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Abstract
Functional properties and integrity of skeletal muscle mitochondria (mt) during the early postmortem period may influence 
energy metabolism and pH decline, thereby impacting meat quality development. Angus typically produce more tender beef 
than Brahman, a Bos indicus breed known for heat tolerance. Thus, our objectives were to compare mt respiratory function 
in muscle collected early postmortem (1 h) from Angus and Brahman steers (n = 26); and to evaluate the effect of normal 
and elevated temperature on mt function ex vivo. We measured mt oxygen consumption rate (OCR) in fresh-permeabilized 
muscle fibers from Longissimus lumborum (LL) at 2 temperatures (38.5 and 40.0 °C) and determined citrate synthase (CS) 
activity and expression of several mt proteins. The main effects of breed, temperature, and their interaction were tested 
for mt respiration, and breed effect was tested for CS activity and protein expression. Breed, but not temperature (P > 0.40), 
influenced mt OCR (per tissue weight), with Brahman exhibiting greater complex I+II-mediated oxidative phosphorylation 
capacity (P = 0.05). Complex I- and complex II-mediated OCR also tended to be greater in Brahman (P = 0.07 and P = 0.09, 
respectively). Activity of CS was higher in LL from Brahman compared to Angus (P = 0.05). Expression of specific mt proteins 
did not differ between breeds, except for higher expression of adenosine triphosphate (ATP) synthase subunit 5 alpha in 
Brahman muscle (P = 0.04). Coupling control ratio differed between breeds (P = 0.05), revealing greater coupling between 
oxygen consumption and phosphorylation in Brahman. Our data demonstrate that both Angus and Brahman mt retained 
functional capacity and integrity 1-h postmortem; greater oxidative phosphorylation capacity and coupling in Brahman mt 
could be related to heat tolerance and impact early postmortem metabolism.
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Introduction
Traditionally, postmortem muscle metabolism has been 
viewed as an anaerobic process dependent on breakdown 
of glycogen to lactate and H+. Although anaerobic glycolysis 
contributes significantly to adenosine triphosphate (ATP) 

production, there is growing evidence that mitochondrial (mt) 
respiratory activity affects postmortem metabolism and meat 
quality development. When muscle glycogen is not limiting, 
acidification is influenced by phosphofructokinase activity 
and mt content (England et  al., 2014, 2018; Matarneh et  al., 
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2017, 2018). In an in vitro model of postmortem metabolism 
with isolated mt, inhibition of mt complex activity resulted in 
more rapid ATP and pH decline (Scheffler et al., 2015). England 
et  al. (2018) showed that electrical stimulation of bovine 
Longissimus lumborum (LL) postmortem hastens the decline 
in oxygenation compared to nonstimulated muscle; this was 
linked to more rapid glycogen and ATP disappearance, faster 
pH decline, and compromised mt function. This suggests that 
mt in muscle retain the capacity to produce ATP aerobically for 
some time post-exsanguination; thus, mt likely play a role in 
determining cellular conditions and meat quality development.

Mitochondrial capacity for ATP production in vivo 
depends on both quantitative and qualitative properties. 
These mt properties are related not only to muscle fiber type 
and mt subcellular location, but also the animal’s genetics, 
physiology, and environment. For example, compared to 
fast fibers, slow fibers exhibit greater mt density which 
contributes markedly to oxidative ATP production; however, 
genetics, diet, and physical activity, among other factors, 
affect mt density in a muscle (Granlund et  al., 2011; Egan 
and Zierath, 2013; Liu et  al., 2016; Apaoblaza et  al., 2020). 
Qualitative mt attributes, such as surface area:volume, 
membrane fluidity (phospholipid composition), and cristae 
surface area, may specialize mt to meet specific functional 
demands according to fiber type and subcellular location 
(subsarcolemmal or intermyofibrillar) (Picard et  al., 2012) 
or modulate respiratory function (Heden et  al., 2016). 
Various conditions in humans, such as aging, resistance 
exercise, and mild repeated heat stress (Porter et al., 2015a, 
2015b; Hafen et al., 2018), can alter mt respiratory function 

independently of mt content. Hence, it is possible that mt 
properties also contribute to variation in postmortem muscle 
energy metabolism.

Recently, we demonstrated that citrate synthase (CS) 
activity, a marker of mt content, was positively correlated with 
the proportion of Brahman influence in an Angus–Brahman 
multibreed herd (Wright et  al., 2018). The increased heat 
tolerance seen in the Brahman breed could be associated with 
elevated mt content, and possibly with mt functional properties 
that facilitate the animal’s physiology at higher temperatures. 
Temperature and climate influence metabolism, and variation 
in mt function likely contributes to adaptation and whole-
animal thermal tolerance (James and Tallis, 2019; Milani and 
Ghiselli, 2020). Specifically, tighter coupling between mt proton 
pumping and ATP synthesis means that more ATP is produced 
and less heat dissipated. Therefore, lower heat production and 
greater heat tolerance in Brahman could be a consequence 
of increased mt efficiency. Greater efficiency of mt ATP 
production would also be consistent with slower pH decline 
and ATP disappearance postmortem in LL of Brahman compared 
to Angus (Ramos et  al., 2020). Thus, we anticipated that 
subspecies (Bos taurus vs. Bos indicus) and temperature affect 
mt function in early postmortem LL. Therefore, our objectives 
were to assess mt respiratory function in permeabilized 
muscle fibers collected early postmortem (1 h) from Brahman- 
and Angus-influenced cattle; and to evaluate the effect of 
physiological (38.5  °C) and elevated (40  °C) temperatures on 
mt function. We hypothesized that mt oxygen consumption 
rate (OCR) in LL muscle fibers is higher in Brahman compared 
to Angus, and that mt respiration would remain higher in 
Brahman at elevated temperature in agreement with this 
breed’s heat tolerance.

