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Pork longissimus muscle was oxidized at 4 �C by mixed 10 μM FeCl3/100 μM ascorbate with 1, 5, 10,

20, 30, 40, or 50 mM H2O2 (pH 6.2). Oxidation with >1 mM H2O2 for 40 min significantly (P < 0.05)

enhanced hydration of muscle samples, whereas oxidation with 40 and 50 mM H2O2 for 2 min or

with 20 mM H2O2 for 40 min caused pronounced declines in water-holding capacity and product yield.

The changes coincided with marked increases in the protein carbonyl content, TBARS formation,

and cross-linking of both myofibrillar and sarcoplasmic proteins. Dye-tracing tests showed that the

enhanced hydration at >1 mM H2O2 was due to facilitated water diffusion into muscle tissue. This

result was strongly corroborated by microscopic images that illustrated enlargements of intercellular

spacing, that is, gaps, in oxidized muscle tissue, which served as canals for water diffusion.
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INTRODUCTION

Water accounts for approximately 75% of the weight of lean
muscle tissue and imparts juiciness to cooked meat and meat
products. The majority of the water present in fresh meat, whether
endogenous or extraneous, is free or physically entrapped as bulk
water rather than chemically bound. Bulk water is held within
muscle fibers and betweenmuscle fibers ormuscle bundles. Using
low-field NMR, Bertram et al. (1) demonstrated that water in
muscle is mostly located in the inter- and intramyofilamental
spaces via capillarity and that a small percentage is tightly associated
with proteins through hydrogen bonds.

In marinated fresh meat, extraneous water is distributed in
different locations insidemuscle. The ability ofmuscle to hold this
water aswell as endogenouswater duringmeat handling, storage,
and cooking is influenced by pH, ionic strength, and phosphate
(2-4). Marination with salt (NaCl or KCl) and phosphates (e.g.,
sodium pyrophosphate and tripolyphosphate) improves cooking
yield of meat when compared with unmarinated meat (5, 6). The
salt and phosphate effect has been ascribed to their ability to
depolymerize thick myofilament and weaken the actomyosin
complex, predisposingmyofibrils to swelling bywhich exogenous
water is entrapped(7-9).

Recent studies have indicated that protein oxidation, which
can readily occur in post-mortem muscle during processing and
storage, is an important factor affecting thewater-holding capacity
of rawmeat.Myofibrillar proteins are very susceptible to chemical
modifications, such as amino acid destruction, peptide scission,
protein cross-linking, and formation of protein-lipid complexes
by common oxidants derived from inactive compounds or
generated during processing (10, 11). In whole-muscle tissue,
oxidants such as hydrogen peroxide have been shown to reduce
post-mortem protein fragmentation (proteolysis) and promote

aggregation of myofibrillar proteins (12, 13). These processes
have been implicated in the observed increases in cooking loss of
oxidized meat. Reduced water binding in pork packaged under
oxygen-rich atmosphere correlates with protein oxidation (14).
The relationship between the oxidative status of raw muscle and
its water-holding capacity is further evidenced through animal
feeding studies. It was reported that dietary vitamin E decreased
lipid oxidation and reduced drip loss in post-mortem pork (15)
and lamb (16).

Because the myofibril architecture is the primary apparatus
for water immobilization in meat (17), isolated individual myo-
fibrils offer a useful tool for the investigation of themechanism of
oxidation-induced changes inwater binding and hydration in raw
meat. In a recent study, we noted significant losses in the hydration
capacity ofmyofibrils when theywere exposed to hydroxyl radicals
that caused myosin oxidation (18). Increased myosin cross-
linking via disulfide bonds was identified as the main cause for
reduced transverse expansion of myofibrils during salt irrigation.
During whole-muscle marination, water must overcome physical
barriers, for example, intracellular spaces and cell membrane, to
arrive at the site of myofibrils through diffusion. It is not clear
how the process of water diffusion, binding, and retention would
be altered in oxidatively stressed muscle when compared with
nonoxidized muscle samples.

