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Abstract: Experimental autoimmune encephalomyelitis (EAE) is a T-cell-mediated autoimmune central nervous system
disease characterized by inflammation with oxidative stress. The aim of this study was to evaluate an anti-inflammatory effect
of Ishige okamurae on EAE-induced paralysis in rats. An ethanolic extract of I. okamurae significantly delayed the first onset
and reduced the duration and severity of hind-limb paralysis. The neuropathological and immunohistochemical findings in
the spinal cord were in agreement with these clinical results. T-cell proliferation assay revealed that the ethyl-acetate fraction
of I. okamurae suppressed the proliferation of myelin basic protein reactive T cells from EAE affected rats. Flow cytometric
analysis showed TCRa" T cells was significantly reduced in the spleen of EAE rats with I. okamurae treatment with concurrent
decrease of inflammatory mediators including tumor necrosis factor-a and cyclooxygenase-2. Collectively, it is postulated that 1.
okamurae ameliorates EAE paralysis with suppression of T-cell proliferation as well as decrease of pro-inflammatory mediators

as far as rat EAE is concerned.
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Introduction

Experimental autoimmune encephalomyelitis (EAE), a
model of human demyelinating multiple sclerosis (MS), is
mediated by the infiltration of autoimmune CD4"/Th1 cells
and macrophages, with subsequent activation of microglia
and astrocytes [1]. Thl cytokines, interferon-gamma and tu-
mor necrosis factor (TNF)-a have been considered to play a
crucial role in the development of EAE [2]. EAE-inducing T
cells have been well characterized and shown to be neuroan-
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tigen-reactive CD4'/TCRaB" T cells [3]. With regard to MS,
it is thought that TCRa," T cells are involved in the initiation
of MS [3]. The inflammatory response leads to the generation
of oxygen- and nitrogen-free radicals as well as pro-inflam-
matory cytokines, which contribute to the development and
progression of MS [4]. In MS [5] and EAE [6], inflammatory
cells and glial cells produce free radicals and excessive reactive
oxidative stress derived from macrophage triggers oxidative
damages, aggravates demyelination, axonal damage, and neu-
ronal cell death [4-6]. Therefore, antioxidants have been used
to ameliorate central nervous system (CNS) damage such as
EAE and other neurodegenerative disease associated with
oxidative stress.

Ishige okamurae (phylum Phaeophyta, class Phaeophy-
ceae, order Chordariales, family Ishigeaceae; I. okamurae), a
brown algae, is an edible seaweed [7]. The ethanolic extract of
I. okamurae exerts an anti-inflammatory effect by inhibiting
nuclear factor kB transcription factor in RAW 264.7 cells [8],
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and its phlorotannin component diphlorethohydroxycarmalol
has antioxidant in free radical mediated oxidative systems [9,
10], neuroprotective against H,0,-induced oxidative stress in
murine hippocampal neuronal cells [11], and radioprotective
effects, the latter being mediated by free-radical scavenging
activities [12, 13]. However, little is known whether I. oka-
murae ameliorate autoimmune CNS inflammation in animal
models. The aim of this study was to evaluate whether I. oka-
murae attenuates autoimmune neuro-inflammation in in rat
EAE model of MS.

Materials and Methods

Animals

Lewis rats (Harlan, Indianapolis, IN, USA) were bred in
our animal facility. Rats of both sexes (7-8 weeks old; 160-200
g) were used in this study. All experiments were performed in
accordance with accepted ethical guidelines and conformed
to current international laws and policies (NIH Guide for the
Care and Use of Laboratory Animals, NIH Publication No.
85-23, 1985, revised 1996). All experiments were performed
in accordance with the ethical guidelines by Jeju National
University Guide for the Care and Use of Laboratory Animals
(permission No. 2014-0028).

