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A B S T R A C T   

This study describes the association between meat tenderness and abundance of soluble muscle proteins in 
Nellore bulls (Bos indicus) using a proteomic approach. We evaluated shear force (SF) of Longissimus thoracis 
muscle 24 h after slaughter and selected three experimental groups of animals with moderately tender (TE; SF =
3.9 ± 0.7 kg), moderately tough (TO; SF = 5.6 ± 0.7 kg) and very tough meat (TO+; SF = 7.9 ± 1.4 kg). 
Proteome was investigated by two-dimensional electrophoresis (2D-PAGE) in combination with electrospray 
ionization-tandem mass spectrometry (ESI–MS/MS). The metabolic proteins triosephosphate isomerase (TPI1) 
and phosphoglucomutase 1 (PGM1), the structural protein profilin 1 (PFN1), and cytosol aminopeptidase (LAP3) 
were up-regulated (P < 0.05) in the TE meat group when compared to the TO and TO+ groups. Actin structural 
proteins (ACTA1, ACTB, and ACTG1), the oxidative stress protein peroxiredoxin (PRDX6, PRDX2, PRDX1, and 
PARK7), heat shock protein isoforms, and co-chaperones (CDC37 and STIP1) were up-regulated (P < 0.05) in the 
TO and TO+ meat groups. In addition, we also identified proteins PFN1, LAP3, PRDX1, PRDX2, HSPD1, and 
ARHGDIA to be associated with beef tenderness. The results reported herein demonstrated that meat tenderness 
in Nellore cattle depends on the modulation and expression of a set of proteins involved in different biological 
pathways. 
Significance: The manuscript entitled “Application of proteomic to investigate the different degrees of meat tenderness 
in Nellore breed” describes a classical proteomics work using two-dimensional gel electrophoresis (2D-PAGE), 
followed by mass spectrometry coupled to electrospray ionization ion trap (ESI-MS/MS) in order to understand 
the biochemical engineering involved in the process of meat tenderness. We evaluated shear force (SF) of 
Longissimus thoracis muscle samples of Nellore cattle (n = 90) and select three experimental groups of animals 
with moderately tender (TE; SF = 3.9 ± 0.7), moderately tough (TO; SF = 5.6 ± 0.7) and very tough meat (TO+; 
SF = 7.9 ± 1.4). The proteomic approach allowed observing that meat tenderness is influenced by structural 
proteins (ACTA1, ACTG1, ACTB, MYL1 and PFN1), co-chaperones (CDC37 and STIP1), heat shock proteins 
(HSP90AA1, HSP90AB1, HSPD1, HSPA1L, HSPA1A and HSPB1), regulatory protein (ARHGDIA), metabolic 
proteins (TPI1 and PGM1) and oxidative stress proteins (PRDX1, PRDX2, PRDX6, PARK7). Our results suggest 
that meat tenderness in Nellore depends on the modulation and expression of a set of proteins involved in 
different biological pathways.   

1. Introduction 

Tenderness is considered the most important meat quality trait and 

proteins play a fundamental role in the regulation of the metabolic 
changes required for the conversion of muscle to meat [1]. Within this 
context, studies have used proteomics approaches to understand the 
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biochemical engineering involved in the process of protein denaturation 
during the postmortem period [1–3]. 

The results of those studies have identified several different proteins 
with significant effects on meat tenderness [1,3–8]. Among these pro-
teins, heat shock proteins, antioxidant proteins, and metabolic and 
structural proteins of skeletal muscle have been associated with meat 
tenderness in cattle [1–3]. In Nellore cattle, these proteins include heat 
shock proteins such as Hsp27 (HSPB1) and Hsp70 (HSPA1B), metabolic 
proteins such as enolase (ENO), creatine kinase m-type (CKM) and py-
ruvate kinase (PKM), and structural proteins such as myosin light chain 
1 (MLC1) and troponin T (TNNT) [3,6,9]. 

However, meat tenderization in cattle is a complex process that 
involving hundreds of proteins that participate in different metabolic 
pathways. Consequently, considering that the contractile and metabolic 
properties of skeletal muscle are specific for each breed, further studies 
that investigate different tenderness groups using adequate biotechno-
logical tools and analysis methods are needed to increase our under-
standing of the biochemical engineering involved in the postmortem 
meat tenderization process in Nellore cattle. 

In this context, the objective of the present study was to investigate 
Longissimus thoracis muscle in Nellore young bulls of different meat 
tenderness groups using a gel-based proteomic approach (2D-PAGE +
ESI–MS/MS). 

2. Material and methods 

2.1. Animals, meat quality, and selection of experimental groups 

The experimental procedures were conducted in accordance with the 
guidelines for animal welfare and humane slaughter and were approved 
by the Ethics Committee on Animal Experimentation of the São Paulo 
State University (UNESP), Botucatu, São Paulo (Protocol No. 159/ 
2014). Ninety contemporaneous young Nellore bulls from a single farm 
with a continuous pasture system were used in an experimental feedlot. 

