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Highlights 
 

o Omic analysis of aging meat shows physiological impairment of muscle cells. 

o Proteomic clues of apoptosis: ANXA2, PEBP, DJ1, HSPB6, ADK, cryαB, and 31 kDa actin 

fragment 

o Metabolomic clues of apoptosis: key metabolites, nitrotyrosine, and taurine 

o Phosphoproteomic clues of apoptosis: cryαB, HSPB6, myosin 2, and synaptopodin 2 

 

Abstract 

Meat derives from a muscle that undergoes a great number of biochemical and physiological 

changes. The anoxic condition established from the moment of animal sacrifice forces muscle cells 

to a sort of reaction, resulting in methodical programmed cell death to avoid necrosis. The duality 

autophagy and/or apoptosis is at the center of the scientific debate about the biological processes 

driving the muscle to meat conversion. Here we report an omic time course overview carried on 

proteome, phosphoproteome and metabolome of Piedmontese longissimus thoracis muscle 

searching for clues helping us to extricate through the dilemma. The survey depicts a progressive 

physiological impairing and our evidences push towards the apoptotic behavior: the proteomic time 

course trend of annexin A2, RKIP, HSPB6, αB crystalline, adenylate kinase, DJ-1 and 31 kDa actin 

fragment; the 0–1 day increased phosphorylation of myosin 2 and synaptopodin and the 

metabolomic time course trend of key metabolic indicators, like GSH/GSSG ratio, taurine and 

nitrotyrosine. The employed techniques provide strong indications about the likely apoptotic 

behavior of aging meat in muscle-to-meat conversion process. 

Biological significance 

Our work underlines compelling evidences of the apoptotic behavior of Piedmontese beef muscle 

cells undergoing the muscle-to-meat process, whereas no autophagic clues are inferred from this 

omic investigation. 
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1. Introduction 

Food science constitutes a field of increasing importance that has known a high degree of 

consideration in the last forty years. Among others, the branch of meat science is one of the most 

important and fascinating on the scientific side, due to the huge complexity of the processes driving 

the transformation of muscles into the marketable meat throughout a certain number of 

physiological changes. This evolution is permitted thanks to the process of ‘meat aging’, which 

simply consists in a rest period after slaughter under chilling conditions preventing microbiological 

unsafety. The slaughtered muscle undergoes molecular changes resumable and subdividable in three 

phases: (1) pre-rigor phase, (2) rigor phase and (3) tenderization phase; the latter largely depends on 

aging duration and temperature, muscle types, individual genotype and animal species [1], but the 

common focal point is the activation of three main families of proteolytic enzymes (calpaines, 

cathepsins, caspases) driving the destruction of muscle fibers [2], [3], [4] and [5]. 

Due to the lack of oxygen in the slaughtered muscle, the mitochondrial energy production (in terms 

of ATP and NADH/NAD + ratio) activity drops down, causing the reactive oxygen species (ROS) 

accumulation [6] and [7]. The skeletal muscle mitochondria are particularly prone to ROS 

production [8]; an excessive generation leads to oxidative damages to DNA, proteins and lipids and 

to the consequent mitochondrial and cellular dysfunction [9] and [10]. At this point, cells must react 

in such a way that they can rescue damaged organelles, replacing them with newly formed ones 

(autophagy), or that they engage a programmed cellular death procedure (apoptosis). Apoptosis is 

the preferential way the cells use to suicide themselves avoiding the risk to damage surrounding 
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cells; and this is what distinguishes apoptotic cell death from necrosis (in which a dying cell is not 

able to control its destruction and releases its content in the extracellular space, inducing injuries to 

the surrounding cells) [11] and [12]. Many compelling evidences have been produced about the 

likely involvement of apoptotic processes intervening during meat maturation [13] and [14]. 

Autophagy is a process designed to maintain homeostasis when it is threatened by starvation or 

oxidative injuries; it consists in a true self-digestion of potential toxic, unfolded or misfolded 

proteins and of entire organelles or portions of cytosol by means of the endosomal/lysosomal 

pathway [15]. The degree of oxidative stress determines the fate of the damaged cell; when injuries 

are too much pronounced, the protective autophagic self-digestion can result in autophagic death 

[16], that has distinguishable features compared to apoptosis regarding morphological, biomarkers 

and molecular standpoints [17], [18] and [19]. This two-face nature of autophagy constitutes a field 

of increasing controversy, because of its membership in both survival and death processes of cells 

[20]. The case of postmortem muscle is quite puzzling under this aspect, because it shows the 

physiologic conditions suitable to both the aforementioned answers. The sudden arrest of blood 

flow deprives muscle cells of oxygen and nutrients; it is demonstrated that starvation is the most 

effective mean to induce autophagic response [21] and [22]; moreover, some studies underline the 

presence and the physiological role of autophagy into muscle cells, for example in contexts such as 

ischemia/reperfusion injuries in cardiac myocytes [23], sarcopenia in elderly people [24] and, in 

relation to the skeletal muscle, in disease, aging, atrophy [25] and meat maturation [26]. However, 

meat scientists have considered mainly apoptosis as the working machinery intervening during 

muscle transformation, but in our opinion it is important to consider the possible role of autophagy 

because it could heavily affect the peculiarities of the ultimate meat product, particularly regarding 

tenderness. Considering the impaired mitochondrial respiration and the concomitant increase in 

ROS concentrations, the question about the duality apoptosis/autophagy in the process of muscle to 

meat conversion finds its ‘raison d'etre’: do the postmortem muscle cells counteract the oxidative 

stress activating autophagy, in an attempt to rescue the damaged structures, or do they directly fall 

into one of the programmed cell death forms? This survey is further complicated by many other 

factors influencing the development of muscle into meat, such as pH, calcium concentration, 

sarcomere length and collagen content [4], age, gender, genotype, breed, nutritional status and 

levels of pre-slaughter stress (due to transportation and slaughter itself) [27] and [28]. The complex 

network originating from these aspects makes it difficult to build up a univocal and unambiguous 

underlying mechanism valid for any case of muscle to meat conversion. 

In this work, we have focalized our attention on a particular kind of Italian meat, the Piedmontese. 

In a recent work [5] we have analyzed the Piedmontese meat from an omic standpoint, making use 

of metabolomics and 1D gel electrophoresis. With the present study, we want to deepen prolonged 

aged meat peculiarities from an omic point of view, using a time course project and monitoring 

eventual changes into the proteome of longissimus thoracis muscle. We used 2D electrophoresis 

techniques coupled with mass spectrometry spot identification, supported by metabolomic and 

phosphoproteomic analyses. Through this integrated omic approach, we have highlighted apoptosis 

as the principal mechanism involved in meat aging. 

2. Materials and methods 

Eight Piedmontese cull cows between 4 and 13 years old were raised in farms belonging to 

Consorzio La Granda (CN, Italy), located in Piedmont, then transported in about 20 min to a near 

slaughterhouse. The carcasses of the slaughtered animals were stored in a chilling room at 2 °C, 

then transported to a meat processing plant on post-slaughter day 1. Longissimus thoracis muscles 

were removed and stored in a cooler at 1 °C (steady or dynamic), with a relative humidity of 78%. 

