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Abstract: Siphonaxanthin is a specific keto-carotenoid in green algae whose bio-functional
properties are yet to be identified. This review focuses on siphonaxanthin as a bioactive
compound and outlines the evidence associated with functionality. Siphonaxanthin has
been reported to potently inhibit the viability of human leukemia HL-60 cells via induction
of apoptosis. In comparison with fucoxanthin, siphonaxanthin markedly reduced cell
viability as early as 6 h after treatment. The cellular uptake of siphonaxanthin was 2-fold
higher than fucoxanthin. It has been proposed that siphonaxanthin possesses significant
anti-angiogenic activity in studies using human umbilical vein endothelial cells and rat
aortic ring. The results of these studies suggested that the anti-angiogenic effect of
siphonaxanthin is due to the down-regulation of signal transduction by fibroblast growth
factor receptor-1 in vascular endothelial cells. Siphonaxanthin also exhibited inhibitory
effects on antigen-induced degranulation of mast cells. These findings open up new
avenues for future research on siphonaxanthin as a bioactive compound, and additional
investigation, especially in vivo studies, are required to validate these findings. In addition,
further studies are needed to determine its bioavailability and metabolic fate.
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1. Introduction

Marine algae are a potential renewable resource in the marine environment that are used as a
culinary item in East Asia and they have been reported to confer several beneficial effects in human
health. They are an excellent source of nutritional and bioactive compounds, such as carotenoids,
dietary fibers, amino acids, essential fatty acids, vitamins, and minerals [1,2]. Algal carotenoids have
received much attention, as they are structurally different from those found in terrestrial plants. It is
important to characterize the novel bio-functional activities of carotenoids from marine algae.

One of the major carotenoids in marine algae is fucoxanthin, and it is found mainly in brown
macroalgae and in some classes of microalgae [3-5]. The chemical structure of fucoxanthin includes
an allenic bond and oxygenic functional groups, such as hydroxyl, epoxy, carbonyl, and acetyl groups,
in addition to its polyene chain (Figure 1A). Recently, fucoxanthin has been reported to possess several
beneficial effects related to its anti-cancerous, anti-oxidative, and anti-obesity properties [6-12].
Moreover, fucoxanthin induces uncoupling protein 1 in the mitochondria of abdominal white adipose
tissue, leading to the oxidation of fatty acids and heat production [13]. On the other hand, we found
that fucoxanthin and its deacetylated product, fucoxanthinol, effectively suppress angiogenesis [14].
This implies that fucoxanthin, with its anti-angiogenic activity, would be useful in preventing
angiogenesis-related diseases such as cancer and diabetic retinopathy. Consequently, brown algal
fucoxanthin seems to be a useful bioactive and nutraceutical compound for human health.

Figure 1. Structures of fucoxanthin (A); siphonaxanthin (B) and siphonein (C).
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Scientific evidence on the bio-functional properties of algal carotenoids is still very limited.
Siphonaxanthin (Figure 1B) is a specific keto-carotenoid of green algae, and its bio-functional
properties are yet to be clarified. We focus on the potential of siphonaxanthin as a bioactive compound
and outline the evidence associated with functionality functionality. The objective of this review is to
summarize the novel bio-functional activities of green algal siphonaxanthin that have been highlighted
in our studies.

2. Siphonaxanthin in Green Algae

Siphonaxanthin is a specific keto-carotenoid of siphonaceous green algae, which helps in absorbing
available green and blue green light under water [15,16]. Brown algal fucoxanthin has epoxide and an
allenic bond in its structure, whereas siphonaxanthin does not contain either of those functional groups.
However, it possesses an additional hydroxyl group on the 19th carbon atom (Figure 1B). In edible
green algae such as Codium fragile, Caulerpa lentillifera, and Umbraulva japonica, siphonaxanthin
content is approximately 0.03%-0.1% of the dry weight. Siphonein, identified as siphonaxanthin
19-(trans-A2-dodecenoate), is present at the same level as siphonaxanthin in these algae. C. fragile is
consumed as a part of the staple diet in ancient Japanese food culture.

