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Abstract Hizikia fusiforme, a brown seaweed, has been
utilized as a health food and in traditional medicine.
In this study, we investigated whether enzyme-
modified H. fusiforme extracts (EH) have immunologi-
cal effects compared with normal H. fusiforme extracts
(NH). The effects of NH and EH on immune responses
were investigated by assessing nitric oxide (NO) pro-
duction, phagocytosis, and cytokine secretion in RAW
264.7 murine macrophages and mice. Also, fucosterol
was evaluated to find the active component of NH and
EH by addressing cytotoxicity test and NO production.
Both of NH and EH significantly increased cell viability
and NO synthesis. Tumor necrosis factor-o« (TNF-ot)
expression was more induced by EH with LPS treat-
ment. Phagocytic activity, as the primary function of
macrophages, was markedly induced by EH treatment.
Additionally, EH encouraged splenocyte proliferation
and recovered the levels of cytokines IL-1(3, IL-6, and
TNF-o in mice. Finally, fucosterol increased NO pro-
duction with no cytotoxicity, which means that
fucosterol is an active component of EH. In conclusion,
EH has the potential to modulate immune function and
could offer positive therapeutic effect for immune sys-
tem diseases.
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Introduction

In order to efficiently overcome infection, immunomodulation
requires the orchestration of many immune cells through sig-
naling molecules in order to boost the immune system.
Because the primary immune response initiates within macro-
phages, they are the first target of immunomodulators. The
immune cells, i.e., macrophages, are present in almost all tis-
sues and body cavities, including the peritoneal cavity.
Macrophages which are monocyte-derived phagocytic cells
play crucial roles in innate and adaptive immunities. The
phagocytic function of macrophages can reflect immune func-
tion to some extent (Geissmann et al. 2010). During the course
of an immune response, activated immune cells prevent path-
ogen invasion by secreting pro-inflammatory mediators such
as nitric oxide (NO) and inflammatory cytokines including IL-
183, IL-6, and tumor necrosis factor-o (TNF-) (Nathan 1987,
Moncada and Higgs 1991). In particular, TNF-« is involved
in systemic inflammation and is a member of a group of cy-
tokines that stimulate the acute phase reaction (Riches et al.
1996). TNF-« is produced chiefly by activated macrophages,
although it can also be produced by other cell types. NO, a
product of macrophages activated by cytokines, has been rec-
ognized as one of the most versatile compounds in the im-
mune system. Although NO has anti-cancer and anti-
microbial effects, excessive secretion of NO can result in ox-
idative stress (Moncada and Higgs 1991). In the body, the
spleen which is an important immune organ contains a rela-
tively homogenous fraction of B and T lymphocytes,
consisting of ~60% B cells and 40% T cells. Splenocytes have
different immune functions. Thus, an evaluation of the
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splenocyte proliferative effect provides an understanding of
the influence on T and B cells (Cesta 2006).

In mammalian cells, the immune response is influenced by
several essential nutrients that alter immune system function.
During the last decade, an upsurge of information has surfaced
concerning the immunological role of plant-derived materials in
traditional medicine (Das et al. 2014). Brown seaweeds are tra-
ditionally consumed as food ingredients in East Asia. They con-
tain large quantities of dietary fiber, minerals, vitamins, and poly-
saccharides (Rupérez and Saura-Calixto 2001; Bhaskar and
Miyashita 2005; Mabeau and Fleurence 1993; Zhang et al.
2012); possess anti-cancer activities; and strengthen the immune
response (Moussavou et al. 2014; Hwang et al. 2010). Hizikia
fusiforme is a popular edible seaweed that is mainly composed of
fucoses and sulfate bases (Patankar et al. 1993). Previous studies
revealed that H. fusiforme modulates the immune system through
several mechanisms, including induction of lymphocytes prolif-
eration (Shan et al. 1999), cytokine synthesis (Yoon et al. 2011),
and an increase of phagocytosis in macrophages (Choi et al.
2005). However, there are no reports regarding the ability of
enzymatic preparations of H. fusiforme to modulate the immune
response.