A section of 10 cm was removed from all of the individual longissimus thoracis samples at days 0, 
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1, 10, 17 and 44 post-slaughter and used for all subsequent analyses. Liquid nitrogen was used to 

refrigerate each sample and to permit a fine grinding by means of mortar and pestle previously 

cleaned with acetone. 

2.1. Proteomics 

2.1.1. Sample preparation 

Frozen samples of longissimus thoracis from 8 Piedmontese cows (approximately 5 mg per sample) 

were crushed in a mortar containing liquid nitrogen. After grinding, the samples were incubated at 

4 °C for 60 min in an extraction buffer containing 7 M urea, 2 M thiourea, 2% (w/v) CHAPS, 

40 mM Tris, 0.1 mM EDTA (pH 8.5), 2% (v/v) protease inhibitor cocktail (Sigma-Aldrich, Basle, 

Switzerland), 2 mM PMSF and 1 mM DTT. Samples were centrifuged at 17,000 g for 20 min at 

4 °C and the supernatants were collected [29]. The protein concentration of each group was 

determined using 2D Quant kit (GE Healthcare Life Sciences, UK) according to the manufacturer's 

instructions. 

2.1.2. 2D-PAGE 

2DE analyses on muscle samples were performed as previously reported [29]. 600 μg of proteins 

was precipitated from a desired volume of each sample with a cold mix of tri-n-butyl 

phosphate/acetone/methanol (1:12:1). This solution is able to remove the lipid component. Before 

focusing, the proteins were reduced with 5 mM tributylphosphine (TBP) and alkylated with 7.7 mM 

iodoacetamide in a solution of 7 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris and 0.1 mM 

EDTA (pH 8.5). To prevent overalkylation, iodoacetamide excess was destroyed by adding 

equimolar amount of DTE. Seventeen centimeters IPG strips (Bio-Rad, CA, USA) pH 3–10 were 

rehydrated overnight with 330 μL of rehydratation solution containing 7 M urea, 2 M thiourea, 4% 

(w/v) CHAPS and 0.5% (w/v) pH 3–10 carrier ampholyte (Bio-lyte; Bio-Rad, CA, USA) and 

100 μL of sample was loaded using the cup-loading method. The total product time per voltage 

applied was 80,000 V for each strip at 20 °C. After IEF, the IPG gel strips were incubated at room 

temperature for 30 min in 6 M urea, 30% w/v glycerol, 2% w/v SDS, 5 mM Tris–HCl and pH 8.8. 

The strips were sealed at the top of a 1.5 mm vertical second dimensional gel with 0.5% agarose in 

25 mM Tris, 192 mM glycine, 0.1% SDS and pH 8.3. SDS-PAGE was carried out on homogeneous 

running gels 12% T and 2.6% C. Running conditions were 40 mA/gel until the bromophenol blue 

reached the bottom of the gel. Protein spots were stained by sensitive Coomassie brilliant blue G-

250 stain. Three technical replicates per sample were performed. 

2.1.3. Image analysis 

120 stained gels (8 biological replicates × 5 storage points × 3 technical replicates) were digitalized 

using an ImageScanner and LabScan software 3.01 (Bio-Rad Hercules, CA). The 2-DE image 

analysis was carried out and spots were detected and quantified using the Progenesis SameSpots 

software version 2.0 (Nonlinear Dynamics, New Castle, UK).For each protein spot, the average spot 

quantity value and its variance coefficient in each group were determined. One-way analysis of 

variance (ANOVA) was carried out at p < 0.05 to assess for absolute protein changes among day 0 

and the other time points. The statistically significant spots with fold ≥ 1.5 were cut and subjected 

to in-gel trypsin digestion [30]. 

2.1.4. LC–ESI–CID–MS/MS 
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Samples were analyzed using a split-free nano-flow liquid chromatography system (EASY-nLC II, 

Proxeon, Odense, Denmark) coupled to a 3D-ion trap (model AmaZon ETD, Bruker Daltonik, 

Germany) equipped with an online ESI nano-sprayer (the spray capillary was a fused silica 

capillary, 0.090 mm O.D., 0.020 mm I.D.). For all experiments a sample volume of 15 μL was 

loaded by the autosampler onto a homemade 2 cm fused silica precolumn (100 μm I.D.; 375 μm 

O.D.; Reprosil C18-AQ, 5 μm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). Sequential 

elution of peptides was accomplished using a flow rate of 300 nL/min and a linear gradient from 

Solution A (2% acetonitrile; 0.1% formic acid) to 50% of Solution B (98% acetonitrile; 0.1% 

formic acid) in 40 min over the precolumn on-line with a homemade 15 cm resolving column 

(75 μm I.D.; 375 μm O.D.; Reprosil C18-AQ, 3 μm, Dr. Maisch GmbH, Ammerbuch-Entringen, 

Germany). The acquisition parameters for the mass spectrometer were as follows: dry gas 

temperature, 220 °C; dry gas, 4.0 L/min; nebulizer gas, 10 psi; electrospray voltage, 4000 V; high-

voltage end-plate offset, − 200 V; capillary exit, 140 V; trap drive: 63.2; funnel 1 in. 100 V out of 

35 V and funnel 2 in. 12 V out of 10 V; ICC target, 200,000 and maximum accumulation time, 

50 ms. The sample was measured with the Enhanced Resolution Mode at 8100 m/z per second 

(which allows monoisotopic resolution up to four charge stages), positive polarity, scan range from 

m/z 300 to 1500, 5 spectra averaged, and rolling average of 1. The “Smart Decomposition” was set 

to “auto”. Acquired CID spectra were processed in DataAnalysis 4.0, and deconvoluted spectra 

were further analyzed with BioTools 3.2 software and submitted to Mascot search program (in-

house version 2.2, Matrix Science, London, UK). The following parameters were adopted for 

database searches: NCBInr database (release date 22/09/2012; 20,543,454 sequences; 

7,050,788,919 residues); taxonomy = all entries; peptide and fragment mass tolerance of ± 0.3Da; 

enzyme specificity trypsin with 2 missed cleavages considered; fixed modifications: 

carbamidomethyl (C) and variable modifications: oxidation (M). 

2.2. Immunoblotting 

20 μg of proteins was dissolved in sample buffer composed by 12% (w/v) sucrose, 4 M urea, 

50 mM Tris–HCl, 4% (w/v) SDS, 200 mM DTT and 0.01% (w/v) bromophenol blue and loaded on 

a 12% acrylamide gel. Gel run at 100–120 V for 2 h. 1D gels were transferred to nitrocellulose 

filters for immunoblot analysis and probed with anti-phophoserine/threonine antibody (1:1500) 

(612548, BD Transduction Laboratories). Goat anti-mouse secondary antibody (IgG1-HRP, sc-

2060) was from Santa Cruz Biotechnology (CA, USA). ECL-Plus (GE Healthcare, UK) was used as 

revealing system. The bands recognized by antibody were cut, trypsin digested [38] and identified 

by nano-HPLC–MS/MS. 

