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Abstract: Presently, natural sources and herbs are being sought for the treatment of human oral
squamous cell carcinoma (OSCC) in order to alleviate the side effects of chemotherapy. This study
investigates the effect of sandensolide, a cembrane isolated from Sinularia flexibilis, to inhibit human
OSCC cell growth with the aim of developing a new drug for the treatment of oral cancer. In vitro
cultured human OSCC models (Ca9.22, SCC9 and HSC-3 cell lines) and oral normal cells (HGF-1),
as well as a zebrafish xenograft model, were used to test the cytotoxicity of sandensolide (MTT
assay), as well as to perform cell cycle analysis and Western blotting. Both the in vitro bioassay and
the zebrafish xenograft model demonstrated the anti-oral cancer effect of sandensolide. Moreover,
sandensolide was able to significantly suppress colony formation and induce apoptosis, as well as
cell cycle arrest, in OSCC by regulating multiple key proteins. Induction of reactive oxygen species
(ROS) was observed in sandensolide-treated oral cancer cells. However, these apoptotic changes were
rescued by NAC pretreatment. These findings contribute to the knowledge of the model of action of
sandensolide, which may induce oxidative stress-mediated cell death pathways as a potential agent
in oral cancer therapeutics.
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1. Introduction
The incidence of oral squamous cell carcinoma (OSCC) is increasing globally, particularly in the
Asia-Pacific region [1,2]. OSCC is also the main cause of cancer death in males in Taiwan and is ranked
there as the fourth leading cause of death overall [3]. The major risk factors result from men’s tobacco
use, drinking alcohol, and chewing betel nut [3]. The main treatment strategies for OSCC include
surgery, radiation therapy, chemotherapy and targeted therapy. However, intrinsic and acquired drug
resistance becomes a major obstacle for OSCC therapy, resulting in limited chemotherapy treatments.
Therefore, there is an urgent need to develop effective strategies for OSCC treatment.
Several reports have documented the role of reactive oxygen species (ROS) in a number of
pathophysiological states including cancer. At the very early stage of cancer, ROS attack DNA and
additional cellular components such as lipids, proteins, leaving behind reactive species that can couple
to DNA bases [4]. The accumulation of DNA damage resulting from incomplete repair or disrepair
may lead to DNA lesion, mutagenesis and consequently cancerous transform generation [5]. Several
natural compounds targeting ROS has been reported to regulate apoptosis for selective killing in oral
cancer [6–9]. Thus, the reduction of ROS might play a critical role in regulating the selective activation
of apoptosis for selective killing in oral cancer chemotherapy.
Marine microbes have potential as upcoming and promising sources for the development of
anticancer drugs [10–13]. Recently, many soft coral-derived compounds have also been reported
as having potential applications as anticancer drugs. For example, Sinularia lochmodes-derived
sinuleptolide possess anti-inflammatory and anticancer properties [13–15]. The cytotoxic effects of
24-methyl-cholesta-5, 24(28)-diene-3β,19-diol-7β-monoacetate (MeCDDA), isolated from soft coral
(Nephthea erecta), has been found to be cytotoxic against different types of human cancer cell lines [16].
3β, 11-dihydroxy-9,11-secogorgost-5-en-9-one from soft coral induces apoptosis and autophagy in
breast cancer cells [17]. Sandensolide was isolated from the soft coral Sinularia flexibilis [18]. However,
no studies have investigated the effects of sandensolide in the treatment of cancer. The present study
investigated the growth inhibitory effects and underlying mechanism of action of sandensolide in
human OSCC in a series of models in vitro and in vivo.
2. Results
2.1. Effect of Sandensolide on the Cell Viability of Oral Cancer Cells
To examine the growth-inhibitory effect of sandensolide (Figure 1A) in human OSCC models
(SCC9, Ca9.22 and HSC-3 cell lines) and oral normal cells (HGF-1), we first treated them with various
concentrations of sandensolide for 24 h and 48 h, assessed by MTT assay. As shown in Figure 1B,
significant inhibition of proliferation was shown at 3, 10, 30 and 100 µM sandensolide in both doseand time-dependent manners, but no toxicity was observed in oral normal (HGF-1) cells. The EC50 of
sandensolide at 48 h on SCC9, Ca9.22 and HSC-3 cells was, respectively, 30.21, 20.17 and 13.57 µM.
In addition, we also evaluated the antitumor efficacy of sandensolide in vivo. HSC-3 cells were
implanted into the yolk sac of zebrafish larvae followed by incubating with different sandensolide
concentrations for the indicated times. We found that the observed tumor sizes, as indicated by
the intensity of red fluorescence, were reduced exposed to 30 µM sandensolide without obvious
survival rate alteration (Figure 1C,D). To assess the long-term inhibitory effect of sandensolide on
