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Abstract The objective of this study was to investigate the
biochemical difference of pork under high oxygen modified
atmosphere packaging and their contribution to meat tender-
ness and water holding capacity of pork during postmortem
storage. Twelve longissimus dorsi muscles were randomly
assigned to either high oxygen modified atmosphere packag-
ing or vacuum packaging and stored for 1, 4, and 6 days at
4 °C. The carbonyl content, protein surface hydrophobicity,
protein solubility, calpain activity, desmin degradation, tender-
ness, and water loss of pork were determined. Results showed
that carbonyl content, protein surface hydrophobicity, and
protein solubility were significantly affected (P < 0.05) by
packaging method, while storage time did not significantly
influence protein surface hydrophobicity and the solubility
of sarcoplasmic protein (P > 0.05). Samples from high oxygen
modified atmosphere packaging at 1 day showed greater in-
tensity of intact 80 KDa calpain and lower intensity of auto-
lyzed 76 KDa calpain product compared to samples from
vacuum packaging (P < 0.05). Desmin degradation was sig-
nificantly affected (P < 0.05) by packaging method and stor-
age time, while their interaction presented no significance
(P > 0.05). Higher intensity of intact desmin was observed

in samples from high oxygen modified atmosphere packaging
than vacuum packaging samples from 1 day of postmortem
storage. Both packaging method and storage time showed
significant effects (P < 0.05) on tenderness and water loss of
pork muscle during postmortem storage. Changes in protein
oxidation, calpain activation, and protein proteolysis of post-
mortem pork under high oxygen modified atmosphere pack-
aging could help to explain decreased meat tenderness and
increased centrifuge loss of pork.
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Abbreviations
HiOx High oxygen modified atmosphere packaging
VP Vacuum packaging
WHC Water holding capacity
WBSF Warner-Bratzler shear force
LD Longissimus dorsi
PM Packaging method
ST Storage time
PM × ST Interaction of packaging method and storage

time
LF-NMR Low-field nuclear magnetic resonance
DNPH 2,4-Dinitrophenylhydrazine
BPB Bromophenol blue

Introduction

High oxygen modified atmosphere packaging (HiOx) system
with the gas bulk of 80 % O2 and 20 % CO2 is widely used as
it preserves the flushing pink appearance of fresh meat and
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prolongs shelf life by inhibiting microbial growth. However,
the oxygen-enrichment atmosphere inevitably accelerated ox-
idative reactions in meat which have been shown for lipids to
cause rancidity in meat (Kim et al., 2010) and flavors deteri-
oration (Jongberg et al. 2014) through the breakdown of lipid
hydroperoxides into volatile ketones and aldehydes (Ladikos
and Lougovois 1990). Oxidation of lipids, which results in the
production of free radicals, has been extensively studied and
widely believed as a promoter of protein oxidation. Protein
oxidation is manifested as a loss of enzyme activity, modifi-
cation of peptide chains and functional groups, changes in
proteolytic susceptibility, and formation of intra- and intermo-
lecular crosslinks (Lund et al. 2011; Zhang et al. 2013b). It is
generally accepted that protein oxidation could lead to unde-
sirable texture changes including tenderness (Zakrys-
Waliwander et al. 2012; Lund et al. 2007) and water retention
properties (Delles and Xiong 2014; Traore et al. 2012a) in
fresh meat and processed muscle foods. Meat tenderness and
water holding capacity (WHC) are the most commonly pa-
rameters used for the evaluation ofmeat quality by consumers,
while the role of protein oxidation on the regulation of tender-
ness andWHC of fresh pork during postmortem aging has not
been well defined.

Multiple factors have been conducted to identify the causes
of the variations in both meat tenderness and water loss during
postmortem storage, among which the degradation of muscle
myofibrillar proteins is believed to play key roles in meat
tenderization and water retention (Huff -Lonergan and
Lonergan 2005; Rowe et al. 2004; Zhang et al. 2006).
Previous studies have demonstrated that many myofibrillar
proteins involved in protein proteolysis are largely regulated
by the cysteine protease calpain (Goll et al. 2003; Koohmaraie
and Geesink 2006). Although calpain has been extensively
studied over the past few decades, the mechanisms that con-
trol its activity have not been fully elucidated (Goll et al. 2003;
Carlin et al. 2006). Among calpain system, μ-calpain instead
of m-calpain is generally believed to be the main protease for
the majority of myofibril protein proteolysis associated with
meat texture properties during postmortem storage (Cheng
and Sun 2008; Huff-Lonergan et al. 1996). Calpain requires
the reactive sulfhydryl groups located in the active site to be
reduced and functional. However, the 80 KDa of μ-calpain
contains an active cysteine residue at position 115 of catalytic
domain II whereas cysteine is highly susceptible to oxidation
and is easy to be inactivated through disulfide bond formation
during protein oxidative modifications (Lametsch et al. 2008;
Zhang et al. 2013b). Oxidation of proteins has been shown to
change their functional properties and thereby concomitant
oxidation of calpain and of their myofibrillar substrates can
perform how those proteases and proteins act in the control of
postmortem aging (Zhang et al. 2013b; Rowe et al. 2004;
Xue et al. 2012). To our knowledge, the effects of protein
oxidation under HiOx on calpain activation, protein