2.2.1. TiO2 enrichment and ETD and neutral loss analysis 

Purification of phosphopeptides was then performed according to Thingholm et al. [31]. The TiO2-

enriched samples were analyzed using a split-free nano-flow liquid chromatography (LC) system 

(EASY-nLC II, Thermo Fisher Scientific) coupled to a 3D-ion trap (model AmaZon ETD, Bruker 

Daltonics) equipped with an online ESI nano-sprayer (the spray capillary was a fused silica 

capillary, 90 μm O.D., 20 μm I.D.) working in positive ion mode. To identify phosphorylation sites, 

two types of peptide fragmentation were carried out in parallel in the mass spectrometer: (i) 

collision induced dissociation (CID) and (ii) electron transfer dissociation (ETD). When CID was 

used a MS2 was automatically performed on the three most intense MS ions, and MS3 was 

triggered if one of the top three MS2 peaks corresponded with neutral loss (NL) of 98.0, 49.0 and 

32.7 m/z. A detailed description of the used LC–MS/MS conditions was given previously [32]. 

Results are summarized in Table 3. 

2.3. Metabolomics 
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Metabolomic analysis has been carried on as previously reported, with minor modifications 

[5] and [33]. Metabolites were extracted from 50 mg of each sample, by means of 500 μL solution 

of 50:30:20 of ice-cold methanol:acetonitrile:bidistilled water; samples were vortexed in a 

thermomixer for 30 min at 4 °C, then centrifuged at 13,500 g for 15 min at 4 °C. The supernatants, 

containing the extracted metabolites, were used for the analysis, while the bottom residues 

discarded. Samples were thus loaded onto a rapid resolution HPLC system (LC Packings, 

DIONEX, Sunnyvale, USA) as to perform chromatographic separation of hydrophilic metabolites. 

The system featured a binary pump and vacuum degasser, well-plate autosampler with a six-port 

micro-switching valve and a thermostated column compartment. A Phenomenex Luna 3 μm HILIC 

200A (150 × 2.0 mm), protected by a guard column HILIC 4 × 2.0 mm ID (Phenomenex) was used 

to perform metabolite separation over a phase B (100% acetonitrile + 10 mM ammonium acetate) to 

phase A (double distilled 18 mΩ water, + 10 mM ammonium acetate) gradient lasting 35 min. In 

details, we set the following LC parameters: injection volume, 20 μL; column temperature, 25 °C; 

and flow rate of 0.3 mL/min. The multistep gradient was set as follows: 0–5 min 100% B; 5–

15 min, from 100% B to 70% B; 15–20 min, from 70% B to 50% B; 20–25 min, from 50% B to 0% 

B; 25–30 min, isocratic at 0% B; 30–30.1 min, return to the initial conditions 100% B; and 30.1–

35 min, isocratic column equilibration at 100% B. The eluate from the HPLC system was linked 

online with a Micro Q-Tof Bruker Daltonics mass spectrometer equipped with an ESI ion source. 

Instrument calibration was performed externally everyday with a sodium formate solution 

consisting of 10 mM sodium hydroxide in 50% isopropanol:water and 0.1% formic acid. External 

mass scale calibration was performed twice a day through direct automated injection of the 

calibration solution by a 6-port divert-valve. Mass spectrometer runs were exported into mzXML 

files and analyzed through the software MAVEN [34] for correct metabolite assignment, on the 

basis of absolute intact mass (within a 10 ppm window) against the KEGG database [35], and 

expected retention times on the basis of metabolite chemical properties. The outcoming time course 

trends for each metabolite of interest result from the analysis of 24 replicates (3 technical for each 

of the 8 biological). 

3. Results and discussion 

This is an ‘omic’ study based on a time course analysis of meat samples from longissimus thoracis 

muscles of 8 different bovines of Piedmontese breed. The time points of sample collection were 0, 

1, 10, 17 and 44 days from the moment of slaughtering, with the aim of analyzing biochemical 

changes into the aging meat, especially giving a first glance to eventual connections of our results 

with the duality apoptosis/autophagy. The proteomic analysis is based on classical 2D gel 

electrophoresis, able to separate proteins by their isoelectric point and molecular weight (Fig. 1). 

We have opted for 2D technique because of its better resolving power over the 1D technique, used 

in our previous work [5]; we carried out quantitative comparisons between the 0-day proteome and 

the proteomes extracted from the other time course points 1, 10, 17 and 44, and the results are 

summarized in Table 1, in which we have reported the spots appeared to be differential at least in 

one of the four time point comparisons (with a fold change > 1.5). The differential spots were 

identified as the known protein by MASCOT database searching; the validation of the 

identifications was carried on taking into account the number of peptide matching against the 

candidate protein and the coverage of its amino acidic sequence by these peptides. There are 44 

differential spots, but there is not a correspondence with the factual number of differential proteins, 

which are a total of 26. Indeed, some identified proteins are redundant and are repeated at least in 

two different spots. 
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Fig. 1.  



Example results of 2D gel analysis for every time point (0, 1, 10, 17, 44 days). On the bigger 

one, the numbers indicate the spots showing a differential intensity at least in one of the 1, 

10, 17 and 44 days against day 0. 

Figure options 

Table 1.  

Differential proteins as gleaned from 2DE analyses of longissimus dorsi muscles at 

postmortem days 0, 1, 10, 17 and 44. 

No. 

of 

spot 

MW, 

kDa 
pI Matchesa 

No. of 

peptides 

identifieda 

Mascot 

score 

Sequence 

coverage 

NCBI 

accession 

no. 

Protein ID (Bos taurus) 

0 day 

vs 

1 day 

0 day 

vs 

10 days 

0 day 

vs 

17 days 

0 day vs 

44 days 

138 42,187 5.30 49 (13) 8 (3) 483 18% gi|741897519 Beta-actin-protein-like 2 = 
2.5 

down 

2.1 

down 
2.1 down 

215 20,301 6.38 8 (2) 2 (1) 109 14% gi|296491201 

Glyceraldehyde-3-

phosphate dehydrogenase-

like 

= = 
2.4 

down 
2.4 down 

254 38,236 6.42 4 (2) 2 (1) 83 5% gi|78365297 

Glycerol-3-phosphate 

dehydrogenase [NAD(+)], 

cytoplasmic 

= = = 1.9 down 

274 36,916 8.12 68 (22) 22 (8) 954 52% gi|27806559 
l-Lactate dehydrogenase A 

chain 
= 1.5 up 1.6 up 1.5 down 

280 35,903 8.17 17 (5) 8 (3) 367 21% gi|217590 Lactate dehydrogenase-A = = = 1.8 down 

367 20,024 6.76 52 (8) 14 (4) 595 50% gi|27805849 Alpha-crystallin B chain = = = 1.5 down 

