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Abstract The antioxidative effect of Ecklonia cava, a brown marine alga, was investigated on radical scavenging, including
1,1-diphenyl-2-picrylhydrazyl (DPPH), and hydroxyl and alky! radicals, using an electron spin resonance (ESR) technique,
and on the inhibition of H,0O,—induced DNA damage using comet assay. E. cava was enzymatically hydrolyzed with five food
industrial proteases (Alcalase, Flavourzyme, Kojizyme, Neutrase and Protamex) to prepare water-soluble extracts. All the
proteolytic hydrolysates exhibited strong dose-dependent radical scavenging activities (above 80%) at a concentration of 2.5
ug/mL. Kojizyme extract (obtained by proteolytic hydrolysation of E. cava with Kojizyme) showed the highest hydroxyl
radical scavenging activity of around 98%. In addition, the H,0,-induced DNA damage was determined using a comet assay,
which was quantified by measuring the tail length. Reduction of DNA damage increased with increasing concentrations of
Kojizyme extract from E. cava. These results indicated that E. cava has a potential as a valuable natural antioxidative source.
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Introduction

Oxidative stress by reactive oxygen species (ROS) not
only causes disorders of DNA, proteins and other
macromolecules, but also acts as a major factor of
endogenous damage leading to aging. ROS generally
involve free radicals, such as superoxide radical (O,") and
hydroxyl radical (OH), and non-free radicals, such as
hydrogen peroxide (H,O,) and singlet oxygen (‘0,). ROS
may be essential for many cellular functions such as
killing phagocytes, “bacterial ingestion and redox
regulation of signal transduction. However, they also have
harmful factors causing strong injuries to several cell
components. Moreover, these active molecules can cause a
number of pathological diseases, including atherosclerosis,
arthritis, diabetes, cataractogenesis, muscular dystrophy,
ischemia-reperfusion tissue damage and neurological
disorders such as Alzheimer’s disease (1, 2).

Antioxidants are widely used to protect oxidizable
goods such as cosmetics and pharmaceuticals, and to
preserve food quality mainly by preventing oxidative
deterioration of lipid constituents. These antioxidative
compounds scavenge ROS and inhibit the action of the
enzyme, lipoxygenase, responsible for the catalysis of lipid
peroxidation (3-5). The most commonly used synthetic
antioxidants at the present time are butylated hydro-
xyanisole (BHA), butylated hydroxytoluene (BHT), propyl
gallate (PG) and tert-butylhydroquinone (TBHQ). However,
the use of synthetic antioxidants in food products is strictly
regulated due to potential health hazards caused by these
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compounds. In addition, several studies (6) have reported
an inverse relationship between dietary intake of
antioxidant-rich foods and the incidence of human
diseases. Therefore, the development and utilization of
more effective antioxidants from natural resources are
desired for use in foods or medicinal materials to replace
the synthetic antioxidants (7, 8).

Recently, phytochemicals in food materials and their
effects on health have been intensively studied. Seaweeds
contain many phytochemicals with various bioactivities,
including antioxidant, antitumor, anticholesterolemic and
antiinflammatory activities (9-13). Among them, intense
research attention has been focused on the antioxidant
activity due to the currently growing demand from the
pharmaceutical industry for antiaging and anticarcinogenic,
naturally bioactive compounds, which possess health
benefits. Almost all photosynthesizing plants, including
seaweeds, are exposed to a combination of light and high
oxygen concentrations, which lead to the formation of free
radicals and other strong oxidizing agents, yet they seldom
suffer any serious photodynamic damage while alive. This
fact implies that their cells have some protective
antioxidative mechanisms and compounds (14). Moreover,
seaweeds are rich in vitamins, minerals, natural bioactive
compounds, and various functional polysaccharides.
Therefore it is important to extract or isolate useful
bioactive compounds from seaweeds.

Eckionia cava has been widely used as a source of
fucoidan, which is well known as an antitumor,
anticoagulant and antithrombin polysaccharide (15-17). In
our previous study (18), a novel extraction technique using
digestive enzymes such as carbohydrases and proteases
was employed in order to degrade seaweed tissues, thereby
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releasing a variety of bioactive compounds. These
enzymatic extracts from seaweeds are water-soluble and
safe, as this technique does not adapt any organic solvent
or other toxic chemicals. Additionally, it has a high yield
and high radical scavenging activity in comparison with
organic extracts.