Materials and methods

Animals and sampling

The animals used in this study are part of a long-term genetic 
evaluation program conducted at the University of Florida. 
Procedures were approved by the Institutional Animal Care and 
Use Committee (IACUC #201503744). All animals were under the 
same husbandry during growing and fattening phases. Only 
animals classified as Angus or Brahman were used for this study 
(genetic composition varying from 100% to 80%; Elzo et al., 2012), 
with a final average live weight and age of 577.3 ± 70.6 kg and 
18.7 ± 1.23 mo, respectively. The day before slaughter, animals 
were transported in the morning for approximately 55 km on 
pavement road to Gainesville, FL, and stayed in lairage with free 
access to water. The slaughter occurred in the Meat Processing 
Center at the University of Florida, under inspection by the 
United States Department of Agriculture (USDA-FSIS). Slaughter 
occurred during summer in 2 consecutive years, with 3 dates 
per summer. On each day, 2 animals from each breed were 
sampled, except the last day when 3 animals were sampled 
(n = 26; 13 per breed). Approximately 1-h postmortem (40 min to 
1 h) samples from LL were collected and either stored in ice-cold 
(0 °C) biopsy preservation medium (BIOPS; 2.77 mM CaK2EGTA, 
7.23 mM K2EGTA, 5.77 mM Na2ATP, 6.56 mM MgCl2·6H2O, 20 mM 
taurine, 15 mM Na2phosphocreatine, 20 mM imidazole, 0.5 mM 
dithiothreitol, and 50  mM MES; pH 7.1; Saks et  al., 1998) for 
immediate respirometry analysis, or frozen in liquid nitrogen 
and kept in an ultra-low temperature freezer (−80  °C) until 
electrophoresis and enzyme activity analyses were conducted.

Abbreviations

ADP adenosine diphosphate
ATP adenosine triphosphate
ATP5A  adenosine triphosphate synthase (complex V 

subunit alpha)
BIOPS biopsy preservation medium
COX4 cytochrome c oxidase (complex IV subunit 4)
CS citrate synthase
Cyt c cytochrome c
ECII  maximum uncoupled respiration 

(succinate-supported)
ETS electron transport system
FCCP  uncoupler carbonyl cyanide 

4-(trifluoromethoxy) phenylhydrazone
LEAK or L  respiration after addition of NADH-linked 

substrates (glutamate, malate, pyruvate)
LO LEAK after oligomycin
LL Longissimus lumborum
Mb myoglobin
MiR05 mitochondria respiration medium
mt mitochondria/mitochondrial
OCR oxygen consumption rate
OXPHOS oxidative phosphorylation
PCI respiration after ADP
PCI+CII respiration after succinate
PCII respiration after rotenone (complex I inhibited)
ROX residual oxygen consumption
SDHB  succinate dehydrogenase (complex II iron-sulfur 

protein subunit)
SUIT substrate-uncoupler-inhibitor titration
TBS Tris-buffered saline
VDAC voltage-dependent anion channel (porin)
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High-resolution respirometry

Tissue permeabilization
Respirometry was conducted with fresh muscle samples (40-
min to 1-h postmortem) within 5  h of collection. Samples were 
cleaned of visual fat and connective tissue. Using a dissection 
microscope, a bundle of muscle fibers was selected and cleaned 
once more from residual fat and connective tissue using a pair 
of forceps, followed by a delicate procedure of fiber teasing as 
previously described in more detail by Kuznetsov et  al. (2008). 
For fiber permeabilization, approximately 2 to 4 mg of tissue was 
transferred to a microtube containing saponin solution (50 µg/mL 
in BIOPS) and incubated for 20 min at 4 °C on a rotator (Kuznetsov 
et  al., 2008). The bundle was rinsed in ice-cold mt respiration 
medium (MiR05; 0.5  mM EGTA, 3  mM MgCl2·6H2O, 60  mM 
lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 
110 mM d-sucrose, and 1 g/L BSA essentially fatty acid free, pH 
7.1; Fasching et al., 2016), and washed in MiR05 for 10 min at 4 °C 
before the bundle was carefully blotted dry and wet weight (mg) 
determined. Mitochondrial respiration of those samples was 
immediately assessed using high-resolution respirometry.