The present study was conducted to answer two questions: (1)
Does oxidation change the pattern of water diffusion into muscle
tissue during marination? (2) If it does, will the oxidation affect
water binding and, thus, its retention? A further objective was to
investigate the structural andmolecular mechanisms in an attempt
to explain the oxidation-induced changes in the hydration proper-
ties of raw porcine meat.

MATERIALS AND METHODS

Muscle Sample Preparation. Loins (Longissimus lumborum) were
excised from 24 h post-mortem pork carcasses processed at the University
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of Kentucky Meat Laboratory, a USDA-approved facility, individually
packagedwith a vacuum seal, and stored in a-30 �C freezer. On the day of
use, one frozen loin was tempered at 4 �C for 4 h, and slices (chops)
approximately 1.27 cm thick were cut perpendicular to the fiber direction
from the loins. A sample “round disk” (2.54 cm in diameter, 1.27 cm in
thickness) was obtainedwith a sharp-edgedmetal corer (2.54 cmdiameter)
by carefully drilling parallel to the fiber direction through the pork chop as
illustrated in Figure 1. Five such disks were obtained from each pork chop
and used for muscle oxidation experiments.

Oxidation of Muscle. All freshly prepared muscle sample disks were
equilibrated at 4 �C for 2 h to allow complete thaw and then gently blotted
with a paper towel to remove any surface moisture. Muscle disks were
immersed and incubated in cold (4 �C) hydroxyl radical-generating solu-
tions (HRGS) with two levels of hydrogen peroxide in the buffer contain-
ing 15 mM piperazine-N,N0-bis(2-ethanesulfonic acid) (PIPES) and 0.1M
NaCl at pH 6.2. They were (a) low H2O2 with long-time incubations in
10 μMFeCl3, 100 μMascorbic acid, and four low concentrations of H2O2

(1, 5, 10, or 20 mM) for 40 min and (b) high H2O2 with short-time incu-
bations in 10 μM FeCl3, 100 μM ascorbic acid, and four higher concen-
trations of H2O2 (20, 30, 40, or 50 mM) for 2 min. The muscle/solution
ratio was 1:4.5 (w/v), and the mixtures were gently agitated during
oxidation. The control muscle samples were incubated in 1 mM propyl
gallate instead ofH2O2, and ascorbic acid andFeCl3 were not added.After
oxidation, which was terminated by adding 1 mM EDTA, muscle disks
were gently blotted and immediately subjected to the analyses for protein
oxidation,moisture pickup, water-holding capacity, and product yield. To
determine the influence of oxidation on water penetration and muscle
structural changes, a separate oxidation experiment the same as described
above was run except that a dye was added to the oxidation solutions
and different sampling times were used to monitor the migration of the
incubation solution (see below).

Diffusion of Oxidizing Solutions and Image Acquisition. To the
oxidation solutions described above, 1% (w/v, final concentration) FD&C
BlueNo. 1was added. The time-dependent dye penetration, which indicated
the diffusion of the oxidizing solutions, was investigated at different oxida-
tion incubation times (2, 10, 20, 40, and 80 min) using the procedure descri-
bed previously (6). A thin slice (2 mm thick) was cut off with a scalpel along
the central axis (parallel to the fiber direction) of the muscle disk (Figure 1).
The RGB image of the flat surface of the slice was digitally captured (678�
282 pixels; 600 dpi) with a Scanjet 4200C scanner (Hewlett-Packard, Palo
Alto, CA). A rectangular region (a 14.4 mm�6.3 mm slab) was cropped to
determine the characteristics of dyedistribution.The images of the entire slab
as well as those of dye-stained area were analyzed using ImageJ software
(ver 1.41o, NIH, Bethesda, MD). The images were converted to grayscale
(RGB stack) followed by a binary approach with an automatic threshold on
theR layer to calculate the percentage of dye-covered area by pixels (19). The
percent area of dye coverage was designated dye penetration.