proteolysis, and then meat texture quality of pork are rather
poorly studied. Therefore, our objective was to investigate the
biochemical changes under HiOx and determine their contri-
bution to meat tenderization and WHC of pork during post-
mortem storage.

Materials and Methods

Sample Preparation

Six Duroc × Landrace × Yorkshire crossbred pork of 6 month
old with live weight of 95–105 kg were slaughtered humanly
on the same day at a commercial slaughter plant in Sushi Meat
Co. Ltd. (Huaian, Jiangsu, China) under standard commercial
conditions according to National Standard of China. The six
Duroc × Landrace × Yorkshire crossbred pork grew up with
the same feeding ingredients (basal soybean meal, Table 1)
and the sample heterogeneity was inconsiderable. Both sides
of the longissimus dorsi (LD) muscles from rib 4 to rib 13 of
the carcasses were immediately excised after precooled at
4 °C for 24 h. Subcutaneous fat and fascia tissues were
trimmed free, and then, each LD muscle was sliced into three
equal chops of 150 g (2–2.5 cm thickness). The three chops
were numbered from the anterior to the posterior part irrespec-
tive of which side of carcass they came from. Treatments were
distributed along the chops locations according to the Latin
Square design with randomized order of locations and animal.

HiOx was accomplished with a gas flushing tray sealer
(Smart 500, ULMA Packaging, Onati, Spain); polypropylene-
polyethylene (PP) trays (6.0 × 23 × 13 cm in dimension;
Cryovac Packaging, NJ, USA) allowed oxygen to evenly
surround the sample and wrapped with PP film (O2 trans-
mission rate <1 cm3/m2/24 h/atm; Cryovac Packaging,
NJ, USA). For vacuum packaging (VP), samples were
packed by using Cryovac stretchable vacuum bags (O2

transmission rate <30 cm3/m2/24 h/atm) upon infra-bar
depression machine (Cryovac Packaging, NJ, USA). The
minimum pressure condition of vacuum procedure was
10 mbar. All samples were stored at 4 °C for 1, 4, and
6 days with display light on (constantly 24 h/day) provid-
ing approximately 500 lx fluorescent source to simulate
commercial conditions of fresh meat storage. Samples
were exposed to air and cut into suitable size for measur-
ing the index of tenderness and water loss at each storage
point. The remained meat was dissected into small pieces
and preserved in antifreeze tubes, immediately frozen in
liquid nitrogen and kept at −80 °C until further biochem-
ical analysis. Except for chemicals labeled, a known
source, other unlabeled chemicals used in our experiment
were obtained from the pilot lab of National Center of
Meat Quality and Safety Control of China, Nanjing
Agricultural University.
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Determination of Purge Loss

All samples were dried using absorbent towel and noted the
initial weight prior to being put into vacuum bags or PP trays.
After storage, samples removed from packaging were imme-
diately towel dried and reweight. Purge loss was measured by
calculating the percentage of weight loss during storage time.

Determination of Centrifuging Loss

An ultra-centrifugal method was also used to investigate the
water loss as reviewed by Trout (1988) with slight modifica-
tions. Ten gram of minced samples were gently filled into a
10-mL ultracentrifuge tube and centrifuged for 15 min at 40,
000g. The liquid at the top of tubes was removed, and the meat
samples were weighed. The percentage of liquid loss at each
specific storage time was calculated.

Low-Field Nuclear Magnetic Resonance (LF-NMR)
Measurements

Samples (1 × 1 × 1.5 cm) were collected by cutting along the
muscle fiber direction and then gently placed in cylindrical
glass tube (1.5 cm in diameter, 5 cm in height) which matched
with the inner diameter of the 1.8 cm temperature variable
probe tube. Samples collection avoided overexertion and cav-
ity existence. All samples were equilibrated for 30 min at
25 °C. Five measurements were made for each sample.

