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The effect of selected phenolic compounds, namely, gallic acid, chlorogenic acid, genistein,

catechin, cyanidin-3-glucoside and rutin, on the formation of specific protein carbonyls, R-amino-

adipic and γ-glutamic semialdehydes (AAS and GGS, respectively), from oxidized myofibrillar

proteins, was studied in the present article. Suspensions containing myofibrillar proteins (20 mg/

mL) and the aforementioned phenolic compounds (1 mM) were oxidized (37 �C for 20 days) in the

presence of copper acetate, iron (FeCl3), or myoglobin (10 μM) in combination with 1 mM H2O2 and

analyzed for AAS and GGS using liquid chromatography-electrospray ionization-mass spectro-

metry (LC-ESI-MS). Suspensions with added R-tocopherol (1 mM) and a control group (with no

phenolic compound) were also considered. In the presence of copper, the R-tocopherol and most

phenolic compounds significantly inhibited the formation of AAS and GGS. In iron- and myoglobin-

oxidized suspensions, however, some of those phenolic compounds (i.e., chlorogenic acid and

genistein) promoted the formation of the semialdehydes. Besides the influence of the oxidation

promoters, the overall effect of plant phenolics on protein oxidation is likely affected by the chemical

structure of the phenolics and the result of the interactions between these compounds and

myofibrillar proteins. Plausible mechanisms for the antioxidant and pro-oxidant effects of plant

phenolics on myofibrillar proteins are proposed in the present article. This study highlights the

complexity of redox reactions between plant phenolics and oxidizing myofibrillar proteins.
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INTRODUCTION

The role of food proteins as targets for reactive-oxygen species
(ROS) has been ignored for decades. Protein oxidation is,
currently, one of the most relevant and innovative issues of study
within the food chemistry field. Lately, numerous studies have
focused on the occurrence and consequences of protein oxidation
inmeat andmeat products (1-5).Nevertheless, further studies on
this issue are required as the precise mechanisms involved in the
oxidative degradation of muscle proteins and the fate of parti-
cular amino acids during handling, processing, and storage of
muscle foods are poorly understood. In order to comprehend
these complex mechanisms in muscle foods, it is essential to fully
understand the basic chemistry of protein oxidation and to
employ highly sensitive and specific methodologies. Recently,
an advanced technique for the accurate detection of particular
protein oxidation products, R-aminoadipic and γ-glutamic acid
semialdehydes, (AAS andGGS, respectively) has been developed
by using liquid chromatography-electrospray ionization-mass
spectrometry (LC-ESI-MS) (6). AAS is the main oxidation

product from lysine, while GGS derives from the oxidative
degradation of arginine and proline (7). These compounds have
been highlighted as reliable protein oxidation markers (6) and
have been found in considerably high levels in different meat
products (5). Nevertheless, the mechanisms involved in the
formation of these semialdehydes in muscle foods are poorly
understood. Both semialdehydes are known to be formed in the
presence of glucose, various transition metals, and hydrogen
peroxide (6-8). The metal-catalyzed oxidation of proteins as
well as the Maillard reaction might be the main formation routes
of AAS and GGS in biological samples (7, 8). In meat systems,
myoglobin (Mb) and nonheme iron play a major role in generat-
ing ROS and, therefore, in promoting lipid oxidation (9). How-
ever, the ability of these oxidation promoters to initiate the
oxidation of myofibrillar proteins and promote the formation
of these specific protein oxidation products is unknown.