Among the components of H. fusiforme, fucosterol and
fucoidan exert many biological activities such as anti-
coagulant (Kuznetsova et al. 2003), anti-cancer (Zorofchian
Moghadamtousi et al. 2014), anti-inflammatory (Park et al.
2011; Jung et al. 2013), anti-viral (Feldman et al. 1999), in-
testinal regulation (Iraha et al. 2013), and lipid-lowering ef-
fects (Huang et al. 2010). Recently, we investigated the pro-
tective effects of fucosterol from H. fusiforme against skin
damage in UVB-irradiated human dermal fibroblasts
(Hwang et al. 2014). Fucoidan is a heterogeneous assemblage
with regard to monosaccharide composition, number of sul-
fate groups and acetyl groups, and molecular mass (Li et al.
2008). It has been reported that the biological activity of
fucoidan depends on its structure and sulfate content (Jiao
et al. 2011). Because enzymatic modification reduces the mo-
lecular weight of fucoidan and prevents the loss of sulfate
groups, fucoidan is a useful functional food material. In this
study, we performed enzyme modification of H. fussiforme in
order to generate enzyme-modified H. fusiforme extracts (EH)
with low-molecular weight fucoidan and fucosterol as active
components. In this study, we investigated whether EH mod-
ulates the immune response by assessing splenocyte prolifer-
ation and cytokine production in in vitro and ex vivo models.

Materials and Methods
Preparation of EH

H. fusiforme was obtained from Wan-do Su-hyup (Wan-do,
Korea) and extracted for 4 h in ethanol at a dried material to
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solvent ratio of 1:10 (w/v). Briefly, the crude enzyme was
extracted from Aspergillus niger (KACC 40280), which was
isolated from the Nuruk of makgeolli, a Korean traditional
wine. A. niger was incubated on modified yeast mold agar
(per liter distilled water 1.5 g beef extract, 3.0 g yeast extract,
2.5 g polypeptone, 0.05 g MgSO,, and 0.05 g CaCl,; pH 7.2)
at 30 °C for 4 days. A. niger was cultured routinely on mod-
ified yeast mold broth at 30 °C. The sample was then centri-
fuged at 7000 rpm for 30 min. The crude enzyme was mixed
with acetone at 4 °C for 4 h, and impurities were removed by
precipitation in phosphate buffer. For purification, the active
enzyme was loaded into an ion-exchange resin
(QAEsephadex ® A50 and Sp-sephadex® C50, Sigma, St.
Louis, USA) and eluted in NaCl buffer (Sigma).
H. fusiforme extract was incubated with the enzyme at 60 °C
for 24 h. After reaction, the enzyme was inactivated by incu-
bation for 1 h at 100 °C. The EH were collected by filtration
(Whatman no. 2 paper, USA), and the solvent was evaporated
under reduced pressure and stored at —20 °C.

Analysis of EH

Fucoidan and fucosterol has been analyzed and previously
characterized by our research group (Lee et al. 2015; Hwang
et al. 2014). The molecular heterogeneity of purified fucoidan
was studied by means of size exclusive HPLC using three
tandem ultrahydrogel columns (1000, 500, and 250; Waters,
USA). The analysis was performed with the following condi-
tions: mobile phase 0.2 M KNOj, flow 0.9 mL/min, detection
with RID, and attenuation of 16. Injection volume for samples
with concentration 5-50 mg/mL. A Waters 600 controller
equipped with a 996 PDA detector and a dual programmable
pump (isocratic mode) operated with Emprover Pro® soft-
ware was used for analysis. The tandem column system was
calibrated using 5, 20, 100, and 500 kDa dextran sulfate
(Sigma-Aldrich, USA).

For analysis of fucosterol from normal H. fusiforme ex-
tracts (NH) and EH, a fucosterol standard was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Analysis of the
fucosterol was performed using a Waters LC/ESI-MS system
equipped with a 2795 Alliance HT separation module, 2996
PDA detector, and Acquity SQD mass analyzer in positive ion
mode. Chromatographic separation was carried out on a
Waters C18 (0.46 x 25 cm) column. The mobile phase
consisted of (A) water containing 0.1% formic acid and (B)
acetonitrile containing 0.1% formic acid. Elution was per-
formed as follows: 0—5 min, 80% B; 15 min, 100% B;
20 min, 80% B; and 25 min, 80% B. The flow rate was
1 mL/min and the injection volume was 10 pL. The LC/MS
system employed MassLynx software (Waters, Milford, MA,
USA). The following conditions were used: ion source tem-
perature 150 °C, capillary voltage 3.5-4.5 kV, cone voltage
35-90 V (indicated for each experiment separately), dryer gas
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(N2) flow 500 L/h, and cone gas 50 L/h. Mass scanning
ranged from 50 to 2000 kDa, and scanning speed was 0.2 s/
scan.

