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Abstract

:

Simple Summary


Fucoxanthin is a carotenoid that reportedly exhibits anticancer activity against different types of cancer cells. However, the activity of fucoxanthin in canine mammary gland tumors has not been extensively investigated. In this study, we evaluated fucoxanthin against canine mammary tumor cells (CMT-U27) and human umbilical vein endothelial cells (HUVECs). Our results indicated that fucoxanthin induced apoptosis via caspase activation and suppressed angiogenesis in CMT-U27 cells. Moreover, fucoxanthin inhibited tube formation and cell migration in HUVECs and CMT-U27 cells, indicating that it possessed anti-angiogenic potential. In conclusion, fucoxanthin induced tumor cell death and inhibited angiogenesis. Therefore, we propose that fucoxanthin can be considered a prospective therapeutic agent for canine mammary gland tumors.




Abstract


Fucoxanthin is a carotenoid derived from brown algae. It is known to exhibit anticancer activity, including the promotion of apoptosis and cell cycle arrest in several tumors. However, it remains unclear whether fucoxanthin exhibits anticancer activity against mammary gland tumors. In this study, we evaluated fucoxanthin activity against canine mammary tumor cells (CMT-U27) and human umbilical vein endothelial cells (HUVECs) to investigate its effect on cell viability, migration, tube formation, and angiopoietin 2 (Ang2) expression. Our results showed that fucoxanthin induced apoptosis via caspase activation in CMT-U27 cells. In rat aortic ring assay, fucoxanthin suppressed endothelial cell sprouting. Furthermore, fucoxanthin inhibited tube formation and migration in HUVECs. The number of migrated cells was assessed using CMT-U27 cells. The results demonstrated that fucoxanthin exerted anti-angiogenic activity on HUVECs and CMT-U27 cells by promoting Ang2 expression. In conclusion, our results demonstrated that fucoxanthin induced tumor cell death and inhibited angiogenesis, suggesting that fucoxanthin could be considered as a promising therapeutic agent for canine mammary gland tumors.
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1. Introduction


Canine mammary gland tumors are commonly reported in female dogs, and approximately 50% of these tumors are malignant [1,2]. They occur more frequently in non-neutered female dogs of 10–11 years of age [3]. They are often caused by changes in estrogen receptors and are primarily excised surgically [4]. Piroxicam and deracoxib are currently being investigated as prospective chemotherapeutic agents for these tumor types [5,6]; however, their clinical application remains debatable. Additionally, several side effects associated with these chemotherapeutic agents have been reported [7]. Therefore, the identification of natural product-derived drugs exhibiting safety and easy consumption features is crucial.



Fucoxanthin is the main carotenoid extracted from brown algae [8]. It possesses several biological activities, such as anti-inflammatory, antioxidant, antidiabetic, hepatoprotective, and anti-tumor activities [9]. Fucoxanthin induces apoptosis and cell cycle arrest in various cancer cells, including human colon cancer (HCT116), human hepatocellular carcinoma (HepG2), human prostate cancer (LnCaP and DU145), and human promyelocytic leukemia (HL-60) cells [10,11,12,13]. Furthermore, it also reduces the protein expression of Bcl-2, an anti-apoptotic protein, in prostate cancer and human promyelocytic leukemia [11,14,15]. Moreover, the anti-angiogenic activity of several natural products has been reported in various cancer cells [16,17,18]. However, no evidence exists regarding the anti-tumor potential of fucoxanthin in canine mammary gland tumors.



Angiogenesis refers to the process by which new blood vessels are formed from existing blood vessels [19]. It plays an important role in the progression of diseases, such as cancer and rheumatoid arthritis [20,21], as well as in the wound healing process [22,23]. Research is being actively conducted on angiogenesis inhibition, because it is known to be an essential process in tumor growth and metastasis [24].



In this study, we aimed to examine the potential of fucoxanthin in the promotion of cell apoptosis and inhibition of angiogenesis in canine mammary tumor cells (CMT-U27) and human umbilical vein endothelial cells (HUVECs). Our results suggest that fucoxanthin is a promising agent with applicability in the effective and safe treatment of canine mammary gland tumors.




2. Materials and Methods


2.1. Cell Cultures and Reagents


CMT-U27 cells were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA) and cultured in RPMI 1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Atlas Biologicals, For Collins, CO, USA). Penicillin (100 U/mL) and streptomycin (100 μg) were purchased from Sigma-Aldrich (St. Louis, MO, USA). HUVECs and their growth medium (EGM-2 MV BulletKitTM) were purchased from Lonza Group Ltd. (Basel, Switzerland). HUVECs were used in the passage numbers 4–5 in all experiments. All cells were incubated at 37 °C in 5% CO2. Fucoxanthin and dimethyl sulfoxide was purchased from Sigma-Aldrich (St. Louis, MO, USA). Fucoxanthin was dissolved in dimethyl sulfoxide to obtain a 20 mM stock solution.




