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Enzymatically hydrolyzed fish protein hydrolysates could be used as a source of antioxidative
nutraceuticals. In our current work, we have investigated alkali-solubilized tilapia (Oreochromis
niloticus) protein hydrolysates for their ability to scavenge reactive oxygen species (ROS) and for
their reducing power. Tilapia protein isolate was prepared by an alkaline solubilization technique and
used as a substrate for enzyme hydrolysis. Cryotin, protease A ‘Amano′ 2, protease N ‘Amano′,
Neutrase and Flavourzyme, were used separately to determine their effectiveness in hydrolyzing
tilapia protein isolate. ROS scavenging ability was quantified using an isoluminol enhanced
chemiluminescent assay in the presence of a) hydrogen peroxide or b) mononuclear cells isolated
from human blood. Ferric reducing antioxidant power (FRAP) and Trolox equivalent antioxidant
capacity (TEAC) of the hydrolysates using 2, 2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) or
2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), were also investigated. Results showed
that, in general, the TEAC, FRAP values and ROS scavenging ability of the hydrolysates increased
with an increase in the degree of hydrolysis. Among the different hydrolysates, those prepared using
Cryotin were most effective and Amano A2 hydrolysates were least effective in scavenging ABTS · +

and ROS generated by hydrogen peroxide. However, FRAP assay showed that hydrolysates prepared
using Flavourzyme were most effective, and Amano N and Neutrase hydrolysates were least effective
in reducing ferric ions. No significant difference was observed among the hydrolysates produced
with different enzymes in their ability to scavenge ROS generated by phorbol myristate acetate
stimulated mononuclear cells. These results shed light on the in vitro ROS scavenging ability of alkali
solubilized tilapia protein hydrolysates, as well as potential nutraceutical use of these hydrolysates.
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INTRODUCTION

Reactive oxygen species (ROS) are thought to play an
important role in many disease conditions (1-3). In a normal
aerobic cell, ROS usually exist in balance with biological
antioxidants. However, disruption of this critical balance could
result in oxidative stress, leading to many diseases. Oxidative
stress could be alleviated by several food antioxidants (4), such
as polyphenols (5) and carotenoids (6). Numerous researchers
have studied the effect of food antioxidants and components
on various pathological conditions (7-10). Hydrolysates ob-
tained from the enzymatic hydrolysis of various food proteins
are also known to possess antioxidant potential. During the past

two decades, several studies have described the antioxidant
properties of animal and plant protein hydrolysates (11-14).
Recently, researchers have started focusing their attention on
the nutraceutical properties of protein hydrolysates (15-19).
One such source of protein hydrolysates is fish and fish
byproducts of the aquatic industry. Investigators have reported
various physiological and bioactive properties of fish protein
hydrolysates, such as their role as immunomodulators (20, 21),
effect on cholesterol lowering (22), role in glucose homeostasis
(23, 24), role in controlling hypertension (25), and their
antiproliferative and reparative properties (26).

Numerous factors could affect the antioxidant quality of fish
protein hydrolysates. Among these, the nature and the quality
of the raw material used for the preparation of hydrolysates
could have a great impact on the functionality and antioxidant
property of hydrolysates (27). One potential difficulty in the
preparation of hydrolysates from muscle protein sources stems
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from the presence of pro-oxidants such as heme and unstable
oxidized lipid substrates. Contamination with these pro-oxidants
could decrease the stability of protein hydrolysates and may
limit their use. Earlier, Hultin et al. (28) had developed a new
method, which involved solubilizing myofibrillar proteins at high
(alkaline) pH and then recovering the solubilized proteins at
pH 5.5 to obtain protein isolates with improved functional
properties (29) and a low amount of unstable lipid substrates
(30). In our current studies, we have used fish protein isolates
prepared using the above-mentioned alkali process as a substrate
for enzyme hydrolysis. We used five different enzymes for
protein hydrolysis: (i) Cryotin-F, a mixture of trypsin, chymot-
rypsin, and elastase; (ii) Protease A “Amano” 2 (Amano A2),
a mixture of endoprotease and exopeptidase from Aspergillus
oryzae; (iii) Protease N “Amano” (Amano N), an endoprotease
from Bacillus subtilis; (iv) Flavourzyme, a mixtures of endopro-
tease and exopeptidase from A. oryzae; and (v) Neutrase, an
endoprotease prepared from B. subtilis. One of the objectives
of our research is to determine the optimum degree of hydrolysis
(DH) for the five (above-mentioned) enzymes, which would
yield tilapia protein hydrolysates with optimum antioxidant
efficacy.