Generally, carotenoids in plants play important roles in the photosynthetic process, such as
light-absorption and quenching of excess energy [17]. B-Carotene is present in most of the divisions of
the reaction-center complexes (RC) and the light-harvesting complexes (LHC) of photosystem | (PSI).
On the other hand, in the peripheral LHC of photosystem Il (PSIl), the bound carotenoids are
heterogenous, depending on the classes [5]. In green algae, the major carotenoid in the peripheral LHC
of PSII is siphonaxanthin, which exhibited an additional absorption band (the 535 nm band) in the blue
to green region. B-Carotene in both RC and LHC-PSI might have protective functions, and carotenoids
in the peripheral LHC of PSII might have primarily light-harvesting functions. Employing
femtosecond time-resolved fluorescence spectroscopy to analyze purified carotenoids in organic
solvents and the LHC in solution, this keto-carotenoid was found to facilitate highly efficient energy
transfer of carotenoids to chlorophylls [18]. Siphonaxanthin might have a largely light-harvesting
function in the green light-rich underwater habitat [19].

3. Apoptosis-Inducing Effect

There is a wealth of information pertaining to apoptosis in anti-cancer research, and the
apoptosis-inducing properties of carotenoids may be an important approach to chemo-prevention
and/or chemotherapy. Carotenoids from terrestrial plants, such as f-carotene and lycopene, have been
extensively studied and implicated as cancer preventive agents. Carotenoids from marine sources have
received much attention, as they are structurally different from those found in terrestrial sources.
Recent studies have found that carotenoids from algae, including fucoxanthin and peridinin, induce
apoptosis in cancer cells [6-9,20,21].

We investigated whether various carotenoids present in marine sources are potentially involved in
cancer-preventing action in human leukemia HL-60 cells. We found that the 11 carotenoids
investigated, siphonaxanthin most potently at inhibiting the viability of HL-60 cells [22]. Compared to
fucoxanthin, siphonaxanthin, at a concentration of 20 uM, markedly reduced cell viability as early as 6 h
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after treatment. The cellular uptake of siphonaxanthin was 2-fold higher than fucoxanthin,
demonstrating a positive correlation between cellular uptake and cell viability. The apoptotic activity
of siphonaxanthin was characterized by increases in TUNEL-positive cells, and by increased
chromatin condensation in the cells. This induction of apoptosis was accompanied by decreased
expression of Bcl-2, and subsequent increase in the activation of caspase-3. These observations
indicate that siphonaxanthin may be a more potent growth-inhibitor in cancer cells than fucoxanthin,
possibly due to the differences in the structure of their different functional groups. The presence of
hydroxy! group on the 19th carbon atom appeared to contribute to the strong apoptosis-inducing effect.
This is further supported by the fact that siphonein (Figure 1C), an esterified form of siphonaxanthin
that does not contain an additional hydroxyl group, had a reduced inhibitory effect on cell viability.

Interestingly, siphonaxanthin has been reported to up-regulate the expression of death receptor 5
(DR5) [22]. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) promotes apoptosis
selectively in tumor cells without much effect on normal cells by binding to the transmembrane
receptors TRAIL-R1/DR4 and TRAIL-R2/DR5 [23]. Thus, any chemotherapeutic agent that activates
TRAIL-induced apoptosis in cancer cells may be an attractive strategy in anti-cancer research.
Yoshida et al. reported that halocynthiaxanthin and peridinin sensitize cancer cells to TRAIL-induced
apoptosis by up-regulating the expression of DR5 [21], which indicates that some carotenoids can
induce apoptosis through this pathway. In our study, siphonaxanthin potently up-regulated the
expression of DR5, but fucoxanthin did not [22]. Siphonaxanthin could be potentially useful as a
chemopreventive and/or chemotherapeutic agent.

