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The objective of the study was to compare three different oxidizing systems commonly present in
muscle foods for their influence on the biochemical properties of muscle proteins. Myofibrillar protein
isolate (MPI) prepared from pork serratus ventralis muscle was suspended (30 mg protein/mL) in 15
mM piperazine-N,N-bis(2-ethane sulfonic acid) buffer (pH 6.0). Oxidation was induced by incubating
the protein suspension at 4 °C for 24 h with (i) a hydroxyl radical-generating system (HRGS: 10 µM
FeCl3, 0.1 mM ascorbic acid, and 0.05-5.0 mM H2O2), (ii) a lipid-oxidizing system (LOS: 0.05-5.0
mM linoleic acid and 3750 units of lipoxidase/mL), or (iii) a metmyoglobin-oxidizing system (MOS:
0.05-0.5 mM metmyoglobin). Changes in oxidized MPI were measured as Ca- and K-ATPase
activities, formation of protein carbonyls and 2-thiobarbituric acid-reactive substances (TBARS), loss
of protein thermal stability, and protein aggregation. The three oxidizing matrixes induced complex
MPI changes; for example, the Ca- and K-ATPase activities were altered mainly by low-concentration
oxidants, but the changes were unique for each oxidizing system. The carbonyl content in MOS-
treated MPI was the highest, while the TBARS production, changes in thermal properties, and loss
of the myosin heavy chain were the greatest in HRGS-treated MPIs. Overall, the hydroxyl radical-
producing medium appeared to be the most oxidative to myofibrillar proteins under the experimental
conditions employed in the study.
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INTRODUCTION

Protein oxidation is one of the main indicators of meat quality
deterioration. Meats and meat products are known to be
susceptible to oxidation that occurs during processing and
storage. Yet, the current understanding of protein oxidation has
been derived primarily from biomedical research, which dem-
onstrates that structure and properties of proteins and enzymes
could be readily modified by reactive oxygen species generated
via lipid oxidation, metal- or enzyme-catalyzed oxidative
reactions, and other chemical and biochemical processes
(1-3).

Protein oxidation via oxidized lipids results either from
reactions with lipid free radicals or from interactions with
secondary products of lipid oxidation (4). Other oxidizing agents,
such as metmyoglobin (5-7), transition metal ions (8-12),
oxidative enzymes (13), and harsh processing conditions includ-
ing γ-irradiations (14), are also known initiators of protein
oxidation. The oxidation of proteins almost always leads to a

change in protein physical and chemical properties and,
ultimately, alterations in protein functional behavior in food
systems. In muscle food products, the oxidation-induced protein
functionality changes corresponded well to an augmented UV
absorbance, the formation of protein carbonyl compounds, and
an increase in the number of high molecular weight oligomers
and polymers (15). Increased gelling ability, water-holding
capacity, and solubility have been observed under mild oxidizing
conditions (16-18).

Myosin, the most abundant protein in the myofibril complex,
is susceptible to reactive oxygen species, including lipid free
radicals, lipid hydroperoxides, iron or copper/ascorbate/H2O2,
and myoglobin/H2O2, and can form large, insoluble aggregates
when oxidized (7, 9, 19-22). Martinaud et al. (10) examined
oxidative changes in beef myofibrillar proteins induced by
different oxidative systems, including three metal-catalyzed
oxidizing solutions, a xanthine/xanthine oxidase solution, and
a metmyoglobin/H2O2 solution. The authors showed that the
changes in protein carbonyl and sulfhydryl content and in the
protein aggregation pattern were dependent upon muscle type
and the oxidizing systems. Also, Ooizumi and Xiong (12)
reported major biochemical changes in chicken myofibrillar
protein exposed to a nonenzymatic, hydroxyl radical-generating
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system (HRGS). However, despite these findings, the relative
importance of hydroxyl radicals, oxidized lipids, and oxidized
heme pigments, which are expected to coexist in processed
muscle food products, is not well-understood. The objective of
the present study was to elucidate the biochemical changes in
myofibrillar protein subjected to these three common oxidizing
environments.