Cell Culture

The murine macrophage cell line RAW 264.7 was obtained
from KCLB (Seoul, Korea) and maintained in Dulbecco’s
modified Eagle’s medium (PAA, Canada) containing 10% fe-
tal bovine serum (PAA, Canada) and 1% penicillin-
streptomycin (PAA, Canada) at 37 °C in a 5% CO, incubator.
RAW 264.7 cells were subcultured twice a week, and the
medium was changed every 2 days. For experiments, samples
were evaluated in the presence of various concentrations (1,
10, and 100 pg/mL) of NH and EH. The stock sample solution
of NH and EH was prepared with DMSO (Sigma-Aldrich) as
10 mg/mL. Control cells were incubated for 24 h in the ab-
sence of samples.

MTT Assay

Cell viability was measured using a standard 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT;
thiazolyl blue) assay with slight modification (Lee et al.
2015). RAW 264.7 cells were seeded in 48-well plates at
5 x 10* cells/well for 24 h. Cell supernatants were removed
and replaced with the appropriate concentrations of medium
and samples. After incubation for 24 h, the cell supernatants
were removed, MTT reagent (final concentration 0.1 mg/mL)
was added, and the cells were incubated for 4 h. The cell
supernatants were then removed, and DMSO was added to
solubilize the insoluble formazan product generated by the
mitochondrial activity of live cells. One hour later, the absor-
bance was measured with an enzyme-linked immunoassay

(ELISA) microplate reader (Bio-Rad, Hercules, CA) at
570 nm. All experiments were performed in triplicate, and
the relative cell viability (%) was expressed as a percentage
relative to the untreated control cells.

Nitric Oxide Detection

NO production by RAW 264.7 cells was measured in aliquots
of culture medium using the Griess reagent system (Promega,
Madison, WI; Park et al. 2014). Cells were seeded in 24-well
plates at 5 x 10* cells/well and incubated for 24 h. Samples
were then added, and the incubation continued for an addi-
tional 24 h. Supernatant aliquots (50 puL) were transferred in
triplicate into a 96-well plate, and 50 uL of sulfanilamide
solution was added to each well. The plates were incubated
for 10 min at room temperature, then N-(1-naphthyl)-N-1-
ethylenediamine hydrochloride solution was added to the
wells, and the plates were incubated for an additional 10 min
at room temperature. The absorbance was then read at 540 nm
using an ELISA microplate reader. Synthesized NO, concen-
trations were determined by comparison to the nitrite standard
reference curve.

Phagocytosis Assay

Phagocytosis assay was determined using commercially avail-
able ELISA kits (Cytoselect™ 96-well phagocytosis assay kit;
Cell Biolabs, San Diego, CA, USA) according to the manu-
facturer’s instructions. Zymosan is a commonly used patho-
gen in phagocytosis assays. Cytochalasin D (2 pM) was used
as inhibitor (blocks phagocytosis by interacting with actin
microfilaments). The absorbance was then read at 405 nm
using an ELISA microplate reader. The phagocytosis response
to NH and EH was expressed as follows

%Phagocytosis = (O.D.value of sample treatment/O.D.value of zymosan only treatment) x 100

Measurement of IL-1[3, IL-6, and TNF-«

To assess the production of pro-inflammatory cytokines by
RAW 264.7 cells and mouse peritoneal cells, we used com-
mercially ELISA kits. Cells were seeded in a 24-well plate,
and various concentrations of NH and EH were added to the
wells. The cells were then incubated for an additional 24 h,
after which the cell medium was collected from each well. The
concentrations of IL-1f3, IL-6, and TNF-« were analyzed
from cell medium using commercially available ELISA kits
(R&D Systems, Inc., Minneapolis, MN, USA) in accordance
with the manufacturers’ instructions. Each sample was ana-
lyzed in triplicate. The absorbance was measured at 450 nm

using an ELISA microplate reader. The production of pro-
inflammatory cytokine was determined by comparison to the
standard reference curve.

