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Allergic skin inflammation such as atopic dermatitis is characterized by skin barrier dysfunction, edema,
and infiltration with various inflammatory cells. The anti-inflammatory effects of Apo-9'-fucoxanthinone,
isolated from Sargassum muticum, have been described in many diseases, but the mechanism by which it
modulates the immune system is poorly understood. In this study, the ability of Apo-9'-fucoxanthinone to
suppress allergic reactions was investigated using a mouse model of atopic dermatitis. The Apo-9'-fucox-
anthinone-treated group showed significantly decreased immunoglobulin E in serum. Also, Apo-9™-fucox-
anthinone treatment resulted in a smaller lymph node size with reduced the thickness and length compared
to the induction group. In addition, Apo-9’-fucoxanthinone inhibited the expression of interleukin-4, inter-
feron-gamma and tumor necrosis factor-alpha by phorbol 12-myristate 13-acetate and ionomycin-stimu-
lated lymphocytes. These results suggest that Apo-9-fucoxanthinone may be a useful therapeutic strategy

for treating chronic inflammatory diseases.
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INTRODUCTION

Atopic dermatitis (AD) is a chronic relapsing skin dis-
ease associated with intense pruritus and skin hyper-reactiv-
ity, which affects approximately 10~20% of children and
1~3% of adults worldwide (1). The skin lesions in AD
patients are generally characterized by thickening of the
papillary dermis, skin barrier dysfunction, epidermal hyper-
plasia, severe skin dehydration, parakeratosis, and various
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inflammatory cells hyperproliferation, which consist mainly
monocytes, mast cells, basophils and T cells (2-4).

Mast cells play an important role in allergic, innate im-
munity and anaphylactic reactions. Activated mast cells
release a variety of inflammatory mediators such as cyto-
kines, serotonin and histamine following cross-linking of
their high affinity surface receptor (Fc3RI) for immuno-
globulin E (IgE) (5-7).

T cells play an important role in cell-mediated immunity.
Activated T cells can differentiate into one of several sub-
types such as T-helper 1 (Th1), Th2, Th9, Th17 and regula-
tory T cell, which express different types of cytokines.
Chronic AD is characterized by Thl-mediated immune
responses. Thl cells, regulated by the transcription factors
T-box expressed in T-cells (T-bet), secrete large amounts of
tumor necrosis factor-alpha (TNF-a) and interferon-gamma
(IFN-y), which regulate the development of Th2 cells (8,9).
Acute AD is characterized by Th2-mediated immune re-
sponses. Th2 cells, regulated by the GATA-binding protein-
3 (GATA-3), express a variety of cytokines, including inter-
leukin-4 (IL-4), IL-5, IL-6, IL-9 and IL-13, which can sup-
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press the development of Thl cells (10,11).

Recent studies have explored various marine bio-resources
to investigate their active components in pharmaceutical
and high nutritional value (12-14). Sargassum muticum (S.
muticum), a brown edible alga, is widely distributed on the
Jeju coastal area. Several previous studies have examined
the anti-allergic effects of Apo-9'-fucoxanthinone isolated
from S. muticum. APO-9 can reduce the levels of nitric
oxide and prostaglandin E2 (PGE2) in LPS-stimulated
RAW264.7 cells, and inhibit the pro-inflammatory cytokines
production and the phosphorylation of MAPKs in CpG
DNA-stimulated BMDMs and BMDCs (12,15). The bene-
ficial effects of APO-9 have been described in many stud-
ies, but the mechanism by which it modulates the immune
system and the allergic reactions is poorly understood.
Therefore, the aim of this study was to examine whether
APO-9 suppresses the various allergic inflammatory re-
sponses. The ability of APO-9 to modulate the immune sys-
tem was investigated using a mouse model of AD.

MATERIAL AND METHODS

Reagents. Apo-9'-fucoxanthinone (APO-9) was pro-
vided by Professor Nam-Ho Lee (Jeju national university,
Jeju, Korea; Fig. 1). Phorbol 12-myristate 13-acetate (PMA),
Ionomycin and 2-B-mercaptoethanol were purchased from
Sigma (St Louis, MO, USA), and TRIzol reagent was
obtained from Molecular Research Center Inc (Oxford,
UK). Dinitrochlorobenzene (DNCB) was purchased from
Tokyo Kasei Kogyo (Tokyo, Japan). All other chemicals
and reagents were of reagent grade.