the transforming properties of OSCC cells, we performed a colony formation assay. Sandensolide
significantly reduced the number of colonies compared with the control group (p < 0.001; Figure 2A)
and in a dose-dependent manner (Figure 2B). These results indicate the anti-cancer potential of
sandensolide on OSCC cells.
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Figure 1. Effect of sandensolide on the proliferation of OSCC cells. (A) Structure of sandensolide. (B)
Figure 1. Effect of sandensolide on the proliferation of OSCC cells. (A) Structure of sandensolide.
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Figure 2. Effect of sandensolide on clonogenic ability of OSCC cells. (A) Three OSCC models (SCC9,
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2.2. Effect of Sandensolide on Cell Cycle Arrest of Oral Cancers
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application of sandensolide, the cell cycle regulatory proteins (cyclin-dependent
phaseConsistently,
arrest in OSCC
kinase; CDK2, CDK4 and cyclin D1) decreased, whereas cyclin-dependent kinase inhibitors (p21 and
p27) increased (Figure 4A). The results of the quantitative analysis are presented in Figure 4B, indicating
that sandensolide inhibits OSCC cells growth through arresting the cell cycle at the G0/G1 phase by
modulating cell cycle regulatory proteins and cyclin-dependent kinase inhibitors.
2.3. Effect of Sandensolide on Apoptosis of Oral Cancers
To investigate the underlying mechanisms by which sandensolide induces apoptosis in OSCC
cells, we determined the effect of sandensolide on caspases signaling. Western blotting revealed that
sandensolide significantly increased the cleavage of effector caspases such as caspase-3 and poly
(ADP-ribose) polymerase (PARP), the substrate of caspases-3 (Figure 5A,B). The results demonstrated
that sandensolide-induced apoptosis in OSCC cells by activating caspase-3 and cleaving PARP.
Moreover, the sandensolide-mediated cell viability of OSCC cells was abolished by pre-treatment
of a pan-caspase inhibitor, 10 µM Z-VAD-FMK (Figure 5C), suggesting that sandensolide-induced
apoptosis of OSCC cells occurs through caspase-dependent pathway. Taken together, the results
demonstrated that sandensolide induces apoptosis via activation of caspases in human OSCC cells.
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Consistently, with application of sandensolide, the cell cycle regulatory proteins (cyclindependent kinase; CDK2, CDK4 and cyclin D1) decreased, whereas cyclin-dependent kinase
inhibitors (p21 and p27) increased (Figure 4A). The results of the quantitative analysis are presented
in Figure 4B, indicating that sandensolide inhibits OSCC cells growth through arresting the cell cycle
at the G0/G1 phase by modulating cell cycle regulatory proteins and cyclin-dependent kinase
inhibitors.
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2.3.Figure
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Sandensolide
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of sandensolide for 12 h. The relative ROS-positive staining of sandensolide (30 µM)-treated
To investigate the underlying mechanisms by which sandensolide induces apoptosis in OSCC
Ca9.22 and HSC-3 cells increased over time (Figure 6B). ROS flow cytometry shown the patterns
cells, we determined the effect of sandensolide on caspases signaling. Western blotting revealed that
of N-acetyl-L-cysteine (NAC) effects against sandensolide-induced ROS generation (Figure 6A,B).
sandensolide significantly increased the cleavage of effector caspases such as caspase-3 and poly
Furthermore, to confirm the role of ROS in sandensolide-induced anti-proliferative effects, we treated
(ADP-ribose) polymerase (PARP), the substrate of caspases-3 (Figure 5A,B). The results
cells with sandensolide in presence and absence of 5 mM antioxidant, NAC. The cytotoxicity effects of
demonstrated that sandensolide-induced apoptosis in OSCC cells by activating caspase-3 and
sandensolide-induced OSCC cells were reversed by NAC (Figure 6C). These results suggest that ROS
cleaving PARP. Moreover, the sandensolide-mediated cell viability of OSCC cells was abolished by
production is essential for the anti-proliferative activity of sandensolide in OSCC cells.
pre-treatment of a pan-caspase inhibitor, 10 μM Z-VAD-FMK (Figure 5C), suggesting that
sandensolide-induced apoptosis of OSCC cells occurs through caspase-dependent pathway. Taken
together, the results demonstrated that sandensolide induces apoptosis via activation of caspases in
human OSCC cells.
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Figure 5. Regulation of sandensolide on apoptosis in OSCC cells. (A) OSCC (Ca9.22 and HSC-3) cells
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2.4. Effect of Sandensolide on ROS generation of Oral Cancers
Figure 6A shows the ROS flow cytometry patterns of Ca9.22 and HSC-3 cells after the addition
of sandensolide for 12 h. The relative ROS-positive staining of sandensolide (30 μM)-treated Ca9.22
and HSC-3 cells increased over time (Figure 6B). ROS flow cytometry shown the patterns of N-acetyl-