Oxidation-Induced Chemical Changes. Chemical changes of pro-
teins and lipids in oxidatively stressed muscle samples were examined by
using the following analyses.

SDS-PAGE. Control (nonoxidized) and oxidatively stressed muscle
samples were homogenized in nanopure water (1:100, w/v), and 1 mL of
the homogenate was then mixed with an equal volume of a pH 6.8 buffer
containing 4%SDS, 0.125MTris-HCl, and 20%glycerol, with orwithout
10%β-mercaptoethanol (βME), toobtainanapproximately 1mg/mLprotein
concentration. The mixture was boiled for 3 min to completely dissolve
protein before being subjected to SDS-PAGE with a 3% acrylamide
stacking gel and a 10% acrylamide resolving gel in a Mini-PROTEAN 3
Cell electrophoresis system (Bio-Rad Laboratories, Hercules, CA). Protein
profileswere obtainedwith a Scanjet 4200CHewlett-Packard scanner, and
the intensity (pixels) of selected protein bands, which gave quantitative
changes, was measured using ImageJ software (ver 1.41o, NIH, Bethesda,
MD) in the digitizing mode.

Protein Carbonyls. The carbonyl contents of control and oxidized
muscle samples were determined using the procedure of Levine et al. (20).
Muscle samples were homogenized and diluted in 9 volumes (w/v) of
nanopure water. Aliquots of 100 μL of the homogenates were transferred
into microcentrifuge tubes and reacted with 500 μL of 2,4 dinitrophenylhy-
drazine (DNPH) in 2 N HCl at room temperature for 40 min. The
absorbance of the derivative at 370 and 280 nm was recorded. Protein
carbonyl contents were expressed as nanomoles per milligram of protein.

LipidOxidationProducts.The extent of lipid oxidation inmuscle samples
was assessed by measuring the content of 2-thiobarbituric acid-reactive
substances (TBARS) as described by Vyncke (21) with slight modifica-
tions. Aliquots of 10mLof homogenizedmuscle in 9 volumes of nanopure
water were precipitated by 7.5% trichloroacetic acid solution containing
0.1% propyl gallate and 0.1% EDTA (final concentration) and filtered
with Whatman no. 1 filter paper. The TBA reaction was carried out by
mixing 2.5 mL of the filtrates with an equal volume of 0.01M TBA in test
tubes with screw caps and heating in boiling water for 40min. Absorbance
of cooled samples at 530 nm was read against protein-free blank, and the
amount of TBARS was calculated from a standard curve generated with
malondialdehyde (MDA). Results were expressed as milligrams of MDA
per kilogram of muscle.

Oxidation-Induced Muscle Structural Changes. Alterations in
muscle morphology due to oxidation were observed under a scanning
electron microscope. Small samples of 1 mm thickness, cut perpendicular
to the fiber direction to expose the cross section (3�3 mm), were obtained
1 mm below the surface of original muscle samples with a razor blade.
Specimens were fixed in 0.09 M cacodylate buffer containing 2.5%
glutaraldehyde (pH 7.2) for 1 h and then dehydrated in a series of increa-
sing concentrations of ethanol: once at 10, 40, and 70% for 5min each and
twice at 100% for 5 min, successively. Dehydrated specimens were placed
in hexamethyldisilazane (HMDS) for 5 min and then air-dried at room
temperature. In the last step, dried samples weremounted on a bronze stub
and sputter-coatedwith gold (SputterCoater SPI-Module). The specimens
were then examined with a model S-3400N Hitachi scanning electron
microscope (Tokyo, Japan).

