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Abstract 
Tenderness is considered as one of the most important quality attributes dictating consumers’ overall satisfaction and future purchasing de-
cisions of fresh beef. However, the ability to predict and manage tenderness has proven very challenging due to the numerous factors that 
contribute to variation in end-product tenderness. Proteomic profiling allows for global examination of differentially abundant proteins in the 
meat and can provide new insight into biological mechanisms related to meat tenderness. Hence, the objective of this study was to examine 
proteomic profiles of beef longissimus lumborum (LL) steaks varying in tenderness, with the intention to identify potential biomarkers related to 
tenderness. For this purpose, beef LL muscle samples were collected from 99 carcasses at 0 and 384 h postmortem. Based on Warner–Bratzler 
shear force values at 384 h, 16 samples with the highest (intermediate tender, IT) and lowest (very tender, VT) values were selected to be used 
for proteomic analysis in this study (n = 8 per category). Using tandem mass tag-based proteomics, a total of 876 proteins were identified, of 
which 51 proteins were differentially abundant (P < 0.05) between the tenderness categories and aging periods. The differentially identified pro-
teins encompassed a wide array of biological processes related to muscle contraction, calcium signaling, metabolism, extracellular matrix organ-
ization, chaperone, and apoptosis. A greater (P < 0.05) relative abundance of proteins associated with carbohydrate metabolism and apoptosis, 
and a lower (P < 0.05) relative abundance of proteins involved in muscle contraction was observed in the VT steaks after aging compared with 
the IT steaks, suggesting that more proteolysis occurred in the VT steaks. This may be explained by the greater (P < 0.05) abundance of chaper-
onin and calcium-binding proteins in the IT steaks, which could have limited the extent of postmortem proteolysis in these steaks. In addition, 
a greater (P < 0.05) abundance of connective tissue proteins was also observed in the IT steaks, which likely contributed to the difference in 
tenderness due to added background toughness. The established proteomic database obtained in this study may provide a reference for future 
research regarding potential protein biomarkers that are associated with meat tenderness.

Lay Summary 
Among all the eating quality attributes of beef, tenderness is considered an essential factor influencing consumers’ overall satisfaction and future 
purchasing decisions. However, managing and predicting tenderness of meat products is challenging for the meat industry, as many factors can 
influence this attribute. The goal of this research was to examine variations in protein abundance between two categories of beef strip steaks 
varying in tenderness, with the intention to identify proteins related to beef tenderness/toughness. Overall, the results from this study suggest 
that tender steaks experienced greater protein degradation during aging than tougher steaks, which likely contributed to their improved tender-
ness. Furthermore, a greater abundance of connective tissue proteins, which are associated with meat toughness, was observed in the tougher 
steaks. Our results collectively indicate that the difference in tenderness between the two groups of steaks may be due to multiple proteins 
involved in several biological processes.
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Introduction
Tenderness is regarded as one of the most important eating 
quality attributes of beef (Gagaoua et al., 2019), and research 
indicates that consumers are willing to pay up to 8% more 
for guaranteed tender beef (Alfnes et al., 2008). Conversely, 
variation in beef tenderness negatively influences consumer 
satisfaction as well as the future likelihood of repeat purchase 
(Van Wezemael et al., 2014). Therefore, the beef industry 
must provide products of consistent quality to meet consumer 

expectations and be perceived as high value. Despite years of 
investigation, however, we are still unable to precisely predict 
or control fresh beef tenderness. This is likely due, in part, to 
the complex nature and lack of understanding of factors con-
tributing to variation in beef tenderness..

Skeletal muscle undergoes dramatic textural changes 
during the postmortem period that dictate end-product ten-
derness. These changes are mainly driven by two postmortem 
antagonistic processes, rigor mortis and proteolysis. While 
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rigor mortis is responsible for muscle stiffness, proteolysis 
compromises the overall structural integrity of the muscle 
and is responsible for the improvement in tenderness during 
postmortem aging. Proteolysis in postmortem muscle in-
volves the action of several endogenous proteolytic enzyme 
systems, including calpains, cathepsins, and caspases (Kemp 
et al., 2010). Yet, the calcium-dependent calpain system, 
more specifically calpain-1, has been widely regarded as the 
major protease responsible for postmortem proteolysis and 
tenderization (Geesink et al., 2006). In addition to prote-
olysis, connective tissue content and solubility and sarcomere 
length are major determinants of meat tenderness (Totland et 
al., 1988; Smulders et al., 1990). However, inconsistency in 
meat tenderness is often attributed to variations in the extent 
of postmortem proteolysis (Dang et al., 2020), particularly 
in the longissimus muscle (Wheeler and Koohmaraie, 1999). 
Hence, it is necessary to identify biomarkers related to pro-
teolysis and tenderness in order to minimize variation in beef 
tenderness.

Omics approaches have been utilized in the field of meat 
science to examine changes in postmortem muscle and their 
relationship to the physicochemical and sensory properties 
of the resulting meat (Ramanathan et al., 2020). Proteomic 
profiling, in particular, has been widely exploited to gain 
deeper insight into the biochemical events controlling meat 
tenderness through providing information about protein rela-
tive abundance, modification (i.e., oxidation, degradation, 
and denaturation), localization, and interaction (Schilling 
et al., 2017). Further, proteomic studies based on compari-
sons between tender and tough beef have revealed several 
potential protein biomarkers related to tenderness (Laville 
et al., 2009; Bjarnadottir et al., 2012; D’Alessandro et al., 
2012b; Carvalho et al., 2014). These proteins were found to 
be involved in different biological processes, including cal-
cium homeostasis, oxidative stress, apoptosis, proteolysis, 
energy metabolism, and structural integrity. Results from 
these studies have shown a promising potential of proteomic 
analysis to improve our understanding of factors controlling 
meat tenderness.

Tandem mass tag (TMT) is a chemical labeling technique 
that allows for high-throughput and multiplexed quantitative 
proteomic analysis (O’Brien et al., 2018). TMT-based quan-
titative proteomics has been recently utilized in meat science 
research to assess differences in color stability of different 
ovine (Li et al., 2018) and bovine (Zhai et al., 2020) muscles. 
This tool has also been used to gain deeper insight into fac-
tors controlling the rate and extent of postmortem metab-
olism (Zequan et al., 2021; Zhu et al., 2021c). In this study, 
we utilized a TMT-based quantitative proteomic analysis to 
examine differences in protein profiles between two groups 
of beef steaks varying in tenderness, with the intention to 
identify potential biomarkers related to tenderness. Although 
similar studies have been previously performed (Laville et al., 
2009; Bjarnadottir et al., 2012; D’Alessandro et al., 2012b; 
Carvalho et al., 2014), none of these studies utilized TMT-
based proteomic analysis.

Materials and Methods
Muscle sampling
Market weight steers (18  ±  2 mo, n = 99) of similar gen-
etic background, feeding, and management conditions were 
humanely harvested at a federally inspected commercial 

abattoir following USDA guidelines. At ~30 min postmortem, 
~10  g of the longissimus lumborum (LL) muscle was col-
lected from one side of each carcass, snap-frozen in liquid 
nitrogen, and stored at −80 °C (subsequently referred to as 
0 h postmortem samples). All carcasses were stored at 4 °C 
for 48 h. Afterward, the rest of the LL muscle was excised 
from all carcasses, vacuum packaged, and aged for an add-
itional 14 d (16 d [384 h] total aging period). At the end of 
the aging period, two 2.5-cm-thick steaks were obtained from 
each muscle; one steak was used for shear force determin-
ation, while the other one was frozen and stored in the same 
manner as described earlier.

Warner–Bratzler shear force
Warner–Bratzler shear force (WBSF) was evaluated using a 
WBSF (V-notch) attachment coupled to a TMS-Pro Texture 
Analyzer (Food Technology Co., Sterling, VA, USA) and in 
accordance with previously described procedures (Belk et al., 
2015). Briefly, the 384 h aged steaks were cooked on an elec-
tric clamshell grill to an internal temperature of 71 °C. After 
cooking, steaks were blotted dry, equilibrated to room tem-
perature, and stored overnight at 4 °C. On the following day, 
seven 1.27 cm-diameter core samples were collected from each 
steak parallel to the muscle fiber orientation with a hand-held 
coring device. Cores were then sheared perpendicular to the 
longitudinal axis of the muscle fibers. Shear force was deter-
mined as the average maximum force (Newton, N) of the 
seven cores. Based on WBSF measurements, 16 samples with 
the highest and lowest values were selected to be used for 
proteomic analysis in this study (n = 8 per group). These 16 
samples are the same sample used in our previous publication 
(Dang et al., 2020).

Proteomic analysis
Protein solubilization and quantification
Frozen 0 and 384 h muscle samples were pulverized under 
liquid nitrogen using a mortar and pestle, and an aliquot 
(~100 mg) was collected from each sample in a microcentrifuge 
tube. Then, a buffer containing 8 M urea, 50 mM HEPES, and 
1% SDS (pH 8) was added to each sample at a 1:10 ratio. 
The resulting mixture was homogenized with a bead-beating 
homogenizer (TissueLyser LT, Qiagen, Hilden, Germany) and 
4 mm diameter stainless steel beads (Next Advance Inc., Troy, 
NY, USA). Aliquots for protein quantification were removed 
from the tissue homogenate, heated at 90 °C for 5 min, and 
centrifuged at 10,000 × g for 10 min at room temperature. 
Protein concentration was determined on the resulting super-
natants using the RCDC protein assay kit in accordance 
with the manufacturer’s directions (BioRad Laboratories, 
Hercules, CA, USA).

Protein reduction, alkylation, and digestion
All procedures were performed according to the TMT 6-plex 
kit manual (Thermo Fisher Scientific, Waltham, MA, USA). 
In brief, an aliquot from each sample corresponding to 100 
µg protein was mixed with 100 mM triethyl ammonium bi-
carbonate (TEAB) to achieve a final volume of 100 µL. For 
reduction of disulfide bonds, Tris (2-carboxyethyl) phosphine 
(9.5 mM final concentration) was added and the mixture was 
incubated at 55 °C for 1 h. Free cysteines were then alkyl-
ated with iodoacetamide (17.9  mM final concentration) at 
room temperature in the dark for 30 min. Following, ice-cold 
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acetone was added at 6:1 ratio and proteins were precipitated 
overnight at −80 °C. Precipitates were collected following 
centrifugation at 8,000 × g for 10 min at 4 °C. Supernatants 
were removed and pellets were allowed to air dry under a 
sheet of foil. Pellets were reconstituted in 100 µL TEAB and 
then digested with 2.5 µg trypsin overnight at 37 °C.

Peptide labeling
The total peptide concentration of digested samples was 
determined using a NanoDrop (ND-1000; Thermo Fisher 
Scientific) at 205 nm (Scopes, 1974). Samples were randomly 
assigned to one of six TMT labels across seven TMT sets. 
A quality control (QC) sample was included in each set to 
account for variation between TMT sets. The QC sample con-
sisted of all samples utilized in this study pooled into one tube 
at equal peptide concentrations. About 74 μg peptide from 
each sample was mixed with 100  mM TEAB to achieve a 
final volume of 100 µL. Subsequently, 41 µL of TMT label re-
agent was added to each sample and incubated at room tem-
perature for 1 h. Hydroxylamine was added to each sample 
(0.37% final concentration) before being incubated for an 
additional 15 min. Samples within each TMT set were then 
pooled together. Peptides within each pooled sample were 
acidified using 15 μL of 10% trifluoracetic acid.