2.2. Cell Viability Assay


CMT-U27 cells were cultured in 6-well plates at a density of 5 × 105 cells and incubated at 37 °C for 24 h. Seeded cells were treated with 0, 5, 10, and 20 μM of fucoxanthin and incubated for 24 h. Cell morphology was observed under an inverted microscope (Nikon Corporation, Tokyo, Japan). Crystal violet staining was performed to assess cell viability. In this method, viable cells were subjected to staining procedures using a crystal violet staining solution (0.5% crystal violet in 30% ethanol and 3% formaldehyde) for 10–15 min at room temperature (RT); thereafter, the cells were subjected to washing steps 3–4 times using distilled water and were subsequently subjected to drying. The incorporated dye was solubilized using 1% sodium dodecyl sulfate. The absorbance was measured at 550 nm using a spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA).




2.3. Annexin V Assay


Cell apoptosis was assessed by conducting a flow cytometric annexin V assay (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) according to the manufacturer’s instructions. The annexin V content was determined by measuring fluorescence at 488 nm (excitation) and 525 nm (emission) using the Guava easyCyte HT system (Millipore, Billerica, MA, USA).




2.4. Western Blotting


At the indicated time, CMT-U27 cells were subjected to homogenization using chilled lysis buffer containing a protease inhibitor cocktail (Sigma-Aldrich). Proteins were subjected to separation using SDS-PAGE and transferred onto nitrocellulose membranes. After conducting blocking using 5% skim milk, the membranes were incubated overnight at 4 °C with the following primary antibodies in the blocking buffer: anti-poly (ADP-ribose) polymerase (PARP) (rabbit), anti-caspase 8 (mouse; both from Cell Signaling Technology, Inc., Beverly, MA, USA), and anti-β-actin (mouse monoclonal; Sigma-Aldrich). Membranes were then incubated with Horseradish Peroxidase (HRP)-conjugated secondary antibodies for 1 h at RT. Chemiluminescent signals were developed using the HRP substrate (Millipore) and detected using the Fusion FX7 acquisition system (Vilbert Lourmat, Eberhardzell, Germany).




2.5. Rat Aortic Ring Assay


The rat aortic ring assay was performed following a previously published protocol with slight modifications to confirm the effects of fucoxanthin in the ex vivo angiogenesis study [25]. Thoracic aortas were removed from sacrificed Sprague Dawley rats (4-week-old, Samtako) under sterile conditions, and rinsed using cold PBS. Aortic rings (1 mm long) were sectioned with a surgical blade. Each ring was implanted on a Matrigel-pre-coated 24-well-plate. The complete Dulbecco’s modified Eagle’s medium was added to the wells in an absence or presence of fucoxanthin. Seven days after the treatment, the rings were observed under a microscope (Nikon Corporation), and then microvessel sprouting was estimated. The experimental protocol for this study was approved by the Institutional Animal Care and Use Committee (IACUC) of Jeonbuk National University (Approval number. 2021-074).




2.6. In Vitro Tube Formation Assay


MatrigelTM (Corning Inc., New York, NY, USA) was subjected to thawing overnight at 4 °C for the tube formation assay. Matrigel solidification on a 24-well plate was performed at 37 °C for 30 min. HUVECs were seeded at a density of 1 × 105 cells/well in a growth medium in an absence or presence of fucoxanthin. The cells were then incubated at 37 °C for an additional period of 18 h. Tube formation on the Matrigel was observed under a microscope (Nikon Corporation), pictured, and quantified by manually counting the number of tubules from three different photographs for each condition.




2.7. In Vitro Migration Assay


HUVECs and CMT-U27 cells were seeded in 6-well plates. After reached 100% confluence, cells were wounded manually using a sterile 1000 μL tip and washed using sterile PBS. The fresh medium containing 1% fetal bovine serum was replaced with different concentrations of fucoxanthin. After the indicated time, the wound closure by cell migration was photographed using a microscope (Nikon Eclipse TS100; Nikon Corporation).




