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Abstract: We investigated the chemical characteristics and nitric oxide (NO) production and
antioxidant effects of sea mustard (Undaria pinnatifida) fractions obtained from Taejongdae in Busan,
Korea. Dried sea mustard was extracted using different solvents, and antioxidant effects was evaluated
based on the radical scavenging and DNA oxidation assays and the effect on reactive oxygen species
(ROS) production. Total phenolic content was significantly higher in the 85% aq. MeOH fraction than
that in the other factions. The 85% aq. MeOH fraction was more effective in scavenging free radicals
than other fractions, as assessed by I,7-diphenyl-2-picrylhydrazyl (DPPH) and 2.2'-azino-bis (8-
ethylbenothiazoline-6-sulfonic acid) diammonium salt radical cation (ABTS) assays (P<0.05). All sea
mustard fractions decreased HeOq-induced cellular ROS production compared to the control (P<0.05),
however, the 85% aq. MeOH fraction exhibited the greatest inhibitory effect on ROS production among
all fractions. Moreover, the 85% aq. MeOH fraction significantly inhibited genomic DNA oxidation. In
addition, we measured NO levels to determine the potential anti-inflammatory eftects of fractions from
sea mustard and observed the highest level of activity in case of the 85% aq. MeOH fraction. These
results indicated that the antioxidant effects of sea mustard are associated with its higher phenol
content. This study proposes that processed food products supplemented with sea mustard can be
developed into functional foods to promote the health of the local populations.
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1. Introduction

Seaweeds have long been widely consumed in Asia. Seaweeds are renowned as good sources of
nutrition because of low lipid content, high concentration of polysaccharides, abundance of minerals,
polyunsaturated fatty acids, vitamins, as well as the presence of bioactive compounds, which act as
potential functional components used for improvement in both human and animal health[17]. In
addition, numerous seaweed species have been reported to produce or contain secondary metabolites
exhibiting antimicrobial[27], antitumor[ 37, and antiviral properties[4].

Surrounded by the sea on three sides, Korea is rich in seafood resources. In particular, because of the
meeting of warm and cold currents, different seaweeds like laver, seaweed, and kelp have been used as
valuable edible resources in the forms of dried products, salted products, and seasoned products[57]. In
particular, Undaria pinnatifida (Harvey) Suringar, known as a representative edible brown algae, is an
year-old plant belonging to the family of brown algae and kelp and is distributed all over the coast of
Korea. Among them, natural rock- seaweed, which grows only on seashore rocks in clean areas; this
large seaweed grows from seaweed spores that live after the moss attached to the rocks is removed[67]
Natural rock seaweed is collected from the coastal areas of Korea during only 2-3 months annually,
which is then dried or salted and exported to different regions[77]. In addition, seaweed collected in
Korea has different characteristics depending on the region of its origin. Many studies have been

© 2024 by the authors; licensee Learning Gate
* Correspondence: sylim@kmou.ac.kr



2395

conducted on the antioxidant properties of seaweed, but there are only few studies related to the
physiological activity of seaweed collected in a specific area.

Reactive oxygen species (ROS) are chemical species, including superoxide anions, hydrogen
peroxide, and hydroxyl radicals. In general ROS are considered harmful to cells as they can cause
oxidation of proteins, lipids, and DNA, thereby promoting cell death or apoptosis. There is growing
evidence that ROS such as superoxide anion radical, hydroxyl radical, singlet oxygen, and hydrogen
peroxide can contribute to the development of various diseases including aging, if they are not
efficiently eliminated from the body. Consequently, research based on the role of antioxidants that act
against free radicals has become important in biomedical research[87].

In this study, we investigated the inhibition of ROS production at the cellular level and DNA
oxidation by fractions of sea mustard from the Chanmulgae area, Taejongdae, Busan and evaluated the
effect of sea mustard on production of nitric oxide as a marker of inflammation.