The efficacy of an antioxidant could be determined using
various assays (31). Choosing the right assay for a food or
biological antioxidant, and subsequent interpretation of the assay
results, has always been a challenge. In our current research,
we wanted to look at the effect of tilapia fish protein hydroly-
sates on oxidative stress. Cellular model system studies using
mononuclear cells prepared from human blood have been shown
to be a sensitive in vitro method for testing antioxidant activity
and oxidative stress (32, 33). Although these model system
studies may not replicate the different types of chemical and
physical conditions encountered by antioxidants in vivo, these
in vitro studies using mononuclear cells have advantages in
terms of cost, reproducibility, ability to control the environment,
and time taken for studying antioxidant activities. Hence, our
second objective was to study the efficacy of alkali-solubilized
protein hydrolysates to scavenge oxygen species, especially
superoxide, produced by human mononuclear cells. Mono-
nuclear cells consisting of lymphocytes and monocytes were
isolated from human blood (33), and these mononuclear cells
were stimulated to produce ROS by using phorbol myristate
acetate (PMA). ROS were then detected using an isoluminol-
enhanced chemiluminescence (CL) method (32). The CL method
could also be used for detecting other ROS such as H2O2,
hydroxyl radicals, and alkoxyl radicals. Hence, in our studies,
we also tested the ability of fish protein hydrolysates to quench
CL due to exogenous H2O2 addition. In general, human cells
function in a highly reduced state (34). Therefore, in addition
to radical scavenging ability, the reducing potential of an
antioxidant also plays an important role in physiological systems.
In our current studies, we evaluated the electron transfer or
reducing potential of tilapia protein hydrolysates using two
assays, (i) the ability to reduce ferric to ferrous ions and (ii) a
Trolox equivalent assay using 2,2′-azinobis-3-ethylbenzothia-
zoline-6-sulfonic acid radicals (ABTS•+). The results from these
studies could shed light on the in vitro radical scavenging ability
and reducing ability of alkali-solubilized protein hydrolysates
prepared using different enzymes.

MATERIALS AND METHODS

Materials. Fillets of tilapia (Oreochromis niloticus) were purchased
locally in Gainesville, FL, and transported to the laboratory on ice.
Chemicals were purchased from Fisher Scientific (Fair Lawn, NJ). All

reagents were of ACS grade. Enzymes, Protease A “Amano” 2, and
Protease N “Amano” were provided by Amano Enzyme USA Co. Ltd.
(Elgin, IL). Flavourzyme and Neutrase samples were given by
Novozymes A/S Denmark. Cryotin-F was a gift from North Ltd.
(Reykjavik, Iceland).

Methods. Preparation of Protein Isolates Using the Alkaline
Method. Protein isolates were prepared from tilapia white muscle using
alkaline treatment as described in Hultin et al. (28). In brief, white
muscle from tilapia was separated from the fillets and minced with a
Waring PRO Professional Meat Grinder, model MG800 (Waring
Products, East Windsor, NJ) through a 3/16 in. diameter sieve. The
mince was mixed with 9 parts of cold deionized water and homogenized
using a Biohomogenizer (M133/1281-0, Bio Spec Products Inc.,
Bartlesville, OK) at high speed for 1 min. The pH of the homogenized
sample was adjusted to 11.0 using 2 N sodium hydroxide, and the
mixture was incubated at 0-4 °C for 30 min. After incubation, the
mixture was centrifuged at 10000g for 20 min at 0-4 °C in a Sorvall
RC-5B Superspeed Refrigerated centrifuge (DuPont Instruments-
Sorvall, DuPont Co., Newtown, CT). The supernatant was filtered using
a double-layered cheese cloth, and the pH of the filtrate was adjusted
to 5.5 using 2 N HCl. The mixture was then centrifuged at 10000g for
20 min at 0-4 °C. The protein isolate obtained as sediment was used
for enzymatic hydrolysis. The amount of protein in the isolates was
determined by the Biuret reaction (35).