Treatment and Laboratory Animals

Seven-week-old male C57BL/6 mice weighing 24-26 g
(BDL, Chungbuk, Korea) were used and were housed in the
laboratory at 22 + 2 °C and 40-60% humidity with a 12 h
light/12 h photoperiod. The mice had free access to solid feed
and water and were allowed to acclimatize for 1 week before
the experiment. After 1 week acclimation, samples were dis-
solved in distilled water and administered orally for 3 weeks.
Total 35 animals were divided into five groups of different NH
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and EH doses. The groups with each seven mice were fur-
ther divided into subgroups (NC: normal control group,
NH: orally administered H. fusiforme extract at 200 mg/
kg body weight [bw], and EH: orally administered
enzyme-treated low-molecular weight fucoidan from
H. fusiforme at 50, 100, and 200 mg/kg bw). NH and EH
were provided on alternate days throughout the experimen-
tal period. The experimental protocol [KRHUASP(SE)-15-
027] was approved by the Institutional Animal Care and
Use Committee of Kyung Hee University.

Measurement of Splenocyte Proliferation

Splenocytes were separated using the method of Mishell
(Mishell and Shiigi 1980). To measure splenocyte prolifera-
tion, splenocyte suspensions for each group were diluted and
plated on 96-well plates (Corning, Corning, NY, USA). Con A
(5 ng/mL) and lipopolysaccharide (LPS) (15 pg/mL; Sigma
Co., St. Louis, MO, USA) were used as mitogens. Optical
density was measured using an ELISA reader at 540 nm for
the MTT assay (Mataczewska 2014). The results of the pro-
liferation assay (%) were calculated by dividing the mean
0.D. of stimulated cultures by the O.D. of the non-
stimulated (control) cultures.

Isolation of Peritoneal Macrophages

After anesthetization using ether, the animals were exsangui-
nated, and the peritoneal cavities were washed with 5 mL of
sterile FBS-free RPMI medium (10%, v/v), penicillin
(100 units/mL), and streptomycin in an aseptic environment.
Resulting cell suspensions were centrifuged for 10 min at
1000 RPM and 4 °C and then re-suspended in 10 mL of sterile
RPMI medium without glutamine. Macrophages were obtain-
ed by incubating 1 x 107 cells per dish in 24-well polystyrene
culture plates for 2 h. Non-adherent cells were removed by
three vigorous washes with RPMI medium without glutamine.
The entire procedure was executed under aseptic conditions,
and all materials were previously sterilized.

Statistical Analysis

Data are expressed as mean value + standard deviation (SD).
Based on analysis of variance (ANOVA), statistically signifi-
cant differences between groups (P < .05) were identified.
These results were determined using the PRISM Statistical
Analysis System. The statistical significance of differences
between mean values was tested using the independent two-
tailed Student’s ¢ test in Sigma Plot 2001 software. Statistical
significance was set at p < 0.05.
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Results
Analysis of Fucoidan and Fucosterol from NH and EH

To confirm fucoidan and fucosterol from NH and EH, we used
HPLC. As shown in Fig. 1a, molecular size of fucoidan from
NH and EH were analyzed using size exclusion HPLC. The
[-glycosidase from Aspergillus sp. exploits the hydrolytic
pathways. The high molecular weight of fucoidan (500 kDa)
transformed into low molecular weight of fucoidan (5 and 2—
3 kDa). Because these (3-D-glycosidases were able to simulta-
neously hydrolyze, they produced the low molecular weight
of fucoidan in EH. HPLC was used to confirm that fucosterol
was extracted from NH and EH. As shown in Fig. 1b, the
retention time for the fucosterol standard was 15.48 min.
Fucosterol peaks from NH and EH were identified by com-
paring retention times with those of the corresponding stan-
dards. The total fucosterol concentration in NH and EH was
calculated as 0.249 and 1.067 mg/g (Fig. 1b).

Effect of EH on Cell Viability in RAW 264.7 Cells

To determine the optimal concentrations of NH and EH for all
experiments, the effects of NH and EH on the viability of
RAW 264.7 cells were primarily investigated using MTT as-
say. As demonstrated in Fig. 2a, treatment with NH and EH at
all concentrations between 1 and 100 pg/mL did not signifi-
cantly reduce cell viability. At high concentrations of NH and
EH (100 pug/mL), cell viability was rather increased by
128.5 £ 5.3 and 150.3 £ 2.3%, respectively, and which values
were statistically significant. For this reason, EH were used at
this concentration in all subsequent experiments.