MATERIALS AND METHODS

Materials. Ten pork Boston shoulders (4 days postmortem) in five
separate vacuum packages were obtained from a commercial packing
plant through a local meat purveyor. Whole serratus ventralis muscle
was removed from each shoulder and diced into approximately 15 g
pieces. The muscle dices were mixed well by hand and subsequently
divided into 20 equal portions. Each portion, weighing approximately
250 g, was placed in Cryovac vacuum bags, vacuum-sealed, and stored
in a -30 °C freezer for less than 2 months before use. Unless specified
otherwise, all of the data reported herein represent the means from three
to five independent trials (i.e., replicate myofibril preparations). For
each experimental replication, one random frozen bag of the meat
samples was removed from the freezer and thawed in a 4°C refrigerator
for 16 h before use.

Preparation of Myofibrils. Myofibril isolates were prepared in a 2
°C walk-in cooler. Thawed muscle was finely chopped with a knife,
mixed with 4 vol (w/v) of isolation buffer, and blended in a Waring
blender for 30 s at high speed. The isolation buffer contained 0.1 M
NaCl, 2 mM MgCl2, 1 mM EGTA, 6.1 mM sodium phosphate dibasic
(Na2HPO4), and 3.9 mM sodium phosphate monobasic (NaH2PO4‚H2O)
(pH 7.0). After centrifugation at 2000g for 15 min, the crude myofibril
pellet was washed two more times with 4 vol of the same isolation
buffer using the same blending and centrifugation conditions indicated
above. The myofibril pellet was then washed three more times with 4
vol of 0.1 M NaCl under the same conditions as above except that in
the last wash, the myofibril suspension was filtered through four layers
of cheesecloth to remove connective tissue and its pH was adjusted to
6.0 (to closely simulate the pH condition in processed meats) with 0.1
N HCl prior to centrifugation. Myofibrillar protein isolate (MPI) was
kept in a tightly capped bottle and stored on ice before use (in 18 h).
The protein concentration of the myofibril pellet was measured by the
Biuret method (23) using bovine serum albumin (Sigma Chemical Co.,
St. Louis, MO) as a standard.

Crude Fat Content and Fatty Acid Analysis. The total crude fat
in MPI was determined from freeze-dried MPI by extracting ap-
proximately 1.0 g of the dry MPI with 20 mL of petroleum ether for
4 h using a Soxtec 1043 extraction unit (Tecator AB, Höganäs, Sweden).
After extraction, the solvent was evaporated at 21°C in a fume hood.
The crude fat was dried in an oven at 110°C for 30 min, desiccated
for 20 min, and weighed.

To determine the fatty acid profile in the crude fat, aliquots of
approximately 100 mg of extracted crude fat were dissolved in 2 mL
of hexane. Methyl esters of fatty acids were prepared according to the
modified Boron trifluoride method of the AOAC (24). One microliter
of diluted fatty acid methyl esters was analyzed with a Perkin-Elmer
AutoSystem Gas Chromatograph equipped with a DB-225 capillary
column (30 m× 0.32 mm i.d. with a 0.25µm film thickness, J&W
Scientific, Folsom, CA) and a flame ionization detector. The fatty acids
in the sample were identified using methyl ester standard mixtures.
The helium carrier gas flow rate was 1.0 mL per min. The injector and
detector in the machine were set at 240 and 260°C, respectively. The
initial oven temperature was 190°C, which was held for 7.5 min and
then increased at a rate of 3°C per min to 220°C. The final temperature
was held for 2.5 min. In the injector, a split valve was set at a 1:60
ratio.