High-resolution respirometry
Several Oroboros O2k (Oroboros Instruments, Innsbruck, 
Austria) respirometers were used, and calibrated by a 2-point 
calibration (air saturation and zero-oxygen) immediately prior 
to an experiment with MiR05 at the experimental temperature 
(38.5 and 40.0  °C, respectively). Additionally, instrumental 
background oxygen flux was determined at the respective 
experimental temperature for each instrument and sensor used, 
and the acquired data corrected accordingly by the acquisition 
and analysis software (DatLab vs 7.0, Oroboros Instruments). 
Mitochondrial respiration of permeabilized fibers (2 to 4  mg 
wet weight) was determined in duplicate at the desired 
experimental temperature. The respiration medium MiR05 was 
supplemented with 20  mM creatine to saturate mt creatine 
kinase, which facilitates adenosine diphosphate (ADP) transport 
(Walsh et al., 2001), and measurements were conducted under 
hyperoxic conditions (250 to 450 µM O2) as previously described 
by Li et  al. (2016). Integrative OCR (ρmol/s/mg tissue) was 
determined using the following substrate-uncoupler-inhibitor 

titration (SUIT) protocol (Fig. 1; concentration of reagents noted 
in parentheses are final concentrations in the respirometer 
chamber): 1)  addition of NADH-linked substrates glutamate 
(10 mM), malate (2 mM), and pyruvate (5 mM) to support electron 
flow through complex I  (CI) of the electron transport system 
(ETS), recorded as LEAK respiration (L); 2)  addition of ADP 
(2.5 mM) to stimulate respiration and oxidative phosphorylation 
(OXPHOS, PCI); 3)  addition of succinate (10  mM) to support 
convergent electron flow to complexes I  and II of the ETS 
(OXPHOS, PCI+II); 4) addition of cytochrome c (cyt c, 10 µM) to test 
mt outer membrane integrity (permeabilization quality control; 
samples with an increase of respiration of more than 15% after 
cyt c addition were removed from the analysis); 5) addition of 
rotenone (0.5 µM) to inhibit complex I (OXPHOS, PCII); 6) addition 
of oligomycin (5 nM) to inhibit ATP synthase, recorded as LEAK 
respiration in the presence of oligomycin (LO); 7)  step-wise 
addition of the uncoupler carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone (FCCP, 0.5 µL steps of a 0.1 mM stock solution) 
to reach maximum uncoupled respiration, recorded as succinate-
supported ETS capacity (ECII); 8) addition of antimycin A (2.5 µM) 
to inhibit complex III of the ETS and thereby OXPHOS, recorded 
as residual oxygen consumption (ROX), which represents 
non-mt OCR and was subtracted from all OCRs at the preceding 
respiratory states. The coupling efficiency was calculated as 1 − 
(L/PCI), as well as coupling control, calculated as L/PCI+II, and the 
OXPHOS control ratio as PCII/ECII.

Citrate synthase activity

For CS activity, a subsample of the frozen muscle was pulverized 
in liquid nitrogen, homogenized as described below, and 
enzyme activity immediately measured. Pulverized muscle 
(approximately 50  mg) was diluted 1:20 (w/v) using ice-cold 
extraction buffer (0.25 M sucrose, 1 mM EDTA, 10 mM Tris-Cl, pH 
7.4). Homogenization was performed at 5,000 rpm for 10 s with 
a bead homogenizer (Precellys 24, Bertin Instruments, Hialeah, 
FL), followed by brief sonication (15× 1 s; 60 Sonic Dismembator, 
Fisher Scientific, Hampton, NH). Enzyme activity was measured 
with a multi-well plate reader (Synergy HT, BioTek Instruments, 
Winooski, VT) set to 37 °C, and following procedures described by 
Wright et al. (2018). A linear change in absorbance for an interval 

Figure 1. Respirometry protocol and example trace using permeabilized fibers from Angus or Brahman Longissimus lumborum muscle at 1-h postmortem. Oxygen flux 

per mass (ρmol/s/mg tissue; red line), and oxygen concentration (nmol/mL; blue line). The following SUIT protocol was performed: 1) malate, glutamate, pyruvate (2, 10, 

and 5 Mm, respectively; LEAK respiration, L); 2) ADP (2.5 mM; activated respiration, PCI); 3) succinate (10 mM; activated respiration, PCI+II), 4) cytochrome c (10 μM; quality 

control; see text for details); 5) rotenone (0.5 μM; activated respiration after inhibition of complex I, PCII); 6) oligomycin (5 nM; LEAK respiration induced by oligomycin-

induced inhibition of ATP synthase; LO); 7)  carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 0.05  μM steps; maximum succinate-supported electron 

transport capacity, ECII); 8) antimycin A (2.5 μM; residual oxygen consumption, ROX).
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of 4  min was selected to calculate CS activity (ΔA412  nm  =   
A4 min − A0 min). For final calculation of enzyme activity (nmol/min/
mg tissue), initial weight (mg), extinction coefficient of 5-thio-
2-nitrobenzoic acid (13.6  mM), dilution factor, and specific 
volumes were used.

