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Abstract

Temperamental cattle tend to yield carcasses of poorer quality, and Brahman cattle are reportedly more temperamental
than non-indicus cattle breeds. A potential link between temperament and product quality may be mitochondrial activity.
We hypothesized that mitochondrial measures would be greater in temperamental compared with calm heifers and that
the relationships between temperament and mitochondria would persist as heifers age. Serum cortisol and skeletal muscle
(longissimus thoracis [LT] and trapezius [TRAP]) mitochondrial profiles and antioxidant activities were quantified from

the same calm (n = 6) and temperamental (n = 6) Brahman heifers at 8, 12, and 18 mo of age. Data were analyzed using a
mixed model ANOVA in SAS (9.4) with repeated measures. Serum cortisol was greater in temperamental compared with
calm heifers throughout the study (P = 0.02). Mitochondrial volume density (citrate synthase [CS] activity) increased over
time (P < 0.0001) but was similar between temperament and muscle groups. Mitochondrial function (cytochrome c oxidase
activity) was greatest in the temperamental LT at 8 mo of age (P < 0.0006), greatest in the temperamental TRAP at 18 mo of
age (P < 0.003), and did not differ by temperament at 12 mo of age. Integrative (relative to tissue wet weight) mitochondrial
oxidative phosphorylation capacity with complex I substrates (P), P., plus complex II substrate (P, ), noncoupled electron
transfer system capacity (E,,), and E with functional complex II only (E_) were greater in the TRAP than LT for calm heifers
at all ages (P < 0.002), but were similar between muscle groups in temperamental heifers. Overall, calm heifers tended to
have greater intrinsic (relative to CS activity) P, and flux control of P (P < 0.1) than temperamental heifers, indicating
greater utilization of complex I paired with greater coupling efficiency in calm heifers. Within the LT, integrative P was
greater (P = 0.05) and E__ tended to be greater (P = 0.06) in temperamental compared with calm heifers. From 8- to 18-mo
old, glutathione peroxidase (GPx) activity decreased (P < 0.0001) and superoxide dismutase activity increased (P = 0.02), and
both were similar between muscle groups. The activity of GPx was greater in temperamental compared with calm heifers at
8 (P = 0.004) but not at 12 or 18 mo of age. These results detail divergent skeletal muscle mitochondrial characteristics of live
Brahman heifers according to temperament, which should be further investigated as a potential link between temperament
and product quality.
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Abbreviations
ATP adenosine triphosphate
BIOPS biopsy preservation solution

10 mM Ca-EGTA buffer 0.1mM free calcium, 20 mM
imidazole, 20 mM taurine, 50 mM
K-MES, 0.5 mM dithiothreitol,
6.56 mM MgCIZ, 5.77 mM ATP, and

15 mM phosphocreatine, pH 7.1

CI complex I

CII complex II

COX cytochrome c oxidase

Cs citrate synthase

cytc cytochrome ¢

Eon maximal electron transfer capacity

not coupled with oxidative
phosphorylation (noncoupled)

E. electron transfer capacity with
functional complex II (complex
I inhibited)

ETS electron transport system

FCR flux control ratio

FCR flux control ratio of electron transfer

ECII
with functional CII

FCR, flux control ratio of LEAK

FCR,, flux control ratio of coupled oxidative
phosphorylation with complex
I substrates

FCR,,.. flux control ratio of well-coupled
oxidative phosphorylation with
complex I and II substrates

GPx glutathione peroxidase

HRR high-resolution respirometry

LEAK LEAK respiration; uncoupled
consumption of O2 prior to
adenosine diphosphate addition
during high-resolution respirometry

LT longissimus thoracis muscle

OXPHOS oxidative phosphorylation

P oxidative phosphorylation capacity

P, oxidative phosphorylation with CI
substrates, pyruvate, malate, and
glutamate

Pou well-coupled oxidative
phosphorylation with CI substrates,
pyruvate, malate, and glutamate, and
complex II substrate, succinate

PGC1-a peroxisome proliferator-activated receptor
gamma coactivator 1-a

ROS reactive oxygen species

SOD superoxide dismutase

TRAP trapezius muscle

Introduction

Recent work indicated that Brahman-influenced calves were
significantly discounted in live animal prices compared with
non-Brahman calves (Russell et al., 2016b). This economic
penalty may be due to Brahman cattle being reportedly more
temperamental than non-indicus cattle breeds and yielding
carcasses of lesser quality (Cover et al., 1957; Fordyce et al.,
1988; Kerth, 2013; Ponnampalam et al., 2017). In view of recent
efforts focused on the identification of biomarkers to predict

meat quality (Cassar-Malek and Picard, 2016), we propose that
skeletal muscle mitochondrial profiles in live animals may be
related to temperament, which may serve as the link between
temperament and product quality.

Mitochondria are vitally important organelles that are
referred to as the powerhouse of the cell because they are a
significant source of energy (Kiithlbrandt, 2015). Mitochondria
not only play pivotal regulatory energetic roles that determine
cell growth, metabolism, stress responses, and even cell death
(Bratic and Larsson, 2013) but are also the primary source of
reactive oxygen species (ROS) production during elevated
respiration, which is often concomitant with chronic stress
(Brooks et al., 2005). Temperamental cattle have elevated
circulating concentrations of the stress hormone and cortisol
and exhibit an endophenotype of chronic stress (Curley et al.,
2006). Therefore, temperamental cattle may be at particular
risk for ROS-induced cell dysfunction or death if antioxidant
mechanisms are insufficient to combat excess ROS production
(Peternelj and Coombes, 2011).