Oxidation-Induced Myofibril Structural Changes. Because myo-
fibrils are largely responsible for water-holding capacity in fresh meat,

Figure 1. Schematic illustration of sample preparation.
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an additional experiment was performed to establish their structural
response to oxidation. This was done by irrigation of isolated myofibrils
with oxidizing solutions, and the resulting ultrastructural changes in
myofilaments were observed by phase contrast microscopy. Specifically,
myofibrils were isolated from nonoxidized fresh loin muscle with a rigor
buffer containing 0.1 M KCl, 2 mM MgCl2, 1 mM EGTA, and 10 mM
K2HPO4 (pH 7.0) as described by Xiong et al. (22). The pH of the final
washing solution was adjusted to 6.0. Isolated myofibrils were irrigated
with solutions consisting of gradedH2O2 (0, 1, 5, 10, 20, 30, 40, or 50mM)
with 10μMFeCl3, 100μMascorbic acid, and 0.1MNaCl in 15mMPIPES
buffer (pH 6.2) for 2 min using the procedure of Liu et al. (18). Morpho-
logical changes in the myofibril architechture were observed and photo-
graphed using a model MICROPHOT-FXANikon photomicroscope via
a 100� oil immersion objective with a digital camera.

Water-Holding Capacity (WHC) of Muscle. Control and oxidized
muscle samples (∼5 g)were centrifuged (2000g) at 4 �C for 20min and then
dried in a 105 �Coven (23) to evaluateWHC (24).WHCwas defined as the
percentage of meat juice released, which is expressed by the equation

WHC ð%Þ ¼ 1-
W 0 -W 1

W 0 -W 2

� �
� 100%

whereW0,W1, andW2 represent, respectively, weight of original meat (g),
weight of centrifuged meat (g), and weight of dried (105 �C) meat (g).

Hydration and Moisture Retention Properties of Muscle. To
investigate the impact of oxidation on the moisture absorption and reten-
tion properties, oxidized raw meat samples were subjected to salt-
pyrophosphate marination. Moisture pickup and product yield were sub-
sequently determined.

Hydration of Muscle Samples. Muscle disks of known weight (W0)
obtained from control and oxidized samples were placed in a 4 �C brine
solution containing 0.6M sodium chloride and 15 mM sodium pyrophos-
phate (pH 6.2) with gentle agitation for exactly 5 min. The marinated
samples were drained for 5 min by suspension on a stainless steel rack, and
the drained weight (W3) was recorded. Hydration capacity (%) is defined
using the following equation:

hydration capacity ð%Þ ¼ W 3 -W 0

W 0
� 100

Cooking Loss and Product Yield. The drained marinated meat samples
were immediately cooked on a George Foreman Grill (Salton Inc., Mt.
Prospect, IL) preheated to 170 �C.Meatwas cooked to an internal temper-
ature of 71 �C (monitored with a thermocouple), and the cooked weight
was recorded (W4). Cooking loss and product yield were calculated as

cooking loss ð%Þ ¼ W 3 -W 4

W 3
� 100

product yield ð%Þ ¼ W 4

W 0
� 100

Statistical Analysis. Three independent trials (n=3), unless specified
otherwise, with triplicate or quadruplicate sample analyses were performed.

Data were analyzed using the general linear model procedure of the
Statistix software 9.0 (Analytical Software, Tallahassee, FL). Analysis of
variance (ANOVA) was conducted to determine the significance of main
effect (e.g., oxidation). Significant differences (P<0.05) between indivi-
dual means were identified by the LSD all-pairwise multiple comparisons.

RESULTS

Diffusion of Oxidizing Solutions in Muscle.On the longitudinal
section, the relative area of dye coverage was used to estimate the
influence of oxidation on oxidant transfer in muscle. The bina-
rized images of a set of typical stained samples corresponding to
different oxidation times in the HRGS that generated •OH at the
specificH2O2 concentrations are presented inFigure 2 to illustrate
the dynamic process of the diffusion of the oxidant solutions. The
control (nonoxidized)muscle had a less stained area than samples
treated with H2O2, notably at high concentrations (g10 mM),
indicating a lower degree of solution migration into the muscle
tissue. For all muscle samples, regardless of oxidation, the penet-
ration of the incubation solution (0.1 M NaCl) into the muscle
tissue increased with time, apparently driven by the osmotic
pressure gradient because the ionic strength of intact muscle
tissue is expected to be about 0.16. The calculated percentage of
the stained area for each sample is depicted in Figure 3. All curves

Figure 2. Binarized images showing the temporal changes of diffused dye into different oxidatively stressed muscles. Oxidation was conducted with 10 μM
FeCl3, 100 μM ascorbic acid, and various H2O2 concentrations (mM) in 0.1 M NaCl-15 mM PIPES buffer (pH 6.2) for different incubation times.

