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Abstract: Triple-negative breast cancer (TNBC) has the poorest BC prognosis, chemotherapy being
the mainstream treatment. Prior studies revealed potential synergistic effects of natural compounds
with drugs, such as doxorubicin (Dox), frequently used for TNBC. Fucosterol (Fct), a phytosterol
of brown seaweeds, because of its antioxidant and antitumor effects, is one of these promising
compounds. Using a TNBC cell line (MDA-MB-231), we aimed to test the effects of Fct alone and
in combination with Dox on cell viability and proliferation, in monolayer and three-dimensional
(3D) cultures. At this stage of the research, data demonstrated that Fct (5 µM) alone did not affect
cell viability and proliferation. In monolayer, Dox (≥1 µM) decreased cell viability and proliferation,
while in 3D only cell viability was affected at Dox 5 µM. The combination of Fct/Dox (5/0.1 µM), in
monolayer, significantly decreased cell viability and proliferation, differing from the control and both
compounds alone; hence, this suggests that Fct enhanced the Dox effect. These promising Fct effects
in monolayer were not observed in 3D. We suggest that Fct may increase Dox effects, under certain
conditions. Our results corroborate other studies reporting more treatment resistance of cells in 3D
culture, reinforcing the need to use more complex models for more realistic drug screening.
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1. Introduction

Triple-negative breast cancer (TNBC) is a cancer subtype that lacks expression of
hormonal receptors (estrogen and progesterone receptors—ER and PR), and overexpression
of human epidermal growth factor receptor-type 2 (HER-2). Owing to the lack of these
targets, which are nowadays the available BC target therapies, TNBC is of poor prognosis,
systemic chemotherapy being the mainstream treatment [1–3]. Drug resistance is a major
problem in the treatment of TNBC [4]; thus, the investigation of new drugs or drug
adjuvants to overcome drug resistance or reduce drug toxicity is of utmost importance.
Recently, some in vitro studies revealed a potential synergistic effect of selected natural
compounds in combination therapy with anti-cancer drugs [5,6], such as doxorubicin
(Dox) [7], which is frequently used for TNBC.

Fucosterol (Fct), an abundant phytosterol of brown seaweeds, has been described
as a promising compound due to its antioxidant [8–10] and antitumor effects [11,12].
However, the use of natural compounds that act as antioxidants in cancer treatment is
controversial [13]. Many antioxidants can often exert both anti-oxidant and pro-oxidant
properties, depending on the type of antioxidants [14], concentration used, cell type,
exposure time, and environmental conditions [15]. In relation to BC in particular, studies
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are also inconsistent, suggesting that it will depend on the dose intake [16]. Some data
recommend the avoidance of antioxidants during BC treatment [17], while others associate
the intake of antioxidants in the first six months after BC diagnosis with reduced risk of
mortality and recurrence [18].

In light of the presented scenario, it is critical to study the effects of an antioxidant in a
specific set of conditions and evaluate their possible interplay with the anticancer drugs. In
this study, we selected the antioxidant Fct and the anti-cancer drug Dox, used in TNBC
treatment. Our aim was to test the effects of Fct and Dox, alone and in combination, on the
viability and proliferation of a triple-negative breast cancer cell line (MDA-MB-231), using
them in monolayer and 3D aggregate cultures.

2. Experiments
2.1. Cell Line

The MDA-MB-231 cell line was purchased from the American Tissue Culture Collec-
tion (ATCC). Cells were cultivated with Dulbecco’s Modified Eagle’s Medium (DMEM)
with high glucose content deprived of phenol red, supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic solution (streptomycin/penicillin), maintained as monolayer
cultures in T75 cm3 culture flasks (Orange Scientific, Braine-l’Alleud, Belgium) and were
kept in the incubation chamber MCO 19AIC (Sanyo, Osaka, Japan) at 37 ◦C with 5% CO2.
For cells’ growth and maintenance, the medium was replaced every two days. Cells were
regularly observed using the Olympus CKX41 inverted phase-contrast.

2.2. Chemicals for Exposure

Dimethyl sulfoxide (DMSO) was purchased from VWR Chemicals (Solon, OH, USA).
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 4′,6-diamidino-
2-phenylindole, Dox, Fct, were obtained from Sigma Aldrich (St.Louis, MO, USA). DMEM
without glutamine and without phenol red, FBS, streptomycin/penicillin solution and
trypsin/ ethylenediamine tetraacetic acid (EDTA) solution, were acquired from Biochrom
KG (Berlin, Germany). Resazurin was acquired from Cayman (AnnArbor, MI, USA) and
BrdU (colorimetric) from Roche (Basel, Switzerland).

Stock solutions of Dox and Fct were prepared in DMSO and kept at −20 ◦C until used.
Exposure solutions were prepared before each experiment by diluting stock solution into
the respective fresh culture medium, maintaining the 0.1% DMSO. Stock solutions of MTT
and Resazurin were prepared in phosphate buffer saline (PBS) at a final concentration of 5
mg/mL and 1mM, respectively.

2.3. Monolayer Culture

Cell suspensions were obtained by using a trypsin-EDTA solution and after counting
in a Neubauer chamber, cells were seeded in 96-multiwell culture plates (Orange Scientific,
Braine-l’Alleud, Belgium) at a density of 0.5 × 106 cells/mL, 100 µl/well, and kept in the
incubator at 37 ◦C and 5% CO2. For monolayer, cells were left overnight for attachment
and then exposed to the tested conditions for 72 h.