The objectives of this initial, longitudinal study were to
determine relationships between temperament, age, and
skeletal muscle mitochondrial capacity and antioxidant
enzyme activities in Brahman heifers. We hypothesized that
temperamental heifers would have greater mitochondrial
function and capacity and antioxidant capacity (related
to greater ROS production) than calm heifers. We further
hypothesized that these temperament-related differences
would persist as the heifers aged.

Materials and Methods

All care, procedures, and handling of animals were reviewed
and approved by the Texas A&M AgriLife Research Agriculture
Animal Care and Use Committee.

Cattle

Cattle were maintained on Coastal bermudagrass or
ryegrass pastures at the Texas A&M Agrilife Research and
Extension Center in Overton, TX. After recovery from the
stress of weaning, the 6 calmest and 6 most temperamental
Brahman heifers from a population of 50 individuals were
selected for the study. Mean (+SEM) age and weight at
weaning was 6.6 +£0.1 mo and 199.0 + 0.1 kg, respectively.
Temperament was determined by exit velocity and pen score
as previously described (Curley et al., 2006). Throughout the
study, the administration of vaccines and parasiticides was
uniform among all heifers and consistent with current best
management practices.

Sample collection

Blood and muscle samples were collected from all heifers
at 8, 12, and 18 mo of age. To facilitate sample collection and
processing, heifers were randomly divided into four groups of
three heifers each with at least one heifer of each temperament
represented in each of the four groups. At each collection period
(8, 12, and 18 mo), samples were collected from one group of
three heifers per day over four consecutive days, beginning at
0800 hours each day.

At each sampling period, approximately 10 mL of blood
was collected from each heifer by venipuncture of the jugular
vein into evacuated tubes (Vacutainer; Becton, Dickson and Co.,
Franklin Lakes, NJ) free of anticoagulant. For serum harvest,
samples were allowed to clot on ice for approximately 6 h



and then were centrifuged at 1,600 xg with the supernatant
aliquoted and replicates stored at —80 °C until analysis of cortisol
concentration.

Tissue samples were collected from the longissimus
thoracis (LT) and the cervical trapezius (TRAP) muscles to
compare a postural muscle of high economic value to a
semi-locomotory muscle of low economic value, respectively.
Collection procedures were followed as previously described
(Li et al., 2016). The site of collection for the TRAP muscle
was in the center of a triangular shape created by tracing
imaginary lines along the jugular groove, shoulder, and
spinal column in the neck. The site of collection for the LT
was adjacent to and along the thoracic vertebrae, between
the 11th and 13th ribs, 2.54 cm lateral from the midline. For
subsequent collections, we moved in a straight line of 1.27 cm
toward the posterior of the animal from the prior biopsy site.
Prior to muscle tissue collection, the area to be collected was
clipped, cleaned with 7.5% betadine scrub, and rinsed with
70% ethanol. Local anesthetic (0.1 mL of Lidocaine; Sparhawk
Laboratories, Inc., Lenexa, KS) was administered to the biopsy
site subcutaneously to numb the dermal tissue. A 14-gauge
needle was used to create the initial puncture through the
skin. Tissue was collected using a 14-gauge tissue collection
needle (SuperCore Semi-Automatic Biopsy Instrument, Argon
Medical Devices, Frisco, TX) by insertion of the biopsy needle
to a standardized depth of 3 to 5 cm based on animal age
(increased depth as animals grew) into the muscle at a 90°
angle. Following collection, an aluminum aerosol bandage
was applied to the collection site to prevent infection.

Approximately, 200 mg of tissue was collected from the
LT and TRAP for each heifer at each sampling period. One
aliquot of tissue was immediately placed in ice-cold biopsy
preservation solution (BIOPS; Oroboros, Innsbruck, Austria;
10 mM Ca-EGTA buffer, 0.1uM free calcium, 20 mM imidazole,
20 mM taurine, 50 mM K-MES, 0.5 mM dithiothreitol, 6.56 mM
MgCl,, 5.77 mM adenosine triphosphate (ATP), and 15 mM
phosphocreatine; pH 7.1) and placed on ice or stored at
4 °C for same-day (within 24 h post-collection) analysis of
oxidative capacity by high-resolution respirometry (HRR).
The remaining three samples were placed in cryovials and
immediately flash-frozen in liquid nitrogen for analysis of
citrate synthase (CS), cytochrome c oxidase (COX), glutathione
peroxidase (GPx), and superoxide dismutase (SOD) activities;
samples were stored at -80 °C until analysis. Before enzyme
analyses, frozen muscle tissue was cryopulverized into a
fine powder using a liquid nitrogen-cooled cryopulverizer
(Spectrum Bessman Tissue Pulverizer; Spectrum Laboratories,
Inc., Rancho Dominguez, CA).

Serum cortisol

Serum  cortisol  concentrations were analyzed by
radioimmunoassay as previously described (Curley et al., 2006).
Samples were assayed in duplicate in a single assay with a
coefficient of variation (CV) of 5%.