Figure 3. Influence of oxidation on dye penetration in pork muscle tissue
as a function of oxidation time expressed as the percentage of area
covered by dye (n = 3). Oxidation conditions: 10 μM FeCl3, 100 μM
ascorbic acid, and various H2O2 concentrations (mM, indicated in the
graph) in 0.1 M NaCl-15 mM PIPES buffer, pH 6.2.
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were fitted (r2 = 0.97-1.00) with the three-parameter logarithm
regression equation, yielding an excellent dye penetration versus
incubation time relationship. Pronounced differences between con-
trol and oxidized samples were observed at the initial stage of
oxidation (2-20min); such differences tended to diminish at longer
oxidation times and became unnoticeable by 80 min. The 1 mM
H2O2 treatment and the control had a similar solution penetration.

Oxidation-Induced Chemical Changes in Muscle. To identify
how the degree of oxidative stress induced byHRGSwould affect
muscle proteins, homogenized muscle samples were subjected to
SDS-PAGE (Figure 4). Comparison of the intensity of protein
bands in nonreducing (-βME) and reducing (þβME) gels
indicates that a portion MHC and actin was lost following the
treatments with 50 mM H2O2 for 40 and 80 min. Digitization of
main protein bands in nonreducing gels revealed approximately
21 and 30% losses in MHC and 33 and 35% losses in actin after
muscle samples were oxidized at 50 mMH2O2 for 40 and 80 min,
respectively. Most of the lost proteins were only partially recov-
ered by βME, suggesting covalent bonds other than disulfide
linkages were also involved. A similar, albeit less conspicuous,
oxidation-induced protein loss was found by the treatment with
20 mM H2O2 for 80 min. The SDS-PAGE without βME also
revealed a substantial attenuation in the band intensity of the 97,

57, 47, and 27 kDa polypeptides that presumably were phosphor-
ylase b, pyruvate kinase, enolase, and phosphoglycerate mutase,
respectively, on the basis their relative mobility against published
literature (25). To avoid severe oxidation, the “intermediate”
oxidation conditions established above, that is, 2 and 40 min
oxidation times for high (20-50 mM) and low (1-20 mM) H2O2

concentration treatments, respectively, were selected for subse-
quent chemical analyses and muscle hydration studies.

The DNPH-protein adduct assay on oxidized and nonoxi-
dized (control) muscle samples yielded quantitative information
about the production of protein carbonyls due to reaction with
H2O2-generated

•OH. As displayed in Figure 5A, the generation
of protein carbonyls was greatly influenced by the high-oxidant
(20-50 mM)-short-time (2 min) treatments with the amount
formed increasing with the H2O2 dosage (P<0.05). The forma-
tionof protein carbonyls for longoxidation time (40min) at lower
H2O2 concentrations (1-20 mM) was less but was still moder-
ately promoted by increasing the H2O2 concentration. Compar-
ison of the samples treated with 20 mM H2O2 for 2 and 40 min
(noted by arrows) indicated a nearly 1-fold increase in the
carbonyl content by the longer oxidation time.

The H2O2-based HRGS oxidation systems also caused lipid
oxidation in themuscle tissue. This is manifested by the substantial