Enzymatic Hydrolysis of Protein Isolates. Enzymatic hydrolysis of
tilapia protein isolates was performed using five different proteases:
Amano A2, Amano N, Flavourzyme, Neutrase, and Cryotin-F. The
optimum hydrolysis conditions used for these enzymes were as follows:
Flavourzyme (50 °C, pH 7.0), Neutrase (55 °C, pH 7.0), Amano A2
(50 °C, pH 7.0), Amano N (55 °C, pH 7.0), and Cryotin (45 °C, pH
8.0). The protein isolate was added to deionized water and homogenized
for 1 min at maximum speed using a Biohomogenizer. The concentra-
tion of the homogenate was then adjusted to 2% (w/v). The homogenate
was equilibrated to the optimum pH and temperature condition
corresponding to those enzymes used for hydrolysis. The enzyme
preparation was then added to the homogenate, and the DH was
calculated using the equation (36)

DH (%))
B × Nbase

R × htot × MW
× 100 (1)

where B ) volume of base used, Nbase ) normality of base used, R )
degree of dissociation, MW ) amount of protein used, and htot ) total
number of peptide bonds per mass unit. The degree of dissociation (R)
was determined by the equation

R) 10pH - pKa

1+ 10pH - pKa

where pH is the value at which enzyme hydrolysis was performed.
The pKa values were calculated according to Steinhardt et al. (37):

pKa ) 7.8+ (298- T)
298 × T

× 2400

Using each of the five proteases, tilapia protein isolates were hydrolyzed
to achieve 7.5, 15, and 25% DH. Once the desired % DH was achieved,
the homogenate was heated to 90 °C for 10 min to inactivate the
enzymes, followed by cooling on ice. Hydrolyzed samples were stored
at -20 °C until further use.

Determination of the Total Antioxidant Potential. The total antioxi-
dant activity of alkali-solubilized tilapia protein hydrolysates was
evaluated using the ABTS bisradical cation decolorization assay (38).
This method is based on the ability of antioxidant molecules to quench
the stable radical cation, ABTS•+, a blue-green chromophore with
characteristic absorption at 734 nm, as compared with that of Trolox,
a water-soluble vitamin E analogue. ABTS•+ was prepared by reacting
7 mM ABTS with 2.5 mM potassium persulfate in a 10 mM phosphate
buffer (pH 7.4). The solution was kept in dark at room temperature for
12-16 h before use. The assay was standardized using Trolox, the
synthetic antioxidant, and results were expressed as Trolox equivalents
(Trolox equivalent antioxidant capacity, TEAC). Hydrolysate samples
were prepared by vortexing a mixture of 2 mL of tilapia protein
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hydrolysate and 5 mL of methanol for 1 min followed by centrifuging
the mixture at 2000g for 10 min at 10 °C. The supernatant was used
for analysis. The entire assay was run at 25 °C.

Determination of the Reducing Power. The reducing power of tilapia
protein hydrolysates was determined according to the method of Oyaizu
(39) with modifications. The antioxidant action of a reducing agent is
based on its ability to donate an electron to Fe(III) ion to reduce it to
Fe(II) ion. Protein hydrolysate extracts in phosphate buffer (0.2 M,
pH 6.6) were mixed with 0.5 mL of methanol and 0.5 mL of potassium
ferricyanide (1%), and the mixture was incubated at 50 °C for 30 min.
Trichloroacetic acid solution (10%) was added to the mixture, which
was then centrifuged at 600g for 10 min at room temperature. The
supernatant was mixed with distilled water and ferric chloride solution
(0.1%), and the absorbance was measured immediately at 700 nm.

Isolation of Mononuclear Cells from Whole Blood. Mononuclear cells
were isolated using BD Vacutainer CPT cell preparation tubes with
sodium heparin (Becton, Dickinson and Co., Franklin Lakes, NJ)
according to manufacturer’s directions. In brief, whole blood from
healthy human donors was collected in the BD Vacutainer tubes. The
contents of the tube were mixed immediately by gently inverting the
tubes 8-10 times, and the blood samples were centrifuged at 1500g
for 15 min at room temperature (18-25 °C). After centrifugation, the
mononuclear cells were collected from the whitish layer beneath the
blood plasma. The cells were washed twice with cold phosphate-
buffered saline solution containing calcium and magnesium salts. The
cells were finally suspended in Krebs-Ringer bicarbonate buffer
supplemented with glucose, pH 7.3 (KRG buffer). The number of cells
were counted using a hematocytometer, and the concentration was
adjusted to 5 × 105 cells/mL. The cell percentage using BD Vacutainer
method was reported as 79% lymphocytes and 12% monocytes (Data
on file, Report no. R-88-99-QC-195, BD Vacutainer Systems, NJ). All
human procedures were approved by the University of Florida
Institutional Review Board.