2.8. Reverse Transcription Polymerase Chain Reaction (RT-PCR)


RNA extraction (2 µg) from each sample were reverse-transcribed into cDNA according to the manufacturer’s instructions (Cat. 18080093, Invitrogen). The cDNA aliquots were amplified using Go Taq DNA polymerase (Promega) in the Mycyler Thermal Cycler (Bio-Rad); the primers are listed in Table 1. The thermocycling conditions of the RT-PCR cycle were set to the following: 94 °C for 1 min, 60 °C for 1 min, and 72 °C for 1 min. Equal volumes of the products containing the LoadingSTAR nucleic acid dye (6X, Dynebio, Seongnam, Korea) were loaded onto 1.5% agarose gel and conducted electrophoresis. The gel was subjected to electrophoresis and then imaged using the Fusion FX7 acquisition system (Vilbert Lourmat).




2.9. Immunocytochemistry


CMT-U27 cells and HUVECs were seeded on coverslips coated with 1% gelatin. The cells were fixed by 2% paraformaldehyde, permeabilized by 0.5% Triton X-100 in PBS for 5 min, and blocked in 5% animal serum (donkey) in PBS containing 1% bovine serum albumin for 1 h at RT. The cells were incubated overnight at 4 °C with anti-VE-cadherin (goat; R&D Systems) and anti-angiopoietin 2 (Ang2) (rabbit polyclonal; Proteintech) antibodies. Cells were incubated with FITC-conjugated donkey anti-goat IgG and Cy3-conjugated donkey anti-rabbit IgG (both from Jackson ImmunoResearch). Nuclei were subjected to staining using 4′,6-diamidino-2-phenylindole. Then, the cells were mounted with the mounting medium (Dako, Carpinteria, CA, USA), and immunofluorescence images were taken by a confocal microscope (Carl Zeiss, Inc., Jena, Germany).




2.10. Statistical Analyses


The mean values of all experiments are represented with the standard deviation. For multigroup analysis of variance, one-way ANOVA followed by Bonferroni post hoc test was conducted. Statistical significance was set as less than 0.05 and is represented as * p < 0.05, ** p < 0.01, and *** p < 0.001.





3. Results


3.1. Fucoxanthin Reduces Cell Viability in CMT-U27 Cells


To investigate the activity of fucoxanthin in tumor cells, a cell viability assay was performed. CMT-U27 cells were treated with different concentrations (0, 5, 10, and 20 μM) of fucoxanthin for 24 h. It was observed that cell viability decreased in a concentration-dependent manner (Figure 1a, b), which was indicated by the decrease in the number of viable cells per unit area (Figure 1c). These results showed that fucoxanthin suppressed the viability of CMT-U27 cells in a concentration-dependent manner.




3.2. Fucoxanthin Causes Tumor Cell Death by Inducing Apoptosis


Flow cytometry and Western blotting experiments were performed to investigate whether fucoxanthin induced apoptosis. Flow cytometry results indicated that the abundance of annexin V-positive cells was five times higher in cells treated with 20 μM fucoxanthin when compared to untreated cells (Figure 2a). Fucoxanthin also enhanced the relative density of apoptosis-related proteins such as caspase 8, cleaved-caspase 8, PARP, and cleaved-PARP (Figure 2b,c and Figure S1). These results revealed that fucoxanthin induced apoptosis in CMT-U27 cells in a concentration-dependent manner.




3.3. Fucoxanthin Suppresses Endothelial Cell Sprouting and Tube Formation


To confirm the anti-angiogenic activity of fucoxanthin, the rat aortic ring and tube formation assays were performed. The rat aortic ring assay was performed to determine the ex vivo activity of fucoxanthin on microvessel sprouting. It was confirmed that fucoxanthin reduced microvascular sprouting by 25% when compared to untreated cells (Figure 3a,b). Furthermore, the tube formation assay showed that fucoxanthin significantly inhibited tubule formation in HUVECs (Figure 3c,d). These results indicated that fucoxanthin exhibited anti-angiogenic activity, which prevented the sprouting of new blood vessels.




3.4. Fucoxanthin Inhibits the Cell Migration in CMT-U27 Cells and HUVECs


To confirm the anti-metastatic activity of fucoxanthin in a comprehensive manner, a migration assay was performed using CMT-U27 cells and HUVECs. The migration assay results showed that fucoxanthin inhibited the migration of cells in a time-dependent and concentration-dependent manner. In both cells that were not subjected to treatments with fucoxanthin, migration actively occurred even after 24 h, up to a point when the scratched area showed overpopulation of the cells. After subjection to fucoxanthin treatment for 24 h, the number of migrated cells was markedly lower when compared to untreated cells. In cells treated with 20 μM fucoxanthin for 24 h, the number of migrated cells reduced by 37.92% in HUVECs and by 29.66% in CMT-U27 cells when compared to untreated cells (Figure 4a–d). These results indicate that fucoxanthin exerted an anti-angiogenic activity by inhibiting cell migration.