Figure 4. SDS-PAGE patterns of nonoxidized (control) and oxidized whole muscle tissue homogenates in the absence (nonreducing, upper panel) or
presence (reducing, lower panel) of 5% β-mercaptoethanol (βME). The oxidation was conducted with 10 μM FeCl3, 100 μM ascorbic acid, and various H2O2

concentrations (mM, indicated in the graph) in 0.1 M NaCl-15 mM PIPES buffer (pH 6.2) for different incubation times. MHC, myosin heavy chain; PH b,
phosphorylase b; PK, pyruvate kinase; TnT, troponin T; Tm, tropomyosin; PGAM, phosphoglycerate mutase; MLC-1, myosin light chain-1; MLC-2, myosin
light chain-2.
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increase (P<0.05) in the MDA content (TBARS) in muscle
samples treated with H2O2 at concentrations greater than 5 mM
in long-time (40 min) or with 20 mM in short-time (2 min) when
comparedwith the nonoxidized sample (Figure 5B). Similar to the
oxidation time effect on protein carbonyl production, the sample
treated with 20 mMH2O2 for long time (40 min) showed twice as
much TBARS as that for short time (2 min) (see arrows).

Oxidation-Induced Ultrastructural Changes in Muscle. The
general appearances of SEM micrographs of control and HRGS-
oxidized muscle samples are shown in Figure 6. The cross section
of the fibers in nonoxidized muscle samples (A, D) had a regular
pattern with limited intercellular spacing. Treatment with 20mM

H2O2 for 2 min (short time) (B) produced evident increases in the
spacing between fibers. Raising the H2O2 concentration to 50 mM
while maintaining the incubation time at 2 min (C) resulted in
significant disruption of muscle fibers and an enlargement of
some of the intercellular spaces. On the other hand, oxidation at
40 min (long time) with 1 mM H2O2 (E) did not have a
remarkable effect on the muscle fiber structure when compared
with the control (D). However, when the concentration of H2O2

was increased to 20 mM, the 40 min incubation time (F) created
substantial gaps between muscle fibers as well as notable rupture
of some fibers. The creation of extra intercellular spaces under
all of the oxidation conditions tested was accompanied by the

Figure 5. Protein carbonyl (A) and TBARS (B) contents in nonoxidized (control) and oxidized pork loin muscle samples. Oxidation was conducted by short-
time (2 min) incubation in solutions containing 10 μMFeCl3 and 100 μM ascorbic acid in 0.1 MNaCl-15mMPIPES buffer (pH 6.2)with 20, 30, 40, or 50mM
H2O2 or by long-time (40 min) incubation in the same solutions but with 1, 5, 10, or 20 mM H2O2. Means from three replications (n = 3) within the same
treatment with different letters differ significantly (P < 0.05).

Figure 6. Scanning electron micrographs of fiber cross sections of nonoxidized (A, D) and oxidized pork muscle samples. Oxidation was conducted by short-
time (2min, upper panel) incubation in solutions containing 10μMFeCl3 and 100μMascorbic acid in 0.1MNaCl-15mMPIPES buffer (pH 6.2)with (B) 20mM
H2O2 or (C) 50 mM H2O2 or by long-time (40 min, lower panel) incubation in the same solutions but with (E) 1 mM H2O2 or (F) 20 mM H2O2.
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conspicuous detachment and stretching of some sheath or thread-
like structures (see arrows), which could include cell membrane
and the endomysium connective tissue.

Because an increased extracellular space caused by oxidation
can result from myofibril shrinkage, myofibrils were isolated
from nonoxidized muscle and subsequently treated with graded
H2O2 oxidation solutions (0-50 mM). Microscopic examination
with a phase contrast mode revealed substantial, linear reduction
in A-band diameter until 20 mM H2O2 (Figure 7). No further
myofibril shrinkage was seen at higher H2O2 concentrations. The
length of the A-band as well as that of sarcomere did not show
appreciable change by the oxidation treatments (data not shown).

Hydration and Moisture Retention Properties of Muscle. The
oxidative effect on WHC is shown in Figure 8. Distinct weight
losses were found by oxidation in HRGS with 50 mM H2O2 for
2 min and with 20 mM H2O2 for 40 min (P<0.05), indicating
reduced ability of muscle to retain endogenous water.