The animals with an average initial body weight of 390 ± 37 kg and 
24 months of age were treated with anthelmintics and allocated to 18 
collective pens with 5 bulls per pen for a period of 95 d, of which the first 
15 days were exclusively for adaptation of the animals to the feedlot. 
The animals received a diet consisting of sunflower meal (69.24%), 
ground corn (17.93%), sugarcane bagasse (9.4%), mineral supplement 
(2.17%), urea (0.64%), and Optigen Alltech© (0.60%) twice a day. The 
animals with a final weight of 548 ± 52 kg and 27 months of age were 
slaughtered at a commercial slaughter-house on the same day in 
accordance with guidelines for the Humane Slaughter of Cattle 
following the Sanitary and Industrial Inspection Regulation for Products 
of Animal Origin. The carcasses were identified, washed and cooled in a 
cold room at 1 ◦C for 24 h. After cooling, Longissimus thoracis (LT) muscle 
samples were collected between the 12th and 13th ribs in the cranial 
direction from the left half-carcass of each animal for shear force (SF) 
analysis and protein characterization. 

One 2.5 cm thick steak from each animal was used for the mea-
surement of SF. The samples were cooked in an oven until the internal 
temperature reached 71 ◦C. The cooking temperature was controlled 
with a DT-612 digital thermometer (ATP Instrumentation, Ashby-de-la- 
Zouch, United Kingdom), inserted into the geometric center of the 
samples to monitor their internal temperature. After cooking, the sam-
ples were kept at room temperature for 15 min and cooled at 4 ◦C for 24 
h. After refrigeration, cylinders measuring 1.27 cm in diameter were cut 
longitudinally from the center of each sample in the direction of the 
muscle fiber, as recommended by Wheeler, Shackelford, & Koohmaraie 
[10]. The cylinders were cut with a Salter Warner-Bratzler Shear Force 
device with a capacity of 25 kg at a velocity of 20 cm/min. The 
tenderness value was calculated by the arithmetic mean of eight cylin-
ders per sample. 

Based on the SF measurement of the LT muscle samples (n = 90), 
three statistically contrasting meat tenderness groups were selected: 

moderately tender meat (TE; SF = 3.9 ± 0.7 kg; n = 15), moderately 
tough meat (TO; SF = 5.6 ± 0.7 kg; n = 20), and very tough meat (TO+; 
SF = 7.9 ± 1.4 kg; n = 15). 

2.2. Characterization of proteins 

2.2.1. Sample preparation 
Two grams of muscle tissue were triturated in 20 mL ultrapure water 

in an Ultra-Turrax homogenizer (Marconi, MA102/E) at 18,000 rpm and 
centrifuged at 10,000 xg (10 min at 4 ◦C) to obtain mainly cytoplasmatic 
proteins. The supernatant was transferred to a new microtube and 
precipitated with ice-cold acetone (1:4, v/v). The precipitated proteins 
were centrifuged at 10,000 xg (10 min at 4 ◦C), the supernatant was 
discarded, and the pellets were stored in a freezer at − 80 ◦C for two- 
dimensional gel electrophoresis. 

The protein pellet was resuspended in 0.50 mol.L− 1 NaOH for 
quantification. The total protein concentration of the muscle samples 
was determined by the biuret method [11] using bovine serum albumin 
as the standard. Absorbance was measured in a spectrophotometer at 
545 nm (Spectrophotometer Evolution 60, Thermo Fisher Scientific, 
Waltham, MA, USA). A calibration curve was constructed with con-
centrations of a stock solution of bovine serum albumin (100 g.L− 1) 
ranging from 10 to 100 g.L− 1. 

2.2.2. Two-dimensional gel electrophoresis and image treatment 
For protein separation, protein pellets were solubilized in a solution 

containing 7 mol.L− 1 urea, 2 mol.L− 1 thiourea, 2% (w/v) CHAPS (3-[(3- 
cholamidopropyl)-dimethylammonio]-1-propanesulfonate), 0.5% (v/v) 
ampholytes (pH range of 3 to 10), 0.002% (w/v) bromophenol blue, and 
2.8 mg dithiothreitol (DTT). For isoelectric focusing, 375 μg of protein 
was applied to 13 cm strips containing polyacrylamide gel with 
ampholytes immobilized at pH 3–10. Electrophoresis in the first 
dimension was performed in an Ettan™ IPGphor™ 3 system (GE 
Healthcare) according to manufacturer recommendations. Next, the 
strips were reduced for 15 min in a solution of 6 mol.L− 1 urea, 2% (w/v) 
SDS, 30% (v/v) glycerol, 50 mmol.L− 1 Tris-HCl, 0.002% (w/v) bromo-
phenol blue and 2% (w/v) DTT, and alkylated for 15 min in the same 
solution except that DTT was replaced with 2.5% (w/v) iodoacetamide 
[12]. 

For the second dimension, the strips were placed on polyacrylamide 
gel (12.5%, w/v), together with a molecular weight standard (Mw) 
ranging from 14.4–97.0 kDa. After electrophoresis, the proteins were 
fixed with D-stain and stained with colloidal Coomassie. The gels were 
scanned with ImageScanner III (GE Healthcare) and the spots were 
detected with the ImageMaster Platinum 7.0 software (GE Healthcare). 