CL Method. CL technique (33) was used for detecting ROS produced
by (i) hydrogen peroxide (H2O2) and (ii) PMA-stimulated mononuclear
cells. CL was detected using a LS-45 luminescence spectrometer
(Perkin-Elmer Instruments, Waltham, MA). When H2O2 was used, the
reaction mixture contained 60 µL of 0.1 M H2O2, 20 µL of 51.2 mM
isoluminol, and 2.7 mL of Krebs-Ringer bicarbonate buffer solution
with glucose (KRG). The reaction was started by the addition of 5
units (100 µL) of horseradish peroxidase (HRP). Protein hydrolysates
diluted to a concentration of 0.035% were used for studying radical
scavenging ability.

When mononuclear cells were used, the reaction mixture contained
200 µL of 51.2 mM isoluminol, 5 units of HRP, 2.1 mL of KRG buffer,
and 200 µL of mononuclear cells. The reaction was activated by the
addition of 300 µL of PMA (10-5 M). Protein hydrolysates were added
at a concentration level of 2% for studying the radical scavenging
ability. The CL was recorded at 25 °C until the maximum CL intensity
was achieved. The area under the CL curve was calculated and
compared with that of the control, which contained KRG buffer instead
of protein hydrolysates. The ROS scavenging ability of the protein
hydrolysates was measured by their ability to reduce the area under
the CL curve.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE) Electrophoresis. SDS-PAGE was performed on the protein
hydrolysates using a 10-20% tris-tricine gel (40) to characterize the
hydrolysates based on their molecular weights. Around 50 µg of protein
sample was loaded in each lane. The molecular weight of the
hydrolysates was calculated with reference to the migration of SDS-
PAGE wide range molecular weight standard (Sigma Aldrich, St. Louis,
MO). After electrophoresis, the gels were stained using Sigma Brilliant
Blue perchloric acid staining solution. After the desired staining was
achieved, gels were placed on an Epson Stylus CX5400 scanner and
scanned. Images were analyzed using Scion Image 4.0.2 (Scion Co.,
Frederick, MD) software. The bands in the samples were compared
with known bands of protein standards. Percentages of specific bands
could be calculated based on the area in the densitogram.

Statistical Analysis. For the mononuclear cell assay, samples were
collected from two (n ) 2) different cell donors. Each hydrolysate
sample was tested in duplicate on each mononuclear cell preparation.

All other assays were conducted in triplicate (n ) 3) on each hydrolysate
sample. Statistical analyses were performed using JMP Statistical
Discovery Software (version 5.0). Tukey’s multiple comparison tests
were used to compare the differences among the means. Dunnet’s
multiple comparison test was used for comparing the effect of different
treatments to the control. Analysis of variance was employed to examine
the differences among treatments at P < 0.05.

RESULTS

TEAC Assay. The TEAC assay is a colorimetric assay that
evaluates the potential of an antioxidant to inhibit the formation
of a colored radical cation ABTS•+, a blue-green chromophore
with characteristic absorption at 734 nm. The ABTS•+ is
generated by the oxidation of ABTS with potassium persulfate.
The antioxidant activity was expressed as Trolox equivalents.
In general, the total antioxidant potential of the hydrolysates
increased significantly with an increase in % DH (Figure 1);
that is, hydrolysates with 25% DH were more antioxidative than
those with 15% DH, which in turn were better antioxidants than
hydrolysates with 7.5% DH. At 7.5% DH, hydrolysates prepared
using Amano A2 had the lowest TEAC value with a Trolox
equivalent of 5 µM, while Cryotin hydrolysates showed the
highest TEAC value with a Trolox equivalent of 11.4 µM. At
15% DH, hydrolysates prepared using Cryotin and Amano N
(14.5 and 15.0 µM Trolox equivalents, respectively) showed
significantly higher TEAC values than those prepared using
Flavourzyme, Neutrase, and Amano A2 (∼11.6 µM Trolox
equivalents). At 25% DH, Amano A2 hydrolysates had the least
Trolox equivalents, while Cryotin hydrolysates had significantly
high Trolox equivalents. Among all of the hydrolysates, those
prepared using Cryotin and Amano N protease showed the
highest antioxidative potential, while Amano A2 protease
showed the lowest antioxidant potential (Figure 1).

Reducing Power of Fish Protein Hydrolysates. One of the
methods to determine the antioxidant capacity of fish protein
hydrolysates is the measurement of ferric reducing antioxidant
power (FRAP) or the reducing power assay. This method is
based on the ability of an antioxidant (hydrolysates) to reduce
Fe(III) to Fe(II) in a redox-linked colorimetric reaction, which
involves one electron transfer. When the reducing power of
various hydrolysates was compared in terms of enzymes used
for hydrolysis, those prepared using Flavourzyme (with 7.5, 15,
and 25% DH) showed a significantly high (p < 0.05) reducing

Figure 1. TEAC assay on tilapia protein hydrolysates. Tilapia protein
isolates were prepared by solubilizing myofibrillar proteins at pH 11.0 and
precipitating them at pH 5.5 (see the Methods section). Five different
enzymes were used for hydrolyzing the protein isolates to 7.5, 15, and
25% DH (see the Methods section). The results were expressed as µM
Trolox equivalents. Protein hydrolysates with different alphabets are
significantly different (p < 0.05).

