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Abstract 

Since anti-angiogenic therapy has becoming a promising approach in the prevention of 

cancer and related diseases, the present study was aimed to examine the anti-angiogenic 

effect of siphonaxanthin from green alga (Codium fragile) in cell culture model systems 

and ex vivo approaches using human umbilical vein endothelial cells (HUVEC) and rat 

aortic ring, respectively.  Siphonaxanthin significantly suppressed HUVEC proliferation 

(p<0.05) at the concentration of 2.5 µM (50% as compared with control) and above, while 

the effect on chemotaxis was not significant.  Siphonaxanthin exhibited strong inhibitory 

effect on HUVEC tube formation.  It suppressed the formation of tube length by 44% at 

the concentration of 10 µM, while no tube formation was observed at 25 µM, suggesting 

that it could be due to the suppression of angiogenic mediators.  The ex vivo angiogenesis 

assay exhibited reduced microvessel outgrowth in a dose dependent manner and the 

reduction was significant at more than 2.5 µM.  Our results imply a new insight on the 

novel function of siphonaxanthin in preventing angiogenesis related diseases.  

Keywords: Angiogenesis; Siphonaxanthin; Endothelial cells; Aortic ring 
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Introduction 

Angiogenesis is the growth and remodeling process of the primitive network of blood 

vessel into a complex network.  In this process, endothelial cells secrete proteases, 

migrate through the extracellular matrix, proliferate and differentiate (Folkman and Shing, 

1992).  In normal adult, most vasculature is quiescent, with only 0.01% of endothelial 

cells undergoing division (Carmeliet and Jain, 2000).  However, angiogenesis is essential 

for the female reproductive cycle, and remodeling and regeneration of tissues (Folkman, 

1995).  Pathological angiogenesis is implicated in the pathogenesis of many diseases 

including cancer, atherosclerosis, rheumatoid arthritis and diabetic retinopathy (Virmani 

et al., 2005; Miyazawa et al., 2008).  The newly formed blood vessels can 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 at 

their target organ (Folkman, 1976).  Angiogenesis is also switched on under other 

pathological conditions such as ocular and inflammatory disorders (Carmeliet, 2005).  

Hence, preventing angiogenesis under pathological conditions is a promising approach in 

the prevention of cancer and other proangiogenic diseases.   

Targeting angiogenesis for human cancer therapy, FDA approved bevacizumab, a 

humanized anti-VEGF monoclonal antibody, for the treatment of metastatic colorectal 
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cancer in combination with 5-fluorouracil (FU)-based chemotherapy regimens (Ferrara 

and Kerbel, 2005).  Recently, statin derivatives such as endostatin and caplostatin are 

widely used for anti-angiogenic therapy (Abdollahi et al., 2004; Satchi-Fainaro et al., 

2005).  Moreover, several anti-angiogenic drugs (ZD6474, AZD2171 and 

vatalanib/PTK787) are currently being under clinical trials (Hanrahan and Heymach, 

2007; Scot et al., 2007).  But, most of these angiogenic inhibitors are in important 

concerns with side effects in animals and humans (Folkman, 2007).  Considering these 

perspectives, search for natural compounds have received considerable attention to 

overcome the adverse effect of synthetic compounds on human health.  

Marine macroalgae are potential renewable resource in the marine environment, used 

as culinary items in the Orient and have been reported to afford several beneficial effects.  

They are the excellent source of bioactive compounds such as carotenoids, dietary fiber, 

amino acids, essential fatty acids, vitamins and minerals (Mabeau and Fleurence, 1993; 

Fleurence, 1999).  However, effect of algal components on angiogenesis remained 

unknown or scanty.  Considering this background, our previous studies on natural 

bioactive molecules from marine algae have reported and demonstrated that fucoidans, a 

polysaccharide from marine brown algae, and fucoxanthin and its deacetylated product, 

fucoxanthinol exert anti-angiogenic properties (Matsubara et al., 2005a; Sugawara et al., 
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2006).  Fucoxanthin, a widely studied xanthophyll carotenoid of brown algae, and its 

metabolites have been reported to possess several health beneficial effects such as 

anti-cancerous, anti-oxidative and anti-obesity properties (Kotake-Nara et al., 2001; 

Sugawara et al., 2002; Kotake-Nara et al., 2005; Miyashita and Hosokawa, 2008; 

Sugawara et al., 2009).   

