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a  b  s  t  r  a  c  t

Fucoidan,  extracted  from  Ecklonia  cava,  has  been  extensively  studied  because  of its  wide  biological  activ-
ities.  However,  antioxidative  activities  have  not  been  yet  examined.  Therefore  we  evaluated  in vitro and
in vivo  studies  on  antioxidative  activities  of  E.  cava fucoidan  (ECF).  ECF  exhibited  more  prominent  effects
in  peroxyl  radical  scavenging  activity,  compared  to the  other  scavenging  activities.  Thus,  ECF  was  fur-
ther  evaluated  for its protective  ability  against  2,2′-azobis  dihydrochloride  induced  oxidative  stress  in
eywords:
ucoidan
ebrafish
APH
nti-oxidant

Vero  cells  and  ECF  strongly  reduced  the  AAPH-induced  oxidative  damage  through  scavenging  intracel-
lular  reactive  oxygen  species.  Furthermore,  we evaluated  protective  effect  of ECF against  AAPH-induced
oxidative  stress  in zebrafish  model.  ECF  significantly  reduced  ROS  generation,  lipid  peroxidation  and  cell
death  in  zebrafish  model.  These  findings  indicate  that  ECF  has  antioxidant  activities  in  vitro  Vero  cells
and  in vivo  zebrafish  model,  even  though  ECF  is  not  a polyphenol  or flavonoid  compound  and  does  not

conju
contain  benzene  rings  or 

. Introduction

Reactive oxygen species (ROS) or high levels of free radicals
ause oxidative stress leading to degradation of DNA, cell mem-
ranes, proteins and other cellular constituents (Fang, Yang, &
u,  2002; Lopaczynski & Zeisei, 2001). As a result, different kinds

f serious human diseases are created including atherosclerosis,
heumatoid arthritis, muscular dystrophy, cataracts, some neuro-
ogical disorders, some types of cancers and aging (Kovatcheva
t al., 2001; Ruberto, Baratta, Biondi, & Amico, 2001).

Zebrafish (Danio reiro) have definite advantages. For example,
heir comparatively small size makes them easier to adminis-

er in large numbers in a laboratory environment (Kishi et al.,
003). Furthermore zebrafish have a very short development,
s the basic body plan is laid out 24 h post-fertilization (hpf),

∗ Corresponding author. Tel.: +82 64 754 3475; fax: +82 64 756 3493.
E-mail addresses: youjinj@jejunu.ac.kr, youjin2014@gmail.com (Y.-J. Jeon).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.11.022
gated  structures.
© 2013 Elsevier Ltd. All rights reserved.

embryos hatch approximately 2–3 days post-fertilization (dpf)
and they attain maturity at about 3 months. Additionally, one
female can spawn about 100 eggs per day, which are fertil-
ized by sperm released into the water by males (Scholz, Fischer,
& Gundel, 2008). Zebrafish have been traditionally used in the
fields of molecular genetics and development biology, as a model
organism for drug discovery and toxicological studies because of
their physiological similarity to mammals (Driever et al., 1996;
Hertog, 2005; Kimmel, 1989; Pichler et al., 2003). Moreover,
zebrafish have been used as a model for human disease and
development and have been the target of a large-scale funding
program undertaken by the European Union (Zebrafish Model
for Human Development and Disease ZF-MODELS) (Bradbury,
2004).

Seaweeds are composed of a variety of bioactive substances

(polysaccharides, pigments, minerals, peptides and polyphenols)
with valuable pharmaceutical and biomedical potential. In par-
ticular brown seaweeds contain various biological benefits such
as antioxidant, anticoagulant, antihypertension, antibacterial, and

dx.doi.org/10.1016/j.carbpol.2013.11.022
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.11.022&domain=pdf
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mailto:youjin2014@gmail.com
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1 te Poly