In the present study, the brown seaweed, E. cava was
enzymatically hydrolyzed with five different proteases
widely used in the food industry to prepare water-soluble
extracts. The antioxidant effects of the resultant extracts
were investigated on the radical scavenging activities of
1,1, diphenyl-2-picrylhydrazyl (DPPH), and hydroxyl and
alky] radicals using electron spin resonance (ESR), and on
Hy0O;-induced DNA damage using comet assay.

Materials and Methods

Materials The brown seaweed Ecklonia cava was
collected along the coast of Jeju Island, Korea, during the
period from October 2002 to March 2003. The samples
were washed three times using tap water to remove salt,
epiphytes and sand attached to the surface. Finally the
samples were rinsed carefully using freshwater and stored
in a medical refrigerator at -20°C. The frozen samples
were lyophilized and homogenized with a grinder before
extraction. Proteases including Alcalase 2.4L FG (an
endoprotease), Flavourzyme 500 MG (containing both
endoprotease and exopeptidase), Kojizyme 500 MG
(boosting of the soy sauce fermentation), Neutrase 0.8L
(an endoprotease) and Protamex (hydrolysis of food
proteins) were purchased from Novo Co. (Novozyme
Nordisk, Bagsvaerd, Denmark). 5,5-Dimethyl-1-pyrrolin
N-oxide (DMPO), 2,2-azobis (2-amidinopropane) hydro-
chloride (AAPH), o-(4-pyridyl-1-oxide)-N--butylnitrone
(4-POBN), DPPH and Histopaque 1077 were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). All
other reagents were of the highest grade available
commercially.

Preparation of enzymatic hydrolysates from E. cava The
hydrolysis of E. cava was performed according to the
method described by Heo et al (18). E cava was
pulverized into powder using a grinder. The buffer solution
(100 mL) was added to a dried sample (1 g), to which 100
HL (or mg) of each enzyme was mixed. The enzymatic
hydrolysis reactions were performed for 12 hr to achieve
an optimum hydrolytic level (19). The hydrolysates were
clarified by centrifugation at 5,000 x g for 20 min to
remove the unhydrolyzed residue. Finally, the enzymatic
extracts of E. cava were obtained after filtering and the
supernatant was lyophilized and then stored at -20°C until
use.

Hydroxyl radical scavenging assay Hydroxyl radicals
were generated by Fenton reaction, and reacted rapidly
with nitrone spin trap DMPO; the resultant DMPO-OH
adducts was detectable with an ESR spectrometer (20).
The ESR spectrum was recorded 2.5 min after mixing in a
phosphate buffer solution (PBS; pH 7.4) with 0.3 M
DMPO 0.2 mL, 10mM FeSO, 0.2 mL and 10 mM H,0,
0.2mL using an ESR spectrometer set at the following
conditions: central field 3475 G, modulation frequency 100
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kHz, modulation amplitude 2 G, microwave power 1 mW,
gain 6.3 x 10°, and temperature 25°C.

DPPH radical scavenging assay DPPH radical scaveng-
ing activity was measured using the method described by
Nanjo et al. (21). An ethanol solution of 60 uL of each
sample (or ethanol itself as control) was added to 60 uL of
DPPH (60 pumol/L) in ethanol. After mixing vigorously for
10 seconds, the solutions were transferred into a 100 puL
Teflon capillary tube and fitted into the cavity of the ESR
spectrometer (JES-FA machine, JOEL, Tokyo, Japan). The
spin adduct was measured on an ESR spectrometer exactly
2 min later. Measurement conditions: central field 3475 G,
modulation frequency 100 kHz, modulation amplitude 2
G, microwave power 5 mW, gain 6.3 x 10°, and temperature
25°C.

Alkyl radical scavenging assay Alkyl radicals were
generated by AAPH. The PBS (pH 7.4) reaction mixtures,
containing 10 mmol/LL AAPH, 10 mmol/L 4-POBN and
indicated concentrations of tested samples, were incubated
at 37°C in a water bath for 30 min (22), and then trans-
ferred to a 100 uL Teflon capillary tube. The spin adduct
was recorded on JES-FA ESR spectrometer. Measurement
conditions: central field 3475 G, modulation frequency 100
kHz, modulation amplitude 2 G microwave power 10
mW, gain 6.3 x 10°, temperature 25°C.

Isolation of rat lymphocytes Blood samples were
obtained from the inferior vena cava of five male Sprague-
Dawley rats aged 15 weeks (Samtako, Korea). For each
treatment, 100 pL of fresh whole blood was added to 900
uL of PBS and layered onto 100 uL of Histopaque 1077.
After centrifugation for 5min at 2000 rpm at room
temperature, the lymphocytes were collected from just
above the boundary with the Histopaque 1077, washed
with 1 ml PBS, and centrifuged under the same condition.