Muscle mitochondrial enzymes

Mitochondrial volume density and function of skeletal muscle
samples were determined by analysis of CS and COX activities,
respectively (Larsen et al., 2012; Meinild Lundby et al., 2018), as
previously described (White et al., 2017). Each cryopulverized
skeletal muscle tissue sample was sonicated (F60 Sonic
Dismembrator, Fisher Scientific, Waltham, MA) in sucrose
homogenization buffer (20 mM Tris, 40 mM KCl, 2 mM EGTA,
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and 250 mM sucrose, pH 7.4) with 0.05% detergent (n-Dodecyl
-D-maltoside; Sigma D4641) on ice and centrifuged at 11,000 x
g for 3 min. The supernatant was stored at —-80 °C until analysis.
Enzymatic activities were measured using a microplate reader
(Synergy HT, BioTek Instruments, 237 Winooski, VT, USA) as
previously described (Spinazzietal.,2012; Liet al., 2016). A 40-fold
dilution of the muscle homogenate was used for the analysis
of CS and COX. Briefly, CS activity was determined measuring
the linear rate of reaction of free CoA-SH with 5,5-dithio-bis-
(2-nitrobenzoic acid) at 412 nm at 37 °C, and COX activity was
determined by measuring the linear rate of oxidation of fully
reduced cytochrome c (cyt ¢) at 550 nm (Spinazzi et al., 2012).
Samples were analyzed in duplicate, with intra-assay CVs of
3.4% and 3.2% and inter-assay CVs of 3.1% and 4.8% for CS and
COX activities, respectively.

Enzyme activities in muscle homogenates were normalized
to total protein (integrative activity) determined using the
Bradford Protein Assay Kit (Thermo Scientific, Rockford, IL).
The activity of COX was further normalized to mitochondrial
content (intrinsic activity) by dividing by CS activity as a marker
of mitochondrial volume density in the sample (Larsen et al.,
2012; Meinild Lundby et al., 2018).

High-resolution respirometry

Samples stored on ice in BIOPS were cleaned of fat and
connective tissue and analyzed for mitochondrial capacity
by HRR within 24 h of collection as previously described (Li
et al,, 2016; Latham et al., 2019). Oxygen flux and respiratory
states were determined by HRR with the following substrate-
uncoupler-inhibitor titration protocol as described by Latham
et al. (2019): 1) pyruvate (5 mM) and malate (2 mM) to support
electron flow through complex I (CI) of the electron transport
system (ETS; LEAK respiration); 2) adenosine diphosphate
(ADP; 2.5 mM) to stimulate respiration (OXPHOS; P); 3) cyt ¢
(10 pM) to assess outer mitochondrial membrane integrity
(samples with responses to cyt c greater than 15% were
excluded); 4) glutamate (10 mM) as an additional CI substrate
(P,) and succinate (10 mM) to support convergent electron
flow through complex II (CII) of the ETS (P,,); 5) uncoupler
carbonyl cyanide 3-chlorophenylhydrazone (0.5 uM steps) to
assess maximum noncoupled ETS capacity (E,,); 6) rotenone
(0.5 pM), an inhibitor of complex I, to measure ETS capacity
of complex II (E,); 7) antimycin A (2.5 uM), an inhibitor of
complex III, to measure residual oxygen flux independent of
the ETS. Experiments were conducted at 37 °C in hyperoxic
(200 to 500 yM O,) conditions. Respiratory state fluxes are
presented on an integrative (per mg tissue wet weight) and
intrinsic (per CS activity) basis. To convert CS activity from
nmol - min - mg protein™ to pmol - s! - mg tissue1 for
intrinsic HRR calculations, total protein for each sample was
converted from mg protein/mL to mg protein/mg tissue using
a known homogenization dilution factor of 1 mg tissue to
0.04 mL buffer. Subsequently, appropriate conversion factors
for nmol to pmol and min to sec were used to complete the
calculation. The sample flux control ratio (FCR) for each
complex was calculated by dividing the flux in each complex
by the sample’s E_, flux.

CI+II

Antioxidant enzymes

SOD and GPx activities were measured using commercially
available kits (SOD: NWK-SODO02; GPx: NWK-GPX01; Northwest
Life Science Specialties, LTC, Vancouver, WA). Cryopulverized
tissue was homogenized in extraction buffer (0.1 M KH,PO,,
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1 mM EDTA, pH 7.2) at 1,400 rpm for 15 min at 4 °C, sonicated
on ice, and centrifuged at 11,000 xg for 3 min at 0 °C. The
supernatant was collected and stored at —80 °C until analysis.
Forty-fold dilutions were used for both antioxidant assays.
Samples for SOD were analyzed in triplicate with an intra-assay
CV of 3.8% and inter-assay CV of 3.8%; samples for GPx were
analyzed in duplicate with an intra-assay CV of 4.0% and inter-
assay CV of 9.1%.

Statistical analyses

Data were analyzed using a repeated measures analysis of
variance in SAS (Version 9.4, SAS Institute Inc., Cary, NC). Fixed
effects included temperament, muscle, age, and all interactions.
Data were tested for normality and log-transformed prior to
analysis if not normally distributed. All data are expressed as
least squares means + SEM. Significance was declared at P <0.05,
and trends were declared at 0.05 < P <0.10.

Results

Serum cortisol

Temperamental heifers had greater serum cortisol than calm
heifers through 18 mo of age (P = 0.02; Figure 1). There was a
trend for an overall effect of age (P = 0.08), where serum cortisol
was similar from 8 to 12 mo of age but increased from 12 to 18
mo of age (P = 0.04; Figure 1). There was no temperament x age
interaction influencing serum cortisol concentration.

