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Macroalgae are a natural source of clinically relevant molecules such as polyunsaturated
and monounsaturated fatty acids. The Antarctic environment, due to its cold climate,
leads to high production of these bioactive molecules. Adenocystis utricularis, Curdiea
racovitzae, and Georgiella confluens from three distinct islands in the Antarctic Peninsula
were collected and analyzed for their fatty acid content by gas chromatography flame
ionization detection. Results revealed that the algal extracts consisted of 22 fatty acids, of
which 9 were saturated, 4 were monounsaturated, and 9 were polyunsaturated (PUFA). In
addition, fucosterol was identified within the lipidic extracts. The cytotoxic activity of these
fatty acids was evaluated in human breast cancer cell lines MCF-7 and MDA-MB-231.
The most notable result was the effect of PUFA on the growth inhibition of cancer cells
ranging from 61.04 to 69.78% in comparison to control cells. Significant cytotoxic activity
of fatty acids from A. utricularis was observed at 48 h, resulting in an inhibition of growth
of more than 50% for breast cancer cells at a concentration of 100 pg/mL. A cell viability
assay showed that the fatty acids from A. utricularis significantly reduced cell viability
(68.7% in MCF-7 and 89% in MDA-MB-231 after 72 h of exposure). At the same time,
DAPI staining demonstrated chromatin condensation, and apoptotic bodies formed in
cells that were cultured with fatty acids from A. utricularis. These data indicate that fatty
acids from Antarctic macroalgae have the potential to reduce the proliferation of and
induce apoptosis in breast cancer cells.

Keywords: South Shetland Islands, Antarctic, macroalgae, fatty acid, steroid, polyunsaturated fatty acids, breast
cancer

INTRODUCTION

Marine natural products (MNP) exhibit a wide range of biological activities, including antidiabetic,
antimicrobial, anti-inflammatory, antiviral, and anticancer effects (Mayer et al., 2013; Petit and
Biard, 2013). Currently, more than 22,000 molecules from the marine environment have been
reported (Petit and Biard, 2013). These MNP are derived from organisms such as fungi, bacteria,
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sponges, coral, as well as micro- and macroalgae. The main
classes of bioactive molecules found in marine organisms are
terpenes, alkaloids, peptides, toxins, and lipids. Moreover, new
compounds isolated from marine sources often lead to the
discovery of molecules with a variety of clinical and industrial
applications (Blunt et al., 2015).

Algae comprise a polyphyletic group of photosynthetic
organisms, separated into the phyla Ocrophyta, Chlorophyta,
and Rhodophyta, and possess excellent capacity to adapt to
extreme environmental conditions. For this reason, and in
contrast to terrestrial plants, algae are able to produce a wide
variety of unusual compounds such as phlorotannins (oligomers
of phloroglucinol through the acetate-malonate pathway) and
specific polysaccharides (e.g., sulfated) (Li et al., 2011; Brown
et al, 2014). Among the marine compounds with notable
activity, fatty acids (FA), especially omega-3 polyunsaturated
fatty acids (n-3 PUFA), provide several health benefits for chronic
diseases such as cancer (Berquin et al., 2008), hyperlipidemia
and coronary heart disease (Jump et al,, 2012). Furthermore,
our previous studies on algae and plants have shown that
natural products from Brazilian red propolis and from Antarctic
macroalgae have antitumoral activity (Frozza et al, 2013;
Gambato et al., 2014; Martins et al., 2018).

Breast cancer is the most prevalent cancer in women
worldwide, for which treatment includes chemotherapy,
radiation therapy, and/or surgical intervention (Miller et al,
2016). Most anticancer drugs are relatively ineffective against
some phases of tumorigenesis, encouraging the search for new
alternatives in breast cancer treatment (Zanoaga et al., 2018).
Epidemiological studies have shown that PUFA may reduce
the incidence of several diseases such as cancer (Gerber, 2012).
Additionally, recent studies have revealed that n-3 PUFA have
an inhibitory role in the development and progression of breast
cancer (D’Archivio et al., 2018; Zanoaga et al., 2018). Though
the mechanism of how #n-3 PUFA affects cancer cell growth is
not completely understood, it is thought that these acids may
interfere with the cell cycle or increase cell death by necrosis
or apoptosis (Corsetto et al,, 2011). Moreover, recent studies
have shown that n-3 PUFA can be incorporated into membrane
phospholipids and lipid raft on breast cancer tumor cells, which
would presumably lead to changes in the fluidity and structure
of the cell membrane (Corsetto et al., 2012). Perturbations in
the membrane physiology may alter protein composition or the
activities of proteins that serve as ion channels, transporters,
receptors, signal transducers, or enzymes (Fabian et al., 2015;
VanderSluis et al., 2017).

