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LPS (1 pg/ml) for 24 h in the presence of fucoxanthin (10, 20, and 40 puM).
Cytotoxicity was determined using the LDH method. Values are the mean = SD of
triplicate experiments. * P<0.05 and ** P<(.0!] indicate significant differences from

the LPS-stimulated group.
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Fig. 2-2. Inhibitory effects of fucoxanthin on PGE2 production in RAW 264.7 cells. Cells
(1.5 X 10° cells/ml) were stimulated by LPS (1 pg/ml) for 24 h in the presence of
fucoxanthin (10, 20, and 40 pM). Supernatants were collected, and the PGE2
production in the supernatants was determined by ELISA. Values are the mean + SD of
triplicate experiments.

Fig. 2-3. Inhibitory effect of fucoxanthin on the protein level of iNOS and COX-2 in
RAW264.7 cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h,
and the cells were stimulated with LPS (1 pg/ml) in the presence of fucoxanthin (10, 20,
and 40 pM) for 24 h. iNOS and COX-2 protein level were determined using
immunoblotting method. iINOS and COX-2 versus B-actin was measured by
densitometry. Values are the mean = SD of triplicate experiments. * P<(.05 and
** P<(.01 indicate significant differences from the LPS-stimulated group.

Fig. 2-4. Inhibitory effects of fucoxanthin on the iNOS and COX-2 mRNA expression in
RAW 264.7 cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h,
and the iINOS and COX-2 mRNA expressions were determined from 24 h culture of
cells stimulated with LPS (1 pg/ml) in the presence of fucoxanthhin (10, 20, and 40
uM). iNOS and COX-2 versus B-actin was measured by densitometry. Values are the

mean + SD of triplicate experiments. * P<(0.05 and **P<(.0I indicate significant
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differences from the LPS-stimulated group.

Fig. 2-5. Inhibitory effect of fucoxanthin on the TNF-o production in RAW264.7 cells. The
production of TNF-a was assayed in the culture medium of cells stimulated with LPS (1
pg/ml) for 24 h in the presence of fucoxanthin (10, 20, and 40 uM). Supernatants were
collected, and the TNF-o concentration in the supernatants was determined by ELISA.
Values are the mean + SD of triplicate experiments. * P<0.05; ** P<(.01.

Fig. 2-6. Inhibitory effect of fucoxanthin on the IL-1p production in RAW264.7 cells. The
production of IL-1 was assayed in the culture medium of cells stimulated with LPS (1
pg/ml) for 24 h in the presence of fucoxanthin (10, 20, and 40 uM). Supernatants were
collected, and the IL-1B concentration in the supernatants was determined by ELISA.
Values are the mean + SD of triplicate experiments. * P<0.05; ** P<0.01.

Fig. 2-7. Inhibitory effect of fucoxanthin on the IL-6 production in RAW264.7 cells. The
production of IL-6 was assayed in the culture medium of cells stimulated with LPS (1
ug/ml) for 24 h in the presence of fucoxanthin (10, 20, and 40 uM). Supernatants were
collected, and the IL-6 concentration in the supernatants was determined by ELISA.
Values are the mean + SD of triplicate experiments. * P<0.05,; ** P<0.01.

Fig. 2-8. Inhibitory effects of fucoxanthin on the IL-6, IL-1p and TNF-a mRNA expression

in RAW 264.7 cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 hr,
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and the IL-6, IL-1PB and TNF-a mRNA expressions were determined from 24 h culture
of cells stimulated with LPS (1 pg/ml) in the presence of fucoxanthhin (10, 20, and 40
uM). IL-6, IL-1P and TNF-a versus B-actin was measured by densitometry. Values are
the mean + SD of triplicate experiments. * P<(0.05 and ** P<(.0! indicate significant
differences from the LPS-stimulated group.

Fig. 2-9. Inhibitory effect of fucoxanthine on the protein level of IxB-o in RAW264.7 cells.
RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells were
pre-incubated for 2 h with PDCT (20 uM) and oil extract of fucoxanthine (12.5, 25, and
50 uM) at indicated concentrations and then stimulated for 15 min with LPS (1 ug/ml).
The levels of p-IkB-a (phosphorylated-IkB-a) and pan-IkB-o were determined using
immunoblotting method.

Fig. 2-10. Inhibitory effect of fucoxanthine on the protein level of NF-kB in RAW264.7
cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells
were pre-incubated for 2 h with PDCT (20 uM) and oil extract of fucoxanthine (12.5, 25,
and 50 uM) at indicated concentrations and then stimulated for 15 min with LPS (1
ug/ml). The levels of P-p65 (phosphorylated-p65) and P-pS0 were determined using
immunoblotting method.

Fig. 2-11. Inhibitory effect of fucoxanthine on the protein level of ERK in RAW264.7 cells.
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RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells were
pre-incubated for 2 h with PD98059 (20 uM) and fucoxanthine (12.5, 25, and 50 uM) at
indicated concentrations and then stimulated for 15 min with LPS (1 pg/ml). The levels
of p-ERK (phosphorylated-ERK) and pan-ERK were determined using immunoblotting
method.

Fig. 2-12. Inhibitory effect of fucoxanthie on the protein level of p-38 in RAW264.7 cells.
RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells were
pre-incubated for 2 h with SB203580 (20 uM) and fucoxanthine (12.5, 25, and 50 uM)
at indicated concentrations and then stimulated for 15 min with LPS (1 pg/ml). The
levels of p-p38 (phosphorylated-p-38) and pan-p-38 were determined using
immunoblotting method.

Fig. 2-13. Inhibitory effect of fucoxanthine on the protein level of JNK in RAW264.7 cells.
RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells were
pre-incubated for 2 h with SP600125 (20 uM) and fucoxanthine (12.5, 25, and 50 uM)
at indicated concentrations and then stimulated for 15 min with LPS (1 pg/ml). The
levels of p-JNK (phosphorylated-JNK) and pan-JNK were determined using
immunoblotting method.

Fig. 2-14. Inhibitory mechanism of fucoxanthin on LPS-induced inflammation.
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Fig. 3-1. Inhibitory effect of fucoxanthin against growth of the tumor cells (HL-60, HepG-2,
and HT-29 cells). Means with different letters within a column are significantly
different (*, p<0.05 **, p<0.01).

Fig. 3-2. Induction of apoptosis by fucoxanthin treatment of HL-60 cells. HL-60 cells were
seeded at 410’ and treated with the difference concentrations of fucoxanthin for 24 h.
(A) Fragmented DNA was extracted and analyzed on 1.5% agarose gel containing EtBr.
(B) Apoptotic bodies were stained with Hoechst 33342 solution and then observed
under a fluorescent microscop using a blue filter.

Fig. 3-3. Effect of fucoxanthin on phosphorylation of Akt in HL-60 cells. The cells were
stimulated with 15 uM of fucoxanthin for 24 h. The levels p-Akt (phosphorylated-Akt)
and pan-Akt were determined using immunoblotting method.

Fig. 3-4. Effect of fucoxanthin on phosphorylation of JNK in HL-60 cells. The cells were
stimulated with 15 uM of fucoxanthin for 24 h. The levels p-JNK (phosphorylated-JNK)
and pan-JNK were determined using immunoblotting method.

Fig. 3-5. Effect of fucoxanthin on phosphorylation of ERK in HL-60 cells. The cells were
stimulated with 15 uM of fucoxanthin for 24 h. The levels p-ERK (phosphorylated-

ERK) and pan-ERK were determined using immunoblotting method.
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Fig. 3-6. Effect of fucoxanthin on phosphorylation of p38 in HL-60 cells. The cells were
stimulated with 15 uM of fucoxanthin for 24 h. The levels p-p38 (phosphorylated-p38)
and pan-p38 were determined using immunoblotting method.

Fig. 3-7. The generation of ROS by fucoxanthin in tumor cells. (A) HL-60, HCT-15, and
HepG2 cells were seeded at 4<10° and treated with 30 uM of fucoxanthin (B) HL-60
cells were seeded at 4<10° and treated with the difference concentrations (8, 15, and 30
uM) of fucoxanthin. After 2 h, the cells were labeled with 5 uM HE or 10 puM DCFH2-
DA for 30 min at 37C and subsequent FACs analysis for intracellular accumulation of
ROS. FI: fluorescence intensity.

Fig. 3-8. NAC pre-treatment protected against the Fucoxanthin-induced apoptosis through
suppression of ROS generation. HL-60 cells were pretreated with 2 mM NAC for 1 h
prior to fucoxanthin exposure for 24 h. (A) The cells were stained with PI and analyzed
by flow cytometry. (B) Apoptotic bodies were stained with Hoechst 33342 solution and
then observed under a fluorescent microscop using a blue filter. (C) Fragmented DNA
was extracted and analyzed on 1.5% agarose gel containing EtBr. (D) HL-60 cells
were pretreated with 2 mM NAC for 1 h prior to fucoxanthin exposure for 48 h. Cells
viability was measured using MTT assay.

Fig. 3-9. Effect of NAC on phosphorylation of MAPKSs. The cells were pre-treated with 2mM

X1v
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NAC, and then treated with 15 uM fucoxanthin for 12 h. Equal amounts of cell lysates
(30 pg) were resolved by SDS-PAGE, transferred to nitrocellulose, and probed with
specific antibodies (anti-p-p38, anti-p38, anti-p-JNK, and anti-JNK).

Fig. 3-10. Effect of NAC on down-regulation of Bcl-xL, caspase-3, -7, and PARP cleavage
activation by fucoxanthin. The cells were pre-treated with 2mM NAC, and then
treated with 15 pM fucoxanthin for 12 h. Equal amounts of cell lysates (30 pg) were
resolved by SDS-PAGE, transferred to nitrocellulose, and probed with specific
antibodies (anti-Bax, anti-Bel-xL, anti-casapse-3, -7, and anti-PARP).

Fig. 3-11. Signaling pathway responsible for fucoxanthin-induced apoptotic death of HL-

60 cells.

Fig. 4-1. Inhibitory effect of fucoxanthin against growth of B16F10 cells. Each point
represents the mean = SD of three independent experiments. Means with different
letters within a column are significantly different (*, p<0.05, **, p<0.01).

Fig. 4-2. Effect of fucoxanthin on cell cycle pattern and apoptotic portion in B16F10 cells
by flow cytometric analysis. BI6GF10 cells were seeded at 1x10° and treated with the
difference concentrations of fucoxanthin for 24 h. The cells were stained with PI and

analyzed by flow cytometry. The cells were stained with PI and analyzed by flow

XV
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cytometry. (A) Histogram of cell cycle patterns of B16F10 cells. (B) Bar graph of cell
cycle patterns of B16F10 cells.

Fig. 4-3. Effect of fucoxanthin on cell cycle pattern and apoptotic portion in B16F10 cells
by flow cytometric analysis. BI6F10 cells were seeded at 1x10° and treated with the
difference concentrations of fucoxanthin for 48 h. The cells were stained with PI and
analyzed by flow cytometry. The cells were stained with PI and analyzed by flow
cytometry. (A) Histogram of cell cycle patterns of B16F10 cells. (B) Bar graph of cell
cycle patterns of B16F10 cells.

Fig. 4-4. Effect of fucoxanthin on morphological changes in B16F10 cells. (A) B16F10 cells
were stimulated with 200 uM of fucoxanthin for the indicated periods (0-48 h) at 37°C.
(B) B16F10 cells were stimulated with the indicated concentrations (50-200 uM) of
fucoxanthin for 24 h at 37 °C. The cells were double stained with Hoechst 33342 and PI
solution and then observed under a fluorescent microscop using a blue filter.

Fig. 4-5. Effect of fucoxanthin on protein expression related cell cycle arrest of B16F10
cells. The cells were treated with 50 and 100 uM fucoxanthin for 24 h. Equal amounts
of cell lysates (30 pg) were resolved by SDS-PAGE, transferred to nitrocellulose, and
probed with specific antibodies (anti-p15, anti-p27, anti-CDK4, anti-CyclinD1, D2, and

Anti-p-Rb (phosphorylated-Rb)).
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Fig. 4-6. Effect of fucoxanthin on phosphorylation of Akt in B16F10 cells. The cells were
stimulated with 100 puM of fucoxanthin for 24 and 48 h. The levels p-Akt
(phosphorylated-Akt) and pan-Akt were determined using immunoblotting method.

Fig. 4-7. Effect of Triciribine (a specific Akt inhibitor) against the Fucoxanthin-induced
cell arrest. (A) The cells were stimulated with 100 uM of Fucoxanthin for 24 h after
pretreatment with 40 uM of Triciribine for 1 h. The cells were stained with PI and
analyzed by flow cytometry. (B) The cells were stimulated with 100 uM of Fucoxanthin
for 48 h after pretreatment with 40 uM of Triciribine for 1 h. by using MTT assays.
Means with different letters within a column are significantly different (**, p<0.01).

Fig. 4-8. Fucoxanthin treatment results in modulation of anti- and proapoptotic proteins in
B16F10 cells. The cells were treated with 200 pM fucoxanthin for 24 h. Equal amounts
of cell lysates (30 pg) were resolved by SDS-PAGE, transferred to nitrocellulose, and
probed with specific antibodies (anti-Bax, -Bcl-xL, -pro-caspase-9, -cleaved caspase-3,
and -PARP).

Fig. 4-9. Fucoxanthin treatment results in modulation of anti-apoptotic proteins in B16F10
cells. The cells were treated with 200 pM fucoxanthin for 24 h. Equal amounts of cell
lysates (30 pg) were resolved by SDS-PAGE, transferred to nitrocellulose, and probed

with specific antibodies (anti-c-IAP-1, -2, and anti-XIAP).
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INTRODUCTION

Marine algae are classified as unicellular microalgae and macroalgae, which are
macroscopic plants of marine benthoses (Ricketts and Calvin, 1962). Macroalgae, also
known as seaweed, are distinguished according to the nature of their pigments: brown algae
(phaeophyta), red algae (rhodophyta) and green algae (chlorophyta). In Asian countries,
several species of seaweed are used as human food, to provide nutrition and a peculiar taste.
Fresh dried seaweed is extensively consumed, especially by people living in coastal areas.
They are of nutritional interest as they are low calories foods but rich in vitamins, minerals
and dietary fiber (Jensen, 1993; Noda, 1993; Oohusa, 1993). Currently, human consumption
of brown algae (66.5%), red algae (33%) and green algae (5%) is high in Asia, mainly Korea,
Japan, and China (Dawes, 1998). The marine algae have mainly been used in western
countries as raw material to extract alginates (from brown algae) and agar and carragenates
(from red algae) which have been used as ingredients in food, pharmaceuticals and diverse
consumer products and industrial processes (Skjak-Braeck and Martinsen, 1991; Lewis et al.,
1998). The marine algae have recently been identified as an under-exploited plant resource
and functional food (Nisizawa et al., 1987; Heo et al., 2005a,b). They have also proven to be

rich sources of structurally diverse bioactive compounds with valuable pharmaceutical and

@ jeju



biomedical potential. In particular, brown algae are plentifully present around Jeju Island,
Korea, where these valuable brown algae have various biological compounds, such as
xanthopophyll, pigments, fucoidans, phycocolloids, phlorotannins, and fucoxanthin
(Halliwell and Gutteridge, 1999). Several researches on those kinds of compounds have
pointed out a variety of biological benefits including antioxidant, anticoagulant,
antihypertention, antibacterial and antitumor activities (Nagayama et al., 2002; Mayer and
Hamann, 2004; Athukorala and Jeon, 2005; Kotake-Nara et al., 2005; Heo et al., 2008).
Among the brown algae, Ishige okamurae (Phylum Phaeophyta, Class Phacophyceae, Order
Chordariales, Family Ishigeaceae) is found throughout the temperate coastal zone of the
Korean peninsula, and generally forms highly persistent populations in clear waters (Lee and
Kang, 1986). It is abundant along the coast of Jeju Island of Korea, and is regarded as an
edible brown alga This algae is a brown algae and is reported to contain fucoxanthin,
diphlorethohydroxycarmalol, stearic acid, methyl myristate and palmitic acid, (2S)-1-O-
palmitoyl-2-O-myristoyl-3-O-(6-  sulfo-alpha-D-quinovo pyranosyl) glycerol and its
derivatives (Tang et al., 2002, Heo et al., 2008). However, relatively few biological studies
have been conducted on these algae.