Peptide cleanup and fractionation
Removal of excess TMT label, desalting, and fractionation 
of peptides was carried out using Pierce High pH Reversed-
Phase Peptide Fractionation Kit following the manufacturer’s 
instructions (Thermo Fisher Scientific). In brief, 100 µg of 
the total peptide from each pooled sample was subjected to 
stepwise fractionation using an elution buffering (0.1% TEA 
and acetonitrile added from 10% to 50% final concentration) 
and centrifugation at 3,000 × g for 2 min at room tempera-
ture. A total of eight fractions were collected from each TMT 
set and subsequently dried using a Savant SpeedVac (Savant 
Instruments, Farmingdale, NY, USA). Dried samples were 
then reconstituted in a solution consisting of 5% acetonitrile 
and 0.1% formic acid.

Mass spectrometry analysis
A total of 0.75 μg of peptides was purified and concen-
trated from the peptide fractions using an online enrichment 
column (Waters Symmetry Trap C18 100 Å, 5 µm, 180 µm 
ID × 20 mm column). Chromatographic separation of the re-
sulting peptide concentrates was performed using a reverse-
phase nanospray column (Peptide BEH C18; 1.7 µm, 75 µm 
ID × 150 mm column; Waters, Milford, MA, USA) with an 
85 min linear gradient from 5% to 40% (99.9% acetonitrile 
and 0.1% formic acid) followed by 40% to 85% for 7 min 
at a flow rate of 350 nL/min. Eluted samples were subjected 
to mass spectrometry analysis using a mass spectrometer 
(Orbitrap Velos Pro; Thermo Fisher Scientific) equipped with 
a Nanospray Flex ion source. Fragmentation was achieved 
via high-energy collisional dissociation with a set collision en-
ergy of 35%. Spectra were collected over an m/z range of 400 
to 1,500 with only the top 10 ions possessing charge state 
+2 or higher accepted for MS/MS. The selection criteria were 
based on a dynamic exclusion limit of 1 MS/MS spectra of a 
given m/z value for 30 s (exclusion duration of 120 s). Fourier 
transform profile mode with resolutions of 30,000 and 7,500 
was used for both MS and MS/MS, respectively. From the re-
sulting spectra, a list of compounds with set S/N threshold of 

1.5 and 1 scan per group was generated using the Xcalibur 
3.0 software (Thermo Fisher Scientific, San Jose, CA, USA).

Data processing
Tandem mass spectra extraction, charge state deconvolu-
tion, and deisotoping were processed with ProteoWizard 
MsConvert (Chambers et al., 2012). Spectra from all sam-
ples were searched using Mascot version 2.6.0 (Matrix 
Science, London, UK) against the Bos taurus proteome 
(UP000009136) and cRAP common contaminants database 
(75,997 total entries), specifying the digestion enzyme trypsin 
with a fragment ion mass tolerance of 0.020 Da and a parent 
ion tolerance of 25  ppm. Fixed modifications were set as 
carbamidomethylation of cysteine and TMT 6-plex of lysine 
and the n-terminus, while variable modifications were set as 
deamidation of asparagine and glutamine and oxidation of 
methionine.

Search results from each TMT set were subjected to 
MuDPIT analysis through the Scaffold software (Version 
5.0; Proteome Software Inc., Portland, OR, USA; Searle et 
al., 2008). A peptide threshold of 89% was set so that hits to 
the reverse database would obtain a peptide false discovery 
rate (FDR) of 0.08% (Käll et al., 2008). Protein identifica-
tions were accepted if the protein probabilities assigned by 
the Protein Prophet algorithm (Nesvizhskii et al., 2003) were 
greater than 99.0% and contained at least two identified pep-
tides. Proteins with similar peptides and that could not be 
differentiated by MS/MS analysis were grouped to satisfy 
the principles of parsimony. Purity correction was performed 
using purity values supplied by Thermo Fisher Scientific (Lots 
VJ313112 and VJ307214) with an algorithm described by 
Shadforth et al. (2005). Log-transformation and normaliza-
tion of intensities were performed across samples following 
methods provided by Oberg et al. (2008), with transformed 
values being weighted by an adaptive intensity weighting al-
gorithm. Peptide spectra that were assigned to multiple pro-
teins and missing reference values were removed from the 
analysis.

Statistical analysis
Data were analyzed using Scaffold software. Pairwise com-
parison between tenderness categories (very tender [VT] vs. 
intermediate tender [IT]) and aging periods (0 vs. 384 h) was 
evaluated using a moderated t-test. A fold change threshold 
of 1.2 was applied to ensure confidence in differentially ex-
pressed proteins. To control for FDR and multiple testing, a 
Benjamini−Hochberg adjustment was performed with P < 
0.05 (Benjamini and Hochberg, 1995).

Results
In this study, steaks of the highest and lowest WBSF values 
were selected for proteomic analysis (n = 8 per group). These 
samples were previously utilized by Dang et al. (2020) in a 
separate study that investigated metabolic differences be-
tween the two steak groups. The average WBSF value for 
the first group was ~49.5 N, while the second group had an 
average value of ~24.6 N. Destefanis et al. (2008) classified 
beef tenderness, by correlating WBSF values and sensory 
scores, into five categories: very tough (>63 N), tough (53 to 
63 N), intermediate (43 to 53 N), tender (33 to 43 N), and VT 
(<33 N). Following this classification, the first group of steaks 
was categorized as IT, while the second group was VT.
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From the TMT-based proteomic analysis, a total of 876 
proteins were identified, of which 51 proteins were differen-
tially abundant (P < 0.05) across tenderness categories and 
aging periods (IT at 0 h vs. VT at 0 h; IT at 0 h vs. IT at 384 h; 
VT at 0 h vs. VT at 384 h; IT at 384 h vs. VT at 384 h). To 
simplify the results, differentially abundant proteins were cat-
egorized based on their main biological processes into eight 
different categories: proteins involved in muscle contraction 
and calcium signaling (Table 1), carbohydrate metabolism, 
TCA cycle and oxidative phosphorylation, and fatty acid 
metabolism (Table 2), extracellular matrix organization and 
platelet activation (Table 3), and a category for other bio-
logical functions (Table 4).

Proteins involved in muscle contraction and 
calcium signaling
Fourteen proteins involved in muscle contraction were dif-
ferentially abundant between the tenderness categories and 
aging periods (Table 1). Myosin light chain 6B (MYL6B) and 
alpha-actin (ACTA1) were more abundant (P = 0.008) in the 
VT than IT steaks at 0  h postmortem. Abundance of my-
osin light chain 3 (MYL3) increased (P = 0.0004) in the VT 
steaks after 384 h of aging, whereas myosin regulatory light 
chain 2 (MYL2), synaptopodin 2 like (SYNPO2L), telethonin 
(TCAP), myozenin 3 (MYOZ3), vimentin (VIM), and PDZ 

and LIM domain protein 7 (PDLIM7) were all found to be 
less abundant (P ≤ 0.008) in the VT steaks at 384 h compared 
with their 0 h counterparts. Similarly, a decrease (P ≤ 0.01) 
in the abundance of TCAP, MYOZ3, VIM, and PDLIM7 was 
observed in the IT steaks following aging. On the other hand, 
aging of the IT steaks increased (P ≤ 0.001) the abundance of 
myosin heavy chain I (which is encoded by MYH7), MYL6B, 
four and a half LIM domains 1 (FHL1), cysteine and glycine-
rich protein 3 (CSRP3), and calsequestrin (CASQ2). At 384 h 
postmortem, transgelin (TAGLN) and CSRP3 were more 
abundant (P = 0.001) in the IT steaks than VT.

Among the differentially identified proteins, four were re-
lated to calcium signaling (Table 1). Annexin A2 (ANXA2) 
was greater (P = 0.0005) in the IT steaks than the VT at 0 h 
postmortem. Decreased abundance (P = 0.04) of protein 
S100-A4 (S100A4) was detected in the VT steaks after 384 h 
of aging. Similarly, aging lowered the abundance (P ≤ 0.0004) 
of cadherin-13 (CDH13), ANXA2, and protein S100-A2 
(S100A2) in the IT steaks.

Proteins related to metabolism in skeletal muscle
Lactate dehydrogenase B (LDHB), mannose-6-phosphate 
isomerase (MPI), 6-phosphogluconate dehydrogenase (PGD), 
transketolase (TKT), and NADH-cytochrome b5 reductase 3 
(CYB5R3) are proteins involved in carbohydrate metabolism 

Table 1. Differentially abundant proteins involved in muscle contraction and calcium signaling between IT and VT beef steaks at 0 and 384 h 
postmortem1

Biological process Gene 
name 

Log2 fold change 
(IT vs. VT) at 0 h 

Log2 fold change (VT 
384 h vs. VT 0 h) 

Log2 fold change (IT 
384 h vs. IT 0 h) 

Log2 fold change 
(IT vs. VT) at 384 h 

Muscle contraction

  Transgelin TAGLN 0.27**

  Myosin heavy chain I MYH7 0.28***

  Myosin regulatory 
light chain 2

MYL2 −0.58*

  Myosin light chain 3 MYL3 0.29***

  Myosin light chain 6B MYL6B −0.28*** 0.51***

  Actin, alpha skeletal 
muscle

ACTA1 −0.47**

  Synaptopodin 2 like SYNPO2L −0.28***

  Telethonin TCAP −0.44** −0.37*

  Myozenin 3 MYOZ3 −0.42*** −0.37***

  Vimentin VIM −0.29*** −0.45***

  PDZ and LIM domain 
protein 7

PDLIM7 −0.28*** −0.33***

  Four and a half LIM 
domains 1

FHL1 0.29***

  Cysteine and glycine-
rich protein 3

CSRP3 0.3*** 0.41**

  Calsequestrin CASQ2 0.27***

Calcium signaling

  Cadherin-13 CDH13 −0.35***

  Annexin A2 ANXA2 0.28*** −0.42***

  Protein S100-A2 S100A2 −0.63***

  Protein S100-A4 S100A4 −0.3*

1Data are presented as Log2 fold change.
*P < 0.05.
**P < 0.01.
***P < 0.001.
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and were identified as being differentially abundant in this 
study (Table 2). LDHB and MPI were expressed at a greater 
level (P ≤ 0.01) in the VT category compared with IT at 0 h. 
Lower abundance (P = 0.0004) of TKT was observed in the 
VT steaks following aging, while IT stakes had decreased 
abundance (P ≤ 0.03) of PGD and CYB5R3.

Three mitochondrial proteins involved in aerobic me-
tabolism, NADH dehydrogenase [ubiquinone] 1 beta 
subcomplex subunit 11 (NDUFB11), cytochrome c oxidase 
subunit 5A (COX5A), and isocitrate dehydrogenase [NAD] 
subunit beta (IDH3B), were differentially expressed (Table 2). 
At 384 h postmortem, VT steaks had greater COX5A abun-
dance (P = 0.0004) in comparison to their 0 h counterparts, 
and the same effect (P = 0.001) was observed for NDUFB11 
in the IT samples. When the two steak categories were com-
pared at 384 h postmortem, IDH3B was greater (P = 0.001) 
in the VT samples.