2.2.3. Statistical analysis 
The SF trait was evaluated using the GLM procedure of the SAS 

statistical program (SAS Institute, Cary, NC, USA, 2011). The PDIFF 
option of SAS was applied to compare mean SF values between the 
experimental groups (TE, TO and TO+). 

Spot detection, quantification, and differential expression analysis 
were performed using the ImageMaster Platinum 7.0 software (GE 
Healthcare). The software allows to establish matches between the gels. 
This matching was performed based on the equivalence between the 
spots in each group, in which the distribution, volume, relative intensity, 
isoelectric point and molecular mass of the spots were compared by 
means of a linear regression. Comparative statistical analysis of all spots 
based on the normalized volume (%V) [13] allowed the detection of 
differentially abundant spots between experimental groups (TE, TO and 
TO+). The Student’s t-test was used to enumerate spots with differential 
intensity (cutoff value ≥1.5-fold changes and P < 0.05). 

2.2.4. Protein identification by electrospray ionization-tandem mass 
spectrometry (ESI–MS/MS) 

The protein spots differentially expressed in the experimental groups 
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(TE, TO and TO+) were selected based on the molecular weight (Mw) 
and isoelectric point (pI) obtained by image analysis, cut out (fragments 
of approximately 1 mm3), and prepared according to the method of 
Shevchenko, Tomas, Havlǐs, Olsen, & Mann [14]. The sediments were 
transferred to microtubes and submitted to the following four steps: 1) 
Removal of the dye with 25 mM ammonium bicarbonate (Ambic)/ 
acetonitrile (50:50, v/v). 2) Reduction and alkylation in which the gel 
fragments were rehydrated in a reducing solution and incubated for 40 
min at 56 ◦C. After removal of the reducing solution, alkylating solution 
was added and the fragments were incubated in the dark for 30 min at 
room temperature. 3) Trypsin digestion consisting of overnight incu-
bation at 37 ◦C with 10 ng.μL− 1 trypsin in 25 mM Ambic for 15 min 
(Trypsin Gold Mass Spectrometry, Promega, Madison, USA). 4) Elution 
of peptides extracted from the gel using three steps: A) 50% ACN with 
1% formic acid incubated for 15 min at 40 ◦C under sonication; the 
supernatant was collected and transferred to a new tube. B) 60% 
methanol with 1% formic acid incubated for 15 min at 40 ◦C under 
sonication; the supernatant was collected and transferred to a new tube. 
C) 100% ACN; the extracts were dried in a vacuum centrifuge and 
peptides were dissolved in 10 μL of 3% ACN with 0.1% formic acid. 

The mass spectra of the peptides were obtained by analyzing aliquots 
of the solutions in a nanoACQUITY UPLC-Xevo TQ-MS System (Waters, 
Manchester, UK) as described by Braga et al. [15]. The proteins were 
identified in the UniProt database (UniProtKB/Swiss-Prot, www.un 
iprot.org) for the Bos taurus genome. STRING analysis (Search Tool for 
the Retrieval of Interacting Genes/Proteins, http://string.embl.de/) was 
carried out using STRING 11.0 server to predict protein-protein in-
teractions [16]. The STRING database employs a combination of 
experimental data (experiments and databases). 

3. Results and discussion 

3.1. Protein separation by two-dimensional gel electrophoresis 

The average correlation between the gel replicates was 96%, 91% 
and 93% for the TE, TO and TO+ meat groups, respectively, and the 
average number of spots was 223.0 ± 11.6, 222 ± 12.9 and 224 ± 10.4. 

The correlations between protein spots were estimated by image anal-
ysis considering the percentage of spot volume normalized during the 
matching process. The correlations between protein spots of the TE and 
TO meat groups (R > 0.82), TE and TO+ meat groups (R > 0.76), and TO 
and TO+ meat groups (R > 0.89) indicated the proximity of the prote-
omic profiles of the groups. 

The distribution of the diversity of protein spots in the three exper-
imental groups was homogenous and larger spot numbers were observed 
between 20.1 and 66 kDa and pI 5–7 (Fig. 1). These results corroborate 
the findings regarding protein fraction obtained for LT muscle of young 
Norwegian Red cattle [17] and Nellore cattle [6]. 