Although several algal species have been studied in regard
to their fatty acid composition, a large number of species
remains unexplored (El Gamal, 2010; Garcia-Vaquero and
Hayes, 2016). Due to its geographical isolation and climatic
conditions, Antarctica is a relatively unexplored source of
biodiversity. Approximately 130 species have been identified
in Antarctica (Wulft et al,, 2009); the major fraction of this
diversity is distributed throughout the Antarctic Peninsula and,
to a lesser extent, in the region comprising the Ross Sea, at
longitude 77°S (Wiencke and Amsler, 2011). In the present
study, we determined the FA composition of three Antarctic

macroalgal species: Adenocystis utricularis, Curdiea racovitzae,
and Georgiella confluens and evaluated their cytotoxic effects on
the growth of human breast cancer cells.

MATERIALS AND METHODS

Macroalgae Samples

Specimens of macroalgae were collected during low summer
tides in December 2013, in the Antarctic Peninsula, South
Shetland Islands. The investigated macroalgae and the collected
information are listed in Table 1. Samples were washed and
manually cleaned with local seawater to remove all extraneous
matter, then dried at ambient temperature (~0°C) up to 24 h and
placed into plastic bags to protect them from light. Macroalgae
were collected from their naturally occurring region: eulittoral
for A. utricularis (up to 2 meters) and sublittoral for C. racovitzae
and G. confluens (2-10 meters). Around 10 g of wet algal material
was harvested to obtain ~1 g of dry biomass.

Chemicals

FAME 37-Mix (Supelco, Bellefonte, Pennsylvania, USA) was
used as the analytical standard, and nonadecanoic acid (C19:0;
Sigma- Aldrich, St. Louis, Missouri, USA) was used as an internal
standard in FA extraction and identification. The reagents used
were analytical grade and HPLC-grade solvents.

Lipid Extraction and Fatty Acid Methyl

Esters Preparation

The dried biomass was ground in its entirety (stipe and blade)
in a Wiley Knife Mill (Biotech, model B-602), and 1 g from each
milled sample was stirred in 30 mL chloroform/methanol (1:2,
by vol) and 10 mL sodium sulfate (1.5 g/L) for 30 min at 20°C
with a reflux condenser. After 30 min, 10 mL chloroform and
10 mL sodium sulfate (1.5 g/L) were added. The extracts were
centrifuged at 2,500 rpm, and the organic phase (~19.8mL)
was separated and evaporated under vacuum and dried
using nitrogen (purity >99.998%) until free of organic phase
(~15min), according to Bligh and Dyers method (Bligh and
Dyer, 1959). Yields of the lipidic extracts ranged from 1 to 2%
(w/v). The fatty acids were converted to their methyl esters
using the boron trifluoride-methanol (BF3) method as previously
described in the literature (Moss et al., 1974). The resultant
mixture of fatty acid methyl esters (FAME) in hexane/chloroform
(4:1, by vol) was subjected to gas chromatography-flame
ionization detection (GC-FID).

TABLE 1 | Species and data collection of macroalgae used in the study.

Species Data collection

Adenocystis utricularis (Bory de
Saint-Vincent) Skottsberg

Curdiea racovitzae Hariot

Robert (62°22’S, 059°41'W)
December 6 2013

Livingston, Punta Hannah (62°39’S,
60°36'W) December 5 2013
Georgiella confluens (Reinsch) King George, Vaureal (62°1 1's,
Kylin 58°18 W) December 10 2013
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Gas-Chromatography Analysis

The quantitative GC analyses were performed according to the
following conditions using a gas chromatograph GC/FID-2010
with an AOC-20i autosampler (Shimadzu Corporation, Kyoto,
Japan) equipped with a fused-silica capillary column (Rtx-WAX,
30m x 0.25mm I.D. x 0.25 pm film thickness). Injections were
performed with a 1:25 split ratio and hydrogen was used as
the carrier gas under constant flow mode at 1.2 mL/min. The
injector was heated to 250°C, and the flame-ionization detector
operated at 250°C. The initial programmed oven temperature
was 100°C, which was increased by 7°C/min up to 200°C,
increased by 5°C/min to 202.6°C and held isothermal for
2min at this temperature. It was then increased by 5°C/min
to 222.9°C and held isothermal for 2min, and then increased
by 5°C/min to 230°C and held isothermal for 10 min at 230°C
(Martins et al., 2016). The internal standard solution, containing
nonadecanoate methyl ester (19:0 > 99.0%; Sigma-Aldrich, St.
Louis, Missouri, USA), was prepared at a concentration of 2
mg/mL by dissolving 20 mg methyl nonadecanoate in 10 mL
of n-hexane in a volumetric flask. Results obtained in similar
conditions were also confirmed by gas chromatography-mass
spectrometry (GC-MS) (Shimadzu QP-2010). The analyses were
performed at the Federal University of Pelotas (Laboratory of
Lipidomics and Biorganic).

