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Abstract

:

Brown seaweeds contain bioactive compounds that show anti-tumorigenic effects. These characteristics have been repeatedly observed in the Lessoniaceae family. Egregia menziesii, a member of this family, is distributed in the North Pacific and its properties have been barely studied. We evaluated herein the cytotoxic and anti-proliferative activity of extracts of this seaweed, through toxicity assay in Artemia salina and lymphocytes, and MTT proliferation assay, in Bergmann glia cells, 3T3-L1 and brain cancer cell lines. E. menziesii’s extracts inhibited the spread of all the tested cell lines. The hexane extract showed the highest cytotoxic activity, while the methanol extract was moderately cytotoxic. Interestingly, seaweed extracts displayed a selective inhibition pattern. These results suggest that E. menziesii’s extracts might be good candidates for cancer prevention and the development of novel chemotherapies due to its highest cytotoxicity in transformed cells compare to glia primary cultures.






Keywords:


marine algae; cancer; seaweeds properties; anti-tumor activity; cell-toxicity












1. Introduction


In recent years, a wide variety of biological activities have been characterized in marine products. Among the different marine sources for bioactive substances, seaweeds are of special importance due to the rich, varied, and underexploited amount of bioactive substances they contain. Seaweeds are used broadly as a source of food and either industrial or pharmaceutical products [1,2,3]. Properties such as fungicidal [4], antimicrobial [5], antimalarial [6], antimycobacterial [7], and antiviral [8] activities have been demonstrated to be present in algae. A number of diverse metabolites with important bioactivities have been isolated from these organisms with particular attention in phlorotannins, sulphated polysaccharides, polyphenols, carotenoids, peptides, and sterols or polyunsaturated fatty acids [9].



Particularly, brown seaweeds of the Lessoniaceae family are rich in polysaccharides including alginic acids, laminarans, fucoidans, phlorotannins, and diterpenes [10]. Ecklonia cava, a brown alga of this family that contains phlorotannins, has been reported to display diverse biological activities such as antioxidant effects [11], and its immunomodulatory properties have been associated with antidiabetic [12], antihypertensive [13], anti-inflammatory [14], radioprotective [15], and anti-proliferative [16] effects. Egregia menziesii is another marine brown alga belonging to Lessoniaceae family, distributed in the North Pacific from Alaska to Mexico, whose biological activity is being investigated due to its close phylogenetic relationship with Ecklonia cava.



In 2012, the World Health Organization (WHO) estimated more than 14 million new cancer cases, and at least 8.2 million deaths from this cause [17]. Cancers of the central nervous system (CNS) are among the 15 most common types of cancer in both men and women. Only in 2012, 256,000 new cases of the CNS cancers and 189,000 deaths, representing 1.8% of new cancers and 2.3% of cancer deaths were reported [18]. Specifically, glioblastomas are the most frequent and aggressive type of tumors, and comprises more than 70% of all brain cancers [19].



Currently, cancer treatment is based on chemotherapy and radiotherapy, which have demonstrated to cause a wide range of side effects. Even though chemotherapy is the most used, especially to treat patients with metastasis, this therapy shows low specificity to suppress cancer cells proliferation without a significant damage to normal cells [20]. In this context, compounds from natural sources with anti-proliferative activity represent an important and novel alternative to treat several types of cancer. Brown algae are gaining importance due to the proven anti-proliferative properties of sulfated polysaccharides and fucoidans, which are abundant in these organisms [9]. Phloroglucinol’s derivatives isolated from Ecklonia cava have a significant anti-proliferative activity over MCF7 human cancer cells [16]. Likewise, extracts from the brown algae Laminaria japonica inhibit proliferation of human hepatocellular carcinoma (BEL7402) and murine leukemic cells (P388) [21]. Moreover, some seaweeds compounds have been tested against several types of glioblastoma cells, demonstrating suitable results inhibiting cell viability, without normal cell side effects [22].



A great deal of attention has been focused in recent years on exploring the anticancer activity of biocompounds. Besides the anti-proliferative properties of these compounds, when used in patients, a diminished record of side effects are present, compared to chemotherapy or hormone treatment [23]. With this in mind, we assess the anticancer activity present in extracts from the brown alga Egregia menziesii in normal Bergmann glia cell line from chick, and cancer glioma cell lines from mouse, rat and human. We observed that E. menziesii’s extracts decrease cell viability of glioma cells without causing damage of normal glia cells.




2. Results


2.1. Cytotoxic Activity of E. menziesii’s Extracts over Artemia Salina Brine Shrimp


The first step to assess the cytotoxic potential of E. menziesii extracts was through the well-established Artemia salina brine shrimp toxicity test. Two way ANOVA showed that there was a significant effect of the E. menziesii’s extracts on the viability of A. salina (α = 0.05, F(3, 24) = 380.1, p < 0.0001), concentrations (α = 0.05, F(2, 24) = 1590, p < 0.0001), and the interaction between E. menziesii’s extracts and concentrations (α = 0.05, F(6, 24) = 205.6, p < 0.0001) after 24 h of exposure. Specifically, Figure 1A shows differences in lethal activity profile among extracts. Hx and Chl extracts inhibited the viability of A. salina shrimp in a dose-dependent manner, whereas exposure of shrimps to MeOH extract caused death in 20–30% with all tested concentrations. The Hx and Chl extracts showed similar lethality pattern, the LC50 values for Hx and Chl extracts were in the range of the LC50 of l-ascorbic acid (LAA), a positive control, LC50 = 169.46 ± 0.067, 197.39 ± 0.015, and 150.33 ± 0.036 μg/mL, respectively. In contrast, the LC50 of MeOH extract was significantly higher than 1000 μg/mL (Figure 1B).