a
J
2
E
L
i
f
s
h
t
a
H
2
L
c
b
t
a

E
(
s

2

2

I
p
d
s
a
2

2

v
2
h
w
r
b
u
t
h
p
t
4
t
w
t
s
p
a
s
o
(
p
w
x
2

86 E.-A. Kim et al. / Carbohydra

ntitumor activities (Athukorala & Jeon, 2005; Heo, Park, Lee, &
eon, 2005; Kotake-Nara, Asai, & Nagao, 2005; Mayer & Hamann,
004; Nagayama, Iwamura, Shibata, Hirayama, & Nakamura, 2002).
cklonia cava (class, Phaeophyceae; family, Lessoniaceae; order,
aminariales, E. cava) contains a variety of unique compounds
ncluding sulfated polysaccharides and phlorotannins with dif-
erent biological activities (Heo et al., 2009). In recent years,
ulfated polysaccharides and isolated compounds from seaweeds
ave been demonstrated to be potential ROS scavengers, and
o possess anticoagulant, antithrombotic, antiviral, anticancer,
nti-inflammation and antioxidant activities (Hayashi, Nakano,
ashimoto, Kanekiyo, & Hayashi, 2008; Lee et al., 2012; Li et al.,
009; Shi, Nie, Chen, Liu, & Tap, 2007; Wang, Zhang, Zhang, &
i, 2008). Nevertheless, the antioxidative activities of polysac-
harides such as fucoidans have not been evaluated properly,
ecause they do not have benzene rings or conjugated struc-
ures which are generally the functional groups for antioxidant
ctivity.

In this study, therefore, the antioxidative activities of
. cava fucoidan (ECF) were evaluated against 2,2′-azobis
2-amidinopropane) dihydrochloride (AAPH)-induced oxidative
tress in vitro cell experiments and in vivo zebrafish model.

. Materials and methods

.1. Materials

Brown seaweed, E. cava was collected from the coast of Jeju
sland, South Korea, between February and April 2011. The sam-
le was rinsed carefully with fresh water and freezedried. The
ried seaweed sample was  ground and shifted through a 50 mesh
tandard testing sieve. All chemicals and reagents used were of
nalytical grade and obtained from commercial sources (Lee et al.,
012).

.2. Extraction of fucoidan from E. cava

Fucoidan was extracted and fractionated according to the pre-
iously reported methods with slight modifications (Lee et al.,
012). Ten grams sample of the ground, dried E. cava powder was
omogenized with 1000 mL  of distilled water (dH2O) and mixed
ith 100 �L of Celluclast (Novo Nordisk, Bagsvaerd, Denmark). This

eaction was continued for 24 h at 50 ◦C and then the digest was
oiled for 10 min  at 100 ◦C to inactivate the enzyme. The prod-
ct was clarified by centrifugation (3000 × g for 20 min) to remove
he unhydrolyzed residue. Then the optimal pH for the enzymatic
ydrolysis was adjusted to 7.0 and the crud ECF was as addition of
recipitated with 3 volumes of ethanol after the hydrolytic reac-
ion. Subsequently the centrifugation at 10,000 × g for 20 min  at
◦C, the precipitate was re-dissolved in dH2O and sequentially

reated with 4 M CaCl2 for purification. The resulting precipitate
as removed by centrifugation and the resultant supernatant was

reated with cetylpyridinum chloride. The pyridinium salts were
olubilized with 3 M CaCl2 and reprecipitated with ethanol. The
recipitate was re-dissolved in dH2O, dialyzed (MwCO, 10–12 kDa)
gainst water at 4 ◦C for 72 h, and then lyophilized; the lyophilized
ample was used as crude fucoidan sample. The fucoidan consisted
f mostly carbohydrates (51.8%), sulfates (20.1%), uronic acid
11.3%) and small amounts of protein (8.7%). Monosaccharide com-

osition analysis showed that fucose (61.1%), galactose (27.2%)
ere the major sugars in the fucoidan, with minor amounts of

ylose (7.0%), rhamnose (3.9%) and glucose (0.8%) (Lee et al.,
012).
mers 102 (2014) 185– 191