Determination of Cytotoxicity

Cell Culture

Human breast cancer adenocarcinoma MCF-7 and MDA-MB-
231 and a non-tumoral cell line (CHO) were obtained from
the Rio de Janeiro Cell Bank (PABCAM, Federal University of
Rio de Janeiro, Rio de Janeiro, Brazil) and cultured routinely
in our laboratory. The MCF-7 and CHO cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with 10% (v/v) fetal bovine serum (FBS) purchased from Vitrocell
Embriolife (Campinas, Brazil) and Gibco (Grand Island, NY,
USA), respectively. The MDA-MB-231 cells were cultured in a
LEIBOVITZ L-15 medium (purchased from Cultilab, Campinas,
Sao Paulo, Brazil) supplemented with 10% (v/v) FBS, 1%
(v/v) L-glutamine, 1% (v/v) penicillin, and 0.2 mg/mL sodium
bicarbonate. The cells were seeded at a density of 2 x 10* cells
per well in a volume of 100 pL in 96-well plates, and grown
for 24 h at 37°C, in an atmosphere of 95% humidified air and
5% CO; (with the exception of MDA-MB-231, which was grown
without any CO;). The experiments were performed with cells
in the logarithmic phase of growth. Cells without any treatment
were used as controls in all the experiments. To evaluate the
most promising macroalgae, we compared the A. utricularis, C.
racovitzae, and G. confluens macroalgae antiproliferative effect
against the breast cancer cell lines (MDA-MB-231 and MCF-7)
and the normal cell line (CHO) using their ICs value. The ICs
represents the lowest concentration tested capable of inhibiting
50% of the cellular growth.

Cell Viability Assay

The viability of the MCF-7, MDA-MB-231 and CHO cell
lines was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5 diphenyltetrazolium bromide). The cells were treated

with different concentrations of FA (1-200 wg/mL) from the
macroalgae A. utricularis, C. racovitzae, and G. confluens for
24, 48, and 72 h. These components were dissolved in dimethyl
sulfoxide (DMSO) and added to the medium supplemented with
10% FBS (v/v) at the desired concentrations. The final DMSO
concentration in the medium did not exceeded 0.2% (v/v).
Control groups that were treated with an equivalent volume of
the solvent or containing only the medium were also included.
Thereafter, the incubation medium was removed and 180 L
of medium and 20 pL MTT (5mg MTT/mL solution) were
subsequently added to each well. The plates were incubated for
an additional 3h, and the medium was discarded. DMSO was
added to each well, and the formazan was solubilized on a shaker
for 5min at 100 rpm. The absorbance was read on a microplate
reader (Victor X5, PerkinElmer, USA) at a test wavelength of
492 nm. Cell inhibitory growth was determined as follows: cell
growth inhibition ratio = (1 — Abssoatreated cells/ AbS492controlcells)
x 100%. For the control group of cells, DMSO and FA were
not added. All the observations were validated by at least two
independent experiments in triplicate for each experiment.

LIVE/DEAD Assay

The LIVE/DEAD Cell Viability Assay® (Invitrogen™, Carlsbad,
CA, USA) was performed according to the manufacturer’s
instructions for the most significant result observed from the
MTT assay. Briefly, the cells were treated with 100 pg/mL of
FA extracted from macroalgae A. utricularis for 48 h. The live
cells were able to take up calcein and could be analyzed by
green fluorescent light emission (488 nm). Ethidium bromide
homodimer diffuses through the permeable membranes of dead
cells and binds to DNA. Dead cells could be detected using a red
fluorescent signal (546 nm). The LIVE/DEAD assay was analyzed
using an Olympus IX71 fluorescence microscope (Olympus
Optical Co.) with multicolor imaging. The number of red (dead)
and green cells (live) in a total of 300 cells was counted in
triplicate for each sample. Viability was expressed as the average
percentage of viable cells. This experiment was repeated two
times.