2. Materials and Methods
2.1. Sample Extracts and Fractions

Dried sea mustard (174 g) was extracted with acetone/ methylene chloride (A+M, 0.28 g) and
methanol (MeOH, 23.451 g) to obtain the maximum amount of extracts. Then the combined crude
extracts (11.84 g) were fractioned with n-hexane (0.13 g) and 85% aqueous MeOH (85% aq. MeOH, 0.24
g), and the aqueous layer was also further fractioned with n-butanol (z-BuOH, 0.23 g) and water (10.55
g), resulting in the n-hexane, 85% aq. MeOH, #n-BuOH and water fractions. All extracts and fractions
were vacuum evaporator at 40 °C (N-100. EYELA, Japan). The leftover material was then stored at 4 °C
until further analysis. For the cell experiments, each extract was dissolved in dimethyl sulfoxide
(DMSO) and diluted with a media to the desired concentration for use as a culture media. The final
concentration of DMSO used in the cell culture was kept below 0.1%.

2.2. Measurement of Total Phenol Content

Total phenol content of each extract was measured using the Folin-Denies method[[97, with minor
modifications. Each freeze-dried extract was diluted to a concentration of 1 mg/mL in distilled water.
The calibration curve was established using tannic acid (0-100 pg/mL). The diluted extract or tannic
acid (50 pl) was added to 50 pl FC reagent and mixed thoroughly for 8 minutes. Sodium carbonate (50
ul, 10% w/v) was added to the mixture and the mixture was allowed to stand for 60 minutes at room
temperature. The absorbance of the mixture was measured at 760 nm. Results of total phenol content
determination were expressed as mg of tannic acid equivalents per gram of dry extract.

2.8. Measurement of 1,1-Diphenyl-2-Picrylhydrazyl (DPPH) Radical Scavenging Activity

For the DPPH radical assay['°], 0.2mM DPPH solution was prepared and keep it in a dark
container to avoid light exposure. 20 uL of sample was mixed with 180 pL of 0.2 mM DPPH in a 96
well plate and incubated the mixture at room temperature in the dark for 10 min. After the incubation
period, measure the absorbance of the mixture at 518 nm using the ELISA microplate reader. L-ascorbic
acid, a natural antioxidant, was used as control group. DPPH radical scavenging activity was calculated
using the formula.

DPPH radical scavenging activity (%) = [(control absorbance — sample absorbance)/control
absorbance’] X 100.

2.4. Measurement of 2.2'-Azino-Bis (3-Ethylbenothiazoline-6-Sulfonic Acid) Diammonium Salt Radical Cation
(ABTS+) Radical Scavenging Activity

The ABTS+ radical scavenging activity of fractions from sea mustard was measured by the method
of Re et al[117]. To measure ABTS+ radical scavenging activity, 7 mM ABTS radical solution and 2.45
mM potassium persulfate solution were prepared. The two stock solutions were then combined in equal
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amounts to create the working solution, which was then given 12—16 hours at room temperature and
complete darkness to respond. The mixture was diluted with ethanol to an absorbance of ~0.74 0.02 at
734 nm. Then, 20ul of fractions was added to 180 ul of ABTS+ solution and the reaction mixture was
allowed to stand for 10 min before the absorbance was measured at 784 nm using the ELISA microplate
reader. L-ascorbic acid, a natural antioxidant, was used as control group. ABTS+ radical scavenging
activity was calculated using the formula: ABTS+ radical scavenging activity (%) = [(control
absorbance — sample absorbance)/control absorbance’] x 100.