Carotenoids are natural pigments derived from five-carbon isoprene units that are

enzymatically polymerized to form regular highly conjugated 40-carbon structures (with up
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to 15 conjugated double bonds). One or both ends of the carbon skeleton may undergo
cyclization to form ring B-ionone end groups, which additionally may be substituted by oxo,
hydroxyl or epoxy groups at different positions to form the different xanthophylls (Solomons
and Bulux, 1994). At least 600 different carotenoids exercising important biological
functions in bacteria, algae, plants and animals have been identified to date (Polivka and
Sundstréom, 2004) (Fig. I ). Fucoxanthin is a major carotenoid of edible brown algae and
has a unique structure including allenic, conjugated carbonyl, epoxide, and acetyl group in
its molecule. Fucoxanthin contributes >10% of the estimated total production of carotenoids
in nature (Liaeen-Jensen, 1978, 1998). Hosokawa et al. (2004) reported that fucoxanthin,
isolated from the edible brown algae Undria pinnatifida, induced apoptosis of Caco-2 colon
cancer cells. Also, fucoxanthin has been reported to induce apoptosis in prostate cancer PC-3,
DU145, LNCaP cells (Kotake-Nara et al., 2001), and leukemia (Kotake-Nara et al., 2005). In
addition, fucoxanthin has been shown to cause cell cycle arrest in neuroblastoma cells
(Okuzumi et al., 1990) and human hepatoma HepG2 cells (Das et al., 2008). Futhermor,
fucoxanthin reported to have several functions including antioxidant, anti-inflammatory, and
aniobesity (Okuzumi et al., 1993; Shimidzu et al., 1996; Yan et al., 1999; Hosokawa et al.,
2004; Maeda et al., 2005). However, the possible mechanism responsible for its anti-

inflammatory effects is still unknown. In this study, This results show for the first
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Fig. I.Chemical structures of carotenoids isolated from nature.
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time that fucoxanthin inhibits NF-xB activity and phosphorylation of MAP kinases in LPS
stimulated RAW 264.7 macrophages.

Inflammation is an essential aspect of host response to infection and injury, and is
required to maintain our health state against bacterial and viral infections. However,
excessive or prolonged inflammation can be harmful, contributing to the pathogenesis of
many diseases, such as arthritis, asthma, multiple sclerosis, inflammatory bowel disease, and
atherosclerosis (Guzik et al., 2003; Nathan, 2002; Rankin, 2004). The inflammatory process
is activated inflammatory cells (neutrophils, eosinophils, mononuclear phagocytes and
macrophages) secrete increased amounts of NO, prostaglandin and cytokines, such as
interleukin (IL)-1P, IL-6, and tumor necrosis factor-a (TNF-a), and thus, these pro-
inflammatory mediators are important anti-inflammatory targets (Lawrence et al., 2002;
Larsen and Henson, 1983).

Bacterial endotoxin (lipopolysaccharide, LPS) is a major component of the outer
membrane of Gram-negative bacteria and one of the most potent microbial initiators of
inflammation (Cohen, 2002; Fujihara et al., 2003; Guha and Mackman, 2001) (Fig. II).
LPS activates monocytes and macrophages to produce proinflammatory cytokines such as
tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6) and IL-1. Although cytokine

production is important for the efficient control of growth and dissemination of invading
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pathogens, overproduction of cytokines have been implicated in many human diseases such
as rheumatoid arthritis, septic shock and other chronic inflammatory diseases
(Dobrovolskaia and Vogel, 2002; Ishii et al., 2003; Lee et al., 2004). TNF-a and IL-1 are
associated with osteoclast differentiation and activation, resulting in bone loss. In patients
with rheumatoid arthritis, treatment with TNF and IL-1 blockers significantly reduced
erosions and joint space narrowing (Strand and Kavanaugh, 2004). Also, IL-1 and TNF are
produced by microglia during CNS inflammation. Pathogens or pathogen components such
as LPS can immediately induce IL-1 and TNF-a in both cultured microglia and LPS-injected
rats (Appel et al., 1995; Buttini and Boddeke, 1995).

Nitric oxide (NO) is also an important mediator and effector molecule with various
biological functions (Cross and Wilson, 2003; Stepien et al., 2005; Bove and Vliet, 2006).
NO produced by activated macrophages has been shown to mediate host defense functions
such as antimicrobial and antitumor activities, but excess production causes tissue damage
associated with acute and chronic inflammation (Macmicking et al., 1997). LPS-induced NO
production is mediated by a series of signalling pathways, such as nuclear factor (NF)-xB
and mitogen-activated protein (MAP) kinases (Islam et al., 2004; Lee and Schorey, 2005).

NF-kB is a major transcription factor involved in the release of proteins that mediate

cardiovascular growth, stress response, and inflammation by controlled gene expression. The
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degradation or phosphorylation of IkB-a are necessary to release NF-kB from the
cytoplasmic NF-kB/ IkB-a complex and allow its subsequent translocation to the nucleus of
the cell (Kim et al., 2006; Murakami et al., 2005; Inoue et al., 2007). Many compounds
isolated from natural plant exhibit anti-inflammatory activity associated with their potent
NF-kB inhibition. For example, a green tea polypenol (epigallocatechin-3-gallate) and
rosemary phytopolyphenol (Carnosol) were found to directly block the activity of I-xB
kinase (Yang et al., 2001; Lo et al., 2002). Various upstream activators are involved in LPS
signalling may mediate activation of the MAPK pathway, including extracellular
signalregulated kinase 1/2 (ERK 1/2), p38 and stress-activated protein kinase/c-Jun NH2-
terminal kinase (SAPK/JNK) in monocytes and macrophages. ERK 1/2 belongs to a group
of serine/threonine-specific mitogen-activated protein kinases (MAPKs). ERK 1/2 is
activated by various extracellular stimuli, including LPS, and connects the extracellular
signal to intracellular transcription factors and other regulatory proteins, thus participating in
regulation of gene expression. LPS-induced inflammatory gene expression inhibited by
PD98059, a specific inhibitor of MEK that is an upstream activator of ERK 1/2 (Labhti et al.,
2000; Su and Karin, 1996). The p38 kinase is an important mediator of stress-induced gene
expression (Raingeaud et al., 1995). In particular, the p38 kinase plays a key role in the

LPSinduced signal transduction pathway (Rafi et al., 2007; Lee and Young, 1996). Also,
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stimulation of RAW 264.7 cells rapidly activates the JNK pathway (Hambleton et al., 1997).
This pathway contains the c-Jun N-terminal kinase (JNK), which is also known as
stressactivated protein kinase (SAPKI1). Two isoforms of JNK (54 and 46 kDa)
phosphorylate the N-terminus of c-Jun (Swantek et al., 1997). Treatment of either SB203580
(inhibitor of p38 MAPK) or SP600125 (inhibitor of JINK) suppressed NO, TNF-a, and IL-1f3
production (Kwak et al., 2005).

Cancer is a disease manifested by uncontrolled cell growth that presents over 100
distinct clinical pathologies (Kufe et al., 2003). Cancer is the largest single cause of death in
both men and women, claiming over 6 million lives each year in the world. In the last few
decades, basic cancer researches have produced remarkable advances in understanding of
cancer biology and cancer genetics (Lowe and Lin, 2000). Recently, many anti-cancer drugs
have been developed and applied by clinical doctors. Chemotherapeutic agents and radiation
which cause DNA mutation in actively dividing cells, were intended to selectively kill
cancer cells while having limited effect on normal cells. Unfortunately, these cytotoxic
agents, while effective in managing certain types of cancer, were limited in their utility due
to their toxicity on normal dividing cell populations resulting in adverse side effects.
Therefore, the researches and developments of new and safe drugs have become one of the

interest areas in the pharmaceutical industry (Yang et al., 2000).
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Apoptosis is a selective process of physiological cell deletion that regulates the balance
between cell proliferation and cell death. The failure of apoptosis is considered to contribute
generally to the development of human malignancies (Shinkai et al., 1996). Because it was
recently suggested that cancer chemotherapeutics exert part of their pharmacological effects
by triggering apoptotic cell death, the induction of apoptosis in cancer cells has become a
target of cancer treatment (Ahmad et al., 1997; Kim et al., 1999).

Reactive oxygen species (ROS), most particularly the superoxide anion (-O,),
hydroxyl radical (OH), and hydrogen peroxide (H,0,), are unwanted metabolic by-
products of normal aerobic metabolism. ROS normally exist in all aerobic cells in
balance with biochemical antioxidants, which convert ROS into water (Feig et al., 1994;
Kondo et al., 2006; Ham et al., 2006). High levels of ROS lead to apoptosis and necrosis,
which are implicated in cancer, aging, and neurodegenerative disorder (Martindale and
Holbrook, 2002; Hussain et al., 2003). Therefore, recently, increasing studies have indicated
that ROS are involved in anticancer drug-mediated apoptosis (Huan et al., 2000; Kotamraju
et al., 2004). However, the role of ROS generation with respect to the anticancer effects of
fucoxanthin is not fully understood.

Many studies have shown that reproductive toxicants can regulate the activity of mitogen-

activated protein kinase (MAPK) signaling pathways, which are involved in such cellular
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responses as proliferation, differentiation, and apoptosis (Iseki et al., 2005; Jin et al., 2008;
LaChapelle et al., 2007; Valbonesi et al., 2008; Wollenhaupt et al., 2005). The MAPKs
include three major kinases: extracellular signal-regulated kinase (ERK), p38 kinase, and c-
Jun N-terminal kinase (JNK). ERK1/2 activation has been generally accepted as a promoter
cell survival, activating anti-apoptotic signaling pathways; whereas activation of JNK1/2 and
p38 MAPK are associated with cell apoptosis (Harper and LoGrasso, 2001; Xia et al., 1995;
Wang et al., 2008). Many studies have demonstrated that activation of the MAPKSs signaling
pathway plays a promoting role in the apoptosis induced by chemotherapeutic drugs
(Valbonesi et al., 2008; Wollenhaupt et al., 2005; Lee et al., 2009; Jung et al., 2008).
Therefore, this paper aim was to further explore the mechanisms underlying fucoxanthin-
induced apoptosis in human leukemia HL-60 cells by studying the role of fucoxanthin-
induced ROS in MAPKSs phosphorylation.

Cell cycle control mechanisms serve major regulatory functions for cell growth. Many
cytotoxic agents and/or DNA-damaging agents induce apoptosis by arresting the cell cycle
(Kaina, 2003; Nakanishi et al., 2006). In fact, the anti-cancer properties of many anti-cancer
agents act through the induction of cell cycle arrest and/or apoptotic cell death. Cell cycle
progression is regulated by sequential activation and subsequent inactivation of a series of

cyclin-dependent kinases (cdks) during the corresponding phases. The activities of cdks are
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positively regulated by cyclins and negatively regulated by cdk inhibitors, such as the INK4
family, p15™**® and the Kip family, p27""" (Bai et al., 2003; Lloyd et al., 1999). During
progression of the G¢/G; phase and transition of G, to the S phases, a complex of cyclin and
the cdk hyper-phosphorylates retinoblastoma protein (pRb), leading to the release of
transcription factors such as E2F (Puri et al., 1999). The released E2F then promotes the
expression of genes, which is required for cellular proliferation (Weinberg, 1995). Therefore,
cell cycle arrest and the induction of apoptosis in cancer cells become the major indicators of
anticancer effects. Previous study has reported that fucoxanthin inhibited tumor cell growth
by inducing cell cycle arrest at the G, phase and/or apoptosis by modulating the expression
of cell cycle and apoptosis-related genes (Kotake-Nara et al., 2001; Satomi and Nishino,
2007; Das et al., 2005). However, there is not information available concerning the ability of
fucoxanthin to inhibit melanoma cancer. Therefore, in this study investigated the molecular

mechanism of fucoxanthin-induced growth arrest and apoptosis in BI6F 10 melanoma cells
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Part].

Isolation of fucoxanthin from Ishige okamurae

1. ABSTRACT

Fucoxanthin contents of 16 species of the brown algae collected from Jeju Island area
were measured by HPLC fingerfrinting analysis. A variety of chloroform (CHCl;) extracts
of brown algae showed fucoxanthin contents. Among them, Ishige okamurae showed
relatively higher fucoxanthin contents of 11.4 mg/g of powder, when compared to other
brown algae. Therefore, the samples of /. okamurae were selected for use in further isolation
fucoxanthin. Fucoxanthin was isolated from the methanolic extract from /. okamurae. This

structure was elucidated based on NMR spectroscopic data.

14
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2. MATERIALS AND METHODS

2.1. General experimental procedures

Optical rotations were measured on a JASCO P-1020 polarimeter. The UV and FT-IR
spectra were recorded on a Pharmacia Biotech Ultrospec 3000 UV/Visible spectrometer and
a SHIMAZU 8400s FT-IR spectrometer, respectively. NMR spectra were recorded on a
Bruker 500 MHz and Varian INOVA 400 MHz NMR spectrometer. CD;0D and CDCI; were
used as a solvent for the NMR experiments, and the solvent signals were used as an internal
reference. EST and HREI mass spectra acquired using a Finnigan Navigator 30086 and JMS-
700 MSTATION high resolution mass spectrometer system, respectively. The HPLC was
carried out on a Waters HPLC system equipped with a Waters 996 photodiode array detector
and Millenium32 software using C;s column (J’sphere ODS-H80, 150><20 mm, 4 um, YMC

Co.).