DAPI Assay

Apoptosis detected using DAPI (4 ,6-diamidino-2-
phenylindole) staining, which forms a fluorescent complex
with double-stranded DNA. Cells seeded in a 96-well plate were
treated with 100 pg/mL of FA extracted from A. utricularis
macroalgae. After incubation, the cells were washed three times
in phosphate-buffered saline (PBS) and fixed with 1 mL methanol
solution at room temperature for 10 min. The fixed cells were
then washed with PBS and stained with a DAPI solution at room
temperature in the dark. The nuclear morphology of the cells
was examined by fluorescence microscopy with an Olympus
IX71 (Olympus Optical Co.).

was

Statistical Analysis

The data in the histogram were previously analyzed to evaluate
the distribution, and with the data in a normal distribution,
the following tests were performed: MTT assay datasets were
analyzed using a factorial ANOVA followed by a Tukey test for
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multiple comparisons, while the LIVE/DEAD and DAPI assays
were analyzed using two-way ANOVA followed by Bonferroni’s
post hoc test. The independent variables were “concentration”
and “time.” The dependent variable was the cell growth inhibition
ratio (%). ICsyp values were obtained using GaphPad Prism
5 software. All the data were expressed as mean + SEM.
Significance was considered at p value < 0.05 in all the analyses.

RESULTS AND DISCUSSION

Fatty Acid Composition of Macroalgae
A. utricularis, C. racovitzae, and

G. confluens

FAs from macroalgae samples were identified and quantified
using GC-FID analyses. The total FA content in the analyzed
algae is shown in Table2. A total of 20 different FAs were
identified from the Ochrophyta algae A. utricularis, whereas
15 and 13 different FAs were identified from the Rhodophyta
macroalgae C. racovitzae and G. confluens, respectively. The
results presented throughout this work are expressed as mole
percent (number of molecules of one component divided by the
total number of molecules in the mixture x 100).

Saturated fatty acids (SFAs) represented 29.45% of the total
FA count in the macroalgae A. utricularis. In the red algae
C. racovitzae and G. confluens, the total percentages of SFA were
27.45 and 25.76%, respectively. The most abundant SFA in all
the macroalgae studied was palmitic acid (16:0). The largest
concentrations of the monounsaturated fatty acids (MUFAs),
oleic acid (8.25% of total FA), and palmitoleic acid (5.28%
of total FA) were found in A. utricularis and G. confluens,
respectively. PUFA constituted more than half of the total FA
in the studied macroalgae, ranging from 61.04 to 69.78% of the
total FA. The highest concentrations of linoleic acid (9.36% of
total FA) and linolenic acid (9.99% of total FA) were found in
the red macroalgae A. utricularis. Among the unsaturated FAs,
eicosapentaenoic acid (EPA, 20:51-3) was the most representative
PUFA in all the species (ranging from 30.56 to 59.39% of the total
FA).

Some FAs were found only in A. utricularis, such as
heptadecenoic acid (17:1), cis-11,14,17-eicosatrienoic acid
(20:3n3), behenic acid (22:0), and lignoceric acid (24:0),
corresponding to 0.71, 0.45, 0.35, and 0.04% of the total FA,
respectively. Moreover, lauric acid (12:0, 1.33% of total FA)
and docosahexaenoic acid (22:6n3, 0.93% of total FA) were
only found in C. racovitzae and G. confluens, respectively. The
proportion of fatty acids can be seen in Table 2.

The biosynthesis of fatty acids in macroalgae is likely to
change according to environmental conditions. Kumari and
co-authors analyzed the fatty acid composition of 27 tropical
macroalgae (Kumari et al., 2010) and found that only 5 species
displayed a PUFA concentration higher than 50% of total fatty
acids (values ranged from 14.7 to 62.7%). In our study, the
high PUFA values found in these Antarctic macroalgae (ranging
from 61.04 to 69.78%) can be explained by their necessity
for adapting to temperatures lower than —20°C (Thomas and
Dieckmann, 2002). To regulate membrane fluidity in response

to low temperatures, macroalgae and microalgae from cold
regions produce large amounts of FA and increase the degree
of unsaturation as a result of adaptation to the environment,
producing PUFA in larger quantities, especially n-3 (Jiang
and Chen, 2000; Graeve et al., 2002; Bhosale et al., 2009).
In this way, the physiological role of the lipid membrane is
maintained (Los et al., 2013). FAs are an important class of
lipids, which act as energy-storage molecules and components of
cell membranes, and are commonly present as esters of glycerol
in phospholipids, glycolipids and triacylglycerols. Moreover,
they act as intra/extracellular messengers and as cofactors
in enzymatic electron transfer reactions in mitochondria and
chloroplasts. In recent years, our research group has identified
FAs from macroalgae (Martins et al., 2016; Pereira et al., 2017;
Santos et al., 2017) and synthetic derivatives (Hobuss et al., 2012;
Pacheco et al., 2014).