Siphonaxanthin (Fig. 1) is a specific keto-carotenoid of siphonaceous green algae, 

which helps in absorbing available green and blue green light in underwater condition 

(Akimoto et al., 2007; Chen et al., 2008) and its biofunctional aspects are yet to be studied.  

The present study aimed to evaluate the anti-angiogenic effect of siphonaxanthin form 

green alga (Codium fragile) in order to get a new vision for further research on 

angiogenesis using marine carotenoids.  With the best of our knowledge, this is the first 

report on the biofunctional properties of siphonaxanthin. 

 

Materials and Methods 

Materials 

Codium fragile, green alga was donated by NOF Corporation, Tokyo, Japan.  Human 

umblical vein endothelial cells (HUVECs) were purchased from Kurabo Industries 

(Osaka, Japan).  WST-1 reagent was obtained from Dojindo Laboratories (Kumamoto, 
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Japan).  Human recombinant vascular endothelial growth factor (VEGF) was from R&D 

Systems (MN).  Male Wistar rats were procured from Charles River Laboratories 

(Kanagawa, Japan).  All other reagents, media, buffered solutions and solvents were 

special grades commercially available. 

Sample extraction and purification 

Fresh Codium fragile used in this study were freeze dried and made into powder. 

Siphonaxanthin was extracted and purified from the freeze dried algal powder.  Briefly, 

acetone extract was prepared by mixing acetone at the ratio of 1:20 (w/v) and the 

mixture was kept on a magnetic stirrer at 4ºC for overnight under dark conditions.  This 

extraction procedure was repeated twice from the same powder.  Resulted extracts were 

pooled together and condensed by evaporating under reduced pressure using rotary flash 

evaporator.  Acetone extract was then subjected to preparative HPLC (LC-9A, 

Shimadzu, Japan) on a Lichroprep RP-18 (40-63 µm, 11 x 240 mm, Merck, Germany) 

column and eluted with a acetonitrile and water mixture at the ratio of 9:1 (v/v).  Yellow 

colored siphonaxanthin rich fraction was further purified by reverse phase HPLC 

(LC-6AD, Shimadzu, Japan) on a TSKgel ODS-80Ts QA (4.6 x 250 mm, Tosoh, Japan) 

column.  The purification was carried out using mixture of acetonitrile, methanol and 

water (75:15:10, v/v/v) containing 0.1% (w/v) ammonium acetate as a mobile phase at a 
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flow rate of 1 ml/min.  Siphonaxanthin was identified by UV-vis spectrum using a 

LC-6AD HPLC system equipped with a photodiode array detector (Shimadzu, Japan), 

and mass spectrum using a HPLC system connected to a mass spectrometer 

(LCMS-2010EV, Shimadzu, Japan) equipped with an interface of atmospheric pressure 

chemical ionization.  Purified siphonaxanthin (98%) was stored at -80 ºC for further 

experiments. 

Cell culture  

HUVECs were grown in a modified MCDB 131 medium (HuMedia EG2 from 

Kurabo Industries, Japan) containing 2% fetal bovine serum (FBS), 10 ng/ml 

recombinant human epidermal growth factor (EGF), 1 µg/ml hydrocortisone, 50 µg/ml 

gentamycin, 50 ng/ml amphotericin B, 5 ng/ml recombinant human basic fibroblast 

growth factor (bFGF) and 10 µg/ml heparin.  Cells were cultured at 37ºC in humidified 

condition with 5% CO2.  Subcultures were obtained by treating the HUVEC cultures with 

enzyme-free Hanks`-based cell dissociation buffer (Gibco, New York, USA).  HUVECs 

at passages three to five were used for the experiment. Proliferation assay 

HUVEC suspension (1.5 x 10
4
 cells/ml) was plated onto 96-well plates (100 µl/well). 

After 24 h, the medium was replaced with fresh HuMedia containing shiphonaxanthin 

using dimethyl sulfoxide (DMSO) as vehicle with the final concentration of 0.1%.  
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Control culture received the vehicle alone.  After 72 h, 10 µl of WST-1 reagent was 

added into each well and incubated at 37ºC for 4 h.  Absorbance at 450 nm was 

measured using a spectrophotometer. 