Muscle mitochondrial enzymes

There was a trend for a muscle x age interaction (P = 0.06) but no
effect of temperament on CS activity (Table 1). Overall, CS activity
increased from 8 to 18 mo of age (P < 0.0001) but the temporal
pattern of increase differed between the LT and TRAP. In the LT,
CS activity was similar from 8 to 12 mo and increased from 12 to
18 mo of age (P = 0.0001). In contrast, CS activity increased from 8
to 12 mo (P < 0.0001) in the TRAP but plateaued from 12 to 18 mo
of age (Table 1). The activity of CS was greater in the LT than the
TRAP at 8 mo (P = 0.003) but was similar between muscle groups
at 12 and 18 mo of age (Table 1).

Integrative (relative to mg protein) COX activity was
influenced by a three-way interaction between temperament,
age, and muscle (P = 0.001; Table 1). Over time, COX activity
decreased from 8 to 12 mo (P < 0.0001) but plateaued from 12 to 18

50
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Figure 1. Serum cortisol concentration in calm (n = 6) and temperamental (n = 6)
Brahman heifers at 8, 12, and 18 mo of age. The overall effects of temperament
(P =0.02), age (P = 0.08), and temperament x age (P = 0.473) by repeated measures
ANOVA. *Temperamental > Calm (P > 0.05).

mo of age in calm and temperamental LT, remained unchanged
through 18 mo of age in calm TRAP, and tended to increase from
8 to 12 mo (P = 0.1) and continued to increase from 12 to 18 mo
of age in temperamental TRAP (P = 0.03; Table 1). At 8 mo of age,
COX activity was greatest in the LT of temperamental heifers
(P < 0.0006), second greatest in the LT of calm heifers (P < 0.003),
and tended to be greater in calm compared with temperamental
TRAP (P = 0.1; Table 1). At 12 mo of age, COX activity was greater
in the TRAP than the LT (P = 0.005) but was similar between calm
and temperamental heifers within each muscle group. By 18 mo
of age, COX activity in temperamental TRAP was greater than
calm and temperamental LT (P < 0.003) and tended to be greater
than calm TRAP (P = 0.08; Table 1).

Similar to CS activity, intrinsic (relative to CS activity) COX
activity was influenced by a muscle x age interaction (P < 0.0001)
but not by temperament (Table 1). Intrinsic COX activity was
greater at 8 compared to 12 and 18 mo of age (P < 0.0001) in the
LT. In contrast, intrinsic COX activity was unaffected by age in
the TRAP (Table 1). At 8 mo of age, intrinsic COX activity was
greater in the LT than the TRAP (P < 0.0001), whereas activity
was greater in the TRAP than LT at both 12 and 18 mo of age
(P <0.009; Table 1).

High-resolution respirometry

Integrative (relative to tissue wet weight) LEAK respiration
increased at 18 mo of age (P < 0.0001) but was similar between
muscles and unaffected by temperament (Table 2). Intrinsic
(relative to unit CS) LEAK was greater at 8 compared with 12 and
18 mo of age (P < 0.0001); intrinsic LEAK also tended to be greater
in the TRAP than the LT (P = 0.08; Table 2).

Integrative oxidative phosphorylation capacity (P) with
complex I substrates (P,) and with complex I+II substrates
(well-coupled; P ) were affected by interactions of muscle
and temperament (P = 0.03) and muscle and age (P < 0.02); P
also showed a trend for an interaction of temperament and
age (P = 0.09; Table 2). Within calm heifers, integrative P_ and
P, were greater in the TRAP than the LT (P < 0.01) but were
not different between muscles within temperamental heifers
(Table 2). In both muscles and temperament groups, integrative
P decreased from 8 to 12 mo (P < 0.0001) and increased from 12 to
18 mo of age (P < 0.0001; Table 2). In the LT and in temperamental
heifers, P, was similar at 18 compared with 8 mo of age, while
P, in the TRAP and in calm heifers was greater at 18 than 8
mo of age (P < 0.05). This is primarily due to a marked increase
in integrative P_ in the TRAP of calm heifers at 18 mo of age
(P < 0.0001; Table 2). Calm heifers had greater integrative P
than temperamental heifers in the TRAP (P = 0.03) but lesser P
than temperamental heifers in the LT (P = 0.05; Table 2).

Similar to integrative P and P, both integrative E_  and
E with complex II only (E,) were greater in the TRAP than
LT of calm (P < 0.002) but were similar between muscles in
temperamental heifers (Table 2). There was a trend for both
measures to be greater in temperamental compared with calm
LT (P < 0.06; Table 2). Overall, E_  was greatest at 8 mo of age
(P <0.05), least at 12 mo of age (P < 0.02), and intermediate at
18 mo of age (Table 2). A trend for an effect of age (P = 0.07)
suggested that integrative E_, tended to decrease from 8 to 12
mo of age (P = 0.08) and was lesser at 18 compared with 8 mo of
age (P = 0.03; Table 2).