Protein expression

Mitochondrial proteins were extracted by diluting pulverized 
samples 1:10 (w/v) with extraction buffer (50  mM Tris-base; 
1  mM EDTA, pH adjusted at cold to 7.5); supplemented with 
10% glycerol, 1% Triton-X, 50  mM sodium fluoride, 1  mM 
dithiothreitol, and 5  µL/mL protease inhibitor cocktail (Sigma, 
St. Louis, MO). Samples were homogenized once at 5,000  rpm 
for 10  s with a bead homogenizer (Precellys 24 Homogenizer; 
Bertin Instruments, Hialeah, FL), followed by sonication (10× 
1  s), and incubation on ice for 20  min (Wadley and McConell, 
2007). Samples were subsequently centrifuged at 10,000  × 
g for 20  min at 4  °C, and the supernatant collected. Protein 
concentration was determined using a Pierce protein assay 
with ionic detergent compatibility reagent (Thermo Scientific, 
Rockford, IL). Supernatants were diluted with buffer and 5× 
Laemmli buffer (0.5 M Tris-base, pH 6.8, 0.5 M dithiothreitol, 10% 
SDS, 0.5% bromophenol blue, and 50% glycerol) to achieve equal 
protein concentrations. Final samples were heated at 95 °C for 
5 min and stored at −20 °C.

Proteins were separated by SDS–polyacrylamide gel 
electrophoresis (MGV-202-20, C.B.S. Scientific, San Diego, CA), 
using 10% (CS and voltage-dependent anion channel, VDAC) and 
15% (other proteins: myoglobin, Mb; succinate dehydrogenase 
iron-sulfur subunit, SDHB; cyt c; cytochrome c oxidase or 
complex IV subunit 4, COX4; and ATP synthase subunit alpha, 
ATP5A) polyacrylamide resolving gels. Wells were loaded with 
equal amounts of protein (5 µg for CS and Mb, 10 µg for VDAC, 
and 15 µg for cytochrome c oxidase, ATP5A, SDHB, and cyt c), and 
the electrophoresis performed in running buffer (25  mM Tris-
base, 0.2 M glycine, and 0.1% SDS) at 60 V for 20 min followed by 
additional running at 125 V determined according to protein size. 
Proteins were transferred to a nitrocellulose membrane (Thermo 
Scientific, Rockford, IL) using wet tank transfer (EBU 402, CBS 
Scientific, San Diego, CA) at 500 mA, 4 °C for 1 h with cold transfer 
buffer (50  mM Tris-base, 0.38 M glycine, 0.01% SDS, and 10% 
methanol). Subsequently, the membranes were dried overnight.

Total protein stain (REVERT, LI-COR, Lincoln, NE) was used 
to validate equal loading and to normalize the specific protein 
signal. Membranes were scanned using Odyssey CLx (LI-COR, 
Lincoln, NE), and a range of bands per lane were quantified using 
Image Studio software version 5.2. After protein staining, the 
membranes were washed in 1× Tris-buffered saline (TBS), pH 7.6, 
for 2 min then blocked with Starting Block (TBS) Blocking Buffer 
(Thermo Scientific, Rockford, IL) for 1  h. Primary antibodies 
were diluted 1:1,000 in blocking buffer with 0.2% Tween 20. 
The following primary antibodies were used: anti-CS (ab96600, 
Abcam, Cambridge, MA); anti-VDAC (#4866, Cell Signaling, 
Danvers, MA); anti-Mb (ab231530, Abcam, Cambridge, MA); anti-
SDHB (ab14714, Abcam, Cambridge, MA); anti-cyt c (ab110325; 
Abcam, Cambridge, MA); anti-COX4 (#4850, Cell Signaling, 
Danvers, MA); and anti-ATP5A (ab14748, Abcam, Cambridge, MA). 
Membranes were incubated with primary antibody overnight 
at 4 °C on a rotator. The next day, membranes were washed 4 
times with 1× TBS with 0.1% Tween 20 for 5 min and incubated 
for 1 h in secondary antibody conjugated with fluorescent dye 
(IRDye 800CW, LI-COR, Lincoln, NE), diluted 1:10,000 in blocking 
buffer with 0.2% Tween 20. Finally, membranes were washed 4 
times with 1× TBS-0.1% Tween 20 for 5  min each, followed by 

an additional wash with 1× TBS, pH 7.6, to remove Tween 20. 
Membranes were then scanned and quantified as described for 
total protein stain. The signal for the target protein band was 
normalized to protein content range of the lane representing 
the sample.

Statistical analysis

Data were analyzed as a complete randomized block design, 
with block being the slaughter day; the fixed effect of breed 
(Angus and Brahman) and temperature (38.5 and 40  °C) as 
well as their interaction were investigated using the mixed 
procedure from SAS (SAS University Studio, SAS Institute, Inc., 
Cary, NC). Temperature was considered as repeated measure 
and animal within slaughter day and breed was considered 
as random effect. Due to increased cyt c response (quality 
control with threshold previously established at 15%), 1 sample 
from Brahman at 38.5  °C was removed from the data set. For 
protein expression and enzyme activity data, temperature and 
interaction were removed from the model. Normal distribution 
of residuals and homogeneity of variance were tested for each 
parameter, and data transformation was applied when needed 
(LO). Data were analyzed using alpha as 0.05, and P-values 
between 0.05 and 0.1 were considered as tendency or trend. 
Significance values for the fixed effects are presented as well as 
significant least-square means contrasts. Results are expressed 
as least-square means ± SE.