L-cysteine (NAC) effects against sandensolide-induced ROS generation (Figure 6A,B). Furthermore,
to confirm the role of ROS in sandensolide-induced anti-proliferative effects, we treated cells with
sandensolide in presence and absence of 5 mM antioxidant, NAC. The cytotoxicity effects of
sandensolide-induced
OSCC cells were reversed by NAC (Figure 6C). These results suggest that8ROS
Mar.
Drugs 2018, 16, 387
of 15
production is essential for the anti-proliferative activity of sandensolide in OSCC cells.
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2.5. Effect of Sandensolide on ROS-Mediated Caspases-Based Apoptosis of Oral Cancers
Figure 7A shows the cell morphology change of sandensolide-treated OSCC cells over time.
After 24 treatments of sandensolide, the morphological features of apoptosis, such as apoptotic
bodies and cell shrinkage, were visualized. In contrast, NAC pretreatment was able to prevent these
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After 24 treatments of sandensolide, the morphological features of apoptosis, such as apoptotic
bodies and cell shrinkage, were visualized. In contrast, NAC pretreatment was able to prevent these
apoptotic morphologies.
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3. Discussion
The application of natural products for chemoprevention and therapy has been becoming a more
and more important issue over the past three decades [19–21]. Several studies have shown that some
marine-derived compounds possess biological activity and pharmacological effect in cancer models
with little or no side effects [22–24]. To the best of our knowledge, this is the first study illustrating
the anti-cancer effect of sandensolide on OSCC cells and a zebrafish xenograft model, which also
highlights the possible mechanism underlying the cytotoxic effect of sandensolide. Our study clearly
demonstrated that sandensolide-mediated ROS generation alters the expression of proteins involved
in colony formation, cell cycle and cell survival, thereby regulating growth inhibition and apoptosis.
Marine organisms are the cradle for many excellent pharmaceutical products, particularly soft
corals [25–27]. Several types of cembranoid compounds with prominent biological activities have
been isolated from Sinularia flexibilis [28–32]. Numerous marine metabolites in Taiwanese soft corals
have also been found from Sinularia flexibilis, with anti-inflammatory activity [31,33], neuroprotective
effect [34] and cytotoxic activity against various cancer cells lines [35–37]. Furthermore, sinulariolide is
an active natural product isolated from Sinularia flexibilis and was found to display notable anti-cancer
activity including on bladder cancer, hepatocellular carcinoma and melanoma cells [37–39]. Another
natural product isolated from Sinularia flexibilis, sinularin, has been shown to possess antineoplastic
activity against human hepatocellular carcinoma [40] and gastric carcinoma [36]. Sandensolide isolated
from the soft coral Sinularia flexibilis [18] is the first compound discovered there to possess cytotoxicity
against OSCC cells.
Oxidative stress was correlated with OSCC, as the reduction of ROS was observed in patients
suffering from advanced oral cancer; however, high ROS levels induce OSCC cell death [41]. Therefore,
ROS is an important anticancer target in OSCC therapeutic strategies. A large number of studies
on various medicinal herbs have shown that they may induce ROS-mediated apoptosis in OSCC
cells. For example, erufosine is able to induce ROS in OSCC cell lines and the loss of mitochondrial
membrane potential [42]. β-lapachone produces reactive oxygen species-mediated apoptosis in human
OSCC cells [6]. In addition, recent studies demonstrated that soft coral compounds mediate ROS
induced apoptosis and DNA damage in OSCC cells in vitro [7,13]. In the present study, we found
that sandensolide-induced ROS generation and apoptosis were abolished by the antioxidant NAC,
indicating that ROS is a critical mediator involved in sandensolide-induced apoptosis in OSCC.
In this study, we found that the cytotoxic effect of sandensolide on OSCC cells partially reversed
by NAC and Z-VAD-FMK, suggesting that other pathways may be involved in the activity of this
compound. Several studies have demonstrated that the accumulation of ROS induces oxidative
damage to the induction of autophagy, leading to subsequent production of apoptotic cell death [43,44].
The cytotoxic effect of sandensolide related to autophagy should be an interesting subject for
further investigations.
In conclusion, we demonstrate that the anticancer potential of sandensolide in OSCC cells in vitro
and in vivo. This cell-killing mechanism includes ROS generation and apoptosis, which can be rescued
by NAC pretreatment. Therefore, these results suggest that sandensolide has an anticancer potential
for oxidative stress-mediated oral cancer therapy based on the cell line study.
4. Materials and Methods
4.1. Chemicals and Reagents
The marine natural compound, sandensolide, was isolated from the soft coral S. flexibilis
as described [18] and kindly provided by Prof. Chung-Yi Chen (National Museum of Marine
Biology & Aquarium, Pingtung, Taiwan). The following compounds were obtained from Gibco
BRL (Gaithersburg, MD, USA): DMEM medium, fetal bovine serum (FBS), trypan blue, penicillin
G, and streptomycin. Dimethyl sulphoxide (DMSO), CPT, ribonuclease A (RNase A), acetic acid,
methanol, N-acetylcystein (NAC) and 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide

