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Abstract

This study examined the ability of microalgal sulfated exopolysaccharide (MSE) from marine microalgal Gyrodinium impudicum
(strain KG03) to induce secretory and cellular responses in murine peritoneal macrophages. The cytotoxicity induced by preincubat-
ing tumor cells with MSE was demonstrated to be concentration-dependent. The MSE-induced tumoricidal activity was partially
abrogated by a NO inhibitor, whereas the anti-TNF-a and anti-IFN-o/ antibodies as well as the scavengers of reactive oxygen
intermediates had no effect. In addition, supernatants from murine peritoneal macrophages treated with MSE contained nitrite and
their iNOS enzymatic activity was significantly increased. Therefore, the tumoricidal activity induced by MSE appeared to be
mediated by the production of NO. Treating the macrophages with a JNK inhibitor (SP600125) partially blocked the tumoricidal
activation and NO production induced by MSE, whereas inhibitors of the other kinases did not have an inhibitory effect. These results
suggest that MSE induces NO production via the JNK dependent pathway. Furthermore, electrophoretic mobility shift assay analyses
revealed that the MSE treatment induced the activation of the NF-«xB transcription factor. Overall, these results indicate that the
tumoricidal activity induced by MSE is mainly due to NO production, and the activation of macrophage by MSE is mediated probably
via the NF-kB and JNK pathway.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There has been increasing interest in microorgan-
isms as producers of high-molecular-weight polysac-
charides in recent years, for the reason that these
biopolymers often show advantages over the polysac-
charides that are currently in use [1]. Algal fucans, a
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family of sulfated polysaccharides, have several bio-
logical activities [2]. Their use as drugs would offer
the advantage of no potential risk of contamination
with viruses or particles such as prions. Marine algae
are a source of natural products with biological and
pharmacological properties. Cell walls from marine
algae characteristically contain sulfated polysacchar-
ides that have a broad range of important biological
properties comprising antioxidant effects, anticoagu-
lant and antithrombotic activities [3,4]. Sulfated poly-
saccharides are also known to interfere with the
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adsorption and penetration of some enveloped viruses
[5] and inhibit the development of Kaposi’s sarcoma
[6]. Sulfated residues are found in eukaryotic algal
exopolysaccharides [7] as well as in some cyanobac-
terial polysaccharides [8]. Gyrodinium impudicum
strain KG03 produces mucous exopolysaccharide [9]
and p-KGO03, an exopolysaccharide, is a selective in
vitro inhibitor of viral replication, particularly that of
encephalomyocarditis virus (EMCV) [10]. In addition,
previous reports have recently demonstrated the immu-
nostimulatory effect of sulfated polysaccharide
[11,12]. However, the mechanisms by which the com-
ponents of marine algae exert their immunomodulation
activity are still unknown.

Macrophages have been shown to be important
components of the host defenses against bacterial infec-
tions and murine tumor cells (lymphoma and mastocy-
toma) [13,14]. Peritoneal macrophages can be
stimulated by a variety of agents such as IFN-y, lipo-
polysaccharides, or other microbial products [15-17]
and some of these have also been shown to trigger the
release of tumor necrosis factor-a (TNF-a), interleukin-
1 (IL-1), IL-6, and nitrite and to induce tumoricidal
activity by the macrophages [18-22].

A large number of studies have shown that different
signaling pathways participate in the activation of
macrophages by various stimuli [23-26]. Previous stud-
ies have demonstrated that the NF-xB and mitogen-
activated protein kinase (MAPK) pathway mediate the
activation of human monocyte [27-29]. However, the
cellular signaling and molecular mechanisms responsi-
ble for this activation by microalgal sulfated exopoly-
saccharide (MSE) are not known.

The aim of this study was to investigate the biological
effects of microalgal sulfated exopolysaccharide from
marine microalgal G. impudicum on macrophages.