Effect of EH on NO Production in RAW 264.7 Cells

To assess the effects of NH and EH on NO production in
RAW 264.7 cells, we measured the nitrite concentration in
culture medium using Griess reagent (Fig. 2b). As expected,
LPS treatment greatly stimulated NO production by
36.2 £ 5.1% compared to the untreated cells. As shown in
Fig. 2b, treatment with NH and EH at 100 pg/mL resulted
in NO production increases of 24.3 £ 1.9 and 29.1 + 2.5%,
respectively, which were statistically significant. These results
indicate that NO production is more potent with EH treatment
than with NH treatment.

Effect of EH on TNF-& Production in RAW 264.7 Cells

As the regulator of immune cells, TNF-« induces other cyto-
kines and stimulates macrophage phagocytosis. As shown in
Fig. 2¢, TNF-o production was increased by LPS treatment
(up to 145%) compared to that in non-LPS-treated cells. NH
in LPS-treated cells increased TNF-o production by 159% at
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Fig. 1 A size exclusion HPLC results of molecular size of fucoidan from NH and EH (a) and HPLC results of fucosterol from NH and EH (b)

100 pug/mL compared to that in NH-treated cells without LPS. splenocyte proliferation. Although EH stimulated splenocyte
Also, EH in LPS-treated cells significantly increased TNF-o«  proliferation in the LPS-activated condition compared to no
production by 180% at 100 png/mL compared to that of EH-  treatment in the EH control, the difference was not significant.
treated cells without LPS. These results support the conclu-  After treatment with Con A and LPS, the EH group showed
sion that EH has a stronger immune-stimulating effect than  the highest level of splenocyte proliferation.

NH.

Effect of EH on Phagocytosis in RAW 264.7 Cells Effects of Orally Administered EH on Cytokine
Expression in Mouse Peritoneal Macrophages

In the present study, we examined the effects of NH and EH

on phagocytosis in macrophages. When RAW 264.7 cells  EH is well established as an immunomodulatory agent.
were treated with NH (100 png/mL) and EH (1-100 pg/mL) Hence, we studied the effect of EH treatment on immune
for 24 h, phagocytic activity was significantly increased  response modulation via cytokine (IL-1f3, IL-6, and
(Fig. 2d). At the highest concentration, phagocytic activity =~ TNF-o) expression in murine peritoneal macrophages.
of EH-treated cells (up to 128.3 +£2.3% at 100 ug/mL) was ~ We observed that LPS increases in the release of IL-1[3,

greater than that of NH-treated cells (up to 118.4 + 1.6%). IL-6, and TNF-x by 138, 171, and 181%, respectively, in

comparison with the non-LPS-treated group in peritoneal
Effect of orally Administered EH on Splenocyte macrophages. At the LPS-treated condition, EH (100 pg/
Proliferation mL) increased IL-13, IL-6, and TNF-« production by

112, 117, and 129%, respectively, compared to that in
As shown in Fig. 3a, splenocyte proliferation was determined ~ only LPS treatment. Especially, EH 200 pg/mL group
after day 21 of NH or EH oral administration. Splenocyte =~ showed high level of statistical significance in IL-6 pro-
proliferation was induced by Con A activation, which selec- duction. The significant increases in IL-13, IL-6, and
tively induces T cell proliferation. The EH 200 mg/kg group ~ TNF-« release might play a pivotal role in triggering the
showed higher splenocyte proliferation (up to 38%) than that  signal for enhanced immune response. These upregulated
of the Con A-only control group after day 21. Treatment with ~ secretions were more prominent in EH than in NH sam-
LPS selectively induces B cell proliferation and then activates  ples (Fig. 3b—d).
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Fig.2 Cell viability (a), NO production (b), and TNF-o expression (¢) in
NH- or EH-treated RAW 264.7 cells. The cells were treated for 24 h. LPS
(1 pg/mL) was use as a positive control. d Measurement of phagocytosis
in NH- or EH-treated RAW 264.7 cells that were treated for 24 h.
Zymosan was used a pathogen. Cytochalasin D (2 pM) was used as
inhibitor. The absorbances were then read at 570, 540, 450, and

Effect of Fucosterol on Cell Viability and NO Production
in RAW 264.7 Cells

To evaluate the effects of fucosterol, an active component of
EH, we measured cell viability and NO production in RAW
264.7 cells. No cytotoxicity was observed at any fucosterol
concentration (Fig. 4a). At a high fucosterol concentration
(50 pg/mL), cell viability was increased by 112%. The NO
production was the highest in the LPS-treated RAW 264.7
cells (up to 313%). Fucosterol also stimulated NO secretion
by 132% at 25 pg/mL and 135% at 50 pg/mL (Fig. 4b).