Plant phenolics are bioactive compounds of increasing interest
among food technologists and consumers. Flavonoids and phe-
nolic acids are known to display antioxidant, anti-inflammatory,
and antimicrobial properties (10). Diets enriched in flavonoid-
containing foods are associatedwith reduced incidence of various
cancer types, with the flavonoids being considered to play a
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relevant health-protecting role (10). The belief that these natural
substances provide an enhanced healthy value to functional food
products has led to a considerable increase of health claims in
foods containing phenolic-rich plant materials. However, these
compounds can alsodisplay, under particular circumstances, pro-
oxidant effects in food systems. As a result of that pro-oxidant
action, phenolic compounds and other bioactive compounds (i.e.,
vitamins) have been found to exhibit, under particular circum-
stances, harmful effects leading to an increased risk of suffering
coronary heart diseases, stroke, and cancer (10). The protective
role of phenolic compounds against myofibrillar protein oxida-
tion has been scarcely studied. In a previous paper, we reported
the effect of selected phenolic compounds on protein oxidation
assessed by means of fluorescence spectroscopy (11). Whereas
both antioxidant and pro-oxidant effects were reported in that
paper, the specific chemical mechanisms of interaction between
phenolic compounds, myofibrillar proteins, and other compo-
nents of the oxidative reactions (i.e., metals) remain unknown.
The recently developed LC-ESI-MS method for the detection of
AAS andGGS in oxidizedmyofibrillar proteins enables the study
of the chemical insight of these interactions andmechanisms. The
present study is devoted to studying the effect of selected phenolic
compounds, namely, gallic acid, chlorogenic acid, genistein,
catechin, cyanidin-3-glucoside, and rutin, on the formation of
AAS and GGS from myofibrillar proteins oxidized in the pre-
sence of copper (Cu2þ), iron (Fe3þ), and myoglobin.

MATERIALS AND METHODS

Material. Cyanidin-3-glucoside, caffeoylquinic acid (chlorogenic
acid), catechin, rutin, and genistein were purchased from Extrasynthese
(Lyon, France), gallic acid was obtained from Sigma Aldrich (Steinheim,
Germany), and R-tocopherol was from Merck (Darmstadt, Germany).
The structures of the phenolic compounds used in the present study are
shown in Figure 1. Myoglobin from equine skeletal muscle was purchased
from Sigma Aldrich (Steinheim, Germany). All other chemicals were
supplied by J.T. Baker (Deventer, Holland), Riedel de-H€aen (Seelze,
Germany), and Sigma Aldrich (Steinheim, Germany). All chemicals were
of analytical grade except for HPLC-grade methanol. The water used was
purified by passage through a Milli-Q system (Millipore Corp., Bedford,
MA). Porcine longissimus dorsi muscle was purchased in local super-
markets in Helsinki. Myofibrillar proteins were isolated and purified from
porcine muscles according to a method described elsewhere (12). Egg shell
membrane was isolated from fresh white leghorn hen eggs, thoroughly

washed with distilled water, cut into small pieces (5 mm � 5 mm), and
finally dried with filter paper before use.

Preparation and in Vitro Oxidation of Protein Suspensions.

Myofibrillar proteins were suspended (20mg/mL) in 15mMPIPES buffer
(pH 6) containing 0.6 M sodium chloride. Eight different suspensions
(30 mL) were prepared depending on the addition of selected phenolic
compounds (1 mM), gallic acid, chlorogenic acid, genistein, catechin,
cyanidin-3-glucoside, and rutin, including suspensions with R-tocopherol
and a control group (with no phenolic compound). All suspensions were
prepared in triplicate in sealed vials and oxidized using three different
oxidation promoters, copper acetate, iron (FeCl3), or myoglobin (10 μM),
in combination with 1 mMH2O2. During the in vitro oxidation, we stirred
suspensions constantly and kept them in an oven at 37 �C for 20 days.
Sampling was carried out at days 1, 4, 10, 15, and 20 for analyses.

Determination of Total Carbonyls by the DNPH Method. Total
protein carbonyls were quantified in protein suspensions at sampling times
according to the method described by Butterfield and Stadtman (13) with
minor modifications. An aliquot (100 μL) of protein suspensions was
dispensed in 2 mL Eppendorf tubes. Proteins were precipitated by cold
10% TCA (1 mL) and subsequent centrifugation for 5 min at 5000 rpm.
One pellet was treated with 1 mL of 2 M HCl (protein concentration
measurement) and the otherwith an equal volumeof 0.2%(w/v)DNPHin
2 M HCl (carbonyl concentration measurement). Both samples were
incubated for 1 h at room temperature. Afterward, samples were pre-
cipitated by 10% TCA (0.8 mL) and washed twice with 1 mL of ethanol/
ethyl acetate (1:1, v/v) to remove excess DNPH. The pellets were then
dissolved in 2 mL of 6 M guanidine HCl in 20 mM sodium phosphate
buffer at pH 6.5, stirred, and centrifuged for 2 min at 5000 rpm to remove
insoluble fragments. Protein concentration was calculated from absorp-
tion at 280 nm using BSA as the standard. The amount of carbonyls was
expressed as nmol of carbonyl per mg of protein using an absorption
coefficient of 21.0 nM-1 cm-1 at 370 nm for protein hydrazones. The
overall effect of added phenolics and R-tocopherol on the total amount of
protein carbonylswas calculated as follows: [(C15-T15)/C15]� 100,where
C15 is the total carbonyl content in the control sample at day 15, and T15 is
the carbonyl content in the treated sample at day 15. Positive values (C15

>T15) should be interpreted as percent inhibition against the formation of
protein carbonyls, while negative values (C15 < T15) denote pro-oxidant
activity and should be interpreted as percent promotion in the formation
of protein carbonyls.

