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The reducing and chelating capacities and the affinity for the incorporation into the fish muscle of
grape procyanidins, hydroxytyrosol, and propyl gallate were studied together with their antioxidant
activity in frozen horse mackerel (Trauchurus trauchurus) fillets. Fillets were supplemented with
phenolic antioxidants by (a) spraying an aqueous phenolic solution, (b) glazing with an aqueous
phenolic solution, and (c) a previous washing of fillets with water plus spraying an aqueous phenolic
solution. The effect of washing on the endogenous pro-oxidant/antioxidant balance of the fillets was
also determined. All phenolic compounds were effective delaying lipid oxidation in the fish fillets. The
order of antioxidant efficiency in spraying and glazing was propyl gallate > hydroxytyrosol >
procyanidins, which was similar to the reducing power of these phenolics, but did not show any
correlation with their chelating capacity and their affinity to the fish muscle. Washing the fillets with
water prior to spraying phenols increased synergistically the antioxidant activity of grape procyanidins
and changed the relative antioxidant efficiency to propyl gallate ≈ procyanidins > hydroxytyrosol.
This synergism may be a result of a better distribution of the procyanidins onto the fillet surface
because of the residual water that remained on the fillets surface after washing.
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INTRODUCTION

Fatty fish is a well-known nutritive food with a high
concentration of healthy n-3 polyunsatured fatty acids (PUFA),
eicosapentaenoic acid (EPA, 20:5ω-3), and docosahexaenoic
acid (DHA, 22:6ω-3), which have shown potential benefits to
human health, particularly preventing cardiovascular diseases
(1, 2). However, the storage and processing of this seafood are
limited due to the liability of its lipids to develop lipid oxidation
and therefore off-flavors associated to rancidity (3,4).

The high susceptibility of fatty fish to suffer oxidation is
mainly associated with the simultaneous presence of high
amounts of unsaturated lipids and potential activators of lipid
oxidation, such as heme pigments and metallic traces (5, 6).
Rinsing with water or washing has been employed in chilled
and frozen fish for removing heme proteins and metallic traces
(7, 8). However, endogenous hydrophilic antioxidants can be

lost in these treatments leading to a higher susceptibility of the
muscle tissue (8). Therefore, the balance between endogenous
pro-oxidants and antioxidants must be carefully controlled. Fish
tissues contain endogenous antioxidants that are able to stabilize
their high content of unsaturated lipids in vivo. In post mortem
conditions, the endogenous antioxidants are consumed sequen-
tially (4, 9), and some studies have related the loss of
endogenous antioxidants with the development of oxidative
rancidity (10-12).

In recent years, the addition of natural bioactive compounds
obtained from plants and vegetables has been employed in an
attempt to improve the oxidative stability in fish muscle. Tea
catechins (13,14) and rosemary (15), olive oil (16), and ginger
extracts (17) have successfully inhibited rancidity of different
seafood. However, the lower effectiveness of natural antioxi-
dants compared to synthetic antioxidants and the requirement
of low cost production are important limitations for the practical
use of many natural compounds as antioxidant additives in
foods. In previous papers, we have reported a high antioxidant
activity for hydroxytyrosol and grape procyanidins phenolics
obtained from byproducts of olive oil and wine industry, in fish
oil emulsions, and minced fish muscle (18, 19). Additionally,
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the potential action of grape procyanidins and hydroxytyrosol
on health (20,21) is attractive for the formulation of functional
foods.

The antioxidant activity in food depends not only on the
chemical reactivity of the antioxidant (e.g., free radical scaveng-
ing and chelation) but also on factors such as the physical
location, interactions with other food components, and envi-
ronmental conditions (e.g., pH, temperature) (22). Since there
are several factors influencing the antioxidant activity together
with the complexity of muscle based food systems, the mech-
anism of action of added antioxidants continues to be unclear.
The elucidation of the antioxidant mechanisms should provide
a faster identification of effective antioxidants in muscle tissues
and an optimization of their antioxidant effectiveness.