Chemotaxis assay 

HUVEC chemotaxis assay was carried out by a modified Boyden chamber assay 

(Kim et al., 2003).  Microporous membrane (8 µm) of 24 well culture inserts (BD 

Biosciences, MA) were coated with 0.1% gelatin.  HUVECs were detached with cell 

dissociation buffer (Invitrogen Corp., Carlsbad, CA), collected by centrifugation, 

resuspended in Medium 199 (Invitrogen) with 0.1% bovine serum albumin (BSA), and 

seeded in triplicate in the chamber (1.0 x 10
5
 cells/400 µl).  The well was then filled with 

400 µl Medium 199 containing 0.1% BSA and 10 ng/ml VEGF with or without 

siphonaxanthin.  The assembled chamber was cultured for 6 h.  Non-migrated cells on the 

upper surface of the membrane were removed by scrubbing with a cotton swab.  Cells on 

the lower surface of the membrane were fixed with methanol and stained with Diff-Quik 

stain (Sysmex, Japan).  Migrated cells were counted in five fields of each membrane 

under the microscope at 200 x magnification, and the average number of a field was 

calculated. 

Tube formation assay 
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HUVEC tube formation assay was performed according to the method using BD 

Matrigel (Becton, Dickinson and Co., Japan) (Matsubara et al., 2005a).  Briefly, solid gels 

were prepared on a 96-well tissue culture plate according to the manufacturer guidelines.  

HUVECs (1 x 10
5
 cells/ml) in HuMedia EG-2 medium containing       0 – 50 µM of 

siphonaxanthin was seeded (100 µl/well) onto the surface on solid BD Matrigel.  After 12 

h in culture, tube formation was observed under an inverted light microscope at 40 x 

magnification.  Microscopic fields were photographed with a digital camera (OLYMPUS 

DSE330-A system).  The total length of tube structures were measured using Adobe 

Photoshop software. 

Ex vivo angiogenesis assay    

Six weeks old male Wistar rats were housed two to a metal cage in a controlled 

temperature (24 ± 1ºC) with 12 h light: dark cycle (lights on, 08:00 – 20:00).  They had 

free access to diets and deionized water.  The rats were maintained according to the Guide 

for the Care and use of Laboratory Animals established by Hiroshima University.  The ex 

vivo angiogenesis assay was performed according to slightly modified methods as 

described previously (Mori et al., 1988; Kawasaki et al., 1989).  Briefly, a male Wistar rat 

(body weight ≈ 200 g) was sacrificed by bleeding from the right femoral artery under 

anesthesia with diethyl ether.  Thoracic aorta was removed and washed with RPMI 1640 
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medium to avoid contamination with blood.  It was then turned inside out and cut into 

short segments of about 1 – 1.5 mm.  Collagen gel (gel matrix solution) was made with 8 

volume porcine tendon collagen solution (3 mg/ml) (Cellmatrix Ia, Nitta Gelatin Co., 

Japan), 1 volume 10 x Eagle`s MEM (Gibco, NY), and 1 volume reconstitution buffer (80 

mM NaOH and 200 mM HEPES) and mixed gently at 4ºC.  Each aortic segment was 

placed in the center of a well of 6-well culture plate and covered with 0.5 ml gel matrix 

solution reconstituted as described.  The solution was allowed to gel at 37ºC for 20 min, 

and then overlaid with 2 ml RPMI 1640 medium containing 1% ITS+ (Becton Dickinson 

Labware, MA).  Sample solution or vehicle was then added.  Plates were incubated for 10 

days in a fully humidified system of 5% CO2 at 37ºC.  The medium was changed on day 7 

of the culture.  The capillary length was estimated under phase-contrast microscopy by 

measuring the distance from the cut end of aortic segment to the approximate mean point 

of capillary.  Microscopic fields were photographed with a digital camera (OLYMPUS 

DSE330-A system).  The total length of tube structures were measured using Adobe 

Photoshop software. 

Statistical analysis 

Values are presented as means ± SD.  Data were analyzed by one-way analysis of 

variance with Dunnett`s test to identify significant differences (p<0.05).                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
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Results 

Characterization of siphonaxanthin 

 HPLC profile of crude extract of Codium fragile is shown in Fig. 1a.  A minor 

peak corresponding to siphonaxanthin was detected at 7 min.  Siphonaxanthin was 

identified by its characteristic UV-vis spectrum (Fig. 1b), and further characterized by the 

positive ions of mass spectrum at m/z 583 [M+H-H2O]
+
, 565 [M+H-2H2O]

+
 and 547 

[M+H-3H2O]
+
 (Fig. 1c).  

Effect of siphonaxanthin on HUVEC proliferation and migration 

Effect of siphonaxanthin on endothelial cell proliferation is shown in Fig. 2. 

Siphonaxanthin inhibited HUVEC proliferation by 50 % at the concentration of 2.5 µM.   