2.4. Multicellular Aggregates (MCAs) (3D Cultures)

Cells were trypsinized and seeded at 40 × 104 cells/mL, 200 µL/well in ultra-low
attachment microplates (Corning, MA, USA), then centrifugated at 200 g for 10 min in a
ROTINA 380R centrifuge with swinging buckets (Hettich, Vlotho, Germany), and finally
incubated under standard cell culture conditions as monolayer cultures. After seeding,
MCAs formed within 72 h, and then the exposure was performed for 96 h.

2.5. Viability Assays

Effects on cell viability were assessed by MTT and resazurin assays. For MTT, stock
solution was added to each well in a dilution of 1:10 µL and resazurin in a dilution of
1:100 µL of exposure medium. In monolayers, the metabolization of both reagents was
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performed for 2 h, while in 3D the time was extended by 4 h; the whole protocol was
described previously [19].

2.6. Proliferation Assay

Effects on cell proliferation were evaluated by the BrdU assay according to manufac-
turer’s instructions as described in detail [6,19].

2.7. Statistical Analysis

Descriptive and inferential statistics were performed using GraphPad Prism 6.0 soft-
ware (GraphPad Software, La Jolla, CA, USA), from 3 independent experiments. The
normality and homogeneity of variance were confirmed by the Shapiro–Wilk test and the
Levene test, respectively. The results are expressed as mean± standard error of mean (SEM)
of three independent experiments (three duplicates per replica). Significant differences
(p < 0.05) were assessed by one-way ANOVAs, followed by the post-hoc Holm– Šídák
multiple comparison test.

3. Results
3.1. Assessement of Cell Cell Viability
3.1.1. MTT Assay

In monolayer, MTT assay showed that Dox (≥1 µM) induced cytotoxic effects in all
tested conditions (alone and in combination), reducing cell viability. Fct alone did not
affect cell viability. The combination of Fct 5 µM with Dox 0.1 µM statistically differed from
the exposure of each compound alone. In 3D culture, cell viability only differed from the
control when cells were exposed to Dox 5 µM (Figure 1).
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layer, cell viability differed from the SC group in all conditions, except from Fct and Dox 

Figure 1. Effect of fucosterol (Fct) at 5 µM alone and in combination with doxorubicin (Dox) at 0.1, 1
and 2 µM, on cell viability in monolayer (A) and 3D (B), assessed by MTT assay. Cells treated with
0.1% DMSO (SC) and Dox 5 µM were included as negative and positive controls, respectively. The
results were expressed as the percentage of cell viability relative to SC (* p < 0.05, ** p < 0.01; ***
p < 0.001, **** p < 0.0001).

3.1.2. Resazurin Assay

The results of the resazurin assay were similar to those of the MTT assay. In monolayer,
cell viability differed from the SC group in all conditions, except from Fct and Dox 0.1 µM
alone. The combination of Fct 5 µM with Dox 0.1 µM also differed statistically from the
exposure of either compound alone. The same conditions tested in 3D only revealed effects
on cell viability in cells exposed to Dox 5 µM (Figure 2).
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Figure 2. Effect of fucosterol (Fct) at 5 µM alone and in combination with doxorubicin (Dox) at 0.1, 1
and 2 µM, on cell viability in monolayer (A) and 3D (B), assessed by resazurin assay. Cells treated
with 0.1% DMSO (SC) and Dox 5 µM were included as negative and positive controls, respectively
The results were expressed as the percentage of cell viability relative to SC (* p < 0.05, ** p < 0.01; ***
p < 0.001; **** p < 0.0001).

3.2. Assessement of Cell Proliferation

The effects on cell proliferation were studied by BrdU assay. In monolayer, prolifera-
tion was reduced in Dox concentration of 1–5 µM and in all Fct plus Dox combinations.
Fct and Dox 0.1 µM alone did not have any effect on cell proliferation, but in combination
reduced significatively the percentage of cell proliferation in relation to the control. In 3D
culture, none of the tested conditions revealed effects on cell proliferation (Figure 3).
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The results were expressed as the percentage of cell viability relative to SC (* p < 0.05, ** p < 0.01; ***
p < 0.001).
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4. Discussion

At the tested conditions, Fct alone did not have cytotoxic or anti-proliferative effects
on the MDA-MB-231 cells; this is similar to previous studies using colon cell lines [6].
However, another study [20] reported the opposite, revealing Fct to have cytotoxic effects,
but this was using concentrations four to twenty times higher than those used in this study.
Here, the fact that Fct in low concentration seemed to have potentiated the Dox action is a
very interesting result that needs to be further explored. Of particular importance would
be to study the mechanisms related to the interplay between Fct and Dox, namely using
a pathway-focused gene expression analysis and additional cell-based assays. As for the
latter, and because Fct may change the levels of reactive oxygen species (ROS) [20,21], the
fine balance of which is critical for cancer cells to thrive, the determination of ROS would
be a particularly interesting target.

5. Conclusions

We conclude that Fct seems to have potential to increase Dox effects, under certain
conditions. Our results corroborate other studies reporting more resistance of cancer cells
to treatments when cultured in 3D. In this case, more resistance to the cytotoxic activity of
Dox and its combination with Fct further highlights the importance of using these more
complex models for drug screening.
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