Induction of EAE

The footpads of both hind feet of rats in the EAE group
were injected with 100 pl of an emulsion containing equal
parts of bovine myelin basic protein (MBP; 1 mg/ml) and
complete Freund’s adjuvant, supplemented with Mycobacte-
rium tuberculosis H37Ra (5 mg/ml, Difco, Detroit, MI, USA).
After immunization, the rats were observed daily for clinical
signs of EAE. The progression of EAE was divided into eight
clinical stages: grade 0 (G.0), no sign; G.0.5, mild floppy tail;
G.1, complete floppy tail; G.2, mild paraparesis; G.3, severe
paraparesis; G.4, tetraparesis; G.5, moribund condition or
death; and R.0, recovery.

Collection of I. okamurae

I. okamurae was collected from the coast of Seongsan,
Jeju Island, in July 2005. A voucher specimen (AP-055) was
deposited at Jeju Bio-Industry Development Center, Hi-Tech
Industry Development Institute, Jeju, Korea. The samples
were washed three times with water to remove surface salt,
epiphytes, and sand, and carefully rinsed with fresh water.
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Preparation of I. okamurae

A shade-dried whole I. okamurae (500 g) plant was extract-
ed with 70% aqueous ethanol with stirring for 2 days at room
temperature. The filtrate was concentrated under reduced
pressure and lyophilized to powder. The powdered extract
(76.9 g) was suspended in water (1.0 1) for use in animal ex-
periments. The I. okamurae ethanolic extract was successively
partitioned with n-hexane, ethyl acetate, and n-butanol (Junsei
Chemical, Osaka, Japan).

The I. okamurae ethyl acetate fraction, which is rich in di-
phlorethohydroxycarmalol [9, 10], was used only for in vitro
testing.

I. okamurae treatment

Rats with EAE were intraperitoneally administered 1 (n=5),
10 (n=5), or 50 mg/kg (n=4) of I. okamurae daily from 1 day
before immunization to 14 days post-immunization (PI) [14].
Control rats received vehicle (saline, n=8) according to the
same protocol. Immunized rats were observed daily for clini-
cal signs of EAE. EAE progression in I. okamurae-treated
and vehicle-treated control rats was compared by Student’s
unpaired, two-tailed t-test. A value of P<0.05 was considered
indicative of statistical significance.

T-cell proliferation assay

T-cell proliferation assays were performed as described
previously [14]. Briefly, spleen mononuclear cells (MNCs)
from normal and EAE-affected rats (n=3 per group) at day
12 PI were dissociated and suspended in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Paisley, UK) supplemented
with 1% (v/v) minimum essential medium (Gibco), 2 mmol
glutamine (Flow Laboratory, Irvine, CA, USA), 50 IU/ml
penicillin, 50 mg/ml streptomycin, and 10% (v/v) fetal calf
serum (Gibco). MNCs were isolated and incubated (4x10°)
with 200 pl of DMEM in 96-well, round-bottomed microti-
ter plates (Nunc, Copenhagen, Denmark). MBP (Sigma, St.
Louis, MO, USA) was next added to a final concentration
of 10 pg/ml. Following incubation for 4 days, the cells were
pulsed for 18 hours with 10 pl volumes containing 1 uCi of
3H-methylthymidine (specific activity, 42 Ci/mmol; Amersh-
am, Arlington Heights, IL, USA). The cells were harvested on
glass fiber filters, and thymidine incorporation was assayed.

Flow cytometric analysis
To analyze TCR af" T cells, single cell suspensions of
spleen were prepared and incubated with R73 and then with
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fluorescein isothiocyanate-conjugated horse anti-mouse IgG
(Sigma-Aldrich). Ten thousand cells were analyzed in each
sample using a FACSCalibur (BD Biosciences, Becton, NJ,
USA). All samples were analyzed on a WinMDI 2.8 using
Diva software.

Isolation of RNA and quantitative real-time
polymerase chain reaction

Total RNAs of spinal cords were extracted using the TRIzol
RNA Isolation Reagent (Life Technologies, Carlsbad, CA,
USA). Purified RNA was transcribed into cDNA using 5x
First Strand cDNA Synthesis Master Mix (CellSafe, Yongin,
Korea) according to the manufacturer’s protocol.