Synthesis of AAS-ABA and GGS-ABA. N-Acetyl-L-AAS and N-
acetyl-L-GGS were synthesized from NR-acetyl-L-lysine and NR-acetyl-L-
ornithine using lysyl oxidase activity from egg shell membrane following
the procedure described byAkagawa et al. (14). Briefly, 10mMNR-acetyl-
L-lysine and 10 mM NR-acetyl-L-ornithine were independently incubated
with constant stirring with 5 g of egg shell membrane in 50 mL of 20 mM

Figure 1. Chemical structures of phenolic compounds tested in the present study.
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sodium phosphate buffer (pH 9.0) at 37 �C for 24 h. The egg shell
membrane was then removed by centrifugation and the pH of the solution
adjusted to 6.0 using 1 M HCl. The resulting aldehydes were reductively
aminated with 3 mmol p-aminobenzoic acid (ABA) in the presence of
4.5 mmol sodium cyanoborohydride (NaCNBH3) at 37 �C for 2 h with
stirring. Then, ABA derivatives were hydrolyzed by 50mL of 12MHCl at
110 �C for 10 h. The hydrolysates were evaporated at 40 �C in vacuo to
dryness. The resulting AAS-ABA and GGS-ABA were purified by using
silica gel column chromatography and ethyl acetate/acetic acid/water
(20:2:1, v/v/v) as the elution solvent.

Derivatization and Acid Hydrolysis of Oxidized Proteins. Oxi-
dized proteins were prepared for LC analysis according to the procedure
described byAkagawa et al. (14,15) withminormodifications as described
in Estévez et al. (6). At sampling times, an aliquot (200 μL) of protein
suspension was dispensed in 2 mL Eppendorf tubes. Proteins were
precipitated with 2 mL of cold 10% TCA and subsequent centrifugation
at 2000 rpm for 30min. The resulting pellets were treated again with 2 mL
of cold 5%TCAandproteins precipitated after centrifugation at 5000 rpm
for 5 min. Pellets were then treated with 0.5 mL of 250 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer at pH 6.0 containing 1%
sodium dodecyl sulfate (SDS) and 1 mM diethylenetriaminepentaacetic
acid (DTPA), 0.5 mL of 50 mM ABA in 250 mM MES buffer at pH 6.0
and 0.25mLof 100mMNaCNBH3 in 250mMMESbuffer at pH6.0. The
derivatization was completed by allowing the mixture to react for 90 min,
while tubes were immersed in a water bath at 37 �C and stirred regularly.
All solutions employed for the derivatization procedure were freshlymade
at sampling days. The derivatization reaction was stopped by adding
0.5 mL of cold 50% TCA followed by centrifugation at 5000 rpm for
5min. Pellets were thenwashed twice with 1mL of 10%TCA and 1mL of
ethanol-diethyl ether (1:1, v/v). Centrifugations at 5000 rpm for 5minwere
performed after each washing step. Protein hydrolysis was performed at
110 �C for 18 h in the presence of 6MHCl.Hydrolysateswere finally dried
in vacuo at 40 �C using a rotaevaporator. Hydrolysates were finally
reconstituted with 200 μL of Milli-Q water and filtered through hydro-
philic polypropyleneGHPolypro (GHP) syringe filters (0.45 μmpore size,
Pall Corporation, USA) for LC analysis.

Detection of AAS-ABA and GGS-ABA by LC-ESI-MS. Deriva-
tized semialdehydes were subjected to LC separation and MS analysis in
accordance with Estévez et al. (6). Samples (2 μL) were injected into an
Agilent 1100 seriesHPLC (Agilent Technologies, PaloAlto,CA) equipped
with a Luna reversed-phase (RP) column (5 μm C18 II column, 150 �
1.00 mm i.d., Phenomenex Torrance, CA, USA) eluted at a flow rate of
50 μL/min with isocratic water/2.5% acetic acid (solvent A; 95%) and
methanol/2.5% acetic acid (solvent B; 5%). The columnwas operated at a
constant temperature of 30 �C. Standards (0.2 μL) were run and analyzed
under the same conditions.

