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Abstract: Meat quality is traditionally associated with anaerobic metabolism due to cessation of the oxygen supply post-
mortem. However, mitochondrial (mt) function early postmortem may affect the development of meat quality character-
istics, such as adenosine triphosphate levels and pH decline. Therefore, the objective of this study was to evaluate mt
function ex vivo during the first 24 h postmortem in muscles with differences in mt content. Samples from longissimus
lumborum (LL) and diaphragm (Dia) were taken from steers (n= 6) at 1, 3, and 24 h postmortem and frozen to determine
citrate synthase (CS) activity and mt protein expression (immunodetection) or were fresh-preserved for high-resolution
respirometry. Integrative oxygen consumption rate (picomoles per second per milligram of tissue) was measured and nor-
malized to CS activity as a proxy for mt content (intrinsic mt function, picomoles per second per unit CS). CS activity (P<
0.001) and mt protein expression (P< 0.001) were greater in Dia, which was reflected in mt respiration. Muscle type
affected (P< 0.001) integrative leak respiration and was greater in mt from Dia; oxidative phosphorylation (OXPHOS)
was also greater in Dia and influenced by time postmortem (muscle × time: P= 0.01). Intrinsic leak and OXPHOS were
affected by muscle and time (muscle × time: P= 0.05 and P= 0.01, respectively), with the most pronounced differences at
24 h postmortem. Stimulation of OXPHOS by cytochrome c as an indicator of outer mt membrane integrity was influenced
by muscle and time postmortem (muscle × time: P= 0.03); it was greater in mt from LL. Despite intrinsic differences in
respiratory function at 24 h, mt from both muscles were intact and coupled at 1 h postmortem. Reduced content and res-
piratory function in mt from LL are associated with early fragmentation, which could impact protease activation and sub-
sequently meat quality.
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Introduction

At slaughter, exsanguination eliminates the blood
supply to the muscle, limiting oxygen for aerobic
metabolism. Consequently, mitochondrial (mt; note:
the abbreviation “mt” is subsequently used for “mito-
chondrial” and “mitochondria”) contributions to post-
mortem metabolism and meat quality development
are often disregarded. However, there is a strong
possibility that mt affect the energetic and biochemi-
cal milieu in muscle early postmortem. In addition to
their role in energy production, mt influence calcium
dynamics, oxidative stress, and apoptosis signaling

(Powers et al., 2011; Williams et al., 2013). These
functions could have profound implications for fun-
damental aspects of meat quality development, such
as pH decline and proteolysis.

Mt function and integrity are highly dependent on
the mt membrane potential, which refers to the
uneven charge distribution between the mt intermem-
brane space and the mt matrix. Under normal physio-
logical conditions, adenosine triphosphate (ATP)
synthesis is powered by the flow of protons to the
matrix through the Fo subunit of the FoF1 ATPase
(also referred to as complex V). Conditions such
as hypoxia and oxidative stress impair mt ATP
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production and can be disastrous for mt structure and
function. An imbalance in ATP demand and produc-
tion results in elevated sarcoplasmic calcium, causing
mt to accumulate significant amounts of calcium
(Kwong and Molkentin, 2015). Mt calcium overload
induces opening of a pore in the inner mt membrane
(mt permeability transition pore) (Halestrap, 2009),
which causes collapse of the mt membrane potential,
reverse operation of the FoF1 ATPase (ATP hydroly-
sis), and release of calcium from the mt. Ions and small
molecules enter the mt matrix, culminating in mt swell-
ing and outer mt membrane permeabilization, followed
by release of cytochrome c (cyt c) and other proapop-
totic proteins from the mt matrix or intermembrane
space into the cytosol. Apoptotic and necrotic cell
death are the ultimate consequence of these events.
While cyt c release and ATP are requisite for activation
and cleavage of caspases in apoptosis (Liu et al., 1996),
outer membrane permeabilization and cyt c release to
the cytosol may also occur in necrosis or caspase-inde-
pendent cell death, and crosstalk between pathways
exists (Tait and Green, 2010; Karch and Molkentin,
2015; Bock and Tait, 2020). Sarcoplasmic calcium
fluctuations, ATP depletion, and proteolysis through-
out this process are likely affecting meat quality devel-
opment. For example, calcium overload and necrosis
directly implicate calpains, which are well-established
to contribute to postmortem proteolysis, and apoptosis
has been proposed to influence tenderization by cas-
pase-mediated cleavage of calpastatin, thereby increas-
ing calpain activity.

Yet changes in mt structure and function early
postmortem are poorly understood. Mt isolated from
postmortemmuscle within the first hour after exsangui-
nation can respire and are well coupled (England et al.,
2018). The decline in mt function with time post-
mortem is associated with rate of pH decline. For exam-
ple, isolated mt from the triceps of dark-cutting beef
(ultimate pH of 6.6–6.7) are reasonably well coupled
at 5 d postmortem compared with mt isolated from con-
trol beef with ultimate pH of 5.6–5.7 (Ashmore et al.,
1972). Respiratory activity in permeabilized fibers
declines to a greater extent in longissimus from malig-
nant hyperthermia-positive pigs compared with geno-
types with slower pH decline (Werner et al., 2010).
On the other hand, Tang et al. (2005) observed a rapid
decline in pH in bovine cardiac muscle (pH ~ 6.0 at 30
min postmortem), but mt isolated from bovine heart 2 h
postmortem still exhibited adenosine diphosphate
(ADP)-stimulated respiration and were relatively well
coupled. Thus, the relationship between pH decline and
mt function postmortem may depend on the contractile

and metabolic properties and mt content of muscle
fibers.

Understanding changes in mt function postmortem
is further complicated by distinct mt populations within
fibers. Not only does mt content vary among fiber
types, but unique populations of mt exist within a
muscle fiber. Subsarcolemmal mt are located at the
fiber’s periphery, beneath the sarcolemma, and inter-
myofibrillar mt are positioned between the myofibrils.
These mt populations display different functions and
susceptibility to mt permeability transition (Adhihetty
et al., 2005; Sollanek et al., 2017). Mt exhibit distinct
phenotypes and form dynamic networks to meet the
contractile demands of the muscle. Comparison of
intermyofibrillar mt in glycolytic, oxidative, and car-
diac muscles revealed that the mt network configura-
tion, shape and size, and the junctions connecting mt
are optimized for either calcium uptake or energy dis-
tribution functions (Bleck et al., 2018). These functions
are also related to physical associations betweenmt and
other cellular components, including the microtubules
of the cytoskeleton, sarcoplasmic reticulum, and lipids
(Boncompagni et al., 2009; Varikmaa et al., 2014;
Bleck et al., 2018).