3.5. Fucoxanthin Regulates Ang2 Expression in the Absence of the Vascular Endothelial Growth Factor A (VEGF-A)/Vascular Endothelial Growth Factor Receptor 2 (VEGFR-2) Signaling Pathway


To decipher the anti-angiogenic mechanism of fucoxanthin, the mRNA levels of Ang2, VEGF-A, and VEGFR-2, which are factors related to angiogenesis, were determined. It was observed that fucoxanthin increased Ang2 levels, whereas the levels of VEGF-A and VEGFR-2 were almost unaltered (Figure 5a,b). Immunocytochemistry was performed for visualizing the expression of Ang2 in cells. The Ang2 expression significantly increased in HUVECs treated with 40 μM fucoxanthin (Figure 5c) and in CMT-U27 cells treated with 20 μM fucoxanthin (Figure 5d). Furthermore, VE-cadherin is a component of endothelial cell-to-cell adherence junction, and it has a key role in the maintenance of vascular integrity [26]. To confirm the effects of fucoxanthin on cell adhesion, we checked VE-cadherin expression. As a result, fucoxanthin reduced the protein expression of VE-cadherin in a dose-dependent manner, showing that fucoxanthin weakened the cell-to-cell junction. Thus, an increase in Ang2 expression may be the probable mechanism of anti-angiogenic actions of fucoxanthin.





4. Discussion


Canine mammary gland tumors pose considerable health concerns, because approximately 50% of these tumor types transform into malignant entities. They are often caused by changes in the estrogen receptors and occurrences are commonly reported in non-neutered female dogs. Although Non-steroidal anti-inflammatory drugs (NSAIDs) are used for treating these tumor types, several side effects have been reported [27]. Therefore, the use of natural products for the treatment of these tumor types has recently attracted attention. Particularly, previous studies have shown that natural products exhibit anti-angiogenic activity, and this activity can lead to the exertion of anti-tumor activity [28,29,30]. Therefore, we studied the activity of fucoxanthin, a natural product, on angiogenesis and tumor cell death in CMT-U27 cells and HUVECs.



Fucoxanthin reportedly demonstrates apoptotic activity in various cell types. As shown in Figure 1, cell viability was significantly reduced when cells were treated with 10 μM and 20 μM fucoxanthin for 24 h. Additionally, the number of viable cells per unit area was also reduced. These results showed that fucoxanthin caused cell death in CMT-U27 cells. Cell death is largely divided into three main types, namely, apoptosis, autophagy, and necrosis [31,32]. Flow cytometry was performed to determine the types of cell death that occurred. It was observed that the number of annexin V-positive cells significantly increased in a concentration-dependent manner, indicating that fucoxanthin induced apoptosis. Apoptosis is accurately regulated by many protein molecules, including caspase 3, caspase 7, caspase 8 and PARP. Among them, caspase-8 plays the role of apoptosis promoter, especially in an extrinsic way. Caspase-8 is coupled with FADD, and then activates a cascade. On the other hand, PAPR is a family of proteins involved in many cellular processes such as DNA repair, genomic stability, and programmed cell death. PARP cleavage plays a positive regulatory role in apoptosis and is considered one of the biomarkers for the detection of apoptosis. In this study, the expression of apoptotic proteins, i.e., PARP, cleaved-PARP, caspase 8, and cleaved-caspase 8, was also elevated. Therefore, fucoxanthin induced cell death in CMT-U27 cells via apoptosis, which validated its anti-tumor potential.



Angiogenesis refers to the process of formation of new blood vessels sprouting from the existing blood vessels. Continuous creation of new blood vessels to maintain a specific microenvironment is imperative for the survival of tumors [33]; the angiogenesis process is essential for their existence. In other words, the suppression of angiogenesis is expected to result in anti-tumor activity. It was observed in the rat aortic ring assay that treatment with fucoxanthin inhibited the sprouting of new blood vessels, which was particularly prominent at a 20 μM concentration. As shown in Figure 3, the number of tubes per area decreased as the concentration of fucoxanthin increased. These results further confirmed the anti-angiogenic activity of fucoxanthin.



Cancer cells first proliferate sufficiently at the site of origin and then metastasize to lymphatic vessels and blood vessels through invasion and migration [34]. Therefore, migration is strongly associated with metastasis [35]; hence, anti-tumor activity may be expected by suppressing migration. In the migration assays conducted using HUVECs and CMT-U27 cells, fucoxanthin inhibited migration in both cells. These results demonstrated that fucoxanthin exhibited anti-migrative potential, suggesting its possible utility as an effective tumor metastasis inhibitor.