Mass spectrometric analysis was carried out in the positive ionmode on
an Esquire-LC quadrupole ion trap mass spectrometer equipped with an
ESI interface (Bruker Daltonics, Bremen, Germany) and LC-MSD Trap
software, version 5.2 (Bruker Daltonics). MSn methods were carried out
for identification purposes and optimized for AAS-ABA and GGS-ABA.
Capillary voltage was 3500 V, capillary exit offset 25 V, and skimmer
potential 15 V, and the trap drive value was 36. Conventional ESI-MS
data were recorded using a scan range of 100-700 m/z. Nebulizer
(nitrogen) pressure was 50 psi, dry gas (nitrogen) flow 8 L/min, and dry
temperature 300 �C. MS2 and MS3 were subsequently carried out for
molecules of interest and recorded using helium (99.996%) as the collision
gas. The peaks corresponding to the protonated AAS-ABA and GGS-
ABA were manually integrated from selected ion chromatograms and the
resulting areas used as arbitrary indicators of the abundance of both
semialdehydes. Results are expressed as arbitrary area units (AU). The
overall effect of added phenolics and R-tocopherol on the formation of
semialdehydes was calculated as aforementioned for the total amount of
protein carbonyls.

Data Analysis.All types of suspensions weremade in duplicate in two
independent experiments, and all analyses were made in triplicate (n= 6).
Data obtained from instrumental analysis were used as variables and
computed in an analysis of variance using SPSS for Windows ver. 6.1 in
order to detect differences between protein suspensions for the formation
of protein hydrazones and protein semialdehydes. Tukey’s tests were
performed as posthoc analysis in order to compare themeans derived from

suspensions with different added phenolics and oxidation promoters.
Statistical significance was set at p < 0.05.

RESULTS AND DISCUSSION

The MS signal for AAS and GGS increased in protein
suspensions throughout the oxidation assay (Figure 2). The
present results suggest that lysine, proline, and/or arginine from
myofibrillar proteins are oxidized in the presence of Cu2þ, Fe3þ,
and Mb in combination with H2O2 to yield AAS and GGS. The
curves obtained for the progress of the semialdehydes during the
oxidation assay (Figure 2A andB) are fairly comparablewith that
obtained for the total amount of protein carbonyls using the
DNPH method (Figure 2C). AAS and GGS have been high-
lighted as the main protein carbonyls in biological samples and
comprise around 70% of total carbonyl compounds in BSA
subjected tometal catalyzed oxidation (7). The results obtained in
this study, including the high and significant correlations found
between DNPH measurements and GGS (0.94; p < 0.001) and
AAS (0.95; p< 0.001), support the fact that both semialdehydes
could be highly representative of the total amount of carbonyl
compounds formed during metal catalyzed oxidation of myo-
fibrillar proteins. The consistency between the results from the
DNPH method and the LC-MS data was not observed by
Armenteros et al. (5) who observed an overestimation of the
total carbonyl content by the DNPH method in meat products
with high lipid content. The evolution of the protein carbonyls
and both semialdehydes in protein suspensions is consistent with
the trends observed in a previous study (6). The highest concen-
tration of protein oxidation products in suspensions was found at
day 15, while a noticeable decrease was observed after that point.
The involvement of the semialdehydes in further reactions would
explain the loss of semialdehydes by the end of the pro-oxidant
storage. In fact, recent scientific data supports the Strecker-type
reaction among the carbonyl group fromAAS andGGS and free
amines (16).