Mar. Drugs 2018, 16, 387

11 of 15

(MTT) were purchased from Sigma-Aldrich. Propidium iodide (PI) was purchased from BD Biosciences.
Antibodies against XIAP and β-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against cleaved caspase-3 and PAPP were purchased from Cell Signal Technology
(San Jose, CA, USA). Anti-mouse and anti-rabbit IgG peroxidase-conjugated secondary antibodies
were purchased from Pierce (Rockford, IL, USA). The anti-rabbit Rhodamine-conjugated antibody was
purchased from Abcam (Cambridge, UK).
4.2. Cell Lines and Culture
Human oral cancer cell lines from gingival carcinoma (Ca9.22) and tongue carcinoma (SCC9 and
HSC-3) were respectively ordered from Health Science Research Resources Bank (HSRRB) (Osaka,
Japan) and American Type Culture Collection (ATCC; Manassas, VA, USA). A normal human gingival
fibroblast cell line (HGF-1) was ordered from ATCC. All tested cells were maintained in DMEM:
F-12/3:2 ratio and supplemented with 10% FBS, 2 mM glutamine, and antibiotics (100 units/mL
penicillin and 100 µg/mL streptomycin) at 37 ◦ C in a humidified atmosphere of 5% CO2 .
4.3. Cell Viability
Determination of live cell numbers is often used to assess the rate of cell proliferation caused by
drugs and cytotoxic agents. MTT is a yellow tetrazolium salt that may enter cells, and succinic
dehydrogenase enzyme in live cells oxidizes MTT to yield a water-insoluble purple formazan
crystal. This study used MTT assays to examine the cell survival and human OSCC models (SCC9,
Ca9.22 and HSC-3 cell lines) and oral normal cells (HGF-1) after sandensolide treatment. Briefly,
cells at 104 cells/mL were seeded onto 96-well plates (100 µL/well) and incubated with different
concentrations of sandensolide (1, 3, 10, 30 and 100 µM) for 24 and 48 h. After adding 100 µL MTT
solutions (1 mg/mL in PBS) to each well, the culture was incubated at 37 ◦ C for 4 h, following which
100 µL DMSO were added to dissolve the formazan. The plate was read on an ELISA microplate reader
(EZ Read 400 Research, BioChrom, Holliston, MA, USA) at an absorbance of 595 nm.
4.4. Colony Formation Assay
For the colony formation assays, the human OSCC models (SCC9, Ca9.22 and HSC-3 cell
lines) were seeded into 6-well plates (Corning Incorporated) at a density of 1 × 102 cells per well.
Subsequently, the cells were treated with 0, 1, 3, 10, 15 or 30 µM sandensolide and incubated for
14 days in a humidified atmosphere of 5% CO2 at 37 ◦ C. Subsequently, the cells were fixed with colony
fixation solution (acetic acid/methanol 1:7 (vol/vol)) for 10 min at room temperature and stained with
crystal violet for 15 min at room temperature, followed with colony counting by eye. Images were
captured using a fluorescence microscope (Eclipse TS100; magnification, ×10; Nikon Corporation,
Tokyo, Japan).
4.5. Cell Cycle Analysis
5 × 105 OSCC cells were seeded onto 10 cm petri dishes and treated with or without sandensolide
for 12 h. Subsequently, cells were harvested and stained with PI staining kit according to the
manufacturer’s manual. Cells were analyzed by flow cytometry (FACS Calibur; Becton Dickinson,
Mountain View, CA, USA) using WinMDI 2.9 software (written by Joseph Trotter, Scripps Research
Institute, La Jolla, CA, USA).
4.6. Intracellular ROS Determination
The ROS reacting dye 20 ,70 -dichlorodihydrofluorescein diacetate (DCFH-DA) was chosen. Cells
were seeded at a density of 5 × 105 cells/mL medium per well of 6-well plates for overnight
growth. After sandensolide treatment for 12 or 24 h, cells were reacted with 100 nM H2DCF-DA