The LF-NMR measurements were performed on a Maran
Benchtop Pulsed NMR analyzer (Resonance Instruments,
Witney, UK), operating at a stable frequency of 22.6 MHz at
32 °C. Transverse relaxation time (T2) was performed with the

Carr-Purcell-Meiboom-Gill sequence (Carr and Purcell 1954;
Meiboom and Gill 1958) with four scan repetitions and a 2-s
relaxation delay between successive pulse scans. T2 was mea-
sured with a τ-value of 200 μs between pulses of 90 and 180°.
Data were expressed by using the MultiExp Inv Analysis soft-
ware (Niumag Electric Corporation, Shanghai, China). The
transverse relaxation time of bound water (T2B), immobilized
water (T21), and free water (T22) and their corresponding wa-
ter populations (P2B, P21, P22) were recorded as water mobility
and distribution, respectively.

Determination of Warner-Bratzler Shear Force Values

Warner-Bratzler shear force (WBSF) was measured by the
method of Lindahl et al. (2010). Raw pork samples (2.54 cm
in thickness) were wrapped in individual retort pouches and
broiled at 80 °C water until the internal temperature reaching
72 °C. Cooking samples were cooled down upon running
water until samples reached room temperature. Six cores
(1 × 1 × 5 cm) from each pork sample were cut parallel to
the muscle fibers orientation and sheared perpendicular to the
fiber direction using a texture analyzer (Stable Micro System,
England) equipped with a shear force blade. The probe was
lowered 20 mm from the point of resistance, and the penetra-
tion speed was 1.5 mm/s when cutting through. All results
were expressed using Newtons.

Determination of Carbonyl Content

The content of carbonyl was evaluated by incubating with 2,4-
dinitrophenylhydrazine (DNPH, Sigma-Aldrich, USA) as de-
scribed by Zhang et al. (2013a, b) with slight modification.
Half gram finely minced LD muscle was homogenized in
5 mL pyrophosphate butter (2 mM sodium pyrophosphate,
10 mM Tris-maleate, 100 mM potassium chloride, and
2 mM ethylene glycol tetraacetic acid, pH 7.4) using
Ploytron (IKA T25 digial ultraturrox, IKA, German) at the
speed of 15,000 rpm for 30 s (10 s × 3). Two equal aliquots
of homogenate (0.5 mL) were precipitated with 20 % (w/v)
trichloroacetic acid (0.5 mL) and centrifuged at 12,000g for
5 min at 4 °C (the following centrifuge conditions were the
same). The supernatant was removed, and 10 % (w/v) trichlo-
roacetic acid (0.5 mL) was added to the precipitant for further
washing. After centrifugation, one pellet was incubated with
10 mM DNPH dissolved in 2 M hydrochloric acid (HCl,
0.5 mL) and the same volume of 2 M HCl was added to the
other pellet as a blank. Both samples reacted in darkness for
30 min (vortex for 10 s every 10 min). Precipitate was purified
with 20 % (w/v) trichloroacetic acid and centrifuged again.
DNPH was washed three times with 10 mM HCl dissolved
in 1:1 (v/v) ethanol/ethyl acetate (2 mL). Finally, the pellet
reacted with 6 M guanidine hydrochloride dissolved in
20 mM potassium dihydrogen phosphate (1 mL, pH 2.3)

Table 1 Ingredient
composition of the basal
diet of pork (g/kg as fed)

Ingredient Soybean meal

Corn (yellow) 660

Soybean meal 160

Wheat bran 140

Fishmeal 45

Soybean oil 10

Calcium 5

Total phosphorus 0.56

Salt 4

Premixa 10

a Supplied the following in mg/kg of diet:
Vitamin A, 6000 IU; Vitamin B1, 4.5 mg;
Vitamin B2, 20 mg; Vitamin B3, 10 mg;
Vitamin B5, 20 mg; Vitamin B7, 0.3 mg;
Vitamin B9, 0.03 mg; Vitamin D3,
2800 IU; Vitamin E, 45 mg; Vitamin K,
0.65mg; Selenium, 0.005mg;Manganese,
2 mg; Iron, 10 mg; Copper, 7 mg; Zinc,
140 mg
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and then shaken at 4 °C overnight. The absorbance was de-
tected at 370 nm using a UV-2540 UV–visible spectropho-
tometer (Shi-madzu, Kyoto, Japan). The protein concentration
of supernatant was measured by Biuret method at 540 nm
using bovine serum albumin as a standard curve. The carbonyl
content was expressed as nmol carbonyls per mg of protein.
This experiment was performed in triplicate for each sample,
and the results were obtained to determine an average value.

