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To determine the anti-allergic effects of Ecklonia kurome, the ethyl acetate fraction
from an E. kurome (EEK) extract was compared to the ethyl acetate fraction from an
Eisenia arborea (EEA) extract and epigallocatechin gallate (EGCG) for inhibitory
effects on inflammation in experimental animals, degranulation in inflammatory
lymphocytes and enzymatic activities involved in allergic reactions. EEK was found
to inhibit mouse ear oedema by inflammatory inducers (arachidonic acid, 12-O-
tetradecanoylphorbol-13-acetate and oxazolone) in a dose-dependent manner, through
both topical and oral administrations. EEK also inhibited degranulation in rat basophilic
leukaemia cells and enzymatic activities (cyclooxygenase-2, soybean lipoxygenase and
phospholipase A,) in a dose-dependent manner. The effects of EEK were generally
comparable of those of EEA and EGCG. Therefore, E. kurome and the components in
EEK have the benefit of being used not only in common foods, but also more widely as
a functional food resource in anti-allergic foods.

Keywords: anti-allergic effect; anti-inflammatory effect; Ecklonia kurome; phloro-
tannin; brown algae

Introduction

Ecklonia kurome, a brown alga, grows along the coasts of the Japan Sea, Seto Inland Sea
and Kyushu Island (Yoshida, 1998), and is well known as an ingredient in common indi-
genous food products such as ‘Kizami Kurome’, ‘Maki Kurome’, Kurome powder and
Kurome essence in Kyushu, Japan. E. kurome belongs to the Laminariales, and related
species that have food applications and similar geographical distribution are Ecklonia
cava, Eckionia stolonifera, Eisenia arborea and FEisenia bicyclis. The brown algae
contain abundant amounts of functional food components such as alginate, fucoidan and
phlorotannins (Asakawa, Ohkawa, & Tanaka, 1988; Heo, Lee, Song, & Jeon, 2003;
Kuda, Kunii, Goto, Suzuki, & Yano, 2007; Ragan & Glombitza, 1986). Among the
brown algae, E. kurome contains approximately 3% (w/w) phlorotannins, 3% (w/w)
fucoidan and 40% (w/w) alginate (Kuda et al., 2007; Shibata et al., 2004). Phlorotannins
of this alga possess bactericidal activity on pathogenic bacteria such as methicillin-
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resistant Staphylococcus aureus (MRSA; Nagayama, Iwamura, Shibata, Hirayama, &
Nakamura, 2002), anti-plasmin activity (Fukuyama et al., 1990) and anti-obesity effects
(Kong et al., 2010). Additionally, the phlorotannins have an algicidal eftect on red tide
microalgae that cause serious damage to aquaculture industries (Nagayama, Shibata,
Fujimoto, Honjo, & Nakamura, 2003). Sulfated fucans from this alga exhibit anticoagulant
activity (Nishino, Aizu, & Nagumo, 1991).

Although many healthful properties of E. kurome have been demonstrated, there
might be additional benefits that are as yet unexplored. Allergies plague one-third of the
Japanese population (Mikawa, 1997), and have become a social problem in recent years,
so the importance of studying the anti-allergic properties of food resources has increased.
Although there are some reports of the anti-allergic effects of E. cava, E. stolonifera,
E. arborea and E. bicyclis extracts (Le, Li, Qian, Kim, & Kim, 2009; Shibata, Nagayama,
Tanaka, Yamaguchi, & Nakamura, 2003; Sugiura, Torii, Tanaka, & Matsushita, 2012;
Sugiura et al., 2009), the anti-allergic effects of E. kurome extracts are unknown, except
for a report that crude phlorotannins from this species inhibit a hyaluronidase activity
(Shibata, Fujimoto, Nagayama, Yamaguchi, & Nakamura, 2002). To that end, the anti-
allergic activity of the phlorotannin-enriched ethyl acetate fraction from an E. kurome
(EEK) extract was investigated to develop a novel and useful bioactivity of this alga.

Since the anti-allergic effects of the brown algal ethyl acetate fraction on experimental
animals have not been reported, in the present study, anti-allergic tests using a mouse
(ICR strain) ear oedema model were conducted. In the ear oedema experiments, three
inflammation sensitisers [arachidonic acid (AA). 12-O-tetradecanoylphorbol-13-acetate
(TPA) and oxazolone (OXA)] were used, because AA induces inflammatory reactions by
prostaglandins (PGs), TPA induces inflammatory reactions by PGs and rapid cycloox-
ygenase-2 (COX-2) expression and OXA causes a delayed-type (tvpe IV) allergic
reaction (Kujubu, Fletcher, Varnum, Lim, & Herschman, 1991; Nakano, 1977; Rao,
Currie, Shaffer, & Isakson, 1993). The effects of the brown algal ethyl acetate fraction
against the three different types of inflammation were investigated.

In allergic reactions, inflammatory lymphocytes such as mast cells degranulate
chemical mediators such as histamine, leukotrienes (LTs) and PGs. The released chemical
mediators cause regional inflammatory reactions. LTs and PGs are synthesised in the
arachidonic acid cascade, mediated by COX-2, lipoxygenase (LOX) and phospholipase
A, (PLA,; Funk, 2001). Therefore, inhibitory effects of EEK on the kev enzymes that are
involved in the arachidonic acid cascade and acral inflammatory reactions were
examined, namely COX-2, LOX and PLA,. Inhibitory effects of EEK on degranulation
in inflammatory lymphocytes were examined using rat basophilic leukaemia (RBL)-2H3
cells, a mast model cell line (Bursumian, Isersky, Petorino, & Siraganian, 1981).