3.2. Protein identification by electrospray ionization-tandem mass 
spectrometry 

After image treatment plus differential expression analysis (2D- 
PAGE), 29 protein spots were submitted to peptide characterization by 
ESI-MS/MS (Table 1). Combining these techniques, we found several 
proteins, including metabolic proteins triosephosphate isomerase (TPI1; 
spot 8) and phosphoglucomutase-1 (PGM1; spots 16 and 32), structural 
proteins α-actin (ACTA1; spot 13), myosin light chain isoform 1 (MYL1; 
spot 36), and profilin 1 (PFN1; spot 20), and proteolytic enzyme cytosol 
aminopeptidase (LAP3; spot 15). Moreover, oxidative stress proteins like 
peroxiredoxin1 (PRDX1; spot 5), 2 (PRDX2; spot 7), 6 (PRDX6; spot 34), 
protein/nucleic acid deglycase DJ-1 (PARK7; spots 1, 3, 94 and 95) and 
regulatory protein Rho GDP-dissociation inhibitor 1 (ARHGDIA; spots 9 
and 17) were also characterized. In addition, heat shock proteins iso-
forms such as Hsp90 (HSP90AA1 and HSP90AB1; spot 28), Hsp70 (1A, 
1B, and 1 L; spots 37, 32, 24 and 30, respectively), Hsp60 (HSPD1; spots 
18 and 40) and HspB1 (HSPB1; spot 9), and co-chaperones Hsp90 co- 
chaperone cdc37 (CDC37; spot 13) and stress-induced phosphoprotein 
1 (STIP1; spot 19) were identified. 

3.3. Structural and energy metabolism proteins 

The proteins involved in energy metabolism, TPI1 (spot 8) and PGM1 
(spots 16 and 32), were up-regulated (P < 0.05) in the TE group 

Fig. 1. 12.5% polyacrylamide gel (m/v) obtained by 2D-PAGE electrophoresis (pH range 3–10) for Longissimus thoracis muscle of Nellore cattle of the moderately 
tender meat (TE) group. The numbers indicate the spots excised for peptide characterization for the respective proteins identified by ESI-MS/MS (Table 1). 

J.M. Malheiros et al.                                                                                                                                                                                                                           

http://www.uniprot.org
http://www.uniprot.org
http://string.embl.de/


Journal of Proteomics 248 (2021) 104331

4

compared to the TO and TO+ groups. These enzymes are important for 
meat tenderness because of their activity in the control of ATP pro-
duction, formation of the actin-myosin complex, and muscle pH decline 
regulated by energy metabolism. Protein abundance of TPI1 is involved 
in glycolysis and is essential for the efficient production of energy. In 
addition, this enzyme catalyzes the reversible conversion of D-glycer-
aldehyde-3-phosphate from phosphate dihydroxyacetone. Furthermore, 
PGM1 is involved in glycolysis and glycogenesis, reversibly catalyzing 
the conversion of glucose-1,6-biphosphate to glucose-6-phosphate in the 
presence of Mg2+ [18]. Thus, PGM1 and TPI1 have been proposed as 
potential candidates of meat tenderness in Bos taurus breeds [4]. The 
result obtained for TPI1 corroborates the findings reported by Rosa et al. 
[3] for LT muscle of Nellore cattle. Furthermore, Silva et al. [19] also 
found a positive correlation between these two proteins and meat 
tenderness in Nellore cattle. On the other hand, post-translational 
modifications such as protein phosphorylation may occur postmortem, 
such as protein phosphorylation. According to Anderson et al. [18], 
PGM1 has multiple phosphorylation sites that generate a set of spots 

with a similar mass and different pIs. Our results identified PGM1 pro-
tein in different spots and with distinct pI values, suggesting possible 
phosphorylation during the postmortem period. 

The spot 36 showed that the myofibrillar protein MYL1 was signifi-
cantly down-regulated (P < 0.05) in the TE and TO meat groups 
compared to the TO+ meat group. Four different proteins were identi-
fied in spot 13, three of them myofibrillar proteins including ACTA1, 
β-actin (ACTB), and γ-actin (ACTG1); however, this spot was also 
significantly down-regulated (P < 0.05) in the TE meat group compared 
to the TO and TO+ meat groups. These proteins have usually been 
associated with meat tenderness in bulls. For example, α-actin has been 
suggested as an early and adequate predictor of postmortem proteolysis 
in Norwegian Red cattle [17] and was found to be associated with meat 
tenderness in Nellore cattle [3]. However, higher expression of MYL1 
has been demonstrated in meat with lower tenderness scores [2,3]. 

On the other hand, structural protein PFN1 (spot 20) was up- 
regulated (P < 0.05) in the TE meat group compared to the other 
groups. Protein abundance of PFN1 has not been investigated in studies 

Table 1 
Characterization of protein spots by electrospray ionization-tandem mass spectrometry (ESI–MS/MS) for moderately tender (TE), moderately tough (TO) and very 
tough meat group (TO+).  

Spot 
IDa 

Protein 
IDb 

ABVc TEd TOd TO+d Protein Scoree Experimental pI/ 
Mw 

Theoretical pI/ 
Mw 

Coverage 
(%)f 

P- 
valueg 

8 Q5E956 TPI1 Up Down Down Triosephosphate isomerase 5960 5.69 / 23.32 6.45 / 26.69 67.07 0.04 
16 Q08DP0 PGM1 Up Down Down Phosphoglucomutase 1 736 6.02 / 65.8 6.36 / 61.58 56.8 0.02 
39 F1MJS4 PGM1 Up Down Down Phosphoglucomutase 1 1765 5.74 / 65.8 5.56 / 62.19 44.52 0.03 
20 P02584 PFN1 Up Down Down Profilin 1 637 9.24 / 16.82 8.46 / 15.05 42.86 0.04 
15 P00727 LAP3 Up Down Down Cytosol aminopeptidase 393 5.9 / 58.4 5.67 / 56.28 58.51 0.02 
21 P02769 ALB Up Up Down Serum albumin 1229 6.31 / 68.37 5.82 / 69.29 46.95 0.05 
33 P02769 ALB Up Down Down Serum albumin 1816 5.68 / 75.03 5.82 / 69.29 43.33 0.05 
50 Q9XTA2 PREP Up Down Down Prolyl endopeptidase 182 5.77 / 81.6 5.51 / 80.64 16.48 0.04 
203 Q2KJC9 ALDH7A1 Up Up Down Alpha-aminoadipic semialdehyde 