Intrinsic (relative to CS activity) P, and P_ , were affected
by the interaction of muscle and age (P = 0.03; Table 3). Both
measures decreased from 8 to 12 mo of age (P <0.04) and tended
to increase from 12 to 18 mo of age (P < 0.1) in the TRAP but
were unaffected by age in the LT. As such, the TRAP had greater

CI+IT

CI+IT
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Table 1. CS and integrative (relative to mg protein) and intrinsic (relative to unit citrate synthase [U CS]) COX activities in the LT and TRAP
muscles from calm (n = 6) and temperamental (Temp; n = 6) Brahman heifers at 8, 12, and 18 mo of age

P-value
Temp x Musc
Variable Temperament Muscle 8 mo 12 mo 18 mo SEM Temp Musc Age x Age
CS activity, nmol - min*- Calm LT 16.7% 26.2* 38.2* 2.2 0.760 0.039 <0.0001 0.731
mg protein™ TRAP 12.12 28.07 31.4"
Temp LT 23.3b 21.3 38.8"t
TRAP 12.72 27.4* 33.0"
Integrative COX activity, Calm LT 20.3° 7 48 9.9%* 2.1 0.522 0.174  <0.0001 0.001
nmol - min™ - mg TRAP 11.02 13.3f 12.69
protein? Temp LT 31.3¢ 4.6% 8.5%*
TRAP 5.72 11.1¢f 18.0v*t
Intrinsic COX activity, Calm LT 1.34¢ 0.269 0.27% 0.09 0.652 0.287  <0.0001 0.167
nmol - min?- U CS*? TRAP 0.77° 0.54¢ 0.43*
Temp LT 1.37¢ 0.19¢ 0.27%*
TRAP 0.512 0.56¢ 0.58Y

afxy Within variable and column, means with different letters differ (P < 0.05).
*Within row, mean differs from 8 mo (P < 0.05).
tWithin row, mean differs from 12 mo (P < 0.05).

Table 2. Integrative (relative to mg tissue) leak, P_, P, , E..., and E_ in the LT and TRAP muscles from calm (n = 6) and temperamental (Temp;

n = 6) Brahman heifers at 8, 12, and 18 mo of age

P-value
0, flux,
pmol - sec?- Temp x
mg tissue™ Temperament Muscle 8 mo 12 mo 18 mo SEM Temp Musc Age Musc x Age
LEAK Calm LT 1.63 0.61 3.741 0.87 0.540 0.393 <0.0001 0.866
TRAP 1.80 1.77 5.25"
Temp LT 1.61 0.90 4.10"
TRAP 1.32 0.15 3.88"f
P Calm LT 21.2¢ 10.4* 21.3¢ 2.1 0.850 0.139 <0.0001 0.365
TRAP 21.8° 14.6" 30.0t
Temp LT 28.9° 10.5* 22.3<*t
TRAP 21.6° 14.4* 23.0¢
Pon Calm LT 33.7¢ 25.5" 26.8* 2.7 0.900 0.017 <0.0001 0.306
TRAP 36.0% 323 44 90t
Temp LT 42.7° 25.2* 32.6°
TRAP 35.3%® 27.9 34.3*
Eqn Calm LT 39.1 30.1¢* 32.3% 2.9 0.750 0.0005 0.0002 0.798
TRAP 44.9 40.2¢ 47.0
Temp LT 46.8 30.8% 36.99*
TRAP 45.6 35.94 42.1v*
E Calm LT 21.9° 21.8 16.6 1.9 0.688 0.024 0.070 0.325
TRAP 25.0% 23.8 26.8*
Temp LT 27.4° 21.2* 20.79*
TRAP 24.3% 22.5 22.4y*

abdexz\Within variable and column, means with different letters differ (P < 0.05).
*Within row, mean differs from 8 mo (P < 0.05).
tWithin row, mean differs from 12 mo (P < 0.05).

intrinsic P, and P than the LT at 8 and 18 mo of age (P < 0.0001) 0.04) in the LT but was unaffected by age in the TRAP (Table 3).

CI+IT

but muscles were similar at 12 mo of age (Table 3). Calm heifers Intrinsic E_; was unaffected by temperament (Table 3).
also tended to have greater intrinsic P, than temperamental .
heifers (P = 0.1; Table 3). Flux control ratios

Intrinsic E_ ; tended to be greater in the TRAP than LT at all FCRs signify the contribution of each complex to total E
ages (P = 0.09) and tended to be greater in temperamental than capacity. The FCR of LEAK (FCR)) was greater at 18 than 8 and
calm heifers at 18 mo of age (P = 0.08; Table 3). Intrinsic E_, on 12 mo of age (P < 0.0001) but was unaffected by temperament
the other hand, was greater at 12 than 8 or 18 mo of age (P < or muscle (Table 4). The FCR of complex I-supported P (FCR

PCI)
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Table 3. Intrinsic (relative to CS activity) leak, P_, P, E

and E; in the LT and TRAP muscles from calm (n = 6) and temperamental (Temp;

