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The conversion of muscle into meat is a complex process of major concern for meat scientists due to its influence on
the final meat quality. The aim of this study was to investigate the occurrence of autophagic processes in the conversion
of muscle into meat. Our findings demonstrated, for the first time, the occurrence of autophagic processes in the muscle
tissue at early postmortem period (2 h to 24 h) in both beef breeds studied (Asturiana de los Valles and Asturiana de la
Montana) showing significant time-scale differences between breeds, which could indicate a role of this process in meat
maturation. These breeds have different physiological features: while Asturiana de los Valles is a meat-specialized breed
showing high growth rate, an elevated proportion of white fibers in the muscle and low intramuscular fat level, Asturiana
de la Montafa is a small- to medium-sized rustic breed adapted to less-favored areas, showing more red fibers in the

muscle and a high intramuscular fat content.

Introduction

In the case of fresh meat, tenderness is considered the factor
that most influences the consumer’s purchase choice. However,
meat tenderness is a highly variable attribute and is dependent
on many different intrinsic and extrinsic factors during the life
of the animal. Thus, little is still known about the early changes
occurring in the muscle tissue after the animal’s death.

In the postmortem muscle the anoxia situation caused by
the sudden end of blood flow will drastically reduce energy
production in the cells, most of which was provided by ATP
generated in the mitochondria in an oxygen-dependent process.
Under this situation, the mitochondrial electron transport chain
is inhibited, which results in redox changes and increases of
reactive oxygen species (ROS) that produce oxidative stress.!

In response to this oxidative challenge, cells may trigger
different signaling pathways, such as physiological turnover
of organelles via autophagy or it may result in the complete
destruction of the cell via one or more of the programmed cell
death (PCD) pathways that could be activated if the viability of
the cell cannot be maintained.

To date, only apoptosis (previously referred to as type I
PCD) has been considered, by the meat scientist, as the most
likely process of cell death in the postmortem muscle. Ouali
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et al.?® hypothesize that the hypoxic/ischemic conditions that
are induced through the process of the animal’s death and
exsanguination could activate caspases and apoptosis in the
skeletal muscle, similarly to what is observed during neuronal or
cardiac ischemia. They propose that apoptosis and its effects on
cell structure and proteins could provide partial answers to still
unexplained variability of meat tenderness as well as explain some
early changes occurring in the muscle tissue. Since then, many
studies have pointed out the importance of considering apoptosis
to understand beef aging and tenderization.*”

Autophagy is considered a specialized form of lysosomal
proteolysis, where part of the cytoplasm or entire organelles
called

autophagosomes, which fuse with lysosomes, resulting in

are sequestered into  double-membrane  vesicles
the degradation of their contents by lysosomal cathepsins.'’
Autophagic cell death (previously referred to as type II PCD), is
a mechanism equivalent to apoptosis in that the end result is cell
death, in addition to the traditional, well-established view that
autophagy is an important protective mechanism for cells under
stress such as starvation via provision of nutrients and removal of
protein aggregates and damaged mitochondria.'"!?

Autophagic processes have been described under starvation,"

4

cancer,' and aging,” but the possible relationship between

autophagy and meat tenderization has not been suggested thus
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Table 1. Effect of breed (in rows) and aging time (in columns) on meat TAA
(mg trolox mg™ protein)

Breed
Aging time AV AM Sign.
2h 1.332b 1.944 b FxX
12h 1317b 1.511a **
24h 0.080 a 1.303a HxX
sign. e e

Within a breed, means in the same column followed by different letters are
significantly different at P < 0.05; **P < 0.01; ***P < 0.001.

Table 2. Effect of breed (in rows) and aging time (in columns) on the
activity of CTSB, CTSD, and CTSD/CTSB ratio

Breed
Variable Aging time AV AM Sign.
CTSB 2h 2.868 2.765a NS

(mU mg™ protein) 12h 3.465 3.920b *
24h 3.220 3.758b *%
Sign. NS Frx

CTSD 2h 12.620a 17.010b *x

(U mg" protein) 12h 14152 b 17.000 b i
24h 12937 a 15.118a *%
Sign. ** *

Ratio CTSD/CTSB 2h 4.425 6.225 b *
12h 4.100 4.325 ab NS
24h 4.025 4.025a NS
Sign. NS **

Within a breed, means in the same column followed by different letters are
significantly different at P < 0.05; NS: not significant, *P < 0.05, **P < 0.01;
**¥*P < 0.001.