2.2. Materials

Sixteen species of brown algae were collected along the coast of Jeju Island, Korea,

15
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between October 2007 and March 2008 (Table 1-1). The samples were washed three times
with tap water to remove salt, sand, and epiphytes attached to the surface, then carefully
rinsed with fresh water, and maintained in a medical refrigerator at —20C. Therefore, the

frozen samples were lyophilized and homogenized with a grinder prior to extraction.

2.3. Extraction procedure of chloroform extracts from brown algae

The brown algae samples were pulverized into powder using a grinder. The algae
powder (1 g) was extracted with chlorofrom (100 ml) at a room temperature for 24 h and
filtrated. After filtration, the methanolic extracts were evaporated to dryness under vacuum.

This extracts were used for further HPLC-fingerfrint analysis.

2.4. HPLC-fingerfrint analysis

HPLC analysis were carried out using an ACCELA system (ThermoFisher Scientific,
USA), which included pump, auto sampler, column oven, and PDA detector, connected to
Xcalibur software. A Hypersil-Gold C18 column (100 mm x 2.1 mm id., 1.9 um) from

Thermo was used. The column temperature was maintained at 25 “C. The standards and

16
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Table 1-1. The list of brown algae.

No. Scientific name
1 Sargassum thunbergii (X|=0|)
2 Sargassum patens (‘A2ro| 2 X}4h)
3 Mpyagropsis myagroides (2| & 7|| 2 X}4t)
4 Undaria pinnatifida (0| )
5 Sargassum hemiphyllum (%Q) @ X}H})
6 Mpyelophycus caespitosus (HFQ|3=H)
7 Sargassum piluliferum (-5 B2 X}4Ht)
8 Ishige foliacea (] IJ)
9 Padina arborescens (¥ XH2t)
10 Ishige okamurae (1)
11 Dictyota coriacea (F7}= 1 SHIEMH)
12 Sargassum horneri (Y A 0| R X}Hl)
13 Sargassum tortile (2 G O B X}tl)
14 Sargassum ringgoldianum (2 Q! 2 X}dI)
15 Hizikia fusiforme (£)
16 Ecklonia cava (ZYER)
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samples were separated using an isocratic mobile phase consisting of 80% methanol. The
flow rate was set at 0.2 ml/min and the injection volume was 5 pl. The detection wavelength
was set at 450 nm. Identification and quantification of fucoxanthin was based on retention

time when co-injected with standards.

2.5. Extraction and isolation of fucoxanthin

Extraction was performed from the powder of I okamurae (Fig. 1-1) with 80% aqueous
MeOH, and was evaporated under vacuo. Then, the MeOH extract was partitioned with
CHCI;. The chloroform extract was fractionated by silica column chromatography with
stepwise elution of CHCl;-MeOH mixture (100:1-1:1) to afford separated active fractions. A
combined active fraction was further subjected to a Sephadex LH-20 column saturated with
100 % MeOH, and then finally purified by reversed-phase HPLC (90% aqueous MeOH) to
give compound 1.

Fucoxanthin (1): bright orange solid; [a]p +18° (¢ 0.2, CHClL); IR (KBr) vipa 3438,
2361, 2332, 1723, 1654, 1605, 1251, 1030 cm™'; UV (MeOH): 468 nm (e 51,000) (sh), 446
(56,000), 332 (17,000), 267 (24,000); 'H and °C NMR, see Table 1-2; LREIMS m/z 658

[M]" (calcd for C4HszOg, 658).
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Fig. 1-1. The photography of the alga, Ishige okamurae.
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Table 1-2. 'H and °C NMR assignments for fucoxanthin.

Position Bc "H (mult. J=Hz) Position “c 'H (mult. J=Hz)
1 358 I 352
5 1 1.36 (1H, dd, J=8.7, 14.2) 5 454 1.41 (1H, dd, J=10.4, 14.9)
1.49 (1H, dd, J=14.2) 2.00 (1H, dd, J=2.9, 14.9)
3 64.3 3.80 (1H, m) 3 68.0 5.37 (1H, tt, J=8.8, 12.0)
4 L6 1.77 (1H, dd, J=8.7, 14.2) " 452 1.53 (1H, dd, J=10.4, 14.9)
2.29 (1H, dd, J=2.9, 17.8) 2.29 (1H, dd, J=2.9, 17.8)
5 66.2 5 72.7
6 67.1 6 117.5
7 40.8 2.59,3.64 (2H, d, J=20.4) 7 202.4
8 170.5 g 103.4 6.04 (1H, s)
9 134.5 9 1325
10 139.1 7.14 (1H, d, J=12.8) 10 128.5 6.12 (1H, d, J=11.6)
11 123.4 6.58 (1H, m) 1 125.7 6.71 (1H, t, J=12.0)
12 145.0 6.66 (1H, t, J=12.8) 12 137.1 6.34 (1H, d, J=11.6)
13 135.4 13' 138.1
14 136.6 6.40 (1H, d, J=11.6) 14' 1322 6.26 (1H, d, J=11.6)
15 129.4 6.67 (1H, m) 15' 132.5 6.71 (1H, 1, J=12.0, 14.2)
16 25.0 1.02 (3H, 5) 16' 29.2 1.37 3H, s)
17 28.1 0.95 (3H, s) 17' 32.1 1.06 (3H, s)
18 212 1.21 (3H, s) 18' 31.3 1.34 (3H, 5)
19 11.8 1.93 (3H, s) 19' 14.0 1.80 (3H, s)
20 12.8 1.98 (3H, s) 20' 12.9 1.98 (3H, s)
3'0Ac,CH; 214 2.03 (3H, s)
3'0Ac, C=0  197.9

* 400 MHz for '"H and 100 MHz for °C

Collection @ jeju
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3. RESULTS AND DISCUSSIONS

Fucoxanthin is a major carotenoid of edible brown algae and has a unique structure
including allenic, conjugated carbonyl, epoxide, and acetyl group in its molecule. There have
recently been several reports that fucoxanthin gave biological activities such as antioxidant,
antiobesity, antitumor, and anticarcinogenic activities (Okuzumi et al., 1993; Shimidzu et al.,
1996; Yan et al., 1999; Hosokawa et al., 2004; Maeda et al., 2005). However, the possible
mechanism responsible for its anti-inflammatory and anti-tumor effects are remains
unknown. Therefore, this author was fucoxanthin isolated from brown algae, /. okamurae.

The chromatographic conditions used by Heo (2008) were initially used to run standard
fucoxanthin samples and then further optimised. A chromatogram obtained from the analysis
of standard fucoxanthin and extract of brown seasseds are shown in Fig 1-2A and B,
respectively. The HPLC profile of fucoxanthin content is shown in Table 1-3. Among the
brown algae screened, /. okamurae (11.4 mg/g dry sample) contained higher level of
fucoxanthin followed by Sargassum thunbergii (10.0 mg/g dry sample). The level of
fucoxanthin in other brown algae screened ranged between 1.8 and 9.0 mg/g. Therefore, the
1. okamurae was selected for use in further isolation fucoxanthin.

The isolation of the fucoxanthin compounds from /. okamurae was carried out as Fig. 1-3.

21
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The dried I. okamurae (700 g) was extracted twice with 80% aqueous MeOH at roomtempe
rature. The MeOH extract was filtered and concentrated under reduced pressure. The residue
was subjected to successive extraction with organic solvents of n- hexane and chloroform.
The chloroform layer was concentrated under vacuum and the crude residue (13.8 g) was
applied to a silica gel column and eluted with CHCl; and CHCl;-MeOH mixture (100:1-1:1)
with increas ing proportion of MeOH. The active fractions were collected and combined by
monitoring with analytical thinlayer chromatography to yield six fractions. Sephdex LH- 20
column chromatography (100% MeOH) of the fraction of 10.CS3 (700 mg) resulted in the
pure fucoxanthin (1)(90.9 mg). 1 was isolated as a bright orange solid and the IR spectrum
of 1 showed the presence of the hydroxyl (3438 cm™), sp-hybrid carbon (allenic) (2361,
2332 cm™), ester (1723, 1251 cm™), and polyene (1654, 1605 em™). The 'H and °C NMR
spectra of 1 revealed signals assignable to polyene having acetyl, conjugated ketone, two
quaternary geminal dimethyls, two quaternary geminal methyls of oxygen, four olefinic
methyls, and allene functionalities (Fig. 1-4). The physicochemical features outlined above
suggested that 1 was a carotenoid in which one of the hydroxyl groups was acetylated. From
detailed comparison of the data for 1 with those of fucoxanthin, 1 was in agreement with an
authentic fucoxanthin in all aspects (Palermo et al., 1991; Choi et al., 2000). Based on the

above evidence, 1 was determined as fucoxanthin.
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Fig. 1-2. HPLC fingerprinting analysis of the 1. okamurae chloroform extract. HPLC

profiles of authentic fucoxanthin and I okamurae extract are shown in (A) and (B),

respectively.
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Table 1-3. Fucoxanthin contents of brown algae.

Chloroform ex.

Fucoxanthin Contents

No. Scientific name
(mg) mg/mg ex. mg/g powder
1 Sargassum thunbergii (X|=0]) 46.7 0.2145 10.02
2 Sargassum patens (‘42+0| 2 X}Hl) 20.1 0.2169 4.36
3 ](‘g g;‘ﬁ’;’;;’fé;’g’”’d”s 44.4 0.2030 9.01
4 Undaria pinnatifida (0| ) 293 0.2214 6.49
s Sorgasum bemiohylin 14 02232 a8
6 Mpyelophycus caespitosus (H}S| =) 321 0.1930 6.20
7 Sargassum piluliferum (-4 2 X}EH 19.2 0.2081 4.00
8 Ishige foliacea (5] 1f) 324 0.1981 6.42
9 Padina arborescens (5.342}) 21.2 0.2138 4.53
10 Ishige okamurae (1f]) 58.79 0.1932 11.36
1 gé’lf;{g; Shraran 315 0.2038 6.42
12 Sargassum horneri (40| 2 X}uF) 10.5 0.2248 2.36
13 Sargassum tortile (2 0j B X}th) 8.29 0.2182 1.81
14 f_%_’gi’g‘;’;’éi)”gg”"”””"’” 8.3 0.3420 2.84
15 Hizikia fusiforme (&) 111 0.2308 2.56
16 Ecklonia cava (ZHEH) 15.8 0.2282 3.61

@ jeju
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Lokamuare powder
700g

Extraction with 80% MeOH
Stirring for 24hr at room temp.*3

Vaccum filteration

80% MeOH extract

l

Chloroform fr. (13.8 g)

Silica column chromatography

Fr A |

I10.CS1 10.CS2 10.CS3 10.CS4 10.CS5 I0.CS6
(700 mg)

LH20 sephadex chromatography

Fucoxanthin
( 90.9 mg)

Fig. 1-3. Isolation scheme of the fucoxanthin from the alga I. okamurae.
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Fig. 1-4. Proton and Carbon NMR spectrum of fucoxanthin (1).
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Part II.

Fucoxanthin inhibits the inflammatory
response by suppressing NF-kB and
MAPKSs activation in
lipopolysaccharide-induced RAW 264.7

macrophages
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Part II.

Fucoxanthin inhibits the inflammatory response by suppressing
NF-kB and MAPKSs activation in lipopolysaccharide-induced RAW

264.7 macrophages

1. ABSTRACT

It is well known that pro-inflammatory mediators like nitric oxide (NO), prostaglandin
E2 (PGE2), tumor necrosis factor-o (TNF-a), interleukin (IL)-1B and IL-6 contribute to the
courses of many inflammatory diseases. In the present study was investigated the anti-
inflammatory effects of fucoxanthin, a natural biologically active substance isolated from
Ishige okamurae by examining its inhibitory effects on pro-inflammatory mediators in
lipopolysaccharide (LPS)-stimulated murine macrophage RAW 264.7 cells. Fucoxanthin
caused dose-dependent reductions in the levels of inducible nitric oxide (iNOS) at protein
and mRNA levels and concomitant decreases in NO production. In addition, it was found

that fucoxanthin suppressed the production and mRNA expressions of inflammatory
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cytokines, such as, IL-1B, TNF-o and IL-6. Furthermore, fucoxanthin inhibited the
cytoplasmic degradation of IkB-o and the nuclear translocation of p50 and p65 protein,
leading to less NF-kB transactivation. In addition, fucoxanthin dose-dependently inhibited
the phosphorylations of JNK, ERK and p38. Taken together, these results suggest that
fucoxanthin reduces levels of the pro-inflammatory mediators, such as, NO, iNOS, IL-1p,
TNF-0, and IL-6 through the inhibition of NF-kB activation and suppression of JNK, ERK
and p38 phosphorylation in RAW 264.7 cells. These findings reveal in part the molecular

basis for the anti-inflammatory properties of fucoxanthin.
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2. MATERIAL AND METHODS

2.1. Materials

Lipopolysaccharide (LPS) was purchased from sigma Chemical Co (St. Louis, MO)
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS) penicillin—
streptomycin and trypsine—-EDTA were obtained from Gibco/BRL (Grand Island, NY, USA).
The lactate dehydrogenase (LDH) cytotoxicity detection kit and M-MuLV reverse
transcriptase were purchased from Promega (Madison, WI, USA). The enzyme-linked
immunosorbent assay (ELISA) kit for IL-1p, IL-6, TNF-a and Prostaglandin E, (PGE,) were
purchased from R & D Systems Inc (Minneapolis, MN, USA). Protein assay kit and ECL
detection reagent were bought from Bio-Rad (Richmond, CA, USA) and Amersham
Biosicences (Piscataway, NJ, USA), respectivly Antibodies against extracellular signal-
regulated kinase (ERK), p38 kinase, c-Jun N-terminal kinase (JNK), IkB-a, phospho-ERK,
phospho-p38, phosphor-JNK, phospho-IkB-a, phosphor-p65, phosphor-p50, and B-actin
were purchased from Cell Signaling Technology (Bedford, Massachusetts, USA).

Antibodies against iNOS and COX-2 were obtained from Calbiochem (La Jolla, CA, USA)
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and BD Biosciences Pharmingen (San Jose, CA, USA), respectively. The other chemicals

and reagents used were of analytical grade.

2.2. Cell Culture

The murine macrophage cell line RAW 264.7 was purchased from the Korean Cell Line
Bank (KCLB; Seoul, KOREA). RAW 264.7 cells were cultured in DMEM supplemented
with 100 U/mL of penicillin, 100 pg/mL of streptomycin and 10% FBS. The cells were

incubated in an atmosphere of 5% CO, at 37°C and were subcultured every 3 days.