Copper, Iron, and Myoglobin as Promoters of Protein Carbonyl

Formation. Copper (Cu2þ), iron (Fe3þ), and Mb displayed
different abilities to promote the oxidation of myofibrillar pro-
teins. Suspensions oxidized with Cu2þ had significantly higher
amounts of AAS, GGS, and total protein carbonyls than suspen-
sions oxidized with Mb or Fe3þ (Figure 2). Suspensions with
added Mb had significantly higher amounts of GGS and total
protein carbonyls than those oxidized in the presence of Fe3þ. In
general, Cu2þ displayed the most intense pro-oxidant action
toward the formation of carbonyl compounds from myofibrillar
proteins followed by Mb and Fe3þ. Copper ions have been
previously described as efficient initiators of protein oxidation
in live tissues and food proteins (15, 17, 18). The pro-oxidant
effect of Cu2þ on food proteins has been principally regarded in
the promotion of tryptophan depletion and gain of fluorescent
Schiff bases (12, 18). According to the results from the present
study, Cu2þ also plays a relevant role as promoter of protein
carbonyl formation.Reactive-oxygen species (ROS) formed from
the reaction among metal ions and oxygen and/or H2O2 would
initiate the oxidative degradation of amino acids (Figure 3). The
formation of AAS and GGS involves an eventual oxidative
deamination of the amino acid residues in the presence of metal
ions such as Cu2þ and Fe3þ (19). The resulting reduced forms of
these metal ions, Cuþ and Fe2þ, respectively, could have reacted
with H2O2 to generate hydroxyl radicals through the Fenton
reaction. The hydroxyl radicals perpetuate the oxidative reactions
by abstracting a susceptible hydrogen atom from a neighboring
amino acid side chain (Figure 3). As a result, the combination of
transition metals with H2O2 results in a highly effective pro-
oxidant system for generating protein semialdehydes. According
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to the results obtained, copper ions are more efficient than their
iron counterparts in promoting the formation of AAS and GGS.
In contrast to iron, copper is able to bind to specific binding sites
in proteins such as collagen, leading to enhanced pro-oxidant
activity (20).Hawkins andDavies (20) ascribed to thismechanism
the higher and more specific pro-oxidant effect of Cu2þ/H2O2 on
collagen compared to that exerted byFe2þ/H2O2.Knott et al. (21)
referred to this mechanism to explain the pro-oxidant effect of
copper ions toward lipids and proteins in low-density lipopro-
teins. As described for collagen and lipoproteins, it is plausible to
consider that copper ions could have found binding sites in
myofibrillar proteins from which the ions exerted an enhanced

pro-oxidant action. Whereas this proposed mechanism requires
further confirmation, it would explain the higher amounts of
protein carbonyls in suspensions oxidized in the presence of
Cu2þ/H2O2 compared to those oxidizedbyFe2þ/H2O2.However,
copper ions are minor components of muscles, and hence, the
relative importance of these transition metals as oxidation pro-
moters in meat products might not be as relevant as the role
played by iron and Mb. In fact, heme and nonheme iron have
been traditionally considered the main lipid oxidation promoters
in meat systems (22). The pro-oxidant mechanism exerted byMb
in the present experiments may be different from those described
for metal ions. In the presence of H2O2, Mb forms hypervalent

Figure 2. Progress of AAS (A), GGS (B), and total protein carbonyls (C) during in vitro oxidation of myofibrillar proteins using copper, iron, and myoglobin.
Different letters (a-c) on the same day of the oxidation assay denote statistical differences between oxidation promoters (P < 0.05).
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species such as ferrylmyoglobin (MbFe(IV)dO) which have been
found to initiate lipid and protein oxidation (23-25). H2O2-
activatedMb is known to promote the formation of disulfide and
dityrosines cross-links (24, 25). The present results demonstrate
that this oxidation system is also involved in the formation of the
specific protein carbonyls AAS and GGS from myofibrillar
proteins. The pro-oxidant action exerted by Mb/H2O2 was more
efficient than that displayed by Fe3þ/H2O2. This observation is
consistent with that of authors who reported that the pro-
oxidative activity of Mb in muscle lipids is higher than that of
nonheme iron (22,26). However, these results contrast with those
recently reportedbyGanh~ao et al. (27) who studied the formation
of AAS and GGS in cooked and chilled burger patties. These
authors proposed that the intense formation of protein semial-
dehydes during chill storage of cooked patties was mainly caused
by the nonheme iron released from the heme molecule during
cooking. However, the effect displayed by iron and Mb in the
present model systems might not directly reflect the relative
contribution of each pro-oxidant factor toward protein oxidation
in more complex muscle foods.Whereas the relative contribution
of each iron form to protein oxidation in meat systems might
remain indefinite, both heme and nonheme iron might be highly

responsible for the formation of protein semialdehydes in meat
systems.