2.5. Intracellular Reactive Ozxygen Species (ROS) Measurement

To measure the generation of intracellular reactive oxygen species (ROS), a oxidation-sensitive dye,
2',7'-dichlorofluorescein diacetate (DCFH-DA) was used method of LeBel et al[127. DCFH-DA reacts
with intracellular reactive oxygen species (ROS) to produce a fluorescent substance (dichlorofluorescein,
DCF), which can be measured to determine the levels of ROS within the cell. After seeding HT-1080
cells into a 96-well cell culture plate (5 x 105 /well) and incubating for 24 hours, the cells were washed
with phosphate buffer saline (PBS) and then incubated with 20 pM DCFH-DA in each well for 20
minutes at 37°C and 5% CO2. After pre-incubation, samples were treated in each well and then
incubated for an additional hour at 37°C and 5% CO, for 1 hour. After removing the DCFH-DA, the
cells were washed with PBS and treated with 500 uM H.O., and the DCF fluorescence was measured at
excitation 488 nm and emission 530 nm using a microplate reader at different time points. The control
group was treated with 500 uM H,O,, the blank group was treated with PBS instead of H.O,, and both
groups were treated with PBS instead of samples.

2.6. Genomic DNA Isolation and Determination of Radical Mediated DNA Ozxidation

The genomic DNA used in the experiment was extracted from HT-1080 cells using the AccuPrep®
Genomic DNA Extraction kit (Bioneer Inc., USA). The extracted genomic DNA was quantified for
purity and concentration by measuring its absorbance at 260 nm and 280 nm, respectively, and stored at
-20°C until further use. For oxidation, a 200 pM final concentration of FeSO, a 2 mM final
concentration of HoO, and incubated at room temperature for 30 minutes. The reaction was stopped by
adding 130 mM of EDTA. The oxidized genomic DNA was mixed with 6X agarose gel loading buffer
and loaded onto a 1.2% agarose gel, which was then electrophoresed at 100 mV. After electrophoresis,
the gel was stained with SafeView™(Applied Biological Materials Inc., Richmond, BC, Canada) for 20-
30 minutes and the degree of oxidation was visualized under UV light. The concentration and amount
of reagents used were adjusted accordingly for the experiment[ 137.

2.7. Measurement of nitric oxide (NO) production

The concentration of NO in the culture supernatant of RAW 264.7 cells was measured Metohd of
Beda and Nedospasov’s[147]. Cells were seeded at a density of 5 X 105 cells/mL in 96 well plates and
incubated for 24 hours at 37 °C and 5% CO2. Then, after changing medium (RPMI containing 10% FBS
and 100 units/ml penicillin-streptomycin), the cells were treated with samples. After 1 hour of
treatment, cells were stimulated with LPS (20 ng/ml) to promote NO generation for 48 hours. The
nitrite was measured using Griess reagent. In a 96-well plate, 50 L of cell culture media was mixed with
an equivalent volume of Griess reagent and incubated for 10 minutes at room temperature. The
absorbance was then measured in a microplate reader at 540 nm.

2.8. Statistics
All results were expressed as means * the standard error of the mean (SEM). The significance of

differences observed between the control and experiment groups used the Tukey's multiple range test at
$<0.05. Analyses were conducted using the STATISTICA package (TopCo, Palo Alto, CA, USA).
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3. Results and Discussion

The total phenolic content of sea mustard fractions from the Chanmulgae region is presented in
Table 1. Among sea mustard fractions from the Chanmulgae region, the 85% aq. MeOH fraction
exhibited the highest phenolic content at 15.84 + 0.70 mg/g. Following that, the fractions in
descending order of phenolic content were n-Hexane, -BuOH, and Water fractions.

Table 1.

Contents of total phenols of fractions from sea mustard of Chanmulgae area in
Taejongdai, Busan.

Samples Total phenol contents (mg/g)
n-Hexane 12.30 + 0.46"

85% aq. MeOH 15.84 &+ 0.702

n-BuOH 4.71 £ 0.17¢

Water 1.25 £ 0.184
Note:  "Values are expressed as mean£SD and *{Means with the different letters are significantly

different at P < 0.05 by Tukey's multiple range test
2n-Hexane; n-hexane fraction, 85% aq. MeOH; 85% aqueous methanol fraction; n-BuOH;
n-butanol fraction; Water; water fraction.