The difference between control and siphonaxanthin treated HUVECs proliferation (2.5 – 

50 µM) were found to be statistically significant (p<0.05).  Further, we examined the 

effect of siphonaxanthin on VEGF induced HUVEC migration (Fig. 3).  VEGF was 

proven to be specific and critical growth factor involved in endothelial proliferation, 

migration and survival during blood vessel formation (Ferrara, 1999).  VEGF strongly 

stimulated HUVEC migration, but siphonaxanthin did not show significant (p>0.05) 

effect in the presence of VEGF.  These data suggest that siphonaxanthin might not be 

involved in the VEGF induced endothelial cell migration. 
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Effect on HUVEC tube formation 

HUVECs on reconstituted basement membrane migrated, attached to each other, and 

formed tube structures are shown in Fig. 4a.  It clearly shows that the tube structures in 

siphonaxanthin treated basement membrane are very short and not attached each other as 

compared with control.  Siphonaxanthin exhibited strong inhibitory effect on HUVEC 

tube formation at the concentration more than 10 µM.  The tube length reduced by 5.2 

mm (compared with control) when the concentration was 10 µM, while no tube formation 

observed at more than 25 µM (Fig. 4b), which is clearly attributed in Fig. 4a. 

Effect on ex vivo angiogenesis 

Rat aortic ring (ex vivo) angiogenesis model was also used to examine the effect of 

siphonaxanthin on angiogenesis.  This method is widely used to evaluate anti-angiogenic 

agents in a complex system in which endothelial cells, fibroblasts, pericytes and smooth 

muscle cells are involved (Kruger et al., 2000; Zogakis et al., 2002).  Fibroblastic 

fusiform cells migrated from the ends of the aortic rings after 2-3 days and spread in the 

collagen gel.  Microvessels appeared after 5-6 days and elongated (Fig. 5a).  

Siphonaxanthin suppressed ex vivo microvessel formation in a dose dependant manner.  

Significant inhibition was observed even at very low concentration (2.5 µM), and the 

inhibition level was 100% when the concentration was at 50 µM (Fig. 5b).  The dose 
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dependant effect of siphonaxanthin is clearly attributed in Fig. 5a.  

 

Discussion 

New blood vessels in the adult arise mainly through angiogenesis (Carmeliet 2000) 

implicated in the pathogenesis of many diseases, such as growth and metastasis of solid 

tumors, cancer, atherosclerosis, diabetic retinopathy and rheumatoid arthritis (Virmani et 

al., 2005).  Modulation of angiogenesis is a promising strategy in the prevention and 

treatment of angiogenesis-mediated disorders.  It has been well documented that some 

anti-angiogenic compounds are available in food (Mantell et al., 2000; Tsuzuki et al., 

2007).  We have previously demonstrated the anti-angiogenic activity of a marine brown 

algal polysaccharide (fucoidan) and a carotenoid (fucoxanthin) (Matsubara et al., 2005a; 

Sugawara et al., 2006).  The present study investigated the anti-angiogenic potential of 

siphonaxanthin from marine alga, Codium fragile. 

Recently, natural dietary compounds such as curcumin (Liu et al., 2008), nasunin 

(Matsubara et al., 2005b), vitamin D3 (Mantell et al., 2000), tocotrienols (Mizushina et al., 

2006; Shibata et al., 2008), and fatty acids (Masso-Welch et al., 2004) have also been 

reported to possess anti-angiogenic effect.  Siphonaxanthin showed comparable 

anti-angiogenic effect with previously reported natural anti-angiogenic compounds.  A 
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plant derived anti-angiogenic polyphenol, nasunin at the concentration of 10 µM 

significantly suppressed ex vivo microvessel formation (Matsubara et al., 2005b).  But, 

siphonaxanthin inhibited microvessel length by 50% at the concentration of 2.5 µM, 

indicating its potential as strong anti-angiogenic agent.  Furthermore, the inhibitory effect 

of siphonaxanthin (10 µM) on HUVEC tube formation was remarkably higher than a 

synthetic vitamin K, vitamin K3 (25 µM) (Matsubara et al., 2008).  However, almost 

similar effect on tube formation was also observed with α-tocotrienol (Mizushina et al., 

2006). 

  Siphonaxanthin exerted anti-angiogenic activity by significantly suppressing 

HUVEC tube formation and endothelial cell proliferation, but the effect on cell migration 

did not significant.  Siphonaxanthin also inhibited microvessel formation in rat aortic ring 

angiogenic model.  These findings are well correlated with our previous report on the 

anti-angiogenic effect of another keto-carotenoid, fucoxanthin (Sugawara et al., 2006).  

