to decrease the relative 
expression of solute carrier family 39 member 7 (P = 0.07). 
Zinc effects were minimal, but lactate dehydrogenase B rela-
tive expression was greater in IND than SUPZN while CON 
was not different from either IND or SUPZN (P = 0.05) and 
myogenic differentiation 1 relative expression was lesser in 
IND and SUPZN than CON (P = 0.01). The interaction of 
Treatment and Day tended to affect the relative expression of 
mitogen-activated protein kinase 1 (P = 0.10) where pretran-
sit CON steers had greater relative expression and all other 
treatments and days. Likewise, the relative expression of 
myogenic differentiation 1 tended to be affected by Treatment 

Figure 2. Average dry matter intake (DMI) for the 28 d following 
transportation of beef feedlot steers. CON: no supplemental Zn (n = 18 
steers); IND: 70-mg supplemental Zn/kg DM (n = 18 steers); SUPZN: 
120 mg supplemental Zn/kg DM (n = 18 steers). All supplemental Zn 
provided via Plexomin Zn (Phytobiotics, Cary, NC). Treatment × week: P 
= 0.94. a,bMeans with different superscripts are different (P ≤ 0.05).

Figure 3. Average daily Zn intake of beef feedlot steers in the 28 d after 
transportation. CON: no supplemental Zn (n = 18 steers); IND: 70 mg 
supplemental Zn/kg DM (n = 18 steers); SUPZN: 120 mg supplemental 
Zn/kg DM (n = 18 steers). All supplemental Zn provided via Plexomin 
Zn (Phytobiotics, Cary, NC). a,bMeans with different superscripts within 
treatment are different by week (P = 0.01).

Figure 4. Standing behavior area under the curve (AUC) for each day 
after arrival back to the farm from transportation event. Treatment × day: 
P = 0.57. a,bMeans with different superscripts are different (P ≤ 0.05).

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac246#supplementary-data
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× Day (P = 0.08) where posttransit SUPZN had lesser relative 
expression than posttransit CON which had lesser expression 
than both pretransit SUPZN and pretransit CON; pre- and 
posttransit IND relative expression was intermediate.

Discussion
This study investigated the effects of increasing dietary sup-
plemental Zn concentrations on growth performance, DMI 
recovery, standing behavior, gene expression, and blood and 
muscle metabolites in beef feedlot steers transported for 18 h. 
It was hypothesized steers supplemented with Zn would have 
improved posttransit growth performance and lesser muscle 
fatigue indicators compared to controls.

Serum lactate increased 20%, 0%, and 20% in CON, IND, 
and SUPZN, respectively, after 18  h of transportation and 
was lesser due to Zn supplementation at this time. Lactate 
is a well-accepted biomarker of muscle fatigue as an increase 
in lactate indicates an increase in anaerobic glucose metabo-
lism (Van Hall, 2010). This suggests Zn-fed steers were expe-
riencing less muscle fatigue than CON after the transit event. 
Lactate is cleared from the muscle and taken to the liver, 
where it is converted back to pyruvate (Sharma et al., 2019; 
Strachecka et al., 2019) via the Zn-dependent enzyme lactate 
dehydrogenase B (LDH; Price, 1962). Pyruvate can then enter 
gluconeogenesis to produce glucose, which could return to 
the muscle for ATP production. Steers fed IND had greater 
relative gene expression of LDH B compared to SUPZN steers 
while CON was not different from IND or SUPZN. More 
research is needed to clarify a role of Zn in muscle lactate 
metabolism in response to transit stress.

One of the guiding principles of animal welfare is the Five 
Freedoms (Brambell, 1965; FAWC, 2009). When viewing 

the results of this project through the lens of the Five Free-
doms, steers supplemented with Zn had improved posttran-
sit DMI recovery (reducing hunger and returning steers to 
normal behavior patterns) and lesser serum lactate concen-
tration posttransit, indicating reduced muscle fatigue (reduc-
tion of physical discomfort and pain/injury). Furthermore, 
Zn-fed steers had greater posttransit ADG compared to 
CON; IND had greater overall posttransit DMI than CON, 
while SUPZN was not different from CON or IND. Gen-
ther and Hansen (2014) saw increased DMI recovery after a 
20-h transit event in trace mineral adequate steers vs. those 
that were mildly trace mineral deficient. Based on the results 
from the current study, Zn appears critical to posttransit 
steer DMI recovery. The GrowSafe system had data record-
ing issues during a window in the middle of the pretransit 
period, so this study cannot examine the effects of Zn on 
DMI pretransit. However, pretransit growth performance 
was not affected by treatment. This suggests the 54 mg Zn/
kg DM in the CON diet was sufficient to support growth 
prior to the transit stressor. However, despite the differences 
in DMI recovery, there were no differences due to treatment 
in behaviors (rumination, active, nonactive) as assessed by 
CowManager tags. With increased DMI in the Zn treat-
ments, it would be expected that rumination minutes would 
increase as well (Galvani et al., 2010). However, it may be 
rumination minutes are not sensitive enough to pick up on 
treatment differences.