This work is aimed to advance the knowledge of the
antioxidant mechanism of natural phenolics, grape procyanidins,
and hydroxytyrosol in frozen fish fillets. The antioxidant activity
of a synthetic antioxidant, propyl gallate, was also evaluated.
The reducing and chelating capacities of phenolics and their
affinity to link to the muscle were studied together with their
antioxidant activity in the frozen fish fillets. Phenolic antioxi-
dants were supplemented by (a) spraying the aqueous phenolic
solution, (b) glazing with the aqueous phenolic solution, and
(c) a previous washing step in water plus spraying the aqueous
phenolic solution. This last procedure attempts to combine the
removing of pro-oxidants substances, such as hemoglobin and
metallic traces, with a later application of the phenolic com-
pounds. Changes in the endogenous pro-oxidant/antioxidant
balance as a result of washing fillets were also determined. The
antioxidant activity of the phenolics was evaluated by means
of the peroxide and TBARS values, sensory analysis, and their
ability to maintain the levels of endogenousR-tocopherol and
total glutathione.

MATERIALS AND METHODS

Materials. A total of 60 kg of fresh Atlantic horse mackerel
(Trachurus trachurus), 180-200 fish, were supplied by a local market.
Grape procyanidins were isolated from grape (VitisVinifera) pomace
by application of Toyopearl chromatography, a size-exclusion chro-
matography in Toyopearl, on the total phenolic fraction soluble in

ethanol and ethyl acetate, as described by Torres et al. (23). Grape
procyanidins employed contained a mixture of oligomers of catechins
with mean polymerization and galloylation degrees of 2.7 units and
25%, respectively.Scheme 1shows the chemical structure of a
procyanidin with four units, indicating the common positions for the
esterification with the gallate group. Hydroxytyrosol (Scheme 1) was
kindly provided by the Instituto de la Grasa (CSIC, Sevilla). Propyl
gallate, ferrozine, bovine hemoglobin, FeCl2‚4H2O, and FeCl3‚6H2O
were supplied by Sigma (St. Louis, MO). 2,4,6-Tri(2-pyridyl)-s-triazine
(TPTZ) was obtained from Fluka (New-Ulm, Swizerland). All chemi-
cals and solvents used were either analytical or HPLC grade (Ridel-
Haën, Seelze, Germany).

Reducing Power of the Phenolic Compounds.The FRAP (ferric
reducing/antioxidant power) method, which measures the reducing
capacity as the ability for reducing Fe(III) to Fe(II), was used by
adaptation of Benzie and Strain’s procedure (24). The FRAP reagent
was prepared daily by mixing 300 mM acetate buffer (pH 3.6), 10 mM
TPTZ, and 20 mM ferric chloride, in the ratio 10:1:1, respectively.
TPTZ solution was prepared in 40 mM HCl. A total of 1.5 mL of
FRAP reagent was incubated for 10 min at 37°C. Then, 150µL of
water and 50µL of phenolic solution (4-200 mg/L) were added, and
the absorbance was measured at 593 nm after 4 min. The standard
curve was built with ferrous chloride. The number of donated electrons
was calculated from the slopes of the lineal adjustments between the
phenolic concentration and the FRAP activity.

Chelating Activity of the Phenolic Compounds.The capacity of
the phenols for chelating ferrous iron was determined using an
adaptation of Kolayli et al.’s (25) procedure. A total of 0.2 mL of
phenolic solution (4-400 mg/L) was mixed with 1.2 mL of 0.12 M
KCl, 5 mM L-histidine solution (pH 6.8), and 0.2 mL of 0.2 mM ferrous
chloride. Then, 0.4 mL of 1 mM ferrozine was added, and the samples
were incubated at room temperature for 10 min. Then, the absorbance
at 560 nm was measured, and the chelating capacity was calculated
according to the following equation:

where A0 represents the absorbance of the blank without phenolic
compounds,A1 represents the absorbance of the sample with phenolic
compound, andA2 is the absorbance of the blank composed by phenolic
compound and the ferrous iron, which removes the interferences
generated by phenol-Fe(II) complex. EDTA was employed as standard.