2.3. LDH Cytotoxicity Assay

RAW 264.7 cells (1.5 x 10° cells/ml) plated in 96-well plates were pre-incubated and
then treated with LPS (1 pg/ml) plus aliquots of fucoxanthin at 37°C for 24 h. The medium
was carefully removed from each well, and the LDH activity in the medium was determined
using an LDH cytotoxicity detection kit. Briefly, 100 pl of reaction mixture were added to
each well, and the reaction was incubated for 30 min at room temperature in the dark. The

absorbance of each well was measured at 490 nm using a UV spectrophotometer.
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2.4. Determination of Nitric oxide (NO) Production

After pre-incubation of RAW 264.7 cells (1.5 x 10’ cells/ml) with LPS (1 pg/ml) for 24
hours, the quantity of nitrite accumulated in the culture medium was measured as an
indicator of NO production. Briefly, 100 pl of cell culture medium was mixed with 100 pl of
Griess reagent [1% sulfanilamide and 0.1% naphthylethylenediamine dihydrochloride in
2.5% phosphoric acid], the mixture was incubated at room temperature for 10 min, and the
absorbance at 540 nm was measured in a microplate reader. Fresh culture medium was used
as a blank in every experiment. The quantity of nitrite was determined from a sodium nitrite

standard curve.
2.5. Measurement of pro-inflammatory cytokines (TNF-a IL-1p and IL-6) production
Fucoxanthin solubilized with DMSO was diluted with DMEM before treatment. The

inhibitory effect of fucoxanthin on the pro-inflammatory cytokines (IL-1p, IL-6, and TNF-

o ) production from LPS treated RAW 264.7 cells was determined as described in the Cho et
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al. (2000) protocols. Supernatants were used for pro-inflammatory cytokines assay using

mouse ELISA kit.

2.6. Determination of PGE, Production

Fucoxanthin was diluted with DMEM before treatment. Cells were treated with LPS (1
pg/ml) to allow cytokine production for 24 h. The PGE, concentration in the culture medium
was quantified using a competitive enzyme immunoassay kit according to the manufacturer's
instructions. The production of PGE, was measured relative to that following control

treatment.

2.7. RNA Isolation and RT-PCR Analysis

Total RNA from LPS-treated RAW 264.7 cells was prepared with Tri-Reagent (MRC,
Cincinnati, OH, USA), according to the manufacturer’s protocol. RNA was stored at -70°C
until used. The reverse transcription of 1 ug RNA was carried out with M-MuLV reverse
transcriptase, oligo dT-18 primer, dNTP (0.5 uM) and 1 U RNase inhibitor. After this

reaction cocktail was incubated at 70°C for 5 min, 25°C for 5 min, and 37°C for 60 min in
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series, M-MuLV reverse transcriptase was inactivated by heating at 70°C for 10 min.
Polymerase chain reaction (PCR) was performed in reaction buffer [cDNA, 1.25 U Taq
DNA polymerase (Promega, WI, USA), 3'- and 5'-primer (50 uM each) and 200 mM dNTP
in 200 mM Tris-HCI buffer (pH 8.4) containing 500 mM KCI and 1-4 mM MgClL,]. The
PCR was performed in a DNA gene cycler with amplification by 30 cycles of 94°C for 45
sec (denaturing), 60 - 65°C for 45 sec (annealing) and 72°C for 1 min (primer extension).
The primers (Bioneer, Seoul, Korea) used in this experiment were indicated in Table 2-1 (F:
forward, R: reverse). The PCR products were electrophoresed in 1.2% agarose gels and

stained with ethidium bromide.

2.8. Western blot analysis

Murine macrophage cell line RAW 264.7 were pre-incubated for 18 h, and then
stimulated with LPS (1 pug/ml) in the presence of fucoxanthin for the indicated time. After
incubation, the cells were collected and washed twice with cold-PBS. The cells were lysed in
a lysis buffer [S0 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, 1
mM EGTA, 1 mM NaVO3, 10 mM NaF, 1 mM dithiothreitol, ]| mM phenylmethylsulfonyl

fluoride, 25 pg/ml aprotinin, 25 pg/ml leupeptin] and kept on ice for 30 min. Cell lysate
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were washed by centrifugation, and protein concentrations were determined by using BCA™
protein assay kit.. Aliquots of the lysates (30-50 pg of protein) were separated on a 12%
SDS-polyacrylamide gel and transferred onto a polyvinylidene fluoride (PVDF) membrane
(BIO-RAD, HC, USA) with a glycine transfer buffer [192 mM glycine, 25 mM Tris-HCl
(pH 8.8), 20% MeOH (v/v)]. After blocking the nonspecific site with 1% bovine serum
albumin (BSA), the membrane was then incubated with specific primary antibody at 4C for
overnight. The membrane was further incubated for 60 min with a peroxidase-conjugated
secondary antibody (1:5000, Vector Laboratories, Burlingame, USA) at room temperature.
The immunoactive proteins were detected using an enhanced chemiluminescence (ECL)

Western blotting detection kit.
2.9. Statistical Analysis
All data are presented as mean + SD. Significant differences among the groups were

determined using the unpaired Student’s z-test. A value of *p<0.05 was accepted as an

indication of statistical significance.
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Table 2-1. Sequences of primers and fragment sizes of the investigated genes in RT-PCR

analysis.
Gene Primer sequences Fragrment
J q size(bp)
F B TTGACCTCAGCGCTGAGTTG-3'
TNF -« 364
R S.CCTETAGUCCACGTCGTAGC.S
IL1p F S CAGGATGAGGACATGAGCACCS 447
i R S-CTCTGCAGACTCAARACTCCACS
L6 F  S-GTACTCCAGAAGACCAGAGGZ 308
R B .TGCTGETGACAACCACGGCCS
NS F S CCCTTCCGAAGTITCTEGGCAGCAGC.S 495
: R §-GGUTGTCAGAGCCTCOTGGCTTITGES'
F  S-CACTACATCCTGACCCACTTS
cOoX-2 696
R B .ATGCTCCTGCTTGAGTATGST-3
. F S.GTGGGCCGCCCTAGGLACCAGS
p-Actin 803
R 5.GGAGGAAGAGGATGCGGCAGT-3
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3. RESULT

3.1. Effects of fucoxanthin on NO and PGE2 productions in LPS-stimulated RAW264.7

cells

To examine the potential anti-inflammatory properties of fucoxanthin on LPS-induced
NO and PGE,; production in RAW 264.7 cells, cells were treated with or without fucoxanthin
(10, 20, and 40 uM) for 1 h and then treated with LPS (1 pg/ml) for 16 h. NO and PGE,
concentrations were measured in the culture supernatants by the Griess reaction and ELISA
assays, respectively. LPS treatment significantly increased the concentrations of NO and
PGE,. Fucoxanthin inhibited the LPS-induced production of NO in a concentration-
dependent manner: 31%, 65%, and 80% at 10, 20, and 40 puM, respectively (Fig 2-1)
whereas LPS-induced PGE, increase was not affected by fucoxanthin (Fig. 2-2). The
cytotoxic effect of fucoxanthin was evaluated in the presence or absence of LPS using the
LDH assay (Fig. 2-1). Fucoxanthin did not affect the cytotoxic of RAW 264.7 cells at the
concentrations used (10, 20, and 40 uM) to inhibit NO. Thus, the inhibitory effects were not

attributable to cytotoxic effects.
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Fig. 2-1. Inhibitory effect of fucoxanthin on the NO production in RAW264.7 cells. The
production of nitric oxide was assayed in the culture medium of cells stimulated with LPS (1
pg/ml) for 24 h in the presence of fucoxanthin (10, 20, and 40 pM). Cytotoxicity was
determined using the LDH method. Values are the mean = SD of triplicate experiments.

* P<(.05 and ** P<(.0! indicate significant differences from the LPS-stimulated group.
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Fig. 2-2. Inhibitory effects of fucoxanthin on PGE2 production in RAW 264.7 cells.
Cells (1.5 < 10> cells/ml) were stimulated by LPS (1 ug/ml) for 24 h in the presence of
fucoxanthin (10, 20, and 40 uM). Supernatants were collected, and the PGE2 production in
the supernatants was determined by ELISA. Values are the mean = SD of triplicate

experiments.
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3.2. Effects of fucoxanthin on increase of iNOS and COX-2 protein and mRNA in LPS-

stimulated RAW264.7 cells

Inflammatory processes are mediated by multiple molecular mechanisms. Two of the
most prominent are the production of NO by iNOS and the formation of prostaglandins by
COX-2 (Kim et al., 2005). To investigate the anti-inflammatory activity of fucoxanthin, this
author tested the effects of fucoxanthin on LPS-induced iNOS and COX-2 protein up-
regulation in RAW264.7 cells by Western blotting and RT-PCR analysis. The expression
levels of iNOS and COX-2 were strongly induced by LPS. However, fucoxanthin inhibited
iNOS protein induction in a dose-dependent manner, the densitometric analysis of three
different experiments demonstrated that iNOS protein expression induced by LPS was
inhibited by 64% and 93% by fucoxanthin (20 and 40 pM), respectively (Fig. 2-3). RT-PCR
analysis showed that the content of iNOS mRNA was correlated with its protein level,
approximately 54% and 85% reduction was observed compared to that of the cells treated
with LPS only (Fig. 2-4). In contrast, fucoxanthin had no effect on the increased of COX-2
protein and mRNA level by LPS (Fig 2-3, 4). These data indicated that fucoxanthin inhibited
LPS-induced iNOS but not COX-2 up-regulation in RAW264.7 cells suggesting its anti-

inflammatory activity.
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Fig. 2-3. Inhibitory effect of fucoxanthin on the protein level of iNOS and COX-2 in
RAW264.7 cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the
cells were stimulated with LPS (1 pg/ml) in the presence of fucoxanthin (10, 20, and 40 uM)
for 24 h. iNOS and COX-2 protein level were determined using immunoblotting method.
iNOS and COX-2 versus B-actin was measured by densitometry. Values are the mean + SD
of triplicate experiments. * P<(0.05 and ** P<(.0! indicate significant differences from the

LPS-stimulated group.
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Fig. 2-4. Inhibitory effects of fucoxanthin on the iNOS and COX-2 mRNA expression in
RAW 264.7 cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the
iNOS and COX-2 mRNA expressions were determined from 24 h culture of cells stimulated
with LPS (1 pg/ml) in the presence of fucoxanthhin (10, 20, and 40 uM). iNOS and COX-2
versus P-actin was measured by densitometry. Values are the mean = SD of triplicate

experiments. * P<(0.05 and **P<(.0] indicate significant differences from the LPS-

stimulated group.




3.3. Effects of fucoxanthin on the production of proinflammatory cytokines and relative

mRNA expressions in LPS-stimulated RAW 264.7 cells

TNF-a, IL-1B, and IL-6 play important roles in the immune response to many
inflammatory stimuli (Bertolini et al., 2001; Lind, 2003; Tilg et al., 1992). Therefore, the
effects of fucoxanthin on the inhibition of TNF-a, IL-1p, and IL-6 were investigated. Levels
of TNF-a, IL-1B, and IL-6 in the culture supernatants were measured using ELISA Kits.
Treatment of RAW 264.7 cells with LPS alone resulted in significant increases in cytokine
production as compared to the control group. However, TNF-a (Fig. 2-5), IL-1p (Fig. 2-6),
and IL-6 (Fig. 2-7) levels in the supernatant from the cells treated with fucoxanthin were
significantly decreased as compared to the LPS group in a dose-dependent manner.

The expressions of mRNAs relative to the production of proinflammatory cytokines
were detected using RT-PCR assay. As shown in Fig. 2-8, the amounts of TNF-a, IL-1f, and
IL-6 transcripts in the RAW 264.7 cells in the steady state were markedly increased by the
LPS treatment. However, treatment with 40 pM fucoxanthin inhibited the expression of the

TNF-a, IL-1pB, and IL-6 transcripts by 64.3%, 78.7%, and 60.8%, respectively.
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Fig. 2-5. Inhibitory effect of fucoxanthin on the TNF-a production in RAW264.7 cells.
The production of TNF-o was assayed in the culture medium of cells stimulated with LPS (1
pg/ml) for 24 h in the presence of fucoxanthin (10, 20, and 40 uM). Supernatants were
collected, and the TNF-o concentration in the supernatants was determined by ELISA.

Values are the mean + SD of triplicate experiments. * P<0.05; ** P<0.01.
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Fig. 2-6. Inhibitory effect of fucoxanthin on the IL-1p production in RAW264.7 cells.
The production of IL-1p was assayed in the culture medium of cells stimulated with LPS (1
ug/ml) for 24 h in the presence of fucoxanthin (10, 20, and 40 uM). Supernatants were
collected, and the IL-1P concentration in the supernatants was determined by ELISA. Values

are the mean + SD of triplicate experiments. * P<0.05; ** P<0.01.
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Fig. 2-7. Inhibitory effect of fucoxanthin on the IL-6 production in RAW264.7 cells. The
production of IL-6 was assayed in the culture medium of cells stimulated with LPS (1 pg/ml)
for 24 h in the presence of fucoxanthin (10, 20, and 40 uM). Supernatants were collected,
and the IL-6 concentration in the supernatants was determined by ELISA. Values are the

mean + SD of triplicate experiments. * P<0.05; ** P<0.01.
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Fig. 2-8. Inhibitory effects of fucoxanthin on the IL-6, IL-1§ and TNF-o mRNA
expression in RAW 264.7 cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated
for 18 hr, and the IL-6, IL-1B and TNF-oo mRNA expressions were determined from 24 h
culture of cells stimulated with LPS (1 pg/ml) in the presence of fucoxanthhin (10, 20, and
40 uM). IL-6, IL-1p and TNF-a versus B-actin was measured by densitometry. Values are
the mean £ SD of triplicate experiments. * P<(0.05 and ** P<(.0] indicate significant

differences from the LPS-stimulated group.
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3.4. Effects of fucoxanthin on degradation of IkB-a and phosphorylation of p50, and

p60 in LPS-stimulated RAW 264.7 cells

NF-«B is inactive in the cytosol because it is bound to IxB, and becomes active after [kB
has been phosphorylated and subsequently degraded (Ghosh and Karin, 2002). Thus, this
author next examined whether fucoxanthin inhibits the phosphorylation and degradation of
IxB. Accordingly, RAW264.7 cells were pretreated with fucoxanthin for 30 min, and IkB-a
protein levels were determined after 15 min of further exposure to LPS (1 pg/ml).
Fucoxanthin was found to significantly suppress the LPS-induced phosphorylation and
degradation of IkB-a (Fig. 2-9). These results demonstrate that fucoxanthin inhibits LPS-
induced NF-xB activation through prevention of IkB-a phosphorylation degradation, To
confirm this, author further examined the nuclear translocation of p65 and p50, a part of
p65/p50 heterodimer of NF-«kB. LPS was found to induce p65 and p50 translocation from the
cytosol to the nucleus after 1 h of treatment, and fucoxanthin markedly suppressed the

nuclear translocation of p65 and p50 (Fig. 2-10).
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Fig. 2-9. Inhibitory effect of fucoxanthine on the protein level of IxB-a in RAW264.7
cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells were
pre-incubated for 2 h with PDCT (20 uM) and oil extract of fucoxanthine (12.5, 25, and 50
uM) at indicated concentrations and then stimulated for 15 min with LPS (1 pg/ml). The
levels of p-IkB-o0. (phosphorylated-IkB-o) and pan-IkB-oo were determined using

immunoblotting method.
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Figure 2-10. Inhibitory effect of fucoxanthine on the protein level of NF-kB in
RAW264.7 cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the
cells were pre-incubated for 2 h with PDCT (20 uM) and oil extract of fucoxanthine (12.5,
25, and 50 uM) at indicated concentrations and then stimulated for 15 min with LPS (1
ug/ml). The levels of P-p65 (phosphorylated-p65) and P-pS0 were determined using

immunoblotting method.
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3.5. Effects of fucoxanthin on phosphorylation of MAPKSs in the LPS-stimulated RAW