2 hours 12 hours 24 hours
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Figure 1. Immunoblot analysis of BECN1 and actin expression in meat
from AV and AM breeds along the postmortem period in the study (2 h
to 24 h).
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far. Autophagy is one of the cellular defense mechanisms activated
in response to excessive ROS production. Indeed, ROS act as
signaling molecules in the early events of autophagy induction.'®
As to skeletal muscle, ROS have been implicated in the induction
of autophagy in muscle atrophy, disuse, and aging."”*® Moreover,
previous research from our group has demonstrated that the
oxidative stress caused by ROS with regard to lipids and proteins
of beef muscles at early postmortem stages is directly related to
meat tenderization;'*? therefore a more in-depth study on this
subject could provide some explanations for the still unexplained
aspects of meat quality variability.

In this article, several autophagic markers such as BECN1/
Beclin 1, MAPILC3/LC3, CTSD/cathepsin D and CTSB/
cathepsin B and their ratio?* were studied in 2 beef breeds of
different animal production purposes: Asturiana de los Valles
(AV) and Asturiana de la Montafia (AM). AV is a breed with
a high growth rate,* an elevated proportion of white fibers in
the longissimus dorsi (LD) muscle® and a low intramuscular fat
(IMF) level.?® Conversely, AM is a small- to medium-sized rustic
breed,* adapted to less favored mountain areas, with a high
proportion of red fibers and high IMF content.?

The aim of the present study was to evaluate the possible
presence of autophagy during the first 24 h of muscle tenderization
and to evaluate if this process could be different depending on
the animal breed, thus influencing the final meat quality.

Results

Total antioxidant activity

There were significant differences along the postmortem
period (2 < 0.001) and between the breeds at 2 h (2 < 0.001), 12
h (P <0.01) and 24 h (P < 0.001) postmortem, with meat from
the AM breed showing higher values of total antioxidant activity
(TAA) (Table 1).

Cathepsin activities

The cathepsin activities studied (CTSB and CTSD) revealed
a similar pattern during the early postmortem period in both
breeds, showing an increase in activity from 2 to 12 h postmortem
and decreasing thereafter (Table 2) with higher activity in the
AM meat at the very short postmortem time compared with the
AV breed.

In relation to the CTSD/CTSB activity ratio (Table 2), the
results showed significant differences between the breeds (P <
0.05) at 2 h postmortem, the ratio being higher for the meat
samples from the AM breed. This ratio gradually decreased in
both breeds, being significant (P < 0.01) for the AM breed, until
it reached similar values to the AV specimens at 24 h.

Autophagy markers: BECNI1 and LC3

BECNI was detected in all of the samples studied by western
blot (Fig. 1), with similar levels of expression in both breeds
(Fig. 1) and a similar postmortem pattern. BECNI expression
increased with aging from 2 h to 12 h, with this increase being
more intense and significant (P < 0.05) in meat from the AM
breed (Table 3). However, a significant decrease of BECN1
expression was observed later, at 24 h postmortem, in both breeds

(P < 0.05 for AV and P < 0.01 for AM) (Table 3).
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In contrast, the immunoanalysis for the LC3 autophagic
marker (Fig. 2A) revealed 2 bands corresponding to the cleaved,
cytosolic form LC3-I (18 kDa) and the subsequently lipidated
form LC3-II (16 kDa). Semiquantitative densitometry showed
significant differences between both breeds (Fig. 2B and C).
Thus, meat from the AM breed presented significantly higher
values of LC3-I (Fig. 2B, P < 0.05) and LC3-1II (Fig. 2C, P <
0.001) at 2 h postmortem. These differences between the breeds
decreased gradually, following a similar trend that was described
for the CTSD/CTSB ratio. Moreover, at 24 h the AV breed
showed significantly higher values for both LC3-I and LC3-II
(P <0.05).