Based on the distinct phenotypes and functions of
mt, we expect that mt in oxidative and glycolytic
muscles exhibit different innate functional properties
during the postmortem period. Therefore, our objective
was to assess function and outer membrane integrity
postmortem of mt from metabolically distinct bovine
skeletal muscles with expected differences in mt con-
tent. We assessed mt respiratory function ex vivo using
permeabilized myofibers, which permits assessment of
mt within their normal cellular location and environ-
ment, and without disrupting associations between
mt or their connections to other intracellular compo-
nents. We hypothesized that diaphragm (Dia) would
have greater integrative (i.e., per unit mass) mt content
and oxidative phosphorylation (OXPHOS) capacity
compared with longissimus lumborum (LL) and that
mt from the more glycolytic LL would exhibit a greater
functional decline 24 h postmortem.

Materials and Methods

Animals and sampling

Steers (n= 6) of primarily Angus (80%–100%
Angus; 0%–20% Brahman) genetics were harvested
at approximately 18.5 mo and 630 kg live weight at
the University of Florida Meat Processing Center,
under inspection by the United States Department of
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Agriculture Food Safety and Inspection Service. The
slaughters were on 3 different days during the summer
(2 animals per day), and samples from the LL and the
Dia were collected at 1, 3, and 24 h postmortem.
Carcass sides were placed in the cooler at approxi-
mately 1.25 h postmortem. Samples from the LL were
collected from the left carcass side: the 1-h sample was
taken ~10 cm posterior to the last rib, the 3-h sample
was collected near the last rib, and the 24-h sample
was collected from ~10 cm posterior to the initial sam-
ple site. For the Dia, the 1-h sample was taken from the
left carcass side ~15 cm distal to the midline, and the
3-h sample was collected ~15 cm distal to the initial
site. The 24-h sample from the Dia was collected from
the right side at a similar position as the 1-h site.

Muscle samples were designated for immediate
analysis (respirometry) or frozen in liquid nitrogen
and stored at −80°C until analysis. The pH of each
muscle was obtained using a pH meter (HI99163,
Hanna Instruments, Woonsocket, RI) at the same time
as sampling, as well as muscle temperature.

High-resolution respirometry

Samples were immediately cleaned from adipose
tissue and connective tissue and immersed in ice-cold
biopsy preservation buffer (BIOPS; 2.77 mM
CaK2ethylene glycol-bis(β-aminoethyl ether)-N,N,N,
N’-tetracetic acid [EGTA], 7.23 mM K2EGTA, 5.77

mM Na2ATP, 6.56 mMMgCl2·6H2O, 20 mM taurine,
15 mM Na2Phosphocreatine, 20 mM imidazole, 0.5
mM dithiothreitol and 50 mM 2-(N-morpholino)ethan-
sesulfonic acid, pH adjusted at 0°C to 7.1 using 5 N
KOH; Eigentler et al., 2012). Using a dissection micro-
scope, fresh-muscle bundles immersed in ice-cold
BIOPS were finely cleaned, and fibers were teased
using a pair of forceps (Kuznetsov et al., 2008).
Bundles were transferred to a 12-well plate that con-
tained ice-cold permeabilization solution (50 μg sapo-
nin/mL BIOPS). Bundles were permeabilized for
10 min at 4°C on a rotator, and then washed for
10 min in mt respiration medium (MiR05; 0.5 mM
EGTA, 3 mM MgCl2·6H2O, 60 mM lactobionic acid,
20 mM taurine, 10 mMKH2PO4, 20 mM 4-(2-hydrox-
yethyl)piperazine-1-ethanesulfonic acid, 110 mM D-
sucrose and 1 g/L bovine serum albumin essentially
fat acid free, pH 7.1; Fasching et al., 2016). Bundles
were gently blotted dry using filter paper, and weight
(milligrams) was recorded (2–4 mg tissue). Bundles
were immediately transferred to previously calibrated
oxygraph chambers maintained at 39°C (Oroboros
O2K; Oroboros Instruments, Innsbruck, Austria) con-
taining MiR05.

Mt respiration was determined in duplicate under
hyperoxic conditions (290–450 μM O2) as previously
described (Li et al., 2016). Oxygen consumption
rate (OCR; picomoles per second per milligram of
tissue) was determined using the following substrate-

Figure 1. Example trace showing the respirometry protocol with permeabilized muscle fibers from longissimus lumborummuscle at 1 h postmortem.
Oxygen flux per tissue mass (ρmol/s/mg wet weight tissue; red line) and oxygen concentration (nmol/mL; blue line). The following SUIT protocol was
performed: (1) malate, pyruvate (2 and 5mM, respectively; leak respiration [or L]); (2) ADP (2.5mM; activated respiration, OXPHOS, PCI(PM)); (3) glutamate
(10 mM; activated respiration, OXPHOS, PCI(PMG)), (4) succinate (10 mM; activated respiration, OXPHOS, PCIþII), (4) cytochrome c (10 μM; outer mt
membrane integrity, cyt c, see text for details); (5) FCCP (0.05 μM steps; maximum ETS, ECIþII); (8) antimycin A (2.5 μM; ROX). ADP, adenosine diphos-
phate; cyt c, cytochrome c; ETS, electron transport system; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; mt, mitochondria/mitochondrial;
OXPHOS, oxidative phosphorylation; ROX, residual oxygen consumption; SUIT, substrate-uncoupler-inhibitor-titration.
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uncoupler-inhibitor-titration protocol (Figure 1; con-
centration of reagents noted in parentheses are final
within chambers): (1) leak (L) respiration was assessed
after tricarboxylic acid (TCA) cycle stimulation with
nicotinamide-adenine-dinucleotide-linked substrates
pyruvate (5 mM) and malate (2 mM) to support
electron flow through complex I (CI) of the electron
transport system (ETS) (E); (2) OXPHOS (P) was
stimulated with ADP (2.5 mM) and recorded as PCI
(PM); (3) glutamate (10 mM) influence on nicotinamide
adenine dinucleotide production and respiration (CI)
was tested and recorded as PCI(PMG); (4) addition of
succinate (10 mM) supported convergent electron flow
through complexes I and II of the ETS (OXPHOS;
PCIþII); (5) mt outer membrane integrity was tested
by cyt c (10 μM) addition; (6) stepwise titration of
the uncoupler carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP; 0.5 μL of a 0.1 mM stock
solution) was added to reach maximum uncoupled
respiration and recorded as maximum ETS capacity
(ECIþII); and (8) addition of antimycin A (2.5 μM)
inhibited complex III of the ETS and thereby
OXPHOS, and the remaining OCR was recorded as
residual oxygen consumption (ROX). For the calcula-
tion of OCR during the respiratory states (L, P, E), non-
mt oxygen consumption, ROX, was subtracted from all
preceding states. Complex II (CII) capacity (PCII) was
calculated as PCIþII− PCI. Maximum OCR (OCRmax)
represents the greatest OCR achieved during the
substrate-uncoupler-inhibitor-titration protocol (cor-
rected for ROX) and occurred either after cyt c or after
FCCP addition. Coupling control factors (CCF) for
CI and CIþCII were calculated as 1− (L/PCI) and
1− (L/PCIþII), respectively, and excess capacity factor
as 1− (PCIþII/OCRmax).