264.7 cells

To investigate whether the inhibition of inflammatory response by fucoxanthin is
mediated through a MAPK pathway, next evaluated the effects of fucoxanthin on LPS-
induced phosphorylation of ERK1/2, p38 and JNK MAPKs in RAW 264.7 cells by Western
blot. As shown in Fig. 2-11, 12, 13, LPS (1 pg/ml) significantly promoted the
phosphorylations of ERK1/2, INK and p38 MAP kinase in RAW 264.7 cells. Fucoxanthin
(12.5, 25, and 50 pM) dramatically decreased the phosphorylations of ERK1/2, p38, JNK
MAPKSs in a dose-dependent manner. However, nonphosphorylated ERK1/2, p38 and JNK

kinase expressions were unaffected by LPS or LPS plus fucoxanthin.
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Fig. 2-11. Inhibitory effect of fucoxanthine on the protein level of ERK in RAW264.7
cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells were
pre-incubated for 2 h with PD98059 (20 uM) and fucoxanthine (12.5, 25, and 50 uM) at
indicated concentrations and then stimulated for 15 min with LPS (1 ug/ml). The levels of p-
ERK (phosphorylated-ERK) and pan-ERK were determined using immunoblotting method.
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Fig. 2-12. Inhibitory effect of fucoxanthie on the protein level of p-38 in RAW264.7
cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells were
pre-incubated for 2 h with SB203580 (20 uM) and fucoxanthine (12.5, 25, and 50 uM) at
indicated concentrations and then stimulated for 15 min with LPS (1 ug/ml). The levels of p-
p38 (phosphorylated-p-38) and pan-p-38 were determined using immunoblotting method.
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Fig. 2-13. Inhibitory effect of fucoxanthine on the protein level of JNK in RAW264.7
cells. RAW 264.7 cells (1.0 x 10° cells/ml) were pre-incubated for 18 h, and the cells were
pre-incubated for 2 h with SP600125 (20 upM) and fucoxanthine (12.5, 25, and 50 uM) at
indicated concentrations and then stimulated for 15 min with LPS (1 ug/ml). The levels of p-
JNK (phosphorylated-JNK) and pan-JNK were determined using immunoblotting method.
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4. DISCUTION

The present study demonstrates for the first time that fucoxanthin, isolated from /.
okamurae, possesses anti-inflammatory properties that are due to the down-regulation of the
MAPKSs signal pathways and inhibition of NF-«xB activation in LPS-stimulated RAW 264.7
cells. The excessive amounts of NO produced by activation of iNOS in response to LPS play
an important role in inflammation (McCann, 2005). Furthermore, Pro-inflammatory
cytokines, such as TNF-o, IL-1pB, and IL-6, are known to contribute to tissue damage and
multiple organ failure. They are considered to be important initiators of the inflammatory
response and mediators of the development of various inflammatory diseases (Mannel and
Echtenacher, 2000; Glauser, 1996). Fucoxanthin inhibited NO production via inhibiting
expression of iNOS protein and mRNA. Fucoxanthin also inhibited LPS-induced production
of TNF-q, IL-1p and IL-6. Marcus et al. (2003) reported that iNOS expression is stimulated
by pro-inflammatory cytokines such as IL-1B and TNF-a. In addition, IL-6 is stimulated by
TNF-a and is essential for increases in NO (Schrader et al., 2007). PGE2, another pro-
inflammatory mediator involved in inflammatory responses, is generated by the sequential
metabolism of arachidonic acid by COX-2. However, this data show fucoxanthin not affects

COX-2 protein level. Therefore, the above results suggest that the inhibition of TNF-a, IL-1
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and IL-6 production may also be related to the inhibitory effects of fucoxanthin on the LPS-
induced NO production.

LPS induces its inflammatory effects through the activation of both the MAPK signaling
and the classical NF-xB pathway. Thus, inhibition of the production of these signaling
pathways may explain the potent activity of fucoxanthin as a suppressor of inflammatory
mediators and cytokines. NF-kB is a mammalian transcription factor that controls a number
of genes, such as, iNOS, COX-2, TNF-q, IL-1p, and IL-6, which are important for immunity
and inflammation, and NF-xB is activated by LPS (Barnes and Karin, 1997). NF-«kB usually
exists as a homodimer or heterodimer, and a heterodimer of p50 and one of Rel family p65 is
known to mediate the expression of genes related with innate immune response (Baeuerle
and Baltimore, 1996). In unstimulated cells, NF-«B dimers are bound to inhibitory kB (IxBs),
and as a result are retained in the cytoplasm. However, when the cells are stimulated with
pro-inflammatory stimuli, IkBs are rapidly phosphorylated and degraded via IxB kinase
(IKK) complex, and the freed NF-«B is translocated to the nucleus, where it binds to target
sites and induces the transcriptions of pro-inflammatory mediators (Li and Verma, 2002;
Karin, 1999). These results showed that fucoxanthin inhibited the cytoplasmic degradation of
IxB-0. and the nuclear translocation of p50 and p65 protein, leading to less NF-kB

transactivation. This result suggests that the effects of fucoxanthin on the production of
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inflammatory mediators and cytokines are at least partially mediated by the suppression of
the NF-xB signaling pathway.

MAPKSs are a highly conserved family of protein serine/threonine kinases and include
the p38, ERK1/ 2, and JNK subgroups (Ruland and Mak, 2003). In addition, MAPKSs have
been implicated in the signaling pathway for LPS-induced inflammation. LPS activates all
three types of MAPKs (ERK, JNK, and p38) in mouse macrophages (Hommes et al., 2003).
p38 is activated by LPS stimulation and has been postulated to play and important role in the
control of iNOS and TNF-a gene expression (Bhat et al, 1998). In addition, the activation of
ERK is thought to be involved in LPS induced macrophage responses, such as, in the
increased production of pro-inflammatory cytokines and iNOS (Bhat et al, 1998; Ajizian et
al., 1999). Furthermore, JNK regulates the expression of LPS-induced iNOS (Uto et al.,
2005). In the present study, this author examined the effects of fucoxanthin on the activation
of these MAPKs, and found that fucoxanthin inhibited the phosphorylations of ERK1/2, JINK
and p38. These results suggest that the phosphorylations of ERK1/2, JNK and p38 may
contribute to the anti-inflammatory effects of fucoxanthin in LPS-stimulated RAW 264.7
macrophage cells.

In conclusion, the present study shows that fucoxanthin has anti-inflammatory activity,

which depends on its ability to regulate the production of NO and other cytokines (TNF-a,
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IL-1B, and IL-6) by suppressing the activation of NF-kB and the phosphorylation of MAPKs
in LPS stimulated RAW 264.7 cells (Fig. 2-14). Fucoxanthin may be useful for the treatment

of inflammatory diseases.
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Fig. 2-14. Inhibitory mechanism of fucoxanthin on LPS-induced inflammation.
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Part

Fucoxanthin induces apoptosis in
human leukemia HL-60 cells through a
ROS-mediated MAPK pathway
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Part III.

Fucoxanthin induces apoptosis in human leukemia HL-60 cells

through a ROS-mediated MAPK pathway

1. ABSTRACT

Fucoxanthin, a natural biologically active substance isolated from Ishige okamurae, has
potent antitumor activity of human leukemia cell HL-60 cells via apoptosis induction.
However, the mechanism underlying fucoxanthin-induced apoptosis in HL-60 cells remains
unclear. In the present study focused on the effect of fucoxanthin induction on reactive
oxygen species (ROS) accumulation, and triggering the mitogen-activated protein kinase
(MAPKS) signaling pathway in HL-60 cells. This paper found that ROS are generated during
fucoxanthin-induced cytotoxicity and apoptosis in HL-60 cells, and N-acetylcysteine (NAC)
which is a scavenger of ROS, suppressed fucoxanthin-induced cytotoxicity and apoptosis.
Moreover, fucoxanthin dramatically increased phosphorylation of c-Jun N-terminal kinase

(JNK) and p38 kinase when compared to the treatment without fucoxanthin but the treatment
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with NAC dramatically inhibited fucoxanthin-induced phosphorylation of JNK and p38
kinase in HL-60 cells. In addition, fucoxanthin induced the cleavage of caspase-3, -7, and
poly-ADP-ribose polymerase (PARP) and decrease of Bcl-xL levels, whereas NAC pre-
treatment significantly inhibited the cleavage of caspase-3, -7, and PARP and decrease of
Bcel-xL levels. In this study it was firstly demonstrated that fucoxanthin generated ROS and
the accumulation of ROS played an important role in fucoxanthin-induced JNK/p38 MAPK
signaling pathway, which provided further theoretical support for the application of

fucoxanthin as a promising anticancer agent.
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2. MATERIALS AND METHODS

2.1. Materials

RPMI-1640 medium, fetal bovine serum (FBS) penicillin—streptomycin and trypsine—
EDTA were purchased from Gibco/BRL (Burlington, Ont, Canada). 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), RNase A, Dihydroethidium (DE), 2° 7’-
dichlorodihydrofluorescein diacetate (DCFH,-DA), propidium iodide (PI), Ethidium
bromide (EtBr), dimethyl sulfoxide (DMSO) and Hoechst 33342 were purchased from
Sigma (St. Louis, MO, USA). DNA ladder size markers were bought from Invitrogen
(Carlsbad, CA, USA). Antibodies against Bax, Bcl-xL, cleaved caspase-3, -7, PARP, Akt,
extracellular signal-regulated kinase (ERK), p38 kinase, c-Jun N-terminal kinase (JNK),
phosphor-Akt, phospho-ERK, phosphor-p38, phosphor-JNK, and B-actin were purchased
from Cell Signaling Technology (Bedford, Massachusetts, USA). The other chemicals and

reagents used were of analytical grade.

2.2. Cell culture
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HL-60 (human promyelocytic leukemia cell line), HT-29 (human colon carcinoma cell
line) and HepG-2 (human hepatoma cell line) cells were grown in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated FBS, penicillin (100 U/ml) and streptomycin

(100 pg/ml). Cultures were maintained at 37°C in 5 % CO; incubator.

2.3. Cell growth inhibitory assay

The cytotoxicity of fucoxanthin against the tumor cells were determined by a colorimetric
MTT assay. Suspension cells (HL-60 cells) were seeded (5%10* cells/ml) together with the
various concentrations (7.5, 15, and 30 uM or 15 pM) and incubated up to 72 h before MTT
treatment. Attached cells (HT-29 and HepG-2 cells) were seeded in a 96-well plate at a
concentration of 2x10* cells/ml. Sixteen hours after seeding, the cells were treated with
various concentrations (8, 15, and 30 uM) of the fucoxanthin. The cells were then incubated
for an additional 72 h at 37°C. MTT stock solution (50 ul; 2 mg/ml in PBS) was then added
to each well for a total reaction volume of 250 ul. After incubating for 4 h, the plate was
centrifuged at 2,000 rpm for 10 min and the supernatant was aspirated. The formazan
crystals in each well were dissolved in DMSO. The amount of purple formazan was

determined by measuring the absorbance at 540 nm.
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2.4. Measurement of ROS

Accumulation of intracellular H,O, and -O,” was detected with the probes DCFH,-DA
and HE, respectively, as described previously (Wen et al., 2002; Zhang et al., 2003). Briefly,
The HL-60, HCT-15 and HepG2 cells were placed in a 6-well plate at a concentration of
4x10° cells/mL. The cells were treated with various concentrations (8, 15, and 30 uM or only
30 uM) of the fucoxanthin. After 2 h, the cells were labeled with 5 uM HE or 10 uM
DCFH,-DA for 30 min at 37 C. The labeled cells were washed with phosphate-buffer saline

(PBS), and the fluorescence was analyzed using flow cytometer.

2.5. Nuclear staining with Hoechst 33342

The nuclear morphology of cells was studied by using cell-permeable DNA dye Hoechst
33342. Cells having homogeneously stained nuclei were considered to be viable, whereas the
presence of chromatin condensation and/or fragmentation was indicative of apoptosis
(Gschwind and Huber, 1995; Lizard et al., 1995). HL-60 cells were placed in 24-well plate at
a concentration of 4x10° cells/ml. The cells were treated with various concentrations of the

fucoxanthin and further incubated 24 h. Then, Hoechst 33342, a DNA specific fluorescent
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dye was added into the culture medium at final concentration of 10 pg/ml and plate was
incubated for another 10 min at 37°C. The stained cells were then observed under a
fluorescence microscope equipped with a CoolSNAP-Pro color digital camera to examine

the degree of nuclear condensation.

2.6. Determination of DNA fragmentation

The characteristic ladder pattern of DNA breakage was analyzed by agarose gel
electrophoresis. The HL-60 cells were placed in 6-well plate at a concentration of 4x10°
cells/ml. The cells were treated with various concentrations of the fucoxanthin and further
incubated 24 h. The DNA was isolated using a Promega Wizard” Genomic DNA Purification
Kit (Promega, Madison, WI, USA) and analyzed electrophoretically on 1.2% agarose gel

containing 0.1 pg/mL ethidium bromide.

2.7. Cell cycle analysis

Cell cycle analysis was performed to determine the proportion of apoptotic sub-G,

hypodiploid cells (Nicoletti et al., 1991). The HL-60 cells were placed in a 6-well plate at a
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concentration of 4.0x10° cells/ml. The cells were treated with fucoxanthin or NAC. After 24
h, the cells were harvested at the indicated time and fixed in 1 ml of 70% ethanol for 30 min
at 4°C. The cells were washed twice with PBS and incubated in the dark in 1 ml of PBS
containing 100 pg PI and 100 pg RNase A for 30 min at 37°C. Flow cytometric analysis was
performed with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA).
The effect on cell cycle was determined by changes in the percentage of cell distribution at
each phase of the cell cycle and assessed by histograms generated by the computer program

Cell Quest and Mod-Fit.