Factors related to angiogenesis include VEGF, epidermal growth factor, insulin-like growth factor, and Ang2 [36,37,38,39]. Ang2 plays different roles depending on the presence or absence of VEGF. In the presence of VEGF, Ang2 induces migration, proliferation, and sprouting, and inhibits endothelial cell death and vessel regression. In the absence of VEGF, Ang2 exerts the opposite effect [40]. Our results showed almost negligible levels of VEGF-A, whereas Ang2 levels increased, and VEGFR-2 levels showed less remarkable changes in HUVECs. Immunocytochemistry analysis revealed that high concentrations of fucoxanthin markedly increased Ang2 protein expression in HUVECs and CMT-U27 cells. Therefore, it may be proposed that an increase in Ang2 promotes the death of endothelial cells and inhibits the migration, proliferation, and sprouting of new blood vessels. It is also supported that fucoxanthin suppresses the expression of VE-cadherin, a junction protein between endothelial cells. Further studies are warranted for improved comprehension of the anti-angiogenic activity of fucoxanthin in canine vascular endothelial cells.



In conclusion, fucoxanthin demonstrates anti-angiogenic activity by inhibiting proliferation, migration, and tube formation in CMT-U27 cells and HUVECs. Furthermore, it can exhibit anti-tumor activity by increasing apoptosis in CMT-U27 cells. These results suggest that fucoxanthin can be a prospective therapeutic agent for canine mammary gland tumors.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ani11061512/s1, Figure S1: Immunoblots and densitometry reading/intensity ratio of apoptotic markers in CMT-U27 cells.





Author Contributions


Conceptualization, H.J. and J.-W.S.; Data curation, H.J., J.C. and J.-K.P.; Formal analysis, H.J.; Funding acquisition, G.W. and J.-W.S.; Investigation, H.J., J.C. and J.-W.S.; Project administration, G.W. and J.-W.S.; Supervision, J.C., G.W. and J.-W.S.; Visualization, H.J.; Writing—original draft, H.J.; Writing—review & editing, J.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2020R1I1A3068208), and was supported by the “Research Base Construction Fund Support Program” funded by Jeonbuk National University in 2019.




Institutional Review Board Statement


The experimental protocol for this study was approved by the Institutional Animal Care and Use Committee (IACUC) of Jeonbuk National University (Approval number. 2021-074).




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sorenmo, K. Canine mammary gland tumors. Vet. Clin. Small Anim. Pract. 2003, 33, 573–596. [Google Scholar] [CrossRef]

	



Moe, L. Population-based incidence of mammary tumours in some dog breeds. J. Reprod. Fertil. Suppl. 2001, 57, 439–443. [Google Scholar]

	



Canadas-Sousa, A.; Santos, M.; Leal, B.; Medeiros, R.; Dias-Pereira, P. Estrogen receptors genotypes and canine mammary neoplasia. BMC Vet. Res. 2019, 15, 1–10. [Google Scholar] [CrossRef]

	



Dall, G.V.; Hawthorne, S.; Seyed-Razavi, Y.; Vieusseux, J.; Wu, W.; Gustafsson, J.-A.; Byrne, D.; Murphy, L.; Risbridger, G.P.; Britt, K.L. Estrogen receptor subtypes dictate the proliferative nature of the mammary gland. J. Endocrinol. 2018, 237, 323–336. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, F.; Sabattini, S.; Vascellari, M.; Marconato, L. The impact of toceranib, piroxicam and thalidomide with or without hypofractionated radiation therapy on clinical outcome in dogs with inflammatory mammary carcinoma. Vet. Comp. Oncol. 2018, 16, 497–504. [Google Scholar] [CrossRef]

	



Bakirel, T.; Ustun Alkan, F.; Ustuner, O.; Çinar, S.; Anlas, C.; Bilge Sari, A. Response of cultured normal canine mammary epithelial cells to deracoxib—doxorubicin combination. Acta Vet. Hung. 2017, 65, 366–381. [Google Scholar] [CrossRef]

	



Karayannopoulou, M.; Lafioniatis, S. Recent advances on canine mammary cancer chemotherapy: A review of studies from 2000 to date. Breast Cancer Res. 2016, 29, 43. [Google Scholar]

	



D’Orazio, N.; Gemello, E.; Gammone, M.A.; De Girolamo, M.; Ficoneri, C.; Riccioni, G. Fucoxantin: A Treasure from the Sea. Mar. Drugs 2012, 10, 604–616. [Google Scholar] [CrossRef]

	