Incubation of lymphocytes FEach lyophilized extract
was dissolved in PBS and diluted into concentrations of 0,
1, 10, 25 and 50 pg/mL. The lymphocytes containing 2 x
10° cells/mL were incubated with each diluted extract for
60 min at 37°C in a dark incubator together with untreated
control sample. After preincubation, samples were
centrifuged at 2000 rpm for 5 min at 4°C. The incubated
cells were resuspended in PBS with 50 uM H,O, for 5 min
on ice. The untreated control sample was resuspended only
in PBS without H,O,. Cells were centrifuged as described
above and then washed with 1 mL PBS. Lymphocytes
were checked for viability by trypan blue exclusion. All
the experiments were repeated three times on alternate
days.

Determination of DNA damage (Comet assay) The
alkaline comet assay was conducted according to Singh et
al (23)’s method with a little modification. The cell
suspension was mixed with 75 pL of 0.5% low melting
agarose (LMA), and added to slides precoated with 1.0%
normal melting agarose (NMA). After solidification of the
agarose, the slides were covered with another 75 pL of
0.5% LMA and then immersed in lysis solution (2.5 M
NaCl, 100 mM EDTA, 10mM Tris, 1% sodium
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laurylsarcosine, 1% Triton X-100 and 10% DMSO) for 1
hr at 4°C. The slides were next placed into an electro-
phoresis tank containing 300 mM NaOH and 10 mM
Na,EDTA (pH 13.0) for 40 min for DNA unwinding. For
DNA electrophoresis, an electric current of 25 V/300 mA
was applied for 20 min at 4°C. The slides were washed
three times with a neutralizing buffer (0.4 M Tris, pH 7.5)
for 5 min at 4°C, and then treated with ethanol for another
5 min before staining with 50 pL of ethidium bromide (20
png/ml). Measurements were made by image analysis
(Kinetic Imaging, Komet 5.0, UK) and fluorescence
microscope (LEICA DMLB, Germany), to determine the
percentage of fluorescence in the tail (tail intensity, TI; 50
cells from each of two replicate slides).

Statistical analysis Data were analysed using the SPSS
package for Windows (Version 10). Values were expressed
as meantstandard error (SE). The mean values of the tail
intensity from each treatment were compared using one-
way analysis of variance (ANOVA) followed by Duncan’s
multiple range test. A P-value of less than 0.05 was
considered significant.

Result and Discussion

ROS are considered to be important causative factors in
the development of diseases of aging such as neuro-
degenerative disease, cancer and cardiovascular disease. In
the present study, we used the ESR technique. Spin
trapping is the most direct method to detect highly reactive
free radicals. With this ESR technique, a higher steady-
state concentration of free radicals (as radical adducts) is
achieved, which can overcome the sensitivity problem
inherent in the detection of endogenous radicals in
biological systems (24-26). The brown seaweed, E. cava,
was successfully hydrolyzed by five types of proteases,
Alcalase, Flavourzyme, Kojizyme, Neutrase and
Protamex, to produce enzymatic hydrolysates according to
the method of the previous study (18). The enzymatic
hydrolysates were investigated for their effect on the
scavenging activities of three radicals, hydroxyl, DPPH
and alkyl, and for their inhibitory effect against H,O,-
induced DNA damage.

The proximate composition of E. cava shown in Fig. 1
presents values comparing the protein and carbohydrate
compositions of the raw material (10.55 and 68.42%,
respectively) and proteolytic hydrolysates. For the
hydrolysates, the protein composition was a little higher
and the carbohydrate composition was a little lower than
those of the raw material. It seems that the protein
compounds were eagily released due to the enzymatic
digestion and contributed to the change of composition.

Hydroxy! radicals generated in the Fenton system (Fe**
/H,0,) were trapped by DMPO, forming a spin adduct as
detected by the ESR spectrometer. All the tested extracts
scavenged more than 90%, with the values being 90.68,
90.09, 98.20, 93.99 and 91.89% at 2.5 pg/mL for Alcalase,
Flavourzyme, Kojizyme, Neutrase and Protamex, respectively
(Fig. 2). Moreover, even the lowest concentration (0.625
pg/mL) exhibited over 50% activity. In addition, the
decrease of the amount of DMPO-OH adduct was shown
by ESR spectra after the addition of Kojizyme hydrolysate
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Fig. 1. Proximate composition of raw materials and five
proteolytic hydrolysates of E. cava. R, raw material; A, Alcalase
extract; F, Flavourzyme extract; K, Kojizyme extract; N, Neutrase
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Fig. 2. Hydroxyl radical scavenging activity of the extracts
hydrolyzed from E. cava by various proteases. Extracts hydro-
lyzed by: @ , Alcalase (Alcalase extract), O , Flavourzyme extract;
¥, Kojizyme extract; V , Neutrase exiract; Bl , Protamex extract.
Mean £ SE of determinations were made in triplicate experiments.