2.3. Radical scavenging assays by using electron spin resonance
(ESR) spectrometer

2.3.1. DPPH radical scavenging assay
This assay is based on the scavenging ability of stable DPPH

radicals by the radical scavenging constituents in the extracts.
Method described by Nanjo et al. (1996) was used to investigate
the DPPH scavenging activity by ESR spectrometer (JES-FA ESR,
JEOL, Tokyo, Japan). DPPH was prepared in MeOH at the concen-
tration of 60 �M.  A 60 �L of ECF was added to the same volume
of freshly prepared DPPH solution. Then, the reactants were thor-
oughly mixed and transferred to 50 �L glass capillary tube and
fitted into the ESR spectrometer. The spin adduct was  measured
after 2 min. The measurement conditions were as follows; central
field 2 min. The measurement conditions were as follows; cen-
tral field 3475 G, modulation width 0.8 mT,  amplitude 500 mT,  scan
width 10 mT,  microwave power 5 mW.

2.3.2. Peroxyl radical scavenging assay
Peroxyl radicals were generated by AAPH and their scavenging

effects were investigated by the method described by Hiramoto,
Johkoh, Sako, and Kikugawa (1993). The reaction mixture contain-
ing 20 �L of distilled water, 20 �L of the extract, 40 mM AAPH and
20 �L of 40 mM POBN was incubated at 37 ◦C for 30 min. The spin
adduct was recorded on JES-FA ESR spectrometer. The measure-
ment conditions were as follows; central field 3475 G, modulation
width 0.2 mT,  amplitude 500 mT,  scan width 10 mT,  microwave
power 8 mW.

2.3.3. Hydrogen peroxide scavenging assay
The ability of ECF to scavenge hydrogen peroxide scavenging

activity was  determined according to the method of Müller (1985).
A 100 �L of 0.1 M phosphate buffer (pH 5.0) and the sample solution
were mixed in a 96-well plate. A 20 �L of hydrogen peroxide was
added to the mixture, and then incubated at 37 ◦C for 5 min. After
the incubation, 30 �L of 1.25 mM ABTS and 30 �L of peroxidase
(1 unit/mL) were added to the mixture, and then incubated at 37 ◦C
for 10 min. The absorbance was  read with an ELISA reader 405 nm.

2.4. In vitro cell experiment

2.4.1. Cell culture
The monkey kidney fibroblast cell line (Vero, KCKB No. 10081)

was maintained at 37 ◦C in an incubator with a humidified
atmosphere of 5% CO2. The cells were cultured in Dulbecco’s mod-
ified Eagle‘s medium containing 10% heat-inactivated feral bovine
serum, streptomycin (100 �g/mL), and penicillin (100 unit/mL).

2.4.2. Intracellular reactive oxygen species (ROS) measurement
in vitro Vero cells

For the detection of intracellular ROS, Vero cells were seeded in
96-well plates at a concentration of 1 × 105 cells/mL. After 16 h, the
cells were treated with various concentrations of ECF then incu-
bated at 37 ◦C under a humidified atmosphere. After 1 h, AAPH was
added at a final concentration of 10 mM,  and the cells were incu-
bated for an additional 30 min  at 37 ◦C. Finally the concentration
of 5 �g/mL of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-

DA) was introduced to the cells, and DCFH-DA fluorescence was
detected at an excitation wavelength of 485 nm and an emission
wave length of 535 nm,  using a Perkin-Elmer LS-5B spectrofluo-
rometer (LS-5B, Perkin-Elmer, CT, USA).
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ig. 1. Measurement of free radical scavenging activities of ECF by ESR. (A) DPPH
cavenging activity. Values are means ± SD of triplicate experiments.

.5. In vivo zebrafish model

.5.1. Origin and maintenance of parental zebrafish
Adult zebrafish were obtained from a commercial dealer (Seoul

quarium, Seoul, Korea) and 15 fishes were kept in 3.5 L acrylic
ank with the following conditions; 28.5 ± 1 ◦C, and were fed twice
imes a day (Tetra GmgH D-49304 Melle Made in Germany) with

 14/10 h light/dark cycle. The day before, breeding 1 female and
 males interbreed. In the morning (on set of light), embryos were
btained from natural spawning collection of embryos were com-
leted within 30 min  in petri Dishes (containing media).