Zhang, H.; Tang, Y.; Zhang, Y.; Zhang, S.; Qu, J.; Wang, X.; Kong, R.; Han, C.; Liu, Z. Fucoxanthin: A Promising Medicinal and Nutritional Ingredient. Evid. Based Complement Altern. Med. 2015, 2015, 723515. [Google Scholar] [CrossRef] [PubMed]

	



Lopes-Costa, E.; Abreu, M.; Gargiulo, D.; Rocha, E.; Ramos, A.A. Anticancer effects of seaweed compounds fucoxanthin and phloroglucinol, alone and in combination with 5-fluorouracil in colon cells. J. Toxicol. Environ. Health Part A 2017, 80, 776–787. [Google Scholar] [CrossRef] [PubMed]

	



Foo, S.C.; Yusoff, F.M.; Imam, M.U.; Foo, J.B.; Ismail, N.; Azmi, N.H.; Tor, Y.S.; Khong, N.M.; Ismail, M. Increased fucoxanthin in Chaetoceros calcitrans extract exacerbates apoptosis in liver cancer cells via multiple targeted cellular pathways. Biotechnol. Rep. 2019, 21, e00296. [Google Scholar] [CrossRef]

	



Karpiński, T.M.; Adamczak, A. Fucoxanthin—An antibacterial carotenoid. Antioxidants 2019, 8, 239. [Google Scholar] [CrossRef] [PubMed]

	



Garg, S.; Afzal, S.; Elwakeel, A.; Sharma, D.; Radhakrishnan, N.; Dhanjal, J.K.; Sundar, D.; Kaul, S.C.; Wadhwa, R. Marine carotenoid fucoxanthin possesses anti-metastasis activity: Molecular evidence. Mar. Drugs 2019, 17, 338. [Google Scholar] [CrossRef]

	



Kotake-Nara, E.; Asai, A.; Nagao, A. Neoxanthin and fucoxanthin induce apoptosis in PC-3 human prostate cancer cells. Cancer Lett. 2005, 220, 75–84. [Google Scholar] [CrossRef]

	



Kotake-Nara, E.; Terasaki, M.; Nagao, A. Characterization of apoptosis induced by fucoxanthin in human promyelocytic leukemia cells. Biosci. Biotechnol. Biochem. 2005, 69, 224–227. [Google Scholar] [CrossRef] [PubMed]

	



Ren, F.; Wu, K.; Yang, Y.; Yang, Y.; Wang, Y.; Li, J. Dandelion Polysaccharide Exerts Anti-Angiogenesis Effect on Hepatocellular Carcinoma by Regulating VEGF/HIF-1α Expression. Front. Pharmacol. 2020, 11, 460. [Google Scholar] [CrossRef] [PubMed]

	



Metibemu, D.S.; Akinloye, O.A.; Akamo, A.J.; Okoye, J.O.; Ojo, D.A.; Morifi, E.; Omotuyi, I.O. VEGFR-2 kinase domain inhibition as a scaffold for anti-angiogenesis: Validation of the anti-angiogenic effects of carotenoids from Spondias mombin in DMBA model of breast carcinoma in Wistar rats. Toxicol. Rep. 2021, 8, 489–498. [Google Scholar] [CrossRef]

	



Zare, M.; Norouzi Roshan, Z.; Assadpour, E.; Jafari, S.M. Improving the cancer prevention/treatment role of carotenoids through various nano-delivery systems. Crit. Rev. Food Sci. Nutr. 2021, 61, 522–534. [Google Scholar] [CrossRef]

	



Risau, W. Mechanisms of angiogenesis. Nature 1997, 386, 671–674. [Google Scholar] [CrossRef] [PubMed]

	



Quintero-Fabián, S.; Arreola, R.; Becerril-Villanueva, E.; Torres-Romero, J.C.; Arana-Argáez, V.; Lara-Riegos, J.; Ramírez-Camacho, M.A.; Alvarez-Sánchez, M.E. Role of matrix metalloproteinases in angiogenesis and cancer. Front. Oncol. 2019, 9, 1370. [Google Scholar] [CrossRef]

	



Fromm, S.; Cunningham, C.; Dunne, M.; Veale, D.; Fearon, U.; Wade, S. Enhanced angiogenic function in response to fibroblasts from psoriatic arthritis synovium compared to rheumatoid arthritis. Arthritis Res. Ther. 2019, 21, 1–11. [Google Scholar] [CrossRef]

	



Yin, H.; Chen, C.-Y.; Liu, Y.-W.; Tan, Y.-J.; Deng, Z.-L.; Yang, F.; Huang, F.-Y.; Wen, C.; Rao, S.-S.; Luo, M.-J. Synechococcus elongatus PCC7942 secretes extracellular vesicles to accelerate cutaneous wound healing by promoting angiogenesis. Theranostics 2019, 9, 2678. [Google Scholar] [CrossRef]