in phosphate-buffered saline (PBS) for 30 min at 37 ◦ C. After harvesting and washing, cells were
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resuspended in PBS for ROS detection using an Accuri C6 flow cytometer (Becton-Dickinson, Mansfield,
MA, USA) and its built-in software.
4.7. Western Blot Analysis
Western blotting was carried out as described previously [45]. Briefly, cells were harvested and
lysed. Lysates were centrifuged, and the protein concentration was determined. Equal amounts
of protein were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then
electrotransferred. The membrane was blocked with 5% non-fat milk, followed by incubation with
primary and secondary antibodies against specific proteins. The signals were detected using enhanced
chemiluminescence (ECL) detection kit (Amersham Piscataway, NJ, USA).
4.8. Zebrafish Xenograft Assay
The zebrafish (Danio rerio) Tg (fli1:EGFP) were obtained from Taiwan Zebrafish Core Facility at
Academia Sinica (TZCAS, Taipei, Taiwan). The care and maintenance of zebrafish were handled in
compliance with the animal care regulations and standard protocols of the animal center (Kaohsiung
Medical University Hospital, Kaohsiung, Taiwan) for zebrafish adults and larvae). Zebrafish were
kept at 28.5 ◦ C in aquaria with day/night light cycles (10 h dark vs. 14 h light periods).
4.9. Zebrafish Xenograft Assay
The zebrafish xenograft assay was used for confirming the inhibitory effect of sandensolide on
OSCC cells. The use of zebrafish complied with the principles of 3Rs (Reduction, Replacement
and Refinement), and the approval protocol by Institutional Animal Care and Use Committee
(IACUC) of Kaohsiung Medical University Hospital, Kaohsiung, Taiwan (IACUC Approval No.
KMU-IACUC-107064). Human oral cancer cells (HSC-3) were labeled with DiI dye (Molecular Probes,
Carlsbad, CA, USA) and injected into zebrafish in order to track the cells using fluorescence microscopy.
The procedure was performed according to a previous study with minor modifications [46,47].
Briefly, 48 h post-fertilization (hpf) zebrafish embryos were anesthetized with 0.01% of tricaine and
transplanted with about 50 HSC-3 cells per embryo. After confirmation of the localized DiI-labeled
cell mass at the injection site, the zebrafish were incubated in water at indicated concentrations of
sandensolide for 24 and 48 h post-injection (hpi), respectively. The cancer cell proliferation was
determined by visualizing dissemination of DiI-labeled cell from the injection site using an inverted
microscope (Nikon Eclipse TE2000-U, Tokyo, Japan).
4.10. Statistical Analysis
Differences between sandensolide- and DMSO- (as vehicle control) treated cells were analyzed in
at least triplicate experiments. The significance of the differences was analyzed by one-way analysis of
variance (ANOVA) with Tukey’s post-hoc test, with p < 0.05 considered significant.
Author Contributions: C.-W.H. and C.-I.Y. designed the research study and interpreted the data. C.-W.H.
and I.-P.L. performed most of the experiments. C.-W.H. and M.-Y.L. wrote the manuscript. P.-C.C. and I.-P.L.
contributed to the sample collection and performed the statistical analysis. C.-W.H. edited the manuscript.
All authors read and approved the final manuscript.
Funding: This study was supported by a Chi-Mei Medical Center Liouying Research Grant (CLFHR10632,
CLFHR10733 and CLFHR107335), Min-Hwei College of Health Care Management Research Grant
(MHCHCM107002) and the Kaohsiung Medical University Research Foundation (KMU-Q107009).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