from E. cava (Fig. 3). Among the ROS, the hydroxyl
radical is the most reactive and it induces severe damage
to the adjacent biomolecules. In this ESR technique, all the
extracts exhibited strongly scavenged hydroxyl radicals in
a dose-dependent manner. Several studies have reported
the effects of this parameter on the Fenton reaction with
ESR method. Park ef al. (27) reported that the efficiency
for generation of DMPO-OH gradually decreased when
the enzymatic extracts of Sargassum horneri increased
from 6.25 to 2 pg/mL. Zhang et al. (28) also observed that
0.25% ginseng extract completely counteracted the
DMPO-OH adduct formation generated by a ferrous ion-
mediated, Fenton reaction system.

DPPH is a stable free radical and accepts an electron or
hydrogen radical to become a stable diamagnetic
molecule, and has often been used as a substrate to
evaluate the antioxidative activity of natural compounds
(29). E. cava enzymatic hydrolysates exhibited a positive
effect on DPPH radical scavenging (Fig. 4), with all values
being over 80%; namely 87.85, 83.50, 89.08, 85.74 and
87.67% at 2.5ug/mL for the five types of protease
(Alcalase, Flavourzyme, Kojizyme, Neutrase and Protamex,
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Fig. 3. ESR spectrum obtained in Fenton reaction system at

various concentrations of the extracts hydrolyzed from E. cava

12)); Koji 1zyme (a) control; (b) 0.625 pg/mL; (c) 1.25 ug/mL; (d)
pg/mL

100

80

70 A

60

50

Scavenging activity (%)

40

30

20

0.625 1.25 25

Concentrations (ug/mL)

Fig. 4. DPPH radical scavenging activity of the extracts hydro-
lyzed from E. cava by various proteases. Extracts hydrolyzed
by: @, Alcalase (Alcalase extract); O, Flavourzyme extract; ¥
KOleyme extract; V', Neutrase extract; ] , Protamex extract. Mean
+ SE of determinations were made in tnpllc ate experiments.

respectively). In addition, the scavenging activity of those
hydrolysates increased as their concentrations were increased
from 0.625 ug/mL to 2.5 ug/mL, while the ESR signal
was decreased with the dose increment of Kojizyme
hydrolysate (Fig. 5). It is well known that antioxidant
properties are correlated with high contents of phenolic
compound (21, 30, 31). Nagai and Yukimoto (32) reported
that a high content of polyphenols is correlated with high
antioxidant ability using a linoleic acid model system with
high scavenging abilities against DPPH radicals. In our
previous study (18), E. cava enzymatic hydrolysates also
exhibited a positive correlation between DPPH radical
scavenging activities and total polyphenolics.

The alkyl radical has been found to be a primary
intermediate in many hydrocarbon reactions. These
radicals were easily detected with ESR, a technique which
has been found to be very useful in the characterization of
solid surfaces and in the elucidation of active surface sites
as well as surface reactions (33). The alkyl radical spin
adduct was observed when AAPH was incubated with the
spin trap 4-POBN at 37°C for 30 min. The results in Fig. 6
showed that the hydrolysates prepared by the five
proteases, Alcalase, Flavourzyme, Kojizyme, Neurease
and Protamex, scavenged 89.29, 78.57, 94.64, §3.93 and
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Fig. 5. ESR spectrum obtained in an ethanol solution of 30
pmol/LL. DPPH at various concentrations of the extracts
hydrolyzed from E. cava by Kojizyme. (a) control; (b) 0.625
mg/mL; (¢) 1.25 pg/mL; (d) 2.5 pg/mL.
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Fig. 6. Alkyl radical scavenging activity of the extracts hydrolyzed
from E. cava by various proteases Extracts hydrotyzed by: @ ,
Alcalase (Alcalase extract); O, Flavourzyme extract; ¥ , Kojizyme
extract; v , Neutrase extract; lll, Protamex extract. Mean + SE of deter-
minations were made in tnphcate experiments.