Steers fed SUPZN had greater muscle lactate concentra-
tions than CON and IND pretransit but did not increase due 
to transit. There was an increase in muscle lactate due to tran-
sit in CON and IND, there were, surprisingly, no differences 
in muscle lactate between treatments posttransit. During 
prolonged muscle use, such as that occurring during transit,  

Table 3. Summary statistics for rumination minutes during the 3 d following transportation for feedlot steers fed varying concentrations of Zn

 Treatment1  Contrasts

CON IND SUPZN SEM Linear Quadratic No Zn vs. Zn 

n = 18 steers n = 18 steers n = 18 steers

Rumination2

Total, min/24 h

 � Day 13 309 286 259 23.1 0.14 0.84 0.21

 � Day 2 335 325 296 31.0 0.39 0.73 0.52

 � Day 3 317 302 281 30.8 0.42 0.88 0.50

Active

Total, min/24 h

 � Day 1 460 468 506 20.9 0.20 0.52 0.36

 � Day 2 474 515 497 16.8 0.55 0.46 0.39

 � Day 3 510 526 518 18.0 0.83 0.76 0.75

Nonactive

Total, min/24 h

 � Day 1 604 628 626 20.6 0.42 0.67 0.36

 � Day 2 614 585 636 25.6 0.64 0.19 0.90

 � Day 3 591 599 627 23.8 0.32 0.66 0.47

1Dietary treatments – control (CON; no supplemental Zn); industry (IND; 70-mg supplemental Zn/kg DM); supranutritional Zn (SUPZN; 120-mg 
supplemental Zn/kg DM). All supplemental Zn provided through Plexomin Zn (Phytobiotics, Cary, NC).
2Rumination, active, and nonactive minutes recorded via CowManager tags (Select Sires Inc., Plain City, OH).
3Day 1: started immediately after unloading (0700 hours) and ended 24 h later; day 2: started 24 h after unloading (0700 hours) and ended 24 h later; day 
3: started 48 h after unloading (0700 hours) and ended 24 h later.



8 Journal of Animal Science, 2022, Vol. 100, No. 9 

lactate is likely quickly removed from the muscle to prevent 
a decrease in muscle pH (Metzger and Moss, 1990), resulting 
in changes in serum lactate as the metabolite is transported to 
the liver to be converted eventually to glucose. Lactate can be 
transported via monocarboxylate transport (MCT) proteins 
(Wilson et al., 1998), particularly MCT1 and MCT4 (also 
known as solute carrier family 16 member 1 and member 
3, respectively). According to Wilson et al. (1998), MCT4 is 
a major route for lactate to leave glycolytic skeletal muscle. 
Intriguingly, MCT4 relative expression decreased posttransit 
in the current study. This may indicate lactate may not have 
been readily exported from the muscle during transit, though 
the longissimus thoracis has mixed fiber types and this may 
have influenced the expression of MCT4; fiber type was not 
evaluated in the current study. Future studies should include 
an examination of liver lactate metabolism to further our 
understanding of important organ cross-talk in transported 
cattle.

It was hypothesized that increasing dietary Zn concentra-
tions would decrease muscle fatigue and therefore increase 
standing behavior as Zn supplemented steers would need less 
time to recover from a transit event. No differences in stand-
ing behavior were found, but it should be noted that standing 
observations were not continuous and some standing behav-
ior may have been missed. Since steers in the current study 
were preconditioned, they may have been more comfortable 

laying down to recover unlike unconditioned steers that will 
have increased standing time (Meléndez et al., 2021) and 
therefore longer recovery times. Since standing was similar 
from days 3 to 5, steers likely only needed 2 d to recover from 
muscle fatigue, indicating the general resiliency of cattle to 
recover from stress.