2. Materials and methods
2.1. Algal strain and production of p-KG03

The microalgall strain, KG03, was originally isolated from a
red tide bloom in Korea, and identified as G. impudicum (Fig.
1A and B) [10]. Briefly, bacteria-free cultures of the G. impu-
dicum strain KG03 were grown in a M-KG03 medium in a 2-
1 photoreactor. The production conditions are as follows: 1%
CO,, 50 ml min~ ! airflow, 22.5 °C, and light intensity of about
150 uE/m?*/s, and a 16-h light/8-h dark illumination cycle. The
cells were removed from the culture medium by centrifugation
at 12,000 xg for 30 min at 4 °C. The sulfated polysaccharide
(p-KGO03) was isolated from the supernatant by adding two
volumes of ethanol at 4 °C for 24 h and collecting the precip-
itate by filtration (Whatman GFF filter). The filtrate was then
dissolved in deionized water, and reprecipitated by adding a 3%
solution of cetyltrimethylammonium bromide (Cetavolon;
Merk, Darmstadt, Germany). The precipitated Cetavolon—
polysaccharide complex was collected by centrifugation at
10,000 xg for 20 min at 4 °C, and redissolved in 10% NaCl.
The precipitated polysaccharide component was recovered by
adding 3 vol of ethanol. The extracted polysaccharide was
dissolved in deionized water, and dialyzed against deionized
water for two days. Further fractionation and purification were
performed by gel chromatography on a Sepharose 4B column
(Sigma Chemical Co., St. Louis, MO, USA), which was fol-
lowed by elution with a 0.4 M NaCl buffer. The eluate was
analyzed using the phenol-sulfuric acid method [30]. The
carbohydrate-containing fractions were collected, dialyzed
using Viva-flow (Sartorius, Germany), and then freeze-dried
(Fig. 1C).

2.2. Mice, chemicals and reagents

The C57BL/6 male mice (6-8 weeks old, 17-21 g) were
obtained from Charles River Breeding Laboratories (Atsugi,
Japan). Unless otherwise indicated, all the chemicals were
purchased from Sigma Chemical Co. (St Louis, MO). The

Fig. 1. Scanning electron micrographs of the Gyrodinium impudicum strain KG03. (A) Four-chained cells. (B) A single cell (a, apicon; b, hypocon;
¢, groove; d, transverse flagellum; e. longitudinal flagellum). (C) p-KGO03 at 0.1% (w/v).
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RPMI 1640 medium and fetal bovine serum were purchased
from GIBCO (Grand Island, NY). NG-monomethyl-L-argi-
nine (NMMA) was obtained from Calbiochem Co. (Lalolla,
CA). The monoclonal antibodies to IFN-a/p and TNF-«
antibody were purchased from BD Biosciences (San Jose,
CA). The antibodies against JNKs, phospho-JNK (p-JNKs)
and actin were obtained from Santa Cruz Biotechnology,
USA. All tissue culture reagents as well as the thioglycollate
broth were assayed for any endotoxin contamination using the
Limulus lysate test (E-Toxate kit, Sigma) and the level of
endotoxin was found to be <10 pg/ml.

2.3. Isolation of inflammatory peritoneal macrophages

The thioglycollate-elicited peritoneal-exudate cells were
obtained from C57BL/6 male mice (6-8 weeks old, 17-21
g) after they were given an intraperitoneal injection of 1 ml
Brewer. Thioglycollate broth (4.05 g/100 ml) (Difco Labo-
ratories, Detroit, ML) followed by a lavage of the peritoneal
cavity with 5 ml of medium 3—4 days later. The cells were
washed twice and resuspended in RPMI-1640 (GIBCO,
Grand Island, NY) containing 10% heat-inactivated fetal
bovine serum (FBS), penicillin (100 IU/ml) and streptomy-
cin (100 pg/ml) (RPMI-FBS). The macrophages were iso-
lated from the peritoneal exudate cells using the method
described by Um et al. [25]. The peritoneal exudate cells
were seeded on teflon-coated petri dishes (100 X 15 mm) at
densities of 5-6 x 10° cells/em” and the macrophages were
allowed to adhere for 2-3 h at 37 °C in a 5% CO,
humidified atmosphere. Teflon-coated petri dishes were pre-
pared by spraying them with aerosolized teflon (Fisher
Scientific, Pittsburgh, PA), which was followed by sterili-
zation using ultraviolet light for 3 h. The non-adherent cells
were removed by washing the dishes twice with a 10 ml
prewarmed medium and incubating the dishes for 10 min at
4 °C. The supernatants were then carefully removed and
discarded, and the plates were washed once with a pre-
warmed Dulbecco’s Phosphate Buffered Saline solution
(PBS) (GIBCO). Cold PBS (15 ml) containing 1.5% FBS
(PBS-FBS) was then added, which was followed by the
addition of 0.3 ml of 0.1 M EDTA (pH 7.0). The plates
were incubated for 15 min at room temperature and the
macrophages were removed by rinsing the plates 10 times
using a 10 ml syringe. The viability of the detached cells
was assessed by trypan blue exclusion and the proportion of
macrophages was determined after cytoplasmic staining
with acridine orange using fluorescence microscopy. More
than 95% of the cell preparations were viable and contained
>95% macrophages.