2.8. Western blot analysis

Cells (2x10° cells/ml) were treated with NAC (2 mM) for 1 h before a challenge with 15
uM fucoxanthin for 24 h and harvested. The cell lysates were prepared with lysis buffer (50
mmol/l Tris-HCI (pH 7.4), 150 mmol/l NaCl, 1% Triton X-100, 0.1% SDS and 1 mmol/l
EDTA). Cell lysate were washed by centrifugation, and protein concentrations were
determined by using BCA™ protein assay kit. The lysate containing 30 pg of protein were
subjected to electrophoresis on 10% or 12% sodium dodecyl sulfate-polyacrylamide gel, and

the gel was transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The
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membranes were incubated with primary antibody against Bax, Bcl-xL, cleaved caspase-3, -
7, PARP, JNK, ERK, p38 kinase, and B-actin in TTBS (25 mmol/l Tris-HCI, 137 mmol/l
NaCl, 0.1% Tween 20, pH 7.4) containing 0.5% nonfat dry milk at 1 h. Membranes were
washed with TTBS and incubated with secondary antibodies. Signals were developed using

an ECL western blotting detection kit and exposed to X-ray films.
2.9. Statistical analysis
All data are presented as mean + SD. Significant differences among the groups were

determined using the unpaired Student’s z-test. A value of *p<0.05 was accepted as an

indication of statistical significance.
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3. RESULTS

3.1. Inhibitory effect of fucoxanthin on the growth of tumor cells

In this study, three tumor cell lines, namely HL-60, HT-29, and HepG-2 cells were used
to determine the cell growth inhibition activity of fucoxanthin (Fig. 3-1). The fucoxanthin
showed significant inhibition on the proliferation of HL-60 cells with an inhibition rate of
86.0% at 30 uM. However, growth inhibition of fucoxanthin on HepG-2 and HT-29 cells
evidenced lower levels of effect than was observed with HL-60 cells. Hence, HL-60 cell line

was selected for further experiments.

3.2. Induction effects of apoptosis in HL-60 cells by fucoxanthin

To determine whether fucoxanthin induced apoptosis in HL-60 cells, this author
investigated DNA fragmentation, which is a biochemical hallmark for apoptosis. The results
demonstrated that fucoxanthin induced endonucleolytic DNA cleavage in a dose-dependent
manner (Fig. 3-2A). The nuclear morphology changes of HL-60 cells were investigated by

using the cell-permeable DNA dye Hoechst 33342. The control, without the fucoxanthin
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showed clear image and exhibited no DNA damage. However, obvious cell damage was
observed in the cells treated with fucoxanthin (Fig. 3-2B). This suggests that the HL-60 cells
may undergo apoptosis after fucoxanthin pretreatment, and there is a good correlation

between extent of apoptosis and inhibition of the cell growth.

3.3. Effects of fucoxanthin on phosphoryation of MAPKSs and Akt

In order to characterize the fucoxanthin-induced changes in the kinase signaling
pathways, this author analyzed phosphorylation status of Akt and MAPKs during the
fucoxanthin-induced apoptosis of HL-60 cells. As shown in Fig. 3-3,4,5,6, fucoxanthin had
little effect on the phosphorylation status of Akt and ERK but dramatically increased
phosphorylation of JNK and p38 kinase when compared to the treatment without
fucoxanthin. This result implies that JNK and p38 MAPK activated by fucoxanthin could

play a critical role in inducing apoptotic cell death in HL-60 cells.
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Fig. 3-1. Inhibitory effect of fucoxanthin against growth of the tumor cells (HL-60,
HepG-2, and HT-29 cells). Means with different letters within a column are significantly
different (*,p<0.05, **, p<0.01).
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Fig. 3-2. Induction of apoptosis by fucoxanthin treatment of HL-60 cells. HL-60 cells
were seeded at 4<10° and treated with the difference concentrations of fucoxanthin for 24 h.
(A) Fragmented DNA was extracted and analyzed on 1.5% agarose gel containing EtBr. (B)
Apoptotic bodies were stained with Hoechst 33342 solution and then observed under a

fluorescent microscop using a blue filter.
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Fig. 3-3. Effect of fucoxanthin on phosphorylation of Akt in HL-60 cells. The cells were
stimulated with 15 uM of fucoxanthin for 24 h. The levels p-Akt (phosphorylated-Akt) and

pan-Akt were determined using immunoblotting method.
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Fig. 3-4. Effect of fucoxanthin on phosphorylation of JNK in HL-60 cells. The cells were
stimulated with 15 uM of fucoxanthin for 24 h. The levels p-JNK (phosphorylated-JNK) and

pan-JNK were determined using immunoblotting method.
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Fig. 3-5. Effect of fucoxanthin on phosphorylation of ERK in HL-60 cells. The cells
were stimulated with 15 puM of fucoxanthin for 24 h. The levels p-ERK (phosphorylated-
ERK) and pan-ERK were determined using immunoblotting method.
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Fig. 3-6. Effect of fucoxanthin on phosphorylation of p38 in HL-60 cells. The cells were
stimulated with 15 pM of fucoxanthin for 24 h. The levels p-p38 (phosphorylated-p38) and

pan-p38 were determined using immunoblotting method.
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3.4. ROS generation triggers fucoxanthin-induced apoptosis

It has been reported that ROS generation plays an important role in the proapoptotic
activities of various anticancer agents (Zhang and Chen, 2004; Kim et al., 2005). Therefore,
this author tested the possibility that fucoxanthin induce apoptosis allowing for ROS
accumulation in HL-60 cells. DCFH-DA (for H,0,) and DE (for -O,’) were used to measure
ROS production in the cells. As shown in Fig. 3-7A, Fucoxanthin treatment increases H,O,
and O, production as this author observed an increase in fluorescence intensity (FI) from
132 and 99 in vehicle treated HL-60 cells to 227 and 138 in fucoxanthin (30 uM) treated
HL-60 cells, respectively. However, no significant increase in intracellular ROS was
observed in HCT-15 and HepG2 cells with fucoxanthin (30 uM). This result indicated that
ROS generation is an impotent role in growth inhibition by fucoxanthin in HL-60 cells.
Hence, HL-60 cells were selected for further experiments. Fucoxanthin treatment induced a
dose-dependent increase in mean HE and DCF fluorescence, when compared with the
control cells (Fig. 3-7B). To further illustrate the relationship between fucoxanthin-induced
ROS generation and apoptosis, HL-60 cells were treated with fucoxanthin in the presence or
absence of antioxidant, NAC. As shown in Fig. 6A, the treatment with 15 uM of fucoxanthin

for 24 h resulted in a significant accumulation of cells with sub-G; DNA content (70.4%),

77

@ jeju



but NAC-pretreated cells significantly inhibited the sub-G;, phase (18.4%). In addition,
pretreatment of cells with NAC reduced the fucoxanthin-induced apoptotic bodies (Fig. 3-
8B) and DNA fragmentation (Fig. 3-8C). NAC also prevented the fucoxanthin-reduced cell
viability in HL-60 cells (Fig. 3-8D). Taken together, these results suggest that ROS

generation is an important target in apoptosis by fucoxanthin in HL-60 cells.
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Fig. 3-7. The generation of ROS by fucoxanthin in tumor cells. (A) HL-60, HCT-15, and
HepG?2 cells were seeded at 4<10° and treated with 30 uM of fucoxanthin (B) HL-60 cells
were seeded at 410° and treated with the difference concentrations (8, 15, and 30 uM) of
fucoxanthin. After 2 h, the cells were labeled with 5 pM HE or 10 uM DCFH2-DA for 30
min at 37C and subsequent FACs analysis for intracellular accumulation of ROS. FI:

fluorescence intensity.
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Fig. 3-8. NAC pre-treatment protected against the Fucoxanthin-induced apoptosis
through suppression of ROS generation. HL-60 cells were pretreated with 2 mM NAC for
1 h prior to fucoxanthin exposure for 24 h. (A) The cells were stained with PI and analyzed
by flow cytometry. (B) Apoptotic bodies were stained with Hoechst 33342 solution and then
observed under a fluorescent microscop using a blue filter. (C) Fragmented DNA was
extracted and analyzed on 1.5% agarose gel containing EtBr. (D) HL-60 cells were
pretreated with 2 mM NAC for 1 h prior to fucoxanthin exposure for 48 h. Cells viability

was measured using MTT assay.
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3.5. Effects of NAC on the activation of MAPKSs by fucoxanthin

Results in Fig. 3-4, 5, 6, 7, and 8 clearly showed that both MAPKs and ROS targets are
essential for fucoxanthin-induced apoptosis, although the causal relationship between
MAPKSs and ROS target is unclear. Therefore, this author evaluated the relationship between
fucoxanthin-induced ROS generation and activation of JNK and p38 MAPK. HL-60 cells
were pretreated with or without NAC for 1 h, followed by exposure to fucoxanthin for 12 h.
This paper found that treatment with NAC dramatically inhibited fucoxanthin-induced
phosphorylation of JNK, and p38 MAPK in the cells (Fig. 3-9). Collectively, the findings
supported the notion that fucoxanthin induced ROS generation activates JNK/p38 MAPK

pathway, triggering apoptosis of the HL-60 cells.

3.6. Effect of NAC on down-regulation of Bcl-xL, caspase-3, -7, and PARP cleavage

activation by fucoxanthin

The expression level of Bel-xL, antiapoptotic protein was decreased with fucoxanthin (15
uM), however, the blocking of the ROS generation by pretreatment of the cells with NAC

effectively prevented the fucoxanthin-induced down-regulation of Bcl-xL expression.
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Furthermore, Fucoxanthin induced the cleavage of caspase-3, -7, and PARP, whereas NAC
pre-treatment significantly inhibited the cleavage of caspase-3, -7, and PARP (Fig. 3-10).
This finding indicates that fucoxanthin induced ROS can also lead to Bcl-xL regulation of

apoptosis in HL-60 cells.
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Fig. 3-9. Effect of NAC on phosphorylation of MAPKSs. The cells were pre-treated with
2mM NAC, and then treated with 15 uM fucoxanthin for 12 h. Equal amounts of cell lysates
(30 pg) were resolved by SDS-PAGE, transferred to nitrocellulose, and probed with specific
antibodies (anti-p-p38, anti-p38, anti-p-JNK, and anti-JNK).
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Fig. 3-10. Effect of NAC on down-regulation of Bcl-xL, caspase-3, -7, and PARP
cleavage activation by fucoxanthin. The cells were pre-treated with 2mM NAC, and then
treated with 15 uM fucoxanthin for 12 h. Equal amounts of cell lysates (30 pg) were
resolved by SDS-PAGE, transferred to nitrocellulose, and probed with specific antibodies
(anti-Bax, anti-Bcl-xL, anti-casapse-3, -7, and anti-PARP).
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4. DISCUSSION

ROS are by-products of normal cellular oxidative processes, and they are generated in the
mitochondria and from other sources. They inflict serious damage to lipids, protein, and
DNA, and they have been suggested as regulating the process involved in the initiation of
apoptotic signaling. Recent reports have been documented that ROS generation plays an
important role in the proapoptotic activities of various anticancer agents. In this paper first
reported that fucoxanthin induced apoptosis through ROS-mediated MAPKSs regulation.

This study showed that fucoxanthin has cytotoxic effects on HL-60 cells, and then
demonstrated that fucoxanthin could induce apoptosis of HL-60 cells in a dose-dependent
manner. Previous studies have reported that fucoxanthin-induced cytotoxic and apoptosis
in human colon cancer cells, human leukemia cell, and prostate cancer cells (Hosokawa et al.,
1999, 2004; Kotake-Nara et al., 2004, 2005). Some reports mentioned that fucoxanthin-
induce apoptosis through down-regulation of Bcl-2 or activation of caspase-3 in HL-60 cells
(Kotake-Nara et al., 2005; Nakazawa et al., 2009). However, the mechanism underlying
fucoxanthin-induced apoptosis in HL-60 cells remains unclear. Fucoxanthin can induce
apoptosis in HL-60 cells through other pathways.

MAPK signaling pathways play important roles in cell growth and death. MAPK
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cascades consist of a core of three protein kinases such as ERK1/2, p38 and JNK pathways
(Harper and LoGrasso, 2001; Xia et al., 1995; Wang et al., 2008; Lee et al., 2009; Jung et al.,
2008). ERK is activated primarily by mitogenic stimuli, such as growth factors, leading to
cell growth and survival (Chang and Karin, 2001). On the other hand, JNK and p38 are
activated by UV irradiation, DNA damage, hydrogen peroxide, and heat and osmotic shock,
resulting apoptotic cell death (Chen et al., 1996; Kawasaki et al; 1997; Zanke et al., 1996).
Many studies have demonstrated that activation of JNK and p38 MAPK pathway plays a
promoting role in the apoptosis induced by chemotherapeutic drugs (Valbonesi et al., 2008;
Wollenhaupt et al., 2005; Lee et al., 2009; Jung et al., 2008). Thus, to understand the
molecular mechanism of fucoxanthin, the potential involvement of MAPK pathway was
investigated during fucoxanthin-induced apoptosis by Western blotting. This paper observed
increased levels of phosphorylated JNK and p38 MAPK in HL-60 cells after 12 h of
fucoxanthin treatment. This results indicated that the fucoxanthin induce apoptosis through
activation of JNK and p38 MAPK.