Scheme 1. Structures of Phenolic Compounds Applied on Horse Mackerel Fillets

chelating capacity (%))
A0 - (A1 - A2)

A0
× 100
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Affinity of the Phenolics for the Fish Muscle. A total of 1 g of
horse mackerel minced light muscle was mixed with 1 mL of an
aqueous phenolic solution (approximately 1 mg/mL) by vigorously
vortexing for 1 min. The samples were centrifuged, and the phenolic
concentration was determined in the aqueous phase by the Folin-
Ciocalteu method (26). To avoid interferences with fish proteins, they
were removed before phenolic quantification by precipitation with freeze
saturated ammonium sulfate solution. Affinity of phenolics for the fish
muscle was calculated by the difference between the phenolic concen-
tration before and after the addition of fish muscle. The samples were
prepared by duplicate.

Fillets Supplemented with Phenolics.Grape procyanidins, hy-
droxytyrosol, and propyl gallate were applied on horse mackerel skin-
on fillets (20-25 g) using three different procedures: spraying, glazing,
and washing plus spraying.

Spraying. A total of 0.5 mL of an aqueous phenolic solution (5 mg/
mL) was sprayed on the flesh side of each fillet. Then, fillets were
held during 15-30 min to allow the diffusion of the phenolic solution
in the flesh before freezing.

Glazing. Unhanded fillets were previously frozen at-80 °C. After
6 h of frozen storage, 1.25 mL of a chilled aqueous phenolic solution
(2 mg/mL) were sprayed on the frozen fillet for forming a thin glazing
layer. Then, the fillets were immediately frozen at-80 °C for 6 h.

Washing Plus Spraying. Fillets were washed in a container with
distilled water for 1 min. The ratio fillet/water was 1:5.3 (w/w). Then,
the fillets were held in an inclined surface for 1 min in order to eliminate
the water excess, and they were sprayed with 0.5 mL of an aqueous
phenolic solution (5 mg/mL). They were held during 15-30 min to
allow the diffusion of the phenolic solution in the flesh before freezing.

The final concentration of phenolics in the fillets was 100 ppm (mg/
kg muscle). The fillets supplemented with phenolics were compared
with control fillets not subjected to any handle and with control fillets
of each treatment, which were prepared replacing the phenolic solution
by deionized distillate water.

The fillets were introduced into plastic bags and were initially kept
at -80 °C for 6 h to obtain a faster freezing and then were stored at
-10 °C. Three fillets for each antioxidant procedure were taken at
several sampling times and were thawed at room temperature 1 h prior
to lipid oxidation analysis. Lipid oxidation was monitored in the light
muscle by the methods described below.

Sensory Analysis.A total of four panelists trained in descriptive
analysis of fishy off-flavors sniffed the whole fillets that were used for
chemical determinations. The fillets were placed in separate sterile
polystyrene Petri dishes and put on ice. Panelists concentrated in
detecting the rancid odors (7).

Removal of Heme Pigments from the Fillets During the Washing
Step. The amount of heme pigments removed from the fillets was
directly measured in the washing-water. The heme pigments were
quantified according to Brown (27). A total of 1 mg of sodium
dithionate was added to 2.0 mL of washing-water, and subsequently,
carbon monoxide gas was bubbled for 20 s. Then, the sample was
scanned from 460 to 400 nm (Soret region) in a Beckman Coulter DU
640 spectrophotometer (Beckman Instruments Inc, Palo Alto, CA). The
absorbance was recorded, and the difference between the absorbance
at the peak (420 nm) and the absorbance at the valley (440 nm) was
calculated. A standard curve was built with hemoglobin (Sigma) from
bovine blood. The initial levels of heme pigments in the light muscle
were determined by a previous extraction of heme pigments from
untreated fillets as described Richards and Hultin (5) and subsequent
quantification as described above.