2.4. Macrophage-mediated cytotoxicity

The assay for macrophage cytotoxicity was based on an
assay described elsewhere [31]. Briefly, the macrophages
(1% 10° cells/well) were plated into 96-well microtiter plates
and incubated in various MSE concentrations for 18 h at 37
°C in a 5% CO, incubator. In some experiments, antibodies to

cytokines or inhibitors of the metabolic pathway were includ-
ed along with MSE. The macrophages were also pretreated
with the JNK inhibitor (SP600125) prior to stimulation with
MSE. The macrophages were washed with RPMI-FBS to
remove the MSE and co-incubated with the B16 melanoma
cells (ATCC, Rockville, MD) (1.0 % 104/wells; an 1initial
effector: target cell ratio of 10:1) at 37 °C in a 5% CO,
incubator. The cell density was then assessed by incubating
the cells with 25 pg/ml MTT [3-(4,5-dimethylthiaozle-2-yl)-
2,5-diphenyl-tetrazolium bromide] for a further 4 h. The
formazan produced was dissolved in dimethyl sulfoxide and
the optical density of each well was determined at a wave-
length of 540 nm using a Molecular device microplate reader
(Menlo Park, CA). The cytotolytic activity is expressed as the
percentage tumor cytotoxicity as follows:

% Cytotoxicity = {1 — O.D. of [(target
+ macrophages) — macrophages|
/O.D. of target (nontreated)} x 100

2.5. Nitrite determination

The amount of NO5 accumulated in the culture super-
natants was measured using the assay system reported by
Ding et al. [32]. Briefly, 100 pl of the supernatant was
removed from each well and placed into an empty 96-well
plate. After adding 100 pl Griess reagent to each well, the
absorbance was measured at 550 nm using a Molecular
Device microplate reader. The NO, concentration was calcu-
lated from a NaNO, standard curve. The NO, levels are
indicative of the amount of NO production. The Griess
reagent was prepared by mixing 1 part of 0.1% naphthylethy-
lene diamine dihydrochloride in distilled water with 1 part of
1% sulfanilamide in 5% concentrated H;POj,.

2.6. Assay of NOS activity

The macrophages were seeded at 2 X 10° cells/ml in RPMI-
1640 with 10% heat-inactivated FBS in 60 mm diameter tissue
culture dishes. The cells were treated with MSE for 18 h at 37
°C in a 5% CO, humidified atmosphere. An aliquot of the
conditioned medium was removed to determine the NO, con-
tent. The macrophage monolayers were washed with PBS,
scraped, and centrifuged at 180 xg for 15 min at 4 °C. The
cell pellets were resuspended in 500 pl of a sonication buffer
(40 mM Tris—HCI, pH 7.9, 25 mM NacCl, containing 100 pM
phenyl-methylsulfonylfluoride, 40 pg/ml trypsin inhibitor, 20
pg/ml leupeptin). The cells were lysed by sonication (10 s X 2,
60% output), and the cell debris was removed by centrifugation
(180 xg) for 15 min. The NOS activity was measured as
described by Vodovotz et al. [33] in 20 mM Tris—HCI, pH
7.9 containing 4 pM FAD, 4 uM L-arginine and NADPH. The
reaction was carried out for 120 min at 37 °C in a total volume
of 100 ul in 96-well plates. A Griess assay was to determine the
NO concentration.
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2.7. Cytokine determination by ELISA

Peritoneal macrophages from treated or untreated male
B57BL/6 mice were cultured for 20 h. The culture supernatants
were collected and the TNF-a, IFN-«, IL-1 and IL-6 concen-
tration in the culture supernatants was determined using Duo-
Set Elisa kit (R and D System, Minneapolis, MN).
Manufacturer’s instructions were followed. Samples were
assessed in triplicate relative to standards supplied by the
manufacturer.