.5.2. Waterborne exposure of embryos to ECF and AAPH
The embryos (n = 15) were transferred to individual wells of 12-

ell plates containing 900 �L embryo media from approximately
–9 hpf, ECF was added to the wells. After the incubation 1 h, a

5 mM AAPH solution was treated to the embryo exposed with ECF
or up to 24 hpf. Then, embryos were rinsed using fresh embryo

edia.
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ig. 2. Effect of ECF on intracellular reactive oxygen species (ROS) scavenging activ-
ty.  Intracellular ROS were detected by DCFH-DA method. The bar-graph shows
uorescence intensity and the line graph exhibits intracellular radical scavenging
ctivity. Experiments were performed in triplicate and data are mean ± SE. *p < 0.01.
nging activity; (B) peroxyl radical scavenging activity and (C) hydrogen peroxide

2.5.3. Measurement of heart-beat
The heartbeat rate of both atrium and ventricle was recorded at

2 dpf for 1 min  under the microscope.

2.5.4. Measurement of oxidative stress-induced intracellular ROS
generation and image analysis

Generation of ROS production of zebrafish was analyzed using
an oxidation-sensitive fluorescent probe dye, DCFH-DA. At 3 dpf,
a zebrafish larva was  transferred to one well of 96-well plate,
treated with DCFH-DA solution (20 �g/mL) and incubated for 1 h
in the dark at 28.5 ± 1 ◦C. After the incubation, the zebrafish lar-
vae were rinsed by fresh embryo media and anaesthetized by
2-phenoxy ethanol (1/500 dilution sigma) before observation and
photographed under the microscope CoolSNAP-Pro color digital
camera (Olympus, Japan). A fluorescence intensity of individual
larva was  quantified using the image J program.

2.5.5. Measurement of oxidative stress-induced lipid peroxidation
generation and image analysis

Lipid peroxidation was measured to assess the membrane dam-
age in zebrafish model. Diphenyl-l-pyrenylphosphine (DPPP) is
fluorescent probe for detection of cell membrane lipid peroxida-
tion. DPPP is non-fluorescent, but it becomes fluorescent when
oxidized. At 3 dpf, a zebrafish larva was transferred to one well
of 96-well plates, treated with DPPP solution (25 �g/mL) and
incubated for 1 h in the dark at 28.5 ± 1 ◦C. After the incubation,
the zebrafish larvae were rinsed using fresh embryo media and
anaesthetized by 2-phenoxy ethanol (1/500 dilution sigma) before
observation and photographed under the microscope CoolSNAP-
Pro color digital camera (Olympus, Japan). A fluorescence intensity
of individual zebrafish larva was quantified using the image J pro-
gram.

2.5.6. Measurement of oxidative stress-induced cell death and
image analysis

Cell death was detected in live embryos using acridine orange
staining. Acridine orange stain cells with disturbed plasma mem-
brane permeability, therefore, it preferentially stains necrotic or
very late apoptotic cells. At 3 dpf, a zebrafish larva was  transferred
to one well of 96-well plates, treated with acridine orange solution

(7 �g/mL) and incubated for 30 min  under the dark at 28.5 ± 1 ◦C.
After the incubation, the zebrafish larvae were rinsed by fresh
embryo media and anaesthetized by 2-phenoxy ethanol (1/500
dilution sigma) before observation and photographed under the
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icroscope CoolSNAP-Pro color digital camera (Olympus, Japan). A
uorescence intensity of individual zebrafish larva was  quantified
sing the image J program.

.6. Statistical analysis

The data are expressed as the mean ± standard error (S.E.) and
ne-way ANOVA test (using SPSS 11.5 statistical software) was used
o compare the mean values of each treatment. Significant differ-
nces between the means of parameters were determined by the
tudent’s t-test (p < 0.05, p < 0.01).