Though there were no differences among treatments at any 
time point for serum glucose, muscle glucose was increased 
posttransit in CON compared to both Zn treatments. Glucose 
uptake by the muscle is increased during exercise (Katz et al., 
1986; Hargreaves et al., 1992). The rate of glucose uptake by 
the muscle may be negatively associated with muscle glycogen 
concentrations (James et al., 1985; Hargreaves et al., 1992) 
as the muscle seeks energetic substrates. As such, CON may 
have increased muscle glucose after transportation because of 
a greater depletion of muscle glycogen than the Zn supple-
mented steers, though muscle glycogen was not measured in 
the present study. Similarly, there was a decrease in the rela-
tive expression of the glucose importer, solute carrier family 
2 member 4 (GLUT4) posttransit. The relative expression of 
GLUT4 likely decreased because blood insulin concentrations 
are decreased during exercise (James et al., 1985). Likewise, 
the posttransit decreased relative expression of GLUT4 may 
be tied with the decreased relative expression of solute carrier 
family 30 member 7 and solute carrier family 39 member 7 
(Znt7 and ZIP7, respectively). Huang et al. (2012) indicated 

Table 4. Blood serum metabolites of beef feedlot steers fed different concentrations of Zn and transported 18 h

 Treatment1  Contrasts

CON IND SUPZN SEM Linear Quadratic No Zn vs. Zn 

n = 18 steers n = 18 steers n = 18 steers

Lactate, mmol/L

 � Day –1*  5.5  4.7  4.9  0.25 0.35 0.45 0.25

 � Day 1*,5  6.6  4.7  5.9  0.26 0.27 0.01 0.04

 � Day 6*,5  4.9  4.0  4.5  0.20 0.43 0.18 0.20

Glucose, mg/dL

 � Day –1* 103  98 100  1.5 0.38 0.39 0.25

 � Day 1*  99  97 104  1.8 0.41 0.30 0.75

 � Day 6* 103  94 101  1.3 0.51 0.03 0.14

FRAP2, µM

 � Day –1 308 303 317 14.6 0.71 0.60 0.90

 � Day 15 278 281 282 13.8 0.83 0.96 0.83

 � Day 65 293 279 284 12.2 0.58 0.53 0.44

SUN3, mg/dL

 � Day –1  10.3  10.3  11.8  0.41 0.02 0.07 0.13

 � Day 1  8.9  8.6  9.8  0.36 0.12 0.06 0.52

 � Day 6  9.5  10.5  11.3  0.42 0.01 0.86 0.01

NEFA4, mEq/L

 � Day –1* 196 174 178  6.4 0.33 0.50 0.25

 � Day 1* 399 478 450 16.4 0.24 0.26 0.13

 � Day 6* 193 196 203  7.4 0.66 0.87 0.74

1Treatment were no supplemental Zn (CON), 70-mg supplemental Zn/kg DM (IND), and 120-mg supplemental Zn/kg DM (SUPZN). All supplemental Zn 
provided via Plexomin Zn (Phytobiotics, Cary, NC).
2Ferric reducing antioxidant power.
3Serum urea nitrogen.
4Nonesterified fatty acid.
5Outliers removed: Lactate (day 1) – 1 CON, 1 SUPZN; Lactate (day 6) – 1 IND; FRAP (day 1) – 1 CON, 1 SUPZN; FRAP (day 6) – 1 CON, 1 SUPZN.
*Back-transformed means are reported.
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insulin signaling was impaired in Znt7-knockout mice, and 
decreased expression of ZIP7 was linked to decreased expres-
sion of GLUT4 in C2C12 myoblast cells (Myers et al., 2013).