2.8. Preparation of nuclear extract and electrophoretic mo-
bility shift assay (EMSA)

The macrophages (2 x 10 cells/ml) were suspended in
RPMI 1640 medium supplemented with 10% FBS and placed
in 6-well plates (3 ml/well) and incubated at 37 °C. The cells
were then incubated for 6 h after first exposing them to MSE
and collected on ice before isolating the nuclear extracts. The
cells were washed with ice-cold phosphate-buffered saline and
suspended in 200 ul of a lysis buffer (10 mM Hepes, pH 7.9,
10 mM KCI, 0. mM EDTA, 0. mM EGTA and 1 mM
dithiothreitol). The cells were then allowed to swell on ice
for 15 min, after which 12.5 pl of 10% nonidet P-40 was
added. The tube was mixed thoroughly for 10 s using a Vortex
mixer prior to centrifugation (10,000 xXg) at 4 °C for 3 min.
The nuclear pellets obtained were resuspended in 25 pl of an
ice-cold nuclear extraction buffer (20 mM Hepes, pH 7.9, 400
mM NaCl, ] mM EDTA, | mM EGTA and 1 mM dithiothrei-
tol), and kept on ice for 15 min with intermittent agitation. The
samples were subjected to centrifugation for 5 min at 4 °C, and
the supernatant was stored at —70 °C. An aliquot was taken
and the protein concentration was measured using a Bio-Rad
protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA).
The EMSAs were carried out using a digoxigenin (DIG) gel
shift kit (Boehringer Mannheim Biochemica, Mannheim, Ger-
many) according to the manufacturer’s protocol. Briefly, the
oligonucleotide 5"-AGTTGAGGGGACTTTCCCAGG-3' con-
taining the NF-B binding site was DIG-labeled using a 3‘end
labeling kit, and the DNA probe was incubated with 10 pg of
the nuclear extract at room temperature for 10 min. Subse-
quently, the protein-DNA complexes were separated on a 6%
polyacrylamide gel, and electrically transferred to a nylon
membrane (Boehringer Mannheim Biochemica) for chemilu-
minescence band-detection. The specificity of the binding was
examined using competition experiments, where a 100-fold
excess of the unlabeled oligonucleotide with the same se-
quence or unrelated oligonucleotide (5-CTAGTGAGCC-
TAAGGCCGGATC-3) was added to the reaction mixture
before adding the DIG-labeled oligonucleotide.

2.9. Western blot analysis

Western blot analysis was performed by a modification of
a technique described elsewhere [34]. After the treatment, the
cells were washed twice in PBS and suspended in a lysis
buffer (50 mM Tris, pH 8.0, 150 mM NacCl, 0.1% sodium

dodecyl sulfate, 0.5% sodium deoxycholate, 1% NP40, 100
pg/ml phenylsulfonyl fluoride, 2 pg/ml aprotinin, 1 pg/ml
pepstatin, and 10 pg/ml leupeptin). The cells were placed
on ice for 30 min. The supernatant was collected after cen-
trifugation at 15,000 g for 20 min at 4 °C. The protein
concentration was determined using a Bio-Rad protein assay
(Bio-Rad Lab, Hercules, CA) with BSA (Sigma) as the stan-
dard. The whole lysates (20 pg) were resolved on a 7.5%
SDS-polyacrylamide gel, transferred to an immobilon poly-
vinylidene difuride membrane (Amersham, Arlington heights,
IL) and probed with the appropriate antibodies. The blots
were then developed using an enhanced chemoluminescence
(ECL) kit (Amersham). In all immunoblotting experiments,
the blots were reprobed with the anti-B-actin antibody as a
control for the protein loading.

2.10. Statistical analysis

Each result is reported as means + S.E.M. Statistical differ-
ence between the groups was determined by one-way analysis
of variance (ANOVA) followed by Fisher’s PLSD and the
significant values are represented by an asterisk. (*p <0.05).

3. Results
3.1. In vitro activation of macrophages with MSE

In order to determine if macrophages could be activated to
express the tumoricidal activity in vitro, thioglycollate-elicited
macrophages were treated with various MSE doses for 18
h and co-cultured with the B16 tumor cells, which were used
as the targets because they are either TNF-a or NO sensitive.
MSE (0.1-10 pg/ml) increased the level of cytotoxicity in the
macrophages in a concentration-dependent manner (Fig. 2).
MSE did not affect the cell viability but concentrations >10
pg/ml were found to be cytotoxic (data not shown). In addi-
tion, the effects of MSE were not due to the result of endo-
toxin contamination, which was found to be <10 pg/ml, as
assessed by the limulus test.