4. Anti-Angiogenic Effect

Angiogenesis is characterized by the growth and remodeling process of the primitive network of
blood vessels into a complex network. In this process, endothelial cells secrete proteases, migrate
through the extracellular matrix, proliferate, and differentiate [24]. Angiogenesis is involved in many
physiological and pathological situations. In normal adults, most vasculature is quiescent, with only 0.01%
of endothelial cells undergoing division [25]. However, angiogenesis is an essential process in the
female reproductive cycle, along with the remodeling and regeneration of tissues [26]. Pathological
angiogenesis is implicated in the pathogenesis of many diseases, including cancer, atherosclerosis,
diabetic retinopathy, and rheumatoid arthritis [27]. The newly-formed blood vessels promote cancer
growth by supplying nutrients and oxygen and by removing waste products. Metastasis also depends
on angiogenesis, as tumor cells are shed from a primary tumor and grow in their target organs [28].
Angiogenesis is activated under other pathological conditions, such as ocular and inflammatory
disorders [29]. Hence, prevention of angiogenesis under pathological conditions is a promising
approach in the prevention of cancer and other pro-angiogenic diseases. It has been reported that some
natural products, such as vitamin Bg [30], algal polysaccharides [31], and nasunin [32], suppress
angiogenesis. Given this background, studies on natural bioactive molecules from marine algae have
reported that fucoidans, polysaccharides from marine brown algae, and fucoxanthin and its deacetylated
product, fucoxanthinol, exert anti-angiogenic properties [14,33].

To evaluate the anti-angiogenic effect of siphonaxanthin from green algae, we examined its
anti-angiogenic effect in cell culture model systems and by employing ex vivo approaches using human
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umbilical vein endothelial cells (HUVECs) and rat aortic ring [34,35], respectively. Siphonaxanthin
significantly suppressed HUVEC proliferation at relatively lower concentration of 2.5 M, while its
effect on chemotaxis was not significant [36]. In addition, siphonaxanthin exhibited a strong inhibitory
effect on HUVEC tube formation in an in vitro angiogenesis model. Siphonaxanthin suppressed the
tube length at a concentration of 10 iV, while no tube formation was observed at 25 M, suggesting
that this could be due to the suppression of angiogenic mediators. The ex vivo angiogenesis assay using
rat aortic ring indicated reduced microvessel outgrowth in a dose-dependent manner, and the reduction
was significant at concentrations of more than 2.5 piM.

To elucidate the molecular mechanism underlying the anti-angiogenic activity of siphonaxanthin
compared to fucoxanthin, we focused on the vascular specific pro-angiogenic factor, vascular
endothelial growth factor (VEGF), and the other angiogenic factors, such as fibroblast growth factors
(FGFs) [37,38]. It has been shown that both siphonaxanthin and fucoxanthin suppress the mRNA
expression of fibroblast growth factor 2 (FGF-2) and its receptor (FGFR-1), as well as their trans-activation
factor, EGR-1 [39]. These suppressive effects of siphonaxanthin were more effective than fucoxanthin.
However, the mRNA expression of VEGFR-2, a potent signal transducer involved in the
VEGF-mediated signaling pathway, was not significantly affected by these carotenoids. Furthermore,
these two marine algal carotenoids can down-regulate the phosphorylation of FGF-2-mediated
intracellular signaling proteins such as ERK1/2 and Akt. Inhibition of FGF-2-mediated intracellular
signaling proteins by these carotenoids represses the migration of endothelial cells, as well as their
differentiation into tube-like structures on Matrigel. These results demonstrate, for the first time, the
possible molecular mechanism underlying the anti-angiogenic effect of these two algal carotenoids and
suggest that their anti-angiogenic effect is due to the down-regulation of signal transduction by
FGFR-1 in vascular endothelial cells. Siphonaxanthin exhibited its anti-angiogenic effect at lower
concentrations than fucoxanthin, indicating its potential as a strong angiogenesis inhibitor.
These findings provide new insights into the novel bio-functional property of marine algal carotenoids,
especially that of siphonaxanthin, which has the potential to enhance current anti-angiogenic therapies
in the treatment of cancer and other pro-angiogenic diseases.