Citrate synthase activity

Muscle samples from all animals, muscles, and time
points (n= 36 total) were powdered in liquid nitrogen,
and approximately 50 mg was diluted 1:20 (w/v) in
buffer (0.25M sucrose, 1mMethylenedinitrilotetracetic
acid, 10mMTris-HCl [pH 7.4]), processed, and assayed
for citrate synthase (CS) activity in triplicate as previ-
ously described by Wright et al. (2018). Activity was
calculated using a linear increase interval of 4 min
according to the Beer-Lambert equation and expressed
as nanomoles per minute per milligram of tissue.

Mitochondrial protein expression

Powdered muscle tissue (approximately 100 mg;
n= 36 total) was processed to extract mt proteins as

described by Wadley and McConell (2007). Briefly,
pulverized samples were diluted 1:10 (w/v) with
extraction buffer (50 mM Tris-base; 1 mM ethylenedi-
nitrilotetracetic acid [pH adjusted at cold to 7.5]; sup-
plemented with 10% glycerol, 1% Triton-X, 50 mM
sodium fluoride, 1 mM dithiothreitol, and 5 μL/mL
protease inhibitor cocktail [Sigma, St. Louis, MO])
and 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. Super-
natant was collected after centrifugation at 10,000 ×
g for 20 min at 4°C. Protein concentration was deter-
mined using a bicinchoninic acid protein assay
(Thermo Scientific, Rockford, IL), and supernatants
were diluted with extraction buffer and 5× Laemmli
buffer (0.5 M tris-base [pH 6.8], 0.5 M dithiothreitol,
10% sodium dodecyl sulfate (SDS), 0.5% bromophe-
nol blue, and 50% glycerol) to achieve equal protein
concentrations. Samples were heated at 95°C for 5 min
and then stored at −20°C. Proteins were separated by
SDS polyacrylamide gel electrophoresis (MGV-
202-20, C.B.S. Scientific, San Diego, CA) using
10% polyacrylamide resolving gels (37.5:1 acryla-
mide: bis-acrylamide; 0.375 M Tris-HCl [pH 8.8];
0.1% SDS [w/v]; 0.1% [w/v] ammonium persulfate;
and 0.001% [v/v] tetramethylethylenediamine) and
5% stacking gels (37.5:1 acrylamide: bis-acrylamide;
0.125 M Tris-HCl [pH 6.8]; 0.1% SDS [w/v]; 0.1%
[w/v] ammonium persulfate; and 0.001% [v/v] tetrame-
thylethylenediamine), and wells were loaded with
equal amounts of protein (15 μg). Electrophoresis run-
ning buffer (25 mM tris-base, 0.2 M glycine, and 0.1%
SDS) was used, and run was performed at 60 V for
20 min, followed by 125 V for 1 h 10 min. 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
and 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 membrane was dried overnight. Since
muscles used have different contractile properties, the
protein profile was expected to differ (see Figure 2B).
Total protein stain (REVERT, LI-COR, Lincoln, NE)
was used to validate equal protein loading and to
normalize target protein signal within a lane, with mem-
brane scanned using an Odyssey CLx imager (LI-COR,
Lincoln, NE) and quantified using Image Studio soft-
ware version 5.2 (LI-COR). After total protein staining,
the membrane was used for immunodetection of CS and
iron-sulfur protein subunit of succinate dehydrogenase
(SDHB). Membranes were washed in 1× Tris-buffered
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saline (TBS; pH 7.6) for 2 min and then blocked with
Starting Block (TBS) Blocking Buffer (Thermo
Scientific, Rockford, IL) for 1 h. Primary antibodies
for CS and SDHB (ab96600 and ab14714, respectively;
Abcam, Cambridge, MA) were diluted 1:1,000 in
blocking buffer with 0.2% Tween 20, and membranes
were incubated at 4°C overnight with agitation.
Membranes were then 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). Membranes
were then scanned, and the signals for the respective tar-
get bands were quantified using Image Studio software.

Statistical analysis

Muscle (LL and Dia), time postmortem (1, 3, and
24 h), and their interaction were the fixed effects inves-
tigated in a complete randomized block design. Block
was slaughter dates, used as random effect in the mixed
procedure from SAS software version (SAS Institute
Inc., Cary, NC), University Edition. Time was consid-
ered a repeated measure. Normal distribution of
residuals and homogeneity of variance were tested,
and data transformed when needed. When interaction
was significant, the slice statement was used to inves-
tigate levels within a factor. Differences between least-
squares means were separated using the PDIFF option.
Effects were considered significant at P< 0.05 and
tendencies at P< 0.10. Results are presented as least-
squares means estimate and standard error.

Results and Discussion

Mitochondrial content: Citrate synthase
activity and protein expression

Skeletal muscle fibers exhibit functional hetero-
geneity in order to accomplish a wide variety of tasks.
Contractile and metabolic properties range from slow-
contracting, oxidative fibers constructed for endurance
to fast-contracting, glycolytic fibers designed for short-
duration, high-intensity work. Previously, mt content
was thought to drive differences in energy metabolism
between fiber types, but there is growing evidence that
mt may exhibit specific phenotypes based on fiber
type properties and location in the cell (Palmer et al.,
1977; Schmidt and Herpin, 1998; Hofer et al., 2009).
In turn, these mt properties may differentially influence
mt function and muscle metabolism during the post-
mortem period.