dehydrogenase 
3869 6.4 / 66.8 6.69 / 58.59 54.73 0.03 

96 A4FUZ1 GLO1 Up Down Down Lactoylglutathione lyase 2930 5.2 / 22.4 5.09 / 20.76 55.43 0.04 
13 P68138 ACTA1 Down Up Up Actin, alpha skeletal muscle 6086 5.25 / 43.44 5.23 / 42.05 55.7 0.02  

Q5EAC6 CDC37    Hsp90 co-chaperone Cdc37 3572  5.09 / 44.58 51.23   
P60712 ACTB    Actin, cytoplasmic 1 3193  5.29 / 41.73 52.13   
P63258 ACTG1    Actin, cytoplasmic 2 3193  5.31 / 41.79 52.13  

36 A0JNJ5 MYL1 Down Down Up Myosin light chain 1/3, skeletal 
muscle isoform 

5370 5.0 / 22.7 4.96 / 20.93 55.43 0.02 

19 Q3ZBZ8 STIP1 Down Up Up Stress-induced-phosphoprotein 1 203 6.39 / 68.37 6.08 / 62.48 13.63 0.05 
34 O77834 PRDX6 Down Up Up Peroxiredoxin 6 158 6.04 / 25.85 6.0 / 25.06 54.91 0.01 
7 Q9BGI3 PRDX2 Down Up Up Peroxiredoxin 2 10,957 5.2 / 23.1 5.37 / 21.94 76.88 0.02 
5 Q5E947 PRDX1 Down Up Up Peroxiredoxin 1 759 9.22 / 21.84 8.59 / 22.1 67.69 0.01 
1 Q5E946 PARK7 Down Up Up Protein/nucleic acid deglycase 

DJ-1 
8096 5.9 / 22.9 6.84 / 20.03 65.61 0.01 

3 Q5E946 PARK7 Down Up Up Protein/nucleic acid deglycase 
DJ-1 

11,390 5.9 / 21.6 6.84 / 20.03 70.37 0.01 

95 Q5E946 PARK7 Down Up Up Protein/nucleic acid deglycase 
DJ-1 

11,438 6.2 / 21.6 6.84 / 20.03 78.31 0.03 

94 Q5E946 PARK7 Down Up Up Protein/nucleic acid deglycase 
DJ-1 

1356 6.4 / 21.6 6.84 / 20.03 51.85 0.02 

28 Q76LV2 HSP90AA1 Down Up Up Heat shock protein 90-alpha 1784 5.69 / 87.03 4.92 / 84.73 64.55 0.01  
Q76LV1 HSP90AB1    Heat shock protein 90-beta 2893  4.96 / 83.25 61.22  

37 Q27975 HSPA1A Down Up Up Heat shock 70 kDa protein 1A 1515 5.81 / 71.79 5.67 / 70.25 53.51 0.01 
32 Q27965 HSPA1B Down Up Up Heat shock 70 kDa protein 1B 1515 5.88 / 72.10 5.67 / 70.22 56.94 0.01 
24 P0CB32 HSPA1L Down Up Up Heat shock 70 kDa protein 1-like 1365 6.25 / 74.70 5.89 / 70.38 73.73 0.01 
30 P0CB32 HSPA1L Down Up Up Heat shock 70 kDa protein 1-like 115 6.27 / 73.80 5.89 / 70.38 78.11 0.02 
18 F1MUZ9 HSPD1 Down Down Up 60 kDa heat shock protein, 

mitochondrial 
6280 5.41 / 65.32 5.71 / 60.97 51.64 0.01 

40 P31081 HSPD1 Down Down Up 60 kDa heat shock protein, 
mitochondrial 

5538 5.32 / 63.65 5.6 / 61.1 65.43 0.02 

9 P19803 ARHGDIA Down Up Up Rho GDP-dissociation inhibitor 1 1226 5.15 / 23.97 5.1 / 23.42 57.45 0.01  
Q3T149 HSPB1    Heat shock protein beta 1 1112  5.98 / 22.39 54.93  

17 P19803 ARHGDIA Down Up Up Rho GDP-dissociation inhibitor 1 4482 5.05 / 24.64 5.1 / 23.42 55.39 0.01  

a Spot ID corresponds to the numbers shown in Fig. 1. 
b Protein abbreviation corresponds to the gene abbreviation in UniProt. 
c Protein ID corresponds to the UniProt ID. 
d Up-regulated or down-regulated. 
e The baseline significant score is 31. 
f Protein coverage calculated by Scaffold (identified amino acids/total amino acids). 
g Fold changes ≥1.5 and p-value P < 0.05. 
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on meat tenderness. According to the literature, PFN1 binds to actin and 
accelerates the exchange of ADP for ATP, thus affecting the structure of 
the cytoskeleton [20]. The postmortem regulation of ATP is directly 
related to the formation of the actin-myosin complex, which is one of the 
main components responsible for the conversion of muscle to meat. 
Thus, the positive association of PFN1 with meat tenderness observed in 
this study may be due to the action of this protein on actin. However, 
further studies are necessary to confirm this hypothesis. 