3.2. Mediators of MSE-induced macrophage cytotoxicity

A number of compounds have been implicated in macro-
phage cytotoxicity. These include H,O,, TNF-a, NO, and
interferon [35-38]. In order to determine if these compounds
are involved in MSE-mediated cytotoxicity, an attempt was
made to abrogate the macrophage cytotoxicity by inhibiting
their production or by neutralizing their activity. The general
design of these experiments was to preculture the macrophage
with inhibitors (NMMA, catalase and superoxide dismutase) or
antibodies (anti-TNF-a and anti-IFN-a/pB), to challenge them
with tumor cells, also in the presence of the inhibitors or
antibodies, and to assess the cytotoxic activity. None of the
inhibitors or antibodies at the concentrations used in this study
affected the growth of tumor cells. In addition, the isotype-
matched control antibodies had no effect on the cytotoxic
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Fig. 2. Cytotoxicity of B16 tumor cells by MSE-activated macrophages. The peritoneal macrophages were stimulated with various doses of microalga
sulfated exopolysaccharide (MSE) for 18 h. The macrophage tumoricidal activity was determined as described in Materials and methods. The data
shown are the results of an initial effector/target ratio of 10: 1. The results are reported as a mean + S.E.M. of three independent experiments. As
positive control, IFN-y (100 U/ml) combined with LPS (1 pg/ml) was used. *: Significantly different from the control (no treatment); p <0.05.

activity (data not shown). The role of H,O, and the superoxide
anion was evaluated by inactivating them with catalase and
superoxide dismutase, respectively. The role of TNF and IFN
was examined by neutralizing them with antibodies. The role of
NO was determined by inhibiting its production with NMMA.
The addition of catalase, superoxide dismutase, anti-TNF-a and
anti-IFN-a/p antibodies had little effect on the cytotoxicity of
the activated macrophages against the B16 tumor cells (Table
1). Moreover, MSE did not increase the rate of superoxide
anion, hydrogen peroxide and cytokines production (IL-1, IL-

Table 1
Inhibition of the tumoricidal activity of MSE-activated macrophages
by the antibodies or inhibitors

Treatment® % Cytotoxicity of

target cells

None 22.52+2.56

MSEP (10 pg/ml) 66.34 +4.05*%
MSE +anti-TNF-a (500 U) 63.14+1.37*
MSE+NMMA® (0.5 mM) 30.73 £ 3.54**
MSE +anti-IFN-a/p (500 U) 70.24 £2.18%
MSE +catalase (500 U) 65.38 +£4.79*
MSE +superoxide dismutase (400 U) 72.96 +5.63*

* The macrophages were cultured for 18 h in the medium or in the
medium supplement with microalga sulfated exopolysaccharide
(MSE) (10 pg/ml) in the presence or absence of various antibodies
or inhibitors. The macrophages were co-cultured for 18 h with the
target at an initial effector/target cell ratio of 10:1. The results are
reported as a mean+S.E.M. of three independent experiments.

° MSE, microalga sulfated exopolysaccharide.

¢ NMMA, N¢ -monomethyl-L-arginine.

* Significantly different from the control (no treatment); p <0.05.
** Significantly different from the MSE-treated; p <0.05.

6, TNF-a, and IFN) compared with that in the untreated cells
(data not shown). Thus, reactive oxygen species and those
cytokines did not appear to be involved in MSE-induced tumor-
icidal activity. In contrast, the NO inhibitor partially abrogated
the MSE-induced cytotoxicity against the target (Table 1).
Overall, these results suggest that NO is mainly involved in
the tumoricidal activity of the MSE-stimulated macrophages.

3.3. Induction of iNOS enzymatic activity in response to MSE

NO is produced by the enzymatic conversion of arginine
in citrulline via the enzyme, iNOS. The functionality of the
iNOS protein found in cells was examined by measuring the
iNOS enzymatic activity in the cell extracts. As shown in
Table 2, a significant increase in enzymatic activity compared
with the untreated cells was observed in the MSE-treated

Table 2
Effect of MSE on the iNOS activity in macrophages

Treatment iNOS specific activity

(pmol NO/mg protein/min)
None 24+6.3

MSE (1 pg/ml) 161+ 18.7*
MSE (5 pg/ml) 383 +31.6%
MSE (10 pg/ml) 432 +22.4*
LPS (1 pg/ml)+IFN-y (100 U/ml) 475 +33.8*

Peritoneal macrophages were plated in 100-mm diameter tissue cul-
ture dishes and treated for 18 h with the medium alone or microalga
sulfated exopolysaccharide (MSE). The cell lysates were prepared and
assayed for their iNOS enzymatic activity. The values represent the
mean *+ S.E.M. of three independent experiments.