	



Veith, A.P.; Henderson, K.; Spencer, A.; Sligar, A.D.; Baker, A.B. Therapeutic strategies for enhancing angiogenesis in wound healing. Adv. Drug Deliv. Rev. 2019, 146, 97–125. [Google Scholar] [CrossRef] [PubMed]

	



Folkman, J. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat. Med. 1995, 1, 27–30. [Google Scholar] [CrossRef] [PubMed]

	



Saraswati, S.; Agrawal, S. Brucine, an indole alkaloid from Strychnos nux-vomica attenuates VEGF-induced angiogenesis via inhibiting VEGFR2 signaling pathway in vitro and in vivo. Cancer Lett. 2013, 332, 83–93. [Google Scholar] [CrossRef] [PubMed]

	



Giannotta, M.; Trani, M.; Dejana, E. VE-cadherin and endothelial adherens junctions: Active guardians of vascular integrity. Dev. Cell 2013, 26, 441–454. [Google Scholar] [CrossRef] [PubMed]

	



Ustün Alkan, F.; Ustüner, O.; Bakırel, T.; Cınar, S.; Erten, G.; Deniz, G. The effects of piroxicam and deracoxib on canine mammary tumour cell line. Sci. World J. 2012, 2012, 976740. [Google Scholar] [CrossRef] [PubMed]

	



Masferrer, J.L.; Leahy, K.M.; Koki, A.T.; Zweifel, B.S.; Settle, S.L.; Woerner, B.M.; Edwards, D.A.; Flickinger, A.G.; Moore, R.J.; Seibert, K. Antiangiogenic and antitumor activities of cyclooxygenase-2 inhibitors. Cancer Res. 2000, 60, 1306–1311. [Google Scholar]

	



Laird, A.D.; Vajkoczy, P.; Shawver, L.K.; Thurnher, A.; Liang, C.; Mohammadi, M.; Schlessinger, J.; Ullrich, A.; Hubbard, S.R.; Blake, R.A. SU6668 is a potent antiangiogenic and antitumor agent that induces regression of established tumors. Cancer Res. 2000, 60, 4152–4160. [Google Scholar] [PubMed]

	



Bråkenhielm, E.; Veitonmäki, N.; Cao, R.; Kihara, S.; Matsuzawa, Y.; Zhivotovsky, B.; Funahashi, T.; Cao, Y. Adiponectin-induced antiangiogenesis and antitumor activity involve caspase-mediated endothelial cell apoptosis. Proc. Natl. Acad. Sci. USA 2004, 101, 2476–2481. [Google Scholar] [CrossRef]

	



Walker, N.; Harmon, B.; Gobe, G.; Kerr, J. Patterns of cell death. Methods Achiev. Exp. Pathol. 1988, 13, 18–54. [Google Scholar]

	



Edinger, A.L.; Thompson, C.B. Death by design: Apoptosis, necrosis and autophagy. Curr. Opin. Cell Biol. 2004, 16, 663–669. [Google Scholar] [CrossRef]

	



Jiang, X.; Wang, J.; Deng, X.; Xiong, F.; Zhang, S.; Gong, Z.; Li, X.; Cao, K.; Deng, H.; He, Y. The role of microenvironment in tumor angiogenesis. J. Exp. Clin. Cancer Res. 2020, 39, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Wittekind, C.; Neid, M. Cancer invasion and metastasis. Oncology 2005, 69, 14–16. [Google Scholar] [CrossRef]

	



Jones, D.H.; Nakashima, T.; Sanchez, O.H.; Kozieradzki, I.; Komarova, S.V.; Sarosi, I.; Morony, S.; Rubin, E.; Sarao, R.; Hojilla, C.V. Regulation of cancer cell migration and bone metastasis by RANKL. Nature 2006, 440, 692–696. [Google Scholar] [CrossRef]

	



Carmeliet, P. VEGF as a key mediator of angiogenesis in cancer. Oncology 2005, 69 (Suppl. 3), 4–10. [Google Scholar] [CrossRef] [PubMed]

	



Dobrucki, L.W.; Tsutsumi, Y.; Kalinowski, L.; Dean, J.; Gavin, M.; Sen, S.; Mendizabal, M.; Sinusas, A.J.; Aikawa, R. Analysis of angiogenesis induced by local IGF-1 expression after myocardial infarction using microSPECT-CT imaging. J. Mol. Cell Cardiol. 2010, 48, 1071–1079. [Google Scholar] [CrossRef] [PubMed]

	