2.2. Determination of Cytotoxic Activity of E. menziesii’s Extracts against Nervous System Cell Lines


We evaluated the extracts in four brain cancer cell lines: Mus musculus neuroblastoma (N1E-115); Rattus norvegicus glioma (C6); human glioblastoma (U737) and immortalized human Müller cells (MIO-M1). A Bergmann glia cell primary culture was used as normal cell control. The cytotoxic activity over the nervous system cancer cell lines (C6, MIO-M1, N1-115, and U737) of Hx (α = 0.05, F(4, 30) = 1.813 × 106, p < 0.0001), Chl (α = 0.05, F(4, 30) = 1.502 × 107, p < 0.0001), and MeOH (α = 0.05, F(4, 30) = 2.625 × 107, p < 0.0001) extracts obtained from E. menziesii at different time of incubation (4 h: α = 0.05, F(2, 30) = 4441, p < 0.0001; 24 h: α = 0.05, F(2, 30) = 10,579, p < 0.0001; 48 h: α = 0.05, F(2, 30) = 2.625 × 107, p < 0.0001), and the interaction of cell lines and time of incubation (α = 0.05, F(8, 30) = 1.493 × 106, p < 0.0001; α = 0.05, F(8, 30) = 7303, p < 0.0001; α = 0.05, F(8, 30) = 2.625 × 107, p < 0.0001) is summarized in Table 1. The estimation of the IC50 demonstrated that Hx and Chl extracts were the most effective. Moreover, the growth inhibitory effect of Hx and Chl extracts seems to be cell-specific, since its effect was observed mainly against C6, MIO-M1, and U737 cell lines. Particularly, the Hx extract proved to be significantly effective inhibiting the growth of the rat glioblastoma C6 cell line. Exposure of C6 cells to Hx extract, for 4, 24 and 48 h, significantly diminished their viability from 40 up to 90%, even above the inhibition observed in the group treated with 100 μM H2O2, that was 80% (data not shown). The IC50 of the Hx extract in C6 cells remains constant after 4 (9.51 ± 1.45 μg/mL), 24 (9.59 ± 1.34 μg/mL), or 48 h (8.59 ± 0.93 μg/mL) of exposure time (Table 1). On the contrary, the effectiveness of Hx extract against MIO-M1 cells increases as a function of the exposure time: after 4 (IC50 > 1000 μg/mL), 24 (IC50: 88.48 ± 1.65 μg/mL), and 48 h (IC50: 10.08 ± 1.98 μg/mL). The growth of N1-115 cells after 4 h of exposure to the Hx extract was IC50: 10.94 ± 1.93 μg/mL and surprisingly, no effects were observed in these cells at 24 and 48 h of exposure time (IC50 > 1000 μg/mL, for both extracts). In contrast, cytotoxicity was no observed neither in the U737 cell line nor in Bergmann glia cells (IC50 > 1000 μg/mL).



The Chl extract was effective by inhibiting the growth of C6, MIO-M1 and U737 cell lines. The highest effectiveness of Chl extract was observed in the C6 cell line, it inhibited cell growth with the same significant efficacy for all examined time periods: IC50: 9.82 ± 0.83 μg/mL, 8.86 ± 1.23 μg/mL, and 7.39 ± 1.43 μg/mL, after 4, 24 and 48 h of treatment, respectively. In MIO-M1 cells, the growth inhibition activity of Chl extract increased significantly with respect to the exposure time as observed in its IC50 after 4 (90.11 ± 1.23 μg/mL), 24 (86.32 ± 1.39 μg/mL), and 48 h (9.41 ± 1.93 μg/mL). The effect of Chl extract on U737 cells after being exposed during 4 (IC50: 105.71 ± 1.83 μg/mL), 24 (IC50: 108.85 ± 1.93 μg/mL), and 48 h (IC50: 95.76 ± 1.35 μg/mL) is also observed in Table 1. Chl extract did not show no significant effect in Bergmann glia cells (IC50 > 1000 μg/mL). Assays with the MeOH extract inhibited the growth of N1-115 cell line just after 48 h of treatment (IC50: 10.23 ± 1.23 μg/mL). MeOH extract did not show effectiveness inhibiting any other cell line. As observed in Table 1, the Hx and Chl extracts were the most effective inhibiting the growth of brain cancer cells. To our knowledge, there are no reports about the antineoplastic activity of seaweeds on brain tumor cells.




2.3. Cytotoxic Activity of E. menziesii Extracts over Human Peripheral Blood Lymphocytes (HPBL)


For many years, it has been accepted that cancer cells proliferate faster than normal cells; therefore most cancer drugs based therapies are design to target high-rate growing cells [24]. However, normal cells that grown fast (e.g., bone narrow, hair follicle, gastrointestinal and epidermal cells) are also largely affected by chemotherapy. Therefore, we evaluated the extracts using human peripheral blood lymphocytes (HPBL) through trypan-blue exclusion tests. In the assays, the same extract concentrations of A. salina test were used. Statistical analysis demonstrate that there was a significant effect of the E. menziesii’s extracts on the viability of HPBL (α = 0.05, F(3, 24) = 491.1, p < 0.0001), concentrations (α = 0.05, F(2, 24) = 714.3, p < 0.0001), and the interaction between E. menziesii’s extracts and concentrations (α = 0.05, F(6, 24) = 137.0, p < 0.0001) after 1 h of exposure. Figure 2A shows that all extracts reduced HPBL viability in a dose-dependent manner. The Hx and Chl extracts inhibited up to 100% of HPBL growth, and the decreased in cell number resulted dose-dependent (Figure 2). In particular, a decrease of 20 and 30% was detected at 5 μg/mL, around 70% at 50 μg/mL, and 100% inhibition at 500 μg/mL, after Hx and Chl exposure. Again, these extracts showed similar effects (IC50 = 91.19 μg/mL and 71.5 μg/mL, respectively); whereas MeOH extract was unable to inhibit more than 30% at 500 μg/mL, and its LC50 was greater than 1000 μg/mL.




2.4. Cytotoxic Activity of E. menziesii Extracts against Differentiated and Non-Differentiated 3T3-L1 Cell Lines


Considering the cytotoxic activity results of E. menziesii’s extracts on HPBL could be an undesirable effect, we used 3T3-L1 fibroblastic cell line (derived from mouse embryo) to evaluate the toxicity of our extracts. This cell line can differentiate from fibroblast to adipose cells, moving from a fast growth state to a confluent and contact inhibited state [26], through the adipose differentiation with insulin and dexamethasone. Two way ANOVA showed that there was a significant effect of the E. menziesii extracts against differentiated (α = 0.05, F(2, 18) = 41,369, p < 0.0001) and non-differentiated (α = 0.05, F(2, 18) = 146,390, p < 0.0001) 3T3-L1 cell lines, time of incubation (α = 0.05, F(2, 18) = 38,052, p < 0.0001; α = 0.05, F(2, 18) = 585,555, p < 0.0001, respectively), and the interaction between E. menziesii’s extracts and time of incubation (α = 0.05, F(4, 18) = 16,919, p < 0.0001; α = 0.05, F(4, 18) = 146,390, p < 0.0001, respectively). As can be observed in Table 2, E. menziesii extracts were most effective inhibiting adipocytes than fibroblast. Again, the Hx and Chl extracts exhibit greater cell growth inhibitory activity of 3T3-L1 cells than the MeOH extract. However, the extracts inhibited mainly differentiated cells, which display slow growing profile. Additionally, MeOH extract did not inhibit the growth of non-differentiated 3T3-L1 cells, and it diminished the viability of differentiated cells after 48 h of treatment (IC50 = 107.79 ± 2.76 μg/mL). Therefore, we consider that the extracts contain a moderate anti-proliferative activity against 3T3-L1 fibroblast and adipose cells. However, it is important to perform a most extensive characterization of the anticancer properties of our extracts, using commercial cell panels [9].