De Silva, R.K.; Siriwardena, B.; Samaranayaka, A.; Abeyasinghe, W.; Tilakaratne, W.M. A model to predict
nodal metastasis in patients with oral squamous cell carcinoma. PLoS ONE 2018, 13, e0201755. [CrossRef]
[PubMed]

Mar. Drugs 2018, 16, 387

2.
3.
4.
5.
6.

7.

8.

9.

10.
11.

12.

13.

14.

15.

16.
17.
18.
19.
20.
21.

13 of 15

Gupta, B.; Johnson, N.W.; Kumar, N. Global epidemiology of head and neck cancers: A continuing challenge.
Oncology 2016, 91, 13–23. [CrossRef] [PubMed]
Cheng, M.F.; Lin, C.S.; Chen, Y.H.; Sung, P.J.; Lin, S.R.; Tong, Y.W.; Weng, C.F. Inhibitory growth of oral
squamous cell carcinoma cancer via bacterial prodigiosin. Mar. Drugs 2017, 15. [CrossRef] [PubMed]
Katakwar, P.; Metgud, R.; Naik, S.; Mittal, R. Oxidative stress marker in oral cancer: A review. J. Cancer.
Res. Ther. 2016, 12, 438–446. [CrossRef] [PubMed]
Jomova, K.; Vondrakova, D.; Lawson, M.; Valko, M. Metals, oxidative stress and neurodegenerative disorders.
Mol. Cell Biochem. 2010, 345, 91–104. [CrossRef] [PubMed]
Dias, R.B.; de Araujo, T.B.S.; de Freitas, R.D.; Rodrigues, A.; Sousa, L.P.; Sales, C.B.S.; Valverde, L.F.;
Soares, M.B.P.; Dos Reis, M.G.; Coletta, R.D.; et al. Beta-Lapachone and its iodine derivatives cause cell
cycle arrest at G2/M phase and reactive oxygen species-mediated apoptosis in human oral squamous cell
carcinoma cells. Free Radic. Biol. Med. 2018, 126, 87–100. [CrossRef] [PubMed]
Chang, Y.T.; Wu, C.Y.; Tang, J.Y.; Huang, C.Y.; Liaw, C.C.; Wu, S.H.; Sheu, J.H.; Chang, H.W. Sinularin
induces oxidative stress-mediated G2/M arrest and apoptosis in oral cancer cells. Environ. Toxicol. 2017, 32,
2124–2132. [CrossRef] [PubMed]
Chang, H.S.; Tang, J.Y.; Yen, C.Y.; Huang, H.W.; Wu, C.Y.; Chung, Y.A.; Wang, H.R.; Chen, I.S.; Huang, M.Y.;
Chang, H.W. Antiproliferation of Cryptocarya concinna-derived cryptocaryone against oral cancer cells
involving apoptosis, oxidative stress, and DNA damage. BMC Complemt. Altern. Med. 2016, 16, 94. [CrossRef]
[PubMed]
Hsiao, Y.T.; Kuo, C.L.; Chueh, F.S.; Liu, K.C.; Bau, D.T.; Chung, J.G. Curcuminoids induce reactive oxygen
species and autophagy to enhance apoptosis in human oral cancer cells. Am. J. Chin. Med. 2018, 46,
1145–1168. [CrossRef] [PubMed]
Sithranga, B.N.; Kathiresan, K. Anticancer drugs from marine flora: An overview. J. Oncol. 2010, 2010,
214186. [CrossRef] [PubMed]
Lee, J.C.; Hou, M.F.; Huang, H.W.; Chang, F.R.; Yeh, C.C.; Tang, J.Y.; Chang, H.W. Marine algal natural
products with anti-oxidative, anti-inflammatory, and anti-cancer properties. Cancer Cell Int. 2013, 13, 55.
[CrossRef] [PubMed]
Kim, J.K.; Kang, K.A.; Piao, M.J.; Kumara, M.H.; Jeong, Y.J.; Ko, M.H.; Hyun, J.W. Generation of reactive
oxygen species and endoplasmic reticulum stress by dictyopteris undulata extract leads to apoptosis in
human melanoma cells. J. Environ. Pathol. Toxicol. Oncol. 2015, 34, 191–200. [CrossRef] [PubMed]
Chang, Y.T.; Huang, C.Y.; Tang, J.Y.; Liaw, C.C.; Li, R.N.; Liu, J.R.; Sheu, J.H.; Chang, H.W. Reactive oxygen
species mediate soft corals-derived sinuleptolide-induced antiproliferation and DNA damage in oral cancer
cells. Onco. Targets Ther. 2017, 10, 3289–3297. [CrossRef] [PubMed]
Takaki, H.; Koganemaru, R.; Iwakawa, Y.; Higuchi, R.; Miyamoto, T. Inhibitory effect of norditerpenes on
LPS-induced TNF-alpha production from the Okinawan soft coral, Sinularia sp. Biol. Pharm. Bull. 2003, 26,
380–382. [CrossRef] [PubMed]
Liang, C.H.; Wang, G.H.; Chou, T.H.; Wang, S.H.; Lin, R.J.; Chan, L.P.; So, E.C.; Sheu, J.H. 5-epi-Sinuleptolide
induces cell cycle arrest and apoptosis through tumor necrosis factor/mitochondria-mediated caspase
signaling pathway in human skin cancer cells. Biochim. Biophys. Acta 2012, 1820, 1149–1157. [CrossRef]
[PubMed]
Tsai, T.C.; Huang, Y.T.; Chou, S.K.; Shih, M.C.; Chiang, C.Y.; Su, J.H. Cytotoxic oxygenated steroids from the
soft coral nephthea erecta. Chem. Pharm. Bull (Tokyo) 2016, 64, 1519–1522. [CrossRef] [PubMed]
Weng, J.R.; Chiu, C.F.; Hu, J.L.; Feng, C.H.; Huang, C.Y.; Bai, L.Y.; Sheu, J.H. A sterol from soft coral induces
apoptosis and autophagy in MCF-7 breast cancer cells. Mar. Drugs 2018, 16, 238. [CrossRef] [PubMed]
Chen, C.T.; Kao, C.L.; Li, H.T.; Chen, C.Y. Chemical constituents of cultured soft coral Sinularia flexibilis.
Chem. Nat. Compd. 2018, 54, 168–169. [CrossRef]
Cuzick, J. Preventive therapy for cancer. Lancet. Oncol. 2017, 18, e472–e482. [CrossRef]
Goyal, S.; Gupta, N.; Chatterjee, S.; Nimesh, S. Natural plant extracts as potential therapeutic agents for the
treatment of cancer. Curr. Top. Med. Chem. 2017, 17, 96–106. [CrossRef] [PubMed]
Hao, S.; Yan, Y.; Li, S.; Zhao, L.; Zhang, C.; Liu, L.; Wang, C. The in vitro anti-tumor activity of phycocyanin
against non-small cell lung cancer cells. Mar. Drugs 2018, 16, 178. [CrossRef] [PubMed]

Mar. Drugs 2018, 16, 387

22.

23.

24.