Oxidation of Myofibrils. MPI was suspended (40 mg protein/mL)
in a 15 mM piperazine-N,N-bis(2-ethane sulfonic acid) (PIPES) buffer
containing 0.6 M NaCl (pH 6.0). Suspended MPI was oxidized for 24
h at 4 °C with (i) a HRGS (10µM FeCl3, 0.1 mM ascorbic acid, and
0.05-5.0 mM H2O2), (ii) a lipid (lineolic acid)-oxidizing system
(LOS: 0.05-5.0 mM linoleic acid and 3750 units of lipoxidase/mL),

or (iii) a metmyoglobin-oxidizing system (MOS: 0.05-0.5 mM
metmyoglobin). Oxidation was terminated by adding propyl gallate/
Trolox C/EDTA (1 mM each). The protein concentration in MPI after
oxidation treatment was adjusted to 30 mg/mL with the 15 mM PIPES
buffer (pH 6.0) containing 0.6 M NaCl.

Measurement of Lipid Oxidation. The oxidation of residual lipids
in the MPI was assessed by measuring 2-thiobarbituric acid-reactive
substances (TBARS) using a modified distillation procedure (25).
Quantitatively, 5.0 g of each oxidized or nonoxidized MPI sample (30
mg/mL protein) was transferred into a 125 mL flask. Then, 2.5 mL of
distilled deionized water, 2.5 mL of 1% propyl gallate/EDTA solution,
1 mL of 1 N HCl solution, and three drops of antifoam reagent
(Antifoam B, Sigma Chemical Co.) were added to the sample flask
and mixed by swirling. The flask was connected to a distillation setup
and heated at 100°C to collect distillate. An equal amount (3.0 mL)
of the distillate and 0.02 M thiobarbituric acid reagent was mixed in a
screw cap test tube, followed by heating in a boiling water bath (100
°C) for 35 min. Absorbance at 530 nm was read against a blank, and
the amount of TBARS was calculated from a malonaldehyde (MDA)
standard curve prepared with a series of 1,1,3,3-tetraethoxypropane
[malonaldehyde bis(diethyl acetal)] (Fisher Scientific, Hampton, NH)
solution (0.0-1.0µM). Results were expressed as mg MDA equivalent/
kg sample protein.

ATPase Assay.Myosin ATPase activities of control and oxidized
MPI were determined according to Wells et al. (26) and Katoh et al.
(27). Briefly, MPI samples were diluted to a 3.0 mg/mL protein
concentration. Aliquots of 0.2 mL of the protein suspension were mixed
with 2.0 mL of the reaction solution (for Ca-ATPase: 7.6 mM ATP,
15 mM CaCl2, 150 mM KCl, and 180 mM Tris-HCl, pH 7.4; for
K-ATPase: 7.6 mM ATP, 300 mM KCl, 5.0 mM EDTA, and 180
mM Tris-HCl, pH 7.4). After reaction at 25°C for 10 min, 1.0 mL of
10% trichloroacetic acid was added to stop the reaction. The mixture
was subsequently centrifuged at 2500g for 5 min, and 1 mL of the
supernatant was reacted with 3.0 mL of 0.66% ammonium molybdate
in 0.75 N sulfuric acid. One-half-milliliter of freshly prepared 10%
FeSO4 in 0.15 N sulfuric acid was then added, and the mixture was
allowed to react for 2 min for color development. The absorbance of
the liberated inorganic phosphate was read at 700 nm to determine the
Ca-ATPase and K-ATPase activities. Results were expressed asµmol
phosphate/mg protein/10 min. A series of NaH2PO4 solutions (0.0-
1.0 mM) were used to prepare the standard curve for phosphate
calculation.

Protein Carbonyls. Protein carbonyls in MPI samples were
measured following the procedure described by Levine et al. (28).
Diluted MPI samples (7.5 mg/mL protein) were incubated with 2,4-
dinotrophynylhydrazine reagent for 30 min at room temperature (22
°C). The spectra at 355-390 nm were measured. The carbonyl content
was calculated from the peak absorbance (355-390 nm) using an
absorption coefficient of 22000 M-1 cm-1. Because some protein was
lost in the various washing steps, the protein content in the final pellet
after all washings was determined by dissolving the pellet in 6 M
guanidine hydrochloride and then reading the absorbance at 280 nm.
A standard curve was prepared by measuring the absorbance (280 nm)
of bovine serum albumin solutions (0.0-10.0 mg/mL) dissolved in the
same guanidine hydrochloride. Results were expressed asµmol
carbonyl/g protein.