The electron donating ability (EDA, %) of DPPH radical scavenging activity of fractions of sea
mustard from the Chanmulgae area are presented in Table 2. The fractions were compared with the
positive control (L-ascorbic acid) at concentrations of 0.05, 0.1, 0.25, and 0.5 mg/ml. The DPPH radical

scavenging activity was higher EDA values of n-hexane and 85% aq. MeOH fractions at all tested
concentrations.

Table 2.
DPPH radical scavenging effect of fractions from sea mustard of Chanmulgae area in Taejongdai, Busan

Scavenging activity (%)"
Samples &l y (%)

0.05 mg/ml 0.1 mg/ml 0.25 mg/ml 0.5 mg/ml
n-Hexane?) 25.59 = 0.59° 27.33 £ 0.66b 27.86 £ 0.54b 28.62 + 0.22°¢
85% aq. MeOH 19.29 £ 0.06° 25.568 + 0.33¢ 30.50 £ 0.46° 35.56 £ 0.16P
n-BuOH 17.25 £ 0.09° 18.45 + 0.414 18.52 + 0.37°¢ 18.91 £ 1.2d
Water 12.23 = 0.09¢ 18.51 £ 0.31P 17.59 + 0.13¢ 18.64 + 0.194
L-ascorbic acid 92.35 £ 0.032 92.40 + 0.032 92.27 £ 0.032 92.99 + 0.00?
Note: DValues are expressed as mean+SD and “/Means with the different letters are significantly different at P < 0.05 by

Tukey's multiple range test

2n-Hexane; n-hexane fraction, 85% aq. MeOH; 85% aqueous methanol fraction; n-BuOH; n-butanol fraction; Water;
water fraction.

At a concentration of 0.5 mg/ml, the 85% aq. MeOH fraction had an EDA value of 14.11% (Table
3). Corresponding with the findings from the DPPH assay, the 85% aq. MeOH fraction exhibited
notable scavenging activity. However, the other fractions did not show significant ABTS+ radical
scavenging ability.

Figure 1 shows the inhibitory effects of the solvent fractions (n-Hexane, 85% aq. MeOH, n-BuOH
and Water) of sea mustard on ROS production induced by H.O, in HT-1080 cells. All fractions showed
a significant inhibition of intracellular ROS after 120 min of treatment. Moreover, the 85% aq. MeOH
fraction had the strongest inhibitory effect on HoOo-induced ROS production.
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Figure 1.

Inhibitory effect of solvent fractions from sea mustard from Chanmulgae areas in Taejongdai, Busan on

levels of reactive oxygen species in HT-1080 human fibrosarcoma cells.

Note: n-Hexane; n-hexane fraction, 85% aq. MeOH; 85% aqueous methanol fraction; n-BuOH; n-butanol fraction;
‘Water; water fraction.

The antioxidant activity of sea mustard fractions using genomic DNA extracted from HT-1080 cells
was measured. The extracted DNA was treated with fractions from sea mustard and then oxidized with
H,0, and FeSO, to measure their inhibitory effect on DNA oxidation. The values were compared to a
control that was not treated and showed the most oxidation, and to a blank that was not oxidized. The
n-Hexane and 85% aq. MeOH fractions showed the highest inhibitory effect (56.6 % and 52.1 %
respectively), compared to the blank set at 100% on DNA oxidation (Figure. 2).
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Figure 2.
Antioxidant effects of solvent fractions from sea mustard on genomic DNA in HT-1080 cells.
Note: DValues are expressed as meantSD and »fMeans with the different letters are

significantly different at P < 0.05 by Tukey's multiple range test
2)n-Hexane; n-hexane fraction, 85% aq. MeOH; 85% aqueous methanol fraction; #z-
BuOH; n-butanol fraction; Water; water fraction.
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All fractions from sea mustard did not show any cytotoxic eftect against RAW 264.7 cells. Figure. 3
presents the inhibitory effects of different solvent fractions on NO generation in RAW 264.7 cells
induced by LPS at various concentrations. The experimental findings revealed that the 85% aq. MeOH
fraction exhibited the highest activity among all fractions. Compared to the control set at 100%, both n-
Hexane and 85% aq. MeOH fractions demonstrated significant inhibitory effects at a concentration of
0.1 mg/ml. Following these fractions, the water and #-BuOH fractions showed decreasing order of
potency.