Six proteins involved in fatty acid metabolism were iden-
tified to be differentially abundant between the two aging 
periods (Table 2). Fatty acid-binding protein 4 (FABP4) and 
perilipin 4 (PLIN4) were more abundant (P ≤ 0.02) in the 
VT steaks at 0 h compared with their 384 h aged counter-
parts. Similarly, more abundance (P ≤ 0.003) of fatty acid 
synthase (FASN) and PLIN4 was observed at 0 h in the IT 
steaks. Conversely, lower abundance (P ≤ 0.01) of fatty acid-
binding protein 3 (FABP3), medium-chain specific acyl-CoA 
dehydrogenase (ACADM), and carbonyl reductase family 
member 4 (CBR4) was detected in the IT samples after aging.

Extracellular matrix and platelet activation proteins
IT steaks at 0  h postmortem possessed greater expres-
sion (P = 0.01) of two extracellular matrix proteins, col-
lagen alpha-1(I) chain (COL1A1) and collagen alpha-2(I) 
chain (COL1A2), than VT steaks (Table 3). Aging for 384 h 
lowered the abundance (P ≤ 0.04) of the extracellular matrix 
proteins COL1A1, COL1A2, and collagen alpha-1 (III; 
COL3A1), lumican (LUM), and prolargin (PRELP) in the VT 
steaks. A similar effect was also observed in the IT steaks, in 
which abundance of COL1A1, COL1A2, COL3A1, decorin 
(DCN), fibromodulin (FMOD), and PRELP decreased (P ≤ 
0.02) following aging.

Platelet activation proteins, fibrinogen alpha chain (FGA), 
fibrinogen beta chain (FGB), and fibrinogen gamma-B chain 
(FGG), were all greater (P ≤ 0.008) in the IT steaks compared 
with VT at 0 h postmortem (Table 3). A decrease in the abun-
dance (P ≤ 0.0004) of FGB and FGG in the IT steaks was 
observed after 384 h of aging.

Proteins involved in other biological functions
Proteins involved in seven other biological functions were 
also found differentially abundant in the present study 
(Table 4). The abundance of two adrenergic signaling pro-
teins, protein phosphatase 1 regulatory inhibitor subunit 1A 
(PPP1R1A) and protein phosphatase inhibitor 2 (PPP1R2), 
were observed to be decreased (P ≤ 0.004) following aging 
in both steak categories. At 0 h postmortem, VT steaks pos-
sessed a greater level (P = 0.0007) of transferrin receptor 

Table 2. Differentially abundant proteins involved in carbohydrate, aerobic, and fatty acid metabolism between IT and VT beef steaks at 0 and 384 h 
postmortem1

Biological process Gene 
name 

Log2 fold change 
(IT vs. VT) at 0 h 

Log2 fold change (VT 
384 h vs. VT 0 h) 

Log2 fold change (IT 
384 h vs. IT 0 h) 

Log2 fold change 
(IT vs. VT) at 384 h 

Carbohydrate metabolism

  l-lactate dehydrogenase B chain LDHB −0.3***

  Mannose-6-phosphate isomerase MPI −0.27*

  6-phosphogluconate dehydrogenase, 
decarboxylating

PGD −0.43*

  Transketolase TKT −0.38***

  NADH-cytochrome b5 reductase 3 CYB5R3 −0.31***

TCA cycle and oxidative phosphorylation

  NADH dehydrogenase [ubiquinone] 1 
beta subcomplex subunit 11,  
mitochondrial

NDUFB11 0.28**

  Cytochrome c oxidase subunit 5A,  
mitochondrial

COX5A 0.28***

  Isocitrate dehydrogenase [NAD] subunit 
beta, mitochondrial

IDH3B −0.3**

Fatty acid metabolism

  Fatty acid synthase FASN −0.44**

  Fatty acid-binding protein, heart FABP3 0.29**

  Fatty acid-binding protein, adipocyte FABP4 −0.33*

  Medium-chain specific acyl-CoA  
dehydrogenase, mitochondrial

ACADM 0.31***

  Carbonyl reductase family member 4 CBR4 0.28*

  Perilipin 4 PLIN4 −0.45*** −0.4***

1Data are presented as Log2 fold change.
*P < 0.05.
**P < 0.01.
***P < 0.001.
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protein 1 (TFRC; a mineral transport protein) than IT steaks. 
A decrease in the abundance (P = 0.04) of copper transport 
protein (ATOX1) in the VT steaks was observed after aging. 
Greater expression (P = 0.0005) of carbonic anhydrase 
3 (CA3), a protein involved in acid-base balance, was de-
tected at 0 h postmortem in the VT steaks compared with 
the IT steaks. At 384 h postmortem, a chaperonin protein, 
heat shock protein beta-7 (HSPB7), was more abundant (P = 
0.006) in the IT steaks than their VT counterparts. Aging for 
384 h lowered the abundance (P ≤ 0.02) of the cochaperonin 
protein alanyl-tRNA editing protein Aarsd1 (AARSD1) and 
the ubiquitination protein NEDD8-conjugating enzyme 
Ubc12 (UBE2M) in the VT and IT steaks, respectively. Two 
apoptosis-related proteins were found to be differentially 
expressed in this study. Greater expression (P = 0.007) of 
glutathione S-transferase mu 1 (GSTM4) was observed in 
the VT steaks than IT steaks at 0 h postmortem. At 384 h 
postmortem, an increase in the abundance (P = 0.001) of 
glioblastoma amplified sequence (GBAS) was detected in the 
VT steaks.

Discussion
Proteins involved in muscle contraction and 
calcium signaling
In the present study, a greater abundance of MYL6B and 
ACTA1 was detected in the VT steaks at 0  h postmortem 
compared with their IT counterparts (Table 1). However, this 
difference was abolished after aging, suggesting greater deg-
radation of these two proteins in the VT steaks. MYL6B plays 
structural and functional roles within the sarcomere by sup-
porting the neck region of myosin and modulating the inter-
action between myosin head and actin, respectively (Franco et 

al., 2015). Degradation of MYL6B and ACTA1 compromise 
stability of the actomyosin cross-bridges (Huang et al., 2020), 
thereby leading to the loss of meat structural integrity and en-
hancement of tenderness (Wang et al., 2013; Malheiros et al., 
2019). Malheiros et al. (2019) reported increased oxidative 
damage of MYL6B and ACTA1 during aging in tender beef 
steaks compared with tough steaks. These authors suggested 
that increased susceptibility for oxidative damage may im-
prove the potential for postmortem proteolysis, which may 
explain the greater degradation of MYL6B and ACTA1 in 
the VT steaks. Using the same samples used in the current 
study, we previously observed that the VT steaks encountered 
greater proteolysis following aging than the IT steaks (Dang 
et al., 2020).

Aging for 384 h lowered the abundance of several struc-
tural and contractile proteins in both the IT and VT steaks 
(Table 1). This includes the intermediate filament protein 
VIM and the structural assembly-related proteins TCAP, 
MYOZ3, and PDLIM7. The reduction in the abundance of 
these proteins after aging is likely due to postmortem pro-
teolysis. VIM is an intermediate filament that exists at the 
periphery of the Z-line and closely interacts with cytoskel-
etal proteins (Baykal et al., 2018). TCAP is a sarcomeric 
protein that plays a crucial role in muscle assembly by 
anchoring titin to the Z-line (Lee et al., 2006). Both VIM 
and TCAP are substrates for calpain-1 (Nelson and Traub, 
1983; Lian et al., 2013) and, as such, their postmortem pro-
teolysis may contribute to meat tenderization. Similarly, 
MYOZ3 and PDLIM7 are also sarcomeric proteins that are 
associated with Z-line assembly (Kim et al., 2019; Zhu et 
al., 2021a). Boudon et al. (2020) observed a negative as-
sociation between the expression of MYOZ3 and tender-
ness of bovine longissimus steaks. Others have also found 

Table 3. Differentially abundant proteins involved in an extracellular matrix organization and platelet activation between IT and VT beef steaks at 0 and 
384 h postmortem1

Biological process Gene 
name 

Log2 fold change 
(IT vs. VT) at 0 h 

Log2 fold change (VT 
384 h vs. VT 0 h) 

Log2 fold change (IT 
384 h vs. IT 0 h) 

Log2 fold change 
(IT vs. VT) at 384 h 

Extracellular matrix organization

  Collagen alpha-1(I) 
chain

COL1A1 0.27* −0.42*** −0.51***

  Collagen alpha-2(I) 
chain

COL1A2 0.35* −0.29*** −0.55***

  Collagen alpha-1(III) 
chain

COL3A1 −0.49* −0.45**

  Decorin DCN −0.32***

  Fibromodulin FMOD −0.46*

  Lumican LUM −0.32**

  Prolargin PRELP −0.27*** −0.3***

Platelet activation

  Fibrinogen alpha 
chain

FGA 0.31***

  Fibrinogen beta 
chain

FGB 0.33*** −0.27***

  Fibrinogen gamma-B 
chain

FGG 0.37** −0.57***

1Data are presented as Log2 fold change.
*P < 0.05.
**P < 0.01.
***P < 0.001.
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a similar association between meat tenderness and the 
abundance of PDLIM7 (Gagaoua et al., 2020a; Zhu et al., 
2021a). Therefore, postmortem degradation of MYOZ3 and 
PDLIM7 may contribute to meat tenderization.

On the other hand, MYH7, MYL6B, FHL1, CSRP3, 
and CASQ2 were more abundant in the IT steaks at 384 h 
than 0 h postmortem. A decrease in total muscle proteome 
is usually observed during the postmortem aging of meat 
(Della Malva et al., 2022). Because protein abundance is ex-
pressed relative to the total proteome when using a gel-free 
proteomic approach, the increase in the abundance of the 
aforementioned proteins is likely due to a decrease in total 
proteome variance in the IT samples. On the other hand, a 
decrease in protein relative abundance indicates a faster rate 
of degradation relative to the total proteome. Although deg-
radation of myosin is not thought to occur in postmortem 
muscle (Bandman and Zdanis, 1988; Koohmaraie, 1994), 
several studies within the last decade have indicated that 
myosin is prone to degradation during aging (Laville et al., 
2009; Anderson et al., 2012; Fu et al., 2020). It was pro-
posed by Fu et al. (2020) that myosin oxidation by reactive 
oxygen species (ROS) during meat aging enhances its sus-
ceptibility to proteolysis. Myosin heavy chain 1 (MyHC-1; 
encoded by the MYH7 gene) is a contractile protein that 
is found in type I muscle fibers (slow-twitch oxidative fi-
bers). Guillemin et al. (2011) observed a negative relation-
ship between the abundance of MyHC-I and tenderness of 
beef longissimus steaks at 14 d postmortem. Similarly, from 

our previous study that utilized the same steaks used in this 
study, a greater abundance of MyHC-I was observed in the 
IT steaks (Dang et al., 2020). FHL1 is localized at the Z-line 
of myofibers, and its degradation during aging weakens the 
Z-line and enhances meat tenderness (Picard et al., 2019). A 
greater abundance of this protein in the IT steaks following 
aging suggests better intactness of muscle contractile elem-
ents. Indeed, a positive association between FHL1 and beef 
toughness following aging has been previously reported 
(Laville et al., 2009). CSRP3, also known as muscle LIM 
protein, primarily assists in the development of muscle archi-
tecture during animal growth and development (Rashid et 
al., 2015), and has been used as a biomarker of meat tough-
ness (Bernard et al., 2007; Zapata et al., 2009; Boudon et 
al., 2020). CASQ2 is a calcium-binding protein that is part 
of the sarcoplasmic reticulum calcium-regulatory proteins 
(Purslow et al., 2021). There are two isoforms of CASQ2 in 
skeletal muscle, calsequestrin-1 and -2. Notably, CASQ2 has 
been shown to be more abundant in slow-oxidative muscle 
fibers (Beard et al., 2004; D’Adamo et al., 2016). In add-
ition, it was postulated that greater expression of CASQ2 de-
creases cytosolic calcium levels in postmortem muscle; hence, 
reducing the activity of calpain-1 and ultimately the extent 
of postmortem proteolysis (Marrocco et al., 2011). Overall, 
these data suggest greater intactness of muscle contractile 
elements in the IT steaks (Morzel et al., 2004), which likely 
contributed to the differences in tenderness between the two 
steaks categories.