Results and Discussion
We measured mt respiratory function in LL muscle fibers 
collected 1 h after exsanguination to address the possibility that 
mt affect postmortem metabolism in Brahman and Angus muscle 
differently. The preparation of permeabilized muscle fibers 
instead of organelle isolation allows for in situ assessment of 
the entire mt population within a tissue sample, independent of 
size, network, location, or functional status, avoiding potentially 
selective isolation of specific mt subpopulations. High-resolution 
respirometry further allowed us to assess the contribution 
of specific ETS complexes or combinations of complexes by 
following a specific SUIT protocol. Finally, the titration of cyt c 
was used as a quality control step to evaluate the integrity of the 
outer mt membrane after sample processing (Kuznetsov et al., 
2008). We applied a threshold of 15% increase in OCR following 
the addition of cyt c as indicator of compromised integrity. With 
the exception of 1 sample from Brahman submitted at 38.5 °C 
(which was subsequently excluded from further analysis), 
the cyt c response was below 15%, indicating that the outer 
membrane was conserved 1-h postmortem; and confirming that 
the permeabilization protocol used in our study was successful 
at evaluating mt respiration while preserving the characteristics 
and function of the mt ex vivo (Kuznetsov et al., 2008).

We conducted mt analyses at 38.5 and 40 °C to evaluate the 
impact of temperature on mt function in 2 bovine subspecies that 
differ in heat tolerance. Under low temperature-humidity index 
conditions, both Angus and Brahman exhibit rectal or vaginal 
temperatures near 38.5 °C; however, during high temperature-
humidity conditions, temperatures in Angus may increase 
to 40  °C while temperature of Brahman increases to a lesser 
extent (~39.0 °C) (Dikmen et al., 2018; Sarlo Davila et al., 2019). 
These temperatures (38.5 and 40°C) also encompass diurnal 
variation in vaginal temperature in Angus cows on pasture 
during high temperature-humidity index conditions (Dikmen 
et  al., 2018). In comparison, experimental conditions with 
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prolonged, continuous heat and humidity resulted in maximum 
core temperatures greater than 40 °C for both Angus cross and 
Brahman heifers (41.2 and 40.4 °C, respectively), but remarkably, 
heifers still exhibited diurnal variation in core temperature 
(mean daily core temperature: 38.4 to 41.0 °C in Angus cross and 
38.5 to 39.9 °C in Brahman) (Beatty et al., 2006). Therefore, Angus 
are more likely to reach 40 °C under normal pasture conditions, 
and Brahman are more resilient to environmental heat stress, 
even in extreme situations. Temperatures for mt analyses 
are also similar to reported temperatures of bovine LL at 1-h 
postmortem (typically between 37 and 39 °C), although postmortem 
temperature also depends on environmental temperatures 
antemortem, electrical stimulation, carcass mass, subcutaneous 
fat thickness, etc. (Jeremiah et al., 1985; Stolowski et al., 2006).

Integrative mt function

We found that integrative mt LEAK respiration (L) was similar 
between breeds and temperatures (Fig. 2). Upon addition of ADP, 
activated respiration with complex I-supporting substrates (PCI), 
increased 7-fold in all conditions tested, and the corresponding 
coupling efficiency (1 − L/PCI) ranged from 0.83 to 0.87, evidencing 
that mt were still capable of efficient OXPHOS 1-h postmortem. 
Independently of temperature, Brahman LL mt tended to 
consume more oxygen at PCI compared to Angus (breed effect: 
P = 0.07). Convergent electron flow through both complex I and 
II caused an additional increase in OCR (PCI+II), and Brahman 
showed greater OXPHOS capacity (PCI+II) when compared to 
Angus (breed effect: P  =  0.05). At this step (PCI+II), a contrast 
revealed that at physiological temperature (38.5  °C) Brahman 
tended to consume more oxygen compared to Angus (P = 0.06). 

Breed tended to influence complex II activity (PCII; P = 0.09), and 
again, at 38.5 °C Brahman tended to differ from Angus (P = 0.08).

Oligomycin blocks the proton channel (FO domain) of ATP 
synthase, which inhibits both ATP synthesis and hydrolysis 
(Penefsky, 1985). Thus, OCR in the presence of oligomycin (LO) is 
governed primarily by H+ leak across the inner membrane and 
is expected to be similar to LEAK respiration in the presence of 
substrates but absence of ADP (L). Absolute values for LO were 
higher than L, which could be due to hyperpolarization of the 
mt following inhibition of the ATP synthase and consequential 
exaggeration of the actual, voltage-dependent, proton leak 
(Divakaruni and Brand, 2011; Connolly et  al., 2018). LEAK 
respiration in the presence of oligomycin tended to be influenced 
by breed (P = 0.09); similar to previous data, at 38.5 °C Brahman 
differed from Angus (P = 0.03).

Addition of an uncoupler increases proton conductance 
across the inner mt membrane, thereby allowing determination 
of maximum capacity of the ETS with a given supply of 
substrates, and in our SUIT protocol, this was succinate (ECII; 
Fig.  2). At this step, mt OCR was not influenced by breed or 
temperature, but interestingly, the contrast revealed that mt 
OCR in LL from Brahman at 38.5 °C was higher than Angus at 
same temperature (P  =  0.04). Maximum ETS capacity (ECII) did 
not exceed OXPHOS capacity (PCII) in the presence of succinate 
in any of the samples and treatments. It is possible that the 
overestimation of LO discussed above masked an excess capacity 
in bovine LL muscle. An underestimation of the ETS excess 
capacity due to preceding oligomycin addition has previously 
been reported in intact and cultured cells (Ruas et al., 2016). This 
result is important to consider in future investigations when 
evaluation of excess capacity is desired.