Isolation of CD4'T cells and cell culture. CD4'T cells
were isolated from the total lymphocytes population in the
lymph nodes (LNs) using a Dynabeads” Untouched™ Mouse
CD4 cell kit (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Briefly, cells were incu-
bated with an antibody mixture for 20 min. Bead-bound
cells were then incubated for 15 min in Dynabeads buffer.
The bead-free cells were then transferred to a new tube and
resuspended in fresh medium. The isolated CD4" T cells
were cultured in RPMI 1640 (Gibco, Uxbridge, UK) con-

Fig. 1. Chemical structure of Apo-9-fucoxanthinone contained
in Sargassum muticum.

taining L-Glutamine and 25 mM HEPES and supplemented
with 10% (vol/vol) FBS (Gibco), 100 U/mL penicillin-
streptomycin (Gibco), and 0.05 mM 2-f-mercapto-ethanol.
For the cytokine analysis, isolated CD4'T cells (1.0 x 10°
cells/mL) were incubated in the presence or absence of PMA
(10 ng/mL) and Ionomycin (1 pg/mL) with indicated con-
centrations of APO-9 (6.25 to 50 uM) for 4 hr.

Cell viability. Cell viability was determined by EZ-
CyTox (WST-1) assays (Daeil Lab Inc., Seoul, Korea).
CD4'T cells (1.0 x 10° cells/mL) were seeded on 96-well
culture plates and treated with indicated concentrations of
APO-9 (6.25 to 50 uM). After incubation for 24 hr, cells
were treated with 5 uL of WST per well in a 5% CO, atmo-
sphere incubator for 3 hr at 37°C. The light absorbance of
each well was quantified using a VersaMax ELISA micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA) at
450 nm.

Extraction of total RNA and real-time PCR. Total
RNA was isolated using TRIzol reagent according to the
manufacturer’s instructions. Reverse transcription was per-
formed using a First-Strand cDNA Synthesis kit (Promega,
Madison, WI, USA). Real-time quantitative PCR was per-
formed with a KAPA SYBR® FAST gqPCR kit (Kapa Bio-
systems, Woburn, MA, USA) and the iQ™5 Multicolor
Real-Time PCR Detection System (Bio-Rad Laboratories,
Inc.) to measure gene expression levels. The results were
analyzed using iQ™5 optical system software, which mea-
sures the amplification of the target and the endogenous
control (GAPDH) in both the test and reference samples.
The data were normalized using GAPDH. The following
primers were used for RT-PCR: mIFN-y (forward: 5-TCA
AGT GGC ATA GAT GTG GAA GAA-3'; reverse: 5-TGG
CTC TGC AGG ATIT TTC ATG-3), mIL-4 (forward: 5™
ACA GGA GAA GGG ACG CCAT-3% reverse: 5-GAA
GAA CTA CAG ACG AGC TCA-3') and mTNF-a (for-
ward: 5~CAT CTT CTC AAA ATT CGA GTG ACA A-3
reverse: 5-TGG GAG TAG ACA AGG TAC AAC CC-3)).

Experimental animals. BALB/c mice (female, 7-weeks-
old) were purchased from Orient Bio (Orient Bio Inc.,
Seongnam, Korea) and maintained under pathogen-free
conditions in the animal facility of Jeju National Univer-
sity. All animal experiments were approved by the Jeju
National University Animal Care and Use Committee.

DNCB application to induce AD. Mice were divided
into four groups (n=35 per group): saline (normal), AD
(induction-only), AD + Hydrocort cream, and AD + APO-
9. Mice were sensitized by applying 1% DNCB or vehicle
on their abdomen as the first sensitization (day-7). On Day
0, mice were challenged again by applying 0.3% DNCB to
the ears on every other day for up to 30 days. Starting on
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Day 12, the mice were treated with hydrocort cream (Green
Cross, Korea) containing 2 mg/g hydrocortisone valerate
and APO-9 (100 mg/kg) on their ears every other day. The
mice were sacrificed on day 31.