In this paper, we detail the anti-allergic and anti-inflammatory effects of the ethyl
acetate fraction from an E. kurome extract, and compare it to the anti-allergic effects of
the ethyl acetate fraction from an E. arborea extract (EEA).

Materials and methods

Materials and sample preparation

E. kurome was collected from an undersea forest of algae near Tsuji Island, Kumamoto,
Japan. E. arborea (Phaeophyta) was collected at the coast of Mugizaki in Mie, Japan.
After washing with tap water to remove all debris, the alga was air-dried and pulverised.
Fitty grams of the algal powder was extracted with 150 mL of methanol at 5°C for 48 h,
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with occasional shaking. After the extract was concentrated to a small volume with a
rotary evaporator, 15 mL of methanol, 30 mL of chloroform and 11.25 mL deionised
water were added. The upper layer, corresponding to the non-lipid fraction (Folch, Lees,
& Stanley, 1957), was collected and extracted twice with 18.75 mL of ethyl acetate to
obtain crude phlorotannins (Ragan & Glombitza, 1986). The ethyl acetate fraction was
evaporated to dryness and retained as EEK and EEA primarily crude phlorotannins) at
—20°C until used. The yields of fractions from 50 g of each algal powder were 0.93 g
(EEK) and 0.53 g (EEA).

In this study, epigallocatechin gallate (EGCG; Sigma-Aldrich Co., St. Louis MO, USA),
a tea catechin, was used as a typical natural inhibitor, since EGCG is well known to possess
anti-allergic effect via various inhibition mechanisms (Tachibana, 2011; Yamada, Watanabe,
Kaku, Hassan, & Sugano, 1997; Yoshino, Kawaguchi, Yamazaki, & Sano, 2010).

Measurement of the amount of phenolic compounds

The purity of the phenolic compounds in EEK and EEA was measured by the Folin—
Denis method (Folin & Denis, 1915) and calculated as the concentration of phloroglu-
cinol that is a standard compound of the phlorotannins.

Anti-inflammatory examinations by mouse ear oedema
Animals

As an ear oedema model, ICR mice were used. The mice (male, 4 weeks old) were
purchased from Kyudo Co., Ltd. (Tosu, Saga, Japan) and housed in individual cages kept
at 23-26°C under a 12 h light/dark cycle until being tested. Food (MF, KBT Oriental Co.
Ltd., Tosu, Saga, Japan) and tap water were freely available. All of the animal
experiments were performed with permission of the ‘Committee for Use and Care of
Laboratory Animals’ of the National Fisheries University and in compliance with the
‘Guideline for Animal Experiments in Research Institutes under the jurisdiction of the
Ministry of Agriculture, Forestry and Fisheries’.

Arachidonate

AA-induced ear swelling was caused by the method of Young et al. (1984) with some
modifications. Ten microliters of AA (12.5 mg/mL in acetone, stored at —20°C until used;
Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 5 uL of test sample dissolved in
methanol were mixed and spread on a mouse ear. One hour later, ear swelling was determined
with a thickness gauge (547 series, Mitutoyo Corporation, Kawasaki, Kanagawa, Japan).
Eighteen hours after oral administration of a test sample dissolved in 400 uL of 10%
Tween 60 solution using a stainless feeding needle, 10 uL of AA was spread on the
mouse ear. One hour later, ear swelling was determined with a thickness gauge. The
inhibition ratio of the ear swelling was calculated according to the following formula:

Inhibition ratio {%) = [1 — (T — Tp)/(C — Cy)] x 100
where Cy is ear thickness without test sample before spreading AA; C is the ear thickness

without test sample after spreading AA; Ty is the ear thickness with test sample before
spreading AA and T is the ear thickness with test sample after spreading AA.
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12-O-tetradecanoylphorbol-13-acetate

TPA-induced ear swelling was caused by the method of Young et al. (1984) with some
modifications. Immediately before use, a stock solution of TPA (Wako; 800 ug/mL in
acetone, stored at —20°C until used) was diluted to 80 pg/mL with acetone. Ten
microliters of TPA and 5 pL of test sample were mixed and spread on a mouse ear. Four
hours later, ear swelling was determined with a thickness gauge.

In the case of oral administration, 400 pL of test sample was administered 3 and 21 h
prior to spreading TPA (10 pL) on a mouse ear. Four hours after spreading the TPA, ear
swelling was determined with a thickness gauge. The inhibition ratio of the ear swelling
was calculated as described above.

Oxazolone

OXA-induced ear swelling was caused by the method of Yoshino et al. (2010) with some
modifications. The OXA solution (Sigma-Aldrich) was stored at —20°C until used. Fifty
microliters of 1% OXA dissolved in ethanol was spread on the abdominal region of a mouse
whose abdominal hair was carefully shaved with an animal shaver (Natsume Seisakusho Co,
Ltd., Tokyo, Japan) under anaesthesia with diethyl ether. Five days later, 10 pL of 0.5% OXA
dissolved in acetone and 5 uL of test sample were mixed and spread on a mouse ear. Twenty-
four hours later, ear swelling was determined with a thickness gauge.

When mice were orally administered test samples, the examination was carried out
according to the procedure of Suzuki, Yoshino, Maeda-Yamamoto, Mivase, and Sano
(2000) with some moditications. Four-hundred microliters of test sample was oraily
administered at 1 h prior to the spreading of 1% OXA (50 uL) on the abdominal region of
mouse as described above. Five days later, 400 pL of the test sample was orally
administered once again at 1 h prior to the spreading of 0.5% OXA (10 pL) on mouse ear.
Twenty-four hours later from spreading OXA, ear swelling was determined with a
thickness gauge. The inhibition ratio of the ear swelling was calculated as described above.