5. Anti-Inflammatory Effect

Currently, one of the most common social problems in the world is an increasing number of patients
with type | allergy. Mast cells play pivotal roles in localized inflammation and immediate type allergic
reactions by secreting biologically active substances including histamine, eicosanoids, proteolytic
enzymes, cytokines, and chemokines after antigen-induced degranulation. The antigen-induced
aggregation of the high affinity IgE receptor (FceRI) expressed on the cell surface triggers the
degranulation of mast cells [40]. We have previously reported that astaxanthin, [-carotene,
fucoxanthin, and zeaxanthin significantly inhibit antigen-induced degranulation of rat basophilic leukemia
RBL-2H3 cells, which were used as a mast cell model, and bone marrow-derived mast cells [41].
Interestingly, these carotenoids inhibited antigen-induced translocation of FceRI to lipid rafts, which
are known as platforms of the aggregation of FceRI [42]. Furthermore, oral administration of these
four carotenoids for a week significantly inhibited dinitrofluorobenzene (DNFB)-induced ear swelling
and the increased content of histamine in the DNFB-treated mice [43]. These results suggested that
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dietary carotenoids exert an anti-inflammatory effect by suppressing mast cell degranulation in vivo.
However, information about the anti-degranulation effect of the other carotenoids is limited.

In this context, we evaluated the effects of eleven additional carotenoids using the RBL-2H3 cells.
Results from our screening showed that nine carotenoids, including siphonaxanthin, had inhibitory
effects on antigen-induced degranulation of mast cells [44]. The inhibitory activity of carotenoids was
not related to their cellular uptake. It is speculated that carotenoids, including siphonaxanthin, may
modify the functions of lipid rafts by localizing in the cell membrane and inhibiting the translocation
of FceRI to lipid rafts. Nevertheless, it is important to verify whether carotenoids affect other signaling
pathways involved in lipid rafts in order to understand the biological relationship between carotenoids
and lipid rafts.

6. Conclusions and Future Perspectives

To clarify the biological action of siphonaxanthin, further studies are required to determine its
bioavailability and biological metabolism. Our previous studies, using cultured cells and mice,
demonstrated that orally administered fucoxanthin is metabolized to fucoxanthinol and
amarouciaxanthin A in the intestinal tract and liver, respectively [45,46]. However, information on the
bioavailability and metabolic conversion of siphonaxanthin in vivo are limited. Siphonein, which is
identified as siphonaxanthin 19-(trans-A2-dodecenoate) is present in similar levels as that of
siphonaxanthin in siphonaceous green algae. Based on our data using cultured cells and ex vivo studies,
the biological functions of siphonein were found to be weaker than those of siphonaxanthin.
If siphonein could be hydrolyzed in the intestine by digestive enzymes and absorbed in a manner
similar to siphonaxanthin, oral administration of siphonein could be expected to exert the same
biological activities as siphonaxanthin.

Siphonaxanthin isolated from marine green algae, such as C. fragile, remarkably suppresses cell
viability, induces apoptosis in cancer cells, and possesses more potent anti-angiogenic activity than
fucoxnathin. Although several reports have indicated that fucoxanthin could be immensely beneficial
to human health, our studies indicate that siphonaxanthin is more effective than fucoxanthin. Nevertheless,
these findings uncover new avenues for future research on siphonaxanthin as a bioactive compound,
and additional investigation, especially in vivo studies, are needed to validate the reported findings.

Acknowledgments

This research was partly supported by JSPS KAKENHI Grant Number 23380124 and the Kieikai
Research Foundation.

Author Contributions

All the authors contributed to the writing of the manuscript. They jointly developed the structure
and arguments for the paper. All the authors reviewed and approved the final manuscript.