Quantitative real-time polymerase chain reaction (PCR)
was performed using the QuantiSpeed SYBR No-Rox Mix
(Philekorea Co., Ltd., Seoul, Korea) according to the manu-
facturer’s protocol. The primer sequences were as follows:
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), for-
ward 5-CAG CGC ATA CCA CTT CAG C-3' and reverse 5'-
ACC ATG GAG CAT CCC AAG-3'; cyclooxygenase (COX)-2,
forward 5'-CGG AGG AGA AGT GGG GTT TA-3' and re-
verse 5-TGG GAG GCA CTT GCG TTG AT-3; TNF-q, for-
ward 5'-CGT CGT AGC AAA CCA CCA AG-3' and reverse
5'-CAC AGA GCA ATG ACT CCA AA-3'. PCR reactions
were performed using the Mic Real Time PCR Cycler (Bio-
molecular System, Potts Point, Australia). The PCR protocol
consisted of 40 cycles of denaturation at 95°C for 15seconds,
followed by 60°C for 30 seconds to allow for extension and
amplification of the target sequence. The relative expression
levels of TNF-o and COX-2 were normalized to that of GAP-
DH using the 2"**“" method.

Histological examination

Three rats per group were sacrificed at day 28 PI under
ether anesthesia, and the spinal cords were separated and
dissected. Spinal cord specimens were embedded in paraf-
fin after being fixed in 4% paraformaldehyde in phosphate-
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buffered saline (pH 7.4). Paraffin sections were subjected to
hematoxylin and eosin staining and immunohistochemistry
using routine procedures [15].

Immunohistochemistry and semi-quantitative analysis

To evaluate microglial activation, spinal-cord tissues were
immunostained for ionized calcium-binding protein (Iba-1,
1 pg/ml, Wako Pure Chemical Industries, Ltd., Osaka, Japan)
using a Vector Elite ABC Kit (Vector laboratory, Birmingham,
CA, USA), and the area of positivity was analyzed as reported
previously [16].

Results

Clinical signs of EAE

I okamurae (1, 10, or 50 mg/kg) was administered to rats
intraperitoneally from 1 day before immunization to 14 days
PI (Table 1). The first onset of EAE paralysis was significantly
delayed in I. okamurae-treated rats (10 mg/kg, 15.7+1.2 days;
50 mg/kg, 16.3£0.7 days) in comparison with vehicle-treated
control rats (11.5+1.0 days, P<0.001). Furthermore, I. okamu-
rae treatment significantly reduced the duration of paralysis
(10 mg/kg, 4.0+1 days; 50 mg/kg, 3.8+1.5 days) compared
with vehicle (6.3+1.5 days, all P<0.001). However, the course
of EAE paralysis in the I. okamurae (1 mg/kg) treated rats
was not significantly different from that of the vehicle-treated
control rats.

Histopathological examination

There was no inflammatory cell infiltration in the spinal
cord tissues of normal control rats (Fig. 1A, D). Many inflam-
matory cells were detected in the spinal-cord parenchyma
of vehicle-treated EAE rats (arrowheads in Fig. 1B; higher-
magnification view in Fig. 1E). In contrast, the number of
inflammatory cells was reduced in the spinal cords of rats
treated with 10 mg/kg I. okamurae (arrowheads in Fig. 1C;
higher magnification view in Fig. 1F).

Table 1. Effect of Ishige okamurae ethanolic extract on the clinical symptoms of EAE in rats

Incidence of EAE First onset Average maximum Duration of
(paralyzed/total animals) of paralysis clinical score paralysis (day)
Treatment from day -1 to +14 PI 10.1
Vehicle control 8/8 10.1+1.4 24+0.8 6.4+0.8
I okamurae 1 mg/kg 5/5 9.4%0.5 2.6+0.5 6.410.5
I okamurae 10 mg/kg 5/5 13.8+2.7** 1.4+0.5 444090
I. okamurae 50 mg/kg 4/4 16.3+0.7* 2.3+0.9 3.8+1.50*

Values are presented as meanstandard errors. EAE, experimental autoimmune encephalomyelitis; PI, post-immunization. **P<0.01, **P<0.001 vs. vehicle-treated

control (Student’s unpaired two-tailed ¢-test).