Anti-degranulation activity

RBL-2H3 cells (JCRB0023, the Health Science Research Resources Bank, Tokyo, Japan) were
cultured according to a previous report (Sugiura et al., 2012). Since the amount of degranulation
from the mast cells is known to be proportional to f-hexosaminidase (-Hex; equivalent to
histamine) activity (Schwartz, Lewis, Seldin, & Austen, 1981), the degranulation assay by
stimulated RBL cells was conducted by measurement of the released p-Hex activity according
to the procedure described in a previous report (Sugiura et al., 2012). The experimental
conditions of cell stimulation and exposure to tested samples were as follows. Cells (2 x 10°
cells/well) were precultured and sensitised overnight with 0.2 pg of anti-dinitrophenyl (DNP)
IgE (Sigma-Aldrich) in a 24-well plate. After removal of the anti-DNP IgE, the tested samples
were added and the cells were incubated for 10 minutes. Subsequently, the cells were stimulated
with 4 pg of DNP-bovine serum albumin (BSA) (LSL Co., Ltd., Tokyo, Japan) for 30 minutes.
No inhibition of the f-Hex activity by the tested samples was observed.

Inhibitory effects on enzymatic activities
Phospholipase A,

Assays for the inhibitory effects of test samples on PLA; activity were \conducted
according to the method of Sugiura et al. (2009). Diheptanoyl Thic-PC (1.66 mM;
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Cayman Chemical Co., Ann Arbor, MI, USA) dissolved in dimethyl sulfoxide (DMSO)
was diluted with 25 mM Tris-HCl buffer (pH 7.5). One-hundred microliters of
Diheptanoyl Thio-PC solution and 5 uL of sample or DMSO (solvent control) were
mixed, and 5 uL of 5,5'-dithio-bis-(2-nitrobenzoic acid) (50 mM; Sigma-Aldrich)
dissolved in Tris-HC! buffer was added. After incubating the reaction mixture at room
temperature for 5 minutes, background absorbance at 415 nm (ODy4;5) was measured
using a spectrophotometer (MTP-120, Corona Electric Co. Ltd., Hitachinaka, Ibaraki,
Japan). Immediately. to start the enzymatic reaction, 5 pL of porcine pancreatic PLA; (25
units; Sigma-Aldrich) diluted with Tris-HCI buffer was added. Seventy-five minutes after
the addition of PLA,, the increase in ODy;5 by 5-thio-2-nitrobenzoic acid produced from
the reaction was measured. The inhibition ratio of the PLA, activity was calculated
according to the following formula:

Inhibition ratio (9/6) = 1 —(T75 — To)/(C75 — Co)} x 100

where Cj is the ODy4;5 without test sample before PLA, was added; C7s is the ODys
without test sample 75 minutes after PLA, was added; 7y is the OD,,s with test sample
before PLA, was added and 755 is the ODy; 5 with test sample 75 minutes after PLA, was
added.

Cyclooxygenase-2

COX-2 enzyme assays were conducted using the method of Kawakami et al. (2009)
with some modifications. One thousand seven hundred twenty microliters of 0.1 M
Tris-HC1 buffer (pH 8.0), 10 pL of 3 uM hematin (Sigma-Aldrich), 10 pL of 330 uM
tryptophan (Wako) and test sample or control solvent (0.1 M Tris-HC] buffer including
10% DMSO) were mixed. The mixture and 10 pL of ovine COX-2 (6.6 units; Cayman)
were mixed continuously and incubated at 25°C for 5 minutes. After adding 50 pL of
30 uM linoleic acid diluted with ethanol as substrate to the mixtwre to start the
enzymatic reaction, optical density at 235 nm (OD,3s) was measured using a
spectrophotometer (U-1800, Hitachi High Technologies Corp., Tokyo, Japan). After
incubating the mixture at 25°C for 5 minutes, the increase in OD,2< due to conjugated
diene production (9- or 13-hydroxyoctadecadienoic acid) by COX-2 activity on linoleic
acid was determined. The inhibition ratio of the COX-2 activity was calculated
according to the following formula:

Inhibition ratio (%) = [1 — (Ts — Tp)/(Cs — Cp) % 100]

where C is the OD,35 without test sample when linoleic acid was added; Cs is the ODy35
without test sample 5 minutes after addition of linoleic acid; 7p is the ODa,3s with test
sample when linoleic acid was added and Ts is the OD,35 with test sample 5 minutes after
addition of linoleic acid.

Lipoxygenase

Sovbean lipoxygenase (SBL, Type I-B, Sigma-Aldrich) was used as an alternatives to
human 5-lipoxygenase (Komoda, Morimitsu, Hirota, & Hirota, 1995). The inhibitory
effects of test samples on SBL activity were conducted according to the method of
Komoda et al. (1995). After 2 mL of the SBL (100 units) in 0.2 M borate buffer (pH-9.0)
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and 20 pL of test samples or methanol (solvent control) was mixed, the mixture was
incubated at room temperature for 5 minutes. After 50 pL of 0.4 mM linoleic acid diluted
with ethanol as the substrate was added, optical density at 234 nm (OD,34) was measured.
After 20 minutes, the increase in OD,34 due to conjugated diene production by SBL
activity from linoleic acid was determined. The inhibition ratio of the SBL activity was
calculated according to the following formula:

Inhibition ratio (o/o) = [1 — (Tp0 — T())/(Cgo = C()) x 100

where C, is the OD,34 without test sample when linoleic acid was added; C5, is the
OD,34 without test sample 20 minutes after addition of linoleic acid; 7y is the OD»34 with
test sample when linoleic acid was added and T, is the OD,34 with test sample 20
minutes atter addition of linoleic acid.