370 17,515 5.95 9 (1) 3 (1) 124 17% gi|115496724 Heat shock protein beta-6 = 
1.7 

down 

1.5 

down 
2.1 down 

371 17,515 5.95 6 (1) 3 (1) 86 21% gi|115496724 Heat shock protein beta-6 
1.8 

down 

1.7 

down 

1.8 

down 
1.9 down 

458 29,800 7.74 60 (13) 15 (6) 679 40% gi|47824864 
Troponin T, fast skeletal 

muscle 
= = 

2.4 

down 
4.3 down 

459 29,800 7.74 124 (40) 17 (9) 943 36% gi|47824864 
Troponin T, fast skeletal 

muscle 
= = 

2.3 

down 
7.2 down 

464 39,925 8.45 9 (3) 6 (2) 256 22% gi|156120479 
Fructose-bisphosphate 

aldolase A 
= = = 2.2 down 

465 36,073 8.50 109 (22) 20 (6) 806 59% gi|77404273 
Glyceraldehyde-3-

phosphate dehydrogenase 
= = = 2.1 down 

466 29,800 7.74 43 (13) 11 (6) 585 35% gi|47824864 
Troponin T, fast skeletal 

muscle 
= = = 1.7 down 

467 36,073 8.50 102 (24) 15 (6) 768 41% gi|77404273 
Glyceraldehyde-3-

phosphate dehydrogenase 
= = = 2.0 down 

468 36,073 8.50 63 (7) 14 (4) 665 41% gi|77404273 
Glyceraldehyde-3-

phosphate dehydrogenase 
= = = 2.6 down 

469 36,073 8.50 79 (16) 16 (5) 698 43% gi|77404273 
Glyceraldehyde-3-

phosphate dehydrogenase 
= = 

1.5 

down 
2.3 down 

471 29,800 7.74 90 (26) 15 (7) 747 33% gi|47824864 
Troponin T, fast skeletal 

muscle 
= = = 3.5 down 

472 42,451 5.31 3 (1) 2 (1) 52 7% gi|27819614 
Actin, alpha skeletal 

muscle 
= = 2.6 up 3.6 up 

474 38,873 6.92 5 (2) 2 (2) 111 6% gi|27807289 Annexin A2 = 1.5 up 1.5 up = 

494 43,190 6.63 45 (15) 18 (7) 812 44% gi|60097925 Creatine kinase M-type = = 
1.5 

down 
2.3 down 

499 43,190 6.63 38 (18) 14 (8) 837 40% gi|60097925 Creatine kinase M-type = = = 2.0 down 

513 36,073 8.50 128 (30) 17 (8) 796 47% gi|77404273 
Glyceraldehyde-3-

phosphate dehydrogenase 
= = = 1.5 down 

530 20,024 6.76 15 (4) 6 (1) 330 30% gi|27805849 Alpha-crystallin B chain = = 1.8 = 
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No. 

of 

spot 

MW, 

kDa 
pI Matchesa 

No. of 

peptides 

identifieda 

Mascot 

score 

Sequence 

coverage 

NCBI 

accession 

no. 

Protein ID (Bos taurus) 

0 day 

vs 

1 day 

0 day 

vs 

10 days 

0 day 

vs 

17 days 

0 day vs 

44 days 

down 

539 17,525 5.95 42 (1) 6 (1) 237 37% gi|119224088 
Heat shock protein, alpha-

crystallin-related, B6 
= = 

2.2 

down 
2.0 down 

552 19,114 4.91 24 (7) 9 (4) 432 54% gi|115497166 

Myosin regulatory light 

chain 2, skeletal muscle 

isoform 

= = 
1.6 

down 
= 

576 35,903 8.17 53 (19) 19 (9) 875 46% gi|217590 Lactate dehydrogenase-A = = = 1.5 down 

320 26,901 6.45 62 (29) 17 (11) 1104 78% gi|61888856 Triosephosphate isomerase = = 1.5 up = 

331 26,901 6.45 94 (41) 18 (11) 1157 79% gi|61888856 Triosephosphate isomerase = = 1.8 up 1.5 up 

334 43,190 6.63 100 (24) 19 (5) 861 34% gi|60097925 Creatine kinase M-type = 2.3 up 3.7 up 3.1 up 

335 43,190 6.63 75 (15) 20 (4) 719 34% gi|60097925 Creatine kinase M-type = 1.8 up 3.4 up 2.1 up 

340 23,826 6.89 29 (16) 8 (7) 555 44% gi|29135329 
Glutathione S-transferase 

P 
= = 1.7 up 2.0 up 

344 20,194 6.84 42 (14) 15 (8) 718 60% gi|62751849 Protein DJ-1 = 1.5 up 1.9 up 2.1 up 

354 27,525 7.59 67 (16) 17 (9) 793 74% gi|61888850 
Adenylate kinase 

isoenzyme 1 isoform X1 
= = = 1.5 up 

363 20,024 6.76 45 (5) 12 (2) 466 49% gi|27805849 Alpha-crystallin B chain 
2.7 

up 
3.2 up 3.0 up 2.2 up 

365 21,106 7.72 24 (12) 8 (4) 484 45% gi|75812940 
Phosphatidylethanolamine-

binding protein 1 
= = 1.6 up 1.7 up 

404 17,067 6.90 81 (24) 13 (8) 745 73% gi|27806939 Myoglobin = = 
1.5 

down 
= 

456 20,024 6.76 18 (4) 6 (2) 324 29% gi|27805849 Alpha-crystallin B chain = = 1.5 up 1.9 up 

457 3,741,526 6.07 11 (3) 5 (2) 200 0% gi|296490722 Titin = 1.7 up 2.5 up 3.3 up 

492 58,536 7.62 35 (10) 14 (8) 680 25% gi|528961976 
Pyruvate kinase PKM 

isoform X1 
= 1.6 up 1.5 up 1.9 up 

501 58,536 7.98 72 (14) 21 (10) 1025 40% gi|528961976 
Pyruvate kinase PKM 

isoform X1 
= 1.8 up 1.8 up 2.2 up 

598 19,114 4.91 74 (22) 17 (8) 801 82% gi|115497166 

Myosin regulatory light 

chain 2, skeletal muscle 

isoform 

1.8 

up 
= 2.2 up 2.6 up 

599 19,114 4.91 34 (11) 12 (4) 486 52% gi|28372499 

Myosin regulatory light 

chain 2, skeletal muscle 

isoform 

= 2.0 up = 3.6 up 

603 19,114 4.91 80 (25) 15 (8) 816 62% gi|115497166 

Myosin regulatory light 

chain 2, skeletal muscle 

isoform 

= = 
1.8 

down 
2.1 up 

a Values between brackets indicate statistically significant peptides (p < 0.05). 

3.1. Proteolysis 

The proteome changes during the muscle-to-meat conversion process are radical; many studies have 

been finalized to shed light on these variations [36], [37], [38], [39] and [40], and many others 

demonstrated the process of muscle proteolysis as the hub of muscle evolution into meat [41], 

[42] and [43]; our 2D results are in agreement with previous findings, as stated by variations in 

differential spots containing structural proteins: spots 458, 459, 466 and 471 are identified as 

troponin T. The time course trend indicates that an important downregulation of troponin T of 

longissimus thoracis Piedmontese muscle begins to appear from day 17 onward, to reach its top at 

day 44 (4.3 fold change for spot 458; 7.2 fold change for spot 459, Table 1); this experimental result 

rewards the 44 days-aged meat, because, as it has been previously reported [38] and [44], 

degradation of troponin T is known to be a descriptive indicator of meat tenderization process. 