We used Dia and LL to represent muscles with dis-
tinct metabolic properties and differences in mt con-
tent. The Dia, which supports breathing, is a slow,
oxidative muscle composed of primarily myosin heavy
chain isoform type I (Scheffler et al., 2018). In contrast,

Figure 2. (a) CS activity (nmol/min/mg wet weight tissue), (b)
REVERT protein stain of electrophoretically separated proteins, electro-
transferred to a nitrocellulose membrane (2 representative lanes per muscle,
bovine LL andDia), (b) representative western blot bands probed for CS and
SDHB, respectively, and (d) protein expression from quantification of
western blot bands representing mitochondrial CS and iron-sulfur protein
subunit of SDHB from bovine LL and Dia, presented as arbitrary units rel-
ative to LL. **Muscle:P< 0.001. CS, citrate synthase; Dia, diaphragm; LL,
longissimus lumborum; SDHB, succinate dehydrogenase B subunit.
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the LL extends the spine and is a fast, glycolytic muscle
with a high proportion of type IIa and IIx myosin heavy
chain (Muroya et al., 2002; Toniolo et al., 2005;
Scheffler et al., 2018). CS activity, a marker of mt con-
tent (Larsen et al., 2012), differed between muscles
(P< 0.001), with Dia exhibiting 3.2-fold greater CS
activity compared with LL (Figure 2A). Expression
of mt proteins CS and SDHB (Figure 2C–2D) was
5.1 and 4.5 times greater, respectively, in Dia compared
with LL muscle (P< 0.001), confirming the results
obtained with CS activity measurements.

Integrative versus intrinsic mitochondrial
function postmortem

In this study, we used a permeabilization protocol
for muscle fibers that permits assessment of the entire
mt population in situ and preserves mt morphology.
In contrast, mt isolation protocols might lead to changes
in mt morphology and misrepresentation of mt func-
tional status (Picard et al., 2010). Mt respiratory
function of a muscle fiber bundle, or integrative mt
function—expressed asOCRper tissuemass (picomoles
oxygen per second per milligram of tissue; Figure 3A,
Figure 4A and 4C, Figure 5A)—can be driven by the
fibers’mt content, and accordingly, variation in mt con-
tent related to muscle fiber type composition is expected
to contribute to differences in integrative mt function
betweenmuscles. To normalizemt respiration tomt con-
tent, integrative OCR was divided by CS activity, a
proxy measure of mt content. The resulting intrinsic res-
piratory activity (picomoles oxygen per second per unit
CS; Figure 3B, Figure 4B and 4D, Figure 5B) represents
mt respiratory function per mt unit.

Leak respiration

We first investigated proton conductance through
the inner mt membrane, known as leak respiration.
Integrative leak was greater in Dia compared with
LL (main effect of muscle: P< 0.001; Figure 3A), with
no differences over time postmortem (P= 0.81) or
interaction (muscle × time: P= 0.39). At 1 h post-
mortem, leak in Dia tended (P= 0.08) to be greater,
and at 3 h and 24 h, leak was significantly greater than
in LL (P= 0.02 and 24 h P< 0.001, respectively;
Figure 3A). However, when normalized to mt unit,
intrinsic leak tended to be greater in LL compared with
Dia (main effect of muscle: P= 0.09; and P= 0.07
between LL and Dia at 3 h postmortem; Figure 3B).
In addition, LL and Dia exhibited different patterns
for intrinsic leak with time postmortem (muscle × time:
P= 0.05). In LL, intrinsic leak tended to decrease

over time (P= 0.07), with similar rates at 1 h and
3 h but numerically lower values at 24 h. In compari-
son, time postmortem did not affect leak in Dia
(P= 0.48).

Oxygen consumption mediated by leak is not
coupled to ATP synthesis and represents the proton
leak across the inner mt membrane; the relative contri-
bution of leak to total OCR decreases considerably as
work intensity increases (Korzeniewski, 2017). The
relationship between proton leak and muscle fiber type
is not well established, and inconsistent findings (Leary
et al., 2003; Glancy and Balaban, 2011; Park et al.,
2014) may be partly due to methods for functional
assessment of mt (isolated mt vs. permeabilized fibers)
and approaches to normalize to mt content. Similar to
our findings, in horses, integrative leak in mt of per-
meabilized fibers from oxidative triceps brachii tended
to be greater than frommore glycolytic gluteus medius,
but after normalization to CS activity (as a proxy for mt
content), intrinsic leak tended to be greater in the

Figure 3. (a) Integrative (ρmol/s/mgwetweight tissue) and (b) intrinsic
(ρmol/s/U CS) OCR representing leak respiration stimulated by pyruvate and
malate in the absence of ADP in permeabilized muscle fibers from bovine LL
and Dia collected at 1, 3, and 24 h postmortem. a,bDifferent letters represent
P< 0.05. #Represents the trend between muscles within 3 h postmortem
(P= 0.07). ADP, adenosine diphosphate; CS, citrate synthase; Dia, dia-
phragm; LL, longissimus lumborum; OCR, oxygen consumption rate. m,
main effect of muscle; t, main effect of time; m x t, muscle and time
interaction.
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gluteus medius (Li et al., 2016). Increased proton leak
per mt in glycolytic fibers may be a means of limiting
reactive oxygen species production and limiting oxida-
tive damage (Skulachev, 1996; Brand, 2000). Thus, mt
content as well as intrinsic mt or fiber properties may
contribute to differences in leak respiration between
muscles.

Oxidative phosphorylation

Addition of ADP stimulated respiration with CI sup-
porting substrates (pyruvate and malate; PCI(PM); Fig-
ure 4A). At 1 h postmortem, ADP increased OCR
(PCI) approximately 10-fold in Dia and 7-fold in LL rel-
ative to leak. A similar increase in mt respiration using
bovineLLwas previously reported (Ramos et al., 2020a);
however, glutamate was used in addition to pyruvate and
malate. In the present study, we did not observe a further
increase upon glutamate addition (0%–6% increase rela-
tive to PCI(PM), data not shown). Thus, pyruvate and
malate were sufficient to support nearly all CI-driven res-
piration in the presence of ADP. Integrative OCR was
greater in mt from Dia compared with LL at all times

analyzed, which was expected due to greater mt content.
Whereas Dia exhibited similar PCI regardless of time, PCI
for LL mt decreased during the postmortem period
(muscle× time: P< 0.01). Interestingly, even at 24 h
postmortem, Dia showed similar OCR compared with
1 h (average 56.6 ρmol/s/mg tissue), whereas in LL, val-
ues declined almost 3-fold during the same period.When
OCR was normalized to CS activity, the contrasting pat-
terns for PCI in LL andDia over time were preserved (PCI
(PM) muscle× time: P= 0.01; Figure 4B). The intrinsic
OXPHOS capacity with CI-supporting substrates in LL
mt decreased from 1 h to 24 h (P< 0.001), whereas it
remained similar over time in Dia mt. At 1 and 3 h post-
mortem, mt from Dia and LL exhibited similar intrinsic
PCI, supporting that differences in integrative PCI between
muscles early postmortem are largely due to mt content.
In contrast, greater intrinsic PCI(PM) in Dia comparedwith
LL at 24 h (P< 0.001) corroborates that qualitative
differences betweenmt from these muscles are contribut-
ing to variation in mt function later postmortem.