Table 4. Differentially abundant proteins associated with several other biological functions between IT and VT beef steaks at 0 and 384 h postmortem1

Biological process Gene 
name 

Log2 fold change 
(IT vs. VT) at 0 h 

Log2 fold change (VT 
384 h vs. VT 0 h) 

Log2 fold change (IT 
384 h vs. IT 0 h) 

Log2 fold change 
(IT vs. VT) at 384 h 

Adrenergic signaling

  Protein phosphatase 1 regulatory 
inhibitor subunit 1A

PPP1R1A −0.44*** −0.47***

  Protein phosphatase  
inhibitor 2

PPP1R2 −0.9** −0.55**

Mineral transport

  Copper transport protein 
ATOX1

ATOX1 −0.28*

  Transferrin receptor protein 1 TFRC −0.32***

Acid-base balance

  Carbonic anhydrase 3 CA3 −0.27***

Chaperonin

  Heat shock protein beta-7 HSPB7 0.35**

  Cochaperonin

  Alanyl-tRNA editing protein 
Aarsd1

AARSD1 −0.42*

Ubiquitination

  NEDD8-conjugating enzyme 
Ubc12

UBE2M −0.52*

Apoptosis-related factors

  Glioblastoma amplified  
sequence

GBAS 0.29**

  Glutathione S-transferase mu 1 GSTM4 −0.32**

1Data are presented as Log2 fold change 
*P < 0.05.
**P < 0.01.
***P < 0.001.
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A greater abundance of CSRP3 and TAGLN was seen in 
the IT steaks compared with their VT counterparts at 384 h 
postmortem (Table 1). In agreement with this, Zapata et al. 
(2009) found a positive association between the abundance 
of CSRP3 and WBSF values in 14 d aged beef steaks. TAGLN 
is an actin-binding protein that is a member of the calponin 
family of proteins (Lawson et al., 1997). TAGLN increases 
filament rigidity and protects against the weakening of the 
cytoskeletal structure (Assinder et al., 2009). Hence, a greater 
abundance of TAGLN in aged meat may indicate limited pro-
teolysis. Yet, to the best of my knowledge, no previous studies 
have evaluated the relationship between the abundance of 
TAGLN and the tenderness of meat.

At 0  h postmortem, IT steaks had greater expression of 
ANXA2 than VT steaks (Table 1). Annexins are a family of 
proteins that are expressed in all eukaryotic cells and partici-
pate in a variety of cellular processes (Gerke and Moss, 2002). 
It has been proposed that annexins play a role in buffering the 
intracellular calcium and possess anti-apoptotic capabilities 
(Ouali et al., 2013; Longo et al., 2015), which may potentially 
hinder the activation of the calpain and caspase proteolytic 
systems (Picard and Gagaoua, 2017). Hence, an increased 
relative abundance of ANXA2 in the IT steaks may have con-
tributed to the limited degradation of myofibrillar proteins 
in this category compared with the total proteome (Table 1).

A decrease in S100A4 abundance was observed in the VT 
steaks during aging (Table 1), indicating a faster rate of deg-
radation relative to the total proteome. Similarly, the abun-
dance of CDH13, ANXA2, and S100A2 decreased after 
384 h of aging in the IT steaks. Protein S100A2 and S100A4 
are calcium-binding proteins that are involved in the regu-
lation of muscle contraction and organization of the cyto-
skeleton (Barraclough, 1998; Zhai et al., 2020). CDH13 
is responsible for selective cell recognition and adhesion in 
skeletal muscle (Redfield et al., 1997; Roman-Gomez et al., 
2003). To our knowledge, no previous reports have associ-
ated the abundance of S100A2, S100A4, and CDH13 with 
meat tenderness. Thus, additional work is warranted if we are 
to confidently exploit their involvement in the development of 
meat tenderness during aging.

Proteins related to predominant metabolism in 
skeletal muscle
Skeletal muscles are comprised of different proportions of 
functionally diverse muscle fibers that are classified based on 
contractile force/speed and predominant metabolism (Brooke 
and Kaiser, 1970; Schiaffino et al., 1989). Previous studies 
revealed three different fiber types in adult bovine skeletal 
muscle: type I, IIA, and IIX (Kim et al., 2017). Type I fibers are 
classified as having greater oxidative capacity compared with 
their glycolytic counterparts, Type IIX fibers (McGilchrist et 
al., 2016). Type IIA fibers are oxidative-glycolytic and pos-
sess intermediate properties between type I and IIX (Joo et 
al., 2017).

MPI and LDHB are two enzymes involved in carbohydrate 
metabolism and intimately associated with glycolysis. These 
enzymes were found to be more abundant in the VT steaks 
at 0 h postmortem in comparison to the IT steak (Table 2), 
whereas differences in oxidative enzymes were not detected 
between the two categories. MPI is responsible for the conver-
sion of mannose 6-phosphate to fructose 6-phosphate, which 
is an intermediate metabolite for glycolysis. LDH subunit B is 
one of the two subunits that make up the tetrameric structure 

of LDH. This glycolytic enzyme catalyzes the reduction of 
pyruvate into lactate (Melkonian and Schury, 2019). Various 
conclusions have been made regarding the use of glycolytic 
enzymes as biomarkers of meat tenderness. Several proteomic 
studies have suggested that greater expression of glycolytic 
proteins is positively associated with beef tenderness (Silva 
et al., 2019; López-Pedrouso et al., 2021), while others have 
shown a negative correlation (Zapata et al., 2009; Picard et 
al., 2018). In general, however, greater expression of pro-
teins related to glycolysis is associated with more tender meat 
(Gagaoua et al., 2020a). Glycolytic muscle fibers exhibit a 
faster rate of ATP depletion in comparison to oxidative fibers 
(Matarneh et al., 2017). The sarcoplasmic reticulum calcium 
pump, the enzyme responsible for sequestering cytosolic cal-
cium into the sarcoplasmic reticulum, requires ATP to func-
tion. Hence, a faster rate of ATP depletion would, in turn, 
accelerate the increase in cytosolic calcium levels and thereby 
calpain-1 activation (Rhee and Kim, 2001). Additionally, 
calpastatin, the endogenous inhibitor of calpain-1, is gener-
ally less abundant in glycolytic muscle (Ouali and Talmant, 
1990; Choi and Kim, 2009), which increases calpain-1 pro-
teolytic activity. These results correspond to what we previ-
ously reported (Dang et al., 2020), in which VT steaks had 
greater glycolytic potential and postmortem proteolysis than 
the IT steaks.

The abundance of several proteins (TKT, FABP4, and 
PLIN4) involved with carbohydrate and fatty acid metab-
olism decreased due to aging in the VT steaks, while COX5A 
increased (Table 2). In the IT steaks, a lower abundance of 
PGD, CYB5R3, FASN, and PLIN4 was observed after aging. 
On the other hand, a greater abundance of NDUFB11, 
FABP3, ACADM, and CBR4 was detected following aging. 
As described earlier, the increase in the abundance of pro-
teins involved in energy metabolism during aging is likely due 
to the decrease in total muscle proteome, while the decrease 
in the abundance is a function of postmortem proteolysis. 
Nonetheless, the breakdown of these non-myofibrillar pro-
teins may not contribute to postmortem meat tenderization, 
as tenderization is typically attributed to the degradation of 
myofibrillar proteins. Regardless, these proteins might be 
viewed as indicators of the extent of postmortem proteolysis.

Extracellular matrix and platelet activation proteins
COL1A1 and COL1A2 are involved with extracellular 
matrix organization; together they assemble to form the 
triple helix structure of type I collagen (Henriksen and 
Karsdal, 2016; Liu et al., 2016). Increased expression 
of these two proteins in the IT steaks at 0  h postmortem 
(Table 3) suggests that the difference in tenderness between 
the two categories is, in part, due to a greater proportion 
of connective tissue content. Using a proteomic approach, 
Bjarnadottir et al. (2012) observed a negative association 
between COL1A1 and COL1A2 and beef tenderness, which 
corresponds to the results of the current study. The decrease 
in the abundance of several extracellular matrix proteins 
in both tenderness categories following aging (Table 3) is 
probably due to the presence of metalloproteinases in the 
extracellular matrix. Metalloproteinases are a family of 
zinc-dependent endopeptidases that are involved in skeletal 
muscle tissue remodeling and repair (Nagase and Woessner, 
1999). While some studies have suggested the involvement of 
metalloproteinases in postmortem tenderization (Sylvestre et 
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al., 2002; Purslow et al., 2012), their exact role has not been 
thoroughly explored.

Fibrinogen complex proteins (FGA, FGB, and FGG) were 
expressed at a greater level in the IT than the VT steaks at 0 h 
postmortem (Table 3). A reduction in the abundance of FGB 
and FGG was observed in the IT samples following aging in 
comparison to their nonaged counterparts. Fibrinogen is a 
vascular extracellular matrix protein that functions as a clot-
ting and adhesive agent (Mosesson, 2005). While the influ-
ence of fibrinogen on beef tenderness is poorly understood, 
bovine fibrinogen has three high-affinity and several low-
affinity calcium-binding sites (Marguerie et al., 1977), which 
may limit the increase in cytosolic calcium concentration and 
subsequently calpain-1 activity. Gagaoua et al. (2020b) in-
dicted that fibrinogen complex proteins are degraded during 
the postmortem period, and might be used as indicators of the 
extent of postmortem proteolysis.

Proteins involved in other biological functions
There are two apoptotic pathways through which apoptosis 
is initiated: the death receptor (extrinsic) pathway and the 
mitochondrial (intrinsic) pathway. While these two signaling 
pathways are interconnected (Igney and Krammer, 2002), 
the mitochondrial apoptotic pathway has been regarded as 
the main apoptotic pathway involved in the conversion of 
muscle to meat (Huang et al., 2016). Unfavorable condi-
tions in postmortem muscle trigger mitochondrial dysfunc-
tion (Arnoult et al., 2005), which eventually leads to the 
activation of the apoptotic caspases (Denecker et al., 2000). 
While activation of the caspase system, specifically caspase-3, 
has been associated with improvement in meat tenderness 
(Chen et al., 2015; Dang et al., 2022), a greater abundance 
of antiapoptotic proteins such as heat shock proteins (HSP) 
is usually associated with less tender meat (Balan et al., 2014; 
Lomiwes et al., 2014; Ma and Kim, 2020).