Ongusaha, P.P.; Kwak, J.C.; Zwible, A.J.; Macip, S.; Higashiyama, S.; Taniguchi, N.; Fang, L.; Lee, S.W. HB-EGF is a potent inducer of tumor growth and angiogenesis. Cancer Res. 2004, 64, 5283–5290. [Google Scholar] [CrossRef]

	



Fagiani, E.; Christofori, G. Angiopoietins in angiogenesis. Cancer Lett. 2013, 328, 18–26. [Google Scholar] [CrossRef] [PubMed]

	



Lobov, I.B.; Brooks, P.C.; Lang, R.A. Angiopoietin-2 displays VEGF-dependent modulation of capillary structure and endothelial cell survival in vivo. Proc. Natl. Acad. Sci. USA 2002, 99, 11205–11210. [Google Scholar] [CrossRef]








[image: Animals 11 01512 g001 550] 





Figure 1. Fucoxanthin inhibits cell viability in CMT-U27 cells. (a,b) Images showing morphological changes (a) and crystal violet-stained cells (b) on CMT-U27 cells after fucoxanthin-treatment (0, 5, 10, and 20 μM) for 24 h. Magnification, 100×. (c) Number of viable cells per field from (a). (d) Quantification of CMT-U27 cells’ viability from (b). Fx., Fucoxanthin. Values are presented as the mean ± SD of three independent experiments. *** p < 0.001. 
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Figure 2. Fucoxanthin induces cell apoptosis via the caspase-dependent pathway. (a) Flow cytometry analysis showing apoptosis in CMT-U27 cells treated with fucoxanthin (0, 5, 10, and 20 μM) for 24 h. (b) Western blot images showing protein expression of caspase 8, cleaved-caspase 8, PARP, and cleaved-PARP in CMT-U27 cells after fucoxanthin treatment (0, 5, 10, and 20 μM) for 24 h. (c) Relative density of PARP, cleaved-PARP, caspase 8, and cleaved-caspase 8 normalized by β-actin. Fx., Fucoxanthin. Values are presented as the mean ± SD of three independent experiments. ** p < 0.01, *** p < 0.001. 
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Figure 3. Fucoxanthin inhibits endothelial cell sprouting and tube formation. (a,b) Images showing sprouting of microvessels from rat aorta (a) and comparison of maximal length of microvessel (b) in treatment with fucoxanthin (0, 5, 10, and 20 μM) for 7 days. Magnification, 40×. (c,d) Images showing EC tube formation (c) and comparison of the number of tubules (d) in treatments with fucoxanthin (0, 5, 10, and 20 μM) for 18 h. Magnification, 100×. Fx., Fucoxanthin. Values are presented as the mean ± SD of three independent experiments. ** p < 0.01, *** p < 0.001. 
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Figure 4. Fucoxanthin decreases the cell migration in HUVECs and CMT-U27 cells. (a,c) Images showing HUVEC (a) and CMT-U27 cell (c) migration after fucoxanthin (0, 5, 10, and 20 μM) for 24 h. Magnification, 40×. (b,d) Quantification of HUVEC (b) and CMT-U27 cell (d) migration from (a,c), respectively. Fx., Fucoxanthin. Values are presented as the mean ± SD of three independent experiments. ** p < 0.01, *** p < 0.001. 
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Figure 5. Fucoxanthin regulates Ang2 expression in the absence of VEGF-A/VEGFR-2 signaling pathway. (a) Images showing Ang2, VEGF-A, and VEGFR-2 mRNA expression in HUVECs after fucoxanthin treatment (0, 5, 10, and 20 μM) for 24 h. (b) Relative density of Ang2, VEGF-A, VEFR-2 normalized by GAPDH. (c,d) Immunocytochemistry images showing Ang2 protein expression in HUVECs (c) and CMT-U27 cells (d) after fucoxanthin treatment at the indicated concentration for 24 h. Fx., Fucoxanthin. Values are presented as the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Table 1. Primer sequence used for RT-PCR.
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	Gene
	Primer Sequence
	Size (bp)





	Ang2
	5′-GGATCTGGGGAGAGAGGAAC-3′

5′-CTCTGCACCGAGTCATCGTA-3′
	535



	VEGF-A
	5′- TGCAGATTATGCGGATCAAACC -3′

5′- TGCATTCACATTTGTTGTGCTGTAG -3′
	81



	VEGFR-2
	5′-CCAGCAAAAGCAGGGAGTCTGT-3′

5′-TGTCTGTGTCATCGGAGTGATATCC-3′
	87



	GAPDH
	5′-ACCACAGTCCATGCCATCAC-3′

5′-TCCACCACCCTGTTGCTGTA-3′
	452
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