Myofibrillar and Sarcoplasmic Protein Extraction

Myofibrillar protein was isolated after 1, 4, and 6 days of
chilled storage using isolation buffer (10 mM phosphate buff-
er, 100 mM sodium chloride, 2 mMmagnesium chloride, and
1 mM ethylene glycol tetraacetic acid, pH 7.0) as described by
Xiong (2005). Protein content was determined by BCA
Protein Assay Kit (Thermo, RD, USA). The myofibrillar sam-
ples were frozen at −80 °C until used for assessing protein
surface hydrophobicity and electrophoresis.

Sarcoplasmic protein was prepared following the descrip-
tion of Veiseth et al. (2001). All samples were homogenized
with extraction solutions (10 mM ethylene diamine tetraacetic
acid, 100 mM Tris–HCl, and 0.1 % β-mercaptoethanol (v/v),
pH 8.3). The same polytron was used twice at 15,000 rpm for
30 s. After centrifugation under 4 °C at the speed of 15,000g
for 30 min, the concentration of supernatant was determined
and uniformly adjusted to 6.4 mg/mL with double distilled
water. The samples of the sarcoplasmic protein were kept in
frozen storage.

Determination of Protein Surface Hydrophobicity

The hydrophobic ability of myofibril proteins was determined
by the method of Chelh et al. (2006) with minor changes.
Forty microliter of 1 mg/mL bromophenol blue (BPB) was
added to 2 mLmyofibril suspension (2 mg/mL). All myofibril
solutions were thoroughly mixed and centrifuged at 10,000g
for 15 min at 4 °C. Control sample without myofibrils was
also performed. Supernatant absorbance corresponding to free
BPB of sample was detected at 595 nm against a phosphate
buffer blank. The amount of bound BPB was calculated as:
bound BPB (μg) = 40 μg × (OD control − OD sample)/OD
control.

Determination of Protein Solubility

Protein solubility was performed corresponding to the method
of Joo et al. (1999a). The total protein was extracted from 1-g
minced muscle using 20 mL of ice-cold 1.1 M potassium
iodide in 0.1 M phosphate buffer (pH 7.2). The sample was
homogenized with the lowest speed and kept extracting at
4 °C overnight. Three equal aliquots of each homogenate were
centrifuged at 2000g for 30 min, and then supernatant protein

concentration was determined by Biuret method. The solubil-
ity of sarcoplasmic proteins was acquired similarly except the
extraction buffer (10 mL ice-cold 25 mM potassium phos-
phate buffer, pH 7.2). The difference between total protein
and sarcoplasmic protein solubility was calculated as myofi-
brillar protein solubility.

Determination of Western Blotting

Sarcoplasmic protein samples for detecting calpain were thawed
and mixed with tracking dye buffer (2:1, v/v) containing 30 mM
Tris–HCl, 20 % glycerol (v/v), 3 % sodium dodecyl sulfate (w/
v), 0.02 % BPB (w/v), 3 mM ethylene diamine tetraacetic acid,
and 10 % β-mercaptoethanol (v/v) (pH 8.0). As for myofibrillar
proteins, samples used for detecting desmin were uniformly
adjusted to a concentration of 7 mg/mL and then 1:1 (v/v) dilut-
ed by dispersing in loading buffer (125 mM Tris-base, 4 %
sodium dodecyl sulfate (w/v), 20 % glycerol (v/v), 0.5 % β-
mercaptoethanol (v/v), 0.1 % BPB (w/v), pH 6.8). The mixtures
were denaturized in 95 °C water bath for 5 min.

The 10% polyacrylamide separating gels were used for both
calpain and desmin electrophoresis (Nanjing Jiancheng,
Nanjing, China). For μ-calpain and desmin, the amount of pro-
tein samples per lane was 60 and 28 μg, respectively. The 5 μL
standard protein marker was used as reference to determine the
molecular weight of proteins. A constant voltage of 120 V for
approximately 1.5 h was set on the gels. After electrophoresis,
gels were immediately transferred to Bio Trace NT nitrocellu-
lose transfer membranes (Pall, FL, USA) and then run on a
Mini-Protean II machine (Bio-Rad Laboratories, CA, USA) at
90 V for 90 min. The temperature of the transfer procedure was
operated under 4 °C. The membrane imprinted proteins were
blocked at room temperature for 1.5 h using 5 % (w/v) skim fat
dry milk powder (Beijing Dingguo, Beijing, China). The μ-
calpain primary antibody (monoclonal anti-μ-calpain antibody,
MA3-940; Affinity Bioreagents, Golden, CO)was diluted 1:10,
000 in mixture of Tris buffer saline and Tween-20 (TBST, pH
7.4). The desmin primary antibody (monoclonal anti-desmin
antibody produced in mouse, Abcam, Cambrigde, UK) was
1:500 diluted in TBST. They were both incubated overnight
at 4 °C. Membrane rinsed with TBST (6 min × 5) before sec-
ondary antibody (conjugated affinity purified) at a dilution of
1:5000 was added. After 1.5 h incubation and six washes with
TBST, the membrane was s t a ined wi th P i e r ce
electrochemiluminescence (ECL) Western blotting Substrate
(Thermo Fisher Scientific, NY, USA) for 6 min and detected
by ImageQuant LAS 4000 imaging analyzer (GE, CT, USA).