Mar. Drugs 2014, 12 3666

Conflicts of Interest

The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Mabeau, S.; Fleurence, J. Seaweed in food products: Biochemical and nutritional aspects.
Trends Food Sci. Technol. 1993, 4, 103-107.

Fleurence, J. Seaweed proteins: Biochemical, nutritional aspects and potential uses. Trends Food
Sci. Technol. 1999, 10, 25-28.

Peng, J.; Yuan, J.P.; Wu, C.F.; Wang, J.H. Fucoxanthin, a marine carotenoid present in brown
seaweeds and diatoms: Metabolism and bioactivities relevant to human health. Mar. Drugs 2011,
9, 1806-1828.

Kumar, S.R.; Hosokawa, H.; Miyashita, K. Fucoxanthin: A marine carotenoid exerting
anti-cancer effects by affecting multiple mechanisms. Mar. Drugs 2013, 11, 5130-5147.

Takaichi, S. Carotenoids in algae: Distributions, biosynthesis and functions. Mar. Drugs 2011, 9,
1101-1118.

Kotake-Nara, E.; Kushiro, M.; Zhang, H.; Sugawara, T.; Miyashita, K.; Nagao, A. Carotenoids
affect proliferation of human prostate cancer cells. J. Nutr. 2001, 131, 3303-3306.

Kotake-Nara, E.; Sugawara, T.; Nagao, A. Antiproliferative effect of neoxanthin and fucoxanthin
on cultured cells. Fish. Sci. 2005, 71, 459-461.

Hosokawa, M.; Kudo, M.; Maeda, H.; Kohno, H.; Tanaka, T.; Miyashita, K. Fucoxanthin induces
apoptosis and enhances the antiproliferative effect of the PPARYy ligand, troglitazone, on colon
cancer cells. Biochim. Biophys. Acta 2004, 1675, 113-119.

Das, S.K.; Hashimoto, T.; Shimizu, K.; Yoshida, T.; Sakai, T.; Sowa, Y.; Komoto, A.; Kanazawa, K.
Fucoxanthin induces cell cycle arrest at GO/G1phase in human colon carcinoma cells through
up-regulation of p21WAF1/Cipl. Biochim. Biophys. Acta 2005, 1726, 328-335.

Sachindra, N.M.; Sato, E.; Maeda, H.; Hosokawa, M.; Niwano, Y.; Kohno, M.; Miyashita, K.
Radical scavenging and singlet oxygen quenching activity of marine carotenoid fucoxanthin and
its metabolites. J. Agric. Food Chem. 2007, 55, 8516-8522.

Maeda, H.; Hosokawa, M.; Sashima, T.; Funayama, K.; Miyashita, K. Fucoxanthin from edible
seaweed, Undaria pinnatifida, shows antiobesity effect through UCP1 expression in white
adipose tissues. Biochem. Biophys. Res. Commun. 2005, 332, 392—-397.

Maeda, H.; Hosokawa, M.; Sashima, T.; Takahashi, N.; Kawada, T.; Miyashita, K. Fucoxanthin
and its metabolite, fucoxanthinol, suppress adipocyte differentiation in 3T3-L1 cells. Int. J. Mol. Med.
2006, 18, 147-152.

Miyashita, K.; Nishikawa, S.; Beppu, A.; Tsukui, A.; Abe, M.; Hosokawa, M. The allenic
carotenoid fucoxanthin, a novel marine nutraceutical from brown seaweeds. J. Sci. Food Agric.
2011, 91, 1166-1174.

Sugawara, T.; Matsubara, K.; Akagi, R.; Mori, M.; Hirata, T. Antiangiogenic activity of brown
algae fucoxanthin and its deacetylated product, fucoxanthinol. J. Agric. Food Chem. 2006, 54,
9805-9810.



Mar. Drugs 2014, 12 3667

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

Akimoto, S.; Tomo, T.; Naitoh, Y.; Otomo, A.; Murakami, A.; Mimuro, M. Identification of a
new excited state responsible for the in vivo unique absorption band of siphonaxanthin in the
green alga Codium fragile. J. Phys. Chem. 2007, 111, 9179-9181.