Statistical analysis

Data are expressed as means + SD. Statistical analyses were performed using Student’s
t-test. P < 0.05 was considered statistically significant.

Results

The degree of purity of phenolic compounds in EEK and EEA

When the phenolic compounds (phlorotannins) of EEK and EEA were measured by
Folin—Denis method, the purity values were 74.1% (E. kurome) and 72.0% (E. arborea).
From these purity values, the main components of the fractions were considered to be
algal phenolic compounds, i.e., phlorotannins.

The anti-inflammatory effect on mouse ear oedema
Percutaneous administration

EEK, EEA and EGCG exhibited anti-allergic effects on mouse ear oedema induced by
each sensitiser. The effects of EEK were generally comparable to that of EEA and
EGCG (Table 1). At a dose of 1 mg/ear, the effects of EEK on all inflammatory
reactions tended to be stronger than those of EEA. Since inhibition ratios of EEK and
EGCG in ear oedema induced by TPA and OXA were over 50% at a dose of 0.1 mg/ear,

Table 1. Inhibitory effects of percutaneous administrations of EEK, EEA and EGCG on each
sensitizer-induced ear edema in male ICR mice.

Sensitizer AA TPA O0XA

Sample dose
(mg/ear) 0.1 1 0.1 1 0.1 1

Inhibition EEK  40.5=135 87.1+9.7 565+123 81.8+17.1 734+89 93.0+11.5
ratio (%) EEA 463 =127 668180 347+76 797+183 30.6=10.7 829=+123
EGCG 495=113 758=+243 70.1+122 879+91 789+63 1039+2%

Notes: EEK, ethyl acetate fraction from Ecklonia kurome extract; EEA, ethyl acetate fraction from Eisenia
arborea extract; EGCG, epigallocatechin gallate; AA, arachidonic acid; TPA, 12-O-tetradecanoylphorbol-13-
acetate; OXA, oxazolone. Data are expressed as means = SD (n = 5). ’
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Table 2. Inhibitory effects of oral administrations of EEK, EEA and EGCG on each sensitizer-
induced ear edema in male ICR mice.

Sensitizer AA TPA (0),€.%

Sample dose
{mg/body) 0.1 1 0.1 1 0.1 1

22112 669160 457*+87 657+244 493+49 828*+71
92=11.1 649+7.0 313+48 688+48 152+96 758+113
207179 678+125 229+148 495+133 488+7.1 689+9.0

Inhibition EEK
ratio (%) EEA
EGCG

Notes: *indicates P < 0.05 against EGCG. EEK, ethyl acetate fraction from Ecklonia kurome extract; EEA, ethyl
acetate fraction from Eisenia arborea extract; EGCG, epigallocatechin gallate; AA, arachidonic acid; TPA, 12-
O-tetradecanoylphorbol-13-acetate; OXA, oxazolone. Data are expressed as means + SD (n = 5) Asterisks
indicate that the inhibition ratio of EEK is significantly higher than that of EGCG.

0.01 mg/ear of the samples were examined. In the ear oedema by TPA, the inhibition
ratios of EEK and EGCG were 29.0% and 42.1%, respectively. In the ear oedema
induced by OXA, inhibition ratios of EEK and EGCG were 46.2% and 42.2%,
respectively.

Oral administration

As shown in Table 2, EEK, EEA and EGCG administered orally exhibited anti-allergic
effects on mouse ear oedema induced by each sensitiser. The effects of EEK were
generally comparable to that of EEA and EGCG. At a dose of 0.1 mg/ear, the effects of
EEK on the inflammatory reactions induced by TPA and OXA tended to be stronger than
those of EEA. The effects of EEK tended to be stronger than those of EGCG. In
particular, 0.1 and 1 mg of EEK exhibited more significant inhibitory effects on ear
oedema induced by TPA and OXA, respectively, than EGCG.

Anti-degranulation activity

As shown in Figure 1, EEK, EEA and EGCG suppressed the degranulation in RBL cells in a
dose-dependent manner. The inhibition ratios of EEK at 5, 10, 25 and 50 ug/mL were 5.3%,
45.1%, 82.6% and 100%, respectively. Also, the inhibition ratios of EEA at 5, 10, 25 and 50
ug/mlL were 19.3%, 40.6%, 75.4% and 100%, respectively. Thus, the effects of EEK were
approximately comparable to EEA. At 10 pg/mL, the effect of EEK was significantly (P <
0.05) stronger than that of EGCG, and at 25 and 50 pg/mL, it was comparable to EGCG.
The 50% inhibition concentration (ICs,) values of EEK and EEA were 11.5 pg/mL (EEK)
and 15.3 pg/mL (EEA). Since induction of cell death by components of the extracts was
suspected due to the lack of degranulation in RBL cells at 50 ug/mL, the induction of cell
death was checked by exclusion of Trypan blue. The survival ratio was 96.3% (EEK) and
96.1% (EEA), and cell death by the extract was not observed (data not shown).

Inhibitory effects on enzymatic activities

As shown in Table 3, EEK, EEA and EGCG exhibited inhibitory effects on all enzymatic
activities tested (PLA;, COX-2 and SBL). The inhibitory effects of EEK on PLA, and
COX-2 activity tended to be weaker than that of EEA, and effects on SBL tended to be
stronger than those of EEA. The inhibitory effect of EEK on SBL activity was
significantly (P < 0.01) stronger than that of EGCG. The inhibitory effects of EEK on
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Figure 1. The dose-dependent inhibitory effects of EEK, EEA and EGCG on degranulation in
RBL-2H3 cells stimulated by the antigen—antibody reaction.