Statistical Analysis

The experimental data analysis was carried out with the
Statistical Analysis System version 8.1 (SAS Institute, NC,
USA). The mixed model of ANOVA procedure was applied
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to calculating significance of packaging method, storage time,
and their interaction. In mixed model design, type-3 tests of
fixed effects for packaging method, storage time and their
interaction, and random effects for animal were determined.
Least squares mean differences were assessed by the
Bonferroni t test and expressed as mean ± SD. The data of
calpain activation was expressed by one-way ANOVAmainly
focusing on the effect of packaging method. Six repetitions
were assayed for all experiments. The experiment was con-
ducted in triplicate for each LD muscle, and results were ob-
tained to determine an average value. In Figures and Tables,
values with different letters indicated significant difference at
the level of P < 0.05.

Results and Discussion

Carbonyl Content

Muscle proteins are potentially highly susceptive to oxidation
during postmortem storage leading to protein modification
and carbonyl derivative generation (Zhang et al. 2013a, b).
The carbonyl derivatives mainly result from direct or indirect
oxidation of amino acids in side chain including arginine,
lysine, proline, and threonine, fragmentation of protein back-
bone through α-amidation and β-scission and reactions of
lipid peroxidation such as hexanal, semialdehyde, or
malondialdehyde binding with proteins (Amici et al. 1989;
Burcham and Kuhan 1996). The carbonyl content was signif-
icantly affected by packaging method (PM), storage time
(ST), and their interaction (PM × ST) (P < 0.05; Fig. 1;
Table 2). Pork samples from HiOx showed significantly
higher carbonyl content than VP samples after 4 and 6 days
of postmortem storage (P < 0.05), while no significant differ-
ence (P > 0.05) were found between packaging treatments
after 1 day of storage. The level of protein oxidation of
HiOx packaging samples significantly increased (P < 0.05)
as the storage time extended. However, pork samples from
VP showed similar carbonyl content during 6 days of display.

These results indicate that high level of available oxygen in
meat packaging system is associated with decreased ability to
maintain its antioxidant system and increased level of protein
oxidation (Astruc et al. 2007). Similar findings were presented
by Zakrys-Waliwander et al. (2012) who showed that the car-
bonyl content was significantly higher after 8 and 14 days of
storage at 4 °C in high oxygen packaged beef compared to
vacuum packaged samples. In lamb LD and chicken meat,
Santé-Lhoutellier et al. (2008) and Xiao et al. (2011) both
reported that samples wrapped with air-preamble film showed
increased carbonyl content during 7 days of chilled storage

Protein Surface Hydrophobicity

The protein surface hydrophobicity was significantly
(P < 0.05) affected by PM, while ST and their interaction
(PM × ST) showed no significant effect (P > 0.05) on protein
surface hydrophobicity (Fig. 2; Table 2). At 4 and 6 days, the
protein surface hydrophobicity from HiOx samples was sig-
nificantly (P < 0.05) higher than samples treated by VP.
However, no significant difference (P > 0.05) was found be-
tween packaging treatments after 1 day of postmortem dis-
play. Changes in protein conformations are usually associated
with changes in protein surface hydrophobicity. In addition,
biophysical and biochemical properties of proteins including
solubility, hydrophobicity can be modified by protein oxida-
tion (Liu and Xiong 2000). Chao et al. (1997) examined the
effects of oxygen radical-dependent oxidation on the surface
hydrophobicity of rat liver proteins. They reported that oxida-
tive modification of proteins may be responsible for the in-
crease of protein surface hydrophobicity and the modification
of protein conformation. Protein denaturation is a process dur-
ing which the intrinsic conformation of protein molecules
such as the unfolding of myofibrillar protein and the

Fig. 1 Protein carbonyl content of pork stored in high oxygen modified
atmosphere packaging and vacuum packaging during postmortem
storage. HiOx high oxygen modified atmosphere packaging with a gas
mixture of 80 % O2 and 20 % CO2; VP vacuum packaging; a–c values
with different letters indicate significantly different at P < 0.05 (n = 6).
Bars indicate standard deviations