Enzyme-linked immunosorbent assay (ELISA). The
levels of IgE (Biolegend, San Diego, CA) in mouse serum
were measured using ELISA kits according to the manufac-
turer’s instructions.

Macroscopic edema and histology. In the experimen-
tal AD mouse model, DNCB stimulation elicited ear edema,
and ear thickness was measured using a Digital Thickness
Gauge (Mitutoyo, Kawasaki, Japan). Ear tissues were fixed
in 10% formalin, and then embedded in paraffin. Paraffin
sections (3 um each) were stained with by hematoxylin and
eosin (H&E).

Statistical analysis. Quantity One version 4.2.1 and
Image-Pro plus version 4.5 software were used to trans-
form images into numerical values. Student’s t-test and two-
way analysis of variance were used to determine the statisti-
cal significance of differences between experimental and
induction groups. Data are shown as mean + standard devi-
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ation. P-values less than 0.05 were considered statistically
significant.

RESULTS

APO-9 inhibits the production of inflammatory cyto-
kines in CD4'T cell. The T helper cells (Th cells) play a
crucial role in the immune response, and affect the activity
of other immune cells by releasing cytokines. Thl cells are
the host immunity effectors and the primary source for
inflammatory cytokines such as IFN-y and TNF-a. Th2
cells mediate the activation of the humoral against extracel-
lular parasites and allergens. Th2 cells are the primary
source for inflammatory cytokines such as IL-4, IL-5, IL-6,
IL-9 and IL-13 (16). Therefore, we measured whether
APO-9 suppresses Thl and Th2 cytokines in CD4'T cells.
We determined cell viability at various concentrations of
APO-9 by WST-1 assay. APO-9 is no cytotoxic at the tested
concentrations (Fig. 2A). Next, we examined the effect of
APO-9 on the production of IL-4, IFN-y and TNF-a in
CD4+T cells. CD4'T cells were incubated in the presence
or absence of PMA (10 ng/mL) and Ionomycin (1 pg/mL)
with indicated concentrations of APO-9 (6.25 to 50 uM) for
4 hr, and were measured by real-time PCR. APO-9 inhib-
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Fig. 2. Apo-9-fucoxanthinone suppresses the expression of various cytokines in CD4'T cells. CD4'T cells (1.0 x 10° cells/mL) isolated
from lymphocytes were incubated in the presence or absence of PMA (10 ng/mL) and ionomycin (1 ug/mL) with indicated concentra-
tions of APO-9 (6.25 to 50 uM) for 4 (real-time PCR) or 24 (WST-1 assay) hours. (A) Cell viability was analyzed by WST-1 assay. (B-D) The
expression of mMRNA for various cytokines in CD4'T cells was measured by real-time PCR. The measurements were made in triplicate
and are shown as mean + S.D. **P < 0.01 compared to CD4'T cells with PMA/ionomycin alone.
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ited the production of IL-4, IFN-y and TNF-a in a dose-
dependent manner, compared with the control (Fig. 2B-2D).

APO-9 suppresses the expression of serum Ige. To
induce experimental AD, mice were stimulated an initial
sensitization with 1% DNCB on the abdomen. They were
then resensitized by applying 0.3% DNCB to the ears on
every other day for up to 41 days. Starting on day 12, the
mice were received with hydrocort cream and APO-9
(100 mg/kg) on their ears every other day. On day 31, all
mice were sacrificed (Fig. 3A). IgE is a crucial therapeutic
target for AD, as it is the major activator of mast cells,
which release histamine, tryptase and cytokines (17). There-
fore, we measured the levels of serum IgE in mice with
dermatitis by ELISA. The APO-9-treated group showed
significantly decreased levels of IgE (P <0.05) compared
with the induction group (mice exposed to DNCB but not
treated APO-9; Fig. 3B).