Determination of Total Glutathione. Glutathione was extracted
from fillets using a modification of Petillo et al.’s (4) procedure. A
total of 2 g of muscle was homogenized with 10 mL of chilled 5%
5-sulfosalicylid acid. Reduced glutathione (GSH) and oxidized glu-
tathione (GSSG) were quantified together as total glutathione using
the method described by Griffith (28). Reduced glutathione (Sigma)
was used as standard.

Determination of R-Tocopherol. R-Tocopherol was extracted by
an adaptation of Burton et al.’s (29) procedure as described by Pazos
et al. (12).R-Tocopherol was analyzed by HPLC according to Cabrini
et al. (30).

Lipid Extraction. Lipids were extracted from fish muscle according
to Bligh and Dyer (31). Lipid content was determined gravimetrically
and expressed on wet weight basis (32).

Peroxide Value. Peroxide value was determined by the ferric
thiocyanate method (33) and expressed as milliequivalents of oxygen/
kg lipid.

Thiobarbituric Acid Reactive Substances (TBARS) Analyses.
TBARS analyses (µmol malonaldehyde (MDA)/kg muscle) were
determined according to Vyncke (34).

Synergism Evaluation.Synergistic effects of washing fillets (W)
and spraying phenolics (S) on the oxidative stability of the fillets were
calculated on the basis of the induction periods (IP) of peroxides and
TBARS values (22):

Induction periods were calculated as the time (in weeks) required
for a sudden change of the oxidation rate by the method of tangents in
the two parts of the kinetic curve (22,35).Synergism in the inhibition
of rancid odors was calculated considering, in the equation shown
above, the first moment (in weeks) when the rancid odors were detected.
Synergism in the preservation ofR-tocopherol and total glutathione
was evaluated considering the time in which the levels of these
endogenous antioxidants decreased up to 50% of the initial values
(approximately 60µg R-tocopherol/g lipid and 15µg total glutathione/g
muscle).

Statistical Analysis. The analyses were performed at least in
duplicate, and the results were expressed as the mean( standard
deviation. The data were analyzed by one-way analysis of variance
(ANOVA) (36), and the means were compared by a least squares
difference method (37).

RESULTS

Reducing and Chelating Capacity of the Phenolic Com-
pounds.One possible antioxidant mechanism of phenolics could
be through electronic donation from phenolic hydroxyl groups
to the free radicals involved in lipid oxidation. The reducing
capacity measures the ability of the compounds for donating
electrons (Figure 1). Hydroxytyrosol showed higher reducing
power than grape procyanidins, and both natural phenols were
less efficient reducing agents than propyl gallate. Propyl gallate
was able to donate 15.4, hydroxytyrosol 11.9, and procyanidins
7.2µmol of electrons per milligram of compound, respectively.

Phenolic compounds could also delay lipid oxidation via
inactivation of metallic promotion of lipid oxidation by chelating
metals.Figure 2 shows the capacity of the phenols for chelating
ferrous iron, which is the most pro-oxidant redox state of iron.
Grape procyanidins and hydroxytyrosol showed similar chelating

Figure 1. Reducing capacity of the phenolic compounds evaluated by
the FRAP method.

synergism (%)) 100× [(IPW+S) - (IPW + IPS)/(IPW + IPS)]
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properties at lower phenolic concentrations while an increment
of phenolic concentration produced higher effectiveness of grape
procyanidins than hydroxytyrosol. Propyl gallate was signifi-
cantly the phenolic compound with the highest chelating
capacity.

Affinity of the Phenolics for the Fish Muscle. Grape
procyanidins and propyl gallate showed an elevate affinity for
the fish muscle. These phenolics were totally transferred from
the aqueous solution to the fish muscle. Hydroxytyrosol showed
the lowest affinity for the fish muscle, given that only a 28.7(
1.1% of the hydroxytyrosol was relocated in the muscle.