Table 2 Effect of packaging method and storage time on the
significance of protein carbonyl content, protein surface hydrophobicity,
and desmin degradation of pork

Significance

PM ST PM × ST

Carbonyl content (nmol/mg) <0.001 <0.001 <0.001

Bound BPB (μg) 0.002 0.23 0.20

Ratios of the intensity of intact desmin <0.001 <0.001 0.86

Values were expressed as significance (P values)

PM packaging method (HiOx high oxygen modified atmosphere packag-
ing with a gas mixture of 80 % O2 and 20 % CO2; VP vacuum packag-
ing), ST storage time (1, 4, and 6 days)
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rearrangement of protein molecules were opened and non-
polar amino acids (mostly hydrophobic groups) buried in pro-
tein inside were subsequently exposed to surface (Traore et al.
2012b). Previous studies proposed that higher levels of protein
surface hydrophobicity were associated with increased drip
loss (Joo et al. 1999a; Joo et al. 1999b). Santé-Lhoutellier
et al. (2007) showed that the proteolysis susceptibility was
also negatively correlated with carbonyl contents and protein
surface hydrophobicity which were explained by the forma-
tion of amide bonds and activation of endogenous hydrolytic
enzymes. Hence, the role of protein oxidation on the regula-
tion of texture properties through influencing conformational
alterations, proteolysis, and activation of proteases needed to
be further studied.

Protein Solubility

PM and ST significantly affected the solubility of total protein
and myofibrillar protein, while sarcoplasmic protein solubility
was only significantly influenced by PM (P < 0.05; Table 3).
No significant effect (P > 0.05) of PM × ST was found in
current study on the solubility of total and sarcoplasmic pro-
teins, whereas significant effect (P < 0.05) of PM × ST was
found in solubility of myofibrillar proteins. Compared to sam-
ples from VP, samples treated by HiOx showed lower solubil-
ity in total proteins at 1 and 4 days of storage (P < 0.05). Pork
samples from HiOx showed significantly (P < 0.05) lower
myofibrillar protein solubility than samples from VP during
postmortem storage. As for sarcoplasmic proteins, significant
difference (P < 0.05) was detected between samples from
HiOx and VP at 6 days of storage period. Protein solubility
was used as an indicator of protein oxidation and denaturation,
which in turn results in lower protein solubility by protein
aggregation and the formation of insolubility condensate
(Joo et al. 1999a). Sayre and Briskey (1963) reported that
denatured proteins could precipitate and cover on myosin

Fig. 2 Protein surface hydrophobicity of pork stored in high oxygen
modified atmosphere packaging and vacuum packaging during
postmortem storage. HiOx high oxygen modified atmosphere
packaging with a gas mixture of 80 % O2 and 20 % CO2; VP vacuum
packaging; a, b values with different letters indicate significantly different
at P < 0.05 (n = 6). Bars indicate standard deviations
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heavy chain and lower the solubility through influencing the
extractability of myofibrillar proteins. In addition, proteins are
more prone to denaturation when facing the conformational
changes including alterations in secondary and tertiary
structures of oxidized proteins. All these changes provide
explanation regarding the association between protein
solubility and meat texture properties. Dikeman et al. (1971)
found a combination of protein solubility, texture score and
sarcomere length accounted for 88 and 72 % of the variation
in shear force and taste panel tenderness, respectively. Wilson
and van Laack (1999) reported that there was a significant
correlation between protein solubility and water loss.
Similarly, Choi et al. (2010) used two-dimensional electro-
phoresis to characterize the solubility in total proteins and
found that decreased protein solubility was accompanied by
increased water loss. All these results indicated that differ-
ences between protein solubility and their susceptibility to
denaturation may result in changes regarding to meat texture
properties.

Calpain Activity

Autolysis of μ-calpain during the conversation of muscle to
meat is considered as the index for its history of activation.
Once the μ-calpain is activated, intact 80 KDa calpain could
be autolyzed to 76 KDa μ-calpain product via an intermediate
78 KDa product. The current study revealed that HiOx sam-
ples showed lower intensity of autolyzed 76 KDa subunit and
greater intensity of intact 80 KDa compared to VP samples
after 1 day of storage (P < 0.05; Table 4). The greater propor-
tion of 76 KDa at 1 day postmortem indicates that μ-calpain
was activated earlier which indicated that HiOx could