During prolonged exercise, amino acids are catabolized to 
provide energy to muscle. Phenylalanine can be utilized as a 
proxy for protein degradation, as it can be neither synthesized 
nor degraded in muscle (Henriksson, 1991). In the current 
study, CON had increased muscle concentrations of phenylal-
anine posttransit compared to Zn treatments, indicating CON 
had a greater need for muscle degradation to support energy 
metabolism during transportation. Serine can be directly 
deaminated into pyruvate and nitrogen via the zinc-depended 
enzyme serine dehydratase (Tanaka et al., 2011; Ito et al., 
2012). Muscle serine concentrations were increased posttran-
sit in all treatments, indicating the importance of serine to 
form pyruvate to enter gluconeogenesis and provide energy to 
the muscle during exercise. Posttransit, alanine was greater in 
CON and IND. Alanine is the critical amino acid for energy 
metabolism as it is the most common amino acid released 
from the muscle and absorbed by other organs (Marliss et 
al., 1971). The glucose-alanine cycle supports energy metab-
olism; alanine is created via transamination of nitrogen from 
catabolized amino acids and pyruvate in the muscle (Felig et 
al., 1970). Alanine is then transported to the liver where it 
undergoes deamination to form pyruvate which enters gluco-
neogenesis, and the nitrogen group enters the urea cycle (Felig 
et al., 1970). In spite of the increased creation of urea from 
catabolized amino acids, a lack of feed intake during transit 
likely explains the decrease in SUN on day 1 in all treatments. 

This is a similar result to Pettiford et al. (2008) who saw a 
decrease in blood urea nitrogen in steers transported for 6 h.

In the current study, plasma Zn increased with increasing 
dietary Zn concentrations, particularly posttransit. It should 
be noted that all treatments were considered adequate in Zn 
status at all timepoints based on reference ranges by Kincaid 
(2000). Though the value of plasma Zn as a status index is 
not fully understood, changes in plasma Zn may be more 
useful, reflecting changes in intake, response to stress, or 
exercise. On day 1, all treatments had increased plasma Zn 
concentrations due to transit, though the Zn treatments had 
greater plasma Zn concentrations than CON. Serum/plasma 
Zn concentrations are increased immediately after exercise 
(Chu et al., 2016). However, Zn intake and status can affect 
the increase in plasma Zn concentrations postexercise; men 
had smaller increases postexercise in plasma Zn concentra-
tions when consuming 3.6  mg Zn/d than when consuming 
8.6 or 33.6 mg Zn/d (Lukaski et al., 1984). This may be why 
the CON steers do not have as great of an increase in plasma 
Zn posttransit as they had lesser Zn intake per day than IND 
or SUPZN.

This study utilized a bis-glycinate bound source for all sup-
plemental Zn. Organic sources are generally assumed to be 
more bioavailable. Spears et al. (2004) noted an increase in 
liver Zn concentrations in the steers fed Zn glycine complex 
compared to those fed no Zn, Zn sulfate, or Zn methionine. 
Likewise, lambs supplemented with the same Zn source fed 
in the present study had increased plasma Zn concentrations 
compared to those supplemented with Zn sulfate (Deters et 

Table 5. Trace mineral concentrations of plasma and muscle by dietary treatment pretransit (day –1), posttransit (day 1), 6 d posttransit (day 6), and 27 d 
posttransit (day 27) in beef feedlot steers

 Treatment1  Contrasts

CON IND SUPZN SEM Linear Quadratic No Zn vs. Zn 

Plamsa2

Copper, mg/L

 � Day –1*,4 0.92 0.89 0.86 0.02 0.25 0.88 0.32

 � Day 1 1.08 1.04 0.99 0.04 0.12 0.84 0.19

 � Day 6* 1.00 0.95 0.97 0.02 0.66 0.53 0.51

 � Day 27*,4 0.85 0.84 0.80 0.02 0.39 0.72 0.52

Iron, mg/L

 � Day –1 2.06 2.05 2.08 0.10 0.89 0.85 0.96

 � Day 1 1.19 1.28 1.20 0.09 0.89 0.45 0.66

 � Day 6 2.03 2.00 2.30 0.13 0.18 0.27 0.45

 � Day 27 1.93 2.03 1.97 0.09 0.71 0.46 0.52

Zinc, mg/L

 � Day –14 1.08 1.09 1.15 0.04 0.15 0.54 0.29

 � Day 14 1.26 1.43 1.43 0.05 0.01 0.21 0.01

 � Day 6* 1.12 1.22 1.34 0.02 0.01 0.76 0.01

 � Day 27 1.10 1.20 1.25 0.04 0.01 0.77 0.01

Muscle3

Zinc, mg/kg DM

 � Day 28 181 182 155 11.4 0.09 0.25 0.30

1Treatment were no supplemental Zn (CON), 70-mg supplemental Zn/kg DM (IND), and 120-mg supplemental Zn/kg DM (SUPZN). All supplemental Zn 
provided via Plexomin Zn (Phytobiotics, Cary, NC). Zinc supplementation started on day –25, relative to trucking.
2Steers per treatment: CON, n = 18; IND, n = 18; SUPZN, n = 18.
3Steers per treatment: CON, n = 12; IND, n = 12; SUPZN, n = 11.
4Outliers removed: Plasma: Copper (day –1) – 1 SUPZN;Copper (day 27) – 1 CON;Zinc (day –1) – 2 SUPZN; Zinc (day 1) – 1 CON, 1 SUPZN.
*Back-transformed means are reported.