Another component of muscular architecture, actin, clearly describes the ongoing proteolysis during 
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the aging period; later in our discussion we will recall the upward trend of a particular actin 

fragment (31 kDa) linked with apoptosis. The progressive disruption of muscle architecture is also 

stated by the time course trend of myosin light chain 2, one of the constituent subunits of myosin: 

looking at spot 552, we can unequivocally deduce the presence of this protein, due to the similarity 

of the MW of the spot (about 21 kDa) with the expected MW for myosin light chain 2 (19 kDa); the 

1.6 down fold-change appears at day 17. Table 1 shows the presence of myosin light chain 2 also in 

spots 598, 599 and 603, that could seem quite puzzling referring to the observed MW (about 

45 kDa), much higher than the expected (19 kDa); this fact can only be explained by the formation 

of proteic aggregates due to the presence of ROS, as previously demonstrated in thylakoid 

membranes [45]. Another hint to the proteolytic alterations suffered by muscle cells comes from the 

downward trend of beta-actin-like protein 2 (MW 66 kDa), a known ubiquitary component of the 

cytoskeleton and a mediator of internal cell mobility. Finally, the last observation is about the 

upward trend of spot 457, identified as titin, but representing a fragmented species (as we can 

deduce reminding the MW of the entire protein, nearly 4 MDa); its increase certifies once more the 

ongoing proteolysis. 

3.2. Energetic evolution 

Paying attention to the muscle metabolic behavior, we can note from Table 1 that 2D gel 

comparisons show a progressive dysregulation of the principal ‘reloading’ mechanism of muscle 

fibers, as stated by the downward trend of creatine kinase M-type (observed MW coincident to the 

expected, 43 kDa, in spots 494 and 499) and by the upward trend of spots 334 and 335, identified as 

creatine kinase M-type, but containing only its fragmented species (about 29 kDa). This is one key 

enzyme in the correct functioning of the so-called creatine–phosphocreatine shuttle: it reconverts 

myofibrillar ATP from ADP thanks to the inorganic phosphate group provided by the high-energy 

compound phosphocreatine, which is synthesized by mitochondrial creatine kinase from creatine 

and the ATP coming from oxidative phosphorylation [46]; the sudden O2 shortages impair ATP 

production by electron transport chain, so the lack of great quantities of ATP induces 

phosphocreatine shuttle impairment, as stated by the decreasing levels of creatine kinase M and by 

the metabolomic relative quantification of the phosphocreatine levels (progressively decreasing); as 

we explained, phosphocreatine quantities depend on the availability of ATP, and the metabolomic 

results for ATP are in agreement with phosphocreatine and creatine kinase M trends (Fig. 2). 
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Fig. 2. Spot 334 on gels and its graphical trend (creatine kinase fragment), with the intensity values 

as means ± SD reported for each time point. Metabolomic results for creatine kinase shuttle 

(considering ATP and phosphocreatine) presented as mean ± SEM; the statistically significant 

variations evidenced with p < 0.05 refer to day 0 against each other. 

The muscles try to counteract the progressive depletion of energetic molecules relying on 

glycolysis; in physiological conditions, with abundance of O2, its endproduct is pyruvate, oxidized 

through the Krebs cycle; nevertheless, the absence of O2 hampers the electron transfer from NADH 

and FADH2 to obtain NAD + and FAD useful to the Krebs reactions. So, the slaughtered muscle 

makes use of the lactic fermentation to exhaust the accumulating pyruvate, reducing it thanks to 

NADH electrons. The result is a progressive increase in lactate, with a steady state reached between 

days 17 and 44 (Fig. 3); the concomitant upregulation of lactate dehydrogenase A chain between 

days 10 and 17 (spot 274) is explainable as to cope with increasing levels of pyruvate to be reducted 

to lactate; the following fall at 44 days is in agreement with lactate steady state (Fig. 3, Table 1). In 

the context of glycolysis, we can note the upregulation of two isoforms of pyruvate kinase from day 

10 onward: this enzyme catalyzes one of the ATP-producing glycolytic reactions, and we can 

hypothesize that the upregulation indicates the cellular attempt to maintain an adequate level of 

ATP; however, these data are in contrast with the downward trend at 44 days of two other 
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glycolytic enzymes, fructose biphosphate aldolase A and glyceraldehyde phosphate dehydrogenase, 

as to indicate the likely consumption of glycolytic intermediates. 

 

Fig. 3. Time course trend for some selected key metabolites; results are reported as mean ± SEM; 

the statistically significant variations evidenced with p < 0.05 refer to day 0 against each other. 

The 2D time course study of muscle to meat conversion confirms the importance of glycolysis as 

the central mechanism producing ATP; nevertheless, as showed in Fig. 2, its level drops soon in the 

first day after slaughter, concurrently with the establishment of rigor mortis. Another feature 

delineated by gel analysis is the time course trend of adenylate kinase, which is upregulated at 

44 days. This is a key enzyme in muscle energetic homeostasis, and it is known to be spatially 

organized in linear arrays along with creatine kinase [47], suggesting an interaction and a sort of 

mutual ‘communication’ about the muscular energetic state, particularly regarding adenine 

nucleotide flux [48]. The safeguard of cellular energy economy needs the promotion of high-energy 

phosphoryl transfer through the adenylate kinase system when there is a reduction of creatine kinase 

activity, especially under hypoxic stress [49]. From our results, it seems that adenylate kinase 

undergoes an upregulation at 44 days, with the simultaneous drop in the levels of creatine kinase; 

this evidence could be seen as an attempt to obtain ulterior ATP when ATP tokens are exhausted 

and the ADP/ATP ratio is high. Indeed, adenylate kinase is able to convert two ADP molecules into 

one AMP and one ATP; the hypothesis is confirmed by the AMP trend, showing a sudden rise at 

44 days (Fig. 3). 

As to photograph the oxidative state of the meat during the time course, we have monitored the 

levels of glutathione and glutathione disulfide (Fig. 3). The GSH/GSSG ratio is progressively 

decreasing, clearly indicating the overcoming of the oxidative stress on cellular defensive 

responses; in our previous work [5], we demonstrated the importance of the upregulation of pentose 

phosphate pathway as to cope with the oxidative stress (by means of the increase in NADPH 

production, able to restore GSH from GSSG), which is not further sustainable after day 17 (our 

previous data [5] show an evident drop in pentose phosphate pathway intermediates, consistently 

with the quick rise of GSSG/GSH ratio, Fig. 3). 
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Regarding the analysis of the phosphoproteome, Western results are shown in Fig. 4, and the 

corresponding identifications are listed in Table 2 and Table 3 shows the phosphorylated peptides 

and respective phosphorylation sites of each protein as to confirm Western results. A global 

overview shows a strong degree of phosphorylations between 0 and 1 day after slaughter, indicating 

a sort of cellular response to the anoxic shock; from day 10 onward, phosphorylations seem to 

drastically decrease, and it is a logic result in the context of the exhaustion of ATP energetic tokens 

used as source of phosphate groups. Band C (Fig. 4) contains phosphorylated phosphoglucomutase 

(PGM) enzyme. It is one of the three enzymes (glycogen phosphorylase; debranching enzyme; 

PGM) whose sequential action leads to the release of a glucose-6-phosphate monomer from 

glycogen. Literature reports the enhancing effect of phosphorylation on PGM activity [50], and the 

Western results follow the expectations: muscle cells subjected to the anoxic conditions become 

needy of the lacking ATP no more produced by Krebs cycle and oxidative phosphorylation, so they 

veer to an anaerobic ATP production by increasing the degree of glycolysis, exploiting glycogen 

reservoirs and extracting glucose-6-phosphate monomers for directing them to glycolytic 

consumption. 