One major biochemical change in cancer cells after treatments with anti-cancer agents is
the increase in ROS generation which is often considered as a cancer-promoting factor
(Szatrowski and Nathan, 1991; Schumacker, 2006; Trachootham et al., 2006). Studies have

been demonstrated that high levels of ROS can cause cellular damage (Pelicano et al., 2004;
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Valko et al., 2006; Li et al., 2007; Zhao et al., 2006; Hseu et al., 2008) and play an important
role in mediating apoptosis (Garcia-Ruiz et al., 1997; Coyle and Puttfarcken, 1993).
Interestingly, ROS has been demonstrated to selectively kill cancer cells (Zhang and Chen,
2004; Schumacker, 2006; Kuo et al., 2007). For instance, Hileman et al. (2004) showed that
ROS generated by 2-methoxyestradiol (2-ME) preferentially kill human leukemia cells
without exhibiting significant cytotoxicity to normal lymphocytes (Hileman et al., 2004). In
the present study found that ROS are generated during fucoxanthin-induced apoptosis in HL-
60 cells, and that oxidant scavenger, such as NAC, suppressed fucoxanthin-induced
cytotoxicity and apoptosis. Kotake-Nara et al. (2005) have showed that apoptosis induced by
fucoxanthin was not associated with the generation of ROS, but this results showed that
apoptosis induced by fucoxanthin is associated with ROS generation. This author believes
that the reason for this difference might be the ROS determination assays. In this study
focused onto both intracellular H,O, and superoxide generation using FACS as well as for
further clarification of the relationship between ROS generation and apoptotic body
formation, when HL-60 cells were treated fucoxanthin with or without an commercial
antioxidant, NAC. Additionally, this author also found that the treatment with NAC
dramatically inhibited fucoxanthin-induced phosphorylation of JNK, and p38 kinase in the

cells. This fact is clearly to prove that fucoxanthin generate ROS. Oxidant injury is known
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to activate all MAPK cascades in response to ROS generation; and ROS can interfere with
various signaling pathways (Lee and Esselman, 2002; Levinthal and Defranco, 2005). The
generation of ROS by some chemicals plays an important role in MAPK activation and
apoptosis (Fernandes et al., 2008). This strongly supports a key role of fucoxanthin-induced
JNK and p38 MAPK activation in ROS generation. Next, this author tried to determine
whether Bcel-xL regulation depends on the production of ROS in fucoxanthin-treated cells.
The Bel-2 family, comprising anti-apoptotic (Bcl-2 and Bcl-xL) and pro-apoptotic (Bax and
Bad) members, are regulators that function as molecular rheostats to control cell survival
(Yang and Korsmeyer, 1996; White, 1996). Quenching of ROS by NAC prevented the
down-regulation of Bel-xL, activation of caspase-7 and caspase-3-mediated PARP cleavage,
indicating that ROS are required for fucoxanthin-induced Bel-xL-mediated apoptosis in HL-
60 cells. Generally, various chemotherapeutic drugs induce apoptotic cell death through
caspase-mediated pathways in cancer cells (Aprigliano et al., 2008; Kim and Chung, 2008;
Umit Bagriacik et al., 2007; Aquino Esperanza et al., 2008; Koike et al., 2006).

In conclusion, this data indicate that HL-60 cells are highly sensitive to growth inhibition
and apoptosis induction by fucoxanthin. Fucoxanthin-induced apoptosis is associated with
JNK/p38 MAPK signaling pathways, which is mediated by ROS generation (Fig. 9). Hence,

the present results suggest that fucoxanthin isolated from . okamurae could be a potential
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candidate for the development of anti-cancer drug for the treatment of leukemia.
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Fig. 3-11. Signaling pathway responsible for fucoxanthin-induced apoptotic death of
HL-60 cells.
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Part IV.

Fucoxanthin induces G(/G; phase arrest
and apoptosis in melanoma B16F10
cells through Akt and Bcl-xL signaling
pathway
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Part IV.

Fucoxanthin induces G(/G; phase arrest and apoptosis in

melanoma B16F10 cells through Akt and Bcl-xL signaling pathway

1 ABSTRACT

The present study was designed to evaluate the molecular mechanisms of fucoxanthin
against melanoma cell lines (B16F10 cells). Fucoxanthin reduced the viability of BI6F10
cells in a dose-dependent manner accompanied by the induction of cell cycle arrest during
the G¢/G; phase and apoptosis. Fucoxanthin-induced G¢/G; arrest was associated with a
marked decrease in the protein expressions of phosphorylated-Rb (retinoblastoma protein),
cyclin D(1 and 2) and cyclin-dependent kinase (Cdk)4 and up-regulation of the protein levels
of p15™**® and p27°"'. The induction of cell arrest was also associated with the inactivation
of Akt, and Akt inhibitor Triciribine significantly increases fucoxanthin-induced cell death.
Fucoxanthin-induced apoptosis was accompanied with down-regulation of the protein levels
of Bcl-xL, and inhibitor of apoptosis protein (IAPs), resulting in sequential activation of

caspase-9, caspase-3, and PARP. Furthermore, the anti-tumor effect of fucoxanthin was
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assessed in vivo in Balb/c mice. Intraperitoneal administration of fucoxanthin significantly
inhibited the growth of tumor mass in B16F10 cells implanted mice. These results suggest
that fucoxanthin has anti-tumor properties on melanoma cells by inducing selectively the

genes related to cell cycle arrest and apoptosis.

2. MATERIAL AND METHODS
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2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS) penicillin—
streptomycin and trypsine—-EDTA were purchased from Gibco/BRL (Burlington, Ont,
Canada). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), RNase A,
propidium iodide (PI), dimethyl sulfoxide (DMSO) and Hoechst 33342 were purchased from
Sigma (St. Louis, MO, USA). Antibodies against Bax, Bcl-xL, cleaved caspase-3, -7, PARP,
Akt, phosphor-Akt, and B-actin were purchased from Cell Signaling Technology (Bedford,

Massachusetts, USA). The other chemicals and reagents used were of analytical grade.

2.2. Cell culture

B16F10 (murine melanoma cell line) cells were grown in DMEM supplemented with
10% (v/v) heat-inactivated FBS, penicillin (100 U/ml) and streptomycin (100 ug/ml).

Cultures were maintained at 37°C in 5 % CO, incubator.

2.3. Cell growth inhibitory assay
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The cytotoxicity of fucoxanthin against the BI6F10 cells were determined by a
colorimetric MTT assay. B16F10 cells were seeded in a 96-well plate at a concentration of
2x10" cells/ml. Sixteen hours after seeding, the cells were treated with various concentrations
(12, 25, 50, and 100 uM) of the fucoxanthin. The cells were then incubated for an additional
72 h at 37°C. MTT stock solution (50 pl; 2 mg/ml in PBS) was then added to each well for a
total reaction volume of 250 pl. After incubating for 4 h, the plate was centrifuged at 2,000
rpm for 10 min and the supernatant was aspirated. The formazan crystals in each well were
dissolved in DMSO. The amount of purple formazan was determined by measuring the

absorbance at 540 nm.

2.4. Nuclear double staining with Hoechst 33342 and PI

The nuclear morphology of cells was studied by using cell-permeable DNA dye Hoechst
33342 and PI. Cells having homogeneously stained nuclei were considered to be viable,
whereas the presence of chromatin condensation and/or fragmentation was indicative of
apoptosis (Gschwind and Huber, 1995; Lizard et al., 1995). B16F10 cells were placed in 24-

well plate at a concentration of 1x10° cells/ml. Sixteen hours after seeding, the cells were
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treated with various concentrations (50, 100, and 200 pM or 200 uM) of the fucoxanthin and
further incubated for difference times (0, 8, 24, and 48 h). Then, Hoechst 33342 and PI, a
DNA specific fluorescent dye was added into the culture medium at final concentration of 10
and 5 pg/ml, respectively, and plate was incubated for another 10 min at 37°C. The stained
cells were then observed under a fluorescence microscope equipped with a CoolSNAP-Pro

color digital camera to examine the degree of nuclear condensation.

2.5. Cell cycle analysis

Cell cycle analysis was performed to determine the proportion of apoptotic sub-G;
hypodiploid cells (Nicoletti et al., 1991). B16F10 cells were placed in a 6-well plate at a
concentration of 1.0x10° cells/ml. Sixteen hours after seeding, the cells were treated with
with various concentrations (50, 100, and 200 uM) of the fucoxanthin. After 24 or 48 h, the
cells were harvested at the indicated time and fixed in 1 ml of 70% ethanol for 30 min at 4°C.
The cells were washed twice with PBS and incubated in the dark in 1 ml of PBS containing
100 pg PT and 100 pg RNase A for 30 min at 37°C. Flow cytometric analysis was performed
with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). The effect on

cell cycle was determined by changes in the percentage of cell distribution at each phase of
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the cell cycle and assessed by histograms generated by the computer program Cell Quest and

Mod-Fit (Wang et al., 1999).

2.6. Western blot analysis

Cells (2x10° cells/ml) were treated with fucoxanthin and harvested. The cell lysates were
prepared with lysis buffer (50 mmol/l Tris-HCI (pH 7.4), 150 mmol/l NaCl, 1% Triton X-
100, 0.1% SDS and 1 mmol/l EDTA). Cell lysate were washed by centrifugation, and protein
concentrations were determined by using BCA™ protein assay kit. The lysate containing 40
pg of protein were subjected to electrophoresis on 12% sodium dodecyl sulfate-
polyacrylamide gel, and the gel was transferred onto a nitrocellulose membrane Murine
macrophage cell line B16F10 Cells were pre-incubated for 18 h, and then stimulated with
LPS (1 pg/mL) in the presence of fucoxanthin for the indicated time. After incubation, the
cells were collected and washed twice with cold-PBS. The cells were lysed in a lysis buffer
[50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, 1 mM EGTA, 1
mM NaVO3, 10 mM NaF, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 25
ug/ml aprotinin, 25 ug/ml leupeptin] and kept on ice for 30 min. Cell lysate were washed by

centrifugation, and protein concentrations were determined by using BCA™ protein assay

96

@ jeju



kit.. Aliquots of the lysates (30-50 pg of protein) were separated on a 12% SDS-
polyacrylamide gel and transferred onto a polyvinylidene fluoride (PVDF) membrane (BIO-
RAD, HC, USA) with a glycine transfer buffer [192 mM glycine, 25 mM Tris-HCI (pH 8.8),
20% MeOH (v/v)]. After blocking the nonspecific site with 1% bovine serum albumin
(BSA), the membrane was then incubated with specific primary antibody at 4C for
overnight. The membrane was further incubated for 60 min with a peroxidase-conjugated
secondary antibody (1:5000, Vector Laboratories, Burlingame, USA) at room temperature.
The immunoactive proteins were detected using an enhanced chemiluminescence (ECL)

Western blotting detection kit.

2.7. Fucoxanthin inhibits tumor growth in mice

Balb/c mice weighting 20-22 g (6 weeks old) were purchased from Orientbio, Inc.
(Sungnam, Korea) and housed in conventional animal facilities with a NIH-07-approved diet
and water ad libitum at a constant temperature (23 = 1°C) according to the guidelines for the
Care and Use of Laboratory Animals of the Institutional Ethical Committee of Jeju National
University.

Mice were randomly separated into three groups: a sham B16F10 melanoma cells-
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implanted group, B16F10 melanoma cells-implanted control group, a fucoxanthin plus
B16F10 melanoma cells-implanted group.

For a fucoxanthin plus B16F10 melanoma cells-implanted group, this paper first injected
intraperitoneal (i. p.) into test mice with fucoxanthin (300 pg) dissolved in saline (pH 7.4)
(300 ng/100 pl/mouse), that is at 24 h and 2 h before the implantation of BI6F10 melanoma
cells. Then, for experimental tumor induction of B16F10 melanoma tumor, this author
assessed by intradermal (i.d.) inoculation of tumor cells (5x10° cells/100 pl/mouse) into
mice of both B16F10 melanoma cells-implanted control group and a fucoxanthin plus
B16F10 melanoma cells-implanted group (5 mice per a group). After the induction of
B16F10 melanoma tumor, this author also injected fucoxanthin (300 pg/100 pl/mouse) into
mice once every 5 days by intraperitoneal injection for 20 days. Additionally, as controls,
mice of sham B16F10 melanoma cells-implanted and B16F10 melanoma cells-implanted

groups were injected i.p. with saline (100 ul).

2.8. Statistical analysis

All data are presented as mean + SD. Significant differences among the groups were

determined using the unpaired Student’s z-test. A value of *p<0.05 was accepted as an
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3.1. Inhibitory effect of fucoxanthin on the growth of B16F10 cells

This author investigated the effects of fucoxanthin on the growth of B16F10 cells. Cells
were exposed to increasing doses of fucoxanthin for 72 h and cell viability was determined
by MTT assay. As shown in Fig. 4-1, cell growth inhibition activity was markedly increased
72 h after exposure to fucoxnathin in a dose-dependent manner. The proliferation of BI6F10
cells was reduced by 82% upon a 72 h exposure to 100 uM fucoxanthin. Thus, fucoxanthin

seems to be capable of exerting inhibition of cell proliferation.
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Fig. 4-1. Inhibitory effect of fucoxanthin against growth of B16F10. Each point
represents the mean = SD of three independent experiments. Means with different letters

within a column are significantly different (*,p<0.05, **, p<0.01).

3.2. Fucoxanthin induces cycle arrest at G/G; phase in B16F10 cells
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The induction of apoptosis and cell cycle arrest has been considered as the major cause
of anti-proliferation (Hsiao et al., 2007). Flow cytometry was used for further investigation
on the underlying mechanisms accounting for the antiproliferative action of fucoxanthin. In
vitro DNA detection assay-flow cytometry was carried out to determine whether
fucoxanthin-induced cell growth inhibition was the result of induction of apoptosis or cell
cycle arrest or a combination of these two modes. Fig 4-2A, 3A shows the representative
DNA distribution histograms of B16F10 cells incubated in the absence or presence of
fucoxanthin (50, 100, and 200 uM) for 24h or 48 h. Fig 4-2, 3B summarizes the relative
percentages of cells at each phase of the cell cycle following treatment with different
fucoxanthin concentrations (50, 100, and 200 uM). The results reveal that fucoxanthin
treatments for 24 h caused an increase in the percentage of cells at Go/G; phase, which was
accompanied by a corresponding reduction in the percentages of cells at S and Go/M phase
(Fig. 4-2). In addition, the presence of a distinct sub-G; peak was observed in cells treated

with fucoxanthin for 48 h, suggesting the induction of apoptotic cell death (Fig. 4-3).
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Fig. 4-2. Effect of fucoxanthin on cell cycle pattern and apoptotic portion in B16F10
cells by flow cytometric analysis. BIGF10 cells were seeded at 1x10° and treated with the
difference concentrations of fucoxanthin for 24 h. The cells were stained with PI and
analyzed by flow cytometry. The cells were stained with PI and analyzed by flow cytometry.
(A) Histogram of cell cycle patterns of B16F10 cells. (B) Bar graph of cell cycle patterns of
B16F10 cells.
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Fig. 4-3. Effect of fucoxanthin on cell cycle pattern and apoptotic portion in B16F10
cells by flow cytometric analysis. BIGF10 cells were seeded at 1x10° and treated with the
difference concentrations of fucoxanthin for 48 h. The cells were stained with PI and
analyzed by flow cytometry. The cells were stained with PI and analyzed by flow cytometry.
(A) Histogram of cell cycle patterns of B16F10 cells. (B) Bar graph of cell cycle patterns of
B16F10 cells.

3.3. Induction effects of apoptosis in B16F10 cells by fucoxanthin
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Induction of cell death and apoptosis by fucoxanthin was further studied by Hoechst-PI
double staining assay. Apoptotic cell death was confirmed by apoptotic body and nuclear
condensation as detected by Hoechst 33342 staining assay. Co-staining of the cells with PI
allows the discrimination of dead cells from apoptotic cells. The control, without the
fucoxanthin showed clear image and exhibited no DNA damage. However, obvious cell
damage was observed in the cells treated with fucoxanthin (Fig. 4-4). Cells treated with
fucoxanthin at difference concentration (Fig. 4-4A) dramatically increased nuclear
condensation and apoptotic bodies. Similar results were obtained depending on incubation
time of fucoxanthin at 200 uM (Fig. 4-4B). These data indicate that fucoxnathin may have

notable apoptosis inducing activity against B16F10 cells.
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Fig. 4-4. Effect of fucoxanthin on morphological changes in B16F10 cells. (A) B16F10
cells were stimulated with the indicated concentrations (50-200 pM) of fucoxanthin for 24 h
at 37 °C. (B) B16F10 cells were stimulated with 200 uM of fucoxanthin for the indicated
periods (0-48 h) at 37°C. The cells were double stained with Hoechst 33342 and PI solution

and then observed under a fluorescent microscop using a blue filter.