Subsequent addition of succinate allowed conver-
gent electron flow through both CI and CII (PCIþII),
further enhancing OCR. Compared with PCI, succinate

Figure 4. (a) and (c) integrative (ρmol/s/mg wet weight tissue) and (b) and (d) intrinsic (ρmol/s/U CS) OCR representing activated respiration
(OXPHOS) when stimulated by pyruvate and malate (a and b) and succinate (c and d) in the presence of ADP in permeabilized muscle fibers from bovine
LL and Dia collected at 1, 3, and 24 h postmortem. a,bDifferent letters represent differences between muscles (muscle effect: P< 0.05) within time. x,yDifferent
letters represent differences between time point (time effect: P< 0.05) within muscle. ADP, adenosine diphosphate; CS, citrate synthase; Dia, diaphragm;
LL, longissimus lumborum; OCR, oxygen consumption rate; OXPHOS, oxidative phosphorylation. m, main effect of muscle; t, main effect of time; m x t,
muscle and time interaction.
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increased OCR approximately 1.3-fold for both
muscles at 1 h postmortem (Figure 4C). Similar to
PCI, PCIþII was greater in Dia compared with LL
regardless of time (main effect of muscle: P<
0.001). Intrinsic mt function with CI and CII substrates
was similar between muscles postmortem (P= 0.13),
and there was no effect of time (P= 0.63) nor interac-
tion (muscle × time: P= 0.25; Figure 4D). Similar to
intrinsic PCI(PM), intrinsic OCR for CIþII was similar
between muscles at 1 h and 3 h, but by 24 h, respiration
of LL mt was numerically less than Dia mt.

Dia displayed consistently greater integrative leak
and OXPHOS, which is in agreement with predomi-
nantly aerobic energy metabolism and greater mt con-
tent of this muscle, confirmed by CS activity and mt
protein expression (Figure 2). However, at 1 h post-
mortem, intrinsic mt OXPHOS capacity was similar
between Dia and LL, indicating that early post-
mortem—and potentially antemortem—mt respiratory

function of the mt unit across all potential mt popula-
tions present in the muscle fibers was independent of
the muscles’ fiber type properties. Consistent with
our findings, Park et al. (2014) observed that heart,
skeletal, and smooth muscle fibers exhibited large
differences in CS activity, but OXPHOS capacity per
mt (as per CS activity) was similar. However, in horses,
the more glycolytic gluteus medius had a lower integra-
tive but a greater intrinsic OXPHOS capacity compared
with the more oxidative tricepsmuscle (Li et al., 2016).

The glycolytic LL was more susceptible to com-
promised mt function after the first hour postmortem.
This is evidenced by the clear decline in integrative
as well as intrinsic PCI(PM) in LL from 1 h to 24 h, while
PCI(PM) in Dia is largely preserved (Figure 3).
Curiously, the addition of succinate partially recovered
the decline in OXPHOS capacity in LL (Figure 4). To
better understand the contribution of CII over time, we
calculated PCII (Figure 5A). Integrative PCII was greater
in Dia than LL (main effect of muscle: P< 0.001) and
increased over time in both muscles (main effect of
time: P< 0.001), with PCII greater at 3 h and 24 h than
at 1 h. Intrinsic PCII function tended to increase over
time (main effect of time: P= 0.06) but was not influ-
enced by muscle (main effect of muscle: P= 0.87;
muscle × time, P= 0.46; Figure 5B). Notably, the
increase in PCII postmortem in both muscles suggests
that CII may be upregulated in response to declining
oxygen concentration, declining pH, or other post-
mortem stressors. For instance, Lukyanova and
Kirova (2015) showed that hypoxia induces reprog-
ramming of respiratory chain function and promotes
switching from CI-related substrates to CII substrate
(succinate) in the brain, and Pfleger and Abdellatif
(2015) demonstrated that activation of CII enhances
cell survival during hypoxia. It is also possible that,
in the LL, augmented PCII may be compensating for
diminished CI activity. This points to compromised
function of CI in the LL and/or to steps prior to CI
involving substrate transport and enzymatic reactions
in the TCA cycle. Similarly, early postmortem factors,
such as slow chilling (3–6 h postmortem), were asso-
ciated with reduced CI activity in permeabilized fibers
of bovine semimembranosus, and CI-mediated respira-
tion decreased markedly during 3 wk of storage (Phung
et al., 2013). Reduced function of CI or TCA enzymes
may be due to oxidative damage caused by reactive
oxygen species. Several subunits of CI, as well as mt
aconitase, are susceptible to oxidative modifications
that reduce activity (Yan et al., 1997; Sheeran and
Pepe, 2016). Notably, reactive oxygen species metabo-
lism differs between glycolytic and oxidative fibers.

Figure 5. (a) Integrative (ρmol/s/mg wet weight tissue) and (b) intrin-
sic (ρmol/s/U CS) OCR representing activated respiration (OXPHOS)
when stimulated by pyruvate, malate, glutamate, and succinate in the pres-
ence of ADP in permeabilized muscle fibers from bovine LL and Dia col-
lected at 1, 3, and 24 h postmortem. Data are presented as complex II
capacity (PCII), which was calculated as PCIþII− PCI. a–dDifferent letters
represents differences within muscle and time (P< 0.05). x,yDifferent letters
represent differences between time point (time effect: P< 0.05) considering
both muscles. ADP, adenosine diphosphate; CS, citrate synthase; Dia, dia-
phragm; LL, longissimus lumborum; OCR, oxygen consumption rate;
OXPHOS, oxidative phosphorylation. m, main effect of muscle; t, main
effect of time; m x t, muscle and time interaction.
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Glycolytic fibers exhibit greater H2O2 release, which is
largely determined by the balance between superoxide
production and H2O2 scavenging ability (Anderson
and Neufer, 2006). Consistent with this, Picard et al.
(2012) showed that glycolytic fibers display lower
capacity of antioxidant enzymes, even when adjusted
for mt content.