98.43% at 2.5 ug/mL, respectively. Among them, the
Protamex hydrolysate exhibited highly protective effects
on alkyl radicals even at 1.25 pg/mL (around 90%). The
ESR signals were decreased with the dose increment in the
Kojizyme hydrolysate (Fig. 7). In this result, we obtained a
predominantly protective effect on the alkyl radical. Park
et al. (34) also studied the scavenging effect of reactive
radicals and observed that 90% chitosan could scavenge
70% of alkyl radicals at the concentration of 5 mg/mL.

The comet assay, which measures the breaking of the
DNA strand at the level of single cells, is very easily
applied to lymphocytes and therefore lends itself to human
bio-monitoring studies. It has become a standard technology
for the measurement of oxidative DNA damage both in
vitro and in vivo (35, 36). H,0,, an oxidative stress agent,
causes a concentration-dependent increase in DNA strand
breakage. Our previous study reported that E. cava
carbohydrases hydrolysates could strongly scavenge H,O,
in vitro (37). It can therefore be inferred that the E. cava
enzymatic hydrolysates can be used to protect cells as
confirmed by comet assay.
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Fig. 7. ESR spectrum obtained during incubation of AAPH
with 4-POBN at various concentrations of the extracts hydro-
lyzed from E. cava by Kojizyme. (2) control; (b) 0.625 pug/mL;
(c¢) 125 ug/mL; (d) 2.5 pg/mL. The incubation was done in a
water bath containing 0.05 mol/L PBS, 10 mmol/L AAPH and
0.1 mmol/L 4-POBN.
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Fig. 8 shows the effect of proteolytic hydrolysates from
E. cava on H,0,-induced DNA damage in human
lymphocytes. All the tested hydrolysates showed positive
effects against DNA damage in a dose-dependent manner,
not only at high concentrations (50 png/mL), but also at a
low concentration of 1 pg/mL. Especially Kojizyme
hydrolysate exhibited the highest inhibitory effect (82.32
%) at 50 pg/mL and Alcalase hydrolysate showed more
than 50% even at the lowest concentration (1 pg/mL)
tested.

Fig. 9 shows photomicrographs of different DNA
migration profiles obtained from human lymphocytes,
when treated with different concentrations of hydrolysate.
In the group treated with only H,O,, the DNA was
completely damaged but the addition of E. cava pro-
teolytic hydrolysates with H,O, reduced the damage
caused by H,O,. In the application of samples at different
concentrations (0 to 50 pug/mL) the DNA migration
changed with the increment of the concentrations. DNA
damage can be enhanced by exposure to various
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Fig. 8. Inhibitory effects of different concentrations of E. cava proteases extracts on H,0,-induced, human lymphocyte, DNA
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Fig. 9. Photomicrographs of DNA damage and migration
observed under Kojizyme extract treatment where the tail
moments were decreased. (A) negative control; (B) lymphocytes
treated with 50 pM H,O,; (C) lymphocytes treated with 1 pg/mL
E. cava Kojizyme ext. + 50 uM H,0,; (D) lymphocytes treated
with 10 pg/mL E. cava Kojizyme ext. + 50 uM H,0,; (E) lympho-
cytes treated with 25 pg/mL E. cava Kojizyme ext. + 50 pM

HyOs; (F) lymphocytes treated with 50 ug/mL E. cava Kojizyme
ext. + 50 uM H,0,

chemicals, environmental pollutants, steroid hormones and
radiation (23, 38, 39) which can be associated with
infections, disease, dietary habits, lifestyle and advancing
age (40-42). If these DNA lesions are not repaired, they
can initiate a cascade of biological consequences in the
population and can also promote cancer development via
several mechanisms (43). In this result, the enzymatic
hydrolysates from E. cava showed an inhibitory effect on
H,Op-induced DNA damage in human lymphocytes.
Therefore, the enzymatic hydrolysates from £. cava have
the potential to inhibit the DNA damage induced by H,0,.
In the present study, we used enzymatic hydrolysates
from E. cava as a potential source of natural, water-soluble
antioxidants and examined their radical scavenging effect
using ESR spectrophotometry, and the H,0, scavenging
effect using comet assay in human lymphocytes.
Enzymatic hydrolysates exhibited a positive effect on
reactive radicals, such as hydroxyl, alkyl and DPPH free
radicals, and an inhibitory effect against DNA damage.
Therefore, enzymatic hydrolysates from £ cava can be
used in the food and pharmaceutical industries. Further
studies are required in order to identify their structure, as
well as the functional properties of the antioxidant
compounds from enzymatic hydrolysates of E. cava.
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