Macroalgae from the Ochrophyta phylum are known to have
higher concentrations of C20 PUFA than C18 PUFA, which
is in agreement with our results for the brown macroalgae
A. utricularis (Narayan et al., 2005). In this study, the total
content of C20 PUFA in brown algae was 41.14%, while the
total C18 PUFA was 19.90%. The main C20 PUFA shown was
eicosapentaenoic acid (20:513), ranging from 30.56 to 59.39% of
the total number of FAs. In addition to these FAs, Kumari and co-
authors (Kumari et al., 2010) found large quantities of myristic
acid (14:0) and palmitic acid (16:0) in brown macroalgae. This
is similar to our findings with myristic acid and palmitic acid,
comprising 6.46 and 19.15% of the total FA, respectively, in
A. utricularis.

Among red algae (Rhodophyceae), the literature describes
that the most prevalent PUFAs are arachidonic acid (ARA,
20:4n6) and EPA (20:513) (Kumari et al., 2010), which is in
agreement with our results, with the exception of G. confluens,
which presented ARA corresponding to 1.70% of the total FAs.
The FA composition of Antarctic G. confluens was previously
studied by Graeve et al. (2002). In agreement with our study,
G. confluens was rich in palmitic acid and eicosapentaenoic
acid, but in the present study, we found the highest level of
total n-3 PUFAs in G. confluens. The variation in FA content
between species of the same phylum can be influenced by
season, geographical region, and age (Thomas and Dieckmann,
2002). Palmitic acid (16:0) was the most prevalent SFA in all
the red algae studied (20.62 to 21.77% of the total FA). The
high values of #n-3 found in the macroalgae under study are
relevant because, unlike mammals, algae are able to produce
PUFAs such as n-3 and n-6, which permits survival at low
temperatures, and varying levels of solar irradiation (Wiencke
et al.,, 2007).

Determination of Cell Proliferation

The extracted FAs from Antarctic macroalgae were evaluated
for cytotoxic activity against MCF-7 and MDA-MB-231cells.
The combination of FA extracted from each alga was diluted
to the following tested concentrations: 1, 10, 50, 100, and
200 pg/mL. Fatty acid extract from macroalgae A. utricularis
demonstrated significant activity at 48 h, inhibiting the growth of
more than 50% of tumor cells at a concentration of 100 pg/mL.
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TABLE 2 | Fatty acid composition of Antarctic macroalgae.

Fatty acid

Concentration (%)

Adenocystis utricularis

Curdiea racovitzae

Georgiella confluens

Lauric acid (12:0)

Myristic acid (14:0) 6.46 + 0.01
Pentadecanoic acid (C15:0) 0.23 £+ 0.00
Palmitic acid (C16:0) 19.15 £ 0.04
Palmitoleic acid (C16:1) 0.39 £+ 0.00
Heptadecanoic acid (C17:0) 0.51 £+ 0.00
Heptadecenoic acid (17:1) 0.71 £ 0.00
Stearic acid (C18:0) 2.19 £ 0.01
Oleic acid (C18:1n9c) 8.25 + 0.01
Linoleic acid (C18:2n6c¢) 9.36 £+ 0.01
y-Linolenic acid (C18:3n6) 0.55 + 0.00
«-Linolenic acid (C18:3n3) 9.99 + 0.02
Arachidic acid (C20:0) 0.52 + 0.00
cis-11,14-Eicosadienoic acid (C20:2n6) 0.27 £+ 0.00
cis-8,11,14-Eicosatrienoic acid (C20:3n6) 0.81 £+ 0.00
Arachidonic acid (C20:4n6) 9.05 £+ 0.00
cis-11,14,17-Eicosatrienoic acid (C20:3n3) 0.45 £+ 0.00
Eicosapentaenoic acid (C20:5n3) 30.56 + 0.03
Behenic acid (C22:0) 0.35 + 0.00
Docosahexaenoic acid (C22:6n3) -
Lignoceric acid (C24:0) 0.04 £+ 0.00
Nervonic acid (24:1n9) 0.11 £ 0.00
Xn-3 41.0
Xn-6 20.04

1.33 £ 0.00 -

1.85 £ 0.01 2.24 £0.02

0.24 £ 0.00 0.34 £ 0.00
20.62 £ 0.11 21.77 £0.20

1.39 £ 0.00 5.28 £ 0.03

0.49 &+ 0.00 -

2.92 +£ 0.02 1.41 £ 0.00

1.26 £ 0.00 1.29 £ 0.01

1.56 £ 0.02 1.30 £ 0.00

0.86 + 0.00 0.78 £ 0.00

- 3.05 £ 0.01

0.10 £ 0.00 -

1.10 £ 0.00 0.53 £ 0.00
15.06 £+ 0.08 1.70 £ 0.01
51.10 £ 0.26 59.39 £ 0.54

- 0.93 + 0.01

0.08 £ 0.00 -

51.10 63.37
18.68 4.31

X: Sum of all n-3 or n-6 founded to each alga. Fatty acid composition was determined by GC-FID analysis. Data, expressed as mole percent, are means of 3 independent experiments

+ SD.
— Not detected.