. Results and discussion

.1. Radical scavenging activities of ECF

ESR spin trapping provides a sensitive, direct and accurate
ethod to monitor reactive species (Guo et al., 1999). We  used

he ESR technique to measure DPPH and peroxyl radical scav-
nging activities of ECF. Hydrogen peroxide and DPPH have been
idely utilized to evaluate the antioxidant activity of natural

ompounds (Kang, Heo, Kim, Lee, & Jeon, 2012). The percent-
ge scavenging activity of ECF against DPPH is shown in Fig. 1A.
ccording to the results, ECF had an IC50value of 0.73 mg/mL

or DPPH radical scavenging activity. As shown in Fig. 1B, ECF
educed the ESR signal intensity to scavenge the peroxyl radical
n a dose-dependent manner. Peroxyl radical scavenging activ-
ty of ECF (IC50value, 0.48 mg/mL) was the highest among other
adical scavenging activities. Further, Fig. 1C shows that ECF had
oncentration-dependent scavenging activity against hydrogen
eroxide. However the hydrogen peroxide scavenging activity of
CF was very low. These results indicate that ECF has remarkable
cavenging activity on the peroxyl radical. The antioxidant ability
f ECF against the peroxyl radical suggests a possible beneficial role
reventing various chronic diseases that are linked with oxidative
tress.

.2. Measurement of intracellular ROS in Vero cells in vitro
ECF strongly scavenged peroxyl radical among other radicals.
hus we decided to induce oxidative damage to the cells with AAPH.
he level of ROS production in cells was detected via the fluorescent
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probe DCF to measure whether ECF could prevent AAPH-induced
ROS generation and the resulting oxidative stressors (Kang et al.,
2012). The intracellular ROS scavenging activity of ECF after admin-
istration of AAPH to Vero cells is shown in Fig. 2. The results
showed that intracellular radical scavenging of the cells treated
with ECF at different concentrations (25–200 �g/mL) decreased
with an increase in ECF concentration. In particular the highest
concentration (200 �g/mL) of ECF revealed the strongest ROS scav-
enging activity, and the IC50 value was 75 �g/mL. Previous studies
have reported that high sulfate and fucose in algal fucoidans are
related to radical scavenging effects with greater potential for pre-
venting free radical-mediated disease (Li, Lu, Wei, & Zhan, 2008;
Vo & Kim, 2012; Wang et al., 2008; Zhang, Yu, Zhou, Li, & Xu, 2003).
In the present study, ECF appeared to be a potential peroxyl radi-
cal scavenger on ROS generation. Accordingly ECF could protect the
human body against oxidative stress.

3.3. Measurement of ECF against AAPH-induced oxidative stress
in vivo zebrafish model

Zebrafish have become a popular model in pharmacological
studies such as chemical toxicity and drug discovery (Ko et al.,
2011). We  observed the survival rate and heart-beating rate in
zebrafish to determine AAPH toxicity in zebrafish co-treated with
ECF. The yolk is quickly exhausted after this point, with total
absorption occurring by 7 hpf (Jardine & Litvak, 2003). Therefore,
we decided that 7 dpf was  the endpoint of this experiment to assess
survival rate due to ECF toxicity. Survival rate was  83% in the AAPH-
treated zebrafish compared to the control (without ECF and AAPH)
group (Fig. 3A). However, survival rates were 91% and 97% at 100
and 200 �g/mL ECF, respectively. For this result, it is proved that ECF
can protect the zebrafish from damage induced by AAPH. Zebrafish
larvae typically hatch within 2–3 dpf at 28.5 ◦C (Scholz et al., 2008).
Therefore the heart beating was measured as soon as the zebrafish
hatched at 2 dpf. Heart-beating was  observed during the first min
as zebrafish lay on a glass plates. The heart-beating rate of the
AAPH-treated zebrafish increased to 114%, compared with the con-
trol group (Fig. 3B). However, the treated concentration of ECF at
100 and 200 �g/mL in the AAPH-treated zebrafish reduced to 106%

and 103% in heart-beating rate, respectively. Thus, survival rate and
heart beat rate of ECF-treated zebrafish were similar to the control
group. Therefore, ECF could be considered a latent peroxyl radical
scavenging agent.
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Fig. 4. Protective effect of ECF on AAPH-treated reactive oxygen species (ROS) production in zebrafish. (A) ROS levels were measured by image analysis and fluorescence
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icroscope. (i) Control (without ECF and AAPH); (ii) AAPH only; (iii) AAPH-co treate
easured by Image J. Experiments were performed in triplicate and data are mean