Tilapia (Oreochromis niloticus) Protein Hydrolysates J. Agric. Food Chem., Vol. 56, No. 21, 2008 10361

http://pubs.acs.org/action/showImage?doi=10.1021/jf8017194&iName=master.img-000.png&w=239&h=147


power, and Amano N hydrolysates showed a significantly low
(p < 0.05) reducing power, as compared to Amano A, Cryotin,
and Neutrase hydrolysates (Figure 2). In general, the reducing
power of all enzyme hydrolysates increased with an increase
in the DH. The reducing power of the Flavourzyme hydrolysates
increased in the order 7.5 < 15 < 25% DH. For Amano A2,
the increase in the reducing power followed in the order of 7.5
< 15 ∼ 25% DH, while for Cryotin and Neutrase, the order
was 7.5 ∼ 15 < 25% DH and 7.5 e 15 e 25% DH,
respectively. When Amano N was used for preparing hydroly-
sates, there was no significant difference (p > 0.05) among the
reducing power of different hydrolysates (Figure 2).

Isoluminol-Enhanced CL Assay Using Hydrogen Peroxide.
This assay is based on the detection of CL emitted by isoluminol
in the presence of hydrogen peroxide and HRP. The mechanism
involves the reaction of HRP with H2O2 to form an oxidized
HRP, which in turn could react with the chromogenic substrate,
isoluminol. In our studies, tilapia protein hydrolysates were
added to scavenge the intermediate chromogenic radicals, which
could result in a decrease in CL. All enzyme-hydrolyzed tilapia
protein hydrolysates showed a significant (p < 0.05) decrease
in isoluminol-enhanced peroxide CL (Figure 3a-e). The
chemiluminescent area of the control was around 5.5 × 104,
while all of the hydrolysates had a chemiluminescent area of
less than 4.0 × 104. The ability of Cryotin hydrolysates to
decrease CL increased in the order 7.5 < 15 ∼ 25% DH (Figure
3a,c). When Flavourzyme, Neutrase, or Amano A2 was used,
the antioxidant ability of the hydrolysates increased in the order
7.5 ∼ 15 < 25% DH (Figure 3b,d,e). Among all of the protein
hydrolysates, Cryotin hydrolysates with 15 and 25% DH and
Flavourzyme hydrolysates with 25% DH showed a significantly
(p < 0.05) high radical scavenging ability, while Amano A2
and Neutrase hydrolysates with 7.5 and 15% DH showed a
significantly low radical scavenging ability.

Isoluminol-Enhanced CL Assay for the Detection of ROS.
This assay was based on the production of ROS from the
mononuclear cells of human blood upon stimulation by PMA
and the subsequent detection of these ROS using the isoluminol-
enhanced CL method. The antioxidant ability of tilapia protein
hydrolysates was measured by their ability to scavenge ROS
(or chromogenic radicals) as reflected by a reduction of CL
signal. All of the hydrolysates showed a significant reduction
(p < 0.05) in CL (Figure 4a-e) signal. Cryotin, Flavourzyme,

and Amano A2 hydrolysates at 25% DH had the least chemi-
luminescent area of around 4 × 103 (and hence better scavengers
of ROS), while Amano A2, Flavourzyme, and Cryotin hydroly-
sates at 7.5% DH level had the highest chemiluminescent area
of around 1.1 × 104 (and hence poor ROS scavengers). The
control had a chemiluminescent area of around 2 × 104.
Hydrolysates prepared using Amano N and Neutrase showed
no significant difference (p > 0.05) in ROS scavenging ability
within themselves; that is, the scavenging abilities of hydroly-
sates with 7.5, 15, and 25% DH were similar (Figure 4b,e).
However, for Cryotin, Amano A2, and Flavourzyme hydroly-
sates, the ROS scavenging ability increased in the order 7.5 e
15 e 25% DH (Figure 4a,c,d).