* Significantly different from control (no treatment); p <0.05.
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Fig. 3. Nitrite production from the peritoneal macrophages stimulated with MSE. The macrophages were treated with MSE for 18 h. The culture
supernatants were collected and the nitrite level was measured, as described in Materials and methods. The results are mean+ S.E.M. of
quintuplicates from one representative experiment. As a positive control, IFN-y (100 U/ml) combined with LPS (1 pg/ml) was used. *: Significantly

different from the control (no treatment); p <0.05.

macrophages. In addition, NO production was observed in the
supernatant obtained from the MSE-treated macrophages in a
concentration-dependent manner (Fig. 3). These findings pro-
vide further evidence for the concept that NO is involved in
the tumoricidal activity of MSE-stimulated macrophages.

3.4. Involvement of NF-kB in the MSE-induced production of
NO in macrophages

The ability of MSE to activate NF-xkB was tested in an
attempt to identify the nuclear factors that contribute to the
activation of macrophages. As shown in Fig. 4A, the MSE
treatment produced a marked increase in NF-xB DNA bind-
ing to its cognate in a concentration-dependent manner. This
study next examined whether or not NF-«B is involved in the
NO production induced by MSE. This is accomplished by
analyzing the effect of NF-«kB inhibitor, SN50, on nitrite
production in the MSE-stimulate macrophages. The SN50
pretreatment partially suppressed the MSE-induced NO pro-
duction (Fig. 4B). These results suggest that NF-«xB is in-
volved in the MSE-induced tumoricidal activity and NO

production. To convincingly demonstrate the specificity of
NF-kB activation by MSE in peritoneal macrophages, similar
study was performed in the B16 tumor cells. As shown in
Fig. 4C, SN50 did not inhibit the nitrite generation in tumor
cells.

3.5. Effects of the kinase inhibitors on NO production and
tumoricidal activity induced by MSE

The p38 MAPK inhibitor (SB203580), MEK1/2 inhibitor
(U0126), INK inhibitor (SP600125) and PKC inhibitor (staur-
osporin) were examined to determine if they interfere with the
activation of macrophages by MSE. This is because the MAP
kinase pathways are involved in controlling the production of
inflammatory mediators such as NO, and given that the MSE
treatments influence NO production and iNOS activity. To
accomplish this, the macrophages were incubated for 18 h in
medium with or without MSE along with a pretreatment with
various inhibitors for 1 h. The macrophage monolayers were
washed, and subsequently co-cultured with the B16 tumor
cells. The level of cell lysis was determined 18 h later. As

Fig. 4. Involvement of NF-kB in NO production in the MSE-stimulated macrophages. (A) DNA-binding and the effects of MSE treatment on NF-
kB DNA-binding activity in nuclear extracts of macrophages. The cells were treated with various MSE doses for 6 h. The cells were lysed and
analyzed for their NF-xB DNA-binding activity with the use of an electrophoresis mobility shift assay, as described in Materials and methods. Lane
1 is the control; lane 2, LPS/IFN-y; lane 3, MSE (0.1 pg/ml); lane 4, MSE (1 pg/ml); lane 5, MSE (10 pg/ml); lane 6, competition with the unlabeled
NF-kB oligonucleotide with the nuclear extract of the MSE-treated cells. The experiment was performed in triplicate with identical results. (B) The
macrophages were treated with NF-kB inhibitor, SN50 (10 pM), in the presence or absence of MSE prior to stimulation with MSE (10 pg/ml) for 18
h. The level of nitrite production was determined from the culture supernatant. The results are mean+ S.E.M. of quintuplicates from one
representative experiment. *: Significantly different from MSE-treated; p <0.05. (C) B16 tumor cells were treated with NF-«kB inhibitor, SN50
(10 uM), in the presence or absence of MSE prior to stimulation with MSE (10 pg/ml) for 18 h. The level of nitrite production was determined from
the culture supernatant.
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Fig. 5. Inhibition of the MSE-induced tumoricidal activation of macrophage by JNK inhibitor. The peritoneal macrophages were cultured for 18 h in
the medium or in the medium supplemented with MSE (10 pg/ml) in the presence or absence of the various inhibitors. The macrophage tumoricidal
activity was determined, as described in Materials and methods. The data shown here are the results at an initial effector/target ratio of 10: 1. (B) The
cells were treated with the JNK inhibitor, SP600125 (1 pM), in the presence or absence of MSE prior to stimulation with MSE (10 pg/ml) for 18 h.
The level of nitrite production was determined from the culture supernatant. The results are mean + S.E.M. of quintuplicates from one representative

experiment. *: Significantly different from MSE-treated; p <0.05.