Discussion

Meataging is one of the most important processes for obtaining
a satisfactory degree of meat tenderness, which is decisive for the
consumer’s acceptability and subsequent intention to repurchase.
Tenderization is largely a consequence of enzymatic degradation

Table 3. Effect of breed (in rows) and aging time (in columns) on BECN1
expression (Optical Density, in arbitrary units)

Breed
Aging time AV AM Sign.
2h 1.133b 1.005 b NS
12h 1376 b 1.609 ¢ NS
24h 0.541 a 0.485 a NS
Sign. * **

Within a breed, means in the same column followed by different letters are
significantly different at P < 0.05; *P < 0.05, **P < 0.01.

of key myofibrillar and cytoskeletal proteins that, under in
vivo conditions, maintain the structural integrity of myofibrils.
However, this is a complex process influenced by many factors
and several of them still remain unknown.

After the hypothesis of Ouali et al.? that the hypoxic/ischemic
conditions induced through the process of the animal’s death
and exsanguination could activate caspases and apoptosis in the
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Figure 2. (A) Immunoblot analysis of LC3-I, LC3-1l and actin expression in meat from AV and AM breeds along the postmortem period in the study (2 h
to 24 h). (B) Semi-quantitative optical density (arbitrary units) of LC3-I expression normalized to actin. (C) Semi-quantitative optical density (arbitrary
units) of LC3-Il expression normalized to actin. Significant differences between breeds at a given aging time are expressed as *P < 0.05 and ***P < 0.001.
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skeletal muscle, many studies have pointed out the importance of
considering apoptosis to understand beef aging and tenderization.

In this sense, Laville et al’ have observed a significant
increase of proteolytic products of proteins that constitute the
mitochondrial membrane (from the inner and outer membranes)
in the soluble fraction of tender meat, in the examination of
proteome changes during meat aging of tender and tough
meat from Charolais young bulls. Detection of these products
occurred very early during the postmortem conditioning period
and thus could not have been derived from meat aging. These
data indicate an increase in mitochondrial membrane disruption
in the tender group, which is known to occur early in the intrinsic
apoptotic pathway and is subsequently involved in caspase
activation. In agreement with this, some recent evidence has
shown the development of apoptosis, by rapid phosphatidylserine
externalization, cell shrinkage, and a progressive degradation of
actin (a protein proposed to be a good marker of apoptosis) during
the 72 h following exsanguination in rat muscle.?” Also, Cao etal.’
describe hallmarks of apoptosis such as chromatin condensation
and margination, typical apoptotic DNA fragmentation and
apoptotic bodies formation, in different skeletal muscles of bulls
between day 1 and 4 after slaughter, concluding on the one hand
that in postmortem muscle, apoptosis takes place.

Moreover, several studies have focused on determining
whether caspases are active in the muscle tissue during meat
conditioning and whether they cleave proteins found within
myofibril structures. Caspase activity changes across the
postmortem conditioning period of pork, chicken, and beef, with
the highest activities always detected in the early postmortem
phase.®?%3 Changes in CASP3/caspase 3 and CASP7, as well as
CASP9 activity during the early phase of conditioning of porcine
LD muscle have been identified to have a negative relationship
with shear force; thus, the more caspase activation, the greater
the change and the lower the shear force value, and therefore the
higher the level of meat tenderness.® However, other authors®
when examining changes in CASP3 activity and protein
expression in beef muscle samples during postmortem aging,
only detected the inactive isoform of CASP3, not the active
one, and no association between caspase isoforms and shear
force values was found. Thus, these contradictory results only
further highlight our need for continued research to increase our
understanding of the process of conversion of muscle into meat.

On the other hand, due to the oxidative conditions derived
from exsanguination during the animal’s death, cells may trigger
physiological turnover of organelles via autophagy'® however, this
process has not been considered by meat scientist to date. This
article shows the occurrence of autophagy in muscle cells from
the LD of yearling bulls during early postmortem meat aging (2
h to 24 h).

Previous research from our group had demonstrated the
oxidative damage caused by ROS through measurements of
protein damage and lipid peroxidation in the muscular tissue of
the same breeds (AV and AM) during the postmortem stage of
meat aging and also the subsequent antioxidant response.”” The
data obtained in the present study showed significant differences
in the capability of the muscle cells of different beef breeds (the
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meat-specialized AV and the rustic AM) to counteract oxidative
stress at the pre-rigor phase. Thus, meat from the AM animals
had a higher antioxidant capability (as measured by the TAA)
than the AV meat, which could indicate that oxidative stress
had less harmful effects in the meat from AM than AV. This
protection against oxidative stress that the rustic breed showed
could be the reason for the slow tenderization process that this
breed presents in comparison to AV? because its resistance
against cellular death due to hypoxia can be longer.