Figure 2. Integrative mitochondrial oxygen consumption rate (ρmol/s/mg tissue) of saponin-permeabilized Longissimus lumborum muscle fibers from Angus (AN) and 

Brahman (BR) at 1-h postmortem and 2 temperatures (38.5 and 40.0 °C). L: LEAK respiration in the presence of pyruvate, malate, and glutamate; PCI: activated respiration 

after addition of ADP; PCI+II: activated respiration after addition of succinate; PCII: activated respiration after inhibition of complex I; LO: LEAK respiration after addition 

of oligomycin; ECII: succinate-supported maximum electron transport system capacity. See text for additional detail. Significance (P-value) for fixed effect of breed (b), 

temperature (t) and breed × temperature (b × t) for each parameter were presented (inset above each step). Bars represents least-square means followed by standard 

error.
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Citrate synthase activity and mt protein expression

In general, integrative OCR from Brahman LL were numerically 
higher than Angus. While increased OCR may be due to inherent 
differences between mt of the different breeds, it could also be 
due to differences in mt content. Therefore, we investigated mt 
content by determining CS activity, which is commonly used as 
a marker for mt content (Larsen et al., 2012). Citrate synthase 
activity in LL was greater (P = 0.05) in Brahman compared to Angus 
(Fig. 3), which is consistent with our previous study (Wright et al., 
2018). We evaluated protein expression of CS and VDAC (porin) 
as additional indicators of mt content. To confirm that protein 
extraction, sample processing, and gel loading were similar 
between the breeds, the immunoblot membrane was stained 
for total protein, and this signal was used as a normalization 

index (Fig. 4A). Protein expression of VDAC and of CS were not 
different between breeds (P = 0.17 and 0.75, respectively; Fig. 4B 
and C). Differences in mt enzyme activity without differences 
in mt protein expression were reported by Fritzen et al. (2019), 
who demonstrated that endurance training in human skeletal 
muscle increases CS activity independent of other markers 
of mt content (mtDNA copy number, and expression of porin 
and cardiolipin). Endurance training in humans also increases 
volume density of mt, which is positively related to CS activity 
(Lundby et  al., 2018). Mitochondria morphology and volume 
may differ among breeds, but that was beyond our scope for 
this study.

We tested expression of additional mt proteins in order 
to confirm that mt content between breeds was similar. In 
agreement with our findings for CS and VDAC, expression of 
SDHB, cyt c, and COX4 were similar between breeds (P  =  0.46, 
P = 0.98, P = 0.60, respectively; Fig. 4B and C). However, ATP5A 
expression was 8% higher (P  =  0.04) in Brahman compared to 
Angus LL. We anticipated that ATP5A may be related to activated 
respiration but did not find a significant correlation between PCI+II 
and ATP5A expression (P  =  0.29). Therefore, overall trends for 
higher OCR in Brahman appear to be related primarily to higher 
activity of ETS enzymes and not increases in protein expression 
of mt complexes.

Mitochondrial function may contribute to variation in 
postmortem metabolism and meat quality development. England 
et al. (2018) showed that decline in muscle oxygenation postmortem 
may be related to mt activity. One possible mechanism to sustain 
mt ATP production longer postmortem is greater Mb expression, 
which would increase oxygen storage capacity. In turn, greater 
supply of oxygen in postmortem muscle could enhance or extend 
the ATP-producing capacity of mt, thereby delaying pH decline. To 
address this possibility, we tested Mb expression and determined 
it was not different between Angus and Brahman LL mt (P = 0.41; 

Figure 4. Mitochondrial protein content in Longissimus lumborum from Angus and Brahman. (A) Total protein stain; (B) immunodetection, and (C) content of CS = citrate 

synthase, VDAC = voltage dependent anion channel, SDHB = succinate dehydrogenase iron-sulfur protein subunit, Cyt_c = cytochrome c, COX4 = cytochrome c oxidase 

or IV subunit 4, ATP5A = ATP synthase or complex V subunit alpha, and Mb = myoglobin. **P = 0.04.

Figure 3. Citrate synthase activity (nmol/min/mg tissue) in Longissimus 

lumborum at 1-h postmortem from Angus and Brahman. **P = 0.05.
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Fig.  4B and C). This reinforces that mt functional properties, 
revealed by overall higher OCR, CS activity, and expression of 
ATP5A in Brahman LL, may be contributing to the variation in 
postmortem metabolism of Brahman LL when compared to Angus, 
but these properties are not related to oxygen supply.

Coupling control ratios

We investigated the coupling control ratio (LEAK/PCI+II) as 
an indicator for coupling of mt oxygen consumption and 
phosphorylation, and the limitation of the phosphorylation 
system. This ratio ranged from 0.09 to 0.11 (Fig. 5A), supporting 
that mt from both breeds were well-coupled at 1-h postmortem. 
Skeletal muscle obtained by biopsies from young and old quarter 
horses ranged from 0.06 to 0.10, with aging associated with a 
decrease in coupling efficiency (Li et al., 2016). Mitochondria from 
Brahman LL showed a lower and more favorable coupling control 
ratio than Angus (breed effect: P = 0.05), which was due to greater 
PCI+II in Brahman (breed: P = 0.05). Therefore, substrate oxidation 
and oxygen consumption were more tightly coupled to energy 
production (phosphorylation) in mt from Brahman LL compared 
to Angus, independently of temperature.