The proteolytic enzyme cytosol aminopeptidase (LAP3; spot 15) was 
up-regulated (P < 0.05) in animals with moderately tender meat 
compared to the other experimental groups. These results indicate a 
possible relationship of this enzyme with myofibrillar proteolysis. The 
LAP3 is classified as an aminopeptidase, which is located in lysosomes 
and is involved in the last stage of proteolytic degradation, hydrolyzing 
the peptide bond and releasing free amino acids [21]. This activity may 
explain its positive association with meat tenderness observed in this 
study. Protein abundance of LAP3 has also been detected and associated 
with meat color in semitendinosus muscle of Chinese Luxi yellow cattle 
[22]. However, an association of this protein with meat tenderness in 
bulls has not yet been reported, and this is the first study that describes 
the association of LAP3 with beef tenderness. 

3.4. Anti-oxidative stress and cell survival 

Our results suggest that the antioxidant proteins PARK7 (spots 1, 3, 
94 and 95), PRDX6 (spot 34), PRDX2 (spot 7) and PRDX1(spot 5) are 
negatively associated with meat tenderness in Nellore bulls. We found 
these proteins to be up-regulated (P < 0.05) in the TO and TO+ meat 
groups compared to the TE meat group, which may contribute to the 
preservation of myofibrillar proteins in LT muscle. After the cessation of 
blood circulation, the muscle undergoes a series of biochemical alter-
ations during the rigor mortis and postmortem processes. The imbalance 
between the production of reactive oxygen species (ROS) and detoxifi-
cation creates an oxidative stress condition which, in turn, triggers 
myofibrillar proteolysis [7]. However, antioxidant proteins such as 
PARK7 and PRDX6, PRDX2 and PRDX1 may protect the tissue against 
ROS toxicity [23]. 

Protein PARK7 serves as a sensor and acts as an antioxidant, pro-
tecting against ROS toxicity [23] by inducing the expression of mito-
chondrial enzymes involved in the removal of ROS [28]. In this respect, 
PARK7 was also found to be up-regulated in LT muscle of other cattle 
breeds during postmortem tenderization [5,24,25]. Our results obtained 
for PRDX6 corroborate the findings of Guillemin et al. [2] who observed 
a negative correlation between PRDX6 and meat tenderness in Bos taurus 
animals. PRDX2 and PRDX1 play important roles in oxidative stress, 
specifically in the elimination of peroxide produced during metabolism 
[1]. However, studies associating these isoforms with meat tenderness in 
cattle are sparse in the literature. This is the first study that reports a 
potential association of these isoforms with meat tenderness in Nellore 
bulls. 

Heat shock proteins HSP90AA1 and HSP90AB1 (spot 28) were 
observed in the same protein spot and their expression was down- 
regulated in TE samples compared to the TO and TO+ groups (P <
0.05). These results corroborate our previous findings [26] regaring 
gene expression in Nellore cattle. We suggest that the expression of the 
HSP90AA1 gene, which encodes Hsp90-alpha, is negatively associated 
with meat tenderness. Members of the HSP family exert antiapoptotic 
function and can be activated to protect structural proteins against 
denaturation [27,28]. According to Di Luca, Mullen, Elia, Davey, & 
Hamill, [29], Wang et al. [30] and Zhang et al. [31], the reduced 
expression of Hsp90 affects the protection of myofibrillar proteins and 
favors meat tenderness. Thus, the lower level of expression of Hsp90 
isoforms observed in moderately tender meat samples possibly 
enhanced myofibrillar proteolysis and promoted meat tenderization in 
animals of this experimental group. 

Members of the Hsp70 family (HSPA1A, HSPA1B, and HSPA1L) were 

observed in distinct protein spots (spots 37, 32, 24 and 30, respectively) 
and were found to be down-regulated in the TE meat group compared to 
the other groups (P < 0.05). The abundance of HSPA1A corroborates the 
results of Bjarnadóttir et al. [17] and Carvalho et al. [9] who observed 
lower abundance of this protein in tender meat samples from the LT 
muscle of Norwegian Red and Nellore cattle, respectively. The protein 
abundance result of HSPA1B obtained in the present study agrees with 
the study of Baldassini et al. [6] in which abundance of this protein was 
lower in tender meat samples of Nellore cattle. On the other hand, 
proteins HSPA1A and HSPA1B identified in meat of Maremmana (Bos 
taurus) cattle were up-regulated in tender meat samples [4]. Despite 
some controversy, different studies have demonstrated an association of 
tenderness with the down-regulation of members of the Hsp70 family 
[9,17]. In this respect, the results of the present study suggest that the 
down-regulated expression of the Hsp70 isoforms permitted an increase 
in myofibrillar proteolysis, resulting in the moderately tender meat 
phenotype. 