shown in Fig. 5A, the presence of the JNK inhibitor during
the activating stage inhibited the tumoricidal activation of
macrophages by MSE, while pretreatments with the other
inhibitors had little or no effect on the MSE-induced tumor-
icidal activity. At the concentrations used, none of the inhi-
bitors that affected the growth of the tumor cells nor did they
affect the cytotoxic activity. These results suggest that JNK is
involved in the macrophage-mediated cytotoxicity induced by
MSE. This study also examined whether or not the addition of
a JNK inhibitor blocked the cytototoxic activity of the mac-
rophage at the effector stage. The data shown in Table 3
demonstrate that the treatment of macrophages with

SP600125 at the effector stage did not reduce the level of
macrophage-mediated tumor cell lysis.

These results suggest that NO is involved in the tumor-
icidal activity of MSE-stimulated macrophages. Therefore, the
next series of experiments were aimed at determining if
treating the macrophages with the various inhibitors reduced
their capacity to produce NO. As shown in Fig. 5B, SP600125
inhibited the MSE-stimulated NO production by 63%, where-
as SB203580 produced a slight reduction in NO production.
Overall, of the results suggest the involvement of JNK in the
MSE induced NO production pathway. Further studies using
western blot analyses demonstrated that MSE induced the
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activation of JNK (Fig. 6). This suggests that JNK activation
is essential for the tumoricidal activity of MSE as well as the
MSE induced production of NO in macrophages.

4. Discussion

Reactive oxygen intermediates have been suggested
to mediate the antitumor activity [36]. In these experi-
ments, the reactive oxygen scavengers did not reverse
the MSE-induced tumoricidal activity. Moreover, it was
found that MSE did not increase the generation of
superoxide anion or hydrogen peroxide, compared
with that in the untreated cells (data not shown). There-
fore, these mediators did not appear to play a role in the
MSE-induced tumoricidal activity.

Sharon et al. reported that IFN produced a dose-
dependent increase in the level of macrophage cyto-
toxicity to tumor cells [39]. In this study, the lack of
IFN-o/p involvement in the MSE-induced tumoricidal
activity was substantiated by the observation that the
anti-IFN-a/p antibodies could not abolish the cytotoxic
action of macrophages.

Activated macrophages produce NO, which inhibits
mitochondrial respiration and results in cytostasis of the
target cells [40]. Decker et al. [35] reported that TNF-a
acts as an effector molecule in macrophage cell-medi-
ated cytolysis against tumor cells that are highly sensi-
tive to TNF-a. This study suggests that the reactive
nitric oxide induced by MSE is involved in macro-
phage-mediated tumor cytolysis. In addition, treating
the macrophages with MSE induced the NO synthase
activity in the cytosol of the stimulated cells, suggesting
that MSE induces the production of NO in these cells.
However, the cytokines including TNF-a do not play a
key role in macrophage-mediated death of the target
cells, because the IL-1, IL-6, IFN-a/3 and TNF-a
levels were not affected by the MSE treatment.

Table 3
Lack of inhibitory effects of MSE on the iNOS activity in macro-
phages

Treatment® % Cytotoxicity of

target cells

None 18.4+1.8

MSE (10 pg/ml) 654+3.1
MSE+SP600125 (0.1 tM) 63.1+64
MSE+SP600125 (0.5 tM) 68.2+42
MSE+SP600125 (1 tM) 61.8+6.7

? The macrophages were activated microalga sulfated exopolysac-
charide (MSE) (10 pg/ml) for 18 h and washed, and then tumor cells
were added with or without various concentrations of SP600125.
The results are reported as a mean+ S.E.M. of three independent
experiments.