SDS-PAGE of Tilapia Protein Hydrolysates. Initial char-
acterization of tilapia protein hydrolysates was done using SDS-
PAGE. The molecular weight distribution and the pattern of
peptides for different hydrolysates are shown in Figure 5. The
tris-tricine gel showed that an increase in the DH decreased the
amount of high molecular weight (HMW) peptides and increased
the level of low molecular weight (LMW) peptides. At 7.5%
DH, the amount of HMW (>30 kDa) decreased (p < 0.05) in
the order Cryotin ∼ Flavourzyme g Amano N > Amano A2
> Neutrase. Cryotin and Flavourzyme showed a number of
strong bands at 30 kDa, between 30 and 40 kDa, and a number
of light bands at 50, 60, 80, and around 100 kDa. The
corresponding bands for Amano N and Amano A2 were
significantly less, and for Neutrase, they were virtually absent.
At 15% DH, there was a significant decrease (p < 0.05) in the
number of peptides with MW > 40 kDa. Cryotin and Fla-
vourzyme showed a number of strong bands around 10, 15, and
between 15 and 20 kDa. Amano N showed a number of strong
bands between 3.5 and 10 kDa. Neutrase and Amano A2 showed
a weak band around 10 kDa. At 25% DH, all of the protein
hydrolysates showed a significant (p < 0.05) reduction in the
number and the intensity of bands. The intensity of peptide
bands in the SDS-PAGE gel decreased in the order 7.5 > 15 >
25% (Figure 5). This decrease could be due to the small size
of the peptides (during 15 and 25% DH), which might have
leaked out of the gel. Further studies are in progress to identify
the specific type and sequence of peptides responsible for ROS
scavenging activity.

DISCUSSION

ROS are responsible for numerous pathological conditions
including cancer (41), cell injury (42), inflammation (43),
Alzheimer’s disease (44), intestinal diseases (45), and several
other debilitating diseases. Hence, it is suggested that the
consumption of antioxidant-rich diets would help alleviate
diseases caused by ROS (4). In our current study, we wanted
to evaluate the antioxidant potential of alkali-treated tilapia
protein hydrolysates as a whole (prepared using different
enzymes) and determine whether these hydrolysates have any
commercial use as antioxidative nutraceuticals. We did not
attempt at this point to fractionate these tilapia protein hydroly-
sates to identify individual peptides responsible for ROS
scavenging or reducing activity. Numerous researchers have
published results identifying individual fractions of peptides
from various plant and animal hydrolysates, which are respon-
sible for specific bioactivities (46, 47). Fractionation of peptides
and identification of peptide sequence may provide information
about the characteristics of peptides. However, we felt that a
critical step toward commercializing fish protein hydrolysates
as a nutraceutical would involve evaluation of the antioxidant
functionality of the hydrolysate as a whole, rather than identify-

Figure 2. Reducing power of different protein hydrolysates was measured
by the ability of hydrolysates to donate electrons and reduce Fe(III) to
Fe(II) ions. The formation of Fe(II)/ferricyanide complex was measured
as the absorbance at 700 nm. See the caption to Figure 1 and the
Methods section for the preparation of protein isolates and hydrolysates.
Protein hydrolysates with different alphabets are significantly different (p
< 0.05).
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ing the various fractions of the hydrolysate responsible for
antioxidant action. However, identifying, sequencing, character-
izing, and evaluating individual peptides for various bioactivities
could be important from both an academic stand point as well
as for value addition. Hence, we intend in our future studies to
identify the most antioxidative fractions and to determine ways
to increase the yield of these specific fractions in a cost-effective
and environmentally friendly manner.

Various in vitro (31, 48) and in vivo model systems (49) are
being used for evaluating the potential of antioxidants. Among
these, a cellular model system comprised of mononuclear cells
and isoluminol/luminol was often used for antioxidant assays
(33, 50, 51). This is due to the low cost, high speed, sufficient

reliability, and relatively high reproducibility of these cell model
systems as biomarkers of in vivo oxidation. Isoluminol is a
chromogenic molecule, and the location of the amino group in
the phthalate ring of isoluminol makes the molecule hydrophilic
and membrane impermeable (50). Hence, isoluminol could be
used for detecting extracellular H2O2 or peroxides secreted from
the mononuclear cells. All of the protein hydrolysates (Figure
4a-e) showed a significant (p < 0.05) ability to scavenge ROS
(generated by the stimulation of mononuclear cells) as compared
to the control. The radical scavenging ability was indicated by
a reduction in isoluminol CL. Cryotin, Flavourzyme, Amano
A2, and Amano N hydrolysates at 7.5% DH (Figure 4a,c,d)
showed the lowest ROS scavenging potential. Analysis of SDS-