Note: The values on the x-axis are expressed as the concentration of the fractions or EGCG. The
inhibition ratio was calculated from the results of triplicate experiments. Data are expressed as
means + SD. The reproducibility was confirmed by repeated runs. EEK, ethyl acetate fraction from
E. kurome extract; EEA, ethyl acetate fraction from E. arborea extract; EGCG, epigallocatechin
gallate.

Table 3. The inhibitory effects of EEK, EEA and EGCG on enzymatic activities involved in
allergic reactions.

ICs0 (ug/mL)

Samples PLA, COX-2 SBL
EEK 1618.9 + 106.2 434.6 + 164.0 35.9%/2:3:2
EEA 1023.3 £ 527.6 350.0 + 229.1 321.0 £ 209.7
EGCG 1091.4 + 22.8 154.4 + 108.9 488.7 £ 29.6

Note: The inhibition ratio was calculated from the results of triplicate experiments. Data are expressed as means
+ SD. The reproducibility was confirmed by repeated runs. **indicates that ICs, values of EEK are significantly
(P < 0.01) lower than those of EGCG.

EEK, ethyl acetate fraction from E. kurome extract; EEA, ethyl acetate fraction from E. arborea extract; EGCG,
epigallocatechin gallate; PLA;, phospholipase A,; COX-2, cyclooxygenase-2; SBL, soybean lipoxygenase.

PLA, and COX-2 activities were weaker than those of EGCG, and inhibition of PLA;
activity was the weakest of the tested enzymatic activities.

Discussion

In this study, phlorotannin-enriched EEK and EEA extracts inhibited mouse ear oedema
induced by sensitisers (AA, TPA and OXA; Tables 1 and 2), degranulation in RBL cells
(Figure 1) and activities of enzymes (PLA,, COX-2 and SBL) involved in allergic
reactions (Table 3), to a similar degree as inhibition by EGCG.

As shown in Table 3, the inhibitory effects of EEK were generally coniparable to
those of EEA. However, the inhibitory effect of EEK on SBL activity tended to be
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stronger than that of EEA, and the inhibitory effects of EEK on PLA, and COX-2 tended
to be weaker than those of EEA. Such differences of the effects between E. kurome and
E. arborea may be due to differences in phlorotannin composition between the two brown
algal species. Phlorotannins are abundant in these algae and exhibit anti-allergic and anti-
inflammatory effects as described above (Nguyen, Choi, Kim, & Jung, 2012; Ragan &
Glombitza, 1986). For E. kurome, eckol, dieckol, 6,6’-biekol, §,8'-biekol and phlorofu-
cofuroeckol (PFF)-A have been identified (Fukuyama et al., 1990; Nagayama et al., 2003).
In addition to the phlorotannins identified in E. kurome, 6,8 -bieckol and PFF-B have also
been identified in E. arborea (Sugiura et al., 2007). Therefore, the differences of the effects
between the two algae may be attributed to the chemical composition of the phlorotannins.
In fact, when the phlorotannin composition of EEK used in this study was analysed by
high-performance liquid chromatography (HPLC) using phlorotannin standards obtained
from E. arborea (Sugiura et al., 2009; Tsukui et al., 2006), eckol, 6,6’-bieckol, 8,8'-
bieckol, dieckol and PFF-A were detected (preliminary data not shown). These
phlorotannins possess inhibitory effects on the enzymatic activities and degranulation in
RBL cells (Shibata et al., 2003; Sugiura et al., 2007, 2009), and the preliminary data are
consistent with previous reports (Fukuyama et al., 1990; Nagayama et al., 2003). As
described in the Results, since the purity values of phenolic compounds (phlorotannins) in
EEK and EEA were 74.1% and 72.0%, respectively, it is postulated that the active
components in the ethyl acetate fraction from the E. kurome extract are phlorotannins.

EEK and EEA exhibited anti-allergic effects on mouse ear oedema in both
percutaneous and oral administrations of the extract (Tables 1 and 2) in a manner
comparable to EGCG (Yoshino et al., 2010). Thus, the ethyl acetate fractions inhibited
not only inflammatory reactions induced by AA and TPA, but also the type IV allergic
reaction induced by OXA. PGs produced by COX-2 activity are involved in AA-induced
inflammation, while rapid COX-2 expression and LTs produced by LOX activity are
involved in TPA-induced inflammation (Kujubu et al., 1991; Rao et al., 1993). LTs, PGs
and histamine that cause various inflammatory reactions are released by degranulation in
mast cells. In a previous study, a phlorotannin-enriched methanol/chloroform extract of
E. arborea strongly suppressed LT B, and prostaglandin D, release from RBL cells
(Sugiura et al., 2009). This suggests that the inhibitory effects of EEK on the mouse ear
oedema may be attributed to mechanisms that inhibit enzymatic activities involved in
allergic reactions and degranulation in inflammatory cells as mentioned above, and the
active components that suppressed the mouse ear oedema may be phlorotannins as
detected in the preliminary analysis. To better understand the effect of purified
phlorotannins from E. kurome, further studies are needed.