n-Hexane 85 % aq. MeOH
120 120
100 2 100 a
ES g
o 8 o 80
g 5
2 60 b £ 60
8 8
o “F ¢ c c o ®r b b b b
= z
L 11 i el
0 . . . . 0 . . . .
Blank Contrel 0.1 0.05 0.025 Blank Contrel 0.1 005 0.025
mg/ml mg/ml
n-BuOH Water
120 120
100 2 100 |} 2 N
. g
9:—‘/ 80 | b 3’ 80 r
£ =
2 e | ¢ g o6 f c
S S d
o O o d o ¥ e
z z 20 F
20 t . .
0 . . . .
0 * : * : Blank Contrel 0.1 005 0.025
Blank Control 0.1 005 0025
mg/ml
mg/ml
Figure 3.
Inhibitory eftects of sea mustard fractions on nitric oxide (NO) production by LPS-stimulated RAW 264.7 cells
Note:  YValues are expressed as mean£SD and **Means with the different letters are significantly different at P < 0.05 by Tukey's

multiple range test
2n-Hexane; n-hexane fraction, 85% aq. MeOH; 85% aqueous methanol fraction; n-BuOH; n-butanol fraction; Water; water
fraction.

Natural antioxidants are found in a variety of foods including vegetables, fruits, and seaweeds.
Seaweeds contain antioxidants in the form of polysaccharides, dietary fibers, minerals, peptides, amino
acids, vitamins, polyphenols, and carotenoids [327. Lee et al. [157] reported that the total flavonoid and
phenol contents of seaweed from Jeju Island were 50.4 and 82.6 mg/g, respectively. Na et al.[16]
measured the total phenol content by extracting sea mustard collected from the coast of Jeollanamdo
using various extraction methods and reported it as 3.96, 6.15, 6.64, and 6.91 mg/g, respectively, for
subcritical extract, hot water extract, methanol and ethanol fractions. Kim et al. [177] demonstrated that
the total phenol content of sea mustard from Wando was 31.8 mg/g. Cho et al. [187 reported a total
phenol content of 4.3 mg/g for the hot water fraction of sea mustard collected from Tahari, Seomyeon
and Ulleung island. The results suggested that the flavonoid and phenol contents of sea mustard varies
depending on the method and habitat. Lim ez al. [197] measured the antioxidant effect by sequentially
extracting fractions from 13 types of sea mustard from the coast of China and reported that the fraction
with higher antioxidant activity were abundant in phenols. Cho et al. [187] reported that the scavenging
activity of ethanol fraction of sea mustard was higher at 70% than that of hot water fraction (30%) at
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concentration of 1 mg/ml. A study comparing DPPH scavenging ability of Indian red algae fractions
reported that the petroleum ether fraction among all fractions showed the highest antioxidant eftect
with a high total phenol content [207. Neri ef al. [217]. compared the antioxidant activity of sea mustard
fractions from the Tongyeong and Gijang regions, which are farmed products, and found higher DPPH
and superoxide scavenging activity of the sea mustard fraction from Gijang regions than that from the
Tongyeong region, and the sea mustard fraction from Gijang had higher hydroxyl ion scavenging
activity than that from Tongyeong. The fucoidan content of the sea mustard fractions from Tongyeong
and Gijang was measured to be 12.1% and 18.6%, respectively. Kim et al[227] demonstrated that
commercially available sea mustard water fraction inhibited lipid peroxide production with increase in
concentration and showed higher inhibitory activity than that of radical scavenging activity, which is
similar to the results of this study. Rodrigues-Souza ef al [237] demonstrated that the extracts of
seaweeds from Brazil, Codium isthmocladum and Spatoglossum schroederi reduced DNA damage induced by
H,O, in HepG2 cells. The purified glycoprotein from Saccharina japonica has also been reported to
protect DNA from oxidative damage[ 24].