negatively regulate the μ-calpain activity of pork LD muscle.
As for greater degree of protein oxidation evidenced by higher
content of protein carbonyl, proteases are also the target of free
radical attacks, especially cysteine-proteases. Calpain is a
family of cysteine-proteases and disulfide bond formed be-
tween Cys 108 and Cys 115 within the active cite of calpain
could decrease its activity in vitro (Lametsch et al. 2008).
Previous studies have shown that calpain system plays a key
role in beef tenderness and pork water retention properties
through regulating the rate and extent of protein proteolysis
(Huff-Lonergan and Lonergan 2005; Huff-Lonergan et al.
2010). The proteolysis of key myofibrillar proteins such as
desmin, troponin T, titin, and nebulin helps to effectively keep
integrity of muscle and transfer the shrinkage to the entire cell
( Huff-Lonergan et al. 1996; Kristensen and Purslow 2001).
Therefore, the postmortem protein degradation can damage
the integral structure of muscle cells, increase protein frag-
mentation, and potentially improve the tenderness (Taylor
et al. 1995). Besides, the shrinkage could result in higher
water loss from intracellular spaces as reported by Zhang
et al. (2006) who found significant correlation between autol-
ysis of μ-calpain at 1 day with drip or purge loss. Similarly,
Yin et al. (2014) found decreased calpain activity and less
degradation of proteins could contribute to the lower water
binding capacity of PSE pork at 1 and 5 days.

Protein Degradation

Desmin is the key protein for structural and functional integ-
rity of muscle through connecting adjacent myofibrils at the
Z-lines and integrating myofibrils and cell membrane skeleton
( Huff-Lonergan et al. 1996). Both PM and ST significantly
affected the content of desmin (P < 0.05; Table 2), while the
interaction between PM and ST showed no significant effect
on the extent of desmin degradation (P > 0.05; Table 2). The
degradation of desmin from HiOx samples was significantly
slowed by treatment of HiOx in comparison with samples
treated by VP (P < 0.05; Fig. 3). The interaction between
protein oxidation and proteolysis has been extensively stud-
ied, whereas few studies focused on their influence on pork
texture properties during postmortem aging. In consistent with
current results, Zakrys-Waliwander et al. (2012) reported that
the postmortem degradation of desmin could damage the or-
derliness and the integral structure of muscle cells and poten-
tially improve the tenderness of beef samples during postmor-
tem storage. Moreover, because the majority of water is phys-
ically or chemically held within the myofibrils or between the
muscle bundles and fibers (Kristensen and Purslow 2001),
limited degradation of desmin during early postmortem aging
could transfer the shrinkage of myofibrils to muscle cells and
muscle bundles (Kristensen and Purslow 2001; Melody et al.
2004). A higher level of desmin degradation is believed to be
associated with improved water binding capacity during

Table 4 μ-calpain activity between high oxygen modified atmosphere
packaging and vacuum packaging at 1 day of postmortem storage

PM

HiOx VP

Ratios of the intensity of 80
KDa μ-calpain (%)

1.41 ± 0.11a 0.64 ± 0.07b

Ratios of the intensity of 78
KDa μ-calpain (%)

8.12 ± 0.92a 6.98 ± 0.17a

Ratios of the intensity of 76
KDa μ-calpain (%)

43.78 ± 4.57a 52.79 ± 3.80b

Values were expressed as mean ± SD. 0.005 μg of pure μ-calpain was
loaded into each gel as a standard reference. Ratios were calculated as the
blot intensity of μ-calpain fragment in each gel over the intensity of
standard band

PM packaging methods (HiOx high oxygen modified atmosphere pack-
aging with a gas mixture of 80 % O2 and 20 % CO2; VP vacuum
packaging)

a, b Within a row, mean values with different letters are significant dif-
ferent at P < 0.05 (n = 6)
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postmortem aging (Kristensen and Purslow 2001; Yin et al.
2014; Zhang et al. 2006). Desmin degradation normally re-
sults from the calcium dependent proteolytic enzyme system,
especially μ-calpain activity (Yin et al. 2014). Calpain is
largely, if not solely, responsible for meat tenderization and
water retention properties after postmortem (Huff-Lonergan
et al. 1996; Kim et al. 2010). Therefore, concomitant oxida-
tion of proteases and of their myofibrillar substrates can act in
synergy to influence the meat texture properties.