LPS/ IFN-Y -+
MSE (ug/ml) - - 0o 1 1

P- JNKs

AR <

[-actin

Fig. 6. Activation of JNK in MSE-treated cells. The cells were treated
with MSE (10 pg/ml) and incubated for 10 h. The whole cell lysates
were prepared and used for the p-JNKs, JNK, or actin Western with
the respective antibodies. Each experiment was performed in triplicate
with identical results.

Protein kinases play an important role in the signal
transduction pathways that regulate the response of
macrophages to external stimuli [24-29]. Moreover,
previous studies have shown that the inhibitors of
PKC and PTK can block the tumoricidal activity as
well as production of various cytolytic molecules in
macrophages [40,41]. These results show that the
mechanisms by which MSE activates macrophages
might involve JNK, which was confirmed by the obser-
vations that the effect of MSE on the activation of
macrophages to tumoricidal activity was abrogated by
an JNK inhibitor. This kinase inhibitor also inhibited
the production of nitric oxide, which suggests the in-
volvement of JNK in the process. These results also
demonstrated that the treatment with SN50, which inhi-
bits NF-xB nuclear translocation, inhibited the produc-
tion of NO. This indicates that NF-kB is positively
regulated by MSE in NO production. However, the
data does not totally rule out the possibility that for
macrophage activation, MSE can both directly and
indirectly deliver divergent activation signals and trig-
ger the synergistic signal transduction pathways. In
support of this hypothesis, previous results suggested
that other biologically active polysaccharides such as
angelan, corn silk and safflower polysaccharide, acti-
vate several signaling pathways in macrophages [42—
45]. It has been known that augmentation of NO pro-
duction by LPS is dependent on the expression of
iNOS, whose expression is, in turn, mediated by a
series of signaling pathway, such as NF-kB [46,47]
and mitogen-activated protein (MAP) kinases [48,49].
In addition, a recent study suggested that there is the
potential for cross talk between the MAP kinase and
NF-kB pathways in modulating the responsiveness of
the macrophages exposed to external stimuli [50].
Therefore, the cell activation pathway of MSE might
be similar to that of other stimulants such as LPS.
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Moreover, MSE can trigger a complex interaction be-
tween multiple signal transduction pathways including
the JNK signal molecule.

Although the membrane receptor of MSE has not
been determined, it is possible that some membrane
proteins such as CD14, TLR and CR3 act as receptors
for MSE in macrophages. It is known that LPS binds to
the LPS binding protein (LBP) and the LBP/LPS com-
plex subsequently binds to CD14, which triggers cell
activation [51,52]. The interaction between the ternary
membrane CD14-LPS-LBP complex and the Toll like
receptor 2 (TLR2) on the cell surface initiates the
intracellular signal transduction for LPS in macro-
phages. Complement receptor CR3 has been implicated
in the responsiveness to P-glucans [53]. Therefore,
these membrane proteins are expressed on the surface
of the macrophages and are involved in various cell—
substrate interactions. However, the exact role of these
membrane proteins in the response to MSE remains to
be elucidated.

This study demonstrated that MSE augments the
tumoricidal activity of macrophages that could be cor-
related with inducing the release of NO. Therefore,
MSE might have potential therapeutic utility in cancer
patients. However, it is possible that, in addition to the
macrophage tumoricidal activity by MSE, macrophages
activated in vivo by MSE may destroy the host cells.
NO plays an important role in the pathogenesis of acute
inflammatory diseases [54]. Moreover, NO plays im-
portant roles in the pathogenesis of gram-positive septic
shock [55]. Therefore, NO overproduction by the MSE-
activated macrophages might make a significant contri-
bution to various pathological complications.

Macrophages have been shown to be an important
component of the host defenses against a virus infection
by inhibiting the intracellular replication of viruses
(intrinsic resistance) and by killing virus infected cells
(extrinsic cytotoxicity) [56]. It was found that MSE did
not induce the antiviral activity of macrophages (data
not shown), suggesting that mediators, which play a
role in the MSE-induced tumoricidal activity, were not
involved in the antiviral activity.

In summary, MSE can stimulate the production of
NO, which plays a role in macrophage-mediated cyto-
toxicity. In addition, the JNK inhibitor blocked the
ability of MSE to induce tumoricidal activity and NO
production in macrophages. Furthermore, NF-«xB plays
a role in microalgal sulfated exopolysaccharide-in-
duced macrophage activation. This suggests that the
macrophage cellular and secretory activities induced
by MSE occur via the NF-xB and JNK signal trans-
duction pathways.
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