The occurrence of autophagy has been studied by our group
in different controversial conditions in organs that suffer high
levels of oxidative stress (similar conditions to slaughter), such as
the flank organ® and harderian gland in Syrian hamsters,” and
under different cell stress conditions, such as hypoxia.** Based
upon our experience, autophagy seemed an obvious candidate
response to be triggered in muscular tissue after an animal’s
death.

It is worth noting that in the present work, due to the
experimental system limitations, standard autophagy flux assays
could not be performed, therefore direct autophagy monitoring
was not possible, however a set of selected biomarkers of
autophagy were examined in muscle cells in response to slaughter
and, consequently, under the sudden absence of oxygen, and
during conditions of oxidative stress and nutrient starvation.

Our results showed, for the first time, not only the occurrence
of autophagic processes but also clear differences in the pathways
followed during the maturation phase of meat coming from 2 beef
breeds and corroborate our hypothesis, showing faster and more
intense indication of autophagy in the AM breed than in the AV
breed. Additionally, we observed clear differences in cathepsin
activities and, thereby, in the activity ratio between both breeds.

Cathepsins contribute to meat quality later in the maturation
process, when lysosomes are disrupted and pH conditions

323536 However, lysosomal

are favorable for acidic enzymes.
permeabilization and cathepsin release is often an early eventin cell
response to oxidative stress, not only in the autophagic processes
but also in the apoptotic cascade” directly, as cathepsins cleave
and activate caspases or indirectly by triggering mitochondrial
dysfunction and subsequent release of mitochondrial proteins.?”%
The magnitude of oxidative stress determines the degree of
lysosomal destabilization and consequently whether reparative
autophagy, apoptosis, or necrosis will follow.

The ratio of the CTSD/CTSB activity is an interesting
marker of lysosomal viability. Compared with the same tissue
under control conditions or to a different tissue in the same
organism, alterations in the CTSD/CTSB activity ratio reflect
peculiarities in the autophagy-lysosomal pathway.?"** Therefore,
the appearance of higher levels of this ratio may be one indication
of the initiation of autophagy (lysosome)-dependent cell death.
In our study, the CTSD/CTSB ratio was higher in AM than in
AV muscle tissue at the very early postmortem time (2 h) (Table
2); thus, the AM breed appears to trigger autophagy more rapidly,
as has been previously suggested, and, accordingly, cellular
degradation and, eventually, meat maturation is postponed.
This is in accordance with previous reports showing a retarded
tenderization rate of meat from rustic breeds, such as AM.*!
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In the present study, autophagy occurrence in the muscle
tissue at early postmortem aging (within first 24 h) was
demonstrated by the presence of specific autophagic markers,
such as BECN1 and LC3. BECNI, the first gene identified
that is involved in autophagy in mammalian cells, is a BCL2-
interacting protein, localized to the trans-Golgi network. It is
a part of a complex with the class III PtdIns 3-kinase protein
that plays an important role in promoting autophagy. Our
results showed similar expression levels of BECNI in
meat from AM and AV breeds (Table 3). Interestingly, ROS-
induced autophagy is partially dependent upon the BECNI1
complex.” LC3 is an autophagosomal ortholog of yeast Atg8.
LC3 is recruited onto phagophore membranes during autophagic
cell death and is essential for amino-acid starvation-induced
autophagy. An LC3-modification, requiring cleavage and
lipidation (LC3-I to LC3-II) is essential for the formation of
autophagosomes® and, therefore, LC3-II, is considered an
autophagosomal marker.