The protein CDC37 was observed in spot 13, co-eluting with muscle 
actin (Table 1), and this spot was up-regulated in the TO and TO+ meat 
groups (P < 0.05). The STIP1 (spot 19) also exhibited higher protein 
abundance levels (up-regulation) in the TO+ and TO meat groups 
compared to the TE group (P < 0.05). Protein CDC37 participates in the 
stabilization and stimulation of the activity of the Hsp90 antiapoptotic 
complex, and STIP1 acts as an adaptor between the main chaperones, 
Hsp90 and Hsp70 [32]. The negative association between Hsp70 and 
Hsp90 observed in the present study suggests that the co-chaperones 
CDC37 and STIP1 were induced by oxidative stress. This fact extended 
the functional range of Hsp70 and Hsp90, protecting and preserving the 
integrity of myofibrillar proteins against proteolytic degradation, which 
resulted in meat with greater SF values. 

The protein abundance of HSPD1 (spots 18 and 40) was down- 
regulated in TE and TO animals compared to TO+ (P < 0.05). During 
stress conditions, Hsp60, one of the most important molecular chaper-
ones, acts in collaboration with Hsp10/GroES and Hsp70 to protect 
myofibrillar proteins [33]. However, despite its importance during 
stress conditions, HSPD1 has not been reported in studies investigating 
meat tenderness in cattle. 

The HSPB1, was observed in the spot 9, and this spot was down- 
regulated in the TE group when compared to the other experimental 
groups (P < 0.05). This finding confirms results reported in the litera-
ture, which showed a negative association of the HSPB1 gene [26], 
protein abundance [2] and increased oxidative damage [34] with meat 
tenderness in cattle. The HSPB1 protein is found in different cellular 
compartments and is responsive to oxidative stress and temperature 
increases. This protein acts primarily on the regulation and stabilization 
of myofibrillar proteins such as actin, desmin and titin, inhibiting the 
activity of proteases during myofibrillar degradation [35]. In the study 
of Picard et al. [8], knockout of the HSPB1 gene that encodes HSPB1 in 
mice resulted in a reduction of the myofibrillar protein α-actin. Within 
this context, considering the marked activity of HSPB1 in the estab-
lishment of rigor mortis and in the onset and intensity of myofibrillar 
proteolysis, the present results suggest that the down-regulation of this 
protein importantly contributes to meat tenderness in Nellore bulls. 

Studies have demonstrated differences in the abundance of heat 
shock proteins located in mitochondria or sarcoplasmic reticulum and 
involved in intracellular calcium flux and apoptosis in Longissimus 
muscle between different breeds of the subspecies Bos taurus and be-
tween different Bos taurus breeds and Nellore cattle (Bos indicus) [36]. 
Gagaoua et al. [37] observed greater abundance of the small proteins 
αβ-crystallin, Hsp20, HspB1 and Hsp40 in Aberdeen Angus animals 
when compared to the Limousin breed. This difference in the abundance 
and activity of heat shock proteins, and consequently in meat tenderi-
zation, between different breeds has been attributed to the divergent 
contractile and metabolic properties of skeletal muscle in bulls. This fact 
may explain the divergences between the results obtained for HSPA1A 
and HSPA1B in the present study and those reported by D’Alessandro 
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et al. [4]. 

3.5. Bioinformatic analysis of differentially expressed proteins for meat 
tenderness 

All differentially expressed proteins were functionally annotated 
according to the gene ontology (GO) annotation (http://geneontology. 
org/). GO terms were assigned to the identified proteins on the basis 
of similarity using Panther, encompassing the three categories of the GO 
database: biological process, molecular function and cellular component 
(Fig. 2). Only 4 molecular function terms were observed and represent a 
low variety (binding, catalytic activity, molecular function regulator 
and structural molecule activity). The cellular component ontologies 
(11) were returned ranging from intracellular, and membrane compo-
nents to extracellular terms. There were 11 biological process terms 
represented mainly by terms for cellular process and biological regula-
tion. The data obtained by functional analysis in the present study 
suggest impacts of differentially expressed muscle proteins on important 
metabolic pathways. 