Inmeat processing, salt (NaCl) in combination with polyphos-
phates is commonly used to enhance the hydration of rawmuscle
and, hence, the juiciness of cooked products, through the ion-
dipole interaction of myofibrillar proteins and water. Figure 9

presents the hydration, cooking loss, and product yield of NaCl-
marinated control and oxidatively stressed muscle. The weight
gain after marination, which indicated the amount of water
absorbed or the extent of hydration, was surprisingly improved
when the muscle was oxidized.With a short oxidation time (2 min),
the hydration capacity was insensitive to the concentration of H2O2

(20-50mM) (A), butwith a longoxidation time (40min), oxidation
with 5 mM H2O2 produced the greatest hydration capacity of all
samples (1-20 mMH2O2) (B). Some of the weight gain was lost as
the H2O2 concentration was increased to 20 mM. Comparison
between the short-time and long-time oxidation samples showed
that the former had an overall higher hydration capacity. This was
likely due to the fact that the short-time (2min) oxidized and control
samples prior to the NaCl marination had not already absorbed as
much extraneous moisture from the oxidizing solution as the long-
time (40 min) oxidized and control samples (Figures 2 and 3).

The results from the cooking loss measurement showed a clear
trend in moisture loss upon cooking from both short-time and

long-time oxidized muscle samples, some of which can be attri-
buted to the absorbed water during marination. However, the
cooking losswas significantly greater (P<0.05) in long-timeoxidized
(and control) samples than in short-time oxidized (and control)
samples (38.0 vs 29.7%), probably due to osmotic diffusion of
water as indicated previously (Figures 2 and 3). Consistent with
the cooking loss data, there was a trend of progressive reduction
in the overall product yield, more so for long-time oxidized
samples, as the degree of oxidation increased in both oxidation
systems.

DISCUSSION

Whenmuscle tissue is exposed to •OH-oxidizing environments,
which are commonplace in fresh and processedmuscle foods (26),
chemical modifications on the side-chain groups or protein
peptide bonds are triggered (11). In our present study, the loss
of myosin and actin after the muscle samples were exposed to
HRGS, shown by SDS-PAGE, was not completely recoverable
by βME.This suggested that non-disulfide cross-linkages occurred,
which could include the formation of Schiff bases between car-
bonyl and amino groups (27). Carbonyl compounds produced
from lipid oxidation, such as TBARS, can attach to proteins
(28, 29), thereby contributing to total protein-bound carbonyls
detected in oxidized muscle. Prochniweicz et al. also reported
unreducible oxidation in 50mMH2O2-oxidizedmuscle fibers, but
not in 5 mM H2O2-treated samples (30). Both reducible and
unreducible protein cross-linking can influence water-binding
properties of muscle. In addition, denatured sarcoplasmic pro-
teins, which were shown to precipitate on myofibrils, negatively
affected the water-holding capacity of myofibrils (31, 32). The
concomitant disappearance (insolubilization) of sarcoplasmic
proteins and the main contractile proteins (myosin and actin) at
high H2O2 concentrations supported the hypothesis that inter-
actions between these proteins led to the change in muscle water-
binding properties.

As a consequence of oxidation, a larger extracellular space was
created between adjacent fibers due to fiber shrinkage. This space
enlargementbetween fibers canbeattributed to increasedassociation

Figure 7. Relative diameter of A-band in myofibrils after sequential irriga-
tion (2 min) with oxidizing solutions containing 10 μM FeCl3 and 100 μM
ascorbic acid with various concentrations of H2O2 in 0.1 M NaCl-15 mM
PIPES buffer (pH 6.2). The arrow indicates the sequence of graded H2O2

solutions for the myofibril irrigation. (Inset)Myofibril shrinkage. Means from
six replications (n = 6) with different letters differ significantly (P < 0.05).