Differential Scanning Calorimetry (DSC). The oxidation-induced
protein structural stability change was analyzed by a model 2920 DSC
machine (TA Instruments, New Castle, DE). Accurately weighed MPI
samples (12-16 mg) were placed in polymer-coated aluminum pans
and hermetically sealed. An empty pan was used as a reference. A
heating rate of 10°C/min was used to thermally scan samples from 20
to 95 °C. The enthalpy change (∆H) associated with the unfolding of
the individual proteins was estimated by measuring the area above the
DSC transition curve with a straight baseline constructed from the start
to the end of the endotherm. The temperature maximum (Tm) for a
transition was determined by constructing a tangent to the leading edge
of the transition and determining the temperature at the point of
intersection with the baseline using Universal analysis Version 1.2 N
software (TA Instruments) as described in the DSC user manual.
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Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE).Oxidized MPI samples were subjected to SDS-PAGE
(29) to determine covalent protein cross-linking. Dilute samples (2 mg
protein/mL) were mixed (1:1, v/v) with the SDS-PAGE sample buffer
(4% SDS, 20% glycerol, and 0.125 M Tris, pH 6.8), with or without
5% of 2-mercatoethanol, to obtain a final protein concentration of 1.0
mg/mL. For the sample without 2-mercatoethanol, 0.5 mMN-
ethylmaleimide (a thiol blocking agent) was added to prevent disulfide
artifacts. The mixture was heated in boiling water (100°C) for 3 min.
Electrophoresis was run using an SE 250 Mighty Small II vertical slab
gel electrohoresis units (Hoefer Scientific Instruments, San Fransisco,
CA). An aliquot of 20µL (20 µg of protein) of samples was loaded to
each well in the 3% polyacrylamide stacking gel, and individual proteins
were separated in the 10% resolving gel. The electrophoresis was
initiated with a 20 mA constant current per gel, and after the sample
front line reached the resolving gel, it was increased to 40 mA per gel.
After electrophoresis, the gels were immersed in an aqueous staining
solution (50% methanol, 6.8% glacial acetic acid, and 0.1% Coomassie
Brilliant Blue R) for 4 h and subsequently destained to remove the
background stain with an aqueous destaining solution (7.5% of glacial
acetic acid and 5% methanol).

Statistical Analysis. Significance of the main effects (type and
concentration of oxidizing agents) was determined by the analysis of
variance test using SAS/STAT (SAS Institute Inc., Cary, NC).
Differences between means were compared by Student-Newman-
Kuels multiple comparison using SAS at a significance level of 0.05.

RESULTS

Protein and Fat in MPI. A total of six MPI extractions were
prepared, and the average protein content in the wet MPI pellets
was 6.40( 0.34% (w/w). The crude fat content in MPI was
minimal (0.49( 0.02% on a dry basis or 0.034( 0.001% on
a wet basis). The fatty acid profile of the extracted fat is shown
in Table 1. The main constituents were palmitic and oleic acids.
Linoleic acid and linolenic acid (a main precursor of MDA)
constituted, respectively, 5.5 and 0.7% of the total fatty acid
content.

Lipid Oxidation. The production of TBARS was unique,
both in pattern and in intensity, to each of the three oxidizing
systems. In the metal-catalyzed oxidizing systems (HRGS and
MOS), the amount of TBARS produced increased (P< 0.05)
with the oxidant concentration, reaching a maximum at 0.1 mM
metmyoglobin and at 1.0 mM H2O2 (Figure 1), and then
declined at higher oxidant concentrations. In contrast, the
TBARS formation in LOS-oxidized MPI continued with in-
creasing oxidant concentrations. While TBARS production in
the metal-catalyzed oxidizing systems was facilitated by low-
concentration oxidants, at high dosages of the oxidants, the
process was likely accompanied by secondary reactions that
resulted in either degradation of MDA or its formation of a
complex with proteins. The lipid oxidation by lipoxidase (the
LOS system) at refrigerated temperature was conspicuously slow
but was promoted by increasing the concentration of the
substrate (linoleic acid). Notwithstanding the fact that the content

of residual fat in MPI was low, the amount of TBARS produced
in HRGS was overall higher (P < 0.05) than those in MOS
and LOS, probably due to the reaction of the TBA reagent with
protein carbonyls.