We  tested the capacity of ECF to detect changes in a
hysiological state using DCFH-DA to assess the accumula-
ion of ROS, DPPP to assess lipid peroxidation and acridine
range to assess cell death caused by the AAPH treatment.
CFH-DA is oxidation-dependently converted to non-fluorescent
′,7′-dichlorodihydrofluorescein (DCFH2) to the fluorescent 2′,7′-
ichlorofluorescein (DCF); thus fluorescence intensity increases
ith ROS production (Walker et al., 2012). ROS level was  130% in
APH-treated zebrafish compared to the control group. In contrast,
ebrafish exposed to AAPH and ECF at different concentrations (100
nd 200 �g/mL) showed significantly reduced levels of ROS pro-
uction (106% and 103%) (Fig. 4). This result suggests a reduction

f ROS generation by ECF treatment. Diphenylpyrenylphosphine
DPPP) is a probe that detects hydroperoxides and DPPP oxide
s strongly fluorescent (Akasaka, Suzuki, Ohrui, & Meguro, 1987).
APH-induced lipid peroxidation by DPPP fluorescent dye is shown

ig. 5. Protective effect of ECF on AAPH-treated lipid peroxidation production in zebrafis
icroscope. (i) Control (without ECF and AAPH); (ii) AAPH only; (iii) AAPH-co treated 10
ere  measured by Image J. Experiments was performed in triplicate and data are mean ±
h 100 �g/ml ECF and (iv) AAPH-co treated with 200 �g/ml ECF. (B) ROS levels were
p < 0.01.

in Fig. 5. The AAPH-treated zebrafish revealed 137% of lipid peroxi-
dation, whereas, zebrafish groups treated with 100 and 200 �g/mL
ECF showed dramatically decreased lipid peroxidation to 105% and
103%, respectively. This result indicates a reduction in lipid perox-
idation production by ECF treatment. Acridine orange is a nucleic
acid selective fluorescent cationic dye useful for apoptotic cells.
Lastly, Fig. 6 shows that the cell death induced by AAPH treatment
was confirmed via acridine orange as fluorescence intensity. The
AAPH-induced cell death in zebrafish was  measured to 118% com-
pared to the control group. However, cell death was reduced (101%
and 98%) by adding ECF (100 and 200 �g/mL) to AAPH-treated
zebrafish. When zebrafish were treated with ECF prior to AAPH

treatment, a dramatic decrease in cell death was observed. These
results indicate that zebrafish could be a good animal model for
antioxidant material screening. Collectively, our results demon-
strate that ECF has excellent antioxidant properties in vitro and

h. (A) Lipid peroxidation levels were measured by image analysis and fluorescence
0 �g/ml ECF and (iv) AAPH-co treated 200 �g/ml ECF. (B) Lipid peroxidation levels

 SE. *p < 0.01.
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Fig. 6. Protective effect of ECF on AAPH-treated cell death in zebrafish. (A) Cell death levels were measured by image analysis and fluorescence microscope. (i) Control
( F and 
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without ECF and AAPH); (ii) AAPH only; (iii) AAPH-co treated with 100 �g/ml EC
mage  J. Experiments was performed in triplicate and data are mean ± SE. *p < 0.05.

n vivo. Therefore, ECF can be a potential candidate for future ther-
peutic applications.

. Conclusion

ECF exhibited strong peroxyl radical scavenging activity via
SR and intracellular ROS scavenging activity in Vero cells in vitro
nduced by AAPH. In addition, antioxidant ability was  verified
hrough ROS production, lipid peroxidation production, and cell
eath in the AAPH-induced oxidative stress zebrafish in vivo model.

n conclusion, the fucoidan isolated from E. cava (ECF) does not
nclude a polyphenol or flavonoid, and does not have benzene
ings or conjugated structures. Nevertheless, our studies clearly
how that ECF possesses antioxidant verified activities using in vivo
ebrafish model. Therefore, zebrafish could be an effective in vivo
odel and ECF may  be a valuable natural anti-oxidant.
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