CI? © CI+II’ ~'Cl+II?
n = 6) Brahman heifers at 8, 12, and 18 mo of age
P-value
O, Flux,
pmol-sec?-UCS? Temperament Muscle 8 mo 12mo 18mo SEM  Temp Musc Age Temp x Musc x Age
LEAK Calm LT 1.46% 0.07* 0.17* 0.27 0.939 0.083 < 0.0001 0.513
TRAP 1.84% 0.10* 0.32*
Temp LT 1.202 0.08" 0.16"
TRAP 2.32% 0.10* 0.18*
P Calm LT 1.70% 1.89 1.47% 0.16 0.109 < 0.0001 0.861 0.370
TRAP 2.60° 2.18 2.88Y
Temp LT 1.242 1.60 1.54*
TRAP 2.66° 1.87 2.40v
Pou Calm LT 1.98¢ 2.24 1.57% 0.32 0.482 < 0.0001 0.599 0.404
TRAP 3.22° 2.70 3.27v
Temp LT 1.522 2.00 1.72%
TRAP 3.53° 2.45 2.96Y
Eon Calm LT 2.61 2.324e 1.84 0.46 0.896 0.087 0.651 0.862
TRAP 2.75 3.59¢ 2.10"
Temp LT 2.52 2.004 2.63
TRAP 2.66 2.674¢ 2.93
E, Calm LT 1.10® 1.59* 0.86*t  0.16 0.943 < 0.0001 0.021 0.168
TRAP 1.54b¢ 1.71 1.70v
Temp LT 0.84° 1.36" 0.96*
TRAP 1.97¢ 1.73 1.60¥

aexyWithin variable and column, means with different letters differ (P < 0.05).

*Within row, mean differs from 8 mo (P < 0.05).
tWithin row, mean differs from 12 mo (P < 0.05).

Table 4. FCR, FCR,, FCR,, and FCR, in the LT and TRAP muscles from calm (n = 6) and temperamental (Temp; n = 6) Brahman heifers at g,
12, and 18 mo of age
P-value
FCR! Temperament Muscle 8 mo 12 mo 18 mo SEM Temp Musc Age Temp x Musc x Age
FCR, Calm LT 0.04 0.03 0.12*t 0.02 0.599 0.998 <0.0001 0.941
TRAP 0.03 0.05 0.11*f
Temp LT 0.04 0.03 0.10
TRAP 0.04 0.03 0.10f
FCR,, Calm LT 0.54 0.34* 0.601 0.03 0.732 0.246 <0.0001 0.625
TRAP 0.48 0.39* 0.59*t
Temp LT 0.54 0.36* 0.61f
TRAP 0.49 0.38* 0.54f
FCR,,., Calm LT 0.86 0.85¢ 0.86%  0.02 0.089 0.019 0.020 0.109
TRAP 0.80 0.82% 0.89v*t
Temp LT 0.83 0.81¢% 0.881
TRAP 0.81 0.78¢ 0.81*
FCR,, Calm LT 0.58 0.73¢* 0.54f 0.03 0.238 0.152 <0.0001 0.562
TRAP 0.56 0.66%* 0.56"
Temp LT 0.54 0.69%* 0.57t
TRAP 0.56 0.634 0.54f

!Calculated as the variable of interest divided by the electron transfer capacity with complex I+II (E

<.n) of the sample.

dexy\Within variable and column, means with different letters differ (P < 0.05).

*Within row, mean differs from 8 mo (P < 0.05).
*Within row, mean differs from 12 mo (P < 0.05).

was greatest at 18 mo (P < 0.0006), least at 12 mo (P < 0.0001),
and intermediate at 8 mo of age (Table 4). At 8 mo of age, the
LT tended to have a greater FCR,, than TRAP (P = 0.07) but
muscles were similar at 12 and 18 mo of age (Table 4). Overall,
the coupling efficiency of the mitochondria supported by both

complex I and II (FCR,,,) tended to be greater in calm than

temperamental heifers (P = 0.09; Table 4). Additionally, the
FCR,.,, displayed a trend for a three-way interaction of age,
muscle, and temperament (P = 0.1; Table 4). The FCR,, , was
greater at 18 than 8 and 12 mo of age in the TRAP of calm
heifers (P < 0.04), and greater at 18 than 12 mo of age in the

LT of temperamental heifers (P = 0.04), but was unaffected by



age in the LT of calm and the TRAP of temperamental heifers.
Further, the FCR, , was greater in the LT than the TRAP in
8-mo-old calm heifers (P = 0.08), greater in calm LT than
temperamental TRAP at 12 mo (P = 0.05), and greater in both
the TRAP of calm heifers and the LT of temperamental heifers
than the TRAP of temperamental heifers at 18 mo of age
(P = 0.03; Table 4). The contribution of complex II-supported
E to total E (FCR,) was greater at 12 than 8 and 18 mo of age
(P < 0.0001) but was unaffected by temperament and muscle
(Table 4).

Antioxidant enzymes

GPx activity decreased as heifers aged from 8 to 18 mo
(P < 0.0001; Table 5), while SOD activity increased during that
time (P = 0.02; Table 5). The activity of GPx was greater in the
TRAP than the LT at 8 and 12 mo of age (P < 0.02) but was
similar between muscle groups by 18 mo of age (Table 5).
Additionally, GPx activity was greater in temperamental
compared with calm heifers at 8 (P = 0.004) but not at 12 or
18 mo of age (Table 5). The activity of SOD was unaffected by
temperament and muscle (Table 5).

Discussion

The potential for an in vivo linkage of muscle mitochondrial
measures and temperament of Brahman heifers was
investigated in this study. Specific objectives were to determine
the effects of temperament on serum cortisol and skeletal
muscle mitochondrial profiles and antioxidant enzyme activities
in Brahman heifers from 8 through 18 mo of age. The current
study confirmed that temperamental heifers had elevated
circulating cortisol persisting through 18 mo of age. Additionally,
our novel in situ characterization of live animal skeletal muscle
mitochondria demonstrated differences in complex-specific
mitochondrial O, consumption according to temperament that
may have implications for future production outcomes.