GSTM4 is part of a family of detoxification enzymes in-
volved in the quenching of ROS in skeletal muscle (Samanta 
et al., 2014). A greater expression of GSTM4 was detected 
in the VT steaks than IT steaks at 0 h postmortem (Table 4). 
Increased expression of GSTM4 is an indication of the in-
ability of a muscle cell to maintain reducing conditions (i.e., 
increased levels of ROS; Poleti et al., 2018). On the other 
hand, excess ROS in the cellular system has been associated 
with greater activity of the apoptotic protease caspase-3 and 
improved beef tenderness (Dang et al., 2022). Zhu et al. 
(2021b) indicated that tenderness and juiciness of beef steaks 
are positively correlated with the expression of GSTM4. 
Thus, apoptotic-mediated proteolysis could be another con-
tributor to the increased tenderness of the VT steaks.

Due to their antiapoptotic properties, HSPs have been pro-
posed as potential determinants of the extent of postmortem 
proteolysis (Carvalho et al., 2014; Lomiwes et al., 2014; 
Thornton et al., 2017; Briggs et al., 2021). HSPs operate as 
molecular chaperones in muscle cells and play a role in stress 
resistance (Ozawa et al., 2000). Under postmortem condi-
tions, the state of anoxia and oxidative stress trigger HSPs 
to mitigate the degradation of myofibrillar proteins by en-
dogenous proteases (Lomiwes et al., 2014). In the present 
study, HSPB7, a member of the small HSP (sHSP) family, 
was more abundant in the IT steaks than VT steaks at 384 h 
postmortem (Table 4). It has been suggested that HSPB7 
role in muscle is to maintain myofiber structure and integ-
rity during periods of oxidative stress. Furthermore, several 

studies have shown a negative relationship between sHSP and 
meat tenderness in beef (Kim et al., 2008; D’Alessandro et al., 
2012a; Picard et al., 2014).

CA3 is an enzyme that catalyzes the reversible conversion 
of carbon dioxide to bicarbonate in the muscle (Malheiros et 
al., 2019), and has been utilized as a predictor of meat ten-
derness (Schilling et al., 2017). In this study, a greater expres-
sion of CA3 was observed in the VT steaks than the IT steaks 
at 0 h postmortem (Table 4). Similarly, D’Alessandro et al. 
(2012a) reported greater expression of CA3 in more tender 
beef steaks compared with tougher steaks.

A greater expression of TFRC was detected in the VT 
steaks at 0  h postmortem. A decrease in the abundance of 
adrenergic signaling (PPP1R1A and PPP1R2), mineral trans-
port (ATOX1), cochaperonin (AARSD1), and apoptosis 
(GBAS)-related proteins was observed in the VT steaks fol-
lowing aging. Similarly, a decrease in abundance of PPP1R1A, 
PPP1R2, and UBE2M occurred in the IT steaks after aging. 
However, the involvements of these proteins in the develop-
ment of meat tenderness need further investigation.

Conclusions
The findings presented in this study indicate differences in 
protein profiles between the VT and IT steaks. In general, a 
lower abundance of muscle contractile proteins was observed 
in the VT steaks compared with the IT steaks after aging, pos-
tulating that more proteolysis occurred in the VT steaks. In 
conjunction with this, a greater abundance of chaperonin and 
calcium-binding proteins was observed in the IT steaks which, 
in turn, could have limited proteolysis by calpains and other 
endogenous proteases. Furthermore, a greater abundance 
of connective tissue proteins was observed in the IT steaks, 
which is important to note considering that connective tissue 
content and solubility are associated with lower meat tender-
ness. Collectively, these results improve our understanding of 
the factors controlling meat tenderness and tenderness de-
velopment during aging. Further investigation is warranted 
to gain insight into potential protein biomarkers related to 
improving meat tenderness.

Acknowledgments
The authors thank Simplot Land & Livestock for providing 
the skeletal muscle samples used in this research. This work 
was supported by Capacity Grant Project no. UTA-01488 
from the USDA National Institute of Food and Agriculture 
via the Utah Agricultural Experiment Station, and was ap-
proved as journal paper number 9538.

Conflict of Interest Statement
The authors declare no conflicts of interest.

Literature Cited
Alfnes, F., K. Rickertsen, and Ø. Ueland. 2008. Consumer atti-

tudes toward low stake risk in food markets. Appl. Econ. 
40(23):3039−3049. doi:10.1080/00036840600994062

Anderson, M. J., S. M. Lonergan, and E. Huff-Lonergan. 2012. 
Myosin light chain 1 release from myofibrillar fraction during 
postmortem aging is a potential indicator of proteolysis and 
tenderness of beef. Meat Sci. 90:345–351. doi:10.1016/j.
meatsci.2011.07.021

https://doi.org/10.1080/00036840600994062
https://doi.org/10.1016/j.meatsci.2011.07.021
https://doi.org/10.1016/j.meatsci.2011.07.021


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

Arnoult, D., A. Grodet, Y. J. Lee, J. Estaquier, and C. Blackstone. 2005. 
Release of OPA1 during apoptosis participates in the rapid and 
complete release of cytochrome c and subsequent mitochondrial 
fragmentation. J. Biol. Chem. 280:35742–35750. doi:10.1074/jbc.
M505970200

Assinder, S. J., J. A. Stanton, and P. D. Prasad. 2009. Transgelin: an 
actin-binding protein and tumour suppressor. Int. J. Biochem. Cell 
Biol. 41:482–486. doi:10.1016/j.biocel.2008.02.011

Balan, P., Y. H. Kim, and R. Blijenburg. 2014. Small heat shock protein deg-
radation could be an indicator of the extent of myofibrillar protein deg-
radation. Meat Sci. 97:220–222. doi:10.1016/j.meatsci.2014.01.019

Bandman, E., and D. Zdanis. 1988. An immunological method to assess 
protein degradation in post-mortem muscle. Meat Sci. 22:1–19. 
doi:10.1016/0309-1740(88)90023-X

Barraclough, R. 1998. Calcium-binding protein S100A4 in health 
and disease. Biochim. Biophys. Acta 1448:190–199. doi:10.1016/
s0167-4889(98)00143-8

Baykal, B., C. Korkmaz, N. Kocabiyik, and O. M. Ceylan. 2018. The 
influence of post-fixation on visualising vimentin in the retina using 
immunofluorescence method. Folia Morphol. (Warsz). 77:246–252. 
doi:10.5603/FM.a2017.0082

Beard, N. A., D. R. Laver, and A. F. Dulhunty. 2004. Calsequestrin 
and the calcium release channel of skeletal and cardiac 
muscle. Prog. Biophys. Mol. Biol. 85:33–69. doi:10.1016/j.
pbiomolbio.2003.07.001

Belk, K., M. Dikeman, C. Calkins, D. Andy King, S. Shackelford, D. 
Hale, and H. Laird. 2015. Research guidelines for cookery, sensory 
evaluation, and instrumental tenderness measurements of meat. 
Champaign (IL): American Meat Science Association; p. 6−104.

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false dis-
covery rate: a practical and powerful approach to multiple 
testing. J. R. Stat. Soc. Series B Methodol. 57(1):289−300. 
doi:10.1111/j.2517-6161.1995.tb02031.x

Bernard, C., I. Cassar-Malek, M. Le Cunff, H. Dubroeucq, G. Renand, 
and J. F. Hocquette. 2007. New indicators of beef sensory qual-
ity revealed by expression of specific genes. J. Agric. Food Chem. 
55:5229–5237. doi:10.1021/jf063372l

Bjarnadóttir, S. G., K. Hollung, M. Høy, E. Bendixen, M. C. Codrea, 
and E. Veiseth-Kent. 2012. Changes in protein abundance between 
tender and tough meat from bovine longissimus thoracis muscle 
assessed by isobaric tag for relative and absolute quantitation 
(iTRAQ) and 2-dimensional gel electrophoresis analysis. J. Anim. 
Sci. 90:2035–2043. doi:10.2527/jas.2011-4721

Boudon, S., D. Ounaissi, D. Viala, V. Monteils, B. Picard, and I. 
Cassar-Malek. 2020. Label free shotgun proteomics for the iden-
tification of protein biomarkers for beef tenderness in muscle 
and plasma of heifers. J. Proteomics 217:103685. doi:10.1016/j.
jprot.2020.103685

Briggs, R. K., R. C. Christensen, S. M. Quarnberg, J. F. Legako, R. C. 
Raymond, M. D. MacNeil, and K. J. Thornton. 2021. Relation-
ship between meat quality, carcass characteristics, and protein 
abundance of HSPβ1, HSPA, and DJ1 in beef longissimus thoracis 
pre-rigor or after 14 days’ aging. Meat Muscle Biol. 5(1):1−14. 
doi:10.22175/mmb.11685

Brooke, M. H. M., and K. K. Kaiser. 1970. Muscle fiber types: how 
many and what kind? Arch. Neurol. 23(4):369−379. doi:10.1001/
archneur.1970.00480280083010

Carvalho, M. E., G. Gasparin, M. D. Poleti, A. F. Rosa, J. C. Balieiro, C. 
A. Labate, R. T. Nassu, R. R. Tullio, L. C. Regitano, G. B. Mourão, 
et al. 2014. Heat shock and structural proteins associated with 
meat tenderness in Nellore beef cattle, a Bos indicus breed. Meat 
Sci. 96:1318–1324. doi:10.1016/j.meatsci.2013.11.014

Chambers, M. C., B. Maclean, R. Burke, D. Amodei, D. L. Ruderman, S. 
Neumann, L. Gatto, B. Fischer, B. Pratt, J. Egertson, et al. 2012. A 
cross-platform toolkit for mass spectrometry and proteomics. Nat. 
Biotechnol. 30:918–920. doi:10.1038/nbt.2377

Chen, L., X. C. Feng, Y. Y. Zhang, X. B. Liu, W. G. Zhang, C. B. Li, 
N. Ullah, X. L. Xu, and G. H. Zhou. 2015. Effects of ultrasonic 
processing on caspase-3, calpain expression and myofibrillar struc-

ture of chicken during post-mortem ageing. Food Chem. 177:280–
287. doi:10.1016/j.foodchem.2014.11.064

Choi, Y., and B. C. Kim. 2009. Muscle fiber characteristics, myofibrillar 
protein isoforms, and meat quality. Livest. Sci. 122(2−3):105−118. 
doi:10.1016/j.livsci.2008.08.015

D’Adamo, M. C., L. Sforna, S. Visentin, A. Grottesi, L. Servettini, L. 
Guglielmi, L. Macchioni, S. Saredi, M. Curcio, C. De Nuccio, et al. 
2016. A calsequestrin-1 mutation associated with a skeletal muscle 
disease alters sarcoplasmic Ca2+ release. PLoS One 11:e0155516. 
doi:10.1371/journal.pone.0155516

D’Alessandro, A., C. Marrocco, S. Rinalducci, C. Mirasole, S. Failla, 
and L. Zolla. 2012a. Chianina beef tenderness investigated through 
integrated omics. J. Proteomics 75:4381–4398. doi:10.1016/j.
jprot.2012.03.052