 
 

Fig. 4. Phosphoproteomic outcome for the Western experiment.  

Myo =  myosin;  

Pfk = phosphofructokinase; 

AmpD1 = adenosine monophosphate deaminase 1 

Synpo2= synaptopodin 2 

Pgm =  phosphoglucomutase 

Pgam =  phosphoglycerate mutase 

Tpi= triosephosphate isomerase 

CryAB= αB-crystallin 

Hsp B6= heat shock protein B6. 
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Table 2. Identification of proteins evidenced as phosphorylated by the Western analysis. 

Gel 

band 

MW 

(kDa) 
Matches

a
 

No. of 

peptides 

identified 
a
 

Mascot 

score 

Sequence 

coverage 

NCBI 

accession no. 

Protein ID (Bos 

taurus) 

A 
224,106 192 (84) 84 (44) 5406 47% gi|261245063 Myosin-2 

223,764 187 (81) 81 (44) 5254 46% gi|41386691 Myosin-1 

B 

86,095 92 (52) 29 (20) 1891 41% gi|115497288 
6-Phosphofructokinase, 

muscle type 

87,202 42 (15) 19 (9) 979 25% gi|154152079 AMP deaminase 1 

135,765 31 (8) 11 (4) 481 12% gi|139948281 Synaptopodin-2 

C 61,836 100 (37) 30 (12) 1533 53% gi|116004023 Phosphoglucomutase-1 

D 28,838 8 (3) 4 (2) 164 8% gi|84000195 
Phosphoglycerate 

mutase 2 

E 28,838 27 (5) 7 (3) 337 16% gi|84000195 
Phosphoglycerate 

mutase 2 

F 26,901 7 (5) 4 (3) 262 16% gi|61888856 
Triosephosphate 

isomerase 

G 20,024 45 (5) 12 (2) 466 49% gi|27805849 
Alpha-crystallin B 

chain 

H 17,525 42 (1) 4 (1) 237 17% gi|119224088 

Heat shock protein, 

alpha-crystallin-related, 

B6 

aValues between brackets indicate statistically significant peptides (p < 0.05). 

 

Table 3. Mass spectrometric confirmation of phosphorylated proteins identified in 1D-gel. 

Spot 

nam

e 

Protein 

NCBInr 

accession 

no. 

Precurs

or ion 

m/z 

Charg

e 
Peptide sequence 

Masc

ot 

score 

A 

Myosin-2 
gi|2612450

63 
848.99 4 + 

AAAEGGSSpSVFSMFDQTQIQ

EFK 

78 

(ETD) 

Myosin-1 
gi|4138669

1 
895.41 2 + VQLLHTQNTSpLINTK 

55 

(NL
a
, 

MS
2
) 

B Synaptopodin-2 
gi|1399482

81 
714.80 2 + AHSpPTPSLPAGWK 

48 

(ETD) 

C 
Phosphoglucomuta

se-1 

gi|1160040

23 

585.76 2 + LSpGTGSAGAIR 
96 

(ETD) 

585.74 2 + LSGTpGSAGAIR 
95 

(ETD) 

762.66 3 + 
AIGGIILTASpHNPGGPNGDFG

IK 

66 

(ETD) 

D 
Phophoglycerate 

mutase 2 

gi|8400019

5 
863.33 2 + ERHYGGTpGLNKAET 

50 

(ETD) 

E 
Phophoglycerate 

mutase 2 

gi|8400019

5 
863.33 2 + ERHYGGTpGLNKAET 

56 

(ETD) 
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Spot 

nam

e 

Protein 

NCBInr 

accession 

no. 

Precurs

or ion 

m/z 

Charg

e 
Peptide sequence 

Masc

ot 

score 

F 
Triosephophate 

iomerase 

gi|6188885

6 

642.76 2 + SNVSDAVAQSpAR 
76 

(ETD) 

703.80 2 + IIYGGSVTGATCK 
59 

(ETD) 

G 
Alpha-crystallin B 

chain 

gi|2780584

9 
771.81 2 + APSpWIDTGLSEMR 

99 

(NL, 

MS
3
) 

H 

Heat shock protein, 

alpha-crystallin-

related, B6 

gi|1192240

88 
715.36 2 + RASpAPLPGLSAPGR 

44 

(ETD) 

a NL, neutral loss. 

Phosphorylation of phosphofructokinase muscle-type (PFK-M) (Table 2, Fig. 4) is interpretable 

towards the same direction; this enzyme undergoes a strong phosphorylation between 0 and 1 day, 

as to indirectly potentiate its task to add a phosphate group to fructose-6-phosphate to obtain 

fructose-1,6-biphosphate, now fixed to glycolysis. PFK-M phosphorylation interferes with its 

regulation by allosteric modulators, such as lactate, able to inhibit its activity [51]. Therefore, its 

phosphorylation can be seen as a preventive action against the possible inhibition coming from the 

increasing lactate concentration; obviously muscle cells lose this preventing ability when ATP 

concentration is strongly reduced, clearly from day 10 onward. AMP-deaminase undergoes a 

phosphorylative regulatory modification which boosts its enzymatic activity [52] at days 0 and 1 

(Fig. 4). It falls into the context of skeletal muscle energetic maintenance: the ATP consumption 

increases ADP levels, paving the way to the action of adenylate kinase; the consequently increasing 

AMP, which would impair muscular energetic flux, is maintained to a low level thanks to the 

boosted action of AMP deaminase, which converts AMP into IMP and NH3 (as the metabolomic 

IMP screen confirms, Fig. 3). From day 10, concomitantly to the dephosphorylation of AMP 

deaminase, IMP level begins to fall, to reach the minimum at day 44 (when AMP, indeed, rises 

exponentially); these time course trends demonstrate the progressive energetic impairment suffered 

by the skeletal muscle, which inevitably fails to maintain its homeostasis in the long term. All these 

data depict a picture of the battle fought by the muscle cells against the growing oxidative stress 

throughout the aging period. Obviously, cells have no possibilities to emerge victorious, and sooner 

or later they have to surrender and to pave the way to one of the programmed cell deaths; by means 

of 2D electrophoresis and mass spectrometry technologies, we have looked for peculiarities of the 

aging meat able to shed light on the duality autophagy/apoptosis. We investigated it on three 

different fields: the proteome, the metabolome and the phosphoproteome. We discuss our results in 

the next section. 