https://doi.org/10.5115/acb.2018.51.4.292



Ishige okamurae ameliorates EAE paralysis

EAE+Vehicle

Normal

Anat Cell Biol 2018;51:292-298 295

EAE+/. okamurae 10

Fig. 1. Histopathological examina-
tion of the spinal cords of rats with
experimental autoimmune encephalo-
myelitis (EAE) with or without Ishige
okamurae treatment. There was no
infiltration of inflammatory cells in the
spinal cord of normal control rats (A, D).
The spinal cords of vehicle-treated EAE

Positive area (%)

_
o N A OO 0 O N
1 1 1 1 1 1

rats contained many inflammatory cells
(arrowheads) (B, E) in the parenchyma,
whereas the number of inflammatory cells
(arrowheads) (C, F) in the spinal cords
of I okamurae-treated rats (10 mg/kg
body weight) was reduced. Hematoxylin
and eosin staining. Arrowheads indicate
inflammatory cells. Scale bars=200 pm

(A-C) and 50 pm (D-F).

Fig. 2. Representative photographs
of ionized calcium-binding adaptor
molecule 1 (Iba-1) in the spinal
cords of normal control (A), vehicle-
treated (B), and Ishige okamurae-
treated (C) experimental autoimmune
encephalomyelitis (EAE) rats. (D)
The Iba-1-positive area in the spinal
cord of L. okamurae-treated EAE rats
was significantly reduced compared
with that of vehicle-treated EAE rats.
*P<0.05. Insets indicate that higher-
magnification photos. Inmunostained
for Iba-1 and counterstained with
hematoxylin. Scale bars=200 pum (A-

Normal EAE+Vehicle

The spinal cords of I. okamurae-treated rats contained
fewer Iba-1-positive microglia/macrophages than did those
of vehicle-treated control rats (Fig. 2). The area of ramified
Iba-1-positive microglia (Fig. 2A) was 4.62+0.18% in normal
control rats (Fig. 2D). The number of Iba-1-positive cells in
the spinal cords of vehicle-treated rats (Fig. 2B) was markedly
greater than that in normal control (Fig. 2A) and I. okamurae-
treated (Fig. 2C) rats. The Iba-1-positive area in I. okamurae-
treated rats (13.28+2.02%, P<0.05 vs. vehicle-treated EAE
rats) was significantly reduced compared to that in vehicle-
treated rats (14.79+1.64%, P<0.01 vs. normal controls) (Fig.
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2D).

T-cell proliferation

The proliferation of MBP-specific T cells was significantly
greater in vehicle-treated rats compared to in those treated
with the I. okamurae ethyl acetate fraction (P<0.001) (Fig.
3). This reduction in T-cell proliferation ameliorated EAE-
induced paralysis.

Flow cytometry
Flow-cytometric analysis was performed using leukocytes
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Fig. 3. Effect of Ishige okamurae on myelin basic protein-reactive T-cell
responses (n=3). Data are means+SEM. CPM, count per minute; EAE,
experimental autoimmune encephalomyelitis. ***P<0.001 vs. vehicle-
treated rats.

16.4% Vehicle 8.1% 24.5% . okamurae 8.1%
®
8 T T
“— Q Q
° 3 3
[} £ o
Q ]
€ 6 3
p=} . &
=z " 26.20% ; ; . 16.74%
il ] 1 S e
10° 10 10° 10' 10° 10° 10
26.0% 50.9% 16.5%
5

TCR op

Meejung Ahn, et al

isolated from the spleen of vehicle- and I. okamurae-treated
rats of EAE (Fig. 4). The frequency of splenic TCRo" T cells
was decreased significantly in I. okamurae-treated rats com-
pared to that in vehicle treated rats of EAE (Fig. 4A).

Analysis of pro-inflammatory mediators

Real time PCR revealed that both TNF-q, (Fig. 5A) and
COX-2 (Fig. 5B) were significantly decreased in I. okamurae-
treated EAE rats compared to that in vehicle-treated rats
(relative fold changes, P<0.05 vs. vehicle-treated EAE rats).