In this study, the ethyl acetate fractions administered orally suppressed mouse ear
oedema to a similar degree as EGCG. These results for EGCG are consistent with
previous reports that when administered orally, TPA- or OXA-induced mouse ear oedema
was suppressed (Huang et al., 2006; Suzuki et al., 2000). Since EGCG is absorbed into
human plasma (about 2.0%; Nakagawa, Okuda, & Miyazawa, 1997) and the fractions
exhibited an inhibitory effect on mouse ear oedema by oral administration as mentioned
above, the active components might be absorbed into gut along with EGCG and might
exert the inhibitory effect. For the phlorotannins regarded as the candidate active
component of the fractions, further studies for the inhibitory effect on mouse ear oedema
and absorption using culwred cells and/or animal models are needed. ,

According to a report by Nagayama et al. (2002), when ICR mice were orally
administered crude E. kurome phlorotannins, no abnormal symptoms for weight gain and
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diet consumption were observed. For anti-allergic and anti-inflammatory drugs, the
inhibitory ratios of hydrocortisone (an anti-inflammatory drug) on mouse ear oedema
were 77% at 0.2 mg/ear (AA), 50% at 0.03 mg/ear (TPA) and 73% at 0.05 mg/ear (OXA;
Banno et al., 2005; Suzuki et al., 2000; Valderramas et al., 2008). The ICsy value of
tranilast (an anti-degranulation drug) on degranulation in RBL cells was 15.3 pg/mL
(Matsubara, Masaki, Ohmori, Karasawa, & Hasegawa, 2004). The ICs; values of Me-
Indoxam (SPLA, inhibitor), zileuton (a 5-LOX inhibitor) and celecoxib (a COX-2
inhibitor) were 0.22 pg/mL, 0.54 yug/mL and 0.02 pg/mL, respectively (McMillan,
Spruce, Crawley, Walker, & Foster, 1992; Penning et al., 1997; Singer et al., 2002). In the
present study. the ethyl acetate fractions possessed comparable (anti-degranulation) and/
or more moderate anti-allergic and anti-inflammatory eftects than above mentioned drugs.
Moreover, the fractions administered orally also suppressed the mouse ear oedema as
mentioned above, and dried the alga from which the fraction was made contains no more
than about 3% (w/w) of phlorotannins (Shibata et al., 2004). Theretore, the suppression
by EEK seems to be not as drastic as drugs but moderate as a functional food. Thus, an
ethyl acetate fraction from brown algal methanol/chloroform extract is rather suitable for
functional foods.

Taken together with the case of E. kurome products as described in the Introduction,
the alga may be safe and very suitable for functional food resources. However, to be
effectively used as a functional food resource, further studies are needed as follows: the
relation between efficacy and safety of the alga, and in vivo studies for a detailed
understanding of anti-allergic mechanisms such as the effect on cytokine balance using
animal models.

Conclusions

The ethyl acetate fraction from an E. kurome methanol/chloroform extract suppressed
mouse ear oedema induced by inflammation sensitisers (AA, TPA and OXA) and
demonstrated inhibitory effects on degranulation in RBL cells and enzymatic activities
(PLA,, COX-2 and SBL) involved in allergic reactions, to a similar degree as the ethyl
acetate fraction from an E. arborea methanol/chloroform extract that is known to possess
anti-allergic effects. Thus, E. kurome and its components possess anti-allergic and anti-
inflammatory effects, and have the capability to serve as a functional food resource for
allergies.

Acknowledgements

We thank Ms. A. Kobayashi and Mr. N. Shiraishi (National Fisheries University) for the technical
assistance, as well as Dr D.A. Coury (Phycal Inc., Highland Heights, OH, USA) for helpful
comments regarding the manuscript.

Funding
This work was supported by JSPS KAKENHI [grant number 23880036].

References

Asakawa, A., Ohkawa, K., & Tanaka, N. (1988). The seasonal variation in chemical composition of
Eisenia bicyclis and Ecklonia cava, collected from the coast of Shima Peninsula. Bulletin of
National Research Institute of Aquaculture, 13, 33—44 (in Japanese).



y 2015

Downloaded by [211.1.151.194] at 03:59 23 Januar

Food and Agricultural Immunology 191

Banno, N., Akihisa, T., Tokuda, H., Yasukawa, K., Taguchi, Y., Akazawa, H., ... Nishino, H.
2005). Anti-inflammatory and antitumor-promoting effects of the triterpene acids from the
leaves of Eriobotrva japonica. Biological & Pharmaceutical Bulletin, 28, 1995-1999.
doi:10.1248/bpb.28.1995

Bursumian, E. L., Isersky, C., Petorino, M. G., & Siraganian, R. P. I. (1981). IgE-induced histamine
release from rat basophilic leukemia cell lines: Isolation of releasing and nonreleasing clones.
European Journal of Immunology, 11, 317-323. doi:10.1002/eji.1830110410

Folch, J., Lees, M., & Stanley, G. H. S. (1957). A simple method for the isolation and purification
of total lipids from animal tissues. The Journal of Biological Chemistry, 226, 497-509.

Folin, O., & Denis, W. (1915). A colorimetric method for the determination of phenols (and phenol
derivatives) in urine. The Journal of Biological Chemistry, 22, 305-308.

Fukuyama, Y., Kodama, M., Miura, I, Kinzyo, Z., Mori, H., Nakayama, Y., & Takahashim, M.
(1990). Anti-plasmin inhibitor. VI: Structure of phlorofucofuroeckol A, a novel phlorotannin
with both dibenzo-1, 4-dioxin and dibenzofuran elements, from Eklonia kurome OKAMURA.
Chemical and Pharmaceutical Bulletin, 38(1), 133-135. doi:10.1248/cpb.38.133

Funk, C. D. (2001). Prostaglandins and leukotrienes: Advances in eicosanoid biology. Science, 294,
1871-1875. doi:10.1126/science.294.5548.1871

Heo, S.-J., Lee, K.-W,, Song, C. B., & Jeon, Y.-J. (2003). Antioxidant activity of enzymatic extracts
from brown seaweeds. Algae, 15, 71-81. doi:10.4490/ALGAE.2003.18.1.071