Figure 8. Water-holding capacity of nonoxidized (control) and oxidized
pork muscle. Oxidation was conducted by short-time (2 min) incubation in
solutions containing 10μMFeCl3 and 100μMascorbic acidwith 20, 30, 40,
and 50mMH2O2 in 0.1 M NaCl-15mMPIPES buffer (pH 6.2) or by long-
time (40min) incubation in the same solutions but with 1, 5, 10, and 20 mM
H2O2. Means from three replications (n = 3) within the same treatment with
different letters differ significantly (P < 0.05).
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of myofilaments due to hydrophobic and covalent interactions
and should be correlated with decreased water-holding capacity
of fresh muscle. Cross-linkages through dityrosine (33), disul-
fide (34), and carbonyl-amine (27) bonds have been implicated in
oxidizedmyosin, and bothmyosin head (heavymeromyosin) and
tail (lightmeromyosin) havebeen shown to be susceptible (27,35).
As presented above, the exposure of isolated myofibrils to •OH
resulted in the coagulation of thick (myosin) and thin (actin)
filaments. This process apparently involved myosin intra- and
intermolecular cross-linking (36) as well as cross-linking within
and between myofilaments, leading to the observed shrinkage of
interfilamental spaces. Cumulatively, the aggregation of the indi-
vidual myofibrils and myofilaments resulted in increased gap-
ping between muscle fibers, as seen in the present study. Similar
morphological changes in oxidation-stressed muscle have been
reported by other researchers (37, 38).

The enhanced moisture absorption in marinated muscle tissue
after oxidation was consistent with the augmented moisture
diffusion and can be explained by the extra space created between
muscle fibers. However, the diffusion of the exogenous liquid
seemed to be a passive process, and the marinade retained was
temporary. Given the significant size of the extracellular spaces
created, the accumulated transient fluid was mostly loose and
unbound and can be readily expelled by centrifugation or during
cooking. These void spaces differ from the spaces in the myofibril
matrices, where the majority of endogenous water is tightly
withheld (7, 17). The slight disruption of cell membrane in oxida-
tively stressmusclewould also promote the exudation of endogen-
ous water rather than the absorption of marinade due to osmotic
pressure, further contributing to the intercellular gapping.

Overall, the degree of marination-induced fiber swelling, when
compared with that of isolated myofibrils, in both control and
oxidized muscle samples was limited. This can be ascribed to
mechanical constraints by the endomysial collagenous sheath.
Although marination will drive the diffusion of the salt solution
into the interior of muscle cells due to osmotic gradients, the
internal pressure buildup, similar to the turgor pressure in plant
cells, will inhibit further migration of liquid into the cell. Never-
theless, upon marination with NaCl and phosphates, muscle will
still exhibit moderate swelling (39, 40) and a simultaneous
reduction in the extracellular space (41, 42).

Although oxidation favored hydration in brinedmuscle, it had
a negative effect on the cooked product, as much of the absorbed

endogenous water was lost after the cooked meat was cooled to
room temperature. The salt and phosphate marinade migrating
into the pockets outside the cells would extract myofibrillar
proteins and form a water-binding gel upon cooking. However,
the gelling process was likely impaired by oxidation due to excessive
protein aggregation (35). Moreover, both cross-linking (43, 44)
and fragmentation (37, 45, 46) have been observed in oxidized
collagen. However, there was no substantial disintegration of
endomysial network in our present study. This does not preclude
the strong likelihood that oxidation decreased collagen solubility;
the damage to collagen fibrils would further aggregate cooking
loss in oxidatively stressed muscle.

In conclusion, exposures of fresh porcinemuscle tissue to •OH-
oxidizing systems resulted in oxidant-dose-dependent changes in
muscle proteins. In a strong oxidizing environment, oxidation
promoted hydration (moisture pickup) in salt-marinated muscle
but weakened its water-holding capacity and water-binding
potential upon cooking. Evidence frommicrostructural examina-
tion pointed the oxidation-induced changes to the expansion of
extracellular spaces that facilitated marinade diffusion into the
muscle tissue but reduced the capability of myofibrils to withhold
absorbed water. The results revealed an altered mechanism of
muscle cell-moisture interaction by oxidation and indicated the
necessity to incorporate proper ingredients in the processing of
oxidatively stressed pork so as to ensure that absorbed moisture
from marination is effectively retained.
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