Non-tumoral cells did not reach 50% growth inhibition, with
the exception of macroalgae A. utricularis and G. confluens,
which achieved 50% inhibition at the highest concentration
(200 jLg/mL). For all the tumor and non-tumor cells analyzed,
cell viability decreased in a concentration- and time-dependent
manner (Figures 1A-C). The A. utricularis macroalgae displayed
the lowest ICsp value in MCF-7 when compared to the other
magroalgae at all times tested (Table 3). In addition, it also
demonstrated a satisfactory antiproliferative effect in MDA-MB-
231 and selectivity in its cytotoxicity, since the A. utricularis
macroalgae demonstrated a higher ICsg value in the normal cell
line than the tumoral ones.

The LIVE/DEAD assay confirmed the cytotoxic effect of
FA acids, via fluorometric analysis. The LIVE/DEAD assay
showed that the FA from the Antarctic macroalgae A. utricularis
significantly reduced cell viability in both MCF-7 and MDA-
MB-231 cell lines (top panel in Figure 2). The bottom panel
in Figure 2 shows the mean number of dead cells calculated
from three different areas of the plate. The data demonstrated
a significant increase in cell death after treatment with
A. utricularis compared to the negative control group by the
evaluation of live (green fluorescence) and dead cells (red
fluorescence).

SFA and MUFA are known to increase cancer risk, while
PUFA, specifically n-3, is known to possess cytotoxic activity in
many cancer types, such as prostate (Gu et al., 2013), colorectal
(Song et al.,, 2014) among others. One of the pathways by which
SFA can promote cancer development is through the activation
of Toll-like receptors (TLRs), which are important regulators
of the innate immune system. SFA can activate TLRs linked
to proinflammatory activity, promoting tumor activation, while
PUFA can inhibit these TLRs (Gu et al., 2013). Studies suggest
that n-6 PUFA accelerates tumorigenesis; in contrast, the n-3
PUFA may have anticancer effects. While n-6 PUFA is found
abundantly in meats, vegetable oils, fruits, and a wide variety of
foods consumed daily, the longer chain n-3 PUFA, such as EPA,
can be obtained directly from marine sources.

In addition to fatty acids, sterol composition was also
found to vary significantly in different macroalgae. In this
study, the algal lipidic extracts were found to be enriched
with 4.97% fucosterol and 0.53% avenestrol. Steroids are
important structural components of algal cell membranes, due
to their amphipathic nature, and exert a substantial physiological
function on regulating membrane fluidity and permeability
(Kumari et al., 2013). Interestingly, various sterol components are
emerging as popular agents for cancer-related therapy. Recently,
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FIGURE 1 | Effects of different concentrations of the combination of FAs extracted from macroalgae. (A) A. utricularis (B) C. racovitzae and (C) G. confluens at 24, 48,
and 72 h in inhibiting MCF-7, MDA-MB-231, and CHO cells. Cytotoxicity was assessed by MTT assay. The data are expressed as the mean + SEM of a
representative experiment performed in duplicate (n = 2). Significance was considered at p < 0.05 (Tukey test). Capital letters indicate differences between the
different times. The lowercase letters indicate differences between the different concentrations. Differences between cells were not considered.
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TABLE 3 | ICsg & SEM values of the A. utricularis, C. racovitzae and G. confluens macroalgae related to time of exposure (24, 48, and 72 h) and the different cell lines

(MCF-7, MDA-MB-231, and CHO).

24 h

48 h 72h

A. utricularis  C. racovitzae  G. confluens  A. utricularis

C. racovitzae

G. confluens  A. utricularis  C. racovitzae  G. confluens

MCF-7  90.42 + 30.53 N/A 164.4 + 64 7292 £25.64 145.6 £58.09 157.5 4 30.95 74.99 & 16.46 N/A 134.1 +£ 21.35
MDA 77.32 £12.43 1752 +329 7257 £18.77 66.7 £7.47 1448 £35.9 615+ 763 59.75+7.63 1285 +26.28 58.78 +5.96
CHO 132 4+ 40.07 N/A 116.1 £ 19.91  114.2 £ 30.5 N/A 1176 £13.3  123.3 &+ 25.55 N/A 127.1 £ 17.85

N/A-not applicable (it was not possible to calculate the ICsq value because the higher concentration tested did not inhibit 50% of the cellular growth).