Chen, G.; Niu, X.; Chen, X.; Li, L.; Kuang, T.; Li, S. Characterization of chlorophyll protein
complexes isolated from a siphonous green alga, Bryopsis corticulans. Photosynth. Res. 2008, 96,
75-81.

Mimuro, M.; Katoh, T. Carotenoids in photosynthesis: Absorption, transfer and dissipation of
light energy. Pure Appl. Chem. 1991, 63, 123-130.

Akimoto, S.; Yokono, M.; Higuchi, M.; Tomo, T.; Takaichi, S.; Murakami, A.; Mimuro, M.
Solvent effects on excitation relaxation dynamics of a keto-carotenoid, siphonaxanthin.
Photochem. Photobiol. Sci. 2008, 7, 1206-1209.

Wang, W.; Qin, X.; Sang, M.; Chen, D.; Wang, K.; Lin, R.; Lu, C.; Shen, J.; Kuang, T. Spectral
and functional studies on siphonaxanthin-type light-harvesting complex of photosystem Il from
Bryopsis corticulans. Photosynth. Res. 2013, 117, 267-279.

Sugawara, T.; Yamashita, K.; Sakai, S.; Asai, A.; Nagao, A.; Shiraishi, T.; Imai, I.; Hirata, T.
Induction of apoptosis in DLD-1 human colon cancer cells by peridinin isolated from the
dinoflagellate, Heterocapsa triguetra. Biosci. Biotechnol. Biochem. 2007, 71, 1069-1072.
Yoshida, T.; Maoka, T.; Das, S.K.; Kanazawa, K.; Horinaka, M.; Wakada, M.; Satomi, Y.;
Nishino, H.; Sakai, T. Halocynthiaxanthin and peridinin sensitize colon cancer cell lines to tumor
necrosis factor-related apoptosis-inducing ligand. Mol. Cancer Res. 2007, 5, 615-625.

Ganesan, P.; Noda, K.; Manabe, Y.; Ohkubo, T.; Tanaka, Y.; Maoka, T.; Sugawara, T.; Hirata, T.
Siphonaxanthin, a marine algal carotenoids from green algae, effectively induces apoptosis in
human leukemia (HL-60) cells. Biochim. Biophys. Acta 2011, 1810, 497-503.

Srivastava, R.K. TRAIL/Apo-2L: Mechanisms and clinical applications in cancer. Neoplasia
2001, 3, 535-546.

Folkman, J.; Shing, Y. Angiogenesis. J. Biol. Chem. 1992, 267, 10931-10934.

Carmeliet, P.; Jain, R.K. Angiogenesis in cancer and other diseases. Nature 2000, 407, 249-257.
Folkman, J. Angiogenesis in cancer, vascular, rheumatoid and other diseases. Nat. Med. 1995, 1,
27-31.

Virmani, R.; Kolodgie, F.D.; Burke, A.P.; Finn, A.V.; Gold, H.K.; Tulenko, T.N.; Wrenn, S.P.;
Narula, J. Atherosclerotic plaque progression and vulnerability to rupture: Angiogenesis as a
source of intraplaque hemorrhage. Atheroscler. Thromb. Vasc. Biol. 2005, 25, 2054-2061.
Folkman, J. Influence of geometry on growth of normal and malignant cells. Adv. Pathobiol.
1976, 4, 12-28.

Carmeliet, P. Angiogenesis in life, disease and medicine. Nature 2005, 438, 932-936.

Matsubara, K.; Mori, M.; Matsuura, Y.; Kato, N. Pyridoxal 5-phosphate and pyridoxal inhibit
angiogenesis in serum-free rat aortic ring assay. Int. J. Mol. Med. 2001, 8, 505-508.

Matsubara, K.; Mori, M.; Matsumoto, H.; Hori, K.; Miyazawa, K. Antiangiogenic properties of a
sulfated galactan isolated from a marine alga, Codium cylindricum. J. Appl. Phycol. 2003, 15,
87-90.