D’Alessandro, A., S. Rinalducci, C. Marrocco, V. Zolla, F. Napolitano, 
and L. Zolla. 2012b. Love me tender: an omics window on the 
bovine meat tenderness network. J. Proteomics 75:4360–4380. 
doi:10.1016/j.jprot.2012.02.013

Dang, D. S., J. F. Buhler, K. J. Thornton, J. F. Legako, and S. K. Matarneh. 
2020. Myosin heavy chain isoform and metabolic profile dif-
fer in beef steaks varying in tenderness. Meat Sci. 170:108266. 
doi:10.1016/j.meatsci.2020.108266

Dang, D. S., C. D. Stafford, M. J. Taylor, J. F. Buhler, K. J. Thornton, and 
S. K. Matarneh. 2022. Ultrasonication of beef improves calpain-1 
autolysis and caspase-3 activity by elevating cytosolic calcium 
and inducing mitochondrial dysfunction. Meat Sci. 183:108646. 
doi:10.1016/j.meatsci.2021.108646

Della Malva, A., A. Maggiolino, P. De Palo, M. Albenzio, J. M. Lorenzo, 
A. Sevi, and R. Marino. 2022. Proteomic analysis to understand the 
relationship between the sarcoplasmic protein patterns and meat 
organoleptic characteristics in different horse muscles during aging. 
Meat Sci. 184:108686. doi:10.1016/j.meatsci.2021.108686

Denecker, G., H. Dooms, G. Van Loo, D. Vercammen, J. Grooten, W. 
Fiers, W. Declercq, and P. Vandenabeele. 2000. Phosphatidyl serine 
exposure during apoptosis precedes release of cytochrome c and 
decrease in mitochondrial transmembrane potential. Febs Lett. 
465:47–52. doi:10.1016/s0014-5793(99)01702-0

Destefanis, G., A. Brugiapaglia, M. T. Barge, and E. Dal Molin. 2008. 
Relationship between beef consumer tenderness perception and 
Warner–Bratzler shear force. Meat Sci. 78:153–156. doi:10.1016/j.
meatsci.2007.05.031

Franco, D., A. Mato, F. J. Salgado, M. López-Pedrouso, M. Carrera, 
S. Bravo, M. Parrado, J. M. Gallardo, and C. Zapata. 2015. Tack-
ling proteome changes in the longissimus thoracis bovine muscle 
in response to pre-slaughter stress. J. Proteomics 122:73–85. 
doi:10.1016/j.jprot.2015.03.029

Fu, Q. Q., R. Liu, W. Zhang, A. Ben, and R. Wang. 2020. In vitro sus-
ceptibility of oxidized myosin by μ-calpain or caspase-3 and the de-
termination of the oxidation sites of myosin heavy chains. J. Agric. 
Food Chem. 68:8629–8636. doi:10.1021/acs.jafc.0c01065

Gagaoua, M., V. Monteils, and B. Picard. 2019. Decision tree, a learning 
tool for the prediction of beef tenderness using rearing factors 
and carcass characteristics. J. Sci. Food Agric. 99(3):1275–1283. 
doi:10.1002/jsfa.9301

Gagaoua, M., E. M. C. Terlouw, A. M. Mullen, D. Franco, R. D. 
Warner, J. M. Lorenzo, P. P. Purslow, D. Gerrard, D. L. Hopkins, 
D. Troy, et al. 2020a. Molecular signatures of beef tenderness: 
underlying mechanisms based on integromics of protein biomark-
ers from multi-platform proteomics studies. Meat Sci. 172:108311. 
doi:10.1016/j.meatsci.2020.108311

Gagaoua, M., D. Troy, and A. M. Mullen. 2020b. The extent and rate of 
the appearance of the major 110 and 30 kDa proteolytic fragments 
during post-mortem aging of beef depend on the glycolysing rate 
of the muscle and aging time: an LC-MS/MS approach to decipher 
their proteome and associated pathways. J. Agric. Food Chem. 
69:602–614. doi:10.1021/acs.jafc.0c06485

Geesink, G. H., S. Kuchay, A. H. Chishti, and M. Koohmaraie. 2006. 
Micro-calpain is essential for postmortem proteolysis of muscle 
proteins. J. Anim. Sci. 84:2834–2840. doi:10.2527/jas.2006-122

https://doi.org/10.1074/jbc.M505970200
https://doi.org/10.1074/jbc.M505970200
https://doi.org/10.1016/j.biocel.2008.02.011
https://doi.org/10.1016/j.meatsci.2014.01.019
https://doi.org/10.1016/0309-1740(88)90023-X
https://doi.org/10.1016/s0167-4889(98)00143-8
https://doi.org/10.1016/s0167-4889(98)00143-8
https://doi.org/10.5603/FM.a2017.0082
https://doi.org/10.1016/j.pbiomolbio.2003.07.001
https://doi.org/10.1016/j.pbiomolbio.2003.07.001
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1021/jf063372l
https://doi.org/10.2527/jas.2011-4721
https://doi.org/10.1016/j.jprot.2020.103685
https://doi.org/10.1016/j.jprot.2020.103685
https://doi.org/10.22175/mmb.11685
https://doi.org/10.1001/archneur.1970.00480280083010
https://doi.org/10.1001/archneur.1970.00480280083010
https://doi.org/10.1016/j.meatsci.2013.11.014
https://doi.org/10.1038/nbt.2377
https://doi.org/10.1016/j.foodchem.2014.11.064
https://doi.org/10.1016/j.livsci.2008.08.015
https://doi.org/10.1371/journal.pone.0155516
https://doi.org/10.1016/j.jprot.2012.03.052
https://doi.org/10.1016/j.jprot.2012.03.052
https://doi.org/10.1016/j.jprot.2012.02.013
https://doi.org/10.1016/j.meatsci.2020.108266
https://doi.org/10.1016/j.meatsci.2021.108646
https://doi.org/10.1016/j.meatsci.2021.108686
https://doi.org/10.1016/s0014-5793(99)01702-0
https://doi.org/10.1016/j.meatsci.2007.05.031
https://doi.org/10.1016/j.meatsci.2007.05.031
https://doi.org/10.1016/j.jprot.2015.03.029
https://doi.org/10.1021/acs.jafc.0c01065
https://doi.org/10.1002/jsfa.9301
https://doi.org/10.1016/j.meatsci.2020.108311
https://doi.org/10.1021/acs.jafc.0c06485
https://doi.org/10.2527/jas.2006-122


Dang et al. 11

Gerke, V., and S. E. Moss. 2002. Annexins: from structure to function. 
Physiol. Rev. 82:331–371. doi:10.1152/physrev.00030.2001

Guillemin, N., M. Bonnet, C. Jurie, and B. Picard. 2011. Functional ana-
lysis of beef tenderness. J. Proteomics 75:352–365. doi:10.1016/j.
jprot.2011.07.026

Henriksen, K., and M. Karsdal. 2016. Type I collagen, biochemistry of 
collagens, laminins and elastin. Cambridge (MA, USA): Academic 
Press; p. 1−11. doi:10.1016/B978-0-12-809847-9.00001-5

Huang, C., C. Hou, M. Ijaz, T. Yan, X. Li, Y. Li, and D. Zhang. 2020. 
Proteomics discovery of protein biomarkers linked to meat qual-
ity traits in post-mortem muscles: current trends and future pro-
spects: a review. Trends Food Sci. Technol. 105. doi:10.1016/j.
tifs.2020.09.030

Huang, F., M. Huang, H. Zhang, C. Zhang, D. Zhang, and G. Zhou. 
2016. Changes in apoptotic factors and caspase activation path-
ways during the postmortem aging of beef muscle. Food Chem. 
190:110–114. doi:10.1016/j.foodchem.2015.05.056

Igney, F. H., and P. H. Krammer. 2002. Death and anti-death: tumour 
resistance to apoptosis. Nat. Rev. Cancer 2:277–288. doi:10.1038/
nrc776

Joo, S. H., K. W. Lee, Y. H. Hwang, and S. T. Joo. 2017. Histochem-
ical characteristics in relation to meat quality traits of eight major 
muscles from Hanwoo steers. Korean J. Food Sci. Anim. Resour. 
37:716–725. doi:10.5851/kosfa.2017.37.5.716

Käll, L., J. D. Storey, M. J. MacCoss, and W. S. Noble. 2008. Assign-
ing significance to peptides identified by tandem mass spectrom-
etry using decoy databases. J. Proteome Res. 7:29–34. doi:10.1021/
pr700600n

Kemp, C. M., P. L. Sensky, R. G. Bardsley, P. J. Buttery, and T. Parr. 
2010. Tenderness–an enzymatic view. Meat Sci. 84:248–256. 
doi:10.1016/j.meatsci.2009.06.008

Kim, N. K., S. Cho, S. H. Lee, H. R. Park, C. S. Lee, Y. M. Cho, Y. 
H. Choy, D. Yoon, S. K. Im, and E. W. Park. 2008. Proteins in 
longissimus muscle of Korean native cattle and their relation-
ship to meat quality. Meat Sci. 80:1068–1073. doi:10.1016/j.
meatsci.2008.04.027

Kim, G. D., T. C. Jeong, K. M. Cho, and J. Y. Jeong. 2017. Identifica-
tion and quantification of myosin heavy chain isoforms in bovine 
and porcine longissimus muscles by LC-MS/MS analysis. Meat Sci. 
125:143–151. doi:10.1016/j.meatsci.2016.12.002

Kim, H., S. Suman, S. Li, A. Dilger, M. Nair, C. Zhai, B. Edenburn, C. 
Beach, T. Felix, and D. Boler. 2019. Ractopamine-induced changes in 
the proteome of post-mortem beef longissimus lumborum muscle. S. 
Afr. J. Anim. Sci. 49(3):424−431. doi:10.4314/sajas.v49i3.3

Koohmaraie, M. 1994. Muscle proteinases and meat aging. Meat Sci. 
36:93–104. doi:10.1016/0309-1740(94)90036-1

Laville, E., T. Sayd, M. Morzel, S. Blinet, C. Chambon, J. Lepetit, G. 
Renand, and J. F. Hocquette. 2009. Proteome changes during meat 
aging in tough and tender beef suggest the importance of apoptosis 
and protein solubility for beef aging and tenderization. J. Agric. 
Food Chem. 57:10755–10764. doi:10.1021/jf901949r

Lawson, D., M. Harrison, and C. Shapland. 1997. Fibroblast 
transgelin and smooth muscle SM22alpha are the same protein, 
the expression of which is down-regulated in many cell lines. 
Cell Motil. Cytoskeleton 38:250–257. doi:10.1002/(SICI)1097-
0169(1997)38:3<250::AID-CM3>3.0.CO;2-9

Lee, E. H., M. Gao, N. Pinotsis, M. Wilmanns, and K. Schulten. 2006. 
Mechanical strength of the titin Z1Z2-telethonin complex. Struc-
ture 14:497–509. doi:10.1016/j.str.2005.12.005

Li, Z., M. Li, X. Li, J. Xin, Y. Wang, Q. W. Shen, and D. Zhang. 2018. 
Quantitative phosphoproteomic analysis among muscles of dif-
ferent color stability using tandem mass tag labeling. Food Chem. 
249:8–15. doi:10.1016/j.foodchem.2017.12.047

Lian, T., L. Wang, and Y. Liu. 2013. A new insight into the role of 
calpains in post-mortem meat tenderization in domestic animals: 
a review. Asian Australas. J. Anim. Sci. 26:443–454. doi:10.5713/
ajas.2012.12365