3.6. Main results 

The proteomic approach used in the present study was essential for 
mapping differences in protein abundance of the LT muscle. Our results 
suggest gel-based proteome analysis to be an important tool for the 
identification of proteins associated with meat tenderness. All experi-
mental groups were compared in the present study (TE vs. TO, TE vs. 
TO+, TO vs. TO+). Some proteins of the TO group were similar to the TE 
group (P > 0.05), while others proteins of the TO did not differ from the 
TO+ group (P > 0.05). Thus, the results indicate that meat does not 

exhibit an individual proteomic profile compared to the TE and TO+

groups. However, 2D-PAGE plus ESI-MS/MS revealed that meat 
tenderness in Nellore bulls is negatively influenced by modulation of the 
abundance of heat shock protein isoforms, co-chaperones (CDC37 and 
STIP1), and oxidative stress proteins (PRDX1, PRDX2, PRDX6, and 
PARK7). Additional studies that allow controlled abundance of specific 
proteins are needed to further elucidate the contribution of individual 
isoforms to changes in beef tenderness of Zebu animals. As shown in 
Fig. 3, this set of proteins, which is characterized by their protective 
activity of myofibrillar proteins, exhibits protein-protein interactions 
that possibly permit a synergistic action, preventing structural damage 
to myofibrillar proteins (ACTA1, ACTB, ACTG1, and MYL1) and thus 
providing meat with greater SF. Furthermore, this is the first study to 
report the detection and association of protein ARHGDIA (spots 9 and 
17) with meat tenderness in bulls. We also demonstrated for the first 
time an association of PFN1, LAP3, PRDX1, PRDX2, and HSPD1 with 
meat tenderness in Nellore bulls. Proteins PFN1, LAP3, TPI1, and PGM1 
should also be highlighted as being important for meat quality in Nellore 
animals due to their higher expression level in meat with lower SF 
values.Taken together, our results provide new and important data that 
can be useful for animal science, for the meat industry, and for 
consumers. 
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(Fundação de Amparo à Pesquisa do Estado de São Paulo (Processes 
2015/13021-1) and the Government Funding Agency CNPq (Conselho 
Nacional de Desenvolvimento Científico e Tecnológico, Process 
307266/2016-8). This study was financed in part by the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior - Brasil (CAPES) - Finance 
Code 001. 

References 

[1] B. Picard, M. Gagaoua, Proteomic investigations of beef tenderness, Proteom. Food 
Sci. (2017) 177–197, https://doi.org/10.1016/B978-0-12-804007-2.00011-4. 

[2] N. Guillemin, C. Jurie, I. Cassar-Malek, J. Hocquette, G. Renand, B. Picard, 
Variations in the abundance of 24 protein biomarkers of beef tenderness according 
to muscle and animal type, Animal. 5 (2011) 885–894, https://doi.org/10.1017/ 
S1751731110002612. 

[3] A.F. Rosa, C.T. Moncau, M.D. Poleti, L.D. Fonseca, J.C.C. Balieiro, S.L.E. Silva, J. 
P. Eler, Proteome changes of beef in Nellore cattle with different genotypes for 
tenderness, Meat Sci. 138 (2018) 1–9, https://doi.org/10.1016/j. 
meatsci.2017.12.006. 

[4] A. D’Alessandro, S. Rinalducci, C. Marrocco, V. Zolla, F. Napolitano, L. Zolla, Love 
me tender: an omics window on the bovine meat tenderness network, J. Proteome 
75 (2012) 4360–4380, https://doi.org/10.1016/j.jprot.2012.02.013. 

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

[6] W.A. Baldassini, C.P. Braga, L.A.L. Chardulo, J.A.I.V. Silva, J.M. Malheiros, L.G. De 
Albuquerque, T.T. Fernandes, P.D.M. Padilha, Bioanalytical methods for the 
metalloproteomics study of bovine longissimus thoracis muscle tissue with 
different grades of meat tenderness in the Nellore breed (Bos indicus), Food Chem. 
169 (2015) 65–72, https://doi.org/10.1016/j.foodchem.2014.07.131. 

[7] A. Lana, L. Zolla, Proteolysis in meat tenderization from the point of view of each 
single protein: a proteomic perspective, J. Proteome 147 (2016) 85–97, https:// 
doi.org/10.1016/j.jprot.2016.02.011. 

[8] B. Picard, M. Kammoun, M. Gagaoua, C. Barboiron, B. Meunier, C. Chambon, 
I. Cassar-Malek, Calcium homeostasis and muscle energy metabolism are modified 
in HspB1-null mice, Proteomes. 4 (2016) 17, https://doi.org/10.3390/ 
proteomes4020017. 

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

[10] T.L. Wheeler, S.D. Shackelford, M. Koohmaraie, Sampling, cooking, and coring 
effects on Warner-Bratzler shear force values in beef, J. Anim. Sci. 74 (1996). 

[11] R.F. Itzhaki, D.M. Gill, A micro-biuret method for estimating proteins, Anal. 
Biochem. (1964), https://doi.org/10.1016/0003-2697(64)90200-3. 

[12] T. Berkelman, T. Stenstedt, 2-D electrophoresis: principles and methods Amersham 
biosciences, Uppsala (1998) 101. 

[13] Y. Kang, T. Techanukul, A. Mantalaris, J.M. Nagy, Comparison of Three 
Commercially Available DIGE Analysis Software Packages: Minimal User 
Intervention in Gel-Based Proteomics Comparison of Three Commercially 
Available DIGE Analysis Software Packages: Minimal User Intervention in Gel- 
Based 3, 2009, pp. 1077–1084, https://doi.org/10.1021/pr800588f. 
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