Effect of Phenolic Compounds on the Formation of Protein

Carbonyls. The effects of added phenolic compounds and R-
tocopherol on the formation of AAS, GGS, and total protein
carbonyls from myofibrillar proteins are shown in Tables 1,
2, and 3, respectively. Both antioxidant and pro-oxidant effects
were observed with these effects being largely affected by the
oxidizing agents, Cu2þ, Fe3þ, and Mb.

In suspensions oxidized by Cu2þ, R-tocopherol and most
phenolic compounds clearly inhibited the formation of AAS
(14-64%), GGS (14-75%), and the total protein carbonyls
(13-46%) to different extents. In general, results from theDNPH
method were in agreement with those obtained from the LC-MS
analysis of protein semialdehydes. The antioxidant activity of
plant phenolics is mainly derived from their ability to act asmetal
chelators and radical scavengers, and it is generally accepted that
hydroxyl groups attached to phenolic rings play a major role in
the antioxidant mechanism (10). Hence, plant phenolics could
have inhibited the oxidative degradation of myofibrillar proteins
in the present assay by hindering the pro-oxidant action of Cu2þ

through its chelation. The above-mentioned mechanism could be

Figure 3. Formation of AAS and GGS from protein-bound lysine and arginine by metal ions (M) and hydrogen peroxide.
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also applied to phenolics which displayed antioxidant activity in
suspensions with added Fe3þ. In addition, plant phenolics could
have contributed to protect myofibrillar proteins by scavenging
ROS eventually derived from the Fenton reaction between metal

ions and H2O2. Among phenolic compounds, rutin and chloro-
genic acid displayed the highest percent inhibition against the
formation of total protein carbonyls, and similar results were
obtained for the semialdehydes. Cyanidin-3-glucoside and genis-
tein displayed clear inhibitory effects against the formation of
protein semialdehydes, whereas catechin showed in general
significantly lower percent inhibitions. In suspensions oxidized
by Cu2þ /H2O2, gallic acid displayed an overall pro-oxidant
effect. These results contrast with those obtained in a previous
paper devoted to evaluating the effect of similar plant phenolics
against the oxidation of myofibrillar proteins in oil-in-water
emulsions (11). In that study, cyanindin-3-glucoside, gallic acid,
and genistein inhibited lipid and protein oxidation to a higher
extent than the other tested phenolics. The variation between
both studies in terms of the model system employed (oil-in-water
emulsion vs protein suspension), oxidation conditions (presence
vs absence of ascorbate), and protein oxidation measurements
(fluorescent Schiff bases vs specific protein carbonyls) would
explain the lack of consistency between the results. This observa-
tion reflects the complexity of the chemistry behind the antioxi-
dant action of plant phenolics. In fact, the overall effect displayed
by a phenolic compound in food and biological systems is known
to be affected by a variety of factors including the compo-
sition and characteristics of the substrate, the stage and inten-
sity of the oxidative reactions, and the localization of the
phenolics (28).

As mentioned before, the effect of plant phenolics was largely
affected by the oxidizing agent added to protein suspensions. The
effect of certain phenolic compounds shifted from overall anti-
oxidant to overall pro-oxidant when added to suspensions oxidi-
zed in the presence of Fe3þ and Mb. Whereas chlorogenic acid
and genistein showed inhibitory effects against carbonyl forma-
tion in suspensions with added Cu2þ, these compounds exerted
pro-oxidant actions in suspensions with added Fe3þ. In this
system, gallic acid, chlorogenic acid, and genistein promoted
the formation of AAS (27-54%), GGS (19-66%), and total
protein carbonyls (13-41%). In suspensions oxidized in the
presence of Mb, all phenolic compounds displayed overall pro-
oxidant effects. Previous studies carried out by Akagawa and
Suyama (29) and us (11) reported pro-oxidant actions for some of
the aforementioned compounds. Whereas the pro-oxidant effect
of phenolics has been profusely documented, the exact mechan-
isms are still to be fully clarified. Recently, Akagawa et al. (30)
reported that phenolics undergo an auto-oxidation process in the
presence of transition metals leading to the formation of the
corresponding quinones which are able to promote lipid and
protein oxidation. Furthermore, the same authors highlighted
that those quinone structures are cofactors in several lysyl-
oxidase enzymes and themselves might be able to display amine-
oxidase activities. According to this proposal, quinone forms of
plant phenolics could catalyze the oxidative deamination of
susceptible amino acids to form the corresponding semialde-
hydes. In the present experiments, the conversion of certain
phenolic compounds into their equivalent quinone forms could
have triggered their ability to exert the oxidative degradation of
lysine, proline, and arginine side chains and, hence, promote the
formation ofAAS andGGS.This likelymechanism is depicted in
Figure 4 and proposed as a plausible hypothesis. The activation of
the pro-oxidant potential of plant phenolics by transition metals,
described as metal-initiated pro-oxidant activity, requires the
preceding formation on the quinone form and depends upon a
number of factors including the chemical structure of the plant
phenolics and the ability of themetal ions to induce such chemical
conversion (29, 30). Both factors could have been influential in
the present experiments. Supporting the results obtained in