Coupling control factors for complexes I
and II

The CCF in the presence of CI substrates (CCFCI)
is defined as the fractional change from one respiratory
state to another, in this case from leak to PCI(PM)

((PCI(PM)− L)/PCI(PM)= 1− (L/PCI(PM)); Figure 6A).
Accordingly, a greater CCF indicates a greater change
from L to P, or greater coupling of oxygen consump-
tion and phosphorylation, and efficiency of the
OXPHOS process.We found that time postmortem dif-
ferentially affected CCFCI in the 2 muscles (muscle ×
time: P= 0.03), with CCFCI in the Dia unchanged over
time (P= 0.87) but decreasing in the LL (P< 0.001).
The CCFCIþII (CCF in the presence of CI and CII sub-
strates) was lower in LL compared with Dia (0.93 ±
0.017 in Dia vs. 0.86 ± 0.017 in LL; main effect of
muscle: P< 0.01; Figure 6B) but was not affected by
time postmortem (P= 0.79) or an interaction between
time and muscle (muscle × time: P= 0.97; Figure 6B).
The coupling between oxidation and phosphorylation
(frequently reported as the respiratory control ratio)
is often considered a good indicator of mt quality
(Kuznetsov et al., 2008), either giving information
about the quality of the mt preparation or about general
mt health. The generally greater coupling control in the
Dia reflects a more efficient mt respiratory function.
While CCFCI declined with time postmortem in the
LL, CCFCIþII remained similar over time within
muscle, possibly reflecting a compensatory function
of CII. Yet we observed clear changes between 1 h
and 24 h postmortem in the LL in aspects of mt function
(PCI, see earlier) and quality (membrane permeability;
cyt c response; see later). Our data suggest that mt in the
LL are more affected by postmortem processes than
those in the Dia and, furthermore, that CI is more
affected than CII, likely contributing more to the over-
all decline in mt function postmortem.

Cytochrome c response

To test mt outer membrane integrity in the course
of time postmortem, exogenous cyt c was added to res-
piration chambers following PCIþII, before uncoupling
with FCCP (see Figure 1). If the outer mt membrane is

intact, exogenous cyt c will not enter the mt and OCR
should not significantly increase (Kuznetsov et al.,
2008). However, an increase in OCR following exog-
enous cyt c addition indicates outer membrane damage
due to sample preparation or naturally induced mem-
brane damage. We found that muscles responded dif-
ferently during the postmortem period (muscle ×
time: P= 0.03). At 1 h postmortem, the increase in
OCR in LL and Dia after cyt c addition was below
the previously established threshold (15% increase;
Figure 7). Therefore, our teasing and permeabilization
protocol was effective and not damaging, and mt outer
membrane was preserved at 1 h postmortem. At 3 h
postmortem, the mean increase in cyt c response was
greater than 15% in both muscles, and the increase
in LL tended to be greater than in Dia (P= 0.06). At
24 h postmortem, the difference between muscles
was significant, with LL exhibiting a greater percent-
age increase in OCR than Dia (88% vs. 41%; P=
0.004). Additionally, within LL, the cyt c response
increased considerably from 1 to 3 h (P< 0.001) but

Figure 6. Coupling control factor for (a) CI and (b) CIþ CII calcu-
lated as 1− (L/PCI) and 1− (L/PCIþII), respectively, in permeabilized fibers
from bovine LL and Dia collected at 1, 3, and 24 h postmortem. a,bDifferent
letters represent differences between muscles (muscle effect: P< 0.05)
within time. x,yDifferent letters represent differences between time point
(time effect: P< 0.05) within muscle. CI, complex I; CII, complex II;
Dia, diaphragm; LL, longissimus lumborum. m, main effect of muscle; t,
main effect of time; m x t, muscle and time interaction.
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was similar from 3 to 24 h (P= 0.16). In comparison,
while the cyt c response in the Dia also increased post-
mortem, it was to a lesser extent than LL and differed
only between 1 and 24 h postmortem (P= 0.02).

Release of endogenous cyt c from the mt into the
cytosol is requisite for caspase-mediated cell death and
apoptosis. Considering the greater cyt c response at 3 h,
activation of caspase pathways could be initiated
between 1 and 3 h postmortem in bovine LL and
Dia. Permeabilization of a small number of mt may
be insufficient to trigger apoptosis, particularly in skel-
etal muscle and other postmitotic cells (Khodjakov
et al., 2004; reviewed by Tait and Green, 2010).
Several factors may modulate how cells respond to mt
outer membrane permeabilization. For example, the
proapoptotic protein Apoptotic Protease Activating
Factor 1 is expressed at low levels in sympathetic
neurons and cardiomyocytes, which are postmitotic
cells that have been shown to survive outer mt
membrane permeabilization (Potts et al., 2003; Sanchis
et al., 2003; Potts et al., 2005). Importantly, apoptosis
requires ATP, though the level necessary for caspase
activation in postmortem muscle is not clear.
However, there are conflicting data regarding caspase
involvement in the conversion of muscle to meat
(Underwood et al., 2008; Mohrhauser et al., 2011;
Cao et al., 2013; Ding et al., 2020; Ramos et al.,
2020b), and cyt c release does not necessarily mean that
apoptosis is occurring, as cyt c release may occur prior
to necrosis or caspase-independent cell death.
Regardless, cell death normally follows mt outer

membrane permeabilization, and our data support that,
if caspases contribute to postmortem proteolysis, it is
unlikely that they are activated immediately after
harvest.