Liu, J., C. Luo, Z. Yin, P. Li, S. Wang, J. Chen, Q. He, and J. Zhou. 
2016. Downregulation of let-7b promotes COL1A1 and 

COL1A2 expression in dermis and skin fibroblasts during heat 
wound repair. Mol. Med. Rep. 13:2683–2688. doi:10.3892/
mmr.2016.4877

Lomiwes, D., M. Farouk, E. Wiklund, and O. Young. 2014. Small heat 
shock proteins and their role in meat tenderness: a review. Meat Sci. 
96(1):26−40. doi:10.1016/j.meatsci.2013.06.008

Longo, V., A. Lana, M. T. Bottero, and L. Zolla. 2015. Apoptosis in 
muscle-to-meat aging process: the omic witness. J. Proteomics 
125:29–40. doi:10.1016/j.jprot.2015.04.023

López-Pedrouso, M., J. M. Lorenzo, L. Di Stasio, A. Brugiapaglia, and 
D. Franco. 2021. Quantitative proteomic analysis of beef ten-
derness of Piemontese young bulls by SWATH-MS. Food Chem. 
356:129711. doi:10.1016/j.foodchem.2021.129711

Ma, D., and Y. H. B. Kim. 2020. Proteolytic changes of myofibrillar and 
small heat shock proteins in different bovine muscles during aging: 
their relevance to tenderness and water-holding capacity. Meat Sci. 
163:108090. doi:10.1016/j.meatsci.2020.108090

Malheiros, J. M., C. P. Braga, R. A. Grove, F. A. Ribeiro, C. R. Calkins, J. 
Adamec, and L. A. L. Chardulo. 2019. Influence of oxidative dam-
age to proteins on meat tenderness using a proteomics approach. 
Meat Sci. 148:64–71. doi:10.1016/j.meatsci.2018.08.016

Marguerie, G., G. Chagniel, and M. Suscillon. 1977. The binding of 
calcium to bovine fibrinogen. Biochim. Biophys. Acta 490:94–103. 
doi:10.1016/0005-2795(77)90109-x

Marrocco, C., V. Zolla, and L. Zolla. 2011. Meat quality of the 
longissimus lumborum muscle of Casertana and large white 
pigs: metabolomics and proteomics intertwined. J. Proteomics 
75(2):610−627. doi:10.1016/j.jprot.2011.08.024

Matarneh, S. K., E. M. England, T. L. Scheffler, and D. E. Gerrard. 
2017. The conversion of muscle to meat, Lawrie’s meat science. 
Cambridge (UK): Woodhead Publishing; p. 159–185. doi:10.1016/
B978-0-08-100694-8.00005-4

McGilchrist, P., P. L. Greenwood, D. W. Pethick, and G. E. Gardner. 
2016. Selection for increased muscling in Angus cattle did not in-
crease the glycolytic potential or negatively impact pH decline, 
retail colour stability or mineral content. Meat Sci. 114:8–17. 
doi:10.1016/j.meatsci.2015.12.007

Melkonian, E. A., and M. P. Schury. 2019. Biochemistry, anaer-
obic glycolysis. StatPearls. Treasure Island (FL): StatPearls 
Publishing. 

Morzel, M., C. Chambon, M. Hamelin, V. Santé-Lhoutellier, T. Sayd, 
and G. Monin. 2004. Proteome changes during pork meat ageing 
following use of two different pre-slaughter handling procedures. 
Meat Sci. 67:689–696. doi:10.1016/j.meatsci.2004.01.008

Mosesson, M. W. 2005. Fibrinogen and fibrin structure and func-
tions. J. Thromb. Haemost. 3:1894–1904. doi:10.1111/j.1538-
7836.2005.01365.x

Nagase, H., and J. F. Woessner, Jr. 1999. Matrix metalloproteinases. 
J. Biol. Chem. 274:21491–21494. doi:10.1074/jbc.274.31.21491

Nelson, W. J., and P. Traub. 1983. Proteolysis of vimentin and desmin 
by the Ca2+-activated proteinase specific for these intermediate 
filament proteins. Mol. Cell. Biol. 3:1146–1156. doi:10.1128/
mcb.3.6.1146-1156.1983

Nesvizhskii, A. I., A. Keller, E. Kolker, and R. Aebersold. 2003. A statis-
tical model for identifying proteins by tandem mass spectrometry. 
Anal. Chem. 75:4646–4658. doi:10.1021/ac0341261

O’Brien, J. J., J. D. O’Connell, J. A. Paulo, S. Thakurta, C. M. Rose, M. 
P. Weekes, E. L. Huttlin, and S. P. Gygi. 2018. Compositional prote-
omics: effects of spatial constraints on protein quantification util-
izing isobaric tags. J. Proteome Res. 17(1):590–599. doi:10.1021/
acs.jproteome.7b00699

Oberg, A. L., D. W. Mahoney, J. E. Eckel-Passow, C. J. Malone, R. D. 
Wolfinger, E. G. Hill, L. T. Cooper, O. K. Onuma, C. Spiro, T. M. 
Therneau, et al. 2008. Statistical analysis of relative labeled mass 
spectrometry data from complex samples using ANOVA. J. Prote-
ome Res. 7:225–233. doi:10.1021/pr700734f

Ouali, A., M. Gagaoua, Y. Boudida, S. Becila, A. Boudjellal, C. H. 
Herrera-Mendez, and M. A. Sentandreu. 2013. Biomarkers of 
meat tenderness: present knowledge and perspectives in regards to 

https://doi.org/10.1152/physrev.00030.2001
https://doi.org/10.1016/j.jprot.2011.07.026
https://doi.org/10.1016/j.jprot.2011.07.026
https://doi.org/10.1016/B978-0-12-809847-9.00001-5
https://doi.org/10.1016/j.tifs.2020.09.030
https://doi.org/10.1016/j.tifs.2020.09.030
https://doi.org/10.1016/j.foodchem.2015.05.056
https://doi.org/10.1038/nrc776
https://doi.org/10.1038/nrc776
https://doi.org/10.5851/kosfa.2017.37.5.716
https://doi.org/10.1021/pr700600n
https://doi.org/10.1021/pr700600n
https://doi.org/10.1016/j.meatsci.2009.06.008
https://doi.org/10.1016/j.meatsci.2008.04.027
https://doi.org/10.1016/j.meatsci.2008.04.027
https://doi.org/10.1016/j.meatsci.2016.12.002
https://doi.org/10.4314/sajas.v49i3.3
https://doi.org/10.1016/0309-1740(94)90036-1
https://doi.org/10.1021/jf901949r
https://doi.org/10.1002/(SICI)1097-0169(1997)38:3<250::AID-CM3>3.0.CO;2-9
https://doi.org/10.1002/(SICI)1097-0169(1997)38:3<250::AID-CM3>3.0.CO;2-9
https://doi.org/10.1016/j.str.2005.12.005
https://doi.org/10.1016/j.foodchem.2017.12.047
https://doi.org/10.5713/ajas.2012.12365
https://doi.org/10.5713/ajas.2012.12365
https://doi.org/10.3892/mmr.2016.4877
https://doi.org/10.3892/mmr.2016.4877
https://doi.org/10.1016/j.meatsci.2013.06.008
https://doi.org/10.1016/j.jprot.2015.04.023
https://doi.org/10.1016/j.foodchem.2021.129711
https://doi.org/10.1016/j.meatsci.2020.108090
https://doi.org/10.1016/j.meatsci.2018.08.016
https://doi.org/10.1016/0005-2795(77)90109-x
https://doi.org/10.1016/j.jprot.2011.08.024
https://doi.org/10.1016/B978-0-08-100694-8.00005-4
https://doi.org/10.1016/B978-0-08-100694-8.00005-4
https://doi.org/10.1016/j.meatsci.2015.12.007
https://doi.org/10.1016/j.meatsci.2004.01.008
https://doi.org/10.1111/j.1538-7836.2005.01365.x
https://doi.org/10.1111/j.1538-7836.2005.01365.x
https://doi.org/10.1074/jbc.274.31.21491
https://doi.org/10.1128/mcb.3.6.1146-1156.1983
https://doi.org/10.1128/mcb.3.6.1146-1156.1983
https://doi.org/10.1021/ac0341261
https://doi.org/10.1021/acs.jproteome.7b00699
https://doi.org/10.1021/acs.jproteome.7b00699
https://doi.org/10.1021/pr700734f


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

our current understanding of the mechanisms involved. Meat Sci. 
95:854–870. doi:10.1016/j.meatsci.2013.05.010

Ouali, A., and A. Talmant. 1990. Calpains and calpastatin distribution 
in bovine, porcine and ovine skeletal muscles. Meat Sci. 28:331–
348. doi:10.1016/0309-1740(90)90047-A

Ozawa, S., T. Mitsuhashi, M. Mitsumoto, S. Matsumoto, N. Itoh, K. 
Itagaki, Y. Kohno, and T. Dohgo. 2000. The characteristics of 
muscle fiber types of longissimus thoracis muscle and their influ-
ences on the quantity and quality of meat from Japanese Black 
steers. Meat Sci. 54:65–70. doi:10.1016/s0309-1740(99)00072-8

Picard, B., and M. Gagaoua. 2017. Proteomic investigations of beef 
tenderness. In: Colgrave, M. L., editor. Proteomics in food science. 
London (UK): Academic Press; p. 177−197. doi:10.1016/B978-0-
12-804007-2.00011-4.

Picard, B., M. Gagaoua, M. Al Jammas, and M. Bonnet. 2019. Beef 
tenderness and intramuscular fat proteomic biomarkers: ef-
fect of gender and rearing practices. J. Proteomics 200:1–10. 
doi:10.1016/j.jprot.2019.03.010

Picard, B., M. Gagaoua, M. Al-Jammas, L. De Koning, A. Valais, and 
M. Bonnet. 2018. Beef tenderness and intramuscular fat prote-
omic biomarkers: muscle type effect. Peerj 6:e4891. doi:10.7717/
peerj.4891

Picard, B., M. Gagaoua, D. Micol, I. Cassar-Malek, J. F. Hocquette, and 
C. E. Terlouw. 2014. Inverse relationships between biomarkers and 
beef tenderness according to contractile and metabolic properties 
of the muscle. J. Agric. Food Chem. 62:9808–9818. doi:10.1021/
jf501528s

Poleti, M. D., C. T. Moncau, B. Silva-Vignato, A. F. Rosa, A. R. Lobo, T. 
R. Cataldi, J. A. Negrão, S. L. Silva, J. P. Eler, and J. C. de Carvalho 
Balieiro. 2018. Label-free quantitative proteomic analysis reveals 
muscle contraction and metabolism proteins linked to ultimate pH 
in bovine skeletal muscle. Meat Sci. 145:209–219. doi:10.1016/j.
meatsci.2018.06.041

Purslow, P. P., A. C. Archile-Contreras, and M. C. Cha. 2012. Meat 
science and muscle biology symposium: manipulating meat tender-
ness by increasing the turnover of intramuscular connective tissue. 
J. Anim. Sci. 90:950–959. doi:10.2527/jas.2011-4448