Table 1. Effect of Selected Phenolic Compounds and Tocopherol on the
Formation of AAS at Day 15 of the Oxidation Assay (Mean ( Standard
Deviation)a

copper iron myoglobin

mean SD mean SD mean SD

gallic acid -17.22 f,z 3.66 -26.62 d,y 3.88 13.66 b,x 3.80

cyanidin-

3-glucoside

28.56 c,x 6.34 20.03 c,y 3.32 -27.08 de,z 6.71

catechin 14.21 e,x 2.07 14.73 c,x 1.96 -33.37 e,y 5.14

chlorogenic

acid

32.39 bc,x 4.50 -30.13 d,z 4.31 -20.15 d,y 3.38

genistein 22.77 d,x 4.10 -53.75 e,z 8.00 -10.58 c,y 2.20

rutin 35.45 b,x 3.59 27.12 b,y 6.29 -26.23 de,z 6.53

tocopherol 64.93 a,x 5.26 45.25 a,y 6.66 39.03 a,y 9.30

aPositive values denote antioxidant activity (percent inhibition against AAS
formation), while negative values denote pro-oxidant activity (percent promotion of
AAS formation). Different lowercase letters (a-f) within a column denote statistical
differences between phenolics (P < 0.05). Different lowercase letters (x-z) within a
row denote statistical differences between oxidation promoters (P < 0.05).

Table 2. Effect of Selected Phenolic Compounds and Tocopherol on the
Formation of GGS at Day 15 of the Oxidation Assay (Mean ( Standard
Deviation)a

copper iron myoglobin

mean SD mean SD mean SD

gallic acid -11.51 f,y 2.20 -19.13 d,z 4.72 10.04 b,x 2.93

cyanidin-

3-glucoside

21.32 d,x 3.71 22.28 c,x 4.32 -42.02 d,y 10.64

catechin 13.90 e,y 2.50 30.03 b,x 3.31 -42.63 d,z 7.52

chlorogenic

acid

26.49 c,x 4.80 -32.90 e,z 6.48 -19.83 c,y 3.82

genistein 19.81 d,x 4.69 -65.69 f,z 5.82 -16.66 c,y 2.79

rutin 34.47 b,x 4.77 23.91 bc,y 3.71 -16.11 c,z 4.21

tocopherol 74.87 a,x 4.42 58.00 a,y 5.04 38.44 a,z 4.77

aPositive values denote antioxidant activity (percent inhibition against GGS
formation), while negative values denote pro-oxidant activity (percent promotion of
GGS formation). Different lowercase letters (a-f) within a column denote statistical
differences between phenolics (P < 0.05). Different lowercase letters (x-z) within a
row denote statistical differences between oxidation promoters (P < 0.05).

Table 3. Effect of Selected Phenolic Compounds and Tocopherol on the
Formation of Total Protein Carbonyls at Day 15 of the Oxidation Assay (Mean
( Standard Deviation)a