Matsubara, K.; Kaneyuki, T.; Miyake, T.; Mori, M. Antiangiogenic activity of nasunin, an
antioxidant anthocyanin, in eggplant peels. J. Agric. Food Chem. 2005, 53, 6272-6275.



Mar. Drugs 2014, 12 3668

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Matsubara, K.; Xue, C.; Zhao, X.; Mori, M.; Sugawara, T.; Hirata, T. Effects of middle molecular
weight fucoidans on in vitro and ex vivo angiogenesis of endothelial cells. Int. J. Mol. Med. 2005,
15, 695-699.

Mori, M.; Sadahira, Y.; Kawasaki, S.; Hayashi, T.; Notohara, K.; Awai, M. Capillary growth from
reversed rat aortic segments cultured in collagen gel. Acta Pathol. Jpn. 1988, 38, 1503-1512.
Kawasaki, S.; Mori, M.; Awai, M. Capillary growth of rat aortic segments cultured in collagen gel
without serum. Acta Pathol. Jpn. 1989, 39, 712-718.

Ganesan, P.; Matsubara, K.; Ohkubo, T.; Tanaka, Y.; Noda, K; Sugawara, T.; Hirata, T.
Anti-angiogenic effect of siphonaxanthin from green alga, Codium fragile. Phytomedicine 2010,
17, 1140-1144.

Hicklin, D.J.; Ellis, L.M. Role of vascular endothelial growth factor pathway in tumor growth and
angiogenesis. J. Clin. Oncol. 2005, 23, 1011-1027.

Fahmy, R.G.; Dass, C.R.; Sun, L.; Chesterman, C.N.; Khachigian, L.M. Transcription factor
Egr-1 supports FGF-dependent angiogenesis during neovascularization and tumor growth.
Nat. Med. 2003, 9, 1026-1032.

Ganesan, P.; Matsubara, K.; Sugawara, T.; Hirata, T. Marine algal carotenoids inhibit
angiogenesis by down-regulating FGF-2-mediated intracellular signals in vascular endothelial
cells. Mol. Cell. Biochem. 2013, 380, 1-9.

Gilfillan, A.M.; Tkaczyk, C. Integrated signaling pathways for mast-cell activation.
Nat. Rev. Immunol. 2006, 6, 218-230.

Sakai, S.; Sugawara, T.; Matsubara, K.; Hirata, T. Inhibitory effect of carotenoids on the
degranulation of mast cells via suppression of antigen-induced aggregation of high affinity IgE
receptors. J. Biol. Chem. 2009, 284, 28172-28179.

Field, K.A.; Holowka, D.; Baird, B. Compartmentalized activation of the high affinity
immunoglobulin E receptor within membrane domains. J. Biol. Chem. 1997, 272, 4276-4280.
Sakai, S.; Sugawara, T.; Hirata, T. Inhibitory effect of dietary carotenoids on
dinitrofluorobenzene-induced contact hypersensitivity in mice. Biosci. Biotechnol. Biochem.
2011, 75, 1013-1015.

Manabe, Y.; Hirata, T.; Sugawara, T. Suppressive effects of carotenoids on the antigen-induced
degranulation in RBL-2H3 rat basophilic leukemia cells. J. Oleo Sci. 2014, 63, 291-294.
Sugawara, T.; Baskaran, V.; Tsuzuki, W.; Nagao, A. Brown algae fucoxanthin is hydrolyzed to
fucoxanthinol during absorption by Caco-2 human intestinal cells and mice. J. Nutr. 2002, 132,
946-951.

Asai, A.; Sugawara, T.; Ono, H.; Nagao, A. Biotransformation of fucoxanthinol to
amarouciaxanthin A in mice and HepG2 cells: Formation and cytotoxicity of fucoxanthin
metabolites. Drug Metab. Dispos. 2004, 32, 205-211.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