3. Discussion


Cancer therapies represent an important challenge to clinicians, pharmaceutical companies and researchers, due to the large variety of cancer cell behavior within patients. Recently, seaweeds have attracted significant interest due to the diversity of species that display important anticancer activity [9]. We evaluated brown seaweed E. menziesii, since some species of its family have shown anticancer activity [16] using different cancer glioma cell lines from mouse, rat and, human as well as normal glia cells from chick.



The A. salina toxicity test represents a rapid (24 h), inexpensive, and simple assay to evaluate extracts and pure compounds, from natural and/or synthetic origin [27]; using a large number of organisms that allows statistical validation; in order to establish their potential cytotoxicity [28]. The results of this type of assay have been compared with other cytotoxicity tests, such as MTT assay to calculate lethal doses [29], and extrapolate the results to acute toxicity tests in mice [30]. Moreover, A. salina shrimps are resistant to several toxic agents (e.g., heavy metals) [31]. Therefore, this model constitutes an affordable and straightforward method to assess the toxicity of extracts and pure compounds. Accordingly, the results obtained in this study show that the Hx and Chl extracts inhibited up to 100% of A. saline’s growing, and therefore have to be considered as cytotoxic agents.



Brain cancers are difficult to treat due to the diversity of cells that comprise brain tumors, the high degree of malignancy and spreading potential [32,33]. Nowadays, there are not effective therapies against brain tumors. Radiation, chemotherapy and surgery, are the most common treatments for this type of malignancy [34]. Our findings are noteworthy since gliomas are the most common malignant primary tumors in CNS, which molecular characteristics and modifications make them difficult to treat [35]. For example, patients presenting glioblastoma multiform, that have been subject to surgery following of chemo-radiation and chemotherapy, have a median survival of only 14 months [36]. It is well known that glioma cells overexpress anti-oxidant enzymes that correlate with resistance to chemotherapeutic drugs [32], since the increase of anti-oxidant enzymes has been considered an adaptive mechanism of cancer cells against chronic stress [37]. This fact is relevant, in this study although we use glioma cancer cell lines from mouse, rat and human, our results showed that Hx and Chl extracts are effective by diminishing the viability of glioma cell lines (Table 1).



Usually antineoplastic treatments are unspecific, therefore both healthy and cancer cells are killed, and this sometimes leads to irreversible organ damage and the development of tolerance to the treatment [38,39]. Marine origin compounds are demonstrated to have promising selective anticancer activity [40,41]. Interestingly, our extracts did not diminish the viability of all cell lines tested. When the C6 cell line was treated, the IC50 of Hx and Chl extracts was around 10 μg/mL, at 4, 24 and 48 h of treatment. However, further human cell lines are needed to test the selectivity of the extracts. The carotenoid fucoxanthin diminished cell viability of human glioma cell lines U251 and U87, by promote apoptosis, inhibit migration and invasion activities on these cells. Moreover, fucoxanthin reduced the weight and volume of glioma mass in mice [42]. Likewise, the brown seaweed-isolated compound aplysin suppresses T98G cells invasion through Akt pathway inhibition [43]. However, future analysis is required to explore the metabolites associated with E. menziessi’s effects.



Interestingly, Bergmann glia viability was not altered with these same treatments. This inhibition activity profile was also observed in other seaweeds, e.g., E. cava, E. bycils, and U. pinnatifida, all of them members of the Lessonaceae family, which showed cell-specific activity against MCF7, HeLa and HepG2, respectively, without damaging normal cells, used as controls [40,44,45]. This effect was also observed over other glioma cells treated with seaweeds derivate compounds; that reduced cell viability of cancer cell lines without causing damage in normal cells [42,43,46]. Additionally, the methanol-dichlorometane (7:3) extract of E. menziesii did not show cytotoxic activity against HCT-11 colon cancer cells [47]. It has been described that several compounds derivate from seaweeds have important cytotoxic activity against brain cancer cell lines.



It is also noteworthy that the MeOH extract is non-toxic to any cell line tested (IC50 > 1000 μg/mL), except for N1-115 cells after 48 h of treatment, which IC50 was similar to those of Hx and Chl extracts (Table 1). Unexpectedly, the growth brain cell lines derived from human were not inhibited after the treatment with the extracts.



Even though we do not have evidence about the possible mechanism that mediates the cytotoxic activity of our extracts, our findings are not associated to a genotoxic event, since trypan-blue exclusion and MTT methods, evaluate the permeability of cell membrane and the metabolic rate of the cell, respectively. This is important to mention since several drugs used in chemotherapy are genotoxic agents, therefore it has been described that these drugs cause more severe DNA damage to cancer cells, mainly because of their weaker response to DNA damage and impaired DNA repair mechanisms, whereas in normal cells these drugs would lead to a severe growth arrest and cell death. Also, it has been suggested that this effect is less evident using general cytotoxic agents [48]. Even though it has been described that seaweeds can induce DNA fragmentation and apoptosis [49], there are other mechanisms through which seaweeds mediate their anticancer activity, including cell arrest, p53-dependent and independent apoptosis, increase of the antioxidant cell system, among others [9]. Specifically, the cytotoxic activity of seaweeds on glioma cells is due to suppression of invasion, inhibition of angiogenesis, migration; as well as induction of cell arrest, apoptosis and DNA fragmentation [42,43,46,50]. Furthermore, it has described that these effects are mediated mainly by the inhibition of the Akt pathway [43,50]. However, other signaling pathways such as the mitogen activated protein kinases pathway (MAPK), are also modulated by seaweeds [50,51]. Additionally, fucoidan induces the phosphorylation of p38 MAPK and inducible nitric oxide synthase expression in C6 glioma expression, which contributes with the anti-inflammatory response against neuronal damage [52].



Still, we can hypothesize about the possible compounds that could be responsible of the cytotoxic activity. It has been reported that several compounds such as fucoidans, laminarians, terpenoids, and polyphenols stated to possess anticancer, anti-tumor and anti-proliferative properties, are abundantly produced in brown seaweeds [27]. Particularly, the compounds that have shown cytotoxic activity against glioma cells are fucoidan [52,53]; the polyphenol eckol [50]; the carotenoid fucoxanthin [42]; aplysin [43]; phloroglucinol derivative 2,4-bis(4-fluorophenylacetyl) phloroglucinol [54]; and pheophorbide a [46]. Moreover, polyphenols have anti-oxidant effects that could be acting against glioma cell proliferation, similar to those effects observed in resveratrol treatments [32]. Furthermore, oxylipins were shown to have anti-cancer activity against several cancer cell types [55]. Taki-Nakano and colleagues demonstrated that the oxylipin 12-oxo phytodienoic acid has cytoprotective effect against human neuroblastoma SH-SY5Y cells, through Nrf2 signaling activation; that protects the cells from ROS-mediated cell death [56]. Oxylipins have been previously isolated from E. menziesii [57]. “However, future analysis is required in order to explore the metabolites associated with E. menziesii anti-proliferative effects”.