The OXPHOS control ratio PCII/ECII did not differ between 
breeds (P = 0.56) and temperatures (Fig. 5B). In the noncoupled 
state after addition of FCCP (ECII), the phosphorylation system 
(ATP synthase) is bypassed and electron flow and oxygen 
consumption are no longer coupled to ATP synthesis. Any previous 
limitations by the phosphorylation system would be apparent 
in an increase in OCR. The observed values (average  =  1.00  ± 
0.05) suggest that OXPHOS capacity with complex II-supporting 

substrate (PCII) was not limited by the phosphorylation system. 
However, as mentioned before, the overestimation of LEAK (LO) 
in oligomycin-treated skeletal muscle sample could have led 
to an underestimation of the apparent excess capacity (Ruas 
et al., 2016). The OXPHOS capacity in equine skeletal muscle was 
limited by the phosphorylation system to between 75% (Li et al., 
2016) and 85% (Votion et al., 2012). Further studies will have to 
examine the degree of control of the OXPHOS system by the 
phosphorylation system in bovine LL muscle mt in the presence 
of convergent electron flow (PCI+II/ECI+II), which our SUIT protocol 
did not allow.

The basis for increased PCI+II and coupling efficiency in 
Brahman LL is not clear, but could be related to homeostatic 
adjustments initiated either antemortem or postmortem, or both. 
Changes in mt function may involve membrane composition, 
including that of mt membranes. Membrane fluidity can 
affect protein diffusion. It also changes with temperature and 
lipid composition, and thus heat stress can affect membrane 
potential, alter intracellular ion levels (Balogh et al., 2011) and 
possibly cause increased proton conductance of the inner mt 
membrane. In livestock, environmental heat stress increased 
free radical production and lipid peroxidation, leading to 
downregulation of cellular energy production and reduced 
animal performance (Slimen et  al., 2016). However, whether 
these findings were associated with altered mt membrane 
composition has not been investigated. Interestingly, in rats, 
membrane composition of subsarcolemmal mt was different 
between muscles, with more glycolytic plantaris muscle 
showing an increase in unsaturation index compared to more 
oxidative soleus muscle (Stefanyk et al., 2010); this is potentially 
linked to a more fluid membrane that facilitates reactive oxygen 
species-mediated regulation of proton leak during different 
states of energy demand (rest vs. exercise). Considering that we 
found differences in coupling control ratio between the breeds 
it seems possible that different mt membrane composition or 
mt subpopulation profile is underlying this diverse physiological 
response. However, a more in-depth characterization and 
comparison of mt subpopulations in skeletal muscle in these 
breeds is necessary to link mt morphology with heat tolerance in 
cattle breeds. Alternatively, greater PCI+II and coupling efficiency 
in Brahman LL may be related to breed-specific responses to 
environmental heat and humidity prior to harvest. Cattle were 
exposed to environmental conditions typical for Florida summer, 
so Angus steers were more likely to have experienced heat stress 
compared to Brahman. Thus, lower PCI+II and coupling efficiency 
in Angus LL may be the consequence of aforementioned 
increase in oxidative stress and downregulation of cellular 
energy production linked to heat stress. This is consistent with 
mt function differences between breeds yet similar mt protein 
content. Along these lines, in oxidative skeletal muscle of 
pigs, heat stress contributed to suppression of mitophagy and 
allowed dysfunctional mt to remain in the cellular environment 
(Brownstein et al., 2017). On the other hand, repeated exposure 
to mild heat stress in humans elicited positive adaptations on 
mt respiratory capacity (Hafen et al., 2018). Conflicting findings 
may be related to a number of factors, including duration of 
heat stress, length of study, temperature and humidity, muscle, 
and species. In our study, Angus cattle may have experienced 
heat stress during the day and milder conditions during the 
night; these repeated exposures to daily heat stress would have 
provided some time for cellular adaptations to heat stress. This 
may also explain why temperature did not influence mt function 
in Angus. Yet, even if Angus LL is adapting to heat stress, the 
coupling efficiency and PCI+II remain lower than in Brahman LL.