ATPase Activities. The activities of both Ca-ATPase and
K-ATPase exhibited oxidant dose-dependent changes and varied
among the three oxidizing matrix systems (Figure 2). In HRGS,
the Ca-ATPase activity gradually increased with increasing H2O2

concentrations, but in MOS, the enzyme activity was insensitive
to the metmyoglobin concentration (Figure 2A). On the other
hand, the Ca-ATPase activity in the LOS-treated samples
increased markedly (P < 0.05) in the 0.25-1.0 mM linoleic
concentration range and reached a plateau at higher linoleic
concentrations. The Ca-ATPase activity in the LOS system with
>1.0 mM linoleic acid was consistently higher (P < 0.05) than
that in the other two oxidizing systems.

The response of K-ATPase to the three oxidizing matrices
was more complex and differed from that of Ca-ATPase. The
enzyme activity appeared to vary at low concentrations of
oxidants in all three oxidizing systems, and no significant
differences between the three oxidative treatments could be
established (Figure 2B). However, while K-ATPase activity in
the MOS-treated MPI remained largely stagnant across the
oxidant concentrations, the enzyme activity in both HRGS and
LOS systems continued to drop as the oxidant concentration
was raised (>1.0 mM H2O2 for HRGS and>0.05 mM linoleic
acid for LOS).

Protein Carbonyls. The content of protein or protein-bound
carbonyls in MOS and LOS generally increased with increasing
oxidant concentrations (Figure 3). However, the carbonyl
content in HRGS abruptly increased with H2O2 up to 1.0 mM
and then gradually decreased, probably due to interaction with
available electron-dense groups (e.g.,-NH2) in the protein
solution. The results indicated that the rate of HRGS-induced
protein oxidation was higher and the reaction was more potent
than in both MOS and LOS systems.

DSC. Figure 4 illustrates representative thermograms of
myofibrillar proteins exposed to different oxidizing conditions.
Nonoxidized MPI exhibited a main endothermic transition peak
(Tm ) 66.5°C), which can be attributed mostly to myosin tail
(light meromyosin or rod) denaturation (30), and a minor

Table 1. Fatty Acid Profile in Pork MPIs

fatty acid relative quantity (%)

myristic acid (C14:0) 3.1 ± 0.5a

palmitic acid (C16:0) 37.9 ± 1.5
palmitoleic acid (C16:1) 1.8 ± 0.2
stearic acid (C18:0) 20.8 ± 0.7
oleic acid (C18:1) 28.9 ± 2.1
linoleic acid (C18:2) 5.5 ± 0.7
linolenic acid (C18:3) 0.7 ± 0.0
arachidic acid (C20:0) 1.3 ± 0.2

a Standard error of the mean.

Figure 1. Formation of TBARS in pork MPI after 24 h of incubation in
three oxidizing systems. For the letters a−f, means (three replications)
without a common letter within the same oxidizing system differ significantly
(P < 0.05).
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transition at about 78°C, which may be assigned to actin (31).
The endortherm of myosin head (heavy meromyosin), which
appeared in the 54-60°C temperature zone, was not well-
resolved. Low concentrations of HRGS and MOS tended to
enhance the protein stability (increase inTm) while LOS tended
to destabilize it (Table 2). The treatment with 0.1 mM
metmyoglobin resulted in the greatestTm value (68.3°C) while
that with 1.0 mM linoleic acid gave rise to the least stable protein
(Tm ) 64.9 °C; P < 0.05).

The ∆H results varied considerably, and no clear oxidant
effect could be established. Although nonsignificant (P > 0.05),
the apparent reductions in the heat of transition for HRGS-
treated MPI samples appeared to be greater than those for the
LOS or MOS treatments.