The delivery of anticancer drugs to brain tumors represents an important challenge for commercial drug development. The anticancer compounds isolated from seaweeds possessed complex chemical structures, which [57] in fact, might not cross the brain blood barrier (BBB). However, it has been proposed that several compounds from seaweeds (e.g., polysaccharides, fucoidans, and polyphenols with sugar substituents) are absorbed by the intestine through the SGLT1 and GLUT2 transport systems [58]. Therefore, we believe that this could be a possible mechanism to deliver the extracts through the BBB. Still, it is compulsory to probe this hypothesis using our extracts in an in vivo model.



Although a large percentage of commercial synthetic drugs have been developed after the discovery of the biological activities of natural products, it is also known that the development of new drugs, especially those intended for use in cancer therapies are expensive, usually take long time and frequently they are ineffective after the clinical trials. Thereby, prevention could be the main application of marine natural products like seaweeds [59,60].



In conclusion, the Hx and Chl extracts of E. menziesii seaweed possess growth inhibitory activity against rat C6 and human MIO-M1 cells. Therefore, this work open the possibility to study the mechanisms involved in the anticancer activity of seaweeds, against brain cancer cells, and the development of potential brain tumors drugs.




4. Materials and Methods


4.1. Drugs and Chemicals


Lymphoprep was purchased from Nycomed Pharma (Zürich, Switzerland) and tissue culture reagents from Gibco Invitrogen (Gaithersburg, MD, USA). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).




4.2. Animals


Chick embryos (10 days old) were kindly donated from Avi-Mex (Mexico City, Mexico) and maintained at 37 °C until used. All experiments were performed following the international guidelines on the ethical use of animals, under the specific approval of the Animal Ethics Committee of Cinvestav-Mexico, protocol number 0012-12. All efforts were made to reduce the number of embryos used and their suffering.




4.3. Seaweed Samples and Preparation of Extracts


Brown seaweed specimens of Egregia menziesii were collected in “Campo No. 5”, Punta Banda, Baja California, Mexico (31°44′3.45″ N; 116°43′39.95″ W) during August 2014. Algae were collected according to normative of Diario Oficial de la Federación [61], and in accordance with Instituto Nacional de Pesca (INAPESCA) Ensenada. Genus and specie of seaweeds were taxonomically verified by Oceanologist Luis Aguilar Rosas. All collected samples were gently rinsed with fresh water (to remove salt, sand and epiphytes), and then air-dried at 25 ± 3 °C in the course of 15 days. E. menziesii’s stipes, fronds, and pneumatocysts were separated manually and compiled. Extracts were prepared soaking the stipes and fronds in hexane, chloroform or methanol (1:9 w/v), for 20 days at room temperature. After, the solvent was removed under reduced pressure using a rotary vacuum evaporator (R300 model, Büchi, Flawil, Switzerland), light-green liquid fractions were obtained, and lyophilized (Lyobeta 15 model, Telstar, Terrassa, Spain); the obtained dark-green powder was stored at 4 °C. The yields of the three extracts are shown in Table 3.




4.4. Cytotoxic Activity by Brine Shrimp Lethality Test


A brine shrimp lethality bioassay was carried out to elucidate the cytotoxicity of seaweed extracts against Artemia salina nauplii, according to an established methodology [62] with minor modifications. Dried cysts were incubated (1 g cyst L−1) in artificial seawater at 27–30 °C for 24 h with strong aeration, under a continuous light regime. For toxicity test, hatched nauplii were collected with a pipette and concentrated in a small vial. Every single assay consisted of exposing groups of 10 nauplii to 5, 50 or 500 μg/mL of each of the three E. menziesii’s extracts. l-Ascorbic acid (LAA) and artificial seawater were used as positive and negative controls, respectively. Toxicity was determined after 24 h exposure by counting the number of living organisms, and calculating the percentage of mortality. Nauplii larvae were considered dead if they did not show any movement after 30 s of observing them under the stereoscope (C-Leds SMZ445 model, Nikon, Tokio, Japan), and their mortality percentage and the LC50 were calculated by linear regression analysis. Mortality below 50% was considered non-cytotoxic; mortality higher than 50% but below 75% was considered mildly cytotoxic; and mortality higher than 75% was considered highly cytotoxic according to the criteria of Vinayak et al. [27]. Assays were carried out in triplicate.




4.5. Lymphocyte Toxicity Test


Peripheral blood samples from healthy non-smokers donor volunteers (20–25 year-old) were collected by vein puncture according to standard procedures, and used within the 3 h from the collection. Informed consent was obtained in accordance with the Declaration of Helsinki. Human peripheral blood lymphocytes (HPBL) were isolated by centrifugation (centrifuge Beckman Coulter Allegra X-22R model, Brea, CA, USA) on Lymphoprep (Nycomed Pharma, Zürich, Switzerland) gradients, as described by the manufacturer. Extracts were dissolved in ethanol/water (3:1), and 5, 50 or 500 µg/mL of each extract were placed in triplicate in 24-well tissue culture plates. Thereafter, 1 × 105 HPBL were seeded into these plates for 1 h at 37 °C. Partenolid (PrD, 10 mM in DMSO) and phosphate buffered saline (PBS) were used as positive and negative controls, respectively [25]. After incubation time, cells were stained with trypan blue and manually quantified in a Neubauer chamber. Cells’ mortality percentage and the LC50 were calculated by linear regression analyses.




4.6. Cell Culture


4.6.1. Bergmann Glia Primary Cultures


Chick cerebellar Bergmann glia cultures were prepared as previously described [63]. Briefly, cerebella from 14-day-old chick embryos were dissected and homogenized mechanically. Cells were plated at a density of 8 × 105 mL−1 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin. Cells were incubated (NU-5720 incubator, Nuaire, Plymouth, MN, USA) at 37 °C in 5% CO2 and used after 5–6 days in culture. As was demonstrated by Ortega et al. [63] immunocytochemical and kainate-induced ion fluxes of these primary cultures have shown that the vast majority of cultured cells are Bergmann glia cells. Confluent monolayers were treated as indicated above.