Our results support the occurrence of a macroautophagic
process in the pre-rigor phase of meat, as the LC3-1I band was
found in the muscle extracts of both breeds, although with
significant differences: AM showed significantly higher LC3-II
and LC3-I expression at the very eatly postmortem time (2 h, in
accordance with the CTSD/CTSB ratio), with this trend being
maintained at 12 h. These results suggest an earlier autophagic
activation in the muscle of AM breed. Based upon our results,
AM tissue showed stronger evidence of the autophagic process
as an adaptive response to maintain cell survival under stress
conditions. Itis clear that this strategy may have important effects
on the meat maturation process because autophagy delays the
disintegration of the Z-disk, the loss of the transversal alignment
of the sarcomeres and the longitudinal splitting of myofibers,
with important consequences in muscular destruction and meat
tenderization.

This delay in meat tenderization in AM is in accordance
with several previous reports that rustic beef breeds show a
slower tenderization pattern than those of meat-specialized
breeds. 144

Herein, we have described for the first time variations in
the autophagic-lysosomal pathway of postmortem muscle cells,
which are directly related to the oxidative stress status of cells
and are probably involved in the first steps of meat tenderization.
Our findings indicate that autophagy seems to be involved in
the pre-rigor phase of meat aging in certain beef breeds with
significant differences in autophagy development in both breeds,
which could be related to specific genotypes. This discovery may
have important implications to improve the understanding of the
processes involved in the conversion of muscle into meat and in
the search for biomarkers of meat quality.

Materials and Methods

Animals and sampling procedure

Sixteen yearling bulls of 2 local breeds from Northern Spain:
AV, as a meat-specialized breed and AM as a rustic breed, were
studied. Eight animals from each breed were used.

www.landesbioscience.com

The death of the animals occurred in a commercial abattoir
following approved European Union procedures. After death and
dressing (2 h postmortem), hot carcasses were transferred to a
cold room at 4 °C and were kept there for 24 h postmortem.
From each animal, LD muscle samples of 20 g were taken at 2,
12, and 24 h postmortem, snap frozen in liquid nitrogen and
stored at 80 °C until used for different analyses. It has been
assumed that muscle samples taken at 2 h postmortem represent
the basal levels for oxidative and autophagic markers, as this
was the shortest time at which carcass tissues could be extracted
due to the standard commercial abattoir procedures and that
measurements of pH and temperature of the 2 h postmortem
muscle were similar to the ones found in the living tissue.”

Tissue extraction

Muscle tissue (1 g per animal) at each aging time (2, 12,
and 24 h postmortem) was thawed and homogenized according
to the procedure described by Caballero and coworkers.?> The
protein content of the supernatant fraction was measured by
the Bradford method* at 595 nm using a spectrophotometer
(Uvikon 930, Kontron Instruments).

Total antioxidant activity

The TAA was determined using the ABTS/H,0,/HRP
method for food samples,?” as modified for animal samples.*® The
results are expressed in equivalents of mg Trolox mg™ protein.

Cathepsin activities

Cysteine proteinase CTSB (EC 3.4.22.1) was assayed
fluorimetrically (CytofluorTM 2350, Millipore) according
to the method of Barret,” with minor modifications.”® The
aspartate proteinase, CTSD (EC 3.4.23.5), was assayed
spectrophotometrically (Uvikon 930, Kontron Instruments) at
280 nm according to the procedure described by Takahashi and
Tang,”! with minor modifications.* The CTSD/CTSB activity
ratio was also calculated for each biological type and aging time.

Immunoblotting

Immunoblottings were developed as is described in
Coto-Montes et al.?? using primary antibodies against BECN1
(sc-10086), actin (sc-1615) (Santa Cruz Biotechnology) and
LC3 (Calbiochem, MBL, PDO014), each previously diluted
1:1,000 in blocking buffer. The results were normalized to
actin. The levels of BECN1, LC3-I and LC3-II, and actin were
quantitatively analyzed using Quantity One v. 5.5.1. (Bio-Rad
Laboratories, Inc.).

Statistical analysis

All of the variables, the CTSB and CTSD activities, the
CTSD/CTSB activity ratio and the immunoblotting results,
were analyzed with ANOVA using the General Lineal model
procedure of SPSS v. 15.0 (2006) also considering breed,
aging time, and their interaction as the main effects. Once an
interaction between the breed and aging was established, the
effect of the breed and aging time (with the animal as random
factor) were tested. When significant, differences with aging
were analyzed by means of the Tukey post-hoc test (the Games-
Howell test when variances were not homogeneous).
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