WBSF Level and Water Loss

The PM, ST, and their interaction showed significant ef-
fects on the tenderness of pork LD muscles (P < 0.05;
Table 5). The WBSF level of samples from HiOx was
significantly higher (P < 0.05) compared to samples treat-
ed by VP at 4 and 6 days of storage, while no significance
(P > 0.05) was found at 1 day of storage. This is in
agreement with the study of Fu et al. (2015) who showed
that modified atmosphere packaging decreased beef ten-
derness after 7 and 10 days of postmortem storage. For
the index of water loss, both PM and ST had significant
effects on the purge loss and centrifuge loss of pork LD
muscles (P < 0.05; Table 5). The purge loss from VP
samples was significantly higher (P < 0.05) than samples
from HiOx during postmortem storage. However, the VP

samples showed lower centrifuge loss compared to HiOx
samples at 4 and 6 days of storage (P < 0.05). The results
of LF-NMR help to deeply analyze water distribution and
behavior of water mobility. Previous studies proposed that
P21 corresponded to water located within a highly orga-
nized intra-myofibrillar protein matrix and mainly deter-
mined by the ability of water binding within myofilament
lattice. However, negatively correlation was found be-
tween P22 and drip loss, suggesting that the loss of
extra-myofibrillar water was easily influenced by structur-
al organizations and modal features within the muscle
tissue (Bertram et al. 2002; McDonnell et al. 2013;
Pearce et al. 2011). There were significant PM and ST
effect (P < 0.05) on P21 and P22 of pork LD muscles
and no significant difference (P > 0.05) was observed in
P2B. At 4 and 6 days, the P21 levels were significantly
(P < 0.05) lower than samples from VP, while the P22 of
samples from HiOx showed higher values compared to
samples treated by VP (P < 0.05). No PM effect
(P > 0.05) was observed on T2B, T21, and T22.

Oxidative environment has been reported to result in
increased protein oxidation and decreased myofibril frag-
mentation in beef (Lindahl et al. 2010) and in pork
(Delles and Xiong 2014). These studies suggest that the
oxidative conditions could damage the orderliness and
integrity of muscle cells, restrict the ability of myofibrils

1 d 4 d 6 d

A 

B 

Std HiOx VP HiOx VP HiOx VP

Fig. 3 aDesmin degradation between high oxygen modified atmosphere
packaging (HiOx) and vacuum packaging (VP) during postmortem
storage. Twenty eight microgram of total proteins was loaded into each
lane. One protein sample whose band presents clear and stable in the page
was loaded into each gel as a standard reference (Std, Lane 1). The intact
desmin bands of HiOx at 1, 4, and 6 days of postmortem storage were on

lane 2, 4, 6, respectively, and the intact desmin bands of VP at 1, 4, and
6 days of postmortem storage were on lane 3, 5, 7, respectively. b Ratios
were calculated as the blot intensity of desmin in each gel over the
intensity of standard band. a–d values with different letters indicate
significantly different at P < 0.05 (n = 6). Bars indicate standard
deviations
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to imbibe water, and thwart water retention of fresh meat
through increased protein oxidation or reduced proteolysis
or both. In the current study, HiOx could induce protein
oxidation and denaturation, evidenced by increased for-
mation of carbonyl compounds, protein surface hydropho-
bicity, and decreased protein solubility compared with
samples stored in VP during postmortem storage
(Tables 2 and 3). All these changes between proteins
and their susceptibility to denaturation therefore result in
variations with regard to meat texture properties.
Furthermore, the results showed that samples with the
highest shear force and centrifuge loss had the least pro-
portion of calpain autolysis and desmin degradation, re-
spectively. The autolysis of calpain at 1 day is a potential
indicator to predict the degree of desmin degradation,
which explained the limited proteolytic process under
HiOx.

Interestingly, the purge loss with regard to its ability to
water holding ability during postmortem storage which could
be mainly caused by physical changes in squeezed pressure
that samples undergo during packaging procedure. Evidences
that support this have been proposed by previous studies
(Cayuela et al. 2004; Schluter et al. 1994) where the less purge
loss showed that samples from HiOx was found to be inappli-
cable for the proper relation between increased protein oxida-
tion and the reduction in water binding capacity. HiOx im-
paired the ability that water bind with myofibrillar proteins
of pork, the less amount of purge loss in HiOx muscle com-
pared with VP muscle was largely responsible for water

retention properties of fresh pork during postmortem storage.
The results were also verified by the distribution of P22 who
presented a significant lower ability to withhold mostly free
water.

Conclusion

The present results reveal that LD muscle of pork treated by
HiOx presented increased carbonyl content, protein surface
hydrophobicity, and decreased protein solubility due to higher
levels of protein oxidation compared to samples from VP.
Increased protein oxidation may negatively regulate the acti-
vation of μ-calpain and slow the proteolysis of desmin. The
HiOx system is known to improve the fresh meat color, while
changes in protein degradation and calpain system through
protein oxidation could decrease tenderness and water binding
capacity of pork.
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