10 Journal of Animal Science, 2022, Vol. 100, No. 9 

al., 2021). As 77.3% of consulting nutritionists report using 
blends of inorganic and organic sources in receiving diets 
(Samuelson et al., 2016), further research should be con-
ducted to determine if similar results are obtained using a 
blend of inorganic and organic Zn sources and if supplemen-
tal concentrations should be altered.

To conclude, the present study utilized metabolomic and 
gene expression approaches in addition to blood chemistry to 
elucidate mechanisms and identify potential areas for future 

study to improve cattle welfare in response to transit. Over-
all, supplementing greater amounts of Zn improved DMI and 
ADG of cattle posttransit, suggesting Zn is important to the 
resiliency and recovery of cattle undergoing long distance 
transit. Muscle metabolites associated with changes in energy 
metabolism (lactate, alanine, serine) were increased posttran-
sit, and muscle glucose was greater in CON posttransit than 
the Zn treatments, potentially indicating greater need for 
energy substrates in CON muscle. Providing supplemental Zn 

Table 6. Muscle metabolites of beef feedlot steers fed different concentrations of Zn and transported for 18 h

Pretransit3

IND1 vs. CON SUPZN vs. CON IND vs. SUPZN

Name FC2 P-value2 Name FC P-value Name FC P-value 

5-Oxoproline 0.64 0.03 Urea 1.41 0.01 Urea 0.73 0.03

3-Hydroxybutyric acid 1.63 0.09 Lactic Acid 1.29 0.03 L-Alanine 0.69 0.03

Serine 0.75 0.10 L-Valine 1.28 0.03 L-Proline 0.75 0.03

3-Hydroxybutyric acid 1.89 0.03 L-Valine 0.77 0.05

5-Oxoproline 0.74 0.05

Lactic Acid 0.79 0.06

Allothreonine 0.72 0.06

Malic acid 0.71 0.09

Butanedioic acid 0.72 0.10

Posttransit4

IND vs. CON SUPZN vs. CON IND vs. SUPZN

Name FC P-value Name FC P-value Name FC P-value 

L-Phenylalanine 0.67 0.06 D-Glucose 0.52 0.01

D-Glucose 0.56 0.10 L-Norleucine 1.32 0.04

L-Phenylalanine 0.61 0.04

L-Valine 1.26 0.08

Posttransit v Pretransit within a single Zn treatment

CON IND SUPZN

Name FC P-value Name FC P-value Name FC P-value 

p-Toluic acid 2.38 0.01 Allothreonine 2.51 0.01 p-Toluic acid 2.49 0.01

D-Glucose 3.83 0.01 p-Toluic acid 2.95 0.01 Allothreonine 2.20 0.01

Galactopyranose 3.03 0.01 Serine 1.91 0.01 Serine 1.89 0.01

Allothreonine 2.03 0.01 Butanedioic acid 1.64 0.03 Malic acid 0.60 0.02

Serine 1.63 0.02 L-Alanine 1.57 0.06 Myristic acid 1.72 0.02

L-Phenylalanine 1.52 0.02 3-Hydroxybutyric acid 0.70 0.07 Octanoic acid 1.67 0.07

Hydroxyproline 1.61 0.04 Lactic acid 1.47 0.07 Octadecanoic acid 1.54 0.08

L-Glutamine 3.52 0.04 L-Glutamic acid 0.71 0.08

Lactic acid 1.65 0.04

L-Glutamic acid 0.69 0.06

L-Alanine 1.53 0.07

L-Norleucine 0.75 0.09

1CON, no supplemental Zn (n = 12 steers); IND, 70-mg supplemental Zn/kg DM (n = 12 steers); SUPZN, 120-mg supplemental Zn/kg DM (n = 11 steers). 
All supplemental Zn provided through Plexomin Zn (Phytobiotics, Cary, NC).
2Identified muscle metabolites were analyzed in MetaboAnalyst 5.0 (Chong et al., 2018; Xia Lab, McGill, CA) using a student’s t-test and differential 
abundance classification (FC ≥ 1.25; P ≤ 0.1). Differences were reported as fold changes (FC; FC = first contrast parameter AUC/second contrast parameter 
AUC).
3Pretransit samples were collected postfeed access on the day before the 18-h transit event (day –1).
4Posttransit samplers were collected the day steers arrived back to the farm after steers had been weighed, had blood drawn, and had access to feed (d 1)
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may be a practical and affordable way to prevent prolonged 
transit-induced hunger and increased muscle fatigue indica-
tors, improving overall animal welfare.