copper iron myoglobin

mean SD mean SD mean SD

gallic acid -10.71 d,y 2.06 -12.90 d,y 2.02 16.00 a,x 2.46

cyanidin-

3-glucoside

14.09 c,y 2.41 23.14 b,x 2.48 -16.57 b,z 2.07

catechin 13.34 c,x 0.91 10.85 c,x 2.54 -31.99 d,y 4.08

chlorogenic

acid

25.90 b,x 4.44 -22.39 e,y 5.12 -25.97 c,y 2.32

genistein 14.62 c,x 1.90 -41.47 f,z 8.35 -10.86 b,y 2.06

rutin 26.31 b,y 2.35 33.13 a,x 3.13 -14.13 b,z 4.69

tocopherol 45.67 a,x 4.56 34.74 a,y 3.13 19.28 a,z 2.89

aPositive values denote antioxidant activity (percent inhibition against protein
carbonyl formation), while negative values denote pro-oxidant activity (percent
promotion of protein carbonyl formation). Different lowercase letters (a-f) within a
column denote statistical differences between phenolics (P < 0.05). Different
lowercase letters (x-z)within a row denote statistical differences between oxidation
promoters (P < 0.05).
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suspensions with added Fe3þ, Rietjens et al. (31) reported that
phenolics with a monohydroxy configuration in the B-ring (i.e.,
genistein) are more prone to undergo auto-oxidation than the
30-40 dihydroxy configuration (found in catechin and cyanidin-
3-glucoside) and that the resulting quinone structures show
particularly intense pro-oxidant potential. Additionally, certain
oxidizing agents, namely, Fe3þ and Mb, could have been more
active than Cu2þ at converting the antioxidant hydroxyl forms
into the corresponding pro-oxidant quinone structures as several
phenolics displayed overall antioxidant effects in Cu2þ-oxidized
suspensions and overall pro-oxidant effects in suspensions oxi-
dized byFe3þ andMb. In this sense,H2O2-activatedMb is known
to be able to oxidize a large variety of flavonoids into their
corresponding quinone forms, and rutin is particularly sensitive
to this reaction (32). This is in good agreement with results
obtained in the present study as rutin only displayed an overall
pro-oxidant effect in suspensions oxidized by Mb/H2O2.

It is plausible that phenolic compounds concurrently display
both antioxidant and pro-oxidant actions as these compounds
might be present in protein suspensions in both hydroxyl and
quinone forms. The overall effect displayed by plant phenolics
might be the result of the balance between both actions which is
dependent on the activation effect of transition metals and Mb
and their own susceptibility to undergo auto-oxidation. Like this,
overall antioxidant effects displayed by certain phenolic com-
pounds such as genistein or chlorogenic acid in suspensions with
added Cu2þ would reflect that most phenolic molecules were in
the hydroxyl form which exerted antioxidant actions. The con-
version of the aforementioned phenolics into the corresponding
quinone forms would explain the overall pro-oxidant effects
displayed by genistein and chlorogenic acid in suspensions with
added Fe3þ andMb, whereas further experiments would confirm
the precise mechanism.

In all types of suspensions, R-tocopherol displayed the most
intense antioxidant activity against protein carbonyl gainwhich is
in agreement with results from previous studies (11,33). Viljanen
et al. (33) reported that R-tocopherol inhibited lipid and protein
oxidation in whey protein emulsions to a higher extent than berry
phenolics. Similarly, R-tocopherol was more efficient than selec-
ted phenolic compounds at inhibiting tryptophan depletion in
oxidized myofibrillar proteins (11). Apparently, the antioxidant
action of R-tocopherol was also affected by the addition of
different oxidation promoters with this effect being similar to
that displayed by plant phenolics. The addition of Fe3þ and Mb
diminished the effect of R-tocopherol, although this compound
never displayed pro-oxidant effects.

In summary, the present results highlight the complexity of the
mechanisms involved in the interactions between myofibrillar
proteins, plant phenolics, and oxidizing agents. The consistency
between the results obtained by the DNPH and the LC-MS
methods highlight the convenient usage of the former for asses-
sing the overall oxidation status of the proteins in a particular
food, whereas the LC-MS method should be applied whenever a
more in-depth study of the protein oxidation mechanisms is
required. Phenolic compounds can display, as redox-active com-
pounds, antioxidant and pro-oxidant effects on myofibrillar
proteins. Copper, iron, andmyoglobin could promote the forma-
tion of AAS and GGS from myofibrillar proteins by exerting,
themselves, a variety of pro-oxidant actions and by activating
the pro-oxidant activity of phenolic compounds. The usage of
phenolic compounds and phenolic-rich materials as functional
ingredients in muscle foods should be administrated carefully
since these substances could contribute pro-oxidant effects with
likely unpleasant consequences in meat quality and the consu-
mer’s health.
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(11) Estévez, M.; Kylli, P.; Puolanne, E.; Kivikari, R.; Heinonen, M.
Oxidation of skeletal muscle myofibrillar proteins in oil-in-water
emulsions: interaction with lipids and effect of selected phenolic
compounds. J. Agric. Food Chem. 2008, 56, 10933–10940.
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