Fucoxanthin is a specific carotenoid with unique functional groups such as epoxide and 

allenic bond in its structure, whereas siphonaxanthin does not contain these functional 

groups.  Thus it can be suggested that the similar effect might not be due to epoxide and 

allenic bond.  The presence of hydroxy group on the 3 and 3` position of these carotenoids 

could conceivably parted in anti-angiogenesis.   
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Variety of anti-angiogenic agents with diverse mechanism (several of which are not 

known) of action are currently in clinical trials (Ferrara and Kerbel, 2005).  VEGF 

signaling through its receptor (VEGFR-2) is the best-characterized signaling pathway in 

developmental angiogenesis (Yancopoulos et al., 2000; Shibuya and Claesson-Welsh, 

2006).  In the present study, although siphonaxanthin had a strong inhibitory effect on 

tube formation in a HUVEC culture model and an ex vivo angiogenic model, it might not 

through signal transduction by VEGF receptor-2, exerted no significant effect on 

VEGF-induced HUVEC migration.  Other signaling molecules such as platelet-derived 

growth factor (PDGF) (Lindhal et al., 1997), fibroblast growth factor (FGF) (Mori et al., 

2008) and the angiopoietins (Ang) (Yancopoulos et al., 2000) might be contributed in the 

anti-angiogenic effect of siphonaxanthin.  It has also been reported that expression of 

matrix metalloproteinases (MMP) may also contribute HUVEC migration and 

proliferation (Romanic et al., 2001).  Earlier studies reported that cellular and molecular 

mechanisms of angiogenesis differ depending on the target tissue and 

microenvironmental conditions (Carmeliet, 2000; Zhu et al., 2008).  These findings are 

likely to imply further interest in the possible molecular mechanisms of angiogenesis to 

reveal novel dietary-based anti-angiogenic approaches for cancer prevention. 

As many vascular-disturbing agents are at present being under lengthy clinical trials, 
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consumption of food-derived and natural anti-angiogenic compounds would be 

recommended to prevent angiogenic disorders.  Considering the pathophysiology of 

cancer and other pro-angiogenic diseases, and their limited preventive measures, 

discovery of dietary-based compounds with potential anti-angiogenic properties is an 

important approach in improving current anti-angiogenic therapy.  Seaweeds are used as 

food and feed ingredient in many parts of the world. They are staple diet in some 

countries like Japan and Korea.  Fucoxanthin, a xanthophyll carotenoid, its biofunctional 

properties including anti-angiogenic activity are widely studied, but the functional 

properties of siphonaxanthin is not touched yet.  The present study concludes that 

siphonaxanthin inhibits angiogenesis both in cell culture model systems and ex vivo, and 

demonstrated its potential as functional compound.  It also opens up a new line of 

research on the role of siphonaxanthin on molecular mechanism of angiogenesis. 
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Legends to figures 

Fig. 1. Identification and characterization of siphonaxanthin. (a) HPLC chromatogram of 

crude acetone extract for the detection of siphonaxanthin. UV-vis (b) and mass 

spectra (C) of siphonaxanthin.  

Fig. 2. Effect of siphonaxanthin on HUVEC proliferation. Values are means ± SD (n=3). 

Bars with different superscript are significantly different (p<0.05). 

Fig. 3. Effect of siphonaxanthin on HUVEC chemotaxis.  Migrated cells were counted 

after 6 h incubation in five microscopic fields at 200X.  Values are means of a field 

± SD (n=9).  NC, Negative control (medium without VEGF and siphonaxanthin); 

PC, Positive control (VEGF containing medium without siphonaxanthin).  Bars 

with different superscript are significantly different (p<0.05). 

Fig. 4. Inhibitory effect of siphonaxanthin on HUVEC tube formation on reconstituted 

basement membrane gel.  (a) Microscopic photograph of tube formation on 

reconstituted gel after 12 h incubation.  (b) Capillary length was measured, and 

values are means ± SD (n=3).  ND, No tube formation detected.  Bars with 

different superscript are significantly different (p<0.05). 

Fig. 5. Inhibitory effect of siphonaxanthin on rat aortic ring ex-vivo angiogenesis.  (a) 

Microscopic photograph of capillary formation.  (b) Microvessel length was 
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measured on the 7 day culture.  Values are means ± SD (n=6).  ND, No vessel 

formation detected.  Bars with different superscript are significantly different 

(p<0.05). 
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