Cross-Linking of Myosin Heavy Chains.One of the main
consequences of protein oxidation is the formation of protein
aggregates and, in some cases, also protein fragments. The
electrophoretic patterns of the MPI samples with the reducing
compound 2-mercaptoethanol manifested no loss in myosin
heavy chain band in all three oxidizing matrices (results not
shown). However, the band intensity of myosin heavy chain in
MPI samples without the reducing compound decreased at high
concentrations of oxidants, which was most noticeable for the
HRGS treatment (Figure 5). Concomitantly, some high mo-

lecular weight polymers (protein aggregates), which stacked on
the top of the resolving gel, were produced. Although peptide
bond cleavage can occur in oxidatively stressed proteins, there
were no detectable protein fragments in all three oxidizing
systems. The results indicated that oxidation caused cross-linking
in MHC through disulfide bonds, but the extent of such cross-
linking was oxidant dose-dependent and specific to each
oxidizing system.

By comparing the changes in carbonyls and the SDS-PAGE
patterns of MPI exposed to the three oxidizing systems, it was
noticed that the concentrations of H2O2 (0.5-1.0 mM) in HRGS,
around which the carbonyl content started to decline, coincided
with those for the MHC band loss. In both LOS- and MOS-
treated samples, however, the carbonyl content did not decrease
over the respective oxidant concentration ranges and the MHC
loss was also less pronounced. It appeared that carbonyls were
involved in protein-protein interactions; that is, the loss of

Figure 2. Myosin Ca-ATPase (A) and K-ATPase (B) activities in pork
MPI after 24 h of incubation in three oxidizing systems. For the letters
a−c, means (three replications) without a common letter within the same
oxidizing system differ significantly (P < 0.05).

Figure 3. Concentration of protein carbonyls in pork MPI after 24 h of
incubation in three oxidizing systems. For the letters a−c, means (three
replications) without a common letter within the same oxidizing system
differ significantly (P < 0.05).

Figure 4. Representative differential scanning calorimetric curves of pork
MPI after 24 h of incubation in three oxidizing systems.
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myosin would not occur until protein carbonyl concentration/
protein oxidation reached a certain high level.

DISCUSSION

Lipid-derived reactive oxygen species, such as peroxyl
radicals (•OOR), are potential initiators of protein oxidation.
Although the peroxide value (PV) in oxidized MPI could not
be accurately quantified in our preliminary trials due to the
extremely low lipid content in the samples and limited sensitivity
of the PV testing method, the TBARS level was nevertheless
readily determined to indicate the potential role of lipid-derived
reactive species. The relatively low-level production of second-
ary products (e.g., MDA) in LOS-treated MPIs than in HRGS-
treated MPIs suggested that the enzyme lipoxidase was probably
inefficient in producing hydroperoxides under low-temperature
meat-processing conditions. On the other hand, the nonenzy-
matic HRGS and MOS oxidative processes were less temper-
ature-dependent in the production of reactive oxygen species
from residual lipid in MPI.

The MPI samples in this study were not prepared from a
constant storage time although all muscle samples were vacuum-
packaged prior to freezing. Hence, there was a possibility that
some endogenous protein oxidation might have occurred prior
to the MPI analysis, contributing to the small variations in the
measures of control samples. For example, the means and the
standard deviations of the values in control samples were 0.75
( 0.15µmol phosphate/mg protein/10 min (Ca-ATPase), 0.24
( 0.04 µmol phosphate/mg protein/10 min (K-ATPase), 1.23
( 0.24µmol/g protein (protein carbonyl), and 0.26( 0.07 mg/
kg protein (TBARS). A more accurate assessment of the changes
induced by the oxidants would have been made with prerigor
muscle samples.

Most of the TBARS, measured with the distillation method,
were assumed to originate from the small amounts of lipids
(linoleic and linolenic acids) contained in the MPI samples.
However, it is recognized that the specificity of the TBA test
is somewhat low, and a variety of TBARS could be generated
from other chemical compounds in oxidatively stressed biologi-
cal samples including proteins. Thus, the TBARS determined
in this study may not entirely be from lipid oxidation in the
myofibril pellet.