Cortisol is known as a stress hormone because it is released
following an acute stressor or injury to induce the “stress
response,” a coordinated integration of various physiological
systems and intermediary metabolism to enhance the
likelihood of survival. For example, increased secretion of
cortisol partitions energy resources by increasing lipolysis,
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proteolysis, and gluconeogenesis while decreasing glycogen and
protein synthesis (Thau and Sharma, 2020). Cortisol enhances
mitochondrial protein expression and function in various models
[e.g., increased skeletal muscle expression and activity of COX
in rats (Weber et al., 2002); increased OXPHOS proteins in trout
skeletal muscle (Aedo et al., 2019)], which leads to an elevated
basal metabolic rate. The effects of chronically elevated cortisol
production on skeletal muscle mitochondrial function have not
been investigated. However, increasing basal metabolism at the
expense of lipid and protein synthesis would result in elevated
nutrient requirements, decreasing efficiency of gain, and likely
poorer quality meat production (e.g., decreased yield and
decreased intramuscular lipid). This hypothesis is supported
by reports that temperamental cattle have lesser body weight,
average daily gain, and feed efficiency than calm cattle (Burdick
et al.,, 2009; Haskell et al., 2014). However, greater expression
of peroxisome proliferator-activated receptor gamma coactivator 1-a
(PGC1-a), the master regulator of mitochondrial biogenesis, was
evident in the longissimus dorsi of low RFI (low feed:gain and
high feed efficiency) Limousin x Friesian heifers (Kelly et al.,
2011), suggesting greater mitochondrial content in efficient
production animals. The relationship between chronic cortisol
exposure and mitochondria should be further investigated,
especially as it relates to production efficiency in cattle.
Skeletal muscle mitochondrial volume density (measured
as CS activity) has been shown to increase with percentage
Brahman influence in a herd (Wright et al., 2018); however,
temperament was not considered. Within Brahman heifers in
the current study, mitochondrial volume density (CS activity)
did not differ due to temperament but did increase with age. An
increase in the oxidative phenotype of skeletal muscle during
postnatal development has been documented in other species
(Schiaffino and Reggiani, 2011; Kim et al., 2019). Additionally, in
Saler and Limousin bulls, the percentage of type Ila (fast-twitch,
oxidative) fibers increased at the expense of type IIx (fast-twitch,
glycolytic) fibers in the semitendinosus muscle from 10 to 16
mo of age (Jurie et al., 1999). The current study is the first report
of an age-related increase in mitochondrial volume density in
skeletal muscle of young, growing Brahman heifers.
Mitochondria are highly dynamic and complex organelles
that readily adapt to cellular energy requirements (Picard
et al, 2011). In the inner membrane cristae, OXPHOS
and electron transport take place via a set of five protein
complexes that produce an electrochemical gradient, which
drives the production of ATP (Bratic and Larsson, 2013). The

Table 5. GPx and SOD activities in the LT and TRAP muscles from calm (n = 6) and temperamental (Temp; n = 6) Brahman heifers at 8, 12, and

18 mo of age

P-value
Temp x
Variable Temperament Muscle 8 mo 12 mo 18 mo SEM Temp Musc Age Musc x Age
GPx Activity, Calm LT 7.2 8.4d 45 2.3 0.136 0.0002 < 0.0001 0.516
mU/mg protein TRAP 16.4° 10.19%* 4.7*
Temp LT 14.6° 6.2¢* 4.1*
TRAP 24.6° 14.8% 4.7t
SOD Activity, Calm LT 10.7 16.8 20.4 3.2 0.127 0.518 0.017 0.179
U/mg protein TRAP 12.0 17.1 16.4
Temp LT 11.9 22.7* 16.9
TRAP 18.1 17.6 25.8

aeWithin variable and column, means with different letters differ (P < 0.05).

*Within row, mean differs from 8 mo (P < 0.05).
tWithin row, mean differs from 12 mo (P < 0.05).
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complexes are as follows: complex I (nicotinamide adenine
dinucleotide [NADH] dehydrogenase), complex II (succinate
dehydrogenase), complex III (cyt ¢ reductase), complex IV
(COX), and complex V (ATP synthase; Kiihlbrandt, 2015).
Notably, complexes I and II are not codependent nor sequential
and rely on different substrates for electron transport. Further,
increased complex I activity is associated with elevated
mitochondrial ROS production, while complex II serves as
a source of reserve respiratory capacity that promotes cell
survival during times of stress (St-Pierre et al., 2002; Pfleger et al.,
2015). As such, animals that rely more heavily on complex I for
energy production may experience greater levels of oxidative
stress, which could decrease feed efficiency by shuttling energy
away from tissue accretion to enhance antioxidant activity
(Russell et al., 2016a).