4.6.2. Cell Lines


Mus musculus neuroblastoma (N1E-115), Rattus norvegicus glioma (C6), human glioblastoma (U737), and Mus musculus fibroblast (3T3-L1) cell lines were obtained from the American Tissue Culture Collection (ATCC, Manassas, VA, USA). The human Müller cell line Moorfields/Institute of Ophthalmology- Müller 1 (MIO-M1) was obtained from the UCL Institute of Ophthalmology (London, UK) [64]. Cells were grown and maintained at 37 °C with 5% of CO2 in DMEM supplemented with 10% FBS, 100 units/mL penicillin, and 50 µg/mL gentamicin. When the cells reached 80% of confluence, they were seeded at a density of 5 × 103 mL−1 in sterile 96 well tissues culture plates for experimental treatment and analysis.




4.6.3. In Vitro 3T3-L Cell Line Differentiation


A total of 5 × 103 3T3-L1 cells/well were seeded in complete DMEM medium (10% FCS), at a 80% of confluence the cells were supplemented with 0.25 μM dexamethasone and 10 μg/mL insulin for 3 days. Thereafter the cells and shifted to complete DMEM medium with 10 μg/mL insulin for 7 more days. Adipose differentiation was verified using Oil Red O staining according to Ramirez-Zacarias et al. [65].





4.7. In Vitro Viability Assays


Cell viability was determined by mitochondrial reduction of [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) as described by Mosmann et al. [66]. Two days after reaching confluence, cells were treated during 4, 24 and 48 h with vehicle or 0.1, 1.0, 10, 100, 1000, and 1000 μg/mL of the seeded extracts. As positive control, the cells were exposed to 100 μM H2O2 for 15 min. At indicated time points, 50 μg/mL of MTT was added and incubated for 4 h. The media was removed and its absorbance was determined at 570 nm in a microplate reader (EPOCH, Biotek, Winooski, VT, USA). All plates were put back into the 37 °C incubator for 5 min, then transferred again to plate reader and their absorbance measured at 550 nm to determine the amount of total proteins per well. Data were represented as the mean ± SEM of OD at 570 nm, and were normalized with the amount of total protein. For each treatment, vehicle-stimulated cells were considered to have a 100% of viability; vehicles were each one of the same solvents used to do the extracts (hexane, chloroform and methanol), without seaweeds. Viability in vehicle-treated cells was not statistically different from non-treated cells (data not shown). Into the same plate assays were run by triplicate for each tested extract concentration. All experiments with cell lines were repeated at least 3 times.




4.8. Half Maximal Inhibitory Concentration (IC50) Determination


The IC50 was determined extrapolating the OD data obtained from the dose-response plot. The extract concentration that reduced the viability of cells by 50% (IC50) was determined by plotting triplicate data points over a concentration range and calculating values using the linear regression analysis function of the GraphPad PRISM Software version 5.00 for Mac (San Diego, CA, USA).




4.9. Statistical Analysis


Data are expressed as the mean ± SEM at least of three independent experiments. Homoscedasticity was evaluated in all data by D’Agostino-Pearson omnibus test. The data presented a normal distribution, and in all cases parametric analyzes were done. To determine differences between groups and the interaction effects of the extracts, we performed two-way ANOVA and Tukey’s test with multiple comparisons, α = 0.05, using PRISM Software version 5.00 for Mac (San Diego, CA, USA).








Author Contributions


Conceptualization, R.T.-M. and O.A.-H.; Formal analysis, C.J.-P.; Investigation, A.G.G.-R. and R.M.-B.; Validation, L.C.R.H.-K.; Visualization, L.E.A.-R.; Writing—original draft, T.O.-B. and T.M.-M.; Writing—review & editing, A.O. and R.C.Z.




Funding


This work was supported by PRODEP IDPTC139717 to CJP and PRODEP IDPTC112358 to RCZ, and Conacyt-Mexico to AO (255087). AGGR is supported by Conacyt-Mexico PhD fellowship 254080.




Acknowledgments


Authors thank Salvador Figueroa Flores (UABC), Alfonso Medellín Ortíz (INAPESCA), and Mario Leal Castro (CONANP) for their assistance and hard work during algae collection in Baja California coasts. The technical assistance of Luis Cid and Blanca Ibarra is acknowledged.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



De Oliveira, M.N.; Freitas, A.L.P.; Carvalho, A.F.U.; Sarnpaio, T.M.T.; Farias, D.F.; Teixeira, D.I.A.; Gouveia, S.T.; Pereira, J.G.; de Sena, M.M.D.C. Nutritive and non-nutritive attributes of washed-up seaweeds from the coast of Ceara, Brazil. Food Chem. 2009, 115, 254–259. [Google Scholar] [CrossRef]

	



Laurienzo, P. Marine polysaccharides in pharmaceutical applications: An overview. Mar. Drugs 2010, 8, 2435–2465. [Google Scholar] [CrossRef] [PubMed]

	



Kilinç, B.; Cilik, S.; Turan, G.; Tekogul, H.; Koru, E. Seaweeds for Food and Industrial Applications. In Food Industry; Muzzalupo, I., Ed.; Intech Open: Izmir, Turkey, 2013. [Google Scholar]

	



Lopes, G.; Pinto, E.; Andrade, P.B.; Valentao, P. Antifungal activity of phlorotannins against dermatophytes and yeasts: Approaches to the mechanism of action and influence on Candida albicans virulence factor. PLoS ONE 2013, 8, e72203. [Google Scholar] [CrossRef] [PubMed]

	



Patra, J.K.; Das, G.; Baek, K.H. Chemical Composition and Antioxidant and Antibacterial Activities of an Essential Oil Extracted from an Edible Seaweed, Laminaria japonica L. Molecules 2015, 20, 12093–12113. [Google Scholar] [CrossRef] [PubMed]

	



Galle, J.B.; Attioua, B.; Kaiser, M.; Rusig, A.M.; Lobstein, A.; Vonthron-Senecheau, C. Eleganolone, a diterpene from the French marine alga Bifurcaria bifurcata inhibits growth of the human pathogens Trypanosoma brucei and Plasmodium falciparum. Mar. Drugs 2013, 11, 599–610. [Google Scholar] [CrossRef] [PubMed]

	



Konig, G.M.; Wright, A.D.; Franzblau, S.G. Assessment of antimycobacterial activity of a series of mainly marine derived natural products. Planta. Med. 2000, 66, 337–342. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Q.; Wang, A.; Lu, Z.; Qin, C.; Hu, J.; Yin, J. Overview on the antiviral activities and mechanisms of marine polysaccharides from seaweeds. Carbohydr. Res. 2017, 453, 1–9. [Google Scholar] [CrossRef]

	



Gutierrez-Rodriguez, A.G.; Juarez-Portilla, C.; Olivares-Banuelos, T.; Zepeda, R.C. Anticancer activity of seaweeds. Drug Discov. Today 2018, 23, 434–447. [Google Scholar] [CrossRef]

	