The Ca- and K-ATPase activities are affected by modification
of two active sulfhydryl groups located at the active site in the
myosin head (32); hence, both could be used as indexes of
oxidation and for the monitoring of myosin structural changes
leading to denaturation (33). In our previous study (12), the
Ca-ATPase activity in hydroxyl radical-oxidized chicken myo-

fibrils increased sharply at low H2O2 concentrations, followed
by gradual reductions. However, the K-ATPase activity con-
tinued to decrease with increasing oxidant concentrations.
Studies with carp muscle also showed that the addition of low
concentrations of photooxidized methyl oleate (34) or peroxi-
dized triacylglycerols (35) increased myofibrillar Ca-ATPase
activity. However, the K-ATPase activity was reduced steadily
by both oxidants over a broad concentration range. Wang et al.
(20) reported that myosin Ca-ATPase activity in isolated fresh
beef heart myofibrils was closely related to the sulfhydryl
content, but in frozen myofibril samples, it was closely related
to the exposure of hydrophobic amino acid residues.

Our present results were in general agreement with these
previous findings and demonstrated a complex structural
susceptibility of the enzymic myosin head to the three oxidizing
matrices investigated. While there was no clear pattern in
oxidant specificity, most of the protein structural alterations
appeared to occur when MPI was exposed to low concentrations
of oxidants that produced active oxygen species, e.g.,•OH in
HRGS and •OOC in oxidized linoleic acid. Under in situ
conditions, all three oxidizing matrices could contribute to the
overall Ca-ATPase and K-ATPase changes.

The increase in protein carbonyls is one of the key biochemi-
cal changes that occur during protein oxidation. Protein-bound
carbonyls can be derived from direct oxidative attack on amino
acid side chains, fragmentation of the peptide backbone, and
oxidized ascorbate and lipids (36). An enhanced rate of protein
oxidation by the presence of ascorbic acid is due to ascorbate-
driven redox cycling of metal ions (Fe2+, Cu2+, etc.). Metal-
catalyzed formation of active oxygen species (i.e.,•OH) in the
presence of ascorbate was responsible for the conversion of
some amino acid residues to carbonyl derivatives (28). Levine
et al. (28) reported that carbonyl content in iron-oxidized
proteins increased in the presence of ascorbic acid. Beef cardiac
muscle myofibrillar protein prepared in the presence of ascorbate
has been shown to markedly increase protein-bound carbonyls
(37). A similar finding with bovine skeletal muscle was also
reported (10).

The role of oxidized lipids in the initiation of protein oxidation
in muscle foods has been subjected to considerable debate.
Stadtman and Oliver (8) showed that site-specific modification
of proteins, a common consequence of metal-catalyzed reaction
in cells, was independent of lipids. However, oxidation of beef
muscle protein was found to coincide with lipid oxidation (37).
Li and King (38) postulated that myosin denaturation in dark
chicken muscle was influenced mainly by lipid oxidation rather
than by direct metal-catalyzed site-specific oxidation. On the
other hand, the experimental evidence presented by Liu and
Xiong (39) suggested that carbonyl contents in oxidized chicken
breast and leg myofibrillar proteins were minimally affected
by lipid oxidation. Consistent with this observation, Davies and
Goldberg (40) demonstrated that protein degradation and lipid
peroxidation in rabbit erythrocytes exposed to different radical-
generating systems at 37°C were independent events, noting
that protein degradation occurred approximately 2 h earlier as
compared to lipid peroxidation. Therefore, it appears that the
environment (muscle types, animal species, etc.) within which
protein and lipid oxidation occur has a major influence on the
“coupling” of the two oxidative processes.