Endogenous Pro-oxidant/Antioxidant Balance of Washed
Horse Mackerel Fillets. The washing of fillets removed 0.50
( 0.02µmol heme pigments per kilogram of muscle, expressed
on hemoglobin basis. Total levels of glutathione of unwashed
and washed fillets were 24.7( 0.7 and 24.3( 1.0µg/g muscle,
respectively. Therefore, glutathione was not significantly re-
moved from fillets during washing. These results suggest that
the washing step slightly reduced the endogenous pro-oxidants/
antioxidants ratio of the fish fillets.

Antioxidant Activity of the Phenolic Compounds in
Frozen Horse Mackerel Fillets. The light muscle of horse
mackerel contained 2.0( 1.0% of total fatty content and 7.6
( 2.1µmol per kilogram of muscle of content in heme pigments,
expressed on hemoglobin basis. The development of rancid
odors was delayed in fillets supplemented with grape procya-
nidins and hydroxytyrosol (Table 1). The controls (without
phenolics) showed a faster generation of rancid odors than the

corresponding fillets with phenolics. By spraying or glazing,
the efficiency for preserving the sensorial scores was propyl
gallate (PG) > hydroxytyrosol > procyanidins. However,
washing plus spraying phenolics significantly improved the
antioxidant effect of procyanidins, which was better than that
of hydroxytyrosol. The fillets treated with procyanidins or propyl
gallate were preserved without rancid odors during 21 weeks
of storage at-10 °C, while rancid odors were detected at week
21 in the fillets treated with hydroxytyrosol. Sensory scores also
indicated that washing plus spraying fillets was the most
effective treatment for the inhibition of rancid odors (Table 1).
Moreover, spraying phenolics was a better treatment for the
preservation of sensory attributes than glazing.

According with the sensory analysis, the addition of procya-
nidins and hydroxytyrosol delayed the generation of peroxides
(Figure 3) and TBARS values (Figure 4). The induction periods
of peroxides and TBARS formation demonstrated that the order
of activity was propyl gallate> hydroxytyrosol > grape
procyanidins (p < 0.05), in both spraying and glazing treatments.
With the washing plus spraying procedure, the order of
inhibitory activity was propyl gallate≈ grape procyanidins>
hydroxytyrosol. As regards to the suitability of the treatments
for applying phenolics, the kinetics of peroxides and TBARS
values indicated the following relative order of antioxidant
efficiency: washing+ spraying> spraying> glazing (Figure
3 andFigure 4).

Figure 5 shows theR-tocopherol concentration after storage.
The supplementation of the fillets with 100 ppm of the phenolic
compounds was effective for delaying the loss ofR-tocopherol.
With the spraying and glazing treatments, the efficiency on the
inhibition of R-tocopherol loss was propyl gallate> hydroxy-
tyrosol> procyanidins. Again, procyanidins were more active
than hydroxytyrosol in the washed-sprayed fillets. Additionally,
the application of procyanidins or hydroxytyrosol with the
washing plus spraying treatment was more effective for the
R-tocopherol preservation than the spraying or glazing proce-
dures. The three applications using propyl gallate showed similar
behaviors in the preservation ofR-tocopherol after 17 weeks.

The phenolics also inhibited the loss of total glutathione
(Figure 6). Spraying procyanidins and glazing hydroxytyrosol
were the less effective phenolic treatments delaying the loss of
glutathione (p< 0.05), and there was no significant difference
among the fillets subjected to the other treatments (p > 0.05).