25.
26.
27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

14 of 15

Castro-Carvalho, B.; Ramos, A.A.; Prata-Sena, M.; Malhao, F.; Moreira, M.; Gargiulo, D.; Dethoup, T.;
Buttachon, S.; Kijjoa, A.; Rocha, E. Marine-derived fungi extracts enhance the cytotoxic activity of doxorubicin
in nonsmall cell lung cancer cells A459. Pharmacogn. Res. 2017, 9, S92–S98.
Sawadogo, W.R.; Boly, R.; Cerella, C.; Teiten, M.H.; Dicato, M.; Diederich, M. A survey of marine natural
compounds and their derivatives with anti-cancer activity reported in 2012. Molecules 2015, 20, 7097–7142.
[CrossRef] [PubMed]
Aspeslagh, S.; Stein, M.; Bahleda, R.; Hollebecque, A.; Salles, G.; Gyan, E.; Fudio, S.; Extremera, S.;
Alfaro, V.; Soto-Matos, A.; et al. Phase I dose-escalation study of plitidepsin in combination with sorafenib
or gemcitabine in patients with refractory solid tumors or lymphomas. Anticancer Drugs 2017, 28, 341–349.
[CrossRef] [PubMed]
Blunt, J.W.; Copp, B.R.; Keyzers, R.A.; Munro, M.H.G.; Prinsep, M.R. Marine natural products. Nat. Prod.
Rep. 2017, 34, 235–294. [CrossRef] [PubMed]
Shirley, H.J.; Jamieson, M.L.; Brimble, M.A.; Bray, C.D. A new family of sesterterpenoids isolated around the
Pacific Rim. Nat. Prod. Rep. 2018, 35, 210–219. [CrossRef] [PubMed]
Alves, C.; Silva, J.; Pinteus, S.; Gaspar, H.; Alpoim, M.C.; Botana, L.M.; Pedrosa, R. From marine origin to
therapeutics: The antitumor potential of marine algae-derived compounds. Front. Pharmacol. 2018, 9, 777.
[CrossRef] [PubMed]
Wu, C.H.; Chao, C.H.; Huang, T.Z.; Huang, C.Y.; Hwang, T.L.; Dai, C.F.; Sheu, J.H. Cembranoid-related
metabolites and biological activities from the soft coral sinularia flexibilis. Mar. Drugs 2018, 16, 278.
[CrossRef] [PubMed]
Piccinetti, C.C.; Ricci, R.; Pennesi, C.; Radaelli, G.; Totti, C.; Norici, A.; Giordano, M.; Olivotto, I. Herbivory
in the soft coral Sinularia flexibilis (Alcyoniidae). Sci. Rep. 2016, 6, 22679. [CrossRef] [PubMed]
Chen, W.T.; Liu, H.L.; Yao, L.G.; Guo, Y.W. 9,11-Secosteroids and polyhydroxylated steroids from two
South China Sea soft corals Sarcophyton trocheliophorum and Sinularia flexibilis. Steroids 2014, 92, 56–61.
[CrossRef] [PubMed]
Hu, L.C.; Yen, W.H.; Su, J.H.; Chiang, M.Y.; Wen, Z.H.; Chen, W.F.; Lu, T.J.; Chang, Y.W.; Chen, Y.H.;
Wang, W.H.; et al. Cembrane derivatives from the soft corals, Sinularia gaweli and Sinularia flexibilis.
Mar. Drugs 2013, 11, 2154–2167. [CrossRef] [PubMed]
Hu, L.C.; Su, J.H.; Chiang, M.Y.; Lu, M.C.; Hwang, T.L.; Chen, Y.H.; Hu, W.P.; Lin, N.C.; Wang, W.H.;
Fang, L.S.; et al. Flexibilins A-C, new cembrane-type diterpenoids from the Formosan soft coral, Sinularia
flexibilis. Mar. Drugs 2013, 11, 1999–2012. [CrossRef] [PubMed]
Lin, Y.F.; Kuo, C.Y.; Wen, Z.H.; Lin, Y.Y.; Wang, W.H.; Su, J.H.; Sheu, J.H.; Sung, P.J. Flexibilisquinone, a new
anti-inflammatory quinone from the cultured soft coral Sinularia flexibilis. Molecules 2013, 18, 8160–8167.
[CrossRef] [PubMed]
Feng, C.W.; Hung, H.C.; Huang, S.Y.; Chen, C.H.; Chen, Y.R.; Chen, C.Y.; Yang, S.N.; Wang, H.D.; Sung, P.J.;
Sheu, J.H.; et al. Neuroprotective effect of the marine-derived compound 11-dehydrosinulariolide through
DJ-1-related pathway in vitro and in vivo models of parkinson’s disease. Mar. Drugs 2016, 14. [CrossRef]
[PubMed]
Su, J.H.; Lin, Y.F.; Lu, Y.; Yeh, H.C.; Wang, W.H.; Fan, T.Y.; Sheu, J.H. Oxygenated cembranoids from
the cultured and wild-type soft corals Sinularia flexibilis. Chem. Pharm. Bull (Tokyo) 2009, 57, 1189–1192.
[CrossRef] [PubMed]
Wu, Y.J.; Wong, B.S.; Yea, S.H.; Lu, C.I.; Weng, S.H. Sinularin induces apoptosis through mitochondria
dysfunction and inactivation of the pI3K/Akt/mTOR pathway in gastric carcinoma cells. Mar. Drugs 2016,
14. [CrossRef] [PubMed]
Cheng, T.C.; Din, Z.H.; Su, J.H.; Wu, Y.J.; Liu, C.I. Sinulariolide suppresses cell migration and invasion by
inhibiting matrix metalloproteinase-2/-9 and Urokinase through the PI3K/AKT/mTOR signaling pathway
in human bladder cancer cells. Mar. Drugs 2017, 15, 238. [CrossRef] [PubMed]
Wu, Y.J.; Neoh, C.A.; Tsao, C.Y.; Su, J.H.; Li, H.H. Sinulariolide suppresses human hepatocellular carcinoma
cell migration and invasion by inhibiting matrix metalloproteinase-2/-9 through MAPKs and PI3K/Akt
signaling pathways. Int. J. Mol. Sci. 2015, 16, 16469–16482. [CrossRef] [PubMed]