Ermakova, S.; Sokolova, R.; Kim, S.M.; Um, B.H.; Isakov, V.; Zvyagintseva, T. Fucoidans from Brown Seaweeds Sargassum hornery, Eclonia cava, Costaria costata: Structural Characteristics and Anticancer Activity. Appl. Biochem. Biotechnol. 2011, 164, 841–850. [Google Scholar] [CrossRef]

	



Ahn, G.N.; Kim, K.N.; Cha, S.H.; Song, C.B.; Lee, J.; Heo, M.S.; Yeo, I.K.; Lee, N.H.; Jee, Y.H.; Kim, J.S.; et al. Antioxidant activities of phlorotannins purified from Ecklonia cava on free radical scavenging using ESR and H2O2-mediated DNA damage. Eur. Food Res. Technol. 2007, 226, 71–79. [Google Scholar] [CrossRef]

	



Lee, S.H.; Han, J.S.; Heo, S.J.; Hwang, J.Y.; Jeon, Y.J. Protective effects of dieckol isolated from Ecklonia cava against high glucose-induced oxidative stress in human umbilical vein endothelial cells. Toxicol. In Vitro 2010, 24, 375–381. [Google Scholar] [CrossRef] [PubMed]

	



Wijesekara, I.; Yoon, N.Y.; Kim, S.K. Phlorotannins from Ecklonia cava (Phaeophyceae): Biological activities and potential health benefits. Biofactors 2010, 36, 408–414. [Google Scholar] [CrossRef]

	



Lee, S.H.; Ko, C.I.; Jee, Y.; Jeong, Y.; Kim, M.; Kim, J.S.; Jeon, Y.J. Anti-inflammatory effect of fucoidan extracted from Ecklonia cava in zebrafish model. Carbohydr. Polym. 2013, 92, 84–89. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Kang, K.A.; Piao, M.J.; Ko, D.O.; Wang, Z.H.; Lee, I.K.; Kim, B.J.; Jeong, I.Y.; Shin, T.; Park, J.W.; et al. Eckol protects V79-4 lung fibroblast cells against gamma-ray radiation-induced apoptosis via the scavenging of reactive oxygen species and inhibiting of the c-Jun NH2-terminal kinase pathway. Eur. J. Pharmacol. 2008, 591, 114–123. [Google Scholar] [CrossRef] [PubMed]

	



Kong, C.S.; Kim, J.A.; Yoon, N.Y.; Kim, S.K. Induction of apoptosis by phloroglucinol derivative from Ecklonia Cava in MCF-7 human breast cancer cells. Food Chem. Toxicol. 2009, 47, 1653–1658. [Google Scholar] [CrossRef] [PubMed]

	



IARC. World Cancer Report 2014; International Agency for Reaearch on Cancer: Lyon, France, 2014. [Google Scholar]

	



Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, 359–386. [Google Scholar] [CrossRef] [PubMed]

	



Ohgaki, H.; Kleihues, P. Epidemiology and etiology of gliomas. Acta Neuropathol. 2005, 109, 93–108. [Google Scholar] [CrossRef] [PubMed]

	



Johnstone, R.W.; Ruefli, A.A.; Lowe, S.W. Apoptosis: A link between cancer genetics and chemotherapy. Cell 2002, 108, 153–164. [Google Scholar] [CrossRef]

	



Yang, H.C.; Zeng, M.Y.; Dong, S.Y.; Liu, Z.Y.; Li, R.X. Anti-proliferative activity of phlorotannin extracts from brown algae Laminaria japonica Aresch. Chin. J. Oceanol. Limnol. 2010, 28, 122–130. [Google Scholar] [CrossRef]

	



Ferreira, J.; Ramos, A.A.; Almeida, T.; Azqueta, A.; Rocha, E. Drug resistance in glioblastoma and cytotoxicity of seaweed compounds, alone and in combination with anticancer drugs: A mini review. Phytomedicine 2018, 48, 84–93. [Google Scholar] [CrossRef]

	



Xue, M.L.; Ge, Y.L.; Zhang, J.Y.; Wang, Q.; Hou, L.; Liu, Y.C.; Sun, L.L.; Li, Q. Anticancer Properties and Mechanisms of Fucoidan on Mouse Breast Cancer In Vitro and In Vivo. PLoS ONE 2012, 7, e43483. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Ezeogu, L.; Zellmer, L.; Yu, B.; Xu, N.; Joshua Liao, D. Protecting the normal in order to better kill the cancer. Cancer Med. 2015, 4, 1394–1403. [Google Scholar] [CrossRef] [PubMed]

	



Al-Fatlawi, A.A.; Al-Fatlawi, A.A.; Irshad, M.; Rahisuddin; Ahmad, A. Effect of parthenolide on growth and apoptosis regulatory genes of human cancer cell lines. Pharm. Biol. 2015, 53, 104–109. [Google Scholar] [CrossRef] [PubMed]

	



Green, H.; Meuth, M. An established pre-adipose cell line and its differentiation in culture. Cell 1974, 3, 127–133. [Google Scholar] [CrossRef]

	



Vinayak, R.C.; Sabu, A.S.; Chatterji, A. Bio-Prospecting of a Few Brown Seaweeds for Their Cytotoxic and Antioxidant Activities. Evid.-Based Complement. Altern. 2011, 2011. [Google Scholar] [CrossRef] [PubMed]

	



Asaduzzaman, M.; Rana, S.; Hasan Raqil, S.M.; Hossain, M.; Das, N. Cytotoxic (Brine Shrimp Lethality Bioassay) and antioxidant investigation of Barringtonia acutangula (L.). Int. J. Pharm. Sci. Res. 2015, 6, 1179–1185. [Google Scholar]

	



Rajabi, S.; Ramazani, A.; Hamidi, M.; Naji, T. Artemia salina as a model organism in toxicity assessment of nanoparticles. Daru 2015, 23, 20. [Google Scholar] [CrossRef]

	



Parra, A.L.; Yhebra, R.S.; Sardinas, I.G.; Buela, L.I. Comparative study of the assay of Artemia salina L. and the estimate of the medium lethal dose (LD50 value) in mice, to determine oral acute toxicity of plant extracts. Phytomedicine 2001, 8, 395–400. [Google Scholar]

	



Kokkali, V.; Katramados, I.; Newman, J.D. Monitoring the Effect of Metal Ions on the Mobility of Artemia salina Nauplii. Biosensors 2011, 1, 36–45. [Google Scholar] [CrossRef]

	



Gagliano, N.; Aldini, G.; Colombo, G.; Rossi, R.; Colombo, R.; Gioia, M.; Milzani, A.; Dalle-Donne, I. The potential of resveratrol against human gliomas. Anticancer Drugs 2010, 21, 140–150. [Google Scholar] [CrossRef]

	



Mellinghoff, I.K.; Gilbertson, R.J. Brain Tumors: Challenges and Opportunities to Cure. J. Clin. Oncol. 2017, 35, 2343–2345. [Google Scholar] [CrossRef]