APO-9 suppresses the development of experimental
AD. The skin lesions associated with AD are character-
ized by infiltration of various inflammatory cells (18).
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Fig. 3. Apo-9-fucoxanthinone suppresses the expression of
serum IgE. (A) Mice were sensitized by applying 1% DNCB or
vehicle on their abdomen as the first sensitization (day-7). On
Day 0, mice were challenged again by applying 0.3% DNCB to
the ears on every other day for up to 30 days. Starting on Day
12, the mice were treated with hydrocort cream and APO-9
(100 mg/kg) on their ears every other day. The mice were sacri-
ficed on day 31. (B) After sacrifice, the IgE in mouse serum was
measured by ELISA. Data are representative of 5 mice per group
(n=5 mice per group). Values represent the mean +SD. *P<
0.05; ***P<0.001 compared to mice stimulated with DNCB
alone (induction group).

Therefore, we measured whether APO-9 treatment allevi-
ates the level of inflammatory cell infiltration in the ears of
mice with experimental AD. We also tested skin swelling as
a measure of AD progression. We found that the cutaneous
edema in APO-9-treated mice was reduced at days 29 (P <
0.05) compared with that observed in the induction-only
mice (Fig. 4A, 4B). We next examined the effect of APO-9
on the infiltration of inflammatory cells by H&E staining of
ear tissue sections. Epidermal thickness and the degree of
inflammatory cell infiltration were significantly lower in the
APO-9-treated group than in the induction group (Fig. 4C).
The LNs have a crucial role in cell-mediated immunity by
regulating the activity of T and B cells (19). Therefore, we
tested the morphologic changes in the LN of experimental
AD. The LNs from mice in the induction-only group were
very swollen, whereas those from APO-9-treated mice were
smaller (Fig. 4D).

DISCUSSION

In this study, we determined APO-9’s ability to suppress
the various inflammatory responses. APO-9 treatment potently
modulates the immune system. AD mainly appears with
various diseases such as rhinitis, allergic conjunctivitis and
asthma (1,2). In the present study, we utilized the DNCB-
stimulated AD mouse model to investigate the anti-inflam-
matory effect of APO-9. Thl cells are the primary source
for inflammatory cytokines such as IFN-y and TNF-o, and
transcription factors T-bet is important for the differentia-
tion of Thl cells (16). Th2 cells express a variety of cyto-
kines, such as IL-4, -5, -6 and -13, and preferentially express
GATA3, which is crucial for Th2 differentiation (20,21). We
measured whether APO-9 treatment regulate the expres-
sion of Th1/Th2 associated cytokines in experimental AD.
APO-9 reduced the mRNA levels of IL-4, IFN-y and TNF-
a. IgE is an important therapeutic target for allergy, and sig-
naling through FceRI can release histamine, tryptase and
cytokines from mast cells, which leads to potent induction
of edema or itching (22,23). Therefore, we tested whether
APO-9 can decrease serum IgE hyper-production and cuta-
neouse edema. The APO-9 treatment reduced the levels of
IgE and edema compared with the induction-only group.
H&E staining of the ear tissue showed that APO-9 treat-
ment alleviated the infiltration of inflammatory cells com-
pared with the induction-only group. The LNs play an
important role in regulating the immune responses and con-
tains a variety of immune cells. Also, enlared LN means a
lymph node-enlargement by abnormality of immune sys-
tem (24). We investigated the morphologic features of the
LNs in experimental AD model. The induction-only group
had markedly enlarged LNs; the LNs from APO-9-treated
mice were smaller compared with those from mice in the
induction-only group. In summary, APO-9 had strong inhibi-
tory effects on various AD symptoms. It is not yet clear why
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Fig. 4. Apo-9-fucoxanthinone suppresses experimental atopic dermatitis. (A) Macroscopic views of the ears and (B) ear thickness mea-
sured on days 0, 12, 16, 20, 24, and 29. (C) Paraffin-embeded sections of ear tissue stained with hematoxylin and eosin. (D) The lymph
nodes (LNs) were photographed to record morphologic changes (n=5 mice per group). Scale bar=0.1 mm. Values represent the
mean = SD. *P < 0.05; **P < 0.01 and ***P < 0.001 compared to mice stimulated with DNCB alone (induction group).

APO-9 has strong immunomodulatory effects. So we are cur-
rently trying to identify the inter-relationships between
APO-9 and regulatory T cells. Our results suggest that the
Apo-9'-fucoxanthinone may be a useful therapeutic strat-
egy for the allergic symptoms of AD.
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