Figure 3. Chemiluminescent emission of the isoluminol-H2O2-HRP system at pH 7.3. See the caption to Figure 1 and the Methods section for the
preparation of protein isolates and hydrolysates. The chemiluminescent reaction was started after the addition of 5 units of HRP. Five different enzymes,
Cryotin, Amano N, Amano A2, Flavourzyme, and Neutrase, were tested for scavenging radical species. In each figure, hydrolysates with different
alphabets are significantly different (p < 0.05).
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PAGE showed that these hydrolysates had the highest level of
HMW peptides (>30 kDa). When tilapia protein isolate was
hydrolyzed to 25% DH, the amount of HMW peptides decreased
and LMW peptides increased (p < 0.05) significantly. These
LMW peptides had a high ability to scavenge ROS generated
by mononuclear cells. Hydrolysates prepared using Neutrase
had a high level of LMW even at 7.5% DH (as compared to

the other four enzymes), and Neutrase hydrolysates were
effective scavengers of ROS. When H2O2 (chemical) was used
instead of mononuclear cells, chemiluminescent analysis of H2O2

using peroxidase-isoluminol system showed an increase in
antioxidant activity with an increase in % DH. Protein isolates
hydrolyzed to 25% DH showed a significantly higher (p < 0.05)
ability to scavenge radicals as compared to 7.5% DH (Figure

Figure 4. Effect of tilapia protein hydrolysates on PMA-induced chemiluminescent emission from freshly isolated mononuclear cells of human blood. The
concentration of mononuclear cells used for chemiluminescent studies was 5 × 105 cells/ mL. See the caption to Figure 1 and the Methods section for
the preparation of protein isolates and hydrolysates. The chemiluminescent reaction was started after the addition of 5 units of HRP. Five different
enzymes, Cryotin, Amano N, Amano A2, Flavourzyme, and Neutrase, were tested for scavenging radical species. In each figure, hydrolysates with
different alphabets are significantly different (p < 0.05).
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3a-e). The radical scavenging ability of hydrolysates with 25%
DH could be due to the presence of high amount of LMW
peptides (Figure 5). Several researchers have reported the
hydroxy radical scavenging ability of LMW peptides from
casein (52), soy proteins (53), chick peas (54), and several other
hydrolysates. The antioxidant activity has been attributed to the
presence of free amino acids and small peptides, which can
effectively scavenge radicals.

In general, the chemiluminescent area obtained using the
H2O2-peroxidase system (Figure 3a-e) was higher than the
corresponding area obtained using the mononuclear cells-
peroxidase system (Figure 4a-e). For the H2O2-peroxidase
system, the CL area was in the range of 2.0-5.0 × 104, while
for mononuclear cells, the CL area was in the range of 0.5-2.0
× 104. Among the different enzymes, the hydrolysates prepared
using Neutrase and Amano A2 (Figure 3c,e) were least
effective, and Cryotin hydrolysates (Figure 3a) were most
effective in scavenging ROS generated from H2O2. When
mononuclear cells were used for ROS production, there was
no significant difference (p > 0.05) among the activities of the
five enzymes. However, Cryotin, Flavourzyme, and Amano A
hydrolysates showed a difference in antioxidative activities with
% DH. In the H2O2 -peroxidase system, exogenously added
H2O2 was used as ROS, while in the cell-based assay, superoxide
radical was primarily detected as ROS. Hence, the difference
in the results between the two radical assays could be due to
numerous factors including (i) the type of radical detected
(peroxide or superoxide), (ii) the type of system (chemical or
biological) used for ROS production, (iii) the location of the
radical generating system, and (iv) how fast ROS are generated.

The TEAC assay is a based on both electron transfer as well
as hydrogen atom transfer. The single electron transfer assay
measures the ability of an antioxidant to reduce an oxidant,
which in turn can be measured using a spectrophotometer as a
change in color. In the TEAC assay, we generated and quantified
ABTS•+ radical. TEAC studies have some disadvantages. The
ABTS•+ radical is nonphysiological and hence may not truly
represent an in vivo system. Also, the reaction may be
susceptible to reducing agents with low redox potential. In spite
of disadvantages, the TEAC assay is quick and easy and would
give an overall estimate of the total antioxidant capacity and
reducing power. The FRAP assay, which was developed by