Mar. Drugs 2018, 16, 387

39.

40.

41.
42.

43.

44.

45.

46.

47.

15 of 15

Li, H.H.; Su, J.H.; Chiu, C.C.; Lin, J.J.; Yang, Z.Y.; Hwang, W.I.; Chen, Y.K.; Lo, Y.H.; Wu, Y.J. Proteomic
investigation of the sinulariolide-treated melanoma cells A375: Effects on the cell apoptosis through
mitochondrial-related pathway and activation of caspase cascade. Mar. Drugs 2013, 11, 2625–2642. [CrossRef]
[PubMed]
Chung, T.W.; Lin, S.C.; Su, J.H.; Chen, Y.K.; Lin, C.C.; Chan, H.L. Sinularin induces DNA damage, G2/M
phase arrest, and apoptosis in human hepatocellular carcinoma cells. BMC Complemt. Altern. Med. 2017, 17,
62. [CrossRef] [PubMed]
Kumar, J.; Teoh, S.L.; Das, S.; Mahakknaukrauh, P. Oxidative stress in oral diseases: Understanding its
relation with other systemic diseases. Front. Physiol. 2017, 8, 693. [CrossRef] [PubMed]
Ansari, S.S.; Sharma, A.K.; Soni, H.; Ali, D.M.; Tews, B.; Konig, R.; Eibl, H.; Berger, M.R. Induction of ER and
mitochondrial stress by the alkylphosphocholine erufosine in oral squamous cell carcinoma cells. Cell Death
Dis. 2018, 9, 296. [CrossRef] [PubMed]
Poillet-Perez, L.; Despouy, G.; Delage-Mourroux, R.; Boyer-Guittaut, M. Interplay between ROS and
autophagy in cancer cells, from tumor initiation to cancer therapy. Redox Biol. 2015, 4, 184–192. [CrossRef]
[PubMed]
Luna-Dulcey, L.; Tomasin, R.; Naves, M.A.; da Silva, J.A.; Cominetti, M.R. Autophagy-dependent apoptosis
is triggered by a semi-synthetic [6]-gingerol analogue in triple negative breast cancer cells. Oncotarget 2018,
9, 30787–30804. [CrossRef] [PubMed]
Lee, C.H.; Chu, C.S.; Tsai, H.J.; Ke, L.Y.; Lee, H.C.; Yeh, J.L.; Chen, C.H.; Wu, B.N. Xanthine-derived KMUP-1
reverses glucotoxicity-activated Kv channels through the cAMP/PKA signaling pathway in rat pancreatic
beta cells. Chem. Biol. Interact. 2018, 279, 171–176. [CrossRef] [PubMed]
Hung, A.C.; Lo, S.; Hou, M.F.; Lee, Y.C.; Tsai, C.H.; Chen, Y.Y.; Liu, W.; Su, Y.H.; Lo, Y.H.; Wang, C.H.; et al.
Extracellular visfatin-promoted malignant behavior in breast cancer is mediated through c-Abl and STAT3
activation. Clin. Cancer Res. 2016, 22, 4478–4490. [CrossRef] [PubMed]
Lee, S.L.; Rouhi, P.; Dahl Jensen, L.; Zhang, D.; Ji, H.; Hauptmann, G.; Ingham, P.; Cao, Y. Hypoxia-induced
pathological angiogenesis mediates tumor cell dissemination, invasion, and metastasis in a zebrafish tumor
model. Proc. Natl. Acad Sci. USA 2009, 106, 19485–19490. [CrossRef] [PubMed]
© 2018 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
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