Results from the present study further demonstrated that lipid
and protein oxidation may be related in one oxidizing system
but not in another. In particular, the amounts of TBARS and of
protein carbonyls were apparently related in HRGS and LOS
but not in MOS. In HRGS, TBARS and protein carbonyls were

Table 2. Temperature Maxima (Tm) and Enthalpy Changes (∆H) for
the Denaturation of Myosin Tail in MPI Exposed to Three Oxidizing
Systemsa

treatment concentration Tm (°C) ∆H (J/g)

control 66.5 ± 0.8 ab 68.0 ± 5.3
HRGS 0.1 mM H2O2 67.1 ± 0.0 ab 49.6 ± 20.9

1.0 mM H2O2 67.9 ± 0.8 ab 58.1 ± 17.3
5.0 mM H2O2 66.3 ± 0.6 ab 43.9 ± 18.1

LOS 0.1 mM linoleic acid 65.1 ± 0.9 ab 71.9 ± 31.5
1.0 mM linoleci acid 64.9 ± 0.2 b 69.1 ± 19.9
5.0 mM linoleic acid 65.4 ± 0.3 ab 55.8 ± 25.0

MOS 0.05 mM metmyoglobin 66.8 ± 1.3 ab 59.5 ± 19.4
0.1 mM metmyoglobin 68.3 ± 1.4 a 60.3 ± 30.5
0.5 mM metmyoglobin 67.8 ± 0.2 ab 55.0 ± 11.4

a Means (± standard errors) without a common letter differ significantly (P <
0.05).
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continuously generated (P < 0.05), but beyond a certain oxidant
concentration level, both declined. The reduction (or depletion)
corresponded also to the loss of the myosin heavy chain,
suggesting the possibility that protein carbonyls and protein-
bound carbonyls (from MDA, dehydroascorbate, etc.) might
have reacted with free amino groups leading to cross-linked
myosin polymers and protein aggregates (36, 38, 41). In LOS,
both protein carbonyls and TBARS were continuously generated
upon the fatty acid addition (P < 0.05), and in MOS, the
continuous production of protein carbonyls was accompanied
by the depletion of TBARS. Consistent with the carbonyl and
TBARS production, the extent of∆H reduction in HRGS-treated
MPI tended to be greater (albeit nonsignificant) than those in
LOS and MOS. This may be because in HRGS, active oxygen
species could be readily generated and transferred to proteins
via the Fe2+-protein complex. Presumably, generation and
dispersion of active oxygen species in HRGS were faster
because of the complete system for ascorbate-driven redox
cycling, whereas without ascorbate and H2O2 (for MOS and
LOS) or with a low incubation temperature (for LOS), the
production and dispersion of active oxygen species were slow.

It is worth noting that many of the protein oxidation studies
were conducted at ambient or higher temperatures; therefore,
the results may be of little relevance to meat processing. The
current study demonstrating different potencies of three oxidiz-
ing systems was conducted at refrigerator temperatures and the
immediate oxidizing compounds were generated in situ. In a
number of previous studies that reported the effect of oxidized
lipids on ATPase activity and cross-linking of myosin in fish
myofibrillar protein, reactive oxygen species from lipid oxidation
were prepared by incubating fatty acids or fish oil at elevated
temperatures (up to 37°C) or a long period (up to 112 h) and
then mixing the oxidized lipids with myofibrillar protein to
initiate protein oxidation (34,35). Kanner and Harel (42,43)
and Gatellier et al. (44) reported that H2O2-activated metmyo-
globin, which may involve a ferryl [iron (IV)-oxo] species and
protein radicals, induced lipid oxidation. However, the enhanced
rate of the lipid peroxidation was observed by incubation of
lipid/metmyoglobin/H2O2 at 37°C.

In conclusion, the results from this study demonstrated that
biochemical changes in oxidized MPI were dependent upon the
specific oxidizing systems. The changes were nonlinear and
abrupt at low concentrations of oxidants but became more or

less linear at higher concentrations, indicating a saturation status.
Among the three oxidizing systems investigated, the impact of
a HRGS appeared to be the most potent. This research was a
further contribution to the understanding of the mechanisms of
protein oxidation occurring in the complex muscle food systems.
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