Discussion

Since natural products have a relatively low potential toxicity,
they are useful in clinical application. It is an increasing trend
to use natural products as candidate immunomodulatory
agents. However, biological activities and application of ma-
rine algae have not been sufficiently investigated. Recently,
Mayer et al. reported that several marine compounds have
regulatory effects on the immune system (Mayer et al.
2013). Reports about H. fusiforme include that of Jeong

405 nm, respectively, using a microplate reader. Data are presented as
mean + S.D. of three independent experiments performed in triplicate.
Number sign and asterisk indicate significant differences (p < 0.05) be-
tween the LPS (—) control (normal) and LPS (+) control, respectively.
###p < 0.001 versus the normal, *p < 0.05, **p < 0.01, and ***p < 0.001
versus LPS-induced control

et al., who showed the immune-modulating activities of poly-
saccharides extracted from H. fusiforme (Jeong et al. 2015).
However, no immune activities from the extracts of enzyme-
modified H. fusiforme have been reported nor have their bio-
logical mechanisms been elucidated. In this study, we inves-
tigated the immunomodulatory effects of EH on LPS-induced
murine macrophages in vitro and orally administered mice
ex vivo.

To modify H. fusiforme, crude extracts were treated with an
enzyme and low-molecular weight fucoidan and fucosterol
were analyzed from EH. The activity of fucoidan on
immunomodulation has been previously reported. Nakamura
et al. reported that fucoidan increased the level of nitric oxide
(NO) production in macrophages in relation to p38 kinase-
dependent NF-«kB activation (Nakamura et al. 2006), and
Maruyama H et al. studied the oral administration of fucoidan
to T cell receptor transgenic (DO11.10-Tg) mice with in-
creased anti-tumor activities due to enhanced T helper type 1
(Thl) immune responses and resultant T cell-mediated NK
cell activation (Maruyama et al. 2006). However, fucoidan is
chemically unstable, and its bioactivity is highly dependent on
the number of sulfate groups. Therefore, to overcome these
weaknesses, we attempted to transform NH into EH via
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Fig.3 a Proliferation of splenocytes in mouse orally administered NH or
EH treated for 21 days. Con A (5 ng/mL) and LPS (15 pg/mL) selectively
induced T cell and B cell proliferation, respectively. The data represents
the mean + SD of quadruplicate experiments. Number sign and asterisk
indicate significant differences (p < 0.05) between the without mitogen
(normal) and only Con A-treated control, respectively. ##p < 0.01 versus
the normal, **p < 0.01 versus only Con A-treated control. TNF-«

enzymatic modification that prevents loss of sulfate groups
and results in a lower molecular weight. Previously, our group
demonstrated that the anti-aging effect of enzyme-treated gin-
seng extract was better than that of pure ginseng extract
(Hwang et al. 2013). For this reason, we utilized enzymatic
modification in the present study. As expected, the results
showed that EH which has the low molecular weight of

a 150

100 1

Cell viability
(% of control)

50

o<
LPS (1 pg/mL) - + + + + +
fucosterol (ug/mL) - - 1 10 25 50

Fig. 4 Cell viability (a) and NO production (b) in fucosterol-treated
RAW 264.7 cells. The cells were treated for 24 h. LPS (1 pug/mL) was
use as a positive control. Data are presented as mean = S.D. of three
independent experiments performed in triplicate. Number sign and
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production (b), IL-13 secretion (c¢), and IL-6 expression (d) in mouse
orally administered NH or EH treated for 21 days. The data represents
the mean + SD of quadruplicate experiments. Number sign and asterisk
indicate significant differences (p < 0.05) between the LPS (—) control
(normal) and the LPS (+) control, respectively. #p < 0.05 and ##p < 0.01
versus the normal, *p < 0.05 and **p < 0.01 versus LPS-induced control

fucoidan stimulated a stronger immune response than did pure
NH.