Supplementary Data
Supplementary data are available at Journal of Animal 
Science online.
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MAPK14 Regulation/phosphorylation 1.00 0.80 0.18 0.03 1.00 0.80 0.80 0.20 0.10

MAPK3 Regulation/phosphorylation 1.00 0.67 0.19 0.03 1.00 0.92 0.99 0.23 0.91

MT2A Zinc binding protein 1.00 2.19 0.38 0.02 1.00 0.86 0.67 0.21 0.56

MYOD14 Muscle cell differentiation 1.00 0.58 0.18 0.01  1.00b  0.59a  0.72a 0.21 0.01

NFKB2 Inflammation 1.00 1.41 0.25 0.21 1.00 0.81 0.57 0.21 0.17

PDP1 Energy metabolism 1.00 0.65 0.19 0.01 1.00 1.00 0.79 0.22 0.54

P1K3CG Immune system 1.00 0.80 0.21 0.11 1.00 1.05 0.93 0.25 0.77

SDHA Energy metabolism 1.00 1.52 0.27 0.03 1.00 0.96 0.78 0.21 0.57

SLC16A1 Lactate transporter 1.00 0.90 0.19 0.61 1.00 0.72 0.98 0.22 0.55

SLC16A3 Lactate transporter 1.00 0.44 0.18 0.01 1.00 0.86 0.64 0.22 0.20

SLC2A4 Glucose transporter 1.00 0.62 0.19 0.01 1.00 0.82 0.75 0.21 0.37

SLC30A7 Zinc transporter 1.00 0.61 0.19 0.01 1.00 1.12 0.79 0.25 0.46

SLC39A14 Zinc transporter 1.00 1.58 0.28 0.19  1.00y  0.95xy  0.62x 0.23 0.09

SLC39A7 Zinc transporter 1.00 0.74 0.20 0.07 1.00 0.87 1.01 0.23 0.64

SLC39A8 Zinc transporter 1.00 0.60 0.22 0.01 1.00 0.85 1.07 0.27 0.61

SOD1 Antioxidant 1.00 1.00 0.18 0.99 1.00 1.16 1.02 0.24 0.85

1Relative quantification to PRE.
2Relative quantification to CON.
3Gene abbreviations: AMPD1, adenosine monophosphate deaminase 1; IL15, interleukin 15; LDHB, lactate dehydrogenase B; MAPK1, mitogen-activated 
protein kinase 1; MAPK3, mitogen-activated protein kinase 3; MT2A, metallothionein 2A; MYOD1, myogenic differentiation 1; NFKB2, nuclear factor 
kappa B subunit 2; PDP1, pyruvate dehydrogenase phosphatase catalytic subunit 1; PIK3CG, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit gamma; SDHA, succinate dehydrogenase complex flavoprotein subunit A; SLC16A1, solute carrier family 16 member 1; SLC16A3, solute carrier 
family 16 member 3; SLC2A4, solute carrier family 2 member 4; SLC30A7, solute carrier family 30 member 7; SLC39A14, solute carrier family 39 member 
14; SLC39A7, solute carrier family 39 member 7; SLC39A8, solute carrier family 39 member 8; SOD1, superoxide dismutase 1.
4The interaction of treatment × day tended to affect the relative expression of MAPK1 (CON-PRE: 1, IND-PRE: 0.71, SUPZN-PRE: 0.61, CON-POST: 
0.62, IND-POST: 0.56, SUPZN-POST: 0.64, SEM: 0.29; P = 0.10) and MYOD1 (CON-PRE: 1, IND-PRE: 0.46, SUPZN-PRE: 0.80, CON-POST: 0.53, 
IND-POST: 0.40, SUPZN-POST: 0.34, SEM: 0.30; P = 0.08) but had no effect on any other relative gene expression (P ≥ 0.14).
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