Huang, M.-T., Liu, Y.. Ramji, D., Lo. C.-Y., Ghai, G., Dushenkov, S., & Ho, C.-T. (2006).
Inhibitory effects of black tea theaflavin derivatives on 12-O-tetradecanoylphorbol-13-acetate-
induced inflammation and arachidonic acid metabolism in mouse ears. Molecular Nutrition &
Food Research, 50(2), 115-122. doi:10.1002/mnft.200500101

Kawakami, Y., Nakamura, T., Hosokawa, T., Suzuki-Yamamoto, T., Yamashita, H., Kimoto, M.. ...
Takahashi, Y. (2009). Antiproliferative activity of guava leaf extract via inhibition of
prostaglandin endoperoxide H synthase isoforms. Prostaglandins, Leukotrienes and Essential
Fatty Acids, 80, 239-245. doi:10.1016/j.plefa.2009.04.006

Komoda, T., Morimitsu, Y., Hirota, H., & Hirota, A. (1995). USF-19A, a new lipoxygenase
inhibitor from Strepromyces sp. Bioscience Biotechnology and Biochemistry, 59, 924-926.
doi:10.1271/bbb.59.924

Kong, C.-S., Kim, J.-A., Ahn, B.-N., Vo, T. S., Yoon, N.-Y,, & Kim, S.-K. (2010). 1-(3,5"-
dihydroxyphenoxy)-7-(2",4” .6-trihydroxyphenoxy)-2.4,9-trihydroxydibenzo-1,4-dioxin  inhibits
adipocyte differentiation of 3T3-L1 (fibroblasts. Marine Biotechnology, 12, 299-307.
d0i:10.1007/510126-009-9224-7

Kuda, T, Kunii, T., Goto, H., Suzuki, T., & Yano, T. (2007). Varieties of antioxidant and
antibacterial properties of Ecklonia stolonifera and Ecklonia kurome products harvested and
processed in the Noto peninsula, Japan. Food Chemistry, 103, 900-905. doi:10.1016/;.
foodchem.2006.09.042

Kujubu, D. A, Fletcher. B. S., Varnum, B. C., Lim, R. W., & Herschman, H. R. (1991). TIS10, a
phorbol ester tumor promoter-inducible mRNA from Swiss 3T3 cells, encodes a novel
prostaglandin synthase/cyclooxygenase homologue. The Journal of Biological Chemistry, 266,
12866-12872.

Le. Q-T, Li, Y., Qian, Z.-J., Kim, M.-M., & Kim, S.-K. (2009). Inhibitory effects of polyphenols
isolated from marine alga Ecklonia cava on histamine release. Process Biochemistry, 44(2), 168—
176. doi:10.1016/j.procbio.2008.10.002

Matsubara, M., Masaki, S., Ohmori, K., Karasawa, A.. & Hasegawa, K. (2004). Differential regulation
of IL-4 expression and degranulation by anti-allergic olopatadine in rat basophilic leukemia
(RBL-2H3) cells. Biochemical Pharmacology, 67, 1315-1326. doi:10.1016/j.bcp.2003.12.008

McMillan, R. M., Spruce, K. E., Crawley, G. C., Walker, E. R. H., & Foster, S. J. (1992). Pre-
clinical pharmacology of ICI D2138, a potent orally-active non-redox inhibitor of 5-lipoxy-
genase. British Journal of Pharmacology, 107, 1042-1047. doi:10.1111/1.1476-5381.1992.
tb13404.x

Mikawa, T. (1997). An epidemiological research of allergy disease. In T. Miyamoto (Ed.), 4 report
of general allergy research enterprise (pp. 131-133). Tokyo: The Ministry of Health & Welfare
(in Japanese).




Downloaded by [211.1.151.194] at 03:59 23 January 2015

192 Y. Sugiura et al.

Nagayama, K., Iwamura, Y., Shibata, T., Hirayama, 1., & Nakamura, T. (2002). Bactericidal activity
of phlorotannins from the brown alga Eckilonia kurome. Journal of Antimicrobial Chemotherapy,
50, 889-893. doi:10.1093/jac/dkf222

Nagayama, K., Shibata, T., Fujimoto, K., Honjo, T., & Nakamura, T. (2003). Algicidal effect of
phlorotannins from the brown alga Ecklonia kurome on red tide microalgae. Aquaculture, 216,
601-611. doi:10.1016/S0044-8486(02)00255-7

Nakagawa, K., Okuda, S., & Miyazawa, T. (1997). Dose-dependent Incorporation of Tea Catechins,
(-)-Epigallocatechin-3-gallate and (-)-Epigallocatechin, into human plasma. Bioscience Bictech-
nology and Biochemistry, 61, 1981-1985. doi:10.1271/bbb.61.1981

Nakano, Y. (1977). Amntigenic competition in the induction of contact sensitivity in mice.
Immunology, 33, 167-178.

Nguyen, P. H., Choi, L.-W., Kim, S.-K., & Jung, W.-K. (2012). Immune regulatory effects of
phlorotannins derived from marine brown algae (Pheophyta). In S.-K. Kim (Ed.), Handbook of
marine macroalgae. Biotechnology and applied phycology (pp. 340-347). West Sussex: Wiley-
Blackwell.

Nishino, T., Aizu, Y., & Nagumo, T. (1991). Antithrombin activity of a fucan sulfate from the
brown seaweed Ecklonia kurome. Thrombosis Research, 64, 723-731. dci:10.1016/0049-3848
(91)90072-5

Penning, T. D., Talley, J. I., Bertenshaw, S. R., Carter, J. S.. Collins, P. W., & Docter, S. (1997).
Synthesis and biological evaluation of the 1,5-diarylpyrazole class of cyclooxygenase-2
inhibitors: Identification of 4-[3-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]benzene-
sulfonamide (SC-58635, Celecoxib). Journal of Medicinal Chemistry, 40, 1347-1365.
d0i:10.1021/jm960803q

Ragan, M. A., & Glombitza, K. W. (1986). Phlorotannins, brown algal polyphenols. Progress in
Phycological Research, 4, 129-241.