Purslow, P. P., M. Gagaoua, and R. D. Warner. 2021. Insights on meat 
quality from combining traditional studies and proteomics. Meat 
Sci. 174:108423. doi:10.1016/j.meatsci.2020.108423

Ramanathan, R., M. N. Nair, F. Kiyimba, M. L. Denzer, K. Hearn, 
T. Price, and G. G. Mafi. 2020. Integrated omics approaches in 
meat science research. J. Meat Sci. 15(1):1–12. doi:10.5958/2581-
6616.2020.00001.8

Rashid, M. M., A. Runci, L. Polletta, I. Carnevale, E. Morgante, E. Foglio, 
T. Arcangeli, L. Sansone, M. A. Russo, and M. Tafani. 2015. Muscle 
LIM protein/CSRP3: a mechanosensor with a role in autophagy. 
Cell Death Discov. 1:15014. doi:10.1038/cddiscovery.2015.14

Redfield, A., M. T. Nieman, and K. A. Knudsen. 1997. Cadherins pro-
mote skeletal muscle differentiation in three-dimensional cultures. 
J. Cell Biol. 138:1323–1331. doi:10.1083/jcb.138.6.1323

Rhee, M. S., and B. C. Kim. 2001. Effect of low voltage electrical 
stimulation and temperature conditioning on postmortem 
changes in glycolysis and calpains activities of Korean native 
cattle (Hanwoo). Meat Sci. 58:231–237. doi:10.1016/s0309-
1740(00)00155-8

Roman-Gomez, J., J. A. Castillejo, A. Jimenez, F. Cervantes, C. Boque, 
L. Hermosin, A. Leon, A. Grañena, D. Colomer, A. Heiniger, et al. 
2003. Cadherin-13, a mediator of calcium-dependent cell-cell ad-
hesion, is silenced by methylation in chronic myeloid leukemia and 
correlates with pretreatment risk profile and cytogenetic response 
to interferon alfa. J. Clin. Oncol. 21:1472–1479. doi:10.1200/
JCO.2003.08.166

Samanta, P., S. Pal, A. K. Mukherjee, and A. R. Ghosh. 2014. Biochem-
ical effects of glyphosate based herbicide, Excel Mera 71 on enzyme 
activities of acetylcholinesterase (AChE), lipid peroxidation (LPO), 
catalase (CAT), glutathione-S-transferase (GST) and protein con-
tent on teleostean fishes. Ecotoxicol. Environ. Saf. 107:120–125. 
doi:10.1016/j.ecoenv.2014.05.025

Schiaffino, S., L. Gorza, S. Sartore, L. Saggin, S. Ausoni, M. Vianello, 
K. Gundersen, and T. Lømo. 1989. Three myosin heavy chain 
isoforms in type 2 skeletal muscle fibres. J. Muscle Res. Cell Motil. 
10:197–205. doi:10.1007/BF01739810

Schilling, M. W., S. P. Suman, X. Zhang, M. N. Nair, M. A. Desai, K. 
Cai, M. A. Ciaramella, and P. J. Allen. 2017. Proteomic approach 
to characterize biochemistry of meat quality defects. Meat Sci. 
132:131–138. doi:10.1016/j.meatsci.2017.04.018

Scopes, R. K. 1974. Measurement of protein by spectrophotom-
etry at 205  nm. Anal. Biochem. 59:277–282. doi:10.1016/0003-
2697(74)90034-7

Searle, B. C., M. Turner, and A. I. Nesvizhskii. 2008. Improving sensi-
tivity by probabilistically combining results from multiple MS/MS 
search methodologies. J. Proteome Res. 7:245–253. doi:10.1021/
pr070540w

Shadforth, I. P., T. P. Dunkley, K. S. Lilley, and C. Bessant. 2005. 
i-Tracker: for quantitative proteomics using iTRAQ. Bmc Genom-
ics 6:145. doi:10.1186/1471-2164-6-145

Silva, L. H. P., R. T. S. Rodrigues, D. E. F. Assis, P. D. B. Benedeti, M. S. 
Duarte, and M. L. Chizzotti. 2019. Explaining meat quality of bulls 
and steers by differential proteome and phosphoproteome ana-
lysis of skeletal muscle. J. Proteomics 199:51–66. doi:10.1016/j.
jprot.2019.03.004

Smulders, F., B. Marsh, D. Swartz, R. Russell, and M. Hoenecke. 1990. 
Beef tenderness and sarcomere length. Meat Science 28(4):349–
363. doi:10.1016/0309-1740(90)90048-B

Sylvestre, M., D. Balcerzak, C. Feidt, V. Baracos, and J. B. Bellut. 2002. 
Elevated rate of collagen solubilization and postmortem degrad-
ation in muscles of lambs with high growth rates: possible rela-
tionship with activity of matrix metalloproteinases. J. Anim. Sci. 
80(7):1871–1878. doi:10.1016/0309-1740(90)90048-B

Thornton, K. J., K. C. Chapalamadugu, E. M. Eldredge, and G. K. 
Murdoch. 2017. Analysis of longissimus thoracis protein ex-
pression associated with variation in carcass quality grade and 
marbling of beef cattle raised in the Pacific Northwestern United 
States. J. Agric. Food Chem. 65:1434–1442. doi:10.1021/acs.
jafc.6b02795

Totland, G. K., H. Kryvi, and E. Slinde. 1988. Composition of muscle 
fibre types and connective tissue in bovine M. semitendinosus and 
its relation to tenderness. Meat Sci. 23:303–315. doi:10.1016/0309-
1740(88)90014-9

Van Wezemael, L., S. De Smet, Ø. Ueland, and W. Verbeke. 2014. Re-
lationships between sensory evaluations of beef tenderness, shear 
force measurements and consumer characteristics. Meat Sci. 
97:310–315. doi:10.1016/j.meatsci.2013.07.029

Wang, H., J. Wu, and M. Betti. 2013. Chemical, rheological and sur-
face morphologic characterisation of spent hen proteins extracted 
by pH-shift processing with or without the presence of cryo-
protectants. Food Chemistry 139(1–4):710–719. doi:10.1016/j.
foodchem.2013.01.123

Wheeler, T., and M. Koohmaraie. 1999. The extent of proteolysis is 
independent of sarcomere length in lamb longissimus and psoas 
major. J. Anim. Sci. 77(9):2444–2451. doi:10.2527/1999.7792444x

Zapata, I., H. N. Zerby, and M. Wick. 2009. Functional proteomic 
analysis predicts beef tenderness and the tenderness differential. J. 
Agric. Food Chem. 57:4956–4963. doi:10.1021/jf900041j

Zequan, X., S. Yonggang, L. Guangjuan, X. Shijun, Z. Li, Z. 
Mingrui, X. Yanli, and W. Zirong. 2021. Proteomics analysis 
as an approach to understand the formation of pale, soft, and 
exudative (PSE) pork. Meat Sci. 177:108353. doi:10.1016/j.
meatsci.2020.108353

Zhai, C., B. A. Djimsa, J. E. Prenni, D. R. Woerner, K. E. Belk, and M. 
N. Nair. 2020. Tandem mass tag labeling to characterize muscle-
specific proteome changes in beef during early postmortem period. 
J. Proteomics 222:103794. doi:10.1016/j.jprot.2020.103794

Zhu, Y., M. Gagaoua, A. M. Mullen, A. L. Kelly, T. Sweeney, J. Cafferky, 
D. Viala, and R. M. Hamill. 2021a. A proteomic study for the dis-
covery of beef tenderness biomarkers and prediction of Warner–
Bratzler shear force measured on longissimus thoracis muscles 

https://doi.org/10.1016/j.meatsci.2013.05.010
https://doi.org/10.1016/0309-1740(90)90047-A
https://doi.org/10.1016/s0309-1740(99)00072-8
https://doi.org/10.1016/B978-0-12-804007-2.00011-4
https://doi.org/10.1016/B978-0-12-804007-2.00011-4
https://doi.org/10.1016/j.jprot.2019.03.010
https://doi.org/10.7717/peerj.4891
https://doi.org/10.7717/peerj.4891
https://doi.org/10.1021/jf501528s
https://doi.org/10.1021/jf501528s
https://doi.org/10.1016/j.meatsci.2018.06.041
https://doi.org/10.1016/j.meatsci.2018.06.041
https://doi.org/10.2527/jas.2011-4448
https://doi.org/10.1016/j.meatsci.2020.108423
https://doi.org/10.5958/2581-6616.2020.00001.8
https://doi.org/10.5958/2581-6616.2020.00001.8
https://doi.org/10.1038/cddiscovery.2015.14
https://doi.org/10.1083/jcb.138.6.1323
https://doi.org/10.1016/s0309-1740(00)00155-8
https://doi.org/10.1016/s0309-1740(00)00155-8
https://doi.org/10.1200/JCO.2003.08.166
https://doi.org/10.1200/JCO.2003.08.166
https://doi.org/10.1016/j.ecoenv.2014.05.025
https://doi.org/10.1007/BF01739810
https://doi.org/10.1016/j.meatsci.2017.04.018
https://doi.org/10.1016/0003-2697(74)90034-7
https://doi.org/10.1016/0003-2697(74)90034-7
https://doi.org/10.1021/pr070540w
https://doi.org/10.1021/pr070540w
https://doi.org/10.1186/1471-2164-6-145
https://doi.org/10.1016/j.jprot.2019.03.004
https://doi.org/10.1016/j.jprot.2019.03.004
https://doi.org/10.1016/0309-1740(90)90048-B
https://doi.org/10.1016/0309-1740(90)90048-B
https://doi.org/10.1021/acs.jafc.6b02795
https://doi.org/10.1021/acs.jafc.6b02795
https://doi.org/10.1016/0309-1740(88)90014-9
https://doi.org/10.1016/0309-1740(88)90014-9
https://doi.org/10.1016/j.meatsci.2013.07.029
https://doi.org/10.1016/j.foodchem.2013.01.123
https://doi.org/10.1016/j.foodchem.2013.01.123
https://doi.org/10.2527/1999.7792444x
https://doi.org/10.1021/jf900041j
https://doi.org/10.1016/j.meatsci.2020.108353
https://doi.org/10.1016/j.meatsci.2020.108353
https://doi.org/10.1016/j.jprot.2020.103794


Dang et al. 13

of young Limousin-sired bulls. Foods 10(5):952. doi:10.3390/
foods10050952

Zhu, Y., M. Gagaoua, A. M. Mullen, D. Viala, D. K. Rai, A. L. Kelly, 
D. Sheehan, and R. M. Hamill. 2021b. Shotgun proteomics for 
the preliminary identification of biomarkers of beef sensory ten-
derness, juiciness and chewiness from plasma and muscle of 

young Limousin-sired bulls. Meat Sci. 176:108488. doi:10.1016/j.
meatsci.2021.108488

Zhu, Q., L. Xing, Q. Hou, R. Liu, and W. Zhang. 2021c. Proteomics iden-
tification of differential S-nitrosylated proteins between the beef with 
intermediate and high ultimate pH using isobaric iodoTMT switch 
assay. Meat Sci. 172:108321. doi:10.1016/j.meatsci.2020.108321

https://doi.org/10.3390/foods10050952
https://doi.org/10.3390/foods10050952
https://doi.org/10.1016/j.meatsci.2021.108488
https://doi.org/10.1016/j.meatsci.2021.108488
https://doi.org/10.1016/j.meatsci.2020.108321