Electron transport system and maximum
oxygen consumption rate

Substrates supply electrons for the redox reactions
within the mt ETS, which is associated with the reloca-
tion of protons from the matrix to the intermembrane
space, generating a proton gradient across the inner
mt membrane. The resulting proton motive force sup-
ports ATP synthesis by the ATP synthase (complex V)
during proton flux back to the matrix through complex
V. Respiration (oxygen reduction at complex IV) is
thereby coupled to the phosphorylation of ADP.
Uncoupling agents allow protons to flow back into
the mt matrix without passing through complex V,
thereby dissipating the electrochemical gradient and
the proton motive force, which leads to an uncoupling
of respiration (oxygen reduction) from ATP synthesis.
In our protocol, titration of the uncoupler FCCP
occurred after cyt c addition and in the presence of sub-
strates (pyruvate, malate, glutamate, and succinate). At
1 h postmortem, FCCP increased respiration once
more, stimulating the ETS to work at maximum capac-
ity without being limited by the phosphorylation
system. Overall, FCCP stimulated OCR by 30% in
Dia and 20% in LL when compared with PCIþII.
However, at 3 h and 24 h postmortem, addition of
FCCP sometimes resulted in a decrease in OCR relative
to the preceding condition (cyt c), indicating that ETS
was inhibited rather than stimulated. Adding excessive
amounts of uncoupler (FCCP) has an inhibitory effect
on OXPHOS because many solute and ion transporters
utilize the proton electrochemical potential across the
inner mt membrane as a driving force (for review,
see Palmieri [2004] and Poburko and Demaurex
[2012]), and sensitivity of mt to FCCP can be affected
by various conditions and disease states (Demine et al.,
2019). Although FCCP was added in a stepwise
manner to induce maximal ETS capacity instead of
inhibiting it, it is possible that mt in muscle fibers at
later times postmortem (3 h and 24 h) were already
in a more compromised state and were more sensitive
to the effects of FCCP. Therefore, we concluded that, in
these cases, using OCR in the presence of FCCP would
underestimate ETS capacity. Thus, we elected to use
“OCRmax” to indicate maximal ETS capacity, which
we define as a sample’s greatest OCR achieved in the
presence of either cyt c or uncoupler. Integrative

Figure 7. Percentage increase in OCR after addition of exogenous cyt
c to test mitochondrial outer membrane integrity in permeabilized muscle
fibers from bovine LL and Dia collected at 1, 3, and 24 h postmortem.
The horizontal line represents previously established threshold (15%).
a,bDifferent letters represent differences between muscles (muscle effect:
P< 0.05) within time. x,yDifferent letters represent differences between time
(time effect: P< 0.05) within muscle. #Represents the trend between
muscles within 3 h postmortem (P= 0.06). cyt c, cytochrome c; Dia, dia-
phragm; LL, longissimus lumborum; OCR, oxygen consumption rate. m,
main effect of muscle; t, main effect of time; m x t, muscle and time
interaction.
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OCRmax was dependent on muscle (P< 0.001) but not
time postmortem (P= 0.16) or interaction (P= 0.49;
Figure 8A). Dia exhibited ~3.7 times greater OCRmax

than LL, consistent with mt content. In agreement,
intrinsic OCRmax was not different between muscles
(P= 0.72) or over time (P= 0.96), and there was no
interaction between muscle type and time postmortem
(P= 0.32; Figure 8B).

Excess capacity factor

The ETS excess capacity factor indicates the limi-
tation of OXPHOS by the phosphorylation system
(Gnaiger, 2014). A greater excess capacity factor indi-
cates greater “spare” or excess capacity, whereas lower
values reflect an OXPHOS system that is operating
closer to its maximum ability. In our experiment,
OCRmax was used to represent ETS capacity, and,
similar to CCF, excess capacity factor indicates the
fractional change from one respiratory state to an-
other: in this case, PCIþII to OCRmax was calculated

as (OCRmax− PCIþII)/OCRmax= 1− (PCIþII/OCRmax).
Mt excess capacity factor tended to be greater in LL
than Dia (main effect of muscle: P= 0.06) and differ-
entially affected by time (muscle × time: P< 0.01;
Figure 9). Spare capacity did not change over time
in Dia (P= 0.51) but increased postmortem in LL
(P< 0.001). Spare capacity in the LL increased from
1 to 3 h (P= 0.008) and tended to increase from 3 h to
24 h (P= 0.06). Our data indicate that the increase in
spare capacity in the LL is driven by the numerical
decline in PCIþII as well as numerical increase in
OCRmax, which is related to high cyt c response at
3 h and 24 h postmortem.

Themore rapid cyt c response in the LL, alongwith
increasing excess capacity factor, reflect compromised
membrane permeability and mt function in glycolytic
muscle compared with oxidative muscle. Dutson et al.
(1974) used electron microscopy to classify fibers from
porcine longissimus as red or white (based on mt num-
ber and Z-line density) and determined that more exten-
sive mt disruption was associated with the fast fibers at
24 h postmortem. The apparent differences in mt outer
membrane integrity between Dia and LL observed here
might be linked to calcium homeostasis in the post-
mortem cellular milieu and to the respective mt calcium
storage capacity. Intermyofibrillar mt represent a
greater percentage of total mt volume compared with
subsarcolemmal mt (Krieger et al., 1980; Hoppeler
et al., 1987). In glycolytic fibers, intermyofibrillar mt
are small and punctate and organized perpendicular
to the axis of contraction (Bleck et al., 2018). Ac-
cordingly, mt in glycolytic fibers have greater surface

Figure 8. (A) Integrative (ρmol/s/mg wet weight tissue) and (B)
intrinsic (ρmol/s/U CS) OCRmax representing the greatest rate achieved dur-
ing the SUIT protocol (corrected for residual oxygen consumption), which
occurred either after addition of cyt c or during FCCP titration in permea-
bilized muscle fibers from bovine LL and Dia collected at 1, 3, and 24 h
postmortem. CS, citrate synthase; cyt c, cytochrome c; Dia, diaphragm;
FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; LL, long-
issimus lumborum; OCRmax, maximum oxygen consumption rate; SUIT,
substrate-uncoupler-inhibitor-titration. m, main effect of muscle; t, main
effect of time; m x t, muscle and time interaction.