A relevant aspect was the huge enhancement of antioxidant
effectiveness of grape procyanidins when they were applied on
washed fillets. In fact, the combination of a washing step plus
spraying procyanidins showed a synergistic effect on the
oxidative stability of the fillets (Figure 7). This synergism on
the inhibition of the generation of peroxides and TBARS and
on the preservation ofR-tocopherol reached 60%. The calculated
synergism on the inhibition of the generation of rancid odors
and on the preservation of glutathione was over 30%. Still, the
synergism for the inhibition of rancid odors could be higher
since they were not detected in the fillets subjected to washing
plus spraying with procyanidins after 21 weeks of frozen storage.
There was an improvement in the antioxidant activity of
hydroxytyrosol and propyl gallate when they were applied on
fillets previously washed, but this improvement was not
synergistic (Figure 7).

DISCUSSION

Frozen storage efficiently restrains microbial growth, but lipid
oxidation is not sufficiently inhibited. In this experience, rancid
odors were detected in the unhanded horse mackerel fillets after

Figure 2. Chelating capacity of the phenolic compounds for the ferrous
iron evaluated by the ferrozine method.

Table 1. Storage Time Expressed in Weeks at Which Rancid Odors
Were Detected in Frozen Horse Mackerel Filletsa

treatment rancid odors detection (weeks)

control 3
S control 3
S Proc 13
S Hyd 17
S PG 21
G control 5
G Proc 10
G Hyd 13
G PG 17
W+S control 3
W+S Proc not detected after 21 weeks
W+S Hyd 21
W+S PG not detected after 21 weeks

a Abbreviations defined as in Figure 3.
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3 weeks of storage at-10 °C. This high susceptibility of the
horse mackerel fillets for lipid oxidation was significantly
decreased by the supplementation of grape procyanidins or
hydroxytyrosol. The two procedures employed for applying
these phenols, the direct application by spraying (spraying) or
their incorporation in the glazing layer (glazing), were able to
include efficiently the phenolics into the fish fillets and
consequently there was an inhibition of lipid oxidation. The
enhancement of oxidative stability of frozen bonito fillets by
glazing with tea extracts have been also reported previously

(38). However, the addition of the phenols by spraying was more
effective than their incorporation in the glazing layer. It is
probably due to a better adsorption and penetration of the
phenolic compounds in the surface of unfrozen fillets than in
the frozen ones.

The decrease of the endogenous pro-oxidant/antioxidant ratio
in the washed fillets was not enough for delaying the generation
of rancid odors (Table 1). However, the washing of fillets

Figure 3. Peroxide values in horse mackerel fillets during frozen storage
at −10 °C. Fillets were subjected to spraying (S), glazing (G), and washing
plus spraying (W+S) and supplemented with procyanidins (Proc),
hydroxytyrosol (Hyd), and propyl gallate (PG).

Figure 4. TBARS values in horse mackerel fillets during frozen storage
at −10 °C. Abbreviations defined as in Figure 3.
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followed by spraying phenols improved significantly the oxida-
tive stability of the fish compared to fillets only sprayed with
phenols, especially in the case of grape procyanidins (Figure

7). The synergism found between the washing step and the
addition of grape procyanidins could be related to a better
distribution and penetration of the procyanidins on the fillet as
a result of the residual water that remains on the fillet surface
after washing. As a consequence of our washing procedure, 0.3-
0.4 g of water was incorporated onto the fillets, based on the
gain of fillet weight after washing.

The higher water solubility of grape procyanidins compared
to that of propyl gallate (19) and the lower mobility of the grape
procyanidins than that of hydroxytyrosol, since procyanidins
are more strongly incorporated into the fish muscle compared
to hydroxytyrosol, could explain this synergistic effect of
combining washing with the spraying of procyanidins on the
inhibition of lipid oxidation.