	



Butowski, N.A.; Sneed, P.K.; Chang, S.M. Diagnosis and treatment of recurrent high-grade astrocytoma. J. Clin. Oncol. 2006, 24, 1273–1280. [Google Scholar] [CrossRef]

	



Furnari, F.B.; Fenton, T.; Bachoo, R.M.; Mukasa, A.; Stommel, J.M.; Stegh, A.; Hahn, W.C.; Ligon, K.L.; Louis, D.N.; Brennan, C.; et al. Malignant astrocytic glioma: Genetics, biology, and paths to treatment. Genes Dev. 2007, 21, 2683–2710. [Google Scholar] [CrossRef]

	



Stupp, R.; Pavlidis, N.; Jelic, S.; Force, E.G.T. ESMO Minimum Clinical Recommendations for diagnosis, treatment and follow-up of malignant glioma. Ann. Oncol. 2005, 16 (Suppl. 1), i64–i65. [Google Scholar] [CrossRef] [PubMed]

	



Santandreu, F.M.; Brell, M.; Gene, A.H.; Guevara, R.; Oliver, J.; Couce, M.E.; Roca, P. Differences in mitochondrial function and antioxidant systems between regions of human glioma. Cell Physiol. Biochem. 2008, 22, 757–768. [Google Scholar] [CrossRef] [PubMed]

	



Wu, D.; Wang, D.C.; Cheng, Y.; Qian, M.; Zhang, M.; Shen, Q.; Wang, X. Roles of tumor heterogeneity in the development of drug resistance: A call for precision therapy. Semin. Cancer Biol. 2017, 42, 13–19. [Google Scholar] [CrossRef] [PubMed]

	



Dagogo-Jack, I.; Shaw, A.T. Tumour heterogeneity and resistance to cancer therapies. Nat. Rev. Clin. Oncol. 2018, 15, 81–94. [Google Scholar] [CrossRef]

	



Athukorala, Y.; Kim, K.N.; Jeon, Y.J. Antiproliferative and antioxidant properties of an enzymatic hydrolysate from brown alga, Ecklonia cava. Food Chem. Toxicol. 2006, 44, 1065–1074. [Google Scholar] [CrossRef]

	



Moghadamtousi, S.Z.; Karimian, H.; Khanabdali, R.; Razavi, M.; Firoozinia, M.; Zandi, K.; Kadir, H.A. Anticancer and Antitumor Potential of Fucoidan and Fucoxanthin, Two Main Metabolites Isolated from Brown Algae. Sci. World J. 2014, 2014. [Google Scholar]

	



Liu, Y.; Zheng, J.; Zhang, Y.; Wang, Z.; Yang, Y.; Bai, M.; Dai, Y. Fucoxanthin Activates Apoptosis via Inhibition of PI3K/Akt/mTOR Pathway and Suppresses Invasion and Migration by Restriction of p38-MMP-2/9 Pathway in Human Glioblastoma Cells. Neurochem. Res. 2016, 41, 2728–2751. [Google Scholar] [CrossRef]

	



Gong, A.; Guo, P.; Gong, L.; Liang, H. Aplysin suppresses the invasion of glioma cells by targeting Akt pathway. Int. J. Clin. Exp. Med. 2016, 9, 8062–8068. [Google Scholar]

	



Ermakova, S.; Men’shova, R.; Vishchuk, O.; Kim, S.M.; Um, B.H.; Isakov, V.; Zvyagintseva, T. Water-soluble polysaccharides from the brown alga Eisenia bicyclis: Structural characteristics and antitumor activity. Algal Res. 2013, 2, 51–58. [Google Scholar] [CrossRef]

	



Teas, J.; Vena, S.; Cone, D.L.; Irhimeh, M. The consumption of seaweed as a protective factor in the etiology of breast cancer: Proof of principle. J. Appl. Phycol. 2013, 25, 771–779. [Google Scholar] [CrossRef] [PubMed]

	



Cho, M.; Park, G.M.; Kim, S.N.; Amna, T.; Lee, S.; Shin, W.S. Glioblastoma-specific anticancer activity of pheophorbide a from the edible red seaweed Grateloupia elliptica. J. Microbiol. Biotechnol. 2014, 24, 346–353. [Google Scholar] [CrossRef] [PubMed]

	



Villarreal-Gomez, L.J.; Soria-Mercado, I.E.; Guerra-Rivas, G.; Ayala-Sanchez, N.E. Antibacterial and anticancer activity of seaweeds and bacteria associated with their surface. Rev. Biol. Mar. Oceanog. 2010, 45, 267–275. [Google Scholar] [CrossRef]

	



Zhang, J.; Lou, X.; Jin, L.; Zhou, R.; Liu, S.; Xu, N.; Liao, D.J. Necrosis, and then stress induced necrosis-like cell death, but not apoptosis, should be the preferred cell death mode for chemotherapy: Clearance of a few misconceptions. Oncoscience 2014, 1, 407–422. [Google Scholar] [CrossRef] [PubMed]

	



Das, S.K.; Hashimoto, T.; Shimizu, K.; Yoshida, T.; Sakai, T.; Sowa, Y.; Komoto, A.; Kanazawa, K. Fucoxanthin induces cell cycle arrest at G0/G1 phase in human colon carcinoma cells through up-regulation of p21WAF1/Cip1. Biochim. Biophys. Acta 2005, 1726, 328–335. [Google Scholar] [CrossRef] [PubMed]

	



Hyun, K.H.; Yoon, C.H.; Kim, R.K.; Lim, E.J.; An, S.; Park, M.J.; Hyun, J.W.; Suh, Y.; Kim, M.J.; Lee, S.J. Eckol suppresses maintenance of stemness and malignancies in glioma stem-like cells. Toxicol. Appl. Pharmacol. 2011, 254, 32–40. [Google Scholar] [CrossRef]

	



Kang, C.W.; Park, M.S.; Kim, N.H.; Lee, J.H.; Oh, C.W.; Kim, H.R.; Kim, G.D. Hexane extract from Sargassum serratifolium inhibits the cell proliferation and metastatic ability of human glioblastoma U87MG cells. Oncol. Rep. 2015, 34, 2602–2608. [Google Scholar] [CrossRef]

	



Do, H.; Pyo, S.; Sohn, E.H. Suppression of iNOS expression by fucoidan is mediated by regulation of p38 MAPK, JAK/STAT, AP-1 and IRF-1, and depends on up-regulation of scavenger receptor B1 expression in TNF-α- and IFN-γ-stimulated C6 glioma cells. J. Nutr. Biochem. 2010, 21, 671–679. [Google Scholar] [CrossRef]

	