Benzie et al. (55), was originally used for measuring the
reducing power in plasma. The FRAP or the reducing power
assay is an electron transfer assay. In the FRAP assay, the
protein hydrolysate reduces ferricyanide to ferrocyanide, which
in turn combines with Fe3+ to produce a Prussian blue color
complex (56). The pH of the solvent could play an important
role in the FRAP assay. In acidic conditions, the electron-
donating capability of an antioxidant could be suppressed due
to protonation, while alkaline conditions could drastically
enhance the electron transfer capability (31). Hence, we did the
FRAP assay at a near neutral pH of 6.6 (physiological pH is
around 6.8-7.0) using a phosphate buffer. Our results showed
that an increase in % DH increased the reducing power of the
hydrolysates (Figure 2). Also, we found that protein isolates
hydrolyzed to 25% DH were significantly better antioxidants
(with higher Trolox equivalents) than those hydrolyzed to 7.5%
DH. Among the different enzymes used for hydrolyzing tilapia
protein isolates, the total antioxidant potential (TEAC values)
increased in the order, Amano A2 < Neutrase ∼ Flavourzyme
< Amano N ∼ Cryotin hydrolysates (Figure 1). For the H2O2

CL assay, the increasing order of antioxidant activity was
Neutrase ∼ Amano A2 < Flavourzyme ∼ Amano N < Cryotin
hydrolysates (Figure 3a-e). The FRAP or reducing power of
the hydrolysates increased in the order Amano N ∼ Neutrase
< Amano A2 ∼ Cryotin < Flavourzyme (Figure 2). When
mononuclear cells were used, there was no significant difference
among the antioxidant activities of different enzymes (Figure
4a-e). Several factors could contribute to the difference in
results between FRAP, TEAC, and ROS assays. One of them
is the type of radical or substrate being analyzed (superoxide,
peroxide, ABTS•+, or Fe3+ ion) and the different radical
scavenging or reducing mechanisms involved. Another reason
could be the time of incubation. During the FRAP assay,
the total time of incubation (ferricyanide and hydrolysates) to
reduce Fe3+ to Fe2+ was 30 min. The color developed during
the reaction was measured immediately upon mixing ferrocya-
nide and Fe3+ solutions. A longer incubation time may increase
the absorbance values. In the TEAC assay, the reagent solution
was stored overnight with potassium persulfate to generate
ABTS•+ radicals. In CL assays, the ROS generated was
measured immediately. Moreover, ROS production by a bio-
logical or cell-based system could be affected to a greater extent

Figure 5. Commassie blue-stained SDS polyacrylamide gel of tilapia protein hydrolysates. Sample loaded on each lane, ∼50 µg of protein. Samples
loaded in the lanes correspond to 7.5, 15, and 25% degrees of hydrolysis using enzymes Cryotin, Amano N, Amano A, Flavourzyme, and Neutrase. The
molecular weight standards (std) used were insulin B chain, 3.5 kDa; aprotinin, 6 kDa; lysozyme, 14.4 kDa; trypsin inhibitor, 21.5 kDa; carbonic anhydrase,
31 kDa; lactate dehydrogenase, 36.5 kDa; glutamic dehydrogenase, 55.4 kDa; BSA, 66.3 kDa; and phosphorylase B, 97.4 kDa.
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by the reaction medium and assay conditions. While doing the
TEAC assay, the hydrolysates were mixed with methanol, and
the supernatant fraction was used for determining the total
antioxidant capacity. For the H2O2 CL assay, the protein
hydrolysates were diluted using double-distilled water and were
directly used for analysis. Hence, the difference in dilution and
mode of dilution might also contribute to the difference in results
of various assays.

In conclusion, the present study shows that alkali-solubilized
tilapia protein hydrolysates could be used as effective scavengers
of ROS generated using stimulated mononuclear cells or
endogenous H2O2 addition. In general, the ability of the
hydrolysates to scavenge ROS increased with an increase in
the % DH; that is, LMW peptides were better scavengers of
ROS as compared to HMW peptides. The high activity of LMW
peptides as compared to HMW peptides could be due to the
size of the peptides, its composition, or a combination of both.
Antioxidant assays such as the TEAC assay and FRAP also
showed a similar pattern. Among the different hydrolysates,
those prepared using Cryotin were effective scavengers of ROS
produced from H2O2 and ABTS•+, while no significant differ-
ence in the scavenging ability of hydrolysates was observed
for ROS liberated by mononuclear cells. More detailed future
studies using different hydrolysate fractions may shed light on
individual peptides, their mechanism of action, and their ROS
scavenging ability.

ABBREVIATIONS USED

DH, degree of hydrolysis; ROS, reactive oxygen species;
ABTS, 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid;
TEAC, Trolox equivalent antioxidant capacity; FRAP, ferric
reducing antioxidant power.
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