Rao, T. S., Currie, J. L., Shaffer, A. F., & Isakson, P. C. (1993). Comparative evaluation of
arachidonic acid (AA)- and tetradecanoylphorbol acetate {(TPA)-induced dermal inflammation.
Inflammaiion, 17, 723-741. doi:10.1007/BF00920477

Schwartz, L. B., Lewis, R. A., Seldin, D., & Austen, K. F. (1981). Acid hydrolases and trvptase
from secretory granules of dispersed human lung mast cells. Journal of Immunology, 126,
1290-1294.

Shibata, T., Fujimoto, K., Nagayama, K., Yamaguchi, K., & Nakamura, T. (2002). Inhibitory
activity of brown algal phlorotannins against hyaluronidase. International Journal of Food
Science and Technology, 37, 703-709. doi:10.1046/j.1365-2621.2002.00603.x

Shibata, T., Kawaguchi, S., Hama, Y., Inagaki, M., Yamaguchi, K., & Nakamura, T. (2004). Local
and chemical distribution of phlorotannins in brown algae. Journal of Applied Phycology, 16,
291-296. doi:10.1023/B:JAPH.0000047781.24993.0a

Shibata, T., Nagayama, K., Tanaka, R., Yamaguchi, K., & Nakamura, T. (2003). Inhibitory effects
of brown algal phlorotannins on phospholipase Aj;s, lipoxygenases and cyclooxygenases. Journal
of Applied Phycology, 15(1), 61-66. d0i:10.1023/A:1022972221002

Singer, A. G., Ghomashchi, F., Le Calvez, C., Bollinger, J., Bezzine, S., Rouault, M., ... Gelb, M.
H. (2002). Interfacial kinetic and binding properties of the complete set of human and mouse
groups I, II, V, X, and XII secreted phospholipases A,. The Journal of Biological Chemistry, 277,
48535-48549. doi:10.1074/jbc.M205855200

Sugiura, Y., Matsuda, K., Okamoto, T., Yamada, Y., Imai, K., Ito, T., ... Amano, H. (2009). The
inhibitory effects of components from a brown alga, Eisenia arborea, on degranulation of mast
cells and eicosanoid synthesis. Journal of Functional Foods, 1, 387-393. doi:10.1016/).
j££.2009.08.002

Sugiura, Y., Matsuda, K., Yamada, Y., Nishikawa, M., Shioya, K., Katsuzaki, H., ... Amano, H.
(2007). Anti-allergic phlorotannins from the edible brown alga, Eisenia arborea. Food Science
and Technology Research, 13(1), 34-60. doi:10.3136/fstr.13.54

Sugiura, Y., Torii, T., Tanaka, R., & Matsushita, T. (2012). Inhibitory eftect of extracts from the
brown alga, Ecklonia stolonifera, on enzymes responsible for allergic reactions and
degranulation in RBL-2H3 cells. Food Science and Technology Research. 18, 467-471.
doi:10.3136/fstr.18.467




3 January 2015

[211.1.151.194] at 03:59 2

Downloaded by

Food and Agricultural Immunology 193

Suzuki, M., Yoshino, K., Maeda-Yamamoto, M., Mivase, T., & Sano, M. (2000). Inhibitory effects
of tea catechins and O-methylated derivatives of ( — )-epigallocatechin-3-O-gallate on mouse type
IV allergy. Journal of Agricultural Food Chemisiry, 48, 5649-5633. doi:10.1021/jf000313d

Tachibana, H. (2011). Green tea polyphenol sensing. Proceedings of the Japan Academy, Series B,
87(3), 66-80. doi:10.2183/pjab.87.66

Tsukui, K., Kakinuma, M., Amano, H., Uchiyama, Y., Shioya, K., Katsuzaki, H., & Imai, K.
(2006). Identification of elastase inhibitors from brown alga, Eisenia arborea. ITE Letters on
Batteries, New Technologies & Medicine, 7, 616-619.

Valderramas, A. C., Moura, S. H. P., Couto, M., Pasetto, S., Chierice, G. O., Guimardes, S. A. C., &
Zurron, C. B. P. (2008). Antiinflammatory activity of Ricinus communis derived polymer.
Brazilian Journal of Oral Sciences, 7. 1666—1672.

Yamada, K., Watanabe, T., Kaku, S., Hassan, N., & Sugano, M. (1997). Effect of tea extracts and
phenolic components on immunoglobulin production by mesenteric lymph node lymphocytes of
Sprague-Dawley rats. Food Science and Technology International, Tokyo. 3(2), 179-183.
doi:10.3136/f5ti9596t9798.3.179

Yoshida, T. (1998F Ecklonia kurome Okamura. In T. Yoshida (Ed.), Marine algae of Japan (pp.
343). Tokyo: Uchida Rokakuho (in Japanese).

Yoshino, K., Kawaguchi, T., Yamazaki, K., & Sano, M. (2010). Preventive effects of
(—)-epigallocatechin-3-O-gallate on mouse type IV allergy induced by oxazolone and its
antiinflammatory activities. Journal of Technology and Education, 17, 57-65.

Young, I. M., Spires, D. A., Bedord, C. J., Wagner, B, Ballaron, S. J., & Young, L. M. (1984). The
mouse ear inflammatory response to topical arachidonic acid. Jowrnal of Investigative
Dermatology, 82, 367-371. doi:10.1111/1523-1747.ep12260709