The novel technique, HRR, allows for the investigation of
muscle mitochondrial energetics in situ using permeabilized
muscle fiber bundles, which retain normal morphology and
intracellular mechanisms (Li et al., 2016). Ramos et al. (2020a)
reported that integrative (relative to tissue wet weight) maximal
OXPHOS capacity with complexes I and II (P, ) was greater in
postmortem samples from Brahman compared with Angus
steers. However, temperament was not considered in their
analysis. Further, little is known about mitochondrial capacity
measures in live cattle. Our current results revealed marked
differences in OXPHOS and electron transfer capacities of
mitochondria based on animal temperament. In both the LT and
TRAP muscles, and at all three ages, calm heifers tended to have
greater intrinsic complex-I supported OXPHOS (P.) and FCR,
than temperamental heifers. The FCR,,, serves as an indicator
of the efficiency of mitochondrial coupling, where a value of 1
would indicate 100% of electrons being transferred are coupled
with oxidative phosphorylation. One caveat is that we included
LEAK respiration in the calculation for FCR,, , as has been
suggested by the MitoEAGLE Task Group (Gnaiger and MitoEAGLE
Task Group, 2020). LEAK respiration is a measure of proton
leak across the inner mitochondrial membrane independent
of ATP synthase (complex V); thereby, O, consumption due
to proton leak does not result in ATP production. Proton leak
occurs via a variety of mechanisms including, but not limited
to, uncoupling proteins and is thought to assist in binding ROS
to prevent oxidative stress (Jastroch et al., 2010; Divakaruni
and Brand, 2011). In our current study, LEAK respiration did not
differ by muscle or temperament group, and was relatively low,
contributing less than 10% of maximal electron transfer capacity.
Interestingly, complex I is often associated with ROS production
during exercise and disease (Di Meo et al., 2019). Since calm
heifers had greater intrinsic complex I-supported capacity, a
greater coupling efficiency may offset excess ROS production.

As additional measures against ROS production, several
antioxidants work togetherinacoordinated and complementary
system in the body (Niki et al., 1995). Enzymatic defenses, such
as SOD, convert superoxide radicals to less toxic hydrogen
peroxide (Bratic and Larsson, 2013), while GPx is responsible for
the detoxification of peroxides and protection of the cell (Borek
et al., 1986; Ghazi Harsini et al., 2012). The current study is the
first to demonstrate a change in muscle antioxidant defenses
with age in Brahman heifers; SOD activity increased with age
while GPx activity decreased. Further, 8-mo-old temperamental
heifers had greater GPx activity than calm heifers. The elevated
GPx activity in 8-mo-old temperamental heifers may be related
to their elevated integrative mitochondrial function (COX
activity) in the LT at that age. With mitochondrial respiration
being a primary source of ROS production, antioxidant defenses

may have been upregulated to combat the increased ROS load

(71, 2008).
In addition to decreased coupling efficiency in
temperamental heifers, intrinsic noncoupled electron

transfer capacity (E,,) tended to be greater in temperamental
compared with calm heifers at 18 mo of age. ExcessE without
increased P, is an inefficient utilization of mitochondrial
electron transfer because electrons are likely being either lost
as heat or potentially contributing to ROS rather than being
coupled to ATP production.The elevation of noncoupled, excess
E_.,at 18 mo of age in temperamental heifers exacerbates the
poor coupling efficiency, which may provide a mechanism
for the decreased feed efficiency of temperamental cattle.
In support, low feed-efficient broilers had greater excess
ETS capacity compared with high feed-efficient animals
(Bottje et al., 2002). Additionally, heat-stressed broilers were
shown to have suppressed mitochondrial complex I activity
(Huang et al., 2015), reminiscent of temperamental heifers
having lesser intrinsic P, compared with calm heifers in the
current study. It is probable that differences in mitochondrial
efficiency contribute to poor feed efficiency in temperamental
Brahman cattle. Production efficiency was not recorded in the
current study but the relationship between mitochondria,
temperament, and feed efficiency in cattle warrants further
investigation.

In the current study, we chose to compare mitochondrial
measures in the economically valuable LT to the TRAP, a muscle
with low economic value. The LT is a heterogeneous muscle group,
composed of approximately 60% oxidative fibers (types I and Ila)
by proportion but only about 55% oxidative fibers by relative area
in mature, male cattle (Kadim et al., 2009; Costa et al., 2017). Early
literature indicated the TRAP muscle may be less glycolytic than
the LT, but the same study showed similar COX activity between
the TRAP and longissimus dorsi muscles (Talmant et al., 1986).
In the current study, all integrative measures of mitochondrial
capacity (P, P, Eq.p @nd E_) were greater in the TRAP than
the LT in calm heifers but similar between muscle groups in
temperamental heifers, especially as animals aged. Additionally,
in the LT, integrative P_ , was greater in temperamental compared
with calm heifers, and integrative E_ also tended to be greater in
temperamental heifers. Previous work has indicated that increased
mitochondrial activity in muscle results in poorer postmortem
conversion to tender meat due to resistance to a decline in pH and
impaired calpain-1 protein degradation (Wright et al., 2018; Ramos
et al., 2020b). These elevations in mitochondrial capacities in the LT
of temperamental heifers specifically may be related to the poorer
meat quality associated with temperamental animals (Fordyce
et al., 1988; King et al., 2006; Burdick et al., 2009; Cafe et al., 2010).
This should be further investigated in steers followed to slaughter.

Overall, we have ascertained divergent skeletal muscle
mitochondrial characteristics of live animals, which are linked
to temperament in Brahman heifers. Future research should
include comparisons of live animal measures of mitochondrial
function with product quality at harvest (shear force, L, a*, b",
etc.) in animals of both Bos taurus and Bos indicus breeding. This
information may assist in optimizing handling processes for
both live animals and post-harvest beef products according to
mitochondrial profiles.
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