Discussion

This study first demonstrates that I. okamurae delays the
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Fig. 4. Ishige okamurae altered the population of mononuclear cells (MNCs) in spleen. (A) Splenic MNCs were isolated on day 10 post-
immunization from rats treated with either vehicle or I okamurae and analyzed by flow cytometry for TCR af” T cells. The dot plot represents
one of three separate experiments of similar observation. (B) Mean number of cell populations from splenic MNCs are plotted (n=3 cach per

group). Data are means+SEM. MNC, mononuclear cell. *<0.05 vs. vehicle-treated rats.
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Fig. 5. Quantitative real time polymerase chain reaction results of in the spinal cords of experimental autoimmune encephalomyelitis (EAE)-

induced rats with or without Ishige okamurae at peak stage (n=3 per group). I. okamurae suppressed the pro-inflammatory mediator related genes
in EAE-induced rats. The mRNA expression levels of tumor necrosis factor-a. (TNF-a.) (A) and cyclooxygenase-2 (COX-2) (B) in the spinal cords
of I. okamurae-treated EAE rats was significantly decreased compared with that of vehicle-treated EAE rats. *P<0.05 vs. vehicle treated EAE rats.
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onset and ameliorates the severity of paralysis in EAE rats,
possibly through the suppression of both T-cell proliferation
and TCRa," T-cells population, and reduction of pro-inflam-
matory mediators including TNF-o and COX-2. A similar
anti-inflammatory activity of seaweeds including fucoidan, a
sulfated polysaccharide from brown algae, has been reported
previously in experimental pneumococcal meningitis [17]
and perinatal hypoxic-ischemic encephalopathy [18]. Fur-
thermore, fucoidan has been known to exert a therapeutic
effect in rats with EAE by reducing the production of TNF-q,
and interleukin-10 [14].

As for the microglial activation in animal models of CNS
diseases, the severity of neuro-inflammation can be scored
by assessing the activation of microglial cells [19], which
secrete various proinflammatory mediators [20]. EAE can
also be caused by infiltration of autoimmune T cells and
macrophages, with subsequent activation of microglia and
astrocytes [1] and release of inflammatory cytokines, such as
TNF-a and interleukins [1]. The Iba-1-positive area in CNS
tissues reflects the severity of neuro-inflammation in a model
of Theiler’s murine encephalomyelitis virus-induced demye-
lination [21]. Thus it is postulated that I. okamurae treatment
in EAE rats reduced microglial activation, possibly ameliorat-
ing EAE paralysis.

Proliferation of T cells in autoimmune disease is an impor-
tant factor for the initiation of T cell mediated diseases [13].
In the present study, it was found that diphlorethohydroxy-
carmalol, an active compound of the ethyl acetate fraction
of I. okamurae significantly suppressed T-cell proliferation
in an antigen-dependent manner, as did in fucoidan treat-
ment in EAE [14]. As for the T-cell phenotypes in rat EAE,
TCRa" T cells are prime cell types in rat EAE [3]. In this
study, flow cytometric analysis revealed that reduced propor-
tion of TCRaB" T cells in I. okamurae treated EAE rats would
be associated with delayed onset of EAE paralysis. In the
quantitative real time-PCR results, the ethyl-acetate fraction
of I. okamurae inhibited the productions of TNF-o and COX-
2, which are pro-inflammatory mediators, in EAE-induced
rats. Pro-inflammatory cytokines including TNF-¢, has been
known to be deeply associated with inflammatory cells in the
acute phase [22]. These findings all suggest that the reduction
of TCRo" T-cells population and suppression of TNF-c, and
COX-2 in the I. okamurae treatment in EAE rats was partly
associated with amelioration of rat EAE, as did in salicylate
[23], a COX inhibitor, and phenidone [24], a dual inhibitor of
COXs and lipoxygenase, treatment in EAE of rats.
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Collectively, these results suggest that an I. okamurae etha-
nolic extract and/or its ethyl acetate fraction would be effec-
tive against MS through the suppression of T-cell proliferation
as well as the reduction of pro-inflammatory mediators as far
as rat EAE is concerned.
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