Activated macrophages are important for the initiation and
perpetuation of specific immune responses, both by serving as
antigen-presenting cells and by generating cytokines that pro-
mote proliferation, differentiation, and function of T lympho-
cytes, as well as other diverse immune effector cells (Mosser
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asterisk indicate significant differences (p < 0.05) between the LPS (—)
control (normal) and LPS (+) control, respectively. ###p < 0.001 versus
the normal, *p < 0.05 and **p < 0.01 versus LPS-induced control
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and Edwards 2008). Pro-inflammatory cytokines such as IL-
133, IL-6, and TNF-« are stimulated by LPS, which is present
in the outer cell membranes of gram-negative bacteria, in
macrophages and monocytes (Bruunsgaard et al. 1999). The
primary role of TNF-« is the regulation of immune cells.
TNF-« induces other cytokines such as IL-1(3 (Melchiorri
et al. 1998), IL-6 (Turner et al. 2007), and IL-8 (Zhao et al.
2005). In this study, EH induced the secretion of TNF-x in
LPS-treated murine macrophage cells. In addition, all levels of
IL-183, IL-6, and TNF-« increased upon EH treatment in peri-
toneal macrophages. These changes were significant when
stimulated by LPS, whereas they were not observed without
LPS. This finding suggests that the stimulatory effects of pro-
inflammatory cytokines in EH have synergistic activity with
LPS treatment in macrophage.

Phagocytosis is the primary function of macrophages and
enhances a diverse range of anti-microbial and cytotoxic re-
sponses including generation of respiratory burst, secretion of
immune mediators, and antigen presentation (Greenberg and
Grinstein 2002; Aderem and Underhill 1999). As a part of the
immune response, NO is generated by phagocytes (monocytes,
macrophages, and neutrophils) (Aderem 2003). To regulate im-
mune responses, NO triggers the elimination of pathogens on the
one hand and modulates immunosuppression during tissue-
restoration and wound healing processes on the other.
Interestingly, fluctuations in the levels of NO orchestrate other
phases of the immune response. NO activates specific signal
transduction pathways in tumor cells, endothelial cells, and
monocytes in a concentration-dependent manner (Wink et al.
2011), whereas excessive production of NO during inflammation
may cause tissue injury, nerve damage, and edema resulting from
increased blood vessel permeability (Garlanda et al. 2007; Kaur
etal. 2007). In addition, increased TNF-« stimulates macrophage
phagocytosis (Hess et al. 2009).

We confirmed that fucosterol, as an active component of
EH, increased NO production with no cytotoxicity. When NH
were transformed to EH through enzymatic treatment,
fucosterol content was significantly increased. Based on these
observations, EH has stronger effects on phagocytic activity
and NO production than does NH, although the
immunostimulatory effects of NH are stronger after enzymatic
modification. Based on these immunomodulatory effects of
EH in murine macrophages, further ex vivo studies were per-
formed to examine whether EH also stimulates immune-
related cytokine and mouse splenocyte proliferation in mice
treated with oral EH. The spleen is a major organ, and the size
or proliferation of splenocytes, increased by Con A activation
via induction of T cell proliferation, is an indicator of immune
function. Splenocytes participate principally in innate (mono-
cytes and NK cells) and acquired (T and B cells) immune
defenses, and previous studies have demonstrated that the
effects of natural food and herbal products on host defense
against microbial pathogens and tumors were directly

correlated with their ability to stimulate lymphocyte prolifer-
ation (Ho et al. 2004; Lee et al. 2005). Splenocyte prolifera-
tion stimulated by medicinal fruits and vegetables has been
attributed to their high concentration of phenolic compounds
(Lin and Tang 2007). Previous studies revealed that
H. fusiforme modulates the immune system through several
mechanisms; however, there are no reports regarding the abil-
ity of EH to modulate the immune response. We confirmed
that the group treated with EH showed greater splenocyte
proliferation than that in the only Con A-treated control group,
even compared with NH treated group.

In summary, the results of this study verified that EH shows
greater immune stimulation than pure NH. More specifically,
EH increased secretion of TNF-«, production of NO, and
phagocytosis activity in murine macrophage cells. EH con-
tains a higher level of the active component fucosterol than
does NH. Moreover, due to the modification of high-
molecular weight fucoidan in NH to low-molecular weight
fucoidan in EH via enzyme treatment, the stimulatory effect
of EH was higher than that of NH. However, the effective EH
dose may depend on physical parameters. Therefore, further
studies are needed to explore EH in relation to physical pa-
rameters through diverse molecular weights of fucoidan, as
well as to investigate the action mechanisms of EH. To the
best of our knowledge, the immunostimulatory effects of EH
rich in the active component fucosterol and low-molecular
weight fucoidan were established here for the first time. We
expect our findings to be used as a basis for developing func-
tional food products that contain EH.
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