Figure 9. Excess capacity factor calculated as 1− (PCIþII/OCRmax) in
permeabilized fibers from bovine LL andDia collected at 1, 3, and 24 h post-
mortem. a,bDifferent letters represent differences between muscles (muscle
effect: P< 0.05) within time. x,yDifferent letters represent differences
between time point (time effect: P< 0.05) within muscle. #Represents the
trend between muscles within 3 h postmortem (P= 0.07). Dia, diaphragm;
LL, longissimus lumborum; OCRmax, maximum oxygen consumption rate.
m, main effect of muscle; t, main effect of time; m x t, muscle and time
interaction.
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area to volume ratio, facilitating interaction with the
cytosolic environment. Mt surface area associated with
sarcoplasmic reticulum, another calcium storage site, is
also greater in glycolytic muscle, consistent with cal-
cium cycling demands (Bleck et al., 2018). Accord-
ingly, mt from glycolytic fibers are exposed to larger
fluctuations in calcium during contractions, which
likely contribute to large increases in mtmatrix calcium
(Picard et al., 2012). When the mt calcium concentra-
tion exceeds a certain threshold, mt membrane per-
meability transition and collapse of the mt membrane
potential ensues. Picard et al. (2008) showed that the
calcium threshold for permeability transition pore
opening was approximately 3 times greater in permea-
bilized fibers from white gastrocnemius than from oxi-
dative soleus, indicating that glycolytic muscle may be
more resistant to permeability transition and cell death
signaling. However, the high cyt c response in the LL at
3 h indicates that the calcium concentration may have
exceeded themt threshold in glycolytic fibers and over-
whelmed their capacity to resist permeability transi-
tion. In contrast, the greater mt content of oxidative
fibers may have augmented the total calcium retention
capacity, thereby delaying permeability transition.
Furthermore, mt in oxidative fibers form elongated net-
works that are organized in a grid-like manner parallel
and perpendicular to myofibrils (Bleck et al., 2018). It
is possible that this system is “protecting” mt in Dia,
allowing them to redistribute ions or respire longer,
whereas the mt from LL may be more exposed and
vulnerable to postmortem changes in intracellular ion
concentrations. In glycolytic muscle, compromised
mt membrane integrity may help hasten activation of
proteases by contributing to increase in sarcoplasmic
calcium. In turn, this could enhance calpain-mediated
proteolysis and tenderization.

Muscle pH and temperature decline

Muscle pH and temperature decline are fundamen-
tal factors influencing postmortem metabolism and
meat quality development. The LL and Dia exhibited
different patterns of temperature decline postmortem
(muscle × time: P< 0.001; Table 1). Due to its thin
shape and minimal fat cover, the Dia was more ex-
posed to environmental temperatures than the LL,
which contributed to a more rapid temperature decline.
Enzymatic activities are temperature dependent;
increasing temperature alone is sufficient to hasten
pH decline, accelerate time to rigor, and impact degree
of shortening (Marsh, 1954). The Dia and LL also dis-
played different patterns of pH decline (muscle × time:

P< 0.001). However, these patterns were inconsistent
with the concept of temperature driving pH decline, as
Dia had lower pH than the LL at 1 and 3 h postmortem
despite a more rapid temperature decline. Importantly,
aforementioned results by Marsh (1954) for pH–
temperature relationships were obtained by changing
temperature of only one muscle (longissimus). How-
ever, the rate of pH decline early postmortem also
depends on muscle fiber properties. Oxidative muscles
have been shown to exhibit lower pH early postmortem
compared with intermediate/glycolytic muscles; this
has been noted in bovine (Koohmaraie et al., 1988;
Veiseth-Kent et al., 2018), ovine (Ilian et al., 2001),
and pig (Melody et al., 2004). Compared with LL,
the lower pH at 1 and 3 h in Dia may also be associated
with the lower buffering capacity of oxidative muscles
(Lawrie, 1998). Further work is necessary to define the
influence of temperature and pH on mt function post-
mortem in divergent muscle types.

In summary, we showed that mt content was suffi-
cient to explain muscle differences in OXPHOS and
ETS capacity between the Dia and LL, and that mt from
both muscles retain the ability to produce ATP within
24 h postmortem. However, mt from the 2 muscles
exhibited intrinsic differences in leak and coupling
control, and those from glycolytic fibers showed earlier
mt disruption and loss of functionality, indicated by
greater response to cyt c and reduced CI activity when
compared with oxidative fibers. Due to muscle differ-
ences in pH and temperature decline, we cannot ex-
clude the possibility that these parameters contribute to

Table 1. Temperature and pH decline in bovine
diaphragm (Dia) and longissimus lumborum (LL)
collected at 1, 3 and 24h postmortem

Dia LL SE

Temp. (°C)

1 h 38.03x 39.18x 0.369

3 h 24.08b,y 35.17a,x 0.998

24 h 3.13z 3.95y 0.552

pH

1 h 6.28b,x 6.68a,x 0.082

3 h 5.89b,y 6.15a,y 0.049

24 h 5.69a,z 5.49b,z 0.037

P-values

Muscle (m) Time (t) m × t

Temp. 0.021 <0.001 <0.001

pH 0.004 <0.001 <0.001
1SE= standard error
a–bDifferent letters represent differences within a row (P< 0.05)
x–zDifferent letters represent differences within a column and within

response variable (P< 0.05)
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muscle differences in mt function postmortem. Rapid
temperature decline in Dia may help preserve mt func-
tion. Phung et al. (2013) showed that bovine semimem-
branosus temperature was negatively associated with
OCR. Others have observed that porcine LL with rapid
pH decline exhibits a more profound decrease in mt
respiratory activity in comparison to LL with slower
pH decline (Werner et al., 2010; Popp et al., 2015).
Paradoxically, rapid pH decline in Dia does not appear
to negatively impact mt function. Thus, the relationship
between rate of pH decline and mt function may
depend onmt content andmt properties associated with
fiber type. Mt in glycolytic fibers appear to be more
prone to structural and functional changes postmortem
than oxidative fibers, particularly if pH decline is rapid.
This may be the result of reduced antioxidant capacity,
calcium handling, and limited mechanisms to prevent
mt membrane permeability in glycolytic fibers. It is
expected, based on presented results, that lowermt con-
tent within bovine muscle is associated with faster mt
disruption, and earlier reduction in respiration and cou-
pling capacity, which could ultimately affect develop-
ment of beef quality.

Conclusions

Mt content largely explains differences in
OXPHOS and ETS capacity between metabolically
distinct muscles, such as the LL and Dia. However,
mt in these muscles exhibited divergent responses dur-
ing the postmortem period, with mt in Dia exhibiting a
greater ability to retain functionality and integrity
despite a more rapid pH decline. Specialized properties
associated with fiber type, including antioxidant capac-
ity, calcium handling, and resistance to outer mem-
brane permeability transition, may contribute to
different patterns between muscle fiber types post-
mortem. In conjunction, these intrinsic mt properties
modulate oxidative damage and protease activity,
which are important parameters affecting the conver-
sion of muscle to meat.
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