LPS has been widely used as an inflammagen that causes inflammation in vivo, and plays a central
role in inflammatory responses, stimulating the production of inflammatory mediators such as NO
signaling pathways of these inflammatory mediators [257. Yoon et al. [267] investigated the anti-
inflammatory activity of several seaweeds in LPS stimulated HGH-1 cells and found that ethanol
extracts from Asparagopsis taxiformis Trevisan de Saint-Leon and Hypnea japonica Tanaka markedly
inhibited NO production as well as the expression of its corresponding enzyme, inducible NO synthase
(INOS). In addition, it has been reported that ethanol extracts from both Undaria pinnatifida and
Laminaria japonica roots decreased the levels of NO and pro-inflammatory cytokines including tumor
necrosis factor-a (TNF-a), interleukin (IL)-18 and IL-6 [27,287. After treating RAW 264.7
macrophages with LPS and inducing intracellular NO production, Jung et al[297] treated the
macrophages with water and fermentation extracts from Saccharina japonica to determine the effect on
NO production. They found that both extracts decreased the production of NO and inhibited the levels
of pro-inflammatory cytokines (TNF-a and IL-6). The ethanol extract of Ecklonia cava showed anti-
inflammatory activity through inhibiting the nuclear factor kB and mitogen-activated protein kinase
signal molecules in macrophags [30]. In this study, the sea mustard fractions (z-Hexane and 85% agq.
MeOH) inhibited NO production in LPS-stimulated RAW 264.7 cells. Macrophages such as RAW264.7
cells when stimulated by LPS produce NO that dilates blood vessels and transmits nerve signals after
the induction of iINOS expresssion and cause inflammation [317. These results indicate that local
natural sea mustard from Busan, South Korea might be a potential candidate for treatment strategy
against oxidative stress and inflammation.

4. Conclusions

Natural antioxidants are found in a variety of foods including vegetables, fruits, and seaweeds.
Seaweeds contain antioxidants in the form of polysaccharides, dietary fibers, minerals, peptides, amino
acids, vitamins, polyphenols, and carotenoids (Burtin, 2003). These results indicate that local natural sea
mustard from Busan, South Korea might be a potential candidate for treatment strategy against
oxidative stress and inflammation.
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Table 3.

ABTS radical scavenging eftect of fractions from sea mustard of Chanmulgae area in Taejongdai, Busan.

Scavenging activity (%)
Samples - y (%)

0.05 mg/ml 0.1 mg/ml 0.25 mg/ml 0.5 mg/ml
n-Hexane?) 0.64+ 0.224 2.65+ 0.434 8.2+ 0.67b¢ 12.30% 0.14bc
85% aq. MeOH 7.74% 0.85 7.05% 0.27° 9.87% 0.10° 14.11% 0.04
n-BuOH 3.21% 0.26° 4.64% 0.11¢ 8.99+ 0.11bc 9.40% 0.05°¢
Water 1.12+ 0.854 2.58+ 0.28d 4.68% 0.66° 5.86% 0.084
L-ascorbic acid 94.821 0.32 94.74% 0.262 94.70% 0.362 94.63% 0.64

Note:  YValues are expressed as mean+SD and *™Means with the different letters are significantly different at P < 0.05 by

Tukey's multiple range test
2n-Hexane; n-hexane fraction, 85% aq. MeOH; 85% aqueous methanol fraction; n-BuOH; n-butanol fraction; Water;
water fraction.
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