3.3. Omic clues towards apoptosis 

Our ‘omic’ time course analysis shows interesting hints about the duality autophagy/apoptosis, 

indirectly suggesting a propensity of the slaughtered muscle cells for the apoptotic solution; Fig. 5 

summarizes the results and their connections with apoptosis, and we will refer to it along the 

following discussion. First of all, we want to consider the trend of two proteins belonging to the 

family of heat shock proteins (HSPs), HSPB6 and αB-crystallin. The importance of HSP into the 

muscle-to-meat conversion has been recently recognized and associated to meat tenderization 

[2] and [53], although there is no clear hypothesis about the biological mechanisms underpinning 
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postmortem events. Furthermore, a link between HSP and apoptosis [54], [55] and [56] is 

ascertained, evidence that endorses the attention on HSP identifications in our time course 

experiment. HSPB6 has clear roles in smooth and cardiac muscles, while in the skeletal muscle it is 

less understood [57]. Gusev and colleagues [58] described for HSPB6 a protective role against 

apoptosis in cardiomyocytes, by means of the inhibition of the activation of procaspase 3 to caspase 

3. This outcome is the final step of a signaling cascade walking through the phosphorylation of 

HSPB6 by protein kinase A (PKA), which in turn has to be activated by high levels of cAMP; our 

metabolomic time course investigation of cAMP trend shows a sudden decrease soon from day 1 

(Fig. 3); if we hypothesize a similar mechanism of action for HSPB6 in the skeletal muscle, the 

sudden cAMP decrease could trigger PKA inactivation to avoid HSPB6 phosphorylation (spot 371, 

probably containing the phosphorylated form of HSPB6, decreases along the time course), which at 

this point is no more able to inhibit caspase 3 activation; phosphoproteomic analysis confirms the 

presence of the phosphorylated form of HSPB6, as indicated in Fig. 4 and Table 2. The downward 

trend of unphosphorylated HSPB6 (the more basic spot, 370; Table 1, Fig. 1) may be read in the 

same direction, as to foster the apoptotic solution to muscle cells: HSPB6 is able to interact with 

Bax, a proapoptotic protein, hampering its translocation to the mitochondria where it performs its 

proapoptotic function [59]; the decrease in HSPB6 levels discourages this prosurvival interaction 

(Fig. 5). 

 
Fig. 5. Summary of pathways linking some ‘omic’ results to apoptosis. 

αB-crystallin protein has been identified in four different spots in our 2D time course analysis; spots 

367 and 530 show a downward trend from day 17, while 363 and 456 show an upward trend. We 

have different pIs, and this phenomenon is attributed to posttranslational phosphorylation, able to 

acidify the pI of αB-crystallin [60]; we confirmed the presence of the phosphorylated form of αB-

crystallin by its detection and identification in Western analysis. Many studies have been conducted 

on the possible role of this protein in apoptosis: Ray and colleagues [61] demonstrated that 

transgene overexpression of αB-crystallin confers simultaneous protection against cardiomyocyte 

apoptosis and necrosis during myocardial ischemia and reperfusion; Kamradt and colleagues [62] 

found that wild-type αB-crystallin promotes xenograft tumor growth and inhibits TRAIL-induced 

apoptosis in vivo in a murine model, while a pseudophosphorylated αB-crystallin mutant, impaired 

in its antiapoptotic function, inhibits xenograft tumor growth; Dou and colleagues [63] observed 

that overexpression of αB-crystallin protects a model of retinal pigment epithelial cell from ER-

stress induced apoptosis, while the apoptotic answer is increased when these cells are αB-crystallin-
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deficient. All these evidences lead us to hypothesize an apoptotic boost by the αB-crystallin in our 

time course, because of the upward trend of the phosphorylated form, soon from day 1 (spots 363, 

456), which seems to promote apoptosis, and of the downward trend of the unphosphorylated form 

(spots 367, 530), which in turn seems able to inhibit apoptosis (Fig. 5). Notably, the full 

proapoptotic potential in terms of αB-crystallin seems to be completely expressed from day 17. 

Recalling the aforementioned increase in adenylate kinase at day 44, confirmed by the sudden rise 

in [AMP], we can hypothesize a link between the adenylate kinase metabolic monitoring system 

and the apoptotic cascade, as evidenced in Fig. 5: the ATP consumption fuels [ADP] growing, 

which in turn, as evident at day 44, turns on the activity of adenylate kinase for the extreme but 

futile attempt to restore ATP reservoirs and [AMP] rises, promoting the activities of the ‘AMP 

sensor’ enzymes [48]. Among these members, AMP-dependent kinase (AMPK) is able to induce 

the JNK pathway (Fig. 5), a known apoptotic inducer in a model of MIN6 beta-cell line [64]. 

Particular attention must be paid to spot 472, annexin A2, which shows an upward trend in the 

central part of aging period (days 10 and 17; Table 1) and a final decrement slightly below the post-

slaughter level. This protein is more or less directly linked to apoptosis, as it has been shown its 

exposure on surfaces of apoptotic cells [65], and it falls into the context of [Ca
2 +

] increase in 

postmortem muscle cytoplasm while the sarcoplasmic reticulum gradually loses this ion [66]; the 

increase in [Ca
2 +

] could be linked to the upregulation of annexin A2, which undergoes plasma 

membrane recruitment in condition of anoxic stress [67]. It is interesting to point out the discovery 

recently made by Leffler and colleagues [65] about the ability of annexin A2 present on apoptotic 

cells to bind factor H; it is well known that during ischemia (a situation comparable with the anoxic 

muscles of the slaughtered animals) there are hypoxia, lactic acidosis, cell swelling and depletion in 

ATP tissutal reservoirs; the increased concentration of ROS contributes to eventual tissue necrosis 

[68] led by an inappropriate activation of the complement mechanism [69]. Factor H is a 155 kDa 

glycoprotein able to regulate complement protein activity in order to prevent the formation of 

anaphylatoxins and membrane attack complexes, with the risk of subsequent necrosis; the finding 

made by Leffler et al. about the factor H-binding ability of annexin A2 implies the deduction of a 

possible proapoptotic evidence in the upregulation of annexin A2 during the time course, whose 

binding potential could be exploited to avert the necrotic risk thanks to the recruited factor H 

functions. So, following the conclusions of Leffler about the exposition of annexin A2 by apoptotic 

cells, we can speculate a concomitant upregulation of this protein towards the apoptotic road in 

muscle/meat cells (Fig. 5). Another noteworthy identification is the spot 344, containing the protein 

DJ-1 (progressive upregulation from day 10 onward; Table 1). There are a number of evidences 

stating that DJ-1 is directly linked to anoxia conditions and that its oxidative stress-related function 

seems to be specific: a work conducted by Meulener and colleagues [70] on DJ-1 deficient flies 

treated with ROS-generating compound shows that these animals were susceptible to oxidative 

damages, but not to alternative forms of stress. Another recent study [71] demonstrates the ability of 