The antioxidant activity of the phenolic compounds can be
attributed to the reducing capacity, the chelation of free iron,
and/or the regeneration of some endogenous antioxidants, such
as theR-tocopherol (18,39, 40). The antioxidant efficiency in
fillets in which the treatment only comprises the addition of
phenolic compounds (spraying and glazing fillets), was propyl
gallate> hydroxytyrosol> procyanidins, and it matches with
the reducing activity measured with the FRAP method (Figure
1). Propyl gallate showed the highest chelating activity, and
grape procyanidins showed better chelating abilities than
hydroxytyrosol at the higher concentrations of phenolics (Figure
2). Therefore, these data suggest that the antioxidant activity
of phenolics in muscle is more influenced by the properties for
donating electrons than by their chelating properties.

The distribution of the antioxidants in the food system can
also hugely affect their effectiveness. A selective incorporation
of antioxidants into the oxidation-sensitive sites should improve
its antioxidant efficiency. The membranes, where phospholipids
are localized, are suggested as the more susceptible location
for developing lipid oxidation in tissues (41, 42). This consid-
eration is based on their high unsaturated fatty acid content,
their large surface area, and the presence of cytosol, which
contains catalytic amounts of pro-oxidant compounds, such as
metallic traces and enzymes. Our results on the partition of the
phenolics between fish muscle and water showed that grape
procyanidins and propyl gallate are greatly incorporated onto
fish muscle. This fact can be explained because of the presence
of gallate groups in the phenolic structure increasing phenol-
protein interactions and their incorporation into the membranes
(43). Hydroxytyrosol was less incorporated onto fish muscle
according to its weak bonds to food proteins (44) and its much
lower affinity to the membranes than grape procyanidins and
propyl gallate (data not shown). These results demonstrated that
there was not a direct relation between the affinity of phenolics
for membranes and the antioxidant efficiency found in horse
mackerel fillets in the spraying and glazing procedures: propyl
gallate> hydroxytyrosol> grape procyanidins. This finding
could be motivated by the difficultness of phenols to reach the
membranes in the whole fillet, and phenol-protein interactions
could play an important role in this last issue. Recent works
have also shown the importance of the antioxidant carrier solvent
which can affect the distribution of lipid-soluble antioxidants
between membranes and the triacylglycerol fraction of muscle
tissue and therefore influence oxidative stability (45,46). More
research is needed for optimizing the effective incorporation of
phenolic compounds into fatty components of tissues, particu-
larly in membranes.

In conclusion, grape procyanidins and hydroxytyrosol have
been successfully employed as antioxidants in frozen horse
mackerel fillets. A simple spraying of the phenolic compounds

Figure 5. Preservation of initial endogenous R-tocopherol in horse
mackerel fillets after 7 and 17 weeks of storage at −10 °C. Abbreviations
defined as in Figure 3.

Figure 6. Preservation of initial endogenous total glutathione in horse
mackerel fillets after 7 and 10 weeks of storage at −10 °C. Abbreviations
defined as in Figure 3.

Figure 7. Synergistic effect of combining a previous washing step with
spraying of procyacindins, hydroxytyrosol, or propyl gallate, on the
preservation of endogenous R-tocopherol, total glutathione, and the
inhibition of rancid odors, peroxide values, and TBARS values in horse
mackerel fillets during frozen storage at −10 °C.

Antioxidant Activity of Natural Phenolics in Fatty Fish Fillets J. Agric. Food Chem., Vol. 54, No. 2, 2006 371



on the fillets showed high antioxidant efficiency, in particular
using hydroxytyrosol. However, a previous washing of fillets
improved the antioxidant effectiveness of phenols, especially
of grape procyanidins that showed an activity similar to the
synthetic propyl gallate, keeping the frozen fillets free of rancid
odors for more than 21 weeks at-10 °C. The results also
suggest that the reducing capacity of these phenols is more
important for the antioxidant efficiency in frozen fish fillets than
their chelating capacity and their affinity to be incorporated into
the muscle. Moreover, the antioxidant potency of a given
compound can be optimized by improving its distribution into
the tissue. This work demonstrated that, for the entire knowledge
of the antioxidant mechanism involved in complex food systems
or tissues supplemented with additives, physicochemical aspects
must be studied together with the inhibitory efficiency achieved.
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