Lv, Y.; Song, Q.; Shao, Q.; Gao, W.; Mao, H.; Lou, H.; Qu, X.; Li, X. Comparison of the effects of marchantin C and fucoidan on sFlt-1 and angiogenesis in glioma microenvironment. J. Pharm. Pharmacol. 2012, 64, 604–609. [Google Scholar] [CrossRef] [PubMed]

	



Lu, D.Y.; Chang, C.S.; Yeh, W.L.; Tang, C.H.; Cheung, C.W.; Leung, Y.M.; Liu, J.F.; Wong, K.L. The novel phloroglucinol derivative BFP induces apoptosis of glioma cancer through reactive oxygen species and endoplasmic reticulum stress pathways. Phytomedicine 2012, 19, 1093–1100. [Google Scholar] [CrossRef] [PubMed]

	



Elia, U.; Flescher, E. Combined chemotherapy or biotherapy with jasmonates: Targeting energy metabolism for cancer treatment. Curr. Pharm. Biotechnol. 2013, 14, 331–341. [Google Scholar] [CrossRef] [PubMed]

	



Taki-Nakano, N.; Ohzeki, H.; Kotera, J.; Ohta, H. Cytoprotective effects of 12-oxo phytodienoic acid, a plant-derived oxylipin jasmonate, on oxidative stress-induced toxicity in human neuroblastoma SH-SY5Y cells. Biochim. Biophys. Acta 2014, 1840, 3413–3422. [Google Scholar] [CrossRef] [PubMed]

	



Todd, J.S.; Proteau, P.J.; Gerwick, W.H. The Absolute Configuration of Ecklonialactones A, B, and E, Novel Oxylipins from Brown Algae of the Genera Ecklonia and Egregia. J. Nat. Prod. 1994, 57, 171–174. [Google Scholar] [CrossRef]

	



Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics in human health: Structures, bioavailability, and evidence of protective effects against chronic diseases. Antioxid. Redox Signal. 2013, 18, 1818–1892. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.J.; Nam, S.J.; Kong, G.; Kim, M.K. A case-control study on seaweed consumption and the risk of breast cancer. Brit. J. Nutr. 2010, 103, 1345–1353. [Google Scholar] [CrossRef] [PubMed]

	



Nanri, A.; Mizoue, T.; Shimazu, T.; Ishihara, J.; Takachi, R.; Noda, M.; Iso, H.; Sasazuki, S.; Sawada, N.; Tsugane, S.; et al. Dietary patterns and all-cause, cancer, and cardiovascular disease mortality in Japanese men and women: The Japan public health center-based prospective study. PLoS ONE 2017, 12, e0174848. [Google Scholar] [CrossRef]

	



DOF. Carta Nacional Pesquera. Secretaría de Agricultura, Ganadería; Desarrollo Rural, Pesca y Alimentación, Ed.; Diario Oficial de la Federación: Mexico City, Mexico, 2012. [Google Scholar]

	



Lincoln, R.A.; Strupinski, K.; Walker, J.M. The use of Artemia nauplii (Brine shrimp larvae) to detect toxic compounds from microalgal cultures. Int. J. Pharmacogn. 1996, 34, 384–389. [Google Scholar] [CrossRef]

	



Ortega, A.; Eshhar, N.; Teichberg, V.I. Properties of Kainate Receptor Channels on Cultured Bergmann Glia. Neuroscience 1991, 41, 335–349. [Google Scholar] [CrossRef]

	



Limb, G.A.; Salt, T.E.; Munro, P.M.; Moss, S.E.; Khaw, P.T. In vitro characterization of a spontaneously immortalized human Muller cell line (MIO-M1). Investig. Ophthalmol. Vis. Sci. 2002, 43, 864–869. [Google Scholar] [PubMed]

	



Ramirez-Zacarias, J.L.; Castro-Munozledo, F.; Kuri-Harcuch, W. Quantitation of adipose conversion and triglycerides by staining intracytoplasmic lipids with Oil red O. Histochemistry 1992, 97, 493–497. [Google Scholar] [CrossRef] [PubMed]

	



Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [Google Scholar] [CrossRef]






	
Sample Availability: Samples of the MeOH, Chl and Hx extracts are available from the authors.










[image: Molecules 24 00260 g001 550]





Figure 1. Cytotoxic activity of E. menziesii’s extracts over Artemia salina brine shrimp. (A) Percentage of brine shrimp death at 5, 50 or 500 μg/mL of hexane (Hx), chloroform (Chl) or methanol (MeOH) extracts obtained from E. menziesii seaweed for 24 h. l-Ascorbic acid (LAA) and artificial seawater were used as positive and negative controls, respectively. Data are expressed as the mean ± SEM of at least three independent experiments. Statistical differences were determined by two-way ANOVA, and differences among groups by Tukey’s test with multiple comparisons. a–g nomenclature: the same lowercase letters on each bar mean there are not differences among treatment values; conversely, distinct letters indicate significant differences within treatments (p < 0.01). (B) Half maximal lethal concentration (LC50) of Hx, Chl and MeOH extracts, and LAA was determined by linear regression. 
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Figure 2. Cytotoxic activity of E. menziesii’s extracts over human peripheral blood lymphocytes (HPBL). (A) Percentage of growth inhibition of HPBL by the treatment with 5, 50 or 500 μg/mL of hexane (Hx), chloroform (Chl) or methanol (MeOH) extracts obtained from E. menziesii seaweed for 24 h. * 10 mM Partenolide [25], and PBS 1X were used as positive and negative controls, respectively. Data are expressed as the mean ± SEM at least of three independent experiments. Statistical differences were determined by two-way ANOVA, and differences between groups by Tukey’s test with multiple comparisons. a–i nomenclature: the same lowercase letters on each bar mean there are no significant differences among treatment values; conversely, distinct letters indicate significant differences within treatments. (B) Half lethal maximal concentration (LC50) of Hx, Chl and MeOH extracts, and LAA was determined by linear regression. 
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Table 1. Half maximal inhibitory concentration (IC50) [μg/mL] of the extracts of E. menziesii against nervous system cancer cell lines.
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Cell Line

	
Hx

	
Chl

	
MeOH




	
4 h

	
24 h

	
48 h

	
4 h

	
24 h

	
48 h

	
4 h

	
24 h

	
48 h






	
BC

	
>1000 a

	
>1000 c

	
>1000 g

	
>1000 a

	
>1000 e

	
>1000 i

	
>1000 a

	
>1000 b

	
>1000 c




	
C6

	
9.51 ± 1.45 b

	
9.59 ± 1.34 d

	
8.59 ± 0.93 h

	
9.82 ± 0.83 b

	
8.86 ± 1.23 f

	
7.39 ± 1.43 j

	
>1000 a

	
>1000 b

	
>1000 c




	
MI