DJ-1 to positively regulate NF-kB, thanks to the upstream DJ-1 binding to the deubiquitinating 

enzyme Cezanne that loses the inhibitory effect exerted on NF-kB. When active, under conditions 

of high ROS concentrations, NF-kB functions as an autophagic repressor by means of mTOR, so 

we can hypothesize that the stated upregulation of protein DJ-1 in aging meat could fuel NF-kB 

antiautophagic activity; in the light of DJ-1 indirect antiautophagic effect and of our proteomic 

results, this speculation contributes to the prevailing of the apoptotic hypothesis on the autophagic 

one during meat aging (Fig. 5). Spot 365 has been identified as phosphatidylethanolamine-binding 

protein 1 (PEBP, also known as RKIP, Raf-1 kinase inhibitor protein; Table 1); we pointed our 

attention on this differential 2D-GE result because RKIP is linked with the Raf pathway. Raf is the 

upstream pawn of this evolutionarily conserved pathway comprising the sequential activities of 

three protein kinases: RAF, MEK, and ERK. This signaling pathway is able to transmit extracellular 

signals into nuclear instructions, particularly those with cellular survival meaning against apoptosis 

[72]; RKIP is a member of the phosphatidylethanolamine binding proteins shown to disrupt 

RAF/MEK/ERK signaling pathway [73], thanks to its physical interaction with RAF. RKIP has 
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thereby a proapoptotic function, and the upregulation demonstrated in our proteomic study is 

another brick put for the apoptotic hypothesis (Fig. 5). We have discussed the increasing rate of the 

proteolytic events appearing into the aging meat, by the metabolomic point of view in our previous 

work (through the progressive increase in single amino acid concentrations) [5], and by the 

proteomic point of view, especially in the previous section; another interesting evidence mentioned 

in the Proteolysis section is referred to spot 472, identified as a 31 kDa fragment of actin (Fig. 1, 

Table 1), a known structural/functional pivotal protein in the muscles, and we decided to resume it 

in this section because of the implications regarding apoptosis: indeed, this specific 31 kDa 

fragment is considered as an apoptotic marker [74] and [75]. It is clearly appreciable from Fig. 6 the 

progressive upward trend of this fragment, attesting the presence of apoptosis and its increase 

among meat cells throughout the aging period. 

 

 
Fig. 6. Upward trend of the 31 kDa actin fragment; on the left, the 31 kDa band of a 1D gel showing 

an increase throughout the time course, confirmed and identified on the 2D gel on the right; we also 

show spot 472 from the 2D gel along the time course; the intensity values for the two gels are 

represented as mean ± SD. 

The analysis of phosphorylated proteins revealed a time-specific phosphorylation of myosins 2 and 

1 at day 1; this is, on average, the period during which rigor mortis begins to dissolve, and myosin 

phosphorylation could be seen as a factor influencing the activity of the proteolytic systems 

intervening for muscle architectural destructuration. Myosin 1 and 2 phosphorylation is not a novel 

or unexpected finding [76]; recently, Iwasaki and colleagues [77] have produced compelling 

evidences about the promotion of a hyperphosphorylated state of myosin 2 in apoptotic cells, due to 

the inhibition of the myosin 2-dephosphorylating activity of MYPT enzyme. Our result could 

suggest a sort of apoptotic programming of muscle cells even from the very beginning of rigor 

mortis dissolution. 

Band B (Fig. 4) hides synaptopodin 2, indicating a phosphorylation starting from day 0 and 

reaching a high degree in day 1. This protein is normally localized at Z-disks, but under stress 

conditions it is removed from the cytoplasm and transferred to the nucleus [78]; synaptopodin 2 

nuclear import is possible only when it is phosphorylated [79]. The phosphorylation state showed 

by our results suggests the nuclear translocation of synaptopodin 2 caused by the increasing 
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oxidative stress. Reminding the tumor-suppressor role of nuclear-imported synaptopodin 2 

demonstrated by Sanchez-Carbayo and colleagues [80], we could infer the proapoptotic role played 

by this protein in the progression of meat maturation, adding another evidence favorable to 

apoptosis way. 

From the metabolomic point of view, we have already mentioned the decreasing trend of the 

GSH/GSSG ratio throughout the 44 days (Fig. 3). This ratio is a key indicator for an ongoing 

apoptosis [81] and [82], even if the precise role of GSH/GSSG balance is not clearly understood, 

and further complicated by cell-type specificity and nature of proapoptotic stimuli. We have also 

investigated the time course trend of a particular amino acid, taurine, because of its known abilities 

to inhibit apoptosis [83]; it is thought to have putative antioxidant function against ROS, inhibitory 

effect on p53 and NF-kB proapoptotic pathway, and a prosurvival stimulating effect on PI3K/Akt 

pathway [84]; Fig. 7 shows a downward trend sustaining the apoptotic hypothesis. On the contrary, 

the trend of nitrotyrosine has a constant slight increase until day 17 and undergoes a strong rise at 

day 44; we have considered this particular metabolite because of its role as an apoptotic marker 

[85] and [86] and as an indicator of nitrosative stress (that is, the production of RNS, reactive 

nitrogen species, coming from the accumulation of superoxide radical reacting with nitric oxide 

[87]). Taurine and nitrotyrosine time course trends confirm the apoptotic way for meat evolution, 

and the increasing degree of the apoptotic events throughout aging. 
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Fig. 7. Taurine and nitrotyrosine time course trends represented as mean ± SEM. The statistically 

significant variations evidenced with p < 0.05 refer to day 0 against each other. 

4. Conclusions 

This work is based on an ‘omic’ study led to obtain a deeper glance into the biomolecular 

evolutions suffered by Piedmontese longissimus thoracis muscle cells during the 44 day process of 

muscle-to-meat conversion. In particular, among our proteomic, phosphoproteomic and 

metabolomic results we looked for some clues able to shed light on the controversial debate arisen 

about the destiny of the skeletal muscle cells of slaughtered animals; they are fatally directed to 

death, and there are three main feasible ways: the exclusion of necrosis, which is not the way 

walked by maturing palatable meat, paves the way to the famous duality autophagy/apoptosis. Our 

omic evidences suggest apoptosis as the only choice: we have discussed the peculiarities of the 

ongoing oxidative stress integrating proteome, phosphoproteome and metabolome indications, and 

then we pointed the attention on the indirect clues able to bring out the predominance of the 

apoptotic hypothesis on the autophagic one; we didn't find any indication about a hypothetic 

cellular autophagic response. Our suggestion is that apoptosis is the opted behavior, at least in the 

specific kind of meat considered. We want to underline that this work does not claim to be the 

incontrovertible solution of the eternal contrast between meat autophagy and meat apoptosis 

sustainers, due to the extreme variability inherent in different kinds of species, muscles and animal 

management. When considering different samples, the biological mechanism could be different and 

could also involve autophagy or a crosstalk between autophagy and apoptosis. Further studies are 

needed to verify if a common, underlying mechanism for any kind of muscle-to-meat conversion 

does exist. 
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Supplementary Table S1.   

Detailed MS/MS peptide sequence analysis of successfully identified proteins of 2D-SDS-

PAGE. 
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Supplementary Table S2.   

Detailed MS/MS peptide sequence analysis of successfully identified proteins evidenced as 

phosphorylated by Western blotting analysis. 
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