Figure 5. Mitochondrial coupling control ratios of permeabilized Longissimus 

lumborum at 1-h postmortem from Angus and Brahman at 2 temperatures (38.5 

and 40.0 °C). (A) Coupling control L/PCI+II (LEAK/OXPHOS; PCI+II) and (B) OXPHOS 

control (PCII/ECII). **P = 0.05.
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Overall, temperature had little impact on mt parameters 
regardless of breed, indicating that 40  °C may be within the 
optimal range for activity of mt ETS complexes. However, 
elevated temperature in vivo or postmortem muscle may 
alter metabolism in other ways. In humans, elevated muscle 
temperature has been shown to increase anaerobic ATP turnover, 
which may be attributed to higher myosin ATPase and creatine 
kinase activity (Gray et al., 2011). Similarly, in postmortem muscle, 
higher temperatures are linked to faster ATP turnover and pH 
decline (Marsh, 1954). Thus, mt may be an important means 
of generating ATP that would help protect postmortem energy 
status. In fact, mt in Brahman LL would potentially have greater 
capacity to buffer ATP levels (because of greater PCI+II). Potentially, 
greater oxygen supply (Mb) could also facilitate higher ATP 
production; however, we found that Mb expression was similar 
between breeds. Nonetheless, greater OXPHOS capacity in 
Brahman LL is consistent with slower pH decline compared to 
Angus LL during the first 3-h postmortem (Wright et al., 2018) and 
may also explain greater ATP content 1-h postmortem (Ramos 
et al., 2020). Similarly, inhibiting mt function in an in vitro model 
of postmortem metabolism accelerated ATP depletion (Scheffler 
et al., 2015); and treatments or conditions linked to accelerated 
energy utilization would utilize ATP and oxygen more quickly, as 
was shown in the case of electrical stimulation (England et al., 
2018).

It is possible that our mt function data reflect changes 
in mt that occurred within the first hour postmortem. Yet, it 
is important to note that mt in our study were well-coupled 
and intact, as evidenced by low cyt c response; and that our 
approach of using permeabilized muscle fibers allowed for 
assessment of all mt kept in situ, regardless of functional 
status. We concluded that the mt in our samples did not 
seem to have been damaged during the first hour following 
slaughter, and that damaged mt were not artificially eliminated 
by an organelle-isolation protocol. Nevertheless, differences 
between living and postmortem muscle mt metabolism seem 
conceivable. However, in permeabilized fibers of porcine LL, 
ADP-stimulated respiration (with complex I or complex II 
substrates) at 10 min postmortem is similar to 24 h before 
slaughter, even though muscle pH has declined to near 6.4 early 
postmortem (Werner et al., 2010). In addition, the variation in 
metabolism of a living muscle can be significant depending 
on activity-related energy demand, such as exercise. The pH 
of bovine LL at 1-h postmortem is generally not less than 6.5, 
which can be encountered in exercising muscles in humans 
and rats (Sahlin et  al., 1976; Meyer et  al., 1986). In our study, 
muscle properties at 1-h postmortem were likely within ranges 
encountered in working and resting muscle, which leads us to 
suggest that mt functional parameters were not largely affected 
within the first hour postmortem. However, it does not eliminate 
the possibility that OXPHOS and coupling efficiency differences 
between breeds were due to postmortem factors, which warrant 
further investigation.

Greater PCI+II and mt coupling efficiency, along with 
evidence for slower pH decline in Brahman, could be 
associated with prolonged maintenance of mt function or 
integrity; but further investigations are necessary to test 
this notion. Calcium may play a central role in changes in 
mt function and integrity that occur during the conversion 
of muscle to meat. Relatively low levels of calcium in the mt 
matrix stimulate activity of tricarboxylic acid cycle enzymes 
(McCormack and Denton, 1989). However, imbalances between 
ATP production and consumption lead to elevated cytosolic 
calcium, and subsequently, mt calcium overload. The primary 

mechanism of mt permeability transition pore opening is 
calcium overload in the mt matrix (Haworth and Hunter, 1979). 
Pore opening releases cyt c, which results in loss of OXPHOS 
capacity and mt swelling, and may lead to reverse operation 
by the mt ATPase. Other factors, including fragmented mt 
morphology and reactive oxygen species, also contribute 
to pore opening (reviewed by Hurst et  al., 2017). To further 
complicate matters, mt properties, including resistance to 
apoptosis and specialization for energy production or calcium 
homeostasis, vary with fiber type and subcellular location 
(Picard et al., 2008; Bleck et al., 2018). It is also interesting to 
point out that inhibition of calcium uptake to the mt matrix 
accelerates calpain activation and tenderization (Dang et al., 
2020). Mitochondria could be a contributing factor to delayed 
calpain-mediated proteolysis and tenderization that is often 
observed in Brahman. Thus, there may be more nuanced and 
yet unknown mechanisms that modulate muscle function 
and metabolism in these cattle subspecies, which, in turn, 
could greatly affect the muscle to meat conversion process. 
Regardless, the distinct phenotypes we observed in our 
study point to metabolic adaptations in muscle that, in turn, 
manifest in early postmortem metabolism.

Conclusions
After 1-h postmortem, mt in LL of Angus and Brahman were 
capable of OXPHOS and well-coupled. Mitochondrial OXPHOS 
capacity (PCI+II) and CS activity were higher in Brahman; 
however, expression of CS and several other mt proteins 
did not differ between breeds. Thus, mt content does not 
explain greater OXPHOS capacity in Brahman. Alternatively, 
OXPHOS capacity and coupling efficiency may be metabolic 
adaptations related to heat tolerance. Coupling control ratio 
revealed greater efficiency in Brahman compared to Angus LL, 
independent of temperature. Taken together, greater OXPHOS 
capacity, higher CS activity, and greater coupling efficiency 
in Brahman compared to Angus are evidence of metabolic 
adaptations in skeletal muscle that could ultimately impact 
postmortem metabolism.
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