A MCF-7 MDA-MB-231

Control

A. utricularis

A, utricularis, S8

B
801
Il Control
2 60+ [ A. utricularis
»®
g
e
g : -
O 204
0 i ——
MCF-7 MDA-MB-231

FIGURE 2 | Breast cancer cells were treated with FAs from A. utricularis for
48h. (A) The number of cell deaths was estimated by LIVE/DEAD assay, using
an Olympus IX71 fluorescence microscope (Olympus Optical Co., Tokyo,
Japan). (B) The graphic shows the mean + SEM of three different areas of the
plate. The long arrows indicate dead cells (red), and the short arrows indicate
live cells (green). The symbols indicate statistical differences. *p < 0.05. The
bar indicates 100 um.

Kazlowska reported the in vitro and in vivo anticancer effects of
sterol fractions from the red algae Porphyra dentate, attributed
most likely to the presence of B-sitosterol and campesterol
(Kazlowska et al.,, 2013). In this way, Khanavi et al. reported
the cytotoxicity of fucosterol-containing fraction of marine algae
against breast and colon carcinoma cell lines. The study indicated
that fucosterol, the most abundant phytosterol in brown algae, is

responsible for the cytotoxic effect of this extract against breast
and colon carcinoma cell lines (Khanavi et al., 2012).

In this study, according to the MTT assay (Figure 1), the
extracted FA from all the tested macroalgae showed antitumor
activity against both cells, and the inhibition was lower for
the non-tumoral CHO cell line than for the breast cancer
cell lines MCF-7 and MDA-MB-231. Previous in vivo and in
vitro studies on breast cancer cell lines have shown that n-
3 PUFA may be effective in reducing cell growth, reducing
tumor volume and preventing metastasis, among other benefits,
by multiple mechanisms such as influences on transcription
factor activity, gene expression, and signal transduction; the
alteration of estrogen metabolism; alterations in the production
of free radicals and reactive oxygen species; the suppression of
neoplasic transformation; the inhibition of cell growth; increased
apoptosis; and the inhibition of eicosanoid production from #n-
6 FA precursors (Larsson et al., 2004; Wannous et al., 2013; Liu
et al., 2018). The FA tested in this study resulted in little or no
cytotoxicity against the CHO cell line at concentrations up to
100 pg/mL. Furthermore, the FAs from the Antarctic macroalgae
were generally found to be selective for tumorigenic cells.

Besides reducing tumor growth, FA may also increase the
efficacy of radiotherapy and several drugs, such as doxorubicin,
epirubicin, 5-fluorouracil, and mitomycin C (Hardman, 2004).
FA in combination with Tamoxifen, an anti-estrogen drug, has
great clinical potential for reducing breast cancer. An earlier
study had shown an improved response with use of this drug
and inhibition of the early stages of carcinogenesis (Manni et al.,
2014). Though the mechanism has yet to be elucidated, the effects
of PUFA may be further complicated by the involvement of
genetic factors (Zou et al., 2014).

One of the most notable differences between A. utricularis
and the other algae studied is the presence of alpha-linolenic
acid (ALA) (18:3n3), of which 9.99% was found in A. utricularis,
3.05% was found in G. confluens and none was found in
C. racovitzae. An earlier study demonstrated that ALA has the
capacity to reduce the growth of tumors and induce apoptosis
in different breast cancer cell lines (MCF-7, MDA-MB-231,
BT-474, and MDA-MB-468) (Wiggins et al., 2015). Linoleic
(LA) and oleic acid (OA) also showed higher concentrations
in A. utricularis (9.36% to LA, 8.25% to OA) than did
C. racovitzae or G. confluens. These FA may inhibit the cancer via
multiple mechanisms, including the modulation of peroxisome
proliferator-activated receptors (PPAR a, vy, 3), the reduction
of n-6 fatty acid arachidonic acid release from cell membranes,
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FIGURE 3 | MCF-7 and MDA-MB-231 cell apoptosis (as assessed by DAPI
staining). (A) The number of apoptotic cells was estimated by DAPI staining,
using an Olympus IX71 fluorescence microscope (Olympus Optical Co., Tokyo,
Japan). (B) The graphic shows the mean + SEM of three different areas of the
plate. The long arrow indicates apoptotic cells (condensed or fragmented
nuclei), and the short arrow indicates live cells. The symbols indicate statistical
differences. *p < 0.05. The bar indicates 100 um. DOXO is related to
Doxorubicin, the positive control.