3.4. Effects of fucoxanthin on cell cycle regulatory proteins
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Since fucoxanthin-induced G(/G; arrest in BI6F10 cells, this author next investigated the
effect of fucoxanthin on cell cycle regulatory molecules involved in G¢/G; phase of the cell
cycle progression. Phosphorylated-Rb, p15™*® and p27*"' have been known to play a
critical role in the G to S phase cell cycle transition (Bai et al., 2003; Lloyd et al., 1999;
Chang et al., 2004a,b). As shown in Fig. 4-4, this paper found that pRb proteins were
obviously decreased by fucoxanthin in a dose-dependent manner in B16F10 cells. The
p15™B and p27%P' a specific inhibitor of CDKs, are also mainly involved in G,/S
transition of cell cycle. The p15™**® and p27*P' was markedly decreased by treatment with
fucoxanthin in a dose-dependent manner (Fig .4-4). As many studies have shown that CDKs
and cyclins play crucial roles in the regulation of cell cycle progression (Morgan, 1995), this
paper observed a dose-dependent decrease in cyclin D1 and D2 (Fig. 4-4). Meanwhile, a
decrease in cyclin D1 and D2 expression observed in fucoxanthin-treated cells was
accompanied by a reduction in the amount of CDK4 that is associated with cyclin D1 and D2.

CDK4 was rarely detectable in these cells, especially at 100 uM fucoxanthin.
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Fig. 4-5. Effect of fucoxanthin on protein expression related cell cycle arrest of B16F10
cells. The cells were treated with 50 and 100 uM fucoxanthin for 24 h. Equal amounts of cell
lysates (30 pg) were resolved by SDS-PAGE, transferred to nitrocellulose, and probed with
specific antibodies (anti-pl5, anti-p27, anti-CDK4, anti-CyclinD1, D2, and Anti-p-Rb
(phosphorylated-Rb)).

3.5. Effects of fucoxanthin on phosphoryation of Akt
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In order to characterize the fucoxanthin-induced changes in the kinase signaling
pathways, this author analyzed phosphorylation status of Akt during the fucoxanthin-induced
cell arrest of B16F10 cells. As shown in Fig 4-6, Akt phosphorylation (Thr-308) was down-
regulated by fucoxanthin treatment in a time-dependent manner, but total Akt expression was
not affected. Next, to evaluate the relationship between Akt activity and cell arrest, this
author investigated whether fucoxanthin induces cell arrest in the presence of Triciribine (a
specific Akt inhibitor) by cell cycle and an MTT assay. As shown in Fig 4-7A and B,
treatment with Triciribine markedly increased Gy/G, phase (from 75.8% to 81.4%) and
decreased cell viability (from 61.1+ 3.1% to 35.7 = 1.2%) in the presence fucoxanthin.
Taken together, these results indicate that the Akt pathway plays an important role in

regulating fucoxanthin-induced cell arrest in B16F10 cells.
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Fig. 4-6. Effect of fucoxanthin on phosphorylation of Akt in B16F10. The cells were
stimulated with 100 uM of fucoxanthin for 24 and 48 h. The levels p-Akt (phosphorylated-

Akt) and pan-Akt were determined using immunoblotting method.
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Fig. 4-7. Effect of Triciribine (a specific Akt inhibitor) against the Fucoxanthin-induced
cell arrest. (A) The cells were stimulated with 100 uM of Fucoxanthin for 24 h after
pretreatment with 40 uM of Triciribine for 1 h. The cells were stained with PI and analyzed
by flow cytometry. (B) The cells were stimulated with 100 uM of Fucoxanthin for 48 h after
pretreatment with 40 uM of Triciribine for 1 h. by using MTT assays. Means with different

letters within a column are significantly different (**, p<0.01).

3.6. Effects of fucoxanthin on apoptosis-related protein levels of B16F10 cells
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To study the mechanism of fucoxanthin induced apoptosis, this author evaluated the
expressions of Bax, Bcl-xL, caspase-3, -9, IAP family and PARP by Western blot analysis.
The expression level of Bcl-xL, antiapoptotic protein was decreased gradually with
fucoxanthin. However, the expression of Bax, a pro-apoptotic protein, did not change (Fig.
4-8). The expression of the active form of caspase-3 and -9 was increased at 200 uM, and
PARP was also cleaved at a concentration of 200 uM (Fig. 4-8). It has also been known that
the TAP family proteins bind to caspases, which leads to caspase inactivation for an
antiapoptotic effect in eukaryotic cells (Deveraux and Reed, 1999). This author further
examined the involvement of the TAP family (XIAP, cIAP-1 and cIAP-2) in fucoxanthin-
treated cells. Fucoxanthin treated cells dramatically resulted in a time-dependent

downregulation of IAP family members (Fig. 4-9).
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Fig. 4-8. Fucoxanthin treatment results in modulation of anti- and pro-apoptotic
proteins in B16F10 cells. The cells were treated with 200 uM fucoxanthin for 24 h. Equal
amounts of cell lysates (30 ug) were resolved by SDS-PAGE, transferred to nitrocellulose,

and probed with specific antibodies (anti-Bax, -Bcl-xL, -pro-caspase-9, -cleaved caspase-3,
and -PARP).
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Fig. 4-9. Fucoxanthin treatment results in modulation of anti-apoptotic proteins in
B16F10 cells. The cells were treated with 200 uM fucoxanthin for 24 h. Equal amounts of
cell lysates (30 pg) were resolved by SDS-PAGE, transferred to nitrocellulose, and probed
with specific antibodies (anti-c-IAP-1, -2, and anti-XIAP).

3.7. Effect of fucoxanthin on tumor growth in vivo
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The effects of the i.p. administration of fucoxanthin on tumor growth in Balb/c mice are
shown in Fig. 4-10. Peritoneally disseminated melanoma tumor mass was markedly retarded
by i.p. treatment of fucoxanthin compared with the positive control mice. In the positive
control group, mean of tumor weight amounted to 124 mg, whereas the mean of tumor
burden in fucoxanthin treated group was only 27 mg, a reduction of 5 folds. These results

suggest that fucoxanthin also has in vivo anti-tumor effect.
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Fig. 4-10. Effect of the i.p. administration of fucoxnathin on the inhibition of tumor
(B16F10) growth in Balb/c mice. Results are expressed as the mean +S.D. Means with

different letters within a column are significantly different (*, p<0.05).
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4. DISCUSSION

Fucoxanthin has been reported to induce apoptosis in prostate cancer PC-3, DU145,
LNCaP cells (Kotake-Nara et al., 2001), and leukemia (Kotake-Nara et al., 2005). In addition,
fucoxanthin has been shown to cause cell cycle arrest in neuroblastoma cells (Okuzumi et al.,
1990) and human hepatoma HepG2 cells (Das et al, 2008). However, there is not
information available concerning the ability of fucoxanthin to inhibit B16F10 melanoma
cells. Here, for the first time demonstrates that the mechanism of fucoxanthin-induced
growth inhibition of BI6F10 cells is due to a G¢/G; cell cycle arrest and apoptosis via down-
regulation of Akt and Bcl-xL. Futhermore, this author also fist showed that fucoxanthin
suppressed in vivo growth of BI6F10 melanoma in Balb/c mice.

In the present study first examined the antiproliferative effect of fucoxanthin B16F10
melnoma cells at concentrations ranging from 6 to 100 uM for 72 h. Fucoxanthin
significantly decreased the proliferation of BI6F10 cells in a dose-dependent manner. More
importantly, the fucoxanthin also exhibits effective anticancer properties in Balb/c mice.
This was consistent with previous reports that fucoxanthin inhibits the growth of human
prostate, leukemia, Neuroblastoma, and hepatoma cells (Das et al., 2008; Kotake-Nara et al.,

2001; Kotake-Nara et al., 2005). Suppression of growth by fucoxanthin can be partially
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explained by the occurrence of arrest during the cell cycle. Cell cycle analysis using flow
cytometry revealed that treatment with 50 uM fucoxanthin induced G¢/G, phase arrest of the
cell cycle at 24 h. However, these concentrations did not induced similar level of cell death
as evidenced by sub-G; cells. These imply that the G¢/G; phase arrest of the cell cycle can be
considered as one of the pathways by which the growth of B16F10 cells is inhibited. On the
other hand, 100 and 200 pM of fucoxanthin caused the cell cycle arrest at 24 h and induced
the apoptosis 48 h after treatment. Thus, this compound seems likely to cause cell cycle
arrest at the low concentration (50 uM) and apoptosis at the high concentrations (100 and
200 uM) in B16F10 cells.

pRb is the master switch regulating cell cycle progression, and its continual
phosphorylation parallels cell transition through G; and S (Weinberg, 1995). The
overwhelming majority of invasive and metastatic melanoma specimens and cell lines
express normal Rb protein (Albino et al., 2000). In the hypophosphorylated state, Rb family
proteins associate with and inhibit the activity of E2F family transcription factors, which are
involved in the transcription of key cell cycle regulators. Upon growth stimulation, the G;-
specific CDKs/cyclins phosphorylate Rb proteins on multiple residues, resulting in the
release of E2F family transcription factors (Roy et al., 2007). In the present study showed

that hinokitiol treatment causes a dose-dependent decrease in the level of total Rb protein
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and inhibits Rb phosphorylation. Many studies have showed that the cyclins and CDKs
control the G/S transition in the cell cycle. In addition, the regulation for the cyclins and
CDKs activity has turned out to be the most productive strategy for the discovery and design
of novel anticancer agents targeting the cell cycle progression (Wu et al., 2006). Weinstein
(2000) also reported that a family of CDK inhibitors plays a major role in the cell cycle
regulation. In contrast, activation of CDKs at G; phase are negatively regulated by two
families of CDK inhibitors (CKIs): the kinase inhibitor protein (KIP) family including
p2 1 WAFVCR 5 7KIPT and p57%P2) and the inhibitors of CDK4 (INK4) family including
p15™B p16™A p18™4C and p19™**P acting to inhibit CDK4 and CDK6 (Pei and Xiong,
2005). The cytostatic mechanism of fucoxanthin in B16F10 cells appeared to be related to
the induction of cell cycle arrest at G, phase. This arrest is associated with a negative control
of the cell cycle machinery that inhibits G;-S transition. This results also indicate that
fucoxanthin caused down-regulation of cyclin D1 and cyclin D2 expression, which was well
correlated with decrease in expression levels of CDK 4. Concomitantly, the expression levels
of p15™**® and p27*"" were upregulated in cells exposed to fucoxanthin. Elevation of these
CDK inhibitors is suggested to act as negative regulators of G; cell cycle progression by
inhibiting the CDK activation.

The Akt signal pathway plays critical roles in regulating cell survival and death in many
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physiological and pathological settings. Akt is involved in cell cycle regulation by
preventing GSK-3 mediated phosphorylation and degradation of cyclin D1 (14) and by
negatively regulating the cyclin dependent kinase inhibitors p27" (15) and p21V*"“™! (16).
The present study sought to determine effects of Akt on fucoxanthin-induced cell arrest. This
results demonstrated that fucoxanthin downregulates the Akt signaling pathway, and that the
Akt pathway inhibition significantly increased fucoxanthin-induced cell arrest. These data
strongly suggest that fucxoanthin-induced cell arrest is associated with the Akt pathway
Apoptosis is an important way to maintain cellular homeostasis between cell division
and cell death (Green and Reed, 1998; Hengartner, 2000; Kaufmann and Hengartner, 2001).
Apoptosis is a cellular suicide or a programmed cell death that is mediated by the activation
of an evolutionary conserved intracellular pathway (Bold, 1997). So, induction of apoptosis
in cancer cells is one of the useful strategies for the development of anticancer drug (Hu and
Kavanagh, 2003). Apoptosis is a tightly regulated process, which involves changes in the
expression of distinct genes. Members of the Bcl-2 family (such as Bcl-2 and Bcl-xL) of
proteins are critical regulators of the apoptotic pathway (Korsmeyer, 1999). Bcl-2 and Bcl-
xL is an upstream molecule in the apoptotic pathway and are identified as potent suppressors
of apoptosis (Hockenbery, 1993). This data clearly demonstrated that fucoxanthin treatment

to B16F10 cells resulted in a concentration dependent decrease in Bel-xL levels. In addition,
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caspase activation is often regulated by various cellular proteins including members of the
inhibitor of apoptosis (IAP; Deveraux and Reed 1999) or Bcl-2 families (Adams and Cory
1998; Antonsson and Martinou 2000). This data reveal that the protein expression of c-IAP-1,
c-IAP-2, and XIAP proteins was decreased by fucoxanthin treatment. The cleavage of
caspase-3 and -9 appears to be correlated with fucoxanthin-induced apoptosis in BI6F10
cells. Caspase-3 and -9 are key components in the mitochondrial initiated pathway
(Budihardjo et al., 1999). Once caspase is activated, a variety of cellular proteins are targeted,
leading ultimately to apoptosis. PARP is the best known substrate of caspase and cleaved
from 116 kDa intact form into 85 kDa fragment (Konopleva et al., 1999). This is important
for cells to maintain their viaility; cleavage of PARP facilitates cellular disassembly and
serves as a marker of cells undergoing apoptosis (Oliver et al., 1998). The intact form of 116
kDa and cleaved form of 85 kDa of PARP were detected in fucoxanthine treated B16F10
cells. Hence, these data fist demonstrate that fucoxanthin induce apoptosis can be occurred
through Bcl-xL and TAPs regulation.

In conclusion, fucoxanthin had antiproliferative effects by inducing apoptosis and cell
cycle arrest in melanoma B16F10 cells. Fucoxanthin increased the proportion of cells in the
G1 phase of the cell cycle, which is associated with a decrease in Akt, cyclinD1, D2, and

CDK4 expression and the induction of p15 and p27. Fucoxanthin-induced apoptosis might
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be related to caspase-3 and -9 activation and the down-regulation of Bcl-xL and IAPs
expression (Fig. 4-11). Taken together, the data presented in this in vitro and in vivo study
provide important insights into this cell-cycle-based therapeutic strategy and form a strong

basis for the development of fucoxanthin as an anticancer agent.
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Fig. 4-11. Signaling pathway responsible for fucoxanthin-induced apoptosis and cell

arrest of B16F10 cells.
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