inhibition of enzymatic activities, and direct competition with
arachidonic acid for enzymatic conversions (Wendel and Heller,
2009). Furthermore, ALA, LA, and OA have been cited as
modulators of PPARY receptor and gene activation in MCF7 and
MDA-MB-231 cell lines, which attenuate tumor growth and also
induce apoptosis (Crowe and Chandraratna, 2004). The higher
concentrations of these FAs in A. utricularis may explain the
higher toxicity observed for breast tumor cell lines in comparison
to C. racovitzae and G. confluens.

Moreover, A. utricularis showed the lowest ratio of n-6/n-3
(2/1) in comparison with C. racovitzae (2.7/1) and G. confluens
(14.7/1). It is known that a low ratio between n-6 and n-3 is
associated with beneficial effects in many diseases (Simopoulos,
2008). However, it is not possible to state that only one fatty acid
is responsible for the potential anti-proliferative activity shown
by A. utricularis, or if a group of FAs plays a synergic effect.

Nevertheless, the percentage of non-viable cells was evaluated
by LIVE/DEAD assay (Figure2). The results showed that
treatment with FA from A. utricularis at a concentration of
100 pg/mL was effective in inhibiting the growth of tumor cells,
resulting in significantly lower numbers of viable cells after 48 h
compared to untreated control cells. In MCF-7 and MDA-MB-
231, the percentage of non-viable cells due to A. utricularis was
26.26 and 21%, respectively, compared to 1.5% of the control
cells.

In the literature, several studies have investigated the
cytotoxicity induced by FA, mainly n-3 PUFA in some types of
cancer, such as breast (Kim et al., 2009), colon (Kato et al., 2007),
skin (Rhodes et al., 2003), gastrointestinal (Park et al., 2013),
prostate (Gu et al., 2013), and pancreatic cancer (Mohammed
et al., 2012). While SFA and MUFA have been found to increase
the risk of cancer, n-3 PUFA could be effective for treating the side
effects of cancer, such as cachexia, cognitive impairment, distress,
pain, and fatigue (Pottel et al., 2014).

Many unexplored resources that have potential for
biotechnological applications are present in extremely isolated
regions, such as Antarctica. Since climate conditions in
Antarctica are variable and algae are exposed to the great
seasonal extremes of light and temperature, simulating
these growth conditions in the laboratory is not yet a viable
alternative. Though past studies on Antarctic macroalgae

have mostly been on matters related to physiology,
such as photosynthesis and growth (Dhargalkar and
Verlecar, 2009), deciphering the metabolite composition

of Antarctic macroalgae will be particularly useful for
the discovery of new bioactive molecules with clinical
applications.

Determination of Apoptosis
The DAPI staining revealed that nuclei with chromatin
condensation and apoptotic bodies were formed in cells
that were cultured with FA from A. utricularis macroalgae,
with a significant difference between the sample and
control in MDA-MB-231 cells. Figure 3 illustrates the cells
stained with DAPI and observed under a fluorescence
microscope. Viable cells (control group) with intact DNA
and just slightly activated in the fluorescence microscope
image were negative for DAPI, and the compound
Doxorubicin (0.6 Lg/mL) was used as a positive control for
DAPL

Despite the great variability of cancer, evidence shows
that resistance to apoptosis is one of the main features of
the most malignant tumors (Okada and Mak, 2004). Many
studies have demonstrated that PUFA may induce apoptosis
in breast cancer cells by the susceptibility of these cells to
lipid peroxidation (Schley et al., 2005; Liu et al., 2015); our
research group has also been exploring this field (Pereira et al.,
2015). The DAPI-staining results suggested that fatty acids from
A. utricularis induced apoptosis in MDA-MB-231 cells at the
tested concentration (Figure 3). Tumor cells have uncontrolled
proliferative capacity and an increasing inability to die by
apoptosis.
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CONCLUSIONS

In summary, the data presented in this work indicated that
Antarctic macroalgae produce high amounts of polyunsaturated
FA. Moreover, these results demonstrate that FA extracted from
this group of macroalgae, particularly A. utricularis, were able to
inhibit the growth of MCF-7 and MDA-MB-231 human breast
cancer cells. Fatty acid extracts from these macroalgae merit
further investigation, particularly with regard to their effects on
other tumor cell lines as well as in combination with known
anti-cancer drugs.
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